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Probing the functional hotspots inside protein
hydrophobic pockets by in situ photochemical
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Due to the complex high-order structures and interactions of proteins within an aqueous solution,
a majority of chemical functionalizations happen on the hydrophilic sites of protein external surfaces
which are naturally exposed to the solution. However, the hydrophobic pockets inside proteins are
crucial for ligand binding and function as catalytic centers and transporting tunnels. Herein, we describe
a reagent pre-organization and in situ photochemical trifluoromethylation strategy to profile the
functional sites inside the hydrophobic pockets of native proteins. Unbiased mass spectrometry profiling
was applied for the characterization of trifluoromethylated sites with high sensitivity. Native proteins
including myoglobin, trypsin, haloalkane dehalogenase, and human serum albumin have been engaged
in this mild photochemical process and substantial hydrophobic site-specific and structure-selective
trifluoromethylation substitutes are obtained without significant interference to their bioactivity and
structures. Sodium triflinate is the only reagent required to functionalize the unprotected proteins with
wide pH-range tolerance and high biocompatibility. This “in-pocket” activation model provides a general

Received 28th September 2023
Accepted 11th January 2024

DO 10.1039/d35c05106d strategy to modify the potential binding pockets and gain essential structural insights into the functional

Open Access Article. Published on 11 January 2024. Downloaded on 7/23/2025 10:04:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

Introduction

Precise modification of native proteins with site- and structure-
selective chemical probes provides a powerful toolbox to explore
the structure-function relationships of proteins."* Protein
labeling combined with mass spectrometry (MS) based struc-
tural proteomics is a promising strategy to profile the protein
conformational dynamics in solution with minimal sample
required.** To maintain the bioactivity and high-order struc-
tures of native proteins, it is critical that the labeling reaction
should be carried out in a biocompatible buffer at room
temperature. At present, uncatalyzed hydrogen/deuterium
exchange, fast photochemical oxidation with reactive species,
and certain fast cross-linking approaches qualify.>® To
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hotspots inside protein hydrophobic pockets.

introduce more complex chemical transformations on more
diverse protein residues, a variety of stoichiometric organome-
tallic reactions and photo-redox radical reactions have been
developed.” Although they indeed greatly explore the new
chemical space for protein functionalization, concerns that
heavy metals or photocatalysts may poison the original protein
and interfere with its functions remain unsolved. More impor-
tantly, due to the large sizes of those catalysts/reagents, diffu-
sion of the catalyst and reagent together into the protein
internal hydrophobic pocket is extremely difficult under
biocompatible conditions. This results in highly selective
functionalization of hydrophilic sites on protein surfaces since
they are more exposed to solutions. For palladium mediated
reactions®® or nucleophilic substitution reactions,' they usually
prefer to react with free thiol (Cys) and amino (Lys) groups,
which usually occur on the protein hydrophilic surfaces
(Fig. 1A).

Hydrophobic interaction is essential during protein folding
into an ordered structure with a hydrophilic surface and
hydrophobic core."* Further, the protein recognition of small
molecules such as drugs,”** ligand binding with receptors,*
and enzyme biocatalysis reactions'®'” often occur in protein
hydrophobic pockets with essential functional hotspots.
Recently, studies of structural biology have reported the key
binding sites in the hydrophobic pockets of membrane
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Fig. 1 The scope of labeling techniques for the functionalization and structure-elucidation of native proteins. (A) Schematic diagram of
palladium reagent engaged protein bioconjugation. (B) Schematic diagram of the structure preference for catalysis associated protein labeling.
(C) Proposed strategy for the “in-pocket” photoactivation and arene modification with reagent pre-organization in the protein hydrophobic core.

Schematic diagram of native protein trifluoromethylation by using Langlois’ reagent from other works (D) and this work (E).

proteins, such as vitamin K epoxide reductases (VKOR) with
vitamin K antagonists,’® ATP-binding cassette (ABD) trans-
porters with inhibitors,"” and G-protein-coupled receptors
(GPCRs) with various ligands.?*>*> These proteins exhibit crucial
functions in the regulation of many important physiological
processes, demonstrating the essential roles of probing the
hotspots inside hydrophobic pockets for understanding
protein-ligand interactions and designing targeted inhibitors.
Many methods have been developed for hydrophobic site
profiling based on X-ray crystallography, nuclear magnetic
resonance spectroscopy (NMR), or computational
prediction.**?* These methods usually need the assistance of

2546 | Chem. Sci, 2024, 15, 2545-2557

organic probes such as ethanol and acetonitrile, and the intense
sample consumption and low accuracy limit their applica-
tions.>® A recent work reported the modification of hydrophobic
Trp at the recognition pocket for the manipulation of interac-
tion between histone and its reader, but a genetic strategy was
needed for the introduction of Trp derivatives.***® Thus, it is
crucial to develop a convenient technique to directly profile the
functional hotspots within protein hydrophobic pockets with
high sensitivity and selectivity.””

The trifluoromethyl group is the most popular fluorine-
bearing substituent for biomolecule fluorination due to the
great clinical success of trifluoromethylated drug candidates in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the last two decades.”® Recently, 5-(trifluoromethyl)-
dibenzothiophenium trifluoromethanesulfonate (Umemoto's
reagent) was applied for '®F incorporation of unprotected
peptides at the nucleophilic thiol side chain of Cys for positron
emission tomography (PET) imaging.*® Sodium  triflinate
(NaSO,CF3, Langlois’ reagent) and Zn(SO,CF3), (ZnTFMS, Bar-
an's reagent) were further applied for the trifluoromethylation
of the aromatic residues (mainly Trp and Tyr) of proteins and
peptides under redox initiation by peroxides (e.g. t-BuOOH) or
photocatalysts (e.g. Ir[dF(CF;)ppy].(dtbbpy)(PFe)).>**> A cyclic
hypervalent iodine-fluoroalkyl reagent (Togni's reagent) using
ascorbic acid as a reductant was also used for fluoroalkylation of
aromatic residues in proteins to probe their structure alter-
ations.** Among these trifluoromethylation reagents, NaTFMS
exhibits the highest potential for labeling native proteins owing
to its water solubility and high biocompatibility,**** which has
been applied for the fast foot-printing trifluoromethylation of
protein surfaces through the photolysis of hydrogen peroxide
(H,0,) by a 248 nm laser* or water by X-rays® to generate
a hydroxyl radical ("OH).*>***

We hypothesize that sterically small sodium triflinate
reagents with high lipophilicity might be able to diffuse into the
hydrophobic pockets of native proteins. Based on Dougherty's
pioneering work,*® sodium cations have cation-m interactions
with Phe, Tyr, and Trp, which will bring the triflinate anion and
these electron-rich aromatic residues into close proximity.
Upon direct photonic activation, a highly electrophilic tri-
fluoromethyl radical®” can be generated under pH-neutral and
additive-free conditions via desulfonylation. Then, a facile
radical addition into an electron-rich arene will spontaneously
happen on the hydrophobic site (Fig. 1C). In contrast, previ-
ously reported trifluoromethylation methods need an addi-
tional oxidant/reductant/photocatalyst to interact with the
trifluoromethyl precursor for the generation of trifluoromethyl
radicals. It is highly unlikely that both the oxidant/reductant/
photocatalyst and trifluoromethyl precursor can enter the
hydrophobic pocket at the same time (Fig. 1B). On the other
hand, the pyramidal trifluoromethyl radical is one of the
highest energy alkyl radicals (BDE = 107 kcal mol™ "), and thus
itself should have a relatively short life-time and would readily
react with the weak C-H bond.* It is also unlikely that the tri-
fluoromethyl radical is generated in solution and then diffuses
into the hydrophobic site. Taking all these facts into consider-
ation, it is not surprising that even trifluoromethyl is such
a hydrophobic functional group that the previous methods can
only introduce the CF; group at the solvent accessible residues
on the external hydrophilic surfaces of proteins.?*?*%

In the current work, we describe a reagent pre-organization
photochemical trifluoromethylation strategy to profile the
functional sites inside the hydrophobic pockets of native
proteins, which was realized with NaTFMS in biocompatible
aqueous solutions just under the irradiation of 365 nm UV
photons (Fig. 1E). Compared to existing methods that require
hydrophilic precursors to produce trifluoromethyl radicals near
protein surfaces, resulting in high trifluoromethylation effi-
ciency at protein hydrophilic surfaces (Fig. 1D), our additive-
and photocatalyst-free trifluoromethylation strategy can modify

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the unprotected aromatic residues inside protein hydrophobic
pockets with high structure selectivity. We demonstrated that
the functional hotspots of the internal hydrophobic sites in
native proteins such as haloalkane dehalogenases (HLDs) and
human serum albumin (HSA) could be successfully probed via
this “in-pocket” activation and in situ photochemical strategy.

Results and discussion
Structure-selective trifluoromethylation of native proteins

At first, the trifluoromethylation (TFM) reactivity of protein
residues was investigated by applying a series of hexapeptides
containing an identical peptide backbone and different types of
side chains for the photochemical TFM under identical condi-
tions. Compared to non-irradiation controls, TFM products
were mainly observed for peptides containing Trp, Tyr, Phe or
His, and Trp exhibited the highest reactivity (Fig. S2t). The
residue trifluoromethylation was confirmed by the mass shift of
67.987 Da (+[CF;]-[H]) in MS detection®* and the LC retention
time delay resulted from the hydrophobic trifluoromethyl
group.*** Both mono- and di-trifluoromethylation substitutes
of Trp and Tyr were observed with mono-TFM as the major
products (Fig. S2A and Bf). Only the mono-TFM form was
observed for Phe and His (Fig. S2C and Df).

Then, we applied this photochemical TFM strategy to native
proteins with higher-order structures (Fig. 2A). A variety of
proteins with different sizes including holo-myoglobin (holo-
Mb), trypsin, haloalkane dehalogenases (HLDs), and human
serum albumin (HSA) were trifluoromethylated and multiple
TFM products were detected (Fig. S31). Considering that long-
time UV irradiation may lead to degradation, the protein
concentration was determined after TFM modification. Less
than 15% loss of holo-Mb was observed after the TFM process
(Fig. S4Bf), suggesting the biocompatibility was within the
tolerance under the reaction conditions. No great distortion was
found in the proteins’ structural integrity based on their charge
state distribution in native MS (nMS) characterization with non-
denaturing electrospray ionization (Fig. S3A and S4At).***
Further, CD spectroscopy was applied for the analysis of the
secondary structure of TFM holo-Mb,* and no significant
change was detected compared to holo-Mb (Fig. S51). Further-
more, to test the impact on the bioactivity of proteins, we
chosen trypsin that contains no Trp residue in its catalytic
center for the functional analysis. Compared to the original
trypsin, TFM-trypsin could also digest BSA into peptides with
comparable cleavage efficiency (Fig. S6A and Bft), and the
digested BSA peptides showed no distinct type and number
differences (Fig. S6Ct), indicating the photochemical TFM
conditions had an insignificant impact on the trypsin func-
tional structure.

To further investigate the structure selectivity for the tri-
fluoromethylation of native proteins, the TFM proteins were
digested and the residue TFM ratios were determined (Fig. 2A).
Hydrophilicity and hydrophobicity are the factors surveyed to
associate the residues’ TFM propensity with their microenvi-
ronments. There are two Trp residues Trp-A5 (W7) and Trp-A12
(W14) on the same helix structure of holo-Mb with distinct

Chem. Sci., 2024, 15, 2545-2557 | 2547
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Fig.2 Site- and structure-selective photochemical trifluoromethylation of holo-Mb. (A) General procedure for the trifluoromethylation of native
proteins. (B) TFM ratios of Trp residues in structure-maintained holo-Mb protein and non-structured tryptic Mb peptides under identical
conditions (n = 3). (C) Crystal structure of holo-Mb with color-coded residue hydrophobicity and Trp residues shown in sticks (PDB: 1npf). The
substrate and reagent were mixed to a final concentration of 10 M and 50 mM, respectively, in 0.1 M phosphate buffer (PB, pH 7.4).

solvent accessibility surface areas (SASAs) (Fig. S7 and Table
S1t). Interestingly, W14 with lower SASAs exhibited a signifi-
cantly higher TFM ratio than W7 (Fig. 2B, left), suggesting that
the actual concentration or “local concentration” of NaTFMS
around W14 should be higher than at W7 since only NaTFMS
reagent and UV irradiation were engaged in this modification
process. To verify this presumption, we applied non-structured
tryptic Mb digests to the modification process under identical
conditions as holo-Mb. Both residues showed comparatively
low TFM ratios (Fig. 2B, right), indicating the TFM difference in
native holo-Mb W7 and W14 had indeed resulted from structure
discrepancy and NaTFMS concentration around W14 was
higher than in solution. Thus, we constructed sequence
hydrophobicity in the holo-Mb crystal structure.*” It showed
that residues in proximity to W14 are more hydrophobic than
those close to W7 (Fig. 2C). Besides, we calculated the
“surrounding hydrophobicity” (SrHp) by summing the hydro-
phobic indices* of residues within an 8 A radius around W7
and W14 (Table S17).** It turned out W14 (13.68) has a remark-
ably greater StHp than W7 (3.06), indicating W14 indeed locates
in a more “hydrophobic cavity”. Considering NaTFMS contains
the hydrophobic trifluoromethyl group, it's convincing that
Langlois' reagent would pre-organize in the hydrophobic cavity
around W14 to increase its “local concentration”, resulting in
the higher TFM ratio than for W7. Meanwhile, the oxidation of
Trp was inevitable during the photochemical TFM process
(Fig. S2AT), and a higher oxidation ratio was observed with

2548 | Chem. Sci, 2024, 15, 2545-2557

lower reagent concentration (Fig. S8AT). Thus, the Trp with
a larger SASA should be more prone to oxidation than the Trp in
the more hydrophobic cavity. As expected, W7 in intact holo-Mb
was more oxidized than W14, but both shared similar oxidation
ratios in the non-structured Mb tryptic peptides (Fig. S9A and
Bt). Therefore, the oxidation information of Trp can be a cross-
referenced index for profiling residue microenvironments as
well.

The mechanism of photochemical trifluoromethylation

To explore the mechanism behind this photochemical tri-
fluoromethylation process, we utilized octreotide for compre-
hensive study. Octreotide, a cyclic therapeutic peptide of
a somatostatin derivative** containing one Trp and two Phe
residues (Fig. 3B), was photochemically modified (Fig. 3A).
Consistent with Trp hexapeptide, mono- and di-TFM forms
were observed with the relative ratio of mono-TFM higher than
that of the di-TFM form (Fig. 3C and S10At). The modification
sites were mainly Trp determined by MS/MS analysis (Fig. S107).
Furthermore, many oxidation by-products were detected with
low concertation of NaTFMS (5 mM, Fig. S8At), but the total
yield of TFM-octreotide was gradually improved with the
increase of reagent concentration (Fig. S8AT). Therefore, high
reagent concentration can efficiently suppress the photochem-
ical oxidation and increase the TFM modification efficiency. In
addition, this method showed its compatibility in variant bio-
buffer with wide pH range (Table S2t), and an aqueous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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solution without other salt additives seemed beneficial to
higher conversion to TFM-octreotide (Fig. S8BT).

Then, we introduced N, gas into the reaction solution to
diminish the dissolved O, (Fig. S1Bft). Although the photo-
oxidation by-products were efficiently suppressed after the
decrease of dissolved O,, the transformation of the octreotide
substrate was also sharply decreased (Fig. S11A¥). This proved
that oxygen gas dissolved in the water was likely to be the
terminal oxidant for the overall trifluoromethylation reaction.
Next, the reaction solution with H,O" was applied to determine
the oxygen source of photo-oxidation.*® Interestingly, the mono-
oxidation product was still dominated with *°O (from dissolved
0,), while both "°0 and "®0 were incorporated into the multiple-
oxidation forms of products (Fig. S11Bt). Therefore, the water
dissolved O, was the medium which was excited to an active
state to trigger the reaction.*”**

UV-vis absorption analysis was performed to identify the
photon excitation species. The results demonstrated that the
peptides containing Trp, Tyr, Phe, or His all exhibited no
apparent absorption to 365 nm UV photons (Fig. S12At). In
contrast, NaTFMS exhibited much higher photon adsorption
from the visible to UV wavelength (Fig. S12BY). Therefore, the
SO,CF;~ anion was the main excitation target of 365 nm UV
photons to trigger the following radical-based modifications.
Interestingly, changing the reagent cation from Na* to Zn**
showed inferior modification efficiency even with higher
concentration (Fig. 4A), indicating both the metal cation and
anion were engaged in the activation of TFM modification.
Then, we monitored the photon absorption of NaTFMS at
365 nm with and without the peptide substrate. No apparent
changes appeared when NaTFMS was irradiated alone, but the

© 2024 The Author(s). Published by the Royal Society of Chemistry

absorption changed with the existence of octreotide, suggesting
the substrate was also associated (Fig. S12Ct). We speculated
the NaTFMS not only served as the [CF;] source, but also asso-
ciated with the substrate for the initiation of photochemical
modifications and cations were involved.

To test the effect of cations, extra NaCl was added for the
modification of octreotide. The yields of products dropped
sharply when Na* was added at low reagent concentration but
when a high concentration of NaTFMS was applied, the influence
was negligible (Fig. 4B), indicating excessive cations would
interfere with the photochemical modification at low reagent
concentration in particular. We hypothesized that cation-m
interaction between Na" and Trp of octreotide occurred during
the modification process.* Cation-7 interaction has been widely
observed either in protein folding to maintain the structure
stability®® or binding with various ligands in the functional
pockets.”***** Studies have shown the cation-7v interaction of
charged groups with aromatic residues near the hydrophobic
pockets of proteins, such as glycine with Phe in glycine recep-
tors,* the ammonium group of acetylcholine with Trp in nicotinic
acetylcholine receptors,® and the trimethyl ammonium group of
the drug iperoxo with Tyr in muscarinic acetylcholine receptors.
Consequently, interference with the cation-m interaction between
the NaTFMS reagent and Trp would disturb the modification
level. Thus, we applied Baran's reagent for the modification of
holo-Mb as well as adding extra NaCl. Only the oxidation form
was observed for W7 and W14 when ZnTFMS was used (Fig. S137)
because of lower activation activity from Zn>" cations (Fig. 4A).
Meanwhile, adding extra NaCl led to the decreased modification
ratio of W7 but no change at W14 (Fig. S13Bt), further demon-
strating that the NaTFMS concentration around W7 was lower

Chem. Sci., 2024, 15, 2545-2557 | 2549
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at low or high reagent concentration (n = 3; 150 mM NaCl was added). (C) Proposed mechanism of the protein arene photochemical tri-
fluoromethylation process. The EDA complex of protein and sodium sulfinate can be selectively activated by 365 nm light, which will generate
singlet oxygen via energy transfer. Spontaneous single electron transfer will generate a trifluoromethyl radical which will then quickly add onto

the electron-rich arene.

than that around W14 and the reagent would pre-organize in the
proteins’ hydrophobic cavity (Fig. 2B).

Combining the above observations with previous
reports,’»343546-48355 3 possible reaction mechanism of the
photochemical TFM modification was proposed (Fig. 4C). At
first, the substrate in association with NaTFMS through cation—

2550 | Chem. Sci,, 2024, 15, 2545-2557

T interaction can be directly activated to the excited state
(substrate*) by 365 nm photon irradiation. Then, triplet oxygen
(?0,) is converted to singlet oxygen ('0,) through energy
transfer between substrate* and 20,. The active O, can oxidize
the -SO,CF; anion via single electron transfer (SET) to form the
TFMS radical (*SO,CF;) and byproduct superoxide O,~, which

© 2024 The Author(s). Published by the Royal Society of Chemistry
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might be the cause of some undesired oxidation products.
Subsequently, the °‘SO,CF; radical will undergo a well-
documented f-scission to generate trifluoromethyl radicals
(‘CF;3) which would preferentially add into the electron-rich
arene. The resulting dearomatized aryl radical would be
further oxidized by oxygen and then re-aromatized to form TFM
products. Consequently, for the TFM of native proteins, the
reagent would pre-organize in the protein hydrophobic pocket,
and then, arene residues in the pocket could give high TFM
modification ratios through a cation-w mediated chemical
process upon UV irradiation (Fig. 1E).

Functional hotspot profiling of native proteins

Inspired by the structure selectivity, we gained insights into the
TFM ratio changes after the removal of ligand heme from holo-
Mb. Compared to TFM holo-Mb, the charge distribution of
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TFM apo-Mb stays unchanged (Fig. 5A), indicating the removal of
heme won't lead to the loss of the compact structure.**** The Mb
hydrophobic pocket for heme binding locates between helix E
and helix F,* thus, the TFM ratios of W7 (Trp-A5), F43 (Phe-CD2),
F46 (Phe-CD5), H64 (His-E7), and H93 (His-F8) around this
pocket were significantly increased after heme removal (Fig. 5B
and C). The increased TFM ratios at F43, H64, and H93 can be
attributed to the reduction of steric hindrance from heme,
leading to the increase of the local concentration of NaTFMS in
the hydrophobic pocket (Fig. 5D). The differences of W7 and F46
indicate that the removal of heme would induce their confor-
mation to change to a more hydrophobic area. Interestingly, H64
and H93 are also involved in gaseous ligand binding such as O,,
CO, and NO to the holo-Mb vacant iron as reported by previous X-
ray crystallography and computational simulation studies.>>”
Compared to the reported method that modification differences
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Fig. 5 Ligand-binding hotspot profiling in Mb. (A) Native MS spectra of trifluoromethylated holo- and apo-Mb. (B) TFM ratio of modified residues
in holo- and apo-Mb (n = 3) with the topological helical position given along the x-axis. (C) Volcano plot of TFM ratio variations after removing
the heme ligand from holo-Mb. (D) Crystal structures of holo-Mb with highlighted W7, F43, F46, H64, and H93 residues in sticks (PDB: 1npf).
?Protein molecular weight was calculated by the m/z of the monotopic peak and corresponding charge state. The substrate and reagent were
mixed to a final concentration of 10 uM and 50 mM, respectively, in 0.1 M phosphate buffer (PB, pH 7.4).
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mainly rely on the SASA variations,*** these observations add
new insights into the conformational changes involving the
hydrophobic microenvironment around reactive residues, sug-
gesting our method can be applied as complementary for
probing functional residues in hydrophobic pockets.”

Aromatic residues have been identified as prominent sites at
the protein interfaces, with m—-m, anion-m, and cation- inter-
actions playing crucial roles in the ligand stabilization.*®
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Furthermore, the aromatic rings frequently serve as anchor
points within the hydrophobic cavities for ligand binding.
Consequently, it is imperative to profile the key aromatic sites
located within protein hydrophobic pockets. We further investi-
gated the modification ratios of HLDs and HSA residues to
confirm if this photochemical TFM strategy could be used to
probe the functional hotspots in hydrophobic cavities (Fig. 6A
and B). HLDs are hydrolytic enzymes that convert a variety of

F70
! Site 1
—_

o
[e)
]

HSA

o o
N o
I 1

o
N
1

Trifluoromethylation ratio

°
o
I

W109 'W140 | SASAs: 52.92
”””” ‘ | SrHp: -2.73
A o n W140 % Q152
1 \ \\ 1
Hydrophobic N /& 35A
pocket N
v
Drug binding Bio-molecule binding

Fatty acidé’/f:ﬂ

Fig. 6 Probing the hydrophobic hotspots in native proteins. Site trifluoromethylation ratios of HLDs (A) and HSA (B) (n = 3). (C) Crystal structure
of HLDs with microenvironments of TFM Trp residues shown in detail (PDB: 1mj5). (D) Crystal structure of HSA (PDB: 1bj5) and its binding sites for
drug (PDB: 7wkz) and fatty acid (PDB: 1e7i). The concentrations of proteins and reagent applied in trifluoromethylation reactions were HLDs 15
uM, HSA 10 uM, and NaTFMS 50 mM, respectively, in 0.1 M phosphate buffer (PB, pH 7.4).
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haloalkane compounds to alcohols with co-factor water.” The
catalysis of hydrophobic haloalkane molecules occurs within the
hydrophobic pocket of HLDs, with five key residues playing
pivotal roles in this process, including N38, D108, W109, E132,
and H272. Notably, the aromatic residue W109, in conjunction
with N38, functions as an essential stabilization site for the
halogen anion during the conversion of haloalkane to alcohol®
(Fig. S141). Apparently, among the identified TFM Trp residues,
W109 had the highest TFM ratio (Fig. 6A). Inspection into the
microenvironments of these Trp residues showed W109 is
spatially close to the hydrophobic pocket® (Fig. 6C, left) and has
the highest SrHp (Table S1}). Besides, both TFM (Fig. 6A) and
oxidation ratios (Fig. S9CT) of W207 were much lower despite it
being adjacent to W109 (Fig. 6C, middle), resulting from its lower
SrHp (Table S11) and the steric hindrance of being deeply buried
with lower SASAs (Fig. 6C, top right). Meanwhile, W140 with the
highest SASAs and lowest StHp (Table S1}) exhibited low TFM
reactivity as a consequence of its surface being exposed to solvent
(Fig. 6C, bottom right). Even with the highest SASAs, W140
exhibited a low oxidation ratio (Fig. S9Ct) possibly due to the
cation-T interaction with Q152 interfering with the Trp reactivity
(Fig. 6C, bottom right and S13Bt). Based on these findings, we
are convinced that the aromatic residues in the more hydro-
phobic pocket have higher TFM ratios than those deeply buried
inside protein or exposed at the protein hydrophilic surface.

HSA is the most abundant protein in human plasma and
serves as a crucial carrier for the transport of numerous small-
molecular compounds.®” Many hydrophobic regions are present
within the HSA structure (Fig. S151), functioning as binding
pockets for both endogenous hormones and lipids, as well as
exogenous drugs such as warfarin.®®** It is expected that the
arene residues locating adjacent to these binding pockets would
exhibit greater reactivity of trifluoromethylation. As a result,
four residues with high TFM ratios were profiled (Fig. 6B), of
which W214, F223, and F228 were located in the subdomain ITIA
and F70 was located in subdomain IA (Fig. 6D, left). Sub-
domains IA and IIA form a narrow hydrophobic cavity upon the
binding of fatty acid methylene tails, serving as the major
binding sites for fatty acids with different chain lengths®*
(Fig. 6D, right). Subdomain IIA contains the largest drug
binding pocket (site 1) for the combination of variant drugs, in
which W214, the only Trp residue in HSA, plays a key role in
ligand combination.®® A recent study has reported the stacking
interaction of W214 with an immunosuppressive drug, myco-
phenolic acid (MA)* (Fig. 6D, middle). As such, residue w214
was traditionally applied for the profile of interaction between
HSA and small molecules based on the tryptophane fluores-
cence response. The high efficiency of TFM at these crucial
binding sites clearly demonstrates the ability of our photo-
chemical TFM strategy in probing functional hotspots inside
protein hydrophobic pockets and can be applied for profiling
essential interactions between proteins and ligands.

Conclusion

In summary, hydrophobic pockets are crucial functional
domains of proteins for the recognition and binding of ligands,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substrates, and pharmaceutical molecules. We have demon-
strated a convenient reagent pre-organization and in situ
photochemical strategy for the direct structure-selective tri-
fluoromethylation of residues inside proteins' hydrophobic
pockets using a 365 nm UV lamp without adding catalysts and
additives. The mechanism behind the reaction reveals that
direct photochemical trifluoromethylation is triggered through
association of the substrate with the NaTFMS reagent through
cation-tv interaction under UV irradiation to activate oxygen
from triplet O, to singlet O, to produce trifluoromethyl radicals.
The site TFM ratio differences show high structure selectivity,
revealing that the NaTFMS reagent would pre-organize in
protein hydrophobic pockets and the aromatic residues in the
pockets would undergo in situ trifluoromethylation upon UV
photon irradiation. Consequently, residues in more hydro-
phobic regions with less steric hindrance would obtain higher
trifluoromethylation ratios. The structure selectivity of this
photochemical trifluoromethylation method exhibits great
potential for the protein structure-function characterization, as
well as the discovery of functional hotspots in essential protein
hydrophobic pockets for ligand interactions. Nevertheless, this
method is a slow reaction indeed compared to the previous fast
foot-printing techniques,***® thus thorough investigation and
validation of the perturbance on protein activity and structure is
needed.®”” Though experiments have been conducted on model
TFM proteins for the exploration of function and structure
changes, more types of proteins including membrane proteins
and protein complexes should be investigated in the future to
expand its applications in profiling the hydrophobic hotspots of
more complex bio-systems.

Methods

Photochemical trifluoromethylation of unprotected peptides

100 pL peptide aqueous solution (200 M) was mixed with 100
pL NaTFMS (300 mM) in water to a final concentration of
peptide (100 uM) and NaTFMS (150 mM) respectively. The
mixed solution was transferred to a quartz bottle and irradiated
under four 365 nm UV lamps (approximately 3 cm between the
bottle and the lamp) for 60 min in a water bath to keep the
reaction temperature below room temperature (Fig. S1At). After
modification, the products were desalted with homemade C18
SPE tips, lyophilized, and stored at —80 °C for further analysis.

Photochemical trifluoromethylation of native proteins

100 pL protein solution (20 M) was mixed with 100 pL NaTFMS
(100 mM) in 10x PB buffer (0.1 M phosphate, pH 7.4) (tri-
fluoromethylation of trypsin was carried out in 1 mM HCI) to
a final concentration of protein (10 uM) and NaTFMS (50 mM)
respectively. The mixed solution was transferred to a quartz
bottle and irradiated under four 365 nm UV lamps (approxi-
mately 3 cm between the bottle and the lamp) for 30 min in
a water bath to keep the reaction temperature below room
temperature. After reaction, part of the sample solution was
buffer exchanged from 10x PB to 50 mM CH;COONH, solution
using a Micro Bio-Spin column (trypsin was desalted using a 3K
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ultrafiltration tube with 1 mM HCI) and centrifugation at 16
000g for 5 min before further native MS characterization. The
other part was desalted with homemade SPE tips packed with
PS-DVB beads and lyophilized for further digestion.

Protein expression and digestion

A haloalkane dehalogenase (linB, PDB: 1MJ5) plasmid con-
structed with a His-tag at the C-terminus was obtained from the
Public Protein/Plasmid Library (Jiangsu, China); protein expres-
sion and purification were based on a reported method.®® The
trifluoromethylated protein samples were digested and analyzed
by LC-MS/MS to determine the modification sites. Briefly, the
lyophilized protein samples were re-dissolved into 100 mM
NH,HCO; (pH = 8.0) buffer containing 8 M urea, reduced and
alkylated with TCEP and IAA. Then, the protein samples were
diluted 4 times with 100 mM NH,HCO; (pH 8.0) buffer and
trypsin was added in a substrate/enzyme ratio of 50:1 (w/w),
followed by incubation at 37 °C overnight. For proteins without
disulfide bonds, lyophilized protein samples were directly re-
dissolved into NH,HCO; buffer followed by trypsin digestion.
For haloalkane dehalogenase, the lyophilized powder was
redissolved in 100 mM NH,HCO; (pH 8.0) buffer containing
2 mM CaCl, and chymotrypsin was added in a substrate/enzyme
ratio of 25: 1 (w/w), followed by incubation at 37 °C for 4 hours.
After digestion, the samples were purified with C18 SPE tips,
lyophilized, and stored at —80 °C for further LC-MS/MS analysis.

LC-MS/MS analysis

The lyophilized peptide samples were re-dissolved into 0.1% FA/
H,O0 to 0.01 pg pL~* for trifluoromethylated protein digests. An
Orbitrap Fusion Lumos Tribrid MS (Thermo Fisher, USA)
coupled to a Vanquish Flex HPLC system (Thermo Fisher, USA)
was applied for LC-MS/MS analysis of the peptide samples. In
brief, 10 pL sample was loaded onto a trap column (3 cm x 150
um i.d.) packed with C18 AQ beads (3 um, 120 A) at a flow rate of
5 uL min~" of 100% mobile phase A for 10 min, then the sample
was analyzed using a separation column (30 cm x 150 um i.d.)
packed with C18 AQ beads (2.4 pm, 120 A) at 500 nL min™~* with
a binary RP separation gradient from 5% to 30% mobile phase B
for 40 min. The MS acquisition was set to positive mode in
a data-dependent analysis (DDA) manner. A resolution of 60 000
was set for MS1 scans; the MS2 scans were operated at “top-
speed” mode (3 seconds) with a resolution of 15000. The
intensity threshold was 3 x 10”; the precursor ions with charge
state of 2 to 7 were isolated and subjected to the HCD cell with
normalized energy of 30%, and the dynamic exclusion time was
enabled with an exclusion duration of 60 s.

MS dataset analysis

The MS datasets were deconvoluted by using the Xtract algo-
rithm of FreeStyle with the default settings for native proteins
and charge range from 1 to 2 for octreotide.

The LC-MS/MS datasets of trifluoromethylated proteins were
searched against a lab-built protein database with Thermo
Proteome Discoverer (version 2.4.1.15). For trifluoromethylated
proteins, the variable modifications were set as mono-oxidation
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(+[O]) (+15.995 Da) to Met and Trp, di-oxidation (+2[O]) (+31.990
Da) to Trp, mono-trifluoromethylation (+{CF;]) (+67.987 Da) to
Trp, Tyr, Phe and His, di-trifluoromethylation (+2[CF;])
(+135.975 Da) to Trp and Tyr, mono-trifluoromethylation-mono-
oxidation (+{CF;] + [O]) (+83.982 Da) and mono-
trifluoromethylation-di-oxidation (+{CF;] + 2[O]) (+99.977 Da)
to Trp, and the default variable modification of acetylation to
the N-terminus (+42.011 Da) was also added. The static modi-
fication was carbamidomethyl (+57.021 Da) to Cys. The enzyme
was selected as chymotrypsin (FLMWY, full) for haloalkane
dehalogenase samples and trypsin (KR, full) for other protein
digests. The number of maximum missed cleavage site was 2 for
both trypsin and chymotrypsin. The validation was based on the
g-value of concatenated target/decoy selection with a strict FDR
of 0.01. Other parameters were set as default values.

The calculation of the relative intensity of tri-
fluoromethylation products by using MS and protein site
modification ratios by using MS/MS was based on the following
equations:

Relative intensity (%) =
>~ deconvoluted intensity of modified peaks
>~ deconvoluted intensity of all peaks

% 100% (1)

> intensity of PSMs(modified)
> intensity of PSMs(modified + unmodified)

Ratio =

(2)

Only residues with =10 PSMs (peptide spectrum matches) in
database matching were counted for the calculation of the site
modification ratio with eqn (2).

Data availability

All data supporting the conclusion of this study are available in
the main text and/or the supplementary materials. The LC-MS/
MS datasets and database search results have been deposited to
the ProteomeXchange Consortium via the PRIDE® partner
repository with the dataset identifier PXD045153.
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