l@ © 2003 Nature Publishing Group http://www.nature.com/naturebiotechnology

nature
biotechnology

ARTICLES

A deoxyribozyme-based molecular automaton

Milan N Stojanovic! & Darko Stefanovic?

We describe a molecular automaton, called MAYA, which encodes a version of the game of tic-tac-toe and interactively competes
against a human opponent. The automaton is a Boolean network of deoxyribozymes that incorporates 23 molecular-scale logic
gates and one constitutively active deoxyribozyme arrayed in nine wells (3x3) corresponding to the game board. To make a move,
MAYA carries out an analysis of the input oligonucleotide keyed to a particular move by the human opponent and indicates a
move by fluorescence signaling in a response well. The cycle of human player input and automaton response continues until
there is a draw or a victory for the automaton. The automaton cannot be defeated because it implements a perfect strategy.

Various approaches to molecular computation!™ culminated recently
in the construction of the first programmable molecular automata®,
These successes represent initial steps in the development of molecular
devices capable of interactive analysis and response to serial inputs. On
the cellular level, synthetic circuits of interacting biomolecules’~!! may
lead to the engineering of new and practical cellular behaviors, as
recently demonstrated through the construction of phenotypic charac-
teristics resembling binary digital (that is, Boolean) circuits'?. We have
recently described!>!3 nucleic acid catalysts'# modulated by up to two
oligonucleotides as allosteric regulators'®. These constructs are capable
of carrying out only the simplest Boolean calculations, but our con-
struction of a network capable of simple arithmetic operations'® and
our ability to arrange several gates around a common substrate!” sug-
gested the possibility that circuits of highly regulated deoxyribozymes
could support complex molecular decision trees. Here we report three-
input deoxyribozyme-based logic gates iy ANDigANDNOTI- and use them
in a bottom-up approach as building blocks to construct a solution-
phase Boolean molecular network, called MAYA, which plays a dynamic
game of tic-tac-toe against a human opponent and never loses.

Its straightforward game tree (the diagram of decisions that can be
made by the players) has made tic-tac-toe a classic choice for the devel-
opment of new computational paradigms. Charles Babbage conceptu-
alized a tic-tac-toe automaton while working on his ‘analytical engine’
in the 1840s, and the first reported game coded on an electronic com-
puter was tic-tac-toe on the EDSAC at Cambridge in 1949. This game
is an example of two-player, three-in-a-row games, which are played in
almost all civilizations and are among the oldest of recorded games.
Tic-tac-toe is a game of ‘perfect information’; if it is played optimally,
the player moving first is guaranteed either a win or a draw. We consid-
ered that the construction of an automaton playing this game would
be an appropriate challenge for deoxyribozyme circuits and turned
our attention to encoding it in its simplest form: the automaton plays
first and the first response of the human opponent is limited to a spe-
cific corner or a specific side move.

RESULTS

Constituent gates and inputs of the automaton

We constructed deoxyribozyme-based logic gates by modular
design'®>. One module, consisting of the deoxyribozyme E6'® (a
DNA-based RNAse that cleaves a fluorogenic substrate) !> (Fig. 1a)
is combined with a stem loop module, which undergoes a conforma-
tional change (stem opening) upon binding of the oligonucleotide
complementary to its loop. Modifying the core of E6 with the stem
loop at either end of the substrate recognition domain yields detec-
tor or YES gates (that is, catalytic molecular beacons'?) (Fig. 1b). The
stem loop effectively blocks the access of the substrate to the deoxyri-
bozyme module. Therefore, YES gates can exist in two states, one of
which is active; they are activated by the addition of a complemen-
tary oligonucleotide that relieves the inhibition conferred by the
stem. Similarly, addition of a stem-loop module to the catalytic core
results in two-state inverter or NOT'3 gates (NOTi4 in Fig. 1¢); opening
of the stem in the presence of an oligonucleotide complementary to
the loop distorts the catalytic core and effectively inhibits the fluoro-
genic reaction. In addition we devised AND!?® gates by adding stem
loops at both ends of the substrate recognition domains. These
gates exist in four states, one of which is active; they are preferen-
tially activated in the presence of two input oligonucleotides
(i;ANDig in Fig. 1d). Because individual games of tic-tac-toe can
have as many as four moves by the human player (and thus four
inputs to the automaton), we needed a logic gate with the capacity to
interpret a higher number of oligonucleotides, ideally one substrate
and as many as four regulators. We proceeded to construct three-
input deoxyribozyme-based i,ANDigANDNOTI gates (sometimes
called INHIBIT?! gates) with eight possible states, one of which is
active. A NOT module was combined with an AND module to yield
this gate, which is actuated if and only if two inputs are provided, but
not the third, exemplified by i,ANDi;ANDNOTI; in Figure le. We
describe below how the logic representation of a tic-tac-toe strategy
was transformed so that such three-input gates sufficed.
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We attempted to optimize all gates used in MAYA to achieve a
ratio >10:1 between the initial rates of cleavage in the active vs.
inactive states. Furthermore, the achieved rates were sufficient to
detect fluorogenic activity within 15 min from the time the activat-
ing inputs were added, at a gate concentration of 250 nM and a
tenfold excess of substrates. To fulfill these criteria, we had to
shorten the substrate recognition region of the deoxyribozyme
module and extend the stems of the inhibitory YEs loops that we
used previously!3, eventually arriving at the structures shown in
Figure 1. We note, however, that quantitative characteristics of
gates may vary for each individual gate depending on the struc-
tures of input oligonucleotides and the concentrations of individ-
ual components of the reaction.

Next, we arbitrarily chose eight input oligonucleotides from a
computer-generated library of >10,000 15-mers without strong
secondary structures and with intermediate GC content (Table 1).
Sequences complementary to each of the selected oligonucleotides
were individually inserted into the loops of deoxyribozyme-based
logic gates. Using mfold Server??, we eliminated those inserts that
favored alternative secondary structures (that is, structures differ-
ent from those shown in Figure 1). This procedure was repeated
until we had a sufficient number of gates to implement the game.

Technology mapping

The game of tic-tac-toe is played on a 3x3 grid of nine squares and
is broken down into turns. Each player is assigned a mark, either an
X or an 0. Player X goes first. During a turn, a player writes the
assigned mark in an empty square. The game ends in victory for the
first player to achieve three marks in a straight line, horizontally,
vertically or diagonally; or in a draw if neither player achieves a
straight line before the board is full. The chosen strategy, or game
tree, for tic-tac-toe, diagrammed as a Mealy automaton??, is shown

in Figure 2a. We chose to simplify this first demonstration by hav-
ing the automaton move first and by symmetry-pruning the
response to that move. Thus, the first automaton move is into the
center (square 5), and the first move of the human opponent is
either into square 1 (corner move) or into square 4 (side move).
From this point forward, we make no further restrictions, other
than that each move of the human must be legal. Therefore, the
game tree has two major branches, with ten and nine games each,
corresponding to the human’s choice of the corner or the side as the
first move. Of the 19 games, 10 end in victory for the automaton
after two moves of the human, 7 after three moves, 1 after four
moves, and 1 game is a draw.

From the edges of the game tree, the desired mapping of human
inputs to automaton outputs can be read off as Boolean formulas,

Table 1 Input oligonucleotides i, to i4 and ig to ig, corresponding
to the moves by the human opponent

Move Input oligonucleotides

i TCT GCG TCT ATA AAT

in ATC GTA TGT TGT TCA

i3 GTA TAG TCT GTT TGT

is G TAA GTG CTC AAATGT C
ig G TCT AAT TCT CAC GGT C
i7 TAG TCT GTG TGT TGT

ig TCT ATA TGA GCG TAA

i9 TGT CCA TCT AAA TCC

A move by the human to a particular square entails addition of the keyed input
oligonucleotide to all wells of the matrix. The input has no effect in some wells, actively
inhibits the gates of other wells, but in every case will fully activate the gate in a single
well. The gate fully activated corresponds to the automaton response. Inputs iy and ig
were empirically increased in size to improve their inhibitory properties.
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Figure 2 Game tree for the symmetry-pruned tic-tac-toe and the
corresponding Boolean formulas. (a) Game tree for the automaton-plays-
first, symmetry-pruned game of tic-tac-toe. Each node is labeled according
to the inputs seen on the path to it. Each edge is labeled i/o(n), where o is
the output that is activated on input i, and n is the edge (gate) identifier. The
numbering of gates is arbitrary. (b) The final Boolean formulas computing
automaton outputs; individual gates are identified underneath each
conjunction.

collecting together all the edges that give rise to a particular out-
put. Each edge is represented as a conjunction over the set of
inputs seen from the root to that edge. Conflicts arising from over-
lapping sets of inputs that trigger two different outputs were
resolved (disambiguated) by introducing negated inputs into the
formulas as appropriate. We completed technology mapping by
transforming these formulas into a logically equivalent (with
respect to the game tree) set of formulas subject to the restriction
that each conjunction can have at most three inputs. This allowed
us to implement the formulas, by making use of the ANDANDNOT
three-input gates but without the need for four-input gates. As a
result, all outputs were computed with a single layer of logic (the
final OR is implicit in the simultaneous presence in solution of all
its AND gate predecessors), and the automaton’s ‘thinking time’ is
shortened to a quarter of an hour.

As an example, according to the outlined procedure, output 7,
which is activated on edges 6,7, 8, 16 and 19, was transformed in three
steps from o, « (i;0g0,) M (1, CigMig) M (i, CigClg) M0 (i,CligCh) [
(i,0igMhi,) through o, = (i, Oiglh,) O (1, HigCigH i,) O(i, OigMig& i) O
(i,0ighg) O (i,0igh,) and o, = (L,OgHE i) O (g0gE i) O
(igtigH i7) O (io[i,[5 1)) to the final form o, = (i,0igE i;) O
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Figure 3 Schematic representation of the distribution of gates in the
individual wells of the MAYA automaton. Note that all gates in a given
well carry out an implicit or function because they cleave the same
substrate. A constitutively active deoxyribozyme signaling the first move
by the automaton is in well 5, a Yes gate is in each of well 1 and well 4,
two AND gates are in well 3, whereas in the remaining wells we have
various ANDANDNOT gates. Inhibitory inputs are marked red, whereas
activating inputs are marked green.

(igHig iy) O (igHig= i) O (ig[i,[F 1y). This procedure is described
in full detail in Supplementary Methods online.

Our initial attempts to play the game led us to further empirical
improvements in structures and distribution of gates to minimize
responses in the wrong wells (as a result of incompletely digital
behavior) until we finally arrived at the Boolean formulas shown in
Figure 2b. Each final formula specified a set of gates that act upon a
common substrate in a single well corresponding to a board square.
The additional empirical improvements included the following.
First, inputs iy and is were extended to 17 nucleotides, because we
noticed that the original 15-mers were not able fully to open the stem
loop and to inhibit appropriate NOT gates. This result indicates that
the set of criteria used to compile our original oligonucleotide
library was insufficient to eliminate 15-mer inputs with unsatisfac-
tory digital behavior. Second, igANDi;ANDNOTI, in well 8 had to be
extended by one additional C at the 5" end to suppress gate activity in
the presence of inputs iy, i; and ig. Third, concentrations of YES gates
in wells 1 and 4 were increased to 250 nM from the initially tested
200 nM, whereas concentrations of all other gates were decreased to
150 nM to decrease cumulative activities of multiple semiactivated
gates in some wells in the presence of i, or i,. Fourth, for a nonobvi-
ous reason, one of the initial gates in well 2 (i;cANDi;ANDNOTi,) was
active in the presence of inputs i}, iz and i, in initial tests, and we
replaced it with icANDi;ANDNOTI,. The need for so many empirical
improvements indicates that, despite the apparent success of modu-
lar design, we are not yet able to directly translate computer-
predicted structures into functioning automata. Other improve-
ments, such as shortening the stem in original deoxyribozymes and
extending inhibitory overlaps at 5" and 3' ends, were tested at the
level of individual gates but did not offer substantial advantages.
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g Figure 4 A representative game. Human'’s first move is into the side field; the human is left without

a good strategy and loses after three moves. Each move is represented in three ways from left to right.
(a) Tic-tac-toe board representation, in which the automaton’s new moves are represented by green x
marks, previous moves by black x marks, new human moves by blue o0 marks and previous human
moves by black o0 marks. Input oligonucleotides triggering these moves are also indicated on the
vertical arrows connecting successive board situations. (b) Representation of the contents of the wells,
in which we show automaton moves as large green gates complexed with substrate and human moves
as blue-colored inputs in all wells. New automaton moves are colored green, previous moves black;
new human moves are colored blue and previous moves black. (c) Bar graph representation of actual
values of fluorescence in all wells 15 min after the addition of input oligonucleotides to all wells.
AFis in tens of thousands. New moves are marked by green bars, whereas previous moves are indicated

by maximized bars of black color.
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exactly eight possible inputs by the human
opponent, represented by oligonucleotides
1-4 and 6-9 (Table 1), keyed to each of the
remaining eight squares. To make a move, the
human adds the appropriate input oligonu-
cleotide to all wells, and this addition elicits
an output response (greatest increase in fluo-
rescence) by the automaton in exactly one
well according to the Boolean formulas in
Figure 2b. The output interface is a fluores-
cence plate reader, and we followed the
changes in fluorescence upon addition of
input oligonucleotides. MAYA took 15 min to
report each move unambiguously.

The game tree has 19 possible games, and
we have played all 19 against MAYA at least
four times each. In every case, MAYA per-
formed to specification and was never
defeated—as expected, because it imple-
ments a perfect strategy. We also varied the
concentrations of gates and the lengths of
inhibiting stems in gates; we varied the sizes
of inputs, either following real-time fluo-
rescence changes or taking aliquots and
changing the structures of quenchers in
the substrates. Although these variations
changed the duration and the quality of
the responses, we could always detect the
automaton’s move unambiguously.

We present here the details of the two
longest games in each of the main branches
of the game tree (Figs. 4 and 5), and in our
Supplementary Figures 1-5 we give exam-
ples of the remaining 17 games. In all these
games we defined moves as an increase in flu-
orescence (AF, Aex = 480 nm, Aem = 520 nm)
by >15,000 relative units in a new well within
15 min upon input addition. To observe the
kinetics of reactions and to confirm that the
move is being reported by the catalytic reac-
tion and not a conformational change, we fol-
lowed the fluorescence changes for as long as
45 min following input addition, and a typical
move was characterized by an increase of
>70,000 relative units. Nonresponse wells
were typically characterized by at least five-
fold less increase in fluorescence, if any.

In the two games described here, after
addition of MgZJr to all wells, the human
player (M.N.S) takes a fluorescent readout

Wells

Wells

Wells

Wells

Implementation and testing of MAYA
The final formulas were implemented in our laboratory as a Molecular
Array of YES and ANDANDNOT gates (MAYA) in the 3x3 wells of a 386-
well plate, with 24 deoxyribozymes in nine wells (Fig. 3). The automa-
ton consists of 2 YES gates, 2 AND gates and 19 ANDANDNOT gates,
distributed to carry out eight Boolean calculations in eight wells, and
one permanently active deoxyribozyme in the center square.

The game is initiated by adding the required cofactor, Mg" ions, to
all wells. With MAYA playing first in the center by design, there are

and finds out that the automaton played its

first move in the center through the rapid
increase of fluorescence intensity in well 5 (Fig. 4, first row). In the
first game (Fig. 4) the human makes a strategic error and plays the
side move. Consequently, the human is left without a draw strategy
and the automaton perfectly executes a series of moves that culminate
with a three-in-a-row regardless of the human’s moves. Individual
moves are as follows: (i) the human adds i, to all wells as his first
move, resulting in activation of the YEsi, gate in well 1 (Fig. 4, second
row). (ii) To block diagonal three-in-a-row by the automaton, the
human adds iy to all wells, thus activating only the i;ANDig gate in well
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3 (Fig. 4, third row). We note that any other a
input oligonucleotide would immediately
activate one of the gates in well 9, leading to
MAYA’s victory. As a result of the human’s
move, the automaton opens a double oppor-
tunity to close three-in-a-row, and the
human is left without good choices. Namely,
any input oligonucleotide will activate one of
the gates in either well 2 or well 7. (iii) The
human chooses to add the i, oligonucleotide
to all wells, blocking diagonal three-in-a-row,
but this activates the i,ANDigANDNOTI; gate in
well 7, resulting in MAYA’s victory (Fig. 4,
fourth row). Another three games with the
identical first two moves and five games with XX |0
the identical first move are given in
Supplementary Figures 1 and 4 online. They
attest to the reproducibility of MAYA’s
response to identical inputs. In the second
representative game, the human started with
a corner move (Fig. 5). Because neither player
was able to establish three-in-a-row, the
game ended in a draw. Once again, another
game with the identical first three moves, as
well as three games with the identical first
two moves and five games with the identical
first move, are given in Supplementary
Figures 2, 3 and 5.
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DISCUSSION

The deoxyribozyme-based automaton MAYA
precisely executes a linear program encoded
through a spatial distribution of nucleic acid
catalysts behaving as logic gates. In a total of
>100 games played, we detected no erro-
neous moves by MAYA; in other words,
under all tested conditions the fully activated
gate was always more fluorogenically active
than an assembly of several partially active
gates. However, we detected some increase in
nonresponse wells; for instance, upon addi-
tion of the i; input we noticed a strong and
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Figure 5 A second representative game. Human's first move is into the corner field; both the human
and the automaton play perfectly and the game ends in a draw. Each move is represented as described

expected increase in well 4 and a detectable
increase in well 9 from the five partially acti-
vated ANDANDNOT gates. This observation indicates that error propa-
gation in complex networks may in the future lead to nondigital
behavior. The digital behavior of individual gates can be perfected
one gate at a time by increasing the lengths of inhibitory stems in the
presence of specific inputs. This, however, suppresses the reaction rate
in the presence of activating oligonucleotide, apparently as a result of
the incomplete stem opening, and it leads to an increase in MAYA’s
‘thinking time’. We have recently successfully decreased the response
time by adding Zn>* ions to the solution of gates'®; however, our
eventual practical applications are going to be in vivo and intracellu-
lar, and we therefore prefer to use only biocompatible components in
our circuits. If required for future applications, new gates with
improved reaction rates and digital behavior at physiological condi-
tions could be generated through selection procedures.

It is instructive to compare MAYA with the other published
molecular approaches2428 to computation in solution using
DNA. MAYA does not take advantage of massively parallel computa-

NATURE BIOTECHNOLOGY ADVANCE ONLINE PUBLICATION

tion, used in the Adleman-Lipton paradigm® nor does MAYA use
the power of DNA to form well-defined supramolecular complexes,
as in the Seeman-Winfree paradigm?*28. MAYA is unique in that it
consists of individual biomolecular building blocks that behave
analogously to digital logic circuits used in electronic computers or
to enzymes in metabolic circuits. In analogy to approaches in elec-
trical engineering, individual components are arrayed in feed-
forward circuits carrying out Boolean calculations without human
interface—operated steps.

Deoxyribozyme-based computation approaches are unlikely ever to
compete with silicon-based computing in solving computationally
complex problems. However, these circuits have the potential to be
directly interfaced with molecular sensors and therapeutic agents®, and
Boolean networks of nucleic acid enzymes may be useful for control-
ling autonomous therapeutic and diagnostic molecular-scale devices.

No assembly of biomolecules that can autonomously play a
dynamic game has been described before the present report.



l@ © 2003 Nature Publishing Group http://www.nature.com/naturebiotechnology

ARTICLES

Oligonucleotide hybridization has been used to solve the ‘knight
problem’ from chess on a 3x3 grid?®, but this approach was based on
a static combinatorial search, and individual logic operations were
controlled through human-operated interfaces. In MAYA, the logic
gates are organized in parallel. However, the substrate (or the out-
put) of one gate can also be the input of another, paving the way to
automata that can carry out even more complex tasks, including
those encoded in nonlinear programs. For example, such complex
networks could be used in synthetic biology*® to learn more about
genetic, regulatory and metabolic systems networks that culminate
in complex decisions such as division, differentiation and move-
ment. Another application, using stem loops that control ribozymes
expressed in cells, might be in vivo computation networks and cells
with engineered properties.

METHODS

Materials and procedures. All oligonucleotides were custom-made and puri-
fied by either IDT DNA (Coralville, IA, USA) or TriLink Biotechnologies, Inc.
(San Diego, CA, USA) and used as received. All structures corresponded to
generic formulas defined in Figure 1, except for og, in which we had to increase
the size of the corresponding overlapping stems by one nucleotide, so as to sup-
press the background cleavage reaction in the presence of igy. In the final practi-
cal implementation, each well contained a solution of gates producing the
output keyed to that well at individual concentrations of 150 nM, except YES
gates with concentrations of 250 nM, fluorogenic substrate at 2 UM concentra-
tions and 20 mM Mg?* ions in HEPES buffer (pH 7.4, 1 M NaCl). Inputs were
added at a concentration of 2.5 UM to each well, and fluorescence was followed
for 45 min.

Available online are (i) an analysis of the tic-tac-toe game, derivation of the
logic gate implementation and mapping to deoxyribozyme-based logic gate
technology (Supplementary Methods) and (ii) the remaining games played
between MAYA and M.N.S (Supplementary Figures 1-5).

Note: Supplementary information is available on the Nature Biotechnology website.
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