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Summary. The biosynthesis of microbial bioactive peptides is accomplished
nonribosomally by large multifunctional enzymes consisting of linearly ar-
ranged building blocks of 1,000-1,500 amino acid residues. Each of these units
acts as an independent enzyme which catalyzes the selection, activation, and
in some cases modification (epimerization, N-methylation) of its cognate
amino acid, as well as the elongation of the peptide product. The specific
linkage of amino acid activating modules upon such polyenzymes defines the
sequence of the peptide product. A series of functional domains could be
identified upon an amino acid activating module which are involved in the
sequential reactions in nonribosomal peptide biosynthesis.

Keywords: Amino acids — Nonribosomal peptide biosynthesis — Peptide anti-
biotics — Amino acid activation — Aminoacyl-adenylation — Multienzymes -
Modular structure — Multiple 4'-phosphopantetheine cofactors

Abbrevations: aaRS, aminoacyl tRNA synthetase; GS1, gramicidin S synthe-
tase 1 (phenylalanine racemase); GS2, gramicidin S synthetase 2; TY1 and
2, tyrocidine synthetase 1 and 2; ACV, [0-(L-a-aminoadipyl)-L-cysteinyl-
p-valine]; FITC, fluorescein 5'-isothiocyanate; FAB-, ESI-MS; fast atom
bombardment-, electrospray ionization-mass spectrometry; Pan, 4'-phos-
phopantetheine; NMR, nuclear magnetic resonance; ACP, acyl carrier
protemn; SAM, S-adenosyl-L-methionine; CM, carboxy-methyl; NES, N-
ethylsuccinimido.

1. Introduction

Microbial organisms produce a variety of low molecular weight bioactive
peptides, depsipeptides, peptidolactones, and lipopeptides with linear,
branched, or cyclic structures (Kleinkauf and von Déhren, 1990a). Many of
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these secondary metabolites exhibit valuable properties qualifying them for
biotechnological and medical uses as antibiotic-, antifungal-, antiviral-,
antitumor-, insecticide-, and nemadotical agents, as well as biosurfactants, for
example. In general the biosynthesis of these compounds is accomplished
nonribosomally by large multifunctional and multisubunit enzymes with mo-
lecular weights in the range from 100 to 1,700kDa. Each of these peptide
synthetases function as a cellular factory representing the protein template for
the construction of one defined peptide structure. Such multifunctional en-
zymes catalyze all essential processes necessary for peptide biosynthesis in-
cluding selection, activation, and modification of the cognate amino acids or
related carboxy-containing substrates (N-methylation or epimerization), spe-
cific step-by-step linkage of the activated substrates, as well as in many cases
cyclization of the product by amidation, lactonization, and piperazinedione
formation, e.g. The chain length potential of multienzymatic peptide forming
systems ranges from 2 (bacilysin) up to 19 (alamethicin) amino residues.
Whereas the number of constituent amino acids in ribosomally formed
peptides or proteins is restricted to the 20 naturally occuring “proteinogenic”
amino acids by the number of transfer RNA and aminoacyl-tRNA synthetase
(aaRS) molecules, at least 300 different amino acids and related carboxy-
containing compounds are known to be incorporated into enzymatically syn-
thesized peptides including non-proteinogenic-, N-methylated-, and p-amino
acids, as well as compounds containing no amino group like hydroxy- and
fatty acids, as well as chromophores (Kleinkauf and von Déhren, 1990a).

More than 20 years ago the multienzymatic thiotemplate model for non-
ribosomal peptide biosynthesis was proposed by several groups (Kleinkauf
et al., 1971; Lipmann, 1973; Laland and Zimmer, 1973; Kurahashi, 1974).
According to this mechanism amino acid activation occurs in a two step
process including 1) aminoacyl adenylation similar to the amino acid ac-
tivation process catalyzed by tRNA synthetases, and 2) aminoacyl
thioesterification at specific reactive thiol groups of the multienzyme (thio-
templates), a process characteristical for nonribosomal peptide biosynthesis.
In addition, it was assumed that a central thiol-group of an intrinsic 4'-
phosphopantetheine carrier molecule interacts with the thioesterified amino
acid substrates managing a step-by-step elongation of the peptide product in
a series of transpeptidation and transthiolation reactions.

A second group of nonribosomal peptide synthetases activates their amino
acid substrates and peptide intermediates non-covalently as aminoacyl-phos-
phates, driven by the hydrolysis of an S-y-linkage and release of ADP. This
class includes enzymes as glutamine- (Liaw and Eisenberg, 1994), y-glutamyl-
L-cysteine-(Huang et al., 1993), and glutathione synthetase (Meister, 1988), b-
Ala:p-Ala ligase (Fan et al.,, 1995) and the MurC, -D, and -E bacterial
peptidoglycan synthetic enzymes (Walsh et al., 1989).

2. Multifunctional peptide synthetases

Table 1 summarizes representative examples of well characterized peptide
forming systems following the thiotemplate pathway. The biosynthesis of the
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cyclo-decapeptide gramicidin S in Bacillus brevis occurs by the interaction of
two multifunctional proteins. Gramicidin S synthetase 1 (GS1, phenylalanine
recemase, EC 5.1. 1.11) activates and racemizes phenylalanine and transfers
D-Phe to the condensing enzyme gramicidin S synthetase 2 (GS2) which
activates L-Pro, r-Val, L-Orn (r-ornithine), and L-Leu and catalyses the
synthesis of a penta-peptide. Cyclization is performed by two head to tail
condensations between two pentapeptides in an as yet unknown mechanism
(for reviews see Vater, 1990; Kleinkauf and van Ddohren, 1990). The bio-
synthesis of tyrocidine is accomplished by three multienzymes, tyrocidine
synthetase 1, 2, and 3 (TY1, TY2, and TY3). TY1, activates and racemizes
phenylalanine, TY2 elongates the peptide chain until the tetrapeptide, the
final decapeptide and cyclization is catalyzed by TY3 (Lee and Lipmann,
1974). In the biosynthesis of the cyclo-lipoheptapeptide surfactin at least four
enzymes cooperate. An acyl transferase, surfactin synthetase 1 (SRFS1), ini-
tiates surfactin biosynthesis by transferring a S-hydroxy fatty acid moiety to
the start amino acid L-Glu which is bound at the first module of surfactin
synthetase 2 (SRFS2). This enzyme elongates the lipopeptide chain to the
lipotripeptide. Surfactin synthetase 3 (SRFS3) accepts the elongated interme-
diate and forms the lipohexapeptide. The terminal L-Leu residue is added by
surfactin synthetase 4 (SRFS4) which catalyses the cyclization of the product
by lactone formation (Ullrich et al., 1991; Menkhaus et al., 1993; Galli et al.,
1994).

As is apparent from Table 1 the biosynthesis of the fungal peptide ACV
[0-(L-a-aminoadipyl)-L-cysteinyl-p-valine], the biosynthetic key-precursor of
the antibiotics penicillin and cephalosporine in certain filamentous fungi
(Aharonowitz et al., 1993), enniatin B (Pieper et al., 1995), HC-toxin (Walton,
1987), and cyclosporin A (Dittmann et al., 1994) is accomplished by single
polypeptide chains. Cyclosporin synthetase, encoded by the simA gene from
Tolyplocadium niveum represents the largest multienzyme protein chain so
far described (Weber et al., 1994) catalyzing at least 40 different reactions
to accomplish cyclosporin synthesis (Lawen and Zocher, 1990). This mecha-
nism represents an impressive example of product channeling on a single
multidomain enzyme. To avoid dilution in the surrounding cytosol, all inter-
mediates of the cyclosporinA biosynthetic pathway are kept covalently bound
at a giant multienzyme until the completed product can be released. Examples
for such a channeling has been reviewed for a series of biochemical pathways
by Srere et al. (1987) and more recently Hawkins and Lamb (1995).

3. Modular structure of peptide synthetases

An important milestone concerning the comprehension of the structure-func-
tion relationships of peptide synthetases has been achieved by sequencing the
first multienzyme encoding genes tycA (Weckermann et al., 1988) and grsA
(Kritzschmar et al., 1989; Hori et al., 1989) encoding TY1 and GS1 in B.
brevis. Both enzymes are structurally closely related (80% homology in their
amino acid sequence) and activate phenylalanine. During the next 3 years the
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nucleotide sequences of the pchAB and acvA genes from Penicillium
chrysogenum (Smith et al., 1990; Diez et al., 1990), Acremonium chrysogenum
(Gutiérrez et al., 1991), Nocardia lactamdurans (Coque et al., 1991), and
Aspergillus nidulans (MacCabe et al., 1991) were determined. These genes
encode the ACV synthetases, multifunctional enzymes that activate three
amino acid compounds. By sequence analysis a multimodular structure has
been proposed for all these peptide forming systems (Mc Cabe et al., 1991;
Marahiel, 1992; Zuber et al., 1993; Stachelhaus and Marahiel, 1995a). This
hypothesis has been supported by comparison of their primary structures with
the constantly increasing number of known sequences of peptide synthetases,
as gramicidin S synthetase 2 (Turgay et al., 1992; Saito et al., 1994), HC-toxin
synthetase (Scott-Craig et al., 1992), surfactin synthetase (Fuma et al., 1993;
Cosmina et al., 1993), enniatin synthetase (Haese et al., 1993), as well as
cyclosporin synthetase (Weber et al., 1994).

Thorough sequence alignments of multifunctional peptide synthetases re-
vealed that these enzymes are composed of homologous building blocks
which comprise 1,000-1,500 amino acid residues corresponding to a molecular
mass in the range of 120-180kDa. Each of these modules is able to act as an
independent enzyme catalyzing the selection and activation of its cognate
substrates as demonstrated by limited proteolysis of gramicidin S synthetase.
100-120kDa fragments of this enzyme have been observed to catalyze
adenylation of Pro, Val, Orn and Leu (Skarpeid et al., 1990a/b; Kurotsu et al.,
1991) as well as proline thioesterification (Kurotsu et al., 1991). These findings
are in agreement with the polyenzyme model proposed by Fritz Lipmann
(1954) in the pre-ribosomal area of protein/peptide biosynthesis research. The
specific linkage of amino acid activation modules along the peptide synthetase
protein chains defines the sequence of the amino acids in the peptide product.
Each of the modules is distinguished by a linear array of strictly conserved
sequence motifs which are thought to be involved in adenylate- and peptide
formation. As is reviewed in the following chapters, some of the consensus
motifs could be attributed to specific functions by site directed mutagenesis
(Vollenbroich et al., 1993, 1994; Gocht and Marahiel, 1994), analysis of
adenylation lacking mutants (Tokita et al., 1993; Saito et al., 1995), fragments
of recombinant amino acid activating modules after specific dissection of the
synthetase encoding genes (Stachelhaus and Marahiel, 1995b; Dieckmann et
al., 1995), and affinity labeling (Schlumbohm et al., 1991; Stein et al., 1994;
Pavela-Vrancic et al., 1994 a/b; Stein et al., 1995). A summary of these experi-
ments are given in Fig. 1.

4. Characterization of functional domains within
an amino acid activating module

4.1 Aminoacyl-adenylation domain

Amino acid sequence alignments of peptide forming multienzymes revealed
that the N-terminal part of each amino acid activation module belongs to
a super-family of adenylate-forming enzymes, the carboxyl:adenylate ligases
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(AMP-binding proteins; MacCabe et al., 1991; Turgay et al., 1992; Fulda et al.,
1994). Prominent members of this enzyme class represent all peptide syn-
thetases so far sequenced, enterobactin synthetase E (Staab et al., 1989) and
F (Rusnak et al., 1991), bialaphos (alanyl-alanyl-phosphinotricine tripeptide)
synthetase (Wohlleben et al., 1992), long chain acyl-CoA (EC 6.2.1.3) and
acetyl-CoA (EC 6.2.1.1) synthetases, insect luciferases (EC 1.13.12.7), plant
4-coumaroyl CoA synthetases (EC 6.2.1.12), as well as microbial 4-
chlorobenzoate-CoA ligases (see Fulda et al., 1994 and references herein). As
indicated in Fig. 2, shared among this class is a domain of 400-500 amino acids
of 20-80% homology that is distinguished by a linear array of at least 9
(Turgay et al., 1992; Pavela-Vrancic et al., 1994c; Pfeifer et al., 1995) strictly
conserved sequence motifs.

4.1.1 Motifs A and B

The functions of both have not been attributed so far. It is tempting to
speculate that a strictly conserved basic lysine residue within motif B may be
involved in forming a hydrogen bond to the carboxyl-group of the amino- or
hydroxy acid substrate.

4.1.2 Motif C

The highly conserved motif C (SGTTGxPKG) of an amino acid activating
module resembles the motif of the phosphate-binding loop (P-loop or Walker
A motif GxxxxGK; Walker et al., 1982) which is found in all guanosine and
some adenosine binding proteins (Higgins et al., 1986; Taylor and Green,
1989; Saraste et al., 1990; Traut, 1994). The highest similarity can be found in
comparison with adenylate kinases, a class of enzymes which contain a glycine
residue following the invariant lysine, a feature that distinguishes adenylate
kinases from other members of the P-loop containing family (Hanks et al.,
1988; Saraste et al., 1990), and the adenylosuccinate synthetase from E. coli
(Poland et al., 1993). X-ray analyses of the crystal structures of certain mem-
bers of the P-loop superfamily revealed that the P-loop connects a -strand to
an a-helix and wraps around the S-phosphate of the bound nucleotide (for
reviews see Wittinghofer and Pai, 1991; Traut, 1994). The main chain amide
nitrogens point towards the 8- and y-phosphate oxygens, neutralizing their
charge. This structure is stabilized by the invariant lysine residue of the P-loop
which forms hydrogen bonds to both, the main chain oxygens, as well as the
bound NTP. The residues behind the essential Lys are involved in coordina-
tion of the Mg?*-cation (Saraste et al., 1990; Wittinghofer and Pai, 1991). An
a-helical segment which has been observed for such enzymes behind the
invariant lysine of the P-loop has been predicted by secondary structure
analysis of the area behind motif C, the putative P-loop of enzymes of the
adenylate forming-family using the Garnier and GGBSM programs (Stein, T.
and Vater, J., unpublished). This finding supports the proposal that motif C is
part of a P-loop-like structure and that a a-helical structure behind this loop
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is involved in binding of the nucleotide also in the adenylate forming family.
Detailed information is lacking about the catalytic carboxylate-group which
acts as a general base to activate a water molecule for the attack of the y-
phosphate-group of ATP (Yoshida et al., 1995). Two highly conserved Glu
or Asp residues 40-50 amino acids behind the P-loop motif of peptide
synthetases are attractive candidates to catalyze this process but their partici-
pation in ATP hydrolysis has to be elucidated.

The importance of the strictly conserved lysine as well as the glycine
residue as constituents of a slightly modified P-loop within amino acid activat-
ing modules of peptide synthetases was confirmed by site directed muta-
genesis experiments which are indicated in Fig. 1. Both Lys to Arg as well
as Lys to Thr substitutions of TY1 (K186R, K186T; the nomenclature of the
mutations is explained in Fig. 1) show a significant or total loss of the adeny-
lation activity, respectively (Gocht and Marahiel, 1994). The exchange of the
highly conserved glycine to a structurally closely related alanine residue in
TY1 (G180A) resulted in a decrease of the ATP/PP,-exchange to 82% (Gocht
and Marahiel, 1994), whereas the exchange of this Gly to a negatively charged
amino acid within the Val-activating domain of GS2 (mutant gene from
Bacillus brevis Nagano E-5, G1656D) induced a total loss of the adenylation
reaction (Saito et al., 1995).

4.1.3 Motif D

Saito et al. (1995) observed a total loss of the adenylation activity for two
mutans of the Val activating module of GS2 bearing a Gly—Glu replacement

o
4—

Fig. 2. Modular architecture of some prominent peptide forming multienzymes. Peptide
synthetases can be divided into highly homologous building blocks of 10001500 amino
acid residues. Each of these modules is organized into specific functional domains for
amino acyl adenylation [500-600 amino acid residues including motifs A-I, dark grey],
thioester binding [80-100 amino acid residues around the 4'-phosphopantetheine binding
motif J, black], and elongation of the peptide product [E, 300400 amino acids including
motifs K-R, white]. Epimerizing/racemizing modules as GS1 contain an elongation do-
main with significant modifications in comparison to non-epimerization modules (£~Epi,
300400 amino acids including the modified elongation motifs K-R, grey]. For interacting
protein components of peptide forming multienzymes as GS1 and GS2, for example, a
specific domain at the N-terminus of the acceptor enzyme is observed showing significant
homologies to the elongation domains [ E, including the N-terminal motifs K-R (without
Q), light grey]. At the C-terminal end of each peptide forming multienzyme system like
GS2, for example, a thioesterase II like sequence motif (T) is found instead of the
elongation domain which is observed in all other modules. At the right side the structure
of the peptide products are shown. 2In the cases of SRFS2 and cyclosporin A synthetase
also N-terminal elongation domains are observed. Presumably this fact reflects a neces-
sary interaction of SRFS2 with SRFS1, an enzyme which exhibits the characteristics of an
acyl-transferase, the initiating step of surfactin biosynthesis (Menkhaus et al., 1993; Galli
et al., 1994). Because an alanine racemase acts as the key enzyme to provide D-Ala for
cyclosporin A biosynthesis (Hoffmann et al., 1995}, also in this case the interaction of the
racemase with the N-terminal region of cyclosporin synthetase can be postulated. ®Orn,
ornithine; °L-o-Aaa, L-o-aminoadipic acid; ¢ MeBmt, (4R)-4-[(E)-2-butenyl]-4-methyl-r-
threonine; ¢ Abu, o—amino butyric acid; {Sar, sarcosine; Me, N-methylated amino acid
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in the region between motif C and D (mutant gene from B. brevis Nagano BI-
3, G1768E) or a Gly—Asp exchange within motif D (E-4, G1793D). Second-
ary structure analysis of the region between motif C and D revealed that the
G1768E mutation results in the disappearance of a S-turn which is a highly
conserved structural element among adenylate-forming enzymes, whereas the
G1793D mutation should not result in any change of the 3D-structure (Saito
et al., 1995). Most probably the G1768 between motif C and D is an important
constituent for the maintenance of the 3D-structure, while G1793 should be
part of an active site functional in adenylate formation.

4.1.4 Motif E

Replacement of the cysteine residue which is highly conserved in bacterial
peptide synthetases with a serine in TY1 (C364S) resulted only in a slight
effect on the Phe dependent ATP/PP-exchange, indicating that this residue
is not essentially involved in this reaction (Gocht and Marahiel, 1994). Both
Cys—Ser and Arg—Gly site directed mutagenesis in coumarate CoA ligase
rendered the protein completely unstable after expression in E. coli cells
(Becker-Andre et al., 1991). Much more information is needed to clarify,
whether this motif is necessary for stability of the tertiary structure of the
enzyme, binding of the substrates, or catalytic activities.

4.1.5 Motif F

The highly conserved TGD-core of motif F is also observed in a family of
cation pumping ATPases forming a phosphorylated intermediate (Taylor and
Green, 1989). Affinity labeling with 2-azido-ATP (Davis et al., 1990) and site
directed mutagenesis of the yeast plasma ATPase within the TGD-core
(Portillo and Serrano, 1988) revealed that this motif is involved in ATP-
binding. Similar results are obtained by site directed mutagenesis and affinity
labeling of the peptide synthetase TY1. Replacement of Asp—>Asn or Ser
(D401N, D401S) resulted in a decrease of the adenylation reaction to 78% or
12%, respectively. For the triple mutant of TY1 (G400C, D401S, A403S) most
probably changes in the conformation of the active site are responsible for the
loss of adenylation activity (Gocht and Marahiel, 1994). After affinity labeling
of TY1 with the ATP-derivative 2-azido-ATP followed by tryptic proteolysis
of the resulting complex, a labeled active site peptide fragment could be
identified as G373-K384 supporting the proposal that motif F (R394-A403)
and its surrounding is involved in ATP binding (Pavela-Vrancic et al., 1994a).

4.1.6 Motif G

The five mutants with Gly—>Glu/Ala/Arg/Val/Trp exchanges in position 870
of the proline activating domain of GS2 (B. brevis Nagano BII-3 mutants)
show a significant or total loss of the L-Pro adenylation activity in comparison
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to the wild type enzyme (Tokita et al., 1993). Secondary structure analysis of
this enzymic region revealed that this glycine residue is a constituent of a coil
or 3-sheet structure between two a-helices. For all these replacements a lack
in this loop-structure was predicted (Tokita et al., 1993). Affinity labeling
experiments support the hypothesis that this motif is involved in ATP-bind-
ing: An active site peptide fragment of 2-azido-ATP labeled TY1 could be
identified as the W405-R416, a part of the consensus motif G (Pavela-Vrancic
et al., 1994a). FITC labeling of TY1 resulted in labeling of the highly con-
served lysine residue (K422) of motif G (Pavela-Vrancic et al., 1994b).

417 Motif H and [

The affinity labeling experiments of TY1 described above (Pavela-Vrancic et
al., 1994a/b) resulted in another 2-azido-ATP labeled active site peptide frag-
ment (L483-K494, motif H) as well as a FITC-labeled fragment with FITC
bound to position K505 (motif I) demonstrating that both motifs are involved
in nucleotide binding.

4.1.8 Summary of the structure-function relationships
within an aminoacyl-adenylation domain

In conclusion, the ATP recognition region of an amino acid activating module
includes the phosphate binding area (motif C) and the binding regions for
the adenine moiety of ATP (motifs G, H and I), whereas motif F is involved
in the ATPase activity. Specific dissection of the grsA and tycA genes and
heterologous expression in E. coli resulted in catalytically active fragments,
Specific dissection of the gramicidin S- (Stachelhaus and Marahiel, 1995b) and
tyrocidine synthetase (Dieckmann et al., 1995) encoding genes between motif
I'and J and heterologous expression of the related proteins (see Fig. 1; GS1,
1-556 and TY1, 1-534) resulted in catalytically active fragments of amino acid
activating modules which are similar in size and equipment of consensus
motifs (motif A-I) like other members of the adenylate-forming superfamily.
These fragments lacked in thioester incorporation activity, but were active in
the adenylation of their cognate amino acid (Stachelhaus and Marahiel,
1995b; Dieckmann et al., 1995).

Little is known about the enzymic region for recognition of the carboxylic
substrate. Because all members of the adenylation super-family have to recog-
nize specifically the amino- or hydroxy acid substrate which has to be
adenylated, there might be a strictly conserved positively charged residue
whithin one of the functionally not yet characterized consensus motifs A and
B. The less conserved region in close proximity to the phosphate binding loop
between motif C and D as well as D and E has been speculated to contain the
recognition elements for the carboxylic substrate side chain (Cosmina et al.,
1993). However, comparison of this region, putatively involved in Val or Leu
recognition, for example, between the bacterial surfactin synthetase and the
fungal ACV- or cyclosporin synthetase did not reveal strong sequence simi-
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larities (Cosmina et al., 1993; Stein, T. and Vater, J., unpublished), a fact that
might reflect a lower degree of conservation between enzymes of procaryotic
and eucaryotic origin.

4.1.9 Aminoacyl-adenylation of tRNA synthetases

In ribosomal peptide biosynthesis a family of 20 aminoacyl-tRNA synthetases
(aaRS) catalyze the activation of their cognate substrates in a two step process
including 1) the specific aminoacyl-adenylation similar to the nonribosomal
system, and 2) aminoacyl-esterification of the substrate to the 2’ or 3'-OH of
its cognate transfer RNA (tRNAA4) (Schimmel, 1987). Peptide bond forma-
tion is subsequently managed by the ribosomal machinery.

Amino acid sequence analysis of the 20 aaRS (Eriani et al., 1990) together
with the X-ray crystal-structures of TyrRS, Met RS, GInRS, SerRS, and
AspRS of several organisms revealed that these enzymes can be subdivided
into two different classes of 10 each, termed Class I and Class II (for recent
reviews see Schimmel, 1991; Burbaum and Schimmel, 1991; Mirande, 1991;
Moras, 1992; Carter, Jr., 1993). Two different active site architectures for ATP
dependent acyl group activation have been evolved and conserved through-
out all members of each class. The structure shared among Class I synthetases
is a central core domain which is built around a parallel 8-sheet surrounded by
a-helices with a topology first discovered in dehydrogenases by Rossmann et
al. (1974) and therefore known as the Rossmann- or dinucleotide-binding-
fold. The two highly conserved motifs HXGH and KMSK can be used as
signature sequences (Eriani et al., 1990). Although their position and distance
is not conserved within the primary structure of all members of Class 1
synthetases, they have the same site of location within the tertiary structure
of the Rossmann-fold. The two histidine residues of the HxGH-motif are
thought to interact with specific phosphates of bound ATP. The KMSK-
sequence participates also in ATP binding and possibly in docking the 3" -end
of the tRNA into the nucleotide fold. The structure of the nucleotide binding
element of Class Il synthetases is distinguished by an eight-stranded
antiparallel -sheet structure. Three signature sequences of degenerated se-
quence similarity were identified within this region (Eriani et al., 1990). It is
remarkable that none of the Class I or II aaRS signature sequences is found
within the primary sequence of peptide synthetases. Obviously the enzymatic
structures catalyzing the fundamental process of amino acid activation as
aminoacyl-adenylates within both the ribosomal and nonribosomal peptide/
protein forming systems, have evolved independently. In contradiction to the
high fidelity of the amino acid recognition of aaRS which includes hydrolysis
of misactivated aminoacyl-adenylates as well as acylated tRNA (for a review
see Schimmel and Schmidt, 1995), the aminoacyl-adenylating domains of
peptide synthetases also catalyze the activation of a series of substrate ana-
logues which were incorporated into the peptide product in vivo and in vitro
(Kleinkauf and von Déhren, 1990b; Vater, 1990).

Detailed information about the process of substrate binding and
adenylation can be obtained from the tertiary structure of the tyrosine-
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tRNA-synthetase. At the moment no tertiary structure of peptide forming
multienzymes is available and it is tempting to speculate that a similar
structure (convergent evolution) can be observed for peptide synthetases.
The structure of tyrosine-RS from E. coli, a member of Class I, is known
in the presence of tyrosine (Brick and Blow, 1987) as well as tyrosyl-
adenylate (Brick et al., 1989). Tyrosine binding of this enzyme occurs
by fixing its amino group by tetrahedrically arranged hydrogen bonds
to Asp78, Tyr169, and GInl73 which leave little flexibility for positioning
the carboxyl-group. The hydroxyl-group of tyrosine is hydrogen-bonded
to the side chains of Asp176 and Tyr34. The contribution to enzyme specificity
of Aspl76 for tyrosine versus phenylalanine cannot be estimated by site
directed mutagenesis, a method which is used for other interactions in
the active site, because mutation of this residue renders the enzyme
totally inactive. Investigation of this enzyme altered at Asnl23 and
Trp126, both residues forming hydrogen bonds with the essential Asp176,
revealed that the specificity of these mutants for tyrosine and phenylalanine
can be decreased (N123A) or increased (Q173E). Surprisingly the wild
type enzyme has not reached the maximum limit of discrimination between
both aromatic compounds (de Prat Gay, 1993). At least 7-8 amino acid
residues of TyrRS distributed within the Rossmann fold are involved in
ATP binding. However, the a-phosphate group of the nucleotide is
almost devoid of specific interactions with the synthetase with exception
of a hydrogen bond to the amide NH of Asp 38. Obviously, these
structural properties give the opportunity for nucleophilic attack of the
carboxyl-group of the tyrosine to the a-phosphate-group of the nucleotide
resulting in the highly reactive tyrosyl-adenylate intermediate. This com-
pound is stabilized by additional, specific interactions to the protein
chain (Brick et al., 1989) which prevent the hydrolysis or the release of the
intermediate before acyl-transfer to the enzymatically bound cognate tRNA
can occur.

4.2 Thioester binding domain

4.2.1 Detection of 4'-phosphopantetheine as the thioester binding site

The consensus motif J is strictly conserved within each amino acid activat-
ing module of peptide synthetases whose sequences are known so far, en-
zymes which thioesterify their cognate substrates at intrinsic thiol-groups
(Schlumbohm et al., 1991; Stein et al., 1995). This motif is not found within
other members of the adenylate-forming superfamily that transfer their acti-
vated substrates to the thiol-group of an external CoA molecule (McCabe et
al.,, 1991; Turgay et al., 1992; Dieckmann et al., 1995). The research in our
laboratory is focused on the characterization of the thioester binding sites
of gramicidin S synthetase on the molecular level. For this purpose GS1 and
GS2 were affinity labeled either with radioactive substrate amino acids
(Schlumbohm et al., 1991) or the thiol inhibitors N-ethylmaleimide (Stein et
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al., 1994), and iodoacetic acid (Stein et al., 1995). The enzyme-substrate/
inhibitor complexes were digested with cyanogen bromide or proteases
(trypsin, Staphylococcus aureus V8 protease, and pepsin) and the radioac-
tively labeled peptide fragments of the thioester binding reaction centers
were isolated in pure form by multistep reversed phase methodology
(Schlumbohm et al., 1991; Stein et al., 1994; T. Stein and J. Vater, unpub-
lished). Their amino acid sequences contain the highly conserved thioester
binding motif LGG(H/D)S(L/T), which does not contain a reactive cysteine as
postulated by the original thiotemplate hypothesis (Kleinkauf et al., 1971;
Lipmann, 1973; Laland and Zimmer, 1973; Kurahashi, 1974). However, the
(H/D)SL/I-core of motif J resembles the 4’-phosphopantetheine binding
sites of acylcarrier proteins or domains of fatty acid and polyketide synthases
with the serine residue as binding site for the Pan-cofactor (Schlumbohm
et al., 1991) implying that each module of gramicidin S synthetase is equipped
with a separate Pan-prosthetic group. To obtain experimental evidence for
the attachment of such a cofactor to the thiotemplate sites of gramicidin S
synthetase the active site peptides were investigated by FAB- and ESI-MS).
The molecular masses of the thiolation site peptide fragments of gramicidin
S synthetase are appreciably higher than the values calculated from the
grsA and grsB genes which encode GS1 and GS2, respectively (Table 2). Each
of the observed mass differences indicate a covalent substitution of the
peptide moiety with a 4’-phosphopantetheine cofactor which is alkylated
with the radiolabeled thiol inhibitor. The nature, covalent linkage and site of
location of the Pan substituent attached to the serine residue of the
thiolation motif was proven by interpretation of the fragmentation data ob-
tained from FAB-MS as well as collision induced dissociation ESI-MS.
The nature of the substituent was supported by amino acid analysis (Stein et
al., 1994). One mole of each active site peptide fragment of gramicidin S
synthetase indicated in Table 2 contained approx. 1 mole S-alanine, which
is a constituent of 4’-phosphopantetheine. These results give evidence that
each amino acid activating module of gramicidin S synthetase is equipped
with a separate 4'-phosphopantetheine prosthetic group esterified to the
active site serine of the (H/D)SL-core motif and are strong support for a
“Multiple Carrier Model” of nonribosomal peptide biosynthesis at
multienzymatic templates. The essential role of the serine residue for
binding of the Pan-cofactor was supported by site directed mutagenesis of
surfactin synthetase and TY1 and by analysing of fragments of the GS1 and
TY1 modules. Specific replacement of the serine residue by alanine in
the modules of surfactin synthetase 2 (SrfAA1, S1006A; SrfAA2, S2045A;
SrfA A3, S3073A), the first module of surfactin synthetase 3 (SrfAB1, S999A;
Vollenbroich et al, 1993 and 1994), and TY1 (S562A; Gocht and
Marahiel, 1994) resulted in a loss of the thioester binding capacity of the
mutagenized enzymes, whereas usually the substrate dependent ATP/PP;-
exchange activities were not significantly affected. Taken together, all these
experiments are strong indications for a 4'-phosphopantetheine attachment of
peptide synthetases with multiple cofactors, one within each amino acid acti-
vating module.



Table 2. A Summary of the structure analysis of the active site peptides of the
thiolation centers for phenylalanine and r-valine of gramicidin S synthetase
B 4’-Phosphopantetheine carrier domains of peptide synthetases, polyketide-, and
fatty acid synthases, as well as NodF gene products

A Molecular masg (Dalton)

Structure of the radiolabaled calculated from N measurezg by
n
Enzyme Thiotemplate site active site peptide fragments gene Pan-adduct ESI-MS

GS1 Phenylalanine DNFYALGGDSIK 3 1299.4 1698.1 1697.5
Pan-["H]CM

Gs2 L-Valine LGGHSLR R 738.0 1204.3 1204.0
Pan~- [ HINES

grsh
grsBL
grsB2
grsB3
grsBd
SrfAAl
SrfhA2
SrfAA3
srfABl
SrfAB2
SrfAB3
srfAC
acvA
acvB
acvC

- YERNGGSDGL--QDVT. .
ILRSKESNGTPDERAR. .

ACP E.co01i®

ACP yeast

ACP rape ~LIEELMORKK

ACP spinach -YIE-LLEKKA

ACP chicken ~L3SKTGTAEELKPSQVL
ACP rat EKKAVAHGDGERQR~DLVKAVAH

ACP DEBS2N EQQENLLE~LVANAVAEY

ACP DEBS3N REREHLAH-LIRAEVAA]

ACP ARS MATLLTTD- DLRRETVE

ACP GRANS MARLTLDGLRTILVA- LLD-]

ACP TCMS MPQIGLPR~-LVEIZRE LH-IVNTETAGEVA. .

NodF R.meliloti MVDQLESEIIGIZKNRVES IEMNTAEAWSD-LONVGDIVGATRGLLTKGA
NodF R.trifolii MADQLTVEIIAATKNLAQSENG s 1 IEMNTADAWSN-LKNIGDVVEAVRGLIAKEA
NodF R.legumin. MADQLTLEIISAINKIVKAENG-ERTSVALGE ITTHTELTSLGIDSLGLADVLWDEEQLYSIK IEMNTADAWSN~LNNIGDVVEAVAGLLTKEV

A *The molecular masses of the peptides were calculated from the gene derived se-
quence. " The molecular masses of the peptide-adducts were calculated as the sum of the
molecular masses of the peptide moiety, the 4’-phosphopantetheine substituent which is
covalently attached to the serine residue, and the radioactively labeled tracer bound
to the reactive thiol group of the Pan cofactor (CM, carboxy-methyl; NES, N-
ethylsuccinimido). <The molecular masses of the active site peptide fragments were
measured by electrospray mass spectrometry (ESI-MS; Stein et al., 1994).

B The gene derived sequences of the thioester binding domain of some peptide
synthetases are compared with acyl carrier proteins or domains of fatty acid-, and
polyketide synthases, as well as NodF gene products which contain the Pan binding motif.
GrsA and grsB1-4, gramicidin S synthetase 1 and domain 1-4 of gramicidin S synthetase
2 from Bacillus brevis (Turgay et al., 1992); srfA A1-3, srfAB1-3, domains 1-3 of surfactin
synthetase 2 and 3, as well as s7fAC, surfactin synthetase 4 from Bacillus subtilis (Cosmina
et al,, 1993); acvA-C, 5-(L-a-aminoadipyl)-L-cysteinyl-p-valine (ACV) synthetase from
Aspergillus nidulans (MacCabe et al., 1991); ACP, acyl carrier protein from Escherichia
coli (Vanaman et al., 1968), Saccharopolyspora erythraea (Hale et al., 1987), rape (Safford
et al., 1988), spinach (Kuo et al., 1984), chicken (Yuan et al., 1988), rat (Witkowski et al.,
1987), 6-deoxyerythronolide-B synthase 2 and 3 from Saccharopolyspora erythraea
(Bevitt et al., 1992) actinorhodin synthase from Strepromyces coelicolor A3 (Ferndndez-
Moreno et al., 1992), granaticin synthase from Sireptomyces violaceoruber (Sherman et
al., 1989), tetracenomycin synthase from Strepromyces lividans (Bibb et al., 1982); NodF
gene products of Rhizobium meliloti (Debell¢ and Sharma, 1986), trifolii (Schofield et al.,
1986), and leguminosarum (Shearman et al., 1986). ¢The amino acid sequence of the acyl
carrier protein of E. coli is shown in bold types. Its three-dimensional structure in solution
was determined by NMR (Holak et al. 1988a/b). Results of the structure analysis are
summarized in the line above: X, a-helix region; /, right, and \, left handed turn; the
residues Val® and Ala* are underlined. The short contact between Val®CeH and
Ala*NH of 0.23nm is characteristic for the 3D-structure of the acyl carrier protein.
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4.2.2 The 4'phosphopantetheine binding site
is part of an acyl carrier domain

Sequence alignment of a region comprising 80-100 amino acid residues
around the Pan binding motif of peptide synthetases with acyl carrier proteins
or domains of fatty acid and polyketide synthases, as well as NodF gene
products indicates certain sequence similarities as demonstrated in Table 2. A
secondary structure analysis of this part of peptide synthetase modules was
performed using the GARNIER and GGBSM programs (T. Stein and J.
Vater, unpublished). In each case three prominent a-helical stretches were
predicted. This structure was compared with the structure analysis of the acyl
carrier protein (ACP) of E. coli in solution determined by NMR (Holak et al.,
1988a/b). The N-terminal part of the ACP of E. coli is distinguished by a short
left handed -turn changing its direction in the core region of the Pan binding
motif, followed by an a-helical segment extending 15 amino acid residues
from the active site serine (a-helix 2, residues 37-51). It corresponds to an a-
helical region predicted for the amino acid activating modules comprising 10—
15 amino acid residues in connection to the active site serine. The two other
a-helical regions within the Pan-binding domains of peptide synthetase mod-
ules were predicted 20 amino acid residues upstream, and 25 amino acid
residues downstream the Pan binding motif, respectively. Also these helices
can be related to a-helices of the E. coli ACP (helix 1, residues 3-15 and helix
4, residues 65-75; Holak et al., 1988a/b). Obviously each amino acid activating
module of peptide forming multienzymes is equipped with a separate 4'-
phosphopantetheine carrier domain with a size of 8-10kDa which is inte-
grated between the adenylation and elongation domain of a module. Its
three-dimensional structure is homologous to acyl carrier proteins of fatty
acid and polyketide synthases.

4.2.3 The prebiotic history of 4’-phosphopantetheine

All components of 4'-phosphopantetheine, the inorganic phosphate
(Osterberg and Orgel, 1972), as well as the organic constituents pantoic acid
(pantoyl lactone; Miller and Schlesinger, 1993b), f-alanine (Miller, 1953;
Miller and Urey, 1959), cysteamine (Choughuley and Lemmon, 1966; Miller
and Schlesinger, 1993a), and pantothenic acid (the condensation product of
pantoic acid with §-alanine, Miller and Schlesinger, 1993b) are probably
prebiotic compounds. A recent report of a synthesis of pantetheine (the
condensation product of pantothenic acid with cysteamine) under prebiotic
conditions supports the proposal that pantetheine could have been a compo-
nent of the prebiotic soup (Keefe et al., 1995), and that this compound could
have played an important role in chemical evolution, in particular, as the
precursor of coenzymeA functioning as an acyl carrier and activator in very
early metabolic systems (Lipmann, 1965; de Duve, 1987, 1991). The utilization
of multiple 4’-phosphopantetheine cofactors in peptide forming multienzyme
systems for aminoacyl-thioesterification of the substrate amino acids and
transport of the peptide intermediate is consistent with the view that our
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present DNA/RNA-world is preserving reactive structures that might have
evolved in a preceding archaic thioester world (Lipmann, 1965; de Duve,
1987, 1991).

4.3 Elongation domain

The C-terminal region of the amino acid activating module with a size of 300-
400 amino acids is less conserved than the adenylation or the Pan-carrier
domain. Within this segment a series of 8 conserved sequences have been
identified (motifs K-R). Their site of location behind the Pan-carrier domain
and their appearance only in modules catalyzing elongation processes led to
the proposal that some of these motifs are involved in peptide bond formation
and domain interaction (Fuma et al., 1993; Pfeifer et al., 1995; De Crécy-
Lagard et al., 1995). Their position is strictly conserved within amino acid
activation modules, but their specific functions still need to be elucidated.
De Crécy-Lagard et al. (1995) reported that motif M (HHxxxDG) is puta-
tively involved in acyl- and peptidyl transfer reactions. This hypothesis is
supported by the observation of a similar motif in other enzymes affecting
acyl transfer such as chloramphenicol acatyltransferase and dihydrolipoamide
acyltransferase.

4.4 Epimerizing domain

Because of the significant differences of the consensus sequences N-R be-
tween epimerizing and non-epimerizing modules it has been hypothesized
that some of these structures play a crucial role in the epimerization process
(Fuma et al., 1993; Stachelhaus and Marahiel, 1995b; Stein et al., 1995; Pfeifer
et al., 1995). Truncation of gramicidin S synthetase 1 between motif M and N
results in a fragment which is catalytically active in adenylate- and thioester
formation, but devoid of the racemization activity of phenylalanine (Fig. 1;
GS1, 1-807; Stachelhaus and Marahiel, 1995b).

The wild-type gramicidin S synthetase 1, catalyzes the racemization of
phenylalanine in the thioesterified stage exhibiting the characteristics of a
racemase using a single base for the proton transfer process (Kanda et al.,
1989). This enzyme does not show any sequence homologies to other amino
acid racemases that follow the one-base pathway, like the pyridoxal-depend-
ent alanine racemases (for a review see Walsh, 1989). Therefore, gramicidin S
synthetase 1 can be classified as a prototype of amino acid racemases contain-
ing the cofactor 4’-phosphopantetheine (Stein et al., 1995) which epimerize
their thioesterified amino acid portion either in the stage of the single amino
acid (GS1, TY1; Stein et al., 1995; Stachelhaus and Marahiel, 1995b) or in the
stage of the peptide intermediate (ACV-, surfactin-, actinomycin synthetase;
Stindl and Keller, 1994; Shiau et al., 1995). Presumably one of the highly
conserved basic amino acid residues within the motifs N-R represents the
reactive element involved in the proton transfer during the epimerization
process (Stein et al., 1995) or is a constituent of an acid-base charge transfer
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system which stabilizes the negative charge of the enolic intermediate in a
similar manner as observed for mandelate racemase (Neidhart et al., 1991;
Gerlt and Gassmann, 1993; Landro et al., 1994; Babbitt et al., 1995).

4.5 N-terminal elongation domain

In the case of the interaction of individual proteins of peptide forming
multienzymes as GS1 and GS2 or the components of surfactin synthetase a
specific domain is observed at the N-terminus of the acceptor enzyme showing
homology to the elongation domains (Fuma et al., 1993; Stein and Vater,
unpublished). Presumably this structural element plays an important role in
the protein-protein interaction of the consecutive enzymes.

4.6 N-methylation domain

Certain bioactive peptides, in particular of eucaryotic origin, as the
depsipeptide enniatin and the lipopeptide cyclosporin A contain several N-
methylated amino acid residues. The related peptide synthetases catalyze the
N-methylation reaction of these residues using S-adenosyl methionine as the
methyl donor at the stage of the thioesterified amino acid (Billich and Zocher,
1987; Lawen and Zocher, 1990). Modules containing the N-methylation ac-
tivity can be considered as hybrides between normal modules and N-
methyltransferases (Haese et al., 1993). They have been classified as type II
modules (Stachelhaus and Marahiel, 1995a). Here a segment of approxi-
mately 450 amino acid residues is inserted between motif G and H of the
adenylation domain (Haese et al., 1993; Weber et al., 1994). This segment,
especially the glycine-rich motif (E/D)x(G/F)xG, shows similarities to SAM-
dependent methyltransferases specific for proteins, rRNAs and DNA (Haese
et al., 1993). The N-methylation domain is integrated into the last fourth of
the adenylation domain between motif G an H, both motifs are involved in
nucleotide binding (Tokita et al., 1993; Pavela-Vrancic et al., 1994a/b). It has
to be elucidated if the N-methylation of the substrates already occurs at the
stage of the adenylated substrate.

4.7 Thioesterase domain/protein

At the C-terminal end of bacterial peptide forming systems, like gramicidin S
or surfactin synthetase and in the case of the ACV synthetase a segment
is located replacing the elongation domain which shows similarities to
thioesterases (Alvarez et al., 1993; Cosmina et al., 1993; van Liempt et al.,
1993) and contains a GxSxG-core sequence in its reaction center. In addition,
at the 5'-end of the grs operon (Krétzschmar et al., 1989), at the 3’-end of the
srfA operon (Cosmina et al., 1993), and associated with the gene cluster
encoding the proteins involved in bialaphos biosynthesis (Raibaud et al,,
1991) structural genes are located which encode proteins with molecular
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masses of 29, 25, and 27kDa resp., showing about 30% homology among
themselves and to vertebrate thioesterase Il ezymes involved in fatty acid
biosynthesis (Kritzschmar et al., 1989). These proteins contain the GxSxG-
core, the “lipase or esterase”-consensus sequence (Brenner et al., 1988) which
has been observed in different classes of hydrolytic enzymes and are involved
in many different pathways like thioesterases and acyltransferases in the
biosynthesis of fatty acids (Babbitt et al., 1992), various polyketides (Donadio
et al., 1991; Cortes et al., 1990), and penicillin (Alvarez et al., 1993). The
function of both the thioesterase-like sequence within the last amino acid
activating module of peptide forming multienzyme systems as well as the
thioesterase-like enzymes associated with the peptide synthetase genes in the
same operons is not known. The location of such a domain at the end of a
multienzyme implies that it could catalyze a termination reaction like the
release and/or cyclization of the thioesterified peptide product (van Liempt et
al., 1993). Further biochemical and genetic analysis is neccesary to attribute
specific functions to the thioesterase domains or proteins in peptide
biosynthesis.

5. Summary and prospect

Thorough analysis of the primary structures of peptide forming multienzymes
revealed a highly conserved and ordered modular architecture. Each of the
modules is organized into specific functional domains for aminoacyl
adenylation, thioesterification, and in some cases modification (N-methy-
lation, epimerization) of its amino- or hydroxy acid substrate as well as elon-
gation of the peptide product. The adenylation domain comprising 500-600
amino acid residues is conserved within a superfamily of adenylate forming
enzymes and has been demonstrated to contain specific sites for substrate
(ATP and amino acid) recognition and activation. An acyl-carrier domain
(80-100 amino acid residues) has been identified to contain the LGG(H/D)-
S(L/T)-motif as a 4'-phosphopantetheine binding site. The thiol-group of the
cofactor represents the binding site (thiotemplate) for covalent incorporation
of the substrate amino acid and functions as an internal carrier system for the
transport of the peptide intermediate. A third domain of 300-400 amino acid
residues has been postulated to be involved in the elongation of the peptide
product. In the case of modules catalyzing the epimerization of their amino
acid portion slightly modified elongation domains have been observed. The
functional characterization of the highly conserved consensus motifs in the
hypothesized elongation domain will provide the clue to understand the pro-
cess of peptide bond formation. The existence of specific recognition elements
for the growing peptide chain within this part of a module is a possible
explanation for the unidirectional assembly of the peptide product, presum-
ably in combination with conformational changes induced during the
transpeptidation reactions. Each module of peptide synthetases catalyzing
the SAM-dependent N-methylation of their cognate substrate contains a
methyltransferase domain inserted within the last fourth of the adenylation



220 T. Stein and J. Vater

Table 3. Schematic presentation of the Multiple Carrier Model of nonribosomal
peptide biosynthesis at multienzymatic templates

1) Aminoacyi-adenylation E -Pan, SH + AA, + ATP - AA, - AMP .E - Pan, SH + PP,

2) Aminoacyl-thiolation AA, - AMP .E - Pan, SH == E - Pan, S- AA, + AMP

3) Elongation E-Pan, S-AA,-...- AA; + —_— E-Pang S~AAn; - AAp-.... - AA; +
E-Pan, S-AAuu E - Pan, SH

4) Modification
a) Epimerization E -Pan, S - L-AA, - ...~ AA; = E~Pan, S-D-AA, -....- AA;

b) N-Methylation E-Pan,S-AA,-...- AA; + AdoMet E - Pan, S - AA, (Mef) - ... - AA;

1) Aminoacyl-adenylation. The n™* amino acid activating module of a peptide synthetase
E, selects its cognate amino acid (A4,) and activates it as an aminoacyl-adenylate within
the adenylation domain. The energy for this process is provided by hydrolysis of an ATP
a-B-linkage. This activation reaction is similar to the amino acid adenylation process of
aminoacyl-tRNA synthetases in the ribosomal system.

2) Aminoacyl-thiolation. Each amino acid activating module E, is equipped with a sepa-
rate 4'-phosphopantetheine cofactor (Pan,). The substrate amino acid is thioesterified to
the sulthydryl group of the Pan carrier (Pan, SH). Such an enzyme-substrate complex is
characteristic for the non-ribosomal peptide forming system.

3) Elongation. The elongation of the growing peptide chain is performed in a series of
transpeptidation steps by the interplay of the Pan cofactors which act as an internal
transport system for the growing peptide intermediate.

4) Modification. Possible modifications of the substrates, like @) epimerization or b) N-
methylation are performed in the thioester-bound stage of the peptide intermediate.

domain. The schematic presentation for all possible reactions catalyzed by an
amino acid activating module of peptide synthetases considering the “Multi-
ple Carrier Model” of nonribosomal peptide biosynthesis is given in Table 3.

Microorganisms have evolved a vast number of gene structures coding for
a great variety of homologous amino- and hydroxy acid activating modules
representing the genetic code for nonribosomal peptide biosynthesis. The
recently reported rational design and the production of peptide antibiotics by
targeted replacement of bacterial and fungal amino acid activating modules
(Stachelhaus et al., 1995) demonstrate that these functional units can act as
independent enzymes and are interchangable between different organisms.
Also the biosynthesis of several novel polyketides by recombinant assembly
of multifunctional polyketide synthase subunits has been reported (McDaniel
et al., 1993, 1995; Cortes et al., 1995). An attractive challenge for the future
will be the extensive programmed recombination of such cellular factories for
the biotechnological production of bioactive molecules with novel and poten-
tially useful properties.
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