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Abstract

Background: A large number of pharmacologically important
peptides are synthesized by multifunctional enzymes, the non-
ribosomal peptide synthetases (NRPSs). The thioesterase (Te)
domain at the C-terminus of the last NRPS catalyzes product
cleavage by hydrolysis or complex macrocyclization. Recent
studies with excised Te domains and peptidyl-S-N-acetyl cystea-
mine substrate substitutes led to substantial insights in terms of
cyclization activity and substrate tolerance of these enzymes. Their
use in engineered hybrid NRPSs is an interesting but yet only little
explored target for approaches to achieve new structural diversity
and designed products.

Results: To study the capability of various Te domains to
function in hybrid NRPSs, six different Te domains that catalyze
different modes of termination in their natural systems were fused
to a bimodular model NRPS system, consisting of the first two
modules of tyrocidine NRPS, TycA and ProCAT. All Te domains
were active in hydrolyzing the enzymatically generated dipeptide
substrate D-Phe-Abu from the NRPS template with, however,

greatly varying turnover rates. Two Te domains were also capable
of hydrolyzing the substrate p-Phe-Pro and partially cyclized the
p-Phe-Abu dipeptide, indicating that in an artificial context Te
domains may display hydrolytic and cyclization activities that are
not easily predictable.

Conclusions: Te domains from heterologous NRPSs can be
utilized for the construction of hybrid NRPSs. This is the first
comparative study to explore their influence on the product
pattern. The inherent specificity and regioselectivity of Te domains
should allow control of the desired product cleavage, but can also
lead to other modes of termination potentially useful for
generating structural diversity. Our results provide the first data
for choosing the proper Te domain for a particular termination
reaction. © 2001 Elsevier Science B.V. All rights reserved.

Keywords: Domain exchange; Nonribosomal peptide synthesis;
Peptide antibiotic; Rational protein engineering

1. Introduction

Many pharmacologically important natural products
such as the antibiotics vancomycin and erythromycin as
well as the immunosuppressive agents cyclosporin and ra-
pamycin are assembled on nonribosomal peptide synthe-
tases (NRPSs) or modular polyketide synthases (PKSs).

Abbreviations: A domain, adenylation domain; C domain, condensa-
tion domain; Dhb, dihydroxybenzoic acid; DKP, diketopiperazine; E
domain, epimerization domain; HPLC, high performance liquid chroma-
tography; MS, mass spectroscopy; NAC, N-acetylcysteamine; NRPS,
nonribosomal peptide synthetase; PCP, peptidyl carrier domain; PKS,
polyketide synthase; Ppant, 4’-phosphopantetheine; PP;, inorganic pyro-
phosphate; T domain, thiolation domain; Te domain, thioesterase do-
main; TLC, thin layer chromatography
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Both classes of enzymes have in common a modular ar-
chitecture in which each module contains all catalytic pre-
requisites to incorporate one monomeric building block,
typically an amino acid or acetate and propionate, into the
growing chain. The organization of different modules in
the multimodular enzymes determines the size and se-
quence of the stepwise assembled natural products [1,2].
The decapeptide antibiotic tyrocidine A, for example, is
synthesized nonribosomally by three NRPSs, TycA,
TycB, and TycC [3], that consist of a total of 10 modules,
each being responsible for the incorporation of one amino
acid into the final product (Fig. 1).

A module can be subdivided into domains, representing
the individual enzyme activities that together are necessary
for a round of chain elongation [1]. Three domains essen-
tial for peptide synthesis line up an elongation module: an
adenylation (A) domain responsible for substrate recogni-
tion and activation [4], a peptidyl carrier protein (PCP),
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also referred to as thiolation (T) domain, which binds
activated amino acids and elongation intermediates as
thioesters at its cofactor 4’-phosphopantetheine (Ppant)
and serves as a transport unit [5], and a condensation
(C) domain that catalyzes peptide bond formation (com-
pare e.g. module 2 in Fig. 1) [6]. The initiation module,
which provides the first amino acid, lacks the condensa-
tion domain (e.g. module 1 in Fig. 1). The termination of
peptide synthesis is usually facilitated by a thioesterase-
like Te domain connected to the last module [7]. Optional
domains like epimerization (E) and N-methylation (M)
domains can be inserted within modules. By modifying
the amino acid substrate at the respective position, they
are an important means to increase the structural diversity
of the resultant products [8,9].

Te domains have recently gained much attention, be-
cause they control the last step of nonribosomal peptide
synthesis, the effective and regioselective product release
by cleaving the thioester bond between the PCP of the
last module and the full-length peptide chain [7,10]. To
this end, the linear peptide chain is translocated onto the
serine residue of the conserved signature sequence GxSxG,
which is part of a catalytic triad that operates in chain
release [11]. The nucleophile for the cleavage reaction
can be either a water molecule leading to linear products
or an internal nucleophilic group of the peptide itself
yielding cyclic or branched cyclic products (see Fig. 2 for

different examples). The resultant cyclic peptides are more
resistant towards proteases and the decreased conforma-
tional flexibility probably favors the biologically active
conformation. The Te domains are thus also an important
means to achieve structural diversity and biological activ-
ity for this class of natural products. In some cases, Te
domains even catalyze multimerization of the peptide
chain assembled by the preceding modules. In enterobac-
tin biosynthesis for example (Fig. 2), the dihydroxybenzoic
acid (Dhb)-Ser intermediates are transferred sequentially
onto the serine side chain and linked by the Te domain
until the trimer is intramolecularly cyclized and released
[11].

Very recently, a method was described to directly assay
isolated Te domains. The excised 28 kDa Te domain of
tyrocidine NRPS TycC was found to accept peptidyl-S-N-
acetylcysteamines (NACs) as diffusible substrate substi-
tutes [7]. A decapeptidyl-S-NAC that corresponded to
the sequence of tyrocidine A was cyclized to yield the
peptide antibiotic with a ke of 59 min~! and a K, of
3 uM. Also several other decapeptidyl-S-NACs, including
a nona- and an undecapeptidyl-S-NAC, were cyclized, al-
beit with lower efficiency. This finding of a relatively broad
specificity is in agreement with previous studies in which
Te domains were fused to internal modules of NRPS tem-
plates and resulted in the premature hydrolytic termina-
tion of nonribosomal peptide synthesis [12—15].
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Fig. 1. Nonribosomal assembly of tyrocidine A. Three NRPSs, TycA, TycB, and TycC, act in concert to synthesize the cyclic decapeptide from the ami-
no acid precursors. TycA comprises one module, TycB three, and TycC six modules, each of which is responsible for the incorporation of a cognate
amino acid into the growing chain. The Te domain (red) at the last module of TycC catalyzes peptide cyclization and thereby release of the final prod-
uct. The p-Phe-Pro intermediate bound to the second module is chemically unstable and is released as a side product as the cyclic p-Phe-Pro-DKP. The
first two modules of tyrocidine NRPS, TycA and ProCAT (blue), were used in this study as a minimal bimodular system.
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In this work, various heterologous Te domains were
fused to a simple NRPS model system in order to inves-
tigate their activity and selectivity in artificial hybrid sys-
tems. The exploration of their amenability and impact on
the design of hybrid NRPSs is an important step toward
the fine-tuned engineering of more complex systems.

2. Results
2.1. Strategy

The Te domains of the tyrocidine [3], surfactin [16],
fengycin [17], enterobactin [18], and yersiniabactin NRPSs
[19], as well as the erythromycin PKS [20] were each fused
to a bimodular NRPS to assay their activity in simple
hybrid systems. These Te domains were selected, because
they catalyze different modes of termination reaction in
their native systems (see Fig. 2). As bimodular NRPS we
chose the well established model context TycA/ProCAT
[6], which represents the first two modules of the tyroci-
dine NRPS (see Fig. 1). These two proteins can be pro-
duced in recombinant form in Escherichia coli and were
shown to reconstitute the initiation reaction in tyrocidine
biosynthesis, the formation of the p-Phe-Pro dipeptide
bound to the T domain of ProCAT (see Fig. 3). TycA
activates, binds, and epimerizes L-Phe to p-Phe. ProCAT,
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the first module of TycB, activates and binds L-Pro. When
both proteins are incubated together, p-Phe is transferred
from TycA onto L-Pro bound on ProCAT to give the
dipeptide D-Phe-Pro-S-Ppant still attached to ProCAT
[6]. Due to the high proportion of cis conformation in
the p-Phe-Pro dipeptide, which is induced by N-alkylated
amino acids such as Pro, the dipeptide is rapidly released
from the enzyme by a non-enzyme-catalyzed reaction to
give the cyclic p-Phe-Pro-diketopiperazine (p-Phe-Pro-
DKP) (see Fig. 3). Thus, hybrid systems of the kind
TycA/ProCAT-Te (where ‘- indicates the fusion site) al-
low the study of the activity of the fused Te domains in
hydrolyzing the linear dipeptide p-Phe-Pro in competition
with the non-enzyme-catalyzed cyclization reaction. On
the other hand, if non-N-alkylated amino acids are used
as substrates for ProCAT, the resultant dipeptide would
provide a stable substrate for the Te domains. As will be
shown in this paper, we found that alanine and amino-
butyric acid are sufficiently activated by ProCAT to pro-
vide this ‘molecular switch’ to turn off or on the non-
enzyme-catalyzed reaction.

Inherent in the construction of hybrid enzymes is always
the choice of the artificial fusion site [21]. To fuse the PCP
domain of ProCAT and the various Te domains we used
the same location relative to the PCP domain as previ-
ously described [13]. A putative linker region connecting
the PCP domain and the following C or Te domain is a
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Fig. 2. Natural products synthesized by NRPSs and/or PKSs. The functional group formed by the corresponding Te domain is highlighted in yellow.
The tyrocidine Te domain forms a peptide bond, the surfactin Te domain uses a B-hydroxy group of a fatty acid moiety as nucleophile, the fengycin
Te domain catalyzes cyclization onto a tyrosyl side chain, the enterobactin Te domain trimerizes and cyclizes the precursor via serine side chain groups,
the yersiniabactin Te domain acts as a hydrolase, and the erythromycin Te domain controls macrolactonization onto a hydroxyl moiety.
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Fig. 3. Expected reactions in the experimental set-up using the initiation reaction of tyrocidine biosynthesis. (a) Dipeptide formation performed by the
first two modules of the tyrocidine NRPSs TycA and ProCAT and non-catalyzed release as cyclic p-Phe-Pro-DKP. (b) Alternative product channeling
performed by TycA and ProCAT-Te hybrid enzyme. (1) The dipeptide could be released as p-Phe-Pro-DKP without transfer to the fused Te domain.

(2) Release as p-Phe-Pro-DKP after transfer to the fused Te domain. (3) Hydrolytic release as linear p-Phe-Pro catalyzed by the fused Te domain.

non-conserved sequence of about 15 amino acids and rich
in amino acids typical for loops [13,22]. The fusion site
was placed within this linker 38 amino acids downstream
of the conserved serine residue of the PCP domain. Since
the Te domains are always the last domains of NRPS,
they provide a natural C-terminus.

2.2. Construction, production and biochemical
characterization of proteins

Construction of hybrid enzymes was performed at the
DNA level as described in Section 5. For protein over-
production and posttranslational modification with the
cofactor Ppant, E. coli BL21[pREP4/gsp] was transformed
with the plasmids pTycA, pProCAT-Tey., pProCAT-
Tegr, pProCAT-Tef,, pProCAT-Teen, pProCAT-Tey,
and pProCAT-Tepgps. This strain co-expresses the gene
gsp encoding the Ppant transferase Gsp that ensures con-
version of the recombinant proteins into the holo-form [6].
All proteins were overproduced as C-terminal Hisg-tagged
fusions and purified by Ni**-NTA chromatography (Fig.
4a).

To test the functionality of the recombinant proteins,
we first measured the enzymatic activity of A domains in
TycA and the ProCAT-(Te) constructs by the ATP-pyro-
phosphate exchange assay. To define their substrate selec-
tivity, the assays were performed with all proteinogenic
amino acids and selected non-proteinogenic amino acids
(Fig. 4b). The A domain of TycA efficiently hydrolyzed
ATP in the presence of either L-Phe (97%) or D-Phe
(100%). In agreement with previous studies, some side

specificities for other aromatic amino acids like L-Trp
and L-Tyr as well as for L-Leu and L-Met were detected
(see Fig. 4b) [13,23]. All ProCAT-(Te) constructs recog-
nized several N-alkylated amino acids as substrates. For
example, azetidin-2-carboxylic acid, the four-membered
ring derivative of L-Pro, showed an even higher exchange
rate (100%) than the natural substrate L-Pro (83%). Sarco-
sine (N-methylglycine) also served as a good substrate
(12%). Importantly, we found that the amino acids L-Ala
(4%) and L-Abu (aminobutyric acid) (6%) were also sig-
nificantly activated by ProCAT’s A domain and therefore
were considered promising candidates for suppression of
the non-catalyzed DKP formation.

The functionality of the PCP domains in the recombi-
nant proteins and their modification with the cofactor
Ppant was validated by the thioester-binding assay.
TycA covalently bound ['*C]Phe, while all ProCAT-(Te)
constructs bound [**C]Pro.

2.3. Reaction profiles with 1-Pro, 1-Ala, and 1-Abu as
substrates for ProCAT

In order to determine whether L-Ala and L-Abu could
substitute for L-Pro as substrates of ProCAT and if there-
by DKP formation would be suppressed, we measured a
dipeptide formation profile as reported previously [6]. This
assay monitors the transfer of ['*CJPhe from TycA onto
ProCAT with rapid reloading of TycA and dipeptide re-
lease from ProCAT by time-dependent measurement of
trichloroacetic acid (TCA)-precipitable radioactivity re-
sulting from enzyme bound labeled amino acids or pep-
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Fig. 4. Recombinant proteins used in this study. (a) SDS-PAGE of the purified proteins. Calculated masses of the proteins: TycA 123.5 kDa; ProCAT
119.7 kDa; ProCAT-Tey. 148.8 kDa; ProCAT-Teys 145.8 kDa; ProCAT-Teg, 145.6 kDa; ProCAT-Tecy 147.2 kDa; ProCAT-Tey,, 149.1 kDa; and
ProCAT-Tepgps 148.7 kDa. (b) ATP-PP; exchange rates measured for the A domains of TycA and ProCAT. Amino acids used in further assays are

highlighted in red.

tides. The results are illustrated in Fig. 5a. The substrate
amino acid for ProCAT was always added after a pre-
incubation of TycA with ['*CJL-Phe (black line). If a suit-
able non-labeled substrate for ProCAT is added an elon-
gation reaction can take place resulting in a ProCAT-

bound dipeptide containing ['*C]JL-Phe. Rapid recharging
of TycA with ['"*CJL-Phe leads to a stoichiometric increase
of roughly one equivalent of ['*CJL-Phe that can be de-
tected by counting of TCA-precipitable radioactivity.
When L-Pro was used as substrate (green line), a rapid
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Fig. 5. Reaction profiles of TycA and ProCAT-(Te,). 0-9 min: charging of TycA with ['*C]Phe. After 10 min the reaction mixture was split and the
second amino acid was added: L-Pro green line, L-Ala red line, L-Ile blue line. The reaction was monitored for 120 min. Enzymes and enzyme-bound
amino acids and peptides were precipitated by the addition of TCA. Increase of TCA-precipitable radioactivity resulted from two equivalents of
[“CJL-Phe per NRPS (TycA and ProCAT). Decrease of TCA-precipitable radioactivity resulted from consumption of ['*C]L-Phe by incorporation into

released dipeptides and therefore a lower stoichiometric ratio of ['*C]Phe per NRPS.
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increase followed by a decrease of precipitable radio-
activity could be observed. The decrease resulted from
['*C]p-Phe-Pro-DKP formation causing consumption of
['*CJL-Phe which is only in about four-fold stoichiometric
excess relative to the enzymes. When L-Pro was substituted
by L-Ala (red line), the increase of precipitable radioactiv-
ity reached a stationary plateau for the entire time period
of 120 min. A similar curve was obtained when L-Pro was
replaced by L-Abu (data not shown). L-Ile was added in a
control reaction (blue line) showing that the incorporated
radioactivity remained constant when a non-cognate ami-
no acid was used. These results indicate that ProCAT can
accept L-Ala and L-Abu as substrates for elongation reac-
tions and suggest that the formed dipeptides p-Phe-Ala
and D-Phe-Abu are not released as cyclic DKPs, but re-
main, as expected, attached to ProCAT and can provide a
stable substrate for Te domains fused to ProCAT.

2.4. Reaction profiles of the hybrid systems
TycAlIProCAT-Te,

To study the influence of the six Te domains on product
release in the TycA/ProCAT-Tex hybrid systems reaction
profiles were taken (see Fig. 5Sb—g) and compared with the
data of the TycA/ProCAT system without a fused Te do-
main (Fig. 5a).

The reaction profile for TycA/ProCAT-Tey is shown in
Fig. 5b. When L-Pro was used as substrate (green line) no
difference to the system without fused Te domain was
observed. Following the loading of TycA with ['*C]JL-Phe
(black line), the characteristic increase and decrease of
enzyme-bound radioactivity could be detected, resulting
from formation of ['*C]p-Phe-Pro and release of ['*C]p-
Phe-Pro-DKP. However, using L-Ala as substrate for Pro-
CAT-Tey, (red line) the curve differs significantly. After
addition of r-Ala enzyme-bound radioactivity increases
and then drops rapidly to background. The same curve
pattern was detected using L-Abu as substrate (data not
shown). This indicates that the dipeptides formed, p-Phe-
Ala and p-Phe-Abu, are released by the Tey,. domain.

In the case of TycA/ProCAT-Teyr (Fig. 5c) again a
similar reaction profile was detected when using L-Pro as
substrate, but when using L-Ala the difference to the sys-
tem without Te domain was even more striking. A de-
crease of enzyme-bound radioactivity was observed imme-
diately after the addition of the second amino acid. A
similar profile was obtained when using L-Abu (data not
shown). The system TycA/ProCAT-Teg, (Fig. 5d) be-
haved similarly, although a slight increase of enzyme-
bound radioactivity was observed after the addition of
L-Ala.

The reaction profiles of the three other hybrid enzymes
ProCAT-Tecn, ProCAT-Tey, and ProCAT-Tepggs are
qualitatively similar to the one of ProCAT-Tey. for
L-Pro and L-Ala, indicating that all Te domains are capa-
ble of catalyzing release of the dipeptide p-Phe-Ala. In

terms of velocity these data suggest the order Tegs >
Tegen > Terye > Teent > Teyer > Tepeps  according to their
activity in the hybrid systems. The initial increase in pre-
cipitable radioactivity observed for all systems except
TycA/ProCAT-Tey; when using [*CJL-Phe and L-Ala or
L-Abu indicates that activation and covalent binding of
these non-cognate amino acids by the ProCAT-(Te) en-
zymes is not the rate-limiting step.

2.5. Product identification by HPLCIMS

To identify the reaction products we performed high
performance liquid chromatography/mass spectrometry
(HPLC/MS) analysis. For the system TycA/ProCAT,
D-Phe-Pro-DKP was the only product detectable from
the assay with L-Phe and L-Pro. It eluted with a retention
time of 27.0 min and its identity was confirmed by its
[M+1]" peak at m/z 245 (see Fig. 6a). When r-Ala or
L-Abu were used no dipeptides could be detected under
these conditions (Fig. 6b,c).

For TycA/ProCAT-Tey, with L-Pro as substrate the
only product signal at 27.0 min corresponded to D-Phe-
Pro-DKP ([M+1]* at m/z 245). No traces of the linear
D-Phe-Pro could be detected (see Fig. 6a). Substitution
of L-Pro by either L-Ala or L-Abu led to signals of the
corresponding linear dipeptides p-Phe-Ala (23.0 min) and
D-Phe-Abu (27.8 min) as confirmed by the masses [M+1]"
at m/z 237 and [M+1]" at m/z 251, respectively (calculated
237 and 251). No signals with the masses of the cyclic
D-Phe-Ala-DKP or p-Phe-Abu-DKP were detected (Fig.
6b,c).

The system TycA/ProCAT-Tegs with L-Pro as substrate
revealed the presence of a new product in addition to the
cyclic b-Phe-Pro-DKP (see Fig. 6a). This compound eluted
at 25.5 min, co-migrated with a chemical standard of lin-
ear D-Phe-Pro and could be confirmed by its [M+1]* sig-
nal at m/z 263 as the linear p-Phe-Pro. In the assays con-
taining L-Ala, the linear dipeptide p-Phe-Ala was verified
as a product (23.0 min, [M+1]" m/z 237). An additional
product eluted at 21.7 min and was identified by its
[M+1]" signal at m/z 219 as the cyclic p-Phe-Ala-DKP
(Fig. 6c). Similarly, when L-Abu was used as substrate
(Fig. 6b), the linear p-Phe-Abu and cyclic p-Phe-Abu-
DKP were identified (27.7 min, [M+1]* m/z 251, and
23.7 min, [M+1]" signal at m/z 233, respectively). The
system TycA/ProCAT-Teg, yielded the same product pat-
terns.

The formation and release of p-Phe-Ala were also con-
firmed for ProCAT-Tec; and ProCAT-Tey, but this
product could not be detected in assays with ProCAT-
Tepgps and L-Ala, probably due to only marginal turnover
rates. However, substitution of L-Ala by L-Abu in this
system led to a detectable, but still weak product signal
for p-Phe-Abu (data not shown). When using L-Pro as
substrate for these latter three hybrid enzymes, the only
detectable product was the cyclic b-Phe-Pro-DKP.
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Fig. 6. HPLC/MS analysis of products formed by TycA and ProCAT-(Tey). (a) Product assays with L-Phe and L-Pro. (b) Product assays with L-Phe
and L-Abu. (c) Product assays with L-Phe and L-Ala. Yellow: TycA/ProCAT; blue: TycA/ProCAT-Te.; black: TycA/ProCAT-Teys. The product pat-
tern of the hybrid system with the Tee, domain is qualitatively similar to that of the Tey. domain, Ter, domain to that of Teyr domain, and Teye

and Tepgps domains to that of the system without Te domain.

2.6. Determination of product formation rates by
TLClautoradiography and radioactivity scanning

To determine the formation rates of the various prod-
ucts we performed radioactive assays with subsequent sep-
aration of the products by thin layer chromatography
(TLC). Product spots were assigned after autoradiography
and formation rates were calculated from radioactive scan-
ning of time-dependent experiments. These results are
summarized in Figs. 7 and 8, and in Table 1.

For the system TycA/ProCAT without Te domain, the

autoradiographic analysis of the assay containing L-Phe
and ["*CJL-Pro showed two spots with Ry values of 0.29
and 0.69 that can be assigned to ['“C]JL-Pro and p-Phe-
['*C]Pro-DKP (see Fig. 7, lane 2). No linear p-Phe-Pro
was detected (Ry value of the chemical standard is 0.51)
in agreement with the HPLC/MS results. Product analysis
of the assay with [*CJL-Phe and L-Abu showed only one
spot corresponding to ['*CJL-Phe (see Fig. 7, lane 1). No
linear p-Phe-Abu could be detected. A turnover rate of
3.7 min~! for the formation of p-Phe-['*C]Pro-DKP was
determined (see Fig. 8 and Table 1).
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Fig. 7. TLC/autoradiographic analysis of the products formed by TycA and ProCAT-(Tey). Lane 1: product assays with [*C]L-Phe and L-Abu; lane 2:

product assays with L-Phe and ['4C]L-Pro.

The autoradiogram of the products formed by TycA/
ProCAT-Te, when incubated with L-Phe and ['*C]L-Pro
showed two spots corresponding to [“C]Pro (R;: 0.29)
and D-Phe-["*CJPro-DKP (R;: 0.69). Using ['*C]JL-Phe
and L-Abu two spots corresponding to [“C]Phe (R;:
0.55) and ['*C]p-Phe-Abu (R;: 0.59) were detected (Fig.
7). A standard for p-Phe-Abu was not available, however,
comparison with the Ry values of rL-Ala (0.33), L-Abu,
(0.38), and p-Phe-Ala (0.55) provides good evidence for
this assignment. The formation rate of p-Phe-['*C]Pro-
DKP was determined at 3.9 min~!, whereas ['“C]p-Phe-
Abu was synthesized at 0.4 min~! (Fig. 8, Table 1).

For the system TycA/ProCAT-Teys incubated with
L-Phe and ['“C]Pro, an additional product spot (R¢:
0.51) was detected that co-migrated with a chemical stan-
dard of linear p-Phe-Pro (Fig. 7). The formation of this

Table 1
Product formation rates of the systems TycA/ProCAT-(Tey)

product had already been confirmed by HPLC/MS (see
above) and was determined to have a rate of 1.2 min~'.
["“C]p-Phe-Pro-DKP was simultaneously formed at
2.4 min~!. When ['*C]L-Phe and L-Abu were used as sub-
strates, ['*C]p-Phe-Abu was formed at 2.1 min~—'. We also
found an additional labeled product exhibiting an Ry value
of 0.77 (Fig. 7), presumably the cyclic ['*C]p-Phe-Abu-
DKP, formed at a rate of 0.8 min~! (Fig. 8, Table 1).
Replacing L-Abu with L-Ala resulted in disappearance of
this product, but another product with an Ry value of 0.72
was formed (data not shown). These Ry values fit well with
those of the characterized linear and cyclic dipeptides. The
product pattern of TycA/ProCAT-Teg, was qualitatively
similar (Fig. 7), but the products were formed at some-
what lower rates: ['*C]p-Phe-Pro-DKP was synthesized at
1.2 min~!, ['*C]p-Phe-Pro at 0.6 min~!, ['*C]p-Phe-Abu at

Product Product formation rate (min~!)
TycA ProCAT TycA ProCAT- TycA ProCAT- TycA ProCAT- TycA ProCAT- TycA ProCAT- TycA ProCAT-
Tetyc Tesrf Tefen Teem Teyer TeDEBS
D-Phe-Pro - - 1.2 0.6 - - -
D-Phe-Pro-DKP 3.7 39 24 1.2 34 39 1.6
D-Phe-Abu - 0.4 2.1 1.3 0.2 n.d. n.d.
D-Phe-Abu-DKP - - 0.8 0.2 - - -

n.d. =not determined; only very little product formation, insufficient for determination of turnover rates.
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Fig. 8. Time-dependent product formation catalyzed by TycA and ProCAT(-Tey). Values result from radioactivity scanning of products separated by
TLC. (a) p-Phe-["*C]Pro-DKP. (b) ['*C]p-Phe-Abu. (c) p-Phe-["*C]Pro. (d) [*C]p-Phe-Abu-DKP. Yellow: TycA/ProCAT; blue: TycA/ProCAT-Teyc;
black: TycA/ProCAT-Teyy; green: TycA/ProCAT-Tee; violet: TycA/ProCAT-Tey,; red: TycA/ProCAT-Tepgps; brown: TycA/ProCAT-Teg,. Forma-

tion rates were determined from the initial linear turnover (see Table 1).

1.3 min~!, and ["*C]p-Phe-Abu-DKP at 0.2 min~' (Fig. 8,
Table 1).

TLC analysis and subsequent autoradiography also con-
firmed the results on the product patterns formed by the
hybrid system with the Te domains from the enterobactin
synthetase (Fig. 7). The product formation rates for
p-Phe-['*C]Pro-DKP and ['*C]p-Phe-Abu by the system
TycA/ProCAT-Te.,; were measured at 3.4 min~' and
0.2 min~! (Fig. 8, Table 1). However, for the hybrids
containing the Te domains of the yersiniabactin and eryth-
romycin synth(et)ases, product detection again proved dif-
ficult. No detectable amounts of ['“C]p-Phe-Abu were
formed by TycA/ProCAT-Tey,. The formation rate of
p-Phe-['*C]Pro-DKP by this system was measured at
3.9 min~!'. TycA/ProCAT-Tepgps did not release ['“C]p-
Phe-Abu in detectable amounts and the turnover rate of
p-Phe-['*C]Pro-DKP production was determined to be
1.6 min~! (Figs. 7 and 8, Table 1).

3. Discussion

The aim of this study was to investigate the portability
of various Te domains for the construction of hybrid

NRPSs. Two examples for this kind of experiment have
previously been reported. In both cases, however, the Te
domain was fused only to other modules of the parent
NRPS system. First, the Te domain of the seventh module
of surfactin NRPS was fused to the fourth and fifth mod-
ules resulting in premature hydrolysis of the predicted lip-
otetra- and lipopentapeptides [12]. Although the natural
lipoheptapeptide product is cyclic, obviously only the lin-
ear products, resulting from hydrolysis, were observed in
the engineered strains. In the second example, the Te do-
main from the tyrocidine NRPS was fused to the ninth
and fifth modules and also catalyzed hydrolysis of the
predicted peptides [13,15].

We have fused six Te domains from different NRPS and
PKS systems to a bimodular NRPS model system that
consists of the first two modules of tyrocidine NRPS [6].
Depending on the substrate amino acid used a p-Phe-Pro-
S-Ppant or a pD-Phe-Abu-S-Ppant substrate is provided for
the fused Te domains. The artificial systems of the kind
TycA/ProCAT-Te were useful to monitor hydrolytic activ-
ity of the Te domains. We observed activity of the Te
domains in product release for all six hybrid systems, sug-
gesting that Te domains will be a general tool for catalyz-
ing product release from hybrid biosynthetic templates,
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useful either for the manipulation of existing ones or for
de novo construction. The Te domains of the tyrocidine
NRPS (from Bacillus brevis), surfactin NRPS (Bacillus
subtilis), fengycin NRPS (B. subtilis), and enterobactin
NRPS (E. coli) exhibited reasonable to very good turnover
rates in the same order as the NRPS native systems
[13,24,25]. In contrast, the Te domains of the yersiniabac-
tin NRPS (Yersinia pestis) and the erythromycin PKS
(Saccharopolyspora erythraea) revealed only little activity
(estimated 10-50-fold lower).

An important task for the action of Te domains is the
ratio of cyclization versus hydrolysis. As has recently been
proven with excised Te domains and peptidyl-S-NACs as
diffusible substrate substitutes, the Te domains control the
complex macrocyclization reaction to yield the cyclic
products that are often difficult for the chemist to synthe-
size [7]. In their natural biological system these cyclases
thus must be optimized to efficiently suppress water as the
attacking nucleophile in the catalytic center. In fact, for
the Tey. domain cyclase, glycerolysis rather than hydro-
lysis was the preferred cleavage reaction at glycerol con-
centration as low as 10 mM in the artificial trimodular
hybrid system TycA/ProCAT-LeuCATTe, which was de-
scribed in [13] (H.D. Mootz, D. Schwarzer and M.A. Mar-
ahiel, unpublished results). However, there are also impor-
tant peptide antibiotics with a linear backbone that result
from hydrolysis of the nonribosomally assembled peptide
chain from the NRPS complex, e.g. the B-lactam precursor
ACV [26] and the vancomycin group antibiotics [27]. In
these cases the Te domains must act as hydrolases. It will
clearly be an important goal for the design of complex
hybrid NRPSs to be able to control regioselectivity in
the macrocyclization reaction, i.e. in cases with more
than one intramolecular nucleophile being present. Due
to its simplicity our system cannot provide peptides of
sufficient length and side chain variability to study the
chemo- and regioselectivity of the Te domains with cycli-
zation activity. The minimal bimodular NRPS system
TycA/ProCAT used is mainly suited to investigate the hy-
drolytic activity of the fused Te domains. The advantage
of our approach over studies with peptidyl-S-NACs lies in
the simulation of the natural context with a peptidyl sub-
strate bound to the Ppant cofactor of the PCP domain
adjacent to the Te domain. It is likely that this context
has influence on the activity and selectivity of the Te do-
main. The fact that all Te domains tested can catalyze
hydrolysis is interesting for their mechanistic characteriza-
tion. All these Te domains are potentially appropriate to
cleave peptides assembled on hybrid NRPSs in linear
form, although only the yersiniabactin Te domain is a
natural hydrolase.

Despite its simplicity, our bimodular TycA/ProCAT-Te
system revealed some insights into the specificity of the
fused Te domains, since different product patterns were
observed: the Te domains of the surfactin and fengycin
NRPSs were the only Tes capable of hydrolyzing the p-

Phe-Pro-S-Ppant substrate. Peptidyl-S-Ppant substrates
with a C-terminal proline residue are probably particularly
demanding because proline is an imino acid. These Te
domains may therefore find application in cleaving such
peptides. From our results it is not possible to clearly
explain why the other Te domains failed to enhance the
rate of cleavage of the p-Phe-Pro dipeptide. Given the
formation rates of linear p-Phe-Abu in the other hybrid
systems, at least those with the Tey, and Te., domains, it
seems unlikely that these systems could not compete with
D-Phe-Pro-DKP formation because of insufficient interac-
tion between the PCP domain and the fused Te domains.
The capability of the Tegr and Tef, domains to hydrolyze
the p-Phe-Pro-S-Ppant substrate may also be a result of
their natural specificity. In contrast to the Tey. domain,
they generate an ester instead of an amide bond and
should be optimized for an attacking hydroxyl group
and not for an amino group. We would therefore expect
that water as a hard nucleophile is more efficiently ac-
cepted by such a ‘macrolactonase’ than by a ‘macrolacta-
mase’. We believe that this specificity also contributes to
the highest activity of the surfactin and fengycin Te do-
mains in cleaving the p-Phe-Ala and p-Phe-Abu peptides
(D-Phe-Abu was produced at five- and three-fold higher
rates, respectively, compared to the Tey,. system and 10-
and six-fold faster, respectively, compared to the Teepy
system). Another point that might account for the activity
of the Teys and Tef, domains is the similarity of their
natural substrates and the substrates generated by the
TycA/ProCAT system with regard to the stereochemical
D configuration of the second last amino acid (compare
Fig. 2, the last two amino acids in surfactin are —bpLeu-
Leu—, and in fengycin —pTyr-Ile-).

The Tegys and Teg, domains also displayed another in-
teresting activity. They induced a partial DKP formation
of the p-Phe-Ala and p-Phe-Abu dipeptides that was not
observed for the other Te domains. To form the cyclic
dipeptides, the peptide bond between the two amino acids
has to be in cis conformation. With exception of Xaa-Pro
peptides, however, the trans conformation is energetically
clearly favored [28] and DKP formation is suppressed.
Either the shape of the substrate pockets of the Tegyr
and Teg, domains lowers the energetic barrier between
the cis and trans conformations of the bound p-Phe-Abu
dipeptide or they specifically stabilize the cis-peptide con-
former. We suppose that this finding reflects the pre-orga-
nization of the peptide bond between the last two amino
acids in the nascent surfactin and fengycin peptide chains
prior to macrolactonization catalyzed by the Te domains.
This result shows that the retained inherent specificity of
fused Te domains can lead to cyclization reactions that are
not easily predictable. On the other hand, this finding
offers another source for generating structural diversity
in artificial systems. For example, the Teyr and Teg, do-
mains might be a good starting point for an evolved Te
domain optimized for the production of DKP-based com-
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pounds, which represent a large class of natural products
[29]. In this respect, it is interesting to mention that an
additional cyclization activity was also found for the ex-
cised Teyy domain that naturally catalyzes the head-to-tail
cyclization of a decapeptidyl substrate. This enzyme could
also dimerize and then cyclize the pentapeptidyl-S-NAC
substrates corresponding to the half of the symmetric de-
capeptide gramicidin S [7].

The Te domain from the enterobactin NRPS was chos-
en because it represents a special activity in trimerizing the
Dhb-Ser monomer followed by cyclization. Since the tri-
merization occurs via the serine side chain hydroxyl
groups we did not expect such multimerization activity
in our system. Only hydrolysis of the p-Phe-Ala and p-
Phe-Abu dipeptides was demonstrated, while the p-Phe-
Pro dipeptide was not processed.

In previous studies the Tepggs domain and ACP-Tepgps
didomain, excised from the erythromycin PKS, were as-
sayed using simplified S-NAC- and p-nitrophenyl-coupled
ketides. Only hydrolytic product cleavage could be de-
tected for several such substrate substitutes [30,31]. The
fusion the Tepgps domain to the TycA/ProCAT NRPS
system was a particularly daring experiment, since the
monomers and intermediates in polyketide biosynthesis
do not contain o-amino groups. Although this certainly
imposes significant substrate recognition problems we
could demonstrate that peptidyl transfer into the active
site of the Te domain and slow product release by hydro-
lysis had occurred. The fact that even the formation of p-
Phe-Pro-DKP, which occurs independently of a fused Te
domain, was affected by a factor of about 2-3 in this
system suggests that the Tepggs domain also interfered
with folding or stability of larger parts of the hybrid pro-
tein. Te domains from PKS might have potential for cleav-
ing peptides ending with - or B-hydroxy acids, which can
be encountered in many natural products.

4. Significance

In conclusion, we fused various Te domains to a bimod-
ular NRPS model system to test for their capability to
release the enzymatically provided dipeptide substrates.
We found that the activities of the Te domains in all
hybrid systems tested are promising for the potential of
Te domains to be used for the construction of engineered
hybrid NRPSs. While all Te domains accepted and hydro-
lyzed the p-Phe-Ala and p-Phe-Abu dipeptides, only the
Te domains of the surfactin and fengycin NRPSs could
also cleave the p-Phe-Pro substrate. Since Te domains cat-
alyze the last step of nonribosomal peptide synthesis, they
process complex substrates making the adequate explora-
tion of their behavior in hybrid NRPS a difficult task.
However, our simple bimodular NRPS system already re-
vealed differences in their activity and regioselectivity,
underlining the importance of understanding possible al-

ternative termination reactions. Investigating the activity
of Te domains in hybrid NRPSs has the advantage that
the peptidyl-S-Ppant substrates are presented on the adja-
cent PCP domain, which is the best simulation of the
natural context. Such studies will be important to further
explore the rules and domain repertoire for fine-tuning the
design of more complex hybrid systems.

5. Materials and methods

5.1. Construction of expression plasmids

For all DNA manipulations and E. coli transformations stan-
dard methods were applied [36]. The construction of the plasmids
pTycA, pProCAT, pTey., and pTeyr was described previously
[13,32]. The gene fragments encoding the Tecn, Teyer, Tepess,
and Teg, domains were amplified by PCR from the plasmids
pEnt-1293 [11], pPCP3-TeHMWP [33], pACP-TE [34], and the
cosmid pFC3-1 [35], respectively, using Vent polymerase (NEB,
Schwalbach, Germany). Modified oligonucleotides (MWG Bio-
tech, Ebersberg, Germany) were used to introduce terminal re-
striction sites (underlined) for cloning (for the Tee, domain,
DS99-1: 5'-TAAAGATCTGCTGAAGAAGACAGCAC-3" and
DS99-2: 5'-TAAAAGCTTGGTGGTGGTGGT; for Tey, do-
main, DS99-3: 5-ATAAGATCTGCGGCTACGTCAGGAG-
AG-3' and DS99-2; for Tepggs domain, HM98-30: 5'-ATAA-
GATCTCAGCAGCTCGACAGCG-3" and HM98-31: 5'-ATA-
GGATCCTGAATTCCCTCCGCCCA-3'; for Tep, DS0023:
5'-AAACCATGGCTAGATCTCAGTCAGCGGCCGG-3" and
DS0024: 5'-TAAGGATCCAGTCTTATTTGGCAGCAC-3).
The PCR fragments encoding the Te, and Tey., domains were
digested with Bg/II and HindIIl and ligated into pQE60 vector
(Qiagen, Hilden, Germany) that was digested in the same way, to
give the plasmids pTec,; and pTey,. The amplificate for the
Tepgps domain was digested by BamHI and Bg/Il and ligated
into a Bgl/ll-digested and calf intestinal phosphatase-treated
pQEGO vector. The amplificate for Teg, was digested with Ncol
and BamHI and ligated into a pQE60 vector that was digested in
the same way, resulting in the plasmid pTepgss. pTewyc, pTesr,
pTefen, PTeent, PTeyer, pTepess and pTer, were then digested
with Bg/ll and Xbal and the excised fragments encoding the Te
domains were ligated into the pProCAT vector that was digested
in the same way, to give the final plasmids pProCAT-Tey., pPro-
CAT-Tegs, pProCAT-Tefen, pProCAT-Teen, pProCAT-Tey., and
pProCAT-Tepgss.

5.2. Production and purification of recombinant enzymes

E. coli BL21[pREP4-gsp] was used as the heterologous host for
recombinant protein production and was transformed with the
expression plasmids described above. The plasmid pREP4-gsp
carries the lacl? gene for efficient repression of transcription be-
fore induction to provide a tightly controlled expression of the
cloned genes, and the gsp gene encoding the Ppant transferase
Gsp ensuring the posttranslational in vivo conversion of the pro-
duced NRPSs from the inactive apo- into the active holo-form in
vivo [6]. Expression and purification by Ni-affinity chromatogra-
phy of the recombinant proteins was performed as described
before [6,13]. Pooled enzyme fractions were dialyzed against assay
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buffer (50 mM HEPES, 100 mM NaCl, 1| mM EDTA, 2 mM
dithioerythritol, pH 8.0). Protein concentrations were determined
using the calculated extinction coefficient for the absorption at
280 nm (for TycA 136580, ProCAT 92230, ProCAT-Tey.
126060, ProCAT-Teyr 116650, ProCAT-Tegr, 119210, Pro-
CAT-Teen; 134410, ProCAT-Tey, 145110, ProCAT-Tepggs
134290).

5.3. Standard NRPS assays

Activities of the enzymes in the adenylation reaction was mea-
sured with the ATP-inorganic pyrophosphate (PP;) exchange as-
say [6], and their ability to covalently bind amino acids at their
PCP domains was monitored with the thioester formation assay
[6]. [**P]PP; was purchased from NEN and '“C-labeled amino
acids ['C]L-Phe (450 mCi/mmol) and [“C].-Pro (246 mCi/
mmol) were purchased from Hartmann Analytics, Braunschweig,
Germany.

5.4. Reaction profiles for dipeptide formation and product release

A 3.5 ml reaction mixture containing 500 nM TycA and 500
nM of the respective ProCAT-(Te) enzyme, 2.2 uM [**C]L-Phe
and 10 mM MgCl, was preincubated in assay buffer at 37°C. The
reaction was initiated by the addition of 5 mM ATP. After 9 min,
enough time for TycA to be loaded with its substrate, the reac-
tion mixture was divided into three portions by carefully pipet-
ting equal parts into four cups containing the second amino acid,
L-Pro, L-Ala, L-Abu, or L-Ile, at a final concentration of 1 mM.
Before and after the division step, 100 ul aliquots were removed
at various time points and the reaction was stopped by the addi-
tion of 800 pl ice-cold TCA (10%) and 15 pl bovine serum albu-
min solution (25 mg/100 ml). Following 30 min incubation on ice
the samples were centrifuged for 30 min at 13000 rpm and 4°C to
collect the precipitated proteins. The pellet was washed with
800 ul ice-cold TCA (10%), redissolved in 200 pul formic acid
and mixed with 3.5 ml liquid scintillation fluid (Rotiscint Eco
Plus; Roth) for liquid scintillation counting using a 2100 TR
liquid scintillation analyzer (Packard).

5.5. HPLCIMS analysis of the products

For HPLC/MS analysis, product assays were performed in a
three-fold scale-up compared to the above described radioactive
assay. Radioactive amino acids were replaced by 1 mM nonra-
dioactive amino acids, reaction mixtures were incubated at 37°C
for 1 h, stopped by the addition of 150 pl butanol/chloroform
(4:1) and evaporated under reduced pressure. The pellet was dis-
solved in 200 pul 90% buffer A (0.05% formic acid/water, v/v) and
10% buffer B (0.045% formic acid/methanol, v/v). The HPLC
method and column were used as described previously [15].

5.6. Determination of products and product formation rates by
TLC

For TLC analysis the assays were performed in a total volume
of 100 ul at a concentration of 500 nM for both TycA and
ProCAT-(Te) with either 2.2 uM ["“C]L-Phe, 100 uM L-Phe,
5 mM r-Abu, and 10 mM MgCl, in assay buffer or 3.4 uM
[*CJL-Pro, 100 uM L-Pro, 1 mM L-Phe, and 10 mM MgCl, in
assay buffer. The reaction mixtures were incubated at 37°C. Re-

actions were initiated by the addition of 5 mM ATP, and stopped
after 60 min by the addition of a half volume of 1l-butanol/
chloroform (4:1, v/v), vortexed, and evaporated under reduced
pressure. The pellet was resuspended in 30 pl methanol. 3 ul of
this solution was applied onto a silica gel 60 TLC plate (Merck).
The plates were developed in H,O/1-butanol/acetic acid/ethyl ace-
tate (1:1:1:1, v/v), and analyzed by autoradiography. For deter-
mination of the time dependence of product formation, the same
assays were performed in a larger scale. At various time points,
100 pl aliquots were removed and prepared as described above.
The developed TLC plates were then analyzed by radioactivity
scanning (counting time 10 or 15 min) using radio scanner Ritas-
tar (Raytest, Straubenhardt, Germany) and the supplied RITA
software. Chemical standards were purchased from Bachem (p-
Phe-Ala) and Sigma (p-Phe-Pro).
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