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19F nuclei serve as versatile sensors for detecting protein interactions
and dynamics in biomolecular NMR spectroscopy. Although various
methods have been developed to incorporate fluorine-containing
aromatic residues into proteins using E. coli or cell-free expression
techniques, similar approaches for protein production in mammalian
cell lines remain limited. Here, we present a cost-effective synthetic
route to obtain selectively deuterated, carbon-13 labeled fluorotryp-
tophan and demonstrate its use in introducing °F=13C spin pairs into
carbonic anhydrase 2 and superoxide dismutase, following an
expression protocol utilizing HEK cells.

NMR spectroscopy is a powerful tool for studying the confor-
mational properties and interactions of biomolecules under
conditions that closely mimic the natural cellular
environment." The challenges associated with NMR spectro-
scopy, particularly in the case of large molecular weight sam-
ples, such as limited resolution and sensitivity, have been
mitigated by advancements in NMR hardware (higher magnetic
fields, cryogenic probes),” improvements in experimental tech-

niques (multidimensional NMR sequences, transverse
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relaxation optimized spectroscopy TROSY),® and various selec-
tive isotope labeling strategies. In the context of these strategies,
NMR-active nuclei such as carbon-13 or nitrogen-15 are only
introduced in certain residue types, while protons are selectively
replaced by deuteration.* Proteins with such defined isotope
patterns exhibit clear and unambiguous signals in simplified
NMR spectra, which allow to follow more easily the changes in
the chemical environment during interactions with binding
partners. The resulting chemical shift changes can be analyzed
to probe binding pockets and explore large interaction surfaces.’
NMR studies of largely unstructured, very large or even multi-
component biomolecular complexes may require the introduc-
tion of bioorthogonal NMR active nuclei, such as fluorine. °F
offers excellent NMR properties, like a high sensitivity (similar to
'H), and a wide chemical shift range (~400 ppm compared to
~15 ppm for 'H). Since fluorine is largely absent in biological
systems, "’F-NMR serves as a powerful tool to analyze proteins in
complex biological matrices, such as in-cell- or in-lysate NMR
spectroscopy.®  However, introducing non-proteinogenic
fluorine-containing amino acids might significantly alter a pro-
tein’s conformation and function. Changing hydrogen for fluor-
ine does not result in a drastic steric change, but being the most
electronegative element in the periodic table fluorine polarizes
bonds, changes pK, values and affects the sensitive networks of
hydrogen bond interaction.”

Aryl-fluorinated aromatic residues have been shown to have
minimal impact on the function of the target proteins in
various applications.” Additionally, fluorophenylalanines,
fluorotyrosines, and fluorotryptophans can be easily incorpo-
rated by substituting the natural amino acids with their fluori-
nated counterparts in E. coli-based expression media.® This can
be achieved by either using auxotrophic host organisms or
adding small molecules as inhibitors of the relevant biosyn-
thetic pathways. A notable example of enhancing the uptake
efficiency of non-natural amino acids through inhibition is the
addition of N-(phosphonomethyl)glycine (glyphosate®) to
block the shikimate pathway.’ In the case of fluorotryptophans
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(fTrp), even metabolic precursors like fluoroindoles are
accepted by overexpressing bacterial microorganisms. Alterna-
tively, in-vivo incorporation can be achieved by site-selective
fluorination using F-amino acid/tRNA/aminoacyl tRNA synthe-
tase combinations orthogonal to the translation machinery of
the host organism.'® This extended genetic encoding strategy
reduces the number of fluorine atoms within the target protein
sequence, helping to preserve its natural properties. This
approach was recently implemented for the site-selective incor-
poration of various fTrp isomers.'%”

For many large proteins, especially for those modified by
post-translational modifications, protein production in prokar-
yotic organisms is not an option. Consequently, protocols for
mammalian cell expression have been developed and
implemented."" Recently, Costantino et al. reported on a robust
method to incorporate differently fluorinated aromatic amino
acids by substituting the target residue with its corresponding
fluorinated derivative in HEK cell cultures, transiently trans-
fected with the corresponding gene of interest.'® Building on
these findings, we aimed to synthesize a fluorinated tryptophan
with a selective "*C/*H isotope pattern (compound 1 in Fig. 1) to
be used in mammalian cell overexpression systems.

5-Fluorotryptophan 1 (hereafter referred to as fTrp) contains
a *C-'°F spin pair, which enables the additional resolution of
overlapping fluorine resonances in the carbon-13 dimension,
particularly in large proteins with multiple tryptophan resi-
dues. Moreover, Boeszoermenyi et al. reported the observation
of C signals of remarkable narrow linewidths by exploiting
the ""F-'*C TROSY effect in large proteins.’® Corresponding
synthetic procedures to incorporate such spin pairs have been

reported for fluorinated tyrosine, -phenylalanine and
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Fig. 1 General strategy of selective **F/**C/?H tryptophan labelling using
mammalian cell lines. (A) Synthesis of labelled fTrp 1 by multistep organic
synthesis from simple, commercially available isotope sources. (B) Expres-
sion of the target protein in mammalian cells by replacing the natural
amino acid Trp with compound 1 in the corresponding media. The protein
structure shows fTrp-containing carbonic anhydrase 2 (CA2; PDB struc-
ture: 8P6U) with fTrp shown in purple.
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-tryptophan.™ The authors of the latter used >C/*°F/*H indoles
as precursors in E. coli overexpression — a compound that is not
applicable in mammalian-based systems. Therefore, we wanted
to close this methodological gap by introducing the corres-
ponding fluorinated amino acid 1. FTrp is especially interesting
in this regard, because Trp is generally less abundant compared
to Phe and Tyr meaning a fluorinated Trp therefore alters the
protein’s properties to a lesser extent than fluorinated versions
of the other aromatic residues. Additionally, Trp is frequently
found at interaction sites, where the large, apolar indole side
chain plays a crucial part in intermolecular interaction, con-
tributing to n-m, cation-n or CH-n forces.'> We started our
synthetic route with commercially available [2-'*C] acetone 2,
which we used to assemble the aryl ring by condensation with
sodium nitromalonaldehyde as reported in earlier work
(Fig. 2).'® The resulting [**C] nitrophenol 3 was selectively
deuterated ortho to the OH-moiety under acidic conditions at
high temperature (—4). In the next step, dehydroxyfluorination
(4 — 5) using phenofluoromix® 11, as described by the group
of Ritter, was performed."”” This reaction works best with
electron deficient aryl rings, which makes nitrophenol an ideal
substrate for this conversion. The electron density of the
aromatic ring is drastically changed within the scope of the
next reaction, which is the reduction of the nitro-group to the
amine 6. This conversion activates the protons ortho to the
NH,-group for the exchange with deuterium at elevated tem-
peratures. While reviewing the literature for effective methods
to construct the indole system from aniline derivatives and to
introduce the asymmetric carbon atom of the target compound
in a straightforward and efficient manner, we discovered a
method developed by James Cook’s group involving alkyne
12."® This compound can be easily synthesized from the classic
chiral Val/Gly Schollkopf auxiliary. To implement this synthetic
approach, we successfully prepared the isotope-labeled fluoro-
ortho-iodoaniline 8 using iodine, achieving a satisfactory yield.
With compounds 8 and 12 in hand we could apply the palla-
dium catalyzed heteroannulation reaction to prepare the
indole-bislactim ether 9. This compound was hydrolyzed to
the amino acid ester with concomitant cleavage of the silyl
group.’® Final saponification of the ester gave the target com-
pound 1 with high deuteration grades in the aromatic positions
(95% for &, 96% for - and 93% for n-position, respectively,
according to NMR analysis - see spectral characterization in the
ESIT). In total, the target compound was prepared in nine
consecutive steps with an overall yield of 19%. Notably, the
costs for chemicals and reagents are low, at less than €3 per mg
of the final compound, with potential for scale-up to gram
quantities. The compound was then applied to the expression
of two different model proteins using HEK293T cells, namely
the 29.3 kDa carbonic anhydrase II (CA2), containing 7 trypto-
phans and superoxide dismutase (SOD1), with a molecular
weight of 32 kDa, containing a single tryptophan. Both proteins
were expressed following methods outlined in previous studies,
assuming approximately 70% incorporation rates based on
these findings; detailed experimental procedures are provided
in the ESLf'* In short, cells were transiently transfected with
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Fig. 2 Left: Synthesis of [5-°C,4,6,7-2H3]-5-fluoro-L-tryptophan 1: (a) sodium nitromalonoaldehyde, NaOH,q, 0 °C to 4 °C, 6 days; then HCl 6M, 63%;
(b) DCL, MW 170 °C, 1.5 h, 98%; (c) phenofluor mix (11), toluene, 110 °C, 24 h, 76%; (d) 10% Pd/C, H,, methanol, RT, overnight, 95%; () DCl, MW 180 °C,

1.5 h, 95%; (f) I, NaHCOs,

H,O/dichloromethane 3: 2, RT, 30 h, 87%; (g) compound 12, Pd(OAc),

, LiCl, Na,COs3, DMF, 100 °C, 30 h, 70%; (h) 6 N HCL, THF,

0 °C, 4h; then ice, NH4OH, 79%; (i) NaOH 1IN, ethanol, 50 °C, 2 h; then HCL 2N, 94%. Right: *C-°F TROSY spectra of lysates from HEK293T cells
expressing CA2 (A) and SOD1 (B). Experimental details are given in the ESI.{

previously employed mammalian expression vectors™® using
polyethylenimine and incubated for 24 h in commercial Dul-
becco’s modified Eagle’s medium (DMEM), and for further 24 h
in a modified DMEM prepared in-house containing compound
1 (80 puM) instead of i-tryptophan. After harvesting, the cells
were lysed in PBS buffer by freeze-thaw cycles and the soluble
fraction was analyzed by "*C-"°F NMR spectroscopy. The car-
bonic anhydrase enzyme family catalyzes the zinc-mediated
reversible hydration of carbon dioxide, playing a crucial role
in physiological processes such as pH regulation, calcification,
signal transduction, and gluconeogenesis.”® Due to their sig-
nificance in metabolic regulation, there has been growing
interest in targeting these enzymes for treating various dis-
eases. Recently, extensive studies have explored the potential of
carbonic anhydrase inhibitors as anti-cancer and anti-infective
agents.”! Previous work demonstrated that the incorporation of
fTrp using the same expression system could reach up to
~70%, as confirmed by mass spectrometry and NMR, with X-
ray analysis revealing negligible conformational changes."”
SOD1, an antioxidant enzyme responsible for catalyzing super-
oxide degradation, is associated with several central nervous
system diseases, such as amyotrophic lateral sclerosis (ALS),
Parkinson’s, and Alzheimer’s diseases, due to its misfolding
and aggregation.>” In both cases, CA2 and SOD1, proper func-
tion and development of pathological states are strongly
affected by Trp residues. In CA2, a histidine proton shuttle is
stabilized by a tryptophan side chain, whereas tryptophan
mediates aggregation in the case of SOD1.>*> Our new labeling
pattern enables the observation of 2D signals in both the *°

and "*C dimensions. Fig. 2 shows the "*C-'F TROSY spectra

14190 | Chem. Commun., 2024, 60, 14188-14191

signals of CA2 and SOD1, recorded directly in cell lysates
without prior purification. The spectrum in the '°F dimension
of Fig. 2A closely resembles that reported in previous studies."”
While four of the signals were previously clustered within a
narrow range of —122 to —123 ppm in the 1D fluorine NMR
spectrum, they are now clearly resolved into distinct signals in
2D spectra. In the lysate, signals from six tryptophans are
detected, while additional signals, which show splitting most
probably due to changes in the local protein geometry caused
by partial fluorine incorporation, could be detected in a sample
of purified CA2 (Fig. S1, ESIt). This observation is in accor-
dance with previously recorded X-ray crystallography data of
fTrp-containing CA2 (PDB entry: 8P6U), which indicates that a
fluorine atom on the Trp16 side-chain is sterically hindered,
although the for the overall
remain minor.

As expected, the spectrum of SOD1 (Fig. 2B) contains only
the signal from Trp32. An additional sharp signal is present in
both spectra at —126.6 ppm and likely arises from free fTrp
which could interact with the protein and is then slowly
released in the lysate, as shown by the increase of its signal
intensity over time. In summary, we developed an efficient
synthetic route to produce [“*C/*H;] fTrp 1 and successfully
used it to express two model proteins (CA2 and SOD1) in HEK
cells. The corresponding 2D-TROSY spectra of the cell lysates
display well-resolved signals, demonstrating the clear advan-
tage of adding a '*C label adjacent to the fluorine atom. These
spectra can be utilized for interaction studies, analysis of
conformational properties, and investigation of protein
dynamics. The specific effect of deuteration on *F—'*C TROSY

consequences structure

This journal is © The Royal Society of Chemistry 2024
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linewidths is still under investigation but is expected to
improve transverse relaxation in the "*C evolution period and
remove *J¢y couplings. Moreover, compound 1 is not limited to
mammalian overexpression systems but can also be used in
E. coli, yeast, cell-free and even genetic encoding methods.
Additional applications, particularly involving in-cell NMR,
are currently part of our ongoing research.
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