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Following translation by single ribosomes
one codon at a time

Jin-Drer Wen', Laura Lancaster’, Courtney Hodges', Ana<Carolina Zeri®, Shige H. Yoshimura®, Harry F. Noller®,
Carlos Bustamante'* & lgnacio Tinoco Jr*

We have fallowed individual ribosomes as they translate single mestenger RNA hairpins tethered by the ends to optical
tweezers. Here we reveal that translation occurs through successive translocation-and-pause cycles. The distribution of

pawze lengths, with a median of 2.B 5, indicates that st least two rate-determining processes control each pause. Each
translocation stéep measures three bases—one codon—and ocars in bess than 015 Analysis of the times required for
translocation reveals, surprigsingly, that there are three substeps in each step. Pause lengths, and thus the overall rate of
translation, depend on the secondary structure of the mRMNA; the applied force destabilizes s econdary structure and
decreases paute durations, but does not affect tramslocation times. Translocation and RNA unwinding are strictly coupled

ribaz omal functions.

Curremt undersanding of the ribcsome and the machanimof Tans-
lation has been significantly strengthened and expanded by recem
advances in aysalography' ™ and ayo-dectron miaaseopy’ "~ The
ribomome undergnes several dynamdcal structural changes as it mowes
relagive to the mAMA and transfer RNAs during trandation®™ "
Kinetic experiments hawe given a quamitaive descripton of same
of these dynamics during the main steps of the elongaion cycle of
protein synihesis®. During dongaton, the secondary structures
presemt in all mANAs are disrapted to0 allow movement of the
mBEN A through the 308 subunit, and the reading of sach codan.
This task is aided by the mRN A helicase actvity of the ribosome that
has been localized to the downstream tunnel of the 308 subunit®.
Mareower, interactions of mRNA peeudoknots or hairpins with the
helicase region of the ribosame can shift the reading frame of the
mRN A w0 the —1 frame, and play an important role in ragulaing
gene expression in retrovirnses' 't

k is exremely difficult to follne the steps of riboso mes during
trandational &ongation using ensemble methods, because the
dymamics ofind ividual ribceomes are stachassic'™" and itis impos-
sinle 1o synchronize thar activity. Here, we hawe used aptcal twee-
zers 10 folkow the step -by-step translation of a single hairpin-farming
mAN A malecule bya single ribosome. This approach has allowed us
to characterize the dynamics of rivosome translation, measuring the
time the ribmome spends at each codon, the number of mRNA
nuclentides that move through the ribosome in sach translocation
step, and the time required per step. We have also desermined the
effacts of mA NA structure on sep size and rate, and hawe smdied the
effacts of internal Shine-Dhalgarno sequences™ on translation arrest.
These experimems provide a dynamic picture of the movemem ofa
messenger KN A through a ribosame.

In these experimenms, we ussd a single mAMNA hairpin with a ribo -
some stalled atthe &' end by amission of a required aminoacyl-1RNA;
the RRA was antachead 1o tvn micometresizad baads by RRA-DNA
handles Oine ofdhe haads was held on a micrapipette andtheather in
an optical map used 1o measure the changes in distance hetween the
beads {in nanometras) and the forces applisd %o the hairpin {in

piconewiomns) (Fig 1AFP™". Translaton i resumed at the single-
mabacule bevel by adding amixture continingthe required aminoa-
cyl-tANAs. During translation, the ribosome opens the hairpin as it
moves throngh the REAC thus, sach base tramsdocated requires the
breaking of a base pair, which corresponds to an increase in the end -
toeend distance of the mBENA by ahout | nm @ dhe forcesimeahed in
thess experiments {15-20p ™. Transkgion can thusbe followed in
real time by monitoring fese changss in distance

To esablish that translation ocourred in asingle molecule of KA
held in the optical tweezers apparatus, we used a 80-base-pair (bp)
hairpin that comains unique codons where the riosome can be
stallad [S3%hp see a in Fig. 1L The progress of mandation was
esublished by desermining the size of the residual hairpin, dirough
it mechanical unfolding [deuis pressnted in Supplementary
Information and Supplementary Fig ). To werify tha the change
inhairpin size was caused by astallad rivosome at the corresponding
positian on the hair pin, we floveed a ribosome -releasing mixu® oon -
taining puramyan (see Methods) imo the reaaction chamber. Aftera
fw minutes, the hairpin fully refolded. indicating that the rihoso me
hadbeen released Thess camral experimentsesablishad thatan RRA
duplex can be unwound by e ribo some astransdaton procesds, and
that a ribomme can be stably stallad on the KA ata chosen position.

Wealm translated the mBENA in bulkin theahsence of force (using
Ezchierichia coli 5100 empymes, sse Supplementary infarmation ). The
&0-bp S%hp mANA and its correspanding wild-type ribosomal &%
mARNA were mandated completely, but the hairpin KN A was trans-
lated approwimately 400 shovwer (see Supplementary Fig. 2. These
resl s shone that ribosomes can wanske bonghelices as used in our
experiments, even withowm the aid of force o unfold them

Fallowing translation in real time

Ta follow mansktion by single ribosomes in real time, we designad
another &0-bp hairpin consruct, WESGhp, whose first 1% codons in
the hairpin region enonde anly valine (Val ) and ghitamic acid (Glu ),
pracadad by two phenylalanine codons (Phe) w0 allow ribosome 2al-
ling (seebin Fig. 1) The hairpin with a riosome stallad @ dhe Phe
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MRNA construction

B RNA hairpin
o (60 or 274 bp) 3/
- - Digoxigenin
B0t ™ BNA-DNA hybrid (682 bp) RNA-DNA hybrid (919 bp) e
a S3hp
, 1 5 10 15 4 = iy

M G QKVHPNG GIZRLGTIVYVEKTPWNSTWFANTTE KTETFA ATDN
BEgEE-uauacalilifogucagaaaguacauccuaaugguaulegdeugGEUAUUGUARAACCAUGGAACUCUACCUGHUUUGCEAACACCAAAGAATUCGCUGAGRAS
CCAUAACAUUUUGGUACCUUGAGGUGGACCANACGCUUGUGGUUUCUURAGCGA

3)’

b VEG0hp

1 5 10 15 20 25 30
MGQNGHPNPWFFVVVVVVVVVVEEEEELFADN

5)‘
-auauacahcagaauggacauccuaauccaug@u IGGU

CACCAGCACCAACADCACCAACAUTCAUCAGCUCCUCCUUCUUCUCGAGARAGCGA

3!
¢ VE274hp

5’ Amino-acid sequence:
-auauac au-gguc agaauggacauccuaauccauggAACAAGCUGAGGAAUCAAACGUUCUUU 1 MGQNGHPNPWNKLRNQTFF
AAGUGGUAGUGGUCGUCGUGGUAGUCGUGGUGGUCGUUGUCGUGGUA 20 EEVVVVVVVVVVVVVVV
GAAGAGGAGGAAGAAGUGGUUGUUGUUGUCGUAGUUGUUGUGGUUGUCGUCGUGGUGGUC 37 EEEEEVVVVVVVVVVVVVVV
GRAAGAAGUGGUAGUUGUCGUUGUUGUCGUGGUUGUAGUAGUGGUCGUGGUC 57 EEVVVVVVVVVVVVVVV
GAAGAGGAGGAAGAAGUGGUUGUAGUGGUCGUAGUAGUGGUAGUGGUCGUAGUAGUGGUU 74 EEEEEVVVVVVVVVVVVVVV

GAAGAGGAGCGEGCCGCCGCCCUAGCEMMN complementary sequence) 94  EEERPPP-

QI



Force extension curve
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Codon by Codon translation
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Codon by Codon translation
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E2 GAAGAGGAGGAAGAAGUGGUUGUUGUUGUCGUAGUUGUUGUGGUUGUCGUCGUGGUGGUC V2
12p _130 140 150 : i 160
E3 GAAGAAGUGGUAGUUGUCGUUGUUGUCGUGGUUGUAGUAGUGGUCGUGGUC V3
170 180 _190 200 210 220
E4 GAAGAGGAGGAAGAAGUGGUUGUAGUGGUCGUAGUAGUGGUAGUGGUCGUAGUAGUGGUU V4

230 240 247
[1:V.Ye) Yele) Nelolelelalolclelalclolelaiisele |

ES5




Pauses and translocations
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Conclusions

* Translation occurs through successive translocation-and-pause cycles.

* The pauses consisting of at least two rate-determining processes control each
pause.

* Each translocation step measures one codon, possibly consisting three
substeps.

* Pause lengths, and thus the overall rate of translation, depend on the
secondary structure of the mRNA

* The applied force destabilizes secondary structure and decreases pause
durations, but does not affect translocation times.

* Translocation and RNA unwinding are strictly coupled ribosomal functions.



