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Abstract

Atomic force microscopes and optical tweezers are widely used to probe the mechanical properties
of individual molecules and molecular interactions, by exerting mechanical forces that induce
transitions such as unfolding or dissociation. These transitions often occur under nonequilibrium
conditions and are associated with hysteresis effects—features usually taken to preclude the
extraction of equilibrium information from the experimental data. But fluctuation theorems— allow
us to relate the work along nonequilibrium trajectories to thermodynamic free-energy differences.
They have been shown to be applicable to single-molecule force measurements® and have already
provided information on the folding free energy of a RNA hairpin7’8. Here we show that the Crooks
fluctuation theorem? can be used to determine folding free energies for folding and unfolding
processes occurring in weak as well as strong nonequilibrium regimes, thereby providing a test of
its validity under such conditions. We use optical tweezers1O to measure repeatedly the mechanical
work associated with the unfolding and refolding of a small RNA hairpinll and an RNA three-helix
junctionlz. The resultant work distributions are then analysed according to the theorem and allow
us to determine the difference in folding free energy between an RNA molecule and a mutant differing
only by one base pair, and the thermodynamic stabilizing effect of magnesium ions on the RNA
structure.

The Crooks fluctuation theorem? (CFT) predicts a symmetry relation in the work fluctuations
associated with the forward and reverse changes a system undergoes as it is driven away from
thermal equilibrium by the action of an external perturbation. This theorem applies to processes
that are microscopically reversible, and its experimental evaluation in small systems is crucial
to understand better the foundations of nonequilibrium physicsl3. A consequence of the CFT
is Jarzynski’s equality14, which relates the equilibrium free-energy difference AG between

two equilibrium states to an exponential average (denoted by angle brackets) of the work done
on the system, W, taken over an infinite number of repeated none-quilibrium experiments, exp
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(—AG/kgT) = {exp(—W/kgT)). The equality has been developed6 into a formalism that allows
us to use nonequilibrium single-molecule pulling experiments to reconstruct free-energy
profiles or potentials of mean forcel® along reaction coordinates. Experimental testing of
Jarzynski’s equality in single-molecule force experiments16 used the P5ab RNA hairpin7!8,
which can be folded and unfolded quasi-reversibly. But for processes that occur far from
equilibrium, the applicability of Jarzynski’s equality is hampered by large statistical
uncertainties that arise from the sensitivity of the exponential average to rare eventsl/:18 (low
values of W). Moreover, although the equality (W) = AG holds for processes occurring near
equilibrium, spatial drift in the experimental system usually makes it difficult in practice to
extract unfolding free energies using small loading rates (below a few pN s71). Drift effects
decrease noticeably for larger pulling speeds, making it possible to obtain more reliable
experimental data (and also good statistics as a large number of pulls can be executed in a
reasonable time), but at the expense of a more irreversible unfolding process. Here we show
that significant improvements can be obtained by using the CFT, which provides a more robust
and more rapidly converging method to extract equilibrium free energies from non-equilibrium
processes.

The CFTallows us to quantify the amount of hysteresis observed in the values of the irreversible
work done to unfold and refold a macromolecule. Let Py (W) denote the probability distribution
of the values of the work performed on the molecule in an infinite number of pulling
experiments along the unfolding (U) process, and define Pr(W) analogously for the reverse
(R) process. For the CFT to be applicable, the unfolding and refolding processes need to be
related by time-reversal symmetry, that is, in our experiments, the optical trap used to
manipulate the molecule must be moved at the same speeds during unfolding and refolding.
Moreover, the molecular transition probed always has to start in an equilibrium state (folded
in the unfolding process, and denatured or unfolded in the refolding process) and reach a well-
defined final state. The CFT? then predicts that:

PW)

U W -AG
Pp(=W)

(1)
knT

exp

where AG is the free-energy change between the final and the initial states, and thus equal to
the reversible work associated with this process. Note that the CFT does not require that the
system studied reaches its final equilibrium state immediately after the unfolding and refolding
processes have been completed:; it is only the control parameter that needs to attain its final
value, whereas the system may continue to equilibrate to a well-defined state that is consistent
with the final value of the control parameter. The equilibration occurs without change of the
control parameter, and therefore contributes no work. In principle, W is an integral over the
external variation of a control parameterg, for example, the position of the optical trap or the
time®. In our experiments, W is well approximated by the familiar force-versus-extension
integral:

NS
W= FAx 2
=1 1

where ¥; is the distance between the ends of the molecule and Ny is the number of intervals
used in the sum (see ref. 6 fora thorough discussion of this issue). Relation (1) quantifies
hysteretic effects in the pulling experiment: work values larger than AG occur most often along
the unfolding path while (absolute) values smaller than AG occur more often along the refolding
path. As can be seen from equation (1), the CFT states that although P (W), P r(~W) depend
on the pulling protocol, their ratio depends only on the value of AG. Thus the value of AG can
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be determined once the two distributions are known. In particular, the two distributions cross
atW=AG:

PyW) = Po(= W)= W=AG 3)

regardless of the pulling speed. Although the simple identity (3) already gives an estimate of
AG, itis not necessarily very precise because it uses only the local behaviour of the distribution
around W = AG. Using the whole work distribution increases the precision of the free-energy
estimatel9. In particular, as we show below, when the overlapping region of work values
between the unfolding and refolding work distributions is too narrow (as may happen for large
values of the average d|SS|pated work, defined as (W 4is) = (W) — AG), the use of Bennett’s
acceptance ratio method29 makes it possible to extract accurate estimates of AG using the CFT
(see the Supplementary Information).

We first experimentally test the validity of the CFT for a molecular transition occurring near
equilibrium. For this, we use a short interfering (si)RNA hairpin that tar ets the messenger
RNA of the CD4 receptor of the human immunodeficiency virus (HIV) and that unfolds
irreversibly but not too far from equilibrium at accessible experimental pulling speeds
(dissipated work values less than 6k gT). Under these conditions, the unfolding and refolding
work distributions overlap over a sufficiently large range of work values to justify the use of
the direct method to experimentally test equation (1). The work done on the molecules during
either pulling or relaxation is given by the areas below the corresponding force—extension
curves (Fig. 1).

Unfolding and refolding work distributions at three different pulling speeds are shown in Fig.
2. Irreversibility increases with the pulling speed and unfolding-refolding work distributions
become progressively more separated. Note, however, that the unfolding and the refolding
distributions cross at a value of the work AG = 110.3 £0.5 kgT that does not depend on the
pulling speed, as predicted by equation (3). Moreover, the work distributions also satisfy the
CFT, that is, equation (1) (see the Supplementary Information). We also notice that work
distributions are compatible with, and can be fitted to, gaussian distributions (data not shown).
After subtracting the contribution arising from the entropy loss due to the stretching of the
molecular handles attached on both sides of the hairpin (AGhandles = 23 8 k gT) and of the
extended single-stranded (ss)RNA (AGSSRNA =23 7 +1kgT) from the total work, AGEXP = 110.3

+0.5 kgT, we obtain for the free energy of unfolding at zero force AG;*P = 62.8 +1.5kgT =
37.2 +1 kcalmol ™ (at 25° C, in 100 mM Tris-HCI, pH 8.1, 1 mM EDTA), in excellent
agreement with the result obtained using the Visual OMP from DNA software?l A gimfold =
38 kcal mol™2 (at 25° C, in 100 mM NacCl).

To extend the experimental test of the validity of the CFT to the very-far-from-equilibrium
regime where the work distributions are no longer gaussian, we apply the CFT to determine:
(1) the difference in folding free energy between an RNA molecule and a mutant that differs
only by one base-pair, and (2) the thermodynamic stabilizing effect of Mg2* ions on the RNA
structure. The RNA we consider is a three-helix junction of the 16S ribosomal RNA of
Escherichia colil? that binds the S15 protein. The secondary structure of this RNA isacommon
feature in RNA structures22—24 that plays, in this case, a crucial role in the folding of the
central domain of the 30S ribosomal subunit. For comparison, and to verify the accuracy of
the method, we have pulled the wild type and a C-G to G-C mutant (C754G to G587C) of the
three-helix junction.

Figure 3 depicts the unfolding and refolding work distributions for the wild-type and mutant
molecules (work values were binned into about 10-20 equally spaced intervals). For both
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molecules, the distributions display a very narrow overlapping region. In contrast with the
hairpin distribution, the average dissipated work for the unfolding pathway is now much larger
—in the range 20-40kgT —and the unfolding work distribution shows a large tail and strong
deviations from gaussian behaviour. Thus, these molecules are ideal to test the validity of
equation (1) in the far-from-equilibrium regime. As shown in the inset of Fig. 3, the plot of the
log ratio of the unfolding to the refolding probabilities versus total work done on the molecule
can be fitted to a straight line with a slope of 1.06, thus establishing the validity of the CFT
(see equation (1)) under far-from-equilibrium conditions. Our measurements reveal the
presence of long tails in the work distribution P 4(W) along the unfolding path and narrow
work distributions Pr(W) along the refolding path. These distributions complement each other,
one being large where the other is small, thereby providing thermodynamically important
information about the free-energy landscape.

Bennett’s acceptance ratio method gives AG®*P = 154.1 +0.4kgT and AG®*P = 157.9 +0.2
kgT for unfolding the wild-type and mutant types, respectively, giving a difference between

the two forms AAGS™P = AAGE*P = 3.8 £0.6kgT. After subtracting the (identical for both
molecules) handle and RNA entropy loss contributions (97 1 kgT) we get AGS*P = 57

+1.5kgT (wild type) and AGS™P = 60.8 1.5 kgT (mutant), the error increasing owing to the
uncertainty in the contributions coming from the stretching of sSRNA. Free-energy prediction
programs such as Mfold?® and Visual OMP21 givea AAGém%ld =212 kgT between the forms

(at 25 °C and 100 mM NacCl). Thus, when combined with acceptance ratio methods, the CFT
furnishes a method precise enough to determine the difference in the folding free energies of
RNA molecules differing only by one base pair in 34 base pairs.

Finally we apply equation (1) to obtain the free energy of stabilization by Mg2* of the S15
three-helix junction. These values are often difficult to access using bulk methods because
melting temperatures of tertiary folded RNAs are frequently higher than the boiling point of
water, and Mg2* catalyses the hydrolysis of RNA at increased temperaturesza. Figure 4 depicts
the work histograms in the presence and absence of Mg2* (at constant ionic strength); stretching
contributions differ in the presence and absence of magnesium ions (116.8 kgT and 97 k gT,
respectively). These values have been subtracted from the work data to properly compare the
unfolding free energies of both molecules. The strong increase of irreversibility due to Mg?*
can be seen in the large value of the average dissipated work (about 50 k gT along the unfolding
reaction and 16 k gT along the refolding path). Applying Bennett’s acceptance ratio method
for the molecule in the presence of magnesium yields AG®*P = 205.5 + 1.5kgT and (after

subtracting the stretching contributions) gives AG;™P = 88.7 2.5 kgT for the unfolding
reaction of the wild-type junction in 4 mM MgCls,. The difference in free energies of unfolding
in the presence and absence of Mg2*, AAGH™P = —31.7 +2 kgT, gives the free energy of

stabilization associated with the binding of Mg2* ions to the S15 three-helix junction through
both specific and non-specific (shielding) interactions.

These results illustrate that when used in conjunction with an appropriate fluctuation theorem,
nonequilibrium single-molecule force measurements can provide equilibrium information such
as folding free energies, even if the process studied occurs under far-from-equilibrium
conditions. The approach works using soft optical traps but is probably limited to processes
that dissipate less than 100 k gT. Whether it can be extended to studies that use much stiffer
atomic-force-microscope cantilevers to pull proteins27 is at present being examined in our
laboratory. Finally, the initial and final states of molecular interactions such as ligand binding
or macromolecular assembly usually do not correspond to measurable molecular extensions;
in such cases, the approach as described cannot at present be applied.
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METHODS

Sample preparation

The RNA molecules were prepared as previously described by ref. 16 Each DNA sequence
corresponding to the three different RNAs was cloned separately into pBR322 vector between
EcoRI and HindlIl sites. A polymerase chain reaction (PCR) was used to amplify a DNA
sequence containing an upstream T7 promoter, the RNA sequence of interest and flanking
DNA sequences corresponding to the ‘handles’. The handles correspond to a sequence of
pBR322 (NCBI ID *J01749’) from nucleotides 3838 to 1 and from 29 to 629, respectively. The
three RNA sequences were transcribed in vitro using T7 RNA polymerase28. Two DNA
handles were synthesized by PCR. The DNA handle upstream of the RNA was biotinylated at
the 3’-end, whereas a digoxigenin moiety was attached to the 5’-end of the other handle. The
RNA and two DNA handles were annealed by heating samples to 85 °C, followed by a slow
cooling down to room temperature. The RNA hairpin was pulled in 100 mM Tris-HCI, pH 8.1,
1 mM EDTA buffer. The S15 three-helix junction and the mutant have been pulled in 62 mM
KCI, 10 mM HEPES pH 7.8 buffer. In 4 mM MgClI, the KCI concentration was adjusted to 50
mM to work at the same ionic strength as in the absence of Mg2*.

Work measurements

Work probability distributions were obtained from many force—extension curves for a given
molecule and aligned to a worm-like chain curve that best fitted the force—extension data at
forces below the range of forces where the molecule unfolds. This procedure minimizes the
effect of machine drift on the measured work values. For the worm-like chain fits we used P
~10 nmand P = 1 nm for the persistence lengths of the DNA/RNA hybrid handles and ssSRNA
respectively. Work values were integrated along the range of extension: [355 nm, 380 nm] for
the hairpin; [326 nm, 392 nm] for the S15 three-helix junction without magnesium (wild and
mutant); and [337 nm, 398 nm] for the S15 three-helix junction with magnesium. The free-
energy contributions from stretching the handles and the sSRNA were then obtained by
numerical integration of the worm-like chain reference curves using the values for the
persistence and contour lengths of the polymers. To estimate the free energy of unfolding at

zero, AG(‘;XP, we subtract the free-energy contribution of the hybrid handles and ssSRNA from

the total reversible work across the transition, AG®*P, by using the expression7729: AGy™P =

AGEXP — AGhandles — AGSSRNA '\yhere AGhandles AGSSRNA gre the entropy loss contributions
due to the stretching of the molecular handles attached on both sides of the hairpin and of the
extended sSRNA, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Force-extension curves

The stochasticity of the unfolding and refolding process is characterized by a distribution of
unfolding or refolding work trajectories. Five unfolding (orange) and refolding (blue) force—
extension curves for the RNA hairpin are shown (loading rate of 7.5 pN s™1). The blue area
under the curve represents the work returned to the machine as the molecule switches from the

unfolded to the folded state. The RNA sequence is shown as an inset.
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Figure 2. Test of the CFT using an RNA hairpin

Work distributions for RNA unfolding (continuous lines) and refolding (dashed lines). We plot
negative work, Pr(—W), for refolding. Statistics: 130 pulls and three molecules (r =
1.5pNs™1), 380 pulls and four molecules (r = 7.5pNs™1), 700 pulls and three molecules (r =
20.0pNs™1), for a total of ten separate experiments. Good reproducibility was obtained among
molecules (see Supplementary Fig. S2). Work values were binned into about ten equally spaced
intervals. Unfolding and refolding distributions at different speeds show a common crossing
around AG = 110.3kgT.
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Figure 3. Free-energy recovery and test of the CFT for non-gaussian work distributions
Experiments were carried out on the wild-type and mutant S15 three-helix junction without
Mg?2*. Unfolding (continuous lines) and refolding (dashed lines) work distributions. Statistics:
900 pulls and two molecules (wild type, purple); 1,200 pulls and five molecules (mutant type,
orange). Crossings between distributions are indicated by black circles. Work histograms were
found to be reproducible among different molecules (error bars indicating the range of
variability). Inset, test of the CFT for the mutant. Data have been linearly interpolated between
contiguous bins of the unfolding and refolding work distributions.
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Figure 4. Use of CFT to extract the stabilizing contribution of M92+ to the free energy of the S15
three-helix junction (wild type)

Unfolding (continuous lines) and refolding (dashed lines) work distributions. Green curves,
450 pulls and two molecules in Mg2*; purple curves, 900 pulls and two molecules without
Mg?2*. Crossings between distributions are indicated by black circles. Work histograms are
reproducible between the molecules (error bars indicating the range of variability). Inset, the
same histograms in logarithmic scale (axes labels as for the main panel) showing (vertical black
bars) the regions of work values where unfolding and refolding distributions are expected to
cross each other by Bennett’s acceptance ratio method (Supplementary Information).

Nature. Author manuscript; available in PMC 2006 December 28.



Page 12

Collin et al.

“T WOJJ YaNW 00} JaRIpP Yoiym ‘d  pue
pue N 4 Jo sanjen aup Aq pajeanal se Asiou Aia aJe elep pue abie| A1oA a1e $199)43 LIp SaTes BUIPEO] MO] LINS Je “1aAMOY :UoNaduI0d o) papnjoul osfe ase ;s Nd G'T Je uldirey YNY a3 10} eleq
*

* L3 JO SHUN Ul SJ0.IS 3Y 8121pUI aMm sasaypuaied Ul “M 862 = L 18 1€ X Jo shun ul usAIb aJe pue

suonNgLIU0d BUIYD1BNS WYNY PUB 3|puBY 8yl apnjoul fx%@d :1d90x3) sanjen YIom || ‘poyrsw dessiooq sy Buisn paurelqo alam asay L ‘sarewnss Buissold ayr pue Aijenba s, 1ysukzier 10y usalb ase

woami®re
$10413 [EDNISIES "gSUONNGLISIP 340M UeIssnef 4oy T 01 enba si Jeu) sslawesed e s) T =i :mw pue (sayes Buijind |[e 104 £°0TT = gy DV 0031 aMm erep uidirey ays Jo sisA[eue ay} oy)
N.D
iom paredissip abelane ayj st dxe@V — m,D\S _ = mﬂ%? ‘uonngriuog ssjpuey ay) Bunoenqgns Jsiye 82104 0laz Je ABJausa aal) Buipjojun ay) Jo) a1ewIsa [euls ay) sl mx%@d ‘poyisw oryes
8oueydaooe sy} Buisn Ag paurelqo 8ewss 1589 N0 st ¢y OV ‘2 \ A,m\,? + %\5 = wm,mkz syred Buipjogas pue Buipjojun ayr Buofe Aljenba s, 1ysuAzier Buisn Ag paurelqo selewisa ayi Jo abesane
ayl st pmm\é ‘uonaipaid asuodsal Jesul| ay) 0] U0NBLI0 Buipes| 8yl SeAIB yaIym * 7 mv\mﬁ \ Aw_b - %bv -2 \ Aﬁg + ﬁ\«: = EA:N.\WB ‘g lewuwny Aq paue1qo arewnsa ay st EA:NoVB

'syred (Y) Buipjoyal pue (N) Buipjosun ayy Buoje Anjenba s, suAzier Buisn Aq paureiqo suondipald pue SUOIIBIASP pJepurls ‘YIoM [e10) abelane ay) ase %3 pue %3 ‘"o pue No .cmk/ pue rmk/

280 T z'ST 6°05 (52) 288 (§'1) 5502 (02) 9°€02 (9°0) 8'66T (0%) 0°202 (eT)0eTZ 0§ et €06T 7'95¢2 (@] hc__m,% GTS
N ou
610 20 Sy 9'8T (57) 809 (z'0) 645T (€0) T'ST (z'0) £'95T (0°9) ¥'zST (7°0) 0°95T T¢ 90T 7'€ST G9/T észém%m
W
9’0 GL'T T6 €9¢ (s1 o028 (7'0) T'ST (L0)eest (z0) g6t (r'1T) ¢'esT (80) 85T 6¢ €17 6'GVT €161 ou ‘pyim) Muw
S
I
860 76°0 29 v'S (91) 629 (90)zort (°0) ¥'60T (z'0) 9'80T (Lo)zort (zo)Tort GE 4 T¥0T L'STT Nd 02) M_a__mﬂ
SN
T
0T'T 860 L€ g€ (sT) 8729 (g0)g0TT (g0)g0TT (50) 6°0TT (£°0) 60T (zo)eotrT ¥8'2 €9'C 9'90T 8'ETT G'/) uidireH
*ATm Nd
6T T¢ €1 60 (z1) 529 (zo)ootT (50) T'60T (z0)60TT (L0)vL0T (z'0) 2'60T 12°¢C GE'T 180T 60TT G'T) uidireH
SIp SIp 0 L L L wna w w

dy ny a4 a4 dxe2V WYY 1soM a4 a4 @4 ¥ No 4 a4 8IN%3Io0N

$8|NJ3joW [[e 10} paulelqo s}nsal Jo Arewwing
T3lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Nature. Author manuscript; available in PMC 2006 December 28.



