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The Ribosome Under Synchrotron Light

Venki Ramakrishnan*®, Mejd Alsari,*

In this interview Venki Ramakrishnan reviews part of his work on the structural resolution of the ribosome, for which he was jointly award-
ed the Nobel Prize for Chemistry in 2009. He discusses the role that synchrotron facilities have played in unravelling the structure of the
ribosome and how cryogenic electron microscopy (cryo-EM) has become an essential tool for structural biologists. He concludes with an
overview on his current research activities at the MRC Laboratory of Molecular Biology. See full interview at: https://youtu.be/8PIucfd]csg.

Ribosome and Antibiotics

Mejd Alsari (MA). You've played a key role in understanding the
structure of the ribosome for which you were awarded the Nobel
Prize for Chemistry in 2009 together with Ada Yonath and Thomas
Steitz.! How would you explain the ribosome movie to the general
scientific community and what was your contribution to achieving
that understanding?

Venki Ramakrishnan (VR). If you ask the average non molecu-
lar biologist, even a scientist, even people from the physics commu-
nity, what a ribosome is, almost nobody knows what a ribosome is.
This always struck me as very surprising because everybody thinks
they know what a gene is. If you ask someone what genes are, they
say “Yes we know what genes are. They are things that give us the
characteristics we inherited from our parents and pass them on
to our children” But when you ask them “Well, what exactly are
genes?”, most of them will not be able to tell you. Even most scien-
tists will not actually be able to tell you.

The reality is that genes are units of information. Each gene con-

tains information for how to make a particular protein or how to
regulate the making of a protein (to make more of it or less of it and
so on).>* These instructions are encoded in our genetic material,
which is a long molecule called DNA.*¢ In the DNA molecule there
are hundreds of genes, which are represented as different sections
within the DNA itself. Each section that contains a gene, contains
information on how to make a particular protein or how to regulate
it.
This can be regarded as a large library of information representing
our genetic material. Now, if you were to go to the British Library
and say “I want to borrow that book’, they will not let you because
that book is usually too valuable, it is original. Instead they will
make a copy of the book, which you can read, learn from it, or carry
out instructions from it, and so on.

The cell does something very similar. Although the genetic in-
formation is stored in DNA, each gene is copied into a molecule
called messenger RNA (mRNA)”! because it carries the genetic
message. The mRNA goes from the nucleus to the cytoplasm of
the cell. There, a large molecular machine - the ribosome - reads
this genetic message and then, based on the instructions, stitches
together a protein.>!"'” A protein is a long polymer like DNA, but
unlike DNA it is only single-stranded instead of double-stranded.
Whereas DNA consists of four types of bases, a protein consists of
20 types of amino acids. So it is a completely different sort of poly-
mer. This process is called translation because you are going from
the language of DNA, which is like a sentence with only four letters
in the alphabet, to a different kind of polymer, which has 20 letters
in its alphabet. What the ribosome does is right at the crossroads

Figure 1| Figure 1| “The Ribosome is an enormously complex molecule. To
understand how it works you need to understand its structure. That was
a long complicated effort. From there it was then possible to understand
some of the key functional mechanisms. Because of that the Nobel Prize in
2009 was awarded to three groups.”, Venki Ramakrishnan.

of biology, it is the bridge between genes and the information they
contain to making the products that are specified by the gene.

Now, you asked what my contribution was. Ribosomes were dis-
covered in the 1950s,'® but they are enormously complex molecules.
It is almost not correctly regarded as a molecule because it is an
assembly of 80 or so molecules and it is about half a million atoms.
So it is incredibly complicated. To understand how it works, just as
with any other molecule, you want to know what it looks like, how
it interacts with the genetic message, how it stitches together amino
acids to make a protein, how it moves, etc. To do that you need to
understand its structure, you need to be able to visualize what the
ribosome actually looks like, and not just in one state, but what does
it look like as it is carrying out its function. That was a long com-
plicated effort, which required several groups to determine its high
resolution structure. From there it was then possible to understand
some of the key functional mechanisms, such as how it reads the
genetic code accurately and how it makes the peptide bond, which
is the bond between amino acids.” Because of that the Nobel Prize
in 2009 was awarded to three groups."® More than three groups
actually contributed to the effort, but in terms of the high resolution
structure, I think these were the three groups that actually made the
breakthroughs.

MA. Could you explain how your research is important for anti-
biotics and what are the key challenges in developing new antibiot-
ics for super-bacteria?*!

VR. As we all know, the resistance to antibiotics, antimicrobial
resistance, is a huge problem. In fact, about 25,000 people die in just
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Europe as a result of resistant infections.> When you look at the
antibiotics that are available, almost half of them target the ribosome
or the protein synthesis machinery. Now it turns out that because
the ribosomes are so old, they have diverged between bacteria and
us. Even in the core functional areas there are sufficient differences
between our ribosomes and bacterial ribosomes. The result is there
is a class of compounds that can bind to bacterial ribosomes and
stop them from working, but they do not bind to our ribosomes.”
For this reason a number of antibiotics are useful to treat bacterial
infections.”*?’

After the structures of the ribosome were resolved, it was then
straightforward to determine the structure of the ribosome with
various antibiotics bound. That part became just a straightforward
extension of the original structure. So for the first time we could
visualize in atomic detail how these antibiotics bound to the ribo-
some.'>"**33 That not only allowed us to understand how these
antibiotics worked but it also to understand why resistance would
occur. For example, with a certain mutation, why these antibiotics
would not work, or if the antibiotics were modified by some resist-
ance mechanism.*>*

MA. You also have a paper detailing the structure of the 70s with
the antibiotic™...

VR. Yes, but there are several structures. The most cited paper is
our original paper on the 30s, which was published in 2000.* The
high-resolution structure of the entire ribosome came later and it
was actually Tom Steitz’s lab at Yale who used that structure to de-
termine a number of antibiotic structures.'?'*?**! Regarding the de-
velopment of new antibiotics, many drug companies, including one
that was started by Tom Steitz, Peter Moore, and others at Yale, have
been trying to use these structures to design better antibiotics.*®

However, this is not just a technical problem, it is also a business
and economic problem. The issue with the development of new an-
tibiotics is that if you develop a new antibiotic you typically want to
give it to patients for whom the standard antibiotics do not work.
These standard antibiotics are a lot cheaper, they have been around
awhile, they are generic, and so on. So the patient pool is actually
quite small. Moreover, if you give an antibiotic to a patient, the pa-
tient is typically cured in a week or so, if the antibiotic is any good.
Therefore, this is not a model for making a lot of profit. As a result,
there has been almost no new class of antibiotics for almost 20 years.
This is because drug companies do not see this as a big profit-mak-
ing venture because they have to spend a huge amount of time first
of all finding compounds. But even if they find a compound, it is
very expensive to carry it through all the clinical trials and get ap-
proval for it to be a drug. Some estimate that it costs about a billion
dollars to develop a new medicine.*® So they do not necessarily see

Figure 2 | Structure of the Thermus thermophilus 30S Ribosomal Subunit.
Readapted from Wimberly et. al** ( DOI: 10.2210/pdb1J5E /pdbEntry 1J5E su-
persedes TFJFNDB: RRO052) with the NGL viewer. 3
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Figure 3 | The European Synchrotron Radiation Facility (ESRF, France).

guarantee of a return on that sort of investment. I believe that the
problem needs to be tackled somewhat differently and what we must
remember is one of the first big antibiotics was penicillin. Penicillin
was developed by a huge government initiative at Oxford during
World War I1.*"* Therefore there is no reason why governments,
multinational organizations, or big charities cannot get involved in
antibiotic development as was originally done with penicillin.

Synchrotron Light

MA. In your book you extensively discussed the importance of cor-
rectly crystallizing the ribosomal subunits.**** What approaches did
you take in order to extract the ribosomal subunits and crystallize
them? What is the current state-of-the-art?

VR. We were somewhat fortunate in that we got initial crystals
while trying to reproduce crystals that had been reported by a Rus-
sian group in the mid-1980s.* But then we looked at these crystals,
analysed them, and realized that these crystals were lacking a protein
that was present in variable amounts in the ribosome. We removed
this variable component completely so that we had very pure homo-
geneous particles and then we slowly crystallized them at 4°C in the
cold room. We also made sure that there were not any contaminants
that could degrade the particles while they were slowly crystallizing
over several weeks. Some of them took about eight weeks to grow to
full size. I think that is what really gave us very good crystals. I think
it was a bit of luck and a bit of being very careful with our sample
preparation. There was no magic in it.**

MA. That brings us to synchrotron light.***! Can you explain
what has been the role of synchrotron light in achieving our current
understanding of the ribosome structure and what are the current
experimental workflows?

VR. Any time until about 2011-2012 it would have been impos-
sible to solve the structure of the ribosome without a synchrotron.
Because the only technique that was capable of producing an atom-
ic structure up to about 2012 was by X-ray crystallography. If you
took a normal laboratory-based X-ray source, like a rotating anode,
it simply does not have the coherence or the intensity to produce
high resolution diffraction from crystals of the ribosome because
the diffraction from ribosome crystals is too weak. This is because a
ribosome is such a large molecule that the unit cell that is the repeat-
ing unit in the crystal is very large. Therefore, for a crystal of a given
size there are fewer unit cells. Because the ribosome molecule is very
large and there are very few points of contact, the ribosome crystal
has lots of solvent channels, mostly water, between the crystals. Our
small subunit crystals were about 70-75% water and only 25% ri-
bosomes actually. This makes these crystals very weakly diffracting.
For this reason, you needed synchrotrons.

The other reason for using synchrotrons is that the way we de-
termined the structure was by tuning the wavelength. Certain spe-
cial atoms in the structure would stand out. It is a technique called
anomalous scattering.*>**** That again required synchrotrons, be-
cause with synchrotrons you can fine-tune X-rays wavelength very
precisely.

These two things meant that synchrotrons were indispensable
for solving the structure. That is no longer true. Today if you want-
ed to solve a ribosome structure you would not actually even go
to synchrotron at all. What you would do is use a technique called
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cryo-electron microscopy, a lot of which was developed here at the
MRC Laboratory of Molecular Biology by Richard Henderson and
his colleagues, for which Richard Henderson shared the 2017 Nobel
Prize in Chemistry.*>

MA. You have done work at a number of synchrotrons and one
of them is the ESRE** Could you talk about your work there, what
beamline you have used, and if you still apply for beamtime there?

VR. I have used several beamlines at the ESRE Most of them
have the property that they are undulator beamlines, which are typi-
cally prefixed with ID for insertion device.®*s' These beamlines have
very high intensity and high coherence, which is what you need to
get data of sufficiently good quality from ribosome crystals. We used
to use ID14 quite a lot in the old days, then ID29 came along, and
now there are other beamlines as well.®> We have also used the Swiss
Light Source® and notably we use the APS, the Advanced Photon
Source at Argonne National Lab,* which gave us our initial phases
for the 30s subunit. All of these synchrotrons have the same sort of
characteristics, i.e. insertion devices to produce very high intensi-
ty in a very highly parallel coherent beam. I have not applied for
synchrotron beamtime since about 2012 because my lab no longer
primarily uses crystallography. In fact, we have not done any crys-
tallography for almost six or seven years. That is because we have
shifted to cryo-electron microscopy.®

Current Work

MA. What about looking at the evolution of a sample? Could you
talk about the opportunities and challenges with in-situ and in-vivo
studies?

VR. I think in-vivo studies are mostly limited to light microscopy

because light does not damage the molecule and you can visualize
various parts of the cell. Now there is a technique called super-res-
olution microscopy,®*” which allows you to label specific molecules
inside the cell, see them at quite high resolution, and see where their
distribution is. So, you can watch things happening in the cell, while
the cell is alive. Or sometimes you allow the cell to reach a certain
stage and then you fix it.
In terms of high resolution, the way to do it is to attempt trapping
the cell in different stages, then freeze it, and then look at it. This
is a technique in electron microscopy called tomography,®7' which
allows you to look at entire cells, look at where molecules are inside
cells, and even obtain structure of molecular complexes inside the
cell as they exist. That would not be called exactly in-vivo because
the cell is not really alive, but you could call it in-situ because it is as
it exists inside the cell.

MA. Could you tell us a bit about what your research group is
working on at the moment and what is the scientific question you're
trying to answer?

VR. We are still working on ribosomes because it is often the
case in research that when you make a breakthrough it is not the
end of the road. All it does is raise a completely different set of ques-
tions. There is no sort of end point in science or at least not in most
things. What we are looking at is how ribosomes know where to
start reading the message.’”>”* The way that is done is very different in
bacteria and in human ribosomes or in yeast ribosomes. Yeast and
us have more similarity because we are what are called eukaryotes,
where cells contain a nucleus.”*”” Our ribosomes are more similar
than those of bacteria. We are understanding this process called ini-
tiation,” which involves a number of proteins that come and bind to
the messenger RNA and to the small ribosomal subunit to bring it to
the right starting point, where it can begin translating the gene and
making the protein. It is a highly regulated process and when it is
deregulated it can lead to things like cancer. Moreover, there are vi-
ruses that can hijack this initiation process by having their own kind
of machinery that does not require all these protein factors from the
cell. The result is that all of the translation is diverted to translating
the virus’s own genes. So, it is a way for the virus to stop the ribo-
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some from making the host proteins and start making the viruses
proteins instead.” This is a very interesting problem and some of our
effort is focused on that.

We also have organelles in us called mitochondria, which are
remnants of bacteria that were swallowed up by another cell about
two billion years ago.'**# Although they have been in us for two
billion years they still retain a small genome and for that they
have their own ribosomes (mitoribosomes), which translate their
genes.®*8* These ribosomes have differentiated quite a lot from both
bacterial ribosomes and from our own ribosomes.***¢ So, they are
interesting biologically. They are also important medically.¥% In
fact many antibiotics are toxic as they bind to our mitochondrial
ribosomes because they are sort of descendants of bacteria; they are
bacteria-like in some respects. Antibiotics that normally might not
be so toxic end up being toxic because they bind to our mitochon-
drial ribosomes.? So, it is important to understand their structure
for that reason and many genetic diseases map to mitochondrial ri-
bosomes.”** We solved the structure of mitochondrial ribosomes
along with Nenad Ban’s lab in Ziirich.”*77#39%%2 We were to some
extent competitors, not collaborators, but friendly competitors.”
These structures are now paving the way for understanding how mi-
tochondrial ribosomes work and possibly how mutations in them
might cause various diseases. That is another area.

Finally, we are trying to understand how cells are regulating
translation.”®* If ribosomes get stuck, how does a cell rescue ribo-
some and regulate the whole process of translation and maintain
quality control? How does it know when things are have gone awry,
when you need to stop translation and start again? These are sort of
some of the areas we are working on.
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