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Closthioamide (CTA) is a rare example of a thioamide-containing
nonribosomal peptide and is one of only a handful of secondary
metabolites described from obligately anaerobic bacteria. Although
the biosynthetic gene cluster responsible for CTA production and the
thioamide synthetase that catalyzes sulfur incorporation were re-
cently discovered, the logic for peptide backbone assembly has
remained a mystery. Here, through the use of in vitro biochemical
assays, we demonstrate that the amide backbone of CTA is assem-
bled in an unusual thiotemplated pathway involving the cooperation
of a transacylating member of the papain-like cysteine protease fam-
ily and an iteratively acting ATP-grasp protein. Using the ATP-grasp
protein as a bioinformatic handle, we identified hundreds of such
thiotemplated yet nonribosomal peptide synthetase (NRPS)-indepen-
dent biosynthetic gene clusters across diverse bacterial phyla. The
data presented herein not only clarify the pathway for the bio-
synthesis of CTA, but also provide a foundation for the discovery
of additional secondary metabolites produced by noncanonical
biosynthetic pathways.
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Nonribosomal peptides (NRPs) compose a structurally di-
verse class of secondary metabolites displaying myriad bi-
ological activities. Despite the large chemical space occupied by
NRPs, the vast majority share a common biosynthetic origin.
Typically, such compounds are biosynthesized by multimodular,
thiotemplated NRP synthetases (NRPSs) (1). However, over the
last decade, it has become apparent that NRPs may also be as-
sembled by NRPS-independent pathways. Two prominent ex-
amples are the amide synthases involved in siderophore (2) and
diketopiperazine (3) biosyntheses. In both pathways, the peptide
ligases function on nonthiotemplated substrates, but the path-
ways differ in their strategy for carboxylate activation. The side-
rophore amide synthetases use ATP to activate the carboxylic
acids of their substrates as adenylates (2), while the diketopiper-
azine amide synthases circumvent the requirement for ATP by
using preactivated amino acids in the form of acyl-tRNAs (3).
Apart from these widespread NRPS-independent pathways, a
handful of additional nonthiotemplated peptide ligases have also
been identified (4).

With the increasing number of characterized NRP biosynthetic
pathways, a pattern became apparent: thiotemplated pathways are
NRPS-dependent, while those that use free-standing peptide ligases
are nonthiotemplated. However, a notable exception came with the
recent discovery of a thiotemplated yet NRPS-independent pathway
for the biosynthesis of closthioamide (CTA; Fig. 1 4 and B) (5, 6).

CTA is a DNA gyrase-targeting antibiotic with potent inhibitory
activity against clinically important bacterial pathogens, including
drug-resistant strains (7-10), and is a rare example of a thioamidated
NRP (11, 12). This unusual copper chelating NRP (13) is pro-
duced by Ruminiclostridium cellulolyticurn DSM 5812 (7, 14) and
is one of only a handful of natural products isolated from an-
aerobic bacteria (15-17). Knockout studies and in vitro biochemical

8850-8858 | PNAS | April 21,2020 | vol. 117 | no. 16

assays led to the identification of the enzymes responsible for sulfur
insertion and late-stage intermediate dimerization (Fig. 1C) (5, 6).
The biosynthetic strategy for assembly of the amide backbone of
CTA has remained a mystery, however.

Here we used a combination of bioinformatics and in vitro
biochemical assays to unravel the atypical amide backbone bio-
synthetic pathway in CTA maturation. We demonstrate that
amide formation is thiotemplated and is catalyzed by novel
members of the ATP-grasp and cysteine protease protein fami-
lies. Using the ATP-grasp protein as a bioinformatic handle, we
provide evidence that similar thiotemplated, NRPS-independent
pathways are widespread in Actinobacteria and Firmicutes. In
addition to deciphering the early steps in CTA maturation, the
data presented herein provide a paradigm for NRPS-independent
amide assembly and should inform future genome mining efforts
for such noncanonical thiotemplate pathways.

Results and Discussion

Identification of the CtaH Loading Enzyme as an Entry Point to
Backbone Assembly. Setting a starting point to elucidate the
backbone biosynthetic pathway proved very challenging. Based
on knockout studies and reconstitution of the CTA thioamide
synthetase, we knew that the pathway was thiotemplated and that
sulfur incorporation occurs on p-hydroxybenzoic acid (PHBA)
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Fig. 1. CTA is biosynthesized by an NRPS-independent thiotemplated
pathway. (A) Structure of CTA. (B) CTA biosynthetic gene cluster. (C) Pro-
posed biosynthetic pathway for CTA maturation. Proteins with proven
functions are in red.

end-capped f-alanine (BAla) polymers attached to the peptidyl
carrier protein (PCP) CtaE (5, 6). However, as all of the bio-
synthetic intermediates identified to date from both wild-type
and knockout strains contain thioamides (5-7, 14), the origin
of this PHBA-BAla conjugate was a mystery. Further compli-
cating matters, the biosynthetic enzymes expected to be re-
sponsible for forming this CtaE-linked intermediate—CtaD,
CtaG, and Ctal—belong to protein families more commonly
associated with primary metabolism than with NRP assembly,
making the a priori prediction of their substrates difficult.

The CTA biosynthetic locus also encodes a second PCP
(Fig. 1B), CtaH, with no proven role in CTA assembly (5, 6).
Given the conservation of this second PCP in similar biosynthetic
gene clusters, we predicted that CtaH would be critical for CTA
maturation. Taking this into account, we envisioned a biosyn-
thetic pathway in which CtaH and CtaE would serve as carrier
proteins for PHBA and the poly-p-Ala backbone of CTA,
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respectively (Fig. 1C). Subsequently, CtaE would receive PHBA
from CtaH to afford the PHBA end-capped conjugate. There-
fore, we selected CtaH as our entry point for studying CTA
backbone formation.

PCP-based biosynthetic pathways begin with the ATP-
dependent attachment of a precursor or intermediate to the
4’-phosphopantetheine arm of the carrier protein (1). Among
the proteins encoded in the CTA gene cluster are members of
the ATP-grasp (CtaD) and the acetyl-CoA synthetase-like
(Ctal) protein families (Fig. 1B). Characterized members of
both protein families catalyze the ATP-dependent coupling of
carboxylic acids to diverse nucleophiles (18-20), making them
likely candidates for the PCP-loading enzymes in CTA bio-
synthesis. Therefore, both proteins were isolated as N-terminal
His-tagged proteins from Escherichia coli (SI Appendix, Fig.
S1) and tested for holo-CtaH loading activity. Reactions were
performed with PHBA, and progress was monitored by matrix-
assisted laser desorption/ionization-time-of-flight-mass spectrome-
try (MALDI-TOF-MS). Whereas reactions performed with CtaD
did not show any processing of holo-CtaH, a new signal with a mass
shift consistent with PHBA loading (+120 Da; PHBA-S-CtaH) was
observed in Ctal reactions (Fig. 24). Reactions were also per-
formed with p-alanine (PAla) and with holo-CtaE. In neither in-
stance was there any processing of the corresponding PCP,
demonstrating that Ctal is specific for holo-CtaH and PHBA (S
Appendix, Fig. S2).

Characterized members of the acetyl-CoA synthetase-like pro-
tein superfamily activate substrates by adenylation and thereby
produce AMP and pyrophosphate (PP;) as byproducts of the re-
action (19). Consistent with the predicted ATP-dependence of
Ctal, no processing of holo-CtaH was observed in reactions lacking
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Fig. 2. Ctal loads PHBA onto holo-CtaH. (A) MALDI-TOF spectral overlay of
holo-CtaH loading reactions performed with PHBA and either Ctal or CtaD.
The expected average masses of holo-CtaH and PHBA-S-CtaH are indicated.
(B) HPLC absorbance profiles (250 nm) of reactions performed with NAC,
PHBA, and Ctal. (C) Quantification of ATP hydrolysis products using a mal-
achite green assay. Error bars represent the SD from the mean (n = 3). PPase,
inorganic pyrophosphatase. (D) HPLC profiles of Ctal reactions with NAC.
Red strikethrough indicates heat-inactivated enzyme; red asterisk, NAC-
specific peak.
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ATP (Fig. 24). However, attempts to ascertain the ATP hydrolysis
products of the reaction were stymied owing to the relatively poor
solubility of holo-CtaH. To overcome this challenge, Ctal was
tested for the ability to accept N-acetylcysteamine (NAC) as a
surrogate for holo-CtaH. Liquid chromatography high-resolution
mass spectrometry (LC-HR-MS) profiles of the reactions showed
that this 4’-phosphopantetheine mimic was indeed processed by
Ctal to form the PHBA-NAC conjugate (Fig. 2B and SI Appendix,
Fig. S3). The ATP hydrolysis products formed during processing
were monitored by both a malachite green assay (21) (phosphate
and PP; detection) and high-performance liquid chromatography
(HPLC; AMP and ADP detection). Consistent with the charac-
terized members of the acetyl-CoA synthetase family, reactions
containing Ctal, PHBA, and NAC produced both PP; and AMP
(Fig. 2 C and D), suggesting that PHBA transfer proceeds through
an adenylated intermediate.

Reconstitution of CtaD Activity. Based on the structure of CTA, we
reasoned that holo-CtaE would be iteratively loaded with pAla to
form the backbone of CTA. With the function of Ctal assigned,
CtaD—which was previously shown to be necessary for CTA
maturation (5)—was the logical candidate to catalyze this reaction.
We performed holo-CtaE loading reactions with CtaD, pAla, and
ATP and monitored reaction progress by MALDI-TOF-MS. No
modification of holo-CtaE was observed irrespective of the con-
centration of CtaD or the reaction time (Fig. 34), suggesting that
this biosynthetic proposal was incorrect.

To help guide the development of a new hypothesis for the
function of CtaD, we performed a bioinformatic search for
characterized biosynthetic gene clusters encoding CtaD and
CtaE homologs. Among the resulting hits, the genetic locus re-
sponsible for butirosin biosynthesis (22, 23) stood out as it also
encodes a homolog of the putative pyridoxal phosphate (PLP)-
dependent decarboxylase CtaF. Butirosin is an unusual amino
acid-functionalized aminoglycoside antibiotic produced by Ba-
cillus circulans (24). During butirosin maturation, an ATP-grasp
protein loads L-glutamate onto a PCP and the conjugate is
subsequently decarboxylated to 4-aminobutyrate by a PLP-
dependent decarboxylase (25). The decarboxylated product is
further modified by the ATP-grasp protein to afford a PCP-
linked 4-aminobutyrate-glutamate dipeptide.

Inspired by the butirosin system, we repeated the CtaD-CtaE
loading assays with L-aspartate (Asp) rather than fAla and moni-
tored reaction progress by MALDI-TOF-MS. Under these condi-
tions, holo-CtaE was partially converted to a new species ~115 Da
heavier than the unmodified PCP (Fig. 34), indicating successful
Asp loading. Attempts to improve holo-CtaE loading by increasing
the concentration of CtaD and extending the reaction time were
unsuccessful (SI Appendix, Fig. S4). In fact, we noted that the Asp-
holo-CtaE (Asp-S-CtaE) was hydrolyzed to holo-CtaE with longer
reaction times (SI Appendix, Fig. S4). Importantly, control experi-
ments performed with holo-CtaH and in the absence of ATP
established that Asp-loading was both specific to holo-CtaE and
dependent on ATP (Fig. 34 and SI Appendix, Fig. S5).

Characterized members of the ATP-grasp protein superfamily
activate substrates by phosphorylation and thus produce ADP
and phosphate (P;) as byproducts of the reaction (18). To cir-
cumvent issues with CtaE solubility, we checked CtaD for the
ability to accept NAC as a holo-CtaE mimic. Indeed, LC-HR-MS
profiles of NAC supplemented reactions showed that CtaD can
produce Asp-NAC (Fig. 3B and SI Appendix, Fig. S6). Next, we
monitored the ATP-hydrolysis products in the NAC reactions by
both a malachite green assay and HPLC. Consistent with the
characterized members of the ATP-grasp protein family, ADP
and P; were detected in reactions containing all components
(Fig. 3 C and D), suggesting that Asp transfer proceeds through a
phosphorylated intermediate.
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Fig. 3. CtaD and CtaF work together to polymerize p-alanine onto holo-
CtaE. (A) MALDI-TOF-MS spectral overlay of holo-CtaE loading reactions. The
expected average masses of holo-CtaE, Asp-S-CtaE, and 3BAla-S-CtaE are
indicated. (B) LC-HR-MS profiles of NAC loading assays. Traces correspond to
the extracted ion chromatography data of the [M+H]* ionic species for Asp-
NAC and are displayed with m/z values +5 ppm from the calculated exact
mass. (C) Quantification of ATP hydrolysis products using a malachite green
assay. Error bars represent the SD from the mean (n = 3). (D) HPLC profiles of
CtaD reactions with NAC. (E) MALDI-TOF-MS spectral overlay of a CtaD-F
reaction time course. The expected masses of holo-CtaE, 3pAla-S-CtaE, and
all predicted intermediates are indicated. Red strikethrough indicates heat-
inactivated enzyme; red asterisk, NAC-specific peak.

CtaD Works with the Decarboxylase CtaF to Generate the Amide
Backbone of CTA. The CTA biosynthetic gene cluster encodes a
putative member of the ornithine/diaminopimelate/arginine PLP-
dependent decarboxylase family, CtaF (Fig. 1B), which we antici-
pated would catalyze the conversion of L-aspartate to PAla
(Fig. 1C) (5, 6). Although we originally predicted that CtaF would
function on free acids, the selectivity of CtaD for Asp suggested
that the decarboxylation activity would be thiotemplated.

To test this proposal, we isolated CtaF as an N-terminal His-
tagged protein from E. coli (SI Appendix, Fig. S1) and repeated
holo-CtaE loading assays with CtaF supplementation. Although
CtaF solutions were slightly yellow and had the characteristic
UV-visible absorption spectrum of PLP cofactor-containing en-
zymes (SI Appendix, Fig. S7), PLP was also added to reaction
mixtures to ensure maximal activity from the putative decar-
boxylase. While control reactions containing only CtaF and Asp
did not show any processing of holo-CtaE, a new peak with a
mass increase of 213 Da relative to holo-CtaE was observed in
CtaD-containing reactions (Fig. 34). This mass is consistent with
the attachment of three pAla (3pAla) residues to holo-CtaE
(3pAla-S-CtaE). To confirm the identity of the product, the
product was cleaved from the PCP under basic conditions,
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derivatized with o-phthaldialdehyde (OPA) (26) and analyzed by
LC-HR-MS. By comparison with a synthetic reference (SI Ap-
pendix, Fig. S8) and by MS/MS fragmentation (SI Appendix, Fig.
S9), we confirmed that the released product was 3pAla. This
suggests that CtaF not only decarboxylates Asp-S-CtaE, but also
that the resulting product is further processed by CtaD and CtaF.

In analogy to the biosynthesis of the amino acid side chain of
butirosin (25), we expected that 3pAla-S-CtaE was formed by the
sequential and iterative action of CtaD and CtaF on holo-CtaE.
However, this CtaE conjugate could also be formed by the
transfer of a fully polymerized BAla chain to holo-CtaE. In this
case, no biosynthetic intermediates would be expected to be
formed on CtaE. To differentiate between these two possibilities,
we performed a reaction time course and monitored the pro-
duction of holo-CtaE conjugates by MALDI-TOF-MS. At the
earliest time point, four new peaks were observed with mass
shifts consistent with the additions of Asp (+115 Da), pAla (+71
Da), Asp-pAla (+186 Da), and di-pAla (2pAla; +142 Da)
(Fig. 3E). At longer reaction times, the intensity of these peaks
decreased, and new peaks emerged with mass shifts consistent
with the additions of Asp-2BAla (4257 Da) and 3pAla (+213
Da) (Fig. 3E). Together with the observation that free L-aspar-
tate is not a substrate for CtaF (SI Appendix, Fig. S10), these data
demonstrate that formation of the p-alanine backbone of CTA is
thiotemplated and catalyzed by the cooperative action of an
ATP-grasp protein and a decarboxylase.

While ATP-grasp proteins are commonly known as peptide
ligases in both primary and secondary metabolism, to the best of
our knowledge, the butirosin pathway is the only other example
in which the activity of an ATP-grasp protein is thiotemplated (4,
20, 25). However, in butirosin maturation, the ATP-grasp pro-
tein is involved in the biosynthesis of the amino acid side chain of
this unusual aminoglycoside (25) rather than in the biosynthesis
of an NRP backbone.

CtaG Is a Transacylase Responsible for PHBA-3BAla Synthesis. With
the PCP loading enzymes and pathway to B-alanine backbone
formation uncovered, we focused on the identification and
characterization of the enzyme responsible for transferring
PHBA from PHBA-S-CtaH to 3pAla-S-CtaE. Of the enzymes
encoded in the CTA gene cluster, CtaG was the likely candidate
to catalyze this reaction. Although CtaG is annotated as a hy-
pothetical protein, bioinformatic analysis using HHpred (27, 28)
identified it as a member of the C39 protease (PF11814) and
BtrH (PF14399) protein families (5). While the former is com-
posed of proteases involved in ribosomally synthesized and
posttranslationally modified peptide biosynthesis (29), the latter
is a PCP-dependent amide bond-forming transacylase involved in
butirosin maturation (30). Despite this difference in activity,
members of both protein families share a papain-like protease
fold and a conserved active-site Cys-His-Asp/Asn catalytic triad
and fall within the CA clan of proteases (Pfam clan CL0125) (31,
32). Notably, this protease superfamily also includes other
transacylating enzymes (33, 34), including a thiotemplated pep-
tide synthase involved in the biosynthesis of the acylated NRP
andrimid (35).

Owing to solubility issues with Hiss-tagged CtaG, we isolated
CtaG from E. coli as a maltose binding protein (MBP)-tagged
fusion protein (SI Appendix, Fig. S1). We performed reactions
with CtaD, CtaF, Ctal, holo-CtaE/CtaH, and MBP-CtaG and
monitored reaction progress by MALDI-TOF-MS. A new peak
with a mass consistent with a PHBA-3pAla-holo-CtaE conjugate
(PHBA-3pAla-S-CtaE) was formed in reactions containing
MBP-CtaG but was absent in reactions performed with heat-
denatured MBP-CtaG (Fig. 44). Moreover, this species was
not formed in reactions lacking holo-CtaH and Ctal, demon-
strating that CtaG activity is dependent on the presence of
PHBA-S-CtaH (Fig. 44). The product was cleaved from the PCP
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under basic conditions and analyzed by LC-HR-MS to confirm
its identity. By comparison to a synthetic reference (Fig. 4B) and
by MS/MS fragmentation (SI Appendix, Fig. S11), we verified
that the released product was PHBA-3pAla.

With the activity of CtaG assigned, we next turned our at-
tention to determining its substrate specificity. The inability of
free PHBA to substitute for PHBA-S-CtaH in CtaG reactions
indicates that CtaG uses this acyl-PCP as the PHBA source for
the transacylation reaction. To test this hypothesis, we per-
formed reactions with increased concentrations of holo-CtaH
and monitored the modification state of holo-CtaH over the
course of the reaction by MALDI-TOF-MS. Indeed, on the
addition of MBP-CtaG, the peak corresponding to PHBA-S-C-
taH disappeared, and a new peak with a mass consistent with
holo-CtaH appeared (SI Appendix, Fig. S12).

The thioamide synthetase CtaC can accept both PHBA-
3pAla-S-CtaE and PHBA-2pAla-S-CtaE as substrates (6), but
since the preceding and ensuing steps in CTA maturation
remained unclear, the biosynthetically relevant substrate could
not be definitively determined. Given the promiscuity of CtaC,
we speculated that an upstream biosynthetic enzyme likely serves
as a gatekeeper to ensure that only a substrate harboring the
correct number of BAla units is presented to CtaC. As CtaG
catalyzes the transfer of PHBA to the CtaE-linked pAla chain,
we reasoned that CtaG could serve as this gatekeeper. While the
sole production of the PHBA-3pAla conjugate in assays per-
formed with CtaD-I (Fig. 44) suggested that the longer pAla
chain is the correct biosynthetic intermediate, we could not ex-
clude the possibility that a nonnative ratio of the enzymes caused
a shift in pathway specificity. Therefore, to interrogate the fAla
chain length selectivity of CtaG more rigorously, we synthesized
synthetic CoA-linked substrates bearing two (2pAla-CoA) or
three (3pAla-CoA) p-alanine residues. The putative substrates
were then transferred to apo-CtaE using the promiscuous
phosphopantetheinyl transferase Sfp from Bacillus subtilis (36) to
afford the corresponding peptidyl-solo-CtaE. Following the
successful generation of these CtaE-linked substrates, we per-
formed reactions with holo-CtaH, Ctal, and MBP-CtaG and
monitored CtaE processing by MALDI-TOF-MS. While
only trace PHBA transfer occurred in reactions containing
2pAla-S-CtaE after 18 h (Fig. 4C), 3pAla-S-CtaE processing was
complete in 1 h (Fig. 4D). These data support a CTA bio-
synthetic pathway in which PHBA-3BAla is a key intermediate
and the biosynthetically relevant substrate for the thioamide
synthetase.

Characterized transacylating members of the CA protease clan
form an enzyme-bound thioester intermediate with the cysteine
residue of the catalytic triad during their catalytic cycle (34, 35,
37). Despite the large sequence divergence between CtaG and
characterized CA clan members, a putative catalytic triad—Cl11,
H128, and D144—is also present in CtaG (SI Appendix, Fig.
S13). To determine whether CtaG-mediated PHBA transfer
proceeds through a similar mechanism, we generated mutant
versions of the transacylase bearing alanine substitutions to the
putative catalytic residues CtaGecq1a, CtaGhioga, and CtaGpigga
(SI Appendix, Fig. S1) and tested them for catalytic competency.
Consistent with the bioinformatic prediction, all mutants were
devoid of activity (Fig. 4 A and B).

Next, we repeated CtaG reactions with the omission of CtaD-F
and monitored the modification state of CtaG by MALDI-TOF-MS
to check for the accumulation of an acylated species. Compared
with control reactions lacking holo-CtaH, a new signal consistent
with the attachment of PHBA was detected in reactions con-
taining all components (Fig. 4E). Following the digestion of
CtaG with trypsin, this modification was localized to the peptide
fragment containing the catalytic cysteine residue (SI Appendix,
Fig. S14). Reactions performed with the CtaG mutant lacking
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the catalytic cysteine residue, CtaGcis, did not show this
modification (Fig. 4F and SI Appendix, Fig. S14).

Taken together, these data confirm that CtaG uses the ca-
nonical catalytic triad of the papain-like cysteine proteases to
catalyze a thiotemplated transacylation reaction in CTA bio-
synthesis. The thiotemplated nature of CtaG is notable. Apart
from CtaG, the only other examples of thiotemplated trans-
acylating papain-like proteases are found in the biosynthesis of
the aminoglycoside butirosin (30) and the NRP andrimid (35).

Updated Model for CTA Biosynthesis. In light of the data presented
herein, we propose the following updated model for the early
steps in CTA biosynthesis (Scheme 1). These early steps in CTA
maturation proceed through two parallel-acting PCP-loading
pathways. In the first pathway, PHBA is formed from cho-
rismate by CtaA (5) and is loaded onto holo-CtaH by Ctal in an
ATP-dependent reaction. In the second pathway, CtaD catalyzes
the ATP-dependent coupling of the y-carboxylate of L-aspartate
and holo-CtaE. The resultant conjugate is decarboxylated by
CtaF to afford pAla-S-CtaE. Two additional cycles of L-aspartate
addition and decarboxylation by CtaD and CtaF, respectively,
result in the formation of 3pAla-S-CtaE. At this stage, the CTA
biosynthetic pathway converges, and CtaG catalyzes the transfer
of PHBA from CtaH to 3pAla-S-CtaE. The resultant product,
PHBA-3pAla-S-CtaE, is iteratively thioamidated by CtaC to af-
ford thioamidated-3pAla-S-CtaE (6).

Although the remaining steps in CTA biosynthesis are not
fully elucidated, based on previous knockout studies (5) and the
detection of biosynthetic intermediates (5, 14), we foresee two
possible pathways for diaminopropane (DAP) incorporation and
thioamidated PHBA-3BAla dimerization. In our original pro-
posal, we suggested that DAP would be biosynthesized from
L-aspartate by the sequential action of a reductase (CtaK), an
aminotransferase (CtaB), and the decarboxylase CtaF (5)
(Fig. 1C). DAP would then be used by the transglutaminase CtaJ
to convert two molecules of thioamidated-PHBA-3pAla-S-CtaE
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into CTA. The third p-alanine residue would remain on holo-
CtaE and serve as a priming residue for another round of
pB-alanine polymerization by CtaD/CtaF. However, the inability
of CtaF to decarboxylate free substrates requires the use of an
alternative, unknown metabolite as the source of DAP. Alter-
natively, CtaK could catalyze the reductive release of thio-
amidated PHBA-3pAla from holo-CtaE, and the resultant
ketone could be converted to the corresponding primary amine
by CtaB. Finally, CtaJ would couple two molecules of the DAP-
containing product to afford CTA.

Genomic Prospecting for Noncanonical Thiotemplate Pathways.
Bioinformatic tools are proficient in the identification of ca-
nonical thiotemplated biosynthetic gene clusters encoding a
NRPS or a polyketide synthase (PKS). However, biosynthetic
pathways lacking these megasynthases, as is the case for the CTA
assembly, are recalcitrant to genome mining efforts, as the bio-
synthetic enzymes resemble proteins involved in primary metabo-
lism. As such, elucidation of the CTA amide backbone assembly
pathway provided a rare opportunity to mine genomes for addi-
tional noncanonical thiotemplated (NCT) biosynthetic pathways.
To find candidate NCT gene clusters, BLAST was used to
identify 660 homologs of CtaD in GenBank, and these proteins
were used to generate a sequence similarity network using the
Enzyme Function Initiative-Enzyme Similarity Tool (EFI-EST) (38,
39) (Fig. 54). Collapsing proteins with >95% sequence identity into
a single node resulted in a network composed of 402 sequences.
Next, we analyzed the local genome neighborhood for each CtaD
homolog in the network for the presence of genes encoding CtaF
and CtaG homologs, as well as genes encoding PCPs. Although the
gene neighborhoods surrounding each homolog were highly diverse
(Fig. 5B), 95% were encoded in a genetic locus containing at least
one PCP (Fig. 54 and SI Appendix, Table S4). Approximately 65%
and 45% of these PCP-associated CtaD homologs were found in
loci encoding a decarboxylase or CtaG-like transacylase, respec-
tively. Furthermore, more than 20% of the putative thiotemplated
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Scheme 1.

biosynthetic gene clusters encoded both a CtaF homolog and a
CtaG homolog (Fig. 54 and SI Appendix, Table S4).

Notably, only one of the CtaD homologs was found in a bio-
synthetic gene cluster with a known metabolite (butirosin). To
gain insight into the biosynthetic landscape of the uncharac-
terized putative NCT assembly lines identified in our bio-
informatic analysis, we next searched each gene neighborhood
for the presence of secondary metabolite biosynthetic genes.
From this analysis, we were able to group the majority of the bio-
synthetic loci into two large families: loci encoding a ketoacylsynthase
III-like protein (PF08541) and loci encoding a glycosyltransferase
family 1 protein (PF13528) (Fig. 54 and SI Appendix, Table S4),
suggesting that the corresponding products will be acylated (40)
or glycosylated (41), respectively. Moreover, canonical thio-
templated biosynthetic machinery (NRPS, PKS, or hybrid) is
encoded near the CtaD homolog in approximately one-third of
instances (Fig. 54 and SI Appendix, Table S4), hinting that such
NCT cassettes may work in concert with the well-characterized
megasynthases.

Perhaps most notably, we found that CTA-like and butirosin-like
biosynthetic gene clusters are very rare. Apart from a handful of
clusters that closely resemble the CTA biosynthetic locus, only one
other CtaD homolog was found in a neighborhood containing a
CtaC-like thioamide synthetase (Fig. 5 4 and B). The results are
even more striking for butirosin. Although many neighborhoods
encoded putative glycosyltransferases, only one other cluster con-
tained the requisite machinery for the assembly of an aminoglyco-
side (42, 43) (Fig. 54). Thus, while the shared biosynthetic logic of
thiotemplated amide bond formation typified by butirosin and
closthioamide maturation is widespread, these compounds represent
biosynthetic outliers for such NCT pathways rather than the norm.
Although the co-occurrence of an ATP-grasp protein and a PCP in
a putative biosynthetic gene cluster does not necessarily mean that
the resulting product will be an NRP, the ~400 uncharacterized
gene clusters identified serve as a starting point for the discovery of
additional NCT assembly lines and their corresponding products.

Conclusions

In summary, we have characterized four CTA biosynthetic en-
zymes responsible for the thiotemplated assembly of the CTA
amide backbone. In doing so, we have demonstrated that amide
bond formation is catalyzed by novel members of the ATP-grasp
and cysteine protease families. Although members of both pro-
tein families are known to be NRP amide synthases (4, 20, 30,
35), most either work in concert with an NRPS or are carrier
protein-independent. Indeed, the only other example of such a
thiotemplated yet NRPS-independent pathway for amide bond
formation is found in the biosynthesis of the amino acid side
chain of the aminoglycoside butirosin (25, 30). Remarkably, the
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biosynthetic logic for the biosynthesis and transfer of this amino
acid to the butirosin glycone is mirrored in the assembly of the
peptide backbone of CTA. Thus, the backbone biosynthesis strategy
for CTA maturation uncovered herein represents a rare example of
a thiotemplated yet NRPS-independent peptide assembly pathway.
However, based on the widespread co-occurrence of ATP-grasp
proteins and PCPs in diverse organisms, we predict that such
NRPS-independent, thiotemplated secondary metabolite bio-
synthetic pathways are present in diverse bacterial phyla. In this
way, our results not only address the mystery of amide backbone
formation in CTA maturation, but also serve as a starting point
for the characterization of previously bioinformatically unde-
tectable gene clusters.

Materials and Methods

Expanded descriptions of the experiments are provided in S/ Appendix,
Materials and Methods.

CtaD and Ctal Reconstitution Assays. Standard assays were performed with
0.1 uM enzyme (CtaD or Ctal), 30 pM holo-PCP (CtaE or CtaH), 1 mM sub-
strate (PHBA, L-aspartate, or p-alanine), and 1 mM ATP in reaction buffer
(50 mM Hepes pH 7.5, 125 mM NacCl, 20 mM MgCl,, and 1 mM TCEP) at 30 °C.
Unless indicated otherwise, reactions were allowed to proceed for either 1 h
(CtaD) or 2 h (Ctal) before PCP loading was determined by MALDI-TOF-MS. In
an attempt to improve holo-CtaE processing, CtaD reactions were also per-
formed for longer times (3 h and 16 h) and with 1 pM CtaD.

NAC assays were performed with 1 pM enzyme (CtaD or Ctal), 400 mM
NAC, 1 mM substrate (L-aspartate or PHBA), and 1 mM ATP in modified re-
action buffer (50 mM Hepes pH 8.0, 125 mM NacCl, 20 mM MgCl,, and 1 mM
DTT). Reactions were allowed to proceed for 18 h at 25 °C. CtaD and Ctal
reactions were quenched by the addition of 6 volumes of 0.4 M KH,PO4 or 1
volume of methanol, respectively. NAC processing was then determined by
LC-HR-MS. Control reactions were performed with heat-inactivated enzyme.

CtaD-F Reconstitution Assays. Standard assays were performed with 0.1 pM
CtaD, 0.1 uM CtaF, 30 pM holo-CtaE, 1 mM L-aspartate, 10 uM PLP, and 1 mM
ATP in reaction buffer. Reactions were allowed to proceed for 2 h at 30 °C
before PCP loading was determined by MALDI-TOF-MS. Control reactions
were performed with heat-inactivated enzyme.

For identification of the CtaD-F reaction product by LC-HR-MS, reactions
were performed as described above. After a 2-h reaction, potassium hydroxide
was added to a final concentration of 100 mM, and samples were heated to
55 °C for 1.5 h. Samples were then cooled to room temperature, and amine-
containing compounds were derivatized by the addition of 2 volumes of OPA
complete reagent (Sigma-Aldrich; P0532), according to a previously established
protocol (26). After a 1- to 2-min reaction at room temperature, KH,PO,4 was
added to a final concentration of 0.225 M, and samples were incubated for
another 3 min at room temperature. Derivatized samples were then immedi-
ately subjected to analysis by LC-HR-MS. Enzymatically produced 3pAla was
compared with an authentic synthetic standard.

For the detection of early-stage intermediates, reactions were performed
for the indicated times with either 0.05 uM (5-min time point) or 0.1 pM (10-,
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20-, 40-, and 60-min time points) CtaD and CtaF. PCP loading was determined
by MALDI-TOF-MS.

CtaG Reconstitution Assays with CtaD-F and CtaH-I. Standard reactions were
performed with 1 uM CtaG (wild-type and mutants), 0.1 pM CtaD, 0.1 uM
CtaF, 0.1 uM Ctal, 30 pM holo-CtaE, 1 uM holo-CtaH, 1 mM L-aspartate, 1 mM
PHBA, 10 uM PLP, and 1 mM ATP in reaction buffer at 25 °C. To generate
3BAla-S-Ctak and PHBA-S-CtaH, reaction mixtures were incubated for 1 h at
25 °C, followed by the addition of CtaG. At the indicated time points, re-
actions were quenched and analyzed by either MALDI-TOF-MS or LC-HR-MS.
Control reactions were performed with heat-inactivated CtaG. For reactions
performed with unactivated PHBA, holo-CtaH and Ctal were omitted.

For LC-HR-MS detection of CtaE-bound products from CtaG reactions, thio-
ester cleavage was performed as described above. Following product release
and methanol addition, samples were analyzed by LC-HR-MS. Enzymatically
produced PHBA-3pAla was compared with an authentic synthetic standard.

CtaG Selectivity Assays. Reactions were performed with 1 pyM CtaG, 0.1 uM

Ctal, 30 pM peptidyl-holo-CtaE (2pAla-S-CtaE or 3pAla-S-CtaE), 1 pM holo-
CtaH, 1 mM PHBA, and 1 mM ATP in reaction buffer at 25 °C. To generate
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PHBA-S-CtaH, reaction mixtures were incubated for 1 h at 25 °C, followed by
the addition of CtaG. At the indicated time points, reactions were quenched
and analyzed by MALDI-TOF-MS. Control reactions were performed with
heat-inactivated CtaG.

CtaH Offloading by CtaG. Reactions were performed with 1 pM CtaG (wild-type
or CtaGcy1a), 10 pM 3BAla-S-CtaE, and 7.5 uM PHBA-S-CtaH in reaction buffer at
25 °C. After 30 or 60 min, reactions were analyzed by MALDI-TOF-MS. Control
reactions were performed with heat-denatured CtaG.

To generate PHBA-S-CtaH, 50 pM holo-CtaH was mixed with 0.1 pM Ctal,
1 mM PHBA, and 1 mM ATP in reaction buffer. To generate 3pAla-S-CtaE,
30 uM holo-CtaE was mixed with 0.1 uM CtaD, 0.1 pM CtaF, 10 uM PLP, 1 mM
L-aspartate, and 1 mM ATP in reaction buffer. Reactions were performed for
2 h at 25 °C, then stopped by transferring the loaded PCPs into fresh reaction
buffer lacking substrate and ATP using a Zeba Spin desalting column
(Thermo Fisher Scientific) according to the manufacturer’s instructions. The
desalted, loaded PCPs were used in CtaG assays as detailed above.

MALDI-TOF-MS. For detection of PCPs, samples were acidified by the addition
of trifluoroacetic acid (TFA) to a final concentration of 0.2% and desalted
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using a C18 ZipTip (Merck Millipore) according to the manufacturer’s in-
structions. Protein mixtures were eluted from the ZipTip in 1.5 uL of 50%
acetonitrile supplemented with 0.1% TFA. Eluates were diluted with 1.5 pL
of 2% TFA and 1.5 pL of 100 mM 2'-5’-dihydroxyacetophenone (DHAP) and
spotted onto a MALDI plate.

For detection of MBP-CtaG, 1 pL of sample was mixed with 1 pL of DHAP
and 1 pL of 2% TFA. The resultant mixture (0.5 pL) was spotted onto a MALDI
plate and allowed to dry. The dried spot was then washed three times with
1.5 pL of 2% TFA.

Samples were analyzed using a Bruker Daltonics UltrafleXtreme MALDI-
TOF mass spectrometer. Spectra were obtained in linear positive mode, and
the instrument was calibrated to a commercially available standard (PCPs,
Protein Calibration Standard I; MBP-CtaG, Protein Calibration Standard II;
Bruker) before each measurement. Data analysis was performed with flex-
Analysis 3.3 (Bruker).

LC-HR-MS. HPLC-HR-MS and HPLC-HR-MS/MS measurements were performed
with an Accela HPLC system coupled to a QExactive Hybrid Quadrupole
Orbitrap (Thermo Fisher Scientific) mass spectrometer equipped with an
electrospray ion source. Separation was performed with an Accucore C18
column (2.1 x 100 mm, 2.6 pm; Thermo Fisher Scientific) operating at a flow
rate of 200 pL min~", with 0.1% formic acid (solvent A) and acetonitrile
+0.1% formic acid (solvent B) and the following gradient: 5% solvent B for
0.1 min, 5% to 98% solvent B over 10 min, and hold at 98% solvent B for
12 min.

CtaG Covalent Intermediate Detection. Reactions were performed with 15 pM
CtaG (wild-type or CtaGcq1a), 1 uM Ctal, 2 uM holo-CtaH, 1 mM PHBA, and
1 mM ATP in reaction buffer at 25 °C. To generate PHBA-S-CtaH, reaction
mixtures were incubated for 30 min at 25 °C, followed by the addition of
CtaG. After an 18- h reaction at 25 °C, samples were either analyzed directly
by MALDI-TOF-MS or trypsin-digested before MALDI-TOF-MS analysis.

For trypsin digestion reactions, trypsin (CtaG:trypsin, 1:1,000), 100 mM
CaCl,, and acetonitrile (15% final concentration) were added to samples,
and digestions were allowed to proceed for 18 h at 37 °C.

Detection of ADP and AMP. Assays were performed with 400 mM NAC, 1 mM
substrate (PHBA or L-aspartate), 1 mM ATP, and either 1 uM (CtaD) or 2 pM
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(Ctal) enzyme in NAC reaction buffer. Reactions were allowed to proceed for
5 h at 25 °C before being quenched by the addition of 1 volume of meth-
anol. Samples were analyzed by HPLC according to an established method
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