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Abstract 1 Introduction

Imagine a host of nanoscale DNA robots move major challenge in nano_technology is to pre_cisely
autonomously over a microscale DNA nanostrufl2NSPOrt & nanoscale object frgm one Igcatlon on
ture, each following a programmable route and sefynanostructure to another location following a pro-
ing as a nanoparticle and/or an information Cag_rammablie _path. DN_A has been explorgd as an ex-
rier. The accomplishment of this goal has marﬁ?”em building material for the construction of both
applications in nanorobotics, nano-fabrication, nan'é‘-rge_ scale panostructures and individual nanome-
electronics, nano-diagnostics/therapeutics, and naﬁ?gnlca:j_dewcgs []'IO]' Th? sgccessfl:jl constdrgctlons
computing. Recent success in constructing large sc%lletWO Imensional DNA lattices and one dimen-
DNA nanostructures in a programmable way pr3lonal :DNAI‘ ar(la_tys rr]nads from IDX Imolecules d[15],
vides the structural basis to meet the above chg?-( molecu e§ 5] r_ ombus molecules|[7], an ATXA'
lenge. The missing link is a DNA walker that Calr]nolecules [16] provide the structural base for realiza-
autonomously move along a route programmably efiRn of the ab_ove gogl. However, j[h_e eX|st_|ng DNA
bedded in the underlying nanostructure — existing s anomechanical devices only exhibit localized non-

thetic DNA mechanical devices only exhibit IocalizeSXtenS!bIe monon; sugh as open/cldse ~_12’ 13, _19]’
non-extensible motions such as bi-directional rotaXtension/contraction [1! 4} 6], and reversible rotation

. s :
tion, open/close, and contraction/extension, media@&t'on [€,[17]. Furthermore, these mqtlons are not
by external environmental changes. autonomously executed but rather mediated by exter-

o ] ) nal environmental changes such as the addition and
We describe in this paper two designs of ayamqyal of DNA fuel strands [1.]4] 6, 12,113, 17] 19]

tonomous DNA walking devices in which a walkep, the change of ionic strength of the solutiéh [8]. Au-
moves along a linear track unidirectionally. The tragkn,mous unidirectional DNA devices executing lin-
of each device consists of a periodic linear array gf yransiational motions are hence desirable.
anchorage sites. A walker sequentially steps OVelTpore are already some exciting progress in this

the anchorages in an autonomous unidirectional Waifection. Turberfield and colleagues have proposed

Each V\{alklng device makes_ use of alterr\atlng 6?C'F'Ofbs‘use DNA fuels to design autonomous free running
of restriction enzymes and ligase to achieve unidir

S5NA machines [14]. Reif has described theoretical

tional translational motion. We describe the construgésigns of autonomous DNA walking and rolling de-
tion of each walking device both using conceptual el

. . o es that demonstrate random bidirectional transla-
zymes to illustrate the general design principle a'ﬂﬁfnal motion along DNA tracks [9]. On the exper-

using commercially available enzymes to demonstr:ﬂ]ﬁental side, Mao’s group has recently constructed
its practicality. an autonomous DNA motor powered by a DNA en-
zyme [3]; Seeman’s group has constructed a DNA
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ages in an autonomous unidirectional fashion. Eachccice  + Tete Hybridization ‘
walking device makes use of alternating actions of réL¢¢ Lecache Molting oo SoCRCRE
striction enzymes and ligase to achieve unidirectional

translational motion. The action of ligase consumes -

ATP as energy source. The walking devices described
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here make the following improvements over the walk- T,

ing device presented inl[9]. Firstly, they demonstrate

unidirectional motion rather that random bidirectional jﬁ» T
motion. Secondly, the moving part (walker) in each Q‘ Cadakae —  1docdcAlas
walking device is a physical entity with a flexible t @ T

body size rather than a symbolic entity, and thus the S . o
walker can serve not only as an information carrier bgi@ure 1: (2) Hybridization and melting. (b) Ligation. (c)
also as a nanoparticle carrier. These walking devi Iee avage.

designs are also different from the walking device

construction by Seeman’s group [11] in that they are

autonomous. A limitation of our first device is that it

has a low probability of falling off the track. Our seConrast, usually encodes information and participates
ond device has zero probability of falling off the trackyctively in dictating the motion of the walker.
but itis a more complicated (hence less practical) con-

struction and assumes a restriction enzyme propert : ) .
nal motion of the devices af@ations and cleav-

that has not yet been fully-substantiated. For eaté T iahborina dandl ith | i
walking device, we first present its structure and Op&ges W(zjnelg onng tang _et:\s W h C?an emej[ﬂ aLy
ation, and then describe its implementation using ¢ icky ends can associate with each other via the hy-

ceptual enzymes followed by one or more Concrq%ldlzatlon of their sticky ends. Subsequent to this

examples using commercially available enzymes. T %brldlzatlon, the nicks at either end of the hybridized

design using conceptual enzymes illustrates the g?ﬁguon (;an be_ s_ealgq Ii)y@ase_and the two dlprIexd i

eral principle of the design and reveals the essen @?m?n S %Lilmrlﬁ n otontelln ? protchess Le Ierre °

information encoding of the device that dictates its o sligation. YVnen the context IS clear, the Who'e pro-
ss of hybridization and subsequent ligation (joining

eration, while the examples using real enzymes b o DNA strands) is referred t ligation. for si
validate the practicality of the design principles and i wo strands) is referred to as ligation, for sim-

lustrate some technical complications in mapping tﬁgc'ty' fSEebF!ggrd?l (2) agdl_(b)t_for schemattllc |IIIustrIa-
conceptual design to real enzymes. ilons of hybridization and ligation, respectively. In

cleavage an approximately reverse process to liga-
tion, a duplex DNA fragment is cut into two separate
2 Definitions duplex parts (with each usually possessing a comple-
mentary sticky end) by enzymes knownrastriction
A basic structural unit used in the construction of thendonucleasesFollowing cleavage, the two duplex
walking devices is alangler A dangler is a duplex DNA fragments (each with a sticky end) can go apart
DNA fragment with single strand extensions at both a process known awmelting When the context is
ends: one end is thixed encthat is usually attachedclear, the whole process of cleavage and subsequent
to another structural unite(g. the backbone of the melting is referred to as cleavage. See Figlire 1 (c) and
track or the body of the walker); the other end is th@) for schematic illustrations of cleavage and melting,
sticky end The flexible single strand DNA at the fixedespectively. Note that melting and hybridization are
end allows the otherwise stiff dangler to move rathar dynamic balance as shown in Figlrde 1 (a). Cleav-
freely around the fixed end. This property is crucial tage by an endonuclease usually requires that the sub-
the operation of the devices. The fixed end only senasate DNA fragment containecognition site(spe-
to structurally join a dangler to another component offic DNA sequences) corresponding to the endonu-
the device in a flexible fashiore(g. the linkage of clease and that the cleavage happens at spelafw-
an anchorage to the backbone of the track/the lirdge sitealong the DNA fragment. There are a rich
age of a foot to the body a walker); the sticky end, set of restriction enzymes. Figuré 2 illustrates three

wo basic operational events driving the unidirec-



types of restriction enzymes. Figuré 2 (a), (c), and
(e) describe the conceptual restriction enzymes that
will be used in the construction of our devices. In
this figure,r is the length of the recognition site in

number of basesj ande are parameters (in number Bl i I fnd 1

of bases) that dictate the cleavage patterns. In Fig{ — _%’ =T Tl \ﬁ“ =
urel2 (a), the valué + e is also a parameter constitut- L= {_ Cl I RN L A S I
ing the recognition sited+e has to be a specific value || !

for a given restriction enzyme. Figré 2 (b), (d), and @ ®)

Bpm 1

(e) show examples of corresponding real enzymes. In |
contrast to cleavage, ligation does not require specifi
recognition sites, but it requires complementary sticky 2
ends from the two parts to be joined together. Cleav- —=
age uses no energy input from external environment © @
while ligation consumes one molecule of ATP as en- -

d Aei T

ergy source. 1 '
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Design overview. Device | consists of two parts:

the track and thewalker. The walker is the mov- Figure 2: Panels (a), (c), and (e) illustrate conceptual en-
ing part of the device while the track is the immadonucleases used in the construction of the walking de-
bile part along which the walker moves. Figliie 3 (a)ces. The sequences constituting the [ecognitiorl site of
gives a schematic drawing of the structure of deviée endonuclease in (a) are labeled wiithl, 1°, and1°;

I. The track contains a linear array of anchoragés the sequences constituting the recognition site of the en-
: 'donuclease in (c) are labeled witrand2; the sequences

. ) o I%nstituting the recognition site of endonuclease in (e) are
with a sticky end on the top, and rigidly attached {Qpejed with3 and3. Symbolsr, d, ande are length pa-

the backbone of the track. The walker stands on t@fneters in number of bases. Panels (b), (d), and (f) show
of the track. The walker consists of two parts, thexamples of real restriction enzymes corresponding to (a),
body and the feet (&ont foot C' and ahind foot D). (c), and (e). In panel (b), sequendgslC', CTG, GTC,
The body is a duplex DNA segment and each footd§dC AG correspond to sequencesl, 1°, and1® in panel
a DNA dangler tethered to the body via a flexible sif@): 'éSpectively. In this case, the values of, ande ares3,
gle strand DNA joint. The flexible joint allows a foot3’ and2, respectively. In panel (d), sequencésGGAG

f th Ik d onl h h andGACCTC correspond to sequenc2snd2 in panel
of the walker to rove to and only to the two anc O'fi:), respectively. In this case, the values-pfl, ande are

ages immediately neighboring the current anchora@8s andi4, respectively. In panel (), sequenEG G

on which it has been standing. The sticky end ofaad CGCC correspond to sequencgsnd3 in panel (f),
foot is complementary to the sticky end of the amespectively. In this case, the valuesroll, ande are4,
chorage on which it is standing and hence the foo8, and—1, respectively. Note that we use negative values
can hybridize with and be ligated with the anchorag! ¢ ande to differentiate this cutting pattern from that in

The lioation product between a foot and an anchors@@qel (c). In all the panels, recognition sites and cleavage
9 P tes are indicated with dark boxes and pairs of dark arrows,

will be cut by an endonuclease §uch that both the fqgﬁpectively. N indicates the position of a base whose value
and the anchorage change their sticky ends. As a§gas not affect recognition by an endonuclease.

sult, the foot will possess a sticky end that is comple-
mentary to the sticky end of the anchorage immedi-
ately ahead of the anchorageon which the foot has
been standing, butot complementary to the sticky
end of the anchorage immediately behikid Conse-
guently, the foot can only hybridize with and be lig-
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Figure 3: The structural design and step by step operatfg
of device 1. (a) Structural design of the device. (b) Step l%
step operation of the device.

ated with the anchorage immediately aheadofbut
Moving direction not with the one immediately behind it. This guar-
m\ antees the forward motion of the walker. The motion
\‘ . Ao of the walker is described in more detail below (Fig-

ure[3 (b)).
J \—H—H—“—H—“—“—]L A foot or an anchorag&X' can exist in two forms,

o (a) X and X*, whereX = A, B, C,andD. X* is de-
rived from X by altering its sticky end.X and X*
are required to satisfy certain properties that will be
described later. At any moment during the motion,

] D WJC the track in front of the front foot” and behind the
4]\_“_]\_“_]\_“_]\_“_“_[\_ hind foot D consists of alternating danglefsand B*
B while the track between them consists of alternating
A* andB. Assume w.l.0.g. that at the start of the mo-
tion, both feet” and D are ligated with anchorages of
type A, forming A*C andA* D respectively. Thus the
] \_“_H_H_] \_[L initial configuration of the walker and track complex
B can be written as,

l E3cut l Elcut
s (AB*);[A* D] B(A*B);[A*C]|B*(AB*),

| )

v 1c where[A*C] (resp. [A*D]) is the complex between
J\—H—H—“—H—“—H—)\—H—H— anchoraged* and the front fooC (resp. hind footD).
U0 [eeeme T 7" o To make the walker move unidirectionally down the
( track, we implement the following reactions between

a foot and an anchorage,
J\_H_H_H_H_H_H_H_H_]L A+C" = A*C —» A +C

ngallon ngallon

Hind foot Front foot

L\gallon L\gatlon

Step 1c

B*+C— B*C—B+C"
S22 A*+D — A*D - A+ D*

J\—]\JL\—H—“—H—HJLL B4+ D*— BD*— B*+ D

In phaseq of each reaction, a foot is ligated with an

! pass lE“”‘ anchorage; in phage the foot and the anchorage are

ez cut separate by a restriction enzyme, each now pos-
]( sessing a new sticky end. Applying the reactions to
J\_H_“_“_H_“_H_]\_ILL the walker-track complex, we have the following mo-

n tion of the walker along the track,

L Rove forward Rove forward L

upe (AB")i[A"D]B(A"B);[A"C|B*(AB");

W — (AB*);A[B* D)(A*B); A*[B*C)(AB");

(b) The above is a full induction cycle of the motion of the
walker, and hence the walker can (in principle) move
IP\Nard along the track infinitely. We further require
at phase: of each reaction isot reversible, thus
the whole reaction is irreversible. Consequently, the
walker can move along the track in only one direction.




There is nice dual property between front faot
and hind footD. In the process of the motion, front

foot C' changes the configuration of the track from A+ CF— NC— A"+ C
(AB*) to A*B; hind foot D moves on the modified ) A LI O U O 0 B S B I
track and restores it to its original configuratid3*. ~ ERMERETE [y B Al I
l Ligation ‘

Implementation with conceptual endonucleases. ; g “ﬁ ;Z sz A*C
To implement the designed reactions, we use four ‘1 P
conceptual enzyme#/l, E2, E3, and E4. The o .
cutting patterns of these enzymes are similar to the ~ A* L R AT A
one depicted in Figurgl 2 (a). Here we require that — -~
di—e1 =ds —eq4 = ey —dy = e3 — d3, Wheredi
ande; are the length parameters for endonucleBse B¥+C —BC—B+C"
Figure[4 describes the detailed step by step reactions ) p* 412 | Ju] Al I S B
that dictate the motion of the walker. Since only the ~ 12 ol [ 29 I°
region near the end of an anchorage or a foot is rele- | Veation
vant for the reactions, we only depict the end regions 42 ] u 2 1% | ¢
in Figure[4. -~ - Gﬁ i

Figure[2 (a) depicts reactiod + C* — A*C' — brzen _
A* + C. In this reaction, the sticky end of anchor- B z % _ [ ;,Z ‘Tz c*
age A is first ligated with the sticky end (comple- -~ -~
mentary tou) of foot C*, generating ligation product
A*C. This corresponds to the reaction of the front A* +D — A*D — A + D¥
foot in Step 1ain Figurgl3 (b)d + C* — A*C. A*C @ a3 [ [Ts[a°]p
contains a recognition site for endonucledsé and O gl [ 3°] 1°
is cut by E1 into A* andC (Step 1b in Figurél3 (b): | Ligation o
A*C — A* + C). Note that now front foot” pos- 1] u se] 4o ] axp
sesses a new sticky end Recall that the anchorage DUEE B u -]
immediately ahead of the anchoragé, on which | B3 t
front foot C' is standing, is anchoragB*. B* pos- A [ - [ o] a° > D
sesses a sticky end (complementary tai). Thus B I 8 R U Rl B
C' can rove forward and hybridize witB* (Step 1c
in Figure[3 (b)). This brings us to the reaction de- B +D¥ — B*D — B¥+ D
picted in Figurd ¥ (b)B* + C — B*C — B + C*. @ B ) . 3o a0 -
First, the hybridization product betweds* and C Jilz a] 3] ae
is ligated with formB*C (Step 2a in Figuré&l3 (b): } vigation '
B* + C — B*(C). This ligation product is subse- 1 . S sl i B
guently cut intoB andC* by endonucleasé&? (Step il 2 T 30| a°
2b in Figure 3 (b):B*C — B+ C*). Now front foot ‘1 Bacut 1
C* possesses sticky, and hence it will rove forward . T2 | o 5o [ 4o
and hybridize with anchoragé down the track (Step B L1z al [ 5e] 10 D

2c in Figure[B (b)). This completes a full induction
cycle for the front foot. Figure 4: Implementation of device I using four conceptual
Note that the reactiong + C* — A*C is irre- restriction enzymes. Endonuclease recognition sites and

versible: there is no restriction enzyme that can Cg}aﬁivggﬁvigerisagﬁc;'x;f;ted with dark boxes and pairs of
A*C back intoA andC*. This effectively establishes ' ’

the irreversibility of the motion of foo€’. However,

we note that afted*C' is cut into A* andC, the two

can be religated inta\*C' (which is subsequently cut
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Serf I Xem I Reactions Enzymes| DNA Sequences
1 1 A+ C* — A*C | Ligase 5'...gaccc-ngegtc..3’
c e o] colln NNy N Nfree] T 3'...clgggn-cgeag. 5
o 1 e T R R T A*C — A*+C | Ahdl 5"...GACcc n"gcGTC..3'
- y - 1 3/...CTGgg n cgCAG..5'
@ B* + C — B*C | Ligase 5'...ccanngcn-gegte. 3’
3’...ggtnncg-ncgcag. 5’
Aci 1 tha 1 Drd 1 B*C — B+ C* | FnudHI | 5'..ccannGC™n GCgtc.3’
{ A y } 3’...99tnnCG n"CGcag.5’
cjcGc G CGfC G A CIN NN NN NG T C A*+ D — A*D | Ligase 5'...gaccen-ggnntgg. 3’
I (S (G I (9 IS c 1 GIN N[N NN Nfc A 3'...ctggg-ncennacc. b’
1 1 A*D — A+ D* | ScrFl 5'...gacCC™n GGnntgg.3’
® 3'...ctgGG n"CCnnacc.5'
) ) ) | B4+D*— B*D | Ligase 5’...ccanngc-nggnntgg.3’
Figure 5: Real enzymes used in the construction of device 3'...ggtnncgn-ccnnacc.5/
I. Endonuclease recognition sites and cleavage sites areif2"D — B* + D | Xcm| 5:---CCAnngcAnAggnnTGG-Bl’
dicated with dark boxes and pairs of dark arrows, respec- 3'..GGTnncgn cennACC. 5

tively. N indicates the position of a base whose value dogg o 1-

. Implementation of device | with endonucleases
not affect recognition by an endonuclease.

Ahd I, Fnu4H |, ScrF I, and Xcm I. Ligation sites and cleav-
age sites are denoted withand ~, respectively. The bases
that determine recognition sites in action are in upper case.

back intoA* andC). This represents an idling step in
the motion of the walker. Similar analysis applies to
the reactionB* + C — B*C — B + C*.

The motion of hind footD is similar to motion of
front foot C' and we omit its detailed description for

brevity.

Using an overlay technique, we can reduce the
number of restriction enzymes to 2. The basic idea i Reactions Enzymes| DNA Sequences
to usef1 andE2 (in a “complementary reverse” fash- | 1 F " 7 A7 toase | F.-gacneeg <.y
ion) in place ofE4 and 3, respectively. However, in [ AC - A=+ C | Adil 57...gacnC CG C..3'
this construction, we need to put a further cleavage oS g:gtggf G3,C”G--5'
that1 # 1°% and2 # 2°%, wherel°® (resp.2°%) is 3. cge-g.. 5
the reverse ol ® (resp. 2°). In other words, neither | B*C — B+ C* | Hhal g:gg%gg:
of endonuclease&1 and E2 can have palindromic —=—5—=75 igase | 5...gacnc-cogngic.3’
recognition site. Otherwise, there would be additiona 3'...ctgnggc-cneag. 5’
idling processes. However, the non-palindromic asp ™2 — A+ D" | Drdl g:gﬁgzccgcgggggj
sumption generally does not hold for real endonucler 555 = 5D | Tigase 5/:::909_939?&,3/ -
ases. The detailed description of this scheme can teB*D S — g:---ce-ggénéag-tﬁ’ .
found in Appendix . CEAb) A 3 C oC-Cnong.5'

Molecular implementation using real enzymesWe Table 2: Implementation of device | with endonucleases

. : : . ci |, Hha I, and Drd I. Ligation sites and cleavage sites
glve two .|mplerlnentat|ons. with real gnzymes. T are denoted with- and 7, respectively. The bases that de-
first one is a direct mapping of the implementati

i o rmine recognition sites in action are in upper case.
using the conceptual enzymes in Figlte 4. The real

enzymes used are shown in Figlie 5 (a). Here, real
endonucleasedhdl, FnudHI, ScrFI, and Xcml
correspond to conceptual endonucleaBésE?2, E3,
and E/4, respectively. The reactions are shown in Ta-



ble 1 in a compact style.

The second implementation reduces the number of .
endonucleases to three by using a non-palindromic P = F2
endonuclease (Aci 1) and its slightly more involvedwa'“'[ 1 O
construction is shown in Table 2. The real enzymes | #ehoras 2 1 ° . Ta Ta

used are shown in Figure 5 (b). Note that Aci | showri*™ |7 U A" = c o

in Figure[® (b) is the same as the Aci | shown in Fig-
ure[2 (d): the latter figure is obtained by rotating the S S2 S3 Sa
former one 180 degrees. The construction shown in @

Table 2 can be viewed as a partial realization of the

conceptual design in Figufé 9.

FV—\Fz )
Processivity of device I.A key technical issue in the || cr c* cr
construction of device | is to assure that the walker is T T2 Ts Ta
constrained to stay on or near the track. An isolated - IO N b ~ U *
foot C or D would easily fall off the track and diffuse 5 s 5 5
away. However, we can reduce the falling-off probag, ;| FL—F
bility by constructing a multi-footed walker. Instead 20t | [ c
of possessing only two feet as in Figlie 3, the walker o e e e
has an array of alternaté and D feet. The feet are —n Iz i lf
attached to a common backbone: if the backbone does 1U X\J b U

not move then the feet have freedom to move up and T, So S5 Sa
down the track by one unit only. The walker is held Q0 2 | Fo— F1

the track by multiple bonds - even if none are ligated c fliew|]| c

(so all bonds are weak 1- or 2-base hydrogen bonds) e e o o
then the probability of detachment is small. This is Lk 1 Ta I«

precisely what is needed - feet are held in the right 1U

>
t
*

[
w
-
e
w)
>

( >
w
*

place with the right amount of freedom to move - it 5 So Sa Sa
introduces the constraint that no foot can move morg F F
A S&ep 3 1 h 1
than two anchorages forward until all feet have move 2et | [c c
at least one anchorage. cr cr c” c
T1 T2 Ts Ta

W

Nanowheel. The design principle of device | al- ‘U A " U "
S1

lows flexible structural implementations and can re- % S S
3 4

sult in nanorobotic devices of different morphologieg F F

. L. tep 4 | 1/—\ 2
yet based on essentially the same principles. One ¢ iligw|]|
such structural variant is a nanowheel which rolls au- o o o o
tonomously along the track unidirectionally. The con- T LE Ts Ta

struction of the nano-wheel is described in Appendix IIB AT ol |* ~ ““f; *
Il.

St S2 Sa Sa

4 Design Il ©

Figure 6: The structural design and step by step operation

] ) ] ] _of device Il. (a) Structural design of the device. (b) Step by
Overview. A potential problem of device | is that itsiep operation of the device.

may fall off the track. Though a walker with more
feet risks lower probability of falling off as argued
above, we can not completely eliminate such risk. In
contrast, the device we describe next is guaranteed



to stay on the track, though it has a more comphiating fashion such that it never falls off the track. In
cated (hence less practical) construction and assuipadicular, at any point, if one foot is attached to an-
a restriction enzyme property that has not yet beehorager;, the other foot can only be attachedfigs
fully-substantiated. In device II, a two-footed walkemmediate neighborg;_; andT;;.
steps over the anchorages along a track unidirectionThe ends of the feet of the walker, of the anchorages
ally. The design of device Il is based on the followingnd of the switches have the following properties:
principle: the lifting of one foot off the track is con- 1. The complementary end pairs aré, A*),
ditional on the attachment (ligation) of the other foqt4, B*), (B*, A*), (B, B*), and(C, C*). Two dan-
to the track. This attachment principle can ensure thgérs with these complementary ends can be ligated.
at any moment, at least one foot of the walker is at-2 The formation of ' C* ligation product at the up-
tached to the track. We describe the structure and SHR end of the anchorage introduces a recognition site
by step operation of device Il below. on the anchorage for endonucleds® Endonuclease
The track and the walker are depicted in Figg3 has similar cleavage pattern as the one depicted
ure[8 (a). As in device I, the track contains a linn Figure[2 (b). And this results in a cleavage at the
ear array of anchorages. But the anchorages in d#ier end of the anchorage such that the anchorage is
vice Il are different. As depicted, each anchorage isat from the switch currently ligated with it (if there is
duplex DNA fragment with single strand DNA overone). Similarly, the formation afi* A (resp.B*B) at
hangs at both ends and its midpoint is tethered to the lower end of the anchorage will produce a recogni-
backbone of the track via single strand DNA. Thu#®n site on the anchorage for endonucle&Se(resp.
the anchorage is like a two-ended dangler. In addi2) and this will result in the cleavage 6fC* at the
tion, between every two neighboring anchoragesupper end of the anchorage if there is a foot €nd
tethered another dangler, referred to asnmgich As ligated withC™.
we shall see below, the alternating arrangement of anWe will next see how these properties guarantee the
chorages and switches are used to construct a sigdakired motion of the walker as we go through a step
ing mechanism which ensures the unidirectional abg step description of the walker's motion.
non-falling-off-track motion of the walker. The an-
chorages and switches are denoted’aand S; re- Step by step motion.Now we describe the four steps
spectively, wheré = 1,2,3,...,n. A switchS; can of the walker's motion that completes a full induc-
only be ligated with its immediate anchorage neigkional cycle. Initially, the walker and track complex is
borsT; 1 andT;. The upper ends dI' are of type assembled in such a way that the f&gtand F, of the
C*, and the lower end of; is of type A* and B* walker are ligated with anchorag@s and 75, respec-
for odd and everi-s, respectively. Note that since afively; each switchs; is ligated to the lower end &f;,
anchorage is tethered to the backbone of the track fé@ming B A* for oddi and AB* for eveni. Note that
single strand DNA, the upper and lower ends of an aB-A* and AB* are different.
chorage can not be held constantly in upper and loweistep 0. Upon introduction of enzymes into the sys-
positions — we just denote th€" type end as uppertem, switchesS; and S, are cut from anchorage
end theA*/B* type end as lower end for ease of e%ndT;, respectively, since th€’C* sequences at the
position. In fact, we shall see that we do not need {@per ends of; and T, constitute endonucleades
fix the relative upper and lower positions of the enggcognition sites and result in cleavages at the lower
for the valid operation of device Il. ends of 7} and7,. Now S, (with end A) can ex-
The walker consists of two danglers connected wighore its neighboring space and be ligated with either
a single strand DNA . The two danglers serve as tlig (with end A*) or T;, (with end B*), since(A, A*)
feet of the walker and are denotedAsand F». The and(A, B*) both are compatible end pairs. Ligation
ends of bothF; and F, are of typeC. The walker betweenS, andT5 is a just an idling step, since the
stands on top of the upper ends of the anchoradigation product will be subsequently cut again. In
and walks down the track unidirectionally, with th€ontrast, ligation ofS; and 7’ brings the system to
switch/anchorage complex of the road serving both Step 1.
attaching points and as a signal transducing device tdtep 1. The ligation ofSy (with end A) and Ty
dictate the lifting and attaching of its feet in an altefwith end A*) introduces a recognition site fdr1,



and results in the cleavage Bf from the upper end of Reactions Enzymes Sequences
. . A+ A* = C*C — Ligase 5'...ctg-gag(n); ctcaag. 3’
T:. Note that the ligation product between the lower 44+ ..c+¢ 3'...gaccte(n); gagtte..3'

end ofT; andS, contains recognition site4(A*) for AAT = C°C — BpmI | 5'...CTGGAG(n):ctc aa'g.3’

. . . AA* = C* + C 3'...GACCTC(n):gag’tt c..3’
endonucleasé&'1 while the ligation product betv_v_ee AT T T C 5 | Tigase 5-..clggag(n), cicaa-g.3'
foot F; and the upper end @f; contains recognition AA* 1 C*C 3'...caccte(n) ; gag-ttc. 3’
site (CC*) for endonucleasé&’3. As such, bothE1 | AA™=C"C— | Bpukl | 5'..cg'gag(n); CTCAAG..3"

; A+ A* : C*C 3'...g"accte(n) 1 GAGTTC..3’
andE3 will compete to perform cleavage onthe con g1 57 c7:¢ > | Ligase 5...gig-cag(n); ctcaag. 3’

mon ligation product. (See Figuré 8 (a) for detail.) |t__BB* :: C*C ,3’---C-acgtc((nﬂ)lgagttcui%’ :
. . . BB* :: C*C — Bsg | 5...GTGCAG(n);ctc aa"g.3
is possible that endonucl_eaEQ cuts s_WltchSz away | pp-.cor4c 3/ CACGTC(n) 1gag'tt c.3'
from anchoragd, resulting in an idling step. How-[ BB*::C* + C — | Ligase 57...gtgcag(n); ctcaa-g.3’
ver. there m | non-zer r ili h \n. BB* :: C*C 3'...cacgtc(n); gag-ttc..3’
ever, there must also be non-zero probability that ¢ BB* = C°C — BpuEI | 5...gtg"cag(n); CTCAAG..3'
donucleasé/1 cuts footF; away from anchorag@’, B+ B*: C*C 3'...c°ac gtc(n); GAGTTC..3'
advancing the system to Step 2. AB* :: C* 4+ C — | Ligase 5'...ctgcag(m cteaa-g. 3’
. AB* :: C*C 3'...gacgtc(n ag-ttc..3
Step 2. Now footF has free end’ and can swing a7 5 BpuE | 5’...ctgAca?g(EmﬁlchgAAG..B’
around the ligation product between faBt and an- | A+ B* = C*C 3'...g"ac gtc(n)1 GAGTTC..3’

: : BA* :C* +C — Ligase 5'...gtggag(n); ctcaa-g.3’
chorageT, and get ligated with the upper erdd of BA* O 37" caccto(n) gag-tto, 3

anchoragd’. Note that now foof? is in front of foot BA® :C°C — BpuE! | 5..gtggag(n); CTCAAG.. 3’
F,. The ligation of CC* subsequently results in the_ B +A" : C*C 3'...c7accte(ny GAGTTC.. 3'
cleavage of55 from T5.

: T .1 Table 3: Implementation of device Il with endonucleases
Step 3. Switclb; has free ends and is ligated with Bpm |, Bsg |, and BpuE I. Ligation sites and cleavage sites

the B .eind O_f ancfloragé“Q, and the .neWIy formed are denoted with- and ”, respectively. The bases that de-
recognition siteBB* leads to the action of endonUsermine recognition sites in action are in upper case.

cleaseE?2 and results in the cleavage between fbpt
and anchorag#.

Step 4. FootF, swings to in front of footF; and
is ligated with anchoragg, resulting in the cleavagean anchorage is conditional on the attachment of the
of switch S from the lower end of anchoragg. other foot to another anchorage. Thus at any time

Upon completion of Step 4, the walker has movd¥int, at least one foot is attached to an anchorage.
from anchorage&’ andT, to anchorageds andTy. To prove that the motion is never blocked, first note
This finishes a full inductional cycle, and hence thbat there are always moments when both of the feet
walker can continue moving down the track. of the walker are attached to neighboring anchorages.

This is because we have shown that the walker never

Correctness. To show the correctness of the desigffalls off the track and hence the attachment of one
we prove the following three properties of the walkefoot will result in the attachment of the other foot to
1) the motion of the walker is unidirectional; 2) th@ neighboring anchorage since all the upper ends of
walker never falls off the track; 3) the motion of théhe anchorages are of the same end typg) (vhich
walker is never blocked. We give high level intuitions compatible to the end typ€'] of either feet of the
here, and present a rigorous proof in Appendix Ill. walker. However, the attachment of both feet to the

To see the unidirectionality of the motion, first nottack will necessarily result in the ligation between
that once a foot of the walker, sa¥,, is attached to the lower end of the anchorage, which the current
an anchoragé, it can not be cut from anchorage hind foot is attached to, and the end of the imme-
unless the other fodf, is attached to anchorad®. diate downstream switch. This event in turn results
further down the track. But once that has happend@ the cleavage of the current hind foot from the an-
the first foot is constrained to only explore the spa€gorage and it has non-zero probability to explore the
where anchorageg andT;_, lie. In particular, it can downstream neighbor of the anchorage that the cur-
not reach anchoragdg_;, which could have resultedrent front foot stands on, and hence the motion moves
in one step backwards. on.

The reason why the walker always stays on the
track is because the detachment of one foot frdmplementation with conceptual enzymes. The



Bpm 1 } Bsg 1
NS R 7]| SN B Molecular implementation with real enzymes.The

Bout 1 t J t above conceptual enzymes can be mapped directly to
CI11GAG] 1oy NN real enzymes in Figuiffel 7, where conceptual enzymes
SRR E1, E2, and E3 correspond to real enzymes Bpm |,

! Bsg |, and BpuE I, respectively. Table 3 describes the

Figure 7: Real enzymes used in the construction of devig@plementation with these real enzymes. Note that
Il. Endonuclease recognition sites and cleavage sites we have the following mapping from sequences in

indicated with dark boxes and pairs of dark arrows, respétigure[8 to the sequences in Tablel3= C, v = TG,
tively. N indicates the position of a base whose value dogs — GAG, 2 = G, 2° = CAG, 3°F = OTC,
not affect recognition by an endonuclease. R — AA and3® = @.

Practicality. One assumption we make about the en-
zyme is that the presence of a single strand between

. . . the recognition site and cleavage site of each endonu-
above reactions can be implemented with three caon- . ) .

.~ “Clease used above will neither alter the specificity nor
ceptual enzyme#'1, E2, and E3 that have similar

. - \}\?tally inhibit the activity of that endonuclease. A the-
cutting patterns as the one shown in Figure 2 (a). We._.. .
: oretical modeling of the molecular structure of the en-
require thatd; = ds = d3 ande; = ey = e3, Where

X zyme and its interaction with the DNA strands would
d; ande; are the length parameters by for: = 1, 2, hed ligh h icality of th . H
d3. Figure[8 describes the implementation of dg- edlight on the practicality of this assumption. How-
ands. ever, the final validation of this assumption relies on a

vice Il with these conceptual restriction enzymes. In . .
) : : rigorous experimental study. Though our preliminary
Figure[d (a), two anti-parallel flows of reactions a

rg : . ) ,
. . . erimental result is in agreement with this assump-
depicted. Starting from the top, el (of a switch) Xper utisinag w ! ump

) tion, more work is still required to further substantiate
has sticky end sequence complementary to drid

this assumption.
(lower end of an anchorage) and hence the two are P

ligated together. This creates a recognition site for

endonucleasd’1, and results in the cleavage of en, Discussion

C (of a foot) from endC* (upper end of an anchor-

age). This downward flow of reactions can be fully réAe have depicted the backbones of the walking de-
versed into the anti-parallel upward flow starting fromices as duplex DNA fragments for simplicity. How-
the bottom withC* and C' and ends at the top withever, this is not technically precise. One property we
A and A*. We note that due to the fully reversibleequire of the backbone of a track is its rigidity, to
nature of reactions, the reaction system has non zersure that the walker cannot skip anchorage(s) and
probability to explore all three states: the top ode (“jump” ahead. Existing DNA lattices provide such a
A* :: C*C), the middle one 4 A* :: C*(C), and the platform [5,[7] 15/ "16]. We can easily embed the an-
bottom one 4 A* :: C*, C), where:: represents thechorages to a rigid DNA lattice and thus integrate a
duplex portion of DNA connecting the two ends. Sinwalking device to a lattice, with the latter provide the
ilar fully reversible anti-parallel flows of reactions indesired rigid backbone for the anchorages. In addition
volving E2 and E3 are depicted in Figurel 8 (b). Into the rigidity of the track, the structure and the size
contrast, reactions in Figutg 8 (c) ahd 8 (d) are noft the walker are also crucial factors in ensuring that
fully reversible since neither ligation of B* nor that the foot of the walker can only explore the immedi-
of BA* can result in a recognition site for an endonately neighboring anchorages. In device I, though it
clease, and hen@@C* can not be cleaved. This irreis hard to ensure this property for a two-footed walker
versibility ultimately accounts for the unidirectional{since in such a walker one foot might swing around
ity of the motion of the walker. The downward readhe other foot in a similar fashion as in device Il), this
tion flow in Figure[8 (a), the upward reaction flow iproperty can be rather straightforwardly guaranteed in
(d), the downward reaction flow in (b) and the upwam multi-footed walker with a rigid body. In device
reaction flow in (c) correspond to Steps 1, 2, 3, andwo, the two feet of the walker alternate their order
in Figurel 6, respectively. along the track by swinging around each other and



we hence only need to properly design the size of the
body such that a foot can only reach a neighboring
anchorage.

The designs of the devices assume that enzynpg] J.Liand W. Tan. A single DNA molecule nanomotor.
cleavage occurs only after the DNA strands are lig-
ated. This is assumption is in agreement with the ©f7] C. Mao, W. Sun, and N. C. Seeman. Designed two-
perimental results observed in our recent construction
of a unidirectional autonomous DNA walker [18]. In
this device, we use two class Il enzymes PfIM | and

BstAP | and the system operates at 37. How- 8

ever, we note that this property does not hold true

for all class Il enzymes under all conditions.
deed, Shapiro’s group has observed that a class Il

In-

zyme Fok | can cleave GC rich DNA duplex strands
with nicks present between Fok | recognition site and
cleavage site under at low temperature (3 [2].

How practical are the designs? Though we have
proved that each walker will behave in its designateth;
way in a theoretical setting, closing the gap between

a theoretical construction on the paper and a worki

9

device in the real world remains enticing. As an excit-
ing first step, we have successfully constructed in the

lab a prototype system based on similar design pr
ciples of the devices presented here [18].
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Figure 8: Actions of conceptual enzymes used in the construction of device Il. (a) Sequencds, 1, @, and1®
(sequences afl A*) together constitute the recognition site (red box) for conceptual endonuddaseénose cleavage
site is indicated with a pair of dark arrows. Sequenz®$ 7, 3 3°F, v, and3” (sequences of*C) together
constitute the recognition site (light gray box) for conceptual endonuckE3sehose cleavage site is indicated with a

pair of light gray arrows. (b) Two anti-parallel flows of reactionsiy and £3. (c) and (d) Neither ligation ofi B* or
BA* results in cleavage @f'C*.



Appendix |: Construction of device |

using two conceptual restriction en-

zymes

Figure[9 illustrates how to exploit the overlay tech- @ A
nique to reduce the number of restriction enzymes to
2 in the construction of device |. We ugd andFE2 in
place of E4 and E3, respectively, by letting = 1°%
and3 = 2°. However, in this construction, we need
to put a further cleavage that# 1°% and2 # 2°%. In
other words, neither of endonucleadesand £2 can
have palindromic recognition site. Otherwise, there
would be additional idling processe®*C' can also

be cut byE1 into B* + C'; similarly, B*D can be cut

by E2 into B + D*. However, these reactions would
only count as idling reactions: the unidirectional mo-
tion of the walker can neither be reversed nor blocked.

() B*

Appendix Il:  Construction  of

nanowheel

Nanowheel. The design principle of device | al-
lows flexible structural implementations and can re-
sult in nanorobotic devices of different morphologies
yet based on essentially the same principles. One such
structural variant of interest is a nanowheel which
rolls autonomously along the track unidirectionally.
The construction of the nano-wheel is shown in the
Figure[10. The nano-wheel consist2éf+ 1 (k = 1

in Figure[10) evenly spaced wheel feBt/D* at-
tached to a nano-disk and it rolls unidirectionally on
a track of linearly arranged anchoragdgA* and
B/B*. The feet are arranged in the counter clock-
wise orderD (D D*);; the anchorages are arranged in
the order ofB*(A*B),,. The reactions are exactly the
same as in device |,

) A*

(d B

A*+D — A*D - A+ D*

B+ D*— B*D — B*+D B*
We next describe the movement of the nano-wheel

along the track. For the ease of exposition, den
the wheel’s feet in counter clockwise orderwhere
ap = D, as,_1 = D, andag, = D*. Denote an-
chorages from left to right ag;, where B*,

dop—1 = A*, do. = B. We describe the motion for
the case whek = 1. Initially, foot ag = D is ligated

A+ C* —A*C — A%+ C

1 2 u 2] 1°
1] 2° u 2] 1°
1 Ligation
1 2 u 29 1° A*C
1| 2°] |u 2°| 1
l E 1 cut t
1 70 u 2° | 1°
1 2° u 29 1°
B*+C —B"C —B + C*
ToR| 9 o 90 1©
1°k] 32 i] [zo] 1°
1 Ligation ‘
TOR 2 u 29 1° B*C
1°%) 2 u 2°] 1
l E 2 cut
ToR > |u 90 10 >
1ok 3 T 50| 10
A* +D —A'D — A +D*
1 [zor] Ju ok | T
1 9OR i oR 1
1 Ligation ‘
1 2OR u 2R 1 A*D
1 2°R u P 1
1 E 3 cut
1 5Ok | u Pl T o
T | 2°F u 2R 1
B+ D*¥ —BD —B*+D
ToR u SR G >
1°f] 2 u AR
l Ligation
1oRk) 2 u R | TR B*D
3 i ok I
1 E 4 cut 1r
ToR T oR [ R [T
1oR | 9 a R IR

d—'t'@ure 9: Construction of device |
restriction enzymes.

C*

C*

D*

D*

using two conceptual



W track. D wheel changes the track frofd*(A*B),
‘ to B*(AB*), and C wheel changesB*(A*B),, to

D B*(AB*),. As such, the track changed by one wheel
Bm A B A B A4 is repaired by its dual wheel. The du@l and C

wheels can be combined to construct a rotor device
Figure 10: The construction of nano-wheel. as in Figuré_T1.

with anchoragé, = B*. Then foota, = Disligated  Appendix IlI: Proof of correctness for
to anchorage; = A*, forming A*D. B*D formed . .
the motion of device Il

between danglerg, anddy is subsequently cut into
B* and D and the wheel roll860/(2k + 1) degrees
to its next position down the track and fagt = D*
is ligated with anchoragé, = B. A*D formed be-
tweena; andd; is cut into A and D*. Then foot 1. The motion of the walker is unidirectional.
ag = D will be ligated with anchoragé; = A*, and

the motion goes on in an induction way (here we have?- The walker never falls off the track.

only described half of the induction cycle, the full cy-
cle has2 x (2k + 1) steps). We note that to ensure
smooth motion of the nano-wheel, an odd number ofLet W denote the walker. Recall thaf; and
feet are required. It is not hard to see by the sammg denote the two feet of¥; S; and T; denote
token of argument as for device | that the wheel cane switches and anchorages respectively, where
oscillate backwards only to a limited number of steps= 1,2,3,...,n. For the ease of exposition, we
in an idling process, which essentially guarantees tiroduce some more definitions and notations. If
unidirectionality of the wheel's movement. Straightan end of a foot, anchorage or switch is not ligated
forward details are omitted for brevity. with some other end, then it is referred to afree

end Denote a ligation betweelK andY as~, and a
cleavage that cuts a ligation produkty” into X and

Y asX ~ Y, whereX/Y can be one of7, S;, and
Tj,i =1,2andj = 1,2,3,...,n. By F ~ T}, we
mean eithed; ~ T or Fy ~ Tj.

To prove the correctness of the motion of the walker
in device Il, we need to prove the following,

3. The motion is never blocked.

Unidirectionality of motion.

Lemma 5.1 After the occurrence af ~ Tj;, ligation
F ~ T} cannot happen, wherg < i < nandj <
1 — 2.

Proof: Prove by induction. We first show that the
claim holds fori = n.

Suppose we havé} ~ T,. Note that cleavage
Fy » T,, cannot happen sincg, is the last anchorage
and only a ligation betwee§; ;; andT; can result in
a cleavage on th&; end. Due to the space constraint
(only danglers in proximity of each other can inter-

* N o - ct), ligationF' ~ T; cannot happen fof < i — 2.
to B*(AB*), . This is an undesirable property tha Niext we prove that the claim holds for n. Sup-

precludes the wheel from moving in cycles on the,co 't < 1 the claim in Lemmd.5l1 holds, we
same track. As in device I, we address the probhow that it also holds fof = k. Suppose W..0.g.

lem by introducing a dual nano-wheel with dangletgat /;, ~ Tj,. Prove by contradiction. Suppose that
C(CC*),. The two wheels move together on the santigation F' ~ T, happens subsequent to ligation

Figure 11: Rotor composed of two dual nano-wheels.

Observe that the track is changed fr@m(A*B),



Fy ~ T,. ThenF; « T, must have occurred. Oth-need to show thal; can be a free end at this point.
erwise, F; cannot be ligated withl}, o since F1 is But this is obviously true because ligatidh ~ F;
not a free end; due to the space constraint, ligatigfiroduces a cleavage siteBt 0
F, ~ Ty o cannot happen either. Thus, cleavage

F, = T must have occurred. But this means thf;_qemma 5.4 Walker W
ligation T, ~ Sk+1 must have occurred. This fur'without oéclusion
ther implies that cleavag8y, ~ Ty must have '

occurred. This is only possible if ligatiof, ~ T}, 1 . .

have occurred. But \)//vep know fromgthe induction hy=roof: Study the time point whert, ~ T; and
pothesis that ligatior® ~ T},_» cannot occur after 72 ~ Tj+1. According to Lemmas5l3, walkeé# can
ligation F ~ T,,,. We have thus reached a contraalways lift its current hind foof”; at this point. We
diction. Schematically, we have shown the followingnly need to show that it can attadh to T}, but
causal relations, this is trivially true sincel} . is a free end compati-
ble with F;. O

can move down the track

F~Ty o= F Ty =>T,~ Skgr1 =

Spiy % Toy = By~ Toyy = BF ~ Th s Lemma [ 512, 513 and 5.4 lead immediately to
the following theorem,

O
Theorem 5.5 Walker W is guaranteed to move uni-

directionally towards and react, .
Attachment.

Lemma 5.2 At any time point during walkef?’s
motion, there is always a ligatiod ~ T; for some
T;.

Proof: Prove by contradiction. At the start of the re-
action, the claim is obviously true. Now assume at
time ¢, the first violation of the claim occurs. Sup-
pose w.l.0.g. that the violation happens as the cleav-
age F; ~ T; occurs. At timet, F, must be a free
end; there must be a ligatid#}, ; ~ T;. By the same
token of arguement as in Lemrhal54;,,1 = Tj41
must have occurredf’ ~ T;,; must have occurred.
But since at time, F, is a free endF’ » T;,1 must
have occurred. Henc8; o ~ Tj11, Sito * Tiyo,

F ~ T;,5 must have occurred. Thus we must have
that F ~ T; occurs afterF’ ~ T;.o, contradicting
Lemmdh.l. O

Occlusion free movement.

Lemmab5.3In the caseF ~ T; and F ~ T;yq,
wherei < n — 2, a cleavage on the ligatiol’ ~ T;
is guaranteed to occur.

Proof: Suppose w.l.o.g. thdf; ~ T; andFs ~ T; 4.
Since we havé’, ~ T;, 1, there must be a cleavage on
the ligationS; 1 ~ T; 1. Now we only need to show
thatS; ., can form a ligation wittf;, which will result

in a cleavage on the ligatioR ~ T;. In turn, we only
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