
MICROBIOLOGYTODAYVOL 31/MAY04 65

knowledge about the organization and roles of the sets 
of genes that control antibiotic production.

DNA is not taken up naturally by Streptomyces as it is by
some bacteria, so an artificial procedure is used. The cell
walls are stripped off with lysozyme to make protoplasts,
still surrounded by the delicate cell membrane. When
DNA is added, together with polyethylene glycol to
cause the protoplast membranes to coalesce, many of the
DNA molecules end up inside the protoplasts, which can
regenerate the cell wall and resume normal growth on
suitable culture medium. In this way, genes can be added
to the recipient’s genetic complement or, by allowing the
introduced DNA to replace segments of the recipient’s
genome, deleted from it. This is the basis of genetic mix-
and-match experiments in which genes for similar but
not identical biosynthetic pathways from different wild
strains can be recombined. The first example of making a
hybrid antibiotic in this way capitalized on the natural
colours of the antibiotics: some of the genes for a blue
antibiotic were introduced into a strain making a brown
compound, whereupon a purple hybrid was produced
(Fig. 2). Nowadays, DNA is often introduced more
efficiently by mating from Escherichia coli, the laboratory
workhorse for molecular genetics. New combinations of
genes can be made quickly in a broad-host-range plasmid
in E. coli and then transferred to Streptomyces for antibiotic
biosynthesis, using the specialized biochemistry that has
evolved in these hosts to make the building units for
these complex molecules.

� Chemistry through genetics
This first successful demonstration of hybrid antibiotic
production was an academic demonstration, but as
knowledge accumulated about how the complex multi-
enzyme pathways for one of the most important chemical
families of natural products, the polyketides, are ‘pro-
grammed’ to make different members of the family, 
the field has burgeoned. Complex polyketides like
erythromycin, amphotericin, avermectin and tacrolimus
consist of a skeleton made from a long carbon chain,
decorated and folded in characteristic ways, and are made
on protein templates in which a linear arrangement of
enzyme sites forms an ‘assembly line’. The final structure
of the polyketides depends on the number, properties
and arrangement of these sites, the equivalent of work-
stations along the assembly line, which are determined
directly by the DNA sequence of the genes encoding the
proteins and so can be read just by DNA sequencing,
now that many of the rules have been worked out. Since
the changes introduced at each workstation along 
the protein assembly line are nearly all independent of 

one another, the number of possible combinations is
enormous.

Biotechnology companies like Kosan Biosciences Inc.
in Hayward California and Biotica Technology Ltd in
Cambridge began by exploring some of this ‘structure
space’ and making semi-random mixtures of genes to
generate libraries of novel products. However, combina-
torial biosynthesis is never going to compete in sheer
numbers of molecules with combinatorial chemistry,
even if the ‘natural’ products are likely to be more
interesting biologically. Therefore, the focus has shifted
to a more targeted approach in which natural products
are altered in predictable ways, guided by prior
knowledge of structure–activity relationships of the
compounds. For example, carbon chains can be
lengthened by introducing new sets of enzyme sites into
the protein assembly line, and the pattern of side groups
along the carbon skeleton can be altered in many
different ways. In other words, it is possible to do
complex ‘chemistry by genetics’, taking advantage of the
stereochemical precision characteristic of enzyme-
catalysed reactions. It is still relatively early days, but the
first products are in phase I clinical trials and excitement
is running quite high.

� Back to nature?
Meanwhile, the idea that nature’s bounty was exhausted
during the Golden Age has come under review. With 
the publication of two complete Streptomyces genome
sequences over the last couple of years, as well as
piecemeal sequencing of antibiotic gene clusters from
many other actinomycetes, it is obvious that these
organisms are capable of producing much greater
numbers of interesting natural products than are found
by traditional screening procedures. The trick will be,
now that the potential has been realized, to find generic
methods to wake up these sleeping genes. It may very
well be that we are in for a revival of the field of ‘natural
natural products’, guided by genomics, or at the very
least to be able to use the toolbox of new genes discovered
by genome sequencing to add to the potential for making
‘unnatural natural products’.

� Sir David Hopwood, FRS co-ordinated the
project to sequence the genome of Streptomyces
coelicolor. He may be contacted at The John Innes
Centre, Norwich Research Park, Colney, Norwich
NR4 7UH, UK.
Tel. 01603 450338
email david.hopwood@bbsrc.ac.uk

ABOVE LEFT:
Fig. 2. Streptomyces cultures
making the blue antibiotic
actinorhodin, the brown antibiotic
medermycin and the hybrid
antibiotic mederrhodin.
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� Actinomycetes as antibiotic producers
Ask a typical patient in the doctor’s waiting room 
to name an antibiotic and the chances are it will be
penicillin. The development of this product of Alexander
Fleming’s mould into a wonder drug following the
pioneering work of Howard Florey and Ernst Chain 
at Oxford in the early 1940s revolutionized the treat-
ment of staphylococcal and streptococcal infections and
saved countless lives. Numerically, though, the major
producers of antibiotics are a group of soil microbes 
that shot to fame from relative obscurity after the 1943
discovery of streptomycin by Selman Waksman’s group
at Rutgers University in New Jersey. Streptomycin 
was the first effective treatment for tuberculosis. It is
made by Streptomyces griseus, the type species of a large
genus within the actinomycetes, later shown to be 
true bacteria rather than, as earlier supposed, a group
intermediate between fungi and bacteria (or even 
actual fungi). Their growth in the form of elongated
branching cells that produce chains of spores for dispersal
and dormancy, like a fungus on a tiny scale (Fig. 1),
confused early microbiologists, but it is a superficial
resemblance.

Penicillin and streptomycin ushered in the antibiotic
era that transformed the management of infectious
disease. Their discovery was followed in the 1950s and
1960s by the finding of many further antibacterial
drugs, including cephalosporin from a fungus, but the
majority from the actinomycetes, such as the tetra-
cyclines, erythromycin, kanamycin and vancomycin.
Antifungal agents like candicidin and amphotericin
were also found, as well as anticancer drugs like
doxorubicin and bleomycin. This period was dubbed 
in retrospect the Golden Age of antibiotic discovery
because it was followed by decades in which far fewer
useful natural products were discovered, although the
antiparasitic compound avermectin was a big success 
for the treatment of worm and warble fly infestations 
of livestock, and had a human application to prevent
river blindness, caused by a microscopic worm, in 

Sub-Saharan Africa. It 
was joined by important
immunosuppressant drugs
for controlling organ trans-
plant rejection such as
cyclosporin from a fungus
and tacrolimus from an
actinomycete.

� Needs for new
antibiotics
With so many successes,
why could we possibly need
new antibiotics? There are
several reasons, including
the hope of finding less

toxic anticancer agents and drugs for new applications,
but the most urgent is the rise of acquired antibiotic
resistance. Almost as soon as antibiotics were introduced
into medicine the bacteria fought back. They have
evolved over countless millions of years to survive the
insults of their environments, and they could readily
combat the threat posed by clinically used antibiotics.
The huge numbers that bacterial populations achieve in 
a small space and in a short time help them mutate to
survive, though the main source of medically important
resistance is not fresh mutations, but genes conferring
drug resistance transferred into them by mating with
non-pathogenic relatives. The ultimate source of
resistance to many antibiotics is almost certainly the
antibiotic-producing organisms themselves, since they
need to have genes for protection against suicide by their
own antibiotics. The most famous resistant pathogen is
MRSA – methicillin-resistant Staphylococcus aureus – that
is responsible for much hospital-acquired post-surgical
infection. Others include vancomycin-resistant Entero-
coccus in abdominal surgery, and multi-drug-resistant
Mycobacterium tuberculosis. Another growing problem 
is resistant Gram-negative respiratory pathogens. There
is no doubt that antibiotic over-use and misuse have
greatly exacerbated the problem of acquired resistance,
but at some level it is an inevitable consequence of even
sensible antibiotic use itself.

� New antibiotics through genetic
engineering
How are we going to find new treatments if the supply of
naturally produced antibiotics has been exhausted, or at
least if antibiotic discovery became subject to a law of
diminishing returns after the Golden Age? One answer
has been to go back to the roots of the pharmaceutical
industry before the antibiotic era and apply synthetic
chemistry to the task of making new drugs. This
endeavour, aided by modern developments in robotic
synthesis – combinatorial chemistry – has been heavily
backed by the big drug companies, so far with little
tangible success, but it is still early days. Another is 
to harness the enzymes that microbes have evolved to
make complex molecules with precise stereochemical
structures of the kinds that interact specifically with
cellular targets, but in new ways. This is the field of
combinatorial biosynthesis of ‘unnatural natural
products’, so called because the compounds are made by
microbes, and so are ‘natural’, but not by those found 
in the wild, hence ‘unnatural’. It builds on knowledge
about the genetics of the actinomycetes that has
developed over the decades since the mid-1950s,
reaching an advanced enough stage for the rational
genetic manipulation of antibiotic biosynthesis around
1990. The key requirements were the ability to intro-
duce DNA artificially into the organisms, thus allowing
precise genetic engineering, and sufficiently detailed

New drugs by manipulating
Streptomycesgenes
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BELOW:
Fig. 1. Scanning electron
micrograph of a whole
Streptomyces colony on an agar
plate. Note the vegetative mycelium
foraging for nutrients at the margin
of the colony and the sporulating
aerial mycelium piled up in the
centre of the colony. Bar, 100 µm.
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Now that the
‘golden age’ of
antibiotics is over,
scientists are
developing
different ways of
making new drugs.
David Hopwood
describes some of
the applications 
of modern genetics
in the search for
new antibiotics
from Streptomyces.


