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Correspondence to: Summary Streptomycespp. are unusual among bacteria in growing as mycelial

John Innes Centre. Norwich Research Park.  colonies with sporulating aerial hyphae. They are very important as the source of

%’I'”?ﬁl 4'f'fé‘3"3c_252'5R742.7$;(':2'24_1603_ 456844, MOSt Of the major antibiotics. Pioneering work by David Hopwood in the 1950s and

E-mail: chater@bbsrc.ac.uk 1960s establishesitreptomyces coelicol@3(2) as the model system for the genus.
Since then he has led successive key phases of research on this organism. In the
1970s, plasmids were discovered and characterised, and used both to establish
conditions for transformation and in the subsequent development of cloning vectors.
Protoplasts were exploited in both transformation and highly efficient cell fusion.
In the 1980s, the early cloning of resistance genes from antibiotic-producing strains
was followed by the cloning of antibiotic biosynthetic gene clusters, and the
development of general methods and probes for the cloning of such clusters from
diverse species. Analysis of these gene sets led to wide-ranging inferences about the
biosynthesis of the important polyketide class of antibiotics, and to the production
of hybrid antibiotics, and then, in the last decade, to more sophisticated combinatorial
biosynthesis of designer molecules. In parallel, David Hopwood’s work has also
provided a crucial platform for studies of the regulation of the morphological and
physiological differentiation that is manifested by sporulating antibiotic-producing
colonies. Most recently, his involvement in the physical mapping of the entire 8 Mb
genome ofS. coelicolorA3(2) has culminated in its complete DNA sequencing: a
project that should be completed under his management during the year 2000.

Key words Streptomyces coelicolor David Hopwood - Linkage analysis -
Actinorhodin - Polyketide pathway

] of cellular differentiation [67]Bacillus subtilis168, with its
Introduction twin bonuses of efficient natural competence for trans-
formation (the discovery of Spizizen in 1959) and
In the world of academic science, very few bacteria becoommparatively complex cellular differentiation (first
truly international currency, and fewer still are the subjecmmphasized as a subject for genetic analysis by Schaeffer in
of concerted attempts to penetrate all aspects of their bioldi§60), has been almost as extensively studied [76]. It has
Of course, thanks ultimately to the pioneering work @irovided harmony and counterpoint to many of the themes
Lederberg and Tatunikscherichia colK-12 (supplemented played byE. coli, and has added several of its own, most
by the organism formerly known &slmonella typhimurium conspicuously in the fields of phosphorylation cascades,
LT2) has provided a marvellous model of most of the basievelopmental decision-making, sigma factor evolution and
mechanisms of growth: metabolic pathways, gene expressiingrsity, partner-switching models of regulation by anti-
DNA replication, macromolecular synthesis, regulatosigma factors, morphological coupling of gene expression,
circuitry, interaction with the environment, cell divisionchromosome partitioning, and entry into, maintenance of,
mobility, plasmid and phage biology, and the simplest kirghd exit from, extreme dormancy. No one person dominates
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the history ofE. colior B. subtilisgenetics—our extraordinarywould provide a key to understanding the pervasive problem
knowledge of them is the result of the communal efforts of the programming of polyketide biosynthesis (see below).
many outstanding researchers. A number of other unicellilmpwood’s Ph.D. work beautifully developed the basic
bacteria, sometimes more closely associated with one @remetics ofS. coelicolorA3(2), especially through his
few major contributors (a notable coupling beinmvention of the “four-on-four” method of linkage analysis
Pseudomonas aeruginosad Bruce Holloway [24]), have [25], a procedure that was subsequently also put to good
been subjected to sustained analysis, but on narrower froet&ct in revealing important aspects of the genetics of
providing windows onto various other aspects of microbiatganisms as diverse Bhizobium leguminosarufd] and
life such as catabolic versatility, nitrogen fixation, symbiosi$hermoactinomyces vulgafi3l] as well as of several closer
photosynthesis, pathogenesis, cell-cell interactions, aetitives ofS. coelicolor By the late 1960s, working entirely
developmental differences between siblings, and still maye his own, Hopwood had established a detailed circular
have been studied because of their direct relevance to hufivdcage map of more than 1@ coelicolorgenes [27]. An
medicine, food, agriculture or industry. However, the myceligiteresting feature of this map was the clustering of essential
organismStreptomyces coelicolok3(2) perhaps comesand housekeeping genes into two arcs separated by long
closest to rivalinge. coliK-12 andB. subtilis168 as a subject “silent” regions (see below). By the mid-1960s, Hopwood
for global study. The discovery of recombinationSn had become an outstanding lecturer in Genetics in Glasgow
coelicolorwas in 1955. In 2000, its genome (nearly equal Winiversity, where he was deeply influenced by Guido
size to the sum of thE. coliandB. subtilisgenomes) will Pontecorvo. In 1967 he took his wife Joyce and his children
have been completely sequenced. In between, an enornmidigbolas and Jonathan (Nick and John) off to New York for
range of aspects of its biology have been studied, not lemstbbatical year with Werner Maas. [Their daughter Rebecca
the multicellular differentiation of its mycelial colonies an@Becky) was born soon after their return.] Hopwood’s work
the spectacular biochemical genetics and regulation oftitere on the role of arginyl tRNA synthetase in regulating
secondary metabolism. Remarkably, much of this work warginine biosynthesis iB. coli[23] provided the activation
inspired and initiated by David A. Hopwood, whose sustainedergy for him to feel comfortable about biochemistry, which
influence on the development of studies of a particulgave him just the start he needed to be able to move into
organism over more than four decades has few parallelsriare molecular aspects of genetics in the next decade.
the history of prokaryotic biology. This article was writtelsewhere, other events were taking place that would shape
to mark the occasion of David Hopwood’s formal retiremehrtopwood’s future career. The John Innes Institute, then a
in 1998. fading research center with an honorable place in the history
of British plant and microbial genetics, moved 100 miles
to a new location in Norwich, to become associated with the
recently established University of East Anglia. The new
Director of the John Innes Institute was an organic chemist,
Mapping out the territory virologist and inventive engineer called Roy Markham. With
extraordinary prescience, Markham appointed David, who
David Hopwood began to stu@treptomycegenetics as a was still only 34, as Head of the Genetics Department, giving
Ph.D. student in the School of Botany, Cambridge, UK, imm the opportunity to establish a more substantial group,
the mid 1950s, at a time when tBecoligenetic map was as well as to shape the Department’s future. The blend of
first beginning to make sense. His supervisor, H. L. lant and bacterial genetics that Hopwood established in the
Whitehouse, although a clear-sighted classical geneticl3gpartment has itself been an exceptional success, sustained
had no knowledge of prokaryotes, and nobody else in theer three decades, and has contributed significantly to the
world was known to be working oBtreptomycegenetics re-emergence of the John Innes Centre as a leading centre
(though it turned out that Saito in Japan, Sermonti in Itafgr plant and microbial science.
and Bradley and Lederberg and Braendle and Szybalski in
the USA were thinking along similar lines). Nevertheless,
Hopwood examined severatreptomycestrains as potential
subjects for genetic analysis, and after one false start settted
on'S. coelicolorA3(2), which was a micromanipulated singldhe 1970s: the adolescence of
spore subculture of an agar-decomposing strain, Agtreptomyces molecular genetics
previously studied by Roger Stanier. It came to Hopwood
from Dagny Erikson, preserved in sterile soil. A particuldén the early 1970s, Hopwood's laboratory established the
attraction of the strain was the beautiful blue pigment fromxistence and basic features of plasmids and phages of
which it derived its name. Hopwood saw this as a potentiaBy coelicolor[15, 73, 81]. The first genetically defined
valuable genetic marker at the time, little realizing thatptasmid, SCP1, proved impossible to isolate by conventional
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procedures [82], and it was many years before it was revead@dong the early visitors, Francisco Malpartida came from
as a huge linear molecule of some 350 kb [52]. The larptonio Jiménez's laboratory and cloned #wt genes for
size may go some way towards explaining one of the twmduction of the famous blue pigment, actinorhodin, using
“silent” arcs in the linkage map (that at “9 o’clock”), sinc@igh capacity low copy number vectors based on SCP2 [60].
many of the strains used in linkage mapping contained Malpartida evidently liked color: later he cloned the even
integrated copy of SCP1 exactly at the position of this dyigger entire set ofed genes for biosynthesis of the red
[22, 36, 37]. Not all plasmids proved so difficult, andntibiotic undecylprodigiosin [62], following the first cloning
biochemical work by Hildgund Schrempf in Werner Goebels somered genes at Norwich by Jerald Feitelson [16, 17].
laboratory revealed a cryptic covalently closed circuldosé Antonio Gil came from Juan-Francisco Martin's
plasmid, SCP2, iis. coelicolorThis work was completed laboratory in Leén and clonepgabA from a candicin-
during a visit to Norwich by Dr. Schrempf during 1975 [73producing strain of. griseug21]: a gene that proved to
In the later 1970s, Hopwood'’s Ph.D. student Mervyn BilEncode the first step in candicidin biosynthesis, and that
showed that SCP2 was an important mediator of chromosawentually provided access to linked DNA encoding the
transfer [6]. Mervyn also discovered that SCP2 transfer waslyene biosynthetic machinery [41]. Alfredo Aguilar, now
associated with transient growth inhibition which could imfluencing the progress of science in a different way through
some circumstances be seen as pocks on growing lawnkisfwork in Brussels, discovered that the methylenomycin
a suitable recipient strain. The plasmid studies and protopfasiduction genes of a second producing organism were
technology were then combined in the first successiotated on a plasmid (pSV1) asSn coelicolorA3(2), but
protoplast transformation experiments, in which it was shownthis case the plasmid was circular instead of being linear
that polyethylene glycol could stimulate SCP2 DNA uptakes in SCP1 [1]. Two visitors to Norwich from Carlos
to the extent that up to 1fock-forming transformants couldHardisson’s group in Oviedo, Juan Evaristo Suarez and
be obtained with 1 pg DNA [8]. At about the same tim#&]. Rosario Rodicio [70, 77, 78] develop&direptomyces
Hopwood's laboratory demonstrated protoplast fusion amdctors from the temperate phag€31, discovered in
explored its genetic consequences and possibilities in a fascow by Natalia Lomovskaya [58]. These were then used
particularly penetrating papers [28, 34, 40]. Interestingly, a novel strategy to isolate and analyze a large segment of
much of this work was going on when Stanley Cohen, a wotltde mmygene cluster for methylenomycin biosynthesis from
leader in plasmid biology and pioneer of recombinant DN@. coelicolofl1l, 12]. The strategy used depended on earlier
methods, was in Hopwood'’s laboratory on sabbatical leapapers from Hopwood'’s group: first, the demonstration that
so it was no surprise that the transformation technology, allteé mmygenes were located on SCP1 [53, 54]; and second
to further molecular studies of plasmids [5, 6, 9, 50] led that the physically unisolable SCP1 could be transferred
recombinant DNA experiments Btreptomyceghe first betweerStreptomycespecies [32, 33]. SCP1 DNA provided
cloning in Streptomyceof a Streptomycegene (for the only extensive DNA homology betwe8n coelicolor
methylenomycin resistance) by Mervyn Bibb (by then iBCPZ® andS. parvulusSCP1 strains, and it was this that
Stanley Cohen’s lab, [7]), with almost simultaneous succesade themmycloning possible. During this time, the first
by Charles Thompson in Hopwood’s own lab [80]. discovery of cryptic antibiotic production genes was made
when George Jones found tisteptomyces lividanslespite
being a non-producer of actinomycin D, contained a gene
for the final step in actinomycin D biosynthesis that could
be activated by certain cloned DNA fragments from another
Breaking through from the primary to the species [42, 43]. The use of cloned heterologous DNA to
secondary phase: genes for antibiotic activate the normally silent actinorhodin gene$ dlividans
production has proved a fertile approach to the isolation of regulatory
genes for secondary metabolism [19].
Soon, the pioneer cloning experiments were followed by the
first cloning of antibiotic production genes by the Norwich
group, following on from conventional genetic analyses of
production of three distinct antibiotics 8f coelicolorwhich
Hopwood had initiated in the 1970s, and which had revealfide programming of polyketide
that although two sets of genes were chromosomicaﬁyosynthesis
located, one set (for methylenomycin) was located on the
SCP1 plasmid [53, 54, 71, 72, 85]. A key feature of this tinBy the mid-1980s, and almost entirely because of Hopwood's
was the influx of Spanish post-doctoral scientists into therk, Streptomycegenetics research groups were springing
group; this has continued almost as a tradition at Norwialp all over the world, most notably in North America, Europe
with at least 20 such visitors in the last 20 years (Fig. And Japan (augmenting a long-standing interest in
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Fig. 1 David Hopwood with some of his Spanish collaborators. The picture was taken at Hopwood’s retirement celebration at the
John Innes Centre, September 11, 1998. Rear, left to right: J. A. Salas, A. M. Cerdefio, J. L. Caballero, J. A. Gil, D.oAl, Hopwo
C. Vallin (Cuba), A. Jiménez, J. A. Saliveri, J. A. Ainsa, F. S. Malpartida. Front, J. E. Suarez, M. A. Fernandez-Abal#iaMbbs,

R. Santamaria

Streptomycesemanating from the successful Japanesext, which is still in use throughout the world, is soon to be
pharmaceutical industry), and there was a sea-change inréptaced [49].

activities of industriaStreptomycesesearch scientists with  Meanwhile, the first production of a hybrid antibiotic by
excellent contributions t&treptomycegenetics coming genetic engineering was achieved [38]. This involved the
particularly from the laboratories at Eli Lilly. Hopwood theintroduction of segments of the actinorhodin gene cluster
continued to establish general methodologies and tools ifto otherStreptomycespp. that made different, but related,
cloning antibiotic production genes, and to begin to use thewalycyclic aromatic polyketide antibiotics. A feature of these
to study the mechanisms by which one simple biosynthetixperiments that harked back to Hopwood’s early choice of
route, the polyketide pathway, could lead to an astonishi@gcoelicolorA3(2) as an experimental organism was the
range of end products, serving diverse roles, across the wiealgloitation of pigments—all the antibiotics involved, and
of the prokaryotic and eukaryotic kingdoms. A string dhe resulting hybrid compounds, could be recognized by
widely used plasmid vectors was constructed [3, 45, 59, T®ir characteristic color. Another feature of the work was
and Hopwood organized a series of EMBO practictle international collaboration between researchers in Spain,
workshops orStreptomycegenetics, plus a similar courselapan, the USA and the UK, which is typical of Hopwood'’s
for Asia held in Wuhan, China in 1989, that ensured thawark in the last dozen years. For example, reference 44 was
whole generation of young scientists was brought togethiee sixth co-publication with Prof. S. Omura. The ground-
in an international network @treptomycesesearchers thatbreaking hybrid antibiotic paper opened up two research
has continued to flourish throughout the 1990s. An importatitections: one, the use of hybrid pathways to elucidate the
offshoot from this venture was the practical manual [35] thates of genes in clusters suchaa&$[20, 46, 47, 51, 63-65,
came out of the needs of the early courses. This now agidd; and the other, the microsurgical construction of hybrid
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polyketide biosynthetic gene sets in the “combinatoriahd did some initial characterization of about 250 mutants
biosynthesis” of designer antibiotics [2, 44, 55, 66]. Muckith white, brown or green, instead of grey, aerial mycelium
of this work was made possible by the discovery thg9]. Many of these mutants, which are still extensively
conservation of equivalent genes from different but relatstudied today [10], were defective in various aspects of
pathways was often high enough to permit cloning l®porulation in the aerial hyphae. These early studies
hybridization using probe genes initially derived from thgtimulated the emergence &f coelicolorA3(2) as one of
actcluster [61, 75]. The use of this route, and a companitive handful of bacterial systems studied in detail for their
route based on the often-observed linkage of cognatevelopmental biology. Hopwood is still making
resistance genes to biosynthetic clusters [12], permitted tomtributions in this area, particularly in relation to the
cloning of many of the gene sets now in use to make hybcmmpartmentalization of polyketide-related gene expression
antibiotics. In the case of polycyclic aromatic polyketiddsetween different cell-types, with the demonstration that
such as actinorhodin, it has been found that each of thmmologous genes from tleet andwhiE spore pigment
several iterative additions of C2 units is done by the sagene clusters are capable of functioning in each other’s place,
condensing enzyme, and that nearly all the modificatiobst only if ectopically expressed [86]. On the other hand,
and shaping of the resulting chain are done by separjat& one malonyltransferase 8. coelicolorappears to
enzymes (typically about 20 in a pathway). The situatigmovide the last pathway-non-specific step in biosynthesis
for macrocyclic polyketides and polyenes has proved these two polyketides [69].
interestingly different [29, 41].

Threading through this remarkable flood of work has
been a continual interest in the regulation of antibiotic
biosynthesis. Early on, it was deduced that one claastof

mutants gctll) might lack a positively acting regulatoryBack to the future: sequencing the
element, because they neither secreted nor convergfeptomyces coelicolor chromosome
biosynthetic precursors of actinorhodin; and indaetl-
ORF4 proved to encode a novel class of transcription factpke isolation of mutants and the mapping of genes to the
that is widespread in diverse antibiotic biosynthetic geg&romosome has continued to underpin all of these
clusters [18, 83]. The realization of the significancaafl- investigations of Streptomycesbiology, though the
ORF4 for properly timed expression of genes for second@féthodologies and resolution have evolved considerably.
metabolism led to the design of an expression systemmymarkably, aimost no inconsistencies have been revealed
Chaitan Khosla’s group, in association with Pa\{ld, whichetween the early linkage maps [36] and the later maps based
was subsequently used to analyze and exploit diverse ggRgybridization of cloned DNA first to macrorestriction
sets for polyketide synthesis [64]. fragments of the whole 8 Mb chromosome [48], and then to
an ordered cosmid library [68]. The latter library of ~320
cosmids is providing the foundation for the sequencing of
the entireS. coelicolorgenome at the Sanger Centre, UK
(http://www.sanger.ac.uk/Projects/S_coelicolor/), a project
Getting studies of aerial mycelium inaugurated and managed by David. Typical of Hopwood's
off the ground modus operandithe wholeStreptomyceand microbio-
logical community is benefitting from the immediate
Early in his career, Hopwood carried out a number afailability of sequence information on the website.
cytological studies of the growth and sporulationSof The physical analysis of the genome yielded one major
coelicolor,with the participation of some highly skilled andurprise that had not been foreseen from linkage mapping:
experienced microscopists, especially Audrey Glauert [etge chromosome was not a circle, as expected both from
30, 84]. This revealed the occurrence in aerial hyphae ajenetic mapping and by analogy with other bacterial
kind of septum specific to sporulation-associated celiromosomes, but a linear structure with long terminal repeats
division—a topic that continues to be explored in severatached to a protein [13, 14, 57]. Prophetically, Hopwood
laboratories. Hopwood's interest in development led to thad earlier pointed out that a circular genetic map did not
isolation of the first aerial mycelium-less “bald” mutantsiecessarily mean physical circularity of the genome [26].
Several of these, including S48 [27], later proved to A&e second of the long silent regions in the original linkage
defective in the genebldA) for the tRNA specific for the map, that at “3 o’clock”, has proved to consist of the two
rare TTA (UUA) leucine codon [56]. The presence of a TTéhromosome ends—more than 1 Mb at each end contains no
codon in theactll-ORF4 regulatory gene was eventualljiousekeeping or essential genes, instead comprising various
found to account for the failure of subldA mutants to genes with more “ecological” roles, or integrated genetic
make actinorhodin [18]. The Hopwood group also isolatetkments of diverse kinds.
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Coda

10.

This outline of Hopwood's research career is incompletlel.'
It does not mention the enormous influence he has hadien chater KF, Bruton CJ (1985) Resistance, regulatory and production
the programmes of innumerable congresses, international genes for the antibiotic methylenomycin are clustered. EMBO J
symposia and other scientific meetings, nor his long and 4:1893-1897

highly influential role in the funding and direction of>
microbial science in the UK. One measure of his significange chen cw, Lin Y-S, Yang Y-L, Tsou M-F, Chang H-M, Kieser HM,
is the 10-fold increase in the proportion®tfreptomyces
papers in leading microbiological journals, from about 0.4% structure and dynamics. Actinomycetologica 8:103-112

to 4% over the last 30 years. It is in recognition of the sufy Dowding JE, Hopwood DA (1973) Temperate bacteriophages for

total of these achievements that he has been internationally

Chater KF (1998) Taking a genetic scalpel to$treptomycesolony.
Microbiology 144:1465-1478

Chater KF, Bruton CJ (1983) Mutational cloningitneptomyceand
the isolation of antibiotic production genes. Gene 26:67-78

Chen CW (1997) Threads of evidence: On the trail to linear bacterial
chromosomes. Soc Actinom Jap News 11:1-29

Hopwood DA (1994) The linear chromosomesSifeptomyces

Streptomyces coelicoldk3(2) isolated from soil. J Gen Microbiol
78:349-359

hon_OL_'red by many patiopal ac'ademies, microbiologi'@. Feitelson JS, Hopwood DA (1983) Clonin§tseptomycegene for
societies and institutions, including Honorary Membership an O-methyltransferase involved in antibiotic biosynthesis. Mol Gen

of the Spanish Society for Microbiology in 1985. In the UK, : _ _
he is a Fellow of the Royal Society, and has received pubiic Feitelson JS, Malpartida F, Hopwood DA (1985) Genetic and
recognition by the rare award (to a scientist) of a Knighthood.
.DaV|d’S energies have r_‘0t diminished as he enters formgl Fernandez-Moreno MA, Caballero JL, Hopwood DA, Malpartida F
retirement. His coordination of th&. coelicolorgenome
project and continuing engagement in the problems and direct targets for translational control by thielA tRNA gene of
possibilities of combinatorial biosynthesis of antibiotics make StreptomycesCell 66:769-780

sure of that. It has been a great privilege to work with hit?
for the |a§t 30 years, and he continues to be a friend and Nregulatory locus for antibiotic production Streptomyces coelicolor
outstanding example to me and many others.

20.

21.

References

Aguilar A, Hopwood DA (1982) Determination of methylenomycir23.

A synthesis by the pSV1 plasmid frddtreptomyces violaceus-ruber
SANK 9570. J Gen Microbiol 128:1893-1901
Alvarez MA, Fu H, Khosla C, Hopwood DA, Bailey JE (1996)

Engineered biosynthesis of novel polyketides: properties ofithg  24.

aromatase/cyclase. Nature Biotech 14:335-338

Bailey CR, Bruton CJ, Butler MJ, Chater KF, Harris JE, Hopwood D25.

(1986) Properties dh vitro recombinant derivates of pJV1, a multi-
copy plasmid fronBtreptomyces phaeochromogerie&en Microbiol
132:2071-2078

Beringer JE, Hopwood DA (1976) Chromosomal recombination a@d.

mapping inRhizobium leguminosarurilature 264:291-293

Bibb MJ, Hopwood DA (1981) Genetic studies of the fertility plasmia8.

SCP2 and its SCP2* variants$treptomyces coelicol@3(2). J Gen
Microbiol 126:427—-442
Bibb MJ, Freeman RF, Hopwood DA (1977) Physical and genetical

characterisation of a second sex factor, SCP2Stoeptomyces 30.

coelicolorA3(2). Mol Gen Genet 154:155-166
Bibb MJ, Schottel JL, Cohen SN (1980) A DNA cloning system for

interspecies gene transfer in antibiotic-produ@tgptomyceNature  31.

284:526-531

Bibb MJ, Ward JM, Hopwood DA (1979) Transformation of plasmid2.

DNA into Streptomyceat high frequency. Nature 274:398-400

Bibb MJ, Ward JM, Kieser T, Cohen SN, Hopwood DA (1981) ExcisicB.

of chromosomal DNA sequences fr@treptomyces coelicoléorms
a novel family of plasmids detectable $treptomyces lividanddol
Gen Genet 184:230-240

22.

26.

29.

34.

Genet 190:394-398

biochemical characterization of thed gene cluster oStreptomyces
coelicolorA3(2). J Gen Microbiol 131:2431-2441

(1991) Theactcluster contains regulatory and antibiotic export genes,

Fernandez-Moreno MA, Martin-Triana AJ, Martinez E, Niemi J, Kieser
HM Hopwod DA, Malpartida F (19923baA a new pleiotropic

J Bacteriol 174:2958-2967

Fu H,Ebert-Khosla S, Hopwood DA, Khosla C (1994) Engineered
biosynthesis of novel polyketides: dissection of the catalytic specificity
of theactketoreductase. J Am Chem Soc 116:4166-4170

Gil JA, Hopwood DA (1983) Cloning and expression of a p-amino-
benzoic acid synthetase gene of the candicidin-prod&tiegtomyces
griseus.Gene 25:119-132

Hanafusa T, Kinashi H (1992) The structure of an integrated copy of
the giant linear plasmid SCP1 in the chromosom8toéptomyces
coelicolor2612. Mol Gen Genet 231:363-368

Hirshfield IN, Dedeken R, Horn P, Hopwood DA, Maas WK (1968)
Studies on the mechanism of repression of arginine biosynthesis in
Escherichia colilll. Repression of enzymes of arginine biosynthesis
in arginyl-tRNA synthetase mutants. J Mol Biol 35:83-93

Holloway BW (1998) The less travelled road in microbial genetics.
Microbiology 144:3243-3248

Hopwood DA (1959) Linkage and the mechanism of recombination
in Streptomyces coelicolohnn NY Acad Sci 81:887-898

Hopwood DA (1965) A circular linkage map in the actinomycete
Streptomyces coelicolod Mol Biol 12:514-516

Hopwood DA (1967) Genetic analysis and genome structure in
Streptomyces coelicoloBacteriol Rev 31:373-403

Hopwood DA (1981) Genetic studies with bacterial protoplasts. Annu
Rev Microbiol 35:237-272

Hopwood DA (1997) Genetic contributions to understanding polyketide
synthases. Chem Rev 97:2465-2497

Hopwood DA, Glauert AM (1961) The fine structureSteptomyces
violaceoruber (S. coelicolar)ll. The walls of the mycelium and spores.

J Biophys Biochem Cytol 10:505-516

Hopwood DA, Wright HM (1972) Transformation ifthermo-
actinomyces vulgaris) Gen Microbiol 71:383—-398

Hopwood DA, Wright HM (1973) Transfer of a plasmid between
Streptomycespecies. J Gen Microbiol 77:187-195

Hopwood DA, Wright HM (1973) A plasmid &treptomyces coelicolor
carrying a chromosomal locus and its inter-specific transfer. J Gen
Microbiol 79:331-342

Hopwood DA, Wright HM (1978) Bacterial protoplast fusion:



David Hopwood andtreptomyces

INTERNATL MicrosioL Vol. 2, 1999 67

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

recombination in fused protoplast®frepomyces coelicoloMol Gen  55.
Genet 162:307-317

Hopwood DA, Bibb MJ, Chater KF, Kieser T, Bruton CJ, Kieser HM,
Lydiate DJ, Smith CP, Ward JM, Schrempf H (1985) Genetib.
Manipulation ofStreptomycesA Laboratory Manual. Norwich: John
Innes Foundation

Hopwood DA, Chater KF, Dowding JE, Vivian A (1973) Advances in
Streptomyces coelicol@enetics. Bacteriol Rev 37:371-405 57.
Hopwoood DA, Harold RJ, Vivian A, Ferguson HM (1969) A new
kind of fertility variant inStreptomyces coelicoloGenetics 62:461-477
Hopwood DA, Malpartida F, Kieser HM, Ikeda H, Duncan J, Fujii 8.
Rudd BAM, Floss HG, Omura S (1985) Production of ‘hybrid’
antibiotics by genetic engineering. Nature 314:642—644

Hopwood DA, Wildermuth H, Palmer HM (1970) Mutants of59.
Streptomyces coelicolatefective in sporulation. J Gen Microbiol
61:397-408

Hopwood DA, Wright HM, Bibb MJ, Cohen SN (1977) Geneti60.
recombination through protoplast fusion$treptomycesNature
268:171-174

Hu Z,Bao K, Zhou X, Hopwood DA, Kieser T, Deng Z (1994)61.
Repeated polyketide synthase modules involved in the biosynthesis
of a heptaene macrolide I8treptomycesp. FR-008. Mol Microbiol
14:163-172

Jones GH, Hopwood DA (1984) Molecular cloning and expression of
the phenoxazinone synthase gene fi®meptomyces antibioticud 62.
Biol Chem 259:14151-14157

Jones GH, Hopwood DA (1984) Activation of phenoxazinone synthase
expression irStreptomyces lividantsy cloned DNA sequences from
Streptomyces antibioticud Biol Chem 259:14158-14164 63.
Kakinuma S, lkeda H, Takada Y, Tanaka H, Hopwood DA, Omura S
(1995) Production of the new antibiotic tetrahydrokalafungin by
transformants of the kalafungin produ&treptomyces tanashiensis.

J Antibiot 48:484-487 64.
Katz E, Thompson CJ, Hopwood DA (1983) Cloning and expression
of the tyrosinase gene fro8treptomyces antibioticus Streptomyces
lividans.J Gen Microbiol 129:2703-2714 65.
Khosla C, Ebert-Khosla S, Hopwood DA (1992) Targeted gene
replacements in &treptomycepolyketide synthase gene cluster: role
for the acyl carrier protein. Mol Microbiol 6:3237-3249

Khosla C, McDaniel R, Ebert-Khosla S, Torres R, Sherman DH, BiBb.
MJ, Hopwood DA (1993) Genetic construction and functional analysis
of hybrid polyketide synthases containing heterologous acyl carrier
proteins. J Bacteriol 175:2197-2204 67.
Kieser HM, Kieser T, Hopwood DA (1992) A combined genetic and
physical map of th&treptomyces coelicol#k3(2) chromosome. J
Bacteriol 174:5496-5507

Kieser T, Bibb MJ, Butter MJ, Chater KF, Hopwood DA (1999§8.
PracticalStreptomycegenetics. Norwich: John Innes Centre. (In prep.)
Kieser T, Hopwood DA, Wright HM, Thompson CJ (1982) plJ101, a
multi-copy broad host-randggtreptomyceplasmid: functional analysis
and development of DNA cloning vectors. Mol Gen Gene9.
185:223-238

Kim E-S, Hopwood DA, Sherman DH (1994) Analysis of Type Il
polyketideb-ketoacyl synthase specificity Btreptomyces coelicolor 70.
A3(2) bytranscomplementation of actinorhodin synthase mutants. J
Bacteriol 176:1801-1804

Kinashi H, Shimaji-Murayama M (1991) Physical characterization @1.
SCP1, a giant linear plasmid frdBtreptomyces coelicolod Bacteriol
173:1523-1529

Kirby R, Hopwood DA (1977) Genetic determination of72.
methylenomycin synthesis by the SCP1 plasmi&wéptomyces
coelicolorA3(2). J Gen Microbiol 98:239-252

Kirby R, Wright LF, Hopwood DA (1975) Plasmid-determinedr3.
antibiotic synthesis and resistanceSimeptomyces coelicoloNature
254:265-267

Kramer SG, Zawada RJX, McDaniel R, Hutchinson CR, Hopwood
DA, Khosla C (1997) Rational design and engineered biosynthesis of
a novel 18-carbon aromatic polyketide. J Am Chem Soc 119:635-639
Lawlor EJ, Baylis HA, Chater KF (1987) Pleiotropic morphological
and antibiotic deficiencies result from mutations in a gene encoding
a tRNA-like product inStreptomyces coelicol@3(2). Genes Dev
1:1305-1310

Lin Y-S, Kieser HM, Hopwood DA, Chen CW (1993) The
chromosomal DNA oStreptomyces lividar&6 is linear. Mol Microbiol
10:923-933

Lomovskaya ND, Mkrtumian NM, Gostimskaya NL, Danilenko VN
(1972) Characterisation of temperate actinophg@l isolated from
Streptomyces coelicol@3(2). J Virol 9:258-262

Lydiate DJ, Malpartida F, Hopwood DA (1985) T8&eptomyces
plasmid SCP2*: its functional analysis and development into useful
cloning vectors. Gene 35:223-235

Malpartida F, Hopwood DA (1984) Molecular cloning of the whole
biosynthetic pathway of &treptomyceantibiotic and its expression

in a heterologous host. Nature 309:462-464

Malpartida F, Hallam SE, Kieser HM, Motamedi H, Hutchinson CR,
Butler MJ, Sugden DA, Warren M, McKillop C, Bailey CR, Humphreys
GO, Hopwood DA (1987) Homology betwe&treptomycegenes
coding for synthesis of different polyketides used to clone antibiotic
biosynthetic genes. Nature 325:818-821

Malpartida F, Niemi J, Navarrete R, Hopwood DA (1990) Cloning and
expression in a heterologous host of the complete set of genes for
biosynthesis of th8treptomyces coelicolantibiotic undecylprodigiosin.
Gene 93:91-99

McDaniel R, Ebert-Khosla S, Fu H, Hopwood DA, Khosla C (1994)
Engineered biosynthesis of novel polyketides: influence of a
downstream enzyme on the catalytic specificity of a minimal aromatic
polyketide synthase. Proc Natl Acad Sci USA 91:11542-11546
McDaniel R, Ebert-Khosla S, Hopwood DA, Khosla C (1993)
Engineered biosynthesis of novel polyketides. Science 262:
1546-1550

McDaniel R, Ebert-Khosla S, Hopwood DA, Khosla C (1993)
Engineered biosynthesis of novel polyketides: Manipulation and
analysis of an aromatic polyketide synthase with unproven catalytic
specificities. J Amer Chem Soc 115:11671-11675

McDaniel R, Ebert-Khosla S, Hopwood DA, Khosla C (1995) Rational
design of aromatic polyketide natural products by recombinant
assembly of enzymatic subunits. Nature 375:549-554

Neidhardt FC, Curtiss R, Ingraham JL, Lin ECC, Low KB, Magasanik
B, Reznikoff WS, Riley M, Schaechter M, Umbarger HE (1997)
Escherichia coliandSalmonella Cellular and Molecular Biology.
Washington, DC: American Society for Microbiology Press
Redenbach M, Kieser HM, Denapaite D, Eichner A, Cullum J, Kinashi
H, Hopwood DA (1996) A set of ordered cosmids and a detailed genetic
and physical map for the 8 M8Btreptomyces coelicoloA3(2)
chromosome. Mol Microbiol 21:77-96

Revill WP, Bibb MJ, Hopwood DA (1995) Purification of a
malonyltransferase froi8treptomyces coelicol@3(2) and analysis

of its genetic determinant. J Bacteriol 177:3946—-3952

Rodicio MR, Buton CJ, Chater KF (1985) New derivatives of the
Streptomycesemperate phageC31 useful for the cloning and
functional analysis oStreptomyceBNA. Gene 34:283-292

Rudd BAM, Hopwood DA (1979) Genetics of actinorhodin
biosynthesis bystreptomyces coelicolok3(2). J Gen Microbiol
114:35-43

Rudd BAM, Hopwood DA (1980) A pigmented mycelial antibiotic in
Streptomyces coelicolocontrol by a chromosomal gene cluster. J Gen
Microbiol 119:333-340

Schrempf H, Bujard H, Hopwood DA, Goebel W (1975) Isolation of
covalently closed circular deoxyribonucleic acid fr&tmeptomyces
coelicolorA3(2). J Bacteriol 121:416-421



68

INTERNATL MicrosioL Vol. 2, 1999

Chater

74.

75.

76.

77.

78.

79.

Sherman DH, Kim E-S, Bibb MJ, Hopwood DA (1992) Functiona80.
replacement of genes for individual polyketide synthase components
in Streptomyces coelicolé3(2) by heterologous genes from a different
polyketide pathway. J Bacteriol 174:6184—6190 81.
Sherman DA, Malpartida F, Bibb MJ, Kieser HM, Bibb MJ, Hopwood DA
(1989) Structure and deduced function of the granaticin-producing
polyketide synthase gene clusteiStfeptomyces violaceorub&ii22. 82.
EMBO J 8:2717-2725

Sonenshein AL, Hoch JA, Losick R (199Bhacillus subtilisand 83.
other Gram-Positive Bacteria: Biochemistry, Physiology and
Molecular Genetics. Washington, DC: American Society for
Microbiology Press 84.
Suéez JE, Chater KF (1980) Polyethylene glycol-assisted transfection
of Streptomyceprotoplast. J Bacteriol 142:8-14 85.
Suéarez JE, Chater KF (1980) DNA cloning $treptomycesa
bifunctional replicon comprising pBR322 inserted intBteeptomyces
phage. Nature 286:527-529 86.
Thompson CJ, Kieser T, Ward J, Hopwood DA (1982) Physical analysis
of antibiotic-resistance genes frétreptomyceand their use in vector
construction. Gene 20:52-62

Thompson CJ, Ward JM, Hopwood DA (1980) DNA cloning in
Streptomycesresistance genes from antibiotic-producing species.
Nature 286:525-527

Vivian A, Hopwood DA (1970) Genetic control of fertility in
Streptomyces coelicol@3(2). The IF fertility type. J Gen Microbiol
64:101-117

Westpheling J (1980) Physical studiesSaeptomyceplasmids. Ph.D.
Thesis, University of East Anglia, Norwich, UK

Wetzorrek A, Bibb MJ (1997) A novel family of proteins that regulates
antibiotic production in streptomycetes appears to contain an OmpR-
like DNA-binding fold. Mol Microbiol 25:1181-1184

Wildermuth H, Hopwood DA (1970) Septation during sporulation in
Streptomyces coelicolal. Gen Microbiol 60:51-59

Wright LF, Hopwood DA (1976) Actinorhodin is a chromosomally-
determined antibiotic iStreptomyces coelicolé3(2). J Gen Microbiol
96:289-297

Yu T-W, Hopwood DA (1995) Ectopic expression of $teeptomyces
coelicolor whiEgenes for polyketide spore pigment synthesis and their
interaction with theact genes for actinorhodin biosynthesis.
Microbiology 141:2779-2791



