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Questions

1. Explain the labeling selectivity of the following intermediates:
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2. Generally, how do we colocalize enzyme / photocatalyst with POIs?

3. What is the upper limit of labeling accuracy (low limit of labeling radius)?
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Introduction

Protein-protein interactions (PPISs)

» essential for biological processes

» cellular organization, signal transduction, immunological responses, ...

traditional methods: yeast 2 hybrid, co-immunoprecipitation, ...
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Gunger, B.; et al. J. Struct. Biol. 2024, 216, 108118.



Introduction

Proximity labeling (PL)

unreactive
biotin species

reactive
intermediates

Enzyme
or
photocatalyst

biotin
label

Pro;c;ms Proximal

interest prateie

—

For reviews, see: MacMillan, D. W. C.; et al. Cell Chem. Biol. 2024, 31, 1145-1161.
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—_—
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Non-proximal

Enrichment & proteins

MS analysis

m/z

Hamachi, | .; et al. Curr. Opin. Chem. Biol. 2025, 87, 102620.

Seath, C. P,; et al. Trends Biochem.Sci. 2024, 49, 224-235. Ting, A, Y.; et al. Nat. Methods 2021, 18, 133-143. 5



Introduction

Proximity labeling (PL)

» Enzyme-based PL = Enzyme

BiolD, TurbolD, APEX, ...

Advantages

> Detection of weak or transient interactions

fhv

» Able to process in live cells or in vivo > Photocatalytic PL - Photocatalyst

» Capable for insoluble proteins

uMap, PhoTag, CAT-S, ...

For reviews, see: MacMillan, D. W. C.; et al. Cell Chem. Biol. 2024, 31, 1145-1161. Hamachi, | .; et al. Curr. Opin. Chem. Biol. 2025, 87, 102620.
Seath, C. P,; et al. Trends Biochem.Sci. 2024, 49, 224-235. Ting, A, Y.; et al. Nat. Methods 2021, 18, 133-143. 6



Outline

» Enzyme-based proximity labeling



Enzyme-based proximity labeling

Biotin ligase-based PL BirA from E.coli

~ 35 kDa
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problem: intermediate kept in BirA active site
not diffusible



Enzyme-based proximity labeling

N
Biotin ligase-based PL o ,?'J;;-?% BirA from E.coli
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Beckett, D.; et al. Protein Sci. 2000, 9, 1530-1539. Cronan, J. E.; et al. Protein Sci. 2004, 13, 3043-3050.



Enzyme-based proximity labeling

“‘BiolD” method

biotin
myc Biotin -
LaA e
(POI) B"D
BioAMP Labeling colocalized POI and biotin-labeled proteins
Nuclear envelope/
Cell cycl 47.0%

122 proteins was identified, including 10 uncaracterized

d

F \ I i Uncharacterize:

9.1%
Cytoplasmic/ER

Roux, K. J.; et al. J. Cell. Biol. 2012, 196, 801-810. 10



Enzyme-based proximity labeling

117kD
97kD

67kD -
45kD -

31kD -
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labeling saturated within 24 h
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iImprovement of labeling efficiency?

»
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Roux, K. J.; et al. J. Cell. Biol. 2012, 196, 801-810.
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Enzyme-based proximity labeling

TurbolD & miniTurbo
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Ting, A. Y.; et al. Nat. Biotechnol. 2018, 36, 880-887. 12



Enzyme-based proximity labeling

Peroxidase-based PL

OH

phenol
" 202 o’ OH OH
—GD_> - O O tyrosine coupling
APX, HRP, ...
ascorbate 3 mutations . . .
e e APX > APEX enhanced catalytic efficiency

Kamiya, N.; et al. Bioconjug. Chem. 2011, 22, 2332-2338.
Ting, A, Y.; et al. Nat. Biotechnol. 2012, 30, 1143-1148. 13



Enzyme-based proximity labeling

“APEX” method

0 1 min labeling
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Ting, A, Y.; et al. Nat. Biotechnol. 2012, 30, 1143-1148.
Ting, A, Y.; et al. Science 2013, 339, 1328-1331. 14



Enzyme-based proximity labeling

‘“APEX2” method

A134P mutation
APEX >  APEX2
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Ting, A, Y.; et al. Nat. Methods 2015, 12, 51-54.
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Enzyme-based proximity labeling

mMiniISOG-bhased PL

blue LEDs
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Shu, X.; Tsien, R. Y.; et al. PLoS Biol. 2011, 9, e1001041. 16



Enzyme-based proximity labeling

)
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Li, G.; et al. Nat. Commun. 2022, 13, 4906. 17



Enzyme-based proximity labeling
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Li, G.; et al. Nat. Commun. 2022, 13, 4906. 18



Enzyme-based proximity labeling

Summary
» Genetically encodable » Limited labeling species
» High specificity of POls » QObstruction of native PPlIs

» Easy modification & evolution

19



Outline

» Photocatalytic proximity labeling
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Photocatalytic proximity labeling

“UMap” method
co,
blue LEDs - Koo
%? | Me Me
" F \lil = 0%
Ar CF insertion Ar CF " r+_"\N ~
X i —C[ID_> N X 3 lI\N [
N=N oo H F /N K/ OMe
singlet carbene F \l or Me  Me
CO,H
l Ir(lll) photocatalyst
fast quenching by water
short half life — precise labeling!

small diffusion radius

MacMillan, D. W. C.; et al. Science 2020, 367, 1091-1097.
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Photocatalytic proximity labeling

“UMap” method

/N3 antibody-antigen
S recognition [lr]
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MacMillan, D. W. C.; et al. Science 2020, 367, 1091-1097. 29



Photocatalytic proximity labeling

“UMap” method

POI +

C Validation: CD45, CD47, and CD29 Targeted uMap Proteomics
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MacMillan, D. W. C.; et al. Science 2020, 367, 1091-1097.



Photocatalytic proximity labeling

“PhoTag” method

0
HNJ\NH Biotin-phenol
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OAc photocatalyst
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Oslund, R. C.; Reyes-Robles, T.; Fadeyi, O. O.; et al. Nat. Chem. Biol. 2022, 18, 850-858. 4



Photocatalytic proximity labeling

“PhoTag” method

anti-PD-L1 VHH-Fc-RFT g No light

selective labeling of cellular immmune synapses

Isotype VHH-Fc-RFT

Oslund, R. C.; Reyes-Robles, T.; Fadeyi, O. O.; et al. Nat. Chem. Biol. 2022, 18, 850-858.
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Photocatalytic proximity labeling

“CAT-S” method

Ir(lll) photocatalyst

C[ID = blue LEDs
0

HN NH

thiolQM

Lys, Tyr, Asp, Asn,

Glu, GiIn, Trp, Thr

Fan, X.; Chen, P.; et al. Nat. Commun. 2024, 15, 2712-27.

Labeling

26



Photocatalytic proximity labeling

“CAT-S” method

MitoTracker

cationic [Ir] localized in mitochondria (Zefi{ix)

no conjugation between PC and proteins

|

membrane-permeability

Fan, X.; Chen, P.; et al. Nat. Commun. 2024, 15, 2712-27. 27



Photocatalytic proximity labeling

‘MultiMap” method

CF3
—= blue LEDs

POI

EosinY P

~10 nm

high

Multiscale photocatalytic PL .
resolution

o Y o Y

°® °®
~120 nm ~ 250 nm
medium low
resolution resolution

Wells, J. A.; et al. Science 2024, 385, eadl5763. 28



Photocatalytic proximity labeling

Summary
» Photoswitch, high temporal resolution » Challenging catalyst delivery
» Various photoreactions available » Obstruction of native PPIs

» Easy to process on multiple POls » Additional structural design
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» Measurement & mechanistic discussion
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Measurement & mechanistic discussion

Measurement of labeling radius
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labeling radius of BioAMP: ~ 10 nm
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labeling efficiency varies depending on proteis

Roux, K. J.; et al. Proc. Natl. Acad. Sci. U.S.A. 2014, 111, e2453-e2461. 31



Measurement & mechanistic discussion

Measurement via super-resolution microscopy

representative cluster
(uMap)

20

POI

0.5 ym

}47 ~ 50 nm —»{
mean FWHM:

54 12 nm (n = 100)

theoretical: 4 nm extended labeling radius
?7?

MacMillan, D. W. C.; et al. Proc. Natl. Acad. Sci. U.S.A. 2022, 119, e22030271109. 32



Measurement & mechanistic discussion

Measurement via super-resolution microscopy

representative cluster
(uMap)

0.5 ym

mean FWHM:
54 12 nm (n = 100)

representa?ive cluster PEG3 PhN, PEG3 PhF,N,
(peroxidase)

0.5 ym
mean FWHM: mean FWHM: mean FWHM:
269 =41 nm (n = 100) 119 = 33 nm (n =100) 68 = 17 nm (n = 100)
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MacMillan, D. W. C.; et al. Proc. Natl. Acad. Sci. U.S.A. 2022, 119, e22030271109. 33



Measurement & mechanistic discussion

Radius control via diffusion coefficient modulation

n=3 n=24
Weg cY\ViVeg
~ 2 x change
D= 1_8)(1()'6 CmZ/S e D= 8_5x10'7 sz/s
PEG3 PhN3 PEG24 PhN3

~1.5x change

mean FWHM: ——— mean FWHM:
119 * 33 nm (n = 100) 80 £ 28 nm (n =100)

EGFR
ITGA3

PEG3 PhN, PTPRJ

4 EGFR

ITGA3
PEG24 PhN, \/
PTPRJ

enhanced selectivity

MacMillan, D. W. C.; et al. Proc. Natl. Acad. Sci. U.S.A. 2022, 119, e2203027119.
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Measurement & mechanistic discussion

Measurement via DNA nanoruler

for APEX:
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notable labeling occurs within 55 nm
highest labeling occurs within 77 nm

Zou, P.; Chen, Z.; et al. Nat. Chem. Biol. 2025, https://doi.org/10.1038/s41589-025-02086-w. 35



Measurement & mechanistic discussion

D=11nm M nm
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Biotinylation yield (%)

0 T T | T |
0 2 4 6 8 10 12

Distance (nm)

dual labeling mechanism of APEX:

strong contact labeling within 70 nm
diffusive labeling within 250 nm

Zou, P.; Chen, Z.; et al. Nat. Chem. Biol. 2025, https://doi.org/10.1038/s41589-025-02086-w. 36



Measurement & mechanistic discussion

BioAMP system: BiolD & TurbolD

—~ 0.16 - 0.5

S S

o T 0.4 4

° 0.12 o

Q2 e |

;‘ c 0.3

S 0.08 - ke

@ 02~

= A

c 0.04 E 01 =

o i ke

oM m

@ 0 [ I [ I | 0 I | I I ]
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Distance (nm) Distance (nm)

mostly contact labeling mechanism

Zou, P.; Chen, Z.; et al. Nat. Chem. Biol. 2025, https://doi.org/10.1038/s41589-025-02086-w. 37



Outline

» Summary
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Summary

Abundant toolkit Various accuracy Nice biocompability

| ® » *

Proteins .
Proximal

proteins

of
interest

Powerful tool for PPI studies

» Further development of catalytic systems
» Optimization of catalyst introducing methods

> Acute resolution control
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Questions

1. Explain the labeling selectivity of the following intermediates:
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2. Generally, how do we colocalize enzyme / photocatalyst with POIs?

3. What is the upper limit of labeling accuracy (low limit of labeling radius)?
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