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Abstract

Nonribosomal peptide synthetases (NRPSSs) are versatile engines of bioactive natural product
biosynthesis that function according to the multiple carrier thiotemplate mechanism. C-terminal
thioesterase (TE) domains of these giant modular proteins typically catalyze product release by
hydrolysis or macrocylization. We now report an unprecedented, dual-function TE involved in
nocardicin A biosynthesis, the paradigm monocyclic f-lactam antibiotic. Contrary to expectation,
a stereodefined series of potential peptide substrates for the nocardicin TE domain failed to
undergo hydrolysis. The stringent discrimination against peptide intermediates was dramatically
overcome by prior monocyclic p-lactam formation at an L-seryl site. Kinetic data are interpreted
such that the TE domain acts as a gatekeeper to hold the assembling peptide on an upstream
domain until B-lactam formation takes place and then rapidly catalyzes epimerization, not
previously observed as a TE catalytic function, and thioesterase cleavage to discharge a fully
fledged pentapeptide -lactam harboring nocardicin G, the universal precursor of the nocardicins.

Introduction

Nocardicin A, isolated from fermentation of Nocardia uniformis ssp. tsuyamanensis, is a
monocyclic B-lactam antibiotic that possesses both modest activity against Gram-negative
bacteria and p-lactamase resistance.! In addition to nocardicin A, several minor nocardicin
metabolites have been isolated that differ in the presence or absence of an ether-linked
homoseryl side-chain and amine oxidation state. Of particular note, nocardicin G (1), the
simplest member of the nocardicin family and apparently derived from a tripeptide core
having the D,L,D-stereochemistry, has been demonstrated to be incorporated intact into
nocardicin A (Fig 1a).2 Earlier studies demonstrated that the p-lactam ring of nocardicin A
originates from L-serine (L-Ser), that no change in oxidation state takes place at the seryl -
carbon,3 and that this center undergoes clean stereochemical inversion during C-N bond
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formation.# Having also observed partial overall retention of the seryl a-hydrogen,
intramolecular nucleophilic displacement (Syi) of an activated seryl hydroxyl in a
hypothetical peptide precursor has been proposed to account for f-lactam ring formation. In
contrast, the bicyclic B-lactam isopenicillin N is assembled as a 8-(L-a-aminoadipoyl)-L-
cysteinyl-D-valine (ACV) tripeptide by the NRPS ACV synthetase and then oxidatively
cyclized separately to form the fused p-lactam and thiazolidine rings (Fig. 1b).5-8 It was
thought by analogy, therefore, that nocardicin G could be constructed initially as a linear
tripeptide (3a/b, Fig. 1c) by the nocardicin NRPS(s) and then modified through seryl
activation and Sy displacement (inversion) to form the B-lactam core.#9 The gene cluster
responsible for the production of nocardicin A was reported in 2004.19 Although the
majority of the enzymes encoded by the biosynthetic cluster has been functionally
identified,11-15 those involved in the early stages of nocardicin peptide assembly have only
recently yielded to experiment. Prominent among them is a pair of NRPSs, NocA and NocB,
which together comprise five modules (Fig. 1¢). Despite the tripeptide architecture of the
nocardicins, however, all five modules of NocA and NocB are essential to antibiotic
synthesis.16

Each module of an NRPS contains a peptidyl carrier protein (PCP) domain, which is post-
translationally modified by coenzyme A-derived phosphopantetheine (P-pant) attachment
mediated by a phosphopantetheinyl transferase.1’18 Chain initiation is carried out by amino
acid selection and activation by an ATP-dependent adenylation (A) domain followed by
transfer of the resulting aminoacyl adenylate to the P-pant thiolate on a partner PCP to form
an aminoacy| thioester (aa-S-PCP).1° These building blocks are ordered according to the
sequence of the NRPS modules and oligomerized commonly through amide linkages by
condensation (C) domains.29 Apart from these core domains, other editing domains can be
present in NRPSs, for example, those catalyzing L- to D- epimerization (E domains) and N-
methylation (M domains).2! The termination module found in these megasynthetases
typically contains a thioesterase (TE) as the most downstream domain, which catalyzes the
release of the mature peptide product from its cognate PCP domain.22:23 The pivotal
discovery that Nocl, a member of the MbtH superfamily, essential accessory proteins for
some A domains?4, is required for NocA1, NocA, and NocA, activity enabled analysis of
domain specificity and thus determination of the overall predicted peptide product of
NocA/B to be L-pHPG-L-Arg-D-pHPG-L-Ser-L-pHPG (2a, Fig. 1¢c) where L-pHPG is L-
(p-hydroxyphenyl)glycine and L-Arg is L-arginine.2°> Although all of the a-amino acids
activated by the respective A domains are L-amino acids, the internal pHPG of the
pentapeptide was predicted to be epimerized to its D-diastereomer based on the presence of
an E domain in module 3 (Fig. 1c).

While these recent studies have provided vital clues toward unraveling the early peptide
construction steps to nocardicin A, they also define central unresolved questions. First, while
a pentapeptide is predicted from NocA/B, the naturally occurring nocardicins A-G contain
only three amino acid residues. With the recent identification of L-pHPG and L-Arg as
specifically activated by modules 1 and 2 of NocA, respectively, it would seem that these
two amino acid residues of the presumed pentapeptide precursor are removed in the course
of antibiotic biosynthesis while the C-terminal tripeptide is further elaborated by way of -
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Results

lactam formation and C-terminal epimerization to form nocardicin G (1). Second, despite
the presence of an E domain in module 3, no E domain is embedded in module 5 leaving
unanswered the question of how the C-terminal D-pHPG stereochemistry arises. Finally, the
timing of these events is unclear. -Lactam formation and epimerization at the carboxyl
terminus must logically occur after the last pHPG unit is added in module 5, but cleavage of
a pentapeptide to a tripeptide intermediate can take place before or after one or both of these
reactions.

To address the roles that NocA and NocB play in the biosynthesis of the nocardicins, we
focused on the function of the TE domain. Here we present the in vitro reconstitution of the
excised TE domain and the detailed biochemical characterization of a series of potential
peptide substrates and modified peptides bearing seryl residues that are O-phosphorylated,
O-acetylated or cyclized to an integrated -lactam ring. We demonstrate that the NocB
thioesterase (NocTE) shows acute specificity for p-lactam-containing peptide substrates, and
is responsible for catalyzing epimerization of the C-terminal pHPG residue to the D-
configuration characteristic of the nocardicins. A B-lactam-containing pentapeptide is the
preferred product released from NocTE, whose two N-terminal L-amino acid residues are
readily proteolyzed to yield nocardicin G (1).

In vitro reconstitution of TE activity

To identify the final product released from the nocardicin NRPSs, the purified, recombinant
NocTE was reconstituted in vitro and supplemented with a variety of pantetheine (pant) and
N-acetylcysteamine (SNAC) thioester peptides varying in length, serine modification and C-
terminal pHPG stereochemistry (Fig. 2). Their syntheses have been fully described
elsewhere,?6 apart from 10, 12 and 13, which are detailed in Supplementary Note, Fig. 2.
This experimental approach was chosen because the peptidyl-S-PCP found in the natural
biosynthetic template has been successfully replaced by SNAC and pantetheine thioesters in
other related systems.27:28

First, thioester-containing linear tripeptides 4a and 4b and pentapeptides 5a and 5b were
incubated with purified NocTE. These four peptidyl thioester substrates were the most likely
candidates for thioesterase processing, presuming the nocardicin megasynthetases assemble
a peptide product in the expected canonical fashion. Surprisingly, after 3 h incubation of 20
UM NocTE with either the pantetheinyl tripeptide 4a or 4b or pantetheinyl pentapeptide 5a
or 5b, less than 5% of each substrate was hydrolyzed to its free acid (Supplementary
Results, Supplementary Fig. 1la—c). This analysis was quantified by comparison to a negative
control in which the active site serine of the NocTE was replaced with alanine
(TE*S1779A). Of particular note, the C-terminal D-pHPG diastereomer of the pentapeptide
5b and tripeptide 4b thioesters were found to be the poorest substrates, providing little to no
observable hydrolysis above background. This result suggested that, although C-terminal L-
pHPG thioesters preferably acylate NocTE, the pentapeptides (2a/b) and tripeptides (3a/b),
regardless of C-terminal stereochemistry, are not the products of NocA/B as previously
proposed.10.16.29
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Next, pantetheinyl tripeptides containing modified seryl residues, O-phosphoryl 6a/b and O-
acetyl 7a/b, were examined as possible substrates for the TE. These substrates were
envisioned as plausible hydroxyl-activated peptides for Syi -lactam ring formation, and —
OX displacement within the TE active site.10 It was found, however, that incubation of the
excised NocTE with either pantetheinyl 6a/b or 7a/b tripeptides failed to produce nocardicin
G (1) and <5% thioester hydrolysis was observed when compared to the TE*S1779A
negative control (Supplementary Fig. 2).

Following the disheartening failure of all predicted or proposed linear and activated peptidyl
thioester substrates for the nocardicin TE domain, pantetheinyl p-lactams epi-nocardicin G
(8a) and nocardicin G (8b) were examined next as potential substrates for the NocTE, which
presumes prior B-lactam formation. TE catalysis, indeed, was observed (Fig. 3a). After 3 h,
>99% of both B-lactam substrates 8a and 8b had been converted to the same epimer,
nocardicin G (1), containing cleanly the D,L,D-configuration and no observable epi-
nocardicin (epi-1, D,L,L; Fig. 3b). TE turnover of B-lactam-containing substrates revealed
that azetidinone formation precedes TE release, implying, therefore, that it occurs on a
peptide precursor covalently tethered to an upstream PCP domain.

To shed light on the length of the peptide product released by the nocardicin NRPSs, L-
pHPG-L-Arg-epi-nocardicin G-SNAC (9a) and L-pHPG-L-Arg-nocardicin G-SNAC (9b)
substrates were synthesized, varying from the nocardicin analogs 11a and 11b by the
addition of the N-terminal dipeptide L-pHPG-L-Arg in keeping with the incorporation of all
5 amino acids activated by NocA and NocB. After 3 h incubation with NocTE, these
substrates strikingly were also efficiently converted to L-pHPG-L-Arg-nocardicin G (14)
containing a C-terminal D-pHPG and no observable L-pHPG-L-Arg-epi-nocardicin G
(epi-14, L,L,D,L,L; Fig. 3b).

To more deeply probe the necessity for prior p-lactam ring formation, D-pHPG-L-Ala-L-
pHPG-pant (10) was incubated with NocTE to determine its behavior compared to 8a or 8b.
Substitution of alanine for serine was envisioned as a neutral potential substrate similar in
size and polarity to the B-lactam, but conformationally distinct. After 3 h incubation of 10
with NocTE, <10% hydrolysis was observed (Supplementary Fig. 1d). Again, as in the case
of the serine-containing peptide substrates 4a, 4b, 5a, and 5b, the alanine tripeptide 10
containing a C-terminal L-pHPG was even more poorly hydrolyzed than the D-pHPG
diastereomer relative to the TE*S1779A control. In sum, these findings with potential
peptide substrates underscore the binding selectivity of the NocTE domain.

NocTE domain does not form the B-lactam ring

With insight now that stringent discrimination by the NocTE against peptide intermediates
can be decisively overcome by prior monocyclic -lactam formation, we set out to more
rigorously test the proposed role that NocTE may play in mediating B-lactam ring formation
by investigating peptidyl-S-PCP5 delivery of a suitably activated substrate. Although SNAC
and pantetheine thioesters can typically serve as artificial substrate mimics for the PCP-
phosphopantetheine moiety, studies of peptidyl-SNAC substrates for fengycin and
mycosubtilin peptide cyclases failed to elicit activity from their respective TEs.30 In these
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cases activity was only established upon loading peptidyl-4’-phosphopantetheine onto the
upstream PCP by an Sfp-catalyzed transfer of a synthetic acyl-CoA onto the corresponding
apo-PCP. To replicate this approach, the CoA thioesters (12a/b, Fig. 2), corresponding to
6a/b, were prepared (Supplementary Note). The apo-PCPs-TE didomain was genetically
excised and covalently modified with an O-phosphoryl tripeptidyl CoA 12a/b through an
Sfp-mediated phosphopantetheine transfer reaction to produce the holo-O-phosphoryl
tripeptidyl-S-PCP5-TE didomain (Supplementary Fig. 3a). As was seen with the
pantetheinyl analogs 6a/b, incubation of this holo-construct failed to elicit thioesterase
activity or produce nocardicin G (Supplementary Fig. 3b).

As a positive control, epi-nocardicin G/nocardicin G CoA (13a/b, Fig 2) was also
synthesized (Supplementary Note) and loaded onto the apo-PCPs-TE construct with Sfp
(Supplementary Fig 4a). As had occurred with the incubation of NocTE with 8a and 8b, the
holo-epi-nocardicin G/nocardicin G-S-PCPg.TE construct rapidly produced nocardicin G (1)
with no observable epi-nocardicin-G (epi-1) formed (Supplementary Fig. 4b). This result,
together with the failure of O-phosphoryl and O-acetyl pantetheinyl tripeptides 6a/b and
7a/b and holo-PCPs-TE covalently modified with 12a/b, reasonably eliminates the
cyclodehydration potential of the TE domain with an O-phosphoryl or O-acetyl substrate
primed for Syji displacement.

1H-NMR Studies of NocTE epimerization activity

Coordination of the two catalytic activities of the NocTE was further characterized by
reconstitution of the reaction of epi-nocardicin G-SNAC (11a) to nocardicin G (1) in D,0,
and examination by NMR spectroscopy. To conduct this analysis, NocTE was dialyzed into
50 mM ammonium bicarbonate buffer pH 7.5, and lyophilized to dryness overnight. The dry
NocTE was resuspended in deuterated assay buffer, pD 7.2. The reaction was initiated by
the addition of 1 uM NocTE to freshly prepared 10 mM 1:1 epi-nocardicin G-SNAC
(11a):noc G-SNAC (11b) in deuterated assay buffer and the 1H-spectrum was monitored as
a function of time (Fig. 4a).

Upon incubation with NocTE, the appearance of the diagnostic, diastereotopic C-4
hydrogens of the B-lactam ring corresponding to the D,L,D-diastereomer was monitored (Fig
4a). These resonances appear at 3.80 ppm (t, J=5.7 Hz, 1H) and 3.11 ppm (dd, J=5.7, 2.3
Hz, 1H). Not observed were the resonances for the corresponding C-4 hydrogens in epi-
nocardicin G, which appear as a multiplet centered at 3.32 ppm. The spectral dispersion at
500 MHz provided a clear separation of the two potential hydrolyzed products. The
progression of the reaction was also evaluated by the disappearance of the singlet
corresponding to the acetyl group of epi-nocardicin G-SNAC (11a) and nocardicin G-SNAC
(11b) at 1.92 and 1.90 ppm, respectively, along with the disappearance of the C-4
diastereotopic hydrogens of the epi-nocardicin G-SNAC.

In accord with the in vitro experiments monitored by HPLC analysis (Fig. 3b), we observed
the exclusive formation of nocardicin G and no detectable formation of the diastereomeric

epi-nocardicin G (Fig. 4a). If NocTE were only catalyzing hydrolysis of each diastereomer,
the formation of both nocardicin G and epi-nocardicin G at the thermodynamic equilibrium
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of 1.1: 1 11b: 11awould be expected. Interestingly, the depletion of nocardicin G-SNAC
(12b) occurred more rapidly and could be visualized most strikingly from comparison of the
integration of the singlets corresponding to the acetyl group of the substrates in the no-
enzyme control spectrum to the first collected spectrum at t = 10 min (Fig. 4a). The singlet
at 1.92 ppm, corresponding to the N-acetyl moiety of nocardicin G-SNAC (11b), disappears
more rapidly and equilibrates to a steady-state of approximately 1:4.3 (1.92:1.90 ppm) from
a starting ratio of ~1: 1 throughout the the experiment.

To further verify this result, the NMR experiment was quenched and the products were
analyzed by HPLC to isolate the B-lactam produced from the remaining starting material and
HSNAC by-product (Supplementary Fig. 5a). 1H-NMR spectral comparison to synthetic
standards of nocardicin G and epi-nocardicin G revealed that the a-hydrogen resonance
corresponding to the C-terminal pHPG (5.25 ppm) was absent in the isolated nocardicin G
while the N-terminal pHPG a-hydrogen resonance (4.96 ppm) remained fully intact (Fig.
4b). MS analysis confirmed the identity of the product as monodeutero-nocardicin G
(Supplementary Fig. 5c).

Epimerase function of NocTE

More precise characterization of NocTE as a dual function epimerase/ hydrolase was
achieved by determining the steady-state rate of epi-nocardicin G-SNAC (11a) turnover to 1
in the presence of NocTE. This transformation requires enzyme acylation, C-terminal pHPG
epimerization and hydrolysis. The rate of uncatalyzed epimerization of nocardicin G-SNAC
(11b) to epi-nocardicin G-SNAC (11a) in buffered aqueous solution at pH 7.5 has been
previously determined to be 3.3(1) x 1072 min~1 (k; + k) with a half life of ~21 min.26
Dynamic equilibrium is achieved at a ratio of 1.1: 1 11b to 11a, indicating that the C-
terminal D-diastereomer is the slightly more thermodynamically favored thioester species.
Thus, the rate of uncatalyzed epimerization of 11b to 11a, kg, was calculated to be 1.57(5) x
1072 min~1 while the reverse reaction, k», was determined to be 1.73(6) x 1072 min~1.

Steady-state kinetic parameters were identified for the NocTE catalyzed epimerization and
hydrolysis of epi-nocardicin G-SNAC (11a) and nocardicin G-SNAC (11b) by measuring
free thiol production using Ellman’s reagent.31:32 The substrates nocardicin G-SNAC (11b)
and epi-nocardicin G-SNAC (11a) were >99% diasteromerically pure as determined by 1H-
NMR and 13C-NMR spectroscopy.28 Owing to limited solubility at high concentrations of
the SNAC thioesters in aqueous buffer, DMSO was present at 5% (v/v), which had no
measureable effect on NocTE activity (data not shown). As a further control, HPLC analysis
verified that uncatalyzed epimerization of 11a and 11b dissolved in DMSQO did not occur on
the time scale of the experiment (data not shown) and, thus, allowed for the accurate
measurement of NocTE-catalyzed epimerization. Finally, the NocTE catalyzed reactions
were initiated with the addition of substrate rather than enzyme to strictly limit non-
enzymatic background epimerization once the substrate was introduced to pH 7.5 buffer.
The measured reaction rates were corrected for the rate of background hydrolysis in the
absence of TE and the data were fit to the non-linear Michaelis-Menten equation to
determine Kopse+H, Kopse @and Ky, (Fig. 5a). Kopse+H IS defined as the observed rate of
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NocTE conversion of stereopure 11ato 1 and kghgy is defined as the observed rate of
NocTE conversion of stereopure 11b to 1 (Fig. 5a).

The rate of NocTE catalyzed conversion of epi-nocardicin G-SNAC (11a) to nocardicin G
(1) was determined to be Kopse+r = 24.5(7) min~1 with a K, = 4.2(3) mM (Fig. 5b). The
Kobse+H rate, in comparison to the uncatalyzed rate of 11ato 11b substrate epimerization,
ko, is over 1,400 x faster. This rate enhancement relative to spontaneous chemical
epimerization, established the NocTE domain as a dual epimerase/hydrolase, a previously
uncharacterized function of NRPS TE domains.

To distinguish whether epi-nocardicin G-SNAC is being epimerized as the PCP-bound
thioester, and then transferred to the active site Ser1779 of NocTE, or as an oxyester after
acyl transfer, the rate of epimerization of nocardicin G-SNAC to epi-nocardicin G-SNAC
was measured in assays with TE*S1779A or TE*S1779C, NocTE mutants lacking their
catalytic serine. Comparison of k; and k; to epimerization in the presence of TE*S1779A or
TE*S1779C indicated no observable rate change (Supplementary Fig. 6). These results
further suggest that NocTE catalyzed epimerization occurs on a peptidyl-O-TE bound
intermediate and not as its cognate PCP bound thioester.

The rate of NocTE catalyzed conversion of nocardicin G-SNAC (11b) by the NocTE to
nocardicin G was determined to be kg = 220(5) min~t with a K, = 2.6(2) mM by direct
measurement of the rate of turnover of NocTE incubated with >99% diasteromerically pure
nocardicin G-SNAC (11b) with excised NocTE. Thus, hydrolysis is ~10x faster than
epimerization, which, therefore, is partially rate-determining in the overall reaction
sequence. An alternative estimate of TE specificity was obtained by direct calculation of the
specificity parameter Kopg/Kip.. The Kopse+H/Km for NocTE catalyzed turnover of epi-nocG-
SNAC 11a was calculated to be 5.8(4) mM~1 min~1 while the kgpgq/Km for nocardicin G-
SNAC 11b is calculated to be 84(8) mM~1min=1, a 14-fold preference for the C-terminal D-
pHPG B-lactam-containing thioester stereochemistry.

Finally, with these observations in hand, a competition experiment was conducted to more
clearly identify the peptide length preferentially processed by the NocTE domain. A 1:1
mixture of nocardicin G-SNAC (11b) and L-pHPG-L-Arg-nocardicin G-SNAC (9b) was
incubated with NocTE and the reaction was monitored by HPLC over time. HPLC analysis
clearly showed production of L-pHPG-L-Arg-nocardicin G (14) after only 30 s with little to
no observable nocardicin G (1) formation (Fig. 5¢). After 4 min, virtually no 9b remained
compared to 11b. Similar results were obtained in a separate competition experiment
between 9a and 11a (Supplementary Fig. 7). These data show at least a 20-fold preference
of the NocTE domain for the pentapeptide p-lactam-containing intermediate, L-pHPG-L-
Arg-nocardicin G (14), in harmony with the previously unexpected requirement that all five
modules in NocA/B be functional to observe antibiotic synthesis.16

Discussion

The function of a TE domain to epimerize peptide products is a previously unknown NRPS
strategy compared to that of canonical E domains. These domains have distinct primary
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functions and active site architectures, but may rely on related mechanisms to catalyze the
epimerization of a-centers. In typical E domains, epimerization occurs on the PCP bound
peptide thioester and rapidly produces an equilibrium of ~ 60% D-/40% L-a.a.-S-PCP while
the downstream C domain selects and incorporates the D-isomer into the growing peptide
chain.33 In the case of E domains embedded in elongation modules, epimerization occurs at
the peptidyl-S-PCP stage after condensation but before peptide transfer.34 In both scenarios,
it is the presence of the carrier protein thioester linkage that enables epimerization of the a-
center through stabilization of the carbanion generated. The pKa of an a-hydrogen adjacent
to a simple thioester is ~21 compared to a value of ~25 for the corresponding oxyester, as
would be encountered in a TE domain.3® Additional anion stabilization is provided,
however, by the presence of an aryl substituent at the a-carbon. This unique structural
feature of a pHPG residue lowers the pKa by an additional 6-7 units3® and brings
sufficiently rapid epimerization into the range of a physiological base for its oxyester in the
NocTE active site. This effect is further enhanced by a ~10-fold amplification of the
exchange rate afforded by the adjacent preformed p-lactam.26

Like NocTE, other NRPS domains have been characterized to perform epimerization
reactions in addition to their canonical functions. In comparative examples to nocardicin A,
such as in the assembly of arthrofactin, syringomycin, syringopeptin and ramoplanin, it has
been established that C domains in their corresponding NRPSs were responsible for
catalyzing both epimerization and amide bond formation.3” Alignment of these dual C/E
domains revealed a unique N-terminal sequence of about 50 amino acids ending in an
elongated His motif exhibiting the consensus sequence HHI/LXXXXGD and is distinct from
the His motif associated with amide bond formation.3” Upon primary sequence comparison
of NocCs with these characterized dual functioning C/E domains, the conserved N-terminal
sequence conferring epimerization activity was not found. Epimerization occurs in these
dual C/E domains through non-covalent interaction with the aminoacyl-S-PCP or peptidyl-S
PCP, by again exploiting the a-carbanion stabilizing properties of the adjacent thioester. In
examples of pyocein and yersiniabactin biosynthesis, encoded A domains within their
respective NRPSs were found to have 310-360 residue inserts that confer epimerization
activity.38 These inserts are also used to facilitate proton transfer on the acyl-S-PCP
intermediate after chain elongation through non-covalent interactions with the “E” insert
within the A domain.

In TE domains where a catalytic triad is present the peptidyl intermediate is first covalently
transferred to the active site serine, followed by intermolecular or intramolecular
nucleophilic attack on the oxyester to form the corresponding linear peptide or macrocyclic
product.39 Primary sequence analysis of NocTE does not reveal any suspect E domain-like
catalytic motif or new signature sequence (Supplementary Fig. 8). It is postulated that the
epimerization activity of NocTE is conferred by the catalytic triad itself and enabled by the
anomalously low pKa of the pHPG a-hydrogen. TE mediated hydrolysis and
macrocyclization reactions are thought to occur by a mechanism in which the histidinium
ion formed in the initial attack of the active site serine is deprotonated by the thiolate of the
departing carrier protein—pantetheine arm as the tetrahedral transition state collapses to the
enzyme-acyl intermediate. The neutral histidine is then free to deprotonate water or a
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nucleophilic group internal to the substrate and complete the catalytic cycle.*0-42 The
evidence gathered shows that epimerization takes place on the peptide p-lactam O-acyl TE
species, not on the peptidyl-S-PCP as has been established in all other characterized E, C/E
and A/E domains. Given the covalent attachment of substrate to the active site serine, the
triad histidine is the proximal base. Analogous mechanisms have been advanced for
Dieckmann reactions catalyzed by TE domains in fungal, non-reducing polyketide
synthases,*3 as well as those mediating pyrone formation#4 and coupled Dieckmann/retro-
Claisen reaction.*® In contrast to canonical E domains, which rely on a downstream C
domain to specifically incorporate the correct stereoisomer from an equilibrating D/L-pool,
NocTE performs this resolution autonomously. Unlike most type I thioesterases, which
exhibit a degree of relaxed selectivity with structurally related substrates, the NocTE is
evolutionarily optimized for the steric constraints imposed by an integrated p-lactam ring.
Related peptide substrate analogs were only very poorly hydrolyzed.

Experiments, even with peptides bearing activated O-seryl moieties for Syi displacement,
while negative, render unlikely a role for the TE domain in monocyclic B-lactam synthesis.
It can be deduced, however, from the data reported here that -lactam formation precedes
NocTE catalyzed epimerization and hydrolysis and must occur elsewhere on the NRPS. One
possibility is that azetidinone formation takes place on a the peptidyl-S-PCP bound
intermediate, presumably in module 5 since it is the C-terminal pHPG nitrogen that is
required for -lactam ring formation, and is catalyzed in cis by the NRPS (Fig. 6a). A
second, perhaps more compelling, potential mechanism has been proposed® in which
cyclodehydration could occur, and would invoke a presently unknown auxiliary enzyme-
assisted reaction acting in trans with the NocNRPS (Fig. 6b). Such a process is not without
precedent.?! A particularly relevant example is the biosynthesis of coronamic acid in which
two enzymes transform an L-allo-isoleucine-S-PCP to a cyclopropane-containing-S-PCP
bound intermediate.#® By extension, cyclodehydration of a peptidyl-S-PCPs5 intermediate in
nocardicin biosynthesis could be catalyzed by an auxiliary enzyme through activation of the
seryl hydroxyl and subsequent p-lactam formation through deprotonation of the C-terminal
amide, an efficient transformation precedented in synthetic models.*” The p-lactam
intermediate can then undergo transacylation to NocTE, where epimerization occurs, and the
propeptide-f-lactam intermediate released. The evidence provided by the competition
experiment suggests that it is the pentapeptide B-lactam (14) that is the product of NocTE
and presumably removal of the N-terminal L-pHPG-L-Arg residues occurs by rapid cellular
proteolysis to give nocardicin G (1). Thus, simple editing of the programmed NRPS
pentapeptide product to a modified tripeptide is proposed to be the last step(s) in formation
of the central B-lactam-containing biosynthetic intermediate, nocardicin G (1). In contrast to
the dazzlingly efficient oxidative reaction to penicillin using an entirely conventional NRPS
tripeptide, ACV (Fig. 1b), the non-oxidative strategy to the structurally simpler monocyclic
B-lactam in the nocardicins has arisen from the appearance of new NRPS synthetic
capabilities.
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DNA sequencing of PCR-amplified fragments was conducted at the Johns Hopkins Core
Sequencing Facility (Baltimore, MD). Restriction enzymes and T4 DNA ligase were
purchased from New England Biolabs (Ipswich, MA). DNA polymerase (Herculase I1) was
purchased from Agilent Technologies (Santa Clara, CA). Subcloning vector pCRBIlunt-
TOPO was purchased from Invitrogen (Grand Island, NY). The pET28b expression vector
and Rosetta 2 cells were purchased from Novagen (Darmstadt, Germany). TALON® metal
affinity resin was purchased from Clontech (Mountain View, CA). Amicon Ultra filtration
devices were purchased from Millipore (Billerica, MA).

HPLC analyses of enzymatic reactions were performed on an Agilent model 1200 equipped
with a multi-wavelength UV-Vis detector and a reverse phase Phenomenex Luna 5u phenyl/
hexyl analytical column (250 x 4.60 mm ID). Analytical Method A (water + ACN + 0.1%
TFA): 0-5 min isocratic 93% water + 7% ACN +0.1% TFA, 5-22 min gradient 7% to 50%
ACN + 0.1% TFA, 22-25 min gradient 50% to 7% ACN + 0.1% TFA, 25-35 min isocratic
93% water + 7% ACN + 0.1% TFA. Flow rate = 1.0 mL/min. Analytical Method B (water
+ ACN + 0.1% TFA): 0-20 min gradient 7% to 50% ACN + 0.1% TFA, 20-25 min gradient
50% to 7% ACN + 0.1% TFA, 25-35 min isocratic 93% water + 7% ACN + 0.1% TFA.
Flow rate = 1.0 mL/min.

Molecular Cloning of Protein Constructs

PCPs-TE-pET28: This construct was obtained from PCR amplification of the pMG0531
cosmid containing the entire nocardicin NRPS gene cluster.10 This template was PCR
amplified with Herculase 11 Fusion DNA polymerase by using the following oligonucleotide
primers (underlined: restriction site):

forward: 5-GCGTAACATATGGGCGAGCTGGTGGTGCTCGACGCG-3’ and
reverse: 5-GTAAGCGGCCGCTCACCGCTCTCCTCCCAGCGCGCGGCG-3'.

The PCR products were subcloned into pCRBIlunt-TOPO and sequence verified. The
pCRBIunt-PCP4-TE construct was digested with Ndel and Notl and ligated with T4 DNA
ligase into a similarly digested pET28b vector to create the N-terminal 6x His-tagged
expression construct.

PCPs-TE*S1779A-pET28b: The gene for the full-length PCP-TE didomain containing a
serine to alanine mutation in the catalytic triad of the TE domain was constructed by splicing
by overlap extension (SOE) mutagenesis,*8 using Herculase 1| DNA polymerase. In the first
round of PCR amplification, PCP5-TE-pET28b was used as template in a reaction with the
following oligonucleotide primers (underlined: restriction site, bold: mutation):

forward: 5-GCGTAACATATGGGCGAGCTGGTGGTGCTCGACGCG-3’
reverse: 5-CGCCGCCGAAGGCCCAGCCGCCG-¥
forward: 5-CGGCGGCTGGGCCTTCGGCGGCG-¥
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reverse: 5-GTAAGCGGCCGCTCACCGCTCTCCTCCCAGCGCGCGGCG-3..

The products of the first round of PCR were combined, ligated and amplified in a second
round of PCR amplification with the following oligonucleotide primers:

forward: 5-GCGTAACATATGGGCGAGCTGGTGGTGCTCGACGCG-3
reverse: 5-GTAAGCGGCCGCTCACCGCTCTCCTCCCAGCGCGCGGCG-3'.

The PCR product was subcloned into pCRBlunt-TOPO and sequenced. The pCRBIlunt-
PCP5-TE*S1779A mutant construct was digested with Ndel and Notl and ligated with T4
DNA ligase into a similarly digested pET28b vector to create an N-terminal 6x His-tagged
expression construct.

NocTE-pET28b: Cloning of the intact gene into an expression vector was achieved by PCR
amplification of the desired TE monodomain fragment from the PCP5-TE-pET28b
construct. This template was PCR amplified with Herculase Il using the following
oligonucleotide primers (underlined: restriction site): forward: 5'-
GGGATACATATGGTCGAGGGCTCCGGGTC-3 and reverse: 5'-
GGATAAAGCTTTCACCGCTCTCCTCCCAG-3'. The PCR products were subcloned into
a pCRBIunt-TOPO vector and verified to be the desired insert through sequencing. The
pCRBIunt-PCP-NocTE construct was digested with Ndel and Hindlll and ligated with T4
DNA ligase into a similarly digested pET28b vector to create an N-terminal 6x-His tagged
expression construct.

TES*1779A-pET28b: Cloning of the intact gene into the expression vector was achieved
by PCR amplification of the desired TE mono domain fragment from the PCPs-
TE*S1779A-pET28b construct with Herculase Il by using the following oligonucleotide
primers (underlined: restriction site):

forward: 5-GGGATACATATGGTCGAGGGCTCCGGGTC-3
reverse: 5-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3.

The PCR products were ligated into pCRBIlunt-TOPO and sequence verified. The
pCRBIunt-TE construct was digested with Ndel and Hindlll and ligated with T4 DNA ligase
into a similarly digested pET28b vector to create an N-terminal 6x His-tagged construct.

TE*S1779C-pET28b: This construct was created analogously to the PCP5-TE*S1779A-
pPET28b construct by SOE mutagenesis using the wild-type TE-pET28b plasmid as the
template and the following two sets of primers for the first round of PCR amplification
(underlined: restriction site, bold: mutation):

forward: 5-GGGATACATATGGTCGAGGGCTCCGGGTC-3’
reverse: 5-CGCCGCCGAAGCACCAGCCGCCG-3’

forward: 5-CGGCGGCTGGTGCTTCGGCGGCG-3’

reverse: 5’-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3’
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The products of these two reactions were combined, ligated and PCR amplified with the
following oligonucleotide primers:

forward: 5-GGGATACATATGGTCGAGGGCTCCGGGTC-3/
reverse: 5’-GGATAAAGCTTTCACCGCTCTCCTCCCAG-3.

The full-length PCR product was subcloned into pCRBIunt-TOPO and sequenced verified.
The pCRBIlunt-TE*S1779C mutant construct was digested with Ndel and Hindlll and
ligated with T4 DNA ligase into a similarly digested pET28b vector to create and N-terminal
6x His-tagged construct.

Protein Expression and Purification

Expression and purification of NocTE, PCPs-TE, PCPs-TE*S1779A, TE*S1779A, and
TE*S1779C: Each desired pET28b protein construct was transformed into Rosetta 2 cells,
plated onto Luria-Bertaini (LB)-agar containing 50 pg/mL kanamycin and 50 pg/mL
chloramphenicol and incubated at 37 °C overnight. One colony per starter culture was
selected and grown at 37 °C at 200 rpm overnight in 10 mL LB medium supplemented with
50 pg/mL kanamycin and 50 pg/mL chloramphenicol. One liter of 2XYT medium
containing 50 pg/mL kanamycin and 50 pg/mL chloroamphenicol was inoculated with 10
mL of starter culture and cells were grown at 37 °C, at 180 rpm to an ODgqg of 0.6-0.8. The
temperature of the culture was cold-shocked at 4 °C for 1 hour and then placed on a shaker
equilibrated to 18 °C. 1 mM of isopropy! a-D-thiogalactopyranoside (IPTG) was added and
the culture was grown for 18 h at 180 rpm.

The cells were harvested by centrifugation (5,000 x g, 15 min, 4°C) and stored at —80 °C.
Cells were thawed in lysis buffer (50 mM phosphate, 300 mM NaCl, pH 8.0) and disrupted
by sonication (60% amplitude, pulse 9 sec on/off, 3 min) on ice. Cell debris was removed by
centrifugation (25,000 x g, 30 min, 4 °C) and the clarified cell lysate was incubated with 2
mL of 50% suspension/L of cell culture of cobalt TALON® metal affinity resin for 1-2 h at
4 °C in a batch-binding format. The resin was pelleted (750 x g, 4 °C, 5 min) and the
supernatant was removed. The resin was re-suspended in lysis buffer and loaded onto a
gravity column. The desired protein was then eluted with a stepwise gradient of imidazole
(20-200 mM) in lysis buffer. Fractions containing the purified protein, as determined by
SDS-PAGE with Coomassie staining, were pooled and dialyzed against 2 x 3 L of assay
buffer, pH 7.5. Protein concentrations were quantified by Bradford assay. Images of SDS-
PAGE gels of all protein constructs described can be found in Supplementary Figure 9.

Synthesis of peptidyl-pantetheine, peptidyl-SNAC, and peptidyl-S-CoA substr ates:
Syntheses of peptidyl-pantetheine, peptidyl-SNAC, were conducted as described
previously.28 General methods and syntheses of 10, and peptidyl-S-CoAs 13a/b and 14a/b
are described in Supplementary Note. Standards used for comparison in these studies
(including 1, epi-1, 2a/b, 3a/b, 14 and epi-14) were obtained using standard deblocking
methods from the corresponding protected precursor followed by HPLC purification.
Characterization data of standards are reported in Supplementary Note.
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In vitro NocTE assay with peptidyl-S-pantetheine substrates—To test the in vitro
activities of NocTE or other mutant proteins, 1 mM of desired thioester substrate was added
to a 300 L solution containing 20 pM of freshly purified protein in 50 mM K;PO, buffer,
pH 7.5. Reactions were incubated at room temperature for 3 h and acidified to pH 2 with an
aqueous solution of TFA. The enzyme was removed with an Amicon Ultra 0.5 ML 10
kMWCO filtration device and the flow-through was directly analyzed. Enzymatic reactions
were analyzed using HPLC Analytical Method A.

IH-NMR time coursein D,O: NocTE was isolated, purified and dialyzed into 2 x 2 L of 20
mM NH3COj3 solution over 12 h at 4 °C. The protein was concentrated to 7 mL, flash frozen
and lyophilized to dryness. Lyophilized protein was resuspended in 600 pL of 50 mM POy,
25 mM NaCl, pD = 7.2 in deuterium oxide. Insoluble material was removed by
centrifugation and the protein was concentrated to 15 mg/mL. -Lactam-containing
substrates 11a/b (~1:1 11a:11b) were dissolved in 50 mM phosphate (tribasic), 25 mM
NaCl, pD = 7.2 in deuterium oxide to a final concentration of 10 mM. The reaction was
initiated by the addition of 1 uM of NocTE. Substrate turnover was monitored for 3 h by 1H-
NMR spectroscopy on a Varian 500 MHz spectrometer equipped with an inverse probe.
Spectra were acquired at approximately 1 per min, 1 scan/spectrum.

Determination of NocTE kinetic parameters—Hydrolysis of SNAC-thioesters 11a
and 11b was followed spectrophotometrically by observation of the formation of 3-thio-5-
nitrobenzoate (DNTB) at 412 nm (e = 13,600 M~1 cm™1).49 Each assay contained 50 mM
KiPOg4, pH = 7.5, a variable amount of substrate, 1 pM NocTE, and 3 mM DNTB dissolved
in assay buffer in a total volume of 60 pL. Stock solutions of 11a and 11b were dissolved in
DMSO such that the desired final concentration in the assay was achieved with the addition
of 5 uL of DMSO substrate solution. The reactions were initiated by the addition of
substrate and the rate of free thiol formation was observed continuously at an interval time
of 30 s. Rates of hydrolysis were calculated from the initial linear portion of the curves. In
all cases, rates were corrected for the background rate of chemical hydrolysis in the absence
of enzyme. The concentration range of the substrates analyzed was 0.1 to 20 mM.
Experiments were conducted in triplicate; data presented as mean values * standard
deviation. Michaelis-Menten curves were obtained by fitting the data to a nonlinear
regression using Prism 6.0, GraphPad software (La Jolla, CA).

Deter mination of rate of epimerization of epi-nocardicin G-SNAC 11ato nocardicin G-
SNAC 11b in the presence of TE*S1779A or TE*S1779C: To measure the rate of
chemical epimerization of epi-nocardicin G-SNAC (11a) to nocardicin G-SNAC (11b), a
500 uL solution containing 1.0 mM 114, and either 10 uM or TE*S1779A or TE*S1779C in
50 mM K;POy4 pH 7.5 was prepared. 25 pL of the reaction solution was aliquoted into 15 pL
of a 0.2 % TFA aqueous solution oniceatt=1, 2, 5, 10, 15, 20, 30, 45, 65, 80, 120 and 180
min. Quenched reactions were analyzed by HPLC using Analytical Method B, monitoring
absorption at 272 nm. The rate of chemical equilibrium (kq + k) was calculated by fitting
the data to a non-linear one-phase decay curve using Prism 6.0, GraphPad software (La
Jolla, CA). Data reflect a single experiment.
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L oading of CoA substrates 12a/b and 13a/b onto apo-PCPs-TE: In a total volume of 300
uL containing 10 mM MgCl, and 50 mM HEPES pH 7.5, 100 uM of the apo-PCPs-TE
construct and 150 pM of either 12a/b or 13a/b were combined. Reactions were initiated by
the addition of 2 pM of Sfp and the reaction mixture was allowed to incubate at room
temperature for 45 min. The reactions were quenched with TFA to pH 2. Precipitated
proteins were removed with an Amicon Ultra 0.5 ML 10 kMWCO filtration device. The
filtrate was directly analyzed for the formation of product using HPLC Analytical Method
A, monitoring the absorption at 272 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Isopenicillin N and Nocardicin A biosyntheses

(a) Isopenicillin N biosynthesis from NRPS ACV synthetase and isopenicillin N synthase.

(b) Overall biosynthesis of nocardicin A from early stage peptide assembly initiated by
pHPG biosynthesis to late stage nocardicin G modification. (¢) Domain and module
architecture of NRPSs NocA and NocB and predicted peptide products.
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Figure 2. Substrates synthesized to probe the specificity of NocTE
Substrates vary in peptide length, C-terminal pHPG stereochemistry and O-seryl

modification.
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Figure 3. In vitro substrate profiling of NocTE
(a) Schematic of NocTE reactivity towards various substrates. Top: Linear and activated

penta- and tri- peptides are poor substrates for NocTE. Lower: Pre-formation of -lactam at
the seryl position results in NocTE epimerization and hydrolysis activity. (b) HPLC analysis
of B-lactam-containing thioester substrates with excised NocTE. All of the -lactam-
containing substrates were processed by NocTE and only one product was formed,
containing a C-terminal D-pHPG. Top traces show NocTE incubated with 8a and 8b,
forming 1 and bottom traces show NocTE incubated with 9a and 9b, forming 14.
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Figure 4. 1H-NMR spectrometric analysis of NocTE with epi-nocardicin G/nocardicin G-SNAC
(@) IH-NMR experiment demonstrating NocTE turnover of epi-nocardicin G/nocardicin G-

SNAC. The bottom spectrum labeled “-NocTE” shows the substrates 11a/b before NocTE
addition. “D” and “L” correspond to the N-acetyl peaks of SNAC of the nocardicin G-SNAC
(11b) and epi-nocardicin G-SNAC (11a) thioesters, respectively. Arrows highlight the two
C-4 diastereotopic hydrogen resonances (H-4a/p) of 1, whose appearance was monitored
throughout the experiment. (b) *H-NMR comparison of synthetic epi-nocardicin G and
nocardicin G with isolated deutero-nocardicin G from NocTE conversion of substrate 11a/b
in D,0.
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Figure5. Kinetic analysis and determination of NocTE as a dual epimerase/hydrolase
(a) Depiction of NocTE catalyzed conversion of epi-nocardicin G-SNAC (11a) and

nocardicin G-SNAC (11b) to nocardicin G (1). (b) Plots of initial velocities vs. 11aand 11b
concentration. Experiments were conducted in triplicate; data represents mean values +
standard deviation. (c) HPLC analysis of time points in competition experiments between
11b and 9b in the presence of NocTE, showing the appearance of 1 and 14.
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Figure 6. Possible pathways to monocyclic B-lactam formation
Top, pathway represents in cis f-lactam formation, invoking an external enzyme responsible

for cyclodehydration. Bottom, pathway represents in trans f-lactam formation catalyzed by
a domain within the NocNRPS. Upon B-lactam formation NocTE catalyzes C-terminal
epimerization and hydrolysis of 14.
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