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CONSPECTUS: Proximity labeling can be defined as an enzymatic “in-

cell” chemical reaction that catalyzes the proximity-dependent

modification of biomolecules in live cells. Since the modified proteins
can be isolated and identified via mass spectrometry, this method has o - 1 Socrotome Matrix* Nevran
been successfully utilized for the characterization of local proteomes such NS e pm? = @ Ea
as the sub-mitochondrial proteome and the proteome at membrane ¢ — o’ N%@% \ég@ NS
contact sites, or spatiotemporal interactome information in live cells, ;, Qﬁy \ i o 4
which are not “accessible” via conventional methods. Currently, Suane 3 o
proximity labeling techniques can be applied not only for local proteome ‘%? M Analysis |

mapping but also for profiling local RNA and DNA, in addition to i L

showing great potential for elucidating spatial cell—cell interaction s, -

networks in live animal models. We believe that proximity labeling has D s

emerged as an essential tool in “spatiomics,” that is, for the extraction of

spatially distributed biological information in a cell or organism.

Proximity labeling is a multidisciplinary chemical technique. For a decade, we and other groups have engineered it for multiple
applications based on the modulation of enzyme chemistry, chemical probe design, and mass analysis techniques that enable superior
mapping results. The technique has been adopted in biology and chemistry. This “in-cell” reaction has been widely adopted by
biologists who modified it into an in vivo reaction in animal models. In our laboratory, we conducted in vivo proximity labeling
reactions in mouse models and could successfully obtain the liver-specific secretome and muscle-specific mitochondrial matrix
proteome. We expect that proximity reaction can further contribute to revealing tissue-specific localized molecular information in
live animal models.

Simultaneously, chemists have also adopted the concept and employed chemical “photocatalysts” as artificial enzymes to develop
new proximity labeling reactions. Under light activation, photocatalysts can convert the precursor molecules to the reactive species
via electron transfer or energy transfer and the reactive molecules can react with proximal biomolecules within a definite lifetime in
an aqueous solution. To identify the modified biomolecules by proximity labeling, the modified biomolecules should be enriched
after lysis and sequenced using sequencing tools. In this analysis step, the direct detection of modified residue(s) on the modified
proteins or nucleic acids can be the proof of their labeling event by proximal enzymes or catalysts in the cell. In this Account, we
introduce the basic concept of proximity labeling and the multidirectional advances in the development of this method. We believe
that this Account may facilitate further utilization and modification of the method in both biological and chemical research
communities, thereby revealing unknown spatially distributed molecular or cellular information or spatiome.
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Scheme 1. Comparison of Substrate Positions in the Crystal Structures of Ascorbate Peroxidase (APX, PDB ID: 10AF) and

Biotin Ligase (BirA, PDB ID: 2EWN)“

BirA (PDB: 2EWN)

“Substrate molecules are colored in light blue.
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tion by BiolD, and the crystal structure of the FKBP2S-
rapamycin-FRB complex was successfully obtained.

Kwak, C.; Shin, S.; Park, J. S.; Jung, M.; Nhung, T. T. M,;
Kang, M. G.; Lee, C.; Kwon, T. H,; Park, S. K,; Mun, J. Y.;
Kim, J. S.; Rhee, H. W. Contact-ID, a tool for profiling
organelle contact sites, reveals regulatory proteins of
mitochondrial-associated membrane formation. Proc.
Natl. Acad. Sci. U. S. A. 2020, 117, 12109.% In this work,
a new split system of BioID (Contact-ID) was developed to
identify the local proteome at contact sites between the ER
and mitochondria, with 11§ mitochondrial-associated
membrane (MAM) proteins revealed by Spot-BioID analysis.
Among these was FKBP8, a mitochondrial outer membrane
protein involved in MAM formation and calcium transport.

B INTRODUCTION

Most proteins exert their effect via networks with other
molecules. The identification of protein networks is essential
for understanding cellular processes at the systems level. Co-
immunoprecipitation and fractionation methods have con-
tributed to revealing the spatial proteomic information.
However, these methods may yield false results based on
artificial protein interactions, as purification is performed on
lysates wherein all subcellular microenvironments are com-
pletely disrupted, with artificial buffer conditions allowing
artifactual protein—protein interactions. Proximity labeling
(PL) is recognized as a useful tool for obtaining spatially
distributed molecular localization information, dubbed “molec-
ular spatiomics” in live cells.

PL can be defined as a spatially restricted enzymatic
modification reaction on proximal biomolecules (e.g., protein,
RNA, DNA). Since this modification reaction can occur via
reactive probes conjugated with biotin or similar conjugates, the
modified biomolecules can be enriched via streptavidin beads or
related methods. Currently, various enzymatic reactions have
been utilized for PL,* and we will highlight two enzymatic
reactions, namely those catalyzed by peroxidases (APEX) and
biotin ligases (BioID or TurboID), which are widely employed
in biological research.

APEX is a peromdase originally engineered from ascorbate
peroxidase (APX),” which is expressed in the cytosol of plants.
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The molecular weight of APEX is approximately 28 kDa, similar
to the size of green fluorescent protein (GFP), which has been
widely used for imaging various proteins of interest. APX
reduces hydrogen peroxide (H,0,) via oxidation of aromatic
molecules (e.g., ascorbic acid, phenol), thus playing a role in
plant cell antioxidant protection. During this process, two
electrons are sequentially extracted from two phenol substrates
to the oxidized heme within the active site of APX, and phenolic
compounds are turned to the phenoxyl radicals that can be
coupled to the tyrosine residues of proximal proteins. As the
half-life of phenoxyl radicals in aqueous solution is below 1 ms,°
proximal proteins less than 20 nm away can be targeted by these
radicals.”” Engineered ascorbate peroxidase (APEX, APEX2)
enzymes with enhanced catalytic activity relative to the wild-
type enzyme have been engineered.”*

It should be noted that variable chemical probes have been
developed for APEX,"*?~"® while there is currently no variation
in the substrates for other PL enzymes such as biotin ligases
(e.g, BioID/TurboID). The underlying reason lies within the
crystal structure of APX. The heme binding pocket of APXisina
partially solvent-exposed position and the aromatic substrate
binding site is located at the solvent-exposed edge of heme
(Scheme 1)** as shown in other peroxidase structures including
horseradish peroxidase (HRP),” which was initially used in the
EMARS method." Since phenoxyl radical generation occurs at
the protein surface, APX and HRP have weak substrate
specificity.” This property is beneficial for probe development
with variable combinations of different enrichment handles,
linker sizes, and aromatic moieties for the peroxidase-mediated
PL reaction.

Another enzyme widely used in PL is biotin ligase (e.g., BiolD
or TurboID). Both BiolD and TurboID are engineered
derivatives of E. coli biotin ligase (BirA),'® and the molecular
weight of these enzymes is approximately 35 kDa, which is
higher than that of APEX. These enzymes generate biotin-AMP
ester (biotin-AMP) through a coupling reaction between biotin
and ATP within the enzyme active site. Since biotin-AMP is an
electrophilic activated ester, it reacts with lysine residues on
proximal proteins when released from the active site. Originally,
wild-type BirA was considered to catalyze only a very specific
biotinylation reaction with one substrate protein, namely biotin
carboxyl carrier protein (BCCP) in E. coli. In this reaction,

https://doi.org/10.1021/acs.accounts.2c00061
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Figure 1. Chemical variation in enrichment handle and linker of APEX/HRP probes (a) APEX labeling with BP was performed for mitochondrial
matrix proteome characterization. Detected OXPHOS and TOM-TIM23 subunits by matrix-APEX are colored in red. Reprinted with permission from
ref 6. Copyright 2013 AAAS. (b) DBP was synthesized to avoid oxidation, enhancing signal intensity in LC-MS/MS. (c) Detection of AdP labeled
proteins using Western blotting with CB[7]-HRP. (d) Determination of alkyne phenoxyl radical permeability through cell membranes using APX-
CAAX, with APX facing the cytoplasm. Reprinted with permission from ref 6. Copyright 2013 AAAS. (e) Mitochondrial matrix proteome mapping in
yeast using cell-permeable alkyne phenol. Reprinted with permission from ref 10. Copyright 2020 Elsevier. (f) Strategy for specific mapping of the
synaptic cleft with membrane impermeable BxxP. (g) Scheme of the permeability of probes to membrane in mammalian cells and yeast.

biotin-AMP is kept within the active site by a binding loop
(116—124 aa). However, biotin-AMP can be released into the
solution by the R118G promiscuous mutant BirA (pBirA or
BioID)."”"® It can then react with the primary amine group of
lysine residues on proximal proteins.'” TurboID is a kinetically
engineered version of BirA obtained via yeast display.”’
Although biotin-AMP has a half-life of several minutes in
aqueous solution,”' ~*’ BioID and TurboID labeling provide a
comparable spatial resolution to APEX, possibly due to the short
half-life of biotin-AMP within protein-rich environments, since
lysine is the abundant amino acid residue on protein surfaces.”*
However, as previously mentioned, there is only one report (i.e.,
SS-Biotin)** on the use of biotin analogs in PL via BioID or
TurboID”® because biotin has high selectivity for the binding
pocket of BirA, as shown in the crystal structure'” (Scheme 1).

Both APEX and BioID/TurboID generate biotin-modified
proteins, which require mass spectrometry analysis after
streptavidin enrichment. Since conventional mass analysis
approaches for the detection of unmodified peptides of an
enriched proteome can provide only indirect information of the
biotin-modified proteome, we and others found that direct mass
detection of the modified region (e.g.,, modified site or modified
peptides) can provide more accurate information for the local
proteome as well as structural details of the modified sites."*”
Overall, we consider PL a multidisciplinary method, which
combines synthetic chemistry (e.g., probe and catalyst design),
biochemistry (e.g., protein engineering), and analytical chem-
istry (e.g, mass analysis). In this Account, we provide an
overview of our recent progress on PL in synthetic and analytical
chemistry. We also review the latest progress in biology-oriented
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in vivo applications of PL and chemistry-oriented advances in
photocatalyst-mediated PL development. Lastly, we will outline
future perspectives for PL in biological research.

B CHEMICAL DESIGN FOR PL

In the first use of APEX-based PL in 2013, biotin-phenol (BP, 1)
was prepared for mapping the mitochondrial matrix proteome
(Figure 1a).° Within BP, the phenol part of tyramine is the only
chemical moiety to react with peroxidase, and biotin is added for
streptavidin enrichment prior to LC-MS/MS analysis. BP has
moderate cell membrane permeability. Preincubation of BP for
30 min, and 1 min H,O, addition to matrix-APEX-expressing
cell line generated nearly saturated biotin-labeled signals within
mitochondria, indicating that BP can penetrate multiple
membranes from media into the mitochondrial matrix. Mass
spectrum analysis yielded 495 mitochondrial matrix proteins
following the in situ biotinylation reaction with matrix-targeting
APEX (matrix-APEX) and LC-MS/MS profiling after strepta-
vidin enrichment. Our results were in agreement with matrix-
side localized subunits of OXPHOS and TIM-TOM import
complexes (Figure la). Among the 495 proteins, PPOX and
PNPT1, previously known as mitochondrial intermembrane
space (IMS) proteins, were also labeled via matrix-APEX, and
confirmed to localize within the mitochondrial matrix through
APEX-based electron microscopy (EM) imaging.® After this
publication, various subcellular spaces, including the IMS,*®
endoplasmic reticulum (ER) and plasma membrane (PM)
junction,29 stress granule,30 or the GPCR interactome,*’
studied using BP (1).

were

https://doi.org/10.1021/acs.accounts.2c00061
Acc. Chem. Res. 2022, 55, 1411-1422


https://pubs.acs.org/doi/10.1021/acs.accounts.2c00061?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00061?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00061?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.accounts.2c00061?fig=fig1&ref=pdf
pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.2c00061?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

a b
WS G 5 NN S <
H H
il \/\)LN e 7é \/\)L
H S L
Biotin-2-nitrophenol (BNP, 7) Biotin-2-methoxyphenol (BMP, 8)
Probe 1 Probe 7 Probe 8
W4FAPX-NES anti-Flag
streptavidin-AF568
anti-myc
HRP-TM streptavidin-AF568
c NH. OH
NH H NH H H
PﬁN;é““\/\)LN ,.E— -\‘\/\)LN/\/NW‘Q
H\—s H H\—s L o
Biotin-aniline (Btn-An, 11)  Biotin-4-hydroxy-benzamide (Btn-4HB, 12)
Protein DNA RNA
v° Q*, yg; (_%z; gqng‘” (ég g‘l@.ﬁ' Btn-An er;f\h Btn-4HB BtnAn B(’ri-‘Ph B""fHB
FesFFTs s &2 e > 0 ®» &
5 Bn- Bin- Btn- Btn-  Bin- Btn-
3HB Nap F2HB 3HB Nap F2HB
' ' e 0 & & @&
Btn- Btn- Btn- Btn-
5HP 3HP  —probe 5HP  3Hp  —Probe
d

””2 Biotin-aniline
B
o

SVa

extracellular

(G
e

cytosol

¢
¢

HN\rO

OH

@

OH

e H  BDE (H) = 85.9 kcal/mol

AG*=32.5 keal/mol

— H

@
Q.

N\fo

NH

H;<°

~._ Diffusive radius

BDE (H) = 83.6 kcal/mol

+

T

\FO AG*=30.4 keal/mol

o

e + W BDE (H) = 88.1 kcal/mol

7
?
2

AG*=28.3 kcal/mol

Figure 2. Chemical variation in reactive moiety of APEX/HRP probes. (a) Reactivity of BNP and BMP toward APX and HRP. Reprinted with
permission from ref 6. Copyright 2013 AAAS. (b) Scheme of highly selective PL with BPS and BN2 for mapping the EGFR interactome upon EGF
stimulation and the ILK—PINCH-PARVIN-RSU1 protein complex in the cytosol, respectively. The BDE and reaction barrier for BPS and BN2 were
evaluated. (c) Screening the BP derivatives for protein, DNA, and RNA labeling. Reprinted with permission from ref 13. Copyright 2019 Wiley. (d)

Scheme of the glycoRNA labeling on the cell surface using Btn-An.

Since biotin has strong binding affinity toward streptavidin
(K, =4 x 10" M™")," BP-labeled proteins can be isolated using
streptavidin beads. However, we realized that such high affinity
might hamper the recovery of biotinylated peptides from the
bead. We also observed that the thioether group of biotin is
easily oxidized to sulfoxide or sulfone during the radical-
generating APEX reaction, which results in splitting modified
peptides to the nonoxidized and oxidized population. Thus, we
developed desthiobiotin-phenol (DBP, 2) which contains
desthiobiotin, a sulfur-free biotin analogue, as an enrichment
handle. While DBP shows a similar reactivity to the protein
when it is converted to the phenoxyl radical state as BP,' DBP
has no sulfur oxidation issue and binds less tightly to streptavidin
(K, =1x 108 M), resulting in higher recovery of DBP-
modified peptides from streptavidin beads after the APEX
reaction (Figure 1b). Using DBP, we could obtain more mass
spectra of APEX-labeled peptides, which is beneficial for
characterizing the membrane topology of labeled membrane
proteins.1

It should be noted that another chemical enrichment handle,
admantane, which has high binding affinity (K, > 1.0 x 10"
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M) with the host molecule, cucurbit[7]uril (CB7),” can be
utilized for APEX labeling. Through collaboration with Dr.
Kimoon Kim’s research group, we found that adamantane-
phenol (AdP, 3) reacts with APEX in live cells (Figure 1c) and
AdP-modified proteins were detected by Western blotting with
CB7-conjugated HRP. Since admantane-modified protein can
be enriched with CB7-conjugated beads,*” this method may be
useful for the orthogonal enrichment of APEX-labeled proteins,
while almost all other PL methods are based on the biotin-
modification and streptavidin bead enrichment, which have a
potential issue in samples with high expression levels of
endogenous biotinylated proteins.”

Another direction of APEX labeling is controlling membrane
permeability of the chemical probe. While BP has moderate
membrane permeability and is widely utilized in various
mammalian cell experiments; however, it is not optimal for
complexed membrane structures such as fruit fly,>* Caeno-
rhabditis elegans,”® and yeast.'” To improve the membrane
permeability of BP, detergent pretreatment in fruit fly, bus-8
gene knock-down for reducing cuticle integrity in C. elegans, and

zymolyase incubation for cell wall removal in yeast®® have been

https://doi.org/10.1021/acs.accounts.2c00061
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Figure 3. Direct mass analysis of PL-modified residues. (a) Schematic representation of LC-MS/MS sample preparation of the Spot-BioID. (b)
Identification of FRB interaction partners under rapamycin treatment using Spot-BioID. Labeled sites are highlighted in the crystal structure of
FKBP2S (PDB: 2MPH), and the FKBP2S-rapamycin-FRB crystal structure is shown with a ribbon diagram (PDB: SGPG). Reprinted with permission
from ref 2. Copyright 2016 American Chemical Society. (c) Localization of EXD2 at the outer membrane of mitochondria was revealed via crystal
structure (PDB: 6K17) and APEX-EM. Reprinted with permission from ref 41. Copyright 2019 Oxford University Press. (d) Overview of the Contact-
ID method for mapping contact sites between mitochondria and ER. (e) Topology of the mitochondrial inner membrane proteins was revealed via
Spot-ID. Reprinted with permission from ref 1. Copyright 2017 American Chemical Society.

performed even though these permeabilization steps may
perturb the physiology to some extent. Thus, alkyne-phenol
generated as an alkyne is a small 11poph111c functlonal group that
can be enriched via the click reactlon, exhlbltlng greater
membrane permeability than biotin.'® First, alkyne-phenol
(AP1, 4) was tested to assess whether the phenoxyl radical
can permeate cell membranes.® The plasma membrane-targeted
WHAAPX (enhanced activity APX mutant)-CAAX reacted with
alkyne-phenol, and almost no signal was detected without
permeabilization prior to the click reaction (Figure 1d). These
results indicate that alkyne-phenol is membrane-permeable,
while the alkyne-phenoxyl radical is not. Utilizing this favorable
cell membrane permeability of alkyne-phenol (AP2, §), the yeast
mitochondrial matrix proteome was successfully characterized
via mitochondrial matrix-targeted Su9-APEX2 (Figure le)."
Like the enrichment tag, linker size also has tremendous
influence on membrane permeability (Figure lg). A non-
membrane-permeable probe can be useful for cell surface
proteome-specific labeling within neurons. For cell surface
labeling, peroxidase should be trafficked via the protein secretory
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pathway (e.g, ER and Golgi apparatus). Consequently,
membrane-permeable BP can react with cell surface-localized
peroxidase as well as peroxidases remaining in ER and Golgi,
limiting cell surface specificity. Therefore, biotin-xx-phenol
(BxxP, 6; x means hexanoyl) was used for mapping local
proteomes in the excitatory and inhibitory synaptic cleft of
neurons (Figure 1f)."" Using BxxP and horseradish peroxidase
(HRP) with excitatory synapse (LRRTM1 and LRRTM2) and
inhibitory synapse-specific anchoring (NLGN2A and
SLITRK3) proteins, 199 excitatory and 42 inhibitory synaptic
cleft proteins were identified with high specificity (>89%) and
high coverage (>69% and >46%, respectively). Notably, HRP
was employed due to its robust enzymatic peroxidase reaction
relative to APEX under oxidative conditions, as seen throughout
the secretory pathway (e.g, ER, Golgi lumen, and cell surface).

Another important advance in chemical designs for APEX
labeling is the modification of the reactive moiety. Chemical
modification of the APEX probe aromatic moiety can regulate its
labeling radius and reactivity to biomolecules. In the original
work of APEX, we tested whether BP modification with an
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electron-withdrawing group (EWG) or electron-donating group
(EDG) can influence labeling activity. We generated biotin-2-
nitrophenol (BNP, 7) and biotin-2-methoxyphenol (BMP, 8),
both having an ortho modification of a nitro (EWG) and
methoxy (EDG) group that can destabilize or stabilize the
phenoxyl radical state.’ As expected, a negligible biotin-labeling
signal was detected via BNP and BMP, which was rather
diffusive compared to BP in “W*FAPX-NES- or HRP-TM-
expressing cells (Figure 2a).

Through density functional theory (DFT) computations,
Tian and colleagues recently suggested that the bond
dissociation energy (BDE) of O—H and N—H bonds within
probes and the reaction barrier energy of probes with the
tyrosine radical result in changes of APEX labeling efficiency.'”
In this model, low BDE and low reaction barrier energy are
correlated with radical generation from the substrate and
favorable radical coupling on the tyrosine residue, respectively.
As model compounds, they synthesized BPS (9) and BN2 (10):
the BDE (O—H) of BPS is lower than BDE of BP while BDE of
BN2 is higher than that of BP (Figure 2b). From further
calculation, BN2 was shown to have the lowest reaction barrier
with tyrosine in its radical state while BPS has the highest
reaction barrier. As expected, BPS shows a rather diffusive
labeling relative to BP due to lesser reactivity with proteins,
while BN2 exhibits more restricted labeling with high reactivity
toward proteins (Figure 2b). The cytosolic ILK protein complex
was used as a model system to test BPS and BN2 labeling
specificity using APEX2-ILK as a bait protein. All subunits of the
ILK complex (e.g., ILK—PINCH-PARVIN-RSU1) were iden-
tified only by BN2, which suggests that BN2 labeling has a more
precise and shorter labeling radius compared to BP and BPS5.

Recent studies have shown that APEX can label biomolecules
such as RNA,">37%® DNA,"® in addition to proteins. In 2019,
Ting and colleagues described the APEX-seq method which
enables local RNA mapping using APEX2. Using the reactivity
of BP radicals to the proximal guanosine residues of local RNAs,
the subcellular transcriptome, including nuclear subdomains,
cytoplasm, the mitochondrial membrane, and ER cytosolic
membrane (ERM), were characterized via sequencing of
stre%tavidin bead-enriched RNA molecules after APEX label-
ing.”

To enhance RNA labeling coverage, Zou and colleagues
developed biotin-phenol derivatives, including biotin-aniline
(Btn-An, 11) and biotin-naphthylamine (Btn-Nap, same as
10)."* Btn-An and Btn-Nap exhibited the strongest signals for
RNA and DNA labeling, respectively, while BP was most
efficient for protein (Figure 2c). In this assay, biotin-4-hydroxy-
benzamide (Btn-4HB, 12) also showed promising reactivity for
DNA labeling, as there was no reactivity with protein or RNA.
They also confirmed that Btn-An dominantly reacted with
guanosine so that labeling efficiency was highly reduced with
guanosine-free oligonucleotides. Using Btn-An, they success-
fully characterized the mitochondrial matrix transcriptome with
mitochondrial-targeted APEX2." Notably, Btn-An was also
utilized in a study on the confirmation of glycan-conjugated
RNAs (glycoRNAs) which are localized on the cell surface and
interact with sialic acid binding-immunoglobulin lectin-type
(Siglec) receptor family protein (Figure 2d).*

B MASS ANALYSIS OF LABELED SITES

Although PL is a powerful tool for protein labeling in live cells,
most current works using PL utilize conventional mass analysis
which detects the nonbiotinylated peptides of streptavidin bead-
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enriched proteins after APEX or BioID/TurboID labeling. This
method can misidentify nonbiotinylated proteins as true positive
findings (biotinylated proteins) following coenrichment with
biotinylated proteins. Therefore, we developed a direct mass
analysis workflow for biotinylated peptide detection via BioID
(Spot-BioID)” or APEX (Spot-ID)" (Figure 3a).

First, we established Spot-BioID method and applied it for
mapping the rapamycin-induced interactome of the FKS506-
rapamycin binding (FRB) domain within mammalian target of
rapamycin (mTOR).”> Since FRB has binding affinity for
FKBP12 in the presence of rapamycin,” we expected to see
FKBP12 among the rapamycin-dependent interaction partners
of FRB-BioID. Surprisingly, in our mass analysis via Spot-BioID
workflow, we observed that three lysine residues (K80, K86, and
K89) of FKBP2S were the biotinylated by FRB-BioID only
under rapamycin treatment (Figure 3b). Based on this finding,
we further obtained the FKBP2S5-rapamycin-FRB ternary
complex crystal structure to confirm the interaction (Figure 3b).

We also employed the Spot-BiolD method for mapping
mitochondria outer membrane (OMM) anchoring proteins.
From the mass analysis of TOM20-BioID-biotinylated peptides,
we identified that K46 and K221 of exonuclease 3’-5" domain
containing 2 (EXD2) were reproducibly biotinylated.*’ This
result was not in line with previous findings on EXD2 in the
nucleus*” and mitochondrial matrix.** Therefore, we confirmed
the subcellular localization of EXD2 via APEX-EM imaging
which utilizes 3,3'-diaminobenzidine staining of APEX in the
fixed sample.*’ We identified the hydrophobic N-terminus of
EXD2 (1-37 aa) as an OMM-specific signal-anchor trans-
membrane domain for EXD2 localization to the OMM."'
Moreover, K46 and K221 of EXD2 were biotinylated by cytosol-
facing Tom?20-BioID, which indicated that the soluble domain
of EXD2 (38—621 aa) faces the cytoplasm. We proposed the
membrane topology of EXD2 based on EM imaging and Spot-
BioID LC-MS/MS results (Figure 3c). Furthermore, we
successfully obtained the dimeric crystal structure of its
exonuclease domain, which indicates that EXD2 forms a
dimer at the cytosolic face of mitochondria.*’ Nevertheless,
the molecular function of EXD2 and its nucleic acid substrates at
the OMM remain unclear, and we are currently exploring these
models.

In the original Spot-BioID workflow,”*" we first carried out
“on-bead digestion”, which enriched biotinylated proteins on
streptavidin beads, performing trypsin digestion later. Since
streptavidin can be digested by trypsin in this “on-bead”
digestion protocol, we optimized a protocol for “in-solution”
digestion. After biotinylation, cells were lysed via ultrasonication
for nucleic acid fragmentation, and free biotin was eliminated
through size-exclusion filtration or acetone precipitation.
Reduction and alkylation were performed for total proteins,
followed by trypsin digestion overnight. The “in-solution”
trypsin digestion allows SA enrichment at the peptide level that
can cover more biotinylated peptides.

Based on this modified digestion and enrichment protocol, we
conducted local proteome mapping of mitochondria-associated
ER membranes (MAMs) through our own designed Split-BiolD
system, dubbed Contact-ID, based on the B-factor of the crystal
structure of BirA.” Since each split fragment (B1 and B2) of
Contact-ID has no biotinylating activity, we expected that
MAM-localized proteins can be biotinylated if the split fragment
of BioID is complemented in enforced interacting spaces at the
MAM. For this purpose, we prepared two constructs: an N-
fragment of BioID (B1, 1—78 aa)-Sec61B for targeting the ER
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mouse heart compared to HEK293T cells.

membrane and a Tom20-C-fragment of BioID (B2, 79—321 aa)
for targeting the OMM. We observed that these Contact-ID
constructs generated biotinylated proteins at the contact sites of
mitochondria and ER. The proteins biotinylated by Contact-ID
were analyzed via a modified Spot-BioID workflow, and we
identified 115 MAM-specific proteins dominantly annotated
with ERM and OMM’ (Figure 3d). Eighty-five out of 115
proteins had one or more transmembrane (TM) domains, the
membrane topology of which was determined via labeling sites.
FKBPS, one of the identified OMM proteins, positively regulates
contact and calcium transport between the ER and mitochon-
dria.

Direct mass analysis of the APEX-labeled site can also reveal
the membrane topology of labeled membrane proteins which is
conducive to understanding their functions at the membrane.
Using DBP that can cover more APEX2-modified peptides
(Figure 1b), we successfully identified the membrane topology
of 135 inner-mitochondrial membrane (IMM) proteins via
direct mass analysis of the labeled peptides, dubbed Spot-ID." In
this study, two APEX2 constructs, matrix-APEX2 and Scol-
APEX2 targeting the intermembrane space of mitochondria
(IMS) was utilized. Because DBP radicals cannot go across the
IMM, matrix- and Scol-APEX2 exclusively labels matrix- and
IMS-facing tyrosine residues of the IMM proteins, respectively
(Figure 3e). From these results, we identified the topologies of
77 IMM proteins, which have not been fully characterized, and
confirmed 58 IMM protein topologies. In addition, the
modified peptides of several bona fide IMS-side IMM proteins,
such as NDUFB10, an IMS-side subunit of OXPHOS complex
I,* were exclusively detected by IMS-APEX2 and not by matrix-

APEX2, while NDUFB10 was identified as mitochondrial matrix
proteins via an indirect PL-ID workflow,® possibly due to the
strong protein—protein interaction with biotinylated proteins on
the matrix side. We also confirmed that NDUFB10 was not
biotinylated by matrix-APEX2 in biochemical assay." Our results
demonstrated the value of direct mass detection of PL-
modification site is essential for obtaining a clear picture of
the spatial proteomic landscape via PL. It is noteworthy that this
approach can be used for modification of other chemical probe
for APEX (e.g., alkyn-phenol)."’

H IN VIVO APPLICATION OF PL

Accumulating evidence shows that proteomic information
obtained from cultured mammalian cells may not accurately
reflect the tissue of origin proteome. Tissue-specific expression
databases (e.g, human protein atlas,” G-tex*®) are valuable
resources providing insights into the tissue-specific function of
proteins; however, these databases cannot provide the spatial
distribution of expressed proteins in each tissue. Recently, PL
has been utilized in in vivo models to provide additional spatial
information for tissue-expressed proteins in fruit flies,”” C.
elegans,”® and mice.** ™ In mice, BioID was used for mapping
the inhibitory postsynapse*® and nascent synapses*’ while split-
TurboID was employed for astrocyte-synapse contact sites.”’
APEX was also used for mapping tissue-specific nuclear
proteome within the mouse striatum.>”

In these in vivo PL studies, Spot-ID (APEX2) or Spot-BioID
(BioID/TurboID) methods are essential for the mass analysis of
proximity-labeled tissue samples, as strong endogenous
biotinylated proteins are present in tissue samples, including
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Figure 5. Photocatalyst-mediated proximity labeling. (a) Proposed mechanism of protein—protein crosslinking by the ruthenium and iridium
complex. (b) Dimerization of BP by TIr3 was detected via MALDI-TOF. Western blotting results of Sec61B-GFP, which was photo-crosslinked by
TIr3 targeting to the ER. Reprinted with permission from ref 55. Copyright 2016 American Chemical Society. (c) PL by the iridium complex on the
Jurkat cell membrane. (d) PL of histidine residues on the trastuzumab antibody was performed via MAUTra on Fc ligand-conjugated beads.

the liver or brain.”> We recently employed the Spot-BioID
workflow to analyze tissue-specific secretory protein (iSLET)
expression in mice.”’ Since classically secreted proteins are
translated at the ER lumen, we expect that the ER-anchored
TurboID can biotinylate these. Then, we used the Sec61B-
TurboID for anchoring to the ER membrane and facing to the
lumen. We found that Sec61B-TurboID remained at the ER,
while TurboID with the ER retention signal (KDEL) can be
eluted to the extracellular matrix under ER stress. Sec61B-
TurboIlD was expressed in mouse livers via adenovirus
transfection, followed by treatment with biotin. Plasma was
then extracted from blood, followed by trypsin digestion.
Biotinylated peptides were analyzed after SA enrichment, and
around 50 biotinylated proteins were identified as secretory
proteins.”’ Biotinylated proteins by Sec61B-TurboID in the
mouse liver showed a completely different pattern to those from
a liver-derived cell line (i.e., HepG2). This result highlights the
importance of in vivo proteomics (Figure 4a).

We also developed matrix-APEX transgenic mice (MAX-Tg
mice) for in situ profiling of the mitochondrial matrix proteome
in various tissues (Figure 4b). After sacrifice of the mice, heart,
tibialis anterior (TA), and soleus muscle tissue were labeled with
DBP and H,0,. Through the Spot-ID analysis, we identified
200, 248, and 251 DBP-labeled proteins in the heart, TA, and
soleus tissue, respectively. A significant fraction of the proteins
(>74%) were annotated as mitochondrial proteins, and most
(>88%) localized to the matrix. Among these, reticulon 4
interacting protein 1 (RTN4IP1)/OPA10 was reproducibly
enriched in the heart and soleus tissue.” From the structural and
metabolomics analysis, we identified RTN4IP1/OPAI0 as
associated with the biosynthesis of coenzyme Q which is
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essential for energy production and antioxidant function in
mitochondrial matrix of muscle tissues. Using MAX-Tg mice, we
expect to determine various unknown aspects of mitochondrial
biology in differentiated tissues that cannot be explored using
immortalized cell lines.

As PL can reveal tissue-specific localized proteomic
information in live animal models, which cannot be achieved
by conventional methods, we expect that in vivo PL has a
potential to be widely employed in various animal studies
including studies on disease models. However, there are several
aspects that should be considered or to be investigated when
using the current PL tool for in vivo studies. In case of APEX, the
addition of exogenous hydrogen peroxide (H,0,) is required for
the peroxidase reaction. As H,0, induces cellular toxicity from
the oxidation of cysteine and other amino acids,”* APEX labeling
in mouse model should be performed after sacrificing the mice.
Exogenous addition of biotin is required for in vivo BioID or
TurboID experiments** " and excess biotin may cause low or
negligible toxicity because biotin is a vitamin (i.e., vitamin B,).
However, possible toxicity of depletion of endogenous biotin
pools by the expression of TurbolD in live model™ or possible
toxicity from the accumulation of in vivo biotinylated proteins
overnight should be examined in future studies.

B PHOTOCATALYST-MEDIATED PL

The concepts of PL by a photocatalyst instead of enzymes were
recently reported by us and others. Ir*>*® and Ru’"*® complex
have been utilized for the generation of rea:ctlve chemical species
via energy transfer*® induced by visible

,57

or electron transfer”
light. A mechanism of phenoxyl radical generation by the
ruthenium(II) bipyridine complex (Rubpy) was proposed by
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the Kodadek group”” earlier. Although this method cannot be
utilized in a live cell experiment because the exogenous addition
of ammonium persulfate (APS) is required to reduce the
oxidized Ru(III) complex (Figure Sa), it is still used for inducing
protein photo-crosslinking in test tube reactions®”” and has
also motivated scientists, including our group, to develop
improved methods. In 2016, we reported an efficient tyrosine-
tyrosine crosslinking reaction induced by the photoactivated
iridium(III) complex using oxygen as an electron acceptor
(Figure 5a).>> Since the Ir complex has a suitable lowest
unoccupied molecular orbital (LUMO) energy level to transfer
an electron to oxygen, superoxide radicals (O,*”) can be
generated efficiently via light irradiation. The oxidized Ir
complex can then extract an electron from the proximal phenol
moiety. We confirmed BP radical generation by the light-
activated iridium dye through mass analysis of BP dimer
formation without APS (Figure Sb). We also observed this
photocatalytic coupling reaction in live cells. Since our Ir
complex is targeted to the ER membrane, we validated the
photocatalytic crosslinked product of the ER-targeted protein
(i.e,, Sec61B-GFP) in Ir complex-treated cells (Figure Sb).

In 2020, MacMillan and colleagues utilized the Ir complex for
the photocatalytic generation of carbene from diazirine via
dexter energy transfer. As the half-life of carbene® is estimated
to be around 1 ns, much shorter than for the phenoxyl radical
(~0.1 ms),*" PL by the photoactivated Ir catalyst (termed
Micromap) was proposed to have a shorter labeling radius than
enzyme-mediated labeling.*® Ir complex-conjugated antibodies
were utilized to map the specific protein complexes on the cell
surface, and biotin-conjugated diazirine was used as a
biotinylating reagent by the Ir complex. Using this method,
the interactomes of CD45, CD47, and CD29 were identified via
LC-MS/MS analysis (Figure 5¢).”

In 2021, Nakamura and colleagues reported another
interesting type of photocatalytic PL using 1-methyl-4-
arylurazole (MAUra). They found that the Ru complex
generates singlet oxygen ('O,) which oxidizes proximal histidine
residues to electrophilic oxidized histidine. After this reaction,
nucleophilic MAUra can be specifically conjugated to the
oxidized histidine and modified histidine residues were detected
via LC-MS/MS analysis. This photocatalytic PL method was
utilized for the specific modification of antibodies such as anti-
HER2 antibody on Ru-complex immobilized beads with the
antibody-binding Fc ligand (Figure 5d).%®

Since several other chemical dyes (e.g., Rose Bengalss) or
fluorescent proteins (e.g. miniSOG62) can generate singlet
oxygen, which may oxidize local histidine residues, we expect
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that MAUra can be a useful probe for the identification of
proximal proteins via this photocatalytic approach. In addition,
nucleic acid labeling by organic or genetically encoded
photosensitizers using propargyl amine (PA) has been
developed.” ™ It is expected that PA can be conjugated to
the oxidized base products of the nucleic acids by proximal
: . 64,65
photocatalysis reactions.

B CURRENT CHALLENGES AND OUTLOOK

PL tools (e.g, APEX or BiolD/TurboID) have enabled
successful local proteome mapping at the subcompartmental
level. Although we and others have performed interactome
mapping using APEX"%'%2%35 o1 BioID,>? two issues should be
considered. First is the diffusive character of reactive species.
APEX and BioID/TurboID can label not only physically
interacting proteins within a few angstroms (A) but also nearby
proteins. Other PL approaches based on the diffusive reactive
species, such as carbene species (Micromap56) or the protein-
conjugated AMP ester (Pup-IT67 or Neddylatorég), were
proposed to have an optimized labeling radius for interactome
mapping which requires further comparative studies with other
PL tools in the future. To overcome diffusive labeling, our lab
recently developed a photoactivable proximity “crosslinking”
tool (Spotlight), which utilizes HaloTag, and its visible light
activable photo-crosslinking ligand (VL1).”” We successfully
revealed the host interactome of the nucleocapsid protein of
SARS-CoV-2 (Figure 6).

Second, the expression of a PL-conjugated protein of interest
(POI) should be controlled to endogenous levels for
interactome mapping, as an overexpressed PL-POI can label
proteins in the nonphysiological context. To this end, knock-in
of the PL enzyme to the endogenous gene of interest (GOI) can
be performed using CRISPR-Cas9.”” However, it should be
confirmed that the GOI function is not compromised by the
knock-in of PL enzymes. To overcome this issue, antibody
targeting of the PL enzyme in the fixed and permeabilized
sample might be conducive to mapping the physiological
interactome at endogenous levels when a good primary antibody
is available. This antibody-based PL approach yielded successful
results in the identification of interacting proteins67 and the
DNA-binding region”" of POIs.

Our studies on the analysis of biotinylated proteins revealed
that direct identification of the labeled sites (i.e., Spot-ID, Spot-
BioID) provide the most accurate spatial proteomic informa-
tion. We expect similar progress to be made for biotinylated
nucleic acid analysis via PL as the current analysis reflects nucleic
acids enriched on beads and may contain some nonbiotinylated
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artifacts complexed with biotinylated nucleic acid strands during
the lysis and enrichment steps. Direct detection of the PL
modification site on the nucleic acid or other molecules can
provide a clearer view of the spatial distribution of those
molecules in live cells.

In addition, we expect that more efficient chemical probes for
the PL of nucleic acids or other biomolecules will be developed
in the future. As biotin-aniline exhibited higher activity for RNA
labeling,'*** we believe that APEX probes for other nucleotides
or metabolites can be developed via a rational design'” or a
chemical screening approach.'” We also expect that other kinds
of modifying enzymes can be also utilized as PL tools for specific
biomolecules. It is also noticeable that chemistry-oriented PL
has been recently developed through the use of photocatalysts.”*
Since chemical probe development for the photocatalyst might
allow for greater probe flexibility than for enzymes, we expect
photocatalyst-based PL tool development with genetically
encoded fashion to be a focus in the coming decade.
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