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Abstract.In this paper, we discuss four types of electrical network circuits have
been used for modeling amino acid sequences at the gross molecular level. The
standard 20 amino acids have been partitioned into mutually exclusive parti-
tions based on their chemical and structural properties and each partition is as-
signed a distinct electrical circuit. This enables the construction of electrical
networks for representing any amino acid sequence. These networks have been
analyzed to establish putative relationships between a network’s electrical re-
sponse and known behavior of protein sequences. To aid in the analysis of cir-
cuit response, we have also developed a unique visualization technique. Similar
circuits have been used to model DNA/RNA sequences as well as non-
biological strings which have applications in message encryption and computer
security.
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1 Introduction

Elaborate models of genes have been developed by various authors and organizations
for trying to understand the intricate biological, chemical, and structural interactions
between the atoms that constitute the gene. One of the motivating factors in develop-
ing these models has been to use simulation instead of conducting actual wet lab ex-
periments and field studies necessary for testing the efficacy of new drugs, under-
standing drug interactions, studying the effect of mutations, etc. . These models,
while comprehensive, nevertheless require a significant amount of computational time
and effort. The network circuits for modeling gene sequences at the macro molecular
level and the underlying methodology discussed in this paper represent an attempt to
simplify the standard technique of modeling biological structures at the atomic level.

2 Mapping strings to electrical circuits - a generalized approach

Given a set of characters ¢ = {c|, ¢y, ... ¢}, asetd={d;, d,, ... di} where d; (I<=i
<=1) are mutually exclusive subsets of ¢, a set of electrical circuits e = {ey, €, ... €.},
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aset f={f], f,, ... f,} where f; (1 <= k <= m) are mutually exclusive subsets of e,
and a string s = s;s,5; ... s, where s;is an element of set ¢ (and, therefore, in exactly
one set of d), we define the mapping of a string to a circuit as the set {g;, g, .. Zq}
where each gi is a tuple (u, v) where uis in d and v is in f. In order to form sets d and
f, two independent set membership criteria are required, one for d and one for f. Set
membership requirements are application dependent and since this issue has no im-
mediate bearing, it will be addressed later in the paper.

Assume we are given an m-character string s =c¢; ¢, 3 ...... Ck2CKk1Ck .- Cm-
Denote the impedance of the combined circuit representing the first k-2 characters by
7 %2 and the impedances of the single circuits representing the characters c,.; and cy
by Z.; and Z,, respectively. The exact makeup of the individual circuits is not rele-
vant at this point but will be addressed section 3. In a fully serial connection (S), each
new circuit representing the next character in the string s is connected serially to the
overall circuit representing the previous characters. Likewise, in a fully parallel con-
nection (P), each new circuit representing the next character in the string s is connect-
ed in parallel with the overall circuit representing the previous characters. In a serial-
parallel (SP) connection scheme, the individual circuits representing the next two
characters in the string s are connected as follows — the first one in series, the second
one in parallel with the overall circuit for the string of length (k-2). Likewise, in a
parallel-serial (PS) connection scheme, the circuits representing the next two charac-
ters in the string s are connected, the first one in parallel and the second one in series
with the overall circuit for the string of length (k-2).  In the four options which are
depicted below, the underlined portions of the expressions are represented by a single
superscripted Z followed by subscripted Z elements.

Serial (S) : Z(c)) + Z(c) + Z(c3) .... Z(C 1) + Z(cy) + Z(C k+1) .... + Z(Cm)

= Zk_l + Zk +Z(Ck+1) + ...
Parallel (P) : Z(c)) | Z(co) || Z(c3) ... Z(c y1) || Z(ck) || Z(C k1) --.- || Z(Cm)
= Zk_l + Zk JrZ(C k+1) + o

Serial-parallel (SP):
(. ((Ze)+Zle) | Z(c3) ) + Z(cA)) .... Z(c )+ Z(ck1) || Z(c k) ) ... Z(Cm)

= Zys + Zia || Zi+ ...

Parallel-serial (PS):
G ((ZeDl Zleo) + Z(c3) ) | Z(eA) + ... Z(c o) || Z(ck1)) T Z(C k) ) ... Z(Cw)

= 752 | Zin  + Zet ...

The impedances of both the SP and PS versions depend on whether the message
length is odd or even. To obtain the overall impedance of a string (or substring) of
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however many characters is quite simple. The new impedance resulting from con-
necting the circuit representing the kth character to the existing circuit for the previ-
ous k-1 characters is given below for the S and P type connections. N and D stand for
the numerator and denominator, respectively with appropriate subscripts or super-
scripts. A pictorial representation of the four models is shown below in the order -
left top (S), right top (P), bottom left (SP) and bottom right (PS).

| | |

— Za — 7Zb Zc Za Zb Ze [

— Z 1 Zb Za
| { —I Zc
Zc 7b J

Serial:
z¥ =27+ 7,
N*/D* = N*¥'/D*' + N/ D,
or, equivalently, N = N &I Dy + D! Ny (1a)
D* = D' D, (1b)
Parallel:
z¥=z72" | ze =271 (25 + 7))
NY/DF = N¥' N/ (N¥' Dk + D¥''Ny)
or, equivalently, NE = N&'N, (2a)

D* = N*'D, + D*'N; {same as (1a)} (2b)
The overall impedance of the circuit representing the string with k characters for
the SP and PS models are shown below.

Serial-parallel:
28 =(2 + Z) | Ze = (22 + Zi) 2 | (20 + Ziy + Z0)
=72 72(Z"" +2) =N¥' N/ (N*' Dk + D' Ny
or, equivalently, N* = N*'N (3a)
D* = N¥'D, + D*'N, (3b)

Parallel-serial:
25 =2 | Ze) + Zu = 2 Ziy | (28 + Zy) + 7
=2 +Z,=(N"'Dy + D' Ny)/ D*' Dy
or, equivalently, N = N¥'D, + D¥I' N (4a)
D* = D' D, (4b)
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Note that the expressions for the four models are coupled recurrence equations.
Even though expressions (1a), (1b) and (3a), (3b) are identical, the interpretations of
N *'and D*'are quite different. A similar comment applies to expressions (2a), (2b)
and (4a), (4b). We present a simple example to show why and how they are different.

For a string of length 1, the impedance expressions for S, P, SP and PS are all the
same.

7' =7,
N' = N; and D' = D, (5a, b)
For strings of length 2, we have
S:
7’=7'+7,; N*/D*=N'"/D'+ N, /D,
N’ =N'D,+D'N, = N\D, + D|N, (6a)
D’ = D'D, = DD, (6b)
P:
Z ZHZz,N/D N/DHNz/Dz—NNz/(NDzJFDNz)
N? =NN2—NN2 (7a)
D’ = N'D, + D'N, = N\D, + D|N, (7b)

SP is the same as P and PS is the same as S.

For strings of length 3, we get

S:
2’=7"+ 7, = N*/D* + N3/Dy = (N*D; + D*N3)/D* D;
N° = N’D; + D’ N; =(N,D, + D\N,)D; + D,D,N; (8a)
D’ = D’ D; = D,D,D; (8b)
P:
=7 Zy = N*/D* || N3/D; = N*N; / (N*D; + D?N3)
N*=N’N; = NN, N; (9a)
= N’D; + D’N;y = N\N,D;y + (N;D, + DIN))N;  (9b)
SP:
2'=(2'+2)|1Z; = 2’ || Zy = N’ N3/ (N°D; + D’Ny)
N’=N’N; = (N;D, + D\N,)N; (10a)
= N’D; + D*N; = (N,D, + D;N,)D; + D;D,N; (10b)
PS:

—(z ||zz)+z3 =7+7y = (N*D; + D’N;) /D’ D,
N = N D3 + D N3 —NN2D3 + (N1D2 + DlNz)N3 (l]a)
D’ = D’D; = (N,D, + D;N,)D;s (11b)
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The comments made earlier on the apparently equivalent impedances is borne out
by looking at the detailed expressions for S (8a and 8b) and SP (10a and 10b); like-
wise, for P (9a and 9b) and PS (11a and 11b).

2.1  Closed form expressions for the overall impedance for the S and P models

For the S and P connection models, simple closed form expressions for the overall
impedance in terms of magnitude and phase can be obtained for the entire message of
m characters. However, this is not the case for the other two models. The closed
form expression for the impedance magnitude and phase for the S model is obtained
as follows.

Z=Zc) +Z(c) + ... Z(Cm1) T Zlcm) =
= [Re(Z(c1)) +... +Re(Z(c)]+ j. [IM(Z(cr) + ... Im(Z(c))] =|Z|e"’

where magnitude |Z| = |{ [Z Real(Z(cy))]* + [Z Imag(Z(c))]* }'*  (12a)
and phase 0 = tan-1[([Z Imag(Z(cy))]* / ([Z Real(Z(c))]*)] (12b)

Likewise, the closed form expression for the P model is

Z = Z(C]) || Z(Cz) || Z(C m-l) || Z(Cm) = TE ]Zl‘ / Z i TC k k=i Zk
Z| =T Zi| | 2 Ty Zid (13a)
9 = tan-1 [Imag(|TC [Zi ) / Real(TEi Zi ) - Imag(|Z,TCSk k=i Zk ) / Real(z i 7T k k=i Zk )]

(13b)

It should be mentioned in passing that (13a) is a continued fraction expansion in the complex
domain.

2.2 Fibonacci sequences as a special case

If we have a message in which all characters in the message are the same or the char-
acters are from the same tri-graph or character subset, then all the circuits associated
with the message (assuming the tri-graphs or character subsets are mutually exclu-
sive) will be the same. Consequently, the overall impedances of the four models re-
duce to simple expressions. Let m be the message length and Z the impedance of the
circuit associated with the character(s).

S: " =7+72+ ...+7Z =mZ (14a)
P: 7" =Z\Z|Z ....||Z=2Z/m (14b)
SP: "= Z+D)||Z)+.......... 7=

Fu/F ma (modd)or F ./ F, (meven) (14¢)
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PS: " = (Z|2)+2)]........ Z =
F mi1/Fy (meven)or F,/F 1 (modd) (14d)

In the expressions for SP and PS above, F, is the nth Fibonacci number. Of course,
Fii1 / Fy and Fp, /F 4 for large m yield the golden ratio and its inverse. Later on in
the results section of the paper we show the direct connection between Fibonacci
fractions and the circuit models used in representing poly amino acids. Research
articles that have explored aspects of the connection between Fibonacci numbers and
the human genome include Perez [10] and Yamagishi and Shimabukuro [12].

3 Elementary RLC circuit models and associated impedance
expressions

In the previous section, we ignored the compositional aspects of the different circuits
and merely characterized the circuits by their impedances Z. Here we focus on a
possible set of circuits which use only passive circuit elements — resistors, inductors
and capacitors.

3.1  Elementary RLC circuits and interconnectivities

A simple passive electrical circuit falls into one of several categories — a) purely resis-
tive or R circuit comprising of a single resistor (if more than one resistor is present
and these are connected in series or in parallel or both, they can all be replaced by a
single resistor), b) an RL circuit which consists of a single resistor connected either
in series or in parallel with a single inductor (RL circuit) , b) a purely inductive or L
circuit (if multiple inductors are present, they can all be replaced a single inductor), c)
a purely capacitive or C circuit (similar comments as in (a) or (b) if multiple capaci-
tors are present), d) an RL circuit in which a single resistor in connected either in
series or in parallel with an inductor, ) an RC circuit in which a single resistor in
connected either in series or in parallel with an capacitor, f) an RLC circuit in which
the single R, single L and single C components may be connected in one of eight
ways. The Laplace impedances for the different circuits that come under the six cate-
gories are shown in Table 1.

Table 1. Laplace impedance, magnitude and phase for circuit configurations base (R: resistor;
L: inductor; C: capacitor; s = i®; ® = 2nf where f'is the frequency)

Configuration Laplace imped- Impec!ance Impedance
ance magnitude phase
Serial (S)
1 Zn R R 0
2 7L sL ol n/2
3 Ze 1/sC 1/ 0C -n/2
4 Ze+ 71 sL+R R?+ 0’ tan (L /R)
5 Ze + Zc (sRC+1)/sC (1+0RCH)"?/wC tan"(1/ @RC) - /2
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6 Zi+7c | (SC+1)/sC (1- 0L0)"? / oC —n/2
7 | Zz+zi+zc | (SLC+sRC+1)/ | [0'RC?+(1-0’LC))1? | tan™((1- ©°LC)/ @RC) -
sC / oc n/2

Parallel (P)

8 =z SRL/ (sL+R) oRL/ (R? + ’L)"? -tan"(oL/R)

9 Z || Zc R/ (1+sRC) R/ (1+ o RCH)Y? -tan”(0RC)

0] 7]z sL/(s'LC+1) ol/(1-0’L’c) n/2

11| Zg 11211 Zc sLR ©RL n/2-tan(ol/ (1-

/(SRLC+sL+1) | /[0?+(1-wLC)Y? ®2LC))

Serial-parallel (SP)

12 Ze+(Z, | (SRLC+sL+R) [R}(1 - 0°LC)* + 0L Y2 tan (oL / R(1 - ®°LC))
1Z0) /(s’LC+1) /(1-0L0)

13 Z,+(Zy | (SRLC+sL+R) [R(1- 0’L0) + 0’lY? | tan™(wL/R(1- ®’LC)) -
| Zo) / (sRC +1) /[(1+0’R%CH) Y2 tan™(@RC)

14 Zc+(Zg | (SRLC+SL+R) [R(1 - 0°LC) + 0L Y2 tan’ (oL /R(1 - ®’LC)) —
I Z0) / [sC(sL +R)] / [oC(R* + 0’L*) "] n/2 - tan™ (wL/R)

Parallel-serial (PS)

15 Ze |l (Z0 R(s’LC + 1) R(1 - ©’LC) tan}(RC/ (1 - »’LC))
+Z0) /(S’LC+sRC+1) | /[(1- O'LE)" + 0RC

16 7o || (Zy sL(sRC +1) ol(1 + o’RC)" -tan™(1/©RC)
+70) /(S’LC+sRC+1) | /[(1- mzulz/)z2 +oRC] | -tan(RC/(1- 0LQ))

17 Zc || (Zx (sL+R) (R*+ o) tan oL / R]
+27,) /(S’LC+sRC+1) | /[(1- mchl/)z2 +0’RCY -tan(RC/ (1 - ®’LC))

Sensitivity expressions have also been obtained for the above circuits and these are
used in associating specific circuits to specific subsets in a partition.

3.2 String — to — circuit mapping as applied to genetic sequences.

Amino acid / protein/gene sequences.

The models and modeling technique described in section 2 and 3 can be used to
convert DNA, RNA and protein strings into 2-dimensional image representations.
For DNA the basic letter set would A (adenine), C (cytosine), G (guanine) and T
(thymine) but for RNA it would be A, C, G and U(uracil). The frequencies of occur-
rences of these elements in some genetic string would, of course, be different from
letter frequencies associated with ordinary text. For amino acid / protein strings, the
letter set would be the standard twenty 1-letter amino acid codes {A, C, D, E, F, G, H,
LK, LMN,P,QR,S T,V,W, Y} See Appendix A for the correspondence be-
tween the 1-letter code and the amino acid. The emphasis of the amino acid models is
at a macro level where a single RLC circuit is associated with an amino acid and no
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consideration is given to whether there is any correlation between an amino acid’s
circuit representation and the acid’s chemical composition. Elaborate models of ami-
no acids and DNA/RNA which have some connection to their chemical properties and
secondary structures (alpha helix, parallel and anti-parallel beta sheets, etc.) at the
atomic level have appeared elsewhere. See Marshall [8], [9].

3.3 Partitioning of amino acids

The groupings of the amino acids into subsets whose membership is predicated
on chemical and structural characteristics such as acidic/basic, hydro-
philic/hydrophobic, polar/non-polar, amino acid substitution probabilities, alpha helix
and beta sheet formers and breakers, etc. In this paper, the particular amino acid sub-
sets that have been used are based on the hydropathy index of Kyte and Doolittle [7],
point accepted mutations (PAM) of Dayhoft, Schwartz and Orcutt [ 1], block substitu-
tion matrix (BLOSUM) of Hennikoff and Hennikoff [4], and interface and octanol
hydrophobicity scales of Wimley and White [11], [12]. Subset groupings based on
other criteria are also possible as, for example, Kimura [6], Jukes and Cantor [2],
Gonnet, Cohen and Benner [3] and JTT matrices of Jones, Taylor and Thornton [4].

3.4 Amino acid partition-to- circuit mapping procedure

The assignment of an amino acid partition to a circuit is based on circuit sensitivity
considerations as well as the composition of the partition since amino acids are placed
in a partition share one or more chemical/structural properties.

Circuit ordering procedure.

Of the eight sets of sensitivity expressions for circuits with all three circuit ele-
ments, the R || L || C circuit is the most sensitive with regard to changes in any of the
four circuit parameters - R. L, C and frequency. The complete ordering of all seven-
teen circuits is shown below in Table 2.

Table 2. Ordering of circuits based on sensitivity to circuit parameter changes

Rank 1 2 3 4 5 6
Circuit | R||L|IC | R+DJJC| R+O)JL | L+O R | R|ID+C | R]|O+L
Rank 7 8 9 10 11 12
Circuit | R+(L||C) R| L R|C L|C R+L+C L+C
Rank 13 14 15 16 17

Circuit R+C R+L C L R

Amino-acid partitions and ordering .

The partitions are also ordered based on some numerical value or values associated
with the specific chemical or structural property upon which the partitions were creat-
ed. The ordered partitions are given below.
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Kyte - Doolittle Hydropathy index (based on extrapolated data)

Amino
Acid 1 L A% F C | M| A G T S

Hydropathy | 4 51 45 | 38 (28|25 [19]18|-04|-07]-08
index
Amino
aig | W Y|P |H|N|D|E|Q]|K|R
Hydropathy | o | 13| 16| 32| 35]35][-35|-35]|-39]-45
index

Kyte-Doolittle Partition:
{[I, L, V], [F, C], [M, A], [G], [T, S, W, Y], [P], [H, N, D, E, QJ, [K, R]}

Items in each partition have been placed based on the hydropathy index of an ami-
no acid falling in one of a predefined set of ranges. This set is shown below:
[x<-3.5,-3.5<=x<-2.5;-25<=x<-1.5;-1.5<=x<-0.5; -0.5 <=x<0.5;
0.5<=x<1.5;1.5<=x<2.5;2.5<=x<3.5;3.5<=x]

Partitions based on Wimley and White hydrophobic scales (experimental data):
The values are in the range [-1.8, 2.1] for the Interface scale and in the range [-2.1,
3.6] for the Octanol scale
Interface Scale Partition:
{I[W,F, Y], [L,I,C,M], [G], [V, S, T, Al, [N, P, Q], [H, R, K, D, E]}
Octanol Scale Partition:
{{W,F, YL, [L L], [C], [M], [G], [V, S, T, AL, [N, P, Q] [H, R, K, D, E]}

In both these sets, the charged amino acids are in the extreme left sub-partition
(most positive values) and the aromatic acids are in the rightmost sub-partition (most
negative values).

Partitions based on Block Substitution Matrix (BLOSUMG60):
Log odds alignment substitution frequencies. The matrix diagonal values are
shown

S A \ I L T E Q K M
4 4 4 4 4 5 5 5 5 5

R N D G F P Y H C W
5 6 6 6 6 7 7 8 9 11

The amino acids have been rearranged on the basis of increasing log odds values.
BLOSUMG60 Partition:
{[S,A, V,LLL], [T, E, Q, K, M, R], [N, D, G, F], [P, Y], [H], [C], [W]}

Partitions based on Point Accepted Mutation (PAM25):

Log odds mutation frequencies matrix diagonal values are shown
S A N T \Y D E Q K G
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2 2 2 3 4 4 4 4 5 5
| L M P R H F Y C w

5 6 6 6 6 6 9 10 12 17

The amino acids have been rearranged here as well on the basis of increasing log
odds values.

PAM2S5 Partition:

{[S, A, N], [TL[V, D, E, QL[K, G, IL,[L, M, P, R, H], [F,Y][C], [W]}

Partitions based on side chain property:

Side chain Amino acid Side chain prop- Amino acid
property erty
Acidic R D,E Branched LLV
group
Basic R K,H, R Unbranched A
group

Uncharged G,S, T,Q,C, Y, Aliphatic A LLL M,
polar N P,V

Non-polar A, V,I,P,M, L, Aromatic F,W,Y

F, W

Side Chain Partition:
{(D,E), (K, H,R), (G), (S, T,Q,Y,N),(ILL, V), (A, M, F, W), (P), (C)}

The sub-partitions are based on whether the amino acids are acidic, basic, un-
charged polar, branched non-polar, or non-polar. Amino acids G, P and C have been
placed in their own partitions since each of these acids is unique — G has the simplest
side chain, P has its side chain incorporated into the backbone and C is the only amino
acid that contains sulfur. The data for PAM250 and BLOSUMG60 have been taken
from the National Institutes of Health government web site (www.ncbi.nlm.nih.gov).

4 Results and discussion

We now show several examples employing the techniques described in the preceding
sections for a variety of amino acid sequences and amino-acid circuit mappings. The
generalized circuit expressions (la, b) through (4a, b) for the four models have been
computed for a set of input parameters. In generating the computations, we have used
the following values for the various parameters:

Circuit elements R, L and C have each been assigned a value of 1. Unless other-
wise indicated, the input frequency has been chosen to be 0.001 Hz. The amino acid
sequences have been taken from the set {‘P’, ‘PP’, ‘PPP’, ‘PPPP’, ‘PPPPP’,
‘ACDEF’, ‘LGLWL’, “TGLWL’, ‘LGTWL’, and ‘LGLWT’}. The partition to circuit
mapping is based on the ordering shown in the table in section 4.3.1. Also, we did not
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specify different R, L and C values for the different circuits even though this could be
done. The special lengths and contents of the sequences have been chosen to bring
out the differences between the four models and the utility of the models in particular
contexts. After the overall impedance magnitude and phase of a model have been
computed, we then compute the voltage of the circuit V([It) = 1000 I(1It) Z(Lt)
where I([t), the current, is a simple sine function over a 1-second time period. The
voltage has been sampled at 900 uniformly divided time instants and each voltage
value is taken to represent a pixel. These 900 pixel values have been rendered into a
30 by 30 color image using a thresholding technique based on the scheme given be-
low:

Set all 900 pixels to white: pixel color = (red =255, green = 255, blue = 255)

For each pixel, pixel color = pixel color + red 0 <V(t) mod 256 <=85

pixel color + green 85 < V(t) mod 256 <= 170
pixel color + blue  otherwise

It should be noted that at each time instant, only one of the primary colors is being
modified. The magnitude and phase images generated by each of the models for a
variety of cases are depicted in figures 1 through 4.

In Figures la and 1b, the magnitude and phase images for the amino acid sequence
‘ACDEF’ are shown. The number of circuits associated with string ‘ACDEF’ is de-
pendent on which partition (Kyte-Doolittle, PAM25, etc.) and the sub-partition to
which each of the five amino acids in the string belongs. For example, in the PAM25
partition, four circuits are involved since ‘D’ and ‘E’ lie in the same sub-partition
whereas ‘A’, ‘C’, and ‘F’ lie in three different sub-partitions.

Partition Circuit model

model Serial | Parallel | Serial-Parallel | Parallel-serial

Kyte-Doolittle

Wimley-White
Interface
Wimley-White
Octanol

PAM-25

BLOSUM-60

Side Chain .m

Figure 1a. Circuit model response to input sequence ‘ACDEF’ for
the six amino acid partitions — Magnitude images.
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Partition Circuit model
model Serial | Parallel | Serial-Parallel | Parallel-serial

Kyte-Doolittle

Wimley-White
Interface
Wimley-White
Octanol

PAM-25

BLOSUM-60

Side Chain . .

Figure 1b. Circuit model response to input sequence ‘ACDEF’ for
the six amino acid partitions — Phase images.

In Figures 2a and 2b the images generated for the magnitude and phase responses
of the four circuit models to purely alphabetic strings of lengths 1, 2, 3 and 4 are
shown. For a string of length 1, the S, P, SP and PS models are the same since there
is only one basic circuit associated with whatever character the string contains. For
strings of length 2, as there are only two characters in the string, only the S and P
models are germane, the other two are not. For strings greater than 2, all four models
are possible. Since the first four message strings in Figure 1 are all comprised of the
character ‘P’ and there is exactly one associated sub-partition and one associated cir-
cuit, the overall circuits’ impedances are easily obtainable by using expressions (14a)
thru (14d) and that the images depicted do indeed reflect the Fibonacci fractions in
sequential order; the phase images will, of course, be all the same. Also, for much
longer strings with the same character present throughout, the images converge and
become indistinguishable from one image to the next (the ‘golden ratio’ effect).

Input Circuit model
sequence | Serial | Parallel | Serial-Parallel | Parallel-serial

‘P’

‘PP’

‘PPP’

‘PPPP’

Figure 2a. The Fibonacci effect - Circuit response to ref)eat
sequences for the Kyte-Doolittle partition — Magnitude images.
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Input Circuit model
sequence Serial Parallel Serial-Parallel Parallel-serial

p

pp’

‘PPP’

‘PPPP’

Figure 2b. The Fibonacci effect - Circuit response to repeat
sequences for the Kyte-Doolittle partition — Phase images.

In figures 3a and 3b, the focus is on position sensitivity, .i.e., amino acid string
pairs which differ in exactly one position. The results shown for the string ‘LGLWL’
are based on a single amino acid ‘T’ being substituted at specific positions in the
string - at the beginning, in the middle and at the end.

Input Circuit model
sequence | Serial | Parallel | Serial-Parallel | Parallel-serial

‘LGLWL’

‘TGLWL’

‘LGTWL’

‘LGLWT’

Figure 3a. Position sensitivit P ated input
sequences for the BLOSUM-60 partition — Magnitude images.

Input Circuit model
sequence | Serial | Parallel | Serial-Parallel | Parallel-serial
(T
w W
el 1
sl | I BN
el I I BN
oo I

Figure 3b. Position sensitivity - BLOSUM-60 partition — Phase images.

In Figure 4, we have shown the ‘difference’ images, i.e. the images that result
when an image for a base string is subtracted, pixel by corresponding pixel, from the
base string which has been modified at specific positions. The image entries for the
S model are identical and that should come as no surprise since the ordering of circuit
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elements is irrelevant in a circuit which has multiple serially connected elements. A
similar comment applies to the P model as well. Figures 4a and 4b shows the influ-
ence of frequency changes on the images that are generated while all other circuit
parameters are held constant.

Circuit Message string = ‘LGLWL’
model | Frequency =0.001 | Frequency = 0.0001

S

P

SP

PS

Figure 4a. Circuits’ frequency dependence - magnitude

Circuit Message string = ‘LGLWL’
model | Frequency =0.001 | Frequency =0.0001
S
I
P |
SP
PS

Figure 4b. Circuits’ frequency dependence - phase
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