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Abstract. In this paper, we provide dn silico input/output characterization of a three-terminal transcripio
device employing polymerase per second (PoPS) as input atpdto The device is assembled from well
characterized parts of the bacteriophagsvitch transcriptional circuit. We draw the analogy betweeltage

and protein concentration and between current and PoPSriorgdrate that the characteristics of the three-
terminal transcriptional device are qualitatively simita those of a bipolar junction transistor (BJT). In
particular, as it occurs in a BJT, the device can be tuned ¢oadp either as a linear amplifier or as a switch.
When the device operates as a linear amplifier, gains of dlsfcan be obtained, which are considerably
smaller than those obtained in a BJT (in which 100 fold angaltfon gains can be reached). This fact suggests
that the parts extracted from natural transcriptionalesystmay be naturally designed mostly to process and
store information as opposed to amplify signals.

1 Introduction

In the field of synthetic biology [3, 11], one aims at extergdar modifying the behavior of organisms, and
control them to perform new tasks. Through tleenovoconstruction of simple elements and circuits, the field
aims to foster an engineering discipline for obtaining neWlgehaviors in a predictable and reliable fashion.
One of the fundamental building blocks employed in synthieitblogy is the process of transcriptional regula-
tion, which is already found in natural transcriptionalweitks [2]. A transcriptional network is composed of
a number of genes that express proteins that then act asripios factors for other genes. The rate at which
a gene is transcribed is controlled by fmemoter a regulatory region of DNA that precedes the gene. RNA
polymerase is a molecule that binds a defined site (a spedific §&quence) on the promoter. The quality of
this site specifies the transcription rate of the gene (thheesgce of the site determines the chemidhhay
of RNA polymerase to the site). RNA polymerase acts on alhefgenes. However, each transcription factor
modulates the transcription rate of a set of target genemnstription factorsféect the transcription rate by
binding specific sites on the promoter region of the regdlgenes. When bound, they change the probability
per unit time that RNA polymerase binds the promoter regidranscription factors thusfizct the rate at
which RNA polymerase initiates transcription. A transtap factor can act as iepressorwhen it prevents
RNA polymerase from binding to the promoter site. A transtioin factor acts as aactivator if it facilitates
the binding of RNA polymerase to the promoter.

Synthetic bio-molecular circuits are fabricated typigatl bacteriak. colior in yeast, by cutting and pasting
together according to a desired sequence genes and praitesefnatural and engineered). Since the expres-
sion of a gene is under the control of the upstream promotgomeone can this way create a desired circuit
of activation and repression interactions among genedy Egamples of such transcriptional circuits include
an activator-repressor system that can display togglekwit clock behavior [5], a loop oscillator called the
repressilator obtained by connecting three inverters ingatopology [10], a toggle switch obtained connect-
ing two inverters in a ring fashion [12], an autorepressedud [7], and an autoregulatory genetic module
[14].

It has been suggested by several researchers in the bimlsgiences that suitable abstractions are needed
in order to manage the complexity of biological circuit dgs[11]. In engineering, such abstractions often



take the form of inpybutput descriptions of processes. The input and outpuibicarriers take the form
of voltage and current in electrical and electronic systepnessure and mass flow in hydraulic systems,
and temperature and heat flow in thermodynamic systems. péefie choice of input and output of a
component is of paramount importance when components pugfontput connected together to form more
complicated systems. In fact, the property of the intereation will afect the behavior of the composed
system. For a discussion on this fundamental topic, theereadeferred to [8, 20, 21, 24]. What the right
inputoutput description is for a bio-molecular component id stibject of intense research [20]. We refer
to a transcriptional component as the entire process,dcgb@e expression, that transforms a gene into the
corresponding protein [1]. It has been customary to expamtally characterize a transcriptional component
by measuring the steady state amount of protein producedusston of the concentration of transcription
factor [18]. Within this type of characterization, we caewithe amount of transcription factor as the input
to the transcriptional component and the amount of proteddyced as the output of the transcriptional
component. Therefore, protein concentration is impliaitiosen as the signal carrier.

It has been recently proposed that the standard signakcahnat should instead be considered for tran-
scriptional components is the RNA polymerase per secondeda?oPS (Polymerase Per Second) [6]. The
polymerase per second is defined as the number of times tiRitlArpolymerase molecule passes a specific
point on the DNA per unit time. Thus, this quantity is concegiiy similar to the current in a wire connecting
two electronic components, to the mass flow in a hydraulie pge to the heat flow between two objects at
different temperatures. Currently, it is experimentallfidilt to directly measure PoR® vivo and thus it is
also hard to obtain a PoPS infuitput characterization of a transcriptional comporteie thus perfornin
silico experiments in order to characterize the PoPS jioptput response of a transcriptional device, in which
a third terminal is employed for tuning the PoPS ifiputput response. To this end, we consider a detailed
reaction model of the transcription and translation preessnvolved in gene expression, including transcrip-
tion (translation) initiation, elongation, and termireti In particular, we incorporate the motion of the RNA
polymerase molecule along the DNA for the transcriptiomghtiion process and the motion of the ribosome
along the messanger RNA (mMRNA) for the translation elowgaprocess. Similarly to other researchers
[14, 19], we choose as genes and promoter sequences cogplositranscriptional component, parts from
the bacteriophage switch circuit [17], for which plenty of experimental datadvailable [4, 16, 23]. Since we
would like to evaluate stochastiéfects possibly due to small numbers of molecules, the Gikeslgorithm
is employed to simulate the system model [13]. A number of enical experiments are performed in order
to compute the mean and standard deviation of the staticeleharacteristics. By establishing a conceptual
anaolgy between currents and PoPS and voltages and proteimss, we demonstrate how the obtained de-
vice characteristics are qualitatively similar to thoseddipolar junction transistor (BJT). In particular, the
inputoutput POPS characteristics can be tuned through the #indirial in order to obtain either a linear
amplification or a switch behavior in analogy to the behawibthe BJT [22]. However, while gains of 100
can be reached in a BJT, only a gain of 2 fold is reached in treetterminal transcriptional device of this
paper.

This paper is organized as follows. In Section 2, we reviesvrttechanisms of gene expression, which
is the fundamental building block of our device. In Sectiom@ introduce a comparison between standard
abstractions used in electrical engineering and recentlygsed abstractions for bio-molecular engineering.
Section 4 introduces the topology and specifications oftineetterminal transcriptional device. Its detailed
model is described in Section 5, while timesilico experiments and characteristics are discussed in Section 6

IFor a discussion on this issue, the reader is referrelattp://openwetware.org/wiki/Endy:Measuring_PoPS_on_a_
plate_reader



2 Theprocessof geneexpression: Transcription and translation

The term gene expression refers to the process by whichigémfermation is ultimately transformed into
working proteins. The main steps aranscriptionfrom DNA to mRNA, translationfrom mRNA to linear
amino acid sequences, and folding of these into functionatems, but several intermediate editing steps
usually take place as well. The DNA molecule is a doublerstea helix made of a sugar-phosphate backbone
and nucleotide bases. Each strand carries the same infonmahich is encoded in a 4-letter alphabet. The
two strands are held together by hydrogen bonds betweerattas owhich give stability but can be broken-up
for replication or transcription. Genes are substringshef¢omplete DNA sequence. Besides genes, there
are regulatory regions and sfatop regions that help delimit genes. Transcription iteésawhen an RNA
polymerase (RNAp) molecule, an enzyme, binds the trartsmnijgite on the promoter upstream of the gene
and switches from a closed complex to an open complex sapgitae two DNA strands from each other.
Then, the RNAp travels along the gene sequence through dloess of transcription elongation. During this
process, the RNAp reads one base pair at the time and addsiclestide to the growing nucleotide chain
forming the mRNA. When the RNAp reaches the end of the geriallst off the DNA and the transcription
process terminates with the release of one mRNA moleculeteifrsynthesis from mRNA occurs through
the process of translation. Ribosomes, which are large Bx@p of RNA and protein, bind a specific site on
the mMRNA, the ribosome binding site (RBS), which is upstrezdrthe gene. It then starts moving along the
MRNA sequence in the translation elongation process. Quhis process, the ribosome reads three base-
pairs at a time (a codon) and for each read codon, it adds a memirevacid to the amminoacid sequence
that will later fold into the protein. Once the stop codondached, the ribosome fallsfaghe mMRNA and the
protein is generated. Each gene can be transcribed into mikM#e same time by several RNAp molecules
concurrently traveling on it. Similarly, each mRNA strarehdoe translated into protein by several ribosomes
before it degrades. The mRNA is quite unstable and is dedragi®Nase, which is an enzyme that binds to a
site on the mMRNA, which is very close to the ribosome binditgy ©nce RNase binds to such a site, it starts
degradation of the transcript.

3 Abstractionsin electrical engineering and in bio-molecular circuit design

Table 1: Parts, devices, and systems

Parts Devices Systems

resistor .
Electrical circuits capacitor diodes OPAMP
ap BJT,FET amplifier

semiconductors
gene - .
. o transcriptional component oscillator
Bio-molecular circuits promoter . . .
- three-terminal devices toggle switch
transcription factor

In order to design, fabricate, and analyze circuits, akadtengineering makes use of abstractions, which con-
sider increasing levels of complexities: parts, devicad,systems. Parts lie at the low end of complexity and
include objects such as resistors, capacitors, inductersjconductors, which have specific (and optimized)
properties and functions. Devices are fabricated out dspard include, for example, two terminal devices
such as diodes and three-terminal devices such as bipoleiga transistors (BJT) or fieldiect transistors
(FET). Devices have terminals through which they can be eciad to other devices to form systems. The
standard signals carried through the terminals are crigemd voltages. Examples of popular electronic sys-
tems include the operational amplifier (OPAMP), currentrans, inverting and non-inverting amplifiers, and
oscillators. Such levels of abstractions have been prapals® for engineering bio-molecular systems [11].
Bio-molecular parts encode basic biological functionghsas genes, promoters, and transcription factors,
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Figure 1: Bipolar junction transistor (left) with its outppcharacteristics (right).

which recognize specific DNA sequences upstream of a gemmemBlecular devices are any combination of
bio-molecular parts that perform human-defined functi@se such example is provided by a transcriptional
component that takes as input a transcription factor andumes as output another protein. Devices have ter-
minals through which they can be connected to other devaebswhich transmit signal carriers. It has been
customary to use as signal carriers protein concentraikoily [11] proposed to use Polymerase Per Second
(PoPS) as an alternative signal carrier at the device taimis PoPS represents the flow of RNAp molecules
along the DNA, it is equivalent to a flux or a current. Such a fiun turn induced by a transcription factor
that binds to the promoter site upstream of a gene and atergobability by which an RNAp molecule binds
to the promoter and initiate transcription. Therefore,@h®unts of transcription factor is directly responsible
(possibly through a nonlinear function) of the value of PaP8 way similar to how a voltage applied to a
(nonlinear) resistor determines the current that flows énrésistor. Therefore, we view PoPS as playing the
role of a current and protein amounts as playing the role dfleage. Bio-molecular systems include, for
example, the oscillators of [10] and [5], the toggle swit€lil@], the amplifier of [19], and the autoregulatory
genetic module of [14]. A recent study on libraries of biolemular parts, their combination to form devices,
and the interconnection of devices to form systems is prxbas [9]. In this paper, we focus on the device
abstraction level and in particular on the design of a theeetinal bio-molecular device that has qualitatively
the same functionality as a BJT.

4 Devicetopology and parts

The bipolar junction transistor (BJT) is one of two prindigamiconductor devices employed for signal
amplification and switching. It has three terminals: thet@mithe collector, and the base, and it is repre-
sented in Figure 1 (left). The configuration in which it is mesployed is a common-emitter configuration,
where the base curreig and the voltagd/cg are the independent variables and the curtens$ with Vgg a
dependent variable. The small base curigng employed as the input control quantity a¥gk is a parameter
to tune thelg to I response. Typical static characteristics are shown inr€ifjright). These characteristics
are divided into a linear region and a saturation regions#taration region occurs for values\4fg smaller
than 0.3 V, while the linear region occurs for valuesvek larger than 0.3 V. A BJT in the linear region has
an almost lineatg to Ic relationship, that islc ~ Blg, in whichg is the current amplification gain and it is
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Figure 2: Three-terminal transcriptional device.

about 100. By virtue of these characteristics, the BJT caenipgloyed as a current amplifier with amplifica-
tion gain 100 wheV/cg is in the linear operating region. For very small valued/gg, the collector current
becomes approximatively independent of the base currehitaeaches an almost constant saturation value
aslg increases. Because of these characteristics, the BJT ganoferly connected to optimally work either
as a linear current amplifier or as a current/ORNF switch [22].

The design of a transcriptional device qualitatively sanilo a BJT focuses on reproducing injouttput
PoPS characteristics that can be either linear or swikehdiepending on the value of the signal (protein
amount) applied to a third terminal. The objective is thugddsign a device that can be tuned to function as
a linear amplifier or as a switch. The three-terminal trapsional device we consider is shown in Figure 2.
It is composed of well characterized components fromassvitch circuit [17] connected in a special way.
Other authors have been investigating special ways of auntbthe parts from tha-switch circuit to create
synthetic bio-molecular systems [14, 19]. In the new cotioeaconfiguration of this paper, thel gene is
under the control of the &gy promoter and the g promoter is in turn activated by the CIl protein. This
protein is targeted for degradation by the P1 protease. RkkepPomoter has three operators at which CI or
RNAp can bind. For transcription to start, RNAp must bind téeast one of the operators. If Cl is bound to
Or2, the probability that RNAp will bind to Ry and initiate transcription is higher. Similarly, if Cll isohnd
at Og1, the probability that RNAp will bind and start transcriptigs higher than is when CIl is not ate@Q
The device boundaries are shown in the same picture: for d eisount of protease P1, we view the RNAp
flow along the DNA in the proximity of thed, promoter as the input to the device and the flow of the RNAp
in the proximity of the Bg promoter as the output of the device. We seek to charactiizedevice providing
inputoutput POPS characteristics when the amount of proteass ®Ritied. Since thedg promoter has a
(quite steep) sigmoidal activity response as a functiorisofranscription activator ClIlI [4], we expect that if
the amount of protease P1 is small, a small input PoPS atgfgoPomoter will cause immediate saturation
of the PoPS at thedg promoter. This is because small values of input PoPS wikedarge amounts of ClI
protein, which will in turn fully activate the &g promoter. If the amounts of protease P1 are large enough, we
instead expect a more graded response between the inpuaidRi$ output PoPS. In fact, small amounts of
input PoPS will translate to small amounts of protein Clid &mus the Bg promoter will be more gradually
activated as the input PoPS increases. To support thidafiladireasoning by quantitative data, we introduce
a detailed reaction model for the three-terminal transiom@l device and perform numerical experiments to
obtain the device PoPS characteristics.



5 Devicemodel and integration

We employ a detailed reaction model for performingsilico experiments to determine the output charac-
teristics of the three-terminal transcriptional devicer this sake we control the input PoPS by varying the
amount of the CI protein, which acts as a transcription ativfor the Ry promoter after it has dimerized.
The model that we consider thus includes the processesnstctigtion and translation of the genes involved
in Figure 2, the dimerization of the CI protein, and the ddgtmn of the CII protein through its protease
P1. The genetic mechanisms of transcription and translare explicitly modeled by employing reaction
models describing the motion of the RNAp along the DNA, thdiamof the ribosome along the mRNA, and
by considering mRNA degradation through RNase. The setl géattions that we model are summarized
in Table 2 along with the parameter values and the literatorgces from which we obtained such values.
Promoter operator sites are modeled using the statistieatnodynamic model by Shea and Ackers [23] as
such model and its parameters have been experimentalljatedi. This model describes the probability of
each of the possible occupancy states of the operatorsdém twr take into account stochastiteets deriving
from possibly low numbers of molecules, we employ a stochastegration method based on the Gillespie
algorithm [13]. The Gillespie algorithm relies on the Moi@arlo method to compute at each iteration the
next reaction to occur in a set of possible reactions andite interval after which it occurs. We describe
next the details of the model and integration.

Table 1. Kinetic Reactions

Reaction Parameter Source
Dimerization
2Cl ‘%’ Clz ky = 0.05nM1s1 k, = 05571 Arkin et al. [4]

Transcription initiation for By

k = k3 = 0.014s? (stimulated)
k 3
RNAp+DNA-RNApP.DNA; k = ks = 0,001s }(basal) Shea and Ackers [23]
Transcription initiation for B
k = ki, = 0.015s* (stimulated) .
k
RNAp+DNA SRNAp.DNA; =k, = 0.00004s(basal) Arkin et al. [4]
Transcript elongation
RNAp.DNA, X4 RNAp.DNA,1 ks = 30nt st Arkin et al. [4]
RNAp.DNAgy % RNAp.DNAg1+RBS; ks = 30nt st -
Transcription termination
RNAp.DNAy % RNAp ks = 1557t -
Translation reactions
Ribosome+ RBS ¥ RIB.RNA; ks = 0.002nM 1 571 —
n# 80 RIB.RNA, BRIB.RNAn,1 k; = 100nt st -
RIB.RNAgy 3RIB.RNAg1+ RBS k7 = 100nt st McAdams and Arkin [16]
RIB.RNA,g4 % Ribosome+ ClI k; = 100nt st
RNase+ RBS % RNase kg = 0.2nM~1s1 Arkin et al. [4]
Degradation of ClI
— ~le-1
Cll + P1{S PLCII kgk‘loo'zoég\fgf Arkin et al. [4]
P1.Cllks P1 ki1 = 0.002st Arkin et al. [4]




5.1 Mode description

Transcript initiation. We employ the Shea and Ackers statistical-thermodynamideti@3] for computing
the instantaneous probability of each of the possible cmocy states of the operator sites at both thg P
and Rye promoters. The occupancy states (or configurations) of plegador sites on thegg promoter are
the same as those in [4]. The occupancy states of the opeitgeron the Ry promoter must instead be
adapted from those in [23] because in our system there is a@tein, which acts as a transcription factor
for the Rk promoter in the naturad-switch circuit. Such occupancy states, adapted from [2Bjaving
all those states in which Cro appears, are listed in TableH& “D” denotes free operator, “R” denotes the
Cl dimer, and “—" denotes that the RNAp on the closeby siteece\also that site. The asterisks denote
transcriptionally active states, that is, operator coméigans from which transcription can start. For each of
the operator states, Shea and Ackers [23] formulated thessipn of its probability as a function of protein
concentration according to principles of thermodynamithe probability of an operator configuration s is
given by

exp(AGs/RT)[RI[RNAGK
ZsikexpAGs/RT)[R]'[RNAG
in which AGg is the Gibbs free energy of the s operator stRtis the gas constant, is the absolute temper-

ature, R],[RNAJ are the concentrations of unbound transcription factod{@er for Pry and Cll for Rrg)
and of RNAp.

Table 3: Operator states for the Pry promoter

Promoter state Total Free Energy
S OR3 Or2 Or1 AGs (Kcal)
1 @) @) @) 0.0
2 @) o R -11.7
3 @) R @) -10.1
4 R @) @) -10.1

4* RNAp @) O -11.5
5* O RNAp — -12.5

6 @) R R -23.7

7 R @) R -21.8

8 R R @) -21.6
o* R RNAp — -22.6
10* RNAp R (@] -21.6
11* RNAp (@] R -23.2
12 R R R -33.8
13 RNAp R R -35.2

The probability of each promoter configuration is then usdtié stochastic formulation of kinetics defined by
Gillespie [13]. Assuming a rapid equilibrium of the bindiagd unbinding of proteins to the DNA (typically
much faster than transcription and translation procesggstie binding state of the promoter is modeled by
randomly choosing the promoter state at each instant usmgrobabilities given by the partition functions
(2). If the promoter state selected is one from which trdpgon can occur then the transcript initiation
reaction is included in the list of possible reactions of tleet Monte Carlo step according to Gillespie al-
gorithm. We have two dierent initiation rates for the promoters correspondinghtodtimulated and basal
rates as considered in the Shea and Ackers model [23]. &k@r\We select the stimulated initiation rate for
all configurations in which RNAp is atdg, and CI dimer is at @, while we select the basal rate for those
configurations in which RNAp is atd, and no Cl dimer is at @. Similarly for Frg, we select the basal rate
when Cll is not at @; and RNAp is at Rg, while we select the stimulated rate when RNAp is gt Bnd ClI

is at Q1.



Transcript elongation and terminatiol.he motion of the RNA polymerase along the DNA is modeled as
a sequence of one step nucleotide reactions, in which eachior is assumed to be unidirectional. Also, we
assume that once the RNA polymerase is bound to the DNA timases along the DNA and does not fall
off before it reaches the termination region. In this model, ssume that at the termination site the RNA
polymerase has probability one of detaching from the DNAr&/sophisticated models [4] consider a non
unit probability of detaching.

Translation. Translation can start when a ribosome binding site (RBS)ines available at the beginning
of the elongating mRNA strand, so that a ribosome can binda$8¥ame that a ribosome binding site becomes
available after 80 nucleotides have been transcribed asding to [16] a ribosome can bind as soon as 80
nucleotides are available behind the transcribing RNA mp@sase. The elongation process is modeled as
described above and termination occurs when the ribosoashes the end of the mRNA strand. The RNase
E is responsible for mRNA degradation. It recognizes a sitthe mRNA that is very close to the RBS, so
that when a ribosome occludes the RBS, RNase E cannot birtdrtadegradation of mRNA. We therefore
model as in [16] the degradation of MRNA by RNase as a conqetiietween ribosome and RNase for the
RBS and we assume that once a ribosome has started tragsiiationcludes the process with the production
of a protein. Once the ribosome reaches the end of the mRMNAdaNd a protein is produced, it fall§ the
MRNA.

Additionally, we model dimerization of the CI protein andgdadation of the CIl protein through binding
to the P1 protease. For tlel gene,N = 294 nucleotides, while for the gene we assumed for reducing the
computation time that it is 50 nucleotides long. This is reévant for our calculations as we are interested
in the rates of RNA polymerase on tleél gene and on th& gene. For simulating the system employing
Gillespie algorithm, all reactions ratds are substituted by reaction probabilities These are related to
the rate constant by powers of the volum& of the system (th&. coli cell in our case) with exponents
as established in [13] on the basis of the reaction. The geevalume of ark. coli cell fluctuates with
cell growth [16]. In this paper, we take an average volume .67 1101° liters. Such a volume can be
approximatively written a¥ =1 (nM)* by writing one liter as one mole divided by 1 M and by employing
the Avogadro number NA: 6 - 10% in place of the moleq]. This way, the actual numerical values of the
reaction probabilitieg; in the Gillespie algorithm are identical to the numericdlues of the reaction rates
ki as long as these are expressed in nM. This way, concensati@asured in nM directly correspond to
numbers of molecules of the respective species ig.avli cell.

In all simulations, the number of RNA polymerase molecukedixed at 30 and that of the ribosome
molecules is fixed at 500 as in [4]. The concentration of Clasied from 0 to 5 in steps of 1 and the
protease P1 concentration is varied from 50 to 200 in stefi® oRll of the other concentrations are initially
set to zero.

6 Resultsand Discussion

6.1 Calculation of POPS

The calculation of POPS is performed by first counting the loemnof RNAp molecules that have transited at
timet from nucleotide n to nucleotidexi. Then, the steady state value of POPS is obtainedftsreintiating
such a number with respect to time. For both ¢hieand x genes, we consider = 26 to be the nucleotide at
which the count of RNA polymerase molecules per unit timesisgrmed: we keep track at every time step of
the number of RNA polymerase molecules that have transited the 26th nucleotide to the 27th nucleotide.
Let thusNy(t) represent the current cumulative number of RNAp molectilashave advanced from the 26th
to the 27th nucleotide. We formally define the instantand®aBS as

PoPS(t) := dEth(t),



which is identical (apart from the absence of a minus sigtheadefinition of electrical current if the number
of RNAp is substituted by the number of electrons. Figure @wsha sample of time plots obtained for the
input Np(t) at Brm, for the protein CIl amount, and for the outphp(t) at Bre. All simulations are run for
2,000,000 iterations and it is observed that the sloplf) reaches an almost constant value after 10,000
iterations. The average steady state slopigtf) for each simulation is thus computed by taking 10 intervals
within the iterations between the 10,000th and the 2,0@k0a&nd by computing for each interval the ratio
between the dierence of theN, values at the ends of the interval and th&etence of the corresponding
times at the ends of the interval. The average of the 10 slep@abtained is taken as the steady state PoOPS
value.

One of our objectives is to compute the injouttput
amplification gain of the device. Correctly establishing
such an amplification on the basis of protein input ancg 223 ~
output amounts is much morefiicult than establish- =

=" 400

ing it on the basis of POPS. First of all, input and output2 !
proteins are in general fierent from each other, so it o e 0 = s > .
is not necessarily clear what one means by amplifica- time (seconds) x10°
tion. This would have the same meaning as, for exam-  *® 15000
ple, saying that 3 apples are amplified into 6 oranges. 10000
Second, dterent protein species haveffdirent decay Z?i Z?i
rates. So, to correctly compute an amplification gain, 200
one needs to normalize the protein amounts by their e R e R
decay rates as performed for example in [19]. PoPS time (seconds}, 10* time (seconds}, 10*
provides a natural way to measuring injouttput re-

sponses of a device as the input and output species igure 3: Sample time data. On the y axis the units
the same and are involved in the same molecular pre in number of molecules.

cesses.

6.2 PoPS Characteristics

Sample data with P1=250nM and [CI]=10nM

5000

The values of the input POP84PS,) are controlled by varying the amounts of the CI protein fron
to 20nM. We consider values in steps of 50nM of the amount ofgaise P1 of CIlI from 50nM to 400nM.
For each combination of the Cl and protease P1 amounts, wé&@wxperiments. For each time-run the
steady state value d?oPSis computed as described in the previous section. Then,aimpls mean and
standard deviation of the steady state value®oPS, and PoOPS, are computed for each combination of
Cl and protease values using the 10 data samples. The mgsahiaracteristics of the ingoutput PoPS
transcriptional device at the steady state are shown inr&igu For any fixed amount of protease P1, the
system is characterized by an infmuttput PoPS characteristic. If one lets the protease vaey,obtains a
three-terminal device. Such a device can be controlledutfirdhe protease P1 in such a way to have an
almost linear inpybutput PoPS characteristic with a linear gain of up to 2 fétatshigh levels of protease.
For low levels of protease, the system reaches a switctbékavior. This device can thus be tuned to work as
a linear amplifier or as a switch. In Figure 4, the valu€oPS$; in correspondence tB8oPS, = 0 is obtained
from the basal initiation rate a2 and itis measured in correspondence of a zero amount of @leisystem.
In Figure 5, we compare the protein amg@utPS plots of the three-terminal device of Figure 2 to thdse o
BJT. This comparison is performed by viewing the input POP&RS,) as playing a similar role as the base
currentlg, the output POPSROPS,) as playing a similar role as the collector currégf and the protease
P1 amount as playing a similar role as the collector-emitbdtageVce. In both devices characteristics, we
can identify a saturation region and a linear region. In diersition region, the collector current is almost
independent of the base current in the bipolar junctionsisdor. Similarly, in such a region the output PoOPS
(PoPS) is almost independent of the input POFEDPS,) for the transcriptional three-terminal device. The
saturation region for the three-terminal transcriptiotevice corresponds to lower levels of protease P1. In
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such a case, in fact the steady state concentration of sudbteirpcan be very large even for small values
of POPS,, thus saturating th€re promoter. Therefore, the values BOPS, are always very high almost
independently of the values &0PS;. As a consequence, for a zero valueRPaiP S, the value ofPoPS; is

at its small basal level. Then a minimal increas€oPS, produces a switch d?PoPS; to the highest values.
This is better observed in Figure 4 in correspondence to libts for P1 = 50nM, 100nM. In the linear
region, the relationships between the base culigand the collector current for the BJT is almost linear.
Similarly, the polymerase per secoRbPS; and the polymerase per secoRAPS, for the three terminal
transcriptional device is also linear for high values of pihetease concentratid?il. In fact, for higher values
of protease concentratidil, the concentration of the CII protein corresponding tolaevaf the polymerase
per secondPoPS; will be lower. Therefore th€&ge promoter will not be saturated by protein CIl. The linear
gain betweerPoPS; andPoPS, can be more easily seen in Figure 4 and reaches a value of2 &g while
the qualitative characteristics of the three-terminatsgtaiptional device are similar to those of the BJT, they
largely diter in the value of the linear amplification gain that can behed, which is about 100 fold for the
BJT.

From the PoPS characteristics of Figure 4, one deduces whatdcameters regulate the linear amplifica-
tion gain. If the maximum reachabRoPS; (about 0.18 in the figure) is high enough to attain the maximum
reachablePoP$, (about 0.4 in the figure) for small values of protede then the maximal achievable lin-
ear gain will be approximatively given b&%ﬁﬁﬁ%. As a consequence, to increase the linear gain of the
device, it is necessary to choose promoters such that tipaitoidnge of the one controllingoPS; is much
larger than the output range of the one controllPgPS;. These ranges are experimentally available for a
number of promoters. For example, Ellis et. al. [9] condedca library of TetR-regulated promoters and
Lacl-regulated promoters and determined output rangesdaon one of them. By their characterization data,
one could combine promoters for controlliRpPS; andPoPS; in order to achieve approximatively a linear
gain of 30 fold, which is much larger than what we obtainecchesing promoters from theswitch system.

In summary, to achieve high linear gains, the promoter oflimig PoOPS, should be highly sensitive to its
transcription factor (so that the maxim@bPS; is enough to achieve the maxinfabPS, for small protease
values) and it should have an output range that is much higherthat of the promoter controllirfigoPS;.

These relatively low linear amplification gains obtainedcloynbining bio-molecular parts from transcrip-
tional networks suggest that transcriptional networksehasen designed mostly to process and store infor-
mation as opposed to amplifying signals. The task of sigmgildication in bio-molecular systems may be
exclusively covered by other devices such as phosphargdephosphorylation loops and by systems ob-
tained cascading them [15]. These systems transmit andfgarajginals traveling from the cell membrane
down to the nucleous, where transcriptional networks thiengss the received information. It has been theo-
retically shown that larger gains in transcriptional natkgoare needed to attenuate tltkeets of retroactivity
at interconnections arising from downstream loads. Atiing retroactivity €ects enforces, in turn, network
modularity [8]. Gains of 2 or 10 folds may be large enough tooaaplish this task for the amount of down-
stream load that is naturally encountered in transcriptioretworks. These gain values may instead be not
enough to enforce modularity in synthetically construgede networks, in which one can arbitrarily increase
the amounts of downstream load to any device or system. In&wase, it will be necessary to recur to parts
extracted from systems that enable higher amplificationggsuich as, for example, signaling systems.

7 Conclusions

In this work, we have defined the notion of Polymerase Per 18e¢BoPS) in order to characterize the
inputoutput response of a three-terminal transcriptional adeviBy making the analogy between PoPS and
current and protein concentration and voltage, we showedthe characteristics of the three-terminal tran-
scriptional device are qualitatively similar to those ofijgdar junction transistor (BJT). In particular, just like
a BJT, the three-terminal transcriptional device can beduo function as a linear amplifier or as a switch.

11



While the current amplification gain in a BJT is about 100 $ole obtained a PoPS amplification gain of up
to 2 for the three-terminal device. While significantly shaathan the amplification gain of a BJT, the PoPS
gain may be enough for the proper functioning of naturaldcaiptional networks.
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