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December 2004

ABSTRACT

Calmodulin (CaM), a well-characterized calcium sensor, binds directly to GPCRs,

including the pu opioid receptor (MOR) on the i3 loop. CaM binding to MOR interferes with

G-protein coupling. Furthermore, melittin and mastoparan, tetradecapeptides found in wasp

venom, bind both Go and CaM, suggesting that the two binding sites are similar and may

overlap. Therefore, CaM may bind numerous GPCRs, and act as a second messenger. Due

to a putative CaM binding motif on the C-terminal portion of the i3 loop, a region important

in G-protein binding, the hM1 muscarinic receptor (hM1) was selected as a candidate to

better elucidate CaM-i} loop interactions.

Studies with peptides derived from the hNM1 i3 loop demonstrate that CaM is capable

of binding hl/■ 1, and a 5-residue sequence essential for calmodulin binding was defined.

Studies with h.NM1 peptides suggest the presence of a second, adjacent CaM binding site.

Mutagenesis studies identified two mutant peptides that display reduced binding to CaM.

The results suggest that calmodulin can bind to an M1 region implicated in G-protein

coupling.

Microarray studies revealed that stable transfection of wild type or CaM-binding

deficient mutant hM1 into HEK-293 cells has distinct effects on gene expression patterns

even though G-protein coupling was not impaired. Furthermore, addition of CaM to

membranes from cells expressing hl/■ 1 inhibits [*S]GTPYS incorporation, suggesting that

iv



CaM regulates hM1 G-protein coupling. These data support the hypothesis that CaM,

through its direct interaction with h.NM1, regulates signal transduction.

Variations in the MOR sequence disrupt CaM binding. To identify any SNPs on hM1

that could disrupt CaM binding, the CHRM1 gene in 245 individuals was sequenced. Nine

SNPs in the coding region of CHRM1 were identified, but only a single allele, C417R, was

found to contain a nonsynonymous SNP. Due to its location, C417R is unlikely to affect

CaM binding, but previous studies show that the highly conserved C417 is important for

agonist binding and coupling. The extraordinary sequence conservation of CHRM1 was

unexpected as M1-knockout mice show only minimal functional impairments. This study

supports a broader trend suggesting that CaM is a key regulator of GPCR signaling at the

receptor level.
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Chapter 1

Introduction

G-protein coupled receptors are classically described as being able to signal through

the activation of a heterotrimeric G-protein. In recent years it has become apparent that

GPCRs also interact with and signal through various other proteins. This work describes the

interaction between the hNM1 muscarinic acetylcholine receptor and the ubiquitous calcium

sensor calmodulin, and highlights the potential role for this interaction in regulating G

protein coupling and cell signaling.

MUSCARINIC RECEPTORS

Function and Expression Muscarinic receptors belong to the G-protein coupled

receptor (GPCR) superfamily. They are class I rhodopsin-like GPCRs. Like all GPCRs,

they have 7 transmembrane domains, with an extracellular N-terminus and an intracellular C

terminus. There are 3 extracellular loops (e1, e2 and e3) and three intracellular loops (i1, i2,

and i3). There are five muscarinic receptors in humans, hM1-5. M1, M3 and M5 couple to

Gd to mobilize Ca”, and M2 and M4 couple to Go to inhibit adenylyl cyclase. The M1

receptor is the major postsynaptic receptor in the brain; it is found in the hippocampal and

cortical regions of the brain as well as in the parasympathetic ganglia (Dorje et al., 1991;

Levey et al., 1991; Felder et al., 2001). The M1 receptor is involved in many processes,

including the initiation of seizures, learning and memory, and regulation of the force and rate



of heart contractions (Hamilton et al., 1998; Hamilton et al., 2001). Because of its

involvement in these processes, the M1 receptor is a compelling drug target for Alzheimer's

disease and other neurological and psychiatric disorders (Hamilton et al., 1998). Indeed, for

the past 20 years, the cholinergic hypothesis has proposed that loss of cholinergic function is

responsible for the cognitive symptoms of Alzheimer's (Bartus, 2000). It is thought that

stimulation of the M1 receptor would alleviate some of the symptoms of Alzheimer's by

several pathways, including increased secretion of the nontoxic O-amyloid peptide and

decreased secretion of the toxic ■ -amyloids generated from the amyloid precursor protein

(Fisher et al., 1998; Fisher et al., 2000).

G-protein coupling domain. Muscarinic receptors bind to the heterotrimeric G

protein through the intracellular loops. Extensive mutagenesis studies have been done with

the M1 muscarinic receptor to pinpoint the residues most important for G-protein binding.

These residues are located on the i2 loop and near the transmembrane domain junctions of

the i3 loop. On the i2 loop, a hydrophobic residue, L131, is critical for G-protein coupling.

Mutation of this residue will decrease PI stimulation, a measure of a Gq-coupled receptors

ability to activate its G-protein, by 80% (Moro et al., 1993a). The i3 loop is another region

crucial for G-protein coupling. The i3 loop of M1 is quite large, 158 residues, but A232-358,

a deletion mutant which contains only the N and C-tails of i3, is able to couple normally to

G-proteins (Arden et al., 1992). This indicates that only the N and C terminal ends of the i3

loop are involved in G-protein coupling. A triple mutant of three charged residues on the N

terminal end of i3, E214A/E216K/E221K did not affect G-protein coupling as measured by

stimulation of PI hydrolysis (Arden et al., 1992). However, a second triple mutant of



hydrophobic residues W209A/I211A/Y212A decreased carbachol-stimulated PI release by

65% (Moro et al., 1993a). The single mutants I211A and Y212A were also defective in

coupling (Hogger et al., 1995b). Together, these studies show that the hydrophobic residues

on the N-terminal end of i3 are involved in G-protein coupling.

The C-terminal end of the i3 loop is crucial for G-protein coupling. Moro et al.

showed that a triple mutant, E360A/K362A/T366A had a 60% decrease in carbachol

stimulated f H] phosphoinositol release as compared to control (1993a). The single mutant

E360A has been shown to constitutively activate M1 (Hogger et al., 1995b). K362 is part of

a BBXXB motif (B is a basic residue, either lysine or arginine, and X is any other amino

acid), which has been proposed as a universal G-protein coupling motif. In M1 this motif is

361-KKAAR-365, and it has been shown to be important in G-protein coupling. A triple

mutant in which the basic residues are changed to alanine has virtually no ability to stimulate

PI (Lee et al., 1996b). Studies with the single mutants show that K361A, which has 5 times

decreased potency but can still maximally stimulate PI, plays a minor role in G-protein

coupling (Lee et al., 1996b). However, in another study, a double mutant K359A/K361A did

not affect G-protein coupling (Arden et al). K362 and R365 play more important roles.

R365A caused a 50% decrease in the maximal PI stimulation but did not affect potency.

K362A caused both a 50% decrease in maximal PI stimulation and decreased the potency 13

times (Hogger et al., 1995b; Lee et al., 1996b). Certain residues on the i3 loop are therefore

crucial for G-protein coupling. Altogether, these studies illustrate the importance of the

intracellular loops, especially i3, in the interaction with the G-protein.



Regulation Muscarinic receptor signaling is regulated by phosphorylation at serine

and threonine residues. Phosphorylation effectively uncouples the receptor from its G

protein and desensitizes the receptor’s response to agonist stimulation. Protein kinase C

(PKC) phosphorylation on M1 is agonist-independent and is therefore thought to be involved

in heterologous desensitization. A putative PKC phosphorylation site is located on the C

terminal end of the i3 loop, at T354 or S356 (Haga et al., 1996).

Continued stimulation of a muscarinic agonist, such as carbachol, results in

phosphorylation by G protein coupled receptor kinase (GRK) on the activated M1 receptor.

M1 is phosphorylated by GRK2 on 4-5 sites, most likely on a serine/threonine rich domain

located in the center of the i3 loop (Haga et al., 1996). This internalization domain is located

between residues 284–292, as determined by mutagenesis studies (Lameh et al., 1992; Moro

et al., 1993b). In HEK-293 cells, phosphorylation of the M1 receptor by GRK is followed by

the binding of arrestin-2 to the phosphorylated domain, leading to the internalization of the

receptor. Internalization of the M1 muscarinic receptor is via clathrin-coated vesicles

(Tolbert and Lameh, 1996), and is dependent on the small GTPase dynamin (Vogler et al.,

1998). In general there are two pathways that internalized GPCRs follow: they are either

recycled back to the membrane or degraded in lysosomes, resulting in the down-regulation of

receptor expression on the membrane. Whether recycling or down-regulation occurs is cell

type specific; M1 is down-regulated in CHO cells (Shockley et al., 1997) but recycled in

HEK-293 cells (Vogler et al., 1998).

Signal Transduction. The M1 muscarinic receptor couples primarily to the Gaqi

heterotrimeric G-protein. Activation of God/11 results in activation of phospholipase C (PLC),



which hydrolyzes phosphoinositol-4,5-bisphosphate to produce the second messengers IP3

(inositol-1,4,5-triphosphate) and DAG (diacylglygerol). IP3 binds to its receptor on the

endoplasmic reticulum to release intracellular calcium stores (Felder, 1995). DAG activates

protein kinase C (PKC) resulting, among other things, in the activation of calcium channels

on the plasma membrane, causing an influx of extracellular calcium (Felder, 1995). Calcium

influx activates a variety of pathways. Muscarinic receptors have been shown to stimulate

Ca”-activated chloride current (Janssen and Sims, 1992; Pacaud et al., 1992; Janssen, 1996;

Liu and Farley, 1996; Wayman et al., 1997), and to inhibit Na' channels in a PKC-dependent

manner (Cantrell et al., 1996). The M1 muscarinic receptor has been shown to be able to

increase the cyclic AMP concentration in the cell by activation of type I adenylyl cyclase,

which is activated by the ubiquitous calcium sensor CaM and CaM kinase II (Choi et al.,

1992). In addition, activation of adenylyl cyclase has been shown to regulate activation of

the mitogen-activated protein kinase (MAPK) cascade (Russell et al., 1994).

M1-mediated activation of the MAPK cascade is important for memory. M1 has

been shown to activate extacellular signal-regulated kinase 1 and 2 (ERK1/2), members of

the MAPK family. ERK1/2 is necessary for long-term potentiation, which is an important

component of learning and memory (Rosenblum et al., 2000). Knockout studies in mice have

shown the M1 is the major subtype that activates ERK1/2 in mouse forebrain (Hamilton and

Nathanson, 2001). Muscarinic receptors are linked to ERK1/2 activation in hippocampus

and cortex and ERK1/2 activation is necessary for long-term potentiation in vivo (Rosenblum

et al., 2000). In neurons and fibroblasts, activation of ERK1/2 is src-dependent and partially

dependent on PI3K and calcium, and not dependent on PKC (Rosenblum et al., 2000). M1

mediation of amyloid precursor protein (APP) processing in PC12M1 cells has been shown



to occur through two converging pathways: a PKC-dependent pathway and a second pathway

dependent upon the small GTPase Ras and ERK (Haring et al., 1998). Activation of ERK1/2

in PC12D cells is through the second messenger DAG, which then activates the small

GTPase Rap through the guanine nucleotide exchange factor (GEF) CalDAG-GEF (Guo et

al., 2001).

M1 has also been shown to activate tyrosine kinases. M1 receptors can transactivate

EGFR (epidermal growth fact receptor), a receptor tyrosine kinase, through a pathway

involving metalloprotease cleavage of proHB-EGF (Prenzel et al., 1999). Activation of

EGFR is known to trigger the MAPK cascade, showing that M1 participates in cross talk

across signaling pathways. M1 can activate the potassium channel Kv1.2 through the

tyrosine kinase Pyk2, which then autophosphorylates and binds c-Src and Grb-2 to activate

the channel. The exact mechanism by which M1 activates Pyk2 is unclear (Felsch et al.,

1997). M1 receptors have been shown to activate Bruton’s tyrosine kinase through a direct

interaction of the kinase with Gag (Bence et al., 1997). M1-mediated activation of SRF

(serum response factor) in Jurkat T cells is through a novel pathway involving the non

receptor tyrosine kinase Pyk2, CaM, calcineurin and the small GTPase RhoA (Lin et al.,

2002). Ga is necessary but not sufficient for this pathway and the G proteins G12, G13, G14

and G15 appear not to be involved. SRF binds to the serum response element (SRE) to

activate immediate early genes. Immediate early genes regulate the expression of many

proteins involved in mitogenesis and neuronal differentiation (Lin et al., 2002).

M1 has also been shown to activate the immediate early gene zif268 through a RhoA

and SRE-dependent mechanism (Hirabayashi and Saffen, 2000). Induction of other

immediate early genes from the fos and jun families has been shown to occur through



different pathways (Ding et al., 1998). The immediate early genes c-fos, fosB and junB were

actived through a pathway involving PKC, whereas induction of c-jun and junB involved

CaM and CaMKII (Ding et al., 1998).

In summary M1 is a Gq-coupled GPCR, which is expressed in both the brain and

parasympathetic ganglia. It binds the G-protein on the intracellular loops, especially the C

terminal end of the i3 loop. Activation of the M1 receptor with ligand results in the

activation of a variety of signaling pathways including Ca" mobilization, ion channel

regulation, the activation of the MAPK cascade and the regulation of gene expression,

especially the immediate early genes. The ability of M1 to initiate signal transduction is

regulated by phosphorylation and internalization of the receptor, although other mechanisms

could exist. In this study, I investigate the novel interaction of M1 with the calcium sensor

calmodulin.

CALMODULIN

Structure and binding to target proteins. Calmodulin (CaM) is a 16 kD calcium

sensor. It is ubiquitous in eukaryotic cells and all mammals have identical protein sequences.

There are three CaM genes in humans, all of which produce the same protein. CaM is highly

expressed in both the developing and adult rat brain, as determined by in situ hybridization

studies (Palfi et al., 1999; Kortvely et al., 2002). Calmodulin changes its conformation and is

usually activated upon an influx of calcium into the cell, but calcium-independent pathways

also exist. Calmodulin contains four EF-hand calcium-binding domains, of which at least

two must be occupied for it to be activated (Vogel, 1994). CaM binds calcium in a positively



cooperative manner, allowing it to be very sensitive to changes in cytosolic calcium

concentrations (Vogel, 1994).

Although CaM binds to a wide variety of target proteins, one common feature of

many CaM binding sites is that they are predicted to form an amphipathic o-helix. In this

structure, one side of the helix contains basic residues and the other side contains

hydrophobic residues(Rhoads and Freidberg, 1997; O'Day and Myrc, 2004). This has given

rise to the description of a series of related motifs, such as the 1-8-14, the 1-14, the 1-10 and

the 1-16 motif, where the numbers describe the location of hydrophobic residues

phenylalanine, isoleucine, leucine, valine or tryptophan (FILVW) (Rhoads and Freidberg,

1997; O'Day and Myrc, 2004). Another well-known motif is the IQ motif, which is found in

many proteins that bind CaM in a calcium-independent manner (although this motif has been

found in proteins that bind CaM in the presence of calcium as well) (Rhoads and Freidberg,

1997; O'Day and Myrc, 2004). These motifs are useful in identifying potential candidates for

CaM interaction.

Understanding how CaM binds to other well-characterized targets gives insight into

how it may interact with the hM1 receptor. The structure of CaM is mas flexible,

allowing it to bind to a wide array of targets (Rhoads and Freidberg, 1997; Zhang and Yuan,

1998). It is a dumbbell shaped molecule with two calcium-binding sites on each end,

connected by a linker. The linker is an O-helix and is able to wind and unwind as necessary

to accommodate different sequence lengths (Zhang and Yuan, 1998). The calcium-binding

lobes of CaM are also flexible. When calcium is bound, they can change conformation to

reveal hydrophobic methionine patches that interact with the target (Gellman, 1991; Vogel,

1994). Furthermore, the nature of the methionine side chain allows even more versatility, as
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it can accommodate multiple residues in the binding pocket (Gellman, 1991; Vogel, 1994).

The lobes without calcium bound have also been found to interact with some targets

(Schumacher et al., 2001). CaM can also not only wrap itself lengthwise around a single

strand of amino acid residues, it can stretch to accommodate multiple strands. Recently, a

crystal structure was solved in which two CaM each bound three o-helical strands of the Ca”

activated K' channel (SK channel) (Schumacher et al., 2001). In this structure, one lobe of

CaM had calcium bound and interacted with one o-helix, and the other lobe had no calcium

bound and interacted with two O-helices.

Signal Transduction. CaM mediates a wide variety of calcium-activated processes.

CaM plays an inhibitory role in the regulation of L-type Ca” channels, thereby providing a

negative feedback mechanism to control Ca” entry and downstream signaling (Romaninet

al., 2000; Pitt et al., 2001b). CaM can bind and activate type 1 adenylyl cyclase (Mons et al.,

1999), which M1 has also been shown to activate. Type I adenylyl cyclase has been shown

to have a role in memory formation (Mons et al., 1999; Wang and Storm, 2003). CaM has

been shown to bind to and stimulate the activity of the small GTPase Ral-A (Wang and

Roufogalis, 1999). CaM can also bind the By subunits of the heterotrimeric G protein. This

interaction interfered with the formation of the Gap, trimer, but not with PLC-32 activity (Liu

et al). CaM can bind and inhibit type-1 inositol trisphosphate (IP3) receptors in a Caº'-

independent manner (Cardy and Taylor, 1998).

CaM binds to several kinases, including to skeletal muscle phosphorylase kinase as

an integral subunit, and regulates the calcium-dependent activity of this kinase in its role in

glycogen metabolism (Dasgupta et al., 1989). CaM can bind to two sites on GRKs 1, 2 and 5,



and inhibits the kinases ability to phosphorylate GPCRs (Chuang et al., 1996; Levay et al.,

1998). It binds and activates a family of CaM kinases, including CaM kinase II, which is

enriched in the brain and has an important role in memory (Hedou et al). CaM binds and

activates the phosphatase calcineurin (Klee et al., 1998). Since calcineurin has as it targets

Some phosphoproteins that are activated by CaM, this is another negative feedback

mechanism that regulates cell signaling (Klee et al., 1998). CaM also binds directly to

Several GPCRs to regulate signal transduction, as discussed in more detail later on.

G PROTEIN-INDEPENDENT SIGNALING

It is now well accepted that GPCRs interact with a variety of proteins besides the G

protein, and often these interactions regulate signal transduction. Many GPCRs, for example,

contain PDZ-binding domains on their C-terminus. The [2 adrenergic receptor binds to

NHERF/EBP50 on a PDZ binding motif located on the last four amino acids of the C-tail

(Hall et al., 1998; Cao et al., 1999). After agonist activation, NHERF/EBP50 binds to this

region, and the [2AR internalized and recycled back to the membrane. Mutation of the

receptor resulted in degradation in lysosomes (Cao et al., 1999). Another GPCR, the rat

somatostain receptor type2 interacts with the cortactin-binding protein, type 1 (CBP1)

through its PDZ domain in an agonist-dependent manner. Since CBP1 is part of the

cytoskeleton, it is thought that this interaction shows that GPCRs are involved in structural

rearrangements that take place after activation (Zitzer et al., 1999). The 5HT2C receptor

interacts with a novel protein containing 13 PDZ domains and no obvious catalytic domain,

termed MUPP1. The function of the interaction is not known (Ullmer et al., 1998). The

10



5HT2B receptor contains a PDZ domain in its C-terminus, which is functionally coupled to

c-NOS activation (Manivet et al., 2000). The exact mechanism is unknown although it was

shown to be independent of Galà.

GPCRs have been shown to bind to other proteins on the C-tail as well. Homer, an

immediate early gene, binds to group 1 metabotropic glutamate receptors (subtypes 1 and 5),

and acts as an adaptor linking these receptors with inositol trisphosphate receptors to

modulate intracellular calcium release (Tu et al., 1998; Xiao et al., 1998). This is one of the

best examples of G protein-independent signaling. The metabotropic glutamate receptor,

type 10 has been shown to directly interact with tubulin (Ciruela et al., 1999), perhaps to

stabilize the receptor. The GABAB receptor has been shown to bind two related transcription

facrors, CREB2 and ATFx, through a leucine zipper-binding motif on its C-tail. This a

mechanism by which the receptor can directly regulate gene transcription (Nehring et al.,

2000; White et al., 2000). In addition, several adrenergic receptors have been shown to

bind elP-2B, a guanine nucleotide exchange protein involved in the regulation of translation,

on their C-terminal tails (Klein et al., 1997). This interaction also enhances [82 adrenergic

receptor signaling, but the mechanism is unclear (Klein et al., 1997). Binding of the B2

adrenergic receptor to NSF (N-ethylmaleimide-sensitive factor) has been shown to be

required for efficient internalization and recycling of the receptor to the cell surface (Cong et

al., 2001). The M3 muscarinic receptor has been shown to be able to activate phospholipase

D in a G-protein independent manner. This activation is dependent on the small GTPases

ARF and RhoA. A region of M3 located in the seventh transmenbrane domain is dependent

on PLD activation and is necessary for coimmunoprecipitation with ARF and Rho (Mitchell

et al., 1998).
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GRKs, as discussed above for the M1 receptor, play a role in the regulation of GPCR

signal transduction. After receptor activation, GRKs phosphorylate many GPCRs,

effectively uncoupling the receptor from its G protein. After GRK phosphorylation arrestin

binds, which then leads to internalization of the receptor via clathrin-coated pits. Recently, it

has been suggested that internalization is required for binding of the protein src and

activation of the MAP kinase cascade of the B2 adrenergic receptor (Luttrell et al., 1999).

Internalization, then, may play a role in the activation of certain pathways. GPCRs are

therefore able to activate signal transduction pathways via multiple mechanisms, not all of

which are through a heterotrimeric G protein. This work focuses on the interaction of

GPCRs with the calcium sensor calmodulin.

KNOWN INTERACTIONS OF CALMODULIN WITH GPCRS

Calmodulin has been previously found to be able to bind to five GPCRs: the

metabotropic glutamate receptor (mGluR) types 5 and 7, the serotonin 5-HT1A receptor, the

D2 dopamine receptor and the pu opioid receptor (MOR). Calmodulin bound to the C

terminal tail of mGluR5 and mOluR7 (Minakami et al., 1997; Nakajima et al., 1999). In both

receptors, CaM bound to a phosphorylation site and inhibited phosphorylation by protein

kinase C (PKC). CaM also inhibited phosphorylation by PKA and PKG on mGlu5R

(Sorensen et al., 2002). Conversely, phosphorylation by these kinases prevented CaM

binding. There is evidence that shows that CaM binding to the C-tail of these receptors

inhibits binding of the G-protein 3y subunit to regulate GIRK currents (Dev et al, O’Connor

et al). However, these finding have been disputed (Sorensen et al., 2002). Although the

12



exact role of CaM binding to the mGluR remains unclear, these studies do show that CaM

does regulate the function of these receptors.

The MOR, D2 and 5HT1A receptors are especially interesting as they bind CaM on

the i3 loop. The 5HT1A receptor bound CaM on two non-adjacent sites located at the amino

and carboxy ends of the i3 loop (Turner et al., 2004b). The site located on the amino end of

the loop had higher affinity for CaM than the other site. Phosphorylation of peptides from

these regions by PKC inhibited CaM binding (Turner et al., 2004b). CaM was found to

inhibit G-protein binding and regulate receptor activity of the D2 and MOR receptors. The

D2 dopamine receptor binds CaM on the -NH2 end of the i3 loop. This binding does not

directly interfere with G-protein coupling, but rather noncompetitively inhibits it (Bofill

Cardona et al., 2000). However, the binding of CaM and the G-protein to MOR are mutually

exclusive (Wang et al., 1999). CaM was able to regulate the basal activity of MOR. In

addition, CaM bound to the MOR i3 loop has a biological signaling role, as evidenced by two

studies. The release of CaM from MOR results in the translocation of CaM to the cell

nucleus to regulate the phosphorylation of the transcription factor CREB (Wang et al., 2000).

In addition, CaM is implicated in MOR-mediated transactivation of the EGF receptor

(Belcheva et al., 2001). Activation of MOR resulted in a CaM-dependent activation of ERK,

through the transactivation of EGF. This pathway was activated through a direct CaM-MOR

interaction; a MOR mutant that could couple to G-protein but was deficient in CaM binding

could not tranactivate EGF. These studies demonstrate that CaM, through its direct i3 loop

interaction, could play a role as a GPCR second messenger.

Binding of both CaM and G protein to the GPCR i3 loop raises the possibility that the

two binding sites are similar and may overlap. This is further supported by the ability of

13



melittin and mastoparan, two peptides found in wasp venom, to bind both Go and CaM

(Malencik and Anderson, 1983; Kataoka et al., 1989; Higashijima et al., 1990b). Thus, CaM

binding to the i3 loop could potentially be a way to regulate the G-protein signaling of many

GPCRS.

OVERVIEW OF THE PRESENT STUDY

The M1 muscarinic receptor has a putative CaM binding domain on the C terminal

end of the i3 loop, as discovered by a motif search. The motif search was modified by our

lab and then applied to identify MOR and muscarinic receptors (Quillan and Sadee, 1996).

The motif located on the hNM1 muscarinic receptor is the 1-14 motif, as described by O’Day

and Myrc (2004). In this work, the functional role of a CaM interaction with the hNM1 i3 loop

will be investigated. Peptide studies demonstrate that CaM is capable of binding to the hNM1

i3 loop. These studies combined with mutagenesis highlight the regions of the hM1 i3 loop

most important for binding. Two mutants deficient in CaM binding but active in G protein

coupling are also identified: E360A, a point mutation, and A232-358, a large deletion mutant

missing most of the i3 loop. Studies done with cells lines stably expressing wild type

receptors suggest that CaM regulates hM1 G-protein coupling. The effect of this interaction

on gene expression is also investigated. Genotyping of the hM1 muscarinic receptor of 245

individuals in the Corriell collection was also done, in an attempt to identify polymorphisms

that could affect M1 function and specifically CaM binding.
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Chapter 2

Calmodulin binding to peptides derived from the i3 loop

of Muscarinic Acetylcholine Receptors

SUMMARY

A calmodulin-binding motif had been identified in the third intracellular (i2) loop of

muscarinic acetylcholine receptors (M1-M5), a region important for G-protein coupling.

Synthetic peptide derived from the hM1 i3 loop, and containing a CaM binding motif, were

tested for binding to CaM using a crosslinking gel shift assay and a dansyl-CaM fluorescence

assay. 28-mer peptides from the C-terminus of i3, representing the putative calmodulin

domains of M1, M2, and M3 were found capable of interacting with CaM. In addition,

smaller peptides defined a 10-amino acid sequence essential for calmodulin binding. Studies

performed with M1-peptides derived from GST fusion proteins, representing larger portions

of the i3 C-terminus, suggested the presence of a second adjacent, CaM binding site.

Mutagenesis studies identified two mutants that are unable to bind CaM: a point mutation,

E360A, and a deletion mutant, A232-358. The results suggest that calmodulin can bind to an

M1 region implicated in G protein coupling.

:
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INTRODUCTION

Muscarinic acetylcholine receptors (mAchR) are seven transmembrane spanning

proteins, members of the G-protein coupled receptor (GPCR) superfamily. There are 5

subtypes in humans (hM1-M5). The hM1, hM3 and hM5 receptors couple to the

heterotrimeric G-protein Gaa■ il to activate phospholipase C and increase the intracellular

calcium concentration. hM2 and hNM4 couple to Gio to inhibit adenylyl cyclase, thereby

decreasing the cAMP concentration of the cell, among other signaling pathways (van Koppen

and Kaiser, 2003).

The muscarinic receptors have a broad and overlapping distribution in the body. The

hM1 receptor, expressed in hippocampal and cortical regions of the brain as well as in the

parasympathetic ganglia (Dorje et al., 1991; Levey et al., 1991; Felder et al., 2001) is

involved the initiation of seizures, learning and memory, regulation of the force and rate of

heart contractions, and more (Hamilton et al., 1998; Hamilton et al., 2001). Furthermore,

hM1 receptor is a compelling drug target for treating Alzheimer's disease and other

neurological and psychiatric disorders (Hamilton et al., 1998).

Calmodulin is a key mediator of calcium-activated cell signaling. It has been shown

to regulate a wide variety of proteins, including ion channels, kinases, phosphatases, and

small GTPases. Moreover, CaM is emerging as an important regulator of GPCR signaling at

the receptor level. CaM has been found to bind to the i3 loops of the pu opioid and D2

dopamine and 5HT1A receptors to inhibit G-protein coupling (Wang et al., 1999; Bofill

Cardona et al., 2000). It also binds to the C-terminus of the metabotropic glutamate receptors

types 5 and 7, thereby inhibiting phosphorylation by protein kinase C(PKC) and regulating

º:

º
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receptor desensitization (Minakami et al., 1997; Nakajima et al., 1999; Turner et al., 2004).

Using a motif search, a putative CaM binding motif on the i3 loop of muscarinic receptors

has been identified (Wang et al., 1999; Quillan and Sadee, 1996). In this study, peptides

derived from this region of M1-3 are shown to bind CaM in a Caº'-dependent manner. In

hM1, two binding sites for CaM derived from adjacent domains representing the C-terminal

portion of the i3 loop known to be involved in G protein coupling were identified. By

replacing key residues involved in CaM-binding, residues required for CaM-binding but

dispensable for G protein coupling have been identified. CaM binding to the C-terminal

region of the hM1 is loop has the potential to regulate hNM1 G-protein coupling. Moreover,

this region is conserved in many GPCRs, raising the hypothesis that CaM can bind to a large

number of GPCRs in their coupling domains.

MATERIALS AND METHODS

Materials. Bovine brain calmodulin was obtained from Calbiochem (La Jolla, CA).

All muscarinic peptides, except for M1-C3-B and M1-C3-C, were from the Biomolecular

Resource Center, University of California San Francisco. M1-C3-B and M1-C3-C were

from Alpha Diagnostic International (San Antonio, TX). The H opioid receptor peptide

(sequence containing residues 258-286), used as a positive control, was sythnesized as

described previously (Wang et al., 1999). The FLAG peptide, used as a negative control,

was obtained from Sigma-Aldrich. Primers, except for those used for mutagenesis, were

from the Biomolecular Resource Center, University of California San Francisco.

Mutagenesis primers were from Integrated DNA Technologies (Coralville, IA). The pGEX
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5X-2 vector, Factor Xa and glutathione sepharose beads were from Amersham Pharmacia.

Restriction enzymes were from New England Biolabs. All other reagents were from Sigma

Aldrich, unless otherwise stated.

Construction and purification of GST fusion proteins. The desired regions of the

hM1 i3 loop were amplified using PCR (R210f-CGGGATCCCCCGCATCTACCGGGAG;

S237r-GGAATTCCTCAGCTGCCACCCCCTTTGCC; A313f.

CGGGATCCCCGCCCCCACCAAGCAG; K339f

CGGGATCCCCAAGGGCCAGAAGCCC; K342r

GGAATTCCTCACTTCTGGCCCTTGCC; S368r

GGAATTCCTCAACTCAGGGTCCGAGC) and cloned into the pGEX-5X-2 vector

(Amersham Pharmacia) using EcoR1 and Bam! II sites. The vector was transformed into the

DH50 strain of E. Coli (Stratagene). To purify the fusion protein, 5 ml of the transformed

bacteria were grown overnight in YTA media (20g/L tryptone, 10g/L yeast extract, 10g/L

NaCl, 100pg/ml carbenicillin). The next day, the cultures were transferred to 200 m of the

same media and grown for 5 hrs at 37°C, induced with IPTG (isopropyl■ ?-D-1-

thiogalactopyranoside) and grown at 30°C for an additional 1-2 hrs. Bacteria are spun down,

washed with 15 mL STE buffer (200mM Tris-HCl, pH 8.0, 1M NaCl, 0.1M EDTA), spun

again and resuspended in STE buffer plus lysozyme and protease inhibitors. This is

incubated on ice for 15 minutes, and then 5m.M DTT (dithiothreitol), 1 mM DMF (N,N-

dimethylformamide), 1.5% sarkosyl and 10 ml B-PER bacterial protein extraction reagent

(Pierce Biotechnology, Rockford, IL) are added. The mixture is centrifuged, and 2% Triton

X 100 is added to the supernatant before incubation with the Glutathione Sepharose beads
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(Amersham-Pharmacia) to separate out the fusion protein. After the incubation, the beads

are washed 3 times with phosphate-buffered saline (PBS; 1 mM KH2PO4, 10 mM NaHPO4,

137 mM NaCl, 2.7 mM KCl). Factor Xa (Amersham Pharmacia) is then added to the beads

to cleave off the peptide. Peptide concentrations are calculated using a Bradford assay.

Mutagenesis. Mutagenesis was done using the Quik-Change site directed

mutagenesis kit (Stratagene). Primers containing the desired nucleotide change plus 12-19

bases on either side of the change were annealed to the desired vector, and cycled for 12-15

times, purified and transformed into DH.50. All mutants were sequenced to verify that they

contained the correct sequence.

Crosslinking gel shift assay. The crosslinking gel-shift assay was done essentially

as described (Bofill-Cardona et al., 2000). Briefly, CaM and peptide in a molar ratio of

either 1:1 or 1:10 (CaM: peptide) were incubated in 50 pil of 10mM Hepes, pH 7.5, plus

1 mM DSS (disuccinimidyl suberate, Pierce Biotechnology, Rockford, IL), in the presence of

2001M CaCl2 or 200uM of the calcium chelator EGTA, for 30 minutes at room temperature.

The sample was loaded onto a 15% SDS PAGE gel and stained with Coomassie Blue.

Dansyl-CaM fluorescence assay. Dansyl-CaM was first prepared as described

previously (Kincaid et al., 1982). The fluorescence of 50pg dansyl-CaM in 1ml of 10mM

Hepes, pH 7.5 and 200 puM EGTA was measured with an excitation at 340 nm and emission

from 400-600 nm. If necessary, CaCl2 was added to attain a total concentration of 200puM

(since 2001M EGTA was already present in the solution, 400 HM CaCl2 was added), and the
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sample was measured again. Peptide was then added so that there was a molar ratio of CaM:

peptide of 1:1, and the sample was measured again.

Overlay assay. This is done as described previously (Warr and Kelly, 1995).

Purified whole GST fusion proteins are run on a 10% SDS-PAGE gel. The gel is then

blotted onto a PVDF membrane (Biorad). The membrane is incubated with biotinylated

CaM (Calbiochem), washed, and treated with avidin-horse radish peroxidase (Amersham

Pharmacia). This is developed using ECL chemiluminescent detection reagents (Amersham

Pharmacia). The presence of protein was confirmed using a Coomassie stain.

RESULTS

CaM binding to peptides derived from h"M1-GST fusion proteins. Four GST

fusion proteins representing different regions of the hM1 i3 loop were constructed (Figure 2

1A). These were: N, which is on the N-terminal end of the i3 loop and contained residues

210-237; C3, on the C terminal end of the i3 loop and containing the putative CaM binding

motif (339-368); C2 representing part of the i3 loop adjacent to C3 (313-342); and C1, which

encompassed both C3 and C2 (313-368). The GST fusion proteins were purified from

bacteria and peptides cleaved using a Factor Xa cleavage site. The ability of these peptides

to bind CaM was tested using a crosslinking gel shift assay (Figure 2-1B). In this assay, the

ability of a peptide to bind CaM is indicated by a mobility shift consistent with the increased

molecular weight of the fusion protein over free calmodulin. The N-peptide yielded no

detectable CaM binding. The C3 peptide, containing the putative CaM binding motif,
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B. :

210-237 313–368 3.13–342 339-368
N Cl C2 C3

Figure 2-1. Studies with peptides derived from GST fusion proteins. A. Diagram of
the hM1 i3 loop. B. Crosslinking gel shift assay using him.1 peptides representing different
regions of the i3 loop. The three C-terminal peptides shifted the CaM band at 1:1 peptide:
CaM ratio in the absence and presence of calcium. Under the same conditions, the N
terminal peptide (210-237) did not shift.
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Coomassie Stain º

Figure 2-1. Studies done with GST fusion proteins. C. CaM overlay assay showing
that only the GST fusion proteins containing the entire i3 loop, C1, C2 or C3 constructs bind Q
CaM; N and GST alone do not. D. Coomassie stain of the above gel showing that protein was
present in all samples.
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yielded a shifted band consistent with a peptide-CaM adduct. Interestingly, the C2 peptide,

which is adjacent to the putative CaM binding domain, also appeared to bind CaM. C1,

which contains both C2 and C3, similarly bound to CaM. All peptides preferred binding

CaM in the presence of calcium. These results suggest that there may be two binding sites

for CaM on the hM1 i3 loop. These results were confirmed using a CaM overlay assay

(Figure 2-1C and D). However, the overlay assay was less reproducible being sensitive to

incubation conditions, and therefore, subsequent experiments relied on the gel shift assay.

CaM binding to synthesized peptides. Synthesized peptides representing the

putative CaM binding region of h/(1-3 were made (Fig 2-2A) and tested for ability to bind

CaM (Fig 2B). The peptide from hNM1 is designated M1-C3-A, since its sequence is similar

to the C3 peptide made from the GST fusion protein. The peptides from the hNM2 and hM3

receptors are called M2 and M3, respectively. The crosslinking gel shift assay revealed that

CaM was able to bind to all three peptides (Fig 2-2B) in molar ratios of CaM-peptide of 1:1

and 1:10. The presence of calcium enhanced CaM binding. In addition, when peptide is

added in molar excess over CaM, a second, higher molecular weight band appears, with a

molecular weight equivalent of two peptides binding to one CaM. For a positive control, a

peptide derived from the i3 loop of the MOR was used. This peptide has been shown

previously to bind to CaM (Wang et al., 1999). A FLAG peptide was used as a negative

control (Wang et al., 1999).

These results were confirmed using the dansyl-CaM fluorescence assay (Fig 2-2C, D;

results for hl/2 and h\M3 were very similar to M1-C3-A and therefore not shown). CaM

undergoes a large conformational change when binding a peptide. This is reflected in this
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Figure 2-2. A. Sequences of h/■ 1 (designated M1-C3-A), hNM2 and hNM3 peptides. B.
Crosslinking gel shift assay of CaM binding to peptides derived from the i3 loops of h/M1, hM2 and
hM3. The band was shifted at both 1:1 and 1:10 CaM: peptide molar ratios. All three peptides bound s
to CaM, with the strongest binding in the presence of calcium. The larger band in the 1:10 molar ratio
is the MW equivalent of two peptides binding to one CaM. Q
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Figure 2-2. C-D. Dansyl-CaM fluorescence assay of CaM with the hNM1 peptide. An
increase in fluorescence and shift of the curve to the left is indicative of binding. As in the
crosslinking gel shift assay, the peptide preferred to bind CaM in the presence of calcium (D).
M2 and M3 peptides had similar results (data not shown).
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A. KEKKAARTLS M1-C3-D
TFSLVKEKKAARTLS M1-C3–C

QLAKRKTFSLVKEKKAARTLS M1-C3-B
QKPRKEQLAKRKTFSLVKEKKAARTLS M1-C3-A

Figure 2-3. A. Sequences of synthesized peptides. M1-C3-A is derived from
residues 342–368, M1-C3–B from 348-368, M1-C3-C from 354-368, and M1-C3-D from 359– - * ~.

368.
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say by an increase in the fluorescence of dansylated CaM and a shift of the peak to the left.

e increase in fluorescence and shift in the peak occurred only in the presence of calcium,

ain confirming the hM1 peptide is able to bind CaM preferentially in the presence of

cium. Similar results were obtained for the hNM2 and hNM3 peptides (not shown). The

sitive and negative control peptides were also tested (data not shown). In order to specify

region of hl/■ 1 required for CaM binding, a series of sequentially smaller peptides was

nthesized; a 21-mer (M1-C3-B), a 15-mer (M1-C3-C) and a 10-mer (M1-C3-D) (Fig 2

). Also shown, for comparison, in Fig 3 are results with M1-C3-A, the 28-mer capable of

lding to CaM in Fig 2-2. Each of the shorter peptides was tested for their ability to bind

M using the crosslinking gel shift assay (Fig 2-3B and 2-3C) and the dansyl-CaM

orescence assay (Fig 2-3D-G). M1-C3-B and M1-C3-C, which contain 21 and 15 amino

ds, respectively, were both able to bind CaM, again with a preference for calcium. M1

-D, which contains 10 amino acids, was unable to bind CaM. This suggests that residues

9-368, from which this peptide is derived, are insufficient for CaM binding. Furthermore,

2 or more of the residues 354-358 (from M1-C3-C) are important for CaM binding.

Amino acid substitutions and mutagenesis studies. The purpose of the

tagenesis studies was two fold: first, to identify the regions of the hNM1 i3 loop important

CaM binding; second, to identify a mutant that either lacks CaM binding but still couples

3-proteins, or vice versa, for subsequent use in functional studies. A series of point

tations was made in the C3 GST fusion protein, the resulting peptide cleaved and used in

rosslinking gel shift assay to screen for ability to bind CaM. Table 2-1 lists the mutants

de, the peptide sequence, and the peptide’s ability to bind CaM. Mutations of the
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Ability to
Mutation Peptide Sequence Bind CaM

S322A APTKQPPKSAPNTVKRPTKKGRDRAGKGQK +

K327A APTKQPPKSSPNTVARPTKKGRDRAGKGQK +

K346A KGQKPRGAEQLAKRKTFSLVKEKKAARTLS +

R352A KGQKPRGKEQLAKAKTFSLVKEKKAARTLS +

K359T KGQKPRGKEQLAKRKTFSLVTEKKAARTLS +

E360A KGQKPRGKEQLAKRKTFSLVKAKKAARTLS
-

K361A KGQKPRGKEQLAKRKTFSLVKEAKAARTLS +

A351–353 KGQKPRGKEQLA TFSLVKEKKAARTLS +

A363 QLAKRKTFSLVKEKKARTLS +

A232–358 RIYRETENRARELAALQGSETP KEKKAARTLS
-

Table 2-1. HM1 mutants, their sequences and the effect of the mutation on CaM
binding. Mutations were made in the C3-GST fusion protein (see Fig 2-1), and the
crosslinking gel shift assay was done as a screen for CaM binding. Two mutants were unable
to bind CaM: E360A and []232-358.
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C3 A232–358 C3 E360A

Figure 2-4. Crosslinking gel shift assay of h/M1 mutants deficienct in CaM binding.
The wild-type (C3) peptide was able to bind CaM, while the two mutants E360A and
[I232-358 were unable to cause a shift in CaM mobility. Assay was done as described in
Figs 2 & 3.

positively charged residues of hNM1 had no effect on CaM binding. Two mutants, however,

were deficient in CaM binding: E360A, a point mutation, and a large deletion mutant, A232

358, missing most of the hNM1 is loop and all but the last 10 residues of the putative CaM

binding domain (Fig 2-4). Both mutants have been previously described as being able to

couple to G-proteins (Maeda et al., 1990a; Hogger et al., 1995a). Moreover, E360A has also

been described as being constitutively active (Hogger et al., 1995a).

DISCUSSION

In this study, we have shown that CaM is able to bind to peptides representing the C

terminal region of the hM1 i3 loop in a Ca”-dependent manner. When peptide is in excess,
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CaM is capable of binding two hM1 peptides. This may indicate a unique binding property

of the CaM-hM1 interaction. CaM has been shown to be able to stretch to accommodate

multiple o-helical peptide strands. A crystal structure of the Ca" activated K' channel (SK

channel) revealed that two CaM molecules each bind three O.-helical strands of different

portion of the channel protein. In this structure, one lobe of CaM had calcium bound and

interacted with one o-helix, and the other lobe had no calcium bound and interacted with two

o-helices (Schumacher et al., 2001). This crystal structure illustrates that CaM has the

potential to act as a crosslinker. With hM1, CaM could be involved in receptor

homodimerization, in which one CaM molecule crosslinks two h!M1 mAchR molecules.

Muscarinic receptors, especially hM3, have been shown to dimerize (Zeng and Wess, 1999).

Further studies need to be done to establish what role, if any, CaM plays in dimerization.

M1-C3-C, a 15-mer located at the C-terminal region of i3, was the smallest hNM1

muscarinic receptor peptide capable of binding to CaM, whereas M1-C3-D, the 10-mer

corresponding to residues 359-368 on hNM1, was insufficient for CaM binding. This result is

consistent with lack of CaM biding of the large i3-loop deletion mutant, A232-358, which

also contains only the last 10 amino acids of the hNM1 putative CaM binding domain. One or

more of the residues 354-358 are also important for CaM binding, since the addition of these

residues enabled M1-C3-C to bind CaM.

CaM binding was also tested for peptides with single amino acid substitutions. A

longer peptide containing a substitution equivalent to the E360A mutation in M1 and located

within these 10 C-terminal residues (Fig 2-5), also did not display detectable CaM binding.

Replacement of the positively charged basic residues with uncharged amino acids failed to

affect CaM binding, whereas two of these positively charged residues, K362 and R365, had
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Large deletion A232–358
<!-

K K. R. K. K E K . A
t t ■ t
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El No effect on CaM binding t Point mutation
_ Inhibited CaM binding — Deletion
D Minimum CaM binding site

Figure 2-5. Summary of results from mutagenesis and peptide studies. Positively
charged amino acids do not seem important for CaM binding. E360 is necessary but not
sufficient for binding. One or more of the five residues TFSLV are important for CaM
binding.

been found critical for G-protein coupling. Previous mutagenesis studies indicate that R365A

caused a 50% decrease in the maximal PI stimulation by M1 but did not affect potency. The

mutation of K362 to alanine caused both a 50% decrease in maximal PI stimulation and

decreased the potency 13 times(Hogger et al., 1995a; Lee et al., 1996a). These results

suggest that one will be able to construct M1 mutant that are deficient in either G protein

coupling or in CaM-binding. Moreover, CaM has the potential to bind to a region of M1

important for G-protein coupling. One likely function of the CaM-hM1 mAchR interaction

is that CaM could regulate the G-protein coupling of the hM1 muscarinic receptor.

CaM regulation of GPCR G-protein coupling may extend beyond muscarinic

receptors. Two tetradecapeptides found in wasp venom, melittin and mastoporan, can both

bind CaM and activate G-proteins (Malencik and Anderson, 1983; Higashijima et al., 1988a;
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Kataoka et al., 1989; Higashijima et al., 1990a). This indicates that CaM and G-protein

binding sites are similar and overlap. In addition, BBXXB, which has been proposed as a

universal G-protein coupling motif (Lee et al., 1996a), resembles a CaM binding motif, but

our current results indicate that not all basic residues are needed for CaM-binding. The

CaM-binding domain of many proteins that bind CaM in a Caº'-dependent manner contain

hydrophobic and basic residues with a propensity to form an amphipathic O-helix (O'Day and

Myrc, 2004). The O-helix of transmembrane domain 6 appears to extend into the C-terminus

of the i3 loop in the cytoplasm, generating a putative CaM-binding site(Lu et al., 2002)

predicted by a motif search (Quillan et al.). That CaM binding requirements may be similar

to those for G-proteins also allows for the hypothesis that CaM binding to the i3 loop may be

common among GPCRs. Since CaM is a ubiquitous molecule and there are over six hundred

GPCRs in humans, CaM has the potential to be an important regulator of GPCR signaling.

Indeed, CaM-binding to the i3 loop is already known to be able to regulate the G

protein coupling of two GPCRs, the pu opioid receptor (MOR) and the D2 dopamine receptor

(Wang et al., 1999; Bofill-Cardona et al., 2000). For the pu opioid receptor we have proposed

that CaM binding suppresses basal receptor – G protein coupling; upon receptor activation by

an agonist, CaM is released and G protein coupling ensues (Wang et al.). Similarly, the

E360A mutant also has been found to display increased basal activity (Hogger et al., 1995a).

If CaM were to regulate basal M1-G protein coupling, one would expect a mutant deficient in

CaM-binding to have an increased basal coupling activity. These mutants will be used in

future studies to ascertain the role of CaM in the regulation of hm.1 mAchR G-protein

coupling.
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Peptides derived from GST fusion proteins suggest the existence of two adjacent

CaM binding sites on the hM1 mAchR i5 loop. CaM regulates other proteins using two sites;

it can control ion channel gating, including inactivation of L-type Ca" channels and Trpl.

and regulate adenylate cyclase (Ladant, 1988; Warr and Kelly, 1995; Pitt et al., 2001a). Two

GPCRs known to bind CaM, mGluR7 and 5HT1A receptors, both have two CaM binding

sites. Binding of CaM to both sites can inhibit phosphorylation by PKC. The 5HT1A

receptor binds CaM on the i3 loop, and metabotropic glutamate receptors, types 7, on the C

terminus (Nakajima et al., 1999; Turner et al., 2004). Another GPCR, the metabotropic

glutamate receptor, type 5, has one CaM binding sites on the C-terminus (Minakami et al.,

1997). CaM binding to this site interferes with PKC phosphorylation. CaM may therefore

play a role in the regulation of GPCR desensitization. The hNM1 receptor has two putative

PKC phosphorylation sites on the C-terminal end of the i3 loop, at T354 and S356. PKC has

been shown to be able to phosphorylate a peptide containing these residues, indicating a role

for PKC in heterologous desensitization (Haga et al., 1996). CaM could regulate PKC

phosphorylation at these sites. The requirements for a CaM binding site and a PKC site also

overlap, since a PKC site requires basic residues close to a serine or threonine (Haga et al.,

1996). Since many GPCRs are regulated by PKC phosphorylation, CaM has the potential to

be an important regulator of GPCR desensitization.

In summary, we have shown that peptides derived from the hNM1 i3 loop C-terminal

tail, a region of the protein critical for G-protein binding, are able to bind CaM. These

findings suggest a direct interaction of CaM with muscarinic receptors. Our results show that

there are two potential, adjacent CaM binding sites on the hNM1 mAchR i3 loop.

Furthermore, we have identified altered peptides representing two mutants that are deficient
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in CaM binding but are still able to couple to G-proteins, while another mutant is defective in

G protein coupling with intact CaM-binding. Future studies will investigate the functional

role of this interaction in muscarinic cell signaling. Since the region in which CaM binds the

hM1 muscarinic receptor is crucial for G-protein binding and contains two putative PKC

phosphorylation sites, possible functional roles for the CaM-hM1 i3 loop interaction include

regulation of G-protein signaling and PKC phosphorylation; however, CaM may also serves

as a Second messenger perse as reported for the pu opioid receptor (Wang et al., Belcheva et

al). This study supports a broader trend suggesting that CaM is a key regulator of GPCR

signaling at the receptor level.
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Chapter 3

Regulation of hM1 Muscarinic Acetylcholine Receptor

signaling by Calmodulin

SUMMARY

In the previous chapter, the interaction of calmodulin (CaM) with peptides derived

from two adjacent sites on the i3 loop of the hM1 muscarinic acetylcholine receptor was

described. Two peptides derived from mutant M1 sequences that are unable to bind CaM

were also identified: E360A-hM1, a point mutation, and A232-358-hM1, a deletion mutant

missing most of the i3 loop. In this study, the role of the CaM-hM1 interaction in regulating

signal transduction was studied. Microarray studies reveal that there are differences in the

ability of HEK-293 cells stably expressing either wild type or mutant h.NM1 mAchR to

regulate gene expression. Furthermore, addition of CaM to membranes from cells expressing

hM1 inhibits ■ ”S]GTPYS incorporation, a measurement of G-protein coupling. This data

suggests that CaM regulates h.NM1 G-protein coupling. The results of this study support the

hypothesis that CaM, through its direct interaction with h.NM1, regulates signal transduction.
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INTRODUCTION

Muscarinic acetylcholine receptors, members of the G-protein coupled receptor

(GPCR) superfamily, are seven transmembrane-spanning signal transduction molecules.

There are five subtypes in humans (hM1-hM5). Muscarinic acetylcholine receptors are

located throughout the body in the parasympathetic ganglia and in the brain. They regulate

fundamental processes such as smooth muscle contraction and learning and memory (van

Koppen and Kaiser, 2003). They have been shown to be involved in neurological disorders

such as schizophrenia, Parkinson’s and Alzheimer’s disease (Kasa et al., 1997; Bartus, 2000).

Destruction of the cholinergic system is thought to be responsible for the memory loss in

Alzheimer's, and h\M1 is a compelling drug target for treatment of this disorder (Kasa et al.,

1997; Fisher et al., 1998; Fisher et al., 2000).

CaM, as a calcium-activated regulator of cell signaling, has a wide variety of targets,

including kinases, phosphatases, ion channels, adenylyl cyclases and many others (Zhang and

Yuan, 1998). CaM is emerging as a regulator of GPCR signal transduction at the receptor

level. CaM binding to the C-terminus of the metabotropic glutamate receptor, types 5 and 7,

has been found to inhibit phosphorylation by protein kinase C (PKC) (Minakami et al., 1997;

Nakajima et al., 1999). Similarly, CaM binds to the i3 loop of the serotonin 5HT1A receptor

to inhibit PKC phosophorylation (Turner et al., 2004b). CaM binds to the i3 loops of the pu

opioid receptor (MOR) and the D2 dopamine receptor to inhibit G-protein coupling (Wang et

al., 1999; Bofill-Cardona et al., 2000). In addition, mastoporan and melittin, two

tetradecapaptides from wasp venom, can bind both CaM and G-proteins, suggesting that the

requirements for binding to these two proteins may be similar (Malencik and Anderson,
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1983; Higashijima et al., 1988b; Kataoka et al., 1989; Higashijima et al., 1990b). It is

therefore possible that many other GPCRs other than the ones listed above bind to CaM.

In addition, CaM bound to the MOR i3 loop has a biological signaling role: the

release of CaM from MOR results in the translocation of CaM to the cell nucleus to regulate

the phosphorylation of the transcription factor CREB (Wang et al., 2000). In addition, CaM

can cause the transactivation of the EGF receptor (Belcheva et al., 2001). Activation of

MOR resulted in a CaM-dependent activation of ERK, through the transactivation of EGF.

This pathway was activated through a direct CaM-MOR interaction; a MOR mutant that

could couple to G-protein but was deficient in CaM binding could not transactivate EGF.

These studies with MOR demonstrate that CaM, through its direct i3 loop interaction, could

play a role as a GPCR second messenger.

Two adjacent regions located on the C-terminal end of the hNA1 muscarinic receptor

i3 loop bind calmodulin (CaM) in a calcium-dependent manner in vitro (Chapter 2). The C

terminal end of the hNM1 i3 loop is crucial for G-protein coupling and contains two putative

protein kinase C phosphorylation sites. CaM may function as a regulator of h/M1 G-protein

coupling or PKC phosphorylation. Peptides derived from the sequence of two mutants,

E360A and A232-358, are unable to bind CaM, but have been previously shown to couple to

G-proteins. The purpose of this study is to investigate the function of the CaM-hM1 mAchR

i3 loop interaction. To this end, the gene expression patterns in cells expressing the two

mutants or wild-type hM1 mAchR in basal and carbachol-treated cells were evaluated for

differences in the ability of wild type and mutant machR to activate signaling pathways.

The effect of CaM on G-protein coupling and a co-immunoprecipitation to determine

whether this interaction occurs in cells were also studied.
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MATERIALS AND METHODS

Cell Culture. HEK-293 cells were maintained at 37°C and under 5% CO2 in

DMEM/F12 medium supplemented with 10% fetal bovine serum, 100pg/ml streptomycin

and 100 IU/ml penicillin. PC12D cells, a rapidly differentiating subline of rat

peºmosºmeºne PC12 cells, were cultured in Dulbecco's modified Eagle's

medium (DMEM, Gibco) supplemented with 5% fetal bovine serum, 5% horse serum, 0.16%

sodium bicarbonate, 3.6 mM glutamine, 10 units/ml penicillin, and 45 ng/ml streptomycin at

37 °C under 5% CO2 as described previously (Guo et al., 2001).

Construction of stable cell lines. cDNAs containing the hNM1 mAchR wild-type or

mutant sequence were subcloned into a pcDNA3 vector (Invitrogen) using BamhI and XhoI

restriction sites (wild-type and E360A-hM1) or EcoRI and Not■ sites (A232-358-hM1). The

resulting construct, or empty vector (mock-transfected), was then transfected into HEK-293

cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions.

Cells expressing the desired plasmid were selected by treatment with geneticin (Invitrogen).

Expression levels were measured using f H] N-methylscopolamine, a cell-impermeable

muscarinic antagonist (Lin et al., 2002).

Mutagenesis. The Quik-Change site-directed mutagenesis kit (Stratagene) was used

to make the E360A mutant. Primers containing the desired nucleotide change plus 12-19

bases on either side of the change (E360As
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GACCTTCTCGCTGGTCAAGGCGAAGAAGGCGGCTCG; E360Aas

GGTCCGAGCCGCCTTCTTCGCCTTGACCAGCGAGAAGG) were annealed to the

hM1/pcDNA3 vector, and cycled for 12-15 times, purified and transformed into DH.50. The

mutant was then sequenced to verify that it contained the correct sequence. A232-358 was

made previously (Maeda et al., 1990b), but was subcloned into pcDNA3 for this study.

RNA Extraction. Cells were grown in a 60 cm dish until 90% confluent. Trizol (5

ml; Invitrogen) was added to each 60 cm dish, and lysates were transferred into a 50 ml

falcon tube and frozen at -80°C until needed. Samples were thawed completely in a 37°C

water bath before addition of 0.2 ml chloroform per ml Trizol. The samples were vigorously

shaken by hand for 15 seconds, incubated at room temperature for 2-3 min, and centrifuged

at 4°C for 15 min (Sorvall super T21, SL-250T with adaptor), at 12000xg. RNA separates

into the colorless upper aqueous phase, and DNA and other components in the interphase or

below. The aqueous phase containing RNA (600 pil or less per ml Trizol) was transferred to

a new 50 ml tube, and precipitated with 0.5 ml isopropyl alcohol per ml Trizol. Samples

were incubated at 15 to 30°C for 10 minutes, centrifuged at 4°C for 10 min (Sorvall super

T21, SL-250T with adaptor) at 9500 RPM, and the supernatant was removed and discarded.

RNase free water (100 pul) was added to dissolve the RNA pellet, followed by RNA

purification with a Rneasy Mini prep kit (Qiagen). RNA was stored at —80°C until used for

microarray analysis.
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Microarray

A custom designed oligonucleotide microarray, containing approximately 1000

human genes in quadruplicate (mainly transporters and ion channels) was used in this study

(Anderle et al., 2003).

Reverse Transcription. This is derived from a protocol developed at Rosetta

Inpharmatics, Kirkland, WA. Each slide has two samples, an experimental and a control

sample. For each sample, 7.5 pig oligo dT and 3.75 pig pdN6 (random hexamers) were added

to 12.5 pig RNA so that the total volume was 16 pil in a 0.2 ml PCR tube. The samples were

incubated at 70°C for 10 min, followed by 10 min on ice. A dnTP cocktail (Invitrogen) (0.6

pil of 25 mM dA, 25 mM dG, 25 mM dC, 15 mM aa-duTP and 10 mM dT), 6 pil of 5x First

Strand Buffer (Invitrogen), 3 pil of 0.1M DTT (dithiothreitol), 1.9 pul Superscript Reverse

Transcriptase (Invitrogen) and 3 pul H2O were added to each tube and the samples were

incubated at 42°C for 2 hrs.

Hydrolysis. Samples were hydrolyzed by the addition of 10 pil each of 1N NaOH

and 0.5M EDTA and incubated at 65°C for 15 minutes. Hydrolyzed samples were

neutralized with 25 pil 1M Tris, pH 7.4 and stored at 4°C overnight.

Cleanup. On the following day, the Tris was removed from the reaction by

washing 3 times with water in a Micron 30 concentrator (10,000 rpm for 10 min in a

microcentrifuge). Samples were eluted by turning the Micron 30 concentrator upside down,
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and spinning 2min at 10,000 rpm. The solution was then dry-eluted in a speed vacuum.

Samples were stored at –20°C until needed.

Coupling of cDNA to fluorescent dyes. Cy3 was used as the green fluorescent dye

(control cDNA sample) and Cy5 was used as the red fluorescent dye (experimental sample).

For the transfected vs. untranfected slides, the unmised cDNA was the control (green)

and the cDNA from transfected cells was the experimental sample (red). For the untreated

vs. carbachol-treated slides, the cDNA from untreated cells was the control (green) and the

cDNA from carbachol-treated cells was the experimental sample (red). Dye swaps were

done for all experiments. The monofunctional NHS-ester Cy3 and Cy5 dye powder (one vial

is used for eight slides) was resuspended in 74 pil 0.05 M sodium bicarbonate buffer, pH 9.

Either Cy3 or Cy5 (9 pul) was added to the cDNA pellet and the sample was vortexed and

centrifuged. The samples were incubated 1 hour in the dark at room temperature. Samples

were then purified with a Qiagen PCR purification kit to remove unincorporated Cy dyes.

Array Hybridization. For each slide, the Cy3-labeled and the Cy5-labeled samples

were combined and concentrated to 25 pil with a Micron 30 concentrator. Samples were

eluted by flipping the concentrator upside down, and spinning in a microcentrifuge for 1 min

at 10,000 rpm. The following were added to the combined samples: 3 pil 20xSSC, 1.5 pil 10

mg/ml poly A oligo, 0.5 pil 1M HEPES pH 7.0 and 1pl 10mg/ml tRNA. Samples were then

filtered with a Millipore 0.45 pum membrane, 0.5 pil 10% SDS was added to each sample, and

they were incubated at 99°C for 2 min, followed by 37°C for 20-30 min.
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Samples were then carefully added to the microarray slides. In this study, a custom

designed oligonucleotide array containing probes for approximately 1000 human genes was

used. The slides were first secured to the hybridization chamber with 5pul water. The sample

containing the probe was then dropped onto to the array area, and a Lifterslip coverslip was

flipped down so that no air bubbles were present. SSC buffer (10 pil of 3x) was added to the

end of slide at the top of the label. The hybridization chamber lid was then tightly screwed

on and placed inside a plastic bag containing wet paper towels. The slides were incubated in

a 63°C water bath for 8-12 hours.

Array Washing. The next day, the arrays were carefully washed as follows. They

were removed from the hybridization chamber, and individually submerged in washing

solution I (340ml Milli-Q water, 10 ml 20X SSC, 1 ml of 10% SDS) to gently remove the

coverslip. The slides were then transferred to a second container, which holds a slide rack

submerged in washing solution I. Once all microarrays are present, the slides were washed

by plunging the rack up and down 20 times. The slide rack containing the microarray chips

was then transferred to another container, which held washing solution II (350 ml Milli-Q

water, 1 ml 20X SSC). Slides were washed again by plunging the rack several times. The

rack was transferred to a second container that held fresh washing solution II and the

plunging was repeated. The slides were dried by placing the rack in a Beck-Coulter tabletop

centrifuge at room temperature for 2 min at 600 rpm. Arrays were scanned within 2 hrs of

washing. They were analyzed using GenePix 3.0 and normalized as described (Yang et al.,

2002).
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[*S]GTPys binding assay. The HEK-293 cell clones were grown to confluence and

harvested using 10 mM Hepes, 500 puM EDTA and 150 mM NaC1, pH 7.4. Cells were then

pelleted and resuspended in ice-cold buffer consisting of 10 mM Hepes, 10 mM EDTA, pH

7.4. Cells were homogenized using a polytron tissue disrupter (level 6, 6 x 3 s bursts).

Crude membranes were pelleted in a refrigerated centrifuge at 40,000g for 10 min, at 4°C.

Membranes were finally resuspended in binding buffer consisting of 10 mM Hepes, 10 mM

MgCl2, 100 mM NaCl, pH 7.4, at a final protein concentration of 1 pig■ pil (50pg/reaction).

Fresh membranes were prepared prior to each experiment. Incubations were conducted in a

final assay volume of 100 pil, for 1 min, at 37°C. Incubations were conducted in the presence

of 3 puM GDP and approximately 70 pm [*S]GTP/S, in the presence and absence of various

concentrations of carbachol. Incubations were terminated by the addition of 0.5 ml ice-cold

assay buffer. Samples were spun down at 40,000g for 10 min and the pellet washed with 1ml

ice-cold phosphate-buffered saline. Radioactivity in the samples was assessed by liquid

scintillation spectrometry (Burford et al., 1995).

Co-Immunoprecipitation. Cultures of PC12D cells (95% confluent) were used for

all of the experiments. Cells were rinsed once with cold phosphate-buffered saline and then

lysed by addition of 500 pil of lysis buffer (150 mM NaCl, 1.0% Nonidet P-40

(nonylphenoxypolyethoxyethanol), 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0, 2

puM leupeptin, 1 mM phenylmethanesulfonyl fluoride, 10 pg/ml aprotinin). Lysed cells were

collected in 1.5 ml microcentrifuge tubes and sonicated at setting 2 (Fisher Model 100 Sonic

Dismembrator) 3 times for 30 sec with 30 sec intervals on ice. Cell lysates were cleared by

centrifugation at 5,000 rpm for 10 min and supernatant fractions were incubated overnight at
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4°C with 1:100 dilution of anti-M1 receptor antibodies, (Santa Cruz Biotechnology). The

following day 20 pil of Protein A/G PLUS-Agarose (Santa Cruz Biotechnology) was added to

each sample and samples were incubated for an additional 1 hr incubation at 4°C. The

immune complexes were washed three times with lysis buffer and resuspended in 2X SDS

sample buffer (100 mM Tris, pH 6.8, 200 mM dithiothreitol, 4% SDS, 0.2% bromphenol

blue, 20% glycerol) and boiled for 5 min. A Western blot was performed as described

below. This procedure was developed by Juyoung Kim and David Saffen, Ohio State

University, Columbus, OH.

Western Blot. Proteins were separated by standard SDS-polyacrylamide gel

electrophoresis (10% acrylamide resolving gel) and were electrophoretically transferred to

polyvinylidene difluoride membranes (0.2 pm, Biorad). After the transfer, membranes were

blocked for 2 hr at room temperature with TNT buffer (20 mM Tris, pH 7.5, 137 mM NaCl,

and 0.1% Tween 20) containing 5% powdered skim milk. The membranes were then exposed

to anti-CaM antibody (1:1000 dilution, Amersham-Pharmacia) in blocking buffer overnight

at 4 °C. The membranes were washed three-times with TNT buffer and incubated in buffer

containing anti-mouse IgG antibodies cross-linked with horseradish peroxidase (Promega;

1:2500 dilution) for 2 hrs at room temperature. Membranes were washed three-times, and

proteins were visualized by enhanced chemiluminescence (ECL, Pierce Biotechnology).
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RESULTS AND DISCUSSION

Effect on gene expression of basal (unstimulated) activity of hM1 wild-type and

mutant receptors carrying mutated sequences defective in CaM binding. To determine

if there are differences in the ability of wild type and mutants deficient in CaM binding to

transduce signal at basal levels, the gene expression profile of HEK-293 cells expressing wild

type or mutant hNM1 mAchR was examined. RNA was extracted from cells, reverse

transcribed to cDNA, coupled to either green (control) or red (experiment) dye, and

hybridized onto a custom-designed microarray chip. This chip contains mostly ion channels

and transporters (Anderle et al., 2003). For each microarray chip, the control is from

untransfected HEK-293 cells and the experiment was from wild type, A232-358-hM1 or

E360A-hM1 expressing cells. Dye swaps were done, and only genes with complimentary

changes in both regular and dye-swapped chips are shown (Table 3-1).

CHRM1, since it was transfected into HEK-293 cells, was expected to be up regulated

in all three cell lines. This was observed with wild type and E360A-transfected cells.

However, significant up-regulation was not seen in cells expressing A232-358. Radioligand

binding studies with [H] N-methylscopolamine, a cell-impermeable muscarinic antagonist,

show all three cell lines express receptor at similar levels. It is possible that the A232-358

hM1 cDNA does not bind well to the oligo on the microarray, perhaps because it is missing a

large piece of the i3 loop.

Three genes were down regulated in both mutants, but not in wild-type (hM1)

expressing cells. These genes are SCN3A, CLCA4 and TIA-2. TIA-2 encodes the lung type

1 membrane associated glycoprotein, which is not well characterized. It has been proposed as
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Change in Expression (fold over
Gene name Protein Name non-transfected cells)

M1 A232–358 E360A

Muscarinic

CHRMI acetylcholine receptor, 6.0+1.19 1.4+0.22 3.7+0.80
type 1

SCN3A Sodium channel, 1.0+0.05 -1.7+0.36 -3.2+0.74
voltage-gated, type 30.

CLCA4 Calcium-activated 1.1+0.09 -1.5+0.06 –1.9-E0.12
chloride channel, 4

AQP9 Aquaporin 9 1.1+0.06 1.1+0.10 2.0+0.35

Lung cell membrane
TIA-2 associated glycoprotein, 1.1+0.06 -1.7+0.11 -1.8+0.21

type 1

Solute carrier family 21
SLC2 IA 14 (organic anion 1.0+0.06 - 1.2+0.12 1.8+0.30

transporter), member 14

SCNI IA Sodium channel, 1.3+0.17 -1.2+0.12 -1.6+0.30
voltage-gated, type 110.

Table 3-1. Changes in gene expression of cells transfected with either hM1,
E360A-M1 or A232-358-M1 mAchR vs. nontransfected HEK-293 cells. A custom
oligonucleotide microarray, containing approximately 1000 human genes, most of wheh are
transporters and ion channels, and in which every gene was printed four times per slide,
was used. Dye swaps were done for all experiments. Shown are the median values plus or
minus SD.
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a marker of lung injury and has been shown to induce platelet aggregation (Zimmer et al.,

1999; Kato et al., 2003). No association of this gene with mach R had been reported

previously.

The proteins that are encoded by the other two genes, SCN3A and CLCA4, are

regulated by both CaM and h\{1 mAchR. CLCA4, which encodes the Ca” activated CI

channel, type 4, is the only calcium-activated chloride channel to be expressed in the brain

(Agnel et al., 1999; Pauli et al., 2000). CLCA channel inactivation is mediated by

phosphorylation via CaM and CaMKII (Wang and Kotlikoff, 1997; Kotlikoff and Wang,

1998). Muscarinic acetylcholine receptors activate Ca” activated CT current (ICl(Ca).

Carbachol-induced muscarinic activation of Icica) has been shown in a wide variety of cell

types but the mechanism, including possible CaM involvement, behind the Icica) activation is

unclear (Janssen and Sims, 1992; Pacaud et al., 1992; Janssen, 1996; Liu and Farley, 1996;

Wayman et al., 1997).

SCN3A encodes the O. subunit of the voltage-gated sodium channel, type III. Another

gene, SCN11A, which encodes the O. subunit of the type XI voltage-gated sodium channel,

was down regulated in the E360A cells but not in either wild type or A232-358 expressing

cells. Voltage-gated sodium channels are involved in the generation of action potentials in

excitable cells. The O. subunit is the pore-forming component and is responsible for voltage

sensitive gating and ion channel permeation (Mori et al., 2000; Deschenes et al., 2002).

Activation of M1 mAchR modulates Na' channel activity by activation of PKC. PKC

phosphorylates the channel to inactivate it (Cantrell et al., 1996). Like other voltage-gated

sodium channels, both type III and type XI contain an IQ CaM-binding motif (Mori et al.,

2000). CaM has been shown to bind to voltage-gated sodium channels in a Caº'-dependent
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manner. This results in a shift of the steady-state inactivation curve in the hyperpolarizing

direction (Mori et al., 2000).

Two genes were up regulated in the E360A expressing cells, but not in wild type or

A232-358 cells. These genes are AQP9, which encodes aquaporin 9, a neutral solute channel,

and SLC21A14, which is a member of the organic anion transporter family (Tsukaguchi et

al., 1999; Pizzagalli et al., 2002). Muscarinic receptors have not been previously shown to

regulate either gene.

Altogether, these results show that there are differences in the ability of mutant and

wild-type muscarinic receptor to regulate gene expression at basal levels. The wild-type

receptor did not cause changes in gene expression. E360A-hM1, which has been reported as

having basal activity, had the most changes in gene expression. If CaM regulates the basal

activity of the M1 mAchR receptor, mutants deficient in CaM binding would be expected to

have increased basal signaling. The microarray results are consistent with this hypothesis,

since gene expression changes were observed only in the mutant m/AchPs, which are

deficient in CaM binding. Two of these genes, CLCA4 and SCN3A, which are down

regulated in both mutants but not in wild type, encode ion channels that are regulated by both

M1 mAchR and CaM. Further studies need to be done to determine if these are signaling

pathways activated through a direct hM1-CaM interaction.

Effect of potential CaM-hM1 interaction on carbachol-activated gene

expression. Cells expressing wild type or mutant hM1 were also analyzed to determine if

they had different gene expression patterns when activated by the agonist carbachol. For

each chip, the control (green-labeled) was cDNA from cells expressing wild type, A232-358
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hM1 or E360A-hM1 and the experiment (red-labeled) was cDNA from the same cell line as

control, but treated with 100 puM carbachol for 24 hrs prior to RNA extraction. As above,

dye-swaps were done for all experiments. Results are shown in Table 3-2. Several gene

changes were observed; these are discussed in further detail below.

CHRM1 was up regulated in carbachol-treated wild type and A232-358 cells.

Carbachol-induced stimulation of m/AchP mRNA has been previously reported, and has been

tied to machR induction of nitric oxide synthase through calcium/CaM and PKC (Chou et

al., 1993; Sterin-Borda et al., 2003).

CYR61 was up regulated in all three cell lines. CYR61 is an immediate early gene,

which encodes a secretory growth regulatory protein. Carbachol stimulated induction of

CYR61 has been previously reported (Albrecht et al., 2000). M1 induction of CYR61 gene

expression is through a pathway involving PKC and an increase in intracellular calcium

levels. Muscarinic acetylcholine receptors are known to be involved in learning and memory

processes through the activation of immediate early genes and promote the generation of

long-term potentiation (Albrecht et al., 2000; Lin et al., 2002).

ADAMTS1 was up regulated in both wild type and A232-358 cells, but not in E360A

expressing cells. It is a disintegrin and metalloproteinase (ADAM) family member, with

three thrombospondin type I motifs at its C-terminus, which permits it to be incorporated into

the extracellular matrix. Studies with ADAMTS1 null mice demonstrate that ADAMTS1 is

essential for normal growth, fertility and organ morphology and function (Shindo et al.,

2000). Although no studies have shown an involvement of h/M1 mAchR or CaM with

ADAMTS1, machP have been shown to regulate other ADAM family members. This
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Change in Expression (fold over
untreated cells)Gene name Protein Name

M1 A232–358 E360A

Muscarinic

CHRMI acetylcholine 1.7+0.19 2.8+0.28 1, 1+0.09
receptor, type 1

Cysteine-rich
CYR61 heparin-binding 1.7+0.19 2.4+0.28 1.5+0.16

protein, 61

A disintegrin and
ADAMTs. "P" 1.6+0.19 2.0.0.06 10:006

thrombospondin type
1 motif, 1

NRPI Neuropilin-1 -1.3+0.09 -1.8+0.15 - 1, 14-0. 12

ATPase, N+/K+
ATPIB3 transportor, [3 1.3-E0. 12 1.6+0.07 1.1+0.09

subunit

CTGF ** 141023 1.5,0.23 11,020

Table 3-2. Changes in gene expression of carbachol-treated h\M1, E360A-M1 or
A232-358-M1 mAchR transfected cells vs. untreated cells expressing the same receptor.
Cells were treated with 100puM carbachol 24 hrs prior to mRNA extraction. As in Table 1,
a custom oligonucleotide microarray was used. Dye swaps were done for all experiments.

growth factor

Shown are the median values plus or minus SD.

- - - - -
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includes the carbachol-stimulated activation of ADAM17, ADAM10 and ADAM9 (Slack et

al., 2001; Webster et al., 2002; Allinson et al., 2003).

One gene, NRP1, was down regulated in A232-358 cells but not in wild type or

E360A cells. NRP1 encodes for neuropilin-1, which has been shown to be involved in many

cell activities: a receptor for VEGF-induced angiogenesis, a semaphorin receptor, essential

for initiating the rim, immune response and its overexpression is associated with several

types of cancer, including melanoma, glioma, breast, and colon adenocarcinoma (Bagri and

Tessier-Lavigne, 2002; Klagsbrun et al., 2002; Nakamura and Goshima, 2002; Neufeld et al.,

2002; Puschel, 2002; Romeo et al., 2002). Regulation of this gene by machP has not been

previously reported.

Two genes, ATP1B3 and CTGF, were up regulated in A232-358 cells but not in either

E360A or wild type. ATP1B3 encodes the B-3 subunit of a Na"/K' ATPase, a class of

proteins responsible for establishing and maintaining the electrochemical gradient of K' and

Na’ ions across the plasma membrane (Malik et al., 1996). Regulation of this gene by

mAchR has not been previously reported. CTGF encodes a connective tissue growth factor,

which belongs to the same family as CYR61. Previous studies have shown that wild-type

hM1 mAchR does not up-regulate CTGF (Albrecht et al., 2000), which is consistent with our

results.

The results from the untreated vs. carbachol-treated microarray confirm previous

studies that showed that CHRM1 and CYR61 are up regulated by carbachol in wild-type hM1

mAchR-expressing cells. One or both of these genes were also up-regulated in cells

expressing one of the mutant machk, indicating that the mutants are able to activate at least

some of the same signaling pathways as wild-type. In addition, ADAMTS1 has been
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identified as a new gene whose activity is regulated by carbachol-stimulated h\M1 mAchR.

Several gene changes were also observed in cells expressing A232-358, but not in cells

expressing either wild type or E360A. A232-358 is known to be deficient in internalization

(Maeda et al., 1990b), in contrast to the other constructs. This could cause downstream

changes, and result in an augmented ability to regulate carbachol-induced gene transcription.

[*S]GTPys binding experiments. Since the location of the CaM binding site on the

hM1 i3 loop is in a region known to be critical for G-protein coupling, the effect of CaM on

[. 5 S]GTPyS binding, a measurement of G-protein coupling was examined. Membranes from

HEK-293 cells stably expressing hNM1 or empty vector (mock-transfected) were used for

these studies. ['S]GTPYS incorporation was measured at basal or increasing concentration

of the agonist carbachol. This was compared to the [*S]GTPYS incorporation in membranes

in which CaM was added. As can be seen in Figure 3-1, addition of CaM significantly

inhibits [*S]GTPyS binding in membranes expressing the hNM1 receptor. This is true for

basal and sub-maximal doses of carbachol. CaM has no effect on high does of carbachol

yielding a maximal [*S]GTPYS response. CaM is able to inhibit the ■ ”S]GTPYS binding of

hM1 mAchR down to the same level as background (as seen by the mock-transfected

[*S]GTPYS incorporation).

When the membranes are treated with the muscarinic antagonist atropine, the ability

of CaM to inhibt [*S]GTPYS incorporation is eliminated, indicating that this is an effect

specific to hNM1 (Figure 3-2a). Atropine has been previously reported to be an inverse

agonist. However, that was not observed under the conditions used in this study (this is

difficult to understand). In addition, when membranes from cells stably expressing the hNM1
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Figure 3-1. CaM inhibits hM1 mAchR [*S]GTPYS binding. Membranes from cells
expressing the hNM1 receptor or vector only (mock-transfected) were treated with various
concentrations of carbachol with and without CaM. CaM was able to inhibit hM1 mAchR
[*S]GTPYS binding down to background (mock-transfected) levels at basal and sub-maximal
concentrations of carbachol. Values are the mean of 3-4 experiments done in triplicate + SD.
**p < 0.01, #p < 0.001, versus M1 + CaM of the same drug concentration (unpaired two
tailed Student's t-test). Values are expressed as percent of M1 [*S]GTPYS incorporation.
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Figure 3-2. A. Effect of the muscarinic inhibitor atropine on hNM1 mAchR
[*S]GTPYS binding. Concurrent treatment of membranes with atropine prevents CaM
from inhibiting hM1 mAchR [*S]GTPYS binding. B. Effect of the CaM inhibitor W-7 on
hM1 mAchR [*S]GTPYS binding. Treatment of membranes with W-7 alone slightly but
significantly increases basal hM1 mAchR [*S]GTPYS binding. In addition, W-7 reverses
CaM ability to inhibit hM1 mAchR ■ º S]GTPyS binding. Values are the mean of 2-4
experiments done in triplicate + SD. **p < 0.01, #p < 0.005, versus M1 control
membranes (unpaired two-tailed Student's t-test). Values are expressed as percent of M1
[*S]GTPyS incorporation.

--->
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mAchR are treated with the CaM antagonist W-7, CaM no longer inhibits f *S]GTPyS

binding (Figure 3-2b). Also, treatment of membranes with W-7 alone yields a modest but

significant increase in [*S]GTPYS incorporation. Therefore, CaM appears to regulates M1

receptor G-protein coupling as measured by [*S]GTPyS binding.

CaM binding to the i3 loop inhibits G-protein coupling of the pu opioid receptor and

the D2 dopamine receptor (Wang et al., 1999; Bofill-Cardona et al., 2000). The current

studies suggest that CaM is able to regulate hNM1 G-protein coupling. Further studies need to

be done in order to understand the role that CaM plays in the regulation of h/M1 G-protein

coupling. These include determining the effect that CaM has on the [. *S]GTPyS

incorporation of E360A and A232-358, the two mutants deficient in CaM binding.

Nevertheless, this result supports the hypothesis that CaM and G-protein binding sites are

similar and that CaM therefore inhibits the G-protein coupling of many GPCRs.

Co-immunoprecipitation. A Co-IP of M1 and CaM in PC12D cells, which natively

express high levels of M1, was also carried out. Samples were immunoprecipitated with

anti-M1 antibody, and blotted with anti-CaM. The results of this co-IP were negative (Figure

3-3). No bands matching that of the CaM control were present in any of the conditions. I

also tried the co-IP using a crosslinker, and in the presence of calcium or EGTA, with similar

results. This could mean that CaM does not bind, or that it dissociates in the process, or

there was something wrong with the assay. The M1 receptor is known to be very unstable

and easily denatured when extracted from cells. Further studies need to be done to confirm

that CaM binds the hNM1 mAchR in cells.
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Figure 3–3. Co-immunoprecipitation. PC12D cells, which express native M1, were
immunoprecipitated with anti-M1, and blotted with anti-CaM. For the negative control, I
used untransfected HEK-293 cells, which express low levels of M1. The results of this co
IP were negative. No bands matching that of the CaM control were present in any of the
conditions. I also tried the co-IP using a crosslinker, and in the presence of calcium or
EGTA, with similar results.

CONCLUSION

In summary, evidence is presented that supports the hypothesis that CaM, through a

direct interaction on the i3 loop, regulates M1 muscarinic receptor signal transduction. When

no drug is present, gene expression changes are observed in mutant, but not wild type,

expressing HEK-293 cells. Two of these genes, CLCA4 and SCN3A, encode ion channels
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that are regulated by both CaM and muscarinic receptors. The heightened ability of mutants

deficient in CaM binding to regulate gene expression in the absence of agonist supports

previous data reporting that E360A-hM1 is constitutively active. Previous work in this lab

has established that CaM regulates the basal activity of MOR. It is possible that it also

regulates the basal activity of the hM1 receptor. In this report, CaM was also shown to

regulate hNM1 G protein coupling, although more work needs to be done to determine if there

is an effect on basal activity. Altogether, while these data are incomplete, they do suggest a

role for a direct CaM interaction in regulating M1 receptor signaling, and provide a

foundation for further study.
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Chapter 4

Single Nucleotide Polymorphisms of the Human M1

Muscarinic Acetylcholine Receptor Gene

Previously published: Julie L. Lucas, Joseph A. DeYoung and Wolfgang Sadée. AAPS

PharmSci 2001; 3(4) article 31

SUMMARY

The gene encoding the human muscarinic receptor, type 1 (CHRM1), was genotyped

from 245 samples of the Coriell Collection (Coriell Institute for Medical Research, Camden,

NJ). Fifteen single nucleotide polymorphisms (SNPs) were discovered, 9 of which are

located in the coding region of the receptor. Of these, 8 represent synonymous SNPs,

indicating that CHRM1 is highly conserved in humans. Only a single allele was found to

contain a nonsynonymous SNP, which encodes an amino acid change of Cys to Arg at

position 417. This may have functional consequences because a C417S point mutation in rat

M1 was previously shown to affect receptor binding and coupling. Furthermore, none of the

four CHRM1 SNPs previously deduced from sequencing of the human genome were found in

this study despite a prediction that a majority of such inferred SNPs are accurate. The

consensus sequence of CHRMI obtained in our study differs from the deposited reference

sequence (ACNM_000738) in 2 adjacent nucleotides, leading to a V173M change,

suggesting a sequencing error in the reference sequence. The extraordinary sequence
61



INTRODUCTION

The muscarinic receptor family, of which there are 5 subtypes (M1-M5), plays an

important functional role throughout the body. Muscarinic receptors are involved in a variety

of cell- type specific signaling pathways. These include the regulation of cyclic adenosine

monophosphate concentration in the cell, activation of tyrosine and mitogen-activated

kinases, and the regulation of ion channel function in the cell (Nathanson, 2000).

The muscarinic receptors have a broad and overlapping distribution in the body. The

M1, M2, and M4 receptors are the most abundant. The M1 receptor is found in the

hippocampal and cortical regions of the brain as well as in the parasympathetic ganglia

(Dorje et al., 1991; Levey et al., 1991; Felder et al., 2001). The M1 receptor is involved in

many processes, including the initiation of seizures, learning and memory, and regulation of

the force and rate of heart contractions (Hamilton et al., 1998; Hamilton et al., 2001).

Because of its involvement in these processes, the M1 receptor is a compelling drug target

for Alzheimer's disease and other neurological and psychiatric disorders (Hamilton et al.,

1998). Indeed, for the past 20 years, the cholinergic hypothesis has proposed that loss of

cholinergic function is responsible for the cognitive symptoms of Alzheimer's (Bartus, 2000).

It is thought that stimulation of the M1 receptor would alleviate some of the symptoms of

Alzheimer's by several pathways, including increased secretion of the nontoxic O-amyloid

peptide and decreased secretion of the toxic ■ -amyloids generated from the amyloid

precursor protein (Fisher et al., 1998; Fisher et al., 2000).

The M1 receptor is a member of the G-protein coupled receptor (GPCR) superfamily.

Many GPCRs have been found to contain single nucleotide polymorphisms (SNPs) that are
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involved in disease susceptibility or drug response (for a review, see Sadée et al., 2001). The

R16G allele in the ■ º adrenergic receptor, for example, is associated with nocturnal asthma.

Several of the serotonergic receptors have alleles associated with psychotic symptoms in

Alzheimer's disease, whereas certain haplotypes of the u opioid receptor (MOR) have been

associated with substance abuse (Sadee et al., 2001). Although the muscarinic receptors are

thought to contribute to certain neurological and psychiatric disorders, no sequence variations

or alleles have been found that affect susceptibility to these diseases or response to

muscarinic agonists.

Variations in the MOR sequence have also been found to disrupt CaM binding. A

rare polymorphism, S268P is deficient in CaM binding but can still couple to G-proteins.

Another polymorphism, R265H, is deficient in both CaM binding and G-protein coupling.

Carriers of these alleles might show an altered response to analgesics (Wang et al., 2001).

One objective of this study was to identify any polymorphisms on the hNM1 is loop that could

disrupt CaM binding. In this study we have genotyped the CHRM1 gene-encoding human

M1 receptor in 245 individuals of the Coriell Collection.

MATERIALS AND METHODS

Genotyping of CHRM1 was done as described in Wang et al (2001). Briefly, the

genomic DNA from 247 individuals was amplified by polymerase chain reaction (PCR)

(Applied Biosystems Gene Amp PCR System 9700, Foster City, CA) using the following

primers: F1 5'GAGGAAGCCCTGTAGCG, R35'GATCACCACTTCGGAGCC; F2

5'AGCTCTGATGATCGGCCT; R1 5'CCAAGGAATACTTAATGTTAAGCCT. They were
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then sequenced on an Applied Biosystems 3700 DNA analyzer with a 3700 POP-6 polymer

matrix. The resulting sequence tracings were then analyzed using Sequencher 4.0 (Gene

Code Corp., Ann Arbor, MI). Haplotype analysis was done using an expectation-maximum

algorithm (Fallin et al., 2001). Sequence alignments were done using the sequence alignment

program Clustal W, which is freely available.

RESULTS AND DISCUSSION

The hNM1 receptor gene (CHRM1) resides on chromosome 11. CHRMI consists of 1

large exon containing the entire coding region of the hM1 receptor. A promoter region and 3

noncoding exons of CHRM1 based on similarity to the rat gene have been reported

approximately 14 kilobases (kb) upstream of the hM1 coding region (Klett and Bonner,

1999). However, a Basic Local Alignment Search Tool (BLAST) search of these sequences

against the human genome sequence showed these DNA segments to be 213 kb upstream of

CHRM1. The promoter region and noncoding exons were not sequenced in this study.

CHRM1 was sequenced from 247 samples of the Coriell Collection. The samples

used are ethnically diverse as follows: 100 Caucasians, 100 African Americans, 30 Asians,

10 Hispanics, and 7 Pacific Islanders. Fifteen SNPs were discovered, 9 of which are located

in the coding region of the receptor (Table 4-1, Figure 4-1). Eight of these are synonymous

(ie, leading to no change in the protein sequence). The single nonsynonymous SNP encodes

an amino acid change of Cys to Arg at position 417, which is located in transmembrane

domain VII (Figure 4-1). This SNP was found in only 1 heterozygous individual. Despite the
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Figure 4-1. Hm 1 Receptor SNPs
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Figure 4-1. Schematic showing location of single nucleotide polymorphisms (SNPs)
on the hNA1 receptor. C417R, the nonsynonymous SNP, is shown in bold. SNPs with a
frequency ~ 0.05 are marked with an asterisk (*).

66



SNP Base Codon Amino Total CA AA AS HIS PA

Position Acid Frequency (n = (n = (n = (n = (n =
(n=490) *—ººl-ºl-4-4

l 96 ACG - ACA T32 0.002 0.005 0 () 0 0
2 162 ACG - ACA T54 0.002 0 0.005 0 0 0
3 267 GGC-GGA G89 0.053 0.050 0.020 (). 121 0.050 0.286
4 783 CGC - CGT R261 0.004 0.005 0.005 0 () 0
5 1044 CAG-CAA Q348 0.080 ().045 (). 131 ().017 ().050 (). 143
6 1140 CCG - CCA P380 0.002 () 0.005 () () 0
7 1221 TGC-TGT C407 0.120 0.165 0.116 0 0.150 0
8 1249 TGC-CGC C417R 0.002 () 0.005 () () ()

9 1353 199-194–stºl-4- 0.055 0.020 0.121 0.050 0.286
10 Exon-H2 A - G 0.039 0.01 0.086 0 0 0
11 ExOn-H 13 C - A 0.035 0.005 0.081 () () ()
12 Exon-H171 C - T 0.002 0.005 () () () ()

13 ExOn-H221 C - A 0.002 0.005 () () () ()
14 ExOn-H222 T - G 0.002 0.005 () () 0 ()
15 ExOn-H299 T -- C (),002 () 0.005 () () ()

Table 4-1. Single Nucleotide Polymorphisms (SNPs) of the human muscarini
receptor, tyoe 1. CA indicates Caucasian; AA, African American; AS, Asian; HIS,
Hispanic; PA, Pacific Islander

high amino acid sequence conservation, 43% of individuals had at least 1 variation in their

DNA sequence. The results indicate that the hNM1 receptor is highly conserved in humans.

The CHRM1 -hM1 sequence conservation extends to other mammalian species as

well. The DNA sequences of rhesus monkey, rat, and mouse (AC: AF026262, S7397.1,

NM_007698.1, respectively) were 98.4%, 91.6%, and 91.4% identical as compared to the

consensus sequence obtained from the CHRM1 genotyping. The protein sequences (AC:
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P56489, P08482, NP_031724.1, respectively) were 99.6%, 98.7%, and 98.0% identical. Most

of the variations in the DNA sequence were in the "wobble" site of the codon, resulting in

conservation of the amino acid residue. This indicates that there is evolutionary pressure for

the protein sequences to remain conserved. Furthermore, sequence alignments with the

human sequences of the other muscarinic receptors and several animal species indicate that

the entire family is conserved across species, but the M1 receptor is the most highly

conserved.

Although the high conservation of the M1 gene in humans and mammals emphasizes

its importance, the M1 gene is not essential for survival. A knockout of the M1 receptor in

mice is not lethal; the M1-deficient mouse strain displays no significant differences in body

weight, longevity, fertility, or overt behavior compared with wild-type mice (Hamilton et al.,

2001). There is suggestive evidence that the single nonsynonymous variation, C417R, may

exhibit a change in M1 receptor function (Savarese et al., 1992). Cys 417, which is in

transmembrane helix VII, is highly conserved; it is present in all 5 muscarinic subtypes in

humans and all other species analyzed, including rhesus monkey, rat, mouse, chimpanzee,

pig, and chicken. Cys 417 has been shown to influence receptor-ligand interactions. Previous

mutagenesis studies with rat M1 have demonstrated that mutating Cys 417 to Ser resulted in

increased receptor affinity to carbachol, a muscarinic agonist, and to several antagonists. The

C417S mutation also caused a shift to the left in the carbachol dose response curve for

phosphoinositol hydrolysis, resulting in an EC50 value 13-fold lower than wild type

(Savarese et al., 1992). Cys 417 therefore has a critical role in M1 receptor function.

Because a Cys to Ser change is also more conservative than the Cys to Arg change encoded

by a human allele, it is likely that this SNP will affect M1 receptor function and may warrant
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Haplotype” Base Position Overall Chi-Square Approximate p-value
Frequency

AAAAAA Wild-type 0.725 253.2 pº.000001

ABAAAA 1044 0.042 29.7 pº.000001

AABAAA 1221 0.105 79.2 pº.000001

AAAABA Exon-H2 0.006 4.7 pº.05

AAAAAB Exon-H 13 0.028 19.0 pº.0001

BAABAA 267 0.044 31.3 pº.000001
1353

ABAABA 1044 0.028 19.3 pº.0001
Exon-H2

AABAAB 1221 0.006 4.0 pº.05
ExOn-H 13

Table 4–2. Haplotypes of the human muscarinic receptor, type 1. “Haplotypes
were done using an expectation maximum algorithm. Only single nucleotide
polymorphisms with a frequency greater than 1% were analyzed.

further study, despite its low frequency (1:490 alleles). Due to its location in TM7, it is

unlikely that C417R will affect CaM binding to hNM1.

A haplotype analysis of CHRM1 SNPs was also done using an expectation-maximum

algorithm. Haplotype analysis serves to characterize linkage disequilibrium in various

populations (Reich et al., 2001; Stephens et al., 2001) and has the potential to identify

disease-predisposing alleles in a population (Fallin et al., 2001). Only hM1 SNPs with a
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frequency greater than 1% were analyzed. Of the 15 SNPs found in the hNM1 receptor, 6 fit

this category, resulting in 8 distinct haplotypes (Table 4-2). Of these, by far the predominant

one was wild type; 4 contained 1 SNP, and 3 involved 2 SNPs. This result could serve as a

basis for studying possible disease association and may also involve SNPs adjacent to the

CHRM1 gene.

The recent publication of the human genome sequence has brought to light many

SNPs (Venter et al., 2001). There are 8 SNPs reported in the genomic sequence of CHRMI

(AC XM_006058). Of these, 4 SNPs were found as a result of the genome sequencing

project and 4 SNPs were recently added to the accession sequence on the NCBI (National

Center for Biotechnology Information) website. These were obtained from samples of 100

individuals, without frequency distribution provided. None of the 4 SNPs found as a result

of sequencing for the human genome project were found in either study involving multiple

samples, whereas all 4 of the SNPs identified in the alternate CHRM1 sequencing study were

found. Failure to reproduce the 4 genomic SNPs is surprising because it has been previously

reported that 85% of SNPs inferred from the human genome project are correct (Venter et al.

2001). The consensus sequence obtained from this study also differed from the reference

sequence for h.NM1 (ACNM_000738). The purpose of the NCBI reference sequences is to

provide sequence standards for chromosomes, mRNA and proteins for use in mutation

analysis, gene expression discovery, and polymorphism discovery and therefore should

reflect the wild-type sequence of a particular gene. At base pairs 516 and 517, a GA in our

consensus sequence was an AG in the reference sequence. This resulted in a Val to Met

amino acid change at position 173. The V173M variation was not observed in this study, so it

is either a very rare allele or (more likely) a sequencing error.
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CONCLUSION

The results of genotyping the coding region of CHRM1 reveal that it is highly

conserved in humans. Only a single nonsynonymous SNP, C417R, was found in a single

heterozygote with potential consequences for receptor function. Even though the allele is

rare, it may contribute to pathophysiology in some ethnic populations since fewer

chromosomes were sequenced in these populations. The promoter region and other

regulatory elements were not sequenced in this study. It is therefore possible that additional

polymorphisms may be found in the regulatory elements of CHRM1. Polymorphisms in this

region could influence receptor expression, thereby affecting drug response or disease

susceptibility.
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Chapter 5

Conclusions and Future Perspectives

This study describes an interaction between a G protein couple receptor (GPCR), the

hM1 muscarinic receptor and the ubiquitous calcium sensor calmodulin (CaM). A binding

site on the i3 loop of h/M1 was found and confirmed with peptide studies, residues on hl/■ 1

essential for CaM binding have been identified, and the interaction has some functional

consequences, especially as pertains to G protein coupling and gene expression. CHRM1,

which encodes for hl/■ 1, was found to be highly conserved in humans. Many questions

remain to be answered, most significantly in the context of how the CaM interaction fits into

the complexities of GPCR signal transduction. CaM, as described previously, is known to

bind five GPCRs besides hNM1: the metabotropic glutamate receptors 5 and 7, the 5HT1A

receptor, the D2 dopamine receptor and the pu opiod receptor. In three of these receptors,

CaM inhibits PKC phosphorylation; in the other two it is shown to interfere with G protein

coupling. HM1 is interesting because there is the possibility that CaM may regulate both

PKC phosphorylation and G protein coupling.

In Chapter 3, CaM was shown to regulate G protein coupling as measured by

[*S]GTPYS binding, but the effect of CaM on the G protein coupling of mutants deficient in

CaM binding needs to be determined. CaM-binding to the i3 loop is already known to be

able to regulate the G-protein coupling of two GPCRs, the pi opioid receptor (MOR) and the

D2 dopamine receptor (Wang et al., 1999; Bofill-Cardona et al., 2000). For the pu opioid
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receptor it has been proposed that CaM binding suppresses basal receptor – G protein

coupling; upon receptor activation by an agonist, CaM is released and G protein coupling

ensues. Whether CaM regulates hNM1 basal activity needs to be determined. The E360A

hM1 mutant has been found to display increased basal activity (Hogger et al., 1995). If CaM

were to regulate basal M1-G protein coupling, one would expect a mutant deficient in CaM

binding to have an increased basal coupling activity. Further study is necessary to establish

the role that CaM plays in the regulation of hNM1 G-protein coupling.

Binding of CaM to GPCRs can inhibit phosphorylation by protein kinase C(PKC).

The 5HT1A receptor binds CaM on the i3 loop, and metabotropic glutamate receptors, types

5 and 7, on the C-terminus (Nakajima et al., 1999; Minakami et al., 1997; Turner et al.,

2004). The hM1 receptor has two putative PKC phosphorylation sites on the C-terminal end

of the i3 loop, at T354 and S356. PKC has been shown to be able to phosphorylate a peptide

containing these residues, indicating a role for PKC in heterologous desensitization (Haga et

al., 1996). These sites overlap with the CaM binding site on hl/■ 1. A logical next step would

be to determine whether CaM is able to inhibit PKC phosphorylation. One could also

investigate the possibility that CaM regulates heterologous desensitization in multiple

GPCRs, since the requirements for a CaM binding site and a PKC site overlap. A PKC site

requires basic residues close to a serine or threonine (Haga et al., 1996), and one CaM

binding motif is to regions that have a propensity to form an amphipathixco-helix (O'Day

and Myrc, 2004). since many GPCRs are regulated by PKC phosphorylation, CaM has the

potential to be an important regulator of GPCR desensitization.

Two adjacent sites for CaM binding were identified in Chapter 2, but only one was

characterized. One question that has not yet been addressed is the function of the second site,

:
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and what role (if any) two sites have in hy■ 1 signaling. Whether one or both of the adjacent

CaM binding sites on hM1 are necessary for the functional role CaM plays in hM1 signaling

needs to be determined. Other GPCRs that bind CaM have two CaM binding sites (the

5HT1A receptor and the metabotropic glutamate receptor, type 7), as mentioned in Chapter

2, but the role of each site in the CaM-GPCR interaction has not been addressed.

CaM, after its release from the GPCR, may act as a second messenger. CaM binding

to the pu opioid receptor was found to have a biological signaling role: a CaM interaction was

implicated in EGFR transactivation and in the translocation of CaM from the cytoplasm to

the nucleus (Belcheva et al., 2001; Wang et al., 2000). If this is true for hNM1, there are

signaling pathways that are activated by the direct CaM interaction and it would follow that

G protein coupling is not necessary for activation. To address this possibility, a microarray

experiment was done to compare the gene expression profiles of HEK-293 cells expressing

either wild type or CaM binding-deficient mutant. This particular study was biased, since the

microarray chip used contained mostly transporter and ion channel genes. Nevertheless, gene

expression differences were observed (as explained in Chapter 3). These results are a good

starting point to examine potential signaling pathways. One could look at these genes to see

if a direct hNM1-CaM interaction does regulate their expression. Additionally, one could look

at the regulation of the proteins that these genes encode. Two genes, SCN3A and CLCA4,

both encode ion channels that were down-regulated in mutant but not in wild type-expressing

cells. These ion channels are regulated by both CaM and hNM1 (Cantrell et al., 1996; Mori et

al., 2000; Wang and Kotlikoff, 1997; Janssen and Sims, 1992; Pacaud et al., 1992). It is

possible that hM1 regulates the activity of these ion channels via CaM.
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The sequencing of the CHRM1 gene in 245 individuals demonstrated its high

conservation in humans, since only a single heterozygote nonsynonymous allele, C417R, was

identified. C417R is likely to have functional consequences (Saverese et al). However, any

effects this allele would have on disease susceptibility or drug response would affect only a

very few individuals; investigating functional consequences of the C417R allele are less

compelling than one with higher frequency. The promoter region and other regulatory

elements were not sequenced in this study. It is therefore possible that additional

polymorphisms may be found in the regulatory elements of CHRM1. Polymorphisms in this

region could influence receptor expression, thereby affecting drug response or disease

susceptibility, perhaps at greater frequency than the single nonsynonymous allele identified

in the coding region.

In this study, a novel interaction of CaM with the i3 loop of the hM1 muscarinic

receptor, and key residues involved in this interaction were identified. CaM was found to

regulate G-protein coupling and mutants deficient in CaM binding had a gene expression

profile different from wild type, indicating changes in signaling. Many questions remain to

be answered, including better understanding of the CaM regulation of G protein coupling, a

possible regulation of PKC phosphorylation, better understanding of the existence of two

CaM binding sites on hNM1 and using the microarray results as a foundation for the

identification of CaM-dependent signaling pathways. This study supports a broader trend

suggesting that CaM is a key regulator of GPCR signaling at the receptor level.
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