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Cells must operate far from equilibrium, utilizing and dissipating
energy continuously to maintain their organization and to avoid
stasis and death. However, they must also avoid unnecessary waste
of energy. Recent studies have revealed that molecular machines are
extremely efficient thermodynamically compared with their macro-
scopic counterparts. However, the principles governing the efficient
out-of-equilibrium operation of molecular machines remain a mys-
tery. A theoretical framework has been recently formulated in which
a generalized friction coefficient quantifies the energetic efficiency
in nonequilibrium processes. Moreover, it posits that, to minimize
energy dissipation, external control should drive the system along
the reaction coordinate with a speed inversely proportional to the
square root of that friction coefficient. Here, we demonstrate the
utility of this theory for designing and understanding energetically
efficient nonequilibrium processes through the unfolding and fold-
ing of single DNA hairpins.

single molecule | nonequilibrium | dissipation | DNA hairpins |
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eversible heat engines operating infinitely slowly according

to the Carnot cycle do not dissipate energy; their energetic
efficiency is limited only by the entropy increase of the sur-
roundings associated with the transfer of heat from a hot to a cold
reservoir. In contrast, for engines operating irreversibly, the extra
nonequilibrium energy cost associated with carrying out a process
at a finite rate further reduces their efficiency (1). This is the case
of biological machines (2) that must operate under signaling,
transport, and cell cycle time constraints. For instance, F,F;-ATP
synthase, the primary machine responsible for ATP synthesis, can
rotate up to ~350 revolutions per second (3); the bacteriophage
¢29 packaging motor internalizes the 19.3-kbp viral genome into a
small capsid at rates of 100 bp/s—faster than the relaxation rate of
the confined DNA (4); and during sporulation, the Bacillus subtilis
DNA translocase, SpollIE, transfers two-thirds of its 4.2 x 10%-bp
genome between mother cell and prespore in only 15 min (i.e., at
a transfer rate of nearly 4,000 bp/s) (5). The finite time operations
of these machines necessarily involve energy dissipation—often in
the form of extra work—and it is of great interest to understand
how they attain their large (over 70%) energetic efficiencies (6, 7).
Recently, a generalized friction coefficient—which can be
obtained from equilibrium measurements—was shown to be the
parameter that governs the near-equilibrium energy dissipation
during a finite rate process (8). Here, we demonstrate experi-
mentally the utility of this theoretical framework for designing
energetically efficient nonequilibrium processes and propose that
similar operation protocols may underlie the high efficiency ob-
served in molecular machines. To this end, we subject single DNA
hairpins to mechanical unfolding and refolding using protocols
dictated by this theory; we show that these protocols systematically
and significantly reduce energy dissipation during the process.
DNA hairpins are ideally suited for this test, as the magnitude of
the friction coefficient can be tuned by changing the molecule’s
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length, the free energy difference, the free energy barrier, and the
transition rates between its folded and unfolded states (9).
According to this near-equilibrium linear response theory, the
excess power dissipated by a system taken from an initial to a final
state by varying a control parameter 1 according to a protocol (time
schedule) A is proportional to a generalized friction coefficient ¢ (8):

2
Palt)~20) (%) i

¢ generalizes the standard macroscopic friction coefficient in a
viscous medium (10) to describe resistance to rapid changes of
any (not necessarily spatial) control parameter. Importantly, the
theory shows that { can be computed from the fluctuations
SF(t)=F(t) — (F) of the force F(f) via the time integral of the
force autocorrelation function(6F(0)5F (¢)),,

¢(4) =,B/<(3F(0)5F(t))/1 dt, 2]
0

which can be decomposed into
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g(l) = ﬁ<5F2>1 7"relax(j'% [3]

the product of the force variance (§F2), and the force relaxation
time

Trelax (4) = / %ﬁ?f%dﬁ [4]
0

Here, (...) denotes a nonequilibrium average over system re-
sponse to a given protocol, whereas (.. .), denotes an equilibrium
average over system fluctuations at fixed control parameter A
Notice that this framework makes no assumptions about the
hairpin dynamics being Markovian and that the force autocorre-
lation function is well defined regardless of whether the dynam-
ics is Markovian (11).

It can be shown (12) that, near equilibrium, the driving protocol
that minimizes the dissipation for a given total duration, A() gesigned>
must proceed with a velocity proportional to the inverse square
root of the local friction coefficient {(1), dA(f) gegignea /4t & (/1)_1/ 2,
The proportionality is fixed by the total duration of the protocol,
and therefore, changing it corresponds to a global rescaling of all
velocities. Other approaches to minimizing work (13, 14) require
detailed knowledge of both the system’s equilibrium energy land-
scape and nonequilibrium dynamics and thus, are experimentally
challenging.

To obtain the generalized friction coefficient of the DNA
hairpin, we monitored the equilibrium force fluctuations of
molecules tethered between two optical traps at various fixed
trap separations, X. For very small or very large trap separations,
the force fluctuates around a single mean value corresponding to
the folded or unfolded conformation, respectively (Fig. 14); for
intermediate trap separations, the force fluctuates between two
different values, reflecting the hopping dynamics of the DNA
hairpin sampling the folded and unfolded conformations (Fig.
1A4). For each separation X, we calculated the force autocorre-
lation function, (6F(0)6F(t)), (Fig. 1C); as expected, in the
hopping regime, the force variance is larger, and fluctuations
decay more slowly than when an extreme trap separation holds
the DNA hairpin in a single conformation.

Next, we calculated the force variance (Fig. 1D) and the force
relaxation time (Fig. 1E) from the force autocorrelation func-
tion. The force variance peaks at an intermediate trap separa-
tion, X, where the hairpin spends roughly equal time between
the folded and unfolded conformations. Likewise, the force re-
laxation time peaks at X, reflecting that, to equilibrate, the
hairpin must relax across the barrier separating the folded and
unfolded states. At room temperature, a 1-um bead experiencing
Stokes drag (with friction y = zyR for water viscosity # and bead
radius R) in water and confined by a & = 0.25-pN/nm optical trap
has a relaxation time y/k ~ 30 ps (15), orders of magnitude below
the minimum observed relaxation time of the entire construct—
indicating that the beads do not significantly impact the re-
laxation times observed in the experiments, typically in the low
milliseconds. Moreover, the generalized friction coefficient—the
product of force variance and force relaxation time (Eq. 3)—also
peaks at X, (Fig. 1F).

As mentioned above, the theory predicts that (near equilib-
rium) the minimum dissipation protocol proceeds with a pulling
speed—or velocity of the steering trap—that scales as the inverse
square root of the friction coefficient (8): pulling fast at extreme
separations, where the friction coefficient is small, and slow
around X, where friction peaks. Intuitively, a slow velocity
near X, provides more time for thermal fluctuations to induce
the unfolding or folding of the DNA hairpin without additional
work input and therefore, decreases the work required to drive
the DNA hairpin between conformations (12). To ease its
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Fig. 1. Equilibrium sampling reveals that the friction coefficient peaks
strongly at the hopping regime. (A) Sample force traces as a function of
time for folded hairpin (Left; red), hopping hairpin (Center; purple), and
unfolded hairpin (Right; blue). (B) Equilibrium force distributions and (C)
force correlation as a function of lag time for corresponding fixed optical
trap separations. (D) Force variance (EFZ)X, (E) force relaxation time
Trelax(X), and their product (F) the generalized friction coefficient {(X) as a
function of fixed optical trap separation. (G) For a 0.13-s protocol dura-
tion, the designed velocity dX/dt « {~'"2 (green points) with best-fit model
(green curve) minimizes Akaike information criterion (30) compared with
naive velocity (orange line). (H) Designed and naive velocities scale in-
versely with protocol duration z, and designed (green) and naive (yellow)
protocols are plotted as functions of t/z.

implementation, the designed protocol that minimizes dissi-
pation was approximated by a trap velocity profile with a
simple piecewise-constant acceleration (Fig. 1G). The resulting
designed protocols (Fig. 1H) differ substantially from naive pro-
tocols that proceed at constant velocity and that are com-
pleted in the same elapsed time. In particular, instantaneous
driving velocities varied by a factor of approximately six within
a given designed protocol.

Next, we measured force as a function of trap separation
during designed and naive protocols with total durations ranging
from 3.7 to 0.13 s. These force separation curves of naive and
designed protocols display significant differences in the force at
which the DNA hairpins unfold/refold (Fig. 24). Fig. 2B shows

the distributions of unfolding force differences, FU. . —F}fesigned,
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Fig. 2. Designed protocols consistently unfold at lower force and refold at
higher force. (A) Example force separation curves from a sample molecule for
protocol duration = = 0.13 s, highlighting the unfolding (Upper) and refolding
(Lower) events (black dots) and the corresponding forces (dashed lines) for
designed (dark blue and dark red) and naive (light blue and pink) protocols.
The raw data (thin lines) are Savitsky—Golay filtered to obtain a smoothed force
separation curve (thick lines). (B) Distributions of differences Fraive = Fdesigned
between naive and designed unfolding (blue) and refolding (red) forces. (C)
Mean and SE for unfolding and refolding force differences as a function of
protocol duration. On average, the designed protocol unfolds at a lower force
and refolds as a higher force than the corresponding naive protocol.

and refolding force differences, Fy . —Fiigume Obtained for
three different protocol durations. As predicted by theory, on
average, the DNA hairpin unfolded at lower forces and refolded
at higher forces during the designed protocols than during the
naive protocols, and the magnitude of the mean force difference
is greater for faster protocols (Fig. 2C). These results imply that
the designed protocols display lower hysteresis than naive, a
trend that is more prominent in faster protocols where the sys-
tem is driven farther from equilibrium.

Analogous to Fig. 24, Fig. 34 depicts the cycle work for a
typical realization of an unfolding/refolding cycle. According to
Eq. 1, when driving a system at a constant velocity, more work is
dissipated at trap separations where the friction coefficient is
larger. Consistently, the constant velocity protocols produce
higher dissipation around X ,, for all durations (Fig. 3B); by
contrast, designed protocols show a substantially flatter dissipa-
tion profile across different trap separations (Fig. 3B), and
overall, they induce consistently less dissipation during an
unfolding-refolding cycle than naive protocols (Fig. 3 C and D).
Within the linear response regime, the mean dissipated work
equals one-half the work variance; SI Appendix, Fig. S3 shows
that, in our experiments, this relation holds for slower protocols.
The mean and variance of the distribution of cycle work
(WY + WR) for both protocol types are higher at shorter pro-
tocol duration (Fig. 3C), consistent with higher hysteresis. Fi-
nally, the faster designed protocols save even more work relative
to their naive counterparts than slower protocols do (Fig. 3D).
Molecular motors can operate as much as 100 times faster than
our fastest protocols (16); therefore, the work differences are
expected to be substantially larger for such rapid protocols.

5922 | www.pnas.org/cgi/doi/10.1073/pnas.1817778116

The data presented here correspond to a DNA hairpin that
allowed relatively rapid folded—unfolded equilibration such that
transitions to the folded or unfolded conformations occurred
even for 0.13-s protocols. This feature allowed us to interrogate
the hairpin’s nonequilibrium response over a broad range of
protocol durations. In SI Appendix, we show that these results
also hold for a different DNA hairpin sequence with significantly
(~100 times) slower equilibration.

In summary, we have sampled the equilibrium force fluctua-
tions in DNA hairpins, displaying the dynamics of a two-state
system (Fig. 1). We showed that the generalized friction co-
efficient—determined from such equilibrium fluctuations—can
be used to design driving schedules (Fig. 1G) that significantly
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Fig. 3. Designed protocols consistently require less work than corresponding
naive protocols. (A) Example force separation curves showing the cycle work
WY + WR for naive (Left; orange) and designed (Right; green) protocols. The
raw force separation curve (thin) is smoothed by a Savitsky-Golay filter (thick).
(B) Excess power (Pex(X))/(Pex)naive Normalized by average naive excess
power as a function of trap separation for naive (yellow) and designed (green)
protocols. (C) Distributions of cycle work wY + WR for naive (yellow) and
designed (green) protocols for protocols ranging from slow (Top) to fast
(Middle and Bottom). (D) Mean cycle work (W" + WR) during naive (green)
and designed (orange) protocols as a function of protocol duration.
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reduce the excess work dissipated compared with constant ve-
locity schedules (naive protocols) completed in the same total
time (Fig. 3D). This result held for protocol durations that vary
by a factor of ~30 (Fig. 3D), even when driven far from equi-
librium (dissipating up to ~10 kg7, which greatly exceeds the ~1-
kgT energy fluctuations at equilibrium). These observations in-
dicate that this near-equilibrium theory is still able to reduce
dissipation even beyond the regime of the theory’s strict validity.

This experiment represents the design and implementation of
a single-molecule protocol that systematically reduces the non-
equilibrium energy dissipation in a process constrained to
a finite duration.

These results have immediate applications in the streamlining of
single-molecule experiments and steered molecular dynamics
simulations (17). For instance, when using the Jarzynski equality or
Crooks fluctuation theorem to infer the free energy difference in a
given process (such as protein unfolding), the farther the system is
from equilibrium during experiment or simulation, the slower the
rate of convergence and accuracy of the free energy estimator,
which depends inversely on the energy dissipated (18). Therefore,
by sampling the equilibrium fluctuations of a biomolecular process,
it should be possible to estimate the generalized friction coefficient
across the control parameter landscape; next, it would be possible
to craft nonequilibrium protocols that dissipate significantly less
energy, thereby speeding up the convergence and increasing the
accuracy of any given free energy estimator.

There are tantalizing hints of molecular machines conserving
energy while operating out of equilibrium (4, 19): the 29 DNA
packaging motor is more likely to slow down and pause at high
packaging fractions, where the storing of additional DNA in-
volves significantly higher dissipation, and translating ribosomes
facing RNA hairpins—that impose a large barrier to translation—
change “gear,” operating slower while crossing the barrier (20).
Based on the theoretical framework presented here, both cases
can be seen as examples in which the molecular machines im-
plement driving protocols that proceed slower where the friction
coefficient is higher, thereby reducing dissipation and increasing
their efficiency. We hypothesize that a molecular biophysical
system can waste less energy through naturally evolved dynamics
that is rationalizable in terms of the generalized friction coeffi-
cient; specifically, such molecular motors may have evolved to
slow down their operation in regions of their control parameter
space corresponding to high values of the friction coefficient as a
way to harness fluctuations from the thermal bath, thus im-
proving their operation efficiency.

The agreement of theory (8) and our experiments suggests ex-
tensions to more complex contexts. In particular, we conjecture
that molecular machines may have evolved to slow down in re-
gions of large friction and speed up in regions of small friction.
The rotary motor F;-ATP synthase is known to be a remarkably
efficient machine (21), where the F, subunit—powered by proton
flow down a concentration gradient—forces rotation of the y-sub-
unit, a molecular crankshaft that drives synthesis of ATP by F; (6).
After attaching a magnetic bead to the crankshaft of F; (22) one
could—analogous to the procedure described in this study—use a
magnetic tweezers instrument to hold the bead at various angles
so as to extract the equilibrium torque fluctuations of the rotary
crankshaft, from which one could extract the friction coefficient at
each position (in this experiment, the angle corresponds to the
control parameter for driving F; in analogy to the trap separation
for driving the unfolding of the DNA hairpin). One could then
estimate the minimum dissipation protocol and determine the
ratio of energy input (work done to rotate the crankshaft) to en-
ergy output (ATP molecules synthesized) (22, 23) for designed
and naive protocols. These ratios quantify the energetic efficiency
with which the respective protocols induce F; to synthesize ATP,
and their difference determines the energetic savings.

Tafoya et al.

We have seen here that the linear response theory provides a
useful qualitative guide to design protocols that systematically
require less work than naive ones. Moreover, since this theo-
retical framework naturally generalizes to stochastic protocols
(24), future experiments could be designed to more closely
match autonomous machines driven by fluctuating forces. In-
sights from the experiments designed with this framework should
provide a deeper understanding of the nonequilibrium energetic
efficiency of biomolecular machines and ultimately, guide the
operation of efficient synthetic nanomachines.

Materials and Methods

Basic Optical Trap Setup. High-resolution force separation measurements
were conducted on a dual-trap instrument using a solid-state 1,064-nm laser
as described previously (25). Traps were calibrated as previously described
(26). DNA tethers were formed between a 0.90-um-diameter streptavidin-
coated bead and a 1-pm-diameter antidigoxigenin-coated bead (Spher-
otech) held in separate optical traps. An oxygen scavenging system [100 pg
mL~" glucose oxidase, 5 mg mL™" dextrose (Sigma-Aldrich), 20 pg mL™" cat-
alase (Calbiochem)] was included in the buffer to prevent the formation of
reactive singlet oxygen, thus increasing the lifetime of the DNA tethers.

DNA Molecules. Hairpin DNA sequences were selected to display hopping
dynamics such that determining X;,; was accessible experimentally—very
fast hopping dynamics were difficult to distinguish from noise, and very
slow dynamics required long periods of data acquisition and laser ex-
posure before pulling experiments. Minimizing laser exposure avoids
molecule photodamage. All data in S/ Appendix are from sequence 1,
GAGTCCTGGATCCTGTTTTTTTTCAGGATCCAGGACTC, which was previously
characterized and exhibited appropriate hopping dynamics (t,; ~ 0.24) (9).
All data in the text are from sequence 2, TACCTGATCAGGTGCTTTTTTTTG-
CACCTGATCAGGTA, the result of modifying sequence 1 to increase GC content
at the loop neck. This change in sequence is expected to facilitate nucleation of
the native conformation and to avoid molecule misfolding (27).

Bead size variation, small differences in chemical attachments, and non-
specific interactions with the bead surface can lead to molecule to molecule
variation. We minimized the contribution of trap distance variation by
subtracting the value of Xj/; in all cases. However, other unaccounted
sources, such as error in stiffness calibration (most commercially available
beads have root-mean-square variations in radius of 3-6%, and therefore,
the error in stiffness calibration is ~4%, assuming a 4% error in reported
bead size using individual calibration measurements for each bead pair) and
natural variation in the molecules’ persistence length [the SD in persistence
length measurement can be as high as ~17% (28)], also contributed to
molecule to molecule variation in unfolding/refolding trajectories.

Equilibrium Sampling. Each of 20 molecules is initially probed to find X; ,: the
distance between the traps is increased gradually until the residence time at
folded and unfolded conformations is ~50%. On identification of X;, a
systematic error of —2.5 nm was introduced in the absolute distance be-
tween the two traps. This error was introduced as a small difference of a few
millivolts between the instruction given by the computer and the actual
analog number instructed to the steering mirror of the trap. This problem is
not present when measuring changes in separation, because in calculating
relative distances, the offset is canceled. We theoretically estimated the
error introduced in a designed protocol offset by this amount and found
that such error should lead to a cycle work overestimate of ~6%.

For each molecule, each separation is sampled for 30 s in order from
smallest (X;,, — 50 nm) to largest separation (X;,; + 50 nm) at 10-nm spacing
far from X;,, and 5-nm spacing near X;, to more precisely resolve the
friction variation at the hopping regime. Changes in separation are
instructed to be performed instantaneously but are limited by the response
of the mirror controlling the steering trap (~2 ms).

Equilibrium force fluctuations at each of several fixed separations were
measured independently in each of 20 different molecules. From these
fluctuations, the generalized friction coefficient was estimated using Eq. 2.
At each separation, we jackknife resampled from the set of 20 friction es-
timates to calculate the mean generalized friction and SE (29).

We fit several piecewise-constant acceleration profiles of protocol velocity

to the minimum dissipation one (digesigned/dt « [{(/1)]’”2) predicted from
the empirically determined generalized friction ¢{(1). Each model velocity
profile has constant velocity (zero acceleration) far away from X;,, and in
the immediate vicinity of X;/,. Constant acceleration regions interpolate
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between these constant velocity regions. The model parameters are the
region boundaries and the constant velocities. Different model velocity
profiles impose different symmetries, such as inversion symmetry about X ,,
thus reducing the number of free parameters. We used the velocity profile
(Fig. 1) that minimized the Akaike Information Criterion (30), a measure of a
model’s balance between accuracy and complexity.

Naive and Designed Protocols. We estimate the work W during a trajectory of
forces F; and separations X; at n discrete time points by numerical in-
tegration:

n
w= M(Xi—xm)- [5]

= 2
There are 14, 9, 8, 8, 10, and 9 separate molecules sampled with 888 (444), 590
(295), 396 (198), 590 (295), 592 (296), and 472 (236) individual realizations (full
cycles) of protocols for durations of 0.13, 0.24, 0.48, 0.93, 1.8, and 3.7 s, re-
spectively. The cycle work (hysteresis) Weyce = WY + WR = WY, + WE sums the
forward and reverse realizations of a protocol at a given speed within
protocols taken from the same molecule. By canceling the equilibrium free
energy changes during the unfolding and refolding trajectories, this gives
the sum of the excess work in each direction.

We investigate six different protocol durations ranging from 0.13t0 3.7 s.
For each protocol duration, we calculate the work along ~1,200 individual
realizations, ~300 of each of the four protocol types: designed or naive and
unfolding or refolding.
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