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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 synthetaaetlo$

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 TYEBT-Te and to ensure product turnover.
TycB,-3-AT.CATE and TycB-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,
TycB,-3-T.CATE and TycB-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 TycBAT.CATE and TycB-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 ¢IA€B) and peptidyl-S-

Ppant (TycB-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 formation @). Each PCP is posttranslationally modified at a
synthesized from bacteria and fungi by nonribosomal peptide strictly conserved serine with the cofactdrphosphopan-
synthetases (NRPS(1, 2. NRPS are huge multifunctional tetheinyl. This modification is carried out by a special class
enzymes with a modular organization that represent anof CoASH binding 4-phosphopantetheinyl transferas&é-
alternative itinerary to ribosomal peptide syntheds 4). 12). The activated amino acids are then tethered to this
Size and sequence of the nonribosomally synthesized pep-cofactor to yield the aminoacyl-S-Ppant PCP domain. The
tides are determined by the number and collinear arrangementransfer of the growing aminoacyl (or peptidyl) chain from
of modules ). Generally, for product assembly, three active the upstream PCP domain to the attacking aminoacyl
sites (domains) are essential, resulting in a minimal elonga- monomer in thioester linkage to the downstream PCP domain
tion module: the A domain for ATP-dependent activation is catalyzed by the C domain.
of the cognate amino acid as aminoa®/AMP (6); the The reaction sequence of nonribosomal peptide synthesis
peptidyl-carrier protein [PCP; also described as the thiolation on a NRPS template is highly specific and leads to a single
(T) domain] for covalent binding of the activated amino acids product. The first step is catalyzed by the so-called initiation
(7, 8); and the condensation (C) domain for peptide bond module that triggers product formation. The following
elongation modules, in contrast, are not capable of initiating
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HPLC, high-performance liquid chromatography; LSC, liquid scintil- module of NRPS template47, 1§. Often these Te domains
lation counting; MS, mass spectrometry; NRPS, nonribosomal peptide catalyze an intramolecular cyclization of the peptides,
synthetase; PCR, polymerase chain reaction; Ppamthe@sphopan- — ragyiting in cyclic products. For the rational design of new
tetheine; PR inorganic pyrophosphate; PCP (T domain), thiolation . . . . .
domain: TCA, trichloroacetic acid; Te, thioesterase domain: TLC, thin- Pioactive peptides synthesized by engineered NRPS, it would
layer chromatography. be very helpful to learn more about the molecular mecha-
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nisms, the interdomain communications during product achieved by incubation with 200M CoASH and 25 nM
assembly, and the consequences of the domain rearrangemenécombinanBacillus subtilisPpant transferase Sfi3) to

on their function 19). Nothing is known about the features the assays before addition of any amino acid. The reaction
responsible for classifying a module as an initiation or mixtures were allowed to incubate for 15 min at 33.
elongation module. Furthermore, in the case of epimerization ATP—PP, Exchange Reactio® domain activity, specific-
domains (E domains), an ATE initiation module would be ity, and correct folding were examined by applying the
able to epimerize the aminoacyl-S-Ppant, while E domains ATP—PR exchange assay. We tested all substrate amino
in CATE elongation modules are thought to epimerize the acids (-Trp, L.-Phe,p-Phe,-Asn) relevant for the subsequent
corresponding peptidyl-S-Ppant acyl enzyme intermediatesproduct formation assays.

(20, 21. 1t is still unclear if there are two types of Reaction mixtures in assay buffer (final volume 100
epimerization domains (aminoacyl and peptidyl epimerases)contained 300 nM enzyme and 1 mM amino acid. The
or if the differences are induced by the domain organization. reaction was initiated by addition of 2 mM ATP, 0.2 mM
To address these questions, we designed a set of proteingetrasodium pyrophosphate, and Q.G of tetrasodium$P]-
derived from the tyrocidine synthetas@®)TycB and TycC pyrophosphate. After 10 min incubation at &7, the reaction
with different deletions. Product formation was monitored was quenched by the addition of a stop-mix, containing 1.2%
in vitro, indicating that the presence of an N-terminal C (w/v) activated charcoal, 0.1 M tetrasodium pyrophosphate,
domain is the determinant that prevents an elongation moduleand 0.35 M perchloric acid. The charcoal was pelleted by
from initiating peptide synthesis. Moreover, it was shown centrifugation, washed once with 1 mL of water, and
that the timing of the epimerization reaction on the peptidyl resuspended in 0.5 mL of water. The charcoal-bound
stage is also coupled to the presence of an N-terminal Cradioactivity was quantified by liquid scintillation counting

domain.

EXPERIMENTAL PROCEDURES

(LSC).
Radioassay for the Detection of Elongation and Product
ReleaseAliquots (500 nM) of enzyme were preincubated

Cloning and Qerproduction of the Peptide Synthetase separately with their substrate amino acids{2 [4C]-L-
GenesAll plasmids used are based on the pQE vector systemPhe (450 mCi/mmol), 10&M L-Asn). After 10 min of
of Qiagen (Qiagen, Hilden, Germany). For PCR amplifica- incubation, product formation was initiated by mixing equal
tion, purification and cloning of recombinant DNA standard volumes of reaction mixtures counting TycB and TycC
procedures were applied. For cloning the recombinant derivatives, respectively. At various time points, 200
proteinsE. coli XL1 Blue (Stratagene, Heidelberg, Germany) aliquots were taken and immediately quenched by addition

was used.

All constructs were obtained by PCR amplification with
chromosomal DNA oBacillus bresis ATCC8185 as tem-
plate with the following oligonucleotides (italic, modified
sequences; boldface, restriction site): tycBAT.CATE, 5-
AATGCATGCTGACTGCGCATGAG-3and 3-ATAGGATC-
CAATCCATTCCAGGATGTTTTCC-3; tycB,—3-T.CATE,
5-TTTGCATGCCTGCAACAGGAGC-3 and B-ATAG-
GATCCAATCCATTCCAGGATGTTTTCC-3; tycBs-CATE,
5'-AATGCATGCATAGCGAACAGGCAG-3 and B-AT-
AGGATCCAATCCATTCCAGGATGTTTTCC-3; tycBs-
ATE, 5-AAAGCATGCTGACAGCAGCAG-3 and 3-AT-
AGGATCCAATCCATTCCAGGATGTTTTCC-3; tycCs-
CAT, 5-ATACCATG GAAAAGCAGGAAAACATCGC-3'
and 3-AAAGGATCCCGAAAGGAAGCGGGCC-3

The plasmid carrying the gene for the hybrid TyegCAT-
TycCe-Te [TycG-CAT-Te (VI)] was obtained by digestion
of pQE6O-tycG-Te (23) (containing aBglll site at the 5
end) with the restriction enzymeBglll/Ndd and ligation
into pQE60-tycG-CAT previously cut with these enzymes.

The described plasmids were transformeéircoli M15/
pREP4. Expression and purification of the §lisgged apo-
proteins were performed as previously descril®d Qver-
production and purification after single-step?Naffinity
chromatography were confirmed by SBBAGE @4). The

of 1 mL of ice-cold TCA (10%). After 15 min of incubation
on ice, samples were centrifuged®@, 13 000 rpm) for 20
min, washed 2 times with 1 mL of ice-cold TCA, redissolved
in 150 uL of formic acid, and quantified by LSC.

Product Formation Assayf-or the detection of peptide
products, the TycB derivatives (I, Il, Ill, and V) and TygC
CAT-Te (VI) (500 nM each) were assayed at 32 with
100uM L-Phe,p-Phe, on-Trp and 10QuM L-Asn for up to
2 hin a final volume of 10QcL. 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 200 of 10% methanol (v/v)
and applied (2@L) 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? [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-

protein concentrations were assigned using the method ofPhe-S-Ppant Epimerizatiorf.o monitor the epimerization

Bradford @5). After dialysis against assay buffer [50 mM
HEPES (pH 8.0), 200 mM NacCl, 1 mM EDTA, 2 mM DTE,
10 mM MgCl], the proteins were shock-frozen in liquid
nitrogen and could be stored-aB0 °C over several months
without significant loss of activity.

activity of the TycB derivatives (I, Il, 1ll, and 1V), the
enzymes were allowed to activate and covalently 16&4@i]{

L- or [**C]-p-Phe; 500 nM holo-enzyme in assay buffer was
incubated with 2«M labeled amino acid. Samples were taken
at defined time points and precipitated by the addition of

Posttranslational Modification of the Enzymes by Sfp and ice-cold 10% TCA. After 15 min incubation on ice and
CoASH.Priming of heterologously expressed proteins was centrifugation (4°C, 13 000 rpm, 20 min), the pellet was
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Ficure 1: (A) Schematic representation of the tyrocidine operoBadillus bresis ATCC8185. Tyrocidine is assembled on three peptide
synthetases: TycA (122 kDa), TycB (405 kDa), and TycC (724 kDa), encoded by the correspondintygartgsB, andtycC. (B) The
gene fragments cloned are presented considering their relative locationtit thgeron.

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 37C. The“C-labeled amino acid bound

to the precipitated enzyme as an acid-stable thioester was

hydrolyzed by the addition of 106L of 100 mM potassium
hydroxide and 10 min incubation at 7&. The extraction

of the cleaved amino acid was carried out by the addition of
1 mL of methanol and centrifugation for 30 min at°@/

13 000 rpm. After transfer of the supernatant to fresh tubes,

the solvent was removed under vacuum, and the pellet was

dissolved in 2Q:L 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 syntethasesRxicillus brevis
(22). Four proteins refer to the C-terminus of TycB with
N-terminal deletions of different length: TyeB-AT.CATE
(), TycB,—3-T.CATE (Il), TycBs-CATE (lll), and TycBs-
ATE (IV) (see Figure 1).

The remaining two proteins refer to the N-terminus of
TycC (see Figure 1). TycECAT (V) was constructed by
deletion of the C-terminal modules of TycC, and TyeC
CAT-Te (VI) was generated by ligating the thioesterase
domain-encoding region of TygGlirectly to the 3-end of
the TycG-CAT DNA encoding fragment. All proteins were
individually expressed as C-terminal ltigg fusions in the
heterologous hosE. coli and purified by Nit-affinity
chromatography. All six proteins could be purified to
homogeneity (confirmed by SDSPAGE, data not shown)
in comparable amounts.

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

B L-Phe
[ D-Phe
L-Trp
[IL-Asn

specifity (%)

DANNAANAANARAAAE

Ficure 2: Relative ATP-PR exchange activity of the recombinant
NRPS modules TycBs-AT.CATE (I), TycB,—s-T.CATE (ll),
TycBs-CATE (Ill), TycBs-ATE (IV), TycC,-CAT (V), and TycG-
CAT-Te (VI). The highest exchange rate for each module was
defined as 100%. The background measured by LSC was below
1%.

environment, and specificity is determined by the structure
of the binding pocketZ6). The A domains of TycBand
TycBs are both described as Phe- and Trp-activating domains
while TycG is an Asn-activating modul@p). Because some
hybrid modules do show marginal differences in their
activation pattern compared to the single A domai2ig),(

we verified the amino acid selectivity of the recombinant
proteins by the PRexchange reaction.

As shown in Figure 2 TycBs-T.CATE (Il), TycBs-CATE
(1), and TycBs-ATE (1V) were found to activate-Phe,
D-Phe, and-Trp. The activation patterns of TyglAnd TycB
are similar, making it impossible to differentiate between
the two A domains in the dimodule TyeB-AT.CATE (l).
TycCi-CAT (V) and TycG-CAT-Te (VI) were verified as
Asn-activating modules.

Assays for Inestigating Substrate Thiolation and Phe
Transfer from TycB Deriatives to TycG To investigate the
potential of the TycB derivatives (I, II, Ill, and IV)
constructed to transfer to TyeAT (V) or TycC,-CAT-

Te (VI), the TycB derivatives (I, Il, lll, and IV) were
preincubated with!fC]-L-Phe and mixed with TycGCAT
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Ficure 3: Thiolation and transfer kinetics of TygRlerivatives (a) TycB-z-AT.CATE (l), (b) TycB,—3-T.CATE (ll), (c) TycBs-CATE
(1), and (d) TycBs-ATE (IV). The acceptor modules Tyg@CAT (V) or TycC,-CAT-Te (VI) were preloaded with-Asn and added to
each reaction mixture after 10 min of incubation. An excess of acceptor substfatie was used. The amount of acid-stable label is
shown: squares, without addition of acceptor module; circles, after addition of,FgAC; triangles, after addition of TycGCAT-Te. A
schematic presentation of the donor enzyme is shown on the top of the corresponding diagram.

(V) or TycC,-CAT-Te (VI) preloaded with.-Asn. Samples  tives (lI+111) carrying a cognate N-terminal C domain were
were taken at defined time points and immediately quenchednot capable of triggering peptide bond formation by trans-
by the addition of 10% TCA. Subsequently the amount of location of Phe to TycC
acid-stable label was determined by LSC. These values were TycB,_3-AT.CATE () and TycB-ATE (IV) were also
compared with those obtained for TycB derivatives (I, I, assayed for the initiation of tri- and dipeptide formation with
I, and 1V) without addition of a TycGderivative (\AVI) the hybrid enzyme TycECAT-Te (VI). The Te domain was
(see Figure 3). TycBs-T.CATE (ll) showed a reduced fused to the latter construct to catalyze the release of products
activity for thioesterification when compared with the other from TycG, thereby accelerating recycling of the enzyme
TycBs derivatives (I1H-1V) (see Figure 3b-d). for a new elongation round. We found that upon addition of
In the case that labeled Phe [a Phe-Phe dipeptide usingTycC;-CAT-Te (VI) to TycB,—3-AT.CATE (I) or TycBs-
TycB,—3-AT-CATE () as donor] is transferred to the TyeC  ATE (IV), the amount of acid-stable label marginally
derivative (VVI) and the TycB derivative (I, II, 11, and increases before it strongly decreases (see Figure 3a,d).
IV) is reloaded with the radiolabeled substrate amino acid Obviously, the peptide product is rapidly released by the Te
phenylalanine, one would expect an increase of enzyme-domain.
bound radioactivity. In the case of TyeB-AT.CATE (l) Product Identification and Quantification by HPLC-MS
and TycB-ATE (IV), we found that the enzyme-bound For identification of the products formed and quantitative
radioactivity increases strongly after addition of TyegCAT analysis of the initiation activity of the TycB derivatives (l,
(V) (see Figure 3a,d), indicating that these TycB derivatives I, Ill, and 1V), an HPLC-MS assay was utilized. This assay
(I+1V), which lack an N-terminal C domain, can initiate an was carried out with-Phe,p-Phe, and.-Trp, all of which
elongation reaction. Approximately 25 min after addition of are alternative substrates for the A domains of TyeBd
the acceptor module TyG€CAT (V), a stable maximum was  TycB; (see Figure 2).
reached, revealing no or only negligible product release. The predicted products formed with Phe and Asn were
Using TycB_3-T.CATE (Il) or TycBs-CATE (lll) instead, thep-Phet-Asn dipeptide (mass 279 Da) using the enzymes
no significant increase in enzyme-bound radioactivity was TycB,-s-T.CATE (Il), TycBs-CATE (lll), or TycBs;-ATE
detectable (see Figure 3b,c). Obviously these TycB deriva- (1V), whereas the tripeptide-Phep-Phet-Asn (mass 426
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Ficure 4: Products formed by the TycB derivatives (I, Il, lll, and 1V) as initiating enzymes analyzed by HPLC-MS (mass range detected:
100-600 Da). In all cases, TygeCAT-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
TycB,—3-T.CATE (Il), TycBs-CATE (lll), and TycBs-ATE (IV) with L-Phe (solid line) om-Phe (dotted line, italic letters) as substrate.

Only the extracted ion [M-H" (pne-asny = 280] is shown. (b) Dipeptides formed by TygBTE (IV) with L-Phe (solid line) op-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*pne-asn) = 280]. UsingL-Phe as substrate, a mixture of the diastereométet-Asn andb-Phet-Asn in a ratio of approximately

2:1 could be detected. WhenPhe was utilized as substrate, obhPhet-Asn was produced. (c) Products formed by TycBAT.CATE

(I) with L-Phe (solid line) oo-Phe (dotted line) as substrates. Below the product, peaks extracted out of the original spectra by using the
single ion mode are shown ¥H"phe-asn) = 280; M+H* (phe-phe-asny = 427]. With L-Phe as substratePhep-Phet-Asn was formed as

the only product. Utilizingo-Phe, no tripeptide-Phep-Phet-Asn was produced, but the dipeptidéPhet-Asn, resulting in misinitiation,
was synthesized.

Da) should be produced when the dimodular protein TygB shown: TycB-3-T.CATE (ll) (L-Phe: Kogps = 0.04 mir?;
AT.CATE (1) is used. Loading with Trp and Asn should lead D-Phe: kops = 0.21 mirtt), TycBs-CATE (lll) (L-Phe: Kops
to the corresponding Trp-Asn di- (mass 318 Da) and tripep- = 0.07 mim?; p-Phe: kyps = 0.72 mirr?t), and TycB-ATE
tides (mass 504 Da). The identification and stereochemistry (IV) (L-Phe: kops = 0.91 mirm?; p-Phe: kops= 1.16 mirr?).
of the dipeptideL/p-Phet-Asn and the tripeptide-Phet/ The data obtained far-Trp are similar to.-Phe (data not
D-Phet-Asn were confirmed by mass analysis and peptide shown). It can be concluded that utilizingPhe on.-Trp as
standards. However, the corresponding Trp products weresubstrates, the two enzymes carrying a cognate N-terminal
only detected by mass analysis, and no additional informationC domain, TycB_s-T.CATE (ll) and TycB-CATE (lll),
about the stereochemistry is available yet. The results of theformed only small amounts of the dipeptides Phe-Asn and
HPLC-MS analysis are shown in Figure-4a Trp-Asn. In contrast, using TyceBATE (IV), which lacks

In all assays, omitting the acceptor protein TycC1-CAT- this N-terminal C-domain, results in the formation of about
Te (VI) from the reaction mixture abolished product forma- 15-fold higher levels of dipeptide products. Surprisingly,
tion. In Figure 4a, the amounts of dipeptide Phe-Asn formed these latter dipeptides were found to be a mixture of the
by the TycB derivatives (ll, 1ll, and IV) incubated with  diastereomers-Phet-Asn andp-Phet-Asn in a ratio of
TycC1-CAT-Te (VI) withL-Phe and-Phe as substrates are approximatley 2:1 (see Figure 4b). WhefPhe was used
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as substrate, only the formation ofPhet+-Asn could be Q)
detected. Additionally, usin@-Phe instead of-Phe, the 100
dipeptide formation rate in the assays with the two enzymes
carrying an N-terminal C domain ¢Hlll) increased by a 80
factor of 10. In the case of TyeBATE (IV), this increase
was only marginal.

TycB,-3-AT.CATE (l) produced the tripeptide-Phep-
Phet-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, utilizingPhe as substrate, 20
no tripeptide L.-Phep-Phet-Asn, but only the dipeptide
D-Phet-Asn (kops=1.1 mirrt), was produced with nearly the o
same velocity as in the assays with TYeBTE (V) (Kops=
1.16 min). Additionally, we found very small amounts of b)
a product with a mass of 426 Da, which could®®hep-
Phet-Asn (see Figure 4c).

Generally, the level of dipeptide (Phe-Asn) formation was 80T

in the same range for all TycB derivatives (I, I, lll, and IV)
?’ﬂ,

~—th—

1V} TycBz-ATE

——

L=y
<
T

1) TycB3-CATE

DAD+L) in %
3

closed symbois: L-Phe
as substrate

open symbols : D-Phe
as substrate

0 20 40 60 80 100 120
time in min

—h—|

1V) TycB;-ATE

=3
=)

with p-Phe as substrate. Utilizing the cognate substraiise 1) Tyoh, s-AT.CATE
or L-Trp, the two enzymes with an N-terminal C domain
(I1-+111) revealed a 10-fold loss in initiation activity. TyeBs-
AT.CATE (l) produced only the expected tripeptidePhe-
D-Phet-Asn and Trp-Trp-Asn. 20
Epimerization Actiity of the TycB Dermatives. Epimer-
ization domains catalyze theto-po and p-to-L conversion 0 . . . . .
of aminoacyl-S-Ppant or peptidyl-S-Ppant substrates. In the ¢ 0, S0 40 S0 6
case of GrsA, it was shown that the equilibrium position is
at aL-Phebp-Phe ratio of 1:1.9 which is reached after a few

seconds. It does not matter ifPhe orp-Phe is used as  FIGURE 5. (a) L-to-D and p-to-L conversion in the Phe-S-Ppant
thioester complex of TycBs-T.CATE (ll) (squares), TycBCATE

S
i=1

DI(D+L) in %

substrate Z8). . )
. o . . ) (circles), and TycB-ATE (IV) (triangles). Open symbols
The extent of Phe-S-Ppant epimerization was |nvest|gated§egrésem 1E)C]-D-Pheya§ substgan)a, (closgd S))/mb&@I-IXPhe.
by the dependence of time with*C]-L.-Phe and J*C]-b- Holo-enzymes were allowed to load with or b-[14C]-Phe. The
Phe as substrates for the enzymes TyeH .CATE (ll), reaction mixtures were incubated at 37, and samples were taken

TycBs-CATE (lll), and TycB-ATE (IV). The results are  at defined time points. After being quenched with 10% TCA,
shown in Figure ,5a ' thioester complexes were hydrolyzed and products applied to chiral

TLC plates. After development of the TLC plates in the solvent
The results revealed that TyeBTE (IV) reached the  system acetonitrile/water/methanol [4:1:1 (v/v)], radioactivity was
equilibrium position {40% b-Phe) after approximately 10  detected and quantified by using two-dimensional radio scanning.

min, while TycBs-T.CATE (ll) and TycB-CATE (lll) did (b) L-to-p conversion in the Phe-Phe-S-Ppant thioester complex of

; i TycB,_3-AT.CATE (l) (squares) compared to theo-db conversion
not reach this value even after 2 h, wheRhe was utilized. in the Phe-S-Ppant thioester complex of Tye&E (IV) (triangles,

When loaded witho-Phe, TyCB‘_?{'T',CATE (”.).and TycB- see panel a). Holo-enzymes TycB-AT.CATE (I) were allowed

CATE (Ill) reached the equilibrium position after ap- to load withL-[1“C]-Phe. The reaction mixtures were incubated at
proximately 1 h, the same value obtained for Ty@B'E 37°C, and samples were taken at defined time points. After being
(IV) with p-Phe as substrate. quenched with 10% TCA, thioester complexes were hydrolyzed

_ . ; ot and products applied to silica gel 60 TLC plates. After development
. AISQ’ the ex_tent of Phe-Phe-S-Ppant eplmerlzgtlon Was of the TLC plates in the solvent system butanol/water/acetic acid/
investigated with *C]-L-Phe as substrate for the dimodule  gthy| acetate [1:1:1:1 (v/v)], radioactivity was detected and quanti-
TycB,_3-AT.CATE (I). As shown in Figure 5b, the equilib-  fied by using two-dimensional radio scanning. For comparing the

rium (~62%1-Phen-Phe) was reached very fast, within 30 velocities of aminoacyl versus peptidyl-S-Ppant epimerization,
s, the first time point measured additionally theL-to-p conversion in the Phe-S-Ppant thioester
' ' complex of TycB-ATE (squares) is shown.

DISCUSSION .
Within thetyc operon the genegcA tycB, andtycC (see

The reaction sequence catalyzed by peptide synthetase&igure 1) encode the tyrocidine synthetases TycA, TycB,
is highly template dependent, yielding a product of a distinct and TycC that comprise one, three, and six modules. It is
length and order. Omitting one amino acid substrate resultsobvious that TycB has three elongation modules, whereas
in a total breakdown of product formation, indicating that TycC has six, all containing N-terminal C domains. In
initiation of peptide synthesis cannot occur at internal contrast, the initiation synthetase TycA does not have such
modules of the magasynthetase complexes. In this study, wea C domain. Recently an editing function of C domains was
have defined the role of C domains in initiation and postulated 29). It was presumed that C domains harbor a
elongation of peptide synthesis by a NRPS as well as timing kind of binding pocket with low substrate selectivity at the
of epimerization. We have shown that it is possible to convert donor site (the “upstream” site) and a higher selectivity at
an elongation module (CATE) into an initiation module the acceptor site (the “downstream” site). As a consequence,
(ATE) by deleting the N-terminal C domain. it was postulated thea C domain binds the aminoacyl-S-
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Ppant of its module at the acceptor site until a condensation A) preventing internal mis-initiation
reaction with the upstream-bound amino acid (or peptide)

at the donor site is accomplished. The formed peptidyl-S- clongation module A module B ...

Ppant would then no longer be a substrate of the acceptor ' N

site of this C domain, so it is released and can react with the donor aceeptor donor sceeptor
next downstream aminoacyl-S-Ppant at the following C site 1 site | B G2 sier
domain. Such a scenario would imply the blocking of an -] aa,
uncontrolled initiation reaction of an elongation module by )_rr |L-aa

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

AMP-|L-aa,|

cognate N-terminal C domain. ATP PP AMP

The initiation activities of TycB s-T.CATE (Il) and (1) Recognition, activation and thiolation
TycBs-CATE (llIl) are very low compared to TycBs- of the amino acid
AT.CATE (1) and TycB-ATE (IV) with L-Phe as substrate. @ Binding of aminoacyl-S-Ppant in the enantioselective
TycB,_s-T.CATE (”) and TycB-CATE (|||) carry N- acceptor site of N-terminal C domain (C,)

terminal C domains, which are missing in the initiating @tHa:}‘fi‘;g °V°r.t‘h°f5;1hbsga‘c after f"r‘cnil‘i"“ 9fpéptidY1‘S'Ppa“‘
recombinant enzymes TygB-AT.CATE (I) and TycB- © the donor site of the downstream € domain (C;)

ATE (IV), indicating that the N-terminal C domain is the
reason for the enzymes not to initiate. However, usifighe
instead ofL-Phe as substrate, the two enzymes with the
N-terminal C domain can initiate dipeptide formation as well. donor  acceplor ©
Interestingly, TycB_s-AT.CATE (I) produces the dipeptide ste ! ste! -
D-Phet-Asn when loaded witl>-Phe with nearly the same S—fpaj
rate as TycB-ATE (IV). These findings support the idea, )_rr
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
althoughp-Leu was found to be activated, it inhibited the
entire biosynthetic proces8@). This observation can now
be explained by the inability effect of C domain specificity
at its acceptor site for-Leu to promote peptide bond

B) "timing" of epimerization

. : ATP PP,
formation with ab-Leu-S-Ppant substrate. i AMP

At the donor site, one could imagine that the C domains @Recogniti_on, activation and thiolation
are selective for the length and the composition of the °f_‘h§ amino acid
incoming substrates. If C domains were able to discriminate (2) Binding of aminoacyl-S-Ppant in the

cnantioselective acceptor site of N-tcrminal C domain

Epimerization of the substrate after formation of
peptidyl-S-Ppant by the E domain

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 Ficure 6: Model for the role of N-terminal C domains in
preventing internal misinitiation and timing of epimerization. The

aminoacyl-S-Ppant. Thus, in this case the blocking of formed -aminoacyl-S-Ppant (after recognition and activation of
misinitiation would be achieved by selectivity at the donor the amino acid by the A domain) is a substrate of the cognate
site of the C domain. The C domains of Tycénd TycG N-terminal C domain and directly after formation bound in an
normally process a tripeptidyl-S-Ppant and tetrapeptidyl-S- enantioselective acceptor site of this C domain. From the condensa-

: : : tion reaction with the upstream aminoacyl- or peptidyl-S-Ppant, a
Ppant (see Figure 1), respectively. In this work, however, peptidyl-S-Ppant is formed. Being no longer a substrate of the

we were able to show that the C domains of Ty@nd acceptor site, the peptidyl-S-Ppant is handed over to the donor site
TycBs do accept both aminoacyl- as well as peptidyl-S-Ppant of the following C domain. The correspondingaminoacyl-S-Ppant
substrates. Therefore, we conclude that the C domains ards not a substrate of the C domain’s enantioselective acceptor site.

not specific for the length and composition of the incoming The consequence would be a misinitiation resulting in shortened
substrate products. Epimerization of an aminoacyl-S-Ppant by an internal E

. . domain is blocked by the same mechanism involved in preventing
Some natural biosynthetic systems, however, seem to carrymisinitiation. After the formation of peptidyl-S-Ppant and release
N-terminal C domains. These examples include, for instance,out of the acceptor site, it can be epimerized by the E domain.

cyclosporin synthetase (CYSYN31, 32 and actinomycin

synthetase Il (ACMS II) 33). Lysergyl peptide synthetase not epimerized by CYSYN with an integrated epimerization
1 (LPS 1) does not initiate3@), although it lacks an  domain, but introduced by an A domain specific teAla.
N-terminal C domain. The-Ala residue of cyclosporin is  Perhaps-Ala could not be bound by the enantioselective
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acceptor site of the putative N-terminal condensation domain. R o Ro
This would be in agreement with our findings. Otherwise, Ppant/sj(\NHz T ppant” SOk,
the putative N-terminal C domain of CYSYN is not well © OF  destabilizing effect

conserved and may be needed either for pretpiotein W o o % o
interactions with the-Ala epimerase that provides the first Ra -
amino acid or for cyclization reaction rather than for *"’a""s\n)\”.‘)j\(NH2 Ppa”‘/s%'ﬁ\(wz
initiation. ACMS I, that was shown to initiate dipetide o n R o H R
formation in vitro @3, 39, carries a functional N-terminal e e
.C domain. Howeygr, for this reaction no 'rates were pub- FIGURE 7: Aminoacyl-S-Ppant versus peptidyl-S-Ppant epimeriza-
lished, and the efficiency of product formation was reported tjon, A model showing the destabilizing effect of the free electron
to be reduced compared to the natural system. This alsopair on the amino group of aminoacyl-S-Ppant. In contrast, when
corresponds to our findings, as TycB-T.CATE (ll) and epimerizing peptidyl-S-Ppant, the peptide bond stabilizes the free
TycBs-CATE (lll) showed a strongly decreased initiation €lectron pair of the amino group by mesomeric effects and lowers
. - the destabilization of the carbanion intermediate compared to
activity. In the case of LPS 1 and LPS 24, which were minoacyl-S-Ppant.
assayed in vitro, no product was detected in the absence ofa
D-lysergic acid, the substrate of the initiation module LPS but the efficiency of epimerizing the unnatural aminoacyl-
2. Therefore, studies on how this system prevents misini- S-Ppant substrates is lowered. This theory is supported by
tiation should awaite further information on the quaternary another result: The majority of dipeptide formed with TyeB
structure and protetaprotein interactions in NRPS. ATE (IV) using L-Phe as substrate isPhet-Asn and not
Another aspect of our described system is the investigationthe expectec-Phet-Asn. With p-Phe as substrate, only
of the role of a N-terminal C domain for peptidyl-S-Ppant b-Phet-Asn was detected. However, in the tripeptide product
versus aminoacyl-S-Ppant epimerization. E domains are(peptidyl-S-Ppant epimerization), the second Phe is only
found in N-terminal chain initiating modules (e.g., TycA- found in thep configuration whenL-Phe is utilized as
ATE) as well as in internal elongation modules [e.g., TyxcB  substrate.
CATE (II] (3, 36 (see Figure 1). It was described that the  Little is known about the exact mechanism of the epimer-
epimerization in -CATE elongation modules occurs at the ization reaction, but for epimerization of,Ca proton should
peptidyl stage. No racemized aminoacyl-S-Ppant was de-be removed, generating a carbani88)( One possible reason
tected in these casef(, 37). The question arises if there for the decreased epimerization activity of TyeBTE (IV)
are two types of E domains or if the different catalytic for the aminoacyl-S-Ppant substrate could be that the
properties are induced by the domain environment. Our generated carbanion intermediate is less stabilized when
findings indicate that generally the internal E domain of formed on an aminoacyl stage compared to the peptidyl stage,
TycBs has the ability to epimerize an aminoacyl-S-Ppant (see which is the natural substrate of this E domain (see Figure
Figure 5a). When loaded with-Phe, the epimerization 7). The high electron density of the free electron pair on the
reactions of TycB-3-T.CATE (II) and TycB-CATE (llI), amino group of aminoacyl-S-Ppant destabilizes the carbanion
however, are very slow compared to that of TyeBI'E (IV). intermediate. At the peptidyl stage, the free electron pair on
Utilizing b-Phe as substrate, the epimerization activity is also the amino group is stabilized by the carbonyl group of the
lowered slightly in the constructs with the N-terminal C peptide bond, leading to a better stabilization of the carbanion
domain, but the differences between TycBT.CATE (ll)/ intermediate.
TycBs-CATE (Ill) and TycBs-ATE (1V) are not as significant In summary, we have shown that the N-terminal position-
as withL-Phe as substrate. So it seems that the enantioseing of a cognate C domain has consequences for the initiation
lectivity of the substrate binding pocket of the C domain is activity and the timing of the epimerization reaction of an
not absolute. -ATE- module. The C domain binds the substrate amino acid
We conclude that the binding efaminoacyl-S-Ppant at  in an enantioselective binding pocket, blocking further
the acceptor site of the C domain prevents the E domain of reactions such as epimerization or initiation. Correspondingly,
an -CATE elongation module from epimerizing the substrate deleting the N-terminal C domain switches a natural elonga-
before peptidyl-S-Ppant has been formed (see Figure 6B).tion module to an initiation module and turns a peptidyl into
This model explains why all E domains in elongation an aminoacyl epimerase. This has great impact for all future

modules seem to act on peptidyl-S-Ppant. engineering steps with the aim to alter the substrate specific-
As shown in Figure 5b, the peptidyl-S-Ppant epimerization ity of NRPS templates. First, the high number of known
in the case of the dimodular synthetase TyGBAT.CATE elongation modules with different substrate specificities could

(1) is very fast compared to the aminoacyl-S-Ppant epimer- be used as starter modules by deleting the N-terminal
ization in the case of TycBATE (IV). The equilibrium C-domains. In this way, for example, shortened peptides can
positions reached are also differentg2%L-Pheo-Phe for be achieved. Second, for module exchange it is necessary
peptidyl-S-Ppant epimerization anegd40% p-Phe for ami- to swap -CA- or -CAT- units and not distinct A domains
noacyl-S-Ppant epimerization). Interestingly, both the equi- preventing a misinitiation of the new hybrid NRPS modules.
librium position and the time necessary for reaching it are Third, E domains of elongation modules in principle can be
for peptidyl-S-Ppant-epimerization with TyeB-AT.CATE utilized as aminoacyl epimerases by deleting the N-terminal
(I) in the same range as in the case of the natural aminoacyl-C domain; however, a loss of catalytic efficency will be
epimerase GrsA-ATE (equilibrium position 6f66%D-Phe likely. Fourth, we could collect further evidence that the C
reached after a few second2gJ. domains as well as the Te domain of TyoGee Figure 1)

Thus, epimerization domains of elongation modules can are obviously not selective for the length and the order of
epimerize both aminoacyl- and peptidyl-S-Ppant substrates,the incoming peptidyl chains.
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