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Abstract

Cells employ a variety of mechanisms as a response to external signals to maintain cel-
lular homeostasis. In this study, we examine four activatory and four inhibitory protein
synthesis mechanisms at both population and single cell level that can be triggered by
a transient external signal. Activation mechanisms result from the assumption that
cells can employ four different modes to temporarily increase the levels of a protein:
decreased mRNA degradation, increased mRNA synthesis, decreased protein degrada-
tion and increased protein synthesis. For the inhibition mechanisms it is assumed that
a cell can reduce a protein’s level through four ways: increased mRNA degradation, re-

duced mRNA synthesis, increased protein degradation and reduced protein synthesis.
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Deterministic and stochastic models were developed to analyze the dynamic responses
of these eight mechanisms to a transient signal. Three different response metrics were
used to measure different aspects of the response. These metrics are (i) mid-protein
abundance (mP), (ii) time required for the protein to reach the mid-protein level (mT),
and (iii) duration of response (D), which is defined as the total time for which the
protein (P) abundance are above or below of mid-protein level. Our simulations show
that of the activation mechanisms, the signal-dependent increase in mRNA synthesis
and protein synthesis are more effective and faster, than the signal dependent decrease
in mRNA and protein degradation. On the other hand, the mechanism involving signal
dependent increase in protein synthesis is noisier than the signal dependent increase in
mRNA synthesis in regard to all metrics used. Of the four inhibition mechanisms, the
signal-dependent increase in the protein degradation is the most effective and fastest
of the four inhibition mechanisms. It is also noisiest of the four inhibition mechanisms

before the protein levels reach a steady state around 100 minutes.

Keywords: Mathematical modeling, deterministic simulation, stochastic simulation,

signal transduction, gene circuit, network motifs

1 Introduction

Cells utilize a variety of mechanisms to regulate gene expression. As dictated by the central
dogma of molecular biology, cells replicate their DNA, DNA is transcribed into mRNA, and
then mRNA is translated into protein, which results in an increase in protein abundance[l1].
Cells use multiple ways to regulate the abundance of a protein. At the chromosome level,
DNA is wrapped around histone proteins into chromatin, and it is only expressed when it
is in the decondensed state [2, 3, 4|. Transcription factors bind to DNA to help activate
transcription in both prokaryotes and eukaryotes [5, 6, 7]. After transcription initiation,
the regulation processes are similar in prokaryotes and eukaryotes [8]|. For transcriptional
elongation to occur, elongation factors bind DNA to overcome RNA Polymerase I pause,
arrest, and termination, and the binding of these factors thus presents further opportuni-
ties for transcriptional regulation [9]. In eukaryotes, mRNA processing allows for further
regulation during transcription, including the addition of a 5’ cap which enhances mRNA
stability[10, 11, 12], a poly-A tail to the 3’ end of the mRNA [13], and alternative splicing[10].
There are multiple ways for a cell to reduce the levels of an mRNA transcript, including,
deadenylation, decapping, endonucleolytic cleavage[14, 15, 11|, as well as miRNA-induced
degradation [16]. When, mRNA undergoes translation to form protein, protein degradation

can occur through multiple mechanisms, including ubiquitination [17] and proteasome ac-
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tivity such as the 26S proteasome [18]. These different layers of regulation give rise to the
complexity of gene expression. Biological systems can be studied through experimentation,
but because of their great complexity, this could be challenging, if not impossible. There-
fore, mathematical modeling provides great opportunity to study such complex biological
systems in silico.

Gene regulation is an area of active research in the avenue to better understand the activa-
tion and inhibition of transcription, translation, and degradation of synthesized products.
Some of the possible mechanisms of regulation include negative autoregulation, positive
autoregulation, as well as feed-forward loops [19]. It has been demonstrated that although
gene regulatory networks with different underlying architecture can result in similar dy-
namics, the architecture is very important in terms of how that system functions under
different conditions|20]|. Studying small-scale gene regulatory networks provides the chance
to understand the physiological roles of specific network architectures|21, 22, 23|.

Here we explore four different activation and four distinct inhibition mechanisms that re-
spectively increase and decrease cellular protein levels as a response to a signal. These
mechanisms are shown in Figure 1. The systems are modeled using generic mRNA (M)
and protein(P) that hinge on the relationship between the synthesis and degradation rates.
A transient signal is used to perturb these eight mechanisms when they are at a resting
state. We examine how changes in the signal amplitude and persistency affect the protein
expression levels, which are measured by three response metrics that characterize different
aspect of protein dynamics.

As response metrics, we use mid-protein abundance (mP), time required for the protein
to reach this level (mT'), and duration of response (D). The duration of the response
D is defined as the total time for which the protein (P) levels are below (for inhibition
mechanisms) or above (for activation mechanisms) of its mid-protein level. These metrics

are depicted in Figure 2.

2 Mathematical Models

The mathematical models presented in this study describe eight different mechanisms shown
in Figure 1 to regulate a generic protein (P) through a transient signal S(¢). To study av-
erage dynamic responses of these regulatory mechanisms, we have devised simple ordinary
differential equation(ODE) models according to mass-action kinetics. The models utilize
common parameters although they differ in their mechanisms and therefore in their equa-

tions. These mechanisms represent a variety of ways in which a cell can increase or decrease
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protein abundance through affecting mRNA (M) or protein(P) synthesis or degradation.

For practical purposes, some abbreviations are used in naming the mechanisms. In a mech-
anism name, A stands for activation, I stands for inhibition, m represents mRNA and p
represents the protein. The letters s and d respectively denote regulations at the synthesis
and degradation steps. The sign + represents increase and — represents decrease in synthe-
sis or degradation steps. For example, mechanism A,,;- is the the activation mechanism
and the activation is due to a decrease in mRNA degradation. The activation mechanisms

all represent different ways to increase protein abundance in a cell. Similarly, mechanism

1

pa+ 1s the the inhibition mechanism and the inhibition is due to an increase in protein

degradation rate. The inhibitory mechanisms demonstrate various ways to decrease protein

abundance in a cell.

================== Figure 1 here ================

In all the models, the net rate of change in the mRNA abundance(%*) is assumed to be

the difference of its mRNA synthesis and degradation rates as in Eq.(1). The net rate of
P

change in the protein abundance(‘;) is assumed to be the difference between its protein

synthesis and degradation rates and can be modelled by Eq.(2).

dM
2 — B 1
el Jit (1)
dP
E:%M—@P (2)

In this simplistic model, the mRNA synthesis rate is assumed to be constant (a,) and its
degradation rate (3,,M) is assumed to be a linear function of the mRNA abundance. The
protein production rate is taken as a linear function of the mRNA abundance (o, M) and
its degradation rate is assumed to be a linear function of protein abundance (8,P). To
explore the signal dependent responses of the simple regulatory activation mechanisms, we
multiply o, and a,M by 1+ S(t) to increase synthesis rates, or divide 3,,M and (,P by
1+ S(t) to decrease degradation rates. Similarly, to study the simple regulatory inhibition
mechanisms, we divide the rate of production o, and a, M by 1+ S(t) or multiply the rate
of degradation f,,,M and 8,P by 1+ S(t).

For example, to model a signal-induced activation mechanism, the mRNA (M) synthesis
rate ., can be multiplied by 1 + S(¢) to reflect an increased mRNA synthesis rate. This
mechanism is shown as mechanism A,,,+ in Figure 1, whose dynamic response is modeled

by Eqgs.(3) and (4)
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S = (14 5() - M )
= M- pP (1

It is to note that in the absence of the signal, all our models yield a nonzero stable steady

state for the mRNA and protein abundance at (M*, P*) = (g—m, Z’”Z”).
m 'mPp

================== Figure 2 here ================

The time dependent signal profile S(¢) is assumed to be a step function with two parameters

~v and k, and it has the following form

v, if 0<t<k
S(t) = , (5)
0, if t>k
The signal amplitude parameter () measures the system’s sensitivity to the perturbation

caused by the signal, and the signal persistency parameter (k) controls how long the signal

is applied to the system.

2.1 The Activation Mechanisms

The four differential equation systems listed in Table 1 model the signal induced activation

mechanisms.

Table 1: The model equations for four different activation mechanisms A; for j =
{md=,ms*,pd~, ps*}

dM Bm

Ana-: T Om T 1+S(t)M A Zd_j\g[ = am(1+S(t) — BuM
%:O{I)M_/Bpp E:OZPM_BI)P
ddit/[:am_ﬁmM %:am_ﬁmM

Apa- AP _ N B p Apstt S 4p Lo S .
a — T+5(0) G =1+ S()M -5,

In mechanism (A,,4-), the transient increase in the protein level is due to a decrease in
the mRNA degradation rate. In mechanism (A,,.+), it is assumed that the increase in

the protein abundance is due to a signal-induced increase in the mRNA synthesis rate. In
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mechanism (A,4- ), the transient increase in the protein level is caused by a decrease in the
protein degradation rate. In mechanism (A,+), the assumption is that the increase in the
protein abundance is a result of a signal-induced increase in the protein synthesis rate. The
model in A,,4- includes the basal mRNA and protein synthesis rates o, and a;,M, and the
basal protein degradation rate 3,P along with an mRNA degradation rate 3,,M, which is
negatively regulated by the signal S(¢). A similar approach can be used to describe the

other activation mechanisms.

2.2 The Inhibition Mechanisms

The system of differential equations in Table 2 describe four different signal mediated tran-

sient inhibitions of the protein abundance.

Table 2: The models for the inhibition mechanisms I; for j = {md"™, ms™, pd*, ps~}

L {%:am_@JLHW»M I:{%kzﬁ%yﬁ%M

& = a,M — B,P L = o,M — B,P

J %:am_ﬂmM I - %:&m_ﬂmM
PR — 0, M= B, (14 SE)P P | L= %M - B,P
a — Y P dt — 1+5(t) P

In mechanism (I,,4+), the transient decrease in the protein level is due to an increase in
the mRNA degradation rate. In mechanism (I,,,-), the decrease in the protein abundance
is a result of a signal-dependent decrease in the mRNA synthesis rate. In mechanism
(Ipq+), the transient reduction in the protein level is due to a faster protein degradation
rate. In mechanism (/,,-), the decrease in the protein abundance is due to a signal-induced
inhibition of the protein synthesis rate. The model in [,,4+ involves the basal mRNA and
protein synthesis rates, o, and o, M, and basal protein degradation rate 3,P along with a
mRNA degradation rate, /3, M, which is increased by the signal S(t). Similar descriptions
apply to the other three inhibition models.

2.3 Parameter Values

To make this study more biologically realistic, the model parameters are collected or esti-

mated from the literature for F.coli. In this section, the details of how the parameter values
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used here have been estimated.

e [, The median mRNA half life has been measured for E.coli as 3.69 + 0.49 [24]. In

a more recent study, the average mRNA half life is estimated as 5-10 minutes [25].
We used 5 minutes for the mRNA half-life in this study. Assuming the degradation
occurs exponentially, this figure gives an estimate of @ = 0.1386 min~! for the

mRNA degradation parameter [3,,.

o, : mMRNA copy number per cell in F.coli shows variation, which are experimentally
measured to be between 0.1 and 60 mRNA molecules per cell [26]. In another recent
study, quantitative system wide measurements of mRNA and protein levels in individ-
ual cells using single-molecule counting technique have been used. This study showed
that mRNA copy number per cell ranges from 102 to 10 (Taniguchi et al. 2010).
Here we took the steady state level of 4 mRNA molecules per cell. From Eq.(1), the

steady state M* becomes M* = which provides an estimate of 0.5544 molecules

— m
ﬁ’ln ’

per minute for «,.

Bp: The protein half-life changes from protein to protein and between 15 and 120
minutes in F.coli [27]. Assuming the temporal degradation profile is exponential, these
two figures give two estimates of 0.0462 and 0.0057 min~' for the degradation rate
parameter (3,. Here, we used 0.02 min~' for this parameter, which is approximately
equal to the average of these two numbers and provides a half-life of 35 minutes for

the protein.

a, : Ishihama et al. [28] experimentally studied the protein abundances in E.coli and
classified all proteins of E.coli into three groups and reported that the average number
of protein molecules per gene as 500. By Eq.(2), the steady state equation for the

protein becomes o, M* = [3,P*, which leads to an estimate for the parameter o, as

_ B Pr
ap =

deterministic simulations. To study the effects of noise and cell-to-cell variation on the

= 2.5 per minute in the absence of signal. This estimate was used in our

system dynamics, we used a;, = 0.5 molec/minute in our stochastic simulations, which
provides a steady state molecule number of P* = % A 252 = 100 molec/cell for
» :

the protein.

k : This parameter is used to mimic the signal persistency. The smaller values of this
parameter indicate a less persistent signal whereas the larger values of this parameter
represent a more persistent and prolonged signal. The value of this parameter changes

from 5 to 100 minutes in the deterministic simulations. To study the effect of noise
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on the system dynamics, we used a transient signal profile with £ = 100 minutes in

the stochastic simulations.

e v : This parameter refers to the signal amplitude, which measures system’s sensitivity
to the signal. We varied this parameter from 1 to 20, resulting in up to a 21 fold
change in the production/degradation rates in the deterministic simulations. For the

stochastic simulations, we fixed this parameter at v = 20.

3 The Results for the Activation Mechanisms

For the deterministic simulations, the mathematical models given in Table 1 were numeri-
cally solved in MatLab for the parameter values provided in Section 2.3. In these simulations,
the signal persistency parameter £ is varied between 5 and 100 minutes, and the signal am-
plitude parameter v is changed between 1 and 20. Then the changes in the response metrics

are summarized in Sections 3.1 - 3.4.

3.1 Comparison of the mRNA Control Mechanisms

To study the effect of the transient signal on the protein abundance in two distinct mRNA
targeted regulatory mechanisms, we numerically solved the model equations for mechanisms
A, decreased mRNA degradation rate, and mechanism A,, 4+, increased mRNA synthesis
rate. Both of these mechanisms result in an increase in protein abundance, but they employ
distinct regulatory mechanisms to accomplish this result. Our simulation results show that
increasing the mRNA production rate (A,,.+) produces higher mP than decreasing the
mRNA degradation rate (A,,q-) (Figure 3A). In addition, mechanism A,,.+ is faster than
mechanism A,,4- (Figure 3B). But, the duration for both mechanisms is comparable (Figure
30).

—================= Figure 3 here ================

As a response to a 21 fold increase in the signal amplitude with a persistent signal (k
is large), the mid-protein abundance mP increases up to 2037 molec/cell in mechanism
A,q- as opposed to 4724 molec/cell for mechanism A,,,+. This suggests about ~ 2.3 fold
difference in the mid-protein mP values between the two mechanisms for this signal profile.
The same signal profile produces ~ 4.1 fold increase in mechanism A,,4- compared to
~ 9.5 fold increase in mechanism A+ from the steady state level of 500 molec/cell. In
mechanism A,,,;-, when signal amplitude v >~ 5, the signal persistency k has a significant

effect on mP levels. The ~ value has to be greater than ~ 12.5 to observe a similar effect
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in the A,, s+ mechanism. When the signal amplitude v is fixed at a high value, as the signal
persistence increases (for k >~ 40), there is slightly less variation in mechanism A4+
than the variation in mechanism A,, ;- for the metric mP. But, at a fixed value for signal
persistency k, there is slightly more variation in mechanism A,,,+ than in mechanism A, 4.
In regards to the metric m7', mechanism A,,,+ is quicker than A,,;—, with a maximum mT
of 36 min compared to 63 min. Qualitatively the heat maps for the mT and D of these
two mechanisms are relatively similar. However, it should be noted that for a fixed signal
persistency as the signal amplitude increases, mechanism A,, .+ does not show variation in

mT and D levels but mechanism A,,;- shows slight variations.

3.2 Comparison of the Protein Control Mechanisms

To study the effect of the transient signal on the protein abundance P in two distinct pro-
tein targeted regulatory mechanisms, we employed the decreased protein degradation rate,
mechanism A,;-, and increased protein synthesis rate, A,,+. Both mechanisms promote
increases in P levels in cells, but they make use of distinct regulatory mechanisms. To
simulate the systems, we numerically solved the model equations for A,;- and A,.+ for the
parameter values listed in Section 2.3 as v and k change. Our simulations predict that
increasing the production rate (mechanism A,+) is more effective in increasing mP levels
(Figure 3A). For persistent and high amplitude signals (v = 20 and k£ = 100), in mechanism
A4~ protein levels can go up to an average of 957 molec/cell (~ 1.9 fold of the steady state
level), but in mechanism A,s+ the mid-protein levels can increase up to 4803 molec/cell
(~ 9.6 fold of the steady state level). This suggests that mechanism A, .+ can increase mP
levels ~ 5 fold more than mechanism A,;-.

Further, mP dependency on signal persistency and amplitude in mechanisms A,4- and A+
is significantly different. For a certain value of signal persistency, mechanism A,;- has less
variation compared to mechanism A,q+. However, for a fixed value of the signal amplitude,
the opposite behavior is observed. This suggests that varying signal amplitude leads to a
higher variation in protein abundance in mechanism A,;+ but a similar behavior can be
obtained using mechanism A,;- by varying the signal persistency parameter k. But, it is
important to emphasize that the protein abundance is significantly greater in mechanism
A,s+ compared to mechanism A,;-.

On the other hand, A,;- and A,,+ mechanisms show qualitatively similar dynamics in the
mT values (time needed to reach mid-protein level) as the signal persistency and signal
amplitude change (Figure 3B). Despite this qualitative similarity, mechanism A,.+ shows a

quicker response. In both mechanisms A,;- and A+ for a fixed signal persistency k, mT
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does not change significantly as signal amplitude ~ increases. However, for both mechanisms,
when signal amplitude v is held constant, mT" values increase as the signal persistency k
increases. With regards to the third metric D, our numerical simulations show that the
mechanisms A,;- and A+ exhibit similar qualitative and quantitative behaviors on the

duration metric D (Figure 3C).

3.3 Comparison of the mRINA versus Protein Control Mechanisms

Overall, the mRNA and protein synthesis mechanisms show qualitatively similar behav-
ior(Figure 3A). For persistent and high amplitude signal (7 = 20 and k£ = 100), mechanism
A+ (increase in mRNA synthesis) leads to an average mP level of 4724 molec/cell, while
mechanism A,.+ (increase in protein production) results in an average mP level of 4803
molec/cell. This is ~ 9.5 and ~ 9.6 fold increase from steady state levels, respectively.
In regards to the mT metric(Figure 3B), mechanism A, shows slightly faster response
compared to mechanism A,.+ (29 min and 36 min respectively). Although mechanism A+
results in slightly higher mid-protein levels in a quicker time, the difference is small. In
addition, the duration of the response D is similar in both mechanisms(Figure 3C).

In comparing the inhibition of mRNA degradation (A,,4-) and inhibition of protein degrada-
tion (A,4- ) mechanisms, mechanism A,,;- is more efficient than mechanism A,,;-. For per-
sistent and high amplitude signal, mechanism A,,4- results in mP levels of 2037 molec/cell
whereas mechanism A,;- results in mP levels of 957 molec/cell (~ 4.1 fold increase com-
pared to ~ 1.9 fold increase from steady state levels, respectively)(Figure 3A). The difference
between these two mechanisms in regards to the minimum time to reach the mid-protein
level mT" is ~ 28% (63 min in A4~ vs 49 min in A,4-)(Figure 3B). On the other hand,
the duration metric D has similar behavior for these two mechanisms (103 min and 98
min)(Figure 3C).

3.4 Comparison of the Synthesis versus Degradation Mechanisms

In looking at the simulation results together, for a persistent and strong signal profile,
the mechanisms that increase the mRNA and protein synthesis, A,,,+ and A+, are more
effective in increasing mP level (4724 molec/cell and 4803 molec/cell vs. 2037 molec/cell
and 957 molec/cell) and quicker (36 min and 29 min vs. 63 min and 49 min) than the mRNA
and protein degradation mechanisms, A,,;- and A,;-. But, duration for all mechanisms is
comparable, although mechanisms A,,s+ and A,s+ show slightly longer durations (109 min

and 108 min, respectively) compared to A,,4- and A,;- (103 min and 98 min, respectively).

10

Page 10 of 31



Page 11 of 31 Molecular BioSystems

Of all four mechanisms, A,;- is the least effective and A,,4- is the slowest. Furthermore,
changes in the signal amplitude have almost no effect on the protein abundance when v >~ 5
in mechanism A,;-. But, the other mechanisms show greater dependence on both v and k.
The heat maps for mechanisms A+ and A, are qualitatively similar. It seems that the
high mid-protein levels can only be reached when the signal amplitude v >~ 10 and signal

persistency k is large enough.

4 The Results for the Inhibition Mechanisms

In Sections 4.1 - 4.4, we summarize how the response metrics change as the signal profile

changes in the deterministic models for the inhibition mechanisms.

4.1 Comparison of the mRNA Control Mechanisms

To study the effect of the transient signal on the protein abundance in two distinct mRNA
targeted regulatory mechanisms, the model equations for mechanisms /,,,4+ (increased mRNA
degradation rate) and I,,,- (decreased mRNA synthesis rate) were solved numerically.
Through distinct regulatory mechanisms, both of these mechanisms result in a decrease
in protein abundance. Our numerical simulations predict that I,,,4+ results in comparable
mP abundance to I,,,~ (Figure 4A) and displays similar mT and D values (Figure 4B and
C).

============c=————= Figure 4 here =============c==

As a response to a 21 fold increase in the signal amplitude with a persistent signal (k is
large), the mP decreases down to 295 molec/cell in mechanism I,,4+ as opposed to 299
molec/cell in mechanism I,,,—. These mP levels are ~ 1.7 fold lower than the steady
state level 500 molec/cell. Qualitatively, both mechanisms have similar heat maps for mP
metric. For the signal profiles with fixed persistency, this simulation shows that there is no
significant change in mP values in both mechanisms when the signal amplitude v >~ 6.
However, m P values decrease significantly in both mechanisms for the signal profiles with a
fixed signal amplitude 7 as the persistency parameter k increases. On the other hand, the
simulations predict no significant difference in m7T" and D values. For this signal profile, mT
value calculated for mechanism 1,4+ is 29 minutes, whereas it is calculated as 36 minutes for
the mechnism 1I,,,,-. Interestingly for the persistent signal £ = 100, as the signal amplitude
~ increases, the mT metric decreases in mRNA degradation mechanism 1,4+, but not in
the protein synthesis mechanism I,,,-. This is probably due to the fact that in our model

the mRNA synthesis term is constant but the mRNA degradation term is linear. In the

11
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solution for these models, the mRNA synthesis term changes the P levels linearly in time,
and the degradation term affects the P levels exponentially in time. Hence, slowing down
the mRNA synthesis rate reduces the protein production linearly without changing mT level
significantly in mechanism I,,,-. On the other hand, mechanism I,,4+ reduces the protein

synthesis levels exponentially, making the time to reach mid-protein level noticeably shorter.

4.2 Comparison of the Protein Control Mechanisms

We solved the models I,4+ (increased protein degradation) and I, (decreased protein
synthesis) numerically to study the effects of a transient signal on the protein abundance.
Both mechanisms involve protein targeted regulations to decrease protein (P) levels in
the cell but through distinct mechanisms. For persistent and high amplitude signals, our
simulation results predict that I,4+ is slightly more effective in decreasing the levels of the
protein than /,.- (Figure 4A). In mechanism I,,;+, protein levels can decrease down to 263
molec/cell (~ 1.9 fold decrease from the steady state level), whereas in mechanism /-
protein levels decrease down to 295 molec/cell (~ 1.7 fold decrease from the steady state
level). This simulation shows that mechanism /,4+ can decrease mP levels ~ 1.1 fold more
than mechanism [,,-. Moreover, mP dependency on the signal persistency and amplitude
in mechanisms 4+ and I, is remarkably different (Figure 4A). Above a threshold value
for signal amplitude of v =~ 8, 1,4+ shows very little difference in mP levels for all signal
persistency levels. But, mechanism I,,- shows significant variation in mP levels as the
signal persistency k varies for any fixed value of the signal amplitude . This suggests that
changing the signal amplitude leads to higher variation in protein abundance in mechanism
I,s—, but not in mechanism I,4+. For mechanism I,;+, the lowest values of mP can be
achieved with the signal amplitude values above ~ 8 and the signal persistency above ~ 20
minute, which suggests that the lowest values for mid-protein levels can be reached by a
strong enough signal with any level of the signal persistency.

Mechanisms I,4+ and I,,- qualitatively show vastly different dynamics in the mT" metric
as the signal persistency and signal amplitude change (Figure 4B). For the strong and
persistent signal(y = 20 and k& = 100), the mT value is 2 min for mechanism /,4+ and 29
min for mechanism /,,-, which is significantly longer. Above a threshold value of 7 =~ 8
for the signal amplitude, our simulation shows that there is no significant change in mT
metric as k£ changes in mechanism 7,4+. On the other hand mechanism I,,,- shows a higher
variation in this metric. Regarding the duration metric D, our simulation results show that
the mechanisms I,;+ and I,,- exhibit relatively similar qualitative behavior but slightly

different quantitative behavior on the D metric (Figure 4C). While the duration D can go

12
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up to 133 min in mechanism 4+, it goes only up to 108 minutes in mechanism I,,-.

4.3 Comparison of the mRNA versus Protein Control Mechanisms

The mRNA and protein synthesis mechanisms (I,,s- and I,,-) overall show qualitatively
and quantitatively similar behavior. For a persistent and strong signal (kK = 100 and
v = 20), mechanism [,,,- has mP levels of 299 molec/cell in average, while this value is
295 molec/cell for mechanism I,;- (~ 1.7 fold decrease from steady state levels in both
cases).The heat maps for the time required to reach the mid-protein abundance, m7T', are
also very similar for both mechanisms /,,,- and I~ (36 min and 29 min, respectively).
This suggests that decreasing the rates of mRNA or protein synthesis results in similar m P
and m1T" values, although mechanism I,;- results in slightly lower mP values in a slightly
shorter time. No significant difference is observed for the duration of the response, D, in
both mechanisms.

In comparing the increased mRNA and protein degradation mechanisms (/,,4+ and Ipg+)
for a strong and persistent signal profile, I,4+ is more efficient than I,,4+. Mechanism
L4+ results in mP levels of 263 molec/cell whereas mechanism I,,4+ results in mP levels
of 295 molec/cell (~ 1.9 and ~ 1.7 fold decreases from steady state level, respectively).
Furthermore, the time to reach mid-protein levels is significantly shorter in mechanism I+

compared to I,4+ (2 min and 29 min, respectively). The duration is longer for mechanism
I

pa+ (133 min) compared to I,,4+ (116 min).

4.4 Comparison of the Production versus Degradation Mechanisms

By looking at the simulations together, we observe that the mechanisms that increase mRNA
and protein degradation (/,,4+ and I,4+) are slightly more efficient than the mechanisms
that decrease mRNA and protein synthesis (/,,s- and I,,-). For the persistent and strong
signal profile, the mP values computed for I,,4+ and I+ are respectively 295 molec/cell
and 263 molec/cell. These values for I,,,,- and I,,- are 299 molec/cell and 295 molec/cell,
respectively. Of all four mechanisms, 4+ is the most efficient and I,,,,- is the least efficient
in the mP metric. This observation suggests that a system that needs lower levels of a
certain protein should employ mechanism I,;+ rather than the other three mechanisms.
Furthermore, for mechanism I,4+, changes in the signal amplitude have almost no effect
on the protein abundance when v >~ 8. The other mechanisms on the other hand, show
greater dependence on the both parameters.

Our simulations predict that the heat maps for the mT metric are qualitatively and quan-

13
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titatively similar for all mechanisms, except I q+. In the I,4+ mechanism, with a strong
enough signal at any persistency, the mT" metric reaches its minimum around 2 minutes,
which is much longer for the other three mechanisms (29-36 minutes). Hence, systems that
need a quicker response may prefer mechanism /,4+, while long-term responses are better
suited for the other three mechanisms. Finally, the duration for mechanism 7,4+ is 133 min,

the longest of these four mechanisms.

5 The Stochastic Effects

The deterministic models only provide the average system dynamics and ignore effects of
random fluctuations that are inherent in biological systems. Therefore, the deterministic
approach may not accurately capture the true dynamics especially at low molecule num-
bers, as biochemical reactions in cells are inherently noisy processes|29, 30, 31]. To study
cell-to-cell variation and roles of random fluctuations in regulations, we used stochastic sim-
ulations on the mechanisms Aj;, (j = md~,ms™, pd~,ps™) and I;, (j = md*™, ms™, pd™, ps™).
The Gillespie Algorithm is employed here to simulate the stochastic dynamics for all eight
mechanisms using MatLab software.

To mimic a noisy system and perform the stochastic simulations, all the parameter values
were held constant at the values listed in Section 2.3 except for a;,. We fixed this parameter
at a;, = 0.5, chose a strong and persistent signal (v = 20 and & = 100) and stochastically
simulated each of the systems for 600 min, which is long enough for the systems to reach
their steady state. These values for the parameters result in a signal profile with the signal
persistency of 100 minutes, the signal amplitude of 20, and a steady state protein molecule
number of 100 molec/cell. This number falls in a range of experimentally measured protein
numbers in F.coli|28]. A relatively small steady state level was selected to investigate effects
of noise in the dynamics. For each mechanism, one thousand stochastic simulations were
run until the system reaches a steady state after the removal of the signal. The results of the
stochastic simulations are summarized below. To compare with the stochastic simulation
results, we also numerically solved the deterministic models for this new parameter values
as the signal amplitude v changes between 1 and 20 and the signal persistency parameter
k varies between 5 and 100 minutes. The results of the deterministic simulations are given

in the supplementary section.
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5.1 The Stochastic Effects in the Activation Mechanisms

The probability density functions for three response metrics from the stochastic simulations
of the activation mechanisms A,,;- (decrease mRNA degradation), A,,s+ (increase mRNA
synthesis), A,;- (decrease protein degradation) and A,s+ (increase protein synthesis) are
depicted in Figure 5. These mechanisms show different noise behaviors. The summary
statistics for the activation mechanisms is listed in Table 3. To measure variation in these
mechanisms, the coefficient of variation (CV) is used, which is defined as the ratio of the
standard deviation (SD) and the mean of the distribution. The first graph in Figure 5 shows
probability density for mP metric. Mechanism A,,4- has a peak around 410 molec/cell with
a standard deviation 52 molec/cell and a CV value of 12.7, which suggests that the most
likely mid-protein level mP for this mechanism is around 410 molec/cell. Mechanism A, .+
has a larger and narrower peak around 951 molecules of protein per cell with a standard
deviation 44.3 molec/cell and a CV value of 4.7, which suggests this mechanism is more
likely to have greater mP levels. Mechanism A,;- has the lowest mP values, with a very
high and narrow peak around 193 molec/cell with a standard deviation 18.9 molec/cell and
a CV value of 9.8. Finally, mechanism A,.+ has relatively short and broad peak around 1019
molec/cell, which is slightly higher than that of mechanism A,,.+, although the peak for
A5+ is much broader and shorter(with a standard deviation 179.9 molec/cell and CV value
of 17.7), suggesting that there is a wider range in mP values and it has a lower probability
at that value. Therefore, the mid-protein levels m P for these four mechanisms from least to
greatest is as follows: A,4—, Apa—, Amst, and A,g+. But, in comparing the CV values, the
order from least to most is as follows: A+ ,Aps—, Ang- and A,g+. So, it is important to
notice that although mechanism A+ results in the highest m P levels, this mechanism also
shows the greatest variation, whereas mechanism A,;- which shows the lowest mP has the
second lowest deviation in mP. This simulation predicts that mechanisms A,,s+ and A+
are the most effective in increasing m P levels, which is consistent with the results in Figure
3. Although these two mechanisms have comparable mid-protein levels, mechanisms A, +
has four fold lower variation.

—==—=============== Figure 5 here ================

In the second graph in Figure 5 looking at the changes in probability density for m7T metric,
mechanisms A,,q-, A,q- and A,.+ have peaks hovering respectively around 63 min (with
SD=5.8 min and CV=9.2), 50 min (with SD=9.7 min and CV=19.5) and 32 (with SD=12.1
min and CV=37.5) but the peak for mechanism A,,+ is the tallest and most narrow (with
SD=3.1 min and CV=8.7). This suggests that mechanism A,,,+ has the highest probability

of having an m7T value around 36 minutes. The peaks for mechanisms A,,;+ and A,s+ show
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slightly different mean m7" values. However, mechanism A+ has higher variation. m7" for
mechanism A+ is the lowest of the four mechanisms with a shorter and wider peak around
32 minutes. This simulation shows that mechanism A,,.+ responds to the signal quickest
to reach the mid-protein level with the least variation.

The third graph, which maps out the probability density for the duration metric D, predicts
that mechanism A,,s+ has the highest value for the duration metric D, with a peak around
108 min. This mechanism also has the least variation of the four in this metric. Our
simulations predict that mechanisms A,4- and A,,+ have comparable short and wide peaks
around 89 min and 99 min. Mechanism A,, ;- has a peak around 84 min that is comparable to
mechanisms A,;- and A,.+ in terms of mean D value but has a larger variation. According
to our simulations, mechanism A,,,+ proves to have the highest duration with the least

variation in the simulation.

Table 3: The mean, standard deviation(SD) and coefficients of variation(CV) values for the
three response metrics calculated from the stochastic simulations with 1000 runs for the
activation mechanisms when k = 100, v = 20 and P* = 100.
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mP m1 D
Mean=+SD (molec/cell) | CV(%) | Mean£SD(min) | CV(%) | Mean+SD(min) | CV(%)
Apna- | 410.3£52.0 12.7 63.1£5.8 9.2 83.601£7.1 8.5
Apst | 950.7£44.3 4.7 35.5+3.1 8.7 107.83£3.8 3.5
Apq- | 193.0£18.9 9.8 49.6+9.7 19.5 88.539+14.3 16.2
Aps+ | 1018.7£179.9 17.7 32.3+12.1 37.5 99.087+12.3 12.4

5.2 The Stochastic Effects in the Inhibition Mechanisms

(decrease mRNA

synthesis), I,4+ (increase protein degradation) and I~ (decrease protein synthesis), the

For the inhibition mechanisms, I,,4+ (increase mRNA degradation), I,,,,-

probability density functions for the three response metrics produced from our stochastic
simulations are given in Figure 6. As seen, these mechanisms show different stochastic
characteristics. The summary of the statistics for the response metrics of the inhibition
mechanisms is tabulated in Table 4.

In the first graph in Figure 6, the probability density functions are depicted for the mP
metric. The peak for mechanism /,4+ is strikingly different than the peaks for the other three
mechanisms. This mechanism attains a mid-protein level mP around 50 molec/cell with a
standard deviation of 0.2 molec/cell and a CV value of 0.4. The other three mechanisms
display similar peaks around 58 molec/cell with relatively similar variations. The standard

deviations calculated for I+, I, and I, are 2, 2.6 and 2 molec/cell, respectively.
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The CV values calculated for these 3 mechanisms are respectively 3.4, 4.5 and 3.4. Our
simulations show that these 3 mechanisms do not result in m P values that are significantly
different. This is in agreement with the results observed in Figure S.2, where mechanism
L4+ has slightly lower values for mP compared to the other three mechanisms. Although
mechanisms /I,,q+,l,,s- and I,,- display slightly higher mP levels, they also display larger
deviation than mechanism I,4+. Therefore, a system that requires a more precise decrease
in mP should employ mechanism /,4+, but systems where noise is beneficial may use any
of the other three mechanisms.

================== Figure 6 here ================

The middle graph in Figure 6 shows the probability density function for mT. Mechanism
I,4+ displays significantly lower values for mT, with an average peak around 2 min, the
standard deviation of .3 min and a CV value of 15.9. Mechanisms I,,,4+ and I,s- have
similar peaks around 30 min with very similar levels of variation. The CV values calculated
for I,,4+ and I, are 16 and 15.7, respectively. Mechanism I,,,- is a little slower, with a
peak around 36 min but has relatively similar variation to the other mechanisms. The CV
value calculated for I,,,- is 18.3. Overall, mechanism I,4+ is the quickest of the four and
shows the second lowest variation with a CV value of 15.9. Therefore, systems that require
a fast and precise response should employ mechanism 7,;4+.

The last graph in Figure 6 shows probability density function for the duration metric D.
Mechanisms 1,4+, I,s~ and I~ show very similar duration with values around 122 min
(SD=23.4 min and CV=19.1), 117 min (SD=23.4 min and CV=20) and 115 min (SD=23.2
min and CV=20.1). Consistent with the previous two metrics, the peak for mechanism /,4+
is slightly different, with a value of about 137 min (SD=18.7 min and CV=13.7).

Table 4: The mean, standard deviation(SD) and coefficients of variation(CV) values for the

three response metrics calculated from the stochastic simulations with 1000 runs for the
inhibition mechanisms when k& = 100, v = 20 and P* = 100.

mP mT D
Mean=+SD(molec/cell) | CV(%) | Mean£SD(min) | CV(%) | Mean+SD(min) | CV (%)
Lo+ 58.1 + 2.0 3.4 30.0+ 4.8 16.0 122.3+ 234 19.1
Lns— 58.5+ 2.6 4.5 36.4 + 6.7 18.3 117.1+£ 234 20.0
La+ 50.1 £ 0.2 0.4 1.8+ 0.3 15.9 137.0+£ 18.7 13.7
I 58.3 £ 2.0 3.4 29.1 £ 4.6 15.7 115.44+ 23.2 20.1
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5.3 Noise Dynamics

In this section, we studied how stochasticity changes as a function of time for both the
activation and the inhibition mechanisms. The stochastic simulations were run as described
above and the coefficient of variation (CV) values are calculated every 6 minutes, and the
results are displayed in Figure 7.

Among the activation mechanisms, A,,;— peaks around 30 minutes with a CV about 0.17,
mechanism A,,s+ peaks around 10 minutes with a CV about 0.085, mechanism A, ;- peaks
around 50 minutes with a CV about 0.13 and remains at that level until around 170 min-
utes, and mechanism A, + peaks around 20 minutes with a CV about 0.3. In the first ~ 300
minutes, mechanism A,,s+ has the least noise. On the other hand, mechanism A,s+ has the
most noise in the first 200 minutes. Although the noise levels starts declining after the peak
value the levels remain higher than the other mechanisms until about 200 minutes. Mecha-
nisms A,,q- and A, display similar noise dynamics, but A,;- has slightly less noise than
A,q- for the first 150 minutes. Interestingly, at 150 min there is a switch and mechanism
Apq- becomes noisier after 150 min. Remarkably, only mechanism A+ has noise level that
rise above the steady state noise level. At the steady state, all four mechanisms have similar
stochasticity:.

————————c—c—co—c—c———- Figure 7 here ========ccc—————

In considering these results with the function of each mechanism, there are some interesting
observations to note. Mechanism A,,,+, which showed the lowest noise levels, represents
a signal to increase mRNA synthesis. It seems that a system that functions best in low
noise conditions would employ this mechanism. In contrast, mechanism A+, which re-
sults in an increased protein synthesis rate, showed the highest noise levels prior to 200
minutes. It is also interesting to notice that A,,;- and Ap;-, the mechanisms that result
in decreased mRNA and protein degradation respectively, have very similar noise levels,
although mechanism A,,;- exhibits slightly higher initial noise levels.

The next graph shows the noise levels of the four inhibition mechanisms. Mechanisms 1,4+
and I,s- show similar noise level dynamics, whereas mechanisms /,,,,- and I,,4+ show different
noise level dynamics. In the first 200 minutes, mechanism /,4+ has the highest noise levels,
which peak very early (around 10 minutes) and stay roughly constant until 100 minutes, with
a CV of about 0.55. The other three mechanisms slowly rise and don’t peak until around
150 minutes, but with very similar CV values (~ 0.3). Mechanisms [,,4+ and I,,- show
similar variation throughout time, while mechanism 7,4+ displays significantly higher noise
levels in comparison to these two mechanisms in the first 150 minutes. After 150 minutes all

four mechanisms’ noise levels decrease and around 300 minutes they reach a steady-state. A
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system that requires low noise conditions over time should employ mechanism I,,4+ (signal
to increase mRNA degradation) or I,,- (signal to decrease protein synthesis), as those two
mechanisms exhibited the least noise. It is interesting to see that mechanisms I,,,4+ and I,s-
show very similar noise levels throughout the time-course, because these two mechanisms are
acting in different ways (increased mRNA degradation versus decreased protein synthesis).
A system that benefits from noise should employ mechanism /,4+ as this mechanism was
the noisiest of the four inhibition mechanisms. Interestingly before reaching a steady state
level, all mechanisms have noise levels that rise temporarily above the steady state noise

level, but mechanism I,4+ is much noisier.

6 Discussions

Using deterministic and stochastic methods, we analyzed the responses produced by four
activation and four inhibition mechanisms on the protein abundance triggered by a transient
signal at both population and single cell levels. The responses are measured by three
metrics. With the help of the deterministic models which involve differential equations, the
average behavior of the protein dynamics was studied at the population level. The single
cell dynamics and cell-to-cell variation were studied by a stochastic method employing
the Gillespie algorithm. Our deterministic simulations showed that the protein levels in
mechanisms A,,,+ or A,s+ are higher compared to the protein levels in mechanisms A, ;-
and A4~ for approximately same signal profile. This suggests that a biological system that
needs high levels of a certain protein should employ either mechanism A+ or A+ rather
than mechanisms A,,4;- and A,4-. Our simulations also predict that the time required to
reach to the mid-protein level mP is slightly faster in both mechanisms A,,s+ and A,s+.
Hence, biological systems that need a quicker response may prefer either mechanisms A, +
or A+, while systems that require slower responses are better suited for mechanisms A, 4-
or A,s-. Of the four activation mechanisms, our deterministic simulations predict that
mechanism A+ results in the highest mP level in quickest time, m7T. The stochastic
simulations showed that among the four activation mechanisms, mechanisms A,,;+ and A+
show the least and the most variations for the response metrics mP and mT, respectively.
Hence, systems that need low-noise situations should employ mechanism A, +.

Mechanism A,.+ has the architecture that most directly affects the protein abundance.
This mechanism is employed by biological systems such as MAPK signaling. Ras signaling
pathway activates downstream MAP kinases that phosphorylate protein elF4E and results

in an increase in the protein synthesis [32|. A system that requires a fast and large increase
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in protein abundance should employ this mechanism. On the other hand, mechanism A,, .+,
which results in protein abundance similar to mechanism A,s+, shows the least variation in
both mP and mT metrics. Mechanism A,,,+ is observed in biological systems such as TGF-
beta signaling. In this pathway, when the ligand binds to the receptor, downstream Smad
proteins are phosphoryated and can interact with coactivators to increase transcription of
target genes|33|. Although mechanisms A,,;- and A,;- resulted in lower mP levels in
a longer period of time, some systems may employ these mechanisms depending on the
conditions and the celular needs. Kassel et al.[34] found that glucocorticoids act to reduce
degradation of MKP-1, which results in inhibition of the downstream target gene ERK-
1/2. Interestingly, glucocorticoids also increase transcription of MKP-1, which suggests
that a system will likely employ different mechanisms in combination to achieve the desired
effect. Mechanism A,,4- seems to also be found in gene regulatory networks. One method
of mRNA degradation is deadenylation of the poly-A tail and degradation by a form of
exonuclease 35, 16], and the decrease in mRNA degradation is related to decreased activity
of deadenylase enzymes, thus increasing mRNA stability.

Of the four inhibition mechanisms, mechanism I,4+ (signal dependent increase in protein
degradation) results in slightly lower mP and significantly reduced m7T levels in our de-
terministic simulations. On the other hand, in the stochastic simulations, this mechanism
results in the least variation in mP metric among the four inhibition mechanisms. Accord-
ing to the noise dynamics simulation, it has the most noise prior to 200 minutes (see Figure
7).

The degradation of proteins is the most direct way to reduce protein levels, as it is closest
to the final product, whereas mRNA degradation for example is a process further upstream
of protein synthesis and degradation. Protein ubiquitination, a means of degradation, is
performed by the enzyme 26S proteasome|[36]. Bile acid signaling prevents degradation
of Small Heterodimer Partner(SHP-a protein involved in bile acid signaling) by inhibiting
ubiquitin proteasomal degradation. However, this protein is targeted for degradation by a
ubiquitination process in other circumstances [37, 38§].

Mechanisms I,,,4+ and I,s- showed identical mP levels and similar mT" values in the deter-
ministic simulations. These two mechanisms also displayed very similar noise dynamics in
the stochastic simulations. On the other hand, mechanism 1,,,- is slightly less effective and
the slowest of the four inhibition mechanisms(Figure 4). In the stochastic simulations this

mechanism shows similar m P values with mechanisms 1,4+ and I,,-,

but higher variation.
A good example for mechanism 7,4+ is the protein BRF1, which is important in mRNA
degradation via AU-rich element mediated decay [39], is phosphorylated by MK2, activating

its mRNA degrading activity [38]. On the other hand, an example for mechanism 7, is
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seen in the MAPK signaling pathway. In this pathway, Ras activates transcription factors
that block the expression of downstream target genes, resulting in reduced apoptosis [40].
Hence, each mechanism, although having various levels of effectiveness and quickness, is
shown to be employed by cells in different circumstances.

Taken together, it is clear that biological systems use these mechanisms in combination
with one another to increase or decrease protein abundance at different time scales and
durations. This gives rise to the great complexity within gene regulation in biology. This
study sheds light on why cells might have evolved to use certain mechanisms more than
others depending on the protein levels required and the time constraints. It also provides the
opportunity to look in a more detailed way at the efficacy of gene regulation at mRNA and
protein production levels, which helps understand why a certain biological system prefers a
specific mode of increasing or decreasing protein expression depending on the needs of cells
and specific environmental conditions. Here we developed mathematical models that can
compare these mechanisms in terms of mid-protein levels, time required to reach mid-protein
levels, and the duration of the response. In future studies it would be interesting to pair
this kind of study with biological experiments to more closely examine which environmental

conditions favor the use of one mechanism over another.
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Figure 1: A cartoon depiction of four activation mechanisms A,,4-, A+, Apg—, and A,e+
and four inhibition mechanisms I,,,4+, Lys—, Ipa+, and I,—. The vertical and horizontal
dotted lines with arrows directed towards another arrow are for the signal dependent increase
in the synthesis or degradation. The vertical and horizontal dotted lines with rounded ends
show the inhibition in the degradation or synthesis. The vertical solid lines with arrows
show the degradation of the mRNA or the protein and horizontal dotted lines with arrows
between DNA and mRNA or mRNA and protein represent the mRNA and protein synthesis,

respectively.
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Figure 2: The graphical representation of the response metrics for the protein abundance for
the inhibition (left) and activation (right) mechanisms after the disturbance of the system
by a signal. The response metrics used to characterize the temporal changes in the protein
abundance are the mid-protein abundance (mP), time required to reach mP level (mT)
and the duration of response (D) are shown.
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Figure 3: The dynamics of A,,4-, Apst, A
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a- and A,.+ mechanisms when changing the
signal profile with an amplitude v ranging from a 1-fold to a 21-fold change and the signal
persistency k ranging from 5 to 100 minutes. Increasing the signal amplitude results in ~ 2.3
fold difference in the mid-protein mP levels between mechanisms A,,;— and A,,+ (column
A). Mechanism A,.+ showed the highest mP abundance (4803 molec/cell) and compared
to mechanism A,;- which showed the lowest m P abundance (957 molec/cell) there is ~ 5.0
fold difference (column A). The shortest time to reach m P levels was achieved by mechanism
A,s+ (29 min) and mechanism A,,;- showed the highest value for mT" at 63 min (column
B). Very little difference in the duration is observed in all four mechanisms(column C).
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Figure 4: The dynamics of 1,4+, I, Ipe+ and I~ mechanisms and characteristics when
changing the signal profile with the amplitude v ranging from a 1-fold to a 21-fold change
and the signal persistency k ranging from 5 to 100 minutes. Increasing the signal amplitude
has a significant impact on the mid-protein mP levels in I,,,4+, I;ns— and I~ (column A).
Overall, mechanism [,4+ shows the lowest mP level (263 molec/cell) and mechanism 1,,,s-
shows the highest mP level (299 molec/cell) (column A). The fastest time to reach mP
level is achieved by mechanism [,4+ (~ 2 min) and mechanism I,,;- is the slowest with an
mT value of 36 min (column B). Little difference in the duration is observed in all four

mechanisms(column C).
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Figure 5: The probability density functions(pdf) for each metric are shown for the activa-
tion mechanisms. They display distinct characteristics. The top figure depicts the pdf for
the metric mP. As seen in the figure, all mechanisms have different mean and standard
deviations. A,;- has the smallest mean and standard deviation, but A,, s+ has the lowest co-
efficient of variation (Table 3). The middle figure represents the pdf for the metric mT". The
mean m1" values are higher for mechanisms A,,4- and A,;- in comparison to mechanisms
Apst and A, Ao+ has smaller standard deviation and variation in comparison to other
mechanisms. The bottom figure shows the pdf for the duration metric D. A,,;- and A,4-
have roughly same mean D, but A,,;~ has the smaller standard deviation and variation in
this metric. A,,,+ has the largest mean value for D with a small standard deviation and
the coefficient of variation, and A+ has a large mean value with a large standard deviation
and a coefficient of variation.
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Figure 6: The probability density functions (pdf) for the three metrics for the inhibitory
mechanisms are shown. The top figure depicts the pdf for mP. As seen in this figure, the
mean mP values are roughly same for all mechanisms except [,4+, which has the smallest
standard deviation and the least variation (Table 4). Within the three mechanisms with
similar mean mP values, I,,,4+ and I~ have smaller standard deviations compared to I,,,,-.
The middle figure is the pdf for m7T. The mean mT values are roughly same for mechanisms
I+ and I,,—. Mechanism I,,,s- shows slightly larger mT value and mechanism I,4+ has
significantly smaller mean m7T" value. I,,4+ and I,,- have smaller standard deviations when
compared to I,,,-. The bottom figure shows the probability density function for the duration
metric D. In regards to D, Iq+, I~ and I~ have roughly same mean and standard
deviation. I,4+ has larger mean value with a smaller standard deviation and the coefficient
of variation.
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Figure 7: The coefficient of variations as a function of time for all the activatory and
inhibitory mechanisms. The top figure depicts the coefficient of variations for the activation
mechanisms. All mechanisms have different coefficient of variation over time before they
reach to the same steady state level. The bottom figure displays the coefficient of variations
for the inhibition mechanisms. As seen in the figure, mechanisms I,,,4+ and [,,- have
similar coefficient of variation(CV) dynamics, while I,,,- has slightly different and larger
CV values, and I,q+ shows the greatest difference in noise dynamics compared to the other
three mechanisms.
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