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ABSTRACT: The carbonyl group is now a widely useful,
nonproteinogenic functional group in chemical biology, yet
methods for its generation in proteins have relied upon either
cotranslational incorporation of unnatural amino acids bearing
carbonyls or oxidative conversion (chemical or enzymatic) of
existing natural amino acids. If available, alternative strategies for
directly adding the CO group through C−C bond-forming Ccarbonylation, particularly at currently inaccessible amino acid
sites, would provide a powerful method for adding valuable
reactivity and expanding possible function in proteins. Here,
following a survey of methods for HCF2· generation, we show that
reductive photoredox catalysis enables mild radical-mediated diﬂuoromethylation-hydrolysis of native protein residues as an eﬀective
method for carbonylation. Inherent selectivity of HCF2· allowed preferential modiﬁcation of Trp residues. The resulting C-2diﬂuoromethylated Trp undergoes Reimer-Tiemann-type dehalogenation providing highly eﬀective spontaneous hydrolytic collapse
in proteins to carbonylated HC(O)-Trp (C-formyl-Trp = CfW) residues. This new, unnatural protein residue CfW not only was
found to be eﬀective in bioconjugation, ligation, and labeling reactions but also displayed strong “red-shifting” of its absorption and
ﬂuorescent emission maxima, allowing direct use of Trp sites as UV−visualized ﬂuorophores in proteins and even cells. In this way,
this method for the eﬀective generation of masked formyl-radical “HC(O)·” equivalents enables ﬁrst examples of C−C bond-forming
carbonylation in proteins, thereby expanding the chemical reactivity and spectroscopic function that may be selectively and posttranslationally “edited” into biology.

■

INTRODUCTION
Carbonyl groups are not typically found in proteins, so when
introduced, they create additional reactivity that has proven
widely useful.1 For example, amber codon suppression has
allowed relatively widespread use of para-acetylphenylalanine
(pAcF) as a “tag” for further conjugation chemistry (via, e.g.,
oxime, hydrazone formation).2,3 Often, enhanced reactivity is
seen for aldehydes: meta-formylphenylalanine introduced also
by amber codon suppression is more reactive than pAcF.4 Such
access to aldehydes may be complemented by chemical (e.g.,
oxidative cleavage of N-terminal serine (Ser))5 or enzymatic
(e.g., fGly-generating enzyme (FGE) conversion of cysteine
(Cys)) methods.6−8 Indeed, the latter have been elegantly
exploited and engineered to provide powerful, unnatural “tags”
for protein-payload conjugation.9 In this way, cotranslational
installation (Figure 1a) or post-translational oxidation of Nterminal Ser or certain Cys in FGE sequons (Figure 1b,c) allows
access to certain carbonyls (see the Supporting Information for
an extended comparison of methods for introducing the formyl
group into proteins). However, to our knowledge, there are no
methods to date for direct protein C−C(O) bond-forming
carbonylation (Figure 1d).
© 2021 The Authors. Published by
American Chemical Society

Various methods for C−C bond formation on proteins have
recently been proposed exploiting radicals to overcome the
problem of inappropriate reactivity of C+ or C− equivalents in
water.10,11 These have allowed, for example, recapitulation of
natural post-translational modiﬁcations12,13 that would be
otherwise diﬃcult to generate or installation of eﬀective
functional mimics or unnatural handles useful for bioconjugation purposes.
The strategic problems of C−C bond formation are made yet
more complicated when C−C(O) bond formation/C-carbonylation is required (Figure 2). In heterolytic (2e-) bond-forming
methods (Figure 2a1, 2a2), even if suitable electrophilic groups
could be generated in proteins, corresponding nucleophilic
HC(O)− acyl anion equivalents would be rapidly protonated
under the aqueous conditions needed for truly applicable
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have failed to directly generate eﬀective RC(O)· radicals for
direct reaction on proteins (Figure 2b).
Here, during the course of our investigation into other
diﬂuoroalkyl radicals with proteins, we have discovered not only
the suﬃcient reactivity of HCF2· toward native residues when
generated under mild, reductive conditions but also a reactivity
that is coupled through their inherent chemoselectivity with a
Reimer-Tiemann hydrolytic manifold in heteroaromatic residue
(X = Trp > His, Figure 2c) adducts.17,18 This now allows
eﬀective use of diﬂuoromethyl radicals as masked “HC(O)·
equivalents” for protein C-formylation (Figure 2c). The
resulting, nonproteinogenic residue C-formyl-Trp (Cfw) thus
bears a minimally sized reactive group at C2 that we show here
proves useful for selective, electrophilic carbonyl-mediated
modiﬁcation in proteins as well acting as an enhanced
ﬂuorophore. Given the emerging modulatory role of natively,
post-translationally C-modiﬁed Trp (e.g., C2-mannosylation),19,20 seemingly at key protein−protein interfaces, and the
high propensity of Trp at protein−membrane interfaces,21 these
“minimal size” electrophiles and spectroscopic probes could also
prove to be precise and subtle probes of both protein−protein
and protein−membrane interactions.

Figure 1. Comparison of methods for installation of carbonyls into
proteins. Select examples of prior methods for comparison with this
work. (a) Amber codon suppression allows cotranslational insertion of,
e.g., para-acylphenylalanine. (b) Chemical periodate cleavage of Nterminal serine allows installation of N-terminal aldehyde. (c)
Biocatalytic use of formyl-glycine generating enzymes (FGEs) allows
conversion of cysteine to formyl glycine. (d) This work.

■

RESULTS
Design and Generation of a Potential ProteinReactive RC(O)· or HC(O)· Equivalent. The carbonyl group
has often been used (due to its accessibility) in small-molecule
organic chemistry as a precursor for gem-diﬂuorination,22
establishing a useful synthetic strategic equivalence (synthon
“CF2” = “C(O)”, Figure 2c). We reasoned therefore that in
protein chemistry, this essentially near-absent functional group
(“C(O)”) might be accessed by a strategically reversed process
(from “CF2”: RCF2 → RC(O) or HCF2 → HC(O)) by
appropriate positioning of gem-diﬂuoromethylene under
aqueous conditions and in an electronic environment (e.g.,
benzylic) that would favor hydrolysis. While the CF2 moiety is
typically stable at saturated sites, haloalkyl moieties found
instead at benzylic or equivalent sites in (hetero)aromatics may
be more readily hydrolyzed through Reimer-Tiemann-type
manifolds.23,24
We started our investigation by testing suitable diﬂuoroalkyl
RCF2· radical sources and explored both oxidative and reductive

protein reactions (Figure 2a2). Moreover, while some electrophilic HC(O)+ formyl cation equivalents are possible in partly
hydrolytically stable form, these react preferentially with
heteroatom nucleophiles such as at the N-terminus or lysine
(Lys) and serine (Ser) side chains14 (Figure 2a1). Homolytic
radical methods by contrast have not yet been eﬀectively
extended to useful HC(O)· generation;15 HC(O)· appears to
also lack the direct reactivity (see below) needed for reaction
with proteinogenic residues (Figure 2b).
We therefore considered an indirect approach (Figure 2c).
We have previously demonstrated that some native protein
residues will react with CF3· radicals,16 which appear to sit at a
cusp of reactivity suitable for certain aromatic proteinogenic
residues, primarily Trp. Other C· radicals require more reactive
(unnatural) radical acceptor residues to be present in proteins
for C−C bond formation, as native residues proved inert.12 We

Figure 2. Analysis of potential chemical strategies toward protein C-carbonylation. (a) Heterolytic 2e− approaches using HC(O)+ or HC(O)−
equivalents (a1 and a2, respectively) are not compatible with the need for an aqueous environment and/or prevalent side reactivity with heteroatomcontaining functional groups (e.g., Lys, Ser). (b) Direct radical approaches currently fail. (c) A masked HC(O)· equivalent strategy, where a reactive
HCF2· (targeting (hetero)aromatic residues) could serve as a hydrolytically, revealed formyl group for a suitable acceptor residue X2 (Trp or His).
146
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Figure 3. Scoping of reductively-initiated diﬂuoromethylation. a) Proposed mechanism for diﬂuoromethyl radical formation under photoredox
catalysis with ascorbate as reductant. b) Reactivity of tested amino acids in a competitive setting as quantiﬁed via conversion of the starting material in
an LC-MS assay for shown single parent ions (normalized using 15N labeled standards, n = 2). c) Identiﬁcation of main products of the
diﬂuoromethylation reaction by looking at diﬀerential TIC spectra (see Supplementary Methods). Identity was assigned via HRMS masses (<20 ppm)
of singly protonated or Na+-adducted ions (marked *) and subsequent MS/MS fragmentation. d) Scaled reaction with a model tryptophan substrate
under semiaqueous conditions revealed C2-diﬂuoromethylated species as the main intermediate product, which then upon hydrolysis in aqueous
buﬀer yielded reducible aldehyde, consistent with design and observations under fully hydrolytic conditions.

S1), leading to confounding unwanted mixed amidation and
acylation that we examined in detail by proteolytic-MS/MS
analyses (Supplementary Figure S2).25,18
It has been known for more than 50 years26 that the formal
precursors to sulﬁnates, (hetero)aryl sulfones, can also act as a
source of alkyl radicals, albeit under diﬀerent initiation
manifolds. Their utility in reductive initiation has proven
successful,27,28 although largely untested in aqueous media
until their recent use in modiﬁcation of biomolecules bearing

initiation manifolds. Diﬂuoroalkylsulﬁnates have been used by
us previously for oxidatively initiated protein ﬂuorination
through triﬂuoromethylation16 (via CF3·). In our hands,16,17
however, such Minisci-type oxidative initiation turned out to be
unsuitable due to its low eﬃciency in RCF2· radical generation
and, more pertinently, the instability of the sulﬁnates under the
aqueous conditions required (Supplementary Figure S1). These
generated instead acyl ﬂuorides due to their ready preinitiation
hydrolysis under oxidative conditions (Supplementary Figure
147
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Figure 4. Veriﬁcation of the diﬂuoroalkylation/hydrolysis sequence from Trp to Cfw in peptides. Comparative analysis of combined TIC-MS spectra
of products. a) After each step, reaction mixtures were analyzed by LC-MS/MS, which conﬁrmed diﬂuoromethylation (+50 Da) for Trp-containing
peptides, while Trp-free mutants showed low levels of Met oxidation (+16 Da) and Lys formylation (+28 Da). b) Over 24 h hydrolysis occurred. c)
Borodeuteride-mediated detection was performed for both samples which indicated almost complete conversion for Trp peptide and essentially no
reactivity for Trp-free mutant. For full HRMS spectra and MS/MS spectra, see Supplementary Figures S9 and S10.

unnatural amino acid residues.29 Critically, of the sulfones tested
we found that the 2-pyridylsulfone scaﬀolds RCF2SO2py 1
(Figure 3a) displayed useful solubility and good stability in
aqueous reaction buﬀers typically used for protein manipulation
and reaction.
Radical initiation was driven by photoredox-mediated
reduction of sulfones using the mild and water-soluble
photocatalyst Ru(bpy)32+.28−30 First, we tested putative
(hetero)aromatic amino acids (Trp, His, Phe, Tyr) for radical
acceptor reactivity (Figure 3b,c and Supplementary Figure S3).
From a range of possible electron donors, sodium ascorbate28,30
in aqueous buﬀer proved most eﬀective for these reactions. We
also tested other possible biologically compatible reductants
including thiols (Supplementary Figures S6 and S33), but these
only led to reduced eﬃciencies (Supplementary Figure S33).
Interestingly, however, in cellular application, use of nonascorbate conditions did lead to partial success, suggesting that
certain cell-present, endogenous bioreductants could also
potentially function instead of ascorbate (see below). Under
conditions mimicking typical protein modiﬁcation protocols
(low scale/concentrations, an amino acid residue as the limiting
substrate with an excess of other reactants), monitoring via

quantitative LC-MS using 15N-labeled standards revealed higher
reactivity of the Trp-substrate (30% conversion under limiting
conditions), whereas for all others >94% of the unreacted
starting material (<6% reacted) could be detected (Supplementary Figure S3), thus suggesting at least a >5-fold preference
for Trp. This was further conﬁrmed when tested in direct
competition using an equimolar mixture of Trp, His, Phe, and
Tyr under the same reagent excess (Figure 3b) where clear Trp
chemoselectivity was maintained (∼30% conversion) with only
trace amounts of products from other residues. The results of
these assays suggesting high Trp reactivity were also veriﬁed via
quantitative LC-UV detection, yielding essentially the same
result at an even higher excess of reagents and suggesting photon
ﬂux as the likely limiting “reagent” under these conditions
(Supplementary Figure S4).
Gratifyingly, clear evidence was seen not only for radical
addition (Figure 3c) but also for concomitant Reimer-Tiemanntype hydrolysis, as aldehyde formation was detected for Trp and
His−both were observed as their internal cyclic aldimines
(HRMS and fragmentation analysis, Supplementary Figure S5),
in agreement with previous observations.31
148
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Figure 5. Sequential diﬂuoroalkylation-hydrolysis allows access to Cfw in proteins. (a) Veriﬁcation of the diﬂuoromethylation/hydrolysis/reduction
sequence conﬁrming results observed for peptide. Identity of protein was veriﬁed by LC-MS at each stage. (b) Scope of proteins that underwent
diﬂuoromethylation under standard conditions used in (a). Color key as for Figure 4. (c) Bioconjugation: example reaction applications of Trpaldehyde Cfw-tagged proteins in bioconjugations and labeling via carbonyl chemistry. See also Supplementary Figures S22−S27 and the main text for
further payload examples and details. (d) Proteins containing Cfw display clearly red-shifted ﬂuorescence emission (right) that allow their ready
selective visualization over native, unmodiﬁed proteins.

semiaqueous conditions slowed hydrolysis and so not only
allowed isolation and full characterization of the diﬂuoromethylated radical-adduct intermediate 3 but also critically allowed
subsequent use of controlled hydrolysis to the observed formyl-

Next, to fully conﬁrm the product identity of this putative,
desired diﬂuoromethylation-hydrolysis sequence, we used the
Trp-containing model AcNH-Trp-NH2 (2) under scaled and
semiaqueous conditions (Figure 3d). As intended, these
149

https://dx.doi.org/10.1021/acscentsci.0c01193
ACS Cent. Sci. 2021, 7, 145−155

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

was observed for the Trp-free “mutant” peptide KFMAYH
further conﬁrming Trp-dominant selectivity (under prolonged
conditions this peptide, in the absence of other reactive sites,
showed small amounts of nonspeciﬁc oxidation and Nformylation, Supplementary Figure S10). We also obtained
essentially identical results with another peptide pair (Trpcontaining and Trp-free, respectively) YPWF and YPFF, further
highlighting Trp as the primary reactive residue (Supplementary
Figure S11).
Finally, no conversion was observed in any system in the
absence of light or photocatalyst verifying the key role of
photoredox. Similarly, the radical nature of the reaction was
conﬁrmed by reacting the peptide in the presence of persistent,
water-soluble nitroxide radical 4-hydroxy-TEMPO, which
inhibited any product formation instead generating the 4hydroxy-TEMPO−CF2H adduct (Supplementary Figure S12).
C−C(O) Bond-Forming Protein C-Formylation via
Diﬂuoromethylation/Hydrolysis. Having demonstrated desired reactivity, site-selectivity, and hydrolytic Reimer-Tiemann
“maturation” in peptide systems capable of allowing selective
conversion of Trp to Cfw, we moved next to protein substrates
(Figure 5). Horse-heart myoglobin (equine Myoglobin, eqMyo)
contains two Trp residues (Trp7 and Trp14) among 11 His, 7
Phe, and 2 Tyr residues and so served as a good test for assessing
chemoselectivity of the C-formylation sequence (diﬂuoromethylation-hydrolysis, Figure 5a, left-middle). Myoglobins are
proposed to play a role in intracellular (sarcoplasmic for eqMyo)
oxygen transport, in part, through mitochondrial membrane
interactions.34,35
Intact protein LC-MS revealed successful formation of
products with masses corresponding to diﬂuoromethylation
and, in part, seemingly hydrolyzed species (Figure 5a, left). To
assess the selectivity of the reaction, we performed tryptic
digestion and analyzed resulting peptides via LC-MS/MS. This
revealed not only desired diﬂuoromethylated (hetero)aromatic
products but also some nonspeciﬁc N-formylation (corresponding to mass of apparent hydrolysis and as had been seen in
peptide models (see above)) (Supplementary Figure S13). A
survey of several sacriﬁcial amines as buﬀer components
(Supplementary Figure S14), including several soluble alkylamines and aromatic anilines that exhibit higher nucleophilicity,36 allowed essentially complete suppression of this
nonspeciﬁc formylation (Figure 5a, left) as seen by intact
protein MS with only diﬂuoromethylation. However, anilines
also lowered the eﬃciency of diﬂuoromethylation, presumably
via competitive trapping aromatic addition of ·CF2H, and so
lysine was chosen as a preferred component. Pleasingly, the
resulting standard conditions (Figure 5a, 100 equiv of the radical
precursor and ascorbate with 50 mol % of the photocatalyst at
∼100 μM protein and 100 mM lysine) allowed >70%
conversion to diﬂuoromethylated eqMyo (Figure 5a, left).
Notably, such was the eﬃciency that photocatalyst Ru(bpy)32+
could be used in substoichiometric levels (50 mol % down to as
little as 5 mol %, Supplementary Figure S15). Such catalytic
systems in protein chemistry remain rare.37
Next we tested the protein substrate scope. Importantly, these
standard conditions could be universally applied to other protein
types with varying Trp content (1−6 residues) and fold state
(predominantly α structured protein myoglobin; two mixed α/β
domain proteins lysozyme38 and lactalbumin39 as well as
predominantly β structured protein trypsin40) leading to an
essentially-similar, good level of diﬂuoromethylation (>60%
conversion for all, Figure 5b). In cases of lower conversions, it

Trp 4 without cyclization. These experiments therefore
importantly established not only the sequencing of reaction
steps but also at the same time regioselectivity: 3 is C2diﬂuoromethylated and was isolated as the major product (along
with a minor <20% complex mixture of multiply diﬂuoromethylated, oxidized species and unreacted Trp substrate). When
incubated in an aqueous buﬀer at room temperature, 3 readily
gave the corresponding aldehyde, C2-formyl-Trp derivative AcCfw-NH2 (4). Furthermore, the reactivity and putative role of
Cfw as an electrophilic trap and as a site for labeling was
conﬁrmed by subsequent reduction with borodeuteride to give
site-selectively deutero-hydroxymethyl-Trp d1-Hmw (5) in 90%
yield. As well as allowing labeling, the resulting observed +3.022
Da mass shift between Cfw and Hmw provided a useful
diagnostic method for Cfw identiﬁcation by mass spectrometry
(MS) not only here but also subsequently in more complex
substrates (see below).
Testing of a HC(O)· Equivalent in Peptides. Having
identiﬁed a potentially productive and selective manifold for the
creation of Cfw from Trp in model residues, we probed this
potential reactivity in peptidic contexts. We constructed two
short model peptide substrates: one containing representative
proteinogenic aromatic and/or nucleophilic residues as
potential, putative competing reactive sites9 (Phe, His, and
Lys as well as Trp) in KFWAWH as well as a corresponding Trpfree (Trp → Met, Tyr) “mutant” KFMAYH found to have the
most similar solubility needed for reactive comparison. These
were chosen both for their utility as collision-induceddissociation (CID)-fragmentable probe substrates for MS/MS
as well as the presence of the WxW motif in inferred
transmembrane sequences (Desulfovibrio sp. and Pseudomonas
sp. cation-eﬄux proteins [ORFs SAMN05660337_0579, BA863_11320, SAMN06295933_2365, AO242_06185]). To
analyze the reaction mixtures, we employed LC-MS and LCMS/MS monitoring supported by data-dependent acquisition
(DDA)32,33 to ensure unbiased analyses via fragmentation of
evolving intermediates and products.
The need to scavenge nonspeciﬁc oxidation was quickly
realized. The use of ascorbate that had proven successful in
small-molecule systems proved important here also. In the
reductive photocatalytic manifold where recycling oxidative
“backswing” is also required, a careful balance must be struck;
ascorbate proved superior among a range of putative electron
transfer mediators and redox scavengers (Supplementary Figure
S6). In its absence, oxidative damage as indicated by LC-MS was
observed via sequential oxidation ladders, whereas its presence
allowed clean conversion (Supplementary Figure S7). LC-MS
also revealed that the diﬂuoromethylated peptide underwent a
facile, gradual loss of the diﬂuoromethyl group (t1/2 ≈ 5.5 h)
with appearance of the hydrolysis product when simply
incubated in reaction mixtures. Variation of pH (4−8) did not
signiﬁcantly aﬀect hydrolysis rates (Supplementary Figure S8).
Veriﬁcation of the utility of this diﬂuoroalkylation/hydrolysis
sequence from Trp to Cfw (Figure 4) exploited the MSdetectable chemical derivatization method devised on single
residues of Cfw (see above). Thus, borodeuteride-mediated
detection on model peptides revealed an expected mass shift in
>95% of the peaks corresponding to both singly and doubly
formylated species (Figure 4c). This was complemented by LCMS/MS fragmentation analyses that revealed Trp residues in
KFWAWH as the main site of diﬂuoromethyl radical addition,
along with a minor population localized on His or Phe
(Supplementary Figure S9). Notably, no detectable mass shift
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application to representative proteins: diﬂuoromethylationhydrolysis-biotinylation sequences were applied to a range of
additional proteins−enzymes (thrombin, chymotrypsin, and
horseradish peroxidase) as well as binding proteins (globulin
lactalbumin, annexin A5, and SRP19 (protein subunit of the
nucleoprotein signal recognition particle complex)43) (Supplementary Figure S26).
Finally, we tested a third mode of aldehyde reactivity in Cfw.
eqMyo bearing Cfw underwent ready reductive amination with a
range of both anilines and alkylamines in unoptimized 85%
conversions from Cfw using NaBH3CN as part of diﬂuoromethylation-hydrolysis-labeling sequences (Supplementary
Figure S27) that, as for the reaction of alpha nucleophiles,
could be conducted in a ready two-pot, telescoped process.
Exploitation of Cfw in Proteins−Spectroscopic. Inherent tryptophan ﬂuorescence has long been exploited in protein
spectroscopy and photobiology;44 C-2 modiﬁed 3H-indoles also
form the core of several powerful ﬂuorophores (e.g., so-called
“Cy” indocyanines and indolenine dyes), and C-2 modiﬁed 1Hindoles are the cores of key ﬂuorescent indicators such as “Indo1”.45 “Indo-1” shows red-shifted absorption and emission over
comparable unsubstituted indoles45 (to λmax(em) ∼ 480 nm),
and recent photophysical studies suggest such red-shifting is also
seen in formylindoles.46 We therefore reasoned that Cfw might
act as a readily generated ﬂuorophore in proteins with valuably
altered (“autoﬂuorescent”) properties over Trp.
To test this red-shifted autoﬂuorescence directly in Cfwcontaining proteins, we used broad-range ultraviolet light
transillumination (λmax = 302 nm) with detection at wavelengths
(>480 nm) above the emission from natural Trp ﬂuorescence.
Strikingly, only Cfw-containing samples showed light emission
(Figure 5d). This observation in proteins for Cfw (2-formylTrp) is wholly consistent with observations in simple
formylindoles; of all the formyl indoles, 2-formylindole displays
the strongest absorption coeﬃcient in the UV region (λmax(abs)
= 309 nm46). Moreover, semiquantitative analysis of emission
enhancement using ﬂuorescence densitometry of Ly-Cfw,
eqMyo-Cfw, and AnnexinV-Cfw samples after gel electrophoresis revealed that emission correlated with the number of
Trp residues per protein (Supplementary Figure S28). To probe
this unusual and novel ﬂuorescent behavior further, we
determined normalized emission spectra (λex = 280 nm) for
diﬀerent Cfw-containing proteins in PBS pH 7.3 at concentrations of 10−20 μM. These all revealed the emergence of a
peak at λmax(em) ∼ 456 ± 5 nm. As expected, this was observed
most strongly for lysozyme with six potential Cfw residue sites
(Figure 5d and Supplementary Figure S28) as compared to
those with fewer sites.
Applicability to More Complex Biological Contexts.
The primary focus of our study was to explore the underlying
factors allowing more eﬃcient overall Trp C-formylation. As
expected, the solvolytic dependency of this novel ReimerTiemann manifold led to enhanced eﬃciencies under protein
conditions that allowed greater solvent access to protein cores
(and hence to buried Trp) (see above). Nonetheless, we also
sought to explore the applicability of this C-formylation
transformation in increasingly more structured protein contexts.
First, we probed the potential for application to proteins without
the need for any form of increased solvent access caused by, e.g.,
a partial denaturant. Pleasingly, this revealed clear progression to
Cfw (albeit with reduced rate) in a manner that allowed not only
overall C-formylation but also allowed subsequent bioconjugation (see Supplementary Figure S34).

was possible to increase reagent concentrations to drive greater
conversion. For example in AnnexinA5, which has a single Trp
residue implicated in binding to phospholipid membranes41
upon Ca2+ sequestration, the use of 300 equiv of radical
precursor then also allowed conversions of >60%.
Finally, as for peptides, diﬂuoromethylation did not proceed
in the absence of either photocatalyst or light. We also found,
interestingly, that representative reactions proceeded essentially
identically with or without a denaturant (Supplementary Figure
S16), suggesting reactivity irrespective of the folding state and
consistent with the minimal size of ·CF2H as a reactant. This
valuably suggested good accessibility even into interfacial sites.
The minimal steric hindrance to Trp residues was further
conﬁrmed by LC-MS/MS of a high Trp content protein
lysozyme, which revealed a Trp-selective, statistical distribution
(Supplementary Figure S17).
Next, we studied hydrolysis of these diﬂuoromethylated Trp
residues to Cfw (Figure 5a, middle). Notably, unlike radical
addition, the hydrolysis rate was dependent on the protein fold
state and was slower under native conditions (Supplementary
Figure S18). Thus, consistent with an expected requirement for
solvent (water) accessibility, solvent inaccessible diﬂuoromethylated residues did not react−for example, Trp7 and Trp14 in
eqMyo showed only low accessibility (Supplementary Figure
S19). However, under mildly denaturing conditions (preferentially with guanidine hydrochloride rather than urea, Supplementary Figure S20) hydrolysis proceeded to completion and
could be accelerated by heating to 37 °C (Figure 5a, middle).
Borodeuteride-mediated trapping to d1-Hmw gave a mass
shift corresponding to 92 ± 3% conversion (Figure 5a, right and
Supplementary Figure S21), further conﬁrming the presence of
Cfw.
Exploitation of Cfw in Proteins−Chemical Reactivity.
The installation of Cfw as a novel residue into potentially
reactive sites raised the possibility of multiple electrophilic
“trapping” modes via its aldehydic formyl group that could both
complement and expand other modes of reactivity.1 First, Cfw’s
apparent and clear in-protein reactivity had already been
demonstrated through deuteride addition (using NaBD4) with
eﬃciencies of >90% (see Figure 5a, right and Supplementary
Figure S21 and discussion above); notably this allowed a ready,
additional method for deuteride installation in proteins through
C−D bond formation.
Second, alpha-nucleophiles that are widely and eﬀectively
used were tested. Varied hydrazide (pTol-sulfonyl-, pCF3-benzformyl-, (+)-biotinyl-) and hydroxylamine (O-pentaﬂuoroBn-,
O-3-chloroally-, N-Bn-, N-tBu) partners gave their respective
hydrazone, oxime, and nitrone products in up to 95%
conversions (Figure 5c and Supplementary Figures S22−S26).
Moreover, this could be usefully telescoped with hydrolytic
processing to allow direct one-pot conversion from the
diﬂuoromethylated protein (in denaturative buﬀers and
incubation overnight at 37 °C, Supplementary Figure S22).
Cfw displayed apparently strong inherent reactivity, and only in
a few cases were ligation catalysts (e.g., anthranilic acid42)
required to ensure a more complete reaction (Supplementary
Figure S23). In this way, proteins bearing Cfw could be readily
labeled with 19F markers suitable for 19F NMR (Figure 5c, upper
application and Supplementary Figure S24), appended with a
putative payload and equipped with aﬃnity tags such as D-biotin
as conﬁrmed by a biotin-aﬃnity-mediated Western blot (Figure
5c, third application) and 19F NMR, respectively (Supplementary Figure S24). The scope of these reactions allowed
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Figure 6. Diﬂuoromethylation/hydrolysis of leukemic human T-lymphocyte (Jurkat) cells and ﬂuorescence-activated sorting. (a) Geometrical mean
of Cfw-associated 450 nm ﬂuorescence emission intensity for cells subjected to the diﬂuoromethylation (variable irradiation time) and hydrolysis
sequence as well as controls. Controls were irradiated for 300 s, while all samples were incubated at 37 °C postirradiation to allow hydrolytic processing
prior to analysis. For these analyses, only intact cells (non PI stained) were considered, see also the Supporting Information. (b) Overlay of a single
parameter (450 nm ﬂuorescence) histogram for all cells (excluding debris) following hydrolytic processing at diﬀerent temperatures. Associated
increased levels of ﬂuorescence following hydrolytic processing at higher temperature parallel those observed in vitro, consistent with Cfw formation.

selectivity for Trp; the resulting C-2-diﬂuoromethylated Trp
residues undergo Reimer-Tiemann-type dehalogenation providing hydrolytic collapse in proteins to 2-formyl-Trp (Cfw). This
radical addition-hydrolysis protocol therefore now allows
straightforward, robust, and scaleable (up to the > mg scale)
chemical access to aldehydes in proteins, allowing it to be
quickly exploited in established aldehyde labeling and ligation
chemistries (hydrazone-ligation, oxime-ligation, reductive amination, reductive deuteration) yet with novel site (Trp)
selectivity.
While our use of a mild, photocatalyst with a low Eox
“backswing” coupled with an ascorbate reductant minimized
associated side oxidation, nonetheless some undesired oxidation
of highly sensitive residues in certain proteins (e.g., Met in
lactalbumin, Figure 5b) was occasionally observed. In addition,
while to our knowledge this is the ﬁrst example of C−C bondforming formylation/carbonylation in proteins, it should be
noted that this two-step process shows lower overall conversions
than some alternative methods for generating aldehydes in
proteins (see above and also the Supporting Information for an
extended comparison of methods for introducing the formyl
group into proteins). This reaction with a native residue is also
slower than reactions under diﬀerent conditions optimized for
unnatural radical acceptor residues.29

Having established compatibility for functional bioconjugation under native conditions, we then tested application to a
cellular context (Figure 6). We employed ﬂuorescence
associated cell sorting (FACS) analysis to identify those cells
bearing enhanced ﬂuorescence at emission frequency identiﬁed
with formation of Cfw (∼450 nm, see above). Diﬂuoromethylation/hydrolysis reactions applied to human T-lymphocyte
(Jurkat) cells allowed identiﬁcation of conditions under
diﬂuoromethylation reaction timecourses (<90 s) that allowed
signiﬁcant ﬂuorescence induction in live cells upon subsequent
hydrolytic processing (see Figure 6a and Supplementary Figure
S35). While extended diﬂuoromethylation reaction timecourses
led to increased cell-associated ﬂuorescence, it also led to
reduced cell viability (Supplementary Figures S35 and S36).
Also, consistent with Cfw formation, associated increased levels
of ﬂuorescence were observed following hydrolytic processing of
reacted “formylated” cells at higher temperatures (see Figure
6b) similar to observations made on proteins in vitro (see
above).

■

DISCUSSION
In summary, reductive photocatalytic protein modiﬁcation in
the presence of ascorbate allows eﬀective HCF2· radical
generation and hence diﬂuoromethylation with residue
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Our eﬀectively neutral conditions (pH 7−8 or near) allow
application to a wide variety of proteins. Given our strong,
observed Trp selectivity, we were intrigued by the recent
disclosure of Minisci-type methods applied to peptides at low
pH (2−3) that appeared to favor His modiﬁcation.18 While such
acidic conditions have not been applied to proteins, we explored
pH dependence down to 5. Consistent with increased reactivity
for protonated His imidazoliums (and so reaction at His),
diﬂuoromethylation started to occur in higher copy numbers
(Supplementary Figure S30), to levels exceeding the total
number of Trp residues. Moreover, when such overly modiﬁed
diﬂuoromethylated protein samples were subjected to hydrolysis (Supplementary Figure S31), LC-MS monitoring revealed
that hydrolysis did not proceed further than in optimally treated
samples. Together this suggests not only that any additional
diﬂuoromethylation under acidic conditions is at non-Trp sites
(e.g., His) but also that these may be less/nonsusceptible to
Reimer-Tiemann-type hydrolytic collapse to formyl, at least
under these conditions.
In addition to chemical reactivity, we observed intriguing
spectroscopic tuning (“red-shifting”) of Trp’s ﬂuorescent
properties through C2-formylation that are consistent with
recent observations in 2-formylindole.46 Interestingly, chloroform can be used as a nonselective reagent suggested to react
with photoexcited Trp that then generates mixed products
thought to also include C4- and C6-formyl-Trp31,47,48 −this has
formed the basis of so-called “stain-free” in-gel protein imaging
methods.49
Finally, while we did not explore the full range of
(physico)chemical eﬀects of diﬂuoromethylation-hydrolysis,
numerous other possible applications may be envisaged from
the protein chemistry described here. For example, it is possible
that, at a suﬃcient copy number, high Trp-content proteins may
display alterations in their phase−phase interactions upon
diﬂuoromethylation. Indeed, through reverse-phase chromatographic analysis we observed that following lysozyme (containing 5 Trp) diﬂuoromethylation the copy number could, in fact,
be readily correlated with retention time (Supplementary Figure
S32), despite variation by only such a small CHF2 group. This
apparent correlation of the CHF2 copy number with phase−
phase interactions suggests a seemingly strong eﬀect.
Additional roles of the C2-formyl in Cfw could also be
envisaged using other powerful aldehyde chemistries to either
bioconjugate50 or participate in “catch-release” chemical-aﬃnity
puriﬁcation. Furthermore, given the preponderance of Trp
residues at protein−membrane interfaces21 and the small
structural change in Trp → Cfw, one could perhaps envisage
the aldehyde-mediated cross-linking and trapping of a range of
endogenous nucleophilic partners in biological contexts as a
form of protein-directed trapping or even “ﬁxation”.51 Work to
explore the latter methods in yet more complex biological
contexts, as shown here by application also to cells, is highly
promising (allowing already here, e.g., ﬂuorescence sorting due
to the presence of Cfw on/in cells), and exploration extended in
this direction is currently underway in our laboratory.

■

■
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ization, solvent accessibility calculations, dot-blot results,
ﬂuorescence measurements, and description of FACS
experiments as well as full experimental procedures
(PDF)
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