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The elucidation of protein interaction networks is critical to understanding fundamen-
tal biology as well as developing new therapeutics. Proximity labeling platforms (PLPs)
are state-of-the-art technologies that enable the discovery and delineation of biomolecu-
lar networks through the identification of protein-protein interactions. These platforms
work via catalytic generation of reactive probes at a biological region of interest; these
probes then diffuse through solution and covalently “tag” proximal biomolecules. The
physical distance that the probes diffuse determines the effective labeling radius of the
PLP and is a critical parameter that influences the scale and resolution of interactome
mapping. As such, by expanding the degrees of labeling resolution offered by PLPs, it is
possible to better capture the various size scales of interactomes. At present, however,
there is little quantitative understanding of the labeling radii of different PLPs. Here,
we report the development of a superresolution microscopy-based assay for the direct
quantification of PLP labeling radii. Using this assay, we provide direct extracellular
measurements of the labeling radii of state-of-the-art antibody-targeted PLPs, including
the peroxidase-based phenoxy radical platform (269 + 41 nm) and the high-resolution
iridium-catalyzed pMap technology (54 + 12 nm). Last, we apply these insights to the
development of a molecular diffusion-based approach to tuning PLP resolution and
introduce a new aryl-azide-based pMap platform with an intermediate labeling radius
(80 + 28 nm).

proximity labeling | photoredox catalysis | STED microscopy

Nearly all cellular processes are governed by physical interactions between biomole-
cules. Consequently, these biomolecular associations directly underlie many patholo-
gies, and elucidating their role in disease pathways can directly inform therapeutic
discovery. As one example, the identification of critical disease-related protein-protein
interactions (PPIs) has led to the development of novel treatments for several cancers
(1-6), viral infections (7-9), and inflammatory disorders (9-11). Accordingly, a central
goal across all biology remains the development of technologies that are capable of
identifying such biological interaction networks, or interactomes.

Over the past decade, proximity labeling platforms (PLPs) have emerged as state-of-the-
art technologies for mapping biomolecular interactomes (12). PLPs function by first local-
izing an enzyme or small-molecule catalyst to a known protein of interest (POI) within a
target interactome (Fig. 1A4). This catalyst then converts an inert proximity labeling probe
into a reactive species, which then diffuses away from its site of activation and covalently
crosslinks with encountered biomolecules. This tag can then be used to isolate and identify
labeled biomolecules to infer a close spatial relationship with the POI. The distance that
an activated probe can diffuse in each PLP determines its effective labeling radius and is a
critical parameter for influencing the scale, resolution, and accuracy of identified interac-
tomes. Given that interaction networks can exist over a wide range of distance scales, rang-
ing from organelle-wide organizations to nano-meter scale clusters, a longstanding goal
remains the development of PLPs with differentiated labeling radii that can capture a
range of spatial organizations (Fig. 15).

Peroxidase-based PLPs, such as ascorbate peroxidase (APEX) (13), Biotinylation by
Antibody Recognition (BAR) (14), Selective Proteomic Proximity Labeling Assay using
Tyramide (SPPLAT) (15), and Enzyme Mediated Activation of Radical Sources
(EMARS), have emerged as among the most widely used techniques for interactome
mapping and have facilitated significant advances in fundamental understanding across a
number of biological fields, including subcellular RNA localization (16), cell-surface
interactomes (17-19), and neurobiology (20). These platforms rely on horseradish per-
oxidase (HRP) or APEX enzymes to activate phenol precursors into reactive phenoxy
radicals in solution. In addition to the genetic encodability of these systems, the fast
labeling kinetics of peroxidase are comparable with the timescales of biological processes,
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Significance

Proximity labeling platforms (PLPs)
are biochemical techniques that
have attracted significant interest
for their ability to map biological
interaction networks, or
interactomes, thus expanding our
understanding of biology and
providing therapeutic insight.
However, the spatial resolution of
PLPs, a critical parameter that
influences the accuracy of
identified interactomes, remains
largely unknown. Using super-
resolution microscopy, we have
obtained direct extracellular
measurements of various PLP
labeling radii. We then used this
assay to develop a novel PLP with
an unprecedented spatial
resolution, expanding the
available PLP toolkit for biological
discovery.
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A Proximity Labeling: Chemical approach to interactome mapping
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(A) General proximity labeling regime. (B) State-of-the-art PLPs cover a range of spatial resolution. This work focuses on the development of a strat-

egy for the direct measurement and comparison of state-of-the-art PLP labeling radii and the development of new PLPs with novel degrees of spatial

selectivity.

and the platform has been used to obtain temporally resolved
information (21, 22). However, the relatively long-lived (low
millisecond) solution half-life of the phenoxy radical allows these
open-shell intermediates to diffuse beyond multihundred nano-
meter distances in solution (23). As such, these phenoxy-based
approaches can capture significant numbers of off-target biomo-
lecules, complicating the identification of true proximal interac-
tors (24). Conversely, PLPs with higher labeling resolution are
better suited to capturing individual PPI networks that occur on
a nanometer scale. To address this challenge, our laboratory has
developed a light-driven PLP, which we term pMap, that is
capable of high-resolution cell-surface microenvironment map-
ping (25). The pMap platform uses iridium photocatalysis to
generate highly reactive carbenes from diazirine precursors; these
carbenes serve as precise probes, labeling proximal biomolecules
within a few nanometers distance or suffering rapid quenching
(~2 ns) by water molecules. Targeting PD-L1 on the cell sur-
face using photocatalyst-antibody conjugates, we have achieved
selective labeling of the intercellular immune synapse, thereby
demonstrating that pMap offers a higher degree of spatial
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resolution over peroxidase-based platforms for the mapping of
cell-surface interactomes. While these results represent a qualita-
tive improvement in spatial resolution, the precise quantitative
difference remains unknown.

Together, these PLPs, in addition to other recently devel-
oped proximity labeling (PL) techniques, offer a range of spa-
tiotemporal (26) and biomolecular (27) selectivities. However,
despite the critical importance of spatial selectivity, a direct
measurement and comparison of PLP labeling radii has not yet
been demonstrated. Electron microscopy has been used to esti-
mate the radius of HRP-based labeling in rat liver mitochon-
dria (28) and APEX labeling of intermediate filaments (29);
both studies suggested ~20 nm spatial labeling resolution.
While these studies provide an initial estimate for labeling in
the intracellular environment, this value cannot be generalized
across all biological contexts, as the combination of a high con-
centration of radical quenchers present in the cytosol and mito-
chondrial matrix (30), along with macromolecular crowding
(31, 32), could drastically influence spatial resolution. Honke
and coworkers performed peroxidase-based EMARS labeling
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on a model surface interactome, measuring a labeling radius of
~200 to 300 nm via gold immunoelectron microscopy (33);
however, this study only provided a value for azido-substituted
phenol probes. No direct measurement for the widely used phe-
nol analog (HRP or APEX) has yet been performed.

Herein we report the use of super-resolution microscopy to
determine the spatial resolutions of state-of-the-art proximity
labeling technologies, providing direct comparisons between
technologies. We further apply this method to the development
of a novel PLP with a tunable labeling radius based on simple
structural modification of the labeling probe. This molecular
tailoring strategy should allow for a customizable approach to
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Results and Discussion

To develop a method for the direct visualization and measure-
ment of PLP labeling radii, we chose to perform dual-antibody
targeted proximity labeling of the epidermal growth factor
receptor (EGFR) interactome on the surface of A549 lung ade-
nocarcinoma cells (Fig. 24). Following localization of the anti-
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(A) Proximity labeling of the EGFR interactome using dual antibody targeting. (B) STED image of radial clusters observed on the extracellular mem-

brane of A549 cells upon pMap labeling (250 pM diazirine (1), 2 min irradiation). These radial clusters colocalize with EGFR (scale bar, 2 pm). (C) representa-
tive clusters highlighting colocalization of streptavidin and EGFR (scale bar, 200 nm). (D) STED image of peroxidase-based labeling (250 pM Bt-Tyr (2), T mM
H,0,, 1 min, scale bar, 1 pm). (F) Measurement of peroxidase-based (Left, 5 mM [2], T mM H,0,, 15 min) and pMap (Right, 5 mM [1], 450 nm irradiation for
15 min) labeling on the surface of BSA-coated coverslips. (F) Biotin-antibody conjugates to probe tether-length limited hypothesis. (G) STED image of radial
clusters observed with antibody-biotin conjugates on the coverslip surface (scale bar, 200 nm). (H) TMT-based proteomics of pMap labeling of EGFR on A549
cells (250 uM diazirine [1], 2 min irradiation). (/) TMT-based proteomics of peroxidase-based (250 pM Bt-Tyr [2], 1 mM H,0,, 1 min) labeling of EGFR on A549 cells.
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external stimulant (oxidant or light). Streptavidin-fluorophore
conjugates are then used to detect the statistical distribution of
labeling events surrounding each antibody binding site. These
distributions are visualized as radial clusters via fluorescence
microscopy, which allows measurement of cluster size and pro-
vides a working value for the labeling radius of a given plat-
form. Given the predicted small size of these clusters, we
selected stimulated-emission depletion (STED) microscopy for
this purpose, as it provides high imaging contrast and has been
used to study nanometer-scale biological architectures (34, 35).

We first performed pMap labeling using biotin-diazirine probe
1 (Fig. 2B). Biotinylation events were captured with streptavidin
STAR 635, and EGFR was costained with Alexafluor 594. Two-
color STED microscopy was then used to identify colocalization.
Under the pMap labeling protocol, we observed spatially resolved
clusters across the cell membrane (Fig. 2B, streptavidin). Gratify-
ingly, these clusters colocalized with EGFR (Fig. 2B, overlay)
and thus represent localized labeling events. Measurement of the
streptavidin dye clusters reveals a mean full width at half maxi-
mum (FWHM) of 57 + 12 nm (Fig. 2C). When a non-EGFR
targeting isotype primary antibody was used, we observed clusters
of EGFR but no labeling (87 Appendix, Fig. S1). We next exam-
ined peroxidase-based labeling using Bt-Tyr probe 2. Strikingly,
under these conditions, a diffuse distribution of streptavidin
labeling was observed across the cell membrane (Fig. 2D). This
diffuse labeling, along with the absence of defined puncta, sug-
gests that the labeling radius of this platform lacks the spatial res-
olution to differentiate individual EGFR microenvironments. To
obtain a measurement for the labeling radius of the peroxidase-
based labeling protocol, we developed a reductionist model
system, in which dual-antibody targeting PL is performed on
Bovine Serum Albumin (BSA)-coated coverslips (S Appendix,
Fig. S2). In this model, we measured a labeling radius of 54 +
12 nm for pMap (Fig. 2E), which is consistent with the value
measured on the cell surface. Furthermore, we were able to
resolve individual peroxidase-based proximity labeling events,
measuring a mean FWHM of 269 + 41 nm, representing an
approximately fivefold larger radius than that measured for
pMap under these conditions.

The reactive carbene probe generated in the pMap method
has a half-life of 2 ns in aqueous solution, equating to a theo-
retical labeling radius of about 4 nm (36). We attribute the dis-
crepancy between the theoretical value and the observed
FWHM value of 54 nm to the length of the dual antibody
assembly, which would effectively extend the labeling radius of
pMap. In this regime, the labeling precision of the pMap pro-
tocol would be tether-length limited. To test this idea, we eval-
uated anti-mouse secondary biotin-antibody conjugate in our
model BSA system, as the observed FWHM would indicate the
length of the dual-antibody tether (Fig. 2F). We were excited
to observe radial clusters of 57 + 12 nm, a value consistent
with that measured with pMap labeling on both the cell surface
and the BSA-coated coverslip (Fig. 2G). Importantly, the
absence of a quantitative difference between these systems sup-
ports a low-nm true radius for pMap labeling. Furthermore,
accounting for tether length in comparing labeling radii of
the pMap and HRP platforms suggests a significant (up to
200-fold) difference in precision between these two methods.

We next sought to identify the labeled cell-surface proteins
in our EGFR-targeted experiments by conducting tandem-
mass-tag (TMT)-based proteomics on the streptavidin-enriched
proteins. From the pMap experiment, we observed 10 enriched
proteins, using a cutoff of 1.0 Log,(fold change) (Fig. 2H).
These proteins include EGFR and three known EGFR
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interactors previously uncovered via affinity purification mass
spectrometry: PHLDA1, LGALS1, and EPHA2 (37-42).

A similar analysis of the peroxidase-based labeling sample
revealed 119 proteins enriched above 1.0 Log, (fold change) (Fig.
21). These proteins include EGFR and 32 known interactors of
EGFR previously identified through affinity capture Western or
mass spectrometry (35). In contrast to the pMap dataset, wherein
EGFR is the second most enriched protein, in the HRP-based
experiment, EGFR is only the sixty-fourth most enriched protein.
This result is consistent with the larger labeling radius of HRP on
the BSA-coated coverslip and the diffuse cell-surface biotinylation
pattern observed via STED microscopy. While these two plat-
forms offer complementary spatial resolutions, no proximity label-
ing platform with an intermediate spatial resolution has been
developed (Fig. 34). Such a platform would enable the study of
biological structures on the low to mid micrometer scale. For
example, cell-surface protein clusters critical for processes such as
cell adhesion (43), neurotransmitter signaling (44), and immuno-
regulation (45—47) have been measured to range on this interme-
diate distance scale (70 to 200 nm), and platforms capable of
selectively labeling their protein constituents are highly desired.

Although used extensively for photoaffinity cross-linking (48),
aryl azides have only recently been showcased for their potential
use in proximity labeling (49). Using visible light-driven organic
photocatalysis, Zhang, Chen, and coworkers demonstrated visible
light-mediated organophotocatalytic activation of aryl azide probes
via proposed energy transfer from excited-state organic photocata-
lysts to catalytically generate aryl nitrene and ketenimine species
as reactive probes. Using the mitochondrial specificity of their
rhodamine photocatalyst to achieve intracellular localization, the
authors were able to study the dynamic changes of the mito-
chondrial proteome under various stress conditions. However,
no antigen-specific targeted proximity labeling was performed.
Thus, we questioned if we could use our pMap platform to
achieve targeted aryl azide-based proximity labeling. Impor-
tantly, we hypothesized that the intermediate solution half-life
of the azide-derived ketenimine species (10 ps) (50) and rela-
tively sluggish hydrogen atom transfer (HAT) of triplet nitrenes
(51) could give rise to a platform with an intermediate degree of
spatial selectivity (Fig. 3B).

First, we sought to identify the reactive intermediates gener-
ated under blue light-iridium photocatalysis. Upon subjecting
model phenyl azide and tetrafluorophenyl azide substrates to
blue light-induced photosensitization, we observed azobenzene
and aniline products (87 Appendix, Fig. S3), strongly suggesting
the in situ generation of triplet nitrene and nitrogen-centered
radical species that can engage in HAT processes. Interestingly,
in both cases, no ketenimine derivatives were identified, indi-
cating that our iridium photocatalysis based platform offers dif-
ferent reactivity from acridinium-based systems. Using transient
absorption spectroscopy and spectroelectrochemistry to eluci-
date the bimolecular mode of activation, we obtained direct
evidence for an electron transfer, oxidative quenching pathway
(ST Appendix). Finally, to confirm that these photocatalytically
generated intermediates can cross-link with protein substrates,
we performed in vitro labeling of BSA (87 Appendix, Fig. S4
and S5), observing a time-dependent increase in biotinylation.

To determine the radius of this method, we performed
azide-pMap labeling studies with Biotin-PEG3-PhNj3 (3) and
the commercially available Biotin-PEG3-PhF4N3 analog (4) on
the reductionist model BSA system. When 5 mM of probe (3)
or tetrafluoro analog (4) were irradiated on BSA-coated coverslips
for 15 min at 450 nm wavelength, FWHMs of 119 + 33 nm
and 67 + 23 nm were measured, respectively (Fig. 3 Cand D).

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2203027119/-/DCSupplemental

Downloaded from https://www.pnas.org by Princeton University Library on August 2, 2022 from |P address 140.180.240.21.

A New proximity labeling probes with intermediate radii
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(A) The development of a PLP that offers intermediate spatial resolution remains an unmet challenge. (B) Triplet nitrenes undergo quenching pro-

cess at diminished rates compared to carbenes. (C) Measurement for the labeling radius of phenyl azide (3) using the BSA-coated coverslip model (scale bar,
200 nm). (D) Measurement for the labeling radius of F4PhN3 (4) using the BSA-coated coverslip model (scale bar, 200 nm). (E) Targeted labeling of the EGFR
interactome on the surface of A549 cells using PhN3 probe (3) (scale bar, 0.5 pm). (F) Targeted labeling of the EGFR interactome on the surface of A549 cells

using PhN3 probe (4) (scale bar, 0.5 pm).

We attribute the smaller labeling radius of the tetrafluoro analog
to the increased reactivity of its corresponding intermediates,
as fluorine-substituted aryl azide decomposition products show
increased reactivity relative to their nonfluorinated congeners
(16). We also observed this difference on the cell-surface EGFR
interactome (Fig. 3 E and F), observing radial clusters of 147 +
32 nm (7= 30) and 75 + 20 nm (# = 30) for probes 3 and 4,
respectively. Notably, a greater irradiation time (10 min) was
required to observe distinct labeling clusters on the cell surface.
Having confirmed that these phenyl azide probes provide
an intermediate labeling radius via STED, we then sought to
benchmark this novel spatial selectivity in the context of cell-
surface targeting. Thus, we performed targeted labeling of the
T-cell receptor (TCR) interactome using the pMap, PEG3
PhN; pMap, and peroxidase methods. Gratifyingly, the new
intermediate-radius PLP afforded a greater number of known
TCR interactors than pMap while maintaining high selectivity
for the targeted interactome (SI Appendix, Figs. S9 and S10).

PNAS 2022 Vol. 119 No.32 2203027119

Together, these data confirm the intermediate spatial selectivity
of PEG3 PhNj; pMap and showcase the utility of an intermedi-
ate radius platform for interactome mapping.

We next questioned if we could gain further control over spatial
selectivity via simple structural modifications of the aryl azide
probe. We mainly attribute differences in labeling radii across plat-
forms to the characteristic solution half-life of each reactive inter-
mediate. However, another physical parameter also governs the
distance that a reactive species travels in solution: the species’
diffusion coefficient. Thus, we wondered if we could truncate
the labeling radius of a probe by simply decreasing the rate at
which it can diffuse in solution (Fig. 44). In this scenario, the
species half-life would remain constant, but the average distance
traveled over time would decrease due to reduced diffusion,
resulting in a higher proportion of labeling events within close
proximity of the catalyst and improved spatial resolution.

To test this hypothesis, we chose to extend the length of the
PEG linker connecting the azide warhead to the biotin handle, as
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A Molecular tailoring through diffusion coefficient modulation
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ing on the surface of a coverslip with extended linker azide probe (5) reveals a labeling radius of 80 + 28 nm. (D) Targeted cell-surface EGFR interactome
labeling using PEG24 PhN3 (5) reveals smaller clusters in the diffusion reduced labeling (scale bar, 0.5 pm). () TMT-based proteomics for PEG3 PhNs-based
uMap. (F) TMT-based proteomics for PEG24 PhN3s-based pMap. (G) Range of labeling radii measured across PLPs analyzed in this manuscript. These mean
FWHM values (averages of 100 measurements) were calculated from clusters observed on BSA-coated coverslips.

PEG oligomers have been shown to have decreased diffusion coef-
ficients with increasing molecular weights (52). If successful, this
strategy could enable facile fine-tuning of the diffusion coefficient
through modulation of PEG linker lengths. Thus, we prepared
the PEG24 PhNj; (5) as a diffusion-reduced analog of PEG3
PhN; (3). Indeed, using 2D Diffusion Ordered Spectroscopy
(DOSY) NMR, we measured an approximately twofold decrease
in diffusion of the PEG24 analog (5) relative to the PEG3 analog
(3) (Fig. 4B and SI Appendix, Fig. S6); this result confirms that

reduced diffusion can be achieved through this basic structural
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modification. Furthermore, when the PEG24 analog (5) was eval-
uated in our BSA model system, we observed radial clusters with
an average FWHM of 80 + 28 nm (Fig. 4C), a value ~1.5-fold
smaller than the PEG3 analog. This key finding suggests that an
increase in spatial precision can be achieved strictly through
diffusional control. To evaluate whether this increase in spatial
selectivity extends to the complex extracellular environment, we
performed cell-surface labeling of the EGFR interactome. Consis-
tent with the results measured on our model BSA interactome,
we observed smaller cell-surface clusters for the PEG24 PhNj;
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(5) (78 = 23 nm, » = 30) in comparison to the truncated
PEG3 analog (Figs. 3F vs. 4D). Finally, we sought to evaluate
the impact of this reduced labeling radius on the enriched extra-
cellular interactome of EGFR. Thus, our intermediate-precision
PEG3-probe, 3, tagged 14 enriched proteins, including four pre-
viously annotated interactors on the bioGRID database (Fig.
4F). Pleasingly, the higher-precision PEG24-probe, 5, showed
only two significant interactors ITGA3, PTPR]), both of which
were present in the PEG3 probe (Fig. 4F). The overlap between
the two analogous datasets suggests that by modulating the diffu-
sion coefficient we are able to capture concentric EGFR interac-
tomes of variable radii. Comparison of the enriched proteins
from the azide datasets (3 and 5) with the hits from the phe-
noxyl radical (2) and carbene (1) probes showed an interesting
correlation. Thus, the azide- and phenol-based probes shared a
higher proportion of hits compared to the diazirine-based pMap
system; 10 of the 14 PEG3 PhNj hits were also present in the
HRP dataset (SI Appendix, Figs. S7 and S8 for Venn analysis).
We attribute this phenomenon to the similar open shell reactiv-
ity profiles of the azide and phenol probes, both of which favor
tyrosine labeling, in contrast to the residue-agnostic diazirine
labeling (13, 53). Thus, the aryl azide and phenol PL platforms
appear to show bias toward certain membrane proteins.

Conclusions

Using super-resolution microscopy, we have measured the extra-
cellular labeling radii of state-of-the-art proximity labeling technol-
ogies and developed a PLP with unprecedented spatial resolution,
adding to the repertoire of PLPs for interactome mapping (Fig.
4G). Dual-antibody targeting studies in a BSA model system sug-
gest the pMap platform has an approximately fivefold smaller
labeling radius compared to the peroxidase-based HRP platform.
However, this difference does not account for the length of the
dual antibody assembly itself, which we observed to be equal in
length to that of the pMap labeling clusters. Thus, accounting
for the tether length, the true radius of pMap is likely in the
low-nm regime. Two aryl azide-pMap PLPs were developed and
shown to possess intermediate labeling radii; these systems may
prove useful in studying interactomes not aptly captured by
uMap or HRP. Finally, while the varied aqueous half-lives of
these reactive species—carbenes, nitrenes, and phenoxy radical-
s—present a complementary set of interactome mapping tech-
nologies, modulation of the diffusion coefficient provides a sim-
ple strategy to further tune the labeling radii of these probes. We
expect that this general strategy will lead to the development of a
menu of PLPs with varying degrees of labeling precision that
will ultimately allow the tailored mapping of any interactome.

Materials and Methods

Photolabeling on Live A549 Cells for Imaging via STED Microscopy.
Unless specified, all pelleting and washing of cells were performed at 300x g for
4 min at 4°C. A549 cells were grown in Ham's F-12K medium (Gibco,
21127022) supplemented with 10% fetal bovine serum and 100 U/mL penicillin-
streptomycin. Cells were dissociated from Nunc culture dishes (15 min incubation
with TrypLE Express [Gibco, 12604-021] at 37°C, quenched with complete
DMEM), washed twice in 2 mL cold Dulbecco’s phosphate buffered saline (DPBS),
resuspended in cold DPBS at 3 million cells per milliliter, and transferred in 1 mL
aliquots to 1.5 mL Eppendorf LoBind or Axygen Maxymum Recovery tubes. The
cells were pelleted to remove the supernatant and resuspended in 300 pl of
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2. S.H.Baumeister, G. J. Freeman, G. Dranoff, A. H. Sharpe, Coinhibitory pathways in
immunotherapy for cancer. Annu. Rev. Immunol. 34, 539-573 (2016).
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cold DPBS containing 2.5 pg of purified mouse (human EGFR antibody [clone
EGFR.1, BD Biosciences, 555996 [or isotype antibody [clone MOPC-21, BD Bio-
sciences, 556648]). The cells were incubated on a rotator for 30 min at 4 °C. After
incubation, the cells were pelleted to remove the supematant, washed twice with
300 pL cold DPBS, and resuspended in 300 pL of cold DPBS containing 2.5 pg
of Ir-conjugated goat anti-mouse secondary antibody. The samples were incu-
bated on a rotator for 30 min at 4 °C and pelleted to remove the supernatant.
The cells were then washed twice with 1 mL of cold DPBS and resuspended in
300 pL of cold DPBS containing 250 uM of the specified probe (prepared from
250 mM stock in DMSQ) in the S/ Appendix, Table S2. The samples were placed
in a 4 mL vial holder (PennPhD, PR-5-4-mL) and irradiated with 450 nm light
using a PennPhD integrated photoreactor in a 4 °C cold room for the specified
irradiation time in the photolabeling probe and irradiation timetable for imaging
via STED microscopy (SI Appendix, Table S2). After irradiation, the cells were pel-
leted to remove the supernatant and washed twice with 300 pL cold DPBS. Each
sample was resuspended in 500 pl of cold DPBS and added on top of poly-L-
lysine coated coverslips and centrifuged at 400x g for 30 min at 4 °C in a Sorvall
ST40 centrifuge (Thermo, 75004509) with acceleration/deceleration setting at 4.
The supernatant was carefully aspirated, and the cells were fixed by adding 500
pL of 4% vol/vol paraformaldehyde (Pierce, 28906) in DPBS and incubating for
10 min at room temperature. After incubating, the cells on coverslips were care-
fully washed 2x with 500 pL room temperature DPBS, incubating for 5 min at
room temperature for each wash. Coverslips were blocked at room temperature
for 1 h with 300 pL 1% BSA, 22.52 mg/mL glycine in DPBST (0.1% Tween-20 in
DPBS). After incubating, the superatant was aspirated from the coverslip, and
200 pL of a solution of mouse o-EGFR antibody (Santa-Cruz, sc373746, 1:50 dilu-
tion) diluted in cold 1% BSA, 22.52 mg/mL glycine in DPBST was added. The cov-
erslips were incubated overnight at 4 °C. After incubating, cells were washed 3x
with 500 pL room temperature DPBS, incubating for 5 min at room temperature
for each wash. The supernatant was removed, and the coverslips were incubated
with 200 pL of a solution of goat anti-mouse secondary IgG Alexa Fluor 594 (Invi-
trogen A-11032, 1:1,000 dilution), Abberior Star 635 Streptavidin (Abberior,
S$T635-0120, 1:100; 1 mg/mL in TBST), and DAPI (0.5 pg/mL) diluted in cold 1%
BSA, 22.52 mg/mL glycine in DPBST for 1 h. After incubating, cells were washed
3x with 500 pL room temperature DPBS, incubating 5 min at room temperature
for each wash. One drop of Prolong Gold Anti-fade mountant (Invitrogen,
P36934) was added to each glass microscopy slide (Lab Zap, B145-80). Using
fine-point tweezers, each coverslip was placed on top of the mountant on the
microscopy slide and allowed to dry at room temperature in the dark overnight
before STED imaging on a Nikon eclipse Ti2 inverted confocal microscope (Nikon),
equipped with a 100x/1.45 oil immersion objective (Nikon plan apo A).

Data Availability. The data supporting the findings of this study are available
within the article and its supporting information. Raw proteomic data can be
accessed through the Proteomics Identification Database (PRIDE: https://www.ebi.
ac.uk/pride/). All study data are included in the article and/or supporting
information.
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