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The actinomycete Streptomyces murayamaensis produces at 
least two types of compounds, murayaquinone and the kinamycins, 
which have been shown to be biosynthesized using a polyketide-like 
pathway. In order to clone the biosynthetic genes which are 
responsible for these products, a lambda phage EMBL4 library 
containing genomic DNA from S. murayamaensis was probed with 
DNA from actl and gra ORFI, the ketosynthase 1 genes of 
actinorhodin and granaticin, respectively, in a Southern blot analysis. 
A 5.6-kilobase pair BamHI fragment was sub-cloned from the most 
strongly hybridizing of the clones, 10a, and the entire fragment was 
sequenced. The insert was found to contain five complete open 
reading frames which showed high sequence similarity with genes 
from other polyketide pathways encoding (in order) ketosynthases 1 
and 2, an acyl carrier protein, a ketosynthase, and a cyclase. The 
deduced amino acid sequence was also found to contain several key 
active site residues from polyketide synthase genes. As standard 
transformation techniques were not effective in introducing foreign 
DNA into S. murayamaensis, a method was developed for introducing 
DNA using conjugation rather than transformation. Single crossover 
gene disruption experiments were attempted using several different 
strategies without success. This failure was due primarily to the low 
rate of successful conjugation compared to the relatively high rate of 
exconjugates statistically needed for a single crossover event. A 

double crossover gene disruption was also carried out with apparent 
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integration of the plasmid into the S. murayamaensis genome, but 
with no detectable change in the product profile of the organism. 
Attempts to establish the gene function by marker rescue and by 
isolation of the kinamycin D resistance genes were also unsuccessful. 
Finally, attempts were made to express the products of the 10a 
cluster in the host S. lividans. While several new chromophores were 
produced, none was recognizable as being associated with either 
pathway. 
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CLONING AND CHARACTERIZATION OF A POLYKETIDE-LIKE
 
GENE CLUSTER FROM STREPTOMYCES MURAYAMAENSIS
 

INTRODUCTION 

Polyke tide s 

The polyketides are a large and structurally diverse group of 
naturally occurring, relatively small molecules. They range in size 
from the seven carbon 6-methyl salicylic acid to the forty-eight 
carbon brevitoxin B. Many of these compounds are biologically active 
and some, such as erythromycin are useful as pharmaceuticals. 
Structurally, they may consist of polyenes, polyethers, macrocyclic 
lactams or lactones, or aromatic rings. All are highly tailored and 
require some degree of biosynthetic sophistication. The carbon 
backbone of the polyketides is constructed in a manner analogous to 
the construction of long chain fatty acids (LCFAs). Figure 1 illustrates 
the common enzymatic activities needed for each successive round of 
chain extension in fatty acid synthases (FASs) and polyketide 
synthases (PKSs) (1). In the first step a malonyl-CoA unit is 
transferred by means of an acetyl transferase (AT) activity to the 
acyl carrier protein (ACP) and then to the ketosynthase (KS) site. A 
second malonyl unit is then transferred from CoA to the ACP and the 
two acid moieties are condensed with concomitant loss of CO2. The 
newly linked acetyl unit is then translocated by means of the ACP to 
the ketoreductase (KR) domain where the carbon ri to the thiol 
linkage is reduced to an alcohol in an NADPH-dependent reaction. 
The growing chain is moved again, this time to a dehydratase (DH) 
domain to yield the double bond and then to an NADPH-dependent 
enoyl reductase (ER) domain to yield the saturated compound. The 
fatty acyl chain is then once again transferred to the KS domain and 
the second round of the cycle begins. In the case of the FAS, this 
cycle continues until the chain reachesits proper length and then is 
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Figure 1. Reactions in fatty acid and polyketide formation. 

either cleaved from the enzyme by means of a thiolesterase (TE) (2) 
(3) or is transferred to a CoA unit (4). 

Although the essential biosynthetic steps are the same in PKSs, 
there are a number of features which differentiate them from the 
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FASs. The most important difference is that, while FASs perform the 
same set of reductive steps in each cycle of chain elongation, various 
steps in the reductive process can be omitted in polyketide synthesis. 
Thus, the fi-carbonyl may be partially reduced in one round, and left 
as the ketone in the next. This feature helps give rise to the 
remarkable diversity of these compounds. It also implies that the 
biosynthetic machinery must be at least somewhat more 
sophisticated than that of the FASs. The FASs are only required to 
recognize when the chain has reached its proper length and then 
release it. This is accomplished by giving the substrate binding site in 
the AT a slightly higher affinity for the complete fatty acid chain 
than for the incoming malonyl CoA unit (5). In contrast, the PKSs 
must be "programmed" to recognize how many reductive steps to 
carry out at each reiterative cycle. It has only recently become 
possible to investigate this programming and it appears that it is 
achieved differently for different classes of polyketides. 

Complex Polyketides 

The group of compounds which make up the complex 
polyketides includes the linear polyethers as well as the macrolides 
and the macrolactams. These structures resemble long-chain fatty 
acids but with various degrees of reduction at the f3- carbon of each 
extender unit. In the case of the macrocycles such as erythromycin 
(Figure 2), a final, head-to-tail lactone or lactam linkage is formed 
late in biosynthesis. Early feeding studies established that the starter 
and extender units were acyl-CoA derivatives of small carboxylic 
acids. The early work of Cane and Yang in erythromycin biosynthesis 
(6) and that of Yue and Hutchinson in the biosynthesis of tylosin (7) 
shed a great deal of light on the early steps in these processes. It was 
found in feeding experiments that the N-acylcysteamine derivatives 
of fatty acids of various lengths could be incorporated 
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Figure 2. Polyketide derived portion of erythromycin. 

intact into these compounds if they were appropriately tailored. 
Similar studies in a number of other macrolides (8, 9, 10, 11, 12) 
established the intact incorporation of CoA derivatives which 
mimicked the presumed acyl-ACP intermediates corresponding to 
each cycle of chain extension. However, these compounds were only 
found to be incorporated if their patterns of reduction and 
stereochemistry were consistent with those found in the final 
product at that chain length. Concurrently, broth extracts from S. 
frediae and Micromonospora griseorubida, which were blocked in 
their production of tylosin (13) and mycinamycin (14), respectively, 
were found to contain long chain fatty acids which corresponded to 
their presumed acyl-ACP counterparts in the wild-type product. In 
each case, any reductive tailoring at the P-carbonyl which would be 
present in the finished product was accomplished before the next 
extender unit was added. 

These experiments led to a general model in which the 
biosynthesis of complex polyketides is processive in nature. As in 
FASs, small acyl-CoA units are condensed and then undergo a series 
of reductive modifications. Unlike FASs, however, in which each 
reiterative cycle of chain growth is the same, during specific rounds 
of chain elongation either the ER, ER and DH, or the ER, DH, and KR 
tailoring steps would be omitted. These omitted steps are chain 
length specific and, while they may be absent in one round of 
elongation, may reappear in the next. This made it difficult to 
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propose a simple, FAS-like protein which could program chain 
modification so accurately. A particular KR, for example, might have 
to accept as substrate the product of the third and fifth rounds of 
elongation, but not accept the product of the fourth round. The 
explanation for this high degree of specificity became clear when the 
system's genetic arrangement came to light. 

The first complete biosynthetic pathway for a complex 
polyketide to be cloned was the locus responsible for the production 
of erythromycin aglycone. This work was made possible by two 
convergent lines approach. The first was the developement and 
meticulous characterization of a set of Sacharopolyspora erythraea 
mutants which were blocked at various points in the synthesis of 
erythromycin (15). The second crucial factor was the isolation and 
cloning of the ermE gene from Sac. erythraea which conferred 
resistance to erythromycin (16). The ermE gene was then used to 
probe a X-phage library of Sac. erythraea genomic DNA. Inserts from 
clones which were found to be positive were transferred to an E. 
coli/Streptomyces shuttle plasmid and used to transform the set of 
mutants which had been designated EryA. EryA mutants were 
known to be defective in synthesis of 6-deoxyerythronolide B (DEB), 
the polyketide derived aglycone of erythromycin. Several plasmids 
were found to restore the Ery+ phenotype and the the region of DNA 
responsible was found to be a 5-kb segment which mapped to 12-kb 
downstream of the ermE gene (17). Subsequent work has led to the 
cloning and sequencing of the entire polyketide portion of the 
erythromycin pathway (18) 

Sequence of the EryA locus revealed a remarkable similarity 
with sequence from FAS genes. Domains were found which exhibited 
convincing sequence similarity with domains from the FAS, AT, KS, 
ACP, KR, DH, ER, and TE and these domains were arranged 
sequentially on three open reading frames (ORFs). Remarkably, 
rather than having a single set of these activities, the locus held 
several sets of these activities, arranged in a modular fashion. The 
genes were represented on three ORFs and each ORF contained the 
activities needed for the equivalent of two rounds of the chain 
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Figure 3. Arrangement of the EryA locus. Open arrows 
represent ORFs. Lines above the arrow represent SUs. The underlined
domain represents a high degree of sequence similarity but a 
degraded active site sequence. 

extension (each designated a "synthase units" or SU). Figure 3 shows 
the arrangement of the activities on the three ORFs of EryA. The only 
copy of the TE activity which presumably terminates the PKS portion 
of the synthesis resides at the C-terminus of the third ORF and the 
first ORF begins with the AT activity which is presumably necessary 
in order to charge the PKS with the first malonyl unit. The order of 
activities needed at each stage of biosynthesis corresponds with the 
order of the domains on the three ORFs and when a modification is 
absent in biosynthesis it is also absent on the corresponding gene. Of 
particular interest is the KR domain of the second ORF. While the 
keto-reduction is missing in the third round of extension, a domain 
with a high degree of sequence similarity still exists in the third SU. 
Translational analysis revealed that the polypeptide encoded by this 
region carried a degraded NADPH binding site and was probably no 
longer enzymatically active. 

The linear correspondence of the active site domains in the 
EryA locus and subsequently found in the genes for other macrolides 
(19) suggests an evolutionary origin for this type of polyketide. One 
can envision a model in which FAS genes are first duplicated and 
linked, and then various activities are gradually degraded during the 
course of natural selection to produce effective antibiotics. This 
model is particularly well supported by the presence of the degraded 
KR domain of the third SU of EryA, presumably in the process of 
being lost. It is also supported by recent work which showed that if 
specific domains of the EryA locus were either disrupted or 
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rearranged by direct genetic manipulation, novel compounds with 
corresponding structural changes were produced (20). Further work 
in this field promises a harvest of novel complex polyketide-derived 
compounds based on such direct manipulation. 

Aromatic Polyketides 

The second major class of polyketide-derived compounds is the 
aromatic polyketides. This class includes compounds which range in 
structural complexity from molecules having a single aromatic ring 
such as 6-methylsalicylic acid to the polycyclic compounds such as 
actinorhodin (Figure 4). While the carbon backbone of these 

2 

6-Methylsalicylic acid Actinorhodin 

Figure 4. Structures of some aromatic polyketides. 

molecules is constructed using essentially the same series of 
enzymatic events as those which are encountered in the biosynthesis 
of the complex polyketides, the polyketide chain is generally less 
reduced with the majority of the [3-carbonyls remaining, at least 
initially, unreduced. These long chains with ketones at alternating 
carbons are folded back on themselves so as to position the carbonyls 
in a way that will facilitate the formation of six membered rings. 
Figure 5 illustrates the folding that the nascent polyketide chain of 
actinorhodin must undergo in order to cyclize properly (21). Once 
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Figure 5. Folding of the nascent polyketide chain to form 
actinorhodin. 

the basic aromatic structure is formed, the compound can undergo 
any number of tailoring events including oxidation, acetylation, and 
coupling with various carbohydrate moieties. These differences in 
biosynthetic strategies as compared with those of the complex 
polyketides prompted investigation into the genetic elements 
responsible for the aromatic polyketides. 

The first gene cluster responsible for the construction of an 
aromatic polyketide to be characterized was from the actinorhodin 
producer Streptomyces coelicolor. Hopwood and Rudd isolated and 
characterized 75 mutant strains which were blocked in actinorodin 
production (act-) and which were grouped into seven distinct 
phenotypic categories (19). By crossing mutants in a series of co
synthesis experiments, they were able to order these mutants with 
respect to their biosynthetic events. This work was facilitated by the 
developement of a simple assay for actinorhodin in individual 
colonies. Colony bearing plates were held over fuming ammonia and 
colonies which produced actinorhodin could be seen to change from 
red to blue. The work was also aided by the availability of standard 
protocols for the efficient genetic manipulation of S . coelicolor. Using 
these techniques, Hopwood was able to isolate large (40-kb) 
fragments of DNA which were able to restore actinorhodin 
production to some act mutants. These plasmid constructs were then 
used to gain heterologous expression from transformed strains of S. 
parvulus (22). Subcloning from this insert and subsequent marker 



rescue experiments led to the isolation of a 4-kb BamHI fragment 
which complemented the actI set of mutants, the earliest of the 
ordered groups. Sequencing of this fragment (23) revealed two ORFs 
of 1.2-kb each which contained apparent KS and AT domains and a 
third ORF of 300 by which showed active site homology with the ACP 
from FASs. 

Shortly after the isolation of the actl locus, it was found that 
this fragment could be used as a highly specific probe for PKS-like 
genes from other organisms when used in Southern blot analysis 
(24). This probe hybridized strongly with single bands from digests 
of genomic DNA from the producers of such aromatic polyketides as 
granaticin, oxytetracycline and tetracinomycin. Use of this probe 
quickly became the method of choice for identifying clones which 
carried PKS-like genes and the PKS gene clusters responsible for over 
a dozen aromatic polyketides including granaticin (25), 
tetracenomycin (26), griseusin (27), and frenolicin (28) were rapidly 
cloned and sequenced. 

Sequencing of these PKS gene clusters brought to light several 
ways in which the aromatic polyketide genes differ from those of the 
complex polyketides. Whereas the various activities were arranged 
in several domains on a small number of ORFs in the complex 
polyketides, the ORFs for the aromatic polyketides essentially held 
only one activity each. Figure 6 illustrates the most common 
arrangements for the aromatic polyketide gene clusters. These genes 
do not display the same one to one ordered nature that is seen in the 
complex PKS gene clusters. There also is not the same repetition of 
activities needed for each reiterative cycle. The absence of a TE 
activity is also notable, making it unclear at what point in 
biosynthesis the polyketide chain is released. These as well as other 
differences make it unlikely that the sequence of biosynthetic events 
is the same for the two classes of polyketides. 

Recently, several investigators have made progress in 
clarifying the roles of the different aromatic PKS ORFs by 
interchanging analogous ORFs from different biosynthetic pathways. 
It was found, for example, that in every case studied, the ACP ORFs 
could be interchanged without loss of production of the metabolite 
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Figure 6. Arrangement of the PKS gene clusters involved in 
biosynthesis of actinorhodin (act), granaticin (gra), tetracinomycin 
( tcm), frenolicin (fren), and griseusin (gris). Open arrows represent 
ORFs. 

(29). KR activities were found to act site specifically with respect to 
the carboxyl moiety, but without regard to overall chain length (30). 
Perhaps most interestingly, KS1 and KS2 ORFs from organisms which 
produced polyketide chains of different length were interchanged. 
While it is not yet clear what the exact mechanism of chain-length 
determination is, it is clear that the KS2 ORF plays a dominant role in 
this differentiation (31). 

The modular design of aromatic PKS gene clusters has made it 
possible to produce novel polyketide-derived antibiotics by adding, 
deleting, or rearranging the ORFs responsible for specific PKS 
activities. Already this approach has produced several previously 
unreported compounds including Rm20 (31) and mutactin (32). The 
diversity of molecules represented so far is still, however, somewhat 
limited, especially with regard to different chain lengths. At this 
point, the addition of new representatives of these types of PKS gene 
clusters is invaluable to an understanding of their genetic 
programming. 
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Aromatic Polyketides from Streptomyces murayamaensis 

For several years now, the laboratory of Professor Steven J. 
Gould has been involved in the elucidation of the biosynthetic 
pathway which produces the antibiotic kinamycin D (KD) from 
Streptomyces murayamaensis (33, 34, 35, 36, 37). This highly 
tailored benzanthraquinone was found by stable isotope labeling 
studies to be derived from ten acetate units as shown in Figure 7 (38, 
39, 40). Although several of the biosynthetic steps had been 

scow 
*-7110

OH OH 

Dehydrorabelomycin Kinamycin D 

Figure 7. Biosynthetic origin of KD 

established, others were not yet confirmed. In order to further 
elucidate this pathway, a library of mutants which were defective in 
kinamycin synthesis (kin-) was constructed. While this approach 
afforded further modification of the proposed pathway, it became 
clear that an understanding of the basic molecular biology of this 
pathway would be of great value, not only in order to further clarify 
the pathway but also for its own sake. 

Characterization of the genes that are responsible for the 
production kinamycin D and murayaquinone in S. murayamaensis 
represents an important step in the understanding of the 
biosynthesis of aromatic polyketides. While several octaketide
producing gene clusters have been characterized, the only 
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decaketide-producing cluster that has been cloned and sequenced is 
the one responsible for tetracinomycin. While a great deal has been 
learned by exchanging the so called chain length determining factors 
from gene clusters that produce different sized chains, several 
important questions cannot be answered until more than one 
representative from each chain size can be found. For instance, it is 
not yet clear whether or not the sequence of the KS2 gene can be 
used as a predictor of chain length. The discovery of highly 
conserved regions of sequence within different chain length families 
would presumably give insight into the mechanism of chain length 
selection. Since both kinamycin D and murayaquinone are known to 
be derived from 10 acetate units, the biosynthetic genes from either 
would be of great interest. Comparison of the cyclase genes from 
tetracinomycin and kinamycin D would also give insight into the 
mechanism by which the nascent chain is folded. Finally, since both 
kinamycin D and murayaquinone are produced by the same 
organism, it would be interesting to study whether any of the gene 
products from the two presumably separate pathways are shared or 
if they are somehow segregated. 

In order to begin this work, two things are critical: the gene 
clusters from one or both of the S. murayamaensis polyketide 
clusters must be cloned and unambiguously assigned, and the early 
genes must be entirely sequenced. We believed that the probes 
created from the actinorhodin and granaticin genes could be used to 
identify gene clusters from S. murayamaensis which carried PKS-like 
genes and that a combination of gene disruption and heterologous 
expression could be used to link one of these clusters to either 
kinamycin D or murayaquinone production. 
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Preliminary Identification of Polyketide-like Gene Clusters 

In order to begin studying the molecular biology of the S. 
murayamaensis polyketide pathways, Professor Gould spent 13 
months on sabbatical at the John Innes Institute where much of the 
pioneering work in Streptomyces genetics had been accomplished. 
After developing a suitable protocol for isolating the unusually 
elusive intact S. murayamaensis genomic DNA, Prof. Gould used this 
DNA to construct a bacteriophage X library which was sufficiently 
large to ensure representation of the entire S. murayamaensis 
genome. In order to accomplish this, genomic DNA was partially 
digested with the restriction endonuclease MboI to yield randomly 
sized fragments of roughly 15 to 20-kb. These fragments were then 
ligated into the BamHI site of the X vector EMBL4, which has flanking 
sites for BamHI and then EcoRI to facilitate subsequent removal of 
insert DNA. Plaque lifts representing 8,000 of these X clones were 
then screened with probes made from gra ORFI, the KS1 of the 
granaticin biosynthetic gene cluster, and with actIII, the KR gene 
from actinorhodin. After washing at moderate stringency, 19 clones 
were found to be positive in two independent screenings with both 
of these genes. Restriction mapping of the insert DNA of these clones 
indicated that these clones probably represented seven non-
overlapping gene clusters. The phage which carried these clusters 
were subjected to several rounds of purification and the most 
strongly hybridizing clone, hereafter referred to as X10a, was 
selected for further analysis. 

Further Southern blot analysis revealed that the actl 
homologue resided entirely on a 5.6-kb BamHI fragment of the Xl0a 
insert. This fragment was subcloned into the BamHI site of the vector 
pUC19 and was designated pIJ2856. This clone was subjected to 
further restriction mapping and Southern blot analysis using probes 
made from actl (KS1 of actinorhodin), actIII (KR of actinorhodin), and 
actVII (CYC of actinorhodin). Figure 8 illustrates the results of these 
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Figure 8. Restriction map of the 5.6-kb insert of pIJ2856 
showing the location of regions homologous to the genes actl, actIII, 
and act VII. 

experiments. The arrangement of putative PKS genes is not quite the 
same as that found in the actinorhodin and granaticin gene clusters. 
In both of these cases, the KR gene is just upstream of the KS1 gene 
and has the opposite orientation. The S. murayamaensis gene cluster 
does, however, have the same arrangement of genes as the PKS gene 
clusters for frenolicin (28) and griseusin (27). The similarity with 
these gene clusters as well as strong hybridization with the act 
probes gave a high enough degree of confidence to justify sequencing 
of the insert of pIJ2856. 

In order to accomplish sequencing of the putative PKS gene 
cluster from S. murayamaensis, the 5.6-kb insert of pIJ2856 was 
removed and the fragments were ligated to form concatemers. These 
concatemers were then randomly sheared by sonication to give 
fragments with an average length of 500 bp. The fragments were 
then further fractionated by preparative gel electrophoresis to give 
inserts of 300 to 600-kb. These inserts were blunt-end ligated into 
the sequencing vector M13mp19. One hundred-fifty of these clones 
were selected for culturing and were stored as supernatants. This so 
called "shotgun library" of M13 clones was brought back from the 
John Innes Institute for sequencing in our lab. 
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RESULTS AND DISCUSSION 

Sequencing and Analysis of the Plasmid p1J2856 

Overlapping sequence from the 150 M13 clones was arranged 
into a continuous sequence of 5568 by using the Gel Assemble 
program of the Intelligenetics software package (41). Sequencing 
continued until sequence was confirmed in both directions. Because 
of the random nature of the shotgun method, some regions of the 
insert were represented by several different clones while others 
were represented by only one clone in each direction. In order to 
obtain reliable sequence in these areas, it was desirable to sequence 
well into the inserts of some of the M13 clones. In order to 
accomplish this, sequencing primers were designed and synthesized 
which would anneal to the template 200-300 by downstream of the 
"universal" priming site (see EXPERIMENTAL for details). In this way, 
high quality sequence was obtained which spanned the last few gaps 
in the sequence Figure 9 shows the arrangement of the M13 clone 
sequences as they relate to the entire sequence of the pIJ2856 insert. 

Because of high GC content (70%), the 7-deaza-GTP kit for 
Sequenase was routinely used. In some cases it was found that the 
sequence in one direction did not agree with the sequence from the 
opposite strand. In many cases these discrepancies persisted even 
when DNA from several different clones was used as template. These 
difficulties were assumed to have been the result of severe 
compression problems and were finally resolved using deoxy-inosine 
triphosphate in place of deoxy-guanosine triphosphate in the 
Sequenase reaction The boundaries of the fragment were established 
by the identification of BamHI sites at either end. Throughout the 
course of the sequencing, as various regions of the fragment were 
completed, the sequence of these regions was compared to the 
sequences of known PKSs so that the project would not proceed too 
far unnecessarily. 
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1 

500 
499 
491 721 872 

9 105 354 510 719 901 
5 167 329 489 712 805 976 
1 77 145 309 467 549 724 808 927 1021 
1 134 216 305 537 668 783 864 967 1091 

>-136S->
 
>--4A--->
 

<----102IIII'----< <--108A'---<
 
>43A> <-103-<----60A' < <71F

>----73F »--28A--> <-115-< <-66A-
<-35P-< >-73PR-»---52A---> >-39III-
>-14-> <----35A' « 60R.---< >--- 77F
 

1114

I
 

1486 
1480 1635 

1590 1820 
1533 1733 
1565 1677 1800 2204 

1397 1539 1674 1840 2026 2202 
1389 1633 1824 1945 2139 

1186 1321 1470 1591 1752 2026 2204 
1290 1445 1626 1796 1890 2004 2124
 

1139 1306 1432 1528 1667 1791 1890 2026 2146
 
1250 1370 1586 1816 1979 2102 2221
 

1201 1324 1540 1647 1803 1946 2075 2195
 

< 9R' < ##
 

>-3A--> >-133S-> ##
 

>-32A--> <-145-< >14
< -138 -< >---72RL----> <-51A'-<#
 

11< <-26A'-< <-9A' < >-149BL-
-71F'-«--95A'--< <37A'«20A.< >-149-> ##
 

## >-148-><-8A-< >-125A->--133ML---> <49A
-39111A-> <-126A-< > 72F----> <-- 21A'
 

77> <----26R'----«-34 <- 67A'----<>149M
1115 2228
 

Figure 9. Diagram of the overlapping M13 sequences which 
make up the sequence of the pIJ2856 fragment. The diagram was 
generated using the "strat" command in the gel assembler program of 
the Intelligenetics suite. Arrows indicate the direction of the M13
sequence. Numbers above the double dashed line give the exact 
base-pair number at which the sequences begin and end. The #
symbol represents detail of overlap which is too fine to be 
represented at this scale. 
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2521 2829
 
2418 2683 2834 2942
 

2366 2521 2629 2796 2925
 
2335 2516 2616 2748 2918
 

2253 2451 2662 2879
 
2292 2411 2649 2869 3047 3307
 
2279 2443 2646 2865 3036 3294
 
2284 2401 2561 2698 2828 2960 3077 3205 3303
 

2230 2383 2526 2650 2801 2951 3135 3272
 
2319 2501 2684 2894 3124 3330
 

2295 2478 2679 2792 2892 3013 3200 3297
 

<--2A'---<
 
>-141ML-->
 

-83AS'-< > 74F >
 

--25A-< >-141S--> > 44A >
 

149> >---141CA---> <---38A'----<
 
--89L'--«---4611I'---< >-147->
 
## <--47A'---< <-140S'--<
 
1< >---81AS---#-92A.-« 18A' <
 

-4«-1225-«--80AS'--«-124-«--131S'--< ##
 
# <-89S'--«-94A-«---45A'---«-1A'--<--5A'---<
 
1> 16A »--141D >- -48A > ##
 

2229 3342
 

3971
 
3903
 

3779 3966
 
3648 3773 3960
 

3720 3860 3962
 
3723 3918
 

3487 3640 3755 3938
 
3476 3743 3934 4054 4231 4360
 

3454 3709 3887 4022 4124 4260
 
3499 3699 3882 3995 4224 4368
 
3493 3611 3707 3924 4110 4275
 

3452 3561 3701 3909 4033 4196 4297
 
3398 3558 3720 3938 4087 4245 4365
 

3385 3508 3714 3929 4025 4219 4345
 

>---112L---->
 
<----65A'----< >134S>
 

>--31A--> >1325 >76M> >-96A-->
 
>---82R1----»---76F---> <---78F'---<
 
>--82AS--> <--7BL'--«--109A'---«-98II'-

> 22A ><--7A'--#-150-><--77RL'---<
 
-29A-#--65B'--<>-129S-#-135S-#--150ML--->
 
<-33A'--«128<>--93A >< 17A' < > -6
 

--33R1-< >-127A-#-135ML'-<>---1501I---» 64A---

3343 4456
 

Figure 9, Continued
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5358 
4760 5299 

4551 4822 5277 5400 
4545 4811 5034 5235 5408 5518 

4488 4597 4798 5083 5270 5469 
4487 4676 4795 4930 5048 5209 5441 5566 

4525 4708 4915 5031 5202 5305 5471 
4506 4656 4759 4897 5122 5256 5417 5566
 

4470 4703 4901 5004 5221 5400 5568
 
4460 4684 4855 4970 5111 5220 5327 5440 5566
 

<-27B'-<
 
<--27A'--<
 

<--23A'--< >-121BL-->
 
<----42A'----< <--50A'--< >1215>
 

--981-< <---41L'---«--75T'---«-139-<
 
>--53A--> >-70AS-> <-30A'--«-79AS'-<
 
>--13R1---> <-110-< > 19A ><1<
 
-6><10A'«-137-«-41S.--<>19> <-11A'--<
 
#--- 13A--- >- 123S -> 90A > 114L 

4457 5568I 

Figure 9, Continued
 

The sequence was then analyzed for (ORFs) using the Unigene 
program (42). Unigene analyzes for GC bias in the third position in all 
three frames. The standard genetic code contains a bias toward G or C 
in the third codon position ("GC wobble"). This GC bias is especially 
pronounced in Streptomyces species, which have an overall bias of 
approximately 70%. Thus regions which display an unusually high GC 
content (e.g. > 90%) in the third position of a given frame are likely to 
represent coding regions in that frame. Initially, this program was 
useful in finding frame-shift errors in the sequence, especially 
missing nucleotides. After the correction of these errors, the 
sequence was again analyzed for ORFs using the CodonPreference 
program included in the Genetics Computer Group (43). Figure 10 
gives the output of this program. The dotted line represents the GC 
bias in the third position of frames one, two and three. 

The lower, solid line of Figure 10 represents a codon usage 
analysis. Briefly, the codon usage in a given frame is compared to the 
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Figure 10. Output of the CodonPreference program of GCG using 
the sequence of the pIJ2856 insert. The solid line (left scale) 
represents the level of agreement with the codon usage in known 
Streptomyces genes in all three forward reading frames. The dotted 
line (right scale) gives the GC bias in the third position of each frame. 
Bars indicate possible open reading frames according to translational 
analysis, again in all three frames. Ticks up indicate start codons, 
ticks down indicate stop codons. The horizontal scale is in base-pairs. 
Window size is set at 100 and the codon usage table was generated 
using (44) 

codon preferences seen in other genes from related organisms. Again, 
regions which exhibit a relatively high correlation of codon usage in a 
particular frame (> 1.0) are likely to code for proteins. Finally, the 
bars shown at the bottom of each frame represent translational 
analysis of the sequence. Bars represent reading frames which are 

http:6--'...ta.e...ce
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un-interrupted by stop codons. Ticks up represent potential start 
codons while ticks down represent potential stop codons. 

These three types of analysis, taken together, represent a 
powerful tool for locating ORFs. Between the beginning of the insert 
and approximately nucleotide position (nt) 1150 there is a sharp rise 
in both the GC bias and the codon usage agreement in the first 
reading frame. There are also start and stop codons flanking this 
region, giving strong evidence that this area represents an open 
reading frame. Between approximately nt position 1150 and nt 
position 2600 there is a similar rise in both graphs in the third 
frame, again flanked by start and stop codons. Between nt positions 
2600 and 2900 the ORF appears to be in the second frame and then 
moves back to the third frame from nt position 2900-3700. The fifth 
ORF is between nt 3800 and 4800 in the first frame, then a sixth, 
incomplete ORF begins in the third frame. Using this analysis as well 
as alignment data from genes of similar presumed function 
(presented later), it was possible to assign the arrangement of PKS 
genes on the cluster as well as the function of the gene products with 
reasonable certainty. 

Figure 11 shows the entire sequence of the 5.6-kb insert of 
pIJ2856. As expected, BamHI sites were located at each end of the 
sequence. While no clear transcription factors could be identified, a 
likely ribosomal binding site (RBS) is located at nt position 35. 
Fourteen bases downstream, a GTG codon is the likely translational 
starting point for ORFI. Several Streptomyces species have been 
shown to use GTG to encode the novel starter amino acid residue 
formyl methionine rather than valine (44). ORFI begins at nt position 
49 and extends to nt position 1325. The start codon for ORFII, this 
time encoded by an ATG for methionine, occurs at nt position 1326, 
one by up-stream of the TGA stop codon which terminates ORFI. 
There is also no apparent ribosomal binding site preceding ORFII. 
This is not surprising, since it has already been shown that the PKS1 
and PKS2 genes from several other species (23, 25, 26, 27, 45, 46, 47, 
48, 49, 50, 51) are transcriptionally coupled. This arrangement 
reinforces the model of the keto-synthase enzymes functioning as a 
hetero-dimer to assemble the growing polyketide backbone (52). 



21 

GGATCCCGGCGGACCGGTGATCCCCACGCCTTGCGAGGAGTTGCTCCAGTGAGCCGAAGT 
1 + + + + + + 60-BamB I (RBS) ORFI (KS1 ) 

Pm S R S 

GTCGCCATCACCGGCATCGGGGTCGTGGCCCCCGGAgGGATCGGGCGGAAGGCGTTCTGG
 
61 + + + + + + 120
 

F inlA I T G I G V V A PGG I GR K A 

GATCTGCTGATCTCCGGGCGGTCGGCCAGCCGCACCATCTCGTTCTTCGATCCGTCCCGC 
121 + + + + + + 180 

D L L I S G R S A S R T I F E D DP SR 

TTCCGCTCCCAGATGGCGGCGGAAGTGGACTTCGTCCCCGACCGGTACGGGCTTTCGCCG 
181 + + + + + + 240

R SQMA A V PDR Y GI,F E V D F S P 

CGCGAGATCCGGCGGCTCGACCGCGCC'GCCCAGTTCOCCGTGGTGAGCGCCCGTGAGTGC 
241 + 300 

R A Q F A V V S AE I R LD18 A R EC 
CTTGCCGACAGCGGCCTGGAGTTCGCCGCGCTCGATCCCGAGCGCATCGGTGTGAGCGTC 

301 + + + + + + 360 
L A DS GL E F A A L D P E R I G V S V 

GGCAGCGCCGTCGGGGGCACCACCAGCCTGGAGCGCGAGTATCTGGTGCTCAGCGACAGC 
361 + + + + + + 420 

G S A V G G T T S L E R E Y L V L S D S 

GGGCGGCAGTGGGAGGTGGACGGCTCGTATCTCTCGCCGCACCTCTTCGACGCCTTCGTG 
421 + + + + + + 480 

C R Q W E V D G S Y L S P H L F Li A F V 

CCCAGTTCGCTGGCGGCCGAGGTCGCGGCCCTGGIGGGCGCCGAGGGTCCGGCCGCCGTC 
481 -+ + + + + + 540 

P A E V A A L G P A A VS SL A V GA E 
GTCTCCACCGGCTGCACCTCGGGGCTCGACTCCGTGGGGTACGCGCGCGACCTCATCGCG 

541 + + + + + + 600 
V S T G C T S C G AL DS V Y AR DL I 
GAGGGCCGCGCCGACGTGATGCTCGCGGGCGGTACGGACACGCCGATCTCACCCATCGCC
 

601 + + + + + + 660

E GR A DVML A G G T LT P I S P I A 

GCCGCCTGCTTCGACGCCATCAAGGCGAC'CTCGCCCCGCAACTCGGACCCOGAGCACGCC 
661 + + # + + -+ 720 

A A C E D A I K A T S P RNS D P PHA 
TCCCGGCCCTTCGACCGCACCCGGGACGGCTTCGTGCTGGCCGAGGGCGCCGCCATGCTC 

721 + + + + + + 780 
S R P E D R T R D C F V L A EC A A ML 

Figure 11. Annotated sequence generated by the GCG program Map. 
Ribosomal binding site = RBS; Keto-synthases 1 and 2 = KS1 and 
KS2;acyl carrier protein = ACP.; Keto-reductase = KR: Cyclase = CYC. 
Fm = formyl methionine; All other amino acid abbreviations are 
standard. 
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GCCGCCTGCTTCGACGCCATCAAGGCGACCTCGCCCCGCAACTCGGACCCGGAGCACGCC
 
661 + + -+ + + + 720
 

A A C K P E H A 

TCCCGGCCCTTCGACCGCACCCGGGACGGCTTCGTGCTC_;GCCGAGGGCO=CCATGCTC 
721 + + + + + + 780 

S R P R D G F V L A E G A 

F DA I A TS P R NS D 

F DR T A ML 

GTACTGGAGGAGCTGGAACACGCCCGGGCCCOGGGCGCGCACATCTACGGCCTGGTCTCC
 
781 + + + + + + 840
 

SL EEL EHAR A R G A H I Y GL V 
GGCTATGCCTCGCGCTGCAACGCGTACCACATGACCGGGCTCAAGCCGGACGGGCGCGAG
 

841 + + + + +---- -+ 900
 
G Y N A Y H M T G L K E 

ATGAGCGAGGCGATCACGGCGGCGCTCACCGAGGCGCGGCTCCCGGCC'GACGCCGTGGAC 
901 + + + + + + 960 

M S E A I T A A L T E A R L P A D A VD 
TACATCAACGCCCATGGCTCGGGCACCAAGCAGAACGACCGCCATGAGACGGCGGCGTTC 

961 + + + + + + 1020 

A SR C P DC R 

Y I A HG SG T K QNDR HE T A FN A 

AAGCGGGCCCTGGGCGAGCACGCCCACCGCACGCCGGTCAGCTCCATCAAGTCGATGGTC 
1021 + + -+ + +----- -+ 1080 

VK R AL GE HA HR T P S S I K SMV 
GGGCACTCGCTGGGCGCGATCGGCTCGATCGAGATCGCCGCCTGCGCGCTCGCCATGGAG 

1081 + + + +- + + 1140 
G G A C A L A M EPIS L GA I S 1E1 A 
TTCGCGGTGGTGCCGCCGACCGCGAATCTGCACGAGGCCGACCCGGAGTGCGACCTCGAC 

1141 + -+ + + + + 1200 
F A V V P P T A N E C D L LL HE AD P 
TACGTACCGAACGAGGCGCGTGaGCGGGCGCTCGACACCGTACTGAGCGTCGGCAGCGGC 

1201 + + + + 12604 

ER A 
+ 

D TV L S VG SY V P N E A R E L G 

TTCGGTGGATTCCAGAGCGCGATGATCCTCTCCCGCGGACCGCAGGGACCGTCGAGGAGC 
1261 + + + + + + 1320 

F C C E Q S A M I L S R G P Q G PS R S 

GcGccATGACCACGGcAcccGTGTCGCCGCCGCCGAAGCTCGCCGAGGCCGTCGTCACCO 
1321 + 1380 

A A * 

ORFII (KS2 ) ---> V TGM T T A P V S A P P K L A E A V 

GCATCGGCATCGTCGCCCCCAACGGCCTGOGCGCCGAGGCGTGGTGGAGCGCCACGCTGC 
1381 + + + + + + 1440 

A LIC IV A PNGLG A E AW 1A1 S T R

GCGGCGAGAGCGGGATACAGGCGGTCCGCGACTACGACGCCTCCCGCTACCCCTCGCCGC 
1441 + -+ +- + + 1500+

GE S G IQAV R DYDASR Y PS P L-

Figure 11, Continued
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TGGCCGGACTCATCACCGGCTTCGACGCGGCCGAGTATCTGCCGGGGCGGCTGCTGCCGC
 
+ + + + + + 1560
1501 AGLITGFDAAEYLPGRLLPQ

AGACGGACCGGGTCACCCGGCTCGCCCTCGCGGCCGCGGACTGGGCCCTGGAGGACTCGG
 
1561 + + + + + + 1620
 

T D R V T R L A L A A A D A L E D
W DS G

GCGCGGACCCGTCGGCGCTGCCgcAGTACGCGACGGGCGTGGTGACGTCCAACGCGACCG
 
1621 + + + + + +
ADPSALPQYATGVVTSNATG-1680
 

GCGGATTCGCCTTCACCCACCGCGAGATCCGCAAGCTGTGGACCCGGGGCCCGCAGCACG
 
1681 + + + + + + 1740
G FAFTHREIRKLWTRGPQHV

TCAGCGTCTATGAGTCGTTCGCCTGGTTCTACGCGGCCAACACCGGCCAGATCTCGATAC
 
1741 + + + + + + 1800
S VYESFAWFYAANTGQISTR

GTCACGGGCTGCGCGGAGCCAGCAGCGTCCTCGTCGCCGAGCAGGCCGGCGGGCTCGACG
 
1801 + + + + + + 1860
 

L E G GA SS V L V A FQ A G GL D A

CCCTCGGCCACGCCCGGCGCACCCTGCGCAAGGGCTCGGCCCTCGTGGTCGGTGGAGGTG
 
1861 + + + +---- -+ + 1920
L GHARRTLPKGSALVVGGGV

TCGAGTCGGCGCTCGACCCCTGGGGGTTCGTGGCGCACCACTCCAGCGGGCGCCTGACGC
 
1921 + + + + + + 1980
E SALDPWGFVAHHSSGRLTR

GCTCGCACGATCCGCGCCGCGCCTATCTGCCCTTCGACGCGGCGGCCACCGGCcACGTAC
 
1981 + + + + + + 2040
S HDPRRAYLPFDAAATGHVP

CCGGCGAGGGCGGCGCGATCCTCGTCGTCGAGGACGCCGCACAGGCGCGCGCCAgaGGGG
 
2041 + -+ + + + 2100
G EGGAILVVEDAAQARARGA

CCCACCAGGTGTACGGGAGCCTCGCGGGCCACGCCGCCACCTTCGACCCGCGCCCCGGCT
 
H Q V Y S L A H A A T F DP R P GSD
G G
 

CGGGCCGCCCTCCGGGCCTCGCCCGGGCGGCCCGCCTCGCGCTCGACGACGCCGGACTCG
 
2161 + + + + + + 2220
G RPPGLARAARLALDDAGLG

GACCCGGCGACATCGACGTGGTGTTCGCCGACGCGGCCCGTGTCCCCGCGCTCGACGACG
 
2221 + + + + + + 2280
 

P
 G DID V V FAD A AG VP ALL D A
CGGAGGCCGCCGCCATCGAGTCGCTCTTCGGCCCGTACGGCGTCCCGGTCACCGCGCCCA
 

+ + + + + + 2340
 
Y V V A
 

2281 
F A A A TESL F G P G P T P K

AGACCCTCACCGGGCGGCTGGCGGGCGGCGGCCCCCCGCTGGACGTGGCGGCGGCACTGC
 
2341 + + +
 + + -4
TLTGRLAGGGPPLDVAAALL-2400
 

Figure 11, Continued
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TCTCCGTACGGGACGGGGTGATCCCGCCGACGGCGCATGTCGAGCGGCCCGTCCCCGGCC 
2401 + + + + + + 2460 

A V 

ACCGCCTCGACCTGGTACGGGGCGGACCCCGGGAAGCCCGCGTCCGCGCGGCGCTCGTCC 
2461 + +---- -+ + + + 2520 

S V R D G V I R P T H V ER P P GH

R V RL DL V R GG PR EA R A AL V L
TGGCCCOGGGACACGGCGGATTCAAC'TCGGCCCTGGTGGTCACCGCGCCCCAGGACCGGC 

2521 + 2580 

AR GHGG F NS A P QDR PL V V T A 

CCGAGCACCCGGACAACGACCGGCGATCACGAGAGGCGGCCCCCGCATGAGCGAGCCCGG 
2581 + 2640 

ORFIII (ACP) -->
MS EH PDNDRR S P A* 

P G 

E R E A A 

CACATCGAGCGAACCGACCGACGCGAGCGAGCTGACCTTCACCGAACTCAAGCGCATCCT 
2641 + + +-------- + + + 2700P TET S E T D A S E L T F T E L K R I L 

CGTCGAATGCGCCGGTGCGGAGGAGCAGTCCGACCTCACCGAGGAAGCGCTCGACGCCCT 
2701 + + + + +V EC AG AEEQSDL T EE AL DA L+ 2760 

GTTCACCGACCTCGGATACGACTCGCTCGCCGTCCTGGAGACCGCGGCGGAGGTCGGCCG
 
2761 + + + + + + 2820
 

F T D L G Y D S E T A A E V G R
LAVAV L 
CCGCTACGGGGCCGACCTCAGCGACGAGGAGGTGGCCGGCGCGGACACCCCGCGCGCCTT 

2821 + + + + +---- -+ 2880 
R Y G A D L S I D E E V A G A D FT PR A 
CCTCCGGCTGGTCAACCGGACCCTGTCCACCGCOGCCTGAGAGGACGACGATGACCACCG 

2881 + + + + + + 2940 
L R L V NR TL S T A A*RBS(?) ORFIV(KR)-> 

M T 'I A 

CAACCCACCTGTACGGACCGGCACTTGTCACCGGAGCGACGCGCGGGATCGGCCGCTCCG 
2941 + 3000 

T H L Y P AL V T GA T R GI GE S VG 

TGGCCCGCACCCTGGCGGAACGCGGCCACCCOGTCTTCCTGTGCGCCCGCGACGAGTCGG 
3001 + + + + + + 3060 

A R T L A R G H P V F L C AR DES AP E 

CCGTCGCCGCCGAGGTCGACCACCTCACCGAGCGCGGTCTCACGGCGGCGGGCGCGGCCT 
3061 + + + + + + 3120 

A A E V D H L T E E A A GGI, T A AC
GCGACGTGACCTCGCCCGCCCAGGTACGGGCCTGGGTGAAGCGGGCCGTCGAACGGTTCG 

3121 + + + + + + 3180 
D V T S P A Q V R A W V K R A V E P F G-

Figure 11, Continued
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GCCCCGTCCAGGTACTCGTGAACAACGCGGGCCGCAGCGGCGGGGGCACCACCGCGGAGC 
3181 + +---- -+ + -+ + 3240 

P V Q V L V F I N A GR S. G GC T T A LE 

TCTCCGACGAGCTGTGGCACGACGTGATCAACACCAATCTGAACAGCGTCTTCCTGGTGA 
3241 + + + + + + 3300 

S D E F L 

CCCGCGAGGCCTTGACGACCGGAGGACTGAGCGGCCGCGCGGGCGGGCGGGTCATCAACA 
3301 + + + + + + 3360 

L WHDV IN TNLNS V V T

G R A G G R 

TCGCCTCCACCGGCGGCAAGCAGGGCGTCGTGCTCGGCGCCCCCTACTCCGCCTCCAAGC 
3361 + + + + + + 3420 

REAL T TGGL S V IN I

AS T G G V L G AP Y S AS K HG K Q V 

ACGGCGTGGTGGGCTTCACCAAGGCGCTCGGCCTGGAACTCGCCAGGACCGGCGTCACCG 
3421 + -+ + + + + 3480 

G V V G F T K A GL GL EL AR T V TV
TCAACGCGGTGTGCCCCGGATACGTGGAGACCGAGATGGCGGGCGACGTGCGCCGCCACT 

3481 + + + + + + 3540 
HN A VC PG Y V ET EM A GDV R R Y

ACGCCGACCTGTGGAACGTCAGCGAGGACGACGTACTCGCGCGCTTCGAGGCGAAGATCC 
3541 -+ + + + + + 3600 

A D L W N V S L A AR F E AK I P
CGCTCGGCCGCTACACCGAGCCCGACGAGGTGGCCGCCTTCGTCGGATTCCTGGTCAGTG 

3601 + + + + + + 3660 
L G R Y T E P D E V A S EA PV GF'L V 

AGC_'AGGCGGCGGCCATCACCGCGCAGGCCCTCAACGTCTGCGGCGGCCTTGGCAACTAC'T 
3661 + + + + + -+ 3720 

Q A A A I T A G G L GQ AL NV C N 7*
GAGGCACAGGAGGAGTCGAGCATGTCCATCGAGTCAGCCACCGAACCGGCCGTCGCGCCG 

3721 + + + +- + + 3780 
(RBS ) ORFV (CYC ) > 

M S I E S A T E P A V A P 

GGCGCCGAGTCCGCCGGACAGCGCCGCACCGCCGCACCCCTGCGCAGCGCCGAGCACCGC 
3781 + + + + + + 3840 

G A E S A G Q R R T A S AA PL R E HR 

GCGGAGCTCGCCGCGCCCGCGCGACGCGCCTTCCAACTGGTCGCCGACGTCACCCGCTGG 
3841 + + + + + + 3900 

A P F Q L V R WA EL A A RR A A DV T 

CCGGTGCTGTTCCCGCCCTGCCTCGCGGCCCGGGTCCTGGAGAGCGACCGGGACTCCGAA 
3901 + + + + + + 3960 

P V L F P P C L A AR V L ES DR DS E 
CGCATCCGGCTGTGGGCCATCGTCGGTACGGACGTACGGAGTTGGACCTCGTTGCGATTG 

+ + + + + + 4020 
R I R L W S L R L 

3961 A IV G T DV RSW T 

Figure 11, Continued 
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CTCGACGAGGAGCGGCTGCGCGTCGACTTCCGCCAGGAGACGCCGAGCCCGCCCGTCGAG
 
4021 + + -+ + + + 4080
L DEER L T PS PR V D F R Q E P V E 

TGGATGAGCGGCCACTGGCACTTCGAGGAGACGGCCCCGCACCGCTCCCGCCTGGTGCTG 
4081 + + + + + + 4140 

W M S G H H R S R L V LW HE EE TA P 
GGCCACGAGTGGTCGGTGTCGGGGTCCCCGGGGGAGGAGCGGCGTATCGCCGAGGCCCTG
 

4141 + + + + + + 4200
 
S SH E W V S G S P GEER R I A E AL 

GACCGCAACAGCCGGGCGGAGATCGCTGCGATATCCGAATGGGCCGAACTCAAGGACCCG 
4201 + + + + + -+ 4260 

N R A ED R S A E I A IS EIA1 A L K DP 
TTCGGCGAGTTGGTGTTCTCCGTCAGCGACGAGACCGTCATCCGCAGCTCGCCCGGGCAG 

4261 + + + + + + 4320F GEL V F S V SD E T V I R S S P G Q 

GTGTACGACTTCCTGTACCGGGCCGACCTGTGGCCCGAGCGGGTCGCGCATGTCGCGGGG 
4321 + + + + + + 4380 

Y D F L V R A HA DL WP ER V V AG 
CTCGATCTGGAGGAGACCGCGGACGTGGAAGCCGACGGGGCGCTCGTACAGACCCTCGAC
 

4381 + + + + + + 4440
 
L D L E E T A D V A D DG A L V Q T L D
 

ATGAGGACCAGGACCGCCGACGGCTCGCTGCACGCCACCCAGTCGGTGCGGCTCTGCTTC 
4441 + + + + + + 4500 

M R T R T A D G S L H A Q S V R L C FT T 

CCCGACGAGCGCATCGCGTACAAGCAGACGACCGTGCCGCGCGGACTGCGCGGGCACAGC
 
4501 + + + + + + 4560
 

P D F R I IA Y K QT TV PR GL R G H S 

GGGGAGTGGGTCATCACCCCGGTGGCCGACGGCACCCGGGTCACCGCGCACCACCGGGTG 
4561 + + + + + + 4620 

G T P V R V TE WV I A DC T A HHR V 
GCGCTCGACCCGGCGGCGGTGGAGGAGGTGTTCGGGCCCGGCACCACGTTGGCCGAGGCG 

4621 + + + + +----- -+ 4680 
A V E E V F T L A E A 

CGCCGGCGGCCCGOGGCGCTGCTGAGCGGCAACAGCATGCGCACCCTCGAAAGCTGGCGG
 
4681 + + + + + + 4740
 

AL DP A G PG T 

R R R A C A L L S G N S M R T L E S CR 
CGTCATACGGAGAGCGGGTCGGCCGTGGCGGGAGGCGGGGCGCGATGACGCAGGCCCTGC 

+ 4800 4741 T ES GS A A R*R H V A G G G 

(PBS) ORFV I ( ? ) >

MT QA L P
CGGTGCGGAGCACCCTGCCCGGTCCCGCCCGGATGCTGGAGGTCGCGGACGGCGTCCACG
 

4801 + + + -+ -+ + 4860
 
V R S T L P C P A R M L E V A DG V HA-

Figure 11, Continued
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CGTACATCCAGGAGCCGGGCGGCTGGTGCCTGAACAACGCGGGGGTGCTGCTCGACGGGG 
4861 + + + + + + 4920 

Y I Q E P G G W C L N N A G V L L D G D 

ACCGGGGGCCGGTGGTCGTCGACACGGCGGCGACCGAGGCCCGCGCGCTCGCGCTGCGCG 
4921 + + + + + + 4980 

R G P V V V D T A A T E A R A L A L R A 

CCGCGATCGCGGAACTCACCCCACGCTCACCCCGGTTGCTGGTCAACACCCACTTCCACG 
4981 + + + + + + 5040 

A I A E L T P R S P R L L V N T H F H G 

GCGACCACTGCTTCGGCAACGCGCTGGTCGCGGGCCCGGACACGACGATCCTCGCGCACG 
5041 + + + + + -+ 5100 

D H C F G N A L V A G P D T T I L A H E 

AGCTGGCCCGCACCGAGATGGCCGGCGCCGGGCTCGGGCTCATGGGGCTGTGGCCGGACG 
5101 + + + + + + 5160 

L A R T E M A G A G L G L M G L W P D V 

TCGAGTGGGGCGGCATCGAACTGCGGCTGCCGGACCAGACGTATGACGGCGGCCAGGTGG 
5161 + + + + + + 5220 

E W G G I E L R L P D Q T Y D G G Q V V 

TCCTTCACCTGGGGGAGCGCAGGGTCGAGCTGTTGTATGTGGGGCCCGCGCACACCACCA 
5221 + + + + + + 5280 

L H L G E R R V E L L Y V G P A H T T N 

ACGACACCGTGGIGTGGCTGCCCGAGGAGCGGGTGCTGTTCGCGGGCGATGTGCTGATGC 
5281 + + -+ + + + 5340 

D T V V W L P E E R V L F A G D V L M P 

CGGGCTGCACTCCGTTCCTGCTCATGGGGTCGTTGCACGGGTATCTGCGGACCATCGAGC 
5341 + + + + + + 5400 

G C T P F L L M G S L H G Y L R T I E R 

GGCTGCGGGCGCTCGGACCGCGTGTCGTCGTCGGTGGCCACGGGCCGGTCTGCGGCCCCG 
5401 + + + + + + 5460 

L R A L G P R V V V G G H G P V C G P E 

AGGTGCTGGACGAGACCGCCGGGTATCTGCGCTGGCTGCGCCGGACCGCCGAGGCGACG'C 
5461 + + + + + + 5520

T LL D E T A G Y L Ft W L R R T A E A 

13amH I t 

TCGCCGCCGGACTCGACCCGATCGAGGCGGCGCGCGGGCTCCGATCC
 
5521 + + + + 5568
 

A A G L D P I E A A R G L G S
 

Figure 11, Continued 

ORFII runs from nt 1325 to nt position 2685. Once again, ORFII 
and ORFIII are separated only by an upstream frame shift and there 
is no ribosomal binding site. While transcriptional coupling of the 
keto-synthase 2 gene with the acyl carrier protein gene has not yet 
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been reported, it is not surprising. The one-to-one stoichiometry of 
the ACP with the KS complex would lend itself to control by 
trancriptional coupling. ORFIV begins 10 by from the stop codon of 
ORFIII with a methionine at nt position 2930. While there is a 
possible RBS in the -10 region, the two ORFs are close enough that 
the ribosome could read straight through without falling off. 
Differentiating between these two possibilities as well as 
confirmation of the transcriptional coupling of ORFs will have to 
await transcriptional analysis. ORFIV ends at nt position 3719 and 
does not appear to be coupled to ORFV, which begins at nt position 
3742. ORFV has a strong RBS and continues to nt position 4895. A 
sixth ORF appears to begin at nt position 4894 but this gene is 
incomplete. 

Having identified the putative start and stop codons for each 
gene, it was possible to compare sequences from each gene with their 
counterparts from other polyketide-like gene clusters. Table 1 lists a 
number of PKS-like gene clusters (some for which the products have 
not yet been identified) along with their per cent sequence identity 
with the homologous genes from pU2856 (23, 25, 26, 27) (28, 45, 46, 
47, 48, 49, 50, 51). Figure 12 gives the structures of the polyketide 
products where they are known. Figures 13-17 show comparisons of 
each ORF from pIJ2856 with similar genes from other polyketide 
sources. In each case, Figure A is a dendrogram generated by the 
multiple sequence alignment program from the GCG package. These 
figures show various levels of similarity between genes with the 
same function from different sources. Figures B-D are DOTPLOT (GCG) 
representations of comparisons of each ORF from S. murayamaensis 
with the corresponding ORFs from actinorhodin and granaticin, 
(representing the two probes used) as well as the most similar 
sequence (usually frenolicin). In these Figures, a heavy diagonal line 
represents a region of very high sequence similarity. 

For all species, KS1 shows the best homology, 80% sequence 
identity in the case of the frenolicin KS1. This is not surprising 
considering that it has recently been shown that the KS1 genes for 
several polyketides of varying chain length can be interchanged 
without affecting the product (53). The KS2 gene from S. 
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Table 1. Genes compared with the ORFs from the 5.6-kb insert
of pIJ2856. In naming the source of the genes, the following 
abbreviations were used: K for Kibdelosporangium; S. roseoful. for S.
roseofulvus; S violac. for S violacioruber; S. cinnamon. for S. 
cinnamonensis and S. glauc. for S. glaucoscens. The per cent sequence 
identity as given by the Fasta program (GCG) is given for each gene 
where a homolog exists. 

Gene Polyketide 
cluster Organism produced KS1 KS2 ACP KR CYC 
fren S. roseoful. frenolicin 80% 73% 68% 75% 62% 

S. hirsuta nodusmicin 77% 72% 68% 69% 
act S. coelicolor actinorhodin 75% 72% 65% 68% 61% 
ardl K. ardium unknown 73% 68% 62% 
gra S violac. granaticin 73% 72% 64% 72% 60% 

S. cinnamon. unknown 73% 68% 63% 72% 58% 
S. halstedii spore pigment 73% 63% 58% 58% 

tcm S. glauc. tetracenomycin 72% 70% 57% 53% 
gris S. griseus griseusin 71% 67% 65% 73% 59% 
Cur S. curacoi unknown 70% 62% 61% 56% 
WhiE S. coelicolor spore pigment 71% 62% 60% 
akn S. galilaeus aklavinone 74% 
otc S. rimosus oxytetracycline 70% 62% 

murayamaensis also shows a remarkably high degree of sequence 
similarity, up to 73%. This is a bit more difficult to interpret. It has 
been shown by gene replacement experiments that the KS2 genes 
play an important role in determining the length of the growing 
polyketide chain (31). However, DNA sequence similarity has not yet 
been proven to be a reliable indicator of chain length in the product. 
Note, for example in Figure 14A, tetracenomycin is more closely 
related to granaticin, than to griseusin, even though granaticin has a 
chain length of 16 carbons and tetracenomycin and griseusin have 
chain lengths of 20 and 19, respectively. ORFIII shows somewhat less 
similarity, but none of the known ACPs have shown particularly high 
homology. Since the bulk of the amino acid sequence simply provides 
length to the arm which carries the acyl unit, this is not surprising. 
The presumed keto-reductase gene shows particularly high sequence 
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similarity where there are analogous genes in the other PKS clusters, 
and the cyclase genes, while somewhat less homologous, are still 
similar enough to imply function. Also in some cases, the cyclase 
activity is coupled to a dehydratase activity (23), while in others, 
these functions appear to be encoded by separate genes (25). 

OAc 

OH 0 + N2 0 OH 

Kinamycin D Muravaquinone 

OH 

OH 0 
Actinorhodin 

OH 

OH 0 
Frenolicin 
CH3 

OH 
CH3 CH3 COOH 

%. 
%A-13 

CHOH 

M OMe 
OH 

OH 0 
H MeO 

Nodusmicin O Tetracenomycin 

Figure 12. Representative polyketide structures. KD and 
murayaquinone are both produced by S. murayamaensis. 
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Figure 13. Comparison of ORFI DNA sequence with sequences 
from the KS1 genes from a number of polyketide producing species. 
A shows the relative similarity with the 12 best matches (see text for
details of each gene). B-D are COMPARE/DOTPLOT (GCG) 
representations of sequence similarity pIJ2856 ORFI with the KS1 
genes from frenolicin, actinorhodin and granaticin, respectively 
(window size =21; stringency =14). 
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Figure 14. Comparison of ORFII DNA sequence with from the 
sequences from KS2 from a number of polyketide producing species. 
A shows the relative similarity with the 11 best matches (see text for 
details of each gene). B-D are COMPARE/DOTPLOT (GCG) 
representations of sequence similarity pIJ2856 ORFII with the KS2
genes from frenolicin, actinorhodin and granaticin, respectively 
(window size =21; stringency =14). 
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Figure 15. Comparison of ORFIII DNA sequence with sequences 
from ACP genes from a number of polyketide producing species. A 
shows the relative similarity with the 11 best matches (see text for
details of each gene). B-D are COMPARE/DOTPLOT (GCG) 
representations of sequence similarity pU2856 ORFIII with the ACP
genes from frenilicin, actinorhodin and granaticin, respectively 
(window size=21; stringency =14). 
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Figure 16. Comparison of ORFIV DNA sequence with sequences
from the keto-reductase genes from a number of polyketide
producing species. A shows the relative similarity with the 7 best
matches (see text for details of each gene). B-D are 
COMPARE/DOTPLOT (GCG) representations of sequence similarity 
pIJ2856 ORFIV with the keto-reductase genes from frenolicin,
actinorhodin and aklavinone, respectively (window size=21; 
stringency =14). 
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Figure 17. Comparison of ORFV DNA sequence with sequences
from the cyclase genes from a number of polyketide producing 
species. A shows the relative similarity with the 9 best matches (see 
text for details of each gene). B-D are COMPARE/DOTPLOT (GCG)
representations of sequence similarity pIJ2856 ORFV with the
cycclase genes from frenolicin, actinorhodin and granaticin, 
respectively (window size=21; stringency =14). 
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The DNA sequences from each gene were then translated into 
their corresponding protein sequences and inspected for key active-
site residues which have been found to be highly conserved in their 
respective proteins. Figure 18 shows an alignment of the amino acid 
sequences from KS1 from a number of sourses which was generated 
by the MULTIPLE SEQUENCE ALIGNMENT program of GCG. This region 
has long been presumed to be the active site for the condensation of 
acyl units. Recently, the active site cysteine was shown by site 
directed mutagenesis to be essential for the function of the PKS in 
the actinorhodin gene cluster (54). The region is highly conserved 
and all of the conserved residues are present in ORFI of pIJ2856. 

WHIE (S. ceoelicolor.)
 
Spore colour.(S. halstedii)
 
PKS-like genes (aridum)
 
PKS-like genes{S. cinnam}
 
Griseusin (S .griseus)
 
Nodusmicin {S. hirsuta}
 
Granaticin {S. violaceoruber.}
 
Actinorhodin {S. coelicolor}
 
Frenolicin (S. roseofulvus)
 
Tetracenomycin (S. glaucescens)
 
Oxytetracycline ((S. rimosus)
 
pIJ2856 (S.murayamaensis)
 

Consensus
 

151
 

ATLSSAVAEE
 
STLASTVAET
 
SSFAAEVAWS
 
SSEAAEVAWA
 
SSFATEVAWA
 
GVMPAEVAWT
 
GVMPAEVAWA
 
SVMPAEVAWA
 
SSLAREVAGV
 

SSMAAEIAWL
 
SSLAAEVAAL
 

VA
 

FGVRGPVQTV
 
FGAQGPVQTV
 
VGAEGPATVV
 
VGAEGPATVV
 
VGAEGPATVV
 
VGAEGPVAMV
 
AGAEGPVTMV
 
VGAEGPVTMV
 
IGAEGPAAVV
 
AGAEGPVTVV
 
AEAEGPAGVV
 
JGAEGPAAVV
 

GP -V
 

STGCTSGLDA
 
STGCTSGLDA
 
STGCTSGLDS
 
STGCTSGLDA
 
STGCTAGIDA
 
SDGCTSGLDS
 
SDGCTSGLDS
 
STGCTSGLDS
 
STGCTSGLDS
 
STGCTSGLDA
 
SAGCTSGIDV
 
STGCTSGLDS
 
S GgT-G D
 

190
 

VGYAYHAVAE
 
VGYAYHAIAE
 
VGYAAELIRD
 
VGIAVELVRE
 
VGHAVEAIRD
 
LSHACSLIAE
 
VGYAVQGTRE
 
VGNAVRAIEE
 
LGHARDLIAE
 
VGYGTELIRD
 
LTHAADLVRD
 
JGYARDLIAE
 

Figure 18. Alignment of the acyl condensing site from KS1 
generated by the MULTIPLE SEQUENCE ALIGNMENT PROGRAM of GCG 
using the following constraints: Plurality: 12.00 Threshold: 1.00 
AveWeight 1.00 AveMatch 0.54 AvMisMatch -0.40. 

For some time, the highly conserved region shown in Figure 18 
was presumed to be the site of an acyl transferase activity. Recently, 
however, it was shown that replacement of the presumed active site 
cysteine with leucine merely attenuated polyketide production 
rather than blocking it entirely (54). At any rate, while the precise 
role of this site is not yet clear, it is clearly important enough to be 
maintained across a number of species. 
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WHIE (S. ceoelicolor)
 
Spore colour.(S. halstedil)
 
PKS-like genes (S. aridum)
 
PKS-like genes(S. cinnam)
 
Griseusin (S .griseus)
 
Nodusmicin (S. hirsuta)
 
Granaticin (S. violaceoruber}
 
Actinorhodin (S. coelicolor)
 
Frenolicin (S. roseofulvus)
 
Tetracenomycin (S. glaucescens)
 
Oxytetracycline ((S. rimosus)
 
pIJ2856 (S. murayamaensisl
 

Consensus
 

350 390
 
GHSLGAIGSIE LAACVLAMAH QVVPPTANYT TPDPECDLDY
 
GHSLGAIGSIE VVACVLALAH QVVPPTANYE TPDPECDLDY
 
GHSLGAIGSIE IAASVLAMEN NVVPPTANLH EADPECDLDY
 
GHSLGAIGSIE IAASALAMEY DVVPPTANLH TPDPECDLDY
 
GHSLGAIGSIE IAACALAMRH HVIPPTANLH TPDPECDLDY
 
GHSLGAIGSIE VAACALAIEH GVVPPTANLH EPDPECDLDY
 
GHSLGAIGSIE IAASVLAIEH NVVPPTANLH TPDPECDLDY
 
GHSLGAIGSLE IAACVLALEH GVVPPTANLR TSDPECDLDY
 
GHSLGAIGSLE IAAWALAMEY GVVPPTANLD TPDPECDLDY
 
GHSLGAIGSLE LAACALAIEH GVIPPTANYE EPDPECDLDY
 
GHSLGAICALE VAASALRIEH GVIPPTANLR EPDPDCDLDY
 
GHSLGAIGSIE IAACALAMEF AJJPPTANLH EADPECDLDY
 
GHSLGAI E A -L PPTAN DPECDLDY
 

Figure 19. Alignment of the acyl transferase site from KS2 generated 
by the MULTIPLE SEQUENCE ALIGNMENT PROGRAM of GCG using the 
following constraints: Plurality: 12.00 Threshold: 1.00 Ave Weight 
1.00 Ave Match 0.54 AvMisMatch -0.40. 

The active site serine residue in acyl carrier proteins has been 
well documented since early work on fatty acid synthases (5). Figure 
20 shows the alignment of several ACPs in this region. ORFIII 
contains the LGXDS(----)YG motif which is considered the best 
indicator of an ACP short of isolation of the protein itself. ORFIV 

47 80 

WHIE (S. ceoelicolor.) DTFGLDSLGLLGIV AELEKRYGLG LPEQ.AERCK 
Spore colour.(S. halstedii) DGFGLDSLGLLGIV AELEKKHGVG LPEQ.VERCK 
PKS-like genes(S. curacoll ADFGLDSLGLLGIV GELENRYARA LHRR.GT.CK 
Nodusmicin hirsutal DDLGYDSLALMETA ARIHQELGVL TPDEQVAELP 
Granaticin (S. violaceoruberl FELGYDSLALMESA SRIERELGVA LADGDINEEL 
Actinorhodin (S. coelicolorl FDIGYDSLALMETA ARLESRYGVS IPDDVAGRVD 
Frenilicin (S. roseofulvus) VDLGYDSLALLETA AVLQQRYGIA LTDETVGRLG 
PKS-like genes (aridum) VFLGYESIALLETG GRIEREFGIK LDDETMTDSA 
Griseusin (S. griseus) FFLGYESLALLETG GRIEREYGIT LDDDVLADSR 
Oxytetracycline ((S. rimosus) DALGYDSLALLNTV GRIERDYGVQ LGDDAVEKAT 
Tetracenomycin (S. glaucescens) DLGYDSIALLEIS AKLEQDLGVS IPGEEL...K
 
pIJ2856 {S. murayamaensis} TDLGYDSLAVLETA AEVGRRYGAD LSDEEVAGAD
 

Consensus LL YG
 

Figure 20 The highly conserved active site of several acyl 
carrier proteins.compared with the insert from pIJ2856 as calculated 
by the multiple MULTIPLE SEQUENCE ALIGNMENT PROGRAM of GCG 
using the following constraints: Plurality: 11.00 Threshold: 1.00 
AveWeight 1.00 AveMatch 0.54 AvMisMatch -0.40. 
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showed a high degree of sequence similarity with the keto
reductases fron several PKS clusters which use this type of tailoring 
step. These KRs would be expected to contain the GXGXXGorA which 
would bind NADPH. Figure 21 shows the region of ORFIV which 
contains such a binding site motif along with several other KRs 
including the NADPH binding sites for rat fatty acid synthase. The 
agreement with the conserved region makes a ketoreductase activity 
very likely for this gene product. 

101
 

Granaticin (S. violaceoruber) NAGRSGGGAT AEIADELWLD
 
Nodusmicin (S. hirsuta} NAGRSGGGVT VEVDDETWFD
 
Actinorhodin (S. coelicolor} .NAGRPGGGAT AEIADELWLD
 
Griseusin (S .griseus) NAGRSGGGVT ADIDPELWHD
 
PEG-like genesfS. =barn} NAGRSGGGVT ADLTDELWDD
 
Aklavinone (S. galilaeus) NAGRSGGGHT AQIPDELWLD
 
Frenilicin (S. roseofulvus) NAGRSGGGVT AELSESLWDD
.
 

pIJ2856 (S.murayamaensis) NAGRSGGGTT AELSDELWHD
 
NADPH binding site (RAT ER) GLGGF
 
NADPH binding site (RAT ER) GLGGF A
 

Consensus ...... NAGRSGGGTT AELSDELWHD
 

Figure 21. The NADPH binding sites of several acyl carrier
proteins compared with ORFIV of the insert from pIJ2856 as 
calculated by the multiple MULTIPLE SEQUENCE ALIGNMENT 
PROGRAM of GCG using the following constraints: Plurality: 8.00 
Threshold: 1.00 Ave Weight 1.00 Ave Match 0.54 AvMisMatch -0.40. 

Although the cyclase activity has been proposed to contain a 
dehydratase activity, no active sites have yet been firmly implicated 
and comparisons of the cyclase amino acid sequences are not 
informative. 

The high degree of sequence similarity between the gene 
cluster of the insert of pIJ2856 and several known PKS gene clusters, 
especially at key, highly conserved sites, makes it very likely that 
pIJ2856 also contains a part of a PKS gene cluster. It does not, 
however, allow us to distinguish which biosynthetic pathway these 
genes belong to. Either of the two known PKS pathways in S. 
murayamaensis are equally likely to be associated with this gene 
cluster, to say nothing of the secondary metabolic pathways which 
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have not, as yet, been elucidated. In order to correctly assign a 
function to this gene cluster, several very different approaches were 
taken. 

Kinamycin D Resistance Genes 

In many reported cases, the genes for enzymes which confer 
resistance to a given antibiotic have been found to clustered with the 
biosynthetic genes for that antibiotic (see, for example (17, 55). One 
approach, then, which can be used to isolate the biosynthetic gene 
cluster for a given antibiotic is to first isolate the associated 
resistance gene or genes. These genes can then be used to probe 
libraries of larger fragments of genomic DNA from the producing 
organism in order to identify the biosynthetic gene cluster. In our 
case, it was hoped that the resistance genes could be isolated with 
enough flanking DNA that the cloned DNA could be used as a probe 
against those X clones which had hybridized with PKS genes from the 
act and gra gene clusters. If a clone contained PKS-like genes in close 
proximity to the genes which conferred resistance to KD, then that 
cluster could be assumed to represent at least a part of the 
kinamycin biosynthetic pathway. 

Figure 22 shows our overall approach to isolating the 
kinamycin resistance gene(s). Genomic S. murayamaensis DNA was 
partially digested with MboI, giving randomly sized fragments of 
between approximately 5 and 20-kb, which had ends which were 
compatible with the BgRI site in pIJ702. This site is just upstream of 
the melanin gene and if DNA has been inserted, plasmid-bearing 
colonies lose their characteristic black color. The insert DNA was 
further fractionated by sucrose gradient ultracentrifugation. Over the 
course of several trials, fractions which contained 5-8, 8-10, 10-12, 
or 12-15-kb were used. Given the size of the fragments and the 
expected size of the resistance gene(s) (1 to 5-kb), approximately 
6,100 transformants would be necessary in order to be 99.99% sure 
that all of the genome was represented. 
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Figure 22. Strategy for cloning the KD resistance gene(s). 

Initially, there was some difficulty in clearly distinguishing 
which colonies were and were not resistant. S. murayamaensis itself 
was only found to be resistant to KD up to 50 µg /ml when spores 
were streaked onto R2YE plates containing the antibiotic. S. lividans 
was found to be resistant up to 5 µg /ml when spores were streaked 
onto KD/R2YE plates. When, however, regenerated protoplasts were 
overlaid with soft nutrient agar + KD, growth on the control plates 
could be seen up to 15 µg /ml and only at 20 pig/m1 were the control 
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S. lividans colonies killed reliably. The viability of S. lividans mycelia 
when patched onto R2YE/KD plates was also found to be highly 
dependent on the amount of mycelia picked. All of these factors 
made it difficult to definitively distinguish colonies as being resistant 
or sensitive to KD. 

In the most promising attempt, S. lividans protoplasts were 
transformed using the 10 to 12-kb inserts of S. murayamaensis DNA 
and a total of approximately 5000 transformants with inserts were 
observed. This number would give a confidence rate of nearly 99% 
that every gene on the genome would be represented. Of these 
transformants, six colonies were found which were able to thrive on 
plates containing 20 pg/ml of KD when control S. lividans were 
completely killed. These clones were propagated as spore 
suspensions and tested for resistance to KD relative to wild-type S. 
lividans and to S. murayamaensis. It was found that although the 
clones were initially resistant to KD, this resistance was gradually lost 
until the transformants could not be distinguished from the wild 
type. Even if the clones were maintained on KD plates, spores from 
these plates were not more resistant than the wild type. When the 
plasmids were isolated from these clones, they were found to be 
much smaller than would have been expected. 

The simplest explanation for these results would be that the 
plasmids containing the S. murayamaensis DNA are not stable to 
sporulation. This would be unusual considering the relative stability 
of pIJ702 in most applications (56). It has been observed in our lab 
that some S. murayamaensis DNA plasmid inserts are selectively lost 
in S. lividans, but this has only been observed in plasmids which 
were not based on pIJ702. This selective loss of insert DNA has been 
seen when the insert DNA was known to carry DNA containing PKS 
homologues. Since the structures of early intermediates in both 
kinamycin D and murayaquinone biosynthesis are still based on 
conjecture, there is no way to predict whether or not these 
compounds could be toxic if produced in S. lividans. It is equally 
possible that these colonies never possessed a genuine, plasmid
based resistance to KD but were merely the result of resistance 
arising spontaneously from natural selection. 



42 

In some cases where a similar approach has been used, the 
success of the experiment was dependent on which restriction 
endonuclease was used to digest the genomic DNA when making 
plasmid inserts (57). It was also conceivable that the high plasmid 
copy number of p1f702 in S. lividans could be a disadvantage. If, for 
example, there were PKS genes present on the DNA fragment 
carrying the resistance gene( s), the intermediates that would 
normally be present only in very small quantities would be produced 
beyond the tolerance of S. lividans. Accordingly, plasmids were 
constructed using the low copy-number plasmid pKC1218 (see the 
following section). Insert DNA was prepared either as for the pIJ702 
plasmids (that is, randomly cleaved and size fractionated) or by 
complete digestion using either Bg111 or BamHI. S. lividans 
transformed with these constructs were overlaid with only KD rather 
than with KD plus apramycin (the plasmid marker). None of these 
experiments yielded any colonies which were resistant to KD. 

Theoretically, the genes responsible for resistance to a given 
antibiotic ought to be relatively simple to clone and identify. 
Screening potential transformants by challenging them with an 
antibiotic is common and protocols are well established. KD 
resistance, however, is something of a special case. One of the late 
intermediates in the biosynthesis of KD is the non-acetylated 
kinamycin F. While KD is by far the major metabolite, kinamycin F is 
the more potent antibiotic. The large array of kinamycin products 
which are the result of various acetylation patterns of the basic 
kinamycin structure (kinamycins A-F) would suggest that this may 
be one of the organism's self-resistance strategies. This would imply 
that kinamycin F is the actual end product of biosynthesis and KD 
represents the deactivated compound. This seems unlikely 
considering the high toxicity of KD. It is also not yet known what the 
mechanism of antibiotic activity is. In addition, the KD resistance 
approach would only identify the p1J2856 gene cluster if it belonged 
to the kinamycin pathway and would give no information if it were 
part of another pathway. Given these ambiguities as well as the 
unforeseen practical difficulties, a less convoluted approach was 
sought. 
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Transformation and Conjugation of S. murayamaensis 

The first obstacle to transformation of S. murayamaensis was 
the organism's resistance to lysozyme treatment. This problem had 
previously been overcome in our lab by using a combination of 
lysozyme and achromopeptidase to degrade the cell wall. This 
procedure afforded <99% protoplasting as evidenced by susceptibility 
to SDS treatment. Unfortunately, foreign DNA could not be introduced 
into these protoplasts using any of the standard transformation 
protocols or reasonable variations of these protocols. Both 
methylated and non-methylated forms of the plasmid were equally 
unsuccessful and mild heat-shock apparently had no effect. While 
some investigators have had success in transforming difficult strains 
by using the single stranded form of the plasmid (58), this too was 
ineffective in our case. Since it was eventually possible to introduce 
single stranded DNA by conjugal transfer, it seems likely that the 
difficulty lies in a physical barrier to transformation rather than in a 
prohibitive restriction system. 

Although Bierman (59) originally reported conjugation between 
streptomycetes and the E. coli strain S17-1 by using mycelia that had 
been fragmented and then allowed to regenerate, we had no success 
using this method. Bierman's work did indicate, however, that the 
agar medium used was critical and they observed conjugation 
exclusively on AS1 medium. Other researchers had also found that 
spores in the early stages of germination could be used as conjugal 
recipients in some species (Dr. Todd Smith, personal communication). 
We therefore set out using a wide variety of agar media and S. 
murayamaensis spores which had been allowed to germinate for 
various lengths of time as the recipient. It was found that apramycin 
resistant colonies appeared after 10 days only if ISP4 plates were 
used. There was no consistent difference in the number of 
exconjugates when the spores were allowed to germinate, but it was 
critical that the spores be washed in 2XYT to remove glycerol. A 
slightly better yield generally was observed when the entire 
incubation process was carried out at 37 0C rather than at 30 °C. The 
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pH was not critical as long as it remained between 6.0 and 8.0. When 
the replicative plasmid pKC1218 was used, between 50 and 100 
exconjugates were found per plate. While the titer of the donor strain 
did not appear to be critical, conjugation was observed only within a 
narrow range of spore titer. This range varied from experiment to 
experiment and it was typically necessary to do at least three ten
fold serial dilutions for each experiment. Titers above 108 and below 
106 gave no exconjugates in our hands. 

In order to test the the feasibility of performing gene 
disruption experiments using a conjugal vector system, the plasmid 
pGF256 was constructed. This plasmid was based on the conjugal 
vector pGF260 which can replicate in E. coli but not in 
streptomycetes. The plasmid can survive in the exconjugate host only 
if it can be integrated into the host genome by homologous 
recombination. In order to accomplish this, the 5.6-kb BamHI 
fragment was cut from the plasmid pIJ2856 and inserted into the 
site of p0J260. The plasmid was introduced into S. murayamaensis as 
with pKC1218 and yielded nearly 50 exconjugates. Congugation was 
confirmed by probing EcoRI digests of exconjugate genomic DNA with 
probes made from either pIJ2856 or from p0J260. When genomic 
DNA from wild-type S. murayamaensis was digested with EcoRI and 
subjected to Southern blot analysis, a hybridizing band of 8-kb was 
seen. When the exconjugate DNA was used, the hybridizing band was 
seen at 11.5 kb, consistent with the insertion of the 3.5-kb plasmid. 
When similar samples were probed with p0J260, no band was 
observed in the wild-type, but there was an 8-kb band in the case of 
the exconjugate. 

Although the overall rate of conjugation is relatively low, any 
technique for introducing foreign DNA into S. murayamaensis 
without the complication of using a bacteriophage vector represented 
a major advance in our work. Several types of experiments which 
had been impossible could now be attempted. For some time, a 
library of S. murayamaensis mutants which are defective in KD 
biosynthesis has been available. It now became possible to attempt 
to use plasmid-borne DNA from wild-type S. murayamaensis to 
complement various lesions in the kinamycin pathway and thereby 
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establish the fuctions of the gene products on that DNA. It also has 
made possible gene disruption experiments which can often quickly 
establish the function of a gene cluster. 

Marker Rescue and Heterologous Expression 

One of the most successful ways to establish the function of a 
fragment of cloned DNA has been to introduce it into a mutant strain 
and see if the DNA can restore the original, wild-type phenotype 
(22). Although a set of S. murayamaensis mutants which are blocked 
in kinamycin production (kin-) has been available for some time, the 
inability to transform S. murayamaensis using standard protocols 
had made marker rescue experiments impossible. With the 
development of a protocol for introducing foreign DNA into S. 
murayamaensis using conjugal transfer, it became possible to 
attempt to rescue these kin- mutants with DNA from the X.10a gene 
cluster (Figure 23) from which the 5.6-kb fragment of sequenced 
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EcoRIEcoRI Pstl 

EcoRIBamHI Pstl
 
BamHI BamHI BamHI
 

pI J2856 

8.2 kb 6 kb 

Figure 23 Restriction map of the 14.2-kb insert of the XEMBL4 
clone 10a. 

DNA had been obtained. Because of the limited polylinker of the 
XEMBL4 vector and since there was an internal EcoRI site, it was 
some time before the entire 14-kb insert could be cloned intact into 
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the vector pKC1218. In the meantime, pKC1218 derived plasmids 
containing both the 8.2 and the 6.0-kb EcoRI fragments (pGF18 and 
pGF16, respectively) were isolated as byproducts of failed attempts 
at cloning the 14-kb fragment (Figure 24). These plasmids were then 
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Figure 24. Construction of pGF16, pGF18 and pGF114 

conjugated into kin- mutants. Six kin- mutants were chosen which 
did not produce any known kinamycin metabolites, including the 
first identified kinamycin intermediate, dehydrorabelomycin. Since 
these mutants produce no kinamycin metabolites, it is likely that the 
genes which have been damaged are early in the pathway. Between 
pGF18 and pGF16, the first 14-kb of the polyketide pathway are 
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presumably represented. Assuming that this gene cluster is arranged 
like other gene clusters of its kind this should be more than enough 
DNA to produce an early intermediate such as dehydrorabelomycin. 
If, then, the X10a insert were a part of the kinamycin pathway, 
either pGF18 or pGF16 ought to be able to complement the mutation 
and rescue the pathway. 

Since the conjugation process depends on having a high titer of 
Streptomyces spores (at least 109 /ml), all but two of these mutants 
were ruled out on the basis of their poor sporulation. The mutants 
111E8 and VB5 both bear point mutations from a nitrosoguanidine 
mutagenesis experiment (60) and produced no kinamycin 
metabolites but still sporulated heavily. Both were used as recipients 
of either pGF18 or pGF16. Although conjugation was observed for 
both mutants when pGF18 was used, only 11E8 produced 
exconjugates when pGF16 was used. These three exconjugate strains 
were then grown in S. murayamaensis seed medium followed by 
production medium and their extracts were compared with both 
wild-type S. murayamaensis and with the unconjugated mutants. 

None of the three exconjugate strains were found to produce 
any of the known kinamycin metabolites. The only discernable 
difference in the chromatograms of broth extracts from the mutants 
compared with those of the exconjugate mutants was in the case of 
the strain IIIE8/pGF18. This strain showed a marked increase in a 
metabolite with a retention time of 19.8 min. and a UV maximum at 
600 nm. The structure of this compound has not been elucidated. 
Obviously, the weakness of this approach is that it could give a 
positive result only if the X 10a gene cluster belonged to the 
kinamycin pathway. No similar library of mutants defective in the 
murayaquinone pathway has been made. The apparent inability of 
either fragment of X 10a to complement Kin- mutations could mean 
that the gene cluster is not associated with the kinamycin pathway 
or it may simply be that the plasmid-borne genes are not being 
expressed properly. The increase in the metabolite at 19.8 min. is 
also difficult to explain conclusively. If the Xl0a cluster is part of the 
murayaquinone pathway, then it is conceivable that duplicating the 
early genes in the pathway causes an increase in biosynthetic 
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precursors. However, the control of S. murayamaensis secondary 
metabolism at the molecular level is still poorly understood, 
especially with regards to the interaction of the two known 
polyketide pathways. Large variations within presumably identical 
sets of fermentations have also been observed. While the data from 
this set of experiments would tend to argue in favor of the X10a 
cluster belonging to the murayaquinone pathway, data presented in 
the following section make this interpretation difficult. 

Attempts at heterologous expression in S. lividans using pGF16 
and pGF18 were not successful and no products were found in the 
extracts that were not present in wild-type S. lividans. This is not 
surprising, since the fragments were so short. When, however, the 
replicative plasmid pGF114 was finally made which contained the 
entire X1 Oa insert, several new products were observed. While some 
relatively polar compounds had UV spectral maxima which were all 
below 350 nm which were difficult to interpret, another family of 
compounds had distinctive chromophores with UV maxima near 500 
nm. Based primarily on these maxima, the UV spectra of these 
compounds showed a high degree of similarity with that of 
murayaquinone. A comparison of murayaquinone with a compound 
with a retention time of approximately 17 min. using the Library 
Search program of the Waters 990 software gave a 92% match. None 
of these compounds, however, has as yet been identified from S. 
murayamaensis cultures, making it impossible to draw conclusions 
with any confidence. 

Although the most direct approach to identifying the product of 
the X 10a gene cluster would be heterologous expression of a 
recognized S. murayamaensis secondary metabolite, there are several 
difficulties in this approach. Since not all of the biosynthetic 
intermediates from either the murayaquinone or the KD pathways 
are known, the product may be expressed but not recognized. This is 
especially true in the case of murayaquinone, for which only 
preliminary elucidation of the biosynthetic pathway has been 
accomplished. Even in the case of the kinamycins, several presumed 
intermediates have not yet been isolated from S. murayamaensis 
cultures. It is possible that an expression-based approach will be 
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possible only if vectors carrying much larger inserts are used. In the 
meantime, it seemed that gene disruption experiments would be 
more likely to yield more straightforward results. 

Gene Disruption 

The initial, non-replicative plasmid pGF256 was constructed 
(Figure 25) primarily to test the feasibility of the conjugal transfer of 
plasmid DNA from the E. coli strain S17-1 to S. murayamaensis. Since 
the rate of homologous recombination is proportional to the amount 
of homologous DNA, (61) a relatively large insert was used. While 
this plasmid was successful in that it allowed for the developement 
of a protocol for conjugation, it did not prove to be ideal for gene 
disruption. As can be seen in Figure 24, because the insert contained 
several genes, the end result was to duplicate most of the genes. 
While lesions were created in the DNA at the beginning and end of 
the insert, this DNA was duplicated intact elsewhere. Nonetheless, 
several of these exconjugates were cultured and screened for S. 
murayamaensis secondary metabolites. Although the genotype 
should, theoretically, have been the same for all of the exconjugates, 
they showed a wide variety of phenotypes. Table 7.1 gives a 
summary of the variations on secondary metabolites found. Since 
most of the clones were screened for the presence of plasmid only 
by their resistance to apramycin, and only in a few representative 
cases was genomic DNA actually collected for screening, it is possible 
that the clones either contained degraded plasmids or had developed 
resistance spontaneously. In any case, rather than attempting to sort 
out this relatively complex result, a more straightforward approach 
was taken. 
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Table 2. Product profiles of clones presumably containing the
integrated plasmid pGF256. (KD is kinamycin D; MQ is 
murayaquinone; DRB is dehydrorabelomycin; NG is no growth.) 

Norm. little No No NO
 
Clone # profile KD KD MQ_ MQ_ DRB DRB
 
2901 x x x
 
2902 x x x
 

2905 x x x
 

37010 x x x
 

2903 x
 
2904 x x x
 

2906 x x x
 
2941 x x x
 
2942 x x x
 
2943 x x x
 
2981 x x x
 
3701 x x x
 
3702 x x x
 
3703 x x x
 
3704 x
 
3705 x
 
3706 x
 
3707 NG
 
3708 x x x
 
3709 x
 

37011 x x x
 
37012 x
 
37013 x
 
3742 x x x
 
3741 x x x
 
3781 x x x
 
3782 x
 
3783 x x x
 
3784 x
 
3785 x
 
3786 x
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If the homologous insert DNA is designed to be completely 
internal to the target gene, then the gene will be disrupted without 
the problem of duplication of that gene elsewhere. Three plasmids 
based on p0J260 were therefore constructed using short (400-600 
bp) inserts of S. murayamaensis DNA which were completely internal 
to either ORFI, II, or III (Figure 26). Insert DNA was obtained from 
the double stranded form of the M13 clones which had been used for 
sequencing. The plasmids were designed to disrupt either KS1, KS2, 
or the KR after a single recombination event. However after three 
attempts at conjugation using these plasmids, no S. murayamaensis 
colonies were found to be apramycin resistant. Presumably, the 
length of homologous DNA in these plasmids was not sufficient to 
allow for homologous recombination before the plasmid was lost. 
Given the relatively low rate of conjugal transfer into S. 

murayamaensis (< 50 exconjugates per reaction), it was important to 
use the longest possible insert of S. murayamaensis DNA which was 
still internal to the target gene. Since the inserts in M13 clones are 
inherently short, it was necessary to seek another convenient source 
of insert DNA. 
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Since the entire sequence of the 5.6-kb insert of pIJ2856 is 
known, it was possible to use PCR to produce insert DNA of optimal 
length for a single cross-over experiment. In order to do this, 
primers were designed which were just internal to the ORFI gene. At 
10% DMSO, the PCR reaction yielded a 1.1-kb fragment which, after 
digestion with EcoRI could be ligated into the EcoRI site of the 
polylinker of p0J260 to give the plasmid pGF2IO1L (Figure 27). 
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Figure 27. Construction of pGF2IO1L 

Again, the plasmid was transformed into the E. coli strain S17-1 and 
used in a conjugation reaction with S. murayamaensis. Once again, 
however, after several attempts, no exconjugates were observed. As 
the 1.1-kb insert was the largest that could be used while remaining 
internal to the target gene, it was necessary to use a more 
complicated, double crossover-type experiment. 

Figure 28 outlines the strategy used in the construction of the 
plasmid pGF666. The tsr gene was ligated into the Bell site of ORFIV, 
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Figure 28. Construction of pGF666. 

the presumed KR gene. This gene was chosen both because the tsr 
gene was readily available from pIJ702 on a BM fragment and 
because the loss of the KR activity was likely to disrupt subsequent 
enzymatic tailoring and destroy the pathway entirely. In the case of 
actinorhodin, for example, reduction of the ketone at C-9 is essential 
for normal cyclization of the nascent polyketide chain and no product 
is observed if there is a lesion in the KR gene (15). The &II fragment 
containing the tsr gene also has stop codons in all three frames 
preceding the promotor to insure that a viable fusion protein cannot 
be formed. The entire BamHI fragment with the disrupted ORFIV 
was then ligated into the plasmid pKC1138 for conjugation. As with 
the other gene disruption-type plasmids, pKC1138 has no 
Streptomyces replicon and can survive only if it is integrated into the 
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genome of the recipient. This plasmid also has the xylE reporter gene 
(62) to facilitate screening for colonies which have lost the plasmid. 

The plasmid was introduced into S. murayamaensis by 
conjugation and, after allowing time for expression of the resistance 
genes, the germlings were challenged with apramycin or 
thiostrepton. It is at this point that the double crossover strategy is 
advantageous. Since the target gene is already disrupted, there is no 
need for the homologous insert to be completely internal to a gene 
(Figure 29). The longer DNA insert is more likely to be integrated 
into the genome and the low rate of conjugation can be overcome. A 
total of 7 exconjugates (three from apramycin plates and four from 
thiostrepton plates) were found to have resistance to both antibiotics 
while still sporulating well on ISP4 plates. When spores from these 
clones were germinated and screened for both apramycin and 
thiostrepton resistance, three clones were confirmed to have lost 
their resistance to apramycin. Southern blot analysis of BamHI 
digested genomic DNA from these clones using the plasmid 1)1,12856 
as a probe for the 5.6-kb insert revealed that those clones which 
were resistant to both antibiotics contained two bands which 
hybridized at high stringency: one 5.6-kb fragment representing the 
intact DNA and one 6.6-kb fragment representing the DNA with the 
disrupted KR. When the genomic DNA was digested further with &1I, 
the 5.6-kb fragment remained, while the 6.6-kb fragment was 
replaced by two hybridizing fragments at 3.2-kb and 2.4-kb, 
representing the removal of the tsr gene (Figure 30). Similarly, when 
gels of the same digests were probed with the tsr gene, a 6.6-kb 
hybridizing band was found which was replaced by a 1-kb band 
when the DNA was digested with &R. 

The two clones represented in Figure 30 were selected for 
fermentation, extraction, and analysis by HPLC. Clone Alal has 
undergone the initial integration of pGF666 into the genome and 
clone T41 has undergone the second recombination and subsequent 
loss of plasmid. These were grown on GA agar for 10 days, then S. 
murayamaensis seed medium, then GA medium as previously 
descibed. Extracts of clone Alal cultures in both media showed an 
excess 
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Figure 30. Southern blot of a 1% agarose gel of genomic DNA 
from either wild-type S. murayamaensis, or the clones T41 or Alal. 

of murayaquinone as well as several other unidentified metabolites. 
The extracts from fermentations of the clone T41, however, showed a 
product profile which was virtually identical to that of the wild-type. 
Both murayaquinone and KD were apparently produced in quantities 
comparably to the normal S. murayamaensis profile and the UV 
spectra of both compounds were nearly exact matches (>98%). There 
are several ways in which this result can be explained. In several 
cases in which the PKS genes responsible for the same reaction in the 
biosynthesis of different aromatic polyketides have been exchanged, 
the genes were found to be interchangable (53). Since there are at 
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least two different PKS pathways in S. murayamaensis, it is 
conceivable that the KR from one of the pathways could compensate 
for the loss of the other. Since the biosynthetic origin of 
murayaquinone has not yet been established, there is no way to be 
sure where on the nascent chain a ketoreduction might take place. It 
is possible that the reaction substrates are similar enough to be 
acceptable to either KR. If this is the case, then it may require a 
much more drastic gene disruption in which several or all of the 
initial PKS genes are disrupted or removed entirely. 

Another possible explanation is that the KR gene of either 
murayaquinone or KD has actually been disrupted, but that 
subsequent biosynthetic steps were not affected. This would 
presumably leave one of these two compounds hydroxylated in a 
position which was previously completely reduced. This explanation 
would be possible only if the hydroxyl were sufficiently distal from 
the chomophore that its presence would not significantly affect the 
UV spectrum. It would also be possible only if the proposed hydroxyl 
did not significantly affect the retention time on HPLC. Although 
neither of these cases by itself would be unreasonable, it seems 
unlikely that both at once would be the case. In any event, these 
possibilities can be accounted for if the presumed murayaquinone 
and KD are purified from a fermentation of disrupted clone and 
analyzed by NMR. 

A less attractive, but equally likely explanation is that the 
cloned pathway is not expressed under conditions that are normally 
used for production of murayaquinone or KD. It is well established 
that the product profile of S. murayamaensis changes dramatically 
when the growth medium is changed and that some compounds are 
either not produced at all or are produced as very minor metabolites 
(69). This explanation would be the most problematic in terms of 
establishing the function of the X1 Oa gene cluster. Obviously, if the 
product of the gene cluster is not expressed by the wild type under 
any known conditions, then any type of gene disruption experiment 
is useless. Similarly, this situation could make it difficult to prove the 
function of the gene cluster by heterologous expression. If we cannot 
find conditions under which the wild type S. murayamaensis will 
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produce the product, then it may be quite difficult to express the 
product in another host organism. Even if the compound is produced, 
it will be difficult to establish that this is the "natural" product and 
not an artifact. As this is the most complicated of the possible 
explanations to deal with experimentally, it seems prudent to 
eliminate the other possibilities first. 

Conclusions 

Because the results of the early restriction mapping and 
Southern blot analysis were so encouraging, it seemed likely that it 
would be relatively simple to establish which of the polyketide 
pathways was represented on the insert of clone X1 Oa. Analysis of 
the sequence from the subclone pIJ2856 was also extremely 
promising. However, several tools which have proven invaluable to 
similar research in other groups remain either unavailable to us or 
underdeveloped. For example, the isolation of genes which confer 
specific antibiotic resistance has been extremely helpful in the 
identification of biosynthetic genes, as in the cases of erythromycin 
(22) and tetracenomycin (55). To date, although two different 
researchers in our group have used a number of different 
approaches to this isolation, the KD resistance genes remain elusive. 
While a number of useful kin- mutants have been isolated, a set of 
mutants which represent genetic lesions at each biosynthetic step 
has not yet been developed. In the case of murayaquinone, no 
blocked mutants exist and elucidation of the biosynthetic pathway 
has only just begun. While a method has been developed for the 
introduction of foreign DNA into S. murayamaensis by means of 
conjugation, the efficiency of this method is relatively low. The most 
promising remedy to this difficulty would appear to be direct 
transfer of plasmid DNA from E. coli to S. murayamaensis by 
electroporation, but this method remains to be developed. Finally, 
there is no quick method for screening large numbers of individual 
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colonies for the presence of KD, murayaquinone, or any of the many 
other secondary metabolites produced by S. murayamaensis. 

The most pressing goal in this project would seem to be to 
clearly establish that the pathway represented by the X1 Oa gene 
cluster has been knocked out beyond rescue in a gene disruption 
experiment. This can be easily done by simply removing a much 
larger segment of this DNA, preferably spanning the entire PKS1 and 
2, ACP, KR, and CYC regions. If KD or murayaquinone were still 
produced after such a knockout, then they would clearly not be the 
products of these genes. If this were the case, then the future of the 
X,10a project would be unclear. It is possible that the product of this 
gene cluster could be produced and identified if the proper culturing 
medium and conditions were found. It is equally possible that the 
gene cluster is vestigial and that no polyketide is produced. In any 
event, the other, independent clones which showed strong 
hybridization with the act and gra probes still offer good hope for 
identifying the genes responsible for KD and murayaquinone. 
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EXPERIMENTAL 

Sequencing and Analysis of the Plasmid p1,J2856 

Mini-preps of M13 DNA were prepared from stored lysates 
according to Sambrook (63) and sequenced by the di-deoxy 
termination method using the Sequenase kit obtained from U.S. 
Biochemical. In order to avoid the difficulties arising from the high 
(70%) G-C content typical in Streptomyces. species, a 7-deaza-GTP kit 
for Sequenase was used. In some cases where compression problems 
were persistent or where sequence in one direction did not agree 
with sequence in the other, a kit using deoxyinosine triphosphate in 
place of deoxy-guanosine triphosphate was used. For reading 
sequence close to the primer (1-300 bases), the standard protocol 
was used. For reading further from the primer, the extended labeling 
mix provided with the kits was used and the labeling step was run 
for 10 min., rather than 5 min. Acrylamide was obtained from 
National Diagnostics as a 40% solution. 60-cm wedged gels of either 
6% or 8% acrylamide containing 8 molar urea were run at 60 watts 
per gel for between 2 and 10 hours. Gels were then fixed for 40 min. 
in 41 methanol/HOAc/H20 (1/1/8). The gels were dried at 80 0C for 
4 hours on a vacuum gel dryer (IBI) and exposed to film (Kodak 
Xomatic) for 2-7 days without intensifying screens. Sequence from 
the autoradiograms was read manually into the IntelligGenetics suite 
(41) of sequence analysis software. The individual sequence 
fragments were then assembled using the Gel program from the 
IntelliGenetics package. Sequencing was continued until reliable 
sequence was obtained for both the forward and reverse strands. 

Oligonucleotides designed from previously obtained sequence 
which would prime DNA synthesis beginning at a point from three to 
four hundred bases from the original priming sites were synthesized 
by the Central Services Laboratory of the Center for Gene Research 
and Biotechnology at Oregon State University. Table 3 lists the 
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sequences of these synthetic primers as well as the M13 clones that 
they were used to prime. 

Table 3. Sequencing primers that were synthesized. 

M13 clone nt position on 
Primer sequence 
TCCGCCGCCATCTGGGA 

annealed to 
102 and 35 

contiguous sequence 
5361 

GGCCACGGGCCGGTCTG 114' and 121' 111 
ATCCGGCGGCTCGACCG 73' 5301 

Kinamycin D Resistance Genes 

The plasmid pIJ702 was prepared as follows: Two 500-m1 
cultures of S. lividans TK24/pIJ702 in YEME + 5 mM MgC12 + 0.5% 
glycine broth were grown in 2-liter Erlenmeyer flasks with springs 
for 48 hours at 30 0C, 280 RPM (64). The culture was divided in two, 
centrifuged, and each pellet was resuspended in 25 ml of TEG buffer 
(50 mM glucose 10 mM EDTA, and 25mM Tris pH 8). Fifty mg of 
lysozyme and 25 pl of 5 mg/ml RNAse were added and the solutions 
were incubated for 1 hour at 30 0C. Fifty ml of 0.2 M Na0H/1% SDS 
were added to each and they were both incubated at room 
temperature for 30 min. Forty ml of 3M NaOAc (pH 8) and 5 ml of 
acid phenol/chloroform (64) were added and vorted and the lysates 
were centrifuged for 10 min. at 10,000 RPM. An equal volume of 
isopropanol was added to the supernatants and the plasmids were 
precipitated on ice for 30 min. The pellets were washed with 70% 
ethanol and dried, then resuspended in 10 ml each of TE buffer (64). 
These were extracted with 1 ml of 3M unbuffered NaOAc + 1 ml 
Phenol/chloroform and centrifuged for 10 min. The upper layers 
were removed and extracted with 2 ml chloroform/isoamyl alcohol 
(24:1) and then precipitated with 1 volume of isopropanol on ice for 
30 min. After centrifugation at 10,000 RPM for 15 min., the pellets 
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were washed and dried as before, then resuspended in 8 ml H2O 
Two ml of 4M NaC1 and 10 ml of 13% PEG (8000 MW) were added to 
each and the plasmids were precipitated overnight. Both solutions 
were centrifuged for 30 min. at 7,000 RPM, 0 0C, the pellets were 
washed and dried as above and each was resuspended in 400 µl TE. 
Each sample was further purified by CsC1 density centrifugation 
according to Hopwood (64). 

A library of S. murayamaensis DNA to be inserted into p1J702 
was created by partially digesting 0.4 mg of S. murayamaensis 
genomic DNA with 200 units of Mbol in a total volume of 2.0 ml of 
reaction buffer (IBI) for 6.0 min. at 37 0C. The reaction was 
terminated by transferring the entire volume to a test tube 
preheated to 80 0C and incubated 15 min. 8 pl was assayed on a 1% 
agarose gel, and the solution was divided into four equal parts. Four 
centrifuge tubes containing 11-m1 sucrose gradients (10 40%) in 
TEN (64) buffer were prepared using a gradient maker and 500 ml of 
the MboI digest was loaded onto each. These were centrifuged in a 
Beckman SW40Ti rotor for 16 hours. at 35,000 RPM at 18 0 C. 400 ill 
fractions were removed beginning at the top of each by pipetting. 
Fractions were checked by agarose gel and fractions of similar size 
were pooled. Pooled fractions were dialysed 24 hours against 2 liters 
of TE buffer with 1 buffer change. The fractions were then 
transferred with rinsing to universal bottles and the volumes were 
reduced by extracting with sec-butanol until the volumes were less 
than 0.4 ml. Each fraction was then precipitated using 2.5 volumes of 
ethanol and 0.1 M NaOAc. Each was then resuspended in 50 1.11 TE 
buffer. 

In order to prepare S. lividans protoplasts, 50 ml cultures of S. 
lividans TK24 mycelia were grown from 0.2 ml of spore suspension 
in YEME media (64) + 10% glycine for 40 h. at 30 0C, 250 RPM with 
aeration springs on an orbital shaker. The culture was divided into 
two and centrifuged in two universal bottles at 3,000 RPM for 10 
min. in a Wyfuge desktop centrifuge. The fractions were then stored 
frozen at -20 0C until protoplasting. Just prior to transformation, 1 
aliquot of mycelia was thawed and washed twice with 10 ml of 10.3% 
sucrose, then resuspended in 4 ml of lysozyme solution (1 mg/ml 
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lysozyme in P buffer) and incubated 1 hr. at 30 0C. This was then 
triturated three times with a five ml pipet and allowed to incubate 
15 min. longer, then 5 ml P buffer was added. The mixture was 
triturated as before, and then filtered using a syringe with a non
absorbent cotton plug and divided into three plastic centrifuge tubes. 
The protoplasts were gently sedimented by spinning at 3,000 RPM 
for 7 min. and the supernatant removed. Pellets were used 
immediately for transformation. 

40 0 pIJ702 (1 mg/ml) was incubated with 16 d 10x react 3 
buffer (Boehringer-Mannheim), 88 0 water, 8 ill BglII and 8 pl 
shrimp alkaline phosphatase (Boehringer-Mannheim) for 2 hours at 
37 0C and then extracted with phenol, phenol/chloroform, and finally 
chloroform. This was precipitated as above and the pellet brought up 
in 40 Ill TE. 10 p.1 of this was incubated with 20 0 of S. 
murayamaensis DNA fractionated by sucrose gradient with an 
average size of 10 kb, 10 0 10x IBI buffer C , 59 0 water and 1 0 T4 
DNA ligase (Boehringer-Mannheim). Ligation was allowed to proceed 
overnight at 18 0C and the resulting mixture was examined by 
agarose gel electrophoresis. Half of the ligation mixture was used to 
transform S. lividans according to Hopwood (64). Transformed 
protoplasts were resuspended in 1 ml protoplast buffer and 100 0 
was spread on to each of nine R2YE plates. Ten-fold serial dilutions 
were made from the remainder and 100 0 of each were spread onto 
R2YE plates in order to titer the number of transformants. The 
protoplasts were allowed to regenerate at 30 0C for 20 h. Control 
plates were overlaid with 3 ml of soft nutrient agar (64) containing 
thiostrepton (500 µg /ml) and the other nine plates were overlaid 
with soft nutrient agar containing thiostrepton (500 pig/m1) and KD 
(250 pg /ml). Growth was assessed after one week at 30 0C. Plasmids 
from transformants were isolated according to Hopwood (64) and 
digested with BglII. 

pKC1218 based plasmids were prepared by completely 
digesting S. murayamaensis genomic DNA with either BglII or BamHI 
and ligating it into the BamHI site of the pKC1218 polylinker. 
Transformation of S. lividans was as above except that the nine non
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control plates of regenerated protoplasts were overlaid with soft 
nutrient agar containing 20 lig/m1KD and no apramycin. 

Transformation and Conjugation of S. murayamaensis 

Mycelia for making S. murayamaensis protoplasts were 
obtained by inoculating 0.2 ml of spore suspension (1010 spores in 
20% glycerol) into a 250-m1 Erlenmeyer flask containting 50 ml of 
sterile 2XYT media + 0.5% glycine (64) and incubated for 3 days at 29 
OC in an orbital shaker at 285 RPM. The mycelia were colected by 
centrifugation and washed three times in 10.3 % sucrose solution. 
The sample was divided into two and to each pellet was added 4 ml 
of a solution containing 10 mg/ml lysozyme and 5 mg/ml 
achromopeptidase (Sigma) in P-Buffer (64). The solutions were 
mixed by pipetting and incubated for 2 h., triturating every 45 
minutes. The samples were then filtered through non-absorbent 
cotton and sedimented for 30 minutes at 3,000 RPM. The protoplasts 
were resuspended in 2 ml of P-Buffer, and 200 pl were aliquoted into 
Eppendorf tubes which were slowly frozen and stored at -80 0C. The 
efficiency of protoplasting was assessed microscopically and by 
pelleting one aliquot and resuspending it in P-Buffer + 0.1% SDS and 
plating serial dilutions on ISP4 (DIFCO) plates. At the time of use, 
individual tubes were thawed under running water and washed with 
10.3% sucrose. 

The tranformation protocol was based on the long method of 
Hopwood. The plasmids used were either pIJ702 isolated from S. 
lividans TK24 or pKC1218 isolated from either S. lividans TK24 or 
from E coli S17-1. In some cases, sucrose was replaced with the same 
molarity of NaCl. Protoplasts were allowed to regenerate on either 
R2YE agar (64) or ISP4. Heat shock consisted of 10 min. at either 37 
OC or 50 OC just prior to transformation. The single-stranded version 
of pIJ702 was obtained as a pUC119/pIJ702 ligation in the E. coli 
strain MV1193 with the helper phage M13K07 (Promega) to induce 
production of single-stranded DNA (65), (Courtesy of Prof. Susan 
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Jensen, Dept. of Microbiology, University of Alberta). Table 4 gives 
the variations which have been tried thus far. 

Table 4. Conditions for transforming S. murayamaensis 

Plasmid Source 
Trans. 
Buffer 

Regen. 
Med, 

Heat-shock 
3Loc 

Heat-shock 
500C 

pIJ702 TK24 standard R2YE no no 
pIJ702 TK24 standard R2YE no no 
(SS) 
pIJ702 TK24 standard R2YE 10 min. no 
p1J702 TK24 standard R2YE no 10 min. 
pIJ702 TK24 NaC1 R2YE no no 
pU702 TK24 standard ISP4 no no 
pIJ702 
pU702 

TK24 
TK24 

standard 
standard 

ISP4 
ISP4 

10 min. 
no 

no 
10 min. 

1311702 TK24 NaCl ISP4 no no 
pKC1218 S17-1 standard R2YE no no 
pKC1218 S17-1 NaC1 R2YE no no 
pKC1218 TK24 standard R2YE no no 
pKC1218 TK24 standard R2YE no no 
pKC1218 TK24 standard ISP4 no no 

The treated protoplasts were allowed to regenerate for 20 h. 
and then overlaid with 3 ml of soft nutrient agar (64) containing 
either apramycin at 50 µg /ml for pKC1218 or thiostrepton at 50 
µg /ml for pIJ702. Plates were scored for transformants after 5 days 
of growth at 30 0C 

Plasmids from E. coli strains were prepared as follows: Three 
-ml cultures of plasmid hosts were grown overnight at 37 0C, 250 
RPM in 2XYT media (63). Media reagents were purchased from 
Sigma. Plasmid DNA was harvested according to the "small-scale" 
method of Sambrook (63) and typically yielded between 15 and 20 
lig DNA per preparation. Digests with restriction endonucleases 
(Boehringer-Mannheim) were carried out according to the 
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manufacturer's protocols. If the DNA was to be used for ligation, the 
digest was extracted once with phenol/chloroform (pH 8.0) (U. S. 
Biochemical) and precipitated with 10% NaOAc and 2.5 volumes of 
ethanol at 20 °C. Vector DNA was treated with shrimp alkaline 
phosphatase (Boehringer-Mannheim) according to the manufacturer's 
protocol and extracted as above. Unless otherwise noted, ligations 
were performed using 1 lig vector DNA to 5 14 insert DNA with 3 
units ligase in a total volume of 50 0 at 12 °C overnight. The entire 
ligation was then used to transform 200 0 of competent E. coli cells 
(Sambrook, quick method, (63)) and aliquots of 2, 20, and 200 0 
were plated onto 2XYT plates containing X-gal and IPTG plus the 
appropriate antibiotic, usually 50 pg/ml of apramycin. 

In order to prepare the plasmid pGF256, pIJ2856 was digested 
with BamHI to remove the pUC portion of the plasmid. This was then 
ligated into the BamHI site of pOJ260 and transformed into the E. coli 
strain MV1193 (65) for blue/white selection. Plasmid DNA was 
prepared as above and screened by agarose gel electrophoresis. 
Plasmids containing the appropriate insert were then transformed 
into the E. coli strain S17-1 for conjugation. 

The E. coli donor strain S17-1 was prepared for conjugation by 
growing a 5-ml overnight culture in 2XYT + apramycin (50 14/m1). 
Just prior to use, the cells were washed twice with 2XYT and 
resuspended in 5 ml of the same medium without apramycin to give 
the final donor preparation. 

Where S. murayamaensis mycelia were used as conjugal 
recipients, 20 ml of late log-phase (36-48 hr.) culture in TS broth 
(64) was homogenized and fragmented by sonication (66). 1-ml 
aliquots were diluted 10-fold in TS and allowed to regenerate for 
either 0, 3, or 6 h. at 30 °C, 285 RPM. The mycelia were washed once 
in TS and each was resuspended in 2 ml of TS to give the final 
recipient preparation. 

Where S. murayamaensis spores were used as conjugal 
recipients, 0.1 ml of glycerol spore suspensions were washed once in 
2XYT and resuspended in either germination medium (64) or in 
2XYT. Spores were allowed to germinate at 30 °C for 0, 4, or 8 h., 
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washed once and resuspended in 2XYT to give the final recipient 
culture. 

Serial dilutions of the recipient cultures were made in their 
respective broths and 100 ill of each were pipetted with 100 ill donor 
culture onto plates of one of the following agars: TS (64), TS +1% 
molasses, AS1 (67), R2YE , 2XYT, or ISP4. After 20 h. at 30 0C, the 
plates were overlaid with 3 ml of soft nutrient agar containing both 
1.5 mg apramycin and 1.5 mg of nalidixic acid and incubated for 10 
days at either 30 OC or 37 0C. 

Genomic DNA from putative S. murayamaensis exconjugates 
was prepared for Southern blot anaysis as follows: 50 ml of 2XYT + 
1.0% glycine in 250 ml Erlenmeyer flasks with aeration springs were 
inoculated with single colonies and grown at 30 OC for 72 h at 285 
RPM. The mycelia were washed twice with 10.3% sucrose and 
resuspended in 15 ml of 3 mg/ml lysozyme in TEG buffer (64). After 
incubating 10 min. at room temperature, 5 mg of proteinase K 
(Boehringer Mannheim) was added to each and the samples were 
incubated at 50 OC overnight. Samples were then extracted three 
times with phenol/chloroform and precipitated with 0.7 volumes of 
isopropanol + 0.3 M NaOAc. The DNA clot was spooled, washed twice 
in 70% ethanol, dried for 10 min. and dissolved in 0.5 ml TE. 5 lig of 
the genomic DNA was completely digested with either BamHI or 
EcoRI and run on a 14-cm, 1.0% agarose gel for 4 h. After 
visualization with ethidium bromide, the DNA was transferred onto 
geneScreen plus membrane according the manufacturer's 
instructions and pre-hybridized using their protocols. Probe DNA 
was prepared using the random-primed labeling kit from Boehringer 
Mannheim with p0J260 as template and 32P-dATP from NEN. 
Membranes were exposed to Kodac Xomatic film at -80 OC for 8-48 h. 

Marker Rescue and Heterologous Expression 

In order to clone the entire 14-kb insert of X,10a into pKC1218, 
50 jig phage DNA was digested partially with 100 units of EcoRI in a 
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total volume of 1 ml Boehringer-Mannheim buffer H for 90 min. at 
370C. The reaction was terminated by vortexing with 50 0 
phenol/chloroform. The digested DNA was precipitated and the 
entire amount was resuspended in 100 ill ligation buffer. 2µg of 
pKC1218 which had been digested with EcoRI and treated with 
phosphatase were added and ligation was carried out as above. 
White colonies were screened for inserts by agarose gel 
electrophoresis and plasmid DNA was collected from 5-ml minipreps. 
The S. lividans strain TK24 was transformed according to Hopwood 
(small scale method, (64)) using 5µg of plasmid DNA in 5µl TE 
buffer. The plasmids pGF16 and pGF18 were also transformed into E. 
coli S17-1 and conjugated into strains of S. murayamaensis which 
were deficient in kinamycin products. 

Exconjugate strains of S. murayamaensis or transformed strains 
of S. lividans were screened for production of normal, S. 
murayamaensis secondary metabolites by first growing each for 7 
days on GA agar (3% glycerol, 0.1% L-asparagine, 0.1% K2HPO4.3H20, 
0.04% MgSO4.7H20, 0.01% FeSO4.7H20, 1.5% Bacto agar ) at 30 0C, then 
in 5-ml cultures of S. murayamaensis seed culture (2.0% glucose, 
2.0% Kinako Soy flour, 0.4% NaC1) for three days at 29 0C, 285 RPM 
followed by 3 days in either GA medium (same as GA agar but 
without the agar) or GS medium (2.0% glycerol, 2.0% Kinako Soy 
flour, 0.4% NaC1) (same conditions). The samples were then brought 
to pH 2 and extracted once with 10 ml of ethyl acetate. Samples were 
dried with sodium sulfate and rotovapped to dryness, then brought 
up in 200 ill of 10% Me0H/90% methylene chloride. HPLC analysis 
was carried out on a Waters 600E HPLC equiped with a Hewlett-
Packard 1050 auto-injector and a Waters 990 photodiode-array 
detector using a radial-paktm, C-18 column (8 mm, 4 0 and the 
following gradient: 5% AcCN/H20 (0.1% acetic acid) ramped to 80% 
AcCN/H20 over 20 min., then 5 min. isocratic. 

Gene Disruption 
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The construction of pGF256 was described previously. Plasmids 
for gene disruption which contained smaller inserts of S. 
murayamaensis DNA that were entirely internal to their genes were 
constructed as follows: The replicative forms of the M13 DNA which 
contained the sequences of interest were prepared as with other E. 
coli plasmids. Inserts were removed and p0J260 was linearized by 
dual digestion with EcoRI and HindIII in Boehringer Mannheim 
buffer H. The fragments were ligated into p0J260 to give the 
plasmids pGF2IO1, pGF2IO2, pGF2IO4. In order to construct a plasmid 
for gene disruption which contained the largest possible amount of 
homologous DNA while remaining completely internal to the target 
gene, a 1.1-kb fragment of DNA from ORFI was obtained by PCR. 
Primers for PCR were designed using the program PRIMER (68) 
which gave the following as solutions: 

Forward primer 108->127 CATCTCGTTCTTCGATCCGT Tm = 60.2 
Reverse primer 1166->1147: TCGTTCGGTACGTAGTCGAG Tm = 58.9 
PCR product length: 1059, GC = 72% 

EcoRI sites were added to these sequences and the primers 
were synthesized by the Center for Gene Research and Biotechnology 
at Oregon State University. PCR was carried out using 10 pM of each 
primer, 10 ng of plasmid pIJ2856 as template and 1 unit of Taq 
polymerase in the following reaction mixture: 250 µM dNTPs, 2.0 mM 
MgC1, 70 ji.M Tris (pH 8.8), 0.1% Triton X-100, initially with either 0, 
1, 2, 5, or 10% DMSO in a total volume of 100 pi with a 50 [11 overlay 
of mineral oil. The reaction mixture was denatured at 94 OC for 1 
min., annealed at 50 OC for 1 min., and extended at 72 OC for 1 min., 
for a total of thirty cycles. After extraction with chloroform, the 
products were checked by 1% agarose gel electrophoresis and the 
1.1-kb fragment of interest was found in the reaction mixture 
containing 10% DMSO. The PCR reaction was then repeated using 
these conditions in 5 separate tubes and the products were pooled 
and extracted. The fragment was then digested with EcoRI and 
ligated into p0J260 to make the plasmid pGF2IO1L. This plasmid was 
conjugated into S. murayamaensis as previously described. 
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Finally, the plasmid pGF666 was constructed by transforming 
pIJ2856 into the E. soli strain JM110 (Boehringer-Mannheim) to 
produce non-methylated plasmid DNA. The plasmid was then 
linearized by digestion with &1I, which is methylase sensitive. The 
tsr gene was obtained as a 1.1-kb Bc1I fragment from pIJ702 and 
ligated into the MI site of pIJ2856. After screening by agarose gel 
electrophoresis of BamHI digests, the 6.6-kb BamHI insert was 
ligated into the BamHI site of the plasmid pKC1138 to give pGF666. 
After screening by agarose gel, and transformation into the S17-1 
strain, this plasmid was conjugated into S. murayamaensis as 
previously described and exconjugates were initially screened for 
resistance to either apramycin (50 µg /ml) or thiostrepton (200 p.g). 
The exconjugates were then streaked to both apramycin (501.4/m1) 
and thiostrepton (200 pg) ISP4 plates to insure double resistance. 
Several doubly resistant colonies were then streaked onto ISP4 
plates with thiostrepton and allowed to sporulate for 10 days at 37 
0C. The spores were collected by adding 10 ml of sterile water to the 
plates and then gently scraping the mycelia with a sterile spatula. 
This solution was vigorously agitated and then filtered through non
absorbent cotton. The filtrate was centrifuged and the supernatant 
discarded. The pellet was resuspended in 20% glycerol and stored at 
-20 0C. Serial dilutions of the spore suspensions were plated onto 
ISP4 plates and allowed to germinate, then individual colonies were 
each patched onto ISP4 plates with thiostrepton and ISP4 plates with 
apramycin. Colonies which were thiostrepton resistant but not 
apramycin resistant were cultured and checked by Southern blot 
analysis as well as screened for production of secondary metabolites. 

In order to establish the insertion of foreign DNA into S. 
murayamaensis genomic DNA where conjugation occurred, S. 
murayamaensis DNA was subjected to Southern blot analysis as 
previously described using either p1J2856 or the isolated tsr gene as 
template for the labeled probe. Clones of interest were screened for 
the production of secondary metabolites in either YEME, GA, GS, or S. 
murayamaensis seed medium, extracted and analyzed by HPLC as 
described earlier. 
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