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Abstract — In this paper we compare the cascade mechanissigradl amplification in
biological and electrical engineering systems, ahdw that they share the capacity to
considerably amplify signals, and respond to sighahges both quickly and completely,
which effectively preserves the form of the inpignal. For biological systems, these
characteristics are crucial for efficient and reléacellular signalling. We show that this
highly-efficient biological mechanism of signal alifipation that has naturally evolved
is mathematically fully equivalent with some marveleped amplifiers, which indicates

parallels between biological evolution and suceadgsthnology development.

Key Words: Multi-Stage Amplifier, Protein Cascade, Cellulaigr&lling, Laplacean

transformation.



1. Introduction

Cellular signalling is one of the crucial processa®abling normal functioning of
biological systems. The complexity of cellular saiimg depends on the complexity of
living organisms and on the cell type. In prokaegtfor example, simple one- and two-
component systems link external signals with caflulesponses [1, 2]. In plant and
animal cells, signalling networks can be highly ptewx, some networks comprising of
60 or more proteins [3]. The cell appears to usmpiex biochemical networks, in
particular intracellular signalling cascades, tgulate multiple functions [4]. The control
of gene expression, for example, typically invol¥ls integration of many signals and
employs complex enzymatic networks, which effedjivexplement logical functions [5,
6, 7]. In contrast, olfaction and photoreceptiovoire simpler enzymatic cascades which
may be thought of as adaptive amplifiers or tranedai[8-10] that detect an extracellular
stimulus and convert it into an intracellular signbat can effectively control the
information content of the cellular output sigriad,, neurotransmitter release [11].
Signal amplification is an important issue concegniinter- and intra-cellular
signalling. The notion that a protein cascade cautplify signals was understood at
least as far back as the 1960’s [12, 13], partrbulm relation to blood clotting [3].
Cascades have been classically viewed as signdifiansp[14-16]. The amplification
can be achieved in an enzymatic pushpull loop 187, Signalling pathways are made up
of a complex web of enzyme cascades, some of warelknown to be highly conserved
across living systems [19]. Depending on their fatguy design, protein cascades have
been shown to exhibit signal amplification [17, 28;24]. The common view is that the

multi-step protein kinase cascades allow largeadigmplification, in the same way that



a photo-multiplier tube converts a small pulse bbtons into a large photocurrent, for
example [14]. It has been proven mathematically tha overall sensitivity of a linear
cascade is the product of the sensitivities at &ad of the cascade [15, 25].

Protein cascades as amplifiers have been extepstadied. Not only the factor of
amplification was of interest, but also how fast #ignal arrives at its destination and
how long the signal lasts [26-29]. For linear kiegthosphatese cascades, Heinrich et al.
[26] have shown that phosphatases have a more ymoad effect than kineses on the
rate and duration of signalling, whereas signal laoge is controlled primarily by
kinases. Marhl and Grubelnik [30] show that proteimase cascades enable converting
oscillatory signals into sharp stationary step-liketputs. One of the most known
properties of the signal cascade cycle is ultragei [17, 21, 23, 31, 32], that is, the
property of both species in the cycle to switchdBpin opposite directions in response
to a change in the input signal. This behaviouhésresemblance to a man-made device,
the transistor [3].

Several studies have been devoted to comparingpdmal cascade cycles with
electronic circuits. For example, metabolic pathsvagve been compared with electronic
circuits by Balaji [33]. Enzymatic amplification waanalyzed in engineering terms of
gain, bandwidth, noise and power [11]. Basic loggtes were constructed from single
cascade cycles [3]. It has also been found thabteip cascade can function as a low-
pass filter [34, 35] and as a band-pass filter B8, The cascades also play important
role in filtering out noise [38].

In this paper we compare biological cascade cyelgh electronic circuits. We

analyse the effectiveness of protein cascades afifi@ns and compare their properties



with those of electrical amplifier consisting fraarseries of electrical amplifier wired in a
cascade. We compare two main characteristics of ahwplifiers: the factor of
amplification and the preservation of the form ¢ tamplified output signal. It is not
only important that the output signal is stronghgpdified but the form of the amplified
output signal should be preserved in order to ¥oltbe input signal. As criteria for an
optimal response we take the high amplificatioth® sense of high effectiveness and at
the same time the highly preserved form of the tingignals. In particular, we are
interested in the amplification of non-harmonicnsity, like for example, in biological
systems calcium oscillations are. For these nombaic oscillations the preservation of
the signal form is analysed mathematically by cammgathe corresponding frequency
spectra.

In electrical engineering, several active electaiements are known, which are used
as amplifiers. Well-known amplifiers are uni- andpblar transistors. The problem of
these amplifiers is that their factors of amplifioa are rather low and do not usually
exceed a factor of 100. Higher amplification fastman be obtained by appropriate
wiring of these basic elements. One of most knowangles of such combination of
transistors is the differential amplifier, whichas integrative part of every operational
amplifier. The term "operational amplifier" goe$ tile way back to about 1943 where
this name has been coined by Ragazzinni and Rikl[8D].

Today the operational amplifier is almost indisgis part of any electronic circuit.
Its factor of amplification depends on the frequgrsince it acts as a low-pass frequency
filter [40]. This is very similar to basic enzymat@mplifiers [11]. For protein cascades,

e.g., MAPK cascade [34, 35], it has been shown that #was low-pass frequency filter.



If an amplifier acts as a low-pass frequency filiemeans that higher frequencies are cut
off and the output signal is deformed. The extdnthe signal deformation depends on
the frequency spectrum lost in this process.

Operational amplifiers can further be combined io&scades in order to get larger
amplifications. This is known as multi-stage amptif In the present paper multi-stage
electrical amplifier are compared with multi-steptein cascades acting as biological
amplifiers. We show that a direct analogy betwéenelectrical and biological amplifiers
exists. Moreover, mathematical evidence is givext the dynamics of both amplifiers is
identical if for protein cascades linearised equetiare considered. Our results show that
cascades play crucial role in both electrical aidbgical amplifiers in order to achieve
high amplification factors and fast response taitrgignals, which preserve the form of
input signals. This characteristic of amplifierssesy important and highly appreciated in
different technical systems. In the field of telewounication and optical communication,
converting optical into electrical signals, for exale, a large amount of data with high-
speed conversion needs to be transferred (highcdgtacity transfer) which can only be
provided by broad pass frequency data transfer.aimdifiers must work in a very broad
pass frequency regime. It is important that thermiation does not go lost; the signals
must be amplified without or with minimal deformati With cascade amplifiers (the so-
called broadband frequency response amplifiers)higbest upper-frequency limits of
more than 10 GHz, in some cases more than 100 &Gifdye reached [41-43].

The paper is organised as follows. First, signapldimation in biological cells is
analysed by using a simple mathematical model f@tep and multi-step protein

cascades. In particular, frequency characteristiahe cellular amplifiers are analysed.



In Section 3 multi-stage electrical amplifiers atdied. In the last two sections a
detailed comparison between the biological andtiébet amplifiers is provided. We

mathematically confirm the analogy between the diised set of model equations
describing the dynamics of the biological amplifeerd the equations for the multi-stage

electrical amplifier.

2. Signal amplification in biological cells

In biological cells, protein cascades act as sigmaplifiers. Here a simplified model of
protein cascades is considered in which each kinasenly one phosphorylation site, as
it can be found in several previous studies; fanegle, it has been applied for studying
time courses of signal transfers through casc&&<B, 29], selective decoding [37] and
smoothening of cellular signals [30]. The schemehs protein cascade used in our
analyses is shown in Figure 1. It can be consida®d minimal model of cascade
amplifiers with basic mechanisms providing sigmapéfication in biological cells. The
model is general in the sense that different irgignals can be amplified; however, as an
example of typical non-harmonic signals we také*@scillations, usually observed in
experiments as spiking oscillations [43]. Accordinghis, at the first level the proteins
are activated by Gabinding, than the activated first-level proteinstiier activate the
proteins at the second level, etc. The concentratfdhe free cytosolic Gain the cell is

denoted byx, active forms of proteins atth level by z, i = 12,...n, and the kinetic

constants for binding and dissociation kyy and k. , respectively.

Figure 1



2.1. Mathematical model of cellular amplifier

The dynamics of the protein activation at thth level is gained by the following

differential equations:

B = kX (2= 2) Ko 2 (12)
dz _ .
B 24~ 7) k7o 1= 2300, (1b)

For simplicity reasonsk,,, k. , and z,, have the same values in all cascade levels. This

also seems to be of some physiological importame gor the steady-state responses of
protein kinase networks it has been shown thatntst efficient cascade design for
generating sharp signals has equal on rates, aachieve the highest amplification and
the shortest duration response, the cascade shmave equal off rates [28]. In all

calculationsz,, =100uM , whereas values fdk,,, k. changes and are specified in the

text and figure captions for particular calculaion

2.2. Resultsfor cellular amplifiers

We analyse responses of the protein cascade aengbfia step-like input signal, which

can be mathematically described as:

(@)

X ift .. <t<d
X :{ - els,:zIt

Xmin’
where x,, and x.,, are the minimum and maximum of the input signegpectively,
t,,i; IS the initial quiescent time, ardl is the duration of the signal. We takg,, =14 M

and X, = OpM in all calculations.



2.2.1. Responses of the 1-step cascade amplifier

First we analyse responses of the 1-step cascafg1&)) to the step-like input signal
(Eq. (2)). The maximal amplification of the sigrd@pends on the maximal steady-state

value of z;:

Zl,ss =X = ﬂ Ziot (3)

where K is the dissociation constant defined 6=k /k,,. The maximal

amplification, A ., is defined as the quotient between ﬁ'i?slx and thex...:

=Xmax

_ Zl,ss| X% 1
T X KX,

A.,SS Z[Ot (4)

Equation (4) shows that for a given valuexgf,, and z,, the amplification is uniquely
determined byK . For x..., =1uM and z,, =100uM the amplificationA . is presented

in dependence on the dissociation constintin Fig. 2. It is evident that for large

amplifications small values df are required.

Figure 2

Although the signal amplification is uniquely defthby the dissociation constaftthe

form of the amplified output signal depends on e constantsk,, and k; . Figure 3
shows three amplified signals for a fixed valuekgf and three different values &f .

The problem, demonstrated in Fig. 3, is that ah l@gplifications the form of the input



signal is deformed and the question arises if liugiplifications are possible with a well-

preserved form of the input signal.
Figure 3

A simple mathematical analysis shows how the fofranoplified signals depends on the

rate constantsk,, and k;; (see also [37]). When the input signal turned o,
X = X0y, the protein dynamics is determined by the follogviunction:

7 = Zl,ss(l_ o (Kot +k0nxmax)t) _ (5)
When the input signal turned offe., X=X, =0uM, the protein dynamics can be
described as:

2=z %" (6)
By using Egs. (5) and (6) the times of switch-ag,, and switch-off, t , can be
calculated. The,, is defined as the time in which changes its value from 10% to 90%

of the z,:

tonzln(l_ylj (R ™
1- 2] koff +konxmax

where y; = 09 and y, = 01. The switch-off time,ty , is defined as the time in which

the z changes its value from 90% to 10% of theq:

t, ﬂn(ﬁ]i. 8)

10



Equations (7) and (8) show that for sharp step+ldsponses large values kf, and
k, are required; them,, andt, are small. If at the same time the signals shbeld
highly amplified, the ratioK =k /k,, has to be small according to Eq. (4). This means
that for high amplified sharp step-like responsesneed small values &f and large
values ofk,, andk . If kz needs to be large, and at the same #nshould be small,
then thek,, has to be very largee., k,, >> Kk, . The problem is that for sharp step-like
and highly amplified signals very large valueslgf would be needed, which mostly

exceed the physiological valuesg; [45]). One can conclude that for physiologically
relevant values of the rate constants signal amogtlibn, in which signals would be
highly amplified and their form preserved, is natspible with 1-step protein cascades.
The signal either preserves its form and is weakhplified, or the input signal is highly
amplified but changes its form (see Fig. 2). In tlext paragraph we show that the

problem can be solved lnystep protein cascades.

2.2.2. Responses of the n-step cascade amplifier

Similar to Eqg. (3) the maximal steady-state comedioins of activated proteins at each

cascade level are given by:

_ Zi—l,sslxzxmax
X=X,
max K+ Zi_llsslx:xmax

i ss|

Zy, 1= 1230, 9)

where ZO,SSI = X.ax- 1he steady-state concentrations of activatecepreidepends

X=Xm
recursively on each other:

(10)

Z 55| x=x 0y =4 Zi—l,ss X=Xy = A ssXmax1

11



where g = ztot/(K + zi_l’SSL(=X ) and A ,=4a,a,...q.. Taking into account relations

A =AL@a andz_ = A X the maximal signal amplification at théh cascade

level, A . is given by the following expression:

A -1,8s

= Mss 5 i=123..n, (11)
K + A—l,ssxmax

Ass

where A, .= 1 In Fig. 4a the maximal signal amplificatiod is presented in

Oss
dependence on the dissociation consténtThe results, given for five different cascade

levels, indicates the convergence of the amplifacefor i — . When A ., converges to
a limit value, thenA = A_, for i - o, and by using Eq. (11) the lim#, . ., can be

estimated by the following expression (dashedilineig. 4a):

-K
A lm (12)

max
Figure 4a shows that multi-step cascades with asing i enable large amplifications
also at higher values df . This solves the previous problem of the 1-steqgcade, where
due to the conditiork,, >> k4 , very large values ok,, were needed in order to obtain
small values of K =k /k,, and hence large signal amplifications. Figure 4b
demonstrates the effectiveness of a multi-stepacksamplifier for the same parameter
values as taken in Fig. Be,, k., =1uMs* andk,, =10s™. It is evident that the output

signal is efficiently amplified and the form of theput signal is well preserved. The
switch-off of the output signal is characterised d&yime delay, the so-called memory

time, appearing as a consequence of the chainipidéactivation (see [30]).

12



Figure 4

2.2.3 Frequency characteristics of cdlular amplifiers

A comparison of Figs. (3) and (4b) shows that digmaplification is possible both with
1-step cascade and multi-step cascades. Howeeesighal amplification with multi-step
cascades is much more useful since the form dditival is better preserved. To quantify
mathematically in how much extent the form of theut signal is preserved by the signal
amplification, we analyse the frequency charadies®f the amplifiers.

In Fig. 5a the frequency characteristics of theéep-sascade amplifier is shown for

exactly the same parameter values as taken irBFithe characteristics was obtained by
inserting x(t) = X, Sin(ct) , wherew = 27 , into Eq. (1a) and plotting the ratio between
the amplitudes of output and input Sign&l,= z, .../ X... VS. f . The results show that

the amplifier acts as a low-pass frequency filkenjch means that higher frequency are
cut off and the output signal is correspondinglyodmed. The extent of the signal

deformation depends on the frequency spectrumitoshis process. We see that the
smallest portion of the high-frequency spectrurausoff for k =10s*, which is fully

in accordance with the best preserving form ofdigaal in Fig. 3. It is also evident that

A - A for f - 0, whichis in accordance with Eq. (4).

How the frequency characteristic of a 1-step angplis improved by higher levels of

cascades, is shown in Fig. 5b for the case of dicgtion A =50, as obtained in Fig.

5a for ky =1s™. It should be noted, however, if we would like greserve the same

amplification A =50 (see Eq. (11)) for all, the values ok,; have to be accordingly

13



modified; in our casek,; = 1s™ for the 1-step cascade amplifiég, = 951s™ for the 2-

step cascade amplifier, an#.; =19.7s* for the 3-step cascade amplifier. The
characteristics in Fig. 5b were calculated in thens way as in Fig. 5a, by inserting

X(t) = X, SiN(t) into Eq. (1a) and plotting the correspondiAg= Z .../ Xy VS- | .

Figure 5
We also made some calculations with double phospdtarn as well as with integrated
feedbacks from the last level of the cascade bathe first level. We didn’t observe any
considerable changes in the above presented redultthermore, we also made
additional calculations taking into account differevalues ofzy at different cascade
levels. As usually stated in the literature [46, 48], we take lower at the first level
and larger values i, at the second and third level. Also in this cagedidn’t observe

any considerable changes in our results.

3. Cascade amplifiers in electrical engineering

Cascade amplifiers are also well-known in electrieagineering [40]. In Fig. 6a a
cascade of three non-inverting operational ampsfie presented. Thdy is the voltage
of the input signal, and,, U, in Us are the voltages of the amplified output signalha
1%, 2" and & cascade step, respectively. The amplificatiorefingd by resistor®; and

Ro.

Figure 6
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First we analyse signal amplification for only omgerational amplifier TLO82. We take
U(t) =U,sin(t) as the input signal and measure the amplified utugignal. We

simulate the experiment with the computer progr&iectronics Workbench — Multisim
9” [49]. The results are presented in Fig. 7a. Teximal amplification of the 1-stage

amplifier, A,,, is defined as the quotient between the maximthebutputU,, and the
input signal,U,, i.e, A,; =U;/U,. The simulation was carried out for three différen
values of R,, while Ry is constant,R, =1kQ . Figure 7a shows that larger amplifications
are obtained for larger values Bf. However, despite the larger signal amplificatiéors
larger values ofR,, the maximum operating frequency of the amplifiare higher for

smaller values oR,. This resembles the situation observed for cellafaplifiers in Fig.
Sa.

When simulating the signal amplification by theettnstage amplifier (using TL082),
the results (Fig. 7b) resemble those obtained m Bb. Figure 7b shows that the
frequency characteristic of the 1-step amplifien && significantly improved by higher
levels of cascades. We improve the frequency clenatics of the 1-step amplifier
shown in Fig. 7a forR, =99kQ. The amplificationA,; =100 (in stationary state, i.e.,
for f - 0) is hold constant, whereas the number of casaaddsl i, is changed. This

requires concomitant changing of the resistaRgein our caseR, = 99kQ for the one-

stage,R, =9kQ for the two-stage, an&, = 364kQ for the three-stage amplifier.

Figure 7
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Similar to Figs. 5a and 5b, also Figs. 7a and dwsthat multi-stage amplifiers
have higher cut-off frequency than the one-stagpliier. At a given amplification
rate, the output signals amplified with the mutage amplifiers preserve the original

form of the input signal at a much higher degree.

4. Comparison of mechanisms of signal amplificatioin biological and

electrical engineering systems

By comparing the results for signal amplificationbiological cells and electrical circuits
(Figs. 5 and 7) we see that cascades representigaeumechanism in providing
significant amplifications of input signals and blevery short turn-on and turn-off
switching times which results in clear and relialdsponses of the systems. In order to
analyse these mechanisms of amplification everndurand to compare their common
characteristics also from the mathematical pointvigiw, we need to construct the
corresponding mathematical model for electricahalgamplification presented in Fig. 7.
The mathematical model is constructed on the bafsike amplifier gain characteristic
obtained in Fig. 7a. In order to describe the gdunaracteristic mathematically, we start
with the well-known general description of the gadharacteristic for one-stage

operational amplifier [40]:

As(ew) = (13)

16



where w, is the cut-off frequency for a rapid decreasehie A (w), and A, is the
closed-loop gain with feedback. The feedback pattetermined by the resistancBs

and R, (see Fig. 6), and the amplitude of the closed-lgaip, A, , can be expressed as:

R
 =1+-2, 14
A +R1 (14)

The amplitude of the frequency-dependent gajn(«w degreases rapidly at frequencies
higher than w,, so that high amplification is limited to the frexncies within the

bandwidth:

_ Ao
W, _[1+1+ RZ/RJ%L’ (15)

where ay,, is the cut-off frequency of the open-loop gaiy) , when the feedback path is
open.

Taking into account specific characteristics foe tbperational amplifier TL082,
A, =200 and w, =2720s™[50], Egs. (13-15) represent the mathematical digtsmn

of the results presented in Fig. 7a.
To be able to compare the amplification mechanismelectrical engineering and
biological systems, we transform Egs. (13-15) frilra frequency space into the time

space. We apply the Laplacean transformation. In1Bc¢he variablejc« is replaced by
the Laplacean operatar, and by considering,, =U,/U,, Eq. 13 is transformed into

the following differential equation:

du,
dt

=AUy -l (16a)

17



which determines the time course of the outputasligq(t) in response to the given input
signal Uo(t). For the system of operational amplifiers as preskin Fig. 6, we then

have:
AU, -wU;, i=123..n. (16b)

Now we are able to compare directly the mathemlaticadel for the electrical
engineering amplifier, given by Egs. (16a,b), ah@ tmathematical model for the
biological amplifier, given by Egs. (1a,b). If tegstem of model Egs. (1a,b) is linearized

for z <<z, as usually considered in the modelling of protéimase cascades [11, 28,

29], we obtain the following equations for thelbmcal amplifier:

d

d_zti = koff %X— koff z, (17a)
9y Zay iz i=123.n. (17b)
dt ok T

Equations (17a,b) are fully equivalent to Egs. (fihavhich mathematically confirms the

observed analogy between the presented resulbgdiogical and electrical amplifiers. In

particular, the maximal amplificatior,, /K is directly related té\c, andkos to at. As

the cut-off frequencyw determines the boundary of low-pass filtering ieceical

systems, th&y plays equivalent role in the biological system.

5. Summary and Discussion

In this paper the analogy between signal amplificatin biological and electrical
engineering systems is presented. It is shownhhsit mechanisms of multi-stage signal

amplification by protein cascades in biological Isednd operational amplifiers in

18



electrical engineering systems are mathematicalgntical. Both for biological and
electrical amplifiers the cascades play the keg inlassuring highly amplified output
signals with short turn-on and turn-off times, @gming the form of signals, which
attribute clear and reliable signalling in biolagli@and electrical engineering systems. It is
interesting that already three levels of cascadesary effective (see e.g. Figs. 5b and
7b). This is in accordance with some previous s#idhdicating that three cascade levels
can be sufficient and effective enough for selectiegulation of protein activation [37].
In biological cells three cascade levels couldamdy be the necessary minimal condition
for effective functioning of protein cascades, loould also represent a physiological
optimum, since indeed many protein cascades, MARK cascade, usually consists of
three levels [19].

According to the mathematical description of biatad) and electrical engineering
amplifiers presented in this paper, the analogyeeh multi-step protein cascades and
multi-stage operational amplifiers is well estatdid. For example, with protein cascades
high amplifications are obtained by reducing valoés.; at a givenk,, (Eq. 11), and
analogously, the multi-stage operational amplifigrsvide large amplifications whe®Ry
is reduced at a giveR, (Eq. 15). Eqgs. (16) and (17) show thkai in biological systems
plays similar role asa in operational amplifiers.

The analogy between the multi-step protein cascaahels multi-stage operational
amplifiers can also be well established by compggbioth switching times. Similar to the
expressions for switching times in biological arfieis, ton andte (Eq. (7) and Eq. (8),

respectively), we can also calculate the switchigp,, and switch-off,t . ., times for

operational amplifiers:

19



. :m(ﬂJi, (19)

tye = |n(ﬁ]i . (20)

Here again we see the analogous rolek,in protein cascades (Egs. (7) and (8)) and
that of thew in operational amplifiers (Egs. (19) and (20)).

It should be noted that the cascades consideraibdyge thec in electrical and the
Kot In biological systems, which reduces both the dwidn and switch-off time, and the
output signal closely follow the input. The largeandwidth of the signalling pathway
(determined by larget) represents a higher information capacity of théhway, i.e.,
much more information can be transmitted through plathway per unit time [51].
Furthermore, the larger bandwidth of the signalipaghway, preserving the form of the
output signals, also plays crucial role in cellidagnalling where the signals are mainly
frequency encoded, like it is the case for*‘Cascillations. There are experimental
evidences that this might be of important physimalyimportance for regulation of
several cellular processes like gen expressioreample [52, 53].

Figs. 5 and 7 show qualitatively equivalent respsnsf the studied biological and
electrical amplifiers. This equivalency has alserbenathematically confirmed by Egs.
(16) and (17). Both in biological and electricaggreering systems turn out that wiring
of amplifiers into cascades enable larger signalpldications and considerably
contribute in preserving the form of the input sign The analyses in the frequency space
show that protein cascades and operational amplifieth act as low-pass filters (Figs. 5
and 7). For protein cascades as well as for operatamplifiers the frequency spectrum

is enlarged if the amplification rates of particuéanplifiers in the cascade are smaller
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(Figs. 5a and 7a). Although amplification rategafticular amplifiers in the cascade are
smaller, a desired high amplification is achievedthe cascade since the amplification
equals to the product of all particular amplificais of the ingredient partial amplifiers.
At the same time, due to the higher permeabilityhef particular low-pass filters of the
ingredient-amplifiers in the cascades, the mutgstamplifier is also characterised by a
higher permeability for higher frequencies (Figs.&md 7b). This higher permeability for
the frequencies importantly contributes in presegvhe initial form of input signals and
hence enables high performance of cascade amglifier order to have high
amplifications and keeping the form of the inpgrsil at the same time.

It should be pointed out that the role of cascadgwoviding a common mechanism
of signal amplification in biological and electricangineering systems is of particular
importance for efficient and reliable functioninglmological and electrical engineering
systems. As they enable large amplifications ofitipeit signals with extremely fast turn-
on and turn-off characteristics, the protein cassaglay crucial role in providing
efficient and reliable cellular signalling. It iedeed impressive that these extremely
efficient, evolutionary developed, biological meplsans are mathematically fully
equivalent with the man-developed technical systevhgch indicates the successful way

of technology development.
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Figure Captions

Figure 1: Schematic presentation of the protein cascade.

Figure 2 Signal amplificationA ., in dependence on the dissociation constant
Parameter valuesx_,, =1uM and z, =100 M. The dash-dotted line represents

the lower boundary of signal amplificatidre., A =1.

Figure 3 Amplified signals for three different values &f; . The value ofk,, is

constantk,, =1uM s,

Figure 4 (a) Signal amplification,A . , for i = 1,2,...5, in dependence on the
dissociation constank . Parameter valuesx ., =14 Mz, =100uM. The limit

A . . is indicated by the dashed line. (b) Amplified reits obtained by-step

cascades, wherie= 1,2,..5, k,, =1uM's™, andk, =10s™.

Figure 5 (a) Frequency characteristics of the 1-step dieplfor the same

parameter values as taken in Fig. 3. (b) Frequesi@racteristics of the-step

cascade amplifier; solid line: 1-step cascade dieplik,; = 1s™; dashed line: 2-step
cascade amplifier, k; = 951s"; dotted line: 3-step cascade amplifier,

K =19.7s™.
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Figure 6 Three non-inverting operational amplifier stagesre@xted into a cascade.

Figure 7 Results of signal amplification for operational difngr TLO82. (a)

Frequency characteristics of the one-stage amplifie R =1kQ. (b) Frequency

characteristics of the-stage amplifier. Solid line: 1-stage amplifielR, = 99kQ;

dashed line: 2-stage amplifierR, =9kQ; dotted line: 3-stage amplifier,

R, = 364kQ; in all casesR, =1kQ.
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