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Abstract

Antibodies have traditionally served as the affinity reagents of choice in point-of-care diagnostic
biosensors. However, this class of proteins is not ideally suited for this use, being poorly
characterized and prone to thermal denaturation. Here, we present an activity-based assessment of
an alternative engineered binding protein in a cellulose-based assay.

Immunoglobulins are the most commonly used binding proteins for a wide variety of
diagnostic formats, including commercial ELISA kits and lateral flow assays, microfluidics-
based tests, and paper-based diagnostics.2 However, while these antibodies undergo high-
affinity binding interactions with their complementary antigens, they possess a number of
physical and chemical attributes that are non-optimal for /n vitro diagnostic applications.

Antibodies are known to be prone to thermal denaturation,3-6 and their production can be
imprecise,’ leading to lot-to-lot variability in assay performance.8:° These attributes make
antibodies non-ideal for use in low-cost diagnostics, which are challenged with complex
patient samples and used in settings where continuous cold-chain storage may not be
guaranteed throughout the distribution network.10.11 Although efforts have been made to
enhance the thermostability of antibodies via rational design,12-15 the task is complicated by
a limited understanding of the structural determinants of protein stability,16:17 and how these
features might be introduced without negatively impacting binding function. Thus, improved
variants are often isolated by high-throughput screening of natural antibody repertoires!®
and combinatorial mutagenesis libraries®-21, However, this process may be impractical for
the routine development of binding proteins for applications that are not as commercially
lucrative as therapeutics, as it requires intensive cloning, library manipulation, and protein
characterization in addition to the involved workflows already associated with antibody
production projects.

In recent years an alternative, bottom-up method has emerged, in which the desired binding
functionality is imparted upon intrinsically stable biochemical species with structurally
isolated paratopes, to yield functional binders with innate stability. Many potential binding
proteins have been investigated over the past several decades for /n vivo therapeutic uses and
industrial applications,?2:23 but relatively few binding species have been tested as

Electronic supplementary information (ESI) available. See DOI:



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miller et al.

Page 2

replacements for antibodies in /n vitro diagnostics; these include single-domain

antibodies, 2427 aptamers,28:29 and slow off-rate aptamer derivatives.3° These candidates
have historically suffered from a number of shortcomings: single-domain antibodies feature
native disulfide bonds and have demonstrated low expression yields3! and poor solubility,3?
and the /n vitro aptamer selection process has proven inconsistent, frequently yielding
binding molecules of low affinity or poor specificity.33

Here, we investigate the utility of the Sso7d protein from the hyperthermophilic archaeon
Sulfolobus solfataricus as an alternative binding scaffold for /n vitro point-of-care
diagnostics. This 7 kDa DNA-binding protein features a well-defined, planar binding face
which has proven to be a versatile scaffold for the development of novel, high-affinity
binding functionalities, and which has been shown to be topologically compatible with a
diverse range of target epitopes.34-36 Sso7d is also intrinsically stable, featuring a wild-type
melting temperature of 98°C and demonstrated activity across a broad pH range. Sso7d
lacks any native cysteine residues, allowing for scalable, facile recombinant expression in
the reducing environment of the bacterial cytoplasm, and permitting the use of artificially-
introduced cysteine residues as functional moieties for oriented surface immobilization and
the conjugation of reporter species. Because the Sso7d scaffold is immuno-orthogonal, there
is limited risk of cross-reaction with immunological factors found in patient samples. Sso7d
has also demonstrated activity following surface immobilization,3’ and features a small
molecular footprint (rg = 1.31 nm), potentially allowing for higher molecular surface
densities and enhanced substrate functionalization. Thus, the Sso7d scaffold meets many of
the criteria required of a binding protein applied in point-of-care diagnostic biosensors
(Figure 1).

To date, species from this family of hyperthermophilic oligonucleotide/oligosaccharide-
binding (OB) fold proteins have been used to develop binding proteins for a range of
applications, serving as purification ligands for the chromatographic separation of 1gG
antibodies3” and viral particles38, as capture agents in zirconium phosphonate-functionalized
microarrays,3° and as polymerase fusion partners for stable DNA binding during polymerase
chain reaction (PCR)*0. Each of these applications takes advantage of the intrinsic chemical
and thermal stability of Sso7d to perform functions otherwise inaccessible to traditional
antibody-based affinity reagents. However, existing studies have not yet investigated the
species’ fitness for /n vitro point-of-care diagnostics such as paper-based assays, in which
the surface-immobilized binding proteins must withstand harsh environmental conditions
and capture dilute antigens from patient samples. In this dilute analyte regime, even small
fractional losses in the binding activity of the immobilized capture molecule have important
implications with respect to the sensitivity and reproducibility of the device; thus it is of
critical importance that diagnostic capture agents be highly stable under thermal stress.

Given that the Sso7d scaffold possesses many favorable properties and has a strong record of
successful technological integration in other applications, we assessed this species’
suitability for use in these challenging diagnostic contexts. We first developed and
characterized a model binding species by screening a combinatorial library via yeast-surface
display, and the activity of this species was assessed in a paper-based diagnostic format
(Figure 2). We explored whether the immobilized Sso7d variant retained sufficient binding
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activity to capture a model analyte from a dilute, nanomolar solution, and compared this
interfacial binding activity with that observed in the yeast surface-displayed format. We also
conducted an activity-based stability measurement of this Sso7d variant when applied in a
paper-based assay following thermal challenge.

In order to select an engineered Sso7d variant which binds to the model analyte streptavidin,
a high-quality saturation mutagenesis library of 1.4 x 10° unique yeast clones, referred to as
reduced-charge Sso7d-11 (rcSso7d-11), was screened via yeast-surface display. This library
was first refined over the course of two rounds of highly-avid magnetic bead sorting, using
streptavidin-coated Dynabeads to isolate binders of even modest affinity, and to reduce the
library size by approximately three orders of magnitude. This binder-enriched library was
then further refined over the course of five rounds of fluorescence-activated cell sorting
(FACS), during which selective pressure was applied to the clonal population both by
progressively reducing the concentration of available ligand, and by designating increasingly
stringent sort gates (Supporting Information (SI), Figure S1). A subset of the enriched
population was sequenced, and a single clone, rcSso7d-SA, was selected for affinity
characterization. This yeast surface-displayed clone was characterized by affinity titration
using a serial dilution of streptavidin Alexa Fluor 647, and its affinity was determined to be
556 + 136 pM (Figure 3).

The gene encoding this selected rcSso7d-SA species was then cloned into a pET-28b(+)
bacterial expression plasmid, expressed in a BL21(DES3) strain of £. coli, purified using
immobilized metal affinity chromatography (IMAC), and eluted via a 500 mM imidazole
gradient. (Sl, Table S2 and Figure S2) SDS-PAGE characterization of the purified fractions
indicated that a single pass through a nickel column yielded electrophoretically pure
recombinant product in a single band, and quantification of the purified protein via a
bicinchoninic acid (BCA) assay indicated a single-pass yield of 42.2 mg/Lqyjture, achieved
without any process optimization. Based on a per-test usage of 0.25 pg of rcSso7d, these
results suggest that this process would support the production of over 170,000 diagnostic
assays per single-liter culture, at a price that is nearly 100-fold more economical than the
molar-equivalent cost of a streptavidin-binding polyclonal antibody blend (SI, Table S6).

We then sought to determine whether the purified protein would retain its activity following
immobilization on a low-cost, field-relevant substrate, using aldehyde-functionalized
chromatography paper. In a standard workflow for these paper-based assays, the capture
protein is deposited on test zones defined using hydrophobic ink. Following protein
immobilization via an overnight coupling reaction, the test zone substrate is inactivated in
Tris-buffered saline and the samples are challenged with a solution containing the
fluorescently-labeled protein analyte. The developed samples are then washed twice in 1x
PBS and imaged using fluorescence microscopy (Figure 2), and the mean fluorescence
intensity of each test zone is quantified using ImageJ software (US National Institutes of
Health).

In order to test the antigen dose response and activity of surface-immobilized rcSso7d-SA, a
serial dilution of streptavidin-eosin 5-isothiocyanate conjugate was prepared, and contacted
with the paper-bound rcSso7d-SA for a period of time sufficient for the species to reach 95%
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of equilibrium binding. Comparison of binding-mediated fluorescence signal with the
baseline fluorescence observed in BSA-passivated samples (Figure 4) indicates that
rcSso7d-SA retains activity following surface immobilization, and yields binding signals
that are perceptibly above baseline even at a low nanomolar analyte concentration.

However, while the plot does not reach saturation, it is clear that the surface-immobilized
species exhibits an apparent Kp higher than that observed in the context of yeast surface
display, as evidenced by the right-shifted response curve. This is likely attributable to both a
loss of activity upon expression and purification, and deleterious orientation effects
following conjugation of the binder to the substrate. The introduction of N- or C- terminal
residues or fusion peptides for site-specific, oriented surface immobilization may serve to
improve this limit of detection.

We also evaluated the binding protein’s activity retention under thermal challenge, in order
to assess whether diagnostic test stability would be enhanced by the use of the rcSso7d
scaffold in place of polyclonal antibodies. While standard practice is to report the
biophysical melting temperature (T,) of the species of interest, this parameter does not
necessarily correlate with the temperature at which paratope perturbation and functional
attenuation begins to occur at an appreciable rate.*! Thus, we employed an activity-based
assay to test the relative stability of these species, subjecting both rcSso7d-SA and a
commercially-available, polyclonal blend of anti-SA rabbit IgG to a thermal challenge
antigen-binding assay.

Both binding species were diluted in their optimized buffer systems such that the
monovalent rcSso7d-SA binding face was represented in equimolar proportion with that of
the bivalent polyclonal antibodies. These samples were incubated in a thermocycler at 95°C
for various time periods ranging up to 16 hours, and then applied to aldehyde-functionalized
paper and challenged with the streptavidin-eosin 5-isothiocyanate conjugate according to the
protocol outlined above. The relative activity observed for each sample was determined by
dividing the background-subtracted fluorescence signal by the background-subtracted
baseline fluorescence observed in the unheated sample.

The rcSso7d-SA species featured much slower unfolding kinetics, retaining binding activity
sufficient for discerning a positive result after heating at 95°C for nearly 8 hours (Figure 5).
The ty, (the time at which 50% of activity is lost) of rcSso7d was determined to be 94.0
minutes. In comparison, the polyclonal rabbit 1gG lost nearly 100% of its activity within the
initial 10 minutes of the thermal challenge. Studies at short timescales determined the
approximate ty, of the pAbs to be 20.5 s, 275-fold faster than the denaturation of rcSso7d-
SA.

This accelerated degradation study has established precedent in pharmaceutical formulation
research,*2 and captures the intrinsically higher kinetic stability of rcSso7d relative to
polyclonal antibodies. These results suggest that incorporating Sso7d-based affinity reagents
into point-of-care diagnostic tests may render these assays more thermally stable and better
able to withstand the environments in which they are used. These improvements would
likely be enhanced by the addition of small-molecule stabilizing agents such as trehalose,
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pullulan®3, or silk#4. Additional studies will investigate the relative long-term stability of
lyophilized, surface-immobilized rcSso7d species formulated in commercial stabilization
buffers, in order to assess whether the significantly higher stability of the rcSso7d scaffold in
solution directly translates to kinetic stability in the interfacial context.

In summary, this study has provided further demonstration that the rcSso7d scaffold can be
readily engineered to bind to a protein analyte, and that this binder can be inexpensively
produced in bacterial culture and facilely purified in high yield. We have established that this
binding protein retains activity following surface immobilization in a low-cost, paper-based
format, and that rcSso7d drastically out-performs polyclonal antibodies in its retention of
binding activity following thermal challenge. Future studies will seek to demonstrate the
development of rcSso7d-based binders to disease-relevant antigens, and the incorporation of
these binders into assay contexts which yield a colorimetric readout (e.g. via gold
nanoparticles or polymerization-based amplification®®), in order to further demonstrate the
potential of this alternative binding scaffold as a suitable replacement for antibodies in point-
of-care diagnostic tests.
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Refer to Web version on PubMed Central for supplementary material.
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Stability

* Chemical stability
* Thermal stability
* Dehydration tolerance

Biomanufacturing

* Bacterial expression (no disulfide bonds)
* Facile, low-cost purification
* High yields of soluble protein

Chemical /Physical Properties

* Structurally-isolated binding face

*  Compatibility with many antigens

* Small molecular footprint

* No native cysteine residues

* Solvent-accessible N- and C- termini

* Compatible with cytometry-based screening

Figurel.
Characteristics of the ideal alternative binding protein for point-of-care diagnostic

biosensors
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Figure 2.

Schematic representation of experimental approach used in this study. (A) A combinatorial
yeast library was screened via magnetic bead sorting and fluorescence-activated cell sorting
were used to select a specific antigen-binding rcSso7d variant. (B) This species was then
expressed in £. coli and purified via immobilized metal affinity chromatography, and its

activity was assessed in a paper-based format using fluorescence microscopy.
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Figure 3.
Equilibrium binding titration curve for determining the affinity of the yeast surface-

displayed streptavidin binding protein, rcSso7d-SA. The data were collected over three
biological replicates on separate days, and the mean fluorescence of each sample was
normalized and averaged across the replicates.
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Figure 4.

Titration of paper-immobilized rcSso7d-SA with streptavidin-eosin 5-isothiocyanate
conjugate. Background signal was determined by challenging BSA-passivated test zones
with the same concentration of antigen. The data were collected during independent
experiments on two separate days, with four technical replicates on each day. The mean
fluorescence observed for each experimental condition was averaged across all replicates.
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Figure5.

Activity-based accelerated degradation study for streptavidin-binding polyclonal antibodies
(pAb) and rcSso7d-SA. The data were collected over three independent experiments on
separate days, with four technical replicates on each day. The mean fluorescence observed
for each experimental condition was averaged across all replicates.
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