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ABSTRACT: The emergence of viral threats such as Ebola, ZIKA, and severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) requires a rapid and
efficient approach for elucidating mechanisms of pathogenesis and development of
therapeutics. In this context, cell-free protein synthesis (CFPS) holds a promise to
resolve the bottlenecks of multiplexed protein production and interaction analysis
among host and pathogen proteins. Here, we applied a eukaryotic CFPS system
based on Leishmania tarentolae extract (LTE) protein expression in combination
with AlphaLISA proximity-based protein interaction technology to identify
intraviral and viral-human protein interactions of SARS-CoV-2 virus that can potentially be targeted by the existing or novel
antiviral therapeutics. We produced and tested 54 putative human-viral protein pairs in vitro and identified 45 direct binary protein
interactions. As a casing example of the assay’s suitability for drug development applications, we analyzed the effect of a putative
biologic on the human angiotensin-converting enzyme 2/receptor-binding domain (hACE2/RBD) interaction. This suggests that
the presented pathogen characterization platform can facilitate the development of new therapeutic agents.

■ INTRODUCTION
The airborne coronavirus (severe acute respiratory syndrome
coronavirus-2, SARS-CoV-2) is a causative agent of a global
pandemic declared by WHO in March 2020.1 SARS-CoV-2 is
an enveloped virus with a positive-sense single-stranded RNA
of around 30 kb in length that belongs to the Coronaviridae
family (genus betacoronavirus).2,3 The full-length genome
sequence isolated at the early stage of the pandemic showed
79.6% sequence identity to the SARS-CoV virus.3 Its RNA
genome at the 5′ end contains two large open reading frames,
ORF1a and ORF1b, occupying two-thirds of the genome.
These two ORFs encode 16 nonstructural proteins (NSP1−
NSP16) as a polyprotein (Figure 1A).4,5 Processing of these
NSPs leads to the formation of a replication−transcription
complex (RTC) required for viral replication. As such, NSP3
and NSP5 encode for Papain-like protease (PLP) and 3CL-
protease, which are responsible for the cleavage of the viral
polyprotein and suppression of the host immune response,
respectively. NSP12 and NSP15 encode RNA-dependent RNA
polymerase (RdRp) and poly U-specific endoribonuclease,
respectively.5,6 NSP13 has the most conserved sequence
among coronaviruses, and it is crucial for viral replication
possessing RNA helicase and nuclease triphosphatase
activities.7 Four structural proteins (spike (S), envelope (E),
membrane (M), and nucleocapsid (N)) proteins are tran-
scribed from the 3′ end of the genome. In addition, nine
putative ORFs encode accessory factors distributed among the
structural protein coding region at the 3′ end of the genome
(Figure 1A), bringing the total number of putative ORFs to 29.

It is postulated that the accessory proteins in coronaviruses
may not be required for virus replication but are associated
with host manipulation.8

Protein interactions between viral and host proteins play a
key role in viral replication and pathogenesis. Therefore,
mapping host−virus protein−protein interactions is expected
to provide insight into molecular mechanisms of pathogenesis
and potentially reveal new drug targets. While mass
spectrometry and yeast two-hybrid screening have been used
extensively to construct putative interaction maps and were
used successfully in the case of SARS-CoV-2,9−13 the
experimental validation of such a dense protein−protein
interaction network represents a formidable challenge. Both
the recombinant expression of hundreds of candidate proteins
and their interaction analysis using conventional biophysical
methods are prohibitive in terms of the cost and effort
required. Some of these problems can be overcome by
harnessing the power of high-throughput protein−protein
interaction-based survival assays such as yeast two-hybrid
systems.12 However, the interaction of candidate proteins with
yeast biochemistry may lead to artefacts, and therefore, as with
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other approaches, the results of such screens require validation
by alternative methods.13−15

Cell-free protein expression methods provide a powerful
alternative for the production of large sets of complex
eukaryotic proteins and their rapid interaction analysis.16 In
addition to excellent multiplexing capacity, this approach also
mitigates problems associated with cytotoxic products and

complexities arising from the need to co-express multiple
ORFs.17 The open environment of the in vitro translation
reaction allows direct manipulation of the system by the
introduction or removal of reaction components in a pre-, co-,
or post-translational fashion. We developed and optimized a
eukaryotic cell-free expression system based on the protozoan
L. tarentolae.18,19 The LTE cell-free expression platform takes

Figure 1. In vitro expression and protein−protein interaction analysis of selected SARS-CoV-2 ORFs. (A) Schematic representation of the SARS-
CoV-2 virion structure and organization of its polycistronic genome. (B) Schematic overview of the in vitro protein−protein interaction analysis
platform. The proteins co-expressed in LTE are captured by AlphaLISA beads, and the alpha signal is measured when the beads are brought into
close proximity upon protein−protein interactions resulting in a luminescent signal (C) Fluorescent scan of the sodium dodecyl-sulfate (SDS-
PAGE) gel loaded with the N-terminally eGFP-tagged SARS-CoV-2 proteins expressed in the LTE expression system. The expected molecular
weights produced by proteins are reported in Table S1. (D) SDS-PAGE gel image of viral proteins tagged with either eGFP or mCherry co-
expressed in the LTE lysate. Lane 1: ORF3 dimer, lane 2: ORF8 dimer, lane 3: NSP5 dimer, lane 4: eGFP-NSP10/NSP16-mCherry, and lane 5:
eGFP-NSP16/NSP10-mCherry. (E) Plot of AlphaLISA signals of the protein−protein interaction assay for selected viral protein pairs. Samples
were prepared in triplicate, and the data shows the average of the alpha signal obtained from each triplicate. (F) Protein−protein interaction map of
selected intraviral protein interactions. Red curved lines and blue lines denote the detected homo- and heterodimers, respectively.
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advantage of the eukaryotic L. tarentolae cell lysate
supplemented with T7-based transcriptional machinery that
generates mRNA templates for the endogenous translational
machinery. To achieve efficient translation initiation in the
LTE system, the DNA templates are furnished with a 5′
species-independent translational sequence (SITS).20 Trans-
lation of endogenous mRNAs is suppressed by the
introduction of antisense oligonucleotide targeting a short 5′
splice leader sequence of endogenous mRNAs. Benchmarking
of LTE against several leading cell-free systems demonstrated
that it is capable of producing large human proteins in full-
length and monodispersed form on par with mammalian cell-
free systems.21 In our recent study, we showed the significant
potential of LTE to produce folded proteins owing to co-
translational chaperon assistance inherent to eukaryotic
systems in contrast to the bacterial system.22

We subsequently expanded the platform by coupling it to
high-throughput protein−protein interaction analysis known as
the amplified luminescent proximity homogeneous assay
screen (AlphaLISA).23 It is a proximity bead-based assay in
which a luminescent signal is generated when the acceptor and
donor beads come into proximity as a result of the interaction
of molecules attached to their surface. The assay does not
require protein purification and, therefore, can utilize
recombinant proteins in cell-free expression systems. Using
this approach for analysis of protein−protein interactions
requires 4 h protein expression and 1.5 h for the AlphaLISA
assay. Multiplexing capability, where the analysis can be carried
out in 384-well plates, makes this method particularly suitable
for the analysis of protein interaction networks (Figure
1B).24,25 As a proof of concept, we previously performed
mapping of protein−protein interactions within the ZIKA virus
proteome.26

Here, we report the reconstitution and analysis of 54
putative protein−protein interactions between the SARS-CoV-
2 virus and human proteins previously identified by mass
spectrometry and proposed to be druggable targets.9 In
addition, we reconstituted the direct interaction between the
virus receptor-binding domain (RBD) variants and the human
angiotensin-converting enzyme 2 (hACE2) in vitro. We
evaluated the ability of anti-RBD antibodies to inhibit the
RBD/hACE2 interaction and propose that the developed
system can be used for antibody screening.

■ RESULTS
Expression of the SARS-CoV-2 Proteome in the LTE

System and Its Functional Analysis. In order to under-
stand the organization of the SARS-CoV-2 virus and its
interaction with mammalian cells, we set out to perform
systematic mapping of intraviral protein−protein interactions.
The synthetic versions of SARS-CoV-2 ORF-coding sequences
were inserted into multihost pmCell-Free vectors that enable
protein expression in any cell-free systems or in mammalian
cells.26 The viral ORFs (Table S1) were cloned in a frame with
N-terminal eGFP or C-terminal mCherry, which enables the
expression of fluorescent fusion proteins both in vitro and in
mammalian cell lines (Figures 1C and S3).
Initially, 28 viral genes were individually expressed in the

LTE system as N-terminal GFP or C-terminal mCherry fusion
proteins. The unboiled expression reactions were resolved on
the SDS-PAGE gel, and the fluorescence of fusion proteins was
detected and quantified by fluorescence scanning of the gels
(Figures 1C and S1A). The concentration of eGFP-tagged

proteins in the translation reactions was estimated to be in the
50−300 nM range (Figure S2). The viral proteins with a
molecular weight of between 40 and 90 kDa were produced at
higher levels, and the lowest yields were obtained for larger S
and NSP3 proteins that have a molecular weight of 173 and
294.5 kDa, respectively.
To validate the protein interaction platform and the

functionality of the in vitro-produced proteins, we analyzed
the interactions of previously described 17 viral protein pairs
including nine putative homodimers and eight heterodimers.
Based on our previous study, we set a threshold of 1 × 104
counts per second (CPS) of the AlphaLISA signal as a cutoff
for the positive interaction based on our previous study.26 The
positive alpha signals ranged between 1 × 104 and 8.3 × 104
CPS, and the negative control signal was 3.4 × 103 CPS (Table
S4).
Positive alpha signals were obtained for 12 interactions, and

four tested pairs produced negative signals (Figure 1D−F).
The highest interaction signal in viral protein pairs was
obtained for the ORF3a homodimer (8.3 × 104 CPS), whereas
a marginal alpha signal (9.4 × 103 CPS) was observed for the
NSP5 homodimer. Previous studies showed that the N-
terminal finger residue of the NSP5 monomer is a critical
interaction interface.27,28 It is possible that N-terminal eGFP
could sterically obstruct the N-terminal domain of a monomer
and preclude dimer formation.
The interactions identified in this study were previously

reported, which confirms that the LTE-expressed proteins were
functional, and the assay could efficiently detect their
interactions.29−33 For instance, the crystal structure of the
NSP10-NSP16 complex involved in viral RNA capping has
been revealed earlier, and this complex formation is required to
activate the 2′-O-methyltrasferase function of the NSP16
protein.34,35 In our assay, the alpha signal intensity obtained for
this complex was 5 × 104 CPS, which was 25× higher than the
background signal.
The protein interactions of NSP7−NSP8 and NSP7 dimers

were identified in our LTE system, whereas no interaction
could be detected for NSP12−NSP7 and NSP12−NSP8 pairs.
This may imply that all three proteins are required for the
formation of the ternary NSP12−NSP7−NSP8 complex or
that NSP12 produced in the LTE system was nonfunctional. It
was previously reported that RNA-dependent RNA polymerase
(NSP12) has only minimal activity on its own, while NSP7−
NSP8 performs a cofactor role in stimulating its polymerase
activity.36 The cryo-EM structural analysis of SARS-CoV-2
NSP12 revealed the binding of an NSP8 monomer and an
NSP7−NSP8 pair to this protein and the formation of an
active protein complex.37

The homodimer formation of the wild-type RBD could also
be confirmed using the LTE-expressed protein, resulting in an
alpha signal of 2.9 × 104 CPS. This is consistent with a
previous report on the structure of RBD bound to the hACE2
receptor.38

Interaction Analysis of In Vitro Expressed Human and
SARS-CoV-2 Interacting Proteins. Gordon et al. reported
66 potential druggable human proteins that putatively interact
with SARS-CoV-2 polypeptides.9 We selected 56 of those
proteins to experimentally validate their interaction with viral
partners using the LTE system for their production. First, N-
terminal eGFP and C-terminal mCherry fusions of putative
human SARS-CoV-2 interacting proteins were expressed in
LTE individually to confirm the integrity. From the selected
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subset, HYOU1 was not produced at the detectable level and
the expression yield of BRD2 was low (Figure S1B). Therefore,
these two proteins were excluded from further interaction
analysis.
To analyze protein−protein interactions, the human

proteins tagged with eGFP at the N-terminus were co-
expressed in LTE with the putative viral interacting partners

tagged with mCherry at the C-terminus (Figure 2A). The
lysate expressing such protein pairs was subjected to
AlphaLISA analysis as described above. The AlphaLISA signal
intensities detected in interactions ranged between 1.05 × 104

and 5.3 × 104 CPS (Figure 2B and Table S3).
The analysis of 54 tested putative protein−protein

interactions led to the detection of 45 human-viral interacting

Figure 2. Interaction analysis of SARS-CoV-2 and human proteins produced in the LTE expression system. (A) Representative image of the SDS-
PAGE gel loaded with LTE translation reactions of co-expressed human druggable proteins and SARS-CoV-2 polypeptides. Human proteins were
tagged with eGFP at the N-terminus, while the viral proteins were tagged with mCherry at the C-terminus. The protein bands were visualized by
fluorescence scanning of the unstained gels; viral proteins: NSP7, NSP12, NSP13, NSP14, and ORF8; human proteins: NDUFAF2, RIPK1, TBK1,
GLA, PLOD2, LOX, FOXRED, DYT1, NGLY1, OS9, and EROB1. (B) Plot of the representative AlphaLISA signal intensities obtained for human-
viral protein pairs from panel (A). The interaction signals are derived from three experimental repeats (mean ± SD) for 11 protein interacting
partners. The FK506-binding protein (FKBP) was used as a negative control of the assay. (C) Graphic summary of the human/SARS-CoV-2
protein−protein interaction analysis results. The confirmed interactions are shown as green circles, whereas interactions that could not be identified
using this assay are depicted as red diamonds.
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Figure 3. (A) Schematic representation of the SARS-CoV-2 spike protein interacting with the hACE2 receptor. (B) Schematic domain organization
of the spike protein gene structure. S1 (S-frag3), receptor-binding subunit; S2 (S-frag5), membrane fusion subunit; TM, transmembrane anchor;
CP, cytoplasmic domain; NTD, N-terminal domain; FP, fusion peptide, HR1 heptad repeat 1, and HR2, heptad repeat 2 are structural units in the
coronavirus. (C) SDS-PAGE gel image of RBD variants and spike domains of SARS-CoV-2 co-expressed with the hACE2 receptor in the LTE
system; RBD proteins are tagged with eGFP at the N-terminus and hACE2 receptor is fused with mCherry at the C-terminus. Lane 1: RBD (WT),
lane 2: RBD (A), lane 3: RBD (B), lane 4: RBD (stabilized), lane 5: S-frag3, and lane 6: S-frag5. The S-frag3 protein sequence contains the N-
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pairs, with 9 human-viral protein pairs displaying no detectable
interactions. The resulting interaction map is presented in
Figure 2C. These protein pairs were reanalyzed by relocating
the fluorescent domain to the other termini in order to rule out
the tag position effect on protein−protein interactions.26

Performing the latter test did not change the assay’s results,
and therefore, those protein pairs were classified as non-
interacting with a caveat that additional factors might have led
to false negative signals. First, the LTE cell-free system
produces approximately 70% of human proteins in a folded
and monodispersed form,21 and therefore, some of the proteins
in our set might not be functional. Second, in vivo post-
translational modifications may modulate host protein
interactions with viral ORFs. Many of such modifications are
expected to be inefficient or absent in LTE. Finally, in some of
the interactions, additional proteins might be required to form
higher-order complexes that contribute to the overall affinity of
the interaction. Therefore, binary interactions may have
affinities that are below the detection threshold of our assay.
This could be the reason why we were not able to identify the
interaction between EIF4E2 and NSP2, as the GIGYF2 protein
is required for protein complex formation.9,39

Interaction Analysis of SARS-CoV-2 Spike and RBD
Protein Variants with the hACE2 Receptor. The
importance of the hACE2/S protein and hACE2/RBD
interactions in host cell entry and initiation of infection
motivated us to test whether these could be reconstituted using
the developed assay. The S protein is a crucial component of
SARS-CoV-2 host infection as it mediates viral entry into cells.
It consists of 1273 amino acid residues, cleaved with furin
protease at the polybasic insertion site into parts S1 and S2.40

The RBD in the S1 subunit interacts with the hACE2 receptor,
which is the primary cellular receptor of the virus and is
required for the virus internalization. The S2 subunit mediates
the membrane fusion for virus entry to the host (Figure
3A,B).41,42 In this study, we used the S1 (S-frag3) sequence
that covers the N-terminal domain of spike (NTD), RBD, and
the furin cleavage site (Table S1). The S2 subunit (S-frag5)
encodes the C-terminal ectodomain of the S protein without
the furin cleavage site.43 As expected, the LTE-expressed S1
subunit and hACE2 receptor displayed a clear interaction (22
× 103 CPS) that, presumably, occurred via the receptor-
binding motif (RBM), whereas no hACE2 interaction was
detected with the S2 subunit (4.2 × 103 CPS) (Figure 3D).
Over the years of the pandemic, the SARS-CoV-2 virus has

undergone substantial changes and generated a number of
variants such as α (B.1.1.7), β (B.1.351), γ (P.1), Mu
(B.1.621), and more recently, Omicron (B.1.1.529) that
share an N501Y mutation at the RBD of the S protein.44,45

The N501Y substitution is the only mutation on the interface
between the RBD of B.1.1.7 and hACE2.46 This mutation
enhances the infectivity and transmission of the virus.47 The

Delta variant (B.1.617.20) lacks the N501Y mutation but bears
double mutations (L452R, T478K) in the RBD, leading to
increased infectivity and immune response evasion.48,49 We
have tested the expression and interactions of these mutations
in our system. A positive AlphaLISA signal was obtained for all
RBD variants ranging between 44 × 103 and 55 × 103 CPS,
which were at least 10 times greater than the negative control
signals (4.2 × 103 CPS). The hACE2 interaction with a
stabilized RBD variant designed by Dalvie et al.50 was also
analyzed in the LTE system, and the observed AlphaLISA
signal of 55.2 × 103 CPS was comparable to the other RBD
mutants (Figure 3C,D). These results demonstrate that all
RBD variants were produced in a functional state, suggesting
that this platform can be used as a facile approach toward
prototyping mutated proteins.
Next, we decided to evaluate the potential applicability of

the developed interaction assay for testing neutralizing
antibody candidates. The inhibitory effect of the anti-RBD
monoclonal antibody (mAB) on the RBD/hACE2 interaction
was examined by adding the mAB to a final concentration of
0.1 and 0.5 μM to the in vitro expression reaction at the start of
the protein production. The expressed reactions were
subjected to the AlphaLISA assay to investigate the interaction
signal change compared to the untreated reaction. The
AlphaLISA signal decreased from ∼32 × 103 to ∼18 × 103
and ∼14 × 103 CPS at the respective antibody concentrations,
confirming the ability of the mAB to disrupt the RBD−hACE2
interaction (Figure 3E,F).

■ DISCUSSION
Emerging pathogens with pandemic potential pose a major
challenge to the technologies used for their analysis, as an
understanding of pathogenesis needs to be achieved rapidly. In
particular, the complex protein−protein interaction networks
that underlie host−pathogen interactions cannot be easily
reconstituted and analyzed. While proteomic analysis can
identify putative interacting partners, as with any other high-
throughput method, it requires extensive experimental
validation. In this study, we employed methods of expressed
in vitro proteomics to analyze intraviral and host−virus
protein−protein interaction networks of the SARS-CoV-2
virus. In this study, we demonstrated the rapid expression of
viral and human proteins in the eukaryotic LTE cell-free
system, followed by protein−protein interaction analysis using
the bead proximity AlphaLISA assay. The developed workflow
is multiplexable, rapid, and rate-limited only by the speed of
template generation. Interaction analysis demonstrated that
80% of protein−protein interactions between viral and human
proteins identified by mass spectrometry could be recon-
stituted in this system.
We propose that the presented interaction screening

approach provides a platform for detailed analysis of individual

Figure 3. continued

terminal fragment after the furin cleavage, whereas S-frag5 includes the C-terminal ectodomain after the furin cleavage site. (D) AlphaLISA signals
obtained from in vitro protein−protein interaction analysis of RBD protein variants with the hACE2 receptor. The interaction of hACE2 with all
tested RBD variants and the S1 subunit produced AlphaLISA positive signals (over 2 × 104 CPS vs. 3.2 × 103 CPS for RBD/FRB as a negative
control), confirming the direct interaction of RBD with the hACE2 receptor. The FRB protein was used as a negative control of the assay. (E)
Inhibitory effect of the anti-RBD antibody on RBD binding to the hACE2 receptor; the LTE reaction expressing RBD/hACE2 was treated with 100
and 50 nM anti-RBD antibodies, resulting in a 50% drop in the AlphaLISA signal, confirming the inhibition of RBD to the receptor. (F) Adding the
mAB at the start of the LTE expression reaction did not affect or reduce the protein expression level. The green band shows RBD and the mCherry
band is hACE2; lane 1: control (untreated reaction) and lanes 2 and 3: treated with 100 and 50 nM stabilized anti-RBD antibodies.
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protein−protein interactions that can be utilized as a screening
platform for lead therapeutic compounds. For example, the
cost of producing 100 protein pairs in LTE and performing its
protein−protein interaction analysis using the described
method is estimated to be around 2600 USD. This calculation
is based on the cost of reagents and labor cost but excludes the
cost of DNA template sourcing and cloning, which varies
widely depending on its origin. The protein−protein
interaction analysis would take between 10 and 20 days,
depending on the time required to optimize protein pair co-
expression. During the revision, we were asked by the referee
to provide the cost estimation for screening 1,000,000
compounds against one interacting protein pair. The cost of
protein production would be in the range of 30,000 USD,
assuming the consumption of 0.75 μL of protein-expressing
LTE lysate per assay and lysate cost of 40 USD/mL. With
approximate cost estimations of beads and plastic ware, the
cost of interaction assay is close to one USD/sample. Using
automated liquid handling for compound screening, the assay
can be performed within 10−15 days. As a casing example, we
demonstrated that anti-RBD antibodies can inhibit the
interaction of in vitro-produced RBD with its cellular target,
the hACE2 receptor. Therefore, the developed platform allows
rapid mapping of the host−virus interaction and simultaneous
development of assays for identification of their modulators.

■ MATERIALS AND METHODS
Construction of Expression Plasmids. The DNA

sequences of SARS-CoV-2 were sourced from the isolate of
2019-nCoV/USA-WA1/2020 (accession number MN985325)
and based on the published annotation of the genome
sequence of SARS-CoV-2.9 From 30 viral genes, 24 genes
were synthesized by Gene Universal Inc. or GenScript and
inserted into pCellFree_G06, pmCell-free_KA1, and/or
pmCell-free_KA3 gateway destination vectors, respectively,
available in Addgene, Plasmid # 67140: https://www.addgene.
org/67140/; Plasmid #145369: https://www.addgene.org/
145369/; Plasmid #169408:https://www.addgene.org/
169408/. The pmCell-free_KA1 backbone contains a T7
promoter, CMV enhancer, and chicken β-actin promoter and
encodes 8xHis and eGFP tags at the 5′ end of the open reading
frame,26 whereas pCellFree_G06 contains a T7 promoter and
encodes 8xHis and mCherry tags at the 3′ end of the gene of
interest insertion site.51 The NSP11 gene was excluded from
the plasmid construction as it is a small 13 amino acid
disordered peptide.52

Six viral genes were purchased from Addgene in Gateway
donor vectors (as deposited by Roth and Taipale).43 The
genes were transferred to the aforementioned destination
vectors using the standard Gateway cloning strategy. The
Addgene codes of purchased plasmids are as follows: NSP3,
Plasmid #149306; NSP12, Plasmid #149314; NSP15, Plasmid
#149317; S, Plasmid #152988; S-frag3, Plasmid #153175; S-
frag5, Plasmid #153177. All cell-free viral expression vectors
with N-terminal eGFP were deposited in Addgene. The
Addgene codes of deposited plasmids are provided in
Supporting Table S1.
Sequences coding the genes for human SARS-CoV-2

interacting proteins were sourced from the human ORFeome
V2 version maintained in the DNASU plasmid repository
(Arizona State University). The ORFs were cloned into
pmCell-free_KA1 and pCellFree_G06 gateway destination

vectors, and cloning was carried out by the DNASU plasmid
repository (Table S2).
The coding sequence of the N-terminal peptidase domain of

human angiotensin-converting enzyme 2 (hACE2; residues
Ser19−Asp615) was cloned into pmCell-free_KA3 (https://
www.addgene.org/169408/). The pmCell-free_KA3 contains
a T7 promoter, CMV enhancer, and chicken β-actin promoter
in addition to mCherry and 6xHis tag at the C-terminal region
of open reading frames.
The gene sequences of SARS-CoV-2 RBD variants including

wild-type (WT) RBD, RBD (N501Y, mutual mutation in α, β,
and γ), RBD (L452R, T478K, delta variant), and engineered
RBD (L452K-F490W)50 were inserted into the pmCell-
free_KA1 vector.
All synthesized plasmids DNA were amplified and isolated

by the NucleoBond Xtra Midi kit (Macherey Nagel;
Germany). The gene sequences are provided in Table S1.
Expression of SARS-CoV-2 Proteins in the Cell-Free

LTE System. All 28 SARS-CoV-2 genes were expressed in cell-
free LTE individually. The NSP11 gene was excluded from the
plasmid construction as it is a small 13 amino acid disordered
peptide.52 The detailed procedure for the L. tarentolae
translation extract and the feeding solution for protein
expression were described previously.23 The expression
reaction was performed in 384-well Proxiplates (PerkinElmer;
Australia) in 10 μL volume containing DNA templates (10−25
nM, depending on the vector size), LTE extract (5 μL),
feeding solution (5×, 2 μL), and ultrapure water (Thermo-
Fisher; Australia). The reactions were incubated for 3 and 5 h
(eGFP and mCherry fusions, respectively) at 25 °C. The
expressed proteins were detected by measuring eGFP and
mCherry fluorescence signals using a Tecan Spark multimode
microplate reader (Tecan Australia Pty Ltd.). The wavelength
and bandwidth parameters for both fluorophores to capture
the optimum signals were set as follows: eGFP fluorophore:
excitation and emission wavelength: 486 and 516 nm,
respectively, and bandwidth: 5 nm; mCherry fluorophore:
excitation and emission wavelength: 560 and 620 nm,
respectively, and bandwidth: 5 nm. The protein quantity was
estimated fluorometrically using a standard curve of pure eGFP
produced in-house.
To analyze the quality and integrity of eGFP and mCherry

fused proteins, the LTE reactions were mixed with 1:1 v/v of
2× NuPAGE sample buffer (ThermoFisher, Australia) and
resolved on a Bolt 4−12% Bis-Tris protein gel (ThermoFisher,
Australia). The proteins were detected by scanning the gel
using the ChemiDoc MP System (Bio-Rad, Australia). To
quantify eGFP fused proteins, 10 μL of serially diluted pure
eGFP ranging from 50 to 10 μg/mL was loaded on the SDS-
PAGE gel along with fusion proteins, and the resolved protein
bands were quantified using Image Lab software (Version 6.1,
Bio-Rad).

In Vivo Expression of Viral Proteins in HEK293T Cells.
HEK293T cells (Sourced from ATCC, CRL-3216) were used
for transient transfection of SARS-CoV-2 proteins. Cells were
grown in 75 cm2 culture flasks containing Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (FBS), 1% MEM nonessential amino acid, 1%
L-glutamine, 100 units per mL penicillin, and 100 units per mL
streptomycin (all solutions were purchased from Gibco,
Thermofisher: Australia) and maintained at 37 °C with a 5%
CO2 atmosphere.
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For transient transfection, HEK293T cells were seeded at 5
× 104 in Corning Costar 48 well TC-treated plates (Corning,
Germany) in 200 μL of supplemented DMEM without
antibiotics and incubated overnight at 37 °C and 5% CO2.
On the transfection day, pmCell-free plasmids (600 ng per
well) were diluted in 200 μL of Opti-MEM reduced-serum
medium (Gibco, Thermofisher: Australia) mixed with the
Lipofectamine 2000 reagent (Life Technologies, AUS) in a
1:1.5 ratio of DNA/lipofectamine according to the manufac-
turer’s protocol. The mixture was incubated at RT for 20 min.
The growth media was removed from the plate and replaced
with 150 μL of prewarmed supplemented DMEM without
antibiotics, followed by dropwise addition of the DNA/
lipofectamine complex. Following a 6 h incubation of the cells
with the DNA complex at 37 °C, the growth media was
removed and replaced by fresh 10% FBS/DMEM medium (w/
o antibiotics), and the culture plate was incubated at 37 °C
overnight. The transfected cells were imaged 24 h post-
transfection using a Nikon Eclipse TS2 inverted microscope
(Scope Scientific, AUS) equipped with fluorescent filters and a
cooled color camera.
LTE Co-Expression of Human Proteins and the Viral

Interacting Partners. The human and viral protein pairs
were co-expressed in the LTE cell-free expression system. The
DNA templates for N-terminal-GFP (8−12 nM)- and C-
terminal-Cherry (10−15 nM)-tagged proteins were added
concomitantly to the LTE reaction mixture, and the samples
were incubated for 5 h at 25 °C for expression. The expression
of proteins was performed using 384-well Proxiplate in 10 μL
volume. The reaction was monitored with the Tecan Spark
multimode microplate reader, and the quality of the co-
expressed proteins was evaluated by separating the protein
bands on the SDS-PAGE gel as described before. The co-
expressed protein pairs were subjected to the AlphaLISA assay
directly (without purification and extra treatment) for
interaction analysis.
Protein−Protein Interaction Setup (AlphaLISA

Assay). AlphaLISA assays were performed in Optiplate-384
plus plates using Anti-GFP AlphaLISA Acceptor (AL133C,
PerkinElmer, AUS) and Streptavidin Donor beads (AL125C,
PerkinElmer, AUS). α beads were prepared according to the
protocol provided by the manufacturer.53 Briefly, the acceptor
and donor bead stocks (5 mg/mL) were diluted to 100 μg/mL
(5×) in AlphaLISA assay buffer (Buffer A: 25 mM HEPES, 50
mM NaCl, 0.1% BSA and 0.01% Nonidet P-40; pH: 7.5). The
biotinylated mCherry nanobody (prepared in-house)23 diluted
in buffer A (final concentration of 4 nM) was added into
microplate wells, followed by the addition 15 μL of LTE lysate
diluted 1:20 with assay buffer and containing putative
interacting proteins (diluted 20× in AlphaLISA assay buffer)
and 5 μL of the acceptor beads (5×). The samples were
incubated for 30 min at room temperature. Subsequently, 5 μL
of donor beads (5×) were added to samples under low light
conditions and incubated for 30 min at room temperature. For
all experiments, samples were prepared in triplicate and the
assay was repeated 2 times. The AlphaLISA signal was detected
with the Tecan Spark multimode microplate reader using the
following settings: mode: AlphaLISA, excitation time: 130 ms,
and integration time: 300 ms. In α screen experiments, the
FKBP-rapamycin binding (FRB) protein was used as a
negative control.
RBD−hACE2 Interaction Assay. The gene sequences of

SARS-CoV-2 RBD (residues Arg319−Phe541) and the N-

terminal peptidase domain of hACE2 (residues Ser19−
Asp615)38 were inserted in pmCell-free_KA1 and pCell-
Free_G06, respectively. eGFP-RBD (7 nM, 30 ng/μL) and
hACE2-mCherry (12 nM, 40 ng/μL) plasmids were added to
7 μL of the supplemented LTE reaction mixture and the
mixture was topped up with ultrapure water to 10 μL. The
reaction was incubated for 5 h at 25 °C. The AlphaLISA assay
was performed as described earlier.
For analysis of the anti-RBD antibody-mediated inhibition of

the RBD/hACE2 interaction, the mAB purchased from Sanyou
Biopharmaceuticals (#AHA004) was diluted with PBS to the
final concentrations of 1.0 and 0.5 μM stock. Following the
preparation of the 10 μL LTE reaction for co-expression of
eGFP-RBD and hACE2-mCherry, 1 μL of the mAB stock
solutions were added to the reactions at the start of expression.
After 5 h, the samples were diluted 20× with AlphaLISA assay
buffer and subjected to the AlphaLISA assay.
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In late 2019, the emergence of the highly infectious virus called
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-
2) caused the coronavirus disease (COVID-19) pandemic that
unfolded into a global health crisis. Mapping the host−
pathogen protein−protein interaction network is a key to
understanding the mechanisms of viral biogenesis and its
subsequent evolution. Using LTE cell-free protein expression
in combination with AlphaLISA protein−protein interaction
analysis, we tested SARS-CoV-2 17 intraviral and 54 host-viral
protein−protein interactions. This approach resulted in the
confirmation of 12 putative intraviral homo- and heterodimeric
interactions as well as 45 human-viral protein interactions. In
addition, we performed a detailed analysis of the SARS-CoV-2
RBD’s interaction with the human hACE2 receptor and
demonstrated the suitability of this assay for inhibitory
antibody screening. We performed protein−protein interaction
analysis on both SARS-CoV-2 intraviral and host-viral
interacting proteins. By employing this all-in vitro approach,
the direct protein interaction of 17 intraviral and 54 human-
viral protein pairs was investigated, allowing confirmation of 12
intraviral homo- and heteroprotein dimers and 45 human-viral
protein partners. In addition, the potential application of this
platform for antibody screening against the SARS-CoV-2 RBD
was demonstrated.
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