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Abstract— A molecular algorithm is a set of molecular inter- features [34, 13], and can perform tasks such as walking [5,
actions that carry out a particular task. We describe a molecular 30, 23] and cargo transfer [16].
algorithm for self-assembling a path between two stationary One way to make a molecular algorithm robust is to make

points when the locations of these points are not known in it adantive. Scaling i feasible if individual sti
advance. While efficient path finding algorithms for electronic It adaplive. >caling IS more teasible It individual constran

robots exist, molecules lack the centralized memory or computing algorithms (i.e. modules) can respond to errors made in the
power to implement them. The algorithm takes advantage of execution of a previous construction process. Environaignt

the inherent physics at the molecular scale, and unlike other adaptive molecular algorithms would be useful in unstreedu
biomimetic algorithms for path finding, is designed to work environments such as cell cultures where the geometry may

in an unstructured environment and does not require complex ncertain and algorithms that can ded nd r nd t
molecular components. Designed molecules self-assemble a DNﬁpe uncertain and aigo S that can deduce a €spo 0

nanotube starting from a “seed” molecule attached to the start these geometries would be required. Biological algorittions

point. During growth, the DNA nanotube’s end diffuses through assembly are environmentally adaptive—cells use chemical
space, and this diffusion is harnessed as a search process: whemind mechanical signals to determine when and where to grow
the DNA nanotube’s end contacts the destination, it attaches to and move. However, devising ways for synthetic molecules to

it and stops growing, forming a stable path. . .
We use simulations and analysis to predict that paths of up collectively sense the local environment and act on theltseesu

10 microns are formed with more than 99% probability if the  Of the information received can be difficult.

destination is larger than 500 nanometers in diameter, making it In this paper we describe a molecular algorithm for path
practical. However, the probability of the DNA nanotube missing finding and characterize its performance. In the path finding
the destination is highly dependent on destination distance and , ohjem the inputs are fixed start and destination points of
size. It increases as:xp [—1/9 (r®)], where r is the Euclidean : : : . .
distance from the start point to the destination, and scales unknown location, and _the desired output is f"‘ Phys'ca' link
approximately as exp [—€2(d)], where d is the diameter of the Detween them. An algorithm to solve the path finding problem
destination. A path finding algorithm that could work over is inherently environmentally adaptive: the location o th

longer distances or with small destinations will likely require path that is formed depends on the locations of the start and
new molecular components; we describe how new componentsyagiination in the environment. Path finding is also a basic
could be used to solve the molecular path finding problem using ~ . . .
a divide and conquer approach. primitive for' bottom-up construction and could be used to
assemble wires such that they connect to both contacts when
l. INTRODUCTION the location of the contacts is uncertain, or to immobilire a
Bottom-up construction is an increasingly promising wagbject by creating a physical tether between the object and a
to inexpensively create materials with designed nanoscalarface.
features [46, 21]. In a bottom-up construction process, de-Biology provides an example bottom-up path finding algo-
signed molecules autonomously assemble the desired deviitam, the separation of chromosomes during somatic animal
Molecules, unlike electronic devices, have almost no dapaccell division [18] that occurs through the assembly of the
for computation or information storage. Instead, a series mitotic spindle After a cell’'s chromosomes are duplicated,
stochastic molecular attachments and detachments must tiody remain grouped at th&pindle equatar They then must
lectively converge on the desired structure. These calkectbe separated such that the mother and daughter cells each
actions, i.e. molecular algorithms, are surprisingly pdule receive one set. A pair okinetochoresform on each pair
molecules can perform universal construction [43] and umf chromosomes anatentromeresarise on either side of
versal computation [32, 11]. Molecular algorithms are alsthe chromosomes. Microtubules, nanotubes assembled from
capable of error-correction and robust behavior [10]. While protein monomers, grow from the centromeres. If a growing
practice most are still fragile and scaling is difficult [4),13], microtubule encounters a kinetochore, it stays put, fogmin
simple algorithms have been demonstrated experimenkally. a permanent link. The kinetochores are oriented on pairs
example, designed molecules can self-assemble a Sieirpirifkchromosomes such that the two attaching microtubules
gasket [36], and 2- and 3-dimensional structures with it come from different centromeres. The centromeres pull en th
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Fig. 1. The path finding algorithm. A stationary start marker attached to a

flat surface initiates DNA nanotube growth. A stationarytihedion marker

can bind the end of a growing DNA nanotube. As the DNA nanotgifmsvs  Fig. 2. Schematic for the molecular path finding problem.A start point

(1-2), its end diffuses rotationally, effectively seardifor the destination. (black dot) can produce a single growing DNA nanotube (grginger). If

The DNA nanotube either encounters and sticks to the déistm¢Ba) or gets the DNA nanotube end enters the destination regior ( < r+d, 6 < 0.),

too long to hit the destination (3b) before finding it. it sticks. The location of the DNA nanotube’s end is givenngsspherical
coordinates.

attached microtubules, separating the chromosomes irdo R required to analyze the algorithm's performance. We use
complete sets. o this material in Section IV to give expressions for how the
The example of the mitotic spindle suggests that polymgfgorithm's performance scales with destination distamoee
search and capture could be used to form synthetic linkye \we show that while path finding via diffusion is very
between start and destination locations. The mitotic $pindhtfective for relatively short distances and large desitims,
is complex and designed specifically for separating chrom@ge probability of successful path finding drops expondtia
somes, so we propose a simpler molecular algorithm in tGgh increasing destination distance and decreasingrein
same spirit. size. In Section V we therefore discuss some possible ways to

The molecules in the path finding algorithm are DNAsreate algorithms that will perform better when the desitma
monomer components that can assemble to form rigid DNA small and/or far from the start point.

nanotubes (analogous to microtubules), a seed molecukghwhi
attaches to the start point (analogous to the centromere), Il. BACKGROUND
and a capture molecule which attaches to the destinationThe problem of directing an autonomous agent to find a path
point that growing DNA nanotubes stick to (analogous to thfirough an environment is a classic problem in robotics. Any
kinetochore). DNA nanotube growth is initiated by a seed [Zhobile robot in an uncertain environment must solve some
at the start point. If the DNA nanotube’s end encounters thigstance of this problem [19]. However, algorithms desifjne
destination, it sticks and the DNA nanotube forms a patbr a single autonomous agent with a large amount of memory
between the start and destination (Figure 1). and the capacity for efficient, large-scale computatiog. (&,
Here we seek to understand how this algorithm’s perfoP0]) cannot generally be applied to molecular systems.
mance scales with the size of the destination and the distancPath finding has also been studied in biomimetic systems,
between the start and the destination. To do so, we analgzeWhere large numbers of very simple components with little
physics of DNA nanotube diffusion and derive an analyticalapacity for computation and memory storage work together
approximation for the probability that the DNA nanotubelwilto accomplish a goal. In amorphous computing, a collection
hit the destination. We then determine whether the algurithof fixed, unreliable agents are arrayed randomly in space [1]
will perform well for destination sizes and distances of inEach agent is capable of limited computation and commu-
terest. We use existing estimates for the physical parametgication with neighboring agents. Paths between specified
that govern the diffusion and growth rates of DNA nanotubeshjects can be discovered in this system using a gradient of
to numerically compute the probability of forming a path fomorphogens: a destination emits a signal which is passed to
typical destination sizes and distances from the starttpoin neighbors and a path forms in response to these signals [28].
In Section Il we describe prior work on path finding. InThe spatial computing framework, similar to the amorphous
Section Il we more formally describe the problem and reviesomputing architecture, provides a language in which path
the physics of DNA nanotube growth and diffusion that wilfinding can also be solved using gradients [6]. While gradient



(a) sticky end

(b) ‘ tile length = 14.3 nm

T | Fig.4. 3dimens e wi
| | Fig. 4. 3-dimensional models of a 7-tile wide DAE-E DNA nanotubeEach
tile is drawn in a different shade. Diagrams were preparedgusiAMOT [8]
and PyMol [31] software.

Fig. 3. DAE-E DNA tiles are the building blocks of DAE-E DNA
nanotubes. (a) DAE-E DNA tiles consist of 5 short DNA strands that fold
into the structure shown on the right because of a preferéorc&atson-

Chrick Compleme?te}lrity- (b) CO_mplemenrt] sticky end regions fiibei, and s robust, implementable, and also forms 3-dimensiondigat
the sequences of tiles are designed to hybridize (attackh@sn. Repeated in addition to 2-dimensional ones.

hybridization produces a tile lattice. The particular getsnef DAE-E DNA

tiles leads to a slight curved lattice, which is stable asosed tube [35]. . PRELIMINARIES

A. Problem Definition

following is efficient and finds paths with high probabiliiy, =~ Formally, the goal of a path-finding problem is to connect a
is still too complex for molecular components to execute. start locations with a destination regiof® by self-assembling
It is possible to design molecular construction elemengsPath between them.is located at the origin and other points
with prescribed shape [41, 34] and prescribed affinity fée referred to in spherical coordinates, (&6, ¢).
other elements [48, 25] using synthetic DNA. These construc We Wwill first consider anidealized version of the path
tion elements stochastically attach to and detach from ed#ting problem. In the idealized path finding problem, a DNA
other and move through solution via Brownian motion. DNARanotube grows frons and can diffuse in any angle in three
based algorithms for computation and construction exiiit dimensions. Thelestination obje¢tD of destination sizel is
specific affinities of molecules and the fact that when twie set of pointd = {(p, 0, ¢) such thatr <p < (r+d),0 <
elements are attached, their affinity for attaching andoting -} wheref. = arctan ,.id-
to certain types other elements can change, which serves as & practice, the start and destination objects are attached
basic form of state [32, 47, 24]. to large flat surfaces (Figure 1), and DNA nanotubes cannot
One widely studied model of molecular construction is th@oW or diffuse through these surfaces. In tiplementation
DNA tile self-assembly model [47, 37]. In this model, DNAVErsion of the path finding problem, a DNA nanotube grows

components called tiles are equipped with single-strand5@m s @nd can diffuse only in the regioh< /2.
sticky ends, and tiles bind to other tiles by these stickysends  pnA Nanotube Growth
forming lattices (Figure 3). Because tiles can bind only to

locations where their sticky ends are complementary toahogtlzget:'znsfﬁéw [\;\ﬁ Adﬁzzg?jbLthgﬁir::gtt?gogngf tr?eNAhngiT:_al
available, the attachment of a tile to a location where &cites bhy

to two tiles at the same time can be viewed as an informa\tigﬁndItIOnS f.or growth determine DNA nanotupe growth rates.
transfer step [47]. We consider the growth of DAE-E DNA tile nanotubes.

DAE-E DNA tile nanotubes consist of DAE-E DNA tiles

The DNA tile assembly model can be used to solve the paflgigure 3) that assemble into a structure consisting of a

finding problem on a 2—dimensional surface, even when _obs_ &dial array of parallel DNA helices (Figure 4). A DAE-E
cles are present [7]. In this method, the start and d(:“Sﬂ)"“""t'DNA tile consists of 5 short, synthetic DNA strands and is

are molecules that interact with tiles. The tiles are de=ign,, 5 - ometers long and about 4 nanometers wide. DAE-

30 tthat tJ.[hey_ﬁf semblt_ab;all potESIbIe pa;:[[hshfrzm the _stalrée'ltot NA tiles attach via the hybridization of the single strand
thest ina |otn. " e E{Josmt © ?ﬁ g a;_e at' ache Im al smgﬁma sticky ends on their four edges. A DAE-E DNA tile nanotube
that eventuaily integrates the destination molecuile. ¥ with n helices hasn/2 tiles in each layer and in practice,

in the lattice that is part of a complete path is strongipse £ pna nanotubes with 8-24 helices are known to be

attached to other tiles on the path, while tiles not part %f[able [35]. In this paper, DAE-E DNA tiles and DAE-E DNA

a path ac;e r|r|10re V\r/1eakly attached.kthn th de .tlemphe rature;i2 nanotubes will be henceforth referred to simply RNA
increased, all attachments are weakened and tiles thabare.. - DNA nanotubes

part of a complete path melt away from the lattice. While this Experiments with DNA tiles [36, 38, 29] support a model

path finding algorithm finds optimal paths using I”nOIecu""\‘X/here tile attachment and detachment rates are first order

components, the algorithm is not robust to noise in momcu'@hemical reactions [48]. The rate,, at which a tile attaches
information processing [2] and would be very difficult to "

. . ; . ) at such a site is given by
implement because it requires a highly structured enviemtm
at the molecular scale. The algorithm we describe in thigpap kon = ky[t] Q)




where ks is a diffusion controlled forward rate [45] and] the polymer’s stiffness. The basic unit of polymer stifffies
is the concentration of the tiles in the environment. Thie rais its persistence lengttiformally the length scale over which
means that tiles arrive at an attachment site at exponlgntiadorrelations in the direction of the polymer's tangent wect
distributed times, where the mean#s,. A tile attached to are lost. The persistence length of a polymer is intrinsic to
a nanotube by sticky end bonds detaches from the DNAts repeating structure, i.e. there is a persistence lefgth

nanotube at raté&, s ,: double-stranded DNA, which igy.;; = 50 nanometers [42].
_ AG Assuming that the Young’s modulus of a DNA helix and a
Koffm = kpe” 7T (2)  DNA nanotube are the same, the persistence length of a DNA

whereAG,, is the Gibbs free energy of attachmentibgticky Nanotubes is predicted to be [35]:
end bondsR is the universal gas constant, aifids absolute R\?2
o2 ()] ®

temperature. Sticky end binding is cooperative, so thét, Pube _ 9
increases witn [33, 9, 29]. Phelix
Whenkos o < kon < kogy, i.€. when the attachment of\ypere ), . is the persistence length of the nanotubé,is
a tile to a DNA nanotube is favorable only if the tile attacheg,e number of helices in the nanotubB. is the nanotube
by at least 2 bonds, DNA nanotubes grow quickly from @qiys andr ~ 1 nanometer is the radius of a DNA double
seed structure where tiles can attach by 2 bonds, but slowlyijg|ix. This equation predicts that 6-tile-wide to 12-tilede
free solution, where attachments by just 1 bond are requred, 5no1ybes should have a persistence lengths from 10 to 80
initiate the growth of a new DNA nanotube [14, 38, 39]. Undef , regpectively. These values are qualitatively consistent
these conditions, DNA nanotubes grow by the attachment \gfi, experimentally measured values of nanotube persisten
tiles at the DNA nanotube’s distal end, and most attachlmgngth [35, 14]. The width of the DNA nanotubes used in
tiles form two sticky end bonds. _ the path finding algorithm can be controlled by designing the
We used a simple stochastic kinetic simulation of DNAgeq for the DNA nanotube’s to grow DNA nanotubes of the
nanotube growth [15, 48] to estimate nanotube growth rateRsired width [2]. It seems feasible to make DNA nanotubes
In the simulation, a tile could attach to a DNA nanotubgih 4 persistence length of up to 12 tiles around,~080
in a location where it formed two bonds and detach from, ’

a DNA nanotube if it was attached by no more than two \yhen 4 polymer is much shorter than its persistence length,
bonds. We used experimentally measured values;0iAH i js classified asigid and behaves much like a straight rod.
and AS in the simulation.k; for a similar type of DNA gjce jn our path finding algorithm one end of the growing
tiles has been measured and is approximately 3,000,000 pgfqtybe is attached to the start point, a rigid nanotulbesei§
Molar per second, where Molar is moles per liter [LRKx =/ rotation only. In this case, if a DNA nanotube has lenigth
AH —TAS has been measured for similar DNA tiles, wherge eng of the DNA nanotube is effectively diffusing around
T is absolute temperaturé\/f = —102.4 kilocalories / mol yhe gyrface of a sphere with raditisThe diffusion speed is
and AS = —0.300 kilocalories /' mol [38]. Our estimate for oo terized by a rotational diffusion constant, whichwile

the growth rate of a 12-tile-wide DNA nanotube in tile rows, D,.;. If a nanotube has lengthand the location of a

per unit time was the average time it took to grow a row if;notube’s end point at timtds u(t), then((u(t) _ u(O))2> _

the simulated growth of about 2000 tiles. For experimerds th4Dmt12t [12]. Here we consider tube lengths up to 2B,

take place at around 305 Kelvin and 40 nM tile concentratiofynich is much less than the g0n persistence length of some
we found that a 6-tile wide DNA nanotube grows 14.3 Nfi\a nanotubes, so we assume that the diffusing tube is rigid.
(the length of 1 tile row) about every 94:2 1.6 seconds (1.6 1¢ (otational diffusion constant of an isolated polymer in
seconds is 2 standard deviations of the predicted time Per rg ,iq appears to be dependent mostly on the polymer's size
in 100 |terat|o_ns of this S|muIaF|on). We used th_ls vaI_uetfuar rather than its molecular type [50], and enough information
growth ratev in the next section. The fluctuations in length, .\t rotational diffusion constant exists to allow us tedict

due to the stochastic nature of growth should be on order @ canges that DNA nanotubes wil find their destination in
square root of the DNA nanotube length (in tile rows) and Welfig regime.

ignored in our analysis. The growth rate can be made faster

or slower by increasing or decreasing the tile concentatio IV. PATH FINDING EFFICIENCY

C. Polymer Dynamics A. Analysis of Path Finding Efficiency in an Idealized Geom-

Previous studies indicate that DAE-E DNA nanotube stif€"Y
ness and thus diffusion rates are consistent with existingWe are interested in the question of whether a DNA
polymer physics models. This section describes the basignotube finds its destination via diffusion as it grows. When
components of these models that are used in the analysisad®NA nanotube length’s is less than the length to the edge
the path finding algorithm in the next section. of the destination-, the probability of the DNA nanotube’s

Because a polymer's repeating units are physically coend hitting the destination is 0 (Figure 2). Similarly, when
nected, the directions of the units’ Brownian motion arthe DNA nanotube’s end is longer thant d, whered is the
correlated, and the degree of correlation in this motion @estination size, the probability of the DNA nanotube’s end



hitting the destination is also 0. We are therefore intekgt it. In this case,D,; is approximately constant far < | <
the chance that the DNA nanotube finds the destination wher- d, and the time it takes before the DNA nanotube first
r <1 < r+d. The time during which the DNA nanotube’sdiffuses into the destination is approximately expondigtia
length is in this regime i = d/v, wherew is the growth distributed [44] with mean [22]:
speed of the DNA nanotube. log —2

If diuve is the DNA nanotube’s cross-sectional diamefer, (thit) ~ 2 l—cosf. 4
is absolute temperaturg, is Boltzmann’s constant ang, the Dot | 14 cost.

is viscosity of the solution the DNA nanotube is grown in, the The length of time during which a DNA nanotube can hit
rotational diffusion constant (in distance squared pee}iis the destination i,... = d/v. The probability that the DNA

approximately [50]: nanotube diffuses into the destinatiaf;;, is therefore

7“2

(13)

tmam
D,o: — ?;knb§ (6—0¢) (4) Piirs~1—exp |:<thit>:| , (14)
g = log (dffbe) ®) so the total probability that the DNA nanotube successfully

¢ —145-75 (% B 0'27)2 ©6) finds the destination is

whereé and ¢ are hydrodynamic correction factors. When Phie = Po + (1 = Po) Paiy- (15)
[ < r, the probability density that the DNA nanotube is Combining Equations 14 and 13 gives
oriented at angles6, ¢) is uniform, i.e.p;(6,¢) = 2. If

0 < 6. = arctan Tfid when the DNA nanotube first grows —d/v
to a length! > r, the DNA nanotube immediately attaches FPuiff ~ 1 —exp ; og (16)
to the destination and has succeeded in building a path. The 27 5 { Treost,~ — L
probability that the DNA nanotube hits immediateR; is oo _ )
e 0 . Some algebra simplifies this equation to
Po(r,0.) = J; focr2 sin (0) p, (0, ¢) (7) .
= 3(1—cos(8)) (8) Pugs ~1—exp | 00— a7
If upon reaching lengthr the DNA nanotube does not vr2l {Oiﬂ:ﬁ — 1}

hit the destination immediately, the probability densifyits

orientation is uniform over all point§ > 0. We can use Where C = 3L, a constant that does change with either

the diffusion equation over the probability distributidmat a destination distance or size.

DNA nanotube is located at some angle (i.e. the SmoluchowskiFigures 5 and 6 show?,;; for the rotational diffusion

equation) to determine the fraction of DNA nanotubes that firconstant in Equation 4 and the DNA nanotube growth rate

the destination by diffusing into itPy; . given in Section Ill. The viscosity of the solution was as-

The diffusion equation in spherical coordinates is given sumed to be the viscosity of water at 305K98 x 10~*

Pas. Probabilities were computed via numerical integration

9 _D {8 ( 26p> + L% + 1 0 (sin eap)J of Equation 10 and its approximate analytical solution give

ot 2 |or or sin” 0 d¢* * sinf 90 90 in Equation 17. The results of numerical integration and of
6@6 analytical approximation are similar and both methods
length, there is no diffusion in thé direction, and becausesuggeSt that for short distances (0 m), virtually all DNA
T . o ' < . nanotubes should find a destination with a diameter of 500
the destination is radially symmetric with respect is - o L
y sy pectdp p nanometers. The probability of finding the destination drop

independent ofp. The diffusion equation therefore simplifies i
P ¥ g P sharply as bothr increases and decreases, however.

Because we ignore the small fluctuations in DNA nanotu

to: o . - -
Op Dyot(r) 0 (. dp To quantitatively determine how the probability of finding
= = L~ (sin (A)— (10) the destinati | ith i , .
dt  rZsin () 00 90 the estm?tlon scales wit increasimgand decreasingl,
with boundary conditions note that(%?;f“ — 1) increases a#. decreasesPy;yy
therefore decreases with decreasigln contrast, the factor
p=0atfd=0. (11) s — ¢ increases witHog 7.
9p —0ath=n (12) Thus, asr increases for constamt 1 — Py, ¢5 increases as

o0 exp [—1/Q(r%)]. That is, as the destination becomes further
The boundary conditions stipulate that if a DNA nanotubaway, the probability of a DNA nanotube hitting the desti-
hits the destination it is absorbed, and if it hits the poleation before growing too long to do so drops exponentially
opposite the destination it continues to diffuse. as the cube of the distance! Ak decreases for a constant
In the case where- > d, i.e. where the destination isdestination distance:, 1 — Pyy scales as approximately
small and far away, the diffusion constant does not changep [—(d)]. SinceP, < Py for all but the closest, largest
significantly over the time that the DNA nanotube could hilestinationsl — P;; scales approximately as— Py .
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Fig. 5. Predicted performance of the path finding algorithm as the Fig. 7. Simulated probability of hitting a target in the implementation
destination distancer varies for destination sizesd = 10 nm, d = 100 nm ~ geometry. The thick line shows the simulated probability of hitting a
and d = 1000 nm. Solid lines show the approximate analytical solution to destination, a half sphere of radius 100 nm located on the $kamsurface

Equation 17. Dashed lines are the numerical integration of Buation 10. ~as the start point. Error bars are two standard deviatiohs. dashed line
is the approximate analytical values BY,;; for the idealized geometry with

destination size 200 nm.

an implementation can change the rate and pattern of DNA
nanotube end diffusion, and therefore path finding effigienc
We developed a stochastic simulation of DNA nanotube
diffusion to predict path finding efficiency in geometries
containing irregular environment and destination marker g
ometries. We tested this simulation on a particularly sampl
implementation geometrwhere both the start and markers
are attached to a solid surface and where the DNA nanotube
is otherwise free to diffuse.
The destination in the implementation geometry is a half
% 200 400 600 800 1000 sphere with radius 100 nm centered on the surface. The seed
Dest. size (d) in nanometers size is 100 nm and DNA nanotubes were 12 tiles wide. DNA
o 6. Predicted perf - b tinding alcorith A nanotubes can diffuse in any direction that did not collide
G nrgiz'ggevaﬁeeglogﬁlﬁi O ione barh cg;rll%a“gn?,mr m ﬁ)sutme with the surface to which the destination and surface marker
and r = 20 um. Solid lines show the approximate analytical solution to Were attached. The temperature, tile concentration, amglsa

Equation 17. Dashed lines are the numerical integration of uation 10, Viscosity in the simulation were the same as those used in
but are too close to the analytical solution to be distinguised. Section IV-A

The stochastic kinetic attachment and detachment of tiles

overned DNA nanotube length as described in Section lll-
. Diffusion was modelled via a standard algorithm for
Iscretized Brownian dynamics on a sphere [12] where dif-
Aéive motion vectors were generated by moving the DNA
anotube a randomly angle on the plane tangent to the sphere
and projecting the final point back onto the surface of the
gphere. We used a time step of 18, or an average DNA
nanotube movement of 11-12 nm per time step foe 3
microns. Approximately 100 DNA nanotubes were simulated
rﬁfer destination distance.

In a path finding implementation, the start and destination The results of the simulations are given in FigureFy,;
markers are attached to solid objects that prevent a growiimgthe implementation geometry scales similarlyRg; in the
DNA nanotube from moving freely in every direction. Addi-idealized geometry, but the absolute probability is sliglgss
tionally, the geometry of the destination marker is unlkel in the simulated implementation geometry than in the idealli
have a shape, as shown in Figure 2, where for each lengdometry. Both of these results are to be expected. Unless
[ in the ranger < [ < r + d, the extent of the destinationan obstacle prevents the DNA nanotube from reaching the
structure is described by the sanfg. These features of destination (in which case the probability of forming a path

While the chances of hitting the destination decrea:
exponentially with increasing destination distance or d
creasing destination size, decreasing the speed of D
nanotube growth can drastically improve the performanc
log (1 — Pg4¢s) changes a®(1/v). That is, halving the speed
of growth roughly squares the probability of missing th
destination.

B. Simulation of Path Finding in an Implementation Geomet



is 0), the efficiency is related to the ratio of the volume that Start Way station

the DNA nanotube’s end can diffuse through and the volume _
. . . . Tube is free to
covered by the destination. This ratio scales at the saradaat grow and diffuse.

After a way station is formed at a tube’s end,
both tube ends are fixed and cannot diffuse.

. . . CeEEEE e T Destination
both the idealized geometry and the implementation gegmetr < .
In the implementation geometry, the probability of hittitige Way station Asecond generation
destination, a half sphere, changes significantly:for d < v\ o ming to
I <r+d, whereas in the idealized geometry, the probability WX searchforthe destination.

of the tube hitting the target does not change over this lenq_l o .

. L . g. 8. A divide and conquer approach to molecular path finding.
interval. Because the overall volume of the destinatiorhi t instead of a single DNA nanotube growing and looking for testihation by
implementation geometry is smaller than the volume of ttwfusion, an initial set of DNA nanotubes could each stopugng and create

; ; ; ; ; =+ fixed “way stations” from which a second set of DNA nanotubesld grow.
destination in the idealized the geometry, the probabily The arrangement of way stations would be distributed evengpace if each

hitting is slightly less in the implementation geometry. way station emitted a gradient preventing other way statfoms forming
nearby. This process could happen recursively, allowingADfdnotubes to

locate faraway destinations efficiently.
V. CONCLUSIONS ANDFUTURE DIRECTIONS y y

We've described an algorithm for assembling a molecular
path between two points and used analysis and simulationdaster, decreasing the time available for searching for the
determine how the algorithm’s probability of success scaldestination.
with the size of the destination and its distance from the In Xenopus laevisthe gradient directs microtubule growth
start point. The probability that the self-assembly prscesia a more subtle mechanism. Microtubules exhibamic
will complete when the necessary path is short (less thamstability—i.e. they grow with a constant rate for a period
10 microns) and the destination is large (more than 5@9 time, and then occasionally undergatastrophesperiods
nanometers in radius) are high, meaning that the algorittoh abrupt shrinking [27]. By allowing length decreases as
is practical for many situations. well as increases, dynamic instability would improve the

However, we've also shown that the performance of thghances that a DNA nanotube would find the destination
algorithm falls off superexponentially as the distance e t eventually, by giving the DNA nanotube more than one chance
destination increases and at least exponentially as tht deto explore the area that is the right distance from the start
nation size decreases. These performance drop-offs are pant. Dynamically unstable growth combined with a gradien
optimal: a linear search for non-growing tubes would conof molecules emanating from the destination that decreased
plete successfully with probability 1 in a time that deceshs the frequency of catastrophe might create a qualitative im-
quadratically as the destination distance increased ardeasprovement in the probability of finding the destination: a/dN
destination size decreased. It is therefore worth conisiger nanotube would remain short, diffusing quickly, until itufed
mechanisms that would improve the performance of the seatbl generally correct direction to hunt for the destinatidrere
process. It may be difficult to do so with the existing capathe concentration of molecules that reduced the probwplafit
ities of designed molecules, but an evaluation of the kindstastrophes was highest [49]. So long as the DNA nanotube
of information processing that would provide a qualitativeontinued to diffuse in an area where the concentration ef th
improvement in path finding performance could be used tatastrophe-reducing molecule was high, it would contittue
guide the development of new molecular components. grow. Further, if the DNA nanotube missed the destination,

The current algorithm’s exponential performance decreade would undergo catastrophes that would shorten the DNA
are caused by the random search for the destination and fia@otube until it became approximately a length that could
limited time window during which a DNA nanotube can findeach the destination.
and attach to a destination. Speeding up or changing theAnother possibility would be to consider parallel searghin
diffusion process would therefore simply change the expbndn one such approach, the DNA nanotubes could occasionally
of performance falloff by a constant factor. But if a DNAattach to a nearby surface and stop growing, creating a “way
nanotube could specifically groteward the destination, per- station” from which several new DNA nanotubes could begin
formance might be improved. This would be possible if thgrowing. If way stations emitted gradient signals discgimg
destination could somehow communicate information to thike creation of other way stations nearby, DNA nanotubes
growing DNA nanotube about its location in advance of commight distribute such stations evenly in space (Figure 8). A
tacting it. This type of communication occurs during growtkvay station would have the effect of speeding up the search
of the Xenopus laevignitotic spindle, where a gradient ofbecause DNA nanotubes growing from the way stations would
small molecules forms around the destination for microelbube shorter than DNA nanotubes that had grown all the way
attachment [4]. One might be tempted to use such a gradiémom the start point and therefore would diffuse more quickl
to increase the DNA nanotube’s growth rate as it neared tHewever, this algorithm’s application would be limited to
destination, but such a mechanism might actually decrdese ¢nvironments where surfaces or other stationary strugture
probability of finding the destination, because as the DN#ere available for way stations to attach to. Implementing a
nanotube approached the destination it would grow fastér atrlean-up process to remove way stations and DNA nanotubes



that are not part of a successful path would also be necessgs] Mao. C., LaBean, T. H., Reif, J. H., Seeman, N. C. “Logi€aimputa-
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