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ed state lifetimes, relative fluorescent quantum yields, and
chemical reactivity. Biotinylated and azide-functionalized
pyridinium salts were used for Trp profiling in HEK293T
lysates and in situ in HEK293T cells using 450 nm LED irradiation. Peptide level enrichment from live cell labelling
experiments identified 290 Trp modifications, with an 82%
selectivity for Trp modification over other π-amino acids;
demonstrating the ability of this method to identify and
quantify reactive Trp residues from live cells.

ABSTRACT: Tryptophan (Trp) plays a variety of critical

functional roles in protein biochemistry however, owing to
its low natural frequency and poor nucleophilicity, the design
of effective methods for both single protein bioconjugation
at Trp as well as for in situ chemoproteomic profiling remains a challenge. Here, we report a method for covalent
Trp modification that is suitable for both scenarios by invoking photo-induced electron transfer (PET) as a means of
driving efficient reactivity. We have engineered biaryl Ncarbamoyl pyridinium salts that possess a donor-acceptor
relationship enabling optical triggering with visible light
whilst simultaneously attenuating the probe’s photooxidation potential in order to prevent photodegradation.
This probe was assayed against a small bank of eight peptides
and proteins, where it was found that micromolar concentrations of probe and short irradiation times (10-60 min) with
violet light enabled efficient reactivity towards surface exposed Trp residues. The carbamate transferring group can
be used to transfer useful functional groups to proteins including affinity tags and click handles. DFT calculations and
other mechanistic analyses reveal correlations between excit-

The union of covalent protein modification chemistry with
proteomic analysis has enhanced the molecular precision of
drug discovery by enabling the target identification of small
molecule therapeutics through activity-based protein profiling, the precision design of covalent inhibitors, and through
the characterization of transient and dynamic aspects of a
proteome1. Recently, site-selective protein modification
technologies have been adapted for use in broad spectrum
chemoproteomic interrogation of a given reactive moiety
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Figure 1. (A) Functional roles of the “tryptophan-ome” and chemical challenges of targeting tryptophan for chemoproteomic
profiling. (B) Harnessing photo-induced electron transfer (PET) for Trp modification using N-carbamoyl pyridinium salts. (C)
This work: Visible light activated probe for selective Trp modification in purified peptides and in situ proteomic profiling.

(typically, an amino acid side-chain)2. This approach enables the characterization of reactive hotspots surrounding the
moiety of interest. This information can then lead to the
discovery of new sites of biological significance and, ultimately, the discovery of new druggable sites. Many chemoproteomic profiling strategies make use of either direct or insitu generated electrophiles which target either strongly nucleophilic species, such as cysteine2a-c, or higher abundance
residues of moderate to weak nucleophilicity such as lysine2df
, serine/threonine2f, tyrosine2g,h, and aspartate/ glutamate2i,h.
An elegant example from Chang and Toste targeted weakly
nucleophilic, low abundance methionine residues in lysates2k.
However, electrophilic approaches directed towards other
functionally important residues, such as tryptophan (Trp),
remain a persistent challenge. The challenge of chemoproteomic profiling of Trp stems from a combination of Trp’s
very low natural abundance and the modest nucleophilicity
of its indole sidechain3. This combination necessitates that
any Trp-selective electrophile would have to possess both
sufficient kinetic competency and selectivity to label Trp
(ideally in situ) in a complex proteome at low concentrations
of reagent. As such, Trp has been the subject of many innovative labelling approaches, including through the use of
sulfenyl chlorides4a,b, metallocarbenoids4c,d, nitroxides4e,
transition metal catalyzed processes4f, oxidative strategies4g
and photoredox catalysis4h. Whilst comprising an elegant
body of work, these methods would require significant adaptation for use as chemical probes for Trp residues in situ. In
2003, Nishimura used a 2-nitrobenzenesulfenyl chloride
isotopologue for chemoselective Trp modification in rat serum; resulting in the identification of three tryptic peptides
harboring a Trp modification4b. In 2007, Leitner reported an
approach that enabled enrichment of Trp-containing peptides through reversible condensation of malondialehyde
onto the Trp-indolic N-H followed by enrichment on hydrazide-derivatized beads; an approach that enabled the identification of nine proteins from yeast lysates4i. Whilst demonstrating the premise, these strategies required either predenaturation of proteins and labelling performance under
acidic conditions or the use of unselective chemistries; precluding the use of these methods in more complex environments.
Despite these challenges, chemoproteomic profiling of
Trp presents a unique chemical challenge and opportunity
(Figure 1A). Trp is widely dispersed throughout the proteome and is also relatively evenly distributed between surface
exposed and buried positions5. Trp possesses the most electron-rich π-system of the naturally occurring amino acids; a
property that enables Trp to engage in electrostaticallydriven non-covalent interactions such as π-π, cation-π, and
X-H-π interactions, as well as through H-bonding to neighboring functionality via the indolic N-H bond6. As a result,
Trp can be found enriched at centers of biochemical signifi-

cance such as protein-protein interfaces, protein-lipid interfaces (2.9% abundance in membrane proteins7d), as well as
serving to maintain protein structural integrity through intraprotein non-covalent interactions7. Owing to Trp’s electron-rich π-system, further enrichment of Trp can be observed in the redox proteome8.
We recently reported a method for Trp modification that
circumvents Trp’s modest nucleophilicity by instead utilizing
Trp’s propensity to engage in photo-induced electron transfer (PET)9.
Specifically, we utilized an Ncarbamoylpyridinium salt (1) that, upon irradiation with 302
nm light, couples PET with selective bond formation at Trp
through a radical fragmentation/recombination process
(Figure 1B). The reaction displayed good selectivity for Trp,
as well as short reaction times, with the pyridinium reagent
displaying high degrees of both thermal- and photo-stability.
Following our report, Melchiorre10a, Beier10b, Paixão10c, and
Chiang10d reported photochemical Trp modifications on
small peptides using either Uv-A or visible light and organic
solvents. Davis and Gouveurner also reported a three-step
sequence to access functionalized Trp constructs using a
difluoromethylation process featuring a ruthenium photocatalyst in a strongly reducing environment as part of the 24
hour long process10e. Given the observed photo- and thermal stability of the 1 scaffold, coupled with its compatibility
with pure aqueous environments and biological antioxidants
such as glutathione (GSH), we considered that this scaffold
could be readily adapted for use in chemoproteomic profiling. Additionally, the spatiotemporal control afforded by
optical triggering enables control over aspects such as probe
incubation time, allowing for sufficient time for cellular penetration and compartmentalization. Thus, chemoproteomic
profiling using pyridinium salts to invoke the PET mechanistic manifold presents the opportunity to enrich an underexplored sub-section of the proteome that compliments current electrophilic strategies through enabling the discovery
of new functionally critical Trp residues as well as sites of
non-covalent interactions and biomolecular interfaces; in
turn enabling their consideration as ligandable sites for drug
discovery11.
Results and Discussion
In seeking to develop a robust chemoproteomic profiling
workflow using 1, we noted the practical challenges of using
filtered (to avoid wavelengths of <300 nm) Uv-B light as an
irradiation source, as well as the potential for Uv-B light to
induce photodegradation of labile proteins and unintended
cellular stress12. We have previously demonstrated that the
mechanism of Trp labelling with 1 can be controlled in a
reagent- and wavelength-dependent fashion by either invoking direct Trp photoexcitation ([Trp]*->1, Trp acts as a photoreductant) or by tuning the structure of 1 to enable exclusive photoexcitation of 1 (Trp->[1]*, Trp acts as a reductive
quencher); with the latter approach enabling modification of
photolabile proteins. Using this observation, we rationalized

ously affording optical triggering with visible light.
To better understand this enhanced kinetic profile, we
studied the photophysical properties of 2a. Temporal control experiments verify the requirement of light to achieve
labelling, and suppress chain-transfer driven mechanisms
(Figure 2D). Stern-Volmer plot of fluorescence quenching
of 2a with small molecule Trp analog N-acetyltryptophamide
(NATA) shows a measurable linear correlation, suggesting
dynamic quenching of [2a]* with Trp (Figure 2C). 2a displays solvatochromatic properties that are associated with
significant charge transfer in the photoexcited state, with
TDDFT calculations supporting this excitation mode
through a naphthyl->pyridinium charge transfer upon excitation from S0 to S1, with the biaryl motif adopting a coplanar
orientation in S1 (Figure 2E). Owing to the irreversible peak
reduction potential typical of the SET/fragmentation reactivity manifold of 2a and related scaffolds14, we computationally estimated the redox potential of 2a using the method
of Nicewicz15. This approach estimates the [2a+]*/2a• excited state redox potential to be +1.330 eV; nearly 1 eV less
oxidizing than tri-arylpyrylium catalysts13a. Fluorescence
lifetime measurements in 1,2-dichloroethane and acetonitrile
both show one-phase exponential decays that correlate to
t1= 4.1 ns and t1= 3.3 ns respectively; suggesting a general
decrease in lifetime as solvent polarity increases. However,
two lifetimes are observed in water (t1= 0.3 ns and t2= 3.4
ns); with the second lifetime being of very weak intensity.
Concurrently, the fluorescence intensity of 2a decreases with

that it should be possible to extend the π-conjugation of 1 to
enable direct photoexcitation of 1 using the visible spectrum.
Concurrently, we recognized that structurally analogous
cationic-aromatic photosensitizers, such as triaryl pyrylium
salts, acridinium salts, and flavins are potent photo-oxidants
that possess excited state redox potentials (S*/S• E1/2) in
excess of +1.8 eV13; which could possibly lead to a loss of
chemoselectivity or photo-induced degradation of sensitive
biological structure.
These considerations have led to the development of pyridinium scaffold 2, which possesses an electron-rich 6methoxynaphthyl ring appended at the 4-position to the
cationic pyridinium moiety. This structural manifold creates
a donor-acceptor relationship between the two aryl rings that
both tempers the photo-oxidation potential of 2 and bathochromically shifts the absorbance of model probe 2a to beyond 450 nm (Figure 2A); in turn enabling optical activation
with simple violet and blue LEDs. Irradiation of a degassed
solution of 10 µM lysozyme in pH 6.9 NH4OAc buffer, 300
µM glutathione (GSH) and 200 µM of 2a with a 427 nm
LED (Kessil PR-160, 50W) in a Hepatochem Photoredoxbox photoreactor for 60 minutes resulted in the efficient labelling of lysozyme in >95% conversion and only low levels
of glutathionylation observed (Figure 2B). MS-MS analysis
confirms selectivity for Trp-62, analogous to our prior report9a. Compared to our first generation probe designs (1),
2a demonstrates a marked enhancement in performance;
efficiently labeling proteins at an order of magnitude lower
concentration of both protein and probe whilst simultaneA
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Figure 2. (A) Design, absorption/emission, fluorescence lifetimes, and calculated redox potentials of Trp probe 2a. Calculations
were performed using B3LYP 6-31g(d) using an H2O solvent cavity. (B) Labelling of lysozyme with 2a. Cyan residues=Trp, Red
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increasing solvent polarity; with the Frel= 24.8 between acetonitrile and water (see supplementary figure S14). These
data suggest that (1) the excited state of 2a is generally suppressed in aqueous systems compared to organic solvents
and (2) 2a* cannot defuse beyond 30 Å. When considered
together, these observations lead us to propose that the observed selectivity for Trp modification by 2a is likely driven
by a synergistic combination of a short-lived excited state
that lacks the persistence to enable kinetically slower processes and protein-2a pre-complexation via hydrophobic
effects, as well as a kinetic preference for Trp over other redox-active residues (Figure 2E).
Next, we sought to explore the scope of the labelling process. We therefore assembled a small battery of Trpcontaining peptides and proteins in which the Trp residues
are located in an array of differing environments (Figure 3A).
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Figure 3. (A) Exploration of the labelling of Trp residues in various purified peptides and proteins using 2a. Cyan residues=Trp,
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than with 2a; with complete reactivity observed in less than
10 minutes, as opposed to 60 minutes with 2a. Fluorescence
lifetime experiments show that 2b has a shorter t2 (t1= 0.5 ns
and t2= 2.8 ns) than 2a whilst comparison of emission spectra reveal that 2b has a higher fluorescence quantum yield
(FFl) than 2a (relative FFl 2b:2a= 3.27) (Figure 3C); suggesting a correlation between FFl and kinetics. Desthiobiotinylation with 2c also proceeded with an enhanced rate, but
required a larger excess of probe ([2c]=500 µM vs. [2b]=200
µM) in order to observe comparable labelling efficiency.
The difference in reactivity between these two structurally
similar probes can, in part, be attributed to subtle differences
in water solubility, but the origins of this difference require
further investigation. Azide probe 2d also showed enhance
rates compared to 2a, and was smoothly transferred to lysozyme in 84% conversion with just 20 minutes of irradiation
time.
Having demonstrated efficient reactivity and selectivity
towards Trp modification in purified peptide/protein systems, we next sought to assess the capabilities of 2 in chemoproteomic profiling. We assembled three biotinylated Trp
probes, 2b, as well as probes 1a and 1b, which featured our
previously reported pyridinium designs against proteome
profiling of HEK293T lysates. Lysates (5 mg/ml) were incubated with the desired probe at varying concentrations (0100 µM) for 60 minutes and subsequently irradiated for 20
minutes with the following light sources: unfiltered 302 nm
light for 1a, filtered 320 nm light for 1b, and 450 nm light for
2b (Figure 4A). Biotinylated proteins were then enriched via
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A, a 25 kDa protein, possesses 8 Trp residues and 4 Tyr residues, efficiently labels in 90% conversion, with a 21:8:1 ratio
of mono:di:tri labelling. Digestion/MS-MS elucidated Trp215 and Trp-237 to be the detectable locations of labelling in
this protein. Finally, we investigated the labelling of bovine
carbonic anhydrase II (CAII). CAII possesses 7 Trp residues, most of which are either completely buried or have
very limited solvent exposure. As a result, CAII displayed
much lower levels of conversion (34%), with Trp-243 being
the identifiable site of modification. Taken together, these
results establish the selectivity of 2a for Trp over an array of
environments. The solvent accessibility of each Trp residue,
excluding Octreotide, was calculated and indicates that 2a
selects for the most solvent accessible residue when multiple
choices are present. In examples where there is a single Trp
residue that is poorly exposed, such as Exenatide, modification can be still be observed, albeit with reduced conversion.
It also suggests that 2a is sensitive to local steric environments, not just with respect to surface exposure, but also to
adequate surface exposure of the indolic C2 position as this
position is the preferred site of carbamylation. We also note
that these labelling reactions generally demonstrate clean
reaction profiles, indicating that 2a does not cause significant
levels of photodegradation.
We then turned our attention to the use of 2 to transfer
useful functionality to Trp residues (Figure 3B). In that regard, we found that affinity tags such as biotin (2b) are efficiently transferred to lysozyme in 82% conversion. Notably,
protein labelling with 2b proceeded at a much faster rate
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neutravidin and washed to remove nonspecifically bound
proteins. The enriched proteins were eluted and subsequently digested in solution followed by Tandem Mass Tag
(TMT) labelling, and protein identification and quantitation
by LC/MS-MS. Western blot analysis using streptavidinHRP of elution profiles for probes 1a, 1b and 2b before digestion indicated that each probe displays concentration and
optically dependent proteome labelling profiles. Notably, we
observed a loss of signal with trimethyl probe 1a at the highest assayed conditions, 100 µM (Figure 4B). It is possible
that this loss of signal correlates to photodegradation associated with the generation of an excess of high energy photoexcited states of 1a, which could originate from the lower
wavelength light emitted by the unfiltered 302 nm light
source. Both probes 1b and 2b showed expected doseresponse profiles. Following enrichment and digestion,
LC/MS-MS analysis led to the identification (from ≥2
unique peptides) of 185 proteins with 1a, 365 proteins with
1b, and 523 proteins with 2b that showed ≥2-fold enrichment at 100 µM concentration vs. DMSO (Figure 4C). A
comparison of proteome coverage of each probe reveals 2b
has the highest percentage (69%) of unique enriched proteins (Figure 4D). In order to understand what types of
protein functions are enriched with 2b, an enrichment analysis of proteins displaying ≥2-fold enrichment with 2b versus
all proteins detected in the experiment was performed (Figure 4E). This analysis indicated that chaperone and isomerase proteins an especially high degree of enrichment against
the background. A complete enrichment analysis and list of
enriched proteins organized by class are available in supplementary information figures S22 and S23). Analysis of enrichment profiles for identified proteins with probe 2b in
both the presence and absence of photoirradiation clearly
illustrates both photo-induced reactivity of this probe as well
as its thermal inertness in the absence of light (Figure 4F).
During the completion of our studies, a pre-print from
Hacker used an alkynylated derivative of 1a as part of an elegant study of profiling S. aureus and MDA-MB-231 cell lysates with multiple bioconjugation probes16.
Next, we sought to label and identify Trp modifications
through intracellular PET labelling in cultured HEK293T
cells. Owing to the superior performance of clickable azide
probe 2d over desthiobiotin probe 2c in labelling purified
proteins, we opted for use of 2d in these studies. Thus, live
HEK293T cell cultures were incubated with 1-100 µM concentrations of 2d for 60 minutes at 37°C, followed by photoirradiation with 450 nm light for 20 minutes at 4°C. Lysates were then generated, followed by CuAAC to install an
acid-cleavable alkyne-DADPS-biotin (DADPS=dialkoxydiphenyl silane) affinity tag17, digestion, TMT labelling, and
recombination of TMT-labelled samples. Enrichment of this
mixture with neutravidin, followed by release of captured
tryptic peptides with 10% formic acid yielded peptides harboring covalent modifications that were then identified and
quantified by LC/MS-MS (Figure 5A). As evidenced in

Figure 5B, 2d enables light and dose-dependent enrichment
of Trp-modified peptides, with measurable 2-fold enrichment at low (10 µM) concentrations of probe. We also noted that 2d displays robust thermal stability under whole cell
culture conditions and the lack of peptide enrichment without 450 nm photoirradiation demonstrates spatiotemporal
control. At 100 µM of 2d, the above workflow enabled the
detection of 290 Trp-modified peptide fragments showing
dose-response behavior that correspond to 209 unique proteins (blue dots). Selectivity for Trp modification is maintained in situ and demonstrates the ability to enrich the tryptophan-ome directly from whole cell culture. Analysis of the
chemoselectivity profile of 2d reveals 221 unique peptides
harboring a Trp modification, with minor levels of modifications observed at His, Tyr, and Cys (Figure 5C). When the
relative amino acid frequency of these residues in human
proteins is taken into account, 2d displays 82% selectivity for
Trp (Figure 5D).
Proteins with detected Trp modifications were analyzed
against the UniProt database for subcellular localization profiles (Figure 5E). A majority of identified proteins were
found to have at least partial localization within the nucleus
and the cytoplasm, followed by the mitochondria and endoplasmic reticulum. In addition to evidencing that 2d readily
crosses the plasma membrane, this analysis also indicates
that the net positive charge of 2d does not restrict Trp modification to mitochondrial proteins. Rather, 2d is able to penetrate a wide variety of important subcellular regions and
can enrich the tryptophan-ome in a wide array of areas.
Cross-referencing identified proteins against the Drugbank
database revealed that a majority of identified proteins
(75%) do not have Drugbank entries (Figure S24). A search
of modified Trp residues for residue/region specific annotation in the UniProt database indicated that a large majority
(92%) of modified residues have no functional annotation
assigned to them (Figure S24). The most common functional annotations found involved Trp residues located in
trans-membrane regions of the parent protein (6%), whilst
2% of Trp residues had established function based upon mutagenesis experiments. This very low percentage of residue
annotation, as well as low percentage of DrugBank proteins,
contrasts to other chemoproteomic profiling workflows that
target more highly studied residues, such as lysine2d-f and
cysteine2a-c, and suggests potential for this method to enable
the discovery of functionally important Trp residues.
Whilst most modified Trp residues have no known annotation, chemoproteomic profiling with 2d did enable in situ
modification of functionally critical Trp residues (Figure
5H). For example, chemoproteomic Trp profiling with 2d
enabled in situ labelling of Trp290 of the nuclear protein
NPM1. NPM1 is a protein involved in a wide array of cellular
functions revolving around genomic homeostasis18. Trp290
is located in the C terminal domain of NPM1, which plays a
critical role with respect to colocalization of NPM1 into the
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nucleolus. Mutation of Trp290 and Trp288, which has a
lower calculated solvent accessibility than Trp290 and was
not labelled, result in protein misfolding of the C-terminal
domain. This in turn prevents NPM1 from both localizing to
the nucleus and binding to DNA18b. Mutations to Trp290, as
well as Trp288 are commonly found in cases of acute myeloid leukemia18c.

We also observed the in situ modification of Trp79 and
Trp318 in PARP1; an essential protein in DNA damage detection and repair, gene transcription regulation, and cell
death signaling19. PARP1 is a single chain, multidomain protein consisting of six DNA-damage recognition and catalytic
cofactors. Trp79 and Trp318 participate in non-covalent
interactions at the interface between these cofactors; with
Trp79 participating in a cation-π interaction with a lysine

residue at the Zn1-Zn3 interface whilst Trp318 participates
in non-covalent interactions with an arginine of the catalytic
domain and a lysine of the WGR domain. Mutation of these
residues did not hinder DNA-damage recognition19d but
instead resulted in either partial (Trp79) or complete
(Trp318) loss of catalytic activity19c,d. PARP1 possesses a
third functionally critical Trp residue, Trp264, which was not
modified by 2d. Solvent accessibility calculations reveal that
Trp79 and Trp318 have similar solvent accessibilities and are
both more solvent accessible than Trp264. This Trp modification selectivity trend correlates well with the selectivity
trends observed in our studies from Figure 3 as well as
NPM1; namely that 2 selects for Trp residues with the greatest solvent accessibility when multiple Trp residues are present.
We then expanded upon these observations by conducting
a survey of all Trp residues found on the proteins identified
from our in situ studies (for which structural data is available) for solvent accessibility (Figure 5H). Given a maximum
theoretical surface exposure of 264 Å2, modified Trp residues were found to be 21% accessible (average accessible
area = 56 Å2) whilst unmodified Trp residues were only 12%
accessible (average accessible area = 32 Å2); a statistically
significant difference20. This data further reinforces a preference for 2 to label Trp residues with enhanced surface exposure.
Finally, we validated the identification of NPM1 and
PARP1 as enriched targets with 2d (Figure 5I). HEK293T
cells were treated with varying concentrations of 2d both in
the presence and absence of blue light, followed by protein
level enrichment. The resultant enriched protein mixtures
were then analyzed via western analysis and found to contain both proteins when cultures were irradiated in the presence of 2d. No enrichment of these proteins was found in
either the absence of probe or the absence of light.
Conclusions

In summary, we have developed a donor-acceptor pyridinium salt scaffold (2) that enables PET-driven Trp modification in proteins using visible light. We demonstrate that 2
labels purified Trp-containing proteins at an order of magnitude more dilute conditions over our previous design whilst
maintaining good conversions and selectivity. The carbamate transferring group can be used to install functional
handles useful for chemoproteomics and general bioconjugation strategies on to proteins. Photophysical analyses and
DFT calculations provide insight into the electronic structure and photochemical behaviors of 2 in the context of observed chemical outcomes; providing mechanistic insight for
future probe designs. We also demonstrated that 2 is suited
for chemoproteomic profiling; enabling enrichment of the
tryptophan-ome from both lysates and live cell culture. We
anticipate that 2 can be readily incorporated into chemoproteomic workflows that both probe for ligandable sites that do

not possess traditional nucleophilic residues as well as to
explore the basic in situ chemical behavior of Trp.
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