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Abstract

The Covid-19 pandemic is a centenarial global catastrophe. Similar events are likely to be recurring with
more frequency in the future. The inability to control the virus’ impact is caused by many factors, but the
lack of a technology infrastructure to detect and impede the virus at an early stage are principal shortcom-
ings. Using phage display mutagenesis, we have generated a cohort of high performance antibody frag-
ments (Fabs) that can be used in a sensitive point of care (POC) assay and are potent inhibitors (IC50-
0.5 nM) to viral entry into cells. The POC assay is based on a split-enzyme (b-lactamase) complementa-
tion strategy that detects virus particles at low nM levels. We have shown that this assay is equally effec-
tive for detecting other viruses like Ebola and Zika. Importantly, its components can be freeze dried and
stored, but becomes fully active when rehydrated.

� 2021 Elsevier Ltd. All rights reserved.
Introduction

The COVID-19 (CoV-19) pandemic caused by
the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has become a global
health and economic calamity. Unfortunately, at
the onset of the pandemic, few methods and
reagents were available to mount a timely
response to the threat. The rate at which new viral
infections like CoV-19 proliferate across
populations makes it virtually impossible to
respond effectively in real time without having
specific infrastructure in place. The current
standard for detection is through nucleic acid-
based assays that involve utilization of
polymerase chain reaction (PCR).1 While highly
reliable, these have been shown to be impractical
in rapid large scale systematic testing. Thus, there
have been attempts to develop more rapid point of
care (POC) approaches to detect low abundance
td. All rights reserved.
viral antigens without the requirement of sophisti-
cated instrumentation that the PCR based tests
require. Clearly, what is needed is a set of detection
assay formats that are well vetted by regulatory
agencies so that when other pandemic threats are
identified in their nascent state, there is a roadmap
for how to assemble a rapid chain of responses.
With this in mind, we describe here the

development of a sensitive and robust point of
care (POC) viral detection assay. As with other
protein antigen assays, the main component is a
set of high performance antibody-based reagents
used for antigen detection. Importantly, the same
antibodies used for detection might also bind to
epitopes that would lead to virus neutralization. It
has been established that the viral entry of SARS-
CoV-2 into cells is initiated by the receptor binding
domain (RBD) of the trimeric spike protein of the
virus binding to angiotensin-converting enzyme 2
(ACE2).2 Blocking this interaction is thought to be
Journal of Molecular Biology 433 (2021) 166956
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the most promising approach to neutralize the virus.
For our applications, high affinity Fabs against the
receptor binding domain (RBD) of the spike protein
(S-protein) were generated by phage display muta-
genesis technology. The Fabs are based on the
Herceptin Fab scaffold that has been engineered
for stability and expression.3 The principal epitope
for Fab binding was found to be aligned with the
ACE2 binding site on the RBD since it can be used
as an effective viral inhibitor of cell entry. In this
regard, using affinity maturation, we were able to
generate a set of ultra high affinity binders that tar-
geted this epitope with sub-nanomolar neutraliza-
tion capabilities.
Most POC assays rely on some type of ELISA

format for the detection readout.4 In contrast, the
detection assay described here involves a split-
enzyme complementation readout, which can have
orders of magnitude better signal to noise discrimi-
nation than classical ELISA methods.4 The split-
enzyme used in this complementation assay is
based on the reconstitution of two fragments of b-
lactamase to produce a fluorogenic signal. It is a
variant of a traditional sandwich assay, the N and
C-terminal fragments of b-lactamase are attached
independently to different Fabs that recognize two
distinct epitopes and thus, can bind simultaneously
to the RBD target. Further, the complementation
constructs containing the enzyme fragments are
designed to be modular so that Fabs generated to
other virus targets can be interchanged in a plug
and play fashion. For instance, the same system
detects Ebola and Zika antigens alongside SARS-
CoV-2 antigen detection by simply adding the
appropriate Fabs for the target of interest.3 Thus,
the assay can be quickly recapitulated depending
only on the step to generate Fabs to the desired tar-
get antigen. Other attributes built into our POC
detection assay is that it can be packaged in a kit,
which can be stored and rapidly activated without
losing sensitivity.
Results

Generation of synthetic antibodies
recognizing SARS-CoV-2 RBD

Our objective was to generate a cohort of high
performance synthetic Fabs to the receptor
binding domain (RBD) of SARS-CoV-2 that could
be used for sensitive enzyme-complementation
detection assays and for possible viral
neutralization purposes. To generate Fabs that fill
these criteria, we undertook a phage display
mutagenesis campaign using the receptor binding
domain (RBD) of SARS-CoV-2 as the target
antigen. The RBD is highly glycosylated and thus
was expressed in mammalian cells. Exploiting its
high level of glycosylation, the protein was
biotinylated through its carbohydrate groups with
EZ-Link Hydrazide Biotins (Thermo) to facilitate
2

immobilization onto streptavidin-coated
paramagnetic beads during the phage display
biopanning procedure. Five rounds of phage
display selection were performed with a high
diversity (1010) synthetic library5 using previously
published protocols.6,7 To obtain high affinity bin-
ders, the concentration of the RBD antigen was sys-
tematically reduced, starting from 500 nM during
the first round and ending with 1 nM in round 5.
To acquire binders with a slow dissociation rate,
additional selection pressure with longer washes
during biopanning was applied. Phage ELISA was
performed on 192 clones resulting in identifying 5
unique high affinity variants: RBD1- RBD5 with
RBD1 having the highest ELISA signal [Figure S1].
A key component of developing the split-enzyme

complementation assay involves having a pair of
high affinity Fabs that can bind simultaneously. An
anticipated challenge was that since the SARS-
CoV-2 RBD is heavily glycosylated, the available
surface space to accommodate Fabs with non-
overlapping epitopes would be reduced
significantly. Having the high affinity RBD1 Fab in
hand from the first selection, we sought to
generate a second set of Fabs that bound to the
RBD through independent epitopes. To obtain
these Fabs, we employed an epitope masking
strategy that involved adding the RBD1 Fab as a
competitor during a second biopanning campaign.
To do so, five rounds of selection with 1 lM RBD1
added as a competitor were performed starting
with a 200 nM antigen concentration in round 1
and ending with an antigen concentration of 1 nM
in round 5. After phage ELISA, positive clones
were sequenced resulting in two unique
sequences: sRBD6 and sRBD7, as well as the
previously selected RBD5, indicating that this Fab
from the original selection also had an
independent epitope compared to RBD1
[Table S1]. From this set, we chose sRBD7 to pair
with RBD1 from the first selection to carry forward
for the development of the complementation assay.
The binding affinities of RBD1 and sRBD7 were

determinate by Surface Plasmon Resonance
(SPR) showing they had similar binding constant
(KD) of ~3 nM. However, their binding kinetics
were quite different, where sRBD7 had almost an
order of magnitude slower dissociation rate
[Figure 1]. This reflects the success of the
additional stringency placed on the biopanning
conditions used for its selection.
We have observed that epitope binning

experiments based on protein ELISAs have to be
interpreted with caution since Fabs that share a
relatively small amount of epitope overlap can
appear to be independent. To better quantify the
independent epitopes, we performed epitope
binning experiments by SPR. This confirmed that
RBD1 and sRBD7 do bind to two distinct epitopes
[Figure S2]. Further, although a full kinetic
evaluation of RBD1 binding to the full SARS-CoV-



Figure 1. Characterization of Fab binding against RBD. (A) SPR sensogram showing the fast on-fast off kinetics
between RBD1 and RBD. (B) Sensogram showing slower association and slower dissociation binding between RBD7
and RBD. (C) Kinetic parameters of binding. The concentration of Fabs were serially diluted two-fold for each run
starting at 200 nM.
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2 spike protein could not be done due to a paucity of
available protein, high affinity binding was
confirmed based on a single injection SPR
analysis (KD ~ 3 nM), which showed a similar
binding profile to that observed for its binding to
the RBD [Figure S3].
3

Affinity maturation of RBD1

Although the RBD1 has a high affinity (3 nM) and
displays good kinetics, for the purposes of the
complementation and neutralization assays, we
decided to further improve its dissociation rate.
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Therefore, we initiated an affinity maturation
campaign by designing and constructing phage
display libraries to introduce higher diversity in
CDR-H1. The choice of CDR-H1 was somewhat
arbitrary since we did not have direct evidence to
the extent of its engagement with the antigen;
nevertheless, our experience has been that the
heavy chain CDRs have a higher propensity to be
involved antigen binding compared to light chain
CDRs. We designed a combination of “tailored”
and “hard” randomization strategies incorporated
into six CDR-H1 positions. To that end, two sub-
libraries were created, where in the first library
mutated positions were bias to hydrophobic and
aromatic amino acids, while the second library
involved including all possible amino acids into the
six positions. To ensure the improvement of Fab
off-rates, additional selection pressure was
applied during the biopanning. Three rounds of
selection were performed with the RBD
Figure 2. Affinity maturation of sRBD1. (A) WebLogo plo
CDR-H1 variants. Original sequence is presented in red. (B
binding to RBD. Table of all variants is found in supplementa
improved slow-dissociation rate. The concentration of Fab w

4

concentration being decreased accordingly, from
10 nM to 20 pM. Each round was additionally
supplemented with four consecutives 30-min
washing steps to strongly bias towards slow
dissociation of the selected candidates.
After round 3, 96 clones were picked and tested in

phage ELISA leading to the identification of 19
sequence unique Fabs. Sequence alignment of
these unique CDR-H1 variants showed no
randomization at position 1 and a very limited
randomization at position 5 and 6 compared to
original RBD1 CDR-H1. High diversity at position
2, 3 and 4, with a preference for His at position 2
was observed [Figure 2(A)]. The binding analysis
showed the 10 to100-fold affinity improvement of
matured CDR-H1 variants compared to the parent
RBD1 Fab [Table S2]. Based on the overall
binding kinetics, the affinity matured RBD1.5
variant (designated as mRBD1.5) had an affinity
(KD) of 42 pM, where both the association and
t showing the sequence variants of the affinity matured
) Kinetic parameters of selected affinity maturated Fabs
ry material. (C) mRBD 1.5 SPR sensogram showing the
as serially diluted 2-fold starting at 25 nM.
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dissociation rates were improved by two orders of
magnitude in comparison to WT RBD1 [Figure 2
(B) and (C)].
Detection of SARS-CoV-2 with pGA1-FABLRT

complementation assay

Previously we developed a sensitive protein
complementation assay that was successfully
applied for the detection of Ebola and Zika virus
proteins.3 The system involves the use of the well
established proximity-driven activity reconstitution
Figure 3. GA1-FABLRT protein complementation assay. (A
SARS-CoV-2 detection using pGA1-FABLRT protein complem
are attached to two different Fabs via protein pGA1-LRT in
enzyme state when Fabs bind to the Receptor Binding Do
concentrations using complementary parts: pGA1-BLF1/s
observed from 15 to 250 nM. At higher concentration, the ho
at RT; Results were normalized. Experiment was done in trip

5

of a TEM1 b-lactamase (BL) split-enzyme system.8

In this assay, the two separate fragments, BFL1
(residues 26–196) and BFL2 (residues 198–220),
are attached respectively to the two target mole-
cules whose proximity is being evaluated. The
assay system employed here does not involve link-
ing the BFL fragments directly to the target mole-
cule, but attaches these fragments to Fabs that
are themselves directed against two distinct epi-
topes of the target, in this case the RBD of SARS-
CoV-2. However, we have found that direct fusion
constructs containing Fabs with linkers comprising
) Model of FabLRT-pGA1 modular platform. (B) Model of
entation assay. Two separate fragments of BL enzyme

teraction. BL fragments can associate to form an active
main (RBD). (C) Detection of SARS-CoV-2 at different
RBD7 and BLF2-pGA1/RBD1. Detectable signal was
ok effect is observed. Reaction was incubated for 20 min
licate and the error bars display SD value from the mean.
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the BLF fragments are difficult to express and tend
to aggregate.3 Therefore, to circumvent these prob-
lems, we developed an alternative approach that
exploits the high affinity (100 pM) between engi-
neered forms of protein-G (pG) and a Fab’s con-
stant domain [Figure 4(A)]. These engineered
components are referred to as pGA1 (for protein
G) and FabLRT (for the Fab). In this assay, the two
separate fragments of the BL (BLF1 and BLF2)
are attached through a linker to engineered protein
pGA1.9 Thus, using the ultra-high affinity of FabLRT

scaffold3 to protein pGA1, we were able to generate
the pair of RBD1-BLF2 and sRBD7-BLF1 by
premixing them separately to a final concentration
of 250 nM. Conceptually, this non-wash assay
requires simultaneous binding of the two FabLRT

pairs to the target RBD protein [Figure 3(B)]. With-
out knowledge of the RBD1 and sRBD7 epitope
positions on the RBD, we decided to use a Gly-
Ser linker of 15 residues between the protein
pGA1-BLF (1 and 2) constructs. Titrating with
increasing RBD concentration resulted in a detect-
able fluorescent signal at 30 nM, which increased
linearly over the range from 30 to 125 nMwith a dis-
tinct maximum at 250 nM [Figure 3(C)]. A reduction
of the signal is observed at RBD excess, presum-
ably caused by a breakdown of the stoichiometry
at high antigen concentration due to the hook effect.
To establish how the assay is influenced by the
affinity levels of the Fab, we replaced the RBD1
Fab (KD ~ 3 nM)with themRBD1.5 Fab (KD ~ 42 pM)
coupled to BLF2, while keeping sRBD7 attached to
BLF1. This resulted in about ~ 4-fold improvement
in detection (Figure S4]. Control experiments
involving attaching the two BLF fragments to either
Fab RBD1 or sRBD7 resulted in no detectable sig-
nal when added in the presence of 250 nM RBD.
This indicates that productive enzyme complemen-
tation requires the two Fabs to bind simultaneously
to the same RBD molecule [Figure S5].
Next, we tested if the complementation system

could be used for detection of full trimeric S-
protein, since the RBD Fab epitopes are unknown
and might not be accessible in a context of a full-
length S-protein. Notably, the S-protein was
readily detected with a higher sensitivity with a
detectable concentration starting at 7 nM with a
distinct maximum at 125 nM [Figure S6]. A similar
control experiment to the one above, where each
Fab was premixed with both components (i.e.
RBD1- BLF1, RBD1-BLF2) showed that
measurable signal was not produced in this format
[Figure S7]. Thus, as was the case for the RBD
domain alone, triggering a signal requires the
Fabs to bind to two independent epitopes on the
same trimeric S-protein configuration.

Post lyophilization stability of pGA1-FABLRT

complementation assay

One of the key features we wished to instill in our
point-of-care assay for ease of storage was the
6

ability to preserve the functionality of the
components upon reconstitution from a freeze-
dried form. To that end, single Fabs, RBD1-BLF2
and sRBD7-BLF1 at 500 nM were lyophilized
overnight. Upon reconstitution no aggregation was
observed and the Fabs’ binding properties were
unchanged [Figure S8(A)]. Moreover, the pGA1-
FABLRT complementation assay performed equally
well as the control (not lyophilized) when the
sample was supplemented with a protein carrier
(BSA) as part of the freeze-drying procedure. Lack
of BSA supplementation led to 40% signal
reduction [Figure S8(B)].
Antibody mediated SARS-CoV-2 neutralization

To determine the potential level of virus
neutralization, the Fabs were tested in a plaque
reduction assay that measures the cell survival
afforded by the Fabs. This is a stringent assay
that is the gold standard currently in use.10 RBD1
showed a dose-dependent SARS-CoV-2 infection
neutralization with an IC50 of 4.8 nM [Figure 4(B)].
Conversely, as expected, sRBD7 showed no virus
neutralization capacity [Figure 4(B)], since it recog-
nizes a different epitope than RBD1. Additionally,
we anticipated that neutralization could be further
increased by converting the RBD1 Fab into a biva-
lent IgG type format. As an alternative approach
to introducing bivalency, we tested the Protein
pGA1 dimer with 52 Gly-Ser linker with two LRT
grafted3 RBD1 Fabs. This resulted in 2.5-times
improvement in viral neutralization (IC50 = 1.9 nM)
[Figure 4(C)]. Additionally, the affinity matured
Fab, mRBD1.15, had over 10-times improved neu-
tralization capabilities (IC50 = 0.48 nM) in a monova-
lent form [Figure 4(D)]. These findings suggest a
potential for the development of anti-viral drugs
based on Fabs that bind tightly to the RBD.
Discussion

We have described the generation and validation
of a cohort of Fabs produced by phage display
mutagenesis (Table S1) that have proven to be
potent blocking inhibitors to viral entry into host
cells and can be utilized in a sensitive point of
care split-enzyme complementation assay to
detect the presence of SARS-CoV-2 viral
particles. In both applications, we targeted the
Fabs to the receptor binding domain (RBD) of the
S1 subunit of the spike protein (S-protein). The S-
protein protrudes from the virus surface as a
homo-trimeric assembly making it a potentially
effective target for antibody engagement. Cryo-
EM studies revealed the existence of
conformational heterogeneity in the trimeric
organization of the RBD within the S-protein; one
of the RBD domains being in an open position and
accessible for binding to the ACE2 receptor, while
the other two were in an inaccessible “closed



Figure 4. Antibody mediated SARS-CoV-2 neutralization. (A) Neutralization mechanism model. Anti-RBD Fabs
block the interaction with human ACE2 receptor on the cell surface. (B) Protection from cell death achieved by
different concentrations of the RBD1 and RBD7 Fabs. Neutralization IC50 value for RBD1 is 4.8 nM. No efficient
neutralization with RBD7 was observed. (C) Virus neutralization improved over 2.5-fold by RBD1 dimerization. IC50

neutralization for the dimerized RBD1 was 1.9 nM. (D) Improvement in SARS-CoV-2 neutralization. IC50 of mRBD
1.15 was 10-fold improved with a value of 0.48 nM. Results were normalized. All Experiments were done in triplicate
and the error bars represent SD value from the mean.
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position.11 While there may be several targetable
epitopes on the RBD that bind agnostically to either
the open or closed states, any antibody that binds to
the RBD- ACE2 receptor binding interface most
probably targets only the single open conformation
of the RBD domain in the S-protein.
An additional challenge for generating antibodies

to the RBD is that the S-protein is heavily
glycosylated, presumably to help the virus evade
the immune system.12 In phage display selections,
it is rarely observed that the glycosylation sites are
part of the binding epitope for myriad reasons.
Thus, the actual available epitope space depends
on the amount and organization of the glycosyla-
tion, both on the RBD itself and other spatially prox-
imal segments of the S-protein. Recent cryo-EM
structures of the S-protein show that glycosylation
does indeed shield a significant portion of the
RBD, but there are patches of unimpeded surface
that we presumed could be targeted.13

Phage display selection produced four Fab
binders (RBD1-4), which shared the same
epitope. Of these binders, RBD1, had superior
binding properties, as judged by ELISA and SPR
(KD- 3 nM). A competition assay with soluble
7

ACE2 showed that this epitope is associated with
the ACE2-RBD interface [Figure S9]. To assess
the ability of RBD1 to neutralize the viral activity of
SARS-CoV-2, a plaque reduction assay was
performed.10 This is a stringent assay that mea-
sures the percentage of cell survival as a function
of Fab concentration. Serial additions of the RBD1
resulted in a clear dose dependent cell survival
response with an IC50 of 4.8 nM [Figure 4(B)]. Nota-
bly, using the monovalent RBD1 Fab alone dis-
played comparable neutralization potency with
other reported IgG antibodies having bivalent for-
mats.14–16We next decided to evaluate whether fur-
ther improvement could be achieved by converting
RBD1 into a format mimicking IgG bivalency. This
was done by employing an engineered construct
we had previously developed that effectively cou-
ples two Fabs together through a linker of adjusta-
ble length3 [Figure 3(A)]. An important
consideration for the linker length was to ensure
the linked Fabs could bind on different S-proteins
on the viral coat since there is only a single acces-
sible RBD available for Fab binding per spike. As
a compromise between limiting the linker length,
while ensuring that it was long enough to facilitate
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the two RBD1 Fabs to bind across spikes (~160 �A
apart),17 a 52 residue Gly-Ser linker was employed.
The viral neutralization potential of this bivalent con-
struct was evaluated in the plaque reduction assay
and showed a 2.5- fold improvement (IC50- 1.9 nM)
in cell protection over the monovalent RBD1 Fab
[Figure 4(C)]. Because these assays have to be
run at a special containment facility and conse-
quently are low throughput, we were not able to sys-
tematically test different linker lengths to further
optimize the bivalent effects of the construct.
While the RBD1 Fab had potent neutralization

properties, we sought to further improve it through
an affinity maturation process. From the affinity
maturation phage display selection, 19 unique
clones were isolated and reformatted into protein
format. The affinities and kinetics of these Fabs
showed marked reductions in KD and dissociation
rates; for instance, affinity matured Fab, mRBD1.5
had a 100-fold improved affinity and off-rate
compared to the parent RBD1; a number of the
other affinity matured Fabs showed affinity
increases in the range of 50-fold [Table S2].
Notably, a number of these Fabs exhibited
extremely slow off-rates which were at the limits of
what can be measured by SPR accurately, so
their affinities may be underestimated.
To establish whether these higher affinities would

translate into more effective inhibitors of viral entry,
the plaque reduction assay was performed using
mRBD1.15 (KD- 100 pM). Indeed, this Fab
displayed a 10-fold greater neutralization capacity
(EC50- 0.48 nM) than the RBD1 parent (EC50-
4.8 nM). Although there were several affinity
matured Fabs with higher affinities (mRBD1.5–
42 pM, mRBD1.9–62 pM), these were not tested
because at affinities below 1 nM, the dynamic
range of the assay is significantly reduced.
Likewise, improved neutralization that may have
been achieved by converting these Fabs into a
bivalent format could not be evaluated for similar
reasons.
The second goal of the project was to develop a

sensitive high throughput point-of-care (POC)
detection system to identify virus infection. To
accomplish this, we employed an assay built upon
our previously developed and deployed split-
enzyme complementation assay for the detection
of Ebola and Zika virus based on the split b-
lactamase system.3 This complementation format
is a variation of a classical sandwich assay and
has superior target specificity and sensitivity com-
pared to traditional ELISA assays.4 Having estab-
lished this proof of concept, we endeavored to
repurpose the detection platform for detecting
SARS-CoV-2.
For the complementation assay to detect the

RBD, we used RBD1 from the first selection and
sRBD7, which was obtained using an epitope
masking strategy ensuring it bound to an
orthogonal epitope to RBD1. Connecting these
8

Fabs to the b-lactamase fragments using the
pGA1- FabLRT constructs resulted in detection
with excellent signal-to-noise of the RBD domain
at a concentration of 30 nM [Figure 3(C)]. We next
tested the sensitivity in the context of the full S-
protein. In this format, possible interference due to
glycosylation or other steric shielding involving the
trimeric nature of the S-protein could be assessed.
For instance, in the full trimeric S-protein, the RBD
would be displayed in two conformational states,
one copy in the open position making it accessible
for ACE2 binding and two copies in the down
position, which presumably covers this binding
site. We anticipated that RBD1 would bind to the
open state since its mode of neutralization
involves direct epitope competition with ACE2.
Notably, the epitope for sRBD7 is also available
since adding the two Fabs with their associated b-
lactamase fragments leads to enzyme
reconstitution and activity. Importantly, the
detection level is more sensitive in the context of
the full S-protein leading to appreciable signal
over noise discrimination at 7 nM concentration of
the S-protein [Figure S6]. Thus, we postulate that
using the affinity matured mRBD1.5 version would
lead to a further increase in detection sensitivity.
The linker lengths on the BLFs are too short to

accommodate complementation between Fab-
BLF constructs binding across two adjacent spike
assemblies on the virus surface. However, it was
an open question as to whether the signaling
induced by the complementation in the format
described here requires the two Fabs to bind in cis
(to the same RBD domain) or could also work in
trans (different RBDs on the same S-protein).
Control experiments involving different
combinations of the RBD1 and sRBD7 Fabs
coupled to the b-lactamase fragments were tested
by pairing each of the two Fabs coupled to both
fragments: i.e. RBD1-BLF1, RBD1-BLF2 or
sRBD7-BLF1, sRBD7-BLF2. In these
configurations no signal was observed. This would
be expected in the case of the RBD1- BLF1,
RBD1- BLF2 pair since the Fab can only bind to
the single RBD in the open state conformation per
spike. However, it was not clear whether sRBD7
could bind to the RBD in both the open and closed
conformations. If that were true, however, it would
be expected that sRBD7 constructs paired with
both BLF fragments could complement
successfully on one trimeric S-protein. The
observation that this configuration produced no
signal suggests that the mechanism of
complementation that is in play in our system
involves RBD1 and sRBD7 binding on the same
RBD unit, with both RBD1 and sRBD7 binding to
its open conformation state.
An additional enhancement is the assay’s

portability that provides for the POC aspects of its
utility. The objective was to establish a kit where
all the reagents could be packaged and stored on
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the shelf, to be reconstituted when needed upon
rehydration. To accomplish this, we tested
whether the Fab and pGA1 linkers with the
associated enzyme fragments could be lyophilized
and reconstituted with no loss in functionality.
Figure S8 shows that these components are not
affected by lyophilization and are as active after
reconstitution as their counterparts which were not
lyophilized. Thus, it will be possible to package an
assay like this into a kit that is cheap, storable and
readily useable in the field.
To put this work into context, we undertook this

project with the full appreciation that the tools and
reagents that we produced would not make an
immediate impact during the current pandemic.
However, the strategies devised and applied here
provide a blueprint for quickly responding to future
challenges, which will unfortunately occur. As in
the case of many efforts to respond to the Cov-19
pandemic in real time, this work was
accomplished during a lab shutdown with minimal
research material and staff. Nevertheless,
exploiting our phage display mutagenesis pipeline,
we generated a set of high performance inhibitors
to viral entry. Further, repurposing an assay
platform that was previously developed for
detecting Ebola and Zika infections, we were able
to quickly incorporate a set of high performance
Fab binders into a detection platform that could be
utilized for sensitive virus detection in an easily
used kit format.
Material and Methods

Protein cloning, expression and purification

The sequences of the constructs used are
provided in Table S3. The RBD protein was
produced in mammalian cells (gifted by Wilson
and Hubbell labs from the University of Chicago).
Proteins for the split enzyme proximity assay were
cloned into pHFT2 vector18 with the strategy
described previously.3 Selected Fabs were cloned
from phage into Sph1 sites of pSFV4 expression
vector using an Infusion HD cloning kit (Takara
Bio) according to the protocol. All selected Fab
CDR sequences are provided in Table S1. The
FabLRT scaffold was grafted into Fab light chain at
aa positions 123–127 (SQLKS -> LRT) using quick
change site-directed mutagenesis.
Fabs and Fab-GA1 fusions were expressed in the

periplasm of E. coli BL21 cells for 4 hours at 37 �C
post induction with 1 mM IPTG at OD600 = 0.8–1.
The cells were harvested by sonication in Protein
G-wash buffer9 (50 mM Phosphate buffer,
500 mM NaCl, pH 7.4). After centrifugation the
supernatant was applied on the protein G-F affinity
column created in the lab (Slezak et al. manuscript
in preparation) using SulfoLink Coupling Resin
(Thermo Scientific). Proteins were eluted from the
column with 0.1 M glycine, pH 2.6, and neutralized
9

with 1 M Tris-HCl, pH 8.5. Fabs and Fab-GA1
fusions were dialyzed overnight into HBS.
For the proximity assay, pGA1-BLF fusions were

expressed and purified as described previously.3

Briefly, proteins were expressed in BL21 (DE3)
overnight in 20 �C post induction with 1 mM IPTG
at OD600 = 0.6. Cells were sonicated in buffer A con-
taining 50 mM Tris-HCl, pH 8.0, 150 mM NaCl and
10% glycerol. The insoluble His-tagged pGA1-BLF
fusions were extracted from the cell pellets by 6 M
Gua-HCl in buffer A with 0.3 mM TCEP and purified
on TALON resin (Takara Bio) using a denaturation-
condition protocol and on-column renaturations
reached by six washes of the column with serially
diluted 6 M Gua-HCl, followed by the final wash in
buffer A alone. Proteins were eluted from the col-
umn with 100 mM imidazole in buffer A. Fusion pro-
teins were stored on ice and never frozen.

Phage display selection protocol

To obtain high affinity binders, five rounds of
selection were performed using phage display
selection protocol.6,19 RBD protein was biotinylated
via glycoproteins with EZ-Link Hydrazide Biotin
(Thermo Scientific) as recommended in order to
immobilize onto streptavidin-coated paramagnetic
beads (Promega and Dynabeads M0270, Invitro-
gen). In the first round of selection, 500 nM of
RBD was immobilized on 200l l SA magnetic
beads (Promega) and was incubated with 1 mL
phage library (1011 cfu) for 1 hour at room tempera-
ture with gentle shaking. The beads were washed
three times to remove nonspecific phage and added
to log phase E. coli XL-1 blue cells (Stratagene) and
incubated for 20 min at room temperature. Then,
media containing 100l g/mL ampicillin and 109p.f.
u./mL of M13K07 helper phage (NEB) was added
for overnight phage amplification at 37 �C. For all
subsequent rounds, the amplified phage was pre-
cipitated in 20% PEG/2.5 M NaCl for 20 min on
ice. Before each round, the phage pool was nega-
tively selected against empty paramagnetic beads
for 30 min with shaking to eliminate nonspecific bin-
ders. The final concentration of antigen was
dropped systematically from 500 to 1 nM from the
first to the fifth round (2nd round: 200 nM, 3rd round:
50 nM, 4th round 10 nM and 5th round 1 nM). After
phage binding, the beads were subjected to five
washing rounds. Last two washes steps were 20
and 25 min respectively. This additional selection
pressure was supposed to remove all low affinity
binders. The bound phages were eluted using
0.1 M glycine, pH 2.6 and neutralized with TRIS-
HCl, pH 8. Then, the phage eluate was used for
E. coli infection and phage amplification as
described above. Additional selection to generate
non-overlapping epitope with sRBD1 was per-
formed. Selection protocol was as described above
with addition of 1 lM of sRBD1 in every step to
ensure binding to a different epitope. The final con-
centration of antigen was dropped gradually from
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200 to 1 nM from the first to the fifth round (2nd
round: 50 nM, 3rd round: 20 nM, 4th round 10 nM
and 5th round 1 nM). After round 4th and 5th
phages were plated on ampicillin plates and 96 sin-
gle colonies were picked for single-point phage
ELISA assays. The promising clones demonstrat-
ing high ELISA signal and low non-specific binding
were sequenced and reformatted into a pSFV4
expressing vector as described in Protein expres-
sion and purification.
Enzyme-Linked immunoabsorbent assays
(ELISA)

The ELISA protocol was described previously.20

Briefly, 50 nM of RBD was directly immobilized on
high binding experimental wells (Greiner Bio) and
BSA was immobilized in control wells, followed by
extensive blocking with BSA. After 15 min incuba-
tion with phage, the wells were extensively washed
three times and incubated with Protein L- HRP
(Thermo Scientific, 1:5000 dilution in HBST) for 20
min. The plates were again washed and developed
with TMB substrate (Thermo Scientific) and
quenched with 10% H3PO4, followed by the absor-
bance at A450 determination.
Affinity maturation of RBD1

Phage libraries of RBD1 for affinity maturation
were created using the strategy previously
published.21 To that end, a stop codon was intro-
duced in CDR-H1 with quick-change mutagenesis.
Two phage libraries with “hard” and “tailored” ran-
domization strategies were created with the phos-
phorylated oligos. ssDNA containing stop codon
introduced in the middle of CDR-H1 was isolated
from phage (using QIAprep Spin M13 Kit, Qiagen)
and used in a Kunkel mutagenesis protocol.22 The
Kunkel reaction was purified (with Wizard SV Gel
and PCR Clean-Up System, Promega), electropo-
rated into TG1 cells (Lucigen) and after 1-hour
recovery in 37 �C with shaking, 40 mL of 2xYT
media (supplemented with 100l g/mL ampicillin
and helper phage) was added to initiate phage pro-
duction. The next day, the libraries were precipi-
tated as described above. Three rounds of
biopanning were performed with different target
concentration (1st round: 10 nM, 2nd round: 1 nM,
3rd round: 20 pM). To ensure the improvement in
dissociation constant, selection process included 4
consecutive 30min washing steps. Affinity improve-
ment of the selected clones was tested by SPR.
Phosphorylated oligos used for libraries design:

H1: CAGCTTCTGGCTTCAACNTTNNCNNSNWW-
NNTNTTCACTGGGTGCGTCAGGCC,
H2: GCTTCTGGCTTCAACTTCNNKNNKNNKNNK-
ATACACTGGGTGCGTCAG

(N standing for all 4 bases, S standing for G or C,
W standing for A or T).
10
Surface plasmon resonance analysis

All Surface plasmon resonance (SPR) analyses
were performed on a MASS-1 (Bruker). All targets
were immobilized via a 6x His-tag to a Ni-NTA
sensor chip. Fabs in twofold dilutions were run as
analytes at 30l l/min flow rate at 20 �C.
Sensograms were corrected through double
referencing and 1:1 binding model fit was done
using Sierra Analyzer (Bruker). For epitope
binning experiments, after injection of a saturating
concentration of the RBD1 Fab, an equal molar
mixture of sRBD7 fab was injected and increase in
Response Unit (RU) was observed.
pGA1-FABLRT protein complementation assay

Viral detection protocol using non-wash pGA1-
FABLRT protein complementation assay was
previously described.3 Briefly, 250 nM of each
pGA1-BLF fusion, premixed with RBD1 or RBD7
Fabs, were combined in a black FluoroNunc 96-
well plate (Nunc). Different concentrations of viral
proteins and 2l M fluorogenic BL substrate (Fluo-
rocillin Green 495/525, Life Technologies) was
added to the final volume of 100l l. Fluorescent sig-
nal was monitored at room temperature using
Safire2 Tecan Plate Reader (483 nm excitation,
525 nm emission). The results were reproduced at
least three times. Results were normalized by sub-
traction of a substrate background fluorescence.
Plaque reduction neutralization assay

Vero E6 cells (ATCC) were infected under
biosafety level 3 conditions with SARS-CoV-2
(nCoV/Washington/1/2020, kindly provided by the
National Biocontainment Laboratory, Galveston,
TX). The neutralization assay was performed as
previously described23 with some modifications.
Briefly, the Fabs were serially diluted 4-fold and
mixed with 400 PFU of SARS-CoV-2 for one hour
at 37 �C, then used to infect Vero E6 cells for three
days. Cells were fixed with 3.7% formalin and
stained with 0.25% crystal violent. Crystal violet-
stained cells were then quantified by absorbance
at (595 nm) with a Tecan m200 microplate reader.
The 50% neutralization titer was then calculated
using GraphPad Prism.
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