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Abstract
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The food processing industry requires alternative methods for detecting the foodborne
pathogen Listeria monocytogenes that are cheaper and faster than the current methods. Conventional
antibodies and their fragments have been used as biorecognition elements in sensors before, but their
use is hindered by high production cost and relative instability. These issues are resolved by VHH
fragments, derived from the heavy chain‐only antibodies found in Camelidae. VHHs are inexpensive to
produce, and are more resistant to environmental stressors. This work describes the isolation of phage‐
displayed VHHs that recognize recombinant Internalin B, a virulence factor characteristic of L.
monocytogenes. Clone R303 was chosen for further characterization, and shown to bind full‐length
Internalin B. Furthermore, immobilized R303 was shown to capture L. monocytogenes cells. This panel
of VHHs, particularly R303, can be utilized by colleagues within the Sentinel Bioactive Paper Network to
make a viable biosensor for L. monocytogenes.
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Chapter 1 – Literature Review
1.1 ‐ Introduction and objective
1.1.1

Listeria monocytogenes: foodborne pathogen

Listeria monocytogenes is a Gram‐positive, rod‐shaped facultative anaerobe, capable of living in
both saprophytic and intracellular conditions. The bacterium is responsible for human listeriosis, a
potentially fatal foodborne infection (Farber and Peterkin, 1991). Infection begins in the intestinal
epithelium (Cossart and Lecuit, 1998; Lecuit et al., 2001), and intracellular reproduction enables the
migration of the bacterium across various endothelial barriers (Cossart, 2001), notably, the blood‐brain
barrier (Drevets and Bronze, 2008) and the maternofetal barrier (Le Monnier et al., 2006). This
migratory nature of L. monocytogenes produces a range of symptoms such as febrile gastroenteritis,
septicemia, meningitis and abortion or stillbirth (Drevets and Bronze, 2008; Lecuit et al., 2004). Infants,
the elderly, immunosuppressed individuals and pregnant women are most at risk (Drevets and Bronze,
2008; Farber and Peterkin, 1991), with mortality rates of up to 36% in such individuals (Siegman‐Igra et
al., 2002). Todd & Notermans (2001) estimate listeriosis infection rates at 3‐5 cases per million
population, based on disease surveillance from a number of countries. Although the infection rate is
relatively low, the high mortality rate results in approximately 28% of deaths stemming from food‐borne
diseases in the United States of America (Mead et al., 1999).
First isolated in 1926 (Murray et al., 1926), L. monocytogenes was initially designated a ruminant
disease. The bacterium was recognized as a food‐borne pathogen only after an outbreak of listeriosis
from contaminated coleslaw in Nova Scotia, Canada in the mid‐1980s (Schlech et al., 1983). Since then,
there have been listeriosis outbreaks across North America and Europe (Anonymous, 2011) with one of
the largest being the 2008 Maple Leaf Foods Inc. ready‐to‐eat meat incident (Warriner and Namvar,
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2009). The increased frequency of listeriosis outbreaks highlights both the ability of the bacterium to
survive conventional sanitation procedures in food handling facilities and the inadequate detection
mechanisms for L. monocytogenes used in such facilities.
Listeria monocytogenes is capable of withstanding various environmental stress factors. The
majority of these stress‐resistance attributes is conferred by the alternative sigma factor sigma‐B (σB),
which binds RNA polymerase and directs transcription from specific gene promoters. Chaturongakul et
al. (2008) have compiled a comprehensive list of stress‐responsive genes in their review. The list
includes genes responsive for acid, cold and osmotic stress, enabling L. monocytogenes to persist in pH
as low as 2.5 (Ferreira et al., 2003; Wiedmann et al., 1998), temperatures as low as 0.2°C (Walker et al.,
1990) and salt conditions as high as 10% (w/v) NaCl (Rocourt and Buchrieser, 2007). Furthermore, L.
monocytogenes is also capable of forming persistent biofilms (Blackman and Frank, 1996) at
refrigeration temperatures (Di Bonaventura et al., 2008), and upregulating efflux pumps to confer
resistance to at least one class of sanitizer commonly used in the food processing industry (Lundén et al.,
2003; Romanova et al., 2006; Romanova et al., 2002). Resistance to a wide variety of environmental
stressors enables L. monocytogenes to not only survive, but propagate in conditions that typically inhibit
or prevent microbial growth, making its detection and monitoring in food processing facilities
paramount.

1.1.2

Sentinel Bioactive Paper Network: creation of biosensors

Environmental monitoring methods make up a significant part of the prevention model of L.
monocytogenes contamination in food processing facilities (Anonymous, 2011), and there is emphasis
on developing fast, sensitive, reproducible and cheap detection platforms (Brehm‐Stecher and Johnson,
2007). The Sentinel Bioactive Paper Network (www.bioactivepaper.ca) is a consortium of Canadian
researchers from both academia and industry, aimed at producing, among other things, a type of
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biosensor, created from paper functionalized with biological molecules for environmental monitoring.
Paper is cheap, easily printed, biodegradable and porous, allowing for microfluidic applications (Pelton,
2009). The Sentinel project has yielded colorimetric dipstick assays for pesticides and heavy metals
(Hossain et al., 2009; Hossain and Brennan, 2011) based on enzymes embedded in cellulose. However,
these assays are based on loss of signal by enzymatic inhibition due to the presence of the target
analyte. I would prefer to generate a signal, rather than lose a signal when generating sensors designed
for use by laypeople. Generating a more defined assay readout in the form of a positive signal,
Leuvering et al. (1983) created a colorimetric sandwich immunoassay for the detection of human
chorionic gonadotropin. The assay was mounted on a lateral flow device, creating the first commercial,
user‐friendly immunoassay, marketed by Unipath in 1988 as the Clearblue 1 Step™ home pregnancy
test. Since then, various other lateral flow devices have exploited this technology (Chan et al., 2003;
Delmulle et al., 2005; Leung et al., 2005), which may be adapted for the detection of L. monocytogenes.

1.2. Internalin B as L. monocytogenes virulence factor and biomarker
1.2.1

Internalin family of proteins

The Internalins are a family of bacterial proteins of which several members are well‐
characterized in Listeria species (Bierne et al., 2007). Genomic studies have revealed 19 putative
members (Glaser et al., 2001) in L. monocytogenes alone, with other Listeria species having their own
repertoires of Internalin homologs (den Bakker et al., 2010). Internalin family members A and B (InlA
and InlB, respectively) have been extensively researched, and are expressed exclusively in L.
monocytogenes, making them appropriate biomarkers. Indeed, antibodies have been raised against InlA
and InlB for the purpose of biosensor development (Hearty et al., 2006; Tully et al., 2006; Tully et al.,
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2008). However, the detection platforms used were costly and complicated, preventing economical
testing by untrained professionals.

1.2.2

Internalin B function

Internalin B is a virulence factor of L. monocytogenes, enabling host entry into the intestinal
tract (Lecuit et al., 2001). The infection process is facilitated by InlA, which is closely related to InlB in
many respects. At the genomic level, inlA is upstream of inlB (Gaillard et al., 1996), and both are under
the control of PrfA, a temperature‐dependent transcription factor (Lingnau et al., 1995) and σB, the
aforementioned stress‐related transcription factor (McGann et al., 2008; McGann et al., 2007). At the
functional level, InlA initiates infection, binding E‐cadherin (Mengaud et al., 1996), an adhesin expressed
by intestinal epithelial cells. InlB is then able to bind Met, a tyrosine kinase found on a wide range of
human endothelial cells (Shen et al., 2000). InlB functionally mimicks the native ligand of Met,
hepatocyte growth factor (HGF) (Li et al., 2005), causing clathrin and septin‐mediated phagocytosis
(Mostowy et al., 2011; Veiga and Cossart, 2005) in non‐phagocytic cell types (Pentecost et al., 2010).
Once intracellular, the bacterium uses other virulence factors to escape the phagosome and further
infect the host (Cossart, 2011; Dussurget et al., 2004). In addition to the intestinal epithelium, InlB
facilitates L. monocytogenes entry into hepatocytes (Dramsi et al., 1995), macrophages (Drevets, 1999)
and other physiologically relevant endothelial cell types, including those associated with the blood‐brain
barrier (Greiffenberg et al., 1998) and maternofetal barrier (Disson et al., 2008; Lecuit et al., 2004). L.
monocytogenes invasion of these barriers produces the trademark signs of listeriosis.

1.2.3

Internalin B structure

Internalin B is composed of 630 amino acids (67 kDa). The N‐terminus starts with a 35 amino
acid signal sequence, then follows with an α‐helical cap, seven leucine‐rich repeats (LRR) (Freiberg et al.,
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2004; Marino et al., 1999), an immunoglobulin‐like inter‐repeat (IR) region (Schubert and Heinz, 2003), a
B‐repeat domain (Ebbes et al., 2011) and 3 identical GW repeats, so named due to a Gly‐Trp start
sequence (Braun et al., 1997). LRRs are a structural motif associated with cell recognition and binding
(Kobe and Kajava, 2001), so it was expected that the LRR region was the binding domain for Met.
Niemann et al. (2007) showed that the LRR of InlB binds an immunoglobulin‐like domain of Met distinct
from the HGF binding site, while the IR region contacts an adjacent domain of Met, which is essential for
activation and subsequent endocytosis of the bacterium. This finding corroborates the findings of Braun
et al. (1999), who used a truncated form of InlB, consisting of only the cap/LRR/IR region to stimulate
endocytosis. The function of the B‐repeat domain is currently unknown, but it is proposed that instead
of binding Met, it binds an adjacent but unknown cell surface molecule (Ebbes et al., 2011), causing the
superactivation of the Ras‐MAPK pathway first observed by Copp et al. (2003). The GW repeats are a
unique feature of InlB, since the majority of the Internalin family members possess LPxTG motifs that
direct covalent anchoring to the cell wall (Bierne et al., 2007), or possess no anchoring mechanism and
are secreted (Gouin et al., 2010). The GW domains instead anchor InlB to the cell wall by associating
non‐covalently to lipoteichoic acid (LTA) (Jonquières et al., 1999). The complement protein gC1qR has
also been shown to bind GW repeats (Marino et al., 2002), necessitating dissociation from LTA. The
magnitude of L. monocytogenes invasion can be decreased using an anti‐gC1qR antibody, but the
precise role gC1qR plays in infection is unknown (Braun et al., 2000). The GW domain also binds
glycosaminoglycans (GAGs) (Hrtska et al., 2007) and facilitates Met activation by forming a proposed
GAG‐InlB‐Met complex, stabilizing the LRR‐Met interaction (Banerjee et al., 2004).

1.2.4

Leucine‐rich repeat of Internalin B

InlB is largely responsible for the clinical manifestations of L. monocytogenes. It is exclusively
expressed in L. monocytogenes, so serves as both a biomarker of the species and a potential
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prophylactic target for prevention of listeriosis. The cap/LRR/IR portion of InlB has been thoroughly
characterized due to its role in bacterial infection (Braun et al., 1999), which has yielded crystal
structures with (Schubert et al., 2001) and without (Marino et al., 1999) the IR region. The LRR portion
of InlB appears to be highly immunogenic, as single‐chain variable fragment (scFv) antibody fragments
were only directed to the cap/LRR region when rabbits were immunized with extracted full‐length InlB
(Leonard et al., 2005; Tully et al., 2006).

1.3. Conventional antibodies and their fragments: scFv, Fab and scFab
1.3.1

Antibody function

Antibodies are proteins of the immunoglobulin family that the immune system of vertebrate
organisms uses to monitor immunological homeostasis (Edelman, 1971). Challenge of this homeostasis
may come in the form of foreign material such as bacteria, viral particles or other microorganisms.
These foreign materials possess unique antigens that the immune system identifies as “foreign” using
antibodies. Each antibody molecule contains two discreet, identical binding domains comprised of the
heavy and light chain interface, named a paratope, which binds a distinct region of an antigen, named
an epitope (Davies and Chacko, 1993). Through this specific binding, an antibody labels an antigen,
either alerting other components of the immune system to the antigen’s presence, or neutralizing the
function of the target molecule (Braden and Poljak, 1995). This is the primary function of the humoral
immune system.

1.3.2

Antibody origins

There are five isotypes of antibody produced in placental mammals: IgA, IgD, IgE, IgG and IgM
(Davies and Metzger, 1983). IgG are the most abundant antibody isotype found in serum and are
secreted by plasma cells, a mature form of B‐lymphocytes. Developing B‐lymphocytes perform
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recombination events of the antibody gene repertoire, resulting in a highly diverse collection of possible
antibody molecules (Tonegawa, 1983). Complementarity‐determining region (CDR) loops are the site of
intense genetic recombination (Papavasiliou and Schatz, 2002), and result in unique antibody paratopes
(Wu and Kabat, 1970). Negative selection eliminates antibodies that may stimulate an autoimmune
response, while positive selection further develops antigen‐specific antibodies (Rajewsky, 1996). The
result of recombination and selection is a small panel of highly specific, high affinity IgG antibodies.

1.3.3

Antibody structure

IgG class antibodies are heterodimeric proteins, comprised of two heavy chains and two light
chains (Fleischman et al., 1963; Silverton et al., 1977) (Figure 1). The N‐terminal domain of the heavy
and light chains each contain three highly diverse CDR loops, leading to designation as variable heavy
chain domain (VH) and variable light chain domain (VL). The light chain also includes a constant domain,
CL, which pairs with the first constant domain of the heavy chain, CH1. The CH1 domain extends into a
flexible hinge region (Gerstein et al., 1994), followed by two more constant domains, the glycosylated
CH2 domain (Nose and Wigzell, 1983) and CH3. The pairing of the entire light chain (VL‐CL) with the VH‐
CH1 region of the heavy chain forms the antigen‐binding fragment (Fab). The Fab fragment can be
reduced to simply the VH/VL pairing, forming the variable fragment (Fv). The dimer of CH2‐CH3 domains
constitutes the crystallizable fragment (Fc), and is responsible for effector function of the IgG molecule
(Davies and Chacko, 1993).
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Figure 1: Structure comparison of conventional antibodies to camelid antibodies, and their derived
fragments.
Both types of antibody formats give rise to various fragments by progressive subtraction of constant
domains. Also shown are the hallmark FR2 mutations of the VH and VHH domains. The VHH schematic
also indicates the common disulfide bond between CDR1 and CDR3. Not shown is the scFab format,
which is formed using a linker between the VH and CL domains of a Fab fragment. Adapted from
(Vanlandschoot et al., 2011).
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1.3.4

Antibody fragments

The use of proteases to partially digest IgG molecules resulted in the first antibody fragments
(Porter, 1973). Pepsin digest separates the Fab fragments from the Fc fragment while maintaining hinge
region disulfide bonds between the individual Fab fragments. This region is identified F(ab’)2. Papain
digest separates the Fab fragments from the Fc fragment, but owing to different proteolysis sites,
disrupts the inter‐Fab disulfide bonds, yielding two soluble Fab fragments. Fab fragments, now obtained
through recombinant rather than proteolytic means, are routinely used in research, diagnostics and
therapeutics. For example, the United States of America’s Food and Drug Administration recently
approved certolizumab pegol, a polyethylene glycol‐conjugated Fab fragment for treatment of Crohn’s
disease and rheumatoid arthritis (Goel and Stephens, 2010).
The introduction of peptide linkers between various antibody domains has resulted in additional
antibody fragment formats. ScFvs are created by the addition of a peptide linker between the VL and VH
domains of an Fv fragment (Bird et al., 1988), while single‐chain antigen‐binding fragments (scFab) are
created by the addition of a linker between the VH and CL domains (Hust et al., 2007). These single‐chain
fragments have been used as building blocks for the assembly of di‐, tri‐ and tetrabody formats
(Todorovska et al., 2001).

1.4. Camelid antibodies and their fragments: single domain antibodies
1.4.1

Heavy chain antibody origins

Heavy chain antibodies (HCAb) were discovered upon analysis of camelid IgG fractions (Hamers‐
Casterman et al., 1993; Muyldermans and Lauwereys, 1999). It was later discovered that nurse sharks
have analogous heavy chain antibodies, distinguished from HCAbs as nurse shark antigen receptors
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(IgNAR) (Greenberg et al., 1995). To date, these are the only reports of antigen‐binding
immunoglobulins of this nature.
HCAbs are formed in B‐lymphocytes by a specific repertoire of antibody genes, distinct from
those responsible for the formation of conventional antibodies (De Genst et al., 2006a; Nguyen et al.,
1998). In camels and llamas, HCAbs represent 75% and 45% of the total IgG repertoire, respectively (van
der Linden et al., 2000). Camelid species thus express two forms of IgG in ratios that vary per species.
The absence of the CH1 domain is a major feature in HCAbs, and results in a single‐domain variable
fragment, which connects directly to the hinge region (Hamers‐Casterman et al., 1993; Vu et al., 1997).
The CH1 domain is the primary anchor for the light chain in conventional antibodies, so the lack of an
associated light chain is expected for HCAbs. However, effector function of HCAbs is retained, as the Fc
region is intact.

1.4.2

Heavy chain antibody fragments: VHHs

The N‐terminal domain of HCAbs, known as the heavy chain variable domain of heavy chain
antibodies, abbreviated VHH, represents one of the smallest antigen‐binding immunoglobulin fragment
known (Figure 1). VHHs have received considerable attention for their conformational stability, high
solubility, ease of production and small size (~13‐15 kDa). These attributes make VHH well‐suited for
combinatorial display systems, thus avoiding time‐consuming and costly hybridoma approaches to
antibody generation. Antigen‐specific VHHs are routinely investigated for research (Muyldermans et al.,
2009), therapeutic (Kolkman and Law, 2010; Van Bockstaele et al., 2009) and biosensor (Saerens et al.,
2008b) applications.

1.4.3

Characteristics of VHHs
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VHH fragments differ from VHs of conventional antibodies in three major aspects: i) peptide
sequence, ii) CDR3 length and iii) canonical CDR structures. The peptide sequence of VHH reflects the
absence of an associated VL. The following hallmark mutations are found in the FR2 region, which forms
the VH/VL interface in conventional antibodies, conveying hydrophilicity rather than the usual
hydrophobic cleft: Val37Phe or Tyr, Gly44Glu or Gln, Leu45Arg and Trp47Gly, Phe or Leu
(Conrath et al., 2005; Kolkman and Law, 2010). In VHH, these hydrophilic substitutions prevent both VL
association and BiP association. During formation of conventional IgG molecules, the chaperone protein
Bip binds residues 44‐47 (Knarr et al., 1995) to mask this area of hydrophobicity, thereby reducing the
chance of protein aggregation. It is only displaced by a light chain, allowing secretion of the soluble
tetrameric IgG molecule. In the case of VHH expression, there is no BiP binding site, and the VHH
fragments are immediately secreted. These VH/VL interface mutations were applied to a VH fragment
and yielded a clone with increased solubility (Davies and Riechmann, 1994), reinforcing the importance
of these mutations in decreasing hydrophobicity. In addition to the VH/VL interface substitutions, VHHs
contain another series of mutations at a region that in VHs of conventional IgG molecules, contacts CH1.
This VH/CH1 interface is mildly hydrophobic, but hydrophilic mutations confer further solubility to VHH
(Harmsen et al., 2000; Muyldermans et al., 1994).
Another hallmark of VHH are their long CDR3 loops, which in dromedaries are an average of 5
amino acids longer than CDR3s found in VH domains (Nguyen et al., 2000). These long CDR3 loops can
increase paratope surface area to facilitate more efficient antigen binding (Muyldermans et al., 2009)
and they can fold over the former VH/VL interface to further increase solubility (Bond et al., 2003;
Desmyter et al., 1996). Recently, it was shown that some VHHs derived from dromedaries contain a
disulfide bond between cysteine residues in CDR1 and CDR3. This inter‐CDR bond stabilizes the long,
flexible CDR3, conferring both increased thermostability and increased affinity due to added rigidity of
the VHH paratope (Govaert et al., 2012). CDR3 loops have also been observed to form disulfide bonds
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between FR2, which also increase loop stability. However in this case, the disulfide bond also forms
novel CDR3 loop conformations (Davies and Riechmann, 1996; Muyldermans et al., 1994; Vu et al.,
1997).
Finally, the CDR1 loop of VHH fragments also takes a variety of novel conformations, adding to
the canonical structures of antibody loops (Chothia and Lesk, 1987). It was reported that CDR1 loops
possess two additional sites of hotspot mutagenesis during recombination (Conrath et al., 2003),
explaining the novel conformations observed in the literature (Decanniere et al., 2001; Nguyen et al.,
2001; Nguyen et al., 2000). As a result of novel loop structures and small paratope, VHH fragments have
been observed to bind epitopes typically inaccessible to conventional antibodies such as enzyme active
sites (Conrath et al., 2001; De Genst et al., 2006b; Desmyter et al., 2002; Lauwereys et al., 1998;
Thanongsaksrikul et al., 2010) and cryptic epitopes (Stijlemans et al., 2004). In a unique case, Transue et
al. (1998) showed enzyme inhibition by CDR3 acting as a carbohydrate substrate mimic.

1.4.4

Advantages of VHHs over other antibody fragment formats

The single‐domain nature of VHH fragments and their aforementioned characteristics give them
unique properties. VHH fragments are soluble at concentrations as high as 10‐20 mg/mL (Arbabi
Ghahroudi et al., 1997; Conrath et al., 2005), which can be attributed to hydrophilic substitutions and
small size. In addition to high solubility, VHH fragments offer increased proteolytic and chemical
stability, (Dumoulin et al., 2002; Harmsen et al., 2006). VHH fragments are also highly thermostable,
with some capable of maintaining significant antigen‐binding function even after heating to over 90°C
(Goldman et al., 2006; van der Linden et al., 1999). Their IgG counterparts on the other hand,
irreversibly denature at 60‐70°C (Vermeer and Norde, 2000). Several groups have reported increased
VHH thermostability by the introduction of a second intra‐molecular disulfide bond, further stabilizing
the trademark immunoglobulin‐domain β‐sheets (Chan et al., 2008; Hagihara et al., 2007; Hussack et al.,
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2011; Saerens et al., 2008a). Structural studies have shown that part of the stability of VHH fragments is
due to their ability to refold after denaturation (Dumoulin et al., 2002; Perez et al., 2001). A major
economical advantage of VHH fragments is their ability to be produced in a variety of expression
platforms, including prokaryotes (Arbabi‐Ghahroudi et al., 2005), yeast (Frenken et al., 2000;
Rahbarizadeh et al., 2006; Thomassen et al., 2002; van der Linden et al., 2000), plants (Teh and
Kavanagh, 2010) and fungi (Joosten et al., 2005), often in high yields (Ghassabeh et al., 2010). Hence,
the stability of VHH fragments and their ease of production make them the ideal antibody format for
biosensor production.

1.4.5

Disadvantages of VHHs over other antibody fragment formats

For the development of biosensors to protein antigens, the VHH platform is superior to all other
antibody fragment formats. However, the single domain nature of VHHs traditionally produces a surface
topology that has had limited success binding certain targets, such as haptens (molecules < 1000 Da)
and carbohydrates. Multi‐domain antibody formats create a hydrophobic cleft at the VH/VL interface,
producing several topologies that include the “cave” and the “canyon” landscapes, which preferentially
bind haptens (Lee et al., 2006) and carbohydrates (Agostino et al., 2009), respectively. Highlighting the
importance of the hydrophobic VH/VL interface are published structures of VHH docked with hapten
antigens, which show binding in hydrophobic pockets created between standard CDR loops (Spinelli et
al., 2001) and even non‐CDR loops (Fanning and Horn, 2011). Such hydrophobic pockets rarely occur in
VHH, perhaps as a result of the hydrophilic nature of CDRs, which protrude into the aqueous
environment, and particularly CDR3, whose typically long and flexible nature may have a destabilizing
effect on the formation of a hydrophobic pocket built by CDRs. Nevertheless, there are several reports
of single‐domain antibody fragments binding haptens (Alvarez‐Rueda et al., 2007; Anderson and
Goldman, 2008; Doyle et al., 2008; Fanning and Horn, 2011; Frenken et al., 2000; Kim et al., 2012;
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Kobayashi et al., 2009; Ladenson et al., 2006; Makvandi‐Nejad et al., 2011; Sheedy et al., 2006; Spinelli
et al., 2000; Tabares‐da Rosa et al., 2011; Yau et al., 2003), but only one report of a carbohydrate binder
(Baral et al., 2006). Methods for obtaining anti‐hapten VHH fragments have been published (Tabares‐da
Rosa et al., 2011), but further studies are required to ascertain if the method is robust and reproducible.
Thus, alternative biorecognition platforms should be pursued for the binding of haptens and
carbohydrates.

1.4.6

Alternative biorecognition technologies

Alternatives to the VHH platform as a biorecognition element include other single domain
antibodies, nucleic acid aptamers and non‐immunoglobulin binding scaffolds. This is not to say that
alternative biorecognition platforms are better suited for bioactive paper development. sdAbs derived
from conventional IgG (i.e., VH and VL) could theoretically replace VHH as biorecognition elements in
biosensor development, but they often require affinity maturation to increase antigen‐binding
characteristics and “camelization” to increase solubility (Tanha et al., 2006; Tanha et al., 2001).
Camelization refers to the in vitro mutagenesis of FR2 to include the characteristic VHH tetrad, and does
not always result in the retention of antigen binding kinetics. As such, camelization is unnecessary when
VHHs are inherently soluble sdAbs.
VHHs, but not other multi‐domain antibody fragments share certain important characteristics
with aptamers (Ellington and Szostak, 1990). Both platforms are resistant to chemical denaturation, and
VHHs also refold after heat denaturation (Goldman et al., 2006), an important property of aptamers.
Aptamers are readily isolated in vitro (Tuerk and Gold, 1990), a feature shared with VHHs, albeit the
latter from display libraries built from lymphocytes of animals (see Section 1.5.2). However, display
libraries are still an improvement upon hybridoma technology, the former enabling targeting of self and
harmful antigens while decreasing costs and ethics surrounding the immunization and possible sacrifice
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of animals. Another notable characteristic of aptamers is the ease with which they are chemically
modified at specific sites with artificially synthesized nucleotides, enabling downstream conjugation to
functional molecules, such as fluorophores (Jhaveri et al., 2000). This benefit can be mimicked during
the prokaryotic translation of proteins, using an expanded genetic code to incorporate non‐natural
amino acids into specific sites to facilitate downstream chemical conjugation (Bain et al., 1989; Bunt,
2011; Wang et al., 2001). Thus, in many respects, the VHH and aptamer platforms share many
similarities as biorecognition elements, perhaps making the choice for bioactive paper development
dependent upon suitability for the physical and chemical conditions used in the paper and pulp industry.
As an example, conventional IgG molecules were functional after adsorption onto paper treated with a
wet‐strength resin in a harsh industrial manufacturing setting, so it would be expected that VHHs, being
more stable than the conventional IgG format (van der Linden et al., 1999), would also retain
functionality under these conditions (Wang et al., 2012). Conversely, gentle testing in a lab setting
observed the denaturing of aptamers by the same anionic wet‐strength resin, with functionality only
restored by embedding the aptamers in a microgel (Su et al., 2008). Antibody functionality was also
retained by embedding in this microgel. Hence, both VHH and aptamers are able to function in a
bioactive paper setting, likely making extensive real‐world testing the deciding factor to determine the
most suitable biorecognition element.
Proposed as an alternative to antibodies, non‐immunoglobulin antigen‐binding protein scaffolds
have been discussed for nearly a decade (Binz et al., 2005; Gronwall and Stahl, 2009; Hosse et al., 2006;
Nygren and Skerra, 2004). These antigen‐binding platforms are touted as valid alternatives to
conventional antibodies and multi‐domain antibody fragments mainly for their diverse sites of possible
mutagenesis, thermostability, in vitro isolation, and prokaryotic expression. Several of these scaffolds,
namely, Anticalins™, AdNectins™, Affibodies™, DARPins, and knottins, are comparable to VHHs in terms
of antigen affinity, physicochemical properties and ease of expression. All of these platforms have
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unique characteristics reviewed elsewhere (Kolmar, 2008; Lipovsek, 2011; Nygren, 2008; Skerra, 2008;
Stumpp et al., 2008), but ultimately do not show appreciable benefit over the VHH platform in the
development of bioactive paper. In addition, the use of many of these antigen‐binding platforms is
restricted by patents, hindering investigation for biosensor applications.

1.5. Phage display for antibody fragments
1.5.1

History of antibody fragment phage display

First reported in 1985 (Smith, 1985), bacteriophage (phage) display has quickly become a major
part of antibody fragment research. The technique physically links the genome and phenotype of a
given peptide, allowing for the screening of combinatorial libraries for desirable attributes and the
simple recovery of the specific gene by infection and propagation of bacteria. Phage display was
adopted for the display of various antibody fragments (Hoogenboom et al., 1991; Marks et al., 1991;
McCafferty et al., 1990), and after the discovery of HCAbs, VHH fragment repertoires were subsequently
displayed (Arbabi Ghahroudi et al., 1997; van der Linden et al., 2000).

1.5.2

VHH library creation and panning

In most cases, the genetic material for phage display of VHH fragments is amplified from
lymphocytes by polymerase chain reaction (PCR). Blood from a naïve (Yau et al., 2003) or immunized
animal (Arbabi Ghahroudi et al., 1997) may be used. Conversely, in vitro mutagenesis of the genes
obtained through the two previous methods is used to yield a semi‐synthetic library (Goldman et al.,
2006). VHH genes are typically fused to the coat protein III (pIII) of the filamentous phage M13 (Barbas
et al., 1991), which displays VHH‐pIII fusion proteins on the surface of the virus, while maintaining the
ability to infect bacteria. The vectors containing VHH‐pIII fusion protein constructs and other genes
responsible for phage particle assembly are transformed into E. coli for expression of the phage library.
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Once a VHH phage library is created, it will undergo a rigorous selection process called “panning”
(Hawkins et al., 1992), to isolate VHH fragments with desirable characteristics (Figure 2). If the VHH
fragments obtained from panning do not possess appropriate characteristics, they may be affinity
maturated by error‐prone PCR (Boder et al., 2000) or hotspot randomization (Yau et al., 2005). For in
depth reviews of VHH fragment phage display libraries and the panning procedure, readers are directed
to Arbabi‐Ghahroudi et al. (2009), and Ghassabeh et al. (2010). With such powerful molecular biology
techniques, it is theoretically possible to generate VHH clones specific against a wide spectrum of
antigens.

17

Figure 2: Phage display overview.
An antibody repertoire is recovered by PCR and fused to phage coat protein III to build a library. These
phage particles are allowed to bind antigen, and non‐specific phage particles are washed away. The
phage particles retained are ideally antigen‐specific. They are eluted, and used to infect bacteria for
replication of the phage particle pool. Phage particles are then recovered from the bacterial culture,
thus completing a single round of panning. The library is typically submitted to multiple rounds of
selection to enrich for antigen‐specific clones. Adapted from Bruin et al. (1999).
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1.6. – Validation of VHH binding by Biacore™
1.6.1 – Surface plasmon resonance theory

Surface plasmons are oscillating electromagnetic waves at the surface of a solid. Understanding
the conditions for the generation of surface plasmons has been utilized for biosensor applications. The
quantum physics of surface plasmons can be found elsewhere (Homola, 2006), but a simple grasp of the
concepts of this phenomenon is necessary for understanding the biophysical analysis of VHH fragments
using Biacore™.
Under certain conditions, light incident on a prism will completely internally reflect, such that
there is no refraction into the surrounding dielectric environment. That is, the incident light will strike
the prism‐dielectric interface and internally reflect. The atoms of the prism at this point of reflection
undergo an electrical excitation; valence electrons of these atoms produce an evanescent
electromagnetic wave that extends out into the dielectric environment. This electrical excitation is
rather small, but if the prism surface is coated with a metal (i.e., Kretschmann configuration) the
electrical excitation is transferred from the prism to the metal interface, producing an enhanced
electromagnetic wave, called a surface plasmon. However, surface plasmons will not be created at all
angles of incident light. The phenomenon only occurs at a specific angle, called the “resonance angle”.
At this resonance angle, the energy used to create the surface plasmons will be subtracted from that of
the incident light, so by detecting the intensity of the reflected light over a range of incident angles, the
resonance angle can be observed as a reduction in reflected light intensity. Any changes to the metal
surface will result in a change in the conditions required for surface plasmon generation. Surface
plasmons can be restored to accommodate this change at the metal surface by changing the resonance
angle. The detection of a change in the resonance angle is the basis for a branch of surface plasmon‐
based sensors, namely Biacore™.
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1.6.2 – Biacore™: utilizing SPR for biomolecular analyses

Biacore™ is the product of the realization that changes in the conditions for the generation of
surface plasmons, and the subsequent detection of those changes in reflected light, could be used to
analyze biomolecular interactions. Biacore™ was first used at Pharmacia Biosensor AB in 1991 (Jonsson
et al., 1991; Lofas et al., 1991), and has since become an invaluable research tool. The Biacore™
platform is built on several notable technologies (Figure 3). A 50 nm thick gold layer is applied to the
prism surface, providing a component for surface plasmon generation. This gold interface is used in
conjunction with polarized, monochromatic incident light (760 nm), which corresponds to the resonant
frequency of gold, hence the term “surface plasmon resonance” (SPR). In other words, at this frequency
of light, the absorption of energy by the gold atoms is optimal, thus creating surface plasmons of the
highest magnitude. Changes in the requirements for SPR occur when the dielectric environment
surrounding the gold interface is altered. The dielelectric environment is best measured by refractive
index, which is a measure of how much resistance electromagnetic waves experience while travelling
through a medium. Thus, changes in the environment surrounding the gold interface alter the refractive
index, which alters the propagation of surface plasmons. To restore SPR, the resonance angle must
change, a change which is then detected, measured and translated into events at or near the gold
interface. Functionalization of the gold surface with ligands enables the capture of analyte
biomolecules, which produces the refractive index change necessary for detection. Protein, nucleic
acids, carbohydrates and haptens are all suitable for use on the Biacore™ system as either ligand or
analyte. Biacore™ offers gold‐coated prisms functionalized with a variety of chemically reactive groups
which can be used for binding of capture ligands. These semi‐disposable “chips” can be inserted into
the machine, so ligand‐coated surfaces can be interchanged quickly, enabling quick transition time
between assays. Use of these chips, combined with a microfluidics system, optical hardware and
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computer analysis software, make Biacore™ a powerful user‐friendly platform for the analysis of
biomolecular interactions. The specifics of the Biacore system can be found in Jason‐Moller et al. (2006)
and Nagata & Handa (2000).

21

Figure 3: Schematic of an angular interrogation optical biosensor (e.g., Biacore™).
Plane polarized monochromatic light is incident on the prism, and elicits SPR (shown as an evanescent
field) on the side of the gold interface exposed to the dielectric environment. With only the capture
ligand (shown as antibody) on the gold surface, SPR is produced at the resonance angle (I), which is
detected by the detector‐photodiode array as a decrease in reflected light intensity. However when
analyte (shown as antigen) is present, the refractive index near the gold surface changes, altering the
resonance angle required to restore SPR (II). The magnitude of change in resonance angle is correlated
to the amount of analyte captured by the ligand surface. Adapted from Leonard et al. (2003).
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1.6.3 –Uses of Biacore™

Biacore™ was used for the analysis of antibody‐antigen binding kinetics almost immediately
after its inception (Malmborg et al., 1992). Since the system is able to measure biomolecular
interactions in real‐time, without the use of enzymatic or fluorescent labels, Biacore™ is able to produce
binding kinetic data of unmodified molecules. Of particular note is the equilibrium dissociation constant
(KD) of an antibody, which is used to measure affinity for an antigen. A reported KD value of an antibody
is the concentration at which half of the antigen binding sites are occupied; that is, the stronger the
affinity for antigen, the fewer antibodies are required in the system to occupy a given number of antigen
sites. The KD is a function of the association constant (kon) and the dissociation constant (koff), such that
two different antibodies may have the same KD, but complimentary kon and koff values. Exactly how
Biacore™ determines these binding kinetic constants has been the subject of several publications (Fisher
and Fivash, 1994; Karlsson and Falt, 1997).
Besides the analysis of binding kinetics, Biacore™ can also be used as a capture surface. The use
of an immobilized antibody surface to capture whole bacterial cells was first reported in 1998
(Fratamico et al., 1998). Antibodies directed against E. coli O157:H7 were immobilized on the chip
surface, and the bacteria injected over. This resulted in a modest resonance response. However, the
signal was amplified by one log unit when an injection of polyclonal antibodies directed against E. coli
was performed, thus exhibiting the feasibility of using SPR for detection of pathogenic bacteria. The
detection of L. monocytogenes was later shown, but without the secondary labeling of bound cells
(Koubova et al., 2001).

1.7 – Conclusion and research objectives
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L. monocytogenes is a major concern in the food processing industry, as contamination of
handled food poses a health threat. To address the need for an economical and easy‐to‐use biosensor
for detecting the bacteria, the following work aims to produce VHH antibody fragments as biorecognition
elements to detect the virulence factor InlB, and implicitly, L. monocytogenes. VHH antibody fragments
were chosen as an appropriate biorecognition platform due to favorable characteristics intrinsic to their
molecular structure. This novel class of immunoglobulin domains can also be used without violation of
intellectual property, which would reduce the cost of industrial production in the event of biosensor
development. The LRR portion of the InlB molecule will be used to select specific VHHs from a phage
display library via the panning process. Based on these previous reports of InlB antibody binders, there
is a high probability that I will be able to isolate VHH fragments against InlB‐LRR. The resulting VHHs will
then be cloned into an expression vector and expressed in E. coli. The purified VHHs will be
characterized by Biacore™ to determine both binding specificity and antigen‐binding kinetics. Some of
these characterization assays will attempt to detect InlB in any of several scenarios: purified InlB, InlB
secreted into bacterial culture supernatant, and InlB bound to the L. monocytogenes cell surface. The
ideal VHH fragment, possessing high affinity and specificity for InlB, will then be used as immobilized
ligand to capture whole L. monocytogenes cells, potentially providing proof‐of‐principle that a VHH‐
functionalized paper sensor could also capture whole bacteria. The sequence of experiments described
above can be outlined by the following objectives:

i)

Expression and purification of InlB‐LRR for use in panning procedure.

ii)

Panning of phage display library against InlB‐LRR.

iii)

Isolation of antibody fragments against InlB‐LRR.

iv)

Expression and purification of VHH antibody fragments against InlB‐LRR.

v)

Assay to verify binding of VHH antibody fragments to InlB‐LRR.

vi)

Validation of L. monocytogenes capture on an anti‐InlB‐LRR surface.
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Meeting these research objectives will test the following hypothesis:
An anti‐InlB VHH antibody fragment, used as a biorecognition element, can specifically recognize
and capture L. monocytogenes on a biosensor surface.
At this time, collaboration will be pursued with other Sentinel groups with expertise in materials
engineering and surface chemistry, in hopes that the validated VHH will be further developed by fellow
researchers into a functional paper‐based biosensor for L. monocytogenes.
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Chapter 2 ‐ Experiments
2.1 – Materials and Methods
2.1.1 ‐ InlB‐LRR antigen: construction, expression and purification
2.1.1.1 – Expression of InlB‐LRR
The InlB‐LRR coding sequence used by Marino et al. (1999) (Figure 4) was chosen for expression.
The sequence was modified with a C242A mutation to replace an unpaired cysteine residue with the
non‐reactive residue alanine, which avoids possible intermolecular disulfide bonds being formed,
leading to protein dimerization and potential aggregation. A short glycine‐serine linker was added after
residue 248, followed by the addition of the His6 tag. This modified construct was submitted to DNA2.0
(Menlo Park, CA) for synthesis and cloning into the proprietary expression vector pJexpress414 (Figure
5). E. coli strain BL21 (DE3) pLysS (Lucigen, Middleton, WI) was chemically transformed with
pJexpress414 by incubating 10 ng of plasmid with 50 µL cells at 42 °C for 30 sec, cooling to 37 °C and
then plating on Luria‐Bertani agar supplemented with chloramphenicol and carbenicllin (LB‐
agar/Cm+Carb). Transformants were incubated at 32 °C overnight (O/N). The next morning, a single
transformant colony was used to inoculate 20‐mL of 2 × Yeast‐tryptone broth supplemented with
chloramphenicol and carbenicllin (2YT/Cm+Carb) and grown O/N at 37 °C with vigorous shaking. In the
morning, the 20‐mL culture was added to 1 L of 2YT/Cm+Carb and incubated at 37 °C with vigorous
shaking until OD600 = ~0.9. At this point, the culture was induced with a final concentration of 1 mM
isopropyl β‐D‐1 thiogalactopyranoside (IPTG) and grown for 3.5 h at 37 °C with vigorous shaking. The
entire culture was pelleted (10 min, 4 °C, 6000 g) and the supernatant discarded to yield a 5 g pellet,
which was frozen at ‐20 °C.
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Figure 4: Structure of recombinant InlB‐LRR.
Recombinant InlB‐LRR, with modifications, is shown as a ribbon diagram at 1.86 Å resolution. Structure
is based on residues 36‐241 of InlB as determined by X‐ray crystallography (Marino et al., 1999), with C‐
terminus additions. These additions were not part of the original crystal structure, thus are
hypothetically modelled. The N‐terminal cap (residues 36‐76) is labelled in blue, and LRR region
(residues 77‐241) is labelled in grey. C‐terminus additions, namely the C242A mutation and the
“GSHHHHHH” affinity tag are labelled in yellow and green, respectively. Figure generated using Pymol
V1.3 (Schrodinger, 2010). Adapted from PDB: 1D0B.
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Figure 5: General map of pJexpress vector series.
The InlB‐LRR construct was cloned into the pJexpress414 bacterial expression vector. Features of this
vector are listed clockwise from top. Ori: E. coli origin of replication. txn terminator: sequence is C‐rich
and encodes two hairpin loops, which efficiently dissociates T7 RNA polymerase from DNA. Inducible
promoter: the T7 promoter has high affinity for T7 RNA polymerase, producing a high level of expression
of the gene product. The T7 promoter is followed by the lacO1 sequence (not shown), the binding site
of the lacI product. Customizable RBS: ribosome binding site. The E. coli consensus RBS
(AGGAGGTAAAACAT) was used. Gene for expression: InlB‐LRR was cloned into this site. Antibiotic
resistance: bla gene confers resistance against β‐lactams (e.g., ampicillin, carbenicillin). LacI: encodes
the lac repressor, which is allosterically inactivated by IPTG, allowing transcription. Adapted from
www.dna20.com/pJExpress.php.
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2.1.1.2 – Purification of InlB‐LRR
The pellet was thawed with 80 mL Buffer A (20 mM phosphate buffer pH 7.4, 0.5 M NaCl, 10
mM imidazole) supplemented with 1 mM phenylmethanesulfonylfluoride (PMSF) and sonicated using a
Branson Sonifier 450 (Branson Ultrasonics, Danbury, CT) to lyse the cells and shear genomic DNA (6 × 30
s pulses at 80% with 1 min rests between pulses). Cell debris was pelleted (30 min, 4 °C, 18000 g) and
filtered through a 0.45 µm membrane (EMD Millipore, Mississauga, ON). The resulting InlB‐LRR‐
containing supernatant was loaded onto a 5 mL nickel‐charged HisTrap FF™ column (GE Healthcare, Baie
d’Urfé, QC) and eluted using an increasing gradient of imidazole. Eluted fractions containing InlB‐LRR
were pooled and the buffer exchanged for PBS (pH 7.4) using a HiPrep 26/10 desalting column (GE
Healthcare, Baie d’Urfé, QC). InlB‐LRR was concentrated using an Amicon™ Ultra‐4 centrifugal filter with
a 3 kDa molecular weight cut‐off (EMD Millipore, Mississauga, ON) and further purified to homogeneity
using a Superdex™ 75 16/60 size exclusion column (GE Healthcare, Baie d’Urfé, QC). All chromatography
was performed using an ÄKTA FPLC system (GE Healthcare, Baie d’Urfé, QC). Size exclusion fractions
containing InlB‐LRR were analyzed by SDS‐PAGE for content, and pure fractions pooled to give 5 mL of
InlB‐LRR.

2.1.2 ‐ Isolation of anti‐InlB‐LRR VHHs and confirmation of binding by phage ELISA
2.1.2.1 – Panning Trial 1: Isolation of InlB‐LRR binders
The Fd genome previously described (Mackenzie and To, 1998) was further modified in the lab
of Mehdi Arbabi‐Ghahroudi (unpublished data) and used to produce the naïve phage display library
from which InlB‐LRR binders were isolated. This library contains VHH fragments from three naїve
animals: an alpaca, a camel and a llama, so producing the acronym the “LAC library” (Kumaran et al.,
2012). The initial input phage was ~1012 colony‐forming units in total. The following procedure was
repeated for each round, using decreasing amounts of InlB‐LRR antigen and increasing wash stringency
every round, a technique that has been shown to positively select for high affinity binders (Sidhu et al.,
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2000). A single polystyrene well (Becton Dickinson, Mississauga, ON) was coated with the specified
amount of InlB‐LRR (Table 1) diluted in PBS (pH 7.4, 100 µL). Another polystyrene well was coated with
350 µL of round‐specific blocking buffer. One‐percent (w/v) casein‐PBS (pH 7.4) was used for rounds (I)
and (III), while PBS‐based Starting Block buffer (Thermo Fisher, Ottawa, ON) was used for rounds (II) and
(IV), respectively. Both the InlB‐LRR‐containing well and the blocking well were sealed and incubated
O/N at 4 °C. The following morning, both wells were rinsed with 350 µL PBS (pH 7.4) and incubated at
room temperature (R/T) with blocking buffer in the InlB‐LRR well and phage library in the blocked well.
Incubation of the phage library with blocking buffer before exposure to InlB‐LRR subtracts any potential
non‐specific binders from the phage pool. After 1 h at R/T, the InlB‐LRR‐containing well was washed
with PBS (pH 7.4, 350 µL) and the phage library transferred from the blocked well to the InlB‐LRR‐
containing well. The incubation time of the phage library with the InlB‐LRR‐containing well was 2 h for
round (I), 1.5 h for round (II) and 1 h for rounds (III) and (IV), all performed at R/T. Unbound, or loosely
bound phage particles were then washed out of the InlB‐LRR‐containing well according to Table 2, and
the remaining phage eluted with triethylamine (TEA) (100 mM, 100 µL) for 10 min, and neutralized with
Tris‐HCl (pH 7.4, 1 M, 50 µL). Eluted phage particles were used to infect 3 mL of log‐phase E. coli TG1
cells (Agilent, Mississauga, ON) for 15 min at 37 °C with no shaking. TG1 cells encode the supE tRNA,
which allows the expression of VHH‐pIII fusion proteins by reading through amber stop codons. Eluted
phage were enumerated by plating 100 µL, 10 µL and 1 µL aliquots of phage‐infected cells on separate
2YT‐agar/Tet plates and incubating O/N at 32 °C. The remaining cells were amplified by plating on 2YT‐
agar/Tet for O/N incubation at 32 °C. The following morning, cells were scraped off of the amplification
plates and cultured in 2YT/Tet at 28 °C with vigorous shaking for 5 h. The cells were pelleted (10 min, 4
°C, 3600 g) and the supernatant cleared through a 0.22 µm syringe‐driven filter (EMD Millipore,
Mississauga, ON). PEG‐NaCl (20% (v/v) PEG, 2.5 M NaCl) and supernatant were mixed at a 1:5 ratio,
phage particles were allowed to precipitate for 1 h on ice, then pelleted (30 min, 4 °C, 3600 g) and
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resuspended in PBS (pH 7.4). A serial dilution of purified phage particles, ranging from 10‐4 to 10‐14 was
made using PBS (pH 7.4) as a diluent and used to infect log‐phase TG1 cells. These phage‐infected cells
were plated on 2YT‐agar/Tet and incubated O/N at 32 °C to enumerate amplified phage.
Table 1: InlB‐LRR exposure during Panning Trial 1.
Reducing the amount of antigen in each panning round decreases the number of potential VHH‐phage
binding sites, producing a selection pressure in the form of competition among the VHH‐phage pool.
This increasing selection pressure is designed to select for high affinity VHHs. During each successive
round of panning, the amount of antigen decreased by 20%, 40% and 70% from round (I), respectively.
Panning Round
I
II
III
IV

InlB‐LRR (µg, nmol)
100; 3.09
80; 2.47
60; 1.70
30; 0.93

Table 2: Wash steps during panning.
Increasing the stringency of washes during panning selects for high affinity binders, as they withstand
the increasing exposure to surfactant. During each successive round of panning, phages were exposed
to 140%, 180% and 240% more surfactant compared to round (I).
Panning Round
I
II
III
IV

0.05% PBST
5 × 350 µL
7 × 350 µL
9 × 350 µL
12 × 350 µL

PBS
5 × 350 µL
7 × 350 µL
9 × 350 µL
12 × 350 µL

2.1.2.2 – Panning Trial 2: Isolation of InlB‐LRR‐R303 binders
The procedure outlined in Section 2.1.2.1 produced an InlB‐LRR binder named R303. This VHH
exhibited high affinity for InlB‐LRR (Figure 12B), making it an appropriate choice for forming a complex
with InlB‐LRR. In theory, repeating the panning procedure with an InlB‐LRR‐R303 complex should
isolate binders against epitopes distinct from that of R303. The antigen complex was built by adsorption
of R303, followed by blocking and then allowing equimolar amounts of InlB‐LRR to bind. R303 showed
such favorable binding kinetics that the naive LAC phage library (Kumaran et al., 2012) was used again,
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in hopes of isolating another high‐affinity InlB‐LRR binder. The panning procedure was replicated as in
Section 2.1.2.1 with slight modifications. Before exposure to the InlB‐LRR‐R303 complex, the phage
library was incubated in a polystyrene well coated with the round‐specific blocking buffer and 3 µg
R303. Any anti‐R303 VHHs were presumed subtracted from the phage pool during this incubation. In
addition, this panning trial was performed for only three rounds to preserve a higher degree of genetic
diversity among InlB‐LRR binders.

Table 3: InlB‐LRR‐R303 exposure during Panning Trial 2.
Reducing the number of potential VHH‐phage binding sites produces competition among the VHH‐phage
pool, selecting for high affinity VHHs. During each successive round of panning, the amount of antigen
decreased by 50% and 75% from round (I), respectively.
Round
I
II
III

R303 (µg, nmol)
12.00; 7.61
6.00; 3.81
3.00; 1.90

InlB‐LRR (µg, nmol)
20.00; 8.08
10.00; 4.04
5.00; 2.02

2.1.2.3 – Monoclonal phage ELISA: Confirmation of InlB‐LRR binding
TG1 cells infected with eluted phage from rounds (III) and (IV) of Section 2.1.2.1 were screened
for InlB‐LRR binding. Colonies were picked and seeded in 250 µL 2YT/Tet per well in round‐bottom
tissue culture plates (Becton Dickinson, Mississauga, ON). Cultures were grown O/N at 30 °C with gentle
shaking. A Maxisorp™ microtiter plate (Nunc/Thermo Fisher, Ottawa, ON) was coated with 10 µg InlB‐
LRR per well, using PBS (pH 7.4, 100 µL) as diluent. The next morning, the microtiter plate was rinsed
with PBS (pH 7.4, 350 µL) and blocked with 350 µL Starting Block buffer (Thermo Fisher, Ottawa, ON) at
R/T for 1 h. Blocking buffer was removed, and the plate rinsed with PBS (pH 7.4, 350 µL). The tissue
culture plate was centrifuged to pellet TG1 cells and 100 µL of phage‐containing supernatant was
aspirated without disturbance of the cell pellet, and added to the antigen‐coated microtiter plate.
Phage particles were allowed to bind for 1 h at R/T. Supernatant was also incubated with wells coated
in the blocking buffers used in panning (1:1 ratio of 1% casein‐PBS and Starting Block buffer (Thermo
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Fisher, Ottawa, ON)) to evaluate non‐specific binding. Microtiter plates were washed 5 times with 0.1%‐
PBST (pH 7.4, 350 µL) and incubated with 100 µL anti‐M13 antibody conjugated to horseradish
peroxidise (HRP) (GE Healthcare, Baie d’Urfé, QC) (used at 1:5000 diluted in PBS pH 7.4) for 1 h at R/T.
Plates were washed 5 times with 0.1%‐PBST (pH 7.4, 350 µL) and incubated with 100 µL 3,3’,5,5’ –
tetramethylbenzidine (TMB) peroxidase substrate (KPL, Gaithersburg, MD). Color development was
stopped with phosphoric acid (1 M, 100 µL), and the microtiter plate read at 450 nm on a MultiSkan FC
spectrophotometer (Thermo Fisher, Ottawa, ON). Four negative control wells received primary
incubation with conditioned growth media (2YT‐Tet incubated overnight alongside cultured TG1 clones)
in place of phage‐containing culture supernatant. They were coated and developed in an identical
manner to sample wells.

2.1.2.4 – Monoclonal phage ELISA: Confirmation of InlB‐LRR‐R303 binding
TG1 cells infected with eluted phage from round (III) of Section 2.1.2.2 were screened for
binding to InlB‐LRR at an epitope distinct from that of R303. The InlB‐LRR‐R303 complex was built to
mimic the panning procedure (Section 2.1.2.2). Colonies were picked and seeded in 250 µL 2YT/Tet per
well in round‐bottom tissue culture plates (Becton Dickinson, Mississauga, ON). Cultures were grown
O/N at 30 °C with gentle shaking. A Maxisorp™ microtiter plate (Nunc/Thermo Fisher, Ottawa, ON) was
coated with 0.3 µg R303 in PBS (pH 7.4, 100 µL) and incubated O/N at 4 °C. The next morning, the
microtiter plate was rinsed with PBS (pH 7.4, 350 µL) and blocked with 350 µL Starting Block buffer
(Thermo Fisher, Ottawa, ON) at R/T for 1 h. Blocking buffer was then removed, and the plates rinsed
with PBS (pH 7.4, 350 µL). The microtiter plate was then incubated with 0.55 µg InlB‐LRR diluted in PBS
(pH 7.4, 100 µL) for 1 h at R/T, followed by rinsing with PBS (pH 7.4, 350 µL). The amount of InlB‐LRR
used was equimolar to the amount of coated R303. The tissue culture plate was centrifuged to pellet
TG1 cells and 100 µL of phage‐containing supernatant was aspirated without disturbance of the cell
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pellet, and added to the antigen‐coated microtiter plate. Phage particles were allowed to bind for 1 h at
R/T. Phage‐containing supernatant was also incubated with wells coated in a blocking buffer comprised
of 0.3 µg R303/well diluted in a 1:1 mixture of 1% (w/v) casein‐PBS (pH 7.4) and Starting Block buffer
(Thermo Fisher, Ottawa, ON) to evaluate non‐InlB‐LRR binding. The microtiter plate was washed,
developed and read as in Section 2.1.2.3. Negative controls were also performed as in Section 2.1.2.3.

2.1.3 – Subcloning of anti‐InlB‐LRR VHH, expression and purification
2.1.3.1 ‐ Cloning into pSJF2H
The pSJF2H vector (Figure 6) (Arbabi‐Ghahroudi et al., 2009a) is optimized for the expression of
monomeric VHH. pSJF2H confers antibiotic resistance against β‐lactams (e.g., ampicillin, carbenicillin)
and allows induction of protein using IPTG. It includes the OmpA leader sequence which targets VHH to
the periplasmic space, allowing for disulfide bond formation in the oxidative environment. The C‐
terminus includes a c‐Myc affinity tag followed by a His6 tag, for purification by IMAC. TG1 cells
transformed with the pSJF2H vector were cultured in 2YT/Carb O/N at 37 °C with vigorous shaking, and
the plasmid purified using a MiniPrep™ kit (Qiagen, Toronto, ON). The Fd phage plasmid from selected
InlB‐LRR binders was extracted using the same method, but with growth in 10 mL 2YT/Tet. Purified Fd
phage plasmid was used as template for PCR amplification of the VHH coding sequence using primers
encoding restriction enzyme sites compatible with the cloning site of pSJF2H. The sense primers
hybridize to the first seven residues of the VHH coding sequence, and incorporate a BbsI restriction site.
Two sense primers were used for amplification, since two FR1 regions were observed in the panel of
InlB‐LRR binders: BbsI‐VHH1 (5’ – TATGAAGACACCAGGCCCAGGTGCAGCTGGTGGAGTCT – 3’), and BbsI‐
VHH2 (5’ ‐ TATGAAGACACCAGGCCCAGGTAAAGCTGGAGGAGTCT – 3’). The antisense primer hybridizes
to the last six residues of the VHH coding sequence, and incorporates a BamHI restriction site (5’ ‐
TTGTTCGGATCCTGAGGAGACGGTGACCTG – 3’). Ligation into pSJF2H using BbsI and BamHI inserts the
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VHH coding sequence between the ompA leader sequence and the c‐myc tag. The conditions of the PCR
amplification were as follows: 5 min at 95 °C, then 35 cycles of 30 sec at 95 °C, 30 sec at 55 °C, and 30
sec at 72 °C, followed by 5 min at 72 °C and incubation at 15 °C. PCR products were purified using a
Qiaquick™ PCR purification kit (Qiagen, Toronto, ON). Both purified PCR products and purified pSJF2H
were digested with Fast Digest™ BbSI and BamHI (Fermentas, Burlington, ON) for 2 h at 37°C. All
digestion products were gel purified using a Qiaquick™ Gel Extraction kit (Qiagen, Toronto, ON),
followed by ligation using T4 ligase (Invitrogen, Burlington, ON) overnight at R/T. Using the ligated
material, electrocompetent TG1 cells were transformed using a GenePulser™ with 0.1 cm cuvettes
(BioRad, Mississauga, ON), under the following conditions: 1200 V, 25 μF and 200 Ω. Transformants
were then plated on LB/Carb plates and incubated O/N at 32 °C. Positive clones were confirmed by two
methods: i) PCR amplification of the pSJF2H cloning site using the universal primers M13RP (5’ –
CAGGAAACAGCTATGAC – 3’) and M13FP (5’ – CAGGAAACAGCTATGAC – 3’), followed by assessment of
band size upon agarose gel electrophoresis, and ii) sequencing using M13RP.

35

Figure 6: pSJF2H vector expresses VHH in the periplasmic space of E. coli.
pSJF2H includes a ribosome binding site (RBS) upstream of the OmpA signal peptide. OmpA directs the
nascent polypeptide to the oxidizing environment of the periplasmic space, which allows for formation
of disulfide bonds. The VHH gene is inserted using the BbsI and BamHI restriction sites, and is expressed
with both the c‐Myc and His6 affinity tags. Adapted from Tanha et al. (2003).
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2.1.3.2 – Expression and extraction of InlB‐LRR binders by periplasmic extraction
Positive clones were used to inoculate a 100 mL culture of LB/Carb and grown O/N at 37 °C with
vigorous shaking. The entire O/N culture was then used to seed 900 mL of LB/Carb, and the resulting 1‐L
culture was grown at 32 °C with vigorous shaking. At OD600 = 0.9, cultures were induced with IPTG at a
final concentration of 0.5 mM and grown O/N at 32 °C. The next morning, cell solutions were
centrifuged and pellets resuspended in 30 mL cold TES buffer (0.2 M Tris‐HCl (pH 8.0), 0.5 M sucrose, 0.5
mM EDTA) supplemented with 1 mM PMSF and incubated on ice for 30 min, after which 30 mL of cold
1/8‐TES buffer (diluted in dH20) was added and the cells incubated for another 30 min. Cell solutions
were centrifuged and the supernatant harvested and dialyzed against Buffer A (20 mM phosphate buffer
(pH 7.4), 0.5 M NaCl, 10 mM imidazole) O/N at 4 °C, followed by filtration through a 0.45 µm membrane
(EMD Millipore, Mississauga, ON).

2.1.3.3 ‐ Purification of InlB‐LRR binders
Dialyzed supernatant was loaded onto nickel‐charged 5 mL HisTrap™ FF columns (GE
Healthcare, Baie d’Urfé, QC). The VHH fragments were eluted by gradual increase of imidazole, from 20
mM to 500 mM. Eluted fractions containing VHH fragments were pooled and the buffer exchanged for
PBS (pH 7.4) using a HiPrep™ 26/10 desalting column (GE Healthcare, Baie d’Urfé, QC). VHH fragments
were further purified using a Superdex™ 75 16/60 size exclusion column (GE Healthcare, Baie d’Urfé,
QC). All chromatography was performed using an ÄKTA FPLC system (GE Healthcare, Baie d’Urfé, QC).
Size exclusion fractions containing InlB‐LRR binders were analyzed by SDS‐PAGE for content, and pure
fractions pooled and stored at 4 °C until use. Sodium azide was added at 0.025% (w/v) as a microbicidal
agent.

2.1.4 ‐ Biacore™ analysis of VHH‐InlB‐LRR binding
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2.1.4.1 – Biacore™ analysis of VHH‐InlB‐LRR binding kinetics
Prior to kinetic analysis, purified InlB‐LRR binders were screened for aggregation and/or
degradation after reconstitution in PBS (pH 7.4). VHHs were injected over a Superdex™ 75 HR 10/30 size
exclusion column (GE Healthcare, Baie d’Urfé, QC) and buffer exchanged to Biacore™ running buffer,
HBS‐EP (pH 7.4, 10 mM HEPES, 150 mM NaCl, 3 mM EDTA, 0.005% P20). Chromatography was
performed using an ÄKTA FPLC system (GE Healthcare, Baie d’Urfé, QC).
The Biacore 3000 system (GE Healthcare, Baie d’Urfé, QC) was used for determination of
kinetics of VHH binding to InlB‐LRR. The carboxyl groups forming the bioconjugation layer on a CM5 chip
(GE Healthcare, Baie d’Urfé, QC) were activated using 0.4 M 1‐Ethyl‐3‐(3‐dimethylaminopropyl)
carbodiimide (EDC) and 0.1 M N‐Hydroxysuccinimide (NHS) diluted in dH2O. InlB‐LRR was diluted in
sodium acetate buffer (pH 4.0, 10 mM) and injected over the activated carboxyl groups. Unreacted
carboxymethyl groups were deactivated with an injection of ethanolamine (pH 8.5, 1 M,). All reagents
used to produce the InlB‐LRR‐conjugated sensor chip were injected at 5 µL/min for 7 min. The InlB‐LRR
surface was stable and produced repeatable data when regenerated using 40 sec glycine (pH 2.5, 10
mM) pulses at a flow rate of 20 µL/min.
Purified InlB‐LRR binders were diluted in HBS‐EP to various concentrations, and 200 µL of each
concentration injected over the InlB‐LRR surface at a rate of 20 µL/min. All analyses were performed at
25 °C with surface regeneration after every concentration tested. All data was analyzed with
BIAevaluation™ 4.1 software.

2.1.4.2 – Epitope competition assay by Biacore™
An InlB‐LRR surface was prepared on a CM5 chip (GE Healthcare, Baie d’Urfé, QC) as in Section
2.1.4.1 and the primary VHH fragment injected, after which the secondary VHH was immediately
injected. All VHH samples were passed over the chip at 20 µL/min for 5 min, and all concentrations
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tested were ~50 × KD to ensure saturation of targeted epitopes. In addition, injections of individual InlB‐
LRR binders at ~50 × KD were performed to predict the magnitude of binding responses (data not
shown). In the event of simultaneous binding of a VHH pair to InlB‐LRR, the Biacore™ sensogram should
show an increase in binding response corresponding to the injection of both the primary and secondary
VHHs; the magnitude of these binding responses should mimic that of the individual VHH injections. All
data were analyzed with BIAevaluation 4.1 software.

2.1.5 ‐ Biotinylation of R303
R303 was chosen for biotinylation based on its InlB‐LRR binding kinetics (Section 2.2.7). EZ‐Link
Sulfo‐NHS‐LC‐Biotin (Pierce Protein Research, Rockford, IL) contains a sulfo‐NHS moiety, which enhances
the reactivity of the reagent (Figure 7A). The long chain (“LC”) spacer arm is 22.4 Å in length (Figure 7B),
and is meant to distance the biotin moiety from the VHH surface, thus increasing the chance of binding
one or more streptavidin molecules. The conjugation was performed as per manufacturer’s
instructions, with one modification. R303 was stored in PBS (pH 7.4), necessitating the addition of
sodium bicarbonate (1 M) to give a final concentration of 100 mM. The slight pH change deprotonates
the N‐terminus and lysine residues, negatively charging them and thus increasing the efficiency of
nucleophilic attack by the sulfo‐NHS moiety. R303‐biotin (R303‐b) was purified and concentrated using
an Amicon™ Ultra‐4 centrifugal filter with a 3 kDa molecular weight cut‐off (EMD Millipore, Mississauga,
ON).
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Figure 7: Biotinylation of protein by NHS esters.
NHS esters are commonly used for the labelling of proteins. At slightly basic pH, the NHS ester attacks
the negatively charged N‐terminus and lysine residues of the protein, forming a covalent bond and
liberating a free NHS moiety (A). EZ‐Link Sulfo‐NHS‐LC‐Biotin was used for the conjugation of biotin to
R303 (B). The spacer arm (black) extends the biotin moiety (blue) into the surrounding environment,
increasing the chance of streptavidin capture. The NHS ester moiety is labelled in red. Adapted from
www.thermoscientific.com/pierce.
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2.1.6 ‐ Detection of biological InlB from L. monocytogenes with biotinylated R303.
2.1.6.1 – Expression and extraction of InlB from L. monocytogenes
Three carbon sources were used to optimize expression of InlB: the PTS‐independent carbon
source glycerol, the PTS‐dependent sugar glucose, and the poorly metabolized sugar lactose (Pine et al.,
1989). All carbon sources were dissolved in PBS (pH 7.4) and used to supplement 2YT at a final
concentration of 50 mM. The EGD serotype 1/2a wild‐type strain, inlA knockout (ΔinlA) and inlB
knockout (ΔinlB) (Dramsi et al., 1995) were inoculated into 15‐mL 2YT cultures and grown O/N at 37 °C
with vigorous shaking. The following day, InlB was extracted using modifications to a published method
(Muller et al., 1998). Cells were harvested in late log phase growth (OD600 = ~1) by centrifugation (6000
g, R/T, 10 min), then washed in an equal culture volume of PBS (pH 7.4). The cells were pelleted again
(6000 g, R/T, 10 min), resuspended in 10% original culture volume of PBS (pH 7.4) and 1‐mL aliquots
dispensed into 1.5 mL mini‐centrifuge tubes. The cells were washed again in PBS (pH 7.4, 1 mL) with
centrifugation (13000 g, R/T, 10 min), resuspended in Tris‐HCl (pH 7.4, 1 M, 0.5% of the original culture
volume) and incubated on ice for 1 h. Cells were pelleted again (13000 g, R/T, 10 min), and the
supernatant containing Tris‐extracted InlB aspirated. Sodium azide was added to a final concentration
of 0.025% (w/v) as a microbicidal agent, and samples stored at 4 °C. SDS‐PAGE was performed on 25 µL
aliquots of extracted InlB to assess purity. Cells remaining after InlB extraction were also analyzed by
SDS‐PAGE. Based on previous spectrophotometric quantification of cultured L. monocytogenes (Sawosz
et al., 2010), approximately 2.5 × 108 cells/well were lysed by boiling and analyzed to determine the
extent of InlB extraction.

2.1.6.2 – Quantification of InlB from Tris extraction
L. monocytogenes strains were cultured at 37 °C O/N in 2YT with vigorous shaking. Two 15‐mL
cultures were prepared for each strain. The following day, InlB was extracted as in Section 2.1.6.1.
Samples from two independent InlB extractions were analyzed by SDS‐PAGE. The resulting gel was fixed
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in a solution of methanol and acetic acid (10% and 7% (v/v), respectively) for 20 min with gentle shaking,
washed with dH20 and stained with Sypro™ Ruby Protein Stain (Invitrogen, Burlington, ON) O/N at R/T
with gentle shaking. In the morning, the gel was washed twice with the methanol and acetic acid
fixative described above, then imaged and analyzed using a Fluor‐S™ scanner (BioRad, Mississauga, ON)
with PDQuest™ software. InlB bands were quantified as a percentage of total protein per sample. Total
protein content of InlB extractions was determined using Coomassie Plus (Bradford) Protein Assay
(Pierce Protein Research, Rockford, IL) with the standard curve determined using bovine serum albumin
(BSA). The assay was performed in quadruplicate, and average values taken. Concentrations of InlB
were calculated by applying the percent InlB values obtained from PDQuest™ software to the Bradford
assay results.

2.1.6.4 – Detection of extracted InlB with biotinylated R303
Clear, 384‐well polystyrene Maxisorp™ (Nunc/Thermo Fisher, Ottawa, ON) plates were coated
with serial dilutions of extracted InlB in PBS (pH 7.4, 25 µL), from 100 ng to 0.1 ng in quadruplicate.
Plates were incubated O/N at 4 °C. The following morning, plates were rinsed with PBS (pH 7.4, 115 µL)
and blocked with 115 µL Starting Block buffer (Thermo Fisher, Ottawa, ON) for 1 h at R/T. Plates were
rinsed again with PBS (pH 7.4, 115 µL) and incubated with 50 ng R303‐b (Section 2.1.5) diluted in PBS
(pH 7.4, 25 µL) for 1 h at R/T, followed by 5 washes with 0.1%‐PBST (pH 7.4, 115 µL). Plates were
incubated with 25 µL streptavidin conjugated to HRP (GE Healthcare/Amersham, Baie d’Urfé, QC) used
at a 1:1000 dilution in PBS (pH 7.4) for 1 h at R/T, washed 5 times with 0.1%‐PBST (pH 7.4, 115 µL) and
developed with 25 µL TMB peroxidase substrate (KPL, Gaithersburg, MD) for 30 min at R/T. Assay
development was stopped with phosphoric acid (1 M, 25 µL), and the microtiter plate read at 450 nm on
a MultiSkan FC spectrophotometer (Thermo Fisher, Ottawa, ON). This experiment was independently
repeated three times.
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2.1.6.5 – Detection of InlB in culture supernatants with biotinylated R303
L. monocytogenes strains EGD, ΔinlA and ΔinlB were grown in 2YT O/N at 37 °C with vigorous
shaking. The following day, cells were pelleted (6000 g, R/T, 10 min) and 30% of the culture volume
aspirated without disturbance of the cell pellet. Sodium azide was added to a final concentration of
0.025% (w/v) as a microbicidal agent, while EDTA was added to a final concentration of 10 mM as a
protease inhibitor. Supernatants were stored at 4 °C for a maximum of 7 days, after which efficiency of
InlB detection decreased. The detection of InlB was performed as in Section 2.1.6.4, but using a titration
of culture supernatant from 100% to 0.1% in place of extracted InlB. This experiment was
independently repeated three times.

2.1.8 – Detection of L. monocytogenes cells by Biacore™
L. monocytogenes strains EGD and ΔinlB were cultured as in Section 2.1.6.5. The following day,
cells were pelleted (6000 g, R/T, 10 min) and washed once with an equal culture volume of PBS (pH 7.4).
Cells were resuspended in 4%‐formaldehyde diluted in PBS (pH 7.4), and fixed for 10 min on ice.
Formaldehyde was diluted from a 38% aqueous solution (Anachemia, Lachine, QC). Fixation was
stopped with the addition of glycine (100 mM final concentration) and the cells washed in an equal
culture volume of PBS (pH 7.4). Cells were concentrated by a factor of 10, to ~1010 cells/mL, and
resuspended in HBS‐EP buffer. Fixed cells were stored at 4 °C until use.
The Biacore™ 3000 system (GE Healthcare, Baie d’Urfé, QC) was used for capture of fixed EGD
and ΔinlB cells. A capture surface and a negative control surface were created on different flow cells
within a CM3 chip (GE Healthcare, Baie d’Urfé, QC). R303 was used to create the capture surface, while
VH3, a VH targeting surface layer protein (SLP) of Clostridium difficile (courtesy of Hiba Keriakos, National
Research Council Canada, Ottawa, ON) was used to create the negative control surface. The CM3
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surface was activated with EDC and NHS as in Section 2.1.4.1, and conjugation of R303 and VH3 was
performed in sodium acetate buffer (10 mM) at pH 4.0 and 4.5, respectively. Unreacted carboxymethyl
groups were deactivated with ethanolamine (pH 8.5, 1 M). Cells were sonicated in a waterbath for 2 ×
15 sec pulses to dissociate any cell aggregates, and diluted to 3 × 109 cells/mL. ΔinlB, then EGD cells
were injected in succession over the VH3 and R303 surfaces at 5 µL/min for 20 min. The sensorgrams
generated from the VH3 surface were deemed background. Response curves for the R303 surface were
background subtracted, and then compared. All data were analyzed with BIAevaluation™ 4.1 software.
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2.2 – Results
2.2.1 – Quantification of purified InlB‐LRR

Using a Nanodrop™ instrument (Nanodrop, Wilmington, DE), initial attempts to
spectrophotometrically quantify InlB‐LRR gave concentration values inconsistent with SDS‐PAGE analysis
(Figure 8). It was hypothesized that the aromatic residues typically used to quantify proteins (i.e.,
phenylalanine, tryptophan and tyrosine) were being spectrophotometrically masked by secondary
structures (Noble and Bailey, 2009). To denature the protein, InlB‐LRR was mixed with urea (6 M) at a
1:1 ratio. A280 values, along with theoretically calculated molecular weight and extinction coefficient
values obtained from the ExPasy server (Gasteiger et al., 2003), produced a concentration of 17 mg/mL,
consistent with SDS‐PAGE analysis. Glycerol was added to InlB‐LRR at a final concentration of 25% (v/v)
and frozen in 100 µL aliquots. Aliquots were flash frozen in a mixture of 95% ethanol and dry ice, then
stored at ‐80 °C.
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Figure 8: Size exclusion fractions containing InlB‐LRR.
Twenty‐five microliters from each of the 5‐mL size exclusion fractions were resolved by SDS‐PAGE and
stained with Coomassie. InlB‐LRR is visible ~25 kDa. Fractions 12 and 13 were pooled and used for
further experiments. Gel shown is 12% acrylamide stained with Coomassie dye. MW: molecular weight
marker; units in kDa. Load: sample before size exclusion chromatography.
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2.2.3 –Monoclonal phage ELISA: InlB‐LRR binders

Clones obtained in round (II) were minimally enriched for antigen‐specific VHH coding
sequences, and since antigen specificity and genetic diversity were desired, 20 colonies corresponding
to eluted phage clones were picked from each of round (III) and (IV). VHH coding sequences from round
(III) were expected to be less enriched, but more diverse, while coding sequences from round (IV) were
expected to be highly enriched and comprised of only several different clones (Arbabi‐Ghahroudi et al.,
2009b). All of the clones screened for binding to InlB‐LRR were also screened for binding to both
blocking buffers used in the panning procedure, to eliminate clones that were eluted but were not InlB‐
LRR‐specific. Hence, each sample is internally controlled. Negative controls were used to assess
possible non‐specific binding of anti‐M13 antibody conjugated to HRP. An average A450 value was taken
from these four negative control wells per plate, and used to determine a level of background. A clone
giving an A450 signal five times above background was deemed a positive binder. Hence, background
levels corresponded to A450 values of 0.018 and 0.143 for round (III) and (IV) clones, respectively. Using
this criterion, all clones screened were positive for InlB‐LRR binding. Single data points were obtained
for each clone screened. Figure 9 shows A450 values for each clone with background subtracted.
Uniform binding to InlB‐LRR is seen in both round (III) and (IV), although A450 values for round (IV)
binders appears to be on average, higher than those of round (III). However, this difference is most
likely associated with TMB peroxidase substrate development time rather than the affinity for InlB‐LRR
of the clones. This is corroborated by coding sequence analysis, which shows that the majority of round
(III) and (IV) clones were the same.
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Figure 9: Monoclonal phage ELISA of clones isolated from round (III) and (IV) of panning against InlB‐
LRR.
Phage‐containing culture supernatant was allowed to bind immobilized recombinant InlB‐LRR with
detection by anti‐M13 antibody conjugated to HRP, followed by TMB peroxidase substrate
development. Each clone has background subtracted from A450 values. A) Clones isolated from round
(III). B) Clones isolated from round (IV).

A
2

A450

1.5

1

0.5

R314

R315

R316

R317

R318

R319

R320

R414

R415

R416

R417

R418

R419

R420

R309
R409

R313

R308
R408

R413

R307
R407

R312

R306
R406

R412

R305
R405

R311

R304
R404

R411

R303
R403

R310

R302
R402

R410

R301
R401

0

B
2

A450

1.5

1

0.5

0

48

2.2.4 – Monoclonal ELISA: InlB‐LRR‐R303 binders
Eighty‐eight colonies corresponding to eluted phage clones were picked from round (III). A
larger panel of clones were screened to try and obtain a large diversity of coding sequences. All of the
clones screened for binding to InlB‐LRR were also screened for binding against R303 and the blocking
buffers used in the panning procedure to eliminate clones that were not InlB‐LRR‐specific. As in Section
2.2.3, each sample is internally controlled. Negative controls were used to assess possible non‐specific
binding of anti‐M13 antibody conjugated to HRP. An average A450 value was taken from 2 negative
control wells per plate, and used to identify a background level upon which positive InlB‐LRR binding
could be distinguished. A clone giving an A450 signal five times above background was deemed a positive
binder. Hence, background levels corresponded to A450 values between 0.058 and 0.070. Using this
criterion, 85/88 (~97%) of clones screened were positive for InlB‐LRR binding (Figure 11). Of note is
clone 2R376, which appears to be specific for R303 or one of the blocking buffers. Single data points
were obtained for each clone, and were deemed sufficient to assess InlB‐LRR binding.
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Figure 10: Monoclonal phage ELISA of clones isolated from round (III) of panning against the InlB‐LRR‐R303 complex.
Phage‐containing culture supernatant was allowed to bind recombinant InlB‐LRR captured by the immobilized VHH R303. Detection of phage
was performed by anti‐M13 antibody conjugated to HRP, followed by TMB peroxidase substrate development. Each clone has internal controls
subtracted from A450 values. Background levels are not shown.
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2.2.5 – Sequence analysis of selected anti‐InlB‐LRR clones
Sequences were assembled for all clones screened for InlB‐LRR binding by monoclonal phage
ELISA (Sections 2.2.3‐2.2.4). Panning using InlB‐LRR as antigen produced a panel of VHH sequences that
were predominantly clone R401 (70% of total clones isolated in Section 2.2.2.1). Clone R305
represented 10% of all clones, but included a mutation creating an ApaI recognition site in FR3. InlB‐LRR
binders were to be originally cloned into the pentamerization vector pVT2 (Zhang et al., 2004), which
uses ApaI for VHH cloning. The ApaI recognition site in FR3 would complicate cloning, so R305 was
removed from further investigation. Work with pVT2 was later abandoned, but R305 was deemed
unimportant after not appearing in round (IV). Clone R419 represented 5% of the clones, while R303
and R307 each represented 2.5% of the clones. The remaining 10% of the clones had sequences that
could not be resolved. In round (IV), 95% of the sequenced clones were R401, indicating over‐
enrichment and the resultant loss of clonal diversity. The remaining 5% of clones had sequences that
could not be resolved.
As a result of over‐enrichment seen in 4 rounds of panning, only 3 rounds of panning were
performed when using the InlB‐LRR‐R303 complex as antigen during panning. However, this still
resulted in 70.5% of sequences screened in Section 2.2.2.2 being R401. Two new sequences were
discovered, 2R326 and 2R330, appearing at frequencies of 13.6% and 1.1%, respectively. Of the clones
remaining, 10.2% were poor InlB‐LRR binders, while 4.5% gave unreadable sequences.
Several clones were chosen for subsequent investigation (Table 4). R401 was chosen for further
investigation, as it was the predominant clone obtained. R419 was also chosen since it was also
enriched, albeit less than R401. R303 was chosen for its long CDR3 and probable inter‐CDR loop
disulfide bond, while R307 was simply chosen for its unique sequence. 2R326 and 2R330 (henceforth
known as R326 and R330, respectively) were chosen due to the results of the monoclonal ELISA screen,
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in which they both produced greater A450 values than R401. Figure 11 shows the sequences of R303,
R419, R326 and R330, the clones that were extensively investigated. R401 and R307 were removed
from investigation once shown to not bind InlB‐LRR by Biacore™ analysis (data not shown).
Table 4: Rationale for selecting VHH coding sequences for subcloning.
Each VHH coding sequences chosen for subcloning had high levels of enrichment and/or unique CDR
characteristics, which are both rationale for further investigation (i.e., subcloning into pSJF2H,
expression and purification, Biacore™ analysis).
VHH Name
R401
R419
R303
R307
R326
R330

Rationale For Further Investigation
Predominant sequence (70% of Section 2.2.2.1 clones)
Common sequence (5% of Section 2.2.2.1 clones)
Unique characteristics (long CDR3, interloop disulfide bond)
Unique sequence
Greater A450 than R401 in monoclonal phage ELISA (Section 2.2.4)
Greater A450 than R401 in monoclonal phage ELISA (Section 2.2.4)

The InlB‐LRR binders contained many of the FR2 mutation tetrad characteristic of VHHs
(Vanlandschoot et al., 2011). R326 contains F37Y and E44Q mutations; the former is semi‐conserved by
maintaining a bulky, hydrophobic side group and the latter maintains a similar sized side group. The
arginine at position 45 is conserved amongst the panel, but position 47 exhibits a range of mutations.
R303 contains the characteristic glycine at position 47, but R419 and R326 contain a leucine and a valine
at this position, respectively. While hydrophobic, these mutations do not resemble the tryptophan
characteristic of conventional VH fragments. R330 contains a phenylalanine at this position, a mutation
that introduces a bulky, hydrophobic group more related to the aforementioned tryptophan. These
mutations at position 47 have been observed in VHHs before (Conrath et al., 2005; Kolkman and Law,
2010), and there is enough sequence similarity to VHHs in the literature that I can confirm the isolation
of VHHs, and not soluble VHs or VLs.
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The panel of InlB‐LRR binders does not strictly adhere to the criteria of classification for llama
VHHs (Harmsen et al., 2000). R303 possesses 57% of the hallmark residues of Sub‐family 4, while R419
and R330 possess 75% and 50% of the hallmark residues of Sub‐family 1, respectively. R326 was
unclassifiable, possessing 25%, 20% and 14% of the hallmark residues of Sub‐families 1, 2 and 3,
respectively. This apparent dissimilarity to known VHH sequences continues within the panel itself. FR1,
FR2 and FR4 are conserved, but 33% of the residues in FR3 contain nonconsensus mutations. R326 is
the source of most notable framework mutations, but all of the clones contain several nonconsensus
mutations. Within the panel, CDR1 and CDR2 loops contain a mixture of conserved and semi‐conserved
mutations, as well as nonconsensus mutations, all within a conserved loop length (Figure 11). However,
due to V(D)J recombination within the CDR3 sequence, CDR3 contains the expected high degree of
variability (Tonegawa, 1983), both in terms of amino acid composition and loop length.
The sequences of R303 and R326 are particularly noteworthy. Using the Kabat numbering
system (Kabat et al., 1992), R303 possesses cysteine residues in CDR1 (position 33) and CDR3 (position
98). The only other cysteine residues in the VHH sequence are at positions 22 and 92, and form the
canonical intramolecular disulfide bond, so it is likely that the cysteine residues contained in the CDR
loops pair with each other, since intermolecule cysteine‐pairing would probably produce insoluble VHH
aggregates, hindering production of phage particles. Inter‐CDR disulfide bonds have previously been
shown to increase antigen affinity and thermostability by limiting the movement of CDR loops (Govaert
et al., 2012). R326 contains two deletions, the first of which is at position 52a, in CDR2. This mutation is
not surprising, since differential lengths exist in the V gene repertoire (Jung et al., 2006), and Fv
fragments can possess CDR loops with a range of lengths while still maintaining a proper
immunoglobulin fold. However, another deletion event occurs at position 76, which is located in the
FR3 region. Among other members of the panel, this position is fairly conserved, with the only mutation
being N76S in R419. In the case of R419, the mutation retains the polar side chain at this position, and
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both asparagine and serine residues are commonly found stabilizing protein turns by binding the
peptide backbone through a hydrogen bond (Betts and Russell, 2003). Position 76 is the start of a β‐
strand, which would presumably be destabilized by the removal of a hydrogen bond by the deletion in
R326. However, this deletion is likely acceptable due to its location in a turn, rather than if it were
within a β‐strand, which could lead to disruption of hydrogen bonding within the β‐sheets that make up
the immunoglobulin fold (Bork et al., 1994). Whatever effect this deletion has on the stability of R326, a
well‐tolerated framework deletion was nonetheless an unexpected and interesting observation among
InlB‐LRR binders.
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Figure 11 – Sequence alignment of InlB‐LRR binders.
Protein sequence alignment of InlB‐LRR binders based on Kabat numbering (Kabat et al., 1992). Framework regions (FR) are in black text, while
complementarity‐determining regions (CDR) are in grey text. The canonical cysteine residues at positions 22 and 92 are in red text. The symbol
“*” indicates a residue that is identical among all clones. The symbols “:” and “.” indicate conserved and semi‐conserved substitutions,
respectively. The filled boxes represent non‐consensus substitutions. Alignment was generated using DNASTAR Lasergene MegAlign™.
Sequence consensus data was generated using ClustalOmega (Sievers et al., 2011).
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2.2.6 – Large scale expression and purification of anti‐InlB‐LRR clones
Anti‐InlB‐LRR clones were concentrated into PBS (pH 7.4) and A280 values obtained using a
Nanodrop (Nanodrop, Wilmington, DE) spectrophotometer. The theoretical molecular weight,
isoelectric point (pI) and extinction coefficient (ε280) for each clone was predicted based on protein
sequence using the ProtParam tool on the ExPasy server (Gasteiger et al., 2003) (Appendix 1). All clones
were stored with 0.025% (w/v) sodium azide as preservative and stored at 4 °C. The yields are shown in
Appendix 1.

2.2.7 – Binding kinetics analysis by Biacore™
Clones R401, R419, R303 and R307 were first assayed for binding to InlB‐LRR. The InlB‐LRR
immobilization produced a surface of 731 resonance units (RU). In a preliminary assay, only R419 and
R303 were observed to bind the InlB‐LRR surface at 50 nM, so R401 and R307 were removed from
future investigations. R419 was further assayed for binding at concentrations ranging from 5‐1000 nM,
but produced data that could not be analyzed due to complex binding after surface regeneration. As a
result, kinetic data were obtained from a single sensorgram, produced at 100 nM (Figure 12A). R419
was shown to have a relatively slow kon (1.92 × 103 M‐1s‐1) but also a slow koff (2.98 × 10‐4 s‐1), producing a
KD of 156 nM. R303 was assayed for binding at concentrations ranging from 0.1‐2 nM (Figure 12B), and
produced a KD of 156 pM. This low KD value is mostly attributed to a kon value (1.74 × 107 M‐1s‐1) that
approaches the lower detection limit of Biacore™ (Myszka, 1997). A new InlB‐LRR surface was
constructed for analysis of R330 binding. R330 was assayed for binding at concentrations ranging from
0.1‐2 nM over a surface of 411 RU of InlB‐LRR (Figure 12C), resulting in similar results to R303. R330
possesses a KD of 133 pM, which is again mostly dependent on a fast rate of association (kon = 1.54× 107
M‐1s‐1). The interaction of R419, R303 and R330 with InlB‐LRR is monovalent, and fit the Langmuir
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equation‐based 1:1 binding model (Fisher and Fivash, 1994). For analysis of R326, 223 RU of InlB‐LRR
was immobilized. R326 was analyzed for InlB‐LRR binding over a range of 0.5‐15 nM, but the resulting
data did not fit the 1:1 binding model (Figure 13A). Hence, KD was derived by the nonlinear least
squares fitting analysis (O'Shannessy, 1994), which plots the resonance response (in RU) taken at
equilibrium for each concentration of R326 against the theoretical maximum resonance value (Rmax).
The InlB‐LRR surface has an Rmax value of 134 RU. In theory, Rmax is fulfilled if every immobilized InlB‐LRR
molecule is bound by R326 while KD, by definition, is the concentration of R326 which binds to 50% of
immobilized InlB‐LRR. Hence, applying 50% of Rmax as the Y‐intercept on a plot of Rmax vs. R326
concentration allows the determination of the X‐intercept, KD (Figure 13B). The curve has an R2 value of
0.9917, suggesting very little variation of the data points from expected values, which translates into an
accurate determination of KD. Unfortunately, kon and koff cannot be determined using this analysis.
Appendix 2 contains a summary of binding kinetic constants obtained by Biacore™.
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Figure 12 – Biacore™ sensorgrams of R419, R303 and R330
binding InlB‐LRR.
Various concentrations of VHH were injected over InlB‐LRR
immobilized on CM5 chips. A) R419 was tested at only 100 nM due
to complex binding after surface regeneration. B) and C) R303 and
R330, respectively, were both tested from 0.1‐2 nM. All VHH
sensorgrams (shown in black) were fitted to a 1:1 binding model
(shown in red). Response is measured in resonance units (RU).
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Figure 13 – Biacore™ sensorgram and analysis of R326 binding InlB‐LRR.
A) R326 concentrations ranging from 0.5‐15 nM were injected over InlB‐LRR immobilized on a CM5 chip.
Sensorgrams (shown in black) do not adhere to the 1:1 binding model (shown in red), requiring KD
calculation using a nonlinear least squares fitting analysis (O'Shannessy, 1994). B) RU values at
equilibrium were taken for various concentrations of R326 and plotted against % Rmax, creating a
logarithmic curve (shown in blue). The curve can be used to determine the concentration of R326 at
50% Rmax, which by definition, is the KD (shown in red). The data fit the curve to a high degree, seen as
R2 = 0.9917.
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2.2.8 – Epitope competition by Biacore™
Immobilized InlB‐LRR was used to assess the targeted epitopes of R419, R303, R326 and R330.
In this assay, one VHH clone is injected and allowed to bind InlB‐LRR. Immediately, and without allowing
for dissociation, another VHH clone is injected. If both VHHs bind to InlB‐LRR simultaneously, the binding
of each VHH to non‐competing epitopes is implied. On a Biacore™ sensorgram, the binding of the
second VHH is characterized by an increase in RU above the signal plateau attained by injection of the
first VHH. A CM5 chip functionalized with 411 RU of InlB‐LRR was used in all experiments. Figure 14A‐D
shows epitope competition between the following pairs: R303/R419, R303/R326, R303/R330 and R330/
R326, respectively. None of the pairs exhibits a significant increase in signal, indicating that the clones
tested may bind the same or overlapping epitopes. Further testing is necessary to ascertain if all of the
VHH fragments do indeed bind the same or overlapping epitope.
Epitope competition was initially performed with only R303 and R419 (Figure 14A), and they
were found to target the same or overlapping epitope. In an attempt to isolate another high affinity
clone that binds an epitope distinct from R303, panning was repeated using InlB‐LRR in complex with
R303 as the antigen. Specifically, InlB‐LRR adsorption on polystyrene may produce a biased orientation
of the molecule due to any region of hydrophobicity on the InlB‐LRR surface. If there exists a limited
number of epitopes for VHH binding, and all but one of them is masked by this preferential orientation of
InlB‐LRR on the polystyrene surface, then it was expected that recovered InlB‐LRR binders would only
bind the single available epitope. This theory was supported by the isolation of R303 and R419 (Section
2.2.2.1). In an attempt to avoid this situation, the biased orientation of InlB‐LRR on the polystyrene
surface was circumvented by using R303 to capture InlB‐LRR; hence, the only epitopes available for InlB‐
LRR binding should be those distinct from the R303 epitope. Thus, the isolation of R326 and R330
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(Section 2.2.2.2), which compete for an epitope thought to be masked during panning by R303, was
surprising.
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Figure 14 ‐ Biacore™ sensorgrams showing epitope competition among all InlB‐LRR binders.
Pairs of VHH clones were injected over InlB‐LRR immobilized on a CM5 chip: A) 25 nM R303 followed by 7.5 µM R419, B) 25 nM R303 followed by
100 nM R326, C) 25 nM R303 followed by 10 nM R330, D) 10 nM R330 followed by 100 nM R326. None of the pairs exhibited simultaneous
binding, indicating that the VHH clones tested may bind the same or overlapping epitope on InlB‐LRR. All VHH clones were injected at ~50× their
respective KD values. Arrows indicate time of injection.
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2.2.9 – Optimization of carbon source in growth media for production of InlB
Production of InlB was dramatically influenced by the carbon source available to L.
monocytogenes during growth. Surprisingly, 2YT supplemented with PBS, used as the negative control,
produced the largest amount of InlB (Figure 15A). PBS was used as the diluent for glycerol, glucose and
lactose. Glycerol, being PTS‐independent, was expected to yield the most InlB (Joseph et al., 2008);
however, it did not produce more than the PBS condition. The lactose condition was intended to act as
another negative control since the sugar is poorly metabolized by L. monocytogenes. However, the
small amount of InlB produced by the lactose condition implied that this assumption was incorrect, as
InlB production should have mimicked that of the PBS condition if lactose was completely
unmetabolized. In fact, the production of InlB from the lactose condition was similar to that of the
glucose condition. Glucose, being a PTS‐dependent sugar, expectedly produced low amounts of InlB.
The ΔinlB strain was used as a global negative control, and produced no InlB protein under any
condition. As a result of these findings, all subsequent growth of L. monocytogenes strains was
performed in 2YT, without the addition of PBS.
In this experiment, PBS was added at only 3.3% of the total culture volume, so its effect on the
expression of InlB was determined to be negligible. The high expression of InlB was probably not due to
the PBS, but to the 2YT. Unlike commercially available brain‐infusion (BHI) growth media, 2YT is not
supplemented with glucose. BHI is commonly used as a L. monocytogenes growth media because it
allows for rapid bacterial growth. However, glucose is a PTS‐dependent sugar, and represses PrfA
activity, reducing expression levels of PrfA‐dependent proteins (i.e., InlB). The carbon sources in 2YT
were undefined, but judging from InlB expression in this experiment, the medium likely contain PTS‐
independent sugars.
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Figure 15 – Production of InlB was influenced by the carbon source available to L. monocytogenes
during growth.
L. monocytogenes strains EGD (wild‐type), ΔinlA and ΔinlB were grown in 2YT supplemented with
different carbon sources. PBS was used as the carbon source diluent, and was included as a negative
control. A) InlB extracted from L. monocytogenes shows PBS produced the greatest amount of InlB,
followed by glycerol. Glucose and lactose produce approximately the same amount of InlB. No InlB
production was seen from the ΔinlB cells under any condition. B) Cells post‐InlB extraction were
resolved on SDS‐PAGE at approximately 2.5 × 108 cells/well. There is a large decrease in InlB banding,
indicating a high degree of extraction efficiency. The approximate molecular weight of InlB is marked by
red boxes. Gels shown are 12% acrylamide, stained with Coomassie dye. MW: molecular weight
marker; units in kDa. GLY: glycerol. GLU: glucose. LAC: lactose. PBS: phosphate‐buffered saline.
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2.2.10 – Quantification of extracted InlB
InlB was easily removed from L. monocytogenes cells. From the 30‐mL cultures of strains EGD
and ΔinlA, an average of 21.64 ± 3.20 µg and 22.69 ± 2.84 µg (mean ± S.D. of three independent
extractions) of InlB were obtained, respectively. The yields of InlB were fairly consistent between the
EGD and ΔinlA strains, as well as amongst four independent extractions. As expected, strain ΔinlB
produced no InlB protein. The extraction did not yield homogeneous InlB, as previously reported
(Muller et al., 1998) (Figure 16). Since the extraction protocol was hypothesized to interfere with the
GW domain binding to LTA, it is likely that not only InlB would be extracted when other GW domain‐
containing proteins exist (Cabanes et al., 2004; Milohanic et al., 2001; Wang and Lin, 2007). This is not
to say that only GW domain‐containing proteins were extracted; the banding pattern on the gel
indicates that several different protein species were removed during the extraction (Figure 15A).
Nevertheless, InlB constituted a large fraction of the total extracted protein, as densitometry readings
revealed that 20.59 ± 1.45% (mean ± S.D. of two independent extractions) of total extracted protein was
InlB.
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Figure 16 – SDS‐PAGE analysis of two independent InlB extractions.
InlB (67 kDa) was extracted from L. monocytogenes strains EGD, ΔinlA and ΔinlB in two independent
extractions and resolved by SDS‐PAGE. In both extractions, EGD and ΔinlA strains show banding at the
expected molecular weight, while ΔinlB does not. The approximate molecular weight of InlB is marked
by red boxes. Gel shown is 12% acrylamide and stained with Coomassie. MW: molecule weight marker;
units in kDa.
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2.2.11 – Detection of extracted InlB by biotinylated R303
InlB extractions from L. monocytogenes strains EGD and ΔinlA produced saturable concentration
curves. The extracted material from the ΔinlB strain, as expected, did not produce such curves (Figure
17). R303‐b produced saturation at ~100 ng InlB, and provided InlB detection to ~1 ng InlB; a range of 2
log units. Unpaired t‐tests comparing the curves of EGD to ΔinlB, as well as ΔinlA to ΔinlB gave p‐values
of 0.0186 and 0.0161, respectively, highlighting the large signal‐to‐background ratio. At high
concentrations of extracted material, the ΔinlB curve showed small amounts of background binding.
While this was far less signal than the extracted material from EGD and ΔinlA produced, it indicates that
R303‐b and/or streptavidin‐HRP exhibit a small degree of non‐specific binding. GW domains possess a
largely basic surface charge, and have several regions of hydrophobicity (Marino et al., 2002), both of
which may provide sites for non‐specific binding.
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Figure 17 – Detection of biological InlB by biotinylated R303.

InlB extracted from L. monocytogenes strains EGD, ΔinlA, and ΔinlB was immobilized and detected with
R303‐b and streptavidin‐HRP conjugate, followed by development with TMB peroxidase substrate.
R303‐b is able to detect InlB in a saturable manner, over 2 log units. Curves are a result of quadruplicate
data points with error bars representing standard error. Where no error bars are present, they are
smaller than the symbol. Data was fit with the five‐parameter asymmetric sigmoidal curve (Giraldo et
al., 2002). Data represents one of three independent experiments. Remaining experiments can be
found in Appendix 3.
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2.2.12 – Detection of InlB‐containing culture supernatant by biotinylated R303
InlB is loosely attached to the L. monocytogenes cell wall and readily dissociates, making the
culture supernatant a source of InlB (Jonquières et al., 1999). InlB contained within culture
supernatants from L. monocytogenes strains EGD and ΔinlA was detected in supernatant samples.
Although culture supernatant from ΔinlB produced low background levels, the net effect of this was
large, as the signal‐to‐background ratio was small (Figure 18). Using an unpaired t‐test, the p‐values
comparing the curves of EGD and ΔinlB, as well as ΔinlA and ΔinlB were 0.2035 and 0.1636, respectively.
These large p‐values explicitly show that the detection of InlB from the EGD and ΔinlA cell lines was not
significant compared to background signal from ΔinlB. The signal‐to‐background ratio of this assay could
be improved by alterations in the degree of biotinylation of R303, or the linker length of the
biotinylation reagent. The number of biotin molecules added per R303 molecule was not determined,
but a higher degree of biotinylation would facilitate an increased capture of streptavidin‐HRP conjugate,
enabling a higher rate of TMB peroxidase substrate development. Furthermore, increasing the linker
length of the biotin reagent would enlarge the streptavidin‐HRP capture radius, again potentially
increasing signal generation. The streptavidin‐HRP conjugate is prepared by the periodate conjugation
method (Wisdom, 1996), but is a commercial reagent and will not be discussed for purposes of assay
optimization.
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Figure 18 ‐ Detection of InlB from culture supernatants by biotinylated R303.
L. monocytogenes strains EGD, ΔinlA, and ΔinlB, were cultured to an OD600 = ~1.0. The culture
supernatant, containing InlB, was immobilized and detected with R303‐b and streptavidin‐HRP
conjugate, followed by development with TMB peroxidase substrate. R303‐b was unable to detect InlB
in this assay. Curves are a result of quadruplicate data points with error bars representing standard
error. Where no error bars are present, they are smaller than the symbol. Data was fit with the five‐
parameter asymmetric sigmoidal curve (Giraldo et al., 2002). Data represents one of three independent
experiments. Remaining experiments can be found in Appendix 4.
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2.2.13 – Detection of fixed L. monocytogenes cells by Biacore™
Formaldehyde‐fixed L. monocytogenes were used to investigate whole‐cell detection by
Biacore™. R303 was immobilized on the CM3 chip as the test surface. To gauge potential non‐specific
binding, VH3 was immobilized on the CM3 chip as a negative control surface. Injection of EGD and ΔinlB
cells over the VH3 surface produced similar sensorgrams, both in magnitude and shape, indicating that
the concentration of both L. monocytogenes cell solutions used in the assay were approximately the
same. ΔinlB was injected over the R303 surface first, and produced a sensorgram with a plateau ~30 RU
above background (Figure 19A). EGD was then injected and produced a sensorgram with a plateau ~110
RU above background (Figure 19B). Figure 19C shows the binding of EGD and ΔinlB cells to R303 after
background was subtracted. The R303 surface is able to generate almost triple the resonance response
when exposed to EGD cells compared to ΔinlB cells.
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Figure 19 – Biacore™ sensorgrams show detection of L. monocytogenes strain EGD on R303
surface.
Using Biacore™, formaldehyde‐fixed L. monocytogenes strains EGD and ΔinlB were analyzed for
binding to two single‐domain antibody fragment surfaces: VH3 (negative control) and R303. A)
ΔinlB was injected over VH3 (grey) and R303 (red). B) EGD was injected over VH3 (grey) and
R303 (blue). Similar levels of non‐specific binding to the VH3 surface indicate that roughly
equivalent numbers of both EGD and ΔinlB were injected. C) Background subtracted data shows
EGD (blue) and ΔinlB (red) binding of the R303 surface.
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Chapter 3 ‐ Discussion and Future Directions
Listeria monocytogenes is a Gram‐positive, facultative anaerobic bacterium. It is
ubiquitous in the environment, being found worldwide (Chenal‐Francisque et al., 2011). For the
most part, L. monocytogenes is a saprophytic organism (Murray, 1955), but when ingested can
cause listeriosis, particularly in susceptible populations such as the immunocompromised, the
extremes of age, and pregnant women (Painter and Slutsker, 2007). Although infection rates
are rare, on the order of 3‐5 per million population (Todd and Notermans, 2011), the mortality
rate can be as high as 36% (Siegman‐Igra et al., 2002), thus prompting governmental health
agencies and researchers to find ways to reduce infection. One method of reducing infection is
the improved monitoring of food, in particular ready‐to‐eat food, during processing and
packaging.
Brehm‐Stecher & Johnson (2007) reviewed the current research being done to improve
detection methods for L. monocytogenes in the food processing industry, and found that the
there are problems with current methodologies. The gold standard of detection is the
traditional culture‐based method, but can take up to 5‐7 days to obtain results. The main
drawback of antibody‐based methods is the lack of sensitivity associated with them. However, I
believe that this statement is presumptive, since the antibody is merely a biorecognition
reagent, while the “detection” aspect of antibody‐based detection methods is produced by a
signal generation reagent, often HRP. An example of how a signal generation platform dictates
assay sensitivity can be found in a report for the detection of E. coli O157:H7. This study utilized
monoclonal antibodies conjugated to fluorescent dye‐doped nanoparticles that could detect a
single cell in a sample of bacteria‐spiked ground beef (Zhao et al., 2004). Thus, an immunoassay
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can be broken into 2 parts, the biorecognition element (i.e., the antibody) and the signal
generation platform. Of course, the immunoassay requires an antibody specific to the antigen
for the assay to be valid. With this in mind, I wanted to develop a specific immunoassay for the
detection and quantification of L. monocytogenes. To do this, an antibody of high affinity and
specificity for L. monocytogenes was required. InlB is only expressed by the species
monocytogenes within the Listeria genus, making it an appropriate biomarker. Furthermore,
the structure and role of InlB as a virulence factor has been well‐characterized. The VHH
antibody fragment platform was chosen as the biorecognition element, since VHHs exhibit many
physicochemical advantages over other biorecognition elements, including other antibody
fragments, non‐immunoglobulin binding proteins and aptamers. InlB‐specific VHHs were
isolated from a phage display library, and investigated for their ability to detect InlB in several
contexts.
Although the InlB‐LRR binders were obtained from a naive phage display library
(Kumaran et al. 2012), Biacore™ analysis of binding kinetics showed KD values were in the low‐
nM to low‐pM range, a feature typically observed by VHHs obtained only from an immune
library. Since L. monocytogenes is ubiquitous in the environment, it is possible that the animals
used to produce the VHH library had been previously exposed to, and immunologically educated
to, L. monocytogenes. The scarcity of listeriosis reports in New World camelid species and
complete lack of listeriosis reports in Old World camelid species indicates that they may not be a
natural host for L. monocytogenes (Wernery and Kaaden, 2001). Nevertheless, the camelid
immune system responds to L. monocytogenes exposure, as seen in the epitope competition
assay performed with the panel of InlB‐LRR binders. Four VHHs were tested in pairs for
simultaneous binding to InlB‐LRR, but all bound at a 1:1 ratio. This could indicate that the VHHs
all bind the same or overlapping epitope, or that through some form of competition, only one
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VHH is permitted to bind InlB‐LRR at any given time. In the case of the former, it suggests an
immunodominant epitope, since a truly naїve library would most likely have produced a panel of
InlB‐LRR binders targeting various epitopes on the InlB molecule, all with low affinity.
Another explanation for this hypothetical immunodominant epitope may lie in the LRR
region of InlB. LRRs are conserved protein motifs as evolutionary early members of the innate
immune system (Bell et al., 2003; Inohara and Nunez, 2003). The camelid immune system, in its
editing of the B‐cell response, may have selected against B‐cells targeting certain LRR‐containing
proteins to avoid a self‐antigen immune response. If the LRR of InlB shared enough sequence or
secondary structure similarity to camelid LRR‐containing proteins such that it appeared to be
“self”, it could evade the immune system. Thus, the only non‐LRR motif on the recombinant
InlB‐LRR construct used for panning is the N‐terminal cap. It was not determined whether or
not the N‐terminal cap is the epitope targeted by the anti‐InlB‐LRR panel.
From a naive library, a small panel of camelid VHHs were isolated against the LRR portion
of the L. monocytogenes virulence factor, InlB (InlB‐LRR). Using recombinant InlB‐LRR as
immobilized ligand, the binding kinetic constants of four clones were determined by Biacore™.
In addition, epitope competition assays revealed that all four clones may bind the same or
overlapping epitope. Clone R303 was chosen for further investigation primarily for its high
affinity binding to InlB‐LRR, and secondly for its possible inter‐CDR disulfide bond. Despite
binding to InlB‐LRR, I had not shown binding to biological, full‐length InlB at this stage. To
exhibit binding to full‐length InlB, the antigen was obtained from L. monocytogenes after
optimization of expression. The carbon source included in the growth media used for L.
monocytogenes culture affects expression of inlB by modulation of the phosphoenolpyruvate
transferase system (PTS), which facilitates transport of sugars into the bacterium (Freitag et al.,
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2009). It is hypothesized that the carbon sources available for metabolism are either PTS‐
dependent or independent, with PTS‐dependent sugars thought to result in the phosphorylation
of PrfA, which downregulates its activity (Joseph et al., 2008; Stoll et al., 2008). Growth
conditions were selected for optimal expression of InlB, which was then extracted and used to
show that biotinylated R303 (R303‐b) binds biological InlB in a saturable manner in ELISA. Once
the binding of R303 to the biological antigen was confirmed, I started preliminary work on assay
development. InlB is shed into the culture supernatant, and may serve as a means to detect L.
monocytogenes without extensive handling of the bacterium itself. To investigate this, I
attempted to use R303‐b in another ELISA to detect InlB from culture supernatant, but the
binding curves were deemed insignificant when compared to controls. However, with changes
to the signal generation platform, I believe the culture supernatant to be a method of L.
monocytogenes detection worth future investigation. Lastly, whole‐cell detection of L.
monocytogenes was shown by Biacore™. R303 was immobilized and formaldehyde‐fixed
bacteria injected over the VHH capture surface. Although a preliminary finding, the wild‐type
EGD strain of L. monocytogenes gave triple the resonance response over the ΔinlB strain. Thus,
R303 can be used as an immunodetection reagent targeting cell‐bound InlB.
Several groups have attempted immunodetection of L. monocytogenes by targeting InlB.
These efforts have been met with limited success. In an initial attempt, Jonquières et al. (1999)
raised scFvs against recombinant InlB which were conjugated to 5 nm gold nanoparticles for
immunogold labeling. However, efficient labeling was only achieved after extensive digestion of
the cell wall, which presumably revealed epitopes concealed by either the cell wall, or InlB‐
binding proteins embedded in the cell wall. The O’Kennedy group raised polyclonal antibodies
against InlB, and showed binding in a subtractive inhibition SPR‐based assay (Leonard et al.,
2004; Leonard et al., 2005). Anti‐InlB Fab fragments were derived from these polyclonal
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antibodies, incubated with L. monocytogenes cells, and then centrifuged. The supernatant
containing unbound Fab fragments was injected over an anti‐IgG surface. They found a
reduction in resonance response which implies Fab binding to cell‐bound InlB. However, the
same anti‐InlB Fab fragments were converted to scFvs in an immunofluorescence microscopy
study (Tully et al., 2006). In this study, anti‐InlA and anti‐InlB scFvs were conjugated to quantum
dots. Immunofluorescence microscopy showed anti‐InlA scFvs immunolabelling L.
monocytogenes, while anti‐InlB scFvs were instead used to detect extracted InlB in a plate‐based
fluorescence assay. Whether or not the anti‐InlB scFvs were unable to immunolabel L.
monocytogenes or the researchers simply opted to use them in a plate‐based assay, the failure
to show immunolabelling of L. monocytogenes by targeting InlB questions the previous SPR
findings (Leonard et al., 2004; Leonard et al., 2005). The above studies detail the difficulty in
targeting cell‐bound InlB with various antibody fragments.
With regard to immunodetection, it is intriguing that explicit targeting of InlB is possible
after removal of the cell wall, but with the cell wall intact, only implicit targeting of InlB is
possible. InlB is anchored to the cell wall component LTA via GW domains, and is thought to be
buried within the peptidoglycan layer (Jonquières et al., 1999). However, Braun et al. (1997)
produced a modified InlB, comprised of the native InlB but with its GW domains exchanged for
those of the lysin Ami. The cell‐wall anchor of Ami contains eight GW domains, as opposed to
the three in InlB. They were then able to bind this fusion protein to ΔinlB cells. The InlB portion
of the fusion protein was subsequently labelled with fluorescently‐labelled antibodies, showing
that GW domain‐anchoring via LTA does not mask InlB from immunodetection. Thus, native InlB
should be available for antibody‐based detection, but this is not the case (Jonquières et al.,
1999). One explanation for the poor accessibility of InlB may lie in associated protein species
such as fibronectin binding protein A (FbpA), which was found to bind both InlB and listeriolysin
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O in vivo (Dramsi et al., 2004). Such proteins may conceal InlB epitopes, preventing antibody
binding while in a cell‐bound context. In addition, the propensity of InlB to dissociate from LTA
(Jonquières et al., 1999) may also explain the problems surrounding immunodetection of InlB.
Assuming cell‐bound InlB is bound by targeting antibodies, its low affinity to LTA could result in
dissociation of the antibody‐InlB complex from LTA during sample preparation, resulting in a
false negative when the cells are assayed for bound antibody. Two of the above theories for
poor immunolabelling of cell‐bound InlB were investigated by attempting to label L.
monocytogenes with the anti‐InlB VHH R303. Since VHH fragments are one‐tenth the size of a
conventional antibody, and half the size of a scFv fragment, it was anticipated that VHHs would
be more capable of cell wall penetration to bind InlB than larger antibody platforms.
Furthermore, the reduced weight of VHH fragments would reduce the likelihood of VHH‐InlB
complex dissociation from LTA during antibody binding. Hence, the single‐domain nature of
R303 was anticipated to overcome the theorized size and weight limitations of larger antibody
platforms and increase the likelihood of antibody binding to cell‐bound InlB. Even using the VHH
platform, efforts to fluorescently immunolabel cell‐bound InlB ultimately failed, although R303
was shown to bind InlB by Biacore™ analysis.
Since cell‐bound InlB appears to be a problematic target for L. monocytogenes
immunodetection, InlB shed into culture supernatant may provide an alternative avenue for
detection, especially for the creation of paper‐based biosensors. The optimized expression of
InlB, combined with the detection of shed InlB may produce a feasible sensor. Maximizing the
amount of InlB shed into the supernatant relies on understanding the molecular biology behind
the expression of inlB. Fortunately, it is known that expression of inlB is modulated by the
temperature‐dependent promoter PrfA (Lingnau et al., 1995), which is in turn post‐
transcriptionally regulated by the available carbon source (Joseph et al., 2008; Stoll et al., 2008).
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I have shown that inlB expression is increased by utilizing PTS‐independent sugars, likely as a
result of increased PrfA activation. However, much of the InlB may still be anchored to the cell
surface through its interaction with LTA. Jonquières et al. (1999) found that the addition of LTA
to the growth medium competed for the GW domains of InlB, shedding an estimated 50% of
expressed InlB into the supernatant. Hence, optimized activity of PrfA both at the genomic and
post‐transcriptional level, plus the addition of LTA to the growth media could increase the
detection limit of a biosensor by increasing the amount of InlB shed into the growth media, thus
improving detection of InlB.
Analysis of this InlB‐containing supernatant by paper‐based ELISA (Cheng et al., 2010;
Wang et al., 2012) may be a feasible biosensor. Paper‐based ELISAs utilize the wicking abilities
of paper to introduce assay reagents in a stepwise fashion. Layers of paper are assembled one
on top of another, with printed hydrophobic patterns producing fluidic channels in the Z‐axis of
the device. Each layer of paper is functionalized with the reagents necessary for a standard
microtiter plate‐based ELISA, such as antibodies for detection and enzymes for signal
generation. A sample containing antigen is applied on one side of the device, and the antigen
flows through each successive layer of paper as part of the liquid front. Each successive layer of
paper is impregnated with a certain reagent, such that antigen being carried by the liquid front
is labelled as it travels through each layer of paper. The final layer of paper, being the opposite
side of the device, contains the enzymatic substrates to be metabolized for colorimetric or
chemiluminescent detection. In addition, other L. monocytogenes proteins containing GW
domains could also be targeted by VHHs as part of a multi‐plexed assay format. The lysins Ami,
Auto and IspC all contain GW domains as a method of cell surface anchoring, and could all be
extracted from the cell surface by LTA. For a multi‐plexed assay, the presence of each targeted
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protein would be assessed separately, and could provide more information about the identity
and quantity of the bacteria being assayed.
In conclusion, a panel of four anti‐InlB‐LRR VHH fragments were isolated, produced and
characterized. Clone R303 showed high affinity to recombinant InlB‐LRR, and may possess an
inter‐CDR disulfide bond. These inter‐CDR disulfide bonds are known to facilitate both high
affinity binding and increased thermostability, two important characteristics for the
development of robust biorecognition elements suitable for use in paper‐based biosensors.
R303 was shown to bind the biological, full‐length extracted InlB in a plate‐based and cell‐bound
context in an SPR‐based assay. I intend on collaborating with fellow Sentinel researchers to
develop a signal generation platform to pair with these InlB‐LRR binders, in particular R303, in
an effort to produce a paper‐based biosensor.
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Appendices
Appendix 1: Structural characteristics and expression yields of InlB‐LRR binders.
Clone Name

Sequence Length
(amino acids)

R401
117
R419
118
R303
123
R303a
123
R307
123
R326
116
R330
118
a
: R303 was expressed twice.

Molecular
Weight (Da)

Isoelectric
Point (pI)

12625
12666
13500
13500
13589
12477
13114

9.07
8.98
8.43
8.43
5.79
6.44
4.98
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Extinction
Coefficient
(ε280)
24075
25565
31190
31190
23045
22585
30035

Yield (mg/L)

2.58
0.72
2.76
3.05
1.61
1.24
3.24

Appendix 2: Binding kinetic constants of InlB‐LRR binders as determined by Biacore.
Name
R303
R419
R326
R330
a
: not determined

Theoretical
Rmax
461
461
131
247

KD (M)

kon (M‐1s‐1)

koff (s‐1)

χ2

1.56 × 10‐10
1.56 × 10‐7
3.87 × 10‐9
1.33 × 10‐10

1.74 × 107
1.92 × 103
NDa
1.54 × 107

2.72 × 10‐3
2.98 × 10‐4
NDa
2.05 × 10‐3

1.45
5.76
NAb
1.00

b

: not applicable to type of analysis
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Appendix 3: Detection of biological InlB by biotinylated R303.
InlB extracted from L. monocytogenes strains EGD, ΔinlA, and ΔinlB was immobilized and
detected with R303‐b and streptavidin‐HRP conjugate, followed by development with TMB
peroxidase substrate. Curves are a result of quadruplicate data points with error bars
representing standard error. Where no error bars are present, they are smaller than the
symbol. Data was fit with the five‐parameter asymmetric sigmoidal curve (Giraldo et al., 2002).
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Appendix 4: Detection of InlB from culture supernatants by biotinylated R303.
L. monocytogenes strains EGD, ΔinlA, and ΔinlB were cultured to an OD600 = ~1.0. The culture
supernatant, containing InlB, was immobilized and detected with R303‐b and streptavidin‐HRP
conjugate, followed by development with TMB peroxidase substrate. Curves are a result of
quadruplicate data points with error bars representing standard error. Where no error bars are
present, they are smaller than the symbol. Data was fit with the five‐parameter asymmetric
sigmoidal curve (Giraldo et al., 2002).
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Appendix 8: Figure 5 Permission.
8/18/12 G mail - P ermission to use figure
https://mail.google.com/mail/u/0/?ui=2&ik=9e5bafd4ca&v iew =pt&search=inbox&th=1390eaba005053ca

Robert Gene <robertwgene@gmail.com>

Permission to use figure
3 messages
Robert Gene <robertwgene@gmail.com> Thu, Aug 9, 2012 at 11:54 PM
To: info@dna20.com
Hello,
I am currently writing my MSc thesis and would like to use the "pJExpress Bacterial Vector
map" located here. I
require only the figure. My thesis will eventually be published online (Library and Archives of
Canada) and in print
(University of Guelph).
Do I require permission to use this copyrighted image as a figure in my thesis? Please
advise.
Thank you,
Robert Gene
Claes Gustafsson <cgustafsson@dna20.com> Fri, Aug 10, 2012 at 1:39 AM
To: robertwgene@gmail.com
Cc: Greg Fujii <gfujii@dna20.com>
Robert,
Feel free to use the figure as you see fit as long as you reference the origin (DNA2.0). Good
luck with the thesis.
Great last name by the way. I'm jealous.
/Claes
Claes Gustafsson, PhD.
Founder, Chief Commercial Officer
DNA2.0 Inc
1140 O'Brien Drive, Suite A
Menlo Park, CA 94025
cgustafsson@DNA20.com
1.650.853.8347, ext 1013 (Office)
1.877.DNA.TOGO (Toll free)
1.650.296.2235 (Mobile)
www.DNA20.com
Follow us on Twitter and Facebook
[Quoted text hidden]

No virus found in this message.
Checked by AVG - www.avg.com
Version: 10.0.1424 / Virus Database: 2437/5190 - Release Date: 08/09/12
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Appendix 9: Figure 7 Permission.
8/18/12 G mail - P ermission to use figures
https://mail.google.com/mail/u/0/?ui=2&ik=9e5bafd4ca&v iew =pt&search=inbox&th=13922d2d6c20742b

Robert Gene <robertwgene@gmail.com>

Permission to use figures
5 messages
Robert Gene <robertwgene@gmail.com> Mon, Aug 13, 2012 at 9:50 PM
To: greg.hermanson@thermofisher.com
Hello Greg,
I'm writing up my MSc thesis at the moment, and would like to use a couple figures from the
Pierce website.
One is regarding NHS chemistry found here, while the other is regarding the EZ Link SulfoNHS-LC-biotin
reagent found here.
Please let me know if I require rights and/or permissions (other than citing
www.piercenet.com), and if so, how I
may get them.
Cheers,
Robert Gene
Hermanson, Greg T. <greg.hermanson@thermofisher.com> Tue, Aug 14, 2012 at 9:25 AM
To: Robert Gene <robertwgene@gmail.com>
Cc: "Schubert, Holly J." <holly.schubert@thermofisher.com>

Dear Robert,
I am copying Holly Schubert on this reply, because she is in charge of managing our ad
graphics
intellectual property. I’m sure she will be in touch soon to answer your request to use
the figures.
Best regards,
Greg
Greg Hermanson
Director of Technology
Business Development - Biosciences Division
Thermo Scientific Pierce Protein Research
Thermo Fisher Scientific
3747 N Meridian Road
PO Box 117
Rockford, IL 61105
Tel: 815-968-0747, ext. 291
Mobile: 815-386-4141
Fax: 815-968-7316

8/18/12 G mail - P ermission to use figures
https://mail.google.com/mail/u/0/?ui=2&ik=9e5bafd4ca&v iew =pt&search=inbox&th=13922d2d6c20742b

E-mail: greg.hermanson@thermofisher.com
www.thermo.com/pierce
From: Robert Gene [mailto:robertwgene@gmail.com]
Sent: Monday, August 13, 2012 8:50 PM
To: Hermanson, Greg T.
Subject: Permission to use figures
[Quoted text hidden]

Robert Gene <robertwgene@gmail.com> Thu, Aug 16, 2012 at 5:11 PM
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To: "Schubert, Holly J." <holly.schubert@thermofisher.com>
Hi Holly,
Were you able to help me out with this matter?
Thanks,
Robert
[Quoted text hidden]

Schubert, Holly J. <holly.schubert@thermofisher.com> Fri, Aug 17, 2012 at 6:40 AM
To: Robert Gene <robertwgene@gmail.com>
Sorry for the delay -- I'm trying to launch a product and I have sales meetings the next two weeks so we're buried in
powerpoint presentations
and this got buried underneath some of those.
I looked over these pages and all figures therein appear to belong to us.
Feel free to use them.
If you credit our website, please credit www.thermoscientific.com/pierce -- our parent company prefers we promote the
target url that has the
brand name (Thermo Scientific) featured in it vs our legacy name (www.piercenet.com).
If you credit our company, please credit Thermo Fisher Scientific.
If you have any additional questions, please let me know. I'm out of the office for a vacation day today, but I'll be on
email over the weekend
working on sales meeting presentations so I can follow up then.
Thank you for your patience and best wishes on your thesis.

Holly Schubert
Associate Director, Marketing Communications
Thermo Scientific Pierce Protein Research
Thermo Fisher Scientific
3747 North Meridian Road
PO Box 117
Rockford, IL 61105
815-968-0747, ext. 339
holly.schubert@thermofisher.com
www.thermo.com/pierce
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