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By complementation of a previously described non-phosphinothricin tripeptide (PTT)-producing mutant,
NTG1, which is blocked in nonribosomal synthesis of the peptide, a DNA fragment including the putative
peptide synthetase gene phsA was isolated (W. Wohlleben, R. Alijah, J. Dorendorf, D. Hillemann, B.
NuBbaumer, and S. Pelzer, Gene 115:127-132, 1992). Sequence analysis of phs4 revealed that it encodes a
protein of 622 amino acids with regions which are highly similar to core motifs characteristic for peptide
synthetases. PhsA represents one functional domain of a peptide synthetase which is necessary for activation
and condensation of one amino acid, probably N-acetyl-demethyl-phosphinothricin. With regard to the ar-
rangement of the flanking genes, phsA is the first peptide synthetase gene which is not in the direct neighbor-
hood of additional peptide synthetase genes involved in the formation of peptide antibiotics. Gene disruption
mutants with internal fragments of phsA subcloned in temperature-sensitive pGM vectors were generated.
Integration occurred either into the chromosomal copy of phsA or into a gene outside the known phsA4 locus,
resulting in two classes of non-PTT-producing mutants. In cofeeding experiments the former phs4 mutants
showed the same phenotype as did NTG1, which confirmed participation of phs4 in nonribosomal synthesis of
PTT. A truncated phsA gene was overexpressed in Escherichia coli, and the resulting protein of 593 amino acids
was purified for raising antibodies. By performing immunoblotting experiments, the expression of phs4 could
be detected in Streptomyces viridochromogenes Tii494 in the stationary-growth phase after 4 days of incubation.

The structurally identical peptide antibiotics phosphinothri-
cin tripeptide (PTT) and bialaphos are produced in Streptomy-
ces viridochromogenes (4) and Streptomyces hygroscopicus (21),
respectively. PTT consists of two molecules of L-alanine and
one molecule of the unusual amino acid phosphinothricin
(PT). The bioactive compound PT shows bactericidal, fungi-
cidal, and herbicidal properties. In agriculture, Basta (the am-
monium salt of PT) and Herbiace (the tripeptide bialaphos)
are used as broad-spectrum herbicides. Basta-resistant trans-
genic plants were generated with the S. viridochromogenes PTT
resistance gene (pat) (48, 51), which is part of the PTT biosyn-
thetic cluster.

Two features make the study of PTT biosynthesis an inter-
esting subject: first, it possesses a C—P—C bond, which is very
rare in natural compounds, and second, its three amino acids
are linked nonribosomally. The nonribosomal synthesis of pep-
tide antibiotics is catalyzed by multifunctional peptide syn-
thetases (for a review, see reference 27) by the thiol template
mechanism (26, 50). The main steps of this process are acti-
vating of substrate amino acids as aminoacyl-adenylates, bind-
ing of the activated amino acids covalently to the protein tem-
plate in the form of thioesters, and through the action of the
covalentely attached 4’-phosphopantetheine, condensing the
amino acids to the reaction product. Peptide synthetases are
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usually multifunctional enzymes consisting of several amino
acid-activating domains. One domain has a size of 600 to 700
amino acids. Each domain shows highly conserved core regions
of 3 to 10 amino acid residues which are essential for amino
acid activation, thioester formation, and condensation (27).
Large peptide synthetases, for example, gramicidin S syn-
thetase B, which activate and condense two and more amino
acids, consist of several activating domains interrupted by
spacer regions of approximately 500 amino acids (47).

The biosynthesis of bialaphos in S. Aygroscopicus has been
investigated by analysis of intermediates accumulated and con-
verted by non-PTT-producing mutants. Biosynthetic genes and
a resistance gene were isolated and cloned. Various genes of
the biosynthetic cluster were mapped (14, 35). At least five
genes which are supposed to be involved in the tripeptide-
forming alanylation step were identified (13).

Comparison of the organization of the biosynthetic genes in
S. hygroscopicus and S. viridochromogenes resulted in the con-
clusion that the pathways and the arrangements of the genes
are very similar in both strains (14, 52).

Non-PTT producing mutants of S. viridochromogenes Tii494
were generated by treatment with UV and N-methyl-N'-nitro-
N-nitrosoguanidine (1). The mutant NTG1 was blocked in
the alanylation step (1). By complementation experiments, a
DNA fragment containing a putative peptide synthetase gene,
phsA, was isolated: phsA restored PTT production to NTG1
(52).

In this paper, we report the sequence of the phsA gene, the
analysis of its deduced product, gene disruption experiments
with phsA, and an optimized integration protocol with temper-
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TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid

Relevant genotype or phenotype

Source or reference

S. viridochromogenes

Ti494 PTT-producing wild type H. Zéhner (4)

NTG1 Non-PTT-producing, N-methyl-N’-nitro-N-nitrosoguanidine mutant 1

SPI1 Integration of pSP91 in phsA, non-PTT producing This study

SP92 Integration of pSP92 in phsA, non-PTT producing This study

SP62/1 Integration of pSP62 in phsA, non-PTT producing This study

SP62/2 Integration of pSP62 outside phsA, non-PTT producing This study
E. coli XL1 Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac[F' proAB lacl"ZAM15 Tnl0(Tet")] 6
Plasmids

pK19 aphll 34

pUCI18 bla 49

pDS1 1.9-kb XmnI-PmaC1 fragment of 4-kb BamHI fragment (1), containing phsA, cloned in the This study

Smal site of pUCI18

pDS2 pK19 containing 1.8-kb Sall-BamHI fragment of pDS1 (1.7-kb fragment of phsA) This study

pQE30 Expression vector Qiagen

pDS3 pQE30 containing a 1.8-kb Sphl-Kpnl fragment of pDS2 (1.7-kb fragment of phsA) This study

pDS4 pQE30 containing a 1.9-kb EcoRI-HindIII fragment of pDS1 (phsA) This study

pGM9 tsr (thiostrepton resistance gene), temperature-sensitive Streptomyces vector 31

pSPI1 pGMO containing an internal 1.1-kb PstI-Bglll fragment of phsA This study

pSP92 pGMO containing an internal 0.45-kb Sall-Smal fragment of phsA This study

pGM160 tsr bla, temperature-sensitive Streptomyces-E. coli shuttle vector 31

pSP62 pGM160 derivative containing an internal 0.45-kb Sal/l-Smal fragment of phsA This study

pHC79 bla tet 16

pPtcosl 44-kb genomic DNA fragment of S. viridochromogenes Tii494 containing parts of the PTT 1

biosynthetic cluster, cloned in BamHI site of pHC79

ature-sensitive pGM vectors to verify the involvement of phsA
in nonribosomal synthesis of peptides. Furthermore, the ex-
pression of phsA in S. viridochromogenes Ti494 and heterolo-
gously in Escherichia coli was examined.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and plasmids used in this
study are listed in Table 1.

DNA sequencing and analysis. The sequence of the 4-kb BarnHI fragment was
determined by standard techniques (28, 39). The DNA fragment was examined
for open reading frames by applying the codon usage program of Staden and
McLachlan (42). The programs BLAST (2) and FASTA (33) were used for
homology searches.

Gene disruption procedure for S. viridochromogenes. Disruption of the chro-
mosomal phsA gene was performed by cloning internal fragments of the phsA
gene into the temperature-sensitive pGM vectors (31). The hybrid plasmids were
transformed into S. viridochromogenes Tii494 as described previously (43). Lig-
uid YM medium (10 g of malt extract, 4 g of yeast extract, and 4 g of glucose per
liter [pH 7.2]) containing 50 wg of thiostrepton per ml was inoculated with 107
spores or 2 ml of homogenized mycelium of plasmid-carrying S. viridochromo-
genes. The culture was incubated in 100 ml of selective liquid medium in an
orbital shaker (200 rpm) at 28°C in 500-ml Erlenmeyer flasks with steel springs.
After 3 days of incubation, 5 ml of S. viridochromogenes was homogenized and 0.2
ml was diluted (500-fold with liquid medium) and further incubated at 40 or
28°C. At different times, samples were homogenized, diluted in P buffer (18),
plated in parallel on selective (thiostrepton-containing) and nonselective media,
and incubated at 40°C. After 3 days, the numbers of cells growing on antibiotic-
containing and antibiotic-free media were determined and the ratio of plasmid-
containing cells was calculated. Similar experiments, in which the incubation
temperature after plating was 28°C instead of 40°C, were performed. In order to
prove whether cells which grow on selective media contained the plasmid inte-
grated into the chromosome, Southern hybridizations were performed.

In all these experiments, solid and liquid YM media were used. Plates con-
tained 16 g of agar per liter.

Southern hybridization. Samples of genomic DNA from S. viridochromogenes
Tii494, SP61/1, and SP62/2 were digested with BamHI. The fragments were
fractionated by electrophoresis on a 1% agarose gel in TAE buffer and trans-
ferred to Hybond-N nylon membranes (Amersham, Little Chalfont, United
Kingdom) by the Southern procedure (38). Sau3A-digested cosmid pPtcosl
containing parts of the PTT biosynthetic cluster was labeled with (DIG)-dUTP
by the random-priming procedure. The hybridization and the colorimetric de-

tection were carried out according to the manufacturer’s standard protocols
(Boehringer, Mannheim, Germany).

phsA* expression and protein purification. The expression plasmid pDS3
(Table 1) was introduced into E. coli XL1 Blue by transformation (38). For
protein purification, cultures of E. coli were inoculated with a 100-fold dilution
of an overnight preculture and grown at 37°C (150 rpm) in Luria-Bertani me-
dium containing 150 pg of ampicillin per ml. The expression of the protein was
induced at an optical density of Asg, from 0.6 to 0.7 by addition of IPTG
(isopropyl-B-p-thiogalactopyranoside) to a final concentration of 2 mM. The
incubation was carried out for 3 h. Cells were harvested by centrifugation at 4,000
X g at 4°C for 10 min. The cell pellet was resuspended in 0.1 M phosphate buffer,
pH 8.0 (3 ml/g of wet cells). DNase I was added to a final concentration of 0.1
mg/ml of cell suspension. Cells were broken down with a French press. The
insoluble protein fraction was harvested by centrifugation at 15,000 X g for 30
min. The protein was purified from the pellet by metal chelate affinity chroma-
tography with nickel-nitrilotriacetic acid resin according to the denaturing pro-
tocol provided by the manufacturer (Qiagen, Hilden, Germany). Collected frac-
tions were analyzed by standard sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (38), and fractions containing PhsA* were pooled.

SDS-PAGE and immunoblotting. Protein extracts were separated by SDS-
PAGE in 12.5% Laemmli (23) gels. Electrophoretic transfer of polypeptides to
nitrocellulose (Schleicher & Schuell, Dassel, Germany) was performed with the
MilliBlot Graphit Electroblotter I (Millipore Inc., Bedford, Mass.) blotting ap-
paratus. Gels were stained with Coomassie brillant blue (Sigma, St. Louis, Mo.).
Immunoblotting was performed as described by Sambrook et al. (38). Immuno-
logical characterization of PhsA was carried out with polyclonal antibodies
against the proline-activating domain of gramicidin synthetase B, kindly provided
by M. Marahiel (Marburg, Germany). In addition, polyclonal antibodies against
PhsA* were used. Anti-rabbit immunoglobulin G-AP (Boehringer) was used as
the second antibody.

Preparation of crude extracts of S. viridochromogenes Tii494 and E. coli XL1
Blue. Cells of S. viridochromogenes Tii494 were incubated in YM medium at
30°C. Samples were taken after 3, 4, 5, 6, and 7 days. Cells were resuspended in
disintegration buffer (50 mM phosphate buffer [pH 8.0], 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride), harvested by centrifugation (5,000 X g, 10 min,
4°C), and broken down with a French press. The insoluble fraction was separated
by centrifugation at 15,000 X g for 30 min at 4°C. Induced E. coli XL1 Blue cells
(induction at 37°C with 1 mM IPTG for 3 h) carrying plasmids pDS3 and pDS4
were treated in the same way. The soluble fractions of the crude extracts were
examined for existence of PhsA protein by immunoblotting experiments.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported have been assigned the accession no. X65195 in the EMBL data library.
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D P LLRGPF GGLTUPS QTIEL T W L
1 GGATCCGCTGCTGCGGGECTTCGGTCTGACGCCCTCCCAGATCGAGCTCCACCCGCACAACGACACCTGGCTG

T vV AN CL A A I RE G C GV I S GTTIULGT G E
74  ACCGTCGCCAACTGCCTGGCCGCGATCCGCGAGGGCTGCGGAGTGATCAGCGGRACGACGCTCGGCACCGGCGAR

R T G N A P L B A2 V M V HUL L G M G G 6 vV
149 CGCACCGGCAACGCGCCGCTGGAAGCCGTCATGGTGCACCTGCTCGGCATGEGCTACTGGCCCGAGGGCGGCETC

DL T A VYV N K L V E L G A G P S Q K Y P L
224  GACCTGACTGCCGTCAACAAGCTCGTCGAGCTCTACGACGGCATCGGCGCCGGCCCGTCGCAGARGTACCCGCTC

F 6 R D A Y V T RA G I H A G L N K F W M Y A
299 TTCGGCCGTGACGCCTACGTCACCCGGGCCGGCATCCACGCCGACGGCCTCARCAAGT TCTGGTGGATGTACGCG

P F N P L L T G R E L T K D A G L
374 CCGTTCAACGCCCCCCTGCTCACCGGCCGGGAACTGGACGTCGCCCTCACCARGGACTCGGGCCAGGCGGGTCTG

L F VL N KR RYULGTILIZ RTILETZ KGDU?PURV V D L A W
449 CTCTTCGTGCTGAACAAGCGGCTCGGGCTGCGGCTGGAGAAGGGCGATCCGCGGGTCGTGGACCTGCTCGCGTGG

M D E Q@ WD AGU RV S A E WS EULEPV V E K V
524 ATGGACGAGCAGTGGGACGCCGGCCGGGTCTCCGCGATCGAGTGGAGCGAACTCGAACCGGTCGTCGAGAAGGTC

F A T 8 E E T A A T

599 TTCGCCACCGAGGARGAGGCGAGCTGACATGCAGGGAACGGCGCGAGGAGGCAGCACAGCATGACCGCAGEGAL.
RBS = phsA

P DTTAPDZRTGZ®PS P GACTPV V 2 R R A

674 CCGG CGGCGCCGGACCGCACCGGCCCGTCCCCGGEEGCCTGCCCGGTCGTCGCGGAGTTCGCACGACGGGCA

Q A G P L P EE T V D Y R E A R A
743 CAGGCCGGACCGGACCGCCCCGCCETCGTCCTGCCGGAAGAGACGETCGACTACCGCGARCTCGCCGCACGGECT
Salt
= phsa’

D AV ARALTULD SR GEGSEPV P LMV L P
824 GACGCCGTGGCCCGCGCGCTCCTCGACTCCAGGGGCGAGGGCTCCGAGCCCGTGCCCCTGATGGTGCTGCACCCG

A W M L A A G VvV L K A G K Y YV P L NP UHH P
899 GCGTGGATGCTCGCCGCGTGCCTGGGGGTGCTTAAGGCGGGCAAGTACTACGTGCCCCTCAACCCCCACCACCCG
core 1

D ARUNURDILTILARILGA AA ATL V V P G R
974  GACGCCCGCAACCGGGACCTGCTGGCCCGGCTCGGCGLGGLGCTGGTCETCACCGACGGCECCGTCCCGEGCCGE

L P G R I T VLSV GETLTUDV VRPG T P G P
1049 CTGCCCGGGCGGATCACCGTGCTCTCGGTGGGCGARCTCGACGTACGGCCCGGCACACCCGGCGAGCCGGGCCCE

A V A P D w A Y ALY TS G S T G L P XK G L L
1124 GCCGTCGCCCCGGACCAGTGGGCCTACGCGCTCTACACCTCCEEETCGACCGGCCTGCCCARGGGACTCCTGCAG
core 2 Pstl
Sall
N R A DMURQUNTIDRHAALUGTIGU?PETDTZ RV T L

1199 AACCGCGCCGACATGCGGCAGAACATCGACCGGCACGCCGCGCTCGGCATCGGTCCCGAGGACCGGGTCACCCTG

I N A DGV F V A AV 8 N ¥ M AL L N G AATUL V P
1274 ATCARACGCGGACGGTTTCGTCGCCGCCGTGTCCAACCCGTACATGGCGTTACTCAACGGCGCGGCGCTCGTGCCE

G VvV HDIL I D RL D A G T T VvV Y ¥ §
1349 TACTCCTTCCAGCGCGACGGGGTGCACGACCTGATCGACCGTCTGGACGCGGCGGGGACGACCGTCTACTACTCG
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F P $ F L R A A AV S EGRTTDUR V R A Y L
1424 TTCCCCTCGTTCCTCCGGCAGGCGGCCGCCGTGTCCGRAGGCCGCACCACGGACCGGGTCCGCCTGGCCTACCTC

G G E $ V HS S D VUL AAIRU RTLTE FU®P-AZATUVAUV G
1499  GGCGGGGAGAGCGTGCACAGCAGCGACGTCCTCECGGCCCGCCGGCTGTTCCCGGCCGCCACCGTCGCGGTCGGA

L N § T G L TRULRUILTIUPPGA ATEUV P DZPV P
1574 CTCAACTCCACGGAGACGGGCCTGACCCGGCTCCGTCTGATCCCCCCGGECGCCGAGGTGCCCGATCCGGTGCCE
Smal

v G G P V P G EV RV E A S P AV P A AV G E A
1649 GTCGGCGGTCCGGTGCCCGECETGGAGGTCCGTGTCGAGGCGTCGCCGGCCGTCCCGGCEGCCETEEGEGAGEEC

G R I vV V R S A F H A2 QWU TDOQG PR P L T E
1724 GEGCGGATCGTCGTCCGCAGCGCCTTCCTGCACGCCGCGLAGTGGACGGACCAGGGGCCCAGGCCGCTCACCGAG
core 3

A V P E A D S G A C E P A PRDTFRTG DR G R

1799 GCCGTGCCGGAGGCGGACAGCGGGACCGCCTGCGAACCGGCGCCCCGGGACTTCCGCACCGGCGACCECEGCCGG
core 4

L DG T G Q L V H G R VD GM V KV R G Y R V E

1874 CTGGACGGCACCGGGCAACTGGTCCACCTGGGGCGGETGGACGGCATGGTCAAGGTGCGCGGCTACCGCGTCGAG
core 5

T v E V E § AV § AV T GV A E A A E T A

1949 ACGGTGGAGGTCGAGTCCGCGGTGTCCGCCGTGACGGGCGTGGCEGAGGCCGCGGTCGTCCCCTACGAGACEGCG
core 5

D DATEULAAYV VA KU DU PDTILT D R R A
2024 GACGACGCGACCGAGCTCGCCGCCTACGTCGTCGCCAAGGACCCCGACCTCACCGACGCCGCGCTGCGCCGTGCC

L $ ETJLUPTHULV P S8 S V L L V P R T R N
2099 CTGTCCGRGACCCTGCCGACCCACCTGGTGCCGTCCTCCGTGCTGCTGGTGCCGAGGCTGCCGCGCACCCGARAC

G XK I D K A L A A 8 6T S G T AV S R P A P
2174 GGCAAGATCGACCGCAAGGCGCTGCCCGACCCGGCGAGCGGCACCTCAGGCACCGCCGTCTCCCGECCGEGCTCCC

A H T P B2 A P G DG P DEARARUVILGQV G E
2249 GCCCACACCCCGGCCCCCGCGCCCGGCGACGGACCGGACGAGGCGCGGGCGAGGGTGCTGGGCCAGGTGGGTG&

I ¥ $ DV L GAG PV L D FF S L GG T S I
2324 ATCTGGAGCGACGTCCTGGGGECCGGTCCGGTGCTGCCCGGGGACGACTTC TTCTCCCTCEEGCGGCACCTCCATC
BglII core 6

S AL RV V S R IRIKZETZLSGUV P L R L A V
2399 TCGGCGTTGCGGGTGETCTCECGCATCCGCARGGAACTCGGCGTGCCACTCCGGCTCGCCGTGATCTTCG: GACG

P s L E A V A E S5 V E L K G

T
2474 CCGTCCCTGGAAGCGGTGGCCGAATCCGTACTCCGCGRALT! GTAGT. G. TGCCCGCCACCCG

P E R R P AT a
2549  CTTTCGCAGAACACCGABGGAAGACCACACGTGAGCCCAGAACGACGCCCGGTCEAGATCCGTCCCGCCACCGCT
RBS =pat

A D M A AV vV NHY I DTS TV N F R T E
2624 GCCGACATGGCGGCGGTCTGCGACATCGTCAATCACTACATCGAGACGAGCACGGTCAACTTCCGTACGGAGCCG

P Q E W I D L E D R Y Vv A E
2693 CAGRCTCCGCAGGAGTGGATCGACGACCTGGAGCGCCTCCAGGACCGCTACCCCTGECTCGTCGCCGAGGTGGAG

G VvV V A Y A G P WKARUDNAYUDWT V
2774  GGCGTCGTCGCCGGCATCGCCTACGCCGGCCCCTGGAAGGCCCGCAACGCCTACGACTGGACCGTCGAG

FIG. 1. Nucleotide sequence of the 2.8-kb BarmHI-Sall subfragment containing phsA. The nucleotide sequence of the phsA gene and parts of the flanking genes is
presented. The deduced amino acid sequence is given in single-letter code. A putative Shine-Dalgarno sequence (RBS) and conserved core motifs of peptide synthetases
are indicated (core motifs 1 to 6). The putative translational start sites of phsA, phsA*, and pat are marked by arrows. Restriction sites used in subcloning experiments

are also marked.

RESULTS

DNA sequence analysis of phs4. By complementation of the
non-PTT-producing mutant NTG1 (1), a 4-kb BamHI frag-
ment containing the putative peptide synthetase gene phsA
(52) was isolated. The DNA sequence of the fragment was
determined (accession no., X65195). In Fig. 1, the nucleotide
sequence of the 2,823-bp BamHI-Sall DNA fragment contain-
ing the complete phsA gene is shown. phsA has a size of 1,866
bp and encodes a protein of 622 amino acids. A putative
Shine-Dalgarno site (5" AGGAGG 3') is located 8 bp in front
of the ATG start codon. The gene is flanked upstream by the
3’ regions of the biosynthetic gene (pms) encoding the phos-
phinomethylmalic acid synthase (52) and downstream by the
PTT resistance gene, pat (44). The arrangement of the genes is
presented in Fig. 2. The distance between the stop codon of the
preceding pms gene and the start codon of phsA4 gene was
determined to be 33 bp. No significant promoter structure
showing similarities to Streptomyces (45) or E. coli promoters
(15) was found upstream of the phsA start codon. A rare TTA
codon, until now only found in Streptomyces genes expressed in
the late-growth phase (7), could be detected at amino acid
position 222. The presence of this TTA codon was confirmed
by sequencing different DNA fragments by different tech-

niques (28, 39). The G+C content of 75.9 mol% is character-
istic for Streptomyces DNA (5).

Analysis of the deduced PhsA protein. The deduced amino
acid sequence of phs4 was compared with those of all proteins
deposited in databases. It showed significant similarity to pep-
tide synthetases, in particular with regard to the functional
domains of these enzymes. All conserved core motifs of pep-
tide synthetases (27) could be identified in the deduced amino
acid sequence of phsA4 (Fig. 3).

anI 592
Sall, 1168 Bglll,2322
; Pstl, 1193 ¢ PmaCl,2576
BamHI, 1 ; if i

Smal, 1618 : ‘ |SalI,2842 FamHI,4048

pms phsA

FIG. 2. Arrangement of genes on the 4-kb BarmHI DNA fragment. The
localizations of incomplete pms (pms') (phosphinomethylmalic acid synthase
gene), phsA (PTT synthetase gene), pat (PT N-acetyltransferase gene), and dea
(deacetylase gene) are given. Restriction sites used in subcloning experiments
are marked.
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TycA - -VLKAGGAYVPIDI- - (x) 61--DLAYVIYTSGTTGKPKDTMLEH- - (x) 165~ - ADEGELCIGGVG- - (x) 28--
GrsA - -VILKAGGAYVPIDI- - (x) 61 - -DLAYVIYTSGTTGNPKGTMLER - - (x) 165- -GEAGELCIGGEG- - (x) 28~ -
GrsB_1 - - ILKAGGAFVPIDP- - (x) 56 - -DLFYI IYTSGTTGKHKRVMLEH- - (x) 174 - ~GIVGEL] -~ (x)28--
srfa - - ILKAGGAYVPIDP- - (x) 56 - -NLAYIIYTSGTTGRPKGVMIEH- ~ (x) 179~ -GVAGEL] G- - (x)28--
GRPKGVMVGO- - (x) 179- -GVAGDLYLTEIO- - (x) 29--

EntF --IF NLPLDT- - (x)58——HTAYIIFTSG|% -
Phsi - ~VLKAGKYYVPLNP- - (x) 60- -QWAYALYTSGSTGLPKGLLONR- - (x) 176 - -GEAGRIVVRSAF-- (x)33--
consensus --VILKAGGAYV.............. LAYIIﬂTSGTTg'KPKG ................ AVGELCIGH......

core 1 core 2 core 3
TycA - - - {x) 6- ~-DGTIEFLGRIDHQVKIRGHRIELGEIH- - (x) 114 -- IGIRDNFYSLGGDSIQA - -
GrsA - - (x)6- —DGNIEYLGRIDHQVKIRGHRVEL@E -- (x)113- - IGIKDNFYALGGDSTKA- -
GrsB_1 --[TGD}- - (x) 6~ -DGNIEFLGRADHQVKIRGHRIELGEIH- - (x) 113 - - IGIQDNFFSLGGHSLKA - -
Srfa - - - {x) 6- -DGTIEYLGREDDQ GYRIELGEIH-- (x)115--AGIFDNFFETGGHSLKA- -
EntF --[TGDf- - (x) 6 - -NGAVEYLGRSDDQL)| IELGEID-- (X)113--QDADADFFALGGHSLLA- -
Phsh - - (%) 6 - -TGQLVHLGRVDC! CYRMETVEVE- - (x) 130- -VLPGDDFFSLGAISISA- -
consensus ..TGDl........ DGEIEYLGRIDHQVKIRGHRIELGEIH. ........ IGI.DNFF.LGGHSLKA. .

core 4

core 5

core 6

FIG. 3. Alignment of peptide synthetases sequences, including that of PhsA. Conserved regions including core motifs (shaded and boxed) of different peptide
synthetases are presented (47). The distances between the conserved regions are indicated. The consensus sequence was postulated by Turgay et al. (47). TycA,
tyrocidine synthetase A (29); GrsA, gramicidin S synthetase A (22); GrsB_1, proline-activating domain of gramicidin S synthetase B (22); SrfA, surfactin synthetase

A (8), EntF, enterobactin synthetase (37); PhsA, PTT synthetase.

The PhsA protein contains the highly conserved core motifs
2 and 4. These motifs were found in carboxyl-activating en-
zymes and are essential parts in ATP binding and hydrolysis
(47): the SGTTG motif (core 2) forms a phosphate binding
loop, which is found in all guanosine and some adenosine
nucleotide-binding proteins (40). The TGD motif (core 4) is
widespread among cation ATPases (11). Furthermore, core
motif 5, participating in aminoacyl adenylation, was found to
be conserved in PhsA. The first conserved glycine residue was
identified by mutant enzyme analysis and site-specific mu-
tagenesis as a requirement for adenylate formation within the
proline-activating domain of gramicidin S synthetase B (46).
This conserved glycine residue and its conserved flanking re-
gion only detected in enzymes catalyzing aminoacyl-adenylate
formation (46) were also found in the amino acid sequence of
PhsA. The structural features of core motif 4 and the adjacent
core motif 5 imply a possible role in the coordination of the
magnesium cation in Mg>*-ATP (32).

The carboxy-terminal end of PhsA contains the peptide syn-
thetase-specific core motif 6. This motif is only found in en-
zymes catalyzing the formation of the covalent amino acid
enzyme intermediate. The conserved serine residue of the mo-
tif is the putative binding site of the cofactor 4’-phospho-
pantetheine, which is involved in thioester formation with the
amino acid substrate (41). In addition, the conserved core
motif 1, whose function is unknown, was identified in the
amino acid sequence of PhsA.

Since PhsA shows this significant similarity to peptide syn-
thetases and the size of PhsA (622 amino acids) is in the range
of one typical amino acid-activating domain, PhsA is probably
sufficient for the activation and addition of one amino acid.
Thus, further enzymes are necessary to catalyze tripeptide for-
mation. In the case of all peptide synthetases described until
now, the genes encoding the peptide synthetase complex are
juxtaposed. phsA is flanked by pms and pat, and therefore
further PTT peptide synthetase genes are unlikely to be lo-
cated next to phsA.

But until now, it could not safely be ruled out that phs4 does
not encode a PTT peptide synthetase but that phsA4 encodes a
protein with a high degree of similarity to the desired PTT
peptide synthetase. Complementation of the PTT peptide syn-
thetase-deficient mutant NTG1 might be achieved by the over-
production of PhsA, whose function may correspond to that of
a peptide synthetase. Something similar is known for example
for acyl carrier proteins in polyketide synthesis (20). We there-

fore intended to construct a phsA disruption mutant to analyze
its phenotype and to compare it with NTG1.

Improvement of the gene disruption procedure with S. viri-
dochromogenes. In order to increase the efficiency of the pPGM
vectors in the gene disruption experiments, we first optimized
the disruption protocol. In principle, it has been shown that
pGM vectors based on the temperature-sensitive replicon of
pSGS (30) could be used in gene disruption experiments with
S. viridochromogenes (31). In the gene disruption procedure,
plasmid elimination is the most critical step. In the standard
procedure (31), mycelia containing pGM related vectors are
plated on selective solid media and elimination of free plas-
mids is attained by incubation at a temperature of 39°C. By this
method, about 1.0% of the colonies still contained freely rep-
licating plasmids. This ratio can be further diminished if the
cells containing plasmids are first incubated in liquid media at
a nonpermissive temperature of 40°C for 3 days. By the gene
disruption protocol described in Materials and Methods, the
effectivity of plasmid loss was determined. Fewer than 0.01%
of the colonies were antibiotic resistant after treatment accord-
ing to the modified procedure (Table 2). Further tests revealed
that resistance of these cells was not stably propagated.

Incubation in liquid media for more than 3 days at 40°C did
not result in a measurable improvement in plasmid elimina-
tion. We determined the incubation time of 3 days to be op-
timal, and therefore it was used in further gene disruption
experiments. Since plasmid elimination was much more effec-
tive if plated cells were incubated at 40°C instead of 28°C
(Table 2), selection of integration mutants was performed rou-
tinely at 40°C.

TABLE 2. Ratios of resistant cells after different incubation times”

Incubation time % CFU plating at:

(day) at 40°C

28°C 40°C
0 88.24 8.33
1 6.00 0.386
2 1.89 0.013°
3 1.42 0.008"
4 0.33 0.004"
5 0.35 0.003%

@ Cells containing pGM vectors were grown in liquid media for 0 to 5 days,
plated, and incubated for 3 days.
® Growing cells did not result from plasmid integration.
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FIG. 4. Examination of the integration locus of pSP62 in gene disruption
mutants SP62/1 and SP62/2 of S. viridochromogenes Ti494. BamHI-digested
genomic DNAs of S. viridochromogenes Tii494 and of the two gene disruption
mutants SP62/1 and SP62/2 were separated by electrophoresis on a 1% agarose
gel. In the standard Southern hybridization experiments described in Materials
and Methods, the pattern of the hybridizing DNA fragments was determined.
The position of the 4-kb BarnHI DNA fragment containing phsA is marked by an
arrow. Lane 1, SP62/1, integration of pSP62 in phsA; lane 2, SP62/2, integration
of pSP62 outside phsA; lane 3, S. viridochromogenes Tii494; lane 4, BamHI-
digested pPtcosl.

Gene disruption mutagenesis in phs4. Two plasmids were
constructed for gene disruption of phsA, both based on pGM9
(31): pSPI1 contained the internal 1.1-kb PstI-Bg/II fragment
(Fig. 1; position, bp 1193 to 2322), and pSP92 contained the
internal 0.45-kb Sal/l-Smal fragment (Fig. 1; position, bp 1168
to 1618). Both plasmids were introduced into S. viridochromo-
genes T1i494 by transformation (18). By the optimized method
for integration mutagenesis, gene disruption mutants in phsA
were constructed. Integration of pSP91 in S. viridochromogenes
SP91 and pSP92 in S. viridochromogenes SP92 resulted in mu-
tated phsA genes: S. viridochromogenes SP91 synthesized a
truncated PhsA protein which lacked the 4'-phosphopanteth-
eine binding site (core motif 6), whereas S. viridochromogenes
SP92 produced a truncated PhsA protein which lacked core
motifs 4, 5, and 6. On the basis of plasmid-mediated resistance,
the integration rates of plasmid pSP91 and pSP92 were deter-
mined to be 83 and 99%, respectively. The correct plasmid
integration was examined by Southern hybridization (data not
shown). Integration of single or multiple copies in tandem
orientation were found.

Phenotype of phsA gene disruption mutants SP91 and SP92.
The gene disruption mutants S. viridochromogenes SP91 and S.
viridochromogenes SP92 have lost the ability to produce PTT.
This was determined by an antibiotic production test with
Bacillus subtilis as a PTT-sensitive indicator bacterium. In
cofeeding tests with PTT-null mutants (1), the phenotypes of
the integration mutants SP91 and SP92 were determined to be
identical to that of the previously described mutant NTG1. The
latter was shown to be defective in the alanylation step. Thus,
the direct involvement of the phsA gene in nonribosomal for-
mation of tripeptides was demonstrated.

Isolation of a non-PTT-producing gene disruption mutant
defective in a gene outside the phsA locus. In addition to pSP91
and pSP92, a further disruption plasmid, pSP62, was con-
structed by cloning of the internal 0.45-kb Sal/l-Smal fragment
(see pSP92) into a pGM160 vector (Table 1). With pSP62 as
the integration plasmid, two types of non-PTT-producing mu-
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tants were obtained: one type (SP62/1) showed the same
cofeeding behavior as NTG1, SP91, and SP92. Analogous to
the mutants SP91 and SP92, pSP62 was integrated into the
phsA gene. The other type (SP62/2) could not be assigned to
one of the characterized mutant classes according to its cofeed-
ing behavior (1). The integration site was examined by South-
ern hybridization experiments with genomic DNA and DIG-
labeled PTT biosynthetic genes (pPtcosl [Table 1]) as the
probe. The results are presented in Fig. 4. Correct integration
of pSP62 into the 4-kb BarmHI DNA fragment containing the
phsA gene resulted in two hybridizing DNA fragments (2.9 and
5 kb) based on the additional BamHI site of the integrated
vector. In the case of the second mutant, SP62/2, this DNA
fragment remained unchanged. Integration of pSP62 has
therefore occurred in a gene other than phsA4. The described
results were confirmed in additional Southern hybridization
experiments (data not shown) with other restriction endo-
nucleases, e.g., Bglll or Pvull.

Production of antibodies against PhsA. No practicable en-
zyme assay is available to detect PhsA activity. We therefore
intended to produce antibodies against PhsA protein to ana-
lyze the expression of phsA. Since no overexpression of the
native phsA gene could be detected, a truncated phsA gene
lacking 135 bp at the amino terminus was fused to a six-
histidine affinity tag coding sequence in the expression vector
pQE30, resulting in vector pDS3. The lacking DNA fragment
does not contain any of the conserved core motifs described
above. E. coli XL1 Blue cells harboring the expression plasmid
were shown to overproduce a fusion protein (PhsA*) when
grown under inducing conditions. PhsA* consisted of 577
amino acids of the PhsA protein, preceded by a 16-residue
linker including the six-histidine tag at the amino terminus.
The insoluble protein was purified by metal chelate affinity
chromatography with nickel-nitrilotriacetic acid resin under
denaturing conditions. The results of the protein purification
are presented in Fig. 5. Refolding experiments with stepwise
dialysis did not result in soluble protein. The denatured puri-
fied PhsA* protein was used to raise antibodies.

Examination of expression of phsA in S. viridochromogenes
Tii494 and E. coli. By performing immunoblotting experi-
ments, the expression of phsA was examined in S. viridochro-
mogenes Ti494 and in E. coli XL1 Blue carrying the phsA
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FIG. 5. Analysis of PhsA* purification by SDS-PAGE and staining with Coo-
massie brillant blue. Lane 1, SDS molecular weight standards (MW-SDS-200;
Sigma); lane 2, crude extract; lane 3, soluble protein fraction of crude extract;
lane 4, insoluble protein fraction of crude extract resuspended in 8 M urea—0.1
M phosphate buffer-0.01 M Tris-HCI, pH 8.0; lane 5, purified enzyme.
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FIG. 6. Expression of phsA in S. viridochromogenes Ti494 and in E. coli XL1
Blue. Soluble protein fractions of the crude extracts of S. viridochromogenes
Tii494 and E. coli XL1 Blue carrying phsA expression plasmids pDS4 and pDS3,
respectively, were examined for existence of complete or truncated PhsA protein
by immunoblotting experiments with polyclonal antibodies against PhsA*. Lane
1, crude extract of induced E. coli XL1 Blue carrying plasmid pDS3, which
contains the truncated phsA gene (phsA*); lane 2, crude extract of induced E. coli
XL1 Blue carrying phsA expression plasmid pDS4; lane 3, empty; lanes 4 to §,
crude extracts of S. viridochromogenes Tii494 after incubation for 7 to 3 days,
respectively.

expression plasmid pDS4. The results are presented in Fig. 6.
For the expression of the complete phs4 gene in E. coli, a
1.9-kb DNA fragment, containing the gene with its native
Streptomyces ribosome binding site (RBS), was cloned in the
expression vector pQE30, resulting in pDS4. By this cloning
strategy (Table 1), the histidine affinity tag coding sequence
(including the RBS) of the vector was removed. In immuno-
blotting experiments, a low-level expression of phs4 was de-
tected in induced cells of E. coli XL1 Blue carrying the phsA
expression plasmid pDS4.

In S. viridochromogenes Tii494, no production of PhsA was
detectable until 3 days of incubation. After 3 days, the expres-
sion of phsA could be observed. This correlated with the onset
of PTT production, which was measured in an antibiotic pro-
duction test with B. subtilis as a PTT-sensitive microorganism.
The polyclonal antibodies were found to be specific for PhsA,;
no cross-reaction with other S. viridochromogenes proteins was
observed.

Further biochemical characterization of PhsA will be
achieved by using the polyclonal antibodies for monitoring the
purification of the protein from S. viridochromogenes Tii494
and from E. coli.

DISCUSSION

In subcloning experiments, a 3.0-kb BarmHI-Bgl/II DNA frag-
ment of the PTT biosynthetic cluster was shown to comple-
ment the non-PTT-producing mutant NTG1, which is blocked
in nonribosomal synthesis of the tripeptide (52). In addition to
the PTT resistance gene (pat), the fragment contains one com-
plete open reading frame (phsA). The deduced PhsA protein
revealed high levels of similarity to peptide synthetases which
are characterized by the presence of conserved functional do-
mains. According to its length and the presence of the highly
conserved core motifs, PhsA should be able to activate one
amino acid.

Peptide synthetases involved in the activation of one amino
acid, for example, tyrocidine synthetase A, gramicidin syn-
thetase A, and the first domain of 8-(L-a-aminoadipyl)-L-cys-
teinyl-p-valine (ACV) synthetase, did not show a conserved
spacer motif at the amino-terminal end (10). The lack of this
motif was only found in peptide synthetase domains partici-
pating in the initiation of peptide synthesis. Interestingly, the
spacer motif is also lacking in the amino acid sequence of
PhsA. So, it can be suggested that PhsA takes part in the
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initiation reaction of tripeptide formation in PTT biosynthesis.
In this case, PhsA should activate the amino acid N-acetyl-
demethyl-PT.

In order to confirm our conclusions drawn from the se-
quence information, we constructed gene disruption mutants
in the phsA gene with temperature-sensitive pGM vectors. The
integration rates observed in these experiments reached sur-
prisingly high levels of 83% (pSP91) and 99% (pSP92). The
high integration rates and the unexpected result that pSP92,
containing the small, internal 0.45-kb fragment of phsA, re-
vealed higher integration rates than did pSP91 are perhaps
attributable to the small number of measurements, which al-
lows no statistical interpretation, and by the uncertainties of
working with homogenized Streptomyces mycelia. But these
high values for integration rates agree with results described
for integration mutagenesis of other Streptomyces strains with
pGM vectors, such as Streptomyces coelicolor A3(2) (19).

Integration of pSP91 resulted in a non-PTT-producing mu-
tant which showed the same phenotype as mutant NTG1. In
the case of vector pSP91, integration should result in the pro-
duction of a predicted PhsA protein lacking 65 amino acids at
the carboxy terminus. This part of the protein contains core
motif 6, with the conserved binding site of 4’-phosphopante-
theine. Lack of this part of PhsA seems to abolish its function
as a peptide synthetase. This observation agrees with the re-
sults of Dieckmann et al. (9), who described the enzymatic
properties of a truncated tyrocidine synthetase A lacking the
4'-phosphopantetheine binding site. Therefore, the resulting
protein could not catalyze nonribosomal synthesis of peptides.

Gene replacement mutants of phs4 which are characterized
by an exchange of an internal fragment of phsA for a thiostrep-
ton resistance cassette (33a) have not lost the ability to activate
the amino acid alanine (18a). We therefore postulated that
PhsA participates in the activation of N-acetyl-demethyl-PT.
This confirms the assumption based on sequence analysis (see
above).

Since the phsA gene is flanked by the pms and pat genes,
phsA is a peptide synthetase gene which is involved in the
biosynthesis of peptide antibiotics and is not juxtaposed to the
other cooperating peptide synthetase genes. This is in contrast
to the biosynthesis of gramicidin S (22), surfactin (8), or tyro-
cidine (29), in which the peptide synthetase genes are located
next to each other.

In front of phsA, no promoter sequence could be found,
which possibly suggests that phsA is part of an operon. In the
course of studying the regulation of bialaphos production
genes in S. hygroscopicus, Holt et al. (17) isolated a 10-kb DNA
fragment containing at least six biosynthetic genes, including
pms, bar (pat), and bah (dea) (Fig. 2). Considering the similar
organizations of the PTT biosynthetic clusters in S. viridochro-
mogenes Ti494 and in S. hygroscopicus (14), the analogous
phsA gene of S. hygroscopicus should be located on this frag-
ment. Holt et al. speculated that these genes may be coordi-
nately expressed by transcription from one promoter (17). This
promoter should be located in front of a gene upstream of
phsA. This would be in agreement with our observation for S.
viridochromogenes that there was no recognizable promoter in
front of phsA. The expression in S. hygroscopicus was regulated
by the gene product of the regulatory gene brpA (3). Possible
regulation by the corresponding brpA gene in S. viridochromo-
genes should be tested in further examinations.

In S. coelicolor A3(2), TTA codons are supposed to be in-
volved in regulation of secondary metabolic genes (24, 25).
Mutants (bldA) which cannot translate the rare leucin UUA
codon are defective in antibiotic production and morphologi-
cal differentiation in S. coelicolor A3(2), Streptomyces lividans,



576 SCHWARTZ ET AL.

and Streptomyces griseus (7). Until now, the TTA codon was
found only in the genes of secondary metabolism, particularly
in regulatory genes such as actll-orf4, a transcriptional activa-
tor of actinorhodin biosynthesis (7). The presence of bldA
tRNA determines the translation of this regulator and conse-
quently the antibiotic production. The role of bldA in second-
ary metabolism and differentiation seems to be widespread
among streptomycetes (7). Interestingly, phsA contains a single
TTA codon (Leu-222), making it possibly bld4 dependent. The
role of PhsA as peptide synthetase in PTT biosynthesis makes
it unlikely that PhsA is a regulator of this biosynthesis.

For biochemical characterization of the PhsA protein, we
intended to express the phsA gene in E. coli. The phsA gene
was cloned behind the lacZ or aphll promoters in E. coli
vectors such as pUC19 or pK18 and in pT7 expression vectors,
respectively (data not shown). Under optimal conditions for
induction, overexpression of phs4 was not observed by SDS-
PAGE.

Since the structure and distance of the RBS of phsA show
high similarities to those of the RBS in E. coli (36), the RBS of
phsA should not limit the gene expression. Poor expression
could also result from codon usage of streptomycetes because
of its G+C moles percent content. Compared with E. coli and
Bacillus sp. genes such as tycA or grsA, which could be effec-
tively expressed in E. coli (11), phsA shows a significantly
higher G+C moles percent content (75 mol% in comparison
with 50 mol%). It has been shown that overexpression of
polyketide biosynthesis genes from Streptomyces glaucescens is
influenced by the G+C moles percent content of the first nine
codons in E. coli (12). The existence of Streptomyces-specific
codons also found at this position in the phs4 gene could
remarkably decrease the expression of Streptomyces genes.

For detection of phsA expression, we intended to raise an-
tibodies for use in immunoblotting experiments. Antibodies
against another peptide synthetase domain (the proline-acti-
vating domain of GrsB) showed no cross-reaction with PhsA*
(data not shown). Therefore, the purified truncated PhsA pro-
tein (PhsA*), showing all the functional parts of peptide syn-
thetases, was used to immunize a rabbit. With these antibodies
in immunoblotting experiments, it was possible to show that
despite the use of typical Streptomyces codons in the phsA gene
a low-level expression of the complete gene occurred in in-
duced cells of E. coli XL1 Blue carrying the phsA4 expression
plasmid pDS4.

The production of secondary metabolites is characterized by
transcription and translation of biosynthetic genes in the sta-
tionary-growth phase (7). In S. viridochromogenes Tii494, the
expression of phsA showed the same characteristic. The pro-
duction of the protein could be detected after 4 days of incu-
bation, which most likely indicates the beginning of the idio-
phase of growth.

During the inactivation experiments of the phs4 gene with
the integration plasmid pSP62, the non-PTT-producing mutant
SP62/2 was isolated. Surprisingly, in this mutant the plasmid
was integrated outside of the known phsA locus. It is likely that
pSP62 integrated into a region which possesses a high degree
of sequence similarity to the cloned phsA fragment, since we
have never observed integration via pGM vector fragments.
Integration may have occurred via semispecific recombination,
which was also observed during the construction of gene dis-
ruption mutants, in the bialaphos resistance gene bar from S.
hygroscopicus, with the internal fragment of the PTT resistance
gene pat from S. viridochromogenes (31a). The homology at the
DNA level between the two resistance genes was determined
to be 87% (51). Considering the conserved peptide synthetase
domains which possess significant homologies at the DNA
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level in conserved regions, we may have created an insertion
mutation in an unknown PTT biosynthetic gene which is a
peptide synthetase gene or shows similarities to this kind of
gene. In further examinations, the insertion locus of the plas-
mid pSP62 and role of the mutated gene in the PTT biosyn-
thesis has to be examined.

These results demonstrate that “semispecific integration”
may offer an interesting approach for mutating and subse-
quently isolating genes which possess areas highly homologous
to cloned fragments. In addition to creating the possibility of
constructing specifically truncated genes by integration of vec-
tors carrying defined gene fragments (see above), this ap-
proach further broadens the applicability of integration vectors
such as the pGM vectors.
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