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Abstract

Standard methods of analyte detection for disease diagnosis and management have
limitations that prevent their use in a point-of-care (PoC) setting. Chimeric protein
switch biosensors provide an alternative to traditional laboratory tests with the potential
for PoC implementation. These biosensors combine the reporter and recognition
elements into a single design. Recognition elements are vital to biosensor
performance, so far nanobodies have been underutilised for this purpose despite their

valuable characteristics.

In this work, | used two chimeric protein switch biosensor designs to develop sensors
for therapeutic drug monitoring (TDM) of four therapeutic monoclonal antibodies
(TmADbs). Affimer proteins, specifically selected for each TmAb, were used to create: a
one-component modular allosteric switch sensor utilizing a R-lactamase — R-lactamase
inhibitor protein (BLA-BLIP) reporter complex and a two-component proximity switch
using the NanoBiT split luciferase technology. The performance of the TDM sensors
were compared. The same sensor designs were used to evaluate the feasibility of
using nanobody proteins as the recognition elements within chimeric protein switch
biosensors. The expression, purification, and performance of these nanobody

biosensors was assessed.

The two-component NanoBiT design outperformed the one-component BLA-BLIP
design in all aspects. With a rapid 10-minute run time, these sensors had low pM limit
of detection and a wide quantifiable range. This effectively covered the clinical ranges

of the TmADbs, aligning with existing TDM gold standards.

While the introduction of nanobodies into the one-component BLA-BLIP sensor design
encountered insurmountable expression challenges, the application of denaturation
and dilution-mediated refolding proved to be a successful approach for extracting and
purifying nanobody NanoBiT sensor constructs. The resulting proof-of-concept sensor
displayed high sensitivity and specificity, with a low pM limit of detection and a broad
quantifiable range. This research established the groundwork for the development of
rapid, cost-effective, and clinically relevant nanobody NanoBIiT biosensors, with the

potential to transform protein detection in healthcare applications.
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1 Chapter 1: Introduction

1.1 Analyte Detection

Rapid detection of relevant analytes — biomarker proteins, DNA and metal ions — are
valuable techniques with applications in environmental monitoring (1), food safety (2),
disease diagnosis (3, 4) and drug discovery (5) among many others. These rapid
detection techniques facilitate timely decision making to improve outcomes. Specifically
in the field of medicine, the detection of protein biomarkers and relevant DNA
sequences have become a central aspect of disease diagnosis, monitoring, and
management. Laboratory based tests including enzyme linked immunoassays (ELISA),
polymerase-chain reaction (PCR) and western blotting have historically been first

choice methods for detection and quantification of specific proteins (6, 7).

1.1.1 Polymerase chain reaction

The polymerase chain reaction (PCR) involves the denaturation of DNA, the annealing
of specifically designed primers to target DNA sequences and the extension of DNA
fragments, resulting in the amplification of specific DNA sequences (8). PCR has
revolutionised molecular biology techniques, with the general principles unchanged
since the process was first introduced (9). The advances in this field come from the
further application of PCR to diagnostic areas. Real time PCR, also known as
quantitative PCR (qPCR) can detect, characterise, and quantify nucleic acids using
fluorescence labelling. It can be dye-based qPCR or probe-based qPCR. Dye-based
methods use double stranded-DNA (dsDNA) binding dyes for labelling and the
fluorescence intensity is measured after each cycle to quantify the number of
amplicons. This method of gPCR tends to bind to any dsDNA present in a sample
which causes background binding and issues with test specificity. Alternatively, probe-
based qPCR involves designing labelled DNA oligos that will bind a specific nucleotide

sequence. This oligo probe has a fluorophore at one end and a quencher at the other.
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Whilst intact, the quencher prevents any fluorescence emission. However, during the

extension step of PCR cycling, the probe is hydrolysed resulting in an amplification-
dependent signal from the fluorophore (Figure 1). Probe-based methods are much
more specific than dye-based methods and allow for simultaneous labelling of multiple
probes if well designed and optimised. Probe-based qPCR is most commonly used in

clinical diagnostics (10).
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Figure 1. Schematic of quantitative PCR (qPCR) using a fluorescent DNA probe.
(1) Heat denaturation, usually at 98°C, unravels double stranded DNA so that the
template strand is accessible. (2) The annealing temperature of the forward primer and
the fluorescent probe is calculated prior to PCR. The primer annealing allows binding of
the polymerase to begin to generate a complementary DNA strand and the
hybridisation of the probe acts as a detection of target DNA. (3) Extension of the DNA
strand generated through the activity of the polymerase. This essentially removes the
probe and frees the fluorophore which emits a fluorescent signal in the absence of the

quencher, resulting in an amplification-dependent increase in fluorescence.
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Figure 2. Schematic diagram of reverse transcriptase polymerase chain reaction,

which can be used in virology diagnostics to identify viral RNA in clinical samples as
well as having research and development applications. (1) RNA begins with a start
codon, AUG, and ends with a poly adenosine tail. (2) An oligo deoxythymine primer
(dT) binds to the poly-A tail of RNA. (3) The dT primer catalyses the binding of reverse
transcriptase and deoxyribonucleotide triphosphates (dNTPs) are recruited. (4-5)
Reverse transcriptase catalyses the generation of complimentary DNA (cDNA) using
free dNTPs. (6) The cDNA produced can then be amplified via PCR as double
stranded DNA using specifically designed primers or quantified using gPCR.

Another diagnostic advancement in PCR was the development of reverse transcriptase
PCR (RT-PCR). This technique generates complementary DNA strands (cDNA) from
RNA (Figure 2). RT-PCR is a valuable tool for the accurate diagnosis of viral

infections. Many viruses store their genomic information as viral RNA (vVRNA), which
can be isolated from biological samples of an infected host. The cDNA generated from
RT-PCR can then be quantified via gPCR, collectively known as RT-qPCR. The level of
fluorescence signal produced in response to denaturation of the probe (Figure 1) is
measured against a ‘no template DNA’ control to calculate the quantity of vVRNA in the
sample (11). Viruses that store their genome as DNA (DNA viruses) can be detected

and quantified without the use of reverse transcriptase.
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The wide range of genomic sequences available to the scientific community makes

developing primers against numerous disease biomarkers possible, and therefore,
gPCR is easily applied to a vast range of clinical diagnostic. For diagnosis of many viral
infections, gPCR (DNA viruses) and RT-gPCR (RNA viruses) are still the best
diagnostic method available (12). gPCR is highly specific; however, the full process
from obtaining the clinical sample, extracting the RNA, and running RT-qgPCR is long
and laborious, which could be critical in a pandemic situation. However, it is still the
simplest way of detecting relatively unknown virus strains and so is still in use today

(13).

1.1.2 Western Blot

A well-known method of direct protein detection is the western blotting (WB) technique
(14). This involves the separation of denatured proteins, by molecular weight, in a
sample using gel electrophoresis. The separated proteins are then transferred onto a
suitable membrane and the protein of interest can be detected with a specific primary
antibody. A secondary antibody conjugated to an enzyme with colourimetric,
luminescent or fluorescent activity can then be used to visualise the protein of interest
(Figure 3). WB is commonly used in biological research laboratories to confirm the

presence of protein in tissue and cell lysates (15).
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Figure 3. The general workflow of a western blot. Initially a sample in need of
analysis is loaded onto an agarose gel for separation by gel electrophoresis. The
resultant gel is transferred onto a blotting membrane which in turn is blocked and
incubated with a specific primary antibody known to bind to the protein of interest.
Successful binding of the primary antibody is determined with a conjugated secondary
antibody allowing visualisation via colourimetric, luminescent or fluorescent methods.

Created with Biorender.com.

The sensitivity of WB made it a valued diagnostic technique in clinical settings. It is not
a quantitative method of protein detection and so has typically been used as an aid to
confirm diagnoses in a clinical setting. Historically, WB has been used in the diagnosis
of a few diseases including hepatitis C virus (HCV), Lyme disease and human
immunodeficiency virus (HIV) (16-18). Issues with false-positive results have limited the
applicability of WB as a one-tier test and are more commonly used in combination with
other protein detection methods to confirm a diagnosis (19). WB testing for HIV has
generally been superseded by rapid antibody or antigen tests, including enzyme
immunoassays (EIAs) and molecular tests developed for high throughput screening
large quantities of blood bank products (20) and point-of-care (PoC) immunoblot self-
test kits for use in community settings (21). WB are still routinely used as a

confirmatory test after a positive PoC test (22, 23).

1.1.3 Enzyme Linked Immunosorbent Assay
The enzyme linked immunosorbent assay (ELISA) is a molecular method which
provides quantitative results on the presence of a specific protein analyte. As an

immunoassay, the key component of an ELISA are antibodies, both monoclonal and
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polyclonal (24, 25), for specific detection of a protein analyte. These specially raised

antibodies work as a detection mechanism within the assay as they bind to highly
specific targets. For example, in an indirect ELISA, monoclonal antibodies raised
against the target analyte are used as the primary antibody and secondary antibodies
are raised in a different animal against the primary antibody, with the addition of
chemiluminescent or fluorescent labelling for quantification (Figure 4). The most used
labelling is horseradish peroxidase (HRP), which catalyses the oxidation of the
substrate 3,3',5,5-Tetramethylbenzidine (TMB) causing a change in colour from clear
to blue (26).

Substrate

Substrate <’
(‘ secondary k

antibody / \ \

Substrate Substrate

C \

7 )
primary
\ \antibody \Y4 \
antigen reference antigen

Direct ELISA Indirect ELISA Sandwich ELISA Competitive ELISA

Figure 4. Schematic diagram of ELISA techniques (direct, indirect, sandwich and
competitive). All ELISA formats use the standard method of adsorbing an analyte to a
surface, usually a multi-well plate, and detecting with a labelled antibody raised against
the analyte. There are a variety of steps involved in each method that distinguish them
from one another. Direct ELISA detect the antigen with one conjugated antibody that
can both bind to the analyte and produce a signal. Indirect ELISA utilise a secondary
conjugated antibody raised against the primary antibody to produce a signal.
Sandwich ELISA add an extra step by first coating the plate with an antibody and
subsequently incubating the analyte to bind followed by the standard indirect (or direct)
method. Competitive ELISA involves coating a reference antigen to the plate and pre-
incubating the sample antigen with labelled antibodies, addition of the antigen-antibody
mix results in the reference and sample antigens competing for the antibody. After
washing the less signal produced the more sample antigen present. Adapted from
“ELISA overview”, by BioRender.com (2023). Retrieved from

https://app.biorender.com/biorender-templates
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There are a variety of ELISA techniques (Figure 4) in addition to the indirect ELISA,

which work along the same principles. A direct ELISA uses a primary antibody
conjugated to HRP so absorbance can be visualised directly from detection of the
analyte. This is beneficial as it saves time on incubation and wash steps and limits the
chance of cross-reactivity with a secondary antibody. However, there is a higher
potential of background signal from the antibody conjugate binding to the surface (27).
The sandwich ELISA depends on there being two different antibodies raised against
different epitopes of the analyte, as a matched antibody pair. In this case, one of the
antibody pair is adsorbed to the surface, which the analyte then binds to. The second
of the pair then takes on the role of the primary antibody. Similarly, the sandwich ELISA
can be direct or indirect, with the indirect approach using a secondary antibody-
conjugate. Like the indirect ELISA, the indirect sandwich ELISA has the limitations of
long, laborious techniques and secondary antibody cross-reactivity. The direct
sandwich ELISA omits the cross-reactivity and reduces steps. Sandwich ELISAs are
limited by the discovery or design of matched-pair antibodies, but the reward of this is a

highly specific and selective detection method (28).

In a clinical setting, ELISAs are routinely used for the detection of antigens,
biomarkers, and antibodies in biological samples (29-31). One of the most notable
advances in diagnostic ELISAs is the improvement of HIV diagnostics since the
development of the first HIV ELISA in 1985. This ELISA was not approved to diagnose
patients, only to screen blood products to prevent transmission. Since then, 5
generations of HIV ELISA tests have been developed, each improving with sensitivity
and selectivity (22). These ELISAs were originally seen to produce numerous false
positives, relying on WB confirmation, which lead to unnecessarily lengthy processes.
The sensitivity and specificity of these assays has improved and the fifth generation
ELISA can quantify both antibodies and antigens associated with HIV (32). In addition

to aiding infectious disease diagnosis, ELISA methods have been routinely used to
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monitor therapeutic drug levels during treatment (33-35) and screen for anti-drug

antibodies (36) in the pursuit of personalised medicine.

Despite their long-standing performance as a standard test for detection and
quantification of protein analytes, ELISAs do have major drawbacks which have
become more pronounced in present times (37). The multiple incubation and wash
steps necessary make ELISA a long and laborious method even with automated
equipment. They also lack multiplicity, require large (>100 uL) volumes and rely on the
development of antibodies against each new target. These factors mean that
conventional ELISAs are not a suitable method for rapid and affordable protein
detection which is desirable in many situations. There is on-going research adapting

ELISA formats to improve on the limitations aforementioned (37-40).

1.1.4 Point of Care Diagnostics

Current laboratory-based methods of protein detection are highly sensitive and
selective, but they are limited by the need for multiple steps and long incubation
periods which prevent use in a point-of-care setting. The recent COVID-19 pandemic
caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) illustrated
the failures of relying on laboratory-based testing when trying to triage a global
population. The successful identification and isolation of infected individuals in a
pandemic relies on rapid screening which ELISA, WB and PCR methods cannot
deliver. The capacities of available testing facilities were quickly overwhelmed due to
the reliance on trained personnel to run diagnostic tests, which delayed effective
isolation methods (41). Further to this, the lack of global co-operation led to low-income
and middle-income countries being denied access to the facilities necessary to
effectively screen patients and respond to the COVID-19 pandemic (42). These
shortcomings throughout the pandemic have revealed the crucial need for rapid and
widespread diagnostics as a countermeasure to the spread of disease in epidemic and

pandemic circumstances.
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Point-of-care (PoC) diagnostic testing refers to any test, assay or device that can

provide a result in the same place the patient sample was collected. The aim of point-
of-care testing (PoCT) is to provide a rapid result in settings such as general practice
(GP) clinics, accident and emergency (A&E) departments, intensive care units (ICU)
and mobile clinics without the need for centralised testing where samples are analysed
in a laboratory. These tests are designed to be used by health care staff with basic

training (43) and in some instances at home by the public.

The most prominent examples of PoCT are those intended for home use, which are
generally lateral flow devices (LFDs). LFDs are made using porous paper which
permits spontaneous fluid transport via capillary action. A series of strips are spaced
out along the paper with freeze dried binding reagents on them. The first strip is known
as the conjugation strip, this usually contains a target-specific primary antibody
conjugated to a fluorescent or chromogenic dye. The antigen-antibody complexes
continue to flow along the paper where there are two more strips, known as the test
strip and the control strip. These have immobilised antibodies specific to the target
antigen (test strip) or specific to the primary antibody (control strip) (Figure 5). Binding
of the antigen-antibody complexes at the test and control strips immobilises the dye
allowing visualisation of the result. LFDs are a qualitative test that can provide a

positive or negative result.
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Figure 5. Schematic diagram of a standard lateral flow device. Sample is loaded

and transported along the test paper via capillary action. As the sample encounters the
conjugation strip any antigen present will bind to the labelled antibodies. Antibody —

antigen conjugates then flow along to the test and control strip.

The home pregnancy test is a notable LFD developed in 1976 (44). There are many
variations of this home test now available over the counter. These LFDs detect human
chorionic gonadotropin (hCG) in urine (44-46). Concentrations of hCG in urine raise
from O milli-international units per millilitre (mlU/ml) prior to conception to around 100
mlU/ml 14 days after, and surge up to ~ 50,000 mlU/ml at 40 days post conception
(44). On average, the sensitivity of home pregnancy tests falls around 25 mIU/ml which
accounts for the > 99% accuracy after day 10. Inaccurate test results usually occur in
very early pregnancy due to inadequate hCG concentrations, causing false negative
results. Due to most analyses of home pregnancy test specificity and sensitivity being
conducted in a laboratory setting, there have been reports that the real-life accuracy is

< 99% due to user error or difficulties reading the result correctly (47, 48).

More recently, the COVID-19 pandemic led to an influx of LFD research and
development to provide a cost-economical solution to mass screening of the population

(49). The SARS-CoV-2 antigen LFDs that have become routine home-tests use
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conjugated antibodies that bind to spike, or nucleocapsid SARS-CoV-2 viral proteins

(50, 51). The nucleocapsid protein is more commonly detected in COVID-19 LFDs as
higher concentrations per virion are available in the samples used for LFD assays
(nasal swab and saliva) compared to spike protein concentrations (52, 53). The current
COVID-19 LFDs are highly specific but have variable sensitivity which prevents their
sole use as a primary diagnostic test (49), They have however, demonstrated the value

of swift and convenient screening of symptomatic and asymptomatic infection.

1.1.5 Disease diagnosis

The emergence of the COVID-19 pandemic in 2020 was a major factor in the growth of
the LFD market. An increase in capacity throughout the supply chain of reagents
necessary for LFD design and development has led to more interest into PoC LFD for
infectious disease diagnosis (54). There are rapid tests on the market for SARS-CoV-2
(55), Hepatitis (56, 57), HIV (58) and malaria (59). PoCT are also applicable for rapid
diagnosis of non-infectious diseases including certain cancers (60, 61) and cardiac
diseases (62). Further to initial diagnosis, PoCT can be utilised for disease monitoring

or drug monitoring to aid treatment efforts.

1.1.6 Disease monitoring

There are PoCT that do not use the lateral flow format, the most successful example is
the glucometer, with widespread application and recent advances in continuous
monitoring (63). Glucometers are the main platform for disease monitoring of diabetes
mellitus, a group of metabolic diseases that are defined by impaired glucose
metabolism due to insufficient insulin production or resistance to insulin (64). Vigilant
monitoring of glucose levels allows patients to prevent hypo- and hyperglycaemic
episodes by tailoring insulin administration or glucose intake. Unlike LFDs that use an
optical readout, glucometers are unique in their utilisation of glucose oxidase (GOx) to

produce an electrochemical signal. The enzyme GOx catalyses the oxidation of
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glucose molecules into gluconic acid and hydrogen peroxide (H20-), the latter of which

can be further oxidised on an electrode surface. The transfer of electrons from the
H>0O. molecule to the electrode creates a measurable electrical current. The rate at
which the H>O. is oxidised and subsequent electrical current generated is proportional
to the concentration of H2O2> which can be used to calculate the concentration of

glucose in a sample (65, 66).

The global prevalence of diabetes mellitus is estimated at 9.3% of the population (>
450 million) as of 2019, with another 7.5% (>350 million) with pre-diabetes (67). With
diabetes mellitus affecting a large percentage of the population, a lot of research has
gone into advancing the technologies used for disease management. In recent years
there has been a move from the self-monitoring of blood glucose (SMBG), like finger
prick glucometers, to continuous glucose monitoring (CGM). CGM devices are usually
minimally invasive, implantable or wearable devices that can provide semi-continuous
glucose measurements and set up alarms for hypo- and hyperglycaemic states (68).
They use samples of interstitial fluid (ISF) which has a high level of correlation with
blood in terms of glucose concentrations as well as other biomarkers (69, 70). Creating
continuous monitoring systems is a major goal for future health monitoring and
maintenance. Current attempts have focused on biomarkers that can be directly
oxidised by an oxidase enzyme to maintain the same format as CGM (71). This
approach restricts possible applications to measuring analytes such as lactate, alcohol,

and cholesterol (72).

1.1.7 Drug monitoring

Monitoring of drug concentrations in a PoC setting has the potential to aid treatment
regimens for individuals undergoing chemotherapies. This is especially pertinent for
medications with narrow therapeutic windows or possible severe adverse reactions
(SAR) due to inter- and intra-patient disparities. Currently, monitoring of these drug

types, such as immunosuppressive drugs (ISD), is limited by centralised, laboratory-
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based testing, because no quantitative PoCTs for therapeutic drug monitoring (TDM)

are available on the market (73). PoCT for detection of drugs are qualitative in their
ability to detect the presence or the absence of a drug in a biological sample. These
are widely used for illicit drug detection in oral fluid (OF) and rely on lateral flow
technology (74, 75). Low sensitivity, specificity issues and in-field variables such as
insufficient sample collection mean that subsequent centralised testing is necessary,

after positive PoCT results, to confirm the presence of the analyte (76).

1.2 Biosensors

Sensors are defined as devices that have the capability to measure biological or
chemical reactions by generating a proportional signal which correlates with the
concentration of analyte. The introduction of a biological component into a sensor is
what defines a biosensor (77, 78). Many aspects of biosensors make them suitable to
be adapted into PoCTs. The reduced sample volume, ease of use and cost-
effectiveness associated with biosensors makes portability and miniaturisation possible
which are important features of PoCTs. Further to this, the possibility of customising
biosensors whilst maintaining their sensitivity, specificity and speed also make them
good candidates for integration into PoC settings. Typically, biosensors consist of a
biorecognition element, such as an antibody or enzyme, which detects an analyte and
transduces a reaction into a measurable signal. An electronic component can then
transmit the signal into a readable format (Figure 6). Classification of biosensors is

generally based on either the recognition (sensing) element or transduction method.
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Figure 6. Schematic diagram of the typical components of a biosensor consisting
of a suitable recognition element, a transducer and an interface which processes and
displays the signal in a user-friendly format. Adapted from (79) Copyright 2021

according to CC-BY license. Created with Biorender.com.
1.2.1 Recognition element classification

1.2.1.1 Enzymatic biosensors

The direct catalysis of a reaction via an available enzyme integrated or intimately
associated with the recognition elements of a biosensor defines the classification of
enzyme-based biosensors. Within this type of biosensor design, the analyte is a
specific substrate for the enzymatic recognition element, whereby detection of the
analyte results in a new biochemical reaction product (78). During an enzymatic
reaction, certain biochemical changes occur, or by-products are formed which can be
exploited as a measurable factor. These factors include changes in proton
concentration (H+ ions), the release or uptake of gases (CO-, O, etc.), heat emission,
light emission, or absorption. The most relevant measurable change then informs the
choice of transducer used to convert it into a readable signal (80). Glucose sensors

serve as a prime example of enzyme-based biosensors. Enzyme-based glucose
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sensors typically utilize the enzyme glucose oxidase (GOXx) or glucose dehydrogenase

(GDH) immobilized on a sensor surface. When glucose molecules encounter the
enzyme, a chemical reaction occurs, resulting in the conversion of glucose into
gluconic acid and the generation of electrons. The flow of these electrons produces an
electrical current that can be quantified by the biosensor. The magnitude of the current

is directly proportional to the concentration of glucose present in the sample.

1.2.1.2 Immunosensors

Biosensors that incorporate antibodies as their recognition elements can be split into
two distinct types; labelled and label-free immunosensors. Both types of
immunosensors require immobilisation of the recognition element (usually an antibody)
onto a sensor surface. In label-free immunosensors, the surface must be an active
surface with characteristics that can sensitively detect the formation of an
immunocomplex (antibody-antigen complex). Electrodes, membranes, and optically
active surface materials are all possible transducers for label-free immunosensors
(Figure 7A) (81-83). Surface plasmon resonance (SPR) is an extensively used
technique for the detection of protein interactions. The exploitation of this method to
create optical, SPR immunosensors enables the direct, label-free, and real-time
quantification of interactions between immobilised antibodies and the antigen of
interest. This is achieved through the measurement of refractive index changes
occurring at or near a thin gold film surface on which the antibody recognition element
is covalently bonded (84, 85). The rapid and real-time analysis capable with label-free
immunosensors has made them a good option for clinical use as a PoCT. Label-free
immunosensors are more prone to false positives due to non-specific binding of the
antigen and other proteins to the antibody or sensor surface and producing a signal
when immunocomplex formation has not occurred. To mitigate this, the use of a

blocking solution is necessary to prevent any negative impact on specificity (86, 87).
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Figure 7. Label-free (A) and labelled (B) immunosensors. Adapted from (88)
Copyright © 2021, Dina M. EI-Sherif et al, under exclusive licence to Springer-Verlag
GmbH Germany, part of Springer Nature.

Alternatively, labelled immunosensors generate their signal from indirect measurement
of label activity. The labels are usually enzymes alongside an electrochemically active
compound to act as a mediator such a ferrocene or Prussian blue (Figure 7B) (89, 90).
The use of an electrochemical mediator in labelled immunosensors is necessary as
antigens and antibodies are not typically electroactive. Labelled immunosensors
incorporate the sensitivity of the labels they are tagged with which can improve the
overall sensitivity of the immunocomplex detection compared to label-free
immunosensors (91). The use of labels also reduces the negative impact of non-
specific adsorption onto the sensor surface. However, in some instances the
introduction of labels can affect the binding capabilities of the antibody, as it is difficult

to control the position of labels with certain coupling reactions (92).
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1.2.1.3 DNA Sensors

Due to the robust biochemical properties, thermal stability, and customisability of DNA
it has become an attractive recognition element within biosensors in recent years (93,
94). The versatility of DNA provides the opportunity to detect a wide range of target
analytes, including, but not limited to, proteins; metal ions; small molecules and nucleic

acids (95-104).

Various types of DNA-based biosensors exist, encompassing functional DNA strand-
based biosensors, DNA template-based biosensors, and DNA hybridization-based
biosensors. Functional DNA strand-based biosensors employ functional DNA strands
to recognize specific targets, such as aptamer biosensors (95, 100) and DNAzyme
biosensors (99). DNA nanopore biosensors use nanopores embedded in a membrane,
which can be functionalized with specific DNA sequences that interact with target
molecules. When a target molecule passes through the nanopore, it causes
characteristic changes in electrical current, which can be detected and used for
molecular analysis. This DNA sensor design is commonly used for single molecule
detection (105, 106). DNA template-based biosensors feature a DNA template
decorating the biosensor, often in the form of supra-molecular DNA assembly
structures with programmable anchoring points, as seen in biosensors based on DNA
origami (107). DNA hybridization-based biosensors, on the other hand, utilize enzyme-
free nucleic acid amplification strategies to enhance their responses, examples of
which include biosensors based on DNA hairpin structures, and catalytic hairpin
assembly (101). Detailed reviews are available which explore the different types of

DNA-based biosensors (108, 109).

1.2.1.4 Cell based biosensors.
Living cells, possessing a wide range of biomolecular mechanisms, provide an
intriguing alternative to molecular bioreceptors like DNA, enzymes, and antibodies.

Using whole cells means that enzymes, receptors, and other molecules used in the
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sensing mechanism are in their native environment, so they display optimal activity and

specificity for their targets. (110-119). Both prokaryotic and eukaryotic cell types have
been utilised in the development of whole cell biosensors (120-125). The transduction
method used is dependent on the cell type used and the functional strategy employed.
Optical and electrochemical readouts are more common as a change in metabolism
within the cell (or cell death) can directly impact electron generation and colourimetric
or fluorescent signal output. Other readouts are also possible as a change in electrical
activity can be measured eukaryotic cells. Published reviews explore that recent
advances and challenges in cell-based biosensor development for both eukaryotic and

prokaryotic cell types (126, 127).

1.2.2 Transducer classification

Transduction methods are the methods involved in producing a signal upon binding of
the target analyte to the recognition elements. These can be used to categorise
biosensors into various classifications, including: electrochemical sensors, such as
potentiometric, amperometric, and impedimetric; optical sensors, such as colourimetric,
spectrophotometric, luminescent, and fluorescent; thermal sensors, such as
calorimetric, and thermometric; and mass-based sensors, including magnetoelectric,
and piezoelectric sensors (128). Optical biosensor classifications will be further

explored here, other classifications are covered in referenced reviews (129-134).

1.2.2.1 Optical biosensors

Optical biosensors utilise light to detect a change in chemical or physical properties of
a biological sample. The detected signal can be an increase or decrease in light
transmission, reflectance, fluorescence, or luminescence. Optical biosensors are
common due to the low manufacturing cost and the ease of use, especially when
considering the potential for PoC applications (135). Common optical detection
methods including surface plasmon resonance (SPR) and fluorescence spectroscopy

have been developed from the fundamentals of light emission or light — matter
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interactions and can be employed in biosensing mechanisms (136). Lateral flow tests

(LFTs) are immunodetection devices that typically produce an optical signal upon
protein detection, beneficial for testing that requires a positive or negative result without
quantification. These optical sensors are beneficial in PoC settings due to the ease of
signal read-out, in that the signal is visible to the naked eye usually as a colour change.
As mentioned, they have a long history of use in home pregnancy testing and have
been widely adopted over the course of the COVID-19 pandemic, due to their low cost,
ease of use and utility in low resource settings. Despite their broad uptake, LFTs are
semi-quantitative, and often have limited sensitivity that may not be sufficient for some

applications (137).

1.2.2.1.1 Colourimetric

Colourimetry is the technique of measuring a colour change that is dependent on the
concentration of the target analyte (138). Colourimetry has been used extensively as a
transduction method in biosensor development. The integration of an enzyme as a
reporter within a biosensor system can promote the production of H>O> when a
catalytic reaction occurs, H2O2 production can be easily detected as a colourimetric
reaction with the addition of 3,3',5,5"-tetramethylbenzidine (TMB), resulting in a naked-
eye-observed colour change from clear to blue. This colour change can be used to
determine the presence of H,O, and subsequently activity of the precursing enzyme
which can in turn quantify the target analyte by measuring the level of absorption at a

particular wavelength (139).

Nanoparticles can be used as colorimetric probes to develop versatile biosensors. This
is based on the unique optical properties of gold nanoparticles (AuNPs) that can cause
colour changes. Alternatively, they can be utilised as labelling dyes which can be
visible to the naked eye or quantitatively measured with an optical detector. This is due
to a surface plasmon resonance (SPR) effect, where the dispersion or aggregation of

the nanoparticles is mediated by the presence or absence of analyte and the addition



-31-
of salt, which shifts the plasmonic absorption of the solution and causes a colour

change (140). In some instances, the presence of viral RNA can cause coagulation of
AuNPs, so unmodified AuNPs can work as a biosensor for virus detection (141-143),
however this is not a specific method. Nanoparticles functionalised with antibodies or
other highly specific binding proteins improve the specificity of AUNP colourimetric
biosensors. AuNPs functionalised with influenza A virus (IAV) antibodies created a
sensitive and specific biosensor whereby AuNPs aggregated in the presence of IAV

causing a colour change from red to purple (144).

1.2.2.1.2 Luminescent

When developing biosensors, chemiluminescence, the emission of light as a result of a
chemical reaction, or bioluminescence, the emission of light biologically, can be used as
transduction methods. Luciferase enzymes are an example of bioluminescent proteins
that turn over a substrate to produce light (145). Although more sensitive than
colourimetric transduction, luminescence is not visible and therefore requires equipment
to read the output signal. Whole cell luminescence sensors have been developed to test
the antibacterial effects of carbon nanomaterials. The introduction of an inducible
luminescence gene into E. coli has produced a recombinant strain of E. coli that
luminesces when under oxidative stress, termed Lux biosensors, which can be used to

determine antibacterial activity of reagents and materials (146).

Resonance energy transfer (RET) is a photophysical phenomenon that describes the
transfer of energy from an excited-state donor chromophore to an acceptor
chromophore through a nonradiative dipole—dipole coupling process. When this
transfer of energy occurs in the context of bioluminescent reactions, it is referred to as
Bioluminescence Resonance Energy Transfer (BRET). The efficiency of BRET is
inversely proportional to the sixth power of the distance separating the donor and
acceptor molecules. As a result, BRET serves as a valuable technique for monitoring

subtle changes in distance between donors and acceptors (147). This BRET
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phenomenon has led to a wide range of applications in the fields of protein-protein

interaction studies, biosensing, and functional imaging (148, 149). Luciferases are
frequently employed as BRET donors, while fluorescent proteins serve as BRET
acceptors. These components can be fused with various sensing elements to create
diverse bioluminescent biosensors. Photoluminescent quantum dots (QDs) are a
popular choice for use as BRET acceptors in biosensing. QDs are appealing acceptors
due to their high photostability, continuous absorption spectra, and size-dependent
fluorescence (150, 151). Two DNA probes complementary to sections of the target
sequence that are in proximity (15 nucleotides apart) can be used as recognition
elements in a BRET based sensor. By conjugating one DNA probe to a QD and the
other to a Renilla luciferase (RLuc), the probes anneal adjacent to each other which
brings the QD and RLuc into close proximity and increases the BRET signal to indicate
analyte presence within the sample (152). A major benefit of BRET based sensors is
that BRET does not require an excitation source which permits the use of simple

reading equipment such as smart phones (153) or digital cameras (154).

1.2.2.1.3 Fluorescent

Stable fluorescent molecules can be easily attached to recognition elements or linkers
to produce sensitive signals in fluorescent biosensors (155). For instance, chemical
modification of recognition elements can facilitate fluorescent labelling and numerous
diagnostics have been published using fluorophores and quenchers in sensor design.
For example, a DNA sensor using DNA aptamers as the recognition elements exploits
a conformational change in the aptamer as a result of binding to the target that is then
transduced into a measurable signal due to positions of the fluorophore and quencher

(156, 157).

Similar to BRET, incorporating fluorescent molecules into sensors also allows for
Forster resonance energy transfer (FRET)-based techniques. FRET occurs through

energy transfer between two dipoles (dipole-dipole coupling). When the two dipoles are
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within appropriate proximity and spectral overlap, energy is transferred from an excited

state donor fluorophore to an acceptor, a ground state fluorophore or a quencher (A)
(158). FRET produces a stronger signal than BRET and does not require the addition
of a substrate. There are several well documented FRET pairs in literature whereas
only a few BRET donors have been identified to date (159). However, FRET requires
an excitation source. The donor fluorophore molecule must first be excited by
absorbing light photon of suitable frequency at a specific wavelength. Once excited, the
donor can then transfer some of its energy to the acceptor molecule if in proximity. This
leads to an increase in fluorescence emission from the acceptor molecule and a
decrease in fluorescence emission from the donor molecule (160). FRET based
immunosensors generally involve labelling the capture antibody and detection antibody
with the fluorescent donor and acceptor respectively, this results in FRET signal
production upon binding of the target analyte (160, 161). Using a FRET label instead of
a simple fluorescent label can increase the sensitivity of a sensor as FRET measures

the transfer of energy and does not rely on the level of light emitted.

1.3 Chimeric Protein switch biosensors

The majority of the biosensors reviewed so far in this introduction rely on
immobilisation techniques and interactions between molecules and sensor surfaces.
Chimeric protein switch biosensors, which are the focus of the work here, are an
alternative biosensor format. Chimeric protein switch biosensors are defined as
sensors in which the reporter and recognition element are fused in a single design
(Figure 8). They can be grouped into (a) domain-inserted allosteric switches, (b)
modular allosteric switches, and (c) proximity switches (137, 162). Protein or enzyme
switches enable highly sensitive quantitative analyte detection at the point-of-need,
while retaining the benefits of LFT such as low cost, simplicity for the user and

application at the point-of-need.
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Reprinted from ref (137) Copyright 2020 according to CC-BY license.

Like all biosensors, chimeric protein switch biosensors need to be specific to the target
of interest, so that a signal is not produced in the presence of molecules other than the
analyte. Specificity to the target comes from the recognition elements, a range of
recognition elements are described in detail in section 1.4. As well as specificity, the
biosensor needs to be sensitive enough to produce a measurable signal in the presence
of the analyte within the desired concentration range. In chimeric protein switch
biosensors, lack of sensitivity might result from an inability of the target binding event to
drive the switching mechanism. Less specific but highly sensitive recognition elements
can produce a high background signal. Control of sensor component concentrations can
typically reduce background binding when using recognition elements with good
specificity. Aside from analyte affinity to the recognition elements, sensitivity can be

affected by the transduction method and sensor design. Largely, biosensors can be split
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into “switch-off” and “switch-on” designs (Figure 9). Switch-off sensors produce a signal

in the absence of their target, and when the target is present the signal is inhibited. This
sensor design is common for measuring small molecules. Typically, the signal is
generated by a tagged target homologue that binds to the recognition element. When
the target is present in a sample, it competes for binding with the tagged homologue and
the signal decreases. This sensor design only requires one recognition element and
hence is more frequently used for small analytes that have less chemical ‘space’ for two
simultaneous recognition elements to bind. However, at low analyte concentrations,
differences in the signal compared to the blank become harder to confidently detect,
resulting in lower sensitivity and increase in error. Switch-off sensors thus typically have
a lower sensitivity than switch-on sensors. Switch-on sensors produce a signal in the
presence of the target of interest. Generally, two recognition elements specific to non-
overlapping target epitopes are needed for a switch-on sensor. This allows for capture
and detection of the target, such as in a sandwich ELISA. As a signal is produced in the
presence of the target, switch-on sensors tend to be more sensitive as differences in
signal compared to the background can be measured even at low analyte
concentrations. Switch on sensors can, however, be difficult to validate when they exhibit
high background signal as this must be accounted for in limit of detection and limit of

quantification calculations (163).

The mechanism by which a reporter, within a chimeric protein switch biosensor,
recovers its activity to transduce a signal in response to analyte binding is known as
the switching mechanism. The design of this mechanism aims to maximise the signal-
noise ratio (S/N) to obtain a large signal change in response to an analyte. Besides
“switch-on” vs “switch-off”, the switching mechanism can be determined as one-
component or multi-component. Here the difference between one-component and

multi-component chimeric protein switch biosensors will be explored.
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Figure 9. Schematic examples of “switch on” and “switch off” sensor

mechanisms. Defined by an increase in signal from baseline (switch on) or a decrease

in signal from baseline (switch off).

1.3.1 One-component switching mechanisms

In some instances, all recognition and reporter components of a protein switch are
designed and purified as one multimeric polypeptide and can utilise peptide linker
regions to connect multiple domains. These are known as one component, or allosteric,
protein switches (137, 162). Generally allosteric switches are modelled on naturally

occurring protein switches that control biomolecular signalling pathways.

Allosteric switches can be categorised as having either a domain inserted or a modular
design (Figure 8). To transduce input to output, domain inserted switches rely on
conformational change within the reporter to switch its activity on (or off). Modular
switches limit the conformational change to linker regions which drive the change in
reporter activity. Recombinantly engineering a multidomain protein with the ability to
recognise analytes and transduce a signal in a single protein has advantages. It limits
the number of steps necessary in the resulting detection assay, typically creating a ‘one-

pot’ assay. It also decreases the number of proteins to be expressed and purified for the
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assay. Still, there are challenges posed by the expression of multidomain proteins. The

multidomain structure these switches possess can end up as large (>80 kDa) proteins,
each domain of which must be correctly folded to generate a functional product. The host
expression system must also navigate the correct folding of the overall structure, with
the possibility of adjacent domains sterically hindering one another. The lack of
machinery available in bacterial expression systems to aid in correctly folding such large
and complex proteins can result in formation of unfolded, or aggregated, insoluble

protein.

1.3.1.1 Domain inserted switches

Domain inserted protein switches depend on direct fusion of a recognition element to a
reporter protein. The reporter protein undergoes a conformational change in response to
the target analyte binding to the fused recognition element (Figure 8). The development
of these switches requires allosteric coupling of the recognition and reporter elements to
allow transduction through residues that are adjacent in the tertiary protein structure
(137, 162, 164, 165). Direct fusion of a recognition element to a reporter can be
challenging and ultimately detrimental to reporter activity or binder affinity. Most
successful accounts of domain insertion require the inserted domain to be paralogous to
the protein in which it is being inserted (166). B-lactamase (BLA) is a reporter enzyme
readily used throughout the field of synthetic biology and bioengineering, and has been
successfully inserted into periplasmic binding proteins (PBPs) to create domain inserted
protein switches (164). The binding of PBPs to their target analyte causes a
conformational change which in turn creates a change in conformation and enzymatic
activity of BLA. A similar mechanism has been observed with the insertion of calmodulin
into the reporter glutamate dehydrogenase (GDH) (165). Domain inserted protein
switches have been largely limited to specific, naturally occurring binding proteins that
are designed with one target analyte in mind and can be restricted in application to other

analytes. In this sense, domain inserted protein switches are often not modular in design.
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The use of a modular approach in which a single switch system can measure a range of

analytes by replacing the recognition domain is more challenging. There have been
accounts of insertion of binding domains from non-paralogous species such as heavy
chain variable domains (VyH nanobodies) into the solvent-exposed loop of BLA whilst
preserving the functionality of both proteins (167). However, to create the conformational
response necessary to make it a protein switch, the reporter protein usually needs to be
inserted into the recognition element. Attempts at this with non-immunoglobulin binding
proteins, such as Designed Ankyrin Repeat Proteins (DARPins) and monobodies, led to
diminished binding affinity, limiting the sensitivity and ability to trigger switching activity
(168). Domain inserted designs have been complemented by more modular designs to

improve adaptability to a range of analytes.

1.3.1.2 Modular allosteric switches

With few protein families exhibiting conformational changes powerful enough to be
exploited for signal transduction, engineering of allosteric regulation has taken precedent
with more modular designs (Figure 8). The use of generic reporters that are structurally
separated from recognition elements by polypeptide linkers reduces the risk that either
the enzyme switch or the recognition domains are affected by the chimera protein design.
Such modular style thus proposes easy adaptability with interchangeable recognition
elements (Figure 8). Interdomain peptide linkers produce a loosely structured
conformation to the sensor in its unbound “off” state. A large conformational change is
driven by ligand binding, the bound “on” state can cause linkers to become rigid, which
in turn shifts the conformation of the reporter element(s). In contrast to domain inserted
designs, where the conformational change typically occurs within one protein domain,
these modular designs exploit the disruption of an interaction such as an enzyme-
inhibitor complex, a fluorophore and quencher or the distance between donor and

acceptor fluorophores.
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One such successful modular allosteric switch design exploits enzyme autoinhibition,

whereby the “on-off” state of the switch is controlled by the inhibited and non-inhibited
state of the enzyme. The wealth of information available on enzymes, their inhibitors and
the biophysical properties of their interactions makes these switches easier to design
(162). TEM-1p-lactamase (BLA) can be used for enzyme autoinhibition with its naturally
occurring B-lactamase inhibitor protein (BLIP). The BLA-BLIP complex has been
engineered into a modular allosteric switch whereby the enzyme and inhibitor are
tethered via a long flexible linker containing two recognition elements (Figure 10). The
use of a long, glycine-serine rich linker between the two recognition elements provides
the flexibility for the two recognition elements, raised against non-overlapping epitopes,
to bind the analyte in a sandwich (capture-detection) format. In contrast, the short rigid
linkers that anchor BLA and BLIP to the recognition elements ensures that binding to the

analyte disrupts the enzyme-inhibitor complex (Figure 10).

This action activates BLA activity so that its hydrolytic activity can be measured with the
addition of a colourimetric substrate. The modular aspect of this switch allows for
different recognition elements to be used for a range of targets. This has been
demonstrated with peptide epitope sequences (Figure 10A) (169) and Affimer reagents
(Figure 10B) (170). The design of this chimeric protein switch biosensor is favourable
for the detection of large protein analytes, including antibodies and the multimeric protein

biomarker C-reactive protein (CRP).



Figure 10. Chimeric protein switch biosensor design of the BLA-BLIP modular
allosteric enzyme switch. (A) Original design with peptide epitope sequence
recognition elements for the detection of monoclonal antibodies. (B) Adapted design
with Affimer reagent recognition elements for the detection of multiple protein analytes.
Adapted from Ref (170) Copyright 2019 according to CC-BY license.

The BLA-BLIP reporter system has also been adapted for the detection of viral DNA in
a single component modular biosensor (171). Here, the presence of viral DNA controls
BLA inhibition. BLA and BLIP are conjugated to oligonucleotide strands, either side of a
region that is complementary to the target viral DNA. In the absence of the target viral
DNA, BLIP binds to BLA, inhibiting nitrocefin hydrolysis. When viral DNA is present in
the sample, the formation of dsDNA disrupts the BLA-BLIP interaction, resulting in signal

generation and viral DNA detection as low as 2 fmol DNA.

Introducing a new reporter, a single component BRET system was created to measure
titres of antibodies — LUMABS (LUMinescent AntiBody Sensor) (Figure 11). Here, the
NanoLuc bioluminescent enzyme was used as the donor and the green fluorescent
protein mNeonGreen was used as the acceptor, with both proteins fused together by a
semi-flexible peptide linker with two peptide recognition elements, specific to the target
antibody, included at either end of the peptide linker. In the absence of the antibody
target the NanoLuc and mNeonGreen donor and acceptor are held in proximity by a
helper domain. The SH3-proline-rich peptide (Sp1) interaction was used as the helper
domain, whereby the SH3 protein was fused to the N- terminus of the mNeonGreen
protein and the Sp1 peptide was fused to the C- terminus of the NanoLuc. SH3 and Sp1
interact, bringing NanoLuc and mNeonGreen together, allowing BRET from NanoLuc to

mNeonGreen. When the target antibody is present in a sample, the antibody binds to the
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specific peptide epitopes which disrupts the SH3-Sp1 interaction. This separates

NanoLuc and mNeonGreen, consequently inhibiting BRET, giving a measurable signal
that is dependent on the concentration of the target antibody. The ratiometric BRET
signal produced by the change permits measurements in whole blood, ideal for PoC

testing (153).
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BRET / Substrate

{ \

Product

Substrate

GREEN EMISSION BLUE EMISSION
Figure 11. LUMABs sensor design for antibody detection. Reprinted with

permission from Ref (153) Copyright 2016 American Chemical Society.

Another one component modular allosteric switch that uses BRET as a transduction
method are the LUCID sensors (luciferase-based indicators of drugs), designed for
therapeutic drug monitoring (TDM) in PoC settings. LUCID sensors use only one
recognition element and do not rely on binding of non-overlapping epitopes to activate
the protein switching mechanism. Instead, displacement of a fluorescent-tagged
competitor ligand from the recognition element by the target analyte causes a
conformational change within the linker regions of the sensor. Binding of the analyte
therefore disrupts BRET between the blue NanoLuc luciferase and red fluorophore,
shifting the colour from red to blue in a concentration dependent manner (Figure 12).
The signal produced permits the quantification of drugs by spotting samples onto
paper, followed by analysis with a digital camera. This requirement for non-specific
equipment allows these tests to be used in a low resource environment, often where

PoC testing is most needed (154).
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Figure 12. LUCID sensor design for small molecule drug detection. The LUCID
sensor is a fusion protein of NanoLuc luciferase (NLuc), SNAP-tag, and a binding
protein (BP). SNAP-tag is labelled with a fluorophore containing molecule (red star)
and a synthetic ligand (green ball) that binds to BP. Wax printed filter paper is used in
the paper-based format and the resulting signal collected using a digital camera.
Adapted from ref (154) Copyright 2017 according to CC-BY license.

1.3.2 Multi-component switching mechanisms.

Multicomponent switching mechanisms usually rely on the re-complementation of a
reporter, as shown in the 2-component panel of Figure 8. The reporter, most commonly
an enzyme, is split into two inactive fragments that produce no signal when separated
(172-175). It is also possible to exploit the polymerisation process of a multimeric enzyme
by modifying the affinity of the associated sub-domains (monomers) (176, 177). As with
most protein switches, the recognition elements selected must bind non-overlapping
epitopes of the target analyte to ensure co-localisation of reporter fragments (173, 177-
180). Binding of fused recognition elements to the analyte increase the effective
concentration of the reporter fragments, prompting enzyme re-assembly. This results in
an increase in signal that is dependent on the concentration of the target analyte;

providing that the affinity of the target to the recognition elements is stronger than the
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consolidation of the reporter enzyme components, so not to drive spontaneous reporter

complementation.

Within early examples, two component proximity switches relied on the split reporter
being fused to two proteins that directly interact with one another to drive re-
complementation (181, 182). The system was developed for the analysis of protein—
protein interactions (PPI), with an evolution into high-throughput screening (HTS)
through the introduction of inhibitors and measurement of the “off” state of the switch
(181). More recently, improvements in design and development of high affinity binding
proteins, such as antibody fragments, antibody mimetics and DNA binders, have opened

the possibility of indirect protein detection.

The concept of protein fragment recomplementation to yield active molecules was first
observed in B-galactosidase (B-Gal) and ribonuclease (183, 184). Splitting of a protein
for the purpose of measuring its reassembly to monitor PPI was introduced by a split
ubiquitin sensor in 1994 (185), however successful reconstitution of ubiquitin was
determined by visualisation of ubiquitin-mediated cleavage using blotting methods.
Enzymes such as 3-Gal have since been split for use in PPI studies. The enzymatic
catalysis that produces a fluorescent dye after reconstituting the split parts of the
enzyme allows for much easier measurement of PPl and permits such chimeric proteins
to work as a tracer of direct PPI within live cells (182). Chimeric protein biosensors can
utilise enzyme complementation for several read-out signals depending on the enzyme

and substrate used (175-179, 186, 187).

One development in chimeric protein biosensors exploited the proximity switching
mechanism for the detection of small molecules. Isolated variable (V1 and Vi) domains
of a Fab fragment raised against 4-hydroxy-3-nitrophenylacetyl (NP) have been
genetically fused to dimerised subunits of the homotetrameric enzyme B-glucuronidase

(GUS) to function as a proximity switch (177). This style of proximity switch relies on high
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effective concentrations of the chimeric protein driving polymerisation of the dimerised

monomers of GUS to produce the fully active homotetrameric enzyme.

Improvement of enzyme complementation has largely been focused on luciferases due
to their luminescent output and subsequent low background signal, making them highly
sensitive in a proximity switch mechanism (179). A variety of organisms emit light via
luciferases which catalyse light-producing reactions, these range from bacteria and fungi
to marine life and insects (188). The splitting of Renilla luciferase (189), Gaussia
luciferase (190) and firefly luciferase (191) have successfully been used for protein-
protein interaction (PPI) studies.

To be successfully implemented into a PoC setting for in vitro detection of proteins,
chimeric biosensor components need to be purified as stable isolated protein. The
aforementioned enzyme complementation sensors have been exclusively used in in vivo
settings where the sensor components have no need to be extracted from the expression
environment. There have been noted issues with the stability of split enzymes in vitro,
with the reconstituted activity not reaching that of the wild-type enzyme or high residual
activity in the isolated fragments resulting in large background signals and loss of
sensitivity (174, 176, 177, 192, 193).

Efforts to optimise a luciferase system resulted in the isolation of an engineered catalytic
subunit of the deep sea shrimp (Oplophorus gracilirostris) termed NanoLuc (179, 194).
The high stability and small size of this subunit permitted splitting into two inactive
fragments to create a proximity switch system known as the NanoLuc Binary Technology
(NanoBiT) (Figure 13) (195, 196). Initially the NanoBiT system was attached to two
interacting proteins to monitor how two related proteins were interacting with one
another. An example of NanoBiT utility within a PPI study is in the screening of inhibitors,
in this instance the presence of an effective inhibitor can result in diminished interactions
between the proteins and therefore limiting the re-complementation of NanoLuc and

subsequent emitted luminescence (197).
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The replacement of interacting proteins with recognition elements has developed the

NanoBiT system into a tool for analyte quantification. The large and small NanoBiT
fragments (LgBiT and SmBIT) have been genetically fused to immune and mimetic
binding proteins, expressed in E. coli, and successfully purified as fully functional
chimeric proteins. The NanoBiT system is diverse in its applications with proximity switch
assays developed for the detection of large (~270 kDa) and small (~14 kDa) protein
biomarkers (195, 196). An ongoing issue with two-component biosensors is that they
are much less sensitive to the orientation of the recognition element binding domains
and the analyte. Although this makes their construction easier, the concentration driven
nature means activity is reliant on absolute and relative component concentrations (198).
There is a trade-off between background activity from spontaneous fragment re-
complementation and limits to the concentration range that is detectable, as fragment
concentrations must be kept below the residual K4 (137). Component concentrations
must also be controlled to limit hook effects at high analyte concentrations: this is where
the two sensor components start binding to two different analyte molecules, omitting the

co-localisation of fragments, and diminishing the response.

LgBiT

SmBIT

Add NanoGlo
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ma

Figure 13. Schematic diagram of the NanoBiT proximity switch, where target

driven co-localisation of the SmBIT and LgBiT fragments results in complementation of
the NanoLuc enzyme which emits luminescence with addition of the substrate.
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NanoLuc has also been split into three fragments to create a tri-part split luciferase (179,

186, 192). This involves splitting of NanoLuc into two 11 amino acid B-strand peptides to
be fused to recognition elements as chimeric proteins. The use of two smaller peptide
reporter fragments improves upon the expression, purification and storage issues
commonly seen when creating chimeric proteins with larger more complex reporter
proteins. The remainder of the NanoLuc makes up the third component of the switch as
a detector protein, or co-operative binder, to limit the hook effect and promote co-
localisation (Figure 14). Split enzyme systems have the capacity to be used as chimeric
protein biosensors with a range of recognition elements facilitating the detection of

diverse analytes with diagnostic value.
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Figure 14. Schematic of Target Engaged Complementation (TEC) sﬁlit reporter
system for the detection of HER2. Reprinted from ref (179). Copyright 2017
according to CC-BY license.

Fluorescent reporter proteins can also be used in proximity switches: this mechanism is
known as biomolecular fluorescence complementation (BiFC) (199). Two fragments of a
fluorescent protein are inactive apart, therefore do not produce a fluorescent signal. Co-
localisation of the two inactive fragments permits reassembly of the fluorescent protein
resulting in a readable signal. However, as with enzyme re-assembly, spontaneous self-
association of the reporter must be considered as background signal. The use of
reporters from the green fluorescent protein (GFP) family in BiFC can be slow and result
in irreversible complex formation (200, 201), which make them less suitable for rapid
analyte detection. However, other fluorescent proteins have been used for BiFC more

successfully.
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A protein tag derived from apo photoactive yellow protein (PYP) of Halorhodospira

halophila has been engineered. The protein tag coined FAST (Fluorescence-Activating
and absorption-Shifting Tag) forms fluorescent complexes with 4-hydroxybenzylidene
rhodanine (HBR) derivatives (202). FAST was spilt into two inactive loops which
maintained some affinity for one another in the presence of HBR derivatives. Fusion of
two mammalian binding proteins which interact in the presence of rapamycin resulted in

a proximity switch able to image, and measure the presence of rapamycin in vivo (203).

A multi-component biosensor to measure aflatoxin Bs (AFB+), a small molecule, using a
competitive FRET based system has been published (204). Here, two different sized
quantum dots (QD) were used. In proximity, energy transfer occurs from the donor QD
(emission: 530nm) to the acceptor (emission: 650nm). On the donor QD, multiple AFB;+
molecules were conjugated to the surface. The antibody against AFB; was then
monovalently conjugated to the acceptor QD. With no AFB+ present in a sample, the
AFB1 molecule on the donor QD would bind the antibody attached to the acceptor QD,
resulting in high FRET and a higher 650nm emission spectrum. If a sample contained
AFB;, less of the donor QD would be in proximity to the acceptor QD, as the monovalent
antibody would be bound by AFB1in the sample, resulting in a higher 530 nm emission

spectrum and a lower 650nm emission spectrum (204).

Small molecule toxins, microcystin and nodularin, have been detected in a capture-
detection format using single chain variable fragments (ScFv) recognition elements. A
ScFv labelled with Alexa Fluor 680 and a monoclonal antibody labelled with europium
enabled the FRET process to occur in the presence of microcystin or nodularin, within a

sandwich binding format (205).
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1.4 Recognition elements

Recognition elements serve as the molecular recognition component in a biosensor
and are a fundamental component of biosensors, playing a pivotal role in their ability to
selectively detect and identify specific analytes. These elements are typically
biomolecules, such as antibodies, enzymes, nucleic acids (DNA or RNA), or receptors,

that possess a high affinity for the target analyte of interest.

The key functions of recognition elements in biosensors include binding to the target
analyte with high specificity and affinity, facilitating a transduction event upon binding,
and enabling the biosensor to discriminate between the target analyte and other
interfering substances present in the sample (78). The choice of recognition element is
critical and is determined by the nature of the analyte being detected and the overall
design and purpose of the biosensor (206). In conclusion, the binding interaction
between the recognition element and the target molecule forms the basis for the
biosensor's selectivity and sensitivity, making it a crucial element in the successful
operation of the biosensor. A variety of antibody-based and non-immunoglobulin
binding proteins will be introduced here, including antibody fragments, nanobodies,
Affimer proteins and monobodies, referring particularly to their application within
chimeric protein switch biosensors. Other recognition elements such as enzymes and
DNA binders — like aptamers — will not be explored in depth as they are outside of the

scope of this project.

1.4.1 Antibody based binding proteins.

Antibody-based or immune-based binding proteins are proteins that are derived from
the immune system and have the capability to specifically bind to other molecules,
often antigens or pathogens that the immune system has been exposed to. There are a

variety of antibody-based binding proteins that have diagnostic value as recognition
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elements. The characteristics of the most prominent binding proteins within this class

are compared in Table 1.
Table 1. Overview of the characteristic of antibody-based binders with

documented use in chimeric protein biosensors. Adapted from ref (207) Copyright
2021 according to CC-BY license.

Antibody- based Size Production Refs
binder
~150 Hybridoma or recombinant DNA
Antibody KDa technology & mammalian cell (208, 209)
expression
Proteolysis (e.g., with papain, IdeS,
or
Fragment Antibody 50 GingisKHANTM) or recombinant
Binding (Fab) kDa DNA (210, 211)
technology and mammalian, yeast,
or
bacterial cell expression
Single Chain 05 Recombinant DNA
Variable Fragment technology and yeast or (212-214)
kDa . .
(ScFv) bacterial cell expression
Recombinant DNA
Nanobodies ;[135 technology a;gaﬂirg’r mammalian, (215, 216)

bacterial cell expression

1.4.1.1 Antibodies.

The antibody was first referenced in 1890 by Emil Von Behring and Shabasabura
Kitasato who observed that serum transfer between an animal immunized against
diphtheria and an animal suffering from it could in effect cure the disease (217). The
diagnostic potential of antibodies was introduced in 1896 by George Fernand Isidore
Widal who observed the phenomenon of agglutination between antibodies in serum
and antigens in bacteria. From this, he devised a test where exposing a patient’s blood
sample to a suspension of typhoid bacilli could indicate either current infection or prior
exposure by visualisation of agglutination with the naked eye (218). Since the late 19"

century, a magnitude of data has been obtained on the structure and functions of
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antibodies, including the isolation of monoclonal antibodies from polyclonal antibody

serum and the Nobel prize winning development of hybridoma cell lines (219).
Antibodies are produced from B-cells and are complementary to one antigen (220).
Hybridoma cells are a fusion of B-cells, which are short lived, and immortal myeloma
cells, resulting in an immortalised antibody producing cell line and, therefore, a
maintained source of the selected antibodies (221). Being able to produce antibodies
that are highly specific and highly reproducible has paved the way for tests that are

both reliable and accurate, revolutionising diagnostic technologies (222).

Antibodies were the first and are still the most utilised recognition elements in
immunoassays and biosensors. Antibodies are characteristically Y’ shaped and are
approximately 150 kDa in size. Their structure is made up of four chains, two identical
heavy chains and two identical light chains, with disulphide bonds linking a light chain to
each heavy chain and the two heavy chains together (Figure 15) (223). The heavy
chains are composed of four regions, three constant regions, and one variable region.
The sequences of the heavy chain constant regions determines the class of the
Immunoglobulin (lg) as, 1gG, IgD, IgM, IgA or IgE (222). The light chains can be divided
into two regions, a constant and a variable region. The antigen binding sites of an
antibody lie in the complementarity-determining regions (CDRs). The CDRs dictate the
antibody's specificity and are situated in both the variable regions of the heavy and light
chains (222). In contrast, the constant regions play a role in influencing the immune

response upon antigen binding, referred to as effector functions (224).
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Figure 15. Antibodies and their fragments used as recognition elements for
chimeric protein biosensors. Heavy chain constant domains are depicted in green;
light chain constant domains are depicted in blue; heavy chain variable domains are
depicted in yellow; light chain variable domains are depicted in orange. Inter-domain

disulphide bonds are depicted as double lines between constant regions.

As the name suggests, the sequences of the constant regions are generally conserved,
while the variable regions exhibit significant sequence variability. This diversity in the
variable region is essential for specific binding to a wide range of analytes and is a
consequence of somatic hypermutation and gene recombination, which are immune
processes which occur during the development of B cells in response to foreign antigen
exposure (223). This capacity for sequence diversity is what enables the adaptive
immune system to effectively react to countless threats to the host organism (225), an
ability that is exploited by the biotechnology industry for numerous applications.
Antibodies have been used extensively in the development of biosensors, which has

been previously reviewed (223, 226-228).

Biosensors rely on the high affinity and specificity of antibodies to the target of interest.
These targets include large macromolecules, such as proteins, larger units such as
bacteria, or even small molecules (229). Although antibodies serve as the most
commonly employed binding proteins, there are constraints and challenges associated

with both their utilization and production. Antibodies are typically heat sensitive and for
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their stability they require disulphide bonds and glycosylation (230). This complex

macromolecular structure makes whole antibodies difficult to express in bacteria, so
production is often expensive, requiring the use of mammalian cell culture or animal
immunisation (230). Additionally, there are several factors that can result in poor antibody
production, including mixed hybridoma cultures, poor downstream testing, or antibodies
not working well together in an assay. Poor quality antibodies then raise questions about
the reproducibility of antibodies, where researchers have struggled to reproduce results
of published papers (231). Thus although the applications for antibodies are vast, an
antibody is only as good as the target it is raised against, as well as the validation carried

out subsequent to its selection (232).

1.4.1.2 Antibody fragments.

As mentioned, when looking for highly specific and sensitive recognition elements,
antibodies have been the gold standard, but have numerous limitations that impede them
as effective recognition elements in biosensors, particularly chimeric protein switch
biosensors. Chimeric proteins can be engineered at the genomic level or by chemical
conjugation of the antibody with the reporter protein. However, as mentioned, bacteria
are unable to produce antibodies, and thus chimeric proteins engineered at the genomic
level would need to be expressed in mammalian cell cultures. Their large size means
that when chimeras are formed by chemical conjugation, a heterogenous chimera
sample is obtained, affecting the biosensor’s performance. The modularity of antibodies
allows for the uncoupling of the domains via genetic or biochemical means, enabling the
engineering of simplified custom binders. The uncoupling of antibody domains produces

antibody fragments with a variety of domain combinations (Figure 15).

The most obvious method of antibody engineering is the separation of the antigen
binding fragment (Fab) from the fragment crystallisation (Fc) region to decrease the size
of the immunoprotein. Whole antibodies require mammalian expression systems,

whereas antibody fragment proteins can be produced using lower-level organism
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expression systems, because glycosylation is only necessary when expressing the Fc

region. The use of lower-level organism expression systems significantly reduces the
manufacturing cost (211). In the wake of antibody engineering, multiple domain

combinations have produced an array of immunoglobulin-based binders.

The manipulation of the Fab region of one or more antibodies can create mono- or bi-
specific F(ab)'2 which are disulphide-linked dimers of the two light chain dimers. Fabs
contain the CDRs of antibody but remove the immune cell recruiting section of them,

which is much less relevant in diagnostic and research applications.

Singular Fab regions can be obtained from IgG mAbs via enzymatic digestion with
papain. Papain is a nonspecific, thiol-endopeptidase with a sulfhydryl group in the active
site which must be reduced for enzymatic activity. Papain digests the upper peptide
bonds within the hinge region of IgG, producing three fragments — two Fabs and an Fc
region — which can then be separated using protein A resin to isolate the Fabs. In addition
to singular Fab regions, monospecific F(ab’)2 proteins can also be isolated from IgGs by
enzymatic digestion. Pepsin is a nonspecific endopeptidase active in acidic
environments; when incubated with an IgG, pepsin degrades the lower peptide bonds of
the hinge region producing a single F(ab’)2 fragment and numerous small Fc peptides
due to extensive degradation of the Fc region. These Fc peptides can be separated from

the F(ab’)2 by dialysis, ion exchange chromatography or gel filtration (233, 234).

However, these methods do not achieve sufficient purity or yield of monospecific
F(ab’)2 proteins from all subtypes of IgG molecules for large scale production. An
alternative method was developed using papain digestion to produce a mix of Fab,
F(ab’)2 and whole antibody fragments and then purifying F(ab’)2 fragments using Fast
Protein Liquid Chromatography (FPLC) on DEAE-Sepharose-FF. This attained F(ab’)2

purity of 78% in large-scale production (235).
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Further antibody fragments can be obtained from Fabs. Single chain variable fragments

(ScFv) contain the heavy chain (Vu) and light chain (V.) variable domains linked by a
flexible amino acid (AA) linker, most commonly glycine and serine rich and ~15 residues
long (212) (Figure 15). Singular V4 and V. domains can also be isolated, although
producing these as soluble proteins can be difficult due to the naturally occurring
hydrophobic interface between the Vuand V. domains. The introduction of hydrophilic
residues into the Vu/VL interface has shown improvements in solubility and stability of
isolated human Vy or V. domains (236). Many of these fragments can be efficiently
selected via affinity selection techniques such as with the construction of phage display
libraries, using synthetic, naive, or immune libraries. Synthetic libraries are built on the
genetic framework of an antibody fragment with the introduction of randomised
sequences into the CDRs and naive libraries are constructed with the B-cells of
unimmunised donors, both of which do not require animal immunisation. However
immune libraries, which require animal immunisation, tend to be more reliable in the
generation of high affinity reagents (237-240). Molecular display techniques are

discussed in more detail in section 1.4.2.

Production of Fab, ScFv and V4 fragments eliminates the need for glycosylation and
therefore removes the need for mammalian expression systems (211). Additionally, the
reduced size of the binding protein makes the process of creating a chimeric protein
biosensor by genetic fusion easier, as antibody fragments might be easier to express
recombinantly with a reporter protein. Despite this simplified structure, Fab fragments,
ScFvs and V4 domains still contain disulphide bonds (Fab: 5-6, ScFv: 2, Vu: 1), therefore,
an oxidising environment is needed to facilitate native folding of the proteins. Yeasts
(Saccharomyces cerevisiae and Pichia pastoris) are regularly used for the expression of
Fab and ScFv fragments. They are the simplest organism that contain an endoplasmic
reticulum which aids post translational modifications, such as the formation of disulphide

bonds (241).
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Production in bacterial systems (Escherichia coli) is advantageous during the research

stage as it enables fast production of many different biosensing constructs. However, the
reducing environment of the cytoplasm prevents intradomain disulphide bonds from
forming, meaning antibody fragments produced in the cytoplasm must frequently be
refolded from inclusion bodies under oxidising conditions in vitro (214). Antibody
fragment production can also be directed to occur in the periplasm of E. coli, where the
environment is oxidising. The volume of the periplasm is much smaller than the
cytoplasm and the pathways that secrete proteins from the cytoplasm for folding have a
limited capacity, which can become overloaded. This results in lower yields of correctly
folded proteins (242). When expressing chimeric protein biosensors that include multiple
ScFvs alongside reporter proteins, E. coli, in our experience, is not a reliable host for
producing soluble, correctly folded proteins. However, the K-12 type strain RV308 (DE3)
expresses insoluble protein as inclusion bodies, and demonstrates less degradation of
soluble protein compared to E. coli strain BL21(DE3) (243). The RV308 host strain
provides a cheaper alternative for the expression of antibody fragments as inclusion
bodies in the cytoplasm with high-yield expression (213). This does, however, require
the development of a successful refolding procedure when expressing genetically fused

chimera proteins.

Antibody fragments have shown promise as recognition elements within one component
and multi-component protein switch biosensors, with success sensing a range of
analytes. One research group has focused on utilising Fab fragments for the detection
of the transmembrane protein HER2, an epidermal growth factor receptor (EGFR)
overexpressed in HER2+ breast cancer (244). Dixon et al. selected a pair of Fab
fragments from two monoclonal antibody therapies that target two separate epitopes of
HER2 (178). Fab fragments were genetically fused to a “BiT” of the split NanoLuc®
luciferase enzyme (Promega) and expressed recombinantly in SHuffle T7 (NEB)

competent E. coli cells. SHuffle T7 E. coliis a commercial strain of E. coli which has been
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engineered to be deficient in trxB and gor reductases, and contain DsbC in the cytoplasm

which creates an oxidising environment, aiding correct disulphide bond formation inside
the cell (245). ScFvs have also been used as recognition elements to enable the
detection of HER2 in a concentration dependent manner. ScFvs were fused to firefly
luciferase fragments and expressed in a cell-free system (193), however, this proved to
be less successful for other targets in the same expression system due to the issues with
folding of ScFvs.

Alongside detecting large (~185 kDa), multidomain proteins like HER2, the unique
binding properties of Fab fragments make them attractive candidates for detecting small
molecules. Structural observations of antigen-antibody interactions demonstrate a
binding pocket or groove between the variable domains of the light and heavy chain to
accommodate small molecular weight haptens or short peptides (246, 247). Xue et al.
validated the modularity of their Fab based, one component, allosteric switch sensor by
targeting three small molecule drugs (154). These luciferase-based indicators of drugs
(LUCID) biosensors measure the disruption of bioluminescent resonance energy transfer

(BRET) to quantify the analyte at sub micromolar to sub millimolar concentration ranges.

The combination of the V4 and V. domains in a ScFv permit a binding pocket formation
between the domains, also seen within a Fab fragment and whole antibodies. ScFvs are
therefore, a good candidate recognition element for detecting small molecules. Within a
GUS proximity switch, the sandwich binding pocket created by the V. and V4 domains
of an antibody binding to an analyte allows for the detection of small molecules such as
4-hydroxy-3-nitrophenyl acetyl (NP) and caffeine (176). A time-resolved Forster
resonance energy transfer (TR-FRET) proximity switch sensor combines a typical
monoclonal antibody with an isolated ScFv raised against the haptotoxin targets
nodularin and microcystin. In this instance the ScFv was expressed in E. coli K-12 type

strain RV308(DE3) with alkaline phosphatase attached (205).
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The detection of viruses in clinical samples has also been demonstrated using a chimeric

ScFv. Two ScFv fragments, raised against non-overlapping epitopes of the monomeric
subunits of avian influenza virus (AlV) nucleoproteins, were conjugated to lanthanide-
doped nanoparticles (LnNP) using thiol-maleimide “click” reactions. With both a dual
emitting LnNP as a doner and absorbing LnNP, the ScFv-LnNPs create a luminescence
resonance energy transfer (LRET) system wherein AlV nucleoprotein can be detected
(248). Kang et al. also tested the same LRET system with ScFv-Fc conjugates, to
determine how the size of antibody fragments effect the activity of the sensor. The
addition of the Fc region to the recognition elements, increases the distance between
the doner and acceptor which resulted in a 2.57-fold decrease in quenching efficiency,

demonstrating the appeal of smaller recognition elements.

Although less commonly used due to the challenges presented during expression,
isolated human V4 and V. have been introduced into protein switch sensors. To detect
Osteocalcin a small protein (5.8 kDa) biomarker, Vi1 and V. genes derived from an anti-
osteocalcin antibody were recombinantly expressed with a tri-part split NanoLuc®
luciferase in SHuffle T7 Express lysY E. coli. In addition to the recombination of the
NanoLuc® enzyme when the components are in proximity, the presence of analyte
(osteocalcin) increases the affinity of the Vi and V. for one another, stabilising the
complex (192). Demonstrating that the binding pocket between the variable domains of

antibodies is exploitable across antibody fragments.

1.4.1.3 Nanobodies.

Heavy-chain-only antibodies (HcAb) were discovered in 1993 in the sera of camelid
species (249). Compared to the standard mammalian immunoglobulin, HcAbs
structurally lack any kind of light chain and only have two of the usual three heavy chain
constant domains (Figure 16). The variable domain of each heavy chain contains three
CDRs for antigen recognition. Although they contain only 50% of the binding loops found

in lgGs, HcAbs have comparable affinity (250). Not long after their discovery, the variable
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domains of HcAbs were isolated and coined VyH (Figure 16). HcAbs have also been

observed in the sera of elasmobranchs, known as the immunoglobulin new antigen
receptor (IgNAR) (251). These homodimeric HcAbs differ from the camelid HcAbs by
three extra constant domains on each chain of the native immunoglobulin (Figure 16).
The isolated variable domains (Vnar) also differ slightly, with 2 CDRs (CDR1 and CDR3),
and two smaller hypervariable regions (HV2 and HV4) in place of CDR2. Vnar domains
can be further categorised into four isotypes based on the position and number of non-
canonical cysteine residues (252). The collective term for VyH and Vnar domains is
nanobodies or single domain antibodies (SdAbs). Alongside the high affinity binding and
small size (12-15 kDa), the lack of a hydrophobic Vu/VL domain interface makes them
more soluble, another desirable trait for protein engineering. Nanobodies are commonly
selected through immune libraries. This involves the immunisation of camelid or shark
species, followed by the removal of peripheral blood lymphocytes, extraction of RNA
from B-cells, and subsequent synthesis of cDNA. Further selection and affinity
maturation of nanobodies can then occur via phage display, see section 1.4.2. Yeast and
bacterial display have also been used for this purpose (253). Nanobodies have been
championed for their expression in bacterial systems, however, reports of chimeric
proteins involving nanobodies typically use mammalian or yeast expression systems to
aid proper folding (216). In our experience, bacterial hosts do not have the machinery
necessary to produce soluble proteins when working with multi-domain chimeric proteins
containing VuH or Vnar domains. Bacterial expression of chimeras with nanobodies is
possible, but may need to rely on refolding from inclusion bodies to successfully produce

pure proteins (215).

The stability and size of nanobodies has made them versatile tools in developing
biosensors. Two VuHs raised against non-overlapping epitopes of the ectodomain of
EGFR (~190 kDa dimer) have been conjugated to semiconductor quantum dot

nanocrystals (QD) or terbium (Tb) via bioconjugation techniques. Due to the distance
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dependence of this detection system, the use of small VyuH domains is advantageous

compared to conventional antibodies. VyH domains can also be used in protein switch
biosensors for small molecule recognition. Dimerised VuH domains form a binding
pocket for small molecules, as seen in ScFvs and Fab fragments. Hapten-induced
dimerization of VuHs provides a 2:1 binding stoichiometry for small molecules,

demonstrated in a sensor for caffeine (176, 254).

So far there is little published research utilising Vnar domains as chimeric protein
biosensors, with most work focusing on their binding properties in analytical assays such
as ELISAs, in vivo diagnostic imaging, and their potential as therapeutic agents. But their

potential value in PoC diagnostic settings has been well documented in reviews (252).
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(C) VuH

(d) Vnar

(a) Shark heavy (b) Camelid heavy
chain-only chain-only
antibody antibody

Figure 16. Single domain antibodies (sdAb) can be isolated from shark and
camelid single chain antibodies. (a) Heavy chain-only shark antibody consisting of 5
heavy constant domains and 1 variable domain per chain, also known as an
Immunoglobulin new antigen receptor (IgNAR). (b) Heavy chain-only camelid antibody
consisting of 2 constant domains and 1 variable domain per chain. (c) Isolated camelid
variable fragment, coined VyH. (d) Isolated variable fragment of the shark antibody

known as a Vnar.

1.4.2 Non-immunoglobulin binding proteins

Antibody mimetics or non-immunoglobin binding proteins are small, single domain
binding proteins that are made up of a conserved scaffold region and a synthetically
engineered variable region. Without the natural immune system to rely upon, antibody
mimetics with high specificity for analytes need to be selected from protein libraries in
the lab with display methods (255, 256). There are several display methods available for

selecting proteins with the desired affinity to analytes of interest. Display methods refer
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to the presentation of recognition element variants, most commonly proteins, to select

binders against a target analyte. The most commonly used display method, phage
display, uses bacteriophages that contain the recognition element as a fusion with a coat
protein, thus presenting the recognition element on the coat of the phage, while retaining
the genetic information that encodes that protein within the phage genome. Where in
antibody production diversity is produced through somatic hypermutation and gene
recombination, diversity in libraries of other protein scaffolds is introduced synthetically.
DNA plasmid libraries coding phage containing different recognition element variants are
transformed into E. coli, which then produce the phage library. The analyte of interest is
immobilised onto a surface and the phage library is introduced. Phages presenting
recognition elements that bind to the target analyte are identified through panning. Non-
binders are washed away, whilst binders are eluted, transformed into E. coli and the
process is repeated over a number of rounds of affinity selection known as “panning”
rounds (Figure 17a). Binders are then sequenced, produced, and characterised, before
introduction into a biosensor detection system. Other display methods utilise cell surface
expression of the target analyte in yeast and bacterial cells, and more recently methods
that use RNA-templates, such as ribosome display, have been developed that work
completely in vitro. They all follow the general concept of converting genetic material into
the protein phenotype to select proteins with affinity to a target analyte (Figure 17b).
There are in-depth reviews of the molecular display techniques available for selecting

binding proteins (257, 258).

The standard scaffold structure of mimetic binding proteins allows for genetic
randomisation of the variable regions, providing a diverse selection of binding proteins
with target specificity and high affinity. In addition, desirable protein scaffolds can be
selected based on other criteria that ensure downstream utility is optimal. Lower
molecular weight, cysteine-free, structures are typically selected to try to ensure that

binding reagents are easy to manufacture recombinantly in simple heterologous
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expression systems (137, 256, 259). Many non-immunoglobulin binding proteins have

been developed (255), and only a selection will be further explored here as recognition
elements in chimeric protein switch biosensors. The characteristics of these non-

immunoglobulin binding proteins are compared in Table 2.
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Figure 17. Panning methods for the selection of binding proteins. A: Example

display are being developed for the discovery of new binding proteins.
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Table 2. Overview of the characteristics of a small selection of non-

immunoglobulin binders that have been used as recognition elements in chimeric

protein biosensors. Adapted from ref (207) Copyright 2021 according to CC-BY

license.
. Non- . Size Scaffold Production Refs
immunoglobulin
binder
Affimer ~12-14 Cystatin Phage display and g4 o))
kDa bacterial expression
~14-18 Phage or Ribosome
DARPIns kDa Ankyrin repeats display and (263, 264)
bacterial expression
Human Phage or yeast
Monobodies ~10 kDa fibronectin type display and (265, 266)
[l domain bacterial expression

1.4.2.1 DARPIns.

One such mimetic protein type is designed ankyrin repeat proteins (DARPins) which are
derived from the naturally occurring binding proteins — ankyrin repeat proteins (263).
Randomisation of the 7 variable amino acids per repeat unit results in large DARPIn
libraries for selection purposes (267). The small size of DARPins (14-18 kDa) alongside
the absence of disulphide bonds make them ideal candidates for bacterial expression
with limited aggregation (264), more so than those derived from immune proteins. This,
together with high affinity binding properties, make DARPins an ideal candidate for the

design of chimeric protein biosensors.

The value of DARPIns as recognition elements in chimeric protein switch platforms has
been displayed in a combinatorial use with Fab fragments by Dixon et al. to detect
Human Epidermal Growth Factor 2 (HER2) with a split enzyme proximity switch (Figure
14) (179). Further work by this group included screening of several pair combinations of
VuH, Fab and DARPIn proteins raised against EGFR and HER2 to determine which two
recognition elements could best detect EGFR-HER2 dimerisation (187). A DARPIn pair
against separate epitopes of the EGFR-HER2 dimer outperformed all other binding

protein pairs in the tri-split NanoLuc proximity switch. However, another chimeric protein
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switch sensor designed with R-lactamase as a reporter and DARPIn proteins as the

recognition element noted that the affinity of the DARPIn for its analyte decreased by

1000-fold when fused to a reporter (168).

1.4.2.2 Monobodies.

Another example of antibody mimetic binders with the potential to be implemented as
recognition elements are monobodies. Monobodies are built on a scaffold of human
fibronectin 10™ type Il domain, which function as ligand binding domains in nature (265,
266). With display-based selection processes, monobodies have been developed
against several target analytes such as kinase domains implicated in human health and
disease (268, 269), the SARS-CoV2 spike protein (270), tumour biomarkers (271) and
monoclonal antibodies (272). The majority of work surrounding the use of monobodies
has so far been focused on therapeutics and in vivo diagnostics as imaging probes (271).
However, monobodies possess the desirable properties to be used as recognition
elements within chimeric protein biosensors. Recently they have been implemented into
a domain inserted one-component protein switch sensor for multiplexed live-cell imaging
of proteins involved in cell division pathways and indicated in cancer. Three distinct
monobodies were inserted into the surface loop of fluorescent proteins to create
Adaptable, Turn-On Monobody (ATOM) fluorescent biosensors (273). Monobodies have
also been developed into allosteric protein switches using the Alternate Frame Folding
(AFF) technique. AFF involved duplicating a fraction of the monobody sequence at either
the carboxy (C) or the amino (N)-terminus. This provides the opportunity for the
monobody to fold into its native structure or an alternative structure to bind the analyte
of interest (274). By attaching donor and acceptor fluorophores to the N and C-terminus
respectively, FRET measurements can be used to determine if the alternative folding (no

analyte) or the native folding (analyte bound) has occurred (Figure 18) (275).
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A-fold

-

Figure 18. Design of monobody — AFF protein switch sensors. Binding of the

ligand (black oval) shifts the population from the A-fold (alternative fold) to the N-fold

(native fold), resulting in a loss of FRET efficiency as the donor fluorophore (green star)

and acceptor fluorophore (yellow star) move apart. Adapted from Ref (275) Copyright
2022 according to CC-BY-NC-ND 4.0 International license.

1.4.2.3 Affimers

Affimer binding proteins are another group of antibody mimetic binders based on a
cystatin scaffold, with two hypervariable loops for high affinity binding (262). The
‘consensus concept’ (276) was used to improve the thermostability of the cystatin to
produce the synthetic Adhiron scaffold, resulting in a scaffold thermal stability of
Tm=101°C (262). Affimer proteins are selected against specific targets through phage
display (260, 261), with numerous examples published (262, 277-280). Affimer proteins
are small proteins (~12 kDa) without cysteines or disulphide bridges in the scaffold
structure. Like DARPIns, this makes them easy to express in E. coli and allows for both
site-specific labelling (262), and inclusion in large multi-domain protein switches without
misfolding and aggregation complications (170). Although Affimers can be raised
against small molecules (262), Affimers against macromolecules typically have a
higher affinity. Affimers have been implemented into both one component and
multicomponent biosensors for the detection of antibodies, protein biomarkers and viral

proteins (170, 195).
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1.5 Project Aims

The main aim of this project is to explore the use of different recognition elements and
switching mechanisms within chimeric protein switch biosensors fused at the genomic

level. To achieve this, | will:

e Compare switching mechanisms in the context of chimeric protein switch
biosensors for therapeutic drug monitoring (TDM) of monoclonal antibodies
(TmADb).

e Use Affimer proteins to develop one-component and multi-component chimeric
protein switch biosensors and analyse their suitability as a platform for TDM of
TmAb.

¢ Investigate the practicality of using antibody fragments, specifically nanobodies,

as recognition elements within chimeric protein switch biosensors.

Overall, this study will aid the understanding of chimeric protein switch biosensor
development and explore the challenges faced when introducing novel binding proteins

into biosensor systems.
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2 Chapter 2: One component modular allosteric enzyme-

inhibitor switch biosensor for therapeutic drug monitoring
of immunotherapies.

2.1 Abstract

Therapeutic monoclonal antibodies (TmAb) have emerged as effective treatments for a
number of cancers and autoimmune diseases. However, large interpatient disparities in
the pharmacokinetics of TmAb treatment requires close therapeutic drug monitoring
(TDM) to optimise dosage for individual patients. Here we demonstrate an approach for
achieving rapid, sensitive quantification of two monoclonal antibody therapies using a
previously described enzyme switch sensor platform. The enzyme switch sensor
consists of a B-lactamase — B-lactamase inhibitor protein (BLA-BLIP) complex with two
anti-idiotype binding proteins (Affimer proteins) as recognition elements. The BLA-BLIP
sensor was engineered to detect two TmAbs (trastuzumab and ipilimumab) by
developing constructs incorporating novel synthetic binding reagents to each of these
mADbs. Trastuzumab and ipilimumab were successfully monitored with sub-nM
sensitivity in up to 1% serum, thus covering the relevant therapeutic range. Despite the
modular design, the BLA-BLIP sensor was unsuccessful in detecting two further
TmADbs (rituximab and adalimumab), an explanation for which was explored. In
conclusion, the BLA-BLIP sensors provide a rapid biosensor for TDM of trastuzumab
and ipilimumab with the potential to improve therapy. The sensitivity of this platform
alongside its rapid action would be suitable for bedside monitoring in a point-of-care

(PoC) setting.

2.2 Introduction

Detection of antibodies has high diagnostic value and can indicate many disease states

including autoimmune disorders, allergies and infectious disease (281-283).
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Furthermore, the growing market of immunotherapies has provided a new purpose to

antibody detection: therapeutic drug monitoring (TDM). This type of monitoring is usually
seen alongside any drug treatments that have severe adverse reactions (SARs) and a
narrow therapeutic window (284). Anticoagulant, immunosuppressive and cytotoxic
drugs are among those that need vigilant monitoring (285-287). Monoclonal antibody
(mADb) therapies are generally used as immunosuppressive or immune targeting agents
in the treatment of autoimmune diseases and certain cancers (288-290). Although
therapeutic mAbs (TmAbs) are generally well tolerated, SARs have been observed
(Table 3) — attributed to their promiscuous pharmacological profile and the abundance
of target receptors throughout the body (291, 292). Interpatient variability of TmAb
pharmacokinetics plus an association between inadequate serum mAb concentration
and lack of therapeutic response means that TDM is necessary (293). Monitoring of
trough concentrations of ipilimumab between dosages has improved survival of
metastatic melanoma patients by preventing drug concentrations from dropping too low

(294).
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Table 3. Profiles of four mAb therapies and their associated side effect.

Trastuzumab — a recombinant IgG1 kappa, humanized monoclonal antibody that binds
to the extracellular domain of HER-2. Used to prevent excessive activation of
proliferation pathways (Ras/Raf/mitogen-activated protein kinase (MAPK)) which lead
to tumour growth. Adalimumab is a fully human, recombinant IgG1 kappa monoclonal
antibody that inhibits TNF-a interacting with p55 and p75 cell surface TNF receptors,
inhibiting downstream inflammatory pathways overly activated in autoimmune
disorders. Rituximab is a chimeric human/murine IgG1 kappa monoclonal antibody
which mediates B-cell lysis via complement dependent cytotoxicity (CDC) and/or
antibody dependent cell-mediated cytotoxicity (ADCC). The exact mechanism is still
unclear (295). Ipilimumab is a fully human, recombinant IgG1 kappa monoclonal

antibody that inhibits CTLA4 which activates anti-tumour immunity and sustains T-cell

activity (289).
TmAb name FDA
(Brand Target aporoval Indications for use Adverse effects Ref
Name) PP
Human
epidermal Cardiotoxicity with
trastuzumab growth 1998 HER2-positive anthracycline (244)
(Herceptin) factor breast carcinoma Pulmonary toxicity
receptor 2 Hypomagnesaemia
(HER2)
T Rheumatoid arthritis Anaemia, Ieukopaenla
umour Ankylosing & thrombocytopaenia
adalimumab necrosis 2002 s or}:d litis Malignancy, (296)
(Humira) factor-a Cp yite lymphoma &
rohn’s disease ) .
(TNF- ) i o lymphoproliferative
Ulcerative colitis :
disorders
Cytokine release
Follicular non- syndrome
L Hodgkin’s lymphoma Tumour lysis
?ZLII;ZZZI)) CDig”Zn = 1997 CD20 diffuse large B syndrome (295)
cell non-Hodgkin’s Serum sickness
lymphoma Progressive multifocal
leukoencephalopathy
Advanced renal cell "
. ; Enterocolitis
Cytotoxic T carcinoma Ervthematous
ipilimumab | lymphocyte 2011 Metastatic Prﬁritus (289)
ervo antigen melanoma "
(Y Y) tigen 4 I Inflammatory hepatitis
(CTLA4) Metastatic colorectal H hvsiti
cancer ypopnysitis

The most commonly used methods of TDM currently in clinical use are the fluorescence

polarization immunoassay (FPIA), liquid chromatography—tandem mass spectrometry

(LC-MS/MS), enzyme immunoassay (EIA), and enzyme linked immunosorbent assay
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(ELISA) (297-299). Although highly sensitive and specific techniques, the lengthy time

to results (>2.5 hours) makes them inadequate platforms for frequent TDM. A rapid point-
of-care (PoC) platform would facilitate constant monitoring of therapeutic mAb titres so

dose adjustments can be made to improve efficacy and quality of life (300).

Allosteric enzyme switches provide a rapid platform for enzyme linked detection of
clinically relevant proteins (137, 168, 170, 301, 302). A protein switch incorporating 3-
Lactamase (BLA) and its inhibitor protein (BLIP) has previously been shown to produce
a readable signal within 15 minutes, in response to target driven disruption of a linked
enzyme-inhibitor complex, where binding of both recognition elements results in a
conformational change within the sensor (Figure 19). Initial BLA-BLIP designs used anti-
Haemagglutinin mAb peptide epitopes as binding moieties (169). Linker 1 (L1) and linker
3 (L3) anchor the two recognition elements to BLA or BLIP, respectively. These linkers
need to be short enough to aid the disruption of the enzyme-inhibitor complex, but long
enough to not impair folding of the protein domains. Linker 2 (L2), in contrast, needs to
be sufficiently long to allow the recognition elements to bind both variable regions of the
TmADb. Point mutations were made at the interface of BLA (E104D) and BLIP (E31A) to
weaken their interaction (170), facilitating dissociation of the complex in response to
binding of both recognition elements. The addition of a chromogenic compound,
hydrolysed by BLA, allows the activity of the enzyme to be determined by measuring

light adsorption at 551 nm, which directly corresponds to the concentration of analyte.

Utilising the modular design of the BLA-BLIP enzyme switch sensor, it was recently
shown that biomarker proteins can be detected down to pM concentrations when using
non-immunoglobin binding proteins, Affimer proteins, as recognition elements (170).
Affimer proteins (~12 kDa) are a class of non-immunoglobulin binders built on a cystatin
scaffold with two highly variable regions that mediate molecular recognition (262). These

are particularly well suited to use in this type of system due to their small size and
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stability, making them easy to express within a multidomain construct. Affimers were

introduced in detail in section 1.4.2.3.

Figure 19. The mechanism of detection by which BLA-BLIP senses monoclonal
antibodies in a 1-pot, wash free assay. (A) The BLA-BLIP sensor in its closed state
with -lactamase inhibitor protein (BLIP) associated with the enzyme (BLA). Affimer
proteins are attached to the enzyme and inhibitor via rigid (L1 & L3) and semi-flexible
(L2) peptide linkers. (B) Introduction of the analyte to the assay allows specific binding
of the recognition elements to the mAb paratopes causing a conformational change in
the enzyme switch sensor. BLA and BLIP dissociate from one another and the active
site of BLA is free. (C) Nitrocefin is added to the assay solution and hydrolysed by the
active BLA causing a colorimetric reaction from yellow to red. The change in
absorbance measurement directly corresponds to the amount of free BLA and ergo the

concentration of analyte.

Trastuzumab (Herceptin), a TmAb used in the treatment of HER2+ breast carcinoma,
has previously been detected using the BLA-BLIP enzyme switch sensor with anti-
idiotypic (anti-ID) Affimer proteins (244). Here, this work was expanded by determining
technical challenges when this platform is adapted to other TmADb, providing a critical
understanding of the requirements when this approach is more broadly applied (303).
Including trastuzumab, all four TmAbs targeted (trastuzumab, ipilimumab, rituximab &

adalimumab) are currently in clinical use for a range of treatments (Table 3).
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2.3 Methods

2.3.1 Materials

All restriction enzymes, buffers and cloning reagents were purchased from New England
Biolabs LTD (NEB, Hitchin, UK), unless otherwise specified. All chemicals and reagents
used were of analytical grade and purchased from Melford Biolaboratories Ltd. (Ipswich,

UK) or Sigma Aldrich (Missouri, USA) unless otherwise specified.

2.3.2 Generation of TmAD specific BLA-BLIP enzyme switch constructs

All primers (Integrated DNA Technologies) used for cloning can be found in Appendix
A: Primer tables. Anti-idiotype Affimer® proteins raised against trastuzumab,
ipilimumab, adalimumab and rituximab have been reported (303). Restriction cloning
was used to introduce these anti-ID binding reagents into the sensor construct vector
(based on the expression vector pET28a), as described previously by Adamson et al.
(170). All DNA was purified using the lllustra GFX PCR DNA and Gel Band Purification
Kit (GE Healthcare). Subcloned vectors were transformed into competent Escherichia
coli XL-1 cells (Agilent Technologies) (genotype: recA1 endA1 gyrA96 thi-1 hsdR17
supE44 relA1 lac [F" proAB laclg ZAM15 Tn10 (Tetr)). Charge Switch Pro Plasmid
Miniprep Kit (Invitrogen) was used for all plasmid DNA purification and successful sub-
cloning was confirmed by gene sequencing of the full sensor constructs (GeneWiz)

(sequences available in Appendix C: DNA and Protein Sequences).

2.3.3 Expression and purification of TmAb specific BLA-BLIP sensor
constructs

All sensor constructs were expressed and purified using the protocol previously detailed

(170). Briefly, plasmids containing the sensor constructs were transformed into E. coli

BL21 (DE3) competent cells (Genotype: fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS A

DE3 = A sBamHIlo AEcoRI-B int:®lacl::PlacUV5::T7 gene1) i21 Anin5.). 500 mL LB

media (with 50 ug mL" kanamycin) was inoculated with a 10 mL starter culture and
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grown at 37°C, 220 rpm. At ODeoo ~0.6, cultures were induced with 0.3 mM isopropyl3-

D-thiogalactoside (IPTG) and grown overnight at 15°C, 150 rpm. Cells were harvested
at 4000 g for 10 minutes and the periplasmic protein extracted by osmotic shock. The
cell pellet was resuspended in 15 ml TSE buffer (30 mM Tris, 20 % w/v sucrose, 1 mM
EDTA, pH 8) and placed on a roller mixer at 4°C for 15 min. Cells were pelleted at ca.
17000 xg for 20 min and the supernatant retained as periplasmic fraction 1 (P1). The
pellet was resuspended in 15 ml of ice cold 5 mM MgSO4 and placed on a roller mixer at
4°C for 20 min. Cells were pelleted at ca. 17000 xg for 20 min and the supernatant
retained as periplasmic fraction 2 (P2). Fractions P1 and P2 were combined, adjusted to
50 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.4 by addition of small amounts of
concentrated stock solution. The sensor construct was batch purified with Super Ni-NTA
resin (Generon) via the N-terminal 6xHis tag. The resin was washed thrice with 20 ml
wash buffer (50 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.4) and protein eluted
with 4 X 500 pl elution buffer (50 mM Tris, 150 mM NaCl, 250 mM imidazole, pH 7.4).
Eluates were pooled and further purified via the C-terminal Strep-II tag using the Strep-
Tactin spin column kit (IBA). The double tag purified protein was buffer exchanged into
storage solution (50 mM Tris, 150 mM NaCl, pH 7.4) using Zeba spin desalting columns
(Thermofischer). Protein concentration was determined by BCA assay and purity

checked via 12.5% SDS-PAGE (Figure 21). Aliquots were stored at -80°C.

2.3.4 Characterisation of sensor functionality

2.3.4.1 Targets

mADb biosimilars (Invivogen) that the anti-ID Affimer® proteins were raised against were
used as antibody targets, as follows: Anti-HER2Tra-hlgG4 (trastuzumab), Anti-hTNF-a-
higG1 (adalimumab), AntihCTLA4-hlgG1 (ipilimumab) and Anti-hCD20-higG4

(rituximab). For the purposes of this work, they will be referred to by name of the TmAb.
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2.34.2 ELISA

40 pl of 20 uyg mL" mAb in PBS (137 mM NaCl, 2.7 mM KCI, 8 mM NazHPOQO4, 2 mM
KH2PO4, pH 7.4) was adsorbed onto a Nunc Maxisorb microtiter plate for 1 h at 20°C.
After washing thrice with PBST (137 mM NaCl, 2.7 mM KCI, 8 mM Na;HPO4, 2 mM
KH2POy4, 0.1%Tween-20, pH 7.4), wells were blocked with casein blocking buffer (Sigma-
Aldrich) diluted 1:10 in PBST for 1 h and washed thrice with PBST. 40 pl of 10 ug mL"
sensor (diluted in casein block) was applied to the plate for 1 h and washed with PBST
before adding 25 ul 1 ug mL™ Streptactin-HRP (IBA) in casein block for 1 h. Wells were
washed 6 times before adding 50 ul 3,3',5,5-Tetramethylbenzidine (TMB) (Sigma-
Aldrich) to the plate and incubated for 15 minutes at 20°C. Absorbance was measured

at 650 nm on a plate reader (MultiSkan FC, Thermo Scientific).

2.3.4.3 BLA-BLIP Assay

For all enzyme activity assays, non-binding-surface 96-well plates (Corning) were used,
with a final volume of 200 ul assay buffer (50 mM sodium phosphate, 100 mM NaCl and
1 mg mL" BSA, pH 7). 2 nM of sensor were incubated with serial dilutions of their TmAb
target for 15 minutes. Nitrocefin (Merck) was added at 50 uM and absorbance measured
at 551 nm on a plate reader (MultiSkan FC, Thermo Scientific) after 10 minutes. Sensor
and substrate concentrations, and incubation times were identical for all nitrocefin assays
performed. A four-parameter logistic (4PL) regression was fitted to dose response curves
using GraphPad Prism 9 software. Limit of detection (LoD) was calculated using the

equation:

LoD = mean blank + 1.645(SD blank) + 1.645(SD low conc. test) (163).

SD blank refers to the standard deviation calculated when no analyte is present and SD

low conc. Test refers to the standard deviation calculated at the lowest concentration of

analyte tested, in this instance 1 pM.
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When measuring the activity of an enzyme, correcting background interference is

commonplace with a no-analyte measurement used as a baseline (304). The fold-activity

gain of the sensor with target compared to without was calculated using:

Acc,(target,t = 10)—Acs, (target,t = 0) _ AAgg, (target)
A, (zero target,t = 10)— Ass, (zero target,t = 0)  AAgs, (zero target)

where Assi(target) refers to absorbance measured at each concentration of analyte,
Ass1(zero target) refers to the absorbance when no analyte is present, and ¢ refers to the
time (minutes) of the measurement.

For experiments testing stability in serum, pooled human serum (Clinical Trials
Laboratory Services Ltd) diluted in assay buffer to the following: 0%, 1% or 10% (v/v),

was spiked with serial concentrations of trastuzumab or ipilimumab.

2.3.5 Cloning of cysteine residues onto anti-ID Affimer® proteins

Cysteine residues were cloned onto the C-terminus of all anti-ID binding reagents for
maleimide biotinylation to facilitate Streptavidin HRP detection within the bridge ELISA
format. Anti-ID Affimer® protein DNA was amplified with primers to introduce C-terminal
cysteine residues (Table A 4) as previously described (305) and transformed into

competent BL21Star™ (DE3) (genotype: F- ompT hsdSB (rB-mB-) gal dcm rne131).

2.3.6 Production and purification of anti-ID Affimer® proteins

Affimer® proteins were produced as previously described (303). Cells from a 50 mL
culture were harvested by centrifugation at 4000 xg for 15 minutes re-suspended in 1
mL lysis buffer (50 mM NaH2PO4; 300 mM NaCl; 30 mM Imidazole; 10% Glycerol; pH
7.4) supplemented with 0.1 mg mL™" Lysozyme (Sigma-Aldrich, USA); 1% Triton X-100;
10 U mL™" Benzonase® Nuclease (Merck, Germany); 1x Halt protease inhibitor cocktail.
The solution was transferred to a microcentrifuge tube and incubated at 20°C for one

hour on a Stuart SB2 fixed speed rotator. The lysate was heat-treated at 50°C for 20
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minutes in a water bath and centrifuged at 16000 xg for 20 minutes to remove cell debris

and insoluble, heat denatured proteins. For each Affimer® protein, the supernatant from
the lysed cells was incubated with Ni-NTA resin for 1 hour on a rotator at 20°C. The resin
was washed with wash buffer (50 mM NaH.PQO4; 500 mM NaCl; 20 mM Imidazole; pH
7.4). Affimer® protein was eluted from the resin with elution buffer (50 mM NaH2PO,,
500 mM NaCl; 300 mM Imidazole; 20% Glycerol; pH 7.4). All eluted samples were run

on a 15% SDS-PAGE gel to monitor the purity of the protein (Figure 27).

2.3.7 Biotinylation of anti-ID Affimer® proteins

Prior to biotinylation of the Affimer® proteins, they were desalted and exchanged into
PBS using Zeba Spin Desalting Columns, 7K MWCO (Thermo Fisher) according to the
manufacturer’s instructions and then diluted down to 0.5 mg mL™" in PBS. Potential
disulphide bonds were reduced with TCEP disulphide-reducing gel according to
manufacturer’s instruction (ThermoFisher Scientific). Cys-Affimer® proteins were then
biotinylated as previously described (305), final concentration of the biotinylated
Affimer® proteins were determined using the adsorption at 280 nm (Azso) using a DS-11

Nanodrop spectrophotometer and using a BCA protein assay (306).

2.3.8 Bridge ELISA

A Nunc Maxisorb 96-well plate was first coated with capture Affimer® protein (1 ug mL
"y and incubated for 1 hour at 20°C. After washing thrice with PBST (0.2% Tween-20),
50 pL casein blocking buffer (1:10 in PBST) was incubated in each well for 1 hour at
20°C, followed by washing thrice with PBST. Increasing concentrations from 10 ng mL"
' 30 ug mL™" of each of the TmAb were incubated in each well for one hour at 20°C
followed by washing thrice with PBST. The biotinylated detection Affimer® protein was
then added to the plate (2 ug mL™) and incubated for 1 hour at 20°C, followed by washing
thrice with PBST. Streptavidin HRP (1 pug mL") was then added to the wells and

incubated at 20°C for 30 minutes. This step was followed by washing 6x with PBST and
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incubation with 50 uL of TMB for 15 minutes, the plate was then read at 650 nm using a

plate reader.

2.3.9 Surface plasmon resonance (SPR)

Affimer affinities for their TmAb analyte were determined by surface plasmon resonance
(SPR) using a BlAcore 3000 (GE Healthcare Europe GmbH). Trastuzumab, ipilimumab,
adalimumab and rituximab were covalently immobilized on separate channels of a CM5
sensor chip with amine-coupling chemistry. The chip was activated with 200 mM 1-Ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) and 50 mM N-Hydroxysuccinimide
(NHS) before target injection under optimised conditions (trastuzumab, 5 uyg mL™" in 10
mM acetate pH 5.5; ipilimumab, 5 yg mL™" in 10 mM acetate pH 5.5; rituximab, 5 ug mL"
'in 10 mM acetate pH 5.5; adalimumab, 5 ug mL™" in 10 mM acetate pH 4.5). Remaining
reactive groups were capped with ethanolamine (1 M, pH =8.5). BlAcore experiments
were performed at 25°C in PBST buffer (PBS pH 7.4, containing 150 mM NaCl and 0.2%
Tween 20). Affimers were injected at 1.56 3.13, 6.25 and 12.5 nM at a flow rate of 5 pL
min™, followed by 12 minute dissociation. The on- and off- rates and Kd parameters were
obtained from a global fit to the SPR curves using a 1:1 Langmuir model, using the
BlAevaluation software. Quoted Kd values are the mean + Standard Error of the Mean

(SEM) of three replicate runs, unless specified otherwise.

2.3.10 Data analysis

All data were presented as the mean of at least 3 biological repeats with error bars
representing + SEM. To determine the significance of data, one-tailed, student’s t-tests
were used. Significance was shown by p<0.05.

The quantifiable ranges of the sensors were determined based on parameters set by the
food and drug administration (FDA) for validation of new bioanalytical methods (307),
including percentage recovery values between 80 — 120% and the coefficient of variation

(% CV) < 25%.
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2.4 Results

2.41 Selection and characterisation of binding proteins

An Affimer reagent phage display library was screened against target antibodies
trastuzumab, rituximab, adalimumab, and ipilimumab, as described previously (260,
303). Briefly, the binding reagents selected for in three rounds of phage panning were
subject to ELISA validation, and a lead candidate was chosen for each target TmAb
and further characterised (303). Surface plasmon resonance (SPR) was used to
determine the affinity of each anti-idiotypic Affimer protein. TmAb biosimilars were
covalently immobilised onto an SPR chip and titrated with serial dilutions of respective
Affimer reagents. Nanomolar affinities were confirmed for all antibody — Affimer reagent

complexes (Figure. 20, Table 4).

2.4.2 Optimisation of signal change in anti-trastuzumab BLA-BLIP sensor

To create the anti-ID sensor constructs, two copies of the selected anti-ID Affimer
proteins were attached to TEM1-R-lactamase (BLA) and R-lactamase inhibitor protein
(BLIP) using recombinant DNA technology. pET28a(+) plasmids containing the BLA-
BLIP sequences were expressed in BL21(DE3) E.coli and purified via a two-step affinity

chromatography protocol detailed in the methods section 2.3.3
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Figure. 20 Surface Plasmon Resonance (SPR) curves plotted for each anti-
idiotype Affimer to analyse binding to their respective TmAb. Aff-Ada and
adalimumab (A), Aff-Ipi and ipilimumab (B), Aff-rit and rituximab (C) and Aff-trast and
trastuzumab (D). SPR plots are shown between TmAb concentrations of 1.56 nM and
12.5 nM. Langmuir model fits are plotted alongside each concentration for each TmAb-
Affimer binding study. SPR experiments were conducted in triplicate (duplicate for Aff-
Ipi) however only replicate one has been included for clarity. Evaluation of SPR data
and Langmuir model fits were conducted on BlAevaluation software. Data for all plots
and fits were then extracted from BlAevaluation and re-plotted on GraphPad to improve
visualisation of data.
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Table 4. Kp values calculated from evaluation of Langmuir model fits of SPR

curves. All anti-idiotypic Affimer proteins have nM affinity for their respective TmAb
analytes and are within ~ 12-fold of one another. Kp values were calculated with
BlAevaluation software and are presented as a mean of three replicates +tSEM. (Aff-Ipi

— ipilimumab n=2).

Ko(nM)  SEM (nM)

Aff-Trast — trastuzumab 0.75 +0.12
Aff-Ipi — ipilimumab (n=2) 7.8 +0.8
Aff-Ada — adalimumab 9.77 12.54
Aff-Rit — rituximab 4 +0.75

Figure 21. SDS-PAGE of 5 BLA-BLIP constructs purified. A: BB _Trast2, B:
BB _Trast3, C: BB_Ipi, D: BB_Rit, E: BB_Ada. All constructs came out at ~80 kDa.
Construct B however, had a slightly higher KDa (~83) due to the longer middle linker

cloned in for linker optimisation.

The mechanism of target-driven disruption employed by BLA-BLIP to produce a signal
is largely dominated by recognition element affinity and the three peptide linkers between
the four protein domains (Figure 19 and Figure 22A). It has previously been reported

that the use of two specific recognition elements within this sensor design that are able
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to bind to the analyte is essential for enzyme-inhibitor disruption, with only one

recognition element unable to produce a signal (170). As detailed in the introduction to
this chapter (section 2.2), the linker regions are integral to the functionality of the BLA-

BLIP sensor.

Spel Sall  Nhel Not1

Anti-ID | S
Affimer BLIP (E31A)

BLA (E104D)

Semi- A

BLA (E104D) Affimer g o ible Affimer

Semi- -
flexible DLIF \ES31A)

BLA (E104D)

(656),
BLA (E104D) Affimer § oo B Affimer
(65G):

Figure 22. Schematic diagrams of sensor components. (A) The general BLA-BLIP
sensor construct (BB_anti-ID) (B) BB_Trast as previously reported (170) (C) BB_Trast2
with Longer L1 and L3 linkers (D) BB_Trast3 with additional (GSG)+ encompassing the
semi flexible linker - (GSG)sA(EAAAK)sA(GSG)sA(EAAAK)sA(GSG)s.

Prior to this work, a proof-of-principle anti-trastuzumab BLA-BLIP sensor was developed
(170), but the linkers (L1, L2 and L3, Figure 22) were not optimised for sensor
performance. Linker optimisation has previously helped improve sensor activity when
adapting to new targets, especially when Affimer binding sites on the target analyte are
unknown, as is the binding orientation and distance between them. To optimise the
overall signal change, three constructs were designed against trastuzumab (BLA-
BLIP_Trast) with varying linker lengths (BB_Trast, BB_Trast2 and BB_Trast3; Figure
22). BB_Trast has short, rigid L1 and L3 linkers (three amino acid residues) along with a
semiflexible L2 linker known to span the approximately 100 A distance between the

variable regions of mAbs (169, 170). The hinge region of antibodies does, however, allow
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for flexibility in the distance between variable regions, dependent on the antigen it is

binding to (308). The exact positioning of the antigen binding regions of the TmAbs used
here is unknown, therefore trials with differing linker lengths allowed us to determine the
best performing sensor design for TmAb quantification using BLA-BLIP. BB_Trast2
introduced longer L1 and L3 linkers (six amino acid residues) with the same semiflexible
L2 linker while BB_Trast3 (Figure 22D) has a longer semiflexible L2 linker -

(GSG)10A(EAAAK)sA(GSG)sA(EAAAK)A(GSG)1o.

Substrate
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‘i/ NO,

TN AN

COOH

NO,
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COOH

NO,

Figure 23. The hydrolysis of nitrocefin mediated by the presence of beta-
lactamase causes a colourimetric reaction changing the solution from yellow to
red. Chemdraw (RRID:SCR_016768) software was used to draw chemical structures.
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The activity of BB_Trast, BB_Trast2 and BB_Trast3 in response to trastuzumab were
measured as BLA activity using a homogenous assay where the turnover of nitrocefin
can be measured. As a cephalosporin compound, nitrocefin contains a beta-lactam ring
which is susceptible to beta-lactamase mediated hydrolysis (Figure 23). The extent of
nitrocefin hydrolysis can be determined by the extent of colour change from yellow to
red which allows us to measure the presence and activity of beta-lactamase as a
change in light absorbance at 551 nm (Ass1) (Figure 24). BB_Trast outperformed
BB_Trast3 in terms of fold-activity gain measured at Ass¢ (p<0.05). Additionally, the
calculated LoD for BB_Trast3 was significantly increased at 3 nM compared to 300 pM

for BB_Trast. BB_Trast2 has a calculated LoD of 300 pM, but a very low signal gain.

After careful consideration, the optimal performance of the BLA-BLIP sensor for TmAb
detection was found to include rigid linker 1 and linker 3 regions consisting of three
amino acid residues to anchor the recognition elements close to the switching
mechanism of the enzyme and inhibitor. The optimal composition of the semiflexible
linker 2, found between the enzyme and the inhibitor, consisted of three flexible blocks
of six GSG repeats and two 45 A alpha-helical blocks
((GSG)sA(EAAAK)sA(GSG)sA(EAAAK)sA(GSG)s) to effectively bridge the distance
between the antigen binding sites and maintain specific and sensitive activity. Linker
optimisation is tailored to the size and shape of the analyte, as monoclonal antibodies
have a uniform shape all anti-ID BB_sensors from this point onwards were designed in

the same format as BB_Trast (Figure 22B).
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Figure 24. Length of linkers affects the BLA activity of the biosensor construct.
Activity of sensors: BB_Trast (TSA Trast Semi Trast AAA), BB_Trast2 (TSAASS Trast
Semi Trast ASSAAA) and BB_Trast3 (TSA Trast (GSG)s Semi (GSG)4 Trast AAA)
were measured as absorbance at Ass: and presented as fold activity gains AAss: (x nM
Ab)/AAss: (0 nM Ab). All data are presented as a mean of at least three repeats with
error bars representing +tSEM. Where error bars are not visible, they are situated within

the symbol plot.

2.4.3 Therapeutic monoclonal antibody detection

The recognition elements of BLA-BLIP sensors are easily exchanged genetically using
the restriction sites flanking position A (Spel & Sall) and position B (Nhel & Notl). This
allowed us to create three anti-ID BLA-BLIP sensors with the anti-ID Affimer proteins
against rituximab, adalimumab and ipilimumab (303) to produce the BLA-BLIP sensors

BB_Rit, BB_Ada and BB_Ipi, respectively, alongside BB_Trast.
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Figure 25. The BLA-BLIP sensor construct can be applied to the detection of
ipilimumab when anti-idiotype Affimer proteins against the mAb are inserted.
Activity of BB_Trast, BB_Rit, BB_Ada and BB_Ipi when incubated with 0.001 — 10 nM
of their respective TmAb analyte and presented as fold activity gain from the baseline
(no analyte). All data are presented as a mean of at least three repeats and error bars
represent +tSEM. Where error bars are not visible, they are situated within the symbol

plot.

The dose response of BB_Trast, BB_Rit, BB_Ada and BB_Ipi were measured using
the homogenous BLA-BLIP assay (Figure 25). A pronounced “switch on” effect was
displayed by BB_Trast and BB_Ipi when incubated with varying concentrations of
TmAb. BB_Trast showed a 3.3-fold increase in activity in response to 3 nM
trastuzumab, similar to the 2.8-fold increase previously reported (170). BB_Trast
activity never reaches saturation across this concentration range (1 pM — 3 nM). The
use of TmAb concentrations >3 nM was avoided as a sensor concentration of 2 nM
was tested and a “hook” effect would likely be seen at higher concentrations. This

occurs when sensor components bind multiple analyte molecules, preventing disruption
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of the enzyme-inhibitor complex. BB_Ipi responded to 3 nM ipilimumab with a 3.5-fold

increase in activity. The LoD of BB_Ipi was calculated to be 30 pM, whereas the LoD of
BB_Trast was calculated to be 300 pM. BB_Ipi outperformed BB_Trast, both in terms
of fold-activity gain at the highest drug concentration tested (Cmax) and LoD. BB_Trast
and BB_Ipi showed high specificity to their individual TmAbs. When incubated with 10
nM non-specific TmADbs in the BLA-BLIP assay (Figure 26A), there was no significant
(p>0.05) response compared to the response generated in the presence of buffer only.

Specificity of sensor binding was further demonstrated with direct ELISA (Figure 26C).
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Figure 26. TmAb BLA-BLIP sensors are specific to their target analyte. (A) 2 nM

of the BLA-BLIP sensor constructs were incubated with 10 nM of specific TmAb, non-
specific TmAb or blank buffer. BB_Trast and BB_Ipi both displayed significant (p <
0.05) absorbance at Ass; compared to non-specific TmAb analytes and blank buffer.
(B) ELISA data demonstrating the binding characteristics of each specific BLA-BLIP
construct towards the appropriate target and a non-immunoglobulin negative control, C.
difficile toxoid B. 10 ug mL™" (125 nM) of the sensor construct were incubated with 20
ug mL™" of target TmAb (135 nM) or toxoid B (74 nM). (C) Direct ELISAs were
performed on BB_Trast and BB_lIpi to determine their specificity. 10 ug mL™" (125 nM)
of the sensor constructs were incubated with 20 ug mL™" of specific or non-specific
TmAb (135 nM). Data of biosensors binding to their respective targets and non-specific

analytes are presented as a mean of three repeats and error bars represent +SEM.

2.4.4 Affimer protein — TmADb binding

No enzymatic response was observed from BB_Rit or BB_Ada in the presence of their
respective TmAD target (Figure 25). One explanation for this could be that the synthetic
binding reagents against rituximab and adalimumab no longer bind to their targets once
incorporated into the BLA-BLIP sensor constructs. To test whether the recognition
elements were compromised in the BB_Rit and BB_Ada sensors, direct ELISAs were
performed on the BLA-BLIP sensor constructs (Figure 26B) using the C-terminal strep-

Il tag for detection.
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Figure 27. 15% SDS PAGE of purified Cysteinated anti-ID Affimers: 1: Aff_Trast, 2:
Aff_Ada, 3: Aff_Ipi and 4: Aff_Rit.

The direct ELISAs confirmed that BB_Rit and BB_Ada bound to their targets, even
though the responses of the homogenous enzyme assay indicate that binding to their
respective TmAbs does not result in the disruption of BLA-BLIP complex. This could be
due to only one Affimer protein binding the TmAb instead of two as required to switch
on the enzyme activity (see Figure 19). To test whether the two Affimer proteins can
bind, a bridge ELISA was performed using cysteinated Affimer proteins (Figure 27,
Figure 29; see Figure 28 for a schematic of a bridge ELISA) (303, 309). Typically a
pharmacokinetic (PK) assay, bridge ELISAs utilise anti-ID antibodies and take
advantage of the two identical binding sites on IgG Abs to measure the concentrations
of mAbs (310). As expected, the bridge ELISA confirms that two Affimer proteins can
simultaneously bind to trastuzumab, whereas the binding reagents against rituximab or
adalimumab were unable to detect their respective TmAbs in the bridge ELISA (Figure
29). The latter could indicate that only one Affimer protein can bind to rituximab or
adalimumab, preventing the switching mechanism to function as intended. The lack of
response from the binding reagents against ipilimumab in this format is unexpected

and is discussed below.
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Figure 28 . Diagram of Bridge ELISA. In the Bridge ELISA, unlabelled anti-TmAb
Affimer are first immobilised on the surface of the plate, incubated with the TmAb which
are subsequently detected using a biotin-labelled version of the anti-TmAb Affimer.
Streptavidin-HRP can then bind to the biotinylated detection Affimer, and the catalysis
of TMB by HRP can be used to measure the quantity of TmAb successfully detected
with this method. The symmetrical conformation of an IgG should allow for the binding

of two anti-ID Affimers should they bind to the variable domain of the antibody.

1.0 I | | 1
-¥- Aff-Trast
0.8- /- -
- v -m- Aff-Ipi
o 0.6 - ;’ﬁ 4 —+ Aff-Rit
n /
o [ -o- Aff-Ada
< 04- AR
0.2 y -
— g o
0.0 | | | |
O & & & & O
N R S
N '\QQ QQQ QQQ
N9
TmAb (nM)

Figure 29. Bridge ELISA of four anti-ID Affimer proteins with their respective mAb
targets presented as absorbance at 650 nm as a measurement of TMB turnover by
HRP. All data are presented as a mean of three repeats with error bars representing

+SEM. Where error bars are not visible, they are within the symbol plot.
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2.4.5 BLA-BLIP enzyme switch sensor performance in serum
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Figure 30. BB_Trast and BB_Ipi maintain activity in 1% serum. Serial dilutions of
trastuzumab (A) and ipilimumab (B) were made up in 0%, 1% or 10% pooled human
serum and incubated with the enzyme-switch sensors. Data plotted as fold activity gain
from baseline measurements, as a mean of at least three repeats with error bars

representing +SEM. Where error bars are not visible, they are within the symbol plot.
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The activity of BB_Trast and BB_Ipi were tested in the BLA-BLIP assay in varying

percentages of pooled human serum (Figure 30). The activity of BB_Trast in response
to trastuzumab (Figure 30A) was maintained when incubated in up to 1% serum, there
were no significant (p<0.05) changes in fold-activity gain, however, the calculated LoD
dropped from 100 pM in buffer to 300 pM in 1% serum. The stability in serum seen with
BB_Trast was mirrored by BB_Ipi (Figure 30B), at Cnax there were no significant
(p<0.05) changes in fold-activity gain however, significant differences were apparent
around the LoD. Despite the drop in activity at lower concentrations, a LoD of 30 pM was
retained. Quantifiable ranges for BB_Trast and BB_Ipi were calculated in 1% human
serum as 30 pM — 3 nM and 30 pM — 300 pM respectively (See Table 5 for details).
BB_Trast and BB_Ipi were unresponsive to increasing concentrations of their respective
analytes when in 10% serum. This is thought to be due to the breakdown of nitrocefin
and inhibition of BLA by the variety of serum proteins including IgG and IgE antibodies

present (311, 312).

Table 5 Interpolated standard curves for BB_Trast and BB_Ipi provided
quantifiable ranges based on accuracy and precision of the sensors in spiked
1% human serum. Percentage recovery and percentage coefficient variance (%CV)
values for BB_Trast and BB_Ipi were used to determine the quantifiable range of each

sensor based on recovery values between 80 — 120% and % CV < 25%.

BB_lpi BB_Trast
Quantifiable
30-300 pM 30 pM -3 nM
Range
% recovery 94 -101% 81-119%

% CV 2.7-12% 12.3-22%
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2.5 Discussion

One of the challenges when designing biosensors for clinical diagnostics is performance
in biological fluids. The complex composition of biological fluids, be that blood, saliva, or
faeces, poses the problem of interference from nonspecific proteins. This is especially
apparent with enzyme-based biosensors with many biological components able to
interfere with enzymatic activity (313, 314). The implementation of TDM for mAb
therapies has, so far, been affected by the difficulties presented when detecting mAbs in
serum. Furthermore, with BB_Trast and BB_Ipi, the recognition elements are specific to
humanised IgG1 kappa monoclonal antibodies (244, 315), the antibody type most
abundant in human sera (316). TmAb titres have been successfully monitored using PoC
platforms where 1:100 dilutions of patient samples were necessary (317). Clinically
relevant serum concentrations of trastuzumab are between 70-2000 nM and ipilimumab
trough concentrations range between 30-230 nM (318, 319). BB_Trast and BB_Ipi can
detect TmAb spiked buffer at concentrations 100x lower than the clinically relevant
values. Furthermore, in 1% serum there is no significant loss of activity for either sensor.
This allows for dilution of patient serum to prevent matrix effects whilst maintaining the
required sensitivity, thus both sensors presented here can measure clinically relevant
concentrations of TmAbs within 30 minutes without the need for pre-treatment or
washing steps such as those required in ELISAs. In HER2+ breast cancer, tumour
shedding of the extracellular domain (ECD) of HER2 in exosomes can occur, especially
in advanced disease (320). These exosomes can bind circulating trastuzumab with an
inhibitory effect, which should be accounted for in TDM methods (321). Free (unbound)
drug concentrations are the most essential measurement for TDM as these are available
for distribution and pharmacodynamic action (322). The recognition elements
implemented in BB_Trast target the variable regions of trastuzumab and therefore it can
be speculated that exosome-bound trastuzumab would not be measured in this system,

but HER2+ patient serum should be tested to confirm this hypothesis.
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These enzyme-switch sensors have the capacity to be implemented into a doctor's

surgery or at a patient’s bedside for single measurements of trough concentrations
before dose administration, to ensure maintenance of the minimal effective concentration
(MEC) and allow dosing to be adjusted accordingly (293). For both trastuzumab and

ipilimumab this would occur on a weekly, three-weekly, or monthly regimen (323-325).

Current ELISA methods used for measurement of ipilimumab and trastuzumab have a
lower limit of quantification LLOQ of 2 nM (325) and 1 nM (35, 326) respectively. These
ELISA methods require 1/100 dilutions of serum equivalent to the BLA-BLIP assay. The
BLA-BLIP assays can detect ipilimumab and trastuzumab at concentrations as low as
30 pM in 1% serum, which is an improvement on the sensitivity of current ELISA
methods. Additionally, the much shorter, 30-minute timeframe of the BLA-BLIP assay,
compared to the 3-4 h timeframe of ELISA detection methods (327) make the BLA-BLIP
assay a prospective alternative to current TDM methods. Designing a homogenous
assay with a colourimetric reporting system, like BLA-BLIP, has well established benefits
in relation to PoC devices. The colour change signal provides a simple visual read-out
without the requirement of specialised equipment. This makes for a user-friendly, cost-
effective diagnostic platform, ideal for low-resource settings to provide on-site analyte
detection. These benefits, however, are more applicable to the development of
qualitative tests, whereas this specific project requires quantitative analysis of serum
drug concentrations for effective TDM of immunotherapies. By utilising a plate reader to
measure changes in absorbance (Ass1) this sensor can be used for quantitative

measurements of TmAD titres.

The BLA-BLIP sensor presented here is classified by its switching mechanism as a
modular allosteric switch. Unlike proximity switches, also known as split enzyme
systems, allosteric switches maintain the full activity and stability of their reporter both in
an active and inactive state (169, 170). Therefore, they do not suffer from the

consequences of incorrect reassembly and subsequently compromised activity recovery
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(174, 177). This does, however, increase overall background activity, which must be

accounted for. Other modular systems, similar to the one presented in this study, have
also suggested a binding-induced conformational change as the driving force for sensor
functionality (302, 328, 329). Allosteric switch biosensors require special attention to the
linker lengths, specifically the distance between the recognition elements. When using
linkers to span IgG mAb variable regions, linker lengths significantly shorter or longer
than the distance between these regions (10 — 12 nm) impacts the signal output. Using
a consistent linker design between mAb targets has previously yielded versatile sensors

(329), hence the decision to replicate this.

Based on the data produced for BB_Rit and BB_Ada, showing a lack of signal in
response to their respective TmAb analytes, it can be speculated that there are issues
with the binding of the recognition elements when incorporated into the BLA-BLIP
enzyme switch, preventing them from functioning as intended. The schematic model of
the enzyme — inhibitor switch sensor (Figure 19) implies that the affinity of the
recognition elements must be above the threshold necessary to successfully disrupt the
BLA-BLIP interaction (Ki= 2.1uM) (169). SPR analysis showed low nM affinity values for
all four anti-ID binding reagents (Table 4). The calculated Kp are all within 12-fold of one
another and well above the threshold needed to disrupt the enzyme switch. The lack of
correlation between affinity and sensor activity suggest that low affinity is not the primary

cause of BB_Rit and BB_Ada inactivity.

The successful disruption of the enzyme inhibitor complex could be dependent on exact
binding geometries of the recognition elements, which is a difficult factor to control and
likely varies between targets. The binding sites on trastuzumab of Aff-Trast have since
been determined with hydrogen—deuterium exchange mass spectrometry (HDX-MS)
(330), and were as expected. Structural data on the binding of Aff-Rit and Aff-Ada to their
respective targets could help explain the lack of activity from BB_Rit and BB_Ada.

Previous work has confirmed that the BLA-BLIP switch mechanism requires two anti-ID
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binding proteins that interact with the variable regions of a TmAb to activate the reporter

enzyme (170). The lack of response from BB_Rit and BB_Ada could thus be due to the
inability of two Affimer proteins to bind simultaneously to the TmAb variable regions.
Indeed, the negative bridge ELISA responses for rituximab and adalimumab are in line
with this hypothesis. However, the bridge ELISA was also negative for the anti-
ipilimumab binding proteins, while the BB_Ipi sensor is functional. It can be speculated
that in the latter bridge ELISA, non-optimal orientation of the Affimer protein and
ipilimumab on the polystyrene plate, which is known to affect sensitivity of
immunodiagnostic procedures (331), prevents the assay from working adequately. Still,
no conclusive correlations between bridge ELISA activity and successful BLA-BLIP
sensors can be made and it is possible that BB_Ipi functions in an alternative, unknown
mechanism. Either way, a screening method that directly tests whether two binding
reagents can bind simultaneously would stimulate the development of BLA-BLIP sensor
constructs, as current screening methods for high affinity binders do not always translate

to binding proteins that are suitable for sensor development (137, 256).

2.6 Conclusion

The simple “one pot” set up of the BB_Trast and BB_lpi assays, which require no
washing steps like those necessary in ELISAs, means the assay can easily be adapted
into a diagnostic device for a point-of-care setting. This is in contrast to the standard tests
currently used for measuring TmAb concentrations such as LC-MS/MS and ELISA which
require skilled personnel and take multiple hours to produce results with LoD values in
the low nM range (33, 35, 299, 332). Comparatively, the sub-nM LoD and < 45-minute
timeframe of the BLA-BLIP assay would allow for the immediate action needed for

successful implementation of TDM.

The accurate monitoring of drug therapies with narrow therapeutic windows opens the

door to personalisation of dosage, which can improve treatment success and quality of
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patient life (73). Due to the universal shape of TmAbs alongside the BLA-BLIP sensor

mechanism of target driven disruption, easy adaptation of BB_Trast to three other
TmAbs was hypothesised. A 50% yield of successful implementation suggested that the
adaptation of BLA-BLIP to multiple TmAb targets is not as simple as expected, and
optimisation of each sensor would be recommended. Overall, two BLA-BLIP sensors
have been presented here that could detect clinically and therapeutically relevant TmAb
concentrations with comparable sensitivity to current ELISA methods in 1% serum and

significantly shorter run times, opening the opportunity for implementation in TDM.
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3 Chapter 3: Proximity switch biosensors for therapeutic

drug monitoring of immunotherapies.

3.1 Abstract

Concentration—therapeutic efficacy relationships have been observed for several
therapeutic monoclonal antibodies (TmAb), where low circulating levels can result in
ineffective treatment and high concentrations can cause adverse reactions. Rapid
therapeutic drug monitoring (TDM) of TmAb drugs would provide the opportunity to
adjust an individual patient’s dosing regimen to improve treatment results. However,
TDM for immunotherapies is currently limited to centralised testing methods with long
sample-collection to result timeframes. Here, four point-of-care (PoC) TmAb biosensors
are developed by combining anti-idiotypic Affimer proteins and NanoBiT split luciferase
technology at a molecular level to provide a platform for rapid quantification (< 10
minutes) for four clinically relevant TmADb (rituximab, adalimumab; ipilimumab and
trastuzumab). The rituximab sensor performed best with 4 pM limit of detection (LoD)
and a quantifiable range between 8 pM — 2 nM with negligible matrix effects in serum
up to 1%. After dilution of serum samples, the resulting quantifiable range for all four
sensors falls within the clinically relevant range and compares favourably with the
sensitivity and/or time-to-result of current ELISA standards. Further development of
these sensors into a PoC test may improve treatment outcome and quality of life for

patients receiving immunotherapy.

3.2 Introduction

In the previous chapters, issues with current therapeutic drug monitoring (TDM)
methods were explored with a focus on the lengthy processes and need for large
laboratory-based equipment operated by trained personnel, making them unsuitable for
rapid dose adjustment (297, 333). The introduction of a rapid point-of-care (PoC) dose

monitoring platform for TmAbs provides a feedback mechanism so drug concentrations
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can be maintained within the therapeutic range with the potential of improving

treatment efficacy and patient quality of life (300). To overcome the lengthy processes
(>> hour) of detection methods like enzyme linked immunoassays (ELISA),
homogenous immunoassays, also known as mix-and-read assays, are being
developed for diagnostic applications (169, 170, 177, 195, 196, 334). These simple
assays forgo the need for immobilisation or wash steps, making them ideal candidates

for implementation into PoC settings.

A one-component, colourimetric sensor design was first used to create a sensitive,
selective and rapid therapeutic drug monitoring platform for immunotherapies which is
explored in detail in Chapter 2: One component modular allosteric enzyme-inhibitor
switch biosensor for therapeutic drug monitoring of immunotherapies. Although this
design provided an effective detection method for ipilimumab and trastuzumab, it was
less modular than expected and could not be easily adapted for the detection of
rituximab and adalimumab. Developing an adaptable platform that can be used for the
detection of a range of targets was a major aim of this project, to this end, the one-
component modular protein switch was unsuitable so a decision to explore alternative
protein switch sensor designs was made. In order to keep the chapters of this thesis as
self-contained as possible, repetition of some relevant points will occur throughout this

chapter due to the similar aims of the work conducted in the previous chapter.

One potential homogenous assay method is the split enzyme system, commonly
referred to as a proximity switch (145). These systems rely on splitting a reporter,
usually an enzyme, into two inactive fragments which produce no signal individually or
when mixed at concentrations well below the binding affinity of the two fragments (172-
174). The inactive split enzyme fragments are each genetically or chemically fused to a
recognition element that bind non-overlapping epitopes of the target analyte. Binding of

the recognition elements co-localises the two inactive reporter fragments, increasing
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their effective concentration and prompting re-assembly of the active enzyme, the

activity of which can be measured (177, 180, 195, 196).

As discussed earlier, monoclonal antibodies (mAb) are valuable therapeutic agents
with widely employed immunotherapies for autoimmune disorder management and
cancer treatment (288, 290). Therapeutic monoclonal antibody (TmAb) treatments are
predominantly immunosuppressive or immune targeting agents (285, 287), and
although TmAbs are generally well tolerated, there have been instances of severe
adverse reactions (SARs) due to their promiscuous pharmacological profiles (Table 3)
(244, 289, 291, 292, 295, 296). Moreover, an association between inadequate serum
mADb concentration and lack of therapeutic response, alongside interpatient variability
of TmAb pharmacokinetics suggest that regular TDM would be beneficial (293). An
inverse relationship between serum levels of rituximab, and the quantity of circulating
B-cells has been observed in individuals with B-cell ymphoma. Additionally, elevated
tumour burden is linked with diminished concentrations of rituximab in the serum (33,
335). Case studies of TDM of rituximab in B-cell ymphoma treatment have suggested
a strong correlation between treatment response and higher trough concentrations as
well as improved survival rates, showcasing the benefits of TDM in immunotherapy
(336, 337). Similarly, maintaining a trough concentration > 1.5 ug mL™" of TmAb therapy
in Crohn’s disease management can improve the remission rate of patients by 76%

(338).

Here, the development of a homogenous split enzyme assay for the detection of the
four routinely used TmAb treatments (adalimumab, ipilimumab, rituximab and
trastuzumab) introduced in the previous chapter is described. The sensor combines the
same Affimer proteins utilised earlier as recognition elements with an established split-
luciferase, NanoLuc® Binary Technology (NanoBiT) (145, 195, 196). The NanoBiT
fragments reassemble into the functional luciferase which, in the presence of molecular

oxygen, oxidises coelenterazine (CTZ), an imidazopyrazinone containing luciferin, into
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a coelenteramide (CEl), in a cofactor-independent decarboxylating reaction to generate

blue light. Further optimisation of the NanoLuc system found superior activity when
oxidising the novel imidazopyrazinone substrate furimazine (FMZ) into furimamide
(FMA) (Figure 31) (339, 340). The commercial substrate sold by Promega, and used
throughout this chapter, is known as Nano-Glo and contains approximately 20 uM of
furimazine. Affimers are non-immunoglobulin-binding proteins and offer the benefit of
being small, stable, and easily expressed as recombinant proteins when fused
genetically to split-enzyme fragments (170, 195, 262, 303). TmADbs, like all mammalian
monoclonal antibodies, contain two identical variable regions and thus only one Affimer
needs to be selected, as two copies can be used to target non-overlapping epitopes

(Figure 32).

With previous work supporting the NanoBiT system as a method of detecting proteins
in biological fluids (195), the Affimer-NanoBiT system presented here was expected to
provide a rapid and sensitive alternative for TDM of TmADb levels that could be

implemented into a PoC setting.
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Figure 31. Bioluminescence from the NanoBiT system relies on the reaction
between the reconstituted NanoLuc luciferase enzyme and the substrate
furimazine commercially known as Nano-Glo. In the presence of molecular oxygen,
NanoLuc reacts with furimazine to produce furimamide and a luminescent output.

Chemdraw (RRID:SCR_016768) software was used to draw chemical structures.
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Figure 32. Schematic diagram of Affimer — NanoBiT mechanism of sensing

monoclonal antibodies. The luciferase fragments LgBiT and SmBiT101 are attached
to the binding reagents via short GSG linkers to create two separate sensor
components. Antibody binding colocalizes the LgBiT and SmBiT, promoting
reconstitution of the enzyme and bioluminescence upon addition of Nano-Glo
Substrate.
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3.3 Experimental Methods

3.3.1 Sensor Cloning

The DNA and primers (Integrated DNA Technologies) used in this method are detailed
in the Appendix C: DNA and Protein Sequences and Appendix A: Primer tables
sections, respectively. All sensor constructs were generated in a pET28a vector
containing Nhel, Notl, Spel and Sall restriction sites between the Ncol and Xhol sites of
the vector, with an in-frame 6xHis-tag sequence and stop-codon following Xhol.
Sequential restriction enzyme cloning was used to insert DNA encoding LgBiT, SmBIiT
(101) or Affimer sequences between Nhel/Notl and Spel/Sall and a (GSG); linker
sequence between Notl and Spel. The vector was digested with appropriate restriction
enzymes (NEB), dephosphorylated with antarctic phosphatase (NEB), separated on an
0.7% agarose gel, and then purified. All DNA was purified using the lllustra GFX PCR
DNA and Gel Band Purification Kit (GE Healthcare). The synthetic DNA encoding
LgBiT was purchased from Genscript in pUC57 vector. Affimers were encoded in a
previously described pEtLECTRA vector (303). This insert DNA was PCR amplified
with primers encoding appropriate restriction sites, then treated with Dpnl (NEB) to
remove parental vector DNA. Insert DNA encoding SmBiT101 and (GSG); linker
sequences were generated by PCR of overlapping primers encoding appropriate
restriction sites. Amplified insert DNA was purified, digested with appropriate restriction
enzymes (Table 6) and then re-purified. The digested vector and insert were ligated
with T4 DNA ligase (NEB) and transformed into E. coli XL-1 competent cells (Agilent
Technologies) (genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F”
proAB laclq ZAM15 Tn10 (Tetr)). Plasmid DNA was purified using the ChargeSwitch
Pro Plasmid Miniprep Kit (Invitrogen) and successful generation of constructs was

confirmed by sequencing (Genewiz) with T7 / T7term primers.
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Table 6. Restriction sites flanking N- or C-terminal recognition elements used for
sub-cloning of sensors.

Restriction Sites Sensor Position
Nhel and Notl N-terminal recognition element
Spel and Sall C-terminal recognition element

3.3.2 Sensor Expression and Purification

The pET28a vectors with sensor constructs were transformed into E. coli BL21* (DE3)
cells (genotype: F- ompT hsdSB (rB-mB-) gal dcm rne131). A 1 mL starter culture was
added to 50 mL LB media (with 50 ug mL™" kanamycin) and grown at 37°C, 220 RPM
before induction at ODsgo ca. 0.6 with 0.3 mM isopropyl-3-D-thiogalactoside (IPTG) and
grown overnight at 16°C, 180 RPM. Cells were harvested at 4000 xg for ca. 20 min,
resuspended in 4 mL lysis buffer (pH 7.4, 50 mM Tris, 300 mM NaCl, 10 mM imidazole,
0.1 mg mL™" lysozyme, 1X cOmplete EDTA-free protease inhibitor (Merck), 0.001% v/v
benzonase nuclease (Merck)) and incubated on a roller mixer for 1 hour at 4°C. Cells
were lysed by sonication (UP50H, Hielscher) for 2 min (5s on / 5s off) at 100%
amplitude then pelleted at 17000 xg for 20 min. The supernatant was added to 250 uL
Super Co-NTA resin (Generon) that had been pre-equilibrated with wash buffer (pH
7.4, 50 mM Tris, 300 mM NaCl, 10 mM imidazole) and was then incubated on a roller
mixer for 1 hour at 4°C. The resin was washed thrice with 5 mL wash buffer and protein
eluted with 3 x 0.5 mL elution buffer (pH 7.4, 50 mM Tris, 300 mM NaCl, 300 mM
imidazole). Pure fractions (as assessed by 15% SDS-PAGE) were buffer exchanged
into storage buffer (50 mM Tris, 150 mM NaCl, pH 7.4) using Zeba spin desalting
columns (ThermoFisher). Protein concentration was determined by BCA assay and

aliquots stored at -80°C.
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3.3.3 Sensor Characterisation

3.3.3.1 Target mAbs

Target analytes were obtained as described in section 2.3.4.1.

3.3.3.2 NanoBiT assay (in buffer)

Assays were performed in PBSB (pH 7.4, PBS + 1 mg mL™ BSA) dilution buffer. 10 pL
LgBIT sensor (5x final conc.), 10 yL SmBIT sensor (5x final conc.) and 5 yL mAb
(InvivoGen) (10x final conc.) were added to a well of a white no-bind 384-well plate
(Corning) and incubated for 30 mins, 25°C, shaking. Then 25 uL of 1:500 Nano-Glo
was added to give a final dilution of 1:1000. Luminescence was read (500 ms
integration) on a Tecan Spark plate reader. Parameter changes for optimisation are
depicted in the results section. Unless otherwise specified in figure legends, these
assays were performed with 30 min. incubation between Affimer-constructs and TmADb,

followed by addition of 1:1000 NanoGlo and bioluminescence read after 2 min.

3.3.3.3 NanoBiT assay (with serum)

For experiments in 0 — 1% serum, assays were performed in PBSB (pH 7.4, PBS + 1
mg mL™" BSA) dilution buffer. 10 yL 10 nM LgBiT + 10 nM SmBIT in PBSB (2 nM each
final conc.) and 5 yL mAb (InvivoGen; 10x final conc.) in PBSB were added to 10 pL
human serum (Clinical Trials Laboratory Services) at 5x the final concentration (in
PBSB) in a white no-bind 384-well plate (Corning) and incubated for 30 mins, 25°C,

shaking.

For experiments in 5 and 50% serum, assays were performed by first preparing stock
solutions (LgBiT, SmBIT, mAb) in either 10% human serum with PBSB or 100% human
serum. 10 yL of 10 nM LgBiT sensor (5x final conc.), 10 pyL of 10 nM SmBIT sensor (5x
final conc.) and 5 yL mAb (InvivoGen; various concentrations at 10x the final conc.)
were added together in a well of a white no-bind 384-well plate (Corning) and

incubated for 30 mins, 25°C, shaking.



-107 -
For all assays, bioluminescence was initiated by addition of 25 uL of 1:500 Nano-Glo to

give a final dilution of 1:1000. Luminescence was read (500 ms integration) on a Tecan
Spark plate reader. Parameter changes for optimisation are depicted in the results

section.

3.3.4 Data analysis

All data analysis was performed using GraphPad, Prism software version 9.0. Graphs

presented as fold gain refer to:
[RLU (X nM TmAb) / RLU (0 nM TmAb)].

Optimisation experiments presented as the mean of at least 2 repeats + SEM unless
specified otherwise. Intra- and inter-assays presented as n=3 or N=3 + SEM. Statistical

significance was determined as P<0.05, using one-tailed homoscedastic t-tests.

The four-parameter logistic (4PL) non-linear curve fits were used. This is a
mathematical model commonly used to describe dose-response or concentration-
response relationships. It employs four key parameters: the bottom plateau
representing the minimum response, the top plateau representing the maximum
response, the Hill slope indicating the steepness of the curve, and the EC50 (Effective
Concentration 50) signifying the concentration that produces a response halfway

between the minimum and maximum.

Limit of detection (LoD) was defined as the lowest concentration of analyte that

produced a reading above a minimal value (RLUmin):
RLUmin = RLUblank + 1.645 (SDblank) + 1-64'5(~S‘Dlow COTLC.)

in which RLUbiank is the average reading without analyte, SDyiank is the standard
deviation of samples without analyte and SDiow conc. is the standard deviation of samples
with analyte at the lowest concentration for which a signal above baseline is produced

(163).
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Accuracy of assay performance was measured as percentage recovery:

% recovery = (mean interpolated concentration/nominal concentration) X 100%
And precision measured as percentage coefficient variation:

% CV = (SD interpolated concentration/mean interpolated concentration) X 100%

3.4 Results

3.4.1 Selection and characterisation of binding proteins
The selection of the Affimer proteins is detailed in section 2.4.1. The same Affimer
proteins selected against target antibodies trastuzumab, rituximab, adalimumab, and

ipilimumab are used as recognition elements throughout this section.

3.4.2 Split Luciferase sensor development

Luciferase enzymes are commonly used in split enzyme proximity switches with
successful recombination seen from multiple luciferases (189, 191, 341). An
engineered catalytic subunit of a luciferase from the deep-sea shrimp (Oplophorus
gracilirostris) was isolated and termed NanoLuc (145, 194). The small size and high
stability of this luciferase subunit allows for splitting of NanoLuc into two inactive
fragments that recover their enzymatic activity with reassembly, known as the NanoBiT
system (145, 195, 196). Here the 18 kDa LgBiT and 11 amino acid SmBiT101 peptide
(VTGYRLFEKES) were used as the reporter fragments. The LgBiT and SmBiT101
fragments were genetically fused to either the N-terminus or C-terminus of the anti-
idiotypic binding reagents to produce four pair combinations for each TmAb. A (GSG);
peptide linker was inserted between the NanoBiT fragment and the binding reagent.
One letter codes for the LgBiT (L) and SmBiT101 (S) fragments will be used, as well as
for the four Affimers raised against the four TmAbs (adalimumab, A; ipilimumab, I;
rituximab, R; and trastuzumab, T). The order of the one-letter codes represents N-

terminal vs C-terminal constructs with, for instance, L-A denoting an Affimer against
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adalimumab with an N-terminal LgBiT fragment, connected via a (GSG)y linker. Full

protein sequences are given in the Appendix C: DNA and Protein Sequences. All 16
possible combinations were constructed and expressed in E. coli and purified via a C-

terminal 6xHis-tag (Figure 33).

Figure 33. 15% SDS-PAGE of purified Affimer-NanoBiT sensors. Top: visualisation
of anti-ID Affimer NanoBiT construct where the luciferase fragment has been attached
to the C-terminus of the Affimer protein with a polypeptide linker. Bottom: visualisation
of anti-ID Affimer NanoBiT construct where the luciferase fragment has been attached
to the N-terminus of the Affimer protein with a polypeptide linker.
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To determine the optimal sensor pair combinations for TmAb quantification, 2 nM of

each sensor pair was incubated with a range of 0 — 100 nM respective TmADb, and after
addition of substrate, bioluminescence was measured (Figure 34). A 2 nM component
concentration was chosen as a starting point for initial experiments due to previous
success when detecting other biomarkers (195). Sensor pairs displayed responses
ranging from 5-fold to 170-fold gain in bioluminescence. An obvious hook effect is
observed at > 10 nM TmADb titres, which is likely due to the excess of TmAD relative to
the split enzyme-Affimer constructs (2 nM). When TmADb is in excess, it is stochastically
likely only one Affimer binds to each TmADb (Figure 35). Even without excess it is
possible that two SmBIT or two LgBiT fragments bind to the same TmAb, which should
reduce the ensemble signal. Still, the binding affinity between the SmBiT101 and LgBiT
fragments will provide a slight thermodynamic advantage to the formation of a

SmBiT101-LgBiT-TmAb complex.
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Figure 34. selection of best LgBiT / SmBiT101 NanoBiT sensor combinations for

each TmADb target. A: anti-adalimumab sensor pairs, B: anti-trastuzumab sensor pairs,

C: anti-rituximab sensor pairs, D: anti-ipilimumab sensor pairs. 10 uL of each sensor, to

a final concentration of 2 nM, were incubated with 5 uL of target TmAb at final

concentrations ranging from 0.001 — 100 nM. Plates were incubated at 25°C, shaking

for 30 minutes. 25 uL of NanoGlo diluted 1:500 was then added, and luminescence

readings taken immediately (t = 0). Sigmoidal, 4 parameter logistic (4PL) fits were used

on data points up to a concentration of 10 nM. Due to the evident hook effect at 100

nM, these data points were not included in the fit and the curve was extrapolated for

these points. n=1.
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Figure 35. Four sensor combinations were trialled for each target TmAb, and the
optimal pair chosen for each. Raw luminescence data (Left) and fold gain data
(Right) from NanoBiT assays performed on the best performing LgBiT / SmBIiT101
pairs selected for each target TmAb. Sigmoidal, 4 parameter logistic (4PL) fits were
used on data points up to concentrations of 10 nM. Due to the evident hook effect at
concentrations of 100 nM, these data points were not included in the fit and the curve

was extrapolated for these points. n = 1.

The best sensitivity and activity fold gain was seen by the L-R / S-R sensor pair against
rituximab and thus this rituximab sensor was chosen to further optimise the assay
conditions (Figure 36 — Figure 41). First, the ideal sensor concentration was
determined (Figure 36). Higher concentrations of LgBiT and SmBiT components
resulted in a larger relative light unit (RLU) response but also contributed to much
higher background complementation. In contrast, the lowest concentration had much
lower background, but reduced the maximum analyte-driven reconstitution. To account

for both extremes a mid-range concentration of 2 nM for each sensor component was
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Figure 36. Assay optimisation: The higher the concentration of sensor
components, the less sensitive the assay. RLU (left) and Fold gain (right) data from
NanoBiT assays performed on the selected optimal LgBiT / SmBiT101 pair for
rituximab with varying sensor concentrations. Measurements taken 2 minutes after
Substrate incubation. Sigmoidal, 4 parameter logistic (4PL) fits were used on data
points up to X = 10 nM. Due to RLU measurements of the 10 nM sensor pair at X = 10
nM being over the limit of RLU measurement of the Tecan, the fits were extrapolated
for these points, but no data points were plotted. n = 2, data is plotted as a mean of 2

repeats with £SEM, where error bars are not visible, they are within the symbol.

Optimal substrate concentration and incubation time before taking readings were then
established (Figure 37 and Figure 38). Increasing substrate concentration increases
the RLU, but also the time required before maximum activity is observed (Figure 37B).
After an initial rise between 2 to 5 min, the signals slowly decayed over time (Figure
37B and Figure 38). When analysed in terms of fold-gain, differences were significant
but very small (Figure 39 and Figure 37A). To optimise the assay for speed and
sensitivity, bioluminescence was recorded 2 minutes after addition of the substrate

(NanoGilo) at a dilution factor of 1:1000 in the final assay.
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Figure 37. Assay optimisation: Use of higher concentrations of substrate (1:50)
can affect the sensitivity of the assay. A: The fold-gain luminescence signal of anti-
rituximab sensor (L-R/S-R) in response to increasing concentrations of rituximab, using
varying dilutions of the NanoGlo substrate. Luminescence measurements were taken 2
minutes after substrate addition. Sigmoidal, 4 parameter logistic (4PL) fits were used.
B: Signal decay is more rapid at lower concentration of substrate (1:2000). Change in
fold-gain luminescence signal of anti-rituximab sensor (L-R/S-R) in response to 10 nM
rituximab, plotted against time for four dilutions of NanoGlo substrate. RLU readings
were taken every 2 minutes from 0-30 minutes post substrate incubation. Non-linear
regression curves were fitted to the data using a one phase exponential decay

equation:
Y = Span - e XX + Plateau

starting at X = 2 minutes for 1:4000 and 1:1000 and at X = 4 minutes for 1:400 and

1:100. Data points were plotted as n = 3 with error bars representing +tSEM.
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Figure 38. Assay optimisation: Luminescence signal decay begins 2 minutes
after substrate addition. Change in fold-gain luminescence signal of anti-rituximab
sensor (L-R/S-R) in response to 10 nM and 1 nM rituximab, plotted against time. RLU
readings were taken every 2 minutes from 0-30 minutes post substrate incubation.
Non-linear regression curves were fitted to the data using a one phase exponential
decay equation Y = Span - e XX + Plateau starting at X = 2 minutes. Data points

were plotted as n = 2 with error bars representing +SEM.
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Figure 39. Assay optimisation: RLU measurements are highest 2 minutes after
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Another aspect of the NanoBIiT assay that could be optimised was the incubation time
between the Affimer constructs and TmADb (at 25°C) prior to substrate addition (Figure
40). Maximum activity was already observed within 2.5 min, with the signal remaining
stable thereafter. Therefore, and to allow time to prepare multiple tests at once, a 25°C
incubation step of > 2.5 minutes should be used before adding the substrate.
Importantly, when all reagents are prepared in advance, the time-to-results of the

optimised assay is under 10 minutes.
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Figure 40. Assay optimisation: The shaking incubation time does not impact the
sensitivity of the assay. Fold gain data from NanoBiT assays performed on the
selected optimal LgBiT / SmBiT101 pair for rituximab (L-R/S-R) with varying shaking
incubation time at 25°C. Measurements taken 2 minutes after substrate incubation.

Sigmoidal, 4 parameter logistic (4PL) fits were used. Data points were plotted as n = 1.

The functionality of the NanoBIiT sensor assay in pooled human serum was tested to
establish its feasibility as a PoC TDM test. No significant difference in maximum fold
gain of bioluminescence signal was detected in up to 1% pooled human serum
(P>0.05) (Figure 41). However, sensor activity was significantly diminished in 50%
serum. The serum sample dilution was optimised so that the therapeutic range of
rituximab was within the linear range of the interpolated curve. The therapeutic range of
rituximab is approximately 150-500 nM (342). In 0.1% serum the LOD of the rituximab
NanoBiT assay is ~ 8 pM (see below), therefore, a 1000x dilution of serum samples

would result in TmAb concentrations quantifiable in this assay.
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Figure 41. Assay optimisation: L-R/S-R is functional in up to 10% pooled human
serum. The fold-gain luminescence signal of anti-rituximab sensor (L-R/S-R) in
response to increasing concentrations of rituximab, in varying dilutions of pooled
human serum. Luminescence measurements were taken 2 minutes after substrate
addition. Sigmoidal, 4 parameter logistic (4PL) fits were used. Data points were plotted
asn=3(0%, 0.1%, 0.4%, 1%) or n = 2 (6%, 50%), error bars represent +SEM.

Before applying the optimised protocol to the other three sensor pairs, the specificity of
each sensor was tested against the four TmAbs and blank buffer as a measurement of
bioluminescence (Figure 42). All sensors are highly specific to their target TmAb, with

no response to non-specific TmADb targets significantly higher than buffer (P>0.05).
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Figure 42. The four best performing sensor combinations for each target TmAb
are highly specific for their respective TmAb. Raw luminescence from NanoBiT
assays performed on the selected optimal LgBiT / SmBiT101 pairs for all four target
TmAb. A final concentration of 2 nM LgBIiT and SmBIT were used with 5 ug mL™" (35
nM) of each TmAb. Data are presented as a mean of 3 repeats with error bars

representing +SEM.

Finally, performance and intra-assay and inter-assay variability were determined for the
four best-performing sensor combinations for each of the TmAb. In the final optimised
assay, 10 pL of 10 nM (2 nM final concentration) SmBiT101 and 10 nM LgBiT was
incubated with 10 uL 0.5% pooled human serum (0.1% final concentration) and 5 pL of
varying TmAb concentration from 0.005 — 2500 ng mL™ (~ 16 fM — 17 nM) for 5
minutes shaking at 25°C. 25 uL 1:500 dilution of NanoGlo substrate (final dilution
1:1000) was then added and bioluminescence readings were taken after 2 minutes. For

intra-assay assessment, measurements were taken as n = 3 performed on the same
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plate (Figure 43A, Figure 44A) and to determine inter-assay variation, 3 independent

measurements were taken on separate dates for each target analyte, N = 3 (Figure
43B, Figure 44B). Concentrations from 0.005 — 2500 ng mL™" (~ 16 fM — 17 nM) were
used to create a standard curve and concentrations interpolated back to determine
percentage recovery and percentage coefficient of variance (CV) to assess accuracy
and precision respectively. Quantifiable ranges were subsequently calculated by
percentage recovery between 80% and 111% and percentage CV < 20% (or < 25% at

limit of quantification) (307).
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Figure 43. All four TmAb NanoBiT sensors have similar quantifiable ranges. Data
on all sensors at 2 nM in response to increasing concentrations of their respective
TmAb. Assays were performed in 0.1% pooled human serum, incubated for 5 minutes
shaking at 25°C, and RLU measurements taken after 2 minutes. Standard curves were
interpolated for all four sensors using sigmoidal, 4 parameter logistic (4PL) fits. An = 3,
performed on the same day with the same reagents. B N = 3, performed on separate
days, using fresh reagents. Data is presented as fold gain activity and error bars

represent £SD.
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Figure 44 .Standard curves of all four TmAb sensor pairs depicting LoD values.
Data on all sensors at 2 nM in response to increasing concentrations of their respective
TmAb (0.005 — 2500 ng mL™"). Assays were performed in 0.1% pooled human serum,
incubated for 5 minutes shaking at 25°C, and RLU measurements taken after 2
minutes. Standard curves were interpolated for all four sensors. A & Cn = 3,
performed on the same day with the same reagents. B & D N = 3, performed on
separate days, using fresh reagents. Data points were plotted as raw RLU data (A &
B) or fold gain from 0 analyte blank measurements (C & D), error bars represent
+SEM. Limit of Detection (LoD) values indicated with dashed line. Interpolation of

standard curves were completed using Prism 9 GraphPad software.



Table 7. Sensitivity (LoD), accuracy (% recovery), and precision (% CV) of TmAb NanoBiT assays, as determined from raw

bioluminescence (Figure 44 A&C), or fold gain data (Figure 43, Figure 44 B&D), to define a quantifiable range.

Intra-assay Intra-assay Inter-assay Inter-assay
Sensor target Feature
(Raw data) (Fold gain) (Raw data) (Fold gain)
Sensitivity (LoD) 8 pM 8 pM 17 pM 4 pM
rituximab Quantifiable range 8 pM - 17 nM 8 pM - 17 nM 17 pM - 269 pM 8 pM -2 nM
(L-R/ S-R) % Recovery 82 -110% 82 -110% 95— 109% 96 — 106%
% CV 1-15% 0.5-18% 5-18% 5—-24*%
Sensitivity (LoD) 17 pM 17 pM 269 pM 67 pM
trastuzumab Quantifiable range 33 pM -2 nM 33 pM -2 nM 540 pM — 5 nM* 269 pM — 17 nM
(L-T/ T-S) % Recovery 82 -110% 82 -110% 88 — 109% 88 - 110%
% CV 1-10% 1-10% 53 — 54% 3-17%
Sensitivity (LoD) 8 pM 134 pM 33 pM 17 pM
ipilimumab Quantifiable range 134 pM - 2 nM 134 pM -2 nM 33 pM — 269 pM' 33 pM-5nM
(I-L / 1-S) % Recovery 91-101% 93 -110% 92 - 111% 86 —111%
% CV 1-10% 1-6% 15-61% 1-20%
Sensitivity (LoD) 8 pM 8 pM 67 pM 33 pM
adalimumab Quantifiable range 33 pM -4 nM 33 pM -8 nM 67 pM -2 nM 67 pM -5 nM
(L-A / S-A) % Recovery 92 - 105% 92 - 108% 88— 109% 81— 109%
% CV 1-5% 1-9% 0.5-18% 1-19%

*%CV precision metrics > 20% only at the limit of quantification TQuantifiable range based on % recovery only
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3.5 Discussion
TDM is a valuable tool when using immunotherapies or immunosuppressive agents
which can improve patient outcomes (73). TDM requires the measurement of drug
concentrations in blood samples immediately before and immediately after each
cyclical dosage to determine peak and trough concentrations (343). Knowledge of
these values provides the possibility of immediate dose adjustment for an individual, as
well as providing valuable data on the pharmacokinetic (PK) and pharmacodynamic
(PD) profile of the drug in question. These parameters can inform clinical staff on how
to maintain an effective circulating drug concentration. Currently, TDM is performed on
rituximab, ipilimumab, adalimumab and trastuzumab in an ELISA format (33-35, 325,
343), but these require long wash and incubation steps leading to slow time-to-result

thus limiting the effect of TDM.

The TmAb NanoBiT assays developed here measured TmADb drug levels accurately
and precisely, down to reported trough concentrations for all four therapeutics with a
time-to-result of under 10 minutes. Intra-assay variability for the sensors developed
was low, with high sensitivity, accuracy and precision when detecting TmAb in 0.1%
pooled human serum. When assessing inter-assay variability, the sensors against
rituximab and adalimumab exhibited high sensitivity, accuracy, and precision (Table 7).
Sensors against trastuzumab and ipilimumab showed high sensitivity and accuracy, the
precision of these sensors was improved by analysing fold-gain data. Normalisation of
the data against blank measurements to give fold-gain values recovered the %CV
values of these sensors to provide a wider range of quantification. Substantial intra-
and inter-assay variability is commonly seen in binding assays when using raw data
due to a range of condition variations (344). Utilising blank or background signal to
produce normalised ratio values works as a local control which limits confounding
factors and specimen-to-specimen variability, giving more consistent results (345). The
use of fold-gain data improved LoD and the upper limit of quantification (ULOQ) (Table

7).
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Table 8. The reported limit of detection, dilution factor and timeframe to result of
commercially available ELISA kits for the detection of rituximab, adalimumab,

ipilimumab and trastuzumab in human serum. Reported performance of
LUMinescent AntiBody Sensor (LUMABS) for the detection of trastuzumab (346).

Commercial Dilution
TmADb Biosensor LoD Time
ELISA Factor
ab237640
rituximab ~ 31 pM 1000 x ~2.5 hrs
(Abcam)
ab237641
adalimumab ~ 68 pM 10 x ~2.5 hrs
(Abcam)
ab237645
trastuzumab ~75pM 1000 x ~2.5 hrs
(Abcam)
ab237653
ipilimumab ~ 67 pM 300 x ~2.5 hrs
(Abcam)
~303
trastuzumab LUMABS N/A ~2.5 hrs
nM

Bioluminescent reporters are appealing for PoC applications as they do not require
external excitation and have been used in the development of homogenous assays for
the detection of mAbs (346-348). One such example is the LUMinescent AntiBody
Sensor (LUMABS) which has been adapted for quantification of trastuzumab (346)
(Table 8). Similar to the assay reported here, LUMABS is a homogenous assay that
does not require wash steps, however, requires 2.5 hours of incubation prior to signal
output. The sensitivity of this system for trastuzumab detection is 5x lower than the
reported sensitivity of the TmAb NanoBiT, however, due to the ratiometric nature of the
LUMABS signal, undiluted serum samples can be used. Including the time taken to
dilute serum, the TmAb NanoBiT sensor would still be 10x faster than LUMABS.
Paper-based adaptions of LUMABS for mAb detection have decreased the time-to-

result, however this has not yet been used for quantification of TmAbs (348). LUMABS
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use antibody epitopes as recognition elements which are highly selective but require
prior knowledge of epitope binding. The use of Affimer proteins, which can be selected
through phage display, broadens the scope of targets the NanoBiT system can be
adapted to. As an alternative to epitopes, de novo proteins have since been

implemented into LUMABS (347).

The sensitivity of the TmAb NanoBiT biosensor would allow for substantial dilution of
patient samples to keep analyte concentrations within the range of quantification.
Trough concentrations of rituximab are reported between 8 — 400 nM (349), with
circulating levels < 84 nM after the first cycle of treatment associated with poor
treatment outcome for follicular lymphoma patients (343). With a 1000x dilution of
serum samples, the minimal effective concentration (Cnin) falls within the TmAb
NanoBiT assay range of quantification. The current standard for serum rituximab
measurements is an ELISA with a LoD of 3 ng/mL (=31 pM) in commercial kits using a
1000x diluted serum sample (Table 8). The LoD (4 pM) and LLOQ (8 pM) of the
sensors presented here are thus in the same range with the significant advantage of a
shorter timeframe, with sample collection to result possible within 10 minutes if
reagents are preprepared. Similarly, the quantifiable range for the ipilimumab and
trastuzumab sensors cover the reported trough concentration range and Cnin values for
both drug therapies (35, 318), while the LoD and LLOQ are in the same range as
commercially available ELISA kits (Table 8). The sensitivity of these biosensors also
compares favourably to other split luciferase assays developed for monoclonal
antibody detection (350, 351). Besides the improvement in time-to-result, homogenous
assays as employed here do not require any wash steps and are thus ideally suited to

be developed into bedside or PoC sensors.

During the maintenance period (between dosing), adalimumab concentrations < 50 nM
in paediatric cases and < 35 nM in adult cases are associated with irritable bowel
disease (IBD) and Crohn’s disease remission (34, 352, 353). Currently the adalimumab

sensor has a LLOQ of 67 pM and after serum dilution samples with adalimumab
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concentrations < 50 nM would be just outside of the quantifiable range. During the
optimisation stage of this work there was minimal difference in assay activity in up to
1% serum. To this end, higher serum concentrations could be trialled to obtained lower
LLOQ for the adalimumab sensor. Assay optimisation was performed on the rituximab
sensor L-R/S-R, so it is unsurprising that this was the best-performing sensor.
Performance of the adalimumab sensor could possibly be further improved with

individual optimisation.

Biosensor performance has so far been validated by spiking pooled human serum,
further assessment using patient samples would provide better insight into the real-
world applications. The 1:1000 dilution factor applied to spiked samples to maintain
TmADb concentrations within the quantifiable range, would suggest that any matrix
effects would be negligible. However, there are elements within patient samples that
are not represented by pooled serum from healthy individuals. As already discussed in
the previous chapter, tumour shedding in advanced HER2+ breast cancer produces
circulating exosomes containing HER2 extracellular domain (ECD) which can bind to
and reduce the pharmacological effect of trastuzumab (320). Biological treatments,
such as immunotherapies, also carry the risk of developing anti-drug antibodies
(ADAs). For patients treated with trastuzumab, ipilimumab and rituximab, the risk of
ADA formation is low (354), however, the prevalence of ADAs in adalimumab treatment
is much higher(355). HER2 ECD and ADAs typically interact with the variable regions
of TmADb, with inhibitory effects. The remaining free (pharmacologically active) TmAb
concentration is the target of TDM (322). It can be speculated, with recognition
elements targeting the variable regions of TmADb, that the NanoBiT sensing system
would not measure bound, inactive TmAb concentrations. Future testing of the TmAb
NanoBiT sensors on samples taken from patients undergoing these treatments would

help inform on the applicability as a PoC test.
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3.6 Conclusion
In conclusion, a TmAb NanoBiT assays was developed by combining anti-idiotypic
Affimer proteins and NanoBIT split luciferase technology to provide a platform for rapid
quantification of four immunotherapies. Assay conditions such as incubation time,
sensor component and substrate concentration were optimised to develop an assay
with a possible time-to-result within 10 minutes. Low pM LoD values and quantifiable
ranges that fall within the therapeutic ranges of ipilimumab, rituximab and trastuzumab
were determined in 0.1% spiked human serum. The sensors for detection of these
three TmAbs had comparable or improved performance metrics to the current ELISA
standards. The possibility of a time-to-result within 10 minutes without any wash steps
make the sensors presented here an appealing alternative to ELISA detection, with the

prospect of implementing into a PoC device in the future.

The concentration-therapeutic efficacy relationship of therapeutic monoclonal
antibodies means that serum drug concentrations outside of the therapeutic window
can have negative impacts on patient health. TDM for immunotherapies is currently
limited by centralised testing methods with long sample-collection to result timeframes.
The TmAb NanoBiT assays, with a time-to-result within 10 minutes, could thus improve
patient welfare by providing the opportunity for rapid, precise dose adjustments to

improve treatment outcomes and prevent adverse reactions.
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4 Chapter 4: Nanobodies as effective recognition elements
within chimeric protein switch biosensors

4.1 Abstract

Nanobodies have gained recognition as versatile affinity reagents, showing promise in
diverse applications, including diagnostics and therapeutics. Their small size, high
affinity, and specificity make them comparable to Affimer proteins. This research
explores the potential of V4H and Vnar nanobodies as recognition elements in chimeric
protein switch biosensors for point-of-care applications. The study builds upon the
introduction of two biosensor formats, BLA-BLIP and NanoBiT, which originally utilised
Affimer proteins. The construction of these biosensors involves genetic fusion and
recombinant protein expression, with a focus on bacterial expression systems. The
limitations of bacterial expression systems for eukaryotic proteins with disulphide
bonds, and strategies for achieving efficient protein yields are discussed. Notably, the
number of disulphide bonds negatively correlated with expression as globular proteins
outside of inclusion bodies in E. coli. The use of denaturation and dilution-mediated
refolding led to successful extraction and purification of nanobody NanoBiT sensor
constructs. The resulting proof-of-concept sensor displayed high sensitivity and
specificity, with a low pM limit of detection and a broad quantifiable range. This work
provides a foundation for the development of rapid, cost-effective, and clinically
relevant nanobody NanoBiT biosensors, with the potential to transform protein

detection in healthcare applications.

4.2 Introduction

In the experimental chapters prior, two chimeric protein switch biosensor formats were
introduced — the one component modular allosteric enzyme switch sensor known as
BLA-BLIP and the two-component proximity switch known as NanoBiT. Thus far, both
sensor formats were developed with the implementation of Affimer proteins as the

recognition elements.
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When detecting pathogens, disease biomarkers or other proteins the use of immune
derived binders offers the benefit of being selected through the naturally evolved
process of the immune response. Scaffold-based binding proteins, such as Affimers,
tend to rely exclusively on one region or binding loop, whereas, naturally derived
antibody proteins create binding regions at the interface of multiple variable regions,
arguably increasing the likelihood of the antibody having high affinity (356). This would
suggest that an alternative, immune derived binding protein could be a better

alternative to Affimer proteins as recognition elements within a point-of-care biosensor.

The development of chimeric protein switch biosensors is easier when using small,
single domain recognition elements. Creating chimeric proteins with large and complex
proteins such as antibodies is difficult due to the constraints of recombinant protein
expression. Although there are options to conjugate proteins after purification (357), the
benefits of genetic fusion can outweigh the benefits of using antibodies. The main
disadvantage of conjugation techniques is low site specificity which can lead to
structural variability (358, 359). The discovery of heavy-chain-only antibodies, the
variable domains of which can be successfully isolated, has provided an alternative to
classic antibodies. Single domain fragments of heavy-chain-only antibodies are
collectively known as nanobodies (250, 360-362). Nanobodies were introduced in
depth in section 1.4.1.3 explaining the desirable features that make them valuable tools

for the development of point-of-care (PoC) diagnostic tests.

Until recently, nanobodies had not been widely used in protein switch biosensors,
although their value as recognition elements has been recognised (177, 254, 363,
364). The published work so far on nanobody protein switch biosensors has exclusively
used camelid nanobodies, known as VyH nanobodies. As mentioned in section 1.4.1.3,
a second class of single domain antibody derived from shark and skate species has
been discovered, known as Vnar Nanobodies. Vnar nanobodies differ structurally to
VxH nanobodies in that they have four variable regions compared to the three CDRs of

VhHs, instead of CDR2 in VuHs, Vnar Nanobodies have two shorter variable regions
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know as hypervariable (HV) 2 and HV4. Despite these differences they still possess the
desirable characteristics of being single domain and having a high solubility, a good

thermal stability, a refolding capacity, and high affinity binding (365, 366).

The feasibility of using ViH and Vnar nanobodies as recognition elements was
investigated in this project. Nanobodies raised in nurse shark, alpaca, llama, and
dromedary camel species were implemented into either the BLA-BLIP one-component

protein switch sensor or the NanoBiT two-component protein switch sensor.

The chimeric protein switch sensors that have been introduced throughout this thesis
have been constructed by genetically fusing the sensor domains at a molecular level
and expressing them as recombinant proteins. Recombinant protein expression is most
commonly carried out in bacterial expression systems, due to the relative simplicity of
the system (367). However, the simplicity of E. coli can be its downfall as complex
recombinant proteins can be detrimental to the growth of E. coli by imparting a
metabolic burden on the host and in some instances having a toxic effect (368, 369).
There are other limitations to bacterial expression. For example, when expressing
recombinant proteins that contain disulphide bonds in bacteria, there is a necessity for
an oxidising environment to facilitate the formation of disulphide bonds. The cytoplasm
of bacteria, which is the main compartment where proteins are expressed, is highly
reducing. Therefore, transport to the periplasm might be necessary to facilitate proper

protein folding (370).

The periplasm of E. coli contains four proteins that work as catalysts for disulphide
bond formation, these are known as disulphide bond protein A-D (DsbA-D) (370-372).
DsbA and DsbB work together to form disulphide bonds by catalysing an oxidative
reaction between two cysteine thiol groups with the simultaneous release of two
electrons and two protons. This reaction can only occur between two cysteine residues
that are consecutive within the primary amino acid sequence of the protein. However,
to attain their native structure many proteins require disulphide bond formation between

non-consecutive cysteine residues. This is where DsbC and DsbD work to perform
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disulphide bond isomerisation, they work to catalyse the rearrangement of incorrectly
oxidised disulphides so more stables bonds can be formed between alternative

cysteine residues within the protein structure.

During the plasmid design phase of recombinant protein expression, a N-terminal
signal sequence can be added to direct the protein to the periplasm. This is commonly
known as a periplasmic leader sequence. However, there is a limited capacity to move
proteins through the cytoplasmic membrane into the periplasm and this can easily
become overloaded (373). Additionally, the periplasm makes up only around 8-16% of
the total cell volume of E. coli. (374, 375). Without extensive optimisation of expression
conditions, these factors are typically causative of low protein yields in periplasmic
expression. To avoid these limitations, there have been recent advances in engineering
bacterial strains for the formation of disulphide bonds within the cytoplasm. Multiple
strains have been engineered which work to introduce oxidative proteins to the
cytoplasm whilst knocking out reducing pathways. The most successful oxidative strain
to date is the SHuffle E. coli B strain developed by New England Biolabs, but a range

of engineered strains have been reviewed (376).

In eukaryotic cells the endoplasmic reticulum acts as an oxidising cellular compartment
where disulphide bonds can be synthesised by sulfhydryl oxidase (377). Yeast are the
simplest form of eukaryotic organisms and can be utilised as an expression system to
produce proteins that cannot be produced in E. coli. Pichia pastoris is a methylotrophic
yeast strain that has become popular due to its low costs and simple expression
system relative to higher order eukaryotes. P. pastoris benefits from including an
endoplasmic reticulum to facilitate proper folding of heterologous proteins and being
equipped with a secretion pathway that can be used to export recombinant proteins
into the culture media for easy isolation (378, 379). However, this system does also
have its drawbacks. Unlike bacteria, yeast is not very transformation efficient. Yeast
also grows around 2-3x slower than E. coli which can increase production costs and

the level of expression can be variable (380). Another limitation of this expression
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system is the limit of selectable marker genes and antibiotic resistance selection is
uncommon and requires costly reagents. Protein expression in P. pastoris is inducible
with methanol, however, at high concentrations methanol is toxic therefore a balance
between adequate concentrations to induce expression whilst maintaining cell viability
is needed (381, 382). Contamination of the expression media is also common and can

lead to degradation of secreted proteins (383).

The aim of this work was the determine if V4iH and Vnar hanobody recognition
elements can be implemented into the one-component and two-component chimeric
protein switch sensors established in the preceding chapters. An expression and
purification protocol was developed and the performance of the sensors characterised
as a proof-of-concept study for the future design of nanobody protein switch sensors to

be used as point-of-care biosensors.

4.3 Methods

4.3.1 Sensor cloning

4.3.1.1 BLA-BLIP

All primers (Integrated DNA Technologies) used for cloning can be found in Appendix
A: Primer tables. Synthetic DNA encoding the nanobodies were purchased from
Genscript in pUC57 vectors. The insert DNA was PCR amplified with primers to insert
appropriate restriction sites on the 3’ and 5’ end of each nanobody insert. Restriction
cloning was used to introduce the nanobody insert DNA into the BLA-BLIP sensor
construct vector (based on the expression vector pET28a), as described previously by
Adamson et al. (170). All DNA was purified using the lllustra GFX PCR DNA and Gel
Band Purification Kit (GE Healthcare). Subcloned vectors were transformed into
competent E. coli XL-1 cells (Agilent Technologies) (genotype: recA1 endA1 gyrA96

thi-1 hsdR17 supE44 relA1 lac [F" proAB laclq ZAM15 Tn10 (Tetr)) or NEB-5a

competent cells (NEB) (genotype: fhuA2A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15

8gyrA96 recAl relA1 endA1 thi-1 hsdR17). Charge Switch Pro Plasmid Miniprep Kit
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(Invitrogen) was used for all plasmid DNA purification and successful sub-cloning was
confirmed by gene sequencing of the full sensor constructs (GeneWiz) (sequences

available in Appendix C: DNA and Protein Sequences).

For yeast expression, BLA-BLIP construct gene-sequences were introduced into
pPICZa Pichia pastoris expression vector for secretory expression (380). First a Q5 site
directed mutagenesis kit was used, according to the manufacturer’s instructions (NEB),
to introduce an EcoRl restriction site into the multiple cloning site of pPICZa. PCR
amplification was used on the pET28a+ plasmid containing the PCT 2 BLA-BLIP
sequence to introduce EcoRI and Xbal restriction sites to the 3’ and 5’ ends. Once PCT
2 was successfully subcloned into pPICZa, correct sequences were confirmed with
sequencing (Genewiz) using 5 AOXI and 3' AOXI sequencing primers. The plasmids
were then linearised to prepare for electroporation using a single site digest with the

restriction enzyme Sacl.

4.3.1.2 NanoBiT

The DNA and primers (Integrated DNA Technologies) used in this method are detailed
in Appendix C: DNA and Protein Sequences and Appendix A: Primer tables,
respectively. All sensor constructs were generated in a pET28a vector containing Nhel,
Notl, Spel and Sall restriction sites between the Ncol and Xhol sites of the vector, with
an in-frame 6xHis-tag sequence and stop-codon following Xhol. Sequential restriction
enzyme cloning was used to insert DNA encoding LgBiT, SmBIT (101) or nanobody
sequences between Nhel/Notl and Spel/Sall and a (GSG)r linker sequence between
Notl and Spel. The vector was digested with appropriate restriction enzymes (NEB),
dephosphorylated with antarctic phosphatase (NEB), separated on an agarose gel, and
then purified. All DNA was purified using the lllustra GFX PCR DNA and Gel Band
Purification Kit (GE Healthcare). The insert DNA was PCR amplified with primers
encoding appropriate restriction sites, then treated with Dpnl (NEB) to remove parental
vector DNA. Insert DNA encoding SmBiT101 and (GSG)r linker sequences were

generated by PCR of overlapping primers encoding appropriate restriction sites.
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Amplified insert DNA was purified, digested with appropriate restriction enzymes and
then re-purified. The digested vector and insert were ligated with T4 DNA ligase (NEB)
and transformed into E. coli XL-1 cells (Agilent Technologies) (genotype: recA1 endA1

gyrA96 thi-1 hsdR17 supE44 relA1 lac [F" proAB laclq ZAM15 Tn10 (Tetr)) or NEB-5a

competent cells (NEB) (genotype: fhuA2A(argF-lacZ)U169 phoA ginV44 ®80 A(lacZ)M15

8gyrA96 recAl relA1 endA1 thi-1 hsdR17). Plasmid DNA was purified using the

ChargeSwitch Pro Plasmid Miniprep Kit (Invitrogen) or Monarch® miniprep kit (NEB)
and successful generation of constructs was confirmed by sequencing (Genewiz) with

T7 / T7term primers.

4.3.2 Sensor expression and purification

4.3.2.1 BLA-BLIP

43.21.1 Bacterial

BLA-BLIP nanobody sensor expression used the protocol previously detailed and used
in chapter 2 for TmAb_BLA-BLIP expression (170). Briefly, plasmids containing the
sensor constructs were transformed into E. coli BL21 (DE3) competent cells (genotype:
fhuA2 [lon] ompT gal (A DE3) [dcm] AhsdS A DE3 = A sBamHIlo AEcoRI-B
int::(lacl::PlacUV5::T7 gene1) i21 Anin5). 500 mL LB media (with 50 ug mL™" kanamycin)
was inoculated with a 10 mL starter culture and grown at 37°C, 220 rpm. At ODgoo ~0.6,
cultures were induced with 0.3 mM isopropylB-D-thiogalactoside (IPTG) and grown
overnight at 15°C, 150 rpm. Cells were harvested and the periplasmic protein extracted
by osmotic shock. The cell pellet was resuspended in 15 ml TSE buffer (30 mM Tris, 20
% w/v sucrose, 1 mM EDTA, pH 8) and placed on a roller mixer at 4°C for 15 min. Cells
were pelleted at ca. 17000 xg for 20 min and the supernatant retained as periplasmic
fraction 1 (P1). The pellet was resuspended in 15 ml of ice cold 5 mM MgSO4 and placed
on a roller mixer at 4°C for 20 min. Cells were pelleted at ca. 17000 xg for 20 min and
the supernatant retained as periplasmic fraction 2 (P2). Fractions P1 and P2 were
combined, adjusted to 50 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.4 by addition

of small amounts of concentrated stock solution. The sensor construct was batch purified
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with Super Ni-NTA resin (Generon) via the N-terminal 6xHis tag. The resin was washed
thrice with 20 ml wash buffer (50 mM Tris, 150 mM NaCl, 20 mM imidazole, pH 7.4) and
protein eluted with 4 X 500 pl elution buffer (50 mM Tris, 150 mM NaCl, 250 mM
imidazole, pH 7.4). Eluates were pooled and further purified via the C-terminal Strep-II
tag using the Strep-Tactin spin column kit (IBA). The double tag purified protein was
buffer exchanged into storage solution (50 mM Tris, 150 mM NaCl, pH 7.4) using Zeba
spin desalting columns (Thermofischer). Protein concentration was determined by BCA
assay and purity checked via 12.5% SDS-PAGE. Aliquots were stored at -80°C.

Adaptions to the expression protocol are detailed throughout the results section including
smaller volume (50 mL) expression trials with differing expression conditions, cell strains

and purification techniques.

43.21.2 Yeast

Wild type GS115 Pichia pastoris was grown up to an ODego of between 1-1.3 to make
electro competent cells. Cultures were pelleted at 1500 xg for 5 minutes to remove the
media and cell pellets re-suspended in sterile 500 mL dH,O. Resuspended cultures
were pelleted again at 1500 xg and resuspended in 25 mL dH-0, to wash any

remaining salt from the growth media off the cells. After a final centrifugation, they were

re-suspended in 1 mL 1 M sorbitol and stored on ice.

Linearised pPICZa plasmids containing BLA-BLIP sensor DNA were electroporated
using a BioRad MicroPuler electroporator according to the manufacturer instructions for
Pichia pastoris. 80 pL of electro competent cells were mixed with 5 pg of linearized
DNA in 10 pL dH20 on ice. Cells were added to a 0.2 cm cuvette and pulsed once at 2
kV. 1 mL of 1M sorbitol was added immediately after and the cells were transferred into

a sterile falcon tube.

Cells were incubated at 30°C for 1 hour. After 1 hour, 1 mL of YPD media (1% yeast
extract, 2% peptone, 2% dextrose) was added to the cells and incubated at 30°C, 150

rpm for an additional hour. 5 plates containing YPDA (1% yeast extract, 2% peptone,
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2% dextrose, 2% agar), 1 M sorbitol and 100 ug/mL Zeocin, were created for each
construct. Cells were spun down and resuspended in 1 mL YPD. 200 uL of each

construct culture plated out (x5) and grown for 96 hours at 30°C.

~20 single colonies were picked and used to inoculated 200 pL of Buffered Glycerol-
complex Medium (BMGY) (1% yeast extract, 2% peptone, 100 mM potassium
phosphate, 1.4% yeast nitrogen base, 4x10°% biotin, 1% glycerol) and grew for 24
hours 30°C, 220 rpm. Simultaneously, each colony was spread onto a fresh YPDA
plate with 100 ug/mL zeocin for reselection to ensure the antibiotic resistance gene had
been integrated. After 24-hour growth, the 200 pL expression cultures were spun down
at 1500 xg for 5 minutes, media removed and resuspended in 200 uL Buffered
Methanol-complex Medium (BMMY) (1% yeast extract, 2% peptone, 100 mM
potassium phosphate, 1.4% yeast nitrogen base, 4x10-5% biotin, 0.5% methanol) to
induce protein expression. After a further 24 hours at 30°C, 220 rpm cultures were
span down and the supernatant gently removed. As the sensors were expressed in a
secretory expression vector (pPICZa), recombinant protein should be found in the

expression media.

The best expressing colonies were made up into high density glycerol stock (20%
glycerol). For larger scale expression, 50 mL BMGY was inoculated with 20 uL glycerol
stock and grown at 30°C, 220 rpm to an ODeoo of 1. BMGY cultures were pelleted at
1500 xg and resuspended in 50 mL BMMY (1.5% methanol) to induce expression.
Cultures were grown over a 72-hour period at 30°C, 220 rpm. Samples of supernatant

were collected every 24 hours to analyse the optimal time-point for protein secretion.

4.3.2.2 NanoBiT

The pET28a vectors with sensor constructs were transformed into SHuffle® T7

competent cells (NEB) (genotype: fhuA2 lacZ::T7 genel [lon] ompT gal sulA11 R(mcr-
73::miniTn10--Tet®)2 [dcm] R(zgh-210::Tn10--Tet®) endA1 2(mcrC-mrr)114::1510). A 1 mL

starter culture was added to 50 mL LB media (with 50 pg mL™" kanamycin) and grown
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at 37°C, 220 rpm before induction at ODeoo ca. 0.6 with 0.3 mM IPTG and grown

overnight at 16°C, 180 rpm. Cells were harvested at 4000 xg for 20 min, resuspended
in 4 mL lysis buffer (pH 7.4, 50 mM Tris, 300 mM NaCl, 10 mM imidazole, 1X cOmplete
EDTA-free protease inhibitor (Merck), 0.001% v/v benzonase nuclease (Merck)) and
incubated on a roller mixer for 1 hour at 4°C. Cells were lysed by two methods; by
sonication (UP50H, Hielscher or Fischebrand™ sonic dismembrator) for 2 min (5s on /
5s off) at 100% amplitude then pelleted at 17000 xg for 20 min. Alternatively, the cell
suspension was passed twice through a cell disrupter (Constant Systems) at 30 kPsi
and cell debris removed by centrifugation at 17000 xg for 20 min. The supernatant was
added to 250 pL Super Co-NTA resin (Generon) that had been pre-equilibrated with
wash buffer (pH 7.4, 50 mM Tris, 300 mM NaCl, 10 mM imidazole) and incubated on a
roller mixer for 1 hour at 4°C. Using gravity flow columns, the resin was washed thrice
with 5 mL wash buffer and protein eluted with 3 x 0.5 mL elution buffer (pH 7.4, 50 mM
Tris, 300 mM NaCl, 300 mM imidazole). Pure fractions (as assessed via 15% SDS-
PAGE) were buffer exchanged into storage buffer (50 mM Tris, 150 mM NaCl, pH 7.4)
using Zeba spin desalting columns (ThermoFisher). Protein concentration was

determined by BCA assay and aliquots stored at -80°C.

4.3.2.2.1 Solubilisation of NanoBiT constructs from inclusion bodies.

Purification of denatured insoluble protein inclusion bodies was carried out using two
protocols, a urea denaturation protocol, and a Pierce™ Radio-Immunoprecipitation
Assay (RIPA) buffer (25 mM TriseHCI, 150 mM NaCl, 1% NP-40, 1% sodium

deoxycholate, 0.1% SDS, pH 7.6) (Thermo Scientific) protocol.

The urea denaturation protocol involved first purifying the nanobody NanoBiT from the
sonication supernatant as described above to recover any soluble protein that had
been expressed. The remaining cellular debris (insoluble fraction) was then incubated
with 8 M urea for 1 hour at 4°C while gently mixing. This fraction was centrifuged at
17000 xg for 20 min and the supernatant added to 250 puL Super Co-NTA resin

(Generon) that had been pre-equilibrated with urea wash buffer (pH 7.4, 50 mM Tris,



-138 -

300 mM NacCl, 10 mM imidazole, 8 M urea) and incubated on a roller mixer for 1 hour
at 4°C. Using gravity flow columns, the resin was washed with wash buffer containing
an incrementally lesser concentration of urea with 6 M, 4 M and 2 M. The resin was
then washed thrice with wash buffer containing no urea and protein eluted with 3 x 0.5
mL elution buffer (pH 7.4, 50 mM Tris, 300 mM NacCl, 300 mM imidazole). Pure
fractions (as assessed by SDS-PAGE) were buffer exchanged into storage buffer (50
mM Tris, 150 mM NaCl, pH 7.4) using Zeba spin desalting columns (ThermoFisher).

Protein concentration was determined by BCA assay and aliquots stored at -80°C.

Purification utilising Pierce™ RIPA buffer for cell lysis first involved harvesting cells at
4000 xg and resuspending the cell pellet in 3 mL RIPA buffer (supplemented with 1X
cOmplete EDTA-free protease inhibitor, 0.001% v/v benzonase nuclease) and
incubating at 4°C for 30 minutes. The resuspended cells were sonicated at 100%
Amplitude for 4 minutes (5s on/ 5s off), then pelleted at 17000 xg for 20 min. The
supernatant was then incubated with 250 yL Super Co-NTA resin for 1 hour, while
gently mixing at 4°C. Recovery of protein from Co-NTA resin via gravity flow was then

carried out as described in section 4.3.2.2.

4.3.3 Expression Analysis

4.3.3.1 SDS-PAGE and Western blot

Sodium Dodecyl Sulfate—Polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blot were performed using the Miniprotean tetra cell (Bio-Rad). The sample
buffer for reducing SDS-PAGE is 60 mM Tris*HCI pH 6.8, 1% w/v SDS, 5% v/v
glycerol, 0.005% w/v bromophenol blue and 1% v/v 2-mercapto-ethanol (2-ME).
Proteins separated by SDS-PAGE were either stained with Quick Coomassie stain
(Protein Ark) or subjected to Western blot. For western blots, separated proteins were
transferred onto nitrocellulose membranes via semi-dry blotting using the Bio-Rad
Trans Blot Turbo system according to the manufacturer’s instructions. Blots were
incubated, at room temperature for 1 hour with blocking buffer (Tris Buffered Saline

(TBS) (20 mM Tris and 150 mM NacCl, pH 7.4) with 3% bovine serum albumin (BSA)).
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His-tagged protein was detected using HRP-conjugated anti-his tag mouse monoclonal
antibody (R&D systems, 1:4000). Strep-tagged protein was detected using Streptactin-
HRP (Bio-Rad, 1:5000), in blocking buffer. Antibody conjugates were incubated
overnight at 4°C. Membranes were stained with 1-step™TMB-Blotting substrate

solution (Thermo Fisher Scientific).

4.3.3.2 ELISA

A Nunc Maxisorb 96-well plate was first coated with 70 L yeast culture supernatant and
incubated overnight at room temperature. After washing thrice with PBST (PBS + 0.05%
Tween-20), 100 uL casein blocking buffer (1:10 in PBST) was incubated in each well for
1 hour at 20°C, followed by washing thrice with PBST. Streptavidin HRP (Bio-Rad) (1 ug
mL™") or anti-His tag HRP conjugate (1:4000) (R&D systems) in casein blocking buffer
was then added to the wells and incubated at room temperature for 30 minutes. This
step was followed by washing 6x with PBST and incubation with 50 L of 1-step TMB for
15 minutes. 50 yL 2 M sulphuric acid was used to stop the reaction and the plate was

then read at 450 nm using a plate reader (MultiSkan FC).

4.3.3.3 Nitrocefin Assay

For assays to detect enzyme activity in purification fractions, non-binding-surface 96-well
plates (Corning) were used, with a final volume of 200 pl assay buffer (50 mM sodium
phosphate, 100 mM NaCl and 1 mg mL" BSA, pH 7). 10 uL sensor containing elution
fraction was incubated with 10 nM of target analyte for 15 minutes. Nitrocefin (Merck)
was added at 50 yM and absorbance measured at 551 nm on a plate reader (MultiSkan

FC, Thermo Scientific) after 10 minutes.

4.3.4 Sensor Characterisation

4.3.4.1 Targets

Lysozyme, from chicken egg white (Sigma) was used as the Hen Egg Lysozyme (HEL)
target for all protein switch sensors targeting HEL. Human procalcitonin recombinant

protein (Invitrogen) was used as the target for all sensors against procalcitonin (PCT).
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Human C-reactive protein (CRP) (Millipore, Merck) was used as a negative control for

sensor specificity.

4.3.4.2 NanoBiT assay

Assays were performed in PBSB (pH 7.4, PBS + 1 mg mL™ BSA) dilution buffer. 10 pL
LgBiT sensor (5x final conc.), 10 yL SmBIT sensor (5x final conc.) and 5 pL target
analyte (10x final conc.) were added to a well of a white no-bind 384-well plate
(Corning) and incubated for 30 mins, 25°C, shaking. Then 25 uL of 1:500 Nano-Glo
was added to give a final dilution of 1:1000. Luminescence was read (500 ms
integration) on a Tecan Spark plate reader. Any assay parameter changes are
described in the results section. Unless otherwise specified in figure legends, these
assays were performed with 30 min. incubation between nanobody NanoBiT sensor
and analyte, followed by addition of 1:1000 NanoGlo and bioluminescence read after 2

min.

4.3.4.3 NanoBiT assay in serum

For experiments in 0.1 — 10% serum, assays were performed in PBSB (pH 7.4, PBS +
1 mg mL™ BSA) dilution buffer. 10 uL 10 nM LgBiT + 10 nM SmBIT in PBSB (2 nM
each final conc.) and 5 L target analyte (10x final conc.) in PBSB were added to 10 uL
human serum (Clinical Trials Laboratory Services) at 5x the final serum concentration
(in PBSB) in a white no-bind 384-well plate (Corning) and incubated for 30 mins, 25°C,
shaking in the Tecan Spark plate reader. Bioluminescence was initiated by addition of
25 pL of 1:500 Nano-Gilo to give a final dilution of 1:1000. Luminescence was read
(500 ms integration) on a Tecan Spark plate reader After 2 minutes unless specified

otherwise.

4.3.4.4 NanoBiT assay with Furimazine derivatives

For experiments using furimazine derivatives, assays were performed as in section
4.3.4.2, except NanoGlo was replaced with 25 uL of varying concentrations of
furimazine, luciferin 108 or luciferin 103 (kindly gifted by Yves L Janin, Alliance

Sorbonne Université) (384, 385). Final concentrations of furimazine derivatives are
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shown in the results section. Luminescence was read (500 ms integration) on a Tecan

Spark plate reader 2 minutes after substrate addition, unless specified otherwise.

4.3.5 Data Analysis

All data analysis was performed as described in section 3.3.4.

4.4 Results

4.4.1 Hen Egg Lysozyme proof-of-concept nanobody BLA-BLIP

Nanobodies have ideal features to be used as recognition elements within a protein
switch biosensor, specifically their small size (12-14 kDa) and high affinity binding
properties (386-388). As a proof-of-concept study, the feasibility of introducing
nanobodies into protein switch biosensors was explored using a nurse shark
(Ginglymostoma cirratum) derived Vnar (389) and dromedary camel (Camelus
dromedarius) derived VuH (361), both raised against hen egg lysozyme (HEL). HEL is
commonly used as a proof-of-concept analyte and inferred as a model analyte. This is
due to it being abundantly available with a well-characterised structure and vast

knowledge of its activity and stability (390, 391).

4.4.1.1 Selection of nanobodies as recognition elements

The two nanobodies chosen as recognition elements for the development of anti-HEL
protein switch biosensors were selected from literature and both have structural data
available on their binding to HEL. The VuH is known as D2L24 (361) and the Vnar 5A7
(389) with Kp values of ~7.5 nM and ~22 nM respectively. Multiple anti-HEL VuH clones
have been characterised (361, 392), and among the published clones with available
structural data, D2L.24 was chosen due to its unique ability to bind to different epitopes
of HEL than other VuH proteins published, setting it apart from the others. This
selection meant that we could use both 5A7 and D2L24 to bind to non-overlapping

epitopes (Figure 45).
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Figure 45. Vnar 5A7 (blue) and VyH D2L 24 (green) bound to the non-overlapping
epitopes of HEL. Complementary determining regions (CDR) of each nanobody are
labelled with CDR3 (pink) having the most contact residues with HEL for both
nanobodies. The remaining contact residues are within CDR1 of both nanobodies.
Structural data of each nanobody bound to HEL was obtained from the protein data
bank (PDB) at https:/www.rcsb.org/ (361, 393) (PDB accession code 1T6V &1ZVH).

Overlapping of the structural information to create an image of how the two nanobodies

could bind without interacting with one-another was processed using PyMol software.

4.4.1.2 HEL nanobody BLA-BLIP sensor design

Implementing anti-HEL nanobodies into the one component modular allosteric enzyme
switch sensor introduced in Chapter 2, BLA-BLIP, was the starting point for this work.
As previously described, the BLA-BLIP biosensors include three separate linker
regions, which connect the different domains of the sensor. From previous work, within
this thesis and predating this thesis (170), it is known that the linker regions are integral
to the performance of the BLA-BLIP sensors. Optimisation of the rigid linker 1 and
linker 3 regions, has shown that 3 amino acid residues is the optimal length. However,
the optimal length of the flexible linker 2 region is dependent on the analyte. The semi-
flexible linker — (GSG)sA(EAAAK)sA(GSG)sA(EAAAK)sA(GSG)s — was previously used
to bridge the distance between TmADb variable regions, however, a more flexible
(GSG)y linker has been used for the detection of CRP (170). With structural data

available, the distance between the termini of each HEL nanobody could be measured
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to determine the linker length necessary to span the distance between the relative
epitopes (Figure 45). Distances between 66.5 A and 65.1 A were measured between
the nanobodies. The average length of an amino acid in an extended peptide chain is
approximately 3.5 A (394, 395). Therefore, the distance between the two anti-HEL
nanobodies could theoretically be spanned with a (GSG); linker within the BLA-BLIP

Sensor.

A pre-existing pET28a+ plasmid containing the BLA-BLIP construct, with a (GSG);
linker 2 and two Affimers raised against C-reactive protein (CRP), was used as the
backbone to develop the anti-HEL nanobody BLA-BLIP constructs. Restriction sites
flanking position A and position B were used to sub clone in the nanobodies 5A7 and
D2L24 in both orientations to create the constructs HEL 1 and HEL 2 (Figure 46). HEL
1 and HEL 2 were the original nanobody BLA-BLIP constructs developed, all
subsequent constructs were developed to aid the understanding of expression issues.
HEL 3 and HEL 4 increased the linker 1 and linker 3 length. HEL 5 removed the
presence of Vnar recognition elements. HEL 6 and HEL 7 changed the length of linker

2.
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Figure 46. Schematic diagrams of all HEL BLA-BLIP constructs created. The
template pET28a+ plasmid containing the enzyme and inhibitor and a (GSG)7 linker 2
connecting recognition element position A and B was used to create 7 HEL constructs
throughout this project. Vnar are labelled with a shark symbol and VyH are labelled with

a camel symbol.

4.4.1.3 HEL nanobody BLA-BLIP expression

A bacterial expression protocol from previous work with BLA-BLIP sensors, specifically
those that utilised Affimer recognition elements as seen in Chapter 2, was used to
express HEL 1 and HEL 2. This protocol involved expressing the BLA-BLIP construct
with a periplasmic leader sequence in BL21 (DE3) E. coli cells, inducing expression
with IPTG and extracting the protein via osmotic shock. A two-step purification protocol
was then applied to the periplasmic fractions as described in section 4.3. Briefly, this

included first purifying via the N-terminal 6xHis-tag and then further purifying the
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eluates via the C-terminal strep-Il tag. Analysis of purification fractions, including the
periplasmic and unbound fractions, yielded no protein recovery after osmotic shock
when expressing HEL 1. Visualisation of protein via SDS-PAGE of HEL 2 purification
fractions showed recovery of protein at the correct molecular weight (~79 kDa) in
elution fractions from his-tag purification (Figure 47). Further purification of the HEL 2
BLA-BLIP sensor using streptactin spin columns resulted in a complete loss of
recovered protein. Attempts to increase the concentration of desthiobiotin — used to
elute strep-Il labelled protein from streptactin resin — was unsuccessful in recovering

the HEL 2 BLA-BLIP protein.

1 2 3 4 5 6 7

Figure 47. 12.5% SDS-PAGE analysis of HEL 2 protein recovery from Ni-NTA
purification via N-terminal His-tag.1: the combined periplasmic fractions collected
from osmotic shock of the expressing BL21(DE3) cultures. 2: the unbound fraction
collected after P1/2 incubation with Ni-NTA resin. 3: wash fraction. 4-7: elutions 1-4.
Pageruler unstained protein ladder used as a reference.

Many avenues were explored to investigate the expression and purification issues
encountered with HEL BLA-BLIP (Table A 13 in Appendix B: BLA-BLIP Expression

Table). First, adaptions to the construct were made by changing the linker lengths. By

assessing the structure of the nanobodies in comparison to previously used Affimer
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proteins which were successfully expressed within the BLA-BLIP construct, the
proximity of the N-terminal to the CDR regions of the nanobodies was revealed (Figure
48). In HEL 1 and HEL 2 the N-terminal of the nanobody in position A is directly linked
to the C-terminal of B-lactamase inhibitor protein (BLIP). Lengthening of the linkers that
anchor the nanobody to the enzyme-inhibitor complex (L1 and L3) was carried out to
create two further constructs, HEL 3 and HEL 4 (Figure 46). These alterations did not
result in successful expression of HEL 3, and HEL 4 protein recovered via his-tag

purification was still lost during the second step of protein purification.

Variable Loop

N

Variadfe Loop

Affimer

Figure 48. A comparison of N-terminal positions in relation to binding regions
between anti-HEL nanobodies and Affimer proteins. The C-terminal is labelled in
blue, the N-terminal is red. For the D2L24 and 5A7 CDR1 is highlighted pink and CDR3
yellow. In D2L24 CDR2 is orange and HSV1 and HSV?2 are labelled green in 5A7. The
Affimer scaffold structure is seen in green and the variable binding loops are pink. The
N-terminal of each protein is labelled with a red circle from front-on and side-on angles.
Structural data was exported from PDB at https.//www.rcsb.org/ (262, 361, 393) and
adapted using PyMol software.

Affimer proteins have the benefit of not containing any canonical disulphide bonds,
which make them desirable for bacterial expression as an oxidising environment to
facilitate the formation of disulphide bonds is not necessary. When using Affimers as

recognition elements within the BLA-BLIP construct, the oxidising environment of the
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periplasm is still necessary due to two canonical disulphide bonds in BLIP and one in
BLA. However, introducing nanobodies into the biosensor introduces additional
disulphide bonds — one in D2L24 and three in 5A7. We hypothesised that these
additional disulphides could be contributing to the low expression of the nanobody

BLA-BLIP sensors thus far.

At this point, a positive control was brought in for comparison. E37F is a nanobody
BLA-BLIP construct that has successfully been expressed and purified. This construct
has two alpaca (Vicugna pacos) derived V4H nanobodies raised against Clostridium
difficile Toxin B (396). E3 and 7F each contain one canonical disulphide bond and
when cloned into the BLA-BLIP construct, could be fully purified via the N-terminal his

tag and C-terminal strep tag (Figure 49).
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Figure 49. 12.5% SDS-PAGE visualisation of purified E37F Toxin B BLA-BLIP
sensor. Left: His tag purification fractions 1: Pooled wash fractions, 2-5: Elution
fractions 1-4. Pageruler unstained protein ladder used as a reference. Right: Strep tag
purification fractions. 1: Pooled wash fractions, 2: Elution fraction 1. Pageruler pre-
stained ladder used as a reference.

As no pure protein had been obtained so far (except E37F BLA-BLIP), BLA-BLIP
activity assays were conducted on the elution fractions to assess whether any
functional sensor protein was expressed (Figure 50). Elution fractions from E37F were

used as a positive control and blank buffer as a negative control. Enzymatic activity
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was seen in both elution fractions for E37F as expected, and activity was confirmed in
the his-tag elution fraction of HEL 2 but lost in the strep elution. This confirms that
active HEL 2 sensor protein was produced but there was an issue with the second step
of purification. With no visible protein via SDS-PAGE analysis and no enzyme activity

in purification fractions, work on HEL 1 was not taken further.
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Figure 50. Enzymatic activity of HEL 2 elution fraction is lost during strep-tag
purification step. BLA-BLIP activity assays were conduction of his tag and strep tag
elution fractions for E37F (positive control), HEL 1, HEL 2, and blank buffer (negative
control) to determine whether functional enzyme was expressed. 10 uL sensor
containing elution fraction was incubated with 10 nM of target analyte for 15 minutes
before nitrocefin was added at 50 uM and absorbance measured at 551 nm on a plate

reader after 10 minutes. Data is presented as raw Asss absorbance data where n=1.

To further test the hypothesis that additional disulphide bonds were impacting the
expression of the HEL BLA-BLIP sensors, a new construct HEL 5 was created (Figure
46). This construct removed 5A7 and replaced it with a second copy of D2L24, to
assess whether the two additional disulphide bonds present in Vnar 5A7 was the cause
of the expression issues. HEL 5 had improved expression compared to HEL 2 but was
not as strongly expressed as E37F. In addition to the difference in nanobodies, another

factor that differentiates E37F from the HEL BLA-BLIP constructs was linker 2. E37F
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utilised a (GSG)yo linker to encompass the large size of toxin B (~270 kDa), whereas all
HEL BLA-BLIP constructs thus far have a (GSG) linker 2. To investigate whether the
length of middle linker was impacting expression two more constructs HEL 6 and HEL
7 were developed with (GSG)20 and (GSG)s linker 2 respectively (Figure 46).
Increasing the length of linker 2 had no impact on expression compared to HEL 2 and
decreasing the length of linker 2 inhibited expression of full-length sensor protein

(Table A 13).

A helper plasmid known as pTUM4 was introduced to aid disulphide bond formation in
the periplasm. pTUM4 promotes the overexpression of four bacterial proteins involved
in disulphide bond formation in the periplasm: disulphide bond protein A (DsbA);
disulphide bond protein C (DsbC); FkpA — a periplasmic peptidyl-prolyl cis/trans
isomerase that supresses the formation of inclusion bodies — and SurA — a periplasmic
peptidyl-prolyl isomerase required for the efficient folding of extra-cytoplasmic proteins
(397). With the increased number of disulphide bonds present within the HEL BLA-
BLIP constructs, it was hypothesised that co-expression with the helper plasmid
pTUM4 could aid the correct folding of disulphide bonds and subsequently improve
solubility of full-length sensor proteins within the periplasm. In the case of HEL 2 and
HEL 5, co-expression with pTUM4 prevented expression of the recombinant protein in
BL21 (DE3), this was thought to be due to the extra strain on the cells when relying on
double antibiotic resistance selection. Changes in the expression protocol to maintain a
constant growth temperature before and after induction were also tested, as a
consistent 30°C temperature was recommended for co-expression with pTUM4.

However, this did not yield success.

4.4.2 Procalcitonin BLA-BLIP sensors

The development and expression of a proof-of-concept HEL BLA-BLIP sensor was
unsuccessful, when introducing a camelid-derived VyH and a shark-derived Vnar as
recognition elements. However, with successful expression of the E37F toxin B BLA-

BLIP with two alpaca-derived VyH, the development of a procalcitonin (PCT) BLA-BLIP
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was undertaken using two llama (Lama glama) derived VuH proteins that had
previously been used in a sandwich ELISA (398). As described for the development of
HEL BLA-BLIP sensor constructs, two PCT BLA-BLIP sensors (PCT 1 and PCT 2)
were created by subcloning PCT nanobodies — PCT2 and PCT3 — into position A and B

(Figure 51).

PCT 1 BLA (E104D)

PCT 2 ad

BLA (E104D) S 7sa BV pcT3 (GSG), WPCTZ AAA

Figure 51. Schematic diagrams of PCT BLA-BLIP constructs. Nanobodies PCT2
and PCT3 were subcloned into the pET28a+ BLA-BLIP template vector using the

restriction sites flanking position A and B to produce two sensors (PCT 1 and PCT 2).

Despite the use of two VyH nanobodies as recognition elements, the PCT BLA-BLIP
sensors behaved similarly to the HEL BLA-BLIP sensors when expressed in E. coli
(Table A 13). No expression of full length PCT 1 protein was seen and PCT 2 could be
purified via the his-tag but lost during strep-tag purification steps. For that reason, no
bacterial expression optimisation was attempted for these constructs. Instead, an
alternative expression system was explored. Pichia pastoris is a yeast species that is
commonly used for secretory expression of recombinant proteins. Compared to
bacterial growth, yeast expression has the major advantage of posttranslational
modification in the oxidative environment of the endoplasmic reticulum, which allows

for disulphide bond formation.

P. pastoris EasySelect™ expression protocol was used to express PCT 2 using a
pPICZa expression plasmid (399). Approximately twenty P. pastoris colonies
containing the PCT 2 BLA-BLIP gene were assessed through a small scale (200 L)

expression to determine the best expressing colonies. Direct ELISA analyses targeting
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both the N-terminal his-tag and C-terminal strep-tag were used to select the best

expressing colonies.
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Figure 52. Direct ELISA screening of 20 PCT 2 BLA-BLIP colonies from P.
pastoris transformation. Supernatant from small scale expression of 20 yeast
colonies were analysed via direct ELISA, with measurements of the signal produced
when targeting the his-tag and the strep-tag on the N- and C-terminal of the sensors.
Positive controls were previously purified BB_Trast from section chapter 2 which were
known to have a strep-tag and his-tag present, negative controls were PBS buffer.

Data is presented as raw absorbance data, n = 1.

Out of twenty PCT 2 BLA-BLIP colonies, two colonies showed promising expression in
the direct ELISA — colonies 13 and 14 (Figure 52). A 50 mL expression of colony 13
was undertaken, and the supernatant analysed every 24 hours over a 72-hour period to
ascertain the optimal point of protein secretion. Western blot analysis of the
supernatant showed no secretion of the PCT 2 BLA-BLIP sensor. Due to the extent of
work necessary to optimise P. pastoris expression of BLA-BLIP constructs, it was
concluded that nanobodies were, at this stage, not compatible as recognition elements
within a one-component modular allosteric protein switch, in spite of earlier success

with E37F BLA-BLIP targeting C. diff toxin B.
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4.4.3 Nanobodies within a NanoBiT proximity switch sensor
Large, multi-domain proteins that require folding and post translational modifications
can be difficult to propagate in bacterial expression systems (400, 401). The inclusion
of nanobodies as recognition elements in the BLA-BLIP one component modular
allosteric enzyme switch, introduced two eukaryotic proteins that require disulphide
bond formation into a large multidomain protein structure (~80 kDa). After exploring a
range of different avenues to improve the expression of the HEL or PCT nanobody
BLA-BLIP sensor in E. coli and P. pastoris expression systems, it was speculated that

the large size and complexity of the full sensor protein was not feasible.

In order to produce stable and active chimeric protein switch biosensors, that employ
nanobodies as recognition elements, a different sensor format was explored. By
creating a two-component proximity switch sensor, the size and complexity of the
individual recombinant proteins could be limited to decrease the burden on the
expression system. It was hypothesised that separate, smaller sensor components

could be more easily expressed in E. coli.

4.4.3.1 HEL NanoBiT proximity switch design

The HEL VuH and Vnar nanobodies used for the development of the nanobody BLA-
BLIP sensor in section 4.4.1 were used here for the development of HEL nanobody
NanoBiT proximity switch sensors. The general concept and background of the
NanoBiT proximity switch system was introduced in chapter 3. The NanoBiT system
consists of an 18 kDa LgBiT and a short SmBIT peptide. Here HEL Nanobodies were
genetically fused via the N- or C-terminal to the LgBiT and to two SmBIT sensor
domains SmBiT101 (VTGYRLFEKES) or SmBiT114 (VTGYRLFEEIL) with differing
affinities for the LgBiT — 2.5 yM and 190 pM respectively (Figure 53). Two separate
SmBIT peptides were compared to optimise the sensor, which requires a balance
between low level background complementation and a high level of analyte-induced

reconstitution.
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Figure 53. Schematic diagram of HEL nanobody NanoBiT sensor constructs.
Eleven constructs were cloned with either 5A7 (odd numbers) or D2L.24 (even
numbers) as the recognition element. Three reporter proteins were used: LgBiT and
either SmBiT101 or SmBiT114. Reporter proteins were cloned onto the N-terminal (1a-
6a) or the C-terminal (7a-12a) of the nanobody with a (GSG)7 linker separating the

reporter protein from the recognition element.

4.4.3.2 HEL NanoBiT proximity switch expression

HEL nanobody NanoBiT constructs were expressed in E. coli SHuffle® T7 express
competent cells, an E. coli B strain engineered to promote disulphide bond formation in
the cytoplasm (245). Cell lysates were analysed on SDS-PAGE western blots to
determine which construct showed the best levels of expression (Figure 54). LgBiT
constructs with the NanoBiT fragment genetically fused to the C-terminal of the
nanobody showed better levels of expression (constructs 7a and 8a) than when fused
to the N-terminal. SmBiT101 nanobody constructs expressed better than SmBiT114
nanobody constructs. Due to insufficient expression, N-terminal LgBit constructs (1a
and 2a) and SmBIiT114 (5a, 6a and 12a) constructs were not taken forward for further

experiments.



-154 -
kDa

70

55
40

35
25

15

10

7 8 9 10 1

Figure 54. Western blot analysis of HEL nanobody NanoBiT cell lysates. N-
terminal his tag of constructs detected with HRP conjugated anti-his-tag monoclonal
antibody. Labelling of constructs here refers labelling in Figure 53. 1: 1a, 2: 2a, 3: 3a,
4: 4a, 5: 5a, 6: 6a, 7: 7a, 8: 8a, 9: 9a, 10: 10a, 11: 12a.

HEL nanobody NanoBiT sensor proteins were then expressed and purified via metal
affinity chromatography (Figure 55). Using sonication as the extraction method
resulted in the recovery of full-length sensor protein for only one construct (7a). The
lysis buffer used to aid extraction of the protein from cells would normally include
lysozyme to aid cell wall degradation prior to sonication. As the nanobodies used in the
HEL nanobody NanoBiT sensors are raised against lysozyme, it was not used in the
lysis buffer.
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Figure 55. 15% SDS-PAGE analysis of purified HEL nanobody NanoBiT
constructs. 1: 3a, 2: 4a, 3: 7a, 4: 8a, 5: 9a, 6: 10a. Unstained protein standard, broad

range (NEB) was used as a protein ladder.
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Using two of the HEL nanobody NanoBiT sensors, a comparison between sonication
and cell disruption as an extraction technique was conducted. Slightly more soluble
protein was purified after sonication than cell disruption. Insufficient amounts of soluble
protein were extracted from cultures expressing 4a via either technique. Analysis of the
insoluble fraction, that is the remaining cellular debris which has been incubated in
reducing SDS-PAGE loading buffer, showed a high level of insoluble protein was

expressed.

Thus, although some soluble HEL nanobody NanoBiT sensor protein had been
expressed, it was clear that a large quantity of the expressed protein remains in
inclusion bodies. Nanobodies have a unique characteristic in their ability to refold and
retain their activity after thermal or chemical denaturation (215, 402). The decision was
made to solubilise the inclusion bodies using 8 M urea and refold on Co-NTA resin by
diluting out urea from the wash buffer and subsequently eluting from the Co-NTA resin.
This protocol was used to purify protein from cultures expressing HEL nanobody
NanoBiT sensor construct 7a and 4a to determine its feasibility. Each fraction
recovered using the method detailed in section 4.3.2.2.1 was analysed on SDS-PAGE.
This protocol was highly successful for recovering pure protein for construct 7a with a
yield of ~22 mg L™ (Figure 56), however, this was not the case for recovering pure

protein for construct 4a with a low impure yield obtained.
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Figure 56. Purification fraction of HEL nanobody NanoBiT sensor construct 7a

solubilised with 8M urea. 1: Cell debris incubated with 8 M urea, 2: unbound fraction
from incubation with 8 M urea, 3: 6 M urea wash fraction, 4: 4 M urea wash fraction, 5:
2 M urea wash fraction, 6: pooled 0 M urea wash fractions, 7: elution fraction 1, 8:
elution fraction 2, 9: elution fraction 3. Page ruler unstained protein ladder was used as
the protein standard. 15% SDS-PAGE.

Another method of solubilising protein is the use of detergents instead of denaturants
such as urea and guanidine HCI. RIPA buffer is a commercially available lysis and
extraction buffer containing ionic and non-ionic detergents (25 mM TriseHCI, 150 mM
NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, pH 7.6). HEL nanobody
NanoBiT sensor construct 4a was first purified using the RIPA buffer protocol detailed
in section 4.3.2.2.1, with successful recovery of pure, full length sensor protein this
protocol was carried out on cultures containing constructs 8a, 3a and 10a (Figure 57).
This protocol provided the following approximate yields: 3.42 mg L™ of construct 3a, 1.5

mg L™ of construct 4a, 7.6 mg L™ of construct 8a and 5.2 mg L™ of construct 10a.
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Figure 57. Purified HEL nanobody NanoBiT sensor proteins.1: 7a purified via urea

protocol, 2: 8a purified via RIPA buffer protocol, 3: 3a purified via RIPA buffer protocol,
4: 4a purified via RIPA buffer protocol, 5: 10a purified via RIPA buffer protocol. Page
ruler unstained protein ladder used as the protein standard.15% SDS-PAGE.

4.4.3.3 HEL NanoBiT proximity switch characterisation

The five purified constructs made up three LgBiT / SmBIiT combinations as follows: 4a
+ 7a, 10a + 7a and 3a + 8a. The activity of each sensor combination, in response to
increasing concentrations of HEL, was assessed in the NanoBiT assay (Figure 58).
The 10a / 7a combination outperformed 4a / 7a with a significantly (p<0.05) greater
RLU response at all HEL concentration points measured. The 3a / 8a combination
produced no signal in response to HEL. All work from this point forward was conducted
on the 10a / 7a sensor combination and is referred to as the HEL nanobody NanoBiT

sensor in the text.
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Figure 58. The best performing NanoBiT pair for HEL detection was the
D2L24 GSG;_LgBiT (7a) and 5A7_GSG7_SmBiT101 (10a) combination. Fold gain
data for the three possible sensor combinations purified were plotted as n=1 and

sigmoidal, 4 parameter logistic (4PL) fits were used.

At 10 pM HEL concentrations, the activity gain of the HEL nanobody NanoBiT sensor
(10a / 7a) was already at 50-fold, therefore lower concentrations of HEL were used to
determine the sensor LoD. Changes to the concentration of sensor components were
also made to ascertain whether a higher (4 nM) or lower (1 nM) sensor concentration
provided a better range of quantification (Figure 59). The higher the concentration of
the sensor, the higher the RLU measured, however, once normalised to the
background to produce fold activity gain data, 2 nM of sensor provided the most

sensitive response to HEL with the LoD calculated to be 1 pM.
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Figure 59. Higher concentrations of sensor components lower the sensitivity of
the assay. RLU (A) and Fold gain (B) data from NanoBiT assays performed on the
selected optimal LgBiT / SmBiT101 pair for HEL with varying sensor concentrations (1
nM, 2 nM, 4 nM). Measurements taken 2 minutes after substrate incubation. (C)
Zoomed in figure B to show activity between 0.1-10 pM and sensor LoD. Sigmoidal, 4
parameter logistic (4PL) fits were used. n = 2 for sensor concentrations 1 nM and 4 nM
N = 3 for 2 nM sensor concentrations, data is plotted as the mean with +SEM, where

error bars are not visible, they are within the symbol.

With the HEL nanobody NanoBiT sensor showing high sensitivity for HEL detection,
the specificity of the sensor was evaluated (Figure 60). When incubated with 30 nM
non-specific targets — PCT and C-reactive protein (CRP) — the HEL nanobody NanoBiT

sensor showed no significant (p<0.05) change in response compared to blank buffer.
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Figure 60. The HEL nanobody NanoBiT sensor is highly specific to HEL. 30 nM of

HEL, PCT, CRP or PBSB was incubated with 2 nM of LgBiT/SmBiT101 sensor mixture
for 30 minutes, and RLU response measured. Data is plotted as a mean of 3 repeats

with error bars representing +SEM.

To determine the feasibility of using a nanobody NanoBiT sensor for the detection of
clinically relevant biomarkers, the performance of the proof-of-concept HEL nanobody
NanoBiT sensor was assessed in pooled human serum (Figure 61). The activity of the
sensor in 0.1%, 1% and 10% serum were compared to the activity in buffer. At 3 nM
HEL, no significant difference in signal was observed between 0%,0.1%, 1%, however,
activity was significantly diminished in 10% serum. At 3 pM (around the LoD) there are
significant differences between 0.1%, 1% and 10% compared to 0% (p<0.05 serum).
Despite the differences in signal, the calculated LoD was similar in 0.1% and 1% serum
compared to buffer. In buffer the LoD was calculated to be 1 pM, in both 0.1% and 1%

serum the LoD was calculated to be 3 pM.
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Figure 61. In 1% serum the HEL nanobody NanoBiT sensor can still detect
concentration of HEL down to 3 pM. The activity of the sensor was tested in 0.1-
10% serum. Data is plotted as RLU (A) and fold gain (B) and sigmoidal, 4 parameter
logistic (4PL) fits were used. 0%, 0.1% and 1% serum data points were plotted as a
mean of three repeats, 10% serum data points were plotted as a mean of two repeats.

Error bars represent +SEM.
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Table 9. An interpolated standard curve for the HEL nanobody NanoBiT sensor
provided quantifiable ranges based on accuracy and precision of the sensors in
spiked 1% human serum. Percentage recovery and percentage coefficient variance
(%CV) values for HEL nanobody NanoBiT were used to determine the quantifiable
range of the sensor based on recovery values between 80 — 120% and % CV < 25%.

Calculations were made for raw RLU data and fold gain data.

RLU Fold gain
Quantifiable
3-100 pM 3pM-3nM
Range
% recovery 97-100% 87 -118%
% CV 9-21% 5-23%

Data generated from experiments in 1% serum (n = 3) were used to create a standard
curve and concentrations interpolated back to determine percentage recovery and
percentage coefficient of variance (CV) to assess accuracy and precision respectively.
Quantifiable ranges were subsequently calculated by percentage recovery between

80% and 120% and percentage CV < 25% (Table 9) (307).

4.4.3.4 Alternative NanoBiT substrate reagents

The luciferase NanoLuc uses coelenterazines as its substrate to produce photons. The
development of the NanoLuc reporting system by Promega included the creation of the
artificial coelenterazine analogue furimazine — commercially known as NanoGlo (340).
The emission of light by NanoLuc reporter system is the result of NanoLuc catalysing
the oxidative decarboxylation of the coelenterazine substrate which releases the
product coelenteramide in an excited state which relaxes via the emission of photons
(384, 385). These substrates are commonly known as luciferins. O-acetylated versions
of luciferins, which act as a highly stable pro-luciferin that can be hydrolysed into their
active form, have been discovered and named hikarazines. 150 analogues of these

hikarazines have been developed as alternative substrates for the NanoLuc enzyme.
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Two hikarazines and a non-commercial furimazine were synthesised by the group of
Janin (384, 385) and their effect on the HEL nanobody NanoBiT sensor assessed
(Figure 62). The novel substrates were first tested at a concentration of 13 uM, as
suggested by the published methods (384, 385). At higher concentrations of HEL, the
activity of the sensor was less stable with the novel substrates. Measurements of signal
over time showed that the bioluminescent signal did not hit saturation over a 30-minute
timeframe (Figure 63). This was attributed to the high concentration of substrate, so a
lower concentration of 2 yM was used which resulted in a much faster plateau in signal

(Figure 64).
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Figure 62. Novel furimazine derivatives increase bioluminescence emission. 2
minutes (A) after substrate incubation, NanoGlo produces the highest bioluminescent
signal in response to the nanobody NanoBiT detecting HEL. 20 minutes (B) after
Substrate incubation the novel luciferin substrates have a higher RLU output. Data is
presented as fold gain and plotted as a mean of three repeats, + SEM. 4 parameter

logistic (4PL) fits were used.
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Figure 63. NanoGlo signal decays over 30 minutes whereas synthesised
Furimazine and luciferin 103 signal increases. A NanoGlo substrate at a final
dilution of 1:1000 from commercial stock. B Luciferin 103 substrate at a final
concentration of 13 uM. C Synthesised furimazine substrate at a final concentration of
13 uM. Changes in the sensor signal are shown when 2 nM sensor was incubated with
3 nM and 1 nM HEL.
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Figure 64. Lower substrate concentrations lower the overall signal but reduce
the time to saturation. A Luciferin 103 used as the NanoBiT substrate. B Synthesised
furimazine used as the NanoBiT substrate. Final concentrations of substrate were 2
UM. Changes in the sensor signal are shown when 2 nM sensor was incubated with 3
nM and 1 nM HEL. Error bars represent +SEM, where n=3.

4.4.3.5 PCT nanobody NanoBiT sensor design

Two nanobodies raised again PCT were introduced in section 4.4.2 for the
development of a one component modular allosteric enzyme switch to detect PCT.
Overall, the introduction of nanobodies into the NanoBiT proximity switch in section
4.4.3 yielded more success in terms of expression and purification of functional sensor
proteins than the expression attempts in section 4.4.1. On account of this, the decision
was made to implement the PCT nanobodies PCT 2 and PCT 3 as recognition

elements into the NanoBiT sensor construct (Figure 65).
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Figure 65. Schematic diagrams of eight PCT NanoBiT constructs cloned. Two

reporter proteins were used: LgBiT and SmBiT101. Reporter proteins were cloned onto
the C-terminal (A-F) or the N-terminal (G-L) of each nanobody with a (GSG)7 linker
separating the reporter protein from the recognition element.

4.4.3.6 PCT nanobody NanoBiT sensor production

The eight PCT NanoBiT sensors cloned were subsequently expressed in SHuffle T7 E.
coli as described in section 4.3.2.2 and purified using the RIPA buffer protocol
described in section 4.3.2.2.1. An increase in imidazole concentration to 30 mM was
made to the wash buffer due to impurities in the elution fractions. Purified, desalted
protein was analysed via SDS-PAGE (Figure 66) Construct | could not be purified and

so was not taken forward for characterisation.
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Figure 66. Eight PCT nanobody NanoBiT constructs were expressed and

purified. 15& SDS-PAGE analysis. Lanes are in reference to the construct labelling in
Figure 65.

4.4.3.7 PCT nanobody NanoBiT sensor characterisation

All possible sensor combinations were trialled in the NanoBiT assay to assess their
response to increasing concentrations of PCT (Figure 67). A hook effect was observed
when concentrations of PCT exceeded the concentration of sensor components (2
nM). Half of the PCT sensor combinations showed promising preliminary results. This,
combined with the performance of the proof-of-concept HEL nanobody NanoBiT,
indicate that a clinically relevant PCT nanobody NanoBiT sensor could be developed

with further optimisation.
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Figure 67. Initial screening of sensor activity in repose to increasing

concentrations of PCT showed promising potential. 2 nM of sensor components
were incubated with varying concentrations of PCT. Data points are plotted as n = 1,

and sigmoidal 4PL fits were used.

4.5 Discussion

Nanobodies have become popular affinity reagents across several fields of research,
including in the design of therapeutics and diagnostics (403). Similarly to Affimer
proteins, nanobodies benefit from having a small size, high affinity and selectivity to
their targets. However, compared to Affimers, nanobodies have the advantage of being
immune derived. Immune derived proteins are considered to have superior binding
properties to scaffold-based proteins for a number of reasons. Immune-derived
proteins have evolved through a natural selection process within an organism's
immune system. This evolution results in highly specific binding capabilities that have
been refined over time to recognise a vast array of foreign molecules. The diversity of

the immune system improves the range of molecules that immune binders such as
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nanobodies can be raised against compared to scaffold-based proteins such as

Affimers.

It was hypothesised that the replacement of Affimer proteins with nanobodies as
recognition elements within the one component modular allosteric enzyme switch —
BLA-BLIP — would create a higher affinity sensor with a better scope for adaption to a
range of target analytes. The expression and purification of these constructs was more
difficult than originally anticipated and a number of avenues were explored to resolve
these issues. Until recently, the utilisation of nanobodies in biosensors has been in
ELISA formats or affixed to sensor surfaces where the binding of an analyte changes
the signal potential (404-408). Where nanobodies had been expressed as genetic
fusions with other proteins or large tags such as GFP, the nanobody probes were used
as intracellular imaging probes where extraction and purification were not necessary
(409). E. coli nanobody production in literature has largely focused on the production of
nanobodies ‘alone’ in the periplasmic space. Alternatively, they have used mammalian

or yeast expression systems (360, 410, 411).

Issues with the expression of soluble nanobody BLA-BLIP protein are hypothesised to
be a consequence of misfolding of this multi domain protein. Studies on the folding of
proteins largely focus on small domain proteins and there is little knowledge available
on the folding of large multi domain proteins. However, it is accepted that the folding of
each domain can affect neighbouring domains in a multi-domain protein (412, 413).
Therefore, the effect of one misfolded protein within the multi-domain BLA-BLIP
structure could have detrimental effects on the folding of other domains leading to
aggregated, insoluble protein. Further to this, studies have shown that increasing the
linker length in multi-domain proteins can permit folding where previously they were
unable to, potentially due to steric hinderance between domains (414). Optimisation of
the linkers to extend the available space for individual domain folding did not improve
the expression of the nanobody BLA-BLIP sensor protein, and so other potential

causes of misfolding were explored.
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The number of disulphide bonds within a protein negatively correlates with solubility
when expressed in E. coli (415). Comparisons of the sequence structures of
nanobodies from comprehensive databases revealed that the number of canonical
disulphide bonds in VyHs correlated with the camelid species they are derived from
(416). Generally, llama derived V4Hs have one disulphide bond, whereas dromedary
and alpaca derived V4Hs can be fit into two subsets with either a single or double
canonical disulphide bond. The double disulphide usually corresponds to a longer
CDRa3 region, with the second bond stabilising it. The E3 and 7F toxin B nanobodies
are of the first subset of alpaca nanobodies with one canonical disulphide bond in
each. The HEL D2L24 nanobody is of the first subset of dromedary nanobodies with
one canonical disulphide bond. Both PCT nanobodies are llama derived with one
canonical disulphide bond, however, they also both contain extra a non-canonical
disulphide bond between CDR1 and CDR3. Vnar nanobodies derived from sharks can
similarly be classified into four isotypes depending on the number of disulphide bonds
present (252). All four isotypes have one canonical disulphide bond, type | Vnar have
two additional disulphide bonds between CDR3 and the framework regions, type Il
have a non-canonical disulphide bond between CDR1 and CDRS3, type Il are the same
as type Il with a conserved tryptophan in CDR1 and type IV only have the one
canonical disulphide bond. The HEL Vnar used in this work — 5A7 — was a type | Vnar
with three disulphide bonds in total. When integrated into the BLA-BLIP sensor
structure, the overall nanobody BLA-BLIP structures have numerous disulphide bonds
(Table 10).

Table 10. Total number of disulphide bonds present in nanobody BLA-BLIP
constructs.

BLA-BLIP CONSTRUCT TOTAL NUMBER OF DISULPHIDE BONDS
E37F 5
HEL 2 7

PCT 2 7
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Expression in E. coli of multi-domain proteins or those that contain disulphide bonds is
known to be limited (417-419). More cysteines within a protein sequence can increase
the likelihood of incorrect disulphide bond formation. Disulphide shuffling, also known
as disulphide bond reshuffling, is a biochemical process involving the rearrangement of
disulphide bonds within proteins (420). This can result in incorrect folding which can be
toxic to the expression host, affect secretion from the cytoplasm due to a lack of
solubility or could result in a structural change to the sensor that causes issues with
functionality. My attempts at yeast expression were unsuccessful, however yeast has
previously been used for expression of disulphide containing multi domain proteins
(421). Despite this there are still limits to the size and complexity of multi-domain
disulphide bond containing proteins being expressed in yeast, with limited secretion of

soluble protein with higher numbers of domains and disulphide bonds (421, 422).

The extended length of the CDR3 in nanobodies is the dominating contributor to high
affinity binding with the long loop of CDR3 commonly interacting with the antigen (423).
Nanobodies with longer CDR3s have the added benefit of being able to interact with
hard to reach, “hidden” epitopes that have previously been difficult to raise binders
against (361, 362). The additional CDR3 length is usually concurrent with an additional
stabilising disulphide bond. With expression and purification possible for the toxin B
BLA-BLIP sensor E37F, but notable issues associated with all other nanobody BLA-
BLIP sensors, | propose that the number of disulphide bonds within the structure is a

critical factor involved in proper protein production in E. coli.

To circumvent the disulphide bond centred expression issues, whilst still being able to
utilise a range of nanobodies with variable CDR3 lengths and associated disulphide
bonds, an alternative sensor design had to be explored. Replacing the 3-lactamase
and R-lactamase inhibitor protein (BLA-BLIP) reporter system removed three disulphide
bonds from the sensor construct to be expressed. The NanoBiT system, introduced in
depth in chapter 3, uses the NanoLuc engineered luciferase as the reporter which is

devoid of any disulphide bonds. Further to this, the two-component design of the
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NanoBiT system requires individual sensor domains to be purified separately. This
design involves expressing the two nanobody recognition elements independently,
attached to either the LgBiT or the SmBIT fragments of the split luciferase reporter
system. By utilising this sensor design, the number of disulphide bonds involved in the
folding of each chimeric protein is limited to the number of native disulphide bonds
within the nanobody itself. This provided a minimum of one and a maximum of three
disulphide bonds when expressing the HEL nanobody NanoBiT sensor components

containing D2L24 and 5A7 respectively.

Issues with soluble expression of the nanobody NanoBiT chimeric proteins were still
apparent with SHuffle T7 E. coli. Where the D2L.24 VyH was the recognition element,
fusion to the LgBiT helped stabilise and promote proper folding of the VuH, however,
the yield of soluble protein was still low. Fusion of an insoluble recombinant protein to a
stable protein can improve the solubility and yield of the protein (424). Maltose-binding
protein and small ubiquitin related modifier are commonly used fusion partners for this
purpose (425). The LgBIiT fusion did not provide stabilisation to the 5A7 Vnar, nor did
the SmBIT fusion to either nanobody. For this reason, an alternative method of

recovering soluble protein was explored.

High-level expression of insoluble proteins in E. coli can accumulate as aggregates
known as inclusion bodies (426). Solubilisation of inclusion bodies using a high
concentration of chaotropic denaturants such as urea or guanidine hydrochloride
results in loss of the secondary structure of the protein as well as solubilisation. The
solubilised, denatured proteins can be refolded by slow removal of the denaturant by
dialysis or dilution (427). The use of urea-facilitated denaturation and dilution-mediated
refolding was successfully used to purify soluble and functional D2L24-LgBiT (7a)
protein. The ability of nanobodies to refold after denaturation and retain their activity is
well known (215, 402), however, the capacity for split luciferase fragments to retain
their activity after being subject to such harsh conditions is a novel finding.

Denaturation and refolding with this protocol did not result in pure protein for the 5A7-
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SmBIiT101 (4a) sensor protein. An alternative denaturation step was attempted using a
mixture of ionic and non-ionic detergents (RIPA buffer) that are used for cell lysis and
protein solubilisation whilst avoiding protein degradation or effecting biological activity.
RIPA is generally used for lysis of mammalian cells (428, 429), however, here we used
it for bacterial lysis. Chaotropic salts are strong denaturants that fully disrupt protein
structure. Detergents, on the other hand, are milder denaturants that partially disrupt
protein structure by solubilizing hydrophobic regions. It can be speculated that the
milder denaturation aids with the subsequent refolding. Detergents are effective at
solubilizing hydrophobic regions of proteins, which may make them more accessible for
subsequent refolding steps, alternatively, partially denaturing the protein with a milder
denaturant may retain some structural elements, which could facilitate the refolding
process. Correct disulphide pairing of refolded antibody fragments has been observed
using mild detergents compared to chaotropic salts for denaturation (430). Using either
urea-facilitated denaturation or detergent-facilitated denaturation and dilution-mediated
refolding successfully improved the yield of pure, folded protein extracted from the E.

coli cytoplasm.

The activity of the nanobody NanoBiT sensor produced here showed high sensitivity
and specificity to the target analyte with an LoD value calculated to be within the low
pM range and a quantifiable range spanning three orders of magnitude. The sensor
performance was observed in 1% serum, which, as a proof-of-concept study is
encouraging for future work developing clinically relevant nanobody NanoBiT sensors.
Promising initial results were seen with the development of nanobody NanoBiT sensors
for the detection of PCT. PCT is a biomarker with high clinical relevance, it is currently
used to aid in the diagnosis of sepsis and monitoring antibiotic treatment of sepsis.
Effective monitoring of PCT levels can help discriminate between viral and bacterial
infections as well as guiding antibiotic use (431). Improving the availability of PCT
monitoring tools with the development of a point-of-care (PoC) test has the potential to

improve sepsis survival rates by accelerating the delivery of treatment to patients.
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Further to this, proper diagnosis of bacterial infections and antibiotic management are

becoming increasingly crucial to mitigate antibiotic resistance (432, 433).

As discussed in chapter 3, the NanoBIiT sensors developed in this project maintain the
sensitivity and selectivity of current gold standards of protein detection with the added
benefit of superior speed, with rapid protein detection attainable within a 30-minute
time frame. The development of such biosensors could facilitate the production of
rapid, PoC tests that could be used in healthcare settings without the need for trained
personnel and large, expensive laboratory equipment. Handheld, portable
luminometers are being developed for a range of luminescent based assays (434, 435)
which provides the PoC platform necessary for the NanoBiT assay to be integrated into
healthcare settings. The current commercial substrate accompanying the Promega
NanoBiT system costs approximately £100 per ug, however there are research groups
synthesising alternative reagents available at a considerably lower cost of
approximately £26 per mg. In the context of substrate use with the nanobody NanoBiT
sensor presented here, it currently costs £5 for enough NanoGlo substrate to run 200
tests, it would cost 0.13p for enough of the alternative substrate reagents to run the
same number of tests. The alternative substrates assessed could effectively be used to
measure the activity of the nanobody NanoBiT sensor in response to increasing
concentrations of HEL. With further optimisation, the use of alternative luciferins as
substrates will be a viable option for reducing running costs. This is promising for the
future development of rapid, affordable PoC devices that employ nanobody NanoBiT

Sensors.

4.6 Conclusion

After extensive testing of expression conditions, it can be concluded that when using
nanobodies that contain more than one disulphide bond as recognition elements, the
number of disulphide bonds present in the one component modular allosteric enzyme

switch sensor — BLA-BLIP — exceeds the limitations of E. coli as an expression system.
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However, using an alternative chimeric protein switch sensor format — the NanoBiT
system — reduced the complexity of the sensor components, and improved the
expression of nanobodies as recognition elements. Challenges were still met when
recovering soluble protein but the unique refolding properties of nanobodies allowed for
the sensor components to be solubilised from inclusion bodies and purified by dilution-
mediated refolding. It was discovered that the split luciferase fragments were also able
to retain their enzymatic activity after denaturation and refolding. From this work an
effective expression and purification method for nanobody NanoBiT fusion proteins was
developed, and functional sensors characterised with the ability to detect target analyte
down to low pM concentrations. With large repertoires of nanobodies available against
an array of target analytes, the work presented here is encouraging for the future
development of clinically relevant nanobody NanoBiT biosensors for rapid protein

detection.
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5 Conclusions and Future Directions

51 Aims

The aims and objectives of this PhD were: A) to compare the performance of two
different chimeric protein switch biosensors as platforms for therapeutic drug
monitoring (TDM) of therapeutic monoclonal antibodies (TmAbs); and B) to explore the
possibility of developing a modular chimeric protein switch biosensor platform with

nanobody recognition elements.

5.2 Chimeric protein switch biosensors for therapeutic drug monitoring.

Chimeric protein switch biosensors exploit structural changes within a protein complex
to convert binding events into biochemical activity that can be measured (137, 301).
Generally, chimeric protein switch biosensors can be classified as either one- or multi-
component sensors. Two established chimeric protein switch biosensors were adapted
to detect four TmAbs that would benefit from more efficient TDM. The one-component
modular allosteric switch known as BLA-BLIP was first developed for the detection of
monoclonal antibodies whilst utilising peptide epitopes specific to the antibody variable
regions (169). Affimer proteins were introduced as recognition elements into the BLA-
BLIP sensor to develop a more adaptable platform with interchangeable recognition
elements for a number of targets (170). To determine that value of this biosensor as a
TDM platform, the BLA-BLIP sensor was adapted to sense four TmAbs with the

previously selected Affimer proteins (303).

Although the BLA-BLIP sensor was able to de adapted for the detection of trastuzumab
and ipilimumab, the design was less modular than anticipated and detection of
adalimumab and rituximab was unsuccessful. Due to this, an alternative chimeric
protein switch biosensor was employed to create effective TDM platforms for TmAbs.
The NanoBiT proximity switch has been used as a mechanism for in vivo imaging (436,
437), and more recently it has been developed into a method for analyte detection

utilising a range of recognition elements, including Affimers (186, 197, 350). Therefore,
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it was decided to develop NanoBiT sensors to evaluate how applicable these sensors
can be at detecting clinically relevant targets. Using the same Affimer proteins for the
detection of TmAbs introduced into the BLA-BLIP sensor, TmAb NanoBiT sensors
were developed for TDM. These sensors showed superior activity to the BLA-BLIP
sensors with higher increases in activity and broader quantifiable ranges, additionally
the format was adaptable to all four TmAb. The superior fold gain at high (3 nM)
concentrations of analyte seen for the NanoBiT sensor (~10 — 100-fold gain) compared
to the BLA-BLIP sensor (~2 — 4-fold gain) means that discrepancies between two
concentrations are easier to make, which would improve the accuracy of the
measurements. The TmAb NanoBiT sensor protocol was optimised to a run time of
approximately 5 minutes, which is advantageous over the BLA-BLIP sensor. In every

aspect of performance, the NanoBIT sensor surpassed the BLA-BLIP sensor.

The creation of four TmAb NanoBIiT sensors was successful with quantifiable ranges in
spiked serum calculated to be within the clinically relevant concentration ranges for all
four TmAbs targeted. The next step in this work is to validate the sensors with patient
samples to establish how accurate they are in a clinical setting. Further to this, the
development of a hand-held device that can be used as an interface for the NanoBiT
sensor would be beneficial to the future design of point-of-care, therapeutic drug
monitoring devices that can be applied bedside to improve the turnaround time of
results. The creation of hand-held luminometers is an area of research that is gaining
traction due to the extensive application of luminescent reporters in diagnostics and
analytics (434, 435). These advances in the development of hardware are encouraging

for the future implementation of these superior TDM methods into PoC settings.

5.3 Chimeric nanobody protein switch biosensors

Nanobodies are valuable molecular tools within research, therapeutic design, and
diagnostic test development. Their high affinity binding properties, small size and
stability make them ideal candidates for use as recognition elements within a chimeric

protein switch biosensor. Nanobodies have been underused as recognition elements
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within this biosensor format, although there are reported instances of their use within
biosensor development, this has largely focused on their use as affinity reagents in
classic immunoassay formats or as reagents within biosensor formats that utilise
immobilisation techniques to transduce binding events into readable signals. Despite
this, there was no literature on their use in chimeric protein switches. The work

presented here now significantly advances the literature.

The expression of proteins that contain disulphide bonds in bacterial expression
systems is known to be challenging due to restricted machinery available in a bacterial
cell. Specifically, bacteria do not contain an endoplasmic reticulum which in higher
order organisms is responsible for post-translational modifications such as disulphide
bond formation. The periplasmic space of a bacterial cell is an oxidative environment
that can facilitate disulphide bond formation; however, the capacity of the periplasm is
limited due to its small size and finite availability of the necessary chaperones and
other proteins necessary to catalyse the covalent reaction between two sulphur groups
to form disulphide bonds (370, 375, 376, 438). This was evident in the attempts made
here to express a large, multidomain protein that contained up to eight disulphide

bonds.

The previously noted superiority of the NanoBiT sensor compared to the BLA-BLIP
sensor, when using Affimer recognition elements, informed the decision to explore the
possibility of using nanobodies as the recognition elements within this format. The
failure to express nanobodies in the BLA-BLIP sensor was attributed to the excessive
number of disulphide bonds necessary for the native structure of the multi-domain
protein to properly fold. By using the two-component NanoBiT system, the number of
disulphide bonds could be limited as each nanobody NanoBiT fragment would be
expressed and purified separately. The refold ability of nanobodies was exploited to
produce a denature and dilution-mediated refold purification protocol which was
successfully implemented to produce five HEL nanobody NanoBiT sensors and seven

PCT nanobody NanoBiT sensors. The best performing HEL nanobody NanoBiT sensor
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combination was further characterised and showed low pM LoD values with a broad
quantifiable range in up to 1% spiked human serum. Additionally high selectivity for the
target analyte was observed. With a range of nanobodies against numerous targets
characterised in the literature, the scope of potential nanobody NanoBiT sensors that
could be developed in the future is great, with nanobodies continuously being selected

against new targets.

To further this work, the initial development of a PCT sensor to aid the diagnosis and
treatment of sepsis was introduced. Going forward, additional analysis of these sensors
will be conducted, including optimisation of the sensor components and validation
using patient serum samples with a confirmed sepsis diagnosis and healthy individuals.
It is hypothesised that by also using a CRP Affimer NanoBiT sensor designed by a
colleague, a multiplexed test can be developed utilising rapid, specific, and sensitive
CRP and PCT detection. CRP and PCT are both markers of sepsis (439), and can also
help differentiate between bacterial and viral infections (440). Sepsis is a medical
emergency and early intervention is critical to patient survival. By introducing a
biosensor like the nanobody NanoBiT, that can detect relevant protein biomarkers in a
matter of minutes, the turnaround time for confirmatory tests could be dramatically

shortened, improving the likelihood of early medical intervention occurring.

Another nanobody NanoBiT project currently in its initial stages is the development of a
rapid PoC test for Ebola virus (EBV). Two Vnar nanobodies and one VyH nanobody
against EBV nucleoprotein (NP) were selected from the literature (441, 442). Future
work on this project aims to characterise potential EBV-NP nanobody NanoBiT sensors
for the development of a rapid PoC test for EBV diagnosis. The gold standard for EBV
diagnosis is RT-PCR which, as mentioned in the introduction to this thesis, is a lengthy
and laborious process (443). With the limited treatment options available for EBV
(444), the purpose of this sensor will be to improve the efficiency of isolating infected
individual to prevent the spread of EBV, and aid in limiting the occurrence of EBV

epidemics.
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5.4 Outlooks
The work documented throughout this PhD thesis has described the value of
developing rapid, point-of-care diagnostic tests as alternatives to current gold
standards. After exploring two different sensor platforms it can be concluded that the
use of a two-component luminescent proximity switch (NanoBiT) has multiple
advantages over the use of a one-component enzyme switch (BLA-BLIP). Most
prominently, the expression issues encountered with BLA-BLIP were overcome when
switching to the NanoBIT system which opened the opportunity to use nanobodies as
recognition elements. Further to this, the performance of the NanoBiT sensors
surpassed the performance of the BLA-BLIP sensors when utilised as a therapeutic
drug monitoring platform. Introducing nanobody recognition elements into the NanoBiT
sensor platform, provided a proof-of-concept senor with excellent sensitivity and
specificity. The scope for future development of nanobody NanoBiT sensors is large
with nanobodies available against a broad range of analytes, and the possibility of
further developing these sensors into a handheld device is fathomable in the near
future. Overall, these sensors have the capacity to dramatically improve the speed,

efficiency, and accuracy of diagnostics and contribute to better healthcare outcomes.
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List of Abbreviations

Abbreviation

Definition

2-ME
4PL
A&E
ADA
ADCC

AFB;
AFF
AIV

BCA

BLA-BLIP
BMGY
BMMY
BSA

CD20
CDC
cDNA
CDR
CGM

Crax
Co-NTA

COVID-19
CRP
CTLA4

cv
DARPins

DNA
DsbA-D
dsDNA
dT

E. coli

2 mercapto-ethanol

Four parameter logistics
Accident and Emergency

Anti-drug antibodies

Antibody dependent cell-mediated cytotoxicity

Aflatoxin B4
Alternate Frame Folding

Avian influenza virus

Bicinchoninic acid

R-lactamase — R-lactamase inhibitor protein

Buffered glycerol complex media
Buffered methanol complex media

Bovine serum albumin

cluster of differentiate 20
Complement dependent cytotoxicity
Complementary deoxyribonucleic acid
Complementary determining regions
Continuous glucose monitoring

Maximum concnetration

Cobalt-Nitrilotriacetic acid
Corona virus disease 2019
C-reactive protein

Cytotoxic T-lymphocyte antigen 4

Coefficient of variation

Designed ankyrin repeat proteins
Deoxyribonucleic acid

Disulphide bond protein A-D

Double stranded deoxyribonucleic acid
Deoxythymine

Escherichia coli



EBV
ECD

EDC
EIA

ELISA
F(ab’)2
Fab
FAST
FDA

FPIA
FPLC
GOx
GP
H202
HBR
HcAb
hCG
HCV
HER2
HIV
HRP
HV
ICU
IgG
IgNAR
IPTG
ISD
ISF
Kb
KDa
LB
LC-MS/MS
LFD
LLOQ
LnNP
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Ebola Virus

Extracellular domain

1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

Enzyme immunoassay

Enzyme linked immunoassay

Fragment antigen binding heterodimer

Fragment antigen binding

Fluorescence-activating and absorption shifting tag

Food and Drug administration

Fluorescence polarization immunoassay
Fast protein liquid chromatography
Glucose oxidase

General practitioner

Hydrogen peroxide
4-hydroxybenzyidene rhodanine
Heavy chain only antibody

human chorionic gonadotropin
Hepatitis C virus

Human epidermal growth factor receptor 2
Human immunodeficiency virus
Horseradish peroxidase
Hypervariable

Intensive care unit

Immunoglobulin G

Immunoglobulin new antigen receptor
isopropylB-D-thiogalactoside
Immunosuppressive drugs

Interstitial fluid

Equilibrium dissociation constant
Kilodaltons

Luria broth

Liquid chromatography—tandem mass spectrometry

Lateral flow device
Lower limit of quantification

Lanthanide-doped nanoparticles
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LoD Limit of detection

LOQ Limit of quantification

LUMABS LUMinescent AntiBody Sensor

mADb Monoclonal antibody

MAPK Mitogen-activated protein kinase

mw Molecular weight

MWCO Molecular weight cut off

NanoBiT Nano Luciferase binary technology
NHS N-Hydroxysuccinimide

Ni-NTA Nickel-nitrilotriacetic acid

Ni-NTA Nickel-Nitrilotriacetic acid

NP Nucleoprotein

OF Oral fluid

P. pastoris Pichia pastoris

PBS Phosphate buffered saline

PBST Phosphate buffered saline + Tween-20
PCR Polymerase chain reaction

PCT Procalcitonin

PD Pharmacodynamic

PK Pharmacokinetic

PoC Point-of-care

PoCT Point-of-care test

PYP Photoactive yellow protein

QD Quantum dots

gPCR Quantitative polymerase chain reaction
RAF Rapidly accelerated fibrosarcoma

RAS Rat sarcoma

RIPA Radioimmunoprecipitation assay

RLU Relative light units

RNA Ribonucleic acid

RPM Revolutions per minute

RT-PCR Reverse transcriptase polymerase chain reaction
RT-gPCR Reverse transcriptase quantitative polymerase chain reaction
SAR Severe adverse reaction

SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2



ScFv
SD
SdAb
SDS-PAGE
SEM
SMBG
TBS
TCEP
TDM
TmAb
TMB
TNF-a
uLOQ
VuH
VNAR
VRNA
WB
YPD
YPDA
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Single chain variable fragment
Standard deviation

Single domain antibody

Sodium dodecyl-sulphate polyacrylamide gel electrophoresis

Standard error mean

Self-monitoring blood glucose

Tris buffered saline
Tris(2-carboxyethyl) phosphine
Therapeutic drug monitoring
Therapeutic monoclonal antibody
3,3',5,5-Tetramethylbenzidine
Tumour necrosis factor - alpha

Upper limit of quantification

Variable heavy domain of heavy chain
Variable domain of new antigen receptor
Viral ribonucleic acid

Western blot

Yeast, peptone, dextrose

Yeast, peptone, dextrose, agar
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Appendix A: Primer tables

Table A 1. Primers used to introduce Linker 1 (L1) to Affimer DNA.

Primer Sequence

Aff-Spel AACGACTAGTAACTCCCTGGAAATCGAAGAACTG

Aff-Sall TAATGTCGACTACTGGTTTGAACTCCTGCAGTTCTTTG
Aff-Spel-ASS | AACGACTAGTGCAGCTTCAAGTAACTCCCTGGAAATCGAAGAACTG

Table A 2. Primers used to introduce Linker 3 (L3) to Affimer DNA.

Primer Sequence

Aff-Nhel ATGGCTAGCAACTCCCTGGAAATCGAAG

Aff-Notl TAATGCGGCCGCTACTGGTTTGAACTCCTGCAGTTCTTTG
Aff-Notl-ASS | ATTAGCGGCCGCACTTGAAGCTACTGGTTTGAACTCCTGCAGTTCTTTG

Table A 3. Primers used to introduce longer Linker 2 (L2) to Affimer DNA.

Primer

Sequence

Aff-Spel

AACGACTAGTAACTCCCTGGAAATCGAAGAACTG

TAATGTCGACGCCAGACCCGCCAGAACCACCTGACCCA

Aff-Sall-(GSG)s CCGGAGCCTACTGGTTTGAACTCCTGCAGTTCTTTG

Aff-Nhel-(GSG)s

ATGAGCTAGCGGCTCCGGGGGTCAGGTGGTTCTGGCGG
GTCTGGCAACTCCCTGGAAATCGAAGAACTG

Aff-Notl

TAATGCGGCCGCTACTGGTTTGAACTCCTGCAGTTCTTTG

Table A 4. Primers used to introduce Cystein residues to Affimer DNA.

Primer Sequence
Aff-Nhel ATGGCTAGCAACTCCCTGGAAATCGAAG
Aff-Notl TAATGCGGCCGCTACTGGTTTGAACTCCTGCAGTTCTTTG

Table A 5. Primers used for Affimer amplification in NanoBiT subcloning.

Primer Sequence

Nhel-Aff-f ATGCGCTAGCAACTCCCTGGAAATCGAAGAACTG
Notl-Aff-r TAATGCGGCCGCTACTGGTTTGAACTCCTGCAGTTCTTTG
Spel-Aff-f AACGACTAGTGCAAACTCCCTGGAAATCGAAGAACTG
Sall-Aff-r TAATGTCGACTACTGGTTTGAACTCCTGCAGTTCTTTG
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Table A 6. Primers used for LgBiT amplification.

Primer Sequence

LgBiT-Nhel-f TAATGCTAGCGTTTTTACCCTGGAAGATTTCG
LgBiT-Notl-r TTATGCGGCCGCGCTATTAATGGTCACACGAAAC
LgBiT-Spel-f TAAAACTAGTGTTTTTACCCTGGAAGATTTCG
LgBiT-Sall-r TAATGTCGACGCTATTAATGGTCACACGAAAC

Table A 7. Primers used to generate SmBIT (101).

Primer

Sequence

SmBiT101-Nhel-f

TAATGCTAGCGTAACAGGATATAGGCTATTTGAAAAAGAGAGC

SmBiT101-Notl-r

TTATGCGGCCGCGCTCTCTTTTTCAAATAGCCTATATCCTGTTAC

SmBIiT101-Spel-f

TAAAACTAGTGTAACAGGATATAGGCTATTTGAAAAAGAGAGC

SmBiT101-Sall-r

TAATGTCGACGCTCTCTTTTTCAAATAGCCTATATCCTGTTAC

Table A 8. Primers used to generate GSGy- linker in NanoBiT constructs.

Primer Sequence

Notl-GSGr-f TTATGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCA
GGT

Spel-GSGr-r TAAAACTAGTGCCAGACCCGCCAGAACCACCTGACCCACCGGAGCCACCAGAGCC

Table A 9. Primers used to introduce restriction sites onto anti-HEL nanobodies.

TSAASSAAAS

Primer Sequence

5A7-Nhel ATATGCTAGCGCGCGCGTGGATCAG

5A7-Notl TAATGCGGCCGCGTTCACGGTCACCGC

5A7-Spel TAATACTAGTGCGCGCGTGGATCAG

5A7-Sall AATTGTCGACGTTCACGGTCACCGC

D2L24-Nhel ATAAGCTAGCGATGTGCAGCTGGTGGA

D2L24-Notl TAATGCGGCCGCGCTGCTCACGGTCACCT

D2L24-Spel AAATGAATTCGATGTGCAGCTGGTGGA

D2L24-Sall TATAGCGGCCGCGCTGCTCACGGTCACCT

5A7-Notl- AATAGCGGCCGCAGACGCAGCAGCAGAAGAAGCGTTCACGGTCACCGCG
ASSAAASAAA

5A7-Spel- AATAACTAGTGCGGCTTCTTCTGCTGCTGCGTCTGCGCGCGTGGATCAGACCC
TSAASSAAAS

D2L24-Notl- AATAGCGGCCGCAGACGCAGCAGCAGAAGAAGCGCTGCTCACGGTCACC
ASSAAASAAA

D2L24-Spel- AATAACTAGTGCAGCTTCGTCCGCTGCCGCGTCTGATGTGCAGCTGGTGG
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Table A 10. Primers for introducing restriction sites to PCT nanobodies.

Primer Sequence

PCT2-Nhel ATAAGCTAGCCAGGTGCAGCTTCAAGAGAG
PCT2-Notl TAATGCGGCCGCGCTCGACACGGTAACTTGTG
PCT2-Spel ATAAACTAGTCAGGTGCAGCTTCAAGAGAG
PCT2-Sall TTAAGTCGACGCTCGACACGGTAACTTGTG
PCT3-Nhel ATTAGCTAGCCAGGTACAGTTGCAAGAGTCTGG
PCT3-Notl TTAAGCGGCCGCGCTCGACACCGTGACTTGCGTA
PCT3-Spel AATAACTAGTCAGGTACAGTTGCAAGAGTCTGG
PCT3-Sall TTAAGTCGACGCTCGACACCGTGACTTGCGTA

Table A 11. Primers for cloning PCT 2 BLA-BLIP into pPICZa expression plasmid

for yeast expression. Q5 site directed mutagenesis for introduction of EcoR/

restriction site into pPICZa expression plasmid and primers to PCR amplify PCT2 BLA-
BLIP out of pET28a plasmid.

Primer Sequence

Q5 EcoRI FWD GGCTGAAGCTGAATTCTGTAAGTGTGGTC

Q5 EcoRI REV TCTCTTTTCTCGAGAGATAC

BB_FWD_EcoRI AATTGAATTCATGGCTTCTGTTTTCGCTGCTCAC
BB REV_ XBal ATATTCTAGATTTTTCGAACTGCGGGTG

Table A 12. Sequencing primers.

Primer Sequence

T7 TAATACGACTCACTATAGGG
T7-term GCTAGTTATTGCTCAGCGG

5 AOXI GACTGGTTCCAATTGACAAGC
3 AOXI GCAAATGGCATTCTGACATCC




Appendix B: BLA-BLIP Expression Table

Table A 13. All expression attempts for nanobody BLA-BLIP constructs. This includes the use of different cell lines; outlines the change of
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construct composition; notes the effects of helper plasmids; different growth and induction temperatures used in the expression protocol; and

the used of differing nanobodies by changing the target analyte. The success of expression was visualised western blots and successful protein

recovery from purification methods was depicted by correct sized bands on SDS-PAGE.

Target Helper | Expression Expression His ta Strep ta

g Name Construct Cell Line pe P via western 1S lag rep tag Notes

analyte plasmid protocol blot purification | purification

Hen Egg BL21 Scale up to 500 mL

Lysozyme HEL 1 BB_5A7-D2L24 N/A 1* N/A NO NO improved yield from

(DE3) . .
(HEL) His tag purification
but did not solve
BL21 loss of protein
HEL HEL 2 BB_D2L24-5A7 (DE3) N/A 1 N/A YES NO through strep tag
purification
HEL HEL2 | BB _D2L24-5A7 (BD'-Ez;) oTUM4 1 NO N/A N/A
HEL HEL 2 BB_D2L24-5A7 BL21 NO 1 NO N/A N/A
HEL HEL 2 BB_D2L24-5A7 BL21 pTUM4 1 NO N/A N/A o
HEL HEL2 | BB D2L24-5A7 | DHb5a NO 1 NO N/A N/A N/A = No purification
experiments took

HEL HEL 2 BB_D2L24-5A7 DH5« pTUM4 1 NO N/A N/A place due to poor
HEL HEL 2 BB_D2L24-5A7 | XL1-BLUE NO 1 NO N/A N/A expression levels
HEL HEL 2 BB_D2L24-5A7 | XL1-BLUE | pTUM4 1 NO N/A N/A seen
HEL HEL 2 BB_D2L24-5A7 DH5«a NO vl POOR N/A N/A
HEL HEL 2 BB_D2L24-5A7 DH5« pTUM4 2 POOR N/A N/A
HEL HEL 2 BB_D2L24-5A7 | XL1-BLUE NO 2 NO N/A N/A




-217 -

HEL HEL 2 BB D2L24-5A7 | XL1-BLUE | pTUM4 2 NO N/A N/A
BL21 L1 = TSAASSAAAS
HEL HEL 3 BB 5A7-D2L24 (DE3) N/A 1 NO N/A N/A L3 = ASSAAASAA
BL21 L1 = TSAASSAAAS
HEL HEL 4 BB D2L24-5A7 (DE3) N/A 1 POOR NO NO L3 = ASSAAASAA
BB D2L24- BL21
HEL HEL 5 D2L24 (DE3) N/A 1 YES YES NO
BB D2L24- BL21
HEL HEL 5 D2L 24 (DE3) pTUM4 1 NO N/A N/A
BB D2L24-
HEL HEL 5 D2L24 BL21 NO 1 NO N/A N/A
BB D2L24-
HEL HEL 5 D2L 24 BL21 pTUM4 1 POOR N/A N/A
HEL HEL 5 BBEEL22L424- DH5a NO 1 NO N/A N/A
BB D2L24- N/A = No purification
HEL HEL 5 D2l24 DH5a pTUM4 1 NO N/A N/A experiments took
BB D2L24- place due to poor
HEL HEL 5 D2L 24 XL1-BLUE NO 1 NO N/A N/A expression levels
seen
BB D2L24-
HEL HEL 5 D2L 24 XL1-BLUE | pTUM4 1 NO N/A N/A
BB D2L24-
HEL HEL 5 D2L24 DH5a NO 2 POOR N/A N/A
BB D2L24-
HEL HEL 5 D2L 24 DH5a pTUM4 2 POOR N/A N/A
BB D2L24-
HEL HEL 5 D2L24 XL1-BLUE NO 2 NO N/A N/A
BB D2L24-
HEL HEL 5 D2L 24 XL1-BLUE | pTUM4 2 NO N/A N/A
HEL HEL 6 BB D2L24-5A7 (BDLEZ;) N/A 1 POOR N/A N/A L2 = (GSG)2o
HEL HEL7 | BB D2L24-5A7 | B:21 N/A 1 NO N/A N/A L2 = (GSG)s

(DE3)
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Procalcitonin

BL21

eon PCT1 | BB_PCT2PCT3 |  Aiy N/A 1 NO NO NO
BL21

PCT PCT2 | BB_PCTSPCT2 | iy N/A 1 YES YES NO
Toxin B E37F BB E3-7F (BDLEZ:;) N/A 1 YES YES YES Positive control
Toxin B E37F BB E3-7F (BD'-Ez;) oTUM4 1 YES N/A N/A
Toxin B E37F BB_E3-7F BL21 NO 1 POOR N/A N/A
Toxin B E37F BB_E3-7F BL21 pTUM4 1 POOR N/A N/A
Toxin B E37F BB_E3-7F DH5a NO 1 NO N/A N/A No purification
Toxin B E37F BB_E3-7F DH5« | pTUM4 1 NO N/A N/A experiments took
Toxin B E37F BB_E3-7F | XL1-BLUE | NO 1 NO N/A N/A place due to poor

. expression levels

Toxin B E37F BB_E3-7F | XL1-BLUE | pTUM4 1 NO N/A N/A oo
Toxin B E37F BB_E3-7F DH5a NO 2 POOR N/A N/A
Toxin B E37F BB_E3-7F DH5a | pTUM4 2 POOR N/A N/A
Toxin B E37F BB_E3-7F | XL1-BLUE | NO 2 NO N/A N/A
Toxin B E37F BB_E3-7F | XL1-BLUE | pTUM4 2 NO N/A N/A

’ Expression protocol 1: 2YT media (50 pg/mL kanamycin). 37°C 220 rpm. Induced at OD600 = 0.6 with 0.3 mM IPTG. 16°C 180 rpm O/N.

T Expression protocol 2: 2YT media (50 pg/mL kanamycin). 30°C 220 rpm. Induced at OD600 = 0.6 with 0.3 mM IPTG. 30°C 220 rpm O/N.
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Appendix C: DNA and Protein Sequences

Within the BLA-BLIP and NanoBiT sensor sequence the Affimer variable region
sequences are denoted as XXX. The sequences and plasmids will be shared with any
academic who does not have a commercial interest, under an MTA.

BB_TRAST/BB_IPI/BB_RIT/BB_ADA:

Red — leader sequence

Blue — His-tag

Green — thrombin cleavage site

Yellow highlight — TEM1-f-lactamase(E104D)
Light grey highlight — linker 1 (L1)

Pink — Anti-idiotype Affimer

Cyan highlight — fB-lactamase inhibitor protein(E313)

Orange — Strep-tag

DNA:

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCTCACCACCACCACCACCACCACCACCTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGTGCAAACTCCCTGGAAATCGAAGAACTGGCTCGTTTCGCTGTTGACGAA
CACAACAAAAAAGAAAACGCTCTGCTGGAATTCGTTCGTGTTGTTAAAGCGAAAGAACAGXXXX
XXXXXXXXXXXXXXXXXXXXACCATGTACTACCTGACCCTGGAAGCTAAAGACGGTGGTAAAAA
GAAACTGTACGAAGCGAAAGTTTGGGTTAAGXXXXXXXXXXXXXXXXXXXXXXXXXXXAACTTC

AAAGAACTGCAGGAGTTCAAACCAGTAGTCCACGC T

B GG TGCTAGCAACTCCCTGGAAATCGAAGAACTGGCTCGTTTCGCTGTTGACGAACACA
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ACAAAAAAGAAAACGCTCTGCTGGAATTCGTTCGTGTTGTTAAAGCGAAAGAACAGXXXXXXXX
XXXXXXXXXXXXXXXXACCATGTACTACCTGACCCTGGAAGCTAAAGACGGTGGTAAAAAGAAA
CTGTACGAAGCGAAAGTTTGGGTTAAGXXX XXX XXX XXX XXXXXXXXXXXXXXXAACTTCAAAG

AACTGCAGGAGTTCAAACCAGTAGCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCACCCA

CAGTGGGACCTGETTGGTGGTCTCGGTGGTTCCTCTCACCCGCAGTTCGAAAAA

Protein:

MASIQHFRVALIPFFAAFCLPVFAAHHHHHHHHLVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTSANSLEIEELARFAVDE
HNKKENALLEFVRVVKAKEQXXXXXXXXTMYYLTLEAKDGGKKKLYEARVWVKXXXXXXXXXNF

' VDGGSGGSGGSGGSGGSGGSGAEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKAGS

.GASNSLE IEELARFAVDEHNKKENALLEFVRVVKAKEQXXXXXXXXTMYYLTLEAKDGGKKK

LYEARVIVEX XXX XXX XKNFRELOEF K PV ABAAGVMTGAKFTOTQF GMTROOVLDT AGAENCAT

OWDLVGGLGGWSHPOFEK

NanoBiT Affimer constructs:
Blue — Anti-idiotype Affimer
Red — LargeBiT

Purple — SmallBiT101

Green — Polypeptide linker

Orange — His-tag

LgBit-GSG7-AffX
Protein

MAASVFTLEDFVGDWEQTAAYNLDQVLDQOGGVSSLLONLAVSVTPIQRIVRSGENALKIDIHVI
IPYEGLSADQMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGK
KITVTGTLWNGNKIIDERLITPDGSMLFRVTINSAAAGSGGSGGSGGSGGSGGSGGSGTSANSL
EIEELARFAVDEHNKKENALLEFVRVVKAKEQXXXXXXXXXTMYYLTLEAKDGGKKKLYEAKVW
VKXXXXXXXXXNFKELQEFKPVVDLEHHHHHH
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ATGGCGGCTAGCGTTTTTACCCTGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCGTACA
ACCTGGACCAAGTGCTGGATCAAGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGT
TACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGTGATC
ATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTT
ACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACGGCGT
TACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGGTAAG
AAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATTACCC
CGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGCGGCCGCTGGGTCCGGCGGTTCAGG
CGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAAACTCCCTG
GAAATCGAAGAACTGGCTCGTTTCGCTGTTGACGAACACAACAAAAAAGAAAACGCTCTGCTGG
AATTCGTTCGTGTTGTTAAAGCGAAAGAACAGXXXXXXXXXXXXXXXXXXXXXXXXXXXACCAT
GTACTACCTGACCCTGGAAGCTAAAGACGGTGGTAAAAAGAAACTGTACGAAGCGAAAGTTTGG
GTTAAAXXXXXXXXXXXXXXXXXXXXXXXXAACTTCAAAGAACTGCAGGAGTTCAAACCAGTAG
TCGACCTCGAGCACCACCACCACCACCAC

AffX-GSGr-LgBit
Protein

MAASNSLEIEELARFAVDEHNKKENALLEFVRVVKAKEQXXXXXXXXXTMYYLTLEAKDGGKKK
LYEAKVWVKXXXXXXXXXNFKELQEFKPVAAAGSGGSGGSGGSGGSGGSGGSGTSVFTLEDFVG
DWEQTAAYNLDQVLEQGGVSSLLONLAVSVTPIQRIVRSGENALKIDIHVITIPYEGLSADQMAQ
IEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGKKITVTGTLWNGNK
ITDERLITPDGSMLFRVTINSVDLEHHHHHH

DNA

ATGGCGGCTAGCAACTCCCTGGAAATCGAAGAACTGGCTCGTTTCGCTGTTGACGAACACAACA
AAAAAGAAAACGCTCTGCTGGAATTCGTTCGTGTTGTTAAAGCGAAAGAACAGXXXXXXXXXXX
XXXXXXXXXXXXXXXXACCATGTACTACCTGACCCTGGAAGCTAAAGACGGTGGTAAAAAGAAA
CTGTACGAAGCGAAAGTTTGGGTTAAAXXXXXXXXXXXXXXXXXXXXXXXXAACTTCAAAGAAC
TGCAGGAGTTCAAACCAGTAGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGG
TGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTTTTTACCCTGGAAGATTTCGTGGGCGAC
TGGGAACAGACCGCGGCGTACAACCTGGACCAAGTGCTGGAACAAGGTGGCGTGAGCAGCCTGC
TGCAGAACCTGGCGGTGAGCGTTACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCT
GAAGATCGACATTCACGTGATCATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATC
GAGGAAGTGTTCAAGGTGGTTTACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATG
GTACCCTGGTGATTGACGGCGTTACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGG
CATCGCGGTTTTTGATGGTAAGAAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATT
ATTGATGAGCGCCTGATTACCCCGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGTCG
ACCTCGAGCACCACCACCACCACCAT

SmBIit101-GSG,-AffX
Protein

MAASVTGYRLFEKESAAAGSGGSGGSGGSGGSGGSGGSGTSANSLEIEELARFAVDEHNKKENA
LLEFVRVVKAKEQXXXXXXXXXTMYYLTLEAKDGGKKKLYEAKVWVKXXXXXXXXXNFKELQEF
KPVVDLEHHHHHH
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DNA

ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAAAAAGAGAGCGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAAA
CTCCCTGGAAATCGAAGAACTGGCTCGTTTCGCTGTTGACGAACACAACAAAAAAGAAAACGCT
CTGCTGGAATTCGTTCGTGTTGTTAAAGCGAAAGAACAGX XX XXX XXX XXX XXX XXXXXXXXXX
XXACCATGTACTACCTGACCCTGGAAGCTAAAGACGGTGGTAAAAAGAAACTGTACGAAGCGAA
AGTTTGGGTTAAAXXXXXXXXXXXXXXXXXXXXXXXXAACTTCAAAGAACTGCAGGAGTTCAAA
CCAGTAGTCGACCTCGAGCACCACCACCACCACCAC

AffX-GSG7-SmBit101
Protein

MAASNSLEIEELARFAVDEHNKKENALLEFVRVVKAKEQXXXXXXXXXTMYYLTLEAKDGGKKK
LYEAKVWVKXXXXXXXXXNFKELQEFKPVAAAGSGGSGGSGGSGGSGGSGGSGTSVTGYRLFEK
ESVDLEHHHHHH

DNA

ATGGCGGCTAGCAACTCCCTGGAAATCGAAGAACTGGCTCGTTTCGCTGTTGACGAACACAACA
AAAAAGAAAACGCTCTGCTGGAATTCGTTCGTGTTGTTAAAGCGAAAGAACAGXXXXXXXXXXX
XXXXXXXXXXXXXXXXACCATGTACTACCTGACCCTGGAAGCTAAAGACGGTGGTAAAAAGAAA
CTGTACGAAGCGAAAGTTTGGGTTAAAXXX XXX XXX XXXXXXXXXXXXXXXAACTTCAAAGAAC
TGCAGGAGTTCAAACCAGTAGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGG
TGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTAACAGGATATAGGCTATTTGAAAAAGAG
AGCGTCGACCTCGAGCACCACCACCACCACCAC

HEL/PCT/Toxin B BLA-BLIP:

Red — leader sequence

Blue — His-tag

Green — thrombin cleavage site

Yellow highlight — TEM1-f3-lactamase(E104D)
Light grey highlight — linker 1 (L1)

Pink — Nanobodies

Orange — Strep-tag

HEL 1:
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DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTC
TGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCGCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGT
GCTAAATTCACCCAGATCCAGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTG
AAAACTGCGCTACTGGCGGTAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGA
CTACTACGCTTACGCTACCTTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAA
TCTCAGGAAAAACTGCTGGCTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTA
CCGTTGGTATGACCCGTGCTCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTC
TGAATACTACCCGGCTTACCCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTT
GACGGTTACTCTTCTACCGGTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTC
TGCAGGGTAAACGTCAGTGGGACCTGGTTGGTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTS

VDGSGGSGGSGGSGGSGGSGGSGAS

AAAAGVMTG
AKFTQIQFGMTRQOVLDIAGAENCATGGSFGDSIHCRGHAAGDYYAYATFGFTSAAADAKVDSK
SQOEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYYPAYPSTAGVTLSLSCFDV
DGYSSTGFYRGSAHLWFTDGVLOGKROWDLVGGLGG
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HEL 2:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTG
GCGGGTCTGGCGCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGTG
CTAAATTCACCCAGATCCAGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGA
AAACTGCGCTACTGGCGGTAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGAC
TACTACGCTTACGCTACCTTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAAT
CTCAGGAAAAACTGCTGGCTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTAC
CGTTGGTATGACCCGTGCTCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCT
GAATACTACCCGGCTTACCCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTG
ACGGTTACTCTTCTACCGGTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCT
GCAGGGTAAACGTCAGTGGGACCTGGTTGGTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTS

VDGSGGSGGSGGSGGSGGS
GGSGAS
AAAAGVMTG
AKFTQIQFGMTRQOVLDIAGAENCATGGSFGDSIHCRGHAAGDYYAYATFGFTSAAADAKVDSK
SQOEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYYPAYPSTAGVTLSLSCFDV
DGYSSTGFYRGSAHLWFTDGVLOGKROWDLVGGLGG



- 225 -

HEL 3:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGTGCAGCTTCGTCCGCTGCCGCGTCT

GTCGA
CGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGC
GCTAGC

CGA
AGAAGACGACGACGCAGACGCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCACCCAGATC
CAGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCGCTACTGGCG
GTAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGACTACTACGCTTACGCTAC
CTTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAAAAACTGCTG
GCTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTATGACCCGTG
CTCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTACCCGGCTTA
CCCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTACTCTTCTACC
GGTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTAAACGTCAGT
GGGACCTGGTTGGTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTSAASSAAAS

VDGSGGSGGSGGSGGSGGSGGSG

AS
A
SSAAASAAAAGVMTGAKFTQIQFGMTRQOVLDIAGAENCATGGSFGDSIHCRGHAAGDYYAYAT
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FGFTSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYYPAY
PSTAGVTLSLSCFDVDGYSSTGFYRGSAHLWFTDGVLOGKROQWDLVGGLGG

HEL 4:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGTGCAGCTTCGTCCGCTGCCGCGTCT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTG
GCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCGCTAGC

CGAA
GAAGACGACGACGCAGACGCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCACCCAGATCC
AGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCGCTACTGGCGG
TAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGACTACTACGCTTACGCTACC
TTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAAAAACTGCTGG
CTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTATGACCCGTGC
TCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTACCCGGCTTAC
CCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTACTCTTCTACCG
GTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTAAACGTCAGTG
GGACCTGGTTGGTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTSAASSAAAS

VDGSGGSGGSG
GSGGSGGSGGSGAS
A
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SSAAASAAAAGVMTGAKFTQIQFGMTROQOVLDIAGAENCATGGSFGDSIHCRGHAAGDYYAYAT
FGFTSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYYPAY
PSTAGVTLSLSCFDVDGYSSTGFYRGSAHLWFTDGVLOGKROQWDLVGGLGG

HEL 5:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTG
GCGGGTCTGGCGCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCACCCAGATCCAGTTCGGTATG
ACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCGCTACTGGCGGTAGCTTCGGTG
ACTCTATACACTGCCGTGGTCACGCTGCTGGTGACTACTACGCTTACGCTACCTTCGGTTTCAC
CTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAAAAACTGCTGGCTCCGTCTGCT
CCGACCCTGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTATGACCCGTGCTCAGGTTCTGG
CTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTACCCGGCTTACCCGTCTACCGC
TGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTACTCTTCTACCGGTTTCTACCGT
GGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTAAACGTCAGTGGGACCTGGTTG
GTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTS

VDGSGGSGGSGGSGGSGGS
GGSGAS
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AAAAGVMTGAKFTQIQFGMTRQQOVLDIAGAENCATGGSFGDSIHCRGHAAGDYYAYATFGF
TSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYYPAYPST
AGVTLSLSCFDVDGYSSTGFYRGSAHLWFTDGVLQGKRQWDLVGGLGG

HEL 6:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTG
GCGGGTCTGGCGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGG
CGGGTCTGGCGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGC
GCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCACC
CAGATCCAGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCGCTA
CTGGCGGTAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGACTACTACGCTTA
CGCTACCTTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAAAAA
CTGCTGGCTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTATGA
CCCGTGCTCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTACCC
GGCTTACCCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTACTCT
TCTACCGGTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTAAAC
GTCAGTGGGACCTGGTTGGTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTS
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VDGSGGSGGSGGSGGSGGS
GGSGGSGGSGGSGGSGGSGGSGGSGGSGGSGGSGGSGGSGGSGAS

AAAAGVMTGAKFTQIQFGMTRQQOVLDIAGAENCA
TGGSFGDSIHCRGHAAGDYYAYATFGFTSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGM
TRAQVLATVGOGSCTTWSEYYPAYPSTAGVTLSLSCFDVDGYSSTGFYRGSAHLWFTDGVLQGK
ROWDLVGGLGG

HEL 7:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCACCCAGATCCAGTTCGGTATGACCCGTC
AGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCGCTACTGGCGGTAGCTTCGGTGACTCTAT
ACACTGCCGTGGTCACGCTGCTGGTGACTACTACGCTTACGCTACCTTCGGTTTCACCTCTGCT
GCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAAAAACTGCTGGCTCCGTCTGCTCCGACCC
TGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTATGACCCGTGCTCAGGTTCTGGCTACCGT
TGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTACCCGGCTTACCCGTCTACCGCTGGTGTT
ACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTACTCTTCTACCGGTTTCTACCGTGGTTCTG
CTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTAAACGTCAGTGGGACCTGGTTGGTGGTCT
CGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTS
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VDGSGGSGGSGAS

AAAAGVMTGAKFTQIQFGMTR
OQVLDIAGAENCATGGSFGDSIHCRGHAAGDYYAYATFGFTSAAADAKVDSKSQEKLLAPSAPT
LTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYYPAYPSTAGVTLSLSCFDVDGYSSTGFYRGS
AHLWFTDGVLOGKROWDLVGGLGG

PCT 1:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCA
GGTGGTTCTGGCGGGTCTGGCGCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTCA
CCCAGATCCAGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCGC
TACTGGCGGTAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGACTACTACGCT
TACGCTACCTTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAAA
AACTGCTGGCTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTAT
GACCCGTGCTCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTAC
CCGGCTTACCCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTACT
CTTCTACCGGTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTAA
ACGTCAGTGGGACCTGGTTGGTGGTCTCGGTGGT

Protein

MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
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DGMTVRELCSAATITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTS

VDGSGGSGGSGGSGGS
GGSGGSGAS

AAAAGVMTGAKFTQIQFGMTROQQOVLDIAGAENCATGGSFGDSIHCRGHAAGDYYA
YATFGFTSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYY
PAYPSTAGVTLSLSCFDVDGYSSTGFYRGSAHLWF TDGVLOGKROWDLVGGLGG

PCT 2:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTC
AGGTGGTTCTGGCGGGTCTGGCGCTAGC

GCGGCCGCTGCTGGTGTTATGACCGGTGCTAAATTC
ACCCAGATCCAGTTCGGTATGACCCGTCAGCAGGTTCTGGACATCGCTGGTGCTGAAAACTGCG
CTACTGGCGGTAGCTTCGGTGACTCTATACACTGCCGTGGTCACGCTGCTGGTGACTACTACGC
TTACGCTACCTTCGGTTTCACCTCTGCTGCTGCTGACGCTAAAGTTGACTCTAAATCTCAGGAA
AAACTGCTGGCTCCGTCTGCTCCGACCCTGACCCTGGCTAAATTCAACCAGGTTACCGTTGGTA
TGACCCGTGCTCAGGTTCTGGCTACCGTTGGTCAGGGTTCTTGCACCACCTGGTCTGAATACTA
CCCGGCTTACCCGTCTACCGCTGGTGTTACCCTGTCTCTGTCTTGCTTCGACGTTGACGGTTAC
TCTTCTACCGGTTTCTACCGTGGTTCTGCTCACCTGTGGTTCACCGACGGTGTTCTGCAGGGTA
AACGTCAGTGGGACCTGGTTGGTGGTCTCGGTGGT

Protein
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MASIQHFRVALIPFFAAFCLPVFAA LVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGIIAALGPDGKPSRIVVIYTTGSQATMDERNRQIAETIGASLIKHWTS

VDGSGGSGGSGGSGGS
GGSGGSGAS

AAAAGVMTGAKFTQIQFGMTROQVLDIAGAENCATGGSFGDSIHCRGHAAGDYYA
YATFGFTSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGOGSCTTWSEYY
PAYPSTAGVTLSLSCEFDVDGYSSTGFYRGSAHLWF TDGVLOGKROWDLVGGLGG

E37F:
DNA

ATGGCTTCTATCCAGCACTTCCGTGTTGCTCTGATCCCGTTCTTCGCTGCTTTCTGCCTGCCGG
TTTTCGCTGCT CTGGTTCCGCGTGGTTCTCACCCGGAAAC
CCTGGTTAAAGTTAAAGACGCTGAAGACCAGCTGGGTGCTCGTGTTGGTTACATCGAACTGGAC
CTGAACTCTGGTAAAATCCTGGAATCTTTCCGTCCGGAGGAGAGGTTCCCGATGATGTCTACCT
TCAAAGTTCTGCTGTGCGGTGCTGTTCTGTCTCGTGTTGACGCTGGTCAGGAACAGCTGGGTCG
TCGTATCCACTACTCTCAGAACGACCTGGTTGACTACTCTCCGGTTACCGAAAAACACCTGACC
GACGGTATGACCGTTCGTGAACTGTGCTCTGCTGCTATCACCATGTCTGACAACACCGCTGCTA
ACCTGCTGCTGACCACCATCGGTGGTCCGAAAGAACTCACTGCGTTCCTGCACAACATGGGTGA
CCACGTTACCCGTCTGGACCGTTGGGAACCGGAACTGAACGAAGCTATCCCGAACGACGAACGT
GACACCACCATGCCGGCTGCTATGGCTACCACCCTGCGTAAACTGCTGACCGGTGAACTGCTGA
CCCTGGCTTCTCGTCAGCAGCTGATCGACTGGATGGAAGCTGACAAAGTTGCTGGTCCGCTGCT
GCGTTCTGCTCTGCCGGCTGGTTGGTTCATCGCTGACAAATCTGGTGCTGGTGAACGTGGTTCT
CGTGGTATCATCGCTGCTCTGGGTCCGGACGGTAAACCGTCTCGTATCGTTGTTATCTACACCA
CCGGTTCTCAGGCTACTATGGACGAACGTAACCGTCAGATCGCTGAAATCGGTGCTTCTCTGAT
CAAACACTGGACTAGT

GTCGACGGGTCCGGCGGTTCAGGCGGCTCTGGTGG
CTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCGGGTCCGGCGGTTCAGGCGGCTCTGGTGGC
TCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCT
CCGGTGGGTCAGGTGGTTCTGGCGCTAGC

GCGGCCG
CTGCTGGTGTTATGACCGGTGCTAAATTCACCCAGATCCAGTTCGGTATGACCCGTCAGCAGGT
TCTGGACATCGCTGGTGCTGAAAACTGCGCTACTGGCGGTAGCTTCGGTGACTCTATACACTGC
CGTGGTCACGCTGCTGGTGACTACTACGCTTACGCTACCTTCGGTTTCACCTCTGCTGCTGCTG
ACGCTAAAGTTGACTCTAAATCTCAGGAAAAACTGCTGGCTCCGTCTGCTCCGACCCTGACCCT
GGCTAAATTCAACCAGGTTACCGTTGGTATGACCCGTGCTCAGGTTCTGGCTACCGTTGGTCAG
GGTTCTTGCACCACCTGGTCTGAATACTACCCGGCTTACCCGTCTACCGCTGGTGTTACCCTGT
CTCTGTCTTGCTTCGACGTTGACGGTTACTCTTCTACCGGTTTCTACCGTGGTTCTGCTCACCT
GTGGTTCACCGACGGTGTTCTGCAGGGTAAACGTCAGTGGGACCTGGTTGGTGGTCTCGGTGGT
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Protein

MASIQHFRVALIPFFAAFCLPVFAAHHHHHHHHLVPRGSHPETLVKVKDAEDQLGARVGYIELD
LNSGKILESFRPEERFPMMSTFKVLLCGAVLSRVDAGOQEQLGRRIHYSQONDLVDYSPVTEKHLT
DGMTVRELCSAAITMSDNTAANLLLTTIGGPKELTAFLHNMGDHVTRLDRWEPELNEAIPNDER
DTTMPAAMATTLRKLLTGELLTLASRQQOLIDWMEADKVAGPLLRSALPAGWFIADKSGAGERGS
RGITAALGPDGKPSRIVVIYTTGSQATMDERNRQIAEIGASLIKHWTSOVOLVESGGGLVOTGGE
SLRLSCASSGSIAGFETVIWSROAPGKSLOWVASMTKTNNEIYSDSVKGRFITISRDNAKNTVYL

OMNSLKPEDTCVYEFCKCPELRGOCIOVTVS SVDESCESCESCESCESCESEESCESCESEESEEe
I 5001 VESGGGLVEAGGSLRLSCVVTGSSFSTST

MAWYRQPPGKOQREWVASFTSGGAIKYTDSVKGRFTMSRDNAKKMTYLOMENLKPEDTAVYYCAL
HNAVSGSSWGRGTQVTVS S-AGVMTGAKFTQIQFGMTRQQVLD IAGAENCATGGSFGDSIHC
RGHAAGDYYAYATFGFTSAAADAKVDSKSQEKLLAPSAPTLTLAKFNQVTVGMTRAQVLATVGQ
GSCTTWSEYYPAYPSTAGVTLSLSCFDVDGYSSTGFYRGSAHLWF TDGVLOGKROWDLVGGLGG
WSHPQFEK

Nanobody NanoBiT constructs:
Blue — Nanobody

Red — LargeBiT

Purple — SmallBiT101

Green — Polypeptide linker

Orange — His-tag

LgBit-GSG7-5A7
Protein

MAASVFTLEDFVGDWEQTAAYNLDQVLDQOGGVSSLLONLAVSVTPIQRIVRSGENALKIDIHVI
IPYEGLSADOMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGK
KITVTGTLWNGNKIIDERLITPDGSMLFRVTINSAAAGSGGSGGSGGSGGSGGSGGSGTSAARV
DOQTPRSVTKETGESLTINCVLRDASYALGSTCWYRKKSGEGNEESISKGGRYVETVNSGSKSFS
LRINDLTVEDGGTYRCGLGVAGGYCDYALCSSRYAECGDGTAVTVNVDLEHHHHHH

DNA

ATGGCGGCTAGCGTTTTTACCCTGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCGTACA
ACCTGGACCAAGTGCTGGATCAAGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGT
TACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGTGATC
ATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTT
ACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACGGCGT
TACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGGTAAG
AAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATTACCC
CGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGCGGCCGCTGGGTCCGGCGGTTCAGG
CGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAGCGCGCGTG
GATCAGACCCCGCGCAGCGTGACCAAAGAAACCGGCGAAAGCCTGACCATTAACTGCGTGCTGC
GCGATGCGAGCTATGCGCTGGGCAGCACCTGCTGGTATCGCAAAAAAAGCGGCGAAGGCAACGA
AGAAAGCATTAGCAAAGGCGGGCGCTATGTGGAAACCGTGAACAGCGGCAGCAAAAGCTTTAGC
CTGCGCATTAACGATCTGACCGTGGAAGATGGCGGCACCTATCGCTGCGGCCTGGGCGTGGCGG
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GCGGCTATTGCGATTATGCGCTGTGCAGCAGCCGCTATGCGGAATGCGGCGATGGCACCGCGGT
GACCGTGAACGTCGACCTCGAGCACCACCACCACCACCAC

LgBit-GSG7-D21.24
Protein

MAASVFTLEDFVGDWEQTAAYNLDQVLDQOGGVSSLLONLAVSVTPIQRIVRSGENALKIDIHVI
IPYEGLSADOMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGK
KITVTGTLWNGNKIIDERLITPDGSMLFRVTINSAAAGSGGSGGSGGSGGSGGSGGSGTSADVQ
LVESGGGSVQAGGSLRLSCAASGYIASINYLGWFROAPGKEREGVAAVSPAGGTPYYADSVKGR
FTVSLDNAENTVYLOMNSLKPEDTALYYCAAARQGWYIPLNSYGYNYWAQGTQVTVSSVDLEHH
HHHH

DNA

ATGGCGGCTAGCGTTTTTACCCTGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCGTACA
ACCTGGACCAAGTGCTGGATCAAGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGT
TACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGTGATC
ATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTT
ACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACGGCGT
TACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGGTAAG
AAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATTACCC
CGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGCGGCCGCTGGGTCCGGCGGTTCAGG
CGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAATGTGCAGC
TGGTGGAAAGCGGCGGCGGCAGCGTGCAGGCGGGCGGCAGCCTGCGCCTGAGCTGCGCGGCGAG
CGGCTATATTGCGAGCATTAACTATCTGGGCTGGTTTCGCCAGGCGCCGGGCAAAGAACGCGAA
GGCGTGGCGGCGGTGAGCCCGGCGGGCGGCACCCCGTATTATGCGGATAGCGTGAAAGGCCGCT
TTACCGTGAGCCTGGATAACGCGGAAAACACCGTGTATCTGCAGATGAACAGCCTGAAACCGGA
AGATACCGCGCTGTATTATTGCGCGGCGGCGCGCCAGGGCTGGTATATTCCGCTGAACAGCTAT
GGCTATAACTATTGGGCGCAGGGCACCCAGGTGACCGTGAGCAGCGTCGACCTCGAGCACCACC
ACCACCACCAC

5A7-GSG7-LgBit
Protein

MAASARVDQTPRSVTKETGESLTINCVLRDASYALGSTCWYRKKSGEGNEESISKGGRYVETVN
SGSKSFSLRINDLTVEDGGTYRCGLGVAGGYCDYALCSSRYAECGDGTAVTVNAAAGSGGSGGS
GGSGGSGGSGGSGTSVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLLONLAVSVTPIQRIVRSG
ENALKIDIHVITPYEGLSADQMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGR
PYEGIAVFDGKKITVTGTLWNGNKIIDERLITPDGSMLFRVTINSVDLEHHHHHH

DNA

ATGGCGGCTAGCGCGCGCGTGGATCAGACCCCGCGCAGCGTGACCAAAGAAACCGGCGAAAGCC
TGACCATTAACTGCGTGCTGCGCGATGCGAGCTATGCGCTGGGCAGCACCTGCTGGTATCGCAA
AAAAAGCGGCGAAGGCAACGAAGAAAGCATTAGCAAAGGCGGGCGCTATGTGGAAACCGTGAAC
AGCGGCAGCAAAAGCTTTAGCCTGCGCATTAACGATCTGACCGTGGAAGATGGCGGCACCTATC
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GCTGCGGCCTGGGCGTGGCGGGCGGCTATTGCGATTATGCGCTGTGCAGCAGCCGCTATGCGGA
ATGCGGCGATGGCACCGCGGTGACCGTGAACGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCT
GGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTTTTTACCCTGGAAGATT
TCGTGGGCGACTGGGAACAGACCGCGGCGTACAACCTGGACCAAGTGCTGGAACAAGGTGGCGT
GAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGTTACCCCGATCCAACGTATTGTTCGTAGCGGC
GAGAACGCGCTGAAGATCGACATTCACGTGATCATTCCGTACGAAGGCCTGAGCGCGGATCAGA
TGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTTACCCGGTTGACGATCACCACTTTAAAGTGAT
CCTGCCGTATGGTACCCTGGTGATTGACGGCGTTACCCCGAACATGCTGAACTACTTCGGTCGT
CCGTATGAGGGCATCGCGGTTTTTGATGGTAAGAAAATTACCGTGACCGGTACCCTGTGGAACG
GCAACAAAATTATTGATGAGCGCCTGATTACCCCGGACGGCAGCATGCTGTTTCGTGTGACCAT
TAATAGCGTCGACCTCGAGCACCACCACCACCACCAT

D21.24-GSG-LgBit
Protein

MAASDVQLVESGGGSVQAGGSLRLSCAASGYIASINYLGWFROQAPGKEREGVAAVSPAGGTPYY
ADSVKGRFTVSLDNAENTVYLOMNSLKPEDTALYYCAAARQGWYIPLNSYGYNYWAQGTQVTVS
SAAAGSGGSGGSGGSGGSGGSGGSGTSVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLLONLAV
SVTPIQRIVRSGENALKIDIHVIIPYEGLSADOMAQIEEVFKVVYPVDDHHFKVILPYGTLVID
GVTPNMLNYFGRPYEGIAVFDGKKITVTGTLWNGNKIIDERLITPDGSMLFRVTINSVDLEHHH
HHH

DNA

ATGGCGGCTAGCATGTGCAGCTGGTGGAAAGCGGCGGCGGCAGCGTGCAGGCGGGCGGCAGCCT
GCGCCTGAGCTGCGCGGCGAGCGGCTATATTGCGAGCATTAACTATCTGGGCTGGTTTCGCCAG
GCGCCGGGCAAAGAACGCGAAGGCGTGGCGGCGGTGAGCCCGGCGGGCGGCACCCCGTATTATG
CGGATAGCGTGAAAGGCCGCTTTACCGTGAGCCTGGATAACGCGGAAAACACCGTGTATCTGCA
GATGAACAGCCTGAAACCGGAAGATACCGCGCTGTATTATTGCGCGGCGGCGCGCCAGGGCTGG
TATATTCCGCTGAACAGCTATGGCTATAACTATTGGGCGCAGGGCACCCAGGTGACCGTGAGCA
GCGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGG
CGGGTCTGGCACTAGTGTTTTTACCCTGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCG
TACAACCTGGACCAAGTGCTGGAACAAGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGA
GCGTTACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGT
GATCATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTG
GTTTACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACG
GCGTTACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGG
TAAGAAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATT
ACCCCGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGTCGACCTCGAGCACCACCACC
ACCACCAT

SmBit101-GSG7-5A7
Protein

MAASVTGYRLFEKESAAAGSGGSGGSGGSGGSGGSGGSGTSAARVDQTPRSVTKETGESLTINC
VLRDASYALGSTCWYRKKSGEGNEESISKGGRYVETVNSGSKSFSLRINDLTVEDGGTYRCGLG
VAGGYCDYALCSSRYAECGDGTAVTVNVDLEHHHHHH

DNA
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ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAAAAAGAGAGCGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAGC
GCGCGTGGATCAGACCCCGCGCAGCGTGACCAAAGAAACCGGCGAAAGCCTGACCATTAACTGC
GTGCTGCGCGATGCGAGCTATGCGCTGGGCAGCACCTGCTGGTATCGCAAAAAAAGCGGCGAAG
GCAACGAAGAAAGCATTAGCAAAGGCGGGCGCTATGTGGAAACCGTGAACAGCGGCAGCAAAAG
CTTTAGCCTGCGCATTAACGATCTGACCGTGGAAGATGGCGGCACCTATCGCTGCGGCCTGGGC
GTGGCGGGCGGCTATTGCGATTATGCGCTGTGCAGCAGCCGCTATGCGGAATGCGGCGATGGCA
CCGCGGTGACCGTGAACGTCGACCTCGAGCACCACCACCACCACCAC

SmBit101-GSG-,-D21.24
Protein

MAASVTGYRLFEKESAAAGSGGSGGSGGSGGSGGSGGSGTSADVQLVESGGGSVOAGGSLRLSC
AASGYIASINYLGWFROAPGKEREGVAAVSPAGGTPYYADSVKGRFTVSLDNAENTVYLOMNSL
KPEDTALYYCAAARQGWYIPLNSYGYNYWAQGTQVTVSSVDLEHHHHHH

DNA

ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAAAAAGAGAGCGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAAT
GTGCAGCTGGTGGAAAGCGGCGGCGGCAGCGTGCAGGCGGGCGGCAGCCTGCGCCTGAGCTGCG
CGGCGAGCGGCTATATTGCGAGCATTAACTATCTGGGCTGGTTTCGCCAGGCGCCGGGCAAAGA
ACGCGAAGGCGTGGCGGCGGTGAGCCCGGCGGGCGGCACCCCGTATTATGCGGATAGCGTGAAA
GGCCGCTTTACCGTGAGCCTGGATAACGCGGAAAACACCGTGTATCTGCAGATGAACAGCCTGA
AACCGGAAGATACCGCGCTGTATTATTGCGCGGCGGCGCGCCAGGGCTGGTATATTCCGCTGAA
CAGCTATGGCTATAACTATTGGGCGCAGGGCACCCAGGTGACCGTGAGCAGCGTCGACCTCGAG
CACCACCACCACCACCAC

5A7-GSG7-SmBit101
Protein

MAASARVDQTPRSVTKETGESLTINCVLRDASYALGSTCWYRKKSGEGNEESISKGGRYVETVN
SGSKSFSLRINDLTVEDGGTYRCGLGVAGGYCDYALCSSRYAECGDGTAVTVNAAAGSGGSGGS
GGSGGSGGSGGSGTSVTGYRLFEKESVDLEHHHHHH

DNA

ATGGCGGCTAGCGCGCGCGTGGATCAGACCCCGCGCAGCGTGACCAAAGAAACCGGCGAAAGCC
TGACCATTAACTGCGTGCTGCGCGATGCGAGCTATGCGCTGGGCAGCACCTGCTGGTATCGCAA
AAAAAGCGGCGAAGGCAACGAAGAAAGCATTAGCAAAGGCGGGCGCTATGTGGAAACCGTGAAC
AGCGGCAGCAAAAGCTTTAGCCTGCGCATTAACGATCTGACCGTGGAAGATGGCGGCACCTATC
GCTGCGGCCTGGGCGTGGCGGGCGGCTATTGCGATTATGCGCTGTGCAGCAGCCGCTATGCGGA
ATGCGGCGATGGCACCGCGGTGACCGTGAACGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCT
GGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTAACAGGATATAGGCTAT
TTGAAAAAGAGAGCGTCGACCTCGAGCACCACCACCACCACCAC

D2L.24-GSG7-SmBit101

Protein
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MAASDVQLVESGGGSVQOAGGSLRLSCAASGYIASINYLGWFROQAPGKEREGVAAVSPAGGTPYY
ADSVKGRFTVSLDNAENTVYLOMNSLKPEDTALYYCAAARQGWYIPLNSYGYNYWAQGTQVTVS
SAAAGSGGSGGSGGSGGSGGSGGSGTSVIGYRLFEKESVDLEHHHHHH

DNA

ATGGCGGCTAGCATGTGCAGCTGGTGGAAAGCGGCGGCGGCAGCGTGCAGGCGGGCGGCAGCCT
GCGCCTGAGCTGCGCGGCGAGCGGCTATATTGCGAGCATTAACTATCTGGGCTGGTTTCGCCAG
GCGCCGGGCAAAGAACGCGAAGGCGTGGCGGCGGTGAGCCCGGCGGGCGGCACCCCGTATTATG
CGGATAGCGTGAAAGGCCGCTTTACCGTGAGCCTGGATAACGCGGAAAACACCGTGTATCTGCA
GATGAACAGCCTGAAACCGGAAGATACCGCGCTGTATTATTGCGCGGCGGCGCGCCAGGGCTGG
TATATTCCGCTGAACAGCTATGGCTATAACTATTGGGCGCAGGGCACCCAGGTGACCGTGAGCA
GCGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGG
CGGGTCTGGCACTAGTGTAACAGGATATAGGCTATTTGAAAAAGAGAGCGTCGACCTCGAGCAC
CACCACCACCACCAC

SmBit114-GSG,-5A7
Protein

MAASVTGYRLFEEILAAAGSGGSGGSGGSGGSGGSGGSGTSAARVDQTPRSVTKETGESLTINC
VLRDASYALGSTCWYRKKSGEGNEESISKGGRYVETVNSGSKSFSLRINDLTVEDGGTYRCGLG
VAGGYCDYALCSSRYAECGDGTAVTVNVDLEHHHHHH

DNA

ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAGGAAATACTGGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAGC
GCGCGTGGATCAGACCCCGCGCAGCGTGACCAAAGAAACCGGCGAAAGCCTGACCATTAACTGC
GTGCTGCGCGATGCGAGCTATGCGCTGGGCAGCACCTGCTGGTATCGCAAAAAAAGCGGCGAAG
GCAACGAAGAAAGCATTAGCAAAGGCGGGCGCTATGTGGAAACCGTGAACAGCGGCAGCAAAAG
CTTTAGCCTGCGCATTAACGATCTGACCGTGGAAGATGGCGGCACCTATCGCTGCGGCCTGGGC
GTGGCGGGCGGCTATTGCGATTATGCGCTGTGCAGCAGCCGCTATGCGGAATGCGGCGATGGCA
CCGCGGTGACCGTGAACGTCGACCTCGAGCACCACCACCACCACCAC

SmBit114-GSG-,-D21.24
Protein

MAASVTGYRLFEEILAAAGSGGSGGSGGSGGSGGSGGSGTSADVQLVESGGGSVOAGGSLRLSC
AASGYIASINYLGWFROAPGKEREGVAAVSPAGGTPYYADSVKGRFTVSLDNAENTVYLOMNSL
KPEDTALYYCAAARQGWYIPLNSYGYNYWAQGTQVTVSSVDLEHHHHHH

DNA

ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAGGAAATACTGGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCAAT
GTGCAGCTGGTGGAAAGCGGCGGCGGCAGCGTGCAGGCGGGCGGCAGCCTGCGCCTGAGCTGCG
CGGCGAGCGGCTATATTGCGAGCATTAACTATCTGGGCTGGTTTCGCCAGGCGCCGGGCAAAGA
ACGCGAAGGCGTGGCGGCGGTGAGCCCGGCGGGCGGCACCCCGTATTATGCGGATAGCGTGAAA
GGCCGCTTTACCGTGAGCCTGGATAACGCGGAAAACACCGTGTATCTGCAGATGAACAGCCTGA
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AACCGGAAGATACCGCGCTGTATTATTGCGCGGCGGCGCGCCAGGGCTGGTATATTCCGCTGAA
CAGCTATGGCTATAACTATTGGGCGCAGGGCACCCAGGTGACCGTGAGCAGCGTCGACCTCGAG
CACCACCACCACCACCAC

5A7-GSG7-SmBit114
Protein

MAASARVDQTPRSVTKETGESLTINCVLRDASYALGSTCWYRKKSGEGNEESISKGGRYVETVN
SGSKSFSLRINDLTVEDGGTYRCGLGVAGGYCDYALCSSRYAECGDGTAVTVNAAAGSGGSGGS
GGSGGSGGSGGSGTSVTGYRLFEEILVDLEHHHHHH

DNA

ATGGCGGCTAGCGCGCGCGTGGATCAGACCCCGCGCAGCGTGACCAAAGAAACCGGCGAAAGCC
TGACCATTAACTGCGTGCTGCGCGATGCGAGCTATGCGCTGGGCAGCACCTGCTGGTATCGCAA
AAAAAGCGGCGAAGGCAACGAAGAAAGCATTAGCAAAGGCGGGCGCTATGTGGAAACCGTGAAC
AGCGGCAGCAAAAGCTTTAGCCTGCGCATTAACGATCTGACCGTGGAAGATGGCGGCACCTATC
GCTGCGGCCTGGGCGTGGCGGGCGGCTATTGCGATTATGCGCTGTGCAGCAGCCGCTATGCGGA
ATGCGGCGATGGCACCGCGGTGACCGTGAACGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCT
GGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTAACAGGATATAGGCTAT
TTGAGGAAATACTGGTCGACCTCGAGCACCACCACCACCACCAC

D21.24-GSG7-SmBit114
Protein

MAASDVQLVESGGGSVQOAGGSLRLSCAASGYIASINYLGWFROQAPGKEREGVAAVSPAGGTPYY
ADSVKGRFTVSLDNAENTVYLOMNSLKPEDTALYYCAAARQGWYIPLNSYGYNYWAQGTQVTVS
SAAAGSGGSGGSGGSGGSGGSGGSGTSVIGYRLFEEILVDLEHHHHHH

DNA

ATGGCGGCTAGCATGTGCAGCTGGTGGAAAGCGGCGGCGGCAGCGTGCAGGCGGGCGGCAGCCT
GCGCCTGAGCTGCGCGGCGAGCGGCTATATTGCGAGCATTAACTATCTGGGCTGGTTTCGCCAG
GCGCCGGGCAAAGAACGCGAAGGCGTGGCGGCGGTGAGCCCGGCGGGCGGCACCCCGTATTATG
CGGATAGCGTGAAAGGCCGCTTTACCGTGAGCCTGGATAACGCGGAAAACACCGTGTATCTGCA
GATGAACAGCCTGAAACCGGAAGATACCGCGCTGTATTATTGCGCGGCGGCGCGCCAGGGCTGG
TATATTCCGCTGAACAGCTATGGCTATAACTATTGGGCGCAGGGCACCCAGGTGACCGTGAGCA
GCGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGG
CGGGTCTGGCACTAGTGTAACAGGATATAGGCTATTTGAGGAAATACTGGTCGACCTCGAGCAC
CACCACCACCACCAC

LgBit-GSG7-PCT2
Protein

MAASVFTLEDFVGDWEQTAAYNLDQVLDQOGGVSSLLONLAVSVTPIQRIVRSGENALKIDIHVI
IPYEGLSADOQMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGK
KITVTIGTLWNGNKIIDERLITPDGSMLFRVTINSAAAGSGGSGGSGGSGGSGGSGGSGTSAQVQ
LVESGGGLVEAGGSLRLSCVVTGSSFSTSTMAWYROQPPGKOQREWVASFTSGGAIKYTDSVKGRF
TMSRDNAKKMTYLOMENLKPEDTAVYYCALHNAVSGSSWGRGTQVTVSSVDLEHHHHHH
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DNA

ATGGCGGCTAGCGTTTTTACCCTGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCGTACA
ACCTGGACCAAGTGCTGGATCAAGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGT
TACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGTGATC
ATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTT
ACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACGGCGT
TACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGGTAAG
AAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATTACCC
CGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGCGGCCGCTGGGTCCGGCGGTTCAGG
CGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCACAGGTGCAA
CTGGTTGAGAGCGGTGGCGGTCTGGTGGAAGCGGGCGGTAGCCTGCGTCTGAGCTGCGTGGTTA
CCGGCAGCAGCTTTAGCACCAGCACGATGGCGTGGTACCGTCAGCCGCCGGGCAAGCAACGTGA
ATGGGTGGCGAGCTTCACCAGCGGCGGTGCGATCAAGTACACCGACAGCGTTAAAGGTCGTTTT
ACCATGAGCCGTGATAACGCGAAGAAAATGACCTATCTGCAGATGGAGAACCTGAAACCGGAAG
ACACCGCGGTGTACTATTGCGCGCTGCATAACGCGGTTAGCGGTAGCAGCTGGGGTCGTGGTAC
CCAAGTGACCGTTAGCAGCGTCGACCTCGAGCACCACCACCACCACCAC

LgBit-GSG7-PCT3
Protein

MAASVFTLEDFVGDWEQTAAYNLDQVLDQOGGVSSLLONLAVSVTPIQRIVRSGENALKIDIHVI
IPYEGLSADOMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPYEGIAVFDGK
KITVTGTLWNGNKIIDERLITPDGSMLFRVTINSAAAGSGGSGGSGGSGGSGGSGGSGTSAQVQ
LVESGGGLVQTGGSLRLSCASSGSIAGFETVIWSROAPGKSLOWVASMTKTNNEIYSDSVKGRF
ITSRDNAKNTVYLOMNSLKPEDTGVYFCKGPELRGQGIQVTVSSVDLEHHHHHH

DNA

ATGGCGGCTAGCGTTTTTACCCTGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCGTACA
ACCTGGACCAAGTGCTGGATCAAGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGT
TACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGTGATC
ATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTT
ACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACGGCGT
TACCCCGAACATGCTGAACTACTTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGGTAAG
AAAATTACCGTGACCGGTACCCTGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATTACCC
CGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAGCGCGGCCGCTGGGTCCGGCGGTTCAGG
CGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCACAGGTGCAA
CTGGTTGAAAGCGGTGGCGGTCTGGTGCAAACCGGCGGTAGCCTGCGTCTGAGCTGCGCGAGCA
GCGGTAGCATTGCGGGTTTCGAAACCGTGACCTGGAGCCGTCAGGCGCCGGGCAAGAGCCTGCA
ATGGGTTGCGAGCATGACCAAAACCAACAACGAAATTTACAGCGACAGCGTTAAGGGTCGTTTC
ATCATTAGCCGTGATAACGCGAAAAACACCGTGTACCTGCAGATGAACAGCCTGAAGCCGGAGG
ACACCGGCGTTTATTTTTGCAAAGGTCCGGAACTGCGTGGCCAGGGTATTCAGGTGACCGTTAG
CAGCGTCGACCTCGAGCACCACCACCACCACCAC

PCT2-GSG--LgBit
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Protein

MAASQVQLVESGGGLVEAGGSLRLSCVVTGSSFSTSTMAWYROPPGKQREWVASFTSGGAIKYT
DSVKGRFTMSRDNAKKMTYLOMENLKPEDTAVYYCALHNAVSGSSWGRGTQVTVSSAAAGSGGS
GGSGGSGGSGGSGGSGTSVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLLONLAVSVTPIQRIV
RSGENALKIDIHVITIPYEGLSADOMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNY
FGRPYEGIAVFDGKKITVTGTLWNGNKIIDERLITPDGSMLFRVTINSVDLEHHHHHH

DNA

ATGGCGGCTAGCCAGGTGCAACTGGTTGAGAGCGGTGGCGGTCTGGTGGAAGCGGGCGGTAGCC
TGCGTCTGAGCTGCGTGGTTACCGGCAGCAGCTTTAGCACCAGCACGATGGCGTGGTACCGTCA
GCCGCCGGGCAAGCAACGTGAATGGGTGGCGAGCTTCACCAGCGGCGGTGCGATCAAGTACACC
GACAGCGTTAAAGGTCGTTTTACCATGAGCCGTGATAACGCGAAGAAAATGACCTATCTGCAGA
TGGAGAACCTGAAACCGGAAGACACCGCGGTGTACTATTGCGCGCTGCATAACGCGGTTAGCGG
TAGCAGCTGGGGTCGTGGTACCCAAGTGACCGTTAGCAGCGCGGCCGCTGGGTCCGGCGGTTCA
GGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTTTTTACCC
TGGAAGATTTCGTGGGCGACTGGGAACAGACCGCGGCGTACAACCTGGACCAAGTGCTGGAACA
AGGTGGCGTGAGCAGCCTGCTGCAGAACCTGGCGGTGAGCGTTACCCCGATCCAACGTATTGTT
CGTAGCGGCGAGAACGCGCTGAAGATCGACATTCACGTGATCATTCCGTACGAAGGCCTGAGCG
CGGATCAGATGGCGCAAATCGAGGAAGTGTTCAAGGTGGTTTACCCGGTTGACGATCACCACTT
TAAAGTGATCCTGCCGTATGGTACCCTGGTGATTGACGGCGTTACCCCGAACATGCTGAACTAC
TTCGGTCGTCCGTATGAGGGCATCGCGGTTTTTGATGGTAAGAAAATTACCGTGACCGGTACCC
TGTGGAACGGCAACAAAATTATTGATGAGCGCCTGATTACCCCGGACGGCAGCATGCTGTTTCG
TGTGACCATTAATAGCGTCGACCTCGAGCACCACCACCACCACCAT

PCT3-GSG7-LgBit
Protein

MAASQVQLVESGGGLVQTGGSLRLSCASSGSIAGFETVTWSROAPGKSLOWVASMTKTNNEIYS
DSVKGRFIISRDNAKNTVYLOMNSLKPEDTGVYFCKGPELRGQGIQVTVSSAAAGSGGSGGSGG
SGGSGGSGGSGTSVFTLEDFVGDWEQTAAYNLDQVLEQGGVSSLLONLAVSVTPIQRIVRSGEN
ALKIDIHVIIPYEGLSADQMAQIEEVFKVVYPVDDHHFKVILPYGTLVIDGVTPNMLNYFGRPY
EGIAVFDGKKITVTGTLWNGNKIIDERLITPDGSMLFRVTINSVDLEHHHHHH

DNA

ATGGCGGCTAGCCAGGTGCAACTGGTTGAAAGCGGTGGCGGTCTGGTGCAAACCGGCGGTAGCC
TGCGTCTGAGCTGCGCGAGCAGCGGTAGCATTGCGGGTTTCGAAACCGTGACCTGGAGCCGTCA
GGCGCCGGGCAAGAGCCTGCAATGGGTTGCGAGCATGACCAAAACCAACAACGAAATTTACAGC
GACAGCGTTAAGGGTCGTTTCATCATTAGCCGTGATAACGCGAAAAACACCGTGTACCTGCAGA
TGAACAGCCTGAAGCCGGAGGACACCGGCGTTTATTTTTGCAAAGGTCCGGAACTGCGTGGCCA
GGGTATTCAGGTGACCGTTAGCAGCGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGC
TCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTTTTTACCCTGGAAGATTTCGTGG
GCGACTGGGAACAGACCGCGGCGTACAACCTGGACCAAGTGCTGGAACAAGGTGGCGTGAGCAG
CCTGCTGCAGAACCTGGCGGTGAGCGTTACCCCGATCCAACGTATTGTTCGTAGCGGCGAGAAC
GCGCTGAAGATCGACATTCACGTGATCATTCCGTACGAAGGCCTGAGCGCGGATCAGATGGCGC
AAATCGAGGAAGTGTTCAAGGTGGTTTACCCGGTTGACGATCACCACTTTAAAGTGATCCTGCC
GTATGGTACCCTGGTGATTGACGGCGTTACCCCGAACATGCTGAACTACTTCGGTCGTCCGTAT
GAGGGCATCGCGGTTTTTGATGGTAAGAAAATTACCGTGACCGGTACCCTGTGGAACGGCAACA
AAATTATTGATGAGCGCCTGATTACCCCGGACGGCAGCATGCTGTTTCGTGTGACCATTAATAG
CGTCGACCTCGAGCACCACCACCACCACCAT
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SmBit101-GSG--PCT2
Protein

MAASVTGYRLFEKESAAAGSGGSGGSGGSGGSGGSGGSGTSAQVQLVESGGGLVEAGGSLRLSC
VVTGSSFSTSTMAWYRQPPGKOREWVASFTSGGAIKYTDSVKGRFTMSRDNAKKMTYLOMENLK
PEDTAVYYCALHNAVSGSSWGRGTQVTVSSVDLEHHHHHH

DNA

ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAAAAAGAGAGCGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCACA
GGTGCAACTGGTTGAGAGCGGTGGCGGTCTGGTGGAAGCGGGCGGTAGCCTGCGTCTGAGCTGC
GTGGTTACCGGCAGCAGCTTTAGCACCAGCACGATGGCGTGGTACCGTCAGCCGCCGGGCAAGC
AACGTGAATGGGTGGCGAGCTTCACCAGCGGCGGTGCGATCAAGTACACCGACAGCGTTAAAGG
TCGTTTTACCATGAGCCGTGATAACGCGAAGAAAATGACCTATCTGCAGATGGAGAACCTGAAA
CCGGAAGACACCGCGGTGTACTATTGCGCGCTGCATAACGCGGTTAGCGGTAGCAGCTGGGGTC
GTGGTACCCAAGTGACCGTTAGCAGCGTCGACCTCGAGCACCACCACCACCACCAC

SmBit101-GSG--PCT3
Protein

MAASVTGYRLFEKESAAAGSGGSGGSGGSGGSGGSGGSGTSAQVQLVESGGGLVQTGGSLRLSC
ASSGSIAGFETVIWSROAPGKSLOWVASMTKTNNEIYSDSVKGRFITISRDNAKNTVYLOMNSLK
PEDTGVYFCKGPELRGQGIQVTVSSVDLEHHHHHH

DNA

ATGGCGGCTAGCGTAACAGGATATAGGCTATTTGAAAAAGAGAGCGCGGCCGCTGGGTCCGGCG
GTTCAGGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGCACA
GGTGCAACTGGTTGAAAGCGGTGGCGGTCTGGTGCAAACCGGCGGTAGCCTGCGTCTGAGCTGC
GCGAGCAGCGGTAGCATTGCGGGTTTCGAAACCGTGACCTGGAGCCGTCAGGCGCCGGGCAAGA
GCCTGCAATGGGTTGCGAGCATGACCAAAACCAACAACGAAATTTACAGCGACAGCGTTAAGGG
TCGTTTCATCATTAGCCGTGATAACGCGAAAAACACCGTGTACCTGCAGATGAACAGCCTGAAG
CCGGAGGACACCGGCGTTTATTTTTGCAAAGGTCCGGAACTGCGTGGCCAGGGTATTCAGGTGA
CCGTTAGCAGCGTCGACCTCGAGCACCACCACCACCACCAC

PCT2-GSG7-SmBit101
Protein

MAASQVQLVESGGGLVEAGGSLRLSCVVTGSSFSTSTMAWYROPPGKQREWVASFTSGGAIKYT
DSVKGRFTMSRDNAKKMTYLOMENLKPEDTAVYYCALHNAVSGSSWGRGTQVTVSSAAAGSGGS
GGSGGSGGSGGSGGSGTSVTGYRLFEKESVDLEHHHHHH

DNA
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ATGGCGGCTAGCCAGGTGCAACTGGTTGAGAGCGGTGGCGGTCTGGTGGAAGCGGGCGGTAGCC
TGCGTCTGAGCTGCGTGGTTACCGGCAGCAGCTTTAGCACCAGCACGATGGCGTGGTACCGTCA
GCCGCCGGGCAAGCAACGTGAATGGGTGGCGAGCTTCACCAGCGGCGGTGCGATCAAGTACACC
GACAGCGTTAAAGGTCGTTTTACCATGAGCCGTGATAACGCGAAGAAAATGACCTATCTGCAGA
TGGAGAACCTGAAACCGGAAGACACCGCGGTGTACTATTGCGCGCTGCATAACGCGGTTAGCGG
TAGCAGCTGGGGTCGTGGTACCCAAGTGACCGTTAGCAGCGCGGCCGCTGGGTCCGGCGGTTCA
GGCGGCTCTGGTGGCTCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTAACAGGAT
ATAGGCTATTTGAAAAAGAGAGCGTCGACCTCGAGCACCACCACCACCACCAC

PCT3-GSG7-SmBit101
Protein

MAASQVQLVESGGGLVQTGGSLRLSCASSGSIAGFETVTWSROAPGKSLOWVASMTKTNNEIYS
DSVKGRFIISRDNAKNTVYLOMNSLKPEDTGVYFCKGPELRGQGIQVTVSSAAAGSGGSGGSGG
SGGSGGSGGSGTSVTGYRLFEKESVDLEHHHHEHH

DNA

ATGGCGGCTAGCCAGGTGCAACTGGTTGAAAGCGGTGGCGGTCTGGTGCAAACCGGCGGTAGCC
TGCGTCTGAGCTGCGCGAGCAGCGGTAGCATTGCGGGTTTCGAAACCGTGACCTGGAGCCGTCA
GGCGCCGGGCAAGAGCCTGCAATGGGTTGCGAGCATGACCAAAACCAACAACGAAATTTACAGC
GACAGCGTTAAGGGTCGTTTCATCATTAGCCGTGATAACGCGAAAAACACCGTGTACCTGCAGA
TGAACAGCCTGAAGCCGGAGGACACCGGCGTTTATTTTTGCAAAGGTCCGGAACTGCGTGGCCA
GGGTATTCAGGTGACCGTTAGCAGCGCGGCCGCTGGGTCCGGCGGTTCAGGCGGCTCTGGTGGC
TCCGGTGGGTCAGGTGGTTCTGGCGGGTCTGGCACTAGTGTAACAGGATATAGGCTATTTGAAA
AAGAGAGCGTCGACCTCGAGCACCACCACCACCACCAC



