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CELL SURFACE MAPPING

Microenvironment mapping via Dexter energy

transfer on immune cells

Jacob B. Geri'*, James V. Oakley'*, Tamara Reyes-Robles?*, Tao Wang'*, Stefan J. McCarver,
Cory H. White?, Frances P. Rodriguez-Rivera®, Dann L. Parker Jr.3, Erik C. Hett?,
Olugbeminiyi 0. Fadeyi?t, Rob C. Oslund?t, David W. C. MacMillant

Many disease pathologies can be understood through the elucidation of localized biomolecular networks,
or microenvironments. To this end, enzymatic proximity labeling platforms are broadly applied for
mapping the wider spatial relationships in subcellular architectures. However, technologies that

can map microenvironments with higher precision have long been sought. Here, we describe a
microenvironment-mapping platform that exploits photocatalytic carbene generation to selectively
identify protein-protein interactions on cell membranes, an approach we term MicroMap (uMap). By
using a photocatalyst-antibody conjugate to spatially localize carbene generation, we demonstrate
selective labeling of antibody binding targets and their microenvironment protein neighbors. This
technique identified the constituent proteins of the programmed-death ligand 1 (PD-L1)
microenvironment in live lymphocytes and selectively labeled within an immunosynaptic junction.

patial relationships between biomolecules

underpin the fundamental processes of

life. In the context of cell surfaces, it has

long been established that proteins are

localized into defined assemblies, termed
microenvironments (I). These substructures
play a critical role in intercellular communi-
cation (2). As such, the capacity to precisely
map these cellular landscapes should provide
crucial insights into fundamental biology that
will have wide-reaching implications for human
health and the development of therapeutic
strategies (3). In more specific terms, improved
methods for microenvironment mapping are
likely to enable discoveries in areas as wide
ranging as proteomics (antibody target identi-
fication and discovering protein-protein inter-
actions) (4), genomics (profiling biomolecules
near genetic loci) (5), and neuroscience (eluci-
dating synapse dynamics) (6).

In recent years, several platforms have
emerged that enable the specific labeling of
proteins by using the concept of spatial proxim-
ity (7-9). These technologies (APEX, SPPLAT,
EMARS, and BiolD) (10, 11) use tethered enzymes
that catalytically generate reactive open-shell or
electrophilic species that target specific amino
acid residues in neighboring systems. Because
these intermediates have extended half-lives
(0.1 ms to 60 s), they undergo diffusion at rates
comparable with that of labeling (Fig. 1) (12).
These elegant strategies have primarily been

Merck Center for Catalysis, Princeton University, Princeton,
NJ 08544, USA. Merck Exploratory Science Center, Merck &
Co., Inc., Cambridge, MA 02141, USA. *Discovery Chemistry,
Merck & Co., Inc., Kenilworth, NJ 07033, USA.

*These authors contributed equally to this work.
tCorresponding author. Email: olugbeminiyi.fadeyi@merck.com
(0.0.F); rob.oslund@merck.com (R.C.0.); dmacmill@princeton.
edu (D.W.C.M.)

Geri et al., Science 367, 1091-1097 (2020)

applied to the proteomic profiling and im-
aging of larger protein architectures such as
mitochondria, lipid droplets, and nuclear pores
(13-15) as well as regions such as synaptic clefts
(16), lipid rafts (9), nuclear lamina (17, 18), and
protein clusters (19, 20).

Given the intrinsic value of understanding bio-
logical systems at the microenvironment level,
there remains a demand for cellular mapping
technologies that operate at short range and
with high precision. With this in mind, we iden-
tified a series of requirements for a suitable mi-
cromapping technology that might be used
across a range of cellular constructs: (i) a catalytic
manifold tolerant of aqueous conditions and bio-
molecules; (ii) a catalyst that can be conjugated
to a range of targeting modalities—antibodies,
small-molecule ligands, macromolecules, DNA,
and sugars (21); (iii) a catalysis mechanism that
can selectively activate chemical probes at a
diffusion-limited rate; (iv) a readily accessible
labeling probe that is only activated within 1 nm
of the catalyst radius; (v) a labeling probe that is
sufficiently reactive not to undergo long-range
diffusion after activation; and (vi) a biomolecule-
labeling mechanism that is both diffusion-
limited and residue agnostic. The successful
realization of these goals could, therefore, be
applied within spatially restricted environments
that have to date proven challenging to profile
with high precision, such as the immunosynapse.

Design plan

It has long been established that carbenes
readily cross-link with C-H bonds found in all
biomolecules [rate constant (k) = 3.1 x 10° s71]
and cannot diffuse farther than 4 nm owing to
fast quenching by water [% = 3.1 x 10% s, half-
life (T72) < 2 ns] (22, 23). This reactivity profile
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renders carbenes ideal reactive intermediates
for high-precision microenvironment mapping.
Although diazirine-based probes have been
widely applied in small-molecule target identi-
fication (24), the general requirement for direct
excitation with ultraviolet (UV) light precludes
the possibility of a target-localized activation
of free diazirine substrates by using short-
wavelength light. By contrast, it is well known
that diazirines exhibit little to no direct absorp-
tion of blue light (410 to 490 nm) (25). We re-
cently questioned whether visible light-powered
iridium catalysts could sensitize diazirines by
means of a Dexter energy transfer mechanism.
This would allow blue light-emitting diodes
(LEDs) to indirectly activate diazirines, local-
izing the generation of carbenes to within 0.1 nm
of the photocatalyst. If that is possible, we
further recognized the opportunity to apply
this localized excitation to a high-precision
platform for microenvironment mapping. More
specifically, we envisioned a photocatalytic prox-
imity labeling technology for carbene generation
in which a spatially targeted iridium complex acts
as an antenna (Fig. 1, top), absorbing the
photonic energy of visible light and transferring
it to a diazirine probe (Fig. 2A). Among numerous
applications, we hypothesized that this approach
to MicroMapping (uUMap) would offer suffi-
cient spatiotemporal resolution to profile nano-
scale protein assemblies on the surface of cells.

The proposed mechanism of the transfor-
mation is outlined in Fig. 2A. First, a ground-
state iridium-based photocatalyst would be
excited to its S; state through absorption of
blue (450 nm) light. Quantitative intersystem
crossing to the long-lived triplet excited state
(Ty) (Ty2 = 0.2 to 3 ps) is then followed by
short-range Dexter energy transfer, in which
the catalyst is returned to its ground S, state,
and diazirine is promoted to its T; state (26).
The triplet diazirine undergoes elimination of
N, to release a triplet carbene, which under-
goes picosecond-time scale spin equilibration
(27) to its reactive singlet state (77, < 1ns) and
then either cross-links with a nearby protein or
is quenched by the aqueous environment. We
identified four key catalyst design elements
required for successful photocatalytic prox-
imity labeling: (i) a triplet energy in excess of
60 kcal/mol, facilitating energy transfer to the
diazirine substrate; (ii) a visible-light extinction
coefficient (e400) greater than 1000 M cm ™,
to enable the use of light sources that do not
promote background diazirine photolysis; (iii)
hydrophilicity for biocompatible conditions; and
(iv) a suitable reactive handle for bioconjugation.

Methodology development

We first tested the feasibility of visible light-
sensitized N, elimination from diazirines by
screening a variety of photocatalysts with
increasing triplet energies (Fig. 2B). Although
catalysts with triplet energies below 60 kcal/mol
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did not sensitize model diazirine 1, a catalyst
with a triplet energy (Er) exceeding this thresh-
old {Ir[dF(CF3)ppyla(dtbbpy)}PFs (2) (Bt =
60.1 kcal/mol) (28) promoted consumption of
1 under mild conditions (15 min, 25°C, 100 uM
H,0/dimethyl sulfoxide, 450 nm irradiation)
in >97% yield. No reaction was observed with
diazirine 1 in the absence of photocatalyst or
light. We then redesigned this catalyst for bio-
molecular applications by increasing its water
solubility through the addition of polyethylene
glycol, carboxylic acid, and alkyne functional
groups (3) (Fig. 2B). These modifications did

Design Objective

Spatially precise
microenvironment

labeling
=:. protein on cell surface tight labeling radius
‘ State-of-the-Art
©
Resolution Ar—0 =)
determined by
reactive intermediate T12=0.1ms

half life (Ty2)

not negatively affect its ability to sensitize N,
elimination from 1 (supplementary materials).
Diazirine sensitization could be extended to a
variety of p- and m-substituted aryltrifluoro-
methyl diazirines bearing valuable payloads for
microscopy and proteomics applications, in-
cluding free carboxylic acid, phenol, amine,
alkyne, carbohydrate, and biotin groups (fig. S1).
The extinction coefficient of the photocatalyst
(2) is five orders of magnitude larger than that
of the diazirine (1) at the wavelength emitted
by the blue LEDs used for sensitization (450 nm),
explaining the absence of a noncatalyzed back-

Proximity Labeling

ground reaction (fig. S2). Last, we assigned a
short-range (Dexter) energy transfer mecha-
nism rather than a longer-range Forster en-
ergy transfer mechanism on the basis of a
lack of overlap between the absorption band
of diazirine 1 and the emission band of irid-
ium catalyst 2 even at high concentrations
of 1 (0.1 M) (fig. S3). Energy transfer was high-
ly efficient, with a rate constant of 7.9(5) x
10’ M 's™! (measured through Stern-Volmer
analysis; number in parentheses indicates
standard deviation in trailing digit) (table S1
and figs. S4 and S5).
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Fig. 1. High-resolution proximity-based labeling by using carbene intermediates. Spatially precise labeling enables the construction of information-rich
interaction networks. (Top) The resolution of proximity-based labeling is fundamentally limited by the long solution half-life (T1,2) of the reactive intermediates, such
as phenoxyl radicals, used to label protein constituents of cell-membrane microenvironments. POI, Protein of interest. (Bottom) Using shorter-lived carbenes as
reactive intermediates bypasses this limitation, enabling new applications in chemical biology.
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We sought to demonstrate that carbenes
generated through photocatalytic diazirine sen-
sitization could label proteins (Fig. 2C). When a

Fig. 2. Reaction design and A
catalyst development.
(A) Blue light does not directly

solution of bovine serum albumin (BSA) (10 uM)
and a biotinylated diazirine probe 4« (100 uM)
were irradiated with 375-nm light, biotinylation

O

of BSA was detected through Western blot.
When irradiated with lower-energy visible light
at 450 nm, the degree of biotinylation was <0.5%
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A Selective Antibody-Targeted Labeling of Bead-Adsorbed Proteins
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Fig. 3. pMapping on live cells. (A) Western blot analysis of antibody-targeted
uMapping of VEGFR2-Fc or EGFR-Fc on agarose beads shows spatially selective
protein labeling of VEGFR2-Fc or EGFR-Fc. Error bars in barplot are the standard
deviation calculated from three independent replicates (n = 3). (B) Western blot
analysis of antibody-targeted uMapping of CD45 on Jurkat T cells. (C) Selective
proximity labeling of the CD45, CD47, and CD29 microenvironments using uMap.
Significantly [false discovery rate (FDR)—corrected P < 0.05] enriched membrane
proteins in volcano plots are highlighted in red (CD45), gold (CD47), or blue
(CD29), and nonmembrane proteins are in gray. Venn diagram analysis of highly
enriched membrane proteins shows minimal overlap. (D) CD45 proximity labeling
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1 CD48

on Jurkat cells by using peroxidase does not resolve CD45 and known interactors
(red dots) from other proteins, including CD29 and CD47. (E) uMapping the
PD-L1 microenvironment on JY PD-L1 B cells to reveal putative interactors.
Significantly (FDR-corrected P < 0.05) enriched membrane proteins are high-
lighted in orange, and nonmembrane proteins are in gray. Labels show PD-L1
(orange), CD300A (green), and CD30 (purple) proteins. Venn diagram analysis of
enriched membrane proteins shows overlap of PD-L1, CD300A, CD30, and nine
other proteins. All volcano plots show averaged log? ratios (targeted protein
versus isotype) on the x axis (n = 3 replicates) and negative loglO transformed
P values on the y axis. (F) String analysis of convergently enriched proteins.
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A Trans or Cis Labeling with pMap via Intra/Extrasynaptic Targeting
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Fig. 4. Intra- and extrasynaptic pmapping within a two-cell system.

(A) Schematic depicting Jurkat (CD45RO*/PD-1"/CD3*) and JY (PD-L1*/CD19%)
two-cell system enhanced by the presence of staphylococcal enterotoxin D (SED)
for antibody targeting of intrasynaptic PD-L1 (expressed on JY cells) and
extrasynaptic CD45R0 (distinctly expressed on Jurkat cells) for selective trans or
cis labeling. (B) Flow cytometry analysis of antibody targeting of PD-L1 on JY
PD-L1 B cells with uMap by using 10-min light irradiation (left) shows both cis-
and trans-cellular labeling. Peroxidase-based targeted labeling for 0.5 min (right)
results in nearly complete cis- and trans-cellular labeling. (C) Flow cytometry

o-PD-L1 (2 min)
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analysis of antibody targeting of CD45R0 on Jurkat T cells with uMap by using
10-min light irradiation (left) shows only cis-cellular labeling. Peroxidase-based
targeted labeling for 0.5 min (right) results in nearly complete cis- and trans-
cellular labeling. (D) Two-cell system confocal microscopy images of isotype-
targeted (10-min light irradiation) or PD-L1-targeted (0.5-, 2-, or 10-min light
irradiation) by using uMap (left) or isotype-targeted (1 min) or PD-L1-targeted
(0.5 or 1 min) by using peroxidase-based labeling (right). Cells were imaged for
biotinylation (green), CD3 surface expression (magenta), and nuclei (blue). Scale
bar, 5 um. Duplicate images are shown below each condition.
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of the level observed through UV irradiation, es-
tablishing that the diazirine presents minimal
background signal at this wavelength. However,
in the presence of water-soluble iridium catalyst
3 (1 uM), catalyst-dependent biotinylation of BSA
was observed. Photocatalytic labeling of BSA
was further confirmed through intact protein
mass spectrometry (fig. S6). Unlike other enzyme-
based labeling methodologies, this approach
requires continuous delivery of visible light to
sustain diazirine sensitization for protein label-
ing. Accordingly, we exploited this feature to
demonstrate how turning the light source on
or off affords fine temporal control over the
labeling process (Fig. 2C, right).

With an efficient photocatalytic system for
carbene-based protein labeling in hand, we
prepared a secondary antibody-photocatalyst
conjugate as a general entry point for spatially
targeted photocatalytic proximity labeling on
cell surfaces. A goat anti-mouse (Gt/o-Ms) anti-
body was first decorated with azide groups
through reaction with azidobutyric acid N-
hydroxysuccinimide ester and then conjugated
to alkyne-bearing iridium catalyst 3 by means
of click chemistry, resulting in an antibody-
photocatalyst ratio of 1:6. Next, to address protein-
targeted labeling on a surface, we prepared a
model system containing human Fc-tagged
vascular endothelial growth factor receptor 2
(VEGFR2) and epidermal growth factor recep-
tor (EGFR) proteins attached to a-human im-
munoglobulin G (IgG) agarose beads (Fig. 3A).
These beads were sequentially incubated with
a Ms/a-VEGFR2 antibody and Ir-Gt/o-Ms to
position the iridium catalyst close to the VEGFR2
proteins on the bead surface. Irradiation of these
beads with 450-nm light in the presence of a
diazirine-biotin probe afforded selective labeling
of VEGFR2 over EGFR. When Ms/o-EGFR was
used as the primary antibody, the selectivity
of labeling was reversed. An analogous ex-
periment, using peroxidase-based labeling, was
incapable of differentiating between EGFR or
VEGFR2 (fig. S7).

Microenvironment mapping on cell membranes

We next applied antibody-targeted photo-
catalytic diazirine activation (uMap) to the
surface of live cells. For these experiments,
addition of the antibody to the cell surface
was maintained at 4°C to limit antibody-
mediated protein cross-linking (fig. S8) (29, 30).
We selected CD45, a highly abundant tyrosine
phosphatase on T cell surfaces involved in
antigen receptor signaling (3I), as an initial
target. Western blot analysis of CD45-targeted
uMap on Jurkat cells showed light- and time-
dependent protein biotinylation compared with
the isotype-targeting control (Fig. 3B). Next, we
used tandem mass tag (TMT)-based quantita-
tive proteomic analysis of streptavidin-enriched
proteins to identify CD45 and two known as-
sociators (CD45AP and CD2) through STRING

Geri et al., Science 367, 1091-1097 (2020)

analysis as part of a wider subset of enriched
cell membrane proteins (Fig. 3C) (32).

With proof of concept for cell surface label-
ing in hand, we next questioned whether uMap
could differentiate between spatially separated
microenvironments on the same cell mem-
brane. To this end, we selected CD29 and
CD47 as ideal targets with, to the best of our
knowledge, no known co-spatial association
on the cell surface. uMapping of CD45, CD29, or
CD47 on Jurkat cells resulted in the enrichment
of distinct sets of proteins, which included both
known (CD29:CD49D, CD45:CD45AP:CD2) and
previously unknown interactors (Fig. 3C). Cru-
cially, although several proteins were shared
between pairs of targeted proteins, none were
shared across all three, validating the ability
of uMap to discriminate between unrelated
microenvironments. By contrast, when using
state-of-the-art peroxidase-based proximity label-
ing methods (10, 33), cell surface CD45 and
associated proteins were not selectively resolved
from CD29 or CD47 (Fig. 3D and fig. S9).

Next, we harnessed the resolution and selec-
tivity of uMap to investigate the proximal protein
interactome of programmed-death ligand 1 (PD-
L1) in B cells. As has been well established, PD-L1
plays an important role in cancer cells as an im-
mune checkpoint ligand that can accelerate
tumor progression through suppression of T cell
activity (34). In the event, PD-Li-targeted uMap
revealed CD30, a member of the tumor necrosis
factor receptor family (35), and CD300A, an im-
mune inhibitory receptor (Fig. 3E) (36), as po-
tentially new interactors based on significant
enrichment. These results highlight the potential
of uMapping to provide new insights with respect
to the microenvironments of checkpoint proteins.

To further validate the enriched subset of
proteins identified with PD-L1 uMapping, we
performed targeted labeling of these two highly
enriched proteins. Targeted uMapping of these
proteins within the PD-L1 microenvironment
should, therefore, afford similar enrichment
lists, verifying their spatial association. We
found that 0-CD30-, 0-CD300A-, and o-PD-
Ll-directed uMapping identified the same set
of 12 surface receptors (Fig. 3F).

It is well recognized that the development of
new therapeutic oncology strategies will require
an understanding of the underlying mechanisms
of intercellular communication, particularly
within the context of T cell activation and differ-
entiation. Furthermore, given that localization
of PD-L1 is found within the T cell/antigen-
presenting cell (APC) immunosynapse (at the
interface between two immunointeractive cells),
we hypothesized that PD-L1-directed uMapping
should lead not only to biotinylation of a PD-L1-
expressing APC surface (cis-labeling) but also
to the biotinylation of the adjacent synaptic
T cell (trans-labeling) (Fig. 4A). As a control ex-
periment, we further posited that when target-
ing a protein excluded from the synapse, such

6 March 2020

as CD45RO (37, 38), the diffusion-minimized
radius of uMap would preclude biotinylation
of the distant trans-cell membrane.

We evaluated PD-L1- and CD45-targeted
uMapping in a two-cell system composed of
PD-Li-expressing JY B-lymphocytes as the
APC and Jurkat T-lymphocytes distinctly ex-
pressing PD-1 and the CD45RO isoform (fig.
S10). Using staphylococcal enterotoxin D (SED)
to facilitate T cell receptor (TCR)-major histo-
compatibility complex (MHC) engagement and
promote B cell/T cell immune synapse forma-
tion and signaling, we assessed the ability of
uMap to selectively label within intercellular
synapses (Fig. 4A and fig. S11) (39-41). Flow
cytometry analysis was then used to monitor
the extent of cis- and trans-cellular labeling.
As anticipated, PD-L1-targeted uMap resulted
in both cis- and trans-cellular labeling, where-
as CD45RO-targeted uMap led to selective cis-
labeling on the CD45RO-expressing Jurkat cells
(Fig. 4, B and C, and fig. S12), without any
labeling of the adjacent B cell. In stark contrast
to uMap, peroxidase-based proximity labeling
of PD-L1 or CD45RO within this two-cell sys-
tem led to complete labeling of both cell types
within 30 s, clearly visualized through flow
cytometry and confocal microscopy (Fig. 4,
B, C, and D; and fig. S12). In comparison, PD-
Ll-targeted uMap showed high selectivity for
trans-labeling solely at the cis- and trans-cellular
contact regions (Fig. 4D and fig. S12). Applying
the uMap technology on PD-1 in the Jurkat-JY
coculture system resulted in the reciprocal trend
of cis- and trans-cellular labeling (fig. S13). Col-
lectively, these findings clearly demonstrate that
the capacity of pMap to elucidate protein-protein
interactions can be directly translated toward
the highly selective labeling of dynamic inter-
faces within complex multicellular systems.

We expect that this technology will find
immediate use in antibody target identifica-
tion, exploration of signal transduction path-
ways, profiling cell-cell junctions, and other
disease-relevant microenvironments.
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Pinpointing proteins
To develop drugs that target a specific cell surface protein, it's helpful to know which other proteins reside in its

vicinity. Geri et al. report a light-triggered labeling technique that improves the spatial resolution for this type of mapping.

Specifically, they rely on a photocatalyst with a very short energy-transfer range to activate a carbene-based label that
can only diffuse a short distance in water before reacting. They showcase the technique by mapping the environment of
the programmed-death ligand 1 (PDL1) protein on B cell surfaces, a system of considerable interest in cancer
immunotherapy.
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