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Bioincorporation of the methionine analogue S-(2-fluoroethyl)-L-
homocysteine (L-MFE) into bacteriophage lysozyme overproduced
in Escherichia coli results not only in the expected L-MFE incorpor-
ation but surprisingly substantial L-vinthionine incorporation into
the labeled lysozymes. Synthetic L-vinthionine itself however is not
activated by purified Escherichia coli methionyl-tRNA synthetase.
The indirect preparation of vinthionine-containing proteins has the
potential to be an alternate strategy to prepare vinyl thioether
moieties for click chemistry applications on proteins.

The incorporation of unnatural amino acids into proteins is a
powerful tool in the armamentarium of chemical biologists."””
Modifiable unnatural amino acids, such as azidohomoalanine
and various ketone- and acetylene-containing amino acid ana-
logues, have permitted post-translational chemical modifi-
cation of proteins with applications in diverse areas such as
neurochemistry, radiochemistry, biomaterials fabrication and
whole organism physiology.**° New amino acid analogues
capable of protein incorporation followed by further chemical
or biochemical elaboration should further expand these mole-
cular approaches.'®'>?" Previous research has also shown that
many fluorinated amino acid analogues are capable of under-
going facile residue-specific bioincorporation into proteins
in vivo, due to the conservative size of the fluorine atom. These
non-sterically demanding analogues have proven useful as bio-
physical probes (*°F NMR) in protein structure/function®*>>
and drug binding studies,”*>® and in redox protein modu-
lation.>® Based on these successes, the further application of
fluorinated amino acid analogues to the area of biomolecular
chemistry appears warranted.
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Intriguing cellular processing of a fluorinated
amino acid during protein biosynthesis in
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It has been known for some time that the structural homo-
logue of 1-methionine, r-ethionine, can be readily incorporated
into proteins, although its lack of interesting chemical func-
tionality has relegated it to infrequent biochemical use
(Fig. 1).>°° It was hypothesized that the introduction of a fluo-
rine atom into the ethyl moiety might result not only in a
potentially interesting '°F NMR probe but may also provide a
chemically reactive functional group capable of post-transla-
tional chemical modification if bioincorporation successfully
occurs into cellular proteins. Previous studies have shown that
the 2-fluoroethyl sulfide functionality is substantially more
stable in aqueous solution than other halogenated
analogues.’’* As such, it was predicted that the 2-fluoroethyl
methionine analogue might be sufficiently long-lived to allow
for residue-specific bioincorporation at methionine positions
with subsequent isolation of the fluorinated protein from a
bacterial expression system. This known analogue,
t-monofluoroethionine  (1-MFE,  S-(2-fluoroethyl)-.-homo-
cysteine), the ['®F] congener of which has been reported to be
potentially useful in tumour imaging, was therefore syn-
thesized and further investigated in this context (ESI Methods;

N,
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R = CH; L-methionine
CHF, L-difluoromethionine
CF; L-trifluoromethionine
CH,CH; L-ethionine
CH,CH,F L-monofluoroethionine
CH,CH,0H L-hydroxyethylhomocysteine
CH=CH, L-vinthionine

Fig. 1 Chemical structures of methionine analogues referred to in the
text.
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Scheme $11).>*?3% [-MFE has been reported to be hydrolyzed
in D,0 exclusively to S-(2-hydroxyethyl)-.-homocysteine
(.-HEHC) relatively slowly with complete hydrolysis not being
observed even after 7 days, although additional studies in H,O
indicated reduced stability.>” In our hands, .-MFE was indeed
found to be acceptably stable with similar results being
obtained in D,O with only i-HEHC detected as a degradation
product. Particularly pertinent was that in the presence of
a thiol-based nucleophile, 2-mercaptoethanesulfonate, the
formation of a sulfide adduct with 1-MFE under basic
aqueous conditions was detectable (pH 9) (ESI Scheme S2;
Fig. S1 and S27).

Based on the encouraging modulated reactivity of .-MFE,
attempts to bioincorporate this analogue into a recombinant
protein were investigated. Indeed 1-MFE was successfully
incorporated into bacteriophage lambda lysozyme (LaL), a
model protein, utilizing protocols previously employed for the
bioincorporation of several other unnatural methionine ana-
logues such as r-difluoromethionine (--DFM) and
i-trifluoromethionine (.-TFM) into positions M1, M14 and

a8, Met107

Fig. 2 Ribbon diagram of bacteriophage lambda lysozyme with Metl,
Metl14, and Metl07 shown as ball-and-sticks. Met 1 and Met107 are
exposed to solvent (based on PDB 1D9U).
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M107 of the protein (Fig. 2) (ESI Methodst).>” *° The resulting
recombinant LaL proteins produced in the presence of .-MFE
were fully characterized by 'F nuclear magnetic resonance
and electrospray mass spectrometry. Protein isolation followed
by '°F NMR (proton decoupled) spectroscopic analyses con-
firmed that .-MFE was indeed incorporated during protein bio-
synthesis as exhibited by the presence of the expected three
'F NMR resonances (Fig. 3a). Assignments of the resonances
were accomplished by a combination of site directed mutagen-
esis (M107L) and paramagnetic line broadening of the '°F
resonances at the solvent exposed M1 and M107 positions
with gadolinium-ethylenediaminetetraacetate acid (Gd-EDTA)
and knowledge of the molecular structure of the enzyme, a
previously successful approach for resonance assignments for
other fluorinated methionine analogues in this protein
(Fig. 3a).>”7*° Interestingly, the electrospray mass spectrum of
the ensemble of isolated LaL proteins (wild type LaL M, =
17 825 Da) was found to be complex (Fig. 3b), beyond what
would be expected for incomplete substitution of each of the
three methionine positions by 1-MFE. Analysis of the detected
ESI-MS protein masses (ESI Table S17) indicated the possible
presence of a new amino acid, r-vinthionine (S-vinyl-.-homo-
cysteine), which would be formed by loss of HF from 1-MFE at
some point during protein biosynthesis. Based on the
observed masses, only a minor presence of .-HEHC in the
ensemble of proteins would be suggested (ESI Table S1+).
Control studies, however, demonstrated that .-MFE itself
does not eliminate fluoride ion in buffer solution to produce
t-vinthionine; only t-HEHC is detected over time in aqueous
solutions as monitored by mass spectrometry and NMR, an
observation that is consistent with a previous report for this
amino acid.*> To confirm that .-MFE was partially processed
into r-vinthionine during bioincorporation, a series of 1D and
2D proton NMR measurements were undertaken to provide
further evidence for the existence of t-vinthionine in the MFE-
labeled protein ensemble. In 1D proton NMR experiments on
the amino acids themselves, a distinctly different NMR profile
between 1-MFE and t-vinthionine is present in the region
between 5.0 ppm and 6.5 ppm (Fig. 4a), a region indicative of
vinyl proton resonances. The 1D proton NMR spectrum for
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Fig. 3 °F NMR and electrospray mass spectrum of isolated bacteriophage lambda lysozyme overproduced in the presence of L-MFE. (a)
Resonances observed in the °F NMR spectrum of MFE-labeled Lal were assigned by site-directed mutagenesis and paramagnetic line broadening
experiments utilizing Gd-EDTA in concert with the known three-dimensional structure of the enzyme. (b) The ensemble of resulting proteins is a
complex mixture as the deconvoluted ESI spectrum exhibits.
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Fig. 4 H NMR spectra of the amino acids L-MFE and L-vinthionine and
the isolated bacteriophage lambda lysozyme overproduced in the pres-
ence of L-MFE. (a) *H NMR spectra of the amino acids L-MFE (in red) and
L-vinthionine (in black) show differences in the low-field region. (b) *H
NMR spectra of LaL (in red) and MFE-LaL (in black) show distinct differ-
ences in the low-field region between 5.0 ppm and 6.5 ppm as noted in
red in the spectra for MFE-LaL. (c) Comparison of the NMR TOCSY
spectra of L-vinthionine (in red) and denatured MFE-labeled Lal (in
black) indicate similarities consistent with the presence of L-vinthionine
residues also present in labeled LaL proteins.

LaL itself has no major proton resonances in this region, pro-
viding a simple way to confirm the presence of r-vinthionine
in the labeled protein ensemble. Unique proton resonances
were readily identified in the region between 5.0 ppm and
6.5 ppm in the 1D proton NMR spectrum of MFE-labeled LaL
(Fig. 4b). Furthermore, analysis of 2-D TOCSY NMR experi-
ments using short mixing times confirmed that the unique
resonances in this region are indeed from vinthionine residues
incorporated into the biosynthesized proteins (Fig. 4c).

These interesting sets of observations motivated an investi-
gation into the substrate promiscuity of the Escherichia coli
methionyl-tRNA synthetase. Recombinant E. coli methionyl-
tRNA synthetase (ESI Methodst), isolated as previously
reported,*’ was studied with both .-MFE and 1-vinthionine, in
order to determine if L-vinthionine, which might be produced
in E. coli in some fashion from supplied 1.-MFE present in the
growth media, could be charged by the endogenous bacterial
synthetase, resulting in a new misacylated tRNA™. ATP/pyro-
phosphate exchange assays,”’ which have been utilized to
determine charging activity of various amino acid analogues
for methionyl-tRNA synthetase, were also undertaken with the
analogues, including 1-DFM, 1-TFM and ri-ethionine (ESI
Methodst). Surprisingly although i-ethionine and 1-MFE
exhibited activity as substrates for the ATP exchange assay
(r-ethionine: ke, 8.4 = 0.6 s7%, Ky 1.0 = 0.3 mM; L-MFE: ke
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5.0 + 0.2 s, Ky, 4.8 + 0.9 mM), r-vinthionine was completely
inactive in the biochemical assay (ESI Table S2t). Additionally,
attempts to express a labeled LaL in the absence of .-MFE but
in the presence of r-vinthionine in E. coli under minimal
media conditions as before met with no observable LaL pro-
duction as determined by SDS PAGE analyses, confirming the
lack of substrate capability of r-vinthionine for the bacterial
methionyl-tRNA synthetase. This indicates that the direct con-
version of 1-MFE to r-vinthionine within the cell followed by
charging of the resulting r-vinthionine by the bacterial synthe-
tase is not a likely pathway for vinthionine incorporation into
protein.

It was possible that r-vinthionine might have been gener-
ated during the activation process in E. coli or at a subsequent
stage in protein biosynthesis possibly from charged MFE-
tRNAM®', It is interesting to note that in the case of methionyl-
tRNA synthetase, an editing mechanism has been observed
when r-homocysteine itself is supplied as substrate for the
synthetase.”” It has been reported that the methionyl-tRNA
synthetase charges r-homocysteine by reaction with ATP to
form the aminoacyl-adenylate, but subsequent cyclization
occurs which ejects r-homocysteine thiolactone, preventing
misacylation of the tRNAM®.** It was hypothesized that an
unusual “editing” reaction occurred to a limited extent when
L-MFE itself was being activated, resulting in elimination of
fluoride ion, and producing an activated vinthionine-tRNAM®*
which was utilized in protein biosynthesis. However, no evi-
dence for conversion of 1-MFE into observable r-vinthionine
was evident in solution NMR experiments undertaken with
L-MFE in the presence of both methionyl-tRNA synthetase and
tRNAM. It was also observed that 1-HEHC was insignificantly
charged onto tRNA™®" (ESI Fig. S3 and S41) in the presence of
methionyl-tRNA synthetase and tRNAY,

From these experiments it appears that subsequent partial
elimination of fluoride ion likely occurs at later stages in the
protein biosynthetic process and/or occurs once MFE is incor-
porated into the protein structure. It is known that although
B-hydroxy sulfides can undergo elimination to vinyl sulfides
under harsh basic conditions,** B-halo sulfides and even
B-fluoro sulfides can more readily eliminate halide to form the
vinyl sulfides.”®*” The presence of a number of basic side
chains proximal to each of the methionine positions (<10 A;
Metl: Glu3, Lys84, Asp85, Lys89; Metl4: His137, Lys145;
Met107: Arg102, Arg110, Asp112, Asp118, Arg119) could poten-
tially fill this chemical role.

Regardless of the actual cellular process in E. coli occurring
for this particular analogue, it is clear that the introduction of
an unnatural amino acid into a protein by bioincorporation
also results, in this particular case (.-MFE), in a surprising sec-
ondary conversion, unambiguously determined to be
t-vinthionine. There is currently intense interest in fabricating
living cells and even whole animals that contain unnatural
amino acids in their cellular proteins.®**>'® Recently the ability
of protein-attached vinyl sulfides to undergo click cycloaddi-
tions with o-quinolinone quinone methides has been reported,
providing a unique approach to bioorthogonal ligation

This journal is © The Royal Society of Chemistry 2016
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strategies.*® The vinyl sulfide functionality was introduced
by chemical modification of lysine residues utilizing
N-succinimidyl-2-(vinylthio)ethyl carbonate. Subsequent reac-
tions with a variety of o-quinolinone quinone methides
resulted in cycloaddition with the vinyl sulfide moiety. It has
also been shown that vinyl sulfides, upon alkylation, can
undergo nucleophilic modifications.”® Since vinthionine
cannot be directly incorporated as an unnatural amino acid
into proteins under standard bioincorporation (this work), the
indirect application of MFE to serve as a source of vinyl sulfide
functionalities for bioorthogonal modification may find use in
select problems in chemical biology. The development of dual
bioorthogonal strategies®>*" to introduce two different reactive
and/or biophysical probes into the same protein is also of
current interest and the application of .-MFE as a single step
strategy to accomplish dual labeling may also prove useful in
select studies. For example, the incorporation of a highly sensi-
tive 'F NMR nucleus located in the 1-MFE side chain along
with the presence of a potentially modifiable r-vinthionine in
the same protein could permit the covalent modification or
immobilization of medicinally relevant receptors and target
enzymes to serve in drug screening by monitoring ligand
binding by protein-observed '°F NMR.***” The added possi-
bility that r-monofluoroethionine itself, and the subsequently
generated r-vinthionine can partake in further chemical modi-
fication reactions such as nucleophilic substitution of the fluo-
rine atom in L-MFE (ESI Scheme S2f) and/or click
cycloadditions of the uncloaked vinyl sulfide in r-vinthionine
with o-quinolinone quinone methides may be potentially
useful in the area of single molecule fluorescence energy trans-
fer (smFRET) which requires the presence of two different
fluorophores on the same protein.’***>® Exploration of the
chemistries that might occur on protein incorporated .-MFE
and r-vinthionine are therefore of some interest.

Conclusions

Fluorinated amino acids can play enabling roles as biophysi-
cal probes in biological systems. The intriguing formation of
t-vinthionine from t-MFE during E. coli protein biosynthesis
further extends our knowledge of the chemistry that fluorine
can undergo within a biological context. The capability of
L-MFE to be converted into r-vinthionine during protein pro-
duction may also prove useful as another strategy to intro-
duce the vinyl sulfide moiety into proteins for applications
in chemical biology. This indirect approach is the only
known route to introduce this amino acid into proteins pro-
duced directly in E. coli without the requirement to develop
more elaborate engineered amino acid tRNA synthetase/
tRNA pairs," or employ cell-free protein synthesis using
either misacylated tRNA®* or express protein ligation.>
However 1-MFE and 1-Vin likely could be utilized in these
approaches as well. The further exploration of the capabili-
ties of incorporated .-MFE and r-vinthionine residues in
proteins appears warranted.

This journal is © The Royal Society of Chemistry 2016
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