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SAM methylation by TokK and ThnK VAT NG,

The stereochemical course of only a handful of cobalamin-
dependent radical S-adenosylmethionine methylases has
been determined, with both inversion and retention of
configuration having been observed. The X-ray structure
of TokK, a canonical member of this family involved in BN
carbapenem antibiotic biosynthesis, is ambiguous as to e
the stereochemical identity of the abstracted substrate o ‘
hydrogen. Here we present the synthesis of deuterated
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Stereochemical course of cobalamin-dependent
radical SAM methylation by TokK and ThnK+

* and Erica K. Sinner (2 *#

Complex carbapenems are important clinical antibiotics for difficult-to-treat infections. An essential step
in the biosyntheses of these natural products is stereospecific methylation at C6 and subsequent
alkylations by cobalamin-dependent radical SAM methylases such as TokK and ThnK. We have prepared
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isotopically labeled substrates in a stereospecific manner and found that both homologous enzymes
selectively abstract the 6-pro-S hydrogen, followed by methyl transfer to the opposite face to give the
(6R)-methyl carbapenam product proceeding, therefore, by inversion of absolute configuration at C6.

These data clarify an unexpected ambiguity in the recently solved substrate-bound crystal structure of

rsc.li/rsc-chembio

Introduction

TokK and ThnK are cobalamin (Cbl)-dependent radical
S-adenosylmethionine (rSAM) methylases that catalyze sequen-
tial methylations in complex carbapenem antibiotic biosynth-
esis. These enzymes share 79% sequence identity and a
common substrate, (2R,3R,5R)-pantetheinylated carbapenam
(PCPM, 1). However, TokK and ThnK differ in the number of
methylations they catalyze in the biosyntheses of asparenomy-
cin (6) and thienamycin (5), respectively (Scheme 1)."* The
differences in the kinetic behavior of these two enzymes have
been previously discussed,” and the recent structural character-
ization of TokK greatly improved our mechanistic understand-
ing of Cbl-dependent rSAM methyl transfer.” Despite these
advances, however, the stereochemical course of methylation
by TokK could not be determined directly from the structure.
TokK uses a [4Fe-4S] cluster to reductively cleave SAM,
generating a 5'-deoxyadenosyl radical (5’-dA*), which abstracts
a hydrogen atom from C6 of PCPM (1) to form 5'-
deoxyadenosine (5-dAH). The substrate radical is methylated
by the homolytic cleavage of methylcobalamin (MeCbl), which
is formed by the nucleophilic attack of cob(r)alamin on a
second equivalent of SAM.®® A similar mechanistic strategy is
employed by the related sequential methylase CysS, which,
unlike TokK and ThnK, acts on a carrier protein-bound
substrate.’ The first methylation by both TokK and ThnK yields
Me-PCPM (2) with the R configuration at C6"* (Scheme 1). Early
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TokK and have led to a stereochemically complete mechanistic proposal for both TokK and ThnK.

studies with the thienamycin producer showed that the methyl
groups are methionine-derived.> This result has been con-
firmed by using isotopically labeled SAM in assays with ThnK,
which leads to a corresponding mass shift in the methylated
product.” Additionally, experiments with chiral-methyl methio-
nine gave overall retention of absolute configuration in the
transferred methyl group.'® Because this result was inconsis-
tent with direct transfer from SAM, Floss and colleagues
correctly predicted the involvement of a MeCbl intermediate.
These insights notwithstanding, the identity of the hydrogen
atom abstracted by the 5'-dA* generated by ThnK and TokK is
unknown. Detailed in vitro stereochemical analysis has only
been done with a small number of Cbl-dependent rSAM methy-
lases, and has not always been straightforward. Fom3, which
methylates a fosfomycin precursor, was first thought to be a
nonstereoselective catalyst,"" but upon further inspection was
found to proceed with inversion of configuration.”*** Conver-
sely, GenK, which is a methylase in gentamycin biosynthesis,
proceeds with retention of configuration.'® The stereochemical
relationship between H-atom abstraction and methylation is
likely determined by the relative placement of the substrate to
5’-dA* and MeCbl in the active site. Therefore, it was thought
that structural characterization of Cbl-dependent rSAM
enzymes would reveal the stereochemistry of each step of the
reaction. However, due to the practical limitations of working
with these enzymes, progress in this area has been slow."®
There are currently four structurally characterized Cbl-
dependent rSAM enzymes: OxsB,’” TsrM,'® Mmp10,"° and
TokK.” The first two structures solved in this small set of
enzymes are mechanistic outliers, limiting their utility in
connecting active site architecture and catalytic function. OxsB
is thought to perform a radical ring contraction,'”*° and
TsrM is a methylase that uses an unconventional non-radical

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reactions catalyzed by ThnK and TokK in the biosyntheses of
Thienamycin and Asparenomycin.

mechanism."®*"*> Moreover, OxsB was not co-crystallized with

its substrate,'” and the position of the substrate bound to TstM
is incompetent for catalysis."®* Mmp10 was crystallized with its
substrate,'® but has a non-canonical domain architecture and
does not cluster with the Cbl-dependent subfamily in a
sequence similarity network of rSAM enzymes.>* Therefore,
the recently solved 1.9 A Xray structure of TokK co-
crystallized with substrate, hydroxycobalamin, methionine,
and 5'-deoxyadenosine (5-dAH)’ is an advance likely to be
the most representative structure of the Cbl-dependent rSAM
subfamily. The TokK structure clearly shows the Cbl cofactor
oriented to methylate from the bottom face of the f-lactam ring
to give the (6R)-Me-PCPM (2) product.” However, to our sur-
prise, the structure did not clearly reveal which C6 hydrogen is
abstracted by 5’-dA°. As shown in Fig. 1, 5'-dAH is situated
approximately halfway between the two modeled C6 hydrogen
atoms. It was therefore unclear if hydrogen atom abstraction

-
Met

[4Fe-4S]

Fig. 1 Substrate-bound TokK active site with pro-S and pro-R hydrogens
modeled. (PDB ID: 7KDY).
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would be stereorandom or stereoselective, and if selective,
which hydrogen would be preferentially removed by TokK.
We set out to address this question by using the unambiguous
chemical approach of examining the fate of stereospecifically
deuterated substrates. Together with the structural insight into
TokK, we now have a more complete picture of the mechanism
of methylation by the Cbl-dependent rSAM subfamily.

Results and discussion
Synthesis of deuterated probes

To achieve highly stereoselective labeling at C6 of the carbape-
nam PCPM (1) we elected to set this stereocenter prior to
formation of the p-lactam ring. The instability of the carbape-
nam nucleus and the functionally indistinguishable reactivity
of the two C6 hydrogens precludes late-stage labeling. We
therefore assessed our previous syntheses of carbapenams™?*
to ensure both scalability and high deuterium incorporation at
an earlier step. Monocyclic B-lactams 14a/14b were identified as
key intermediates known to be accessible from dibenzyl
p-aspartate.”®> We envisioned, therefore, the preparation of
diastereomeric [3-*H] p-aspartates 11a and 11b.

Isotopic labelling of amino acids is well precedented and
many deuterated amino acid derivatives are commercially
available. While the asymmetric deuteration of numerous
natural and non-canonical amino acids at the a-carbon (C2)
has been described,**™® stereoselective generation of B-carbon
(C3) labeled substrates is far less common. A chemoenzymatic
synthesis of both diastereomers of [3-°H] r-aspartic acid on
large scale and with high incorporation of deuterium has been
reported.”® Unfortunately, the reliance on biocatalysts pre-
cludes the ability to generate unnatural p-amino acids, neces-
sitating a fully chemical approach.

Retrosynthetic analysis of aspartic acid led us to propose
tartrate as a chiral-pool starting material. While the mono-
reduction of tartrate to malate has been extensively explored in
the literature,®>*' most processes rely upon single-electron
mechanisms unsuitable for stereoselective introduction of deu-
terium at C3. We initially explored the direct reduction (D,) of a
symmetrical aziridine dicarboxylate readily accessible from
tartrate,®” in the hope that deuterium uptake from the catalyst
surface would be stereospecific along one of the symmetry-
equivalent edges of the aziridine. Instructively, reduction was
observed to be stereorandom, which has precedence in the
literature.>® Attempts to accomplish the same transformation
using alternative reducing agents were either unsuccessful or
incompatible with other functional groups. Therefore, we pur-
sued an alternative approach using a similar symmetrical
heterocycle that would serve as a chiral synthon for stereospe-
cific deuteration.

Sharpless et al. have previously described the reductive
opening of tartrate-derived cyclic sulfates using hydride
reagents, including NaBH,4.>**> This reduction occurs by an
Snx2 mechanism and, therefore, should occur with complete
inversion at the C3 stereocenter. We repeated this reduction on

RSC Chem. Biol., 2022, 3,1028-1034 | 1029
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Fig. 2 (A) and (B) Preparation of deuterated p-aspartates and their respective Mosher amides. Reagents and conditions: (a) SOCl,, DMF (cat.), DCM, 0 to

50 °C, 30 min; (b) NalO4, RuCls-3H,0 (cat.), CH3zCN, H,0, rt, 1 h; (c) NaBD4, DMAC, rt, 1 h, then, (NH4),SO4, H,SO4, Et,0, rt, 24 h; (d) MsCl, DIPEA, DCM,
0 °C, 1.5 h; (e) NaNs, DMSO, rt, 18 h; (f) SnCl,, dioxane, H,O, 0 °C to rt, 2 h, then Boc,0, NaHCOs3, 0 °C tort, 18 h; (g) TFA, DCM, rt, 2 h; (h) (S)-(+)-MTP-Cl,
NEts, DMAP, DCM, rt, 2 h; (i) SOCl,, pyridine, CHCls, 0 to 60 °C, 4 h. (C) *H NMR spectra of 12a (red), 12b (blue), and unlabeled control (black). (D) *°F NMR

spectra of 12a (red), 12b (blue), and unlabeled control (black).

cyclic sulfates 8a and 8b derived from dibenzyl p- and r-tartrate
with NaBD, (Fig. 2(A) and (B)). Following hydrolysis of the
intermediate alkyl sulfate and purification, "H-NMR analysis of
the product malates showed a simplified coupling pattern
consistent with excellent deuterium incorporation (96-99%,
over several preparations, confirmed by HRMS) and the
expected stereoinversion. This procedure could be used to

1030 | RSC Chem. Biol., 2022, 3,1028-1034

prepare both the (2S,3R)- and (2R,3S)-enantiomers of dibenzyl
malate (9a and 9b).

With deuterium installed stereospecifically and at a high
level, we proceeded to prepare the desired p-aspartate, and
further the B-lactam. Against expectation, we found very few
examples of the conversion of malate to aspartate in the
literature. Most precedence involves the inversion of triflates

© 2022 The Author(s). Published by the Royal Society of Chemistry
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with hydroxylamine®® or hydrazine®” derivatives. Although
these transformations proceeded in high yields and optical
purity, the reduction of the product derivatives would not be
compatible with our ester protecting groups. Instead, we chose
to use azide as a nucleophilic source of nitrogen in analogous
substitution reactions. Activation of 9a as mesylate 10 was
accomplished in high yields with minimal elimination and
was followed by displacement by NaNj;. Substitution by azide
gave an inseparable ca. 2:1 mixture of substitution and elim-
ination products. Rather than attempt to purify the reaction
product, the crude material was subjected to a one-pot tin(u)
chloride-mediated reduction and subsequent Boc protection.
The protected p-aspartate 11a was easily purified and isolated
in 55% yield over two steps (Fig. 2(A)).

Having prepared the p-aspartate from p-tartrate derived 9a,
we sought to achieve the same using the i-tartrate derived 9b
(Fig. 2(B)). To achieve the desired stereochemistry at C2, it was
necessary to perform a double-inversion at this center. SOCI,/
pyridine simultaneously accomplished the first inversion and
generation of a leaving group in 13. Appel bromination was
initially explored to effect a similar inversion and generate a
better leaving group, but resulted in significant racemization at
C2, a known phenomenon owing to repeated bromide displace-
ments in such activated systems.*® Using an identical proce-
dure as above, chloride 13 was displaced with azide and
telescoped to 11b. A reduced yield was obtained in this step
due to substantially greater elimination (>60%) in the azida-
tion reaction. This observation suggests that both leaving group
identity and stereochemistry of the adjacent deuterium signifi-
cantly affect the ratio of substitution and elimination products.

To verify the desired stereochemistry and optical purity at C2
in 11a and 11b, we converted each to its respective (R)-Mosher
amide 12a and 12b. Comparison of their "H NMR spectra as
shown in Fig. 2(C) demonstrated that the compounds were
diastereomeric at C3. Further comparison of the corresponding
9F NMR spectra (Fig. 2(D)) to the Mosher amide prepared from
unlabeled dibenzyl p-aspartate confirmed the stereochemistry
at C2. Following deprotection and deprotonation to the free
amine, an established procedure®® was slightly modified to
efficiently cyclize both substrates to the diastereomeric [3-*H]-
B-lactams 14a and 14b (Fig. 3(A)). Direct comparison of their
"H-NMR spectra, as well as the unlabeled reference compound,
further secured the assigned stereochemistries (Fig. 3(B)). A
simple doublet was observed at C4 of the azetidinone with J =
6.0 or 2.8 Hz for 14a and 14b, respectively, in accord with
Karplus dihedral angle dependence.®® These key intermediates
were separately elaborated to the correspondingly labeled
PCPM isotopologues using a strategy similar to that described
previously (Scheme 2).** Briefly, after removal of the benzyl
ester by hydrogenolysis to afford 15a and 15b, each carboxylic
acid was subjected to an Arndt-Eistert homologation.>® The
resultant 16a and 16b were activated by carbonyldiimidazole
(CDI) and extended by the decarboxylative addition of
Mg(mono-PNB malonate),.*® Subsequent removal of the silane
resulted in the formation of 17a and 17b, which were diazotized
to 18a and 18b. This transformation enabled rhodium(m)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) synthesis of B-lactams from p-aspartates. Reagents and con-

ditions: (a) TFA, DCM, rt, 2 h; (b) 1 M K,COs3, DCM, rt, 45 min; (c) TBSOTH,
NEts, DCM, rt, 4 h; (d) tBuMgCl, Et,O, 0 °C to rt, 16 h. (B) *H NMR spectra of
14a (red), 14b (blue), and unlabeled control (black).

catalyzed carbene insertion to form the 5-membered ring as a 2-
oxocarbapenam, which was reduced, mesylated, and eliminated in
each case to give carbapenems 19a and 19b. Pantetheine 1,4
addition was followed by HPLC separation of the C2 diastereomers
to yield 20a and 20b. Hydrogenolysis of the PNB esters gave PCPMs
21a and 21b in 21 steps from dibenzyl tartrate.

ThnK and TokK are stereoselective

TokK and ThnK were expressed and purified as reported
previously.*' Each enzyme (100 pM) was incubated with each
substrate (1 mM) for 90 min and the formation of products was
monitored by UPLC-HRMS. By using a substrate concentration
10-fold higher than the enzyme concentration, the first methy-
lation in the sequence is the dominant reaction for each
enzyme, giving Me-PCPM (2) as the major product. A minor
amount of Et-PCPM (3) is also formed in reactions with both
ThnK and TokK (Fig. S1, ESIT). When (S)-[6-°H]PCPM (21b) was
incubated with each enzyme (Fig. 4 blue traces), the major
product was unlabeled Me-PCPM (2), which closely matched
the product formed in control reactions with unlabeled PCPM
(1, Fig. 4 black traces). The formation of unlabeled product
indicates that the pro-S deuterium is abstracted by 5’-dA® in
both enzymes. The production of 5-dA*H was also observed in
reactions with (S)-[6->HJPCPM (21b), confirming this result.

RSC Chem. Biol., 2022, 3,1028-1034 | 1031
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CH,Cl,, rt, 1 h; (j) pantetheine, NEts, CHsCN, rt, 1 h, then HPLC separation; (k) H (30 psi), Pd/C, THF, KHPO, (aq), pH 7, rt, 1 h.
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Fig. 4 Electrospray ionization (ESI) mass data from reactions with (A) TokK and
(B) ThnK. Red traces are from reactions with (R)-[6-2HIPCPM (21a), blue traces
are from reactions with (S)-[6-2HIPCPM (21b), black traces are from reactions
with unlabeled PCPM (1). Calculated masses are as follows: 5'-dAH, 252.1091;
5'dA®H, 2531154; PCPM, 432.1799; [6-°HyJPCPM, 433.1862; Me-PCPM,
446.1955; [6-2H;]Me-PCPM, 447.2018.

Conversely, when (R)-[6->’H]PCPM (21a) was used (Fig. 4 red
traces), the major product was [6->H]Me-PCPM, showing that

1032 | RSC Chem. Biol., 2022, 3,1028-1034

deuterium was retained in the product of the reaction. These
reactions also produced unlabeled 5-dAH in accord with pro-S
hydrogen abstraction by 5'-dA°®. The fact that reactions with TokK
and ThnK gave virtually identical results reveals that the overall
architecture of their active sites is highly conserved despite the
differences in their kinetic profiles." These results establish that
both ThnK and TokK proceed with inversion of configuration at Cé.
The high specificity of both enzymes for the pro-S hydrogen
indicates that the position of PCPM in the substrate-bound struc-
ture of TokK is not precisely poised for hydrogen abstraction.
Rather, C6 of PCPM must move slightly in the active site to facilitate
alignment of the pro-S hydrogen with 5’-dA®. This motion could
also place the resulting C6 radical at a more ideal distance for
methyl transfer from MeCbl. Although characterized examples are
still quite limited, inversion of configuration seems to be more
commonly the case for Cbl-dependent rSAM methylases, as this
stereochemical process is shared by Fom3,'>™* as well as GenD1,*
and MoeK.*® The latter two enzymes have been assigned a function
using traditional knock-out experiments rather than through i vitro
study, but as they both catalyze methylation of chiral centers, their
stereochemical course can be directly inferred. In contrast, as
mentioned above, GenK** has been shown to proceed with overall
retention of configuration,'® suggesting that the active site of a Cbl-
dependent rSAM methylase can accommodate the cofactors in
varying orientations. Interestingly, the specificity of GenK appears
to be weakened when the preferred hydrogen is replaced with
deuterium. In this reaction, approximately 20% of the accumulated
product is deuterated, potentially due to a primary kinetic isotope
effect in the initial H-abstraction step.'> This phenomenon is
observed to a lesser degree in both TokK and ThnK, which
accumulate ca. 7% and 4% of [6-°’H]Me-PCPM, respectively, when
(S)}{6->H]PCPM (21b) is used.

Conclusions

Here we present the synthesis of deuterated PCPMs of high isotopic
and stereochemical purity from diastereomeric [3-*H]-aspartates

© 2022 The Author(s). Published by the Royal Society of Chemistry
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and their subsequent enzymatic analysis with both TokK and
ThnK. These experiments lead to the mechanism proposed in
Scheme 3, wherein the reductive cleavage of SAM generates
5’-dA®, which stereospecifically abstracts the pro-S hydrogen at
C6 of PCPM. The resulting planar PCPM radical is methylated
from the opposite face by MeCbl to give (6R)-Me-PCPM (2),
affording inversion of absolute configuration at C6. Single-
electron reduction of Cob(u)alamin and subsequent methylation
by SAM regenerates MeCbl for the next round of methylation.
Comparison of the structures of TokK solved with and without
bound substrate shows that only a few residues shift upon
substrate binding, while the positions of the metallocofactors
remain unchanged. Moreover, a single active site must accom-
modate the growing alkyl chain constructed by TokK and ThnK.
While our stereochemical experiments only provide insight into
the first methylation by both enzymes, they complement the
structural characterization of TokK to give a more complete
understanding of the interactions between reacting groups.
PCPMs are anchored by the binding of the C3-carboxylate to
Arg280, but the stereospecificity of hydrogen abstraction points
to allowable motion of PCPM in the active site, and could suggest
that the PCPM crystallized in the TokK active site is not precisely
poised for methyl transfer. Potential PCPM mobility could also
help to explain how a single enzyme can catalyze multiple
methylations both at C6 and the newly introduced carbon. The
kinetic differences between TokK and ThnK and the catalysis of
three vs. two methyl transfers have been partially attributed to
three amino acid substitutions proximal to the active site.”
Taken together with previous kinetic and structural character-
ization of TokK, our stereochemical exploration of ThnK and
TokK expands the limited understanding of methylation by the
large and growing subfamily of Cbl-dependent rSAM enzymes
and provides further insight into the even smaller subset of
sequential methylases.
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