8548 J. Phys. Chem. R006,110, 8548-8553

Logic Gates and Elementary Computing by Enzyme’s

Ronan Baron, Oleg Lioubashevski, Eugenii Katz, Tamara Niazov, and Itamar Willner*
Institute of Chemistry, The Hebrew Umrsity of Jerusalem, Jerusalem 91904, Israel

Receied: Nawember 24, 2005; In Final Form: February 7, 2006

Different selected enzymes, glucose oxidase (GOx), catalase (Cat), glucose dehydrogenase (GDH), horseradish
peroxidase (HRP), and formaldehyde dehydrogenase (FDH), are used alone or coupled to construct eight

different logic gates. The added substrates for the respective enzymes, glucosgOandctas the gate
inputs, while the biocatalytically generated gluconic acid or NADH are the output signals that follow the
operation of the gates. Different enzyme-based gates are XOR, INHIBIT A, INHIBIT B, AND, OR, NOR,
Identity and Inverter gates. By combining the AND and XOR or the XOR and INHIBIT A gates, the half-

adder and half-subtractor are constructed, respectively, opening the way to elementary computing by the use

of enzymes.

Introduction triggering signals. The use of biomaterials as active computing
elements also attracts substantial research éffdrar example,
gene-based artificial circuits analogous to a bistable toggle
ﬁwith‘Paor to an oscillato? were designed. DNA and enzymes
were also coupled to perform programmable biochemical
transformations that mimic basic computing of finite automé&ton,
leading to a biological computer that logically analyzes the
content of RNA and produces as an output a molecule that
controls the levels of gene expressfSrHowever, although
theoretically addressed more than 40 years ago by Stgita
more recently by Arkin and Roddyery few studies dealt with
the use of enzymes as building blocks for computing architec-
tures. A XOR gate was constructed using the conformational
dynamics of malate dehydrogenase in response to the addition
of Mg?t and C&", and the possibility of making other gates

During the last few years, tremendous efforts have been
directed toward the construction of molecule- or biomolecule-
based logic gates and computing elements. Extensive researc
efforts were directed in recent years toward the application of
molecules or supramolecular structures to mimic the functions
of logic gatest™* For example, de Silva et al. demonstrated a
molecular AND gate that consisted of a pH-sensitive chro-
mophore and a receptor sk@he protonated receptor, lacking
fluorescence, was bound to the receptor site. Deprotonation of
the chromophore and binding of €ato the receptor acted as
two stimuli that activated the fluorescence of the chromophore,
and led to an AND gate. Similarly, an OR logic gate was
exemplified with the synthesis of a multifunctional structure
consisting of two anthracene units tethered by oligoethylene . . .
glycol to a 2,2-bipyridine site? The binding of Nd to the was discusset? Moreover, an AND gate was obtained using a

oligoethylene glycol chains (stimuli 1) or the association of Hg g‘Odiﬁed enz;tlwme almd its in_hibitcﬁ. In_the preshent ?]tudy, we
(stimuli 2) to the bipyridine unit resulted in a sterically favored emonstrate that a large variety of logic gates that share common
inputs can be designed using single or coupled native enzymes.

quantum vyield for photodimerization of anthracene was then BY @PPlying a simple spectrophotometric method, the outputs

used as the OR gate readout signal. Also, photoisomerization®'19inating from the logic gate functions are read out. Further-
of a phenoxynaphtacene quinone monolayer associated with afnore, we demon_s;rate that by using severa_l of the des'gned
electrode, and coupled to the electrocatalytic reduction of a gates, binary addition and subtraction operations were carried
bipyridinium electron acceptor unit, was reported to act as a out.
surface integrated AND gaf&’ Light signals and pH were
employed as triggering stimuli for the reduction of the bipyri-
dinium electron acceptor, and the resulting amperometric  Materials and Methods. All enzymes and chemicals were
response from the system was employed as a transduction signghurchased from Aldrich or Sigma. The enzymes that were used
for the AND gate operation. The parallel operation of logic gates are glucose dehydrogenase frathermoplasma acidophilum
enabled the use of molecular assemblies for arithmetic opera-(g.C. 1.1.1.47), peroxidase from horseradish (E.C. 1.11.1.7),
tions?# For example, molecular structures that perform the binary glucose oxidase fromspergillus nige(E.C. 1.1.3.4), catalase
addition were developed. A half-adder system was demonstratedrom bovine liver (E.C. 1.11.1.6), and formaldehyde dehydro-
through the combination of XOR and AND logic gates, whose genase fronPseudomonas putidéE.C. 1.2.1.46). The absor-
outputs code the sum and carry digits. Recently, the operationpance measurements were performed using a Shimadzu UV-
of a simple molecule as half-adder or half-subtractor was 2401PC UV-vis spectrophotometer. All measurements were
demonstrated The need for acid/base stimuli to activate these done at 25+ 2 °C.
functions represents, however, a drawback due to the volume  Experimental Conditions. The inputs that were used for all
change of the system associated with the application of the the gates corresponded to an addition of 0.30 MDH(input

* Part of the “Chava Lifshitz Memorial 1ssue”. A) and 1 M g-b(+)glucose (input B). The output for all the

* Corresponding author. Tel.: 972-2-6585272; fax: 972-2-6527715; dates corresponds to the variations in the absorbara®,
e-mail: willnea@vms.huiji.ac.il. measured after a time interval of 20 min. The absorbance

configuration of anthracene units for photodimerization. The

Experimental Procedures
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variation is the absolute value of the difference of absorbance SCHEME 1: Representation of the XOR, INHIBIT A,
before and after the enzymatic reaction takes place. For theand INHIBIT B Biocatalytic Gates

XOR, INHIBIT A, INHIBIT B, OR, NOR, and Inverter gates,
|AA| was measured at 340 nm and corresponded to the variation
of the amount of NADH in the medium. For the AND and @ @

Identity gates|AA| was measured at 500 nm and corresponded
to the variation of the amount of gluconic acid in the media. Glucose NAD* H,0,

Gluconic acid was detected in the different systems spectro-
photometrically at 500 nm after its reaction with hydroxylamine «
and subsequent complexation of the generated hydroxamate with

; ic aci H,0
Fe(lll).14 The measurements were done in a 3Q0spectro- Gluconic acid NADH 2
photometric quartz cell, allowing measurements in a volume @

as little as 25QuL.

Composition of the Gates.The XOR gate system consisted
of a 250uL solution of horseradish peroxidase, 10 U; glucose NADH and NAD* (Scheme 1). The output was the absolute
dehydrogenase, 7.5 U; NAD 1 x 1074 M; and NADH, 1 x value of the variation of absorbancghA|, of the NADH
1074 M, in 0.01 M phosphate buffer, pk 6.8 (the amounts of ~ absorbance change measuredl 340 nm, after the enzymatic
enzymes were balanced in such a way that the biocatalytic reaction took place for a time interval of 20 min. The selection
transformations proceeded at the same rates). The INHIBIT B of the time interval of 20 min originated from the fact that the
gate system was composed of a 2&0solution of horseradish ~ absorbance values of the systems were close to the saturation
peroxidase, 2.5 U; glucose dehydrogenase, 7.5 U; and NADH, values. Figure 1A shows a high absorbance variation at 340
1 x 1074 M, in 0.05 M phosphate buffer, p& 6. The INHIBIT nm (output 1) only for the configurations of inputs (1,0) and
A gate system consisted of a 20 solution of horseradish ~ (0,1). When only glucose was added to the system, (input B in
peroxidase, 13.5 U; glucose dehydrogenase, 3 U; and NAD configuration 1 and input A in configuration 0), then the GDH
1 x 104 M, in 0.01 M phosphate buffer, p& 6.8. The AND reduced NAD to NADH, leading to a variation of absorbance
gate system was composed of a 50 solution of glucose  changes of NADH (curve c), while if only #D, was added
oxidase, 20 U; catalase, 200 U; and 0.01 M phosphate buffer, (input A in configuration 1 and input B in configuration 0),
pH = 7.3. For this later system, the reaction medium was then the HRP biocatalyzed oxidation of NADH to NAD
degassed with argon that was purified from oxygen traces by proceeded, resulting in a negative change in the absorbance of
bubbling through a sodium dithionate/methyl viologen aqueous NADH (curve b). When inputs were in the configuration (1,1),
solution. The OR gate system was composed of a 250 the introduced glucose created NADH, and the addition @H
solution of horseradish peroxidase, 30 U; glucose oxidase, 170consumed NADH. The result of both processes was a low
U; and NADH, 1x 104 M, in 0.05 M phosphate buffer, pH  absorbance change at 340 nm (curve d). The absorbance

= 6. The NOR gate system was composed of a;A56olution variations of the XOR gate operation and the corresponding
of formaldehyde dehydrogenase, 0.15 U; glucose oxidase, 500truth table are presented in Figure 1B,C, respectively.
U; NAD*, 2 x 1074 M; and formaldehyde, & 1074 M, in The INHIBIT A (or InhibAND) gate was obtained, as in the

0.01 M phosphate buffer, pet 7.3. The Identity gate system case of the XOR gate, using GDH and HRP (Scheme 1). The
was composed of a 250 solution of glucose oxidase, 20 U, INHIBIT A gate had an output 1 only if input A was in

in a 0.01 M phosphate buffer, pH 7.3. The Inverter gate was ~ configuration 0, while input B was in configuration 1. A
composed of a 250L solution of formaldehyde dehydrogenase, Ccombination of two inputs in configuration 1 gave an output 0.
0.15 U, and formaldehyde, t 1074 M, in a 0.01 M phosphate ~ This INHIBIT A (or InhibAND) gate required the addition of

buffer, pH= 7.3. NAD in the medium in the absence of NADH. The absorbance
. . of NADH was followed spectrophotometrically. If both inputs
Results and Discussion were FALSE, configuration (0,0), there was no NADH pro-

The two chemical inputs were hydrogen peroxide (input A) duced, as shown in Figure 1D, curve a. Addition efzlalone,
and glucose (input B); they were used at equal concentrationsconfiguration (1,0), also did not lead to the production of NADH
for all gates. The output of the biocatalytic logic gates (the result (curve b). Addition of glucose alone, configuration (0,1), allowed
of the enzymatic activity of the systems) was read out in terms the GDH-mediated reduction of NADto NADH and gave an
of the absorbance change at appropriate wavelengths. For eaclutput 1, curve c. When inputs were in configuration (1,1), the
of the designed gates, two regions for the absorbance changesGDH catalytically reduced NAD to NADH, but the HRP-
|AA|, were defined. One region of the absorbance chgngs, mediated oxidation of NADH by kD, regenerated NAD. The
from O to 0.08 was defined as the low level output and result of these two processes was that no variation in absorbance
corresponded to a logical 0, and an absorbance change rangingook place at = 340 nm, curve d. The absorbance variations
from 0.2 to 1.2 was defined as a high level output, and it and the truth table of the INHIBIT A gate are presented in Figure
corresponded to a logical 1 (for the definition of the low and 1E,F, respectively. The observation of an absorbance peiak at
high value of the absorbance changes corresponding to the NOR= 410 nm corresponds to the reduced heme site of HRP.
and INHIBIT B vide infra). It should be noted that the The INHIBIT B gate is basically the equivalent of the
presentation of the absorbance changes in the form of a moduludNHIBIT A gate, except for the fact that the output 1 was
can be implemented by available electronic circuits that could obtained for input A in configuration 1. The INHIBIT B gate
be integrated into the analyzing spectrophotometer. Also, for was also obtained using GDH and HRP (Scheme 1). To obtain
all systems, a TRUE input was marked as input configuration this gate, NADH was introduced in the system in the absence
1, whereas a FALSE input was presented as an input config-of NAD*. The output corresponds to the variation of the
uration 0. absorbance of NADH followed spectroscopicallylat= 340

The XOR gate was obtained using glucose dehydrogenasenm. The low level and high level absorbance changes for the
GDH; horseradish peroxidase, HRP; and equal amounts of INHIBIT B gate were defined as-00.09, logical 0, and 0.12
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Figure 1. (A) Absorbance features of the XOR gate. (B) Bar presentation of the XOR gate absorbance outpat840 nm. (C) Truth table
corresponding to the XOR gate. (D) Absorbance features of the INHIBIT A gate. (E) Bar presentation of the INHIBIT A gate absorbance outputs
atA = 340 nm. (F) Truth table for the INHIBIT A gate. (G) Absorbance features of the INHIBIT B gate. (H) Bar presentation of the INHIBIT B

gate absorbance outputs/at= 340 nm. (I) Truth table for the INHIBIT B gate. For all spectra, inputs correspond to (a) 0,0; (b) 1,0; (c) 0,1; (d)

1,1; and curve (e) corresponds to the absorbance of the biocatalytic system prior to activation by the inputs. For all bar presentations, absorbance
variation values are marked by surfaces separating the regions of output O from the output 1. For all systems, GDH and HRP coupled by the
NAD*/NADH cofactor system are used as the biocatalytic processors.

0.2, logical 1, respectively. In this configuration, a significant SCHEME 2: Representation of the Biocatalytic AND
consumption of NADH by HRP can be obtained only when Gaté

H,0- is introduced in the system. But if the inputs are in the

configuration (1,1), the amounts of the enzymes are equilibrated @
in such a way that the amount of NADH that is consumed by
HRP is immediately compensated by the amount produced by

GDH. Then, a significant variation of the absorbance of NADH Glucose H0:
is obtained only for the situation (1,0), that is, when input B is
in configuration 0 and input A is in configuration 1, Figure 1G,
curve b. The bar presentation for the output is given Figure Gluconic acid 0,
1H, and the truth table is presented Figure 1lI.

For the AND gate, the system was composed of the two
enzymes Cat and GOx working under an inert Ar atmosphere

in a hermetically sealed vial, Scheme 2. The catalase-mediated
transformation of input A yielded ©that was consumed by  signal is the modulugAA|, of the NADH absorbance change
GOx catalyzing the oxidation of input B, glucose, to gluconic at A = 340 nm, measured after the reaction was allowed to
acid. The gluconic acid product corresponded to the output, andproceed for 20 min. Upon the introduction of glucose in the
it was colorimetrically analyzed. From the spectra depicted in system (input B in configuration 1), GOx yielded,® that
Figure 2A, it can be seen that the product is generated (outputwas then consumed by the HRP catalyzing the oxidation of
1) only if both inputs are present in the system, curve d. This NADH to NAD™, resulting in the depletion of NADH and an
is also shown by the absorbance changes presented in Figur@absorbance change. I,8, was added to the system (input A
2B. This situation corresponds to the AND gate as shown in in configuration 1), or both input A and input B were introduced,
the respective truth table, Figure 2C. the same oxidation of NADH to NAD proceeded. This is,
For the OR gate, the system is composed of the two enzymesindeed, verified experimentally, and NADs generated, Figure
GOx and HRP and the cofactor NADH, Scheme 3. The output 2D, curves b-d. The absorbance changes are presented in Figure
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Figure 2. (A) Absorbance features of the AND gate. (B) Bar presentation of the AND gate absorbance oufpats580 nm. (C) Truth table
corresponding to the AND gate. (D) Absorbance features of the OR gate. (E) Bar presentation of the absorbance outputs of the/\OR 3ye at

nm. (F) Truth table for the biocatalytic OR gate. (G) Absorbance features of the NOR gate. (H) Bar presentation of the absorbance outputs gorrespondin
to the NOR gate at = 340 nm. (I) Truth table for the NOR gate. For all spectra, inputs correspond to (a) 0,0; (b) 1,0; (c) 0,1; and (d) 1,1, and
curve e corresponds to the absorbance of the biocatalytic system prior to activation by the inputs. For all bar presentations, absorbance variation
values are marked by surfaces separating the regions of output 0 from the output 1. For the AND gate, GOx and Cat are used as the biocatalytic
processors. For the OR gate, GOx and HRP are used as the biocatalytic processors. For the NOR gate, GOx and FDH are used as the biocatalytic
processors.

SCHEME 3: Representation of the Biocatalytic OR SCHEME 4: Representation of the Biocatalytic NOR

Gate Gate
Glucose H,0, Formaldehyde + NAD*
Glucose H20, NAD* @ - ’
ﬂ Gluconic acid 0, Formic acid + NADH
Gluconic acid 0, NADH

\ !
oxidation of formaldehyde by FDH fronP. putidal® This
2E, and the respective truth table corresponding to the OR gateinhibition by HO, implies that, when KD, is introduced or
is given in Figure 2F. produced in the system, the reduction of NABs inhibited,

To tailor the NOR gate, the system was composed of coupledthus giving an output signal 0. From the spectra depicted in
enzymes GOx and FDH, Scheme 4. Formaldehyde and NAD Figure 2G, it can be seen, as expected, that NADH is generated
are also added to the system just before starting the experimentpnly if inputs are in configuration (0,0), curve a. The absorbance
and the product is the generated NADH that is followed by the changes presented in Figure 2H show that an output of 1 exists
absorbance change/at= 340 nm. The low level and high level  only for a situation when the inputs are (0,0) in agreement with
absorbance changes for the NOR gate are defined-&s40 the respective truth table, Figure 2I.
logical 0, and 0.550.8, logical 1, respectively. It is known from Two other gates that were developed require only the use of
the literature that kD, is a strong inhibitor for the biocatalytic ~ a single enzyme system: the Identity and Inverter gates. The
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Figure 3. (A) Absorbance features of the ldentity gate. (B) Bar 1 1 1 0 10
presentation of the Identity gate absorbance outpufs=at500 nm.
(C) Truth table corresponding to the Identity gate. (D) Absorbance TABLE 2: Truth Table for the Half-Subtractor
features of the Inverter gate. (E) Bar presentation of the Inverter gate
absorbance outputs at= 340 nm. (F) Truth table corresponding to INHIBIT XOR
the Inverter gate. For the spectra, inputs correspond to (a) 0 and (b) 1, A gate output,  gate output, binary
and curve c corresponds to the absorbance of the biocatalytic systeminput A inputB  borrow digit  difference digit subtraction
prior to activation by the inputs. For all bar presentations, absorbance 0 0 0 0 00
variation values are marked by surfaces separating the regions of output 1 1 1 11
0 from the output 1. For the Identity gate, GOx is used as the 1 0 0 1 01
biocatalytic processor. For the NOT gate, FDH is used as the 1 1 0 0 00
biocatalytic processor.
SCHEME 5: Representation of the Biocatalytic Identity and it gives an output 1. The experimental absorbance curves
Gate are shown in Figure 3A, and the variation of absorbance is
detailed in Figure 3B. The truth table for the Identity gate is
@ given in Figure 3C.

As far as the Inverter (or NOT) gate is concerned, we selected
FDH from P. putidaas an enzyme. This biocatalyst was also
Glucose H20, employed in the NOR gate, and as mentioned, it is inhibited by
H,0,,15> Scheme 6. The variation of absorbance of NADH is
the output signal. When the input was in configuration O
(absence of bD,), FDH catalyzed both the oxidation of
formaldehyde to formic acid and the reduction of NABo
NADH. On the contrary, when #D, was introduced to the
system (input in configuration 1), the enzymatic activity was

inhibited, and thus no (or very low) change in the absorbance
Identity and Inverter gates are elementary gates that require onlyat 340 nm occurred, leading to an output 0. The spectra and

one input, glucose, for the Identity gate angDpifor the Inverter the respective absorbance change at 340 nm are presented in
gate. For these gates, the introduction of the other input to the Figure 3D,E, respectively. The results indicate that the biocata-
system will have no effect. For the Identity gate, the system lytic Inverter gate is, indeed, experimentally materialized. The

was composed of GOx in a phosphate buffer solution, Schemetruth table for the Inverter gate is presented in Figure 3F.
5. Similarly, to the AND gate, the variation of absorbance due

Gluconic acid 0,

The variety of logic gates that were developed allowed us to
to the production of gluconic acid was the output. Basically, if combine the operation of the gates and eventually to run them
the input is in configuration 1, and only if it is in this in parallel to perform algebraic operations. The half-adder is
configuration, glucose is transformed to gluconic acid by GOx, obtained by combining the AND and XOR gates, Scheme 7A.
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The truth table for the half-adder is given in Table 1. The output
of the AND gate is the carry digit (C), and the output of the
XOR gate is the sum digit (S). The parallel operation of the
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two enzyme-based gates is capable of carrying out the binarygeferences and Notes
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