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Equilibrium analysis of the efficiency of an autonomous molecular computer
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In the whiplash polymerase chain reactid®PCR), autonomous molecular computation is implemerited
vitro by the recursive, self-directed polymerase extension of a mixture of DNA hairpins. Although computa-
tional efficiency is known to be reduced by a tendency for DNAs to self-inhibit by backhybridization, both the
magnitude of this effect and its dependence on the reaction conditions have remained open questions. In this
paper, the impact of backhybridization on WPCR efficiency is addressed by modeling the recursive extension
of each strand as a Markov chain. The extension efficiency per effective polymerase-DNA encounter is then
estimated within the framework of a statistical thermodynamic model. Model predictions are shown to provide
close agreement with the premature halting of computation reported in a hecgnd WPCR implementation,
a particularly significant result, given that backhybridization had been discounted as the dominant error pro-
cess. The scaling behavior further indicates completion times to be sufficiently long to render WPCR-based
massive parallelism infeasible. A modified architecture, PNA-mediated WIPF@RPCR is then proposed in
which the occupancy of backhybridized hairpins is reduced by targeted, FDMA triplex formation. The
efficiency of PWPCR is discussed using a modified form of the model developed for WPCR. Predictions
indicate the PWPCR efficiency is sufficient to allow the implementation of autonomous molecular computation
on a massive scale.
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[. INTRODUCTION In WPCR molecular computation is implemented by the
recursive polymerase extension of a set of encoded single-
The whiplash polymerase chain reactiWPCR was  stranded DNA(ssDNA) molecules. As each member of the
proposed in 1997 by Hagiyat al. [1], as an alternative to set of extension processes executed by a given ssDNA is
methods of DNA computing based organerate and search directed by the strand’s base sequence, complex data struc-
strategy, such as those of Adlemf®] and Lipton[3]. In  tures and/or multistep computational procedures may be en-
generate and searcka combinatorial library of DNA mol- coded into each strand. As a result, WPCR has the potential
ecules is generated, each of which encodes a candidate soto- implement the parallel execution of multiple programs
tion to the computational problem of interest. This library iswith different inputs, a significant improvement over the
then screened for a molecule that encodes a correct solutioAdleman-Lipton paradigm.
by the parallel application of a sequence of standard opera- The feasibility of executing singlgl] and successivi4]
tions from biotechnology. While such a strategy efficiently state transitions by using WPCR has been established experi-
exploits the data parallelism inherent in molecular comput-mentally. A recent attempt to implement a longer path, how-
ing, the uniform application of a single set of biological stepsever, reported failure after only a few transitiof. Al-
to all strands restricts implementation to computations thathough WPCR is known to be susceptible to
execute a single set of instructions on a single input set. backhybridization, a systematic form of self-inhibitiph, it
was assumed in Rdf5] that problems due to backhybridiza-
tion had been overcome by the application of an experimen-

*Electronic address: johnrose@genta.c.u-tokyo.ac.jp; tally optimized thermal protocol, and the observed efficiency
URL:http://hagi.is.s.u-tokyo.ac.jp/johnrose problem was attributed to other error processes.

"Electronic address: rdeaton@uark.edu; The primary focus of this paper is the development of a
URL:http://csce.uark.edufdeaton/ theoretical model of the impact of backhybridization on

*Electronic address: hagiya@is.s.u-tokyo.ac.jp; WPCR efficiency. This model is then used to establish back-
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bridization. The organization is as follows. In Sec. Il, the (@)
WPCR architecture is described, and backhybridization is

discussed conceptually. In Sec. lIl, the length distribution of 5 meeblocka>b o rleblockb>e o —m 3
extended strands, as a function of polymerization time and B A c B A
reaction conditions is examined by modeling the recursive pacer
extension of each strand as a Markov chain. The extension
efficiency per polymerase-DNA encounter is then discussed (i)

Transition Rule Region Initial State

B Stop Sequences

using a statistical thermodynamic model of DNA hybridiza- extension1: 3

tion. Model predictions are shown to provide close agree- @=b 5

ment with experimentally observed behav|[&i. Based on

the scaling behavior predicted by the model, completion extension 2:

times are long enough to render WPCR-based massive par- (b—>c) 5

allelism infeasible. In Sec. IV, a modified architecture, PNA-

mediated WPCRPWPCR is proposed in which backhy- (iii) A B C

bridization is inhibited by targeted PNADNA triplex 3 .= ¥
Transition Rule Region Computed Path

formation. The efficiency of PWPCR is discussed using a
modified form of the model developed for WPCR. Model
predictions indicate that targeted triplex formation is accom- (iv)
panied by a large increase in efficiency, which is sufficient to <Xz
support the implementation of autonomous molecular com-
putation on a massive scale.

S B8 A © B

FIG. 1. WPCR implementation of a short computational p@jh.

Il. THE WHIPLASH POLYMERASE CHAIN REACTION DNA single-strapd encoding a WP.C.R program for exe(.:u.ting. the
path,a—b—c. (ii) Each state transition begins with hybridization
A. The basic architecture of the 3' head with a complementary DNA codeword in the transi-

In WPCR [1], state transitions are implemented by thetion rule region(e._g_., cpdewor_dAandA in extension 1 Execution
template-directed, recursive polymerase extension of a miXQf the state transmor? is then implemented by the polymerase exten-
ture of DNA hairpins. For clarity, this process is described inSion of the headhorizontal arrow to the adjacent stop sequence
the context of the WPCR implementation of the simple(S€€ text Hydrogen bonded regions are indicated by vertical
three-state, two-step computational paths b—c. Prior to dashes.Jiii) At completion, _the stranc_is 3end (sequenceABC)_
the beginning of the computation, a sSDNA molecule is en-enCOdeS the path”.ﬁb.ﬂ.c'. (iv) Execution of the second_ extension
coded with three distinctive regions, as shown in Fidi)1l (b=c), however, is inhibited by occupancy of the hairpin gener-

Th o\ | . d h tation’ t of ated by the first extensiofpanel(ii), a—b], which is both unex-
e transition rule regionencodes the computation's et of o yapie and much more energetically favorable than the hairpin

trans!t?on rules. Each ru'Ie has the form of a simple Statqequired for extension 2. This effect is knowntzckhybridization
transition from computational stateto statey; and is en-

coded into the DNA as aule block (denotedx—y). If X' 3’ end. Extension is terminated automatically when the poly-
denotes the DNA codeword for state and X denotes its  yerase encounters an adjacstupsequence. Thipolymer-
Watson-Crick reverse complement, then the rule block fokzation stopoperation may be implemented by a length 3
transitionx—y is formed by the adjacent pair of DNA code- pojyadenine stop sequence, combined with the absence of
words, 5-YX-3’. The completed transition rule region is dTTP (2’ deoxythymidine 5 triphosphatg in the reaction
formed by the catenation of all rule blocks, punctuated bymixture. After denaturation, the extended strand is ready for
short stop sequences. In Fig. 1, the transition rule regiona new round of hybridization and extension, and so on. At
contains rule blocksa—b andb—c. Notice that the path completion, a record of the computed path is encoded at the
encoded by a strand is independent of the physical orderingtrand’s 3 end, as a string of catenated DNA codewords. In
of the blocks. The 3 most codeword forms thieead which  Fig. 1(ii), this corresponds to the codeword string,
encodes the strand’s initial state. For the computation shows’-ABC-3’.

in Fig. 1, this corresponds to the DNA codewa@dThe final As each strand may be encoded with a distinct set of
segment is thepacer which carries no information but guar- transition rules and a distinct initial state, parallel computa-
antees that planned hybridizations occur freely. tion on a massive scale is achievable, in principle, by the

Each state transition is implemented by a three-step proproduction of a combinatorial mixture of DNA strands, each
cess of hybridization, polymerase extension, and denatuif which is encoded to execute a single path from the com-
ation, as shown in Fig. (i), for transitionsa—b andb  putational graph of interest, followed by the iterative appli-
—c. The transition process is initiated by the spontaneousation of a thermal program appropriate for enforcing the
hybridization of the 3 head with a complementary code- parallel hybridization, extension, and denaturation of all en-
word in the transition rule region. The state transition en-coded species. Theoretically, this process is computationally
coded by the hybridized rule block is then executed by poly-equivalent to then vitro, parallel implementation of a set of
merase extension of the hedHorizontal arrow, which finite state machine$l]. As a result, the computational
appends the DNA codeword for the new state to the strand’power of WPCR is limited to recognition on the class of
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regular languagel6]. Taken in combination with the ability the recursive extension of each strand may be modeled as an
to generate an arbitrary pool of initially encoded WPCR mol-independent Markov chaif]. Although a general analysis
ecules(e.g., using the annealing biostep of Adleman’s algo-would also require an assessment of the effect of intermo-
rithm [2]), however, WPCR is capable of solving instanceslecular interaction, in WPCR all DNA strands are anchored
of a variety of problems in NP-complefé,4]. to a solid support, so that strand-strand interaction may be
neglected. Let theextension state of a WPCR-encoded
strand be defined to equal the number of times the molecule
has been successfully extended, plus 1. Fgrstep WPCR

The feasibility of using WPCR to implement both single jmplementation, extending strands may occupy a tota of
[1] and multiple[4,5] state transitions has been demonstratedt- 1 extension states, ranging frome 1 (completely unex-
in the laboratory. A serious barrier that confronts the scalingended to r =q-+1 (fully extended. Note that for extension
of the WPCR process, as well as its practical implementatiogtatesy <q-+ 1, ther value of a strand also enumerates the
for small model systems, however, is a systematic tendencgxtension process currently being executed by the strand.
for strands to participate in a powerful form of self-inhibition  Let ¢, denote the probability that an effective polymerase
known asbackhybridization[1,4,5]. As a concrete example encounter with a strand in extension statevill find the
consider again the WPCR implementation of the two-stegstrand in the extendable configuration. Here, the term “effec-
path in Fig. 1. As shown in Fig.(ii), the second extension tive” refers to an encounter during which the orientations of
process requires the hybridization of codewBrdith code-  the colliding molecules allow the formation of an enzyme-
word B of rule block,b—c. The resulting hairpin structure Substrate complex. For simplicity, the use of a uniform code-
may then be extended by DNA polymera@®rizontal ar- word length shorter than the mean polymerase processivity is
row). The efficiency of this process, however, is compro-assumed, so that any effective polymerase-strand encounter
mised by the ability of the DNA strand to form the alterna- results in the all-or-none, codeword-length extension of the
tive backhybridized hairpin shown in Fig(it), which is  encountered strand. In this case, a strand will increment its
both unextendable and much more energetically favorabléxtension state during each effective encounter by either 1 or
than the planned, extendable hairpin. For a longer WPCR, with probabilitiese, and 1— ¢, , respectively. For strands
implementation, the number of distinct backhybridized con-that reach the final absorbing state 1, no further extension
figurations increases as computation continues. For a strarigl possible (i.e., €4,1=0). According to the Chapman-
undergoing the th extension, a total of alternative hairpin  Kolmogorov equatior{7], the single-step transition matrix
structures will be accessible, only one of which is extendabldor this process is given by
by DNA polymerase. Occupancy of the- 1 backhybridized _ _
structures serves to reduce the concentration of ssDNAs 1-a & - 0 0
available to participate in computation. 0 l1-e,

Experimental investigation of WPCR has focused on tun-

B. Backhybridization

ing the thermal program to increase the efficiency of recur- = ) ) ' ’ T @
sive extensioti4,5]. In the original WPCR protocol, the rec- 0 0 - 1-¢ ¢
ommended thermal program was the iterated application of a 0 0 0 1

three-step thermal cyclg1) a hybridization period(rapid - -

cooling on icg, (2) a polymerization period68 °C), and(3) For a WPCR implementation composed Mf initially

a denaturation period0 °C) [1]. In [4], both the explicit jgentical strands, the application of a single polymerization
annealing and denaturation phases were eliminated, in fav?feriod which implements an average EE effective en-

of a two—stee thermal cycle consisting of a bnef .'nCUbat.'oncounters per strand at constant reaction temperature is mod-
period at 65 °C, followed by a longer polymerization period =

at 80°C, the experimentally determined optimum tempera€led by theNe-step polymerization matrixE=T"e. The
ture. This thermal program, which was intended to establisioverall state occupancies aftdl, effective encounters are
concurrent annealing, polymerization, and denaturation hakhen given by the elements of the row vector,

been experimentally verified to improve efficierjéy5]. Re-

cently, the effectiveness of this thermal protocol at imple- [N1N2 - *Ng.1]=[No0---0]-E, 2
menting a single eight-step path was experimentally tested

[5]. Although premature failure was reported after only fivewhereN, -, denotes the total number of strands occupying
extensions, the authors in R¢B] assumed that difficulties stater, and allN, strands are assumed to begin in the fully
due to backhybridization had been overcome by the thermalnextended state. If a more complicated thermal program,
program, and attributed the premature failure to other errowhich consists of several polymerization periods of diverse

processes. temperature and duration is applied, the extension process
may be modeled by1l) estimating anN. value for each
Ill. THE EFFICIENCY OF WHIPLASH PCR subcycle, (2) constructing a transition matrix of the form

provided by Eq.(1) for each subcycle, according to the re-
action conditions employed, an@) applying the resulting

In order to provide a theoretical framework for evaluatingset of transition matrices, in order, to the initial state occu-
the impact of backhybridization on overall WPCR efficiency, pancy vector.

A. The distribution of molecular lengths
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B. The efficiency per polymerase-DNA encounter r-1 15

: ©)

n+1
ni+1

The quantity,e, may be estimated within the framework Y=
of a statistical thermodynamic model. Consider an ensemble,

Sr of |Qent|cal W.PCR molecules, each of Wh'Ch OCCLJp'esexpresses the impact of variations in loop length between
extension statey (i.e., has been extended-1 times. As- o heting hairpin structures, as a function of extension state

suming an all-or-none model of duplex formation, members '\ neren  is the number of loop nucleotides of the extend-
of S; will be distributed amongst a total of+1 configura- ble configuration, and each is the number of loop nucle-

tions: an unfolded ssDNA species, a polymerase extendabigiges in the hairpin structure extended during previous ex-
hairpin species, and a set of-1 unextendable hairpin spe- (,sion process

cies, each of which is a backhybridized artifact of a previous
extension. If the zero free-energy state is defined to corre- o )
spond to that of the fully unstacked, unbonded ssDNA mol- - The mean efficiency of theg-step WPCR encoding
ecule, then the statistical weight of a simple hairpin configu- The evaluation of the sefe, ;r=1,...q} for a specific
ration, which consists of a terminal loop pfunpaired bases WPCR-encoded DNA strand requires knowledge of the re-
and a lone duplex island of lengfipaired bases is estimated action conditions, and the statice., specifics of the DNA
by encoding, and the number of transition rulg@sand dynamic
(i.e., ¥, andn,) characteristics of the process encoded by the
_ oM(n)Z; 3) strand. Here, the term dynamic refers to properties that vary
(n+ 1)+ with r. Determination of the precise dependence of the
dynamic characteristics requires knowledge of the ordered
Here, Z; is the statistical weight of stacking in the duplex set of loop sizes{n,;r=1,...q} of the strand’sq planned
island, o is the cooperativity paramet¢8], and M(n) ac-  configurations, which is determined by the specific ordering
counts for significant deviations from the Jacobson-of the encoded transition rules. The low order polynomial
Stockmayer 1.5 power law, observed for hairpins with verydependence ok, upon loop size, however, suggests that
small loops due to chain stiffness and steric hindrd8¢eAs  variations resulting from permutations in the rule ordering
each member of the set of hairpins that form in a WPCRwill be small. For this reason, the impact on efficiency due to
implementation will contain a large terminal logpe., n the specific transition rule ordering is neglected.is then
=|, the spacer length in bageghe formation of small taken to be adequately approximated &y the efficiency
loops is explicitly prevented. Effects due to chain stiffnessper effective polymerase encounter for a strand with the
and loop steric hindrance are therefore negledtt{n) “mean” g-step WPCR transition-rule encoding, in which the
=1]. loop length of the extendable configuration of each extension
Ensuring the uniformity of the various extension reactionsstater is equal ton, , the mean length for that state averaged
of an implementation is critical to efficienci4]. WPCR  over all possible transition rule orderings.
codewords are therefore typically selected to have uniform In order to estimate the sefin,} let the location of the
GC content, which results in an approximately equal Gibbstransition rule implemented by a strand in extension state
free energy of stacking for each codeword with its Watsonbe modeled as a discrete random variable, distributed uni-
Crick complemen{5]. In this case, the statistical weight of a formly over the set of rules encoded on the strand. For a
duplex island of length may be estimated bZJ:sJ*l [9], g-step path, with a uniform codeword length lobases, the
wheres is the statistical weight of stacking for the averagemean loop length of an extendable WPCR-encoded hairpin
base pair doublet of the implementation. in stateyr =1 is given by the average over the loop lengths of
Let the 7, denote the characteristic relaxation time for aq  extendable  hybridized configurations, orn;
WPCR-encoded strand in stateFor simplicity, attention is = (1/q)=8-5(ls+2lh)=I,+1(q—1), wherel is the spacer
restricted to WPCR implementations in whieh<t,, the length, and the small contribution due to stop sequences has
mean time between successive effective encounters witheen neglected. Since each extension adbases to the
DNA polymerase, for a typical ssDNA in the mixture. In this spacing between the head and the transition rule region, the
case,e, corresponds to the equilibrium fraction of strands inmean loop size of the extendable hairpin for a strand in ex-
S, which occupy the extendable configuration, which is estension state is given byn,=n;+1(r—1)~(q+r)I, where
timated by the ratio of the statistical weight of the extendablghe use of a short spacer sequencg>{l;) has been as-
hairpin to the sum of the statistical weights of all structuressumed. Insertion into E@5), followed by application of the
Constructing this ratio with the particular valugs:| (the  Euler-MacLaurin summation formu[d0], retaining only the
uniform codeword lengthand j =2I for the single planned leading integral yields the approximation
andr — 1 backhybridized hairpin configurations, respectively

=1

ields _ (q+r)*®
Y H~=2(1=8y)| ——=——(q+r) (©)
1.51-1 \/a
(n,+1)~
=1+ 7rsl + _rIT (4) : 3
oS Here, ), is the Kranecker delta, and the factor {15;,) must
be included in order to properly model the absence of back-

Here, the parameter hybridized structures during the first extension process.
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has limiting behaviory,~r for 1<r<q, andy,~1.6& for E. Comparison with experiment
r=g. If the minor deviation from 1.660bserved for small
r>1 is neglected, insertion of, andn, into Eq. (4) yields
the estimate,

Thein vitro WPCR implementation of an eight-step path
was recently attempteld]. The experimental protocol con-
sisted ofN,~1.2x 10'3 streptavidin bead-immobilized DNA

[1(q+r)]+9) 1 strands and five units ofaq DNA polymerase, in a total
€&~{1+1.661—6;,)rs'+ — g | - (7)  reaction volume of 40Q:.L. DNA codewords were each 15

bases in length, with a unifori@C composition of 8/15, and
Although the single-path implementation is conceptuallythe DNA spacer length welg=21 bases. Each strand's tran-

interesting, the primary appeal of WPCR lies in the potentiaﬁition rule region contained a rule block for implementing

to implement, in paraliel a vast number of distinct computa-eaCh of the eight transition rules. Prior to the computation, a

tional paths. In addition to estimating the efficiency per ef-néad sequence encoding the first two states of the eight-step
fective polymerase encounter for a single-path WPCR implePath was appended to each strand, using a novel “input”
mentation, Eq(7) also has limited applicability to parallel PCR technique. As a result, each strand initiated the compu-
WPCR. In particulare, estimates the mean efficiency per tation at the second internal computational state, and in the
effective encounter for each strand, for the special case gfecond extension state<2). The applied thermal program
parallel WPCR in which the various encoded species diffeconsisted of 15 iterations of a thermal cycle composed jof

only in transition rule region structure. a 30 s incubation at 64 °G2) an increase to 80°C in 60 s,
(3) 300 s of polymerization at 80 °C, ard) a decrease to
D. The mean effective polymerase-DNA encounter rate 64°C in 120 s. ConstanpH=7.0 and ionic strengthl|

. ) =0.209M (estimated from the experimental conditions,
An estimate of the mean number of effective DNA poly- K*1=0.08V, [Mg?*]=1.5mM, using the methodology in

merase encounters per DNA strand that occur in a singlg,o¢ [12]) were maintained throughout the experiment.
incubation period, in the limit of saturating substrate concen- |, Ref. [5], a total of seven replicates, denotég, :r
tration, may be constructed by means of stochastic model OLZ,_,_,S} of the above WPCR implement’ation werg per-
polymerase—ssDNA_ interaction. Consider amo strand formed, whereR, was designed to independently assess the
WPCR implementation, in which a total 8, units of Ther- oy of the protocol to implement theth transition. In
mus aquaticu¢Tag) DNA polymerasg(1 unit corresponds to particular, for each replicat®,, a primer was designed to

the syntr;ea? 0'; %jo nlmol of pmdg?\tm'\n 30 rgnnf,ﬂtusmg ar‘append, by polymerase extension, a short, nonextending
excess ol activaled saimon sperm as subs{ttp are “output” sequence to the 3 end of anr-fold extended

utilized to implement rec_ursive extension. For conveniencestrand_ The corresponding primer was added to &cfter

IeF the quantityv, be defmed.as the number of completed total of 2¢ —1) thermal cycles. Following completion of
ollgonucleotlde-length extensions penformed pey_secongj by 5 thermal cycles, the performance of each replicate was
unit of Tag DNA polymerase under optimal cqnd|t|ons, given . -luated by means of a secondary, “output’ PCR amplifi-
excess dsDNA substratoth target and primgrand the cation. ForR,, this process essentially accomplished the

absence of competition from unextendable dsDNA substratg, ~o amplification of the set atfold extended strands. Re-
TaqDNA polymerase is characterized as both fast and hlghl3§ults were visualized by gel electrophoresis. Output PCR

processive [11]. It is Fherefor_e a.SS“”.‘ed tha(l) the therefore evaluated the success of each round on an all-or-
polymerase-substrate dissociation time is large compared Wone basis: the production of even a tiny fractionrgbld

b.Oth the time required for.an oligonucleotide-length exten'extended product in replicate, was interpreted as success
sion and the mean free time between encounters, (2nd

each polymerase-ssDNA encounter results in the aII-or-nonfef.;or the rth extension. _I_n the output_ggl, bright bands were
codeword-length extension of the strand. In this case thgbserved at the mobilities characte_rlstllc of r_nolecules_ having
total number of effective polymerase—DNA encounters in undergone_ a total of 1—5.extenS|o(lsncIud|ng the flrs_,t,

X X ; ) s . Qvhich was implemented by input PCRNumerous very faint
single incubation period of lengtit,, is invariant to the

- . bands, observed at various mobilities, are assumed to be in-
extendability of the DNA substrate, and may be estimated by,. ..’ ; . !
the ProductNenc=NyoeAt, . If Nencis assumed to be distrib- Yiicative of error extension during WPCR and output PCR,

. . rather than correctly extended product. Although premature
uted uniformly amonggt the entire set of strands, then th‘13’::1ilure occurred after only five transitions, the authors as-
mean n_umber_of e_ffectlye encounters per ssDNA, per pOIyéumed that problems due to backhybridization had been
merization period Is estimated by overcome by the optimized thermal program, and attributed
Nenc NyviAt, this_ failure to error hybrid!za_ltion during the output. A com-
NN (8) parison between the predictions of the current model of effi-

0 0 ciency and the experimentally observed behavior in Rf.
rovides an opportunity to evaluate the theoretical validity of
is assumption.

The implementation in Ref5] of the first extension by
input PCR was modeled by assigning the valegs 1. For
r—ez_ez . (9) extensions,r_> 1, eache, value was approximated by the
p No mean valueg, provided by Eq(7). The consensus value of

Ne=

and the mean effective polymerase-ssDNA encounter rate
given by
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FIG. 3. The overall efficiency of Komiyet al.[5]. An estimate
of the mean number of DNA strandé, predicted to have under-
gone from 1 extensionr&2) to 5 extensionsr(=6), after the
ccompletion of 1-15 thermal cycles, in the eight-step WPCR imple-
mentation reported in Ref5]. The total strand number was ap-
ately 1. 10" strands.

2

FIG. 2. An estimate of the mean extension efficiency per effec
tive polymerase encountet, for the WPCR implementation in Ref.
[5] as a function of reaction temperatufg, and extension process ProXim

r.
set of brief polymerization periods of equal length, where the

. . interval size was selected so that each period implemented an
the cooperativity parametes;~4.5x 10 . was adopted9]. average of one effective polymerase encounter per strand.
The free energy of duplex_forrr_latloA,G ' O_f ez_ich member All N, and’e, estimates were then applied in combination
of _the codeword set appllt_ad n Re[il_%], with its Watson- with the Markov chain model of Sec. Il A, to estimate the
Crick complement, was estimated using the nearest-ne|ghb9]rumber of strands in Ref5] having undergone each of from
model of Ref.[13]. Free energies were verified to approxi- 1 (denoted byN,) to 8 (denoted byNq ‘
mately satisfy the assumption of codeword energetic unifor: furﬁcﬁgg if th)(/arm)al ocycl(e elrjl?ar?a th)(/e ozleer);fgrselogesno?tsasathe

mity. Following adjustment for experimental ionic strength
by using the methodology described in R3], codeword ~ US€ Of the se{e;} in the single-step transition matrpEq.

energies were averaged, and dividedIbyl to obtain the (@)}

mean doublet Gibbs free energy of stackb@?, The cor- As illustrated in Fig. 3, the production of small fractions
. . . of molecules that have successfully undergone from 1 to 4
responding mean doublet statistical weights=

—AGC./RT,, was then combined with E¢7) to estimatés; extensions is predicted during the first thermal cycke, N,

as a function of andT,, . As shown in Fig. 2, for the WPCR throughﬁs e.ach exceed unity following one th(_ermal cycle
implementation in Ref[5], for r>1 is predicted to reach The production of longer molecules, however, is delayed un-
a maximum value of 3.210°5 atr=2 andT,,~77°C, til the 11th thermal cycle, when the appearance of fivefold
which is in good agreement with the experimentally deterextended molecules is predicteNld>1). The production of
mined optimum of 80°C. This optimal,, is predicted to sSixfold extended molecules is not predicted during the entire
vary by less than 1°C over the entire range of extensiorgourse of the experiment. This predicted performance is in
statesy =2,...,8. Optimal extension efficiency is predicted to €xcellent agreement with the experimentally observed be-
decrease slowly with increasing to a minimum of 1.2 havior reported in Refl5] (i.e., failure after a total of five
X 10" ° for strands in extension state=8, due to the gen- transitions, a result that lends strong support to the view that
eration of additional backhybridized structures. backhybridization was responsible for the reported prema-
An estimate of the mean number of DNA polymerase endiure failure, rather than some other, unmodeled process.

counters per strand per round,, for each component of the

four-stage thermal cycle of Rdf] was estimated using Eq. F. The feasibility of WPCR

(8). vy was estimated by dividing the bulk rate of addition of  Strategies to increase WPCR efficiency may be classed
bases defined to equal 1 unit of enzyfi835x 10" bases/ into two categories(1) attempts to decrease the fractional
(unit ), under optimal conditions, using excess dsDNA sub-occupancy of backhybridized structures; & and (2) at-
strate [11]] and the mean number of bases added pefempts to increase the mean total number of effective poly-
polymerase-substrate encounfiee., processivity. Based on  araqe encounters per strafdy,. As the generation of
%Sclckhybrldlzed hairpins is a natural consequence of exten-
per effective encounteor was gssunﬁéd] Wh'Ch.y'EIded t_he sion, the elimination of these structures by encoding or
estimatep,~6.70x 10" effective encounter@init s). Appli- simple redesign appears to be impossible. The impact of
cation of Eq.(8) yielded N~8.4 effective encounters per backhybrldlzatlon or, is determined by the magnitude of
strand per 300 s period at 80 °C, aNq~1 7 effective en- 1.6&s' [cf., Eq. (7)]. Although this| dependence suggests
counters per strand per 60 s period at 64 °C. The polymetthat efficiency may be enhanced by reducinghe use of
ization process during each ramp was modeled as a discrepgimers shorter than 16 bases is not generally recommended
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the scope of this work, a rough estimate ©f.; may be
obtained by modeling the WPCR reaction in terms of a sim-
plified r-state model of hairpin kinetics, in which strands in
extension state>1 are distributed amongst a set composed
of r — 1 identical, but distinguishable backhybridized hairpin
structures, and the random c@ilccupancy of the extendable
hairpin is neglected For this purpose, the forward{) and
reverse K, ) rate constants of hairpin formation for a strand
in extension state were modeled by the mean values, aver-
aged over alf — 1 backhybridized hairpins accessible to the
strand. This model yields the relaxation time,=[(r

— 1)k +k, ]71. Following [16], k* values for individual
hairpins may be modeled by the empirical expression,
~A(n+1)"28 where the constanta~6.7x 10" has been

function of the mean total number of effective polymeraseestimated by using the reported specific value in Ri] of

encounters/strandy,,;, for WPCR implementations of computa-
tional paths of lengtly=4, 8, 12, 16, and 20. In each case, DNA
codewords are energetically equivalent to those used in [Bg&f.

and the application of the estimated optirig| has been assumed.

for PCR, due to an increased tendency to disso€idig The
15 base codewords used in REB) are, therefore, likely to

k*=1.4x10* for a loop of n=21 thymine residues. The
mean WPCR loop lengths for extension processed, for

an |=15, g=20 WPCR implementation range from,

~ 330 ton,y~600 bases. Corresponding relaxation times for
T,x=77°C range fromr,=1.9ms tor,,=2.9 ms, which is
roughly three orders of magnitude less than the mean en-

counter time oft,=3.6s, obtained using,=50 units of

be of optimal length. This trend is general: any simple strat-l-aq DNA polymerase andil, = 1.2x 1013 DNA strands. Sub-

egy, that seeks to enhance efficiency by decreasing the st

bility of backhybridized structuresi.e., decreasing or )
also decreases the stability of desired structures.

The most straightforward method to incredsg; is the
application of additional polymerization time. As shown in
Fig. 4, the WPCR implementation in Ref5] (at T,
=77°0C) is predicted to reacminimal completionNg~1)
after roughlyN,,;=2.9x 10° effective encounters per strand
(=8 curve,x intercepj. At the estimated encounter rate of
1.68 effective encountefstrand min predicted for condi-
tions of Ref.[5] this requires a total of 28.4 h of polymer-
ization. As shown in Fig. 4, the attainment of minimal
completion is predicted to become much more difficulgas
is increased. For aj=20 WPCR implementatiorfat T,
=77°C), minimal completion requires a total of roughly

3.4x 10° effective encounters/strand, or 142 days at 1.68 ef-

fective encounterégtrand min.

A related strategy is to decrease the mean time between

polymerase-DNA encounters,=T, * [cf. Eq.(9)]. This may
be accomplished b§l) applying excess polymerads,,, (2)
decreasing the number strantls,, and/or(3) using an poly-
merase with a highar, value for oligonucleotide-length sub-
strate(i.e., a lower processivijy For instance, application of
an excess offag DNA polymerase(N,=50 units, which

yieldst_e: 3.6 9 is predicted to decrease the time for mini-
mal completion of ag=20 WPCR implementation to 14.2

days. Although further decreasestinmay be accomplished

straightforwardly, a substantial reduction Wy, is inconsis-

gt_antial additional decreasestip are, therefore, expected to
rapidly become ineffective.

An examination of Fig. 4 indicates that the application of
WPCR to massively parallel computation is substantially less
feasible. For the WPCR implementation in Rg], adjusted
to the optimalT,, of 77 °C, a total of roughly 6.8 10° en-
counters per strand is predicted to be required for completion
of 50% of theN,=1.2x 10" strands. This corresponds to
248 days and 24.8 days of polymerization, usiNg=5
units, andN,=50 units of Tag DNA polymerase, respec-
tively. For ag= 20 implementation, attaining a 50% comple-
tion rate requires a total of roughly ACencounters per
strand, or 417 days of polymerization, usiNg=50 units of
Taq DNA polymerase.

IV. PNA-MEDIATED WPCR
A. The P loop

An alternative approach is to redesign the WPCR archi-
tecture to enable the specific inhibition of backhybridized
structures by targeted PNADNA triplex formation. The
ability of polyamine nucleic acid strand®NAs) to bind to
complementary ssDNA with extremely high affinity and se-
guence specificity is well characterizgtl7]. For homopyri-
midine PNA strands, binding to a complementary ssDNA
target sequence occurs with stoichiometry 2 PNA:1 DNA,
indicating the formation of a PNADNA triplex. Under ap-
propriate reaction conditions, rapid formation of the triplex
structure occurs even if the target DNA single strand is in-

tent with the goal of massive parallelism. Furthermore, the g\ ed in hybridization with a complementary DNA strand
use of a very large excess of polymerase is known 10 ingj o py strand invasion In this case, triplex formation re-

crease the rate of nonspecific extension. In any case, g5 in the extrusion of the target-complementary DNA
success of decreases tip to enhance overall efficiency is strand, forming a P loop” [18].

limited kinetically by the condition for equilibriumtg> 7, .

Formation of the PNA/DNA triplex is a two-step pro-

Although a detailed treatment of WPCR kinetics is beyondcess[19]. In the first step, sequence-specific invasion of the
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target region of the DNA double strand is accomplished by a (i) 5 rule block a>b rule block b>c¢
single PNA molecule. The result of this reversible nucleation B A C B Spacer A
phase is the formation of an antiparallel, Watson-Crick base
paired PNA/DNA dupleXBy convention, PNAs are oriented
from N to C terminal. The second phase of triplex formation
is a virtually irreversible “locking” phase, in which a second (i)
PNA strand complexes into the major groove of the PNA/ ]
DNA duplex by means of Hoogsteen base paifig@]. This
Hoogsteen strand adopts a parallel orientation relative to the
target DNA strand. The extraordinary stability of this triplex 2]
structure is due t@¢1l) the absence of the strong electrostatic (

> [3]

Transition Rule Region Initial State

=== = rarget generator (5- T, CT, CT, -3')

repulsion that exists between the sugar phosphate backbones
of a DNA duplex or triplex(PNA is electrostatically neutrgl

and (2) the presence of a strong hydrogen bonding interac-
tion between the phosphate oxygen atoms of the target DNA
backbone and the amide nitrogen bonds of the Hoogsteen

strand[21]. Conditions that promote the unwinding of the [l

DNA are, however, required for the initial nucleation step

[18].' At'constant temperature, th.is is accomplished by the < = PNADNATriplex

application of low salt concentratiorf Na" ]<40mM). Al-

ternatively, unwinding may be accomplished thermally. Once  (iii) PNA (Watson-Crick Strand)

formed, the locked triplex remains stable, even under condi-

tions that inhibit the initial nucleation phasg.g., high HNLYSTTCTTC TTT z P
[Na‘] and lowT) [28). "7 °=" == ’?’?‘f"?‘??‘h L]
Achieving a high saturation of target sequences is critical Spacer A HTTJTTJTTTT
to the effectiveness of antisense and antigene strategies based Flexrb/e Tether
on PNA,/DNA formation. The use of “bis-PNA,” in which PNA (Hoogsteen Strand)

the two PNA strands involved iR loop formation are con-

nected by means of a flexible linker has been verified to be a FIG. 5. PNA-mediated WPCRi) PWPCR encoding for com-
highly effective means of enhancing the rate of strand invaPuting the patha—b—c. This encoding scheme differs from
sion [22]. The use of cationic pseudoisocytosing)- WPCR, in that each transition rule block contains a “target genera-
containing PNA sequences has also been suggE28drhe tor” sequence, 5T,CT,CT,-3'. (ii) Each st“ate tratnsmoﬂworl-
combined application of these two techniques, under condontal ~ arow then produces the ~‘target” sequence,
tions of low salt (20rM[Na*]) and excess PNA, was re- 5'-A,GA,GA,-3’ between the source and target codewords. This
ported to result in the rapid, virtually irreversible attainmentp.roCeSS s illustrated 'n.panel L for th.e transitian; b. Add't'qn of

of a near unity fractional saturation of dsDNA tardes]. bis-PNA then results in the formation of a PRIANA triplex

- shown in panel 2 as an ellipsat the target sequence. This triple
For the reported pseudo-first-order rate constant of 2.3 wninp P d au 's nplex

R h . ; egion destabilizes the extended hairpin structpemel 3, increas-
min Obta'?ed using 1.0 DNA tafget and 1'_D‘M bis- ing the occupancy of the extendable hairganel 3 required for
PNA, at 37 °C and 20M [Na"] conditions, fractional satu- the next transitior(panel 4. (i) PNA,/DNA triplex structure.

rations of 0.9, 0.99, and 0.999 are predicted in roughly 60,

120, and 180 s, respectively. Following completion of allg cycles. bis-PNA clamps may

, be removeden masseby a high temperature denaturing
B. PNA-mediated WPCR wash. This modified computational architecture, which is re-
In order to enable the uniform inhibition of backhybrid- ferred to as PNA-mediated whiplash PGRWPCR, is il-
ized hairpins by targeted PNADNA triplex formation, the lustrated in Fig. 5 for the implementation of the three-state,
basic structure of the WPCR transition rule block may betwo-step patha—b—c. As shown in Fig. §i) panel 1, the
modified so that a ssSDNA target sequence for bis-PNA bindfirst state transitiond—b), which is implemented by poly-
ing is synthesized between the initial and newly polymerizednerase extension, produces target sequence
state codewords, during each state transition. In particulag’-A,GA,GA,-3’ between state codewords and B. A
separation of the source and target codeword pair of each ebund of bis-PNA treatment, which is implemented by sub-
the g rule blocks of an encoded strand by the “target generajecting the mixture to a 180 s, lopNa' ], excess bis-PNA
tor” sequence 5-T,CT,CT,-3' results in the separation of wash then results in the effective saturation of instances of
successively polymerized state codewords bythe target sequence wifrloop forming bis-PNAFig. Kii),
5'-A,GA,GA,-3’, the target for the cationic bis-PNA mol- panel 3. Formation of this triplex structure, shown in detail
ecule described in Refi23]. Computation may then be in Fig. iii), in turn destabilizes the backhybridized hairpin,
implemented by subjecting the mixture to a totaloppoly-  and increases the occupancy of the extendable hdiFiin
merization periods, each of whidlwith the exception of the 5(ii), panel 3, which is required for the execution of the next
final period is followed by a round of bis-PNA treatment. transition,b—c [Fig. i), panel 4.
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1-p 1-¢

52885 ...28x¢

Extension State (x): 1 2 3 2g-1
Extensions (r-1): 0 1 1 g-1
3'PNA Treated? N/A No Yes Yes No

FIG. 6. Markov chain model of the PWPCR protocol. Each strand progresses in single-step increments through an ordergd set of 2
states, ranging from= 1 (fully unextendegto x=2q (fully extended. Eache, value denotes the probability of executing thle extension,
during a single effective polymerase encounpedenotes the probability of PNADNA triplex formation at the 3 most target site during
a PNA treatment. Each effective polymerase encounter is modeled by applying the accompanying state transition matrix to the state
occupancy row vectofsee text, under the conditiopp=0. Each bis-PNA treatment phase is modeled by application of the state transition
matrix, under the conditiom; =0, V'r.

C. The efficiency of PWPCR of PNA treatment. During a round of bis-PNA treatment,

In order to provide a framework for estimating the impact PNA targeting of this strand’s'3arget site occurs with prob-
of bis-PNA targeting on the overall efficiency of tievitro ability p, an event that is modeled as a transition to the next
implementation of aj-step computational path, the processOdd state. Similarly, the sub_sef[ of odd states corre_sponds to
of recursive extension of each PWPCR-encoded strand ma{l€ Set ofextendableDNA hairpins, where a strand in state
be modeled as a Markov chain. As in WPCR, strands ar&= 2" —1 has undergone a total of-1 previous extensions,
assumed to be anchored to a solid substrate, so that the pdPd the strand has also been subjected to a subsequent round
tential for strand-strand interaction may be neglected. In ad?f PNA treatment. During a single polymerase encounter,
dition, following each successful extension, a PWPCR strandliS strand may execute theh extension with probability
is assumed to require a round of PNA treatment prior tofr - @ Process that is modeled as a transition to the next even
further extension, due to the very high stability of a PNA- State. The single-step transition matrix has the form
untreated, backhybridized structuief. Sec. IVD. As a re- - -

sult, in addition to the+ 1 states necessary to model a set of 1= & o - 0 0

strands distributed oveg+1 distinctive lengths(cf., Sec. 0 1-p p 0 0

[l1C), an additional set ofj—1 intermediate states is re- 0 0 1—e! e 0 0

quired to model they bis-PNA treatments, for a total ofcR T=| . . 2 . .|, (10

extension states. Let the extension state of a PWPCR- : : : : :

encoded strand be denotedsbyNote that the PNA treatment 0 0 0 - 1—¢ €

of the fully extended state is neglected. a
Another complication is the need to model each bis-PNA L 0 0 0 0 1]

treatment separately from each polymerization period. In , . o
particular, these two protocols cannot be performed concut/Neré T=T({&}.p). A single round of polymerization,
rently, due to the low ionic strength required to achieve awhich implements an average of, effective encounters/
rapid, high fractional saturation of target regions with bis-strand, is modeled by thi.-step polymerization matrix:
PNA. In order to facilitate the modeling of the overall pro- =T({e'},0)Ne. Similarly, a single round of bis-PNA treat-
cess of strand extension with a single Markov chain, WOment is modeled by the single-step transition matif,
types o'f. probabilities are a_ldopteet, which repregents the =T({0},p). The overall state occupancies for a PWPCR
probability that a strand will execute thieh extension pro-  protocol that consists of a set qfextension rounds, each of
cess during a single polymerase encoufitete that in PW-  \yhich is composed of a single round of polymerization fol-

PCR,r does not denote the strand’s extension $taRdp,  |owed by a single bis-PNA treatment, are then given by the
which represents the probability that a strand’snost tar-  glements of the row vector

get sequence will become PNA treated during a round of
bis-PNA treatment. A single polymerase encounter is then
modeled, for each strand in the mixture, by executing a

single transition withp=0, while a single round of PNA \;hareN  denotes the total strand number avg., denotes
tr/eat(r)n‘jnt is modeled by executing a single transition Wlti}he total number of strands occupying state
e, =0Vr.

The resulting Markov chain model is illustrated in Fig. 6.
Each strand progresses, in single-step increments, through an . .
ordered set of § states, ranging fronx=1 (fully unex- The effect of PNA/DNA triplex formation on the per
tended to x=2q (fully extended. The subset of even states encounter polymerization extension efficieney, may be
corresponds to the set ahextendabl®NA hairpins, where estimated by means of a statistical thermodynamic model.
a strand in state=2r has undergone a total ofprevious Due to the experimentally reported compactness of Rhe
extensions, but has not been subjected to a subsequent rouedp, the presence of a triplex region immediately adjacent to

[N1Nz+*Npq]=[No0---0]- (E-P)f, 11)

D. The efficiency per polymerase-DNA encounter
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the head sequence is assumed to have a negligible impact adopted. It should be noted that this valuedodorresponds

the ability of the head to hybridize with a complementaryto the assumption of the worst case behavior, from the stand-
sequence in the transition rule region. As a result, the statigpoint of PWPCR efficiency. Since an internal loop formed by
tical weight K, of the extendable configuration anticipated k broken base pairs contains a total d&f-22 links between

for roundr is constructed as described in Sec. Il B. Estimat-bases, for theP loop region, m=2+4I/3, and Z,=(2

ing the effect of the triplex region on the statistical weight of +41/3) =17,

backhybridized structures requires more care. For simplicity, The equilibrium fraction of extendable structures is esti-
an all-or-none model of duplex formation is assumed. In thisnated by the ratio of the statistical weight of the extendable
case, each extension facilitates the formation of three distinatructure with all structures,

backhybridized structureg1) an extended backhybridized

hairpin, which is composed of a pair of lengtiluplex is- , P os 1 (n/+1)%) ¢

lands punctuated by B loop [e.g., Fig. %ii), panel 4, and =) 1ty ty| 1t R —

(2,3) two shorter backhybridized hairpins, each of which re- 2+ §I)

sults from formation of only one of the two duplex islands

associated with the full-length structure. The total statistical

weight of backhybridization due to extension process
equal to the sum of the statistical weights of these thre
structures,

(13

For a target sequence lengthlgt £1, each member of the
§rio of backhybridized structures generated in ttie round

of extension will contain a terminal loop of length either

1 orn/=n/+10/3 basesy, andy, are defined using, and
5|, (12 n’, respectively, in exact analogy with} [Eq. (5)]. Explicit
evaluation ofe; for a given strand requires knowledge of the
specific encoding and reaction conditions. As in the case of

where a target sequence of lenggh= 21 has been assumed, WPCR, the low order polynomial dependencespfon loop
n; denotes the terminal loop length of a strand in extensior$ize suggests that variations & resulting from permuta-
processr’s planned configuration, and, is the statistical ~tions in transition rule order will be small. The impact of
weight of theP loop region. It should be carefully noted that SPecific transition rule ordering is, therefore, again neglected,
this quantity is the statistical weight of tHe loop region, ~and the efficiency per polymerase encounter of a PWPCR
giventhe presence of an irreversible PNANA triplex, and ~ Strand is considered to be well approximated by the value
as such does not include the energetics of PNDNA tri-  that results from the mean orderirgg . Calculation of the
plex formation. Rather, the PNADNA triplex is assumed to  l0op quantities ¥y ,y; ,¥;) that characterize the mean order-
be present, and hence carries a statistical weight of 1. Fang for a PWPCR-encoded strand with characteristicd,
simplicity, the decrease in the Jacobson-Stockmayer loopnds proceeds in exact analogy with the calculation of the
closure probability anticipated due to the increased locafjuantitiesn,,y,, discussed for the WPCR architecture in
chain stiffness in the short triplex region is neglected. Sec. Il C. For a target sequence length d¢f2nucleotides,

A precise estimate of the energetics of interaction between; ~2I(r +2qg/3), and r<y,~7%/<1.94, for 1<r=q.
the postinvasionP loop componentgthe triplex and ex- Adopting the maximum limiting behavior of; yields the
truded single strands absent from the literature. The obser- final expression
vation of a distinctive eye structure for tfedloop [18], how-
ever, suggests the absence of stabilizing interactions between

< . 1+as'*1zp+
=0S
7 (n/+1)*°

nF+T+1

I-1

the extruded single-stranded target-complementary strand €~ 1+1.94(1—5y,)| 2+ 7S 7

and the PNA/DNA triplex. Molecular mechanics calcula- 24 —|

tions also indicate that stabilizing interaction between the 3

two P loop components is minimdl24]. In Ref. [25] the 4 1g) —1

electrostatic interaction between the positive charges of a . [1(2r+3q)]™ 14
cationic bis-PNA molecule and the phosphates of the adja- os 1

cent DNA backbones was also reported to be negligibje.
is therefore assumed to be entirely entropic in origin, and is

modeled as a stiff chain with excluded volume. The generaj; the extension efficiency per polymerase-ssDNA encoun-
form of the Jacobson-Stockmayer equation for the statisticaly, for therth extension of a PNA-treated PWPCR strand
weight of a closed loop ofn links is Z=(m+d), where i static characteristics, I, ands. Here the Kimecker

a=—1.7 for an internal loop with excluded volum&], and  ejta 5, accounts for the absence of backhybridized struc-
d is an empirical parameter that accounts for chain stiffnesg,eg during the first extension.

[26]. The local value ofd is roughly equal to the order of

magnitude of the persistence length of the cH&ig]. In the o

absence of specific information regarding the persistence E. The parallelization of PWPCR

length of a PNA/DNA triplex, the decrease in probability The ultimate aim of both WPCR and PWPCR is the par-
of loop closure associated with the stiffnesses of the ssDNAllel, in vitro implementation of a massive number of distinct
and triplex regions is neglected, and the valde O is  computational paths. The ability of either architecture to
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implement parallel computations may be assessed as follows
Consider the simple parallelization of a PWPCR implemen-
tation, in which the total copy numbét, has been parsed
into P distinct species, each of which encodes a distinct com-
putational path and is present with equal copy number,
=N,/P. The maximum parallelism obtainable by this
implementation is equal t®,,,,=N,/N;. However, this is
practically obtained only whem. is sufficiently large to
ensure the full extension of at least one copy per path.

The use of codeword sets with uniform length and ener-
getics is assumed. In the absence of bimolecular interaction
the completion of each strand is an independent process
Therefore, the mean probability of failure per pétle., for
all N, copies is given by p;=(1—x)Ne, where x
=Nyq/N, is the fraction of fully extended strands at the
completion of the implementation. As the mean number of
failed paths in a parallel implementation is equal to the prod- FIG. 7. An estimate of the mean extension efficiency per effec-
uct p;P, the condition for completion of a parallel PWPCR tiye polymerase encountef _for the PWP_CR implementation of an
implementation may be expressed by the threshold relatiofight-step path, as a function of reaction temperaiiygeand ex-
p;P<1. Combining these expressions, maximum para"elisrﬁensmn process. Cerword energetlcs and buffer conditions are
for a PWPCR implementation that consists Nf strands, assumed to be identical to those in R,
each of which completes with a mean probability xofis
predicted wherlN, is chosen such that

produced afteq experimental cycles of polymerization and

bis-PNA treatment, has been estimated using the Markov
N, chain model of Sec. IVC. Here, the overscore denotes the

(1= )= N (19  use of the set of mean valugg;} in the transition matrix

° [Eg. (10)]. Codeword energetic§aq polymerization buffer

For convenience, the value bf. that satisfies this equation conditions, and total strand numb@i,=1.2x 10" strand$
will be denotedN(opt). Although Eq(15) may not, in gen-  Were taken to be identical to those applied in R&]. The
eral, be used to produce a closed-form expression fofotal number of effective polymerase-DNA encounters/
N.(opt), an estimate may be obtained numerically for any(Strand cycl¢ was estimated using E¢8). For consistency,
specific { x,N,} pair of interest. The accompanying maxi- the implementation of the first extension<1) by input
mum parallelism is then estimated By,..=N,/N(opt). PCR was assumed. This was modeled by assigning an effi-
ciency of unity for the first extensione{=1). The applica-
tion of a near-optimal polymerization temperature Tf
~60°C was assumed in the polymerization phase of each
A comparison of Eqs(7) and(14) indicates that the most pwPCR cycle. Each round of bis-PNA treatment was as-
significant effect of targeted triplex formation on the effi- sumed to be sufficient to attain a near-unity fractional satu-
ciency per encounter is the destabilization of the full |engthration of target sequences in soluti@re., exposure of the
backhybridized configuration by a factor ef The impact of  anchored strands for 180 s to a uM bis-PNA solution, at
this effect is best illustrated by concrete application. For thlSZOrTM [Na+:|' and room temperatu)r_d:zesu“:s are illustrated
purpose,e, for each of the last seven steps of a PWPCRin Fig. 8, as a function of the number of polymerase encoun-

implementation of the eight-step computational path dejg g implemented per cycle_le for PWPCR implementations
scribed in Ref[5] has been estimated using the mean valugy lengthq=8, 16, 20, 32, and 64 steps.
over all transition rule orderings; , provided by Eq(14). As shown by Fig. 8, the targeted triplex formation char-

For consistency, codeword energetics and buffer conditiongcteristic of PWPCR is predicted to be accompanied by a
for the extension reaction were selected that are identical tyyge increase in overall strand completion efficierict,

those in Ref[5]. In addition, the first extension process of
each strand was assumed_to t_)e implemented by input_ PC PCR should be converted to total effective encounter
[5]. Results are illustrated in Fig. 7. As shown, the optimal — = , .
T,, for extension is predicted to be roughly 60 °C, for strands?UMPer byNi=(a—1)Ng]. For instance, the PWPCR imple-
in extension states=2,....8, with a variation of less than mentation of the eight-step path reported in R&f, at an
1°C. At this temperature, the PWPCR extension process igffective encounter rate df,~18 encounteréétrand cycle
predicted to proceed with an efficiency per effective encoun¢for a total ofN,,;=126 encounters/strand, which is identical
ter that varies frome;~0.04 (r=2) to eg~0.01 (=8), an to the value estimated in Rdf5]), is predicted to complete
improvement of roughly three orders of magnitude over theoughly 1.2< 10° of the initial 1.2< 10** encoded strands, for
equivalent WPCR implementatidef., Fig. 2. a per-strand completion rate gf~1.0x 10~ 4. For compari-
The overall efficiency of the PWPCR protocol, in terms of son purposes, a WPCR implementation of this computation,

ﬁzq, the estimated total number of fully extended strandsat the optimalT,, is predicted to require roughIﬁoFS

F. Model predictions

jg. 4, where for comparison purposel, values for
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ever, the reaction temperatures suggested for WPCR and
PWPCR(77 and 60 °C, respectivelare both approximately
equal to the estimated melting temperatures of the backhy-

14

12

- 10 bridized hairpins in the respective architectures. Further-
Iz q more, hairpins used are typically encoded to minimize un-

= planned sequence similarity. These two strategies were
2 6 regarded to be sufficient to guarantee the negligibility of ki-
4 netic trapping due to unplanned sequence similarity for the

5 implementations investigated. Relaxation times for PWPCR

were then estimated by application of the simple model of
. hairpin kinetics discussed in Sec. Ill F. Mean hairpin loop
10 sizes for a PWPCR implementation of a 20-step path range
N [encounters/(strand cycle)] from 430 bases during the first extension process, to 1000
¢ bases, at completion. Estimated relaxation times ranged from
FIG. 8. The efficiency of PWPCR. An estimate of the mean 7,=14 ms tor,,=9.6 ms. As the mean time between effec-

number of fully extended DNA strands,, produced as a function tive encounters for PWPCR ranged frota=35.7s (N,
of the mean number of effective polymerase encounters per strand g 4 oncounters in 300) 40 1.=6.7 S(N —542.7 encoun-
. e= 6. e .

per cycle,N,, for ':WPCR (ijmp'ergema“o“,s of pgtgsﬁ(’f 'e”géh, ters in 60 min, the assumption of equilibrium is expected to
=8, 16, 20, 32, and 64. Codeword energetics and buffer conditiong, | g for the range of reaction conditions considered.
are assumed to be identical to those in R8f, and the application Ensuring the consistency of the cationic bis-PNA target-
of the estimated optimur,, has been assumed. . 9 N 4 . 9
ing and polymerization processés., so that PNAs do not
fall off at polymerization temperaturgess also critical.

Xl(f encounters/strand. The maximum paralleli$fa  cytosine-bearing, cationic bis-PNAs of the same length as
achievable by thigj=8 PWPCR implementation may be {hose used in the texti.e., complementary to a ten-

estimated by solving Eq15) for N¢(opt), and applying the  cleotide target sequenchave been reported to melt at
simple relationshipPmax=No/N(opt). This procedure pre- - aphroximately 85 °C at 0. Na*, with a very narrow melt-
dicts that a maximum parallelism &fa~7.5< 10" distinct  ng transition[22]. As this T, value is 25 °C higher than the
paths is obtained using a copy number Mf(opt)~1.6  predicted optimal PWPCR polymerization temperature of
X 10°, which corresponds to the parallel implementation ofgoec, the suggested PWPCR protocol is regarded to ad-
roughly Nops= 0 Prya~10 distinct computational operations. equately avoid significant melting of the PHFDNA com-

An examination of the scaling behavior of PWPCR effi- plexes formed during the bis-PNA treatment.
cigncy indicates jchgt a substantiall improvement may belob— Although preventing a high occupancy of backhybridized
tained by a realistic set of modifications to the extensionsyyctures is critical to achieving efficient computation, a va-
protocol. For instance, according to Fig.(8ashed curve  iety of secondary factors also exist, which are likely to have
the application of a realistic set of extension reaction condi»p, effect on overall PWPCR performance in practice. For
tions [T,,=60°C; N, =27 units andAt,=60min, yielding  instance, estimated DNA-enzyme encounter rates assume the
N.~542.7 effective encountefstrand cyclg for a mean optimal performance of the DNA polymerase employed. One
total of N,r~10* effective encounters per strand over all 19 advantage of employing a thermostable enzyme sucfags
total hours of polymerizatioallows the PWPCR implemen- DNA polymerase is the reported maintenance of enzyme ac-
tation of a computation of lengtg= 20 rounds, with a per tivity with long exposure to denaturing temperatures. Based
strand completion efficiency of~0.50. Using Eq.(15), a  on the manufacturer's estimates of the temperature depen-
maximum parallelism ofP,,=Ny/N.~3.2x 10'* distinct ~ dence of enzyme half-lifet,,= 10 min andt,,,>130 min at
computational paths is predicted to be obtained by this 97.5 and 92.5°C, respective[{14]), the application of the
=20 PWPCR implementation at a copy number of roughlyPolymerization protocol suggested for PWPCR is unlikely to
N.(opt)~38 copies per path. This value corresponds to théesult in a significant decrease in enzyme performance. How-
parallel implementation of roughiiyps= 0 Pyz=6.4X 102  ever, the use ofag DNA polymerase also carries with it the

distinct computational operations, in a reaction volume ofeénalty of a modestly reduced activity at the reaction tem-
400 pl. perature suggested aboige50% reduction at 60 °C15]). In

practice it is therefore likely that a modest increase in en-
zyme concentration, over that suggested ab@reequiva-
lently an increased polymerization tineill be required in
The current analysis is based on an equilibrium model obrder to obtain the predicted performance.

hairpin formation. Model predictions therefore apply strictly  Another practical issue of importance is the potential for
to experimental conditions at which,>7,. The potential reduced extension efficiency due to the presence of subopti-
for kinetic trapping due to unplanned intramolecular interac-mal, but marginally stable unplanned hairpin structures. As
tion complicates an estimation ef, and is a particularly noted above, WPCR strands are typically encoded specifi-
critical issue at reaction temperatures much less than theally to minimize the potential for unplanned secondary
melting temperatureT(,,) of backhybridized hairpins. How- structure. Recent statistical thermodynamic simulations of

G. Practical considerations

021910-12
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DNA hybridization fidelity suggest that a very low occu- sible. In an effort to enhance the efficiency of computation
pancy of error configurations<(10~%) can be assured for by reducing the impact of backhybridization, a modified ar-
oligonucleotide-length annealing, by the application of a vachitecture, PWPCR, was introduced that enables the specific

riety of encoding strategid7]. It is therefore likely that the

inhibition of backhybridized structures through targeted

primary effect of error hybridization will be upon the fidelity, PNA,/DNA triplex formation. Application of this protocol
rather than the efficiency, of the PWPCR computational prounder realistic reaction conditions is predicted to dramati-

cess, which is a related but separate issue.

V. CONCLUSION

In this paper, the impact of backhybridization on the ex-
tension efficiency of a DNA-based autonomous molecular

cally increase both the per encounter and overall computa-
tional efficiency, and to allow the practical implementation
of massively parallel, autonomous computation.
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