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The tripeptide &-(L-o-aminoadipyl)-L-cysteinyl-D-valine (ACV) was discovered by
ARNSTEIN and MORRIS in Penicillium chrysogenum and ABRAHAM and coworkers in
Acremonium chrysogenum. Other analogous tripeptides and tetrapeptides were later reported in
these and other S-lactam producing fungi and actinomycetes. The ACV tripeptide is synthesized
by a large non-ribosomal peptide synthetase named ACV synthetase encoded by the 11kb
pcbAB gene. This gene has been cloned from the DNA of four different filamentous fungi and
two actinomycetes. Detailed analysis of the multifunctional ACV synthetases reveals that they
consist of three repeated modules (initially named domains) involved in activation of the
corresponding amino acids L-o-aminoadipic acid, L-cysteine and L-valine. Each module
consists of functional domains for amino acid activation (A), condensation (C) and thiolation
(T). In addition the last module of the ACV synthetase contains an epimerization domain (E)
involved in conversion of the L-valine to its D-isomer when the tripeptide is still enzyme linked.
There are seven epimerization motifs conserved in the third module of all ACV synthetases. In
addition, there is an integrated thioesterase domain in- the C-terminal region of the ACV
synthetases that appears to be involved in the selective release of the tripeptide with the correct
LLD configuration. The structure of the ACV synthetase is similar to that of other modular
non-ribosomal peptide synthetases of bacterial and fungal origin. This molecular knowledge
opens the way for engineering novel tripeptide synthetases that may result in new bioactive

compounds.
ABRAHAM and coworkers at Oxford were the first to of the tripeptide ACV>®. This tripeptide was shown to have
establish solid basis to understand the biosynthesis of the configuration J-(L-@-aminoadipyl-L-cysteinyl-D-
B-lactam antibiotics in fungi'?. They elucidated the role valine”.

of the tripeptide «-aminoadipyl-cysteinyl-valine (ACV)
discovered initially by ARNSTEIN and MOoRrris® in the

biosynthesis of -lactams*.

I. Peptides Analogous to ACV
Following initial studies on precursor incorporation into

penicillin, ARNSTEIN and coworkers observed the formation Soon after the discovery of the ACV tripeptide (named

Dedicated to the memory of Sir EDWARD ABRAHAM.
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found in P
chrysogenum, Cephalosporium  acremonium (renamed

P1) other analogous peptides were

Acremonium chrysogenum) and Paecilomyces persicinus.
NEeuss and coworkers® described three other peptides in

P, chrysogenum with the structures:

P2 ¢-aminoadipyl-alanyl-valine
P3 ¢a-aminoadipyl-serinyl-valine
P4 g-aminoadipyl-serinyl-isodehydrovaline

The formation of these peptides may be explained on the
basis of the low substrate specificity of the non-ribosomal
peptide synthetase although post-synthetic modifications of
some amino acids by “tailoring” enzymes can not be
excluded (see below). Later, AVANZINI and coworkers”'?
reported the presence of a peptide formed by a-aminoadipic
and valine but not cysteine in several strains of P
chrysogenum. It is unclear how this dipeptide may be
formed; the authors suggested that it may be synthesized by
a different enzyme system following the release of o-
aminoadipic acid from isopenicillin N after cleavage by the
isopenicillin N acyltransferase.

A mixture of ACV related peptides was found in the
mycelium of Acremonium chrysogenum. The major
component (A1) of the mixture was identified as ACV'"?
but two minor components were tetrapeptides, one (A2)
containing o-aminoadipic acid, cysteine, valine and glycine
and the second one (A3) containing a SB-hydroxyvaline
residue in place of valine!"'?.
and Pisano'  identified two

tetrapeptides in addition to the standard tripeptide in the

Later ENRIQUEZ

cephalosporin  producer Paecilomyces persicinus (PP

peptides).

PPl §-(-aminoadipyl)-cysteinyl-valine

PP2 Glycyl-6-(a-aminoadipyl)-cysteinyl-
B-hydroxyvaline

PP3 Glycyl-6-(x-aminoadipyl)-cysteinyl-valine

The P persicinus peptides seem to be identical to those
of A. chrysogenum. The PP1 tripeptide corresponds to the
ACV tripeptide and the PP2 and PP3 tetrapeptides appear
to be identical to the A3 and A2 peptides of A.
chrysogenum, respectively, although the exact sequence of
amino acids in the 4. chrysogenum tetrapeptides have not

been reported. ENRIQUEZ and Pisano'?

proposed that
glycyl-ACV may be the real precursor for cephalosporin
biosynthesis but this hypothesis has not been substantiated
further.

It is interesting that a significant proportion of the ACV
tripeptide is secreted to the culture broth. This observation

was made initially by ADRIAENS et al.'® and confirmed in
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our laboratory using P, chrysogenum strains of low and high
penicillin producing ability'®. Since the ACV tripeptide is
not taken back into the cytoplasm'¥, the role of the
tripeptide in the broth is probably not related to penicillin
biosynthesis and it may serve as chemical signals for

intercellular communication (pheromones).

II. o-Aminoadipyl-cysteinyl-valine Synthetase:
The First Enzyme of the S-Lactam
Biosynthetic Pathway

Penicillins, cephalosporins and cephamycins are j3-
lactam antibiotics formed by condensation of L-o-
aminoadipic acid (an intermediate of the lysine biosynthetic
pathway in fungi), L-cysteine and L-valine. The three
L-amino acids are activated and linked together to form the
tripeptide  8-(L-a-aminoadipyl)-L-cysteinyl-D-valine. The
L-valine molecule is epimerized to the D-configuration
during formation of the tripeptide (Fig. 1). Biosynthesis of
the ACV tripeptide was initially thought to proceed in two
steps forming first the dipeptide AC and then the tripeptide
ACV'9. This led to the proposal of two loci pchA and pcbB
for the putative genes encoding these enzymes'”.

Later evidence indicated that formation of the ACV
tripeptide is catalyzed by a single enzyme named ACV
synthetase, which requires ATP (i.e. it is a true synthetase)
and Mg”" ions'®'). Since formation of ACV is the first step
committing the amino acids to the B-lactam biosynthetic
pathway, the role of ACV synthetase is of great interest.
Recently it has been reported that ACV synthetase activity
is limiting for penicillin biosynthesis in wild type
Aspergillus nidulans strains®®.

Cell-free systems catalyzing ACV synthesis were first
described using extracts of A. chrysogenum®"** and S.
clavuligerus®®. The multifunctional ACV synthetase was
purified from Aspergillus nidulans®®, A. chrysogenum®"*>
and S. clavuligerus®™**%. The molecular weight of the 4.
nidulans enzyme was originally reported to be 220 kDa, but
recent data based on analysis of the cloned gene indicates
that its molecular weight is about 400kDa. For the 4.
chrysogenum enzyme ZHANG and DEMAIN reported that the
native enzyme is a dimer of about 800 kDa composed of
two identical subunits®’. The S. clavuligerus ACV
synthetase appears to be a monomer of about 350 to
400kDa*” although these values do not agree with those
reported by JENSEN?® and BALDWIN®. The discrepancies
appear to be due to the lack of appropriate size markers for
the SDS-PAGE of these large proteins.

The tripeptide ACV in a second step, is oxidatively



1010 THE JOURNAL OF ANTIBIOTICS

Fig. 1. Organization of domains of the ACV synthetases and model of elongation of the tripeptide chain.
a-AAA, cys and val indicate the three repeated modules of the ACV synthetases.

a-AAA Cys Val THIO

<:H -g
H:N<cooH

The three classical amino acid activating domains (see text) are now designated as modules and subdivided into
functional domains. THIO corresponds to the thioesterase domain downstream of the Val module. A, activation
domains; C, condensation domains; T, thiolation domains; E, epimerase domain (occurs only in the valine module);
R, Release (thioesterase) domain. Note that elongation of the growing tripeptide chain takes place by activation and
transfer of the amino acid to the thiol group of the phosphopantetheine arm linked to the T domain of each module.
Epimerization of the L- to the D-valine appears to occur in the tripeptide chain attached to the enzyme (see text).

cyclized by removal of four hydrogen atoms to form the
p-lactam-thiazolidine nucleus of isopenicillin N which is III.  Substrate Specificity of the ACV Synthetases

later converted into penicillins containing phenylacetic

OCT. 2000

acid, phenoxyacetic acid or other hydrophobic side
chains [reviewed by DEMAIN®, MaRrTIN and Liras?”,
and AHARONOWTIZ et al?®]. Further “late” modifications

convert isopenicillin N into either cephalosporins or.

cephamycins®”.

Studies on the substrate specificity of the
synthetases were hampered by the difficulty to obtain pure
preparations due to its large size and by its
instability'>'3223% The ACV synthetases can be partially
stabilized with glycerol'®*'*? allowing partial purification

of the enzyme.
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Table 1. In vitro replacement of substrate amino acids by analogues using different ACV synthetases.

Source of ACV synthetase Normal substrates Other amino acids used as substrates ~ References
A. chrysogenum L-a-AAA replaced by  L-S-Carboxymethylcysteine 31,35
L-Glutamate (very low activity)
L-Cysteine L-Allylglycine 35
L-Vinylglycine
DL-O-Methylserine
L-S-Methylcysteine
L-Valine L-allo-Isoleucine 31, 35
L-a-Aminobutyrate
S. clavuligerus L-a-AAA L-S-Carboxymethylcysteine 33,34
L-Valine L-allo-Isoleucine 33,34
L-o-Aminobutyrate
L-Norvaline
L-Allylglycine
L-Cysteine L-Homocysteine 33,34
S-Methyl-L-cysteine
A.lactamdurans (formerly N. lactamdurans) L-o-Aminoadipic acid ~ 6-Oxopiperioline-2-carboxylic acid 36

L-Cysteine

L-Cystathionine

The crude ACV synthetase from 4. chrysogenum
showed some degree of substrate unspecificity. L-
Carboxymethylcysteine could replace L-o-aminoadipic
acid but L-aspartate, adipate or phenylacetate could not.
Similarly, L-valine was replaced by L-allo-isoleucine and
a-aminobutyrate but not by D-valine, L-isoleucine or
glycine (Table 1). Similar results on substrate specificity
were observed with the ACV synthetase of S
clavuligerus®>>*? (Table 1).

This relative lack of substrate specificity of the ACV
synthetase was later confirmed by BALDWIN and
co-workers®. Using the A. chrysogenum enzyme, these
authors found that the S-carboxymethylcysteine was an
effective substitute for a-aminoadipate and both allylglycine
and vinylglycine could substitute for cysteine showing that
the thiol group of cysteine is not essential for peptide
formation. Similarly, L-alloisoleucine but not L-isoleucine
substituted effectively for valine. The structure of the
alternative peptide products was confirmed by NMR and
electrospray-ionization mass spectrometry.

Similarly, the purified ACV synthetase of Nocardia
lactamdurans can use 6-oxopiperidine 2-carboxylic acid
(cyclic form of o-aminoadipic acid) or cystathionine in

place of a-aminoadipic acid or cysteine, respectively®.

IV. The pchAB Gene Encodes ACV Synthetase

The P chrysogenum pcbAB gene that encodes ACV
synthetase was first cloned by Diez er al®” and
simultaneously by TURNER and coworkers®®. Both groups
provided evidence showing that the pchAB is an unusually
large gene (11,376 nucleotides) encoding a protein of 3,792
amino acids with a deduced molecular mass of 425,971.
The cloned pchAB gene complements a non-producer
mutant P chrysogenum npeS5 defective in  ACV
synthetase®”.

Soon after the P chrysogenum pcbAB gene was reported,
the pcbAB of Acremonium chrysogénum was also cloned
by hybridization with probes internal to the Penicillium
gene®. A 15.6kb DNA fragment was shown (o
complement the P chrysogenum npe5S mutant that is
defective in ACV synthetase. The A. chrysogenum pchAB
gene contained 11,136 nt encoding a protein of 3,712 amino
acids with a deduced molecular weight of 414,791 Da.
Similarly, the ACV synthetase gene of 4. nidulans (named
acvA) was cloned by MCCABE et al.*" and MONTENEGRO et
al™. The pchAB has also been found recently in

Penicillium nalgiovense™ (LaicH, F. & J. F. MARTIN,
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unpublished data).
Genes encoding ACV synthetases were also cloned from

the cephamycin  producing actinomycetes ~ N.
lactamdurans*®  (recently — renamed  Amycolatopsis
lactamdurans)®™ and S, clavuligerus*®*?. The A.

lactamdurans pcbAB gene encodes a protein of 3,694
amino acid with a molecular weight of 404,134 Da. In S.
clavuligerus the sequence of only a 712bp of the 3" end of
the ORF is known*®. In all fungi the pchAB gene is
expressed in opposite orientation to the pcbC gene
(encoding isopenicillin N synthase), the second gene of the
penicillin and cephalosporin pathway whereas in bacteria
the pchbAB gene is arranged in the same orientation as the
pcbC gene™.

In spite of its large size, the fungal pcbAB genes lack
introns. The lack of introns suggests that the ACV
synthetase gene is of bacterial origin and it has been
transferred horizontally to filamentous fungi*®’. Both the
fungal and bacterial genes share a high degree of homology.
The three fungal pchAB genes are 71% identical, whereas
the bacterial genes show about 48% identical amino acids
with the fungal genes. Since the similarity between fungal
and bacterial pcbAB genes is much higher than that
expected on the basis of the separate evolution of
procaryotic and eucaryotic microorganisms, this similarity
further supports the hypothesis of the horizontal transfer of

these genes in soil?**4),

V. Involvement of the pchAB Gene in
B-Lactam Biosynthesis: Evidence
for a Single Copy of This Gene

The involvement of the pchAB gene in penicillin
biosynthesis was established by gene disruption studies.
Disruption of the pchAB gene of 4. chrysogenum™ and A.
nidulans®® led to the loss of ACV synthetase and
cephalosporin or penicillin production ability, respectively.
These results unequivocally indicate that formation of ACV
is required for penicillin or cephalosporin biosynthesis.
Hybridization studies of total DNA of P chrysogenum and
A. chrysogenum with probes internal to the pchAB gene
indicated that there is a single set of the penicillin®" or
cephalosporin (GUTIERREZ, S. & J. F. MARTIN, unpublished)
gene cluster in wild type: strains of these fungi. High
penicillin producing strains contain multiple copies of the

pchbAB-pebC-penDE cluster reiterated in tandem®?.

OCT. 2000

VI. Are the Cephalosporin Tetrapeptides Formed
by the ACV Synthetase?
o-Aminoadipic  acid - containing  tetrapeptides  are
synthesized in 4. chrysogenum and P, persicinus but not in
P chrysogenum. 1t is unclear if the tetrapeptides are
synthesized by the ACV synthetase itself although it seems
unlikely since the tripeptide synthetase only contains three
amino acid-activating modules. No studies have been
performed on the presence or absence of the tetrapeptides

in A. chrysogenum mutants disrupted in the pcbAB gene.

Hybridization studies excluded the possibility of a
second peptide synthetase (forming the a-aminoadipic acid
containing tetrapeptides) similar to the ACV synthetase
since a single hybridizing band was observed in
hybridizations of total DNA with a probe internal to the
pchAB  gene. A possible explanation is that the
tetrapeptides are formed by a glycine activating single-
module enzyme that might be able to transfer the activated
glycine into the ACV tripeptide formed by the ACV
synthetase.

VII. Domains in Peptide Synthetases

The non-ribosomal peptide synthases constitute a group
of biosynthetic enzymes of great interest because they
catalyze a novel route of peptide bond formation
independent of ribosomes> ™%, '

Domains similar to those of the ACV synthetase have
been found in a large number of enzymes that activate their
substrate amino acids as aminoacyl-adenylates, and bind
the amino acids covalently as thioesters (Fig. 2). This group
includes all peptide synthetases of diverse origins. A region
homologous to the repeated domains of ACV synthetases
was also found in enzymes not involved in peptide
synthesis that activate their substrates with ATP including
among others 1) the a-aminoadipate reductase (LYS2 gene)
of Saccharomyces cerevisiae, P chrysogenum®” and A.

%) which activates a-aminoadipate with ATP

chrysogenum
for reduction to the a-aminoadipic semialdehyde, ii) the
EntE protein involved in enterobactin synthesis in E. coli,
which activate 2,3-dihydroxybenzoate, iii) the acetyl-CoA
synthetases of A. nidulans and Neurospora crassa and iv)
the 4-coumaryl-CoA ligase of parsley and the p-
aminobenzoyl-CoA ligase of S griseds involved in
candicidin biosynthesis’”. These acyl-activating enzymes
have a conserved domain of about 550 amino acids (shorter
than the 1,000 amino acid domains of peptide synthetases)
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Fig. 2. Conserved motifs in the modules of acyl-adenylating ehzymes (type A), a-aminoadipate reductase of
the lysine pathway (type L) and non-ribosomal peptide synthetases (type B1, B2 and M).

Adenylate domain

B1 [

B2

Acyl carrier domain

Reduction domain

A 1 "
fo::%:.t‘e ATP binding Condensation
Substrate COA binding ? Pantetheine domain
selection attachment
N-Methyltransferase

Adenylation JA: L(T/S)YxEL

B: LKAGXAYL(VIL)P(LID

C: LAYXxXYTSG(S/T)TGXxPKGFDxS
D: IVNXYGPTE

E: GELxIxGxG(V/L)ARGYL
FY(R/IK)TGDL

G: GRxDxQVKIRGXRIELGEIE

H: LPxYM(/V)P

1: NGK(VIL)DR

Thiolation lJ: DxFFxxLGG(H/D)S(LN)
Thioesterase IThio: G(H/Y)SxG

B2 modules are longer than Bl and contain epimerization motifs. Type M modules contain a 50kDa
methyltransferase domain inserted between motifs G and H (see text).

(Fig. 2).

All these enzymes have in common their ability to
activate the carboxyl group of the corresponding substrate
through formation of acyladenylates. MAaRAHIEL and
coworkers have proposed the designation of the adenylate-
superfamily for this group of

forming  enzyme

enzymes® %2,

The relationship between peptide-synthetases and acyl-
CoA ligases is intringuing. Peptidyl macrolactones such as
rapamycin or FK-506 originate from both carboxylic acids

) Some of the peptide

and amino- or imino acids
synthetase combine subunits activating amino acids with
other that activate organic acid. One of the domains (EA) of
enniantin synthetase is involved in activation of the D-
hydroxyisovaleric (D-HIV) acid which only requires

adenylation whereas the EB domains activate the branched

chain amino acid (L-valine and L-isoleucine) forming its N-
methylderivative and catalyze the formation of the peptide
bond®?.

One interesting finding is that the size of the peptide
synthetases is directly proportional to the number of
domains, which in turn is identical to the number of amine
acids that are activated. Gramicidin synthetase 1 (GS1) and
tyrocidine synthetase 1 (TY1) with sizes of 126 and
120kDa activate a single amino acid; enniantin synthetase
which activates two residues has a molecular weight of
347kDa; ACV synthetase and tyrocidine synthetase 2
(TY2) which activate three amino acids have molecular
weights of 404 to 425 kDa; gramicidin synthetase 2 (GS2)
which activates four amino acids shows a molecular weight
of 562kDa and cyclosporin synthetase which activates
11 amino acids has a calculated molecular weight of
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1689 kDa®.

However not all peptide synthases have all amino acid-
activating domains in a single polypeptide. Fungal peptide
synthetase are more Integrated than their bacterial
counterparts. So far, the most complex fungal peptide
synthetase is the cyclosporin synthetase that activates 11
amino acids and is a 1.69 million Da protein®. The largest
known prokaryotic enzyme is the lysobactin synthetase
from Lysobacter sp. that activates and adds 8 amino acids
to a tripeptide precursor, and has an estimated size of 1
million Da®®. It is not known why multifunctional peptide
synthetases are sometimes encoded by a single gene
resulting in a large multimodular protein and sometimes
(e.g. lysobactin) are encoded by two genes forming two
peptide synthetases that interact between them.

VIII. Colinearity Between Peptide Synthetase
Modules and the Order of Amino Acids
in the Non-ribosomal Peptides

More and more genes encoding peptide synthetases are
being sequenced every year. Initial studies on three tryptic
fragments of the gramicidin synthetase GS2 which
specifically activate proline, ornithine and leucine
established the basis of the colinearity rule. The
biochemical evidence available indicates that modules 1, 3
and 4 of GS2 activate proline, ornithine and leucine,
respectively. The remaining-domain contains the site for
valine activation®. These results indicate that there is a
functional colinearity between the modules in the GS2
protein as deduced from the nucleotide sequence and the
order of the amino acids incorporated into gramicidin S.

The largest peptide synthetase cloned so far, the
cyclosporin synthetase, contains 11 modules that also
appear to adjust to the principle of functional colinearity®.
There are two types of modules in the cyclosporin
synthetase. Type I is very similar to the standard modules
(about 1000aa) found in other multifunctional peptide
" synthetases. Type Il is larger than the first and include a
450 amino acid stretch that corresponds to a region
involved in S-adenosylmethionine binding as defined
labeling with  S-
adenosylmethionine after endoproteolytic digestion (Fig.

experimentally by  photoaffinity

2). There are four type I and seven type 11 modules in the
cyclosporin synthetase. The order of the eleven type I and
type II modules (without or with the methyltransferase
activity, respectively) corresponds exactly with the order of
amino acids in

non-methylated and methylated

cyclosporin®).

OCT. 2000

IX. Amino Acid Condensation in ACV:
a Revised Mechanism of Peptide Chain Elongation

The thiol template mechanism for the synthesis of ACV
postulates that the first condensation step leads to the
formation of the peptide bond between the §-carboxyl of
L-a-aminoadipic acid and the amino group of L-cysteine
prior to the formation of the bond between L-cysteine and
L-valine. However this mechanism has been disputed by
SHiau and coworkers®”®® who observed that purified
preparations of the ACV synthetase form two
diasteroisomeric dipeptides, L-(O-methylserinyl)-L-valine
and L-(O-methylserinyl)-D-valine when the enzyme was
incubated with o-aminoadipate, L-valine and the cysteine

60 Later the same authors

analogue L-O-methylserine
reported the isolation of the dipeptide a-cysteinyl-D-valine
from incubations of ACV synthetase with L-cysteine and 1-
valine. Formation of the L-cysteinyl-D-valine dipeptide was
significantly enhanced in the presence of L-glutamate,
apparently due to inteference of L-glutamate with the o-
aminoadipate activation and condensation steps. The
efficient formation of the dipeptide L-cysteinyl-D-valine
under these conditions suggests that epimerization of the 1.-
valine takes place at the enzyme-bound dipeptide stage.
Suiau and coworkers®” concluded that the peptide bond
between a-aminoadipate and cysteine is formed after the -
cysteine-D-valine is synthesized and that thioesterification
of valine is not obligatory for peptide bond formation. They
proposed a revised mechanism of peptide chain elongation
in which formation of the ACV starts with the condensation
of L-cysteine and L-valine® ™%, This result is consistent
with the reported utilization of cystathionine (S-[2-amino-
2-carboxyethyl]homocysteine) by the ACV synthetase of N.
lactamdurans to form ACV3®,

X. Specific Motifs and Structural Organization
of the Amino Acid Activating Modules
of ACV Synthetases

When the ACV synthetases were compared with other
peptide synthetases, and with other members of the
adenylate-forming enzyme superfamily, several highly
conserved amino acid sequences were found™. These are
named boxes A, B, C, D, E, F, G, H, I and J (Fig. 2). Boxes
A to J correspond to the sequences of greater similarity
between all peptide synthetases. Motifs A, C, D, E, E, G, H
and I were present in all the acyladenylate-forming
enzymes and, therefore, seem to be involved in nucleotide
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Fig. 3. Conserved motifs E1 to E7 in the epimerization domain (E) of the third (Val) module of the ACV
synthetases of P chrysogenum, A. chrysogenum, N. lactamdurans and A. nidulans as compared to the
GrsA (GSI) and the SrfA modules of B. subtilis and the HC toxin synthetase of C. carbonum.

Domain E1 Domain E2 Domain E3

3122 3127 3347

chrysogenum ACVS
chrysogenum ACVS
lactamdurans ACVS
nidulans ACVS
subtilis GrsaA
subtilis SrfA
carbonum HC TS

223354

EI

QRPa=>

b
DI
D
D

Consensus DxLILxAXG

Domain E4 Domain E6 Domain E7

3371 3429 3444 3448

chrysogenum ACVS
chrysogenum ACVS
lactamdurans ACVS
nidulans ACVS
subtilis GrshA
subtilis SrfA
carbonum HC TS

OBH»2 >

EGHGRE RTVGWFTxxYP

....... PxxGxGYG

FNYLG

Consensus

The consensus sequence was proposed by MARAHIEL et af.°V. Identical amino acids in all microorganisms are in
reverse type, and other amino acids conserved with respect to the consensus are shaded. The amino acid numbers (in
superscript) correspond to the P chrysogenum ACV synthetase.
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and carboxylic acid binding to form the acyladenylate.

The J-box (initially know as W box)™” is present only in
the domains of peptide . synthetases and in the o-
aminoadipate reductase (Lys2)**® but not in other
adenylate-forming enzymes that do not form peptide bonds.
This J-box corresponds to the sequence of a peptide
fragment of GS2 containing covalently attached valine
isolated after charging the enzyme with this amino acid.
This site may, therefore, correspond to the active center for
late stages of activation of the amino acid, i.e. the site of
formation of the activated ester from which the peptide
bond is made. _

Each module of the ACV synthetase corresponds to
about 1,000 amino acids. Most of the conserved amino
acid sequences are clustered in a 600 amino acid region,
but the active fragments of the GS2 that are able to activate
proline, leucine and ornithine have molecular weights of
110~120kDa that corresponds to 1,000~1,100 amino
acids. This implies that the regions downstream from the
J-box are also important for functionality of the peptide
synthetase modules®".

The third module (type B2) of the ACV synthetases

(Fig. 2) is longer than the first two (type B1) and contains
two additional conserved boxes. This region corresponds to
the epimerization region of the valine module of ACV
synthetases.

Proper characterization of the size and limits of each
domain is of extreme interest for peptide synthetase

engineering’' ™7,

The Aminoacyl-adenylate Forming Region

Many different enzymes that activate their substrates
with ATP as aminoacyl-adenylates have been compared.
The sequence SG(S/T)TGXPKG (box C) resembles the
glycine-rich loops involved in ATP-binding. The conserved
sequence Y(K/R)TGDL (so called TGD box or box F in
Fig. 2) is conserved in an extense family of ATPases. This
TGD sequence appears to serve as a pocket for binding the
ATP nucleotide involved in amino acid activation. In vitro
directed mutation of the SGTTGXPKG motif (box C) and
the TGD motif of the tyrocidine synthetase resulted in a
considerable decrease of enzyme activity, particularly in the
mutations altering the lysine of box C and the aspartic acid
of the TGD box, what indicates that these two motifs
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are important for amino acid activation as aminoacyl-
adenylates (regions named A in Fig. [). Further support for
this- hypothesis has been provided by identifying the
sequence of a GS2 mutant that is deficient in proline
activation. This mutation altered the glycine of the TGD
motif of the proline-activating domain. The consensus
motifs of adenylation domains serve for identification of
novel amino acid-activating domains in sequences deduced
from genome analysis’.

Recently, a peptide corresponding to the adenylation
domain of gramicidin synthetase 1 overexpressed in E. coli
has been crystallized and the 3D structure resolved at the
1.9 A7 The 3D structure of this domain is similar to the
structure of the acyl-CoA-forming luciferase and it is likely
that the 3D structure is similar in all aminoacyl- and acyl-

adenylate forming enzymes.

Panthetheine-binding Sequences

The stability of the peptide synthetase-substrate
complexes at acidic pH but not in alkaline pH and the rapid
hydrolysis with peroxyacids led to the conclusion that the
amino acids are activated as thioesters. SCHLUMBOHM and
coworkers”” identified the valine (or leucine) binding
sequences of the GS2 that contained the sequence LGGHS
that correspond to the J box region. This amino acid-
binding motif does not contain a cysteine (instead it shows
a serine) and there are no conserved cysteines in this region
of the peptide synthetases. It seems, therefore, that this
sequence binds a thiol-containing phosphopantetheine that
may in turn form the thioester with the activated amino
acid. This model is very likely to be functional in vivo since
pantetheine has been found to be present in ACV
synthetase?” and other peptide synthetases™. Moreover the
LGG(H/D)S motif (box J) is present in all the domains of
peptide synthetases which are able to form thioester bonds,
but it is absent in adenylate-forming enzymes which are
unable to form thioesters. The LGG(H/D)S sequence is
known to be a consensus motif of phosphopanteheine-
binding in the acylcarrier proteins (ACP) of the fatty acid
synthetases and in the polyketide synthetases of a variety of
secondary metabolites’.

If there is a pantetheine binding site in each domain (i.e.
3 molecules in the ACV synthetases), the content of this
vitamin should be higher than previously reported for
different ACV synthetases (0.95 to 1 moles per mole of
protein)®?.
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An Acyl-carrier (Thiolation) Region in Each Peptide
Synthetase Module

Alignment of the E. coli acyl-carrier protein with the
modules of the ACV synthetases showed that the homology
could be extended for 80~100 amino acids on both sides
of the J box for the entire length of the ACP. The
tridimensional structure of the ACP protein of E. coli has

been determined; it is formed by four o-helices connected
by turns. The pantetheine binding site (Ser 36) is located in
one of the turns that binds two of the central a-helices. An
analysis of the predicted secondary structure of the three
ACV synthetase modules around the LGG(H/D)S motif (J
box) shows the presence of two amphipatic ¢-helices on
both sides of a turn formed by the LGGXS motif. These
observations indicate that an “ACP region” or thiolation
region (T in Fig. 1) is integrated within each module of
the peptide synthetases, as occurs also in polyketide

synthases®”.

An Epimerase Motif at the End of the Third Module of
ACYV Synthetases

Many non-ribosomally synthesized peptides contain D-
amino acids®>**” The C-terminal region of the ACV
of P
chrysogenum and A. lactamdurans located after the end of

synthetases chrysogenum, A. nidulans, A.
the third module shows high similarity with the
homologous regions of GS1 and TY1 and the third module
of the surfactin synthetase 1. Since all those peptide
antibiotics contain a D-amino acid in its carboxyl terminal
region (D-Phe in gramicidin and tyrocidine; D-leu "in
surfactin) it was proposed that an epimerization domain of
about 365 amino acids is located in this region®"®?.
Epimerization domains of several non-ribosomal peptide
synthetases are now known and all contain characteristic
signature sequences. The involvement of a basic amino acid
in these motifs as a proton donor/acceptor during
racemization of phenylalanine has been proposed®®. These
motifs have been found in the V module of ACV
synthetases (Fig. 3) and in a HC-toxin synthetase domain
epimerizing L-Pro to p-Pro®. It is important to note that
the homologous sequences in the A and C modules of the
ACV synthetase do not adjust or very poorly to the
consensus epimerase signatures. Further biochemical
analysis of these epimerization motifs are required to
confirm that they constitute an authentic catalytic site for
amino acid epimerization.

On the other hand, ‘the D-alanine component of
cyclosporin is provided by a distinct alanine racemase that
may interact with the peptide synthetase®”. The HC-toxin

producer Cochliobolus carbonum contains an alanine
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racemase involved in the conversion of L- to D-alanine

separated from the HC-toxin synthetase®. Thus, in this
filamentous fungus there is an epimerization domain

converting L- to D-proline and a separate alanine racemase.

Condensation Domains

Accumulative sequence information from different
peptide synthetases suggest that the so-called condensing
domains (C in Fig. 1) are responsible for the condensation
of two activated amino acids on adjacent modules, i.e. it

8)  No biochemical

catalyzes the elongation reaction
evidence is available, however, to support this hypothesis.
The condensation domain is about 450 amino acids in
length. Its location in the multifunctional peptide
synthetases follows two simple rules: i) It is always present
between two adjacent activating units located on the same
polypeptide, as it is the case with the ACV synthetase; ii)
when the two consecutive activating domains are located on
separate synthetases, the C domain is found at the N-

terminus of the amino acid-accepting synthetase®".

Release of Enzyme Bound Peptides: Involvement of a

Thioesterase

With the exception of ACV synthetases and linear
peptide synthetases, most other peptide synthetases do not
release a peptide with a free terminal carboxyl group.
Usually, the carboxyl group of the last amino acid that is
bound to the enzyme as a thioester is transferred to the
amino group of the same or a different peptide chain giving
cyclic peptides (e.g. gramicidin S, tyrocidine, cyclosporin)
or to a terminal or side-chain hydroxyl group (e.g. in the
cyclodepsipeptides). In some linear peptides the terminal
carboxyl group is released by aminolysis. In the
biosynthesis of ACV the carboxyl group is released in the
free form.

The carboxyl terminal region of the ACV synthetases of
P chrysogenum, A. nidulans, A. chrysogenum, A.
lactamdurans (and also the known C-terminal region of the
S, clavuligerus enzyme) shows a motif GXSXG
homologous to the amino acid sequence of the active site of
the oleoyl-ACP hydrolase (thioesterase 1) of vertebrate fatty
acid synthetases (THIO box)*’*”. A region of about 230
amino acids of the ACV synthetases extending from the
THIO box to the C-terminus of the protein (R in Fig. 1)
shows high similarity to the 29 kDa GrsT protein (a putative
thioesterase) of the gramicidin S operon and to the srfn-TE
gene of the surfactin cluster supporting the hypothesis that
the THIO region might be functional in the hydrolysis of
the thioester bond of the enzyme-bound ACV tripeptide.

Recently the catalytic SHD of the active site of the
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142kDa Ent-F module of the enterobactin synthetase has

been mutated in vitro. Results established that the THIO
box of EntF is both a cyclotrimerizing lactone synthetase
(forming the trilactone enterobactin) and an elongation

8)  The thicesterase

catalyst for ester bond formation
domain of the ACV synthetase has also been modified®”.
Unexpecteadly, the mutant ACV synthetase showed only a
50% reduction of the peptide formation rate, with the
stereoisomer LLL-ACV as the dominating product. In
summary, the THIO motif may be involved in the control of
tripeptide epimerization by selection of the isomer to be

released, and in the liberation of the final peptide.

XI. Future Qutlook

A long path has been walked since the initial discovery
of the ACV tripeptide by ARNSTEIN and MoORRIs® and
LobEr and ABRAHAM''? to the modern concepts on amino
acid activation, condensation and epimerization by the
ACV synthetase. The modular nature of non-ribosomal
peptide synthetases opens the way for engineering the

multifunctional ~ peptide  synthetases®®”.  Efficient

engineering of peptide synthases requires a Dbetter

knowledge of the limits between domains and about the

essential regions for catalytic functions of each domain®”.

Novel hybrid tripeptide synthases will be constructed and
some of them will lead to the formation of S-lactam and/or
thiazolidine nucleus’” resulting in novel bioactive

compounds.
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