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ABSTRACT: The past decade has seen a remarkable growth in
the number of bioconjugation techniques in chemistry, biology,
material science, and biomedical fields. A core design element in
bioconjugation technology is a chemical reaction that can form a
covalent bond between the protein of interest and the labeling
reagent. Achieving chemoselective protein bioconjugation in
aqueous media is challenging, especially for generally less reactive
amino acid residues, such as tryptophan. We present here the
development of tryptophan-selective bioconjugation methods through ultrafast Lewis acid-catalyzed reactions in hexafluor-
oisopropanol (HFIP). Structure−reactivity relationship studies have revealed a combination of thiophene and ethanol moieties to
give a suitable labeling reagent for this bioconjugation process, which enables modification of peptides and proteins in an extremely
rapid reaction unencumbered by noticeable side reactions. The capability of the labeling method also facilitated radiofluorination
application as well as antibody functionalization. Enhancement of an α-helix by HFIP leads to its compatibility with a certain protein,
and this report also demonstrates a further stabilization strategy achieved by the addition of an ionic liquid to the HFIP medium.
The nonaqueous bioconjugation approaches allow access to numerous chemical reactions that are unavailable in traditional aqueous
processes and will further advance the chemistry of proteins.

■ INTRODUCTION
Among many classes of chemical tools devised to date, protein
bioconjugation technologies or protein labeling methods have
proven exceptionally valuable in a wide variety of contexts.
Functionalized antibodies can be elaborated and used for
therapeutic,1 diagnostic,2 and analytical3 purposes through
installation of cytotoxins, radioisotopes, or detection handles,
respectively. Other notable applications of protein bioconju-
gation include design of covalent inhibitors,4 proteomics
techniques,3 and identification of new disease-related targets
and detection of cellular information such as post-translational
modification of proteins4 as well as the roles of intracellular
entities such as metal ions.5 The backbone of bioconjugation is
a chemical reaction that selectively installs functionality of
interest to a target biomolecule. As a protein substrate comes
into contact with various reactive nucleophilic functional
groups in the presence of chemically inert side chains, protein
bioconjugation presents many inherent challenges.6 The
demand for new chemical tools persists,7 and there is always
a need to improve the efficiency and kinetics of reactions,
enhance chemoselectivity by suppressing side reactions, and
avoid bioincompatible agents such as strong acids, oxidants,
ultraviolet light, and transition metals.
The past decade has witnessed a substantial advance in

useful bioconjugation technologies, although challenges of

selective and efficient labeling have not been completely
addressed to date for many of the 20 canonical amino acids,
including tryptophan. Many sophisticated approaches have
been developed through creation of intricate labeling reagents,8

harnessing (photo)redox chemistry,9 or control of pH,10 for
example. Such methods have facilitated targeting of various
components in proteins such as tyrosine,11 methionine,12 C-
terminus,13 N-terminus,14,15 and even post-translationally
modified functional residues16−18 as well as historically
common targets such as cysteine19 and lysine.20 On the
other hand, tryptophan-selective labeling has been a long-
standing issue in the development of bioconjugation,21−23 even
though the low natural abundance of Trp24 and its commonly
low availability on a protein surface offers a better chance for
more controlled, selective modification than other abundant,
polar amino acid residues. There has been continuous interest
in the utilization of indole rings in the organic and medicinal
chemistry fields for over a hundred years,25 and tryptophan-
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targeted labeling in proteins having been attempted even in the
early 20th century.26 A set of indole-selective chemical
reactions were examined as tryptophan-targeting methods for
proteins in organic solvents,27−31 although organic solvents are
generally incompatible with protein substrates (Figure 1A,B).
More recently, elegant tryptophan-selective chemical labeling
in an aqueous environment was achieved through a rhodium-
catalyzed diazo decomposition reaction,32 amine oxide-based
radical addition,33 iron-assisted radical trifluoromethylation,34

or photoinduced electron transfer-based carbamylation.35

However, none of the aqueous tryptophan labeling methods
have become a universal tryptophan labeling strategy to date
for various reasons such as unavoidable side reactions (e.g.,
undesired reactions at tyrosine and cysteine), insufficient
reactivity or sluggish kinetics, technical demands (e.g., degassed
reaction conditions), need of transition metals (e.g., rhodium
and iron), or redox reagents causing protein oxidation (e.g.,
sodium nitrite). Accordingly, there is still a need for
development of protein-compatible, efficient, and rapid
tryptophan-selective reactions.
The chemical attributes of hexafluoroisopropanol (HFIP)

for enhancement of chemical reactions and stabilization of
polypeptide structures could provide a new opportunity for the
development of bioconjugation. While, intuitively speaking,
aqueous media are the most benign solvents for biomolecules,
the extremely polar and protic nature of water as a solvent
severely limits the scope of applicable organic chemistry
reactions. Despite the undeniable challenges of bioconjugation
processes in aqueous media, efforts to discover alternative
reaction media that are conducive to both bioconjugation
reactions and stabilization of proteins have delivered little. Our
research program, termed as Bioconjugation In Nonaqueous-

Driven Reaction Solvent (BINDRS), has been pursuing novel
bioconjugation technologies in nonaqueous media such as
ionic liquids,36−42 and we hypothesized that HFIP would be a
suitable candidate as a biomolecule- and organic chemistry
reaction-compatible solvent for nonaqueous bioconjugation
strategies (Figure 1A). HFIP and other fluorinated alcohols
such as trifluoroethanol have been known to induce a certain
secondary structure in peptide (formation of a helicoidal
structure)43 due to their hydrogen-bonding capability,
increased acidity of their hydroxyl group, and a high dielectric
constant.44 In addition, there has been considerable growth in
synthetic chemistry using HFIP with its unique molecular
capabilities,45 which include stabilization of cationic spe-
cies.46,47

This report presents a bioconjugation strategy to selectively
target tryptophan residues of peptides and proteins through
Lewis acid-mediated ultrafast catalysis in HFIP (Figure 1B,
middle). We found that thiophene-ethanol reagents undergo a
formal dehydration process in HFIP with a Lewis acid, such as
an indium salt, and induce chemoselective alkylation of an
indole ring of a tryptophan residue. Structural examination of
this thiophene-based reagent provided a chemical probe
bearing a bioorthogonal handle without compromising
reactivity for catalytic labeling, which can be complete within
minutes. Successful modification of proteins, including a
monoclonal antibody, was accomplished, and the compatibility
of HFIP with proteins has been demonstrated with the aid of
an ionic liquid as a cosolvent.

■ RESULTS AND DISCUSSION
Alkylation of the indole in a tryptophan residue occurs with a
thiophene-ethanol reagent in hexafluoroisopropyl alcohol

Figure 1. Protein bioconjugation in hexafluoroisopropanol (HFIP). (A) Schematic illustration of potential compatibility of HFIP with stabilization
of proteins and chemical reactions. (B) Examples of previously reported Trp labeling in aqueous buffer (left, blue),34,35 the current work on the
Lewis acid-catalyzed reaction in HFIP (middle, red), and examples of previously reported Trp labeling in organic solvents (right, green).27−29

TBHP: tert-butyl hydroperoxide. DMSO: dimethyl sulfoxide. GSH: reduced glutathione; GS-: oxidized glutathione; OTf: triflate; and TFA:
trifluoroacetic acid.
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(HFIP) in the presence of a Lewis acid (Figure 2A). Published
precedents46,47 demonstrated the remarkably broad scope of
heteroaryl group-targeting reactions in HFIP through stabiliza-
tion of benzylic cationic intermediates, often with a main group
metal salt catalyst and an ammonium salt. Thus, we performed
an initial reaction screening process in HFIP and identified
thiophene-ethanol as a potential tryptophan labeling reagent.
The structure of the reaction product from a model substrate,
3-methylindole, was characterized by a set of analytical
methods including 1H NMR, 13C NMR, 1H−1H COSY,
1H−1H NOESY, and1H13C-HSQC nuclear magnetic reso-
nance (NMR), liquid chromatography−mass spectrometry
(LC-MS), and infrared (IR) spectroscopy (Figures 2B,C and

S1−S9), suggesting that the 2 position of the indole ring was
alkylated with the loss of H2O (i.e., dehydrative substitution of
alcohol48,49). For instance, the 1H NMR spectrum of the
reaction product exhibited a loss of the hydrogen at the C2
position, while all of the other indole CH and NH protons
remained present (Figure 2B). LC−MS analysis of the reaction
mixture obtained from an indole-containing molecule showed
the addition of the corresponding alkyl-thiophene moiety with
the loss of H2O in a Lewis acid-dependent manner (Figure
2C).
Further examination of the bioconjugation reaction showed

its high dependence on the thiophene-ethanol scaffold for
labeling as well as the nonaqueous reaction medium.

Figure 2. Characterization of the tryptophan alkylation reaction in hexafluoroisopropanol (HFIP). Typical conditions: tryptophan-containing
molecule (0.1 mM), indium triflate (0.5 mM), nBu4N PF6 (0.5 mM), and thiophene-ethanol 1 (3 mM) in HFIP at room temperature for 20 min.
(A) General scheme of the indole/tryptophan alkylation; OTf: triflate. (B) 1H NMR spectrum of the product of the reaction of 3-methylindole
with thiophene-ethanol. The number of protons based on the peak area integration is shown at the top of each peak. The full spectrum including
the two additional peaks for methyl groups at the upfield region is available in the Supporting Information together with its chemical structure. (C)
Liquid chromatography−mass spectrometry (LC-MS) analysis of a reaction between a tryptophan-containing substrate (somatostatin) and
thiophene-ethanol. Sequence of somatostatin (disulfide bond between the cysteine residues): H-AGCKNFFWKTFTSC-OH.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.3c13447
J. Am. Chem. Soc. 2024, 146, 6773−6783

6775

https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13447/suppl_file/ja3c13447_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13447?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13447?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13447?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13447/suppl_file/ja3c13447_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13447?fig=fig2&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13447?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Considering the breadth of the reactivity of the other
heteroaryl groups in HFIP such as furan derivatives for aza-
Piancatelli rearrangement,50,51 a series of reagents with aryl or
heteroaryl substituents has been examined (Figure S10),
showing that replacement of the thiophene ring by a furan
(3a), benzene (3b), pyridine (3c), pyrrole (3d), or thiazole
(3e) ring significantly decreases the labeling efficiency.
Furthermore, the ethanol moiety in the thiophene-ethanol
reagent proved to be essential for efficient labeling, as a
considerable decrease in conversion was observed with other
compounds with analogous groups such as methanol (4a),
propanol (4b), acetyl (4c), and ethyl (4d) groups (Figure
S11). The observed reactivity trends may reflect the high
electronic and steric sensitivity of the labeling reagents, as the
reaction presumably proceeds through multistep processes
where such electronic and steric influences may affect some
steps but not others (vide inf ra). Consistent with our initial
intention to develop a nonaqueous bioconjugation method, the
sensitivity of the bioconjugation toward water proves the
importance of the nonaqueous media (Figure S12).
Alkylammonium salts play important roles in many reactions
in HFIP,46 and even though there were no observable effects of
the salt on the tryptophan labeling of a certain peptide
substrate (Figure S13), future studies may be necessary to
properly understand the significance of the salt on various
aspects during the process such as reaction kinetics.
The thiophene-ethanol labeling in HFIP has superior

selectivity toward a tryptophan residue over that of other
amino acids. To assess the chemoselectivity for tryptophan in
our labeling method, the thiophene-ethanol labeling of a
tryptophan-containing model substrate (somatostatin) was
performed in the presence of an excess amount of an amino
acid as an inhibitor, which would indicate the chemoselectivity
of a particular amino acid by a decrease of the modification of
the model substrate (Figure S14). Indeed, the inhibition
experiment showed an obvious decrease in the modification
caused by the addition of a tryptophan-based inhibitor. On the
other hand, other nucleophilic amino acids including cysteine
and tyrosine did not display such an extent of decrease of the
modification. A simpler system with a 3-methylindole substrate
as a tryptophan model and a p-cresol inhibitor as a tyrosine
model also showed similar results (Figure S15). Modification
of peptide substrates with various amino acid types also
achieved high tryptophan chemoselectivity as well (Table 1
and Figure S16). The site of the tryptophan modification was
confirmed by tandem mass spectrometry (MS/MS) analysis
(Figures S17−S21). The lack of significant reactivity of
nucleophiles with heteroatoms bearing lone pairs, such as
SH and NH, may be due to the reversible nature of the
addition reaction of the heteroatom to a putative cationic
species, as even the activation of the thiophene-ethanol reagent
occurs through the cleavage of the carbon−heteroatom (C−
OH) bond. Suppression of the tyrosine reactivity may be a
result of the exceptional hydrogen-bonding donor capability of
HFIP. While the indole can behave only as a hydrogen bond
donor, the hydroxyl group of tyrosine could behave as either a
hydrogen bond donor or an acceptor, and HFIP may cause
significant stabilization of the phenol group of tyrosine.
Possibly, indoles may be simply more nucleophilic than
phenols in certain conditions, as a recent DFT study indicates
higher nucleophilicity of a pyrrole than that of a phenol.52

A structure−reactivity relationship study revealed that the
modification efficiency of tryptophan labeling can be

profoundly influenced by substitution patterns of thiophene-
ethanol derivatives. The successful labeling results of the model
substrates led us to the fabrication of a thiophene-ethanol
reagent with a useful functionality such as a biorthogonal
handle. In order to understand which position of the parent
thiophene-ethanol can be suitable for the installation of
additional groups, the modification efficiencies of four types
of methyl-substituted thiophene-ethanol derivatives were
compared, and this screening showed a decrease in the
reaction conversion by the introduction of a methyl group at
any position other than the 5 position (Figures 3A and S22).
Based on this observation, six other thiophene derivatives with
various electron-donating and -withdrawing groups at position
5 were synthesized and tested for tryptophan labeling to find
the optimal molecular structure (Figures 3B and S23). Both
strong electron-donating and -withdrawing groups (i.e.,
methoxy, carbamyl, sulfonyl, and nitrile) were incapable of
effective tryptophan modification, and only groups inducing
subtle electronic perturbation such as alkyl and thioether
groups proved to be useful as labeling reagents. The high
sensitivity toward the alteration of the electronic status may be
consistent with the varied reactivities of a series of heteroaryl-
ethanol molecules as well as different substitution on the
parent thiophene molecule, shown in Figures S10 and S11.
Finding the optimal linkage position and structure, two types
of thiophene-ethanol reagents with a bioorthogonal (alkyne)
handle on the 5 position with an alkyl and thioether linker have
been designed and synthesized (Figure 3C,D).
The optimized thiophene-ethanol compounds with sub-

stitutions on the 5 positions are capable of ultrafast labeling of
tryptophan with a Lewis acid-based catalyst, and this capability
enabled radiofluorination. The reaction kinetics of two alkyne-
tagged thiophene-ethanol was compared with the parent
reagent (R = H at the 5 position) for the tryptophan
bioconjugation process in the standard conditions used above
(500 mol % indium salt), and the resulting LC-MS analysis
showed completion of all of the reactions within 10 s (Figures
3E, S24 and S25). To our surprise, the extraordinary reaction
efficiency and speed were observed even with a catalytic
amount of the indium salt (10 mol %) for the alkyl-substituted
and parent thiophene derivatives (Figure S26). The structure
of the reaction product and the need for the catalytic amount

Table 1. Scope of the Labeling of Peptide Substratesa

name sequence conversion (%)

somatostatin H-AGCKNFFWKTFTSC-OH 94
α-MSH Ac-SYSMEHFRWGKPV-NH2 93
IDR-1018 H-VRLIVAVRIWRR-NH2 98
LHRH Glp-HWSYGLRPG-NH2 97
C3a (63−77) H-WWGKKYRASKLGLAR-OH 82
substance P H-RPKPQQFFGLM-NH2 0
OGP H-ALKRQGRTLYGFGG-OH 0

aTypical modification conditions: peptide (0.1 mM), indium triflate
(0.5 mM), NBu4 PF6 (0.5 mM), and thiophene-ethanol 1 (3 mM) in
HFIP at rt for 20 min. The conversions were calculated by dividing
the product peak area by the sum of the product peak area and
starting material peak area of ultraviolet (UV) chromatograms (liquid
chromatography). Somatostatin: cyclic somatostatin-14 with a
disulfide bond between the two cysteine residues; α-MSH: an α-
melanocyte stimulating hormone; IDR-1018: innate defense regulator
1018; LHRH: luteinizing hormone releasing hormone; C3a (63−67):
(Trp63,Trp64)-C3a (63−77), superagonist analog of complement 3a;
and OGP: osteogenic growth peptide.
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of Lewis acid suggest that the reaction is proceeding through a
Friedel−Crafts alkylation-type mechanism. Unlike the acyla-
tion variants,53 the alkylation reaction is known to need only a
catalytic amount of a Lewis acid such as AlCl3, and there
indeed have been reports of HFIP-facilitated Friedel−Crafts
alkylation reactions.54−56 We tested the stability of the linkage
between the tryptophan and labeling reagent overnight at 37
°C in different pH conditions, and no noticeable decom-
position of the modified tryptophan-containing molecules was
observed (Figure S27), also supporting the formation of the
stable C−C bond by the alkylation reaction. Taking advantage
of the exceptional kinetics, radiolabeling of a model tryptophan
substrate was examined using a thiophene reagent with fluorine
atoms on its 5 position (Figure 3F). The fluorinated
thiophene-ethanol reagent with nonradioactive isotope (19F)
was first prepared through 3-step synthesis and was found to
be effective for the tryptophan labeling (Figure S28). The
translation of the result to the radiofluorination experiment

with 18F was successful through a series of rapid chemical
transformations (Supporting Information), showing the utility
of the ultrafast tryptophan bioconjugation method for time-
sensitive labeling experiments. It is noteworthy that previously
reported radiofluorination methods could display reactivity
toward other aromatic amino acid residues such as
tyrosine,34,57 and the high selectivity toward tryptophan of
this method would be of great value.
The tryptophan-selective bioconjugation can cause the rapid

and efficient labeling of natural proteins. Streptavidin contains
six tryptophan residues in its monomeric unit, and the model
protein was successfully labeled almost quantitatively within 5
min, giving the expected mass shifts in a Lewis acid-dependent
fashion, based on mass spectrometric analysis (Figure 4A left).
Importantly, all of the substrates lacking tryptophan residues
(insulin, ubiquitin, and RNase) showed no observable sign of
labeling even in the presence of the active reagent and Lewis
acid (Figure 4A right). As all the 19 other canonical amino

Figure 3. Structural optimization and bioorthogonal handle installation on the thiophene-ethanol scaffold. Typical modification conditions:
tryptophan-containing molecule (0.1 mM), indium triflate (0.5 mM), nBu4N PF6 (0.5 mM), and thiophene-ethanol derivatives (3 mM) in HFIP at
rt for 20 min or a given time. Error bars represent the standard deviation (n = 3). (A) Liquid chromatography (LC)-based analysis of modification
of tryptophan with thiophene-ethanol bearing a methyl group on possible substitution positions (*, 3, 4, and 5) compared to (nonmethylated, R =
H) parent thiophene-ethanol. (B) LC-based analysis of modification of tryptophan with thiophene-ethanol bearing a functional group at C5. (C)
Synthetic scheme for alkyl-substituted thiophene-ethanol with an alkyne handle. The methyl ester intermediate was synthesized according to a
published report.58 (D) Synthetic scheme for thioether-substituted thiophene-ethanol with an alkyne handle. Ar: p-nitrophenyl. DMAP: 4-
dimethylaminopyridine. (E) LC-based kinetic analysis of modification of tryptophan with three different thiophene-ethanol derivatives at two
different concentrations of indium triflate. (F) Radiofluorination of a model tryptophan substrate using a fluorinated thiophene reagent.
Radiolabeling details are described in the Supporting Information.
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acids (e.g., tyrosine, histidine, cysteine, lysine, methionine, and
arginine) are present in one or some of the three peptides/
proteins that showed no detectable product formation, those
results further confirmed the remarkable chemoselectivity of
the bioconjugation process for tryptophan over other amino
acids. Six other model proteins with a varied number of
tryptophan residues including an antimicrobial enzyme
(lysozyme), a metalloprotein (myoglobin), a globulin with an
exposed, reduced cysteine residue (lactoglobulin), a trypsin

inhibitor, and protease precursors (trypsinogen and chymo-
trypsinogen) were also subjected to thiophene-ethanol labeling
conditions, which showed the corresponding mass shift with
the expected number of modified sites (Figures 4B and S29).
While 16 Da mass adducts, probably due to oxidation
processes, are observed for some of those protein labeling
examples in the mass spectra, such adducts were not observed
for the proteins without tryptophan residues (Figure 4A right),
implying that the potential oxidation processes may not have

Figure 4. Tryptophan-targeting modification of proteins with thiophene-ethanol derivatives in hexafluoroisopropanol (HFIP). Typical modification
conditions: protein (0.025 mM), indium triflate (0.5 mM), nBu4N PF6 (0.5 mM), and thiophene-ethanol derivatives (3 mM) in HFIP at room
temperature for 5 min; MES: (N-morpholino)ethanesulfonic acid. The raw mass spectra were deconvoluted to show a single charge state. (A)
Electrospray ionization mass spectrometry (ESI-MS) analysis of the modification of streptavidin with thiophene-ethanol in the presence and
absence of indium triflate. (B) ESI-MS analysis of the modification of various proteins with thiophene-ethanol in the presence of indium triflate.
(C) Chemical blot analysis (detection of an alkyne handle in proteins on a blot membrane)59 of the modification of Herceptin (trastuzumab) with
three different thiophene-ethanol derivatives 1 (H), 7 (C-�), and 8 (S-�). Fragmentation of Herceptin was caused by the treatment of the sample
with tris(2-carboxyethyl)phosphine (TCEP) after the labeling of HFIP.
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occurred at amino acid residues other than tryptophan. The
tryptophan selectivity of the modification process was also
confirmed by analysis through nanoLC-MS/MS after trypsin
digestion of modified proteins (Figures S30−S35). Modifica-
tion of a monoclonal antibody, Herceptin (trastuzumab), was
also confirmed through an azide−alkyne cycloaddition reaction
by installing a fluorophore on a blot membrane (Figure 4C),59

displaying alkyne-dependent fluorescence signals originating
from the alkyne-tagged thiophene reagents 7 and 8.
Furthermore, reductant-induced fragmentation of the antibody
by tris(2-carboxyethyl)phosphine (TCEP) prior to the gel/
blot analysis showed a higher degree of fluorescence/labeling
on the heavy chain (9 Trp residues) over the light chain (2 Trp
residues), which is also corroborative evidence of the
tryptophan-dependent labeling process even in this large
protein substrate.

Compatibility of the structure and activity of a protein after
the temporary HFIP treatment may depend heavily on the type
of protein and can be enhanced by the introduction of an ionic
liquid to an HFIP solution. While the enhancement of α-
helices of the peptide structure in HFIP is suggested by
precedents,60−62 there have been reports describing aggrega-
tion or denaturation of certain peptides/proteins by HFIP.63,64

At the same time, however, successful use of some proteins or
biological materials after the HFIP treatment has also been
proved to be feasible,65,66 and there have been only a few
efforts to understand protein activity and the structure in
aqueous buffer after treatment with HFIP. To this end, we first
conducted a structural investigation of a model protein,
lysozyme, which has both α-helix and β-sheet structures, using
circular dichroism (CD) in an aqueous buffer after treatment
in different media (Figure 5A). HFIP-treated lysozyme indeed

Figure 5. Effects of hexafluoroisopropanol (HFIP) or a mixture of HFIP and an ionic liquid on the structure and activity of proteins. (A) Circular
dichroism (CD) analysis of lysozyme in phosphate-buffered saline (PBS) solution after treatment in HFIP, (N-morpholino)ethanesulfonic acid
(MES) buffer, dimethyl sulfoxide (DMSO), or dimethylformamide (DMF). The MES (black) and HFIP (red) curves have significant overlaps with
each other. (B) Anti-HER2 Western blot analysis of SK-BR-3 (HER2-overexpressing cell line) or HEK293T (human embryo kidney cell line) cells
using Herceptin treated in different media: MES buffer (lane (i)), HFIP (lane (ii)), 20:80 mixture of ionic liquid/HFIP (lane (iii)), 30:70 mixture
of ionic liquid/HFIP (lane (iv)), and 40:60 mixture of ionic liquid/HFIP (lane (v)). After the treatment of Herceptin in different solvents, the
Herceptin was used for anti-HER2 Western blot in a typical aqueous solution (tris-buffered saline Tween 20 containing 5% bovine serum albumin).
Ionic liquid: 1-ethyl-3-methylimidazolium tetrafluoroborate or EMIM BF4 (structure is shown on the right top). Multiple bands by anti-HER2
Western blot of SK-BR-3 cell lines with an intact antibody was also observed in a previous report.69 (C) Confocal microscopy analysis of SK-BR-3
cells stained using Herceptin treated in different media: MES buffer and a mixture of ionic liquid/HFIP. Cells were visualized by antihuman
secondary antibody−Cy5 conjugate (red) and nuclear stain (DAPI, blue). DIC: differential interference contrast. Scale bars: 20 μm.
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exhibited signature curves of a typical lysozyme in aqueous
buffer, but common aprotic organic solvents such as dimethyl
sulfoxide (DMSO) and dimethylformamide (DMF) crucially
impaired its structure.67 This observation suggests that short-
term treatment of a certain protein in HFIP may not be
detrimental to its structure. The activity of Herceptin, a larger
and more intricate protein target with mostly β-sheet
structures, was tested after short-term treatment (1 h) with
HFIP. The binding specificity and strength of Herceptin
against its antigen target, a HER2 receptor, was tested using
SK-BR-3 cells known to possess the overexpressed receptor.68

Anti-HER2 Western blot analysis in aqueous buffer treated
with Herceptin in pure HFIP showed a myriad of protein
bands even from a negative control cell lysate without the
overexpressed HER2 receptor (HEK293T cell line), presum-
ably reflecting nonspecific binding without any HER2
specificity (Figure 5B, lane (ii)). We discovered that the
addition of an ionic liquid, 1-ethyl-3-methylimidazolium
tetrafluoroborate (Figure 5B), to the HFIP solution prior to
the Western blotting improved the antibody specificity
dramatically (Figure 5B, lanes (iii−v)). Similar trends have
also been observed in immunofluorescence experiments of SK-
BR-3 cells treated with Herceptin in different media (Figure
5C), in which the fluorescence intensity through the binding of
Herceptin treated in HFIP with an increased concentration of
an ionic liquid was virtually identical to that of Herceptin
treated in an aqueous buffer. It is curious that no detectable
fluorescence signals of the antibody binding were observed
from Herceptin treated in HFIP without the ionic liquid
although significant nonspecific binding was observed in the
Western blot experiments. This discrepancy between the
immunofluorescence and blot experiments may imply that the
nonspecific binding may be caused by intracellular targets
inaccessible in this immunofluorescence setup. Overall, the
data suggest the reasonable possibility of conserving structures
and activities of other proteins after temporary treatment in
HFIP or a HFIP mixture and suggest that the HFIP
bioconjugation could be potentially applicable as a protein
labeling method in a broader sense.
Screening of reaction solvents and Lewis acid types was

performed to obtain more insight into the reaction mechanism
of the Lewis acid-catalyzed bioconjugation in HFIP. First, the
importance of the solvent was investigated by testing
modification of a tryptophan-containing substrate in a wide
variety of alcohol solvents (Figure S36). No meaningful
product formation was observed in any nonfluorinated alcohol,
including glycerol, a biomolecule-compatible alcohol solvent.
The highest reactivity of HFIP compared to other fluorinated
solvents was confirmed, indicating that the increased acidity of
the hydroxyl group may play a pivotal role in the labeling
process, possibly related to the unique behavior of the solvent
molecule such as its strong hydrogen-bonding capability and
cation stabilization. To obtain experimental insights of the
catalyst into the reaction mechanism, a series of metal triflate
salts were also screened for tryptophan labeling (Figure S37).
Many types of metal-based Lewis acids with the exception of
alkaline earth metals Ca2+ and Mg2+ were found to be able to
facilitate the reaction, though alkaline earth cations are also
known to be catalysts of many HFIP chemical trans-
formations.46 Plausibly, a certain strength of Lewis acidity is
necessary for the current reaction system,70,71 as such a
tendency is often true in other Lewis acid-mediated reactions
such as Friedel−Crafts reactions. Triflic acid was able to

induce the labeling process as well (Figure S38). Other indium
salts such as InBr3 and In(NO3)3 also showed a peak
corresponding to the expected product (Figure S39), and
therefore, the reactions are probably not dependent on triflate
ions. Preliminary computational studies using density func-
tional theory (DFT) calculations implied the potential
importance of HFIP and Lewis acid (Figure S40−42), though
more detailed calculations would be necessary to fully
understand the roles of each component in the future.

■ CONCLUSIONS
This study has demonstrated that hexafluoroisopropanol
(HFIP) can serve as an alternative bioconjugation medium
for the selective, efficient labeling of tryptophan residues. The
use of a biomolecule-compatible nonaqueous medium has
been found to address the longstanding challenges of previous
tryptophan labeling, such as poor chemoselectivity, use of
harsh organic solvents/oxidants, and sluggish reaction kinetics.
The present method is operationally simple and does not need
degassing or large, intricate labeling reagents/mediators, which
require substantial synthetic efforts. Synthesis of the thiophene
derivatives described here required a combination of
straightforward reactions such as acylation and reduction
with a borohydride reagent and used commercially available,
inexpensive starting materials. The viability of several types of
metal Lewis acid catalysts for this bioconjugation also provides
experiment-specific advantages to avoid a certain metal source
including a scandium salt which could cause peptide backbone
cleavage72 and lanthanide ions with their affinity to a class of
proteins.73 The attributes of the HFIP protein labeling method
may be crucially important for future applications to create
useful bioconjugates such as antibody−drug conjugates and
radioisotope-labeled agents, which necessitate a rapid labeling
method. HFIP is increasingly studied for synthetic organic
chemistry, and a wealth of HFIP-based reactions could be of
importance to developing different types of bioconjugation
processes targeting other amino acid residues. Moreover, even
a century after the original discovery, Friedel−Crafts reactions
still have been attracting considerable interest in synthetic
chemistry fields producing effective asymmetric and catalytic
variants,74 and this report would potentially be conducive to
that end, as while the stereochemistry of the benzylic position
of the thiophene moiety in the reaction product may not have
significant influence for protein bioconjugation purposes, an
exact stereochemistry of the position would be critical for small
molecule substrates. Beyond the labeling purposes, this report
also presented a first example of ionic-liquid-mediated
conservation of the protein activity in HFIP, which offers
new capabilities in the field of protein science. Such a
stabilization strategy of proteins in a mixture of nonaqueous
media could expand the repertoire of bioconjugation tools in
the future.
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(31) Yang, P.; Širvinskas, M. J.; Li, B.; Heller, N. W.; Rong, H.; He,
G.; Yudin, A. K.; Chen, G. Teraryl Braces in Macrocycles: Synthesis
and Conformational Landscape Remodeling of Peptides. J. Am. Chem.
Soc. 2023, 145, 13968−13978.
(32) Antos, J. M.; McFarland, J. M.; Iavarone, A. T.; Francis, M. B.
Chemoselective Tryptophan Labeling with Rhodium Carbenoids at
Mild pH. J. Am. Chem. Soc. 2009, 131, 6301−6308.
(33) Seki, Y.; Ishiyama, T.; Sasaki, D.; Abe, J.; Sohma, Y.; Oisaki, K.;
Kanai, M. Transition Metal-Free Tryptophan-Selective Bioconjuga-
tion of Proteins. J. Am. Chem. Soc. 2016, 138, 10798−10801.
(34) Kee, C. W.; Tack, O.; Guibbal, F.; Wilson, T. C.; Isenegger, P.
G.; Imiołek, M.; Verhoog, S.; Tilby, M.; Boscutti, G.; Ashworth, S.;
Chupin, J.; Kashani, R.; Poh, A. W. J.; Sosabowski, J. K.; Macholl, S.;
Plisson, C.; Cornelissen, B.; Willis, M. C.; Passchier, J.; Davis, B. G.;
Gouverneur, V. 18F-Trifluoromethanesulfinate Enables Direct C−H
18F-Trifluoromethylation of Native Aromatic Residues in Peptides. J.
Am. Chem. Soc. 2020, 142, 1180−1185.
(35) Hoopes, C. R.; Garcia, F. J.; Sarkar, A. M.; Kuehl, N. J.; Barkan,
D. T.; Collins, N. L.; Meister, G. E.; Bramhall, T. R.; Hsu, C.-H.;
Jones, M. D.; Schirle, M.; Taylor, M. T. Donor−Acceptor Pyridinium
Salts for Photo-Induced Electron-Transfer-Driven Modification of
Tryptophan in Peptides, Proteins, and Proteomes Using Visible Light.
J. Am. Chem. Soc. 2022, 144, 6227−6236.
(36) El-Shaffey, H. M.; Gross, E. J.; Hall, Y. D.; Ohata, J. An Ionic
Liquid Medium Enables Development of a Phosphine-Mediated
Amine−Azide Bioconjugation Method. J. Am. Chem. Soc. 2021, 143,
12974−12979.
(37) El-Shaffey, H. M.; Gross, E. J.; Hall, Y. D.; Ohata, J. Correction
to “An Ionic Liquid Medium Enables Development of a Phosphine-
Mediated Amine−Azide Bioconjugation Method. J. Am. Chem. Soc.
2022, 144, 9178−9180.
(38) Ishizawa, S.; Tumurkhuu, M.; Gross, E. J.; Ohata, J. Site-
Specific DNA Functionalization through the Tetrazene-Forming
Reaction in Ionic Liquids. Chem. Sci. 2022, 13, 1780−1788.
(39) Ishizawa, S.; Tumurkhuu, M.; Gross, E. J.; Ohata, J. Correction:
Site-Specific DNA Functionalization through the Tetrazene-Forming
Reaction in Ionic Liquids. Chem. Sci. 2022, 13, 6749−6751.
(40) Hall, Y. D.; Uzoewulu, C. P.; Nizam, Z. M.; Ishizawa, S.; El-
Shaffey, H. M.; Ohata, J. Phosphine-Mediated Three-Component
Bioconjugation of Amino- and Azidosaccharides in Ionic Liquids.
Chem. Commun. 2022, 58, 10568−10571.
(41) Uzoewulu, C. P.; Ohata, J. Translation of a Phosphine- and
Azide-Based Reaction to Chemical Modification of Biomolecules in
Ionic Liquid. Synlett 2022, 33, 1879−1883.
(42) Nizam, Z. M.; Stowe, A. M.; Mckinney, J. K.; Ohata, J. Iron-
Sensitive Protein Conjugates Formed with a Wittig Reaction
Precursor in Ionic Liquid. Chem. Commun. 2023, 59, 12160−12163.
(43) Berkessel, A.; Adrio, J. A.; Hüttenhain, D.; Neudörfl, J. M.
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