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Fig. 5. (a) Average work dissipated during the unfolding of the P5abc molecule at three different
loading rates (blue =2-5pN/s, green=235pN/s, and red=52pN/s) as a function of the reaction
coordinate, the end-to end-distance of the molecule. (/—) The corresponding histograms of the dissipated
work for the three pulling rates and for the different extension of the molecules. The color code is that of
panel (a).

We recognized (see below) that the validity of the JE depends on the existence of fluctuations for
which the W, <0, and that these fluctuations while rare for large macroscopic systems are
reasonably probable for a microscopic system such as a single molecule. Thus, it may be possible
to test the validity of the equality when the number of work trajectories (numbers of pulling
experiments performed on the molecule) needed to obtain the exponential average is finite and
attainable under normal experimental conditions. Indeed, we found that application of this
equality to the irreversible work trajectories of the unfolding of single RNA molecules recovers
the free-energy profile of the stretching process to within ~&7/2 of its best independent
estimate, i.e. the average reversible work to unfold the molecule (see Fig. 5).

In Figure 54, we plot the average work dissipated during the mechanical unfolding a single
molecule of P5abc at three different loading rates (2-5pN/s, 35 pN/s and 52 pN/s) as a
function of the unfolding reaction coordinate, i.c. the end-to-end distance of the molecule. The
more extensive the unfolding induced in the molecule (extension coordinate), the larger the work
dissipated at the two higher loading rates (green and red curves respectively). The continuous
blue curve corresponds to the quasi-static pulling of the molecule with zero dissipated work. The
dashed lines correspond to a plot of the difference between the free energy of unfolding re-
covered for this molecule using the JE and the known value of the free energy for the different
pulling rates. As can be seen in the figure, application of the JE collapses the dissipated work
for the two higher loading rates to within 4 (1/2)kg7 from zero, demonstrating the validity
of this important FT to recover equilibrium information (free energy) from non-equilibrium
data.
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Figure 5(b—d) shows histograms of the dissipated work for the three different loading rates
(blue, green and red in ascending order, as before) for three different values of molecular
extension. For convenience we analyze here the distributions of dissipated work in panel ().
Note that at the lowest loading rate, the distribution of dissipated work is centered at zero, as
expected. The mean of this distribution moves to the right for the intermediate and higher
loading rates (green and the red curves, respectively) consistent with the data presented in panel
(a). However, note that for these two cases, even though the mean of the dissipated work is
positive, there are work trajectories for which the dissipated work is negative (left tails of the
distributions). What is the meaning of this negative dissipated work? The answer is at the heart
of this important FT. The second law of thermodynamics only requires that the mean (i.e. the
ensemble average) of the distribution of the dissipated work must be positive, as we found it to
be. The second law, however, does not prescribe that individual trajectories cannot behave
differently. In fact, every once in a while, during the mechanical unfolding of the RNA molecule,
a fluctuation occurs in the bath that helps the operator to unfold the molecule. In these rare
instances, the work done to unfold the molecule, even when performed at loading rates in
which the molecule is taken out of equilibrium, ends up being smaller than the work required
to unfold the molecule reversibly at equilibrium. Their difference, i.e. the work dissipated in this
process is thus negative. Remember that the work that appears in the JE is the irreversible
work = reversible + dissipated work. When the dissipated work is negative, as in the rare
instances described above, the magnitude of this irreversible work is smaller in absolute value.
Because of the negative exponential average implied in the JE, these smaller work values have a
larger statistical weight than the more common larger values. In this way, a few smaller work
values can cancel out the contribution of the majority of the trajectories (associated with the
positive side of the distribution of dissipated work values). The Jarzynski average can in this way
recuperate the free energy (or reversible work) associated with this process.

Although this equality is valid for systems of all dimensions, it is clear that the average implied
in Eq. (1) must include enough of these ‘rare’ instances in which the dissipated work is negative,
in order for the right-hand side of the equation to converge to the left-hand side and the equality
to hold. Fluctuations are extremely small and rare in large macroscopic systems and thus, the
possibility of testing this equality expetimentally had to rely on the design of an experiment
microscopic enough to undergo detectable fluctuations as is the case with the single- molecule
unfolding experiments presented here.

The implementation and test of the JE provides the first example of its use as a
bridge between the statistical mechanics of equilibrium and non-equilibrium systems.
Conversely, the significance of this work for single-molecule studies is that it extends the ther-
modynamic analysis of single molecule manipulation data beyond the context of equilibrium
experiments, making it possible to extract equilibrium information from non-equilibrium
mechanical work.

We have also investigated the rate of convergence of the JE, i.e. how many work trajectories
must be averaged for the JE to yield a good estimate of the free energy (Gore ef al. 2003). We
concluded that for processes in which molecules are taken very far from equilibrium, faster
convergence algorithms are desired. Thus, we have been investigating the rate of convergence of
other FTs derived at the wake of the discovery of the JE. One of these, the Crooks’ Fluctuation
Theorem may provide a faster convergence of the work trajectories towards the free- energy
values and, thus, allow us to obtain these values from a reasonable number of trajectories even

for molecules that are taken very far from equilibrium.
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Epilogue

We have seen above that, unlike experiments 7z multiplo, experiments done in singulo make it
possible to determine not just the average of a molecular property, but its complete distribution
over possible values. Experimental observables 7z singulo correspond to the values of the indi-
vidual trajectories of molecules and not just the ensemble average of these properties. Moreover,
new parameters, such as forces and torques, become variables under experimental control in the
novel methods of single-molecule manipulation, making it possible to investigate their effect on
the rates, extent and fate of chemical reactions.

One place where the behavior and the description of single molecules matter is the interior of
the cell. Indeed, many proteins in the cell are present in very few copies. As a result, many
essential cellular processes, such as DNA replication, transcription, chromosomal segregation,
etc., display the random and stochastic behavior characteristic of single molecules. The study and
analyses of individual molecules is, thus, of great importance if we are to understand how the cell
accomplishes a spatial and temporal coordination of these functions when many of these are,
in fact, ‘buried” in noise. Once again, extension of methods of single- molecule detection and
manipulation inside the cell will likely play a central role in addressing these important questions.

The microscopic nature of the experiments made possible by these novel methods, are
especially well suited to investigate the molecular mechanisms that underlie the function of many
of the complex assemblies of the cell. Single-molecule manipulation experiments are also ideal
to investigate fundamental physical relationships at the interface between equilibrium and non-
equilibrium statistical mechanics, using if needed biological molecules as testing tools. The
advent of single molecule methods represents, thus, a fertile ground in which the traditional
disciplines of physics, chemistry and biology can converge. That these disciplines, for so many
years segregated in their own realms, are now ‘informing’ each other, is one of the most

welcomed new developments in science, a true signature of our times.
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