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n the 1970s thousands of tiny vessels filled
		

the cooling chambers of Hans Reichenbach. Colleagues, friends and acquaintances
brought the biologist film canisters, small
plastic bags and other containers filled with
soil samples. Soil collected from all around
the world. From tropical river banks to the
local municipal park. Each sample a small
pile of earth, and each of them capable of
concealing a potential treasure. We are not
talking gold and diamonds here – the search
was for natural molecules with the potential
to develop into an effective medicine. At the
Helmholtz Center for Infection Research in
Braunschweig the scientists Hans Reichenbach and Gerhard Höfle had begun specializing in research into microbial natural
products 30 years previously. At that time
under the name Society for Biotechnological
Research, or GBF. They investigated the
samples collected from nature in the hope
of discovering new agents for medicinal or
plant protection purposes.

Sample 510 appears just as nondescript as
the others – a spoonful of earth from the
bank of the Zambezi in Africa. But the bacteria living in the sand produce agents that
are currently among the most promising
cancer medicines of the future: epothilones.

1985 - the beginning of a turbulent
career for one particular substance

O

ne of the samples that made its way
to Hans Reichenbach‘s store room in
the Department of Biology of Natural
Products contains hundreds of different

types of bacteria. Some of these produce a
whole range of substances that enable them
to combat aggressors, procure nourishment
or exchange information with other bacteria. Over 100,000 of such natural products
have now been identified and these are
joined by approximately 2000 new ones
each year. Natural products are classics in
the repertoire of medicinal agents - approximately half of all medicines in use today
can be traced back, directly or indirectly,
to agents produced by plants or microbes.
These include substances such as the
antibiotics Penicillin and Cephalosporin as
well as mevinolin-type hypotensive agents.
Cyclosporin enabled the first organ transplants to be carried out and continues to
play a vital role in that field. However, above
all, natural products are a significant basis
for so-called semi-synthetic and fully-syn-

thetic medicines: chemists modify the structure of the natural products slightly, thus
making them stronger or more selective as well as more tolerable - than the original
molecule that the organisms produce.
Bacteria need to be able to economise with
their energy, only producing those substances that they require for survival– they
do not waste energy on ineffective substances. Natural products are also effective
per se, but many bacteria revert back to
the same basic structures, with the consequence that similar or even identical substances are often found in different bacterial
isolates. In the course of their search for
new, previously unknown substances and
mechanisms, Hans Reichenbach‘s team
investigated samples for myxobacteria – a
bacteria group that had been largely ignored

until that time. Myxobacteria live primarily
in the soil and enjoy a special position
amongst bacteria with regard to several
aspects. They stand on the threshold between single and multi-cell bacteria and
have particularly large genomes. They
form swarms of thousands of individual
bacteria, with these using chemical messenger substances to communicate with
one another. When nourishment is scarce,
they join up to form fruiting bodies.
Their entire lifestyle is more reminiscent of
multi-cell myxomecetes than typical bacteria. From soil sample 510 from the banks
of the Zambezi Hans Reichenbach isolated
„So ce90“, the abbreviation for sorangium
cellulosum strain 90. One of 1700 strains of
this species that the scientists at the
Helmholtz Center for Infection Research
have tested to date.

variants that do not occur in nature were produced
at the GBF alone. They display alterations on
many points of their structure and manifest completely different physical and chemical properties
and activities in the biological tests.

The name epothilone is derived from the
structure of the new type of natural product.
The compound contains so-called functional
groups, the interaction of which gives the
molecule its effectiveness. The names of these

characteristic groups are epoxy, thiazole and
ketone – together forming the name epo-thi-l-one.
Sorangium cellulosum So ce90 primarily produces the epothilones A and B, but with traces
of a further 30. In chemical processes over 200

However, the use of epothilones no longer
necessarily requires the use of bacteria.
Following the publication of the precise structure by Gerhard Höfle, a race began amongst
chemists around the world. The finish line,
passed in 1996, was to produce epothilone
without bacteria, in a purely chemical process.
These so-called total syntheses form the basis
for further epothilone medicines that are still
in the developmental stage.
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”My contribution was the development of a
technically utilisable procedure for the production of epothilone B in the prescribed
quantities and time.“
Dr. Herbert Irschik

The fact that So ce90 is a strain with unusual potential does not become apparent
until two years later. In 1987 the biologist
Klaus Gerth is searching through the
department collection in search of strains
that produce substances to counter fungus. In a screening process he tests
hundreds of bacteria for their effects on
harmful fungi. The scientists are particularly interested in the metabolic products
of the bacteria. In order to procure this, a
pure bacteria strain is placed in a culture
medium. In so-called shaking flasks the
bacteria can enjoy good conditions for
growth: ample nutrition, warmth and –
thanks to the shaking– oxygen. As the
bacteria multiply, numerous metabolic
products are formed. Part of these substances makes its way into the culture
medium. There it is absorbed by special
adsorber globules. Following this, the scientists extract the substances from the
adsorber globules again using solvents.
The so-called organic extract is created. A
mixture of all metabolic products of the
bacteria in concentrated form. With this
organic extract the scientists then conduct the initial tests, because if the mixture contains an active substance, then
the extract as a whole will be effective.
And this is where So ce90 appears for the
first time.

In a petri dish - a round, flat dish - fungi
are growing on a culture medium. Onto
this culture medium Klaus Gerth places
small filter paper sheets, which he then
sprinkles with bacteria extract. In a large
circle around the test sheets nothing
else grows – one of the many products
that So ce90 actually produces for its
own requirements appears to kill fungus.
Do myxobacteria produce agents that
could possibly be used as a pesticide or
medicine to combat fungal infections?
And what agent in this dark, foul-smelling mixture is responsible for the effect?
The extract of So ce90 is transferred to
the Department of Chemistry of Natural
Products. The chemist Norbert Bedorf
breaks the extract down into its components in order to discover which substance kills the fungi. In exhausting
series of chromatographic partitions he
tracks down the biological effect. At the
end of the search is a pure substance
with a strong anti-fungal effect. Less
than one percent of the organic extract
consists of this substance and, after
months of partition, the elementary
composition of the substance is apparent: 27 carbon atoms, 41 hydrogen
atoms, 6 oxygen atoms and one atom
each of nitrogen and sulphur. With the
aid of NMR spectroscopy, Norbert
Bedorf manages to clarify the combination of the atoms and their spatial alignment with x-ray structural analysis. And
the characteristic components of the
molecule provide the newly-discovered
class of substances with its name: epothilone.

The fact that epothilone developed into a
promising cancer medicine is down to a
successful combination of luck, persistence,
creative ideas and, of course, hard work.
Just how hardworking the natural product
researchers are can be seen in a few figures:

”The isolation and structural clarification of new
varieties of epothilone was my area of responsibility, as was the optimisation and implementation of isolation for the technical criterion, production of the epothilones in 100 gram quantities.“
Heinrich Steinmetz

Epothilone returns to production– the
bioreactors at the Society for Biotechnological Research are running at full
speed, producing large quantities of the
material for the first time, and Heinrich
Steinmetz works on the separation
of the individual components. From the
large quantity of organic extract he
extracts twelve grams of a mixture of
the two epothilone variants A and B,
enough for a small field trial to be carried out. The goal of this is for the
successes to be confirmed in the greenhouse.

f epothilone was effective against
fungus, perhaps it would also counteract other things? The biologist Florenz
Sasse examines the spectrum of biological properties and discovers that
epothilones also kill animal cell cultures.
In 1989 the chemical group Ciba Geigy
tests epothilone – purely a routine measure, the group has no specific interest
in epothilone and is investigating a
whole series of substances for a specific
application. Where its effects on cancer
cells and the immune system appear not
interesting and specific enough, epothilone is effective in the greenhouse against
phytophthora infestans, an agricultural
harmful fungus, against which there is
as yet no effective remedy, and which
has already been responsible for severe
cases of famine.

Convinced that they have a very special
substance on their hands, the scientists
patent the epothilones in 1991, cranking
up production and in the process beginning to alter the molecule chemically
in order to optimize the effect. Despite
this, the efforts lead to a dead-end. The
field trials at Ciba Geigy indicate: epothilone not only has an effect on fungi, it
also damages the plants. This heralds
the end of its utilisation as a pesticide.
And although the US National Cancer
Institute demonstrates good results in
standard tests against cancer cells, the
interest in epothilone fades. Nobody
is interested in how the effect against
cancer cells is triggered and So ce90 is
returned to the cooling chambers– plans
to obtain an international patent are
shelved in 1994. „Who would still have
been interested in the mechanism of
action of the epothilones under these
circumstances?,“ dismisses Professor
Gerhard Höfle, head of the Department
of Chemistry of Natural Products.

The wild strain So ce90 produced just 1 milligram of epothilone per litre (mg/l) of bacterial broth. Staff at the Department of Biology
of Natural Products increase production between 1995 and 1997 to 150 mg/l within a
fermentation period of 3 weeks. In this, epothilone A is used as the main component,
together with the epothilone B later used in
the industrial production of Ixabepilone.
However, new requirements of the industrial
partner are not long in coming. The lucrative
production of medicines requires 200 mg/l
epothilone B within 10 days. To cut a long
story short: this is achieved. With the goal of
producing a strain that is much more productive than the wild strain, the biologists produce mutants by treating the bacteria with

UV light and chemicals. Only around 5% of
the bacteria survive this process and the
majority of these experience extreme
changes to their genetic makeup. A number
of them produce better than the original
strain, these are selected and mutated again
in the same manner. This process produced
a total of 37,000 mutants, which were then
investigated with regard to their productivity.
Five sequential mutations were necessary to
move from the wild strain So ce90 to the
high-performance So ce90 C18-1 strain. In
addition to the improved production of epothilone B the decisive difference is that this
strain no longer forms spirangien – the principal metabolic products of the wild strain.
This means that isolating the epothilones

1994 – the setback

I

”Using epothilone as a basis, I used chemical
synthesis to produce new epothilone compounds. The aim was to produce compounds
that had higher effectiveness and stability
than the natural product.“
Dr. Nicole Horstmann

1995 – epothilone:
a cancer medicine
after all?

W

		hilst at the Society for Biotechnological Research the epothilone
files were being placed on the shelves,
independently from the research carried
out in Braunschweig the US company
Merck Sharp & Dohme is in search of a
substance with a similar effect to the
familiar anti-cancer agent Paclitaxel, a
successful cancer medicine under the
Taxol brand. For the test series they use
7000 organic extracts from plants and
micro-organisms – including a series of
extracts from sorangium cellulosum. And
just one of these extracts demonstrates
the sought-after effect on cancer cells in
a so-called tubulin assay.

from the bacterial broth is significantly less
complicated.
The biologists also tinkered with the living
conditions and production conditions. It was
necessary to establish conditions that, on
the one hand, would enable the bacteria to
reproduce well, whilst on the other hand producing adequate quantities of epothilone B –
no easy task. It became apparent that the
bacteria thrive best when fed starch and cellulose. If fed with sugar, they reproduce busily, but produce no epothilone. A sensible
arrangement, as the myxobacteria use epothilone to combat their competitors in the
search for food, the fungi. If there is enough
there for everyone, then they can dispense
with hostilities with competitors. Starch and

With this result the files are reopened
once again and the clarification of the
precise mechanism of action begins. The
result: the epothilone attacks the so-called microtubuli in the cells. These form
part of the cell skeleton and are tiny protein tubes that transport vital substances
and organelles within the cell. The microtubuli transform themselves constantly.
They grow and shrink again, alter their
position and, above all, they assume a
central role in cell division. They transport the chromosomes to the daughter
cells. When epothilones come into the
cell, they block the microtubuli, with the
consequence that the cells cannot divide.
Instead of pulling the chromosomes
apart, the microtubuli clump together and
there is a chaotic confusion of protein
structures. The cell is no longer capable
of controlling the situation and begins to
commit suicide, the cell core is dissolved
and the cell dies. This occurs with each
cell that begins to divide itself, and, as
cancer cells divide themselves particularly rapidly and regularly, the epothilone
attacks these cells very effectively and
accurately. „The decisive advantage of
epothilone over other chemotherapeutic
substances is that it is extremely effective against resistant tumour cells and
thus enables patients to be treated in
which these other medicines have failed,“
explains Professor Gerhard Höfle.
In the meantime, Merck Sharp & Dohme
has lost interest in the substance – the
fact that the substance is already known
and the rights already claimed by a
research institute has a deterrent effect.

cellulose simulate a lack of food in the bacteria and they react by jabbing their chemical
elbows.
Following the discovery of these conditions,
the scientists transferred the findings to
BMS in 1998. For the preclinical trials and
the chemical alteration of the epothilones a
total of 46 fermentations were performed.
These resulted in the creation of 22,000
litres of fermentation broth, from which 150
g of pure epothilones were isolated. This formed the basis for the step towards the
industrial development of the medicine. The
Ixabepilone produced today is based upon
the production strain, culture technique and
isolation procedure developed in
Braunschweig in the 1990s.

”I investigated the cytostatic effect of many
natural epothilones and synthetically produced variants on cell cultures, examining their
mechanism of action using fluorescence
microscopic methods in particular.“
Dr. Florenz Sasse

Following a long search - fruitless in Germany and a number of neighbouring countries - the scientists are able to generate
new interest in epothilones in the form of
Bristol-Myers Squibb (BMS). In the course
of this search, and later in collaboration
with the pharmaceutical company, the
teams in Braunschweig research methods
of producing epothilone in large quantities.
The original wild strain of bacteria produces just tiny amounts of epothilones, but
if the medicine is to be marketed or even
merely tested for its suitability as a cancer
medicine, then large amounts of it are
required. Consequently, over a period of
three years – from 1995 to 1998 – the
scientists cultivate the most productive
bacteria strains, searching for the optimal
conditions for cultivation and production.
Herbert Irschik works on a technically
practicable procedure for the production
of epothilone.

When the yield is large enough, the bioreactors at the Society for Biotechnological
Research are in operation around the
clock and Heinrich Steinmetz – aided by
the staff of the Department of Chemistry
of Natural Products – is able to produce
epothilone A and B on a large scale.

”I discovered the epothilones and co-patented
them. I optimised both the strain and production,
produced epothilone in 100-gram quantities and
transferred the know-how to BMS. Studies of
biosynthesis enabled me to target the optimisation of the strain. I discovered and investigated
new producer strains.“
Dr. Klaus Gerth

Two candidates show promise. One originates from the laboratories at the Society
for Biotechnological Research, produced
by Nicole Horstmann, the other from BMS.
Tests are conducted to determine the effects
and side-effects of the two epothilone
candidates 21-Aminoepothilone B and
Ixabepilone. Parallel to this, the company
develops the manufacturing process of
this derivate until it is suitable for industrial
application, followed by the commencement
of exhaustive clinical studies. Both derivates show promise in the initial studies.
Each of them appears to be suitable for the
treatment of breast cancer, however, cost
reasons dictate that only one of the two
can be developed further: Ixabepilone. The
years of global clinical trials are a nail-biting
time: does the medicine really help breast
cancer patients? Are there previously
unseen side-effects?

The work pays off. In a short time, it is now
possible to produce sufficient quantities
and transfer these to Bristol-Myers Squibb.
This heralds the onset of the next round
of development, as the natural epothilone
is not ideally suited for use as a medicine.
Work begins on the molecule at both BMS
and the Society for Biotechnological
Research. Over the course of the years no
fewer than nine scientists are involved in
the chemical modification of the epothilone
at the Society for Biotechnological Research.
The target of their search is a variant of
the original, but with better properties.

Then the all-clear – Ixabepilone, developed
from epothilone B, passes all tests. The
American FDA (Food and Drug Administration), the approval authority for medicines,
gives the go-ahead. On 16 October 2007 it
receives approval as a breast cancer medicine in the US. “Clinical studies had already
shown that other forms of cancer can be
treated with epothilone,“ Professor Hans
Reichenbach, then head of the Department
of Biology of Natural Products, views the
future with optimism. In November BristolMyers Squibb launched the medicine on
the market under the name Ixempra. A special
success for the Society for Biotechnological
Research – now the Helmholtz Center for
Infection Research - as here it was and is
possible to carry out research over extensive periods. The overcoming of obstacles

Epothilone is also a personal success for the
biologist Hans Reichenbach and the chemist
Gerhard Höfle. Over 30 years ago they made the
correct decision in identifying myxobacteria
and the natural products that they produce as a
focal point of research at the Society for Biotech-

nological Research, as well as helping the project
to overcome a number of obstacles. A special
success for a large, creative team – approximately
20 scientists and a similar number of technical
assistants from the Department of Biology of
Natural Products, Department of Chemistry of
Natural Products, the Biotech-nikum and the
Analytical Instruments Department were involved
in the development of the epothilones between
1987 and 2005. “Discovering a substance like
epothilone, introducing it to the pharmaceutical
industry and acquiring a patent is never the
work of individuals alone,“ the two scientists
emphasise. ”It requires co-operation between
the various disciplines and an infrastructure
that was ideally available in the form of the
Society for Biotechnological Research“.

is a part of that process. Persistence, creativity and an element of luck – these are
the ingredients for successful pure research
to find its way to application. “Above all, it
is impossible to plan,“ says Prof. Hans
Reichenbach. “It is possible to search for
zytostatic substances, but not to say
where you should look and when you will
find something.“
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