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Single molecule force measurement for protein synthesis on the ribosome

gooooo
(Sotaro Uemura)
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0 Summaryd

The ribosome is a molecular machine that translates the ge-
netic code contained on the messenger RNA (mRNA) into
an amino acid sequence through repetitive cycles of transfer
RNA (tRNA) selection, peptide bond formation and translo-
cation. Here we demonstrate an optical tweezer assay to
measure the rupture force between a single ribosome com-
plex and mRNA. The rupture force was compared between
ribosome complexes assembled on an mMRNA with and with-
out a strong Shine-Dalgarno (SD) sequence. The removal of
the SD sequence significantly reduced the rupture force, in-
dicating that the SD interactions contribute significantly to the
stability of the ribosomal complex on the mRNA in a pre-
peptidyl transfer state. In contrast, the post-peptidyl transfer
state weakened the rupture force as compared to the com-
plex in a pre-peptidyl transfer state and it was the same for
both the SD-containing and SD-deficient mRNAs. The results
suggest that formation of the first peptide bond destabilizes
the SD interaction, resulting in the weakening of the force
with which the ribosome grips an mRNA. This might be an
important requirement to facilitate movement of the ribosome
along mRNA during the first translocation step.
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Figure 1 70S ribosome crystal structure.
The structure of the complete Thermus thermophilus 70S
ribosome was crystallized in a complex including the 30S subunit
(16S rRNA and small subunit proteins), 50S subunit (23S rRNA,
5S rRNA, and large subunit proteins), P- and E-site tRNA, and
solved by x-ray crystallography to a resolution of 5.5 A?.
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Figure 2 The elongation cycle, showing three-dimensional positions of

tRNAs and elongation factors, as obtained by cryoelectron
microscopy technique, overlaid on the 1.5-nm resolution map
of the Escherichia coli 70S ribosome®.
Top: tRNA positions in the pretranslocational state. The
aminoacyl-tRNA (pink) is present in the A site and peptidyl-tRNA
(green), carrying a growing polypeptide chain, in the P site. Right:
Posttranslocational state. After peptide bond formation, A- (pink)
and P- (green) site tRNAs have moved to P (green) and E
(yellow) sites, respectively, in an EF-G-dependent translocation
reaction. EF-G (purple) momentarily interacts with ribosome to
facilitate the translocation reaction. Bottom: Posttranslocational
state with tRNAs occupying P and E sites. EF-G has been
released, after GTP hydrolysis in GDP form, to vacate the
overlapping binding site for the next ternary complex. Left: At
this stage, a new aminoacyl-tRNA (grey, then pink) enters into
the cycle in the form of a ternary complex with EF-Tu (red) and
GTP, and binds to the ribosome.
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Figure 3 Experimental designs for rupture force measurements on the
ribosome.
(a) The molecular attachments within the mRNA-ribosome-bead
complex. Ribosomal particles were assembled on a short mRNA
tethered to the surface via biotin-streptavidin linkage. A
digoxigenin-modified oligonucleotide was designed to hybridize
to an rRNA loop extension on the small ribosomal subunit. A
bead coated with anti-digoxigenin antibody was conjugated to
the oligonucleotide and used for optical trapping of the ribosomal
complex. (b) The tethered ribosome-bead complex fluctuates
around the point of surface attachment. (c) Optical tweezers are
used to trap the bead. (d) As the stage with the attached
ribosome-bead complex is moved in one direction, the force
exerted on the complex increases and the bead becomes
displaced. (e) Eventually the external force becomes sufficient
to rupture the complex, and the bead returns to the trap center
position.
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Figure 4 Examples showing the behavior of the bead.

(a) The position of tethered beads fluctuates around the tether
center. Once the bead is trapped by the optical tweezers, its
fluctuations become suppressed as indicated. As the bead starts
to follow the stage movement, the force exerted on the complex
increases. When the ribosome complex gets ruptured, the bead
returns to the trapping center. (b) Control measurement for
ribosomes covalently crosslinked to cysteine-reactive surface.
No rupture events were observed within our measurement range.
(c) Control measurement for a biotinylated RNA oligonucleotide
designed to mimic the extension in the 16S rRNA. The RNA
oligonucleotide was attached to streptavidin-derivatized surface
and hybridized with the DNA oligonucleotide-bead conjugate.
No rupture events were observed.
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Figure 5 Rupture force distributions for ribosome complexes assembled
on mRNAs containing (a-e) or lacking (f-i) the SD sequence.
All complexes were assembled in 5 mM Mg?#. (a, f) Ribosome-
mRNA complex without tRNAs. No tethered beads were
observed in the absence of the SD sequence (f), indicating that
the complex was too unstable for a force measurement under
these conditions. (b, g) Ribosome-mRNA complex carrying
deacylated tRNA™et in the P site. (c, h) Ribosome-mRNA
complex with tRNA™¢t in the P site and Phe-tRNAP"™ in the A
site. (d, i) Ribosome-mRNA complex with tRNA™¢t in the P site
and N-acetyl-Phe-tRNAP" in the A site. (e) Ribosome-mRNA
complex after ribosome-catalyzed peptide bond formation. The
complex was assembled with fMet-tRNA™¢t in the P site and Phe-
tRNAP" in the A site, and incubated for 20 min to allow for
peptidyl transfer.
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Figure 6 Verification of tRNA occupancy on ribosomal complexes using
fluorescence. Ribosomal complexes were assembled on the
surface and fluorescence was monitored upon 532 nm excitation
just prior to force measurement. (a) Ribosomes with vacant A
site, showing only fluorescence from Cy3-labeled tRNA™et in the
P site. Single step photobleaching of fluorescence indicates
single tRNA occupancy. (b) Ribosomes showing FRET due to
the presence of Cy3 labeled tRNA™et in the P site and Cy5-
labeled Phe-tRNAP in the A site.
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1)0 LeBel, C. P., Ishchiropoulos, H. & Bondy, Chem. Res. Toxicol., 1992,
5,227-231.

2)0 Naoki Umezawa, Yasuteru Urano, Kazuya Kikuchi, Tsunehiko Higuchi
and Tetsuo Nagano, J. Am. Chem. Soc., 2001, 123, 2530-2536.

3)0 Bo Song, Guilan Wang and Jingli Yuan, Chem. Commun., 2005, 3553
— 3555.

4)0 Bo Song, Guilan Wang, Minggian Tan and Jingli Yuan, J. Am. chem.
Soc., 2006, 128, 13442-13450.
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Amino-EGs-undecanethiol, hydrochloride
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1) C. Pale-Grosdemange, E. S. Simon, K. L. Prime and G. M. Whitesides,
Anal. Chem., 1999, 71, 777-790.

2) M. Kyo, K.Usui-Aoki, H. Koga, Anal. Chem., 2005, 77, 7115-7121.

3) G. B. Sigal, M. Mrksich and G. M. Whitesides, J. Am. Chem. Soc., 1998,
120, 3464-3473.

4) Y. Li, H. J. Lee and R. M. Corn, Nucl. Acids Res. 2006, 34, 6416-6424.

5)00 00,00 O, Dojin News, 2005, 113, 1-8.
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