
Published: February 22, 2011

r 2011 American Chemical Society 3452 dx.doi.org/10.1021/ja109071a | J. Am. Chem. Soc. 2011, 133, 3452–3459

ARTICLE

pubs.acs.org/JACS

DNA-Based Optomechanical Molecular Motor
Martin McCullagh, Ignacio Franco, Mark A. Ratner, and George C. Schatz*

Department of Chemistry, Northwestern University, Evanston, Illinois 60208-3113, United States

bS Supporting Information

ABSTRACT: An azobenzene-capped DNA hairpin coupled to an AFM
is presented as an optically triggered single-molecule motor. The photo-
induced trans to cis isomerization of azobenzene affects both the overall
lengthof themolecule and the ability of theDNAbases tohybridize.Using a
combinationofmolecular dynamics simulations and free energy calculations
the unfolding of both isomers along the O50-O30 extension coordinate is
monitored. The potentials of mean force (PMFs) along this coordinate
indicate that there are twomajor differences inducedbyphotoisomerization.
The first is that the interbase hydrogen bond and stacking interactions are
stable for a greater range of extensions in the trans system than in the cis system. The second difference is due to a decreased chain length
of the cis isomer with respect to the trans isomer. These differences are exploited to extract work in optomechanical cycles. The disruption
of the hairpin structure gives a maximum of 3.4 kcal mol-1 of extractable work per cycle with an estimated maximum efficiency of 2.4%.
Structure-function insights into the operation of this motor are provided, and the effect of the cantilever stiffness on the extractable work
is characterized.

’ INTRODUCTION

Recent technological advances have provided the tools to
manipulate and measure the properties of single molecules.1-3

Single-molecule pulling, in particular, permits inducing molec-
ular unfolding/refolding events while simultaneously performing
thermodynamic measurements.4-6 Specifically, these experi-
ments provide information about the force exerted during the
extension from which the molecular Helmholtz free energy
profile along the extension coordinate can be extracted.7-10

The basic setup of a single-molecule pulling experiment is
schematically shown in Figure 1. In it, one end of a molecule is
attached to a surface while the other end is attached to an atomic
force microscope (AFM) tip coupled to a cantilever. In these
experiments, the distance between the surface and the cantilever
(L) is controlled while the force exerted fluctuates. The force is
determined by measuring the deflection of the harmonic canti-
lever from its equilibrium position F(t) = -k(ξ(t) - L), where
ξ(t) is the fluctuating molecular end-to-end distance and k is the
cantilever stiffness.

A particularly rich and promising use of this force spectro-
scopy setup is for constructing molecular motors. The basic idea
behind these motors is to supplement the force spectroscopy
with an external stimulus capable of reversibly changing the
elastic properties of the molecule that is being pulled. With these
two elements a single-molecule analog of a thermodynamic cycle
is set up in which the molecule effectively acts as an energy trans-
ducer, converting the externally supplied energy into mechanical
work. A schematic of such a cycle in the force-extension plane is
shown in Figure 2. The molecule in its “soft” version is first
extended by varying the distance between the surface and the
cantilever from L1 to L2. At this extension, the external stimulus is
applied to change the elastic properties of the molecule. The

stiffened molecule is contracted by modifying L from L2 to L1.
The cycle is closed by applying a second stimulus that returns the
molecule to its original state. The net extractable work is given by
the shaded area enclosed by the force-extension isotherms
during the cycle.

The advantage of this setup with respect to most other
reported examples of molecular motors11 is that the AFM acts
as an interface with the outside world that permits extracting any
generated work. Importantly, the setup provides means to
quantitatively compare the ability of different chemical motifs
to transduce externally supplied energy into mechanical work
through measurements of the force during extension.

Two experimental realizations of this concept have been
reported to date. In the prototype of Hugel et al.,12,13 the
molecule is a poly(azopeptide) and the external stimulus is light.
The radiation is used to induce cis/trans isomerization of the
azobenzene moieties.14-17 The cis version of the polymer is
stiffer because the end-to-end distance of the constituent mono-
mers is 0.6 Å shorter than their trans counterparts.18 A second
prototype developed by Shi et al.19 employs a redox process in
order to tune the elastic properties of a polyferrocenylsilane by
changing the charge density along the polymer.

In this paper we propose a novel molecular motor of this class
that takes advantage of the cis/trans photoinduced isomerization
of azobenzene to modify the elastic properties of a DNA hairpin.
The prototype consists of two guanine (G)-cytosine (C) base
pairs capped by an azobenzene linker, see Figure 1. The iso-
merization of the azobenzene is used to disrupt the stacking and
hydrogen bond network in the hairpin structure, thus changing
the elasticity of themolecule. These disruptions amplify the effect
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of the cis/trans isomerization, leading to a mechanism for energy
transduction that is fundamentally different from the one pre-
viously observed in poly(azopeptide)s.

The use of light to power molecular motors20-23 and molec-
ular level force probes24 has a distinguished tradition due to its
versatility and the ultrafast picosecond reaction timescale that is
usually involved in photoexcitation. The photoisomerization of
azobenzene, specifically, has been shown to be robust even in
hindering environments,25,26 making it a particularly useful
component in motor design. In DNA, azobenzene has been
intercalated between bases to photoinduce melting in double-
stranded structures.27-30 Analogous molecules to the one pro-
posed here with stilbene caps instead of azobenzene have been

synthesized before,31 but their potential as energy transducers
has not been quantified.

The maximum extractable work in the cycle shown in Figure 2
is achieved when the pulling and contracting are performed
quasistatically. In the canonical ensemble, the reversible work per
cycle is given by

Wcycle ¼ 1
β
ln
Z2ðL1ÞZ1ðL2Þ
Z2ðL2ÞZ1ðL1Þ ð1Þ

where β = 1/kBT is the inverse temperature and Zi(L) is the
partition function of the molecule plus the cantilever at extension L.
Subindex i = 1,2 denotes the two possible (cis and trans)
molecular modes. Equation 1 takes into account that the proper-
ties measured in single-molecule pulling experiments are those of
the molecule plus the cantilever. The partition function of the
composite molecule plus cantilever system admits a simple
expression10

ZiðLÞ ¼
Z

dξ expf-β½φiðξÞþVLðξÞ�g ð2Þ

where φi(ξ) is the molecular potential of mean force PMF (the
Helmholtz free energy profile) along the end-to-end coordinate
ξ for the molecule in mode i and VL(ξ) = k(ξ - L)2/2 is the
potential due to a cantilever of stiffness k at extension L. The
convention that net extractable work is positive is adopted
throughout the paper.

The molecular elastic properties are completely characterized
by φi(ξ). Here, this quantity is estimated using atomistic
molecular dynamics (MD) and the weighted histogram analysis
method (WHAM).32,33 In addition to determining the ability of
azobenzene-capped DNA dimers to transform electromagnetic
radiation into mechanical work, the simulations presented below
provide a detailed account of the rather intricate unfolding

Figure 1. Schematic of a single-molecule pulling setup and of the DNA-based molecular motor. The molecule is attached by its ends to a surface at the
terminal O50 atom and anAFM tip at the terminal O30 atom. The distance between the surface and the cantilever (L) is controlled, while the deflection of
the cantilever from its equilibrium position measures the instantaneous applied force on the molecule by the cantilever F = -k(ξ - L). Here ξ is the
fluctuating molecular end-to-end distance and k the cantilever stiffness. The structure of the photoresponsive DNA that provides the basis for the motor
is shown in the right panel. It consists of two guanine-cytosine base pairs connected by an azobenzene linker. Light is used to induce cis-trans
isomerization in the azobenzene, thus modifying the molecular elasticity properties.

Figure 2. Single-molecule cycle used for work extraction in a force
spectroscopy setup. Themolecule in its soft mode is extended by varying
the distance between the surface and the cantilever from L1 to L2. At this
extension an external stimulus is applied capable of making the molecule
stiffer. The molecule in its stiff version is then contracted by varying L
from L2 to L1. The cycle is closed by applying a second stimulus that
reverses the induced changes on molecular elasticity. The next extrac-
table work Wcycle is given by the shaded area in the figure.
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dynamics of DNA when disrupted by the photoswitchable cap.
This complements previous studies on pristine RNA34-36 and
DNA37 unfolding. The resulting structure-function insights are
important for future DNA motor design.

This manuscript is organized as follows. The specifics of the
MD simulations and the free energy computations are given in
the Methods section. The Results and Discussion section is
divided into three parts. The first part discusses the potential of
mean force and the unfolding pathways of the cis and trans
structures. The second part introduces the possible modes of
operation for net work extraction and the efficiency of the device.
The last part discusses the photoinduced structural changes on
DNA that are responsible for the extractable work. The main
findings are summarized in the Conclusions section.

’METHODS

The DNA bases were built using the NAB module in Amber 1038 and
simulated using the CHARMM27 force field.39,40 The azobenzene unit
was built separately with standard CHARMM27 atom types being
chosen for all atoms except the central nitrogens. Bond and angle force
field parameters for these nitrogens were taken to be equivalent to the
nucleic acid aromatic carbon (CNA). Most dihedral angle parameters
were taken as equivalent to the CNA values with the exception of
C-N-N-C and C-C-N-N. These two dihedral angles are sig-
nificantly different in the cis and trans forms. The equilibrium values for
these were fitted to B3LYP/6-31þG** calculations. The C-N-N-C
equilibrium values were taken to be 180� for trans and 0� for cis with a
force constant of 14.0 kcal mol -1. The C-C-N-N equilibrium values
were taken to be 0� and 180� for trans and-50� and 130� for cis with a
force constant of 4.425 kcal mol-1. The Lennard-Jones nonbonding
parameters for the central nitrogens were taken to be the same as the
other CHARMM27 nitrogens. Charges for all azobenzene atoms were
assigned by the standard procedure of fitting the HF/6-31G*-deter-
mined electrostatic potential to atomic charges using the restrained
electrostatic potential (RESP) module in Amber.41 The resulting set of
charges is included in the Supporting Information. The final structure for
azobenzene in both forms compares qualitatively well with crystal-
lographic data.42,43

For the purpose of determining the maximum extractable work, it is
necessary to quantify the elastic properties of the system in the cis and
trans forms. For this, we assume that the molecule in either form is in a
state of local equilibrium. Direct modeling of the isomerization event is
not required for the present purposes (see ref 44 for a general
description of isomerization through conical intersections). We suppose
that pulling and contracting of our system occurs under reversible
conditions. The pulling direction is taken to be along the axis defined by
the O50-O30 molecular end-to-end coordinate ξ. During pulling, the
O50 atom was restrained by a stiff isotropic harmonic potential that
mimicked the molecular attachment to the surface. Simultaneously, the
opposite O30 atom was subject to a harmonic bias that mimics the effect
of the AFM cantilever on the molecule. The cantilever is taken to have a
stiffness of k0 = 1.1 N/m (1.58273 kcal mol-1 Å-2) along the pulling
coordinate ξ and to be stiff in the perpendicular directions. This stiffness
was preferred over softer cantilevers because it simplifies sampling.45

The sampling along the extension coordinate required to reconstruct the
potential of mean force proceeded as follows: The distance, L, between
the surface and the cantilever was fixed at several different values along the
extension coordinate. After an initial energy minimization in vacuum the
system was placed in a pre-equilibrated solvent box. The energy of the
solvated system was minimized and the system allowed to equilibrate
for 4 ns. Subsequently, the dynamics was followed for 8 ns and the end-
to-end distance ξ recorded every 1 ps. In total, 121 extensions for the cis
form and 155 extensions for the trans form were simulated. Values of L

ranged from6.75 to 44.75Å, whileξ ranged from2.9 to 44.9 Å.Total analyzed
simulation timewas 0.97μs for the cis system and 1.24μs for the trans system.

All molecular dynamics simulations were performed using NAMD46 at
300 K in the NVT ensemble with a Langevin thermostat with a damping
coefficient of 5.0 ps-1. The total system is composed of 178 DNA hairpin
atoms, 4 sodium ions, and 1731 TIP3P water molecules in a 27.1 Å �
34.7 Å � 56.3 Å box. An integration time step of 2 fs was used in com-
binationwith the SHAKE algorithm. A real space cutoff of 12Åwith a switch
distance of 10 Å and the particle mesh Ewald method are used to compute
nonbonded interactions.

Themolecular potential ofmean forceφ(ξ) along the end-to-enddistance
coordinate was reconstructed from the biased simulations at extensions L
using theweighted histogram analysismethod (WHAM),32,33 as described in
detail elsewhere.10 The PMF is an intrinsic molecular property that is inde-
pendent of the cantilever stiffness. In the WHAM procedure we employed
bins of 1 Å along ξ and used as a convergence criteria an average difference of
10-7 kcal mol-1 among consecutive estimates of the free energy in the self-
consistent procedure.The resulting free energyprofiles are subsequently used
to estimate the extractable work using eqs 1 and 2. The PMF also permits
estimating the force-extension isotherms for the composite molecule plus
cantilever system for any value of the force constant k. Specifically, the average
force exerted on the system at extension L is given by

ÆFæL ¼-
1
β

D ln½ZðLÞ=Z0�
DL

ð3Þ

whereZ0 is an arbitrary constant used tomake the argument in the logarithm
dimensionless.

’RESULTS AND DISCUSSION

Potential of Mean Force and Unfolding Pathway. The
PMFs for both the cis and the trans conformations of the

Figure 3. Potential of mean force along the end-to-end distance
coordinate for the azobenzene-capped DNA hairpin. Snapshots of
structures adopted during the unfolding are shown in the top panel
(t1-t5) for the trans conformation and the bottom panel (c1-c5) for
the cis conformation. The error bars correspond to twice the standard
deviation obtained from a bootstrapping analysis. Note the considerable
changes induced by photoisomerization on the free energy profile.



3455 dx.doi.org/10.1021/ja109071a |J. Am. Chem. Soc. 2011, 133, 3452–3459

Journal of the American Chemical Society ARTICLE

azobenzene-capped DNA hairpin are shown in Figure 3. Snapshots
of relevant structures adopted during the unfolding process are
given in the top panel for trans (t1-t5) and the bottompanel for cis
(c1-c5). Generally speaking, regions of convexity along the PMF
correspond to mechanically stable molecular conformations, while
regions of concavity signal molecular unfolding events.10 These
concave regions lead to mechanical instabilities where the force
decreases with the extension (∂ÆFæL/∂L) < 0 during the pulling.
The PMF of the trans conformation shows a convex region for

ξ < 17 Å representing the folded state, a mostly concave region
for 17 Å < ξ < 40 Å where the molecule unfolds, followed by
another region of convexity that corresponds to the unfolded
state. The unfolding region exhibits some convex intervals
signaling marginally stable intermediates encountered during
the unfolding. The folded native phase is for 11 Å < ξ < 15 Å.
For ξ < 11 Å the structure is contracted, and this leads to a
disruption of the terminal base, t1 being a representation in
which the terminal cytosine flips out. For ξ ≈ 11 Å structures
with a stacked terminal base pair (e.g., t2) become stable. These
conformations are comparable in energy to the hydrogen-
bonded terminal base pair due to possible backbone frustration
caused by the trans azobenzene cap as well as normal DNA
end fraying.47,48 The unfolding of the trans structure begins at
ξ = 17 Å and is generally initiated by the flipping out of the
terminal cytosine (cf. t3). This event is followed by the breaking
of the hydrogen bonds in the inner base pair at ξ ≈ 24 Å, as is
represented by snapshot t4 . Subsequent pulling induces the
breaking of stacking interactions between the azobenzene unit
and the neighboring bases. By ξ = 40 Å the hairpin is completely
unfolded.

The native state of the cis conformation occurs in the 13 Å <
ξ < 17 Å region of the extension coordinate in which both GC
base pairs formWatson-Crick structures as depicted in c2 . This
conformation, however, is barely stable with a well depth of less
than 1 kcal mol-1 with respect to unstacked structures, leading to
coexistence between the two at room temperature. There are two
narrow concave regions along the PMF that signal conforma-
tional transitions. The resulting mechanically stable contracted
region (ξ < 12 Å) is characterized by a disorganized globular
structure, such as c1, with very little hydrogen bonding and
stacking. In turn, the resulting unfolded region ξ > 18 Å exhibits
only stacking interactions. The hydrogen bonding of both base
pairs is broken in a narrow region around ξ ≈ 17 Å.
Elastic Properties, Extractable Work, and Efficiency. The

photoinduced changes in the PMFs of the hairpin structure
provide the basis for an optomechanical motor. To see this,
consider first the force-extension isotherms shown in Figure 4
for the cis and trans structures when pulled with cantilevers of
different stiffness. Here we focus on the k = 0.1 k0 = 0.11 N/m case
since this force constant falls in an experimentally preferred
range. In the trans case the force initially increases, observes a
drop between L = 22 and 42 Å, and then increases again. The
drop in the force is due to molecular unfolding during pulling.
The computed stress maximum compares well with experi-
mentally determined values for analogous systems.49 In the cis
mode the unfolding event occurs at shorter L ≈ 18 Å because
the DNA hairpin is less mechanically stable. Note that for short
extensions the trans structure is stiffer than the cis one because
of the disruption of the hydrogen bonding and stacking interac-
tion upon trans-to-cis photoisomerization. At long extensions,

Figure 4. Force-extension isotherms during the pulling. The panels show the elastic behavior of both the cis and the trans structures when pulled using
cantilevers of different stiffness k (k0 = 1.1N/m). Note that the cis structure is softer than the trans one for short extensions and stiffer for long extensions.
This inversion in the relative stiffness between the two molecular modes leads to two possible ways of work extraction, labeled I and II in the upper right
panel.
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however, this effect is reversed with the cis form becoming stiffer
due to its shorter length.
For work extraction, we consider optomechanical cycles in which

the molecule in the cis form is elongated (or contracted) by varying
L fromL1 toL2. AtL2, 420 nm light is applied to induce a cis-to-trans
isomerization. Subsequently, L is varied from L2 back to L1 and
365 nm light is applied to turn the transmode into the cis mode and
close the cycle. Figure 5 shows the net extractable work for different
L1 and L2 values and different cantilever stiffnesses.
The basic features of the F-L isotherms lead to two distinct

modes of work extraction, labeled I and II in Figures 4 and 5, that
operate in opposite ways. Mode I is characteristic of DNA since it
is based on the disruption of the paired bases. Mode II, in turn, is
equivalent to the mechanism for energy transduction used in poly-
azopeptides12,13 in which the change of length of the molecule upon
photoisomerization is the origin of the optomechanical effect. While
inmode I the trans form is the “stiff” version of themolecule, inmode
II the cis form plays that role. These two possible modes of work
extraction can be isolated by properly choosing the L1 and L2
parameters for motor operation.
Since the properties measured during the pulling are those of

the molecule plus cantilever, the extractable work depends
strongly on the cantilever stiffness used. We observe, in Figure 4,
that the maximum extractable work is obtained when stiff
cantilevers are employed since none of the optomechanical effect
is wasted on deflecting the cantilever. Note that for soft canti-
levers the extractable work becomes negligible. This is because
the native end-to-end distances of the DNA hairpin in its cis
and trans modes are approximately equal and because in the
soft-spring limit the slope of the force-extension isotherm
is independent of the molecule and given by ∂ÆFæL/∂L ≈
k þ O(k2).10

For Mode I, the maximum extractable work is 3.4 kcal mol-1

per cycle obtained by using k = k0, L1 = 11 Å, and L2 = 30 Å.
These two extensions naturally coincide with curve crossings of
the associated F-L isotherms in Figure 4. For Mode II, the
maximum extractable work in the parameter space explored is
3.5 kcal mol-1 per cycle obtained using k = k0, L1 = 44 Å, and L2 =
30 Å. Note that in this case the order of L1 and L2 for net work
extraction is reversed with respect to Mode I. Since Mode II
operates in a regime where chemical bonds are stretched, the
estimated extractable work is not expected to be quantitative
since the CHARMM force field is not parametrized to accurately
describe this. This is in stark contrast to Mode I that operates in a
regime for which the CHARMM force field is well parametrized.
A simple estimate of the efficiency of this motor can be

obtained as follows. The net work extracted per cycle in Mode I
is 2.4 � 10-20 J. The quantum yield of the trans to cis
isomerization using 365 nm (5.5 � 10-19 J) photons is ∼0.1,
and hence, 10 of these photons are required per cycle.16 In turn,
the quantum yield of the cis to trans isomerization using 420 nm
(4.7� 10-19 J) photons is ∼0.5.16 The total optical energy
required per cycle is then ∼6.5 � 10-18 J for a net operation
efficiency of ∼0.4%. An analogous calculation for the poly-
(azopeptide) prototype yielded an efficiency of ∼0.08%.13 This
indicates that the stacking and hydrogen bonding of the hairpin
structure amplifies the photoinduced changes of azobenzene,
leading to a mode for work extraction that is fundamentally
different and a factor of 5more efficient than the one observed for
poly(azopeptide)s. The maximum possible efficiency of this
motor is obtained by supposing that every photon is absorbed
and induces photoisomerization to yield∼2.4%.While the major
energy waste is expected to arise due to the inherent inefficiencies
of azobenzene’s photoisomerization processes, other factors may

Figure 5. Net extractable workWcycle from the DNA-based motor. The meaning of the extensions L1 and L2 is specified in Figure 2. The color code is
given in the lower right. Note the two possible modes of work extraction (I and II) and the substantial effect that the cantilever stiffness has on the
extractable work.
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impact themotor efficiency. These include spectral overlap of the
photoisomerization processes, dependency of photoisomeriza-
tion quantum yield on applied force, sample heating, and other
complex dissipative effects.
Structure-Function Relations in Motor Operation. The

structural origins of the work extraction are important guides to
understanding our current molecular motor and to aiding in the
design of a better one. In order to determine the important
structural features, order parameters as a function of end-to-end
distance were monitored. A number of order parameters were
considered with the most elucidating set being the base-base
interaction energies, similar to the study of Hagan et al.50 The
important pairwise interaction energies between the bases are
plotted in Figure 6. For clarity, in the upcoming discussion we
label the bases GUA1, GUA2, AZO, CYT4, and CYT5 in the
manner specified in the figure. Interactions between the bases
were computed as the sum of the Lennard-Jones and Coulomb
interactions between all atoms of one base with all atoms of the
other. Figure 6A contains hydrogen-bonded type pairs (GUA1-
CYT5 and GUA2-CYT4), Figure 6B contains azobenzene and
adjacent base stacking pairs (AZO-CYT4 and AZO-GAU2),
while Figure 6C contains cross terms (GUA1-CYT4 and GUA2-
CYT5). Bold lines correspond to the trans conformation and the
thin lines to the cis one.
The maximum work extraction for Mode I uses k = k0, L1 = 11

Å, and L2 = 30 Å (recall Figure 5). For this cantilever stiffness the
extension L is approximately equal to the end-to-end distance ξ.
The difference between the cis and the trans curves at ξ = 11 and
30 Å are thus the most important aspects of Figure 6 for work
extraction. The cis/trans differences at ξ = 30 Å are negligible for
all interactions; thus, we focus on ξ = 11 Å. For the hydrogen
bond type interactions in Figure 6A, the major difference
between cis and trans is the stability of the inner base pair
(GUA2-CYT4) at ξ = 11 Å. The cis structure has a very narrow
region around ξ = 15 Å in which the inner base pair is fully
formed, whereas the trans structure has a fully formed inner base
pair for ξ < 17 Å. The added stability of the trans inner base pair
at ξ = 11 Å causes the trans structure to be stiffer in this region.
For the stacking interactions plotted in Figure 6B, the major

difference between the cis and trans structures at ξ = 11 Å is the
AZO-CYT4 interaction. Again, the trans structure has a stable
interaction at these short distances, while the cis structure shows
little stacking stability. The cis/trans difference in the AZO-
GUA2 interactions is fairly small, suggesting that the cis isomer of
azobenzene can also remain stacked to one neighboring base and
does so with the guanine. In turn, the cross-term interaction
energies plotted in Figure 6C show that typical stacking and
hydrogen bond interactions do not tell the whole story. There is a
dramatic difference between the cis and the trans interaction
energy of the terminal guanine to inner cytosine (GUA1-CYT4).
At ξ = 11 Å, this interaction energy reaches a minimum of∼-12
kcal mol-1 for the trans structure, while it is almost negligible for
the cis structure. This is evidence of a fairly ordered contracted
structure for the trans isomer and a disordered one for the cis
isomer.
Work extraction from this motor arises due to a rather intricate

interplay of induced conformational changes onset by the cis/
trans isomerization. The three major interaction energies which
contribute to the extractable work for our motor are inner base
pair hydrogen bonding, azobenzene-cytosine stacking, and term-
inal guanine-inner cytosine interaction. Surprisingly, perhaps, the
hydrogen bonding of the terminal base as well as the normal

DNA base-base stacking are not substantially affected by the
isomerization and play little role in the motor operation.

’CONCLUSIONS

We proposed a prototype of a molecular motor attached to an
AFM that is based on photoisomerization of a DNA hairpin
consisting of two guanine-cytosine base pairs capped with an
azobenzene. The effect of the isomerization on the unfolding
pathway, the force-extension isotherms, and the molecular
potential of mean force along the extension coordinate were
analyzed using atomistic molecular dynamic simulations and free
energy reconstruction techniques.

The unfolding of the trans conformation is characterized by a
stable folded phase in which the inner base pair is always intact,
an unfolding region in which hydrogen bonds and the stacking
interactions between the azobenzene and neighboring bases are
broken, and a mechanically stable unfolded conformation. In
turn, the unfolding pathway of the cis conformation consists of a
globular contracted region with no intact base pairs, a narrow
shallow-welled native state with two fully intact base pairs,
followed by the unfolded conformation.

These photoinduced changes in the unfolding pathway lead to two
possible modes of work extraction through optomechanical cycles.

Figure 6. Base-base interactions during unfolding of the DNA hairpin.
The interaction energies plotted in each panel are specified by the color-
coded structures. Thick (or thin) lines correspond to the trans (or cis)
conformation. The top panel shows interactions that are mostly hydro-
gen bonding in nature, the middle panel shows stacking, while those
shown in the bottom panel are mixed. The bases are labeled GUA1,
GUA2, AZO, CYT4, and CYT5 starting with the terminal 50 base as
shown in the top panel.
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In Mode I, the extractable work is due to the disruption of the
hairpin structure upon photoisomerization. In turn, Mode II
exploits the fact that the trans to cis isomerization effectively
reduces the net molecular length. This latter mode is reminiscent
of the one used in the experiment by Hugel et al.,12 while Mode
I is unique to the DNA design. These two modes operate in
opposite ways, for in Mode I the trans conformation is the stiff
version of the molecule while in II the cis conformation is the
stiffer structure.

Estimates of the net extractable work during the optomecha-
nical cycle when the pulling is performed with different cantilever
stiffnesses indicate that the maximum is obtained when stiff
cantilevers are employed. In Mode I the extractable work is 3.4
kcal mol-1 with a possible maximum efficiency of 2.4%. Esti-
mates that take into account the quantum yield of the photo-
isomerization indicate that the efficiency of the process is∼0.4%.
This efficiency is five times larger than the one observed in the
operation of the poly(azopeptide) optomechanical motor,13

indicating that the DNA hairpin structure amplifies the transduc-
tion effects onset by photoisomerization.

Three major energetic differences between the cis and the trans
structures lead to net Mode I work extraction. These are the inner
base pair hydrogen bonding energy, the azobenzene-cytosine
stacking energy, and the terminal guanine-inner cytosine interaction
energy. Terminal base pair hydrogen bonding and normal DNA
base stacking are found to be insignificant for work extraction.

These structure-function insights provide the basis for DNA-
based motor design. Future prospects include identifying azo-
benzene-capped structures in which the two modes of work
extraction cooperate, studying the effect of temperature, and
increasing the hairpin length on the extractable work.
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