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Abstract

In 2016, nearly 5.5 million deaths were attributed to infectious and parasitic diseases. Although
many of these diseases are preventable and treatable, resource-constrained regions often lack access
to rapid and accurate diagnostic tests to appropriately diagnose and treat these diseases. In order
to improve the accessibility of diagnostics, the development of low-cost, simple, and rapid diagnostic
tests is vital. Antibodies have been widely used as the binding reagents in these tests to detect a
target biomarker from the patient sample. These tests are often designed as a sandwich assay, which
requires a pair of antibodies as complementary capture and reporter reagents. However, antibodies
have some limitations for use in in vitro applications, including variable stability from clone to clone,
long developmental timelines, and structural complexity.

In this thesis, we investigated the use of the reduced-charge Sso7d (rcSso7d) binding scaffold
as an antibody replacement in diagnostic tests due to its intrinsic stability, inexpensive production
in bacteria, and ease of genetic modification. In order to identify unique rcSso7d clones specific
to different target biomarkers, we used directed evolution techniques by screening through a yeast
surface display library of 1.4 × 109 different clones. Through this process, we identified multiple
high affinity variants against target biomarkers for Zika virus, malaria, inflammation and infection,
and a foodborne pathogen. We also demonstrated flexibility of the in vitro surface display selection
process by incorporating additional selective pressures based on the desired properties, e.g. comple-
mentary binding pairs, minimal off-target binding, or binding to a conserved epitope. In order to
integrate rcSso7d into diagnostic assays, we incorporated the scaffold into a reporter reagent format
to associate a signal in the presence of the target biomarker. We then demonstrated applicability
and translatability of the rcSso7d scaffold for use in different diagnostic assay formats, including
paper-based, bead-based, well plate ELISA-based, and agglutination assays. Finally, we found that
the rcSso7d scaffold retained full functionality in 100% human serum. This work demonstrates
that the rcSso7d binding scaffold is a promising alternative binding reagent for the development of
robust, low-cost, rapid diagnostic tests to reduce the large global burden of infectious diseases.

Thesis Supervisor: Hadley D. Sikes
Title: Associate Professor of Chemical Engineering
Esther and Harold E. Edgerton Career Development Professor
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Chapter 1

Introduction

Infectious diseases continue to be a large global burden, impacting millions of lives each year.

Although treatments exist for many of these diseases, developing countries with low infrastructure

lack access to quick and accurate diagnostic methods. This leads to misdiagnosis or lack of diagnosis

and, thus, lack of appropriate treatment. Rapid, accessible, and accurate diagnostic tests could

reduce the large global burden of infectious diseases by tracking and preventing the spread of

diseases, providing accurate treatment options, and reducing mortality rates.

Rapid diagnostic tests have been investigated to combat inadequate diagnostics by developing a

method for inexpensive, fast, and accurate diagnosis. These tests are often formatted in a sandwich

immunoassay format, in which one binding molecule is immobilized on a substrate to capture the

target biomarker from solution (e.g. the patient sample) while another binding molecule binds to

the immobilized target biomarker to associate a signal to the sandwich complex. Although anti-

bodies have traditionally been used as the binding molecules in these diagnostic tests, they do have

some drawbacks for use in in vitro diagnostic tests, including variable stability, long developmental

timelines, and complexity of these binding proteins.

Due to these reasons, alternative binding scaffolds have gained traction in the field of rapid

diagnostics. This thesis focuses on one of these alternative scaffolds and its investigation into use

for in vitro diagnostic tests, including integration into relevant capture/reporter formats, engineering

of multiple clones against different targets, and application of these binding proteins into different

diagnostic test formats.

1.1 Diagnostics in global health

Despite significant efforts and technological advances, infectious diseases continue to plague hu-

mankind and remain a large global health burden. The World Health Organization (WHO) es-

timated that in 2016, nearly 5.5 million deaths were caused by infectious and parasitic diseases,

including tuberculosis, malaria, and HIV.1 To better quantify the burden of disease, the WHO uses

17



the term “disability-adjusted life years” (DALYs), which is defined as the lost years of “healthy” life

due to disabilities or pre-mature deaths from a disease.2 Based on this metric, the WHO reported

that in 2016, over 330 million DALYs were lost due to infectious and parasitic diseases.3 Of the

deaths reported from infectious diseases, approximately 50% occurred in Africa and 31% occurred

in southeast Asia.1

These statistics demonstrate the large global burden of infectious diseases, and the disproportion-

ately high burden these diseases incur on developing countries. In particular, resource-constrained

regions with low infrastructure often lack access to quick and accurate diagnostic methods. A lack

of diagnosis minimizes potential treatment options and can facilitate the spread of infectious dis-

ease since unaware carriers may lead to increased transmission. Therefore, diagnostics are vital to

human health not only by identifying the disease and providing accurate treatment options, but

also for public health surveillance, controlling the spread of infections, and optimizing antimicrobial

use to minimize the growth of antimicrobial resistance.4,5 Accurate and rapid diagnostic tests are

particularly important in situations where false or late diagnosis could have devastating results,

incorrect treatments from misdiagnosis could cause great harm on the patient, or failure to detect

cases could lead to a public health crisis (e.g. during an epidemic or pandemic, such as the 2019-2020

COVID-19 pandemic).5

In order to tackle the need for improved diagnostic tests, the WHO introduced the ASSURED

criteria to describe the ideal characteristics for a diagnostic test: Affordable by those at risk,

Sensitive with few false-negatives, Specific with few false-positives and no cross-reactivity, User-

friendly with minimal training needed and a test that is simple to perform, Rapid delivery of results

and a Robust design to handle lack of refrigeration, Equipment-free, and Delivered to those who

need it.6 Furthermore, tests should provide results in less than an hour, be stable for at least 6-12

months in ambient temperature, not fail in extreme temperature or humidity, and produce minimal

waste.5 Tests that fulfill the ASSURED criteria could have an immense positive impact on the

worldwide community, especially those in resource-limited regions.

1.1.1 Current diagnostic methods

Resource-rich communities—which typically have decent infrastructure for access to well-equipped

laboratories and trained personnel—often use traditional diagnostic methods such as cell culture,

biopsies, enzyme-linked immunosorbent assays (ELISAs), polymerase chain reactions (PCRs), and

sequencing.7 However, these techniques can be time-consuming, expensive, and require a trained

technician in a laboratory setting. For example, culture-based methods and microscopy involves

growing up the potential microorganism from a patient sample to visually detect presence of the

pathogen, but this process can take days to weeks for a result.4,8 Various methods of PCR—including

reverse transcription PCR and real-time PCR—can be used to detect low levels of pathogen DNA
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or RNA within one to several hours.4,8 Although PCR methods can be quite fast, sensitive, and

specific, they often do require laboratory facilities with trained personnel. Two examples of infectious

diseases and their current diagnostic methods are described in Section 1.4.

Resource-limited communities—which typically have low infrastructure with limited access to

clinics or laboratories—often rely on clinical symptoms and empirical diagnosis.7 Unfortunately,

this leads to under-diagnosis of infectious diseases, higher mortality rates, and increased disease

transmission.7 Because of these reasons, point-of-care diagnostic tests that meet the ASSURED

criteria are necessary for rapid diagnosis and treatment, especially in communities with limited

resources.

Unfortunately, some challenges remain for the development of rapid diagnostic tests to en-

sure that they meet the ASSURED criteria. Current rapid diagnostic tests can suffer from long

turnaround time, technical complexity that leads to reduced adoption of these tests in real-world

settings, and poor performance in a clinical setting.4,7 Many tests often are unable to function in

areas without clean running water, uninterrupted electricity, or cold-chain storage via constant re-

frigeration.7 It is often difficult to develop multiplexed tests that can diagnose multiple diseases or

sub-types of diseases. Furthermore, tests can be plagued by batch-to-batch variation, which results

in inconsistent, unreliable products. Some of these factors can be addressed by ensuring that the

reagents used in the rapid diagnostic test are robust.

1.2 In vitro diagnostics using affinity reagents

1.2.1 Sandwich assay format

Although many different diagnostic test formats exist, the most common format is that of a sandwich

assay.9–11 In this format, a pair of binding reagents are used: one is typically immobilized on some

surface as the “capture” molecule while another is labeled for signal association as the “reporter” or

“detection” molecule. The signal is generated from accumulation of the detection molecule binding

to the sandwich complex, and it is typically proportional to the amount of biomarker present.10,11

Therefore, in a sandwich assay, the target biomarker is “sandwiched” between the two binding

reagents.

In order to develop this sandwich assay, a pair of binding reagents are required that target

different, non-overlapping epitopes of the target molecule in order to have simultaneous binding.12

In some instances, it may be possible to use the same binding molecule for both the capture and

reporter if the test is targeting a multimeric biomarker or something with multiple repeats of a

target epitope. Numerous review articles exist that describe different assay methods (e.g. optical,

mechanical, electrochemical),10,13 different labeling and read-out methods,9,10 different lateral flow

assay formats,14 paper-based diagnostic devices for point-of-care purposes,15 and more. The rest
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of this section will focus on the binding reagents used to capture and detect the target biomarkers

from samples.

1.2.2 Antibodies for diagnostic tests

Antibodies are naturally occurring binding proteins produced by mammalian immune systems,

typically in response to a foreign entity.16 They have been widely used in many biotechnological

applications, including for biotherapeutics, imaging, and diagnostics. However, although antibodies

are well-suited for in vivo applications, there are some drawbacks when considering the use of

antibodies to develop low-cost, in vitro, rapid diagnostic tests. Antibodies are large (∼150 kDa),

complex proteins with glycosylation sites and disulfide bonds that make them difficult to produce

in simpler hosts, such as bacteria.17,18 The production process for antibodies can also result in

batch-to-batch variation,19 which must be minimized to ensure a consistent, reliable product. Since

antibody development traditionally involves immunization of an animal host, proper selection of

an optimal antibody-antigen pair can be time-consuming, labor intensive, and expensive.7,20,21

Furthermore, since the immunization process occurs in the animal host, there is no guarantee that

the developed antibodies target a desired, clinically-relevant epitope on the target biomarker.20 It

can also be difficult to generate multiple pairs of antibodies against different target biomarkers for

the purposes of multiplexing while ensuring minimal cross-reactivity with the other antibodies in

the multiplexed panel. Antibodies also tend to be more sensitive to heat and humidity, resulting in

degradation of tests during storage or transport of tests.20 Furthermore, studies have demonstrated

that antibodies may not perform well after surface immobilization,22 and, therefore, antibodies must

undergo additional screening to identify the clones that retain binding affinity and specificity after

surface immobilization.16,23

1.2.3 Alternative binding scaffolds for diagnostic tests

Alternative scaffolds have been investigated for use as replacements for antibodies in various biotech-

nological applications, including therapeutics, diagnostic imaging, and in vitro diagnostic tests.

These alternative binding scaffolds are typically small (∼1/10 the size of an antibody), stable,

adaptable, and can be engineered to bind to different targets.16–18,23,24

Nucleic acid aptamers are a non-protein-based alternative scaffold that have been widely inves-

tigated for use in diagnostic tests;25 however, they involve a black-box development process, and

assays using single aptamers may lead to weak sensitivities.23 Therefore, for this thesis, we will

focus on protein-based scaffolds.

Protein-based alternative scaffolds typically consist of a constant backbone (the “scaffold”) with

an adaptable binding face, thus mimicking the general design of antibodies.16,17,23 These alternative

scaffolds can be categorized into two groups: “loop on a frame” scaffolds and rigid combinatorial
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motif scaffolds.23,24 “Loop on a frame” scaffolds mimic the antigen-binding site of antibodies by

having multiple flexible variable loops for binding. This category includes the monobody, anticalin,

and affimer. On the other hand, rigid combinatorial motif scaffolds have a rigid secondary structure

that can maintain structural stability even with introduction of side-chain mutations. These rigid

scaffolds include the DARPin, affibody, nanofitin/affitin, and Sso7d/rcSso7d.

Although alternative scaffolds have gained in popularity in academic research, it has proven

difficult to displace antibodies due to the fact that antibodies have been used for decades as high

affinity binding partners in some applications.23 Therefore, a challenge for alternative scaffolds is

demonstrating that these alternatives can function as well as or better than antibodies, in order to

increase the public’s faith in these alternative scaffolds.

Numerous articles and reviews have been written for the development and applications of dif-

ferent alternative scaffolds (e.g. nanobodies,26–28 affimers,29,30 DARPins,31–33 affibodies,34–36 anti-

calins37–39). As an aside, although nanobodies are still derived from antibodies, we will still consider

them as an alternative binding scaffold since they differ from the typical full-length antibody. The

remainder of this section will discuss different protein-based alternative scaffolds that have been

identified in literature for use in in vitro diagnostic test applications. The alternative scaffolds

included in this section are nanobodies, affimers, DARPins, monobodies, affibodies, repebodies,

anticalins, nanofitins/affitins, and Sso7d/rcSso7d. Not including the work presented in this thesis,

only nanobodies, affimers, and DARPins had been demonstrated in full sandwich diagnostic assays

using soluble binding proteins thus far.

Nanobody

Single-domain antibodies—commonly termed as nanobodies—are traditionally produced in camelids

such as llamas, alpacas, and camels.26–28 The single variable domain (VHH) from heavy-chain-

only antibodies produced by camelids are small (∼15 kDa), more stable than traditional full-length

antibodies, and have shown promising results in applications for therapeutics, imaging, and detection

of proteins or small molecules.26,27 Nanobodies have gained the largest traction in the area of

alternative binding proteins with the most research conducted for their use in diagnostics.

In the past few years, evidence has proven the use of nanobodies in diagnostic settings. Nanobod-

ies have now been demonstrated as the soluble binding proteins in full-sandwich ELISAs (enzyme-

linked immunosorbent assays) in well-plates—in which one nanobody is immobilized on the well-

plate surface to capture the target while another nanobody is used as the reporter molecule—to

target various biomarkers, including CD38 for malignant multiple myeloma,40 influenza H5N1,41 vi-

ral particles 2 (VP2) of porcine parvovirus (PPV) that causes swine reproductive failure,42 and the

proteome of the Trypanosoma congolense parasite that causes Animal African Trypanosomiasis.43,44

For the reporter molecule, the nanobody was fused to luciferase,40 fused to horseradish peroxidase
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(HRP),41,42 or biotinylated and used with a streptavidin-HRP conjugate for detection.43,44

A nanobody pair against a biomarker for the T. congolense parasite—a glycolytic enzyme pyru-

vate kinase—mentioned above had also been incorporated into a lateral flow assay using nanobodies

conjugated to gold nanoparticles for detection.44 Furthermore, nanobodies had also been used in a

full-sandwich agarose-bead-based assay against 𝛽-amyloid for Alzheimer’s disease diagnostics.45 In

this study, one nanobody variant was immobilized on nitrilotriacetic acid (NTA) agarose beads and

the other nanobody variant was used as a reporter with a primary antibody against a histidine tag

on the nanobody and a secondary antibody conjugated to HRP for signal generation. Additionally,

nanobodies had also been incorporated in a full-sandwich electrochemical immunoassay against a

Bacillus thuringiensis Cry1Ab toxin protein for agriculture/pesticides.46 In this study, a biotiny-

lated nanobody was immobilized on a streptavidin-coated electrode and the reporter nanobody was

used with a secondary antibody against the nanobody, which was conjugated to HRP.

Nanobodies had also been demonstrated in a full-sandwich ELISA but with the reporter nanobody

in a phage-displayed format, targeting human growth hormone (hGH).47 In this assay, one nanobody

was immobilized on the well-plate as a capture molecule, and the phage displayed reporter nanobody

was used with an anti-M13 antibody conjugated to HRP for detection. Furthermore, a nanobody

was used in conjugation with a nucleic acid aptamer to develop a hybrid sandwich ELISA with the

nanobody as the capture molecule and a biotinylated aptamer as the reporter with streptavidin-

HRP, in order to target a biofilm associated protein (Bap) of Acinetobacter baumannii for nosocomial

infections.48

In addition, nanobodies have been widely used in hybrid sandwich assays involving antibodies as

either the capture or reporter molecule. Although this list is not comprehensive, we have identified

a few examples. A nanobody had been used as the capture protein in a sandwich ELISA with an an-

tibody for detection, targeting human growth hormone (hGH)47 or the mycelia lysate of Aspergillus

parasiticus and flavus.49 Hybrid sandwich ELISAs had also been developed with an antibody for

capture, targeting food-borne pathogen Salmonella enteritidis using a hemagglutinin (HA)-tagged

nanobody with an anti-HA antibody conjugated with HRP for detection50 or targeting soluble epox-

ide hydrolase for cardiovascular diagnostics with a biotinylated nanobody and streptavidin-HRP for

detection.51 Furthermore, a hybrid lateral flow assay had been developed against Dengue virus 2

nonstructural protein 1 (D2NS1) by immobilizing the nanobody on the nitrocellulose test line and

using gold nanoparticle-conjugated antibodies for detection.52

Other studies have reported the use of nanobodies in half sandwich assays, such as by immobi-

lizing the target (e.g. hemocyanin of the scorpion Androctonus australis) on the ELISA well-plate

and using a nanobody fused to alkaline phosphatase (AP) as a reporter.53 Again, although we be-

lieve we have identified all reports of nanobodies in full-sandwich assays, many other studies using

nanobodies in hybrid assays and half sandwich assays have been reported, and this section is not

comprehensive of all uses of nanobodies in these diagnostic formats.
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Based on these studies, it is evident that nanobodies have been aggressively studied for use in in

vitro diagnostics. However, although some nanobodies can be quite stable—some nanobodies have

been developed with melting temperatures ranging from 60 to 80 ∘C—the stability of nanobodies

can still be highly variable.28,54 Furthermore, nanobodies have disulfide bonds, which make them

difficult to produce in simpler hosts such as E. coli without being produced in its periplasm to

facilitate disulfide bond formation.28 Due to these reasons, alternative scaffolds that fully depart

from the antibody have gained traction in recent years.

Affimer

Affimers, previously called Adhirons and often referred to generally as peptide aptamers, are engi-

neered from a human stefin A protein30 or from a plant cystatin consensus sequence.29 This scaffold

is about 12-14 kDa and was designed to be stable, typically producing variants with melting tem-

peratures greater than 80 ∘C.29 Affimers, which are being commercialized and developed by Avacta

Life Sciences Limited, have been demonstrated in therapeutic, imaging, and diagnostic applications.

In terms of in vitro diagnostic applications, affimers have been recently incorporated into full

sandwich ELISAs by immobilizing one affimer on the well-plate surface and using a biotinylated

affimer with streptavidin-HRP for detection. These studies were demonstrated against pigment

epithelium-derived factor (PEDF) for fibrotic disease55 and a model plant virus called cowpea mosaic

virus (CPMV).56 Affimers were also used in an antibody-hybrid chemiluminescence immunoassay

against glypican-3 (a marker for hepatocellular carcinoma) by immobilizing the affimer and using

an antibody conjugated with acridinium ester to generate the chemiluminescence signal.57

Various label-free detection assays have been developed using a half-sandwich assay format with

affimers. Affimers were used in electrochemical impedance spectroscopy (EIS) against C-reactive

protein (CRP),58 HER4 for cancer diagnostics,59 interleukin-8,60 and CDK2 and CDK4.61,62 Other

electrochemical biosensors for label-free detection in a half-sandwich format were developed against

TNF-𝛼63 and CDK2.64–66 Label-free quartz crystal microbalance-based assays were also developed

using affimers against CDK267 and IgG2a/IgG2b.68

A study also used affimers in a microarray by immobilizing the affimers and capturing fluorescent-

labeled lysates from human papillomavirus (HPV) infected cells to detect HPV type 16 oncoproteins

E6 and E7.69 In addition, affimers were incorporated into an enzyme-inhibitor-based switch sensor

against the biotherapeutic antibody Herceptin, human CRP, and cowpea mosaic virus.70 In this

assay format, an enzyme and its inhibitor were fused together with affimers in between them;

without the target, the enzyme was inhibited by its inhibitor, but when the affimers bound to

its target, the inhibitor could not inhibit the enzyme, leading to signal generation. Affimers had

also been demonstrated as an anti-idiotypic affinity reagent by capturing a biotherapeutic antibody

target for detection.71
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DARPin

DARPins, or designed ankyrin repeat proteins, are highly stable scaffolds designed from natural

ankyrin repeat proteins.31–33 DARPins typically have four or five repeat regions, resulting in a

molecular weight from 14-21 kDa. Each repeat region is comprised of a 𝛽-turn followed by two an-

tiparallel 𝛼-helices and a loop connecting to the next repeat. The melting temperature of DARPins

has been reported from 66 to 89 ∘C.72 DARPins have been widely investigated for use in therapeu-

tics and imaging. The biopharmaceutical company Molecular Partners AG has been investigating

the use of DARPins in therapeutics.

Thus far, only two studies reported using DARPins in in vitro diagnostics. One study used a

pair of DARPins in a full sandwich assay targeting Mycobacterium tuberculosis biomarker ESAT-6

in a magnetic biosensor.73 Primary DARPins were immobilized on a surface to capture ESAT-6,

while a secondary DARPin was bound to nano-magnetic particles for labeling. In another study,

DARPins were used in a fluorescence-quenching assay to target E. coli MalE protein by chemically

conjugating a solvatochromic fluorophore to the DARPin, which resulted in a quenched signal when

bound to the target.74 Further demonstration of DARPins in in vitro diagnostic applications would

be desirable.

Monobody

Monobodies are developed from a fibronectin type III domain (FN3).75 They are about 10 kDa and

consist of seven 𝛽-strands with three surface loops for binding. Although monobodies have shown

to have high stability and ease of engineering new properties, they have yet to be demonstrated in

biosensing applications. At this point, only one study has been identified that uses monobodies in a

diagnostic setting. This study used a full sandwich ELISA with the reporter monobody in a phage-

displayed format and targets human proteins Cop9 signalosome subunit 5 (COPS5), p21-associated

kinase 1 (PAK1), Rho GTPase activating protein 32 (RICS).76 Further studies are required for

adoption of monobodies in in vitro diagnostic settings.

Affibody

Affibodies are a 6 kDa scaffold based on the IgG binding domain of staphylococcal protein A.34

They consist of a three 𝛼-helix bundle structure. Affibodies have been demonstrated for diagnostic

imaging, therapeutic, and biotechnology applications.34,35 Affibodies have also been applied to some

biosensing applications,36 as outlined below.

Affibodies have been used in hybrid sandwich assays with antibodies. One study reported

immobilization of affibodies in microarrays on glass slides to capture targets IgA or TNF-𝛼.77

Biotinylated antibodies against the targets and fluorescent-labeled streptavidin were used for signal

generation via digital fluorescence image analysis. Affibodies were also incorporated into an ELISA
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with an affibody as the capture molecule and antibodies as the reporter, targeting human serum

proteins apolipoprotein A1 and IgA.78

Additionally, affibodies were used in a half-sandwich microarray assay by immobilizing the af-

fibodies on glass slides and following with fluorescently-labeled targets: IgA or Taq polymerase.79

Affibodies were also incorporated in a half-sandwich ELISA by immobilizing the target Dengue

virus 2 NS1 protein to the well-plate and following with affibody-conjugated gold nanoparticles for

enhanced signal.80 Another study used affibodies in a label-free impedimetric biosensor by immo-

bilizing the affibody on the sensor surface to capture the HER2 cancer biomarker.81 And finally, a

polystyrene bead-based assay was developed, using an affibody against IgG as a method to immobi-

lize a capture antibody that targets VEGFA and using a biotinylated antibody with a streptavidin-

fluorophore for detection.82 Although some studies have begun demonstrating the use of affibodies

in diagnostics, they have yet to be used as both capture and reporter reagents in a full sandwich

assay.

Repebody

Repebodies are designed from consensus regions of leucine-rich repeat (LRR) modules of variable

lymphocyte receptors (VLR), and they are shown to be highly expressed in E. coli, thermally

stable, and straightforward to develop new variants against different targets.83,84 One study used

the repebody in a half-sandwich ELISA against TNF-𝛼 by immobilizing TNF-𝛼 on the well-plate

and following with a repebody fused to alkaline phosphatase (AP).85 The same study also developed

a hybrid ELISA, immobilizing the capture antibody on the well-plate and using the repebody-AP

fusion as a reporter.85 Similar to many of the other scaffolds, additional studies are required prior

to adoption of repebodies in in vitro diagnostic tests.

Anticalin

Anticalins are 20 kDa binding scaffolds designed from the natural binding protein lipocalin. Their

structure consists of four peptide loops on a stable 𝛽-barrel backbone.37,38 While lipocalins have

a melting temperature of 79 ∘C, anticalins can have melting temperatures ranging from 53 to

73 ∘C.86–88 Although anticalins are generally non-glycosylated, most do have disulfide bonds. An-

ticalins are developed and commercialized by Pieris Pharmaceuticals. They have been investi-

gated for therapeutics and diagnostic imaging, and have shown to be useful for targeting small

molecules/haptens;39 however, their applications in in vitro diagnostics are limited. Only one study

has been identified that uses anticalins in in vitro diagnostics. In this study, an anticalin tar-

geted the small molecule hapten called digoxigenin in a half-sandwich ELISA by immobilizing the

digoxigenin-fused bovine serum ovalbumin and detecting the hapten via an anticalin fused to alka-

line phosphatase.89 Further studies would be required to demonstrate the utility of anticalins in in
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vitro diagnostics.

Nanofitin/Affitin

Nanofitins, also called affitins, are derived from the DNA binding protein Sac7d from the hyper-

thermophilic archaeon Sulfolobus acidocaldarius.90 This scaffold is small (∼7 kDa), chemically and

thermally stable, contains no glycosylation sites or cysteines, and its binding face can be engineered

against various targets. Nanofitins are developed by Affilogic. They have been investigated for

biotherapeutics and biotechnological applications. A few studies have reported the use of nanofitins

in in vitro diagnostics. Nanofitins had been incorporated into half-sandwich assays on microarrays

by immobilization on glass slides to detect a fluorescently-labeled lysozyme.91,92 In another study,

nanofitins were used in an assay targeting hen egg white lysozyme by chemically conjugating a sol-

vatochromic fluorophore to the nanofitin, which leads to fluorescent quenching when bound to the

target.74 Additional demonstration of nanofitins in in vitro diagnostic applications are necessary.

Sso7d

The Sso7d scaffold is natively a DNA-binding protein—similar to Sac7d/nanofitins—from the hy-

perthermophilic archaeon Sulfolobus solfataricus.93 Like nanofitins, it is also small (∼7 kDa), chem-

ically and thermally stable (native melting temperature of 98 ∘C), contains no glycosylation sites

or cysteines, and has an isolated binding face. This scaffold has demonstrated ability to be engi-

neered against different targets, including a small molecule fluorescein, a 𝛽-catenin peptide, hen egg

lysozyme, streptavidin, mouse IgG, and chicken IgY.93

The Sso7d scaffold has been demonstrated in an antibody hybrid sandwich ELISA.94 This study

used an Sso7d clone against Mycobacterium tuberculosis biomarker Rv1656 in a phage-displayed

format, either as the capture reagent with an antibody against Rv1656 as the reporter or as the

reporter reagent with the antibody as the capture. This study also tested the soluble Sso7d protein

as the capture with the antibody as a reporter. A different study demonstrated a half-sandwich

ELISA using phage-displayed Sso7d as the reporter with various targets immobilized on the well-

plate, including bovine serum albumin, rabbit serum albumin, neutravidin, and green fluorescent

protein.95 This study also incorporated the phage-displayed Sso7d in a competitive ELISA with

the target immobilized on the plate and following with phage-displayed Sso7d that had been pre-

incubated with the target.

Many different protein scaffolds exist, with some having been tested in in vitro diagnostic assay

formats at greater lengths than others. A key limitation for many of these alternative scaffolds

is the lack of data demonstrating their utility in in vitro diagnostic settings. In this thesis, we

have focused on the Sso7d scaffold, due to its small size, inherent thermal stability, and highly

manipulable binding face. Though this scaffold showed strong promise as an antibody alternative,
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prior to this thesis, the Sso7d scaffold had not yet been fully investigated in in vitro diagnostics.

1.3 rcSso7d as an affinity reagent

1.3.1 Identification of new binding proteins

Due to the highly positively charged nature of the native Sso7d scaffold because of its original

purpose as a DNA-binding protein, the Sso7d scaffold had been further engineered to develop a

reduced-charge variant called rcSso7d.96 This charge neutralization occurred by removing or replac-

ing select lysine groups with alternative amino acids while still maintaining high thermal stability

(with a melting temperature of 95.5 ∘C). Similar to the original Sso7d scaffold, the rcSso7d demon-

strated that it could be engineered to bind to different targets, including mouse serum albumin and

human EGFR, and has retained high thermal stability with melting temperatures that can range

from 60 to 110 ∘C.96

A set of aromatic residues in the hydrophobic core of Sso7d (Phe5, Tyr7, Phe31, and Tyr33)

create a herring-bone structure that is vital to the stability of the scaffold.97 Therefore, when

generating new binding clones of rcSso7d, minimizing changes to the hydrophobic core may lead

to retained thermal stability. The solvent-exposed binding face of rcSso7d comprises of nine amino

acids, and mutations can be directed to these select amino acids to generate new binding proteins

against different targets without significantly impacting the stability of the scaffold.

Traxlmayer, et al96 had developed a combinatorial library of approximately 1.4 × 109 different

clones of rcSso7d via randomized oligonucleotides constructed using trinucleotide synthesis. For

this library, eleven different amino acids were selected as the possible choices for the nine amino

acid positions in the binding face, choosing those to mimic the diversity found in protein-protein

interactions. This library was incorporated into a yeast surface display format for directed evolution

using Saccharomyces cerevisiae. Yeast surface display (YSD), like other display platforms such as

phage display, is a method to link the genetic material of the binding variant (i.e. the genotype) to

the physical properties of the protein (i.e. the phenotype).98 Each yeast cell contains a plasmid for a

different mutant variant of the rcSso7d scaffold. YSD utilizes a natural cell-surface receptor known

as a-agglutinin, which mediates cell-cell adhesion for mating. The native a-agglutinin consists of

two subunits: Aga1p, which is anchored to the cell wall, and Aga2p, which is linked to Aga1p via

two disulfide bonds. The rcSso7d scaffold—or any other protein of interest—can be genetically fused

to the C-terminus of Aga2p, which allows for surface expression of the scaffold. To assess display

efficiency, a hemagglutinin (HA) tag on the N-terminus of the rcSso7d scaffold and a c-Myc tag on

the C-terminus of the scaffold were incorporated to provide tags for labeling the surface expressed

proteins.

The YSD library can be used to screen for clones that bind to different target biomarkers
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using magnetic bead sorting (MBS) followed by fluorescence-activated cell sorting (FACS).99,100

MBS is used for initial enrichment of the naïve library for any positive binding clones against the

target by using magnetic beads coated with the target biomarker. This biopanning process utilizes

the multivalency of interactions between the rcSso7d displayed on the yeast cell and the biomarker

coated on the magnetic beads to isolate even weak affinity binding clones. After the library diversity

has been sufficiently reduced, FACS can be used for more quantitative screening of binding clones

by labeling the yeast cells with fluorescently-labeled biomarker, as well as antibodies against the HA

or c-Myc tags, to assess binding signal relative to surface expression levels. These selection methods

can be used to hone down the large combinatorial library to a few select high-affinity clones for

further characterization.

1.3.2 rcSso7d as a capture protein in diagnostics

Previously in our group, we had demonstrated the use of the rcSso7d yeast surface display library

to identify high-affinity clones against streptavidin101 and a tuberculosis biomarker Rv1656.102 In

a side-by-side accelerated thermal degradation study, the rcSso7d clone against streptavidin main-

tained activity even after over an hour of heat-treatment at 95 ∘C while an antibody against strep-

tavidin lost all activity within a matter of minutes.101 This demonstrated the improved thermal

stability of rcSso7d compared to antibodies.

These previous studies used these rcSso7d clones as the capture reagents in in vitro half-sandwich

assay formats. In one study, the rcSso7d clone against streptavidin was covalently immobilized on

oxidized cellulose fibers that had been functionalized with aldehyde groups.101 In a follow up study,

the rcSso7d clones against streptavidin and tuberculosis Rv1656 were incorporated into a genetic

fusion protein with a cellulose-binding domain (CBD) as a means for surface immobilization on

non-functionalized cellulose fibers.102 This rcSso7d-CBD fusion protein demonstrated vast improve-

ment in capturing target biomarkers from solution compared to the rcSso7d clone without CBD

on oxidized cellulose, which was attributed to higher density surface immobilization of the cap-

ture rcSso7d on the test zone surface. Based on these studies, the rcSso7d scaffold functions as a

soluble capture reagent. However, prior to this thesis work, studies had not yet been conducted

to study the rcSso7d scaffold (or the Sso7d scaffold) as a soluble reporter reagent. Furthermore,

the Sso7d/rcSso7d scaffold had not yet been utilized in a full sandwich assay using the alternative

scaffold as both capture and reporter, which is necessary to fully replace antibodies in sandwich

immunoassays.

1.4 Example disease targets and biomarkers

In this section, we will discuss a couple specific disease targets (Zika virus and malaria), the sta-

tus of diagnostics for those diseases, and potential target biomarkers that have been chosen and
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investigated in this thesis. In addition to these target biomarkers, other target proteins have been

studied in this thesis, including human interleukin-6, tuberculosis biomarker Rv1656, and a Listeria

monocytogenes surface protein.

1.4.1 Zika virus and diagnostics

Zika virus (ZIKV) is a flavivirus transmitted by mosquitoes of the genus Aedes. ZIKV belongs to

the Flavivirus genus, which includes other flaviviruses such as dengue virus (DENV), yellow fever

virus (YFV), and West Nile virus (WNV).103 ZIKV has gained recent global attention after the

outbreak in the Americas starting in early 2015, which has linked ZIKV to neurological disorders

such as microcephaly in infants infected by their mothers during pregnancy104 and Guillain-Barré

syndrome in infected adults.103,105 The virus has been detected in fetal brain tissue, amniotic fluid,

and placenta,106–109 verifying that the virus can pass from the infected mother to the fetus, even

if the mother is asymptomatic. Reports have also found that ZIKV can be transmitted through

sexual intercourse, even if the infected person is asymptomatic.

Therefore, effectively diagnosing and distinguishing ZIKV from other flaviviruses is important.

With diagnosis, patients can take extra precautions to prevent spreading the virus to others and

be aware of the potential risks if pregnant. Fast and accurate diagnosis is especially vital for

women who are pregnant, who are about to be pregnant, and their partners, due to the increased

risk for microcephaly. During the outbreak, the Centers for Disease Control and Prevention (CDC)

recommended that asymptomatic pregnant women with exposure to ZIKV undergo routine screening

and testing for ZIKV during their first and second trimesters; unfortunately, this can lead to issues

of limited tests and laboratory capacity for running tests during an outbreak. Therefore, rapid and

accurate diagnostics are vital to track, control, and prevent spread of ZIKV.

ZIKV is difficult to diagnose purely based on clinical symptoms due to its similarities to other

flaviviruses and other febrile diseases. Furthermore, the diagnostic biomarkers for ZIKV are similar

to those for other flaviviruses as well, which makes it difficult to develop specific tests for ZIKV

that do not cross-react and lead to misdiagnosis.103,105,110,111

RT-PCR (reverse-transcription polymerase chain reaction) can detect ZIKV RNA loads in sam-

ples and has minimal cross-reactivity with high specificity.103,112 However, tests using RT-PCR

require the experience of clinicians and laboratory technicians, which can make it difficult to pro-

cess large volumes of tests. Serological assays, such as ELISA (enzyme-linked immunosorbent assay)

and PRNT (plaque reduction neutralization test), detect viral antibodies in patient samples. IgM

ELISA (MAC-ELISA) tests detect immunoglobulin M antibodies, which are the first antibodies to

appear in response to an antigen, and are a relatively timely, inexpensive, and simple test; however,

they also have low specificity and often cross-react with other flaviviruses.113 PRNT, which mea-

sures antibody virus neutralization in titers, has better specificity than ELISA; however, it is very
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time-consuming, relatively expensive, and requires laboratory equipment.113

In order to develop highly specific diagnostic tests for ZIKV, the chosen biomarker must be

distinguishable from other flavivirus biomarkers. Recently, studies have targeted the nonstructural

protein 1 (NS1) of Zika virus (ZNS1) as a biomarker for ZIKV diagnostics. NS1 is a biomarker that

has been used for the development of diagnostic tests of other flaviviruses, including DENV, WNV,

and JEV (Japanese encephalitis virus), with levels ranging from 20 pM to 300 nM.114–123 Analysis

of the NS1 protein shows that the outer face has higher sequence diversity than the inner face

among flaviviruses, and studies have shown that the electrostatic surface potential of ZIKV NS1

varies from other NS1 proteins such as from DENV and WNV.110,124 Furthermore, although ZNS1

has high levels of structural and sequential homology to other flavivirus NS1 proteins, studies have

demonstrated the possibility of specific detection of ZIKV using ZNS1 as a biomarker.110,111,125–132

Therefore, the ZIKV NS1 protein may be the optimal biomarker for ZIKV to develop rapid tests

with high specificity with minimal cross-reactivity.

1.4.2 Malaria and diagnostics

Malaria is a disease that is transmitted by female Anopheles mosquitos. It is caused by Plasmodium

parasites, and five species can be transmitted to humans: P. falciparum, P. vivax, P. malariae, P.

ovale, and P. knowlesi. P. falciparum is the most prevalent form of malaria and also causes the most

deaths related to malaria. P. vivax is responsible for over 50% of malarial cases outside of Africa.

In 2018, an estimated 228 million cases of malaria occurred, with an estimated 405,000 deaths.133

Since malaria is preventable and curable, the incidence and mortality has been decreasing since

2000; however, these numbers still remain relatively high.133

The first symptoms of febrile malaria are often difficult to diagnose and include fever, headache,

chills, and vomiting.133 However, if P. falciparum or P. knowlesi malaria is left untreated, it could

rapidly progress to severe malaria and lead to death.134 Furthermore, P. vivax and P. ovale malaria

can lie dormant in a patient’s liver and cause relapse. Fortunately, malaria is very treatable

if given proper antimalarial drugs—typically artemisinin-based combination therapies (ACTs) or

chloroquine—in a timely fashion.134 Unfortunately, timely and accurate parasitological diagnostic

tests are not always readily available in areas plagued by malaria, leading to treatment for malaria

prior to verification and overuse of these antimalarial drugs, which, in turn, increases antimalarial

drug resistance.133,134 Drug resistance threatens the progress made towards eradicating malaria. In

order to reduce the spread of antimalarial resistance and to eliminate the malaria burden worldwide,

timely diagnostic tests for accurate diagnosis and treatment of malaria are needed.

Similar to ZIKV, diagnosis based purely on clinical symptoms are widely inaccurate and lead

to overtreatment and the spread of drug resistance. The current widespread method for diagnosing

malaria involves examining the thick and thin blood films of patients using light microscopy to
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detect parasites.134 Not only is this method fast and relatively inexpensive, blood smears can also

reasonably distinguish most of the malarial species. Unfortunately, blood smears require labora-

tory equipment and trained technicians to analyze the samples, which is not easily accessible in

low-income regions. Therefore, immunochromatographic rapid diagnostic tests (RDTs) have been

developed for malaria that can quickly, easily, and inexpensively detect malarial antigens without

the need for trained personnel or special equipment.135–137

Two commonly investigated biomarkers for malaria are histidine-rich protein 2 (HRP2) and

plasmodium lactate dehydrogenase (pLDH).135–139 Many HRP2-based RDTs have been developed

that perform well and meet the ASSURED criteria;135 however, HRP2 is a P. falciparum specific

biomarker and persists in the bloodstream even after parasite clearance, which may lead to false

positive results.138 Additionally, mutations in the HRP2 protein have led to ineffective diagnosis

using HRP2-based tests.140 On the other hand, pLDH is present in all five strains of malaria with

about a 90% sequence identity,139,141 which makes it an ideal candidate to diagnose all malaria

species in one test. It is also cleared from the bloodstream,138 which would reduce possibilities of false

positive results. In addition, levels of pLDH correlate with parasite density.142,143 Unfortunately,

diagnostic tests targeting pLDH have yet to be developed with adequate sensitivity and stability.135

Therefore, pLDH-based diagnostic tests could have a huge impact on the fight against malaria.

1.5 Thesis overview

The main objective of this thesis is to investigate the use of the rcSso7d binding scaffold for in

vitro diagnostics. This involves 1) incorporating the rcSso7d scaffold into a reporter protein variant

that meets our design requirements; 2) developing numerous high affinity reagents against multiple

clinically-relevant target biomarkers to demonstrate translatability of the rcSso7d scaffold; and 3)

demonstrating the applicability of the rcSso7d proteins by incorporating them into various diagnostic

test formats.

This thesis is organized into eight chapters. Chapter 1 provides background information into

the importance of diagnostic tests, the use of alternative scaffolds to replace antibodies—with a

particular focus on diagnostic applications—, and the rcSso7d binding scaffold. This chapter also

aims to motivate the work in this thesis. Chapter 2 describes the work conducted for incorporating

the rcSso7d scaffold into a reporter format in order to successfully associate a signal to the presence of

the target biomarker. This chapter introduces the inclusion of a sacrificial mass fusion partner, which

is important for use of rcSso7d as a reporter molecule. Chapter 3 investigates the impact of different

fusion partners on the thermal stability of rcSso7d-based fusion proteins for capture and reporter

purposes. Chapter 4 illustrates a new method to efficiently identify pairs of complementary affinity

proteins via directed selection, which is used to select pairs of rcSso7d binding proteins against

tuberculosis biomarker Rv1656, Zika virus nonstructural protein 1 (NS1), and human interleukin-6.
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Chapter 5 demonstrates a direct functional comparison of rcSso7d to antibodies in paper-based

immunoassays against Zika virus NS1 in buffer and 100% human serum. Chapter 6 describes a

process for developing rcSso7d-based binding proteins for pan-malarial diagnostics by targeting

conserved epitopes of malarial plasmodium lactate dehydrogenase (pLDH) from the P. falciparum,

P. vivax, and P. knowlesi strains. Chapter 7 demonstrates the development of rcSso7d binding

proteins for a food safety rather than human health application by targeting a soluble Listeria

monocytogenes surface protein. And finally, Chapter 8 summarizes the main results of this thesis

and provides recommendations for future directions.
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Chapter 2

Engineering the hyperthermostable rcSso7d as a

reporter molecule for in vitro diagnostic tests

This chapter have been adapted or reprinted from: Sung, K.; Miller, E. A.; Sikes, H. D. Engineering

hyperthermostable rcSso7d as reporter molecule for in vitro diagnostic tests. Molecular Systems

Design and Engineering 2018, 6, 877-882.

2.1 Abstract

Engineered variants of the small thermostable protein, rcSso7d, show promise for use in low-cost

diagnostic tests. Previous studies have demonstrated their use as surface-bound capture reagents;

however, they have not yet been demonstrated as soluble reporter proteins. In order to use rcSso7d

as a reporter reagent, we must be able to conjugate a label to the protein while ensuring that

these modifications do not interfere with function. To engineer rcSso7d as a soluble, monomeric

reporter protein, we identified several design criteria beyond specific binding activity to enable

successful integration into in vitro diagnostic tests. These include low-cost production and high

expression yields in E. coli, a facile labeling procedure, function of the label, and strong retention of

target-binding activity. To identify a protein variant that fulfills these criteria, we designed several

genetic constructs, expressed the encoded proteins, and tested each protein in a paper-based assay

format. We identified an rcSso7d construct that associates a detectable signal with the presence of

target antigen, addressing a critical barrier for incorporation of this protein as both the capture and

reporter species in a diagnostic assay. An overview of this study can be seen in Figure 2.1. The use

of rcSso7d-based reagents will enable the development of affordable and thermally stable assays to

detect biomarkers in medical diagnostic applications.
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Figure 2.1. Schematic of assay format and signal enhancement from addition of a fusion protein.

2.2 Introduction

In vitro diagnostic assays are necessary for healthcare, food safety, and environmental monitor-

ing applications. Antibodies are commonly used as the capture and reporter reagents to detect

specific proteins in samples via noncovalent binding interactions. Unfortunately, antibodies have

inherent drawbacks when considering use in an in vitro diagnostic format, including high costs and

development time, limitations in physical properties such as thermostability, and genetic complex-

ity that constrains the attachment of anchoring groups, labels, or other modifications to chemical

conjugation methods.1,2

In recent years, many alternatives with improved qualities have been investigated, specifically

those that can be engineered to bind to a target analyte. These include aptamers, DARPins, affi-

bodies, anticalins, single-domain antibodies (sdAb), and Sso7d.1–4 Although it is not an exhaustive

list, Table 2.1 lists a selection of these antibody alternatives and their properties for comparison.

Many studies have proved antibody alternatives as promising entities for therapeutic applications;5

however, due to differing design criteria, additional studies must be conducted to establish their

utility in in vitro diagnostics. Desirable scaffold properties include strong binding affinity of se-

lected clones, high thermal stability across a genetically diverse range of clones, a lack of disulfide

bonds and glycosylation sites for ease of expression in E. coli, and high production yields. Previous

studies for diagnostic applications often used the alternate scaffold as the capture protein but used

a reporter antibody6–9 or a phage-displayed variant of the scaffold with a reporter antibody9,10 to

quantify target proteins in solution, or a biotinylated antigen to quantify capture efficiency and

tolerance for thermal challenges.11–13

Soluble reporter proteins were investigated with sdAb by chemically conjugating biotins,6 ge-

netically adding tags,7,14,15 or fusing the scaffold to a reporter enzyme.14–16 Although sdAb clones

with high in vitro stability and excellent yields upon bacterial expression can be identified, these

desirable properties are not universal, thus requiring additional screening during production of new

clones. Therefore, the process for new binder development may be facilitated by using a scaffold

with inherent thermostability and high expression levels in bacteria which could tolerate minor
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genetic mutations without significantly impacting these desirable properties.

Table 2.1. Properties of some example antibody alternative scaffolds. 𝐾𝑑: dissociation constant for
target binding, 𝑇𝑚: melting temperature. *Produced in the periplasm of E. coli to facilitate disulfide bond
formation.

Property sdAb Anticalin DARPin Affibody rcSso7d

Description Derived from
camelid and
cartilaginous fish
antibodies

Derived from
human lipcalins

Ankyrin repeat
motifs

Derived from
staphylococcal
protein A

Derived from
Sulfolobus
solfataricus
DNA-binding
protein

Size 12-15 kDa 20 kDa 14-21 kDa 6 kDa 7 kDa

Affinity (𝐾𝑑) Down to pM17 Down to pM18 Down to pM19 Down to pM20,21 Down to pM11

Melting
Temperature
(𝑇𝑚)

Highly variable,
some 60 to
80 ∘C17,22

Parent: 79 ∘C, ..
53 to 73 ∘C23–25

66 to 89 ∘C26 Parent: 75 ∘C,27
42 to 71 ∘C21

Parent: 98 ∘C,
60 to 110 ∘C4,28

Structure Disulfide bonds Generally non-
glycosylated;
most have
disulfide bonds

No disulfide
bonds or
glycosylation
sites

No disulfide
bonds or
glycosylation
sites

No disulfide
bonds or
glycosylation
sites

Expression
system

S. cerevisiae,22
E. coli*17

E. coli18,23 E. coli26 E. coli20 E. coli11,12

Production yield Several mg/L 20 to 20 mg/L23 Up to 200
mg/L26

100 to 200
mg/L29

40 to 130
mg/L11,12

Company Ablynx Pieris
Pharmaceuticals,
Inc

Molecular
Partners AG

Affibody AB None

The reduced-charged variant of Sso7d (rcSso7d)—a 7 kDa DNA-binding protein from the hy-

perthermophilic archaeon Sulfolobus solfataricus—fulfills our design criteria for an antibody re-

placement protein due to its intrinsic stability (wild-type melting temperature of 98 ∘C; engineered

variants retained their thermostability with melting temperatures >60 ∘C and generally >90 ∘C);

facile and high-yield bacterial expression; isolated binding face that has demonstrated high-affinity

binding to various target molecules; and ease of genetic modification (Table 2.1).4,9–13,28 By having a

binding face that is structurally isolated from its stabilizing, hydrophobic core, it increases the like-

lihood that mutations in the binding face may have minimal impact on protein stability. Although

studies have already demonstrated the use of rcSso7d as a soluble capture molecule,9,11–13 analogous

studies have not yet been reported for the use of soluble rcSso7d as the reporter molecule. Further

engineering is required to enable the protein to associate a detectable signal with the presence of a

target antigen.

To this end, biotin is a versatile and popular choice for tagging the reporter protein. The wide
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availability of streptavidin-conjugates allows users to select from a variety of signal amplification

methods, including fluorescence-based, chemiluminscence-based, colorimetric and electrochemical,

using the biotin-labeled reporter protein as a universal reagent.30 We created several biotinylated

rcSso7d constructs to compare signal intensities provided by each engineering approach, with fluo-

rescent and colorimetric readouts as examples.

Here, we investigated two different methods of conjugating a biotin moiety to the rcSso7d: in

vivo biotinylation and in vitro chemical biotinylation.31 After discovering issues of inaccessibility

of biotin for binding by streptavidin with in vivo biotinylation and reduced activity with in vitro

chemical conjugation, we studied the addition of a protein fusion partner, maltose-binding protein

(MBP), as a remedy to these issues. Through this comparison of different protein constructs, we

determined that an MBP-rcSso7d fusion protein conjugate yielded high signal output when used as

the detection protein by increasing biotin accessibility while preserving target-binding activity and

protein stability. We also demonstrated that the resulting soluble biotinylated rcSso7d proteins are

effective in detecting immobilized antigen with different read-out methods, including fluorescence,

enzymatic amplification, and polymerization-based amplification (PBA).

2.3 Materials and methods

2.3.1 Selection of rcSso7d clone against TB antigen Rv1656

The DNA and primary amino acid sequence of Sso.TB are included below. Bolded amino acids

represent the antigen-specific residues in the variable binding face. This Rv1656-binding variant

was selected via yeast surface display, and was isolated from the same combinatorial library as that

outlined in Miller, et al.12

cDNA Sequence: ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAG

CCATATGGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTG

TGTGGCGTCGTGGCCAGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTG

AGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Primary amino acid sequence: MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKSVWRR

GQRIWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ

2.3.2 Production of gene constructs

Sso.TB

Sso.TB was cloned from the pCTcon2 yeast display plasmid into the pET28b(+) bacterial expression

plasmid as previously described.11 Briefly, polymerase chain reaction (PCR) amplification of the de-

sired gene was conducted using the primers rcSso7d-for and rcSso7d-rev (Table 2.2), at an annealing

temperature of 58.3 ∘C. This PCR amplicon was subjected to an NdeI /XhoI double digest at 37 ∘C
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for three hours (adding the NdeI enzyme after two hours to prevent aberrant cleavage). Following

gel purification, this cleaved product was ligated into the digested pET-28b(+) plasmid backbone

for ten minutes at room temperature in order to generate the stable Sso.TB construct. All ligation

mixtures were purified using the DNA Clean and Concentrator-5 Kit from Zymo Research (Irvine,

CA, USA), and eluted in 12 µL of PCR-grade water. 4 µL of this ligation product was transformed

into DH5𝛼 E. coli via electroporation. The entirety of this transformation mixture was plated on

LB-kan plates and incubated overnight at 37 ∘C. Positive clones were verified via both 5’ and 3’

sequencing, using the T7 promoter and T7 terminator sequencing primers.

Table 2.2. Oligonucleotide sequences of primers used in plasmid cloning of the rcSso7d.TB variants.

# Oligo Name DNA Sequence 
(NdeI, XhoI, BamHI, EcoRI, SpeI, and AflII sites) 

Annealing 

Temp. (°C) 

1 rcSso7d-for 5’-AGGCAGTCTCATATGGCAACCGTGAAAT-3’ 63.3 

2 rcSso7d-rev 5’-ACCCCTCTCGAGTTATTGCTTTTCCAGCATCTG-3’ 64 

3 rcSso-BA Bridge-rev 5’-TCGTTCAGGCCGCCCGCCATTTGCTTTTCCAGCATCTGCA-3’ 72.5 

4 rcSso-BA Bridge-for 5’-TGCAGATGCTGGAAAAGCAAATGGCGGGCGGCCTGAACGA-3’ 72.5 

5 BA-rev   5’-TGGTGCTCGAGTTTATTCATGC-3’ 55.6 
6 NdeI-BA-for   5’-CTACGCCATATGGCGGGCGGCCTG-3’ 68 
7 NdeI-BA-rev   5’-GCAAGGCATATGGTCATGCCATTCAATT-3’ 60.1 
8 MBP-NdeI-for   5’-GCGGCGCATATGAAAATCGAAGAAGGTAAA-3’ 61 
9 MBP-BamHI-rev   5’-GATACGGGATCCAGTCTGCGCGTCTTT-3’ 63.7 

10 rcSso-BamHI-for   5’-GCATACATATGGGATCCGGTGGTGGTGGTAGCGGTGGTGGCG   

       GTTCAATGGCAACCGTGA-3’ 74.1 

11 rcSso-3PL-rev   5’-TTTAAGGATCCTGAACCGCCACCACCGCTACCACCACCACCTT  

       GCTTTTCCAGCA-3’ 73 

12 MBP-NdeI-EcoRI-for   5’-CGGCGGCATATGGAATTCAAAATCGAAGAAGGTAAACTGG-3’ 64.8 
13 MBP-BamHI-rev2   5’-CTTATTGGATCCAGTCTGCGCGTCTTTCAGGG-3’ 64.6 

14 MBP-Linker-SpeI-

BamHI-oligo 
  5’-TTATTACTAGTTGAACCGCCACCACCGCTACCACCACCACCGG  

       ATCCAGTCTGCGCGTCT-3’ 73.4 

15 LinkerMBP-SpeI-rev   5’-TTATTACTAGTTGAACCGCCACCACCGCTACCAC-3’ 64.8 
16 rcSso-SpeI-for   5’-TCGTGTCTACTAGTGCAACCGTGAAATTCACATACC-3’ 63.1 
17 AviTag-NdeI-for   5’-CTAAACATATGATGGCGGGCGGCCTGAACG-3’ 65.6 

18 AviTag-Linker-AflII-

rev   5’-CCACCACCCTTAAGTTCATGCCATTCAATTTTCTGCGC-3’ 65.8 

19 AviTag-Linker-EcoRI-

AflII-oligo 
  5’-TTATTGAATTCTGAACCGCCACCACCGCTACCACCACCACCCT  

       TAAGTTCATGC-3’ 70.4 

20 LinkerAviTag-EcoRI-

rev   5’-TTATTGAATTCTGAACCGCCACCACCGCTACCACC-3’ 65.5 
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N-terminal MBP-Sso.TB

The maltose-binding protein-rcSso7d (MBP-Sso.TB) construct was prepared via stepwise restriction

cloning projects. The MBP fusion partner was isolated from the pBADM41-MBP plasmid sourced

from the European Molecular Biology Laboratory (EMBL). PCR was conducted using the MBP-

NdeI-for and MBP-BamHI-rev primers, at an annealing temperature of 56 ∘C. This amplicon

was subjected to an NdeI/BamHI double digest at 37 ∘C for one hour, and the gel-purified product

was ligated into the digested pET28b-rcSso7d.SA-CBD plasmid (previously described), in the place

of rcSso7d.SA.

This sequence-verified plasmid product was then used as the vector backbone for the second

step of the process. Sso.TB was amplified using the rcSso-BamHI-for and rcSso7d-rev primers,

at an annealing temperature of 59 ∘C. This step served to append the appropriate restriction sites

to the rcSso7d gene, as well as a 5’-linker sequence encoding the (G4S)2 linker. This product was

subjected to a BamHI/XhoI double digest at 37 ∘C for three hours, and the gel-purified product

was ligated into the digested pET28b-MBP-CBD vector backbone.

C-terminal Sso.TB-BA

rcSso7d variants bearing an C-terminal AviTag (Sso.TB-BA) were prepared via splice-overlap ex-

tension. PCR amplification of the Sso.TB variant was conducted using the rcSso7d-for and rcSso-

BA-Bridge-rev primers, at an annealing temperature of 58.3 ∘C. PCR amplification of the biotin

acceptor sequence (taken from pET30b-MBD2-h4-eGFP-BA plasmid outlined in Tam et al32) was

performed using the rcSso-BA-Bridge-for and BA-rev primers, at an annealing temperature

of 50.6 ∘C. The resulting amplicons were gel-purified, and 100 ng of each product was added to a

second amplification reaction, along with 1µL each of the rcSso7d-for and BA-rev primers. This

PCR step was run using the standard PCR protocol, at an annealing temperature of 67.5 ∘C (the

annealing temperature specific to the overlap region).

The resulting amplicon was digested with the NdeI/XhoI enzymes at 37 ∘C for 1 hour, as was

the pET28b-Sso.TB plasmid. The digested amplicon was ligated into the vector backbone and

transformed into DH5𝛼 E. coli as previously described, and a subset of the resulting colonies were

sequenced in order to identify the desired variant. Positive clones were verified using 5’ and 3’

sequencing, using the T7 promoter and T7 terminator sequencing primers.

For subsequent cloning processes, an internal BamHI site was inserted between the rcSso7d and

biotin acceptor sequences. This was done via a stepwise-process, first introducing a 3’ BamHI site

to the rcSso7d sequence and integrating it into the rcSso7d-CBD format, and then introducing a

5’ BamHI site to the biotin acceptor sequence and integrating it in the place of the CBD fusion

partner. This permits modular cloning of additional rcSso7d variants into the Sso-BA construct.
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C-terminal Sso.TB-Link-BA

The construct featuring a (G4S)2 linker sequence between the Sso.TB and C-terminal BA was

prepared via traditional restriction cloning. PCR was used to modify the Sso.TB gene with a 3’

linker sequence, using the rcSso7d-for and rcSso-3PL-rev primers at an annealing temperature

of 58.3 ∘C. This product was subjected to an NdeI/BamHI double digest at 37 ∘C for one hour,

and the gel-purified product was ligated into the digested pET28b-Sso.TB-BA plasmid (featuring

an internal BamHI site).

N-terminal BA-Sso.TB

rcSso7d variants bearing an N-terminal AviTag (BA-Sso.TB) were prepared via non-directional

restriction cloning. PCR amplification of the biotin acceptor sequence was performed using the

NdeI-BA-for and NdeI-BA-rev primers, at an annealing temperature of 55.1 ∘C. This served to

append NdeI sites at both the 5’ and 3’ ends of the biotin acceptor sequence. The resulting ampli-

con was digested with the NdeI enzyme at 37 ∘C, as was the pET28b-Sso.TB plasmid. The digested

amplicon was ligated into the vector backbone and transformed into DH5𝛼 E. coli as previously de-

scribed, and a subset of the resulting colonies were sequenced in order to identify variants containing

the correctly oriented N-terminal biotin acceptor sequence. The binding ability of this construct was

compared against the C-terminal BA-Sso.TB construct to ensure no orientation-dependent effects.

N-terminal BA-MBP-rcSso7d

The construct for the MBP-rcSso7d fusion protein with an N-terminal AviTag on the MBP was

prepared via stepwise restriction cloning projects, along with splice-overlap extension to develop

modular cloning of other variants into the BA-MBP-rcSso7d construct. PCR was conducted on the

previously constructed MBP-rcSso7d plasmid using MBP-NdeI-EcoRI-for and MBP-BamHI-

rev2 primers, at an annealing temperature of 59.6 ∘C. The additional EcoRI restriction site was

added such that the AviTag sequence could be inserted in between the NdeI and EcoRI sites at

the N-terminus. This PCR product was used for splice-overlap extension to add a (G4S)2 linker

sequence at the 3’ end of the MBP sequence, using MBP-NdeI-EcoRI-for and LinkerMBP-

SpeI-rev primers, along with MBP-Linker-SpeI-BamHI-oligo to add the linker sequence, at

an annealing temperature of 64.8 ∘C. PCR was then conducted on the rcSso7d sequence using

MBP-rcSso7d plasmid as a template, using rcSso-SpeI-for and rcSso7d-rev primers, in order

to append a SpeI restriction site at the 5’ end of the sequence. The MBP-Linker amplicon was

subjected to an NdeI/SpeI double digest, rcSso7d amplicon was subjected to an SpeI/XhoI double

digest, and the pET28b(+) backbone was subjected to an NdeI/XhoI double digest, all at 37 ∘C for

one hour. The gel-purified products were ligated into the digested plasmid, transformed into DH5𝛼

E. coli as previously described, and subsequent colonies were sequenced to form a MBP-rcSso7d
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construct with extra restriction sites at the 5’ end.

To add in the AviTag sequence into the 5’ end of the new MBP-rcSso7d construct, PCR was con-

ducted on the AviTag sequence using AviTag-NdeI-for and AviTag-Linker-AflII-rev primers,

at an annealing temperature of 60.6 ∘C. The PCR product was used for splice-overlap extension

to add a (G4S)2 linker sequence at the 3’ end of the AviTag sequence, using AviTag-NdeI-for

and LinkerAviTag-EcoRI-rev primers, along with AviTag-Linker-EcoRI-AflII-oligo to add

the linker sequence, at an annealing temperature of 60.5 ∘C. The AflII site was added for extra

modularity, in case of future cloning projects. The resulting amplicon and the new MBP-rcSso7d

construct were subjected to an NdeI/EcoRI double digest at 37 ∘C for one hour. The gel-purified

products were ligated together to form the final construct. The binding ability of this construct was

compared against the N-terminal BA-Sso.TB construct to ensure no orientation-dependent effects.

2.3.3 Recombinant protein expression, purification, and characterization

Expressions of all protein constructs were conducted in a BL21(DE3) strain of E. coli and induced

by 0.5mM isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG). The BA variants were supplemented with

free biotin during expression via the addition of 0.1mM D-biotin to assist with higher biotinylation

efficiency. After overnight expression, the cells were cultivated and lysed via sonication. The

recombinant rcSso7d protein products were then purified from the clarified lysate through IMAC

using HisTrap FF crude columns (GE Healthcare) and buffer exchanged into 40mM sodium acetate

(pH 5.5) using Amicon Ultra Centrifugal Filters. The TB antigen was expressed and purified as

described previously.12

All purified proteins were quantified using a bicinchoninic acid (BCA) assay (Thermo Fisher

Scientific). To verify purity, the proteins were run on a sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) using 4–15% Mini-PROTEAN® TGXTM Precast Protein Gels (Bio-

Rad) with Biorad P/N 161-0374 used as the protein ladder. The gel was stained with Coomassie

Brilliant Blue G-250.

For BA-Sso.TB, Sso.TB-BA, Sso.TB-Link-BA, and BA-MBP-Sso.TB, after IMAC purification

and buffer exchange, a portion of the purified protein was further purified on a Pierce Monomeric

Avidin Agarose Kit (Thermo Fisher Scientific) to purify the proteins with accessible biotins. The

kit protocol was followed, and the provided Regeneration buffer was used for elution. The elution

fractions were pooled together, buffer exchanged into 1x PBS, and concentrated down using Amicon

Ultra Centrifugal Filters. The yield of protein bound and eluted from the avidinn column was

determined by quantifying the amount of protein eluted using a BCA assay and dividing the amount

of protein in elution fractions by the total amount of protein applied to the column.

Sso.TB and MBP-Sso.TB were chemically biotinylated using EZ-Link Sulfo-NHS-LC-Biotin No-

Weight format (Thermo Fisher Scientific), following the protocol provided by the manufacturer.
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For example, for MBP-Sso.TB, 1.5mL of 43 µM protein (3.27mg total) was reacted with 40 molar

excess of Sulfo-NHS-LC-Biotin. The conjugated proteins were then desalted using Micro G-25 Spin

Columns (Santa Cruz Biotech) to remove free biotins.

To quantify the amount of biotins per protein for the chemically biotinylated and the in vivo

biotinylated proteins, Quant*Tag (Vector Labs) was used following the manufacturer’s protocol.

Unbiotinylated Sso.TB and MBP-Sso.TB were used to subtract out any background absorbance for

BA-Sso.TB, Sso.TB-BA, Sso.TB-Link-BA, BA-MBP-Sso.TB, and MBP-Sso.TB-bx. Table 2.3 shows

the sizes and number of primary amines of Sso.TB and MBP-Sso.TB for comparison, demonstrating

the potential for more biotin conjugation on the larger MBP-Sso.TB protein.

Table 2.3. Number of primary amines for Sso.TB and MBP-Sso.TB (lysine groups and the N-terminus of
the protein). Primary amines are sites that can react with the Sulfo-NHS-LC-Biotin.

Proteins MW (Da) Number of primary amines

Sso.TB 9353.7 9
MBP-Sso.TB 50467.35 45

2.3.4 Fabrication and testing on oxidized cellulose assay test strips

Whatman No. 1 chromatography paper was oxidized for aldehyde functionalization, and test zones

were printed using hydrophobic ink as described previously.33 Protein immobilization on the oxidized

test zones occurred via overnight incubation of 6µL of 20 µM of the antigen in 1x PBS and 10%

glycerol. After blocking any unreacted aldehyde sites with 10 µL of 1x TBS for one hour, 10 µL

of 330 nM of the biotinylated rcSso7d variant in 1% PBSA (1x PBS with 1% w/v bovine serum

albumin) was applied to each test zone for 30 minutes, followed by 10 µL of 330 nM SA AF647

(Thermo Fisher Scientific) for 30 minutes in the dark. After each incubation steps, the test zones

were washed twice with 20 µL of 1x PBS. Samples were allowed to air-dry in the dark before imaging.

Schematic of rcSso7d testing can be found in Figure 2.2.

Fluorescent microscopy was used to measure level of binding, as described previously.11 Samples

were exposed at 250ms using a Cy5 filter and imaged using Metamorph software (Molecular Devices,

Sunnyvale, CA). Captured fluorescent images were processed on ImageJ (US National Institutes

of Health) to determine the mean fluorescence intensity (MFI), as described previously.11 The

background (fluorescence without presence of antigen) was subtracted from the sample to obtain

the background subtracted MFI. Error bars indicate standard deviations. Statistical analysis was

performed using JMP (SAS Institute). Significant differences between samples were evaluated by

the Student’s t-test, using 𝑃 < 0.05 as significant.
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Figure 2.2. Schematic of rcSso7d reporter testing procedure. TB antigen was captured on oxidized cellulose
strips (functionalized with aldehydes). After washes and blocking steps, biotinylated Sso.TB was incubated
on the strips, followed by incubations with SA AF647. After washes and drying, the test zones were imaged
to measure fluorescence.

2.3.5 Polymerization-based amplification

Eosin 5’-isothiocynate was conjugated to streptavidin (SA-eosin) as described previously.34 The

colorimetric results were generated following the same protocol listed above until after application

of the reporter protein, BA-MBP-Sso.TB. Afterwards, 10 µL of 330 nM of SA-eosin in 1% PBSA

was applied to both positive and negative test zones for 30 minutes. After wash steps, we applied

an aqueous solution of 200mM poly(ethylene glycol) diacrylate, 100mM 1-vinyl-2-pyrrolidinone,

150mM triethanolamine, 0.4µM eosin Y, 1.6mM phenolphthalein, and 0.02 N hydrochloric acid to

each test surface and illuminated the surfaces with green light for 100 seconds. After rinsing with

de-ionized H2O, hydrogel generation was visualized by the addition of 2 µL of 0.5M NaOH and

imaged immediately using an iPhone 6s camera.

2.3.6 Enzymatic amplification

HRP-conjugated streptavidin (SA-HRP) was purchased from Thermo Fisher Scientific. After incu-

bation of the test strips with BA-MBP-Sso.TB, 10 µL of 10 µg/mL of SA-HRP in 1% PBSA was

applied to both positive and negative surfaces for 30 minutes. An aqueous solution of 5mg/mL

3,3-diaminobenzidine (DAB) with 0.1% v/v hydrogen peroxide (H2O2) was prepared immediately

before use, using VWR Life Science DAB Substrate Tablets (5mg per tablet). After wash steps

of the test zones, the DAB solution was applied. After 8 minutes, the surfaces were washed with
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diH2O and imaged using an iPhone 6s camera.

2.4 Results and discussion

2.4.1 Design of rcSso7d constructs

This study used rcSso7d.TB (termed Sso.TB), which is an engineered rcSso7d clone selected to

bind against a urine-based active-tuberculosis (TB) biomarker Rv1656, following a similar selection

process as reported previously (see Section 2.3.1).12,35 We constructed six variants of Sso.TB, as

depicted in Figure 2.3. Detail on the cloning procedure and genetic sequences can be found in

Section 2.3.2 and Supplemental Section 2.6.4. We coupled biotin moieties to the proteins either via

Figure 2.3. Genetic constructs and representative protein illustrations for each of the six Sso.TB variants
designed, cloned, expressed, and tested in this study. TB: tuberculosis; Sso.TB: rcSso7d protein binder
against TB antigen; BA: biotin acceptor sequence; Link: (G4S)2 linker sequence; MBP: maltose binding
protein; bx: chemically biotinylated.

in vivo biotinylation through the action of biotin ligase on a biotin acceptor (BA) peptide or via

chemical biotinylation with sulfo-N-hydroxysuccinimide (sulfo-NHS) ester crosslinking of biotin to

primary amines (bx). Although chemical biotinylation adds an additional processing step, the result-

ing multiple biotins per protein may further improve detectable signal through multivalency effects.

To develop the simplest in vivo biotinylated variants, we designed BA-Sso.TB (with N-terminal

BA) and Sso.TB-BA (with C-terminal BA) to assess whether orientation affected accessibility of

the biotin moiety for binding by streptavidin conjugates. For the simplest in vitro chemical bi-

otinylated variant, we designed a construct with just the binding protein for chemical biotinylation
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(Sso.TB-bx). In addition to the simplest variants, we designed more complex constructs to improve

the accessibility of the biotin label and prevent protein aggregation upon labeling. We introduced a

flexible (G4S)2 linker sequence (Link) between the BA and Sso.TB sequences—Sso.TB-Link-BA—as

a C-terminal modification to enhance biotin accessibility. We also introduced a 42.5-kDa maltose-

binding protein (MBP) fusion partner to produce MBP-Sso.TB-bx and BA-MBP-Sso.TB. MBP was

selected as the N-terminal fusion partner due to its documented positive effect on soluble expression

yields.36,37 The larger protein mass also provides more primary amine sites for biotin conjugation

(Table 2.3). All gene constructs featured an N-terminal hexahistidine tag (6x-His), enabling purifi-

cation via immobilized metal affinity chromatography (IMAC). Schematics of the developed gene

constructs are included in Figure 2.3.

We expressed all of the Sso.TB constructs in BL21(DE3) E. coli and purified the proteins using

IMAC columns as previously described and as detailed further in Section 2.3.11,12 We quantified the

protein concentrations using a bicinchoninic acid (BCA) assay and visualized purified proteins via

SDS-PAGE to ensure product purity (Figure 2.4).

Figure 2.4. SDS-PAGE of all purified recombinant proteins. The theoretical MW are 9.3 kDa (Sso.TB),
11.4 kDa (BA-Sso.TB and Sso.TB-BA), 12.2 kDa (Sso.TB-Link-BA), 50.5 kDa (MBP-Sso.TB), and 53.7 kDa
(BA-MBP-Sso.TB). Each lane was loaded with >1.5µg of protein to ensure adequate protein purity. The
above image is a combination of three gel images for comprehension purposes (original images in Supplemental
Figure 2.9).

2.4.2 Characterization of rcSso7d constructs

We first conducted preliminary tests of the simplest variants (BA-Sso.TB, Sso.TB-BA, and Sso.TB-

bx) as the reporter protein to determine whether they would produce adequate signal without

requiring further modifications. For these tests, we used TB antigen captured on oxidized cellulose

strips and fluorescently labeled streptavidin (SA) for signal association, via the procedure outlined

in Section 2.3 (schematic in Figure 2.2). From these results, BA-Sso.TB and Sso.TB-BA were
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n.s.

A B

Figure 2.5. (A) Background subtracted fluorescence signal (MFI: mean fluorescence intensity) of BA-
Sso.TB variants (BA-Sso.TB with N-terminal BA and Sso.TB-BA with C-terminal BA) and (B) fluorescence
signal of Sso.TB-bx in the presence of TB antigen immobilized on oxidized cellulose strips and its respective
negative control lacking TB antigen. No statistical difference was observed between the two BA-Sso.TB and
Sso.TB-BA variants using 𝑃 < 0.05, indicating minimal difference with orientation of BA. Each data point
consists of an average of least eight replicates over multiple days, and error bars indicate standard deviations.
n.s.: Not significant.

insufficient in generating detectable signals (Figure 2.5A). Sso.TB-bx resulted in reduced signal

(Figure 2.5B), suggesting either inefficient chemical biotinylation or that chemical biotinylation

detrimentally impacted the binding activity of rcSso7d. These results motivated the investigation

into the other protein constructs to improve detectable signal. We explored the performance of

each variant by 1) characterizing their yields and biotin functionality and then 2) assessing the

dual functionality of Sso.TB binding to TB antigen and signal association to the antigen-Sso.TB

complex.

Quantifying the biotinylation efficiency of all BA variants revealed biotinylation efficiencies of

approximately 60% or below (Table 2.4). To eliminate this variable, we further purified aliquots of

each BA protein using a monomeric avidin column to selectively capture and elute the biotinylated

subpopulation. The purification yields are shown in Table 2.4. Almost all of the applied BA-

Table 2.4. Biotin quantitation results, approximate yields from avidin column purification, and approximate
product yields from chemical conjugation. †Could not quantify biotinylation extent of Sso.TB-bx due to
low yields post-biotin conjugation. ‡Did not purify chemically conjugated variants on the avidin column.
§Proteins did not undergo chemical conjugation.

Protein Approx. Biotins
per Protein

Approx. Avidin
Column Purification

Yield

Approx. Chemical
Conjugation

Product Yield

Sso.TB-bx n.a.† n.a.‡ <0.2%
BA-Sso.TB 0.35 5% n.a.§
Sso.TB-BA 0.35 5% n.a.§
Sso.TB-Link-BA 0.45 15% n.a.§
BA-MBP-Sso.TB 0.60 50% n.a.§
MBP-Sso.TB-bx 11 n.a.‡ 50%

Sso.TB and Sso.TB-BA proteins (∼95%) flowed through the column rather than binding to the
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avidin (Table 2.4). This low purification yield suggests that fusing BA directly to Sso.TB results

in biotin moieties that are inaccessible by avidin—possibly due to incorporation of the hydrophobic

biotins into the hydrophobic core of rcSso7d—which would lead to low detectable signals as shown

in Figure 2.5A. The additional linker sequence between BA and Sso.TB did not significantly improve

biotin accessibility, as evidenced by similarly low avidin column purification yields. However, the

majority of the BA-MBP-Sso.TB bound to the avidin column, resulting in a higher purification

yield (approximately 50%). Therefore, adding a larger, structured protein mass in between BA and

Sso.TB improved biotin accessibility.

Quantifying product yield after chemical biotinylation of Sso.TB-bx indicated significant losses

from the process (total product yield <0.2% shown in Table 2.4, calculated by the total protein re-

covered over the total protein used for the conjugation reaction) by destabilizing the rcSso7d protein

and causing precipitation, possibly due to the hydrophobic biotin moieties disrupting the protein

solvation shell. The soluble product yield of Sso.TB-bx was too low to quantify biotin efficiency. In

order to investigate whether the addition of MBP improves stability after chemical biotinylation,

we chemically biotinylated MBP-Sso.TB to produce MBP-Sso.TB-bx. Product yield after chemical

biotinylation was approximately 50% (Table 2.4), representing a >100-fold improvement on prod-

uct yield compared to Sso.TB without MBP and confirming improved protein solubility. We then

quantified the number of biotins per protein to verify MBP-Sso.TB-bx was biotinylated with an

averaged 11 biotins per protein (Table 2.4).

2.4.3 Performance of rcSso7d constructs as reporter proteins

To systematically compare how these different Sso.TB constructs perform as detection reagents,

we captured TB antigens from solution using oxidized cellulose and assessed the viability of using

the biotinylated Sso.TB variants and labeled SA to detect the antigens (Figure 2.6A), following the

same procedure as shown in Figure 2.2.

To assess the extent to which avidin column purification impacted performance of the protein

variants, we tested both purification fractions of BA-Sso.TB and BA-MBP-Sso.TB (pre-avidin col-

umn purification with <100% biotinylation efficiency or post-avidin column purification with ∼100%

biotinylation efficiency) in paper assays (Figure 2.6B). Since only a portion of these pre-avidin col-

umn populations was biotinylated, the expected improvement from using the 100% biotinylated pro-

tein population should reflect the relative increase in proportional biotinylation. For BA-Sso.TB,

the performance after avidin column purification was much higher than the theoretical increase

from 35% to 100% biotinylation (Figure 2.6C). This significant increase—about an order of magni-

tude increase in background subtracted mean fluorescence intensity (MFI)—may be attributed to

the inaccessibility of biotins on BA-Sso.TB. Through avidin column purification, only the proteins

with biotins that were accessible to avidin were collected; therefore, the post-avidin column puri-

56



Figure 2.6. Exploration of signal intensity associated with various Sso.TB species. (A) Scheme of experi-
mental design using TB antigen immobilized on oxidized cellulose surfaces. (B) Scheme of experiments com-
paring pre-avidin column purified (less than 100% biotinylation) against post-avidin column purified Sso.TB
variants (approximately 100% biotinylation). (C) Background-subtracted fluorescence signal of BA-Sso.TB
and BA-MBP-Sso.TB, comparing the two sub-populations (pre-avidin and post-avidin column purified).
(D) Scheme of experiments comparing avidin-purified BA-Sso.TB, avidin-purified BA-MBP-Sso.TB, and
chemically biotinylated MBP-Sso.TB-bx. (E) Comparing background-subtracted fluorescence signal from
avidin-purified BA-Sso.TB, avidin-purified BA-MBP-Sso.TB, and chemically biotinylated MBP-Sso.TB-bx.
The data sets for BA-Sso.TB and BA-MBP-Sso.TB in (E) are identical to the post-avidin column data
shown in (C). For (C and E), background signal was based on BSA-passivated surfaces, using the same
molar concentration of each Sso.TB variant. All proteins have N-terminal modifications (BA, MBP, and
BA-MBP). Each data point consists of an average of least eight replicates over multiple days, and error bars
indicate standard deviations. Significant differences in values were observed for each sample, using 𝑃 < 0.05.
BG: background; MFI: mean fluorescence intensity.

fied populations reflected the proteins with accessible biotins while the pre-avidin column purified

population contained mainly proteins with inaccessible biotins. These inaccessible biotins still con-
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tributed to the biotin measurements (see Supplemental Information, Section 2.6.2), resulting in a

higher value than the actual amount of accessible biotins. For BA-MBP-Sso.TB, the post-avidin

column fraction demonstrated an increase in signal intensity as compared to the pre-avidin column

population (Figure 2.6C); this can be attributed to the increase in proportional biotinylation since

this variant did not have biotin accessibility issues.

Since avidin column purification improved the performance of the BA-Sso.TB and BA-MBP-

Sso.TB variants, we compared the avidin-purified proteins against the other variants to investigate

their overall performance (Figure 2.6D). Sso.TB-Link-BA did not improve the signal output com-

pared to Sso.TB-BA (Figure 2.7A), supporting the results from avidin column purification that the

linker sequence did not improve biotin accessibility. Although orientation differences were not ap-

parent before avidin column purification (Figure 2.5A), after avidin column purification, N-terminal

BA-Sso.TB showed moderately higher signal than C-terminal Sso.TB-BA due to the orientation of

the N-terminus away from the binding face (Figure 2.7B-D). Compared to BA-Sso.TB, BA-MBP-

Sso.TB demonstrated an increase in signal (Figure 2.6E). This signal increase may be a result of the

intrinsic improved accessibility of biotins on BA-MBP-Sso.TB and also potentially diminished steric

hindrance effects, which may have caused the smaller Sso.TB to dissociate from the TB antigen as

a result of streptavidin binding. Furthermore, MBP-Sso.TB-bx resulted in an additional increase

in performance compared to BA-MBP-Sso.TB (Figure 2.6E). This increase can be attributed to

the increased biotin valency observed with the chemically biotinylated species, which allows more

streptavidin-biotin pairs to form on a single complex. Additional controls were tested to verify

specificity of binding to the TB antigen (Supplemental Information, Section 2.6.3).

B C

D

C-terminus

Binding 

face

Binding 

face

C-terminus

N-terminus
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Figure 2.7. Background subtracted MFI (mean fluorescence intensity) of pre-avidin column and post-avidin
column purified sub-populations of (A) Sso.TB-BA and Sso.TB-Link-BA (both with C-terminal modifications
to ensure no orientation-dependent effects) and (B) BA-Sso.TB and Sso.TB-BA to compare N-terminal and
C-terminal BA modifications. The addition of the extra (G4S)2 linker sequence did not improve signal read-
out and therefore was not pursued for further studies. (C) Front view of the rcSso7d protein, showing the
C-terminus adjacent to the binding face. (D) Side view of the rcSso7d protein, showing the N-terminus on
the opposite side of the binding face. The orientation of the termini may result in steric hindrance effects
leading to a lower signal for Sso.TB-BA. Each data point consists of an average of least eight replicates over
multiple days, and error bars indicate standard deviations.
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Through our binder engineering efforts, we were able to increase the detectable signal 17-fold be-

tween the simplest biotinylated variant (BA-Sso.TB) to the best-performing variant (MBP-Sso.TB-

bx). This study also provides guidance for variants and processing techniques that may be used

depending on the priorities of the system. For systems with antigen scarcity or low capture efficiency

that require a greater degree of signal amplification, using the rcSso7d variant with the highest sig-

nal (MBP-Sso.TB-bx) may be optimal, even at the cost of additional processing steps and lower

yields. For applications with adequate intrinsic sensitivity where minimization of processing steps

is the priority, BA-MBP-Sso.TB may be better suited for ease of production.

2.4.4 rcSso7d as a reporter in colorimetric detection methods

To extend our findings from fluorescence-based read-outs to colorimetric detection methods, we

tested a variant with enzymatic amplification using HRP (horseradish peroxidase) and PBA.34

Similar to above, we captured TB antigen using oxidized cellulose strips and followed with BA-MBP-

Sso.TB, which was chosen as the variant with minimal post-processing steps while still producing a

high signal. In place of SA AF647, either SA-HRP or SA-eosin were applied to the test surfaces and

subsequent development steps were conducted, as shown in Figure 2.8A. The resulting colorimetric

responses were imaged (Figure 2.8B). Both methods yielded visible color development compared

to the negative samples lacking antigen, indicating that a naked-eye colorimetric response can be

produced using Sso.TB as the detection reagent.

2.5 Conclusions

In summary, we demonstrated that the rcSso7d binding scaffold can be applied as a detection reagent

in paper-based formats. We found that the addition of structured fusion partners allows in vivo

biotinylation of these species while maintaining biotin accessibility. An additional purification step

with an avidin column can isolate those proteins with accessible biotins to further increase signal

output. Chemical modification of the small rcSso7d proteins impacts their stability and activity,

which can be mitigated with fusion partners like MBP. The multivalency afforded by chemical

biotinylation also yields higher signal than monovalent biotinylation from in vivo biotinylation

methods. rcSso7d can be used as the reporter protein in conjunction with colorimetric amplification

methods to distinguish between the presence or lack of the target antigen.

Improving the detectable signal output with rcSso7d as the detection protein is another step

towards using rcSso7d in place of antibodies to detect target antigens. This format could feasibly

be used in an indirect ELISA format by capturing all relevant proteins from a solution onto a

membrane and using a biotinylated rcSso7d variant to detect the presence of the target proteins.

Future studies will involve the incorporation of rcSso7d into a clinically relevant indirect or sandwich

59



Figure 2.8. Demonstration of analyte-specific signal via colorimetric methods. (A) Scheme of colorimetric
methods using BA-MBP-Sso.TB as the detection reagent for immobilized TB antigen. SA-HRP is applied
to surfaces for enzymatic amplification. DAB/H2O2 was used as the substrate to generate a colored pre-
cipitate. SA-eosin is added for polymerization-based amplification. After polymer formation, reducing the
pH with NaOH causes a pink color change. (B) Example of colorimetric signal from enzymatic amplifi-
cation and polymerization-based amplification. Positive (+) indicates presence of TB antigen. Negative
(-) indicates BSA-passivated surface. HRP: horseradish peroxidase; NaOH: sodium hydroxide; DAB: 3,3-
diaminobenzidine; H2O2: hydrogen peroxide

ELISA format, using this scaffold as both the capture and detection reagent to demonstrate this

species’ applicability in a variety of diagnostic formats.

2.6 Supplemental information

2.6.1 Original SDS-PAGE images

For fluidity, the SDS-PAGE gel images were combined together in Figure 2.4. The original gel

images are shown in Supplemental Figure 2.9.

2.6.2 Biotin quantification

For biotin quantification, we used a Quant*Tag kit (Vector Labs) rather than the more common

HABA (4’-hydroxyazobenzene-2-carboxylic acid) assay due to unreliable results for some of the

protein variants. HABA assay requires the biotin to displace HABA by binding to avidin, resulting

in a decreased absorbance at 500 nm wavelength. Supplemental Table 2.5 depicts some of the
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Figure 2.9. Original SDS-PAGE gel images for the Sso.TB variants to indicate protein purity. Figure 2.4
is a combination of the three gels for fluidity.

absorbance values collected when attempting to quantify biotinylation efficiency for two variants,

BA-Sso.TB and MBP-Sso.TB-bx. Values for chemically biotinylated MBP-Sso.TB-bx appeared

reasonable with an expected drop in absorbance with the presence of biotinylated protein.

Table 2.5. Absorbance values before addition of biotinylated protein (HABA/Avidin) and after addition of
protein (HABA/Avidin/Protein) for three separate attempts. The calculated number of biotins per protein
are shown based on the change in absorbance. MBP-Sso.TB-bx showed reasonable values for biotinylation,
but BA-Sso.TB did not show a noticeable change in absorbance; in some cases, the absorbance increased
minutely. †High concentration of protein added, resulting in large change in absorbance but still small
number of biotins per protein.

 
BA-Sso.TB MBP-Sso.TB-bx

 

Run 1 Run 2 Run 3† Run 1 Run 2 Run 3 

Absorbance (HABA/Avidin) 0.739 0.768 0.741 0.754 0.798 0.741 

Absorbance (HABA/Avidin/Protein) 0.742 0.777 0.571 0.737 0.777 0.622 

Calculated # of Biotins per Protein -0.157 -0.061 0.111 11.1 10.4 11.7 
 

Since testing the BA-Sso.TB variant on cellulose strips did show binding of streptavidin, we

determined that the HABA assay was unable to accurately quantify biotinylation efficiency for

some of the protein variants. Based on the results from the avidin column purification and testing

on cellulose strips, the lack of accessible biotins for BA-Sso.TB and similarly in vivo biotinylated

variants may explain the inaccurate results obtained using the HABA assay, since it does require

that the biotin displace HABA by binding to avidin. If the biotin is inaccessible and cannot bind

to avidin, that would explain the absence of color development.

The Quant*Tag results for MBP-Sso.TB-bx matched the results obtained from HABA assay,

verifying that the unreliable results for some of the variants was not a result of issues with the assay

itself. The Quant*Tag reagent reacts to the presence of all biotins, even those that may not be

accessible to bind to avidin like the HABA assay requires.38 Since the reagent in the Quant*Tag
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kits also reacts with amino groups, the values obtained for the biotinylated proteins were adjusted

based on the values from their respective unbiotinylated proteins (Sso.TB for BA-Sso.TB, Sso.TB-

BA, and Sso.TB-Link-BA; MBP-Sso.TB for BA-MBP-Sso.TB). We also verified that the post-avidin

column populations had approximately 100% biotinylation efficiency using the Quant*Tag assay on

BA-MBP-Sso.TB (results not shown).

2.6.3 Additional controls for specificity of binding

We conducted two additional control experiments to test for nonspecific binding of the biotiny-

lated MBP-fusion construct and to test for specificity of the Sso.TB against the TB antigen. Both

experiments used TB antigen immobilized on oxidized cellulose followed by 330 nM of the biotiny-

lated protein and using 3.3 µM SA AF647 to generate a signal. Supplemental Figure 2.10A tests

for nonspecific binding of the biotinylated MBP-rcSso7d. A different rcSso7d binder that does

A B

Figure 2.10. Control experiment testing for (A) nonspecific binding of the biotinylated MBP-Sso.TB
testing both MBP-Sso.TB-bx and MBP-Sso.Other-bx against immobilized TB antigen and (B) specificity of
Sso.TB to the TB antigen via a competitive assay via the application of MBP-Sso.TB-bx with additional
soluble TB antigen to the test zones with immobilized TB antigen. Background subtracted MFI (mean
fluorescence intensity) is shown. Each data point consists of an average of four replicates, and error bars
indicate standard deviations.

not demonstrate binding affinity to TB antigen (Sso.Other) was cloned into the MBP format, ex-

pressed and purified, and chemically biotinylated to generate MBP-Sso.Other-bx, following the

same procedure outlined in the Materials and Methods (Section 2.3). Quant*Tag assay was used

on MBP-Sso.Other-bx to quantify approximately 20 biotins per protein post-chemical conjugation.

By testing a different clone of rcSso7d in the biotinylated MBP-rcSso7d format, we verified that the

binding signal generated from MBP-Sso.TB-bx is from binding of the Sso.TB to the TB antigen,

not from nonspecific interactions of any MBP-rcSso7d-bx to the TB antigen or cellulose.

Amino acid sequence of Sso.Other: MATVKFTYQGEEKQVDISKIKWVRRDGQIIYFNYDEGGGAWGW

GDVSEKDAPKELLQMLEKQ

Supplemental Figure 2.10B shows a variation of a competitive binding assay, in which TB antigen

is immobilized on oxidized cellulose and followed by either 1) MBP-Sso.TB-bx or 2) MBP-Sso.TB-

bx with 10 µM additional soluble TB antigen. With additional soluble TB antigen applied to the
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test zones, the binding signal is lower, indicating specific binding of the Sso.TB to the TB antigen.

2.6.4 Sequences and primary amino acid sequences of rcSso7d.TB constructs

rcSso7d.TB

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGTGGCGTCGTGGCC

AGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSE

KDAPKELLQMLEKQ

C-terminal rcSso7d.TB-BA

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGTGGCGTCGTGGCC

AGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAATGGCGGGCGGCCTGAACGATATTTTTGAAGCGCAGAA

AATTGAATGGCATGAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSE

KDAPKELLQMLEKQMAGGLNDIFEAQKIEWHE

N-terminal BA-rcSso7d.TB

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCGGGCGG

CCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGACCATATGGCAACCGTGAAATTCACATACC

AAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGTGGCGTCGTGGCCAGCGTATTTGGTTT

CGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTGAGCGAAAAAGATGCACCGAAAGAACTGCT

GCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMAGGLNDIFEAQKIEWHEHMATVKFTYQGEEKQVDISKIKSVWRRGQR

IWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ

rcSso7d.TB-Link-BA

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGTGGCGTCGTGGCC
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AGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAGGATCCAT

GGCGGGCGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSE

KDAPKELLQMLEKQGGGGSGGGGSGSMAGGLNDIFEAQKIEWHE

MBP-rcSso7d.TB

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGAAAATCGA

AGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAACGGTCTCGCTGAAGTCGGTAAGAAAT

TCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAAACTGGAAGAGAAATTCCCACAGGTT

GCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGG

CCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTAC

GTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTG

CTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAG

CGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTTATGCGT

TCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACTCTGGCGCGAAAGCGGGTCTG

ACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCGATTACTCCATCGCAGAAGCTGC

CTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCATGGTCCAACATCGACACCAGCAAAG

TGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGC

GCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGA

TGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAGT

TGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCG

CAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACTGTCGA

TGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGCGGTGGTGGCGGTTCAATGGCAACCG

TGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGTGGCGTCGTGGC

CAGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTGAGCGAAAAAGATGC

ACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKF

PQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYN

KDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNSGAK

AGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVG

VLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMP

NIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGGGGSGGGGSMATVKFTYQGEEKQVDISKIKSVW

RRGQRIWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ
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BA-MBP-rcSso7d.TB

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA

CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC

CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA

GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAATCAAGTCTGTGTGGCGTCGTGGCCAGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGG

GTGCAGGTAAAGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING

PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG

GGSGGGGSTSATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ
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Chapter 3

Thermal stability of fusion proteins for

diagnostic tests using engineered binding

proteins

The work in this chapter was conducted with contributions from Daniela Cavazos-Elizondo and Eric

A. Miller, under the oversight of Hadley D. Sikes.

3.1 Abstract

Fusion proteins are widely used for biotechnological purposes, including to enhance surface immo-

bilization and signal labeling in diagnostic assays. Previous studies have demonstrated the use of

fusion partners in in vitro diagnostics to improve surface immobilization of capture proteins and

signal association for reporter proteins. Although fusion partners can add desirable characteristics

to the original protein, it is vital that these benefits do not come as a detriment to other desired

properties of the native protein. Here, we explored the impact of different fusion partners on the

thermal stability of a thermostable binding scaffold called rcSso7d (reduced-charge Sso7d) for in-

corporation into robust biomarker capture and detection formats. We identified our design criteria

when choosing the fusion partners for rcSso7d with the purpose of developing diagnostic reagents for

point-of-care biosensors. These criteria include maintaining the functionality of the fusion partners

(e.g. surface immobilization, association of a signal) while not significantly impacting the thermal

stability of the rcSso7d binding scaffold to the point of rendering it useless for the development

of robust diagnostics. By identifying fusion partners that maintain thermal stability of the overall

fusion protein, we demonstrate that the rcSso7d scaffold with its multifunctional fusion partners

can enable the development of stable, point-of-care biosensors.
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3.2 Introduction

Point-of-care biosensors can provide fast, accurate, and affordable diagnosis for various applications,

including human health, food safety, veterinary diagnostics, and environmental monitoring. These

diagnostic assays often incorporate binding proteins in a sandwich immunoassay format to capture

the target biomarker from samples and associate a signal to the binding complex. Antibodies

are often used as the binding proteins, but alternative protein scaffolds have increasingly been

studied for use in diagnostic tests.1–4 rcSso7d is a promising alternative scaffold, due to its improved

development timeline, low production cost, and ability to engineer the binding face to target a

diverse range of biomarkers.5–11 Furthermore, the intrinsic thermal stability of the scaffold makes

it an attractive replacement for antibodies in diagnostic tests. Inherent stability of the binding

proteins enables the development of robust diagnostic tests without requiring an extensive search

for stable clones or formulation optimization to promote stability.9

Fusion proteins have been widely used in biotechnological applications to produce novel pro-

teins that integrate the functions of multiple individual proteins via the genetic combination of

at least two genes or gene fragments.12 The inclusion of fusion partners has been demonstrated

in various multifunctional applications, including for surface immobilization,10,13 increased protein

solubility,14,15 affinity protein purification,16 prolonged therapeutic half-life,17–20 and drug target-

ing.21–24 Our group has previously used fusion protein constructs with rcSso7d to introduce ad-

ditional functionality to the binding scaffold. We incorporated a cellulose-binding domain (CBD)

fusion partner for rapid and efficient surface immobilization onto cellulose surfaces for paper-based

tests.10 Additionally, we used a maltose-binding protein (MBP) fusion partner in order to improve

soluble expression,25,26 introduce more primary amine sites for bioconjugation, and to act as a steric

spacer that enables in vivo biotinylation of an rcSso7d-based reporter molecule (see Chapter 2).27

Although these fusion partners greatly improve the functionality of the rcSso7d binding scaffold

by adding these desirable properties, they must not greatly diminish the thermal stability of the

combined fusion protein construct in order to see application of the rcSso7d in robust point-of-care

diagnostics.

Here, we investigated the impact of different fusion proteins on the functional thermal stability

of the rcSso7d binding scaffold to demonstrate their utility for diagnostic applications. In order to

study the effect of the fusion partners on the thermal stability of the rcSso7d fusion proteins in a

functional assay, we conducted an accelerated degradation study28 on the different fusion constructs

and assessed their activity loss in a paper-based assay format. Using rcSso7d as a capture protein,

we found that the rcSso7d-CBD construct had a moderate decrease in thermal stability compared

to the rcSso7d without the fusion, stemming from an inability of the CBD to function as a surface-

anchoring entity after thermal denaturation rather than loss of functionality of the rcSso7d scaffold.

Using rcSso7d as a reporter protein, we found that the addition of MBP led to significant activity
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loss after high temperature treatment. However, the identity of the fusion partner for this reporter

construct can be altered as long as it meets our design criteria of solubility, high yield bacterial

expression, and stability. Therefore, we created new genetic constructs with three other fusion

proteins with documented solubility and stability: thioredoxin (Trx), N-utilization substance protein

A (Nus), and enhanced green fluorescent protein (GFP). GFP significantly improved stability of

the rcSso7d fusion protein compared to the other fusion partners, signifying that alternative fusion

partners can be selected to improve the characteristics of the rcSso7d as a reporter.

3.3 Materials and methods

3.3.1 Commercial reagents and materials

Streptavidin AF647 (“SA AF647”; S-21374) was sourced from Thermo Fisher Scientific. DNA

templates for thioredoxin (Trx) and N-utilization substance A (Nus) were obtained from European

Molecular Biology Laboratory (EMBL): plasmids pBADM-20 and pBADM-60, respectively.

3.3.2 Production of fusion constructs

The plasmid fusion constructs for Sso.SA, Sso.SA-CBD, BA-Sso.TB, BA-MBP-Sso.TB (“bMBP-

rcSso7d.Rv1656.E1”), and Sso.TB-CBD (“rcSso7d.Rv1656.E2-CBD”) were developed as described

previously (see Chapter 2 and Chapter 4).9–11,27 The plasmid fusion constructs for BA-Trx-Sso.TB,

BA-Nus-Sso.TB, and BA-GFP-Sso.TB were developed following a similar protocol as previously

reported (see Section 2.3).27 The Trx and Nus constructs were obtained from EMBL, and the GFP

construct was sourced from a pET30b-BA-MBD-eGFP (MBD: methyl binding domain) plasmid

developed previously.29 Briefly, polymerase chain reaction (PCR) was conducted on the respective

fusion partners (Trx, Nus, GFP) using the primers listed in Table 3.1. Annealing temperatures of

59 ∘C, 59 ∘C, and 59.1 ∘C were used, respectively. After purification of the amplified PCR products

via 1% agarose gel electrophoresis and DNA gel extraction kit (Epoch Life Science), the purified

PCR products and pET28b-BA-MBP-Sso.TB plasmid backbones were both incubated with EcoRI

and BamHI restriction enzymes (New England Biolabs) at 37 ∘C for one hour. The digested DNA

products were again purified before ligation reactions were conducted using T4 DNA ligase (New

England Biolabs) to ligate the respective fusion partners (Trx, Nus, GFP) in between the biotin

acceptor sequence (BA) and rcSso7d sequence. The ligation products were purified using the DNA

Clean and Concentrator Kit (Zymo Research) before transformation into DH5𝛼 E. coli via electro-

poration. The transformation mixtures were plated onto LB-kan plates, and positive clones were

verified via sequencing using T7 promoter and T7 terminator sequencing primers.
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Table 3.1. Oligonucleotide sequences of primers used in the cloning of the BA-Trx-Sso.TB, BA-Nus-Sso.TB,
and BA-GFP-Sso.TB constructs.

#  Oligo Name DNA Sequence 

(EcoRI and BamHI, restriction sites) 

1 Trx-forward 5’-GCTGCGAATTCATGAGCGATAAAATTATTCACCTGACTGACG-3’  

2 Trx-reverse 5’-TATTAGGATCCGGCCAGGTTAGCGTCGAG-3’ 

3 Nus-forward 5’-CGCACGAATTCATGAAAGAAATTTTGGCTGTAGTTGAAGCC-3’ 

4 Nus-reverse 5’-TAATAGGATCCCGCTTCGTCACCGAACCAG-3’ 

5 GFP-forward 5’-GGTTCAGAATTCATGGTGAGCAAGGGCGAG-3’ 

6 GFP-reverse 5’-ATAATCGGATCCGTACAGCTCGTCCATGCC-3’ 

 

3.3.3 Recombinant protein expression, purification, and characterization

Sso.SA, Sso.SA-CBD, BA-Sso.TB, BA-MBP-Sso.TB, and Sso.TB-CBD, and TB antigen (Rv1656)

were expressed and purified as described previously (see Chapter 2).9–11,27 All protein constructs

were expressed in BL21(DE3) E. coli and induced by 0.5mM isopropyl 𝛽-D-1-thiogalactopyranoside

(IPTG). The BA variants were supplemented with free biotin during expression via the addition

of 0.1mM D-biotin to assist with biotinylation. After overnight expression at 20 ∘C, the cells were

pelleted and lysed via sonication. The recombinant proteins were then purified from the clarified

lysate through immobilized metal affinity chromatography (IMAC) using HisTrap FF crude columns

(GE Healthcare) since all of the recombinant proteins contain an N-terminal 6x-histidine tag. After

purification, the proteins were then buffer exchanged into 40mM sodium acetate (pH 5.5) (for

Sso.SA, Sso.SA-CBD, BA-Sso.TB, and Sso.TB-CBD) or 1x PBS (for BA-MBP-Sso.TB, BA-Trx-

Sso.TB, BA-Nus-Sso.TB, and BA-GFP-Sso.TB) using Amicon Ultra Centrifugal Filters.

All purified proteins were quantified using a bicinchoninic acid (BCA) assay (Thermo Fisher

Scientific) and run on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

using 4–15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad), as previously described in

Section 2.3.27 After IMAC purification and buffer exchange, the in vivo biotinylated proteins were

further purified on a Pierce Monomeric Avidin Agarose Kit (Thermo Fisher Scientific) to purify the

proteins with accessible biotins (see Chapter 2).27

3.3.4 Fabrication and testing on cellulose assay test strips

Whatman No. 1 chromatography paper was oxidized for aldehyde functionalization as described pre-

viously.30 Hydrophilic test zones were printed on non-functionalized paper (for CBD-based protein

assays) and oxidized paper (for non-CBD-based protein assays) using hydrophobic ink as described

previously.30 Paper-based immunoassays were conducted using sequential protein addition and wick-

ing of the flow-through. Each protein incubation step was 30 minutes, and test zones were washed
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twice with 20 µL of 1x PBS following each incubation step unless otherwise described.

Protein immobilization on oxidized test zones occurred via overnight incubation of 6 µL of 20 µM

of Sso.SA or Sso.SA-CBD in 40mM sodium acetate buffer (pH 5.5) and 10% glycerol. After overnight

incubation and wash, any unreacted aldehyde sites on the functionalized paper were blocked with

10 µL of 1x TBS for one hour. Protein immobilization on non-functionalized paper using rcSso7d-

CBD occurred using 6 µL of 20 µM of Sso.SA-CBD or 30 µM of Sso.TB-CBD diluted in sodium

acetate buffer, which was incubated in each test zone for at least 30 seconds. For assays involving

Sso.SA binding protein, test zones were then contacted with 10 µL of 330 nM of SA AF647 in PBSA

(1x PBS with 1% w/v bovine serum albumin) in the dark. For assays involving Sso.TB binding

protein, test zones were then incubated with 10 µL of TB biomarker Rv1656 in PBSA at 100 nM.

Negative controls were conducted with the absence of biomarker (just PBSA). For signal detection

for the Sso.TB assay, 10 µL of 1 µM biotinylated Sso.TB variant was applied to each relevant test

zone, followed by 10 µL of 1 µM SA AF647 in the dark.

Samples were allowed to air-dry in the dark before imaging. Fluorescent microscopy was used to

measure level of binding, as described previously9 (see Section 2.3). Briefly, samples were exposed

for 1000ms for Sso.SA test strips, 150ms for Sso.SA-CBD on oxidized paper, 50ms for Sso.SA-

CBD on non-functionalized paper, and 250ms for Sso.TB samples using a Cy5 filter and imaged

using Metamorph software (Molecular Devices, Sunnyvale, CA). Captured fluorescent images were

processed on ImageJ (US National Institutes of Health) to determine the mean fluorescence intensity

(MFI). The background (negative controls; fluorescence without presence of biomarker) plus three

times the standard deviation of the negative controls (BG + 3𝜎) was subtracted from the samples

to obtain the background adjusted MFI. Values represent an average of four replicates. Error bars

indicate standard deviations.

3.3.5 Accelerated thermal degradation study

To test the thermal stability of the protein fusions, the relevant rcSso7d proteins were aliquoted

(24 µL for the capture proteins and 63 µL for the reporter proteins to ensure sufficient volume for all

necessary samples and controls) into 0.2 µL PCR tubes. Sso.SA and Sso.SA-CBD were both used

at 20 µM in 40mM sodium acetate buffer (pH 5.5) with 10% glycerol for the capture protein study.

300 nM of each biotinylated Sso.TB variant was used in a McIlvaine buffer system (to minimize

non-specific binding) for the reporter protein study, with BA-Sso.TB and BA-MBP-Sso.TB at pH

5, BA-Trx-Sso.TB and BA-Nus-Sso.TB at pH 4.5, and BA-GFP-Sso.TB at pH 4 (Supplemental

Figure 3.4).

The tubes to-be-heated were pre-weighed, and long-time samples were sealed with parafilm to

minimize evaporative losses. The tubes for each sample were then heated at various periods of

time at 95 ∘C in a thermocycler. The samples were cooled on ice immediately after heating and
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re-weighed to assess any evaporative losses from heating. Any loss in volume from evaporation was

supplemented to each sample via the appropriate buffer.

For assessing Sso.SA and Sso.SA-CBD on oxidized cellulose test zones, 6 µL of each sample was

added to the respective test zones and incubated overnight for 16-18 hours. The test zones were then

washed and neutralized following the above protocol for paper assays, using 330 nM of SA AF647

in PBSA. For assessing Sso.SA-CBD on non-functionalized cellulose test zones, 6 µL of each sample

was added to the respective test zones and incubated for at least 30 seconds before washing and

continuing on with the assay according to the above protocol, using 330 nM of SA AF647 in PBSA.

Negative controls were conducted by applying 2mg/mL of non-heat-treated BSA to the oxidized or

non-functionalized test zones, and following with 330 nM of SA AF647.

To test the biotinylated fusion constructs as a reporter protein, 6µL of 10% BSA was added to

each protein aliquot of 63 µL for a final volume of 70 µL with 1% BSA in the relevant McIlvaine

buffer. The paper assays were conducted as described above using 30 µM of Sso.TB-CBD, 100 nM

of TB biomarker Rv1656, and 400 nM of SA AF647, all in PBSA. All washes were conducted with

PBSA except after the biotinylated rcSso7d incubation step, which was washed with the respective

McIlvaine buffer. Negative controls were conducted with each time point sample using the absence

of biomarker, instead incubating with just PBSA.

After the samples were dried and imaged using fluorescence microscopy (see above section), the

sample values were background-subtracted (using non-heat-treated BSA applied to the oxidized/non-

functionalized test zones followed by SA AF647 for the capture protein studies, and using the re-

spective controls for each heated sample without biomarker for the reporter protein studies) and

normalized to obtain binding curves between 0 and 1. Curve fitting to a sigmoidal curve was

conducted using the same process as described previously.9

3.4 Results and discussion

3.4.1 Fusion partners for capture format

In order to study the effects of a fusion protein for the capture reagent, we used an rcSso7d clone

that had been previously engineered to bind to streptavidin (Sso.SA).10 Here, streptavidin serves as

a model of a protein analyte. This rcSso7d clone was previously incorporated into a multifunctional

cellulose-binding domain (CBD) construct (Sso.SA-CBD) for immobilization on non-functionalized

cellulose test zones.10 For immobilization of proteins without the CBD fusion partner, oxidized

cellulose must be used for covalent immobilization on the cellulose test zones.

To evaluate the impact of the CBD module on the stability of the broader fusion construct,

activity retention of the Sso.SA and Sso.SA-CBD species (Figure 3.1A) was assessed following a

thermal challenge. We conducted activity-based accelerated stability assays by incubating aliquots
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of the rcSso7d proteins at 95 ∘C for various periods of time (30 seconds to 16 hours), controlling for

evaporation using parafilm. These heat-treated proteins were then applied as the capture reagents

in a paper assay format using a fluorescently-conjugated streptavidin reagent (SA-AF647) to assess

the binding activity of the rcSso7d module (Figure 3.1B). Sso.SA was applied to oxidized cellulose

test zones, and Sso.SA-CBD was applied to both functionalized and non-functionalized cellulose

test zones. The resulting fluorescent signal was measured using fluorescence microscopy, and the

quantified mean fluorescence intensity (MFI) was adjusted by the background signal and normalized

by the baseline MFI observed using non-heat-treated samples.
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Figure 3.1. Thermal stability study for CBD fusion construct. A) Gene and protein schematics for Sso.SA
and Sso.SA-CBD. B) Schematic of accelerated stability experiments, demonstrating heat incubation of the
proteins at 95 °C for various period of time. The heat-treated proteins were then applied to functionalized or
non-functionalized cellulose test strips and followed by SA-AF647 for read out. C) Background-subtracted
fluorescence signal for the accelerated stability studies of Sso.SA on functionalized paper (red circles), Sso.SA-
CBD on functionalized paper (yellow triangles), and Sso.SA-CBD on non-functionalized paper (blue squares).
Values were normalized. Each data point consists of an average of four replicates, and error bars indicate
standard deviations. SA: streptavidin; Sso.SA: rcSso7d protein against SA; CBD: cellulose-binding domain;
BG: background; MFI: mean fluorescence intensity.

Figure 3.1C shows the relative signal loss following incubation of the Sso.SA on oxidized cel-

lulose (red circles), Sso.SA-CBD on oxidized cellulose (blue squares), and Sso.SA-CBD on non-

functionalized cellulose (yellow triangles) at 95 ∘C. Sso.SA maintained binding signal for moder-

ately longer than Sso.SA-CBD on oxidized paper, with a time required for 50% activity loss (𝑡1/2) of

approximately 77 minutes and 51 minutes, respectively. On the other hand, when the heat-treated

Sso.SA-CBD samples were applied to non-functionalized paper, we observed a significant loss of

signal after the thermal challenge, with a 𝑡1/2 of approximately 8 minutes. The difference in results

between the Sso.SA-CBD applied to oxidized cellulose or non-functionalized cellulose suggests that

the reduction in activity stems from loss of CBD binding activity to cellulose rather than a loss

of rcSso7d binding activity to streptavidin. When observing the microscope images (Supplemental

Figure 3.5), the Sso.SA-CBD that was covalently bound to oxidized cellulose yielded a punctate

signal, suggesting protein aggregation due to CBD denaturation. However, based on the bright

fluorescence signal, the rcSso7d maintained binding activity even after aggregation of the CBD.

Therefore, Sso.SA-CBD appears to undergo modular activity loss, with CBD denaturation occur-
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ring on a shorter timescale than Sso.SA denaturation. The decrease in signal from the Sso.SA-CBD

on oxidized cellulose compared to Sso.SA may have been a result of the denaturation of the CBD

hindering the binding of rcSso7d to streptavidin, rather than thermal instability of the rcSso7d mod-

ule. Although the addition of the CBD module did impact the thermal stability of the Sso.SA-CBD

fusion construct, the majority of signal loss occurred due to the loss of CBD binding to cellulose.

Nonetheless, Sso.SA-CBD had previously demonstrated minimal activity loss after storage at 40 ∘C

after three months,10 signifying that a 𝑡1/2 of 8 minutes at 95 ∘C is still sufficient to yield functional

thermal stability for use in diagnostic tests.

3.4.2 Fusion partners for reporter format

In order to assess the impact of fusion partners on rcSso7d thermal stability within the context of

the reporter molecule, we used a pair of rcSso7d variants engineered against the urine-based tuber-

culosis biomarker Rv1656 (Sso.TB; E1: binding to biomarker epitope 1, E2: binding to biomarker

epitope 2) (see Chapter 2 and Chapter 4).10,11,27 One variant (Sso.TB.E2) was incorporated into

the CBD format (Sso.TB-CBD) to capture the soluble Rv1656 biomarker, while the other variant

(Sso.TB.E1) was used in a multifunctional fusion construct which incorporated a biotin moiety for

signal association. We had previously demonstrated the use of a protein fusion partner as a struc-

tured spacer between the in vivo biotin acceptor sequence (BA) and rcSso7d module. This served

to ensure steric accessibility of the biotin moiety, enabling the use of labeled streptavidin for signal

association (Chapter 2).27 We previously used a maltose-binding protein (MBP) as this fusion part-

ner (BA-MBP-rcSso7d). Without this protein fusion, the absolute binding signal of BA-rcSso7d

was insufficient in adequate signal generation. Figure 3.2A depicts the gene constructs and protein

schematics of BA-Sso.TB and BA-MBP-Sso.TB.

We conducted accelerated stability studies at 95 ∘C on BA-Sso.TB and BA-MBP-Sso.TB to

compare the impact of the MBP fusion partner on the thermal stability of the reporter protein.

We used Sso.TB-CBD to capture the Rv1656 biomarker, followed by the heat-treated biotinylated

reporter protein and SA-AF647 for signal association (Figure 3.2B). Although BA-Sso.TB generates

a significantly reduced signal output compared to BA-MBP-Sso.TB (see Chapter 2),27 we used BA-

Sso.TB as a point of comparison to BA-MBP-Sso.TB by assessing the loss of signal normalized

to their respective non-heat-treated samples. BA-Sso.TB (red circles) had minimal activity loss

following up to 4 hours of incubation at 95 ∘C, while BA-MBP-Sso.TB (blue triangles) demonstrated

a total loss of activity after only 30 seconds of heat treatment (Figure 3.2B). This signifies that the

addition of MBP as a fusion partner significantly reduced the thermal stability of the overall fusion

construct, impacting the potential of rcSso7d for use as a reporter protein in robust point-of-care

tests. Considering that the rcSso7d-CBD fusion construct degraded in a modular fashion with

the CBD module denaturing before the rcSso7d, the BA-MBP-rcSso7d fusion construct also likely
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Figure 3.2. Thermal stability study for MBP fusion construct. A) Gene and protein schematics for
BA-Sso.TB and BA-MBP-Sso.TB. B) Schematic of accelerated stability experiments, demonstrating heat
incubation of the reporter fusion proteins at 95 °C for various periods of time. Sso.TB-CBD was then applied
to cellulose test strips, followed by the TB biomarker (Rv1656), then the heat-treated proteins, and finally
SA-AF647 for read-out. C) Background-subtracted fluorescence signal for the accelerated stability studies
of BA-Sso.TB (red circles) and BA-MBP-Sso.TB (blue triangles). Values were normalized. Each data point
consists of an average of four replicates, and error bars indicate standard deviations. TB: tuberculosis;
Sso.TB: rcSso7d protein against TB; BA: biotin acceptor sequence; MBP: maltose-binding protein; CBD:
cellulose-binding domain; SA: streptavidin; BG: background; MFI: mean fluorescence intensity.

degraded in a stepwise manner. The loss in signal may be due to the denaturation of the MBP

module, leading to entrainment of the biotin moiety inside the hydrophobic mass of unfolded MBP

rather than from instability of the rcSso7d. Although the MBP fusion protein had reduced activity,

the specific maltose-binding function of MBP is not required for this application since it strictly

serves as a structured protein spacer between the biotin acceptor sequence and rcSso7d. Therefore,

we hypothesized that we could exchange the MBP module for a different fusion partner that would

yield enhanced activity for the overall reporter construct.

3.4.3 Alternative fusion partners for reporter format

To determine whether using different fusion proteins could improve the thermal stability of the

reporter reagent, we investigated alternative fusion partners to replace MBP in our reporter con-

struct. The ideal fusion partner would be a structured, thermally stable protein spacer between

the biotin acceptor sequence (BA) and rcSso7d protein. It would not yield nonspecific interactions

with other proteins or surfaces, and it would also be highly expressible in bacterial hosts. Although

the rcSso7d scaffold expresses in high yield in E. coli without requiring the addition of a soluble

fusion partner, we had previously found that having a highly soluble fusion partner was beneficial

for chemical conjugation purposes (see Chapter 2).27 Taking these considerations into account, we

conducted a literature survey and selected three different fusion proteins for investigation that had

demonstrated thermal stability and solubility properties: thioredoxin (Trx),14,31–33 N-utilization

substance protein A (Nus),14,34–37 and enhanced green fluorescent protein (GFP).38,39

We designed three new constructs integrating GFP, Nus, or Trx as the fusion partner (Fig-
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ure 3.3A). These reporter variants were expressed in E. coli and purified via immobilized metal

affinity chromatography, as previously described9,27 (see Section 2.3) (SDS-PAGE gel images shown

in Supplemental Figure 3.6). To investigate whether the rcSso7d scaffold could still function as

a reporter protein with different fusion partners, we conducted paper assay tests using Sso.TB-

CBD to capture Rv1656, the various fusion proteins as reporter molecules, and SA-AF647 for

signal association. After determining an optimized set of processing conditions to yield the highest
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Figure 3.3. Thermal stability study for Trx, Nus, and GFP fusion constructs. A) Gene and protein
schematics for BA-Trx-Sso.TB, BA-Nus-Sso.TB, and BA-GFP-Sso.TB. B) Background-subtracted fluores-
cence signal demonstrating function of the BA-Trx-Sso.TB, BA-Nus-Sso.TB, and BA-GFP-Sso.TB fusion
constructs as reporter proteins in a full sandwich assay on cellulose paper. C) Schematic of accelerated sta-
bility experiments, demonstrating heat incubation of the reporter fusion proteins at 95 °C for various period
of time. Sso.TB-CBD was then applied to cellulose test strips, followed by the TB biomarker (Rv1656), then
the heat-treated proteins, and finally SA-AF647 for read out. D,E,F) Background subtracted fluorescence
signal for the accelerated stability studies of (D) BA-Trx-Sso.TB (purple squares), (E) BA-Nus-Sso.TB (yel-
low circles), and (F) BA-GFP-Sso.TB (green diamonds). Values were normalized. Each data point consists
of an average of four replicates, and error bars indicate standard deviations. TB: tuberculosis; Sso.TB:
rcSso7d protein against TB; BA: biotin acceptor sequence; Trx: thioredoxin; Nus: N-utilization substance
protein A; GFP: enhanced green fluorescent protein; CBD: cellulose-binding domain; SA: streptavidin; BG:
background; MFI: mean fluorescence intensity.

background-adjusted binding signal (Supplemental Figure 3.4), we found that all three of the new

fusion proteins resulted in positive binding signal when they were incorporated into the assay format

(Figure 3.3B) and, therefore, could be used as the reporter protein. These results confirm that we

can use other large structured proteins instead of MBP as the fusion partner between the biotin

acceptor sequence and rcSso7d. The different fusion proteins were able to maintain binding activity
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of the rcSso7d to its target biomarker while also allowing for biotin accessibility to the streptavidin

conjugate for signal association.

In order to assess the impact of the different fusion proteins on the thermal stability of the

reporter protein, we tested these proteins for thermal stability using an accelerated degradation test

at 95 ∘C from 30 seconds to 4 hours (Figure 3.3C). We found that BA-Trx-Sso.TB and BA-Nus-

Sso.TB showed marginal improvement in thermal stability when compared to BA-MBP-Sso.TB, but

they still significantly lost activity after 30 seconds of heat incubation with a 𝑡1/2 of approximately

30 seconds at 95 ∘C (Figure 3.3D,E). However, BA-GFP-Sso.TB demonstrated improved stability

relative to the other fusion constructs, with a 𝑡1/2 of 19 minutes at 95 ∘C (Figure 3.3F). Therefore, we

have demonstrated that alternative fusion partners can be incorporated into the reporter construct

in order to obtain improved thermal stability.

3.5 Conclusions

In conclusion, we assessed the thermal stability of rcSso7d within the fusion constructs used as

capture and reporter reagents. Although the addition of the CBD module for the capture protein

did reduce the thermal stability of the rcSso7d-CBD scaffold, this activity loss was modular, and the

fusion protein still maintained sufficient stability for use in a diagnostic assay. The addition of MBP

within the reporter protein construct impacted the thermal stability significantly; however, we found

that other fusion proteins can be used in the reporter construct with improved thermal stability,

such as GFP. The choice of fusion protein is important to ensure that it provides multifunctionality

(e.g. surface immobilization, signal association) without detrimentally impacting other properties

of the broader fusion construct scaffold (e.g. thermal stability) in diagnostic tests.

By demonstrating the thermal stability of the rcSso7d scaffold within multifunctional fusion

constructs for capture and reporter, we have shown that the scaffold—with its functional fusion

partners—can be used to develop stable diagnostic tests. Due to the flexibility in the choice of the

reporter fusion protein, this construct may be further optimized to maximize the desired charac-

teristics. Future studies will investigate the performance of these rcSso7d-based fusion proteins in

long-term stability studies at moderate temperature (e.g. 6-12 months at 30 ∘C), as well as under

varying environmental conditions, to explore whether the rcSso7d scaffold can be used to develop

highly stable diagnostic tests.

3.6 Supplemental information

3.6.1 Amino acid sequences

Protein sequences are listed below and color coded based on the protein: rcSso7d sequence (purple,

Sso), cellulose binding domain (orange, CBD), biotin acceptor sequence (red, BA), maltose bind-
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ing protein (blue, MBP), thioredoxin (pink, Trx), N-utilization substance A (brown, Nus), and

enhanced green fluorescent protein (green, GFP).

Sso.SA

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYGWVSEKDA

PKELLQMLEKQ

Sso.SA-CBD

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKIVARDGQYIDFKYDEGGGAYGYGWVSEKDA

PKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTL

RYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVQIQ

GRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTAYLNGVLVWGKEP

BA-Sso.TB

MGSSHHHHHHSSGLVPRGSHMAGGLNDIFEAQKIEWHEHMATVKFTYQGEEKQVDISKIKSVWRRGQRIWF

RYDEGGGAWGAGKVSEKDAPKELLQMLEKQ

BA-MBP-Sso.TB

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDKGYN

GLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDKL

YPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWPL

IAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWA

WSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAV

ALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGGGGS

GGGGSTSATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ

BA-Trx-Sso.TB

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFMSDKIIHLTDDSFDTDVL

KADGAILVDFWAEWCGPCKMIAPILDEIADEYQGKLTVAKLNIDQNPGTAPKYGIRGIPTLLLFKNGEVAA

TKVGALSKGQLKEFLDANLAGSGGGGSGGGGSTSATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGG

GAWGAGKVSEKDAPKELLQMLEKQ

BA-Nus-Sso.TB

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFMKEILAVVEAVSNEKALP

REKIFEALESALATATKKKYEQEIDVRVQIDRKSGDFDTFRRWLVVDEVTQPTKEITLEAARYEDESLNLG
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DYVEDQIESVTFDRITTQTAKQVIVQKVREAERAMVVDQFREHEGEIITGVVKKVNRDNISLDLGNNAEAV

ILREDMLPRENFRPGDRVRGVLYSVRPEARGAQLFVTRSKPEMLIELFRIEVPEIGEEVIEIKAAARDPGS

RAKIAVKTNDKRIDPVGACVGMRGARVQAVSTELGGERIDIVLWDDNPAQFVINAMAPADVASIVVDEDKH

TMDIAVEAGNLAQAIGRNGQNVRLASQLSGWELNVMTVDDLQAKHQAEAHAAIDTFTKYLDIDEDFATVLV

EEGFSTLEELAYVPMKELLEIEGLDEPTVEALRERAKNALATIAQAQEESLGDNKPADDLLNLEGVDRDLA

FKLAARGVCTLEDLAEQGIDDLADIEGLTDEKAGALIMAARNICWFGDEAGSGGGGSGGGGSTSATVKFTY

QGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ

BA-GFP-Sso.TB

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFVSKGEELFTGVVPILVEL

DGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPDHMKQHDFFKSAMP

EGYVQERTIFFKDDGNYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILGHKLEYNYNSHNVYIMADKQKNG

IKVNFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDNHYLSTQSALSKDPNEKRDHMVLLEFVTAAGITP

GMDELYKGSGGGGSGGGGSTSATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSEKDA

PKELLQMLEKQ

Sso.TB-CBD

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKWVRRYGQYIGFSYDEGGGAWGKGYVSEKDA

PKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTL

RYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVHIQ

GRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP

3.6.2 pH scans for fusion proteins

The operating conditions for BA-MBP-Sso.TB/Sso.TB-CBD full sandwich assay on cellulose had

previously been optimized and determined to be using a McIlvaine buffer at a pH of 5.4 The con-

ditions for the other reporter fusion constructs (BA-Trx-Sso.TB, BA-Nus-Sso.TB, and BA-GFP-

Sso.TB) with Sso.TB-CBD in a full sandwich assay on cellulose test strips were similarly assessed

to determine an optimal pH for minimizing background signal (in the absence of biomarker) while

maximizing specific binding signal. Buffers of pH between 3 and 7 were made with McIlvaine buffers

(using different volume combinations of 0.2M Na2HPO4 and 0.1M citric acid buffers to adjust pH

accordingly). Buffers at pH 7.4 to 9 were made using 1x PBS, pH adjusted using NaOH. Full

sandwich assays were conducted, keeping all other conditions consistent except for the buffer of the

respective biotinylated Sso.TB protein and the subsequent wash steps after that incubation step,

which were varied by the different buffers. Supplemental Figure 3.4 shows the results of the pH

optimization for BA-Trx-Sso.TB (Supplemental Figure 3.4A, purple), BA-Nus-Sso.TB (Supplemen-

tal Figure 3.4B, yellow), and BA-GFP-Sso.TB (Supplemental Figure 3.4C, green). Based on these
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results, McIlvaine buffers of pH 4.5 was chosen for BA-Trx-Sso.TB and BA-Nus-Sso.TB and pH 4

was chosen for BA-GFP-Sso.TB, based on the background-subtracted signal and the error.
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Figure 3.4. Background-subtracted MFI values for pH optimization of (A) BA-Trx-Sso.TB, (B) BA-Nus-
Sso.TB, and (C) BA-GFP-Sso.TB, changing the buffer conditions for the biotinylated rcSso7d incubation
step, as well as the subsequent washes after incubation of the biotinylated fusion rcSso7d protein.

3.6.3 Microscope images of CBD denaturation

Supplemental Figure 3.5 depicts the microscope images for each sample after heat incubation for

the capture proteins. Sso.SA on oxidized paper retained binding activity to SA AF647 for over

an hour after heat treatment, with an even fluorescence signal throughout the test zone. Heat-

treated Sso.SA-CBD exhibited punctate fluorescence signal when it was applied to oxidized paper

(which does not require CBD functionality for surface immobilization). This phenomenon suggests

aggregation of the CBD module after heat-denaturation, resulting in immobilization of the Sso.SA-

CBD protein in aggregates. The images also suggest retention of the rcSso7d scaffold binding

activity based on the continued presence of fluorescence signal for over 30 minutes. When heat-

treated Sso.SA-CBD was applied to non-functionalized paper, we observed a faster loss in signal,
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Figure 3.5. Fluorescence microscope images after accelerated thermal degradation of Sso.SA and Sso.SA-
CBD at 95 °C for various periods of time. Sso.SA was applied to oxidized cellulose test zones while Sso.SA-
CBD was applied to both oxidized and non-functionalized cellulose test zones.

mostly as a result of the lack of functionality of the CBD module.

3.6.4 SDS-PAGE images

Supplemental Figure 3.6 shows SDS-PAGE gel images for BA-Trx-Sso.TB, BA-Nus-Sso.TB, and

BA-GFP-Sso.TB after protein purification and buffer exchange into 1x PBS. One fraction was

collected for BA-Trx-Sso.TB and BA-Nus-Sso.TB, while two fractions were collected for BA-GFP-

Sso.TB. Two dilutions of the fractions were run for each protein to view a concentrated and more

dilute protein profile. Some trace impurities are present for each fraction, as seen by some faint

other bands in the concentrated protein lanes.
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Figure 3.6. SDS-PAGE gel images for BA-Trx-Sso.TB (left), BA-Nus-Sso.TB (middle), and BA-GFP-
Sso.TB (right), visualizing two different dilutions of the purified proteins and their flow through collected
while loading the clarified cell lysate onto the Ni-NTA columns for purification.
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Chapter 4

Beyond epitope binning: Directed in vitro

selection of complementary pairs of binding

proteins

This work has previously appeared as Miller, E. A.*; Sung, K*; Kongsuphol, P.; Aw-Yong, H.

Q.; Tay, V.; Tan, Y.; Kabir, F. M.; Pang-Yeo, K.; Kaspriskie, I. G.; Sikes, H. D. Beyond epitope

binning: directed in vitro selection of complementary pairs of binding proteins. ACS Combinatorial

Science 2020, 22, 49-60.

4.1 Abstract

Many biotechnological applications require the simultaneous binding of affinity reagents to non-

overlapping target epitopes, the most prominent example being sandwich immunoassays. Typically,

affinity pairs are identified via post facto functional analysis of clones that were not selected for

complementarity. Here, we developed the Rapid Affinity Pair Identification via Directed Selection

(RAPIDS) process (Figure 4.1), which enables the efficient identification of affinity reagents that

function together as complementary pairs, from in vitro libraries of ∼109 variants. We used RAPIDS

to develop highly-specific affinity pairs against biomarkers of tuberculosis, Zika virus, and sepsis.

Without additional trial-and-error screening, these affinity pairs exhibited utility in multiple assay

formats. The RAPIDS process applies selective pressure to hundreds of thousands of potential

affinity pairs to efficiently identify complementary pairs that bind to separate epitopes without

binding to one another or non-targets, yielding diagnostic assays that are sensitive and specific by

design.
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Figure 4.1. Schematic of Rapid Affinity Pair Identification via Directed Selection (RAPIDS).

4.2 Introduction

Affinity reagents are essential to in vitro diagnostic tests, permitting the specific detection of protein

biomarkers of disease in blood, saliva, urine, and other bodily fluids. These tests commonly employ

a “sandwich” assay format, in which one substrate-immobilized affinity reagent captures the targeted

biomarker from the bulk fluid, and a second affinity reagent associates a detectable signal with the

captured target. This assay format spatially concentrates the target from a complex mixture and

enhances specificity by requiring two independent molecular interactions for signal development.1

However, this approach introduces a degree of complexity to the development of immunoassays.

Concurrent binding to the target biomarker requires a complementary pair of affinity reagents, such

that each binds with high affinity to sterically distinct parts of the target (“epitopes”). Furthermore,

to avoid signal development in the absence of the target, the complementary pair of affinity reagents

must not bind to one another.

In order to obtain pairs of complementary affinity reagents for in vitro diagnostic applications,

binding variants that function in isolation are typically first developed and then later tested for

simultaneous binding function in a low-throughput, pairwise fashion. Traditionally, IgG/IgM anti-

bodies have been developed for these applications. This process involves immunizing a host animal

(e.g. goat, mouse, chicken) to generate numerous antibodies against the target biomarker and us-

ing combinatorial screens to categorize these antibodies based on their epitope specificity (“epitope

binning”).2–6 Though this process can yield functional pairs of affinity reagents, it is resource- and

time-intensive (requiring 32-44 weeks), assesses a relatively small subset of potential affinity pairs

(e.g. 55 potential pairs when assaying ten different clones and testing for self-complementary pairs),

and does not impose directed selective pressure for binding pairs.7–9 In vivo processes also tend to

target the most immunodominant epitope of the biomarker, and thus the likelihood of developing

affinity reagents that compete for the same epitope is high. For example, one study found that out

of 7,680 hybridomas produced, only 232 clones expressed target-specific antibodies, and 223 of these

(96%) targeted the same biomarker epitope.10 Furthermore, antibodies are prone to non-specificity,

irreproducibility, and lot-to-lot variation;11,12 therefore, further validation must be conducted on
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identified antibodies to test for function in the desired diagnostic format.13 In vitro selection pro-

cesses represent an alternative means of engineering antibody or non-antibody affinity reagents by

permitting the display of combinatorial libraries of randomized protein variants on the surface of

organisms or carrier particles that harbor the associated coding DNA or RNA (e.g. phage, yeast,

ribosomes).14 After small sub-libraries of affinity reagents are selected, pairwise screening can then

be conducted to search for potential affinity pairs.15–17 Both of these epitope-binning approaches

require post facto classification of selected affinity reagents to ensure function in a chosen diagnostic

format.

In recent years, researchers have worked to incorporate selective pressures for dual-epitope bind-

ing directly into the in vitro development process. One such approach is masked selection, in which

a labeled version of the target biomarker is pre-incubated with a molar excess of a previously se-

lected primary affinity reagent, and this complex is used to re-screen a library. This approach is

intended to block the epitope bound by the primary affinity reagent, thus presenting only novel

epitopes to potential secondary binding partners.18,19 However, because masked selection depends

upon a reversible, equilibrium binding process to prevent the selection of non-complementary bind-

ing variants, this method does not guarantee development of a secondary affinity reagent that binds

to a unique epitope of the biomarker.

Another proposed approach for identifying complementary binding pairs involves the display

of randomized pairs of potential binding variants, which are expressed as tandem fusion partners.

Stringent wash conditions are used to retain only those variants which are strongly bound to select

for dual-epitope binding pairs.20 However, this process may not always result in the selection of a

complementary affinity pair, as a selected pair is more likely to feature a single high affinity binding

variant than two variants which bind the same target simultaneously. Desired epitopes can also

be directly targeted via library screening against an isolated peptide or a mutated version of the

biomarker.21,22 However, the peptide-based approach may fail to recapitulate the biologically rele-

vant epitope conformation of the native target, and both methods require pre-existing knowledge of

the protein structure of the target. Finally, library screening methods in the sandwich immunoassay

format have been demonstrated in the context of phage-based bio-panning. In this “sandwich pan-

ning” approach, surfaces (e.g. 96-well plates) are coated with previously-selected affinity reagents,

used to capture the desired target, and libraries of phages are screened for binding to available

secondary epitopes.23–25 However, these heterogeneous panning methods often lead to the identifi-

cation of false-positive secondary binding candidates. In one sandwich panning study, only 3 of the

200 clones suspected to be secondary binding reagents were actually found to interact with a novel

target epitope.24

Here, we present a novel approach called Rapid Affinity Pair Identification via Directed Selection

(RAPIDS). The RAPIDS process consists of a flow cytometry-based in vitro method for 1) iden-

tifying a high-quality primary affinity reagent, and 2) using this primary affinity reagent in the
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soluble phase to directly select for secondary affinity reagents that simultaneously bind to distinct

epitopes of the target biomarker. By directly identifying pairs that function together during the

selection process, the RAPIDS approach removes the trial-and-error aspect of traditional screening

methods and allows for immediate validation of the affinity pair in an in vitro diagnostic format.

Counter-selection can also be incorporated to prevent the selection of cross-reactive or non-specific

affinity reagents.

In this study, we demonstrate the use of the RAPIDS approach for the directed development

of three affinity pairs based on the rcSso7d scaffold protein.26–29 We developed these pairs for

the specific detection of 1) a urine-based tuberculosis antigen (Rv1656),30 2) a human cytokine

(interleukin-6, IL-6),31 and 3) a Zika virus antigen (non-structural protein 1, NS1) which shares

significant protein sequence homology (51-53%) with a Dengue virus NS1 variant.32 We validated

the specificity and function of these affinity pairs in several in vitro contexts (flow cytometry,

bead-based assays, well-plate ELISAs, and paper-based assays). With the RAPIDS process, we

demonstrate efficiency, versatility, and increased control over the development of functional affinity

pairs for use in diagnostic assays.

4.3 Materials and methods

A detailed description of all materials and methods can be found in Supplemental Information

(Section 4.7.2). A brief version is included below.

4.3.1 Recombinant protein production

All recombinant proteins were expressed in BL21(DE3) E. coli (IPTG induction at 20 ∘C for 18-20

hours) and purified using Ni-NTA immobilized metal affinity chromatography (IMAC), as previously

described and outlined in Supplemental Information (Section 4.7.2).29,33

4.3.2 Magnetic bead sorting

The combinatorial yeast surface display library was prepared as previously described.27 Primary

magnetic bead sorting (MBS) was conducted as previously described and detailed in Supplemental

Information (Section 4.7.2).29 For the ZNS1 selection process, negative MBS was conducted by

immobilizing the off-target protein (i.e. D2NS1 for ZNS1 selection processes) on the magnetic

beads, incubating the beads with the yeast library, and disposing of any cells bound to the beads.

Secondary MBS was conducted in a similar fashion, and was initiated using the yeast sub-

library resulting from either the second or third round of primary MBS. Prior to a round of positive

secondary MBS, one to three rounds of negative MBS were conducted. Negative MBS was conducted

by incubating the bMBP-rcSso7d.E1 species with biotin binder Dynabeads on a rotary mixer at
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4 ∘C for at least two hours. Negative selection beads were washed, and then incubated with the

induced yeast library at 4 ∘C for at least two hours, after which any bead-bound cells were discarded.

For positive secondary MBS sorts, the bMBP-rcSso7d.E1 species was immobilized on the magnetic

beads as outlined above. Following a wash step, the beads were incubated with the unbiotinylated

biomarker on a rotary mixer at 4 ∘C for at least two hours. After additional washes, the beads were

incubated with the induced yeast cells on a rotary mixer at 4 ∘C for at least two hours. Finally,

unbound yeast cells were discarded, and the retained beads and yeast were inoculated into fresh

SDCAA medium for library outgrowth.

No additional rounds of MBS were conducted prior to FACS for the ZNS1 secondary selection

process.

4.3.3 Flow cytometry

Yeast populations were prepared for flow cytometry as previously described.29,34 The soluble biomar-

ker concentration was decreased over subsequent sorting rounds to apply increasing selective pressure

for higher affinity reagents. Rv1656 primary FACS selection was conducted by alternating between

different labeling reagents to prevent off-target binding, as previously described and outlined in

Supplemental Information (Section 4.7.2).33,35 Rv1656 secondary FACS selection also alternated

between two different labeling modes (1: bMBP-SsoRv1656.E1/SA-PE to select for affinity reagents

that bind to non-overlapping epitopes; 2: mouse anti-His IgG/goat anti-mouse IgG AF647 to reduce

off-target binding).

IL-6 primary selection also employed alternating labeling reagents. For secondary selection, all

sorts were conducted with bMBP-SsoIL6.E1/SA AF647 for labeling to ensure selection of comple-

mentary affinity reagents. To remove non-specific or cross-reactive clones, negative selections were

conducted immediately prior to the second and fourth rounds of FACS by labeling the induced yeast

population with only bMBP-SsoIL6.E1/SA AF647. Cells that did not display binding signal were

collected, and were then re-labeled with IL-6 and screened again for secondary binding activity.

ZNS1 primary selection involved negative selections against D2NS1 and the labeling reagents

to reduce selection of off-target affinity reagents. For secondary selection, all sorts were conducted

with bMBP-SsoZNS1.E1/SA AF647 for labeling, with negative selections using biotinylated D2NS1,

bMBP-SsoZNS1.E1, and SA AF647 to remove off-target or cross-reactive clones.

4.3.4 Affinity reagent characterization and validation

After the final FACS library selection, the remaining yeast sub-population was sequenced to de-

termine the population diversity and selected clones were characterized, as described previously.29

Selected variants were cloned into pET28b(+) bacterial expression plasmids, following protocols

identified previously.29,33,35
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Kinetic analysis was conducted using ForteBio’s Octet®RED96 Bio-Layer Interferometry plat-

form, using Streptavidin (SA) sensor tips. Additional details, including information on the sequential

binding assays, are outlined in Supplemental Information (Section 4.7.2).

Paper-based assays were developed following a similar protocol as previously described35,36 (see

Section 3.3). The complementary bMBP-rcSso7d variant and SA AF647 were used to label the cap-

tured biomarker in full-sandwich assays. Fluorescence microscopy was used to quantify biomarker

binding, as described previously29 (see Section 2.3 or Section 3.3).

Bead-based assays were conducted by conjugating SsoIL6.E1 to carboxylated polystyrene beads.

SsoIL6.E1-conjugated beads were incubated with various concentrations of IL-6 or IL-8 for 1 hour,

followed by sequential incubations with bMBP-SsoIL6.E1 for 1 hour and SA-PE for 30 minutes.

Flow cytometry was used to quantify the resulting binding signal.

Well-plate ELISAs were conducted by immobilizing SsoIL6.E1 on flat-bottom 96-well polystyrene

plates overnight. After blocking, wells were contacted with different concentrations of IL-6 or TNF-

𝛼 for 2 hours, followed by sequential incubations with bMBP-SsoIL6.E2 and SA-HRP. Signal was

generated by contacting developed wells with 3,3’,5,5’-tetramethylbenzidine (TMB) substrate, and

this signal was measured using a plate reader.

4.4 Results

4.4.1 The RAPIDS method

To address the limitations of the most common process for developing complementary affinity pairs

(e.g. animal immunization and epitope-binning) (Figure 4.2A), we developed the RAPIDS method.

In contrast to the traditional development process for antibody pairs, the RAPIDS method requires

only 10-18 weeks (Figure 4.2B) and permits the simultaneous screening of a large combinatorial

library of potential binding pairs. This process consists of two distinct phases (Figure 4.2C). The

primary development phase selects affinity reagents from a large combinatorial library, strictly

based on target binding activity. In the secondary development phase, the selected primary rcSso7d

clone (green) is used to apply an epitope-specific selective pressure to ensure selection of a secondary

affinity reagent that targets a sterically distinct epitope on the target biomarker (blue). To enrich the

population for cells bearing target-binding rcSso7d variants, the RAPIDS process employs magnetic

bead sorting37 (MBS; Figure 4.3A and Supplemental Figure 4.17) and fluorescence-activated cell

sorting (FACS; Figure 4.3B and Supplemental Figure 4.18) to screen through a combinatorial yeast

surface display library featuring randomized variants of a binding protein.38
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Figure 4.2. Comparison of traditional and RAPIDS processes. (A) Typical timelines and workflow for
hybridoma-based development and production of antibody pairs. A host animal is immunized with the
target analyte, and host splenocytes are harvested for the production of antibody-producing hybridomas.
Target-specific hybridomas are sub-cloned to yield monoclonal populations, and clones are characterized and
ranked by affinity. Selected antibodies are grouped by epitope specificity via sequential binding studies, and
pairwise screening is used to identify complementary clones. Selected clones are expressed in a murine host
via the generation and chromatographic purification of ascites fluid. (B) Typical timelines and workflow for
the rapid affinity pair identification via direct selection (RAPIDS) process. A naïve yeast surface display
(YSD) library is screened in vitro via multiple rounds of magnetic bead sorting (MBS) and fluorescence
activated cell sorting (FACS). Lead clones are sub-cloned and recombinantly expressed in a bacterial host.
This primary binding variant is employed in secondary reagent development, following the same general
selection scheme. (C) Schematic representation of binding complexes during primary and secondary reagent
development, for both MBS and FACS.

4.4.2 Affinity pair development against TB biomarker using RAPIDS

To demonstrate the RAPIDS process, we used the technique to select rcSso7d-based affinity reagents

against the urine-based tuberculosis (TB) biomarker, Rv1656. We identified a high-affinity primary

binding variant via standard yeast surface display (Figure 4.4), screening through a combinatorial

protein library as previously described.35 In this process, we screened through a population of

over 109 distinct clones with mutations in the structurally isolated binding face of the rcSso7d
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Figure 4.3. Schematic representation of standard surface display selection process. (A) MBS schematic
for a standard primary affinity reagent development process. Magnetic beads which have been pre-coated
with the diagnostic biomarker are used to retain yeast displaying target-binding rcSso7d variants (“binders”).
Negative selection is used to deplete the yeast library of off-target binding variants. (B) FACS schematic
for a standard primary affinity reagent development process. Target-binding activity is indicated by the
association of a fluorescent signal with rcSso7d-displaying yeast cells.

scaffold (red, Figure 4.5).27 rcSso7d-displaying yeast cells are incubated with soluble, purified target

biomarker, and target-specific binding activity can be assessed using fluorophore-conjugated labeling

reagents. In order to avoid isolating clones that bind to the labeling reagents, two orthogonal sets

of labeling reagents can be iteratively switched between sorting rounds (1: mouse anti-His IgG

antibody/goat anti-mouse IgG antibody AF647; 2: streptavidin (SA) AF647) (Figure 4.4).

Figure 4.4. Schematic of yeast surface display complex. rcSso7d—with flanking HA/c-Myc epitope tags to
quantify display efficiency—is expressed as a genetic fusion to the Aga2p protein, which is exported to the
exterior of the yeast cell and covalently tethered via a disulfide linkage to the Aga1p species in the cell wall.
Target binding is queried via two orthogonal labeling schemes (using the hexahistidine tag or biotin label).

We observed significant enrichment of Rv1656-specific binding variants over the course of five

rounds of FACS, noting a 480-fold increase in target-specific binding signal within the rcSso7d-

displaying yeast population (Figure 4.6A).35 We sequenced a subset of the yeast sub-library and

observed multiple instances of a single clone within the enriched population (SsoRv1656.E1; E1:
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Figure 4.5. Protein ribbon structure of rcSso7d (PDB: 1SSO), highlighting the amino acids of the binding
face (red), which is structurally isolated from the hydrophobic core (blue). Mutations are introduced in the
red amino acids to generate functional diversity while minimizing potential detrimental impacts to scaffold
stability.

epitope targeted by the primary affinity reagent; Table 4.1; Supplemental Table 4.3). We validated

the Rv1656-specific binding activity of this primary binding species in the yeast-surface display

format (Figure 4.6B), and integrated this selected primary rcSso7d clone into a fusion construct

(Supplemental Figure 4.19) which enables its straightforward labeling and facile production in bac-

teria (via in vivo biotinylation of a fusion construct incorporating maltose-binding protein (MBP)

and the rcSso7d clone; referred to as bMBP-SsoRv1656.E1; see Chapter 2).33,39

 

A B 

Figure 4.6. (A) FACS histograms of yeast sub-libraries during the selection of primary affinity reagent
SsoRv1656.E1. Histograms depict a significant increase in target-binding activity between selection rounds,
with geometric mean intensity values of 6.78 (FACS #1) and 3,255 (FACS #5). (B) FACS histogram of
target-specific binding for SsoRv1656.E1 (100 nM Rv1656).

To apply an orientation-specific selection pressure for the identification of a secondary rcSso7d

clone, we coated magnetic beads with the primary rcSso7d clone, followed by the Rv1656 biomarker.

This ensures preferential target orientation, such that only non-overlapping epitopes are available

for binding by a secondary affinity reagent. In this secondary MBS process, we sorted the Rv1656

yeast sub-library resulting from the final round of primary MBS (Figure 4.7A; library size ∼106).

Having used secondary MBS to enrich the library for binding variants specific to a secondary

epitope, we employed secondary FACS to apply additional selective pressure for high-quality, com-

plementary secondary affinity reagents (Figure 4.7B). The biotinylated primary rcSso7d clone bound

to fluorophore-conjugated streptavidin was used as the labeling reagent in secondary FACS. Given
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Table 4.1. Binding face amino acid sequences and biophysical parameters. Binding face shorthand tags
show the variable binding face amino acid residues. Biophysical parameters (𝑘𝑜𝑛, 𝑘𝑜𝑓𝑓 , and 𝐾𝑑) for the
selected affinity reagents were measured using bio-layer interferometry (BLI).

Protein Binding face
shorthand tag 𝑘𝑜𝑛 (1/(M s)) 𝑘𝑜𝑓𝑓 (1/s) 𝐾𝑑 (M)

SsoRv1656.E1 SWRRWRWAK 2.3× 105 7.6× 10−5 3.3× 10−10

SsoRv1656.E2 WRYYGSWKY 1.1× 105 4.7× 10−4 4.2× 10−9

SsoIL6.E1 IGHWYWDNW 1.5× 105 6.3× 10−4 4.2× 10−9

SsoIL6.E2 NYWHWDAYK 1.4× 105 5.2× 10−4 3.7× 10−9

SsoZNS1.E1 SIKHWAWSK 1.5× 105 1.6× 10−4 1.1× 10−9

SsoZNS1.E2 RYWIDGISWS 1.6× 105 2.7× 10−4 1.7× 10−9 

A B 

A B 

Figure 4.7. Overview of secondary selection process. (A) Schematic of protein complex for secondary MBS.
Oriented target display mediated by binding to the primary epitope (red) presents non-overlapping epitopes
(blue) for yeast sorting. (B) Schematic of protein complex for secondary FACS. Fluorescent labeling of yeast
cells is mediated by the simultaneous binding of the biotinylated primary rcSso7d clone to the primary target
epitope (red), and the binding of the displayed rcSso7d variant to a novel epitope (blue).

that signal is only observed when simultaneous binding occurs between 1) the rcSso7d clone dis-

played on the surface of the yeast cell, 2) the unlabeled target biomarker, and 3) the biotinylated

primary rcSso7d variant, this scheme ensures that a fluorescent signal indicates binding to non-

overlapping epitopes on the biomarker. The secondary yeast library was sorted via five rounds of

FACS, alternating between different labeling methods (1: bMBP-SsoRv1656.E1/streptavidin PE;

2: mouse anti-His IgG antibody/goat anti-mouse IgG antibody AF647) (Figure 4.8) to minimize

enrichment of affinity reagents that cross-react with labeling reagents or the primary rcSso7d clone.

In order to select those variants with the greatest affinity, the concentration of Rv1656 was also

reduced over the course of this process, to a final concentration of 1 nM.

Upon sequencing a subset of the yeast sub-library after the final round of FACS, we observed mul-
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Figure 4.8. FACS histograms for selection of the secondary affinity reagent SsoRv1656.E2. Target-specific
binding activity increases throughout the process despite the decreasing target concentration.

tiple instances of a single unique Rv1656-specific clone (SsoRv1656.E2; E2: epitope targeted by the

secondary affinity reagent; Table 4.1; Supplemental Table 4.3). This rcSso7d variant demonstrated

target-specific binding activity when challenged with labeled biomarker in the yeast surface display

format (Figure 4.9A). In order to demonstrate target-specific binding signal in the “full-sandwich”

immunocomplex format, yeast cells displaying SsoRv1656.E2 were sequentially incubated with the

unlabeled Rv1656 biomarker, followed by bMBP-SsoRv1656.E1 and SA AF647 (Figure 4.9B). Full-

sandwich complex formation was also confirmed via bio-layer interferometry (BLI), via conjugation

of biotinylated bMBP-SsoRv1656.E1 to streptavidin-coated fiber-optic tips, followed by incubation

with Rv1656 and the secondary rcSso7d clone fused to a cellulose-binding domain (SsoRv1656.E2-

CBD; Figure 4.10). The identified affinity reagents demonstrated highly preferential binding to

Rv1656 relative to other recombinant TB biomarkers (Supplemental Figure 4.20).40 We also deter-

mined the biophysical binding constants (𝑘𝑜𝑛, 𝑘𝑜𝑓𝑓 , and 𝐾𝑑) for the Rv1656-specific complementary

affinity pair (Table 4.1; Supplemental Figure 4.21).
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Figure 4.9. (A) FACS histogram of target-specific binding for SsoRv1656.E2 (100 nM Rv1656). (B) FACS
histogram of target-specific binding for SsoRv1656.E2/bMBP-SsoRv1656.E1 in the full sandwich immuno-
complex (100 nM Rv1656, 100 nM bMBP-SsoRv1656.E1).
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Figure 4.10. Sequential binding of bMBP-SsoRv1656.E1 (1∘, 5 nM), Rv1656 (2∘, 10 nM), and SsoRv1656-
CBD (3∘, 500 nM) assessed via bio-layer interferometry (BLI). The latter three curves (orange, gray, and
yellow) overlap with each other along the x-axis of the plot.

4.4.3 Generality of the RAPIDS approach: affinity pair selection against Zika
virus NS1 and IL-6

We next sought to assess the generality of the RAPIDS process by developing pairs of affinity

reagents against two additional soluble biomarkers: human interleukin-6 (IL-6) and Zika virus non-

structural protein 1 (ZNS1). IL-6 is a proinflammatory cytokine and anti-inflammatory myokine,

and it is often used as an indicator of infection, tissue injury, and other inflammatory responses.31

ZNS1 is secreted into the bloodstream by cells infected by the Zika virus and has been targeted as

diagnostic biomarker.32

In order to ensure binding specificity of the selected affinity reagents and to demonstrate flex-

ibility of the RAPIDS process to meet relevant design criteria for different affinity applications,

we incorporated additional negative selection steps into the selection process for these two targets.

These counter-selection steps were particularly important when developing affinity reagents against

Zika NS1, given its sequential and structural homology to other flavivirus NS1 variants (e.g. Dengue

NS1). To remove binding variants that demonstrate off-target binding activity, we introduced a two-

step counter-selection process into the RAPIDS scheme (Figure 4.11). First, the yeast sub-library is

labeled with non-target proteins, and cells that bind to these proteins are discarded. The retained

yeast population is then immediately relabeled with the target protein, and is re-sorted via FACS to

collect the population fraction which demonstrates analyte-specific binding activity. This two-step

process can be interspersed between traditional FACS rounds as needed, based on the observed level

of non-specific binding activity within the sub-library. We chose Dengue virus type 2 non-structural

protein 1 (D2NS1) to use for counter-selections in the affinity reagent development process for ZNS1.

To ensure enrichment of secondary rcSso7d clones that do not cross-react with the selected primary
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rcSso7d affinity reagents, we also included negative selections against these primary rcSso7d clones

during the RAPIDS process for both IL-6 and ZNS1.

  

3-5x 

Post-MBS 

library 

Remove 
nonspecific 

binders 

Isolate 
nonbinders 

(+)FACS 

Isolate 
binders 

Remove 
weak/ 
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Figure 4.11. FACS schematic including negative selections. The induced yeast sub-library is first incubated
with non-target proteins and labeled with fluorescent reagents in order to collect cells with positive rcSso7d
display but no off-target binding. The sorted cells are then immediately re-labeled with the target and
corresponding fluorescent reagents before a second sort to collect cells with positive, target-specific binding
signal. The isolated cell population is expanded through outgrowth, and the process is repeated.

We used RAPIDS to develop complementary pairs of rcSso7d-based affinity reagents against

IL-6 (SsoIL6.E1/E2) and ZNS1 (SsoZNS1.E1/E2) (Table 4.1; Supplemental Table 4.3, Supplemen-

tal Figure 4.22, and Supplemental Figure 4.23), incorporating negative selections as outlined above.

Consistent with previous studies, we observed significant enrichment of aromatic residues within the

binding faces of these selected variants.27 Representative FACS plots from the secondary negative

selection sorts (Figure 4.12) demonstrate reduction of off-target or cross-reactive binding in subse-

quent sub-libraries. Following the primary selection process, we identified seven unique IL-6-specific
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A CBFigure 4.12. Representative FACS plots for secondary affinity reagent selection against IL-6 from FACS
#2 and #4 (A) and ZNS1 from FACS #2, #4, and #5 (B). The plots shown consist of those rounds of
sorts using a negative sort (against bMBP-SsoIL6.E1/SA AF647 for IL-6 or D2NS1/bMBP-SsoZNS1.E1/SA
AF647 for ZNS1) prior to a positive sort. Gates drawn indicate the gates used for sorting.
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clones within two groups of similar sequences varying by only one or two amino acid differences

(“sub-families”) and one ZNS1-specific sub-family (Supplemental Figure 4.24). Initial analysis of

the IL-6 clones within the different sub-families did not result in the identification of complemen-

tary affinity pairs (Supplemental Figure 4.25). The rcSso7d clone with the highest binding affinity

was selected as the primary affinity reagent for each biomarker (SsoIL6.E1 and SsoZNS1.E1). Dur-

ing the secondary selection process, we identified one unique clone against IL-6 (SsoIL6.E2) and

one unique clone against ZNS1 (SsoZNS1.E2) (Table 4.1; Supplemental Table 4.3). Though ZNS1

is a hexameric protein, neither SsoZNS1.E1 nor SsoZNS1.E2 demonstrated appreciable binding to

a multivalent epitope of the NS1 biomarker (Supplemental Figure 4.26), indicating the need for a

pair of distinct affinity reagents for ZNS1.

In order to confirm target-specific binding for the selected affinity reagents, we challenged the

clonal E1 and E2 yeast cultures with their respective target biomarkers (IL-6 or ZNS1). Strong bind-

ing signal was observed following incubation with the respective targets (Figure 4.13A). SsoZNS1.E1
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Figure 4.13. (A) FACS histograms of target-specific binding with target-positive sample (blue) and target-
negative sample (red). Histograms represent binding of the selected primary affinity reagents (SsoIL6.E1 and
SsoZNS1.E1; top) or secondary affinity reagents (SsoIL6.E2 and SsoZNS1.E2; bottom) to their respective
biomarkers (16 nM). (B) FACS histograms demonstrate minimal off-target binding of SsoZNS1.E1 and
SsoZNS1.E2 to D2NS1 (100 nM). (C) FACS histograms of full-sandwich, target-specific binding for IL-
6 (top) and ZNS1 (bottom) with rcSso7d.E2/bMBP-rcSso7d.E1 in yeast surface display format. Target-
positive sample (blue) was incubated with 16 nM biomarker, and target-negative sample (red) indicates
absence of target biomarker.

and SsoZNS1.E2 also showed minimal off-target binding to D2NS1, demonstrating specificity of

the selected affinity reagents (Figure 4.13B). Additionally, SsoIL6.E1 and SsoIL6.E2 both demon-

strated specificity to IL-6 over another cytokine, IL-8 (Supplemental Figure 4.27). To confirm

separate epitope binding of the identified affinity reagents, we conducted full-sandwich binding ex-

periments. Yeast cells displaying the E2 variant were sequentially incubated with the biomarker
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and the bMBP-rcSso7d.E1 fusion construct, followed by fluorophore-conjugated streptavidin for

labeling. The binding pairs demonstrated strong target-specific binding activity, and also showed

minimal cross-reactivity to one another in the absence of the target (Figure 4.13C). To further val-

idate separate epitope binding, we used BLI to assess the sequential binding activity of the soluble

protein species in the full sandwich format (Figure 4.14). We also measured the biophysical binding

parameters (𝑘𝑜𝑛, 𝑘𝑜𝑓𝑓 , and 𝐾𝑑) for the selected complementary affinity pairs for IL-6 and ZNS1

(Table 4.1; Supplemental Figure 4.28).
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Figure 4.14. Sequential binding demonstration in a full sandwich format using bio-layer interferometry
(BLI) for IL-6 and ZNS1.

4.4.4 Incorporation of affinity pairs into test formats

In order to assess the utility of the identified affinity pairs for in vitro applications, we sought to

incorporate the selected affinity reagents into three common binding assay formats: bead-based

assays, well-plate enzyme-linked immunosorbent assays (ELISA), and paper-based immunoassays.

To assess rcSso7d functionality in a bead-based assay format, we conjugated SsoIL6.E1 to carboxyl

polystyrene beads, challenged these beads with various concentrations of human IL-6 or a represen-

tative non-target cytokine (human IL-8), and labeled the beads using bMBP-SsoIL6.E2 in complex

with streptavidin R-phycoerythrin (SA-PE). Bead fluorescence was quantified using flow cytome-

try. The results indicate a clear increase in fluorescence signal with increasing concentration of IL-6

and demonstrate a lack of signal in the presence of non-target IL-8. (Figure 4.15A) These findings

demonstrate the specificity and functionality of the identified binding pair in a bead-based assay

format. Bead-based performance was also assessed using a plate reader to quantify fluorescence for

suspensions of magnetic beads (Supplemental Figure 4.29).

Next, the IL-6 assay was implemented in a polystyrene 96-well plate to demonstrate applicability
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Figure 4.15. Functionality of affinity pairs in in vitro assay formats. (A) Schematic of bead-based assay
using beads conjugated with SsoIL6.E1 (above). Beads were incubated with target (IL-6; red triangles) or
non-target protein (IL-8; blue circles), followed by bMBP-SsoIL6.E2 and SA-PE (R-phycoerythrin). Flow
cytometry was used to measure the resulting fluorescence (below). Each data point represents the mean
fluorescence intensity (MFI) from one experiment. (B) Schematic of well-plate ELISA (above). SsoIL6.E1
was coated onto polystyrene wells, followed by incubations of IL-6 (red triangles) or non-target protein
TNF-𝛼 (blue circles). Signal was generated using bMBP-SsoIL6.E2 and SA-HRP (horseradish peroxidase).
Absorbance measurements are shown at 450 nm (below). Each data point consists of an average of two
replicates. (C) Schematic of paper-based assay using cellulose strips patterned with hydrophobic ink (above).
An rcSso7d clone in the rcSso7d-CBD fusion construct is immobilized on the cellulose surface, followed by
target biomarker (Rv1656, blue circles; ZNS1, yellow triangles; and IL-6, red diamonds), and labeled with
its complementary rcSso7d clone in the bMBP-rcSso7d fusion construct and SA-AF647. MFI is shown for
each affinity pair (below). Each data point consists of an average of four replicates. Dotted lines represent
the background signal in the absence of biomarker. Error bars signify standard deviation.

for traditional well-plate ELISA. We coated the polystyrene surfaces of the wells with SsoIL6.E1,

followed by various concentrations of human IL-6 or another representative non-target cytokine

(TNF-𝛼; tumor necrosis factor 𝛼) to challenge the affinity pair against another off-target protein.

We then used bMBP-SsoIL6.E2 to label the captured biomarker, followed by streptavidin-HRP

(horseradish peroxidase). The SsoIL6 affinity pair detected presence of IL-6 with no discernable

positive signal when challenged with TNF-𝛼 (Figure 4.15B), further demonstrating specificity and

applicability of the selected rcSso7d pair in an ELISA format.

Lastly, the target-specific binding activity of the affinity pairs was assessed in a paper-based

assay format, using hydrophobic ink to delineate circular hydrophilic wells on cellulose strips. For

each pair of affinity reagents, one clone was incorporated into a cellulose-binding domain (CBD)

fusion construct for high-density protein immobilization on cellulose.35 After applying various con-

centrations of antigen to the paper wells, we used the other rcSso7d clone in the bMBP-rcSso7d

format to label the captured biomarker. All three pairs showed increased signal with increasing
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biomarker concentration (Figure 4.15C and Supplemental Figure 4.30), demonstrating utility in a

paper-based assay format.

4.4.5 Assessment of development timeline

The detailed development timelines for all three pairs of binding proteins indicate that the RAPIDS

process was consistently completed within 18 weeks for each target biomarker (Figure 4.16). In

order to shorten this development process, we eliminated the additional MBS round(s) for ZNS1

secondary affinity reagent selection, and instead started immediately with secondary FACS using

the post-primary MBS yeast sub-library. It may be possible to further shorten the RAPIDS process

timeline, as discussed below (Supplemental Figure 4.31).
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Figure 4.16. Developmental timelines for all three pairs of binding proteins using the RAPIDS process.

4.5 Discussion

Traditional methods for the development of complementary affinity reagents rely on time-intensive,

low-throughput pairwise screening approaches. This process typically involves selection of affinity

reagents solely on the basis of target-specific binding activity. However, diagnostic applications

feature stringent design criteria (e.g. minimal cross-reactivity or off-target binding, and function in

the desired assay format), and thus additional screening of selected affinity reagents must often be

conducted post facto. Here, we developed a novel process for the directed selection of affinity pairs in

a fully in vitro platform. This RAPIDS process employs a stringent, pair-specific selection pressure,

which ensures that binding variants are selected solely on the basis of complementary binding to

non-overlapping biomarker epitopes. This process also enables the selection of affinity reagents

specific to less immunodominant epitopes which might not be targeted by in vivo development

methods.

With this in vitro platform, we can screen the full diversity of a combinatorial library—or a

sub-library previously enriched for target-specific binding clones—to explore all potential candi-

date pairs, rather than the limited subset typically tested with traditional methods like epitope

binning. We demonstrated the applicability and generality of the RAPIDS method by generating

complementary affinity pairs against three different biomarkers (tuberculosis Rv1656, human IL-

6, and Zika virus NS1), each within an 18-week development timeline. The RAPIDS process can

be leveraged to identify affinity reagents that function together as a pair in a relevant diagnos-
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tic format without extensive screening through sub-libraries dominated by false-positive secondary

binding candidates. These selected reagents can be designed for limited cross-reactivity with their

complementary affinity reagent (enabled via counter-selections using the primary affinity reagent),

and can be designed to discriminate between highly homologous target biomarkers (enabled via

counter-selections using off-target proteins, e.g. Dengue 2 NS1). Compatibility of the RAPIDS

process with counter-selection methods is particularly critical for the production of multiplexed as-

says, in which cross-reactivity would yield significant background noise and assay cross-talk.41 We

also demonstrated that the functionality of the selected affinity pairs is not assay-dependent and

is generalizable to a variety of different formats, including yeast surface display, bead-based assays,

well-plate ELISAs, and paper-based assays.

The RAPIDS process may be further optimized to reduce the timeline required to develop affinity

pairs. For instance, the yeast sub-library used to initiate the secondary selection process can be

modified, while still screening the library diversity required for the identification of high-quality

affinity reagents. During magnetic bead sorting (MBS), avid binding of the multivalent yeast cells

to the target-coated beads ensures retention of all target-specific binding variants, regardless of

binding affinity or epitope specificity.37 By conducting an additional, orientation-specific magnetic

bead sort at the start of the secondary selection process, an early selective pressure is applied

to enrich the population for affinity reagents specific to a novel, secondary epitope. However, this

additional MBS round can be omitted to instead start the secondary selection process with secondary

FACS (as demonstrated during the ZNS1 development process). The timeline can potentially be

further compressed by starting the secondary selection process using a more enriched sub-library

from the primary selection process (e.g. after primary FACS #1). However, care must be taken to

ensure that the selected starting sub-library has not been over-enriched for binding variants specific

to the primary, immunodominant target epitope, in which case secondary affinity reagents would

be scarce or absent.

The development timeline can also be shortened using methods which enable the production

of soluble affinity reagents directly from the yeast surface display format.42,43 This would permit

the omission of primary binding variant sub-cloning, bacterial expression, and protein purification

steps. Process throughput can be significantly enhanced by shortening the affinity pair development

timeline, allowing protein engineers to rapidly address novel protein biomarkers with lower capital

requirements and reduced trial-and-error.

The RAPIDS process is generalizable, as it can be applied in additional display platforms (e.g.

phage, ribosome)14 and with other scaffold proteins (e.g. nanobodies, DARPins, anticalins, affibod-

ies, fibronectins).44–48 The development scheme can also be adapted for the selection of a hybrid

affinity pair, employing a well-validated antibody as the primary affinity reagent in order to select

for a complementary affinity reagent. In addition, since the RAPIDS approach uses in vitro selection

processes, the selections can be conducted in relevant fluid samples (e.g. serum, urine) to ensure
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that the identified affinity reagents recognize the target biomarker in its native format. Further-

more, the RAPIDS process has the potential to be used in non-diagnostic application contexts that

require multi-epitope binding affinity reagents, such as therapeutic bi-specific antibodies49,50 and

high-affinity, heterodimeric binding reagents which avidly bind a single target.51–53 The RAPIDS

scheme enables the facile identification of complementary affinity reagents via the application of

a directed selective pressure, and thus this technique may support many different affinity reagent

development processes within the biotechnology industry.

4.6 Conclusions

The identification of complementary pairs of affinity reagents is a critical capability for immunoassay

development, and the RAPIDS technique enables the efficient screening of hundreds of thousands of

pairwise interactions to yield clones that function together with improved functionality and perfor-

mance, relative to those isolated via traditional methods. We envision that this rapid development

platform will accelerate affinity pair discovery efforts throughout the biomedical field, leading to the

development of highly sensitive and specific immunoassays which address unmet medical needs.

4.7 Supplemental information

4.7.1 Glossary of terms

• Biomarker – any biological molecule which can be causally linked to a disease state, and

which is captured and/or measured in a diagnostic assay. Examples for infectious diseases in-

clude molecules from the pathogen (e.g. glycolipids, proteins, DNA) or host-derived molecules

(e.g. cytokines, antibodies) produced in response to the pathogen. In the context of this paper,

targeted biomarkers are soluble proteins.

• Affinity reagent – molecular entities (e.g. antibodies, non-antibody scaffold proteins, ap-

tamers) which participate in bimolecular binding reactions with a target biomarker that are

characterized by specificity (𝐾𝑑 of nM-pM and 𝐾𝑑 for reactions with non-targets > µM) and

reversibility (i.e. noncovalent).

• Non-specific binding – a broad term capturing any unintended binding interactions

• Off-target binding – undesired binding to any host or pathogen biomolecules

• Cross-reactive binding – undesired binding between selected affinity reagents; results in

higher limits of detection and the potential for false positive diagnostic results

• Complementary binding – simultaneous binding to distinct, non-overlapping epitopes of a

biomarker

• Affinity reagent nomenclature
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– b signifies that the affinity reagent is labeled with biotin.

– MBP signifies that the affinity reagent is fused to a maltose-binding protein, which is used

as a structured spacer. For our affinity reagents, this spacer is necessary for molecular

recognition between biotin and streptavidin.

– CBD signifies that the affinity reagent is fused to a cellulose-binding domain, which is

used to easily functionalize cellulose with a high density of affinity reagents.

– E1 signifies epitope 1 of a target biomarker.

– E2 signifies epitope 2 of a target biomarker.

– SsoRv1656 signifies reduced charge Sso7d that has been engineered to recognize the

Mycobacterium tuberculosis protein Rv1656.

– SsoIL6 signifies reduced charge Sso7d that has been engineered to recognize human IL-6.

– SsoZNS1 signifies reduced charge Sso7d that has been engineered to recognize Zika virus

nonstructural protein 1.

– Examples:

∗ MBP-SsoRv1656.E1

∗ SsoRv1656.E2-CBD

∗ bMBP-SsoIL6.E1

∗ SsoIL6.E2-CBD

∗ bMBP-SsoZNS1.E1

∗ SsoZNS1.E2-CBD

4.7.2 Detailed materials and methods

Commercial reagents

Primary detection reagents and dilutions (bold) were: chicken anti-c-Myc (ACMYC; 1:250) and

chicken anti-HA (AHA; 1:1000) from Exalpha Biologicals, mouse anti-HA.11 (clone 16B12; 1:400)

from Biolegend, and mouse anti-6x-His (clone MA1-21315, HIS.H8; 1:200) from Thermo Fisher Sci-

entific. Secondary detection reagents were goat anti-mouse AlexaFluor (AF) 647 (A-21235; 1:250),

goat anti-chicken AF488 (A-11039; 1:250), streptavidin AF647 (S-21374; 1:200), NeutrAvidin Dy-

Light650 (84607; 1:200), and streptavidin R-phycoerythrin (S866; 1:100) from Thermo Fisher

Scientific. For later selection processes (i.e. IL-6 and ZNS1), a reduced dilution (1:1000) was

used for all primary and secondary detection reagents in order to minimize off-target selective pres-

sures which might give rise to binding variants specific to the labeling reagents. Magnetic bead

selections were conducted using Dynabeads Biotin Binder (11047) and HisPur NiNTA Magnetic

Beads (88831) from Thermo Fisher Scientific. Human IL-6 was purchased commercially with an

N-terminal 6x-histidine tag (RayBioTech; 230-00011-10), chemically biotinylated (AcroBio; IL6-

H8218), and without any peptide tags (Biolegend: 570808).
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Recombinant protein production

rcSso7d-based binding variants were selected against the urine-based tuberculosis (TB) biomarker

Rv1656/MT1694,30 human interleukin-6 (IL-6), and Zika virus non-structural 1 protein (ZNS1).

Dengue 2 virus non-structural protein 1 (D2NS1) was used for negative selections in the development

process for ZNS1-specific affinity reagents.

Human IL-6 was purchased commercially (see above). The bacterial expression plasmid for the

TB biomarker Rv1656 was a kind gift from the lab of Antonio Campos-Neto (Forsyth Institute).

Plasmids for the ZNS1 and D2NS1 biomarkers were sourced from Sino Biological. TB Rv1656, ZNS1,

and D2NS1 were recombinantly produced in BL21(DE3) E. coli, as were all soluble variants of the

selected rcSso7d clones (either in a fusion protein construct with cellulose-binding domain (CBD) or

maltose-binding protein (MBP), or without a fusion partner). All recombinant proteins featured N-

terminal 6x-histidine tags for purification and immunostaining. Additional TB biomarkers (except

for H4), ZNS1, and D2NS1 were also fused to a C-terminal AviTag biotin acceptor (BA) sequence

(MAGGLNDIFEAQKIEWHE) in order to permit in vivo biotinylation.39 The rcSso7d clones in

the biotinylated MBP-rcSso7d (bMBP-rcSso7d) fusion format also featured an N-terminal biotin

acceptor sequence. For protein expression, all cell cultures were grown at 37 ∘C in Terrific Broth

supplemented with kanamycin at a concentration of 50 µg/mL, and induced at an OD600 of 0.4 using

a final concentration of 0.5mM isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG). Bacterial cultures

featuring AviTag-modified constructs were also supplemented with 10mM D-biotin (97061-444,

VWR) in 10mM bicine buffer (pH 8.3), to a final concentration of 0.2mM. Induced cultures were

incubated at 20 ∘C for 18-20 hours.

Following recombinant protein expression, cell cultures were lysed via ultrasonication and puri-

fied using immobilized metal affinity chromatography (IMAC), as previously described.29 Purified

proteins were buffer exchanged via filter centrifugation using Amicon Ultra Centrifugal Filters with

a molecular weight cut-off of 3 kDa (for Rv1656 or rcSso7d) or 10 kDa (for ZNS1, D2NS1, rcSso7d-

CBD, or bMBP-rcSso7d). Buffer-exchanged samples were re-suspended in 50mM HEPES (pH

8.0; for Rv1656), 1x phosphate-buffered saline (PBS; for ZNS1 and D2NS1), or 40mM sodium

acetate (pH 5.5; for rcSso7d clones and fusion proteins). Purified species were quantified using a

bicinchoninic acid (BCA) assay (Thermo Fisher Scientific) and protein purity was assessed using

freshly-cast 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel or us-

ing 4-15% Mini-PROTEAN TGX Precast Protein Gels (Bio-Rad) with Biorad P/N 161-0374 used

as the protein ladder. The gels were visualized using Coomassie blue staining. All bMBP-rcSso7d

clones were further purified on a Pierce Monomeric Avidin Agarose Kit (Thermo Fisher Scientific),

following the kit protocol, as outlined in Section 2.3. The rcSso7d clones and rcSso7d fusion pro-

teins were stored at 4 ∘C, and all other proteins were aliquoted and stored at −20 ∘C in 50% (v/v)

glycerol.
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Magnetic bead sorting

Primary magnetic bead sorting (MBS) was conducted as previously described.29 In addition to

using biotin binder Dynabeads for immobilization of biotinylated protein as detailed previously,

HisPur NiNTA beads were also used in primary MBS rounds for immobilization of unbiotinylated

biomarker via the 6x-histidine tag. For Rv1656 selections, biotin binder Dynabeads were used. For

IL-6, NiNTA beads were used for the first two MBS rounds and biotin binder Dynabeads were used

for the third MBS round. For ZNS1, NiNTA beads were used for all MBS rounds. For the third

round of MBS for ZNS1, a negative sort was conducted using D2NS1 immobilized on the NiNTA

beads, in order to remove clones with off-target binding to D2NS1. All protein incubation steps

were conducted with at least 33 picomoles of protein per 10 µL of biotin binder Dynabeads stock

solution or per 1 µL of HisPur NiNTA beads stock solution.

Secondary magnetic bead sorting was conducted in a similar fashion. For Rv1656, 60 µL of

biotin binder Dynabeads were washed in sterile-filtered 1x PBS/0.1% bovine serum albumin (BSA;

this re-suspension solution is termed PBSF). A Dynamag-2 magnetic rack was used to withhold

beads while the supernatant was drawn off, and this washing step was repeated twice. In order

to ensure surface saturation, all beads were re-suspended with at least 50 picomoles of the bMBP-

rcSso7d.E1 species per microliter of stock bead solution – based on protein availability, 60 µL of beads

were re-suspended in a volume of 1mL of PBSF containing 5 nanomoles of protein, amounting to

87 picomoles/µL of Dynabead stock solution. These beads were incubated on a rotary mixer at 4 ∘C

for 2 hours, after which they were washed three times in PBSF. One set of beads (equivalent to 45 µL

of stock solution) was withheld for negative selection steps, and another set (equivalent to 15µL of

stock solution) was transferred to a 2-mL tube containing 2 nanomoles of Rv1656 (136 picomoles/µL

of Dynabead stock solution) in a total volume of 1mL PBSF. This positive sorting bead preparation

was incubated on a rotary mixer at 4 ∘C for 4.5 hours.

During this bead preparation step, the yeast library was prepared for magnetic bead sorting.

The appropriate number of yeast cells (the greater of either 20-fold excess of the current library

diversity or 109 cells) was centrifuged at 2.000 xg for 3 minutes and washed in PBSF. Following re-

suspension in PBSF, the negative selection beads were spiked into the yeast library (an equivalent

of 15 µL Dynabeads stock/selection, to a total volume of 1mL), and this mixture was incubated on

a rotary mixer for at least 1.5 hours at 4 ∘C. Following this period, the yeast library was placed

on the magnetic rack for two minutes, and unbound yeast were transferred to a fresh tube. This

process was repeated for a total of three negative selection steps.

Following the completion of all three negative selection steps, the positive selection beads (equiv-

alent to 15 µL of the Dynabeads stock) were washed three times in 1mL of PBSF, and then re-

suspended in the negatively sorted yeast library. This mixture was incubated with mixing for at

least 2 hours at 4 ∘C, and was then washed with PBSF, discarding any yeast or solution not bound
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to the magnetic beads. Retained beads and yeast were inoculated into SDCAA medium for out-

growth, and 100 µL of a 200-fold dilution of this solution (ten millionths of the total solution volume)

was applied to an SDCAA plate in order to assess the number of retained yeast cells. This plate

was grown at 30 ∘C for three days and colonies were counted in order to determine the maximum

theoretical diversity within the retained library.

This process was identical for the IL-6 secondary MBS process, except only one negative selection

incubation was used, and 660 picomoles of avidin-purified primary affinity reagent bMBP-SsoIL6.E1

was used for a 20 µL volume of Dynabeads stock solution.

For Rv1656, the secondary selection process was started using the yeast population after the

third round of MBS, and one additional round of MBS was conducted prior to moving on to FACS.

For IL-6, the secondary selection process was started using the yeast population after the second

round of MBS, and one additional round of MBS was conducted prior to moving on to FACS. For

ZNS1, the secondary selection process was started using the yeast population after the third round

of MBS, and no additional rounds of MBS was conducted prior to FACS to reduce the development

process timeline.

Flow cytometry

Yeast populations were prepared for cell sorting as previously described.29,34 In short, yeast sub-

libraries or clonal populations were outgrown in selective SDCAA media at 30 ∘C for 24 hours, to

an OD600 of ∼4. Yeast cells were then inoculated into SGCAA media (supplemented with 2 g/L of

dextrose) at a final OD600 of 1.0 (ensuring that the inoculated yeast represented a ten-fold excess

of the maximum theoretical library size), and protein expression was induced at 20 ∘C for 24-48

hours. Induced cells were prepared for flow cytometry-based cell sorting by capturing 107 yeast

cells and re-suspending them at an OD600 of 1.0, in 1mL of PBSF. Cell concentrations and reagent

proportions were maintained across all samples, although larger numbers of yeast were prepared as

needed to ensure that ten-fold the library size would be screened. Yeast populations to be sorted

were centrifuged at 2,000 xg for three minutes in order to pellet cells in a gentle manner, preserving

viability.

Following harvesting and centrifugation, the yeast pellet was re-suspended in PBSF. Each sample

condition was prepared by harvesting the appropriate number of cells for at least 20-fold the library

diversity. Generally, a typical expression efficiency of 60% and 50,000 rcSso7d copies per cell was

assumed, in order to inform the volumes and concentrations of target biomarker required to ensure

a ten-fold molar excess relative to the displayed rcSso7d. Primary incubation steps (with either

mouse anti-HA, chicken anti-HA, or chicken anti-cMyc antibodies, and/or the target biomarker) were

generally conducted at room temperature over the course of 25-30 minutes (unless the biomarker

concentration was sufficiently low to warrant longer incubation times). All following incubation steps
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(with mouse anti-His IgG, goat anti-mouse IgG AF647, or goat anti-chicken IgG AF488 antibodies,

the bMBP-rcSso7d reagent, or streptavidin AF647) were conducted at 4 ∘C over the course of 30

minutes, at the dilutions noted above. In between each incubation step, cells were washed in 1mL

of PBSF and pelleted, and the supernatant was aspirated.

Rv1656 primary FACS selection was conducted as previously described.33,35 Briefly, the sub-

library was subjected to five rounds of FACS, and selection stringency was increased by reducing

the proportion of captured cells from 1% to 0.1% over the first three rounds, and subsequently

reducing the biomarker concentration from 100 nM to 25 nM over rounds 3-5. Throughout this

process, the labeling reagents were switched between streptavidin AF647 and the deglycosylated

avidin variant NeutrAvidin DyLight 650. Though NeutrAvidin features only 30% sequence homology

with streptavidin, subsequent selection processes have employed more orthogonal labeling reagents

to prevent the development of off-target binding. Rv1656 secondary selection employed two distinct

labeling modes: (1: bMBP-SsoRv1656.E1/streptavidin PE; 2: mouse anti-His IgG/goat anti-mouse

IgG AF647). The concentration of the biomarker and the captured proportion were both reduced

over five rounds of sorting (100 nM/5%, 100 nM/1%, 20 nM/0.1%, 5 nM/0.1%, and 1 nM/0.1%).

Likewise, in order to reduce the risk of enriching the population for binding variants specific to

bMBP-SsoRv1656.E1, the concentration of this species also followed the same profile across the

selection rounds (100 nM, 100 nM, 20 nM, 5 nM, and 1 nM).

For IL-6 primary selection, we alternated between different labeling reagents (mouse anti-His

IgG with goat anti-mouse IgG AF647 and SA AF647) to minimize enrichment of affinity reagents

against the labeling reagents and decreased concentration of IL-6 (100 nM, 20 nM, 5 nM, and 1 nM)

in the latter sorts to provide selective pressure for higher affinity reagents. For secondary selection,

we used bMBP-SsoIL6.E1 (500 nM) with SA AF647 for labeling target binding for positive sorts,

decreasing concentration of IL-6 (100 nM, 20 nM, 5 nM, and 1 nM) in latter rounds of FACS. We

also incorporated negative selections against bMBP-SsoIL6.E1 (500 nM) with SA AF647 to remove

non-specific or cross-reactive clones.

For ZNS1 primary selection, we conducted all sorts using mouse anti-His IgG with goat anti-

mouse IgG AF647. Prior to the positive selections in FACS rounds 2 and 4, we also incorporated

negative selections against D2NS1 (200 nM), mouse anti-His IgG, and goat anti-mouse IgG AF647 by

collecting the population that does not show binding to these reagents, in order to reduce selection

of off-target affinity reagents. The concentration of ZNS1 was decreased over subsequent rounds of

FACS to increase selective pressure (100 nM, 20 nM, 5 nM, and 1 nM). For secondary selection, we

used 500 nM bMBP-SsoZNS1.E1 with SA AF647 to label for binding. We also incorporated negative

selections using biotinylated D2NS1 (200 nM), bMBP-SsoZNS1.E1 (500 nM), and SA AF647 to

remove off-target or cross-reactive binding clones.

Fluorescence-activated cell sorting was conducted on a BD FACS Aria running the FACS Diva

software package. The forward scatter and side scatter parameters were used in series to identify
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and select singlet cell populations. Alexa Fluor 647 and DyLight 650 were excited using a laser at

640 nm, and fluorescence was detected using a filter measuring emission at 670 nm, with a 30 nm

bandwidth. Alexa Fluor 488 was excited using a laser at 488 nm, and fluorescence was detected

using a filter measuring emission at 515 nm, with a 20 nm bandwidth. R-phycoerythrin was excited

using a laser at 561 nm, and fluorescence was detected using a filter measuring emission at 582 nm,

with a 15 nm bandwidth. Cytometry data was analyzed using the FlowJo software package.

Affinity reagent analysis

After the final FACS library selection for primary or secondary selection, the remaining yeast sub-

population was sequenced to determine the population diversity, as described previously.29 Briefly,

the enriched library was miniprepped using the ZymoPrep Yeast Miniprep II kit, and the purified

plasmid preparation was transformed into electrocompetent DH5𝛼 E. coli. Transformation cultures

were incubated at 37 ∘C for one hour, and were then plated onto LB-Ampicillin agar plates for

overnight stationary incubation at 37 ∘C. Ten to twenty transformed bacterial colonies were grown

and miniprepped (Epoch Life Sciences GenCatch Plasmid DNA Miniprep Kit), and the purified

plasmids were sent off for sequencing via GeneWiz. Unique clones were identified and stored in

E. coli cell stocks in −70 ∘C. Miniprepped pCTCON2 plasmids for specific unique rcSso7d clones

were transformed back into EBY100 S. cerevisiae using the Frozen-EZ Yeast Transformation II Kit

(Zymo Research) and stored in S. cerevisiae cell stocks in −70 ∘C.

Identified rcSso7d clones in EBY100 were then analyzed using yeast surface display via FACS

analysis. Yeast cells prepared for FACS analysis following a similar protocol listed under the previous

section. Affinity characterization for selected rcSso7d clones was conducted following a similar

protocol as outlined previously.29 If multiple clones were identified after sequencing, the highest-

affinity clone with lowest non-specific binding was selected for further processing.

Selected rcSso7d variants were cloned from the pCTCON2 yeast surface display plasmid into

pET28b(+) bacterial expression plasmids, following a protocol outlined previously.29,33,35 Three

different plasmid constructs were used: 1) N-terminal AviTag biotin acceptor sequence (b) with

maltose-binding protein (MBP) (bMBP-rcSso7d), 2) C-terminal cellulose-binding domain (CBD)

(rcSso7d-CBD), and 3) no fusion partners (rcSso7d). Each of the plasmid constructs contain an

N-terminal hexahistidine tag for purification purposes. The primers used for cloning (Table 2.2)

amplify the rcSso7d variant to insert the selected clone into the previously constructed pET28b(+)-

bMBP-rcSso7d, pET28b(+)-rcSso7d-CBD, and pET28b(+)-rcSso7d plasmids.29,33,35 Successfully

cloned plasmids were stored in DH5𝛼 E. coli cell stocks and also transformed into BL21(DE3)

E. coli for protein expression (see above). Complete DNA and protein sequences are compiled in

Supplemental Table 4.2.
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Table 4.2. Oligonucleotide sequences of primers used in plasmid cloning of the rcSso7d variants

# Oligo Name 
DNA Sequence Annealing 

Temp. (°C) (NdeI, XhoI, BamHI, and SpeI sites) 

1 rcSso7d-for   5’-AGGCAGTCTCATATGGCAACCGTGAAAT-3’ 63.3 

2 rcSso7d-rev   5’-ACCCCTCTCGAGTTATTGCTTTTCCAGCATCTG-3’ 64 

3 
rcSso-BamHI-

App-rev 
  5’-ACCCCTCTCGAGTTATTAGGATCCTTGCTTTTCCAGCATCTG-3’ 66.3 

4 rcSso-SpeI-for   5’-TCGTGTCTACTAGTGCAACCGTGAAATTCACATACC-3’ 63.1 

 

Bio-layer interferometry

Kinetic analysis was conducted with ForteBio’s Octet®RED96 Bio-Layer Interferometry platform,

using Streptavidin (SA) sensor tips. Sample concentrations were assessed using a BCA assay and

adjusted to the desired concentrations using kinetics buffer (1x PBS, 0.1% w/v BSA, and 0.02%

v/v Tween-20 for Rv1656 experiments; 1x PBS, 0.1% w/v BSA, and 0.05% v/v Tween-20, pH 5 for

IL-6 and ZNS1 experiments). Streptavidin-coated BLI sensors were hydrated in kinetics buffer for

ten minutes at room temperature. All wells were filled with a 200 µL solution volume and all steps

were performed at 30 ∘C with mixing at 1000 rpm.

Evaluation of binding kinetic parameters was initiated by incubating the pre-hydrated strep-

tavidin tip first in kinetics buffer to obtain a signal baseline (60 seconds). Next the tips were

contacted with the ligand solution (containing the bMBP-rcSso7d variant for desired characteriza-

tion) for various periods of time ranging from 60 seconds to 160 seconds, depending on the desired

loading thickness outputted in the sensorgram. After another baseline incubation in the kinetics

buffer (60 seconds), the tip was contacted with the biomarker solution (Rv1656, IL-6, or ZNS1)

for the association step (300 seconds) before incubation in kinetics buffer for the dissociation step

(600 seconds). Multiple concentrations of the biomarker were tested in order to measure multiple

binding curves for more reliable kinetic constants.

For SsoRv1656.E1, 5 nM bMBP-SsoRv1656.E1 was used for ligand loading at 60 seconds, fol-

lowed by various concentrations of Rv1656 for the association step (1.25, 0.625, and 0.3125 nM).

For SsoRv1656.E2, 50 nM bMBP-SsoRv1656.E2 was used for ligand loading at 160 seconds, fol-

lowed by various concentrations of Rv1656 for the association step (9, 3, and 1 nM). For SsoIL6.E1,

SsoIL6.E2, SsoZNS1.E1, and SsoZNS1.E2 kinetics analysis, the associated bMBP-rcSso7d affinity

reagent (10 nM) was used in the ligand loading step, and various concentrations of IL-6 and ZNS1

was used for the association steps (81, 27, 9, 3, and 1 nM target biomarker) . For SsoIL6.E1,

SsoZNS1.E1, and SsoZNS1.E2, the ligand was loaded for 60 seconds. For SsoIL6.E2, the ligand was

loaded for 90 seconds.

In addition to the above samples, a reference sensor was also tested during each experiment.

This entailed the same steps as above, with the exception of incubating in kinetics buffer without
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the biomarker for the association step. A baseline sensor was also conducted, which consisted of

just kinetics buffer during each incubation in order to assess potential baseline drift over the course

of the experiment.

Kinetics data sensorgrams were analyzed using ForteBio’s Data Analysis 8.2 software. Single

reference subtraction was used to subtract out the reference sensor values (with bMBP-rcSso7d

loaded onto the sensor and subsequent association and dissociation steps occurring in just the

kinetics buffer) from the sample curves. Kinetic parameters were obtained by applying a global fit

to the curves using a 1:1 binding fit model.

For Rv1656 sequential binding assays, pre-hydrated tips were dipped into fresh kinetics buffer

for 60 seconds in order to establish a signal baseline. Five controls were developed along with a

single experimental sample, to create the following immunocomplexes:

1. bMBP-SsoRv1656.E1/Rv1656/SsoRv1656.E2-CBD;

2. bMBP-SsoRv1656.E1/Rv1656/(blank);

3. bMBP-SsoRv1656.E1/(blank)/SsoRv1656.E2-CBD;

4. (blank)/(blank)/SsoRv1656.E2-CBD;

5. (blank)/Rv1656/SsoRv1656.E2-CBD;

6. (blank)/(blank)/(blank)

Appropriate soluble concentrations and association times were established for samples containing

bMBP-SsoRv1656.E1 (5 nM), Rv1656 (10 nM), and SsoRv1656.E2-CBD (500 nM). All association

steps were conducted for 300 seconds, and the final dissociation step lasted for 600 seconds.

For IL-6 sequential binding assays, bMBP-SsoIL6.E2 (94 nM) was loaded onto the sensor tip

for 300 seconds. Subsequently, the tip was incubated with 1 µM IL-6 (Biolegend) for 300 seconds

and 1 µM SsoIL6.E1 for another 300 seconds to complete the full kinetic assay. Control assays were

conducted using a similar protocol with 1 µM IL-8 (Biolegend) in the secondary binding step instead

of IL-6.

For ZNS1 sequential binding assays, bMBP-SsoZNS1.E2 (10 nM) was loaded onto the sensor

tip for 180 seconds, followed by a wash step in kinetics buffer for 60 seconds. Then, the tip was

incubated in the biomarker solution (100 nM ZNS1) for 300 seconds, followed by another incubation

in the complementary affinity reagent solution (5 µM SsoZNS1.E1-CBD) for 300 seconds. A control

was assessed alongside the experimental sample, with the same parameters and samples as the

sample, with the exception of kinetics buffer used in the place of the biomarker solution during the

biomarker incubation step.

Paper-based assays

Whatman No. 1 chromatography paper was patterned with hydrophilic test zones by printing hy-

drophobic ink as previously described.36 Paper-based immunoassays were developed using sequential
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protein addition and wicking of the flow-through from the transverse side of the paper, and the test

zones were washed twice with 20 µL of 1x PBS following each incubation step. Protein immobi-

lization on the hydrophilic cellulose test zones was conducted using rcSso7d-CBD (cellulose-binding

domain) fusion proteins, which binds in high density to the surface of cellulose.35 rcSso7d-CBD was

diluted in 40mM of sodium acetate buffer (pH 5.5) to 30-60 µM, and 6 µL was applied to each test

zone for a 30 second incubation time. Test zones were then contacted for 30 minutes with 10µL of

the relevant biomarker (Rv1656, IL-6, or ZNS1) in 1% PBSA (1x PBS with 1% w/v BSA)—or just

1% PBSA in the absence of target biomarker for negative controls.

For Rv1656 paper-based assays, sample wells were subsequently contacted for 30 minutes with

10 µL of the complementary bMBP-rcSso7d variant (256 nM) in a McIlvaine buffer system designed

to minimize non-specific binding (pH 5; 103 mM Na2HPO4/48.5 mM citric acid), supplemented

with 1% w/v BSA. These samples were subsequently washed with this buffer at pH 5 (without

BSA), and finally the samples were contacted in the dark for 30 minutes with 10 µL of SA AF647

(256 nM). Samples were allowed to air-dry in the dark prior to imaging.

Paper-based assay development proceeded similarly for ZNS1 and IL-6 assays, except the bMBP-

rcSso7d and SA AF647 species were prepared at a concentration of 512 nM, and all protein incuba-

tion steps and wash steps were conducted in the same solution (1% PBSA and 1x PBS, respectively).

Fluorescence microscopy was used to measure the amount of target biomarker captured, as

described previously29 and outlined in Section 2.3. Samples were exposed for 150 ms using a

Cy5 filter and imaged using Metamorph software (Molecular Devices, Sunnyvale, CA). Captured

fluorescent images were processed as previously detailed using the ImageJ software package (US

National Institutes of Health) to determine the mean fluorescence intensity (MFI). Values represent

an average of at least four replicates, and error bars indicate standard deviations of the calculated

mean fluorescence intensity.

Bead-based assays

SsoIL6.E1 was conjugated on carboxylated polystyrene bead (Biorad; 171506011) by activating

the carboxyl group with a solution containing 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-

drochloride (ThermoFisher Scientific) and N-hydroxysulfosuccinimide (Sigma Aldrich) (EDC/NHS).

Prior to carboxyl group activation, beads were vortexed for at least 30 seconds, and 1.25×106 beads

were aliquoted into a 1.5mL tube. Beads were centrifuged for 14.000 xg for 4 minutes, and the super-

natant was carefully discarded. This centrifugation parameter was used throughout the conjugation

protocol. Beads were washed twice with 50mM MES buffer (pH 5.5), and the carboxyl groups

were activated with 30 µL of 25mg/mL EDC and 25mg/mL NHS mixture for 30 minutes at room

temperature on a rotator. To conjugate SsoIL6.E1 on the beads, 100µM of 94 nM SsoIL6.E1 in 1x

PBS pH 7.4 was added to the activated beads and incubated on a rotator for 14-18 hours at 4 ∘C.
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After incubation, the beads were washed twice with PBST (1x PBS with 1% Tween20) and blocked

with 5% human serum (in 1x PBS) for 1 hour at room temperature.

For the IL-6 bead-based assay, 5,000 beads were used for each sample. Beads were incubated

with 150 µL of various concentrations of IL-6 (ranging from 12.5 to 400 nM) for 1 hour at room

temperature. A sample without IL-6 (0 nM) was also conducted. Afterwards, the beads were washed

with PBST twice and incubated with 1 µM of bMBP-SsoIL6.E2 for 1 hour at room temperature.

The beads were washed with PBST twice, and fluorescent signal was generated by incubating the

beads with 1 µg/mL of streptavidin R-phycoerythrin (SA-PE; Roche; 05065925103) for 30 minutes

at room temperature in the dark. A similar protocol was used for the control experiment, in which a

non-target protein (IL-8; 400 nM) was used during the biomarker incubation instead of IL-6. Flow

cytometry (Attune NxT, ThermoFisher Scientific) was used to measure the resulting fluorescent

signal (excitation: 561 nm; emission: 585 nm; bandwidth: 16 nm). The forward-scatter parameter

was used to identify and analyze singlet bead populations.

Well-plate ELISA

SsoIL6.E1 was immobilized on flat-bottom 96 well polystyrene plates (Greiner Bio-One) by incu-

bating SsoIL6.E1 (50 µg/mL) in each well for 14 to 18 hours at 4 ∘C. The plates were washed

three times with PBST (1x PBS with 1% Tween20), blocked with 5% fetal bovine serum for 1 hour

at room temperature and washed for another three times with PBST to remove unbound serum

proteins. Different concentrations of (carrier-free) human IL-6 or TNF-𝛼 biomarkers (Biolegend),

ranging from 0-200 nM, were added to each well and incubated for 2 hours at room temperature.

The plates were washed three times with PBST, incubated with 1000 nM bMBP-SsoIL6.E2 for 1

hour at room temperature, and washed for another three times with PBST to remove unbound

bMBP-SsoIL6.E2. To generate colorimetric signal, plates were washed three times with PBST and

incubated with 1:2000 streptavidin HRP (Biolegend) for 30 minutes at room temperature. Plates

were then washed four times with PBST and incubated with 3,3’,5,5’-tetramethylbenzidine (TMB)

substrate (Sigma Aldrich/Merck, Singapore) for 3-10 minutes until the reactions turned blue. Reac-

tions were stopped by adding equal volume of 1N H2SO4 to TMB to each well. Optical signals were

read at 450 nm using Biotek Synergy 4 Multi Mode Microplate Reader (Biotek Instrument, Inc.,

USA). For all incubation steps, 100 µL solution volumes were used for each well. For all washing

steps, 200 µL of PBST was used for each well. Experiments were conducted in duplicate.

Statistical analysis

For paper-based assay data sets, the mean fluorescence intensity (MFI) was reported. The error bars

represent the standard deviation from the mean of four independent replicates. ELISA experiments

were conducted in duplicate and the mean of these results is reported. The error bars in the
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ELISA experiments represent the standard deviation from the mean. For bead-based assays, mean

fluorescence intensity (MFI) was reported. The error bars represent the standard deviation within a

fluorescent bead population from one experiment. Where fluorescence intensity values are reported

for flow cytometry plots, these represent the geometric mean fluorescence intensity of 10,000 cells,

unless otherwise stated.

4.7.3 Nucleotide and amino acid sequences of rcSso7d constructs

bMBP-Sso1656.E1

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA

CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC

CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA

GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAATCAAGTCTGTGTGGCGTCGTGGCCAGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGG

GTGCAGGTAAAGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING

PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG
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GGSGGGGSTSATVKFTYQGEEKQVDISKIKSVWRRGQRIWFRYDEGGGAWGAGKVSEKDAPKELLQMLEKQ

Sso1656.E2-CBD

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTGGGTGCGTCGTTACGGCC

AGTACATTGGTTTTTCTTATGATGAAGGTGGTGGTGCCTGGGGTAAAGGTTATGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGATCCGGAGGTGGAGGTTCTGGTGGAGGAGGATCTGG

AGGTGGTGGTTCTCCGGTATCAGGCAATTTGAAGGTTGAATTCTACAACAGCAATCCTTCAGATACTACTA

ACTCAATCAATCCTCAGTTCAAGGTTACTAATACCGGAAGCAGTGCAATTGATTTGTCCAAACTCACATTG

AGATATTATTATACAGTAGACGGACAGAAAGATCAGACCTTCTGGTGTGACCATGCTGCAATAATCGGCAG

TAACGGCAGCTACAACGGAATTACTTCAAATGTAAAAGGAACATTTGTAAAAATGAGTTCCTCAACAAATA

ACGCAGACACCTACCTTGAAATAAGCTTTACAGGCGGAACTCTTGAACCGGGTGCACATGTTCACATACAA

GGTAGATTTGCAAAGAATGACTGGAGTAACTATACACAGTCAAATGACTACTCATTCAAGTCTGCTTCACA

GTTTGTTGAATGGGATCAGGTAACACCATACTTGAACGGTGTTCTTGTATGGGGTAAAGAACCCTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKWVRRYGQYIGFSYDEGGGAWGKGYVSE

KDAPKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSK

LTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHV

HIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP

bMBP-Sso1656.E2

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA

CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC

CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA
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GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAATCAAGTGGGTGCGTCGTTACGGCCAGTACATTGGTTTTTCTTATGATGAAGGTGGTGGTGCCTGGG

GTAAAGGTTATGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING

PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG

GGSGGGGSTSATVKFTYQGEEKQVDISKIKWVRRYGQYIGFSYDEGGGAWGKGYVSEKDAPKELLQMLEKQ

SsoIL6.E1

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGTGGCGTCGTGGCC

AGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGGGTGCAGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKIVGRHGQWIYFWYDEGGGADGNGWVSE

KDAPKELLQMLEKQ

bMBP-SsoIL6.E1

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA
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CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC

CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA

GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAATCAAGTCTGTGTGGCGTCGTGGCCAGCGTATTTGGTTTCGTTATGATGAAGGTGGTGGTGCCTGGG

GTGCAGGTAAAGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING

PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG

GGSGGGGSTSATVKFTYQGEEKQVDISKIKIVGRHGQWIYFWYDEGGGADGNGWVSEKDAPKELLQMLEKQ

SsoIL6.E1-CBD

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGATCGTGGGTCGTCATGGCC

AGTGGATTTACTTTTGGTATGATGAAGGTGGTGGTGCCGATGGTAACGGTTGGGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGATCCGGAGGTGGAGGTTCTGGTGGAGGAGGATCTGG

AGGTGGTGGTTCTCCGGTATCAGGCAATTTGAAGGTTGAATTCTACAACAGCAATCCTTCAGATACTACTA

ACTCAATCAATCCTCAGTTCAAGGTTACTAATACCGGAAGCAGTGCAATTGATTTGTCCAAACTCACATTG

AGATATTATTATACAGTAGACGGACAGAAAGATCAGACCTTCTGGTGTGACCATGCTGCAATAATCGGCAG

TAACGGCAGCTACAACGGAATTACTTCAAATGTAAAAGGAACATTTGTAAAAATGAGTTCCTCAACAAATA

ACGCAGACACCTACCTTGAAATAAGCTTTACAGGCGGAACTCTTGAACCGGGTGCACATGTTCACATACAA

GGTAGATTTGCAAAGAATGACTGGAGTAACTATACACAGTCAAATGACTACTCATTCAAGTCTGCTTCACA

GTTTGTTGAATGGGATCAGGTAACACCATACTTGAACGGTGTTCTTGTATGGGGTAAAGAACCCTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKIVGRHGQWIYFWYDEGGGADGNGWVSE

KDAPKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSK

LTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHV

HIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP
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SsoIL6.E2

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAACCAAGAACGTGTACCGTTGGGGCC

AGCATATTTGGTTTGACTATGATGAAGGTGGTGGTGCCGCAGGTTATGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKTKNVYRWGQHIWFDYDEGGGAAGYGKVSE

KDAPKELLQMLEKQ

bMBP-SsoIL6.E2

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA

CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC

CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA

GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAACCAAGAACGTGTACCGTTGGGGCCAGCATATTTGGTTTGACTATGATGAAGGTGGTGGTGCCGCAG

GTTATGGTAAAGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING
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PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG

GGSGGGGSTSATVKFTYQGEEKQVDISKTKNVYRWGQHIWFDYDEGGGAAGYGKVSEKDAPKELLQMLEKQ

SsoIL6.E2-CBD

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAACCAAGAACGTGTACCGTTGGGGCC

AGCATATTTGGTTTGACTATGATGAAGGTGGTGGTGCCGCAGGTTATGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGATCCGGAGGTGGAGGTTCTGGTGGAGGAGGATCTGG

AGGTGGTGGTTCTCCGGTATCAGGCAATTTGAAGGTTGAATTCTACAACAGCAATCCTTCAGATACTACTA

ACTCAATCAATCCTCAGTTCAAGGTTACTAATACCGGAAGCAGTGCAATTGATTTGTCCAAACTCACATTG

AGATATTATTATACAGTAGACGGACAGAAAGATCAGACCTTCTGGTGTGACCATGCTGCAATAATCGGCAG

TAACGGCAGCTACAACGGAATTACTTCAAATGTAAAAGGAACATTTGTAAAAATGAGTTCCTCAACAAATA

ACGCAGACACCTACCTTGAAATAAGCTTTACAGGCGGAACTCTTGAACCGGGTGCACATGTTCACATACAA

GGTAGATTTGCAAAGAATGACTGGAGTAACTATACACAGTCAAATGACTACTCATTCAAGTCTGCTTCACA

GTTTGTTGAATGGGATCAGGTAACACCATACTTGAACGGTGTTCTTGTATGGGGTAAAGAACCCTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKTKNVYRWGQHIWFDYDEGGGAAGYGKVSE

KDAPKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSK

LTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHV

HIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP

bMBP-SsoZNS1.E1

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA

CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC
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CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA

GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAATCAAGTCTGTGATCCGTAAAGGCCAGCATATTTGGTTTGCTTATGATGAAGGTGGTGGTGCCTGGG

GTAGCGGTAAAGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING

PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG

GGSGGGGSTSATVKFTYQGEEKQVDISKIKSVIRKGQHIWFAYDEGGGAWGSGKVSEKDAPKELLQMLEKQ

SsoZNS1.E1-CBD

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGTCTGTGATCCGTAAAGGCC

AGCATATTTGGTTTGCTTATGATGAAGGTGGTGGTGCCTGGGGTAGCGGTAAAGTGAGCGAAAAAGATGCA

CCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGATCCGGAGGTGGAGGTTCTGGTGGAGGAGGATCTGG

AGGTGGTGGTTCTCCGGTATCAGGCAATTTGAAGGTTGAATTCTACAACAGCAATCCTTCAGATACTACTA

ACTCAATCAATCCTCAGTTCAAGGTTACTAATACCGGAAGCAGTGCAATTGATTTGTCCAAACTCACATTG

AGATATTATTATACAGTAGACGGACAGAAAGATCAGACCTTCTGGTGTGACCATGCTGCAATAATCGGCAG

TAACGGCAGCTACAACGGAATTACTTCAAATGTAAAAGGAACATTTGTAAAAATGAGTTCCTCAACAAATA

ACGCAGACACCTACCTTGAAATAAGCTTTACAGGCGGAACTCTTGAACCGGGTGCACATGTTCACATACAA

GGTAGATTTGCAAAGAATGACTGGAGTAACTATACACAGTCAAATGACTACTCATTCAAGTCTGCTTCACA

GTTTGTTGAATGGGATCAGGTAACACCATACTTGAACGGTGTTCTTGTATGGGGTAAAGAACCCTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKSVIRKGQHIWFAYDEGGGAWGSGKVSE

KDAPKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSK

LTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHV

HIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP
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bMBP-SsoZNS1.E2

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGCGGG

CGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCGGTG

GTGGCGGTTCAGAATTCAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAAC

GGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCATCCGGATAA

ACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATCTTCTGGGCACACGACC

GCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGGACAAAGCGTTCCAGGACAAGCTG

TATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCTGATTGCTTACCCGATCGCTGTTGAAGCGTT

ATCGCTGATTTATAACAAAGATCTGCTGCCGAACCCGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATA

AAGAACTGAAAGCGAAAGGTAAGAGCGCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTG

ATTGCTGCTGACGGGGGTTATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGA

TAACTCTGGCGCGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACA

CCGATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATGACCATCAACGGCCCGTGGGCA

TGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAAGGGTCAACCATC

CAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAACAAAGAGCTGGCAAAAGAGT

TCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGTTAATAAAGACAAACCGCTGGGTGCCGTA

GCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAGATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAA

AGGTGAAATCATGCCGAACATCCCGCAGATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACG

CCGCCAGCGGTCGTCAGACTGTCGATGAAGCCCTGAAAGACGCGCAGACTGGATCCGGTGGTGGTGGTAGC

GGTGGTGGCGGTTCAACTAGTGCAACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAG

CAAAATCAAGCGTGTGTACCGTTGGATCGGCCAGGACATTGGTTTTATCTATGATGAAGGTGGTGGTGCCA

GCGGTTGGGGTAGCGTGAGCGAAAAAGATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFKIEEGKLVIWINGDK

GYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQ

DKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPYFT

WPLIAADGGYAFKYENGKYDIKDVGVDNSGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTING

PWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPL

GAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTGSGG

GGSGGGGSTSATVKFTYQGEEKQVDISKIKRVYRWIGQDIGFIYDEGGGASGWGSVSEKDAPKELLQMLEK

Q

SsoZNS1.E2-CBD

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGCAACCGT

GAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGCGTGTGTACCGTTGGATCG

GCCAGGACATTGGTTTTATCTATGATGAAGGTGGTGGTGCCAGCGGTTGGGGTAGCGTGAGCGAAAAAGAT
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GCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAAGGATCCGGAGGTGGAGGTTCTGGTGGAGGAGGATC

TGGAGGTGGTGGTTCTCCGGTATCAGGCAATTTGAAGGTTGAATTCTACAACAGCAATCCTTCAGATACTA

CTAACTCAATCAATCCTCAGTTCAAGGTTACTAATACCGGAAGCAGTGCAATTGATTTGTCCAAACTCACA

TTGAGATATTATTATACAGTAGACGGACAGAAAGATCAGACCTTCTGGTGTGACCATGCTGCAATAATCGG

CAGTAACGGCAGCTACAACGGAATTACTTCAAATGTAAAAGGAACATTTGTAAAAATGAGTTCCTCAACAA

ATAACGCAGACACCTACCTTGAAATAAGCTTTACAGGCGGAACTCTTGAACCGGGTGCACATGTTCACATA

CAAGGTAGATTTGCAAAGAATGACTGGAGTAACTATACACAGTCAAATGACTACTCATTCAAGTCTGCTTC

ACAGTTTGTTGAATGGGATCAGGTAACACCATACTTGAACGGTGTTCTTGTATGGGGTAAAGAACCCTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMATVKFTYQGEEKQVDISKIKRVYRWIGQDIGFIYDEGGGASGWGSVS

EKDAPKELLQMLEKQGSGGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLS

KLTLRYYYTVDGQKDQTFWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAH

VHIQGRFAKNDWSNYTQSNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP

4.7.4 Detailed schematics of representative sorts

A detailed schematic of representative primary and secondary magnetic bead sorting (MBS) is

shown in Supplemental Figure 4.17. For a primary MBS, the schematic depicts a biotinylated target

biomarker immobilized on streptavidin (SA)-coated magnetic beads, although other immobilization

methods can be used as well. The first round will typically consist of a positive sort, collecting

any yeast cells that bind to the target-immobilized magnetic bead (highlighted in blue). In the

subsequent sorting rounds, up to three rounds of negative sorts are conducted consecutively by

collecting the yeast cells that do not bind to the magnetic beads (highlighted in blue) in the absence

of target biomarker. Immediately after the negative sorts, a positive sort is conducted with the

unbound yeast population.

For a secondary MBS, the primary rcSso7d clone in the biotinylated format (bMBP-rcSso7d.E1)

is immobilized onto the SA-coated magnetic beads. Negative sorts are conducted in the absence of

target biomarker to collect the yeast cells (highlighted in blue) that do not bind to the beads. A

positive sort is conducted immediately after, using magnetic beads coated with bMBP-rcSso7d.E1,

which binds to the target. Therefore, only the yeast cells that bind to a non-overlapping epitope on

the target will be collected.

A detailed schematic for primary and secondary FACS is shown in Supplemental Figure 4.18.

For primary FACS, the expressed yeast cells can be labeled according to positive or negative sorts.

Positive sorts can be conducted by collecting the yeast cells (highlighted in blue) that bind to the

target based on fluorescence labeling of the target. Alternatively, a negative sort can be conducted

first to collect yeast cells that do not demonstrate off-target binding, before immediately relabeling

the collected cells with the target biomarker for a positive sort.
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Figure 4.17. Detailed schematic of magnetic bead sorting (MBS). a) Schematic for representative primary
MBS, demonstrating three rounds of sorting. rcSso7d proteins are expressed on the surface of yeast cells.
Biotinylated target biomarker is immobilized onto the streptavidin (SA)-coated magnetic beads to select
rcSso7d clones that bind to the immobilized biomarker. b) Schematic for representative secondary MBS,
demonstrating an additional round of MBS using the yeast population after the third round of primary
MBS. The primary rcSso7d clone in the biotinylated format (bMBP-rcSso7d.E1) is immobilized onto the
SA-coated magnetic beads. This allows for oriented immobilization of the target biomarker.

Secondary FACS is conducted by using the primary rcSso7d in the biotinylated format (bMBP-

rcSso7d.E1) to label the bound target biomarker to collect only the yeast cells (highlighted in blue)

that bind to a non-overlapping epitope on the target. Negative sorts may similarly be used to collect

cells that do not bind to non-target proteins or the primary affinity reagent. This population may

then be immediately relabeled for a positive sort.

4.7.5 Sequences of selected rcSso7d affinity reagents

Nucleic acid and amino acid sequences for the selected rcSso7d affinity reagents are shown in Sup-

plemental Table 4.3. Red indicates the amino acid sequences in the binding face of the rcSso7d
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Figure 4.18. Detailed schematic of FACS. a) Schematic for representative primary FACS. rcSso7d proteins
are expressed on the surface of yeast cells and labeled for selection. b) Schematic for representative secondary
FACS. The primary rcSso7d clone in the biotinylated format (bMBP-rcSso7d.E1) is used to label bound
target biomarker to ensure signal association only with binding to a non-overlapping epitope on the target.

clone. Blue indicates an additional mutation detected that was not in the binding face.

4.7.6 SDS-PAGE of all protein preparations

Supplemental Figure 4.19 shows the various SDS-PAGE gel images for all soluble biomarkers and rc-

Sso7d variants. The larger band present in Supplemental Figure 4.19a is from the addition of bovine

serum albumin (BSA; MW: 66 kDa), which was recommended as a carrier protein for long-term

storage by the supplier. Additional lanes in Supplemental Figure 4.19d correspond to unspeci-

fied rcSso7d-CBD variants, but are included for completeness. Additional lanes in Supplemental

Figure 4.19e correspond to various SsoRv1656.E1 fusion constructs not considered here, but are in-

cluded for completeness. Gels for Supplemental Figure 4.19a-c and e use 4-15% Mini-PROTEAN®

TGX™ Precast Protein Gels (Bio-Rad) while the gel for Supplemental Figure 4.19d uses freshly-cast

12% SDS-PAGE gel.

4.7.7 Characterization of rcSso7d against Rv1656

Supplemental Figure 4.20 demonstrates that SsoRv1656.E1 and SsoRv1656.E2 has minimal off-

target binding to other tuberculosis biomarkers (Rv1681-BA and Rv2392-BA, both at a concentra-

tion of 100 nM; BA: in vivo biotin acceptor sequence).40,54 Only Rv1656 demonstrates appreciable

target-binding-—the low-signal population in that histogram corresponds to non-displaying yeast

cells.

Supplemental Figure 4.21 shows the BLI traces used to estimate the binding affinity and ki-

netic parameters for SsoRv1656.E1 and SsoRv1656.E2. bMBP-SsoRv1656.E1 was immobilized on

streptavidin-coated tips (60 seconds in a 5 nM solution to form a 0.3 nm layer) and contacted for 140

seconds with Rv1656 at concentrations ranging by factors of 2 from 10 nM to 0.3125 nM. bMBP-
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Table 4.3. Full sequences of selected rcSso7d affinity reagents against TB Rv1656, IL-6, and ZNS1

rcSso7d clone Nucleic acid sequence Amino acid sequence

SsoRv1656.E1 ATGGCAACCGTGAAATTCACATACCAAGGCGA
AGAAAAACAGGTGGATATTAGCAAAATCAAGT
CTGTGTGGCGTCGTGGCCAGCGTATTTGGTTT
CGTTATGATGAAGGTGGTGGTGCCTGGGGTGC
AGGTAAAGTGAGCGAAAAAGATGCACCGAAA
GAACTGCTGCAGATGCTGGAAAAGCAA

MATVKFTYQGEEKQVDI
SKIKSVWRRGQRIWFRY
DEGGGAWGAGKVSEKDA
PKELLQMLEKQ

SsoRv1656.E2 ATGGCAACCGTGAAATTCACATACCAAGGCGA
AGAAAAACAGGTGGATATTAGCAAAATCAAGT
GGGTGCGTCGTTACGGCCAGTACATTGGTTTT
TCTTATGATGAAGGTGGTGGTGCCTGGGGTAA
AGGTTATGTGAGCGAAAAAGATGCACCGAAA
GAACTGCTGCAGATGCTGGAAAAGCAA

MATVKFTYQGEEKQVDI
SKIKWVRRYGQYIGFSY
DEGGGAWGKGYVSEKDA
PKELLQMLEKQ

SsoIL6.E1 ATGGCAACCGTGAAATTCACATACCAAGGCGA
AGAAAAACAGGTGGATATTAGCAAAATCAAGA
TCGTGGGTCGTCATGGCCAGTGGATTTACTTT
TGGTATGATGAAGGTGGTGGTGCCGATGGTAA
CGGTTGGGTGAGCGAAAAAGATGCACCGAAA
GAACTGCTGCAGATGCTGGAAAAGCAA

MATVKFTYQGEEKQVDI
SKIKIVGRHGQWIYFWY
DEGGGADGNGWVSEKDA
PKELLQMLEKQ

SsoIL6.E2 ATGGCAACCGTGAAATTCACATACCAAGGCGA
AGAAAAACAGGTGGATATTAGCAAAACCAAGA
ACGTGTACCGTTGGGGCCAGCATATTTGGTTT
GACTATGATGAAGGTGGTGGTGCCGCAGGTTA
TGGTAAAGTGAGCGAAAAAGATGCACCGAAA
GAACTGCTGCAGATGCTGGAAAAGCAA

MATVKFTYQGEEKQVDI
SKTKNVYRWGQHIWFDY
DEGGGAAGYGKVSEKDA
PKELLQMLEKQ

SsoZNS1.E1 ATGGCAACCGTGAAATTCACATACCAAGGCGA
AGAAAAACAGGTGGATATTAGCAAAATCAAGT
CTGTGATCCGTAAAGGCCAGCATATTTGGTTT
GCTTATGATGAAGGTGGTGGTGCCTGGGGTAG
CGGTAAAGTGAGCGAAAAAGATGCACCGAAA
GAACTGCTGCAGATGCTGGAAAAGCAA

MATVKFTYQGEEKQVDI
SKIKSVIRKGQHIWFAY
DEGGGAWGSGKVSEKDA
PKELLQMLEKQ

SsoZNS1.E2 ATGGCAACCGTGAAATTCACATACCAAGGCGA
AGAAAAACAGGTGGATATTAGCAAAATCAAGC
GTGTGTACCGTTGGATCGGCCAGGACATTGGT
TTTATCTATGATGAAGGTGGTGGTGCCAGCGG
TTGGGGTAGCGTGAGCGAAAAAGATGCACCGAA
AGAACTGCTGCAGATGCTGGAAAAGCAA

MATVKFTYQGEEKQVDI
SKIKRVYRWIG
QDIGFIYDEGGG
ASGWGSVSEKDAPKELL
QMLEKQ

SsoRv1656.E2 immobilized on streptavidin-coated tips (160 seconds in a 50 nM solution to form

a 2.5 nm layer) and contacted for 300 seconds with Rv1656 at concentrations ranging by factors

of 3 from 243 nM to 1 nM. The dissociation steps were conducted over the course of 600 seconds.

Profiles were fit to heterogeneous binding models and the bottom four traces exhibiting limited

biphasic behavior were used to globally fit the profiles and identify appropriate kinetic parameters.
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Figure 4.19. SDS-PAGE gels for protein preparations used in selection processes and for all soluble rcSso7d
variants, including a) the commercially purchased human IL-6 (MW: 23 kDa): 6x-His IL-6 (RayBioTech)
and biotinylated IL-6 (Acro Biosystems); b) the recombinantly produced Dengue 2 NS1 with C-terminal
biotin acceptor sequence (D2NS1-BA; MW: 48 kDa), Dengue 2 NS1 (D2NS1; MW: 44 kDa), and Zika NS1
(ZNS1; MW: 43 kDa); c) the recombinantly produced rcSso7d variants for IL-6 and ZNS1: bMBP-SsoIL6.E1
(MW: 54 kDa), bMBP-SsoIL6.E2 (MW: 54 kDa), SsoIL6.E1-CBD (MW: 28 kDa), SsoIL6.E2-CBD (MW: 28
kDa), bMBP-Sso7d.ZNS1.E1 (MW: 54 kDa), bMBP-SsoZNS1.E2 (MW: 54 kDa), SsoZNS1.E1-CBD (MW:
28 kDa), and SsoZNS1.E2-CBD (MW: 28 kDa); d) SsoRv1656.E2-CBD (MW: 28kDa) and Rv1656 (MW:
35 kDa); and e) SDS-PAGE for bMBP-SsoRv1656.E1 (adapted from Sung et al. (2018),33 see Section 2.6).

Figure 4.20. Specificity of SsoRv1656.E1 and SsoRv1656.E2 when challenged with other TB biomarkers
using FACS histograms. Target/off-target binding was visualized using mouse anti-His IgG/goat anti-mouse
IgG AF647 labeling reagents. Histograms represent ∼10,000 cells.
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Figure 4.21. Bio-layer interferometry curves for kinetics measurements for Rv1656 affinity reagents. BLI
traces for a) bMBP-SsoRv1656.E1 and b) bMBP-SsoRv1656.E2 immobilized on streptavidin-coated tips and
contacted with Rv1656 biomarker at various concentrations before a dissociation step in buffer. Profiles were
fit to heterogeneous binding models and used to identify appropriate kinetic parameters.

4.7.8 FACS dot plots for IL-6 and ZNS1 selections

Supplemental Figure 4.22 shows primary FACS plots for the selection of affinity reagents against

human IL-6 and ZNS1. Concentrations used were reduced in concentration from 100 nM to 1 nM

for increased stringency. Negative sorts using Dengue 2 NS1 (D2NS1) were conducted for ZNS1

ZNS1

IL-6 FACS #1
100 nM IL-6

FACS #2
100 nM IL-6

FACS #3
20 nM IL-6

FACS #4
5 nM IL-6

FACS #5
1 nM IL-6

100 nM ZNS1 (-)100 nM D2NS1
(+)100 nM ZNS1

20 nM ZNS1 (-)100 nM D2NS1
(+)5 nM ZNS1

(-)100 nM D2NS1
(+)1 nM ZNS1

a

b

(-)

(+)

(-)

(+)

5.4%/10.6%

4.7%(-)

8.6%/92.3%

1.1%/64%

2.4%(-)

6.8%/98.4%

3.6%/71.5%

1.1%/2.4% 2.6%/35.3% 1.4%/85.4% 3.7%/16.7% 1.3%/66.3%

Figure 4.22. FACS dot plots for primary selection of rcSso7d against a) IL-6 and b) ZNS1. Concentrations
of biomarker used in selections are listed above the plots. Numbers on the top right of the positive sort
plots correspond to the percentage of cells collected / the percentage of cells displaying binding signal. The
number on the top right of the negative sort plots correspond to the percentage of cells displaying non-target
binding signal.

selection prior to the positive sorts for FACS rounds 2 and 4.

Supplemental Figure 4.23 shows FACS dot plots for secondary selection of rcSso7d against IL-6

and ZNS1. Concentrations used were reduced in concentration from 100 nM to 1 nM for increased
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stringency. For IL-6 selections, negative sorts using the labeling reagents (bMBP-SsoIL6.E1 and SA

AF647) were conducted prior to the positive sorts for FACS rounds 2 and 4. For ZNS1 selections,

negative sorts using Dengue 2 NS1 (D2NS1) and the labeling reagents (bMBP-SsoZNS1.E1 and SA

AF647) were conducted prior to the positive sorts for FACS rounds 2, 4, and 5.

ZNS1

IL-6 FACS #1
100 nM IL-6

FACS #2
(-)No target
(+)100 nM IL-6

(-)

(+)

(-)

(+)

(-)

(+)

(-)

(+)
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0.5%/26.5%
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Figure 4.23. FACS dot plots for secondary selection of rcSso7d against a) human IL-6 and b) ZNS1.
In some rounds, negative sorts using the labeling reagents and off-target proteins were conducted prior to
the positive sorts. Concentrations of biomarker used in selections are listed above the plots. Numbers on
the top right of the positive sort plots correspond to the percentage of cells collected / the percentage of
cells displaying binding signal. The number on the top right of the negative sort plots correspond to the
percentage of cells displaying non-target binding signal.

4.7.9 Characterization of rcSso7d against IL-6 and ZNS1

Supplemental Figure 4.24 depicts the binding face sequences of the identified rcSso7d clones from

primary selection. The clones have been grouped into “sub-families” based on sequence similarity.

To assess whether any of the SsoIL6 clones could function as a binding pair, we conducted

a small-scale epitope binning study, in which one clone was chosen from each sub-family of the

identified rcSso7d clones after primary selection against IL-6: clone 2 and clone 6. These variants

were cloned into the bMBP-rcSso7d format and tested using yeast-surface display against all of the

other SsoIL6 clones for potential complementarity. None of the tested pairs showed non-overlapping

epitope binding. A sample FACS histogram of one of the pairs tested (clones 2 and 6) is shown in
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1: IGHWYWNNW

2: IGHWYWDNW

3: IGHWYWYNW

4: IGSWYWWNW

5: IGWWYWSNW

6: WRDIYNWWD

7: WRWWYNWWD

Group 1

Group 2

1: SIKHWAWSK

2: SIIHWAWSK
Group 1

SsoIL6 clones SsoZNS1 clonesa b

Figure 4.24. Shorthand tag for the amino acid binding face sequences of all identified rcSso7d affinity
reagents against IL-6 and ZNS1 from primary selection process. Binding face sequences of a) the seven
identified unique clones from the IL-6 primary selection process and the b) the two identified unique clones
from the ZNS1 primary selection process. Sequences have been grouped based on sequence similarity (“sub-
family”). Red and underlined amino acids highlight the sequences that differ in the sub-family. Yellow
highlighted clones are the ones selected as SsoIL6.E1 and SsoZNS1.E1 and used for secondary selection.

Supplemental Figure 4.25 and demonstrates the lack of binding signal in the presence of IL-6, even

though each bind separately to IL-6, suggesting that they are competing for the same or similar

epitope.

IL6

No IL6

bMBP-SsoIL6.2 / 
YSD: SsoIL6.6

Figure 4.25. Representative FACS histogram demonstrating overlapping epitope binding of SsoIL6 clone
2 and 6 identified from primary selection process, based on lack of signal in the presence of IL-6.

Since NS1 is a hexameric protein, it may be possible to use the same affinity reagent as both cap-

ture and reporter in a sandwich assay; therefore, the two clones selected against ZNS1 (SsoZNS1.E1

and SsoZNS1.E2) were tested for binding to a multivalent epitope. FACS histograms for this

self-complementarity test is shown in Supplemental Figure 4.26. SsoZNS1.E1 was displayed on

the surface of yeast cells, followed by 100 nM ZNS1, and labeled with bMBP-SsoZNS1.E1 and SA

AF647 (left), and SsoZNS1.E2 was displayed on the surface of yeast cells, followed by 100 nM ZNS1,

and labeled with bMBP-SsoZNS1.E2 and SA AF647 (right). The absence of positive binding sig-

nal in both cases indicate that the SsoZNS1.E1 and SsoZNS1.E2 clones demonstrate binding to

unique, non-repetitive or multivalent epitopes of ZNS1; therefore, the use of distinct affinity pairs

is necessary.

Supplemental Figure 4.27 depicts the specificity of SsoIL6.E1 and SsoIL6.E2 when challenged

with IL-8 in bio-layer interferometry. Either SsoIL6.E1 or SsoIL6.E2 was immobilized on the sensor

tip, followed by immersion a solution either containing 1000 nM IL-6, 1000 nM IL-8, or just buffer
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ZNS1
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YSD: SsoZNS1.E1
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YSD: SsoZNS1.E2

Figure 4.26. FACS histograms demonstrating SsoZNS1.E1 and SsoZNS1.E2 bind to unique epitopes of
ZNS1. SsoZNS1.E1 and SsoZNS1.E2 were tested to assess whether either of them bind to a multivalent
epitope.

(0 nM IL-6) for 300 seconds. Following association, the tips were immersed in just buffer for 300

seconds of dissociation. Curves indicate specific binding to IL-6 (association of signal) as compared

to the non-target protein IL-8 or in the absence of IL-6.
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Figure 4.27. Specificity of SsoIL6.E1 and SsoIL6.E2 when challenged with IL-8 in bio-layer interferometry.
Bio-layer interferometry plots with either SsoIL6.E1 (a) or SsoIL6.E2 (b) immobilized on the sensor tip, and
contacted with IL-6, IL-8, or just buffer.

Supplemental Figure 4.28 shows the BLI traces used to estimate the binding affinity and kinetic

parameters for SsoIL6.E1, SsoIL6.E2, SsoZNS1.E1, and SsoZNS1.E2. bMBP-SsoIL6.E1, bMBP-

SsoIL6.E2, bMBP-SsoZNS1.E1, or bMBP-SsoZNS1 was immobilized on streptavidin-coated tips,

followed by mmersion a solution either containing various concentrations of IL-6 or ZNS1 (81, 27,

9, 3, and 1 nM) for 300 seconds of association. Following association, the tips were immersed in just

buffer for 600 seconds of dissociation. The curves were analyzed and fitted using ForteBio’s analysis

software with a 1:1 binding fit model to estimate kinetics parameters (𝑘𝑜𝑛, 𝑘𝑜𝑓𝑓 , and 𝐾𝑑).

4.7.10 Further analysis of incorporation of rcSso7d pairs into assay formats

Supplemental Figure 4.29 depicts another assay format conducted with the SsoIL6 binding pair:

a magnetic bead-based assay. SsoIL6.E1 was chemically conjugated to LodeStars 2.7 Carboxyl

magnetic beads (Agilent). 7 × 106 beads were washed with 1mL of 1% PBSA (1x PBS with 1%

w/v BSA) and then placed on a Dynamag-2 magnetic rack to collect the beads and remove the

supernatant. The beads were resuspended in 300µL of 20 nM of IL-6 in 1% PBSA (or just 1%
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Figure 4.28. Bio-layer interferometry curves for kinetics measurements for IL-6 and ZNS1 affinity reagents.
Bio-layer interferometry traces with either bMBP-SsoIL6.E1 (a), bMBP-SsoIL6.E2 (b), bMBP-SsoZNS1.E1
(c), or bMBP-SsoZNS1.E2 (d) immobilized on the SA sensor tip and contacted with the biomarker solution
either at various concentrations before a dissociation step in buffer. The curves were fitted to a 1:1 binding
fit model to identify kinetics parameters.

Figure 4.29. Magnetic bead-based assay format with SsoIL6 affinity pair. SsoIL6.E1 was chemically
conjugated to magnetic beads and incubated in a solution with or without 20 nM of IL-6 and followed with
50 nM of bMBP-SsoIL6.E2 then 200 nM SA AF647. The resulting fluorescence readout was measured using
a plate reader. Three replicates were developed for each sample and negative control.

PBSA in the absence of target biomarker for the negative controls) and incubated for 30 minutes

at room temperature on a rotator. After washing the beads with 1mL of PBST (1x PBS with

1% Tween20) then twice with 1mL 1% PBSA, the beads were incubated with 300 µL of 50 nM of

bMBP-SsoIL6.E2 for 30 minutes at room temperature on a rotator. After washing the beads with 1

mL of PBST (1x PBS with 1% Tween20) then twice with 1mL 1% PBSA, they were incubated with

300 µL of 200 nM SA AF647 for 15 minutes at room temperature on a rotator, covered in foil. After

a final wash of the beads with 1 mL of PBST (1x PBS with 1% Tween20) then twice with 1mL 1%

PBSA, the beads were resuspended in 175µL of PBSA, and then 150 µL of the beads was transferred

to a Corning black flat 96-well plate. A plate reader was used to measure fluorescence intensity

with excitation at 640 nm and emission at 670 nm. Three replicates were developed for each sample

and negative control. The results indicated a clear increase in fluorescence signal in the presence

of IL-6, signifying specificity and functionality of the identified binding pair in a bead-based assay

format.
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Supplemental Figure 4.30 shows various parameter screens for Rv1656 paper-based assays. Sup-

plemental Figure 4.30a and b depict a a scan of buffer pH used in bMBP-SsoRv1656.E1 incu-

bation and wash steps. Various pH solutions were formulated using McIlvaine buffer. 30 µM of

SsoRv1656.E2-CBD and 256 nM of Rv1656, bMBP-SsoRv1656.E1, and SA AF647 were used. Sup-

plemental Figure 4.30c and d denote a scan of bMBP-SsoRv1656.E1 concentration using a pH 5

solution for incubation and wash steps, using 30 µM of SsoRv1656.E2-CBD and 256 nM of Rv1656

and SA AF647. Supplemental Figure 4.30e and f show a scan of SA AF647 concentration using a

bMBP-SsoRv1656.E1 concentration of 2.048 µM and a pH 5 solution for incubation and wash steps,

using 30 µM of SsoRv1656.E2-CBD, 256 nM of Rv1656, and 2.048 µM of SA AF647. All samples

were imaged via fluorescence microscopy in the Cy5 channel and exposed for 80 ms.

Figure 4.30. Parameter screens for Rv1656 paper-based assays. a) Scan of buffer pH used in bMBP-
SsoRv1656.E1 incubation and wash steps and b) difference between empty and full sandwiches, indicating
target-specific binding signal. c) Scan of bMBP-SsoRv1656.E1 concentration using a pH 5 solution for
incubation and wash steps and d) difference between empty and full sandwiches, indicating target-specific
binding signal. e) Scan of SA AF647 concentration and f) difference between empty and full sandwiches,
indicating target-specific binding signal. Empty denotes assays contacted with 1x PBS rather than an Rv1656
solution. All samples were imaged in the Cy5 channel and exposed for 80 ms.
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4.7.11 Primary selection population analysis for secondary binding

For all of the affinity pair selections studied here, the secondary selection processes commenced

using the post-primary MBS population. In order to assess whether secondary binding clones could

be identified from a more enriched population (e.g. from a later round of FACS)—which could

potentially shorten the RAPIDS timeline further—we assessed various primary selection populations

for potential secondary binding signal. Supplemental Figure 4.31 shows FACS plots for the various

primary selection populations for IL-6 and ZNS1. These populations were labeled with 100 nM

of IL-6 and 200 nM of bMBP-SsoIL6.E1 or 100 nM of ZNS1 and 200 nM of bMBP-SsoZNS1.E1 to

assess potential secondary binding signal. These plots are compared to the post-secondary MBS

population (secondary FACS #1), which was used to identify the SsoIL6.E2 affinity reagent, and the

post-primary MBS population (secondary FACS #1), which was used to identify the SsoZNS1.E2

affinity reagent, respectively. In both analysis, a decently strong positive signal for secondary binding

is still present even when using a more-enriched population from primary selection, signifying that

it may be possible to identify secondary affinity reagents using this more enriched population in

order to further reduce developmental time.

ZNS1

IL-6 Post-Secondary 

MBS
a

b

Post-Primary 

FACS #1

Post-Primary 

FACS #2

Post-Primary 

FACS #3

2% 12.6% 8.1% 8.8%

11.1% 45.7% 31.3% 33.7%

Figure 4.31. FACS plots analyzing various primary selection populations for potential secondary binding
signal. The post-FACS populations during primary selection for a) SsoIL6.E1 and b) SsoZNS1.E1 after round
#1, #2, and #3, which have been labeled with 100 nM of IL-6 or ZNS1 and 200 nM of bMBP-SsoIL6.E1
or bMBP-SsoZNS1.E1, to assess potential secondary binding signal. These plots are compared to the post-
MBS population (secondary FACS #1), which was used to identify the SsoIL6.E2 and SsoZNS1.E2 affinity
reagents. Percentage in corner signifies percentage of cells with positive binding signal (top two quadrants).
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Chapter 5

Functional comparison of paper-based

immunoassays based on antibodies and

engineered binding proteins

This chapter has been adapted from Sung, K; Jabbour Al Maalouf, Y.; Johns, Q. R.; Miller, E.

A.; Sikes, H. D. Binding performance of engineered rcSso7d affinity reagents versus commercial

antibodies against Zika virus NS1. Analyst 2020, 145, 2515-2519.

5.1 Abstract

Alternative binding protein scaffolds, such as rcSso7d, have been investigated for use in diagnostic

tests as a replacement to antibodies. However, the functional performance of the rcSso7d binding

scaffold has not yet been studied in comparison to antibodies. Here, we assessed the analyte-

binding capabilities of rcSso7d and antibodies on cellulose with samples in buffer and 100% human

serum (Figure 5.1). We found that rcSso7d-based assays function similarly to antibody-based as-

says. Furthermore, rcSso7d-based assays performed equally well in 100% human serum as in buffer,

demonstrating that rcSso7d can be used to replace antibodies in clinical diagnostic tests.

Cellulose surface

rcSso7d

ZNS1

Biotinylated 

rcSso7d

SA AF 647

Cellulose surface

ZNS1

SA AF 647

Antibody

Biotinylated 

antibody
vs

Figure 5.1. Analytical performance of an alternative binding protein (rcSso7d) and antibodies are compared
in cellulose-based, full sandwich assays.
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5.2 Introduction

Zika virus (ZIKV) is a mosquito-borne flavivirus that recently emerged as a global public health issue

after being linked to neurological disorders, including microcephaly in infants and Guillain-Barré

syndrome in adults.1,2 Rapid, accurate diagnosis of ZIKV is vital to track, control, and prevent the

spread of ZIKV. Since clinical symptoms and diagnostic biomarkers for ZIKV are similar to those of

other flaviviruses—such as Dengue virus (DENV)—diagnostic tests must minimize cross-reactivity

and false-positive results.1–4 The nonstructural protein 1 (NS1) of Zika virus (ZNS1) has been

identified as a promising biomarker for ZIKV diagnostics.3–12 Although ZNS1 has similar structure

and sequence as other flavivirus NS1 proteins, studies have shown that specific detection of ZIKV

is possible using ZNS1-based diagnostics.3–12

The World Health Organization introduced the ASSURED criteria for ideal characteristics of

diagnostic tests: Affordable, Sensitive, Specific, User-friendly, Rapid and Robust, Equipment-free,

and Delivered to those who need it.13 To address the ASSURED criteria, sandwich immunoassays

are often used in diagnostic tests to capture and detect specific biomarkers in patient samples.

This format requires a pair of affinity reagents: one is surface-immobilized to capture the target

biomarker, and another is labeled to associate a signal to the captured biomarker. Antibodies have

been commonly used as the affinity reagents in diagnostic tests; however, in recent years, alterna-

tive scaffolds have been investigated for use in diagnostic tests due to their desirable characteristics

such as intrinsic thermal stability and ease of production.14,15 In recent years, studies have begun

reporting the use of non-antibody scaffolds in full sandwich assays using pairs of nanobodies,16–19

affimers,20,21 DARPins,22 and the reduced-charge Sso7d variant (rcSso7d).23–31 However, a direct

functional comparison of antibodies and non-antibody scaffolds in an identical full sandwich im-

munoassay test format has yet to be conducted.

Here, we investigated the functionality of rcSso7d clones engineered against ZNS1 in a full

immunoassay format. We compared the binding capabilities of an rcSso7d-based sandwich assay

to antibody-based sandwich assays and rcSso7d/antibody hybrid assays in a cellulose paper-based

format. For one hybrid assay, we developed a protein A fusion with a cellulose-binding domain

(CBD) to immobilize antibodies on cellulose test strips without requiring chemical functionalization

of the cellulose or subsequent bioconjugation reactions. We found that the rcSso7d-based assay had

similar limits of detection (LOD) as antibody-based assays. Furthermore, compared to antibody-

based assays, the rcSso7d full sandwich assay demonstrated greater improvement in sensitivity

when a larger sample volume was applied. Both the rcSso7d full sandwich and an antibody/rcSso7d

hybrid assays performed equally well in 100% human serum and in buffer, signifying that rcSso7d

is a promising alternative scaffold for use in clinical diagnostic tests.
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5.3 Materials and methods

5.3.1 Commercial reagents

Mouse anti-ZNS1 antibody (“mouseAb”) was purchased from Abcam (Abcam ab218547, clone D11),

rabbit anti-ZNS1 antibody (“rabbitAb”) was purchased from GeneTex (GeneTex GTX133307), and

biotinylated mouse anti-ZNS1 antibody (“bAb”) was purchased from Arigo Biolaboratories (clone

SQab1610). Streptavidin AF647 (“SA AF647”; S-21374) was sourced from Thermo Fisher Scien-

tific. Sterile-filtered human serum was from human male AB plasma of USA origin (Sigma-Aldrich

H4522).

5.3.2 Cloning of ProA-CBD gene construct

The CBD construct was sourced from a pET28b-rcSso7d-CBD plasmid developed previously.28 The

plasmid containing the original ProA2 construct is plasmid pKK-TEV-ProteinA (Plasmid #105788)

and was purchased from Addgene. The process for cloning was conducted in a similar manner to

that described previously (Section 2.3). Briefly, PCR was conducted using the two primers listed in

the Table 5.1 with an annealing temperature of 57.5 ∘C. The ProA PCR product and the pET28b-

rcSso7d-CBD backbone were double digested using NdeI and BamHI restriction enzymes. Ligation

was conducted at room temperature for 10 minutes with T4 DNA ligase and then purified using the

DNA Clean and Concentrator-5 Kit from Zymo Research (Irvine, CA, USA). The ligation product

was transformed into DH5𝛼 E. coli. Positive clones were verified via both N- and C-terminal

sequencing, using the T7 promoter and T7 terminator sequencing primers.

Table 5.1. Oligonucleotide sequences of primers used in the cloning of the ProA-CBD construct.

3 

 

Table S1: Oligonucleotide sequences of primers used in the cloning of the ProA-CBD construct. 

#  Oligo Name DNA Sequence 

(NdeI, BamHI restriction sites) 

1 ProA - forward 5'-GGCGCGCATATGGTGGACAACAAATTC -3'  

2 ProA - reverse 5'-TATGTAGGATCCTTTCGGCGCCTGAGC-3' 

 

Production of recombinant proteins 

Plasmids for SsoZNS1.E2-CBD and b-MBP-SsoZNS1.E1 were cloned previously, and they were 

expressed and purified as previously described.2 Recombinant ZIKV NS1 biomarker (ZNS1) and 

DENV2 NS1 biomarker (D2NS1) were expressed and purified as previously described.3 Plasmids 

for ZNS1 and D2NS1 biomarkers were sourced from Sino Biological. All recombinant proteins 

were produced in BL21(DE3) E. coli and induced by 0.5 mM isopropyl β-D-1-

thiogalactopyranoside (IPTG). The b-MBP-SsoZNS1.E1 variant (containing an N-terminal biotin 

acceptor sequence AviTag: MAGGLNDIFEAQKIEWHE) was supplemented with 0.1 mM D-

biotin (97061-444, VWR) during expression. After overnight expression at 20 °C, the cells were 

lysed via sonication. The clarified lysate was used for purification for all recombinant proteins 

except ZNS1 and D2NS1. For ZNS1 and D2NS1, since the recombinant protein was expressed in 

the insoluble fraction, denaturing buffer (50 mM Tris, 300 mM NaCl, 10 mM imidazole, 8 M urea, 

pH 7.6 at room temperature) was added to the insoluble lysate pellet and incubated overnight at 

4 °C to solubilize the protein. The resulting supernatant was used for purification.  

Since all recombinant proteins contain an N-terminal 6x-histidine tag, the protein products were 

purified using immobilized metal affinity chromatography (IMAC) using HisTrap FF crude 

columns (GE Healthcare). rcSso7d-based proteins were buffer exchanged into 40 mM sodium 

acetate (pH 5.5) using Amicon Ultra Centrifugal Filters (10K MWCO). ProA-CBD was buffer 

exchanged into 1x PBS (phosphate buffered saline) using Amicon Ultra Centrifugal Filters (10K 

MWCO). The NS1 proteins were refolded with slow dialysis (50 mM Tris, 300 mM NaCl, 400 

mM L-arginine, 1 mM GSH (glutathione, reduced), 0.1 mM GSSG (glutathione, oxidized), pH 7.6 

at room temperature) using Slide-A-Lyzer dialysis cassettes (10K MWCO, 12 mL, ThermoFisher 

5.3.3 Production of recombinant proteins

Plasmids for SsoZNS1.E2-CBD and b-MBP-SsoZNS1.E1 were cloned previously, and they were

expressed and purified as previously described (see Section 4.7.2).31 Recombinant ZIKV NS1 (ZNS1)

and DENV2 NS1 (D2NS1) were expressed and purified as previously described.32 Plasmids for ZNS1

and D2NS1 biomarkers were sourced from Sino Biological. All recombinant proteins were produced

in BL21(DE3) E. coli and induced by 0.5 mM isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG). The

b-MBP-SsoZNS1.E1 variant (containing an N-terminal biotin acceptor sequence AviTag: MAGGLNDI
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FEAQKIEWHE) was supplemented with 0.1mM D-biotin (97061-444, VWR) in 10mM bicine buffer

during expression. After overnight expression at 20 ∘C, the cells were lysed via sonication. The

clarified lysate was used for purification for all recombinant proteins except ZNS1 and D2NS1. For

ZNS1 and D2NS1, since the recombinant protein was expressed in the insoluble fraction, denaturing

buffer (50mM Tris, 300mM NaCl, 10mM imidazole, 8M urea, pH 7.6 at room temperature) was

added to the insoluble lysate pellet and incubated overnight at 4 ∘C to solubilize the protein. The

resulting supernatant was used for purification.

Since all recombinant proteins contain an N-terminal 6x-histidine tag, the protein products were

purified using immobilized metal affinity chromatography (IMAC) using HisTrap FF crude columns

(GE Healthcare). rcSso7d-based proteins were buffer exchanged into 40mM sodium acetate (pH

5.5) using Amicon Ultra Centrifugal Filters (10K MWCO). ProA-CBD was buffer exchanged into 1x

PBS (phosphate buffered saline) using Amicon Ultra Centrifugal Filters (10K MWCO). The NS1

proteins were refolded with slow dialysis (50mM Tris, 300mM NaCl, 400mM L-arginine, 1mM

GSH (glutathione, reduced), 0.1mM GSSG (glutathione, oxidized), pH 7.6 at room temperature)

using Slide-A-Lyzer dialysis cassettes (10K MWCO, ThermoFisher Scientific) after diluting the NS1

proteins below 100 µg/mL prior to dialysis to minimize aggregation.

All purified proteins were quantified using a bicinchoninic acid (BCA) assay (Thermo Fisher

Scientific) and run on an SDS-PAGE to verify purify, as previously described (Section 2.3). Af-

ter IMAC purification and buffer exchange, b-MBP-SsoZNS1.E1 was further purified on a Pierce

Monomeric Avidin Agarose Kit (Thermo Fisher Scientific) to purify the proteins with accessible

biotins, as previously described (Section 2.3).

5.3.4 Fabrication and testing on cellulose assay test strips

Whatman No. 1 chromatography paper was oxidized for aldehyde functionalization as described pre-

viously.33 Hydrophilic test zones were printed on non-functionalized paper (for CBD-based protein

assays) and oxidized paper (for non-CBD-based protein assays) using hydrophobic ink as described

previously.33 Paper-based immunoassays were conducted using sequential protein addition and wick-

ing of the flow-through. Each protein incubation step was 30 minutes unless otherwise described.

Test zones were washed twice with 20 µL of 1x PBS following each incubation step.

For immobilization on non-functionalized paper, 6 µL of 30 µM of SsoZNS1.E2-CBD or ProA-

CBD diluted in 1x PBS was incubated in each test zone for at least 30 seconds. For ProA-CBD

assays, this step was followed by an incubation with 2 µL of rabbitAb diluted 3.33-fold in 10%

glycerol in 1x PBS for 1 hour. Antibody immobilization on oxidized test zones for non-CBD-based

assays occurred via overnight incubation of 2 µL of mouseAb diluted 10-fold or rabbitAb diluted

3.33-fold in 1x PBS and 10% glycerol. After overnight incubation and wash, any unreacted aldehyde

sites on the functionalized paper were blocked with 10 µL of 1x TBS for one hour.
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Test zones were then contacted with 10 µL of ZNS1 in PBSA (1x PBS with 1% w/v bovine serum

albumin) at concentrations ranging from 0.25 nM to 512 nM. For serum studies, the biomarker was

diluted into 100% human serum from human male AB plasma (Sigma-Aldrich, H4522). For the

D2NS1 cross-reactivity test, 10 µL of 1 µM of D2NS1 in PBSA was applied to each test zone. For

large volume biomarker samples, 100 µL of ZNS1 in PBSA at concentrations ranging from 0.1 nM to

64 nM were flowed through the test zones by gradual application of the sample volume in 16.67 µL

increments six times. After the previous applied volume passed through the well, the next aliquot of

sample was added. Negative controls were conducted with the absence of biomarker (just PBSA).

For signal detection, 10 µL of 1 µM b-MBP-SsoZNS1.E1 or 5 µL of bAb diluted 16.7-fold was

applied to each relevant test zone, followed by 10 µL of 1 µM SA AF647 in the dark. Samples were

allowed to air-dry in the dark before imaging.

Fluorescent microscopy was used to measure level of binding, as described previously (Sec-

tion 2.3).27 Samples were exposed for 150 ms using a Cy5 filter, and images were processed on

ImageJ (US National Institutes of Health) to determine the mean fluorescence intensity (MFI). The

background (negative controls; fluorescence without presence of biomarker) plus three times the

standard deviation of the negative controls (BG + 3𝜎) was subtracted from the samples to obtain

the background adjusted MFI. Values represent an average of four replicates. Error bars indicate

standard deviations.

Quadratic least squares regression and linear least squares regression were applied to each titra-

tion curve using Microsoft Excel. Linear least squares regression was conducted on the linear range,

near the lower concentrations of biomarker. Using the quadratic curve fit equation, the limit of de-

tection was calculated as the biomarker concentration at the x-intercept (where the fit curve equals

zero, which is the background + 3𝜎). The resulting slopes from linear regression were analyzed for

assessment of sensitivity differences. Error values for limit of detection and sensitivity improvement

indicate standard deviations.

5.4 Results and discussion

5.4.1 rcSso7d full sandwich assay

For this study, we used rcSso7d clones that had been previously engineered to bind specifically

to ZNS1 (SsoZNS1.E1 and SsoZNS1.E2; E1: binding to epitope 1, E2: binding to epitope 2) with

minimal cross-reactivity to a similar non-target biomarker, Dengue-2 virus NS1 (D2NS1) (see Chap-

ter 4).31 To integrate the rcSso7d clones into a paper assay format, we incorporated the clones into

genetic fusion constructs that improve their activity as capture and reporter agents. Prior studies

required chemical oxidation of cellulose and overnight incubation of the capture proteins on the

test zones for covalent immobilization.33 However, we found that a cellulose-binding domain (CBD)
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fusion construct achieves non-covalent, high-density immobilization of rcSso7d (SsoZNS1.E2-CBD)

to cellulose without requiring surface functionalization or overnight incubation.28,29 For the reporter

construct, we used the in vivo biotinylated maltose-binding protein (MBP) fusion to associate a

biotin moiety with rcSso7d for detection (b-MBP-SsoZNS1.E1; see Chapter 2).30 A streptavidin-

fluorophore conjugate (SA AF647) was used to associate a fluorescent signal to the biotinylated

reporter protein.

To assess the performance of an rcSso7d-based assay, we incorporated the rcSso7d clones into

a full sandwich assay format (Figure 5.2A). We tested a range of ZNS1 concentrations in buffer

(PBSA: 1x PBS with 1% bovine serum albumin) by incubating 10 µL of the samples for 30 minutes,

following conditions established previously27,28,30,31 (Figure 5.2B, yellow diamonds). Since cross-

reactivity with other flavivirus NS1 variants can lead to false positive results, we also challenged

the system with 1µM of D2NS1 and confirmed that the engineered rcSso7d clones demonstrated no

cross-reactivity this off-target NS1 variant in a cellulose assay format (Figure 5.2B, red square).
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Figure 5.2. rcSso7d full sandwich assay against ZNS1. (A) Schematic of rcSso7d full sandwich assay
format. (B) Titration curves with 10 µL (yellow diamond) and 100 µL (blue circle) of ZNS1, as well as a
cross-reactivity test with 10 µL of DENV2 NS1 (red square). Values were subtracted by the background
signal + 3𝜎 (standard deviation). Yellow and blue arrows indicate the LOD for 10 µL and 100 µL sample
volumes, respectively. The increase in sample volume provided a 21-fold increase in sensitivity.

We also investigated the effect of applying a larger sample volume on assay sensitivity by in-

crementally applying 100 µL of ZNS1 sample solution over 30 minutes (Figure 5.2B, blue circles).34

Previous studies suggest that larger sample volumes can increase sensitivity and reduce the LOD

of diagnostic tests.28,34 To quantify the performance of these rcSso7d-based sandwich assays, we

conducted quadratic regression on each titration curve (Figure 5.2B and Supplemental Figure 5.6)

and calculated LODs of 6.1 nM (10 µL) and 0.9 nM (100 µL) (Table 5.2; Figure 5.2B, arrows). We

also conducted linear regression on the linear range of the titration curves and compared their slopes

to assess the sensitivity35 of the two sample volumes (Supplemental Figure 5.7) and found approx-

imately a 21-fold improvement in sensitivity by increasing the sample volume 10-fold (Table 5.2;

Figure 5.2B).
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Table 5.2. Compiled results from each assay format with limits of detection (LOD) for different sample
volumes and sensitivity improvement from increase in sample volume.
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the test zones for covalent immobilization.32 However, we 

found that a cellulose-binding domain (CBD) fusion construct 

achieves non-covalent, high-density immobilization of rcSso7d 

(SsoZNS1.E2-CBD) to cellulose without requiring surface 

functionalization or overnight incubation.28,29 For the reporter 

construct, we used the in vivo biotinylated maltose-binding 

protein (MBP) fusion to associate a biotin moiety with rcSso7d 

for detection (b-MBP-SsoZNS1.E1).30 A streptavidin-

fluorophore conjugate (SA AF647) was used to associate a 

fluorescent signal to the biotinylated reporter protein.  

To assess the performance of an rcSso7d-based assay, we 

incorporated the rcSso7d clones into a full sandwich assay 

format (Figure 1A). We tested a range of ZNS1 concentrations 

in buffer (PBSA: 1x PBS with 1% bovine serum albumin) by 

incubating 10 μL of the samples for 30 minutes, following 

conditions established previously27,29–31 (Figure 1B, yellow 

diamonds). Since cross-reactivity with other flavivirus NS1 

variants can lead to false positive results, we also challenged the 

system with 1 μM of D2NS1 and confirmed that the engineered 

rcSso7d clones demonstrated no cross-reactivity this off-target 

NS1 variant in a cellulose assay format (Figure 1B, red square).  

We also investigated the effect of applying a larger sample 

volume on assay sensitivity by incrementally applying 100 μL of 

ZNS1 sample solution over 30 minutes (Figure 1B, blue circles).33 

Previous studies suggest that larger sample volumes can 

increase sensitivity and reduce the LOD of diagnostic tests.29,33 

To quantify the performance of these rcSso7d-based sandwich 

assays, we conducted quadratic regression on each titration 

curve (Figures 1B and S1) and calculated LODs of 6.1 nM (10 μL) 

and 0.9 nM (100 μL) (Table 1; Figure 1B, arrows). We also 

conducted linear regression on the linear range of the titration 

curves and compared their slopes to assess the sensitivity34 of 

the two sample volumes (Figure S2) and found approximately a 

21-fold improvement in sensitivity by increasing the sample 

volume 10-fold (Table 1; Figure 1B). 

To compare the functionality of the engineered rcSso7d 

clones to antibodies, we tested commercial anti-ZNS1 

antibodies in a cellulose assay format. We assessed two 

different commercial antibodies for capture: a mouse anti-ZNS1 

IgG1 antibody (“mouseAb”; Abcam) and a rabbit anti-ZNS1 IgG 

antibody (“rabbitAb”; GeneTex) (Figures 2A and 2B). Since the 

antibodies do not intrinsically bind to non-functionalized 

cellulose fibers, we used oxidized cellulose to covalently 

immobilize the capture antibodies as described previously.32 

We used a biotinylated mouse anti-ZNS1 IgG2a antibody 

(“bAb”; Arigo Biolaboratories) as the reporter reagent. 

 
Table 1. Compiled results from each assay format with limits of detection (LOD) for 

different sample volumes and sensitivity improvement from increase in sample 

volume. 

After conducting titrations of the ZNS1 biomarker with two 

different sample volumes (Figures 2C,D), we found that assay 

functionality varied depending on the antibodies used in the 

assay. The mouseAb system had higher background signal, 

leading to a higher LOD of 45 nM (10 μL) (Table 1; Figures 2C 

and S1). For 100 μL samples, the LOD was more comparable to 

the rcSso7d assay at 1.2 nM (Table 1; Figure 2B). The rabbitAb 

system had improved performance over the mouseAb system, 

with LODs of 9.6 nM (10 μL) and 0.1 nM (100 μL) (Table 1; 

Figures 2D and S1). Both antibody assays had an 8- to 12-fold 

sensitivity increase with a 10-fold volume increase (Table 1; 

Figures 2C,D and S2), signifying that excess immobilized 

antibody molecules were still available for biomarker binding. 

Based on these results, the rcSso7d assays perform similarly 

to antibody assays. However, several intrinsic differences in the 

assay formats should be noted. The rcSso7d sandwich used non-

functionalized cellulose with a CBD-fusion protein and a singly 

biotinylated rcSso7d as the reporter. In contrast, the antibody 

sandwiches used oxidized cellulose for immobilization and a 

Type 
LOD, 10 μL 

(nM) 
LOD, 100 μL 

(nM) 

Sensitivity 
improvement  

(10 μL to 100 μL) 

Sso-CBD +  
BA-MBP-Sso 

6.1 ± 1.3 0.9 ± 0.1 21.3 ± 0.3 

mouseAb + bAb 45.0 ± 5.4 1.2 ± 0.2 8.1 ± 0.2 

rabbitAb + bAb 9.6 ± 0.3 0.1 ± 0.1 12.2 ± 0.3 

ProA-CBD/rabbitAb +  
BA-MBP-Sso 

21.6 ± 8.4 0.9 ± 0.3 12.9 ± 0.2 

Sso-CBD + bAb 5.5 ± 3.2 0.6 ± 0.2 9.4 ± 0.1 

Figure 1. (A) Schematic of rcSso7d full sandwich assay format. (B) Titration curves with 

10 μL (yellow diamond) and 100 μL (blue circle) of ZNS1, as well as a cross-reactivity 

test with 10 μL of DENV2 NS1 (red square). Values were subtracted by the background 

signal + 3σ (standard deviation). Yellow and blue arrows indicate the LOD for 10 μL 

and 100 μL sample volumes, respectively. The increase in sample volume provided a 

21-fold increase in sensitivity.

Figure 2. Schematics of antibody full sandwich assay formats using (A) mouse anti-

ZNS1 antibody (mouseAb) or (B) rabbit anti-ZNS1 antibody (rabbitAb) for capture. (C,D) 

Titration curves for mouseAb (C) and rabbitAb (D) sandwich with 10 μL (yellow 

diamond) and 100 μL (blue circle) of ZNS1. Values were subtracted by the background 

signal + 3σ. Yellow and blue arrows indicate LOD. The increase in sample volume 

caused an 8-fold (C) and 12-fold (D) increase in sensitivity.

5.4.2 Comparison to antibody full sandwich assays

To compare the functionality of the engineered rcSso7d clones to antibodies, we tested commercial

anti-ZNS1 antibodies in a cellulose assay format. We assessed two different commercial antibodies

for capture: a mouse anti-ZNS1 IgG1 antibody (“mouseAb”; Abcam) and a rabbit anti-ZNS1 IgG

antibody (“rabbitAb”; GeneTex) (Figure 5.3A, B). Since the antibodies do not intrinsically bind to

non-functionalized cellulose fibers, we used oxidized cellulose to covalently immobilize the capture

antibodies as described previously.33 We used a biotinylated mouse anti-ZNS1 IgG2a antibody

(“bAb”; Arigo Biolaboratories) as the reporter reagent.
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Figure 5.3. Schematics of antibody full sandwich assay formats using (A) mouse anti-ZNS1 antibody
(mouseAb) or (B) rabbit anti-ZNS1 antibody (rabbitAb) for capture. (C,D) Titration curves for mouseAb
(C) and rabbitAb (D) sandwich with 10 µL (yellow diamond) and 100 µL (blue circle) of ZNS1. Values were
subtracted by the background signal + 3𝜎. Yellow and blue arrows indicate LOD. The increase in sample
volume caused an 8-fold (C) and 12-fold (D) increase in sensitivity.
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After conducting titrations of the ZNS1 biomarker with two different sample volumes (Fig-

ure 5.3C,D), we found that assay functionality varied depending on the antibodies used in the

assay. The mouseAb system had higher background signal, leading to a higher LOD of 45 nM

(10 µL) (Table 5.2; Figure 5.3C and Supplemental Figure 5.6). For 100 µL samples, the LOD was

more comparable to the rcSso7d assay at 1.2 nM (Table 5.2; Figure 5.3B). The rabbitAb system had

improved performance over the mouseAb system, with LODs of 9.6 nM (10 µL) and 0.1 nM (100 µL)

(Table 5.2; Figure 5.3D and Supplemental Figure 5.6). Both antibody assays had an 8- to 12-fold

sensitivity increase with a 10-fold volume increase (Table 5.2; Figure 5.3C,D and Supplemental

Figure 5.7), signifying that excess immobilized antibody molecules were still available for biomarker

binding.

Based on these results, the rcSso7d assays perform similarly to antibody assays. However,

several intrinsic differences in the assay formats should be noted. The rcSso7d sandwich used

non-functionalized cellulose with a CBD-fusion protein and a singly biotinylated rcSso7d as the

reporter. In contrast, the antibody sandwiches used oxidized cellulose for immobilization and a

bivalent antibody with multiple conjugated biotin moieties as the reporter. These format differences

complicate the comparison of diagnostic performance for these binding proteins.

5.4.3 Comparison against hybrid assays

In order to draw a closer comparison between rcSso7d and antibody, we devised a different method

to immobilize antibodies on cellulose. Since protein A binds to antibodies, it can be used for the

immobilization of antibodies to a surface.36–38 We constructed a fusion protein with protein A and

CBD (“ProA-CBD”) to immobilize ProA in high density on non-functionalized cellulose surfaces

and bind to compatible capture antibodies (Figure 5.4A).36 We used rabbitAb for capture due to

the high affinity of protein A to rabbit IgG.39 We also used b-MBP-SsoZNS1.E2 as the reporter

species to address the multivalency effects observed with bAb and to minimize non-specific interac-

tions between ProA and an antibody-based reporter molecule. Furthermore, using the ProA-CBD

construct, we can reduce the manufacturing and processing burden required from using oxidized

cellulose for protein immobilization.

We demonstrated the function of ProA-CBD/Ab in cellulose assays by conducting biomarker

titrations and determined LODs of 21.6 nM (10 µL) and 0.9 nM (100 µL) (Table 5.2; Figure 5.4B

and Supplemental Figure 5.6). These values are higher than for the antibody full sandwich using

rabbitAb, which may be due to different binding interactions (1-step covalent immobilization of

antibody vs. 2-step non-covalent immobilization of antibody via protein A binding). Additionally,

the use of b-MBP-SsoZNS1.E2 instead of bAb removed multivalency effects that may impact the

LOD. However, this format draws a more equitable comparison to the rcSso7d full sandwich by

using CBD for immobilization. Compared to the rcSso7d full sandwich, the LODs are similar or
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Figure 5.4. Schematics and titration curves of antibody-rcSso7d hybrid assay formats using ProA-
CBD/rabbitAb as capture and b-MBP-SsoZNS1.E1 as reporter (A,B) or SsoZNS1.E2-CBD as capture
and bAb as reporter (C,D). Titration curves for ProA-CBD/Ab/b-MBP-rcSso7d hybrid (B) and rcSso7d-
CBD/bAb hybrid (D) use 10 µL (yellow diamond) or 100 µL (blue circle) of ZNS1. Values were subtracted
by the background signal + 3𝜎. Yellow and blue arrows indicate LOD. The increases in biomarker volume
produced a 13-fold (B) and 9-fold (D) increase in sensitivity

slightly higher. The increase in sample volume also led to a 13-fold increase in sensitivity (Table 5.2;

Figure 5.4B and Supplemental Figure 5.7).

We tested another hybrid system with rcSso7d-CBD as the capture reagent and bAb as the

reporter reagent (Figure 5.4C). In this format, we determined LODs of 5.5 nM (10 µL) and 0.6 nM

(100 µL) (Table 5.2; Figure 5.4D and Supplemental Figure 5.6), which were comparable to the LOD

in the rcSso7d full sandwich assay. A 10-fold increase in sample volume also led to a 9-fold increase

in sensitivity (Table 5.2; Figure 5.4D and Supplemental Figure 5.7). Using the multivalently-labeled

bAb as a reporter improved the sensitivity 4-fold (10 µL) and 2-fold (100 µL) relative to the singly

biotinylated b-MBP-rcSso7d in the rcSso7d full sandwich assay (Supplemental Figure 5.7). This

increase in sensitivity may be attributed to the multivalency of the biotinylated antibody.

In all of the assay formats, the larger sample volume improved both the LOD and sensitivity

of the assays. These results suggest that the amount of free capture molecules are in excess to the

biomarker molecules in solution. By introducing a greater molar quantity of biomarker molecules

into the assay via a larger sample volume, the capture reagents can continue to bind to free target

molecules. Furthermore, the rcSso7d full sandwich assay had a greater increase in sensitivity (21-

fold) compared to the antibody full sandwich or hybrid assays (8- to 13-fold). We hypothesize that

rcSso7d-CBD is immobilized in higher density than antibodies on oxidized cellulose or antibodies via
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ProA-CBD; therefore, higher excess of free capture molecules may allow for more efficient capture

of target molecules from the sample.

5.4.4 Assessment in 100% human serum

The above studies were all conducted with the ZNS1 biomarker spiked into buffer. Unfortunately,

many assays have reduced function in human serum due to matrix effects and often require dilution

of the serum sample in buffer to achieve reasonable performance.7,9,12,40 To assess functionality

of rcSso7d in a relevant bodily fluid, we conducted a side-by-side comparison titration with ZNS1

spiked into either PBSA or 100% human serum (Figure 5.5A). The rcSso7d clones performed equally

well in human serum as in buffer (Figure 5.5B; Table 5.3). We also assessed the performance of the

ProA-CBD/Ab hybrid assay in serum (Figure 5.5C) and found that it retained function in human

serum as well (Figure 5.5D; Table 5.3). Both of these assays maintained functionality in 100%

human serum with minimal matrix effects.
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Figure 5.5. Schematics and titration curves of rcSso7d full sandwich assay format (A,B) and hybrid assay
format with ProA-CBD with rabbitAb as capture and b-MBP-SsoZNS1.E1 as reporter (C,D). Titration
curves for rcSso7d sandwich (B) and ProA-CBD/Ab/b-MBP-rcSso7d hybrid (D) used 10 µL of ZNS1 in
buffer (yellow triangle) and 100% human serum (red circle). Values were subtracted by the background
signal + 3𝜎.

Table 5.3. Limits of detection (LOD) for assays conducted with ZNS1 biomarker in buffer or in 100%
human serum.
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human serum as well (Figure 4D; Table 2). Both of these assays 

maintained functionality in 100% human serum with minimal 

matrix effects.  
Table 2. Limits of detection (LOD) for assays conducted with ZNS1 biomarker in buffer 

or in 100% human serum. 

 

Conclusions 

In conclusion, engineered rcSso7d clones against ZNS1 showed 

comparable functionality to antibodies in cellulose-based 

assays. We found that, in almost all instances, the LOD of the 

rcSso7d-based assay was similar to or better than antibody-

based assays. Furthermore, larger sample volumes provided 

greater improvement in the sensitivity of the rcSso7d sandwich 

assay compared to the antibody-based and hybrid assays. We 

also developed a method to immobilize antibodies on non-

functionalized cellulose surfaces via a protein A fused with a 

cellulose-binding domain. This construct reduced processing 

time compared to using oxidized cellulose and can be used to 

develop hybrid assays when a well-validated capture antibody 

is available. Finally, the rcSso7d sandwich and ProA-CBD hybrid 

assays functioned equally well in buffer and 100% human serum 

without a reduction in LOD as previously reported in other 

assays using antibodies or aptamers.7,9,12  

rcSso7d affinity reagents have been demonstrated to yield 

similar diagnostic performance as antibodies, with the added 

benefits of thermal stability, inexpensive production, and facile 

incorporation of new properties via fusion proteins. New 

rcSso7d variants can also be generated against other target 

disease biomarkers via straightforward in vitro development 

processes.31 These non-antibody proteins may be used in rapid 

diagnostic tests for diseases such as ZIKV. Due to the lack of 

interest in ZIKV until recent years, the clinically relevant 

concentration of ZNS1 in patient samples is still largely 

unknown. However, studies suggest NS1 concentrations in ZIKV 

patients are lower than in DENV patients,40 which is reported at 

levels from the high picomolar range to the high micromolar 

range.41,42 Future work will focus on investigating signal 

amplification methods to match the LOD of these rcSso7d-

based immunoassays to clinically relevant levels. The present 

finding that rcSso7d-based assays can yield equivalent 

diagnostic performance to antibody-based assays suggest that 

rcSso7d can be employed as a promising alternative scaffold to 

develop rapid diagnostic tests that meet the WHO ASSURED 

criteria. 
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Type LOD, Buffer 
(nM) LOD, Serum 

(nM) 
Sso-CBD + BA-MBP-Sso 6.1 ± 1.3 3.0 ± 1.8 

ProA-CBD/rabbitAb + BA-MBP-Sso 21.6 ± 8.4 19.6 ± 2.7 
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5.5 Conclusions

In conclusion, engineered rcSso7d clones against ZNS1 showed comparable functionality to antibod-

ies in cellulose-based assays. We found that, in almost all instances, the LOD of the rcSso7d-based

assay was similar to or better than antibody-based assays. Furthermore, larger sample volumes

provided greater improvement in the sensitivity of the rcSso7d sandwich assay compared to the

antibody-based and hybrid assays. We also developed a method to immobilize antibodies on non-

functionalized cellulose surfaces via a protein A fused with a cellulose-binding domain. This con-

struct reduced processing time compared to using oxidized cellulose and can be used to develop

hybrid assays when a well-validated capture antibody is available. Finally, the rcSso7d sandwich

and ProA-CBD hybrid assays functioned equally well in buffer and 100% human serum without a

reduction in LOD as previously reported in other assays using antibodies or aptamers.7,9,12

rcSso7d affinity reagents have been demonstrated to yield similar diagnostic performance as anti-

bodies, with the added benefits of thermal stability, inexpensive production, and facile incorporation

of new properties via fusion proteins. New rcSso7d variants can also be generated against other tar-

get disease biomarkers via straightforward in vitro development processes (see Chapter 4).31 These

non-antibody proteins may be used in rapid diagnostic tests for diseases such as ZIKV. Due to the

lack of interest in ZIKV until recent years, the clinically relevant concentration of ZNS1 in patient

samples is still largely unknown. However, studies suggest NS1 concentrations in ZIKV patients are

lower than in DENV patients,41 which is reported at levels from the high picomolar range to the

high micromolar range.42,43 Future work will focus on investigating signal amplification methods

to match the LOD of these rcSso7d-based immunoassays to clinically relevant levels. The present

finding that rcSso7d-based assays can yield equivalent diagnostic performance to antibody-based

assays suggest that rcSso7d can be employed as a promising alternative scaffold to develop rapid

diagnostic tests that meet the WHO ASSURED criteria.

5.6 Supplemental information

5.6.1 Quadratic least squares regression

For each of the assay configurations, we analyzed the titration curves for the small (10 µL) and large

(100 µL) biomarker volumes (Figure 5.6). The data points have been subtracted by the background

signal (negative control; in the absence of biomarker) plus three times the standard deviation. Using

quadratic least squares regression, we conducted a fitted curve analysis for each titration curve to

get 𝑅2 values close to 1. We generated the curve fit equation (𝑦 = 𝐴𝑥2 + 𝐵𝑥 + 𝐶, where 𝑦 is the

background adjusted MFI values, 𝑥 is the concentration of biomarker in nM, and 𝐴, 𝐵 and 𝐶 are

the parameters). We used the resulting fit equation to determine the x-intercept, which represents

the limit of detection (nM) of each titration curve, defined as the minimum concentration at which
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Figure S1. Titration curves for (A) rcSso7d full sandwich using rcSso7d-CBD as capture and b-

MBP-rcSso7d as reporter, (B) antibody full sandwich assay using mouseAb as capture and bAb 

as reporter, (C) antibody full sandwich assay using rabbitAb as capture and bAb as reporter, (D) 

antibody-rcSso7d hybrid sandwich assay using ProA-CBD with rabbitAb as capture and b-MBP-

rcSso7d as reporter, and (E) rcSso7d-antibody hybrid sandwich assay using rcSso7d-CBD as 

capture and bAb as reporter for ZNS1 with 10 μL (yellow) and 100 μL (blue) biomarker 

volumes. Curves are plotted in semi-log scale and fit to a quadratic least squares regression curve 

(dashed lines). The resulting curve fit equations and 𝑅2 values are displayed on the plot. Each 

point represents an average of four replicates with the error bars representing the standard 

deviations of each point.   

Figure 5.6. Titration curves for (A) rcSso7d full sandwich using rcSso7d-CBD as capture and b-MBP-
rcSso7d as reporter, (B) antibody full sandwich assay using mouseAb as capture and bAb as reporter, (C)
antibody full sandwich assay using rabbitAb as capture and bAb as reporter, (D) antibody-rcSso7d hybrid
sandwich assay using ProA-CBD with rabbitAb as capture and b-MBP-rcSso7d as reporter, and (E) rcSso7d-
antibody hybrid sandwich assay using rcSso7d-CBD as capture and bAb as reporter for ZNS1 with 10 µL
(yellow) and 100 µL (blue) biomarker volumes. Curves are plotted in semi-log scale and fit to a quadratic
least squares regression curve (dashed lines). The resulting curve fit equations and 𝑅2 values are displayed
on the plot. Each point represents an average of four replicates with the error bars representing the standard
deviations of each point.

signal can be distinguished from the background with probability.35,44 In order to calculate the error

values for the limit of detection, we fit each set of titration values of the four replicates to a quadratic

fit, used the fit equations to determine the limits of detection for each replicate, and then calculated

the standard deviation of the replicates. The quadratic curve fit was chosen for calculation of

limits of detection because it gave better agreement with the data at the concentrations around the

detection limit. Figure 5.6 represents the same data shown in the main text figures.
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5.6.2 Linear least squares regression for assessment of sensitivity

Sensitivity of an assay can be determined by the slope of the titration curve, which explains the

ability of the assay to distinguish between small changes in concentration of the biomarker.35 For

each of the assay configurations, we analyzed the titration curves for the small (10 µL) and large

(100 µL) biomarker volumes (Figure 5.7). The data points have been subtracted by the background

10 

 

 

Figure S2. Titration curves for (A) rcSso7d full sandwich using rcSso7d-CBD as capture and b-

MBP-rcSso7d as reporter, (B) antibody full sandwich assay using mouseAb as capture and bAb 

as reporter, (C) antibody full sandwich assay using rabbitAb as capture and bAb as reporter, (D) 

antibody-rcSso7d hybrid sandwich assay using ProA-CBD with rabbitAb as capture and b-MBP-

rcSso7d as reporter, and (E) rcSso7d-antibody hybrid sandwich assay using rcSso7d-CBD as 

capture and bAb as reporter for ZNS1 with 10 μL (yellow) and 100 μL (blue) biomarker 

volumes. Curves are plotted in linear scale and fit to a linear least squares regression curve 

(dashed lines). The resulting curve fit equations and 𝑅2 values are displayed on the plot. Each 

point represents an average of four replicates with the error bars representing the standard 

deviations of each point.  

  

Figure 5.7. Titration curves for (A) rcSso7d full sandwich using rcSso7d-CBD as capture and b-MBP-
rcSso7d as reporter, (B) antibody full sandwich assay using mouseAb as capture and bAb as reporter, (C)
antibody full sandwich assay using rabbitAb as capture and bAb as reporter, (D) antibody-rcSso7d hybrid
sandwich assay using ProA-CBD with rabbitAb as capture and b-MBP-rcSso7d as reporter, and (E) rcSso7d-
antibody hybrid sandwich assay using rcSso7d-CBD as capture and bAb as reporter for ZNS1 with 10 µL
(yellow) and 100 µL (blue) biomarker volumes. Curves are plotted in linear scale and fit to a linear least
squares regression curve (dashed lines). The resulting curve fit equations and 𝑅2 values are displayed on
the plot. Each point represents an average of four replicates with the error bars representing the standard
deviations of each point.

signal (negative control; in the absence of biomarker) plus three times the standard deviation.

Using linear least squares regression, we conducted a fitted line through the lower concentration

linear range for each titration curve to get 𝑅2 values close to 1. We generated the curve fit equation

(𝑦 = 𝑚𝑥+ 𝑏, where 𝑦 is the background adjusted MFI values, 𝑥 is the concentration of biomarker

in nM, and 𝑚 and 𝑏 are the parameters) and used the resulting slopes (m) from the fit equation to
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compare the change in assay sensitivity from increase in biomarker volume from 10 to 100 µL. The

values were calculated by dividing the slope of the 100 µL titration data by the slope of the 10 µL

titration data. In order to calculate the error values for the fold sensitivity improvement, we fit each

set of titration values of the four replicates to a linear fit, calculated the standard deviation of the

slopes for the replicates, and then calculated the error propagation using the standard deviations.

Figure 5.7 represents the same data shown in the above section, as well as in the main text figures,

but represented on a linear scale instead of a log-based scale.

5.6.3 Protein sequences

Sequences for b-MBP-SsoZNS1.E1 and SsoZNS1.E2-CBD can be found in Section 4.7.3.

ProA-CBD

Orange indicates CBD sequence and blue indicates protein A sequence.

MGSSHHHHHHSSGLVPRGSHMVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAE

AKKLNDAQAPKVDNKFNKEQQNAFYEILHLPNLNEEQRNAFIQSLKDDPSQSANLLAEAKKLNGAQAPKGS

GGGGSGGGGSGGGGSPVSGNLKVEFYNSNPSDTTNSINPQFKVTNTGSSAIDLSKLTLRYYYTVDGQKDQT

FWCDHAAIIGSNGSYNGITSNVKGTFVKMSSSTNNADTYLEISFTGGTLEPGAHVHIQGRFAKNDWSNYTQ

SNDYSFKSASQFVEWDQVTPYLNGVLVWGKEP
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Chapter 6

Engineered binding proteins for pan-malarial

diagnostics

6.1 Abstract

Rapid diagnostics tests have been investigated as a method for fast and low-cost detection of malaria.

Plasmodium lactate dehydrogenase (pLDH) is a promising diagnostic biomarker since it is present in

all five strains of malaria and correlates with parasite density. Here, we use the alternative binding

scaffold called rcSso7d in a yeast-surface display library using directed evolution techniques. We

incorporated three different pLDH variants—P. falciparum (pfLDH), P. vivax (pvLDH), and P.

knowlesi (pkLDH)—in the selection processes in order to target a common epitope for pan-pLDH

detection. The identified rcSso7d clones show potential for use in rapid diagnostic tests for pan-

malarial diagnostics for rapid triage of patients presenting febrile symptoms.

6.2 Introduction

The World Health Organization (WHO) reported an estimated 228 million cases of malaria and

approximately 405,000 deaths from malaria worldwide in 2018.1 Malaria is caused by a Plasmodium

parasite that is transmitted by mosquitoes. Five different strains of malaria are currently identified

that infect humans: Plasmodium falciparum, vivax, knowlesi, ovale, and malariae. Symptoms for

malaria are similar to other febrile illnesses, and they include fever, headache, and chills.1 How-

ever, if the disease is left untreated, it can rapidly progress into severe malaria, which can lead

to coma, organ failure, and death.2 Fortunately, malaria is treatable and—if diagnosed prior to

disease progression to severe malaria—patients are expected to make a full recovery with proper

administration of antimalarial drugs, such as artemisinin-based combination therapies (ACTs) or

chloroquine.2 Unfortunately, timely and accurate diagnosis is not always readily available in areas

plagued by malaria, and many of these areas will then treat febrile patients with antimalarial drugs
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prior to proper diagnosis. This practice contributes to the overuse of antimalarial drugs, which

increases the spread of antimalarial drug resistance.1,2

Diagnosis of malaria has traditionally been conducted using light microscopy of thick and thin

blood films,2 which can be rapid and inexpensive but requires proper laboratory equipment and a

trained technician for analysis of the results. Increasingly, rapid diagnostic tests (RDTs) have been

developed as a method for rapid, inexpensive, and simple detection of malaria without requiring

trained personnel.3–5 These immunoassay-based tests involve the use of binding reagents to capture

and label the target disease biomarker if it is present in the patient sample. Although antibodies

are commonly used as the binding reagents, alternative scaffolds such as the reduced-charge Sso7d

(rcSso7d) protein have been investigated for use in diagnostic tests due to their low-cost production

and inherent thermal stability.6

Histidine-rich protein 2 (HRP2) and plasmodium lactate dehydrogenase (pLDH) are two common

biomarkers targeted for malarial diagnostics.3–5,7,8 Many HRP2-based RDTs have been developed

that perform well with high sensitivity, specificity, and stability;4 unfortunately, HRP2 is a P.

falciparum specific biomarker and has been reported to persist in the bloodstream even after parasite

clearance.7 Furthermore, mutations resulting in deletions in the pfhrp2/3 gene have led to ineffective

diagnosis using HRP2-based tests.9 On the other hand, pLDH is present in all five malarial strains

with high sequence identity among all the different strains;8,10 therefore, this biomarker can be

used to detect all strains of malaria. Studies have demonstrated that high levels of pLDH correlate

with parasite density, indicating that pLDH is a promising biomarker for malaria detection.11,12

Furthermore, pLDH is cleared from the bloodstream with parasite clearance;7 therefore, it can

be used to determine effectiveness of treatments. Unfortunately, pLDH-based RDTs with high

sensitivity and stability are still lacking, as determined by the WHO product testing of malaria

RDTs.4 Therefore, there is a need for improved diagnostic tests that target malarial pLDH for

pan-malarial detection.

Here, we developed an rcSso7d-based binding protein that binds to the different pLDH variants

of P. falciparum (pfLDH), P. vivax (pvLDH), and P. knowlesi (pkLDH). Using a yeast-surface

displayed library of ∼109 different rcSso7d variants, we conducted magnetic bead selections and

flow cytometry sorts using all three biomarker variants in alternation. By incorporating the pfLDH,

pvLDH, and pkLDH variants during the selection processes, we ensured that pan-LDH binding

proteins would emerge from the rcSso7d library. We identified two unique rcSso7d clones that

bind to all three pLDH biomarkers, signifying that they may be used to develop pan-malaria rapid

diagnostic tests.
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6.3 Materials and methods

6.3.1 Commercial reagents

Primary labeling reagents and dilutions (bold) used were: chicken anti-HA (AHA; 1:1000) from Ex-

alpha Biologicals and mouse anti-6x-His (clone MA1-21315, HIS.H8; 1:1000) from Thermo Fisher

Scientific. Secondary detection reagents were goat anti-mouse AlexaFluor (AF) 647 (A-21235;

1:1000), goat anti-chicken AF488 (A-11039; 1:1000), and streptavidin AF647 (S-21374; 1:1000)

from Thermo Fisher Scientific. Magnetic bead selections were conducted using HisPur NiNTA Mag-

netic Beads (88831) from Thermo Fisher Scientific. Recombinant human lactate dehydrogenase B

(hLDH-B; NBP1-45281) was purchased from Novus Biologicals.

A plasmid containing the pfLDH sequence (strain 3D7; VG40303-G) was purchased from Sino

Biologicals. pET28b(+) plasmids containing BA-pvLDH (BA: in vivo biotin acceptor sequence)

and BA-pkLDH sequences were codon-optimized and synthesized from GeneWiz.

6.3.2 Production of recombinant biomarkers

The plasmid construct for BA-pfLDH was developed following protocols as described previously6,13

(Section 2.3). The pfLDH construct was purchased from Sino Biologicals. Briefly, polymerase chain

reaction (PCR) was conducted on pfLDH using the primers listed in Table 6.1 with an annealing

temperature of 58.1 ∘C. We used the pET28b(+)-BA-MBP-rcSso7d.TB plasmid backbone from

Sung et al,13 which has an EcoRI restriction site between the BA and MBP-rcSso7d.TB and an

XhoI site after the rcSso7d.TB sequence. The PCR product and plasmid backbone were double

digested with EcoRI and XhoI restriction enzymes (New England Biolabs). Ligation was conducted

using T4 DNA ligase (New England Biolabs) and purified using the DNA Clean and Concentrator

Kit (Zymo Research) before transformation into DH5𝛼 E. coli via electroporation.

Table 6.1. Oligonucleotide sequences of primers used in the cloning of the BA-pfLDH construct.
#  Oligo Name DNA Sequence 

(EcoRI and XhoI, restriction sites) 

1 pfLDH-EcoRI-for 5’-CGTCCAGAATTCATGGCACCAAAAGCAAAAATCG-3’  

2 pfLDH-XhoI-rev 5’-CTACCTCGAGTTAAGCTAATGCCTTCATTCTCTTAGTTTCAGC-3’ 

 

 

 

 Number of occurrences after sequencing 

 FACS 5a sub-library FACS 5b sub-library 

Clone 1 3 6 

Clone 2 5 0 

Clone 3 3 2 

Clone 4 0 4 

Clone 5 1 1 

Clone 6 1 0 

Clone 7 1 0 
 

The plasmid constructs for pET28b(+)-BA-pvLDH and pET28b(+)-BA-pkLDH were codon-

optimized (see below for nucleic acid sequences, Section 6.6.3) and synthesized from GeneWiz.

BA-pfLDH, BA-pvLDH, and BA-pkLDH were expressed and purified as described previously6,13

(Section 2.3). All biomarker constructs were expressed in BL21(DE3) E. coli and induced with

0.5mM isopropyl 𝛽-D-1-thiogalactopyranoside (IPTG). The BA variants were supplemented with

free biotin during expression by adding 0.1mM D-biotin in 10mM bicine buffer to improve biotiny-

lation efficiency. After overnight expression at 20 ∘C, the cells were pelleted and lysed via sonication.
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The clarified lysate was used for purification via immobilized metal affinity chromatography (IMAC)

using HisTrap FF crude columns (GE Healthcare) since all of the recombinant proteins contain an

N-terminal 6x-histidine tag. After purification, the proteins were then buffer exchanged into 1x

PBS using Amicon Ultra Centrifugal Filters.

All purified proteins were quantified using a bicinchoninic acid (BCA) assay (Thermo Fisher

Scientific) and run on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), as

previously described13 (Section 2.3).

6.3.3 Selection against pLDH

Selections were conducted similar to a process described previously14 (Section 4.7.2). Briefly, Sac-

charomyces cerevisiae EBY100 containing the pCTCON2-rcSso7d combinatorial library (naïve di-

versity: ∼1.4×109 clones)15 were cultured and induced for surface expression. At least 20-fold of

the library diversity was used to ensure representation of every unique clone. Induced cells were

washed in PBSF (1x PBS with 0.1% bovine serum albumin, sterile filtered) twice before use. Yeast

populations were centrifuged at 2,000 xg for three minutes to pellet the cells gently.

Magnetic bead sorting (MBS) was conducted as previously described14 (Section 4.7.2). Briefly,

HisPur NiNTA beads were used to immobilize BA-pfLDH for positive MBS selections. At least 66

picomoles of BA-pfLDH was used per 1µL of beads (incubating at 4 ∘C on a rotary mixer for at

least 2 hours to coat the beads), and 3 µL of beads were used for at most 1.4 × 109 yeast cells.

Three rounds of positive MBS were conducted by incubating the induced yeast cells with the coated

magnetic beads at 4 ∘C on a rotary mixer for at least 2 hours, and any unbound cells were discarded.

For the second and third round of MBS, a round of negative MBS was conducted prior to the positive

MBS by incubating the yeast population with bare HisPur NiNTA beads at 4 ∘C on a rotary mixer

for at least 2 hours. The unbound cells were collected and immediately used for positive MBS.

Yeast cells were outgrown in SDCAA media between each round of selection.

Fluorescence-activated cell sorting (FACS) was conducted as previously described6,14 (Sec-

tion 4.7.2). For FACS 1, the induced sub-library following MBS was incubated with 100 nM of

BA-pfLDH with SA AF647. For FACS 2, the sub-library was incubated with 100 nM of BA-pvLDH

with SA AF647. For FACS 3, due to the increase in binding signal to the labeling reagent (SA

AF647), a round of negative sort was conducted against SA AF647, following protocols as outlined

previously14 (Section 4.7.2). For this negative sort, the sub-library was labeled with SA AF647

and the population of cells that did not show positive binding signal was collected. These collected

cells were immediately re-labeled for positive sorting, using 100 nM of BA-pkLDH with SA AF647.

Alternating among the different pLDH biomarkers allows for selective pressure of binding clones

against all three variants.

Prior to FACS 4, the sub-library was analyzed for binding against all three pLDH variants,
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using 10 nM of respective pLDH biomarker in separate samples. Based on the binding signal, the

population had been significantly enriched for strong pfLDH binding clones. Therefore, to introduce

more selective pressure towards clones with high affinity towards pvLDH and pkLDH as well, two

parallel sorts were conducted. FACS 4a used 10 nM of BA-pvLDH for selection while FACS 4b used

10 nM of BA-pkLDH for selection.

For FACS 5, both sub-library populations (FACS 4a and 4b) were first subjected to a negative

sort against SA AF647. The sub-libraries were then analyzed for binding against all three pLDH

variants, using 2.5 nM of each respective pLDH biomarker in separate samples. Based on the binding

signal, the post-FACS 4a population was sorted using 2.5 nM of BA-pkLDH (FACS 5a), and the

post-FACS 4b population was sorted using 2.5 nM of BA-pvLDH (FACS 5b).

For all flow cytometry preparations, primary incubation steps were conducted at room temper-

ature for 25-30 minutes, except when the biomarker concentration was low enough to require longer

incubation times to reach equilibrium. Secondary incubation steps were conducted at 4 ∘C for 15-20

minutes. The HA tag was used for label for surface expression levels, using chicken anti-HA followed

by goat anti-chicken AF488. After each labeling step, cells were washed with 1mL of PBSF.

Sorting was conducted on a BD FACS Aria using the FACS Diva software, detecting the fluores-

cence of AF647 (excitation 640 nm, emission 670/30 nm) and AF488 (excitation 488 nm, emission

582/15 nm). Data was analyzed using FlowJo software.

6.3.4 rcSso7d clonal analysis

After FACS 5, the yeast sub-libraries were sequenced to assess library diversity, as described pre-

viously6,14 (Section 4.7.2). Briefly, the sub-libraries were miniprepped using the ZymoPrep Yeast

Miniprep II kit, and the plasmid products were transformed into DH5𝛼 E. coli and plated on LB-

ampicillin agar plates. Ten to twenty bacterial colonies were picked and sent off for sequencing via

GeneWiz. Unique clones were identified and the pCTCON2 plasmids for those clones were trans-

formed back into S. cerevisiae EBY100 using the Frozen-EZ Yeast Transformation II Kit (Zymo

Research) and stored in S. cerevisiae cell stocks in −70 ∘C.

Unique clones were analyzed using flow cytometry. Samples were prepared following a similar

protocol as for sorting. Each clone was challenged with 10 nM of BA-pfLDH, BA-pvLDH, or BA-

pkLDH, followed by SA AF647. Each clone was also challenged with 500 nM of human LDH-B to

assess off-target binding.
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6.4 Results and discussion

6.4.1 Plasmodium LDH as a target biomarker

In this study, we used the rcSso7d scaffold as the binding protein in a combinatorial library of ap-

proximately 1.4× 109 variants in a standard yeast-surface display library.15 These affinity reagents

have a structurally isolated binding face that have been mutated to introduce new binding charac-

teristics (Figure 6.1A).6,14–18 The Saccharomyces cerevisiae yeast cells each encode for a different

mutant variant of the rcSso7d binding scaffold, and the yeast can be induced to express these mu-

tants on their surface via Aga1p-Aga2p linkage using the yeast’s native a-agglutinin cell-surface

receptor (Figure 6.1B).19 This method links the genetic material encoding the specific rcSso7d vari-

ant to the physical binding characteristics of the variant, allowing researchers to select for high

affinity binding clones and then extract the genetic code for that protein mutant.

In order to develop a pan-malarial binding variant, we used the plasmodium lactate dehydroge-

nase (pLDH) protein biomarkers from three of the malaria strains: P. falciparum (pfLDH), P. vivax

(pvLDH), and P. knowlesi (pkLDH) (Figure 6.1C). These pLDH variants have approximately >90%

sequential homology (Figure 6.1D). One study had used a 15-amino acid region that is conserved

among all pLDH variants and not present in human LDH (pfLDH: 85-99, APGKSDKEWNRDDLL;

Figure 6.1C, red; Figure 6.1D, bolded) to develop a potentially pan-pLDH antibody against that

peptide.20 However, our initial attempts to use this conserved peptide for our selection processes did

not yield any positive binding variants, potentially due to the small size of the peptide.16 Therefore,

we used the full length pLDH proteins for selections.

We created the gene constructs for pfLDH, pvLDH, and pkLDH in a pET28b(+) bacterial ex-

pression vector with an N-terminal hexahistidine tag (6x-His) for purification and labeling purposes,

followed by a biotin acceptor sequence (BA) for biomarker labeling during selections. We expressed

each of these constructs in BL21(CE3) E. coli and purified the proteins using immobilized metal

affinity chromatography (IMAC) as described previously.6 The proteins were quantified using a

bicinchoninic acid (BCA) assay and visualized to ensure purity using an SDS-PAGE (Supplemental

Figure 6.5).

6.4.2 Selection of rcSso7d variants against pLDH

In order to identify high affinity rcSso7d variants against pan-pLDH, we first refined the rcSso7d

yeast library over three rounds of magnetic bead sorting to enrich the library with rcSso7d variants

with any affinity against pLDH. We used HisPur NiNTA magnetic beads to immobilize the His-

tagged BA-pfLDH biomarker during the magnetic bead sorts. Before the second and third round

of magnetic bead sorts, we also incorporated negative selections against the bare NiNTA beads to

remove any nonspecific binding clones. This process reduced the library size by approximated two
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A B

SS

Aga1p

Yeast cell wall

rcSso7d

Aga2p

HA tag

c-Myc tag

SS

Isolated binding face

pfLDH MAPKAKIVLVGSGMIGGVMATLIVQKNLGDVVLFDIVKNMPHGKALDTSHTNVMAYSNCK 60

pvLDH MTPKPKIVLVGSGMIGGVMATLIVQKNLGDVVMFDVVKNMPQGKALDTSHSNVMAYSNCK 60

pkLDH MAPKPKIVLVGSGMIGGVMATLIVQKNLGDVVMFDVVKNMPQGKALDTSHSNVMAYSNCK 60

*:** ***************************:**:*****:********:*********

pfLDH VSGSNTYDDLAGADVVIVTAGFTKAPGKSDKEWNRDDLLPLNNKIMIEIGGHIKKNCPNA 120

pvLDH VTGSNSYDDLKGADVVIVTAGFTKAPGKSDKEWNRDDLLPLNNKIMIEIGGHIKNLCPNA 120

pkLDH VTGSNSYEDLEGADVVIVTAGFTKAPGKSDKEWNRDDLLPLNNKIMIEIGGHIKKLCPNA 120

*:***:*:** *******************************************: ****

pfLDH FIIVVTNPVDVMVQLLHQHSGVPKNKIIGLGGVLDTSRLKYYISQKLNVCPRDVNAHIVG 180

pvLDH FIIVVTNPVDVMVQLLFEHSGVPKNKIIGLGGVLDTSRLKYYISQKLNVCPRDVNALIVG 180

pkLDH FIIVVTNPVDVMVQLLFEHSGVPKNKIIGLGGVLDTSRLKYYLSQKLNVCPRDVNALIVG 180

****************.:************************:************* ***

pfLDH AHGNKMVLLKRYITVGGIPLQEFINNKLISDAELEAIFDRTVNTALEIVNLHASPYVAPA 240

pvLDH AHGNKMVLLKRYITVGGIPLQEFINNKKITDEEVEGIFDRTVNTALEIVNLLASPYVAPA 240

pkLDH AHGNKMVLLKRYITVGGIPLQEFINNKKITDEEVEAIFDRTVNTALEIVNLLASPYVAPA 240

*************************** *:* *:*.*************** ********

pfLDH AAIIEMAESYLKDLKKVLICSTLLEGQYGHSDIFGGTPVVLGANGVEQVIELQLNSEEKA 300

pvLDH AAIIEMAESYLKDIKKVLVCSTLLEGQYGHSNIFGGTPLVIGGTGVEQVIELQLNAEEKT 300

pkLDH AAIIEMAESYLKDIKKVLVCSTLLEGQYGHKNIFGGTPLVIGGTGVEQVIELQLTAEEKA 300

*************:****:***********.:******:*:*..**********.:***:

pfLDH KFDEAIAETKRMKALA 316

pvLDH KFDEAVAETKRMKALI 316

pkLDH KFDEAVAETKRMKALA 316 

*****:********* 

C

D

Conserved region

Figure 6.1. A) Protein ribbon structure of rcSso7d (PDB: 1SSO). The isolated binding face is indicated in
red. B) Schematic of the yeast surface display complex. rcSso7d is expressed with HA/c-Myc epitope tags
and genetically fused to the Aga2p protein, which is linked to Aga1p in the cell wall via disulfide bonds.
C) Protein ribbon structure of pfLDH (PDB: 2A94), with the conserved epitope highlighted in red. D)
Clustal Omega sequence alignment of pfLDH, pvLDH, and pkLDH. Bolded sequence indicates the common
plasmodial epitope.

orders of magnitude.

To further enrich for higher affinity clones that target a pan-pLDH epitope, we moved to further

selections with five rounds of fluorescence-activated cell sorting (FACS). In FACS, we used the

biotinylated variants of pfLDH, pvLDH, and pkLDH with streptavidin AF647 (SA AF647) to label

for biomarker binding, while we used antibodies against the HA tag on the surface-displayed yeast

for rcSso7d expression. As shown in Figure 6.2A, we alternated among the different pLDH strains
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for the first three sorts (FACS 1 with pfLDH, FACS 2 with pvLDH, and FACS 3 with pkLDH;

each with 100 nM of biomarker), including a counter-selection step immediately prior to FACS

3 in order to remove off-target binding against the labeling reagents, as described previously.14

Figure 6.2B shows the slight increase in off-target binding to SA AF647 during FACS 2, the high

level of off-target to SA AF647 prior to FACS 3, and the reduced off-target binding after FACS 3.

FACS 1

100 nM pfLDH

FACS 2

100 nM pvLDH
FACS 3

100 nM pkLDH

FACS 3

Negative (SA)
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Figure 6.2. Selection for pan-pLDH (FACS 1, 2, and 3). A) General schematic of FACS selection process
for pan-pLDH, demonstrating that the selective pressure for the target is alternated from pfLDH to pvLDH
to pkLDH for the first three round of FACS. B) FACS dot plots for selection against pfLDH (round 1),
pvLDH (round 2), and pkLDH (round 3), showing the plots for the sub-libraries with (above) and without
(below) the biomarker. A round of negative sort (against SA AF647) was conducted prior to the positive
sort for FACS 3. Gates drawn indicate the gates used for sorting.

Prior to FACS 4, we assessed the binding population of the sub-library for pan-pLDH binding

clones, and we found that a significant portion of the library showed strong binding signal to all

three pLDH variants (Figure 6.3A). Since the sub-library showed a small portion of non-binding

clones against pvLDH and many weaker affinity clones against pkLDH, we collected two separate
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sub-populations from FACS 4. FACS 4a used pvLDH for selections and FACS 4b used pkLDH for

selections, thus applying selective pressure against pvLDH and pkLDH, respectively.

A

B

Control 10 nM pfLDH
FACS 4b

10 nM pkLDH

FACS 4a

10 nM pvLDH

Control 2.5 nM pfLDH 2.5 nM pkLDH2.5 nM pvLDH
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Figure 6.3. Selection for pan-pLDH (FACS 4 and 5). A) FACS dot plots for the post-FACS 3 sub-population
labeled with all three biomarkers. The populations labeled with pvLDH and pkLDH were gated and sorted
(FACS 4a and FACS 4b, respectively). B) FACS dot plots for the post-FACS 4a (above) and 4b (below)
sub-populations labeled with all three biomarkers. FACS 5a was conducted using the post-FACS 4a sub-
population, labeled with pkLDH (above). FACS 5b was conducted using the post-FACS 4b sub-population,
labeled with pvLDH (below). Gates drawn indicate the gates used for sorting.

Prior to FACS 5, we again evaluated the binding signal of the two sub-libraries for pan-pLDH

against all three pLDH variants (Figure 6.3B). Population post-FACS 4a had been sorted using

pvLDH in the last FACS round to remove the portion of non-binding clones against pvLDH and

now showed strong binding against pfLDH and pvLDH. However, this led to a trade-off, resulting

in weaker affinity against pkLDH. Therefore, for FACS 5, we collected the sub-population using

pkLDH for selections apply selective pressure against clones with higher affinity towards pkLDH

(FACS 5a).

On the other hand, we had sorted population post-FACS 4b using pkLDH in the last FACS

round to apply selective pressure against pkLDH, resulting in a sub-library with stronger binding to

pkLDH than the post-FACS 4a sub-library. However, post-FACS 4b also had a significant proportion

of cells that showed non-binding to pvLDH since we had applied selective pressure for pkLDH rather
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than against pvLDH to collect the positive binding clones against pvLDH. Therefore, for FACS 5,

we also collected the sub-population of cells that showed positive binding to pvLDH using this

sub-library (FACS 5b).

6.4.3 Analysis of sub-libraries and unique clones

In order to assess the diversity of the resulting sub-populations, we then sequenced a subset of both

post-FACS 5 sub-libraries (Supplemental Table 6.2) and identified seven unique rcSso7d clones

(Supplemental Table 6.3). We characterized all seven clones by challenging each clone in a yeast-

surface display format against 10 nM of pfLDH, pvLDH, or pkLDH. We also challenged the clones

to 500 nM of human LDH-B to identify whether the rcSso7d clones exhibit off-target binding. We

found that two of the clones had strong binding signal against all three pLDH variants, while

the other clones demonstrated weak binding against either pvLDH or pkLDH (Figure 6.4A and

Supplemental Figure 6.6). Though one clone exhibited nonspecific binding to the labeling antibodies

(Supplemental Figure 6.6), all of the others did not show nonspecific signal to any of the labeling

reagents or human LDH-B (Figure 6.4B and Supplemental Figure 6.6).

500 nM hLDH-B10 nM pfLDH 10 nM pkLDH10 nM pvLDH
A B

Sso.pLDH.1

Sso.pLDH.4

Figure 6.4. FACS histograms of select identified Sso.pLDH clones (above: clone 1; below: clone 4) chal-
lenged with (A) 10 nM of pfLDH, pvLDH, or pkLDH; or (B) 500 nM of human LDH-B. Red indicates
presence of biomarker; blue indicates labeling without biomarker present.

By incorporating pfLDH during the magnetic bead sorts and the first round of FACS, we may

have enriched for strong binding against pfLDH in particular, as seen by the higher binding signal

with pfLDH. Nonetheless, we have demonstrated the ability to engineer binding clones that target

all variants of a biomarker by incorporating all variants of the biomarker during the selection

processes. The two identified rcSso7d clones are promising affinity reagents for use in pan-pLDH

malarial diagnostics.
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6.5 Conclusions

In summary, we used the P. falciparum, P. vivax, and P. knowlesi variants of plasmodium lactate

dehydrogenase in order to identify rcSso7d clones from a combinatorial yeast surface display library

that bind to a epitope conserved across all three pLDH variants. We have demonstrated that the

yeast surface display platform—and likely other in vitro display platforms—can be manipulated to

target conserved epitopes of different biomarkers by including selective pressure for the different

variants during the selection processes. For more efficient selection of binding proteins that target

conserved epitopes, incorporation of all of the different biomarkers—each with a different tag (e.g.

biotin, His-tag) and different fluorophores for each tag—during FACS could allow for simultaneous

labeling of the sub-library21 to sort yeast clones that directly demonstrate binding to all biomarker

variants rather than in a sequential manner for each biomarker one at a time.

Future work will focus on testing the identified pan-malarial rcSso7d clones against clinical

samples to determine their utility in detection of malaria. By engineering affinity reagents targeting

a conserved epitope of the pLDH biomarker, we have enabled the development of pan-malarial

diagnostic tests that can be used for rapid triage of malaria in patients presenting generic febrile

symptoms. The development of a pan-malarial test can ensure proper treatment is administered,

which can tackle the growing issue of antimicrobial resistance.

6.6 Supplemental information

6.6.1 SDS-PAGE gel

Supplemental Figure 6.5 shows the SDS-PAGE gel image for BA-pfLDH, BA-pvLDH, and BA-

pkLDH after protein purification and buffer exchange into 1x PBS. BA-pfLDH was collected into
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Figure 6.5. SDS-PAGE gel images for BA-pfLDH, BA-pvLDH, and BA-pkLDH after purification on Ni-
NTA columns.

two fractions and fraction #2 was used for selections based on purity of the product. BA-pvLDH
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was collected into four fractions, and fraction #4 was used for selections since it had lower levels of

impurities. BA-pkLDH was collected into one fraction and demonstrated high purity.

6.6.2 Analysis of rcSso7d clones

Supplemental Table 6.2 shows the number of occurrences of each identified rcSso7d clone after

sequencing a subset of clones from the sub-libraries. Supplemental Table 6.3 shows the binding face

sequences of the identified rcSso7d clones from pan-LDH selections.

Table 6.2. Number of occurrences of each identified unique clone after sequencing the FACS 5a and FACS
5b sub-library populations.

#  Oligo Name DNA Sequence 

(EcoRI and XhoI, restriction sites) 

1 pfLDH-EcoRI-for 5’-CGTCCAGAATTCATGGCACCAAAAGCAAAAATCG-3’  

2 pfLDH-XhoI-rev 5’-CTACCTCGAGTTAAGCTAATGCCTTCATTCTCTTAGTTTCAGC-3’ 

 

 

 

 Number of occurrences after sequencing 

 FACS 5a sub-library FACS 5b sub-library 

Clone 1 3 6 

Clone 2 5 0 

Clone 3 3 2 

Clone 4 0 4 

Clone 5 1 1 

Clone 6 1 0 

Clone 7 1 0 
 

Table 6.3. Amino acid sequences for the binding face of each unique rcSso7d clone identified.

#  Oligo Name DNA Sequence 

(EcoRI and XhoI, restriction sites) 

1 pfLDH-EcoRI-for 5’-CGTCCAGAATTCATGGCACCAAAAGCAAAAATCG-3’  

2 pfLDH-XhoI-rev 5’-CTACCTCGAGTTAAGCTAATGCCTTCATTCTCTTAGTTTCAGC-3’ 

 

 

 

 Number of occurrences after sequencing 

 FACS 5a sub-library FACS 5b sub-library 

Clone 1 3 6 

Clone 2 5 0 

Clone 3 3 2 

Clone 4 0 4 

Clone 5 1 1 

Clone 6 1 0 

Clone 7 1 0 
 

 

Clone Binding face sequence 

Sso.pLDH.1 IRIWAPHWI 

Sso.pLDH.2 HIYWGKRII 

Sso.pLDH.3 YWAYHDSYW 

Sso.pLDH.4 AAWNAAKYG 

Sso.pLDH.5 YIYHGKYIY 

Sso.pLDH.6 AIYHGKSIY 

Sso.pLDH.7 AAYYIRHYW 

 

Supplemental Figure 6.6 shows the results after challenging each unique clone against 10 nM of

pfLDH, 10 nM of pvLDH, 10 nM of pkLDH, or 500 nM of human LDH-B. Clones 1 and 4 demonstrate

binding to all three pLDH variants. Clones 2, 5, and 6 show reduced binding signal to pkLDH. Clone

3 shows minimal binding signal when challenged with pvLDH. Clone 7 shows off-target binding to

the anti-His antibodies used for labeling human LDH-B.

6.6.3 Nucleic acid and amino acid sequences

BA-pfLDH

Nucleic acid sequence:

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGC

GGGCGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCG
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Figure 6.6. FACS histograms of identified Sso.pLDH clones (in order from top to bottom: clones 1, 2, 3,
4, 5, 6, and 7) challenged with 10 nM of pfLDH, 10 nM of pvLDH, 10 nM of pkLDH, or 500 nM of human
LDH-B. Red indicates presence of biomarker; blue indicates labeling without biomarker present.

GTGGTGGCGGTTCAGAATTCATGGCACCAAAAGCAAAAATCGTTTTAGTTGGCTCAGGTATGATTGGAGGA

GTAATGGCTACCTTAATTGTTCAGAAAAATTTAGGAGATGTAGTTTTGTTCGATATTGTAAAGAACATGCC
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ACATGGAAAAGCTTTAGATACATCTCATACTAATGTTATGGCATATTCAAATTGCAAAGTAAGTGGTTCAA

ACACTTATGACGATTTGGCTGGAGCAGATGTAGTAATAGTAACAGCTGGATTTACCAAGGCCCCAGGAAAG

AGTGACAAAGAATGGAATAGAGATGATTTATTACCATTAAACAACAAGATTATGATTGAAATTGGTGGTCA

TATTAAGAAGAATTGTCCAAATGCTTTTATTATTGTTGTAACAAACCCAGTAGATGTTATGGTACAATTAT

TACATCAACATTCAGGTGTTCCTAAAAACAAGATTATTGGTTTAGGTGGTGTATTAGATACATCAAGATTG

AAGTATTACATATCTCAGAAATTAAATGTATGCCCAAGAGATGTAAATGCACACATTGTAGGTGCTCATGG

AAATAAAATGGTTCTTTTAAAAAGATACATTACTGTAGGTGGTATCCCTTTACAAGAATTTATTAATAACA

AGTTAATTTCTGATGCTGAATTAGAAGCTATATTTGATAGAACTGTTAATACTGCATTAGAAATTGTAAAC

TTACATGCATCACCATATGTTGCACCAGCTGCTGCTATTATCGAAATGGCTGAATCCTACTTAAAAGATTT

GAAAAAAGTATTAATTTGCTCAACCTTGTTAGAAGGACAATATGGACACTCCGATATATTCGGTGGTACAC

CTGTTGTTTTAGGTGCTAATGGTGTTGAACAAGTTATCGAATTACAATTAAATAGTGAGGAAAAAGCTAAA

TTTGATGAAGCCATAGCTGAAACTAAGAGAATGAAGGCATTAGCTTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFMAPKAKIVLVGSGMI

GGVMATLIVQKNLGDVVLFDIVKNMPHGKALDTSHTNVMAYSNCKVSGSNTYDDLAGADVVIVTAGFTKAP

GKSDKEWNRDDLLPLNNKIMIEIGGHIKKNCPNAFIIVVTNPVDVMVQLLHQHSGVPKNKIIGLGGVLDTS

RLKYYISQKLNVCPRDVNAHIVGAHGNKMVLLKRYITVGGIPLQEFINNKLISDAELEAIFDRTVNTALEI

VNLHASPYVAPAAAIIEMAESYLKDLKKVLICSTLLEGQYGHSDIFGGTPVVLGANGVEQVIELQLNSEEK

AKFDEAIAETKRMKALA

BA-pvLDH

Nucleic acid sequence:

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGATGGC

GGGCGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTAGCG

GTGGTGGCGGTTCAGAATTCATGACCCCGAAACCGAAAATTGTTCTGGTTGGTAGCGGTATGATTGGTGGT

GTTATGGCAACCCTGATTGTTCAGAAAAATCTGGGTGATGTGGTGATGTTCGATGTCGTGAAAAATATGCC

GCAGGGTAAAGCACTGGATACCAGCCATAGCAATGTTATGGCCTATAGCAATTGTAAAGTGACCGGTAGCA

ATAGCTATGATGATCTGAAAGGTGCCGATGTTGTTATTGTTACCGCAGGTTTTACCAAAGCACCGGGTAAA

AGCGATAAAGAATGGAATCGTGATGATCTTCTGCCGCTGAACAACAAAATCATGATCGAAATTGGTGGCCA

CATCAAAAATCTGTGTCCGAATGCATTTATCATCGTTGTTACCAATCCGGTTGATGTTATGGTTCAGCTGC

TGTTTGAACATAGCGGTGTTCCGAAAAACAAAATTATCGGTTTAGGTGGTGTTCTGGATACCTCACGTCTG

AAATATTACATTAGCCAGAAACTGAATGTGTGTCCGCGTGATGTTAATGCACTGATTGTTGGTGCACATGG

CAATAAAATGGTTCTGCTGAAACGCTATATTACCGTTGGTGGTATTCCGCTGCAAGAATTTATCAATAACA

AGAAGATCACCGACGAAGAAGTGGAAGGCATTTTTGATCGTACCGTTAATACCGCACTGGAAATTGTTAAT

CTGCTGGCAAGCCCGTATGTTGCACCGGCAGCAGCAATTATTGAAATGGCAGAAAGCTATCTGAAAGATAT

CAAAAAAGTTCTGGTTTGCAGCACCCTGCTGGAAGGTCAGTATGGTCATAGCAACATTTTTGGTGGTACAC
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CGCTGGTTATTGGTGGCACCGGTGTTGAACAGGTTATTGAACTGCAGCTGAATGCAGAAGAGAAAACCAAA

TTTGATGAAGCAGTTGCCGAAACCAAACGTATGAAAGCACTGATTTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMMAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFMTPKPKIVLVGSGMI

GGVMATLIVQKNLGDVVMFDVVKNMPQGKALDTSHSNVMAYSNCKVTGSNSYDDLKGADVVIVTAGFTKAP

GKSDKEWNRDDLLPLNNKIMIEIGGHIKNLCPNAFIIVVTNPVDVMVQLLFEHSGVPKNKIIGLGGVLDTS

RLKYYISQKLNVCPRDVNALIVGAHGNKMVLLKRYITVGGIPLQEFINNKKITDEEVEGIFDRTVNTALEI

VNLLASPYVAPAAAIIEMAESYLKDIKKVLVCSTLLEGQYGHSNIFGGTPLVIGGTGVEQVIELQLNAEEK

TKFDEAVAETKRMKALI

BA-pkLDH

Nucleic acid sequence:

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAATT

CGCGGGCGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAACTTAAGGGTGGTGGTGGTA

GCGGTGGTGGCGGTTCAGAATTCATGGCCCCAAAGCCGAAGATCGTTCTCGTGGGTAGCGGCATGATCGGC

GGCGTTATGGCCACGCTGATTGTGCAGAAGAATCTGGGCGATGTTGTGATGTTCGACGTTGTGAAGAATAT

GCCACAAGGCAAGGCGCTGGACACGAGCCACAGCAACGTTATGGCGTACAGCAACTGCAAGGTGACCGGCA

GTAATAGCTACGAGGATCTGGAGGGTGCGGATGTGGTGATCGTGACGGCGGGCTTTACCAAAGCGCCGGGC

AAAAGCGACAAGGAGTGGAACCGTGACGATCTGCTGCCGCTGAACAATAAGATCATGATCGAGATCGGCGG

CCACATCAAAAAGCTGTGCCCGAACGCCTTCATCATCGTGGTGACCAATCCGGTGGACGTGATGGTTCAGC

TGCTCTTTGAGCACAGCGGCGTGCCAAAGAACAAGATCATCGGTCTCGGTGGCGTGCTGGATACGAGCCGC

CTCAAGTACTACCTCAGCCAGAAGCTGAATGTGTGCCCGCGTGACGTTAACGCGCTGATCGTTGGCGCGCA

TGGCAACAAGATGGTGCTGCTCAAGCGCTACATCACCGTTGGCGGCATCCCGCTGCAAGAATTTATTAACA

ACAAAAAGATCACGGACGAGGAGGTGGAAGCCATCTTCGATCGCACGGTGAACACCGCGCTGGAGATCGTG

AATCTGCTGGCGAGTCCGTACGTTGCCCCAGCCGCCGCCATCATCGAGATGGCGGAGAGCTATCTGAAGGA

TATCAAAAAGGTTCTGGTGTGCAGTACGCTGCTGGAAGGCCAGTATGGCCACAAGAACATCTTCGGCGGTA

CCCCACTGGTGATCGGTGGTACGGGCGTGGAACAAGTTATCGAGCTGCAACTGACGGCGGAAGAGAAAGCG

AAATTCGACGAAGCCGTGGCGGAAACCAAGCGTATGAAAGCGCTGGCCTAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMEFAGGLNDIFEAQKIEWHELKGGGGSGGGGSEFMAPKPKIVLVGSGM

IGGVMATLIVQKNLGDVVMFDVVKNMPQGKALDTSHSNVMAYSNCKVTGSNSYEDLEGADVVIVTAGFTKA

PGKSDKEWNRDDLLPLNNKIMIEIGGHIKKLCPNAFIIVVTNPVDVMVQLLFEHSGVPKNKIIGLGGVLDT

SRLKYYLSQKLNVCPRDVNALIVGAHGNKMVLLKRYITVGGIPLQEFINNKKITDEEVEAIFDRTVNTALE

IVNLLASPYVAPAAAIIEMAESYLKDIKKVLVCSTLLEGQYGHKNIFGGTPLVIGGTGVEQVIELQLTAEE

KAKFDEAVAETKRMKALA
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Human LDH-B

Amino acid sequence:

MATLKEKLIAPVAEEEATVPNNKITVVGVGQVGMACAISILGKSLADELALVDVLEDKLKGEMMDLQH

GSLFLQTPKIVADKDYSVTANSKIVVVTAGVRQQEGESRLNLVQRNVNVFKFIIPQIVKYSPDCIIIVVSN

PVDILTYVTWKLSGLPKHRVIGSGCNLDSARFRYLMAEKLGIHPSSCHGWILGEHGDSSVAVWSGVNVAGV

SLQELNPEMGTDNDSENWKEVHKMVVESAYEVIKLKGYTNWAIGLSVADLIESMLKNLSRIHPVSTMVKGM

YGIENEVFLSLPCILNARGLTSVINQKLKDDEVAQLKKSADTLWDIQKDLKDLXLVSSRL
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Chapter 7

Engineering binding proteins against a Listeria

monocytogenes surface protein

7.1 Abstract

Listeria monocytogenes is a foodborne pathogenic bacterium that can cause a rare but deadly

disease called listeriosis. An identified surface biomarker of L. monocytogenes (LMOf2365_0639)

could be used for the rapid detection of live, whole cell L. monocytogenes. Here, we used an al-

ternative binding scaffold, rcSso7d, and in vitro selection processes to develop binding variants

against LMOf2365_0639. We tested a selected rcSso7d variant against whole cell L. monocytogenes

and an off-target bacterium, Bacillus subtilis, which demonstrated specific binding to L. monocyto-

genes with minimal binding to B. subtilis. This rcSso7d clone shows potential for integration into

diagnostic tests for the rapid detection of L. monocytogenes.

7.2 Introduction

In the United States, there are an estimated 9.4 million cases of foodborne illnesses, resulting

in approximately 56,000 hospitalizations and 1,350 deaths per year.1 Listeria monocytogenes is a

Gram-positive foodborne pathogenic bacterium that can grow even in harsh environments (0.4 to

45 ∘C, pH 4.0 to 9.6, and in aerobic or anaerobic conditions).2 It is found in various food products,

including fresh produce and milk. L. monocytogenes causes a rare but serious disease called listerio-

sis. Although listeriosis is uncommon, it has a high fatality rate, encompassing an estimated 19% of

deaths related to foodborne illnesses.1 Furthermore, L. monocytogenes results in a large economic

burden—an estimated $2 billion annually—from health care costs, lost productivity, and reduced

quality of life.3 Pregnant women and those with weak immune systems—including neonates, the

elderly, and cancer patients—are particularly vulnerable to listeriosis.2,4 It can result in abortion

and premature birth, as well as meningoencephalitis (in 55-70% of cases) or septicemia (15-50% of
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cases) in the immunocompromised.4,5 Therefore, timely detection of L. monocytogenes is vital to

reduce the burden of this detrimental disease.

The traditional method of detecting L. monocytogenes in food and environmental samples uses a

culture-based method, which involves multiple sequential pre-enrichment steps by plating on selec-

tive agar before additional biochemical tests for confirmation.6 This process is quite time-consuming

(>96 hours due to enrichment steps) and can be quite labor-intensive.2,4,7,8 Additionally, the enrich-

ment process may lead to false negative results if other non-pathogenic bacteria is also present in the

sample and allowed to outgrow the L. monocytogenes.9 Non-culture-based, rapid detection methods

have been investigated to reduce the processing time; these methods include nucleic acid based

tests—such as polymerase chain reaction (PCR), real-time PCR, and loop-mediated isothermal am-

plification (LAMP)—, mass spectrometry, and immunoassays and biosensors.2,4,7,8 Unfortunately,

many of these methods still require lengthy pre-enrichment steps, require expensive equipment, are

not able to distinguish live cells from dead cells, or have inadequate sensitivity and specificity.

Rapid diagnostic tests that can be used directly at the field site, manufacturing plants, and

farms would allow for early detection of potential contaminants to reduce the current large burden

of these foodborne pathogens. These tests would ideally not require complicated equipment or

trained personnel, be inexpensive, and provide results within hours rather than days. Typical rapid

diagnostic tests use antibodies to detect presence of the target molecule in the sample. Antibodies

have been developed for L. monocytogenes detection by targeting surface biomarkers on the bacteria;

however, most of these antibodies have not been specific to L. monocytogenes.7 In recent years,

alternative binding proteins have been investigated for rapid diagnostic tests to replace antibodies

as the affinity reagents due to their thermal stability, easy and inexpensive mass-production, and

manipulability of the scaffold for additional properties.10–14

Here, we used the reduced-charge Sso7d (rcSso7d) alternative binding scaffold to engineer an

affinity reagent against L. monocytogenes via in vitro selection processes using yeast-surface dis-

play. We targeted a L. monocytogenes surface protein that had previously been identified as a

surface marker for L. monocytogenes.15 After identification and characterization of rcSso7d clones,

we found that the selected rcSso7d variant binds to live L. monocytogenes whole cells with minimal

cross-reactivity to a non-pathogenic Gram-positive bacterium, Bacillus subtilis. This rcSso7d clone

demonstrates potential for use in rapid diagnostic tests for the detection of L. monocytogenes.

7.3 Materials and methods

7.3.1 Commercial reagents

Primary labeling reagents and dilutions (bold) used for selection were: chicken anti-HA (AHA;

1:1000) and chicken anti-cMyc (CMYC; 1:1000) from Exalpha Biologicals, and mouse anti-6x-His
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(clone MA1-21315, HIS.H8; 1:1000) from Thermo Fisher Scientific. Secondary detection reagents

were goat anti-mouse AlexaFluor (AF) 647 (A-21235; 1:1000), goat anti-chicken AF488 (A-11039;

1:1000), and streptavidin AF647 (S-21374; 1:1000) from Thermo Fisher Scientific. Magnetic bead

selections were conducted using HisPur NiNTA Magnetic Beads (88831) and Dynabeads Biotin

Binder (11047) from Thermo Fisher Scientific. Brain Heart Infusion (BHI) broth component Bacto

Brain Heart Infusion (BD 237500) and the Enriched Nutrient broth components Bacto Heart Infu-

sion Broth (BD 238400), Difco Nutrient Broth (BD 234000), and Bacto Yeast Extract (BD 212750))

were purchased from VWR.

A pET28b(+) plasmid containing the LMOf2365_0639 (Listeria monocytogenes surface protein,

“LSP”) sequence (strain 3D7; VG40303-G) with an N-terminal 6x-histidine tag was codon-optimized

and synthesized from GeneWiz.

Listeria monocytogenes (Murray et al.) Pirie (ATCC 43256) CDC F2380 strain (isolated from

Mexican-style cheese) and Bacillus subtilis (Ehrenberg) Cohn (ATCC 27370) 168 M strain were

obtained from ATCC.

7.3.2 Production of recombinant biomarkers

The plasmid construct for the N-terminal 6x-histidine tag variant of LSP (His-LSP) was synthesized

in pET28b(+) from GeneWiz. The plasmid construct for the C-terminal biotin acceptor (BA) vari-

ant of LSP (LSP-BA)—with N-terminal His tag for purification—was developed following protocols

as described previously16–18 (Section 2.3). Briefly, polymerase chain reaction (PCR) was conducted

on LSP using the pET28b(+)-His-LSP backbone with the primers listed in Table 7.1 and an anneal-

ing temperature of 62 ∘C. We used the plasmid backbone pET28b(+)-Sso.TB-Link-BA from Sung,

et al17 (Chapter 2) to obtain a pET28b(+) vector with a C-terminal BA sequence. We conducted a

double digest on the PCR product and this backbone using NdeI and BamHI restriction enzymes

before running a ligation reaction. The ligation products were purified using the DNA Clean and

Concentrator Kit (Zymo Research) before transformation into DH5𝛼 E. coli via electroporation.

Table 7.1. Oligonucleotide sequences of primers used to clone LSP-BA.

Clone Binding face sequence 

rcSso7d.LSP.1 DGSNCY 

rcSso7d.LSP.2 DGHKCL 

rcSso7d.LSP.3 IKYIDSRWI 

rcSso7d.LSP.4 DGYRCW 

rcSso7d.LSP.5 WRAWDAKYI 

rcSso7d.LSP.6 DGHHCW 

rcSso7d.LSP.7 IAYYYYSSIK 

rcSso7d.LSP.8 NIYWWNISY 

 

 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 LSP-BA-NdeI-for 5’-CTGGCATATGGTTAATATCCCGGACCCGGTTCTGAAGAGC-3’  

2 LSP-BA-BamHI-rev 5’-TATTAGGATCCCGTGTTTGGGAGGGCGGCGTTA-3’ 

 

 

 Number of occurrences after sequencing 

 FACS #4a FACS #4b FACS #4c,i FACS #4c,ii 

Clone 1 25 14 0 0 

Clone 2 1 0 0 0 

Clone 3 1 0 0 0 

Clone 4 2 0 0 0 

Clone 5 1 0 0 0 

Clone 6 0 1 0 0 

Clone 7 0 0 10 0 

Clone 8 0 0 0 10 
 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 rcSso7d-for 5’-AGGCAGTCTCATATGTGTGCAACCGTGAAATTCAC-3’  

2 rcSso7d-rev 5’-ACCCCTCTCGAGTTATTGCTTTTCCAGCA-3’ 

 

His-LSP and LSP-BA were expressed and purified as described previously16–18 (Section 2.3).

All biomarker constructs were expressed in BL21(DE3) E. coli and induced with 0.5mM isopropyl

𝛽-D-1-thiogalactopyranoside (IPTG). LSP-BA was supplemented with free biotin during expression

by adding 0.1mM D-biotin in 10mM bicine buffer. After overnight expression at 20 ∘C, the cells

were pelleted, lysed via sonication, and purified using immobilized metal affinity chromatography
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(IMAC) with HisTrap FF crude columns (GE Healthcare). After purification, the proteins were

then buffer exchanged into 1x PBS using Amicon Ultra Centrifugal Filters.

All purified proteins were quantified using a bicinchoninic acid (BCA) assay (Thermo Fisher

Scientific) and run on a sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), as

previously described.16

7.3.3 Selections against LSP

Selections were conducted using yeast-surface display as previously described18–21 (Section 4.7.2).

Briefly, Saccharomyces cerevisiae EBY100 containing the pCTCON2-rcSso7d combinatorial library

(naïve diversity: ∼1.4×109 clones)19 were cultured and induced for surface expression. At least

20-fold of the library diversity was used to ensure representation of every unique clone. Induced

cells were washed in PBSF (1x PBS with 0.1% bovine serum albumin, sterile filtered) twice before

use. Yeast populations were centrifuged at 2,000 xg for three minutes to pellet the cells gently.

Magnetic bead sorting (MBS) was conducted as previously described18 (Section 4.7.2). For

selections against His-LSP, HisPur NiNTA magnetic beads were used to immobilize His-LSP, using

at least 100 pmoles of His-LSP per 1 µL of beads, incubated for at least 2 hours at 4 ∘C. At least

2 µL of coated NiNTA beads were used for at most 1.4×109 yeast cells. For selections against LSP-

BA, Dynabeads biotin binder magnetic beads were used to immobilize LSP-BA, using 500 pmoles

of LSP-BA per 10 µL of beads, incubated for at least 2 hours at 4 ∘C on a rotary mixer. 10µL of

biotin binder beads were used for at most 1.4 × 109 yeast cells. For each LSP variant, selections

were conducted with two rounds of positive sorts against the coated beads by incubating the cells

with the coated beads for at least 2 hours at 4 ∘C on a rotary mixer. Cells that were bound to the

beads were washed at least twice. One round of negative sort was conducted immediately prior to

the second positive sort using uncoated beads by incubating the cells with the uncoated beads for

at least 2 hours at 4 ∘C on a rotary mixer. Cells that were unbound were collected and used for a

positive sort. Yeast cells were outgrown in SDCAA media between each round of selection.

Fluorescence-activated cell sorting (FACS) was conducted as previously described16,18 (Sec-

tion 4.7.2). Three different sets of FACS selections were conducted: 1) FACS “a” using the post-MBS

library enriched against His-LSP and further enriching against His-LSP, 2) FACS “b” using the post-

MBS library enriched against His-LSP and further enriching against LSP-BA, and 3) FACS “c” using

the post-MBS library enriched against LSP-BA and further enriching against LSP-BA. Four rounds

of FACS were conducted for each sort, decreasing the concentration of LSP used for subsequent sorts

for increased selective pressure against higher affinity clones. To label LSP binding, mouse anti-

His/goat-anti-mouse AF647 was used for His-LSP, and SA AF647 was used for LSP-BA. Surface

expression of the rcSso7d was labeled using chicken anti-HA/goat anti-chicken AF488 for all sorts,

except for FACS #3c and #4c, which used chicken anti-cMyc/goat anti-chicken AF488 to label for
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full length rcSso7d expression since the HA tag is on the N-terminus of surface-displayed rcSso7d

and the c-Myc tag is on the C-terminus of the surface-displayed rcSso7d. Negative selections in

FACS18 were conducted in FACS #2a, #3a, #4a, #2b, #3b, #4b, and #3c by labeling the yeast

sub-libraries with the labeling reagents in the absence of LSP and collecting the population that

did not display positive binding signal. These collected cells were immediately relabeled for positive

sorts.

For all flow cytometry preparations, primary incubation steps were conducted at room temper-

ature for 20-30 minutes, except when the biomarker concentration was low enough to require longer

incubation times to reach equilibrium. Secondary incubation steps were conducted at 4 ∘C for 15-20

minutes. After each labeling step, cells were washed with 1mL of PBSF. Sorting was conducted on

a BD FACS Aria using the FACS Diva software. Data was analyzed using FlowJo software.

7.3.4 rcSso7d clonal analysis

After FACS, the enriched yeast sub-libraries were sequenced to determine the diversity, as described

previously18 (Section 4.7.2). Briefly, the sub-libraries were miniprepped using the ZymoPrep Yeast

Miniprep II kit, and the plasmid products were transformed into DH5𝛼 E. coli. Ten to twenty

bacterial colonies were picked and sent off for sequencing via GeneWiz (Supplementary Table 7.4).

The pCTCON2 plasmids for unique clones were transformed back into S. cerevisiae EBY100 using

the Frozen-EZ Yeast Transformation II Kit (Zymo Research).

Unique clones were analyzed using flow cytometry, following a similar labeling procedure as

outlined above for sorting. Each clone was challenged with 20 nM of His-LSP, followed by mouse

anti-His antibody and goat anti-mouse AF647. Surface expression levels were labeled with chicken

anti-HA and goat anti-chicken AF488. Results were analyzed on FlowJo software.

7.3.5 Heat stability studies

Thermal stability studies were conducted on the identified rcSso7d clones in the yeast-surface display

format, following a procedure described in Traxlmayr, et al.22 In this process, each clonal yeast was

cultured and induced as described previously. 5 × 106 cells from each rcSso7d-displaying yeast

culture were washed with PBSF and resuspended in 170 µL of PBSF (for an OD600 of 3). The

samples were heated in a thermocycler for 10 minutes at 80 ∘C before placing the samples on ice for

5 minutes. The heat-treated cells and non-heat-treated cells (for a positive control) were labeled

with His-LSP, mouse anti-His antibody, and goat anti-mouse AF647 for binding and chicken anti-

HA and goat anti-chicken AF488 for expression, following the same protocol as outlined above.

The labeled samples were analyzed on flow cytometry. The geometric mean fluorescence signal of

AF647 for each sample was calculated using FlowJo software, analyzing only the cells that showed

positive expression. The percentage reduction in target-binding activity was calculated by dividing
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the geometric mean signal after heat-treatment by the signal without heat-treatment.

7.3.6 Production of rcSso7d clones

rcSso7d.LSP.3 was cloned as previously described16,23 and detailed above, using the primers listed

in Table 7.2, an annealing temperature of 59 ∘C, NdeI and XhoI restriction enzymes, and any

pET28b(+) backbone. The protein was produced following the same protocol as detailed in the

above section.

Table 7.2. Oligonucleotide sequences of primers used to clone rcSso7d.LSP.3.

Clone Binding face sequence 

rcSso7d.LSP.1 DGSNCY 

rcSso7d.LSP.2 DGHKCL 

rcSso7d.LSP.3 IKYIDSRWI 

rcSso7d.LSP.4 DGYRCW 

rcSso7d.LSP.5 WRAWDAKYI 

rcSso7d.LSP.6 DGHHCW 

rcSso7d.LSP.7 IAYYYYSSIK 

rcSso7d.LSP.8 NIYWWNISY 

 

 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 LSP-BA-NdeI-for 5’-CTGGCATATGGTTAATATCCCGGACCCGGTTCTGAAGAGC-3’  

2 LSP-BA-BamHI-rev 5’-TATTAGGATCCCGTGTTTGGGAGGGCGGCGTTA-3’ 

 

 

 Number of occurrences after sequencing 

 FACS #4a FACS #4b FACS #4c,i FACS #4c,ii 

Clone 1 25 14 0 0 

Clone 2 1 0 0 0 

Clone 3 1 0 0 0 

Clone 4 2 0 0 0 

Clone 5 1 0 0 0 

Clone 6 0 1 0 0 

Clone 7 0 0 10 0 

Clone 8 0 0 0 10 
 

#  Oligo Name DNA Sequence 

(NdeI and XhoI, restriction sites) 

1 rcSso7d-for 5’-AGGCAGTCTCATATGTGTGCAACCGTGAAATTCAC-3’  

2 rcSso7d-rev 5’-ACCCCTCTCGAGTTATTGCTTTTCCAGCA-3’ 

 

7.3.7 Testing against whole bacterial cells

Brain Heart Infusion (BHI) broth was prepared using 37 g/L of Bacto Brain Heart Infusion in

deionized water. Enriched Nutrient (EN) broth was prepared using 12.5 g/L of Bacto Heart Infusion

Broth, 5.4 g/L of Difco Nutrient Broth, and 2.5 g/L of Bacto Yeast Extract in deionized water.

Broths were autoclaved prior to use. Listeria monocytogenes was cultured overnight in BHI broth

and Bacillus subtilis was cultured overnight in EN broth, both at 30 ∘C in a shaking incubator.

Approximately 3 × 108 L. monocytogenes cells and 1 × 108 B. subtilis cells were used for each

sample. Cells were pelleted at 4,000 xg for 5 minutes and washed twice with 1mL of PBSF. Primary

incubations occurred with rcSso7d.LSP.3 diluted in either PBSF or 40mM sodium acetate (pH 5.5)

buffer, on a rotary mixer for at least 3 hours at room temperature. After washing the cells in PBSF,

they were resuspended in the secondary incubation solution containing mouse anti-His antibody in

PBSF (to target the His tag on the rcSso7d.LSP.3 protein) and incubated for 20-30 minutes at room

temperature on a rotary mixer. After another set of washes in PBSF, the cells were resuspended

in the tertiary incubation solution containing goat anti-mouse AF647 in PBSF and incubated for

15-20 minutes on ice. Samples were washed in PBSF one last time before being processed using

flow cytometry. Negative controls followed the same protocol, except with incubations in just PBSF

for the secondary incubation step, without mouse anti-His antibody. Results were analyzed using

FlowJo software.
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7.4 Results and discussion

7.4.1 Selection of rcSso7d variants against LMOf2365_0639

In this study, we used the rcSso7d binding scaffold as the affinity reagent for development, due to its

previous demonstration as an alternative scaffold that is robust, easy to produce, straightforward for

engineering new variants, and has similar functional performance to antibodies.16–19,23–25 In order to

identify an rcSso7d variant that detects L. monocytogenes, we used a combinatorial Saccharomyces

cerevisiae library consisting of 1.4×109 different rcSso7d variants in a yeast-surface display platform

(Figure 7.1A).19,20 The rcSso7d combinatorial library has a variable binding face (Figure 7.1B, red)

and is expressed on the surface of yeast via the native a-agglutinin proteins Aga1p/Aga2p with

c-Myc and HA (hemagglutinin) epitope tags for labeling (Figure 7.1B). Therefore, by selecting cells

with specific physical characteristics (i.e. binding to the target), we can isolate the genetic sequence

encoding for that specific rcSso7d variant.

A B C

SS

Yeast cell wall

rcSso7d

Aga2p

HA tag

c-Myc tag

SS

Binding face

Aga1p

rcSso7d-displaying 

yeast library

LMOf2365_0639 

(LSP)

Listeria 

monocytogenes

Figure 7.1. A) Schematic of the combinatorial yeast-surface display library for rcSso7d (diversity:
∼1.4×109). B) Schematic of the yeast surface display complex. rcSso7d (PDB: 1SSO) is expressed with
HA/c-Myc epitope tags and genetically fused to the Aga2p protein, which is linked to Aga1p in the cell
wall via disulfide bonds. The variable binding face of rcSso7d is indicated in red. C) Schematic of L.
monocytogenes and the target surface protein, LMOf2365_0639 (“LSP”).

To develop affinity reagents against L. monocytogenes whole cells, we targeted a L. monocyto-

genes surface protein (“LSP”) identified in Zhang, et al,15 called LMOf2365_0639 (Figure 7.1C).

The LMOf2365_0639 protein was found to have epitopes that were conserved in various L. mono-

cytogenes strains but variable among other Listeria species, making it a promising surface-exposed

biomarker for L. monocytogenes.15 LSP was recombinantly produced in E. coli as two variants:

one variant was constructed with just an N-terminal 6x-hexahistidine (His) tag for purification and

labeling (“His-LSP”) while another variant was cloned with both an N-terminal His tag for purifi-

cation and a C-terminal biotin acceptor tag (BA) for labeling (“LSP-BA”). Having two different

versions of the target protein allows for oriented selection since using a tag on one side of the tar-

get protein for labeling may prevent development of affinity reagents against epitopes around that
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tag due to steric hindrance with the labeling reagents. His-LSP and LSP-BA were expressed and

purified on Ni-NTA immobilized metal affinity chromatography (IMAC) following similar protocols

as previously described16,17 (Supplemental Figure 7.6).

Using the rcSso7d library, we used directed evolution techniques to enrich the library for affinity

reagents against LSP. In general, magnetic bead sorting (MBS) was conducted to first enrich the

library for any rcSso7d clones with binding affinity towards the target protein. After sufficient

enrichment, fluorescence activated cell sorting (FACS) was conducted to further enrich for high

affinity clones in a controlled fashion. To increase the possibility of developing affinity clones that

target a surface exposed epitope of LSP, we used three different selection schemes using the two

different label-oriented LSP variants.

In the first selection scheme, we conducted MBS using Ni-NTA magnetic beads coated with

N-terminal His-LSP. We observed moderate enrichment after two rounds of MBS (Supplemental

Figure 7.7) with sufficient reduction in library diversity to proceed to FACS. Using this post-MBS

sub-library, we conducted four rounds of FACS with His-LSP, using the N-terminal His tag on

LSP to label target binding and the N-terminal HA tag on the displayed yeast to label for surface

expression of rcSso7d (FACS “a”; Figure 7.2 and Supplemental Figure 7.8). To reduce non-specific

clones, negative FACS selections were conducted against the labeling reagents (mouse anti-His

antibody and goat anti-mouse AF647) for FACS #2a, #3a, and #4a by incubating the populations

with labeling reagents in the absence of target LSP and collecting the clones without binding signal18

(Supplemental Figure 7.8). The collected cells were then immediately relabeled with His-LSP for

positive FACS.

To analyze the resulting library diversity after FACS #4a, we sequenced a subset of the popula-

tion, submitted 30 clones for sequencing (Supplementary Table 7.4), and identified five unique clones

(Table 7.3; clones 1, 2, 3, 4, and 5). Over 80% of the sequences resulted in the same sequence—

clone 1—which indicates a fairly monoclonal population. When assessing the sequences, we found

that clones 1, 2, and 4 had very similar sequences and contained an early stop codon mutation,

leading to truncated sequences at approximately 50% of the full length sequence. There was un-

certainty about whether the truncated sequences would be folded properly and the possibility that

they may be nonspecific binding proteins. However, after testing the clonal yeast in yeast-surface

display, we found that all five of the identified sequences—full length and truncated—demonstrated

target-specific binding to LSP (Figure 7.3).

To assess whether the His-LSP-enriched sub-libraries also demonstrate binding to LSP-BA—with

the tag used for labeling on the C-terminus instead of the N-terminus of the LSP—we challenged

these sub-libraries against LSP-BA. We found relatively low levels of binding to LSP-BA across all

the sub-libraries (Supplemental Figure 7.9), suggesting that the clones enriched during selections

using N-terminal-tagged LSP bind to an epitope that is inaccessible when using a C-terminal tag

to label the LSP.
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FACS #1a

1 μM His-LSP

FACS #2a

20 nM His-LSP
FACS #4a

1 nM His-LSP

FACS #1b

100 nM LSP-BA

FACS #2b

20 nM LSP-BA
FACS #4b

1 nM LSP-BA

FACS #4c

5 nM LSP-BA

FACS #2c

100 nM LSP-BA

FACS #1c

100 nM LSP-BA

Figure 7.2. Representative FACS dot plots for the FACS selections (“a”: MBS and FACS against His-LSP,
top; “b”: MBS against His-LSP and FACS against LSP-BA, middle; “c”: MBS and FACS against LSP-BA,
bottom). Positive sorts are shown for FACS #1, #2, and #4 to show enrichment. Negative sorts were
conducted prior to FACS #2a, #4a, #2b, and #4b. Concentration of His-LSP or LSP-BA used are listed
above the plots, with a reduction in concentration in subsequent FACS rounds for increased stringency.
Numbers indicate the percentage of the population in each quadrant. Gates drawn indicate the gates used
for sorting.

Table 7.3. Amino acid sequences for the binding face of each unique rcSso7d clone identified.
Clone Binding face sequence 

rcSso7d.LSP.1 DGSNCY 

rcSso7d.LSP.2 DGHKCL 

rcSso7d.LSP.3 IKYIDSRWI 

rcSso7d.LSP.4 DGYRCW 

rcSso7d.LSP.5 WRAWDAKYI 

rcSso7d.LSP.6 DGHHCW 

rcSso7d.LSP.7 IAYYYYSSIK 

rcSso7d.LSP.8 NIYWWNISY 

 

 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 LSP-BA-NdeI-for 5’-CTGGCATATGGTTAATATCCCGGACCCGGTTCTGAAGAGC-3’  

2 LSP-BA-BamHI-rev 5’-TATTAGGATCCCGTGTTTGGGAGGGCGGCGTTA-3’ 

 

 

 Number of occurrences after sequencing 

 FACS #4a FACS #4b FACS #4c,i FACS #4c,ii 

Clone 1 25 14 0 0 

Clone 2 1 0 0 0 

Clone 3 1 0 0 0 

Clone 4 2 0 0 0 

Clone 5 1 0 0 0 

Clone 6 0 1 0 0 

Clone 7 0 0 10 0 

Clone 8 0 0 0 10 
 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 rcSso7d-for 5’-AGGCAGTCTCATATGTGTGCAACCGTGAAATTCAC-3’  

2 rcSso7d-rev 5’-ACCCCTCTCGAGTTATTGCTTTTCCAGCA-3’ 

 

In order to identify additional rcSso7d clones that may target alternative epitopes of LSP, we

proceeded with a second selection scheme using the His-LSP-enriched post-MBS sub-library and

conducted four rounds of FACS with LSP-BA, using the C-terminal biotin tag to label target binding

(FACS “b”; Figure 7.2 and Supplemental Figure 7.10). Negative FACS rounds were conducted

against the labeling reagent streptavidin (SA) AF647 in FACS #2b, #3b, and #4b to down-select
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rcSso7d.LSP.1 rcSso7d.LSP.2 rcSso7d.LSP.3 rcSso7d.LSP.4

rcSso7d.LSP.5 rcSso7d.LSP.6 rcSso7d.LSP.7 rcSso7d.LSP.8

No LSPWith 20 nM LSP

6x His

Yeast cytosol

rcSso7d.LSP

LSP

Mouse anti-His

Goat anti-

mouse AF647

A B

Figure 7.3. Target-specific binding of identified rcSso7d clones. A) Schematic of protein complex for
rcSso7d clonal analysis on yeast-surface display. B) FACS histograms of target-specific binding for the eight
identified rcSso7d clones against 20 nM of LSP from the three different selection processes. All clones show
specific binding, except clone 8, which has off-target binding to the labeling reagents.

for off-target binding clones. After analyzing the sequences from post-FACS #4b, we found that over

90% of the sequences resulted in the same sequence as clone 1 (Supplementary Table 7.4), indicating

that these selections using LSP-BA for FACS identified the same rcSso7d variant as selections using

His-LSP for FACS. We also identified one unique sequence (clone 6; Table 7.3 and Supplementary

Table 7.4), which was similar to the truncated sequences previously identified (clones 1, 2, and 4).

These results suggest a lack of diversity in the enriched clones, even after using different orientation

tags on the LSP. Conducting MBS using His-LSP may have applied early selective pressure for

affinity clones targeting similar epitopes, even when FACS was conducted using LSP-BA.

In efforts to expand the diversity of identified rcSso7d variants against LSP, we conducted

another round of selections starting from the naïve rcSso7d library and using LSP-BA for both

MBS and FACS (FACS “c”; Figure 7.2 and Supplemental Figure 7.11). We conducted a round of

negative selection prior to FACS #3c to remove nonspecific binding variants against SA AF647.

Additionally, in efforts to identify full length variants of LSP, we used the C-terminal c-Myc tag on

the yeast-displayed rcSso7d variants to label for expression in FACS #3c and #4c, instead of the

N-terminal HA tag. After FACS #4c, the sub-library was sorted into two sub-populations based

on the appearance of two potentially monoclonal populations. After sequencing a subset of the two

sub-populations, we identified two additional unique rcSso7d sequences (clones 7 and 8; Table 7.3

and Supplementary Table 7.4), confirming that the sub-populations were monoclonal. These clones

were full length, as expected based on the use of the C-terminal c-Myc tag for labeling expression.
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7.4.2 Analysis of identified rcSso7d clones

From the three selection schemes, we identified a total of eight unique rcSso7d clones. We assessed

these clones for specific binding against LSP in a yeast-surface display format (Figure 7.3). All

clones except clone 8 demonstrated target-specific binding to LSP. rcSso7d.LSP.8 showed off-target

binding to the labeling reagents (mouse anti-His antibody and goat anti-mouse AF647); therefore,

this variant was no longer pursued in subsequent studies.

7.4.3 Heat stability studies

As previously mentioned, four of the identified clones resulted in truncated sequences. Studies

had demonstrated that four amino acid residues in the rcSso7d hydrophobic core were vital to the

stability of the protein, forming a “herring bone” structure: F5, Y7, F31, and Y3326 (Figure 7.4A

and B; blue). The four truncated rcSso7d variants (clones 1, 2, 4, and 6) contained an early stop

codon mutation that led to the absence of the fourth herring bone amino acid (Y33L).

Binding face

Stable core

1: MATVKFTYQG EEKQVDISKI KDVGRSGQNI CFYL

2: MATVKFTYQG EEKQVDISKI KDVGRHGQKI CFLL

4: MATVKFTYQG EEKQVDISKI KDVGRYGQRI CFWL

6: MATVKFTYQG EEKQVDISKI KDVGRHGQHI CFWL

3: MATVKFTYQG EEKQVDISKI KIAKRYGQII DFSYDEGGGA RGWGIVSEKD APKELLQMLE KQ

5: MATVKFTYQG EEKQVDISKI KWVRRAGQWI DFAYDEGGGA KGYGIVSEKD APKELLQCWK S

7: MATVKFTYQG EEKQVDISKI KIAVYRYGQYIYFSYDEGGGA SGIGKVSEKD APKELLQMLE KQ

85% 90% 89% 75%

59% 47% 79%

Full length sequences for rcSso7d.LSP

Truncated sequences for rcSso7d.LSP

Not heated

Heated 80 °C

3 5 7

1 2 4 6

A

B C

Figure 7.4. Heat stability of identified rcSso7d clones. A) Aligned amino acid sequences of the seven unique
rcSso7d clones specific to LSP. Clones 3, 5, and 7 are full-length, and clones 1, 2, 4, and 6 are truncated (early
stop codon). Binding face sequences are underlined. Blue highlights the four amino acids found to be vital
for rcSso7d core stability. Clone 7 has an additional inserted amino acid (red). B) Protein ribbon structure
of rcSso7d (PDB: 1SSO), depicting the amino acids of the binding face (red) and the hydrophobic core (green
and blue). Blue marks the four amino acids (F5, Y7, F31, and Y33) found to be particularly important
in rcSso7d core stability.26 C) FACS histograms of rcSso7d thermal stability, demonstrating reduction in
target binding activity (percentage represents reduction in signal based on the geometric mean fluorescence
intensity) after heating the rcSso7d-displayed clonal yeast for 10 minutes at 80 ∘C.
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To investigate whether this early truncation affects the thermal stability of the rcSso7d clones, we

conducted heat stability studies.22,27 The rcSso7d-displaying clonal yeast cells were heat treated for

10 minutes at 80 ∘C and then assessed for target-binding activity loss. Two of the three full length

rcSso7d variants (clones 3 and 5) maintained activity after heat treatment (Figure 7.4C). Clone

7 had moderate activity loss, which may be due to the additional amino acid (Figure 7.4A, red)

disrupting the hydrophobic core packing or the herring bone structure of the four key amino acids.

On the other hand, truncating the rcSso7d sequence appeared to have significant detrimental effects

on the thermal stability of the scaffold, with nearly all activity loss for almost all truncated clones

(Figure 7.4C). These results demonstrate the importance of full length sequences in maintaining

the hyperthermostability of the rcSso7d scaffold.

Based on the thermal stability studies and on preliminary data of these clones against whole Lis-

teria cells (data not shown), rcSso7d.LSP.3 was chosen for future tests. The rcSso7d.LSP.3 variant

was cloned from the yeast-surface display vector into a bacterial expression vector for soluble protein

expression. Soluble rcSso7d.LSP.3 was expressed in E. coli and purified for testing (Supplemental

Figure 7.6).

7.4.4 Testing against whole cells

Although the identified rcSso7d.LSP clones demonstrated specific binding to LSP, we strove to

develop affinity reagents that can specifically bind to live, whole cell L. monocytogenes. Therefore,

we sought to use the soluble rcSso7d.LSP.3 variant to label whole Listeria cells (Figure 7.5A).

We first optimized the buffer used for incubating the rcSso7d with the Listeria cells and detected

stronger binding signal in a lower pH buffer (40mM sodium acetate, pH 5.5) than in a neutral

buffer (PBS, pH 7.4) (Figure 7.5B and C). We hypothesized that the difference in binding signal

is attributed to charge effects. The theoretical isoelectric point of the rcSso7d.LSP.3 protein is 6.2,

therefore, in the sodium acetate buffer (pH 5.5), the rcSso7d protein has a net positive charge, while

in PBS (pH 7.4), the rcSso7d has a net negative charge. Thus, the net positive charge of rcSso7d

in sodium acetate may facilitate interactions with the negatively charged Listeria cells.

To further demonstrate that this binding signal to whole cell Listeria is target specific, we

challenged the rcSso7d.LSP.3 clone in sodium acetate against live, whole cell Bacillus subtilis as

a model non-pathogenic, Gram-positive bacterium (Figure 7.5D). The rcSso7d.LSP.3 variant de-

picted no binding to B. subtilis, validating that the binding signal shown against L. monocytogenes

is not from non-specific interactions against generic bacterial surface epitopes. These results sug-

gest that this rcSso7d clone is a promising affinity reagent for use in detecting live, whole cell L.

monocytogenes.
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Figure 7.5. rcSso7d.LSP.3 binding to live, whole cells. A) Schematic of desired protein complex on the
surface of L. monocytogenes cells for rcSso7d binding. B,C,D) FACS histograms of rcSso7d.LSP.3 binding
to live, whole cell (B,C) L. monocytogenes or (C) Bacillus subtilis. rcSso7d incubations with whole L.
monocytogenes cells were tested in (B) PBS (pH 7.4) and (C) sodium acetate (pH 5.5). Higher signal was
seen in the lower pH buffer. Incubations with whole B. subtilis cells were tested in (D) sodium acetate (pH
5.5) for comparison.

7.5 Conclusions

In summary, we have identified multiple rcSso7d-based affinity reagents against a Listeria mono-

cytogenes surface protein, LMOf2365_0639, using a yeast-surface display library. We identified a

few rcSso7d variants with early truncation sequences that led to reduced thermal stability, possibly

due to a disruption of the highly stable core. Nonetheless, seven out of the eight identified rcSso7d

variants—including the truncated variants—demonstrated target-specific binding to the Listeria

surface protein. rcSso7d.LSP.3 was selected for testing against live, whole cell L. monocytogenes

and depicted strong binding to the whole cells when they were incubated in a buffer at pH 5.5—

below the isoelectric point of the rcSso7d protein. Furthermore, the rcSso7d did not depict binding

to a non-target bacterium, Bacillus subtilis. Therefore, this rcSso7d variant shows promise for use

in the detection of whole cell, live Listeria monocytogenes. Future studies will investigate the use

of these alternative scaffolds in the detection of foodborne pathogens by integrating these scaffolds

into assay formats. The development of rapid detection tests against whole cell pathogenic bacteria

can ensure early detection of pathogens for food safety, health care, and environmental monitoring
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applications.

7.6 Supplemental information

7.6.1 SDS-PAGE gel images

Supplemental Figure 7.6 shows the SDS-PAGE gel images for His-LSP, LSP-BA, and rcSso7d.LSP.3.

His-LSP (A) and LSP-BA (B) were collected into one fraction each and both demonstrated high

purity. Gel image for rcSso7d.LSP.3 (C) shows lanes with the clarified lysate prior to purification, the

flowthrough after loading the Ni-NTA column, and the two fractions collected during purification.

Fraction #2 was used based on presence and purity of the product.
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Figure 7.6. SDS-PAGE gel images for (A) His-LSP, (B) LSP-BA, and (C) rcSso7d.LSP.3 after purification
on Ni-NTA columns.

7.6.2 FACS dot plots

Supplemental Figure 7.7 shows FACS dot plots for the post-MBS sub-libraries that were sorted

using His-LSP, showing some enrichment after the rounds of MBS.

Supplemental Figure 7.8 shows FACS dot plots for the FACS selections against His-LSP, origi-

nating from the post-MBS sub-library sorted against His-LSP.

Supplemental Figure 7.9 shows FACS dot plots for the sub-libraries generated against His-LSP.

The sub-libraries were challenged against LSP-BA to assess whether the orientation of the target

label (N-terminus vs. C-terminus) affects the sorting populations. Low levels of positive binding

were seen in all sub-libraries.

Supplemental Figure 7.10 shows FACS dot plots for the FACS selections against LSP-BA, orig-

inating from the post-MBS sub-library sorted against His-LSP.

Supplemental Figure 7.11 shows FACS dot plots for the FACS selections against LSP-BA, orig-

inating from the post-MBS sub-library sorted against LSP-BA.
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Figure 7.7. FACS dot plots for the post-MBS sub-libraries (left: post-MBS #1 and right: post-MBS #2;
“a” denotes that these are the rounds of MBS conducted using His-LSP. Samples shown in the top plots
were incubated with His-LSP, and samples shown in the bottom plots were incubated without His-LSP.
Percentages shown indicate the percentage of the population in the upper quadrants.

7.6.3 Clonal analysis

Supplemental Table 7.4 shows the number of occurrences of each identified rcSso7d clone after

sequencing a subset of clones from the sub-libraries.

Table 7.4. Number of occurrences of each identified unique clone after sequencing the post-FACS #4a,
post-FACS #4b, and the two post-FACS #4c (i and ii) sub-library populations.

Clone Binding face sequence 

rcSso7d.LSP.1 DGSNCY 

rcSso7d.LSP.2 DGHKCL 

rcSso7d.LSP.3 IKYIDSRWI 

rcSso7d.LSP.4 DGYRCW 

rcSso7d.LSP.5 WRAWDAKYI 

rcSso7d.LSP.6 DGHHCW 

rcSso7d.LSP.7 IAYYYYSSIK 

rcSso7d.LSP.8 NIYWWNISY 

 

 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 LSP-BA-NdeI-for 5’-CTGGCATATGGTTAATATCCCGGACCCGGTTCTGAAGAGC-3’  

2 LSP-BA-BamHI-rev 5’-TATTAGGATCCCGTGTTTGGGAGGGCGGCGTTA-3’ 

 

 

 Number of occurrences after sequencing 

 FACS #4a FACS #4b FACS #4c,i FACS #4c,ii 

Clone 1 25 14 0 0 

Clone 2 1 0 0 0 

Clone 3 1 0 0 0 

Clone 4 2 0 0 0 

Clone 5 1 0 0 0 

Clone 6 0 1 0 0 

Clone 7 0 0 10 0 

Clone 8 0 0 0 10 
 

#  Oligo Name DNA Sequence 

(NdeI and BamHI, restriction sites) 

1 rcSso7d-for 5’-AGGCAGTCTCATATGTGTGCAACCGTGAAATTCAC-3’  

2 rcSso7d-rev 5’-ACCCCTCTCGAGTTATTGCTTTTCCAGCA-3’ 

 

7.6.4 Nucleic acid and amino acid sequences

His-LSP

Nucleic acid sequence:

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAATT

CGTTAATATCCCGGACCCGGTTCTGAAGAGCTACCTCAATGGTCTGCTGGGCCAAAGCAGCACGAGCGATA

TCACCGAAGCGCAGATGGATACCATCACGAATGTGACCATCAGCAACAGCAGCCTCACCGATCTGACCGGC

CTCGACTACGCCCACAATCTGACGATTCTCCACCTCAGTAACACGGGTGTGACCGACTACGCGCTCGTGGC

CAAGATTCCGAGTCTGACGAATCTGAGCATTGCGGGTGATAACCTCACCAATGACAGTCTGCCGGATCTGA
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Figure 7.8. FACS dot plots for the FACS selections against His-LSP, originating from the MBS popula-
tion screened using His-LSP (FACS “a”). Negative sorts (top row) were conducted prior to positive sorts
(middle row) for FACS #2a, #3a, and #4a. Bottom row depicts the negative controls (samples incubated
without His-LSP) for the positive FACS sub-populations. Concentration of His-LSP used are listed above
the plots, with a reduction in concentration from 1 µM to 1 nM for increased stringency. Numbers indicate
the percentage of the population in each quadrant. Gates drawn indicate the gates used for sorting.
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Figure 7.9. FACS dot plots for the sub-libraries generated from MBS and FACS selections against His-LSP.
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Figure 7.10. FACS dot plots for the FACS selections against LSP-BA, originating from the MBS population
screened using His-LSP (FACS “b”). Negative sorts (top row) were conducted prior to positive sorts (middle
row) for FACS #2b, #3b, and #4b. Bottom row depicts the negative controls (samples incubated without
LSP-BA) for the positive FACS sub-populations. Concentration of LSP-BA used are listed above the plots,
with a reduction in concentration from 100 nM to 1 nM for increased stringency. Numbers indicate the
percentage of the population in each quadrant. Gates drawn indicate the gates used for sorting.

ACAACCTCAGCAACATCACGAACCTCAATCTGAGCCCGGGCAAGCTGGATAACAACGCGCTGACGAAGTTC

AATAAAATGAGCAAGCTGAGCTATCTGAATCTGGACAGCAACCCGAGCATCACGAACATCATGCCGCTCAA

AAGCATCCCGAATCTGGCGACGCTGTTCGTGCAGTTCTGCGGCATTAACGACTTCCGCGGCATCGATACGT

TCCCGAAGCTGGTGAGTCTGAGTGCGTATGGTCAGAACGTGGGCCGCACGGTGCTGATCAACAGCAGCATT

AAGAGCAGTGCGCTGAACTTCGATGAGGCCAACCAGACGATCTTCGTGCCATTTACCCTCATGACCGAACG

CGGCGTGAACTTCGACGGTTACCTCTTCCCATTCACCACCAATACCAGCAGCGCCAGTACGTACTTCACCC

TCAACGAGACCAAGATTGACGGTAGTCGTCTCACGATCGATGACAAGGGTATCACGGTGAGCGGTATCACC

AAAAGCTACTTCGACACGATTACGAAGATGGAGTATAACGCCCTCTACAACAACCCGGCCGGTAGTTATCA

GACGCCGCCGAACTTCAACAACTACAGCGTTAGTGGCGGCAGCTACGATCACTACTTCGACATCGACCACA

GCCTCACCATTACGAACGACAGCGCCATCAGCTACGGTGAGCAGACGACCGTGACGGAGGAGCAGTTTCTG

AAGGATGTGCACGCGGAAACCGACGATGGCACCCCGGTTACCAGCGACTTCAACACGGTGGTGGATTTCAG

CAAGCCGGGCGTGTACACCGTTACGCTGAATGCCGAAAATGCGGCCGGTCTCAAAGCGACGCCAACCCAAG

TTACGGTTACCATCCACGCCAAGCCGGTGATTACCGCGGACAAAAGCATCAGCTACACCAAGGACAGTACG

AAAACCGATCAGCAGTTTCTGCAAGATATTAGCGCGAAGACCAGTGACGGCAGCAAGGTTACGAGTGACTT
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Figure 7.11. FACS dot plots for the FACS selections against LSP-BA, originating from the MBS population
screened using LSP-BA (FACS “c”). Negative sorts (top row) were conducted prior to positive sorts (middle
row) for FACS #3c. Bottom row depicts the negative controls (samples incubated without LSP-BA) for the
positive FACS sub-populations. Concentration of LSP-BA used are listed above the plots, with a reduction
in concentration from 100 nM to 5 nM for increased stringency. Numbers indicate the percentage of the
population in each quadrant. Gates drawn indicate the gates used for sorting.

TGACAGCGTGGTTGACCTCGCGAAGGTGGGCACGTATAAGGTGACGCTGAATGCGGTTAGCGCGGATGGTC

TGAACGCCGACCCAGTGATCGTGCTCGTGAATGTGGTGGAAGGCAATGAACCACCAACCCCACCAGCCCCG

GGCCCAGATCCGACGCCAGATCCAACCCCGAACCCGAACAACCCGAACATCAATCCGAATCCGGACAACGG

TCAGAGTGCGAACAGCGAGAACGCGAGCAATCCAAGCAACAGCGAAGTTAACGCCGCCCTCCCAAACACGT

AA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMEFVNIPDPVLKSYLNGLLGQSSTSDITEAQMDTITNVTISNSSLTDL

TGLDYAHNLTILHLSNTGVTDYALVAKIPSLTNLSIAGDNLTNDSLPDLNNLSNITNLNLSPGKLDNNALT

KFNKMSKLSYLNLDSNPSITNIMPLKSIPNLATLFVQFCGINDFRGIDTFPKLVSLSAYGQNVGRTVLINS

SIKSSALNFDEANQTIFVPFTLMTERGVNFDGYLFPFTTNTSSASTYFTLNETKIDGSRLTIDDKGITVSG

ITKSYFDTITKMEYNALYNNPAGSYQTPPNFNNYSVSGGSYDHYFDIDHSLTITNDSAISYGEQTTVTEEQ

FLKDVHAETDDGTPVTSDFNTVVDFSKPGVYTVTLNAENAAGLKATPTQVTVTIHAKPVITADKSISYTKD

STKTDQQFLQDISAKTSDGSKVTSDFDSVVDLAKVGTYKVTLNAVSADGLNADPVIVLVNVVEGNEPPTPP

APGPDPTPDPTPNPNNPNINPNPDNGQSANSENASNPSNSEVNAALPNT
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LSP-BA

Nucleic acid sequence:

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGTTAA

TATCCCGGACCCGGTTCTGAAGAGCTACCTCAATGGTCTGCTGGGCCAAAGCAGCACGAGCGATATCACCG

AAGCGCAGATGGATACCATCACGAATGTGACCATCAGCAACAGCAGCCTCACCGATCTGACCGGCCTCGAC

TACGCCCACAATCTGACGATTCTCCACCTCAGTAACACGGGTGTGACCGACTACGCGCTCGTGGCCAAGAT

TCCGAGTCTGACGAATCTGAGCATTGCGGGTGATAACCTCACCAATGACAGTCTGCCGGATCTGAACAACC

TCAGCAACATCACGAACCTCAATCTGAGCCCGGGCAAGCTGGATAACAACGCGCTGACGAAGTTCAATAAA

ATGAGCAAGCTGAGCTATCTGAATCTGGACAGCAACCCGAGCATCACGAACATCATGCCGCTCAAAAGCAT

CCCGAATCTGGCGACGCTGTTCGTGCAGTTCTGCGGCATTAACGACTTCCGCGGCATCGATACGTTCCCGA

AGCTGGTGAGTCTGAGTGCGTATGGTCAGAACGTGGGCCGCACGGTGCTGATCAACAGCAGCATTAAGAGC

AGTGCGCTGAACTTCGATGAGGCCAACCAGACGATCTTCGTGCCATTTACCCTCATGACCGAACGCGGCGT

GAACTTCGACGGTTACCTCTTCCCATTCACCACCAATACCAGCAGCGCCAGTACGTACTTCACCCTCAACG

AGACCAAGATTGACGGTAGTCGTCTCACGATCGATGACAAGGGTATCACGGTGAGCGGTATCACCAAAAGC

TACTTCGACACGATTACGAAGATGGAGTATAACGCCCTCTACAACAACCCGGCCGGTAGTTATCAGACGCC

GCCGAACTTCAACAACTACAGCGTTAGTGGCGGCAGCTACGATCACTACTTCGACATCGACCACAGCCTCA

CCATTACGAACGACAGCGCCATCAGCTACGGTGAGCAGACGACCGTGACGGAGGAGCAGTTTCTGAAGGAT

GTGCACGCGGAAACCGACGATGGCACCCCGGTTACCAGCGACTTCAACACGGTGGTGGATTTCAGCAAGCC

GGGCGTGTACACCGTTACGCTGAATGCCGAAAATGCGGCCGGTCTCAAAGCGACGCCAACCCAAGTTACGG

TTACCATCCACGCCAAGCCGGTGATTACCGCGGACAAAAGCATCAGCTACACCAAGGACAGTACGAAAACC

GATCAGCAGTTTCTGCAAGATATTAGCGCGAAGACCAGTGACGGCAGCAAGGTTACGAGTGACTTTGACAG

CGTGGTTGACCTCGCGAAGGTGGGCACGTATAAGGTGACGCTGAATGCGGTTAGCGCGGATGGTCTGAACG

CCGACCCAGTGATCGTGCTCGTGAATGTGGTGGAAGGCAATGAACCACCAACCCCACCAGCCCCGGGCCCA

GATCCGACGCCAGATCCAACCCCGAACCCGAACAACCCGAACATCAATCCGAATCCGGACAACGGTCAGAG

TGCGAACAGCGAGAACGCGAGCAATCCAAGCAACAGCGAAGTTAACGCCGCCCTCCCAAACACGGGATCCA

TGGCGGGCGGCCTGAACGATATTTTTGAAGCGCAGAAAATTGAATGGCATGAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMVNIPDPVLKSYLNGLLGQSSTSDITEAQMDTITNVTISNSSLTDLTG

LDYAHNLTILHLSNTGVTDYALVAKIPSLTNLSIAGDNLTNDSLPDLNNLSNITNLNLSPGKLDNNALTKF

NKMSKLSYLNLDSNPSITNIMPLKSIPNLATLFVQFCGINDFRGIDTFPKLVSLSAYGQNVGRTVLINSSI

KSSALNFDEANQTIFVPFTLMTERGVNFDGYLFPFTTNTSSASTYFTLNETKIDGSRLTIDDKGITVSGIT

KSYFDTITKMEYNALYNNPAGSYQTPPNFNNYSVSGGSYDHYFDIDHSLTITNDSAISYGEQTTVTEEQFL

KDVHAETDDGTPVTSDFNTVVDFSKPGVYTVTLNAENAAGLKATPTQVTVTIHAKPVITADKSISYTKDST

KTDQQFLQDISAKTSDGSKVTSDFDSVVDLAKVGTYKVTLNAVSADGLNADPVIVLVNVVEGNEPPTPPAP

GPDPTPDPTPNPNNPNINPNPDNGQSANSENASNPSNSEVNAALPNTGSMAGGLNDIFEAQKIEWHE
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rcSso7d.LSP.3

Nucleic acid sequence:

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGTGTGC

AACCGTGAAATTCACATACCAAGGCGAAGAAAAACAGGTGGATATTAGCAAAATCAAGAACGTGCATCGTC

ATGGCCAGAAAATTTACTTTATCTATGATGAAGGTGGTGGTGCCAAAGGTCATGGTAAAGTGAGCGAAAAA

GATGCACCGAAAGAACTGCTGCAGATGCTGGAAAAGCAATAA

Amino acid sequence:

MGSSHHHHHHSSGLVPRGSHMCCATVKFTYQGEEKQVDISKIKIAKRYGQIIDFSYDEGGGARGWGIV

SEKDAPKELLQMLEKQ
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Chapter 8

Recommendations for future work

8.1 Summary of thesis

Rapid diagnostic tests—that are robust, inexpensive, and easy to use—could dramatically reduce

the global burden of infectious diseases, potentially saving millions of lives each year. Although

antibodies—large, complex proteins naturally produced by the immune system—have been widely

used as the binding proteins in diagnostic tests, alternative binding proteins—such as the reduced-

charge Sso7d (rcSso7d)1,2—have gained widespread interest as a replacement to antibodies due to

their small size, improved stability, ease of production, and adaptable binding face.3–5 Although

numerous different alternative scaffolds exist (see Chapter 1 for more detail), only a few of them

have been demonstrated in point-of-care diagnostic test formats. Thoroughly demonstrating the

translatability and applicability of these alternative scaffolds may shift the balance away from

traditional antibodies and build faith in the use of alternative binding proteins in diagnostic tests.

Therefore, the main objective of this thesis was to investigate the use and functionality of the

rcSso7d alternative binding scaffold in in vitro diagnostic tests. This objective encompassed three

main aims: 1) to engineer the rcSso7d scaffold into a reporter protein variant that meets our design

requirements; 2) to develop multiple high affinity binding clones against different clinically-relevant

target biomarkers to demonstrate flexibility of the rcSso7d scaffold; and 3) to incorporate the

rcSso7d clones into various diagnostic assay formats to demonstrate the applicability and translata-

bility of these scaffolds. These aims were met through the work conducted in this thesis.

For the first aim—demonstrating the use of the rcSso7d scaffold as a reporter reagent—we found

that the addition of a fusion partner between the labeling tag (biotin) and rcSso7d was necessary

to ensure an accessible tag for signal association, as discussed in Chapter 2. In this chapter, we

used a maltose binding protein (MBP) as the sacrificial mass fusion partner, which demonstrated

increased biotin accessibility by streptavidin-conjugates to produce a signal and also showed im-

proved solubility for chemical conjugation of biotin tags to the scaffold. Since we had previously

demonstrated the use of the rcSso7d scaffold as a capture reagent via a fusion construct with a
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cellulose-binding domain (CBD),6 the work in Chapter 2 now enabled our work towards developing

full diagnostic assays. Chapter 3 investigated the thermal stability of the fusion partners that were

used to improve the functionality of the rcSso7d scaffold as capture and reporter molecules. In this

chapter, we found that since the maltose-binding function of the MBP fusion construct was not

necessary for its use in the rcSso7d reporter construct, alternative fusion partners could be incor-

porated into the reporter construct in order to improve its properties, such as the thermal stability

of the overall fusion construct. Through the work of Chapter 2 and Chapter 3, we demonstrated

that the rcSso7d scaffold can be used as a reporter protein in the detection of an immobilized target

biomarker, fulfilling this first aim.

For the second aim, in order to demonstrate flexibility of the rcSso7d binding face to bind to

different target biomarkers, we sought to use in vitro selection methods. We used yeast-surface dis-

play to screen through a combinatorial library of over a billion different rcSso7d clones.1 Through

this process, we developed high affinity binding clones against a biomarker of Zika virus (Zika virus

nonstructural protein 1, NS1; Chapter 4), an inflammatory cytokine human interleukin-6 (IL-6;

Chapter 4), a biomarker for malaria (plasmodium lactate dehydrogenase, pLDH; Chapter 6), and a

surface protein of foodborne pathogen Listeria monocytogenes (LMOf2365_0639, LSP; Chapter 7),

thus demonstrating the translatability of this scaffold. Furthermore, since we had designed a method

to associate a signal to the rcSso7d scaffold in Chapter 2, we used this technology to develop an

efficient method of selecting complementary affinity pairs called Rapid Affinity Pair Identification

via Directed Selection (RAPIDS), described in Chapter 4. In this process, after first identifying a

binding clone against the target biomarker, we utilize the primary affinity reagent in the reporter

construct to directly select for complementary affinity pairs. Using the RAPIDS method, we identi-

fied complementary pairs of rcSso7d binding proteins against tuberculosis biomarker Rv1656, Zika

virus NS1, and human IL-6.

We also demonstrated the flexibility of the in vitro directed selection process to screen for

the desired properties (e.g. targeting a unique epitope, targeting a common epitope, etc). By

incorporating negative selections throughout the selection process, we ensured the identification of

rcSso7d clones against Zika virus NS1 that showed minimal off-target binding to a similar non-

target flavivirus biomarker, Dengue 2 virus NS1 (Chapter 4). Furthermore, we demonstrated the

development of rcSso7d clones against conserved epitopes of malarial pLDH by incorporating the

different pLDH variants from the P. falciparum, P. vivax, and P. knowlesi strains into the selection

process (Chapter 6). By targeting a common epitope, these rcSso7d binding reagents could be used

for pan-malarial diagnostics for rapid triage of malaria. Therefore, we have demonstrated that the

rcSso7d scaffold can be engineered to target multiple different biomarkers and that the development

process can be tailored based on the needs of the project (e.g. complementary affinity pairs, low

off-target binding, targeting a conserved epitope, etc).

For the third aim, we incorporated the identified rcSso7d binding clones into various diagnostic
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assay formats, including paper-based assays in Chapter 4 and Chapter 5, bead-based assays in

Chapter 4, well-plate ELISAs in Chapter 4, and agglutination assays in Zhang, et al.7 We found

that the rcSso7d binding proteins functioned well in all the different assay formats with minimal

optimization required, suggesting that this scaffold is robust and maintains function in various

different environments. Furthermore, we conducted a direct functional comparison of rcSso7d to

antibodies in paper-based immunoassays against Zika virus NS1 in Chapter 5 and found comparable

functional performance. In Chapter 5, we also described a method for immobilization of antibodies

on non-functionalized cellulose surfaces via a protein A fusion construct with CBD, which could

be used to generate hybrid assays with rcSso7d as the reporter. Additionally, we found that the

rcSso7d scaffold retained full functionality when conducted in 100% human serum compared to

buffer (Chapter 5). Finally, although the focus of this thesis has been on diagnostic tests for

healthcare applications, we demonstrated that the rcSso7d scaffold can have strong potential for

use in other applications. For example, rcSso7d can be incorporated into food safety applications

via the detection of live Listeria monocytogenes cells, as described in Chapter 7.

8.2 Future outlook

The work conducted in this thesis contributes to the advancement of alternative scaffolds for use in

in vitro diagnostic tests. In particular, this work has demonstrated that the rcSso7d binding scaffold

is a promising alternative binding reagent for use in diagnostic tests by validating the flexibility of

its binding face to specifically target different biomarkers, proving its compatibility and ease of

incorporation into various different assay formats, and establishing its equivalent performance to

antibodies in buffer and in bodily fluids. This work guides future research directions that may be

pursued in order to further advance the overall goal of incorporating the rcSso7d scaffold as an

alternative binding reagent in diagnostics and potentially other biotechnological applications.

Many alternative scaffolds in diagnostics face challenges in demonstrating function in diagnos-

tic assays with equivalent or improved sensitivity, specificity, stability, and cost as compared to

traditional, antibody-based tests. Furthermore, due to the current widespread use of antibodies,

it has proven difficult for any of them to displace antibodies in their reign over biotechnological

applications. In addition to further demonstrations that the rcSso7d scaffold can function similarly

or better than antibodies—in other assay formats, against different targets, and in other bodily

fluids—it is vital to incorporate these binding proteins into field-test-ready diagnostic tests. Based

on the work conducted in integrated rapid diagnostic tests against malaria, studies found that qual-

ity assurance was important.8 Validating robustness and accuracy of diagnostic tests using rcSso7d

as the binding reagents can contribute to the wealth of data to build confidence of rcSso7d-based

diagnostic tests.

Some challenges in the integration of rcSso7d into a field-test worthy product include investi-
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gating and identifying methods for dry storage of these binding protein reagents, whether they are

in a lyophilized form that requires reconstitution prior to use or directly dry storing the proteins

onto the test surface. Studies must be conducted to ensure that the dry storage process does not

detrimentally impact the stability or function of the rcSso7d proteins. If function is reduced, then

additional studies must be conducted to explore different additives and methods to improve their

function after dry storage or to investigate methods to bypass a dry-storage need. Furthermore,

another challenge involves exploring methods to improve the sensitivity of these assays, which is

particularly important for the detection of scarce biomarkers. Depending on the assay format, this

could involve exploring different signal amplification methods, methods to concentrate the patient

sample, or large volume processing.9

For the goal of developing low-cost, easy-to-use, point-of-care, rapid diagnostic tests, paper is

an ideal platform due to its physical and chemical properties, including its inexpensive, disposable,

and inherent fluid-wicking properties.10 These devices are traditionally developed into a lateral-flow

assay format (similar to a home pregnancy test), but vertical-flow assays have gained recent interest

due to their reduced non-specific background signal, potential for faster assay time, and greater

multiplexing capabilities.11 Therefore, additional challenges will be present in the development of

these paper devices that are not necessarily related to the binding proteins. This includes the

development of a process to mass manufacture low-cost, paper-based devices since the current

process for developing vertical-flow assays are typically low throughput and batch-to-batch.

Another area that is gaining more attention is the development of multiplexed devices.10,12–15

Multiplexed devices have the advantage of being able to analyze a sample for multiple biomarkers

in a single platform rather than in multiple, parallel tests. This capability results in reduced

sample volume required, overall analysis time, and cost compared to running multiple parallel tests.

Multiplexed devices could target diseases that are often present as co-infections in order to identify

these simultaneous infectious. These assays could also be designed to detect multiple biomarker

targets for the same disease or condition, which would result in increased accuracy and trust in the

results. In addition, multiplexing would be very valuable for differential diagnosis, such as to identify

the specific disease when a patient presents with generic febrile symptoms. For example, multiplexed

devices would be advantageous in differentiating or determining co-infections for different flavivirus-

based infections.16 In the case of malaria, multiplexed tests can target P. falciparum HRP2 as well

as each of the different plasmodium pLDH biomarkers for each strain, which would allow for rapid

differentiation of the different malaria strains for proper treatment.

However, a challenge of multiplexed devices is ensuring high sensitivity and specificity. These

tests must be able to distinguish between the different signals of the different target biomarkers. In

particular, multiplexed assays can demonstrate issues with cross-reactivity of one binding protein

to the other binding reagents.13,15 This can be especially prevalent when using antibodies since it

is difficult to not only identify multiple high-affinity pairs against all the target biomarkers but also
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identify pairs that do not interact with other antibodies in the multiplexed assay. Development of

binding reagents in an in vitro selection process using the RAPIDS method17 (see Chapter 4) would

allow for more control over the pairs of binding reagents. Using in vitro methods, it is relatively

straightforward to incorporate negative selections against the other identified binding reagents dur-

ing the selection processes to ensure minimal cross-reactivity. Therefore, alternative scaffolds such

as the rcSso7d protein could be an ideal binding protein for incorporation into multiplexed assays.

Although the focus of this thesis has been on the development of diagnostic tests for human

health purposes, with a specific emphasis on infectious disease diagnostics, the binding function of

the rcSso7d scaffold could be applied to other areas, which would expand the utility of the rcSso7d

into other applications. Thus far, we have focused on protein biomarkers as targets; however, differ-

ent targets rather than just protein biomarkers—such as small molecules or whole cells—could open

doors for additional areas of use. Furthermore, although infectious disease diagnostics could have a

large impact worldwide, the rcSso7d could have an even greater impact on society by incorporating

them into other purposes rather than just for infectious disease diagnostics. Alternative scaffolds

have been investigated for or been considered for use in detection of pathogens for food safety,18–20

detection of biological bioterrorism agents,20 environmental monitoring of hazardous pollutants,20

protein purification via affinity chromatography,3 and therapeutics (e.g. for cancer, autoimmune

diseases, etc).3,20–22 These areas all serve as possible choices for the continued development of the

rcSso7d alternative scaffold to realize its full potential in biotechnological applications.

In conclusion, the work completed in this thesis has contributed to the field of alternative scaf-

folds for diagnostics. The rcSso7d scaffold has proven to be a worthy competitor to antibodies for use

in in vitro diagnostic tests. These future research directions would provide further insight into the

integration of rcSso7d proteins in diagnostics. Through this work, we endeavour to develop robust,

low-cost, rapid diagnostic tests that can help reduce the large global burden of infectious diseases

and potentially contribute to other human health, food safety, and biotechnological applications.
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