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Proline cis/trans isomerism plays an important role in protein folding and mediating protein—protein
interactions in short linear interacting motifs within intrinsically disordered protein regions. The slow
exchange rate between cis and trans prolyl bonds provides distinct signals in °F NMR analysis of fluori-
nated peptides, allowing for simple quantification of each population. However, fluorine is not naturally
found in proteins but can be introduced using chemical tags. In this study, we evaluate a range of fluori-
nated cysteine-reactive °F NMR tags to assess their ability to react with short, linear proline-containing
peptides and accurately report on the equilibrium cis/trans-Pro populations. Several fluorinated
electrophilic tags, including nitrobenzenes, sulfonylpyrimidines, and acrylamides, were found to react
chemoselectively and reliably report on the %cis-Pro in the model peptide Ac-LPAAC. Other °F NMR
tags were found to be poor reporters of local proline conformation. Although pentafluoropyridine was
non-chemoselective, it still reliably reported on %cis-Pro when conjugated via cysteine or tyrosine in
Ac-LPAAX (X = Cys, Tyr, Lys) peptides. 3,4-Difluoronitrobenzene was found to be compatible with
protein tagging, albeit it had modest reactivity and afforded a pair of regioisimeric tagging-products
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when reacted with a cysteine mutant of a-synuclein. These tools may be valuable for probing cis/trans-
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Introduction

'9F NMR is a valuable tool for the study of biological processes
including protein folding, interactions and aggregation." '°F
NMR exhibits a wide chemical shift window (~ 300 ppm) and is
highly sensitive to its local chemical environment. '°F is a spin
nucleus with similar sensitivity to "H. It has 100% natural
abundance and is almost entirely absent from nature in the
organic form, including being absent in proteins. Therefore,
9F NMR studies of biological samples should exhibit no back-
ground signals - a limitation of '"H NMR - allowing relatively
straightforward analysis in native-like conditions.*”
Fluorinated unnatural amino acids can be readily incorpo-
rated into peptides and proteins for '’F NMR studies using
solid-phase peptide synthesis or recombinant protein expres-
sion by genetic code expansion. However, the introduction of
fluorine-tags by site-specific or chemoselective bioconjugation
(fluorine-tagging) broadens the range of fluorine labels avail-
able, covers a wider range of chemical shifts, allows tuning of
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sensitivity and installation of multiple different reporters
simultaneously. Fluorine-tagging can also, unlike recombinant
expression or protein total synthesis methods, incorporate °F
NMR reporters into native proteins.

Cysteine is commonly targeted for protein fluorine-tagging,
using warheads such as haloacetones, N-aryl-2-haloacetamides,>®
acrylamides,” maleimides,® benzylbromides™® and 2,2,2-
trifluoroethanethiol.'* For instance, the aliphatic CF; tag 3-
bromo-1,1,1-trifluoroacetone (BTFA) was used to '°F label the
Leucine transporter (LeuT) at a mutant cysteine residue, revealing
four separate °F NMR resonances due to specific conformational
states."”” The aromatic CF; tag 6-(trifluoromethyl)-2-pyridone (1)
labelled cysteine in human serum albumin, enhancing '°F NMR
chemical shift dispersion compared with BTFA due to the
presence of solvent-dependent tautomers.’® Few fluorine tags
directly arylate proteins for 'F NMR studies and this requires
further evaluation. One such example is the aromatic bis-CF; tag
bis(2,6-trifluoromethyl)pyridine (2), affording high '°F NMR
signal-to-noise ratio and selective cysteine labelling of streptoco-
ccal protein G (GB1) to study conformational changes induced by
dimerization and increasing [Ca®']."* However, it is important to
consider that introducing fluorine atoms or fluorine reporters via
bioconjugation, can lead to perturbation of the native behaviour of
a host protein.">° Therefore, it is reasonable to be cautious of the
possible effects of side chain tagging on both local and global

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0000-0002-3375-3901
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cb00118h&domain=pdf&date_stamp=2025-09-15
https://rsc.li/rsc-chembio
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cb00118h
https://pubs.rsc.org/en/journals/journal/CB
https://pubs.rsc.org/en/journals/journal/CB?issueid=CB006011

Open Access Article. Published on 04 September 2025. Downloaded on 5/1/2026 12:56:19 AM.

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

(cc)

Paper

conformational preferences. Therefore, tags should ideally be
small in size and avoid introducing significant changes in polarity
or charge.
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Proteins are dynamic species that normally require the
adoption of correctly folded states to perform their intended
roles in biology. However, despite the long-established struc-
ture-function paradigm of proteins, up to 20% of eukaryotic
proteins are intrinsically disordered (IDPs) or contain intrinsi-
cally disordered regions (IDRs),”" allowing them to adopt a
variety of transient conformations to engage with different
binding partners, expanding their range of roles.>>>* Indeed,
the majority of proteins exhibit distinct dynamic conforma-
tional changes involved in their normal functions. Prolyl bonds
are a key facilitator of conformational change and the slow
exchange between cis-Pro and trans-Pro isomers by rotation at
the tertiary amide bond is often the rate-limiting step in protein
folding.”® Proline is also often enriched in the sequences of
short linear interacting motifs (SLiMs) found in IDRs and plays
a role in their flexibility and broad range of binding
partners.>®*” In some cases, one specific conformer has a
significantly higher propensity to form an interaction than
the other e.g. in the interaction between the prolactin receptor
and 14-3-3 proteins a cis-Pro had affinity three orders of
magnitude greater than trans-Pro.®

Importantly, the cis/trans-Pro populations in SLiMs are not
dictated by protein tertiary structures and are mostly defined by
their local sequence.”®*° We have previously shown that simple
‘conformational balance’ peptides, which include a mid-
sequence proline and distal fluorinated amino acids (e.g., 4-
fluorophenylalanine) introduced via SPPS, can effectively report
on the influence of proximal amino acids on the populations of
cis-Pro and trans-Pro.*>' This was achieved through the integra-
tion of discrete "’F NMR signals owing to the slow rate of
exchange between cis-Pro and t¢rans-Pro conformations under
ambient conditions (Fig. 1A). For translation to whole protein
systems, new '°F NMR tags that report on proline cis-trans
isomerisation are needed. In this work, we evaluate small,
fluorinated ‘tags’ for their reactivity with a model thiol nucleo-
phile (N-acetylcysteine) under biomimetic conditions and then
apply selected examples to a proline-containing model peptide
with a conjugatable cysteine, to reveal how these tags report on
the cis/trans-Pro populations (Fig. 1B). The fluorine tags identi-
fied could in future be applied broadly to the fluorine-tagging
of dynamic whole proteins, including SLiMs to study their
folding and interactions.
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Fig. 1 (A) Fluorinated amino acids can report on cis/trans-Pro popula-
tions in simple conformational balance model peptides by 1%F NMR. (B) By
adapting this model to include a conjugatable cysteine, new fluorine-tags
can be evaluated as *°F NMR reporters of conformation.

Results and discussion
Reactivity screening of putative fluorinated protein tags

Initially, a small number of putative cysteine-reactive fluori-
nated reagents were identified as potential protein tags. This
comprised a variety of different chemotypes and reactivities,
including halo-aromatics (3-21; SyAr), thiols (22; disulfide
formation), benzyl bromides and o-halo ketones (23-25; Sy2)
acrylates and maleimides (26, 27; conjugate-addition) (Fig. 2).
These were mostly commercially available reagents with low
molecular weight (<300 Da) and ¢ LogP values (< 3.0) to hope-
fully minimise their impact upon the tagged protein or peptide
and to retain water-solubility. Many of the reagents contained
aryl-CF; groups that afford greater signal-to-noise ratio than a
single F and are reported to provide greater chemical shift
dispersion compared to alkyl-CF; and reduced chemical shift
anisotropy compared to aryl-F.° Additionally, three fluorinated
acrylamide-based tags (conjugate-acceptors) 28-30 were synthe-
sised by reaction of a fluorinated amine with equimolar acrylic
anhydride at room temperature for 0.5 h in acetonitrile without
base (28, 29) or by slow addition of NaHCO; for synthesis of 30
(Scheme 1).

To compare the reactivity of the fluorinated electrophilic
reagents, compounds 3-30 (2 eq.) were treated with N-
acetylcysteine (NAC) (1 eq.) in a solution of water-acetonitrile
with DIPEA as a base at 23 °C (Scheme 2), and after 4 h, crude
reactions were diluted 10-fold into water before analysis by
analytical HPLC. The initial screening ruled out several of the
fluorinated small molecules for further evaluation due to poor/no
reactivity (summarised in Fig. 2), including difluorobenzamides 3
and 4, difluorobenzenesulfonamides 5 and 6, difluoro- and
trifluoropyridines 7, 8, and 9, and halobenzotrifluorides 13-15.
The halo(trifluoromethyl)pyridines 10-12 were also, somewhat
surprisingly, unreactive despite their electron-deficient nature.

The remaining compounds 16-30 showed varying reactivity
towards NAC and the desired conjugate could be identified by
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Fig. 2 Reactivity of fluorinated compounds with N-acetyl cysteine (NAC).
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Scheme 1 Synthesis of acrylamides from amines and acrylic anhydride.
Reagents and conditions for compounds 28 and 29: amine (1 eq.), acrylic
anhydride (1 eq.), 23 °C, 0.5 h. Compound 30: amine-HCl (1 eq.), acrylic
anhydride (1 eq.), water, increase pH from 2.0-7.0 with NaHCOs.
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Scheme 2 Reaction screening of fluorine tags. Reagents and conditions:
(a) fluorine tag (2 eq.), N-acetyl cysteine (1 eq.), DIPEA (5 eq.), water—
acetonitrile (1:1), 23 °C, 4 h.

LCMS in most cases. Pentafluoropyridine 16 is known to be
reactive towards most nucleophilic amino acid sidechains,
giving N-, O- and S-centred conjugates,*” and was found to be
highly reactive in our screen. The fluoro-nitrobenzenes 17-19
also showed good reactivity, although 17 and 19 both produced

1742 | RSC Chem. Biol., 2025, 6,1740-1748

regioisomeric product mixtures. Fluoro-nitrobenzene 18
seemed to undergo selective substitution at the fluorine para
to the nitro group judging by the single remaining signal in the
19F NMR. The difluorophenyl(methyl)sulfone 20 reacted cleanly
with NAC, albeit relatively slowly (conversion 36% after 4 h) and
was not explored further. The sulfonylpyrimidine 21 is reported
to be reactive with cysteine,’* and was found to react well in our
model reaction, albeit with some formation of the unwanted
fluorine-substitution product. 3-Chloro-trifluoroacetone 23,
benzylbromides 24 and 25, N-(4-fluorophenyl)maleimide 27
and acrylamides 28-30 also mostly reacted cleanly under these
conditions, although the N-(4-fluorophenyl)acrylamide 28 and
N-(2-fluoroethyl)acrymalide 30 were slightly slow (77% and 76%
conversion, respectively, after 4 h). The thiophenol 22 reacted
with NAC forming a disulfide bond, which was likely aided by
the DMSO used as solvent, therefore, this tag may require
DMSO to be used as an additive in protein tagging applications.
The acrylate 26 underwent the expected conjugate addition
with NAC affording a mixture of diastereoisomers. Interest-
ingly, the conjugation product was also observed to hydrolyse
during the reaction according to LCMS analysis (see SI), releas-
ing methanol (Scheme 3), unlike the related acrylamides 28-30.
This may represent a useful reaction to conjugate a masked
carboxylic acid to a cysteine thiol.

AcHN.__COOH
0 :\ AcHN\:/COOH 0
SH i
OMe __ S OH + MeOH
F (@) X
26

Scheme 3 Reagents and conditions: (a) DIPEA, water—acetonitrile (1:1),
23 °C, 4 h.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Conjugation of fluorine-tags to conformational balance peptide and reporting of %cis-Pro by °F NMR

Fluorine-tag Ac-LPAAC conjugate

Conjugate isolated yield (%)

'F NMR reported % cis-Pro Dispersion® (ppm)

F. F
16 f\/[ 31 47
e
NO,
18 D/ 32 44
19 /@ 33 29

21 J/\/Y 34 32
N
HS
22 D\ 35 37
HoN CF.

3
o]

23 Cl\/U\CF;, 36 44

Br
24 37 24
CF.

3

Br CF3
25 38 27

26 o 39 21
F

o]
(o]

.
(o)
28 \)kND/ 41 39
H
[o]
29 \)LN/\CFS 22 47

Multiplet (10%)° 0.07¢
10% 0.06
16% 0.05
14% 0.05
10% 0.04
16% 0.05
Singlet —
Singlet —
12%” 0.05”
24%° 0.074
25% 0.06"
9%° 0.06°

“ Chemlcal shlft dispersion measured as the difference in chemical shift for cis-Pro and trans-Pro resonances. ” Pair of signals observed. © After

pure shift ">F NMR to resolve multiplet. ¢ Likely not reporting cis-Pro.

Probing prolyl conformation in two-state peptide models

Having identified several fluorinated electrophiles 16-30 that
reacted with NAC under mild conditions, the next objectives
were to (i) evaluate how well this translated to the conjugation
with a cysteine-containing small peptide model and (ii) test
whether each fluorinated tag could report on simple conforma-
tional differences by '°F NMR. The model peptide Ac-LPAA(4-
FPhe)-NH, was previously characterised as a simple two-state
‘conformational balance’ containing a proline residue afford-
ing a mixture of cis-Pro and ¢rans-Pro conformers (~7-12% cis-
Pro, Fig. 1A),*>?*! albeit with relatively poor chemical shift
dispersion (0.02 ppm) between the cis-Pro and trans-Pro signals
by 'F NMR. Here, the model peptide was synthesised by
standard microwave-assisted Fmoc/’Bu-SPPS and a conjugata-
ble cysteine residue replaced the 4-fluorophenylalanine (4F-
Phe) from the earlier study. The cysteine-containing peptide
was next treated with a selection of fluorinated electrophiles
(Table 1) under the conditions used earlier (3.89 mM peptide,
7.78 mM tag, DIPEA, acetonitrile-water, 23 °C, 4 h) to obtain
the conjugates (Scheme 4). The isolated yields of the tagged
peptides were mostly moderate-to-low (below 40%), with some
16, 18, 23 and 29 affording fair yields (above 40%) (Table 1).

© 2025 The Author(s). Published by the Royal Society of Chemistry

The low yields were likely due to product loss during prepara-
tive HPLC purification by lyophilization, with reactions being
conducted on a small scale (<5 mg crude peptide).

As a benchmark, "H NMR analysis (pH 4.1) of the unmodi-
fied cysteine peptide showed the presence of two prolyl bond
conformers by NOESY NMR with a relative population of
~11.9% cisPro based on the averaged integration of amide
NH resonances (see SI). Assigning "H NMR spectra of large
peptides and proteins is challenging due to spectral crowding
and signal overlap. Additionally, analysis is often conducted at
acidic pH to prevent amide hydrogen exchange. In contrast, '°F
NMR offers distinct advantages, including the ability to study

‘Fluorine- tag

b iffer
mild conditions
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Scheme 4 General scheme for the fluorme—taggmg of a ‘conformational
balance’ model peptide Ac-LPAAC-NH, for analysis by °F NMR. Reagents
and conditions: DIPEA, water—acetonitrile (1:1), 23 °C, 4 h.
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prolyl bond conformations at neutral pH and a producing more
easily interpretable spectrum.

To evaluate the ability of the tags to report on (or influence)
prolyl bond cis-trans populations, the purified tagged-peptides
were dissolved in PBS buffer (pH 7.4, 10% D,O) at a concen-
tration of 1.5 mM and analysed at 23 °C by standard 1D '°F
NMR (32 scans, 375 MHz). Proton heteronuclear decoupling of
F NMR spectroscopy was used to simplify spectra and
improve signal quantification in cases where F-H coupling is
possible and would result in multiplets. Tags 18-21, 26-28 all
benefit from decoupling, whereas, in general the CF; contain-
ing tags e.g. 22-25 and 29 do not require proton decoupling.
Based on our previous study of the X-Pro peptide models,*! and
the above "H NMR analysis, the Leu-Pro motif was expected to
exhibit ~7-12% cis-Pro. In most cases, the '°F NMR spectra of
tagged peptides exhibited the expected pair of singlets repre-
senting the cis-Pro and trans-Pro (see SI).

3,4-Difluoro-nitrobenzene (18) again afforded a single regio-
selective substitution product 32. By integration of the resulting
two NMR signals, the prolyl-bond status was estimated to be
~10% cis-Pro (Fig. 3) in good agreement with the 'H NMR
analysis of the parent peptide. The thiophenol 22 disulfide
conjugate 35 also reported 10% cis-Pro, however, 22 did not
react without using DMSO as solvent.

The sulfonyl-pyrimidine 21 showed good reactivity towards
the peptidyl cysteine and chemoselectivity for sulfone substitu-
tion over fluoride. The resulting peptide conjugate 34 displayed
the characteristic cis-trans NMR signals, albeit the '°F NMR
sensitivity was relatively poor compared with e.g. 18 and
displayed low signal to noise ratio due to lower solubility (see
SI). Trifluoronitrobenzene 19, which had shown signs of poor
regioselectivity with the initial NAC screen, this time conju-
gated to the peptide thiol relatively cleanly in the 4-position to
give peptide 33. This afforded two equivalent fluorine environ-
ments with double the NMR signal integration compared to 32,
but this tag reported slightly higher %cis-Pro content (16%)
than expected. The 3-chloro-trifluoroacetone conjugate peptide

Ac-LPAAC-18 Ac-LPAAC-26

(32)

Ac-LPAAC-22
(35)

—_
[
©

~

-108.35 ppm
-62.78 ppm

-108.41 ppm
-181.10 ppm
-181.15 ppm

-62.74 ppm
-181.29 ppm
-181.34 ppm

=~
}s

S

(7]

trans trans

cis cis cis

-108.2 -108.4 -108.6 “62.70 “62.80 -181.1 -181.3

10% cis-Pro 10% cis-Pro 12% cis-Pro
Fig. 3 Example *°F NMR spectra of tagged Ac-LPAAC (not to scale).
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36 exhibited a stronger NMR signal with its three-equivalent
fluorine atoms, however, 36 again reported slightly higher %cis-
Pro content (16%) than expected. The fluoroacrylate conjugate
39 again produced a pair of diastereomers (Fig. 3), which was
not separated during HPLC purification. The '°F NMR analysis
revealed that the two diastereoisomers exhibited unique
chemical shifts and each of these were split into the character-
istic unequal pair of prolyl-isomers (Fig. 3). Despite this, both
pairs of signals accurately reported ~12% cis-Pro population
based on relative peak area. Acrylamide conjugate 42 reported
~9% cis-Pro, in line with the anticipated population.

The conjugation of pentafluoropyridine 16 to Ac-LPAAC-NH,
initially afforded a complex '°F NMR spectrum (Fig. 4) owing to
the F-F scalar coupling of the two different fluorine environ-
ments within the tetrafluoropyridyl-conjugate 31. Thus, it was
impossible to directly quantify the populations of prolyl con-
formers from the NMR spectrum. A simple solution to this was
to employ a pure shift broadband homonuclear decoupling *°F
NMR pulse sequence®® to remove the fluorine-fluorine scalar
coupling and collapse the multiplets centred around approxi-
mately —93.5 and —137.8 ppm into pairs of singlets with a
chemical shift dispersion of ~0.07 ppm, revealing the presence
of cis/trans-Pro conformers (Fig. 4). The pair of singlets
observed for the 2-/5-position fluorine environment observed
as the downfield resonance (—93.55 and —93.62 ppm) reported
a cis-Pro population of 10%, which was consistent with the
expected population.

The highly electrophilic 16 is known to also react with the N-
and O-nucleophiles of lysine and tyrosine, respectively.** There-
fore, it was of interest to probe how the ">F NMR spectrum (e.g.
chemical shift and dispersion of the signals) is affected by
changing the residue through which the tag was conjugated i.e.
S, N or O nucleophiles and the nature of the sidechain (e.g.

Fe N _F F
| F
N7
F N F Fj/\i‘: <
‘ X o) F NH
F
FONF
S
Ac-LPAA | NH, Ac-LPAA N NHy Ac-LPAA | NH,
oo H o H o
31 43 44
A B A B A B
€€ € E £
g8 o= g
88 28 g
e 55 3
trans H
‘ ‘M‘ unresolved
I\
. [
H cis |
) \
P _J — e —
934 935 936 937 934 935 936 937 920 921 922 923 92.0-92.2-92.4-92.6 -98.0 985 90 -100
F NMR Pure shift 9F NMR Pure shift F NMR Pure shift
Dispersion: 0.07 ppm 0.04 ppm 0 ppm

Fig. 4 °F NMR spectra of Ac-LPAAX-NH, peptide models tagged with 16
(not to scale). (A) with F—F coupling and (B) after pure shift F—F decoupling.
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length, flexibility). Therefore, two new model peptides Ac-
LPAAY and Ac-LPAAK were synthesised based on the same
model peptide but replacing cysteine with lysine and tyrosine,
respectively. The peptides were conjugated with 16 and ana-
lysed using '°F NMR. In each case, the '°F NMR spectrum
displayed a similar pair of overlapping multiplets or broad
unresolved resonances, and therefore, a pure shift pulse
sequence was employed. The Tyr O-conjugate 43 exhibited a
pair of downfield inequivalent singlets, that resembled those
seen in the cysteine peptide (9% cis-Pro) but with different
chemical shifts (—92.18 and —92.22 ppm) (Fig. 4). Therefore, 16
may have use in tagging and reporting simultaneously at
different protein sites. However, for the Lys N-conjugate 44,
the indistinguishable multiplet (—98.20 ppm) was replaced
with an unresolved singlet after applying pure shift and it
was not possible to estimate the %cis-Pro population. This
suggests that fluorine-tagging of proteins with 16 through
cysteine and tyrosine provides higher sensitivity to local struc-
tural changes. Whilst, tagging through the more flexible lysine
side chain may be better suited for observing global protein
conformational changes without being masked by local
changes.

In general, there were only small differences in chemical
shift dispersion observed between cis-Pro and trans-Pro reso-
nances for each of the different fluorine tags despite their
distinct chemotypes. Nonetheless, there was some evidence of
a slight increase in chemical shift dispersion for N-(4-
fluorophenyl)maleimide conjugate 40 (0.07 ppm) and tetra-
fluoropyridine cysteine conjugate 31 (0.07 ppm), which may
be explained by the fluorine reporter being directly attached to
the phenyl ring, making it more sensitive to the polarization of
the aromatic electron cloud.’ Indeed, the disulfide aryl-CF;
conjugate 35 afforded slightly smaller dispersion (0.04 ppm).
Surprisingly, the trifluoromethylbenzyl-conjugates 37 and 38 -
previously reported in protein studies®'° - afforded only sing-
lets by '°F NMR for tagged peptides and did not report distinct
signals for prolyl conformers. Conversely, the alkyl-CF; con-
jugates 36 (trifluoromethylketone - also used in protein stu-
dies;»'* 0.05 ppm) and 42 (acrylamide; 0.06 ppm) afforded
relatively good dispersion. This is despite contrary evidence
that aryl-CF; tags exhibit improved chemical shift sensitivity
over alkyl-CF; groups.® It was also of note that the nature of the
side chain conjugated affected the chemical shift dispersion.
Tetrafluoropyridine tyrosine O-conjugate 43 exhibited smaller
chemical shift dispersion (0.04 ppm) compared with the
cysteine S-conjugate 31 (0.07 ppm), whilst there was no disper-
sion observed for the corresponding lysine N-conjugate. This
may, however, be a function of distance from the proline or
increased flexibility in the amino acid side chain.

Some tags proved to be of little value for probing proline
bond conformations, for a variety of reasons (some noted
above). For acrylamide peptide-conjugate 41 the %cis-Pro was
abnormally high, around 25%, which was initially ascribed to
the conjugate actually reporting the more proximal amide bond
cis/trans populations.®> However, this was unexpected due to the
closely related acrylamide 42 displaying ~9% cis-Pro and the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reported fluorine tag, 2-bromo-N-(4-(trifluoromethyl)phenyl)-
acetamide (BTFMA) consistently proving to be useful for probing
global protein conformational changes.®*® The reason for this
discrepancy is unresolved. Maleimide-tagged 40 also reported an
unlikely high %cis-Pro content (~25%), perhaps due to the
generation of two diastereomeric products from the conjugate
addition. Therefore, these tags were deemed to be unreliable
reporters of local %cis-Pro conformation.

Tagging reaction kinetics and chemoselectivity in aqueous
buffer

To be of value to biological studies, the 'F NMR tags should
also be reactive with specific protein side chains under mild
physiological conditions. To compare different conjugation
chemistries, nitrobenzene 18, sulfonylpyrimidine 21 chloroace-
tone 23 and acrylamide 29 - that were all reactive towards
cysteine under semi-aqueous conditions - were mixed with
equimolar NAC in Tris buffer (20 mM, pH 7.4) at 37 °C
(0 min timepoint). The conjugation reaction was started by
the addition of DIPEA (2 eq.) and the consumption of NAC was
measured by analytical RP-HPLC peak area after quenching
samples after 10, 20 and 30 minutes. Each of the compounds
reacted rapidly with the thiol and achieved >50% conversion
in <10 minutes (Fig. 5). Acrylamide 29, as well as chloroace-
tone 23 and sulfonylpyrimidine 21, all afforded complete con-
sumption of NAC in this 10-minute window. The nitrobenzene
18 was somewhat slower, disagreeing with earlier experiments
using 1:1 water-acetonitrile, affording ~80% consumption
after 30 minutes. Nevertheless, this could still be useful for
protein bioconjugation.

To rule out any potential off-target conjugation, 18, 21, 23
and 29 were treated with N-acetyl lysine (NAK) and N-acetyl
tyrosine (NAY) under the same conditions as above for four
hours with periodic monitoring by HPLC (Table 2). Compounds

Fluorinated
electrophile
SH @ S
L ——- [

AcHN COOH Tris / DIPEA AcHN COOH

1.0

—/—18 421 —@—23 - -29

$o0.8
Z o

o
T 8.6

o
@ .a
-
< 8.4
E q.)
8 “
2 0.2

0.0

0 10, .20 30
Time (min)

Fig. 5 HPLC reaction kinetics for the potential fluorine-tags 18, 21, 23
and 29 with NAC in aqueous Tris buffer at 37 °C.
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Table 2 Selectivity screening of compounds with alternative protein

nucleophiles NAK and NAY
/[X @ X
— [

COOH Tris / DIPEA AcHN™ "COOH

Fluorinated
electrophile

AcHN

Consumption of nucleophile (%)

NAK NAY
NH C
(\/ 2 § OH
Tag X= ww X=
F. NO,
18 j@/ 0 0
F
RV
N S
21 L\Y ~ 0 0
N
.
o]
23 <:|\)LCF3 54 22
o
29 S ~er, 0 0
H

18, 21 and 29 were unreactive towards either NAK or NAY and
are so far unreported in the literature as cysteine-selective '°F
NMR tags. However, chloroacetone 23, just like 16, reacted with
both NAK and NAY and was non-selective for cysteine. This is
despite the closely related bromoacetone being commonly used
in the literature for cysteine-tagging.*

Fluorine-tagging an intrinsically-disordered protein

Finally, we aimed to evaluate whether the newly identified tags
can also be used to label a protein. o-Synuclein is an
intrinsically-disordered protein (IDP) that plays a role in Par-
kinson’s disease by forming misfolded protein aggregates. A
recombinant cysteine mutant of a-synuclein (A90C) has been
used previously to study aggregate formation by tagging with
fluorescent labels for FRET studies.’’® Despite its slower
kinetics of conjugation with NAC compared with pyrimidine
21, 3,4-difluoro-nitrobenzene (18) was selected as an example
tag for direct cysteine arylation at Cys-90 (Fig. 6) because it had
afforded a relatively high conjugation yield (44%), reported the
%cisPro accurately and exhibited greater chemical shift disper-
sion than 21 with baseline-resolution in the '’F NMR of the
peptide model.

The tagging reaction of protein with 18 was found to be
more challenging than expected. Several different reaction
conditions were evaluated, including changing the tag concen-
tration, buffer type, addition of organic base, temperature and
reaction time (see SI). Tris buffer (adjusted to pH 8.6) was
initially trialled based on earlier kinetics experiments, however,
no tagged protein as observed by mass spectrometry after 18 h
at 4 °C with 50 eq. of tag; whilst increasing the temperature to
23 °C was still unproductive. The buffer seemed to play a
significant role and the reaction of protein (0.34 mM) with 18
(17 mM) in HEPES buffer adjusted to pH 8.6 afforded
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Fig. 6 o-synuclein tagging with 18. (A) °F NMR of purified A90C o-
synuclein tagged with 18. (B) MS of untagged purified A90C a-synuclein;
(C) MS of purified A90C a-synuclein tagged with 18.

completely tagged protein after incubation for 18 h at 23 °C,
as confirmed by mass spectrometry (MW = 14630 Da, Fig. 6B
and C). Given the earlier use of DIPEA in the kinetics experi-
ments, we considered that adding the organic base (50 eq.)
might allow us to obtain a faster tagging reaction by ensuring
full ionisation of the Cys-90 thiolate. Unfortunately, despite
also affording tagged product, this led to formation of an
additional dehydroalanine product (MW = 14458) resulting
from the elimination of the tag from cysteine (see SI). Despite
this, it was found that we could obtain tagged protein with only
5 eq. of tag when adding DIPEA. '’F NMR analysis of the
purified and buffer exchanged tagged protein (0.3 mM peptide,
PBS buffer pH 7.4, 10% D,0, 23 °C) exhibited a relatively sharp
singlet at ~ —107.29 ppm (Fig. 6). This indicated that the
conjugation was regioselective and that a fluorinated protein
signal could easily be observed, providing a tool for future
studies of protein aggregation by '°F NMR.

Conclusions

This work has identified several previously unreported '°F NMR
tags. Some of these exhibit well-dispersed cis/trans-Pro signals
and allow accurate quantification of prolyl bond conforma-
tional status from at least three residues away in small model
peptides. In most cases, the tags selectively conjugated to
cysteine in unprotected peptides with rapid conjugation
kinetics (<30 min) under biomimetic conditions. It was nota-
ble that when pentafluoropyridine (16) was used to tag cysteine,
lysine and tyrosine, each of the S-, N- and O-conjugates afforded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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distinct chemical shifts and different chemical shift disper-
sions yet still reported the same %cis-Pro (where observable)
after applying a broadband homonuclear decoupling pure shift
sequence. Therefore, 16 may be useful for tagging different side
chains simultaneously to study wider protein conformational
changes. It was also evident that some tags either inaccurately
reported or perhaps affected the prolyl bond conformational
preferences.

In general, most of the tags afforded broadly similar peak
widths and chemical shift dispersions between cis-Pro and
trans-Pro resonances, ranging from 0.04 - 0.07 ppm. Tags 16
(after pure shift), 18, 22, 28 and 29 all afforded baseline-
resolved signals and outperformed previously reported tags
including trifluoromethylbenzyl groups 24 and 25 with respect
to chemical shift dispersion in this prolyl cis/trans model.
Cysteine-tagging also afforded greater dispersion than our ear-
lier reported fluorinated amino acid 4-fluorophenylalanine
(0.02 ppm) in the same position.** However, in these peptides
the chemical shift dispersion was more significantly affected by
the nature of the amino acids proximal to proline (ranged from
0.01 to 0.17 ppm) than we have observed for the different tags
reported here.>'

3,4-Difluoronitrobenzene 18 was found to be compatible
with protein tagging, requiring a slightly basic pH of 8.6 and
room temperature to undergo nucleophilic aromatic substitu-
tion, whereas Michael acceptors such as maleimides are able to
react rapidly at neutral pH and at low temperatures. Moreover,
the addition of an organic base was detrimental, and led to the
elimination of the tag, forming a dehydroalanine. Other tags
studied may have been more reactive under milder conditions
but were not tested. Future work will explore the specific
structural features of '>’F NMR tags that that affect chemical
shift dispersion and accurate conformation reporting in SLiMs
and IDPs.
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