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Custom-Tailored
Molecules
Chlamydomonas reinhardtii, a single-celled green alga, can’t see much at all with its eye
composed solely of photosensitive rhodopsin molecules. Yet there is more to algal
rhodopsin than one would expect. In recent years, it has triggered a revolution in
neurobiology. Ernst Bamberg from the Max Planck Institute of Biophysics in Frankfurt
helped make it famous. He is now researching these molecules and developing new
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A

ll Chlamydomonas requires
in order to see is an accumulation of proteins, known
as an eyespot. Under a microscope, the eyespot appears as a yellow dot in an otherwise
green algal cell. It allows Chlamydomonas to see what it needs to see – light,
dark, and a few shades in between – so
that the cell can swim closer to or further away from the water surface, depending on the light conditions.
The eyespot is composed of around
200 different proteins, including photosensitive rhodopsin molecules. Similar rhodopsins can also be found in the
human eye, or more specifically, in the
retinal photoreceptors, where they
transduce the incident light into an
electrical signal that is then transmitted to the brain for further processing.
Rhodopsins are made up of two
components: the protein opsin and the
carotenoid retinal, a photosensitive molecule. In the eye, the act of seeing starts
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when light straightens out the retinal,
which takes on a bent shape in the dark.
In humans and other mammals, this
activates the rhodopsin and, via a multistage process, blocks positive ions from
flooding into the cell.

ALL-IN-ONE PHOTORECEPTOR
AND ION CHANNEL
In 2002, Bamberg and Georg Nagel, together with Peter Hegemann from
Humboldt University in Berlin, discovered the mechanism of algal rhodopsins. The researchers transferred the
rhodopsin gene to egg cells of a clawed
frog and observed that the proteins
combine the photoreceptor and the
ion channel into one single protein.
The rhodopsin in algae thus has a different function than the rhodopsins in
mammals: the opsin itself forms an
ion channel, which can be opened by
light so that the ions can then pass
through. As a result, the light stimuli

are transduced faster into an electrical
signal in an algal cell than they are in
the human eye.
The researchers named this particular protein “channelrhodopsin.”
They soon realized that this protein
harbors great potential for science. In
a comprehensive patent specification
published following their discovery,
they even included a detailed list of
possible applications in the fields of
neurobiology and biomedicine. “In
retrospect, that was almost a rather
presumptuous thing to do, but almost
all of it has since come true. Today,
there are hardly any applications for
channelrhodopsins that aren’t included in our patent,” says Ernst Bamberg.
To name just one example: a license
extract for treating eye diseases has already been granted to a large pharmaceutical company.
It all sounds very simple, and with
the methods of modern molecular biology, it is just that: When the gene for
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variants for basic research and medical applications.

A channelrhodopsin-2 molecule before and after exposure
to light: The protein’s amino acid chain is rolled up into
a spiral measuring seven times the diameter of the cell
membrane. When exposed to incident light, helix 2
(turquoise) twists out (green), opening the ion channel
for calcium (green spheres) and sodium ions (turquoise
spheres). In the middle of the channel, the small, photosensitive retinal (green/turquoise) is bound to the protein.
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This page: Julia Spitz and Ernst Bamberg
prepare an experiment involving frog eggs.
It was in this kind of cell that Bamberg
first measured the electrical currents that
flow through the channelrhodopsins.
Opposite page: A measuring chamber for
electrophysiological experiments. In such
a chamber, the researchers study the
channelrhodopsins in cells that are easy to
handle, such as embryonic kidney cells.
Using what is known as the patch clamp
procedure, the scientists press a glass
microelectrode (left) onto the cell surface.
It records the electric current flowing
through the ion channels when the cell is
exposed to light from an optical fiber (right).
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ties years earlier. The halorhodopsin is
light-gated as well – albeit activated by
yellow light, and not by blue light like
channelrhodopsin-2.
Nerve cells containing the genes for
channelrhodopsin-2 and halorhodopsin can therefore be switched on and
off at will using light: blue light lets
positive sodium and calcium ions flow
in, thus making the cell more positive,
while yellow light opens the gates for
negatively charged chloride ions, shifting the cell potential into the negative
range. “One of the major advantages
here is that we can simply use different
wavelengths of light to switch on or off
individual, electrically excitable cells,
such as nerve and muscle cells in cultures and in live animals, without the
need for electrodes. What’s more, we
can do it with much greater temporal
and spatial resolution than ever before,” Bamberg concludes.
In 2005 – and also in 2007, together
with Alexander Gottschalk from Frankfurt University – Bamberg and Nagel
were able to use these molecular light
switches to control the behavior of a
living organism with light for the first
time ever. They equipped nerve and
muscle cells of the roundworm C. elegans
with channelrhodopsin-2 and halorhodopsin. Blue light induced the worm
to wriggle forward, while yellow light

rendered it motionless. In a parallel
study conducted in collaboration with
Karl Deisseroth from Stanford University, the researchers showed that the
two rhodopsins can also switch nerve
cells in a cell culture on and off.

GREATER PHOTOSENSITIVITY,
GREATER SPEED
Bamberg is an expert on charge transports via cell membranes, namely via
the barriers that serve both as a cell’s
protective wall and as its interface with
the surrounding environment. One of
the current focal points of Bamberg’s
research is developing new rhodopsin
variants with optimized properties.
However, this goal required an even
deeper understanding of how the channel works. He therefore first investigated what factors determine the channel’s permeability to certain ions, and
how the sensitivity to different wavelengths of light influences the channel’s activity. In so doing, Bamberg created the prerequisites needed to search
for rhodopsins that are permeable only
to specific ions, for example, or that are
activated by other wavelengths.
Together with colleagues at the Max
Planck Institute in Frankfurt and from
Osnabrück University, he observed
which segments of channelrhodopsin-2
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one of the various channelrhodopsins
– channelrhodopsin-2 – is implanted
into a nerve cell, the cell then starts
producing the ion channel and incorporating it into its cell membrane. The
cell can now be switched on using blue
light, and starts producing electrical
stimuli. “Before, nerve cells could be
activated only with microelectrodes.
Thanks to channelrhodopsin-2, this relatively arduous procedure is no longer
necessary in many neurobiological experimental set-ups, especially in live animals,” Bamberg explains. “Now, for example, it’s possible to alter the activity
of nerve cells in a mouse’s brain with a
laser beam and then analyze the resulting behavior on a cellular level.”
Basically, all that’s missing now is
an off switch. As it so happens, nature
already has a solution on hand for that,
too: the bacterium Natronomonas pharaonis, which was discovered in an Egyptian salt lake in the 1980s, can brave
the high salt concentration in its habitat only by accumulating even more
salt inside the cell itself. Using the photosensitive ion pump halorhodopsin, it
actively transports negatively charged
chloride ions into the cell. As long as
the halorhodopsin is active, it remains
in this resting state and cannot be electrically activated. Bamberg had already
studied this protein’s transport proper-
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are needed to open the channel. “This
gave us some clues about what channelrhodopsin needs to look like in order for
it to acquire new properties,” Bamberg
explains. The researchers achieve this
by specifically altering the channelrhodopsin gene and creating new variants
of the protein. At the same time, the scientists also inspect other channelrhodopsins (that have since been discovered in other algae species) in search of
potentially suitable molecules for optogenetic applications.
First, they transfer the candidates
onto eggs of the South African clawed
frog (Xenopus laevis) or onto human
kidney cells in a cell culture. It’s easier
to study the channelrhodopsins in
these particular cells. Only then do the
nerve cells come into play. Each rhodopsin is tested to determine the wavelength of light that activates it, which
ions it is permeable to, and how fast
the channel opens and closes.
Using this method, Bamberg and his
colleagues have developed the channelrhodopsin variant CatCh, among others,
which can activate the nerve cells with
just one-seventieth the amount of light.
The channel can also be used to activate
calcium-dependent ion channels.
Another innovation from Bamberg’s
department is a coupled on/off switch
for nerve cells. The researchers devel-

oped this switch by fusing together one
channelrhodopsin and one halorhodopsin molecule. An interposed protein couples the switch proteins together and fixes them firmly in the cell
membrane. “When one channelrhodopsin and one halorhodopsin gene
are introduced into the cell’s genome
separately, the cells produce different
amounts of both proteins, so that one
of the two is usually dominant. Thanks
to our coupled protein, we can ensure
that the on/off switch is always introduced in the desired location at a one-

to-one ratio,” Ernst Bamberg explains.
As a result, the activity of a cell can
be switched on with blue light and
switched off using yellow light under
better-defined conditions and with
greater precision than before.
Yet Bamberg and his team don’t just
develop new molecules; they are also
advancing the respective range of applications: Optogenetics could restore
the sight of a person whose eyes no
longer contain natural rhodopsin. This
means, however, that the scientists
would first need to conduct animal experiments to get other cells in the retina to produce the channelrhodopsin.
But how can genes for an algal protein
be transferred to mammals?
With viruses! More specifically, with
a class of viruses that has already proven successful in other gene therapy approaches. These viruses are loaded with
the channelrhodopsin gene, which they
can then implant into a cell’s genome.
However, that doesn’t necessarily
mean that the algal rhodopsin also
works in the human eye. After all, no
matter how similar the rhodopsins are
to each other, their respective functions still differ significantly. While in-

Left: A light switch for nerve cells: Blue light makes channelrhodopsin-2 permeable to positively
charged ions such as sodium and calcium. Yellow light activates halorhodopsin and allows
negatively charged chloride ions to pass into the cell. Right: Researchers can switch the cells on
and off: When exposed to blue light, the nerve cells produce electrical impulses, while yellow light
suppresses this action potential.
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Bamberg would like to create customtailored rhodopsins. The team’s primary focus lies on age-related macular degeneration, a disease that causes the
photoreceptors at the point of highest
visual acuity in the eye to deteriorate.

Ernst Bamberg’s field of specialty is sensitive proteins in cell membranes. The researcher has
received numerous honors for his work involving channelrhodopsins.

cident light causes the channelrhodopsins to shift the electrical potential into
the positive range via the cell membrane, light has the exact opposite effect in the human eye: it makes the
photoreceptors on the inside more negative. This activates what are known as
bipolar cells, which in turn become
more positive on the inside. The signal
is processed via the network of nerve
cells in the eye and then transmitted to
the brain via the optic nerve.

BLIND MICE FIND THEIR WAY
TO LIGHT
The scientists from Basel and Paris thus
resort to a trick: they implant channelrhodopsin-2 into the originally nonphotosensitive bipolar or ganglion cells
of mice, bypassing the dead photoreceptors. The results of the experiments
were positive: After just a short while,
mice that had gone blind due to a loss
of photoreceptors and subsequently received a channelrhodopsin gene soon
started heading straight for a light
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source. Furthermore, the animals retained their vision after the therapy
ended, because the nerve cells containing the rhodopsin gene produce algal
protein for life.
What makes this observation all the
more astounding is the fact that the
cells with the gene contain the construction manual for only the protein
part of the channelrhodopsin. However, the photosensitive retinal isn’t a protein, and therefore isn’t decoded in the
gene. Nevertheless, it is present in the
bipolar cells, as every cell produces the
raw material for the retinal – vitamin A.
Thus, almost all mammals produce retinal. This means they practically provide a light antenna for free! “We were
simply lucky that a rhodopsin from
plants or bacteria works just as well in
a mammal as it does in the original
cell,” says Bamberg.
Together with the colleagues from
Basel and Paris, Bamberg’s team has
been conducting research into gene
therapy treatments for retinal diseases
for quite some time. For this purpose,

Gene therapy could also be a suitable approach for other retinal diseases, since
there are, in fact, several diseases that
cause the eye’s photoreceptors to die off.
“The fascinating thing about optogenetics is that treatments using algal rhodopsins don’t influence the development of
the disease, but instead eliminate the
end result. One single therapeutic approach could therefore be used to combat several different diseases.”
One particular problem that persists is the matter of adapting to different degrees of light intensity. The human eye has a dynamic range for light
intensity of ten to twelve orders of
magnitude. This allows us to see in different light conditions, be it in extremely bright reflections on a glacier
or in a dark basement. The dynamic
factor of the channelrhodopsins, however, spans only about one order of
magnitude. This difficulty is being overcome through the development of
glasses that use a camera that has a
large dynamic range and that records
the image and transmits it to photodiodes. The latter then project it onto the
retina with a light intensity that is ideal for the channelrhodopsins.
Yet the optogenetic tools can be
beneficial not just in the eye, but in
other areas as well. “They basically
work in all excitable cells, meaning first
and foremost in muscle and nerve cells,”
says Ernst Bamberg. And so the researcher presents a long list of possible
applications in the medical field, ranging from brain stimulation in Parkinson patients, which can be achieved
with greater precision using fiber optics
and channelrhodopsins, to light-gated
cardiac pacemakers and inner-ear implants. Researchers at Göttingen University Hospital, for example, have successfully implanted Bamberg’s CatCh
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protein into the inner ear of mice. In
some forms of epilepsy, an inhibiting
ion pump could also suppress the uncontrolled electrical impulses emitted
by neurons in the cerebral cortex.
There is thus a bright future ahead
for the field of optogenetics. And even
the alga has something to show for it:
the German Botanical Society (DBG)
awarded Chlamydomonas reinhardtii
the title “Alga of the Year 2014.” Not
just because its special eyespot is what
made optogenetics possible in the first
place. Chlamydomonas is also capable
of other feats: thanks to its two threadlike flagella – and bearing in mind its
relative body size – it can swim through
water faster than most professional
breaststroke swimmers over the 50-meter distance.
www.youtube.com/
watch?v=dJ5MQluKcZY&feature=youtu.be

TO THE POINT
●

New channelrhodopsin variants with enhanced properties are expected to make
new applications possible in optogenetics. Researchers are therefore developing
custom-tailored rhodopsin variants for basic research in neurobiology and potential biomedical applications in neuroprosthetics.

●

Channelrhodopsins could one day restore sight to people suffering from
retinal damage.

GLOSSARY
Macular degeneration: An eye disease that causes the photoreceptors at the point of highest
visual acuity (Macula lutea) in the retina to deteriorate. As the disease progresses, reading, driving or recognizing faces becomes increasingly difficult. Only the peripheral vision remains.
Age-related macular degeneration is the leading cause of blindness in patients over the age
of 50. In Germany, around two million people suffer from some form of macular degeneration.
Rhodopsin: The pigment molecule in the photoreceptors of vertebrates and invertebrates
consists of a protein part (opsin) coupled with a small, photosensitive molecule (retinal).
The rhodopsin of vertebrates activates a chain of enzymes that ultimately cause the ion
channels to open or close. Furthermore, different microorganisms, such as bacteria, algae
and fungi, also contain rhodopsins. However, these rhodopsins don’t activate other enzymes,
but instead serve as ion channels or pumps themselves.
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