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Complex carbapenems are important clinical antibiotics used to treat recalcitrant infec-
tions. Their biosynthetic gene clusters contain three essential B12-dependent radical
S-adenosylmethionine (rSAM) enzymes. The majority of characterized enzymes in this
subfamily catalyze methyl transfer, but only one is required to sequentially install all
methionine-derived carbons in complex carbapenems. Therefore, it is probable that the
other two rSAM enzymes have noncanonical functions. Through a series of fermentation
and in vitro experiments, we show that ThnL uses radical SAM chemistry to catalyze thi-
oether bond formation between C2 of a carbapenam precursor and pantetheine, uniting
initial bicycle assembly common to all carbapenems with later tailoring events unique to
complex carbapenems. ThnL also catalyzes reversible thiol/disulfide redox on pante-
theine. Neither of these functions has been observed previously in a B12-dependent radi-
cal SAM enzyme. ThnL expands the known activity of this subclass of enzymes beyond
carbon–carbon bond formation or rearrangement. It is also the only radical SAM
enzyme currently known to catalyze carbon–sulfur bond formation with only an rSAM
Fe–S cluster and no additional auxiliary clusters.
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Carbapenems are potent, broad-spectrum β-lactam antibiotics. They are used clinically
for multidrug-resistant and hospital-acquired infections that cannot be treated by most
other classes of antibiotics (1). Carbapenems are stable to many common β-lactamases,
which confer bacterial resistance to other classes of β-lactam antibiotics (e.g., penicillins
and cephalosporins) (2). Thus, they are a vital component of the current clinical response
to antibiotic-resistant infections (3). Naturally occurring carbapenems can be divided
into two subclasses: “simple” and “complex.” The simple carbapenem ((5R)-carbapenem-
3-carboxylic acid, 1) is produced by species of Pectobacterium (formerly Erwinia) and
Serratia, and is composed of a bicyclic carbapenem core appended only by a C3 carbox-
ylic acid (4). The complex carbapenems, which are more structurally diverse, are pro-
duced by the evolutionarily distant Streptomycetes (5). Complex carbapenems share a core
structure with the simple carbapenem, but are additionally functionalized at C2 and
C6, as exemplified by the paradigm complex carbapenem, thienamycin (2). As shown in
Fig. 1A, the enzymes responsible for the first two biosynthetic steps to construct the car-
bapenam bicycle 3 are homologous (in sequence and function) in simple and complex
carbapenem biosynthetic gene clusters (BGCs) (6). The carbapenam initially formed by
CarB/ThnE and CarA/ThnM is antibiotically inert due to its stereochemistry at C5. In
the case of the simple carbapenem, the biosynthesis of the active antibiotic is completed
by a single enzyme, CarC, which performs C5 inversion and C2–C3 desaturation to
form 1 (7). The path to complex carbapenems diverges after bicycle formation, with
functionalization at C2 and C6 preceding conversion to an active antibiotic. The C6
side chain contains a 1- to 3-carbon alkyl chain that is often hydroxylated, and can be
further modified by oxidation and sulfation (8–11). The C2 side chain is attached to the
carbapenem core by a carbon–sulfur bond, which tempers the high reactivity of the fused
β-lactam ring, and ranges in length from a sulfonic acid (12, 13) to full-length pantethei-
ne(PantSH) (14–16). However, the paradigm complex carbapenem, thienamycin (2),
contains cysteamine at C2 (17), and many other carbapenem C2 side chains comprise its
acetylated (10) and oxidized (8, 9) derivatives. Variation in both side chains gives rise to
a structurally diverse family of ca. 50 carbapenem natural products (5). Representative
members are shown in Fig. 1B.
The two complex carbapenem BGCs that have been thoroughly characterized both

contain three Cobalamin (Cbl)-dependent radical S-adenosylmethionine (rSAM)
enzymes (8, 18), all of which are essential for carbapenem production (8), and are,
therefore, unlikely to have redundant functions. Most characterized Cbl-dependent
rSAM enzymes catalyze methyl transfer (19, 20), and the complex carbapenem C6
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alkyl chain is known to be methionine derived (21). However,
irrespective of length, the C6 alkyl chain is constructed by a
single Cbl-dependent rSAM methylase. Two of these sequential
methylases have been characterized in detail, namely, ThnK
(22) and TokK (23–25), which are involved in the biosynthesis
of thienamycin (2) and asparenomycin (5), respectively. This
finding rendered it probable that the other two Cbl-dependent
rSAM enzymes in thienamycin biosynthesis, ThnL and ThnP,
have nonmethylase function. To our knowledge, the only bio-
chemically characterized Cbl-dependent rSAM enzyme that is
not a methylase is OxsB, which catalyzes a ring-contracting
rearrangement in oxetanocin biosynthesis (26, 27). BchE,
which is involved in bacteriochlorophyll biosynthesis, is also
unlikely to catalyze methyl transfer, but its function is incom-
pletely understood (28, 29). With few remaining uncharacter-
ized enzymes in complex carbapenem biosynthesis and the key
C2–sulfur bond formation unassigned, we wondered if the cat-
alytic potential of the Cbl-dependent rSAM platform could go
beyond C–C bond formation. While the C2 cysteamine side
chain of thienamycin is known to arise from the successive
truncation of coenzyme A (CoA) (30), the identity of the
enzyme responsible for C2 side chain installation has, until
now, remained enigmatic. The experiments detailed below
establish that ThnL catalyzes C2–PantSH thioether bond for-
mation, transforming 3 into 4, which expands the repertoire of
transformations carried out by this class of enzymes.

Results and Discussion

Identification of the ThnL Substrate. Bioinformatic analysis of
ThnL shows that it consists of an N-terminal B12-binding
domain and a C-terminal rSAM domain containing a canonical
CX2CX3C [4Fe–4S] cluster binding motif (SI Appendix, Fig.
S1). Early studies indicated that ThnL acts early in the biosyn-
thesis of thienamycin (18, 31). As has been detailed elsewhere
(19), the study of Cbl-dependent rSAM enzymes has suffered
from poor solubility upon heterologous expression, and ThnL
was no exception. Early attempts to express and purify ThnL
from Escherichia coli were unsuccessful. In addition, the thiena-
mycin producer Streptomyces cattleya, is genetically intractable in
our hands, making traditional knockout strategies difficult.
Therefore, we developed a method using a heterologous Strepto-
myces host to precisely determine the position of ThnL in the
biosynthetic pathway. The genes responsible for initial bicycle
formation, namely, thnE and thnM, were first integrated into

the genome of Streptomyces lividans TK24 (32) to produce the
TK24-EM strain (SI Appendix, Figs. S2 and S3A). Fermentation
of this strain produces the carbapenam intermediate 3. How-
ever, as 3 is unstable and difficult to detect in a complex
mixture, a bioassay was developed, as described in Fig. 2A. We
utilized the dual-functional enzyme CarC (7, 33) to convert 3
into the antibiotic-active carbapenem 1, which can be visualized
as a zone of growth inhibition on E. coli supersensitive strain
(ESS), which is especially susceptible to β-lactam antibiotics
(Fig. 2B) (34). Once this approach was validated (SI Appendix,
Fig. S3B), thnL was integrated into the TK24-EM strain to cre-
ate a platform for simultaneous heterologous expression of
ThnE, ThnM, and ThnL (TK24-EML; SI Appendix, Fig S3C).
Fermentation of this strain in the presence of hydroxycobalamin
(OHCbl) followed by incubation with CarC and plating on
ESS does not result in a zone of inhibition (Fig. 2), indicating
that carbapenam 3 has been transformed by ThnL into a com-
pound incompatible with catalysis by CarC. Attempts to detect
the ThnL product in the medium were unsuccessful. Fermenta-
tion of TK24-EML without OHCbl followed by CarC treat-
ment and plating on ESS results in a zone of inhibition,
suggesting that ThnL catalysis is dependent on Cbl. To further
validate this result, an analogous strain containing ThnE,
ThnM, and ThnK was constructed (SI Appendix, Fig S3C).
ThnK catalyzes sequential methylations only on C2-PantSH-
containing substrates and does not methylate carbapenam 3
(22). As expected, the TK24-EMK strain produced levels of 3
comparable to the TK24-EM strain regardless of OHCbl sup-
plementation, as visualized by the bioassay (Fig. 2). Taken
together, these experiments suggest that carbapenam 3 is the
ThnL substrate, placing this enzyme after ThnE and ThnM in
thienamycin biosynthesis, but before ThnK.

Initial Purification and Characterization of ThnL. Fortunately,
it was at this juncture that Booker and colleagues (35) devel-
oped the Cbl import plasmid pBAD-Btu-CEDFB as a tool to
aid in the soluble expression of Cbl-dependent rSAM enzymes
in E. coli. Coexpression of this plasmid and pDB1282 (which
encodes Fe–S cluster biogenesis genes) with pET29b-thnL in
LB medium supplemented with OHCbl enables the overpro-
duction of soluble ThnL. Notably, ThnL produced in the
absence of pBAD-Btu-CEDFB is completely insoluble. A single
immobilized metal affinity chromatography (IMAC) step yields
ThnL in insufficient purity for further analysis, so a TEV prote-
ase cleavage site was inserted into the expression vector before

A

B

Fig. 1. (A) Biosynthetic pathways toward simple and complex carbapenems. Steps catalyzed by Cbl-dependent rSAM enzymes are shown in magenta.
(B) Other representative complex carbapenems.
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the C-terminal His6-tag (SI Appendix, Fig. S4). A second
IMAC step after the affinity tag is cleaved gives 90 to 95%
pure protein (Fig. 3A) at 0.2 mg/L to 0.3 mg/L of expression
culture. ThnL was anaerobically purified using methods similar
to those developed for TokK and ThnK (25). Protein concen-
tration was determined by the Bradford assay with a correction
factor of 1.21 as determined by amino acid analysis. The
UV-visible spectrum of purified ThnL shown in Fig. 3B dis-
plays a 420-nm shoulder, which signifies the presence of a
bound [4Fe–4S] cluster. Quantitation of iron and sulfide using
established colorimetric methods (36–38) shows 0.4 irons and
0.3 sulfides per polypeptide, indicating less than 10% [4Fe–4S]
cluster occupancy in purified ThnL. Chemical reconstitution
with FeCl3 and Na2S (as described in ref. 25) results in 1.2
irons and 0.4 sulfides per polypeptide, but does not increase
enzyme activity. To assess whether ThnL binds Cbl, the protein
was heated with potassium cyanide. This method liberates any
bound Cbl as dicyanocobalamin, which can be quantitated by
absorbance at 367 nm (39), and shows that purified ThnL con-
tains Cbl at 80 to 90% occupancy, which is not increased upon
reconstitution with OHCbl (Fig. 3C). Further analysis by tan-
dem ultraperformance liquid chromatography/high-resolution
mass spectrometry (UPLC-HRMS) and comparison to stand-
ards shows that ThnL contains mostly OHCbl, with a minor
amount of AdoCbl, and no MeCbl (Fig. 3D).

ThnL Is Specific for PantSH. Purified ThnL was assayed for
activity with carbapenam substrate 3 and potential thiol
donors, as shown in Fig. 3E. CoASH, phosphopantetheine
(PPantSH), PantSH, and N-acetyl cysteamine (SNAC) were
chosen to represent the pool of thiols available based on the
CoA truncating enzymes found in the thienamycin BGC (30).
While cysteamine is the C2 thioether found in thienamycin,
the nucleophilicity of the primary amine hastens the degrada-
tion of the already unstable carbapenam 3, and, therefore,
SNAC was used in its place. In addition to 3 and a thiol donor,
each enzymatic reaction contained ThnL, SAM, methyl violo-
gen, and reduced nicotinamide-adenine dinucleotide phosphate
(NADPH) in Hepes buffer (pH 7.5). These conditions mir-
rored those that were successful with ThnK, and therefore were
used as a starting point. After incubation for 1 h, the assay mix-
tures were passed through Amicon ultrafiltration devices, and
the filtrate was assayed for product formation by UPLC-
HRMS. Extracted-ion chromatograms (EICs) were generated
for each expected thioether product (Fig. 3E). Assays contain-
ing PantSH as the thiol donor showed accumulation of a prod-
uct that matches the mass of pantetheinylated carbapenam 4.
No product was found in assays with CoA or PPantSH, while a
small amount of putative product was observed with SNAC.
These data suggest that ThnL is a relatively selective biosyn-
thetic enzyme that installs a C2 PantSH thioether on the
ThnM product 3. Comparison of the ThnL product with syn-
thetic standards shows that ThnL catalysis is stereospecific and
yields the pantetheinylated carbapenam 4 having the R configu-
ration (exo) at C2 (Fig. 3F and SI Appendix, Fig. S5). The
installation of PantSH onto carbapenam 3 suggests that thio-
ether bond formation by ThnL is the only enzymatic step
between bicycle formation by ThnM and C6 alkylation by
ThnK. This conclusion is in accord with the fact that ThnK
methylation is more efficient with the 2R diastereomer than its
endo 2S counterpart (22).

ThnL Is an rSAM Enzyme. In order to further characterize ThnL
reaction, optimized conditions were desirable. Replacement of
the methyl viologen/NADPH reducing system with titanium(III)
citrate (TiCitrate) improved product output by approximately
sixfold in a 1-h fixed-time assay (SI Appendix, Fig. S6) and was
therefore used for all subsequent experiments. Additionally, it was
found that the disulfide pantethine, hereafter referred to as
(PantS)2, could be used in place of PantSH. A series of control
reactions, each lacking a single component of the assay mixture,
was carried out (Fig. 3F). The data show that ThnL, SAM, a
reductant, carbapenam 3, and (PantS)2 are all required for prod-
uct formation. To validate that ThnL uses rSAM chemistry to
accomplish thioether bond formation, site-directed mutagenesis
was used to replace each of the three cysteines in the CX2CX3C
motif with alanine. This variant, annotated as AX2AX3A, is
unable to form product, as shown in Fig. 3F. In addition,
50-deoxyadenosine (50-dAH) is produced in ThnL assays, which
is a hallmark of the reductive cleavage of SAM by a [4Fe–4S]
cluster. As shown in Fig. 3J, the production of 50-dAH is depen-
dent on carbapenam 3, SAM, and TiCitrate. It is observed only
when wild-type ThnL is used, and is not formed in the absence
of enzyme or with the AX2AX3A variant (Fig. 3J). Interestingly,
50-dAH is produced in the absence of (PantS)2, possibly in-
dicating that it is involved in the activation of the carbapenam
substrate. Production of 50-dAH is superstoichiometric to
product 4 by more than 10-fold, suggesting an inefficiency
somewhere in the catalytic cycle of ThnL. Unlike most character-
ized Cbl-dependent rSAM enzymes, ThnL does not produce

A

B

Fig. 2. Bioassay to detect 3 in the medium of Streptomyces fermentations
through transformation to the antibiotically active 1 by CarC. (A) Schematic
of assay setup. (B) Bioassay plate seeded with ESS. Letters indicate thn
genes present, + indicates OHCbl supplementation. When ThnL and OHCbl
are present, 3 is transformed into 4, which is incompatible with CarC.
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S-adenosyl homocysteine (SAH) during catalysis (SI Appendix,
Fig. S7). As SAH is the product of Cbl methylation by SAM,
this observation confirms that MeCbl is not an intermediate and
that ThnL is not a methyl transferase. The role of Cbl in ThnL
catalysis remains unclear, as the enzyme cannot be purified in the
absence of intracellular Cbl as facilitated by pBAD-BtuCEDFB.
However, the Streptomyces expression experiments outlined above
indicate that Cbl is required for ThnL activity.

ThnL Catalyzes Reversible Thiol/Disulfide Redox. As men-
tioned above, ThnL is capable of thioether bond formation
when incubated with either PantSH or (PantS)2. Surprisingly,
when ThnL was assayed with (PantS)2, the formation of
PantSH was observed (Fig. 3G). Disulfide reduction is depen-
dent on the presence of both TiCitrate and ThnL, leading to
the conclusion that TiCitrate alone is not sufficient for the
reduction, but rather that it is an enzyme-dependent process.

However, SAM and carbapenam 3 are not required for disul-
fide reduction to be observed. Additionally, the thiols used in
the initial side chain donor screen were stored aerobically, and
were therefore contaminated with a small amount of (PantS)2
formed by oxidation in air. Therefore, a mixture of PantSH
and (PantS)2 had been present in all assays up to this point. To
clarify whether the thiol or disulfide was the catalytically com-
petent PantSH donor, we prepared PantSH by reduction of
(PantS)2 with excess NaBH4 in aqueous solution under an
anaerobic atmosphere. After neutralization with acetic acid, the
solution was used directly in assays with freshly purified ThnL.
As shown in Fig. 3K, fixed-time assays containing 1 mM
PantSH produced a comparable amount of product 4 to that
formed in assays with 0.5 mM (PantS)2. When the concentra-
tion of (PantS)2 was doubled to 1 mM, product formation
correspondingly increased. These results indicate that product
formation is dependent on the amount of PantSH monomer,

A B C D E

F G H I

J K L M

Fig. 3. Characterization of ThnL in vitro. (A) Sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis of ThnL. Lane 1: PageRuler Protein Ladder;
lane 2: purified ThnL. (B) UV-visible spectrum of ThnL (15 μM) before (black) and after (magenta) chemical reconstitution with FeCl3, Na2S, and OHCbl.
(C) UV-visible spectrum of ThnL (10 μM) treated with KCN before (black) and after (magenta) chemical reconstitution. (D) UPLC-HRMS analysis (total ion chro-
matograms, TICs) of Cbl bound to ThnL. Commercially available standards are shown in black, and Cbl liberated from ThnL is shown in magenta.
(E) Negative-mode EICs of expected thioether product from activity assays with ThnL, 3, and R-SH, where R is as indicated for each trace (from top to bottom,
m/z = 271.08 ± 0.03, 430.17 ± 0.03, 510.13 ± 0.03, and 919.15 ± 0.03). (F) Negative-mode EICs of 4 (m/z = 430.17 ± 0.03) in assays; (-) indicates controls lack-
ing that component. (G) TICs from activity assays with ThnL; major peaks are PantSH and (PantS)2 as indicated. (H) TICs from PantSH redox assays. Compo-
nents included in each assay are indicated next to the corresponding trace. (I) Intact-protein mass spectra of ThnL incubated with the components indicated
next to each trace; • denotes apo protein (53,819 Da); •• denotes ThnL–Pant (54,095 Da). (J) Concentration of 50-dAH formed in activity assays with 100 μM
ThnL. Product 4 (0.061 μM) is formed only when all components are present. (K) Negative-mode EICs of 4 (m/z = 430.17 ± 0.03) in activity assays with the
PantSH donor identity and concentration indicated on each trace. (L) EICs of product formed in activity assays in heavy and light water (m/z = 431.17 ± 0.03
and 430.17 ± 0.03, respectively). (M) Negative-mode ESI mass spectra of product formed in heavy and light water.
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regardless of oxidation state. Additionally, in assays with
PantSH, we observed enzyme-dependent oxidation to (PantS)2,
with the resulting ratio of thiol to disulfide very similar to that
in assays with (PantS)2 (Fig. 3H). These data suggest thiol/
disulfide redox catalyzed by ThnL is reversible, and that the
equilibrium reached under our reducing assay conditions is
skewed toward the thiol form.
To further investigate this surprising redox function of

ThnL, we turned to intact protein UPLC-HRMS (Fig. 3I and
SI Appendix, Fig. S8). Because of the denaturing conditions of
the chromatography step, ThnL is observed in apo form, with-
out any bound metallocofactors. When ThnL is incubated with
(PantS)2 and a limiting amount of TiCitrate, the mass shifts by
276 Da, corresponding to ThnL + PantSH � 2H, indicating
the formation of a covalent ThnL–Pant adduct. Despite
(PantS)2 being present at 10× the concentration of ThnL, only
a single adduct is observed, minimizing the likelihood of non-
specific binding. When the ThnL–Pant adduct is exposed to
β-mercaptoethanol, the adduct is lost, and ThnL is again
observed in the apo form, demonstrating that formation of the
adduct is reversible and susceptible to reduction by free thiol in
the medium. Attempts to localize the adduct by trypsinolysis
were unsuccessful. There are only three cysteine residues out-
side of the CX2CX3C motif, namely, Cys21, Cys22, and
Cys391. Site-directed mutagenesis to replace each cysteine with
alanine was carried out, but the resulting variants suffered from
extremely low expression and cofactor occupancy, prohibiting
conclusive analysis of the effects of the amino acid substitu-
tions. Further, the practical limitations encountered during the
study of ThnL currently preclude firm determination of the
importance of this covalent adduct in either thiol/disulfide
redox or thioether bond formation catalyzed by ThnL.

Mechanistic Insight into ThnL Catalysis. Since the activity of
ThnL is unprecedented for a Cbl-dependent rSAM enzyme, we
wanted to probe its mechanism. As stated above, the depen-
dence of 50-dAH production on the presence of carbapenam 3
but not on (PantS)2 suggests that rSAM chemistry activates C2
of 3 either directly or indirectly. Conceivably, direct activation
at C2 by hydrogen abstraction could be followed by radical
coupling to (PantS)2 or a ThnL–Pant adduct (Fig. 4A). Alter-
natively, C2 could be transformed into an activated electrophile
through the intermediacy of a carbapenem species, which could
accept a thiol/thiolate nucleophile. This mode of reactivity mir-
rors the way we prepare thioether 4 synthetically, and so is
intuitively appealing. As shown in Fig. 4B, formation of a car-
bapenem could occur through hydrogen abstraction at C3, to
form a classical captodative (push–pull) stabilized radical (40,
41), which could then undergo a one-electron oxidation to
form a C3 cation. Single-electron transfer has been proposed
analogously to Cbl or the Fe–S cluster in OxsB, another Cbl-
dependent rSAM enzyme that is not a methylase (26, 27, 42).
This cation would be further stabilized as an acylimminium ion
as shown in Fig. 4B, which would readily eliminate a proton to
give the carbapenem. The reaction would be completed by the
conjugate addition of PantS�. In order to differentiate between
these two possible mechanisms, ThnL assays were carried out
in D2O. Since TiCitrate is prepared from TiCl3 in 30% HCl,
we used methyl viologen/NADPH as a reducing system to min-
imize the number of protons present. As shown in Fig. 3L, a
product is formed at the same retention time in both heavy and
light water. However, the negative-mode electrospray ionization
(ESI) mass spectrum of product formed in D2O displays a
shifted isotopic envelope when compared to control reactions

run in H2O (Fig. 3M). The [M–H] peak is nearly abolished,
while the major peak is increased by one mass unit, suggesting
that deuterium is incorporated into the product. In addition,
the [M–H]+2 peak is approximately threefold larger than
would be predicted if it was due to natural abundance 13C in
the [M–H]+1 species. Therefore, while the major product con-
tains only one deuterium, 20 to 30% of product formed has
incorporated two deuterium atoms. This observation makes
mechanistic pathway A unlikely to be the one used in ThnL
catalysis and may elevate the possibility that pathway B is oper-
ative, as it requires protonation from the medium. However,
the incorporation of more than one deuterium into a substan-
tial fraction of the product prompted the further recognition
that the through-conjugated acyliminium ion is acidic at C2 and
prone to exchange in deuterated medium that could be competi-
tive with enamide (carbapenem) formation and thiol(ate) addition
to carbapenam 4.

The unique circumstances of electron delocalization of both
radical and ionic species at C3 led us to consider a third mecha-
nistic possibility, as depicted in Fig. 4C. In this case, C2 hydro-
gen abstraction is followed by C3 deprotonation to form a
resonance-stabilized radical anion (43, 44). Deuterium uptake
at both C2 and C3 could be mediated by reversible anion for-
mation. One resonance form of this species is nucleophilic at
C2, which could capture an electrophilic form of PantSH,
either as (PantS)2 or a ThnL–Pant adduct. Following C–S
bond formation, the resulting C3 radical would be reduced and
protonated, which would account for deuterium incorporation.
Alternatively, the resonance form with the radical at C2 could
attack a PantSH disulfide, followed by protonation of the C3
anion. Whether by radical, nucleophilic, or electrophilic means,
further work is needed to clarify the mechanism by which
ThnL catalysis occurs.

ThnL in the Context of the rSAM Superfamily. While thioether
bond formation is an unprecedented reaction for a Cbl-
dependent rSAM enzyme, there are several well-known exam-
ples of C–S bonds formed by rSAM enzymes which do not
contain Cbl (45). However, all C–S bond–forming rSAM
enzymes apart from ThnL are unified by binding one or more
auxiliary Fe–S clusters in addition to the rSAM cluster. The
function of these auxiliary clusters is not well understood and
likely varies from enzyme to enzyme. Biotin synthase (46, 47)
and lipoyl synthase (48–50) have sacrificial auxiliary clusters
that serve as the sulfur source for C–H sulfur insertion reac-
tions at unactivated aliphatic positions. In the case of methyl-
thiotransferases RimO (51) and MiaB (52), which transfer
�SCH3 to their substrates, the auxiliary cluster has long been
thought to serve as a coordination site for the sulfur donor
(53), but recent evidence suggests that the auxiliary cluster may
be the source of sulfur in MiaB (54). A third type of C–S
bond–forming rSAM enzymes are in the SPASM/twitch
subfamily (55), which all contain one or two auxiliary Fe–S
clusters. The SPASM/twitch enzymes that catalyze C–S bond
formation make posttranslational cross-links between cysteine
thiols and the peptide backbone in ribosomally synthesized and
posttranslationally modified peptide scaffolds such as sactipepti-
des (56–58). The mechanisms of several of these thioether-
forming SPASM/twitch enzymes have been investigated,
including AlbA, SkfB, and RumMC2 (59–61). The roles
played by the auxiliary clusters in these enzymes are not fully
understood, but they have been suggested to aid in substrate
binding and/or electron transfer (59, 62, 63). It is possible that
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the observed ThnL–Pant adduct could similarly facilitate catal-
ysis by proximity.
We have presented herein the initial characterization of

ThnL, a Cbl-dependent rSAM enzyme that introduces the key
C2-PantSH thioether in thienamycin biosynthesis. Therefore,
we have established that construction of both the C2 and C6
carbapenem side chains is initiated by Cbl-dependent rSAM
enzymes. These structural elaborations distinguish complex
carbapenems from the simple carbapenem 1, which is too
hydrolytically unstable to be clinically useful. The chemical and
physical properties engendered by these side chains impart the
potency, spectrum of activity, and resistance to β-lactamases
that set the carbapenems apart from other β-lactam antibiotics
in the clinic (3, 5). In addition to catalyzing thioether forma-
tion, ThnL also has reversible thiol/disulfide redox activity.
Both characterized functions of ThnL are unprecedented for
the Cbl-dependent subclass of rSAM enzymes, expanding the
known capabilities of the sophisticated combination of cofac-
tors employed by these enzymes to include thioether bond for-
mation beyond C–C bond formation. As there are thousands
of uncharacterized Cbl-dependent rSAM enzymes, catalysis of
thioether bonds is unlikely to be unique to ThnL. Continued
study of this class of enzymes could be the key to understand-
ing the biosynthesis of other important sulfur-containing natu-
ral products.

Materials and Methods

General Methods and Instrumentation. General methods and instrumenta-
tion are described in SI Appendix.

Construction of Strains for Streptomyces Experiments. Experimental
details can be found in SI Appendix.

CarC Cell-Free Extract Assay. CarC cell-free extract (CFE) was prepared as
described in SI Appendix. The assay was done in 0.5- to 1-mL total volume,
including 8 mM α-ketoglutarate, 80 μM ammonium iron(II) sulfate hexahydrate,
1 mM to 2 mM ascorbic acid, 62 to 63% (by vol) supernatant from Streptomyces
fermentation culture, and 25% (by vol) CarC CFE. After mixing, reactions were
run for 1 h to 1.5 h at 28 °C. Then, 200-μL aliquots were plated on ESS.

Overproduction of ThnL. The pET29b/thnL-pBAD/btuCEDFB-pDB1282 strain
(prepared as described in SI Appendix) was grown in the presence of kanamycin
(50 μg/mL), spectinomycin (50 μg/mL), and ampicillin (100 μg/mL) during all
steps. Starter cultures grown in Luria-Bertani broth, standard stuff for growing
cells (LB) medium (2 × 100 mL) overnight at 37 °C were used to inoculate 6 ×
2.5 L of expression cultures in LB medium supplemented with 1.3 μM hydroxo-
cobalamin. These cultures were grown at 37 °C with 185 rpm shaking to optical
density (OD) 0.35, and then pDB1282 and pBAD42-BtuCEDFB were induced
with arabinose (1g/L), FeCl3 (6.8 mg/L), and cysteine (24 mg/L). The cultures
were grown to OD 0.8 and then cold shocked at 0 °C for 2 h. FeCl3 and cysteine
were added as before, along with isopropylthio-β-galactoside (1 mM final con-
centration). The cultures were grown at 18 °C for an additional 20 h before har-
vesting by centrifugation at 4,000 × g. Cell paste was flash frozen in liquid N2
and stored in liquid N2 until use.

Anaerobic Purification of ThnL. In a Coy anaerobic chamber, cell paste
(∼50 g) from 15 L of culture grown as described above was resuspended in lysis
buffer (10% glycerol, 300 mM KCl, 50 mM Hepes, 10 mM β-mercaptoethanol
[BME], 5 mM imidazole, pH 7.5) to a final volume of 160 mL. Lysozyme (160 mg)
was added, and the mixture was incubated on ice for 1 h before the cells were dis-
rupted by sonication (60% amplitude, 9.9 s on/off, ∼10 min). The lysate was placed
in centrifuge tubes, sealed with vinyl tape, and clarified by centrifugation (35 min,
35,000 × g, 4 °C). After reentry into the anaerobic chamber, the supernatant was
incubated with Clontech TALON metal affinity resin (6 mL 50% suspension, preequili-
brated with lysis buffer) on ice for 30 min. The suspension was loaded onto a gravity
column and washed with 10 mL to 20 mL of lysis buffer. The protein was then eluted
with elution buffer (lysis buffer with 250 mM imidazole). The dark-colored elution
fractions (∼3 mL) were desalted on an Econo-Pac 10DG column (Bio-Rad) according
to the manufacturer’s instructions using desalting buffer (lysis buffer with no imidaz-
ole). The eluate was then incubated with TEV protease expressed from pRK793
(0.5 mg) (64) overnight on ice. Chemical reconstitution of iron and sulfide could be
carried out simultaneously as described elsewhere (25). After cleavage and reconsti-
tution, Clontech TALON metal affinity resin was added (4 mL 50% suspension, pree-
quilibrated with desalting buffer) and incubated for 30 min on ice. The suspension
was loaded onto a gravity column. The flow-through was collected, and the resin was
washed with desalting buffer (4 mL). These fractions were combined and concen-
trated in a 10-kDa MWCO Amicon ultrafiltration device (MilliporeSigma) followed by
buffer exchange using an Econo-Pac 10DG column into desalting buffer lacking BME
so as to minimize interference in redox assays. The eluate was collected and concen-
trated to 0.5- to 1-mL volume, and protein concentration was measured using the

A

B

C

Fig. 4. Possible mechanisms of thioether bond formation by ThnL: (A) Radical coupling at C2, (B) formation of a C2-electrophilic carbapenem followed by
nucleophilic addition of PantS�, and (C) radical anion formation followed by nucleophilic attack of C2 carbanion on a PantSH disulfide.
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Bradford assay with a correction factor of 1.21 determined by amino acid analysis
(University of California, Davis Molecular Structure Facility). Purified ThnL must be
used directly in activity assays. Once BME is removed, the protein is active for ∼8 h,
after which product formation in activity assays diminishes to undetectable levels.

Small-Molecule Activity Assays. Assays were conducted at room temperature
under an anaerobic atmosphere. Typical assays contained Hepes (100 mM, pH
7.5), KCl (200 mM), SAM (1 mM), freshly prepared titanium citrate (2 mM) (65),
carbapenam 3 (1 mM), pantethine (1 mM), and ThnL (100 μM). Other thiol
donors were used in place of pantethine in various assays, and methyl viologen
(1 mM) and NADPH (2 mM) were used to replace titanium citrate where indi-
cated. After 1 h, a 20-μL aliquot was diluted 5× with water and filtered through
a 10-kDa MWCO Amicon ultrafiltration device. The filtrate was analyzed by UPLC-
HRMS with electrospray ionization in negative mode. Mobile phase was 0 min
to 1 min 100% water, 1 min to 7.5 min gradient from 0 to 80% acetonitrile
(ACN), 7.5 min to 8.4 min isocratic 80% ACN, and 8.4 min to 10 min 100%
water. Flow rate was 0.3 mL/min.

Intact Protein Analysis. ThnL (100 μM) was incubated with pantethine
(1 mM) and titanium citrate (0.2 mM) for 1 h, followed by dilution to 5 μM and
centrifugation for 3 min at 15,000 × g. Samples were then analyzed by UPLC-
HRMS. Mobile phase (containing 0.1% formic acid) was 0 min to 1 min 100%
water, 1 min to 7.5 min gradient from 0 to 80% ACN, 7.5 min to 8.4 min iso-
cratic 80% ACN, and 8.4 min to 12 min 100% water. Flow rate was 0.3 mL/min.

D2O Assays. Assays in D2O were carried out as described for those in H2O,
except buffers were first prepared in H2O, lyophilized, and reconstituted in
Argon-sparged D2O under an anaerobic atmosphere. All other small-molecule
assay components were prepared as stock solutions in similarly sparged D2O.
ThnL was first purified as described above, followed by exchange into D2O buffer
using a Zeba Spin Desalting Column (Thermo Scientific) according to the manu-
facturer’s instructions. The buffer exchange protocol was done twice in succession
to ensure minimal residual H2O. After all components were prepared in D2O,
assays were run, containing Hepes (100 mM, pH 7.5), KCl (200 mM), SAM
(1 mM), methyl viologen (1 mM), NADPH (2 mM) carbapenam 3 (1 mM), pante-
thine (1 mM), and ThnL (100 μM). Assays were run for 1 h, followed by Amicon
filtration and UPLC-HRMS analysis as described above.

Synthesis of Substrates and Product Standards. The synthesis of sub-
strates and product standards are described in SI Appendix.

Data, Materials, and Software Availability. All study data are included in
the article and/or SI Appendix.
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