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ABSTRACT: Product assembly by nonribosomal peptide synthetases (NRPS) is initiated by starter modules
that comprise an adenylation (A) and a peptidyl carrier protein (PCP) domain. Elongation modules of
NRPS have in addition a condensation (C) domain that is located upstream of the A domain. They cannot
initiate peptide bond formation. To understand the role of domain arrangements and the influence of the
domains present upstream of the A domains of the elongation modules of TycB on the initiation and
epimerization activities, we constructed a set of proteins derived from the tyrocidine synthetases ofBacillus
breVis, which represent several N-terminal truncations of TycB and the first module of TycC. The latter
was fused with the thioesterase domain (Te) to give TycC1-CAT-Te and to ensure product turnover.
TycB2-3-AT.CATE and TycB3-ATE, lacking an N-terminal C domain, were capable of initiating peptide
synthesis and epimerizing. In contrast, the corresponding constructs with a cognate N-terminal C domain,
TycB2-3-T.CATE and TycB3-CATE, were strongly reduced in initiation and epimerization. Evidence is
also provided that this reduction is due to substrate binding in an enantioselective binding pocket at the
acceptor position of the C domains. By using TycB2-3-AT.CATE and TycB3-ATE, we were able to turn
an elongation module into an initiation module, and to establish an in-trans system for the formation of
new di- and tripeptides with recombinant NRPS modules. We also show that epimerization domains of
elongation modules can in principle epimerize both aminoacyl-S-Ppant (TycB3-ATE) and peptidyl-S-
Ppant (TycB2-3-AT.CATE) substrates, although the efficiency for epimerizing the noncognate aminoacyl-
S-Ppant substrates appears to be lowered.

Many natural peptides of pharmacological interest are
synthesized from bacteria and fungi by nonribosomal peptide
synthetases (NRPS)1 (1, 2). NRPS are huge multifunctional
enzymes with a modular organization that represent an
alternative itinerary to ribosomal peptide synthesis (3, 4).
Size and sequence of the nonribosomally synthesized pep-
tides are determined by the number and collinear arrangement
of modules (5). Generally, for product assembly, three active
sites (domains) are essential, resulting in a minimal elonga-
tion module: the A domain for ATP-dependent activation
of the cognate amino acid as aminoacyl-O-AMP (6); the
peptidyl-carrier protein [PCP; also described as the thiolation
(T) domain] for covalent binding of the activated amino acids
(7, 8); and the condensation (C) domain for peptide bond

formation (9). Each PCP is posttranslationally modified at a
strictly conserved serine with the cofactor 4′-phosphopan-
tetheinyl. This modification is carried out by a special class
of CoASH binding 4′-phosphopantetheinyl transferases (10-
12). The activated amino acids are then tethered to this
cofactor to yield the aminoacyl-S-Ppant PCP domain. The
transfer of the growing aminoacyl (or peptidyl) chain from
the upstream PCP domain to the attacking aminoacyl
monomer in thioester linkage to the downstream PCP domain
is catalyzed by the C domain.

The reaction sequence of nonribosomal peptide synthesis
on a NRPS template is highly specific and leads to a single
product. The first step is catalyzed by the so-called initiation
module that triggers product formation. The following
elongation modules, in contrast, are not capable of initiating
the biosynthetic process. These modules remain in the
aminoacyl-S-Ppant stage until translocation of the nascent
peptidyl chain from the upstream PCP domain has occurred.

Optional modifying domains associated with epimerization
(13), N-methylation (14), or heterocyclization reactions (15)
significantly contribute to the large structural diversity of
NRPS products (16). Release of the final product is catalyzed
by a thioesterase-(Te)-like domain found at the C-terminal
module of NRPS templates (17, 18). Often these Te domains
catalyze an intramolecular cyclization of the peptides,
resulting in cyclic products. For the rational design of new
bioactive peptides synthesized by engineered NRPS, it would
be very helpful to learn more about the molecular mecha-
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nisms, the interdomain communications during product
assembly, and the consequences of the domain rearrangement
on their function (19). Nothing is known about the features
responsible for classifying a module as an initiation or
elongation module. Furthermore, in the case of epimerization
domains (E domains), an ATE initiation module would be
able to epimerize the aminoacyl-S-Ppant, while E domains
in CATE elongation modules are thought to epimerize the
corresponding peptidyl-S-Ppant acyl enzyme intermediates
(20, 21). It is still unclear if there are two types of
epimerization domains (aminoacyl and peptidyl epimerases)
or if the differences are induced by the domain organization.
To address these questions, we designed a set of proteins
derived from the tyrocidine synthetases (22) TycB and TycC
with different deletions. Product formation was monitored
in vitro, indicating that the presence of an N-terminal C
domain is the determinant that prevents an elongation module
from initiating peptide synthesis. Moreover, it was shown
that the timing of the epimerization reaction on the peptidyl
stage is also coupled to the presence of an N-terminal C
domain.

EXPERIMENTAL PROCEDURES

Cloning and OVerproduction of the Peptide Synthetase
Genes.All plasmids used are based on the pQE vector system
of Qiagen (Qiagen, Hilden, Germany). For PCR amplifica-
tion, purification and cloning of recombinant DNA standard
procedures were applied. For cloning the recombinant
proteins,E. coliXL1 Blue (Stratagene, Heidelberg, Germany)
was used.

All constructs were obtained by PCR amplification with
chromosomal DNA ofBacillus breVis ATCC8185 as tem-
plate with the following oligonucleotides (italic, modified
sequences; boldface, restriction site): tycB2-3-AT.CATE, 5′-
AATGCATGCTGACTGCGCATGAG-3′ and 5′-ATAGGATC-
CAATCCATTCCAGGATGTTTTCC-3′; tycB2-3-T.CATE,
5′-TTTGCATGCCTGCAACAGGAGC-3′ and 5′-ATAG-
GATCCAATCCATTCCAGGATGTTTTCC-3′; tycB3-CATE,
5′-AATGCATGCATAGCGAACAGGCAG-3′ and 5′-AT-
AGGATCCAATCCATTCCAGGATGTTTTCC-3′; tycB3-
ATE, 5′-AAAGCATGCTGACAGCAGCAG-3′ and 5′-AT-
AGGATCCAATCCATTCCAGGATGTTTTCC-3′; tycC1-
CAT, 5′-ATACCATGGAAAAGCAGGAAAACATCGC-3′
and 5′-AAAGGATCCCGAAAGGAAGCGGGCC-3′.

The plasmid carrying the gene for the hybrid TycC1-CAT-
TycC6-Te [TycC1-CAT-Te (VI)] was obtained by digestion
of pQE60-tycC6-Te (23) (containing aBglII site at the 5′-
end) with the restriction enzymesBglII /NdeI and ligation
into pQE60-tycC1-CAT previously cut with these enzymes.

The described plasmids were transformed inE. coli M15/
pREP4. Expression and purification of the His6-tagged apo-
proteins were performed as previously described (9). Over-
production and purification after single-step Ni2+-affinity
chromatography were confirmed by SDS-PAGE (24). The
protein concentrations were assigned using the method of
Bradford (25). After dialysis against assay buffer [50 mM
HEPES (pH 8.0), 200 mM NaCl, 1 mM EDTA, 2 mM DTE,
10 mM MgCl2], the proteins were shock-frozen in liquid
nitrogen and could be stored at-80 °C over several months
without significant loss of activity.

Posttranslational Modification of the Enzymes by Sfp and
CoASH.Priming of heterologously expressed proteins was

achieved by incubation with 200µM CoASH and 25 nM
recombinantBacillus subtilisPpant transferase Sfp (12) to
the assays before addition of any amino acid. The reaction
mixtures were allowed to incubate for 15 min at 37°C.

ATP-PPi Exchange Reaction.A domain activity, specific-
ity, and correct folding were examined by applying the
ATP-PPi exchange assay. We tested all substrate amino
acids (L-Trp, L-Phe,D-Phe,L-Asn) relevant for the subsequent
product formation assays.

Reaction mixtures in assay buffer (final volume 100µL)
contained 300 nM enzyme and 1 mM amino acid. The
reaction was initiated by addition of 2 mM ATP, 0.2 mM
tetrasodium pyrophosphate, and 0.15µCi of tetrasodium [32P]-
pyrophosphate. After 10 min incubation at 37°C, the reaction
was quenched by the addition of a stop-mix, containing 1.2%
(w/v) activated charcoal, 0.1 M tetrasodium pyrophosphate,
and 0.35 M perchloric acid. The charcoal was pelleted by
centrifugation, washed once with 1 mL of water, and
resuspended in 0.5 mL of water. The charcoal-bound
radioactivity was quantified by liquid scintillation counting
(LSC).

Radioassay for the Detection of Elongation and Product
Release.Aliquots (500 nM) of enzyme were preincubated
separately with their substrate amino acids (2µM [14C]-L-
Phe (450 mCi/mmol), 100µM L-Asn). After 10 min of
incubation, product formation was initiated by mixing equal
volumes of reaction mixtures counting TycB and TycC
derivatives, respectively. At various time points, 200µL
aliquots were taken and immediately quenched by addition
of 1 mL of ice-cold TCA (10%). After 15 min of incubation
on ice, samples were centrifuged (4°C, 13 000 rpm) for 20
min, washed 2 times with 1 mL of ice-cold TCA, redissolved
in 150 µL of formic acid, and quantified by LSC.

Product Formation Assay.For the detection of peptide
products, the TycB derivatives (I, II, III, and IV) and TycC1-
CAT-Te (VI) (500 nM each) were assayed at 37°C with
100µM L-Phe,D-Phe, orL-Trp and 100µM L-Asn for up to
2 h in a final volume of 100µL. The reaction was stopped
by the addition of a 10-fold excess of methanol. After cen-
trifugation (13 000 rpm, 15 min) and transfer of the super-
natant to fresh tubes, the solvent was removed under vacuum
and the residue dissolved in 200µL of 10% methanol (v/v)
and applied (20µL) to HPLC-MS. Separation of the reaction
products was achieved on a 250/3-Nucleosil-C18 reversed
phase column by applying the following gradient at a flow
rate of 0.3 mL min-1 [buffer A: 0.05% formic acid/water
(v/v); buffer B: 0.045% formic acid/methanol (v/v)]: loading
10% buffer B, linear gradient up to 60% buffer B in 25 min,
followed by a linear gradient up to 100% buffer B in 5 min,
and then holding 100% buffer B for 5 min. The stereochem-
istry of the peptide products was confirmed by comparison
with standards. The turnover of the enzymes was defined
by co-injection with different amounts of standard.

Radio-TLC Assay for Detection of Phe-S-Ppant and Phe-
Phe-S-Ppant Epimerization.To monitor the epimerization
activity of the TycB derivatives (I, II, III, and IV), the
enzymes were allowed to activate and covalently load [14C]-
L- or [14C]-D-Phe; 500 nM holo-enzyme in assay buffer was
incubated with 2µM labeled amino acid. Samples were taken
at defined time points and precipitated by the addition of
ice-cold 10% TCA. After 15 min incubation on ice and
centrifugation (4°C, 13 000 rpm, 20 min), the pellet was
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washed 2 times with 1 mL of ice-cold 10% TCA, with 1
mL of ether/ethanol [3:1 (v/v)], and with 1 mL of ether. The
pellet was dried at 37°C. The14C-labeled amino acid bound
to the precipitated enzyme as an acid-stable thioester was
hydrolyzed by the addition of 100µL of 100 mM potassium
hydroxide and 10 min incubation at 75°C. The extraction
of the cleaved amino acid was carried out by the addition of
1 mL of methanol and centrifugation for 30 min at 4°C/
13 000 rpm. After transfer of the supernatant to fresh tubes,
the solvent was removed under vacuum, and the pellet was
dissolved in 20µL of 50% ethanol (v/v) and applied to chiral
TLC plates in the case of Phe-S-Ppant epimerization and to
silica gel 60 TLC plates in the case of Phe-Phe-S-Ppant
epimerization. The chiral TLC’s were developed in aceto-
nitrile/water/methanol [4:1:1 (v/v)] and the silica gel 60
TLC’s in butanol/water/acetic acid/ethyl acetate [1:1:1:1 (v/
v)] as solvent. The radioactivity was counted with a two-
dimensional radio scanner (Raytest, Germany) and quantified
by using the supplied RITA software.

RESULTS

Generation and Purification of the Recombinant Enzymes.
In this study, we designed a set of six recombinant proteins
derived from the tyrocidine syntethases ofBacillus breVis
(22). Four proteins refer to the C-terminus of TycB with
N-terminal deletions of different length: TycB2-3-AT.CATE
(I), TycB2-3-T.CATE (II), TycB3-CATE (III), and TycB3-
ATE (IV) (see Figure 1).

The remaining two proteins refer to the N-terminus of
TycC (see Figure 1). TycC1-CAT (V) was constructed by
deletion of the C-terminal modules of TycC, and TycC1-
CAT-Te (VI) was generated by ligating the thioesterase
domain-encoding region of TycC6 directly to the 3′-end of
the TycC1-CAT DNA encoding fragment. All proteins were
individually expressed as C-terminal His6-tag fusions in the
heterologous hostE. coli and purified by Ni2+-affinity
chromatography. All six proteins could be purified to
homogeneity (confirmed by SDS-PAGE, data not shown)
in comparable amounts.

Amino Acid ActiVation. Generally the substrate specific-
ity of A domains is thought to be independent of the domain

environment, and specificity is determined by the structure
of the binding pocket (26). The A domains of TycB2 and
TycB3 are both described as Phe- and Trp-activating domains
while TycC1 is an Asn-activating module (22). Because some
hybrid modules do show marginal differences in their
activation pattern compared to the single A domains (27),
we verified the amino acid selectivity of the recombinant
proteins by the PPi exchange reaction.

As shown in Figure 2 TycB2-3-T.CATE (II), TycB3-CATE
(III), and TycB3-ATE (IV) were found to activateL-Phe,
D-Phe, andL-Trp. The activation patterns of TycB2 and TycB3

are similar, making it impossible to differentiate between
the two A domains in the dimodule TycB2-3-AT.CATE (I).
TycC1-CAT (V) and TycC1-CAT-Te (VI) were verified as
Asn-activating modules.

Assays for InVestigating Substrate Thiolation and Phe
Transfer from TycB DeriVatiVes to TycC1. To investigate the
potential of the TycB derivatives (I, II, III, and IV)
constructed to transfer to TycC1-CAT (V) or TycC1-CAT-
Te (VI), the TycB derivatives (I, II, III, and IV) were
preincubated with [14C]-L-Phe and mixed with TycC1-CAT

FIGURE 1: (A) Schematic representation of the tyrocidine operon ofBacillus breVis ATCC8185. Tyrocidine is assembled on three peptide
synthetases: TycA (122 kDa), TycB (405 kDa), and TycC (724 kDa), encoded by the corresponding genestycA, tycB, andtycC. (B) The
gene fragments cloned are presented considering their relative location in thetyc operon.

FIGURE 2: Relative ATP-PPi exchange activity of the recombinant
NRPS modules TycB2-3-AT.CATE (I), TycB2-3-T.CATE (II),
TycB3-CATE (III), TycB3-ATE (IV), TycC1-CAT (V), and TycC1-
CAT-Te (VI). The highest exchange rate for each module was
defined as 100%. The background measured by LSC was below
1%.
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(V) or TycC1-CAT-Te (VI) preloaded withL-Asn. Samples
were taken at defined time points and immediately quenched
by the addition of 10% TCA. Subsequently the amount of
acid-stable label was determined by LSC. These values were
compared with those obtained for TycB derivatives (I, II,
III, and IV) without addition of a TycC1 derivative (V+VI)
(see Figure 3). TycB2-3-T.CATE (II) showed a reduced
activity for thioesterification when compared with the other
TycB3 derivatives (III+IV) (see Figure 3b-d).

In the case that labeled Phe [a Phe-Phe dipeptide using
TycB2-3-AT-CATE (I) as donor] is transferred to the TycC1

derivative (V+VI) and the TycB derivative (I, II, III, and
IV) is reloaded with the radiolabeled substrate amino acid
phenylalanine, one would expect an increase of enzyme-
bound radioactivity. In the case of TycB2-3-AT.CATE (I)
and TycB3-ATE (IV), we found that the enzyme-bound
radioactivity increases strongly after addition of TycC1-CAT
(V) (see Figure 3a,d), indicating that these TycB derivatives
(I+IV), which lack an N-terminal C domain, can initiate an
elongation reaction. Approximately 25 min after addition of
the acceptor module TycC1-CAT (V), a stable maximum was
reached, revealing no or only negligible product release.
Using TycB2-3-T.CATE (II) or TycB3-CATE (III) instead,
no significant increase in enzyme-bound radioactivity was
detectable (see Figure 3b,c). Obviously these TycB deriva-

tives (II+III) carrying a cognate N-terminal C domain were
not capable of triggering peptide bond formation by trans-
location of Phe to TycC1.

TycB2-3-AT.CATE (I) and TycB3-ATE (IV) were also
assayed for the initiation of tri- and dipeptide formation with
the hybrid enzyme TycC1-CAT-Te (VI). The Te domain was
fused to the latter construct to catalyze the release of products
from TycC1, thereby accelerating recycling of the enzyme
for a new elongation round. We found that upon addition of
TycC1-CAT-Te (VI) to TycB2-3-AT.CATE (I) or TycB3-
ATE (IV), the amount of acid-stable label marginally
increases before it strongly decreases (see Figure 3a,d).
Obviously, the peptide product is rapidly released by the Te
domain.

Product Identification and Quantification by HPLC-MS.
For identification of the products formed and quantitative
analysis of the initiation activity of the TycB derivatives (I,
II, III, and IV), an HPLC-MS assay was utilized. This assay
was carried out withL-Phe,D-Phe, andL-Trp, all of which
are alternative substrates for the A domains of TycB2 and
TycB3 (see Figure 2).

The predicted products formed with Phe and Asn were
theD-Phe-L-Asn dipeptide (mass 279 Da) using the enzymes
TycB2-3-T.CATE (II), TycB3-CATE (III), or TycB3-ATE
(IV), whereas the tripeptideL-Phe-D-Phe-L-Asn (mass 426

FIGURE 3: Thiolation and transfer kinetics of TycB3 derivatives (a) TycB2-3-AT.CATE (I), (b) TycB2-3-T.CATE (II), (c) TycB3-CATE
(III), and (d) TycB3-ATE (IV). The acceptor modules TycC1-CAT (V) or TycC1-CAT-Te (VI) were preloaded withL-Asn and added to
each reaction mixture after 10 min of incubation. An excess of acceptor substrateL-Asn was used. The amount of acid-stable label is
shown: squares, without addition of acceptor module; circles, after addition of TycC1-CAT; triangles, after addition of TycC1-CAT-Te. A
schematic presentation of the donor enzyme is shown on the top of the corresponding diagram.
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Da) should be produced when the dimodular protein TycB2-3-
AT.CATE (I) is used. Loading with Trp and Asn should lead
to the corresponding Trp-Asn di- (mass 318 Da) and tripep-
tides (mass 504 Da). The identification and stereochemistry
of the dipeptideL/D-Phe-L-Asn and the tripeptideL-Phe-L/
D-Phe-L-Asn were confirmed by mass analysis and peptide
standards. However, the corresponding Trp products were
only detected by mass analysis, and no additional information
about the stereochemistry is available yet. The results of the
HPLC-MS analysis are shown in Figure 4a-c.

In all assays, omitting the acceptor protein TycC1-CAT-
Te (VI) from the reaction mixture abolished product forma-
tion. In Figure 4a, the amounts of dipeptide Phe-Asn formed
by the TycB derivatives (II, III, and IV) incubated with
TycC1-CAT-Te (VI) withL-Phe andD-Phe as substrates are

shown: TycB2-3-T.CATE (II) (L-Phe: kobs ) 0.04 min-1;
D-Phe: kobs ) 0.21 min-1), TycB3-CATE (III) (L-Phe: kobs

) 0.07 min-1; D-Phe: kobs ) 0.72 min-1), and TycB3-ATE
(IV) (L-Phe: kobs ) 0.91 min-1; D-Phe: kobs ) 1.16 min-1).
The data obtained forL-Trp are similar toL-Phe (data not
shown). It can be concluded that utilizingL-Phe orL-Trp as
substrates, the two enzymes carrying a cognate N-terminal
C domain, TycB2-3-T.CATE (II) and TycB3-CATE (III),
formed only small amounts of the dipeptides Phe-Asn and
Trp-Asn. In contrast, using TycB3-ATE (IV), which lacks
this N-terminal C-domain, results in the formation of about
15-fold higher levels of dipeptide products. Surprisingly,
these latter dipeptides were found to be a mixture of the
diastereomersL-Phe-L-Asn andD-Phe-L-Asn in a ratio of
approximatley 2:1 (see Figure 4b). WhenD-Phe was used

FIGURE 4: Products formed by the TycB derivatives (I, II, III, and IV) as initiating enzymes analyzed by HPLC-MS (mass range detected:
100-600 Da). In all cases, TycC1-CAT-Te (VI) (substrate:L-Asn) was used as acceptor enzyme. The fused Te domain recycled the
acceptor enzyme by cleaving off the formed di- and tripeptides of the holo-PCP domain. (a) Relative amount of Phe-Asn formed by
TycB2-3-T.CATE (II), TycB3-CATE (III), and TycB3-ATE (IV) with L-Phe (solid line) orD-Phe (dotted line, italic letters) as substrate.
Only the extracted ion [M+H+

(Phe-Asn) ) 280] is shown. (b) Dipeptides formed by TycB3-ATE (IV) with L-Phe (solid line) orD-Phe (dotted
line) as substrate. The product peaks (Phe-Asn, printed in full scale mode) were extracted out of the spectra by using the single ion mode
[M+H+

(Phe-Asn) ) 280]. UsingL-Phe as substrate, a mixture of the diastereomersL-Phe-L-Asn andD-Phe-L-Asn in a ratio of approximately
2:1 could be detected. WhenD-Phe was utilized as substrate, onlyD-Phe-L-Asn was produced. (c) Products formed by TycB2-3-AT.CATE
(I) with L-Phe (solid line) orD-Phe (dotted line) as substrates. Below the product, peaks extracted out of the original spectra by using the
single ion mode are shown [M+H+

(Phe-Asn) ) 280; M+H+
(Phe-Phe-Asn) ) 427]. With L-Phe as substrateL-Phe-D-Phe-L-Asn was formed as

the only product. UtilizingD-Phe, no tripeptideL-Phe-D-Phe-L-Asn was produced, but the dipeptideD-Phe-L-Asn, resulting in misinitiation,
was synthesized.
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as substrate, only the formation ofD-Phe-L-Asn could be
detected. Additionally, usingD-Phe instead ofL-Phe, the
dipeptide formation rate in the assays with the two enzymes
carrying an N-terminal C domain (II+III) increased by a
factor of 10. In the case of TycB3-ATE (IV), this increase
was only marginal.

TycB2-3-AT.CATE (I) produced the tripeptideL-Phe-D-
Phe-L-Asn utilizing L-Phe (see Figure 4c) and Trp-Trp-Asn
with L-Trp as substrate (data not shown) as expected.
Moreover, as shown in Figure 4d, utilizingD-Phe as substrate,
no tripeptide L-Phe-D-Phe-L-Asn, but only the dipeptide
D-Phe-L-Asn (kobs)1.1 min-1), was produced with nearly the
same velocity as in the assays with TycB3-ATE (IV) (kobs )
1.16 min-1). Additionally, we found very small amounts of
a product with a mass of 426 Da, which could beD-Phe-D-
Phe-L-Asn (see Figure 4c).

Generally, the level of dipeptide (Phe-Asn) formation was
in the same range for all TycB derivatives (I, II, III, and IV)
with D-Phe as substrate. Utilizing the cognate substratesL-Phe
or L-Trp, the two enzymes with an N-terminal C domain
(II+III) revealed a 10-fold loss in initiation activity. TycB2-3-
AT.CATE (I) produced only the expected tripeptidesL-Phe-
D-Phe-L-Asn and Trp-Trp-Asn.

Epimerization ActiVity of the TycB DeriVatiVes.Epimer-
ization domains catalyze theL-to-D and D-to-L conversion
of aminoacyl-S-Ppant or peptidyl-S-Ppant substrates. In the
case of GrsA, it was shown that the equilibrium position is
at aL-Phe:D-Phe ratio of 1:1.9 which is reached after a few
seconds. It does not matter ifL-Phe orD-Phe is used as
substrate (28).

The extent of Phe-S-Ppant epimerization was investigated
by the dependence of time with [14C]-L-Phe and [14C]-D-
Phe as substrates for the enzymes TycB2-3-T.CATE (II),
TycB3-CATE (III), and TycB3-ATE (IV). The results are
shown in Figure 5a.

The results revealed that TycB3-ATE (IV) reached the
equilibrium position (∼40% D-Phe) after approximately 10
min, while TycB3-T.CATE (II) and TycB3-CATE (III) did
not reach this value even after 2 h, whenL-Phe was utilized.
When loaded withD-Phe, TycB2-3-T.CATE (II) and TycB3-
CATE (III) reached the equilibrium position after ap-
proximately 1 h, the same value obtained for TycB3-ATE
(IV) with D-Phe as substrate.

Also, the extent of Phe-Phe-S-Ppant epimerization was
investigated with [14C]-L-Phe as substrate for the dimodule
TycB2-3-AT.CATE (I). As shown in Figure 5b, the equilib-
rium (∼62%L-Phe-D-Phe) was reached very fast, within 30
s, the first time point measured.

DISCUSSION

The reaction sequence catalyzed by peptide synthetases
is highly template dependent, yielding a product of a distinct
length and order. Omitting one amino acid substrate results
in a total breakdown of product formation, indicating that
initiation of peptide synthesis cannot occur at internal
modules of the magasynthetase complexes. In this study, we
have defined the role of C domains in initiation and
elongation of peptide synthesis by a NRPS as well as timing
of epimerization. We have shown that it is possible to convert
an elongation module (CATE) into an initiation module
(ATE) by deleting the N-terminal C domain.

Within the tyc operon the genestycA, tycB, andtycC(see
Figure 1) encode the tyrocidine synthetases TycA, TycB,
and TycC that comprise one, three, and six modules. It is
obvious that TycB has three elongation modules, whereas
TycC has six, all containing N-terminal C domains. In
contrast, the initiation synthetase TycA does not have such
a C domain. Recently an editing function of C domains was
postulated (29). It was presumed that C domains harbor a
kind of binding pocket with low substrate selectivity at the
donor site (the “upstream” site) and a higher selectivity at
the acceptor site (the “downstream” site). As a consequence,
it was postulated that a C domain binds the aminoacyl-S-

FIGURE 5: (a) L-to-D and D-to-L conversion in the Phe-S-Ppant
thioester complex of TycB2-3-T.CATE (II) (squares), TycB3-CATE
(III) (circles), and TycB3-ATE (IV) (triangles). Open symbols
represent [14C]-D-Phe as substrate, closed symbols [14C]-L-Phe.
Holo-enzymes were allowed to load withL- or D-[14C]-Phe. The
reaction mixtures were incubated at 37°C, and samples were taken
at defined time points. After being quenched with 10% TCA,
thioester complexes were hydrolyzed and products applied to chiral
TLC plates. After development of the TLC plates in the solvent
system acetonitrile/water/methanol [4:1:1 (v/v)], radioactivity was
detected and quantified by using two-dimensional radio scanning.
(b) L-to-D conversion in the Phe-Phe-S-Ppant thioester complex of
TycB2-3-AT.CATE (I) (squares) compared to theL-to-D conversion
in the Phe-S-Ppant thioester complex of TycB3-ATE (IV) (triangles,
see panel a). Holo-enzymes TycB2-3-AT.CATE (I) were allowed
to load withL-[14C]-Phe. The reaction mixtures were incubated at
37 °C, and samples were taken at defined time points. After being
quenched with 10% TCA, thioester complexes were hydrolyzed
and products applied to silica gel 60 TLC plates. After development
of the TLC plates in the solvent system butanol/water/acetic acid/
ethyl acetate [1:1:1:1 (v/v)], radioactivity was detected and quanti-
fied by using two-dimensional radio scanning. For comparing the
velocities of aminoacyl versus peptidyl-S-Ppant epimerization,
additionally theL-to-D conversion in the Phe-S-Ppant thioester
complex of TycB3-ATE (squares) is shown.
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Ppant of its module at the acceptor site until a condensation
reaction with the upstream-bound amino acid (or peptide)
at the donor site is accomplished. The formed peptidyl-S-
Ppant would then no longer be a substrate of the acceptor
site of this C domain, so it is released and can react with the
next downstream aminoacyl-S-Ppant at the following C
domain. Such a scenario would imply the blocking of an
uncontrolled initiation reaction of an elongation module by
an upstream C domain and explain the observed directionality
of peptide synthesis. In this work, we constructed truncated
recombinant NRPS to examine this model experimentally.
The system we have developed also adresses another issue
of de novo dipeptide formation in-cis (Phe-Phe) and di- and
tripeptide formation in-trans (Phe-Asn, Phe-Phe-Asn). We
present compiling evidence that an elongation module can
be switched to an initiation module simply by deleting the
cognate N-terminal C domain.

The initiation activities of TycB2-3-T.CATE (II) and
TycB3-CATE (III) are very low compared to TycB2-3-
AT.CATE (I) and TycB3-ATE (IV) with L-Phe as substrate.
TycB2-3-T.CATE (II) and TycB3-CATE (III) carry N-
terminal C domains, which are missing in the initiating
recombinant enzymes TycB2-3-AT.CATE (I) and TycB3-
ATE (IV), indicating that the N-terminal C domain is the
reason for the enzymes not to initiate. However, usingD-Phe
instead ofL-Phe as substrate, the two enzymes with the
N-terminal C domain can initiate dipeptide formation as well.
Interestingly, TycB2-3-AT.CATE (I) produces the dipeptide
D-Phe-L-Asn when loaded withD-Phe with nearly the same
rate as TycB3-ATE (IV). These findings support the idea,
that the upstream C domain obviously binds the aminoacyl-
S-Ppant substrate in an enantioselective pocket until the
condensation reaction occurred (see Figure 6A). In the cell-
free biosynthesis of surfactin, it was previously shown that
althoughD-Leu was found to be activated, it inhibited the
entire biosynthetic process (30). This observation can now
be explained by the inability effect of C domain specificity
at its acceptor site forL-Leu to promote peptide bond
formation with aD-Leu-S-Ppant substrate.

At the donor site, one could imagine that the C domains
are selective for the length and the composition of the
incoming substrates. If C domains were able to discriminate
between an aminoacyl-S-Ppant and a peptidyl-S-Ppant, an
initiation reaction of an elongation module would also be
expected to be blocked because the next downstream C
domain would await a peptidyl-S-Ppant instead of an
aminoacyl-S-Ppant. Thus, in this case the blocking of
misinitiation would be achieved by selectivity at the donor
site of the C domain. The C domains of TycB3 and TycC1

normally process a tripeptidyl-S-Ppant and tetrapeptidyl-S-
Ppant (see Figure 1), respectively. In this work, however,
we were able to show that the C domains of TycC1 and
TycB3 do accept both aminoacyl- as well as peptidyl-S-Ppant
substrates. Therefore, we conclude that the C domains are
not specific for the length and composition of the incoming
substrate.

Some natural biosynthetic systems, however, seem to carry
N-terminal C domains. These examples include, for instance,
cyclosporin synthetase (CYSYN) (31, 32) and actinomycin
synthetase II (ACMS II) (33). Lysergyl peptide synthetase
1 (LPS 1) does not initiate (34), although it lacks an
N-terminal C domain. TheD-Ala residue of cyclosporin is

not epimerized by CYSYN with an integrated epimerization
domain, but introduced by an A domain specific forD-Ala.
PerhapsD-Ala could not be bound by the enantioselective

FIGURE 6: Model for the role of N-terminal C domains in
preventing internal misinitiation and timing of epimerization. The
formed L-aminoacyl-S-Ppant (after recognition and activation of
the amino acid by the A domain) is a substrate of the cognate
N-terminal C domain and directly after formation bound in an
enantioselective acceptor site of this C domain. From the condensa-
tion reaction with the upstream aminoacyl- or peptidyl-S-Ppant, a
peptidyl-S-Ppant is formed. Being no longer a substrate of the
acceptor site, the peptidyl-S-Ppant is handed over to the donor site
of the following C domain. The correspondingD-aminoacyl-S-Ppant
is not a substrate of the C domain’s enantioselective acceptor site.
The consequence would be a misinitiation resulting in shortened
products. Epimerization of an aminoacyl-S-Ppant by an internal E
domain is blocked by the same mechanism involved in preventing
misinitiation. After the formation of peptidyl-S-Ppant and release
out of the acceptor site, it can be epimerized by the E domain.
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acceptor site of the putative N-terminal condensation domain.
This would be in agreement with our findings. Otherwise,
the putative N-terminal C domain of CYSYN is not well
conserved and may be needed either for protein-protein
interactions with theD-Ala epimerase that provides the first
amino acid or for cyclization reaction rather than for
initiation. ACMS II, that was shown to initiate dipetide
formation in vitro (33, 35), carries a functional N-terminal
C domain. However, for this reaction no rates were pub-
lished, and the efficiency of product formation was reported
to be reduced compared to the natural system. This also
corresponds to our findings, as TycB2-3-T.CATE (II) and
TycB3-CATE (III) showed a strongly decreased initiation
activity. In the case of LPS 1 and LPS 2 (34), which were
assayed in vitro, no product was detected in the absence of
D-lysergic acid, the substrate of the initiation module LPS
2. Therefore, studies on how this system prevents misini-
tiation should awaite further information on the quaternary
structure and protein-protein interactions in NRPS.

Another aspect of our described system is the investigation
of the role of a N-terminal C domain for peptidyl-S-Ppant
versus aminoacyl-S-Ppant epimerization. E domains are
found in N-terminal chain initiating modules (e.g., TycA-
ATE) as well as in internal elongation modules [e.g., TycB3-
CATE (III)] ( 3, 36) (see Figure 1). It was described that the
epimerization in -CATE elongation modules occurs at the
peptidyl stage. No racemized aminoacyl-S-Ppant was de-
tected in these cases (20, 37). The question arises if there
are two types of E domains or if the different catalytic
properties are induced by the domain environment. Our
findings indicate that generally the internal E domain of
TycB3 has the ability to epimerize an aminoacyl-S-Ppant (see
Figure 5a). When loaded withL-Phe, the epimerization
reactions of TycB2-3-T.CATE (II) and TycB3-CATE (III),
however, are very slow compared to that of TycB3-ATE (IV).
Utilizing D-Phe as substrate, the epimerization activity is also
lowered slightly in the constructs with the N-terminal C
domain, but the differences between TycB2-3-T.CATE (II)/
TycB3-CATE (III) and TycB3-ATE (IV) are not as significant
as with L-Phe as substrate. So it seems that the enantiose-
lectivity of the substrate binding pocket of the C domain is
not absolute.

We conclude that the binding ofL-aminoacyl-S-Ppant at
the acceptor site of the C domain prevents the E domain of
an -CATE elongation module from epimerizing the substrate
before peptidyl-S-Ppant has been formed (see Figure 6B).
This model explains why all E domains in elongation
modules seem to act on peptidyl-S-Ppant.

As shown in Figure 5b, the peptidyl-S-Ppant epimerization
in the case of the dimodular synthetase TycB2-3-AT.CATE
(I) is very fast compared to the aminoacyl-S-Ppant epimer-
ization in the case of TycB3-ATE (IV). The equilibrium
positions reached are also different (∼62%L-Phe-D-Phe for
peptidyl-S-Ppant epimerization and∼40% D-Phe for ami-
noacyl-S-Ppant epimerization). Interestingly, both the equi-
librium position and the time necessary for reaching it are
for peptidyl-S-Ppant-epimerization with TycB2-3-AT.CATE
(I) in the same range as in the case of the natural aminoacyl-
epimerase GrsA-ATE (equilibrium position of∼66%D-Phe
reached after a few seconds) (28).

Thus, epimerization domains of elongation modules can
epimerize both aminoacyl- and peptidyl-S-Ppant substrates,

but the efficiency of epimerizing the unnatural aminoacyl-
S-Ppant substrates is lowered. This theory is supported by
another result: The majority of dipeptide formed with TycB3-
ATE (IV) using L-Phe as substrate isL-Phe-L-Asn and not
the expectedD-Phe-L-Asn. With D-Phe as substrate, only
D-Phe-L-Asn was detected. However, in the tripeptide product
(peptidyl-S-Ppant epimerization), the second Phe is only
found in the D configuration whenL-Phe is utilized as
substrate.

Little is known about the exact mechanism of the epimer-
ization reaction, but for epimerization of CR, a proton should
be removed, generating a carbanion (38). One possible reason
for the decreased epimerization activity of TycB3-ATE (IV)
for the aminoacyl-S-Ppant substrate could be that the
generated carbanion intermediate is less stabilized when
formed on an aminoacyl stage compared to the peptidyl stage,
which is the natural substrate of this E domain (see Figure
7). The high electron density of the free electron pair on the
amino group of aminoacyl-S-Ppant destabilizes the carbanion
intermediate. At the peptidyl stage, the free electron pair on
the amino group is stabilized by the carbonyl group of the
peptide bond, leading to a better stabilization of the carbanion
intermediate.

In summary, we have shown that the N-terminal position-
ing of a cognate C domain has consequences for the initiation
activity and the timing of the epimerization reaction of an
-ATE- module. The C domain binds the substrate amino acid
in an enantioselective binding pocket, blocking further
reactions such as epimerization or initiation. Correspondingly,
deleting the N-terminal C domain switches a natural elonga-
tion module to an initiation module and turns a peptidyl into
an aminoacyl epimerase. This has great impact for all future
engineering steps with the aim to alter the substrate specific-
ity of NRPS templates. First, the high number of known
elongation modules with different substrate specificities could
be used as starter modules by deleting the N-terminal
C-domains. In this way, for example, shortened peptides can
be achieved. Second, for module exchange it is necessary
to swap -CA- or -CAT- units and not distinct A domains
preventing a misinitiation of the new hybrid NRPS modules.
Third, E domains of elongation modules in principle can be
utilized as aminoacyl epimerases by deleting the N-terminal
C domain; however, a loss of catalytic efficency will be
likely. Fourth, we could collect further evidence that the C
domains as well as the Te domain of TycC6 (see Figure 1)
are obviously not selective for the length and the order of
the incoming peptidyl chains.

FIGURE 7: Aminoacyl-S-Ppant versus peptidyl-S-Ppant epimeriza-
tion. A model showing the destabilizing effect of the free electron
pair on the amino group of aminoacyl-S-Ppant. In contrast, when
epimerizing peptidyl-S-Ppant, the peptide bond stabilizes the free
electron pair of the amino group by mesomeric effects and lowers
the destabilization of the carbanion intermediate compared to
aminoacyl-S-Ppant.
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36. von Döhren, H., Keller, U., Vater, J., and Zocher, R. (1997)

Chem. ReV. 97, 2675-2705.
37. Shiau, C. Y., Baldwin, J. E., Byford, M. F., Sobey, W. J., and

Schofield, C. J. (1995)FEBS Lett. 358, 97-100.
38. De Crecy-Lagard, V., Marliere, P., and Saurin, W. (1995)C.

R. Acad. Sci., Ser. III 318, 927-936.

BI000768W

Initiation and Epimerization in NRPS Biochemistry, Vol. 39, No. 34, 200010447


