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Despite their broad anti-infective utility, the biosynthesis of the
paradigm carbapenem antibiotic, thienamycin, remains largely
unknown. Apart from the first two steps shared with a simple
carbapenem, the pathway sharply diverges to the more structur-
ally complex members of this class of β-lactam antibiotics, such as
thienamycin. Existing evidence points to three putative cobalamin-
dependent radical S-adenosylmethionine (RS) enzymes, ThnK,
ThnL, and ThnP, as potentially being responsible for assembly of
the ethyl side chain at C6, bridgehead epimerization at C5, instal-
lation of the C2-thioether side chain, and C2/3 desaturation. The
C2 substituent has been demonstrated to be derived by stepwise
truncation of CoA, but the timing of these events with respect to
C2–S bond formation is not known. We show that ThnK of the
three apparent cobalamin-dependent RS enzymes performs se-
quential methylations to build out the C6-ethyl side chain in a
stereocontrolled manner. This enzymatic reaction was found to pro-
duce expected RS methylase coproducts S-adenosylhomocysteine
and 5′-deoxyadenosine, and to require cobalamin. For double
methylation to occur, the carbapenam substrate must bear a
CoA-derived C2-thioether side chain, implying the activity of a
previous sulfur insertion by an as-yet unidentified enzyme. These
insights allow refinement of the central steps in complex carbape-
nem biosynthesis.
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Bacterial resistance to penicillin and cephalosporin has placed
increased clinical reliance on the carbapenem class of β-lactam

antibiotics, notably synthetic variants of the naturally occurring thie-
namycin (Fig. 1, thienamycin 7) (1). Approximately 50 “complex”
carbapenems are known, distinguished by a vinylthio substituent at
C2 and a short alkyl chain at C6. These natural products have been
isolated from actinomyces, whereas the lone “simple” carbapenem,
carbapenem-3-carboxylic acid 3, is known from an enterobacterium,
Pectobacterium carotovorum (1). Despite the evolutionary distance
between the producers, the first two biosynthetic steps to each are
shared (2). Thus, CarB encoded in the latter and ThnE from
Streptomyces cattleya, and, correspondingly, CarA and ThnM give
(3S,5S)-carbapenam 2 (Fig. 1). At this point, the two pathways di-
verge in a striking manner, with the simple carbapenem 3 produced
by both configurational inversion at the bridgehead and C2/3
desaturation mediated by CarC (3). In contrast, the path to
thienamycin 7, and likely to all complex carbapenems, in-
volves an entirely separate sequence of transformations.
Apart from the identification of ThnR, ThnH, and ThnT in

the stepwise truncation of CoA to the C2-cysteamine side chain
of thienamycin (4), the timing of these tailoring events with re-
spect to the introduction of the C2 substituent onto the car-
bapenam(em) nucleus, alkylation at C6, ring inversion, and
desaturation remain shrouded in mystery, although compound 6
is hypothesized to be an intermediate. Unique to the complex

carbapenems are three apparent cobalamin-dependent radical
S-adenosylmethionine (RS) enzymes, ThnK, ThnL, and ThnP
(all annotated as class B RS methylases) (5), which likely play
critical roles in the central undefined steps of thienamycin
biosynthesis.
RS enzymes are commonly identified by a conserved Cx3Cx2C

motif, typically responsible for coordinating a [4Fe-4S] cluster
(6), which enables this protein family to perform more than 40
biochemical transformations identified to date, including sulfur
insertion and methylation, which are relevant to the thienamycin
biosynthesis (7). The three thienamycin RS enzymes also contain
N-terminal extensions thought to be cobalamin (B12)-binding
domains, apparently in keeping with early observations that
CoII and cobalamin increase carbapenem titers in cultures of
producing strains (8). Indeed, the low turnover of RS enzymes
may account for the fact that thienamycin cannot be produced
by cost-effective fermentation methods, and thus all carbape-
nems for clinical use are manufactured synthetically (1).
Although the carbapenem RS enzymes likely perform several

intermediate biosynthetic steps and potentially use unprece-
dented chemistry, the challenge of deciphering their activities is
exacerbated by their intrinsic instability, unknown substrates, and
multiple possible reactions. We have taken a first step in illu-
minating the obscure center of the thienamycin biosynthetic
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pathway by identifying substrates for ThnK and establishing that
this enzyme performs two consecutive methylations to generate
the C6-ethyl side chain stereospecifically (Fig. 1). Although other
RS cobalamin-dependent enzymes that act on carbon have been
investigated previously (9–12), to our knowledge this is the first
in vitro characterization of a RS methylase acting sequentially to
form a side chain.

Results and Discussion
A library of candidate substrates and product standards was
prepared, including the simple (3S,5S)-carbapenam 2 and re-
lated C2- and C6-substituted derivatives 8–12. The library was
biased toward structures with the (3S,5S) stereochemistry, matching
that of the ThnM product 2, and those bearing the 6R configuration
(8, 9), matching that of thienamycin (Fig. 2A). A pantetheinyl
moiety was selected for the side chain at C2 (10–12), in keeping with
the OA-6129 series of metabolites that has been isolated from
carbapenem producers (13).
Work began with the best behaved of these three RS enzymes.

ThnK was cloned from S. cattleya under experimental conditions
that yielded moderate levels of soluble protein when expressed
with a C-terminal His6-tag in Escherichia coli Rosetta 2(DE3).
Because ThnK was expected to use both an iron-sulfur (Fe/S)
cluster and cobalamin, protein production was conducted in
ethanolamine-M9 medium, which facilitates uptake of externally
supplied hydroxocobalamin (HOCbl) into E. coli, and with con-
current expression of the Azotobacter vinelandii isc operon, encoded
on plasmid pDB1282. ThnK was purified under strictly anaerobic
conditions. Its UV-visible spectrum revealed a 420-nm shoulder
(SI Appendix, Fig. S1) typical of a bound Fe/S cluster. The relative
stoichiometry of iron and sulfide bound by the as-isolated protein
was determined to be 7.4 ± 1.4 and 3.7 ± 0.8 per polypeptide,
respectively, consistent with the presence of a [4Fe-4S] cluster.
Apparent excess iron has been observed with other RS enzymes
(11, 14), and was similarly seen in an alanine variant control.
To determine whether any of our library compounds was a

substrate for ThnK, we developed an LC-MS analytical screen
whereby enzymatic reactions were monitored for appearance of
the expected RS methylase coproducts, S-adenosylhomocysteine
(SAH) and 5′-deoxyadenosine (5′-dA) (15, 16). Initial screens
were conducted with ThnK, S-adenosylmethionine (SAM), and
potential substrates in the presence of methyl viologen and
NADPH as the Fe/S cluster reductants (10). The (3S,5S)-car-
bapenam and related C6-methyl and ethyl derivatives (2, 8, and 9)
gave nearly background (no substrate control) levels of SAH and
5′-dA (SI Appendix, Fig. S2). In contrast, however, these SAM-
derived coproducts accumulated when ThnK was incubated with
C2-substituted carbapenams, suggesting that the full methyl
transfer reaction(s) had occurred with these substrates (Fig. 2B).
We also examined alternative Fe/S cluster reductants, including

dithionite and the flavodoxin/flavodoxin reductase/NADPH re-
ducing system, but these did not yield improved activity (SI
Appendix, Fig. S3).
To assess enzymatic turnover, we quantified the amounts of

SAH and 5′-dA by LC-MS/MS (Fig. 2B). Compounds bearing
the now (3R,5R) stereochemistry with a pantetheine side chain at
C2 gave the greatest levels of turnover. Therefore, we tested
each C2 diastereomer (compound 10 or 11) individually. The
(2R,3R,5R)-carbapenam 11 yielded approximately twofold greater
amounts of SAM coproducts. These stereochemical preferences
were found to be reproducible (SI Appendix, Fig. S4), and SAH
and 5′dA were present in approximately equimolar amounts in
each reaction.
To test the role of the [4Fe-4S] cluster in catalysis, we gen-

erated a variant of ThnK in which the conserved cluster binding
motif Cx3Cx2C was changed from three cysteine residues to three
alanine residues. The variant protein was prepared as described
above for wild-type (WT) ThnK and incubated with substrate 11.
The inactivated enzyme did produce low levels of SAH, but no
detectable 5′-dA (SI Appendix, Fig. S5), consistent with reliance
of the WT enzyme on a functional Fe/S cluster. ThnK was also
expressed in M9 medium lacking HOCbl. The purified protein
with substrate 11 did not produce SAH or 5′dA; however, en-
zymatic activity could be rescued if cobalamin was added to the
reaction mixture (SI Appendix, Fig. S6).
We next sought to determine how the substrate was trans-

formed during the reaction with ThnK. Assays with 11 were an-
alyzed by ultraperformance liquid chromatography-high resolution
mass spectrometry (UPLC-HRMS). Exact masses were obtained
matching methylated (calc: m/z 446.1961; found: m/z 446.1954)
and twice-methylated (calc: m/z 460.2117; found: m/z 460.2104)
modifications of the substrate. The extracted-ion chromatograms
(EICs) for these masses showed retention times that were con-
sistent with increasing hydrophobicity relative to the substrate
(Fig. 3A). A highly diagnostic β-lactam mass fragment (calc: m/z
390.1699) corresponding to the loss of a ketene from cleavage of
the β-lactam ring (17) was observed (found:m/z 390.1701) (Fig. 4),
which was further consistent with methylation at C6.
To establish SAM as the methyl donor, we performed addi-

tional ThnK reactions with S-adenosyl-L-[methyl-d3]methionine
(d3-SAM). The corresponding M+3 m/z shift (Fig. 4 and SI
Appendix, Fig. S7) was observed for the methylated product, and
an M+5 m/z shift was seen for the twice-methylated product
(SI Appendix, Fig. S7), fully in accordance with formation of the
ethyl side chain at C6 in thienamycin by successive methyl
transfers.
To secure the stereochemistry of the first methylation, we

carried out the synthesis of a set of C6-methylcarbapenams
(compounds 13–15; Fig. 3C) and an assay with ThnK. Whereas
compounds 13 and 15 displayed trace activity and no measurable

Fig. 1. Biosynthesis of thienamycin and activity of ThnK. Two enzymes, ThnE and ThnM, form the (3S,5S)-carbapenam 2, which is then acted on by other
enzymes, likely including ThnK, ThnL, and ThnP, to form thienamycin. Correspondingly, CarB and CarA can also form 2, which CarC can convert to the simple
carbapenem 3. The demonstrated activity of ThnK is highlighted in gray.
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activity, respectively, compound 14 afforded unequivocal pro-
duction of SAH and 5′-dA (SI Appendix, Fig. S8). This result
underscores the importance of the stereochemical relationship
between the C3-carboxylate and the pantetheinyl side chain, and
confirms that the C6-methyl is attached in the R-configuration,
as occurs in thienamycin. An ultraperformance liquid chroma-
tography-electrospray mass spectrometry analysis showed that
the ethylated product of 14 (resulting from a single methyl
transfer) matched the exact mass and retention time of the
ethylated product of compound 11 (Fig. 3 A and D). In further
support of the twice-methylated compound, the (6R)-ethyl
standard 16 was synthesized and determined to match the afore-
mentioned products in terms of retention time, exact mass, and
fragmentation pattern, as expected (Fig. 3 A andD). The observed
activity of ThnK is summarized in Fig. 3B.
Mechanistically, ThnK resembles GenK, a cobalamin-dependent

RS C-methylase in gentamicin biosynthesis (10), with both

producing near-equimolar amounts of SAH and 5′-dA during ca-
talysis. Early labeling experiments established that the C6-ethyl side
chain of thienamycin is derived from methionine (18). A labeled
carbon is also found in the C6-hydroxymethyl side chain of north-
ienamycin, a minor cometabolite of thienamycin, suggesting a singly-
methylated intermediate in the formation of the ethyl side chain
(18). The present in vitro analysis of ThnK agrees with these
early experiments. An experiment incorporating chiral [1H, 2H,
3H-methyl]-L-methionine demonstrated that the absolute con-
figuration of the terminal methyl in the C6 side chain is largely

Fig. 2. Carbapenam synthetic library and detection and quantification of
SAM-derived products of ThnK. (A) Compounds synthesized to probe ThnK
activity. (B) LC-MS/MS detection of enzymatic SAM-derived coproducts SAH
(385.4→136 m/z) and 5′-dA (252.1→136 m/z). The EICs for the transitions of
SAH and 5′-dA are shown for each reaction. The reaction with compound
11 yielded the highest levels of these SAM-derived coproducts. Quantified
levels of SAH and 5′-dA are shown for each reaction.

Fig. 3. ThnK product detection and additional synthetic compounds.
(A) UPLC-HRMS detection of carbapenams from the ThnK reaction with
compound 11. The bottom, middle, and top traces show the EICs (m/z ± 0.05)
for unreacted substrate (432.18 m/z), methylated product (446.20 m/z), and
ethylated product (460.21 m/z), respectively. (B) Summary of ThnK activity.
(C) Additional compounds synthesized to analyze the ThnK reaction. Note:
Compound 15 is a racemate and diastereomeric at C2; compounds 13 and 14
are diastereomeric at C2, but enriched for the diastereomer shown (ap-
proximately 3:1 and 3:2, respectively); and compound 16 is diastereomeric at
C2. (D) UPLC-HRMS detection of carbapenams from the ThnK reaction with
compound 14 compared with synthetic standard 16. The bottom, middle,
and top traces show the EICs (m/z ± 0.05) for unreacted substrate 14 (446.20m/z),
ethylated product (460.21 m/z), and C6-ethyl synthetic standard (460.21 m/z),
respectively. The ethylated product of 11 (A) and the ethlyated product of
14 match the synthetic standard 16 (D).
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retained, consistent with an overall methyl transfer process involving
two inversions and a methyl-cobalamin intermediate (19). The B12-
dependence of ThnK reactions established above supports the role
of a methylcobalamin (MeCbl) intermediate, as has been implicated
in other methyltransferases, including TsrM (9) and GenK (10).
Although the tryptophan methylase TsrM may use a similar in-
termediate, the enzyme likely is mechanistically distinct from
ThnK and GenK, because it does not produce detectable levels
of 5′-dA (9).
The catalysis of consecutive methylations observed for ThnK

likely occurs elsewhere in nature. Within the carbapenem family,
the carpetimycins have three carbons in their C6 side chain (8),
suggesting that a ThnK ortholog may be responsible for three
methyl transfers. The natural product pactamycin has tradition-
ally been compared with thienamycin, because both possess a
hydroxyethyl side chain (18); however, a recent genetic knockout
study has suggested that more than one enzyme takes part in
attaching the ethyl group (20). Although sequential methylations
appear not to occur by a single enzyme in pactamycin biosynthesis,
other RS enzymes, including Swb9 (21) and PoyB or PoyC (22), in
quinomycin and polytheonamide biosynthesis, respectively, have
been implicated in multiple methylations of a single substrate chain.
These seemingly related biochemical examples notwithstand-

ing, the data reported here establish notable catalytic roles for
ThnK. It methylates in two distinct chemical environments (α to
the β-lactam ring and on a methyl group). The second methyl
transfer presumably involves a primary radical intermediate, a
particularly high-energy species. By identifying favorable sub-
strates for ThnK and elucidating its activity, we have gained
additional clues about the unknown central steps in thienamycin
biosynthesis as well. With formation of the ethyl side chain
accounted for, ThnL and ThnP can provisionally be assigned
nonmethyltransferase functions, potentially distinct chemistry for
the RS-cobalamin family, given that both proteins are essential
for carbapenem production (23, 24). Because ThnK activity was
observed only when a C2 side chain was present (compounds 10–
12 vs. 2, 8, and 9), we deduce that C2-thioether formation, likely
mediated by ThnL or ThnP, precedes C6-methylation in the
pathway. The stereochemical preference for (2R)-pantetheinyl
carbapenams 11 and 14 indicates that the thiol is likely in-
troduced in the 2-exo configuration. Furthermore, the observa-
tion of activity with substrates matching the (3S,5S)-carbapenam
2 at C5 (compounds 10, 11, and 14) suggests that bridgehead
epimerization occurs after C6-methylation (ethylation). Conse-
quently, C2-thiol attachment, C6-alkylation, and C5-epimeriza-
tion likely occur in that order. The orchestration of these

biosynthetic events with C2/3-desaturation and maturation of the
C2-cysteamine will be addressed in due course.

Materials and Methods
General methods are presented in SI Appendix.

Cloning and Expression of S. cattleya ThnK. The thnK gene was PCR amplified
from genomic DNA of S. cattleya (NRRL8057) using the following primers:
5′-CAAGACATATGACCGTCCCCGCCGCGC-3′, 5′-TATCTCGAGCCGCTGCTCGGTCAG-
GACGGG-3′. The thnK PCR product was digested using NdeI and XhoI and ligated
into the vector pET29b (Novagen) to obtain the C-terminal 6-His construct of
thnK. The plasmid was sequence-verified. The pET29b:thnKwas transformed into
E. coli Rosetta 2(DE3) for expression of ThnK as a C-terminal His6 construct. The
thnK Rosetta strain was also transformed with the vector pDB1282, containing
the ISC operon with arabinose induction (25). The resulting strain was grown in
4 × 3.5 L of ethanolamine-M9 medium (26), which included HOCbl and supple-
mented with FeCl3 (∼0.14 mM), at 37 °C and shaken at 180 rpm.When the optical
density of the cultures reached 0.3 at 600 nm, 25 μM FeCl3, 150 μM cysteine, and
0.1% arabinose were added. When the optical density of the fermentation
reached 0.4–0.6 (8–10 h), the cultures were chilled on ice for ∼45 min, after which
an additional 25 μM FeCl3, 150 μM cysteine, and 0.1% arabinose were added.
ThnK expression was induced with 1 mM isopropyl β-D-1-thiogalactopyranoside,
and the cultures were shaken at 180 rpm overnight at 19 °C. Cells were collected
by centrifugation at 4,000 × g for 12 min, then frozen on liquid nitrogen and
stored for later use.

Anaerobic Purification of ThnK. Enzyme purification was performed in an
anaerobic chamber (Coy). Frozen cells were resuspended in lysis buffer (10%
glycerol, 300 mM KCl, 50 mM Hepes pH 8.0, 10 mM β-mercaptoethanol, and
2–5 mM imidazole) along with lysozyme (1 mg/mL final volume), PMSF (1 mM),
DNase (∼0.1 mg/mL final volume), and optional HOCbl (∼0.4 mg/g cell paste).
Cells were lysed by sonication, and insoluble material was removed by centri-
fugation at 50,000 × g for 1 h at 4 °C. Soluble ThnK was allowed to bind to
preequilibrated TALON CoII resin (Clontech) and was then purified by immobi-
lized metal-affinity chromatography. The resin was washed with 5 mM and
10 mM imidazole in lysis buffer. The protein was eluted using 250 mM imidazole
in the lysis buffer. The enzyme was concentrated using an Amicon centrifugal
filter device (Millipore) with a 10-kDA molecular weight limit. Using a PD-10
column (GE Biosciences), the protein was transferred into assay buffer (10%
glycerol, 300 mM KCl, 50 mM Hepes pH 7.5, and 10 mM β-mercaptoethanol).

ThnK Protein Analysis. The concentration of ThnK was determined using the
Bradford assay (27) with a Varian Cary 50 Bio UV/visible spectrophotometer
using Coomassie Protein Assay Reagent (Thermo Scientific). A concentration
correction factor was obtained by amino acid analysis (Molecular Structure
Facility, University of California Davis). The amount of iron bound by ThnK
was determined by established methods (28, 29), and the amount of sulfide
was determined as reported previously (30).

ThnK Activity Assays. ThnK was mixed with 50–100 mMHepes pH 7.5, 200 mM
KCl, 1 mM SAM or d3-SAM, 1 mM methyl viologen, 4 mM NADPH, and 1 mM
substrate. Initial activity screens also included 0.5 mM HOCbl and 0.5 mMMeCbl,
although the addition of cobalamin for activity was later deemed un-
necessary. Assays of potential substrates lacking a C2 substituent also in-
cluded 1 mM cysteine and 1 mM CoA. When used, dithionite (3 mM) or
flavodoxin (90 μM), flavodoxin reductase (9 μM), and NADPH (1 mM) were
supplemented at the indicated concentrations in place of methyl viologen
and NADPH (default reductant unless noted otherwise). Assays were con-
ducted anaerobically at room temperature and were typically run for 1–2 h.

ThnK SAH and 5′-dA Quantification Assays. ThnK (50 μM final concentration)
was mixed with 100 mM Hepes pH 7.5, 200 mM KCl, 1 mM SAM or d3-SAM,
1 mM methyl viologen, 4 mM NADPH, and 1 mM substrate. Assays were run
anaerobically for 2 h and 10 min at room temperature.

No-Cobalamin ThnK Expression, Purification, and Activity. The ThnK WT
Rosetta strain was grown in standard M9 medium lacking cobalamin but
supplemented with FeCl3 (∼0.14 mM) and thiamine (0.074 mM). Expression
and purification of the no-cobalamin ThnK was conducted as described for
the WT protein, but no HOCbl was added during purification. Assays were
conducted with 50 μM ThnK and 1 mM HOCbl or 1 mM MeCbl when used,
and were otherwise as described for ThnK from ethanolamine medium.

Fig. 4. Detection of β-lactam parent and fragment ions. UPLC-HRMS was
used to detect carbapenam parent and fragment ions from ThnK reactions
with 11 or 14. Characteristic MS fragmentation of β-lactam–containing
compounds results in loss of a substituted (R) ketene as depicted. Using
d3-SAM or natural abundance SAM in the enzymatic reaction affects the
observed m/z of the parent ion, but not the observed m/z of the fragmen-
tation ion, consistent with methylation occurring at C6.
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Knockout of Cx3Cx2C Motif in ThnK and Variant Protein Expression, Purification,
and Activity. The pET29b:thnK plasmid served as a template for a two-step
PCR method that used the following primers: 5′-CGC GGC GCC CCC TAC TCG
GCT GCC TTC GCC GAC TGG-3′ and 5′-CCA GTC GGC GAA GGC AGC CGA GTA
GGG GGC GCC GCG-3′. The C206A C210A C213A PCR product was digested
with NdeI and XhoI and ligated into the pET29b vector. The resulting
plasmid was sequenced and found to be without error. The mutant thnK vector
was transformed into an E. coli Rosetta 2(DE3) strain containing the pDB1282
plasmid. Expression, purification, and assays of the mutant ThnK (85 μM final
concentration) were conducted as described for the WT protein.

UPLC-MS Analysis of Carbapenams. UPLC-MS detection of carbapenams was
conducted on a Waters Acquity H-Class UPLC system equipped with a Waters
Acquity BEH UPLC column packed with an ethylene-bridged hybrid C18
stationary phase (2.1 mm × 50 mm; 1.7 μm), followed by a multiwavelength
UV-Vis diode array detector, coupled with accurate mass analysis by a Waters
Xevo-G2 Q-ToF ESI mass spectrometer.

Mobile phase: 0–1 min 100% water + 0.1% formic acid, 1–7.5 min up to
80% acetonitrile + 0.1% formic acid, 7.5–8.5 min isocratic 80% acetoni-
trile + 0.1% formic acid, 8.5–10 min 100% water + formic acid. The flow
rate was 0.3 mL/min. The first minute of eluant was discarded before MS
analysis.

LC-MS Analysis of SAH and 5′-dA. LC-MS detection of SAH and 5′-dA was
performed with an Agilent 1200 HPLC system equipped with an autosampler
and an Agilent ZORBAX Rapid Resolution Extend-C18 column (4.6 mm ×
50 mm; 1.8 μm particle size) and coupled to an Agilent 6410 QQQ mass spec-
trometer. Assay mixtures were quenched with H2SO4, and insoluble material
was pelleted before analysis.

Method 1 (compounds 2, 8, and 9): The methodology was similar to that
reported previously (31). Mobile phase: The initial conditions included 95%
solvent A (40 mM aqueous ammonium acetate, pH 6.0, with glacial acetic
acid and 5% methanol) and 5% solvent B (methanol), 0.5–5 min up to 13% B,
5–6.5 min up to 27% B, 6.5–7.0 min up to 53% B, 7.0–7.5 min isocratic 53% B,
7.5–8 min down to 5% B, and 8.0–10.0 min reequilibration at 5% B.

Method 2 (compounds 10–15): Mobile phase: The initial conditions in-
cluded 90.5% solvent A (0.1% formic acid, pH 2.6) and 9.5% solvent B
(methanol), 0–0.2 min 9.5% B, 0.2–3.3 min up to 9.8% B, 3.3–4.1 min up to
30% B, 4.1–4.7 min up to 60% B, 4.7–5.1 min isocratic 60% B, 5.1–5.5 min
down to 9.5% B, and 5.5–8.7 min isocratic 9.5% B.

Data collection and analysiswere conductedwith the associatedMassHunter
software package (Agilent). Detection of SAH and 5′-dA was performed using
electrospray ionization in the positive mode (ESI+) with multiple reaction
monitoring. The masses used for the detection of SAH and 5′-dA are shown in
SI Appendix, Table S1. Quantification of SAH and 5′d-A levels was conducted
using MassHunter software with appropriate standard curves and a tyrosine
internal standard. The mass transition from the parent ion to product ion 1 (SI
Appendix, Table S1) was used for quantification.

Synthesis of Substrates. The (3S,5S)-carbapenam (2) was synthesized as de-
scribed previously (32). Compounds 8, 9, 13, 14, 16 (33), 10–12 (34, 35), and
15 (36, 37) were derived from previous synthetic strategies as indicated.
Details are presented in SI Appendix.
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