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Most scientists recognize that molecular biology now
pervades the study of all biological systems. This is due
largely to the explosion of knowledge in molecular biology
during the last 15 years, which has been fueled by de-
velopments in recombinant DNA technology. The influ-
ence of molecular biology on medicinal chemistry is in-
creasing dramatically, in spite of the fact that medicinal
chemists still receive little exposure to this field during
their years of formal training. This perspective examines
one area—antibiotic discovery and production—where
molecular biologists and medicinal chemists are collabo-
rating to drive the quest for new drugs and to improve
production of old ones. Other areas, such as the use of
genetic engineering to develop small proteins into drugs!
or to produce new and more specific vacccines,? are not
covered here. Further possibilities where interaction be-
tween medicinal chemists and molecular biologists should
lead to valuable new drugs include the search for small
molecules with the ability to modulate gene expression or
genetic regulatory circuits in cell biology. Some of these
possibilities are mentioned later. Hopefuly, such oppor-
tunities will attract researchers with chemical expertise to
make the leap into genetically based endeavors, or at least
will help awaken educators and research managers to the
need for more exposure of medicinal chemists to the con-
cepts and tools of molecular biology.

Antibiotic Discovery: Old and New Ways

Since the discovery of penicillin and streptomycin about
50 years ago, antibiotics have been one of the most avidly
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sought-after products of microbial metabolism. Initially,
the simple screening of culture broths for antibiotic activity
against common pathogens or related Gram-negative or
Gram-positive bacteria sufficed to uncover a large number
of compounds, many of which became widely used anti-
infectives (e.g., the erythromycins, cephalosporins, and
tetracyclines). As the clinical use of antibiotics became
widespread, however, resistant forms of the targeted pa-
thogens became an increasing problem. This necessitated
the search for new antibiotics with a broader spectrum of
activity or effectiveness against the resistant microbes (e.g.,
the 7a-methoxycephalosporins and carbapenems) by using
more sophisticated screens with greater sensitivity or fo-
cused only on the problematic pathogens.3* The chemical
and biological modification of existing antibiotics also
resulted in more effective analogues of naturally occurring
antibiotics, with the 8-lactams representing the zenith of
such activity since hundreds of their analogues have been
studied and a large number have been developed into
important antiinfective drugs.®> All of these developments
have offset the diminishing rate of discovery of new an-
tibiotics since the early 1970s, yet it is common today to
screen 10 000 isolates before a truly promising new anti-
biotic is discovered.® While pharmaceutical companies
and a few academic laboratories are vigorously pursuing
the search for new microbial products by the use of more
directed antibiotic screening methods coupled with ones
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Figure 1. The natural (1-3) and hybrid (4 and 5) isochromane quinone antibiotics produced by S. coelicolor A3(2), S. violaceoruber,

and Streptomyces AM7161.

designed to look for other biological activities (e.g., in-
hibitors of HMGCoA reductase or proteins that regulate
cellular growth, or immunosuppressants),346 a different
and versatile approach to drug discovery and development
would be enthusiastically welcomed.

A clue to a new approach comes from the realization that
the spectrum of isolable microbial metabolites is predicated
by the existing genetic diversity of microorganisms, but
that this can be altered almost without limitation by re-
combinant DNA methods. Thus, if it is possible to ge-
netically engineer a microorganism to produce new anti-
biotics (or just new metabolites with their categorization
to follow), then it should be feasible to design a new type
of drug screening or development strategy tailored toward
a particular therapeutic goal that has a high potential of
success, or that is at least highly versatile. Three ap-
proaches are discussed below: each appears to meet this
need but none have yet been tested thoroughly.

Hybrid Antibiotic Production

The utility of modifying antibiotics by fermentation
methods has been known since 1948 when penicillin V, an
acid-stable analogue of benzylpenicillin, was produced by
adding sodium phenoxyacetate to the Penicillium chry-
sogenum fermentation.” Since a wild-type microorganism
often produces both the normal metabolite and the desired
analogue, this so-called “directed fermentation” method
was later modified by the use of mutants blocked in some
step of antibiotic biosynthesis and supplementation of the
fermentation with an analogue of a normal intermediate
of the pathway. Since the mutation prevents the biosyn-
thesis of the normal intermediate, this latter method re-
sults in the production of only the desired modified an-
tibiotic. “Mutasynthesis” and a variant called “hybrid
biosynthesis”, where the requisite metabolic blockade is
achieved by biochemical rather than genetic inhibition,
represent improved ways of making analogues of known

(7) Behrens, O. K.; Corse, J.; Edwards, J. P.; Garrison, L.; Jones,
R. G.; Soper, Q. F.; van Abeele, F. R.; Whitehead, C. W. J. Biol.
Chem. 1948, 175, 793.

antibiotics.®® Both methods rely on a satisfactory pre-
cursor uptake and plasticity of the enzymes of microbial
secondary metabolism, i.e., metabolism that is dispensible
with respect to cellular growth. Because these demands
are seldom well-met in practice, both methods suffer from
inefficient conversion of an unnatural precursor to the
desired metabolite. Formation of the modified precursor
in vivo would circumvent one of these problems and per-
haps others. This has now been achieved by using ge-
netically engineered Streptomyces, the ubiquitous soil
bacteria that produce about three-fourths of the com-
mercially important antibiotics. [The principles of genetic
engineering and the techniques of recombinant DNA re-
search are thoroughly explained in ref 10-12.] The re-
combinant bacteria were able to produce “hybrid
antibiotics”, a name coined to reflect the production of
new, antibiotically active compounds by genetic hybrids
rather than the fact that these metabolites may contain
structural elements of different types of known antibiotics.

The pioneering discovery was made in 1985 by David
Hopwood and his collaborators in Japan and the USA who
examined the effect of introducing some or all of the genes
for the production of actinorhodin (Figure 1: 1), which had
been cloned from Streptomyces coelicolor a year earlier,!®
into other streptomycetes that make the closely related
isochromane quinone metabolites medermycin (2) and
granaticin/dihydrogranaticin (3).* The production of the

(8) Daum, S. J.; Lemke, J. R. Annu. Rev. Microbiol. 1979, 33, 241.
(9) Hutchinson, C. R. Med. Res. Rev. 1988, 8, 557.

(10) Watson, dJ. D.; Tooze, J.; Kurtz, D. T. Recombinant DNA. A
Short Course; W, H. Freeman: New York, 1983.

(11) (a) Old, R. W.; Primrose, S. B. Principles of Gene Manipula-
tion, 3rd ed.; Blackwell: Oxford, 1985. (b) Saunders, V. A.;
Saunders, J. R. Microbial Genetics Applied to Biotechnology;
Croom Helm: London, 1987.

(12) Hutchinson, C. R. Nat. Prod. Rep. 1986, 3, 133.

(13) Malpartida, F.; Hopwood, D. A. Nature (London) 1984, 309,
462.

(14) Hopwood, D. A.; Malpartida, F.; Kieser, H. M.; Ikeda, H.;
Duncan, J.; Fujii, I.; Rudd, B. A. M,; Floss, H. G.; Omura, S.
Nature (London) 1985, 314, 642.
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Figure 2. The polyketide metabolites produced by expression of the S. coelicolor actl, III, IV, and VII genes in other Streptomyces.
Acetate and malonate through their enzyme-bound forms are used to make 1 in S. coelicolor by path b that involves the folding of
the octaketide intermediate shown. In several other streptomycetes, the same precursors make 6 through the same polyketide that
is folded in a different manner (path a) if all four act genes are present, or 7 if only the actl and VII genes are present. (The COOH
group present in the cyclized polyketide is lost by decarboxylation in forming 6 and 7.) S. galilaeus ATCC 31671, which normally
uses propionate and malonate to make 8 by way of a decapolyketide intermediate (path c), makes 9 in the presence of the actIII gene.
The carbonyl in each polyketide intermediate that undergoes reduction followed by dehydration when the actIIl gene is present is
indicated by an asterisk. Not all of the steps required for the conversion of the fatty acid precursors to the final metabolites are shown.

new metabolites, mederrhodin A (4) and B (dihydrome-
derrhodin A)!% and dihydrogranatirhodin (5) by the re-
spective interspecific transformants!* reflects the ability
of enzymes normally involved in actinorhodin formation
to act on similar intermediates in the medermycin or
granaticin pathways, or vice versa. Medermycin was hy-
droxylated at position 6,'® which is believed to have been
catalyzed by the actV gene product (a putative hydroxy-
lase!416). [Genes are designated by three lower-case letters
followed by capitalized Arabic letters or Roman numerals,
all of which are italicized.] The stereochemistry of 3b was
inverted at position 1 or 3,!7 which could have been due
to the utilization of an actinorhodin precursor!®!® in the
granaticin pathway since the wild-type strain produced 5
only in the presence of all of the act genes.!* Both of the
new metabolites were produced in large amounts compared
with the yields of 2 or 3, but it is interesting that the act
genes behaved differently in the two host strains. In the
medermycin producer, they acted independently and
caused the production of 4 only when one class of act genes
was introduced; in the granaticin/dihydrogranaticin pro-
ducer, the gene products “cooperated”!* with the granaticin
pathway enzymes to produce 5 almost exclusively. The
reason for this outcome is not yet clear; it may reflect

(15) Omura, S.; Ikeda, H.; Malpartida, F.; Kieser, H. M.; Hopwood,
D. A. Antimicrob. Agents Chemother. 1986, 29, 13.

(16) Cole, S. P,; Rudd, B. A. M,; Hopwood, D. A.; Chang, C.-j;
Floss, H. G. J. Antibiot. 1987, 40, 340.

(17) Floss, H. G. Trends Biotechnol. 1987, 5, 111,

(18) Floss, H. G.; Cole, S. P.; He, X-g.; Rudd, B. A. M.; Duncan, J;
Fujii, I.; Chang, C.-j.; Keller, P. J. In Regulation of Secondary
Metabolite Formation; Kleinkauf, H., von Dohren, H.; For-
nauer, H., Nesemann, G., Eds.; VCH: Weinheim, 1986; pp
283-304.

several factors, including such things as enzyme specificity,
metabolite channeling, and regulation of gene expression,
all of which will have to be investigated individually to
understand the complex interactions possible.

Subsequent investigations of the interspecific behavior
of the act genes by the Strohl and Floss groups have shown
that the actl, III, IV, and VII genes cause the production
of aloesaponarin (Figure 2: 6) when they are introduced
by transformation into several other Streptomyces spec-
ies.!% These results are consistent with the finding that
6 is a shunt product of the actinorhodin pathway in S.
coelicolor actVI mutants.’® In S. galilaeus 31133, only
the actl and VII genes are required for the production of
6 since it contains a functional equivalent of the actIIT
genel® that is believed to encode the reductase that re-
duces the 8-keto group at position 9 in the nascent octa-
(poly)ketide chain.®® In fact, when S. galilaeus ATCC
31671 is transformed with the actl and VII genes, it pro-
duces 2-hydroxyaloesaponarin (desoxyerythrolaccin, 7)
because this strain lacks such a 8-keto reductase, consistent
with the fact that it normally produces 2-hydroxy-
aklavinone (8). Introduction of the actIIl gene into S.
galilaeus 31671 by transformation therefore shifted its
primary metabolite from 8 to aklavinone (9), the product
of reduction of C-9 in the decaketide precursor.19

(19) (a) Strohl, W. R.; Bartel, P. L.; Connors, N. C.; Zhu, C.-b,;
Dosch, D. C.; Beale, J. M,; Floss, H. G.; Stutzman-Engwall, K.;
Otten, S. L.; Hutchinson, C. R. In Genetics and Molecular
Biology of Industrial Microorganisms; Hershberger, C. L.,
Queener, S. W., Hegeman, G., Eds.; American Society for
Microbiology: Washington, in press. (b) Stutzman-Engwall,
K.; Hutchinson, C. R. Proc. Natl. Acad. Sci. U.S.A. In press.

(20) Hallam, S. E.; Malpartida, F.; Hopwood, D. A. Gene 74, 305.



932 Journal of Medicinal Chemistry, 1989, Vol. 32, No. 5

Why the act genes specify one folding pattern of the
octaketide intermediate that leads to 1 in S. coelicolor
normally, but a slightly different one leading to 6 or 7 in
S. galilaeus and other Streptomyces (Figure 2, path a vs
b), is a curious outcome of these experiments. Since 6 is
a shunt product of the actinorhodin pathway in S. coeli-
color, it may be that the putative “octaketide cyclase” of
this pathway is not absolutely specific. This could be a
useful attribute in attempts to create new polyketide
metabolites by genetic engineering. Furthermore, the
recent discovery that the polyketide metabolites of
Streptomyces are made by a multienzyme complex whose
constituents are encoded by separate genes or cistrons in
genes with multicistronic transcripts? makes it possible
to explore systematically the possibility of forming new
polyketide-derived metabolites by constructing recombi-
nant bacteria with different combinations of “polyketide
synthase” genes.

The successful generation of hybrid macrolide antibiotics
by mutasynthesis and hybrid biosynthesis® implies that
new macrolides should be even more accessible with cloned
genes. Macrolide production genes have been cloned re-
cently from the erythromycin??? and tylosin?* pathways.
An erythromycin-like compound was produced in very low
yield by S. lividans upon its transformation with a clone
containing about 35 kilobase pairs of ery DNA including
the gene conferring erythromyecin resistance in this host.?
It is unfortunate that the exact nature of this antibiotically
active compound was not determined because more recent
evidence shows that this clone does not carry all of the ery
production genes;? therefore, the substance produced by
S. lividans could actually have been a hybrid macrolide
antibiotic.

An antibiotic nonproducing mutant of S. erythreus (now
called Saccharopolyspora erythraea) that could not make
6-deoxyerythronolide B, the earliest known intermediate
of the erythromycin pathway, produced an antibiotic after
transformation with a gene library from S. antibioticus,
the bacterium that produces oleandomycin, a 14-mem-
bered macrolide closely related to erythromycin. The
material isolated from an antibiotic-producing recombinant
strain was identified as a mixture of the 2-nor-
erythromycins A, B, C, and D which lack the methyl group
normally at position 2 of the lactone ring in the erythro-
mycins.?> Because of insufficient knowledge about the
enzymology of 6-deoxyerythronolide B biosynthesis and
no information about the function of the transforming
DNA [or even its identity for technical reasons (L. Katz,
personal communication)], this result cannot be clearly

(21) (a) Hutchinson, C. R.; Bibb, M. J.; Biro, S.; Collins, J. F;
Motamedi, H.; Shafiee, A.; Punekar, N. In Biology of Actino-
mycetes '88”; Okami, Y., Beppu, T., Ogawara, H., Eds.; Japan
Scientific Societies Press: Tokyo, 1988; pp 76-81. (b) Sher-
man, D. H.; Malpartida, F.; Bibb, M. J.; Bibb, M. J.; Kieser,
H. M.,; Hallam, S. E.; Robinson, J. A.; Bergh, S.; Uhlen, M,;
Simpson, T. J.; Hopwood, D. A. In Proceedings of the VIII
International Congress of Biotechnology, Paris. In press.

(22) Stanzak, R.; Matsushima, P.; Baltz, R. H.; Rao, R. N. Bio-
technology 1986, 4, 229.

(23) Donadio, S.; Tuan, J. S.; Staver, M. J.; Weber, M. J.; Paulus,
T. J.; Maine, G. T.; Leung, J. O.; Dewitt, J. P,; Vara, J. A;;
Wang, Y.-g.; Hutchinson, C. R.; Katz, L. In Genetics and
Molecular Biology of Industrial Microorganisms; Hershberger,
C. L.: Queener, S. W., Hegeman, G., Eds.; American Society for
Microbiology: Washington, in press.

(24) Fishman, S. E.; Cox, K. L.; Larson, J. L.; Reynolds, P. A.; Seno,
E. T.; Yeh, W.-k,; van Frank, R.; Hershberger, C. L. Proc. Natl.
Acad. Sci. U.S.A. 1987, 84, 8248.

(25) McAlpine, J. B,; Tuan, J. S.; Brown, D. P.; Brebner, K. D;
Whittern, D. N.; Buko, A,; Katz, L. J. Antibiot. 1987, 40, 1115.
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Figure 3. The 16-membered macrolide antibiotics produced by
S. thermotolerans (10), S. ambofaciens (11a), and S. ambofaciens
transformed with the carE gene from S. thermotolerans (11b).
The carE gene presumably directs formation of a 4’-mycarosyl
isovalerylCoA transferase in the recombinant strain.

interpreted but, nonetheless, demonstrates the validity of
the approach.

In a subsequent and better understood case, Epp et al.®
cloned some of the genes for the production of carbomycin
(Figure 3: 10), a 16-membered macrolide, from S. ther-
motolerans and moved the gene (carE) believed to encode
an isovalerylCoA transferase into S. ambofaciens, which
produces the related 16-membered macrolide spiramycin
(11a). The interspecific transformant produced 4”-iso-
valerylspiramycin (11b) due to the ability of the carbo-
mycin isovalerylCoA transferase to recognize the equiva-
lent position on mycarose in spiramycin. The same com-
pound was produced by adding spiramycin to the fer-
mentation of an S. thermotolerans carG mutant that is
blocked early in the carbomycin biosynthetic pathway.
Other types of hybrid antibiotics could be sought in the
same way with genes from aminoglycoside,? tetracycline,?
anthracycline,® polyether,*® and several other pathways
since cloned genes governing the production of many types

(26) Epp, J. K.; Huber, M. L.; Turner, J. R.; Schoner, B. E. In
Genetics and Molecular Biology of Industrial Microorgan-
isms; Hershberger, C. L., Queener, S. W., Hegeman, G., Eds.;
American Society for Microbiology: Washington, in press.

(27) Distler, J.; Ebert, A.; Mansouri, K.; Pissowotzki, K.; Stock-
mann, M.; Piepersberg, W. Nucleic Acids Res. 1987, 15, 8041.

(28) Binnie, C.; Warren, M.; Butler, M. J. J. Bacteriol. 1989, 171,
887.

(29) Motamedi, H.; Hutchinson, C. R. Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 4445.

(30) Donovan, M. J.; Borell, C. W.; Wendt-Pienkowski, E.; Deli, S.;
Hutchinson, C. R. In Genetics and Molecular Biology of In-
dustrial Microorganisms; Hershberger, C. L.; Queener, S. W.,
Hegeman, G., Eds.; American Soceity for Microbiology:
Washington, in press.
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of antibiotics are now available.?

Yet the quest for new (hybrid) antibiotics in genetically
engineered microorganisms can encounter technical
problems or limitations as highlighted by the following four
considerations. It may not be possible to transform certain
desirable hosts with heterologous DNA due to restriction
barriers (although these can be bypassed by mutation®? or
transduction®) or to the lack of a suitable vector. The
introduction of genes on high copy number vectors may
repress antibiotic production in homologous!®? and het-
erologous (E. Wendt-Pienkowski and C. R. H., unpublished
results) genetic backgrounds. Providing a host microor-
ganism with the gene(s) needed for self-resistance to a new
antibiotic may be difficult. Finally, the expression of the
temporally regulated antibiotic production genes may re-
quire host-specific factors (regulatory proteins: see below
and ref 34) that are not provided in heterologous situations.
In spite of these and other problems yet to be revealed,
the genetic engineering of antibiotic-producing bacteria
is a powerful method for the discovery of new drugs.

New Antibiotics by Expression of Latent Genes

There are many instances where a microorganism pro-
duces more than one type of antibiotic or secondary me-
tabolite, and the formation of families of closely related
compounds by the same or different species is a hallmark
of secondary metabolism. This and the well-known var-
iability in antibiotic production by a given strain suggests
that a microorganism can have more capacity for the
production of biologically active substances than is im-
mediately apparent. A way to trigger the expression of
such hidden or latent potential would be quite useful for
drug discovery.

One approach is to bring two antibiotic-producing mi-
croorganisms together under conditions that promote
random genetic recombination between their genomes,
hoping that this will cause the expression of new genes and
thereby the formation of new antibiotics. Studies of rep-
resentative species within the Actinomycetales,? the order
in which most antibiotic-producing bacteria are classified,
using Southern hybridization to probe the structural re-
latedness of the genomic DNA, indicate that such inter-
specific recombination may occur at a detectable frequency
in vivo. (The DNA of taxonomically divergent organisms
would normally be expected to undergo recombination very
infrequently, if at all, due to lack of sequence identity and
barriers to genetic exchange like restriction.) For example,
S. bikiniensis (zorbamycin-producer) and S. fradiae
(tylosin-producer) yielded interspecific recombinants at
frequencies of 7.8 X 107 (mating) to 1.7 X 1075 (protoplast
fusion).® Protoplast fusion has given interspecific re-
combinants at frequencies as high as 8%,% but it would
be incorrect to claim that this approach has led to the

Journal of Medicinal Chemistry, 1989, Vol. 32, No. 5 933

discovery of new (hybrid) antibiotics. The closest someone
has come to this is the finding that a stable fusant of S.
fradiae TBM (blocked in the glycosylation of protylono-
lide, the macrolactone precursor of tylosin) and S. nar-
bonensis NA12US3 (blocked in the formation of narbo-
nolide, the aglycon of the 14-membered macrolide anti-
biotic narbomycin) produced narbomycin.® This is be-
lieved to have resulted from interspecific recombination
but there was no direct proof that recombination actually
occurred between the antibiotic-production genes in the
two strains.

Since antibiotic-producing microorganisms have evolved
specific resistance mechanisms to the antibiotics they
produce,® it is not likely that a different antibiotic will be
produced by the expression of latent genes or new com-
binations of genes without the host also having or acquiring
self-resistance to that compound. This requirement, which
will obviously limit what can be achieved by the genetic
engineering of antibiotic-producing microorganisms, was
investigated by Umezawa and his co-workers who fused
antibiotic nonproducing mutants of S. griseus (strepto-
mycin producer resistant to this aminoglycoside) and S.
tenjimariensis (istamycin producer resistant to kanamy-
cin). Apparent recombinants exhibiting resistance to
streptomycin and kanamycin were isolated at a frequency
of 107,40 and one of them produced indolizomycin (12),
a new antibiotic unrelated to the aminoglycosides.442 Tt
is likely that protoplast fusion caused expression of nor-
mally silent indolizomycin production genes and acquisi-
tion of sufficient resistance to 12 in one the of parental
strains rather than the production of a hybrid antibiotic
in the sense previously illustrated. A similar explanation
can be invoked for the production of curromycin (13) by
S. hygroscopicus, which normally produces the polyether
antibiotic carriomycin, upon its treatment with ethidium
bromide.*** The production of new antibiotics as a result
of random genetic recombination or mutagenesis has been
seen in several other cases.?%5

OH

(31) (a) Hutchinson, C. R. Appl. Biochem. Biotechnol. 1988, 16,
169. (b) Baltz, R. H.; Seno, E. T. Annu. Rev. Microbiol. 1988,
42, 547.

(32) Matsushima, P.; Cox, K. L.; Baltz, R. H. Mol. Gen. Genet.
1987, 206, 393.

(33) McHenney, M. A.; Baltz, R. H. J. Bacteriol. 1988, 170, 2276.

(34) (a) Westpheling, J.; Raines, M.; Losick, R. Nature (London)
1985, 313, 22. (b) Buttner, M. J.; Smith, A. M.; Bibb, M. J.
Cell 1988, 52, 599. (c) Tanaka, K.; Shiina, T.; Takahashi, H.
Science (Washington, D.C.) 1988, 242, 1040.

(35) Stackebrandt, E.; Wunner-Fussl, B.; Fowler, V. J.; Schleifer,
K.-H. Int. J. System. Bacteriol. 1981, 31, 420.
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24, 994.
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D. A. FEMS Microbiol. Lett. 1986, 36, 299.
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37, 1224.
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cevic, M., Hranueli, D. Toman, Z., Eds.; Pliva, Zagreb: Yugo-
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(40) Yamashita, F.; Hotta, K.; Kurasawa, S.; Okami, Y.; Umezawa,
H. J. Antibiot. 1985, 38, 58.

(41) Gomi, S.; Ikeda, D.; Nakamura, H.; Naganawa, H.; Yamashita,
F.; Hotta, K.; Kondo, S.; Okami, Y.; Umezawa, H.; Itaka, Y. J.
Antibiot. 1984, 37, 1491.

(42) Hotta, K.; Yamaghita, F.; Okami, Y.; Umezawa, H. J. Antibiot.
1985, 38, 64.

(43) Ogura, M,; Tanaka, T.; Furihata, K.; Shimazu, A.; Otake, N.
J. Antibiot. 1986, 39, 1443.
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Figure 4. Bioautograms of extracts of the culture broths from recombinant Streptomyces strains containing clones that hybridize
to the actl, actlll, or tcmla genes.*® (A) Lane 1, daunorubicin'; 2,e-rhodomycinone'; 3, maggiemycin (7-keto-e-rhodomycinone); 4, S.
lividans TK24; 5, S. lividans TK24(pKC505); 6, S. lividans TK24(pNJ1); 7, S. lividans TK24(WHM301); 8, S. lividans TK24(pWHM317);
9, Streptomyces strain A21; 10, Streptomyces strain A21(pWHM309); 11, S. lividans TK24(pWHM308); 12, S. peucetius ATCC 29050;
13, S. peucetius H6125; 14, S. peucetius H6125(pWHM317) (1 = compounds produced by S. peucetius). The E. coli-Streptomyces
shuttle cosmid pKC505*7 was used for clone pWHM301 and pNJ12 for clones pWHMS309 (this clone contains the fragment in pWHM308),
pWHM308, and pWHMS317. The DNA was cloned from S. peucetius ATCC 29050. Strains were grown as 25-mL cultures in the medium
described by Dekleva et al.*® in 250-mL baffled flasks at 30 °C and 300 rpm for 7 days. The cultures were acid hydrolyzed by the
addition of oxalic acid (30 mg/mL) and heating at 55 °C for 45 min, then the pH of the cultures was adjusted to 8.5 by adding 10
N NaOH, and each was extracted with an equal volume of chloroform. After centrifugation at 3000 rpm for 10 min, the chloroform
layer was removed, concentrated 10-fold, and spotted on TLC plates that were developed in chloroform—methanol (95:5) and bioautographed
with Bacillus subtilis. (B) Lanes 1 and 11, salinomycin'; 2, S. albus ATCC 21838; 3, azalomycin'; 4, S. lividans TK24; 5, S. lividans
TK24(pKC505); 6, S. lividans TK24(pWHM210); 7, S. lividans TK24(pWHM204); 8, 18,19-dihydrosalinomycin'; 9, 20-ketosalinomycin?;
10, 20-deoxysalinomycin' ( = compounds produced by S. albus). pKC505 was used for clones pWHM204 and pWHM210; the DNA
was cloned from S. albus ATCC 21838. Strains were grown as 50-mL cultures in SCVM medium (glucose, 5 g; soy flour, 15 g; dextrin,
20 g; yeast extract, 2.5 g; and CaCOj 1 g per liter) in 250-mL baffled flasks at 30 °C and 300 rpm for 7 days. The cultures were each
shaken for 2 min with 50 mL of ethyl acetate, and the solvent layer was removed and concentrated 50-fold. A 20-uL aliquot of the
concentrate was spotted on TLC plates that were developed in chloroform-methanol (93:7) and bioautographed with B. subtilis. The
arrow indicates that this substance had a weak ionophoric property. (C) Lane 1, S. mycarofaciens 1748; 2, S. lividans TK24(pWHM405);
3, midecamycin A1%; 4, S. lividans TK24(pWHM400); 5, S. lividans TK24(pWHM401) (+ = compound produced by S. mycarofaciens).
pNJ1 was used for clones pWHM400, pWHM401, and pWHM405 (this clone contains the fragment in pWHM400); the DNA was cloned
from S. mycarofaciens 1748. Strains were grown as 50-mL cultures (glucose, 35 g; soybean flour, 30 g; KH,PO,, 1.4 g; MgSO,, 1 g;
CaCOyg, 3 g per liter) in 250-mL baffled flasks at 30 °C and 300 rpm for 2-3 days. The pH of the cultures was adjusted to 8 by adding
1 N NaOH and each was extracted with an equal volume of ethyl acetate. The solvent layer was removed, concentrated 50-fold, and

spotted on TLC plates that were developed in chloroform—-methanol (97:3) and bioautographed with a thiostrepton-resistant strain
of S. aureus.

All of these findings could have resulted from induced substances by a suitable screening method. This approach

expression of silent genes rather than creation of new
combinations of antibiotic production genes; therefore, a
more direct way to test the hypothesis that expression of
latent genes can lead to the production of new antibiotics
would be to clone large segments of DNA into different
genetic backgrounds where the controls on the expression
of the cloned genes might be different, and where there
is an opportunity for interaction of the gene products with
those of the host organism. The discovery that normally
silent Streptomyces genes encoding phenoxazinone syn-
thase, an enzyme of actinomycin D biosynthesis, are ex-
pressed in heterologous hosts when DNA from an actino-
mycin producer is cloned into them* supports the validity
of this approach to drug discovery. Antibiotic biosynthetic
and self-resistance genes are clustered in all of the cases
studied, frequently within a region of approximately 35
kilobases of DNA;3!® in some cases, however, the gene
clusters may span up to 100 kilobases.?63!® This suggests
that a good method would be to clone this amount of DNA
with cosmid vectors!! or other vectors like plJ922!2 that
can carry large DNA inserts, transform the DNA into other
microorganisms that permit expression of the cloned genes,
and look for the production of new biologically active

(45) Okami, Y.; Hotta, K. In Actinomycetes in Biotechnology; Go-
odfellow, M., Williams, S. T., Mordarski, M., Eds.; Academic
Press: New York, 1988; pp 33-68.

(46) Jones, G. H.; Hopwood, D. A. J. Biol. Chem. 1984, 259, 14158.

is limited by the things already mentioned for the pro-
duction of hybrid antibiotics as well as by another factor,
the uncertain stability of large plasmids in a recombinant
microorganism, but is potentially more versatile since the
type of antibiotic formed is not limited to the class nor-
mally produced by the cloned genes as in the hybrid an-
tibiotic production method.

Instead of testing this idea by shotgun cloning, which
certainly is possible albeit laborious, we decided to screen
for new antibiotics by using clones made in E. coli-
Streptomyces shuttle cosmids*’ and that hybridized to the
actl and actlll genes. The knowledge that the occurrence
of the latter genes is frequently correlated with the pro-
duction of polyketides,*® the largest class of Streptomyces
secondary metabolites and the biochemical origin of many
known antibiotics, pointed to the possibilty that such
clones might make new antibiotics in a different genetic
background. This belief has been validated by finding that
clones from three different streptomycetes which produce
anthracycline (S. peucetius), macrolide (S. mycarofaciens),

(47) (a) Richardson, M. A.; Kuhstoss, S.; Solenberg, P.; Schaus, N.
A.; Nagaraja Rao, R. Gene 1987, 61, 231. (b) Nagaraja Rao, R.;
Richardson, M. A.; Kuhstoss, S. Methods Enzymol. 1987, 153,
166.

(48) Malpartida, F.; Hallam, S. E.; Kieser, H. M.; Motamedi, H.;
Hutchinson, C. R.; Butler, M. J.; Sugden, D. A.; Warren, M.;
McKillop, C.; Bailey, C. R.; Humphreys, G. O.; Hopwood, D.
A. Nature (London) 1987, 325, 6107.
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or polyether (S. albus) antibiotics, caused S. lividans to
produce substances active against Bacillus subtilis that
were not produced by the Streptomyces species from
which the DNA had been cloned under their normal fer-
mentation conditions (Figure 4: The production of new
antibacterial substances is most evident in A, lanes 8-10;
B, lanes 6 and 7; C, lanes 2, 4 and 5). Whether or not these
new compounds, having resulted from the expression of
silent genes or the production genes for the known anti-
biotics from these strains, remains to be determined by
chemical characterization of the unknown substances.
We have uncovered further evidence for the existence
of possibly latent secondary metabolism genes in S.
peuectius strains that produce the antitumor drugs, dau-
norubicin (14a) and doxorubicin (14b).*® Cosmid clones

14b, R = CH,OH

from the ATCC 29050 strain that hybridized to the actl,
temla, and actIIl polyketide synthase gene probes were
classified on the basis of restriction mapping and DNA
hybridization into four different groups, representing non-
overlapping regions of the bacterial genome. Three of
these regions were also present in the ATCC 27952 strain,
the doxorubicin producer derived from the 29050 strain
by mutagenesis. One of the regions that is present in both
strains contains most if not all of the dnr production genes
on the basis of the results of complementation experiments
with S. peucetius blocked mutants and the production of
intermediates of daunorubicin biosynthesis by S. lividans
transformants. Clones from the three other regions, how-
ever, modulate expression of the genes in the fourth region
or cause the production of new secondary metabolites in
S. lividans transformants. Such transformants also exhibit
daunorubicin resistance and the abilty to convert a shunt
metabolite of daunorubicin biosynthesis into one of the
key pathway intermediates. Thus, it seems that S. peu-
cetius contains at least four multigene families that are
somehow involved in the production of anthracycline and
other (polyketide?) metabolites, but we do not know if all
of these genes are normally expressed.

Increasing Antibiotic Production

A vital part of the commercial production of microbial
drug products is the economics. An exciting new antibiotic
may never reach the clinic if it cannot be produced in an
amount sufficient for its complete biological evaluation.
As a wild-type microorganism seldom, if ever, makes
enough antibiotic for such needs, considerable work goes
into the development of high-producing strains. This has
traditionally been done by mutagenesis and random
screening for higher producing mutants, plus the artful
variation of growth medium constituents and fermentation
conditions.3145%0 Recent information about the genetics
of antibiotic production indicates that overproducing

(49) Dekleva, M. L.; Titus, J. A.; Strohl, W. R. Can. J. Microbiol.
1985, 31, 287.

(50) Normansell, I. D. In Antibiotic-Producing Streptomyces. The
Bacteria: A Treatise of Structure and Function; Queener, S.
W., Day, L. E,, Eds.; Academic Press: New York, 1986; Vol.
9, pp 95-118.
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Table I. Genes That Regulate Secondary Metabolism in the
Streptomyces

gene functions

actll increases actinorhodin production 30-40-fold when
introduced into S. coelicolor;®! positively regulates
expression of the S. coelicolor actll gene that encodes
the polyketide reductase of actinorhodin biosynthesis
and maybe other act genes®

mmy inactivation of a region at one end of the cluster of
methylenomycin biosynthetic and resistance genes
causes overproduction of methylenomycin in S.
coelicolor®?

afsB greatly increases actinorhodin and undecylprodigiosin
production by some type of indirect mechanism when
introduced into S. lividans®%

redD increases undecylprodigiosin production ~30-fold when
introduced into S. coelicolor (F. Malpartida, personal
communication)

strR  increases streptomycin production 5~-7-fold when
introduced into S. griseus; enhances 3-6-fold the
amidinotransferase activity required for streptomycin
production when introduced into S. griseus or two of its
Str~ mutants®

brpA controls expression of the bialaphos resistance and at least
six biosynthetic genes of bialaphos production in S.
hygroscopicus®®
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Figure 5. Production of e-rhodomycinone by wild-type and
recombinant S. peucetius strains. DNA cloned from S. peucetius
27952 in pKC505%" that hybridized to the act] or tcmla genes*®
was used to transform S. peucetius wild-type (ATCC 29050) and
mutant (ATCC 27952 or its H6125 mutant that accumulates
e-thodomycinone) strains. The strains were grown as described
in Figure 4A, and e-rhodomycinone production was quantitated
by high-performance liquid chromatographic analysis. The data
are the average values from at least four replicate cultures, and
the numbers atop some bars are the amount produced: WT =
wild-type or parental strain; * = not determined.

strains could now be constructed by genetic engineering.

Antibiotic production, in fact secondary microbial me-
tabolism in general, is controlled at several levels, few of
which are well understood. It is clear, however, that key
regulatory genes are embedded in the gene clusters gov-
erning antibiotic formation by many Streptomyces. Table
I lists the cases known at the time of writing where a
specific gene or DNA segment can influence the amount
of metabolite produced. Also, some of the cosmid clones
from S. peucetius can stimulate e-rhodomycinone (Figure
5) as well as daunorubicin production. In most of these
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cases, the regulatory gene presumably affects metabolite
production by some type of positive control mechanism
since introduction of the gene back into the wild-type
strain from which it was cloned results in metabolite ov-
erproduction. These genes could encode a DNA binding
protein that stimulates transcription of one or more genes
directing the formation of biosynthetic enzymes, which is
a well-established mechanism for controlling bacterial gene
expression.’” For example, the nucleotide sequence of the
afsB gene (which indirectly controls secondary metabolism
and possibly other temporarily regulated genes in S.
coelicolor) suggests that it encodes this type of protein,*
and the actII gene regulates expression of the actIII gene
and perhaps other act genes in S. coelicolor.® Further
information about how such genes function and about the
more indirect controls on secondary metabolism in the
Streptomyces®®® will surely lead to ways to construct
high-producing recombinant strains that can be used in
large-scale fermentations.

Another way to increase metabolite production is to
identify the step in a pathway that is the “rate-limiting
bottleneck” and to introduce additional copies of the gene
encoding the associated enzyme so as to increase the titer
of this enzyme. This should result in more of the final
product unless the increased amount of the intermediate
causes feedback inhibition of some step in the pathway.
When an extra copy of the Cephalosporium acremonium
celEF gene encoding the expandase/hydroxylase enzyme
of cephalosporin C biosynthesis®® was inserted into the
fungal chromosome #3, the LU4-79-6 recombinant strain
contained 55 + 25% more expandase activity and pro-
duced 47 = 10% more cephalosporin C than its parent in
shake flask cultures.’! An increase in production was also
seen in pilot plant (150 L) fermentations but less than that
observed in shake flask cultures. In another example,
transformation of a tylosin-producing strain of S. fradiae
with the tyl/EDHF.J genes, one of which (¢tylE) encodes the
enzyme that converts macrocin to tylosin, partially over-
came the bottleneck at this point in tylosin biosynthesis
but feedback inhibition limited the amount by which
tylosin production could be increased.? These pioneering

(51) Hopwood, D. A.; Malpartida, F.; Chater, K. F. In Regulation
of Secondary Metabolite Formation; Kleinkauf, H., von Doh-
ren, H., Fornauer, H., Nesemann, G., Eds.; VCH: Weinheim,
1986; pp 23-34.
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257.
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1986.
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Tokyo, 1988; pp 64-70.

(60) Samson, S. M.; Dotzlaf, J. E.; Slisz, M. L.; Becker, G. W.; Van
Frank, R. M.; Veal, L. E.; Yeh, W.-k.; Miller, J. R.; Queener,
S. W,; Ingolia, T. D. Biotechnology 1987, 5, 1207.

(61) Cantwell, C.; Skatrud, P.; Chapman, J.; Dotzlaf, J.; Yeh, W.-k,;
Fisher, D.; Tietz, T.; Samson, S.; Ingolia, T. D.; Queener, S. W,
Abstracts of 1988 Society for Industrial Microbiology Meeting,
Chicago, IL; Abstract S-78, p 22.

(62) Cox, K. L.; Ballou, M.; Seno, E. T. Abstracts of the 1988 Ge-
netics of Industrial Microorganisms meeting, Bloomington, IN;
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examples presage the many others that will follow as the
need arises.

Molecular Biology and Drug Design

The material discussed so far shows that knowledge
about the molecular biology and biochemistry of metab-
olite production in microorganisms can be quite beneficial
in drug discovery and production research. There is no
doubt that further advances in our understanding of mi-
crobial secondary metabolism will lead to even more sig-
nificant discoveries and stellar applications in this area,
yet antibiotics have been and still are most often discov-
ered by screening programs rather than by designing a
molecule a priori to inhibit some indispensible process in
the metabolism of susceptible organisms. While the an-
tibiotic may be modified synthetically in attempts to im-
prove its efficacy, such research has seldom depended on
knowledge about the molecular biology of the target or-
ganism (this should not be a truism for the future, how-
ever!).

Among other areas where medicinal chemists and mo-
lecular biologists could collaborate fruitfully is in the
discovery of compounds that can block cell proliferation.
Antiproliferative drugs aimed at specific pathological
conditions like cancer could be designed on the basis of
what is known about the role of oncogenes and protoon-
cogenes in tumor development and metastasis.®® Specific
inhibitors of the expression of oncogenes or the functions
of their products could be developed empirically, or de-
signed from empirical leads or detailed knowledge about
how the expression of these genes is controlled or how their
products function in controlling cellular growth and de-
velopment.

A recent report about epidermal growth factor (EGF)
receptor kinase inhibitors® is an excellent example of how
such research can be done. Following the lead compound,
erbstatin (15), a streptomycete metabolite discovered in
1986 by screening for naturally occurring inhibitors of
tyrosine protein kinase, Levitzki and co-workers® pre-
pared a series of analogues of 15 and used three criteria
to evaluate their potential as selective inhibitors of EGF
receptor kinase: competition with the natural substrate
of the kinase, crossover inhibition of the closely related
insulin receptor kinase, and solubility in mildly hydro-
phobic solvents as an indication that the compounds could
traverse the cell membrane. One of the most effective
inhibitors they studied was 16 with a K; of 0.85 uM and

H NHCHO NC CSNHz
o] ‘ H ‘
H Ho H
HO
H H
15 16

3 orders of magnitude less activity against the insulin
receptor kinase. The most potent compounds effectively
inhibited the EGF-dependent proliferation of A431 epi-
dermoid carcinoma cells with little or no effect on the
EGF-independent proliferation of these cells. These
compounds are potential antitumor drugs because many

(63) Bishop, J. M. Science (Washington, DC) 1987, 235, 305.

(64) Yaish, P.; Gazit, A.; Gilon, C.; Levitzki, A. Science (Washing-
ton, DC) 1988, 242, 933.

(65) Umezawa, H.; Imoto, M.; Sawa, T.; Isshiki, K.; Matsuda, N.;
Uchida, T.; linuma, H.; Hamada, M.; Takeuchi, T. J. Antibiot.
1986, 39, 170.
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ongggene products exhibit protein tyrosine kinase activi-
ty.
Drugs that modulate gene transcription are already
known, of course, since steroid hormone analogues and
some antitumor drugs function in this manner. Other
drugs of this type could be sought, with knowledge of how
hormones or other physiological signals control eukaryotic
gene expression. These new drugs could then be used to
regulate the synthesis of important receptors or enzymes.
For agents that directly affect gene transcription, se-
quence-specific DNA binding will be the most difficult
aspect of development since, without this property, such
drugs would be too toxic for use against non-life-threat-
ening diseases. Synthetic agents with selective DNA
binding ability are now being developed, as demonstrated
by the work of Dervan® and Hurley®” and their co-workers,
so it is likely that this will soon lead to new drugs that
control gene transcription.

Summary and Prognosis

The exciting developments reviewed show the positive
value of the interplay between medicinal chemistry, bio-
chemistry, and molecular biology to antibiotic discovery
and production. Considerable progress is being made by
the empirical approaches currently necessitated due to the
complexity of the biological systems involved. Much more
can be done by rational approaches whose importance will
be more forcefully felt as our knowledge about how mi-
croorganisms make antibiotics matures. Genetically en-

(66) (a) Dervan, P. B. Science (Washington, D.C.) 1986, 232, 464.
(b) Dervan, P. B. In Nucleic Acids and Molecular Biology;
Eckstein, F., Lilley, D. M. J., Eds.; Springer-Verlag: Heidel-
berg, 1988; pp 49-64.

(67) (a) Hurley, L. H.; Boyd, F. L. Annu. Rep. Med. Chem. 1987,
22, 259. (b) Hurley, L. H.; Needham-VanDevanter, D. R.; Lee,
C.-s. Proc. Natl. Acad. Sci. U.S.A. 1987, 84, 6412.

gineered microorganisms certainly will play an active role
in the production of known metabolites, and when enough
knowledge about the workings of antibiotic production
genes is acquired, recombinant organisms will be designed
to produce new biologically active secondary metabolites
with potential drug use. It also is increasingly clear that
the areas of drug discovery and development involving the
study of enzyme inhibitors and drug-receptor interaction
will greatly benefit from the ability to alter protein
structures by genetic engineering.8® Thus, even if a
medicinal chemist has only enough knowledge about mo-
lecular biology to communicate intelligently with biologists
and biochemists, this will open avenues for fruitful research
otherwise hidden in the complexity of biological systems
modification.
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Communications to the Editor

A Multisubstrate Adduct Inhibitor of a Purine
Biosynthetic Enzyme with a Picomolar
Dissociation Constant

Sir:

Glycinamide ribonucleotide transformylase (GAR
TFase; EC 2.1.2.2) is a crucial, reduced folate requiring
enzyme involved early in de novo purine biosynthesis,
catalyzing the formyl transfer from (6R,aS)-10-formyl
tetrahydrofolate, 3, to glycinamide ribonucleotide (GAR,
2a) shown in Figure 1. It has thus attracted some interest
as a target enzyme for rational drug design of antineo-
plastic agents.? Published data showed these agents to
be modest inhibitors of GAR TFase, but they were not
specific.>*  An in vivo test of 5,10-dideazatetrahydro-
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Berlin, 1986; pp 945-51.
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aminopterin,”” which demonstrated potency against solid
tumors in mice, also provided indirect evidence that the
site of action was GAR TFase. Interestingly, these types
of tumors are resistant to methotrexate therapy.

A number of potent specific inhibitors of enzymes have
been designed® with use of the concept of multisubstrate
adduct inhibition (MAI).*¥ Tying together both sub-
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