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Probing complex RNA structures by mechanical force
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RNA secondary structures of increasing complexity are ML M2 M3 Stage displacement (piezo) —>
probed combining single molecule stretching experiments QTR : /
and stochastic unfolding/refolding simulations. We find that > . 2;‘: cHe dsDNA dsDNA
force-induced unfolding pathways cannot usually be inter- N S H: ¢He

pretated by solely invoking successive openings of nativesh } He o3 e

lices. Indeed, typical force-extension responses of conex ‘B sHe  oHX Eg

RNA molecules are largely shaped by stretching-induced, o1 PO R = (A D

long-lived intermediates including non-native helices. Tis B D e CHL R without RNA

is first shown for a set of generic structural motifs found in He Qe He g2 insert

larger RNA structures, and then for Escherichia coli’s 1540- KO- & = 3 10l

base long 16S ribosomal RNA, which exhibits a surprisingly ° He M 2

well-structured and reproducible unfolding pathway under $He  He o0 1500

o
o}

mechanical stretching. Using out-of-equilibrium stochas A Stage displacement (nm)
tic simulations, we demonstrate that these experimental re
sults reflect the slow relaxation of RNA structural rearrange-  FIG. 1: The three structural motifs with the schematic setup (see M
ments. Hence, micromanipulations of single RNA molecules terials and Methods) and a force-extension curve of two ligated pUC!
probe both their native structures and long-lived intermed-  in the absence of RNA insert.
ates, so-called “kinetic traps”, thereby capturing —at thesin-
gle molecular level— the hallmark of RNA folding/unfolding ~ minutes)[1k[1B]. Hence, under typical pulling rates.(full extension
dynamics. within a few seconds), most stretching experiments likely occur undt
out-of-equilibrium conditions and should exhibit unfolding/refolding
Keywords: RNA folding/unfolding; Single molecule experiments; hysteresis curves.
Stochastic simulations; Non-native helices and kinetic traps; 16S ri- To study the full potential and limitations of these micromechanica
bosomal RNA. techniques so as to probe complex RNA structures, we have combir
single RNA molecule stretching experiments and out-of-equilibriun
. stochastic simulations. Three small artificial structuidg, M2 and
Introduction M3 (Fig 1), representing prototypes for the main structural module
Recent developments of micromechanical experiments on singlef larger RNA secondary structures, were first designed and stirdied
biomolecules have provided structural insights into alternative strucdetails. The mechanical responsecofcoli's 1540-base long 16S ribo-
tures of DNA{L,[R[BI}1 and mechanical properties of prot]3[f]6, somal RNA was then studied using the same experimental setup an
In principle, such techniques could also provide new tools to probgomewhat simplified numerical approach. The generic structural m
RNA structures which remain by and large refractory to many crysdifs M1, M2 andM3, correspond to three different arrangements of tw
tallization schemes. However, this prospect requires one to relate md5 base pair long helices consisting almost exclusively of either GC
chanically induced unfolding pathways to RNA structural features. Al-AU base pairs, Fig IM1 corresponds to two adjacent stem-loops with
though it could be done successfully for small RNA structures by solelyespect to the external single strand joining the molecule ends. By cc
invoking successive openings of native heIiﬂes[S], probing mone-co trast,M2 andM3 present the same nested organisation with either th
plex RNA structures by mechanical force is expected to involve nonstrong (GC) helix or the weaker (AU) helix connected to the externg
native structural rearrangements of the initial secondary structune up single strand.
stretchingﬂamoljl]. Local rearrangements, such as the formation  The 5’ and 3’ ends of either these small RNA motifsEr coli's
simple stem-loops, occur quite fast 1 ms) under low pulling force  16S rRNA were hybridized to two pUC19 dsDNA extensions labelled
(or in the absence of force) and the number of possible hairpins (withespectively, with biotin and digoxygenin (see Materials and Methods
small loop) is proportional to the length of stretched region of theThe force-extension experiments were then done by grafting the en
RNA molecule. Thus, alternative hairpins, not present on the initialof these extended molecular constructs between the antidigoxygel
structure, should inevitably form under partial stretching of long RNA coated glass surface of a capillary and a micrometer size silica be
molecules €.g, > 1000 nucleotides). Conversely, more global rear- coated with strepavidin. The capillary was moved by a piezo-electr
rangements, which involve the coordonated removal and formation aftage (50 to 300 nm/s) and the resulting force exerted by the molect
different sets of helices, might occur much more slowlyg( afterafew  on to the bead was measured with an optical tweezer.

Results
*Corresponding author: robert@fresnel.u-strasbg.fr Single molecule stretching experiments of small RNA motifs
TCorresponding author: herve.isambert@curie.fr  On leavénfstitut Curie, When structural motif$11, M2 or M3 are inserted in the molecular

Section de Recherche, 11 rue P. & M. Curie, 75005 Paris, Eranc construct, one or two force drops occur on the force-extensioregurv
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-% FIG. 3: Interpretation of the experimental unfolding/refolding hystere
=20 sis for the structural motif M3 (see text). Regions under tension al
% drawn on a circle for convenienge[19].
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results can be simply attributed to the first opening of the weak (AU

® helix followed by the stronger (GC) helix at a higher applied force
o f : . . -

5 Indeed, the applied tension being uniformly distributed along the e
L

ternal single strand joining the molecules ends, the weaker (AU) hel
is expected to break first o2, while it should certainly do so by
construction orM1. Besides, by calibrating the stiffness of the optical
Stage displacement (nm) trap, both force drops on these curves can be converted into a distal
released by the molecule, taking into account the angular inclinatic
FIG. 2: A Histogram of the measured rupture forces for the three strucef the setup (30to 4C°). This corresponds to the expected 20 nm in
tural motifs (3pN bins).B Experimental force-extension curves of the both cases. Substracting the net free-energy contribution stored in |1
three structural motifs. Note hysteresis between unfolding (black) andtretched single strarﬁllS], we find in term of pairing energy, aroun
refolding curves (color)C Corresponding stochastic simulations. The 1.7 kT/bp for AU and 3 kT/bp for GC, in good agreement with known
mechanical stiffness of the optical tweezer and the wormlike chain elasparametermfi]. By contrast fdf3, the strong (GC) helix shields the
ticity of the pUC19 dsDNA extensions (which curves the experimentaweaker (AU) stem from the applied force and no significant unzippin
force-extension slope at low stretching force) are combined for simis observed until the whole molecule suddenly unfolds at the critics
plicity into an effective stiffness with a slop fitted on the experimentalforce to break GC stacking base pairs.
curves (0.1 pN/nm).

The refolding curves foM1 (blue) andM2 (red) show most often a
small hysteresis below the force drop associated with the strong (G
Fig 2. A histogram of the rupture force and a set of unfolding and re-stem’s opening. Fdvi2, a second small refolding hysteresis occurs als
folding force-extension curves are shown for each motif on Fig 2A andsually below the force drop associated with the weaker (AU) stem
Fig 2B. For each set, variations between force-extension curves coppening. By contrast, a much stronger hysteresis is systematically
respond to stochastic fluctuations between either successive stretchingsrved forM3 (magenta), even at the lowest loading rate achievec
on the same molecule or different experiments on equivalent moleculeg pN/s. Moreover, in this case, the refolding event around 10 pN do«
A comparison of the different rupture force histograms and the cornot usually fold back onto the initial stretching curve. This suggest
responding unfolding curves (black on Fig 2B) shows thHdt and  that the stretching oM3 involves long-lived intermediate structures
M2 present very similar unfolding responses with two sequential dropincluding non-native helices (see Fig 3 and next section on stochas
or inflexion regions around 1% 3 pN and 22+ 3 pN, whereasvi3 simulations of small RNA motifs). Still, all three molecules eventually
presents a single and larger force drop at about ZpN. These values fold back in their initial native structure after a few seconds, as show
are in very good agreement with ref]14] although these latter experiby the reproducibility of force extension curves in successive pulls
ments concern the opening of DNA hairpins. Bt andM2, these  the same molecule.



Stochastic unfolding/refolding simulations of small RNA motifs 20 ‘ ‘

We have performed stochastic simulations of these out-of-
equilibrium unfolding/refolding experiments for the shbtt, M2 and
M3 structural motifs. The heart of the numerical method, following the
approach detailed iHjl.?], consists in simulating the stochastic unfold- - 15
ing and refolding of helices not only present on the initial RNA struc-
ture but also forll other heliceswvhich can possibly pair on the RNA
sequence of interest (see also RKikefoldserver ahttp://kinefold.u-
strasbg.fr ). Common pseudoknots (i.e., helices interior to loops) 10 L
are also allowed following the structural modeling approach proposed
in[ﬁ]. In addition, the region of the RNA structure undkrect me-
chanical tension (corresponding to the “on-net” backbonEIin[l?]) is
modelled as an inextensible wormlike chain with a 1.5 nm persistence
Iengthﬂt] and 0.7 nm/base contour Ien@[lB]. Stretching is induced 5
by a slowly varying rigid constraint on the end-to-end distance of the
RNA-dsDNA-tweezer construct (rate 300 nm/s int 2 nm steps). It Extension (nm)
is also important to take into account the acquisition rate (300 Hz) and
to model the statics and dynamics of the optical tweezer trap, althoughIG. 4: Experimental unfolding dEscherichia cols 1540-base long
time scale separation allows to consider that the micromechanical sety®S ribosomal RNA by mechanical stretching (rate 300nm/s). Colol
responds to a slow time average of the fast RNA dynamics, which coreorrespond to successive stretching rounds ofstireemolecule (re-
responds to stochastic closing and opening of single he@es[l?]. Tplding hysteresis are not shown for clarity). An increasing maximun
avoid overfitting with non essential parameters, we have simply modextension was applied at successive stretching/refolding roundsitb av
elled the trapped bead and the two dsDNA extensions of the construetarly breakage by overstretching. As a result, the RNA molecule w:
as an ideal spring with a slow viscous relaxation time (1 ms) and amot entirely unfolded until the sixth stretching/refolding round. Force
effective stiffness (typically 0.1 pN/nm) fitted on the individual force extension curves are slightly shifted vertically and horizontally to be:
extension curves. display the overall reproducibility between successive extensions. Tl

The simulated force-extension responses forhtle M2 and M3 mechanical unfolding over the full extension range of the molecul
motifs (Fig 2C) are in good agreement with the unfolding and refoldingpresents a characteristic unfolding plateau between 11 and 15pN. T
experimental results (Fig 2B). In particular, they allow for the identi- is the mechanical unfolding signaturemfcoli's 16S rRNA. The brown
fication of likely intermediate structures involved in the refolding hys- curve (bottom) corresponds to the average of the colored curves.abo
teresis, which primarily correspond to the formation of two non-native
helices originating from each strand of the strong (GC) helix, Fig 3.
The transition from these alternative helices back to the strong initiab
(GC)_stem is facilitated under high external force, her_l(_:e the small hyS(:,ompletely by continuous adjustments to the applied constraint, assu
teresis forM1 and M2. By contrast forM3, the transition can only . : P L .

. ing that quasi-equilibrium stretching is achieved.
occur at a lower force after the weak (AU) stem has refolded and is, - . . .
) . To investigate this issue and test whether large structures of biolo

therefore, slower, as observed experimentally. Note, the smalllexpericaII relevant RNA molecules are also amenable fo converaent st
mental differences in the hysteresis responsdd bindM2 are well Y u 9 .

reproduced on their simulated force-extension curves, suggesting thlggs in both single molecule experiments and stochastic simulations, \
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er stretching should ultimately smooth out the observed characterist

elementary unfolding/refolding events are reliably captured by thes ecided to StUdY the mechanical unfoldingisicherichia cols 1540-
stochastic simulations devised to probe RNA molecular dynamics o ase long 16S ribosomal RNA.
second to minute time scales. It should be emphasized that such logngle molecule stretching experiments of. coli 16S rRNA
time scale simulations could not be achieved for other molecules, such The force-induced stretching d. coli 16S ribosomal RNA was
as proteins, for which elementary unfolding/refolding transitions arestudied using a similar molecular construct and micromechanical set
not so easily defined and also much more frequent. For instance, ttas for the stretching of the small structural moduiés, M2 andM3
best molecular dynamic simulations of proteins are currently limited to/see Materials and Methods). No ribosomal proteins which associe
around 100 n@O]. to 16S rRNA to form the 30S subu21] of the ribosoE’e[ZZ] were in:

The force-induced unfolding of these three generic structural moeluded for these stretching experiments. As the piezo stage is displac
tifs M1, M2 and M3, reveals the potential and limitations of single the force begins to rise due to the elastic response of the DNA ha
molecule experiments to probe the main folded features of more condles. The results on Figs 4-5 show a well-structured and reproducik
plex RNA structures. The comparison betweéd and M3’s force- unfolding pathway under mechanical stretching, in about 50% of th
extension responses illustrates that the order of helix stability along tested constructs for which more than two unfolding/refolding round
single secondary structure branch can be readily identified, while theould be performed before molecular breakage. In these casdsi@ota
bifurcation arrangements of helices or the presence of multibranchegtretching curves), & 1 pm-long quasi plateau is observed around 11.
loops are not so easily distinguished from single branches with ind5 pN, with force fluctuation amplitude of about 20%. This signal is th
creasing helix stability (as iM1 versusM2). Moreover, the formation  signature of 16S rRNA unfolding by mechanical force. Other stretct
of non-native rearrangements under stretching likely affects theforc ing curves exhibit somewhat more erratic behaviors, presumably d
extension responses of most RNA structures (ad/fdy. to non-specific interactions of the construct with the glass surface

In this context, combining experimental and numerical approachethe capillary (data not shown) Extension beyond the unfolding plates
to study RNA mechanical unfolding pathways seems promising insofagorresponds to the combined elastic response of the dsDNA hand
as transient structural rearrangements (under stretching) araildiffic ~ and the opened ssRNA molecule. Most refolding curves exhibit stror
probe with traditional chemical or enzymatic techniques. hysteresis depending on stage velocity (50-300 nm/s).

On the other hand, for long RNA molecules (e.3.1000 bases), We have quantitatively evaluated the statistical reproducibility o
it has been argueﬂ[i[llm 11] that such structural rearrangements unfolding curves between successive stretchings of stume 16S
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FIG. 5: Reproducibility of the experimental unfolding Bf coli 16S
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molecule (Fig 4) and betweendependentnfolding curves frondif-
ferent 16S molecules (Fig 5)i.e., differentsample preparations and
differentmicromechanical experiments). The analysis is based on t
calculation of Spearman nonparametric correlation coefficie :

rs = SN (R — R)(S: — 5)/(ZN(R: — R)?=N (S; — §)%)Y/2, where
R;, Rands;, S are chosen as the rank-ordedaviationsand averages
from themedian line fitof the unfolding plateaux (Fig 6). Sucblative
Spearman correlation coefficient is much more sensitive to the speci
unfolding signals, as compared to thiesoluteSpearman correlation of
the actual unfolding curves which yields higher, yet less discriminatin
correlation coefficients (see Fig 6 for details).

In the context of comparing 16S unfolding curves, we found tha
this relative Spearman correlation coefficients correspond to goed c
relations above 50% and excellent ones above 70%, While<15%
reflects little or no correlation between unfolding pathways irrespec
tive of the overall inclination of their unfolding plateaux. Stochastic
reproducibility between successive stretchings of shmemolecule
is remarkably high#;=75+4.6%, Fig 4) and still quite good between

ribosomal RNA under mechanical stretching (rate 50-300nm/s). Colunfolding curves oflifferent16S RNA ¢,=53+9.1%, Fig 5) despites

ors correspond to stretching responsegifiérent16S molecules taken
from independensample preparations amtlependenmicromechan-

inherent variations betweedlifferent sample preparations ardiffer-
ent micromechanical experiments. For instance, correlation betwe

ical experiments (refolding hysteresis are not shown for clarity). Thd"dependengreen and red unfolding curves on Fig 6 is=60.5%,

force-extension curves have been shifted vertically and horizontally t
best display the overall reproducibility between these independent me
surements. The black curve (bottom) corresponds to the average of ths

four colored curves above.
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FIG. 6: Statistical comparison of stretching respongesTwo inde-
pendentunfolding curves of 16S rRNA with different sampling rates
(green and red curves from Fig 3: Extraction of unfolding plateau

signals from the overall non-specific stretching curves and unifornb
smoothing (N=300 regularly sampled points). This enhances correla-
tion sensitivity to the specific unfolding signatures around the media

line fits (.e., line minimizing absolute deviatio 3]C: Deviations
from the median line fits are used to calcule tékative Spearman cor-
relation coefficients [R3] between unfolding curves (see text). In the

example showny;,=60.5% which corresponds to a very good correla-
tion between the two experimental deviations relative to the median lin

fits. Evaluating, insteacbsolutecorrelations between actual unfolding
responses (above curves) yields an even laygtiess discriminating
Spearman coefficient,;=90%, due to the small positive slopes of both
unfolding plateaux.

yvhile the correlation distributions of alhdependenturves of Fig 5

fcolors) with theiraverageunfolding response (black) is even higher:
=70+4.7%. See Table 1 for further correlation data and quantitativ
comparison with stochastic simulations.

Before discussing the stochastic unfolding/refolding simulations c
16S rRNA, we want to emphasize that force fluctuations from th
plateau median line cannot be attributed to dehybridization of the DN,
handles for the following reasong:we never recorded such signals on
simple pUC19 dimer without RNA insert (see Fig 1 inset).experi-
ments done by other groups with the same infrared laser power ha
preserved nucleic acids’ integriﬂ/[ﬂ24]lii) recalling that we pull
on opposite DNA strands, the average force magnitude at which tl
plateau appears is too low to originate from DNA denaturaﬂcﬂ, 2,3
Moreover, no torque is applied on the molecules using our optic:
tweezerﬂ4]. In addition, experimental force fluctuations cannotecorr
spond to the unzipping of a long structureless double stranded RN
molecules; an analysis based on G+C contents as iﬂef.[?_S] does |
account for the experimental signal, nor does a thermal equilibrium e
ergy calculations.

Stochastic unfolding/refolding simulations of 16S ribosomal RNA
The unrestricted stochastic simulations discussed above to model
mechanical unfolding and refolding of small structural motifs are nu
merically unpractical in the case of much larger RNA structures lik
those of ribosomal RNAs. Hence, we have made the following thre
additional assumptions to study the force-induced stretchiig obli's
1540-base long 16S ribosomal RNAtheinitial structure before me-
chanical stretching is assumed known from independent souii}es;
nfolding and (re)folding dynamics is restricted to the formed helice
underdirect mechanical tensioandto all potential helices that would

n ; .
be underirect tension once formed. Hence, large scale structural re

arrangements can only originate and propagate from helices direc
coupled to the applied mechanical tension, as expected under strc
stretching conditiondiji) For each intermediate structure along the un.
folding pathway, the actual base pair extent of each helix under dire

fension imot globally optimizedo best fit the end-to-end molecular ex-

tension imposed by the mechanical setup (this would become expon
tially difficult in the number of such helices). Instead, a local heuristic
extending the most stable base pair stacks and shrinking the weak
helix ends is used iteratively to minimize free energy. This approacl

which yields a linear optimization in the number of helices under direc
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FIG.7: Simulated force-extension responsekofoli's 16S rRNA starting from the known native struct@[@, 26] (left) &nodh a low energy
control structure (right). Two stretching curves are plotted for eachlaiion conditions (various colors) to illustrate reproducibility.
Cross-correlations between unfolding curves in each simulation corsldioth quantitative comparison with experiments are presented in Tabl
Red curves (see below) for the native structure (left) resemble russly the experimental curves (brown from Fig 4 and black from Fig 5)
also plotted for comparison.

(Green): the stochastic simulation is restricted to the sole helices formed on the initielis assuming, in addition, that those cannot refold
once broken (78 helices for the native structure; 86 helices for theatatructure).

(Blue): the initial helices and some 1,500 additional stems longer than 3bp atairiag the most stable stack (5'-GC/GC-3’) can form and
break stochastically during stretching.

(Magenta): all additional helices longer than 3bp and stronger than 15kT are alkwled; total: 6,500 helices.

(Red): all additional helices longer than 3bp and stronger than 10kT are afsidered; total: 18,000 helices. The lowest red curve correspond
to the average of four independent stretching simulations starting eitmettifie native structure (left) or the control structure (right).

S ) 16S rRNA, we simulated the force-induced unfolding pathway
tension, is usually very good as long as there are few mutually incomgtarting either from the known native secondary structure insic

patible helices competing for the same bases, a typical situation undgse ribosom@l,DZZ] or from a low free-energy structure pre
strong mechanical stretching. Overall, we found that these restrictegicted by mfold, referred at, hereafter, as the “control structure
stochastic simulations give virtually identical results for the srill (http://bioinfo.math.rpi.edu/~mfold/). The comparison between the
M2 andM3 motifs (results not shown). force-extension responses of these two structures was primarily i

Adopting this heuristic numerical approach for the bé&recoli tended to probe the stochastic simulation’s sensitivity to the initie



TABLE I: Statistical correlations between 16S rRNA mechanical resgonsder stretching. Spearman correlation coefficie;{@] are given
between the deviations from the median line fits of the unfolding plateauxdseand Fig 6). Statistics are made from: 4 to 10 unfolding curve
for each of the 4 stochastic simulation conditioAs §ee text and Fig 7jndependenexperiments on dlifferent16S rRNA moleculesE, from

Fig 5); and 6 successive stretchings fromshenel6S molecule@, from Fig 4). Curves are compared both between each other withinsea¢to
evaluate “stochastic reproducibility”) and with the experiment averagorese (black curve on Fig 7).

16S rRNA unfolding response Stochastic reproducibility Comparison with experiment average(black)
Deviation from median line Ensemble cross-correlation (me#rstd dev.) Correlation distribution (meatt std dev.)

A Simulations including: Native structure Control structure Native structure Control structure
~ 80 initial helices green 20£ 21 % 20 £ 20 % 23+ 32 % 12 £ 12 %
1,500 helicesncl. 5GC/GC3’  (blue) 22 £ 28 % 48 + 21 % 31+ 30 % -1.7 £ 85 %
6,500 helices>15kT, 3bp  (hagenta 12 + 22 % 27 £ 12 % 21 £ 17 % 14 + 8.6 %
18,000 helices>10KT, 3bp (ed) 57 + 3.8 % 15 + 10 % 47 + 8.8 % 72+ 12 %
simulation average réd) NA NA 55 % -1.1 %
B Experiments on differentmolecules 53+ 9.1 % 70 £ 4.7 %
experiment average black NA 100 % (reference)
C Experimentson thesamemolecule 75+ 46 % 71+ 47 %
experiment average bfown) NA 75 %

structure. In both cases, the role of helices not initially formed on theand magenta curves for simulations starting from the native structure
starting structure was studied, by allowing a variable number of he-
lices to form and break during different stochastic simulations. The _. . .
P ._._Fig 8 compares more closely a simulated force-extension response
results in Fig 7 and Table 1 show that a reasonable agreement exi Je known native structure (red) and an experimental stretching cur
between the experimental measurements (black and brown cunees) al P 9

the simulated force-extension responses starting from the known nati colﬁrzll(; .tioAr?il)ne,fﬁ(c;)i?nfIarzpa:f)g\l/seu(ﬂe?ronggoa/n)ssot?oin(Ij CS?JCUE‘;ItOtE;ftLheEI
structure, wherll helices longer than 3bp and more stable than 10kT ity gy sugg

(i.e., 6 kcal/mol) are included priori in the simulations (red curves). experimentally probed structure shares, indeed, more structuraidea

This demonstrates that some of these 18.000 different non-native hg/ith the actual native structure than with the control structure (Fig 7
’ Ih spite of the absence of ribosomal proteins in these single molect

lices play a significant structural role along the unfolding pathway'stretching experiments @&. coli's 16S rRNA. Analysing the unfolding
More quantitatively, cross-correlations amonsgt 4 independent simu-

lated stretching curves.€., about 3 weeks of CPU on a 1.2GHz PC) fnzﬂ:]waég;égg LZ?OSI;%Ulaésg;g(z;erfgnz'r?gir':est%o;;reuri\’f%?(l:z;z?;
reveal a good stochastic reproducibility in these simulations startin% th P d 'tr? lated t mp ti 9 rup f | ‘
from the native structure and including about 18,000 possible helices '€ '€ .curve) are either related to tabperalive opening ot severa
rs=57+ 3.8%. This is comparable to observed variations between ex['at've helicegas in the unfolding oM3) or to thesimultaneous rear-

perimental unfolding curves (see Table 1). Then comparing these indlr_angements of mainly non-native helideading to a stepwise increase

vidual simulations with the experiment average curve (black curve or?f the predicted extension of the molecule along the direction of pullin

Fig 5 from 4 independent experiments), we obtain a significative COrre_wolet curve). This is illustrated with 12 successive snapshots of inte

lation coefficient:r,=47+8.8%, while correlating the experiment aver- mediate structures along the stretching-induced unfolding pathway.

age (black) directly to the simulation average clearly reflects commorﬁjartlcmar‘ the 3 major|(1) and 3 minor (V) domains are shown to .
features between the experimental response and the simulated unfot%f-e ak da.mtd pz;rilalélly reﬁlrratrllge;;[jthe gtart Oft.tr:le str?tfglr&gbpltateau (
ing pathway curve sarting from the natve stucture=o5%. Inad- (TECRZE LD BN T OERRERID NTEED SRR
dition, restricting simulations to the 6,500 possible helices longer thart1IVe and non-native hélices have been g eyned under stretching (int
3bp and stronger than 15kT (magenta curves) or including even fewer P 9

helices (blue and green curves), produces marked differencéiseon mediate 11). Finally, the central domalh)(exhibits a more distributed

simulated stretching curves (Table 1 shows lower averages and IarggnfOIdIng fate which extends from intermediates 1 to 10. Hence, m

standard deviations for the simulation stochastic reproducibility and fo?l[]an.'cal bfe"’?k'”g of th‘? hative structure does occur thr_ough suc-
. ) ; . essive openings of entire native domains. Instead, native helices c
the correlations with experimental response). By contrast, equwaleq :

stochastic simulations starting from the control structure (Fig 7) presenglgu;e trzfgls;(r::i?]re ;@?fﬁixréﬁﬁ,rg:gefggg Fjglr?-lr?;t?\?g lﬁiﬂggggg?
clearly distinct results from experimental observatiores, |rs| <15% PS, 9 9 )

(even for a large number of possible helices included in the simulaStance, this is the case for the recorded signal between intermediate

tions). The fact that the stochastic reproducibility of these control sim-‘;1 ng-igt;,\\/lzIEZI:ielgrgeegvg:rl:Sle(;jk'tr)ya?écfsel‘:?\(/c?orriagsan?neamgmz 2];]\(’1\'('

ulations happens to decrease with the number of possible helices taken - . P gente
urves for the native structure on Fig 7 and experimental and simulat

into account (Table 1) reflects the concomitant decrease of specific ucurves on Fig 8). In retrospect and more generally, these results t
folding signal relative to the median line fit of the plateau (Fig 7). A de_derline the gssible itfaIIsFi)n attemptin t(? assi nyé ecific structur:
creasing signal over noise ratio naturally leads to a lower reproducibil; P P pling gn sp ‘

ity of the simulated curves. The same trend is also visible between blufeeatures of large RNA molecules by studying the mechanical unfoldin

of their independently folded domains separately.
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FIG. 8: Comparison between simulated force-extension respomsdli@known native structurE[IZEl 26] (red) and an experimental bingtc
curve (black) ofE. coli's 1540-base long 16S ribosomal RNA. Spearmann correlation cieeffion this example:;=61%. The simulated
end-to-end molecular extension of the 16S rRNA is also plotted (violet)lvBmetermediates on the simulated unfolding pathway are drawn
starting with the known native structure. Single stranded regions undgotesire not drawn for convenience, hence the overall decreazag s
of the structure under stretching.

an extension rate twice as fast or twice as slow did not significantl

. . modify the force-extension curves (data not shown). In retrosphest,
Discussion restricted set of unfolding pathways and their relative insensitivity to th
precise values of external parameters also explain why we could sim
We have measured the force range to unfold RNA secondary strugate these force-induced unfolding pathways starting from a given se
tures by mechanical stretching experiments. It extends from 10 pN fopngary structure, while predicting such 1540-nucleotide initial structur

AU rich to 25 pN for GC rich regions in agreement with intermediate 5 priori is still beyond the current limitations of secondary structure
values reported for intermediate G+C contents. We also showed th@tegiction algorithms.

non-native rearrangements have a large influence on force-exiens
measurements of complex RNA structures, as in the cage obli's
16S rRNA presented here.

Despite clear similarities, the agreement between simulated and e
perimental force-extension responses in Fig 8 is uneven. In faét, va
ations between predicted (red) and measured (black) curves might
Interestingly, this force-induced unfolding process of the bare 164lect real differences between the probed structure and the actual |

rRNA's domains seems to mirror, only in reverse order, the predarina tive Secondary structure inside the ribosomf2}., 22] used here as
5' to 3’ polarity of thein vitro assembly of 16S rRNA into 30S ribo- intial structure in the simulations. In particular, deviations at the begir
somal subunit@?]. From a more general perspective, the high-rep Ning of the stretching plateau might originate from alternative base pe
ducibility of the mechanical unfolding curves shown hezey( Figs 4-  (ré)folding of the 3" major domainii{ ) due to the absence of essential
5) sharply contrasts with the multiple folding and misfolding pathways'iPosomal proteinse(.g, as s7[2B)) and My ions. Moreover, the rel-

usually experienced by RNA molecules of this size during thermal re&tively short time scales (few seconds) of these stretching-induced L
naturation. This reflects the fact that unfolding/refolding pathways unfolding/refolding experiments might not be sufficiently long to let 16S
der mechanical constraint solely explore a restricted number of podRNA find its lowest free energy structure between successive pulls.
sible intermediate structures, as compared to unconstrained denatura-These results illustrate what should be expected, in general, wh
tion/renaturation folding experiments. In other words, single moleculeRNA secondary structures are probed by mechanical force. Sltreng

unfolding and refolding experiments under mechanical control probédices resist until their breaking exposes weaker regions, which are u
particular, well-defined pathways due to the slowly varying externalable to withstand such high forces. This leads to the unfolding of
constraint applied onto the ends of the RNA molecule. In additionsignificant domain with a concomitant force drop. A fraction of the
we found that the overall unfolding curves did not critically depend onunpaired bases then typically reform different helices, which compel
the rate of pulling used (typically 300 nm/s); for instance, imposingsate,in part, for the sudden relaxation of the mechanical tension. Ye!



force-extension responses ai@ completelysmoothed out, as initially digoxygenin
suspectetﬂgﬂcﬂll], by these local rearrangements. Instegdethe , Pst 1 ,
veal the slow dynamics of large scale cooperative changes in complex ° “‘GAUQACCUCCUUAGAUGACACTATCTACM ¥
RNA structures. Tertiary interactions, likely marginal here due to the ¥ eeL e Gl G Al 5
absence of Mg ions, are expected to strengthen the unfolding coop- puUC 19

erativity between interacting domains and, concomitantly, increase the
. . . . puC 19

reformation of non-native helices upon stretching. 5 CATCGACACTATCTAC B -

Local rearrangements of RNA molecules, similar to those reported 3, SO
here, likely occu?n vivo as well, in particular, during translation WFP:en 8 PCTGTGATAGATGCCCTTT CAGIIE 5
large domains of messenger RNAs become unfolded upstream of the BamH |
ribosome. In fact, the influence of long-lived intermediate structures  biotin
is likely ubiquitous to the RNA folding problem itself, as slow struc- ) . . .
tural rearrangements are known to occur in the context of inotitro G- 9: Detailed molecular junctions between RNA, 3" end and digoxy
andin vivo RNA folding processef[14, 13]. New experimental tools 9enin labelled pUC 19 (top) and between RNA 5’ end and biotin la
are needed to better understand the strategies of RNA molecules fglled PUC 19 (bottom). Blue: pUC 19 DNA; Yellow: ssDNA oligos;
circumventing such kinetic traps (for instance through specific interGréen: RNA insert.
actions with ions or proteirﬂpg], through RNA chaperoﬁs[lS] or co-
transcriptional encoded folding pathweyg[17]). Data acquisition: The monitoring voltage coming out of the piezoelec-

By exploring RNA structure energy landscagep[30], micromanipu+ric driver, the voltage differencix — Vi and the voltage survia+ Vi
lations combined with appropriate stochastic simulations can help actoming out of the low noise amplifier are each directed into a separe
dress such questions, reflecting both structural and metastability feghannel of an acquisition board (ATMIO-16X, National Instrument)
tures of single RNA molecules. The driving voltage of the piezoelectric stage is generated by the sar

board. The acquisition rate is 300 Hz which sets the duration of tk

Added note: stretching/relaxing experiment around 10-20 seconds.

Onoaet aI[@] have recently reported experimental results on the
mechanical unfolding of the L-21 derivative detrahymena ther-
mophilaribozyme, a 390-nucleotide catalytic RNA. By contrast with
the present study which strictly focuses on the RNA secondary stru

ture level (no Mg™ added), Onoat al primarily investigate the tertiary pulling experiment, these two parameters are used to convert the
fold of this selfsplicing ribozyme in the presence of #g A variety of tio (V4 — VB)/(VA,+ V) directly into piconewtons. The maximum
hysteresis responses to the applied force is presented for varidss P} ce that can be measured with our setup is 60 pN. The bead posit
of the molecule or in the presence of specific antisense oligos. A dire gsolution inside the trap i 5 nm which sets the foéce resolution at
correlation between Mg -dependent unfolding events and the openingi 0.4 pN. The bead is captured at about 500-1000 nm from the cap

of specific native helices is proposed. lary interior surface. The pUC19 dimer contour length is 1742 nm (0.3
nm/pb). The geometry imposes to displace the piezo stage by 48.8-
nm and 985-1108 nm to completely unfolded the small RNA motifs an

Materials and Methods 16S rRNA, respectively.

Sample displacement:Sample displacement is driven and monitored Molecule synthesis and functionalization: RNA molecules were
by a nanometer resolution piezoelectric stage with capacitive positiofynthesized by in vitro "run off* transcription of EcorV linearized
sensor (P530-3, Physik Instrument). The piezoelectric stage position BNA plasmids. These plasmids were constructed by inserting DN,
controlled and monitored by a 0-10V voltage. oligomers (IBA GmBh) starting with a T7 promotor region inside the
BamHI-Pstl region of pUC19. The RNA sequence was flanked by 1
Optical tweezer: The optical tweezer consists of a Nd:Yag infra-red nucleotides at both extremities to allow for the ligation with the double
laser beam (TOPAZ, SpectraPhysics) focussed inside the capillary bysiranded DNA arm extensions. In the case of 16S rRNA, the gene w
1.3 N.A. x100 objective (Zeiss). The laser is always set at full powe isolated by PCR from pKK3535 plasmid (courtesy of K. Liebermar
(2.5 W) and the stiffness of the trap is controlled by the amplitude of arand H.F. Noller). It was cut by BstEII-Bcll and then inserted in pUC1¢
acoustic wave generated by an acousto-optic modulator (A-A) placetbgether with oligomers carrying a T7 promotor with the DNA arm ex:
right after the laser head. The experiments described here were pdensions and the complementary ends of the 16S sequence. The rec
formed with a 50% attenuation of the laser intensity, which sets the opstructed plasmids were produced in competent DH5 alpha bacteria &
tical trap stiffness around>710~> N/m. The bead displacement from were extracted and purified using Jetstar purification kit. They wet
the laser beam focus point is measured as follows: after passing throudurther sequenced. Due to the small length of RNA molecules, the!
the sample, the bead diffused light is collected by a 0.6 N.A. x40 objecwere extended with digoxygenin or biotin labelled dsDNA at, respec
tive (Zeiss). The objective back focal plane is imaged by a lense of 4@ively, the 3’ and 5’ ends to enable grafting between the capilary glas
mm focal length onto a two-quadrant photodetector (S5980, Hammasurface and the silica bead. In practice, DNA oligomers (Fig 9) wer
matsu). The whole experiment setup is mounted on an invar table so &isst ligated to Pst | restricted digoxygenin labelled pUC19 to yield ¢
to minimize thermal position drift. The photodiode electric currdnts  12-nucleotide 3’ extension complementary to the RNA 3’ end. Ther
and g are converted into voltage and amplified by a home made amthe DNA/RNA hybridization and ligation protocol was the following:
plifier. The voltage differenc®4 — V which is proportionnal to the RNA was heated to 9@ for 5 minutes then quenched on ice. It was
distance of the bead away from the trap center is further amplified anshcubated with the former prepared pUC19 (molar ratio 100/1) 2€70
filtered at 300 Hz by low noise amplifier (SR-50, Stanford Research Infor 20 minutes and then slowly coolegQ.6°C/min) to 16 C. At this
strument). The total light intensity that is collected by the x40 objectivetemperature, T4 DNA ligase and buffer were added and the ligation r
measured by the voltage sua + Vp is also amplified. action was carried over 4 hours at°Ts The band corresponding to

Calibration: The fourier power spectrum of a free bead inside the
trap follows a lorentzian law as expected for brownian fluctuation:s
Fitting this curve with two parameters provides both the trap stiff
Yess and the voltage/distance conversion factor. In the case of



the pUC19 molecular weight on a 0.7% agarose gel was purified us-  (2002).
ing Qiaquick (Qiagen). The whole procedure was repeated with th§l2] Treiber, D.K. & Williamson, J.R. Exposing the kinetic traps in
RNA 5’ end using a BamH | restricted biotin labelled puC19 DNA RNA folding. Curr. Opin. Struct. Biol9, 339-345 (1999).
(Fig 9). The band corresponding to a pUC19 dimer molecular weighf13] Woodson, S.A. Recent insights on RNA folding mechanisms fror
on a 0.7% agarose gel was purified using Qiaquick (Qiagen). Intlee cas  catalytic RNA.Cell. Mol. Life Sci57, 796-808 (2000).
of the 16S RNA, the functionalization protocol was slightly modified. [14] Rief, M., Clausen-Schaumann, H. & Gaub, H.E. Sequence
The oligomers were first hybridized with the RNA 3’ end following dependent mechanics of single DNA moleculeat. Struct. Biol.
the heat-cooling protocol described above. The excess oligomees wer 6, 346 (1999).
washed away by 2 consecutive centrifugations at 40¢Gand 16C [15] Cocco, S., Monasson, R. & Marko, J.F. Force and kineticidear
using GS-200 microspin column. The Pst | restricted digoxygenin la- to initiation of DNA unzipping.Phys. Rev. B5, 041907 (2002).
belled pUC19 DNA, T4 DNA ligase and buffer were added and the[16] Mathews, D.H., Sabina, J., Zuker, M. & Turner, D.H. Expadd
ligation reaction was carried over 4 hours at €6 The same procedure sequence dependence of thermodynamic parameters impro
was repeated with the 5’ end and the molecule was purified on an 0.7%  prediction of RNA secondary structur®.Mol. Biol.288 911-940
agarose gel by cutting the band corresponding to a pUC dimer molec-  (1999).
ular weight. Prior to the experiment, the molecules are incubated witli17] Isambert, H. & Siggia, E.D. Modeling RNA folding paths with
the streptavidin coated beads (Bangs Laboratories) for 30 minutes. The pseudoknots: application to hepatitis delta virus ribozyRrec.
solution is introduced in the rectangular capillary by a peristatic pump Natl. Acad. Sci. US97, 6515 (2000).
which allows buffer circulation. All experiments were performed at [18] W. Saenger, irPrinciples of nucleic acid structureg(Springer-
room temperature and in Tris 10 mM pH 7 NaCl 250 mM buffer. Verlag, New York, 1984).
[19] Evers, D. & Giegerich, R. RNAMovies: visualizing RNA sec-
ondary structure spaceBioinformaticsl5, 32-37 (1999).
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