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The ribosome:
a stunningly complex “nanomachine”

Lars V. Bock, Michal H. Kolaf, Andrea C. Vaiana, Helmut Grubmuller

uces all proteins within the cell in a process called This enables us both to analyze and explain functional me
translation. Itis thus arguably one of the most important tions of the ribosome as well as to validate our results against
“nanomachines” in all forms of life, ranging from bacteria, experiments. Vice versa, our simulations rest on accurate
and plants to animals and humans. Bacterial ribosomes are structural information of the ribosome provided by X-ray
also the target of many antibiotics. In the Department of crystallography or cryo-electron microscopy (cryo-EM).
Theoretical and Computational Biophysics, and in close cal The ribosome (Fig. 1) is composed of ribonucleic acid
laboration with the Structural Dynamics Department headed (RNA, red and blue) strands and a few dozen proteins. Ribo-
by Holger Stark and Marina Rodnina’sPhysical Biochemistry somes read the genetic blueprint for a protein encoded in
Department at the institute, as well as with external groups, the messenger RNA (mRNA) and translate it into a chain of
we seek to nd out how this complex machinery performs protein building blocks (amino acids), one per work cycle.
its function at the atomic level. Speci cally, we would like to  During each cycle, one amino acid is carried into the ribo-
know which molecular forces and conformational motions some by a transfer RNA (tRNA, yellow and green), which at its
cause which action, and how these are orchestrated? Or, opposite side — at the decoding center (near bottom) — pres
more speci cally, how precisely is the genetic code decoded ents its respective genetic code to the mRNA. Only the tRNA
and translated, what can nevertheless go wrong, and why? carrying the correct code is accepted, processed further, and
And how do antibiotic molecules actually block or reduce its amino acid is appended at the peptidyl transferase center
the ribosome’s ef ciency? (PTC) (further up in Fig. 1) to the growing nascent peptide
We address these questions using atomistically resolved chain, which leaves the ribosome through a long, winded,
computer simulations as our main tool, in which the motion and narrow exit tunnel (upper right). The process of trans-
of the millions of interacting atoms of which the ribosome is lation is regulated by several factors (for example EF-Tu, red)

-re ribosome is a macromolecular complex that pre composed are calculated from fundamental laws of physics.
d
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Fig.1: Anatomy of the bacterial
ribosome (adapted from [1]).

and involves cyclic binding of tRNAs into three speci c sites  Society, the GWDG, and the Leibniz Computer Center
on the ribosome (Fig. 1, labeled A, P, and E). The empty tRNA (Munich) for this purpose, our simulations of the ribosome
exits the ribosome through the exit site (Fig. 1, E-site). The take several weeks to months. Below, we will sketch some of
ribosome is reset for the next amino acid by shifting the the results we have obtained for the above questions.
A-site tRNA with the nascent peptide to the P-site.

Our molecular dynamics (MD) simulations of the ribo-  (a) Translational stalling mechanism in the presence of
some [1-3] pose signi cant numerical challenges, which the antibiotic erythromycin
can be tackled only by high-performance supercomputer Erythromycin is an antibiotic which binds inside the exit
facilities. They need to cover, for example, a wide range of tunnel of bacterial ribosomes and thereby can reduce their
length and time scales — from the size of the ribosome, which ef ciency or even block protein synthesis (stalling). One
is tens of nanometers (one nanometer is the millionth part might think that the mechanism is simple: Like a cork in
of a millimeter), down to motions as small as atomic bond a bottle, the erythromycin molecule blocks the exit for the
vibrations (~0.01 nanometers). To resolve these motions, the nascent peptide. However, it is not as simple: Stalling is
simulations need to proceed in tiny time steps (each about highly sequence speci ¢, and many sequences can pass
a femtosecond, which is the 1,000,000,000,000,000th part the blockage and exit the tunnel, some without loss in ef -
of a second, pretty short!). However, the simulations need to ciency. In contrast, several amino acids have been shown
cover at least part of the time span at which the much slower to be particularly vulnerable. For example, a lysine at posi
motions of the ribosome occur (between microseconds tion 11 (K11) of the ErmBL peptide causes severe stalling, for
and milliseconds). This is the second — and most limiting — unknown reasons.
challenge in our computational approach. Despite the In collaboration with the Protein Synthesis and Ribo
large computational resources provided by the Max Planck some Structure group of Daniel Wilson at the University of
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