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Type Il Thioesterase Restores
Activity of a NRPS Module Stalled
with an Aminoacyl-S-enzyme that
Cannot Be Elongated

Ellen Yeh, Rahul M. Kohli,”® Steven D. Bruner,”” and
Christopher T. Walsh*®!

Nonribosomal peptide synthetases (NRPSs) carry out the bio-
synthesis of numerous peptide natural products, including
many with important clinical applications. The NRPS, organized
into a series of modules, is an efficient, high-fidelity assembly
line for the production of a particular peptide. Each module
consists of domains, whose activities contribute to the accura-
cy of these assembly-line systems. The activation (A) domain
uses ATP to selectively load an amino acid onto the module
through formation of a thioester bond to the pantetheine arm
of the thiolation (T) domain. Peptide-bond formation, catalyzed
by the condensation (C) domain, is stringent for both side-
chain identity and stereochemistry."™ The C domain accepts
an aminoacyl- or peptidylthioester from the preceding module
for nucleophilic addition by the amine of the loaded amino
acid; this generates the elongated peptide attached to the
downstream module. The peptide product is synthesized one
amino acid at a time until it reaches the final module. There,
the fully synthesized chain is released by a type | thioesterase
(TEI), the terminal domain of the NRPS assembly.

Despite the high fidelity of this process, an error in any step
of the assembly-line synthesis severely impacts the efficiency
of the system and creates a bottleneck that results in a build-
up of unprocessed intermediates. For example, an error by the
A domain, which can load amino acids other than that normal-
ly accepted by the C domain,®” would prevent peptide-bond
formation. The loaded module would be blocked until the in-
correct amino acid was hydrolyzed (Figure 1). A type Il thioes-
terase (TEIl), whose gene is associated with the gene cluster of
many NRPSs and related polyketide synthases (PKSs), improves
the efficiency of product formation in these systems and has
been proposed to edit modules through hydrolysis of acyl
groups.®™ In the surfactin NRPS, TEIl was shown to regener-
ate misacylated modules resulting from priming of the apo-
module with acyl-CoA groups.” In this study we provide evi-
dence to expand the editing function of TElls to include restor-
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Figure 1. Model for the processing of correct versus incorrect amino acids by
NRPS modules. A) Normal processing of an amino acid by a module, including
initial loading of the amino acid followed by the later steps of peptide-bond
formation and/or epimerization. B) Blocking of a module following loading of
an incorrect amino acid (AAy). “X” indicates the inability of C or E domains to
recognize the loaded amino acid.

ing the activity of modules stalled by loaded amino acids that
cannot be processed.

N-acetylcysteamine (SNAC) thioesters have been used previ-
ously to assay NRPS domain activities.?'*"® Hydrolysis of
SNAC substrates was used here to explore the specificity of
the TEIl from the tyrocidine biosynthetic operon, TycF."® TycF
accepted a broad variety of aminoacyl-SNACs of different side-
chain identity and stereochemistry with a 20-fold k./K., range
between the most- and least-active substrate (Table 1). A series
of peptidyl-SNACs derived from the tyrocidine sequence was

Table 1. TycF hydrolysis of SNAC substrates. A spectrophotometric assay
used dithionitrobenzoic acid (DTNB) to monitor hydrolysis of SNAC sub-
strates (0.1-5.0 mm).!

SNAC substrate Kea/ Koy MM~ min ]

Ac- 0.13
Ala- 0.1

Ac-p-Ala- 0.06
Ac-p-Leu- 0.30
D-Phe- 0.41

Phe- 0.32

Ac-Phe 0.43

Leu- 0.24

Ac-Leu- 1.40

Orn-Leu- n.d.®!
Ac-Orn-Leu- _d
Val-Orn-Leu- —d
Tyr-Val-Orn-Leu- —d
GIn-Tyr-Val-Orn-Leu- _d

[a] Background hydrolysis, 20-50% of overall signal for aminoacyl-SNACs
and <2% for all others, was subtracted. Nonsaturating kinetics were ob-
served for all substrates tested. [b] Not determined due to high back-
ground hydrolysis; [c] Rates below detection limit of the assay.
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constructed, in which the C-terminal Leu was maintained but
successively lengthened by one amino acid (Table 1, shaded).
None of these peptidyl-SNACs were substrates for TycF. This
result supports a previous report that TEIl release of a tripep-
tide formed by a three-module system was very inefficient.””
Therefore, editing by TEIl could occur at the level of the ami-
noacyl intermediate after loading but prior to peptide-bond
formation. Indeed, release of inefficiently processed peptidyl
intermediates was found to be independent of TEIll and instead
might be catalyzed by the C domain.'”? Notably, acetyl-SNAC
was accepted by TycF with a k,/K,, of 0.13 mm™"'min~' com-
pared to 0.06-1.4 mm~"'min~' for aminoacyl-SNACs. Based on
these results, TEIl hydrolysis of aminoacyl groups appears com-
parable to that of acetyl groups, the substrate demonstrated
in the mispriming model.”

Hydrolysis of amino acids loaded on NRPS modules by TycF
and SrfA-D, the TEIl from surfactin biosynthetic operon, was
demonstrated on the first module of gramicidin synthetase,
PheATE. This module introduces p-Phe as the first amino acid
in gramicidin and has high sequence identity to the first
module of tyrocidine synthetase. In addition to A and T do-
mains, an E domain acts to convert the loaded amino acid be-
tween L- and p-stereoisomers."”'® Following loading with op-
tically pure L-Phe, b-Phe was generated on the module by the
action of the E domain. Release of p-Phe from the module by
TEIl was monitored by its accumulation in solution (Figure 2).
Similarly, rates for TEIl cleavage of L-Phe from the module were
also determined following loading with optically pure p-Phe.
Both initial loading and epimerization of Phe were fast relative
to TEll-catalyzed hydrolysis."® The k/K;, for p-Phe-S-enzyme
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Figure 2. TEll acts on loaded NRPS modules. A) Schematic for the assay of TEIl
activity on loaded NRPS modules. Following loading of PheATE with optically
pure Phe, release of the stereoisomer generated on the module is detected.
Solid arrows, steps from L-Phe loading to TEIl hydrolysis of b-Phe to determine
rates for p-Phe-S-enzyme. Dashed arrows, steps from p-Phe loading to L-Phe-S-
enzyme cleavage. B) Chiral silica TLC shows release of Phe stereoisomer oppo-
site that loaded when TEIl is present (24 h incubation).
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cleavage by TycF and SrfA-D were 150 and 180 mm ™ 'min~',

respectively." Values for the L-Phe-S-enzyme were 180 and
160 mm~'min~". Reactions were not saturated at concentra-
tions of PheATE up to 80 um. Modest rates and high K., values
were also observed for the PKS TEIl from pikromycin, and
thought to be consistent with a TEIl largely dissociated from
the PKS and able to scan carrier domains without interfering
with normal processing of the PKS."" But unlike PKS TElls,""
interactions with the T domaine might be important for NRPS
TEIl recognition, as there was a 500-fold decrease in rates ob-
served for Phe-SNAC as compared to the Phe-S-enzyme. In ad-
dition to L- and p-Phe, TycF and SrfA-D also catalyzed cleavage
of b-Trp and b-Tyr from PheATE following loading with the L-
amino acid. Rates could not be obtained due to the slow initial
loading of these noncognate amino acids.” As observed with
SNAC substrates, TycF and SrfA-D recognized a broad range of
amino acids loaded on a NRPS module.

Finally, we evaluated the ability of TEIl to restore the activity
of a stalled module, in which the loaded amino acid could not
be processed by the NRPS dimodule PheATE/ProCAT. The
action of PheATE and downstream module ProCAT generates a
dipeptide intermediate that undergoes a self-catalyzed cleav-
age from the enzyme to form b-Phe-L-Pro-DKP (Figure 3A,
left). Previous studies of ProCAT showed that the C domain is
p-amino acid specific for the upstream donor.”?” DKP forma-
tion was abolished when PheATE modules with inactivating
mutations in the E domain were loaded with L-Phe and pre-
sented to the downstream ProCAT,?" since these mutants were
unable to generate the required p-Phe-S-enzyme (Figure 3A,
right). We used one of these mutants, H753A/N975A, to inves-
tigate the effect of TEIl in this system. Following full loading
with L-Phe, addition of the productive b stereoisomer (at equal
concentration to L-Phe) did not lead to recovery of DKP forma-
tion as L-Phe continued to block the carrier-protein-loading
site (Figure 3B, box 1). However, addition of TycF or SrfA-D
along with p-Phe restored product DKP formation by removing
the stalled L-Phe and allowing loading and subsequent proc-
essing of D-Phe (boxes 2 and 3). Interestingly, the recovered
activity varied with different E domain mutants; this suggests
an effect of adjacent domains on TEIl activity (Table 2). The
specific function of the residues mutated in these mutants,
whether in catalytic steps of E domain function or substrate
recognition, is unknown. However, if in some mutants the
loaded Phe were displaced from its binding pocket in the E
domain, where it is believed to bind following loading,® it
may be more available for TEIl hydrolysis. The same would be
true of incorrectly loaded substrates that are not recognized
by later-acting domains (Figure 1B). Lacking specificity for par-
ticular substrates, TEIl recognition of unprocessed amino acids
may be kinetically controlled by the increased half-lives of
these unprocessed and unrecognized aminoacyl intermediates.
A similar mechanism was proposed for PKS TEIl recognition of
aberrant acyl groups." An attempt was made to compare ki-
netic parameters for cleavage of L-Phe from different E mutant
modules by monitoring the loss of enzyme-bound radioactivity
following loading with 'C-labelled L-Phe. Unfortunately, tight
binding of the Phe-AMP intermediate resulted in fast reloading
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Figure 3. Restoration of product formation on stalled modules. A) b-Phe-Pro DKP formation by PheATE/ProCAT (left panel), including 1) loading L-Phe, 2) epimeriza-
tion to p-Phe, 3) peptide bond formation with L-Pro, and 4) cyclization and release from module. When PheATE containing an E-domain mutation is used, the

module is stalled after the first loading step (right panel; compare with Figure 1B). B) Preloaded H753A/N975A mutant (1.5 um) and "C-Pro-loaded ProCAT (1.5 um)
were mixed to initiate DKP product formation, which was detected by TLC. Boxes highlight conditions of stalling for which addition of TEIl (1.5 um) restored product

formation.

Table 2. Domain effect on recovery of DKP formation. Yields (t= 180 min)
for stalled PheATE mutants + TEIl are shown. The baseline DKP formation for
each mutant was taken as the yield obtained when only p-Phe was loaded
and present in solution (italics), shown for comparison.

Product yield of p-Phe-Pro DKP [um]

E domain D-Phe L-Phe loaded, p- and L-Phe in solution
mutation(s) —TENl —TEN +SrfA-D +TycF
H753A 12.6 0.0 25 1.8
E892A 5.3 0.0 0.0 0.0
Y976A 1.4 1.9 5.0 6.0
H753A/N975A 9.2 1.6 6.8 9.0

of the module such that TEIl hydrolysis activity could not be
detected (data not shown).

In summary, we have described several features of NRPS TEll
activity consistent with a role for TEll in amino acid editing, in-
cluding broad specificity for aminoacyl groups, cleavage of
amino acids from NRPS modules at modest rates, and an abili-
ty to restore the activity of modules stalled with unprocessed
aminoacyl intermediates. Moreover, the results describe a
model for amino acid editing by NRPS TEIl in which TEIl recog-
nizes a variety of loaded amino acids at low affinity and may
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discriminate “correct” from “incorrect” amino acids based on
the increased half-life of unprocessed intermediates displaced
from the normal domain binding sites. A general, rather than
specific, mode of recognition is also indicated in PKSs since
TElls from heterologous PKS systems can be exchanged with-
out loss of product yields."*?? In addition, given its preference
for aminoacyl over peptidyl substrates, editing by TEIl at the
level of the aminoacyl intermediate would reflect the energetic
cost of hydrolyzing longer peptides as well as the known strin-
gency of the C domain for downstream acceptor site amino
acid relative to the upstream donor."” When the NRPS calcium-
dependent antibiotic (CDA) synthetase was engineered such
that the A domain of the seventh module was mutated and
unable to provide the proper amino acid substrate for the up-
stream C domain, the hexapeptide intermediate was released
from the NRPS in significant yield, probably through C-domain
action.”? Clearly, release of these longer intermediates is unde-
sirable for the energetic efficiency of NRPS systems and could
be prevented by rigorous editing of the loaded amino acid
prior to incorporation into the product. Together, the results
point toward a model for TEIl hydrolytic editing of misloaded
NRPS modules, in addition to that previously described in edit-
ing of misprimed modules.”) A comparable editing role in PKSs
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has been reported.®""® Type Il thicesterases may play an im-
portant role in removing nonproductive acyl groups that accu-
mulate on NRPS and PKS modules, thereby conferring efficien-
cy and accuracy upon nature’s synthetic machinery.
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