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Abstract A 50 kb region of DNA from Streptomyces
violaceoruber T1i22, containing genes encoding proteins
involved in the biosynthesis of granaticin, was isolated.
The DNA sequence of a 7.3 kb fragment from this
region, located approximately 10 kb from the genes
that encode the polyketide synthetase responsible for
formation of the benzoisochromane quinone skeleton,
revealed five open reading frames (ORF1-ORF5). The
deduced amino acid sequence of GraFE, encoded by
ORF2, shows 60.8% identity (75.2% similarity) to
a dTDP-glucose dehydratase (StrE) from Streptomyces
griseus. Cultures of Escherichia coli containing plas-
mids with ORF2, on a 2.1 kb BamHI fragment, were
able to catalyze the formation of dTDP-4-keto-6-
deoxy-p-glucose from dTDP-glucose at 5 times the rate
of control cultures, confirming that ORF2 encodes
a dTDP-glucose dehydratase. The amino acid sequence
encoded by ORF3 (GraD) is 51.4% identical (69.9%
similar) to that of StrD, a dTDP-glucose synthase from
Streptomyces griseus. The amino acid sequence
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encoded by ORF4 shares similarities with proteins that
confer resistance to tetracycline and methylenomycin,
and is suggested to be involved in transporting
granaticin out of the cells by an active efflux mecha-
nism,

Introduction

Streptomyces violaceoruber T1122 produces granaticin,
a benzoisochromane quinone antibiotic which shows
antibacterial activity against gram-positive bacteria
and weak antitumor activity (cf. Snipes et al. 1979).
Granaticin differs from other benzoisochromane
quinones in that it contains a 2,6-dideoxyhexose moi-
ety uniquely annealed to the aromatic ring system
through two carbon-carbon linkages at C-1 and C-4
(Fig. 1). Feeding experiments have established that
granaticin is synthesized from eight molecules of acet-
ate and one molecule of glucose (Snipes et al. 1979; He
et al. 1986). Genes encoding the polyketide synthetase
(PKS) involved in the formation of the benzoisoch-
romane quinone moiety of granaticin have been cloned,
sequenced (Sherman et al. 1989) and expressed in a
heterologous Streptomyces host (Sherman et al. 1992;
Khosla et al. 1993). However, there is currently little
information about the genes encoding formation of the
carbohydrate moiety of this antibiotic.

Feeding experiments had also shown that the bio-
synthesis of the granaticin sugar moiety from glucose
involves intramolecular tansfer of 4-H to C-6, where
it displaces the 6-OH group with inversion of config-
uration (Snipes et al. 1979); this mechanistic
feature is characteristic of the dTDP-glucose 4,6-de-
hydratase reaction (Snipes et al. 1977). It was thus likely
that a dTDP-glucose 4,6-dehydratase is one of the
first enzymes involved in the biosynthesis of the
2,6-dideoxyhexose portion of granaticin. In other
organisms that produce antibiotics containing



Fig. 1 Structure of granaticin
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6-deoxy-hexose moieties, the genes that encode 4,6-
dehydratases are found within gene clusters that
contain the biosynthetic genes (Pissowotzki et al. 1991;
Thorson et al. 1993a, b). These genes are highly conser-
ved in actinomycetes; DNA probes derived from the
genes encoding the streptomycin biosynthetic enzymes,
StrD, E, L, M in S. griseus, have been used to detect
DNA fragments that presumably contain genes encod-
ing enzymes responsible for formation of 6-
deoxyhexoses in other actinomycetes (Stockmann and
Piepersberg 1992). In this paper we report the cloning
and partial analysis of a DNA fragment from S. viol-
aceoruber Tii 22 encoding, a dTDP-glucose 4,6-dehyd-
ratase, using DNA probes derived from the N-terminal
amino acid sequence of the purified S. violaceoruber
enzyme and from amino acid consensus sequences
found within other dTDP-glucose dehydratases.

Materials and methods

Bacterial strains, bacteriophages, plasmids and growth conditions

Streptomyces violaceoruber TU22 was obtained from Prof. H.
Zihner, Tiibingen, and grown as described (Snipes et al. 1979).
Escherichia coli strain XL-1 Blue MRF’ (Stratagene, La Jolla, Calif.)
was grown as described (Sambrook et al. 1989). Replicative form
M13mp18 and M13mp19 phage DNA (Yanisch-Perron et al. 1985)
was obtained from United States Biochemicals (Cleveland, Ohio).
Plasmid pBluescript SK~ (pSK ™) was obtained from Stratagene,
and cosmid pOJ446 (Bierman et al. 1992) was a gift from Eli Lilly
Co. (Indianapolis, Ind.). Other cosmids and plasmids constructed in
this work are listed in Table 1.

Buffers and reagents

All buffers were prepared as described (Sambrook et al. 1989).
Apralan® (apramycin sulfate) was obtained from SmithKline
Beecham (Animal Health Division), restriction enzymes from New
England Biolabs (Beverly, Mass) or from Stratagene and T, DNA
Ligase from Boehringer Mannheim (Indianapolis, Ind.). Gigapack
XL (Stratagene) was used to package DNA for cosmid libraries.
Chemicals were obtained from Sigma (St. Louis, Mo.), and
radiolabeled nucleotides from New England Nuclear (Boston,
Mass.).

DNA isolations

Genomic DNA was isolated from S. violaceoruber Ti22 as described
(Hopwood et al. 1985). Plasmids were propagated in E. coli XL-1
Blue MRF’ and purified according to standard procedures (Sam-
brook et al. 1989).

611

Table 1 Plasmids and cosmids prepared in this study

Cosmid/plasmid Relevant properties

pOJ446-22-24 pOJ446 with 40 kb insert (DNA from
S. violaceoruber Tii22)
pSK ™~ with 2.0 kb BamHI insert;

GraE (both orientations)

pB24a, pB24b

pB32 pSK ™ with 5.3 kb-BamHI insert; GraR
pB13 pSK ™ with 4.6 kb BamHI insert;
granaticin PKS
pB8 pSK ™ with 2.4 kb BamHI insert;
granaticin PKS
pSV501 pSK ™~ with 4.7 kb BglII insert;
GraE fragment and GraR
pSTii22-PCR pSK ™ with 0.5 kb insert

(insert obtained by PCR)

DNA amplification by polymerase chain reaction (PCR)

Oligodeoxynucleotide primers were synthesized on an Applied Bio-
systems DNA synthesizer (Department of Chemistry, University of
Washington). PCR amplification was performed using a Genetic
Thermal Cycler system GTC-1 (Precision Scientific). Each reaction
mixture contained 0.17 ug genomic DNA, 100 pmo! of each primer,
20 pmol of each dNTP, 1 umol TRIS-HCI pH 8.3, 5 pmol KCl,
2 umol MgCl, and 0.1% (w/v) gelatin in a final volume of 100 pl.
After addition of 2.5 U AmpliTaq DNA polymerase (Perkin Elmer,
Norwalk, Conn.) the DNA template was denatured at 95°C for
3 min. Amplification was carried out by 35 cycles of annealing,
extension (2.5 min. at 72°C) and denaturation (1.5 min. at 95°C).
The resulting PCR product was cloned into pSK ™ to create pSTii22-
PCR.

Southern hybridizations

Southern blots of DNA from S. violaceoruber Tii22 were probed
with pSTii22-PCR labeled with 32P using the Random Primed
DNA labeling kit (United States Biochemicals), and [~ 3?P] dCTP
{(New England Nuclear). Hybridizations were carried out for
16-24 h at 50°C in a solution containing 50% (v/v) formamide
(Sambrook et al. 1989). Following hybridization, the filters were
washed twice in 6 x SSC (90 mM NacCl, 90 mM sodium citrate, pH
7.0) containing 0.1% SDS at 20° C for 20 min each, and then once in
2% SSC (30 mM NaCl, 30 mM sodium citrate pH 7.0) containing
0.1% SDS at 60°C for 60 min.

DNA sequencing

DNA sequencing was performed on single-stranded or double-
stranded templates (subclones in either M13mpl8 or in pSK™)
by the dideoxynucleotide chain-termination method using the
Sequenase version 2.0 DNA sequencing kit (United States Biochemi-
cals) and [« 33S]dCTP. Both strands were sequenced with standard
primers (T, T, KS, SK, supplied in the kit) and custom 18 nucleo-
tide primers (DNA International, Lake Oswego, Ore.).

Computer-assisted sequence analysis

Computer-aided sequence analysis was carried out using the GCG
software package (Devereux et al. 1984) (University of Wisconsin
Genetics Computer Group, Madison, Wis.), on a VAX mainframe
computer (University of Washington, Seattle).
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TDP-glucose 4,6-dehydratase expression

TDP-glucose 4,6-dehydratase activity was determined as described
(Vara and Hutchinson 1988), with slight modifications. Plasmids
B24a, B24b and pSK ™~ were transformed into E. coli XL-1 Blue
MRF’ (Sambrook et al. 1989), and single colonies were used to
inoculate 2.0 ml LB medium containing carbenicillin (50 pg/ml).
After 16 h of growth at 37°C, 100 ul of each culture was used to
inoculate 50 ml LB medium containing 0.2% glucose, and growth
was continued at 37°C. At an OD, of 0.3 isopropylthiol--galac-
toside (IPTG) was added to give a final concentration of 1.0 mM,
and growth was continued for an additional 5h. The cells were
harvested by centrifugation and resuspended in 0.1 M TRIS-HCI
buffer pH 8.0 containing 1.0 mM dithiothreitol, (DTT) and disrup-
ted by sonication. Cell debris was removed by centrifugation to give
a cell-free extract. Enzyme activity was measured in reactions con-
taining NAD (1.5 mM), TRIS-HCI pH 7.5 (0.15 M), 15 pg protein,
and the substrate dTDP-glucose (1.8 mM), in a final volume of
100 pl. After a 30 min incubation at 37°C, 0.9 ml NaOH (0.1 M) was
added and the mixtures were incubated at 37°C for an additional
30 min. The amount of product formed was determined by measur-
ing the absorbance at 320 nm and comparing reactions containing
dTDP-glucose to ones lacking substrate.

Resuits

Cloning of the dTDP-glucose dehydratase gene from
S. violaceoruber T1i22

dTDP-glucose 4,6-dehydratase from S. violaceoruber
Tu22 was purified to homogeneity using the procedure
of Vara and Hutchinson (1988) through the Mono
Q column step, followed by preparative SDS gel elec-
trophoresis (data not shown). Gas phase microsequenc-
ing (Matsudaira 1993) of the 34 kDa protein gave an
N-terminal amino acid sequence VTGAAGFIIS, which
showed strong homology to the N-terminus of the
Saccharopolyspora enzyme. Based on this sequence and
on an internal consensus sequence of known dTDP-
glucose 4,6-dehydratases, amino acids 207-215 of StrE
and 206-214 of the Sac. erythrea enzyme (Pissowotzki
et al. 1991), two oligodeoxynucleotide primers (JKS-II-
36-4, 5-GGSGCSGCSTTCATSGGSTCSCAC-3 and
JKS-11-42-3, SGGGAACTCGTASGGSCCGTAGTT-
GTT-3, S=G or C) were synthesized and used to
amplify a 520 bp fragment from S. violaceoruber Ti1i22
genomic DNA by PCR. The resulting fragment was
used as a probe in Southern blots of S. violaceoruber
Ti22 DNA digested with a variety of restriction en-
zymes. In each digest, only one fragment was observed

to hybridize with the probe (Fig. 2). Based on these
data, S. violaceoruber Tii22 chromosomal DNA was
digested with Bglll; fragments of 5-6 kb in length were
isolated and ligated into pSK™ previously digested
with BamHI. The resulting ligation products were used
to transform E. coli and colonies containing DNA that
hybridized to the PCR derived probe were identified by
colony hybridization. Plasmid pSV3501 was isolated
and found to contain, by DNA sequence analysis,
a portion of the dTDP-glucose dehydratase gene.

In order to clone the entire dTDP-glucose dehyd-
ratase gene and to expand the region of cloned DNA
surrounding the gene, a cosmid library of S. wiol-
aceoruber Tii22 DNA was prepared. S. violaceoruber
Ti22 DNA was partially digested with Sau3A, dephos-
phorylated, and ligated into pOJ446, previously digested
with Hpal and BamHI. The ligation products were
packaged and transduced into E. coli XL-1 Blue MRF".
Approximately 5000 apramycin-resistant colonies were
probed by colony hybridization with a DNA fragment
subcloned from pSV501. Several colonies were identified
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Fig. 2 Southern blot of Streptomyces violaceoruber Ti22 genomic
DNA digests probed with the dTDP-glucose dehydratase gene frag-
ment from pSU501

Fig.3 BamHI restriction map of the cloned region of S. viol-
aceoruber Tii22 DNA containing the dTDP-glucose dehydratase
gene. The cosmid clones isolated are shown below the map. The
region containing the polyketide synthetase genes is represented as
a shaded box (PKS), and the region sequenced is shown as an open
box. The five open reading frames are indicated

pSV501
Sequenced region
<—<E<—<——>
PKS 1.2.3_4_5
Ba Ba Ba Ba Ba Ba BaBa Ba Ba Ba Ba

Ba Ba BaBa
B I l l l

B24

B32

pOT446-22-24
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GGATCCTGACTTCCGGATCTCCTGCTCCAGGCTGCAACCTCGACCGCGCTAGAGGTCAAGCGCGACCGCGCEGCCGGCCCCGCEGAAGGGGGCCGACCGL

CGCCGCGCGACGAGGGTCGACGCCTTGGGCGATGAACTGGTCGCAGAACCAGTCGCGCTAGCCGACCAGCCCGGTCGTCCGCTCGACCCGGAGCGCCAGG
* R 8 R 8 T P G A P S S P R AT

TCAAGCCCCTCTACTTCCAGGTCCACTTCGGGCCCAGCAGCACGCTGCACGGCGGCTTCCCGCAGAGGTCCCACGGGGCCCACCACCCCCGGAAGTCGAA
W N P S I F T W TV F G P DDUH S TGG F P TEULT GIRTTT?PA K L K

CTACCACTAGAAGCCGTCCAGCTTCCCCCGCAACCGCTGCATGCCGGGCCGCCGCGCGTCGTGCCGGAACCACGGCAGCTAGACGTCGAGCCCCCACGGC
I T I K P L DF PANAVY PGA AMRILUVAIZXKTGUDTIOQULE PTG

CGCCGGTCGGCCAGCCGCTGGAGCATCCTCTCCTGGAACCGCGGCCGCCCGTCGAACTTGACGTCGCGCTGCAAGAACTGGAGGAACAACATCCGCCCCA
A AL R DAV EY S L V K AGAUZPULIZ XV F QL AV NI KUV EI KNY AP

AGCCCCACTAGCCCCGGCCCAGCTCGCACTGCAGCTTCCAGCGAGGCCCGGCCTGCACCCGGCCCCGGTGCGGCAGCTGCATGCACGACATGCGCTCTGG
N P T I P A P DL T VD F T AG PRV HAUPA AUV GD VY TS Y A L G

CCACTGCCACGGCTGCGCCGTCAGCTTCATCCAGAAGTGCCCCCGCCGGACCCGAGGGCTCCACCACCGGTAGTCTGGCCGGTCCCGGTCGCCCTGCCGA
T v T G VR ¢ D F Y T K V P AAQ AG s TTAMULG G AL AL P V A

I A A T&R TR S RUL A P M T F E T G H H L H L H L I VvV F P § L G I

801 --------—- Fummmmm— Fomm e Fommmmm - R i e il bbb b R pem oo +
GGCTTAGCGTCTCGTGGCGTAGCTCCACTCCGCCCTAGCTCCACTTGGCCCTAGCCCCACTGCGCCCGCGCTGGGCCTGGCCGGCCACAGTCCTCCGGCC

G 8§ D C L fM 5 A P
901 -----~--—- fommmmm o Fomm o R R it o pummm Hmm e mmm o tmmm - +

CCGCGCGGTCTTCAGCCCCACCAGCGCCATGGTCAGGTGCTGGCGGGGGTCGGGCGAGAGCTAGCTGGTCGCCCCGCGCATCGGGTCGAGGAGCGCCTAG
A R WP F D PHD RY WDV V A GL G s E I S WIURPAY G L E E R I

AACCTCAGCAGCTAGCGTATCGCCTTCAGCACGGGCTCCGCCAGGAGCTGTACCGCGTGGTACAGGGTCAGGCGGGGGTCCTCCAGGTCGTCCGCCCGCC
XK s pb I AY RV FDUHHOGILU®RDEVHIRVMDWDASGTLULDILL R A

AGTAGAGCGCCAACGAGTATGGCGACGGTGGCGGCTACAACATCTAGAGCGGGCGCGCCGGGAACCACTCGTGGTCAACGTCGCGGGCCGTCACCAGCAG
T M B R N S M G s ¢ 6 GG I N Y I E G ARG XK TUL VL ¢ L AURCHDD

GTGCACGTCGGTGAGCGCGTGCAACGCAGGCAGCGGCATGTCGCCTTGGACGGCTGGCCAGTCGTCGGCCCACTGCTTCAAGCCCTACTCGAAGAGCCCC
vV HL WEW®RVNIRGUDGY YL PV QRGTUL LR TV F NU®PIUL KE P

ACGACCGCGCCCGGCATCAACAACCTCGTCGCCCACTACGCCTGCAGCTCAGGCACCGCATGCCACCATCCGCGCCGCCTGGTCCAGCACCTCCGGAACC
H Q R P G Y NN SCURTTII®RUVDILGHI RYTT P A AS W T T S A K

TGCGGCGCATCCCCCTCAACCCGTCGTCCCCCGACAGGAGCCAGGTCCACGGCGACAGGTTGCTCGGCATGTGGAGCAGGCACCTCTGCACGTCCTGAGC
S A AY P SN?PILL P SDETWTSGS DL S G Y V EDT SV HUL V R

CAGGTGTGGCCGCACCTCACGCCGCAGCTCGTCGACGACCCACGGGTACTGCAAGCATGCCTGCTTGAGCGGCCCCGGCCACTCCCTCGCCAGGTGCACC
D VG A HL A ADILULOQ Q TGMUVNTRUV F EGZ?PSGTUL S R D V H

1601 --------- $o—mmmmm pmmm e pommm pm e ———— b m fommm o pom e pummmm - s 1

CTGAGCCGCCGCTTCACGTGCTGGCGCAGCACCGGCCCCTCCTGEGCCAGGTCCTCCAGCGCCAGCGTCTACAGCGGCACCTGCTTCAGCTCGGCAAGCA
S EAAF HVVADHGPL VRDULUL DI RDTCTIUDS GHUV F DL R E

1701 ~-mmmmm e e e Fomm e o mmmm tommmmm dommmmmm e dommmmmmmmm Fom dommmmmeany
CCACGAGCCCGTCCAACAGCGCCGCGGGGCGCATCCACTCGGCCAGCTGCTGGCACTGCACCTGCAGCAGCCTGAGGCCCATCGAGGGGCGGTCATAGAG
H H E.. L NDW R RGHAY TLURDW VYV TV EHEVDDSEZ?PY S G AULTIE

CGCGTGCATCACGCTCGGCTACTTGGGCCGGCGCGGCCACTGGTCCTCGGAGTACGGCGGTGQAQQCGGACGCATACCAGGGGCTACTACTCGGCGGCAG

*A/A V E A Q9 T H D G I I L. R R
R VY H S G I F G A A G T UV L L RIEM RBS

GCCGGCGGAGCGGCCACGCGTGCCGCCGGCTCGCCGGCTACTCGCTCGGCCTCTCGGGCECGTGCGGGACCTAGCTGTGGGGCAGCTCGTGCTACCTCAG
G A A EG T RV AASURGILSGSL GR VG I s VvV DL V I 8 D

CCCCTAGGGGCGCAGGAGGTCGTGCGTCAGCGCCEGCTCTCGCCACATGCCCGGCTCGAGCGACGGCGECGTEGCTGCCACGGCCGCGGCTGCTGCTCGCCA
R I ¢ ADEULV C¢CDURGULAT Y P?PGUL E S GGRV V S G A GV V L P

GGCTGGTCCGCGCTCAGCGAGGTGCTGGCAGGGCGGAGCTGCTGGTGCCAGGGGAGCTGCCATGACCGGCGCAGCTGGAGCGGCACATGCGGCCCCGCCT
G v L R 8D S W SR G A EV VVTGEV TS A ADV E G H V G P R

Fig. 4 Continued



CGGCCGGCTCCTCATGGGCTAACGTCAGGTCGTCCAGCAGCCCCGACGGCCACAGGAAGGTCATCGGCCACATGAGCAGCCGCTGCTGGGCCAGCGGCGC
L R 6L L VRNUCCDLULDUDU&PSOGTUDI KWWY GG TTYETDA AV V R DGR

GAGGTGCTCCATGACCTAGCGCAGCCACTAGAGGTCAAGCGGCGCCCGCGAGCCGAGCTAGCGGGCCTGCCGCAGCACCTGCCGCCGCCACTTCTTCATG
E VL Y @ I A DTTIEILESGRA ASU®PETIARVYVYADUHV A AT FF Y

TGCGGCTAGTGCCGCTCCAGCGACGCGCCGGCGAGCCCGAAGAGCTGGTCGCGCACCTGGGACGGCCACCGTAGGCAGAGCCGCTGCGGCATCCGTGCGC
vV 6 I VvV AL DS R PREU®PIKEV VL AHVYVURGTA ATDTEA AUV G Y AR

CCAGCCGGTGGAACCACTCGTCGTCGGCCCGCCGCCTTGCAAGCAGCGCCTTGCGCGCCCGCCTGAGCCGCTACGGGAGTCGCTCCTACAACAGCGGGTC
P DAV K TLULULRA AASI RIEU DU RTFA AR ASUEA BATIGTEA ATILTINDNDIDGL

CATGTAGTGCTTCAGGAGCAGTGGCTCCTTGAGGAGCCGCTACCTCTGCGTCACTCGCTCCGGCTCGCCGCGGAGGACGACCTCCATCCACTGCAGCTCC
Y M VF DEDGULVFEEA ATISVCHALGULU®PA AEUZGQOQTLY TV DL

GGCTTGCGCCTCGGCAGTGGCTGGTGGCGGGCCTGGAGCAGCCGCGCCAGCGGCTGCTGCTGCCGCTGGAGGAGCTGTGGCTACCGTGCCTGCAAGAGGT
G F A8 GDGV V ARV EDARUDGV VYV AV EZEUVGIAZRUVNE

CCGTCACGTGCTCCTAGCCGAACAACCGCTGCCCGTGGTCAACAAACCCGTACCTTATCCACTTCCCTGCGTTGGACAGGGGTAGGAGGCCTGTCTAGTC
L ¢ H VL I PKNAVUP VL QX PMSsS YTV F?PURULI RUDGUDEPTCTIL

2901 ----mw--- fmmmmm—— e pommmmm e o mm e mem fomm P e tatatel dmmmm dommm e m e
ACGGAAGTACCGTTGGGAAGTQAQQGTGGAAGCGGGGCCCGGAACCAATGCCCGAGCTAAGACCTTTCGGCTGGATCTCTGGCCAGGTTAGGGTGACCCT
A K fM RBS
CCCCCACACGGACCCAAGCGGCCCACCAACCCAGCCTGCCGGAAACGCGGGGAAGGGGGCCGGCGCGAAGCCGGCCTTCGGGGACGCGTACACGGGGGAA
3001 --------- R et Fommm R il R e D et T uhakatatald +
TGTTGCACGCGTCCGTACGGGGGTGCCCACCGCCGTCACATCACGGCGGGCGGCACGCGCAGGGTGCTCAGGGGCGAGGTGGGTGTTCAGGGGCGAGGGC
3101 ~--=meme- o ———— pommmmm dmmmmmm e dommmm——— domm e~ R il o pommmm e +
R R et T et Tt T it A et o o +

XK K A A P Q

AAGGGGCAGAGGAACGCCGCGGGCCGCTTGGCCGCCGGCCGAGCGCCGCCGAAGAGGAAGCCGTGCCGGCGGTCGTGGTCCCGCTAGTCGTCGTACTGGG
K 6 T E KRR GAPFR®RGARUPU®PI KEI KU?PV A AL VL ATIILILMY

GCGACTGGTGCTTCTGGCAGACGTAGCGGAGCCGGTCCGGGAGGTCCTTCCCGAAGCGGTCGGCGCCCAGCCGCACTAGCTCCTTCCTCGACAACAGGTC
G $ VvV F VT (QMAEALSGETLU F?P XK ALU RUPUDA AUHDTLUF S s NDL

GGGGTGGGCGGCAGGGCCCGGGTCGTCGTGGAACAAGCGCCGGACAGGCCAGTGCCGGCCCAGCAACTGCCGGCGGCACATGCGGCCCAGCCTCCGGCGC
G VRUERGPSGULULV KXKNAAOQGT TV APDINW VAATYAUPUD S A A

GGGGCCATCCGCCGCCGGTGGAAGAGCGGCTGGCGCGGCTTCTTGTAGCTGTCCTTCTGCGCTACGGCCGGCCATGGCGGCTAGACTGCCTTCTTCCACT
G R Y A A AV K EGVAGF F M SL FVRHERUGTSGG I QRF F T

TGCTTGGGTACGGGCGGGGGTACATGACGCCGCGCTGTGGGCAGACCTAGCGCTAGTCGTACTGGACGGTCGTGTCCGGCTACGGCTTCGGGTAGTGGGG
F S GM G A GM Y QP AV G TQ I AI L MV QWOCUL G I GF GMUV G

CCGCCGCTGTGGCCAGACGGTGTCGCTCCACAGGCGCCACTCGTGCGGCTTGGTCTTCCAGCGCTGCTGGTAGTCGTGGTCCGGCGACTCGTCGTGGCGG
A AV T Q@ WIL S8 TDATTUL V GEF WU FTTA AV V ML VL G S L L V A

AACATCGCCGGGCAGGACCACTGCATGCCTGCCCGCTAGGCCGGCCGCTGCTGCTACGGGTCGCAGACGCCGTCGTAGTAGTCGGGGCGGACCCACCCGC
K Y R 6 TR TV Y PRAIWIRGA AUV YV I GGL TQ PILMMTLGHAO QTP

TCTCCGGGAACTGGTAGACCTCCATCTCGCCGTCCTGCCTGTCCCGCGGCTTCTGGCGGCGAGGCTGGTCCTGCAAGTGCGGCAACATCTGCCTCTTCTC
s L. ¢ K VM QL ¥L PLVSLAGT FVAAGV L VNV GDNYV S F L

GCCCAACGCCTTGTAGCCCCAGCCGTCGTCGCGCCGCAGCCGCCGGGCGAAGACGCGGTCGCTCTTCTCGTGGTCTGGCTGGCGAGGCTCCGGCTTGTCC
P NRF M PTPL L A ADAA ARIEKI GQATLS SV FIL VL GGV AGTL G F L

TGCTCGCAGGGCCCCAGGCAGGTCGGGGTGCGCCCCGGGACGAGCTGGCGCTTCTCGTCGCCGTCGTCCGTCCGCTAGTCCCGCTCGTCGGGGCGCTACA
v LTS P D T W G WA AUPGOQEV AT FILILUPULILCATIULATLILGA ATI

GCTTGAACACGACACGCGCAGGGCCGACCTGCGCCTGGTCGCGCCGCTACTAGTCGCGCGGGCGGTGTGGCTAGCCGTGCAACTACTTCTTCCGGGTCGC
DF XHQ ARGPOQVU RVIL 2AATITIUL AGA AV GGI PV NIV FFAWR

Fig. 4 Continued



GGTCGGCCTGCGCGGCTCCTTCGACAGCTCAGGCCGCTTCTTCGGCGGGCGC'ICCCCCGGCTGCTGGCGGCTC'IGTGGCTTC‘ICGCGCGGCTTGGTACGG
W G S A G L P S DLGATFT FGGA AV PGV VA SV GFVAGT FWA

ACCATCGCCGACGCAAGCCGCTCGCCG‘ICGTCCAGCCACTCC'I‘AGCGC"I'I'CCGGTCCGAGTAGTCCGGCGGGCGCGGCTACGGGACCGGCGCCTTCTGGC
QYRSREALPVLDTLIAFALSMLGGAGIGQGRFV

GCTCGCACCAGTACC'IGACCCGCTCCGGCGTGTCATGCCTCGGCTCCTGC’I"I‘C’I‘GCGGC'IGCCGGCACGTCATCTGGCCCGCCGCAGGCATCTACAGCCT
AL TTMSQALGCLVSGELV FVGVATCYVPRIRGYTITD S

CTCGAAAGGCATGTCGCGGCAGTACTAGTGGCTCCACTAGTACATGCTCCACAAGCGGG'ICCGGACGAGCCTCTCCGGCAACTCCAGCAGCCGCTACCAT
L XK 6 YL ATMTIUV S T I MY S TNA AWAGQESTULSGNTULDU DA ATIT

GCGTCGCGGCGGCTCTAC’I’AGCAGACCAGC‘I‘CCCGCCGGTACTTGTCCGGCTCGTCGTCGTCGGGGCAGTACTAGTCGGCCTMGACGCGAACAGG‘IGGC
R L A A S I I TOQDULAAMTFILGLULZLILUGTMTIIULRTIZ RTZ RIEKDWV

GCAGCCGTGGCCTTAGCCCGCACCGCC‘I’GGCCGCCAAGCGACACAGACAGTAGCCCTCAAAAGAAGGAAGCCTTAGCCTTCCC'I‘GCAGCCCTCAGCCCCA
A DA G S DUPTAS SR RRBRNATDTIEM

CGGGCCGCTGCGTCCGGAC CAGGATGAAACCTCTAG’ICTGC'I\GGAGG TCAAGCGGGATTCTGCGAG cc CGCGCTCGCCCGACTCAAGACGCCCTCGGG ce

5001 --------- e e e R R b B T B et It e dmmmmmm g mmmmmm - +
CTTCGTCCGCACCACGGGACAGCCCTGCGGCCCTCGGGTCCTCGTCCG CAAG CAGGACGGCCCTTCGCGGCCCACCCGTACCCGCACCCCTG CCCCTGCC

$1031 ---=-e--- pmmem o R e e LD B R ettt e e pmmmmm - fommmmomo - +
C'I‘GCCGCGCGGAAAGCA’I‘CTGGGCCCCGC TC GTACCGTCCGCGATCCC’I‘CGGCTTCC AG CAGGG CTCC AGGGACG CTCGACCCCCGCTCCCTAGCGTCCG

5201 --------~ pmmmm———mm PR R e B ittt A Frmmmmm o= D aiataiai +
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Fig. 4 Nucleotide sequence for the analyzed region (nucleotides  acids); ORF3, 2909 (ATG) to 1850 (TGA) (1059 nt or 352 amino
1-6375) of the 7365 nt fragment (GSDB/GenBank Accession acids); ORF4, 4952 (ATG) to 3278 (TGA) (1674 nt or 557 amino
1L37334). ORF1, positions 736 (ATG) to 151 (TGA) (612 nt or 203  acids); ORFS5, 5423 (ATG) to 6370 (TGA) (948 nt or 314 amino
amino acids) or positions 814 (GTG) to 151 (TGA) (663 nt or 220  acids). Possible ribosome binding sites are underlined. A possible
amino acids); ORF2, 1854 (ATG) to 891 (TGA) (963 nt or 320 amino  inverted repeat between ORFs 4 and 5 is denoted by the arrows
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which contained DNA that hybridized to the probe.
The cosmid DNA isolated from these colonies was
analyzed by Southern blot and restriction mapping.
Three overlapping clones were identified that con-
tained the hybridizing fragment (Fig. 3). These clones
encompassed approximately 50kb of the S. wviol-
aceoruber Tii22 genome. One cosmid, pOJ446-22-24,
was used for further restriction mapping, hybridization,
and sequencing experiments.

Since the dTDP-glucose dehydratase gene is thought
to be involved in the early steps of formation of the
carbohydrate moiety that is attached to granaticin, it
is likely that the genes encoding these biosynthetic
enzymes are closely linked to the granaticin PKS (Mar-
tin and Liras 1989). Previous studies have shown that
the actl and actIII DNA fragments (Malpartida and
Hopwood 1986) from S. coelicolor can hybridize to
DNA containing the granaticin PKS from S. viol-
aceoruber Ti22 (Sherman et al. 1989). When these
fragments were used to probe Southern blots of
pO0J446-22-24, strong hybridization was observed, sug-
gesting that the putative dTDP-glucose dehydratase
gene and granaticin PKS are closely linked. These data
were confirmed by sequencing a small portion of DNA
(ca. 300 nt) that hybridized with the actl and actlIl
DNA probes. The DNA sequence obtained from this
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Fig.5 DOTPLOT (Devereux et al. 1984) comparisons of ORFs
2 and 3 with the deduced StrE and StrD gene products from
S. griseus (Pissowotzki et al. 1991). The data were compared using
a window of 30 and a stringency of 20

region was identical to a section of the previously
published sequence of the granaticin PKS (Sherman
et al. 1989) (Fig. 3).

Expression of GraE in E. coli

To confirm that the putative dTDP-glucose dehyd-
ratase (GraE) gene actually encoded a functional
enzyme, it was necessary to express this gene in a het-
erologous system. This was accomplished by subclon-
ing the 2.1 kb BamHI fragment (B24, Fig. 3), containing
the putative gene, into pSK ™. The fragment was sub-
cloned in both orientations to give pB24a (transcrip-
tion of ORF3 expected to be under control of the lacZ
promoter) and pB24b (transcription expected not to be
under control of the lacZ promoter), and tested for
expression in E. coli XL-1 Blue MRF'. When assayed
for dTDP-glucose 4,6-dehydratase activity, only one
cell-free extract was able to catalyze the conversion of
dTDP-glucose to dTDP-4,6-deoxyglucose at levels
above the background (0.429 pmol/mg protein for
E. coli strain XL-1 Blue MRF’' pB24a, us.
0.083 umol/mg protein for the host carrying pSK ™ or
pB24b) confirming that the cloned fragment contained
a functional dTDP-glucose dehydratase gene. Since
increased enzyme activity could only be obtained from
the DNA fragment cloned in one orientation, it is likely
that transcription of the mRNA for this gene product is
under the control of the lacZ promoter in pSK ™.

Sequence analysis of a 7.3 kb region containing GraE

By analogy to the streptomycin biosynthetic cluster
(Stockmann and Piepersberg 1992), it is expected that
the genes encoding the other biosynthetic enzymes for
the carbohydrate moiety of granaticin are clustered
around the dTDP-glucose dehydratase gene. There-
fore, as a first step towards identifying these genes,
a 7.3 kb region of DNA (B24 and B32, Fig. 3) contain-
ing the dTDP-glucose dehydratase gene was sequenced
(Fig. 4). Five open reading frames (ORF's) were identi-
fied by their predicted codon usage (Bibb et al. 1984)
(Fig. 4). ORF2 (GraE) encodes the dTDP-glucose de-
hydratase. The deduced amino acid sequence of GraE
shows 75.2% similarity and 60.8% identity to the de-
duced amino acid sequence of StrE from S. griseus
(Pissowotzki et al. 1991) (Fig. 5). A comparison between
the amino acid sequences encoded by ORF3 and strD
from S. griseus (Pissowotzki et al. 1991) (Fig. 5) reveals
69.9% similarity and 51.4% identity, suggesting that
ORF3 codes for a dTDP-glucose synthetase (GraD).
When the amino acid sequence encoded by ORF4 was
used to search peptide databases (GenPept, release 77,
6/93; and SwissProt, release 25, 4/93), using FASTA
(Pearson 1990), similarities to a family of proteins
known to confer antibiotic reistance by an active efflux



mechanism were identified. These included the tetra-
cycline resistance factor (Tet347) from S. rimosus
{Reynes et al. 1988), 33.9% identity; the actinorhodin
transporter from S. coelicolor A3(2) (Fernandez-
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degree of structural similarity is observed (Fig. 7),
suggesting that ORF4 encodes a protein involved with
transporting granaticin out of the cells. Database
searches with the deduced amino acid sequences
encoded by ORF1 and ORFS5 failed to identify any

Moreno et al. 1991), 30.3% identity; a methylenomycin
A resistance factor (Mmr) from S. coelicolor (Neal and
Chater 1987), 29.3% identity; and a putative tetra-
cenomycin transporter (Guilfoile and Hutchinson
1992), 25.0% identity; and others (data not shown)
(Fig. 6). When the hydrophilicity plot of ORF4 is com-
pared to those of other transporters (e.g., the putative
tetracenomycin tranporter from S. glaucensens) a high

Fig. 6 Continued
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significant similarities.

Discussion

In bacteria, 6-deoxyhexoses are essential and dTDP-
glucose 4,6-dehydratases are involved in the biosynthesis
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of these hexoses (Griesebach 1978). The granaticin pro-
ducer S. violaceoruber Ti22 appears to carry a single
copy of the dTDP-glucose 4,6-dehydratase gene, and it
is linked to the granaticin polyketide synthase gene.
A similar situation is observed in the streptomycin
producers S. griseus and S. glaucescens. These
organisms each contain a single copy of the dTDP-
glucose 4,6-dehydratase gene located within a gene
cluster that encodes enzymes involved in secondary
metabolism (Mansouri and Piepersberg 1991). Neither
organism expresses the dehydratase during vegetative
growth; therefore it has been proposed that 6-
deoxyhexose biosynthesis is not required for growth in
these organisms (Stockmann and Piepersberg 1992).
The sequence analysis of a 7.3 kb region of DNA
containing the dTDP-glucose 4,6-dehydratase gene
(GraE) revealed five potential ORFs. Two of these
(GraD and GraE) are highly similar to genes involved
in streptomycin biosynthesis (strD and strE) in
S. griseus, and show a similar arrangement, in that the
TGA codon of GraD overlaps the ATG codon of
GraE, suggesting that these genes form a transcription
unit. Genes that overlap by a single nucleotide are
common in bacteria when the gene products are re-
quired in equimolar quantities (Normark et al. 1983).
The overlap of a TGA stop codon and an ATG start
codon has also been described for genes involved
in - antibiotic biosynthesis and antibiotic resistance
(Fernandez-Moreno et al. 1991; Jenkins and Cundliffe
1991). The inducible lincomycin resistance in S. lividans
is conferred by the expression of two linked genes, lrm,
encoding a ribosomal methyltransferase, and mgt, en-
coding a glucosyltransferase (Jenkins and Cundliffe
1991). Data obtained from studies of the translation of
these proteins have shown that release of the Lrm
protein is required to allow a minus-1 frameshift in

Fig. 6 Alignment of ORF4 with similar antibiotic transporters
[Sgltem, S. glaucescens putative tetracenomycin transport protein
(Guilfoile and Hutchinson 1992); Scommr, S. coelicolor methyl-
enomycin resistance gene product (Neal and Chater 1987); Sritet,
S. rimosus tetracycline resistance gene product (Reynes et al. 1988)],
and the consensus sequence. The amino acid sequences were aligned
using PILEUP (Devereux et al. 1984). Capital letters denote conser-
ved amino acids
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Fig. 7 Hydrophilicity plots for ORF4, and the putative S. glaucen-
sens tetracenomycin transport protein (Tcm) (Guilfoile and Hutchin-
son 1992). The data for each plot were obtained with PEPTIDE-
STRUCTURE in the GCG software package, and plotted on
a Macintosh computer using Cricket Graph (CA Associates)

order to initiate translation of the mgt RNA. The mgt
coding sequence is not translated independently of the
Lrm coding sequence. Expression of the dTDP-glucose
4,6-dehydratases gene in E. coli, was obtained from
a plasmid (B24) that contained the entire GraE gene
but only about 150 nt of the TDP-glucose synthetase



gene. This indicates that, in E. coli, the GraE coding
sequence can be translated independently of the GraD
coding sequence. There is a strong Shine-Dalgarno
sequence (GGAGG) inmmediately (7 nt) preceding the
GraE initiation codon.

ORF4 was found to share similarity with a family of
transporter proteins that are involved in antibiotic res-
istance. Two types of these transporters have been
described. The first group is represented by proteins
which mediate resistance by an ATP-dependent efflux
of the antibiotic. Resistance genes belonging to this
group have been isolated from macrolide-producing
organisms (Schoner et al. 1992) but also from
S. peuceticus, the producer of daunorubicin and
doxorubicin (Guilfoile and Hutchinson 1991), and the
bleomycin producer S. verticillus (Calcutt and Schmidt
1991). The amino acid sequences deduced from the
genes encoding those proteins contain conserved re-
gions that are similar to the ATP-binding domains
present in a family of proteins known for their ability to
confer multiple drug resistance in human tumor cells
(Riordan and Ling 1985). The second group of trans-
porters is represented by membrane proteins that
mediate antibiotic efflux in an ATP-independent,
probably proton-dependent process. Genes coding for
proteins of this type have been isolated from Streptomy-
ces species which produce structurally quite different
antibiotics [tetracycline (Reynes et al. 1988), methyl-
enomycin (Neal and Chater 1987), lincomycin, (Hui-
Zahn et al. 1992) and actinorhodin]. All of these pro-
teins share similarities with sugar transport proteins
isolated from E. coli (Hui-Zhan et al. 1992). The resem-
blance between ORF4 and resistance genes of the sec-
ond group indicates that the protein encoded by ORF4
(GraR) is most likely to be a member of this transport
protein family (GraR). Several attempts have been
made to align the proteins listed above in order to find
consensus sequences (Rouch et al. 1990; Sheridan and
Chopra 1991; Hui-Zahn et al. 1992). Based on these
results, the proteins have been subdivided into several
groups [MmR, QacA, transporter of antiseptic com-
pounds, and tetracycline transporter (Rouch et al
1990)]. Among the different transport proteins, GraR
is most closely related to the family of methylenomycin
resistance proteins which may include the actino-
rhodin and tetracenomycin transporters (Figs. 6, 7).
Hydrophilicity plots comparing GraR (Fig. 7) to the
tetracenomycin transporter support the idea that GraR
is an integral membrane protein.

The possible functions of ORF1 and ORFS5 are un-
known since they failed to show significant similarities
with other known genes in the databases. ORF1 may
be expressed as part of an operon that includes GraD
and GraE; the DNA sequence between the stop codon
of GraE and possible start codons of ORF1 lack
a strong inverted repeat structure, a common transcrip-
tion termination signal found in Streptomyces species.
The region centered about nt 82-88 can be viewed as an
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imperfect inverted repeat that could form a 15/16 bp
stem loop and possible termination signal. The region
separating the diverging ORF3, ORF4 and ORF5 con-
tains a segment (nt 5354-5400) which represents an
incomplete inverted repeat centered around nt 5375.
This sequence may be involved in regulatory processes.
Divergent transcription from the promoter regions of
resistance genes in antibiotic producing Streptomyces
has been described in many cases (Neal and Chater
1987). In one example a gene, transcribed divergently
from a resistance gene was found to be a repressor gene
(Caballero et al. 1991). However, no significant sim-
ilarity of ORFS to any of these divergently transcribed
genes was found in our studies.
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