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Biochemical characterization of peptidyl carrier protein (PCP), 
the thiolation domain of multifunctional peptide synthetases 
Torsten Stachelhaus, Anja Htiser and Mohamed A Marahiel 

Background: A structurally diverse group of bioactive peptides is synthesized 
by peptide synthetases which act as templates for a growing peptide chain, 

attached to the enzyme via a thioester bond. The protein templates are com- 
posed of distinctive substrate-activating modules, whose order dictates the 

primary structure of the corresponding peptide product. Each module contains 
defined domains that catalyze adenylation, thioester and peptide bond formation, 

as welt as substrate modifications. To show that a putative thiolation domain 

(PC?) is involved in covalent binding and transfer of amino acyl residues during 
non-ribosomal peptide synthesis, we have cloned and biochemically character- 

ized that region of tyrbcidine synthetase 1, TycA. 

Results: The 327-bp gene fragment encoding PCP was cloned using its homol- 
ogy to the genes for the acyl carrier proteins of fatty acid and polyketide biosyn- 

thesis. fhe protein was expressed as a His, fusion protein, and purified in a 
single step by affinity chromatography. Incorporation of p-[sH]atanine, a precur- 

sor of coenzyme A, demonstrated the modification of PCP with the cofactor 

4’-phosphopantetheine. When an adenytation domain is present to supply the 
amino adenylate moiety, PCP can be acylated in vitro. 

Conclusions: PCP can bind covatentty to the cofactor phosphopantetheine and 
can subsequently be acytated, strongly supporting the multiple carrier model of 
non-ribosomal peptide synthesis. The adenylation and thiolation domains can 

each act as independent multifunctional enzymes, further confirming the modular 
structure of peptide synlhases, and can also perform sequential steps in trarans, 

as do multienzyme complexes. 
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Introduction 
Biologically active, low molecular weight peptides, lipo- 
peptides, depsipeptidcs and pepridolactones are found 
in nearly all groups of microbial organisms. Because of their 
remarkable structural and functional diversity, these sec- 
ondary metabolites have attracted great interest in medi- 
cine, agriculture and biological research. These linear, 
cyclic and branched peptide chains include non-proteino- 
genie, hydroxy- and D-amino acids and may also be modi- 
fied further through IV-methylation, acylation, glycosylation 
or heterocyclic ring formation. About 300 different residues 
are known to be incorporated into these peptide secondary 
metabolites [l--3]. The ribosomal machinery, which is 
mainly restricted to linear chains and a limited set of 21 
proteinogenic amino acids, clearly cannot achieve this cnor- 
mous structural diversity alone. A distinct system, which 
uses a protein template, is required to introduce the wide 
range of variability into pepride synthesis [l-5]. 

The mechanism of substrate activation in this ‘non-riboso- 
mal’ pepcide synthesis depends on a two-step reaction that 
requires amino acyladenylation and subsequent thioesterifi- 
cation on a distinctive thiol group [l-.5]. As in fatty acid syn- 
thesis, peripheral cysteine residues were initially proposed 

as thiotemplate sites and a single intrinsic 4’-phosphopan- 
tetheine (4’-PP) cofactor was assumed to he the carrier. 
This cofactor was thought to interact consecutively with t’lle 
thioesccrified amino acids, guiding the stepwise elongation 
reaction of the growing peptide chain. More recently, analy- 
sis of various protein templates (peptide synthetases) has 
revealed that they are composed of a series of modular acti- 
vating units, each equipped with its own 4’-PP prosthetic 
group which is required for covalent binding to the sub- 
strate [6-B]. According to this model, each activated amino 
acid is presented as a thioester on a protein template via a 
unique 4’-PP group. This mode of action has been desig 
nated the multiple-carrier thiotemplate mechanism [5,9]. 

In this template-driven mechanism, the multifunctional 
peptide synthetase would be expected to possess a highly 
conserved tind ordered structure of (semi-)autonomous 
modules. Previous protein chemical studies revealed prore- 
olytic fragments of -120 kDa, in which each fragment can 
activate an individual amino acid [10-143. Our undcrstand- 
ing of the relationship between structure and function in 
these enzymes has been enhanced by the elucidation of the 
primary structures of an increasing number of peptide 
synthetases [lS--201. Sequence comparisons revealed that 
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a number of conserved modules, each -1000-1400 amino 
acids long, are arranged in different patterns in these 
enzymes; it is the identity of these modules, and the order 
in which they occur, that deter-mines the sequence of the 
corresponding peptide product [2,4,5,17,23]. The repeated 
modules are themselves composed of a linear arrangement 
of conserved domains representing [he enzyme activities 
involved in the catalysis of substrate a’ktivation, modif”cation 
and condensation [5,21-23]. Recently, dissection studies 
clearly indicated the relative locations and set1uence limits 
of these domains (Fig. 1). that are involved in substrate 
recognition and A’I’P-dependent adenylation (550 amino 
acids), thioester formation (-100 amino acids), condensation 
(400 amino acids), and in some cases epimerization (400 
amino acidsj or N-methylation (400 amino acids) [5,X?]. 

The ordered domains of each amino-acid-activating module 
are assembled from a linear array of highly conserved core 
sequences (Fig. 1; k&4,17]). Many studies, including site- 
directed mutagenesis and photoaffinity labeling, allowed 
the specific functions of non-ribosomal peptide biosynthe- 
sis to be assigned to individual core motifs. For example, 
these investigations suggested the involvement of core 
motifs 2-5 in ATP binding and A’I’P hydrolysis {8,24-271. 
Also, recent studies have provided strong evidence that the 
4’-PP prosthetic group is attached to the conserved serine 
residue of core motif 6, and that the cysteamine thiol group 
of the cofactor represents the thioester binding site for the 
amino acid substrate [6-Y]. 

‘l’he modular arrangement of the peptide synthases and 
rheir strategy of product assembly is extremely reminiscent 
of the type I fatty acid synrhases (FASs) and polyketide 
synthases (PKSs), with which they also share sequence 
homology [B-30]. FASs and PKSs are multifunctional 

enzymes that catalyze a repeaccd decarboxylative conden- 
sation, commonly between acetyl, propionyl, malonyl or 
methylmalonyl groups. Following each condensation, FASs 
catalyze a complete reductive reaction cycle via ketoreduc- 
Con, dehydration and enoylreduction of the P-keto group. 
In contrast, PKSs introduce structural divcrsicy into their 
products by curtailing some of these reaction cycles. I’cr- 
mination of chain elongation may occur by thiolysis or 
acyl transfer. 

The distinction between large multidomain enzymes and 
enzyme complexes composed of sets of separate freely 
dissociable proccins is reflected in the overall architecture 
of type I and type II enzymes, respectively. It appears that 
the architecture of discrete proteins (type IJ), capable of 
associating into a multienzyme complex, is appropriate for 
systems involving multiple repeated reaction cycles. The 
biosynthesis of a defined peptide product, however, pri- 
marily depends on the existence of a template containing 
the correct order of an appropriate number of substrate- 
activating (and modifying) moduIes [l-5,21]. So far, the 
peptide synthases studied, are exclusively the Iarge multi- 
functional enzymes of modular arrangement (classified as 
type I [15-201). Nevertheless, it is believed that each 
module is composed of distinct domains, which might be 
expected to retain their function if separated into individ- 
ual enzymes ES,21,!2]. 

We recently demonstrated that a core fragment composed 
of the first 656 residues of rhe peptide synthase involved 
in the biosynthesis of the cyclic decapeptide antibiotic 
gramicidin S, GrsA (which is similar to tyrocidine syn- 
thctase 1, TycA; see Fig. 1) restored all activities of the 
native peptide synthetase, with the cxccprion of racemiza- 
tion [E!]. A further carhoxy-terminal deletion (100 amino 

Figure 1 -- 

core 1 2 345 6 His ABC D 

I /I-- 
adenylation racemization 

thioester formation 

FA \\ 
1 MDKMPLTPND KIDRKALPEP DLTANQSQAA YHPPRTETES ILVSIWQNVL 50 

51 GIEKIGIRDN FYSLGGDS1Q AIQVVARLXS YQLKLETKDL LNYPTIEQVA 100 

Schematic diagram of tyracidine synthetase 1 
(TycA) showing the relative location, extension 
and organization of specialized domains 

involved in substrate (phenylalanine)” 
dependent adenylation (red), thioester 
formation (green; PCP), and racemiration 
(blue), Core motifs involved in these catalytic 
functions are indicated by boxes 
(1 I LKAGGAYVPID; 2, YTSGPTGxPKG; 
3, GELCIGGxGxARGY; 4, YxTGD; 
5, VKIRGxRtELGEIE; 6, DNFYxLGGDSI; 
His, HHLVxDGISW; A, AYxTExNDLLLA; 
8, EGHGRExllE; C, RTVGWFTSxYPvLLD; 
D, FNYLGQFD). The location and primary 
structure of the Hiss tagged PCP are 
displayed, and the 4’-PP binding site is shown 
in green letters. 

101 LFVKSTTRSH HEIHHH 115 
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Table 1 - 
Enzyme Organism Core sequences 

- - 
PCP (tycA) B. subtilis f58)- Y s G 

FAS-ACP E. coli (30)- E D I.2 

FAS-ACP S. cerevisiae (75)- K D L 

PKS-ACP (act) S. coelicolor (35)- E I3 Y 

Y PKS-ACP ( gra) 

PKS-ACP ( tcrr?) 

S. violaceorubcr 

S. claucescens 

(34)- E E 

(34)- D A 

Q A -(38) 

D T -(38) 

D T -(40) 

A L -(41) 

,A L -(41) 

A L -(51) 

TycA, tyrocidine synthetase 1; act, actinorhodin synthase; pa, granaticin synthase; km, tetracenomycin synthase. Serine residues shown in yellow 
are the binding site of 4’-PP. 

acids) of this core fragment, which removes core motif 6 
(LGGDS(L/I)) leads tu an enzyme (domain) that has rhe 
primary structure of an adenylare-forming enzyme and 
rhat still shows a phenylalanine-dependent adenylation, 
but is unable to catalyze thioester formation. Therefore, 
this 1 00-residue domain was assumed to function as a pep- 
tidy1 carrier protein (PCP), carrying the activated amino 
acids as thioesters tethered to 4’-PP [5,9,22]. FASs and 
PKSs also contain a functionally homologous protein or 
domain, the acyl carrier protein (ACP), that acts as an 
essential component of both synthases 131-371. The basic 
function of this group of enzymes involves the transfer of 
an acyl group Linked to the sulfhydryl residue of a COVB- 

Icnt!y attached 4’-PP prosthetic cofactor. This family 
of proteins (ACPs and PCPs) shows high overall similarity 
around the 4’-PP attachment: site ((L/I)GxDS(L/I); 
Table 1). 

Here, we focus on the cloning and biochemical charactcri- 
zation of the putative PCP domain of TycA. The fact that 
we can show phosphopantethrinylation and covalent , 
thioester binding of phenylalanine in PCP strongly sup- 
ports both the multiple carrier model of non-ribosomal 
peptide biosynthesis and the peptidyl carrier activity of 
the thiolacion domain. The thiolation domain can clearly 
function as a distinct enzyme, supporting the notion that 
peptidc synthetases are arranged in modules. In addition, 
we demonstrate that a setf-assembIcd module (type II syn- 
thetase), consisting of the adenylation domain of GrsA and 
the peptidyl carrier domain of TycA has activity in U&U. 

Results and discussion 
Cloning and expression of the TycA thiolation domain 
To illustrate the biochemical features of a putativi pep- 
tidy1 carrier domain obcaincd from a distinct amino-acid- 
activating module, we have amplified and cloned the PCP 
coding region of TycA 138,391. Primers for the polymerase 
chain reaction (PCR) were chosen after consideration of 
the primary structure of common ACPs involved in fatty 

acid or polyketide synthesis [31-371. These ACPs are -100 
* 25 amino acids long, with the active site serine residue 
generally located -44 amino acids upstream of the car- 
boxyl-terminus (Table 1). We also bore in mind the point 
at which the homology between exclusively adenylate- 
forming enzymes and peptide synthetases terminates, that 
is, -SO amino acids upstream of the 4’-PP binding site 
(core motif 6; [17]). Previous dissection studies established 
that the thiolation domain is the carboxy-terminal region 
(-100~amino-acid extension) of an adenylation domain 
[22]. The coding region of the putative peptidyl carrier 
domain of TycA has been amplified and cloned (Fig. 1). 

The primary structure of PCP and the location of the 4’- 
PP binding site are summarized in Figure 1 and Table 1. 
The chiolation domain is composed of 11.5 residues 
(including H&-tag), and has a deduced moIecular weight 
of 13.12 kDa. Interestingly, the isoelectric point and net 
charge (at pH 7.0) of PCP significantly deviates from that 
known for type II ACPs. Fo; example, the corresponding 
ACP-His6 fusion protein of Es&&-~& co/i [35], which has 
84 residues (molecular weight of 9.82 kDa), represents a 
small acidic (PI = 4.43) and anionic (net charge of-13.89, 
at pH 7.0) enzyme. In contrast, the thiolation domain of 
TycR is almost neutral, having a pI of 7.09 and a net 
charge of 0.2 (at pH 7.0). The significance of these differ- 
ences remains unclear at present; however, ic must be con- 
sidered that the PCP (domain) is only a segment of a 
multifunctional protein, and normally acts in cdncert with 
other domains, not separately. 

Amplification and cloning of the thiolation domain was per- 
formed as described in Materials and methods. The junc- 
tions between vector and insert DNA were sequenced to 
confirm the correct integiation ofp@ and to ensure that the 
insert was ligated in frame with the carboxy-terminal His6 
tag. The fermentation parameters (culture medium, tem- 
perature and isopropyl-P-D-thiogalactopyranoside (JPTG)- 
concentration) of the E. c& strain MlS(pREP4/ pPCP-His) 
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Figure 2 Figure 3 

Std. 1 2 3 4 5 
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Expression and purification of F’CP. Samples were analyzed by 16.5 % 
SDS-PAGE (Materials and methods). The Coomassie-stained gel showS 
total cell extracts of E co/i Ml S(pREPWpPCP-His) at time = 0 (lane 1) 
and 2 h after induction (lane 2). Cellular debris (lane 3) obtained after 
sonication of the ceils was removed by centrifugation. The supernatant 
(lane 4) was directly appiied to a Ni *+-charged chelating agarose. PCP- 
containing fractions, obtained by applying a linear imidazole gradient, 
were pooled (lane 5), dialyzed and quantified. 

were first optimized. Using these conditions, a high-level 
expression was obtained for PCP as a predominantly 
soluble cycoplasmic protein (Fig. 2). 

The cells overproducing PCP were resuspended in sonica- 
tion buffer and lysed (Material and methods). After sonica- 
tion and centrifugation the supernacant was adjusted to 
30 mM imidazole and applied to a Ni2+-charged chelating 
agarose, previously equilibrated with the same buffer. The 
addition of imidazole to the application buffer increased 
the stringency of the washes, considerably reducing 
unspecific binding on the column. When a linear gradient 
of imidazole was applied, PCP eluted within a single peak 
at a concentration of about 150 mM imidazole. Appropri- 
ate protein fractions were pooled, dialyzed against assay 
buffer, and the protein content was quantified. We puri- 
fied the recombinant PCP tu apparent homogeneiry. SDS- 
polyacryiamide gel gave an apparent molecular mass of 
-16 kDa, 3 kDa larger than expected. It is common for 
small proteins carrying Hish tags to migrate more slowly on 
SDS gels than do equivalent untagged proteins. 

Conversion of apo-PCP to holo-PCP 
The most significant feature of ACPs and PCPs is their 
prosthetic group, 4’-PP [6-9,36,40] which is attached co an 
absolutely conserved serine residue (Table 1). The 
P-alanyl sidechain and the pantothenate portion of the 
4’-PP moiety serve as a linker between the phosphodi- 
ester-ACP/PCP bond and the terminal cysteamine thiol 
residue, required for covatenc binding of the activated sub- 
strate. This structure assists the prosthetic group’s ability 
to function as a swinging arm, shuttling g growing acyl 
or peptidyl chain between miscellaneous active si,tes 
(e.g. between adjacent substrate-activating modules of a 

holo-PCP 
holo-ACP 

p-[3H]alanine labeling of recombinant PCP. The labeling of holo-PCP 
was performed in I?, co/i SJI 6, which is defective in the biosynthesis of 
4’-PP precursor p-alanine. The detailed procedure is described in 
Materials and methods. Samples (lane 1, crude cell extracts of E. co/i 
SJ 1 S(pPCP-His) at time = 0 and lane 2, 2 h after induction; lane 3, 
protein pool after affinity purification on chelating agarose) were 
applied to SDS-PAGE, and the label was identified by the 
autoradiography of the dried gel. 

peptide synthetase during the sequential addition of up to 
15 amino acids). 

Recently, the enzyme catalyzing the phosphopaotctheinyl- 
ation of the ACP in E. rnii (holo-ACP synthase; ACPS), has 
been cloned and characterized by Lamhalot and Walsh 
[40,41]. Previous studies had revealed that several recombi- 
nant peptide synthetases expressed in E. coli were only par- 
tially pantetheinylated [8,22]. Until recently, nothing was 
known about the enzyme(s) that is presumabIy similar to 
ACPS, the specific 4’-PP-acyltransfcrase that catalyzes the 
posttranslational modification of peptide synthetascs with 
the cofactor 4’-PP. A novel group of small proteins (-30 
kDa), whose genes were previously shown to be associated 
with peptide antibiotic production 142,463, are now known 
to catalyze the modification of peptide synthetases from the 
apo- co the holo-enzyme (Lambaloc era/. [47], this issue). In 
this context, co-expression of pep with gsp, encoding the 
phosphopantetheinyl transferasc Gsp associated with the 
gramicidin S biosynthetic operon, led to an increased pro- 
duction of holo-PCP (data not shown). This superfamily of 
phosphopantetheinyl transferases (Sfp, EntD, etc.), have 
been biochemically characterized by Lambalot et al. ([47], 
this issue). 

To. confirm the phosphopantetheinylation of recombinant 
PCP, we investigated the incorporation of p-[‘Hlalanine 
into the overproduced protein. The plasmid pPCP-His 
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Figure 4 -_ 

PCP-dependent thioester formation. The cova- 
lent incorporation of [‘4CJphenylalanine was 
measured in the presence of a constant 150 
pmol of the phenylalanine-specific adenylation 
domain PheA, and increasing concentrations of 
the thiolation domain PCP (O-3 mole equiva- 
lents]. The PCP control reaction was per- 
formed in the presence of 150 pmol PCP 
without PheA. The vertical bars represent the 
amount of covalently bound, acid-stable label 
(in pmol). The horizontal line corresponds to the 
value obtained with 1.50 pmol of PheAT, com- 
prising both the adenylation and the lhioester 
forming domain of GrsA. 

pmol [?4C]Phe (incorporaled) 

3&J 

pm01 PCP 

i .’ 
cimZrol 

was used to transform the E. c&i strain SJl6 [8,36], which 
is a panL) mutant defective in the biosynthesis of p-ala- 
nine, a precursor of pantothenate (Fig. 6). After p-alanine 
starvation, cells were used ro inoculate a minimal medium 
supplemented with [3H]-tabeled p-alanine. Expression 
and purification of the thiolation domain were performed 
as previously described. Total cellular exrcacts before and 
after induction were analyzed by SDS-PAGE (as was 
affinity-purified PCP) (Fig, ,3). 

Figure 3 reveals the consecutive expression of a 10 kDa 
protein (lane l), most likely the holo-ACP of the host. A 
similar amount of a slightly larger protein (16 kDa) was 
also observed after a 2 h induction with IPTG (lane 2). 
After affinity purification using chelate chromatography, 
the 16 kDa protein was only detected in the eluant (lane 
3), clearly defining this protein as the His{,-tagged PCP. 
Small quantities of this protein are present before induc- 
cion (lane 1) indicating that the T5 promoter controlling 
pep expression was slightly leaky. The amounts of labeled 
h&-AU and holo-PCP, observed by SDS-PAGE, are 
similar; however, the comparative analysis of the amount 
of radiolabeled and expressed PCP clearly verifies that 
only a small portion of rhe thiolatian domain was modi- 
fied (data not shown). This could be explained by a low 
concentration of modifying enzyme(s), insufficient CO 
alter the entire ACP and PCP pool expressed, or by 
assuming that ape-PCP is a poorer substrate for E. cob 4’- 
PP-transferase(s). Lambalot et al. [47] (this issue) have 
shown that ACPS modifies ACP of E. co& whereas a dif- 
ferent enzyme, EntD, modifies EntF and PCP ia V&W. 
Since ACPS has no affinity to PCP, the observed conver- 
sion of apo- to hoto-PCP should be attributed to EntD 
activity. Nevertheless, our results clearly demonstrate 

char @-[“HI-alanine is incorporated into PCP, modifying it 
from the apo- to the holo-protein. Post-translational modi- 
fication is also observed by mass spectroscopy; recombi- 
nant PCP has a molecular weight of 13.13 kDa for rhc apo 
protein and 13.431 kDa for the holo protein [47]. This 
might indicate chat PCP should be a functional enzyme, 
which is most likely to act as an amino acyl or a peptidyl 
carrier during non-ribosomal peptide synthesis. 

Acylation of holo-PCP 
The substrate activation during non-ribosomal pepcide 
synthesis includes the covalent binding of the carboxyl- 
activated amino acid as a thioester via the enzyme-linked 
cofactor 4’-PI’ [l-.5]. Recently, we reported on the func- 
tional dissection of the peptide syncherase GrsA, involved 
in the biosymhesis of the cyclic decapeptide antibiotic 
gramicidin S in Bacdhs brtvis ATCC 9995, [Z?]. Hccc, we 
describe two deletion mutants: Phch, composed of the 
primary structure of a solely adenylate-forming enzyme 
but lacking the 4’“PP attachment site and therefore i&a- 
pable of covalendy binding the subscrate, and PheAT [22], 
which retains the thiolation domain (PCP).as a carboxy- 
terminal extension of the adcnylation domain mentioned 
above restoring its ability to form the thioester bond. 
These results confirmed that PCP flmctions as an amino 
acyl and peptidyl carrier during the directed synthesis of a 
pepride product from a protein template [.5,9]. 

To investigate the enzymatic role of PCP as an independ- 
ent amino acyl or peptidy carrier protein, we have per- 
formed the thioesrer fortnation assay (Materials and 
methods) using a mixture of the adenylation domain 
(PheA) of GrsA and PCP. In this reaction, PheA should 
caralyze the formation of an amino acyladenylate. This ._- 
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relatively unstable int-crmediace should then be stabilized 
by thioesterification on the prosthetic 4’-PI’ group of PCP. 
No thioesrer formation was detectable when only PheA is 
present, as expected (Fig. 4). The low level of [14C]phenI- 
alanine bound to PheA is in good agreement wirh values 
measured for mutants that were incapable of covalent 
binding of the substrate amino acid, for example when the 
active site serine residue of core motif 6 was mucated to 
alanine [8,22]. The addition of low concentrations of PCP 
(75 pmol) resulted in a significant, lo-fold increase in 
[14C]phenylalanine incorporation; however, the amount of 
covalently bound, acid-stable label constantly increased 
with the amount of PCP available. Most notably, an 
equimolar ratio (150 pmol) of PheA and PCP, in effect 
representing a multienzyme type II variant of PheAT, 
gave approximately the same level of [14C]phenylalanine 
incorporation (-80 %) as did the undissected bifunctional 
PheA’1’ enzyme (Fig. 4). The nature of the thioescer 
linkage was confirmed by its stability to acid treatment 
and its susceptibility to base hydrolysis [8,22,48]. More- 
over, PCP contains no cysteine residues (Fig. l), indicat- 
ing that the thiol group of the 4’-PP cofactor is the only 
possible thioester binding site on the holo enzyme. 

These results clearly indicate that PCP is involved in 
covalent thioester binding of the activated substrate 
amino acid in peptide synthesis. To confirm that the label 
is on PCP not PheA, we have separated the reaction mix- 
tures by SDS-PAGE. Some of the label remained associ- 
ated with the adenytation domain even in the absence of 
PCP (Fig. 5). But addition of PCP to the reaction mixture 
caused a new signal, corresponding to PCP, to appear, and 
did not increase the amount of label associated with 
PheA. Taken together with the results of the chioester 
formation assay, this confirms that PCP is indeed aminoa- 
cylated. The scheme shown in Figure 6 summarizes the 
results obtained on PCP posttranslational modification 
and acylation. 

Significance 
This report presents the characterization of PCP, the 
thiolation domain of TycA, an enzyme involved in the 

Figure 5 

r-- 
(a) SDS-PAGE 

__I__ 

(b) Radioactivity scan 

biosynthesis of the cyclic decapeptide antibiotic tyroci- 
dine 138,393. It is believed that many ofthe enzymes that 
synthesize this type of compound are composed of 
modules that can function essentially independently. We 
have cloned the DNA that encodes the PCP dnmain 
and overproduced a tagged version of the domain in the 
absence of the other domains of the TycA protein, The 
isolated domain can be modified with phosphopanteth- 
eine, indicating that it belongs to the class of ACPs 
involved in the transfer of acyl intermediates during the 
biosynthesis of fatty acids and polyketides. The detec- 
tion of phosphopantetheine-modified PCP supports the 
idea that the enzyme may act as a peptidyl carrier, shut- 
tling the growing peptide chain between the differ- 
ent modules of a protein template during the directed 
and sequential synthesis of the corresponding peptide 
product, which remains ‘tethered’ to the PCP domain 
throughout the process. 

To determine the ability of holo-PCP to carry a particu- 
lar acyl group, we have investigated its phenylalanyla- 
tion in the presence of an adenylation domain (PheA; 
[223). The detection of a radiolabel covalently attached 
to PCP after coincubation with PheA shows that holo- 
PCP can be acylated. Moreover, this experiment shows 
that the catalytic domains of peptide synthetases are 
able to act not only as independent enzymes but also 

in truns with other functional domains. These findings 
may provide a tool to construct peptide synthetases that 
are formed of several independent enzymes, greatly 
increasing our ability to generate peptides with diverse 
structures. 

Material and methods 
PCR amplification and DNA manipulations 
PCR amplification of the tycA fragment encoding the thiolation domain 
(PCP) has been used to generate the terminal restriction sites for the 
subsequent cloning, and was performed using Deep VentRQ DNA poly- 
merase and 10 x reaction buffer from New England Biolabs (Schwal- 
bath, Germany) following the manufacturer’s protocol. The sequences of 
the 5’-modified oiigonucleotides used were as follows (italicized, modi- 
fied sequences; bold, restriction sites): oligo 5’-PCP-Ncol: 5’-AAC CCA 
TGfi ACA AAA TGC CGC TTA CGG CA-3’; and 3.‘.PCP-BgI: 5’CCT 
AGA TCf CGT CGT GCT CTT GAG AAA AAG-3’. 

1 

Determination of PCP acylation. The thioester 
formation assay was performed as described 
1221. The mixtures were quenched with TCA, 

PheA - 

PCP - 

and the precipitated proteins were redis- 
solved in TE buffer, neutralized and applied to 
SDS-PAGE. The gel was analyzed by 
Coomassie-staining, and the label was identi- 
fied by scanning. The samples are: lane 1, 
PCP-standard; lanes 2 and 6, 10 kDa ladder; 
and three radioassays containing lane 3, 300 
PM PCP; lane 4, 150 CM PheA and lane 5, 
300 pmol PCP plus t 50 pmo[ PheA. lane 3 lane 4 
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Finure 6 

Scheme showing the modification of the PCP 
with the 4’-PP moiety of coenzyme A (CoA) 
and PCP acylation in the presence of an 
adenylation domain (orange circle). A 4’-PP 
transferase catalyzes the transfer of the 
prosthetic group from CoA to Ser-68 of apo- 
PCP (green circle). The holo-PCP can then 
stabilize activated amino acyl groups through 
a thioester linkage to the terminal cysteamine 
residue of the cofactor. Premature substrate 
activation by an adenylation domain, for 
example PheA (orange), is indispensable for 
the subsequent formation of the covalent 
thioester linkage. The P-alanyl moiety within 
the pantothenate residue is emphasised in 
light orange (compare with fig. 3: 
p-13Hlalanine incorporation into recombinant 
PCP). 
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We used the pQE60 His6 tag fusion vector, purchased from Qiagen 
(Hilden, Germany), to clone the truncated tycA(PCP) fragment. Standard 
procedures were used for the digestion with restriction enzymes, cloning 
of the DNA fragments and the preparation of recombinant plasmid DNA 
[49]. We also confirmed the fusion sites between the vector and the pep 
gene by sequencing, using the chain termination method of Sanger et al. 
[50]. Sequence runs were performed on an ASI prism 310 Genetic Ana. 
lyzer. Sequences of the prrmers used were as follows: oligo V-promoter: 
5’-GGC GTA TCA CGA GGC CC-3’; and 3’-His tag: 5’-ACG CCC 
GGC GGC AAC CG-3’. 

Expression and purification of the His,-tagged PCP 
The pClE60.derivative containing the amplified pep (designated pPCP- 
His) was transformed in f. co/i strain Ml 5(pREP4) and streaked out on 
2 x YT plates containing 25 pg ml-’ kanamycin and 100 pg mi-’ ampi- 
cillin [51]. After overnight incubation at 37” C the colonies were resus- 
pended from the plates, and the suspension obtained was directty used 
to inoculate 2 x YT medium supplemented with kanamycin (26 pg ml-‘), 
ampicillin (100 pg ml-‘) and magnesium chloride (20 mM). Cells were 
grown at 30’ C with moderate shaking until A,,, nm reached 0.8. IPTG 
(1 mM) was added and cultures were grown for an additional 2 h. Expres- 
sion was checked by SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE; 16.5 %) using the method of Schlgger and von Jagov [521. 

Subsequently, the cells were lysed by freezing, thawing and sonica- 
tion using a Branson Sonifier at middle output. Cellular debris w&s 
removed by centrifugation at 40 000 x g for 30 min, and the super- 
natant obtained was adjusted to 30 mM imidazole and directly applied 
to a Ni2+-charged chelating agarose (Ni-NTA resin from Qiagen; 
Hilden, Germany), previously equilibrated with the same buffer. Using a 
FPLC system purchased from Pharmacia (Freiburg, Gacmany), the pro- 
teins were eluted by applying an imidazole gradient ranging over 30- 
300 mM imidazole in sonication buffet. Samples’ were analyzed by 
SDS-PAGE, pooled, dialyzed against assay buffer (50 mM HEPES 
pH 7.8, 100 mM sodium chloride, 10 mM magnesium chloride, 2 mM 
dithioerythritol and 1 mM EDTA) and quantified using tho procedure of 
Bradford [53]. 

/3-(3Hlalanine incorporation 
E. co/i strain SJI 6 doanD), a p-alanine auxotroph [36], was transformed 
with pPCP-His, maintained for 36 h at 37’C on agar plates with M9 
minimal medium supplemented with 10 pg ml-’ tetracycline and 50 &g 
ml-’ ampicillin. A single colony was used to inoculate 1 ml minimal 
medium E supplemented with 0.5 % D-ghCOSe, 3 FM thiamine, t 30 WM 
methionine, 10 FM @-alanine and 50 pg ml-’ ampicillin. Cells were grown 
overnight at 37” C, harvested and washed four times in 500 ~1 medium E 
(without p-alanine) to remove any traces of unbound p-alanine I&361. 

Furthor operations, except for fast performance liquid chromatography Labeling of PCP was performed in IO ml of medium E containing all sup- 
(FPLC), were carried out at 4’ C. Cells were harvested by centrifuga- plements including p-[3Hlalanine (purchased from Amersham, Braun- 
tion for 15 min at 6000 x g and resuspended (3 ml 9-l wet weight) in schweig, Germany) at a final concentration and specific activity of 
sonication buffer (50 mM HEPES, 301) mM sodium chloride, pH 7.8). 0.55 p.M and 90.9 Ci mmol-l, respectively [8,36]. This medium was 
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inoculated using 100 ~1 washed cells. Further expression and purifica- 
tion of the labeled PCP was performed as described above. Total cell 
extracts and samples from the chelate chromatography were analyzed by 
SDS-PAGE. The Coomasie-stained gel was soaked in Amplify (Amer- 
sham, Braunschweig, Germany) and dried. The label was identified by 
autoradiography on X-ray film (Kodak X-OMAT AR, Rochester, USA) and 
by scanning on a Berthold LB2723 thin-layer scanner II. 

Thioester formation and cleavage 
Covalent binding of phenylalanine by the recombinant PCP domain was 
tested as described previously f&221. Each assay mix contained 0 or 
150 pmol of the adenylation domain PheA, O-450 pmol of PCP, 2 mM 
ATP and 3 pCi (474 mCi mmol-‘) of [14Clphenylalanine (purchased 
from Amersham, Braunschweig, Germany) in a totai volume of 100 t.d 
assay buffer. The reactions were allowed to proceed for 30 min at 37” C, 
and were stopped by the addition of 2 ml chilled 7 % trichioroacetjc acid 
(TCA) followed by a further incubation on ice for 30 min. TCA-precipi- 
tated protein was collected on glass fibre filter (GF-92; Schleicher & 
Schuell, D&set, Germany) and washed with an excess of TCA. After 
addition of 5 ml scintillation mixture (Rotiszint EGO Plus; Roth, Karlsruhe, 
Germany) the enzyme-bound label was quantified using a 1 QOOCA Tri- 
Carb liquid scintillation analyzer (Packard). 

Alternatively, the radioassay was quenched with 700 +I 10 % TCA and 
3 pl bovine serum albumin (25 mg ml-‘). Subsequently, the precipi- 
tated proteins were resolved in 40 PI TE buffer, neutralized by the addi- 
tion of about 5 ~1 1 M TrislHCl (pH 7.5) and applied to SDS-PAGE. 
The Coomassie-stained gel was soaked in Amplify and analyzed as out- 
lined above, The cleavage of the thioesterified phenylalanine was per- 
formed as described by Ullrich ef a/. [481. 
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