
Algae, like most higher plants, use the 
enzyme RuBisCO to fix carbon dioxide. 
RuBisCO is the most commonly used 
biocatalyst for this purpose, but it isn’t 
the most efficient. Scientists are there-
fore experimenting with other enzymes 
and metabolic processes to more  
efficiently convert carbon dioxide into 
organic molecules.



TEXT KLAUS WILHELM

Over 50 million genes and 40,000 proteins: combing through international databases 

for likely candidates, Tobias Erb and his colleagues at the Max Planck Institute for 

Terrestrial Microbiology in Marburg were faced with an overwhelming choice. In the 

end, the scientists picked out just 17 enzymes for the first synthetic metabolic pathway 

that is able to convert carbon dioxide into other organic molecules. Now they have to 

show that the cycle they sketched out on the drawing board also works in living cells.

Metabolism 2.0

 I  
t sounds almost too good to be 
true: a means of counteracting the 
greenhouse effect, removing ex-
cess carbon dioxide from the at-
mosphere and turning it into en-

vironmentally friendly products. Car-
bon dioxide levels have risen by around 
30 percent during the past 100 years, 
contributing greatly to global warming. 
A method that removes excess carbon 
dioxide from the atmosphere while also 
serving practical purposes would thus 
be extremely welcome. 

Nevertheless, Tobias Erb’s primary 
aim isn’t the fight against climate 
change. The researcher first wants to 
understand how gaseous carbon diox-
ide can be converted into organic mol-
ecules. “Of course, if we could exploit 
the greenhouse gas as a carbon source 
using biological methods and remove 
it from the atmosphere in the process, 
that would be a great side benefit,” says 
the Max Planck researcher.

Erb studied biology and chemistry, 
and even at an early age was fascinat-
ed by the question of what makes life 
tick down to the smallest scale. “I’ve 

always been interested in how micro-
scopic life forms, such as bacteria, do 
things that chemists can still only 
dream about,” he says. Erb spent the 
first years of his research career study-
ing bacterial enzymes – protein biocat-
alysts that initiate, accelerate or halt 
chemical reactions.

ALTERNATIVE TO RUBISCO 

In his doctoral thesis, Tobias Erb turned 
his attention to the carbon cycle, the 
process by which atmospheric carbon 
dioxide is converted into various sugar 
compounds. In a purple bacterium, he 
discovered an enzyme with the un-
wieldy name crotonyl-CoA carboxy-
lase/reductase (CCR). This introduces 
carbon dioxide molecules into the bac-
terium’s metabolism.

Besides bacteria, plants are the main 
users of this process, known as carbon 
dioxide fixation. During photosynthe-
sis, plants harness sunlight as an ener-
gy source to produce sugar from atmo-
spheric carbon dioxide. To do this, they 
use a metabolic pathway known as the 

Calvin cycle, which is described in ev-
ery biology textbook along with all the 
enzymes involved. The Calvin cycle is 
essential for life on Earth, as plants use 
it to produce vital organic molecules, 
such as sugars, for other life forms.

For a long time, the Calvin cycle 
was believed to be the only pathway for 
carbon dioxide fixation. “But we’ve 
since discovered a good half dozen 
more,” Erb explains. “More than a third 
of the carbon dioxide on this planet is 
bound by microorganisms.” Nature has 
thus devised various solutions to the 
same problem. They all work, but none 
is perfect.

One example is the carbon-diox-
ide-fixing enzyme in the Calvin cycle 
called RuBisCO. Erb describes it as “the 
most underestimated enzyme on our 
planet because it’s the most common.” 
For every person on Earth, there are 
around five kilograms of RuBisCO in 
the biosphere. The enzyme is able to 
produce a pinch of sugar from the car-
bon dioxide contained in the volume 
of a normal living room. Nevertheless, 
RuBisCO works relatively slowly and 
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rather sloppily: in a fifth of reactions, 
the enzyme erroneously grabs an oxy-
gen instead of a carbon dioxide mole-
cule. Plants can afford such a cavalier 
approach to energy efficiency, as they 
usually have sufficient light and there-
fore energy available.

The CCR enzyme Erb discovered, in 
contrast, acts as though it were turbo-
charged: it is 20 times faster than plant 
RuBisCO and fixes carbon dioxide two 
to three times more efficiently – not 
least of all because this enzyme practi-
cally never makes an error. “CCR cata-
lyzes the most efficient carbon-diox-
ide-fixing reaction we know of,” the 
biologist says. It is essential for many 
bacteria because they often have less 
energy available.

Erb and his colleagues don’t just 
want to find out how CCR works and 
what accounts for its amazing abilities; 
they also want to use the enzyme to 
mimic the carbon cycle in the lab and 
harness its abilities. “The challenge for 
us biologists today is to replicate life 
processes from the inanimate,” the re-
searcher explains.

Other scientists have also set their 
sights on this goal. “Like the analytical 
chemists in the 18th century, we biol-
ogists have tried to break down com-
plex natural processes into individual 
building blocks in order to understand 
them,” says Erb. “But we will truly un-
derstand how biological processes work 
only when we’ve reconstructed them 
from basic building blocks.” 

LIFE FROM A PETRI DISH  

Biology entered a new era – a phase of 
creation and construction – when it 
became possible to sequence the ge-
nome of any desired organism and to 
create artificial versions of genes. The 
magic words: synthetic biology. Scien-
tists working in this field want to cre-
ate cells that they can reprogram to 
carry out new functions. One of the pi-
oneers in the field is Craig Venter. His 
approach is to strip living cells of all 
components that aren’t absolutely es-
sential for survival, thus creating a 
minimalist cell that can then be en-
dowed with new properties. The Amer-

ican scientist has already synthesized 
the minimum genome of a bacterium 
in the lab and placed it in an empty, 
DNA-free bacterial shell.

In Germany, a project initiated in 
2014 by the Max Planck Society and 
the German Federal Ministry of Educa-
tion and Research aims to promote 
synthetic biology. Groups from nine 
Max Planck Institutes and the Univer-
sity of Erlangen-Nuremberg are partic-
ipating. Unlike many other synthetic 
biology projects, this one aims to con-
struct a minimum cell from individu-
al components.

Through this bottom-up approach, 
artificial cells with specially designed 
metabolic pathways might one day be 
created that produce drugs, vaccines or 
biofuels from carbon dioxide in the at-
mosphere.

Back to the laboratory of Erb and 
his team: Thomas Schwander opens 
the freezer and collects a wide assort-
ment of small vessels, each about half 
the size of a memory stick. They con-
tain a scientific breakthrough: the sub-
stances and enzymes that together 
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form a completely new metabolic 
pathway for carbon dioxide fixation.

In 2011, Tobias Erb – then at ETH 
Zurich − outlined the cycle, called 
CETCH, complete with all the relevant 
biochemical reactions, in just two 
weeks. In addition to drawing on his 
knowledge of carbon dioxide metabo-
lism, he consulted international data-
bases listing more than 50 million 
genes and more than 40,000 enzymes 
and their respective functions.

From those, Erb selected several 
dozen candidates that, together with 
the turbocharged CCR enzyme, could 
perform the desired functions in his 
artificial cycle: “After studying the nat-
ural process of carbon dioxide fixation 
for so long, I was convinced that our 
designer pathway could also be real-
ized in practice.”

Even before moving from Zurich to 
the Max Planck Institute for Terrestrial 
Microbiology in Marburg, Erb set up a 
team “without hierarchies and with tal-
ented researchers who want to push sci-
entific boundaries.” Applying passion 
and consummate expertise, they trans-

Left page  A specific enzyme is responsible 
for every reaction in the CETCH cycle. 
Crotonyl-CoA carboxylase/reductase (CCR), 
for example, facilitates the two carbon- 
dioxide-fixing reactions.

This page, top Together with Tobias Erb, 
Nina Cortina is investigating the CETCH 
cycle. The Philippine scientist is an expert 
in mass spectrometry. In the foreground  
is a photospectrometer for carrying out 
measurements on enzymes.

This page, bottom The researchers use such 
mass spectrometry instruments to analyze 
the reaction products of the CETCH cycle.
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lated their model from the drawing 
board into reality in a record time of 
just two years.

The scientists tested the functional-
ity of new enzyme candidates, modified 
them and tried out new combinations 
until they worked optimally together. 
“Despite all the laboratory technology, 
this still involved a lot of manual work,” 
says Thomas Schwander. “Time and 
again we had to overcome new hurdles.” 
For a long time the researchers were un-
able to get the cycle going because one 
of the enzymes only worked with an 
iron compound, which, however, 
caused the other proteins to flocculate. 
The enzyme therefore first had to be 
modified so that it could work with the 
more suitable substrate oxygen.

Another difficulty lay in that fact 
that the cycle was initially plagued by 
numerous unwanted side reactions. As 
a result, it was slow and tended to grind 
to a halt quickly. It was only when the 
scientists added other enzymes to the 
original design that they were able to 
eliminate the unwanted reactions. 
These additional enzymes acted as re-
cycling forces to correct the errors of 

the other enzymes. Tobias Erb suspects 
that such corrective loops may also 
play an important role in natural met-
abolic pathways.

Despite all the difficulties, the re-
searchers ultimately succeeded in cob-
bling together the first man-made met-
abolic pathway for carbon dioxide 
fixation. It involves 17 enzymes from 
nine different organisms and includes 
three designer enzymes that the scien-
tists modified from existing enzymes 
with the help of a computer so that 
they work more precisely or catalyze 
other reactions.

RAW MATERIALS ON TAP  

The enzymes are therefore natural in 
origin, but their combination to form 
a novel, highly efficient metabolic 
pathway doesn’t occur in nature. “Pre-
sumably, the enzymes never had the 
chance to come together in nature in 
the course of evolution,” Schwander 
says. Erb’s carbon dioxide cycle culmi-
nates in the formation of a compound 
called glyoxylic acid. However, the cy-
cle could be modified to produce raw 

materials for biodiesel or other organ-
ic substances instead.

Carbon dioxide fixation requires 
energy. The CETCH cycle is driven by 
chemical energy or, more specifically, 
by electrons. The Calvin cycle of pho-
tosynthesis works with solar energy, 
which is then converted into chemical 
energy. The researchers were therefore 
able to compare the two processes to 
determine which is more efficient. 
Whereas the CETCH cycle consumes 
only 24 to 28 light quanta to bind a car-
bon dioxide molecule, natural photo-
synthesis takes 34. “So we could fix 
about 20 percent more carbon dioxide 
with the same amount of light energy,” 
Erb points out.

And that’s not even the upper lim-
it. Erb’s team is already working on de-
veloping even thriftier carbon dioxide 
cycles. In the future, these synthetic 
fixation cycles might be coupled with 
solar cells. The electrons the solar cells 
produce from sunlight could be used to 
convert carbon dioxide into other com-
pounds. Such visions no longer appear 
technically unfeasible. For example, re-
searchers in the MaxSynBio network 

Left  The active center of the CCR  
enzyme (pink lines and bands;  
CF: cofactor NADPH): The position  
of the egg-shaped carbon dioxide 
molecule in the center was modeled 
on a computer. The amino acids im-
portant for positioning the carbon 
dioxide molecule are shown en-
larged: histidine (1), asparagine (2), 
phenylalanine (3) and glutamate (4). 

Right  Erb first designed the CETCH 
cycle on the computer and later 
tested it with his team in the lab. 
The result: the first artificial 
carbon-fixing metabolic pathway.
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are working intensively on processes at 
the interface between chemistry, mate-
rials science and biology.

In the context of synthetic biology, 
the CETCH cycle could also help to im-
prove natural photosynthesis. Howev-
er, the genes for the enzymes involved 
in the CETCH cycle would first have to 
be inserted into a living cell – a bacte-
rium, an alga or a plant – which would 
then synthesize the desired product.

In the next step, the Marburg-based 
scientists want to engineer bacteria to 
use the CETCH genes as intended. “We 
can’t predict how our cycle of 17 reac-
tions will behave in a cell in which 
3,000 reactions of all kinds are taking 
place. We still have a few more years of 
work ahead of us,” says Erb.

The biomodule of the CETCH cycle 
may eventually end up in Craig Ven-
ter’s minimalist cell – or even better, in 
an artificial cell to be created by the 
MaxSynBio network. In any case, it will 
still take some time for Erb’s dream of 
“creating an artificial metabolism 2.0 
that is able to produce any desired or-
ganic compound from carbon dioxide” 
to become a reality.    

 

GLOSSARY

Calvin cycle: A metabolic pathway in plants in which atmospheric carbon dioxide is 
converted into sugar molecules. The cycle uses ATP as an energy source. The enzyme 
RuBisCO makes it possible to convert carbon dioxide to the sugar ribulose-1,5-bisphos-
phate (carbon dioxide fixation). The cycle must run three times, fixing three carbon  
dioxide molecules to produce one molecule of the sugar. The chemical energy required 
for the Calvin cycle is obtained from the light reaction of photosynthesis.

Synthetic biology: A young research field whose aim is to develop biological systems 
that don’t occur in nature. A first step is the construction of the simplest possible cell 
whose genome contains only information that is absolutely essential for the cell’s  
survival. There are two opposing approaches: some researchers try to reduce the com-
plexity of existing cells to the bare minimum (top-down approach), while others aim  
to identify the building blocks that are absolutely vital for the cell’s survival and use 
them to construct new cells (bottom-up approach). The objective is to simplify exist-
ing biotechnological processes, but completely new products such as vaccines, medi-
cines, diagnostic aids, biofuels and tailor-made materials could also be designed with 
the help of synthetic biology.

TO THE POINT
l   The carbon-dioxide-fixing plant enzyme RuBisCO works slowly and frequently 

makes errors. By comparison, the bacterial enzyme crotonyl-CoA carboxylase/ 
reductase (CCR) is around 20 times faster and more accurate.

l   Together with 16 other enzymes, the CCR enzyme can be added to a test tube  
to produce the CETCH metabolic pathway. The artificial cycle converts carbon  
dioxide more efficiently than the Calvin cycle used by plants.

l   Bacteria and plants could one day use the CETCH cycle to fix excess atmospheric 
carbon dioxide and convert it to useful organic substances.
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