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ABSTRACT: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the infectious agent of the COVID-19 pandemic,
remains a global medical problem. Angiotensin-converting enzyme 2 (ACE2) was identified as the primary viral entry receptor, and
transmembrane serine protease 2 primes the spike protein for membrane fusion. However, ACE2 expression is generally low and
variable across tissues, suggesting that auxiliary receptors facilitate viral entry. Identifying these factors is critical for understanding
SARS-Cov-2 pathophysiology and developing new countermeasures. However, profiling host—virus interactomes involves extensive
genetic screening or complex computational predictions. Here, we leverage the photocatalytic proximity labeling platform gMap to
rapidly profile the spike interactome in human cells and identify eight novel candidate receptors. We systemically validate their
functionality in SARS-CoV-2 pseudoviral uptake assays with both Wuhan and Delta spike variants and show that dual expression of
ACE2 with either neuropilin-2, ephrin receptor A7, solute carrier family 6 member 15, or myelin and lymphocyte protein 2
significantly enhances viral uptake. Collectively, our data show that SARS-CoV-2 synergistically engages several host factors for cell
entry and establishes yMap as a powerful tool for rapidly interrogating host—virus interactomes.

B INTRODUCTION viral entry outside of canonical pathways remains poorly
characterized (Figure 1a).

Computational modeling of the receptor binding domain
(RBD) has identified interactions with heparin sulfate for cell
entry, and recent work has validated functional associations
with C-type lectin receptors'’ and metabotropic glutamate
receptor 2.'" Additionally, results from two studies suggest that
neuropilin-1 (NRPI) enhances TMPRSS2-mediated SARS-
CoV-2 entry.'”" Although these studies elucidated additional
viral entry routes, they also required extensive computational
effort generated from crystal structures or validated hypotheses

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2) is the etiologic agent of the COVID-19 pandemic.
Identifying viral entry and replication factors is key for
understanding and resolving outbreaks, and angiotensin-
converting enzyme 2 (ACE2) has been identified as the
obligate receptor for SARS-CoV and SARS-CoV-2."* Cleavage
of the viral spike protein by the transmembrane serine protease
2 (TMPRSS2) also facilitates SARS-CoV-2 membrane
fusion.”™> Although ACE2 expression is higher in nasal
epithelial cells, these levels decrease throughout the lower
respiratory tract.”” While this implies nasal initiation of
infection, transition mechanisms to deep lung pathogenesis Received: June 28, 2022

in severe COVID are unknown.”” Similarly, COVID infections Published: September 1, 2022
can rapidly progress throughout the body and cause multiple

organ failure,® yet ACE2 expression is low or variable beyond

gastrointestinal and respiratory tracts.” Accordingly, it is likely

that SARS-CoV-2 interacts with additional receptors, although
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Figure 1. (a) SARS-Cov-2 utilizes ACE2 and TMPRSS?2 for cell uptake, but additional entry factors are likely. (b) gMap photoproximity labeling
via Ir photocatalysts that activate nearby diazirines into reactive carbenes. (c) Ir conjugation with SARS-Cov-2 spike protein enables rapid receptor
identification. (d) Quantitative proteomics volcano plot of candidate cell—surface proteins after incubation of Ir-spike proteins with Calu-3 cells
and photolabeling. Data set compares full-length spike protein against RBD. ACE2 interacts with both constructs and is thus near zero enrichment.

from a priori evidence of known receptors. Genetic knock-out
screens can reduce bias and allow identification of proviral
proteins,14 yet these campaigns involve extensive library
optimization and require suitable systems for transfection
and engineering. In contrast, proximity labeling has emerged as
a versatile methodology for unbiased interrogation of protein
interactions via catalytic tagging of spatially connected
biomolecules."> APEX'® and BioID'” have found particular
widespread application and have been recently utilized for
investigating associations between SARS-Cov-2 viral compo-
nents and intracellular host proteins. Although these studies
demonstrated relevant interactions between the viral proteins
and the host signal peptidase complex'® as well as myosin
heavy chain,'” these platforms require genetic engineering to
introduce proximity labeling components and are limited in
both spatial control and labeling resolution. To circumvent
these challenges and investigate the native cell—surface
interactome with greater precision, we hypothesized that our
recently developed photocatalytic proximity labeling method,
uMap,”® could directly profile the host—virus microenviron-
ment and identify SARS-CoV-2 auxiliary receptors (Figure
1b,c). In contrast to peroxidase or biotin ligation strategies,
uMap uses iridium (Ir) photocatalysts to convert nearby
diazirines into carbenes via Dexter energy transfer and
biotinylate proteins within ~4 nm radius, offering high spatial
and temporal control over labeling (Figure 1b).*° This
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platform has been applied for small molecule target
identification,”’ mapping chromatin reorganization events,””
and rapidly profiling immunosynapse interactions.”’ Addition-
ally, similar Ir-based photocatalytic proximity labeling strat-
egies have also been recently developed for cataloging
mitochondrial proteins in activated macrophages®’ and
** Rhodamine-
based oxidation labeling has also provided new methodology
for validating cell—surface microenvironments, underscoring
the utility of light-mediated proximity labeling for interrogating
cell—surface proteomes with high spatiotemporal precision.”
Given this precedent, we sought to deploy yMap to identify
novel receptors of the SARS-CoV-2 spike protein.

profiling surface proteins in breast cancer.

B RESULTS AND DISCUSSION

As an initial test, we first synthesized recombinant RBD and
full-length spike-Ir conjugates and attempted photolabeling on
HEK293T cells overexpressing ACE2 (Figure S1). Cells were
incubated with spike-Ir conjugates and then washed, and
photolabeling was initiated in a 250 uM biotin—diazirine
solution under blue light irradiation. Compared with a free Ir
control and parental 293T cells, we observed robust
biotinylation of membrane proteins from trimer conjugates
only in ACE2-expressing cells (Figure S2). Notably, RBD
labeling produced few new bands beyond ACE?2 in these tests,
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Figure 2. SARS-CoV-2 uptake is enhanced in cells expressing candidate receptors and ACE2. (a) Schematic for generating pseudoviral particles and
infection. (b—e) Virus uptake into AS49 cells expressing ACE2, TMPRSS2, and/or entry factor candidates. Entry was measured as relative
luminescent signal (RLU) normalized against non-enveloped particle control. Data points represent mean (n = 6) and error bars denote standard
deviation. Independent t-tests between ACE2 and expression lines are indicated *p < 0.05, **p < 0.01, ***p < 0.001.

yet the spike trimer displayed extensive biotinylation, revealing
the possibility of novel interactions.

To perform uMap analysis of the spike interactome in a
native context, we identified Calu-3 human lung cells as they
express both canonical entry factors ACE2 and TMPRSS2
(Figure S1) and have been previously utilized to study COVID
pathophysiology.”” We were also particularly interested in
utilizing the full-length spike protein (~180 kDa), as the N-
terminal domain bears epitopes of neutralizing antibodies, yet
its functional interactions are still unknown,m’27 suggesting
that it binds other host factors. We executed our photolabeling
workflow followed by membrane lysate isolation, streptavidin
enrichment, and quantitative proteomic analysis. Compared
against a free Ir control, ACE2 was strongly enriched (Figure
S3 and Table S1), recapitulating our initial feasibility test. To
delineate auxiliary interactions between the smaller RBD (~50
kDa) and full spike, we also performed pMap with both

conjugates and compared data sets. As expected, ACE2 was not
enriched as it binds both protein constructs, but we identified
eight enriched membrane proteins as candidate receptors for
the full spike (Figure 1d and Table S2). TMPRSS2 was not
observed in any of our data sets, which is unexpected given its
known role as a canonical SARS-CoV-2 entry factor along with
ACE2.”~° However, it is also known that the TMPRSS2-spike
interaction is transient after cleavage, and given that uMap
targeting of cell—surface proteins employs binding and several
washing steps, we hypothesize that this contributed to lack of
proteomic detection. Regardless, neuropilin-2 (NRP2) was
highly enriched, and has high homology with NRP1 which was
reported to bind to the cleaved spike and facilitate SARS-CoV-
2 entry.'”" Cleft lip and palate associated transmembrane
protein 1 (CLPTM1I) and ephrin receptor A7 (EPHA7) were
also prioritized, the latter of which was reported as key for
transmission of Kaposi's sarcoma-associated herpes virus and
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rhesus monkey rhadinovirus.”® We also identified myelin and
lymphocyte protein 2 (MAL2), recently reported as a herpes
simplex virus 1 co-factor in oligodendrocytes.” Solute carrier
family 6 member 15 (SLC6ALS), myelin protein zero-like
protein 1 (MPZL1), laminin subunit gamma 2 (LAMC2), and
integrin subunit beta S (ITGBS) were also noted as candidate
receptors (Figure 1d and Table S2). LAMC2 was intriguingly
identified in a microarray study as a possible SARS-CoV-2
transmission factor.”’ Although these eight annotated
candidate proteins are not the sole transmembrane proteins
enriched in our data set (Figure 1d and Table S2), this group
was selected due to their high enrichment and likelihood of
interacting with the SARS-CoV-2 spike protein on the cell
surface. Importantly, all candidates are known to be expressed
in esophageal and respiratory tract tissues,”’ and so we next
sought to functionally test these receptors for viral infection.

We first generated SARS-CoV-2 pseudovirus particles
(SARS-CoV-2pp) encoding Gaussia luciferase as a quantifiable
proxy (Figure 2a). In line with previous observations,
expression of ACE2 or TMPRSS2 in HEK293T and AS49
cells resulted in significant entry enhancement (Figure S4). We
next constructed a panel of AS49 cell lines to display various
combinations of cell-surface candidate factors. Importantly,
we transduced cells with bicistronic lentiviral cassettes
containing a zsGreen reporter to enable fluorescence-activated
cell sorting and standardized expression of each markers, and
ACE2 levels were similarly gated using antibody staining
(Figure SS). For additional rigor, we also measured expression
of respective genes in sorted cell lines via quantitative PCR and
verified similar mRNA levels (Figure S6). We next infected
these lines with SARS-Cov-2pp, and although AS549 cells
expressing ACE2 and/or TMPRSS2 exhibited significant
increases in viral uptake compared to parental cells, display
of individual candidate factors provided no viral uptake
enhancement (Figure 2b). However, cells stably expressing
ACE2 along with individual factors exhibited significantly
enhanced viral entry (Figure 2c). In particular, dual expression
of ACE2 with NRP2, CLPTM1, SLC6A1S, EPHA7, or MAL2
led to upward of ~3-fold increases in viral uptake compared
with cells only expressing ACE2, suggesting a synergistic cell
entry mechanism. As expected, TMPRSS2 conferred large
uptake increases when expressed with ACE2 (Figure 2b—e),
yet no difference was observed in lines expressing TMPRSS2
and each factor (Figure 2d) or in combination with ACE2 and
TMPRSS2 (Figure 2e). We hypothesized that these differences
may be masked by enzymatic luciferase-based detection, so to
observe uptake in greater detail, we infected ACE2—TMPRSS2
triple expression lines displaying the highest enhancement
(NRP2, SLC6A1S, EPHA7, and MAL2) with mScarlet reporter
pseudoparticles (Figure 3). Quantifying individual populations
via microscopy confirmed minimal entry in A549 cells as well
as lines expressing only ACE2, but large enhancement was seen
in ACE2 lines simultaneously displaying TMPRSS2 along with
NRP2, MAL2, EPHA7, or SLC6A1S. Non-enveloped viral
controls showed no uptake (Figure S7), reflecting spike-
mediated entry (Figure 3a,b). Together, these results confirm
the importance of ACE2 and TMPRSS2 for SARS-Cov-2 entry,
and we excitingly demonstrate that NRP2, SLC6A1S, EPHA?7,
and MAL2 significantly enhance viral uptake when expressed
with ACE2.

Numerous SARS-CoV-2 variants have continued to emerge
that are increasingly transmissible and/or less vulnerable to
antibody neutralization. In particular, the Delta (B.1.617.2)
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Figure 3. NRP2, MAL2, EPHA7, and SLC6A1S significantly enhance
SARS-Cov-2 entry. (a) AS49 cells expressing various factors were
infected with SARS-CoV-2pp encoding mScarlet, stained with DAPI
(blue), and visualized using fluorescence microscopy for factor
expression (szGreen) and viral uptake (red). Scale bar indicates 100
um, and insets display zoomed-in regions of each image. (b) Entry
quantification as percentage of red: (SARS positive)/(DAPI positive)
and green: percentage of (SARS positive)/(factor positive). Data
points represent mean from (n = 3), and error bars denote standard
deviation. Independent t-tests of SARS+ values between ACE2 and
ACE2—TMPRSS2 triple expression lines are indicated as significant
(**%p < 0.001).

variant that arose in India in late 2020 contains eight amino
acid mutations from the original Wuhan spike (Figure 4a).*”
To test uptake with our identified receptors, we generated
Delta SARS-CoV2-pp and repeated our luminescent entry
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Figure 4. Candidate receptors enhance Delta variant spike-mediated
uptake. (a) Delta variant spike harbors eight mutations compared to
Wuhan strain. (b) Delta pseudovirus uptake in cells expressing ACE2
and candidate factors. Entry was measured as relative luminescent
signal (RLU) normalized against non-enveloped particle control. Data
points represent mean (n = 3) and error bars denote standard
deviation. Independent t-tests between ACE2 and respective lines are
indicated as significant *p < 0.05, **p < 0.01, ***p < 0.001.

assay and interestingly observed significant entry enhancement
across all factors except for ITGBS, with upward of ~5—7-fold
increases in ACE2—CLPTMI and ACE2—EPHA? lines versus
cells only expressing ACE2 (Figure 4b). Conversely, the
Wuhan strain only exhibited increased uptake in cell lines
expressing both ACE2 in combination with NRP2, MAL?2,
EPHA7, or SLC6ALS (Figure 2c), suggesting that the higher
transmissibility of the Delta variant is due in part to broader
receptor tropism.

Lastly, we sought to probe whether candidate factors stably
interact with SARS-Cov-2. Fluorophore-spike conjugates were
generated, and each cell line was incubated with increasing
amounts of the conjugate. After washing, fluorescence was
measured to estimate remaining bound protein (Figure Sa). As
expected, parental A549 cells displayed minimal interaction
whereas cells expressing ACE2 exhibited robust binding with
low nM affinity (Figures S8 and Sb). Intriguingly, the Delta
spike variant exhibited significantly enhanced binding affinity
in all ACE2-expressing lines, in agreement with working
hypotheses regarding its higher transmissibility (Figures S9 and
5b).>* However, cell lines expressing each candidate displayed
minimal binding, and dual expression with ACE2 did not
increase aflinity compared with single expression of ACE2 in
either variant. Although we anticipated observing a binding
enhancement, not all entry factors stably interact with the spike
protein. In agreement with prior work, TMPRSS2-expressing
cells did not stably bind (Figures S8 and S9), despite the
significant impact of the protease on viral uptake.' Similarly,
NRP] was found to enhance cell entry, yet binding interactions

constants (K’y) for SARS-Cov-2 spike from Wuhan (blue) and
Delta (green) strains toward cells expressing ACE2 and various cell—
surface proteins. Data points represent mean (n = 3), and error bars
denote 95% confidence intervals.

with SARS-Cov-2 were undetectable in analogous assays.'”
Although the candidate factors identified in this study
functionally enhance uptake, our results suggest that
interactions with the spike protein are transient, and synergistic
associations between ACE2 and a receptor ensemble likely
contribute to spike binding and subsequent particle entry.
Understanding the molecular mechanisms of SARS-Cov-2
infection across human tissues is key to resolving the current
pandemic and developing countermeasures for future out-
breaks. Here, we show that photocatalytic proximity labeling
using pMap is a rapid and powerful tool for interrogating
critical receptors at the host—virus interface. We profile the
Wuhan spike interactome and identify at least four proteins,
NRP2, MAL2, EPHA7, and SLC6A1S, as auxiliary SARS-Cov-2
entry receptors that significantly enhance uptake of both the
original and Delta SARS-Cov-2 variants in human cells. The
Omicron spike variant has now dominated global infections,
and the molecular mechanisms of its high transmissibility and
immune evasion remain poorly understood.”*** Ongoing
research in our group seeks to expand this work into emerging
variants across human cell types to delineate these complex
interactions. Additionally, we observed many intracellular
proteins that were enriched in our data sets (Figure 1d,
Tables S1 and S2) that potentially interact with the SARS-
CoV-2 spike protein. We hypothesize that these interactions
are potentially resulting from internalized spike-Ir conjugates,
and future efforts will validate and functionally investigate
these potentially critical interactions. Moreover, we and the
Rovis group have also recently reported red light-based
strategies for photocatalyic proximity 121beling,36’37 and future
efforts will deploy these platforms for studying host—virus
interactions in complex in vivo environments. Together, this
work demonstrates a powerful and generalizable methodology
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for rapidly elucidating entry mechanisms for a variety of
pathogens in diverse cellular settings.
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