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INTRODUCTION:

A gene can be regulated by 3 variely of different mechanisms, The two most
understood mechanisms zre (hose involving a negative mode of control and a positive
mode of control. Tn a negative mode of control, the remaval of a restraining element
permits expression from a promater, whereas in 4 posilive made of comrol, & simulatory
element is needed (o induce the expression of the penc (Fig. 1). Both thess modes af
control perform the same unction so why are some genss resulaed by a negative mode
of contrel while others or control by & positive mode? Ina mukti-compartment model, |
will explore this question and determine the conditon for the selection of one mode of
gene control over the other. The model keeps track of the population of the wild type
OTEATISM in comparison with different mutant Populations to see under what ccmditiﬂn
the wild type population is overcome brv the mutant population, which signals the losbof
that mode of control iSavagean, 1974)

The model is patterned after the life evele of Excherichia colf and more
specifically, £, coli’s Tactose and maliose operons. The lactose operon is controlled by
the negative mode of control  To induce the expression of f-galatosidase from the
lactose operon, the repressor protein, called the lac repressor, must bind 1o the inducer, in
this case, lactase. Once this oecurs, the lac repressor charges it’s confbrmation and an
longer can suppress the initiation of Leanscriplion. This chain of events indoces the
production of -galactosidase, the o cofi enzyme that breaks down lactose for its use,
{Savagean, 1998, IT)

In contrast, the maktose operon is comrolled by u positive mode of control. The

inducer, maltose, must bind 1o the activator protein, mal'T. This allows the complex,



malT-maltose, to interact with RNA polymerase and fagilitats initation of transcription
of enrymes necessary for £ coli ‘s wtilivation of maltose. {Schwartz, 1987)

In this model. a complete life cvcle is defined a5 the entry mto a hast, colonization
ol that host, and finally the exit from the host and the entry of a new host, The host for
an k. eofi is the mammalian digestive system. The digestive tract is divided into two
parts: the proximal portion, which is the stomach (o the beginning of (he small inlestines,
and the distal portion, which includes the end of the smali intestine to the colon. The host
digests lactose st the end of the proximal portion of the stomach and maltase at the end of
the distal portion of the stomach (g 2} To exploir the host's mutrients, /2 cofi pzes the
lactose as its energy source when it is in the proximal portion of the digestive track and
maltose when it i3 in the distal region of the digestive system. Thus, E. coff utilizes these
carbon sources before the host is able to digest and absorb the lactose and maltose for
itself (Savagean, 1974)

[-galactosidase, & gene product of the laclose aperon, is in high demand in the
proximal portion since there is a high conceniration of lactose (inducer) in this region.
However, the lac genes are in low demand in the distul portion of the digestive systom,
where there is little if any Iaclose. It takes 3 hrs for £ cofi |0 pass through the high
demand environment for lactose wiilization, The demand for the products of the maltoss
operon is the opposite, low demand in the proxmal portion and high demand in the distal
portion, corresponding to the location f, colf starts utilizes maktose a9 4N energy Source.
It rakes about 6 hours to pass through the low demand environment for (he utilization of

maltose. (Savageau, 1998_ 1)



Along with understanding the maltose and lactoss uperons and the alternation
belween the high and low demand covironments in & coli 's lifa cycle, the different
phenotypes the mutants exhibit are also impornant in undersianding the model. There are
many mutations that can obstruet the production of the needed efeyme but this model
will enly address mutations in the promoder site, the modulator site, or in both sites of the
operon, Each mutation will exhibit a different phenotype, depending on the mode of
control and the environment e organism is in (Sevageau, 1998, 1) The phenotypes will
in turn affect the growth rate of thil type of mutation I it canses constiuitive expression
or 1o expression in both envirenments. This is further discussed later in sach mcedel,

In negative: regulation (lactose operon), a high level promoter is needad for fisll
expression of the necassary enzymes when the repressor is removed, while s functiongl
modulator is needed for the inhibition of the expression when the repressor is present,
Thus, promoter and double mutants will have no expression with or withouwt the inducer,
since both ha,@):mutaiiun which no longer gives a high level promater, Tn contrast, the
modulstor mutant can produce f-galactosidase when the inducer is present but is pnable
Ly shut down synthesis when the inducer is gone since il doesn’t have a funcrional
modulator, (Fig 3. A & B) Both these defiets will affeet the growth rate of these
mufants.

In positive regulation (maleoss operon), a low level promoter 18 necessary for
cxpression 1o be turned off upon removal of the activator, while a fisnctional modulator is
nezded for the filll expression in the presence of the activator-inducer complex
Therefore, the promoter and double mutants are constity itively expressing the maltose

enzymes, Inahigh demand environment, the modulator mutant is unable to produce



these enzymes althoush it should and in a low demand., it also isn't producing the
enzymes since it has a functional prometer that ensbles the shut down of the operan in
the presence of the inducer-aotivator complex. A normal {wild type) £ coli should have
expression in the high demand environmeni and inhibii expression in the low demand
environment, {Fig. 3. C & D)

The muti-compartment model will 1ake into account the environment chi gh or low
demund), the growth rate, and the mutation rates of cach population to monitor the
changes in the population sizes. The populuation sizes will in mrn determing if the wild
type population will be selected for and thus the preservation of that regulatory
mechanism Otherwise, if one of the mutant populations overcomes that of the wild type
population, the regulatory mechanism is considered lost. The purpose of this model is to
determine if the mode of regulation is arbitrarily picked or if there are specific conditions

where a positive regulation or a negative regulation 1s sclected.

BASICS OF MODEL:

The model will be based on the lollowing population dynamic equations:

d(Xw) / dt = Aww = Xw 7 f:, i SO F;ﬁ
d(Xp) / dt = (Apw * Xw) + (App * Xp) \ <ol 21/
HAXm) / dt = (Amw * Xw) + (Amm * Xm) WA ED

d(Xd)} / di = (Adm * Xm) + (Adp * Xp) + (Adm * Xd} | p A
XPI} ‘ .-"I -{5' & i 'IIF-:-’-I" i '.-"ﬁ'

"X represents the population of the respective type, indicated by the lowsr casa letter ———— 0

after the X For example, Xw is the population size of the wild type. “A" represents the A

ratio of one population that mutated into another population. For example, Apw is the II:I

ratic of wild type population, which mutated to become promoter mutant, (Savageau, |/
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“A" values are dependent on the mutation rates and growth rates:

A = [1- [l'].pw—]!ufmw}]a G‘IP-"_H‘.' ﬂl | Jf.ir“:--l' j rﬁr_,f_-.a ‘."‘:.u:'.
Apw = Mpw * Gw &

=1 . .; L ._-:_" o Pl ]
App = {1-Mdp) * Gp Aocs u‘a-__;*‘i -
Amw © Mmw * Gw cudds isterr] WY Sy -|?,J
Amm - (1 — Mdm) * Gm \ el 3,
Adm =Mdm * Gm ] ,J‘- -.r"c?i LE s TR r‘l"L-F
e"hdd='G'd Y ! {{F .ler. _,1_.,_..;,;___

The mutation rate (M) determines the rate at which a member of one population mutg l::s
mnto & member of another population (Fig 4), The two leiters after the M will indicate
what the organism has become and what it was before the mutalion. For example, Mpw
means the mutation rate from wild type organism (o a promoter mutant.  The growth rate
(G) also has a letter after it, which indicates the population it represents. Thus, Aww is
equal o the Gw times what's left of the wild pepulstion after subtracting the ones, which
mutated into promgoter {Mpw} and madulator (Mmw) mutants. The other A equations
follow the same logic (Savageau, 1998, 1)

The growth rstes ((3) and mutation rates (M) are all constants, however, G and M
chanpes hetween two values depending if the orginism s in a high or low demand
environment. Thus, a switch was created 1o alternate between the tw values as (he
environment switches from g high demand to 8 low demand and vice versa  The switch

13 defined as

d / di (hswitchl) = pulse (1, 0, C) pulse (1, H. C)
where T is equal 1o the time it takes for a gene {o complete an on and off evele and H is
equal 10 the period in which the genc is tumed oo H s in e dependent on D which is
the [raction of the evele time {C) when the gene is on The hswitehl reservoir is filled 1o

one whenever the environment is a high demand environment and ¢mpties itself oncs



high demand (the perind 1) has passed. The hswitchl remains equal to zero until 2 new
cvcle C begins. By making the M values and G values dependent on the hswitchl value,
it enables the mutation rates and growth rates to switch to the appropriate value
automatically as the environment alternates between a high demand and a low demand
environment, {Graph 1) .-:_'E..r.',_.”,._,_-llllu_. ¢

Lastly, the mode] consists of the equations for the ratio of mutani population 1o

that of the wild type. The ratios are used to analyre whether the regulation mechanizsm ol

the wild type population is selected or lost

MODEL 1: Negative Regulstion-Lactose Operon
Since the time period in the high demand environment (1) is equal to 3 hours in
the lactose operon as stated in the introduction, C can be derived:

H:D*E:Eﬂ
C=3/D

We also know that the first portions of the digestive system is 4 high demand
environment, while the sccond half is a low demand environment for the laciose operon.
(Savageau, 1998, 11 Thus. M and G are equal to:
M = IF hswitchl = @ TIHEN high demand value
ELSE low demand value
G = IF hswitchl > 0 THEN high demand values
ELSE low demand valus
Thus, the environment switches from first a hi gh demand to & low demand environment
The curve that defermines whather the negative regulation mechanism is kept is

that of the mtios of the mutant to the wild type papulation. When D is set at 0.5, the

curve can be seen to alternate between two slope. This is seen for all three ratiog
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(Xpw, Xm/Xp, and Xd/Xw). The curve for the ratios of’ Xp/Xw and Xd/ X dre

identical since from Fig. 3, we sec these two mutants exhibit the same phenotype in th‘é‘} ” E‘
tow and high demand environment, The first slope comresponds to the high demand _\ o Jc'ji v
eavironment and the second slope corresponds to the low demand environment = E'IL TJ-' = ¥ :} )
As seen from Graph 2, the curves for Xp and Xd ratios have a negative ﬁrit;_l@ﬂa F:‘ I j:'lljh
while the sccond slope is zero, This occurs becanse in a high demand environment, the = z e

two mutants are unable lo express 1he desired genes since (hey both have a defective L -
promoter. Thus, the wild type population, which is able 1o make the appropriate lactose

efieymes will eventually forces the promorer and double mutant populations into

extinction. The second slope is #¢ro because the mutants cxhibit the same phenotype as

the wild tvpe in the low demand environment.

Graph 3 3s the curve of the modulator mutan: ratio st D=0.35 The first slope in
this case is zero while the second slope is 2 negative slupe as predicted by the phenotypes
the modulator mutant expresses in the two different environment. In the mgh demand
environment, the modulator nutant is able to produce the necessary onzymes like the
wild type 50 grow at the same rate as the wild type population. However, in the low
demand environment, the modulator mutant i< ungble to shut down expression of the now
no longer needed enzymes. Thus, (his waste of its Esergy puts it at a disadvantage to the
wild type orwanism, causing the slope 1o change W a neative slope

Although Graph 2 and 3 proves that the mode! does work, we have not determine
what conditions cause the seleclion of the negairve mode of control for the lactose
operon. Todo this, T chose one mutant ratio, which had the highest overall slope and

thus, the best chance of avercoming the wild lype population, When all three ratios are



graphed on the syme plot, we sce the medulaior mutant has the highest slope {Graph 4).
This ratio was used to determine the condition for the selection of the wild type

mechenizm

'.['hmqgh parameter runs, 1 determined the most sensitive pﬂ:‘anm-er was the

dumﬂ.m! fﬂ-‘ﬂ]‘.lh 3 shows how the }i'.mr.‘-'{p curve uhanges- with hu.;h or low demand. The

averall slope decreases as the demand decreases from 0.9 to 0.1, The more positive Lhis
curve is indicates the mutant population is rising quicker than the wild type population
mnd with time the wild type regulation mechanism will be lost  However, if this curve
has an overall negative slope, the wild type population is mereasing quicker than the
mutant population and thus the negative regulation is selected  Therefors, from this

graph, we can see the condition for selection of the negative resulation is low demand.

MODEL 2: Positive Regulation-Malinse Operon

Ity the maltose operon, &s stated in the introduction, it takes 6 hours to pass
through the low demand environment. Thus, C is difforent from that in the lactose
operon model

L=(1-D)*C~ &
C=6/(1-0)

The value of M and G above are also different For the maliose operon since in this case,

the first portion of the digestive track is 2 low demand environment and the second hall s

a high demand environment. (Savageau, 1998, 11}

M = IF hswitch > 0 THEN low demand value
ELSE high demand vahie

G = IF hewitch = 0 THEN low demand valye
ELSE high demand valuc



Thus, the positive regulation model sltcrnates between first a low demand and then a high
demand environment

Again, the ratios of mutant to wild type populations were praphed. Like in the
negative regulation, the Xp and Xd ratios gave the same graph since both mutants
constiturtively expressed the mal genes in both the low and high environment. From
Graph 6, we can see the first slope is negative while the second slope is pozitive. This
mdicates ina low demand environment, the mutants are ut n disadvantage since they are
wusting energy to make ensymes thar are not needed. Thus, the wild type population
rises guicker then both nutam populations in a low demand environment. The second
slope deseribes the fight between the murtants and the wild type in 2 high demand
enviranment. The positive slope indicates the promoter and mutant populations are
mereasing quicker than the wild type population in the high demand environmen
However, since the overall curve is decreasing with time, the increase in slope in the high
demand environment is not enough to compensate for the low growth in the low demand
envirenment, When a paramelnic run was done on the parmaeter D, we see the overall
slope decreases as the value of D increases (Graph 7)., This reveals that positive
regulation 15 selecied for in high demand enviranments,

Unlike the other two mutants, the modulator nouteat has an overall Increasing
slope (Graph 8), and thys at demand 0.5, the positive mode of regulation is lost. The first
slope of the curve is zero because the phenotvpe of the modulator mutant resembles that
of a normal wild type argamism The second slope 1s positive indicating the positive
regulanion is lost at g demand of 0.5, By varying the value of D between 0.9 to 0.1, the

curve of the Xm/Xp curve decreases with the increasing value of demand {Graph 9). The



curve at (L9 i3 close 1o being lincar, thus only at high demand is the positive mode of

regulation not fost. This result agrees with the results of Graph 7.

CONCLUSIONS;

From the negative regulation (Iactose operun) model and the positive regulation
{maliose operon) model, the condition lor the selection of one control made over another
was determined. A pegative mode of control is selected when the demand for the penes
of the operon is in low demand, while positive regulation is selected when the demand is
high. This shows a mode of regulation is chosen depending on the environment the
organism is i and thus, this decision is not arbitrarily made, The model can be used (o
predict the demand in the environiment for other operons when the nature of regulstion is y
/s

. 1 /
known of vige versa. These predictions proved to be Yery accurate as seen in Savagesu’s ] L :11-‘,!!"“

article, “Design of molecular control mechanisms and the demands ol genc expression”, ) Lg

S

If time had permitted, this model could have been expanded through more [ e

LT
research. By finding out the eriteria {exact slope of the ratio curve) for the selection of ﬂf'l_{-
L 3+

the wild type control mechanism, the model can then be used 1o determine the exaet o
range ol demand where the selection for the positive and negative mode of control is
realizable. Once the range of demand is determined. we ean solve for € and find the time

it takes to complete an organism's life cyele. Wilh more work the two models can

produce more specific results and actual numbers such as the range of demand where

selection 1s realizable and the period of time to complete the ife cvele of an organism.
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Figures, Tahles and Graphs:

Figure 1: Schematic representation of negative-controlled and positive-controlled
opercas, {A) In the negative control operon, the repressor prevents expression
of the gene in the absence of the inducer but when the inducer is present the
repressor can no longer bind to the modulator site so expression of the pene is

seen, (B) In the positive control operon, the activator is unable to bind to the
modulator without the inducer so no tanscription ocours without the inducer.
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Figure 2, The life cycle of £, coli alternates between two different environments: (A) the
proxumal portions of the digestive tract (stonach to the beginning of the small
intestines) where there is & high demand for the lac genes and low demand for
the mal genes and (B) the distal partions of the digestive tract (small intestines

to the colon) where there is low demand for the lac genes and high demand for
the mal genes.

maltase—= Colon
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Figure 3; Expression of gena depends on the mode of control and the covironment. 1n the
negative made of rogulation, the fipure shows the phenotypes of the wild type
and mutants in a high demand environment (A) and a low demand environment
(B} using symbols R = repressor, M = modulator, P = promoler, and G =
degired genes. In the positive mode of control, the fow demand cnvironment
(C) and the high demand environment (D) are also depicted using the symbol
A = activater along with the other symibols above, The armow symbolizes the
expression of the desired genes.
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Figure 4, Schematic diagram showang how the population sizes are affected by the
mutation rates and growth mtes
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Figure 3: The dizgram of the four populanon reservoirs, which shows the relationship of
the parameters and variables.
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Table 1: Relationships and Parameters for Negative Repulation-Lactose Operon (G =
weneration'he, M = buse-| wen-1, C = hry),

d/dt (hswitchly = flowin - fowout
TMIT hswitchl =0

fowin = pulse (1, 0, C)

flowout = pulse (1, H. C)

H= [

T~ (1-Dy*C

D=5

C= 3D

Mdny - 629

Mdp =4.8e-8

Mmyw = 4 He=8

Mpw = IF hswitchl = @ THEN 6e-9 ELSE Ge-10
Cienn = IF hgwitehl = 0 THEN | ELSE 0,01 24875
Gd =TF hswatchl =0 THEN 0.97T ELSE 0025
Gw = IF hswitchl = 0 THEN 1 ELSE 0.0125

Cip = IF hawitchl = 0 THEN 0.97 ELSE 0.0125

App = (L-Mdp)*Gp

Amw = Mmw*Gw

Amm = (1-Mdm)*Gm

Adm = Mdm*Gm

Adp = Mdp*Gd

Apw = MpwtGw

Avew = (L -{Mpw=Momw ) )* G

dfdt (Xw)=+wild_type
IMIT Xw = 10
wild type = Awa*Xw
dl (Xp)= +p_mulamt
INIT Xp=1
p mutant = (Apw* XwiH App*Xp)
didt {Xm) = +m_mutant
IMIT Xm= 1
m_routant = { Amw* 3w Amm* Xm)
d/dt (xd) = +double mut
INIT Xd = 1
double _mut = (Adm®*Xm}H Adp® XpH{Gd* Xd)

ratiop w=Xp/ Xw

ratiom w = Xm/ Xw

ratiod w=Xxd / Xw

ratow pmd = Xw / (Xp + Xm + Xd)



Tahle 2. The Relationships and Parameters for the Positive Regulation is like the negative
control except for

dide {hswitchl) = flowin - flowout
INIT hswitchl =0

flowin = pulse (1, 0, C)

flowout = pulse (1. H, C)

H=D*C

L= (1-*C

D="009

C= 6/ 1-1})

Mdm - GHe-9

Mdp =4 8¢-3

Mmw =4 fe-8

Mpw = Ga-10

Gm = IF hawitchl > 0 THEN | ELSE (.0125
Gd = TF hawilchl =0 THEN 0,999 ELSE 0.0125
Gw = TF hawilchl = 0 THEN 1 ELSE 0.012125
Gp = IF hewitchl = 0 THEN 0,999 ELSE 00125

Graph 1: An example af how the fluctuation of the hswitchl curve 15 uscd to altemate
between the two values of a parameter. As can be seen from the curve from
the lactose operon model, when the time i within that of the high demand
period, Gip= 0.97 and when the time is within the low demand period,

CGip = 00125




Crraph 2 The graph of Xp/Xw and Xd/Xw vs. Time  The two curves are identical
becauss the two mutants exhibit the same phenotypes in the kigh demand
enviromment and low demand environment.

ik _wa .l

Ciraph 3: The graph of Xm/Xw vs. Time. This curve shows the slope is zero, when the
phenotype is the same as the wild type. However, the slope turns neyative
when the mutant continyoesly expresses the lac genes although they are no
longer needed in the low demand environment
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Graph 4. The graph of all the retios to determing which ratio is most likely to overcome
the wild type population, As seen from the graph, the modulator mutant has
the highest overall slope and thus is the one which has the greates! chancs of
becoming selected over the wild (ype beétween the three mutants,

Graph 5: The ratio Xm/Xp curves as the demand (D) values changes berween 0.1 to (.9,
In the legend, the demand value of each curve is in parenthesis. From the
oraph, we see that as the demand decresses the overall slope decreases. Thus,
the nepative repulation is selected when the demand 14 Tow,
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Graph & The graph of the prometer and double mutants’ population ratios vs. time at
D= 0.5 Both mutants constituitively expresses the mal genes and thus, they
have a dissdvaniage in the low demand environment, shown by the negative
first slope.

Graph 7: The changes in the overall slope of the Xp/fw and Xd/Xw curves as the
demand decreases from 0910 0.1, As the demand increases, the overall slope
decreases and the positive mode of contral is conserved.
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Graph 8: The graph of the modulator mutent v5 dme when D= 0.5 The modulator
mutant is the only mutant with an overall positive slope within the three

mntants.

Graph 9 As demand increzses from @1 to 0.9, the curve of Xm/Xw becomes more linear
and thus, the positive mechanism of control is not lost. The D value
corresponding 1o each curve is in parenthesis,
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