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ABSTRACT

EFFECT OF GTP/GDP RATIO
ON G PROTEIN-MEDIATED SIGNAL TRANSDUCTION

by Shigeo Fujita

To investigate the control mechanisms of sensing systems in living organisms, this
study justified a hypothesis that a mass balance of two guanine nucleotides would be a
key factor in controlling G protein-mediated signal transduction (GPMST), a signaling
system of cellular communication. Signal transduction was investigated by the following
four steps. 1) Modeling: Kinetic models were constructed to express interactions among
signaling materials of the system. i1) Data collection: Experimental data regarding to
activation of GPMST were collected from literature references. ii1) Data analysis: The
experimental data were evaluated with the models to estimate kinetic parameters. iv)
Simulation: The effect of the controlling factor on the signaling system was calculated
with the above information. The results indicated that the concentration ratio of the
nucleotides influenced the receptor signal and could control the detection of a ligand.

This study suggests the possibility of applying the biological system to biosensors.
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CHAPTER ONE

INTRODUCTION

1.1 Signal Transduction

Cells possess signaling systems to receive extracellular information and process it
as a signal. The signal has several forms including binding events of proteins, states of
proteins, and production of signaling compounds. Signal transduction involves the
processing of a receptor-generated signal within the cell. The processed signal is
conveyed to other systems including to those that down-regulate the signal and to effecta
cellular response. The signal has a magnitude that can be regulated during the signaling.
There are two types of regulation, amplification and attenuation. The signal is amplified
to a high level so that the next system can recognize it, and the amplified signal is
attenuated to a base level to turn it off [1].

Signaling systems work efficiently in cellular activities. Studying their mechanisms

can provide us with knowledge of signal processing mechanisms.

1.2 G Protein-Mediated Signal Transduction

Signal transduction mediated by GTP-binding protein (G protein) is seen in many
receptor systems [2] including those of sensory receptors such as photoreceptors, taste
receptors, and olfactory receptors [3]. The signal transduction basically consists of three
main proteins associated with the plasma membrane: a G protein-coupled receptor

(GPCR), a G protein, and effectors (Figure 1). Each protein has different functions. On



the cellular surface, the GPCR recognizes a ligand (an extracellular stimulus). After
stimulation with the ligand, the receptor changes the G protein to an active form in the
cytoplasm. The activated G protein conveys the signal to the effectors, which generate
other signaling forms to send to other systems. The effector may be an enzyme or an ion
channel. The effector enzyme, for example, catalyzes a reaction to produce a unique
signaling molecule called a second messenger, which carries the signal to the other
systems. Several kinds of proteins have been identified as components of the signal

transduction in various cells and the G proteins play a key role in regulating the signal.

effector
(enzyme)

second
messenger

cytoplasm

Figure 1. G protein-mediated signal transduction. The system contains G protein
coupled receptor (GPCR), G protein (G, = o-subunit, Gy = fy-subunits), and
effector along plasma membrane, and associates with ligand, guanosine-5'-

triphosphate (GTP), guanosine-5'-diphosphate (GDP), and second messenger.
2



1.3 G Protein-Coupled Receptor

GPCRs are receptors involved in signal transduction. The GPCRs are
characterized as follows. 1) In an amino acid sequence of the receptor, there are seven
hydrophobic domains that span the plasma membrane with an o-helix form [4,5].
Because of this shared characteristic, GPCRs are also called seven-transmembrane
receptors or seven-spanning receptors. 2) A bundle of the helices forms a ligand-binding
pocket within the membrane [6]. 3) On the cytoplasmic side of the receptor, hydrophilic
loops between transmembrane domains and the C-terminal segment associate with a G

protein [7].

1.4 G Proteins

A G protein is a membrane-associated heterotrimer consisting of an o subunit
(Go) and By subunits.(Ggy). Although G, and Gg, prefer to be a pair, they individually
have different roles. G, interacts with four materials: a GPCR, Ggy, a guanine nucleotide,
and effectors, and the interactions take place in turn to complete one cycle of its activity.
The activation is organized in the following four states (Figure 2). 1) In the basal state, a
guanine nucleotide-binding site of G, is occupied by a guanosine-5'-diphosphate (GDP)
and the Go-GDP complex tightly interacts with Gp,. 2) When the GPCR binds to a ligand,
the active receptor (R’) increases the affinity with the G protein. The contact between the
Go-GDP complex and the receptor lowers the affinity between Go and GDP to release
GDP. The GDP dissociation leads to the binding of a guanosine-5'-triphosphate (GTP) to

the empty binding site. These events cause the substitution of GDP with GTP on Ge. 3)

3



A Go-GTP complex formed by the substitution has low affinities with the receptor and
Gpy, resulting in their separation. The Go-GTP and the free Gg, are considered to be
active forms that interact with different effectors. 4) While interacting with the effector,
G, acts as GTPase and hydrolyzes the bound GTP to convert it to GDP. Then, the G-

GTP complex reverts back to the Go-GDP inactive form (Review: [8]).

@

GDP

@ @ _
R
|
Ca GTP  Gu-Gy,
Pi « GDP @ 1
GDP

€))

*

R

effectors « (l}a Gp, — effectors
GTP

Figure 2. Cycle of G protein activity. R* = active receptor, Pi =

inorganic phosphate.

Five distinct subclasses of G, have been identified, G,, Gi, Gg, Go, and G, which
associate with effectors differently (Table 1) [9,10]. Among the subclasses, G; 1s
characterized as stimulating adenylate cyclase and has been further categorized into three
types: Gsar, Gsas, and Gaott. Gsar,and Gaqs are distinguished by long and short splice

4



variants, respectively. Ggoir 1S involved in olfactory transduction [11,12]. Gpyi1s a
heterodimer of G protein 8 and y subunits. A C terminus of G, makes contact with the

plasma membrane and anchors the Gpy to the membrane [8]. When the Gg, is free from
G,, it regulates effectors such as adenylate cyclases, the B isoform of phospholipase C,

ion channels (for K and Ca*"), phospholipase A, and phosphatidylinositol 3-kinase [13].

Table 1. Properties of G protein o subunit.

G, subclasses Effect Effectors Second messengers
G, + adenylate cyclase cAMP
+ Ca®" channel Ca*
- Na" channel )
G - adenylate cyclase cAMP
+ K" channel )
—~ Ca®" channel Ca*
Gq + phospholipase C IP;, DAG
G, + phospholipase C IP;, DAG
- Ca*" channel Ca*
G + cGMP phosphodiesterase =~ cGMP

" change in membrane potential. '+' = stimulation; '-' = inhibition.
cAMP = cyclic adenosine-3',5'-monophosphate; IP; = inositol 1,4,5-
trisphosphate; DAG = 1,2-diacylglycerol, cGMP = cyclic guanosine-
3' 5'-monophosphate. This table was cited from Reference [14]. First

references are: [9,10].

1.5 Effectors
Effectors are enzymes or ion channels that transfer the G protein signal to the

next signaling forms (Table 1). In an olfactory system, for example, Gaoir (0r Gsa)



stimulates adenylate cyclase, which catalyzes a reaction from adenosine 5'-triphosphate
(ATP) to cyclic adenosine-3',5'-monophosphate (C(AMP). At the same time, Gp, may
stimulate phosphélipase C (PLC), which hydrolyzes phosphatidylinositol-4,5-
bisphosphate to produce inositol 1,4,5-trisphosphate (IP;) and 1,2-diacylglycerol (DAG)
[15]. Mammalian adenylate cyclase is a membrane-bound enzyme with two catalytic
domains on the cytoplasmic side of the plasma membrane [16]. At the beginning of the
signal transduction, adenylate cyclase starts producing cAMP, and the production rate
rapidly increases within 50 ms [17,18]. Then, the production rate becomes steady during

long-term observation [19,20].

1.6 Second Messengers

The second messenger generated with an effector diffuses within a cell to
stimulate other signaling systems. In the olfactory system, cAMP, IP3, and Ca®" are
thought to have key roles as the second messengers. CAMP produced with adenylate
cyclase opens a cAMP-gated ion channel leading the influx of Ca*" [21]. At the same
time, it also activates CAMP-dependent protein kinase A to regulate the signal pathway
[22]. Although IP; is produced with a different effector, it was suggested that cAMP and
IP; might influence the production of each other. Inhibiting either one of the second
messengers induces a production of another [23]. Intracellular Ca" absorbed via the ion

channel regulates several materials, including potassium channels [24,25], chloride

channels [26,27], PLC [28], and protein kinase C (PKC) [29].



1.7 Ligands

Ligands, which bind to the receptors, provide important information to cells.
Sensory receptors, for example, receive tastants (tasty compounds), pheromones, and
odorants (odorous compounds). Generally, a single receptor binds to a unique ligand. A
hormone binds to its specific receptor with a high affinity [30]. On the other hand,
odorants bind to olfactory receptors in a different way. Because of their large variety,
several odorants are recognized by a single receptor and the binding of each odorant may
be duplicated among the receptors [31]. Approximately 1,000 kinds of receptors exist in
the mammalian olfactory epithelia [32]. The complicated combinations among odorants

and the receptors are coded in the main olfactory bulb, the central olfactory system [33].

1.8 Olfaction as a Model of Signal Transduction

The B-adrenergic receptor, which associates with G; and adenylate cyclase, has
been well studied. A typical experiment is conducted by stimulating the receptor with a
ligand and measuring the accumulation of cAMP as the response. For the receptor
system, a large amount of kinetic data has been collected [20] and some kinetic models
have been suggested [34-36]. The olfactory signaling system is very similar to that of -
adrenergic receptor system and has Goys, which belongs to the G, group and adenylate
cyclase as the effector. This system has been investigated by kinetic experiments [17,37].

During the last decade, analytical tools called biosensors have been developed
(Reviews: [38,39]). The biosensors are equipped with biological materials such as

receptors to utilize their superior detecting ability as sensing probes. Since olfactory



receptors are capable of detecting odorous compounds and wide varieties of such
receptors exist, use of these receptors for odor detection has also generated interest
[40,41]. Therefore, studying the signal transduction of the olfactory system would be

very useful for developing biosensors [42,43].

1.9 Hypothesis to Be Tested

The signal transduction pathway involves ligand detection, activity of a G protein,
an effector, and the production of second messenger. The signal quantity is represented
by the amounts of components or their active forms. There are some factors associated
with the signaling components. One is guanine nucleotides (GTP and GDP) that bind
with G protein to determine its active and inactive forms. The GTP-bound form mediates
the signal and the GDP-bound form turns the signal off. This mechanism is described as
a molecular switch [44]. In actual cells, this switch is tumed on with a ligand-induced
signal and may be turned off by the substitution of GTP for GDP or the hydrolysis of
GTP as illustrated in Figure 3 (Review 1.3 G protein). Some papers explained that the
substitution and the hydrolysis take place in an irreversible cycle [45,46]. The
substitution, however, can be reversed by dissociation of GTP from G protein [47,48].
This suggests that two nucleotides (GTP and GDP) could reversibly bind to G protein. If
the amounts of the nucleotides are large enough to ignore consumption by hydrolysis,
their concentration ratio ( [GTP}/[GDP] ) may become a factor in controlling their

competitive binding.



The above ideas are summed up by a hypothesis that the nucleotide ratio may
grade the signal. In other words, the nucleotide ratio may become a factor in controlling
the molecular switch and the signal transduction. This hypothesis is justified in later

chapters.

a) [GTP]/[GDP]= high

GTP GDP

b) [GTP]/[GDP]=low
L R G E = 2M

et GDP

Figure 3. Effect of [GTP)/[GDP] on G protein-mediated signal transduction.
A signal flows through a ligand (L), a receptor (R), a G protein (G), an
effector (E), and the second messenger (2M) in turn. Competitive bindings of
GTP and GDP to G may influence the magnitude of the signal. '-' and ‘<>’
indicate signal flow and reversible binding event, respectively. Sizes of
letters and arrows represent their intensities. a) When [GTP}/[GDP] is high,
G may transfer a high level of the signal. b) At a low value of [GTP]/[GDP],

the signal may be lowered at G.



CHAPTER TWO

MODELS

2.1 Modeling Analysis

One method to investigate biochemical pathways 1s a modeling analysis. The
pathways are organized with possible biochemical events to construct equations
expressing'the concentration balance of their biological components. The mathematical
expression is fit into the observed data to evaluate how close the model 1s to an actual
system. The modeling analysis of biochemical pathways can reveal how the components
in the pathways are interacting. This chapter introduces previous models of signal

transduction and suggests a new model to justify the hypothesis.

2.2 Previous Models

The biochemical pathway of signal transduction has been studied using several
models. Most models consider basic events: 1) a binding of a ligand to a receptor; 2) a
binding of a G protein to the receptor; and 3) interactions of the G protein to guanine
nucleotides (GTP and GDP). The models are categorized into two groups. One group is
Ternary Complex Based Models that organize pathways forming a ternary complex of
three components; a ligand, a receptor, and a G protein [49,50]. The other group is G
Protein Activation Cycle Models that explain a cycle of the pathways containing active

and inactive forms of G proteins [51,52]. The next section provides further details.
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2.2.1 Ternary Complex Based Models

Because the transmembrane receptors interact with ligands and G proteins at
extracellular and intracellular surfaces, respectively, they can form a temary complex of
ligand-receptor-G-protein. A basic pathway of their interactions is explained with the
Ternary Complex Model (Figure 4) [49,50]. In the model, there are two possible
pathways, a collision coupling pathway, in which the receptor binds to the ligand before
the G protein binds to the ligand, and a precoupling pathway, in which the receptor binds

to the G protein before the ligand binding.
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Figure4. Temary complex model. A receptor (R) forms a ternary complex
(Cs) via two ways. 1) Collision Coupling Pathway: R binds to a ligand (L) to
form a complex C;, which binds to G protein (G) to form C;. 2) Precoupling

Pathway: R binds to G to form a complex C; before binding to L.
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The Ternary Complex Model has been further developed by several researchers.
Spontaneous activity of the receptors was suggested by Samama et al. [53] and this idea
was applied to the model [54,55]. Although there have been Temary Complex-based
models applying interaction of a guanine nucleotide, they took either one of the
nucleotides (GTP or GDP) and did not combine both components in the same system

[56,57).

2.2.2 G Protein Activation Cycle Models

In the signal transduction, G protein has two different pathways between the
GDP-bound form and GTP-bound form: 1) exchange between GTP and GDP catalyzed
by a ligand-stimulated receptor and 2) hydrolysis of GTP to GDP catalyzed by the G
protein (GTPase activity). The GTP-bound form activates effectors. Since the hydrolysis
is an irreversible reaction, these pathways constitute a one-way cycle (Figure 5). This G
protein activation cycle explains the activity of G protein well [51,52]. A model of the
cyclic pathway was used to investigate the B-adrenergic receptor [58] and a;-adrenergic

receptor systems [59].
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GTP-GDP Exchange

GTP
LR GDP

Pl

G-GDP G-GTP —, Effector
(Inactive Form) (Active Form)

GTP Hydrolysis

Figure 5. G protein activation cycle. G protein has two forms, GDP-bound form
(G-GDP) and GTP-bound form (G-GTP). Conversion of G-GDP to G-GTP is
conducted by the GTP-GDP exchange, which is catalyzed by a ligand-activated
receptor (LR). The reverse event is done by GTP hydrolysis, which releases

inorganic phosphate (P1).

2.3 A New Model
2.3.1 GPCR Complex Model

The previous models partially expressed signal transduction at different points.
The ternary-complex-based models mainly treat receptor interactions. Since all binding
events of the model are reversible bindings, they can be expressed with simple
equilibrium equations. On the other hand, the G-protein activation cycle models can
explain the activity of G protein well. However, the irreversible pathway of the activation

cycle complicates its mathematical analysis.
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In Chapter One Introduction, it was hypothesized that the concentration ratio of
guanine nucleotides may influence the signaling. Analysis of the hypothesis requires a
model that covers the entire signal system including the G protein activity. To construct a
new model, the previous models can provide ideas for the modeling. The activity of G
protein is taken from the G protein Activation Cycle Models and the reversible pathway
of receptor bindings follows the Ternary Complex Based Models. Since organizing the
ideas might cause complexity, three components of the system, a GPCR, a G protein, and
an effector were grouped as a complex to simplify the model. Introducing the complex of
GPCR should make the analysis of experimental data easier. The new model with the

complex is named a GPCR Complex Model here.

2.3.2 Complex of GPCR

Before constructing a biochemical pathway, the GPCR complex will be explained
in this section. The GPCR complex is based on an assumption that the receptor, G
protein, and adenylate cyclase remain bound as a membrane complex, irrespective of the
binding of the stimulatory ligand (L) or nucleotide phosphate (e.g., GTP, GDP, and ATP).
Evidence that the complex remains together in the membrane comes from the following
two observations. One point is that all these proteins (GPCR, G protein, and adenylate
cyclase) are membrane-associated as explained in Chapter One Introduction (Sections
1.2 through 1.4). The receptor and adenylate cyclase are trans-membrane proteins and G
protein has a membrane binding site on Gpy subunit. Although membrane binding of G,

cannot be stated, this subunit will associate with membrane by coupling to Gg, subunit.
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Another point is that the three proteins are extracted together with membrane fragments
as shown in Chapter Three Literature Experimental Data. The membrane fragment is
taken at cilia, which are a specific part of a cell. These observations support that the
proteins remain on a membrane of cilia. Since these proteins do not leave the membrane,

they can be treated as one complex, the GPCR complex (Figure 6).

@ Ligand

GPCR complex

___________________________ -

Figure 6. A complex of GPCR. Membrane-associated proteins, GPCR, G protein

subunits (G, and Gg,), and adenylate cyclase (AC) are grouped as the GPCR complex.

2.3.3 Biochemical Pathway of GPCR Complex Model

The GPCR Complex Models express interactions among the GPCR complex and
surrounding components such as ligand and guanine nucleotides. Since the GPCR
complex (C) contains a receptor and a G protein, C binds to both a ligand (L) and a
guanine nucleotide (GTP or GDP) at the same time. Combinations of the above

components produce five possible complexes (C-GTP, C-GDP, L-C, L-C-GTP, and L-C-
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GDP) which interact with each other, as shown in Figure 7. Two GTP-bound complexes,
C-GTP and L-C-GTP, can hydrolyze their bound GTP to form C-GDP and L-C-GDP,
respectively. Since this irreversible hydrolysis may complicate a mathematical analysis,
the hydrolysis is combined into equilibrium events of “GTP-GDP” exchange so that the
irreversible reactions are ignored in the whole pathway.

The complex of L-C-GTP is an active form (CY), in which an effector enzyme is
activated. In the case of the olfactory system, adenylate cyclase catalyzes a reaction from
ATP to cAMP. It is assumed that the rate-limiting step is the conversion of ATP to
cAMP by the adenylate cyclase contained in the activated GPCR complex (L-C-GTP).
The conversion of cAMP by adenylate cyclase is assumed to obey normal Michaelis-
Menten kinetics as shown below. All other binding events, not part of the rate-limiting

step are assumed to be adequately represented by equilibrium expressions.

(mee C-GTP L-C-GTP (=C*)--
E GTP I l GTP I l E
&’ E L :P\*
Pi C «— LC ;P
é GDPl T GDP l T i
s - 5
Lt---» C-GDP L-C-GDP —=---*

C' + ATP T [C*-ATP] — " C" + cAMP + PPi

Figure 7. Biochemical pathways of GPCR Complex Model. Hydrolyses
are indicated with dashed lines.
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CHAPTER THREE

LITERATURE EXPERIMENTAL DATA

3.1 Binding Data
Binding events associated with GPCR's have been studied by many researchers.
In this thesis, some experimental data from published literature have been adopted for

analyzing the GPCR complex model.

3.2 Literature Experiments

Liu et al. measured the binding affinity between a receptor and a ligand in the
presence of various concentrations of a guanine nucleotide (plots in Figures 8 and 9) [47].
The binding assay was conducted with each nucleotide (GTP or GDP). Their
experimental data showed that receptor activity was influenced by an interaction between
a G protein and a guanine nucleotide. In the experiment, a 3,-adrenergic receptor fusing
with a G protein o subunit (Gaotr Of Gas) was isolated with membrane fragments. The
receptor was simultaneously stimulated with two ligands, salbutamol (A), which was an
agonist of the receptor, and [*H] dihydroalprenolol (B), which was an antagonist.
Activation of the receptor by the agonist may change the affinity of the guanine
nucleotide, and the antagonist does not influence the activity of the receptor although
both agonist and antagonist bind to the receptor. While adding various concentrations of

a guanine nucleotide (GTP or GDP), binding of B was measured by a radioactive method.
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Figure 8. Binding assays of guanine nucleotides with Goit. Data were obtained
from Reference 47. (¢) and (0) are experimental plots of GTP and GDP,

respectively. Proteins used in the experiment were -adrenergic receptor and

Goi.
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Figure 9. Binding assays of guanine nucleotides with Gus. Data were
obtained from Reference 47. () and (0) are experimental plots of GTP and
GDP, respectively. Proteins used in the experiment were -adrenergic

receptor and Gias.
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CHAPTER FOUR

DATA ANALYSIS

4.1 Steps of Data Analysis

The experimental data were fit into the GPCR models to estimate the kinetic
parameters and analyze the biochemical pathways (Figure 10). The analysis began by
designing a possible biochemical pathway. Following the design of the pathway, mass
balances and equilibrium equations were constructed for components involved in the
pathway. Organizing the equations gave a final equation that expressed the relationship
among all components and kinetic parameters. Finally, non-linear regression between the

mathematical expression and the experimental data was used to estimate the parameters.

Design of biochemical pathway

A

Construction of mathematical expression
for equilibrium balance

A
Non-linear regression between
the mathematical model and experimental data

Estimation of parameters

Figure 10. Processes of model analysis.
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4.2 Data Analysis
4.2.1 Binding Pathways

For the experiment of Liu ez al. [47] explained in Chapter Three Literature
Experimental Data, a binding pathway of the components was drawn as shown in Figure
11. Agonist (A) and antagonist (B) competitively bound to the GPCR complex (C)
(binding events 1 and 2 for A, 3 and 4 for B) while C also bound to a guanine nucleotide
(N) at another binding site (bindings 5 through 7). Because B is an antagonist that is
supposed to be independent of the binding of C-N, affinities of bindings 3 and 4 and

affinities of bindings 6 and 7 were considered to be the same, respectively.

Kai Kp
E—— —_—

ACN «—— CN +— BCN
@ (3)

Kxi l I &) Kz 1 I ©®) Ky l I Q)

@) )]
AC —— C —— BC
Kao Kp

Figure 11. Presumed pathways of binding experiments. A GPCR complex
(C) competitively binds to an agonist (A) and an antagonist (B) while it

binds to a guanine nucleotide (N). Numbers identify binding events.
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4.2.2 Mathematical Expression

Equilibrium equations constructed for the binding pathway were organized into a

single equation that expresses a ratio of antagonist binding ([BC 1+[BCN ]} as a function of
Cr

nucleotide concentration ( Nt ) (Equation 1). A derivation of the equation is described in

Appendix A and Equation 1 corresponds to Equation 21 in the appendix.

BC1+[BCN
[ ]2[ ] :E'L(A‘ + /A12 _BTCT) Equation 1
T T
where
2 KB(KAOKNINT+KA1) KB
and
Os[BC]+[BCN]s1.

T
Among the equilibrium constants, Equation 1 does not contain Kx, and Ka>.
These constants, however, are related to the other K’s as shown in Equation 2, which

corresponds to Equation 22 in Appendix A.

— KNIKAZ

KN2
KA]

Equation 2

4.2.3 Non-linear Regression
Using Equation 1, the experimental data were analyzed with non-linear regression.
Figure 12 shows the regression for a system of B,-adrenergic receptor, which is one of

GPCRs, and G protein a subunit of olfactory system (Guotr) stimulated with various
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concentrations of a guanine nucleotide (GTP or GDP). Figure 13 is for a similar system

except using another type of G protein o subunit (Gys) instead of Gaoir. Equilibrium

constants estimated by the regression are shown in Table 2.

Antagonist binding,
% of control
4
8

9 8 7 6 5 4 3 2

Log [guanine nucleotide] or Log [N];, M

Figure 12. Non-linear regression of experimental data. Plots, which
correspond to those of Figure 8, were obtained from Reference 47. (¢) and (o)
are experimental plots of GTP and GDP, respectively. Proteins used in the
experiment were B-adrenergic receptor and Go. Dotted lines were calculated
with Equation 1. Parameters used for the calculation are At = 10°M, B =107

M,Cr=3.1 x10"°M, and Kg = 2.8x10° M'!. These parameters were based on

Table 7. ([BC 1+[BCN ]Jof the equation, which indicates a rate of antagonist
CT

binding, was recalculated to a percentage of a control (a base level).
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Figure 13. Non-linear regression of experimental data. Plots, which
correspond to those of Figure 9, were obtained from Reference 47. (¢) and
(o) are experimental plots of GTP and GDP, respectively. Proteins used in
the experiment were B-adrenergic receptor and Gsqs. Dotted lines were
calculated with Equation 1. Parameters used for the calculation are Ar =

10°M, Br =10°M, Cr=3.1x10"" M, and Kp = 2.8x10° M. These

parameters were based on Table 7. ([BC 1+[BCN ]]of the equation, which
CT

indicates a rate of antagonist binding, was recalculated to a percentage of a

control (a base level).
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Table 2. Equilibrium constants estimated by non-linear regression.

Guanine Equilibrium constants, (M)
G protein nucleotides Kao Kai Kni Kn2 R?
Goit GTP 2.04x10°  1.23x10° 1.69x10° 2.81x10°  0.982
Gt GDP 234x10°  1.26x10° 501x10° 933x10°  0.998
Guos GTP 2.09x10%  1.15x10® 4.46x10° 8.12x10°  0.997
Guas GDP 1.45x10%  7.58x10’ 3.54x10°  6.76x10°  0.998

Parameters are shown in Figure 11. All values were estimated by non-linear regression

with Equations 1 and 2 (Figures 12 and 13). R? is R-squared value of regression.

4.3 Evaluation of Data

4.3.1 Data Reorganized for GPCR Complex Model
The estimated equilibrium constants above were further reorganized in Table 3 to
fit into the basic pathways of GPCR complex model, which was shown in Figure 14, as

arrangement of Table 4.

Table 3. Equilibrium constants for GPCR complex model.

Equilibrium constants (M)
Proteins Kro K11 K12 Kn K2 Kpi Kp2
BAR, Gor 2.04x10° 1.23x10® 126x10° 1.69x10° 2.81x10° 0.50x10° 0.93x10°
2.34x10°
BAR, Gyas 2.09x10° 1.15x10° 0.76x10° 4.46x10° 8.12x10° 3.54x10° 6.76x10°
1.45x10°

BAR: Bo-adrenergic receptor, G: olfactory G protein, Gsqs: short splice variant of Gya.
Each K corresponds to that of Figure 14. Values of the equilibrium constants were

obtained from Table 2 as outlined in Table 4.
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Table 4. Definitions of binding constants.

converted  original

parameters parameters binding materials status

Kro Kao ligand, receptor without a nucleotide

Kui Kai ligand, receptor with GTP

Ki, Ka: ligand, receptor with GDP

Kn Kni receptor, G protein with ligand and GTP
K1, Kne receptor, G protein with GTP

Kpi Kni receptor, G protein with ligand and GDP
Kp2 Knz receptor, G protein with GDP

* The parameters on biochemical pathways are shown in Figure 14 and their values are
indicated in Table 3.
** The parameters on binding pathways are shown in Figure 11 and their values are
indicated in Table 2.

Ki.
L-C-GTP
PE—
K H @
LcC .
PE—
Ko 4]
KLZ
L-C-GDP
kC1 kC2

C' + ATP «—— C*-ATP — C" + cAMP + PPi

k.o

Figure 14. Biochemical pathways of GPCR complex model. A GPCR

complex (C) binds with a ligand (L) and a guanine nucleotide (GTP or

GDP). The GTP-bound form (L-C-GTP) or C’ catalyzes a reaction from

ATP to cAMP, following Michaelis Menten kinetics.

26



4.3.2 Reliability of Model Analysis

In Table 3, four values of Ky o, which indicate binding affinities of ligand
(salbutamol) and receptor (B-adrenergic receptor or BAR), were obtained by two
different experiments. These values are supposed to be identical because the two
experiments were conducted with the same ligand and receptor, and K, is not related to
bindings of guanine nucleotides. The four values of Kio were very close to each other at
19% standard deviation of the mean value (1.98 x 10® M'"). This result supports the
identity of the Ky values and high accuracy of the regression.

Comparing estimated parameters with published experimental data can also be
used to evaluate the model analyses. The experimental data were collected for the ligand
binding and the guanine-nucleotide binding (Table 5). For K, of the BAR-salbutamol
binding, the estimated values were almost one digit higher than a high value from the
published data. Ky, and Kpy, which indicate binding affinities of G protein and a guanine
nucleotide without a ligand, however, showed a close fit between the estimated and
experimental values at the same order. These comparisons suggest that the estimation

may be effective for guanine nucleotide binding.

Table 5. Comparison between estimated and published parameters.

parameters protein-ligand  estimated values’ published values
Ko  PAR-salbutamol 1.45-2.34x10°M'  5.9x10°,2.2x10"M™™ ([60])
Krz  Gu -GTP 8.12x10° M 3.0x10° M (611
Kpz  Gua -GDP 6.76x10° M™ 1.5-42x10° M ([61])

BAR: Br-adrenergic receptor, Gyq.: G protein o subunit, *: Estimated values were

obtained at Table 3.~ : Two values are low and high affinities.
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4.3.3 Affinities of Ligand Binding
In Table 3, Kro, Kv1, and K|, indicate ligand binding between BAR and

salbutamol. For both Goir and Gias, values of K11 and Ky, were very close to each other
and they were slightly different from the values of Ky 9. These comparisons suggest that
the affinities of the receptor may be influenced by the guanine-nucleotide binding, but

both nucleotides (GTP and GDP) may have a similar effect.

4.3.4 Affinities of Guanine-Nucleotide Binding

The non-linear regression estimated K values of guanine nucleotide bindings (K1,
K12, Kpi, and Kp;) for Gor and Gas, and their ratios are listed in Table 6. For each G
protein, the ratios of Kr1/Kp; and K1o/Kp; were very close to each other. This
observation suggests that the binding ratios may not be influenced by the presence of
ligand. Likewise, for each ratio, the difference between Goir and Gsqas values suggests that

the binding ratios may be unique for different types of G proteins.

Table 6. Ratios of guanine-nucleotide binding constants

Proteins Kr1/Kpi Kr2/Kp;
BAR, G 3.38 3.02
BAR, Gias 125 1.20

BAR: B.-adrenergic receptor, G, olfactory G protein,
Gios: short splice variant of Gy Values were calculated

with data in Table 3.
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CHAPTER FIVE

SIMULATION

5.1 A Method of Simulation

In the previous chapter, it was determined that the model analyses was effective
at estimating parameters. Substituting the estimated parameters into mathematical
expressions of the model would make a simulation that shows the characteristics of the

signal transduction.

5.2 Signal Intensity of Simulation

Since the signal essentially indicates ligand detection, signal intensity of GPCR
system (SI) would indicate the concentration of a ligand. To see how concentrations of
GTP and GDP (GTPr and GDPr, respectively) influence the ligand-induced signal, an
equation that expressed their relationship was constructed. Equation 3 expresses signal
intensity for this simulation (Slis) as a function of ligand concentration (Lt) and the
guanine-nucleotide ratio (GTPt/GDPr or Rg). (Equation 3 is derived in Appendix B and

the equation corresponds to Equation 62 in the appendix.)

SI, =— Equation 3

where

K GTP,
B, =(l+ ! j+(l+ ! J( bl ] and R, =—-.
KLI LT KLZ LT KT lRG GDPT
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5.3 Range of GTP/GDPy Effect

Equation 3 expresses Sk, as a function of Ly, GTPr, and GDP;. If L; is very large,
Equation 3 is simplified to Equation 4, which expresses S, as a function of GTP; and
GDP:. (Equation 4 is derived in Appendix B and the equation corresponds to Equation

63 in the appendix.)
1

S, = Equation 4
1+ B,
where
_ K,,GDP,
* K, GIP,

This equation produced the trend shown in Figure 15. In this simulation, a value
of K+/Kp, was fixed at 3 based on estimated data in Table S. The line was a sigmoidal
curve in which SI was low (SL;, < 0.1) when the GTP/GDP: ratio was lower than 10143
(or 0.037), and was high (SL;, > 0.9) at more than 10%* (or 3.0) of the ratio. SLi, is
dependent on the ratio within this range (10™** — 10%*%). In other words, SL;, can be

controlled with the GTP/GDP ratio in this range.

controlling range
- - -
! ]
08 1
e 06
-2
o
04
0.2 1

Log ( GTP; / GDP:)

Figure 15. Relationship between GTP1/GDPr ratio and signal intensity.
A curved line was calculated with Equation 4 ( Kri/Kp; = 3).
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5.4 Effect of K, on Signal Intensity

Among the parameters of Equation 4, the value of Ky, is not determined because
Ku1, the affinity of the ligand binding, is unique for each receptor. Therefore, the value of
the constant was approximated from reported affinities of olfactory receptors (10°-10°

M) shown in Table 7.

Table 7. Binding affinities of olfactory receptors.

ligands species K(M") References

2-isobutyl-3-[*’H]-methoxypyrazine bovine  3.3x 10° and 1.0x10® [62]
(bell pepper odorant)

proteinaceous chemoattractant snake 3.3x10° [63]
L-glutamate lobster  3.3x10° and 1.0x10° [64]

When GTP1/GDPr ratio is very large, Equation 3 can be simplified to Equation 5.
(Equation 5 is derived in Appendix B and the equation corresponds to Equation 64 in the

appendix.)

SI_‘-,',,, — KLILT
K, L, +1

Equation 5
Using this condition, Sk is analyzed for Kii. At Ky, = 10" M, for example, the
calculation produced a sigmoidal line, in which Sl was very low (Skim < 0.1) at less
than 10° M of ligand concentration and the line reached at high level (Skin >0.9) at
10*° M (Figure 16). The gradient is the area in which Skin is dependent on the ligand

concentration and the ligand concentration can be detected with the signal, Slm.
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Changing the value of Ky; moves the gradient to either side without changing its shape.
The higher value moves the gradient to the higher ligand concentration and vice versa.

This trend implies that Ky fixes the detectable range of the ligand concentration.

12
|
038
06
04

Slsim

02 -

Log L+, M

Figure 16. Effect of Ky; on signal intensity. Curved lines were calculated

with Equation 5.

5.5 Effect of GTP/GDPy on Sk,

SL;, was also calculated with Equation 3 for different values of the GTP/GDPr
ratio (Figure 17). The ratio changed the calculated curve during the controlled range
(GTP1/GDPr = 0.037 - 3.0) as explained in Section 5.3 Range of GTP1/GDPr Effect.
The lower ratio showed a drop in the level. The gradient range, however, did not change
with the ratio. If SIy s, which is 50% of the maximum intensity (Skin = 0.5), was assumed

to be a standard level, in which the receptor system recognizes the signal, it can be seen
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that Sl 5 shifts with the ratio within 107 - 10%° M of the ligand concentration. This
suggests that the GTP1/GDPr ratio can adjust Sl or the detectable concentration of a

ligand.

12
1 GTP+/GDP; = 10
08
5
b 0.6
04
0.2
o 1
-9 -8 -7 -6 -5

Figure 17. Effect of GTP1/GDPr ratio on Slos. Curved lines were
calculated with Equation 4 and parameters: Ky, = Ki2 = 10" M and

K11/Kp1= 3.
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CHAPTER SIX

CONCLUSION

The modeling analysis showed that the concentration ratio of GTP/GDP

influenced the signal transduction of the olfactory system. The GPCR complex models fit

the experimental data to estimate the kinetic parameters and simulated trends of signal

transduction. The data analyses and the simulation were evaluated as follows:

1)

The data analyses were accurate to obtain Ko, an equilibrium constant of

ligand binding without guanine nucleotides, from different experimental data.

2) Estimated constants, Ky, K11, and Kp;, were very close to referred data,

3)

4)

5)

6)

supporting the reliability of the data analyses.

Comparisons among estimated values of Ko, K11, and Ky, suggest that the
affinities of the receptor may be influenced by the guanine-nucleotide binding,
but both nucleotides (GTP and GDP) may have a similar effect.

Estimated values of K11/Kp; and K1./Kp, were not influenced with the
presence of ligand, and they were unique with types of G proteins.

Values of Kyo, the affinity of the ligand binding, were slightly lowered with the
binding of a guanine nucleotide. However, there may be little difference on the
effect between GTP and GDP.

The simulation revealed that Ky, the affinity between a receptor and a ligand,

was responsible for determining a detectable range of ligand concentration.
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7) In the simulation, the GTP1/GDPr ratio can control Sin and also can adjust a
detectable concentration of a ligand.
According to the above evaluation, it was confirmed that the GPCR complex models
effectively explained the mechanism of signal transduction and the hypothesis of the
GTP/GDP effect on the signal was justified.
The main ideas of this study, namely controlling signal transduction and
modeling fhe biological system, should contribute to the development of devices

applying the biological systems such as biosensors.
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APPENDIX A

MATHEMATICAL EXPRESSION OF BINDING ASSAY

A.1 Purpose of Appendix A
In this appendix, Equation 1 used in Section 4.2 Data Analysis 1s dertved. The
mathematical expression describes interactions of components in a guanine-nucleotide-

binding assay.

A.2 Binding Pathways

Conditions of the assay are explained in the section and the binding pathway of
the assay is shown in Figure 18, which corresponds to Figure 11 in Section 4.2.
According to the pathway, the following equilibrium equations and mass balance

equations are constructed.

Kai Ksg
ACN —— CN «— BCN

“ e -]

AC —/—/— C _— BC

KAO KB

Figure 18. Binding pathways of a guanine-nucleotide assay. The GPCR
complex (C) competitively binds to agonist (A) or antagonist (B) while it

binds to guanine nucleotide (N).

36



A.3 Equilibrium Equations
In Figure 18, the pathways contain seven binding events. An equilibrium equation
is expressed for each event as shown in Equations 6 through 12. In the equations, K

represents an equilibrium constant of a binding event, and [X] means a concentration of

X.

K ,[A][CN]=[ACN] Equation 6
K ,,[A][C]=[AC] Equation 7
K [AC][N]=[ACN] Equation 8
K [CIIN1=[CN] Equation 9
K v,[BC][N]=[BCN] Equation 10
K;[B][C]=[BC] Equation 11
K ,[BI[CN]1=[BCN] Equation 12

A.4 Material Balance Equations
The pathway involves four components, A, B, C, and N. Their total amounts are

expressed with Equations 13 through 16. Xt means the total concentration of X.

A, =[A]+[AC]+[ACN] Equation 13
B, =[B]+[BC]+[BCN] Equation 14
C, =[C]+[AC]+[BC]+[CN]+[ACN]+[BCN] Equation 15
N, =[N]+[CN]+[ACN]+[BCN] Equation 16
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A.S Simplification
Actual values of some constants are obtained from the experimental condition

shown in Table 8. These data are used to simplify the equations.

Table 8. Experimental conditions.

constants values
[salbutamol] or At 1.0x10°M
[[*H] dihydroalprenolol] or Bt 1.0x10°M
[receptor binding site] or Ct ® 3.1x10"M
[guanine nucleotide] or Nr° 101°-10°M
Ks ° 28 x 10° M

All values were obtained from Reference 47.

a. Estimated with the maximum number of binding sites of the receptors
for [*H] dihydroalprenolol.

b. The concentration range of GTP or GDP

c. Equilibrium constants of the receptors to [*H] dihydroalprenolol

A large difference between Ar (1.0 x 10° M) and C1 (1.3 x 107"° M) gives a
simplification of Equation 13. Because Cr is much smaller than Ar, the concentrations of

their complexes ( [AC] and [ACN] ) are also much smaller than Ar (Equation 17).

A, >>C, 2[AC]+[ACN] Equation 17

Since ([AC] + [ACN]) is very small compared to Ar, these terms in Equation 13 can be

ignored and the equation is simplified to Equation 18.
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A =[4]

Equation 18

If the range of N is limited to more than 10 M, Nt will be much larger than Cr

(Cr=3.1 x 10" M) and their complexes ( [CN], [ACN], and [BCN] ) in Equation 16 can

be ignored (Equation 19).

N, >>C, 2[CN]+[ACN]+[BCN]

The above relation simplifies Equation 16 to obtain Equation 20.

N; =[N]

A.6 Ratio of B-C Bound Forms

Equation 19

Equation 20

Solving Equations 6, 7, 8, 11, 12, 14, 15, 18, and 20 gives the ratio of B-C bound

BC CN ) . . ) ..
forms [BCT+[BCN] (Equation 21). This equation is used for non-linear regression in

Cr

Section 4.2.

[BC]+[BCN] _ 1 T
¢ (Aliw/Al B,c,)

T

where

4 =%[KAOKA1AT(KN1NT +1)+L+Br +C7j

KB(KAOKNINT +KA1) Ky
and

0< BCI+IBCNT

T

Equation 21
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A.7 Relationship among K’s
Solving Equations 6 through 9 gives a relationship among Ka;,K 40,K n1, and K no

as shown in Equation 22. This equation is also mentioned in Section 4.2.

Ky, =—"7"" Equation 22
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APPENDIX B

MATHEMATICAL EXPRESSIONS OF SIMULATION

B.1 Purpose of Appendix B
This appendix shows the derivation of equations expressing the interaction of the
guanosine nucleotides (GTP and GDP) and the ligand on the signal response of an

olfactory GPCR complex. The mathematical expressions are used in Chapter Five

Simulation.

B.2 Binding Events of the GPCR Complex
The interactions of the GPCR components are drawn with a basic pathway of the
GPCR complex model (Figure 19). According to the above pathway, the following

equilibrium equations, a kinetic equation, and mass balances are constructed.
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L-C-GTP C-GTP

“ . e
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L-C-GDP —— > C-GDP

. ke . ke .
C + ATP = C-ATP _, C + cAMP + PPi
K.

Figure 19. Biochemical pathways of GPCR complex model. A GPCR
complex (C) binds with a ligand (L) and a guanine nucleotide (GTP or
GDP). The GTP-bound form (L-C-GTP) or C’ catalyzes a reaction from

ATP to cAMP, following Michaelis Menten kinetics.

B.3 Michaelis-Menten Kinetics

Whether in vivo or in the experimental system, the control volume can be
considered constant. Since cAMP is generally not transported across the cell membrane
to any appreciable extent, the accumulation of cAMP can be represented with Equation
23.

d[cAMP] _

= | S Equation 23

At any point in time, the production rate of cAMP (r.amp) is given by the Michaelis-

Menten expression (Equation 24).
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Fopp = kalL ~C - GTP"JATP)] Equation 24
cAamp K, +[ATP]

where [L-C-GTP"] is the concentration of the active GPCR complex including ATP

kC]

binding form ( [L-C-GTP-ATP] ) as defined in Equation 25 and K, = :
k e +kc,

[L-C~-GITP"]=[L-C —GIP]+[L-C~GITP - ATP] Equation 25

According to the experimental condition of Shirley et al [19], the concentration of

ATP, which is available to control the olfactory system, is of the order of 10> M.
Therefore, the [ATP] is fixed at 10° M in the simulation (Equation 26).

[ATP]=10"M Equation 26
The Michaelis constant (Ky,) for most enzymes is suggested in the range of 10 to 10 M
(Equation 27) [65].

10°<K, <10°* Equation 27
This implies that the roamp is at the limit where [ATP] >> K, and Equation 24 simplifies
to the form shown in Equation 28. As long as the [ATP] remains large relative to the Ky,
the r.amp should provide a direct measure of the concentration of the active GPCR
complex, [L-C-GTP]. This assumption is maintained by using the initial rates of cAMP
production.

Fonp =k [L—C —GTP"] Equation 28
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B.4 Material Balance Equations

In the simulation, the concentration of all the proteins can be assumed constant
over the course of their activities. Again, utilizing the initial rate of reaction, any effects
of activity loss due to denaturation of the GPCR complex proteins or proteolytic
degradation is minimized. Therefore, it can be assumed that the total concentration of the
GPCR complex (Cr) to be constant over the course of the protein activities and the

material balance equation for GPCR complex is written in Equation 29.

C, =[C]+[L-C]+[C -GTP]+[C —GDP]+[L -C —GTP*1+[L - C - GDP]
Equation 29

A similar material balance equation can be written for the total signal ligand (Lt), which

1s not consumed in the reaction (Equation 30).

L, =[L]+[L-C]+[L-C ~GTP"]+[L-C ~GDP] Equation 30

Even though the G protein is thought to contain GTPase activity mentioned in Chapter
One Introduction, by restricting the reaction condition to the initial rate of cAMP
production, this activity to a first approximation may be ignored. Therefore, at the initial
condition material balance equations for each guanine nucleotide can be written in
Equations 31 and 32.

GITP, =[GTP]+[C —-GTP]+[L~-C - GTP"] Equation 31
GDP, =[GDP])+[C - GDP]+[L - C —-GDP] Equation 32



B.S Simplification of the Material Balance Equations
For the simulation, concentrations of the GPCR complex, GTP, and GDP are

assumed as shown in Equations 33, 34, and 35.

Cr <10 M Equation 33
10° < GTP; Equation 34
10° < GTPy Equation 35

These values give relationships shown in Equations 36 and 37.

GTP, >>C, Equation 36

GDP, >>C, Equation 37

Therefore, the negligible contribution of the bound guanine nucleotides to the total
concentration can be ignored and Equations 31 and 32 are respectively simplified to

Equations 38 and 39.

GTP, =[GTP] Equation 38
GDP, =[GDP] Equation 39
Similarly, the total ligand concentration used in the simulation is in the following range,

which is very larger than Cr (Equations 40 and 41).
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10"M <L, <10°M Equation 40

C, <<L, Equation 41

Therefore, the three forms of ligand bound complexes ([L-C], [L-C-GTP*], and [L-C-

GDP)) in Equation 30 can be ignored, and this simplifies to Equation 42.

L, =[L] Equation 42

Also the comparison that guanine nucleotides are in excess to the Cr can also suggests
that the complex may always bind to GTP or GDP in this condition. This assumption 1s
justified with their binding rate calculated in Appendix C. Then, guanine-nucleotide-free

complexes ( [C] and [L-C] ) in Equation 29 can be ignored and the equation is simplified

to Equation 43.

C, =[C -GTP)+[C -GDP]+[L -C -GTP'1+[L-C -GDP] Equation 43

B.6 Equilibrium Equations
Because cAMP production is assumed to be the rate limiting step, the other
events in the GPCR complex can be represented as equilibrium, which occur fast relative

to the production of cAMP, by Equations 44 through 50.

K [LIC]=[L-C] Equation 44

K, [L][C -GTP)=[L-C -GTP’] Equation 45
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K,[L][C -GDP]=[L-C - GDP] Equation 46

K, [L-ClGTP]=[L-C -GTP"] Equation 47
K, [L-ClIGDP]=[L-C -GDP] Equation 48
K,,[Cl[GTP] =[C - GTP] Equation 49
K ,,[Cl[GDP] =[C - GDP] Equation 50

B.7 Derivation of rcamp
The above equations are organized to twelve equations (Equations 28, 38, 39, 42,
43, 44, 45, 46, 47, 48, 49, and 50) as listed below. These equations are used for deriving

T.amp , Which is responsible for signal of the GPCR system.

Foup = ke [L—C —GTP"] Equation 28
GTP, =[GTP] Equation 38
GDF, =[GDP] Equation 39

L, =[L] Equation 42

C, =[C - GTP]+[C —~GDP]+[L-C —GTP"]+[L-C -GDP]  Equation 43

K, [L][C]=[L-C] Equation 44
K,[L)[C -GTP)=[L-C -GTP"] Equation 45
K,,[L][C -GDP]=[L-C -GDP] Equation 46
K;,[L-ClGTP]=[L-C -GTP"] Equation 47
K, [L-CJ][GDP)=[L-C -GDP] Equation 48
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K, [CIIGTP)=[C -GTP] Equation 49

K,,[CI[GDP]=[C - GDP] Equation 50

Equation 42 is substituted into Equations 45 and 46 for [L] to obtain Equations 51 and 52.

K, L,[C -GTP]=[L-C -GTP"] Equation 51

K,,L.[C-GDP]=[L-C-GDP] Equation 52

Equations 38 is substituted into Equations 47 and 49 for [GTP], and Equation 39 is
substituted into Equations 48 and 50 for [GDP]. The treated equations are expressed as

Equations 53 through 56.

K, [L-CIGTP, =[L-C —GTP"] Equation 53
K, [L -CIGDP, =[L -C —-GDP] Equation 54
K;,[CIGTP, =[C -GTP] Equation 55
K ,[CIGDP, =[C -GDP] Equation 56

Equation 53 is substituted into Equation 54 for [L-C] and Equation 55 is substituted into

Equation 56 for [C]. They are rearranged to Equations 57 and 58, respectively.

Kp

T1°*G

[L-C -GDP]= [L-C-GTP"] Equation 57
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KDZ

[C—GDP] = [C - GTP] Equation 58
T2°%G
where R; = GTh; :
GDP,

Reorganizing the above equations gives seven equations, Equations 28, 43, 44, 51, 52, 57,
and 58, and five unknown variables, foamp , [C-GTP], [C-GDP], [L-C-GTP*], and [L-C-
GDP]. Since two of these equations are redundant to obtain the variables, four of them,

Equations 28, 43, 51, 52, and 57, are used to obtain feamp.

Fongp =key[L—C —GTP’] Equation 28

C, =[C ~GTP]+[C ~GDP]+[L-C~GTP'1+[L-C ~GDP]  Equation 43

K,,L.[C -GTP]=[L-C -GIP"] Equation 51
K,,L.[C -~GDP]=[L-C -GDP] Equation 52
K, . .
[L-C-GDP]= [L-C-GTP ] Equation 57
T G

Solving the above five equations for r.amp gives Equation 59.

— kCZCT
BI

K
where Bl=£1+ ! )+(1+ ! ]( = J
KLlLT KLZLT KTIRG

Yo uip Equation 59
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B.8 Signal Intensity of Simulation

r.amp is an absolute value for indicating signal level of the GPCR system. It is
convenient to translate it to a relative value for scaling. As the relative value of reamp,
signal intensity (Slsm) is defined as a ratio between reamp and a maximum value of foamp

(roaMP max) represented in Equation 60.

im = Equation 60

r.aMP max Can be estimated by considering a case that ligand concentration (Lt) and GTP-
GDP ratio (Rg) are very large because these factors increase for the production rate. For
this condition, three terms in Equation 59 can be ignored as shown in Table 9 and the

equation is simplified to Equation 61.

Table 9. Estimation of terms in Equation 59

referred data estimated terms
Ku=10°M!, Lr>10°M KiiLt>10° or 1/KpLt < 0.00001 =0
Ki,=10°M! Ly >10°M KioLt>10° or 1/Kp,Lt < 0.00001 =0

KTl = 106 Ml, KD1 = 106 Ml, RG = 00 KleKTlRG =0

Approximate values of Kp1, K12, Kr1, Kp; are referred from those of Table 3.

Ranges of Lt and Rg are suggested from the experimental condition.

Toartpmax = Kc2Cr Equation 61
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Equations 59 and 61 are respectively substituted into Equation 60 for reamp and TeaMp max

to obtain SL;in as shown in Equation 62.

Sl.rim = i_
Bl
where
BI:(1+ ! ]+[l+ ! )( Kp, ] RG=GTPT.
KLlLT KL2LT KTIRG GDPT
B.9 SLin of a Large Ly

Equation 62

SI;, can be simplified by enlarging L. When Lt is very large, two terms

containing L ( ! and
KLlLT KLZLT

rewritten as Equation 63.

SIsim = 1
1+ B,
where
_ K,,GDF,
*" K,GTP,

B.10 Sk of a Large GTP1/GDPr

) are ignored in Equation 62. Then, the equation is

Equation 63

SL;., also can be simplified by enlarging GTP1/GDPr. When GTP/GDPr is very

. K
large, a term containing GTP/GDPr (or Ra) ( ol

T1°*G

the equation is rewritten as Equation 64.

SI_‘-,‘m - KLILT
K, L; +1

51
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APPENDIX C

SATURATION OF LIGAND BINDING

C.1 Purpose of Appendix C

For a binding event between two components, if one of them is in present in a
much larger amount than another, most of the minor component may be bound with the
major component. This assumption is stated in Section B.5 Simplification of the Material

Balance Equations, and justified in this appendix.

C.2 Kinetic Model
The binding event is simply expressed with complex (C) and guanine nucleotide
(N) as shown in Reaction 1.
K4
c + N — CN Reaction 1
The equilibrium equation and mass balances are described with Equations 65 through 57.
In the equations, Kq4, Ct, and N are the dissociation constant, and total concentrations of

C and N, respectively.

_[CI[N] _ 1 .
4= [CN] or [CN] X, [CI[N] Equation 65
C; =[C]+[CN] Equation 66
N, =[N]+[CN] Equation 67
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If C1 is much smaller than Nt as assumed in the statements, [CN] will also be much
smaller than Nt ( Ny >> Cr > [CN] ) and the term, [CN] of Equation 67 can be ignored.
Then, Equation 67 is simplified to Equation 68.

N; =[N] Equation 68

Solving Equations 65, 66, and 68 for [CN] gives Equation 69.

[CN]= CTNT or [CN] - NT
K,+N, C, K,+N,;

Equation 69

C.3 Saturation of Nucleotide Binding

Equation 69 represents the ratio of N-bound C ( [CN]/Cr ), which means the ratio
of saturation for the nucleotide binding, as a function of Nt and Kq4. Table 10 lists the
ratio of the saturation calculated with Equation 69 for each case. The calculation shows
GTP binding has more than 99.9% of [CN]/Cr. This means that G proteins are saturated
with the guanine nucleotides as mentioned in Section B.5 Simplification of the Material

Balance Equations. Therefore, this modeling analysis justifies the assumption.

Table 10. Ratio of saturation ([CN}/Cr) on C-N binding.

C N Ks(M) Nt M) [CN]J/Ct (%)
GPCR complex GTP 59x107" >107 >99.9
GPCR complex GDP 20x10°" >107 >99.8

* - K values of GTP binding and GDP binding were calculated from K2

and Kp; for Go¢in Table 3, respectively.
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