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Abstract

Photocatalytic proximity labelling has recently emerged as a powerful tool to resolve a wide variety
of biomolecular and cellular interactions. While the use of high-resolution probe species, such as
diazirines, enables cell-surface protein labelling with nanometre precision by generating highly
reactive intermediates, intracellular applications are limited either by the intrinsic toxicity of
frequently employed photocatalysts or lower resolution when long-lived reactive intermediates are
used. In this work, we describe the discovery and application of an organic flavin cofactor
derivative, deazaflavin, capable of diazirine activation to form carbenes through triplet energy
transfer and offers unparalleled biocompatibility. We demonstrate deazaflavin-diazirine energy
transfer labelling (DarT-labelling) not only allows for targeted extracellular scenarios using
antibody conjugates but, most importantly, for intracellular interactome mapping of cell-
penetrating peptides (CPPs). We successfully mapped the localisation of two popular polyarginine
CPPs and identified potential key membrane interactors. Furthermore, we showed the
applicability of DarT-labelling over extended time by mapping the intracellular trafficking of a
stable cyclic derivative to reveal its eventual exocytosis from the cell. We envision DarT-labelling
has the unmet potential to enable detailed profiling of intracellular dynamics across diverse

biological systems with unprecedented spatiotemporal control.
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Introduction

Understanding biomolecular interactions in cellular functions is key to elucidating both life and
disease mechanisms.! To achieve this, proximity-labelling (PL) methods have become powerful
and diverse in their applicability to decipher protein, RNA and DNA interaction networks within
living cells.?3 Mapping these interactions by PL has significantly benefitted from recent advances
in mass-spectrometry (MS) to better understand disease pathology, discover novel biomarkers
and therefore predict new therapeutic modalities.*® Classical PL methods involve genetic fusion
of an enzyme to a protein of interest (POI) to catalyse the generation of a reactive probe that
labels proximal biomolecules. These methods, such as BiolD (proximity-dependent biotin
identification), have proven to be extremely valuable, but suffer from a lack of temporal control due
to exogenous biotin treatment for extended periods.® Ascorbate peroxidase-based systems
(APEX) offer faster labelling times but the H20. treatment required for generating reactive
phenoxyl radicals for labelling results in cell death.® Photocatalytic proximity labelling or in short
photoproximity labelling (PPL) has proven to be a useful alternative to such methods,’® offering
short labelling times, tuneable labelling radii,® long wavelength reactivity'®*? and can even be
applied in vivo.®® In addition, photocatalytic enzymes such as mini Singlet Oxygen Generator
(miniSOG)**17 and light-oxygen-voltage (LOV) domains!® can be genetically incorporated into live
cells; however, the fusion of an enzyme to a POl could alter the protein’s natural structure, function

and intracellular trafficking or obstruct potential biomolecular interactions.

Pioneering work by the groups of MacMillan, Oslund and Fadeyi introduced a Dexter energy

transfer methodology in which a small molecule iridium photocatalyst activates a diazirine-based
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probe to generate carbenes with a short half-life (2 ns) to enable microenvironment mapping
(uMap) on cell surfaces.'® Although highly efficient, the use of iridium photocatalysts in PPL is
curtailed by material sustainability and cytotoxicity. As a result, approaches have emerged
utilising organic PCs such as flavin,?*2? acridinium and fluorescein derivatives-2% with great
success and offer better suitability for intracellular PPL.?” So far, subcellular compartments such
as mitochondria?>?* and nuclei®?* have been investigated by PPL taking advantage of the
inherent cellular localisation of organic photocatalysts,?® appendage of organelle targeting
groups,?*?® or protein tags.?* However, these reports utilise longer half-life species such as
phenoxyl radicals (< 1 ms),? nitrene-derived reactive intermediates (10 pus)?® or 'O, (0.2 to 3
us)3! that do not offer the same resolution as carbenes. To the best of our knowledge,
intracellular examples of carbene generation via energy transfer has been described using iridium
photocatalysts for drug target identification®? and stress granule interactome mapping,* but wider
use of these catalysts for other PPL applications are hindered by intracellular cytotoxicity®2** and
propensity for mitochondrial localisation.35:36

To overcome these limitations, we sought to identify a readily accessible organic photocatalyst
with the following characteristics: i) efficient Dexter energy transfer with diazirines for high
resolution PPL, ii) excellent biocompatibility and iii) spatiotemporal control over labelling. Herein,
we report the discovery of a naturally occurring flavin cofactor analogue, deazaflavin,®” capable
of activating diazirines (as well as other major probes) via energy transfer in live-cells. Due to the
catalyst’s non-cytotoxicity and minimalist design, we were able to demonstrate both extra- and
intracellular deazaflavin-diazirine energy transfer labelling (DarT-labelling) in live cells. This
allowed us to elucidate the protein interactomes of polyarginine cell-penetrating peptides (CPPSs)
that relate to their uptake mechanism, localisation affinity and trafficking within the cell.
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Results and Discussion

Deazaflavin discovery and characterisation
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Fig. 1: Photocatalyst screening and mechanistic validation of energy transfer. a) Structures and triplet energies
(E7) of photocatalysts 1-4. b) UV-Vis spectra of photocatalysts 1-4 (50 uM) in 1:1 DMSO/H20. c¢) Photocatalyst
screening of blue light (450 nm) activation of diazirine 5 resulting in the discovery of deazaflavin 4 as the optimal energy
transfer catalyst. d) Stern-Volmer fluorescence quenching plot of deazaflavin 4 (10 uM, Aex = 410 nm) with increasing
concentrations of aryl azide 6 and diazirine 7 in 1:1 DMSO/H20 (N2 purged). e) UV-Vis spectra of aryl azide 6 and
diazirine 7 (1 mM) vs deazaflavin fluorescence emission in PBS pH 7.4 (1% DMSO). f) Mechanism of deazaflavin-

diazirine energy transfer (DarT).

We initially selected the well-known thioxanthones®*-%° as potential triplet energy sensitisers to
activate diazirine 5 (Er 2 60.1 kcal/mol)® in PBS upon blue LED (450 nm) irradiation (Fig. 1a and

b). Thioxanthone 1 (Er = 67.4 kcal/mol),** provided good conversions (>70%) of diazirine 5 upon
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irradiation for 15 min in PBS that is comparable with iridium catalyst 3,%° despite having almost no
absorbance overlap with the incident photons (1 Amax = 385 nm, Fig. 1b and Supplementary Fig.
Sla). Red-shifted photochemical reactivity relative to absorption spectra has been well-
established and can therefore explain these observations.*? Additionally, attempts to increase the
blue light absorption of 1 through methoxy substitution (thioxanthone 2, Fig. la-b and
Supplementary Fig. S1a) resulted in severely diminished conversions of 5 (< 5%, Fig. 1¢) most
likely due to lowering the excited triplet energy.*! Due to poor solubility in PBS, iridium 3 did not

provide complete conversion of 5 (75%) but was highly efficient in 1:1 DMSO/H20 (Fig. 1c¢).

We next turned our attention the high triplet energy flavin derivative, deazaflavin 4 (Er = 59.6
kcal/mol)*® and observed complete conversion of 5 after 15 min blue LED irradiation in PBS by
1F NMR (Fig. 1c and Supplementary Fig. S2). Compared to 3 in 1:1 DMSO/H,0, the deazaflavin
did not achieve full conversion of 5 (85%) after 15 min. This could be explained by altered excited
state energies and dynamics in this solvent system, evidenced by a bathochromic shift of the Amax
of 4 compared to PBS (from 389 to 395 nm, Fig. 1b-c and Supplementary Fig. S1b). Other
flavin-derived photocatalysts such as deazaflavin S1# and alloxazine S2%4¢ (Supplementary
Figs. S1b and S3) provided lower conversions of 5 (< 50%) most likely due to lower excited triplet
energies. We therefore decided deazaflavin 4 was the optimal organic photocatalyst for diazirine
activation, having superior activity over all other catalysts in PBS and can be readily prepared in
two synthetic steps.

In addition to diazirines, we also screened our panel of photocatalysts for aryl azide (S3)
conversion (Er 2 43.8 kcal/mol),*112° resulting in 100% conversion for deazaflavin 4 and >75%
for most others (Supplementary Fig. S3). However, control experiments without any
photocatalyst showed blue light induced photolysis of aryl azide S3 which has previously been
reported.!! On the other hand, the diazirine activation is purely dependent on the presence of 4
and blue light (Fig. 1a and Supplementary Fig. S4, entry 2) and can be achieved even in 5 min
(Supplementary Fig. S4 entry 3). Substitution of 4 at the N-3 position had no effect on its catalytic
activity (Supplementary Fig. S4, entry 4), hence demonstrating this to be a useful site for
attachment to a targeting modality for PPL application using DarT. Additionally, other diazirine
probes containing amine and biotin handles can be activated using 4 (Supplementary Fig. S4,
entries 5 and 6) and diazirine activation is possible in the presence of 10 mM GSH, albeit with
reduced efficacy (55%, Supplementary Fig. S4, entry 7), to resemble intracellular PPL

conditions.
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Mechanistic validation of deazaflavin energy transfer

We then investigated the energy transfer mechanism of deazaflavin 4, by first by performing a
steady-state fluorescence quenching experiment and comparing aryl azide 6 to diazirine 7 (Fig.
1d and Supplementary Fig. S5).1° A linear quenching relationship between deazaflavin 4 and 6
was observed with a rate constant (kq) of 2.9 x 10° Mtst determined from Stern-Volmer analysis,
indicating 4 interacts with aryl azides in both singlet and triplet regimes (Fig. 1d). In contrast, non-
linear fluorescence enhancement was observed using diazirine 7 indicating that 4 activates aryl
diazirines exclusively via triplet energy transfer.*”8 Given the lack of spectral overlap between
the emission of 4 and probe absorption (Fig. 1e and Supplementary Fig. S1c), we can assume
that a Dexter energy transfer mechanism is in place (Fig. 1f).1°

We further explored the energy transfer capability of 4 using an intermediate trapping experiment
with a model amine (nBuNH.) and aryl azide S4 (Supplementary Fig. S6).°!125 In the excited
state, aryl azides are known to rearrange into ketenimine intermediates that can undergo
nucleophilic attack.*® We therefore analysed the product distribution via *H NMR after irradiation
of S4 in the presence of 4 or iridium catalyst 3 as a control (10 mol%), and after blue LED (450
nm) or UV LED (365 nm) alone. Using deazaflavin 4 we observed the formation of reduced aniline
S5 (38%) and ketenimine S6 (21%) as major products, indicating 4 is indeed capable of energy
transfer to aryl azides. In the presence of iridium sensitiser 3 we observed the formation of azo
compound S7 (14%) and aniline S5 (13%) without the formation of ketenimine S6, agreeing with
previous findings.® When compared to light irradiation alone, 450 nm irradiation solely provides
ketenimine S6 (45%) and the starting material S4 (44%) that concurs with other observations of
aryl azide blue light reactivity.'! 365 nm irradiation gives the expected ketenimine S6 (32%) and
aniline S5 (8%). The sensitivity of aryl azides to blue light irradiation, despite having little to no
spectral overlap (Supplementary Fig. S1d) is therefore a major limitation for their use in PPL

experiments and are more suitable for green or red light dependant systems,1011:25
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Protein photolabelling
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Fig. 2: Protein photolabelling via DarT on model proteins and cell surfaces using deazaflavin-antibody
conjugates. a) Protein photolabelling using deazaflavin 4 (1 uM) in PBS pH 7.4 using various biotin-conjugated probes
8-10 (100 uM), PDB ID: 4F5S. b) Time dependant photolabelling of BSA (10 pM) using biotin probes 8-10 (100 pM)
and deazaflavin 4 (1 pM) in PBS pH 7.4. ¢) Schematic presentation of cell surface labelling via DarT using HER2-
targeted labelling employing either primary antibody-flavin conjugate Tra-4 or secondary 1gG-4 in a direct and indirect
approach, respectively. d) Confocal images of SK-BR-3 (HER2-positive) and MCF-7 (HER2-negative) cells treated with
directly binding Tra-4 or unmodified Trastuzumab as a control (left); or with the indirect primary/secondary system by
using anti-HER2 antibody and IgG-4 or a non-targeting isotype control (right). All conditions include subsequent
incubation with 250 pM diazirine-biotin 8, followed by blue LED irradiation for 10 min. Cells were additionally imaged
for nuclei (Hoechst stain, blue); scale bars 10 ym.

We next sought to validate the capability of deazaflavin 4 to label model proteins using biotin-
diazirine probe 8 (Fig. 2a) and additionally examine phenol 9 and aryl azide 10 to determine the
suitability of deazaflavin 4 to multiscale PPL.>® We anticipated the ability of deazaflavin 4 to
activate phenol-based probes such as 9, due to favourable electron transfer from the tyramide
probe (Tyr/Tyr* = 1.08 vs. SCE)? to excited 4 (4*/4~ ~ 1.20 V vs. SCE)“ akin to their flavin

relatives that have been previously utilised in PPL.1829-22 Effective protein biotinylation was
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observed via Western blot for both bovine serum albumin (BSA) and carbonic anhydrase after 10
min blue LED irradiation for all three probes in the presence of 4 (10 mol%) (Fig. 2a). The diazirine
probe shows comparably less intense bands compare to phenol or aryl azide probes due to their
relative reactive half-lives, residue selectivity and photolysis of aryl azides. Importantly, protein
labelling proved to be light and time dependent for all probes (Fig. 2b).

Taken together, these data show deazaflavin 4 is capable of multiscale PPL that has been shown
to provide variable resolution in interactome profiling.>® However, given the discussed limitations
of aryl azide probe photolysis with blue light, and the lower oxidation potential of deazaflavins
compared to its parent flavins (1.67 V vs. SCE for riboflavin tetraacetate),?*-225! we decided that
diazirines are most suitable probe for deazaflavin-based PPL, thereby taking advantage of its
distinctive energy transfer capability. This approach is henceforth termed DarT-labelling

(deazaflavin-diazirine energy transfer labelling).

To validate DarT-labelling in a biological system, we chose a targeted PPL approach towards the
cell surface receptor HER2, a membrane-bound receptor protein that is often overexpressed in
breast cancer (Fig. 2¢).%2 Cell surface PPL has progressed immensely in recent years and has
revealed various novel interaction networks on and between the cell surfaces.t1192050.53 For
extracellular target specificity we explored two different HER2 targeting antibody-based systems,
the first being a deazaflavin-conjugate of the therapeutic antibody Trastuzumab (Tra-4) that was
achieved through cysteine selective conjugation of 4 via an ethynyl-triazolyl-phosphinate (ETP)
derivative.® The second approach consisted of a polyclonal anti-mouse 1gG-4 conjugate,

facilitated through non-selective lysine modification.

DarT-labelling experiments were performed by treating HER2-overexpressing SK-BR-3 cells with
either deazaflavin-antibody conjugate Tra-4 or primary HER2-targeting antibody and subsequent
treatment with 19G-4 (Fig. 2d). After antibody treatment, diazirine-biotin probe 8 was added and
carbene generation was triggered by 10 min blue LED (450 nm) irradiation. Cell surface
biotinylation was visualised through confocal microscopy imaging using a Streptavidin-Alexa
Fluor™ 488 conjugate that revealed clear fluorescent signal for Tra-4 and 1gG-4 treated cells (Fig.
2d). Control experiments with unmodified Trastuzumab (Tra), an isotype primary IgG and HER2
negative cell line MCF-7 provided clear evidence of targeted extracellular DarT-labelling (Fig. 2d).
Collectively, these data demonstrate the efficiency of DarT-labelling in complex extracellular
environment and its versatility towards antibody-based PPL given both direct (Tra-4) to indirect

(IlgG-4) approaches provide efficient cell surface labelling.
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Deazaflavin biocompatibility and cell permeability
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Fig. 3: Cellular biocompatibility and permeability of deazaflavin 4. a) Cytotoxicity assay (WST-1) of iridium 3 and
deazaflavin 4 after 24 h incubation in HelLa cells. Data presented as mean + standard error of mean (SEM) of three
biological replicates. b) Light-induced toxicity of 3 and 4. measured in HelLa cells after 24 h incubation following 450
nm irradiation (0-15 min) with pre-incubated catalysts (30 min). Data presented as mean + SEM of three biological
replicates. ¢) Scheme of chloroalkane penetration assay (CAPA) utilising chloroalkane-deazaflavin 11 and 12 as the
negative control. Permeability is validated by CA-TMR-d12 and BG-SiR-d12 treatment. d) Tile-scan confocal
microscopy of modified CAPA reporter HelLa cells treated with 11 or 12, followed by CA-TMR-d12 and BG-SiR-d12.
Scale bar = 100 um. e) Normalised fluorescence intensity (TMR) of HeLa or HEK293T reporter cells following treatment
of 11 at decreasing concentrations determined by flow cytometry. CPso values for each reporter cell line is provided.

https://doi.org/10.26434/chemrxiv-2024-0zw8| ORCID: https://orcid.org/0000-0001-7457-4742 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-0zw8l
https://orcid.org/0000-0001-7457-4742
https://creativecommons.org/licenses/by-nc-nd/4.0/

Prior to any intracellular application of DarT-labelling, we first validated the biocompatibility of
deazaflavin 4 in live cells. Initially, the cytotoxicity of 4 was investigated in comparison to the well-
established iridium photocatalyst 3. HeLa cells were incubated for 24 h in the presence of varying
concentrations of 4 and 3 and the resulting viability was measured via WST-1 assay (Fig. 3a).
The data reveals a considerable cytotoxic effect of iridium catalyst 3 when compared to 4,
evidenced by as little as 0.78 uM 3 reducing viability to <70%, which is in contrast to a previous
report using the same catalyst,*® but recent data aligns with our findings.** However, even at a
very high concentration (100 uM), cells maintained a viability of >85% in the presence of 4,

confirming its excellent biocompatibility.

We further investigated phototoxicity of 3 and 4 by irradiating HelLa cells with 450 nm light for O
to 15 min after pre-incubating the catalysts for 1 h and measuring viability using the WST assay
after 24 h incubation (Fig. 3b). Even after 5 min of irradiation, iridium 3 completely reduces cell
viability to 0% at both 1 and 10 pM. On the other hand, cells treated with deazaflavin 4 and
irradiated for 5 min demonstrated very low phototoxicity (>80% viability at 1 and 10 uM) which is
comparable to the DMSO control. Blue light irradiation alone is known to induce oxidative stress
by excitation of endogenous photosensitisers that is evidenced by our data through reducing cell
viability to 79% after 15 min irradiation.>® Deazaflavin 4 therefore has little additional phototoxic
effect to the cells after this irradiation time as cell viability is reduced to 76% with 10 uM treatment
of 4. Compared to iridium complexes®® and other flavin derivatives, deazaflavins are known to be
the least singlet oxygen sensitising (¢a = 0.33 for 5-deazariboflavin),>” which could therefore

explain these observations.

Cell permeability of deazaflavin 4 was confirmed using a modified pulse-chase chloroalkane
penetration assay (CAPA) in HeLa and HEK cell lines (Fig. 3c).”® We first conjugated a
chloroalkane (CA) linker to the N-3 positon of the scaffold to give deazaflavin-chloroalkane 11
that was used to pulse reporter cells expressing cytoplasmic HaloTag-SNAP-tag fusion protein.
Cells were first treated with 11 in order to covalently label the active site of the HaloTag (if cell
permeable) and excess non-internalised molecules were washed away. Subsequent treatment
with cell-permeable red CA-TMR-d12 and far-red BG-SiR-d12° treatment results in CA-TMR-d12
reacting with the remaining unoccupied HaloTag, while BG-SiR-d12 is used to occupy the SNAP-
tag that is employed as an expression control to normalise for transient transfection (Fig. 3c).
Confocal microscopy images confirm that the treatment of 11 resulted to fewer unoccupied
HaloTag, hence lower TMR signal, whereas treatment with non-reactive triethylene glycol

derivative 12 showed no decrease in TMR signal (Fig. 3d). We quantified the CPs (treatment
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concentration where 50% of the expressed HaloTags are labelled) by titrating the treatment
concentrations of 11 and measuring the mean fluorescence intensities (MFI) of the reporter cells
by flow cytometry. We show evidence that 11 is cell-permeable in both HeLa and HEK293T
reporter cells with CPso 0f 204.4 nM and 2063 nM, respectively (Fig. 3e). The discrepancy in CPso
values indicates variable degree of penetration propensity of the deazaflavin with different cell
lines, which may be due to the overall physiology of the specific cell line in question. Overall, the
excellent biocompatibility and cell-permeability of deazaflavin 4 positions DarT-labelling as a

highly suitable methodology for intracellular PPL applications.

Intracellular mapping of Rip peptide interactomes via DarT-labelling

From its initial discovery, cell-penetrating peptides (CPPs) have been a popular strategy utilised
by various groups to deliver a myriad of extracellular cargoes into cells.®° Our group in particular
has employed polyarginine CPPs for a number of intracellular delivery applications of various
functional proteins.52-% Despite its broad application and popularity among the intracellular
delivery community, questions still remain regarding their mechanism of action, intracellular
interacting partners, and influence on overall cellular physiology. Futaki and coworkers have
previously applied diazirine-based photocrosslinking using UV light to identify intracellular and
extracellular interactors of Rs.%4%° Due to the inefficiency of diazirine photocrosslinking
chemistry,%® this assay requires exceptionally large amount of treated cells, whilst providing very
few reliable hits. We guestioned whether we could utilise deazaflavin 4 and diazirine 8 to label
the intracellular protein binders of each of our widely used linear and cyclic decaarginines (R1o)
via photocatalytic energy transfer (Fig. 4a), which would otherwise not be possible with cytotoxic
iridium PCs.3* This could help to provide a better understanding the intracellular fate of Arg-rich
CPPs and as a result, the development of future intracellular delivery and targeting applications.
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Fig. 4: Mapping CPP interactomes via DarT-labelling. a) Intracellular DarT-labelling workflow for polyarginine CPP
interactome mapping. b) Confocal microscopy images of HelLa cells stably expressing histone 2B-green fluorescent
protein (H2B-GFP) fusion protein treated with i) linear Rio-deazaflavin conjugate 13 (20 uM) and ii) cyclic Rio-
deazaflavin conjugate 14 (20 uM). Scale bars: 20 um. c) Volcano plots from label-free quantification (LFQ) analysis of
Hela cells treated with i) linear Rio conjugate 13 vs deazaflavin conjugate 12 (5 pM) and ii) cyclic Rio conjugate 14 vs
deazaflavin conjugate 12 (5 uM) for 1 h using diazirine 8 (250 uM) and 15 min irradiation (450 nm). Significantly enriched
proteins (p-value < 0.05 and log2FC > 1) are coloured with the most significantly enriched proteins from gene ontology
(GO) term ‘cellular compartment’ labelled relating to lysosome (purple), nucleus (blue) and membrane ion channel
(green). d) GO analysis of significantly enriched proteins relating to ‘cellular compartment’ for i) linear Rio conjugate 13
vs deazaflavin conjugate 12 and ii) cyclic Rio conjugate 14 vs deazaflavin conjugate 12 data sets.
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We first attached deazaflavin 4 to the N-terminus of each CPP and treated HelLa cells with the
resulting deazaflavin-CPP conjugates (linear 13 and cyclic 14, 20 uM) for 1 h. Thanks to the
inherent fluorescence of the deazaflavin moiety (Aem =450 nm, Fig. 1b), the cells could be imaged
to verify successful delivery of the peptides. Linear Rio peptides generally localise in the cytosol
and can be entrapped in endosomes when administered to cells.®” On the other hand, cyclic Rio
variants are more efficient and robust CPP derivatives that enters via direct translocation into cells
and are capable of nucleolar localisation.®” Confocal microscopy confirmed effective delivery and
anticipated localisation patterns of deazaflavin-CPP conjugates in which linear derivative 13 was
observed in the cytosol and cyclic 14 showed clear nucleolar localisation as well as cytosolic (Fig.
4b). To validate intracellular DarT-labelling, cells were incubated with 13, 14 or control deazaflavin
12 (20 uM) for 1 h, subsequently washed and treated with diazirine 8 (30 min, 250 uM) before
irradiating with 450 nm for 15 min. Western blot analysis of fractionated lysates revealed
successful intracellular labelling and a clear trend in biotinylated proteins (Supplementary Fig.
S7). As expected, cyclic 14 elicits the highest degree of labelling across all fractions, especially
within nuclear extracts when compared to linear 13 and control 12. This correlated well to
microscopy imaging and encouraged us to perform further enrichment and label-free

guantification (LFQ) proteomic analysis to identify the Rio peptides’ interactome (Fig. 4a).

We therefore repeated the intracellular DarT-labelling experiment for LFQ proteomic analysis after
1 h incubation of deazaflavin-CPPs at 5 uM in order to reduce potential background labelling and
peptide aggregation. To help resolve Rio-specific protein interactors, we use unconjugated
deazaflavin 12 as the control. Following diazirine incubation (30 min, 250 uM), irradiation (15 min,
450 nm) and biotin enrichment using magnetic streptavidin beads, biotinylated proteins were
digested and subjected to LC-MS/MS analysis. LFQ analysis obtained volcano plots that revealed
a large number of significantly enriched proteins (log: fold change >2.0) for both deazaflavin-CPP
conjugates. As anticipated, linear Rio conjugate 13 displays a number of significantly enriched
lysosomal proteins such as lysosomal protective proteins, cathepsin A and D (CTSA and CTSD),
lysosome-associated membrane glycoprotein 2 (LAMP2) and palmitoyl-protein thioesterase 1
(PPT1) (Fig. 4c, i). On the other hand, cyclic Rio 14 featured more proteins associated to the
nucleus and nucleolus such as strawberry notch homolog 1 (SBNO1), histone H3-7, PH domain-
binding protein (PHIP) and WD repeat domain 4 (WDR4) (Fig. 4c, ii).

By performing gene ontology (GO) enrichment analysis we were able to identify trends in the
enriched proteins to cellular compartments that align with their expected subcellular localisation

(Fig. 4d). For example, linear Rio conjugate 13 displayed a high degree of endosomal and
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lysosomal enrichment (Fig. 4d, i), whereas cyclic 14 featured a greater number of nuclear and
nucleolus-associated proteins (Fig. 4d, ii). A Venn diagram comparing significantly enriched
proteins from both CPPs revealed >3 times the number of unique proteins associated to the cyclic
Ri0 compared to linear Rio (Supplementary Fig. S8a). This can be rationalised by the greater
uptake efficacy of the cyclic derivative and prominent nucleolar localisation, evidenced by its
unique GO terms for nuclear and ribosomal proteins (Supplementary Fig. S8b). Due to both
CPPs displaying cytosolic localisation, we observed a large number of shared significantly
enriched proteins (around 27%) that relate to lysosomal and granule-associated proteins
(Supplementary Fig. S8c and d). Altogether, this demonstrates DarT-labelling can enable the
unbiased proteomic identification of proteins interacting with R1o CPPs across multiple subcellular
compartments, such as the lysosome and nucleolus, that aligns with expected patterns from
confocal microscopy.

We also observed the significant enrichment of some cell membrane proteins that could be
involved in the uptake of the R CPPs. Previously, the Futaki lab identified Rg CPP protein
interactors such as the intracellular LanCL1%* and extracellular syndecan-4, a receptor for clathrin-
mediated endocytosis of the CPPs using UV light activation of aryl diazirines.®® However, we were
not able to identify these proteins in our proteomic data, most likely due to different incubation
conditions of the CPPs with the cells (4 °C for 0.5 to 5 min).5#%® However, one significantly
enriched protein common to both linear and cyclic Ri data sets (logz fold change >4.0, p-value <
0.001) that caught our attention was the ATPase Na*/K* transporting subunit beta 3 (ATP1B3,
Fig. 4c). As an integral membrane protein, ATP1B3 is responsible for establishing and
maintaining the electrochemical Na*/K* gradient across the plasma membrane and is ranked
within the top 25% of abundant proteins within the cell line employed (HelLa, Supplementary Fig.
S9).%8 These gradients are fundamental for osmoregulation and the sodium-coupled transport of
various organic and inorganic solutes.® Interestingly, the Widmann group has recently identified
ATP1B3 as a key regulator of TAT CPP cellular uptake.”® We therefore hypothesise that this ion
pump is involved in regulating the uptake of Rig CPPs regardless of their structure and our future

work aims to biologically validate these findings.
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DarT-labelling in live cells after 24 h
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Fig. 5: Mapping the cyclic Rio interactome after 24 h. a) Volcano plot from label-free quantification (LFQ) analysis
of HelLa cells treated with cyclic Rio 14 vs deazaflavin 12 (5 uM) 24 h post-treatment using diazirine 8 (250 uM) and 15
min irradiation (450 nm). Significantly enriched proteins (p-value < 0.05 and log2FC > 1) are coloured with the most
significantly enriched proteins from gene ontology (GO) term of ‘cellular compartment’ labelled relating to lysosome
(purple) and nucleus (blue). b) GO terms (cellular compartment) of significantly enriched proteins relating to cyclic R1o
14 vs control 12 24 h post-treatment. c) Venn diagram comparing significantly enriched proteins from DarT-labelling
after 1 h incubation and 24 h post-treatment of cyclic Rio 14. d) Clustered heatmap of GO terms relating to ‘cellular
compartment’ after 1 h incubation and 24 h post-treatment of 14.

Recognising the robust biocompatibility of deazaflavin 4 over other reported photocatalysts
capable of diazirine activation,* we envisioned that DarT-labelling could be utilised for long-term
incubation experiments to map dynamic intracellular events with high resolution. Our group, and
others, have observed stark differences in the cellular clearance of linear and cyclic Ri peptides
by confocal microscopy, in which the linear Rio peptide undergoes lysosomal degradation and
peptidolysis (Supplementary Fig. S10a), whereas the cyclic derivative clearly remains present
within the cell post-treatment and localises within intracellular vesicles with some nucleolar signal
remaining (Supplementary Fig. S10b). This can be rationalised by its superior stability to
peptidolysis due to its cyclic nature and incorporation of D-amino acids into the Rio sequence.’
With this in mind, we questioned whether DarT-labelling remains applicable after 24 hour post-
treatment of cells with cyclic Rio 14, therefore highlighting its suitability to map transient or

dynamic intracellular trafficking.”>"

We therefore treated cells with 14 for 1 h and subsequently exchanged for fresh media followed
by a further 24 h incubation at 37 °C. Cells were then treated with diazirine-biotin 8 (250 pM, 30
min at 37 °C) and irradiated with 450 nm light for 15 min. Following lysis, biotin enrichment and
LFQ analysis of the proteomic data, we obtained a volcano plot that revealed a number of
enriched proteins found in exosomes and lysosomes, such as glucosamine (N-Acetyl)-6-

Sulfatase (GNS), lysosome-associated membrane glycoprotein 1 (LAMP1), prosaposin (PSAP)
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and cathepsin C (CTSC) (Fig. 5a). Interestingly, we only detected significant enrichment of
intravesicular and transmembrane proteins associated with exosomes and lysosomes. Other
typical intracellular vesicle markers, such as Rab proteins, were not significantly enriched (log:
fold change <1.0). This implies the photocatalyst-peptide conjugate is entrapped within the vesicle

and does not reside outside of membrane.

GO analysis of the enriched proteins in relation to their cellular compartment consolidates our
findings, displaying a significant enrichment of exosome, granule and lysosome-associated
proteins, as well as some nucleus-associated proteins (Fig. 5b). To further validate these findings,
we utilised a TMR-conjugated cyclic Rip to observe changes in localisation after 24 h post-
treatment (Supplementary Fig. S10), as the deazaflavin fluorescence was too weak to be reliably
detected at lower concentrations. The images show the loss of nuclear and nucleolar fluorescent
signals over time with pronounced localisation within endo/lysosomes, further indicating the
peptide may undergo lysosomal exocytosis. Lysosomal exocytosis is a ubiquitous physiological
phenomenon performed by cells to maintain cellular homeostasis, as well as to protect from

accumulation of toxic products, such as heavy metals and aggregated proteins.”

To gain further evidence of this phenomenon, we compared the overall number of proteins
enriched after 1 h incubation and 24 post-treatment (Fig. 5¢). >2 times fewer proteins were
enriched after 24 h, which could therefore be explained by lysosomal exocytosis of internalised
cyclic Rio 14 over time. Lastly, comparing the enriched GO terms from 1 h incubation and 24 h
post-treatment (Supplementary Fig. S11) and subsequently clustering the enrichment FDR
(false discovery rate of adjusted P-value) of the terms, allowed us to better observe trafficking of
the peptide (Fig. 5d). A clear decrease in nuclear and nucleolus-associated proteins is apparent,
coupled by a vast increase in lysosomal and exocytosis-associated proteins. Cyclic Rig 14 is
therefore not processed through a conventional degradation pathway due to peptidolysis stability,
and is ultimately collected into lysosomes that are expelled from cells through an exocytosis

pathway.

Taken together, we have demonstrated that DarT-labelling can be utilised to map the subcellular
trafficking of a cyclic Rio peptide after prolonged incubation. Our data reflect that the peptide
undergoes a prominent exocytosis mechanism most likely due to its stability against peptidases,
which could translate to other cyclic and D-amino acid containing peptides. There are only few
reports regarding the intracellular fate of such species and more knowledge concerning these
factors could enhance their translation to biopharmaceutical applications.”’® More generally, the

ability of DarT-labelling to be performed inside cells over time highlights its unprecedented
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suitability to facilitate proximity labelling with precise spatiotemporal control to map dynamic

cellular processes.”>"3

Conclusions

In summary, we have discovered a readily accessible organic photocatalyst, deazaflavin 4, that
is capable of activating diazirine probes by energy transfer to enable the labelling of both extra-
and intracellular proteins in live cells for precise microenvironment mapping (termed DarT-
labelling).'® We showed that 4 activates diazirine probes only via triplet energy transfer and can
additionally be utilised in aryl azide and phenol-based protein labelling. Deazaflavin 4 exhibited
excellent cell-permeability and biocompatibility as well as limited phototoxicity, especially when
compared to the iridium photocatalyst 3, which was key to using deazaflavin-conjugates for

intracellular PPL upon extended incubations in live cells.

We demonstrated the prospect of intracellular DarT-labelling to probe the interactome of linear
and cyclic arginine-containing CPPs across multiple subcellular compartments. LFQ proteomic
analysis resulted in a number of significantly enriched proteins for both CPPs that correlated well
to their expected localisation thanks to the intrinsic fluorescence of 4. Further Gene Ontology
(GO) enrichment revealed the classification of proteins by cellular compartment, confirming that
endo- and lysosomal proteins were primarily targeted by linear CPPs whereas cyclic derivatives
predominantly interacted with nucleolar proteins. Within this workflow, we were able to identify
the interaction of both CPPs with the integral Na*/K* ion channel ATP1B3, which has previously
been proposed to regulate TAT peptide uptake into cells,”® suggesting that this ion channel is

more generally associated to arginine-rich CPPs-uptake mechanisms..

Finally, we investigated the intracellular fate of the cyclic Rio derivative, which supports the use
of DarT-labelling to map live cell trafficking after extended time points. After 24 h post-treatment
of the cyclic CPP, we primarily enriched proteins related to exosomes, granules and lysosomes
that points towards the potential excretion pathway of the undigested cyclic Rio from the cell. This
further highlights the excellent biocompatibility of deazaflavin 4 and its ability to be utilised for
diazirine-based intracellular PPL with unique spatiotemporal control. Overall, DarT-labelling offers
a powerful, dynamic and precise method for interactome mapping to aid our understanding of

essential intracellular mechanisms and elucidate complex disease-related biomolecular networks.
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