Fluorinated S-adenosylmethionine as a reagent for enzyme-catalyzed fluoromethylation
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Abstract. Strategic replacement of protons with fluorine atoms or functional groups with fluorine-containing fragments has
proven a powerful strategy to optimize the activity of therapeutic compounds. For this reason, the synthetic chemistry of
organofluorides has been the subject of intense development and innovation for many years. By comparison, the literature on
fluorine biocatalysis still makes for a slim chapter. In this report we introduce S-adenosyl-methionine (SAM) dependent me-
thyltransferases as a new tool for the production of fluorinated compounds. We demonstrate the ability of halide methyltrans-
ferases to form fluorinated SAM (S-adenosyl-(fluoromethyl)-L-homocysteine) from S-adenosylhomocysteine and fluorome-
thyliodide. Fluorinated SAM (F-SAM) is too unstable for isolation, but is accepted as a substrate by C-, N- and O-specific

methyltransferases for enzyme-catalyzed fluoromethylation of small molecules.
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Introduction. Fluorine is a popular substituent in the development and optimization of pharmaceutical and agrochemical
compounds. Although fluorine is almost isosteric with a proton, strategic hydrogen-to-fluorine replacement can significantly change
conformational preferences, metabolic stability, reactivity and solubility of a given compound.!'! In addition, fluorine atoms attached
to metabolites and drugs are valuable NMR probes (°F) and radiotracers ('*F) for theranostic applications.?! The growing need for
such compounds inspired the development of a broad range of techniques in organofluorine chemistry, including direct fluorination
by C-H activation,) by substitution of functional groups, or through the transfer of fluorinated fragments such as mono-, di- or
trifluoromethyl or trifluoromethoxy groups.”! The monofluoromethyl group (hereafter referred to as fluoromethyl group) is of
particular interest because its steric similarity to methyl groups, primary alcohols, thiols and terminal amines.*? Fluoromethylated
drugs include the muscle-relaxant afloqualone, the anesthetic sevoflurane or the anti-inflammatory drug fluticasone or the potential
anticonvulsant fluoromethylglutamic acid (Figure 1).1* The search for more efficient and selective protocols for fluoromethylation

has unearth a broad variety of reagents for electrophilic, nucleophilic and radical fluoromethylation.!** !
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Figure 1: Top: Fluoromethyl-containing drugs. Middle: Fluorinase-catalyzed conversion of S-adenosylmethionine (SAM) to 5'-fluoradenosine. Bottom:
Halide methyltransferase (HMT) catalyzed formation of S-adenosyl-(fluoromethyl)-L-homocysteine (F-SAM, 1) from S-adenosylhomocysteine (SAH, 3)

and fluoromethyliodide (FMel).



By comparison, fluorine biocatalysis is an underdeveloped field.[! Fluorine containing natural products are rare,!”! and the only
enzyme known to produce an organofluoride in a biosynthetic pathway is fluorinase (EC 2.5.1.63).1°* 8] This enzyme produces 5'-
deoxy-5'-fluoradenosine from S-adenosylmethionine (SAM) and fluoride via nucleophilic substitution (Figure 1). On the other hand,
recent reports on organofluoride production by engineered fluorinases, aldolases or cytochromes indicate that fluorine biocatalysis

may indeed be a target-rich area.”’

In this report we introduce SAM-dependent methyltransferases as a new tool for fluoromethylation. We found that halide
methyltransferases (HMT, EC 2.1.1.165) can produce S-adenosyl-(fluoromethyl)-L-homocysteine (F-SAM, 1, Figure 1) from
fluoromethyliodide (FMel) and S-adenosylhomocysteine (SAH, 2). Under physiological conditions, F-SAM hydrolyzes rapidly to
homoserine (3), 5'-deoxy-5'-thioadenosine (4), formaldehyde and fluoride. Despite this instability F-SAM can be accepted by

secondary methyltransferases that transfer the fluoromethyl group to N-, C- or O-nucleophiles.

Results and Discussion. In a previous study we have shown that HMTs can produce SAM from SAH and methyl iodide (MeI).!'"
Combinations of an HMT with other SAM-dependent methyltransferases were shown to transfer methyl groups from Mel to a
variety of accceptor substrates using SAH as a catalyst that transfers activate methyl groups between the two methyl transferases.!'®
1 Other labs have shown that this methodology can also be applied for the transfer of ethyl, propyl or even allyl groups, suggesting
that methyltransferases may provide a general platform of alkyl transfer biocatalysis.[') Indeed, engineered methyltransferases have
been shown to accept SAM derivatives that deliver an even broader range of fragments such as carboxylated alkyl groups,''¥! tags
for biorthogonal modification or photo-cleavable fragments.'*! Encouraged by these results, we explored as to whether

methyltransferase cascades could also transfer fluoromethyl groups.

To this end, we produced HMT from Burkholderia xenovorans (protein family 05724) in a strain of Escherichia coli that is SAH-
nucleosidase-deficient (E. coli Amtn, DE3, Figure S1).[1%! A reaction containing 30 uM of HMT, 6 mM FMel, 0.5 mM SAH in a
100 mM phosphate buffer at pH 8.0 was incubated at 25°C and analyzed by cation-exchange HPLC. This reaction consumed 80 %
of SAH within the first 30 min (Figure 2B). In this early phase two new adenosine species emerged (1 and 7) and vanished in the
later phase as a more stable species (4) accumulated. This stable compound was identified as 5'-deoxy-5'-thioadenosine (4) by 'H
NMR (Figure S3) and high-resolution electrospray mass spectrometry (HR-ESI-MS, [C10H13NsO3S]" calculated 284.0812, found
284.0812). Homoserine was identified as the second accumulating product (3, Figure S2). These are rather unusual degradation
products of SAM or SAH.["! The only known enzyme that produces 4 is the type C radical SAM methyltransferase NosN.['9! In the
absence of FMel, degradation of SAH proceeds orders of magnitudes more slowly either by formation of adenine and S-

ribosylmethionine, or by formation of 5'-deoxy-5'-methylthioadenosine and homoserine lactone.['% > 171 The unusual degradation



products and the observation that degradation depends on FMel provide strong evidence that HMT does fluoromethylate SAH, 1%

and that the produced F-SAM is activated for hydrolysis.

Decomposition of F-SAM to 3 and 4 necessarily occurs via the intermediate 5'-deoxy-5'-fluoromethylthioadenosine (F-MTA, 7,
Figure 2B). Indeed, a transiently accumulating species (maximal concentration of 10 puM) could be identified a 7 by HR-ESI-MS
([C11H1sFNsO3S]" calculated m/z 316.0874, found 316.0871, Figure S42), but isolation was precluded by the inherent instability
of fluoromethylthioethers.["®] The second transient species, which accumulated to a maximal concentration of 0.5 uM, elutes from
the cation exchange column with a similar retention time as SAM and was therefore assigned as F-SAM (1, Figure 2B). Again, this
species was too unstable for further characterization. We also observed the transient accumulation of 5 uM SAM, owing to a small
(> 0.1 %) contamination of Mel in FMel. This signal was identified by co-injection of authentic SAM (data not shown). After four
hours when most SAH was consumed, the signal for SAM vanished, presumably due to HMT-catalyzed demethylation of SAM. To
compare the rates of HMT-catalyzed methylation and fluoromethylation, we monitored the time-dependent consumption of SAH
(initial concentration 50 pM) in reactions containing 5 mM Mel or FMel. Under these conditions 1 pM HMT was found to methylate
or fluoromethylate SAH with a frequency of (0.24 £ 0.01) s or (0.013 +0.001) s™! respectively, and to consume more than 90 % of
SAH after about 2.5 or 50 min respectively (Figure S4 and S5). The 20-fold difference in alkylation rate is consistent with the higher

intrinsic electrophilicity of monohalomethanes compared to that of dihalogenmethanes.

A second experiment was designed to test whether in sifu generated F-SAM could be used as a reagent for enzyme-catalyzed
fluoromethlytion. We combined HMT with the histidine-specific methyltransferase EgtD from Mycobacterium smegmatis (EC
2.1.1.44, protein family 10017).") This enzyme catalyzes three successive methylation steps that convert histidine to N-o-
trimethylhistidine (TMH). A reaction containing 1 mM N-a-dimethylhistidine (DMH), 10 mM FMel, 50 uM SAH, 50 uM EgtD
and 50 uM HMT in 100 mM phosphate buffer, pH 8.0 converted 97 % of DMH to the fluorinated version of TMH (F-TMH, 6)
within 8 h (Figure 2C and D). In the same time period the concentration of SAH diminished only by 25 %, suggesting that
dealkylation of F-SAM by EgtD successfully competes with hydrolytic degradation (Figure 2D, inset). No F-TMH was formed in
reactions without HMT (Figure 2C, a). A 2 ml scale reaction was used to produce 0.8 mg F-TMH for characterization by 'H and '*C
NMR (Figure S6 and S7). The analytical data was consistent with that collected from authentic F-TMH made by chemical synthesis

(Figure S31 — S34).
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Figure 2. A: HMT-catalyzed generation F-SAM (1). F-SAM is unstable and degrades by hydrolysis to homoserine (3), 5'-deoxy-5'-thioadenosine (4),
formaldehyde and fluoride with 5'-deoxy-5'-fluoromethylthioadenosine (F-MTA, 7) as intermediate. In gray: EgtD can accept F-SAM as substrate to alkylate
N-o-dimethylhistidine, (DMH, 5) to produce fluoro-N-a-trimethylhistidine (F-TMH, 6). B: Cation-exchange HPLC analysis of time-dependent consumption
of SAH by HMT in a FMel-dependent reaction (a: 1 min; b: 30 min; ¢: 60 min; d: 120 min; e: 240 min). The reaction products homoserine (3) and 5'-deoxy-
5'-thioadenosine (4) were identified by 'H NMR (Figure S3). This reaction also produced a small amount of SAM as a result of Mel contamination (< 0.1
%) in commercially available FMel. C: Cation-exchange HPLC analysis of a cascade reaction containing 1| mM DMH, 10 mM FMel, 50 uM SAH, 50 uM
EgtD and 50 uM HMT (a: reaction after 480 min without HMT; b: 40 min; ¢: 160 min; d: 240 min; e: 480 min). D: Time-dependent production of F-TMH

from DMH. Inset: [SAH] during the same time period.

The HMT-EgtD cascade with histidine as acceptor substrate produced no stable N-methylated products. Interestingly, this reaction
did not degrade SAH either. These observations suggest that HMT-produced F-SAM could not accumulate and degrade because it
was efficiently dealkylated by the EgtD:histidine complex (Figure S8). The product of this reaction, N-a-fluoromethyl histidine, did
not accumulate, because it decayed to histidine, formaldehyde and fluoride. The instability of N-a-fluoromethyl histidine illustrates

that stable fluoromethylation is only possible for nucleophiles with poorly donating lone pairs, such as C-nucleophiles, tertiary

amines, electron-deficient alcohols or thioacids.
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Figure 3: Methyltransferases that were tested for their ability to transfer fluoromethyl groups from F-SAM to their native acceptor substrate.

In a next step we explored as to whether methyltransferases from other protein families may also catalyze fluoromethylation using
in situ generated F-SAM as a co-substrate. The examined cascade reactions contained 50 uM HMT, 50 uM SAH, 10 mM FMel, 50
uM of the tested methyltransferase and 1 mM of the respective methylation substrate. First, we examined the sarcosine
dimethylglycine methyltransferase from the thermophilic eukaryote Galdieria sulphuraria (SDMT, EC 2.1.1.157, protein family
08241, Figure 3).%! Although the reaction catalyzed by this enzyme — methylation of N-dimethylglycine (DMG, 8) to form glycine
betaine — is very similar to that catalyzed by EgtD, the two enzymes belong to different protein families, and the structure of their
active sites are quite different (PDB code SDMT: 2057, EgtD: 4PIN).l""! Despite these differences, the HMT-SDMT cascade fully

converted 1 mM DMG to fluoro-glycine betaine (9) as inferred by 'H NMR (Figure S9 and S36).

The 2-ketoarginine methyltransferase from Pseudomonas syringae (MrsA, 2.1.1.243, protein family PF13649) catalyzes methylation
of carbon 3 of 2-ketoarginine (10, Figure 3) as a key step in the production of B-methyl arginine.!! The recombinant enzyme, in
combination with HMT, SAH and FMel consumed more than 90 % of 2-ketoarginine in the first hour. The primary accumulating
species could be isolated under acidic conditions and identified as 5-guanidine-3-fluoromethyl-2-oxopentanoate (11) by HR-ESI-
MS ([C7H13FN;0;]* calculated 206.0936, found 206.0932) and 'H and ’F NMR (Figures S10 — S14). In the second phase of the

reaction this compound slowly decomposed to HF and 5-guanidine-3-methylene-2-oxopentanoate (12, [C;H;2N30;]" calculated



186.0874, found 186.0862). Despite the instability of 11 at neutral pH, this experiment demonstrates the ability of MrsA to transfer

a fluoromethyl group from F-SAM to a C-nucleophile.

A cascade reaction containing the trans-aconitate 3-methyltransferase from Saccharomyces cerevisiae (TAMT, EC 2.1.1.145,
protein family PF13847)2! as secondary methyltransferase, and trans-aconitate (13) as substrate also gave an unstable
fluoromethylated product. HPLC analysis showed that 90 % of 13 was converted to one new species in the first three hours (Figure
S15). Analysis of the reaction mixture after 45 min by °F NMR revealed the accumulation of a fluorine species containing a
fluoromethyl ester (Figure S16), suggesting that fluoromethyl-trans-aconitate (14) was formed. However, this product proved too
unstable for further characterization. To trap this unstable ester we supplemented the cascade reaction with 5 mM hydroxylamine.
This reaction produced a more stable compound with a mass consistent with that of the hydroxamic acid of trans-aconitate (15,
CeH7NOg [M-H] 188.0200, found [M-H] 188.0200, Figure S17). The same cascade with Mel instead of FMel produced trans-
aconitate methyl ester as a stable product (Figure S18 and S19). Addition of hydroxylamine to this reaction did not produce any

traces of 15.

The second physiological substrate of yeast TAMT has been identified as the leucine biosynthesis intermediate 3-isopropylmalate
(16).1*) We examined the products of a reaction containing initially 1 mM of 16, 5 mM FMel together with 50 pM of each SAH,
HMT and TAMT. To this reaction we added 5 mM hydroxylamine for in situ conversion of the labile fluoromethylester of 16 to the
more stable hydroxamic acid 17. In 210 min at 25°C this reaction converted more than 90 % of 16 to 17 as inferred by 'H and '*C

NMR and HR-ESI-MS ([C7H12NOs]" 190.0718 found, 190.0720 calculated, Figure S20 — S22).

Analogous cascade reactions with the a-keto acid methyltransferase SgvM from Streptomyces griseoviridis (protein family
PF08242),4 the coumarin methyltransferase NovO from Streptomyces niveus (EC 2.1.1.284, protein family PF13649)1%") or the
inositol 4-methyltransferase from Mesembryanthemum crystallinum (IMT, EC 2.1.1.129 protein family PF00891)™%! did not produce
fluoromethylated versions of their respective substrates (18, 19 and 20), as inferred by 'H NMR (Figures S24, S26 and S28).
Furthermore, HPLC analysis of the HMT-SgvM and the HMT-IMT cascade reactions showed that SAH was degraded to 4 at a
similar rate and via the same intermediates (1 and 7) as observed in the reaction with HMT alone (Figure S23 and S25). This behavior

suggests that SgvM and IMT do not turnover F-SAM efficiently under these conditions.

Interestingly, in the HMT-NovO reaction the concentration of SAH remained unchanged (Figure S27). A control reaction without
NovO produced the same result, but in a reaction without the substrate 2,7-dihydroxy naphthalene (20), SAH was degraded to 4

(Figure S29). Apparently, the substrate, not the enzyme, protects SAH from degradation. Most likely, 20 reacts with F-SAM to form



an unstable O-fluoromethylated product that does not accumulate. This uncatalyzed reaction outcompetes hydrolysis of F-SAM and

therefore prevents depletion of the SAH pool. We have not observed a similar uncatalyzed reaction between 20 and SAM.

Five of the eight enzymes in this surveil (HMT, EgtD, SDMT, MrsA and TAMT) were able to transfer fluoromethyl groups to C-,
N-, O- and S-nucleophiles, suggesting that many more small molecule methyltransferases and possibly also methyltransferases with
macromolecular substrates may accept F-SAM as a co-substrate. However, this ability is not general, as illustrated by the
unproductive cascades with SgvM, IMT and NovO. Because fluorine and hydrogen are of similar size, it is unlikely that these
enzymes distinguish SAM from F-SAM based on size. SgvM and NovO both accept the more sterically demanding substrate S-
adenosylethionine (SAE).** 27! Alternatively, SAM and F-SAM may adopt different conformations in solution. However, the
structures of EgtD from M. smegmatis (PDB: 4PIO)"), HMT from Arabidopsis thaliana (PDB: 3LCC),?*! NovO from S. niveus
(PDB: 5SMGZ)** and TAMT from S. cerevisiae (PDB: 3G5T) show that these enzymes bind SAM or SAH in essentially the same
conformation. Therefore, we conclude that the observed discrimination between SAM and F-SAM must occur based on reactivity
rather than on shape. In this regard it is interesting to note that under saturating conditions HMT, EgtD, GsSDMT and MrsA catalyze
methyl transfers with frequencies in the range of 1 s (Table S1). The turnover frequencies of NovO and SgvM are almost 100-fold
smaller. In cascade reactions where HMT-catalyzed alkylation of SAH outpaces dealkylation of F-SAM by the secondary
methyltransferase, F-SAM may accumulate and hence degradation to 4 becomes the dominant process. Based on this model we
predict that methyltransferases with low turnover frequencies may not be suitable for the construction of fluoromethyl transfer

cascades.

Conclusions. In this report we demonstrate the ability of HMT to catalyze fluoromethylation of SAH to produce F-SAM. This labile
alkylation reagent has not been described before. The fleeting stabilities of fluoromethylethers as in fluoromethyl-homocysteine or
F-MTA (7) limit the prospects for preparative access to F-SAM via chemical synthesis,'*”! or via biocatalysis using enzymes such
as methionine adenosyltransferase (EC 2.5.1.6) or chlorinase (EC 2.5.1.94) which have been used successfully to produce SAM and
more stable SAM-derivatives.?”- 3 Our results show that the F-SAM producing activity of HMT can be combined with secondary
methyltransferase that transfers fluoromethyl groups to acceptor substrates with C-, N-, and O-nucleophiles. We anticipate that these
findings will pave the way to recruit methyltransferase biocatalysis for the production of high value organofluorides for

pharmacological and theranostic applications.
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