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ABSTRACT: Described here is a photo-decaging approach to radical trifluoromethylation of biomolecules. This was accomplished by design-
ing a quinolinium sulfonate ester that, upon absorption of visible light, achieves decaging via photolysis of the sulfonate ester to ultimately
liberate free trifluoromethyl radicals that are trapped by m-nucleophiles in biomolecules. This photo-decaging process enables protein and
protein-interaction mapping experiments using trifluoromethyl radicals that require only one second reaction times and low photocage con-
centrations. In these experiments, aromatic side chains are labelled in an environmentally dependent fashion, with selectivity observed for
tryptophan (Trp), followed by histidine (His) and tyrosine (Tyr). Scalable peptide trifluoromethylation through photo-decaging is also
demonstrated, where bespoke peptides harboring trifluoromethyl groups at tryptophan residues can be synthesized with five to seven minute
reaction times and good yields.

Owing to its biological orthogonality, nuclear spin, and the radioac-
tivity of its isotopes, the incorporation of fluorine and fluorinated
functional groups into biomolecular structure has found widespread
applications in structural biochemistry and imaging'. Moreover,

have become privileged moieties in medicinal chemistry; a result of
the combination of hydrophobicity, relatively minimal steric profile,
and strong electron-withdrawing properties®. Owing to these quali-
ties, the incorporation of trifluoromethyl groups into peptides and

fluorinated functional groups, including the trifluoromethyl group,
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proteins at specific sites is of interest as it can enable precision alter-
ation of physiochemical properties with minimal steric perturba-
tions’. Many elegant approaches have been developed for trifluoro-
methylation of small molecule organics, yet many of these lack bio-
compatibility*. By comparison, there are relatively few approaches
compatible with biomolecular structures, which revolve around
electrophilic trifluoromethylation or genetic-engineering’.

Alternatively, radical-based approaches have been used to achieve
biomolecular trifluoromethylation. The use of Langlois’s reagent to
access trifluoromethyl radicals under either oxidizing or photo-oxi-
dizing conditions® has been adapted by Gross™, Krska™, Davis and

74 and Correa’, aswell as others™, for radical trifluoro-

Gouverneur
methylation in peptides and proteins with wide variations in
chemoselectivity. Davis and Gouverneur have also reported similar
radical difluoroalkylations of proteins through photocatalyzed acti-

vation of sulfonyl pyridines®".

Recently, hypervalent iodine rea-
gents were shown by Beier* and Kuka¢ka and Novak® to enable rad-
ical biomolecular perfluoroalkylation under photochemical® or re-
ducing conditions*. Perfluoroalkyl iodides have also enabled radical
fluoroalkylation of protected peptides™ via a halogen-bonding
mechanism®. A particular attraction to protein trifluoromethylation
with trifluoromethyl radicals stems from the ultra-rapid kinetics of
radical trapping by m-based nucleophiles; with rate constants of 10”
® M's" measured for trapping with styrene derivatives’. This vora-
cious electrophilicity, combined with its small size (~59 A%), imbue
the trifluoromethyl radical with ideal characteristics as a probe for
mapping higher-order protein structures”™ as well as enabling expe-
dient access to fluorinated peptides and proteins.

We propose that a photo-decaging approach in which trifluorome-
thyl radicals are generated in situ through an optically triggered, uni-
molecular process could enable us to exploit the rapid kinetics of rad-
ical addition to m-nucleophiles under mild conditions and with spa-
tiotemporal control. We posited that this could be achieved by using
aromatic-sulfonate esters as a photocage for trifluoromethyl radicals.
Aromatic sulfonate esters possess a weak S—-OAr bond that homolyt-
ically cleaves upon photoexcitation to generate a sulfonyl- and ar-
yloxy radical pair that can recombine in a photo-Fries type rear-
rangement'’. Alternatively, radical cage escape can occur; liberating
free sulfonyl- and phenoxy radicals that lead to the formation of sul-
fonic acids and other byproducts (Figure 1C). Exploiting this mech-
anistic regime for the purpose of generating trifluoromethyl radicals
could be realized using aryl trifluoromethanesulfonate (triflate) es-
ters that, upon photolysis, generate a sulfonyl radical that desulfonyl-
ates to liberate a trifluoromethyl radical>. We expanded this hy-
pothesis by proposing that a cationic, aromatic chromophore would
encourage photolysis by further weakening the photolabile S-OAr
bond whilst also exploiting polar effects'' to encourage radical cage
escape; ultimately leading to the efficient liberation of free trifluoro-
methyl radicals for trapping with peptides and proteins (Figure 1D).
However, it was recognized that this design results in an electron-
deficient aryl triflate that may be prone to hydrolysis, and any prac-
tical design should ensure good thermal stability in aqueous buffer.

We therefore synthesized photocages 1-$ via a simple triflation of a
pyridone or quinolone precursor with trifluoromethanesulfonic an-
hydride, followed by assessments of each’s absorption properties
and hydrolytic stability in phosphate buffer (pH 7.4 in D-O). While
pyridinium triflate 1 possesses little absorption beyond 300 nm and
modest stability, the additional conjugation in quinolinium salts 2-3
results in a bathochromic shift of absorption to the UVA-optical win-
dow. However, these compounds were found to be highly unstable,
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Figure 2. (A) Synthesis of photocages 1-5. (B) Assessment of]
thermal stability and absorption properties. (C) Key structural
properties of 5. “Measured in 20 mM Na,HPO, (pH 7.4) buff-
ered D,0. “Average value from DFT calculations using three dif-
ferent theories.

with t1/2< 0.5 hrs in both instances (Figure 2B). Installation of a di-
methylamino group in the 7-position of the quinolinium scaffold in
analog 4 significantly tempered the electrophilicity of the quinolin-
ium-triflate and extended the half-life to 2 hrs whilst also shifting ab-
sorbance into the visible spectrum (Amw= 453 nm). Installation of a
methyl group in the 3-position in § produces a marked enhancement
in half-life, with ti/,=8 hrs whilst further shifting absorbance to the
visible (Amw= 463 nm). DFT calculations suggest the S~OAr bond
in § is weakened by 36 kcal/mol compared to triflic acid and should
therefore be sufficiently weak enough to be cleaved upon photoexci-
tation whilst TDDFT calculations (CAMB3LYP/6-31+G(d,p)
SMD=H.O level of theory) support a significant charge-transfer
component to photoexcitation.

With a stable photocage in hand, we then demonstrated the viability
of § as a radical photocage by irradiating a solution of model protein
lysozyme (10 pM), reactive oxygen species scavenger Tiron (50
pM), and § (100 uM) in pH 7.4 phosphate buffer using a Kessil PR-
160 456 nm LED in a Hepatochem reactor for one second. Intact
MS analysis of the crude reaction mixture indicated up to three tri-
fluoromethyl groups were incorporated into lysozyme with a net
66% conversion of unmodified lysozyme to trifluoromethylated pro-
tein. A peptide mapping workflow was performed to identify modi-
fication sites and to estimate through semi-quantitation the extent of
modification at different residues™. This workflow allowed us to
identify three modifications on lysozyme, with W62 being the
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Figure 3. (A) Protein labelling and peptide mapping with 5. (B) Preparative scale synthesis of trifluoromethylated peptides with §. *

Intact mass of experiment using SO yuM Tiron, peptide mapping performed using 20 mM Tiron. “Isolated yields that are validated by
gNMR. Tsomer ratios were assigned via "F-NMR and are listed in the following order: C2:C4:C7:+2 CF;.

primary modification site along with minor modification levels ob-
served on W63 and W123. We next explored labelling of Myoglo-
bin, a 16.9 kDa, heme-containing protein possessing 2 Trp, 2 Tyr,
and 11 His residues. Irradiation at 456 nm of myoglobin (10 yuM) in
the presence of § (80uM) for 1 second resulted in the formation of
Myoglobin-CF; conjugates harboring up to 4 trifluoromethyl
groups. Peptide mapping revealed H119 to be the primary site of
modification, followed by W14, H24, and W7. H119 participates in
H-bonding with H24", and this result suggests that this may en-
hance the nucleophilicity of H119. The context-dependent nature
of protein trifluoromethylation was assessed against carbonic anhy-
drase IT (CAII). CAIl has 7 Trp, 8 Tyr, and 11 His residues, but most
of these are buried within the protein’s tertiary structure. Thus, tri-
fluoromethylation of CAII with § (100 pM) and Tiron (20 uM) re-
sulted in lower levels of labelling, with only a single modification site

at W234 identifiable by peptide mapping. Taken together, these ex-
periments indicated that radical trifluoromethylation with § displays
chemoselectivity for nucleophilic and electron-rich aromatic resi-
dues.

We next sought to develop a procedure for radical trifluoromethyla-
tion of aromatic amino acid-containing peptides on a preparative
scale using $. In order to avoid the pitfalls associated with generating
high concentrations of radicals, we developed a process in which a
solution containing § and tiron (2.5:1 ratio) in 20% CH;CN:H,O is
added at a rate of 0.5 equivalents §/min via syringe pump to a buff-
ered, 2 mM solution of peptide substrate that is under constant irra-
diation with 456 nm light in a Hepatochem reactor. This process
was applied to the trifluoromethylation of peptide hormone Soma-
tostatin. Conversion vs. equivalents of § added was monitored as
shown in the plot in Figure 3B; which revealed that maximal +1 CF;
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modification occurs after the addition of three equivalents of §. Us-
ing this information, we performed a 5 mg scale trifluoromethylation
reaction of Somatostatin with the addition of three equivalents of §
over a six-minutes plus one additional minute of irradiation. Soma-
tostatin-CF; adducts were then purified by HPLC and resulted in a
total of 25% isolated yield of Somatostatin-CF; conjugates with tri-
fluoromethylation observed at Trp. We also observed regioisomers
of trifluoromethylation products, with the predominant isomer oc-
curring at the indole C2 position of Trp. Minor isomers harboring
triftuoromethyl groups at C4 and C7, as well as low levels (<3%) of
+2 CF; modified Trp were also isolated. Extension of this method
to other peptides, including Gly-Trp (0.2 kDa, 1 Trp residue, S mi-
nute reaction time), Leuprolide (1.2 kDa, 1 His, 1 Tyr, 1 Trp, 7 mi-
nute reaction time), and Tetracosactide (2.9 kDa, 2 Tyr, 1 His, 1
Phe, 1 Trp, 7 minute reaction time), smoothly afforded trifluoro-
methylated conjugates in 20-40% isolated yields; with Trp being the
primary site of modification in all instances.

Next, we sought to validate mechanistic aspects of trifluoromethyla-
tion with §. We propose that trifluoromethylation is achieved via
two mechanistic manifolds as shown in Figure 1D and includes: (1)
optically-triggered photolysis of a labile S-OAr bond to form a quin-
oloxy-sulfonyl radical pair and (2) following cage escape, thermal ex-
trusion of SO; and radical alkylation of w-nucleophiles with free tri-
fluoromethyl radicals. Evidence supporting a free radical labelling
mechanism includes: (1) the observation of regioisomers of trifluo-
romethylated Trp-conjugates in Figure 3B®"> (2) the inhibition
of trifluoromethylation of myoglobin with § when the reaction is co-
incubated with TEMPO?® (Figure 4A, entry 4) and (3) by observing

trifluoromethanesulfinate anion by '’F-NMR and isolating sulfonyl-
ated and trifluoromethylated quinolone adducts from a high-con-
centration photo-decaging reaction of § (3 mM) with Gly-Trp (1
mM) in buffered DO:CDsCN (Figure 4B). One-second reaction
times for protein labelling were validated through a trapping experi-
ment wherein TEMPO (500 uM) that was added to the reaction at
1 second of irradiation did not significantly perturb reaction conver-
sion (Figure 4A, entry S). The vigorous reactivity of § was further
validated through a 1:1 stoichiometry reaction between Myoglobin
(10 uM) and S (10 pM), which produced a significant 22% conver-
sion with a 1 second irradiation time (Figure 4A, entry 3). Finally,
the requirement for optical triggering was validated by incubation of
Myoglobin with § in the absence of light (Figure 4A, entry 2) and
quantified by estimating a quantum yield of ®conversion=0.18+0.02 for
the consumption of § during lysozyme labelling (Figure 4C).

Using $ as a photocage offers a mild and mechanistically distinct ap-
proach to protein labelling with electrophilic radicals. We therefore
posited that § may be useful in peptide mapping experiments of pro-
tein-ligand and protein-protein interactions, wherein labelling out-
comes correlate to changes biomolecular environments" (Figure
SA). Based upon our observation of labelling of Trp-62 in lyso-
zyme’s active site, we opted to establish a proof-of-concept by map-
ping the binding interaction between lysozyme and tri-saccharide
NAGS3; an interaction that was elegantly mapped by Vachet using
high concentrations of Trp-selective bioconjugation reagent
HNSB". Thus, increasing concentrations of NAG3 ligand were ti-
trated into a solution of 10 yM lysozyme, 100 yuM S, and 50 yuM Ti-
ron, followed by irradiation with 456 nm light for 1 second (Figure
SB). Plotting the change in labelling conversion vs. NAG3 concen-
tration enabled the estimation of the binding affinity of NAG3 to ly-
sozyme (ka=35.9 ypM).

Finally, we investigated the mapping of protein-peptide interactions
in a representative system. We selected the calmodulin-myosin light
chain kinase interaction to provide a platform to assess this possibil-
ity and to explore complementarity with current approaches™". We
took both bovine Calmodulin and the peptide sequence of the myo-
sin light chain that actively binds to Calmodulin (M13 peptide).
The M13 peptide sequence features a single Trp (W4) and two Phe
residues. Binding of M13 to calmodulin results in a ternary structure
of the two biomolecules in which the M13-W4 residue is buried and
should be shielded from CF; radicals'®. Bovine calmodulin features
three Tyr and His residues: Y100, Y139 and H108. Each peptide was
individually treated with § (100 pM), Tiron (20 pM), and CaCl
(100 M) in pH 7.4 PBS and one second of irradiation with 456 nm
light (Figure SC). Trifluoromethylation of M13 peptide under these
conditions led to robust labelling exclusively at W4, whilst labelling
of unbound calmodulin yielded low levels of modification on Y100
and Y139. M13 and calmodulin were then complexed in 1:1 stoichi-
ometry, followed by trifluoromethylation under identical condi-
tions. Intact MS analysis and peptide mapping indicated a dramatic
loss of W4-trifluoromethylation whilst calmodulin modification re-
mained similar (Figure SC, inset). Taken together, protein mapping
with § enables the facile exploration of changes in environments to
aromatic amino acid residues; wherein the ability to use low concen-
trations of proteins and $, as well as short reaction times, minimize
the risk of non-specific interactions obfuscating results. Aromatic
residues have a wide range of functions in proteins and protein inter-
actions, and the ability to probe for context-dependent reactivity is
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Figure 5. (A) A photo-decaging approach to protein interaction mapping with 5. (B) Mapping of the interaction of lysozyme with
NAGS3 using radical trifluoromethylation with §. (C) Mapping of the calmodulin-M13 complex using S.

an increasingly appreciated approach for revealing amino acid func-
tion and new sites for drug design"”.

In summary, we have developed cationic, quinolinium scaffold § as
a photocage that enables trifluoromethyl radical release through op-
tical triggering with visible light. Mechanistic analyses indicate that
S enables ultra-rapid protein labelling via a photolysis of a labile S—
O bond followed by liberation of a free trifluoromethyl radical. We

show that § is adaptable toward multiple workflows, including pro-
tein and protein-interaction mapping, as well as for preparative scale
trifluoromethylation of peptides.
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Supporting information includes experimental procedures for photo-
cage synthesis, protein trifluoromethylation, preparative scale peptide
trifluoromethylation, mechanistic studies, computational analysis, and
small molecule characterization.

The Supporting Information is available free of charge on the ACS Pub-
lications website.
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