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The m2 mAcChR and its cognate G protein (Gi) were expressed in

baculovirus infected Sf9 cells. The ligand binding characteristics of both

wild type and site directed mutants of the receptor were characterized. G

protein coupling characteristics of wild type and site directed mutants of the

receptor were analyzed using GTPyS bind assays and GTPase assays.

GTPyS binding allowed the determination of the ability of a given receptor to

promote guanine nucleotide exchange on Gi. GTPase activity is a measure

of the m2 mAcChR-stimulated activation of Gi. A mechanism that

describes m2 mAcChR-stimulated GTPase activity is presented. Equations

derived from this mechanism aflowed the analysis of the dependence of

GTPase activity on the ratio of G protsin to receptor. The data for the wild

type receptor suggest the presence of two paths of GTPase activity: a path

where receptor interacts with a single G protein and a path where receptor

interacts with a G protein oligomer. The mechanism also allowed the

examination of the effects of site directed mutants on the activation of Gi.
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EXPRESSION AND G PROTEIN COUPLING OF ThE M2 MUSCARINIC
ACETVLCHOLINE RECEPTOR IN SF9 INSECT CELLS

CHAPTER 1
INTRODUCTION

Parti
Cellular Communication and Transmembrane Signaling

One of the hallmarks that defines and separates a lMng organism

from the inanimate surroundings is the ability to sense and respond to the

environment. in simple unicellular organisms such as bacteria and single

celled eucaryotes, this ability is demonstrated by responses to physical and

chemical gradients such as temperature and nutrients. Environmental

interaction is also demonstrated by the ability of these organisms to interact

with one another through generation of chemical signals. Communication

was necessary for the steps in evolution that led to the cooperation

between individual cells that preceded the development of more complex

multicellular organisms.

As multicellular organisms have evolved these indMdual cells have

become increasingly specialized and interdependent and the original

sensory/communication mechanisms present in the cells of simpler

organisms have become highly sophisticated. The cooperation between

indMdual cells led to the development of specialized organs for the

processing and dissemination of sensory and chemical information. Finally

the specialized cells and organs came to interact in complex sensory

systems. An example of such a system is the immune system which

contains a variety of cells whose function is to Identify and contain or
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destroy any partide or cell that invades the otganism. Another such system

is the nervous system which monitors and sustains the internal functions of

an organism and allows the organism to respond to external stimuli.

Chemical CommunicatIon (1)

Chemical signalling in complex multicellular organisms falls into

three categories. The first is the joining of the cytoplasm of two cells

through the formation of gap junctions which allows messengers in the

cytoplasm of one cell can move into an adjacent cell. A second type is

plasma membrane bound signalling molecules that make physical contact

with appropriate molecules on the surface of other cells. This type of

signalling would be a short range interaction where cells would

communicate only with nearby cells. The third type is the secretion of

chemical messengers into the circulatory that can influence any number of

cells at any distance. In this third category there are two broad classes of

communication that differ in their signalling distance and duration. The first

class contains local chemical mediators, which are rapidly metabolized and

work over short distances on rapid time scales, and neurotransmitters

which are secreted at specialized chemical junctions and act only on the

adjoining target cell. The second class are hormones which are molecules

secreted by specialized endocrine cells that can travel through the

circulatory system and affect cells at great distances. For any type of cell-

to-cell communication that involves a secreted molecule there must be

molecules present in the target cell to recognize and respond to the signal.

These molecules are collectively referred to as signal transduction systems.

Signal Transduction Systems (1)

Steroid Hormone Receptors

Steroid hormones are small hydrophobic molecules that readily cross

the plasma membrane. The receptors for steroid hormones are present in



the cytoplasm. This is the most direct type of signal transduction where the

signalling molecule delivers the chemical message directly to the

cytoplasm.

Growth Factor Receptors

Most growth factors are peptides or small proteins secreted by cells

to stimulate the proliferation and/or differentiation of target cells. Since

growth factors are hydrophilic molecules they are unable to pass directly

through the plasma membrane and require a specialized delivery system.

Some types of growth factors are delivered to the cytoplasm of the target

cell in a process known as receptor mediated endocytosis which involves

binding of the growth factor to a specific recognition molecule (receptor)

followed by invagination of the membrane. This invagination separates

from the plasma membrane and fuses with lysosomes which liberate the

growth hormone and/or its degradation products. Other growth hormones

such as insulin exert their effects via a transmembrane signalling system.

The simplest type of transmembrane signalling system would consist of a

single molecule which traverses the plasma membrane with an extracellular

'signal recognition domain' and an infracellular 'response domain. The

insulin receptor consists of a polypeptide homodimer. A single molecule of

insulin binds to a specific site formed by the two extracellular domains.

Insulin binding causes a conformational change in the receptor which

activates the tyrosine kinase activity of the intracellular domain. The

tyrosine kinase activity promotes the phosphorylation residues on the

insulin receptor and other proteins in the cytoplasm (2).

G Protein-coupled Receptors

The G protein coupled receptors (GPCR) transduce extracellular

ligand binding to the activation of heterotrimeric G proteins. For G protein

reviews see Neer 1994, Neer 1995 and Clapham 1996 (3-5).
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Heterotrimenc G proteins consist of a large (appx. 50 kDa) GTP binding

a subunit and two smaller polypeptides which form a functional y dimer.

Both the a and frysubunits are known to interact with cellular effectors.

Four classes of Ga subunits have been identified on the basis of amino acid

sequence identity: Gi/o, G12 and Gq. G protein specificity of a given GPCR

ARt
GOP

ectors ARG*

pi+
AR

Figure 1.1 The G Protein Cycle

is designated by the identity of the a subunit although it is becoming

increasingly clear that the and y subunits contribute to the specificity of

both the receptorG protein and G protein:effector interaction. Figure 1.1

outlines the individual steps in the activation of G proteins by GPCR. The

cycle begins with the association of the agonist bound receptor (AR) with

the GOP liganded G protein which promotes the dissociation of GDP from

the Ga subunit. GTP binding to the unoccupied Ga promotes the
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dissociation of the Ga-GTP and Gfy from the agonist:receptor complex and

allows them to interact with cellular effectors. Hydrolysis of GTP (and

release of organic Pi) by the intrinsic GTPase activity of the Ga subunit

allows the reassociation of Ga-GDP and Gfry into the inactive heterotrimer.

As many as a thousand different GPCR including the receptors for

light smell and taste have been identified which can be dMded into three

categories based on their structure: the typical or seven transmembrane

(TM) domain GPCR, the receptors for glycoprotein hormones and the

atypical GPCR.

Typical GPCR (6,7). The typical GPCR consist of a single

polypeptide chain of 4-500 amino acids and has a molecular mass of 60-80

kDa. The receptor contains seven 22-28 amino acid sequences of

alternating hydrophobic and hydrophilc residues which comprise the seven

transmembrane domains. The amino acid sequence of these domains is

consistent with the formation of a-helices. The transmembrane helices of

the typical GPCR are connected by 3 small extracellular loops and 3

intracellular loops one of which, intracellular loop 3, is often larger than the

others. The receptor's glycosylated amino terminus is extracellular. The

intracellular carboxyl terminus has consensus sequences for protein

kinases and is often palmitOylated at a cystelne residue which anchors the

domain to the plasma membrane creating a small 4th intracellular loop.

Atypical GPCR (6,7). The atypical GPCR are similar in structure to

the typical GPCR but consist of 7-8 membrane spanning domains and have

little sequence homology to the typical GPCR. Receptors in this group

include the secretin and metabotropic glutamate receptors.

Glycoprotein Hormone Receptors (6,7). The receptors for

glycoprotein hormones are similar in structure to the typical GPCR with

which they demonstrate high sequence homology. The distinctive feature

of this group is the presence of a large (3-400 amino acid) amino terminal

domain which contains sites involved In ligand recognition and binding.



GPCR Evolution

GPCR are an ancient muftigene family. Adrenergic and muscannic

GPCR are present in organisms from Caenorhabitis elegans and drosophila

to the blue shark (8). The high sequence conservation in GPCR suggests a

common ancestor (6,9). Bactenorhodopsin is a light driven proton pump in

the membranes of Halobacterium halobium with 7 membrane spanning

domains, an extracellular amino terminus and intracellular carboxyl

terminus and high sequence homology to the GPCR (10,11).

Phoborhodopsin (sensory rhodopsin II) is a protein with similar structure

that functions as a light receptor in Halobactenum salinarum (12). The 7

transmembrane structural motif evolved originally in bacteria as an ion

pump. This structure was then used for light sensing and finally in higher

organisms as a mechanism to transduce an extracellular signal

(chemical/light) to the interior of the cell for the purpose of activating a

second messenger (G proteins). Rhodopsin, the light sensor in the

mammalian visual transduction cascade, represents the result of the

process by which a motif present in procaryotes and used as a proton pump

is used as a transmembrane signalling system. Intermediates in this

evolutionary process are represented by phototransduction systems with

different G protein specificities present in organisms of increasing

complexity (13). Go-specific C protein mediated phototransduction is seen

in hyperpolarizing scallop retina ciliary photoreceptor cells and probably

emerged before divergence of vertebrates and invertebrates. Gq-speciflc G

protein mediated phototransduction is present in invertebrate depolarizing

cells of cephalo/arthropods. GPCR evolution probably progressed by a

process of gene duplication and alternate splicing (6). The spread of the

GPCR structural motif may have been facilitated by viruses, indicated by

the presence of virally encoded GPCR obtained from host cells that now

exist as viral oncogenes (14).
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Part2
G Protein Coupled Receptors

Figure 1.2 outhnes the steps in the GPCR signalling system

(7,15,16) Each of these steps offers points for specificity, amplification,

control and regulation which will be discussed in subsequent sections. Step

I is the binding of agonists which causes a conformational change in the

receptor

Desensitization
5 ('flfl

Sequestration 4
[JIJIJI

Internalization
Recycling/Degredation Pi

Q

11

spi
.1*

/U
4

I

1+
I

9 3
2

0
GP

Figure 1.2 The GPCR Signalling System

Cellular
Effe cto rs

which thggers the exchange of guanine nucleotides on the G protein. GTP

binding allows the G protein to dissociate into Ga and Gfry subunits (step



2). Step 3 illustrates the interaction of both the Ga and Gfry subunits with

cellular effectors. In step 4 G protein-coupled receptor kinases (GRKs) are

targeted to the plasma membrane where they phosphorylate the agonist

occupied receptor. The Gfry subunits participates in GRK targeting (17). In

Step 5, the phosphorylated receptor binds to arrestin proteins

(desensitization), becomes inaccessible to hydrophilic ligands

(sequestration) and is internalized to be recycled or degraded.

Classes of Typical GPCR (6,7)

The G protein coupled receptor signal transduction system is used

for mammalian visual transduction, taste, olfaction and is central in the

function of both the nervous and endocrine systems. Table 1.1 classifies

the GPCR on the basis of the structure of their physiological ligand(s).

Amplification of GPCR Mediated Responses

Amplification of the ligand binding signal is an inherent feature of

GPCR responses. Ligand rebinding at the surface of the plasma

membrane suggests the possibility that an individual agonist molecule can

activate more than one receptor (18). Lamb et. al. (19) examined the

amplification the GPCR cascade in the activation of Gt (transducin) by

rhodopsin. The diffusion limited activation of G proteins by an individual

receptor was calculated to give rise to the activation of 7000 G proteins per

second per receptor based on two dimensional diffusion theory. Actual

photoreceptor electrical processes suggest that the number is closer to

3500 G proteins per receptor per secofld. The rate constant for effector

activation was determined to be 0.9 per second for coupling to effectors in

the membrane. The potential for such large amplification of the initial signal

there requires finely tuned specificity and regulation of GPCR mediated

responses.



Visual Transduction Receptors
Exnrnole Lioand(s Subtvoes
opsins retinaUhght red, green, blue

Catlonic Amine Binding Receptors

adrenergic epinephnne p1-3, alA-C, a2A-C
norepinephrine

muscarinic acet)lcMlne ml-m5
seratonin 5-hydroxytiyptamine B, D, E
dopaminergic dopamine DIA, 02-4, 051, D5B

Peptide Hormone Receptors
ExamDle Liaand(s Subtvoes
angiotensin II angiotensin II
bradykinin bradykinin

Peptide Hormone Receptors
Examole Llaand(s Subtvoes
endothelin endothelinl,2,3 AandB
N-formylpeptide N-formylpeptide
somatostatin somatostatin

Olfactorylraste Receptors

Nucleotide Receptors
ExarrIe Lioand(s Subtvoes
Menossne adenosine
cyclic AMP cyclic AMP

Receptors for Other Small Ligands
Exarnole Uaand(s Subtvoes
oploid receptors opiates , ic 8

Table 1.1 Classes of G Protein Coupled Receptors

Regulation of GPCR Mediated Responses

Regulation of GPCR mediated responses is a rapidly evolving and

expanding field (17,20-22). Böhm et. al. (17) describe four categories of

regulation of responses mediated by GPCR: agonist removal from

extracellular fluid, receptor desensitization, agonist induced receptor
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endocytosis and receptor down regulation. An additional category is

receptor mediated regulation of (3 protein levels (23).

Removal of Agonist from Extracellular Fluid (17)

Agonists are removed from the extracellular fluid by three distinct

processes: dilution, uptake by cells and enzymatic degradation.

Receptor Desensitization (17)

Desensitization (uncoupling of (3 proteins) is a two step process

involving receptor phosphorylation and arrestin binding which prevents the

interaction of receptors with (3 proteins. Arrestins are a family of proteins

that include visual arrestin and 3 arrestins that bind to phosphorylated

receptors. Arrestin binding has been implicated in subsequent

sequestration and down-regulation. Homologous desensitization is the

phosphorylation of agonist-liganded receptors by receptor specific GPCR

kinases. GPCR kinases (GRKs) are a multigene family that indudes

rhodopsin kinase and
I

adrenergic receptor kinases I and 2. GIry subunits

liberated by (3 protein activation are believed to participate in the targeting

of GRKs to the plasma membrane. Heterologous desensitization is the

phosphorylation of an unliganded receptor by second messenger activated

kinases, A and C, due to the activation of another GPCR pathway.

Agonist-promoted Receptor Endocytosis

Agonist promoted receptor endocytosis (sequestration) can be

reversible (first step in receptor recycling) or irreversible (first step in

receptor degradation). Recycling is actually a form of receptor

resensitization where receptors are dephosphorylated and returned to the

cell surface (24,25). Arrestins may play a role in clathrin mediated,

dynamin dependent endocytosis (17). arrestin has been implicated in

clathnn mediated endocytosis, where it may function as a dathnn adapter
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molecule which tags the f32 adrehergic receptor for endocytosis (26).

Receptor palmitoylation at the carboxyl terminus may be involved in

localization of receptors to caveolae and caveolin dependent endocytosis

(21). An example of irreversible agonist-promoted receptor endocytosis

would be the proteolytic activation of the thrombin receptor (24).

Desensitization and sequestration are separable processes for the m2

mAcChR and f2 adrenergic receptor (27,28). Sequestration and G protein

coupling/signal transduction are separable processes for the human ml

mAcChR (29) and other GPCR (21). Agonist occupation of the receptor is

the primary (and possibly only) signal required for homologous

desensitization and subsequent sequestration.

Agonist-promoted Receptor Down Regulation

Down regulation refers to a decrease in the total receptor number

after long term agonist exposure due to increased rate of receptor

degradation or decreased rate of de novo receptor synthesis (17).

Changes in the rate of receptor synthesis can arise from decreased

receptor mRNA transcription, decreased mRNA stability or decreased

protein translation (17,30,31). Down-regulation by transcription factor GF

has been demonstrated for the m2 mAcChR (32) and CAMP has been

implicated in both the up and down-regulation of the 132 adrenergic receptor

(17). Studies with chimaerlc receptors (a2Aadrenergic, 32-adrenergic

receptor and IA-seratonin) indicate that down regulation is independent of

receptor phosphorylation and G protein coupling (33). Down-regulation

also appears to be independent of sequestration for the ml and m2

mAcChR (34,35). There is evidence of heterologous down-regulation. 13

adrenergic mediated down-regulation of ml/m2 mAcChR in a pathway

invoMng second messenger protein kinases (36)(37).
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Receptor Mediated Regulation of G Protein Levels

Milligan et. al. (23) determined that agonist exposure down-regulates

and redistributes G proteins from the membrane to the cytosol. Their study

focused on the interaction of the prostanoid IP receptor and Gsa. The

down-regulation depends on receptor concentration and is restricted to G

proteins with which the receptor interacts. The mechanism appears to be

both second messenger dependent and independent enhanced protein

degradation. The redistribution of G proteins to the cytosol may involve

depalmitoylation of G protein subunits.

Specificity In GPCR Mediated Responses

The primary mechanism in control of the specificity of coupling of

individual receptors to their cognate G proteins is amino acid sequence of

both the receptor and G protein (38). Initially it was thought that specificity

of coupling was primarily determined by the identity of the Ga subunit, but it

is becoming increasingly clear that GDy subunits are also involved (39,40).

Another issue in specificity is the control of cross talk between

different GPCR pathways. In some cell lines there are as many as 7 Ga, 4

G, and 3 Gy subunits (41). With multiple receptors, G proteins and

effectors present in the same cell there must be mechanisms to minimize

cross talk between different GPCR pathways. This type of specificity is

achieved primarily by the different affinities of different combinations of Ga,

and y subunits for different receptors and effectors. Additional selectivity

results from the fact that different receptors and G protein subunits are

specifically targeted and localized to different parts of the cell (38,41).

Cross Talk in GPCR MedIated Responses

Specificity in control can regulate cross talk between different types

of signalling pathways. An example would be the stimulation of mitogen
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activated protein kinases (MAP kinases) via convergent signalling from

receptor tyrosine kinases and GPCR. There are three different

mechanisms by which GPCR participate in the activation of MAP kinases

(42). The first is the tyrosine kinase:GPCR pathway which is dependent on

the small G protein ras and involves the activation of tyrosine kinases by

Gfry subunits. The other two pathways are ras independent. One of these

ras independent pathways requires protein kinase C and involves the smaH

G protein raf in the activation of ERK (extraceliular bgand regulated kinase)

members of the MAP kinase family (43).

Dimerizatlon of GPCR

Receptors for cytokines and growth factors often function as dimers

or oligomers (44). High molecular weight species on SDS gels that

correspond to the position of receptor dimers have been observed for a

large number of typical GPCR (45). Metabotroplc glutamate receptors

(atypical GPCR) are known to form cysteine linked homodimers (46). Co-

expression studies with muscarinic and adrenergic receptors demonstrate

assembly of individually expressed domains consisting ofTM 1-5 and 6,7

(47). This research indicates the ability of receptors to self-associate in the

membrane. Cvejic et. al. (48) demonstrated an agonist dependent

decrease in ji opioid receptor dimers and demonstrated that the monomer

to dimer transition may be involved in receptor internalization. Hebert et. al.

(45) demonstrated a decrease in the amount of 132 adrenergic receptor

dimers in the presence of a peptide that resembles a portion of TM 6

(potential dimerization domain). Maggio et. al. (49) examined the

relationship of the size of intracellular loop 3 (13) and dimer formation for the

a2C adrenergic and m3 mAcChR and found that a large i3 was important

for dimer formation. Functional complementation has been demonstrated

with a number of GPCR induding angiotensin II receptors, a2A and (32
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adrenergic receptors and mAcChR (50-52). Functional complementation

studies are the most direct evidence to date for the presence of functional

dimers in the GPCR.
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Part 3
The Muscarinic Acetyichofine Receptors

Discovery and Classification

In the I 800s it was shown that extracts of the mushroom Amanita

muscaria slowed or stopped frog heart beat at low and high concentrations

respectively. The active alkaloid was purified and named muscanne.

Muscarinic effects were similar to vagal stimulation of the heart which is

blocked by atropine (Atropa belladànna) (53). Acetylcholine has two effects

on heart beat, at low doses It functions as a depressor and this action is

blocked by atropine. At high concentrations it functions as a pressor

(increases blood pressure) and mimics the effects of nicotine. These

observations led to the designation of two types of actions of acetytcholine

as muscannic and nicotinic (31). The receptors that mediate these actions

are the G protein coupled muscarinic acetyicholine receptors (mAcChR)

and the multi-subunit ion channel nicotinic acetyicholine receptors.

Muscarinic subtypes were initiaJly classified according to antagonist

affinity. The Ml receptors, present in the cerebral cortex, hippocampus and

sympathetic ganglia showed a low affinity for the compound pirenzipine in

contrast to the M2 receptors, present in the myocardium, cerebellum and

medulla pons, which showed a high affinity. This difference in affinity led to

the designation of the brain mAcChR (Ml) and the cardiac mAcChR (M2)

(54). The differences in affinity of mAcChR from different tissues for

another antagonist, AFDXI 16, led to the designation of two types of m2

mAcChR: M2 cardiac and M2 glandular (54).

Cloning, Subtypes and Tissue Distribution of the mAcChR

Cloning of the genes coding for mAcChR led to not only the

molecular distinction of mAcChR subtypes but also to the ability to express
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the receptor in large quantity using heterologous expression systems and

correlate the molecular identity of indMdual subtypes with patterns of ligand

binding, activity and effector coupling (55,56).

There are 5 molecularly distinct mAcChR subtypes designated ml -

m5 cloned from rat, pig, mouse, chick and human. All 5 mAcChR subtypes

have the structure of a typical GPCR:seven transmembrane domains,

extracellular glycosylated amino terminus, intracellular palmitoylated

carboxyl terminus, 3 extracellular and 3 intracellular loops. The sequence

of the transmembrane domains and the extracellular loops and intracellular

loops I and 2 are fairly well conserved. The only region of the receptor that

shows significant variability across the 5 subtypes is intracellular loop 3 (i3)

which is correlated with coupling to particular G proteins/cellular effectors.

SubtyPe Tissue localization
Imi brain and exocilne glands
1m2 cardiac and smooth muscle
1m3 brain and exocrine glands
1m4 mainly in neural tissue
[5. brain

Table 1.2 Tissue Localization of mAcChR (31)

ml, 3 and 5 mAcChR have a larger 13 than m2 and 4 and couple

preferentially to Gq and activation of phospholipase C (PLC) where m2/4

couple preferentially to GiIo and the inhibition of adenylyl cyclase (AC).

Molecular biological techniques such as Northern and Southern

blotting allowed the determination of the tissue distribution of the 5 subtypes

of mAcChR summarized in Table 1.2(55). mAcChR mediate numerous

physiological responses. The range mAcChR activity is summarized in

Table 1.3.
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Activity Location
constrict smooth muscle stomach, intestine, bladder, pupil ciliary muscle
relax smooth muscle small blood vessel, pyloric sphincter, bladder

sphincter
cardiac effects decrease rate and force of auncular contraction
regulate neuronal excitation central nervous system
regulate secretion exocrine glands

Table 1.3 Range of Muscarinic Activity (31)

mAcChR Effectors

The mAcChR actMties listed in Table 1.3 are mediated by a large

number of different cellular effectors. Table 1.4 summarizes the primary

cellular effectors and C protein specificity of the 5 mAcChR subtypes

(42,55,57-60).

Genetic Regulation of mAcChR

Relatively little is known about the genetic factors that regulate the

expression of the various mAcChR subtypes. The following section

highlights some of the recent work in this area.

Chick m2 mAcChR (61,62). The m2 mAcChR subtype is the

predominant muscannic acetyicholine receptor in the heart where it

functions to regulate the rate and force of cardiac contraction.

Transactivation of the chick m2 mAcChR promoter has been demonstrated

by the GATA family of transcription factors. Cloned chick GATA-4, -5 and

6 have been shown to bind to a GATA-responsive element in the chick m2

mAcChR promoter. GATA-4/516 subfamily of transcription factors play a

role in expression of lineage-specific genes in a variety of tissues derived

from mesoderm, including heart. Regulation of basal levels of expression

of the m2 mAcChR in thick heart primary cultures is determined by the

GATA-responsive element.
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Effector System Subtype G Protein
Inhibition of Menytyl Cyclase m2 and m4 Gi/Go

Stimulation of Phospholipase C
(strong) ml, m3, m5 Gq/Gll
(weak) m2 and m4 GWG0

Release of Intracellular
(propagating wave) m3 PTX insensitive
(focal) m2 PTX sensitive

Voltage sensitive Ca2 influx m4 Go

ctepencient ci Clannels
(rapid/transient) m3 PT)( insensitive
(oscillatory/delayed) m2 PTX sensitive

Inward rectifying K4 channels m2 PTX sensitive

Close M current K4 channels ml, m3 ?

Open Ca2' dependent m2, mA Os

Open Ca dependent K4 channels ml, m3 Gi/Go

Release of arachadonic sad ml, m3, m5 Gq

Activation of MAP kinases ml, m2 Go

Regulation of mitogenesis ml- m4

Table 1.4 Muscannic Acetyicholine Receptor Effectors

Human m2 mAcChR (32). In human embryonic lung fibroblasts,

transforming growth factor-1 (TGF-f1) induces a time-dependent down

regulation m2 mAcChR binding sites. The time course shows a 58% loss of

binding sites over 24 hours which is accompanied by receptor

desensitization and reduction in AC activity. Northern blot analysis showed

a 72% decrease in the steady state levels of the m2 mAcChR mRNA over

the same time period. The evidence suggests that the desensitization and

down-regulation of the m2 mAcChR is due to transcriptional down

regulation of the m2 mAcChR gene by TGF-f1.
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m4 mAcChR (63). NeUrónal cell-specific expression of the rat m4

muscannic receptor is regulated by a silencer element. The likely mediator

of this silencing is the neuron-restrictive silencer element/repressorelement

(NRSE/REI).

ml mAcChR (64). There are many regions in the brain that co-

express the ml and m4 muscarinic receptors yet even in areas that co-

express ml and m4, not all indMdual cells express both ml and m4.

These two genes demonstrate a complex pattern of overlapping and

nonoverlapping expression profiles Unlike the m4 gene there is no

evidence of a REIINRSE silencer element in the ml promoter. The 5'-

flanking region of the rat ml muscarinic receptor gene does however

contain a number of consensus regulatory elements: Sp-1, NZF-1, AP-1,

AP-2, E-box, NFicB and Oct-I.

Heterologous Expression Systems for the mAcChR

The characterization of the coupling of individual mAcChR subtypes

to specific cellular effectors and G proteins described in Table 4 was

performed in heterologous expression systems in order to isolate the effects

of an individual subtype and G protein. The most common cellular

environments for the examination of receptor.effector interaction have been

Xenopus oocytes where receptor mRNA is introduced by injection and

transformed mammalian cell lines where receptor DNA is introduced by the

use of mammalian expression vectors. Commonly used mammalian

expression systems for mAcChR indude Chinese Hamster Ovary (CHO)

cells (65,66), Human embryonic kidney (HEK) cells (67), murine L cells(68),

NIH 3T3 cells (69),mouse fibroblast AL9 cells (70). Some studies were

done on endogenous receptors when one muscarinic subtype was

predominant in a given tissue or cell type. An example would be the

endogenous m5 mAcChR in A2058 human melanoma cells (71).
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Assay Systems for the Examination of mACChR:Effector Coupling

In order to examine effector coupling the m2 mAcChR is introduced

into a cellular environment that contains endogenous G proteins and

associated cellular effectors. The physiological effect is observed upon

addition of a particular muscarinic agonist and is this effect is retarded by

the addition of antagonist. Table 1.5 describes some of the applications of

physiological assays in the study of mAcChR:effector coupling

Applications of physiological assays
1. Identify coupling of a particular muscariflic subtype to a cellular effector.
2. Determine G protein specificity of a receptoreffector Interaction with bacterial toxins

which ADP ribosylate and Inactivate different classes of G proteins.
3. DetermIne efficacy of vanous muscarinic uganda at promoting (agonist) or Inhibiting

(antagonist) physiological eflectors.
4. DiscrimInate full vs. partial agonist and neutral vs. negative antagonist
5. Examine the effects of receptor andlor (3 proteIn expression levels on effector coupling.
6. Examine the effects of site-directed mutants of the recptoron all of the above.

Table 1.5 Applications of Physiological ASsays

Coupling of mAcChR to cellular effectors is a multi-step reaction:

1. Agonist binds receptor

A+ RAR
2. Agonist bound receptor associates with G protein

AR + G-GDP * ARG-GDP

3. Agonist bound receptor promotes guanine nucleotide exchange on Ga

ARG-GDP - ARG-GTP

4. Ga and Gfry subunits dissociate from agonist bound receptor

ARG-GTP , AR + Ga-GTP + Gy

5. Ga and Gy subunits interact with cellular effectors

Ga-GTP + E Ga-GTP:E and Gfy + E Gfry :E
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Physiological assays provide a wealth of information about the

pharmacology of mAcChR but are less useful to examine the molecular

details of the indMdual steps involved in the transduction of the ligand

binding signal into the activation of cellular effectors. The change in the

level of a cellular effector in response to application of agonist represents

the last step in a series of reactions. In order to examine the steps

individually it is necessaly to combine information from physiological

eflector assays with more direct techniques. Two categories of

experiments which allow direct examination of an individual step in the

activation of effectors are ligand binding assays and assays for the

activation of G proteins.

Assay systems to Examine Ligand BindIng to mAcChR

Direct binding assays are often used to determine the equilibrium

binding constant for radiolabeled ligand. Direct binding assays are only

feasible when the binding constant is far enough below the available

concentration of such ligand. Data from direct binding assays are fit to

hyperbolic binding equation. Direct binding can also be used to determine

kinetic constants for binding and dissociation of radiolabeled ligand. To

determine kinetic constants data are fit to an equation which describes

exponential association/dissociation.

Competition binding assays can be used to quantitate different

classes of agonist binding sites. In CHO cells mAcChR show three classes

of agonist binding: high affinity is associated with the receptor:G protein

compIe intermediate affinity is demonstrated by the free receptor and low

affinity represents a molecularly undefined species (72). Competition

binding takes advantage of the fact that muscarinic antagonists bind to a

single class of sites. Labeled muscarinic antagonists can be used in

competition binding assays to determine the equilibrium binding constants

for different classes of agonist binding. The agonist is titrated in whole cells
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or ennched membranes and radlolabeled antagonist is added as a tracer.

Data are fit to model that describes multiple classes of ligand binding sites.

Ligand Binding to mAcChR

The conformation of GPCR in the membrane is believed to resemble

the structure of bacteriorhodopsin where the seven u-helices are arranged

in the membrane in a counterclockwise circle (10,11). An electron

diffraction map of the GPCR rhodopsin has been shown to have this

structure (73). Four of the membrane spanning u-helical domains (1, 2, 3

and 5) are oriented perpendicular to the plane of the membrane and the

other three are tilted. Helices 1,4 and 5 are more exposed to the

membrane and helix 3 is the most buried and tilted. The transmembrane

(TM) domains are in dose proximity to one another and the overall structure

is more open at the extracellular surface and more restricted at the

receptor.G protein interface, forming a roughly conical structure.

The binding of mAcChR ligands to the receptor follows patterns

present in all cationic amine binding GPCR. Amino acid residues directly

involved in ligand binding are concentrated on the extracellular loops and

the upper third of the transmembrane helices (74). Studies on site directed

mutants of mAcChR and other cationic amine binding receptors have

delineated the roles of indMdual amino acids in ligand binding (715). Most

of the information about the effects of site directed mutants on ligand

binding are for the ml, 2 and 3 mAcChR. Ugand binding to mAcChR is

affected by a large number of indMdual residues scattered across all three

extracellular loops and all seven transmembrane domains. This result is

consistent with the notion that the transmembrane domains are in close

proximity as seen in rhodopsin and even single amino add changes at

positions not directly involved in ligand binding cause structural

perturbations that alter ligand binding affinities.
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Although a large number of residues have been implicated in effects

on ligand binding affinity some themes have emerged with respect to the

roles of specific amino acids in ligand binding. Some experiments that

attribute effects of mutations to ligand binding were actually determined by

effects on effector coupling. It should be pointed out that a mutation that

alters effector coupling could actually be exerting its effects on any one (or

more) of the intermediate steps in the activation of cellular effectors.

intracellular loop 3(13) not in voWed in ligand binding - ml 1m3

mAcChR chimaeras of the carboxyl tem*ial of TM 5 and 13 and m21m3

mAcChR chimaeras of the amino terminal sequences of i3 show no effect

on the binding of PHJ-n-meth4 scopolamine (muscarinic antagonist) or

carbachol (muscarinic agonist) determined by direct binding studies and

activation of cellular effectors (57,75). Deletion of amino acids 219 -358 of

i3 of the m2 or208-366ofi3ofthe ml mAcChRshowno effects on the

EC50 for activation of PLC with carbachol (76).

cysteines - nine cysteine residues are conserved in all five

mammalian mAcChR subtypes and are loa1lzed to the extracellular loops

or upper third of the TM. Mutation of cysteine 407 or 417 to senne in the rat

ml mAcChR increases (407) and decreases (417) carbachol binding affinity

and in both cases decreases overall efficiency of receptor activation as

measured by carbachol mediated PLC activity (77). The same study

suggested that cysteine 98 and 178 form a critical disulfide bond since

simultaneous mutation of cysteine 98 and 178 to senne resulted in a

receptor with no carbachol mediated PLC activity or PH]-quinuclidinyl

benzilate (muscannic antagonist) binding even though transcripts were

shown to be expressed at the ceO surface. Evidence for the formation of a

critical disulfide bond is also seen in site directed mutagenesis studies on

rhodopsin (78) and the adrenergic receptor (79). A cysteine 176(178 in ml

mAcChR) to senne mutation in the m2 mAcChR shows a diminished

inhibition of AC and stimulation of PLC activity.
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extracellular loop 3- A review article by Hulme (55) concluded that

amino acids in the extracellular loops of mAcChR are not primarily involved

in ligand binding. This condusion is contradicted by data of Savarese et. al.

(77) with cysteine mutants mentioned above but also by the work of Wess

et. al. (80) with m2/m3 mAcChR chimaeras that exchanged as few as 33

residues consisting of part of TM 6 and all of the third extracellular loop.

Their data suggested that this region is involved in subtype specificity of

antagonist binding. Ellis et al. (81) constructed m21m5 mAcChR chimaeras

and examined ligand binding in transiently transfected cos7 cells to

delineate the sequences involved i the subtype specific binding of

gallamine - an allosteric regulator of ml-m5 mAcChR. Their data

demonstrated that a 200 fold binding selectivity of gallamine in the m2 vs.

m5 mAcChR was due to a small region of the TM 6 and the 3rd

extracellular loop.

conserved tyrosines and threonines - Conserved tyrosines and

threonines of mAcChR have been implicated in ligand binding in studies

using receptor chimaeras, site directed mutagenesis and photoaffinity

labeling (55). In one such study, Wess et. aL (82) demonstrated that a

tyrosine 506 to phenylalanine or threonine 234 to alanine mutation in the

m3 mAcChR substantially decreased acetyicholine binding and impaired

the ability of the receptor to activate PLC. Wess et. al. propose that

tyrosine and threonine hydroxyls on the inner face of the ligand binding

pocket create a hydrophilic environment for ligand binding in the m3

mAcChR. Mutation of tyrosine 187 in TM 5 to alanine in the m2 mAcChR

results in decreased agonist affinity for both free receptor and G protein

coupled receptor. A tyrosine 434 to alanine mutant of the m2 mAcChR In

the same expression system shows less agonist mediated inhibition of AC

than wild type.

asparfic acids - The transmembrane domains of all muscarinic

receptors are rich in conserved aspartic acid residues. Specific interaction
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of these residues with muscannic ligands iS indicated by alkylation of a

conserved aspartate (Asp in ml, Asp 103 in m2) in TM 3 by the

muscannic photoaffinity label [3H]-propyl benzil choline mustard (PHI-

PrBCM) (55). Conversion of a conserved aspartate 105 to asparagine in

TM 3 of the ml mAcChR greatly decreases both antagonist affinity and

agonist mediated activation of PLC in Chinese hamster ovary (CHO) cells

stably transfected with the mutant construct (55). Mutation of aspartate 99

or 105 to asparagine in the rat ml mAcChR decreases ligand binding

and/or covalent incorporation of PHJ-PrBCM suggesting that these residues

are involved in ligand binding (83).

Single and double mutants of conserved aspartates in the m2

mAcChR complement condusions regarding hgand binding seen in the ml

and m3 mAcChR (84). In the m2 mAcChR aspartate 97 and 103 are

analogous residues to 99 and 105 in the ml mAcChR. Mutation of

aspartate 97 to asparagine (D97N) resulted in a receptor which is

essentially wild type with respect to ligand binding, inhibition of AC or

stimulation of PLC assayed in stably transfected CHO cells. Mutation of

aspartate 103 to asparagine (DIO3N) in the m2 mAcChR resulted in a

receptor Which was poorly expressed in CHO cells. The double mutant

D97.103N, however was well expressed and allowed some characterization

of the DIO3N mutation since D97N is essentially wild-type in ligand binding

and effector activation. D97.103N shows no high affinity (G protein

coupled) agonist binding or effector coupling in stably transfected in CHO

cells. The difference in agonist mediated responses between the single

mutant D97N and the double mutant D97.103N suggests that 103 has a

critical role in either ligand binding o coupling to effector systems. The

aspartate 69 to asparagine (D69N) mutant of m2 mAcChR shows no high

affinity (G protein coupled) agonist binding or effector coupling for the

physiological ligand acetyicholine or a structurally related compound

carbachol. D69N does however show high affinity binding and effector
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coupling with the muscarinic agonist oxotremOrne M. The introduction of

the D69N mutation may have resulted in the creation of agonist specific

receptor conformations. Clearly aspartate 69 has a role in ligand binding

and effector coupling and may offer insights into the existence of different

agonist-stabilized states of the receptor.

Assay Systems to Examine mAcChR Mediated G Protein Activation

A number of assay systems are available to directly examine the

activation of G proteins by mAcChR. These include agonist promoted

binding of non-hydrolyzable guanine nucleotide analogs such as GppNHp

and GTPyS, agonist promoted increases in ['yPj GTP turnover due to the

intrinsic GTPase activity of the Ga subunit and agonist promoted [aP]

GDP dissociation from the Ga subunit. These assay systems provide a

way to directly examine the effects of site directed mutants of the receptor

on the individual steps in G protein activation. These assays also allow the

examination of the effects of receptor and G protein expression levels on

receptor mediated activation of G proteins.

mAcChR:G Protein Specificity

Receptor Residues/Structure Involved in Receptor:G Protein Specificity

Hybrid receptor and site directed mutagenesis studies suggest that

the areas of the receptor involved in receptor.G protein selectivity are the

amino and carboxyl terminus of 13, intracellular loops I and 2 and the

membrane proximai portion of the cytoplasmic carboxyl terminus.

inticelluIar loop 3(13)-In 1988 Kubo et. al. (57) constructed

chimaeric ml/rn2 mAcChR that exchanged the carboxyl terminal of TM 5

and the entire cytoplasmic domain between TM 5 and 6 (i3). In Xenopus

oocytes this region was shown to mediate the selective coupling of

mAcChR to different effector systems associated with either ml (activation

of Ca2-dependant K4 channels) or m2 (inhibition of forskolin mediated AC
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activity). In 1990 Lechleiter et. al (59) extended this analysis with m21m3

mAcChR chimaeras expressed in Xenopus oocytes and demonstrated that

activation of a PTX insensitive G-protein pathway leading to a rapid and

transient release of intracellular Ga characteristic of m3 mAcChR was

specified by the transfer of 9 amino acids of m3 sequence (Leu 265 - Thr

273). Similarly, transfer of 21 amino acids of m2 13 sequence (His208-

G1n228) specified coupling to a PTX sensitive G-protein pathway coupled to

slow, oscillatory Ca release pathway typical of m2 mAcChR. Jso in 1990

Wess et. al. (80) conducted simUar éxp riments with m2/m3 mAcChR

chimaeras stable expressed in AL9 cells. Their constructs consisted of the

exchange of the amino terminal 16 (m3) or 17 (m2) residues of i3. While

the chimaenc receptors were shown to mediate the functional response of

the wild type receptor where the 13 sequence was derived the overall

efficiency of coupling was decreased in the chimaeric mutants. This data

suggests that the amino terminal of 13 is a sufficient but not exclusive

determinant of coupling selectivity. Wess et. al. (80) also propose that

hydrophilic residues in 13 are important in the G protein coupling specificity

of the m2 mAcChR. Hybrid constructs of the m2 and m3 mAcChR indicate

that residues at the junction of the carboxyl terminal of 13 and TM 6

determine GiIo vs. Gq coupling selectivity (38). In the m2 mAcChR the

sequence of residues is V11L (Val 385, Thr 386, He 389 and Leu 390) and

in the m3 mAcChR the sequence is AALS. In 1997 Kostenis et. al. (85)

proposed a model of receptor.G protein interaction that attempts to

discriminate the residues in the mAcChR involved in G protein recognition

from those involved in activation. Their models point out that the portions of

the amino and carboxyl terminals of i3 thought to be involved in G protein

recognition are in close proximity and contain regions of sequence capable

of forming a helical'tums. They suggest that the G protein docks to these a

helical surfaces. They further suggest that lIe 216 and Thr 220 in the

hydrophobic face of the a helix in the amino terminus of 13 have a structural
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role in receptor:G protein interaction (recruiting the G protein to the receptor

through ionic interactions) where as Tyr 217 and Arg 223 are thought to

have a functional role in G protein activation.

chaige distribution of 13 - deletion mutagenesis studies of the human

ml mAcChR show that small (9-11 amino acid) regions of 13 at the

junctions of TM 5 and 6 are important for receptor coupling to the

stimulation of PLC (76). Due to an apparent lack of consensus required in

the sequence of these junctions it has been suggested that secondary

structure (a helix) with a characteriStic charge distribution in this region is

the crucial feature in determining G-protein coupling (76). A mutant

construct of the ml mAcChR with three residues altered to mimic the

charge distribution of the m2 mAcChR (E214A, E216K and E221K) shows

no effect on the ability of the receptor to couple to the ml associated

stimulation of PLC (76). Mutations of the ml mAcChR residues Lys 359

and Lys 361 to alanine disrupt a motif at the TM 6 junction thought to be

important for G-protein activation by the 2 adrenergic receptor had no

effect on ml mAcChR coupled stimulation of PLC. The conclusion of this

work was that the charge distribution of the transmembrane junctions plays

a minor role in the selective coupling of human mlmAcChR (76). More

recently however, another group has performed similar experiments that

looked at the importance of charged residues for the m3 mAcChR coupled

activation of PLC and associated Ca2 dependent Cl currents for mutants

expressed by the injection of RNA into Xenopus oocytes. This study looked

at two clusters of charged residues near the junctions of TM 5 and 6.

Mutants with hydrophobic residues in positions 260-264 (WT residues =

Lys, Arg, Tyr, Lys) were shown to couple very weakly to activation of PLC

dependent responses and restoration of a single Arg at residue 261

restored wild type (m3) signalling (86). Finally, a third study (87) examined

coupling of m21m3 mAcChR chimaeras transiently transfected into cos 7

cells and demonstrated that of the four residues investigated (Arg 252, lIe
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253,Tyr 254 and Lys 255) only Tyr 254 was essential for m3 mAcChR like

coupling to stimulation of PLC. This finding is supported by the fact that this

residue is conserved in all PLC coupled mAcChR as well as other biogenic

amine and glycoprotein receptors (87). The contradictory data observed in

these three studies could be due to a number of factors induding the use of

different expression systems, different receptor subtypes and the activation

of different effector systems to determine the efficacy of coupling.

intracellular loops I and 2(11 and 12)- Kostenis et. al. (85)

determined that residues in intraceflular loops 2 (and 3) helped to

discriminate m2 vs. m3 mAcChR selective coupling to Gq. Moro et. al. (88)

demonstrated that mutation of hydrophobic residues in intracellular loops I

and 2 to alanine decreased the efficiency of coupling of mAcChR to Gq

mediated activation of PLC. Wess et. al. (80) also propose that hydrophilic

residues in i2 are important in the G protein coupling specificity.

G protein Residues/Structure Involved in mAcChR:G Protein Specificity

Studies with hybrid constructs of the m2 and m3 mAcChR and

chimaenc C proteins indicate that regions of the Gqa that interact with

receptor are the carboxyl terminus of Ga, the cz5 helix and the a4fl36 loop

(38). Residues in these regions interact with the VTIL (Val 385, Thr 386, lie

389 and Leu 390) motif at the junction of TM 6 and i3. Specific residues in

the carboxyl terminus of Gqa involved in this interaction are tyrosine 350,

asparagine 351 and valine 353. Two cysteine residues, C9 and 10, in Gqa

are necessasy for G protein coupling. Palmitoylatlon of either residue is not

required and the two residues do not form a disulfide bond (89).

Significance of mAcChR Research

mAcChR have been implicated in a wide variety of disease states

and pathological conditions. Researchers are actively pursuing the

identification and design of subtype specific agonists and antagonists to
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control and/or prevent the actions of mAcChR in these different conditions

(90-94). Muscannic toxins with high subtype specificity have been isolated

from the venom of the Eastern Green and Black mamba snakes of the

genus Dendroaspis (95).

Muscarinic Receptors as Agonist Dependent Oncogenes

In 1991, Gutkind et. al. (69) demonstrated muscarinic agonist

induced neoplastic transformation of NIH 3T3 in cells transfected with ml, 3

or 5 but not m2 or 4 mAcChR. These results suggest a link between the

signalling pathways of ml/3/5 receptorS and induction of transformation.

Transformation was dose dependent and required threshold levels of

receptor expression. In a 1997 review article, Brown et. al. (96) discuss the

stimulation of proliferation and transformation by mAcChR and point out

that these phenomena are subtype and cell type dependent. In

cardiomyocytes hypertrophic cell growth was induced by agonist stimulation

of heterologousty expressed ml/3 but not endogenous m2 mAcChR. In

1321 NI astrocytoma cells thrombin receptors but not m3 mAcChR are

strongly mitogenic. Both receptors couple to activation of PLC but it is

suggested that the C protein responsible for effector coupling (G12) may

couple selectively to thrombinvs. muscarinic receptors in this cell type. The

review suggests that in addition to receptor coupled heterotiimeric G

proteins, small C proteins of the Rho subfamily may be involved in

mediation of growth responses to GPCR.

Muscarinlc Receptors and Pain Management (97).

Evidence exists that muscannic receptor agonists (acetyichollne and

oxotremorine M) could have application in pain management. Since the

discovery of the endogenous oploid peptide research in this area has been

less active that in previous years but research into the cholinergic
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mechanisms of pain and analgesia is being pursued. The most promising

results have come from clinical data of patients with neurogenic pain states.

Muscarinic Receptors and NeuroioglcallNeurodegenerative Disorders

Evidence exists of the presence of cholinergic deficits in cortical and

hippocampal areas that have been associated with learning and memory

disabilities observed in Alzheimei's disease (98). These deficits could be

associated with decreased M2 mAcChR (pharmacological M2) subtypes in

these regions (98). Clinical expermentS with muscarinic agonists suggest

that some patients may respond with an improvement of cognitive and/or

behavioral function (99). Due to the adverse effects of the stimulation of

peripheral muscarinic receptors, research is continuing to identify selective

muscarinic agonists with high blood-brain barrier penetration (99). Animal

studies also implicate M2 mAcChR receptors in the regulation of

acetyicholine release involved in learning in rats (98). This observations

has led to the search for subtype specific muscarinic antagonists to

increase acetyicholine release for the treatment of neurological disorders

involving learning and memory.

Muscarinic Receptors and Airway Diseases (100).

A defect in neuronal M2 mAcChR receptor function may be involved

in n-blocker induced asthma. M2 mAcChR antagonists are tools for

elucidating the role of muscarinic subtypes in the lung but present

therapeutic problems associated with increased acetyicholine release.

Drugs with a higher selectivity for Ml and M3 subtypes are more likely to be

useful in the clinical treatment of airway diseases.

Muscarinlc Receptors and Seizure Disorders (101)

Muscannic receptors in the central nervbUs system have roles in

learning and memory, control of movement, rapid eye movement sleep and
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the generation of epileptic seizures. Chronic seizures in mice by systemic

injection of the muscarinic agonist pilocarpine show similarities to human

temporal lobe epileptic seizures. Mice lacking the ml receptor are highly

resistant to seizures produced by the administration of the muscarinic

agonist pilocarpine. Mice lacking the ml receptors show no obvious

behavioral or histological defects and the m2, m3 and m4 mAcChR are

normally expressed in the brains of the ml minus mutants. The induction of

seizure activity in the pilocarpine model of epilepsy may be related to the

modulation of the voltage dependent K current (M current) in sympathetic

ganglion neurons by the ml mAcChR.

Muscarinlc Receptors as a Model GPCR

In addition to their importance in understanding the etiology and

pathogenesis of a number of disease states muscarinic receptors are also

an important model system for the study of the mechanisms of action of all

GPCR. Probably the best known and most studied model GPCR is

rhodopsin, the GPCR involved in the mammalian visual transduction

cascade. The limited expression pattern of rhodopsin in rod and cone cells

and selectivity for a single G protein subtype (Gi) could present limitations

in the applicability of its egulatory and mechanistic paradigms to other

types of cells and tissues. The muscarinic receptors are an extensively

studied and well understood model GPCR that is widespread in mammalian

tissue. Muscarinic receptors are known to interact with a variety of different

G proteins as well as with other GPCR in the control of downstream

signalling cascades. The recent development of expression systems that

utilize viral expression vectors will allow the examination of the interactions

of specific mAcChR subtypes with individual G proteins subtypes and

provide unprecedented opportunities for the elucidation of the details of the

mechanism of action of this model GPCR.
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CHAPTER 2
EXPRESSION AND CHARACTERIZATION OF THE M2 MUSCARINIC

ACETYLCHOUNE RECEPTOR AND GI IN BACULOVIRUS-INFECTED
SF9 CELLS

Introduction

Heterologous Expression of Muscarinic Acetyichoilne Receptors

Muscannic receptors were first expressed in Xenopus oocytes by

injection of messenger RNA which provided the initial pharmacological

distinction of muscarinic subtypes Ml(l), M2 (II), M2 (lii) (1). Xenopus

expression was also used to examine effector coupling in Ml and MIII (2)

and ml, m2, m3 and m4 (3). Xenopus expression was used to determine

sequence elements involved in G protein coupling in mAcChR (4, 5).

Muscarinic receptors have since been expressed in a large number of

different mammalian cell types (6). TraflsInt expression systems, such as

with m2 mAcChR in mouse fibroblast AL9 cells (7), m2 and m3 mAcChR

and m2/m3 chimaeras in COS 7 cells (8,9), ml-m4 mAcChR in NGIO8 cells

(3) and ml and m4 mAcChR in JEG cells (10) involve the transfection of

immortalized cells which are harvested within a few days. Stable

transfection allows the creation of permanent donal cell lines. Muscarinic

receptors have been expressed in several stable transfection systems

including Chinese hamster ovary (CHO) cells (11,12) (13), NIH 3T3 cells

(7,14) and human embryonic kidney (HEK) cells (15),

Baculovirus Mediated Expression of Muscarinlc Acetylchollne
Receptors In Sf9 Insect Cells

Baculovirus mediated expression in insect cell lines has gained

widespread use for the expression of GPCR and G proteins (16).
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Transcnption of the exogenous DNA is driven off the polyhedrin promoter

(po!h). Polyhednn is a viral coat protein produced late in viral infection (16).

819 cells have been used for the expression/characterization and/or

purification of a number of GPCR including the 2 adrenergic receptor (19-

21), ml mAcChR (22), m2 mAcChR (17,18,20,23-26), ml, m3 and m5

mAcChR (27), ml-m5 mAcChR (28), dopamine receptors (29), opioid

receptors (30), seratonin receptors (31) and rhodopsin (32).

Expression of the m2 mAcChR ifl insect cell lines (Sf9, Sf21 and

High 5) was originally examined by Heltz et. al. (17,18). This group

compared the expression of the m2 mAcChR in different insect cell lines

and demonstrated reconstitution of the receptor purified G proteins.

Expression of mAcchRs in 519 insect cells offers several advantages

over other tissue culture systems. First, the exogenous DNA is delivered to

the cellular environment through the normal viral infection process: no

special buffers or transfection procedures are required. Second, it is

possible to control the expression level of exogenous genes in an individual

cell by altering the multiplicity of infection (MOl). Multiplicity of infection

refers to the number of infectious units (viruses) dMded by the number of

cells in the culture (Appendix C). Third, there is no requirement to maintain

clonal cell lines. Recombinant viruses are stable when maintained in the

dark and can be stored up to 6 months at40 Fourth, the baculovirus

mediated expression of exogenous DNA in Sf9 cells allows the introduction

of specific G protein subunits and the control of expression levels of both

m2 mAcChR and C proteins. This feature allows the Sf9 expression

system to provide the flexibility of a reconstituted system without the time

consuming and expensive purification of indMdual components. Fifth, Sf9

cells provide a eucaryotic environment for the appropriate post translational

modification of proteins. Finally, baculovirus mediated expression of GPCR

can provide extraordinarily high expression levels which is an important first
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step in the purification process. The highest expression levels reported

using baculovirus expression vectors is 50% of the total cellular protein

which corresponds to I gram of protein product per 10 9cells (1 liter

culture) (16). In addition to all these other features the maintenance of Sf9

cells is much faster and easier than typical mammalian cell lines. Sf9 cells

grow either loosely attached to plates or in suspension culturewhere

maintenance involves only dilution of the culture.

Epitope Tagged m2 Muscarinic Ace ylcholln. Receptors

Epitope tags are short amino acid sequences added to the sequence

of a protein which are immunological epitopes or peptide sequences that

bind specifically to proteins or other ligands. Attaching an epitope tag to a

protein allows for immunological detection and affinity based purifications.

Four different epitope tags have been inserted at the extreme amino

terminus of the m2 mAcChR sequence: the hemagluttanin antigen (HAl), a

portion of the human c-myc protein (myc), the calmodulin binding peptide

(CBP) epitope and the Strep-tag II. The Strep-tag II interacts specifically

with immobilized StrepTactin (a derivative of strepavidin) affinity resins (33).

Another sequence that has been engineered onto the receptor is multiple

histidine residues which are used in affinity purification with metal

immobilized affinity chromatography. 10 histidine residues were added to

either the amino or carboxyl terminus of the m2 mAcChR. For details of the

cloning of the epitope tagged constructs see Appendix B Cloning.

The HAl epitope has been used with the histamine H2 receptor (34),

the 2-adrenergic receptor (19,35),the CXC and CC-chemokine receptors,

somatostatin receptors and neuropeptide V receptors (36), m2 and m3

mAcChR (37), and a2 -adrenergic receptors (38). The myc epitope has

been used with Saccharomyces ceievisiae a-factor receptor (Ste2p) (39),

(-adrenergic receptor (19,21) and the m2 mAcChR (40). Epitope tags
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engineered at the amino terminus of GPCR have no effect on ligand

binding, G protein coupling or effector activation. Hexa-histidine tagging

has been used to partially purify the muscarinic receptor from Sf9 cells (41).

To date there are no literature references on the use of the CBP or Strep II

epitope for tagging any GPCR. The CBP epitope has been used for the

purification of different recombinant proteins from bacterial lysates using a

calmodulin affinity resin (42,43). If it is found to interfere with receptor

function CBP can be proteotyticaHy removed after purification (43). Since

the CBP epitope is considerably larger than either the HAl or myc epitope it

resulted in slightly less efficient expression of the CBP tagged m2 mAcChR.

Expression levels of some m2 mAcChR constructs were enhanced

by the deletion of a large portion (amino acids 226 - 381) of the third

intracellular loop. m2 mAcChR (44) and ml mAcChR (45) with this deletion

are still able to couple to C proteins. The expression levels of some m2

mAcChR constructs were also enhanced by the addition of the melitin

signal peptide (mel). The melitin leader sequence has been used to

enhance the expression levels of a number of heterologously expressed

proteins in Sf9cells (46-49) including the G protein coupled dopamine

receptor (50). The mel sequence in m2 mAcChR constructs is Met-Lys-

Phe-Leu-Van-VaI-AIa-Leu-VaI-Phe-Met-Val-Val-Tyr-lle-Ser-Tyr-Ile-Thr-

Ala. Constructs containing the mel sequence contain two additional amino

acids (Glu-Phe) prior to the m2 mAcChR sequence. The mel leader

sequence is proteolytically removed in Sf9 cells after the Ala which leaves

the Glu and Phe at the extreme amino terminus of the receptor.

This chapter summarizes the expression and characterization of the

wild type m2 mAcChR and various site-directed mutant and/or epitope

tagged m2 mAcChR constructs co-expressed with the three subunits of the

heterotrimenc G protein Ci in Sf9 cells.
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The wild type coding region of the m2 mAcChR in the pSVE (51)

expression vector was a gift from Dr. Daniel Capon (Genentech, San

Francisco, CA). Epitope tagged receptors and site directed mutants were

constructed in the pSVE vector then transferred to the transfer vector pVL

1392 (#21201 P, Pharmingen, San Diego, CA). For details see Appendix B.

Epitope Tags

The hemmaglutanin antigen (HAl )epitope and myc epitope were

inserted at the amino terminus of the m2 mAcChR receptor sequence.

Epitope tags may be separated from the receptor sequence by the amino

acids that comprise the consensus sequence for the tobacco etch virus

(1EV) protease. The sequence of the HAl epitope is Tyr-Pro-Tyr-Asp-Val-

Pro-Asp-Tyr-AJa. The TEV protease consensus sequence is Glu-Asn-Leu-

Tvr-Phe-Gin-Glv-Thr-Ser. The underlined residues are the consensus

sequence and the Thr and Ser were added in the doning process. The

sequence of the myc epitope is Glu-Gln-Lys-Leu-lle-Ser-Glu-Glu-Asp-Leu.

The sequence of the calmodulin binding peptide is Met-Lys-Arg-Arg-Trp-

Lys-Lys-Asn-Phe-Ile-Aia-Val-Ser-Ala-AIa-Asn-Aeg-Phe-Lys-Lys-lle-Ser-Ser-

Ser-Gly-Ala-Leu. The amino acid sequence of the Strep-tag Ills Trp-Ser-

His-Pro-Gin-Phe-Glu-Lys. The histidine tag is 10 consecutive his residues.

Polycional anti-HAl Sera

Polyclonal HAl epitope antisera was produced in rabbits (Laboratory

Animal Resource Center, Oregon State University). New Zealand white

rabbits were injected with KLH conjugated HAl epitope peptide. The amino
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acid sequence of the HAl epitope is Tyr-Asp-Val-Pro-Asp-Tyr-,4Ja. 2 mg of

HAl -KLH was brought to 2 ml in PBS and combined with 2 ml of Freunds

complete adjuvant. 500 UI of this mixture (1 mg antigen) was injected

subcutaneously on 7/25/95. An identical secondary injection (booster) was

performed on 8/21/95. Sera was ahquoted and stored at minus 800.

Site Directed Mutants of the m2 mAcChR

D69N is the mutation of the conserved aspartate 69 in

transmembrane sequence 2 to asparagine. DIO3N is the mutation of the

conserved aspartate 103 in transmembrane sequence 3 to asparagine.

TI 87A is the mutation of the conserved threonine 187 in transmembrane

sequence 5 to alanine. Y403F is thS mutation of the conserved tyrosine in

transmembrane sequence 6 to phenylalanine. For details of site directed

mutagenesis see Appendix B Cloning.

Culture of Sf9 Cells

Maintenance - Cells were maintained in 75 cm2 tissue culture flasks

in TNM-FH media prepared with Graces media (Gibco) supplemented with

10% Stock II, 10% defined fetal bovine serum (Hyclone), 0.2 v/v Fungizone

(Gibco/Life Technologies) and 0.2% v/v Penicillin/Streptomycin (Bio-

Whitaker). Stock II was prepared by adding 169 Lactalbumin Hydrosylate

(Difco) and 16 g TC Yeastolate (Difco) to 500 ml 2X Graces media. Cells

were maintained in suspension culture in spinner flasks with a hanging stir-

bar assembly (Wheaton). Suspension cultures were maintained in serum

free Sf-900 II media (Gibco/Ufe Technologies) between 0.5 and 4 million

cells per ml. A new culture was initiated every 4 months from plates.

Viral infection - Cells were scaled up in spinner flasks with a hanging

stir-bar assembly (Wheaton). Cells were grown to 1/4 -1/3 final desired

volume in serum free Sf-900 II media and the remaining volume was TNM-
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FH. Cells were infected in spinner vessels at a density of one million cells

per ml by adding recombinant baculovirus directly to the media in the

vessel. 4 L vessels containing I - 1.5 liters of cells were stirred at 150-180

revolutions per minute to provide sufficient aeration. Cells were infected at

multiplicity of infection (MOl) between I and 10 using the formula in

Appendix C.

Harvesting infected S19 cells - Cells were harvested by centrifugation

for 15 minutes at 4000 rpm (2790 g) in a Beckman J6 centrifuge in a JS 5.2

rotor. Cells were washed once in PBS, pelletted for 10 minutes (full speed)

(2790 RPM) in a dinical centrifuge, resuspended in 4 volumes of 20 mM

Tris pH 8.0/(HCI), 2 mM EDTA with protease inhibitors and stored at -80°.

Baculovlrus ExpressIon Constructs

Co-infection - Recombinant baculovirus containing the m2 mAcChR

were generated using the baculogold transfection kit (Pharmingen). After

cloning the gene of interest into the transfer vector pVL 1392, Sf9

(Spodoptera fn,giperda) cells were co-transfected with the transfer vector

and a linearized lethal deletion mutant of wild type baculovirus Autographa

califomica. A homologous crossover event between the transfer vector and

the linearized virus produces a replication competent recombinant virus

expressing the gene of interest. Virus was collected from the co-

transfected cells after 4 days and was amplified by infection of new Sf9

cells to obtain a high titer virus stock. Viruses containing the sequence for

the Gi subunits (Gicz2, G1 and &y3) were a generous gift from Dr. Jim

Garrison, Department of Pharmacology, University of Virginia.

Plaque Purification of recombinant baculovirus - To ensure a

homogeneous viral population from a single recombinant virus expressing

the gene of interest plaque purifications were performed. Sf9 cells were

plated at I .5e6 cells per 60 mm plate. Viral stocks were diluted in series



and added to the plates. After one hour the virus was removed and the

cells were overlaid with a 1.5% solution of Agar Plaque agarose

(Pharmingen) in Ix Graces media. Plaques became visible in 10-14 days.

Virus was harvested from a plaque by poking out a chunk of agarose over

the plaque with a sterile pipette and dissoMng in I ml of TNM-FH.

Amplification of viral stock - Virus from co-infections or plaque

purifications were used to generate high titer virus stock. 500 ul of

transfection supematant or 100 UI of plaque pickup solution were used to

infect 7e6 cells per 10 cm plate. Cells were grown for 3 days and the media

containing the high titer virus is harvested and stored in the dark at 40

Titer of recombinant virus - To obtain a titer of the plaque-purified,

amplified virus several dilutions of the virus were added to 60 mm tissue

culture dishes and allowed to infect the cells. After one hour the virus was

removed and the cells are overlaid with a 1.5% solution of agarose as in the

plaque purification protocol.

Storage of recombinant baculovirus - Recombinant baculovirus

stocks were stored in media (TNM-FH) in the dark at 4°. New stocks were

generated every 4-6 months.

Ligand BindIng to Characterize m2 mAcChR from Baculovlrus-
Infected Sf9 Cells

W7,ole Cells - Total m2 mAcChR binding sites in whole cells were

determined using the tritiated muscarinic antagonist L-quinudidinyl benzilate

(3HJ-QNB). 10 nM PH]-QNB was added to whole cells in media alone and

in the presence of saturating concentrations of either NMS ( N-methyl

scopolamine) to determine surface sites or QNB to determine total sites.

NMS was added to a final concentration of 10 uM and QNB to a final

concentration of I uM. In baculovirus-infected Sf9 cells the number of

surface receptors was 90-95% of the total receptors. After incubating for 2
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hours at 25° the cells were filtered through Schleicher & Schuell #32 glass-

fiber filters pretreated with 0.1% (w/v) polyethylenimine on a Brandel

Harvester and washed with 2 x 3 ml ice cold PBS. Filters were placed in

glass vials with 3.5 ml scintillation cocktail and counted in a Beckman

LS6800 scintillation counter. Scintillation cocktail consisted of 1016 g Triton

X100 and 12.5 g 2a60 scintillant (Research Products International) in 4

liters of reagent grade toluene.

Membranes - m2 mAcChR binding sites in membranes were

determined using the tritiated muscannic antagonist L-quinuclidinyl

benzilate PHJ-QNB. 10 nM PHJ-QNB was added to membranes in binding

buffer (10 mM Hepes, 5 mM MgCl2, 1 mM EDTA, 1 mM EGTA pH

7.4INaOH ) alone and in the presence of saturating concentrations of either

NMS (N-methyl scopolamine) to determine surface sites or QNB to

determine total sites as described for whole cells. Membranes were

harvested as described for whole cells except that the wash buffer was 50

mM sodium phosphate pH 7.4, 1 mM EDTA.

Soluble Receptor Total m2 mAcChR binding sites in soluble

receptor preparations were determined using the tritiated muscarinic

antagonist L-quinuclidinyl benzilate (PH]-QNB) with a DEAE filter disc

assay (52). 10 nM PHJ-QNB was added to soluble receptor in binding

buffer (10 mM Hepes, 5 mM MgCl2, 1 mM EDTA, 1 mM EGTA pH

7.4INaOH ) alone and in the presence of saturating concentrations of either

NMS (N-methyl scopolamine) to determine surface sites or QNB to

determine total sites as described for whole cells. After incubating for 2

hours at 25° the soluble receptor was adsorbed to Whatman DE 81 DEAE

discs (Whatman #3658-325). Discs were washed 2 x 12 minutes in wash

buffer (10 mM phosphate, 1 mM EDTA pH 7.4/NaOH with 0.001% v/v Triton

X-100. Discs were blotted dry and placed in glass vials with 3.5 ml

scintillation cocktail and counted in a Beckman LS6800 scintillation counter.
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Direct Binding - The dissociation constant (Kd) for l-quinudidinyl

benzilate) was determined by direct binding with PH] QNB. Non-specific

binding was determined by adding saturating concentrations of QNB. After

overnight incubation (12-15 h) at 25° 0.45 ml samples at 200 pM sites were

treated as described for membranes. Data from experiments performed in

binding buffer were identical to those performed in GTPase buffer (10 mM

MOPS pH 7.4/(HCI), 1 mM EDTA. 1 mM EGTA, 120 mM NaCI, 20 mM

MgCl2.

Competition Binding - The dissociation constants for different

classes of agonist binding were determined by competition binding

experiments with the tritiated muscarinic antagonist PH]-QNB. The binding

affinity of the muscarinic antagonists N-meth)1 scopolamine, and

hyoscyamine were also determined in competition binding experiments.

After overnight incubation (12-15 h) at 25° 0.5 ml samples at 200 pM sites

were treated as described for membranes Data from experiments

performed in binding buffer were identical to those in GTPase buffer.

Data Analysis - The dissociation constant (Kd) was determined

using equation I where y is the concentration of specifically bound

radiolabeled antagonist, x is the concentration of the radiolabeled

antagonist and Bmax is the concentration of antagonist binding sites.

Parameter values were determined from global analysis (Bmax fit

independently and Kd shared) of multiple data sets and are reported as

values and associated standard errors from non linear curve fitting routine.

Bmaxx(x)

Kd+(x)
(1)

Data for competition binding experiments were fit to an equation

which describes the binding of agonist to multiple non interacting classes of

sites. For derivation see Appendix A. In equation (2) Lo is the total

concentration of radiolabeled antagonist, K is the dissociation constant of
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antagonist determined from direct binding, A is concentration of the

agonist(equal to the total agonist concentration since no displacement

occurs until agonist concentration is >>Ro) and Ki is the dissociation

constant for the agonist at site I.. Roi is the concentration of m2 mAcChR at

a given site and RL equals the total specifically bound radiolabejed

antagonist. Whenever possible, competition binding experiments were

performed at ligand concentrations (Lo) much greater (at least 10 fold) than

total receptor concentration (Ro). Maintaining a high ratio of Lo to Ro

maintains Lo at a constant value and simplifies equation (2) in that (Lo -

RL) is equal to Lo and prevents inadequate correction for bound L in the

solutions to the quadratic equation(s). Parameter values are determined

from global analysis (K and Lo fixed, Ki shared, and Roi fit independently)

of multiple data sets and are reported as values and associated standard

errors from the non linear curve fitting routine.

fl (RoiX(Lo)-(RL)]
(RL)= z

K(A)
(2)

1K+ +(Lo)-(RL.)
Ki

Preparing Enriched Membranes from Baculovirus-Infected Sf9 Cells

Cells were thawed at room temperature for 1.5 to 2 hours then

placed on ice for 2 hours to allow the hypotonic buffer (20 mM Tris pH

8/(HCI), 2 mM EDTA) to swell the cells. Cell lysis was completed using

3x30 second bursts from a polytron homogenizer (Brinkman Instruments) at

setting 90 with 1 minute cooling steps in between bursts. The homogenate

from this step was pelletted for one minute in a clinical centrifuge at 1800

RPM (400g) The supematant from this step was layered onto a sucrose

step gradient. Sucrose Was dissolved in MEE buffer (10 mM MOPS pH

8.0I(HCI), 1 mM EDTA and 1 mM EGTA with protease inhibitors).

Gradients were centrifuged in a Beckman L8M Ultracentrifuge for 1 hour at
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27,000 rpm in a SW 28 rotor (93,500g). Membranes were collected, diluted

in MEE buffer and pelletted at 50,000 rpm (189,600g) in a Beckman 1170

rotor for 20 minutes. Membranes were resuspended in MEE, passed 3X

through a 21G needle and stored at minus 80°. Protein concentrations

were determined using a modified Lowry assay (54).

Data FItting

Data were fit in Microcal Origin by nonlinear least-squares

procedures using Marquardts algorithm (53)

Electrophoresls and Western Blotting

Enriched membrane fractions, solubihzed receptor and purification

fractions were run out on 7-15% polyacr1amide gels using the method of

Laemmli (55). Gels were transferred to 0.2 uM nitrocellulose at 150 mA for

three hours at 16° in a TE series Transphor Electrophoresis unit (Hoefer

Scientific) in 25 mM Tris, 19.25 mM glycine, 20% methanol. Nitrocellulose

was blocked overnight in TNT (10 mM Tris pH 8/(HCI), 150 mM NaCI,

0.05% Tween 20) pius 2% polyvinylpyrrolidone and 4% nonfat dry milk.

Nitrocellulose was nnsed 3x10 minutes in TNT. Primary antibody was

diluted in TN (10 mM Tris pH 8/(HCI), 150 mM NaCI) and was incubated

with nitrocellulose for one hour. For HAl tagged constructs the primary

antibody was polyclonal HAl antisera diluted 1:400 in TN. For myc tagged

constructs the primary antibody was monoclonal mouse anti myc (Berkeley

Antibodies) After rinsing 3x10 minutes in TNT secondary antibody, either

goat anti mouse or goat anti rabbit IgG conjugated to horseradish

peroxidase (Sigma) was administered for one hour in TNT (1:5000).

Nitrocellulose was rinsed 3x10 minutes in TN and developed with Super

SignaI chemiluminescent reagent system (Pierce Chemicals)
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Results

Receptor Expression versus MOl on Plates

Figure 2.1 is a plot of m2 mAcChR expression (pmole receptor/mg

protein) versus multiplicity of infection (MOl) on 100 mm tissue culture

plates. The cells were scraped off the plates with a rubber policeman and

pelletted for fIve minutes in a clinical centrifuge. The cells were

resuspended in PBS and assayed for total protein and m2 mAcChR binding

sites as descnbed in Materials and Methods. The m2 mAcChR construct

Figure 2.1 m2 mAcChR Expression versus MOl

is HAl tagged m2 mAcChR (pm2.musc.thot.HAl .TEV). The filled circles

and squares represent data collected from two separate experiments.
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Figure 2.2 Receptor Expression versus MO! and lime (RJC)

Figure 2.3 Receptor Expression versus MOP and Time (S.A.)



Figure 2.2 and 2.3 are plots of m2 mAcChR expression versus multiplicity

of infection (MOl) on 100 mm tissue culture plates expressed as

receptors/cell (R/C )or pmoles/mg (S.A). The cells were harvested as

described above at 24, 24, 48 and 72A hours post infection. The

construct is HAl tagged m2 mAcChR (pm2.musc.short.HAI .TEV).

Receptor Expression versus Time In Spinner Vessels

Figures 2.4,2.5 and 2.6 are plots of m2 mAcChR expression versus

time in spinner culture. In Figure 2.4 a 3 liter spinner vessel containing I

liter of Sf9 cells at 1e6 cells/mi were infected at an M.O.l. of 2. The m2

mAcChR construct is HAl tagged m2 mAcChR (pm2.musc.shorLHAl.

TEV). Two flasks of cells were used and the symbols represent data from

flaski (I)and 2 (A).

Figure 2.4 m2 mAcChR Expiession versus lime
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Figure 2.5 Epitope Tagged m2 mAcChR Expression versus Time

In Figure 2.5 and 2.6 a 4 liter vessel containing 0.5 liter of Sf9 cells at

1e6 cells/mi were infected at an MOl of 2. Figure 2.5 presents data for the

untagged, HAl and myc tagged m2 mAcChR. The tagged constructs

contain the TEV protease consensus sequence.

Figure 2.6 presents data for site directed mutants of the m2

mAcChR. The upper left is the HAI/myc tagged aspartate 69 to asparagine

mutant. The HAl construct also has the TEV protease consensus

sequence. The lower left is the tyrosine 403 to phenylalanine mutant. The

upper right is the threonine 187 to alanine mutant. The lower right is the

aspartate 103 to asparagine mutant
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Figure 2.6 Mutant m2 mAcChR Expression versus lime

Receptor and G Protein Expression versus Time

Figure 2.7 is a plot of m2 mAcChR and Gi expression versus time. A

3 liter spinner vessel containing 0.5 liter of 519 ceHs at I e6 cells/mi was

infected at multiplicity of infection of 1 for receptor and Gi cz2, 1, and Q

subunits, lime points represent when the cells were harvested. Enriched

membranes were prepared and expression data are presented as pmoie

receptor sites or GTPyS bound/mg total protein. Enriched membrane

preparation, receptor and GTPyS binding assays and total protein assays

are described in Matenals andMethods. The m2 mAcChR receptor

construct us HAl tagged m2 mAcChR (pm2.musc.short.HAI .TEV).



59

Figure 2.7 m2 mAcChR U and Gi Expression

G Protein Expression versus Multiplicity of Infection

Figure 2.8 and 2.9 are plots of Gi expression in baculovirus-infected

819 cells versus multiplicity of infection (MOl) in spinner. A 3 liter spinner

vessel containing 0.5 liter of Sf9 cells at 1e6 cells/mi were infected at

multiplicity of infection of I for receptor and 0, I, 2 or 5 for Gi a2, I, and y2

subunits. Cells were harvested at 64 hours post infection and used to

prepare (20°i6/60%) enrithed membranes. GTPS binding experiments

were performed in 20/60% enriched membranes (Figure 2.8) and in a

detergent (Lubrol) solubilized fraction (Figure 2.9). Lubrol solubilization of

heterotrimeric G proteins has been described (56). Data are presented as

pmole GTPyS bound/mg total protein. The m2 mAcChR receptor construct

is HAl tagged m2 mAcChR (pm2.musc.short.HA1.TEV).



Figure 2.8 Gi Expression versus MOl (membranes)

Figure 2.9 Gi Expression of versus MOl (soluble)
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Expression Levels of m2 mAcChR Constructs In Baculovlrus-Infected
Sf9 Cells

Appendbc D summanzes the expression of m2 mAcChR constructs in

baculovirus-infected Sf9 cells. Receptor expression is presented as

receptors per cell and also as pmole of receptor per mg of total protein in

enriched membranes. G protein expression is presented as pniole GTPyS

binding per mg of total protein. Receptor, G protein and total protein

assays are described in Materials and Methods Appendix Dl summarizes

the expression levels of m2 mAcChR constructs in the absence of G protein

subunits. Appendix D2 summarizes the expression levels in the presence

of G protein subunits. One liter of culture containing 1-2 million cells per ml

typically resulted in a 3-5 ml packed cell pellet with 1-3 million receptors per

cell. Cells were harvested at 60-72 hours post infection at MOl 1-5.

Preparation of Enrlchd Membranes from Baculovlrus-Infected Sf9
Cells UsIng Sucrose Gradients

Table 2.1 summarizes the results of a membrane homogenate

fractionation experiment. A 3 liter spinner vessel containing I liter of Sf9

Gradient

Stens
[proteinj

ma/mi
pmole receptor/mi

nM
pmole receptor/mg

S.A.

20/30 -30/60 1.4- 6.04 6-34 4-5.7
20/35-35/60 2.02-5.11 12-28 6-5.5
20/40-40/60 2.49-4.19 17-18 6.7-4.2

20/45-45/60 4.2-3.3 28-10 8.6-3.1

20/50-50160 5.3-23 34-4.0 6.6-1.8

20/55-55/60 6.6-1.2 41-3 6.3-2.3

Table 2.1 Specific Activity of Enriched Membranes versus Gradient Fraction



cells at 1e6 cells/mi were infected at a multiplicity of infection of receptor of

1. The m2 mAcChR construct is the wild type receptor (pm2.musc.short).

Cells harvest and homogenization and determination of membrane specific

activity was performed as described in Materials and Methods. Appendix E

summarizes protein and receptor concentrations in enriched membranes

from baculovirus-infected Sf9 cells.

Ligand Binding Characteristics Of m2 mAcChR In Enriched
Membranes from Baculovirus-infected Sf9 Cells

Appendix F summarizes the ligand binding characteristics of wild

type and mutant m2 mAcChR with or without epitope/peptide tags in

enriched membranes with or without co-expressed G proteins.

Consthid

musc

Buffer

RB

Uaand

QNB

Kd uM

37±3(5)

musc GTPase QNB 39±3(6)

musc RB Carbachol 48±3(11)

musc GTPase Carbachol 32.4 ± 2.7(4)

musc+G BR QNB 46±4(4)

musc + G GTPase QNB 44 ± 4(4)

musc + G BB Carbachol 0.74 ± 0.12 KI (10)

32±4 K2

musc + G GTPase Carbachol 0.5 ± 0.2 KI (7)

61±8 K2

Table 2.2 m2 mAcChR Ugand Binding in Different Buffers
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Ligand binding experiments were conducted in the same buffer

(GTPase) as the GTPase assays and GTPyS binding experiments. To

determine if the high salt concentration present in the GTPase buffer was

affecting ligand binding characteristics of the m2 mAcChR control

experiments were performed in a low salt binding buffer (BB). BB (10 mM

Hepes, 5 mM MgCl2, 1 mM EDTA, 1 mM EGTA pH 7.4/(NaOH)) has been

used in this lab for the characterization hgand binding of endogenous m2

mAcChR from porcine atria and recombinant m2 mAcChR heterologously

expressed in Chinese hamster ovary cells. (11,57,58). The abbreviation

musc refers to the wild type m2 mAcChR.

Table 2.3 and 2.4 summarize the antagonist and agonist binding

characteristics of different receptor constructs with different complements of

Construct NMS
nM

QNB
DM

Hyoscyamine
nM

musc n.d. 39±3 n.d.

muscx n.d. 83±7 n.d.

musc+y n.d. 42±4 n.d.

musc+uy 1.48±0.24 44±4 13.4±2.3

musci3A+ay 3.12±0.43 69±9 24±3

MHT+uy 4.35±0.64 115±7 38±6

MMT+ay 2.33±0.33 42±5 10.3±1.2

69HT+ujy 1.41±0.21 58.6±0.6 9.11±0.91

69M+cxy 2.35±0.39 58.6±0.6 13.2±1.4

DIO3N+afry 125±18 28.3±5.9 1700±262

T187A+ay 0.83±0.70 33±5.0 7.52±0.59

Y403+ay 19±3 790±179 222±34

Table 2.3 m2 mAcChR Antagonist Binding



Construct Carbachol

KI p.M
K2uM

Acetyicholine

KI p.M
K2aM

Oxctremonne M

KI p.M
K2uM

Pilocarpine

K1 p.M
K2p.M

musc none none none none

32±3 20±2 36±2 18±1

musc none none none none

frr 94±5 16±2 14±2 1.7±12

musc 0.5 ± 0.16 0.2 ± 0.1 02± 0.05 none

62±8 12±1.4 18±2.2 13±7

musc 13A 0.31 ± 0.33 0.06 ± 0.04 0.41 ± 0.30 025 ± 0.3

+y 216±51 68± 10 60±12 29±6

MHT 1.7±0.4 3.2± 1.1 0.64±0.25 0.19±0.09
207±19 110±23 42±5 38±3.4

MMT 0.51 ± 0.16 0.15± 0.03 0.76±0.16 028±0.1
79±7 17±2 21±2 12±2

69M 0.52±0.15 0.4±0.13 0.128±0.1 none

+ 69 ± 4.4 20±1.8 128±8 14.8±1.7

69HT 0.59± 0.6 1.1± 0.34 0.36± 0.19 none

+ ay 87±9 15.1 ± 0.25 121 ± 7 6.89 ± 0.3

0103N none none none none

+cry 9200±500 9520±260 1190±70 15±2

TI 87A 0.72 ± 0.23 0.66 ± 0.13 021 ± 0.07 6.8 ± 0.2

+czy 420±27 249±23 64±4

Y403F 18.4±3.0 11±2 7.8±1.7 2.9±2.1
+y 6220±490 2440±23 1500±150 330±20

Table 2.4 m2 mAcChR Agonist Binding

G protein subunits in 20/60% enriched membranes. Data are taken from

Appendix Fl and F2. Membrane preparation, ligand binding procedure
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were performed as described in Materials and Methods. musc i3A is the

wild type m2 mAcChR with the deletion of most of intracellular loop 3.

MHT/MMT refers to the HAl /myc tagged m2 mAcChR with the intervening

TEV protease consensus sequence. D69NHT is to the HAl tagged

aspartate 69 to asparagine mutant m2 mAcChR with the intervening TEV

protease consensus sequence. D69M is to the myc tagged aspartate 69 to

asparagine mutant m2 mAcChR. D1O3N refers to the aspartate 103 to

asparagine mutant m2 mAcChR. T187A is the threonine 187 to alanine

mutant m2 mAcChR. Y403F is the tyrosine 403 to phenylalanine mutant

m2 mAcChR.

Western Blots of m2 mAcChR in Enriched Membranes from
Baculovirus Infected Sf9 cells

Figure 2.10 shows chemiluminescently developed western blots of 7-

15% gradient gels with membranes or detergent solubilized receptor from

123456 45678

Figure 2.10 Westem Blots of Epitope Tagged m2 mAcChR



baculovirus-infected Sf9 cells expressing epitope tagged m2 mAcChR. The

blot on the left is the HAl tagged m2 mAcChR probed with polyclonal aHAI

antisera and the blot on the right is the myc tagged m2 mAcChR probed

with monoclonal umyc antibody. The blot on the left is the HAl tagged m2

mAcChR: lanes I and 2 are 20/40% membranes of untagged and HAl

tagged m2 mAcChR lanes 3 and 4 are the D/C solubilized untagged and

HAl tagged m2 mAcChR; lane 5 is the D/C solubillzed HAl tagged m2

mAcChR treated with the rTEV protease. The blot on the right is the myc

tagged m2 mAcChR : lanes 4 and 5 are 20/40% enriched membranes of

untagged and myc tagged m2 mAcChR; lanes 6 and 7 are DBM solubilized

untagged and myc tagged m2 mAcChR; lane 8 is the DBM solubilized myc

tagged m2 mAcChR treated with the rTEV protease. The lefbiost

(unnumbered) lane contains molecular weight markers (left blot myosin at

202, phosphorylase B at 97, bovine serum albumin at 66 Kd, ovaibumin at

46,carbonic anhydrase at 30 and soybean trypsin Inhibitor at 21 kDa; right

blot myosin at 202, -galactosIdase at 133 , bovine serum albumin at 71,

carbonic anhydrase at 41.8, soybean trypsin inhibitor at 30.6, lysozyme at

17.8 and aprotinin at 6.9 kDa. Both blots show a low and high molecular

weight species in both the membrane bound - lanes 2 (left) and 5 (right)

and solubilized receptor - lane 5 (left) and 7 (right). The high specificity of

both the epitope tags is demonstrated by the low cross reactivity with the

untagged receptor - lanes I and 4 (left) and 4 and 6 (right).

Determination of the Apparent Molecular Weight of m2 mAcChR from
Bacuiovlrus-lnfected Sf9 Cells

The molecular weight of the unknown (epitope tagged m2 mAcChR)

was estimated from the relative mobility of the antibody reactive species on

a linear fit of the relative mobility of the standards versus log of molecular

weight (Figure 2.11). Western blots of epitope tagged m2 mAcChR allowed
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Figure 2.11 Ferguson Plots

the determination of the molecular weight of the two species seen in the

membranes and the detergent solubilized receptor. The gels in Figure 2.2

and Figure 3.2 (Chapter 3) were used to determine the molecular

weight.molecular weight species corresponds to a molecular weight of 69±

13 kDa. The position of the high molecular weight species corresponds to a

molecular weight of 126±20 kDa.



Discussion

Receptor Expression versus MOl on Plates

Infection of Sf9 cells with baculovirus constructs containing the m2

mAcChR was performed to characterize the dependence of receptor

expression on multiplicity of infection (MOl) and time. Receptor expression

versus MOl peaks at an MOI of I and there is no further increase in

expression between MOl I and 10 (Figure 2.1). The Poisson distribution

(Appendix C.) predicts that at an MOl of 1 70% of the cells should be

infected and that as MOl increases there should be an increase in

infectivity. The fact that expression levels do not increase with increasuig

MOl is probably related to the time the cells were harvested post infection

(72 hours) as seen in the following two figures. Figures 2.2 and 2.3 are

plots of receptor expression versus MOl and time. At 24 and 48 hours post

infection there is a clear trend of increasing numbers of receptors/cell with

increasing MOl When the plates are harvested at 72 hours the expression

peaks at MOl =1 as seen in the previous experiment. An explanation of this

observation is that between 48 and 72 hours post infection budded virus

from the initial infection is infecting those cells that did not receive virus in

the first round. At MOl of I as many as 30% of the cells may not receive

any virus in the first round of infection (59). To maximize protein production

it is desirable to infect at a higher MOl (5-10). High MOl can cause large

amounts of cell lysis early in the infection process. In this case it is better to

infect at an MOl of I and harvest at later times (72 hours post infection).

Receptor Expression versus Time In Spinner

Figure 2.4 is a plot of m2 mAcChR expression versus time in spinner

culture. The construct is the HAl epitope tagged m2 mAcChR with the



intervening TEV protease consensus sequence between the receptor and

the epitope tag. At this multiphcity of InfectIon (2) the expression increases

until 64 hours post Infection after which the expression decreases slightly.

Figure 2.5 compares the time course of receptor expression for untagged

wild type and epitope tagged wild type m2 mAcChR. The untagged, HAl

tagged and myc tagged receptors show the same time course of expression

which peaks at 64 hours post infection then decreases slightly. Figure 2.6

compares the time course of receptor expression for four different site

directed mutants of the m2 mAcChR. The aspartate 69 to asparagine

epitope tagged mutants demonstrate time courses of expression similar to

wild type m2 mAcChR. The threonine 187 to alanine mutant shows a time

course of expression that is similar to wild type but increases up to 70 hours

post infection. The expression of the aspartate 103 to asparagine and

tyroslne 403 to phenylalanine mutants peaks at 48 hours post infection and

show no decrease at long time post infection. These results differ only very

slightly from wild type expression.

Receptor and G Protein Expression versus Time In Spinner

Figure 2.7 is a plot of m2 mAcChR and Gi expression versus time In

baculovirus-infected Sf9 cells in spinner. This experiment was performed to

compare expression levels of G protein subunits and receptors over time.

[S] GTPyS binding is used to determine the level of G protein expression.

[S GTPyS binding is highest (30 pmoles/mg protein)at the first data point

(48 hours) and slowly decreases to 18 pmoles/mg protein at the last data

point (95 hours). In contrast, the specific actMty of receptor remains nearly

constant over the same time course at 11 12 pmoles receptor/mg. It is

possible that the decrease in GTPyS binding Is not the exogenous Gi but

instead some endogenous Sf9 CT!' binding protein that is degraded or

stops being synthesized late in viral infection. Cells containing m2 mAcChR



constructs and G proteins were harvested between 48 and 72 hours post

infection to maintain the highest levels of both specific activity of m2

mAcChR and GTPyS binding.

G Protein Expression versus MOl In Spinner

Figure 2.8 and 2.9 are plots of Ci expression, in membranes and

Lubrol soluble fraction versus multipbclty of infection (MOl) of C proteins in

spinner. Expression of exogenous Ci was measured as an increase in [35S]

GTPyS binding compared to cells infected with m2 mAcChR only. Ennched

membranes (20/60%) from cells infected with m2 mAcChR (HAl tagged) at

MOl of I but no G protein subunits show 11 pmoles [S] GTPyS bound per

mg of total protein. Membranes from cells infected at MOl of 1, 2, and 5

demonstrate a nearly linear increase in pmoles [SJ GTPyS bound per mg

of totaiprotein from MOloto2with nofurtherincrease in C protein

expression at MOl 5. Solubilization of heterotrimenc C proteins with the

detergent Lubrol resulted in detergent solubliuzed fraction from membranes

from cells infected at MOl of 0, 1, 2, and 5. Solubilized GTP7S binding sites

double from MOl 0 to MOl I then show a further linear increase to MOl 5.

The different appearance of the two plots of GTPyS binding versus MOI

results from the fact that solubilized GTPyS binding sites were calculated

per mg of total soluble protein and membrane bound GTPyS binding was

calculated per mg of total membrane protein. These results demonstrate

the ability to control expression levels of exogenous Ci by changing the

multiplicity of infection with G protein subunits.

Expression Levels of m2 mAcChR Constructs

Appendix D summarizes the expression of m2 mAcChR constructs in

baculovirus-infected Sf9 cells. Expression of the m2 mAcChR in Sf9 cells
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was comparable Chinese hamster ovary (CHO) cells. The yield of packed

cells was higher than yields from CHO cells (one liter of CHO cell culture

only yields 1-2 ml of packed cells.) Expression levels varied with time of

harvest and multiplicity of infection (MOl) When cells were harvested very

late (72 hours) post infection there was less dependence on MOl due to re-

infection of cells with budded virus. At very late times post infection levels

of (SJ GTPyS binding showed some decrease. For these reasons cells

were harvested at 60-72 hours post infection.

Mdition of epitope tags (HAl, myc, CBP and Strep-tag!!) at the

amino terminus and ClOHis at the carboxyl terminus did not significantly

alter expression levels. Addition of the meftitin leader sequence and/or

deletion of most of intracellular loop three increased the expression levels

two to four fold over the corresponding constaict lacldng these alterations.

Site directed mutants of the m2 mAcChR were expressed in Sf9 cells

at levels the same or higher than those seen in stably transfected Chinese

hamster ovary (CHO) cells. The aspartate 69 to asparagine mutant was

expressed at high levels in both CHO (60) and Sf9 cells. The threonine 187

to alanine and tyrosine 403 to phenylalanine mutants were expressed at

levels similar to the wild type m2 mAcChR in Sf9 cells. The aspartate 103

to asparagine mutant (DIO3N) of the m2 mAcChR was extremely poorly

expressed in CHO cells in spite of the use of 2 different expression systems

and multiple attempts at transfection (60). Surprisingly the DIO3N mutant

was well expressed in Sf9 cells, approaching wild type expression levels.

Preparation of Enriched Membranes from Baculovlrus-Infected Sf9
Cells Using Sucrose Gradients

Enriched membranes were prepared as described in Materials and

Methods. The protocol was adapted from the procedure for the preparation

of enriched membranes from Chinese hamster ovary cells expressing the
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m2 mAcChR (11). Table 2.1 summarizes the results of a crudemembrane

homogenate fractionation experiment. Specific activity increased from 4 to

6.7 from the 20/30% to the 20/40% but no further increase occurred up to

the 20/60% interface. The 20/40% membranes were used for purification

experiments (Chapter 3) where high specific activity is a primary concern.

The 20/60% membranes were used for experiments characterizing

receptocG protein interactions (Chapter 4). The 20/40% membranes were

also used for western blots since the 20/60% membranes gave the same

overall patterns and specificity but had higher background.

Specific Activity of m2 mAcChR arid G proteins In Enriched
Membranes from Baculovirus-Infected Sf9 Cells

Appendix E summarizes the different types of enriched membrane

preparations from baculovirus-infected Sf9 cells. The different types of

enriched membranes were utilized for different types of experiments as

discussed above. 20/60% membranes were used for characterization of

receptorG protein interaction (Chapter 4). 20/40% (and 0/35% initially)

membranes were used for purification experiments and western blots.

20/40% membranes from 500 ml cultures at I million cells per ml were used

for western blot standard curves for epitope tagged m2 mAcChR. These

membranes were prepared from cells grown under identical conditions to

decrease scatter in standard curves.

Ligand Binding of m2 mAcChR In Enriched Membranes from
Baculovlrus Infected Sf9 Cells

Table 2.3 and 2.4 and Appendix Fl and F2 summarize the ligand

binding characteristics of wild type and mutant m2 mAcChR with or without

epitope/peptide tags in enriched membranes with or without co-expressed

G proteins. Ligand binding experiments were conducted in the same buffer
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(GTPase) used in GTPase and GTPyS binding assays in order to be able to

compare the parameters from the GTPase and GTPYS binding experiments

to data from competition ligand binding experiments (See Chapter 4). To

be sure that the high salt concentrations present in the GTPase buffer were

not causing perturbations in the ligand binding characteristics of the m2

mAcChR control experiments were performed in a low ionic strength Hepes

buffer (BB) with lower salt concentrations. BB has been extensively used in

this lab for the characterization of endógenous m2 mAcChR ligand binding

in membranes from porcine atiia md rOcombinant m2 mAcChR ligand

binding in membranes from Chinese hamster ovary cells (11,57,58).

Comparison of ligand binding data from experiments performed in

GTPase buffer to experiments performed In BB (Figure 2.2) showed that

the higher salt concentration and different buffer components of GTPase

buffer had no effect on the binding of either agonists or antagonists to m2

mAcChR in enriched membranes from baculovirus-infected Sf9 cells.

Antagonist Binding Characteristics of m2 mAcChR In Enriched
Membranes from Baculovirus-infected Sf9 Cells

Antagonist binding studies showed a single class of binding sites.

These data are consistent with antagonist binding studies in porcine atria

and in heterologously expressed m2 mAcChR In Chinese Hamster ovary

cells (11,57). Antagonist binding data for different wild type and site

directed mutant constructs of the m2 mAcChR are summarized in Table 2.3

and Appendix Fl. The binding characteristics of three m2 mAcChR

antagonists were examined. I-quinuclidinyl benzilate (QNB) binding

constants were determined directly with H] QNB. Hyoscyamine and n-

methyl scopolamine (NMS) binding constants were determined in

competition experiments with [3H] QNB.
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QNB Binding In direct binding experiments with the tritiated

muscannic antagonist [3H] - QNB the Kd for the wild type m2 mAcChR was

39 pM. The co-expression of C protein subunits showed only small effects

on the Kd for QNB. Addition of Gal subunits had a modest effect

decreasing the Kd to 83 pM. Addition of Gfr2 or a2yl subunits resulted in

QNB Kds of 42 and 44 pM respectively. All antagonist binding experiments

described hereafter refer to the m2 mAcChR construct co-expressed with

all three G protein subunits. Deletion of a portion of the third intracellular

loop of the m2 mAcChR showed a small decrease in the QNB affinity to 69

pM. Addition of epitope tags (HAl and myc) to the m2 mAcChR had

epitope specific effects on the Kd for QNB. The HAl tagged construct with

the intervening TEV protease consensus sequence gave a Kd for QNB of

115 pM and the myctagged constructgave a Kd for QNB of 41.5 pM. The

HAl tagged m2 mAcChR demonstrated the largest effect on the QNB Kd

compared to wild type for any wild type construct. Although the decrease in

affinity is less than three fold it is interesting to note in light of the altered

affinities for other antagonists as well as agonists seen in this construct

compared to wild type (discussed below).

Site directed mutants of the m2 mAcChR had different effects on the

QNB Kd. An aspartate 69 to sparagine (D69N) mutant had no significant

effect on QNB binding. HAl and myc tagged D69N QNB Kd was 59 pM

compared to 115 and 41 pM for the corresponding epitope tagged wild type

constructs. The aspartate 103 to asparagine (DIO3N) mutant showed a

drastic shift in QNB binding affinity to 1.7 nM compared to 13 pM for wild

type. The threonine 187 to alanine (T187A) mutant had no effect on QNB

binding, withaKd of 33 pM comparedto44 pMforwild type. Thetyrosine

403 to phenylalanine (Y403F) mutant decreased the QNB Kd to 790 pM

compared to 44 pM for wild type. This 20 fold decrease in QNB binding
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affinity compared to wild type us also seen with the muscarinic antagonists

N methyl scopolamine and hyoscyamke (below).

Hyoscyamine and NMS binding. A single class of binding sites to

m2 mAcChR was also demonstrated in competition binding experiments

with the muscarinic antagonists N - methyl scopolamine (NMS) and

hyoscyamine. The Kd values for hyoscyamine and NMS for the wild type

m2 mAcChR were found to be 13.4 and 1.5 nM respectively. The deletion

of a portion of the third intracellular loop and the addition of epitope tags to

the amino terminus of the m2 mAcChR little or no effect on the binding

affinities of these two ligands. NMS Kds for all the constructs fall between I

and 4 nM. The HAl tagged construct gave the highest value at 4.35 nM.

The intracellular loop 3 deletion mutant gave an NMS Kd of 3.12 nM

compared to the myc tagged wild type m2 mAcChR for which the NMS Kd

was 2.33 nM respectively. Hyoscyamine values for the deletion mutant and

myc tagged construct were 24 nM and 10.3 nM. Again the HAl tagged m2

mAcChR construct showed the most significant deviation with a

hyoscyamine Kd of 38 nM which is increased 3 fold from wild type. This

difference is similar to the change in QNB affinity.

Site directed mutants of the m2 mMChR had similar effects on the

binding constant for NMS and hyoscyamine as seen for QNB. The

aspartate 69 to asparagine (D69N) mutant had no significant effect on NMS

or hyoscyamine binding. NMS Kd for HAl and myc tagged D69N was 2.4

and 1.4 nM respectively compared to 4.4 and 2.3 nM for the corresponding

epitope tagged wild type constructs. Hyoscyamine Kd for HAl and myc

tagged D69N was 13 and 9 nM respectively compared to 38 and 10 nM for

the corresponding epitope tagged wild type constructs. T187A showed a

slight shift in NMS and hyoscyamine affinity similar to that seen with QNB

binding. The NMS and hyoscyamine affinity constants were 6.5 nM and 54

nM compared to 1.5 nM and 13 nMforwildtype. Y403F showed a l3to 20
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fold decrease in the NMS and hyoscyamine affinity compared to wild type.

The NMS and hyoscyamine affinity constants were 19 and 222 nM.

Agonist Binding Characteristics of m2 mAcChR in Enriched
Membranes from Baculovlrus-lntected Sf9 Cells

Competition binding experiments with the tritiated muscarinic

antagonist I-quinuclidinyl benzilate were conducted to determine the binding

constants of muscannic agonists. In competition agonist binding

experiments with 20/60% enriched membranes from baculovirus-infected

Sf9 cells expressing the wild type m2 mAcChR two populations of receptor

were present. One population (high affinity = KI) was abolished by the

addition of a non hydrolyzable GTP analog (GppNHp) and represents the G

protein coupled receptor (RG). The other population (low affinity = K2) was

increased in the presence of GppNHp and represents free receptor (R).

Enriched membrane preparations from Chinese hamster ovary cells

containing heterologously expressed m2 mAcChR show a third class of

agonist binding sites at even lower affinity (11,58). No physiological

function has been assigned to this third class of sites. It is possible that this

lowest affinity state represents an ohgomeric or aggregated state of the

receptor. Unlike CHO cells, enriched membrane preparations from

baculovirus-infected 819 cells do not contain a third affinity site. It is

possible that the single low affinity population in enriched membranes from

baculovirus-infected 819 cells represents a mbture of receptor monomers

and oligomers that have the same affinity for agonist.

Addition of GppNHp to competition binding experiments and

conversion of RG to R allowed provided confirmation that KI was the G

protein coupled state of the receptor. Confirmation that KI was the G

protein coupled state of the receptor allowed determination of the

concentration of G protein coupled receptor (RG) as a function of total
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receptor (R + RG). This information was important in the analysis of the

dependence of kinetic parameters (GTPase equation) on receptor:G protein

concentration/ratio (See Chapters 4 and 5).

Agonist binding data for different wild type and site directed mutant

constructs of the m2 mAcChR expressed in baculovirus-infected $19 cells

are summarized in Table 2.4 and Appendix F2.

m2 mAcChR and m2 mAcChR + G. Expression of the m2

mAcChR alone resulted in membranes which had only a single class (K2)

of agonist binding sites. The value of K2 for carbachol, acetyicholine,

oxotremorine M and pilocarpine were 32,20,36 and 18 M respectively.

Co-expression the G1 and GA,2 subunits with the wild type m2 mAcChR

also resulted in membranes with a single class (K2) of agonist binding sites.

The value of K2 for carbachol, acetyicholine, oxotremonne M and

pilocarpine was 94, 16, 14 and 1.7 p.M respectively. It is interesting to note

that the partial muscannic agonist pilocarpine shows a higher affinity than

the full agonists for receptor alone and receptor plus fry.

m2 mAcChR + Gafry. Co-expression of all three G protein subunits

(a2, f1 andy2)ANDthewildtypem2mAcchRledtotheappearanceof

the second (KI) higher affinity site which was sensitive to the addition of

guanine nucleotides. The value of KI for carbachol, acetyicholine,

oxotremorine M, and pilocarpine was 0.5,0.2,0.2 and I p.M respectively.

The value of K2 for carbachol, acetyicholine, oxotremorine M and

pilocarpine was 62, 12, 18 and 17 M respectively. The fraction of receptor

in the high affinity (G protein coupled site) was 41,26,41 and 25% for

carbachol, acetyicholine, oxotrenionne M and pilocarpine. All agonist

binding experiments described hereafter refer to the m2 mAcChR construct

co-expressed with all three (3 protein subunits. The ratio of the MOl of

receptor and (3protein subunits was either 1:1 or 1:2
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m2 mAcChR intracellular loop 3 deletion + GaJ3y. The intracellular

loop 3 deletion mutant of the wild type m2 mACChR showed similar values

of KI when compared to wild type. The values of KI for carbachol,

acetyicholine, oxotremonne M and pilocarpine were 0.31,0.06, 0.41 and

0.25 tM respectively. Oxotremonne M showed the only deviation from wild

type with a slightly higher affinity (0.06 compared to 0.2 pM). This construct

showed a 4 to 5 fold decrease in agonist affinities at the low affinity (k2)

site. The values of K2 for carbachol, acetylcholine oxotremorine M and

pilocarpine were 216, 68, 60 and 29. This decrease in affinity may result

from a slightly altered receptor tertiary structure in the absence of the

intracellular loop. The fact that the affinities of the high affinity site are

unaltered compared to wild type may be due to the stabilization of the

receptor structure resulting from association with the G protein. The

fraction of receptor in the high affinity (G protein coupled site) was 20, 17,

21 and 22% for carbachol, acetyicholine, oxotremorine M and pilocarpine.

Epitope tagged m2 rn4cChR + Gafl The epitope tagged m2

mAcChR showed epitope specific effects on agonist binding. The myc

tagged construct yielded values of KI and K2 that were nearly identical to

wild type with the single exception of the high affinity site with oxotremonne

M. The values of KI for carbachol, acetylcholine, oxotremorine M and

pilocarpine were 0.51,0.15,0.76 and 0.28 pM respectively. The values of

K2 for carbachol, acetyicholine, oxotremorine M and pilocarpine were 79,

17, 2land 12 pM respectively. The fraction of receptor in the high affinity

site was 28, 50,27 and 18% for carbachol, acetyicholine, oxotremorine M

and pilocarpine. The HAl tagged construct showed a 5 fold decrease in

the value of KI for carbachol and acetyicholine compared to wild type. The

value of KI for oxotremonne M showed a 3 fold decrease. KI for

pilocarpine was the same as wild type. The values of KI for carbachol,

acetylcholine, oxotremorine M and pilocarpine were 1.7, 3.2, 0.64 and 0.19
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tM respectively. The value of K2 for carbachol and oxotremonne M and

pilocarpine showed a 3 fold decrease in affinity compared to wild type. The

decrease in affinity for acetyichoilne was 8 fold. K2 for carbachol,

acetyicholine, oxotremonne M and pilocarpine was 207, 110,42 and 38 jiM

respectively. The fraction of receptor in the high affinity site was 34,42,42

and 31% for carbachol, acetyicholine, oxotremorine M and pilocarpine.

Of aM the wild type onsfructs only the HAl tagged m2 mAcChR

showed deviations from wild type behavior with both agonistsand

antagonists. These deviations while significant (up to five fold) are not

drastic enough to suggest an altered receptor conformation due to the

presence of the HAl tag. It seems more likely that the HAl sequence

probably produces a hydrophobic or electrostatic barrier to ligand binding.

Aspartate 69 to asparagine m2 mAcChR + Gay The aspartate to

asparagine mutant (D69N) was expressed as a myc and HAl epitope

tagged construct. The HAl tagged construct also contained the TEV

protease consensus recognition sequence between the tag and the

receptor sequence. Both D69N constructs displayed both high (KI) and

low (K2) affinity agonist binding for full agonists but neither construct

showed high affinity binding with the partial agonist pilocarpine. Unlike wild

type constructs the high affinity binding was not sensitive to the addition of

guanine nucleotides and represents a smaller fraction of the total receptor

D69N gave similar values of KI and K2 for carbachol (0.59 and 87

jiM, HAl and 0.52 and 69 jiM, myc). KI and K2 for D69N.HAI are slightly

lower than the wild type.HAI (1.7 and 207 jiM). This effect is not observed

for D69N.myc construct where KI and K2 are the same as wild type and

wild type.myc. The high affinity site was 18% for D69N.HAI and myc.

D69N had 'epitope specific effects on acetylcholine binding. KI and

K2 (1.1 and 15.1 jiM) for acetyicholine binding are 3-4 fold lower that the
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wild type.HAI (3.18 andl 10 jiM). KI (0.40 tM) is 2-3 fold higher than wild

type and wild type.myc. K2 (20 jiM) is the same as the myc tagged and 2

fold greater than wild type. The fraction of receptor in the high affinity site

was 40 and 14% for D69.HA1 and 18% for D69N.myc.

D69N also had epitope specific effects on oxotremonne M binding.

KI and K2 (0.36 and 121 jiM) are further separated than wild type.HAI

(0.64 and 42.2 jiM) which reflects a two fold increase in KI and a 3 fold

decrease in K2. The values of KI and K2 (0.128 and 128 jiM) D69N.myc

show the same pattern where KI and K2 become more separated than in

wild type.myc (0.759 and 20.9 j.tM) which again reflects an increase in KI

and a decrease in K2 (both five fold). The fraction of receptor in the high

affinity was 9% for D69N.HAI and 7% for D69N.myc.

Pilocarpine binding showed only low affinity binding (K2) to D69N.

D69N.HAI shows a five fold decrease in K2 (6.89 jiM) compared to the wild

type.HAI (37.8 jiM). D69N.myc shows no difference in K2 (14.8 tM) from

the value of K2 (11.8 tM) for the myc tagged wild type.myc.

Aspartafe 103 to asparagine m2 mAcChR + Gafly The aspartate

103 to asparagine (DIO3N) mutant of the m2 mAcChR showed only a

single affinity for agonist binding for both full and partial agonists. This site

was not sensitive to the addition of guanine nucleotides and wasassumed

to represent the low affinity (K2) non g protein coupled receptor. The

affinities for the full agonists were shifted 100 to 1000 fold compared to wild

type. K2 for carbachol was 9200 pM (62 pM for wild type), K2 for

acetyicholine was 9520 pM (12 pM for wild type) and K2 for oxotremorine M

was 1190, (18 pM for wild type. K2 for the partial agonist pilocarpine was

561 compared to l7forwild typewhich isa33fold change in affinity.

Threonine 187 to Alanine m2 mAcChR + GaI3yThe threonine 187 to

alanine (TI 87A) mutant of the m2 mAcChR showed high (KI) and low (K2)
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affinity agonist binding for the full agonists carbachol, acetyicholine and

oxotremorine M but only low affinity binding for the partial agonist

pilocarpine. The high affinity site was sensitive to the addition of guanine

nucleotides and represents 16,33 and 20% of the total receptor compared

to 41,26 and 41% with wild type for carbachol, acetyicholine and

oxotremorine M respectively.

T187A gave the same values for KI for cathachol 0.72 iM as wild

type (0.5 jiM). K2 for T187A with carbachol was 420 j.LI1 which is 7 fold

higher than wild type 62 jiM. Both KI and K2 for acetyicholine were

elevated in T187A (0.66 tM and 249 pM) compared to wild type (0.18 pM

and 12 pM). The increase in KI for acetylcholine is only 3 fold where the

increase in 1(2 is 20 fold. 1(1 and 1(2 for oxotremorine M (0.21 jiM and 64

pM) were similar to wild type (0.19 pM and 18 pM). The increase in K2 for

oxotremorine M is only 3 fold. Pilocarpine showed only a single affinity

state in T187A (6.8 pM) which is intermediate between the values of 1(1 and

1(2(1.1 jiM and 17 pM)forwild type.

Tyrosine 403 to phenylalanine m2 mAcChR + Gay The tyrosine

403 to phenylalanine (Y403F) mutant m2 mAcChR showed high (1(1) and

low (1(2) affinity agonist binding with the full agonists carbachol,

acetyicholine and oxotremorine M and the partial agonist pilocarpine. The

high affinity site was sensitive to the addition of guanine nucleotides and

represented 32, 31 and 33 and 7% of the total receptor compared to 41,26

and 41, and 25% for wild type for carbachol, acetyicholine, oxotremonne M

and pilocarpine respectively.

T187A gave the same values for KI for carbachol 0.72 pM as wild

type (0.5 iLM). K2 for T187A with carbachol was 420 pM which is 7 fold

higher than wild type 62 tM. Both KI and K2 for acetylcholine were

elevated in Y403F (7.8 pM and 1500 pM) compared to wild type (0.18 pM



and 12 pM). The increase in KI for acetyicholine is 40 fold where the

increase in K2 is 125 fold. KI and K2 for oxotremorine M (II pM and 2440

pM) were elevated compared to wild type (0.19 pM and 18 pM). The

increase in KI for oxotremorine M is 60 fold and the increase in K2 is 135

fold. KI and K2 for pilocarpine were elevated in Y403F (2.9 and 330 mM)

comparedtowildtypes(1.1 pM and 17pM)forwildtype. Theincrease in

KI for pilocarpine is only 3 fold and the Increase in K2 is 20 fold. These

changes in the affinity constants compared to fld type for pilocarpine are

much less drastic than the changes observed with the full agonists

Determination of the Apparent Molecular WeIght of m2 mAcChR from
Baculovirus-Infected S19 Cells

The relative mobility of the low and high molecular weight species

were used to extrapolate the molecular weight of the putative receptor

monomer and dimer from a linear lit of the relative mobility of a group of

standards versus log of molecular weight. The position of the low molecular

weight species corresponds to a molecular weight of 69± 13 kDa. This

apparent molecular weight is consistent with the size of the m2 mAcChR

purified from porcine atria (78-90 Wa) and the size of the recombinant m2

mAcChR purified from Chinese Hamster Ovary Cells (78.5 Wa) (11,57).

The position of the high molecular weight species corresponds to a

molecular weight of 126±20 Wa. The apparent molecular weights are.

consistent with the existence of a receptor monomer and a higher molecular

weight species that corresponds to the position of a receptor dimer. The

small difference in apparent molecular weight of the m2 mAcChR from

baculovirus-infected Sf9 cells is probably due to the altered glycosylation of

the m2 mAcChR in Sf9 cells.
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CHAPTER 3
PURIFICATION OF ThE M2 MUSCARINIC ACETYLCHOLINE
RECEPTOR FROM BACULOVIRUS INFECTED SF9 CELLS

Introduction

Purification of the m2 Muscarinic Acetyicholine Receptor

The m2 muscannic acetyicholine receptor (mAcChR) is the primary

subtype in mammalian cardiac tissUe (1). The m2 mAcChR has been

purified both from cardiac tissue and fromheterologous expression systems

using standard chromatographic procedures. Sucrose gradientennched

membranes from cardiac tissue contained 0.5-1 pmolelmg of receptor

(2,3). Solubikzation of receptor from enriched membranes at I pmolelmg

receptor with the mixed detergent digitonin/cholate (DIG) resulted in 2-3
fold enrichment with an 80% yield (3). Modifications in the tissue

preparation and DIG solubilization procedure resulted in a partial

purification from cardiac tissue that yielded 30-40 fold enrichment in

membranes and a further 3 fold enrichment in the solubilized receptor. This

preparation gave an overall yield of 60-70% from tissue and a specific

activity of solubilized receptor of 10.4 pmoles/mg (4).

Utilization of the optimized tissue preparation and solubilization

procedures allowed the purification of the m2 mAcChR from cardiac tissue

to homogeneity (5). PurifIcation involved sequential chromatography on

wheat germ agglutinin-agarose, diethylaminoethyl-agarose, hydroxylapatite

and 3-(2'-aminobenzhydryloxy) tropane-agarose. The overall fold

purification was 4280 from enriched membranes and 100,000 from cardiac

tissue. A overall yield of 4.3% netted 324 pmoles of m2 mAcChR at 11-

12,000 pmoleslmg from 5.2 Kg of fresh porcine atila.
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The m2 mAcChR was also solubilized from porcine atrial

membranes using the detergent dodecyt--D-ma1toside (DBM) (6).

Solubilization in 2 mg/mI DBM gave a 1.5 fold enrichment and yield of75%

from membranes.

More recently the heterologousty expressed porcine m2 mAcChR

was purified to homogeneity from Chinese hamster ovary (CHO) cells (7).

Expression levels of the m2 mAcChR in CHO cells were orders of

magnitude above those seen in cardiac tissue. Purification from CHO cells

a gave significant increases in yield and purified receptor had the same

properties as receptor from porcinà atria. The purification involved

preparation of sucrose gradient enriched membranes, solubilization with

DIC and sequential chromatography as in the purification from porcine afria.

The overall fold purification was 189 from CHO cell homogenates with an

overall yield of 16% from CHO cell homogenates netted 2 mg of purified m2

mAcChR at 12,000 pmoleslmg from 30-35 mIs of packed CHO cells.

PurIficatIon of Other Muscarinlc Acetyicholin. Receptors

Muscannic receptors have also been purified from porcine cerebrum

(8). The purification involved preparation of sucrose gradient enriched

membranes, solubilization with DIC and chromatography on 3-(2'-

aminobenzhydryloxy) tropane-agarose and hydroxylapatite. The overall

fold purification was 6100 from enriched membranes. A yield of 1% from

enriched membranes netted 0.006 mg/SO pmole of purified receptor at 8400

pmoles/mg from 150 g of tissue.

Five different heterologously expressed mAcChR subtypes (human

ml, m2, and m5 and rat m3,m4) have been partially purified from

baculovirus-infected Sf9 cells (9). The baculovirus expression of GPCR is

discussed in Chapter 2. Solubilization of receptors with DIC from crude

membranes preparations gave yields of 51% (ml), 36% (m2), 3% (m3),
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28% (m4) and 17% (m5). Adjusting the chOlate concentration on the

solubilization mixture optimized solubiiization for the different subtypes.

The heterologously expressed human m2 mAcChR has been

purified from baculovirus-infected Sf9 cells using metal immobilized affinity

chromatography (10). The heterologously expressed receptor contained a

six histamine tag attached to the carboxyl terminus of the receptor and a

deletion of a large portion of the third intracellular loop. The purification

utilized DIC solubilization of receptor from crude membrane homogenates

and chromatography on
24 immobilized chelating Sepharose. The

overall fold purification was 20 frorfi a crude cellular homogenates. A yield

of 40% from solubilized receptor netted 0.66 nmoles of purified receptor at

1600 pmoles/mg from 150 ml of culture àontaining 2e9 cellslliter.

Purification of the m2 mAcCbR from Baculovirus-Infected Sf9 Cells

Using Affinity Chromatography

Expression of m2 mAcChR in baculovirus-Infected Sf9 cells is

discussed in Chapter 2. Sf9 cells offer significant advantages over other

heterologous expression systems including high levels of exogenous

receptor expression and simplified tissue culture procedures. Figure 3.1

summarizes the strategy for the affinity purification of epitope tagged m2

mAcChR using the recombinant TEV protease (rTEV). Affinity purification

to epitope tagged receptors has the potential for a single step

chromatographic purification of solubilized receptor. The effects of epitope

tags on G protein coupled receptors (GPCR) are discussed in Chapter 2.

The purification begins with the preparation of sucrose gradient enriched

membranes from baculovirus-infected Sf9 cells expressing the epitope

tagged m2 mAcChR. After detergent solubilization from enriched

membranes the epitope tagged receptor is bound to an affinity resin

containing the epitope tag specific binding moiety (X). After rinsing the

resin the receptor is eluted by cleaving the receptor from the resin using



Cells expressing epitope tagg.d m2 mAcChR

tag m25'I I I 3'

Cleave receptor from resin using rTEV protease

Figure 3.1 Strategy for the Affinity Purification of Epitope Tagged m2

mAcChR

rTEV protease which deaves at the consensus sequence between the

receptor and the epitope tag.

Extensive characterization led to the conclusion that the myc and

HAl epitope tags were not productive for due to low levels of specific

binding and high levels of nonspecific binding of the tagged receptor to the

immunoaffinity resins. Three other affinity tags were examined: A Strep!!

tag, which interacts with an StrepTavidin affinity resin, a calmodulin binding

peptide and multiple histidine residues, which interact with immobilized

metal affinity resins for use in affinity purification. The deca histidine tagged

m2 mAcChR with the mellitin leader sequence was productive for

purification with a nickel immobilized resin. The final purification utilized

immobilized Nickel resin in combination with ToyopearlN DEAE-650M ion

exchange and ABT Sepharose affinity chromatography.



Materials and Methods

Cloning

93

The wild-type coding region of the m2 mAcChR in the pSVE (11)

expression vector was a gift from Dr. Daniel Capon (Genentech, San

Francisco, CA). Epitope tagged receptors were constructed in the pSVE

vector then transferred to the transfer vector pVL 1392 (#21201P,

Pharmingen, San Diego, CA). For details of cloning see appendix B.

Epitope Tags

As described in Chapter 2.

Culture of Sf9 Cells

As described in Chapter 2

Polyclonal anti-HAl Sera

As described in Chapter 2

Baculovirus Expression Constructs

As described in Chapter 2

Preparing Enriched Membranes from Baculovirus-infected Sf9 Cells

As described in Chapter 2

Solublllzatlon of HAl and myc Tagged m2 mAcChR from Enriched
Membranes from Baculovirue-Infected Sf9 Cells

Receptor was solubilized using a mixed detergent of

digitonin/tholate (DIC) or with dodecyl--D maltoside (DBM). Solubilization

of the m2 mAcChR from enriched membranes using these detergents has
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been described previously (6,7). Cholate was purified by DEAE Cellulose

chromatography under basic conditions and then precipitated under acidic

conditions The final concentration of DIC in the solubibzation mixture was

1% digitonin, 0.2% cholate (2.5X DIC) in 25 mM imidazole, 5 mM EDTA pH

7.4. The final concentration of DBM in the solubilization mixture waslO

mg/mi in 25 mM imidazole, 5 mM EDTA pH 7.4. Receptor was solubilized

from enriched membrane fractions at a total maximum protein concentration

of 4 mg/mI. DIC (lOX) or DBM (100 mg/mI) was added to final

concentration of 2.5X DIC or 10 mg/mI DBM. Membranes werevortexed

and incubated for 20 minutes at 25°. Membranes were pelletted for 30

minutes in a microcentrifuge (14,000xg). Larger volumes were pelletted for

30 minutes in a 7011 rotor at 50,000 RPM (189600xg). The supematant

containing the solubilized receptor was assayed for total receptorsites.

Receptor was stable in DBM for I week (6) and in D/C for several at least I

month (5). The lox D/C solution was stable and was stored at 4°. The

DBM solutions were made fresh from powder.

HAl Peptide Affinity ResIn

The HAl peptide Ac-H2N-Met-Tyr-Pro-Tyr-Asp-Val-Pro-Asp-Tyr-AIa-

Cys-COOH was conjugated to UItralink lodoacetyl on 3M Emphaze

Biosupport Medium ABI (Pierce Biochemicals). 60 mg of peptide was

conjugated to 10 ml of resin according to instructions provided with the

resin. Peptide was conjugated at a concentration of 6 mg/mI in 50 mM Tns

pH 8.5,5 mM EDTA. At this pH functional groups (iodoacetyl) on the resin

form covalent bonds to suffhydryl groups In the peptide. Efficiency of

conjugation (average 75%) was determined using the BCA protein assay

(Pierce Biochemicals). A typical resin contained 4.5 mg of peptide per ml of

resin. Non specific binding sites on the gel were blocked after peptide

coupling with a 50 mM cysteine solution in 50 mM Tris, 5 mM EDTA pH 8.5.

Resin was stored in PBS with 0.05% sodium azide.



Purification of HAl IgG from Serum

aHAI antibody was purified from polydonal sera using ammonium

sulfate fractionation and chromatography on Affigel blue and an uHAI

peptide affinity resin. 15-20 of serum was fractionated with saturated

ammonium sulfate. The 33% ammonium sulfate fraction was peifetted in a

microcentrifuge at full speed. The pellet was resuspended in 33%

ammonium sulfate in PBS and pelletted in a microcentrifuge for 20 minutes

at full speed. The second pellet was resuspended in I ml of PBS and

desalted into 20 mM Tns pH 8.OJNaOH using a 2 ml microcon filter Amicon.

The desalted fraction was loaded onto a 5 ml column of Affigel blue (Blo-

Rad) at a flow rate of 10 mI/bour. The column was washed with 10 ml 20

mM Tns pH 8.OINaOH. The antibody was eluted with a linear NaCI gradient

fromotoloomMin2omMTnspH8.OINaOH. 2mlfractionswere

collected and 20 ul samples were run on 8 % polyacrylamide gels using the

method of Laemmli (13). Fractions containing transfemn (co-elutes with

antibody) were pooled and desalted over Bio-Gel P100 (Blo-Rad) in 20 mM

Tns pH 8.OINaOH. The Blo-Gel P100 column also separates the transfemn

from the antibody. Samples of the eluted fractions were run on 8 %

polyacrylamide gels. Samples containing antibody were concentrated using

2 ml microcon filters. At this step in the purification the sample consists of a

mbcture on antibodies. The aHAI antibody was purified from this mixture by

affinity chromatography on a HAl peptide affinity column. Pooled!

concentrated fractions from the P100 column were batch adsorbed to the

HAl affinity resin overnight at 4°. The resin was washed with 20 mM Tns

pH 8.OINaOH plus 250 mM NaCI to elute any non-specifically bound

components. aHAI lgG was eluted with 100mM tilethylamine pH 11.5.

Fractions were eluted into I M Tns pH 8.OINaOH to neutralize the

triethylamine. Fractions were assayed for the presence of aHAI lgG using

an ELISA assay. HAl peptide was conjugated to 96 well dishes overnight



at 40 Wells were washed 3 times with PBS/I mg/mi BSA (PBS/BSA).

Column fractions were incubated for 1 hour at room temperature (25°).

Wells were washed 3 times with PBS/BSA and incubated with goat anti

rabbit lgG conjugated to horseradish peroxidasa Plates were nnsed 2

times with PBS and color was developed with an ABTS reagent (2,2-azino-

di[athyl-benzthiazolinsulfonate] diammonium salt). The reagent consisted

of 5mg of ABTS in 450 ul H20 plus 4.5 ml of PBS and 45 ul 0.25 M H202.

The plates were read at 405 nM.

Purification of amyc Monoclonal Antibody (Mab) from Tissue Culture

Media

Monoclonal amyc antibodies were purified from hybndoma tissue

culture media using ceramic hydroxylapatite Ion exchange chromatography.

Ceramic hydroxylapatite is unusually productive in binding proteins present

at low concentrations and has gentle elution conditions. Proteins bind to

hydroxylapatite through a combination of positively charged calcium groups

and negatively charged phosphate groups interacting with charged moieties

in the protein. Tissue culture media was harvested from hybridoma cells

expressing one of three amyc antibodies designated CT9, CTI4 and 9E10.

Cells were obtained from ATCC (Amencan Type Culture Collection) and

were maintained in MaxiCeHIHybridoma-PF serum free media (Atlanta

Biologicals). Media was harvested and cells were removed by

centrifugation in a dinical centrifuge (full speed). Media was stored at 4°.

For a typical purification 9 g of ceramic hydroxylapatite (Blo-Rad) was

added to 200-250 ml of media and incubated overnight with gentle mixing at

4°. The resin was poured Into a column and packed at 5 mI/mm. The resin

was washed with 40 ml of 1 mM potassium phosphate pH 7.4. The

antibody was eluted wIth 40 ml of 500 mM potassium phosphate pH 6.8.

Both the increased phosphate concentration and the lowered pH contribute

to the release of the bound antibody. Antibody was dialyzed into 10 mM
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MOPS pH 8 and was stored at 2O0. Protein concentration was determined

using the BCA assay (Pierce Biochemicals). A typical purification of CTI4

or 9E10 yielded 2-3 mg of antibody from 250 ml media. CT9 yield was

much higher, generating 16 mg of antibody from 184 ml of media. Resin

was regenerated according to instructions provided bythe supplier.

Preparation of Antibody Affinity Resin(s)

Purified aNAl lgG was conjugated to Uftralink on 3M Emphaze

Biosupport Medium ABI (Pierce Biochemicals). 2.4 mg of antibody was

conjugated to I ml of resin according to instructions provided with the resin.

Antibody was conjugated at a concentration of 0.6 mg/mI in 0.6 M sodium

citrate, 0.1 M MOPS coupling buffer at pH 7.5. Efficiency of conjugation

(average 62%) was determined using the BCA protein assay (Pierce

Biochemicals). A typical resin contained 1.48 mg of antibody per ml. Non

specific binding sites were blocked after coupling with a 3.0 M ethanolamine

pH 9.0 solution. Resin was stored in PBS with 0.05% sodium azide.

Purified amyc 196 was conjugated to Affigel I 0 (Blo-Rad). Resin

was washed in a scintered glass funnel and 0.4-17 mg of antibody was

conjugated to I ml of resin according to the instructions. Antibody was

conjugated at a concentration of 1-10 mg/mI in 10 mM MOPS pH 7.4.

Efficiency of conjugation (average efficiency 50%) was determined using

the Bradford protein assay (Bio-Rad). A typical resin contained 4-10 mg of

antibody per ml. Resin was stored in PBS with 0.05% sodium azide.

Immunoprecipitatlon of Epltope Tagged m2 mAcChR

Protein A agarose beads were rinsed twice with PBS. Antibody

preparation was added to 100 ul of 50% w/v protein A agarose beads and

incubated for one hour at 25°. Beads were washed 3 times with receptor

solubilization buffer and incubated overnight with solubilized receptor.



Immunoprecipitation was determined by loss of PHI-QNB sites with three

different antibody preparations: aHAI sera, purified aHAI lgG and an

amuscarinic receptor antibody ICI (14).

Other Affinity Resins

The caimodulin resin for purification of the calmodulin binding

peptide tagged m2 mAcChR was purchased from Stratagene. The

Streplactin resin for purification of the Strep-tag ii tagged m2 mAcChR was

purchased from Genosys. The metal immobilized Sepharose resin was

prepared by mixing Sepharose 6B-fast flow resin from Pharmacia with 100

mM solutions of metal salts. The resin was stored in the metal salt solution

until use. The resins was washed with ddH2O and then rinsed with 10 mM

MOPS pH 7.4/(NaOH), 0.1% digitonin, 500 mM NaCI before binding

receptor. ABT (3-(2'-aminobenzhydryloxy)tropane) has been described (7).

Purification of Detergent Sotublllzed Epitope Tagged m2 mAcChR
using Antibody Affinity Chromatography

Two different types of antibody affinity resin were prepared for the

purification of detergent solubilized epitope tagged m2 mAcChR: aHAI sera

or purified lgG conjugated to UItralink on 3M Emphaze Biosupport

Medium ABI (Pierce Biochemicals) and purified amyc lgG conjugated to

Affigel lO1b (Blo-Rad). A variety of elution conditions were used

depending on the resin and the construct (Appendix H). Elution with

recombinant TEV protease (rTEV) was performed at I ul/lO units in 100 ul

detergent buffer for 2 hours at 25

Electrophoresis and Western Blotting

Performed as described in Chapter 2.



Results

Expression of Epitope Tagged m2 mAcChR Constructs In Baculovirus
infected Sf9 Cells

Expression of the different epitope tagged m2 mAcChR in

baculovirus-infected Sf9 cells is summarized in Appendix D. Typical

expression levels were 1-3 million receptors per cell. Enriched membranes

were prepared as described in Materials and Methods and are summarized

in Appendix E.

Solublilzatlon of Epitope Tagged m2 mAcChR from Enriched
Membranes from Baculovirus-Infected $19 Cells

Solubilization data are summarized in Appendix G. Solubihzation

experiments were performed as describe in Matenals and Methods.

Receptor was solubilized using a mixed detergent of digitonin/cholate (final

concentration 1% digitonin, 0.2% cholate in 25 mM imidazole, 5 mM EDTA

pH 7.4) or with dodecyI-f-D maltoside (final concentration 10 mg/mI in 25

mM imidazole, 5 mM EDTA pH 7.4). Membranes were diluted to 4-5 mg/mI

protein and incubated with detergent for 20 minutes at 25°. After

centrifugation the soluble receptor was assayed using a DEAE fitter disc

assay. D/C typically solubilized 60-90% of the receptor in enriched

membranes and DBM solubilized30-50%. Solubilization efficiencies with

the different detergents are addressed in the discussion.

Cleavage of Epitope Tag from m2 mAcChR Using the TEV Protease

Table 3.1 summarizes experiments to determine the ability of the

recombinant TEV protease (rTEV) to cleave the receptor from the epitope

tag in different detergents. Data represent conditions that gave 100%

cleavage of epitope tags. Cleavage was assessed on chemiluminescently

developed western blots of membranes or soluble receptor run on 7-15%
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SOS PAGE gels. Date refers to date of expénments. Detergent is the

concentration of detergent in cleavage reaction (2.5X D/C is 0.1% digitonin,

0.2% cholate and DBM is dodecyl--D maltoside. Construct indicates

epitope tagged m2 mAcChR where MHT = pm2.musc.short.HAI .TEV and

MMT = pm2.musc.shorLmyc.TEV. pmoles indicates receptor in the assay.

Condition indicates the incubation conditions for the deavage reaction.

Units rTEV/pmole indicates the number of units recombinant TEV protease

used per pmole of epitope tagged receptor.

Date Detergent construct pmoles condition units rTEV/
omote

7/15/96 2.5X D/C MHT 1.12 2 hours - 25° 8.9

7/18196 2.5X D/C MHT 2 2 hours - 25° 5

7/18/96 2.5X DIC MHT 2 2 hours - 25° 2.5

7/18/96 2.5X DIC MHT 2 2 hours - 250 0.5

7/18/96 2.5X D/C MHT 2 2 hours - 25° 0.25

1118197 10 mg/mI DBM MMT 1 2 hours - 25° 10

6/11/97 10 mg/mI DBM MMT 0.07 2 hours - 25° 142

6/11/97 10mg/mI DBM MMT 0.07 2 hours - 25° 71

6/11/97 10 mg/mI DBM MMT 0.07 2 hours - 25° 29

6/11/97 10mg/mI DBM MMT 0.07 2 hours - 25° 14

6/16/97 10 mg/mI DBM MMT 0.35 2 hours - 25° 0.29

7/23/97 10 mg/mI DBM MMT 0.35 2 hours - 25° 28

Table 3.1 Cleavage of Epitopes by Recombinant TEV Protease

Figure 3.2 is chemiluminescently developed western blots of7-15%

SOS-PAGE gels. Gels and Western blots are described in Materials and

Methods. The leftmost (unnumbered) lane on each blot contains molecular

weight markers. Molecular weight markers for the blot on the
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Figure 3.2 Western Blot of Membrane Bound and Solubilized HAl and myc
Tagged m2 mAcChR

left are myosin at 202, f3 galactosidase at 121, bovine serum albumin at 86

and ovalbumin at 50 kDa. Molecular weight markers for the blot on the left

are myosin at 202, -galactosidase at 133, bovine serum albumin at 71,

carbonic anhydrase at 42, soybean trypsin inhibitor at 31, lysozyme at 18

and aprotinin at 7.0 kDa. Figure 3.2 is the western blot from the rTEV

concentration isotherm experiment from Table 3.1 (7/18/96). Lanes 1 and 2

are enriched membranes (0/35) from Sf9 cells expressing the untagged (1.6

pmoles) and HAl tagged (2.6 pmoles) m2 mAcChR respectively. Lanes 3

and 4 are DIC solubilized receptor from the membranes in lanes I and 2

and contain 1.3 and 2 pmoles of receptor. In lanes 5 9, 2 pmoles of

receptor were combined with 10,5, 1,0.5 and 0.1 units of rTEV in 2.5X D/C

to determine the minimum number of units of rTEV to cleave the receptor

when incubated for 2 hours at 25°. 100% cleavage was observed down to

0.5 units of rTEV. Figure 3.2 is the western blot from the rTEV time course

experiment from Table 3.1 (7/23/97). For this experiment 1.45 pmoles of

receptor were combined with 40 units of rTEV and aliquots were removed

and combined with SDS-PAGE sample buffer at the indicated time points to
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determine the time required for 100% cleavage of the receptor at 25°. Lane

I is enriched membranes (20/40) from Sf9 cells expressing the myc tagged

(0.12 pmoles) m2 mAcChR. Lane 2 is DBM solubilized receptor from the

membranes in lane I and contains 0.28 pmoles of receptor. Lanes 3-6 are

aliquots of a mixture of the DBM solubthzed receptor and rTEV that contain

0.28 pmoles of receptor at 10 mm., 30 mm., 1 hour and 2 hours incubation.

100% cleavage was observed at 10 minutes.

Immunoprecipitatlon of Detergent Solubilized Epitope Tagged m2
mAcChR from Enriched Membranes from Baculovirus-infected Sf9
Cells

Immunoprecipitation data are summarized in Appendix H.

Immunoprecipitations were performed with Protein A agarose as described

in Materials and Methods. Immunoprecipitation experiments were

conducted to address the problem of low specific binding of solubilized

receptor to the antibody affinity matrices (see discussion).

Purification of Detergent. Solubilized Epitope Tagged m2 mAcChR
Using Antibody Affinity Chromatography

Purification experiments using the HAl and myc epitopes are

summarized in Appendix I. Very little specific binding was observed with

either antibody epitope tag and there were high levels of non specific

binding. The details of the attempts at purification of the epitope tagged

receptor using antibody affinity chromatography are addressed in the

discussion.

Purification of Detergent Soiubllized Calmodulln Binding Peptide
Tagged m2 mAcChR with Caimodulin Resin Affinity Chromatography

Purification of the m2 mAcChR using the calmodulin binding peptide

(CBP) and a calmodulin affinity resin are summarized in Appendix I. The

detergent solubilized CBP tagged m2 mAcChR showed very little binding to
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the calmodulin column. Non specific binding Was high (30-40%) and

specific binding was only 14-17%. The CBP was not pursued as an epitope

for affinity purification. The details of the attempts at purification of the CBP

tagged m2 mAcChR are addressed in the discussion.

Purification of Detergent Solubilizod Strep-tag II Tagged m2 mAcChR
Using StropTavidin-StrepTactln Affinity Chromatography

Purification of the m2 mAcChR using the Strep-tag II and StrepTactin

Sepharose are summarized in Appendix I. The Strep-tag II epitope was

engineered at both the amino and carbóxyl terminus of the m2 mAcChR.

The detergent solubihzed amino terminus Strep-tag II tagged m2 mAcChR

showed no binding to the StrepTactin Sepharose column. The amino

terminal Strep-tag II was not pursued. as an epitope for affinity purification.

The details of the attempts at purification of the Strep-tag II tagged m2

mAcChR are addressed in the discussion.

Purification of Detergent Solubllizod 10 Histidine Tagged m2 mAcChR
Using Metal Immobilized Affinity Chromatography

Purification of the m2 mAcChR using the 10 his tag and metal

immobilized Sepharose is summarized in Appendix I and in Table 3.2. The

final purification used three chromatographic steps after solubilization with

digitonin/cholate. Membrane refers to the 20/45% enriched sucrose

gradient fraction. Extract refers to the 2.5X digitonin/cholate detergent

extract. Homogenization, membrane preparation and detergent

solubiiization are described in Materials and Methods. DEAE eluate refers

to the pooled fractions from the sodium chloride gradient elution of the

Toyopearl DEAE-650M resin. Ni eivate refers to the pooled fractions

from the imidazole elution of the immobilized Ni resin. ABT eluate refers to

the pooled fractions from the hyoscyamine elution of the ABT resin
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Isolated
Fraction

Total
Protein
(ma

Total
Receptor
(nrnoles

Relative
yield
(%

Specific
activity

(omoles/ma

Relative
purification

Membranes 411 15.86 100 38 0

Detergent Extract 187 15.47 98 83 2.2

DEAE Eluate 17.6 2.4 15 136 3.6

NI-Eluate 225 0.855 5 380 10

ABTEIuate 0.18 0.292 2 1650 43

Table 3.2 Purification of His Tagged m2 mAcChR

52 mIs of 20/45% enriched membranes at 7.9 mg/mI total protein

were brought to 2.5X digitonin/cholate at final protein concentration of 4

mg/mi. The mbcture was incubated with gentle stirring at room temperature

for 20 minutes. The membranes were extracted 3 times and the

supernatants were pooled and was mixed with 10 ml (bed volume)

Toyopearlm' DEAE-650M overnight at 4. Resin was packed into disposal

plastic columns at a rate of I ml per minute using a peristaltic pump. The

resin was washed with 20 ml 10 mM MOPS pH 7.4INaOH, 0.1% digitonin.

A 120 ml NaCI gradient (0-600mM) was applied and 2 ml fractions were

collected. 100 .d of each fraction was desalted (G25 Sephadex) and

assayed for total protein and receptor sites. Fractions were pooled on the

basis of specific activity. The pooled fractions were 22 ml at 109 nM sites

and 0.8 mg/mI total protein. The pooled fractions were mixed with 2 ml

(bed volume) Ni immobilized Sepharose. After an overnight incubation at

40 the Ni resin was washed with 10 ml 10 mM MOPS pH 7.4/NaOH, 0.1%

digitonin, 250 mM NaCI and eluted with an imidazole step gradient in the

same buffer. 5 ImI fractions were collected at each concentration of

imidazole. 100 pJ of each fraction was desalted (G25 Sephadex) and



105

4

;
'v

'

Ijj

p
::'

43

:

Figure 3.3 Silver Stained SDS PAGE Gel of Receptor Purification

assayed for total protein and receptor sites. The imidazole was removed on

ToyopearlTM DEAE-650M. The eluate was mixed with 2 ml ABT resin. After

48 hours at 4° the resin was washed with 10 ml 10 mM MOPS pH

7.4/NaOH, 0.1% digitonin, 250 mM NaCI and eluted with 1 mM

hyoscyamine. The eluate was dialyzed and combined with 1 ml of

ToyopearlTM DEAE-650M. After washing the resin with 10 mM MOPS pH

7.4/NaOH, 0.1% digitonin the receptor was eluted with 600mM NaCI. The

final eluate contained 292 pmoles of receptor in 4 ml 1.65 nmoles/mg.

Figure 3.3 is a silver stained SDS PAGE gel of the different fractions. Lane

1 is molecular weight markers: myosin at 206, -galactosidase at 117,

bovine serum albumin at 79, ovalbumin at 48, carbonic anhydrase at 35

and lysozyme at 21 kDa.. Lane 2 is empty. Lane 3 is the solubilized

receptor. Lane 4 is the pooled DEAE elute. Lane 5 is the pooled Ni eluate.

Lane 6 is the highest specific activity fraction of the ABT eluate.
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Discussion

Expression of Epitope Tagged m2 mAcChR Constructs in
Baculovirus-Infected Sf9 Cells

Myc and HAl tagged m2 mAcChR were expressed at levels similar

to the untagged receptor. An MOl of 1-2 yielded 2-3 million receptors/cell.

The calmodulin binding peptide (CBP) tagged receptor was expressed at

levels slightly lower than the wild type receptor. An MOl of 3 yielded slightly

less than a million receptors/cell. The Strepll-tagged m2 mAcChR

construct had two additional alterations intended to maximize expression

levels. The mellitin leader sequence was added at the extreme amino

terminus and most of intracellular loop three was removed. This construct

showed good expression. An MOl of 2-3 yielded cells with 3-5 million

receptors/cell. The mellitin leader sequence was also added to the extreme

amino terminus of histidine tagged m2 mAcChR constructs. The m2

mAcChR construct with 10 histidine residues at the carboxyl terminus

yielded preparations with 3 million receptors per cell at an MOl of 2-3.

SolubiHzatlon of Epltope Tagged m2 mAcChR from Enriched
Membranes from Baculovlrus-infected Sf9 Cells

The receptor was solubilized using the mixed detergent

digitonin/cholate (D/C) at I %/O.2% in solubilization mixture and dodecyl -

- D - maltoside (DBM) at 10 mg/mI in solubilization mixture. Both of these

detergents have been used to solubilized the m2 mAcChR from enriched

membranes from porcine atrial tissue and D/C has been used to solubilize

the receptor from enriched membranes from Chinese Hamster Ovary cells

(4,6,7). D/C solubilized a higher percentage of the receptor from enriched

membranes than DBM at several different protein concentrations. 30% of

the HAl tagged receptor was solubilized in DIC in 0/35, 20/40 and 40/60

membranes and 55-87% was solubilized with DIC. Solubilization of the



myc tagged receptor was more efficient in DBM than other constructs.

Typically 20 40% was solubilized in DBM. DIG solubihzed 70-80% of

the myc tagged receptor from 20/40 or 40/60 membranes. 30% of the

untagged m2 mAcChR was solubilized in DBM in 0/35,20/40 or 40/60

membranes where 50-90% was solublbzed with DIG. D/C was

abandoned as the solubilizing agent for use with immunoaffinity

chromatography because it was suspected that cholate was interfering with

the interaction of the antigen with the antibody.

The calmoduhn binding peptide tagged m2 mAcChR was also

soiubibzed with both DIG and DBM. DIC solubilized 77% of the sites from

the 20/40% enriched membranes and 29% from the 40/60% membrane

fraction. DBM solubilized the receptor with much lower efficiency of 6% and

1% for the 20/40 and 40/60% fraction respectively.

The m2 mAcGhR with the amino terminal Strep-tag II was solubilized

(70%) with DIG.

The m2 mAcChR with 10 histidine residues at the carboxyl terminus

was solubWized with high efficiency from the 20/40% enriched membrane

fraction (70%). Solubihzation experiments are summarized in Appendix C.

Cleavage of m2 mAcChR from Epltope Tag Using th.'TEV Protease

The experiments in Table 3.1 are a collection of control experiments

performed to confirm the ability of the recombinant TEV protease (rTEV) to

cleave the different epitope tags in detergents and to quantitate cleavage.

The first experiment on 7/15/96 confirms the ability of the rTEV to deave

the HAl epitope in 2.5X DIC at 8.9 units rTEV/pmole receptor. A

subsequent experiment on 7/18/96 quantitates the amount of rTEV required

to cleave a given amount of receptor under the conditions to be used in the

purification (2 hours at 25°). This experiment demonstrated the 100%

deavage of the epitope tag down to 0.25 units rTEV/pmole of receptor. The

experiment on 1/18/97 confirms the ability of the rTEV to cleave the HAl
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epitope in 10 mg/mI DBM. The experiment on 6/11/97 confirms the ability

of the rTEV to deave the myc epitope in 10 mg/mI DBM. Experiments on

6/11/97 and 6/16/97 quantitates the amount of rTEV required to deave a

given amount of myc tagged receptor under conditions described above.

These experiments demonstrated 100% cleavage of the myc tag down to

0.29 units rTEV/pmole which is essentially the same as the cleavage seen

for the HAl tag. The last experiment, 7/23/97, is a time course of cleavage

of the myc tagged receptor. 28 units rTEV/pmole receptor cleaves 100% of

the epitope tag in 10 minutes which is consistent with previous experiments

in that 10 times the amount of rTEV deaves 100% of the epitope tag in

about 1110th of the time. Figures 3.1 and 3.2 are chemiluminescently

developed Western Blots of SDS PAGE gels of membranes and solubilized

receptor from enriched membranes from baculovirus-infected Sf9 cells.

Purification of Detergent Solublllzed Epitope Tagged m2 mAcChR
Using Antibody Affinity Chromatography

The first purification experiments examined binding of HAl tagged

m2 mAcChR to an affinity resin prepared with aI-IAI polyclonal antisera. In

these experiments both HAl tagged and wild-type m2 mAcChR were

incubated with the resin in the presence of the solubilizing agent

digitonin/cholate (2.5X D/C = 1% digitonin, 0.2% cholate). incubation with

I .25X DIC resulted in no specific binding of the HAl tagged construct over

the wild-type m2 mAcChR and both constructs showed high levels of non

specific binding (82%). Incubation with 0.5X or 0.125X D/C gave a small

amount of specific binding, 4% and 13% respectively but background levels

of nonspecific binding of the untagged receptor were still quite high (60%

and 47% respectively). Mdition of I mg/mi bovine serum albumin did not

increase specificity of binding. These results prompted the purification of

the aHAI igG from the polyclonal sera for conjugation to affinity resin.



109

immunoaffinity experiments with the HAl tagged and wild-type m2

mAcChR on an aHAI lgG affinity resin also showed high levels of non

specific binding. No binding was observed at all at 2.5X D/C and specific

binding of the HAl tagged receptor was only 20% over a background of

30% (untagged receptor). At this point a series of immunoprecipitation

experiments were conducted to attempt to find conditions that would

increase specificity of binding of the HAl tagged construct

Immunoprecipitation experiments were initially performed at 0.625X

D/C using three different antibody preparations: aHAI sera, purified aHAI

IgG and an amuscarinic receptor antibody I CI. These experiments

demonstrated 8% specific immunoprecipitatlon of HAl tagged receptor over

a 25% background (untagged receptor) using the aHAI sore. Neither of

the other two antibody preparations showed specific immunoprecipitation

and showed high background levels of nonspecific (untagged receptor)

binding (30% for purified aHAI lgG and 43% for id). At higher

concentrations of Did (2.5X) specific immunoprecipitation of the aHAI

tagged receptor increased toi2 - 21% Over a 0-7% background (untagged

receptor) with aHAI sore and 15- 22% over a 9% background for id.

Addition of guanidine hydrochloride did not increase specific

immunoprecipitation using aHAI sara. Urea gave a slight increase in

specific immunoprecipitation to 37% over 0 background (untagged receptor)

at 2M using aHAI sara.

Immunoprecipitation experiments of the HAl tagged DIC solubikzed

2 adrenergic receptor were conducted in the absence of cholate (15).

Instead of dialyzing away the cholate and potentially disrupting the stability

of the receptor another detergent system was investigated for solubilization

of the receptor. Dodecyl - - D - maltoside (DBM) had been used by

Peterson et. al. to solubilize the m2 mAcChR from porcine atrial

membranes (6). Initially, immunoprecipitation experiments were performed
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to assess the specific immunoprecipitatiofl of HAl tagged receptor from

DBM. Specific immunoprecipitation of HAl tagged m2 mAcChR from I

mg/mi DBM was only 16% over a background of 46% (beads only).

Decreasing the concentration of detergent did not improve specific

immunoprecipitation.

The myc epitope was also examined for use in immunoaffinity

chromatography. Specific immunoprecipitatlon of myc tagged receptor in

10 mg/mI DBM with aHAI Mab was 30-40% over background (beads

only)of 6-30%. Similar levels of specific immunoprecipitation (30%) were

demonstrated when compared to the untagged receptor which gave

background binding of 6-30%.

Although the myc tagged receptor showed levels of non specific

binding similar to the HAl tagged receptor in immunoprecipitation

experiments a few experiments were performed with immunoaffinity resins

to examine if specific binding might be increased on another resin.

The first purification experiments with the myc tagged receptor were

to examine nonspecific binding to different affinity resins without antibody.

myc tagged receptor was solubilized in DIC and DBM and applied to either

Afflgei 10, Emphaze, and WGA-Agarose. WGA agarose is a resin used for

purification of the m2 mAcChR from CHO cells (7). Non-specific binding in

either detergent was 49% to Afflgel 10,65% to WGA Agarose and 74% to

Emphaze. Decreasing the concentration of detergent did not increase

specific binding but increasing the amount of receptor loaded decreased

non specific binding to Affigel 10 to 11% at 2 mg/mI DBM.

Three different purified amyc Mab were conjugated to Affigel 10:

CT9, CTI 4 and 9E1 0. 9E1 0 demonstrated the highest levels of specific

binding (30%) of the myc tagged receptor over 20% background (untagged

receptor) at 2 mg/mI DBM. Conjugation of Mab at lower specific activities

(mg antibody/mi resin) did not improve specific binding.
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Treatment of the myc tagged reCéptO bound to any of the affinity

resins with recombinant TEV protease did not release significant amounts

of receptor. Receptor bound to the resins may have been in a

conformation that did not allow the protease access to the consensus

deavage sequence between th epitope tag and the receptor.

Purification of Detergent SoIublUzd Calmodulin Binding Peptide
Tagged m2 mAcChR with Calmodulin Resin Affinity Chromatography

The detergent solubilized calmodulin binding peptide tagged m2

mAcChR did not show significant binding to the calmodulin resin. Only 4%

of the 0/C solubilized receptor from the 20/40% membrane fraction bound

specifically (14% in the presence of 100 mM NaCI). Similar results were

obtained with receptor solubilized from the 40/60% fraction with 2% and

17% binding specifically to the calmodulin resin in the absence and

presence of 100 mM NaCL Cleavage of the sugar residues at the receptor

amino terminus was though to potentially unmask the calmodulin binding

peptide. Solubihzed receptor treated with endoglycosidase F did not show

any increase in specific binding to the calmodulin affinity resin (not shown).

Purification of Detergent Solublllzed Strep-tag II tagged m2 mAcChR
UsIng StrepTavidln-StrepTactin Affinity Chromatography

The detergent solubilized Strep-tag II tagged m2 mAcChR did not

show any binding to the StrepTactin affinity resin.

Purification of Detergent Solublllzed 10 Hlstidine Tagged m2 mAcChR
Using Metal immobilized Affinity Chromatography

The punflcation experiments with the histidine tagged receptor were

conducted with the carboxyl terminal 10 his tagged receptor with the meilitin

leader sequence. 90 pmoles of soluble receptor in lx D/C were added to

200 ul of Ni-NTA (Qiagen) resin and resulted in no binding at all. It was

later determined that pretreatment of the Ni-NTA resin with IX
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digitonin/cholate mixture resulted in the loss of the capacity to bind his

tagged proteins. In all subsequent experiments the resin was pretreated

with 0.1% digitonin in 10 mM MOPS/pH 7.4 (NaOH). Before the

determination of the interference of cholate with his binding to the N'-NTA

resin another affinity column was investigated. Nickel, cobalt and zinc were

conjugated to Sepharose 6B-fast flow (Pharmacia). The 10 his tagged m2

mAcChR (10). Nickel and zinc immobilized Sepharose 6B had higher

capacity for binding the 10 his tagged m2 mAcChR than the cobalt

immobilized resin. The nickel immobilized resin had a higher affinity than

the zinc immobilized resin for the 10 his tagged m2 mAcChR. Higher

concentrations of imidazole were needed to elute the m2 mAcChR from the

nickel resin than the zinc resin. The nickel resin was chosen for purification

since higher affinity binding allow for more stringent washing of the resin

prior to m2 mAcChR elution. The first purification experiment involved

binding 108 pmoles 0.5X DIC solubilized receptor (86 pmoleslmg) to the

nickel resin and eluting with increasing concentrations of imidazole.

Pooling the eluted fractions with the highest concentration of m2 mAcChR

resulted in a partially purified preparation with a twelve fold increase in

specific activity (996 pmoleslmg). Recovery from the nickel resin was 69%.

These results encouraged us to pursue the 10 his tagged m2 mAcChR as a

method for affinity purification. The next experiment involved sequential

chromatography steps with ToyopearP DEAE-650M (Pharmacia) and

nickel immobilized Sepharose (Pharmacia). Step gradients of sodium

chloride and imidazole were used to characterize the elution from the DEAE

and nickel columns respectively. The receptor eluted from the DEAE resin

at 200 mM sodium chloride and pooled fractions showed a 15 fold increase

in specific activity (pmoles receptor/mg protein) and 31% recovery from the

solubilized receptor fraction. The DEAE fraction was then combined with

the nickel resin. The receptor eluted from the nickel resin at 100 mM

imidazole and pooled fractions showed a 1.62 fold increase in specific
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activity and 12% recovery from the DEAE elute. The total purification for

the two chromatographic steps was 24 fold with a recovery of4% from the

solubilized receptor. The 45/60% membrane fraction was found to behave

similarly to the 20/45% fraction with respect to solubilization and

chromatography on the DEAE resin. The lower specific activity of the

45/60% membrane fraction lowered the overall fold purification compared to

the 20/45% fraction. Another experiment wIth 20/60% membranes showed

less than a 2 fold increase in specific activity from the membranes to the

DEAE eluate. The subsequent purification protocols used the 20/45%

enriched membrane fraction excluSively.

The purification presented in Table 3.2 uses three chromatographic

steps and achieves an overall purification of 43 fold with a final specific

activity of the receptor of 1.65 nmoles/mg. The overall yield was 2% from

the enriched membranes and represented 0.18 mg of protein (0.29 nmoles

of receptor). 80% of the solubilized receptor was lost on the DEAE ion

exchange resin due to the factor that the receptor leaked off the resin in the

initial part of the salt gradient and was present in the low specific activity

fractions. The only fractions pooled were those with an increase in specific

activity from the solubdized receptor The broad flat elution profile from

DEAE is probably due to the presence of receptors with different numbers

of histidine residues at the carboxyl terminus due to degradation of the 10

histidine tag in Sf9 cells. The largest fold increases in specific activity

occurred on the immobilized nickel resin and the ABT resin. The receptor

preparation was not completely pure as evidenced by the presence of low

molecular weight species in Figure 3.3.

The 10 histidine tag was not particularly productive for receptor

purification but helped to establish some conditions for the purification of

the receptor with other affinity tags that are available.



114

References

1. Schimerlik, M. I. (1989) Annual Review of Physiology51,217-227

2. Wel, J. W., and Sulakhe, P. V. (1979) European Journal of
Pharmacology 58, 349-350

3. Peterson, G. L., and Schimerlik, M. I. (1982) Biochemical Journal
202,475-481

4. Peterson, G. L., and Schimerlik, M. I. (1984) Preparative
Biochemistiy 14(1), 33-74

5. Peterson, G. L., Herron, C. S., Yamaki, M., Fullerton, D. S., and
Schimerlik, M. I. (1984) Proceeding of the NationalAcademy of Sciences of
the United States of America 81(15), 4993-7

6. Peterson, G. L., Rosenbaum, L. C., and Schimerlik. M. I. (1988)
Biochemical Journal 255(2), 553-60

7. Peterson, G. L., Toumadje, A., Johnson, W. C., Jr., and Schimerlik,
M. I. (1995) Journal of Biologicei Chemist,y270(30), 17808-17814

8. Haga, K., and Haga, T. (1985) J 810/ Chem 260(13), 7927-35

9. Rinken, A., Kameyama, K., Haga, T., and Engstrom, L. (1994)
Biochem Pharmacol 48(6), 1245-51

10. Hayashi, M. K., and Haga, T. (1996) Journal of Biochemistly 120,
1232-1238



115

11. Peralta, E. G., Winslow, J. W., Peterson, c. L., Smith, D. H.,
Ashkenazi, A., Ramachandran J., Schimerlik, M. I., and Capon, D. J.
(1987) Science 236, 600-605

12. Peterson, G. L. (1983) Methods in Enzymology9l, 95-119

13. Laemmli, U. K. (1970) Nature 227,680-685

14. Luetje, C. W., Brumwell, C., Norman, M. G., Peterson, G. L.,
Schimerlik, M. I., and Nathanson, N. M. (1987) Biochemistiy26(22), 6892-6

15. Hebert, T. E., Moffett, S., MoreDo, J.-P., Loisel, T. P., Bichet, D. G.,
Barret, C., and Bouvier, M. (1996) Journal of Biological Chemistiy27l(27),
16384-16392



116

CHAPTER 4
M2 MUSCARINIC ACETYLCHOUNE

RECEPTOR:G PROTEIN INTERACTiONS

Introduction

G Protein Activation by G Protein Coupled Receptors

The activation of a G protein by an agonist liganded receptor

molecule consists of at least four steps: A conformational change in the

receptor which transduces the ligand binding signal from the extraceilular

ligand binding site to the intracellular receptor.G protein interface: a

conformational change at the receptor.G protein interface that

communicates the ligand binding signal from the receptor to the G protein,

a conformational change in the G protein which promotes the release of

(3DP thus allowing the binding of GTP and a conformational change in the

quatemary structure of the G protein which promotes the separation of the

a and ' subunits and allows their interaction with efiectors. The potential

role of indMdual amino acid residues in these steps has been examined

with wild type and site-directed mutants of cationic amine binding GPCR.

Conformatlonal Changes In GPCR that Traneduce Llgand Binding
Signal to the Receptor:G Protein interface

According to Hulme (1) proline residues in transmembrane sequence

4-7 of GPCR produce bends (30°) in the a-helical structure of these

regions. Hulme proposes that this kinked structure of the transmembrane

sequences may allow movement of the kinked helices against the linear

transmembrane regions. This movement may be involved in transduction

of the ligand binding signal to the receptor.G-protein interface.
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The identification of constitutively active mutant GPCRs expands on

Hulme's initial model of transmembrane transduction of the ligand binding

signal. The existence of constitutively active GPCR mutants that activate G

proteins in the absence of agonist suggests the presence of an equilibrium

between at least two different conformational states of the receptor. An

inactive conformation (R) that is incapable of activating G proteins and an

activated conformation (R*) that is oapable of promoting guanine nudeotide

exchange and activating the G protein. Mutants of GPCRs that result in

constitutive (agonist-independent) receptor activation are found scattered

throughout the transmembrane helices (2). This observation suggests that

any change in the packing of the transmembrane domains increases the

amount of receptor in the R* state (2). In 1996 Farrens et. al. (3) proposed

a model for the activation of rhodopsin that requires movement of the a

helical transmembrane domains. A 1998 review by Hamm (4) suggests

that ligand binding to GPCR changes the relative orientation of

transmembrane sequences 3 and 6 which unmasks G protein binding

domains in intracellular loops 1, 2 and 3. This suggests thatconformational

changes that transduce the Ilgand binding signal to the receptor:G protein

interface precede the binding of G proteins and it is the binding of G

proteins to the activated (agonist bound) state that promotes the exchange

of guanine nucleotides. 'Different reàidues may be responsible for different

types of activated states that have different ability to bind G proteins and

promote guanine nucleotide exchange.

Conformatlonal Changes In GPCR at the Receptor:G Protein Interface

The receptorG protein interface consists of the intracellular loops

connecting the transmembrane domains of the receptor. The amino and

carboxyl termini of 13 and residues in i2 confer specificity of 0 protein

interaction. In the activation of transducin (Gt), glutamate 134 and arginine

135 of rhodopsin communicate the ligand binding signal from the
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cytoplasmic surface of rhodopsin to Gt and allow release of GDP (5).

Conserved aspartate/glutamic acid and arginine at transmembrane

sequence 3/intracellular loop 2 junction of GPCR suggests may be part of a

conserved hydrogen bonded network involved in G protein activation with

arginine functioning as the trigger for GDP release. Protonation of the

conserved glutamic acid is required for the arginine trigger (2).

Conformatlonal Changes In G Proteins Following Activation by GPCR

Nudeotide Exchange - GPCR-mediated guanine nudeotide

exchange is accomplished by increasing the rate constant for GDP

dissociation from the Ga subunit (6). GPCRs interact with the carboxyl

terminal portion of Ga to promote the release of GDP from the Ga subunit

(7). It is thought that the carboxyl terminus of Ga inserts into the cavity

formed by the seven helix bundle of GPCR. The C terminal of Ga is an

extension of the aS helix. The loop (6Ia5) connecting the G protein helix

a5 to strand 6 makes a van der Waals contact with the guanine ring of the

guanine nucleotide. The Ga C terminus interacts with the receptor to

destabilize this interaction and promote release of the bound GDP. A

conserved arginine residue in GPCR also participates in the receptor

promoted release of GDP. As mentioned above in the activation of

transducin (Gt) by rhodopsin, rhodopsin glutamate 134 and arginine 135

communicate ligand binding signal from the cytoplasmic surface of

rhodopsin to Gt and allow release of GDP (5). The protonation of the

glutamic acid releases this residue from a constrained state and allows

interaction of arginine with GDP (5). Thus different regions of the receptor

act in concert to destabilize the G protein guanine nucleotide binding pocket

and promote the release of GDP. The empty guanine nucleotide binding

pocket of Ga is efficiently occupied by GTP due additional binding energy
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contributed by the y-phosphate of GTP which rescues the guanine

nucleotide binding pocket from the receptor induced instability (8).

Dissociation of (3 protein subunits - It is clear that the receptor

participates in the conformational changes in G which allow dissociation of

GDP. What is unclear is the extent of receptor involvement beyond

promotion of GDP release - i.e. does receptor participate in promoting the

conformational changes that lead to the dissociation of Ga and Gfrj? A

model proposed by un et. al (8) suggests that the fry subunit acts

analogously to the actions of Ef-Ts on EF-Tu to provide an exit route for

GDP from Ga. The model suggests that at the same time the receptor is

interacting with regions of Ga to destabilize GDP binding the receptor also

promotes a conformational change between Ga and Gfy. The activated

receptor tilts Ga and Gfry away from each other to provide an exit route for

the destabilized GDP. This separation also changes the position of the a2

helix of Ga. In the G protein trimer, helix 2 of Ga interacts with G. The

separation of the Ga and Gfry subunits by the activated receptor shifts the

position of the a2 helix of Ga to allow an interaction with the y phosphate of

GTP which in turn stabilizes GTP binding. The separation of the Ga and

Gfry subunits by the activated receptor creates not only a mechanism for

the release of GDP but also a weakening of the interactions between Ga

andGf3ywhich promotes dissociation of the subunits. It is possible that the

two functions of the activated receptor - destabilization of GDP binding and

separation of Ga and Gfry are separable and that different residues in the

receptor are responsible for these two actions.

A Kinetic MechanIsm to Describe the Activation of G Proteins by m2
Muscarinic Acetyichouine Receptors

Most quantitative information about the coupling of GPCR and G

proteins has been obtained by monitoring (3 protein activation with
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downstream effector assays. The major limitation with using effector

assays to study receptor:G protein interactions is that while effector

activation assays provide a comparative measure of the effects of various

ligands and muscarinic subtypes they give little information about the

individual steps of G protein activation. What is needed to examine these

indMdual steps are specific assays which focus on a single step in G

protein activation. In addition it is necessary to have a mechanistic model

that can be used to quantitate the effects of receptor and G protein levels

and G protein:receptor ratios as well as the effects of different site-directed

mutants on the different steps in the activation of G proteins. This chapter

describes a kinetic mechanism for the m2 mAcChR-stimulated GTPase

activity in enriched membranes from baculovirus-infected Sf9 cells. Several

different assays of the indMdual steps in C protein activation are used to

determine the individual parameters in the GTPase mechanism. The

GTPase assay itself provides a measure of the catalytic constant for the

turnover of GTP on the C protein as well as the Michaelis constants for both

agonist and GTP. GTPyS binding assays are used to determine the

number of C proteins activated by m2 mAcChR as well as the initial rate of

agonist independent (constitutive) and agonist-promoted m2 mAcChR-

stimulated GTPyS binding. GDP association and dissociation assays are

used to determine kinetic constants for GDP interactions with G proteins.

Use of the Sf9 Expression System to Study to Study m2 Muscarinic
Acetylchoilne Receptor:G Protein interactions

The majority of the information about the specificity of interaction of

mAcChR with C proteins has been gathered in mammalian expression

systems and in Xenopus oocytes. The major drawback to studying

receptor.G protein interactions in these systems is the inability to control the

subtype expression of specific G proteins and the inability to finely tune

expression levels of receptors and C proteins. These systems typically
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contain a number of different G protein subUnits and multiple G protein

coupled receptors. The S19 expression system allows control of subtype

expression and expression levels by varying the multiplicity of infection of

Sf9 cells with different viral expression constructs. The Sf9 expression

system has been used to characterize receptor.G protein interactions for a

number of different GPCR induding the 5HTIA, Nkl, thrombin and al

adrenergic receptor (9), the human m2 mAcChR (10), and dopamine D2S

receptors (11). The Sf9 expression system allows the examination of the

indMdual steps in specific G protein activation by the wild type receptor. It

also allows for the examination of the effects of receptor and G protein

expression levels on the individual steps of G protein activation.

Combining Data from G Protein Activation with Ligand Binding
Information

While specific assays can quantitate the effects of different

muscarinic ligands of the activation of individual steps of G protein

activation it is necessary (especially with m2 mutants) to interpret this data

in conjunction with ligand binding date for the various muscarinic constructs

in question. For example a given mutant or epitope construct might change

the rate of GTPyS association or the catalytic constant for GTPase activity

but this effect may be due to a change in agonist binding characteristics.

Both types of data are needed to discriminate the effects of different

mutants on the indMdual steps of G protein activation. This chapter

combines data from ligand binding assays and assays for indMdual steps in

G protein activation to quantitate activation of G proteins and examine the

effects of expression levels of m2 mAcChR and Gi on G protein activation.

The effects of site-directed mutants of the m2 mAcChR on G protein

activation are discussed in Chapter 5.
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Materials and Methods

Cloning

As described in Chapter 2.

Epitope Tags

As described in Chapter 2.

Culture of Sf9 Cells

As described in Chapter 2.

Baculovlrus Expression Constructs

As described in Chapter 2.

Preparing Enriched Membranes from BacuovIrus-lnfected Sf9 Cells

As described in Chapter 2.

m2 mAcChR Stimulated GTPase Activfty In Sf9 Cell Membranes

GTPase assays - GTPase assays were performed on 20/60%

enriched membranes. For each data point 40 UI of membrane mixture was

combined with 10 ul of [y32PJ GTP/0.5 mM ATP to initiate the reaction. AlP

was added to reduce the non-specific background. The final concentrations

of the reaction components were I mg/mI membranes in GTPase butler (10

mM MOPS pH 7.4/HCI, 1 mM EDTAI 1 mM EGTA, 0.1 mM oubain, 1 mM

DTT, 120 mM NaCI, 1 mM MgCl2). For some experiments, hyoscyamine

was included to determine the levels of non-muscarinic GTPase activity.

Muscannic agonists were added to measure agonist-promoted muscarinic

GTPase activity. Assays without agonist or antagonist gave a measure of

the non-muscannic plus constitutive (agonist-independent) muscannic-
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stimulated GTPase activity. The membrane mixture was equilibrated for 10

minutes at 25° before the initiation of the reaction. To terminate the

reaction 250 ul of 5% w/v activated charcoal in 50 mM sodium phosphate

pH 2.2 was added to the 50 ul reaction mixture and vortexed. After sitting

on ice for at least 5 minutes the tube was vortexed again the spun in a

micro-centrifuge at full speed for 5 seconds. 200 ul of the supematant was

removed and counted (Cerenkov). For time course reactions a single

membrane mixture was prepared and multiple aliquots removed at the

appropriate time to the tubes containing the activated charcoal.

Data analysis - Initial velocity of GTPase activity is expressed as

pmol 132P1 liberated per minute per ug of membranes. Data were fit to one

of the equations below. For derivations, see Appendix 1. Parameter values

arise from global analysis of 8-12 data sets for each agonist. Each data set

represents an agonist titration at a given concentration of GTP. In a global

analysis all parameters are shared except the concentration of GTP used

for each titration which is fixed. The global analysis was performed for both

equations that describe GTPase activity (GTPase I and 2) and the best fit

was determined using an F test applied at the 95% confidence interval.

v Vi (AXGTP)+v2 (KA)(GTP)
GTPase I

Et (AXc3TP) + (KA) (GTP)+KGTP [(A) + (1(A)]

v vli(A)(GTP)+v2(KAI)(GTP)
Et (KAI) (KGTP) + (KGTP) (A) + (KAI) (Gw) + (AXGTP)

GTPase 2

V12 (AXGTP)+ V2 (KA2) (Gw)

(KA2) (KGTP)+(KGTP) (A)+(KA2) (Gw)+(AXGTP)

v = initial velocity, VI = velocity of agonist-promoted GTPase, V2 = velocity

of agonist independent (constitutive) GTPase, A = agonist concentration,

GTP = GTP concentration, KA = Michaelis constant for agonist, KGTP =

Michaelis constant for GTP.
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m2 mAcChR Stimulated GTPyS Binding In Sf9 Coil Membranes

GTPsS binding in S19 cell membranes - The membrane mixture for

the GTPyS binding experiment were the same as for the GTPase assay.

The membrane mixture was allowed to equilibrate for 20 minutes at 25°

before the initiation of the reaction by the addition of [35S] GTPyS to 50 nM

At different times aliquots were pipetted into the reservoir of a filtration

manifold containing 2 ml ice cold wash buffer which contains the same

components as the reaction buffer minus membranes and

agonist/antagonist. The buffer was immediately filtered through a

Schleicher and Schuell protran BA85 45 urn nitrocellulose filter. The filter

was rinsed with 2 more ml of wash buffer, dried for 10 minutes and placed

in 4 ml glass scintilation vials. Filters were dissolved in I ml of

methycellusolve (ethylene glycol monomethyl ether. 3.5 ml liquid

scintillation cocktail was added to each vial and the samples were counted

in a Beckman model LS6800 scintilation counter. Scintillation cocktail

consisted of 1016 g Triton X100 and 12.5 g 2a60 scintillant (Research

Products International) in 4 liters of reagent grade toluene.

GTPS Binding to solubilized G proteins - 20/60% enriched

membranes were treated with a 2% v/v solution of Lubrol in order to extract

0 proteins. The final protein concentration during the extraction was 3.33

mg/mi. After incubation at 25° for 1 hour the membranes were pelletted at

full speed in a microcentrifuge for 20 minutes at 4°. Total GTPyS binding

was assessed with [SJ GTPyS. The supematant from the Lubrol

solubilization were filtered over nitrocellulose filters as described.

Nonspecific binding was determined by the addition of saturating (1 pM) of

cold GTPyS.

Data Analysis - Data for determination of initial rate of GTPyS

binding were fit to a single exponential equation.

y(t) = Ao + Al (i -exp1t)



125

The first derivative of this eqUation evaluated at t=0 equals the initial

velocity of GTP binding =0) = A1k

Data for time dependence of GTPyS binding were fit to a double

exponential equation. y(t) = Ao + Al (i -et)) + (i exp2t))

Determination of the Dissociation Constant of GTPS by Direct
Binding In Sf9 COIl Membranes

Membranes were equilibrated with ISJ GTPyS in GTPase buffer (10

mM MOPS pH 7.4/HCI, 1 mM EDTA. 1 mM EGTA, 0.1 mM oubain, 1 mM

DTT, 120 mM NaCI, 1 mM M9Cl2). Nonspecific binding was determined in

the presence of excess GTPyS. After incubation overnight at 25° the

membranes were filtered through Sch)eicher & Schuell #32 glass-fiber

filters and washed quickly with 2x 3 ml ice-cold 50 mM sodium phosphate

pH 7.4, 1 mM EDTA. Filters were placed in glass vials with 3.5 ml

scintillation cocktail and counted in a Beckman LS6800 scintillation counter.

Data Analysis - The dissociation constant (Kd) was determined as a

Bmax (x)
fitted parameter using a hyperbolic fitting function =

+

Bmax is the total concentration of binding sites and Kd is the dissociation

constant of the radiolabeled ligand.

Determination of Guanlne Nucleotide Dissociation Constant (i(s) by
Competition of m2 mAcChR High Affinity Agonist Binding in Sf9 Cell
Membranes

Competition experiments - High affinity agonist binding to the

receptor.G protein complex was titrated with increasing concentrations of

guanine nucleotides. As guanine nucleotide concentration increases the

receptor affinity for agonists was altered from the high affinity (G protein

coupled) to the low affinity (free receptor). As guanine nudeotide
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concentration increases agofliSts become a less effective inhibitor of NMS

binding and the concentration of bound NMS increases. Experiments were

performed in the presence of agonist at lox KI (agonist dissociation

constant for RG) and radiolabeled muscarinic antagonist N-methyl

scopolamine ([3H] NMS) was added at 0.1 Kd. Experiments were

performed in GTPase assay buffer. After one hour at 25° 1 ml of

membranes at 500 pM total receptor were filtered through Schleicher &

Schueff #32 glass-llber filters pretreated with 0.1% (w/v) polyethylenimine

on a Brandel Harvester and washed quickly with 2x 3 ml ice-cold 50 mM

sodium phosphate pH 7.4, 1 mM EDTA. Filters were placed in glass vials

with 3.5 ml scintillation cocktail and counted in a Beckman LS6800

scintillation counter.

Data Analysis - Data were fit to the equation below. For derivation

see Appendbc A

(L')

Lyjyj
= gd where Lbound = radiolabeled

Ro (L A1KNTI+I 11+1
K K1 LKN + NJ)

antagonist bound, Ro = total concentration of receptor, L = concentration of

radiolabeled antagonist, K = dissociation constant of radiolabeled

antagonist, A = concentration of agonist, Ki = dissociation constant of

agonist for RG, KN = dissociation constant for nucleotide and N = free

nucleotide. Experiments were performed at UK = 0.1 and NKI = 10.

Determination of the Dissociation Constant of GTP by InhIbition of the
initial Rate of GTPyS Binding

Initial velocities for agonist-promoted m2 mAcChR-stimulated GTPyS

binding were calculated by subtracting the initial velocity for antagonist

treated from the initial velocity for agonist treated membranes. Initial

velocities at several concentrations of [ES] GTPyS were determined with
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several concentrations of GTP (inhibitor) present A linear fit was

performed on a double reciprocal plot of the initial velocity versus

concentration of [SJ GTP'yS. In the equation below S represents the

concentration of GTPS and Ks is the apparent Michaelis constant for

GTPS binding.

Ks I

i Vmax1. Ki)[s] Vmax

The slopes of the lines from the double reciprocal plot at different

6W concentrations were plotted versUs concentration of 6W.

Ks( [I]

slope= 11+
Vmax, Ki

The abscissa intercept of this plot is the concentration of GTP equal

to the KI (equal to the Kd of the competing substrate).

m2 mAcChR Stimulated GDP AssoclatlonlDlssoclatlon In Sf9 Cell
Membranes

Synthesis of fa32PJ GDP - [aP]GDP was obtained by enzymatic

conversion from [aPJGTP (NEN) using phospho-fructokinase (PFK) (15).

The reaction was run for 30 mm at 20-22°C in the presence of 50-fold

excess fructose-6-phosphate, 3.5 mM OTT, 1 mM MgCl2, 0.38 pg PFK (160

U/mg), then filtered through a 30K cut off fitter (Millipore Ultrafree-MC filter,

UFC3 LTK 25). [aP]GTP conversion to [&PJGDP was confirmed by

chromatography on PEI-Cellulose F plates (EM Science) developed with

0.4 M potassium phosphate pH 7and analyzed on a radiophospho-analyzer.

(a32PJ GDP Association in 519 membranes - A membrane mixture

for the GDP association rate assay GTPase buffer and 300 nM GDP (up to

100 nM [a32P1 GDP). In some experiments the membrane mixture also

contained hyoscyamine to determine the levels of non-muscarinic GDP

association or muscarinic agonists to measure agonist-promoted GDP

association. Membrane mixtures without agonist or antagonist gave a
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measure of the non-muscarinic plus constitutive (agonist-independent)

muscarinic-stimulated GDP association. The membrane mixture was

equilibrated for 20 minutes at 25° before the initiation of the reaction.

Association was initiated by adding membranes at a final concentration of

0.25 mg/mi Aliquots were pipetted into the reservoir of a filtration manifold

containing ice cold wash buffer which contains the same components as

the reaction buffer (minus membranes and agonist/antagonist) except the

GDP concentration is 200 nM and no [a32PJ GDP is present. The buffer

was filtered through a Schleicher & Schuell #32 glass-fiber filter. The filter

was rinsed with 2 more ml of ice cold wash buffer and placed inside 1.5 ml

micro-centrifuge tubes counted (Cerenkov).

Data Analysis fa32PJ GOP Association - Data were fit to the

equation below that describes a 2 site exponential association.

y(t) = Ao+ Al (i (_k1t))+ A2 (i _exp(_k2t))

(a32PJ GDP Dissociation in Sf9 membranes - The GDP dissociation

experiment was performed on the remaining volume of the sample used to

determine Lcz32PJ GDP association by adjusting the GDP concentration to 4

mM. The tube is briefly mixed and aliquots are taken at 5-10 second

intervals for the first minute then 1-5 minute intervals for up to 30 minutes.

Aliquots were handled as described for the GDP association.

Data Analysis fa32PJ GOP Dissociation - Data was fit to the equation

below that describes a 3 site exponential dissociation.

y(t) = Ao+ Al (exp(_k1t))+ ft2 (exp(_k2t))+ (extk))

Data Fitting

Data were fit by nonlinear least-squares procedures in Microcal

Origin using MarquardVs algorithm (14). Parameter values are reported as

the value and standard error from the non linear curve fitting routine.
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Results

Determination of m2 mAcChR Coupled GI by GTPyS binding

Figure 4.1 shows the results of a GTP7S equilibrium binding

expenment with 20/60% enriched membranes from baculovirus-infected Sf9

cells expressing the HAl tagged wild-type m2 mAcChR and Gi.

Membranes were pretreated with the muscannic agonist carbachol (U), the

muscarinic antagonist hyoscyamine (.) or were untreated (A).

Figure 4.1 m2 mAcChR Stimulated GTPyS Binding

untreated. Data were fit to a double exponential equation. Membrane

preparation, GTPyS binding and data analysis are described in Materials

and Methods. Preincubation of the membranes with agonist shifts a portion

of the total GTPYS binding to the fast phase (Al) indicating that this phase
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represents the m2 mAcChR-stimulated GTP'yS binding. Subtraction of the

value of Al for hyoscyamine (muscarinic antagonist) treated from agonist

(saturating) treated membranes yields the amount of agonist-promoted m2

mAcChR-stimulated GTPYS binding. Subtraction of the value of Al for

hyoscyamine treated from untreated membranes gives the amount of

constitutive (agonist independent) m2 mAcChR-stimulated GTPyS binding.

Increasing the MOI of G protein subunits at a constant receptor MOl

(1) gives an increase in the agonist (carbachol) promoted m2 mAcChR-

stimulated GTPyS binding as shown in Figure 4.2. The slight decrease in

agonist-promoted GTP'yS binding at MOl of 5 is due to slightly decreased

receptor expression at the high MOl of the three G protein subunits. MOl

for the G protein subunits was 0, 1,2 and 5. The receptor construct was

the HAl tagged m2 mAcChR with the TEV protease consensus deavage

sequence. Membrane preparation and GTPyS binding were performed in

- 20/60% enriched membranes as described in Materials and Methods.

Figure 4.2 m2 mAcChR Stimulated GTP6 Binding versus 6 Protein MOl
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Construct MOI Agonist GTPyS Binding
A-H UT-H Total

Gay (5/21/98) 0:1 Carbachol 0 0 45

musc (5/29/98) 1:0 Carbachol 0 0 25
musc (611198) 1:0 Carbachol 1.5 ± 2(7) 2.5±1.9(11) 23
musc (6/2/98) 1:0 Carbachol 0 1.1 ± 0.85(5) 22.5

musc + Ga (5/20/98) 1:1 Carbachol 6.41±1 .4(21) 0.96±1.4(32) 30

musc + Gy (513(W98) 1:1 Carbachol 0 0 21

musc + Ga3iy (10/23/97) 1:1 Carbachol 21.5 ±2.8(41) 7.8±3(15) 55
musc + Gafr,(6/22198) 1:1 Carbachol 23.4± 1.6(59) 3.8±1.6(10) 40

musc + Gay (1/19/99) 2:5 Carbachol 5.8± 0.7(25) 1.6± 0.7(7) 23
Oxotremoine M 5.4 ± 0.7(23)
Acetylcholine 5.9 ± 0.7(26)
Pilocarpine 5.8 ± 0.7(25) U

musc i3A +Gafr, (1/1 1199)1:1 Carbachol 2.8± 0.4(18) 1 ±0.4(6) 16
OxotremorineM 26±04(16) U U

Acetylchoilne 34±04(21) U U

Pilocarpine 1.5±0.4(10) U U

MHT (7/15/98) 1:0 Carbachol 0 0.7 ± 2.8(2) 30

MHT + Gafy (9/11/98) 1:0 Carbachol 0 0 9
1:1 Carbachol 8.5±0.8(40) 0 21

12 Carbachol 14 ±1.5(35) 2±1.6(5) 40
1:5 Carbachol 7.3±1.5(18) 12±1.6(3) 40

MHT + Gay (Ill 2f99) 1:1 Carbachol 52±0.6(26) 22±0.6(11) 20
OxotremorineM 55±06(28) U U

Acetylcholine 4.9±0.6(25) U U

Pilocarpine 4.1 ±0.6(21) U U

MHT + Gay (1/13199) 1:5 Carbachol 4.9 ± 0.7(21) 22 ± 0.7(8) 26
OxotremodneM 49±07(21) U U

Acetylcholine 5.9 ± 0.7(23) U U

Pilocarpine 4 ±0.7(17) U U

MHT + Gczy (112Sf 99) 10:1 Carbachol 1.7±0.4(15) 1.1 ± 0.4 (10) 11

OxotremorineM 17±04(15) U U

Acetylàholine 1.9±0.4(16) U U

Pilocarpine 12±0.4 (11)
U S

Table 4.1 GTPyS Binding in Sf9 Cell Membranes
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Data for GTPyS binding (pmolelmg protein) fOr different m2 mAcChR

constructs are summarized in Table 4.1. musc refers to the wild type m2

mAcChR, MHT refers to the HAl tagged m2 mAcChR with the TEV

protease cleavage sequence and i3A indicates the deletion of most of

intracellular loop three. For detailed explanation of m2 mAcChR constructs

see Appendix B cloning. The date after each construct is the date of the

experiment. MOl indicates the multiplicity of infection m2 mAcChR and (3

protein subunits. A-H refers to agonist minus hyoscyamine (agonist-

promoted) m2 mAcChR-stimulated GTPyS binding. UT-H refers to

untreated minus hyoscyamine (constitutive) m2 mAcChR-stimulated GTPyS

binding. Total refers to total GTPyS binding. All values are in pmoles

GTPyS bound/mg total protein. The value in parentheses is the percent of

total GTPyS binding. Membrane preparation and GTP'yS binding were

performed as described in Material and Methods.

Determination of Gi coupled m2 mAcChR from High Affinity Agonist
Binding

The fraction of total receptor present in the high affinity (G protein

coupled state) was determined from equilibrium agonist binding

experiments as described in Chapter 2. Figures 4.3 and 4.4 present typical

data from equilibrium binding experiments with the muscannic agonist

carbachol. The data were fit globally sharing the values for affinity

constants (KI and K2) to determine the fraction of receptor in each affinity

state. The fraction of receptor in the high affinity site for all the membrane

preparations used for GTPase assays are summarized in Appendix F3.

Figure 4.3 shows carbachol titrations in enriched membranes expressing

the HAl tagged m2 mAcChR with the TEV protease consensus sequence

and Gi at different multiplicities of infection. and 0 indicate MOl of I for

receptor and G protein 0 and indicate MOl of I for receptor and 5 for G

protein A and + indicate MOl of 10 for receptor and I for (3 protein. At MOl
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of I for receptor and G protein 35% of the rn2 rnAcChR is in the high affinity

(G protein coupled state). At MOl of I for m2 nAcChR and 5 for G protein

44% of the receptor is in the high affinity state. At MOI of 10 for m2

mAcChR and I for G protein 10% of the receptor is in the high affinity state.

Figure 4.4 is a carbachol titration in enriched membranes expressing

the wild type m2 mAcChR and Gi at MOl of 2 and 5 respectively. 19% of

the receptor is in the high affinity state. u, and A represent 3 separate

data sets. Experimental procedures and data analysis were performed as

described in Materials and Methods. The fraction of receptor in the high

affinity state was used to determined the G:R ratio for the four enriched

membrane preparations used for GTPase assays (see discussion)
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Figure 43 High Affinity Agonist Binding to HAl Tagged m2 mAcChR
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Figure 4.4 High Affinity Agonist Binding to m2 mAcChR

Determination of Initial Velocity of m2 mAcChR Stimulated GTPyS
Binding to Gi

Figure 4.5 shows a plot of GTPyS binding Versus time for 20/60%

enriched membranes from baculovirus-infected Sf9 cells containing HAl

tagged m2 mAcChR and Gi. The experiment was performed over a short

time period in order to obtain the initial rate of GTPyS binding. Membranes

were pretreated with carbachol (muscarinic agonist), hyoscyamine

(muscannic antagonist) or were untreated. Data were fit to a single

exponential equation. Membrane preparation, GTPYS binding and data

analysis are described in Materials and Methods.
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Figure 4.5 Initial Rate of m2 mAcChR Stimulated GTPyS Binding

Multiplication of the fitted parameters Al (amplitude) and ki (rate constant)

yield the initial velocity (vi) of GTPyS binding (see discussion). Subtraction

of the value of Alxkl for hyoscyamine (muscarinic antagonist) from agonist

treated membranes yields vi of agonist-promoted m2 mAcChR-stimulated

GTP6 binding (A-H = ARC). Subtraction of the value of Alxkl for

hyoscyamine treated from untreated membranes yields the initial velocity of

constitutive m2 mAcChR-stimulated GTPTS binding (UT-H = RG).

For the experiment in Figure 4.5 with the muscannic agonist

carbachol the calculated vi (pmoles GTPyS binding/mg protein/mm) were as

follows: C-H = 0.281 (ARG), UT-H = 0.081 (RG). These data demonstrate

that the agonist-promoted m2 mAcChR-stimulated vi is 71% of the total vi.

The constitutive vi is only 29% of the total DetOrminations of vi for GTPS

binding are used in experiments for determination of the equilibrium

dissociation constants of guanmne nucleotides (below).
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Determination of the Dissociation Constant of GTPS by Direct
Binding

Determination of the equilibrium dissociation constant (Kd) for

GTP?S by direct binding was performed in enriched membranes from Sf9

cells expressing the wild-type receptor and Gi. Determination of the GTPyS

Kd by direct binding is described in Materials and Methods. Figure 4.6

shows the results of an equilibrium INS] GTPyS binding experiment in

membranes treated with carbachol (), hyoscyamine (I) or untreated (A).

Figure 4.6 GTPyS Direct Binding

KGTPS (nM
carbachol hyoscyamine untreated

3.2± 0.76 2.7±0.37 2.8± 0.7

Table 4.2 GTPyS Dissociation Constants from Direct Binding Experiments
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Determination of Guanine Nucleotide Dissociation Constants by
Competition of m2 mAcChR High Affinity Agonist Binding

Figure 4.7 show the results of a series of competition experiments of

m2 mAcChR high affinity agonist binding with guanine nucleotides. 20/60%

ennched membranes from baculovirus-infected 819 cells expressing the

wild type m2 mAcChR and Gi were incubated in the presence of agonist

and guanine nucleotide. Agonist was added at concentration 10 times the

dissociation constant of the high affinity (G protein coupled) agonist binding.

Guanine nucleotide (A is GTP I is GDP and is GTP) was titrated over

the range of the dissociation constant. Radiolabeled antagonist ([3H]-NMS)

was added at 0.IX the concentration of the equilibrium dissociation

constant and the membranes were incubated at 25° for one hour.

Derivation of the equation used for data analysis is given in Appendix A.

Membranes were harvested and data were analyzed as described for

ligand binding in Materials and Methods (Chapter 2).

Table 4.3 summarizes the results of competition of high affinity

agonist binding experiments with guanine nucleotides. Experiments were

performed on 20/60% enriched membranes from baculovirus-infected Sf9

cells expressing the wild type m2 mAcChR and Gi. Each experiment was

performed in duplicate and the fitted parameters were generated from

global analysis. Error is expressed as standard error from the non linear

curve fitting routine. Membrane preparation, competition of high affinity

agonist binding with guanine nucleotides and data analysis are described in

Materials and Methods. GTP hydrolysis in the reaction mixture was not

significant (data not shown).
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Figure 4.7 Competition of High Affinity Agonist Binding with Guanine
Nucleotides

KGDP KGTP KGThG
nM nM nM

9.53 ± 1.67 3.59 ± 0.67 0.18 ± 0.04

Table 4.3 Guanine Nucleotide Dissociation Constants by Competition of
High Affinity Agonist Binding

Determination of the Dissociation Constant of GTP by Inhibition of the
Initial Rate of m2 mAcChR Stimulated GTPyS Binding

The equilibrium dissociation constant for GTP was determined as the

KI for GTP as an inhibitor of the initial velocity of GTPyS binding.

Experiments were performed on 20/60% enriched membranes from

baculovirus-infected Sf9 cells expressing the HAl epitope tagged wild type

m2 mAcChR and Gi. Figure 4.8 is a plot of the inverse of initial velocity of
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GTPyS binding versus the inverse GTPyS concentration. Figure 4.9 is a

reptot of the slopes from Figure 4.8 versus inhibitor (GTP) concentration.

The dissociation constant (Kd) for GTP is equal to the negative abscissa

intercept. The values of the Kd is 30 nM. Experimental design and data

analysis is described in Appendix A derivations. GTPyS binding

experiments were performed as described in Materials and Methods.

Figure 4.8 Initial Velocity GTPyS Binding' versus GTPyS 1
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Figure 4.9 Slope Replot ofvi1 GTPyS Binding versus IGTPysr1

GDP Association/Dissociation In Sf9 C.II Membranes

Figure 4.10 shows a GDP association experiment in enriched

membranes from baculovirus-infected Sf9 cells expressing the wild type m2

muscarinic receptor and Gi. The data are plotted at GTPyS bound(

pmolelmg protein) versus time. Membranes were treated with the

muscarinic agonist carbachol J), the muscarinic antagonist hyoscyamine

( ) or were untreated (A). GDP binding showed two kinetic phases for all

three treatments and data were globally fit to a double exponential

equation. The rate constants ki and k2 and the GDP bound at time zero

(A0) were shared and the amplitudes in each phase were determined as

fitted parameters. Carbachol treatment resulted in 45% of the GDP binding

occurring in the fast phase compared to 0 and 19% with no treatment and

hyoscyamine respectively. The slow phase was decreased to 55% of the

GDP binding in carbachol treated membranes compared to 100% and 81%

with no treatment and hyoscyamine respectively.
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Figure 4.10 GDP Association

The association rate constants for GDP in ennched membranes

were determined in preparations with Gi only and in preparations with m2

muscarinic receptor and 01. Table 4.4 summarizes the values of the rate

constants for the fast and slow phase of GDP binding for differentenriched

membrane preparations. Foilowing the description of each membrane

preparation is the enriched membrane fraction used and the date the

membranes were prepared. Membrane preparation and GOP association

assays are described in materials and methods. Figure 4.11 shows a GOP

dissociation experiment in enriched membranes from baculovirus-infected

819 cells expressing the wild type m2 muscannic receptor and 01. The data

are plotted at GDP bound( pmole/mg protein) versus time. The same

reaction mixtures used for GOP association were used in the dissociation

experiments. GDP dissociation was initiated by addition of excess

unlabelled GDP. Membranes were treated with the muscarinic agonist
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PreDaration ki (s-li k2 (s-li

Gi only (20/40) 8/25/97 n.a. 1.84 ± 0.12e-3

Gi only (20160) 6/2(98 n.a. 2.4 ± I .3e-3

Gi only (20/40)4/8/98 n.a. 2.68±1 .6e-3

m2 + Gi (20160)9/29/97 7.9 ± 3.2e-2 2.5± 0.3e-3

m2 + Gi (20/60)9129/97 427 ± 0.86e-2 3.31 ± 027e-3

m2 + Gi (20/40)9129/97 2.73 ± 1.9e-2 2.14 ± 0.37e-3

m2 + Gia (20/60)4/30/98 3.5±1 .7e-2 n.a.

m2 + Gfry (20/60)3/6198 0.11± 0.1 n.a.

Gicz only (20/60)4128/98 n.a. 2.3 ± 0.75e-3

m2 only (20/60) 9/22(97 9.9 ± 3.7e-2 n.a.

Table 4.4 GDP Association

carbachol (I), the muscarinic antagonist hyoscyamine ( ) or were

untreated (A). GDP dissociation showed three kinetic phases for all three

treatments and data were globally fit to a triple exponential equation. The

rate constants ki and k2 and the GDP bound at time zero (AO) were shared

and the amplitudes in each phase were determined as fitted parameters.

Carbachol treatment resulted in 45% of the GDP binding occurring in the

fast phase compared to 0 and 19% with no treatment and hyoscyamine

respectively. The slow phase was decreased to 55% of the GDP binding in

carbachol treated membranes compared to 100% and 81% with no

treatment and hyoscyamine respectively.
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Figure 4.11 GDP Dissociation

.' tl[.Jj iI cI)I
Gi only (20/40) 8/25/97 n.a. 0.05 ± 0.01 3.7 ± 0.5e-3

Gi only (20/40) 4/8/98 n.a. 0.01 ± 0.01 1.6± 0.5e-3

Gi only (20/60) 6/2/98 n.a. 0.13 ± 0.02 2.4 ± 0.le-3

m2 + Gi (20/40)4/9/98 0.38 ± 0.18 0.036 ± 0.003 2.53 ± 0.7 e-3

m2 + Gi (20/40)4/9/98 0.24 ± 0.16 0.037 ± 0.005 3.2 ± 0.9e-3

m2 + Gi (20/60) 9/29/97 0.34 ± 0.07 0.031 ± 0.007 4.8 ± O.7e-3

m2 + Gi (20/60)9/29/97 0.43 ± 0.09 0.019 ± 0.007 2.0 ± O.2e-3

m2 + Gi a(20/60) 4/30/98

m2 + GI 20/60) 3/6/98

0.16± 0.02

0.11 ± 0.03

Table 4.5 GDP Dissociation

1.7± 0.2e-3

3.3± 0.5e-3
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Table 4.5 summarizes the values of the rate constants for the

different phases of GDP dissociation for different enriched membrane

preparations. Following the description of each membrane preparation is

the enriched membrane fraction used and the date the membranes were

prepared. Membrane preparation and GDP association assays are

described in Materials and Methods.

m2 Muscarinic Acetylchollne Receptor StImulated GTPase ActivIty

The results of a typical agonist titration of m2 mAcChR-stimulated

GTPase activity are shown in Figure 4.12. For GTPase reactions 20160%

enriched membranes were incubated in the presence of agonist for 10

minutes. The GTPase reaction was initiated by the addition of [yP] GTP.

The intrinsic GTPase activity of the Ga subunit cleaves the [PJ GTP with

the release of [VP]. At a specified time the reaction was quenched with

activated charcoal and [P] liberated was determined by Cerenkov

counting after centrifugation. Membrane preparation, GTPase assays and

data analysis are described in Materials and Methods. Specific GTPase

activity is the pmoles [P] liberated/mg protein/mm in the presence of

carbachol (muscarinic agonist) minus the background GTPase activity in

the presence of saturating antagonist. The four plots represent agonist

titrations at four different concentrations of (VP] GTP.



145

20-
>

.
15-

(5

10-
.

(9
0

.

0.
Cr)

-10 -9 -8 -7 4 -6 4 -3

10 10 10 10 10 10 10 10

(Carbachoq M

Figure 4i2 Carbachol Titration of m2mAcChR Stimulated GTPase Activity

Table 4.6 presents the fitted parameters from fits of GTPase data.

Data are best fit to either GTPase I or GTPase 2 depending on the

ratio/expression levels of R and G (see discussion). Abbreviations for m2

mAcChR expression constructs are as follows: musc indicates the wild type

m2 mAcChR and MHT indicates HAl tagged m2 mAcChR with the

intervening TEV protease consensus sequence. For details of

cloning/expression constructs see Appendix B cloning. Beneath the name

of the construct is the MOl of m2 mAcChR and G protein. G:R indicates the

ratio of receptor coupled G protein to G protein coupled receptor (see

discussion). The two values of kcat are the agonist-promoted (upper) and

constitutive (tower) m2 mAcChR stimulated catalytic activity. KA and KGTP

indicate the Michaelis constants for agonist and 6W. Parameters were

determined by global analysis of 812 data sets for each agonist as

described in Materials and Methods.
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ConstructG:R Agonist kcat (mm1) KA (pM) KG (nM) Best
Fit

musc + G 1.7 Acetylcholine 8.0±1.4 0.15± 0.10 579 ± 52 2

2/5 13.8±6.0 22±0.9
2.5 Carbachol 3.9 ± 0.7 021 ± 0.18 183 ±8 2

4.3±1.9 8.1±2.7
1.8 Oxotremoilne N 6.0 ± 0.9 0.016 ± 0.010 410±40 2

10.8±4.7 22±0.7
3.6 Pilocarpine 2.8 ± 0.4 0.57 ± 0.14 249±26 1

5.0 ± 2.2

MHT + G 1.1 Acetylcholine 2.7 ± 0.5 0.13 ±0.04 228 ±13 2

115 1.4±0.4 22± 1.4
1.1 Carbachol 3.1 ± 0.5 0.048 ± 0.030 147±12 2

1.4±0.4 2.3±0.7
1.1 Oxotremorine M 3.1 ± 0.5 0.034 ± 0.010 212 ± 21 2

0.63 ± 0.21 2.5±1.4
2.4 Pilocarpine 2.2 ± 0.4 22 ± 0.5 187±19 1

1.0± 0.4

MHT + G 0.88 Acetylcholine 2.7 ± 0.5 0.13 ±0.03 226 ±12 2

1/1 0.75±0.21 22±1.2
1.1 Carbachol 1.3± 0.2 0.041 ±0.028 54±3 2

0.59 ± 0.16 2.3 ± 0.8

0.93 Oxotremonne N 1.7 ± 0.3 0.013 ± 0.004 124 ± 9 2

0.29 ± 0.09 2.7 ± 0.7

2.3 Pilocarpine 1.3±02 8.5±1.6 169±22 1

0.55± 0.16

MHT + G 025 Acetylcholine 4.4± 0.9 0.76 ± 0.13 117±7 2

10/1 3.9± 1.4
0.68 Carbachol 5.3±1.3 3.6 ± 0.8 150±12 1

4.3±1.6
0.68 OxotremorineM 5.6±0.1 0.17±0.04 191 ± 19 1

3.9±1.4
0.27 Pitocarpine 4.3 ± 0.1 2.5±1.1 92±6 1

3.4 ± 1.3

Table 4.6 Fitted Parameters from GTPase
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Discussion

Derivation of a Kinetic Equation to Describe m2 Muscarinic
Acetyicholine Receptor Stimulated GTPase Activity

The mechanism for m2 mAcChR-stimulated GTPase activity and

derivation of the equation for data fitting are described in Appendix A

Derivations. The mechanism is shown in Figure 4.13. Agonist and G

protein binding to the receptor are in rapid equilibrium compared to other

steps (designated by box). m2 mAcChR promoted GDP dissociation (k5

from ARO, KI I from RG) leads to two GDP free receptor:G protein

GDP GTP k7

AR + G ARG Cl C2

P1

1W K21fr

A A
GTP k13GOP

___2::. S.IiIb C4 R
R+G RG .

Figure 4.13 Mechanism of m2 mAcChR Stimulated GTPase Activity

complexes (Cl and C3). The steadi state binding of GTP to these two

intermediate complexes results in a second intermediate complex (C2 and

C4). The binding of GTP leads to dissociation of the G protein into Ga-GTP

(G') and G(3rysubunits and the release of the receptor. 0' is returned to G-

GDP by the intrinsic GTPase activity of the Ga subunit (kI 7).

Initially the mechanism contained 2 rapid equilibrium segments

(agonistlG protein binding to receptor and GTP binding). The kinetic
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equation derived from this model required that Km Kd. Experimental data

were inconsistent with this model. The value of the Kd for GTP of 30 nM

was lower that the Km for GTP from the GTPase assay of 150 nM. A

second mechanism (Figure 4.13) with only a single rapid equilibrium

segment yielded the kinetic equation shown below (GTPase 1) with no

requirement that the Km for GTP be less than or equal to Kd. This equation

gave good fits to data from enriched Sf9 cell membranes for certain ratios

of receptor to G protein.

v VI (AXGTP) + V2 (KA) (GTP)
GTPase I

Et (AXGTP) + (j) (*3w) + KGTP [(A) + (1(A)]

In some enriched Sf9 membrane preparations (and for data from

Chinese hamster ovary cell membranes not shown) agonist titrations of

GTPase activity were not adequately fit by GTPase 1. The mechanism was

expanded to contain two parallel paths assumed to represent different

populations of receptors, possibly oligomers, and or G proteins. The kinetic

equation that resulted from the mechanism containing two parallel paths

contained four Michaelis constants for GTP (KGTP). These four values

represented the KGW for constitutive and agonist-promoted GTPase

activity for the two different populations of receptor. When GTPase data

were fit to this equation the values for the four KGTPs were found to be

equal. A simplified form of the equation with, a single KGTP is shown below

(GTPase2).

v VII (AXGTP)+ V2 (KAI) (GTP)

Et (1(M) (KGTP) + (KGTP) (A) + (1(M) (Gw) + (AXGTP)

GTPase 2

V12 (AXGTP)+v2 (KA2) (GTP)

(KA2) (KGTP)+(KGw) (A)+(KA2) (GTP)+(AXGTP)

This equation contains three separate velocity terms: VII and VI 2

represent the maximum velocity of the agonist-promoted m2 mAcChR-

stimulated GTPase activity for the two receptor pools. V2 represents the
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maximum velocity of the conStitutive (agonist independent) m2 mAcChR-

stimulated GTPase activity which is the same for both pools of receptor

(see A=O below). The catalytic constant (kcat) for GTPase actMty is the

velocity divided by the activated G protein. When GTPase2 to calculate the

kcat for GTPase activity it was necessary to manipulate the fitted velocity

parameters to determine the maximum velocity.

V2(GTP) V2(GTP)
atA = 0 v =

(GTP) + KGTP (Gw) + KGTP

VII(GTP) V12(GTP)
atA = v =

(GIP) + KGTP (Gw) + KGTP

At agonist concentration of 0 (A=O) only the cor

2V2(GTP)

(Gw) + KGTP

(VII + V12)(GTP)

(GTP) + KGTP

stitutive GTPase

activity, which was shown to be the same for both pools of receptor, was

present and was defined as 2xV2 where V2 is the fitted parameter

representing the maximum velocity of constitutive GTPase activity. At

infinite agonist concentration (A = oo) only the agonist-promoted activity is

present and is defined as VII +V12 where VII and V12 are the fitted

parameters representing the maximum velocity of the agonist-promoted

GTPase activity of the two classes of receptor sites.

GTPase2 contains two Michaelts constants for agonist. KAI and KA2

are the Michaehs constants for agonist-promoted m2 mAcChR-stimulated

GTPase activity for the two pathways.

In 1995 Heitz et. al. determined that there were no Gil, Gi2, Gi3 or

Go detected in Sf9 cells with antibodies raised against these heterotrimenc

G protein subunits .(Heitz, I 995 #732]. It is reasonable to assume that the

m2 mAcChR coupled G proteins and thus the m2 mAcChR-stimulated

GTPase activity arises solely from the exogenously expressed Gi.

To interpret the data from the agonist titration of GTPase activity it

was necessary to determine the amount of m2 mAcChR coupled Gi. The

first part of the discussion describes these experiments. In order to choose

between the available mechanisms to describe the GTPase reaction it was
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baculovirus-infected Sf9 cells. The second part of the discussion

addresses the determination of Kd for GTP. The analysis and interpretation

of the kinetic parameters from the GTPase assay are presented last.

Determination of m2 mAcChR Coupled Gi by GTPyS binding

To determine the catalytic constant (kcat) for the agonist-promoted

m2 mAcChR-stimuiated GTPase activity it was necessary to calculate the

amount of m2 mAcChR activated G protein in the enriched membranes.

Activated G proteins per mg of total protein were determined by [SJ

GTPS binding as described in results. The data indicated the presence of

a fast and slow phase of [SJ GTPyS binding over a background level that

was present at the first data point (10 seconds) therefore a double

exponential fitting equation was used. Agonist treatment of the membranes

shifted a portion of the ISJ GTPyS binding to the fast phase (Al) and

antagonist treatment shifted binding to the slower phase (both relative to

untreated membranes). When the data were fit indMdually the values of

the rate constants for the two phase did not change significantly relative to

the presence of agonist or antagonist. These results suggested that the

pretreatment with muscannic ligands altered the proportion of [SJ GTP'yS

binding in the two phases but not the rate constants. The amount of [ES]

GTPyS binding at the firSt data point (Ao) was the same for all the

treatments. Results of [SJ GTPyS binding for untreated, agonist treated

and antagonist treated membranes were therefore fit globally and the rate

constants (ki and k2) and the amplitude at time 0 (Ao) were shared.

Subtraction of the value of Al for hyoscyamine (muscannic antagonist)

treated from agonist treated membranes yields the amount of agonist-

promoted m2 mAcChR-stimulated GTPyS binding (A-H=ARG). Subtraction

of the value of Al for hyoscyamine treated from untreated membranes
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gives the amount of constitutive m2 mAcChR-stimulated GTPyS binding

(UT-H=RG). These two values were used to calculate the kcat for agonist-

promoted and constitutive m2 mAcChR-stimulated GTPase activity.

Figure 4.1 presents data for the GTPyS binding seen in 20/60%

enriched membranes for the Anld type receptor. The constitutive GTPyS

binding is 7.8 pmoleslmg protein (15% of total) and the agonist (carbachol)

promoted GTPgS binding is 21.5 pmoles. mg protein (41% of total). Figure

4.2 demonstrates the increase in agonist-promoted m2 mAcChR-stimulated

GTPyS binding with increasing G protein MOl (9/1I98). The receptor

constructistheHAltaggedwildtypem2mAcChRatanMOlofl. The

increase in G protein expression with increasing G protein MOl (Chapter 2)

is shown here to correspond to increased m2 mAcChR-stimulated GTPyS

binding.

Table 4.1 summarizes the GTPyS binding data for 20/60% enriched

membranes from baculovirus-infected Sf9 cells expressing different m2

mAcChR constructs and different combinations of G protein subunits. The

first 6 experiments were controls conducted to examine the GTPyS binding

with receptor only, G protein subunits only or receptor plus Ga only or Gfry

only. The first 4 experiments demonstrate no agonist-promoted or agonist

independent m2 mAcChR GTPyS binding with G protein only or m2

mAcChR only. The experiments on 6/1/98 and 6/2/98 suggest the

presence of some GTPyS binding in these phases but the values are

actually undetermined and represent noise in the fitting routine. The next

two experiments (5/20/98 and 5/30/98) demonstrate that the Ga subunit

alone can provide significant agonist-promoted and constitutive m2

mAcChR-stimulated GTPYS binding but the Gfry subunits alone cannot.

The next two experiments (10123/97 and 6122/98) are different preparations

of baculovirus-infected 519 cells expressing both the wild type m2 mAcChR

and all three subunits of Gi. These preparations show significant agonist
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(carbachol) promoted and constitutive m2 mACChR-stimulated GTPyS

binding. The experiment on 7/15/98 demonstrates thatthe HAl tagged m2

mAcChR with the intervening TEV protease consensus sequence behaves

like the wild type receptor and does not promote GTPyS binding in the

absence of Gi. The experiment on (1111/99) with the intracellular loop 3

deletion mutant of the wild type m2 mAcChR was performed to demonstrate

that the deletion mutant was still capable of promoting m2 mAcChR-

stimulated agonist-promoted GTPyS binding. The deletion mutation was

used to increase expression levels of some m2 mAcChR constructs

(Chapter 2). Other experiments were conducted to quantitate GTPyS

binding for the analysis of GTPase data for these membrane preparations.

Determination of GI Coupled m2 mAcChR from High Affinity Agonist

Binding

Figures 4.3 and 4.4 show agonist titrations of the membrane

preparations used for GTPase assays that were performed in order to

determine the percentage of m2 mAcChR present in the high affinity (G

protein coupled ) state. The percent of total m2 mAcChR in the high affinity

state in a given membrane preparation remained the same (20-40%) for

different combinations of m2 mAcChR and G protein MOl until receptor MOl

was 10 times the G protein MOl. Fitted parameters from the data in figure

4.3 (HAl tagged m2 mAcChR) show that when the m2 mAcChR and G

protein are both added atan MOl of I the high affinity site is 35% of the

total receptor. When the m2 mAcChR MOl is I and the G protein MOl is 5

the high affinity site increased to 44% of the total receptor. At a m2

mAcChR MOl of 10 and G protein MOl of I the high affinity site decreased

10% of the total receptor. Fitted parameters from the data in Figure 4.4

(wild type m2 mAcChR) show that when the m2 mAcChR MOl was 2 and G

protein MOl was 5 the high affinity site was 19% of the total receptor.
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Determination of Initial Velocity of m2 mAcChR Stimulated GTPyS
Binding to Gi

The equilibrium dissociation constant for GTP binding to Gi was

determined by inhibition of the initial rate of m2 mAcChR-stimulated GTPyS

binding as described in the next section. in order to determine the initial

velocity of GTPyS binding it was desirable to obtain linear data for GTPyS

binding over time. Because of thenature of the nitroceliulose disc filtration

experiment used to determine GTPyS binding it was impossible to obtain

linear data at a sufficient concentration of GTP'yS to bind Gi. Therefore it

was necessary to find a suitable fit to the non linear data that would yield

values of the initial velocity extrapolated to time = 0 (true initial velocity).

The data from a binding experiment plotted as pmole GTPS bound/mg

protein versus, time appeared to consist of an exponential portion and what

could be interpreted as either a second exponential or a linear phase. The

plot appeared to have the same shape for agonist treated, antagonist

treated and untreated membranes. Four types of data analysis were

attempted with the following results.

1. All three data sets lit to a double exponential equation where Al

is a fitted parameter for each data set, Ao and A2 are shared for the three

data sets and ki and k2 are shared for the three data sets.

y(t) = Ao + Al (i
_exp(_t))

+ A2 (i
- exp(_k2t)) In this type of fit ki

and k2 are undetermined.

2. Agonist treated and untreated data fit to double exponential

equation where A2 is shared for both data sets and hyoscyamine data fit to

single exponential equation. Ao, ki and k2 shared for all three fits.

y(t) = Ao+ Al (i
_exp(_klt))+

A2 (i _exp() for agonist and untreated

and y(t) = Ao + Al (i -
exp(_t)) for hyoscyamine. In this type of fit there was

no difference between ki and k2.
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3. Fitting all three data sets to a an equation with a single

exponential and a linear portion where Al is a fitted parameter for all three

data sets. Ao, ki and k2 are shared for the three data sets

y(t) = Ao+ Al (i-
exp(_klt))+

k2t In this type of fit the fitted parameters

are the same as single exponential (below).

4. Fitting all three data sets to a single exponential equation where

Al is fitted parameter for all three data sets. Ao, ki and k2 are shared for

all three data sets. y(t)= Ao+ Al
(i_exp_k1t)) In this type of fit the fitted

parameters are the same as single exponential plus a linear phase (3).

Using the simplest model to adequately fit the data the single

exponential fit was chosen which yielded values for the parameters Al and

ki. The first derivative of this equation evaluated at time=O yields the value

of the initial velocity of GTPyS binding (Alxkl). Initial velocities were

determined for membranes preincubated with agonist, antagonist or buffer

only. The initial velocity for the agonist treated membranes represents the

agonist-promoted (ARG) m2 mAcChR-stimulated GTPyS binding plus the

background (ARG + b). The initial velocity for the antagonist treated

membranes represents the background GTPyS binding (b). The initial

velocity of the untreated membranes represents the agonist independent

(RG) m2 mAcChR-stimulated GTPyS binding plus background (RG + b).

Subtracting these values yields the initial velocities for agonist-promoted

and agonist independent m2 mAcChR-stimulated GTPyS binding Agonist

treated minus antagonist treated yields the velocity of agonist-promoted

(ARG) m2 mAcChR-stimulated GTPyS binding. Untreated minus

hyoscyamine treated yields the velocity of constitutive (agonist-

independent) (RG) m2 mAcChR-stimulated GTPyS binding. These initial

velocities were used in inhibition studies with GTP to determine the

equilibrium dissociation constant of GTP from Gi.
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Dissociation Constants of Guanine Nucleotides from Heterotrimeric G
Proteins

The relationship between the Michaelis constant (Km) for GTP from

the GTPase assay and the equilibrium dissociation constant (Kd) for GTP

from Gi in enriched membranes from baculovirus-infected Sf9 cells

expressing both the m2 mAcChR and Gi determined the type of model that

would be used to generate the kinetic equation describing the GTPase

assay (see beginning of Discussion on derivation of kinetic mechanism).

Three different types of experiments were conducted to determine the

equilibrium dissociation constants of guanine nucleotides from Gi in

enriched membranes from baculovirus-infected Sf9 cells. Thedata from

these methods are presented in Results and are discussed below.

Determination of GTPyS Dissociation Constant by Direct Binding -

Direct binding experiments with [S] (3TP in the presence of agonist or

antagonist yielded the same value of the GTPyS Kd (3 nM) as untreated

membranes (Figure 4.6). The Michaelis constant for GTP from the kinetic

equation for the GTPase reaction yielded values from 150 to 300 nM.

Determination of GTP Dissociation Constant by Competition of m2

mAcChR High Affinity Agonist Binding - This type of experiment uses the

competition of agonist, antagonist and guanine nucleotides for the receptor

associated G protein to determine the dissociation constant of the guanine

nucleotide. Guanine nucleotides (and non hydrolyzable analogs) will bind

to G proteins in the ternary complex (ARG) and cause the dissociation of G

proteins from the receptor. The free receptor has a lower affinity for agonist

so agonist will dissociate and the free receptor will be competent to bind

radiolabeled antagonist The derivation of the equation used to fit these

data is presented in Appendix A. The Kds for GDP, GTP and GTPyS from

these experiments were 9,3 and 0.18 nM respectively.

Determination of the Dissociation Constant of GTP by inhibition of

the Initial Rate of m2 mAcChR Stimulated GTPyS Binding - The
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mechanism describing this experiment and the derivation of the equations

used to fit the data are presented in Appendix A. This derivation represents

a simple model of competitive binding of the inhibitor (GTP) and the

radiolabeled ligand ([S] GTPyS). The initial rate of agonist-promoted m2

mAcChR-stimulated GTPyS binding was determined at several

concentrations ofES1 GTPyS. At each concentration of [SJ GTPyS the

reaction was inhibited by the addition of different concentrations of GTP.

The initial velocity of IS] GTP?S binding at each concentration of IS]

GTPyS was plotted against concentration of GTP. The slopes from linear

fits of these data were plotted against concentration of GTPyS. The value

of the abscissa-intercept from this plot yielded the value of KGW as 30 nM.

The different methods used to determine KGW yielded similar results

for the equilibrium dissociation constant (Kd) of GTP from Gi. The direct

binding experiments yielded values of 3 nM for untreated membranes and

membranes treated with muscannic agonist or antagonist. This data

reveals that agonist/antagonist treatment does not alter the Kd for GTP

from Gi. The competition binding experiments gave values of 9, 3 and 0.18

nM with GDP, GTP and GTPyS for the Kd of each guanine nucleotide

respectively. The Kd of 0.18 nM for GTPgS is lower (10 fold) than the value

determined from direct binding. The high Kd value for GOP is due to the

fact that the agonist occupied receptor promotes the release of GOP. The

0.18 nM Kd for GTPyS suggests that the nonhydrolyzable GTP analog has

a slightly affinity for Gi than GTP (3 nM). The third method used to

determine the Kd for GTP from Gi was the inhibition of GTPyS binding by

GTP. This experiment yielded a value of 30 nM. While this value is ten fold

higher than the measurement from the competition experiment both

determinations for the Kd of GTP are yield a value that is significantly lower

than the Michaelis constant for GTP from the GTPase assay (150-300 nM).

This relationship was not consistent with the initial mechanism examined for
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GTPase activity. In the initial mechanism GTP binding was assumed to be

in rapid equilibrium and the kinetic equations derived from this mechanism

predicted that the value of the Kd for GTP would be greater than the value

of the Mithaelis constant (Km). The observation that Kd was less than Km

led to the rejection of the initial reaction mechanism. The second

mechanism, which assumed that with GTP binding in steady state, had no

restrictions on the relationship between Kd and Km. The second

mechanism, which was more general, was used to derive the equations for

analysis of data from the GTPase assay.

GDP AssoclatlonlDlssoclatlon In Sf9 Cell Membranes

GDP assocsationldissoclation experiments were performed to

determine the rate constants and amplitudes of different phases of GDP

association/dissociation In enriched membranes from baculovirus-infected

Sf9 cells expressing the m2 mAcChR and/orGi. Association with m2

mAcChR will promote the dissociation of bound GDP from the a subunit of

Gi. GDP association experiments were performed to assess the ability of

the agonist liganded receptor to promote the open (guanine nucleotide free)

state of G proteins. GDP association experiments were also performed to

ensure that the rate of agonist-promoted receptor stimulated GDP

dissociation was greater than the rate of association (see discussion of

GDP dissociation experiments). GDP association experiments showed I or

2 phases of GDP binding depending on the receptor and/or G protein

expression. The two phases are described as fast or slow and the

associated rate constants are ki and k2 respectively. Table 4.4

summarizes the results of the GDP association experiments. Enriched

membranes from baculovirus-infected Sf9 cells expressing the three

subunits of Gi showed only a single (slow) phase of GDP association with a

rate constant (k2) of 0.002 Co-expression of the m2 muscarinic

receptor with Gi resulted in the appearance of a second faster phase of
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GDP association with a rate constant (kl) of 0.042
s_I resulting from the

receptor promoted dissociation of GDP which allows the binding of [aP1

labeled GDP. A single phase (fast) was present in membraneswith m2

muscannic receptor and Gia only with a rate constant of 0.035

Membranes with m2 muscannic receptor and Gfry showed a phase of GDP

binding with a rate constant of 0.11 5I which is similar to the value (0.0995-

1) obtained in membranes with m2 muscarinic receptor only. These values

correspond with the fast phase of GDP association associated with the

presence of the receptor and probably represent GDP binding to

endogenous Sf9 cell G proteins. Membranes with Gicc only showed only a

single phase of GDP binding (0.002 s1) which corresponds to the slow

phase. The fast phase (0.041 s') of GDP binding corresponds to open

GDP binding sites on Gi and/or Gia promoted by the interaction with

agonist tiganded receptor. The slow phase (0.002 1) is m2 muscarinic

receptor independent GDP binding to (31, Gkz and presumably any other

guanine nucleotide binding proteins in the membranes..

GDP dissociation experiments were performed for two reasons. First

it was necessary to determine that GDP release from Gi was not the rate

limiting step in the mechanism. If GDP release from the receptor bound G

protein were the slowest step in the mechanism then the kinetic parameters

from the GTPase assay could measure would be effects of G:R ratios

and/or mutations on the dissociation of GOP. Second it was important to

determine that GDP dissociation was faster than GOP association. GDP

dissociation experiments were performed in the same reaction mixtures as

the GDP association experiments. GOP dissociation was initiated by the

addition of excess unlabelled GDP. Table 4.5 summarizes the results of

the GDP dissociation experiments. The different preparations showed 2 or

3 phases of GDP dissociation depending on the receptor and/or G protein

expression. The rate constants are ki (fast phase), k2 (intermediate
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phase) and k3 (slow phase). Three phases of GOP dissociation were

present in membrane preparations from baculovirus-infected Sf9 cells

expressing m2 muscannic receptor and Gi. Membranes with m2

muscarinic receptor and Gia or Gfry only showed only two phases (fast and

slow) of GDP dissociation as did preparations with Gi only (intermediate

and slow). The fastest phase (0.36 1) of GDP dissociation results from m2

muscarinic receptor stimulated GOP dissociation from Gi and/or Gia. The

intermediate phase (0.03 1) represents m2 muscarinic receptor

independent GDP dissociation from Gi. The slow phase (0.002 s1)

represents GDP dissociation from Gici and other GDP binding proteins in

the reaction mixture. Membranes with Gkz only show a fast phase of GOP

dissociation with a rate constant that Is the same magnitude as the m2

muscarinic receptor stimulated GDP dissociation. The existence of the fast

phase of GDP dissociation from Gici in the absence of the m2 muscarinic

receptor probably results from the lack of stabilization of GOP binding that

would normally be contributed by the Gy subunits. The muscarinic-

stimulated dissociation rate (0.36 s1) is ten fold higher than the muscarinic-

stimulated association rate (0.04 s1) and Is faster than the fastest catalytic

constant seen in the GTPase assay. These data confirm that GDP

dissociation is not rate limiting and that m2 mAcChR-stimulated GDP

dissociation is significantly (10 fold) faster than GOP association.

m2 mAcChR-Stlmulated GTPase Activity In Sf9 Cell Membranes

The derivation of a kinetic equation to describe m2 mAcChR-

stimulated GTPase activity in enriched Sf9 caD membranes is discussed

above. Analysis of GTPase data for different ratios of receptor to G protein

allowed the evaluation of the dependence of the kinetic parameters on

receptor/G protein concentration and receptor:G protein ratio. Several
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questions were addressed including the dependence of kinetic parameters

on G:R ratio and agonist.

What is the Effect of G Proteln:m2 mAcChR Ratio on Data Analysis?

The G:R ratio refers to the ratio of receptor coupled G proteins (agonist-

promoted GTPyS binding) to G protein coupled receptors (high affinity

agonist binding). The G:R ratio affected which equation best described the

data for agonist titrations of GTPase activity. Since the equations had

different numbers of parameters it was necessary to use an F test to

determine which equation gave the best fit for the data (16). The F test was

performed at the 95% confidence interval. Table 4.7 summarizes which

GTPase equation gave the best fit for agonist titrations of GTPase activity

presented in Table 4.6. The following abbreviations apply to Table 4.7 and

subsequent summary tables below. M indicates the wild type m2 mAcChR.

MHT indicates the HAl tagged m2 mAcChR with the TEV protease

consensus sequence and musc us the wild type m2 mAcChR. G indicates

infection with all three subunits of Gi at the indicated MOl. The numbers

following the construct and G protein abbreviation refer to the multiplicity of

infection with the viral construct. For example MHTIGI indicates that the

m2 mAcChR construct and G protein were both added at MOl of 1. The

first number in each column indicates the equation that gave the best fit. 2

indicates the equation derived from the mechanism with two classes of

receptor (GTPase 2) and I is the equation from the mechanism with a

single class (GTPase 1). The value in parenthesis indicates the G:R ratio

as described above.

G:R ratios of greater than or equal to 0.9 result in the best fit to the

equation with two classes of receptor for the full agonists. The simpler

equation with a single class of receptor gave the best fit for G:R ratios less

than 0.9 for full agonists and for all G:R ratios for the partial agonist

pilocarpine. Thus at ratios of activated G protein to coupled receptor of
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Acetyicholine Carbachol Oxotremonne M Pilocarpine

M2G5 2 (1.7) 2 (2.5) 2 (1.8) 1 (3.6)

MHTIG5 2(1.1) 2(1.1) 2(1.1) 1(2.4)

MHTIGI 2(0.9) 2(1.1) 2(0.93) 1 (2.3)

MHTIOGI 1 (0.3) 1 (0.7) 1 (0.7) 1 (0.3)

Table 4.7 Best Fit for Global Analysis of GTPase data

greater than or equal to 0.9 there are two classes of receptor for the full

agonists. These two classes of receptor have different Michaelis constants

for agonist (Table 4.10). The possible molecular identity of these two

classes of receptor sites are discussed below.

What Is the effect of G proteln:m2 mAcChR Ratio on Kinetic
Parameters?

Michaelis constant for GTP (KGW) - The Km for GTP (KGTP) in the

GTPase reaction has some dependence on the G:R ratio. Table 4.8

summarizes the KGW values (nM) from the analysis of data presented in

Table 4.6. The value in parenthesis indicates the G:R ratio as previously

described. The highest value of KGTP occurs at the highest G:R ratio for all

agonists. Carbachol gives the lowest value of KGTP for all agonists at G:R

greater than one but not at G:R of 0.7. The values of KGW for the wild type

receptor at different G:R ratios are used to assess the effects of site

directed mutants of the m2 mAcChR on KGrP (Chapter 5).

Catalytic constant (kcat) - There was a dependence of kcat for

GTPase activity of Gia on the G:R ratio. Table 4.9 summarizes the kcat

values from the analysis of data presented in Table 4.6. In the column

under each agonist there are two values of kcat (mm') at each ratio of G:R.
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M2G5 MHTIG5 MHTIGI MHTIOGI

Acetylcholine 579 (1.7) 228 (1.1) 226 (0.9) 117 (0.3)

Carbachol 183 (2.5) 147 (1.1) 54(1.1) 150 (0.7)

Oxotremorine M 410 (1.8) 212 (1.1) 124(0.9) 191 (0.7)

Pilocarpine 249(3.6) 187(2.4) 169(2.3) 92 (0.3)

Table 4.8 KGW Values from Fits of GTPase data

The upper value is the agonist-promoted and the lower value is the agonist-

independent (constitutive) m2 mAcChR-stimulated GTPase

Acetylchoiine Carbachoi Oxotremonne M Pilocarpine

M2G5 8(1.7) 3.9(2.5) 6.0(1.8) 2.8(3.6)

13.8 4.3 10.8 5.0

MHTIG5 2.7(1.1) 3.1 (1.1) 3.1 (1.1) 2.2(2.4)

1.4 1.4 0.6 1.0

MHTIGI 2.7(0.9) 1.3(1.1) 1.7(0.9) 1.3(2.3)

0.8 0.6 0.3 0.6

MHTIOGI 4.4 (0.3) 5.3(0.7) 5.6(0.7) 4.3(0.3)

3.9 4.3 3.9 3.4

Table 4.9 kcat Values from Fits of GTPase Data

The highest value of kcat was seen at the highest ratio of G:R for all

agonists tested. The value of kcat then decreased as G:R ratio decreased

then increased again at the lowest G:R ratio. This pattern is seem with the

partial agonist pilocarpine as well as for both the agonist-promoted and
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constitutive m2 mAcChR-stimulated GTPase activity. For the full agonists a

dear pattern emerges that depends on the ratio of G:R. The partial agonist

pilocarpine will be discussed below. One expects higher values of kcat at

the lowest G:R (0.3 - 0.7) compared to intermediate G:R ratios (near 1). In

preparations with excess receptor over G protein (G:R less than one) every

time the Ga subunit cleaves GTP and reassociates with Gy there are lots

of unoccupied receptors available to promote another round of GDP

exchange and GTP hydrolysis. In preparations with G:R ratio near one

there are comparatively fewer free receptors to associate with Gi-GDP and

so the kcat is lower. It is not immediately obvious however why the

preparations with G:R ratio greater than one should have the highestvalues

of kcat. In these preparations there is excess G protein over receptor.

After GTP hydrolysis and reassociation of GGI-GDP and Gfry It would seem

that the C protein would have to wait around for a free receptor with which

to associate in order to undergo another round of GDP exchange and GTP

hydrolysis. One explanation of this observation is that the G proteins are

assembled as oligomers and the receptor moves along the chain activating

a number of G proteins one after another. This would lead to a higher kcat

for these preparations since there is no lag in which the GDP bound G

protein must reassociate with a free receptor in order to undergo another

catalytic cycle. The existence of C protein oligomers at the higher G:R ratio

explains the pattern of kcat for both agonist-promoted and constitutive

activity. The existence and functional significance of G protein oligomers

has been extensively studied for transducin (GT) the G protein coupled to

rhodopsin. Result of light scattering techniques and direct binding studies

with labeled nucleotides suggested the presence of oligomeric associations

of GT(17). GT oligomers were demonstrated with the cross linking agent 2-

Azido-[32P]NAIY (18) and cooperative binding of CT to rhodopsin has been

demonstrated with 1l labeled GT (19). In a series of papers examining

detergent extracted C proteins it was shown that Gsa exists as an oligomer



which is sensitive to dissociation by guanine nUcleotides and glucagon and

that these oligomers are cross linked by p-phenylenedimaleimide (20-22).

The conclusion of these experiments and other observations of the

behavior of G proteins was that G proteins exist as multimeric associations

and receptor activation results in the release of heterotrimer monomers

which mediate signal transduction (23). The GTPase mechanism that gives

rise to the fitting equation GTPase 2 assumes two parallel paths of GTPase

activity. If G protein oligomers exist then the two classes of receptor

proposed in the mechanism which gives rise to GTPase 2 would be

receptors with either a single or mUltiple associated G proteins. The poor

fits of GTPase data from preparations with large excess receptor over G

protein to GTPase 2 suggest that 0 protein oligomers are not present.

The partial agonist pilocarpine follows the same pattern of kcat

versus G:R with the highest G:R ratio (3.6) giving the highest values of kcat

and the intermediate G:R ratios (2.3-2.4) showing lower kcats and the

lowest G:R ratio (0.3) showing an increase in kcat The higher value of G:R

for the intermediate kcats is due to the fact that pilocarpine is a partial

muscarinic agonist. To give intermediate values of kcat that correspond to

the full agonists at G:R ratio of I pilocarpine requires a G:R ratio of 2.

The kcat for the constitutive (agonist independent) GTPase activity is

actually higher than the kcat for the agonist-promoted activity for all four

agonists at the highest G:R. This may result from the fact that at the

highest G:R there are multiple 0 proteins for each receptor the constitutive

velocity of (PJ release is a larger proportion of the total velocity.

Michaelis constant (1(A) for agonist Table 4.10 summarizes the KA

values from the analysis of data presented in Table 4.6. In the column

under each agonist there are one or two values of KA (iiM) at each ratio of

G:R that represent the Michaelis constants from the equation which gave

the best fit to the data. The value in parenthesis indicates the G:R ratio.
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Acetyicholine Carbachol Oxotremonne M Pilocarpine

M2G5 0.15(1.7) 0.21 (2.5) 0.016(1.8) 0.6 (3.6)

2.2 8.1 2.2

MHTIG5 0.13(1.1) 0.048(1.1) 0.034(1.1) 2.2(2.4)

2.2 2.3 2.5

MHTIGI 0.13(0.9) 0.041 (1.1) 0.013 (0.9) 8.5(2.3)

2.2 2.3 2.7

MHTIOGI 0.76 (0.3) 3.6(0.7) 0.17(0.7) 2.5(0.3)

Table 4.10 KA values from Fits ofGTPase Data

The Michaelis constants (1(A) for agonist were independent of the

G:R ratio for the full agonists at G:R ratios greater than or equal to one.

The carbachol values for M2G5 are slightly elevated (4 fold) over other

preparations but the acetyichoilne and oxotremorine M values show less

variability. The ratio of KA2/KAI is the same for each agonist at the different

G:R ratios (Table 4.11). At G:R ratios less than one the single KA for full

agonists and did not correspond to eitherKA for the full agonists. The

partial agonist pilocarpine shows a dependence of KA on G:R ratio. The KA

for pilocarpine is lowest at the highest G:R ratio and is higher at G:R ratios

of 2.3-2.4 and 0.3. The dependence ofKA for pilocarpine on G:R ratio

could be due to the fact that pilocarpine is a partial agonist and requires a

larger excess of G protein for maximal activation at a given concentration of

agonist.

Ratio of KA2JKAI for each agonistTable 4.11 summarizes the ratio

of the KA values from the global analysis of data presented in Table 4.6.

The value in parenthesis indicates theG:R ratio as previously described.

The ratio of KA2/KAI is independent of the G:R ratio.
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Acetyicholine Carbachol Oxotremonne M Pilocarpine

M2G5 14.7(1.7) 39(2.5) 138(1.8) n.a. (3.6)

MHTIG5 17(1.1) 48(1.1) 74(1.1) n.a. (2.4)

MHTIGI 17(0.9) 56 (1.1) 208 (0.9) n.a. (2.3)

MHTIGI n.a. (0.3) n.a. (0.7) n.a. (0.7) n.a. (0.3)

Table 4.11 KA2FKAI from Fits of GTPase Data

Acetyicholine shows a ratio of KA2/KAI of 15-17. For carbachol the

ratio is 39-56 and for oxotremorine M the ratio is 74-208. The values of KA

and the ratio of KA2IKAI for wild type receptors at different G:R ratios Will

be usefuJ for examining the effects of site directed mutants of the m2

mAcCm2 mAcChR (Chapter 5)

How do Kinetic Parameters Depend on Agonist?

Michaelis constant for GTP (KGTP) - The Michaelis constant for GTP

in the GTPase reaction (KGTP) is agonist dependent. The data from the

analysis in Table 4.6 is summarized below in Table 4.12. The value in

Acetyicholine Carbachof Oxotremonne M Pilocarpine

M2G5 579 (1 .7) 183(2.5) 410(1.8) 249(3.6)

MHTIG5 228(1.1) 147(1.1) 212(1.1) 187(2.4)

MHTIGI 226(0.9) 54(1.1) 124 (0.9) 169(2.3)

MHTIOGI 117 (0.3) 127/1 73 (0.7) 191 (0.7) 92 (0.3)

WM±WSD 184±119 78±81 155±103 111± 74

Table 4.12 Kcw from Fits of GTPase Data
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parenthesis indicates the G:R ratio as previously described. WM ± WSD

indicates the weighted mean and weighted standard deviation for the

KGW for each agonist. The weighting factor was the standard error from

the fitted parameters in Table 4.6. Although the standard deviation

associated with each I(ow is high there is a small increase in the KGTP for

acetyicholine and oxotremorine M compared to carbachol and pilocarpine.

Catalytic constant (kcat) - kcat shows some agonist dependence at

the highest G:R ratios. Table 4.9 summarizes the kcat values from the

analysis of data presented in Table 4.6. Higher values of agonist-promoted

kcat are seen with acetyicholine and oxotremonne M (8 and 6) than with

carbachol (3.9) or pilocarpine (2.8).

Michaelis constants lbr agonist (1(A) - The KA values were agonist

dependent. The KA values of for data fit to GTPAse2 (full agonists at G:R

greater than 0.9) were independent of the G:R ratio and are presented in

Table 4.13 as the weighted mean and weighted standard deviation for of

the data in Table 4.6. The KA value for full agonists at G:R ratios less than

0.9 were bestfltto GTPase land the value of KAfrom this fit does not

correspond to either KA from the fits to GTPase 2. Data for the partial

agonist pilocarpine was dependent on the G:R ratio so a mean of these

values is not presented. K values are given in iiM. KA2 is the same for all

three full agonists. KAI is highest (0.131) for acetylcholine, is intermediate

for carbachol (0.046) and is lowest for oxotremorsne M (0.16). The ratio of

KA2/Ka1 is therefore highest for oxotremorine M, intermediate for carbachol

and lowest for acetylcholine. The data suggest that the different agonists

have different abilities to promote activation of G proteins along the two

different pathways (RG and RGn) of GTPase activity. Since the

mechanism does not provide a mechanism to distinguish which KA belongs

to which pathway it is not possible to interpret the tendency of the different

agonists to differentially activate the pathway that corresponds to KM.



Acetyicholine Carbachol Oxotremonne M Pilocarpine

KAI 0.131±0.006 4.6±2.7e-2 l.6±1.Oe-2 n.a.

KA2 2.2±0 2.5±1.3 2.5± 0.3 n.a.

KA2KA1 17 54 156 n.a.

Table 4.13 Mean of KA Values from Fits of GTPase Data

Summary and Conclusions

The goai of this work was to examine the effects of the ratio of

receptor to G protein (G:R) on m2 mAcChRIGi coupling. At G:R ratios

greater than on data for full agonists fit best to an equation which describes

two pathways of GTPase activity and partial agonists fit best to an equation

with a single pathway. AG:R ratios less than one data for all agonists fit

best to the equation with a single pathway. Three kinetic parameters from

these equations were examined to determine their dependence on both

G:R ratio and agonist The KGTP showed some dependence on the G:R

ratio. The highest values of Kow were seen at the highest G:R for all

agonists examined. KGrP showed some dependence on agonist since the

lowest values were seen for carbachol at all G:R ratios (except 0.3) and

gave the lowest values for the muscarinic agonist carbachol. kcat was

dependent on the G:R ratio and the pattern of this dependence suggests a

model of G protein activation that describes the two pathways of GTPase

activity. The data are consistent with a model where one pathway arises

from receptor coupled to a single G protein and the other arises from

receptor coupled to an oligomeric association of G proteins. KA values are

independent of G:R ratio but dependent on agonist. The ratio of two

Michaelis constants for the full agonists are different for different agonists.

In addition the Michaelis constant for the partial agonist pilocarpine is

sensitive to the ratio of G protein to receptor in a given preparation.
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CHAPTER 5
RECEPTOR:G PROTEIN INTERACTIONS IN SITE DIRECTED MUTANTS

OF THE M2 MUSCARINIC ACETYLCHOLINE RECEPTOR

Introduction

G Protein Activation by m2 Muscarinic Acetyicholine Receptors

The indMdual steps in the activation of a G protein by an agonist

liganded receptor molecule was diScussed in the introduction in Chapter 4

which also detailed the current understanding of the role of GPCR in these

indMduai steps. The next four sections review what is known about the

role of individual residues of the mAcChR in G protein activation. The

potential role of individual amino acid residues of the receptor in these

steps has been examined with wild type and site-directed mutants of

cationic amine binding GPCR.

Conformational Changes In Receptor that Transduce Llgand Binding
SIgnal to the mAcChR:G Protein Interface

The second and third transmembrane sequences of mAcChR are

rich in conserved aspartate residues (1). Mutation of aspartate 71 or 122 to

asparagine in the rat ml mAcChR resulted in a mutant receptor which

showed high affinity carbachol binding but decreased efficiency and

potency in agonist induced activation of phosphoinositide hydrolysis (1).

This result suggested that these residues are somehow involved in the

transduction of the ligand binding signal to the receptor:G protein interface.

This result could be related to the proposed model of Hulme (2) (see

Chapter 4 Introduction) where a kinked structure of the transmembrane

sequences is involved in signal transduction through the receptor to the G-

protein. Although neither aspartate 71 nor 122 are in the putatively bent
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transmembrane regions they could have an interaction with this proposed

secondary/tertiaty structure that is important in the ability of the receptor to

transduce the ligand binding signal to the receptor.G-protein interface.

The identificalion of constitutively active mutant GPCR is discussed

in Chapter 4. The existence of constitutively active GPCR mutants

suggests the presence of an equilibrium between an inactive conformation

(R) and an activated conformation (R*) that is capable of promoting guanine

nucleotide exchange and activating the G protein. Mutants of GPCR that

result in constitutive (agonist-independent) receptor activation are found

scattered throughout the transmembrane helices. This observation

suggests that any change in the packing of the transmembrane domains

increases the amount of receptor in the activated (R*) state (3). Different

residues may be responsible for the stabilization of different activated states

of the receptor. The existence of such multiple agonist stabilized states is

well documented. Random mutagenesis studies of the cAMP

chemoattractant receptor resulted in receptors with no signal transduction

activity but maintained the ability be phosphorylated in response to agonist

treatment (4). A cysteine 116 to phenylalanine mutant of the 132 adrenergic

receptor demonstrates constitutive activation with respect to the activation

of Na+/H+ exchange but not activation of adenylyt cyclase (5). These

results suggest two different agonist activated receptor states. A cysteine

to serine mutant in position 128 in the alB adrenergic receptor results in a

receptor that is constitutively activated with respect to phospholipase C but

not phospholipase A2 (6). In addition this mutant shows increased affinity

for some agonists but not others. The conclusion from this work was that a

single receptor subtype was capable of adopting multiple activated

conformations. The researchers refer to this phenomenon as agonist

induced conformational pleiotropy for G protein interactions and suggest

that it is specific for a particular G protein:effector pathway. The data

suggest the existence of multiple binding sites for agonist which
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promote/induce these specific interactions. Kiumins et. al. (7) examined

the rates of dissociation of the hormone:receptor:G protein heterotrimer for

the 132 adrenergic receptor. This study showed that different agonists show

different rates of heterothmer dissociation. Thus group suggests that the

activated form of the receptor Is a specific, agonist dependent conformation.

Aspartate 69 in transmembrane sequence (TM) 2 of the m2 mAcChR

is involved in the creation of different agonist stabilized states of the

receptor. Mutation of this residue to asparagine abolishes high affinity

agonist binding associated with the formation of the agonist bound

receptor.G protein (ternary) complex (8). On the basis of this observation

alone D69N would be characterized as a receptor:G protein interaction

mutant. If this mutation prevents formation of the ternary complex one

would expect there to be no receptor promoted activation of cellular

effectors with this mutant.

This characterization is accurate for two muscarinic agonists -

acetyicholine which is the physiological ligand for the muscarinic receptor

and the closely structurally related lugand carbachol. This characterization

does not apply to the muscarinic agonist oxotremorine M which shows

activation of both the inhibition of adenylyl cyclase and the stimulation of

phospholipase C in the apparent absence of the ternary complex.

One explanation of these results is that the ternary complex does

form in the presence of the D69N mutation. The effect of D69N is to cause

a change in the agonist affinity of the G protein associated receptor so that

agonists bind with a lower affinity normally associated with the free

receptor. This interpretation would explain why oxotremonne activates

effectors in the absence of high affinity binding but does not explain why the

physiological ligand fails to activate cellular effectors.

An explanation of agonist specific effector activation is that D69 is

involved in stabilizing different agonist bound states of the receptor.

Analysis of the data for several different aspartate mutants suggests the
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presence of three different agonist bound states of the receptor which could

possibly correlate with individual stepsin G protein activation.

Mutation of the conserved aspaitate at position 103 in TM 3 to

asparagine resulted in a receptor which was poorly expressed in CHO cells

(8). Characterization of the effects of this mutant was carried out by

comparing double mutants D69103N and D97103N to single mutants D69N

and D97N. The absence of agonist binding in DIO3N containing mutants

demonstrates that D103 is critical in ligand binding. This residue most likely

serves as the cationic amine ligand counterlon. Changes in the effector

coupling properties of the DIO3N containing double mutants compared to

the single mutants suggests that D103 also has a role in transduction of the

ligand binding signal to the receptor.G protein interlace.

Conformational Changes In the mAcChR at the Receptor:G Protein
Interface

In the activation of transducin (Gt) by rhodopsin, glutamate 134 and

arginine 135 communicate the ligand binding signal from the cytoplasmic

surface of rhodopsin to Gt and allow release of GDP (9). The presence of

conserved aspartate/glutamic acid and arginine at TM3/intracellular loop 2

junction of GPCR suggests that these residues are part of a conserved

hydrogen bonded network involved in G protein activation with arginine

functioning as trigger for GDP release. Protonation of the conserved

glutamic acid is required for the arginine trigger (3). In the m2 mAcChR

aspartate 120, arginine 121 and tyrosine 122 correspond to the conserved

residues involved in the GDP release trigger.

Moro (10) demonstrated that mutation of hydrophobic residues of in

intracellular loop I (K51, V52, T54), 12 (VI 27, LI 31), the amino terminus of

intracellular loop 3 (W209, 1211, Y21 2) and the carboxyl terminal of

intracellular loop 3 (E360, K362, T366) to alanine decreased efficiency of

Gq mediated activation of phosphoinositide hydrolysis in mAcChRs.
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In 1997 Kostenis et. al. (11) proposed a model of receptor:G protein

interaction that attempts to discriminate the residues in the mAcChR

involved in G protein recognition from those involved in activation. Their

models suggests that tyrosine 217 and arginine 223 found in an a-helical

segment at the amino terminus of intracellular loop 3 are directly involved in

0 protein activation. The portions of the amino and carboxyl terminals of i3

thought to be involved in C protein recognition are in dose proximity and

contain regions of sequence capable of forming a helical turns. They

suggest that the C protein docks to these a helical surfaces. They further

suggest that lie 216 and Thr 220 In the hydrophobic face of the a helix in

the amino terminus of i3 have a structural role in receptor:G protein

interaction (recruiting the G protein to the receptor through ionic

interactions) where as tyrosine 217 and arginine 223 are though to have a

functional role promoting C protein activation.

Mutation of a conserved threonine residue 187 in TM5 of the m2

mAcChR to alanine results in decreased agonist affinity but the changes in

effector coupling cannot be explained by the change in agonist affinity

alone. The changes in agonist affinity suggest that this residue is involved

in ligand binding. The agonist affinities are shifted only 10-50 fold. The

changes in EC5O are 20-50 fold for the activation of phospholipase C

which correlate with the decreased agonist affinities. The changes in EC5O

for inhibition of adenylyl cyclase are 3-4000 fold. The data suggest that

mutation of threonine 187 to alanine results in a receptor conformation that

is better able to activate the G proteins involved in the activation of

phospholipase C than those involved in the inhibition of adenylyl cydase.

Tyrosine 403 in m2 mAcChR is located at the top TM 6 and mutation

to phenylalanine increases receptor.G protein affinity measured by amount

of non hydrolyzable guanine nudeotide analog GppNHp needed to

dissociate the receptor:G protein complex (12). Both threonine 187 and

tyrosine 403 are far from the receptorG protein interface but the effector
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residues far from the G protein interface can affect the ability of the agonist

bound receptor to promote guanine nucleotide exchange on the G protein.

Conformatlonal Changes In G proteins Following Activation by m2
Muscarinlc Acetylchoilne Receptors

Nucleotide Exchange - GPCR interact with the carboxyl terminal

portion of Ga to promote the release of GDP from Ga (13). Agonist-

induced, receptor-mediated guanine nucleotide exchange is accomplished

by increasing the off rate of GDP from Ga and increasing affinity of Ga for

GTP (14). As mentioned above in the activation of transducin (Gt) by

rhodopsin glutamate 134 and arginine 135 communicate ligand binding

signal from the cytoplasmic surface of rhodopsin to Gt and allow release of

GDP (9). The protonation of the glutamic acid releases this residue from a

constrained state and allows interaction of arginine with GDP (9).

Dissociation of G protein subunits - It is clear that the receptor

participates in the conformational change in G which allow dissociation of

GDP. What is unclear is the extent of receptor involvement beyond

promotion of GDP release - i.e. does receptor participate in promoting the

conformational changes that lead to the dissociation of Ga and Gf'y.

Examination of the Effects of Site Directed Mutants of the m2 mAcChR
on the Activation of Gl

Chapter 4 introduced a kinetic model for examination of m2

mAcChR:G protein coupling in enriched membranes from baculovirus-

infected Sf9 cells. This chapter describes the use of the Sf9 expression

system to examine the effects of several different site directed mutants of

the m2 mAcChR on the activation of Gi.

Two m2 mAcChR mutants discussed above with respect to

transduction of the ligand binding signal to the receptor:G protein interface
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and conformational changes at the receptor:G protein interlace are D69N

and DIO3N. Data from ligand binding and physiological assays of two

other m2 mAcChR discussed above, TI 87A and Y403F, suggest that these

residues may be implicated with protein:protein interactions at the

receptor:G protein interlace. Both of these residues, while distant from the

receptor G protein interface, seem to exert effects on conformational

changes at the receptor.G protein Interface involved in G protein activation.

Specific assays for the individual steps in G protein activation could help

discern the effects of these individual mutants on G protein activation.

AU of these mutants have been partially or fully characterized in

Chinese Hamster Ovary Cells. There are two major limitations in

characterizing mutants in this system. First m2 mAcChR cognate G

protein levels may be to low to accurately quantitate and measure the

affinity constant for the high affinity (G protein coupled) agonist binding site.

Second, the only measure of G protein coupling has been assays of cellular

effectors. Cellular effectors provide only a low resolution description of the

effects of a given site directed mutant m2 mAcChR on the activation of G

proteins since cellular effectors are differentially activated by different

members a pool of G protein subtypes present in the cell and cellular

effectors amplify the G protein activation signal and can potentially obscure

small differences in G protein activation by different muscannic agonists for

a given mutant m2 mAcChR. Co-expression of a given m2 mAcChR

mutant construct with specific G protein subunits in baculovirus-infected 819

cells overcomes the limitations of the CHO cell system in the analysis of the

effects of a site directed mutant of the m2 mAcChR on G protein coupling.

This chapter combines data from ligand binding assays and assays for

indMdual steps in G protein activation described in Chapter 4 to examine

the effects of different site directed mutants of the m2 mAcChR on the

activation of a single G protein subtype (Gi) of known subunit composition.
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Materials and MethOds

Cloning

As described in Chapter 2.

Site Directed Mutants of the m2 mAcChR

As described in Chapter 2.

Epitope Tags

As described in Chapter 2

Culture of Sf9 Cells

As described in Chapter 2.

Baculovlrus Expression Consfructs

As described in Chapter 2.

Preparing Enriched Membranes from Baculovirus-Infected Sf9 Cells

As described in Chapter 2.

m2 mAcChR Stimulated GTPas Activity In Sf9 Cell Membranes

As described in Chapter 4

m2 mAcChR Stimulated GTP)S Binding In Sf9 Cell Membranes

As described in Chapter 4.
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Results

Receptor Coupled Gi for Site Directed Mutants of the m2 mAcChR

Table 5.1 - 5.4 summarize the agonist-promoted and agonist

independent (constitutive) mutant m2 mAcChR promoted GTP7S binding in

Construct R:G Agonist GTPS
A-H

Bindina (omoIesFma
UT-H Total

D69NM + G 22 Carbachol 12±0.4(8) 0.8±0.4(5) 15
12/7/98 11/19/98 Oxotremonne M 22±0.4(15) N

Acetylcholine 1±0.4(7) 15
Pilocarpine 0.9±0.4(6) N 15

D69NM + G 22 Carbachol 0 0 32
2/16/99 10/8/98 Oxotremorune M 1.2±0.9(4) N N

Acetylcholine 0 N N

Pilocarpine 0 N N

D69NM + G 22 Carbachol 2.9±1.3(5) 1.5± 1.3(3) 60
4/8/99 3/10/99 Oxotremonne M 11.1±1.3(19) N 60

Acetytcholine 3.9±1.3(7) N 60
Pilocarpine 3.3±1.3(6) 60

D69NHT + C 22 Carbachol 0.6±0.6(3) 1.1 ± 0.(6)6 19
1217/98 11/19/98 Oxotremorine M 0.9±0.6(5) N 19

Acetylcholine 0.9 ± 0.6(5) N 19
Pilocarpine 0 N 19

D69NHT + C 2.2 Carbachol 7.1 ± 2.5(11) 2.6 ± 2.5(4) 65
2/17/99 10/8/98 Oxotremorine M 11.1 ± 2.7(17) N 65

Acetylcholine 62 ± 2.5(10) N 65
Pllocarpine 0.9 ± 2.5(2) N 65

D69NHT + C 2:2 Carbachol 3.7±1.3(6) 1.5±1.3(2) 65
3/31/99 3/10/99 Oxotremonne M 11.2±1.3(17) N 65

Acetylcholine 2.4±1.3(4) N 65
Pilocarpine 2.6±1.4(6) N 65

Table 5.1 GTP Binding in D69N Mutant m2 mAcChR
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enriched membranes from baculovirus-infected Sf9 cells. The four mutants

are aspartate 69 to asparagine with HAl or myc epitope (D69NHT or

D69NM), aspartate 103 to asparagine (DIO3N), threonine 187 to alanine

(T187A) and tyrosine 403to phenytalanine (Y403F). For explanation of

consttucts see Appendix B Cloning. The date below the construct is the

date the membranes were prepared. R:G indicates the multiplicity of

infection receptor and G protein. Total indicates the total GTPyS binding.

A-H refers to agonist minus hyoscyamine (agonist-promoted) m2 mAcChR

stimulated GTPyS binding. UT-H refers to untreated minus hyoscyamine

(constitutive) m2 mAcChR stimulated GTPyS binding. All values are in

pmoles GTPyS bound/mg total protein. The value in parentheses is the

percent of total GTPyS binding. Membrane preparation and GTPyS binding

were performed as described in Material and Methods.

Construct R:G Agonist GTPS
A-H

Bindina (omoIes/n
UT-H Total

DIO3N + G 2.2 Carbachol 0 2.1 ±0.5(18) 12
1/8/99 11/5/98 Oxotremorine M 0 12

Acetylcholine 0 u 12
Pilocarpine 0 U 12

DIO3N + G 22 Carbachol 0 0.72±0.5(5) 15
1/26/99 11/5/98 Oxotremonne M 0 15

Acetylcholine 0 15
Pilocarpine 0 U 15

D103N + G 22 Carbachol 7.8±1.7(24) 6.6±1.8(21) 32
2/8/99 2/2(99 Oxotremorne M 6.3±1.8(20) U 32

Acetyichollne 48±1.7(15) 32
Puocarpine 2.2±1.7(7) 32

Table 5.2 GTPyS Binding in DIO3N Mutant m2 mAcChR
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Construct R:G Agonist GTPvS
A-H

Bindina (omoles/ma
UT-H Total

TI 87A + G 22 Carbachol 6.8±1.3(20) 1 ±1 (3) 34
2/25/99 I/28F98 Oxotremorftie M 7.9±1.4(23) 34

Acetylcholine 5.1 ± 1.3 (15) 34
Pilocarpine 0 34

TI 87A + G 22 Carbachol 6.4 ± 2.1(20) 0.9± 2(3) 32.5
3/1/99 1/28/99 Oxotremortne M 9.8 ± 2(30) U 32.5

Acetylcholine 6.3 ± 2(19) U 32.5
Pilocarpine 1.9 ± 2(6) I 32.5

Table 5.3 GTPyS Binding in T187A Mutant m2 mAcChR

Construct R:G Agonist GTPvS Bindina (omo1es/ma
A-H UT-H Total

Y403F + G 22 Carbachol 7.7±0.9(26) 1.3±0.9(4) 30
219/99 2/2199 Oxotremorine M 6.7±0.9(22) U 30

Acetyicholine 7.8±0.9(22) U 30
Pilocarpine 3.3±0.9(11) 30

Table 5.4 GTPyS Binding in Y403F Mutant m2 mAcChR

Receptor Promoted GTPase Activity in Site Directed Mutants of the m2
mAcChR

Table 5.5 gives the fitted parameters for GTPase data fit to GTPase

br 2 depending on the ratio/expression levels of R and G. Abbreviations

for m2 mAcChR expression constructs are the same as in tables 5.1 - 5.4

above. For details of cloning/expression constructs see Appendix B.

Beneath the name of the construct is the MOl of m2 mAcChR and G

protein. The two values of kcat are the agonist-promoted and constitutive.
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Construct G:R Agonist kcat (min1 KA (tiM) KG (nM) Best
ARG
RG

Fit

69HT 4.5 Acetychollne n.d. n.d. n.d. n.d.
Carbachol n.d. n.d. n.d. n.d.

Oxotremorine M 1.25± 0.16 0.085 ± 0.054 340 ±29 2
0.32±0.29 72±5

Pilocarpine n.d. n.d. n.d. n.d.

69M 6.9 acetylcholine n.d. n.d. n.d. n.d.
Carbachol n.r. n.r. n.r. n.r.

Oxotremonne M 0.56 ± 0.08 0.12 ± 0.16 197 ± 25 2
0.13±0.13 64±7

Pilocarpine n.d. n.d. n.d. n.d.

DIO3N Acetyicholine n.d. n.d. n.d. n.d.
Carbachol n.d. n.d. n.d. n.d.

OxotremorineM n.d. n.d. n.d. n.d.
Pilocarpine n.d. n.d. n.d. n.d.

TI 87A 1.5 Acetylcholine 1.4±0.4 0.029±0.025 118±10 2
0.27±028 5.3± 0.8

3.6 Carbachol 6.6±1 2.8 ± 0.3 70±9 I
0.84±0.84

3.9 Oxotremorine M 2.1 ± 0.6 0.035 ± 0.019 351 ± 53 2
0.97±0.98 3.14± 123

Pilocarpine n.d. n.d. n.d. n.d.

Y403F 1.5 Acetylcholine 2.8 ± 0.4 0.023 ± 0.016 130±10 2
2.1±1.6 42±7e

1.5 Carbachol 9.1±1.7 5.1± 11 620±150 2
52±3.6 1300±200

1.2 Oxotremorine M 6.0 ± 0.8 0.058 ± 0.046 340 ±20 2
0.6± 0.6 6.0 ± 0.6

3.0 Pilocarpine 1.8 ± 0.5 0.0046 ± 0.0040 104 ±14 2
0.4±0.3 22±5

Table 5.5 Fitted Parameters from GTPase Equations

stimulated catalytic activity. KA and KGW indicate the Michaelis constants

for agonist and GTP. Parameters were determined by global analysis of 8-

12 data sets for each agonist as described in Materials and Methods.
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Discussion

Characterization of Aspartate 69 to Asparag in. Mutant m2 mAcChR

The ligand binding and effector coupling characteristic of the

aspartate 69 to asparagine (D69N) mutant m2 mAcChR heterologously

expressed in Chinese hamster ovary (CHO) cells has been described (8).

The results of that study are discussed in the introduction. Briefly, the

D69N mutant showed no high affinity (C protein coupled) agonist binding

but did demonstrate agonist specific activation of cellular effectors. These

results suggest not only the presence of the C protein coupled state

(possibly at levels to low to detect in ligand binding experiments) but also

the ability of this mutant to adopt different agonist stabilized active states. It

was of interest to examine this mutant in baculovirus-infected Sf9 cells with

co-expressed Gi for the reasons detailed in the introduction. Co-expression

of the m2 mAcChR cognate C protein (Ci) along with the D69N mutant

allowed determination of the affinity constant for the high affinity site which

was undetectable in CHO cells and co-expression with Ci allows the direct

examination of the agonist-promoted GTPyS and binding and GTPase

activity of this mutant.

Ligand Binding - The ligand binding characteristics of the HAl and

myc tagged D69N mutant m2 mAcChR are presented in Chapter 2.

Antagonist binding in D69N was similar to wild type. Both constructs

displayed both high (KI) and low (K2) affinity agonist binding for the full

agonists carbachol, acetylcholine and oxotremorine M. Neither construct

showed high affinity binding with the partial agonist pilocarpine. The

observation of high affinity binding that was undetectable in CHO cells is

probably due to the higher levels of cognate C protein present in the Sf9

cell enriched membrane preparations. The binding constants for the high

and low affinity site do not deviate significantly from the corresponding
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epitope tagged wild type conStructs suggeS ing aspartate 69 is not directly

involved in ligand binding. The high affinity binding with the full agonist in

D69N represents a smaller fraction (10%)of the total receptor when

compared to the corresponding epitope tagged wild type construct (30-

40%) and was not sensitive to the addition of guanine nudeotides. The

smaller fraction of the receptor in the high 8ffinity (G protein bound) state

suggests that this mutation may destabilize G protein binding to the

intracellular domains of the receptor. The insensitivity of the high affinity

site to the addition of guanine nucleotides suggests that this mutation also

alters the ability of the receptor to activate G proteins. This absence of

activation could come from two separate but related effects: 1) the

mutation results in a receptor conformation that is unable to promote the

exchange of guanine nucleotides on the associated G protein or 2) the

receptor promotes guanine nucleotide exchange but the mutant

conformation is unable to promote dissociation of guanine nucleotide bound

G proteins. GTPyS binding assays were performed to assess the ability of

D69N to promote guanine nucleotide binding. GTPase assays were

performed to assess the ability of D69N to promote G protein dissociation

that precedes turnover of GTP on the Gi a subunit.

G1PyS binding - GTP'yS binding assays were performed in enriched

membranes from baculovirus-infected Sf9 cells expressing the HAl and

myc tagged D69N. Assays were performed on several membrane

preparations. The data are presented in Table .5.1. The total GTPyS

binding varied from 15 to 65 pmoles GTPyS bound/mg protein. This arises

from the fact that virus stocks of different ages demonstrate different

infectivity. Slight variations in infectivity can give rise to different expression

levels at high total MOl used in generating the membrane preparations. In

membrane preparations used for GTPase assays these variations in true

MOl are not significant since levels of coupled receptor and C protein are
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demonstrates statistically significant promotion of GTP'yS binding over

constitutive levels in all the preparations. The other agonists tested,

carbachol, acetyicholine and pilocarpine do not demonstrate statistically

significant promotion of GTPyS binding at any level of total GTP6 binding.

Multiple membrane preparations were examined to confirm that

oxotremorine M was the only agonist competent to promote GTP7S binding.

The ability of oxotremorine M (and not other agonists) to promote

GTPyS binding was predicted by the behavior of this mutant in physiological

assays in CHO cells as discussed above. While D69N is capable of

associating with G proteins (as evidenced by high affinity agonist binding)

this mutant displays agonist specific ability to promote the exchange of

guanine nucleotides on the associated G protein. The data suggest that the

G protein coupled receptor exists in agonist specific conformations, only

one of which (oxotremonne M bound) is capable of promoting guanine

nucleotide exchange. Oxotremorine either stabilizes the active receptor

conformation or promotes the active conformation in a way that the other

agonists are not able. The constitutive (agonist independent) levels of

GTPyS binding varied from Ito 6% of the total GTPyS binding. These

levels are similar to those seen in wild type preparations which suggest that

the constitutive (agonist independent) promotion of GTPyS binding by D69N

is unaffected by the alteration of aspartate 69 to asparagine. This would

argue that the mutant m2 mAcChR is capable of adopting the activated

conformation in the absence of agonist. The effect of oxotremonne M is not

to promote the activated conformation but stabilize it. These data suggests

that aspartate 69 is not involved in the generation of the oxotremonne M

stabilized state and that it is involved in the generation of the acetyicholine

and carbachol stabilized states.
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G:R KGTP (nM) kcat (rniri1) KAI (pM) KA2IKAI
KA2 (pM)

acetylchohne 0.21 n.a. n.a. n.a. n.e.

carbachol 1.3 n.a. n.e. n.e. n.a.

oxotremonne M 4.5 340 125 0.085 847
0.32 72

pilocarpine n.a. n.e. n.a. n.e. n.a.

Table 5.6 Kinetic Parameters from C3TPase Assay for D69N.HAI .TEV

GTPase Activity - The kinetic parameters from the analysis of

GTPase data presented in Table 5.5 are summarized below in Tables 5.6

and 5.7 for D69NHAI and myc. G:R indicates the G protein:receptor ratio

as described in Chapter 4. Oxotremorine M was the only agonist that

stimulated GTPase activity for D69N and data were best fit to GTPase 2.

The G:R ratios for D69N HAl (4.5) and D69N myc (6.9) were significantly

higher than any G:R ratios examined for the wild type receptor. The data

for the oxotremonne M promoted GTPase actMty of D69N were compared

to wild type data at G:R of 1.8.

G:R KGTP (nM) kcat (mm') KM (pM) KA2/KAI
KA2 (pM)

acetylcholine 12 n.e. n.e. n.a . n.a.

carbechol 0.71 n.e. n.e. n.e. n.e.

oxotremorineM 6.9 197 0.56 0.12 533
0.13 64

pilocerpine n.e. n.e. n.e. n.e. n.e.

Table 5.7 Kinetic Parameters from GTPase Assay for D69N.myc
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The values ofKGW for D69N HAl afld myc were 340 and 197 nM.

These values are similar to values for the wild type receptor.

The values of KM and KA2 are significantly increased (10 and 30

fold respectively) from the wild type values. Since the KAvalues are

independent of the G:R ratio this difference cannot be explained by the high

G:R in the D69N membrane preparations. The ratio of KA2IKAI for D69N

HAl and myc was 847 and 533. The increase in the ratio of KA2 to KAI

suggests that the D69N mutation exaggerates the difference in the catalytic

capacity of the two receptor.G protein populations involved in the activation

of G proteins causes a change in the activation. An increase in KA for

oxotremorine M suggests that one of the steps in the catalytic mechanize is

less efficient for D69N than for the wild type mAcChR. The analysis of the

kcat values (below) suggests which step is affected.

The values of kcat for D69N HAl and myc were 1.25 and 0.56 for

agonist-promoted and 0.32 and 0.13 for constitutive kcat. Both values are

decreased dramatically from wild type despite the higher G:R in the D69N

membranes. The model of G protein activation presented in Chapter 4

predicts that the higher G:R ratio in the mutant should result in higher

values for kcat than wild type. The lower values suggest that the mutant

mAcChR is less efficient than wild type in the activation of G proteins.

Aspartate 69 is therefore shown to be involved in not only the creation of

agonist specific activated receptor states but also in the activation of G

proteins. Since GTPyS binding is robust it does not appear that this residue

is involved with conformations changes in the receptor that lead to guanine

nudeotide exchange but rather the conformational changes in the receptor

that promote the dissociation of the receptor and G protein

Characterization of Aspartate 103 to Asparaglne Mutant m2 mAcChR

The ligand binding and effector coupling characteristic of the

aspartate 103 to asparagine (DIO3N) mutant m2 mAcChR heterologously
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expressed in Chinese hamster ovary (CHO) cells has been described (8).

The results of that study are discussed In the introduction. DIO3N was very

poorly expressed in CHO cells and only the comparison of other single and

DIO3N containing double mutant constructs allowed the characterization of

the effects of the DIO3N mutation. Briefly, the absence of agonist binding

in DIO3N containing mutants suggests that aspartate 103 serves as the

cationic amine ligand counterion. Changes in the effector coupling

properties of the DIO3N containing double mutants compared to the single

mutants suggests that D103 also has a role in transduction of the ligand

binding signal to the receptor:G protein interface.

DIO3N was well (1-2 e6 receptors/cell) expressed in baculovirus-

infected Sf9 cells. These high expression levels allowed the direct

characterization of the ligand binding and G protein coupling characteristics

of this mutant m2 mAcChR.

Ligand Binding - The ligand binding characteristics of DIO3N are

presented in Chapter 2. DIO3N showed a large shift in antagonist binding

compared to wild type and showed only a single (low) affinity for agonist

binding for both full and partial agonists. The single site was not altered by

the presence of non hydrolyzable guanine nudeotides which suggests that

this site represents the free receptor. The binding affinity of this site was

drastically altered in DIO3N compared to wild type. This result is expected

since previous work had identified aspartate 103 as the cationic amine

ligand counterion (8). The affinities for the full agonists were decreased

100 to 1000 fold compared to wild type. The affinity for the partial agonist

pilocarpine was decreased by 33 fold. The lack of high affinity binding

indicates that either DIO3N is not capable of coupling to G proteins or the

agonist affinity of the G protein coupled state is the same as the free

receptor. The large decrease in agonist and antagonist affinity indicate that

this residue is also very important in ligand binding.



GTPyS binding - Dl 03N m2 mAcChR did not show any agonist-

promoted GTP'yS binding. Levels of constitutive (agonist independent)

GTPyS binding were similar to wild type. These results suggest that the

conformation of DIO3N is still capable of interacting with G proteins and

promoting the exchange of guanine nudeotides. The effect of DIO3N is to

interfere with ligand binding as evidenced by the large changes in ligand

binding affinities as well as the absence of agonist-promoted GTPyS

binding. These results suggest that DIO3N will not show any agonist

dependent GTPase activity.

GTPase Activity - Dl 03N did not show agonist-promoted activation

of GTPase activity

Characterization of Threonlne 187 to Alanine Mutant m2 mAcChR

As described in the introduction mutation of threonine 187 in

transmembrane sequence 5 of the m2 mAcChR to alanine (T187A) results

in decreased agonist affinity in enriched membranes from CHO cells.

Differential changes in efficacy of effector coupling in CHO cells cannot be

explained by the change in agonist affinity alone. The data suggest that

T187A results in a receptor conformation differentially activates different

dasses of G proteins. Expression of this mutant in baculovirus-infected Sf9

cells with Gi has allowed the direct examination of the agonist-promoted m2

mAcChR stimulated activation of Gi.

Ugand Binding - The ligand binding characteristics of TI 87A are

presented in Chapter 2. Antagonist binding in T187A from enriched

membranes from baculovirus-infected Sf9 cells was similar to wild type.

T187A mutant had no effect on QNB binding, and showed a 4 fold decrease

in affinity for NMS and hyoscyamine. T187A displayed both high (KI) and

low (K2) affinity agonist binding for the full agonists carbachol, acetyicholine

and oxotremonne M but only a single affinity with the partial agonist

pilocarpine. The high affinity site was sensitive to the addition of guanine
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nucleotides and represents 16, 33 and 20% of the total receptor compared

to 41,26 and 41% with wild type for carbachol, acetyicholine and

oxotremorine M respectively.

The binding constants of TI 87A for the high affinity site for the full

agonists do not deviate significantly from wild type. The largest difference

is a 3 fold decrease in affinity with oxotremonne M. The low affinity site

shows a larger change in affinity, 7 and 21 fold decrease with carbachol

and acetyicholine compared to wild type These change represent a

destabilization of the carbachol and acetyicholine binding of the uncoupled

TI 87A mutant. The ligand binding data show that TI 87A is competent to

form the high affinity (G protein coupled) complex and that the high affinity

state is similar to wild type for full agonists. The single affinity state for the

partial agonist pilocarpine is 6.8 pM which is between the high and low

affinity sties for wild type (1 and 17 iLM). It is unclear from the ligand

binding data whether this affinity state represents a weaker high affinity

interaction or a stronger low affinity interaction. The absence of a change in

the value of the affinity constant in the presence of guanine nucleotides

suggests that the single affinity state is either a high affinity site which is

insensitive to guanine nudeotides or a low affinity site with a higher affinity

for pilocarpine than wild type.

GTPyS binding - The agonist-promoted m2 mAcChR stimulated

GTPyS binding in TI 87A is a significant portion of the total GTPyS binding

with the full agonists carbachol, oxotremonne M and acetyicholine,

representing 15-30 % of the total GTPyS binding. These levels are similar

to those seen with the wild type m2 mAcChR. The partial agonist

pilocarpine shows no statistically significant promotion of GTPyS binding.

This observation is consistent with the lack of high affinity agonist binding

seen with pilocarpine and suggests that T187A:G protein complex is not

competent to bind pilocarpine. The single affinity state seen in the
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pilocarpine titrations (above) represents the free receptor which has a

slightly higher affinity for pilocarpine than the wild type receptor. These

observations point to differential effects of the T187A mutation on agonist

binding. The G protein coupled state of the receptor binds full agonists with

affinities similar to wild type but cannot bind the partial agonist pilocarpine.

The free receptor shows a significant change in the binding affinity for

carbachol and acetylcholine (7 and 21 fold decrease) and pilocarpine (3 fold

increase). These differential effects on agonist binding properties suggest

the existence of different receptor conformations both in the presence and

absence of G protein coupling. When complexed with G proteins the

receptor adopts conformations that are stabilized by full but not partial

agonists. The free receptor adopts conformations that are differentially

stabilized, with oxotremorine M being similar to wild type but acetyicholine

and carbachol being less effective and pilocarpine more effective. The

constitutive (agonist independent m2 mAcChR stimulated) levels of GTPyS

binding are similar to wild type at 1% of the total GTPyS binding. The

GTPyS binding data show that this mutant is capable of robust agonist-

promoted m2 mAcChR stimulated guanine nucleotide binding with full

muscarinic agonists but not with the partial agonist.

GTPase Activity - The kinetic parameters from the analysis of GTPase data

presented in Table 5.5 are summarized below in Table 5.8 for T187A. G:R

indicates the G protein:receptor ratio as described in Chapter 4. GTPase

data for titration with the full agonists acetylcholine and oxotremonne M for

T187A were best fit to the equation that derived from the mechanism with

two parallel paths of GTPase activity (GTPase 2). Carbachol titrations of

GTPase resulted in the best fit to the equation derived fran, the mechanism

with a single pathway of GTP hydrolysis, GTPase 1. The partial agonist

pilocarpine did not promote GTPase activity as expected since T187A:G

protein complex does not bind pilocarpine.
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G:R KGTP (nM) kcat (min1) KAI (iiM) KA2IKAI
KA2 (tM)

acetylcholine 1.5 118 1.4 0.029 183
0.27 5.3

carbachol 3.6 70 6.6 2.8 n.a.
0.84 n.a.

oxotremorine M 3.9 351 2.1 0.035 90
1.0 3.14

pilocarpine n.a. na. n.a. n.a. n.a.

Table 5.8 Kinetic Parameters from GTPase Assay for T187A

Some values of G:R for T187A were intermediate between the wild

type values used for comparison. In these cases the wild type parameters

were used which yielded the smaller deviation as to not overestimate the

effects of the mutation.

The values of KGTP for TI 87A show some difference from values for

the wild type receptor at similar G:R for all three agohists. All KGrP values

are nM. The largest deviation is seen in the acetyicholine KGTP of 118 at

G:R of 1.5 which is 5 fold lower than the wild type value of 579 at G:R of

1.7. The carbachol KGW of 70 nM at G:R of 3.6 is within 3 fold of the wild

type value of 183 nM at G:R of 2.5. The oxotremonne M KGTP of 351 nM at

G:R 3.9 is within 2 fold the wild type value of 410 nM at G:R of 1.8.

The values of KA for T187A show some difference from wild type

values. KAI and KA2 for acetyicholine were 0.29 and 5.3 jiM which are

increased 2 fold from the wild type values. The values of KA for carbachol

could not be directly compared to wild type since T187A gave the best fit to

GTPase I which has only a single KA. The value of the KA for carbachol

was 2.8 pM which is the same as KA2 for carbachol (and other full agonist)

in the wild type receptor. The values of KA for oxotremonne M were 0.035
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and 3.14 i.tM which are both increased (2 fold and 1.5 fold) compared to

wild type. The ratio of KA2/KAI far acetytcholine was 19 WhICh is nearly

identical to the ratio of 17 for wild type. The ratio of KA2/KAI for

oxotremonne M was 90 which is decreased from the wild type value of 156.

The increases in KA for acetyicholine and oxotremonne M for TI 87A

suggest that this mutant requires higher concentrations of agonist for

maximal agonist-promoted GTPase activity. The changes in the ratio of

KA2/KAI suggest that the mutation affects the separation of the KA values

for the two pathways of GTPase activity in an agonist dependent manner.

The values of kcat (mm1) for T187A are all decreased (except for

agonist-promoted kcat for carbachol). The values of kcat are presented

with the agonist-promoted value first then the constitutive value. The kcat

values of 1.4 and 027 for acetytcholifle at G:R ratio of 1.5 are lower than

the values of 2.7 and 1.4 for wild type at G:R ratio of 1.7. The mutant kcats

are both decreased compared to the wild type values at a similar G:R ratio.

The kcat values of 6.6 and 0.8 for carbachol at G:R ratio of 3.6 are

compared to values of 3.9 and 4.3 for wild type m2 mAcChR at G:R ratio of

2.5. The agonist-promoted kcat is higher but the constitutive value is

significantly lower. The kcat values of 2.1 and 1.0 for oxotremonne M at

G:R ratio of 3.9 are compared to values of 6 and 11 for wild type at G:R

ratio of 1.8. These values are both decreased from wild type even though

the G:R ratio is higher. The agonist-promoted kcat was decreased by 3 fold

and the constitutive kcat was decreased 11 fold. T187A shows agonist

specific effects on the kcats for GTPase activity. For acetylcholine and

oxotremorine M the both kcats are decreased despite the fact that the G:R

ratios for oxotremonne M and acetylcholine are the same or higher than the

wild type values used for comparison. For carbachol the constitutive kcat is

decreased but the agonist-promoted value is increased. The increase in

the agonist-promoted kcat may arise from the higher G:R (3.6 versus 2.5 for

wild type) but this was not the case with oxotremorine M. It appears that
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T187A adopts different conformations that are differentially stabilized by

carbachol but not other full muscarinic agonists. These results are not

predicted from the Ilgand binding data or the promotion of GTPyS binding.

The effects of TI 87A on receptor:G protein coupling must arise from an

event downstream from agonist binding and guanine nucleotide exchange.

The downstream event could either be the receptor promoted dissociation

of GDP or the dissociation of the G protein subunits before GTP hydrolysis.

The data suggest that TI 87A is less effective at promoting this downstream

event than the wild type receptor in the absence of agonist (decrease in

constitutive kcats). This decrease is alSo seen in the agonist-promoted kcat

for acetylcholine and oxotremonne M but carbachol showed a unique ability

to stabilize the receptor promoted G protein dissociation in T187A.

Characterization of Tyroslne 403 to Phenylalanine Mutant m2 mAcChR

Tyrosine 403 in m2 mAcChR is located at the top of transmembrane

sequence 6. Characterization of the ligand binding and effector coupling

characteristics of the tyrosine 403 to phenylalanine (Y403F) mutant

expressed in Chinese hamster ovary cells has been described (12). This

mutation altered (increased) the binding constants of both the high and low

affinity sites. For full agonists this mutation increased the ratio of the

agonist affinity for the free receptor to affinity for the G protein coupled

receptor (a factor). An increase in the a factor was correlated with the

increased efficacy of Y403F in the activation of physiological effectors (12).

Y403F also increased receptor:G protein affinity measured by amount of

the non hydrolyzable guanine nucleotide analog GppNHp needed to

dissociate the receptor:G protein complex. This result suggests that Y403F

is either less effective in promoting guanine nucleotide exchange than wild

type or that guanine nudeotide exchange is unaffected but that the

subsequent dissociation of the receptor from the G protein is impaired. The

results of this study indicate that tyrosine 403 is involved in both ligand



binding and G protein activation. Tyrosine 403 is far from the receptor:G

protein interface but the effector activation characteristics of this mutant

provides evidence that receptor residues far from the (3 protein interface

can affect the ability of the agonist bound receptor to promote guanine

nucleotide exchange and or G protein dissociation. Y403F was co-

expressed in baculovirus-infected Sf9 cells along with 01 to examine the

ligand binding and C protein coupling characteristics of this mutant. The

specific assays for guanine nucleotide exchange (CTPyS binding) and

turnover of OW by Gi were conducted to more dearly define the effect of

the Y403F mutation on G protein coupling.

Ugand Binding - The ligand binding characteristics of 403F are

presented in Chapter 2. Antagonist binding in Y403F from enriched

membranes from baculovirus-infected Sf9 cells showed significant

deviations from wild type. Y403 had decreased QNB binding affinity by 20

fold, and showed a 13 and 20 fold decrease in affinity for NMS and

hyoscyamine. In CHO cells the decrease in antagonist binding affinity were

only 2 fold for NMS and QNB. The 20 fold difference seen in Sf9 cells may

be a result of the high salt buffer used in the ligand binding assays.

Although the wild type receptor behaved the same in both the high and low

salt buffers (see Chapter 2) it is possible that the mutant m2 mAcChR was

more destabilized by the high ionic strength. Y403F displayed both high

(KI) and low (K2) affinity agonist binding for the full agonists carbachol,

acetyicholine and oxotremorine M and the partial agonist pilocarpine. The

high affinity site was sensitive to the addition of guanine nucleotides and

represents 32, 31 and 33 and 7% of the total receptor compared to 41,26

and 41% with wild type for carbachol, acetyicholine, oxotremorine M and

pilocarpine respectively.

The binding constants for the high affinity site for the full agonists

deviate significantly from wild type with increases in KI of 40-60 fold and

increases in K2 of over 100 fold. The changes in agonist binding in Y403F
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compared to wild type m2 mAcChR expressed in baculovirus-infected Sf9

cells are similar to the changes seen in CHO cells (12).

GTPS binding - The agonist-promoted m2 mAcChR stimulated

GTPyS binding in Y403F is a significant portion of the total GTP?S binding

with the full agonists carbachol, oxotremo.ine M and acetylcholine,

representing 22-26 % of the total GTPyS binding which is similar to values

for wild type m2 mAcChR. The partial agonist pilocarpine stimulated

GTP7S binding to a lesser extent which represented 11% of the total

GTP'yS binding which is significant decrease compared to the 20-25% for

wild type. The constitutive (agonist independent rn2 mAcChR stimulated)

levels of GTPyS binding are similar to wild type at 1.3% of the total GTPyS

binding. The GTPyS binding data show that this mutant is capable agonist-

promoted m2 mAcChR stimulated guanine nudeotide binding with full

muscannic agonists but at lower levels with partial agonists.

Mutation of tyrosine 403 to phenylalanine in the m2 mAcChR does

not affect the ability of the receptor to promote guanine nucleotide

exchange on Gi.

GTPase Activity - The kinetic parameters from the analysis of

GTPase data presented in Table 5.5 are summarized below in Table 5.9 for

Y403F. G:R indicates the G protein:receptor ratio as described in Chapter

4. GTPase data for titration with full and partial agonists for the Y403F

mutant m2 mAcChR were best fit to the equation that derived from the

mechanism with two parallel paths of GTPase activity (GTPase 2). Some

values of G:R for Y403F were intermediate between the wild type values

used for comparison. In these cases the wild type parameters were used

which yielded the smaller deviation as to not overestimate the effects of the

mutation.
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G:R KGTP (nM) kcat (mm1) KM 4tM) KA2/KAI
KA2 (tM)

acetylcholine 1.5 130 2.8 0.023 1827

2.1 42

carbachom 1.5 620 9.1 5.1 254

52 1300

oxotremonne M 12 340 6.0 0.58 10.3

0.6 6

pilocarpine 3.0 104 1.8 0.0046 5000

0.4 23

Table 5.9 KInetic Parameters from GTPase Assay for Y403F

The values of KGTP for Y403F are similar to values for wild type

receptor at similar G:R for three of the four agonists tested. AU KGTP values

are nM. The acetyicholine KGrP of 130 at G:R of 1.5 is dose to the wild

type value of 228 at G:R of 1.1. The carbachol KGTP of 620 nM at G:R of

1.5 is higher than the wild type value of 147 nM at G:R of 1.1. The

oxotremonne M Kow of 340 nM at G:R 1.2 is dose to the wild type value of

212nM atG:Rofl.1. The pilocarpine KGTP0f 104 nM atG:Rof3 isvery

similar to the wild type value of 117 nM at G:R of 2.4. Overall the values of

KGrp are not different from wild type with the exception of carbachol which

shows a four fold increase. This difference is probably significant given that

the highest KGTP measured for carbachol with the wild type receptor at any

G:R was 183 nM.

The values of KA (and the ratio KA2/KAI) for Y403F show some

significant deviations from the wild type m2 mAcChR at similarG:R ratios.

All KA values are given in p.M and are listed in the order KM then KA2. The

values of 0.23 and 42 for acetyicholine at G:R ratio of 1.5 were compared to

0.15 and 2.2 for wild type at G:R ratio of 1.7. The value of KAI is decreased

by 1.5 fold and the value ofKA2 is increased by 19 fold. The ratio of
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KA2IKAI for acetyicholine for Y403F is 1826 compared to 17 for wild type.

For one population of G protein coupled receptors the KA is decreased and

for the other population the KA is greatly increased. The values of 5.1 and

1300 for carbachol at G:R of 1.5 were compared to 0.048 and 2.3 forwild

type at G:R of 1.1. The value ofKM was increased by over 100 fold and

the values for KA2 was increased by over 500 fold. The ratio of K.A2(KAI for

carbachol for Y403F is 255 compared to 48 for wild type. With carbachol

the individual Michaelis constants for agonist and the ratio of Michaelis

constants are both increased In Y403 F compared to wild type. The values

of 0.58 and 6 for oxotremorne M at G:R of 1.5 were compared to 0.016 and

2.2 for wild type at G:R of 1.8. The value of KAI shows a 36 fold increase

and the value of KA2 shows a 2.7 fold increase compared to wild type. The

ratio of Kft.2/KAI for oxotremonne M for Y4O3FIs 10.3 compared to 138 for

the wild type m2 mAcChR. With oxotremorine M the individual values of KA

increase slightly but the ratio of KAs decreases. The values of 0.0046 and

23 for pilocarpine at G:R 3 cannot be compared to wild type which did not

show a best fit to the mechanism with multiple pathways of GTPase activity

at the highest G:R ratio tested (2.5). The individual KA values for full

agonists all increase with the exception of KM for acetyicholine. The

KA2IKAI ratio for acetyicholine and carbachol increases (100 and 5 fold) but

decreases for oxotremorine M. The data suggest that Y403F requires more

agonist for maximal activation of G proteins along both pathways of

GTPase activity and that the mutation introduces an increase in the

separation of the Ka values for the two pathways that is agonist specific.

The values of kcat for Y403F are similar or are increased compared

to the values for the wild type receptor at similar G:R. All the agonists

tested, induding the partial agonist pilocarpine, resulted in the best fit of the

data being obtained from GTPase 2, the equation which assumes the

existence of two parallel paths of GTPase activity. The following

comparisons of kcat values present the agonist-promoted value first then
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the constitutive value. The kcat values of 2.8 and 2.1 for acetyicholine at

G:R ratio of 1.5 are comparable to values of 23 and 1.4 for wild type at G:R

ratio of 1.1. The kcat values of 9.1 and 5.2 for carbachol at G:R ratio of 1.5

are compared to values of 3.1 and 1.4 for wild type m2 mAcChR at G:R

ratio of 1.1. Both carbachol kcats are increased by 3 fold. The kcat values

of 6.0 and 0.6 for oxotremorine M at G:R ratio of 1.2 are compared to

values of 3.1 and 0.6 for wild type at G:R ratio of 1.1. Here there a twofold

increase in the agonist-promoted kcat but the constitutive kcats are

identical. The kcat values of 1.8 and 0.4 for pilocarpine at G:R ratio of 3 are

compared to values of 2.2 and 1.0 for wild type at G:R ratio of 2.4. The

agonist-promoted kcats are similar but there is a twofold increase in the

constitutive kcat. It is interesting to note that the pilocarpine titrations of

GTPase activity in Y403F were best fit to GTPase 2 where all wild type

pilocarpine data were best fit to GTPase 1. In Chapter 4 the second

GTPase pathway was hypothesized to arise from the presence of

muitimeric associations of G proteins with a single receptor. Itis unclear

why Y403F would uncover the presence of this additional population of

receptors with the partial agonist when wild type did not.

Summary and Conclusions

The effects of different site directed mutants of the m2 mAcChR on

G protein coupling were examined. Ligand binding assays gave information

on the ability of mutant receptors to form the high affinity (6 protein

coupled) receptor and the ability of the mutants to bind muscarinic ligands.

The GTPyS binding assay examined the ability of mutant m2 mAcChR to

stimulate guanine nucleotide exchange. The GTPase assay examined the

ability of mutant m2 mAcChR to stimulate the GTPase activity of Gi. Data

for D69N and DIO3N were consistent with and expanded on previously

published results. D69N stimulated constitutive guanine nucleotide

exchange and GTPase activity but showed agonist-promoted activity with
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only one muscarinic agonist (OxotremorinéM). Kinetic parameters from the

GTPase assay indicate that the oxotremorine promoted activity is

decreased compared to wild type despite higher G:R ratios. Aspartate69 is

involved in not only the creation of different agonist stabilized states of the

receptor but also events downstream from guanine nucleotide exchange in

the activation of Gi. DIO3N did not demonstrate agonist-promoted GTP

binding or GTPase activity but constitutive levels of GTP'yS binding were

similar to wild type. Aspartate 103 is involved in formation of the high

affinity complex and in ligand binding. It is interesting to note that the low

levels (D69N) or absence (Dl 03N) of the receptor (3 protein complex in

ligand binding assays does not interfere with the levels of constitutive

GTPyS binding which are similar to wild type. This observation suggests

that low levels of the receptor.G protein complex in the steady state portion

of the mechanism (Chapter 4) do not interfere with the ability of the receptor

to promote GTPS binding to the intermediate complexes (Chapter 4) to an

extent seen with the wild type receptor. This result points out the potential

inaccuracy in extending ligand binding data to functional interpretations of

receptor activity. TI 87A Is similar to wild type with respect to ligand binding

and guanine nucleotide exchange with the exception of the partial agonist

pilocarpine. GTPase data show that the effects of threonine 187 on the

activation of Gi are downstream from guanine nucleotide exchange and are

agonist specific. Data for Y403F were consistent with previously published

results that showed increases in ligand binding constants but higher

efficacy in the activation of cellular effectors for this mutant Data suggest

that the effects of this mutant that result in an increase in efficacy are

downstream from guanine nucleotide exchange.

Assays for the individual steps in the activation of G proteins by

mutant m2 mAcChR have provided a more detailed understanding of the

effects of the mutations on the activation of Gi
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CHAPTER 6
CONCLUSIONS

The m2 mAcChR was well expressed in baculovirus-infected Sf9

cells. m2 mAcChR from this system showed a molecular weight that is

similar to the receptor from porcine atria and CHO cells. Addition of epitope

tags to the amino and carboxyl terminus of the receptor did not alter

expression levels of either the wild-type or mutant m2 mAcChR. The ligand

binding characteristics of wild-type and mutant m2 mAcChR were similar to

those from porcine atria and CHO cells. The heterologous expression of

m2 mAcChR in baculovirus-infected Sf9 cells is a useful system to

characterize the ligand binding of m2 mAcChR.

The purification with immunoaffinity chromatography to epitope

tagged m2 mAcChR was not productive but the procedures used in the

purification have yielded good results with other epitope tagged m2

mAcChR (data not shown) for other members of our research group.

Co-expression of G protein (Gi) subunits and m2 mAcChR at

different multiplicities of infection allowed the evaluation of the effects of the

G protein:receptor (G:R) ratio on m2 mAcChR-stimulated activation of Gi.

In enriched membranes the receptor demonstrated two pathways of

GTPase activity. Evaluation of the dependence of kinetic parameters on

agonist structure and G:R ratio Indicates that the two pathways arise from

different G protein oligomerization states. One pathway arises from

receptors coupled to a single G protein and the other pathway arises from

receptor coupled to an oligomeric association of G proteins.

Analysis of the receptor stimulated activation of Gi with four different

m2 mAcChR mutants has given insight into the effects of these mutations

on the individual steps in the activation of Gi. Data for the D69N and

DIO3N mutant expanded on previously published results. D69N stimulated
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constitutive guanine nudeotide exchange and GTPase activity but showed

agonist-promoted activity with only one muscarinic agonist (oxotremonne

M). Kinetic parameters from the GTPase assay indicate that the

oxotremonne promoted activity is decreased compared to wild type despite

higher G:R ratios. The data indicated that aspartate 69 is involved in not

only the creation of different agonist stabilized states of the receptor but

also events downstream from guanine nudeotide exchange in the activation

of Gi. DIO3N did not demonstrate agonist-promoted GTPyS binding or

GTPase activity but constitutive levels of GTPyS binding were similar to wild

type. The data indicate that aspartate 103 is involved in formation of the

high affinity complex and in ligand binding. Low levels (D69N) or absence

(DIO3N) of the receptocG protein complex (high affinity binding) in ligand

binding assays does not interfere with the levels of constitutive GTPYS

binding which are similar to wild type. This observation suggests that low

levels of the receptor:G protein complex in the steady state portion of the

mechanism do not interfere with the ability of the receptor to promote

GTP'yS binding to the intermediate complexes to an extent seen with the

wild type receptor. This result points out the potential inaccuracy in

extending ligand binding data to functional interpretations of receptor

activity. TI 87A is similar to wild type with respect to ligand binding and

guanine nudeotide exchange with the exception of the partial agonist

pilocarpine. GTPase data show that the effects of threonine 187 on the

activation of Ci are downstream from guanine nudeotide exchange and are

agonist specific. Y403F data were consistent with previously published

results that showed increases in ligand binding constants but higher

efficacy in the activation of cellular effectors for this mutant. Data from the

GTPase assay suggest this mutant result in an increase in efficacy.

Assays for the individual steps in the activation of G proteins by

mutant m2 mAcChR have provided a more detailed understanding of the

effects of the mutations on the activation of Ci.
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APPENDICES



APPENDIX A
DERIVATIONS

Appendix A gives the detail of the derivation of mechanistic

expressions for the following types of experiments: Appendix Al -

Determination of guanine nucleotide dissociation constant KN by

competition of m2 mAcChR high affinity agonist binding; Appendix A2 -

Determination of GTP dissociation constant KN by inhibition of the initial

rate of GTPyS binding; Appendix A3 - m2 mAcChR reóeptor promoted

GTPase activity; Appendix A4 - Competition agonist binding experiments.

Appendix Al - Determination of Guanlne Nucleotlde Dissociation
Constant KN by Competition of m2 mAcChR High Affinity Agonist
Binding

1. The following mechanism describes the competition of agonist, guanine

nucleotides and antagonist for binding to RG. A = Agonist, R = Receptor, G

= G protein, N = nucleotide and L = radiolabeled antagonist.

ARG( >A+RG+N ()RGN
+

L L

LRG () LRGN

where KI
(AXRG) (RGXN)

K
(RGXL) (RGNXL)

(ARG) (RON) (LRG) (LRGN)

2. Equation I describes the fraction of receptor bound to antagonist as a

fraction of total receptor.

(L,) (LRG)+(LRGN)

(Ro) (RG) + (ARO) + (RGN) + (LRG) + (uoN)

3. Substituting from step I into step2 and simplifying
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(Lbound)
(RG()+(RG

\KxKN)
(Ro) (RGj1++i+(RG1+ (NXLY

KI K) KN KxKN)

4. Adding a term for nonspecific binding of radiolabeled antagonist and

simplifying yields the form of the equation used for data analysis.

(L)
(Lbound)

= Bkgd +
(Ro) (A)1 KN

11+1
K K1[KN+(N)J)

Appendix A2 - Determination of GTP dissociation constant KN
by Inhibition of the initial rate of GTPyS binding

1. The following is a mechanism that describes the inhibition of the initial

rate of GTPyS binding to Gi by GTP.

C1+GTP'yS v-
+

GXP

1LK2

C1-GXP

4k5
RA + Gia-GXP + Gf3y

k3
C1-GTPyS - RA + Gi-GTPyS

4k4

RA + Gia-GTPyS + Gfy

Cl = agonist bound to receptor:G protein and GXP = guanine nucleotide.

2. using Ki
(ci) (GTPYS) (ci) (ow)

(C1-GTPrS) (ci-GxP)

3. (GXP) and (GTPyS) greater than total receptor (Cl) = (Cl )o

Experimental signal arises from Gi-GTPyS
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d (ci -GTPs)
4. Assuming k4 is slow i = = initial velocity of GTPyS

dt L=o

binding, = k*3 (C1)o.

k3 (GTP,$) (ci)owhere k*3 =
I I (GxP)V'

IGTP,6+K11+

d (ci -GTP3S)I = initial velocity of GTPyS binding, = k*3 [Cijo.andi, =
dt 11=0

5. At time zero (cl> = Ci -GTPP6 + Cl + Ci -GXP

= 1+(ci) (
(Gws) (GxP)\

KI K2)

6. Therefore (cl)=
(Gw,$)

KI K2)
(cl)0(cIXGTP,6)

(cx)Y KI
and (ci-Gw)

KI
1+ (Gw) ((

(Ci)o

11+
KI (1(GxP)

1 (Gw,$)'¼ 1<2

7. Substitute the expression for C1-GTPyS in step 6 into the equation in

step 4.

=
(Gw,e)(ci)0

4= k'3(Cl)

(
GTP6+Kl 11+ II

'¼ K2))

8. The double reciprocal of the equation in step 7.

( ( GXPI KI 11+
.1= 1 + '¼ '¼ 1<2

4 k3(C1 k3(c1)o GTP6
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9. Plot 1/vi Vs 1/(GTP6) at several concentrations of inhibitor (GXP)

10. Plot the slopes of the lines in step 9 vs [GXPI

11. Abssissa-intercept of the slope replot in step 10 = -K2 from mechanism

in step I which is the dissociation constant for guanine nucleotide, GXP,

from the G protein.

Appendix A3 - m2 mAcChR receptor promoted GTPase activity

1. The mechanism for the hydrolysis of GTP by Gi coupled to the m2

mAcChR in Sf9 membranes is as follows where A = agonist, R = m2

mAcChR, G = Gi and CI-C4 = intermediate complexes.

GDP GTP k7

AR + G ARG _..1ig Cl C2

P1

K21fr

A GTP3 7GDP

++
+ ku ft

R G RG C3

2. The mechanism above can be rewritten as:

C3D
)c

kl3GTP,Jf%
k17 k7GTPJ

C4

This form of the equation treats X as a rapid equilibrium segments that

slowly exchanges with Cl and C3 and allows the application of Cha's

Method (I) to determine the rate equation for the mechanism. The fs
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represent fractional concentration factors for each enzyme form in the given

rapid equilibrium segment.

3. Let X = G+ RG+ ARG, and fI 1=
(RG)

x Y

using the foflowing relationships

(RXG) (AXRG) (ARXG) (A)(R)
K1= , K2= , K3= andK4=

(ARG) (ARG) (ARG) (AR)

(RXA)

rewritef5andkllas I1)(K2 fll= KI
(R) (R)(A)

KIxK2 (KI) KI K1xK2

4. The King and Altman method (2) is used to derive distribution equations

which describe the amountof enzyme (G protein) present in each rapid

equilibrium segment as a fraction of the total enzyme:

-- = k7k9k13k15k17(GTP)2
Go

= k5f5k9k13k15k17(GTP) + k5f5k8k13k15k17(GTP)
Go

= k5k13k15k17f5(GTP)(k8 + k9)

= k5f5k7k13k15k17(GTP)2
Go

S2 = k7k9kl lfl 1k14k17(GTP) + k7k9kl ifi lkl5kll(GTP)
Go

= k7k9kl lfllkll(GTP)(k14 + k15)

(ci)
= k7k9kllfllkl3kll(GTP)2

Go

(G )
= k7k9kllfllkl3kl5(GTP)2 + k5f5k7k9k13k15(GTP)2

Go

= k7k9kl 3k1 5(GTP)2[kl IfI 1+

where Go = total Gi.

5. The velocity equation for the simplified mechanism is:
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L kl7x(G*)
v=kl7x(G) and

Et Et

where Et represents total enzyme and v = initial velocity.

6. Substitute into the velocity equation the values from the distribution

equations derived in step 4.

1'

Et

k7k9k13k15k17(GTP)2 +

+ ku 1
LKIK2J LKI

K1K2 KI

k7k9k13k15k17(GTP)2 + k5k13k15k17(k8 +

(RXA) 1

KIK2+ k5k7k13k15k17(GTP)2
(RXA)

I

K1K2 KIJ

k7k9k13k1GTP)2[

101 I(R)ll+ killIl
LKIK2J IKIJI

(RXA) (R)
I1+ +- I

K1K2 KI j

(R)

+ k7kgkllkl3kl7(GTP)2
+ +

K1K2 KI

+ k7k9kllkl7(k14 + k15)(GTP)I
(RXA) (R)1

KI

L1+ +I
KIK2 Ku

a series of simplifications and cancellations yields

(RXA)

KI K2

(RXA) +i
KIK2 KI
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v k7k9kl 1k13k15k17K2(GTP)

I (K1
GTPI k7k9kl3kl5kl7KZ 1+ 1+ k7k9k11k13k15K2+ k7k9kllkl3kl7K2

L t. (R))

+ k7k9k11k17K2(k14 +k15)

7. We can rewrite the equation in step 6 in terms of kinetic coefficients

V Numi (AXGTP)+Num2 (GTP)

Et constant + coefA x (A) + coefGTP x (GTP) + coefAGTP x (AXGTP)

where Num I = kSk7k9kI 3k1 5k1 7, Num2 = k7k9kI I ki 3k1 5k1 7K2

coef A = k5kI 3k1 5k1 7(k8 + k9), coef AGTP = klkI 3k1 5[k7k9 + k5kI 7 +

k5k9J, coef GTP = k7k9k13K2[k15k17(I + KI/(R) + ki 1k15 + ki 1k171

and const = k7k9kI I ki 7K2(kI 4 + kI 5)

8. Manipulation of these kinetic coefficients allows the determination of the

following kinetic constants: Vmaxl (VI) = initial velocity of agonist promoted

(ARG) GTPase, Vmax2 (V2) = initial velocity of constitutive/agonist

independent (RG) GTPase, KA = Michaelis constant for agonist =

concentration of agonist that gives 1/2 VI, KmGwl and KmGTP2 = Michaelis

constant for GTP = concentration of GTP that gives one-half VI and V2.

9. The equation from step 6 can be rewritten using the kinetic constants

from step 8 and yields the form of the velocity equation that is used to fit

experimental data

v VI (AXGTP)+V2xKA(GW)
= GTPase I

Et (AXGTP) + KA (GTP)+KGTPI (A)+KGTP2 (Ka)

where VI = agonist stimulated m2 mAcChR promoted GTPase activity

V2 = agonist independent (constitutive) m2 mAcChR promoted GTPase

activity, A = concentration of agonist, G = concentration of GTP, KA =

Michaelis constant for agonist, KGTPI/2 = Michaelis constant for GTP
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10. For more than one dass of receptors there are two parallel reaction

pathways and the GTPase equation in step 9 becomes

v VII (AXGTP) + V21x KAI (GTP)

Et KAIxKIGTP2+KIGTPI (A)+KAI (GTP)+(AXGTP)

VI2 (AXGTP)+v22xKA(Gw)
KA2 x K2GTP2 + K2GTPI (A) + KA2 (GTP) + (AXGTP)

11. Analysis of experimental data using the equation in step 10 indicated

that the value of the Km for GTP was the same for Ki GTPI, 1(1 GTP2, K2GTPI

and K2GTP2 which yields the following form of the equation

v VII (A)(GTP) + V21 x KAI (GTP)

Et KAxKGTP+KGTP (A)KAI (GTP)+(AXGTP)

V12 (AXGTP) + vn x KA (Gw)

KA x KGTP + KGTP (A) + KA2 (GTP) + (AXGW)

12. The equation in step 11 predicts that as agonist concentration goes to

0 the coflstitutive (agonist independent) m2 mAcChR promoted (3TPase

activity at the two classes of sites will be equal which yield the from of the

equation used for data analysis

vii (AXGTP)+v2xKAl (GTP)
GTPase 2

Et KA x KGTP + KGTP (A) + KAt (Gw) + (AXGTP)

VI2(AXGTP)+V2xKA(GTP)
KA x KGTP + KGTP (A) + KA2 (Gw) + (AXGTP)

where Vii and V12= agonist stimulated m2 mAcChR promoted GTPase

activity at the two classes of receptor sites, V2 = agonist independent

(constitutive) m2 mAcChR promoted GTPase activity, A = concentration of

agonist, G = concentration of GTP, KA = Mlchaelis constant for agonist,

KGTP = Michaelis constant for GTP

Appendix A4 - Competition agonist binding experiments

1. The equation which describes agonist binding to the m2 mAcChR is

derived from the following equilibrium expressions:



R+L -, RL and K
(RXL)

A +R 4- AR and KI
(AXR)

(RL) (AR)

Ro = R+RL + AR Lo =L +RL so L = Lo-RL

where R = m2 mAcChR, L = radiolabeled antagonist, A = agonist, Ro = total

receptor and La = total radiolabeled antagonist

I 2L (RL) (AR)i++ therefore
(R) (R) (R)

2. (R)=
(Ro)

(RL) (AR)
by substitution 3. (R)

(Ro)

1++___ (L) (A)

(R) (R)
1++

K KI

4. By Definition (RL)
K

5. Let (L) = (1.0)- (RI..) therefore (RL)
°) - (RL)]

K

6. Substitute from step 3 into step 5. (RL)
S!0E(o) - (RL)]

KI K

7. simplify and substitute (Lo)-(RL) for L (RL)
(Ro)(Lo) (ROXRL)

K[1+i]+(Lo)_(RL)
KI

8. Rewrite equation 7 for multiple classes of non interacting sites to give

the equation below where KI = agonist Kd at the ith site.

(RL) =
jo)

9. Solve for (RL) Qth site)
'1K ( )+()_()

(RL) x K[1
+

+ (XRL) - (RL)2 = (RoX) - (Ro)(RL)

10. Quadratic solution to RL

o
()2 - (RL){K[1 + (L.o) + (Ro)} +

II. For multiple classes of sites



n 2[(RnXL0)](RL)= Zb+
1=1 4(RnXL0)

where b=K[I+i]+(Ro)+(Lo)
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12. Solution for agonist affinity of a given class of sites (i.e. site 1)

(RIL) (RI) + (L) when (I..) = (Lo) i.e. bound ligand is much less than total

ligand (appx. = free ligand) KI = (R1XLO)subsJte the expression for RL
(RIL)

from step 11 KI 2(RIXL0)

b + - 4ac

The equation in step 8 used for data fitting describes the competitive

binding of a radiolabeled ligand (L) and an agonist (A) to receptor (R). If

there are two populations of sites R (RI and R2) that bind L with the same

affinity and A with different affinity (KI and K2) then the solution for RL is

cubic rather than quadratic. It is possible to describe the binding of two

sites as a sum of two quadratic equations if the amount of L displaced from

RL when A binds is small compared to free L. The quadratic equation

describes the amount of L completely displaced by A: L = Lo-RL, but if we

describe the binding of A to two sites then L competed off by RI is not

taken into account by the second quadratic which describes binding to the

second pool. When Lo is much greater than Ro then L is approximately

equal to Lo and small additions to Lo from RL do not appreciably change

Lo.
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APPENDIX B
CLONING

Part I Flow Chart Scheme of ClonIng Procedures

The flow chart below is a summary of the cloning steps used to

generate the various pVLI 392 m2 mAcChR expression constructs. The

flow chart specifies only the region of the sequence relevant to the

indMdual cloning step. For further details of individual steps see part 2. All

listed cloning steps were performed in the pSVE mammalian expression

vector and cloned into the pVLI 392 Sf9 expression vector as an EcoRl/RV

fragment from pSVE into the EcoRlISmal site in the multiple cloning

region of pVLI 392 Site directed mutants of the m2 mAcChR (D69N,

DIO3N, T187A, and Y403F) were cloned into the various pVLI 392

expression constructs as a BstBVHindIll fragment from pSVE construct

which contains the sequence from before any mutant position to the end of

the m2 mAcChR sequence (see Part 2).

om2.musc
EcoRl

..t.

5' GAATCACTCGAGGTCTAGAGTCGCAGGAAATGTGTA iTT GGC

TATCTGGCTACTGA GTAGAGAACA CA&A ATG AAT MG 3'
Met pm2 sequence

weak
Kozak

I PCR to remove 5' untranslated region
..L. and convert weak Kozak to strong
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om2.musc..short

EcoRl
1

5' GAAU CACC ATG AAT AAC
.i Met-. pm2 sequence

strong
Kozak I Digest vector with EcoRl - insert 60 mer

I with EcoRl sticky ends to insert HAl and
I

TEV protease consensus sequence

om2.musc.short.HAI TEV
EcoRl

4.

5' GAA1T CACC ATG TAG CCT TAC GAG GTI CCG OAT TAG OCT
4. Met Tvr Pro Tvr Mo Val Pro Mo Tvr Ala

strong HAl Epitope sequence
Kozak

GM MT CTG TAC 1T CM GOC CM TIC ACC ATG MT MC
Glu Asn Leu Tvr Phe Gin Gly Gin Phe Thr Met-. pm2

TEV protease consenéus

I PCR to regenerate 5' untranslated region
I and add Spel restriction site

4.

illEI,fSk t4Y
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øm2.muscHAI .TEV
EcoRl

1.

5' GAATCACTC GAGGTCTAGA GTCGCAGGT TMATGTGTA

MIul
4,

1TFGGCTACT TGGCTACTGA GTAGACGCGT CACC ATG
.1, Met

strong

Kozak

TAC CCI TAC GAC GTF CCG GAT TAC GCT
Tvr Pro Tvr MD Val Pro Mo Tvr Ala

HAl Epitope

sr
GM AAT CTG TAC 1T CM GGC ACT AGT ATG MT MC
Glu Mn Leu Tvr Phe Gin GIv Thr Ser Metp pm2 sequence

TEV protease
consensur

I Cut with MIul and Spel to remove HAIITEV
I insert obgo with MIulISpel ends to add myc
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pm2.musc.myc
EcoRl

5' GM1TCACTC GAGGTCTAGA GTCGCAGGTF TAMTGTGTA

MIul
..L.

1TGGCTACT TGGCTACTGA GTAGACGCGT CACC ATG GAG CAA
4 Met Giu Gin

strong myc
Kozak

AAA CTG ATr TCG GAG GAA GAC CTA ACT AGT ATG AAT MC
Lvs Leu tie Ser Glu Glu Aso Leu Thr Ser Met, pm2
sequence
epitope

I
Cut with MIul and Eco RI - fill in and religate

I
to remove 5' untranslated sequence

om2.musc.short.mvc
EcoRl

5'GAAUCGCGTCACCATGGAGCAMAACTGATlTCGGAGGMGAC
1. Met Glu Gbi Lvs Leu He Ser Glu Glu Aso

strong myc epitope
Kozak

SpeI

CTA ACT AGT ATG MT MC
Leu Thr Ser Met, pm2 sequence

Digest with EcoRl and Spel to remove myc
I
and insert oligonucleotide with EcoRl

I
Spel ends to insert myc epitope and

I TEV protease consensus sequence
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om2.musc.shoitmvc.TEV
EcoRl

L.

5' GAATFCGCGT CACC ATGGAGCAAMACTGAT1 TCG GAGGAAGAC
..L. Met Glu Gin Lvs Leu lie Ser Glu Glu ASD

strong myc epitope
Kozak

Spel

CTA GAA AAT GIG TAC 1T CM GGC ACT AGT ATG MT MC
Leu Glu Mn Leu Tvr Phe Gin GIv Thr Ser Met) pm2
sequence

TEV protease consensus

I Digest with EcoRl and Spel to remove myc
I
and insert oligonucleotide with EcoRl

I
Spel ends to insert CBP epitope and

I
TEV protease consensus sequence

5' GMTFC CACC ATG MG CGA CGA TGG MAMGAA1TFC AlA

!JJ

strong CBP Epitope

Kozak1

GCC GTC TCA GCT GCC MC CGC 1T MG AM ATC TCA TCC GGG

GCA CU GM MT GIG TAC 1T1 GM GGG ACT AGT ATG MI MC

Ja Gys Giu Mn Lvs Tvr Phe Gin Glv Thr Ser Met* pm2

1EV prótease consensus sequence

1
for cloning into pVL1 392 mel the Kozak sequence CACC is absent
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Part 2 SIte Directed Mutagenesis and Cloning of pVL1392 m2 mAcChR
Expression constructs

pm2.musc

The wild-type coding region of the m2 mAcChR In the pSVE

expression vector was a gift from Dr. Daniel Capon (Genenteth).

pm2.musc.short

pm2.musc.short has the 75 base pair 5' untranslated region of the

m2 mAcChR sequence removed using PCR mutagenesis. The PCR

mutagenesis consisted of creating an EcoRl site just 5' of the initiating

methionine residue of the m2 mAcChR sequence. The 3' primer to create

the complementary strand was initiated from a unique Nhel site in the m2

mAcChR sequence. The double stranded PCR product was digested with

EcoRlINhel and ligated back into pSVE.pm2.musc cut with EcoRl/Nhel to

replace the 5' region of wild-type m2 mAcChR with the short version. This

procedure allowed creation of a Kozak sequence (CAAC) closer to the

consensus sequence creating a better promoter for RNA transcription.

pm2.musc short was transferred pVLI 392 as an EcoRIiRV fragment from

pSVE.pm2.musc.short into the EcoRlISmal site of pVLI 392.

pm2.musc.shoit HAl .TEV

pm2.musc.short.HAI .TEV is the 5' truncated version of the wild-type

m2 mAcChR sequence with the HAl epitope and TEV (tobacco etch virus)

protease consensus sequence at the extreme N terminus of the m2

mAcChR coding sequence The HAl epitope and the TEV protease site

were inserted by creating complementary 60 base pair oligomers which

coded for both sequences and had an EcoRl consensus sequence at each

end. The sequence of the HAl epitope is Tyr-Asp-VaI-Pro-Asp-Tyr-Ala.

The TEV protease consensus sequence is Glu-Asn-Leu-Tyr-Phe-Gln-GIy-
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Thr-Ser. The coding strand of the 60-mer 1s5' -AAT TCA CCA TGT ACC

CU ACG ACG rrc CGG AU ACG CTG AM ATC TGT ACT TFC MG

GCC -3'. After annealing and digesting (EcoRl) the fragment is inserted

into the EcoRl site in pSVE.pm2. musc. short. The construct was

transferred into pVL1392 as an EcoRIJRV fragment from

pSVE.pm2.musc.short.HAI .TEV into the EcoRlISmal site of pVLI 392.

pm2.musc.shoitmyc.TEV
pm2.musc.shortmyc.TEV is the 5' truncation of the wild-type m2

mAcChR with the myc epitope and intervening TEV (tobacco etch virus)

protease consensus sequence at the extreme N terminus of the m2

mAcChR. The myc epitope and the TEV protease site were inserted by

creating complementary 81 base pair oligomers which coded for both

sequences and had an EcoRl consensus sequence (5') end and an Spel

consensus sequence (3') end. The sequence of the myc epitope is Glu-

Gln-Lys-Leu-lle-Ser-Glu-GIu-Asp-Leu. TheTEV protease consensus

sequence is GIu-Asn-Leu-Tyr-Phe-Gln-Gly-ThrSer. The coding strand of

the 75-mer is 5'- AGA GM UC ACC GCG TCA CCA TGG AGC MA MC
TGA lTr CGG AGG MG ACC TAG AM ATC TGT ACT 1TC MG GCA

CTA GTA. After annealing and digesting with EcoRlISpel the fragment is

inserted into the EcoRl/Spel site in pSVE.pm2.musc.myc.short. The

construct was transferred into pVLI 392 as an EcoRl/EcoRV fragment from

pSVE.pm2.musc.short.myc.TEV into the EcoRlISmal site of pVLI 392.

pm2.musc.myc.short
pm2.musc.myc.short is the truncated version of pm2.musc.myc

Which removes the 75 base pair 5' untranslated region created by digesting

pSVE pm2.musc.myc with MIul and EcoRl and religating.
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pm2.musc.myc

pm2.musc.myc was cloned from pSVE.pm2.musc.HAI .TEV by

inserting an ohgonucleotide with the myc sequence into the MIul/Spel

digested pSVE.pm2.musc.HAI .TEV which removes the HAl .TEV.

pm2.musc. HAl .TEV

pm2.musc. HAl .TEV was created with PCR to regenerate the 75

base pair 5' untranslated region of the m2 mAcChR from

pSVE.pm2.musc.short HAl .TEV.

pm2.musc.D69N and pm2.musc.DIO3N

The aspartate mutants D69N and DIO3N were produced by

oligonucleotide-directed mutagenesis by the method of Kunkel et. al. (1).

For mutagenesis the wild-type coding region of the m2 mAcChR was

ligated into M13mp18 as a HindllVEcoRlfragment derived from the pSVE

expression vector (2). The mutations were introduced by priming second

strand synthesis with the antisense oligonudeotide: 5'-GATGAGGUAGC

ACAGGC-3' (D69N), and 5'-CACGTAGTICAGAGCTAG-3' (DIO3N) (base

changes are underlined). Mutant sequences were confirmed by dideoxy

sequencing (3). The mutated coding region was ligated into the pSVE

expression vector and transferred into pVLI 392 as an EcoRl/EcoRV

fragment from pSVE.pm2.musc.D69N or pSVE.pm2.musc.DIO3N into the

EcoRl/Smal site of pVLI 392.

pm2.musc.short.D69N..HAI .1EV

pm2.musc.shoitD69N.HAI .TEV is the D69N mutant of the m2

mAcChR with the HAl epitope and intervening TEV protease consensus

sequence at the extreme N terminus of the m2 mAcChR coding sequence.

The BstBVH!ndffl fragment from pSVE.pm2.musc.D69N contains the

sequence from before the D69N mutant position to the end of the m2
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mAcChR sequence. This fragment is inserted into BstEll'HindUl digested

pSVE.pm2.musc.shorLHAl and transferred into the EcoRlISmal site of

pVLI 392 as an EcoRIIEcoRV fragment from

pSVE.pm2.musc.short.D69N.HAI .TEV.

pm2.musc.short.D69N.myc

pm2.musc.short.D69N.myc.TEV is the D69N mutant of the m2

mAcChR with the myc epitope and intervening TEV (tobacco etch virus)

protease consensus sequence at the extreme N terminus of the m2

mAcChR coding sequence. The B8tE1LH!ndHl fragment from pSVE.pm2.

musc.D69N contains the sequence from before the D69N mutant position to

the end of the m2 mAcChR sequence which is inserted into the

BstE1VI-IindHl digested pSVE.pm2.musc.short.myc. The mutant m2

mAcChR was transferred into the EcoRlISmal site of pVLI 392 as an

EcoR1iEcoR/ fragment from pSVE.pm2.musc.short.D69N.myc

pm2rnuscshoitTl 87A

The threonine to alanine mutant pm2.muscshort.T187A was

produced by oligonudeotide-directed mutagenesis by the method of Kunkel

(1). For mutagenesis the wild-type coding region of the m2 mAcChR was

ligated into M13mp18 as a HindtIL'EcoRlfragment derived from the pSVE

expression vector (2). The mutations were introduced by priming second

strand synthesis with the antisense oligonucleotide: 5'-MT GGC AGT CCC

MA GGQ cAC AGC gGC GT1 GGA MA MA CTG-3'. The base change

leading to the T187A mutation is underlined. 2 additional base changes

(lower case-italics) were introduced to create a unique restriction site for

screening. Mutant sequences were confirmed by dideoxy sequencing (3).

The mutant was ligated into the pSVE expression vector for expression in

Chinese hamster ovary cells. The NheliHindlll fragment from pSVE was

ligated into Nhel,1-IindlIl digested pSVE.musc.short. The mutated m2
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mAcChR was transferred into pVLI 392 as an EcoRIJEc0RV fragment from

pSVE.pm2.musc.short.T187A into the EcoRlISmal site of pVLI392.

pm2.musc.Y403F

The tyrosine to phenylalanine mutant pm2.musc.Y403F was

produced by oligonudeotide-directed mutagenesis by the method of

Vandeyar (4) using E. coil strain ER1415. For mutagenesis the wild-type

coding region of the m2 mAcChR was ligated into Ml 3mpl 8 as a

HindllVEcoRl fragment derived from the pSVE expression vector (2). The

mutation was introduced by priming second strand synthesis with the

antisense oligonucleotide: 5'-ATGACGTrGMCGGGG CCCAA-3' (the

base change is underlined). The sequence of the Y403F was confirmed by

dideoxy sequencing (3). The mutated coding region was ligated into the

pSVE expression vector for expression in Chinese hamster ovary cells.

The mutated m2 mAcChR was transferred into pVLI 392 as an

EcoRIIEcoRV fragment from pSVE.pm2.musc.Y403F into the EcoRIISmal

site of pVLI 392.

pm2.musc.short.CBP SE V

The CBP epitope was obtained by PCR amplification from pCAL-n-

EK (Stratagene). A 120 base pair PCR fragment was digested with Sma I

and Eco RI. This fragment is inserted into the SpelIEcoRl digested

pSVE.pm2.musc.short.myc.TEV. The mutated m2 mAcChR was

transferred into pVL1392 as an EcoRI/EcoRV fragment from

pSVE.pm2.musc.shorlD69N.myc into the EcoRIISmal site of pVLI 392.

pm2.muscshort.mel.CBP.TEV

The CBP epitope was obtained byPCR amplification from pCAL-n-

EK (Stratagene). A 120 base pair PCR fragment (lacking a Kozak

sequence) digested with Spel and EcoRl was inserted into SpelIEcoRl

digested pSVE.pm2.musc.short.myc.TEV (removes the myc epitope and
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inserts CBP epitope). The mutant m2 mAcChR was transferred into

pVL1392 as an EcoRl/EcoRV fragment into the EcoRlISmal site of

pVL1392.mel. pVL1392.mel is the pVLI 392 with a mel leader sequence

which was inserted with complementary oligomers which coded for the mel

sequence and had an BgIll consensus sequence at the 5' end and an

EcoRl consensus sequence at the 3' end. The amino acid sequence of

met is Met-Lys-Phe-Leu-Val-Ala-Leu-Val-Phe-Met-Val-Val-Tyr-lle-Ser-Tyr-

lle-Thr-Ala. Two amino acids (Glu, Phe) are inserted between the mel and

the musc sequence. The coding strand of the oligomer is 5' - TGA AGA

TCT TAA ACC ATG AM UC TTA GTC MC GT GCC CU GU rr

ATG GTC GTG TAC. After annealing and digesting with BgIIL/EcoRl the

fragment is inserted into the Bglll/EcoRl site of pVL1392.

pm2.musc.short.mel.NSII

Two complimentary oligonudeotides which contained the Strep tag II

were annealed and cut with EcoR I and Xba 1. The sequence of the

oligonudeotide is 5'- ATG MT CCA TGT GGA GCC ACC CGC AGT TCG

AAAAAT CTA GAG AT. pVL1392.mel.CBP.TEV i3â was digested with

EcoRl and Spel to remove the CBP.TEV sequence and the fragment

containing the Strep tag II was ligated in. This procedure also creates a Thr

to Ser alteration before the initlaing methionine of the m2 mAcChR

sequence.

pm2.musc.shoitmel.Flag (-!+13A)

Two oligonucleotides were annealed which contained the Flag

epitope and sticky ends that correspond to Pst I and Spe I sites. The

sequence of the two oligonucleotides was 5' GAT TAC MA GAT GAC

GAC GAT GCG A and 5'- CTA GTC TCG TCG TCA TCT UG TM TCT

GCA. The fragment were ligated into pVL 1392.pm2.musc.short.CBP (-

/+i3A)cutwlthPstl and Spel.
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pm2.musc.short.meLCl OHis

The carboxyl terminus 10 histidine tag was engineered by PCR from

pSVE.musc. The 5' pnmer sequence was 5- TCC TIC CCG GGA AAA

GM GT which anneals in the musc coding sequence. The 3' primer was 5'

- TAT MG MC ATA GGC GCT ACA AGG (CMT)10 TM GAT ATC MG

CTT which anneals at the end of the musc coding sequence. This 421

base pair fragment adds the ten histidine residues followed by a stop codon

(TM) and an EcoRl (GATATC) and Hinalil (MGCCT) site. The fragment

is digested with Smal and HindllI and ligated into Smal/Hindlll digested

pSVE.pm2.musc.short and transferred into the EcoRlISmal site of

pVL1392.mel as an EcoR1IEcoR/ fragment from pSVE.pm2.short.ClOHis.

pm2.musc.short.13A (applies to all 13A constructs)

13A refers to the removal of most of intracellular loop 3. Digestion of

the m2 mAcChR with Mscl and Smal and religation of the blunt ends

(deletes bases 677-1141) results in a receptor missing amino acids 227-

381 of intracellular loop 3 and conversion of alanine 226 to glycine.
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APPENDIX C
THE POISSON EQUATION1

The Poisson equation (below) describes the sampling distribution for

the number of cells receiving 0, 1, 2 ..... virions as a funtion of multiplicity of

infection (MOl). Multiplicity of infection in a culture of cells is the number of

infectious units (viruses) divided by the number of cells in the culture.

sre_s
Pr=

where r is the number of partides in a given sample (a cell), s is the

average number of particles per sample (MOl), e is the base of the natural

logarithm system and r! is the product of rx(r-1)x (r-2)x ..... x 1. Pr is then

the probability that a given cell will contain r particles (fraction of cells

receMng r infectious particles.

lj Fraenkel-Conrat H, Kimball PC, Levy JA. Wology. Englewood Cliffs, New Jersey:
Prentice HaIl; 1988.
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APPENDIX D
EXPRESSION LEVELS OF M2 MUSCARINIC ACETYLCHOLINE

RECEPTOR CONSTRUCTS ANDIOR G PROTEINS IN BACULOVIRUS
iNFECTED SF9CELLS

Appendices Dl and D2 summarize the expression of various m2

muscannic acetylcholine receptor (m2 mAcChR) constructs and/or G

proteins. For a description of the various constructs see Appendix B

Cloning. The following abbreviations are used:

musc = pm2.musc.short = wild type m2 mAcChR with deletion of 5' untranslated region

MHT = pm2.musc.shorLHAl .TEV = HAl epitope tagged short m2 mAcChR with TEV
protease consensus sequence

MM = pm2.musc.shortmyc = myc epttope tagged short m2 mAcChR

MMT = pm2.musc.shorimyc = myc epitope tagged short m2 mAcChR with TEV protease
concensus sequence

MHTI3 = pm2.musc.shorLHAl .TEV = HAl epitope tagged short m2 mAcChR with TEV
protease consensus sequence and deletion of most of intracellular loop 3

MMTI3.6 = pm2.musc.shcrt.myc myc epitope tagged short m2 mAcChR with TEV
protease concensus sequence and deletion of most of intracellular loop 3

MCmTI3A pm2.musc.short.CBP.mLTEV.I&t = CBP (calmodulin binding peptide) tagged
short m2 mAcChR with meliltin leader sequence, TEV protease concensus sequence and
deletion of most of intracellular loop 3.

MmCIOH = pm2.musc.short.mel.CIOHIs = short m2 mAcChR with mellitin leader
sequence and 10 histidine residues at the extreme carboxyl terminus

MmNSHI3A = pm2.musc short meiSIl. 13A = short m2 rMcChR with mellitin leader
sequence, amino terminal Strep-tag II and deletion of most of intracellular loop 3

MmFlag pm2.musc short meiFlag = short m2 rMcChR with melhtin leader sequence,
amino terminal Flag epitope

MmFlag 134 = pm2.musc short meLFlag.i34 short m2 mAcChR with mellitin leader
sequence, amino terminal Flag epitope and deletion of most of intracellular loop 3

69HT= pm2.musc.short.069N.HAI .TEV = HAl epitope tagged D69N mutant short m2
mAcChR with TEV protease conceflsus sequence

69M = pm2.musc.sho.tD69N.rnyc = myc epitope tagged D69t4 mutant short m2 mAcChR
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69H113t = pm2.musc.short.D69N.HAI .TEVJ3& = HAl epitope tagged D69N mutant short
m2 mAcChR with TEV protease concensus sequence and deletion of mostof intracellular
loop 3

69N13A = pm2.musc.short.D69N.myc.i3A = myc epitope tagged D69N mutant short m2

mAcChR with deletion of most of intracellular loop 3

DIO3N = pm2.musc.D1O3N=DIO3N mutant m2 mAcChR

TIBiA = pm2.musc.sho.tTI87A = T187A mutant short m2 mAcChR

Y403F = pm2.musc.Y403F = Y403F mutant m2 mAcChR

a,,y Gprotein subunits



Appendix Dl Expression of m2 mAcChR Constructs

Construct Date MOI Vol cells! time ml
(L) ml (h)

musc 4/30/96 1 1 1e6 72 5

MHT 4/30/96 1 1 1e6 72 5

musc 5/10/96 1 2 1e6 72 15

MHT 5/10/96 1 2 1e6 72 15

musc 7/19/96 1 1 1e6 72 10

MHT 7/19/96 1 1 1e6 72 12.5

MM 11/22196 1 1 1e6 72 7.5

69HT 12/2/96 2-3 1 1 e6 72 2x6

69M 12/2/96 2-3 1 1e6 72 2x7.5

MM 12/2196 1 1 1e6 72 3x2

musc 1/9/97 1 1 1e6 72 2x4

MHT 1/9/97 1 1 1e6 72 2x4

MM 1/13/97 1 1 1e6 72 2x4

69HT 1/20/97 1 1 1e6 72 12.5

69M 1/20/97 1 1 1e6 72 10

MMT 5/19/97 0.4 1.8 1e6 72 2x5

MMT 5/24/97 0.4 1.5 0.83e6 72 2x4

MMT 7/11/97 1 1.5 1.6e6 96 2x4

Sf9 cells 8/22/97 n.a. I n.a. n.a. 2x7.5

Sf9 cells 9/27/97 n.e. I n.a. n.e. 2x5

MMT 12/3/97 1.5 1.5 3.2e6 96 2x8

musc 1/23/98 1 1 1 .5e6 96 1x4

musc 1/23/98 2 1.5e6 96 1x4

musc 1/23/98 4 1 .5e6 96 1x4

Rec/
Cell

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

n.d.

1.6e6

1.9e6

n.d.

I .3e6

8.8e5

n.a.

n.e.

52e5

1.3e6

12e6

I .2e6
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S.A.

50(0/35)

22(0/35)

57(20/40)

52(20/40)

49(20/60)

32(20/40)

12(20/60)

26(20/60)

23(20/40)

17(20/40)

6(20/40)

5(20/60)

12(20/40)

18(20/45)

20/40

20/60

32(20/45)
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Appendix Dl Expression of m2 mAcChR Constructs continued

COnStrUCt Date MOl Vol cells! time ml Red SA
(L) ml (h) Cell

MMT 1/29/98 2 1.5 0.8.6 96 2x5 1e6 15(20/45)

MMT 2(25/98 1 1 1e6 96 1x4 22e6 16(20/45)

MMT 2/25/98 3 1 1e6 96 1x4 2.2e6

MMT 2/25/98 6 1 1e6 96 1x4 2.2e6

musc 2/28/98 2 1.5 1.6 96 2x3 2.6.6 28(20/45)

musc 3/3/98 2 1 1e6 96 2x3 5.4.6

MMT 3/11/98 1 1 1.3e6 96 2x5.5 1.4e6

MItT 3/16/98 1 1 5.4.5 72 2x4.5 6.7e5

musc 5/1/98 1 1 1e6 112 2x5 2e6

MHT 5/15/98 1 0.5 7.8.5 62 2 32e6 38(20/40)

MMT 5/15198 1 0.5 2.6 62 2 2.1e6 4(20/40)

69HT 5/15/98 1 0.5 6.1e5 62 2 6.4.6 60(20/40)

69M 5/15/98 1 0.5 8.5e5 62 2 3.4e6 45(20/40)

69HTI3A 5/23/98 1 0.5 32.6 61 5 3.7e6 45(20/40)

69Mi3t 5/23/98 1 0.5 2.6e6 61 6 1 e6 32(20/40)

muscl3A 6/6/98 1 1.2 1 e6 62 5 3.45e6 35(20/80)

MHTI3A 6/6/98 1 1.2 l.1e6 62 5 2.7e6 20(20/60)

MMTI3 6/6/98 1 12 1.1e6 62 5 5.6

DIO3N 6127/98 1 1 1e6 64 5 0.9e6

MCm113A 10/10/98 2 2 1e6 68 8 0.7.6 46(20/40)

MCmTi3 11/3/98 4 2 1.6 64 4 8.5

MmCIOH 12/19/98 3 IL 1e6 62 2x4.5 2.66e6 49(20/40)

MmCIOH 12/26/98 3 IL 1.6 64 4 2.84.6 37(20/40)

MmNsI1i3 12126/98 3 IL 1e6 64 4 4.8.6 87(20/40)
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Appendix Dl Expression of m2 mAcChR Constructs continued

Construct Date MOl Vol ceIlsI time ml Red SA
(L) ml (h) Cell

Mmcl OH 1/5/99 3 1.5 1 e6 63 2x5 I .6e6 33(20/40)

MmNSHI3& 1/5/99 3 1.5 1e6 63 2x4.5 1.51e6 31 (20/40)

Mmcl OH 1/9/99 3 1.4 1.6 62 2x5 2.7e6 36(20/40)

MmNSIII3A 1/9/99 3 1.4 1.6 62 5175 2.6.6 85(20/45)

MHT/69M 1/13/99 511-10 0.5 1.1.6 62 1.5 see notes

MmCIO 1/14199 3 1.2 1.6 62 4.6 2.14e6

MmNSIIi3A 1/14/99 3 1.2 1e6 62 5.1 2.8.6

MHT 1/18/99 2 1 1e6 62 2x5 7.2e5

69M 1/18/99 2 1 1.6 62 2x4 1.96.6

MMTI69HT 1/19/99 511-10 0.5 1.6 62 2.5 see notes (20/45)

MmCIOH 1/21/99 3 1 1.1.6 63 2x4 2.1.6 (20/45)

MmCIOH 1/21/99 3 1 1.1.6 63 2x3.5 1.57.6 (20/45)

69MIMHT 1/28199 5/1-10 0.5 1e6 62 2 seenotes

MmNSIII3A 1/26199 3 1.5 1.6 62 2x3 4.22.6

Mmcl OH 2/8/99 3 3 1e6 62 4x4 2.3.6 (20/45)

Mmcl OH 2/8199 3 3 1.6 62 2x4 2.9.6 (20/45)

69HT/MMT 219/99 511-10 0.5 1.6 63 4 see notes

MmCIOH 2112/99 3 1 1.6 64 2x3 2.12.6 20/4554

MmCIOH 2/23/99 3 2 1e6 62 4x3 3e6 20/4554

69M/MHT 2/23/99 4/1-10 0.5 1.6 63 2 see notes

Mmflag 2125/99 3 1.5 1.6 60 2x4 2.5e6s

Mmfiagi3A 2/25/99 3 1.5 1.6 60 2x4 2.6.6

DIO3N 2/25/99 3 1.5 1.6 60 2x4 2.9.6

MmCIOH 4/17/99 3 1 1e6 62 2x3 2.6 puril
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Appendix Dl Expression of m2 mAcChR Constructs continued
Construct Date MOl Vol cells! time ml Red S.A.

(L) ml (h) Cell

MmCIOH 4/23/99 3 4 1.6 62 4x3 see notes purif

MmCI OH 4/24/99 3 3 1 e6 62 2x4 I .3e6 punt

MmCIOH 5/3/99 3 4 1.6 64 4x5 see notes punt

MmCIOH 5/3/99 3 3 1.6 64 3x5 1.1,22.7.6 punt

Appendix Dl Expression of m2 mAcChR Constructs Construct descilbes the
expression construct; Date indicates the date the cells were harvested; MOI indicates the
multiplicity of Infection of receptor Vol Indicates the volume of cells harvested; celusImi
indicates the cell density the day the cells were harvested; time indicated the hours post
infection that the cells were harvested; ml Indicates the mis of packed cells harvested;
R.cIC.1I Indicates the receptors per cell at the time of harvest; SA. indicates the specific
activity of receptor binding sites In pmoles1 receptor/mg of total protein

pmoles of receptor binding sites determined by tnitiated quninuclidinyl benz,Iate binding
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Appendix D2 Expression of m2 mAcChR Constructs and G Proteins

Consfruct Date MOl Vol cells! time ml Red SA
R-G (L) ml (h) Cell

ay 8/22/97 0-3 1 1e6 96 2x2 n.a. n.d.(20/40)

n.d. (20/40)

musc + ay 8/22/97 3-3 1 1 e6 96 2x2 1.4.6 17(20/40)

34(20/40)

musc + ay 9/24/97 2-1 1.6 2.6.6 96 6 1.7.6 13(20/60)

MHT +ay 10/3/97 2-1 1.5 3.6 96 2x5 5.9.5 7.3(20/60)

MMT + ay 10/3/97 1-1 1.5 3.6 96 2x5 4.5e5

69HT + afiy 10/3/97 1 1 1.5 3e6 96 2x5 7.6.5 8(20/60)

69M + c43y 10/3/97 1-1 1.5 3e6 96 2x5 1.6

musc + fry 12/3/97 1 1 1.5 3.2.6 120 2x8 1.6 13(20/60)

musc + ay 12/3/97 1 1 1.5 3.2.6 120 2x8.5 6.6.5 6.5(20/90)

69M + ay 12/3/97 1 1 1.5 3.2.6 120 2x7.5 1.6 21(20/60)

musc + * 12/8/97 8-1 1.6 1.6.6 96 2x5 22.6 20(20/60)

musc + a 3/27/98 1 1 0.5 12.6 72 2 7.3.5

Sf9 + fry 3/27/98 1 1 0.5 12.6 72 1 n.a.

5f9+a 4/8198 0-1 1 1.6 n.a. 3 n.a.

rnusc + a 4/8/98 2-1 1 1.1.6 96 2x3 2e5 33(20/60)

Sf9 + fry 4/8(98 0-3 1 1.1.6 96 2x3 n.a.

5f9 + czfry 4/8/98 1 1 1.1.6 96 2x3 n.a.

Sf9+a 4/28/98 1.5 1 1.1.6 96 2x4 n.a.

MItT + uy 5/8/98 1 1 1 1.22.6 72 5 9.5 11(20/60)

Sf9 + a 5/8/98 1 1 1.22.6 72 4.5 n.a.

5f9+fry 5/8/98 1 1 1.6 72 4 n.a.

musc + (7 5/23/98 1,11414 1 0.76.6 65 5 0.95.6 9.1 (20/90)
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Appendix D2 Expression of m2 mAcChR Constructs and G Proteins
continued

Construct Date MOl Vol cells! time ml Red SA
R-G (L) ml (h) Cell

musd3A+ay 6/3/98 1-1 1 1.6 72 4 3.5.6 25(20/60)

MHTi3A+c4y 6/3/98 1 1 1 1e6 72 4 2.7.6 16(20/60)

MMI3A + aDy 6/3/98 1-1 1 1e6 72 4 5.6

D1O3N + aDi 6/27/98 1-1 1 1 e6 64 4 5e5

musc + ay 6/30/98 2-1 1 0.8.6 62 4 3e6 13(20/60)

musc + aDy 7/3/98 2-1 1 1.6 62 4 22e6

MHT + ay 7/13/98 1 1 0.5 106 48 2.5 fl.d. 13(20/60)

MHT + c4y 7/13/98 1 1 0.5 1e6 63 2.5 n.d. 11(20/60)

MHT + ay 7/13/98 1/1 0.5 1.6 71 2.5 n.d. 12(20/60)

MHT + c4y 7/13/98 1/1 0.5 1.6 88 2.5 n.d. 12(20/60)

MHT+ ay 7/13/98 1/1 0.5 1e6 95 2.5 n.d. 11(20/60)

MHT + c4y 7/22/98 1/10 0.5 1.6 64 4 1.8.6 11(20/60)

MHT + c43y 7/22/98 1/1 0.5 1.6 64 4 1.9.6 20(20/60)

MHT + afr' 7/22/98 1/2 0.5 1.6 64 4 1.9.6 28(20/60)

MHT +ay 7/22198 1/5 0.5 1e6 64 4 1.1e6 48(20/60)

MHT + aay 9/13/98 511.5 1 1.6 60 5 3.4.6

MHT + (X 9/19/98 10/1.5 1 1.6 60 4 2.9.6

musc + a}y 9/13/98 2/5 1 106 60 4 2.5e6 13(20/60)

musc + ay 9/19/98 212 1 186 62 1.5 2.6.6

MMT +ay 9/16198 2/2 1 106 62 3 106 3.7(20/60)

69M +ay 9/16/98 2/2 1 1.6 62 3 1.4.6 88(20/60)

69HT +ay 9/16/98 2/2 1 186 62 3 386 112(20/60)

D103N+ay 9/24/98 2/2 1 1.386 62 2x3 7.8e5 56(20/60)
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Appendix D2 Expression of m2 mAcChR Constructs and G Proteins
continued

Construct Date MOl Vol cells! time ml Red SA
R-G (1)

Y403F +y 9/24/98 2/2 1

TI 87A+ay 9/24/98 212 1

69HT +a3y 10/2/98 1.5/1.5 1.5

69M+ay 10/2/98 212 1.5

MHT+ay 10/10/98 2/2 2

musc + ay 11/2/98 2/3 2.8

musc + ay 11/11/98 2/5 2

musc + af.iy 11/11/98 10/2 1

TI 87A+czy 11/11/98 2/2 2

DIO3N+u' 11/23/98 212 1

Y4O3F+ay 11/23/98 2/2 1

69HT + cxy 12/4/98 2/2 1

69M+c4y 12/4/98 2/2 1

MMT+czy 1/5/99 2/2 2

MHT+cxy 117/99 2/2 12

TI 87A+ay 117/99 212 12

musc+ay 1/21/99 2 1

ml (h) Cell

1.3.6 60 2x3 1e6 61(20/60)

1.3e6 60 2x3 1.6e6

1.3e6 63 2x4 1.12e6 9.1 (20/60)

1.6 63 2x5 1.9.6 102 (2W60)

1.6 68 4x2 3.43.6

1.1e6 62 2x5 3.5e6

1e6 62 4x3 1.5e6

1.6 62 2x3 3.8.6

I e6 62 4x4 2.6 116(20/60)

1.6 63 2x3 1.1.6

1.6 63 2x3 2.1.6

1e6 62 2x4 224.6

1.6 62 2x4 2.12.6

1.6 63 4x3 7.5

1.6 65 2x3.5 1.7.6

1.6 65 2x3.5 12.6

1.6 63 2x3.5 1.75.6

Appendix Dl Expression of m2 mAcChR Constructs Construct describes the
expression construct Date indicates the date the cells were harvested; MOI indicates the
multiplicity of infection of receptor Vol indIcates the volume of cells harvested; cells/mi
indicates the cell density the day the cells were harvested; tim. indicated the hours post
infection that the cells were harvested; ml indicates the mis of packed cells harvested;
R.cICeII indicates the receptors per cell at the time of harvest; S.A. indicates the specific
activity of receptor binding sites in pmoles1 receptor/mg of total protein;

pmoles of receptor binding sites determined by tritiated quninuclidinyl benzilate binding
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APPENDIX E
ENRICHED MEMBRANES FROM BACULOVIRUS INFECTED SF9
CELLS EXPRESSING ThE M2 MUSCARINIC ACETYLCHOUNE

RECEPTOR AND/OR G PROTEINS

Appendices E1-3 summarize the preparation of sucrose gradient

enriched membranes from baculovirus infected Sf9 cells expressing various

m2 muscannic acet1choIine receptor (m2 mAcChR) constructs and/or G

proteins. Enriched membranes were prepared as described in Materials

and Methods in Chapters 2-5. For a description of the various constructs

see Appendix B Cloning. The abbreviations are the same as Appendix D:
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Appendix El 20/60 Membranes

Consfruct MOl R -G/tlme Date Cells Red Receptor
Cdl

mg/ nM SA
ml

musc 1/72 (yellow) 9/22197 7/19196 n.d. 6.9 340 48

musc + ay 2-1.3/96 9/29/97 9/24/97 1 .7e6 112 150 13

MHT 1/72 (orange) 9125197 1/9/97 n.d. 10.3 64 62

MM 1/72 (blue) 9/25/97 1/13197 n.d. 7.7 39 5.1

69HT 2-3/72 (green) 9/29/97 12/2196 n.d. 6 73 122

69M 2-3172 (purple) 9129197 12/2196 n.d. 7.6 201 26.4

MHT + aTh' 2- 0.7/96 10/8/97 9/29/97 5.9e5 6.7 49 7.3

69HT + ocy 1 - 0.7/96 10/8197 9/29/97 7.6e5 6.5 52 8

musc+y1-O.7/12O 3/8198 1213197 1e6 15 200 13

Sf9 4/28/98 9/27/97 n.a. 9.5 n.e. n.e.

musc + 2-1/96 4/30/98 4/8/98 12.5 41 3.3
2.1e6

Sf9 + ay0- 3/96 4/30/98 4/8198 n.a. 10.1 n.e. n.a.

Sf9 + a 0-1.5/96 5/5/98 4/28/98 n.a. 6.6 n.a. n.a.

musc + *8 - 1/96 5/19/98 12/7197 2.2e6 7.1 145 20.4

musc + ary 1/4/4/65 5/26/98 5/20/98 1e6 9.1 52 5.7

Sf9 + xy 0-1/96 612/98 4/8/98 n.a. 7.5 n.a. n.a.

MIII + 1-1/72 814/98 518/98 9e5 10.4 109 10.5

69M + afry I - 0.7/120 6/4/98 12/3/97 1.6 7.2 152 21

musc + ay I - 0.7/120 6/23/98 12/3/97 22.6 6.64 43 6.5

musca3 + 1-1/72 6/26/98 6/3/98 3.5e6 6.6 163 25

MHT13A + ayi -1/72 6/29198 6/3/98 2.7.6 7.3 114 16

musci3A 1-062 6/29/98 616/98 3.5.6 8.4 299 35



Appendix El 20160 Membranes continued

Construct MOt R -GPdme Date Cells Red Receptor
Cell

mg/ nM SA
ml

MHT13L I - 0/62 6/26/98 6/6/98 2.7.6 6.3 125 20

musc + a3y 2-1/62 7/1/98 6/30/98 3e6 9.1 114 12.5

MHT + ay 1 -1 48 7/16/98 7/13/98 n.d. 11.1 142 13

MHT + 1 -1/63 7/16/98 7/13/98 n.d. 13 145 11

MHT+ocy1-1F71 7/16(98 7/13(98 n.d. 13.4 156 12

MHT + afy I - 1/88 7/16/98 7/13/98 n.d. 13 155 12

MHT + aDy 1 -1/95 7/16(98 7/13/98 n.d. 9.8 105 11

MHT + awry I - 0/64 7/23198 7/22(98 1.8.6 11.3 81 7.14

MHT + ay 1-1/64 7(23(98 7(22(98 1.9.6 14 138 9.74

MHT + af3y 1-2/64 7/23/98 7/22198 1.9.6 16.3 177 10.86

MHT + czy 1-5/64 7/23/98 7/22(98 1.1.6 10.1 98 9.79

MHT+ ay 5-1.5/60 9/29/98 9/13/98 3.4.6 8.33 244 29

MHT + ay 10-1.5/60 9/29/98 9/13/98 2.7.6 8.99 225 25

+ *2- 5/60 10/5/98 9/12(98 2.5.6 102 128 12.5

MMT + ay2 -2/62 10/5/98 9/19/98 1.6 10.8 40 3.7

69M + ay 2-2/62 10/8/98 9/19/98 1.4.6 5.2 88 17

69HT + afr' 2- 2(62 10/8/98 9/19/98 3.6 82 112 13.7

103+ ay 2- 2(64 11/5(98 9/27/98 7.8e5 10.1 56 5.5

403+ a3y 2 -2(64 11/5/98 9/27/98 1.6 9.4 61 6.5

69M + cxl3y 2-2(63 11/19/98 10/2(98 1.9.6 102 72 7.1

69HT+ay2-2/63 11/19198 10/2198 1.12.6 9.1 57 6.3
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Appendix El 20I60 Membranes continued
Construct MOl R - G/time Date Cells Red Receptor

Cell
mgi nM S.A.
ml

musc + ay 10 2/62 11/20/98 11/11/98 3.8.6 10.5 123 11.7

T187A+ay2-2/62 1/5/99 11/11198 2.6 7.3 116 16

T187A+a13y2-2/62 1/28/99 11/11/98 1.65.6 9.3 107 11.5

D103N+uy2-2/62 2(2199 1/23198 1.1.6 52 102 19.6

Y4O3F+ay2-2/62 2/2199 1/23/98 2.1.6 62 101 163

D103N2 + a'2 - 2/62 312/99 2125/99 2.9.6 6.5 75 11.5

69M+ay2-2/62 3110/99 1214198 2.1.6 6.1 138 23

691-IT + ay2 2/62 3/10/99 1214198 224.6 8.1 225 28

Appendix El 20/60 Membranes Construct describes the expression construct; MOl
R - G indicates the multiplicity of Infection of receptor aid/or G protein subunits; Urns
indicates the hours post infection that the cells were harvested; Date indicates the date the
cells were harvested; C11. and RICU Indicates the date the cells were harvestedand the
receptors per cell at the time of harvest rnglml indicates total protein concentration; nM
indicates receptor concentration in naiomolar LA. Indicates the specific activityof
receptor binding sites in pmolereceptoffing total protein; total refers to total GTPyS binding

sites; C - H refers to muscailnic specific GTP)S binding; Lubrol refers to soluble GTPyS

binding sites (see Chapter 4 for discussion of GTPyS binding experiments); n.a, indicates
that the assay was not applicable and n.d. Indicates that the assay was notdone.



Appendix E2 0135 and 20140160 Membranes

Consfruct Date Cells Rec/Cell Receptor
MOIR-Gltime Cuts

mg nM SA
/ml

musc 1-0172 5/2/96-0/35/60 4130/98-n.d. 1.3/4.9 82/134 50/22

MHT 1 -0172 5/2/98-0/35/60 4130/98-n.d. 2.5/6.4 128(110 51/17

musc I - 0172 10118/96-20/40/60 5/10/96-1.5e6 4.9/6.3 285/167 58/26

MHT I - 0/72 10/18/96-20/40/60 5/10/96-2.2e6 9.1/7.2 471/177 52/25

MM I - 0172 11/25/96-20/40/60 11/22/96-n.d. 4.9/7.2 1561n.d. 32/n.d.

MMT 0.4- 0/72 5/20/97-20/40/60 5119/97-n.d. 4.9/8.0 61/45 12/5.6

musc I - 0172 5/29/97-20/40/60 1/9/97-n.d. 3.8/8.8 53/36 18/4.0

MMT 1 -0/72 7/3/97-20/40/60 12/2196-n.d. 6/4.3 23/38 3.8/8.8

Sf9 Cells. 8/26/97-20/40/60 8/22/97-n.a. 1.1/5.1 n.a. n.a.

Sf9 + a I - 0172 8125/97-20/40/60 8/22197-n.a. 2.8/n.d n.a. n.a.

musc + a 3-3/96 8/25/97-20/40/60 8122197-1 .4e6 I .7/n.d 29/n.d. 17/n.d.

MM1 1-0/96 1/8/98 20/40(60 7/11/97 8.8e5 1.5/n.d 18/n.d. 12/n.d.

musc 1 -0172 1/9/98 20/40/60 1/9/97 n.d. 1/n.d. 9/n.d. 9/n.d.

musc 1/2-0/96 2/2/98 20/45/60 1/23/981 25e6 3/15 98/134 33/9.1

MMT 2-0/96 2/3/98 20/45/60 1/29/981 e6 4.9/5.4 76/43 15/8.0

MMT 113/6 -0/96 3/2/98 20/45/60 2/25/98 22e6 42/9.4 61/82 15/8.8

musc 2- 0/96 3/3/98 20/45/60 2/28/98 2.6e6 22/21 67/185 28/3.9

Sf9 + a 0-3/96 4/8/98 20/40/60 8122/97 n.a. 1.3/nd. n.a. n.a.

musc+ay3-3/96 4/9/98 20/40/60 8/22197 1.4e6 0.5/n.d 15.6/n.d. 34/n.d.

MCMTi3i 2/68 1 WI 8/98 20/40/60 10/10/98 O.7e6 7.8/15 46/96 5.9/6.5

MmCIOH 3/62 12/22/98 20/43/60 12/19/98 2.7e6 7.6/9.1 374/136 49/15

MmCIOH 3/64 12/29/9820/43/60 12126/96 2.8e6 3.5/12 128/262 37/22
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Appendix E2 0135 and 20140160 Membranes continued

Construct Date -Sucrose Cut Cells Rec/Ceil Receptor
MOl RG

me(h)
mg/mi nM S.A.

MmNSIII3A3I64 12/29/9820/43/60 12/26/98 4.8e6 3.3/11 291/782 87(71

MmCIOH 3/63 1/6/9820/45/60 115199/1.6e6 6.7/8.6 218/217 33/25

MmNS1113A3/63 1/6/9920/45/60 1151991.5e6 5.1/8.1 160/160 31/20

MmCIOH 3/62 1/15/99 20/45160 1/9/99 2.7e6 5.3/21 1901281 36/13

MmNSII13A 3/62 1/21/99 20/45/60 1/9/99 2.6e6 6.5/6.9 562/532 86/76

Mmcl OH 3/62 1/29/99 20/45/60 1/21/99 2.14e6 5.6/8.4 229/182 41/22

MmCIOH 3/62 2/8/9920/45/60 1/21/99 1.57e6 9.1/14 235/154 26/11

MmCIOH 3/62 2/9/9920/45/60 2(8/99 2.9e6 9.1/14 235/154 26/11

MmCIOH 3/62 2/11/9920/45/60 2/8(99 2.3e6 9.1/14 235/154 26/11

MmCI OH 3/62 2(24/9920/45/60 2/23/99 2.5e6 4.9/8.0 267/216 54/27

MmCIOH 3/62 2(24/9920/45/60 2(23/99 2.8e6 4.9/8.0 267/216 54/27
MmCIOH 3/62 2(24/99 20/45/60 2/12/99 22e6 4.9/8.0 267/216 54/27

MmCI OH 3/62 2/24/99 20/45(60 2/8/99 2.3e6 4.9/8.0 267/216 54/27

MmCIOH m3/64 5/4/99 20/45/60 4/99(4) l-3e6 7.9 305 39

Appendix E2 0/35 and 20/40 40/60 Membranes Construct describes the
expression construct; MOl R 0 IndIcates the multiplicity of Infection of receptor andlor G
protein subunits; dine indicates the hours post infection that the cells were harvested; Date
indicates the date the cells were hwvested; Cells and Rec/Cell indicates the date the cells
were harvested and the receptors per cell at the time of harvest; mg/mi indicates total
protein concentration; nM indicates receptor concentration in nanomolar S.A. indicates the
specific activity of receptor binding sites in pmolereceptor/mg total protein



Appendix E3 20/40/60 membranes all 500 ml © 1e6

Construct Date Receptor
MOIRG Cells

time (h) R/Celi
mg/mi nM S.A.

MHT 5/21/98 5/15/98 2.9 174 38
1/62 32e6

MMT 5/21/98 5/15/98 5 21 4
1/62 2.1e6

69HT 5/21/98 5/15/98 2.9 108 60
1/62 2.9e6

69M 5/21/98 5/15/98 22 83 45
1/62 2.2e6

69Hti3A 5/28/98 5/23/98 6.5 292 45
1/61 3.7e6

69M13A 5/28198 5/23/98 8.74 281 32
1/61 1e6

69HT (5) 2/17/99 2/9/99 11,5.7 240,283 22,50
MMT (1-10) blue 52,6.6 220,236 42,36

63 5.8,6.9 177, 135 31,20

MMT (5) 3/5/99 1/19/99 4.3, 6.3 60, 156 14,25
69HT (1-10) pink 4.7,5.7 147, 186 31,33

62 5.7,5.7 171,245 30,43

69M (4) 2/23/99 3/12/99 5.8, 5.8 260,322 45,56
MHT (1-10) yellow 6.3,7.6 317, 369 50,49

63 5.8,5.5 324,328 56,60

MHT (4) 3/23/99 3/24/99 7.9, 6.4 367,372 46,58
69HT (1-10) whIte 4.9,4.8 212, 57 43, 12

6.5, 5.0 185, 165 28,33

Appendix E2 0/35 and 20/40 40/60 Membranes Construct describes the
expression construct MOP R - G indicates the multiplicity of infection of receptor and/or G
protein subunits; time indicates the hours post infection that the cells were harvested; Date
indicates the date the cells were harvested; Cells and RecICell indicates the date the cells
were harvested and the receptors per cell at the lime of harvest; mglml indicates total
protein concentration; nM indicates receptor concentration in nanomolsr S.A. indicates the
specific activity of receptor binding sites in pmolereceptor/mg total protein.
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APPENDIX F
LIGAND BINDING CHARACTERISTICS OF M2 MUSCARINIC

ACETYLCHOLINE RECEPTORS EXPRESSED IN BACULOVIRUS
iNFECTED SF9 CELLS

Appendix F summarizes the Iigand binding of various m2 muscarinic

acetyicholine receptor (m2 mAcChR) constructs with or without G protein

subunits. Appendix Fl summarizes antagonist binding. Appendix F2

summarizes agonist binding. Ligand binding experiments were performed

as described in Materials and Methods Chapter 2. For a description of the

various constructs see Appendix B Cloning. The abbreviations are the

same as Appendix D



Appendix Fl Antagonist Binding

Receptor Hyoscyamine NMS Kd QNB Kd
G Protein nM nM pM

musc n.d. n.d. 38.8± 2.5(6)

musc+a n.d. n.d. 83.4± 7.2(8)

musc+y n.d. n.d. 41.6± 3.6(5)

musc+ay 13.4±2.3(4) 1.48±0.24(4) 43.8± 3.89(7)

musci3A 24±3.3(4) 3.12± 0.43(4) 68.5 ± 8.7(8)

MHT+cxy 37.6±5.7 (4) 4.35±0.64(4) 115± 6.5(15)

MMT+c4y 10.3±1.2(4) 2.33±0.33(4) 41.5± 4.9(4)

6ØHT +ay 132±1.4(4) 2.35 ± 0.39(4) 58.6± 0.6(12)

69M+a13y 9.11±0.91(4) 1.41± 021 (4) 58.6± 0.6(12)

DIO3N+afry 125±18 (4) 28.3±5.9 (4) 1700± 262(4)

T187A+ay 7.52±0.59(4) 0.93± 0.70(4) 33±5(4)

Y403F+ a3'y 222 ± 34(4) 19 ± 3(4) 790±179(4)

Appendix Fl Antagonist Binding m2 Mucscarinic Acet4choIine Receptor
Constructs values represent parameter and standard error from the non linear curve
fitting routine, values in parentheses are the number of determinations.
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Appendix F2 Agonist Binding

Receptor Acetyicholine Carbachol Oxotremoilne Pilocarpine
G Protein KI uM KI uM KI uM KI uM

K2 uM 1(2 tiM K2 uM 1(2 uM

musc (1) none none none none
20± 2.0(2) 32.4 ± 2.7(4) 36.1 ± 2.4(6) 18±1.0(4)

musc(1) n.d. n.d. n.d. n.d.

+ a (1)

musc (1) none none none none
16±2(4) 94±5(10) 14±2(4) 1.7±1.2(4)

musc(1) 0.18±0.09(3-26) 0.50±0.16(4-41) 0.19±0.05(3-41) 1.1 ±0.6(6-25)
+ay(1) 12±1.4(6/74) 62±7.6(6-59) 18±2(6-59) 17±2(6-75)

musc.i3A (1) 0.06±0.04 (4-17) 0.31±0.33(4-20) 0.41±0.30(4-21) 025±0.30(4-22)
+ccy(1) 68±10(4-83) 216±51(4-80) 60±12(4-79) 29±6(4-78)

MHT (1) 3.2±1.1(3-50) 1.7± 0.4(13-28) 0.64 ±0.25(6-27) 0.19±0.09(5-18)
+cifrr(2) 110±23(5-50) 207±19(13-72) 42±5(7-73) 38±3(6-72)

MMT (2) 0.15±0.03(4-42) 0.51±0.16(4-34) 0.76±0.16(4-42) 028±0.10(4-31)
+ (x1rr (2) 17± 2(6-58) 79+1-7(6-66) 21 ± 2(6-58) 12 ± 2(6-69)

69HT (2) 1.1±0.34 (4-40) 0.59±0.6(10-10) 0.36 ± 0.19(8-9) none

+ ay (2) 15.1±0.25(4-60) 87 ± 9(1090) 121±7(8-91) 6.9 ± 0.3(4)

69M (2) 0.4 ±0.13(7-14) 0.52±0.15(8-18) 0.13 ± 0.10(8-7) none
+ ay(2) 20 ± 1.8(8-76) 69±4.4(10-72) 128± 8(8-93) 15 ± 2(4)

DIO3N (2)
+ay(2) 9520 ±260(4) 9200 ± 500(4) 1190±70(4) 561 ± 26(4)

T187A (2) 0.66 ±0.13(4-33) 0.72±0.23(4-16) 021 ± 0.07(4-20 6.80± 0.23(4)
+ay(2) 249±23(4-67) 420±27(4-84) 64±4(4-80

Y403F (2) 10.7 ±2(4-31) 18.4±3.0(4-32) 7.78±1.7(4-33) 2.9 ± 2.1(4-7)
+ afry(2) 2440 ±203(4-69) 6220±490(4-68) 1500 ±150(4-67) 330 ± 20(4-93)

Appendix F2 Agonist Binding m2 Mucscarinic Acetyicholine Receptor
Constructs values represent parameter and standard error from the non linear curve
fitting routine, values in parentheses are the number of determinations and -receptor in
each site
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Appendix F3 Percent of Receptor in High Affinity State

Receptor Acetylcholine Carbachol Oxotremonne Pilocarpine
G Protein % high affinity % high affinity % high affinity % high affinity

pmoles/mg pmoles/mg pmoles/mg pmoles/mg

musc(2) 27±2 19±3 24 ±1.4 13±3
3.4 2.4 3.0 1.6

MHT(1) 53±1.4 44±9 45±1.4 17±3.5
+ay(5) 5.3 4.4 4.5 1.7

MHT(1) 40±10 35±13 42±5 13±3
+ ay(1) 5.6 4.9 5.9 1.8

MHT(10) 31±1.4 10±2 10±6 18±2
+ ay(1) 7.7 2.5 2.5 4.4

69HT(2) 40±5 10±4 9±3 0

+ay(2) 11.2 2.8 2.5

69M(2) 14 ±10 18±13 7±3 0
+ay(2) 3.2 4.1 1.6

DIO3N(2) 0 0 0 0
+ ay(2)

T187A(2) 33±13 16±3 20±3 0

+aTh'(2) 3.8 1.8 2.3

Y403F(2) 31±7 32±3 33±4 7±2
+c*y(2) 5.1 5.2 5.4 1.1

Appendix F3 Percent of Receptor in High Affinity Site



271

APPENDIX G
SOLUBIUZATION OF M2 MACCHR CONSTRUCTS FROM ENRICHED

MEMBRANES FROM BACULOVIRUS INFECTED SF9 CELLS

Appendix G summarizes the solubihzation of various m2 mAcChR

constructs from enriched membranes from baculovirus infected Sf9 cells.

For explanations of the various constructs see Appendix B Cloning. The

abbreviations are used:

musc = pm2.musc.short = wild type m2 mAoChR with deletion of 5' untranslated region

MHT = pm2.musc.shoitHAl .1EV = HAl epitope tagged short m2 mAcChR with TEV
protease consensus sequence

MM = pm2.musc.short.myc = myc epitope tagged short m2 mAcChR

MMT = pm2.musc.short.myc.TEV = myc epitope tagged short m2 mAcChR with TEV
protease consensus sequence

MCmTIM = pm2.musc.shortCBP.mel.TEVJ3& CBP (calmodulin binding peptide) tagge
short m2 mAcChR with mellitin leader sequence, 1EV protease concensus sequence and
deletion of part of intracellular loop 3.

MmCIOH pm2.musc.short.mel.ClOHis = short m2 rrcChR with mellitin leader
sequence and 10 histidlne residues at the extreme carbox1 terminus

MmNSNI3& = pm2.musc short mel.SH. 13A short m2 mAcChR with mellitin leader
sequence, amino terminal Strep-tag II arid deletion of most of intracellular loop 3

D/C = dtgitonin/cholate detergent mixture at final concentratIon 1% digitonln, 0.2% cholate

DBM = dodecyf-3-D maltoside at final concentration 10 mg/mi
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Appendix G Solubllizatlon

Date Detergent Membranes S.A % yield
date- construct pmoles/mi

sucrose cut-mg/mi memb - sol

3/21/96 D/C 3/13/96-musc 147-94 80
0/35 -1.5

3/21/96 D/C 3/13/96-MHT 174-96 70
0/35 -1.4

4/1/96 D/C 3/30/96 - musc 54-30 55
0/35-n.d.

4/1/96 D/C 3/30/96 - MHT 43-32 74
0/35-n.d.

8/24/96 D/C 5/2/96- musc 66-32 50
0135-1.32

8/24/96 D/C 512196- MHT 102-56 55
0/35 -4.95

9/18/96 D/C 5/2/96- musc 66-58 90
0/35-1.32

9/18/96 D/C 5/2l96-MHT 102-89 87
0/35 -4.94

10/22(96 D/C 10/18/96 - musc 185-170 92
20/40-4.0

10/22196 D/C 10/18/96-MHT 166-110 66
20/40-4.0

10/29/96 D/C 10/18(96 - musc 185-152 82
20/40 -4.0

10/29/96 D/C 10/18/96 - MHT 166-105 63
20/40-4.0

10/30/96 DBM 1O/18/96-musc 236-23 10
20/40-4.0

10/30/96 DBM 10/18196-musc 108-26 24
40/90-4.0

10/30/96 DBM 10/18/96-MHT 218-38 17
20140-4.0

10/30/96 DBM 10/18196-MHT 100-37 37
40/90-4.0

10/31/96 DBM l0118/96-musc 167-47 28
40/60-4.0

10/31/96 DBM 10/l8/96-MHT 177-53 30
40/60-4.0
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Appendix G Solubilizatlon continued

Date Detergent Membranes S.A. % yield
date - construct pmoleslml

sucrose cut-mg/mi memb - sol

12/3/96 DIC 11/25196MMT 181-150 83
20/40-3.9

12/3/96 DBM 11/25/96MMT 205-40 20
20/40-4.45

1/14/97 DBM 5/2/96musc 82-24 30
0/35-2.45

1/14/97 DBM 512/96misc 68-20 28
0/35 2.0

1/14/97 DBM 512196 musc 50-14 28
0/35 1.5

1/14/97 DBM 512/96 - MHT 128-50 38
0/35-3.7

1/14/97 DBM 5(2/96MHT 105-33 31

0/35-3.0
1/14/97 DBM 512196MHT 87-27 31

0/35-2.5
1/14/97 DBM 5t2/96MHT 70-25 35

0/35 2.0
1/14/97 DBM 5/2/96MHT 53-11 20

0/35 1.5

5/21/97 DBM 5120/97 -MMT 49-35 71

20140-4.0

6/10/97 DBM 5/29/97 -musc 35-12 33
20140 3.0

6/10/97 DBM 5/20/97MMT 49-38 75
20/40 4.0

6/12/97 DBM 5129197musc 33-9 27

20/40 3.0

6/12(97 DBM 5/20197MMT 50-31 61

20/40-4.0

6/17/97 DBM 5/29/97 - musc 33-12 34
20/40 3.0

6/17/97 DBM 5120197MMT 50-27 44
20/40-4.0

6/20/97 DBM 5/20/97 MMT 50-42 85
20/40 4.0

7/8/97 DBM 7/3/97- MMT 23-14 63
20/40 3.8
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Appendix G SolubHlzatlon continued

Date Detergent Membranes S.A. % yield
date - construct pmoles/ml

sucrose cut - mg/mi memb - sol

7/15/97 DBM 5/29/97-musc 53-20 37
20/40 - 3.0

7/15/97 DBM 7/3/97- MMT 23-11 48
20/40 3.8

7/23/97 DBM 5/29/97 - musc 53-12 23
20/40-3.0

7/23/97 DBM 7/3/97 - MMT 23-15 63
20/40-3.8

7/28/97 DBM 7/3/97 MMT 23-12 49
20/40-3.8

7/31/97 DBM 7/3/97- MMT 23-11 47
20/40 3.8

8/5/97 DBM 5/20/97-MMT 22.5 5.5 23
40/90-4.0

8/13/97 D/C 5120197MMT 22.5-17 76
40/90-4.0

8/19/97 DBM 5/20/97MMT 22.5-5.0 22
40/90-4.0

8/22/97 DBM 5/20/97MMT 22.5-5.5 23
40/60 4.0

12130/97 DBM 7/3/87 -MMT 23-12 53
20/40-3.8

117/98 DBM 5/29(97 -musc 53-17 32
20/40 3.0

1/7/98 DBM 7/3/87- MMI 23-16 70
20/40-3.8

1/12/98 DBM 1/9/98musc 9.0-5.3 59
20/40 1.0

1/12/98 DBM 1/8I98MMT 18-7.2 40
20/40-1.5

1/28/98 DBM 1/9/98 - musc 9.0 - 3.6 39
20/40 1.0

1/28/98 DBM 1/8/98MMT 18-7.5 42
20/40 1.5
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Appendix G Solubilizatlon continued

Date Detergent Membranes S.A. % yield
date - construct pmoies/mi

sucrose cut -mg/mi memb - sol

2/6/98 DBM 2/2198 - muac 98-20 21
20/40 3.0

2/6/98 DBM 2/3198MMT 76-19 25
20/40-4.9

2/18/98 DBM 2/2/98muec 98-51 52
20/40-3.0

2/18/98 DBM 213/98 -MMT 76-41 54
20/40-4.9

2/20/98 DBM 2/2/98musc 98-32 34
20/40 3.0

2/20/98 DBM 2/3/98 - MMT 76-23 30
20140-4.9

2125/98 DBM 2/2/98- musc 98-42 43
20/40-3.0

2/25/98 DBM 2/3/98 - MMT 76-35 46
20/40-4.9

3/4/98 DBM 2/2198musc 98-34 34
20/40-3.0

3/4/98 DBM 2/3/98- MMT 76-26 34
20/40-4.9

9/14/98 D/C 2/2198 - musc 72-42 58
20/40-2.22

9/14/98 DBM 2/2/98 - musc 89-33 37
20/40-2.73

9/14/98 D/C 3/3/98- musc 50-33 66
20140 1.64

9/14/98 DBM 3/3/98musc 60-23 38
20/40-1.96

9/14/98 D/C 2/3/98 - MMT 56-40 71
20/40 - 3.63

9/14/98 DBM 2/3/98MMT 69-20 29
20/40-4.45

9/14/98 D/C 3/2/98- MMT 46-34 74
20140-3.13

9/1 4198 DBM 3/2198- MMT 57-27 47
20/40-3.75

10119/98 DBM 10118/98 - MCM113 24-1.47 6
20/40-4.0



Appendix G Solubilizatlon continued

Date Detergent Membranes S.A.
date - construct pmoleslml

sucrose cut-mg/mi memb - sot

10/19/98 D/C 10/18198MCMTI3A 24-18.5
20/40 4.0

10119198 DBM 1W18/98MCM'fla 26-0.27
40190-4.0

10/19/98 0/C 26-7.4

117/98 0/C 119/99 -MmCIOH 163 102
20/45-5

117/98 D/C 1/6/99MmNSW3A 125-88
20145-3.8

1/15/98 D/C 1/15/99 -Mmcl OH 142-95
20145 3.8

1/15/98 DBM 142-15

1/25/99 D/C 1121199MmNSIII3A 421 410
20/45-4.9

1/25/99 0/C 1/21/99MmNSIII3t 404-370
45/60-5.3

2/1/99 D/C 1/28/99 - Mmcl OH 171-138
20/45-4.0

2/16/99 0/C 2/16/99MmCIOH 103-91
20/45-4.0

2/16/99 0/C B 46-32

3/3/99 0/C 2/24/99MmCIOH 195-75
20/45 4.0

3/3/99 D/C 180-73

3/15199 D/C 3/15/99 Mmcl OH 141-44
20/60-4.0

517/99 D/C 5/7/99MmCIOH 154-154
20/45-4.0

276

%yield

77

I

29

63

70

67

11

97

92

81

88

70

38

68

31

100

Appendoc G Summary of SoJubIizatioj f m2 mAcChR: Date indicates the date
of the seriment; Detergent Indicetes the sohibløzlng agent; Membranes summarizes the
membrane preparation, abbrevlbansbrconatructi are at the beginning of this appendbc
SA indicates pmole of receptor per mg of total protein In the membranes and in the
soluble detergent solution determined with tritlated muscatinic antagonist L-quinucIidinl
benzjlate; yield indicates the percent recovery of receptor from enriched membranes.
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APPENDIX H
IMMUNOPRECIPITATION OF DETERGENT SOLUBI' I7FD EPITOPE

TAGGED M2 MACCHR CONS1RUCTS USING PROTEIN A AGAROSE

AND OLEPITOPE ANTIBODIES

Appendix H summarizes the immunoprecipitation of detergent

solubilized epitope tagged m2 mAcChR from baculovirus infected Sf9 cells.

For explanations of the various constructs see Appendix B Cloning. The

following abbreviations are used:

musc = pm2.musc.short = wild type m2 mAcChR with deletion of 5' untranslated region

MHT = pm2musc.short.HA1 .TEV HAl epitope tagged short m2 mAcChR with TEV

protease consensus sequence

MM = pm2.musc.short.myc = myc epitope tagged short m2 mAcChR

MIII = pm2.musc.short.myc.TEV myc apitope tagged short m2 mAcChR with 1EV

protease consensus sequence

DIC = digttoninlcholate detergent mbdure lx concentration 1% dlgitonin, 0.2% cholate

DBM = dodecyt-f-D maltoside
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Appendix HI Immunopreclpitatlon of HAl tagged m2 mAcChR

Date Construct Detergent Antibody pmoles- beads
Immppt

8/27/96 musc 20/40 .625X D/C aHAI sara 9.8- 50 ul 25

MHT 20/40 17.3-50 u 33

8/27/96 musc 20/40 .625X DIC cxHAl IgG 9.8 - 50 UI 32

MHT2O/40 17.3-SOul 25

8/27/96 musc 20/40 .625X D/C wnusc I Cl 9.8- 50 ul 43

MHT2O/40 17.3-SOul 43

9/18/96 musc 20/40 2.5X 0/C aHAI sara 0.58-50 7

MHT2O/40 0.89-50 28

9/18/96 musc 20/40 2.5X D/C cxmusc ICI 0.58-50 9

MHT2O/40 0.89-50 31

9/23196 musc 20/40 2.5X 0/C aHAI sara 1.63-25 4

MHT 20/40 2.0-25 3

9/23/96 musc 20/40 2.5X D/C amusc I Cl 1.63-25 0

MHT2O/40 2.0-25 3

10/2/96 musc 20/40 2.5X 0/C aHAI sara 1.63-50 50

MHT 20/40 2.0-50 45

10/2(96 musc 20/40 2.5X 0/C amusc Id 1.63-50 50

MHT2O/40 2.0-50 45

10/22/96 musc 20/40 2.5XD/C aHAI sara 125-100 0

MHT2O/40 1.0-100 12

10/22(96 musc 20/40 2.5XD/C amusc I Cl 125-100 6

MHT2O/40 1.0-100 21

10/22/96 musc 20/40 2.5XDIC aHAI sara 125-100 68

MHT 20/40 +2M GHCI 1.0-100 73

10/22196 musc 20/40 2.5XD/C cxHAI sara 125-100 95

MHT 20/40 + 4M GHCI 1.0-100 95

10/22/96 musc 20/40 2.5X0/C aHAI sara 125-100 0

MHT2O/40 +2Murea 1.0-100 37

10/22/96 musc 20/40 2.5XD/C aHAI sara 125-100 0

MHT2O/40 +4Murea 1.0-100 31
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Appendix HI Immunoprecipitatlon of HAl tagged m2 mAcChR
continued

Date COnStrUct Detergent Mtlbody pmoles - beads
lmmppt

10/22/96 musc 20/40 2.5XD/C uHAI sara 125-100 0

MHT2O/40 +6Murea 1.0-100 27

10/30/96 musc 20/40 1 mg/mI DBM aHAI sara 1.15-100 0

MHT2O/40 1.3-100 0

10/30/96 musc 40/60 1 mg/nil DBM aHAI sara 1.15-100 0

MHT4O/60 1.3-100 5

10/31/96 musc 20/40 1 mg/mI aHAI sara 2.5-100 46

MHT2O/40 DBM 62

10/31/96 musc 20/40 0.6 mg/mI aHAI sara 1.5-100 52

MHT2O/40 DBM 65

10/31/96 musc 20/40 0.4 mg/nil aHAI sara 1.0-100 53

MHT2O/40 DBM 65

10/31/96 musc 20/40 0.2 mg/nil aHAI sara 0.5-100 72

MHT 20/40 DBM 75

10/31/96 musc 20/40 0.1 mg/mI aHAI sara 025-100 68

MHT 20/40 DBM 87

11/11/96 musc 40/60 0.25X 0/C oHAI sara 1-100 0

MHT4O/60 1-100 0

11/11/96 musc 40/60 0.5 mg/mI aHAI sara 1-100 0

MHT4OI6O DBM 1-100 0

Appendix HI Immunoprecipitatlon of HAl tagged m2 mAcChR: Date
indicates the date of the expe.iment Construct Indicates to the m2 mAcChR membrane

type and the sucrose fraction used; Detergent kdcates the solubilizing; antibody refers to
the antibody conjugated to protein A agarosebeads; pmolss - beads Indicates the
pmoles of receptor and oIume of paMki A agarose beads; % Immppt indicates the % of

sites immunoprecipitated compared to lmmtmopreclpitation with beads only.
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Appendix H2 Immunoprecipltatlon of myc tagged m2 mAcChR

Date Construct Detergent Antibody pmoles - beads
lmmppt

11/27/96 MMT2W4O 2.5X0/C amycMAb 6- 100 UI 22-33

11/27/96 MMT 20/40 10 mg/mI umyc MAb 02- 100 ul 44

DBM

11/27/96 MMT 40160 2.5X 0/C amyc MAb 1.7- 100 UI 36-43

11/27/96 MMT 40/60 10 mg/mI amyc MAb 0.19- 100 ul 35-37
DBM

1213/96 MMT 20/40 2.5X 0/C czmyc MAn 11-100 0

12/3196 MMT 20/40 0.5X 0/C amyc MAn 4.3-100 26

12/3/96 MMT 20/40 025X 0/C amyc MAb 2-100 15

1213/96 MMT 20/40 10 mg/mI amyc MAn 3.1-100 37

DBM
12/3/96 MMT 20/40 2 mg/mI DBM amyc MAb 0.56 -100 49

12/3196 MMT 20/40 1 mg/mI DBM wnyc MAn 024-100 25

5/22/97 MMT 20/40 10 mg/ ml amyc MAn 7-100 17

DBM

5/22/97 MMT 20140 2 mg/ ml amyc MAn 1.75-100 46

DBM

6/10/97 musc 20/40 2 mg/mI DBM 0.69 6

MMT 20/40 2.25 42

6/12197 musc 20/40 2 mg/mI 0.54 27

MMT 20/40 DBM 1.84 61

6/17/97 musc20/40 2 mg/mI DBM 1.15 6

MMT 20/40 2.65 42

6/20/97 MMT 2 mg/mI DBM 10.5- 500 30

Appendix H2 Immunoprecipitation of myc tagged m2 mAcChR: Date

indicates the date of the expeflment Canetrud Indicates to the m2 mAcChR membrane
type and the sucrose fraction used; Dstvgsnt ksdlcates the solubilizlng; antibody refers to
the antibody conjugated to protein A agarose beads; pmol.s - beads indicates the
pmoles of receptor and volume of protein A agaiose beads; % Immppt indicates the % of
sites immunoprecipltated compared to immunoprecipitabon with beads only.
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APPENDIX I
PURIFICATION OF DETERGENT SOLUBIIJ7FD EPITOPE TAGGED M2

MACCHR CONSTRUCTS USING ANTIBODY AFFINITY
CHROMATOGRAPHY

Appendix I summarizes the purification of detergent solubilized

epitope tagged m2 mAcChR from baculovirus infected Sf9 cells. For

explanations of the various constructs see Appendix B Cloning. The

following abbreviations are used:

musc = pm2.musc.short = wild type m2 mAcChR with deletion of 5' untranslated region

MHT z pm2inusc.short.HAI .1EV = HAl epitope tagged short m2 mAcChR with TEV

protease consensus sequence

MM = pm2.musc.short.myc = myc epitope taggedshort m2 rMcChR

MMT = pm2.musc.shortmyc.TEV = myc epftope tagged short m2 mAcChR with TEV

pmtease consensus sequence

MCmTl3z = pm2tnusc.shortCBP.meI.TEVi3 CBP (calmodulin binding peptide) tagged

short m2 mAcChR with meliltin leader sequence, 1EV protease concensus sequence and

deletion of most of intracellular loop 3.

MmCIOH pm2.musc.ehorLmeLClOHls = short m2 mAcChR with mellitin leader

sequence and 10 histidine residues at the extreme carboxyt terminus

MmNSU l3 = pm2.musc short mel.Sll. l3 = short m2 vMcChR with mellitin leader

sequence, amino terminal Strep-tag II and deletion of most of intracellular loop 3

D/C = dlgltonin/cholate detergent mbcture lx concentration = 0.4% digitonin, 0.08% cholate

DBM dodecyI--D maltoside
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Appendix I Purification of the m2 mAcChR

Date Resin pmoles Detergent % %
bound release

3/22196 Emphaze aHAI sara 9.4 musc 125X D/C 82 n.d.

3/20/96 3.7 musc 0.5XD/C 60
0.5mg/mI-lOOuI 1.9musc O.125X0/C 60

9.6 MHT I 25X D/C 82 n.d.
3.9 MHT 0.5X DIC 64
1.9MHT 0.125XD/C 47

4/1/96 Emphaze aHAI sara 7.5 musc 125X 0/C 79 n.d.

3/22/96 8.0 MHT +10 ug BSA 78

0.5mglml-lOOuI

8/24/96 Emphaze aHAI IgG 32 musc 2.5X D/C 0 0-rTEV

8/22/96 0.64 musc 0.5X 0/C 30

1.5 mglml - 100 ul 0.l3musc 0.IX 0/C 30

Emphaze aHAI IgG 5.6 MHT 2.5X 0/C 0 none-

8/22/96 1.12 MHT 0.5X 0/C 50 rTEV

1.5mglmI-lOOuI 0.224MHT 0.IXD/C 50

7/8/97 Affigel amyc Mab 9.53 MMT 2 mg/mI 82 0-rTEV

7/5/97 DBM 0-2.5X

0.5mglmI-lmI 0/C

7/15/97 Affigel amyc Mab 7.8 musc 2 mg/mI 58 none-

7/5/97 4.3 MMT DBM 56 rTEV

0.5 mglml - 500 ul

7/23/97 Affigel amyc Mab 0.85 musc 2 mg/mI 92 0-rTEV

7/5/97 1.02 MMT DBM 93
0.5 mg/mI - 500 ul

7/28/97 Affigel 10 1.125 MMT 2 mg/mI 49 n.a.

7/28/97 DBM
300 UI

7/28/97 WGAAgarose1 1.125 MMT 2 mg/mI 65 n.a.
1/6/95 DBM
300 ul

1WGA agarose is wheat germ agglutanin coupled to an agarose resin used to purify m2
rM.cChR from Chinese Hamster Ovary Cells [Peterson, 1995 #1 34J.
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Appendix I Purification of the m2 mAcChR continued

Date Resin pmoles Detergent % %
bound release

WGAAgarose1 1.125 MMT 2 mg/mI 65 n.e.

1/6/95 DBM
300 uI

7/31/97 Emphaze 2.18 MMT 2 mg/mI 74 n.e.

7131/97 DBM

800 ul

8/5/97 Affigel 10 0.55 MMT 10 mgM DBM 92 n.e.

8/5/97 0.55 MMT 68

250u1 0.55MMT 60

8/31/97 Affigel 10 1.7 MMT 2.5X 0/C 79 n.e.

8/31/97 1.8 MMT 2X D/C 72
200 ul 1.9 MMT I .5X DIC 62

1.8MMT IXD/C 47
1.8 MMT 0.5X D/C 28

Emphaze 1.7 MMT 2.5X D/C 84 n.e.

8/31/97 1.8 MMT 2X D/C 80
200 ul 1.9 MMT I .5X DIC 74

1.8MMT IXD/C 62
1.8MMT 0.5XD/C 43

8/19/97 Affigel 10 0.49 MMT 10 mg/mI 68 n.d.

9E10 amyc Mab 0.98 MMT DBM 48
715197 2.45 MMT 22
0.SmgImI-130u1 4.9MMT 11

8/22/97 Affigel l0czmyc Mab 4.1 MMT 10nT DBM 11 n.d.
6mlmIDBM 18

12/30/97 Affigel I Oumyc Mab 4.88 MMT 2 mg/mI 69 0-rTEV

12129/97 DBM 0-2.5X

2.5mg/mi-Imi 0/C

1/7/98 Affigel 10 0.64 musc 2 mg/mI 19 1 0-2.5X

9E10 amyc Mab 0.73 MMT DBM 61 DIC

12129/97 0-2.5X

2.5 mglml - 500 ul 0/C

1WGA agarose us wheat germ aggIutiIn coupled to an agarose resin used to purify m2
mAcChR from Chinese Hamster Ovary Cells [Peterson, 1995 #134].



Appendix I Purification of the m2 mAcChR continued

Date Resin pmoies Detergent

1/12/97 Affigel 10 amyc 910
12/29/97
2.5 mg/mI - 500 ui
Affigel 10 amyc CT9
12/29/97
5 mg/nil -500 ul

1/28/98 Affigel 10 CT9 amyc
12/29/97
4 mg/mI - 500 ul
Affigel 1OCT14 amyc
12/29/97
4 mg/mi- 500 UI

Affigel lOamyc9ElO
12/29/97
4mg/mI-500u1

2/6/98 Afflgel 10 amyc 9E10
2/3/98
4mg/mI-500uI

2/20/98 Affigel 10 amyc 9E10
2/20/98
0.75 mg/mI-500 ul

3/4/98 Aftlgel I Ocxmyc 9E10
2/20/98
0.13 mg/mI-500 ul

9/14/98 Affigel 10 amyc 9E10
9/13/98
I mg/mI-lOOuI

9/14/98 Affigel 10 amyc 9E10
9/13/98
I mg/ml-lOOuI

9/14/98 Affigel 10 amyc 9E10
9/13/98
I mg/nil-lOOuI

9/14/98 Affigel 10 amyc 9E10
9/13/98
I mg/rrd-lOOuI

10/21/98 CAM resin
20 ul

528 musc 2 mg/mI
724 MMT DBM

528 musc 2 mg/mI
724 MMT DBM

%
bound

93
84

43
46

2.1 musc 2 mg/nil 89
4.5 MMT DBM 55

2.1 musc 2 mg/mI 88
4.5 MMT DBM 30

2.lmusc 2mg/mi 83
4.5 MMT DBM 90
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release

0-rTEV
O-2.5X
0/C
0-rTEV
0-2.5X
D/C

n.d.

n.d.

n.d.

18 musc 2 mg/nil 49 none-pH
17 MMT. DBM 72 gradient

25 musc 2 mg/mI 93 n.d.
23MMT DBM 81

10.05 musc 2 mg/mI 96 n.d.
7.83 MMT DBM 70

8.4 musc O.5X D/C 9 9 rTEV
8MMT 24 I3rTEV

6.6 musc 2 mg/mI 45 1 -rTEV
4.0 MMT DBM 24 2- FTEV

6.6 musc O.5X D/C 27 8.4 rTEV
6.8MMT 20 I7rTEV

4.6 2 mg/nil 72 1.5 rTEV
5.4 DBM 58 2.6 rTEV

3.06 MCMT 2.5X D/C 4 n.d.
I3zt



Appendix I Purification of the m2 mAcChR continued

Date Resin pmoles Detergent

10121198 CAM resin
20 ul

10/21198 CAM resin
20 ul

10121198 CAM resin
20 ul

10/21/98 CAM resin
20 ul

10/21/98 CAM resin
20 ul

1/7/99 NiNTA
200 UI

1/7/99 StrepTacth-Seph
200 ul

1/25/99 StrepTactin-Seph
500 ul

1/21/99 Ni-Sepharos

2/16/99 DEAE-Sepharose
Ni-Sepharose

3/15(99 DEAESepharose
Ni - Sepharose

3.06 MCMT 25X 0/C

i3 lOOmMPlacl

1.04 MCMT 2.5X 0/C
13A

1.O4MCMT 2.5XD/C+
j3 lOOmMilaci

1.04 MCMT 2.5X DIC +

13A Endo F

1.O4MCMT 2.(D!C+
13A NaVEndo F

90 IXD/C
MmCIOH

134 IX D/G
MmNSIIi3Lt

3690 IXDIC
MmNSII1&t

108 IXD/C
MmCIOH

2550 2.5X DIG

4.4 2.5X 0/C

% %
bound release

14 n.d.

2 n.d.

17 n.d.

8 n.d.

6 n.d.

0 n.d.

0 n.d.

0 n.d.

100 68Imid

100 46NaCI
100 l2Imid

100 I7NaCI

Appendix I Purification of m2 mAcChR Date date of experiment resin = affinity
resin used, antibody conjugated, d* prepared and volume of resin; pmolss indicates
pmoles of so(ublhzed receptor applied to volume of resin; % bound indicates the amount of
receptor bound to the resin; miss.. Indicates amount of receptor released under different
elution conditions (see results and discussion Chapter 3)

........... -- .....-




