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A chemical tool for blue light-inducible proximity
photo-crosslinking in live cells

We developed a visible light inducible proximity crosslinking
method “Spotlight” which enables covalent capture of
transient interacting partner upon visible light irradiation,
Spotlight can be applied to crosslink interactome of proteins
of interest in sectioned tissue samples. Short crosslinking
radius of Spotlight offers an edge over promiscuous labelling
methods; using this method we analysed the interactome

of SARS-Cov-2-N protein which consists of viral host RNA
binding proteins in stress granule.
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We developed a proximity photo-crosslinking method (Spotlight) with a 4-azido-N-ethyl-1,8-
naphthalimide (AzNP) moiety that can be converted to reactive aryl nitrene species using ambient blue
light-emitting diode light. Using an AzNP-conjugated HaloTag ligand (VL1), blue light-induced photo-
crosslinked products of various HaloTag-conjugated proteins of interest were detected in subcellular
spaces in live cells. Chemical or heat stress-induced dynamic changes in the proteome were also
detected, and photo-crosslinking in the mouse brain tissue was enabled. Using Spotlight, we further

identified the host interactome of SARS-CoV-2 nucleocapsid (N) protein, which is essential for viral

iig:gt: igﬁ%’;ig:g;fgé;l genome assembly. Mass analysis of the VL1-crosslinked product of N-HaloTag in HEK293T cells showed
that RNA-binding proteins in stress granules were exclusively enriched in the cross-linked samples.

DOI: 10.1035/d1sc04871f These results tell that our method can reveal the interactome of protein of interest within a short
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Introduction

Most proteins physically interact with other proteins and form
macromolecular complexes to perform their biological func-
tion(s) in living cells. However, only a few methods are available
to reliably reveal unknown protein-protein interaction (PPI)
networks in live cells. Recently, proximity labeling (PL) was
developed based on in situ-generated reactive species using
genetically encodable enzymes such as ascorbate peroxidase
(APEX)* or promiscuous biotin ligase (BioID> or TurbolID?). The
reactive species generated by APEX or BiolD/TurbolD are cova-
lently conjugated to proximal proteins near the enzymes in live
cells and analyzed using mass spectrometry after cell lysis. This
method has become increasingly popular in cell biology and has
revealed local proteome information in diverse subcellular
compartments within a live cellular context.*
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The labeling radius of APEX, BiolD/TurbolD, and other PL
tools (e.g., T-Rex,” PhotoPPI,® MicroMap’) is estimated to range
from a few nm to hundreds of nanometers, depending on the
lifetime of the reactive species and local protein concentration
in live cells.*® This labeling radius is suitable for sub-
compartmental proteome mapping;* however, this radius is
rather diffusive for the identification of the physical interacting
partners (i.e., interactome analysis) of proteins of interest (POI)
(Fig. 1a). For interactome mapping, genetically encoded chem-
ical crosslinkers have also been used to capture PPI networks
and simultaneously capture the nucleophilic residues of nearby
proteins for crosslinking®*° although this system requires the
expression of multiple subunits for the metabolic incorporation
of unnatural amino acid (UAA).

On the other hand, more controllable photo-crosslinking
reactions also have been utilized to capture the physical inter-
actome.' These methods utilizes aryl azide, diazo, or diazirine
moieties that can be converted to reactive nitrene or carbene
species by ultraviolet (UV) light activation (Fig. 1a). Since these
species usually have a short lifetime (T, <2 ns)’ in aqueous
solution, they can conduct an N-H or C-H insertion reaction
with physically interacting proteins (Fig. S1bt). Photo-
crosslinking methods using UAAs such as photo-methionine
or photo-leucine™ or those containing diazirine moieties
enable photo-crosslinking reaction of the proteins into which
UAAs are incorporated via the translational machinery in live
cells. However, this method faces two critical issues: (i) toxicity
from proteome-wide nonspecific incorporation of UAAs (espe-
cially for the photo-leucine method®), and (ii) UV light
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Fig.1 AzNP moiety-mediated proximity photo-crosslinking reaction by visible light in live cells. (a) Scheme of proximity labeling (left), spotlight
(middle) and conventional photocrosslinking method (right). (b) Comparison of methods described in (a). (c) Photo-activation reaction mech-
anism of the AzZNP moiety (above) (d) synthetic scheme of its HaloTag-conjugated version probe, VL1 (below, see ESI for further details). (e) X-
ray structure of co-crystalized HaloTag and VL1. Scheme (f) and western blot results (g) of VL1-mediated FKBP-FRB photo-crosslinking in the
presence of rapamycin under blue LED light illumination. Photo-crosslinked products of FKBP25-V5-HaloTag and EGFP-FRB are marked with
red asterisks. Non-cross-linked FKBP25-V5-HaloTag and EGFP-FRB are marked with blue asterisks in the anti-V5 and anti-EGFP western blot
results, respectively. Ponceau S stain images of cell lysates are shown in Fig. S2b and c.f

irradiation that has detrimental consequences for a live method that can perform a photo-crosslinking reaction with
system.' To overcome the issues of current PL and photo- proximal proteins using a visible light-activable chemical ligand
crosslinking techniques (Fig. 1b), we here introduce a new (Spotlight) in a live cell. This system can be envisioned having
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two parts: (i) visible light-activable photo-crosslinking moiety
and (ii) selective delivery of this moiety to the POI, thus
addressing toxicity from the proteome-wide incorporation of
UAAs. Our literature search has revealed that most of the
available visible light-activable moieties (e.g., benzoyl azide,"
vinyl azide'®) are unstable in a physiological system. Among the
photo-crosslinkable handles, naphthyl azide-based 4-azido-N-
ethyl-1,8-naphthalimide (AzNP) (Fig. 1c) attracted our interest
for the following reasons: (1) it is highly stable in aqueous
solutions, and has been widely used in hydrogen sulfide
sensors;'”*® (2) it emits strong green fluorescence, which has
been used in the fluorogenic imaging of alkyne-modified
biomolecules® in live mammalian cells; and (3) it shows good
photo-crosslinking ability: upon UV illumination, AzZNP can
convert to the aryl nitrene species, which can covalently attach
to proteins."* However, the visible light-induced photo-
crosslinking activity of AzNP in live cells has not been
explored to date.**

We hypothesized that AzNP can be utilized for capturing
proximal proteins under a photo-crosslinking reaction if it is
delivered selectively to the proximal site of the POI. Currently,
engineered aminoacyl tRNA synthetases'>**** and post-
translationally modified enzymes (i.e., LplA'") have been
utilized to deliver a small-size UV-cross-linkable moiety (i.e.,
benzylazide,**** diazirine****); however, it is highly unlikely that
the currently engineered enzymes are able to deliver bulky AzZNP
due to the limited size of active sites. For this reason, we utilized
the HaloTag system to efficiently deliver AzNP to the POI. Hal-
oTag is an engineered tag protein that can covalently capture
the haloalkane ligand within a few minutes in live cells with
high efficiency.**” Conjugated with haloalkane or HaloTag
ligand (HTL), any chemicals (e.g:, fluorophores,***** VHL
binders,* kinase inhibitor***?) could be decorated with HaloTag
with a nearly 100% conjugation yield in a covalent fashion while
the haloalkane is buried in the cavity of HaloTag.*® Since
protein-ligand binding interactions and various “in-cell chem-
ical reactions,” including the strain-promoted click reaction®*
and photo-activation reactions,>** have been successfully real-
ized with HaloTag, we expected HaloTag to be a suitable plat-
form for our proximity photo-crosslinking system using an
AzNP-conjugated ligand.

Results

AzNP conjugated HaloTag ligand can cross-link proximal
proteins in live cells under ambient blue light activation

To test this model, we synthesized AzNP-conjugated HaloTag
ligands (VL1 and VL2) with two linker sizes (Fig. 1d, see ESIt).
VL1 showed fairly strong absorbance in the visible light range
(Amax = 375 nm, extinction coefficient value = 2230 M~ ' em™;
Fig. S3f). For control experiments, we also prepared other
photo-crosslinkable HaloTag ligands that contain short-range
UV light-absorbing para-azidophenyl and diazirine moieties
(UL1-4, Fig. Sict).*® After chemical synthesis and character-
ization of the ligands (see ESIT), X-ray protein structure analysis
of the co-crystalized holo-protein complex of HaloTag-UL2
(Fig. S1df) and Halotag-VL1 (Fig. 1e) was respectively used to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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confirm that both the para-azidophenyl moiety of UL2 and the
AzNP moiety of VL1 are well exposed at the surface of HaloTag.

We next tested the photo-crosslinking activities of the
ligands using the rapamycin-inducible FKBP25-FRB protein
complex®” by co-expression of FKBP25-HaloTag (64 kDa) and
EGFP-FRB (48 kDa) in HEK293T cells (Fig. S2at). In this model
system, VL1 successfully generated the photo-crosslinked
product of FKBP25-HaloTag and EGFP-FRB that appeared
around 120 kDa only in the presence of rapamycin and in the
blue LED light illumination condition (Fig. 1f and g). In this
reaction on the FKBP25-HaloTag, VL1 containing the PEG1
linker showed stronger crosslinking efficiency with EGFP-FRB
compared with that of VL2 containing the PEG2 linker
(Fig. 1g). The VL1-mediated photo-crosslinked product of HA-
FRB (13 kDa) and FKBP25-V5-HaloTag appeared at around 80
kDa, which is close to the expected molecular weight of the
cross-linked product of HA-FRB and FKBP25-V5-HaloTag
(Fig. S2df). This experiment successfully demonstrated that
VL1 selectively cross-links the interactome of a HaloTag-
conjugated POI (POI-HaloTag), independent of the size of the
tag protein on the interacting partner.

Notably, none of the other conventional photo-crosslinking
ligands containing phenyl azide or diazirine moieties (i.e.,
UL1-4) could generate the photo-crosslinked product of FKBP-
HaloTag and EGFP-FRB with blue LED light activation
(Fig. 1g), although UL1-4 generated a photo-crosslinked
product with UV light illumination, which could be purified
via immunoprecipitation (Fig. Sle-if). Among these UL probes,
phenyl azide-based UL2 showed robust photo-crosslinking
efficiency both in live cells and in a test tube reaction under
UV activation (Fig. S1it), although phot-crosslinking was not
efficient under blue LED light illumination (Fig. 1g). From these
results, we could confirm that AzNP has promising photo-
crosslinking ability under visible light activation. Notably, we
used an ambient blue LED household lamp (~0.057 W ¢cm™?)
for all of our photo-crosslinking experiments in test tubes and
live cells with VL1, which highlights the sensitivity of AzZNP and
the requirement of only low-intensity visible light illumination.
We also demonstrated that the photo-crosslinked product on
the HaloTag protein appears within 1 min of blue LED illumi-
nation in the live cell experiment (Fig. S10g7), which was much
faster than cross-linking in the untargeted in vitro reaction with
bovine serum albumin (Fig. S41) due to the macromolecular
crowding environment in the live cell. These result support that
our method of spatiotemporal proximity photo-crosslinking by
visible light activation (Spotlight) can capture the temporal
interacting partners under physiological conditions. We further
tested whether our Spotlight method has a reduced labeling
radius compared to the TurboID method, which is currently the
most popular PL method tool for interactome mapping.?
Toward this end, we tagged HaloTag and TurboID on the
FKBP12 protein, and determined whether FRB can be photo-
crosslinked and biotinylated under rapamycin treatment
(Fig. 2a). In an imaging experiment, FKBP12-HaloTag-TurboID
co-localized with EGFP-FRB under rapamycin treatment,
which indicated that conjugated FKBP12 is functional and can
be complexed with the FRB domain (Fig. 2b). Western blotting

Chem. Sci., 2022, 13, 955-966 | 957
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Fig.2 Spotlight selectivity captures interacting proteins in live cells (a) scheme of sequential reactions of VL1-mediated photo-crosslinking and
biotin labeling of FKBP12-V5-HaloTag-TurbolD in live cells. (b) Confocal imaging of FKBP12-V5-HaloTag-TurbolD and EGFP-FRB expression
under rapamycin (100 nM) or vehicle treatment for 1 h in HEK293T cells. Cells were fixed and permeabilized after biotin (50 pM) incubation for
30 min. FKBP25-V5-HaloTag-TurbolD was visualized by anti-V5 antibody and anti-mouse Alexa Fluor 568; biotinylated proteins were visualized
using SA-647 antibody after fixation and permeabilization. The green channel shows the EGFP signal. Scale bar = 10 um. (c) Western blot results
of VL1-mediated FKBP12-V5-HaloTag and EGFP-FRB photo-crosslinking under blue LED light. Photo-crosslinked products are marked with red
asterisks and non-crosslinked monomers are marked with blue asterisks. (d) Anti-Flag enrichment results of FKBP12-HaloTag-V5-TurbolD-Flag
in the samples of lane 3 and lane 4 of (c). VL1-mediated crosslinked product (red asterisk) shown in the anti-V5 and anti-GFP blot is also shown as
a biotinylated protein in the SA-HRP western blot. Non-crosslinked monomers are marked with blue asterisks.
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Fig. 3 Fluorescence imaging and western blot detection of VL1-targeted HaloTag-conjugated POls. (a) Fluorescence images of VL1 with various
subcellular-localized HaloTag-conjugated POls. Scale bar = 10 pm. VL1 fluorescence was observed in the GFP channel of confocal microscopy
(excitation wavelength = 488 nm). Construct map and expected subcellular localization information are shown in Fig. S5,1 and the merged
immuno-fluorescence image with anti-V5 antibody stain (RFP channel) is shown in Fig. S6a.t (b) Western blot analysis of VL1-mediated photo-
crosslinked products of various Halotag-V5-POls using anti-V5 antibody. Photo-crosslinked products are marked with red asterisks and non-
crosslinked POI-HaloTag proteins are marked with blue asterisks. Additional results of VL1-mediated cross-linked HaloTag-POls under blue LED
light are shown in Fig. S6b.T Reproducible results of UL2-mediated cross-linked HaloTag-POls under UV light are shown in Fig. S6¢.t For all the
western blot analyses, negative control samples (no probe and/or no light illumination) were include.
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showed that the cross-linked product of EGFP-FRB (48 kDa) and
FKBP12-HaloTag-V5-TurboID (84 kDa) appeared at around
~140 kDa only in the rapamycin-treated sample (lane 4, Fig. 2c).
The marked change in the crosslinking pattern in lane 4
compared with the patterns in lanes 1 and 3 reflected a notable
change in the proteomic interactome of FKBP12 following
rapamycin treatment. Anti-Flag immunoprecipitation showed
that the FKBP12 and FRB cross-linked product was biotinylated
by SA-HRP western blot (Fig. 2d). In addition to this cross-linked
FKBP12 and FRB product, numerous proteins biotinylated by
TurboID were detected in the flow-through fraction that were
not crosslinked with VL1. This indicated that Spotlight is a more
stringent method to identify physically interacting proteins,
whereas the PL method (i.e., TurbolID) labels all the nearby
proteins spuriously within labeling radius (Fig. 2a).

AzNP ligands (VL1, VL2) capture local protein networks in
various subcellular compartments and can differentiate the
stressed proteome in live cells

We tested the specificity of AzZNP-containing HaloTag ligands
(VL1) to the HaloTag protein and whether it captures the local
PPI network in various subcellular compartments in live cells.
Since VL1 emits green fluorescence (Amax = 540 nm, Fig. S3+1)
and its fluorescence is increased after the photo-crosslinking
reaction (Fig. S4t), we expected that targeting of VL1 and
formation of POI-HaloTag could be readily tracked in real time
in live cells, whereas other UV-crosslinking ligands (e.g., phenyl
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azide, diazirine) would not be visualized with microscope
imaging due to their negligible fluorescence emission. As ex-
pected, the fluorescence imaging experiment revealed that
green fluorescent VL1 was targeted to various HaloTag proteins
(Fig. 3a) in various subcellular compartments, including Lamin-
AC (nuclear inner membrane), p80-coilin (Cajal body),
HNRNPD (SAM68 body), MRPL12 (mitochondrial matrix),
Tom20 (outer mitochondrial membrane), SEC61B (endo-
plasmic reticulum membrane), and G3BP1 (stress granules)
(Fig. 3a, S5 and S67). Western blot analysis showed that all of
the POI-HaloTag constructs in various subcellular organelles
generated cross-linked products with VL1 under blue LED light
illumination (Fig. 3b and S6t). Interestingly, each POI-HaloTag
showed unique VL1-cross-linked patterns that might reflect
their local microenvironments. This result supports that VL1
has good membrane permeability and that it can reach the
inner parts of subcellular organelles such as mitochondrial
matrix proteins (i.e., MRPL12) to capture the interacting
proteins in each compartment with blue LED light activation.
To check whether VL1 has stability to capture the spatio-
temporal change in the interactome under stress conditions
(Fig. 4a), we prepared HEK293T cells expressing HaloTag-EBFP-
V5-G3BP1 (hereafter HaloTag-G3BP1). The cells were incubated
with VL1 for 1 h, washed, and stimulated under oxidative stress
using sodium arsenite (As,O3, 500 M) treatment or heat stress
(43 °C) for 1 h. Under these conditions, HaloTag-G3BP1 formed
stress granules (e.g., BFP and anti-V5 antibody), in good
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Fig. 4 Crosslinking in stress granules and phase-separated non-membrane-bound protein complex using AzNP-conjugated HaloTag ligand
(VL1) (a) scheme of monitoring stress granule formation of G3BP1-HaloTag with VL1 fluorescence under various stress conditions (e.g., heat,
chemical treatment, or viral infection). (b) Confocal imaging results of VL1-treated G3BP1-EBFP-V5-Halotag in the presence of 500 uM arsenite
treatment or heat shock (43 °C) for 1 h. EBFP fluorescence of G3BP1-EBFP-HaloTag was observed in the BFP channel. VL1 fluorescence was
observed in the GFP channel and anti-V5 immunofluorescence was visualized with a secondary antibody conjugated with Alexa Fluor 647. Scale
bar =10 um (c) Western blot analysis of VL1-mediated cross-linked products of G3BP1-EBFP-HaloTag under the various stress conditions of (b).
Samples not incubated with VL1 were used as negative controls. (d) Line scan analysis of band intensities of the cross-linked products of (c).
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agreement with previous studies of G3BP1,*® and HaloTag-
targeted VL1 fluorescence also well overlapped with BFP and
anti-V5 signals (Fig. 4b). This result confirmed that VL1 can be
used for real-time visualization of POIs under various stimuli.
We also confirmed that the VL1-mediated photo-crosslinked
products changed under the stress conditions (e.g., arsenite
stress and heat shock), which reflects that different protein
factors accumulate at the stress granule when stimulus is
varied.*® This result indicates that Spotlight can capture the
change of the G3BP1 interactome (Fig. 4c and d). The change of
the G3BP1 interactome was reproducibly observed in the
G3BP1-GFP and GFP-binding protein (GBP)-HaloTag systems,
which might be beneficial for rapid interactome mapping of the
existing cloned library of the GFP-tagged POI* (Fig. S7a and bf).
In this system, VL1 showed more cross-linked proteins under
blue LED light activation compared with those obtained using
UL2 under the UV illumination, which is mainly attributed to
the superior cell penetration of visible light than UV light
(Fig. S7b¥).

In addition, we tested whether Spotlight could capture the PPI
of postsynaptic density protein 95 (PSD95, also known as DLG4)
in an animal model. For this experiment, we prepared an adeno-
associated virus that can express PSD95-HaloTag in the viral-
infected region of the mouse brain. We injected this virus in
the hippocampus region of the mouse brain and waited for 4
weeks for PSD95-HaloTag to be expressed in the mouse model
(see ESIt). After expression of PSD95-HaloTag via the viral vector,
VL1 (10 uM) was incubated with the sectioned slices of the mouse
brain for 1 h after sacrifice, and the slices were illuminated with
blue LED light for 30 min (Fig. S8at). As shown in Fig. S8b-d,T
VL1 generated photo-crosslinked products with PSD95-HaloTag
in the brain tissue in a reproducible manner, whereas negative
controls showed less cross-linked product. Although photo-
crosslinking was not as efficient as in the cultured cells, our
results demonstrated that the Spotlight method could be poten-
tially applicable in animal model experiments.

SARS-CoV-2-nucleocapsid (N) protein-HaloTag recruits RNA-
binding proteins (RBPs) and viral host proteins

Motivated by the promising results in live cells, we used our
Spotlight method to reveal the host interactome of the SARS-
CoV-2 N protein.

SARS-COV-2N is one of the core protein components of the viral
particle, with an RNA-binding domain, which plays crucial roles
in the replication and repackaging of the viral genome in host
cells. Obtaining a better understanding of host proteins is
essential for studying the viral replication mechanism in host
cells. The host interactome of SARS-CoV-2 has been investigated
to date using affinity purification mass spectrometry (AP-MS)**
and conventional PL methods.*> However, AP-MS data may
reveal artificial interaction partners that can be enriched in the
lysate condition, and PL may exhibit non-physiological inter-
action partners due to the aforementioned diffusive labeling
characteristics of current PL methods. Thus, we expected that
our Spotlight method would provide another important layer of
information about the physical interactome of SARS V2N,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To reveal the host interactome network of S**¥°°VN in
human cells, we cloned the A" ©°V2N.v5-HaloTag-AP construct
(hereafter SARSC°V2N.HaloTag) and generated the stable cell
line in HEK293T-rex cells. From sequential imaging and
western blot experiments, VL1 was successfully targeted to the
SARS-COV2N. HaloTag protein and cross-linked the neighboring
proteins (Fig. 5a and b). Moreover, nearly all of the cells
expressing SRS “°V2N.HaloTag were labeled with VL1, as post-
treated biotin-HTL was negligibly conjugated with SARSCOV2N.
HaloTag after VL1 treatment (Fig. S9a and b¥). In addition, VL1
showed robust cross-linking efficiency on $AR¥°°V2N.HaloTag
compared with other photo-crosslinking ligands (VL2 and UL
probes) under blue LED light (Fig. S9c-ff), and its photo-
crosslinking reaction on SARSC°V2N.HaloTag was efficiently
complete within 1 min of blue LED light illumination (Fig. S9g
and hf).

Using this construct, we prepared triplicate biological
samples for liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis with control samples (see Fig. S107). For
enrichment of the VL1-crosslinked product of S*8SC°V2N.Hal-
oTag, we utilized acceptor peptide (AP, also known as Avitag),
which was genetically conjugated at the C-terminus of SARS%°V-
2N-HaloTag construct, and can be enriched on streptavidin (SA)
beads after an in vitro biotinylation reaction using purified
biotin ligase (BirA).* We confirmed that biotinylation of SARS
CoV2N.HaloTag occurred by the addition of BirA and biotin/ATP
in the mixture, and no or negligible biotinylated SARS°V2N-
HaloTag remained in the flow-through fraction after SA-bead
enrichment given the femtomolar binding affinity between
biotin and streptavidin (Fig. S10%).* This strong binding affinity
enables using 10% sodium dodecyl sulfate (SDS) buffer as an
incubation and washing buffer through the enrichment step,
which is beneficial for efficient clearing of non-covalent binders
on bait proteins. Indeed, in the no VL1 cross-linked and bio-
tinylated S*RSC°V2N.HaloTag-AP sample, only four proteins
(including the bait protein) were found to be significantly
enriched compared with the non-biotinylated sample
(Fig. S12at). By contrast, the VL1-crosslinked and biotinylated
N-HaloTag-AP sample (i.e. +VL1, +BirA) showed 161 proteins,
indicating that numerous VL1-crosslinked proteins survived
with N-HaloTag-AP protein (Fig. S12bt). Since there is the
possibility that some unknown endogenous proteins may have
intrinsic affinity to HaloTag and could also be cross-linked with
VL1, we also prepared a free HaloTag-AP construct and
confirmed its VL1 binding affinity; we also generated a VL1
cross-linked product under blue LED light illumination
(Fig. S13a,T b). Following the same protocol of the mass analysis
(Fig. S101), HaloTag-AP results provided detail background
protein information of Spolight and it enables to filter the VL1-
crosslinked protein information of S*®%“°V2N-HaloTag-AP to
obtain N-interactome.

By comparison of MS1 signal intensity in both samples,14
proteins (G3BP1, G3BP2, STAU2, AHNAK, ANKRD17, PRKRA,
CEP85, FBXO7, FNDC3A, GOLGA3, TSFM AIP, USP10, USP47)
that were exclusive to the VL1-crosslinked N-HaloTag sample
(Group I, Fig. 5d). Additionally, among the overlapping proteins
between N-HaloTag and HaloTag (Groups II to IV), another
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Fig. 5 Spotlight reveals the host interactome of nucleocapsid (N) protein of SARS-CoV-2. (a) Confocal imaging results of N-HaloTag (*ARS-<V-

2N-V5-HaloTag). (b) Western blot results of VL1-mediated cross-linked products of N-HaloTag (marked with a red asterisk). Non-crosslinked N-
HaloTag is marked with a blue asterisk. (c) Overview of VL1-crosslinked proteins of N-HaloTag and HaloTag. The table shows the findings for
mass-analyzed proteins per triplicate biological experiment. The color intensity represents the normalized mass intensity of the peptides per
identified VL1-crosslinked protein with N-HaloTag or HaloTag. Detailed information is shown in ESI Dataset 3t (d) normalized mass intensity of 14
proteins of Group | from (c). RBPs are colored in yellow and non-RBPs are colored in blue. (e) Volcano plot of Groups Il to IV proteins of (c)
showing statistically significant enrichment of VL1-crosslinked proteins of N-HaloTag (8 proteins, Group Il) over the VL1-crosslinkd proteins of
the HaloTag only; see ESI Dataset 3t for details. (f) SARS-CoV-2 N primarily associates with stress granule proteins, and interactors are enriched
for RNA-binding proteins (RBP). Proteins are color-coded based on the RBP (yellow) and non-RBP (blue) functions (see ESI Dataset 37), and those
involved in viral host protein and anti-viral signaling are circled in pink and purple lines, respectively. Protein network information in STRING
database (https://string-db.org/) was marked with red lines (g and h) Confocal microscopy imaging of HaloTag-G3BP1 with VL1 (g) and HaloTag-
G3BP1 with co-expressed N-GFP (h) in HEK293T cells. HaloTag-V5-G3BP1 was visualized by anti-V5 antibody (AF568-conjugated secondary
antibody, red fluorescence channel) and VL1 or N-GFP was observed in the GFP channel. Arrows mark stress granule formation. Scale bar = 10
um. (i) VL1-crosslinked product of HaloTag-V5-G3BP1 and N-GFP observed both in anti-V5 and anti-GFP western blot results. (j) VL1-crosslinked
product of N-HaloTag and G3BP1-GFP observed both in anti-V5 and anti-GFP western blot results. Photo-crosslinked products are marked with
red asterisks and non-crosslinked N-HaloTag proteins are marked with blue asterisks. See additional validation results in Fig. S12 and S13.+

eight proteins (ERCC6L, USP24, GSK3B, STAU1, EIF2AK2, VIM,
AHCY and DHX30) were significantly (i.e., p < 0.05, fold change
> 2) enriched in the VL1-crosslinked N-HaloTag sample over the
VL1-crosslinked HaloTag-AP sample (Fig. 5¢). From this relative
quantitative analysis, we could select a total of 22 proteins as the
“N-interactome” (Fig. 5f). Among these proteins, 11 (USP10,
G3BP1, ANKRD17, STAU2, AHNAK, G3BP2, PRKRA, FNDC3A,
STAU1, EIF2AK2 and DHX30) are characterized as RBPs.* This
ratio of RBPs in the N-interactome (50%, 11/22) is significantly

962 | Chem. Sci, 2022, 13, 955-966

higher than that in the human proteome (~5%, 1072/20 380).
Notably, 8 of the 22 proteins (36%) in the N-interactome are also
found in the stress granules (e.g., G3BP1, G3BP2, STAU1,
STAU2,* USP10, PRKRA, EIF2AK2 and CEP85)*” where viral RNA
can reside.*® As shown in ESI Dataset 3,7 PABPC1 and THRAP3,
which are well-known stress granule resident RBPs, did not
cross-link N-HaloTag-AP but were enriched in the cross-linked
sample with the free HaloTag-AP. Our data suggest that SARS
CoV2N does not promiscuously interact with all resident stress

© 2022 The Author(s). Published by the Royal Society of Chemistry
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granule proteins. Interestingly, the functions of RBPs in our N-
interactome are mainly related to viral host proteins or anti-viral
processes. For instance, STAU1 is a double-stranded RNA-
binding protein that stabilizes viral genomic RNA* and is
found in retroviral particles.” HIV-1 virus replication is facili-
tated bySTAU2 which interacts with viral protein Rev positively
regulating the RNA export.®* In addition, GSK3B is known to
promote the HCV virion assembly and release.>” In contrast,
G3BP1, G3BP2, AIP, EIF2AK2, DHX30, ANKRD17,%% are
involved in the anti-viral response (see ESI Dataset 3). To
validate whether 5" “°V?N and the N-interactome are within
the radius of VL1-mediated cross-linking, G3BP1 was selected
because it is a well-known RBP and stress granule marker
protein.”””” We prepared a HaloTag-G3BP1 construct in which
the entire HaloTag is conjugated at the N-terminus of G3BP1,
which showed a cytoplasmic expression pattern in the basal
state and VL1 anchoring did not affect this state (Fig. 5g).
However, when S*"S“°V2N.GFP was co-expressed, HaloTag-
G3BP1 formed granules where 5*"C°V2N was co-localized,
which supports that G3BP1 and SA®SC°V2N are at a close
distance (Fig. 5h). Western blot analysis showed that HaloTag-
G3BP1 forms a VL1-crosslinked product with SA*SCV2N.GFP
under blue LED light illumination (Fig. 5i) and SARSCOV2N.
HaloTag also formed a VL1-crosslinked product with G3BP1-
GFP (Fig. 5j), we also carried out anti-Flag IP of N protein
using N-Halotag-TurboID-Flag with and without co-expression
of G3BP1-GFP and after western blot we could observe G3BP1
in the enriched fraction whereas no GFP signal was observed in
the flowthrough fraction (Fig. S141). We further verified that
this cross-linked product was specifically generated with the
HaloTag-G3BP1 construct (not G3BP1-HaloTag) (Fig. S15af).
These results indicated that the G3BP1 and ***°*V*N interac-
tion might occur at the N-terminal domain of G3BP1. Moreover,
when using the HaloTag-2xTEV-Flag-G3BP1 construct, which
has a longer linker (33 amino acids) than Halotag-Flag-G3BP1
(11 amino acids), almost identical cross-linking results were
obtained, demonstrating that cross-linking with this system is
independent of the linker size between HaloTag and the POI
(Fig. S15bt). These results confirmed that G3BP1 and SARSCoV2N
physically interact with each other. Our results are in good
agreement with recent publications showing that G3BP1 is
a physical interacting partner of S*"$“°V2N based on various
validation methods.**®

Discussion

In this study, we confirmed that AzNP is a promising photo-
activable chemical moiety for our visible light-inducible prox-
imity cross-linking method (Spotlight), and our method could
directly enrich the physiological interaction partners of SARS-
CoV-2 N protein. In the current system, we used HaloTag as
a model system for genetic targeting of the AzNP ligand to the
POIs in a live model. HaloTag has been utilized as a universal
tag for many POIs in diverse types of cellular experiments.
Recently, experiments with HaloTag-CRISPR knock-in cell lines
and a CRISPR knock-in mouse model (i.e., Titin-HaloTag™>)
showed that HaloTag itself may not disturb the physiology of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the conjugated POL. Thus, we believe that VL1 can be utilized for
many POIs to which HaloTag can be genetically conjugated
without functional perturbation. Furthermore, our method is
not limited to the use of HaloTag, and it can be adapted to other
chemical ligand-protein tagging systems using markedly
smaller tag proteins (e.g., SNAP-tag and CLIP-tag) in the future,
which might be helpful to cover more specific interacting
partners of POIs.

The Photo-methionine or Photo-leucine method> that can
incorporate UV-activable photo-crosslinking amino acids in
newly synthesized proteins via natural aminoacyl tRNA
synthetases at the proteome-wide level is currently one of the
popular methods for the identification of the interactome using
a photo-crosslinking reaction. However, this method has not
been utilized in a mouse model to date, because animal-level
incorporation of UAA is required for the experiment, which
can cause toxicity and physiological damage to the model.
Compared with this method, we specifically targeted cross-
linkable ligands to only the HaloTag-POI, which is cost-
effective and also free from toxicity issues. We also showed
that Spotlight enabled target protein cross-linking in the mouse
brain using PSD95-HaloTag.

TurboID has been utilized for interactome mapping in
diverse experiments; however, owing to its rather diffusive
labeling characteristics of biotin-AMP, the current PL methods
(i.e., BioID, TurboID, and APEX) require a “filtration approach”
by comparison of the data with biotinylated proteins of cytosolic
TurbolD (e.g., TurboID-NES).®® However, these filtered data still
cannot reflect the direct binding partners selectively but rather
only reflect the unclear “contour” of proximal proteins
compared to the cytosolic background, and these data cannot
decipher whether the selected proteins are true interacting
partners of a POI Compared with these PL method, our
approach can selectively identify the direct interacting partners
of target proteins, which is beneficial for direct identification of
the molecular network of a POI in live cells. Furthermore, we
expect that our Spotlight method can be utilized with TurboID
for the same target POI because the photo-crosslinking reaction
of Spotlight can orthogonally occur with the amide coupling-
based biotinylation reaction of TurbolID.

We performed mass analysis of eight samples of 58S V2N
HaloTag-AP and HaloTag-AP with four control conditions
(£VL1, £BirA) to confirm whether each step of our experiments
(e.g., photo-crosslinking and streptavidin enrichment) were
working as expected (Fig. S10 and S12%). For general use of our
method, we consider that it might not be necessary to include
all of these control samples, and it might be sufficient to
compare the streptavidin-enriched sample of VL1-crosslinked
POI-HaloTag  (POI-HaloTag-AP/+VL1/+BirA)  versus  VL1-
crosslinked free HaloTag (HaloTag-AP/+VL1/+BirA) to obtain
the POI interactome proteins, as shown in Fig. 5. Our analysis
result of free HaloTag cross-linked proteins (ESI Dataset 27)
might provide the background protein information for other
experiments using our Spotlight method.

We also tested whether the efficiency of generation of cross-
linked product was affected by linkers in the HaloTag-G3BP1
construct and photo-crosslinking probes at the HaloTag
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surface (Fig. S15a and b¥). This result implies that the HaloTag
position at the N-terminus of G3BP1 can have some level of
flexibility of approach to the surface of SARSC°V2N protein,
which seems to be practically unaffected by the peptide linker
length between HaloTag and G3BP1, whereas the PEG linker
length of the HaloTag ligand can determine the orientation of
active species at the HaloTag surface® that may affect the cross-
linking efficiency to the specific interaction partner. These
features of positioning-dependent cross-linking efficiency due
to the intrinsically short labeling radius of our method might be
a limiting factor to cover the complete physical interactome of
a POL However, this might also be considered a strength of the
current method because any cross-linked proteins in our system
should be interacting proteins of POIs.

In this study, we performed a proof of concept ex vivo
experiment of Spotlight using mouse brain samples, and it
showed lower crosslinking efficiency than that in the cultured
cells possibly owing to the low penetration of blue light. We
envision that our Spotlight method can be further improved by
using other probes that can be activated by infrared light, such
as diazocoumarin,® although these dyes need to be tested
whether their targeting and the lifetime of carbene on the target
protein surface can be sufficient to effectively react with the
residues on the proximal proteins in the future.

Conclusions

In summary, we have developed a new blue light inducible
proximity photocrosslinking method “Spotlight” and demon-
strated its the ability to identify protein—protein interaction in
cell as well as crosslinking in the tissue samples. We success-
fully demonstrated our probe's ability to capture the interacting
partner selectively in model system and we successfully identify
improved interactome of S**S“°V2N protein in live cells. From
these results, we believe that our new method can be utilized to
identify specific interactome of various POIs in live system.
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