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Abstract: A circuit schematic is extracted from g-lactamase protein hydrogen bonding network. The circuit is
consisting of block-elements that functionally represent the hydrogen bonds. The behavioral description of each
block element is represented by polynomials. Polynomials and electric connections between the elements are
coded in Matlab and Verilog-A. DC, transient, and digital analyses are performed. Simulations proved that the
circuit can process digital signals and behaves similarly to current mirror, amplifier, and inverter.
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1 Introduction

Molecular electronics is often suggested as a
potential successor to the conventional Si-based
CMOS electronics, due to its advantages related to
size, cheapness of fabrication, chemical tunability
and ‘bottom-up’ self-assembly. However, progress
has been withhold by difficulties such as formation
of stable junctions and reproducibility of molecular
currents measurements. The situation has improved
considerably over the last few years. The greatest
advantage of organic molecules versus inorganic
materials for electronic applications is their capacity
to self-assemble into complex and, at times,
functional architectures.

Molecular electronics is based on the
development of organic and biological materials
within electronic and optoelectronic  devices.
Conventional electronics shifted to molecular
electronics by implementing molecular materials in
electronic and optoelectronic devices utilizing the
unique features of organic compounds macroscopic.
The most widely known commercial product so far
are the liquid crystal displays (LCDs). However,
after many years of research, the organic light-
emitting devices (LEDs) based on dyes and
polymers, synthetic electronic circuits, chemical and
biochemical sensors have drawn attention [1].

Bioelectronics is associated with the direct
coupling of biomolecular function units of high
molecular weight and complicated molecular
structure with electronic or optical transducer
devices. Alternative and new concepts are
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developed for future signal processing technologies
to address, control, read and write information. This
requires the development of structures for signal
transduction,  amplification,  processing  and
conversion [2].

Large part of bioelectronics research is focused
on biopolymers such as photoactive yellow protein
(PYP) [3] end green fluorescent protein (GFP) [4].
For development of different sensor, the
transmembrane  proton  transfer  protein -
bacteriorhodopsin [5] long ago is used. It operates
as a proton pump that is actuated by light.
Commonly  accepted opinion is to use
bacteriorhodopsin as a molecular electronic material
for construction of memories [6], i.e. for digital data
storage.

Hydrogen bonds play a key role in biopolymers.
Interesting analogies between hydrogen bonds and
microelectronic logic gates can be derived. For
example enol hydrogen bond serves as basis for
AND, OR, NAND, NOR logic gates [7].

In our research so far, we have simulated the
analog behavior of protein hydrogen bonding
(HBN) networks and we have proved that they can
operate as amplifiers, signals sources, modulators,
shifters, etc. [8, 9]. The diverse nature of HBN
behavior with analog signals observed in our
previous papers induced us to study their digital
properties.

In this paper we will investigate the digital
behavior of an electrical circuit that is analogous to
S-lactamase protein hydrogen bonding network.

Issue 9, Volume 12, September 2013



WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

2 Circuit and Equations

After extraction of hydrogen bonding network
from B-lactamase protein we investigate the proton
transfer characteristics of each of each hydrogen
bond using protein electrostatic theory and Markus
theory [10].

The main equation derived from Markus theory
is given in Eq. (1). Here K [J/mol] is the proton
transfer parameter that is proportional to proton
current.

kgT Eb-hw/2
K =——exp(- 1
5 SXP T ) @
where K — proton transfer parameter, ks —

Boltzmann constant, Eb — energy of the barrier, h —
Plank constant, @ — frequency, T — temperature (in
Kelvin). The barrier energy is calculated by:

Eb=(s,(R(DA)—t,)* +V,) +S,E,, +

)
(sc exp(~tc (R(DA) —2)) + V¢ )(Ey,)*
where R(DA) is the distance between donor and
acceptor, E12 is the difference between the energies
of donor and acceptor.

After  calculation of  proton  transfer
characteristics of each hydrogen bond in the HBN
we create the respective microelectronic block-
elements to emulate the HBN operation. The HBN
is divided in heavy atoms that form the hydrogen
bonds (Fig. 1).

D+H..X—H.. A

I |
R R R

Fig. 1 Sample HBN with its heavy atoms X, D, and A.
In the analogous circuit each heavy atom (which

is both donor and acceptor, designated with “X’) is
represented as a separate block-element (Fig. 2).
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Fig. 2 Block-element that is analogous to heavy atom
from the hydrogen bonding network.

In Fig. 2 the acceptor part of the heavy atom ‘X’
is assigned as the input of the respective block-
element where the input current I;, flows in; the
donor part of the heavy atom ‘X’ is assigned as the
output of the respective block-element, where the
output current Iy, flows out. The potentials at the
input and the output of the block-element are equal
to the potential U of the heavy atom. The magnitude
of the input and output currents are proportional to
the proton transfer parameter of the hydrogen
bonding network where the heavy atom is present.

The block-elements representation reduces the
number of parameters originally present in Markus
theory equations. We construct three- and four-
terminal elements in the way shown above to
prepare the HBNs for microelectronics treatment:
the block-elements approach allows for simulation
of the proton transport in hydrogen bonding
networks. The relation between the input and output
currents can be expressed by the parameter U — the
potential of the heavy atom. Similarly, the two- and
three terminal block-elements can be treated where
the currents also can be expressed by the same
parameter U. Block-elements also allows for
modeling electronic circuits that are functionally
analogous to the respective hydrogen bonding
networks.

Using the block-elements approach we can
describe the circuit behavior in Verilog-A [11]
hardware description language and simulate it in
Cadence Spectre simulator [12].

The HBN is taken from [9] and is shown in
Figure 3. The HBN only consists of p-lactamase
protein residues without water molecules (this is
important fact because most of the protein HBNs
include water molecules surrounding the protein).
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(T181) (D157)
| 0G1 | o2
(Ml82>NH---O—H-—-O-H-—-O-—-H—O
| 0G1 | 0G1
(T160.) (T189)

Fig. 3. Hydrogen bonding network (M1) without water
molecules. (M182) is methionine residue, OG1 is
hydroxyl oxygen of threonine residues (T160,181,189),
OD2 is carboxyl oxygen of aspartic acid residue (D157).

In the HBN in Fig. 3 the M182N is a strong
proton donor and it can act as microelectronic
current source. The D1570D2 is a strong proton
acceptor and it can be expressed as circuit output
that sums two different signals. The rest of the
circuit elements are described as three-terminal
block elements. Each of them has equal input and
output voltages and different current.

T5

Uout2
B

12 u2 13 —— lout2
u | uaT4

Uin T1 U1 R T3 U3
:FJEUH

}L,|
S_’I B B - ——"loutt

Fig. 4. Electrical circuit functionally analogous to
hydrogen bonding network (M1).

The circuit functionally analogous to the
hydrogen bonding network is given in Fig. 4. The
three-terminal block elements are studied in [8]. The
I-V characteristics of the block elements are
analogous to the K-V characteristics of the hydrogen
bonding networks studied in [9]. The current (I) in
each block element corresponds to the proton
transfer parameter (K) of each hydrogen bond and
the voltage (V) of each block element corresponds to
the electrostatic potential (El.pot.) [8]. The block
elements are described by polynomials of different
orders. The respective equations are coded in
Matlab [14].

The circuit in Fig. 5 is implemented in Cadence
[12]. It is identical to the circuit in Fig. 4. The
block-elements are described in Verilog A hardware
description language [11]. The current and voltage
relations are expressed by polynomials of different
orders. Some of the block-element equations in
Verilog A are given below. The rest of the equations
are similar.

The equations for block element T1 that is
analogous to M182N is given below

Ui= U;, {-2.1 t0 2.65} 3)
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I, =8.10°xU,* - 7.10°xU,3- 0.001xU,> +

0.0048xU; + 0.2516; 4)

Fig. 5. Circuit of HBN M1 in Cadence.

The following equations are for T2 block
element that corresponds to T1810GL1:

U, = 0.9765xU; +0.074; (5)
I, = -0.00011xU,® + 0.00032xU,* +
0.0012xU, + 0.0081; (6)

The equations below describe the current and
voltage of T3 that is functionally analogous to
T1600G1.

U; = 1.0321xU, +0.0519; (7)
I, = 0.00013U;% -0.0003 U5 -0.0018U; +
0.0104; (8)

In a similar way are expressed the equations of
T4 block element that corresponds to T1890G1 and
is the first input of the circuit (Ulout, I1out)

U, = 0.0031xU,® -0.0616xU, +1.06xU; +

0.5256; (9)
l,= +0.76x10'x°U,> -2.1x10°xU,? -
0.0001xU, + 0.00066; (10)

The next circuit output is the T5 block element
describing D1570D2. Its equations are:

Us = 0.9608xU,-0.0034;
Is =13+ 1y;

(11)
(12)

The above equations are coded in Matlab and
below are given an excerpt of the T2 and T3 block
elements code. The code for the rest of the block
elements is similar.

U2 = 0.9765*U1 +0.074;

plot(U1,U2);

grid on

title("T2%);

xlabel ("y text [A]", "fontsize~",12);
ylabel("z text","fontsize",12);
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%legend("simulation”, "data");
set(legend("EKV
simulation®, "BSIM3v3
data“®,2), "fontsize",12);
pause;
12 = -0.00011*U2.~3 + 0.00032*U2.72
+ 0.0012*U2 + 0.0081;
load("fig3 _1btl _ti18logl.dat");
U2exp = fig3 _1btl_t18logl(:,1);
12exp = Fig3_1btl_t18logl(:,2);
plot(U2,12,U2exp, 12exp, "ro");
grid on
title("T2%);
xlabel ("U2 [V]*®, "“fontsize~",12);
ylabel ("12", "fontsize",12);
% legend("simulation”,"data”);
set(legend("simulation”, "data”,1),"f
ontsize~,12);
pause;

Ic

U3 = 1.0321*U2 +0.0519;

plot(U2,U3, "linewidth*,2);

set(gca, "fontweight®,"b", "fontsize",
14)

grid on

title("T3%);

xlabel (U2 [V]™);

ylabel (U3 [V]");

%legend("simulation”, "data");

set(legend("simulation”,"data”,1),"f
ontsize",12);

pause;

I3 = 0.00013*U3.M3
0.0018*U3 +0.0104;

load("fig3_1btl_tl160ogl.dat™);

U3exp fig3_1btl_t1600gl(:,1);

13exp fig3_1btl_t160091(:,2);

-0.0003*U3.72 -

plot(U3,13,U3exp, 13exp, "ro", "linewid
th*,2);

set(gca, "fontweight”,"b", "fontsize",
14)

grid on

title("T3%);

xlabel ("U3 [V]™):;

ylabel ("13 [pA]"):

% legend("simulation®,"data®);

set(legend("simulation”, "data”,1),"f
ontsize",12);

pause;

Some of the block-element equations in Verilog
A are given below. The rest of the equations are
similar.

Verilog A code:

// VerilogA for
veriloga

“include "constants.h"

Verilog, M182N,
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“include "discipline.h"
module M182N (X, y, 9);
inout X, y, g;
electrical x, vy, 0;
electrical Vin;
analog
begin

V(Vin) <+ V(X, 9);

V(y) <+ V(Vin);

1(X, y) <+ 8*%10e-5* V(y)* V(¥)*
V()™ V(y)- 7*10e- 5*V(y)* V(¥)™* V(¥)-
0.001* V(y)* V(y)+ 0.0048* V(y)+
0.2516;

end

endmodule

// VerilogA for Verilog, T16006G1,
veriloga
“include "constants.h"
~“include "discipline.h"
module T1600G1 (X, Y, Q);
inout X, vy, Qg;
electrical x, y, g;
electrical Vin;
analog
begin

V(Vin) <+ V(xX, 9);
V(y) <+ 1.0321*V(Vin)+0.0519;
1(x, y) <+ 0.00013* V(y)* V(¥)*
V(y) - 0.0003* V(y)* V(y)- 0.0018*
V(y)+ 0.0104;
end
endmodule

3 Simulation results

3.1 DC analysis

DC analysis is performed at input voltage
between -2 and + 3 V. We analyze the change of
output voltages and currents, i.e. the output voltages
versus the input voltage characteristic and the output
currents versus the output voltages characteristic.
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Uout1, Uout2 vs Uin
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Fig.6. Outputs voltages vs. input voltage a) in Matlab b)
in Cadence.

The output voltages are shown in Fig. 6. They
are linearly dependent on the input voltage.
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Fig.7. I-V characteristic of output 1 @) in Matlab b) in
Cadence..
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Fig.8. I-V characteristic of output 2 a) in Matlab b) in
Cadence..

The I-V characteristics of both outputs (Fig. 7
and Fig. 8) can be split in two parts. For voltages
between -2 to — 1 V the output currents do not
change significantly (first operation region). Hence,
the circuit can operate as a current mirror with
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different currents in its outputs. At output voltages
over =1 V (second operating region) the circuit
behaves like an amplifier.

In the second operating region ( between -1 and
3 V) the circuit can be regarded as a digital switch.

3.2 Transient analysis

The transient analyses is performed by feeding
sine-shaped input voltage with amplitude of +2 [V]
and frequency of 10 [GHz]. The results are given in
Fig. 9 — 13. The maximum working frequency of the
hydrogen bonding network is around 100 [GHZz]
shown also in Matlab simulations.

T

; : 1
t[s] 10

a)

Transient Response

20 VT("/net@139")
1.0
> 00
-1.0 L
-2.0 1 1 J
2.00 400p 80@p 1.2@n
time (s )
b)

Fig.9. Input voltage vs. time a) in Matlab b) in Cadence.

The input voltage in both simulations (Fig. 9a,
9b) have sine wave form and equal amplitude. The
voltages at output 1 and output 2 are with similar
characteristics to the input voltage.

The voltage in the output 1 is shown in Fig. 10,
and repeats the shape of the input voltage. The
output voltage at the second output is shown in Fig.
11 and it is also repeated in the input shape. The
results are identical for the simulations in Matlab
and Cadence.
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>
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Fig.10. Output voltage at first output vs. time a) in
Matlab b) in Cadence..
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Fig.11. Output voltage at second output vs. time a) in

Matlab b) in Cadence..

(s)
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In both simulations loutl is has similar form
(Fig. 12a, 12b). There are no differences in
frequency and amplitudes. The situation with lout2
is similar to case of loutl — both simulations have
similar form, frequency, and amplitude (Fig. 13a,
13b). The circuit realized in Cadence behaves like
the circuit modeled in Matlab.

T4 OUT1

lout1 [pA]

0.6

04

t[s]
a)
Tronsient Response
B.af
7.ef
Y
5.0f
4.0f
2.09 420p 8@dp 1.2@n

time (5 )
b)

Fig.12. Output current at first output vs. time a) in
Matlab b) in Cadence..
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Transient Response
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0.00 408p B0@p 1.28n
time ( s )
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Fig.13. Output current at second output vs. time a) in
Matlab b) in Cadence..

Reagrdelss of whether the voltage is postivie or
negative the current is always positive.

3.3 Operating levels of the circuit for digital
simulation

In order to determine the operating levels and the
levels for the input and output logic state “0” and
logic state “1” we simulate the transfer
characteristic as a function of the output and input
currents. The transfer characteristic is given in Fig.
14.

0.4 T T T T

Ingic 1 03— ; ; ; ;
output [ : : A
curend : ; ; i .7 lod=in
el 0,35 ! " : : . E/
03|~ ———— ;———\ N
SN A
N i

bed 02— ——— = ————
output 024 i | : : i :

omenl el e e
DL P Y T i I

- i | ] ] |

=
c.:

lout [pA]

=
(]
v

|
1

1 1
0.16 02 02025
logic 0 input cumeri Jevel lin [pA]

1 ' |
03 092 935 03904

lngic: 1 input coament level

Fig.14. Transfer characteristic of the circuit. The output
current as function of the input current.

From the above characteristic, we observe that
there are two stable states. We determine the levels
for the input and output logic state “0” and logic
state “1”.

For the input logic state “0” the levels are
between 0.6 to 0.23 pA, for the input logic state “1”
the levels are between 0.32 to 0.39 pA.
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For the input logic “0” the levels are between
0.18 to 0.22 pA. For the output logic “1” 0.34 to
0.39 pA.

The bias point is at lout = lin (the dashed line is
at 45°) and the switching is at 0.28 pA.

From the transfer characteristic and the
determined logic levels it can be seen that the logic
is positive and the logic levels follow the input logic
levels which is an essential requirement for digital
circuitry.

The tested circuit well represents the properties
of the hydrogen bonding network. The developed
behavioral model and the preformed DC and
transient analyses showed that the network can
operate as current mirror, amplifier or decoder.
Hence, it can be concluded that based on the
proteins and their hydrogen bonding networks new
devices and algorithms for information processing
can developed.

3.4 Pulse Analysis

The analysis is performed by clock input signal.
The input voltage is with different values in order to
test how the circuit behaves and to find the logic
levels of the input and output following the above
determined DC levels for the logic “0” and logic
“1”.

3.4.1 Input voltage between -2 to +2 V

The input voltage with amplitude 2 V between —

2to +2 V is shown in Fig. 15.
T

= simulation
15—ttt -"1-1-—"1"
1 ,,,,,,,,,,,,,,,,
0.5} f
2
s T
=2
Q54—+t —*Ft 111
[ S AU N WS S—
AS e e
-2
0 0.2 04 0.6 0.8 1
ts] x10"

Fig.15. Input voltage versus time.

Input current at input voltage between -2 to +2 V
(Fig. 16).
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Fig.16. Input current versus time.

Output current at input voltage between -2 to +2
V (Fig. 17).

T5
0.4 T T
i i i -| = simulation |-
035w frfef e
<
=
FrPLG] e e S S S S SO S e o
5
2
] S SN SN N N N N S — —
02 | i i i
0 0.2 0.4 0.6 0.8
ts] x10™"

Fig.17. Output current versus time.

It can be seen that the logic levels for logic state
“0” and logic state “1” are in the acceptable limits.
For the input logic “0” the current 0.16 pA and for
the input logic “1” the current 0.33 pA. For output
logic “0” the signal is 0.22 pA and for output logic
“1” the level is 0.38 pA.

Fig. 8 and 9 show that when logic “1” is fed to
the input at the output we obtain logic “0” and vice
versa. Hence, the circuit operates as an inverter.

3.4.2 Input voltage between -2 to -1 V

The input voltage with amplitude 1 V between
-2 to -1V is shown in Fig. 18.
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Ll
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4.2
14
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£
2 a6
1.8
2
0 0.2 04 0.6 0.8 1
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Fig.18. Input voltage versus time.
T
0.22 . .
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(L B T e i e i e
0.2
T
£0.19
0.18
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016 i i i i
0 0.2 0.4 0.6 0.8 1
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Fig.19. Input current versus time at input voltage
between -2to -1 V.
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lout2 [pA]

0 02 04 0.6 0.8
thsl x10"
Fig.20. Output current versus time at input voltage
between -2to -1 V.

From the figures above (figures 19 - 20) it can be
seen that in the range of the input voltage between —
2 to -1 V, the logic levels at the input are all the
time in the same intervals as the logic levels for the
input “0”; the logic levels of the output signal are all
the time in the intervals of the logic levels for output
“1”. Hence, in this range of the input voltage the
circuit does not operate as any known element.
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3.4.3 Input voltage between 2 to 3V

The input voltage with amplitude 1 V between 2
to 3 V is shown in Fig. 21.

T

3
= simulation
28
26
2
£
2 24
22
2
0 02 0.4 0.6 08 1
_ tls] Cxn®
Fig.21. Input voltage versus time.
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0 0.2 0.4 0.6 0.8 1
t[s] x10™

Fig.22. Input current versus time at input voltage
between 2to 3 V.
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Fig.23. Output current versus time at input voltage
between 2 to 3 V.

From the above figures (fig. 22 and 23) it can be
seen that in this range of the input voltage (between
2 to 3 V) despite that the input is a clock signal, the
amplitude of this clock signal remains all the time in
the interval where the input signal is in logic “1”
state. The same applies for the output signal: despite
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that the output signal is a clock signal, its amplitude
remains all the time in the interval where the output
signal is in logic “0” state. In this range of the input
voltage the circuit does not operate as any known
element as well.

The performed analyses prove that the circuit
operates well in the input voltage range between —2
and +2 V. In this range it operates as an inverter.
When the input voltage is outside this range the
logic levels fall in the determined intervals for “0”
or “1” and it is not possible to change the input or
output — they remain in a stable state (either logic
“0” or “1.

4 Conclusion

The studied circuit well describes the operation
of the hydrogen bonding network. The developed
behavioral model and the performed DC and digital
pulse analysis showed that the network behaves
similarly to current mirror and amplifier and it can
be used also as inverter.

This implies that the same hydrogen bonding
networks can operate not only as analog devices but
also similarly to digital devices.

Finally, we once again proved that hydrogen
bonds might serve as basis for development of new
devices and algorithms for signal processing.
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