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Using DNA to construct and power a nanoactuator
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A DNA-based molecular machine is described which has two movable arms that are pushed apart when a
strand of DNA, the fuel strand, hybridizes with a single-stranded region of the molecular machine. Through the
process of branch migration, a second strand of DNA complementary to the fuel strand is able to remove the
fuel strand from the molecular machine, restoring it to its original configuration. Compared with the molecular
tweezers we had previously devised, this machine, which we call a nanoactuator, has a reduced tendency to
form dimers.
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Understanding the mechanisms by which directed motioraddition, the nanoactuator is less susceptible to dimer forma-
can be induced on a molecular scale is an active area dfon than are the molecular tweezers.
researci1]. Much of this work has been driven by a desire The nucleotide sequences for the strands of DNA used to
to understand how biological molecular motors operate angonstruct and operate the actuator are given in Table I. The
most of this work has focused on thermal ratcHels Ex- device and its operation are iIIL!stra'ted in Fig. 1. As shown in
perimental systems exhibiting thermal ratchet behavior havE'9- 1@, the molecular machine is constructed from two
been devisedi3]. More recently several single-molecule de- Strands of DNA labeledh and B that hybridize to form a
vices exhibiting directed motion have been mddes]. A loop W|th two 18-base-pair double-stranded regions. Since
DNA-based molecular motor, driven by hybridization en- the persistence lengtf20] of dsDNA, ~50 nm, 1S much
ergy, has been reported by [8]. Because of the potential longer than the length of these overlap regions, the double-

o . . .stranded regions serve as rigid arms. Since ssDNA has a
application to nanotechnology, it is desirable to explore vari-

. . short persistence lengfl21], the four-base region oA that
ous ways of constructing molecular-scale engines. Here Amains single strandet, of Table I, serves as a flexible

DNA-based engin_e is descr_ibed in which a _pushing forcq1inge between the two arms. The 48-base regioB dfiat
rather than a pulling force is generated during the powet, \oins single stranded consists of a 40-base redjbof
stroke. , , _ Table I, which we refer to as the motor domain. The motor
DNA has proved to be a versatile material from which 0 gomain is sandwiched between the two four-base regions
construct nanoscale structuf@d and machines. This versa- Sg; and Sy, that serve as spacers. Thermally driven fluctua-
tility results primarily from its simple molecular recognition tjons of the single-stranded portion Bfgive rise to entropic
chemistry: Two strands of single-stranded DNA hybrid-  forces that pull the two arms toward each other. Hence, in its
ize well to form double-strande@tls) DNA only if the se-  relaxed configuration there will be a mean angle of separa-
guences of bases of the two strands are complemeff&ry tion between the two arms that is less than that which would
The large size of the combinatorial spd&3 of nucleotide be obtained if the single-stranded region Bfwere pulled
sequences that can be used as labels to determine whiskraight.
strands of DNA hybridize with each other facilitates the con- As shown in Fig. 1b), the fuel strand~ is used to push
struction of complex structures. This has allowed the assenthe two arms apart into the straightened configuration. As

bly of a variety of wire frame polyhedral structurgs0l, TABLE I. Oligonucleotide sequences. Thé Bnd of each se-

complex knotg[11], and two-dimensional sheets consisting guence is at the left. An overbar denotes the complement of an
of DNA tiles [12] This may form the basis for a versatile 0|igonuc|eotide sequence.

self-assembly technologyl 3]. Also, through molecular se-
lection experiments various DNA structures have been found=A; H, A, B=A; Ss; M Sg, A,
that are capable of enzymatic activjti4]. Progress has also a=a; H, a, B=a; Se1 M S a,
been made in the rational design of DNA-based molecular ‘ LBl 272

machined 6,15]. In one maching15] the B-Z transition of Biz = A1 S;1 M Sg; ap Ba=ai Sg1 M Sgz Az
DNA was used to produce structural rearrangements. Moré = M 7 7=TGCTACGA
recently we have used DNA hybridization to power the clo-Ha=ATCA H,=ATTT
sure of a tweezerslike DNA structufé]. A means for re- Sg;=CTGG S, =AACG

opening these molecular tweezers was provided by utilizingh;=TGCCTTGTAAGAGCGACC
the branch migration process whereby one strand of DNAA,=ACCTGGAATGCTTCGGAT
can displace another as each competes for binding with a,= GCGATGAAGTGTCCACCT
third complementary stranfll6]. A related molecular ma- «,=CCGTATGGAGCAGAATCC
chine is reported here. We refer to this engine as a nanoags = TAACAATCACGGTCTATGCG
tuator. In this machine DNA hybridization is used to pushGGAGTCCTACTGTCTGAACT
two components apart rather than to pull them together. In
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FIG. 1. (Color) The nanoac-
tuator (a) consists of two strands
A of DNA labeledA andB that hy-
bridize together into a looplike
structure consisting of two stiff
double-stranded arms held to-
gether by a short and a long
single-stranded region. The opera-

(D} tion of the nanoactuator is shown
F

in (b). Upon hybridizing with the
Relaxed actuator, the fuel strand pushes the

? arms apart into a “straightened”
configuration. The complement of

F, denoted byF, removesF from
the actuator through strand dis-
placement by branch migration. A

double-stranded waste produét,

hybridized with F, is produced
\ each time the actuator is cycled

between its ‘“relaxed” and

straightened states.
F

| N S I T Y O

Straightened

indicated in Table IF possesses a regio that is comple-  motor known[18], and to the forces generated by actin and
mentary to the motor domain &. The hybridization of this ~ Microtubule polymerizatiofil 9]. The magnitude of the force
region of F with the B strand pushes the two arms apart. applied to an actuator arm is sma!ler than this number by a
From the average free energy change associated with ttctor of 2 or more due to mechanical advantage factors. On
hybridization of a complementary base pair 8 meV at hyb_r|d|zmg with the motor domr_;un 0B, a smgle—_stranded
20°C) and the separation between bases in dsObla4 region of.F, called the t(.)eh.ol_d_q( in Ta_ble I),_remams. T_he
nm), one estimates that pushing forces of order 37 pN coul@ctuator is restored to |ts_|n|t|al configuration by the intro-
be developed. This is respectable even for biological molecuduction of the complemerft of the fuel strand. This strand
lar motors. It is comparable to the stall force generated byirst attaches itself to the fuel strand via the toehéldthen
RNA polymerasg17], the most powerful ATPase molecular competes with the actuator for binding with the fuel strand
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through branch migratiofl6]. This is a random walk pro-
cess associated with the temporary breaking of base pair .g 207 Straightened
bonds by thermal fluctuations. The mean time between steps 5 i
is on the order of 1Qus. The random walk makes a first q% ST
passage to the point wheFeandF are fully hybridized. At § 1.0
this point the actuator has been restored to its relaxed con- g | ‘ Relaxed
figuration and the waste productBffully hybridized with F Sost FE
— o
has been created. By successively addingnd thenF the
actuator can be repeatedly cycled between its straightened 00 — — — »
and relaxed configurations. 00 50x10° 1.0x10" 1.5x10° 2.0x10
All oligomers used in the experiments reported here were Time (s)

purch_ased and purified, as ﬂﬁ]’_ by Integrated DNA Tech- FIG. 2. The fluorescence intensity as a function of time as the
nologies, Inc(IDT). Stock solutions were prepared by resus-,cqator is successively straightened and relaxed. Vftieradded,
pend'”g the.|y0ph|||zed 0“90”UC_|eOt|deS in TE buffef0  the fluorescence increases due to the increased distance between the
mM  Tris (tns(hydroxy_me;hy]-ammome_than)_e pH 8-01 1 TET and TAMRA dyes. WherF is added the fluorescence de-
mM EDTA (ethylene diamine tetra acetic agiét a nominal  ¢reases.
25 uM concentration. Unless stated otherwise, experiments _
were performed at LM concentrations at 20 °C, by adding these strands a 10% fluorescence change was noted during
DNA stock to a 48ul volume of sodium phosphate/sodium hybridization withB. No further fluorescence change, apart
chloride (SPSG buffer (pH 6.5, IM NaC). from that due to dilution, was detected upon operating these
Gel electrophoresis experiments supplementing those ictuators. . _
[6] were performed to demonstrate that there is no unex- A correctly formed actuator consists of a singleand a

pected hybridization between any two of the straAds, F,  SingleB strand hybridized together. More complex structures

F, and their subsections. This indicates that only those Seé:_onsstmg of loops possessing two or mévstrands ands

. — ) Strands can form. At the concentrations employed in our ex-

tions of the strand#, B, F, andF that were designed 10 hariments the smallest of these unwanted loops dominate

hybridize with each other do, and hence the interaction bezng hence, we will refer to these structures as dimers and to

tween the strands are those depicted in Fig. 1. correctly assembled actuators as monomers. To quantitate
StrandA was labeled at the’Sand 3 ends with the dyes he formation of dimers, a second actuator was designed us-

TET and TAMRA, respectively. Fluorescence resonance €Mihg the sequences and 3 instead ofA andB. StrandsA and

ergy transfeFRET) [22] between these two dyes was used , "can combine with the strandd and B, respectively, to

to monitor the separation between the two arms of the actuggm actuators or they can be cross linked using the strands
tor. The TET dye was excited with 514.5 nm argon ion I_aser , and B,,. The latter sequences are both partly comple-
light, and the fluorescence was measured as described in chg‘entary to sections oA and « (cf. Table ). Hence, the

([16]' The degreehogftljuorescenpe qluednching asda. fun.ction mallest looplike structure formed by the hybridization of
ye separation had been previously determii@dTitration stoichiometric amounts &, «, B1,, andB,, is of the same

experiments using the TET fluorescence as an indicator WeIg o as the simplest dimer formed by td«) strands with
performed to determine stoichiometry between the stock SQ;

luti t vari DNA strand wo B (B) strands.
utions or various L strands. . . . The amount of dimer formation was assessed in two dif-
When strandB is added to strandh in stoichiometric

amounts the TET fluorescence increases by a factor of 2. erent ways, The first method employed polyacrylamide gel

. . . lectrophoresisS PAGE). Figure 3 shows the result of a
When strand- is added to this the fluorescence increases b¥>AGE Fr)un in 3(vhich ?]e ngnoactuator is compared with the

E\n?ther fa}{(r:]tortof 1.53. Fron;]thlstlr: is m]lerrted t_hat_ th_(i d|st|ance imer standard formed b§ a, B1,, andB,;. The run was
cgnv;eﬁpatioi i:’g 1 %/;S Ivr\1, tﬁg strZi aﬁtgﬁe%r clznlfr: :Jrsatrigr?)t(r? erformed under nondenaturing conditions at 20 °C and with
9 ' ’ 9 9 a constant current df=20 mA, using a 5% polyacrylamide

distance between the two dyes-sl3 nm. Figure 2 shows a o i .
plot of fluorescence with time as the actuator is cycled be-gel and TBE(Tris-borate-EDTA, pH 8.Bas reservoir buffer.

. , : . : .~ Prior to loading the gel, reactions were performed with equal
tween its relaxed configuration and its stra|g_htened Conf'guémounts(ZS pmo) of dye-labeled strands to which stoichio-
ration through successive applicationsco&ndF. Under our  metric amounts of all other strands were added, yielding a
experimental conditions, the time for half completion of thetypical final concentration of 3:M for each species. Each
straightening reaction is 21 s while the time for half comple-rgaction step was given a minimum of 10 min to proceed to
tion of the relaxation reaction is 59 s. The decay in fluoresnear completion. The PAGE experiment confirms that little
cence is fully accounted for by the decrease in the actuatqfjmer formation takes placesee caption Fig. )3
concentration that results from successive addition of.3.0 The second method of checking for large loop formation
F and 3.1ul F at nominal 12.5.M concentration. To dem- employed a series of fluorescence measureméritsit4),
onstrate that the observed TET fluorescence changes are psimmarized in Table Il. These experiments were carried out
marily due to FRET with the TAMRA dye, actuators were at concentrations and buffer conditions as in the measure-
constructed in which tha strand was only TET labeled. For ments for Fig. 2. The total DNA concentration was the same
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TABLE II. ExperimentsF1-F4 performed to determine the

amount of dimer formation during the actuator assemAl\B, «,
B1, and B,, are ssDNA strands specified in TableAland « are
both TET and TAMRA labeled; stranBl has the same sequence as
A, but is not fluorescently labeled. The first column of the table lists
the strands used for the experiments. By constructioR2imndF4
only dimers can form, whereas il andF3 a mixture of correctly

- - assembled actuators and dimers can be expected. In the second
column this is expressed in terms of the fluorescence intensities of
the reaction mixtures after completion of the assembly reaction. The
fluorescence contributions of correctly assembled actuators are
termedl, andlz. The other contribution$a o, la o, 1Az, 12 A

. - - and I3 , stem from dimers formed by the strands listed in the
subscriptsx €[ 0,1] is the amount of dimer formation, to be deter-
- - - mi?ecil by this se(tj ?lf experiment_s.t Th(_at_final CT_)Iurgnt ctc;]nta;i_nslthe
actually measured fluorescence intensitie®rmalized to the fina
- .'“ fluorescence valug-, for experiment=1.
abcdef g h
Strands Final fluorescende 1/lgq
FIG. 3. Test of dimer formation using polyacrylamide gel elec- F1 A,B e =XIa+3(1=X)I oA 1

trophoresis: DNA migrates from top to bottom; shorter strands mi- '
grate faster. In Iane(si)_—(g) the_actuator is assembled and operated,F2 A, B12, B lep=1 2 0.822
whereas lanéh) contains the dimer construct made frégme, 812, '
and B, as described in the text. Larfe) contains strand\. Lane ~ B _
(b) shows the result of the assembly of actuators from strararsd F3 AAB lea=(XI2)1a+ (XI2)17 0.515
B. The lowest and darkest band corresponds to the correctly as- +(1=X)1an/8
sembled device, whereas the higher and fainter bands are due to +(1-Xx)l55/4
dimers, as can be judged from comparison with lémelIn (c) the +(1-x)I134/8
actuator is straightened by adding the fuel str&dhe dark ac-
tuator band shifts accordingly to higher molecular weight. Thegg A @, B2 Bor lea=1% /2 0.696

dimer “ladder” also shifts, as- can also bind to dimers. The faint
band at the height of the relaxed actuator is due to a slight deviation

from stoichiometric conditions. In landd)—(g) the actuator is re-

laxed and straightened twice by successively adding the removal X=1—(4lg3—21 ) (2l pa—E2), (1)
strandF and the fuel strand. Actuators and dimers shift accord-

ingly. As errors in stoichiometry accumulate over several cycles, h is the fracti f | bled |
faint bands appear “out of phase.” The dark bands at the bottom ofVNerexis the Traction of correctly assembled actuators. In-

“ = serting the experimental values fof;, Irs, lg3, andlpgy,
| d)— duced by th t ducfF. .
anes(d)~(g) are produced by the “waste produc one finds that 90% of the DNA strands are assembled prop-

erly. In contrast to the molecular tweezd®|, the dimer
for all four experiments and all strands were mixed in sto-formation takes place during the assembly of the molecular
ichiometry. Where two strands of a given type were usedmachine and not during its operation. Thus, in principle one
such ash anda in F2. A andA in F3. andA and« in F4 could purify the actuators after the assembly step and operate

1:1 mixtures were employed. Table Il contains a set of fourexCIUSIVGIy W'th correctly assembled devices.
equations for the eight variables | x, 15, I o a, 1o, |a% In conclusion, we have constructed a DNA-based actuator

157, |3.. This system can be solved under the followingthat can be cycled between a relaxed and a straightened state.

assumptions.i) All fully dye-labeled dimers exhibit the Like the molecular tweezers, i_t is a clocked molecular motor

same fluorescencel {n=1,.). (i) The fluorescence of operated by successive addition of fuel strands followed by
. ~ _ their complements. Unlike the molecular tweezers, hybrid-

dimers formed byA and unlabeledA and that of dimers i, 4ti0n of the fuel strand with the actuator pushes the two

composed ofae and A is equal (2=1% ). WhenA was  arms apart. Also, because of its loop structure, the actuator is

substituted byA in F1 the fluorescence was less than 0.5%less susceptible to forming dimers than are the molecular

of that observed without the substitution and was consisteriiveezers.

with zero, indicating thatiii) |3=1z 2=0. This reduces the

number of unknown variables to four and the solution of the F.C.S. thanks the Alexander von Humboldt Foundation

system of equations in Table Il is for support through the Feodor Lynen program.
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