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Balhimycin, a vancomycin-type antibiotic from Amy-
colatopsis mediterranei, contains the unusual amino
acid (S)-3,5-dihydroxyphenylglycine (Dpg), with an ace-
tate-derived carbon backbone. After sequence analysis
of the biosynthetic gene cluster, one gene, dpgA, for a
predicted polyketide synthase (PKS) was identified,
sharing 20-30% identity with plant chalcone synthases.
Inactivation of dpgA resulted in loss of balhimycin pro-
duction, and restoration was achieved by supplementa-
tion with 3,5-dihydroxyphenylacetic acid, which is both
a possible product of a PKS reaction and a likely pre-
cursor of Dpg. Enzyme assays with the protein ex-
pressed in Streptomyces lividans showed that this PKS
uses only malonyl-CoA as substrate to synthesize 3,5-
dihydroxyphenylacetic acid. The PKS gene is organized
in an operon-like structure with three downstream
genes that are similar to enoyl-CoA-hydratase genes and
a dehydrogenase gene. The heterologous co-expression
of all four genes led to accumulation of 3,5-dihydroxy-
phenylglyoxylic acid. Therefore, we now propose a re-
action sequence. The final step in the pathway to Dpg is
a transamination. A predicted transaminase gene was
inactivated, resulting in abolished antibiotic produc-
tion and accumulation of 3,5-dihydroxyphenylglyoxylic
acid. Interestingly, restoration was only possible by si-
multaneous supplementation with (S)-3,5-dihydroxy-
phenylglycine and (S)-4-hydroxyphenylglycine, indicat-
ing that the transaminase is essential for the formation
of both amino acids.

Vancomycin-group glycopeptides are important antibiotics
that are frequently used as a last line of defense against me-
thicillin-resistant Staphylococcus aureus (1). However, the re-
cent emergence of vancomycin-resistant strains raises the pos-
sibility that vancomycin may soon be rendered ineffective over
time and that other therapeutic agents must be developed (2).
One obvious approach to obtain new antibiotics is the chemical
modification of the existing structures to yield semi-synthetic
glycopeptides (3). Another attractive alternative is the specific
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manipulation of the biosynthetic pathway of the producing
organism. This, however, requires detailed knowledge of glyco-
peptide biosynthesis.

Recently, the gene cluster for balhimycin (4) biosynthesis has
been identified in Amycolatopsis mediterranei DSM5908 by
gene inactivation experiments (5), and the previously estab-
lished genetic system (6) now permits the precise identification
of gene functions and also the construction of new strains able
to produce modified glycopeptides (5, 7-9).

It has been shown that the aromatic amino acids (2S,3R)-m-
chloro-B-hydroxytyrosine and (R)-4-hydroxyphenylglycine in
the aglycone of vancomycin group antibiotics are derived from
tyrosine (10), and all enzymes in the biosynthesis of the latter
amino acid were identified recently (11, 12). The backbone of a
third unusual amino acid in these antibiotics, (S)-3,5-dihy-
droxyphenylglycine, was shown to be derived from acetate, and
a polyketide synthase (PKS)! reaction was proposed (10).

Therefore, it was of considerable interest that the biosyn-
thetic gene cluster of balhimycin does not contain genes for
typical bacterial PKS (type I or II) but a gene for a protein
related to the plant-specific polyketide synthases of the chal-
cone synthase family (reviewed in Ref. 13). Putative proteins
with 20-30% identity with those plant proteins have been
discovered in several different bacteria (reviewed in Ref. 14),
but the precise enzyme function is known in only one case (15).
In this study we describe the function of the chalcone synthase-
related polypeptide encoded in the balhimycin biosynthetic
gene cluster and the genes involved in the post PKS modifica-
tion steps, which lead to (S)-3,5-dihydroxyphenylglycine.

EXPERIMENTAL PROCEDURES

Chemicals and Radiochemicals—Chemicals were obtained routinely
from Sigma-Aldrich or from Merck and were of analytical grade.
[2-1*C]malonyl-CoA (1.85 GBqg/mmol) and [2-'*C]acetyl-CoA (1.85 GBq/
mmol) were obtained from Amersham Pharmacia Biotech. (S)-3,5-dihy-
droxyphenylglycine was obtained from ICN Biomedicals GmbH, Esch-
wege, Germany), and 3,5-dihydroxyphenylacetic acid was obtained by
enzymatic hydrolysis of 3,5-dihydroxyphenylacetic acid methyl ester
with pig liver esterase (Roche Molecular Biochemicals, Mannheim,
Germany). Media constituents were obtained from Life Technologies,
Inc. and OXOID (Wesel, Germany). Restriction enzymes were from New
England Biosystems (Frankfurt on Main, Germany) and MBI Fermen-
tas (St. Leon-Rot, Germany).

Bacterial Strains, Plasmids, and Culture Conditions—The bacterial
strains and plasmids used in this study are listed in Table I. Cloning
experiments were performed in Escherichia coli XL1Blue by standard

! The abbreviations used are: PKS, polyketide synthase; bp, base
pair(s); PCR, polymerase chain reaction; HPLC, high performance lig-
uid chromatography; GC-MS, gas chromatography-coupled mass spec-
trometry; contig, group of overlapping clones; ORF, open reading frame;
ID, identity; SM, similarity.

This paper is available on line at http://www.jbc.org
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TABLE I
Strains and plasmids used in this study
Relevant characteristics Reference
Strains

E. coli

XL1Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacIqZAM15Tn10(Tet")] 16
A. mediterranei

DSM5908 Balhimycin-producing wild type 4

VP1-2 Balhimycin mutant with an in-frame deletion in the dpgA gene This study

JR1 Balhimycin mutant with an in-frame deletion in the pgat gene This study
S. lividans

T7 S. lividans TK23 (22), tsr, ble, harboring the T7-RNA polymerase gene downstream of tipAp J. Altenbucher,

Stuttgart, Germany

VP1 S. lividans T7 transformed with pVP1 This study

VP2 S. lividans T7 transformed with pVP2 This study

VP5 S. lividans T7 transformed with pVP5 This study

Plasmids

cosmid16.1 pOJ446 (22) derivative, contains a fragment balhimycin biosynthetic gene cluster 5
pSP1 pT7/T3-a19, ermE, gene replacement vector for transformation of A. mediterranei 6
pIFCS Gene replacement vector pSP1, harboring flanking regions of dpgA This study
pIFbat Gene replacement vector pSP1, harboring flanking regions of pgat This study
pRSETy, bla, T7-expression system 17, 18
pSLE61 pUC19, ¢sr 19
pGM9 Streptomyces vector, aphll, ble, tsr 20
pRSETdpgA pRSET} harboring the dpgA gene This study
pSLEK7 pSLE61, contains a Clal/Xbal fragment with a C-terminal fragment of dpgA and dpgBCD This study
pRSETK7 pRSET}, including the dpgABCD genes This study
pVP1 HindIII fusion of pRSET with pGM9 This study
pVP2 HindIII fusion of pRSETdpgA with pGM9 This study
pVP5 HindIII fusion of pRSETK?7 with pGM9 This study

procedures (21). Heterologous expression experiments were carried out
with Streptomyces lividans T7, kindly provided by J. Altenbuchner
(Stuttgart, Germany). Enzyme activity was determined after cultiva-
tion in CRM medium (103 g of saccharose, 20 g of tryptic soy broth, 10 g
of yeast extract, and 10.12 g of MgCl,-6H,O in 1.0 liter of distilled
water) for 24 h at 30 °C and 180 rpm in baffled shake flasks. Thiostrep-
ton and kanamycin were added to a final concentration of 25 mg/liter,
where appropriate. A. mediterranei strains were grown in R5 medium
(22) at 30 °C. Liquid/solid media were supplemented with 50 ug/ml
erythromycin to select for strains carrying the integrated antibiotic
resistance gene. Supplementation of mutants was carried out with 100
uM 3,5-dihydroxyphenylacetic acid, 41 uMm (S)-3,5-dihydroxyphenylgly-
cine, and 41 pM (S)-4-hydroxyphenylglycine.

Construction of In-frame Deletion Mutants of A. mediterranei
DSM5908—For in-frame deletion of dpgA in A. mediterranei, the frag-
ment IFCS1 (1091 bp) and the fragment IFCS2 (1044 bp) were ampli-
fied by PCR. The PCR mixture (100 ul) contained 200 um each primer,
1.0 pg of template DNA (cosmid16.1), desoxyribonucleoside 5'-triphos-
phates at a final concentration of 200 uMm each (DNA polymerization
mix; Amersham Pharmacia Biotech), 10X reaction buffer, and 2.5 units
of Herculase™ enhanced DNA polymerase (Stratagene, Amsterdam,
The Netherlands). To decrease secondary structures in template DNA,
dimethyl sulfoxide at a final concentration of 3% (v/v) was added to the
reaction mixture. The primer pairs were: IFCS1.1, 5'-GGC GAG GAA
TTC TCG CTG CCG ATG TAC-3', and IFCS1.2, 5'-GTC GAG GAT ATC
GAG GAC CTC GGA CTG-3'; and IFCS2.1, 5'-GGC TCC GAT ATC
GAA ATG GCG CTG ATC-3', and IFCS2.1, 5'-CGC GCA TCT AGA TGC
CCT GGT CGA TC-3'. Restriction sites introduced into the sequence
are underlined in the primer sequences. After restriction, the amplified
DNA fragments were fused over their common EcoRV restriction site,
resulting in an in-frame transition between the two PCR products. The
5'-EcoRI and 3'-Xbal restriction sites of the fusion product were used to
clone it into the gene replacement vector pSP1, resulting in the plasmid
pIFCS (Fig. 1). For transformation of A. mediterranei DSM5908, a
modified direct transformation method was used as described previ-
ously (6). After transformation, the clones harboring the erythromycin
selection marker had integrated the pIFCS plasmid over a single cross-
over into the chromosome. To obtain an in-frame deletion mutant, a
second cross-over event at the other site of the deleted fragment was
required. To increase the probability of detecting such a second cross-
over event, ultrasound treatment (Branson Sonifier 250, Danbury, CT)
was performed with the transformed mycelium in liquid medium. A
clone (A. mediterranei VP1-2) that had lost erythromycin resistance
was selected, and the correct second cross-over event was verified by
PCR and Southern hybridization.

For in-frame deletion of pgat in A. mediterranei, the fragment IFbat1

(1070 bp) and the fragment IFbat2 (1029 bp) were amplified by PCR
(same reaction mixture as described above). The following primer pairs
were used: IFbatl.1, 5'-TCT AGA TCG CCC GGT AGG CCT-3’, and
IFbatl.2, 5'-A GAT CTC CGT ACA AGA GCG TG-3'; and IFbat2.1, 5'-A
GAT CTC CGG GAA GCT GCT CCT C-3' and IFbat2.1, 5'-GCA TGC
GCC GGC TGC CCT TCC-3'.

As described for construction of pIFCS, the two fragments IFbatl
and IFbat2 were fused over their common restriction site BglIl and
cloned into the gene replacement vector pSP1 over the 5'-Xbal and the
3'-Sphl site of the fusion product of IFbatl and IFbat2, resulting in
the plasmid pIFbat (Fig. 1). After transformation of A. mediterranei, the
same selection procedure was used to obtain a double cross-over event
in the A. mediterranei chromosome with the plasmid pIFbat, resulting
in the strain A. mediterranei JR1.

Construction of S. lividans T7 Expression Strains—To obtain plas-
mids replicating in E. coli as well as in S. lividans, all expression
plasmids were generally constructed by HindlIII fusion of pRSET} de-
rivatives (replicative in E. coli) with the streptomycetes vector pGM9.
To prevent plasmid instability, all the genes in the resulting fusion
plasmids were oriented in the same direction. The control plasmid pVP1
was constructed by fusing just the pRSETy vector with pGM9. For
construction of the expression plasmid pVP2, PCR was performed with
the primer pair DPGA1 (5'-CAT ATG GGG GTG GAT GTA TCG-3') and
DPGA2 (5'-AAGCTT TCA CCA TTG GAT CAG CGC-3') and with
cosmid16.1 as template (Fig. 1). The deduced start and stop codons of
dpgA are bold face in the primer sequences. The amplified 1128 bp
fragment, coding for dpgA, was cloned into the pRSETb vector over the
primer-derived Ndel-HindIII restriction sites. The fusion of the result-
ing plasmid pRSETdpgA with pGM9 yielded pVP2.

The co-expression plasmid pVP5 was constructed by cloning a 7-ki-
lobase pair Clal-Xbal fragment containing dpgBCD and a C-terminal
dpgA fragment from cosmid16.1 into pSLE61 (Clal-Xbal), resulting in
pSLEKY. The 7-kilobase pair ClaI-HindlIII fragment from pSLEK7 was
then cloned into pRSETdpgA (Clal-HindIII), replacing 1102 bp of the
dpgA PCR insert and creating a full dpgABCD fragment. S. lividans T7
was transformed with the resulting plasmids pVP1, pVP2, and pVP5 by
protoplast transformation as described (22).

HPLC Analysis of Culture Filtrates—Culture filtrates of induced
expression and control strains of S. lividans or A. mediterranei (wild
type or mutant strain JR1) were extracted with ethyl acetate at pH 1.0.
After evaporation of the solvent, the residual material was redissolved
in methanol to get a 25-fold concentration relative to the original
culture volume. The concentrated extracts (20 ul) were separated via
HPLC (Thermo Request System, Egelsbach, Germany) using a Nucleo-
sil C18 column at a flow rate of 2 ml/min. The solvents used were
solvent A (double distilled H,O, 0.1% phosphoric acid) and solvent B
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Fic. 1. Genetic organization of the genes described in this study and construction of gene replacement plasmids. The start codon
of pgat is located 11,769 bp upstream of the start codon of dpgA. The gene replacement plasmids pIFbat and pIFCS were constructed by cloning
two flanking PCR fragments into the gene disruption vector. kb, kilobase.

(acetonitrile). The profile for separation was a linear gradient from
100% A/0% B to 90% A/10% B at run-time 13.3 min, a linear gradient to
0% A/100% B at run-time 16 min, and a re-equilibration time of 4 min
at 100%A/0% B. The elution was monitored with a multi-wavelength
detector between 200 and 350 nm.

Bioassay for Detection of Antibiotically Active Balhimycin—Balhimy-
cin production was determined by bioassays with Bacillus subtilis
ATCC6633 as the test organism. Filter disks of 5-mm diameter soaked
with liquid medium were placed on balhimycin test medium (3.0 g of
KH,PO,, 7.0 g of K,HPO,, 0.5 g of sodium citrate 2-hydrate, 0.1 g of
MgS0,-7 H,0, 1.0 g of (NH,),SO,, 2.0 g of glucose, and 17.0 g of agar in
1.0 liters of distilled water, inoculated with a spore suspension of
B. subtilis after sterilization and cooling).

Protein Analysis—Protein concentrations were determined by the
Bradford method (23) using bovine serum albumin as a standard.
SDS-polyacrylamide gel electrophoresis was carried out according to
the method of Laemmli (24), and protein bands were stained with
Coomassie Brilliant Blue G-250.

DpgA Activity Determination in Vitro—Induced cells were washed
and resuspended in assay buffer (50 mMm Tris-HCI, 100 mm NaCl, 10 mm
dithioerythritol, final pH 7.5) on ice. Resuspended cells (4 ml of assay
buffer/1 g wet weight of cells) were broken by passage through a French
press cell, and the cell debris was removed by centrifugation (20 min at
25,000 X g). A 100-ul reaction mixture contained 20 ul (150 pg of
protein) and additions as detailed in the figure legends. Reactions
mixtures were incubated at 30 °C for 1 h and stopped by the addition of
5 ul of concentrated HCl. The mixtures were then extracted 2 times
with 200 pl of ethyl acetate. After evaporation of the solvent, the
resultant material was dissolved in 10 ul of methanol and analyzed by
thin layer chromatography (Merck TLC aluminum sheets Silica gel 60
F,,, solvent, ethyl acetate:petrol ether:acetic acid, 9:9:1, v/v/v). The
dried plates were developed by 1-h exposure with a phosphorimaging
plate to the thin layer plate followed by a quantitative scan with a
phosphorimaging plate reader (Fujifilm Bio-imaging Analyzer System
BAS-1800 II, Raytest GmbH, Straubenhardt, Germany).

Structure Analysis of the Enzyme Products—Gas chromatography-
coupled mass spectrometry (GC-MS) analysis was carried out with a
GC-MS system of Hewlett-Packard (Waldborn, Germany; HP6890 (GC)
coupled with HP5973 (MS); column, H4-5MS (30 m X 250 pum, 0.25-pm
film thickness)) The substances to be analyzed were derivatized by
trimethylsilylation with N,O-bis-(trimethylsilyDtrifluoracetamide in
pyridine (30 min, 60 °C). "H NMR of the purified component with the
retention time of 2.6 min was carried out with a AMX600 NMR spec-
trometer (Bruker, Karlsruhe, Germany).

Nucleic Acid Sequence Data and Sequence Analysis—Sequence data
of the genes described in this study were obtained by standard sequenc-
ing procedures (25) using cosmid1l6.1 as template. Alignment of se-
quence contigs and examination for open reading frames (ORF's) were
performed by applying the programs gap4 and nip4 (26). The NCBI
BLASTP (27) net service for homology search was used with the follow-

ing parameters: non-redundant protein data base; expect threshold 10;
word size 3; blosum62 matrix; gap costs, existence 11 and extension 1.

RESULTS

Identification of a Polyketide Synthase Gene—To identify the
genes responsible for the biosynthesis of the 3,5-dihydroxyphe-
nylglycine residue in balhimycin, we focused our search in the
balhimycin biosynthetic gene cluster on polyketide synthase-
like genes. Typical PKSs of either type I or II were absent:
BLASTP searches with the used parameters resulted in no
significant similarities over the first 1000 hits of every detected
ORF. But we detected a gene predicting a protein of significant
similarity with the plant polyketide synthases of the chalcone
synthase type. This gene was called dpgA because it is the first
gene in an operon-like structure that plays the key role in
dihydroxyphenylglycine biosynthesis (dpg). The highest iden-
tity score with functionally characterized proteins was ob-
tained with the plant PKS GHCHS2 from Gerbera hybrida
(26% identity (ID)/44% similarity (SM)), which uses acetyl-CoA
and two malonyl-CoA to synthesize the backbone of the plant
secondary metabolite gerberin, a 2-hydroxy-pyrone derivative
(28). In addition to the significant overall similarity, DpgA
contained in the expected positions the key amino acids neces-
sary for activity of these plant-specific type PKSs (29), suggest-
ing that bacterial protein shared basic similarities in the func-
tion with the plant enzymes. DpgA also was very similar (95%
ID/97% SM) to the functionally not-characterized gene product
of orf27 from the biosynthetic gene cluster of the glycopeptide
chloroeremomycin (30), which has the same backbone as bal-
himycin. High similarities (45-49%) were also obtained to
functionally uncharacterized sequences from Mycobacterium
tuberculosis (Pksll and Pks18) (31) and Streptomyces coeli-
color (32); these proteins are also considered as chalcone syn-
thase-related PKSs (14).

Analysis of Genes Located Downstream of dpgA—Down-
stream of dpgA the biosynthetic gene cluster of balhimycin
contains three open reading frames named dpgB (654 bp),
dpgC (1299 bp), and dpgD (804 bp). The start (GTG) and stop
(TGA) codons of the four genes overlap with the sequence
GTGA. The translational coupling suggests that these genes
are arranged in an operon structure (Fig. 1). The alignment of
the DpgB sequence with protein sequence data bases showed
similarity (24% 1D/43% SM) to an enoyl-CoA hydratase with
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Fic. 2. Bioassay of A. mediterranei strains. Each 40-ul culture
filtrate (60 h incubation at 30 °C) was analyzed on agar plates with
balhimycin-sensitive B. subtilis. 1, wild type strain; 2, mutant strain
VP1-2; 3, mutant strain VP1-2 supplemented with 3,5-dihydroxyphe-
nylacetic acid (100 pm).

3-hydroxybutryl-CoA dehydratase activity from Clostridium
acetobutylicum (33).

The N-terminal 160 amino acid residues of DpgC revealed no
similarity to described protein sequences. Its C terminus (from
amino acid residue 161), however, displayed a high degree of
similarity (46% ID/62% SM) to Orf6, a 3- and 4-hydroxybu-
tyrate dehydrogenase from an uncultured bacterium (34), us-
ing NAD™ to yield 3- or 4-oxobutyrate. Lower scores of similar-
ity (=49% SM) were obtained to enoyl-CoA hydratases (highest
score obtained for a crotonase from Thermoanaerobacterium
thermosaccharolyticum, accession number P97087).

The alignment of DpgD resulted in a significant similarity
(40% ID/54% SM) to an enoyl-CoA hydratase, as well namely,
to a carnitine racemase from E. coli (35). Furthermore, DpgB
and DpgD resemble each other (32% SM). Again, very high
similarities (>91% SM) were found between DpgBCD and the
corresponding deduced proteins Orf28, Orf29, and Orf30 of the
biosynthetic gene cluster of the glycopeptide chloroeremomycin
(30).

Analysis of a dpgA In-frame Deletion Mutant—A dpgA dele-
tion mutant of A. mediterranei was used to test whether the
gene was necessary for balhimycin formation. We constructed
an in-frame deletion because the analysis of the operon sug-
gested a transcriptional and translational coupling (see “Dis-
cussion”). The genotype of the mutant was verified by PCR and
Southern hybridization (data not shown). The mutant strain A.
mediterranei VP1-2 has a 954-bp chromosomal deletion in the
1119-bp-coding region, resulting in the deletion of amino acid
residues 48-365 of the DpgA protein. The balhimycin pheno-
type of the VP1-2 mutant strain was analyzed in a bioassay,
with the glycopeptide-sensitive B. subtilis as the indicator
strain. In contrast to the wild-type strain, the mutant was
unable to produce a biologically active substance, demonstrat-
ing that DpgA is involved in balhimycin biosynthesis. Supple-
mentation of the VP1-2 mutant strain with 3,5-dihydroxyphe-
nylacetic acid restored antibiotic formation (Fig. 2), indicating
that this compound is either a direct intermediate of balhimy-
cin biosynthesis or a derivative of an intermediate.

Heterologous Expression of dpgA in S. lividans—Several at-
tempts to express DpgA in E. coli yielded insoluble protein. We
therefore decided to express DpgA in S. lividans T7, which
contains a chromosomal copy of a thiostrepton-inducible T7-
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Fic. 3. HPLC analysis of culture filtrate extracts of S. lividans.
A, authentic 3,5-dihydroxyphenylacetic acid; B, control strain VP1; C,
DpgA expression strain VP2; D, co-expression strain VP5. HPLC traces
are recorded at 280 nm. mAU, milliabsorbance units.

RNA polymerase gene. The bacteria were transformed with the
DpgA expression plasmid pVP2, which carries the PCR-ampli-
fied coding region of dpgA downstream of the T7-promoter
(details under “Experimental Procedures”). By SDS-polyacryl-
amide gel electrophoresis analysis of S. lividans VP2, a band
was detected at 39.5 kDa that corresponded to the calculated
molecular mass of DpgA. This protein was absent in the control
strain S. lividans VP1 (not shown). Ethyl acetate extracts of
the culture filtrates were prepared and analyzed by HPLC to
investigate whether the DpgA expression resulted in a changed
pattern of excreted compounds. Comparison of the chromato-
grams revealed a new peak in the culture extract of S. lividans
VP2 (Fig. 3C, retention time 4.5 min) at the same position as
authentic 3,5-dihydroxyphenylacetic acid (Fig. 3A). The iden-
tity was confirmed by UV-visible spectroscopy and GC-MS
analysis in comparison with the authentic substance.

DpgA Activity Determination in Vitro—3,5-Dihydroxyphenyl-
acetic acid biosynthesis can be explained by a PKS reaction
that involves acetyl-CoA or malonyl-CoA as starter substrates
and three condensation reactions with malonyl-CoA (Fig. 4).

We used extracts from S. lividans VP2 (DpgA expression)
and VP1 (control) to test whether the protein synthesized 3,5-
dihydroxyphenylacetic acid and whether acetyl-CoA or malo-
nyl-CoA or both were used in its biosynthesis. Representative
results are summarized in Fig. 5. Incubations with radioactive
malonyl-CoA led to 3,5-dihydroxyphenylacetic acid formation
with VP2 but not with VP1, indicating that DpgA was respon-
sible for the activity. More importantly, the result showed that
the addition of other CoA esters was not necessary. This did not
exclude the possibility that residual acetyl-CoA in the extracts
participated in the reaction, and therefore, a series of addi-
tional experiments were carried out to investigate that possi-
bility. Experiments with radioactive acetyl-CoA and unlabeled
malonyl-CoA led to barely detectable product formation (Fig. 5,
experiment 2), indicating that acetyl-CoA was not used to any
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Fic. 5. Synthesis of 3,5-dihydroxyphenylacetic acid in vitro
from the possible starter substrates acetyl-CoA and malonyl-
CoA. The data indicate the amount of radioactivity quantified at the
position of 3,5-dihydroxyphenylacetic acid in TLC plates, analyzing the
products of the in vitro reactions. VP1, control extract; VP2, extract
from S. lividans cells expressing DpgA. The concentrations of the CoA
esters were 10 uM for acetyl-CoA and 20 uMm for malonyl-CoA. The
radioactive substrates supplied 1235 Bq to the incubations.

appreciable extent, even considering that only one molecule
(compared with three malonyl-CoA) would be incorporated into
the product. Moreover, supplementation of incubation mix-
tures containing radioactive malonyl-CoA with additional
acetyl-CoA (either unlabeled, experiment 3, or labeled, experi-
ment 4) did not lead to increased formation of radioactive
product, but even to a more or less pronounced reduction. The
sum of these results demonstrated that DpgA is a PKS synthe-
sizing 3,5-dihydroxyphenylacetic acid solely from malonyl-CoA.

Co-expression of dpgABCD in S. lividans T7—3,5-Dihydroxy-
phenylacetic acid was shown to be the product of the enzymatic
conversion of four molecules of malonyl-CoA with DpgA. To
yield the a-amino acid 3,5-dihydroxyphenylglycine, a further
modification of the a-position of 3,5-dihydroxyphenylacetic acid
is necessary. From our alignment studies we deduce that DpgB
and DpgD may catalyze different isomerization reactions by
first adding and then eliminating water and that DpgC may
possess a dehydrogenase activity. Therefore, a biosynthetic
pathway was postulated as depicted in Fig. 6 from 3,5-dihy-
droxyphenylacetic acid to 3,5-dihydroxyphenylglyoxylic acid,
the corresponding 2-oxo acid of 3,5-dihydroxyphenylglycine. To

examine the hypothesized role of DpgBCD, the co-expression
plasmid pVP5 was used. pVP5 contains dpgABCD under con-
trol of the T7 promoter and was constructed as described under
“Experimental Procedures.” S. lividans T7 was transformed
with pVP5, resulting in expression strain S. lividans VP5. This
strain was cultivated and induced as described above. HPLC
analysis of the ethyl acetate extracts prepared from induced
cultures demonstrated the presence of 3,5-dihydroxyphenylac-
etic acid and a new compound at a retention time of 2.6 min
(Fig. 3D). To elucidate the chemical structure of the corre-
sponding compound, the substance was purified by preparative
HPLC and analyzed by GC-MS and 'H NMR. GC-MS of the
HPLC fraction revealed two substances, identified as dihy-
droxyphenylglyoxylic acid and dihydroxybenzoic acid (probably
a shunt product, see “Discussion”) by the MS fragmentation
pattern. 'H NMR analysis of the purified substances confirmed
the predicted structures and revealed a 3,5 substitution pat-
tern for the aromatic hydroxyl groups of both compounds (data
not shown).

Analysis of a pgat In-frame Deletion Mutant of A. mediterra-
nei—For the synthesis of the amino acid (S)-3,5-dihydroxyphe-
nylglycine, the product of DpgA, DpgB, DpgC, and DpgD, 3,5-
dihydroxyphenylglyoxylic acid, has to be transaminated.
Therefore, the presence of a corresponding transaminase gene
within the balhimycin biosynthetic gene cluster has to be pos-
tulated. Indeed, two genes similar to aminotransferases are
localized in the cluster. One aminotransferase gene is probably
involved in the amination of dehydrovancosamine (36), the
second one, pgat (phenylglycine aminotransferase), corre-
sponds to the 4-hydroxyphenylglycine aminotransferase gene
hpgT (12) of the chloroeremomycin biosynthetic gene cluster.
We, therefore, assumed that Pgat may function as the dihy-
droxyphenylglycine aminotransferase. Pgat was inactivated by
an in-frame deletion in A. mediterranei, as described under
“Experimental Procedures.” PCR and Southern hybridization
verified the correct mutation (data not shown). The resulting
mutant strain A. mediterranei JR1 lacks a chromosomal DNA
fragment of 657 bp coding for the amino acid residues 94-312
of Pgat. The remaining open reading frame encodes an inter-
nally truncated protein of 209 amino acid residues. In the
bioassay, the mutant strain A. mediterranei JR1 was not able
to produce an antibiotically active compound, confirming the
participation of Pgat in balhimycin biosynthesis (Fig. 7, filter 1
and 2).

To elucidate the specific function of Pgat, the biosynthetic
intermediates accumulated in the mutant were analyzed by
HPLC of the A. mediterranei JR1 culture filtrate (Fig. 8). In the
wild type strain a peak at 4.5 min could not be verified as
3,5-dihydroxyphenylacetic acid by UV-visible spectrum. In con-
trast, 3,5-dihydroxyphenylacetic acid was detected in the mu-
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Fic. 6. Putative biosynthetic pathway of the non-proteinogenic amino acid (S)-3,5-dihydroxyphenylglycine. a-g, see “Discussion.”

Fic. 7. Bioassay of A. mediterranei culture filtrates (20 pl)
after 60 h of incubation at 30 °C. 1, wild type strain, 2-5 mutant
strain JR1; 2, without supplementation; 3, supplemented with (S)-3,5-
dihydroxyphenylglycine; 4, simultaneously supplemented with (S)-3,5-
dihydroxyphenylglycine and (S)-4-hydroxyphenylglycine; 5, supple-
mented with (S)-4-hydroxyphenylglycine. The final concentration of
supplemented amino acids was 41 pM.

tant strain (verified by GC-MS). Furthermore, the pgat mutant
strain accumulated approximately a 10-fold excess of the dihy-
droxyphenylglycine precursor 3,5-dihydroxyphenylglyoxylic
acid compared with the wild type strain, indicating a block in
the subsequent conversion of this intermediate. This clearly
proves the participation of Pgat in dihydroxyphenylglycine bio-
synthesis. On the other hand, overexpressed HpgT was shown
to catalyze the conversion of 4-hydroxyphenylglyoxylic acid as
well as phenylglyoxylic acid into their corresponding amino
acids 4-hydroxyphenylglycine and phenylglycine, respectively
(12). Because of this lack of specificity, we assumed that both
HpgT and Pgat are capable of transaminating hydroxyphenyl-
glycine and dihydroxyphenylglycine. Therefore, an accumula-
tion of the described precursors of 4-hydroxyphenylglycine,
4-hydroxymandelic acid and 4-hydroxyphenylglyoxylic acid
(12), can be supposed for a Pgat mutant. However, by HPLC
analysis of the culture filtrate of the mutant JR1, none of the
precursors were detectable. Only in the wild-type strain were

o
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HO OH
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5 | o}
< ?
4/ OH
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Fic. 8. HPLC analysis of A. mediterranei culture filtrates. A,
wild type; B, mutant strain JR1. HPLC traces were recorded at 280 nm.
AU, absorbance units.

very small amounts of 4-hydroxymandelic acid detected by
HPLC (peak not visible in Fig. 8).

To clarify whether Pgat is involved in the transamination of
4-hydroxyphenylglycine and 3,5-dihydroxyphenylglycine or
only in the transamination of one of both amino acids, feeding
experiments with A. mediterranei JR1 were carried out (Fig. 7,
filter 3-5). Only simultaneous feeding of the mutant strain
with both amino acids resulted in the production of balhimycin.
In contrast, the supplementation solely with either (S)-3,5-
dihydroxyphenylglycine or (S)-4-hydroxyphenylglycine did not
restore the balhimycin production. Therefore a double function
can be supposed for this enzyme.

DISCUSSION

The balhimycin biosynthetic gene cluster contains the dpgA
gene, which is similar to plant polyketide synthase genes and is
a member of the new type of bacterial polyketide synthases
(14). The genetic organization of dpgA with dpgB, dpgC, and
dpgD and the translational coupling suggested a functional
connection of the four genes. This suggestion was supported by
the similarity of all four deduced proteins to enzymes that
utilize coenzyme A derivatives as substrates.

Since we are able to genetically manipulate the balhimycin
biosynthesis in the producing A. mediterranei strain, the func-
tion of DpgA could be shown by two independent experiments;
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i) an in-frame deletion mutant of dpgA, which was not able to
produce any antibiotically active compound, was comple-
mented with 3,5-dihydroxyphenylacetic acid, and ii) heterolo-
gous expression of dpgA in S. lividans resulted in the synthesis
of 3,5-dihydroxyphenylacetic acid in vivo and in vitro.

The in vitro assays with heterologously expressed DpgA and
with *C-labeled acetyl- and malonyl-CoA demonstrated that
only malonyl-CoA was incorporated into 3,5-dihydroxyphenyl-
acetic acid. To obtain 3,5-dihydroxyphenylacetic acid, two dif-
ferent ring closure reactions (C8 — C3 or C2 — C7 of the
tetraketidyl-CoA in Fig. 4) are possible, but only the C8 — C3
way leads to the CoA-activated 3,5-dihydroxyphenylacetic acid,
which is likely to be the substrate of the subsequent reactions
(see below). DpgA is the second enzyme of this new type of
prokaryotic polyketide synthases (14) that has now been bio-
chemically characterized. DpgA as well as the previously de-
scribed RppA of Streptomyces griseus (15) use the same sub-
strate, malonyl-CoA, to synthesize the completely different
reaction products 3,5-dihydroxyphenylacetic acid and 1,3,6,8-
tetrahydroxynaphthalene. In contrast to RppA, DpgA uses only
four instead of five malonyl-CoA molecules to synthesize its
product. In addition, the ring closure mechanism is completely
different; RppA builds up a naphthalene ring system via one
aldol condensation and one decarboxylating Claisen ester con-
densation, whereas DpgA performs only one ring closure reac-
tion via a decarboxylating aldol condensation. Thus, the low
similarity (22%) of DpgA to RppA on amino acid level is not
surprising.

Heterologous expression of the gene cassette dpgABCD in S.
lividans led to the production of 3,5-dihydroxyphenylglyoxylic
acid, indicating that the three gene products DpgB-D are re-
quired to convert the reaction product of DpgA into the 2-oxo
acid, the direct precursor of the amino acid 3,5-dihydroxyphe-
nylglycine. Since all four enzymes DpgA-D show similarity to
enzymes using CoA derivatives as substrates, a biosynthetic
pathway with CoA-activated intermediates is more likely than
a pathway with unactivated carboxylic acids. The free carbox-
ylic acid intermediates detected in our experiments are proba-
bly derived from hydrolysis of accumulated CoA intermediates
(enzymatically or spontaneously).

The presence of 3,5-dihydroxybenzoic acid in addition to
3,5-dihydroxyphenylglyoxylic acid in the culture filtrate of S.
lividans VP2 was probably the result of 3,5-dihydroxyphenyl-
glyoxylic acid degradation, either by an oxidative decarboxyla-
tion or hydrolysis reaction. As postulated in Fig. 6, the addi-
tionally produced 3,5-dihydroxyphenylacetic acid in S. lividans
VP5 supports the assumption of equilibrium reactions from
(Fig. 6a) to 3,5-dihydroxyphenylglyoxylic acid, and it is tempt-
ing to speculate on a pathway channeled in a multienzyme
complex.

The final step of the 3,5-dihydroxyphenylglycine biosynthetic
pathway is a transamination. The biosynthesis of the non-
proteinogenic amino acids of the vancomycin-type backbone
requires two different transaminations, one to the amino acid
discussed here and the second to 4-hydroxyphenylglycine.
However, the biosynthetic gene cluster contains only one gene
for a predicted aminotransferase (pgat), and other experiments
with a closely related gene cluster indicated that this gene is
involved in 4-hydroxyphenylglycine biosynthesis (12). Our ex-
periments now show that Pgat is essential for 3,5-dihydroxy-
phenylglycine formation, based on the results that the precur-
sor 3,5-dihydroxyphenylglyoxylic acid accumulated after pgat
deletion, and that supplementation with the amino acid was
necessary to restore antibiotic formation. Restoration also re-
quired the addition of 4-hydroxyphenylglycine, indicating that
Pgat serves in the biosynthesis of both amino acids. Remark-
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ably, no accumulation of 4-hydroxyphenylglyoxylic acid, the
precursor expected for 4-hydroxyphenylglycine was observed.
This can be explained by the reaction sequence proposed for the
biosynthesis of that amino acid; the transaminase reaction
with 4-hydroxyphenylglyoxylic acid uses tyrosine as the amino
group donor, and the deaminated product 4-hydroxyphe-
nylpyruvic acid is the precursor source for the formation of
4-hydroxyphenylglyoxylic acid. The Pgat inactivation therefore
would be expected to block the entire pathway and, thus, also
the accumulation of the direct precursor.

In conclusion, the results of this study support the above
postulated biosynthetic pathway for the non-proteinogenic
amino acid 3,5-dihydroxyphenylglycine. The first step is the
DpgA-catalyzed condensation of four molecules of malonyl-CoA
via a hypothetical tetraketide intermediate to 3,5-dihydroxy-
phenylacetyl-CoA (Fig. 4). By the following hydratase reaction
(catalyzed by DpgB or DpgD), a hydroxy group is inserted at
the « position of the molecule (Fig. 6b) by simultaneous loss of
the aromatic status of the ring structure, resulting in c. The
oxidation of the hydroxy group, probably catalyzed by the de-
hydrogenase activity of the C-terminal part of DpgC, possibly
with NAD(P)* as cofactor, leads to d. The aromatic status can
now be restored with an isomerization of d via a hydratase/
dehydratase activity (DpgB or DpgD), leading to the CoA thio-
ester of 3,5-dihydroxymandelic acid (e), which is structurally
very similar to ¢ and, therefore, could also serve as the sub-
strate of DpgC. The resulting CoA-activated 3,5-dihydroxyphe-
nylglyoxylic acid (f) can be hydrolyzed to the free acid (g),
perhaps by the N-terminal part of DpgC. Finally, transamina-
tion by Pgat leads to (S)-3,5-dihydroxyphenylglycine.

The biosynthetic pathway unraveled in this study is the first
example for the participation of a polyketide synthase mecha-
nism in the biosynthesis of an a-amino acid. The described
participation of four co-translated enzymes may suggest an
organization of the four proteins as a multienzyme complex as
previously shown for prokaryotic type II polyketide synthases
37).
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