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Abstract. We propose a new way to implement (general) computing
devices with unbounded memory. In particular, we show a procedure
to implement automata with unbounded stack memory, push-down au-
tomata, using circular DNA molecules and a class IIs restriction enzyme.
The proposed ideas are inspired by the results from [1]. The same ideas
are extended to show a way to implement push-down automata with two
stacks (i.e, universal computing devices) using two circular molecules
glued with a DX molecule and a class IIs restriction enzyme. In this case
each computational molecule also contains a DX portion. These devices
can potentially be incorporated in an array of TX molecules.

1 Introduction

A general idea for using successive restriction cuts on a double stranded DNA
in order to simulate a Universal Turing machine was proposed by Rothemund
[10]. This was experimentally achieved by Benenson et. al. [1, 2] who have im-
plemented finite state automata with two states and two input symbols. In
fact, several different automata were constructed by changing the computational
molecules which indicate the state transitions. In [2] they show that the enzyme
FokI can cleave even if the molecule is nicked which removes the necessity of a
ligase.

On the other hand, circular DNA has been proposed for encoding information
and using for computing theoretically [4, 9, 13] and implemented experimentally
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[5, 8]. In this paper we combine these two ideas and propose using biomolecules
(in particular circular DNA strands) and a class IIs restriction enzyme to imple-
ment computing devices, push-down automata, with unbounded memory. Since
these automata are more powerful than finite state automata, this provides a
feasible way for experimental increase of the computational power.

In Section 2 we present a procedure to implement a push-down automaton,
that is a computing device with stack as an (unbounded) memory. In classical
computation theory (see for ex. [6]), push-down automata are considered the
simplest computing devices with unbounded memory and are strictly more pow-
erful than finite state automata. The technique presented here is based on two
main ideas: the use of circular DNA strands (which contains the information
of the stack and the input symbol) and the use of a unique restriction enzyme,
PsrI, which is able to cut a DNA strand in two places at the same time. Alter-
natively, the use of PsrI could be substituted with two back to back restriction
sites for a class II enzyme similar to FokI (similar use was proposed in [10]). The
theoretical analysis of splicing systems using this type of enzymes have not been
developed and with this paper we hope that such investigations will be initiated.

The potential implementation described here can be considered as a gener-
alization of what was done in [1] where finite state automata were implemented
using linear DNA strands. The use of circular DNA molecules allows addition
of an unbounded memory to the machine. The basic idea is that the circular
DNA contains the instantaneous configuration of the push-down automaton,
that means, in a single molecule, the contents of the stack and the content of
the input yet to be read are encoded. The enzyme PsrI cuts the circular DNA
in two places leaving overhangs (sticky ends) corresponding to the elements on
the top of the stack-memory (on one side) and to the next input symbol to be
read from the input tape (on the other side).

Once the circular DNA has been cut, a “computational” linear DNA strand
encoding the transition of the machine that corresponds to the sticky ends is
inserted into the circular DNA. In this way, a transition of the push-down au-
tomaton is implemented that consists of: an update of the stack memory, a move
of the input-head over the input tape and a change of the state. Following the
idea used in [1, 2] the state and the input symbols of the machine are encoded as
a pair in the sticky end produced by the enzyme cut. To simplify the exposition,
we show in detail how to implement a (simple) push-down automaton using two
states, two input-symbols and two stack-symbols, accepting the (non regular)
language {anbn | n ∈ N}.

In Section 3 we show how to implement push-down automata with two stacks
using two circular molecules that are attached by two DX molecules and the
restriction enzyme FokI. The idea is very similar to the one described for imple-
menting push-down automata with one stack. This implementation is particu-
larly interesting because push-down automata with two stacks are equivalent to
Turing machines ([6]). We also describe a way how the DX molecule connecting
the two “stacks” molecules can be incorporated in a two dimensional array and
in that way potentially the whole computational process scaled up.
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2 DNA Implementation of Push-Down Automata

2.1 Push-Down Automata with One Stack

In this section, we recall the definition of push-down automata, and some well
known theoretical results. This section is mainly based on the material found in
the classical automata theory book [6].

A push-down automaton (PDA) is a finite state automaton with a stack
memory (called simply, stack). The class of languages recognized (accepted) by
PDA’s is the class of context-free languages that strictly includes the class of
regular languages (recognized by finite state automata).

The PDA has control of both an input tape and a stack (see Figure 1). The
stack is the memory of the machine and it works as a “first in - last out” list.
That is, symbols may be entered or removed only at the top of the list such
that a symbol that is entered (push) at the top pushes the rest of the sym-
bols on the stack one step “down”. Similarly, when a symbol is removed (pop)
from the top of the list, the remaining symbols on the stack move one step
up.

Informally, a transition of a PDA is defined in the following way: at each step,
an input-symbol and the stack-symbol at the top of the stack, are read. According
to these symbols and the current state, the PDA changes its state and updates
the stack, i.e., it either adds a stack-symbol at the top of the stack, removes
one stack-symbol from the top of the stack, or leaves the stack unchanged. The
computation stops when no transitions can be applied anymore. The input is
accepted if (and only if) it has been entirely read and the PDA is in a final state
(similarly as in the case of finite state automata).

a1 ai an

Zk

Z k−1

Zk−2

Z k−3

Z 0

(top)

Z 0

Zm

Z m−1

Zm−2

Z m−3

State  q

Input

... ...

first stack

second stack

(top)

Fig. 1. A Push-down automaton

Well known examples of languages recognized by PDA are the language of
palindrome words and {anbn | n ∈ N}. We give the formal definitions of PDA
following [6].
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Definition 1. A push-down automaton M is a system (Q,Σ, Γ, δ, q0, Z0, F )
where :
Q is a finite set of states;
Σ is an input alphabet (its elements are called input-symbols);
Γ is a stack alphabet (its elements are called stack-symbols);
q0 in Q is the initial state;
Z0 in Γ is a particular stack-symbol called the start symbol;
F ⊆ Q is the set of final (terminal) states;
δ is the transition mapping from Q × (Σ ∪ {ε}) × Γ to finite subsets of Q × Γ ∗.

The interpretation of the move (transition):

δ(q, a, Z) = {(p1, γ1), (p2, γ2), · · · , (pm, γm)},

where q and pi, (1 ≤ i ≤ m), are states, a is in Σ, Z is a stack-symbol, and γi is
in Γ ∗ is the following. The PDA in state q, reading an input-symbol a with Z as
the top stack-symbol, for any i, can enter state pi, replace symbol Z by string
γi, and advance the input-head one symbol.

A PDA may also have empty moves

δ(q, ε, Z) = {(p1, γ1), (p2, γ2), · · · , (pm, γm)}

such that the PDA in state q with Z at the top stack-symbol, independently of
the input-symbol being scanned, can enter state pi and replace Z by γi for any
i, 1 ≤ i ≤ m. We adopt the convention that the leftmost symbol of γi will be
placed at the top of the stack and the rightmost symbol lowest on the stack.

The PDA stops if a transition from state q, reading input-symbol ai, and
stack-symbol Z is not defined.

If M = (Q,Σ, Γ, δ, q0, Z0, F ) is a PDA, we say (q, aw,Zα) → (p, w, βα)
if δ(q, a, Z) contains (p, β). We use →∗ to denote the reflexive and transitive
closure of →. The acceptance of a language by a PDA can be defined in two
(equivalent) ways: by entering a final state or by emptying the stack. In this
presentation we use the first manner.

Accepted languages (by final states). For a PDA M = (Q,Σ, Γ, δ, q0, Z0, F )
we define L(M) the language accepted by final state, to be:

{w | (q0, w, Z0) →∗ (p, ε, γ), for some p ∈ F and γ ∈ Γ ∗}.

We recall some classical results (see for ex. [6]).

Theorem 1. The class of languages accepted by PDA’s is exactly the class of
context-free languages (that strictly includes the class of regular languages).

Theorem 2. For every PDA there is an equivalent two state PDA that accepts
the same language.
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2.2 Implementing PDA’s: An Example

To simplify the implementation of a PDA, without loss of generality, we suppose
that every input word is inserted with a symbol indicating end of input denoted
with τ . Then a word is accepted by a PDA if, and only if, when reading the end-
of-input symbol τ , the PDA stops entering one of the final states. If the PDA
stops before reading the end-of-input symbol (i.e. no transitions are possible),
then the word is not accepted by the PDA.

In what follows we present a possible implementation of a PDA that accepts
the non regular language L1 = {anbn | n ∈ N}. A PDA accepting the language
L1 is the following: M1 = (Q,Σ, Γ, δ, q0, Z0, F ), with Q = {0, 1}, Σ = {a, b},
Γ = {Z,#}, Z0 = #, F = {1}.

M1 has five transitions

(i) δ(0, a,#) = (0, Z#): in state 0, reading an input-symbol a and stack-symbol
#, remain in state 0 and add (push) a Z at the top of the stack.

(ii) δ(0, a, Z) = (0, ZZ): in state 0, reading an input-symbol a and stack-symbol
Z, remain in state 0 and push a Z at the top of the stack.

(iii) δ(0, b, Z) = (1, ε): in state 0, reading an input-symbol b and stack-symbol Z,
change to state 1 and remove (pop) a Z from the top of the stack.

(iv) δ(1, b, Z) = (1, ε): in state 1, reading an input-symbol b and stack-symbol Z,
remain in state 1 and pop a Z from the top of the stack.

(v) δ(1, τ,#) = (1,#): in state 1, reading end-of-input τ , and # on the top of
the stack, remain in state 1 (the computation halts).

In the initial configuration the stack contains only # and the initial state is
q0 = 0; the input-head scans the first symbol of the input string. It is easy to
see that the language accepted by M1 is L1 = {anbn | n ∈ N}. We show how
to implement this PDA using the enzyme PsrI together with circular molecules
containing the information for the stack and the tape, and linear DNA strands
for the transitions. The enzyme cleaves as depicted in Figure 2 (for further details
see [17]).

Fig. 2. The restriction mode of PsrI

Encoding. The input letters are encoded as a = TTC and b = AAC. Codes
of the stack symbols, using strings of 5 letters can be chosen Z = TCCAG and
# = CAAAC.

The initial circular DNA strand corresponds to the initial configuration of
the PDA: it contains the initial configuration of the stack and the input to be
read. This is “codified” as follows. The input is written such that any pair of
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G C T T C G C 

(1,a)

(0,a)

(2,a)

Fig. 3. Coding used to simulate three different states

input-symbols are separated with GC, which is also added in front of the first
symbol and after the last symbol. A stop-sequence (the end-of-input) CAGGC,
follows the input. For example, suppose the input is aabb, then it is codified with
GCTTCGCTTCGCAACGCAACGCCAGGC. (the separator GC is indicated
in italics) The sequence GC allows “moving” between different states (following
the idea used in [1]).

This coding allows for three states reading the same symbol to be encoded.
For example, the symbol a surrounded by GC’s is encoded with GCTTCGC.
We can assume that GCTTC encodes “state 0-reading a”, CTTCG encodes
“state 1-reading a” and TTCGC encodes “state 2-reading a” (see Figure 3).

Following this idea, in our example we have (we only mention the codes that
are used): GCTTC for a in state 0; GCAAC for b in state 0; and CAACG for
b in state 1.

The circular DNA strand representing the initial configuration of the PDA is
depicted in Figure 6. The first part CAAAC represents the initial configuration
of the stack (containing only symbol #; virtually an empty stack). The middle

δ a(0,   ,#)= (0, Z#)

δ a(0,   ,Z)= (0, ZZ)

δ b ε(0,   ,Z)= (1,  )

δ b ε(1,   ,Z)= (1,  )
restriction
site

restriction
site

restriction
site

restriction
site

(a)

(b)

(c)

(d)

(e)

GTTTC
short sequence with
no restriction site

sequence
input STOP 

CCAGG
δ τ(1,   ,#)= (1,#)

NN
NN

NNCAACG
NN

NN
NN

NGCAAC
NAGGTC

AGGTC

NN
NNGCTTC

AGGTC
TCCAGNNNNNNN
AGGTCNNNNNNN

GTTTG NN
NNGCTTCTCCAGNNNNNNN

AGGTCNNNNNNN

Fig. 4. Transitions of the PDA
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portion GAACNNNNNNTAC is the restriction site for the enzyme PsrI. The
final part is the input as described above.

Transitions. Together with the circular molecule that represents the initial
configuration of the PDA five linear DNA strands that encode the transitions
of the PDA are also needed: one strand for each transition. The linear strands
corresponding to the transitions in our example are depicted in Figure 4. These
molecules are added in the solution together with the circular molecules corre-
sponding to the initial configuration of the PDA. The enzyme cuts the circular
molecule and the transition molecules are allowed to connect to the circular
molecule, after which, the enzyme cleaves again and the process is repeated.

Transitions (a) and (b) in Figure 4 add a symbol Z on the stack, but do not
change the states. This is obtained by having NN between the restriction site and
the sticky-end representing the input symbol to the right, and after a sequence
of seven N ’s having the sequence TCCAG representing Z on the left hand side.
Since the enzyme cleaves seven nucleotides away from the restriction site on both
sides, on the right hand side, the next cut will appear at the next input symbol,
in same position (i.e. same state) for reading the input sequence, and on the left
hand side the symbol ‘Z’ will be added to the stack. The transitions (c) and (d)
are similar, except they do not allow for writing Z’s on the stack, but for removing
them (the number of N ’s present between the restriction site and the sticky-end
representing the input symbol depends in the way the state-symbol is encoded).

The strand in Figure 4(e) implements the transition 5 and stops in the final
state if the end-of-input is read.

In each transition, two ligation reactions occur. Ligation on one side of the
transition molecule corresponds to the input, while ligation on the other side cor-
responds to the stack. It is important to know which side is ligated first, since
there is degeneracy in the stack side (it includes only Z or #), and therefore dif-
ferent transition molecules may be ligated at that end at any stage. For example,
when the transition molecule in Figure 4(b) is the correct molecule for the next
step, the molecules in Figure 4(c) and (d) may be ligated at the stack side, caus-

Fig. 5. Two alternative strategies to enhance the ligation rates at the input end relative

to the ligation at the stack end
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Fig. 6. Accepting of the string aabb
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ing a halt of the computation process. One way to reduce this problem is to make
sure that the first ligation occurs at the input side. Since intermolecular reactions
are faster than their intramolecular counterparts, once the ligation occurred at
the input side, the probability of correct ligation at the stack side would increase
dramatically. This situation may be achieved by reduction of the length of the
sticky end at the stack side. Kinetically, annealing processes are faster for longer
sticky ends. This goal may be achieved by two alternative ways (see Figure 5):

– Use two different class II restriction enzymes, such as BsgI, which leaves a
2bp sticky end for the stack side, and BsmFI, which leaves a 4bp sticky end
for the input side.

– Use two identical restriction sites, such as BsmFI and add a 2bp molecule
to the mixture, which will correspond to the inner part of the stack sticky
end, causing a need for a 2-step ligation at that end, which will further slow
down the ligation rate at that end.

Figure 6 describes the steps of the PDA for accepting the word aabb. We start
with the initial configuration of the PDA stored in the circular molecule as rep-
resented in Figure 6. The consecutive cuts and inserts of the transition molecules
are presented in the steps that follow. The cuts end when the ‘stop’ transition
molecule recognizes the end-of-input symbol and it ends in the terminal state.
In this case, it has to contain the short sequence without the restriction site.

3 Push-Down Automata with Two Stacks

It is possible to consider push-down automata using two stacks instead of one.
Informally, a transition of a push-down automaton with two stacks (shortly,

2PDA) is defined in the following way: at each step, an input-symbol from the
input tape, and the stack-symbols at the top of the first stack and at the top of
the second stack, are read. According to the current state, the 2PDA updates
both stacks; adds stack-symbols at the top of the stack(s), removes one stack-
symbol from the top of the stack(s), or leaves the stack(s) unchanged. At the
same time it changes its state and, reads the next input-symbol (as in the case
of PDA’s, if there is an empty move, the input-head does not advance).

The 2PDA stops if for a given configuration, the next transition is not defined.
At start, the 2PDA is in an initial state q0, the input is placed on the input tape
and the first and second stack contain the respective initial stack-symbol Z0 and
Z1. When the computation stops, the input is accepted if (and only if) it has
been entirely read and the 2PDA is in a final state.

The class of languages accepted by 2PDA’s is the class of recursively enu-
merable languages (i.e, 2PDA’s are equivalent to Turing machines). The proof
of this result and more formal details on 2PDA’s can be found in [6].

A graphical description of a 2PDA is described in Figure 7 to the left.
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a1 ai an

Zk

Z k−1

Zk−2

Z k−3

Z 0

(top)

Z 0

Zm

Z m−1

Zm−2

Z m−3

State  q

Input

... ...

first stack

second stack

(top)

DX molecule

DX molecule

DX molecule

Restriction site for Fok I or 
       a similar enzyme

Restriction cuts

Transitional molecules

Fig. 7. A graphical description of 2PDA (left) and molecules used for implementation

of a 2PDA (right). For simplicity, the middle portion of the body of the DX molecule

is not presented

NNNN NNNNNNNNN GTAGG NN .. NN .. NN .. NN CCTAC NNNNNNNNN NNNN 

DX portion

Restriction site
Input 

State

First stack

Second stack

NNNN NNNNNNNNN CATCC NN .. NN .. NN .. NN GGATG NNNNNNNNN NNNN

NNNN NNNN NNNNNNNNN CATCC NN .. NN .. NN .. NN GGATG NNNNNNNNN NNNN
NNNN NNNNNNNNN GTAGG NN .. NN .. NN .. NN CCTAC NNNNNNNNN NNNN

Fig. 8. An encoding of an instantaneous configuration of a 2PDA in a circular DX

molecule

3.1 Implementing 2PDA’s Using DX Molecules

In a similar way as presented in Section 2 we can implement 2PDA’s i.e., push
down automata with two stacks. In this case two circular molecules are “con-
nected” with two DX molecules (called here circular DX molecule) and a class IIs
restriction enzyme similar to FokI (as described in Figure 7, right). The content
of the two stacks is stored in the two strands to the “left” of the “upper” DX
molecule (the symbols of the two stacks are stored exactly as in the case of the
PDA). On the other side of the DX molecule, the symbols of the input string
and the current state of the 2PDA are stored, each on one of the strands.

FokI was used in [1] for implementation of a finite state automaton, and we
use it in our description for implementing 2PDA. However, any similar enzyme
can be used as well.

The restriction site for FokI is placed in four places of the strands, connected
with the “upper” DX molecule, to be read away from the DX portion of the
molecule (see Figure 7 to the right and in a more detail Figure 8 that also
depicts the way FokI works). As described in Figure 8, the enzyme cleaves the
molecule in these four places, and a new computational molecule with sticky
ends corresponding to a particular transition of the automaton is inserted. This
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new molecule has two linear strands with four sticky ends “connected” with a
DX portion in the middle. In this way a transition of a 2PDA is simulated.

If the circular DX molecule cannot be cut anymore, or no DX molecule with
sticky ends can be inserted in the circular DX molecule, then the computation
halts and the circular DX molecule obtained is considered final. The final circular
DX molecule contains a specific sequence which indicates whether the molecule
has been accepted.

The circular DX molecule, containing the initial configuration of a given
2PDA is essentially the same for all 2PDA’s. The computation differs only in
the set of molecules representing the transitions of the automaton.

Example of one Transition
We present the idea of implementing 2PDA on a simple example simulating a
single transition of a 2PDA.

Consider the 2PDA M2 = (Q,Σ, Γ, δ, q0, Z0, Z1, F ) with states Q = {0, 1},
input alphabet Σ = {a}, initial state q0 = 0, alphabet of the stack-symbols
Γ = {Z,#}, final state F = 1 and Z0 = Z1 = # are the stack-symbols present
at the beginning of the computation in the first and second stack, respectively.
Suppose that one of the transitions present in δ is: δ(0, a,#,#) = (1, Z#, Z#)
meaning, when the 2PDA is in state 0, reads # on both stacks, and a as input-
symbol, then, the 2PDA push Z on top of both stacks and changes to state 1.

The symbols and the states used by M2 can be encoded similarly to the case
of PDA M1 in Section 2. We fix a code composed of 4 letters for the symbols in
Σ and Γ . Choose: a = GTTG, Z = TCCA, and # = GCTG.

Notice that in this implementation the coding of the states is in a “direct”
way. There is no need to use the “shift” technique as described in the implemen-
tation of M1. Choose: 0 = TGGT , and 1 = ACTC.

The implementation starts with a circular DX molecule corresponding to
the initial configuration of the 2PDA M1. The “upper” part of the circular DX
molecule containing the initial configuration is described in Figure 9. Suppose
that the input is aτ , where τ is the end-of-input symbol. Set the code of τ to be
CCAG.

The molecule that corresponds to the transition δ(0, a,#,#) = (1, Z#, Z#)
is depicted in Figure 10. The idea can be generalized to other transitions; it
is very similar to the idea used in the implementation of the transitions of a
PDA.

The enzyme FokI cuts the circular DX molecule in four places and this can
be considered as reading the input-symbol, the current state and the symbols
on the top of the two stacks. Once the circular DX molecule is cut, one of the

DX portion

CGAC NNNNNNNNN GTAGG NN .. NN .. NN .. NN CCTAC NNNNNNNNN ACCA

CGAC NNNNNNNNN GTAGG NN .. NN .. NN .. NN CCTAC NNNNNNNNN CAAC GGTC

a τ

State 0

#

#

     GCTG NNNNNNNNN CATCC NN .. NN .. NN .. NN GGATG NNNNNNNNN GTTG CCAG

GCTG NNNNNNNNN CATCC NN .. NN .. NN .. NN GGATG NNNNNNNNN TGGT

Fig. 9. Initial configuration of the circular DX molecule
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# Z

Z
#

DX portion

state 0state 1

a
AGGT NNNNNNNNN GTAGG NN .. NN .. NN .. NN CCTAC NNNNN CAAC

GCTG TCCA NNNNNNNNN CATCC NN .. NN .. NN .. NN GGATG NNNNN

AGGT NNNNNNNNN GTAGG NN .. NN .. NN .. NN CCTAC NNNNNNNNN TGAG ACCA
GCTG TCCA NNNNNNNNN CATCC NN .. NN .. NN .. NN GGATG NNNNNNNNN ACTC

Fig. 10. DX molecule for the transition: δ(0, a, #, #) = (1, Z#, Z#)

molecules representing the transitions is inserted into the circular DX molecule.
This “insertion” simulates the application of a transition of the 2PDA.

The transition δ(0, a,#,#) = (1, Z#, Z#) is applied to the initial configu-
ration of the 2PDA, M2, by having all four sticky ends connected with a corre-
sponding transition molecule. In our example, the DX molecule inserted is the
one represented in Figure 10, and the new configuration obtained is such that
the next four cuts will correspond to “reading” the end-of-input symbol τ and
stack-symbol Z on both stacks and “being” in state 1.

Different transitions can be implemented introducing different transition
molecules (with different sticky ends). As in the case of PDA’s, the sticky ends
can be adjusted to simulate both push and pop over the stacks, and also the
empty moves. Similarly, when no cuts can be done on the circular DX molecule
or no transition molecule with corresponding sticky ends can be inserted then
the circular DX molecule obtained is final. Checking the presence of some spe-
cial terminal sequence in the final DX molecule determines whether the input is
accepted or not.

3.2 2PDA in an Array

Double and triple cross-over molecules have been used as tiles and building blocks
for large nanoscale arrays [7, 14, 15]. The assembly of such two-dimensional array
can be used to incorporate the circular DX molecules of a 2PDA. The body
of the “bottom” DX portion of the circular DX molecule used for storing the
instantaneous configuration of a 2PDA can be incorporated in a triple cross-over
molecule, such that the sticky ends of the third duplex, from each side, diagonally
opposite, are used for connecting the molecule in a TX based array. Schematically
this is presented in Figure 11. The drawing aims to give an impression of the
means by which the 2PDA units could be inserted into the array; we recognize
that it will be much larger than shown, and the C tiles attached to the 2PDA
units will need to be much less densely packed.

By including the 2PDA molecules in an array we can potentially (a) scale up
the computational process and (b) avoid mutual interactions between the circular
DX molecules and formation of dimers and faulty computation that could lead
to a wrong result. This process, however, in order to determine precise positions
of the 2PDA molecules will require careful coding of the two dimensional array
similarly as was done in the bar-code design [16] or in the case of the design of
the Sierpinski triangle [11].
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Fig. 11. Insertion of circular DX molecule storing instantaneous configuration of a

2PDA in an array. C is drawn in the same plane as TX molecules A and B, but C’ has

been rotated nearly perpendicular to the AB array. D is linear duplex filler

4 Concluding Remarks

We have presented a possible way to implement push-down automata (i.e., fi-
nite state automata with unbounded stack memory), using a class IIs restriction
enzyme, circular and linear DNA strands. In the hierarchy of classical com-
puting devices, push-down automata are the simplest computing devices using
unbounded memory and are strictly more powerful than finite state automata.

In particular, an implementation of a small PDA, with two states, two input-
symbols, and two stack-symbols, accepting the non regular language {anbn | n ∈
N} was shown. Using the same idea the implementation of a PDA that checks if
a string is palindrome is straight forward. Palindromes are a standard example
of non regular languages that may be of interest from biological point of view.

From the theoretical point of view, it is easy to describe implementation of
a general (non deterministic) PDA with two states and two input-symbols, even
using empty-moves in the same manner. Due to Theorem 2 this is enough to
implement every PDA, but, the number of stack-symbols may increase. In the
implementation presented here, the number of possible stack-symbols is lim-
ited to 45 as the code of each symbol uses 5 nucleotides. This bound is even
smaller since other coding constrains may apply. There are methods to reduce
the number of stack symbols ([3]) but in this case the number of states increases.
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Therefore it is significant to determine how many stack-symbols can be really
codified for a DNA implementation using one enzyme PsrI or FokI.

The paper also includes a way to implement push-down automata with two
stacks. This implementation uses again a class IIs restriction enzyme and cir-
cular DX molecules. This result is of particular interest because such class of
computing devices is equivalent to Turing machines. Although we used an iden-
tical coding for both stacks in our example, this should be avoided such that
no cross annealing of the stacks and the transition molecule occurs. It can be
adjusted similarly as in the case of PDA when three symbol alphabet is used for
the symbols followed by a GC or AT indicating the two different stacks.

Incorporating circular DX molecules in an array may be a challenging task
experimentally, in particular, encoding and assembling the two-dimensional ar-
ray such that the sticky ends for annealing with the 2PDA molecule appear in
the right positions.
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