
AN ABSTRACT OF THE THESIS OF

Larry C. Rosenbaum for the degree of Master of Science in

Biochemistry and Biophysics presented on May 4, 1987

Title: Structural Characterization of the Cardiac Muscarinic

Acetylcholine Receptor

Abstract approved:
Redacted for Privacy

Michael I. Schimerlik

The physical properties of the purified cardiac muscarinic

acetylcholine receptor have been examined by D20/H20 sucrose gradient

sedimentation and sephacryl S-300 gel filtration in Triton X-405 and

dodecyl-a-maltoside. From the sedimentation experiments, the partial

specific volume of the receptor-Triton X-405 complex were 0.813 cm3/g

and 5.30 S, respectively and the receptor-dodecyl-a-maltoside were

0.783 cm3/g and 9.30 S, respectively. An estimate of the molecular

weight of the mAcChR in Triton X-405 and dodecyl-a-maltoside was

143,000 and 255,000, respectively. Gel filtration in Triton X-405 and

dodecyl-a-maltoside gave an estimate of Stokes radii 4.29 nm and 5.26,

respectively with an estimated molecular weight of 137,000 and

256,000, respectively. Frictional ratios (f/fo) of 1.21 and 1.22 were

calculated in Triton X-405 and dodecyl-a-maltoside, respectively. The

amount of bound Triton X-405 was estimated at 1.021 g/g mAcChR and

bound dodecyl-a-maltoside at 2.538 g/g mAcChR giving apparent

molecular weights of 70,900 and 72,032, respectively for the



uncomplexed mAcChR. After correction for carbohydrate, these values

are within 1.5% and 3.0%, respectively of the molecular weight of the

mAcChR calculated from sequence data.

Biochemical characterization of detergent solubilized and purified

mAcChR was attempted using sucrose gradient sedimentation and ligand

binding studies. Sucrose gradients in the absence of ligands with

both detergent solubilized and purified receptor show a relatively

homogenous population of mAcChRs, while in the presence of saturating

agonist (carbachol) concentration about 25% of the mAcChR peak

migrates to a higher apparent molecular weight. This high molecular

weight peak was reduced when the detergent-solubilized receptor is

extracted in the presence of GppNHp or when the carbachol is removed

by dialysis, suggesting an interaction between mAcChR and inhibitory

guanine nucleotide binding protein (Gi). The high molecular weight

peak in purified receptor preparation was eliminated when agonist

treated receptor was reduced with dithiothreitol, suggesting a

dimerization of mAcChR via intra or intermolecular disulfide bonds.

In ligand binding studies, antagonists showed about the same affinity

for the purified mAcChR as was found for the membrane bound and

detergent solubilized preparations, while agonist binding is somewhat

variable possibly due to receptor dimerization or aging.

Purified mAcChR was phosphorylated with the catalytic subunit of

cAMP-dependent kinase. Phosphorylation of the mAcChR in

digitonin/cholate showed a stoichiometry of about 0.70 mol Pi/mol

mAcChR and resulted in a loss of ligand binding sites that was

reversed by treatment with the phosphatase calcineurin in the presence



of calcium and calmodulin. Upon reconstitution into lipids, the

apparent stoichiometry was increased by about fifteen fold to 10 mol

Pi/mol of ligand binding sites. Carbachol-stimulated covalent

incorporation of phosphate was found only in the reconstituted system

in the presence of Gi, suggesting that the agonist-stimulated

phosphorylation may result in part from a unique receptor conformation

that occurs in other association with this protein. Ligand binding

studies indicated that phosphorylation of the mAcChR in the

detergent-solubilized or reconstituted state did not affect its

interaction with carbachol or L-quinuclidinyl benzilate in vitro.
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STRUCTURAL CHARACTERIZATION OF THE CARDIAC

MUSCARINIC ACETYLCHOLINE RECEPTOR

INTRODUCTION

The cardiac muscarinic acetylcholine receptor (mAcChR), although

the first neurotransmitter receptor to be identified (Loewi, 1921),

has only recently begun to be fully characterized at both the

biochemical and molecular level. With the recent purification of the

mAcChR from porcine atria (Peterson et al., 1984) and porcine brain

(Haga & Haga, 1985) and the cloning and sequencing of brain mAcChR

(Kubo et al., 1986a) and cardiac mAcChR (Kubo et al., 1986b; Peralta

et al., 1987), much progress has been made in structurally defining

the receptor and its role in neurotransmission.

The precise mechanism(s) responsible for mAcChR mediated control

of atrial rate, atrial and ventricular constriction and nodal

conduction are not entirely clear at present. Although it was once

thought that the parasympathetic system was of little if any

importance in the control of cardiac function, it is now recognized

that parasympathetic innervation is of vital importance in control of

the heart (reviewed in Higgins et al., 1973 and Lbffelholz and

Pappano, 1985). Thus a complete understanding of the mAcChR is a

prerequisite in the elucidation of the mechanisms underlying cardiac

function.

After a brief introduction on the anatomy of cardiac

parasympathetic innervation and the relationship of mAcChR activation

and cardiac function, the rationale for the present study on the
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structural characterization of the porcine atrial mAcChR, will be

discussed.

A. Anatomy of Parasympathetic Innervation

The principal area of the brain involved in the mediation of

cardiovascular reflexes is the medulla oblongata. Localization of the

cardiac vagal neurons, which give rise to the pre-ganglionic nerves of

the right and left parasympathetic fibers, is predominantly in the

dorsal motor nucleus and the nucleus ambiguous, although there appears

to be some variation in species (Nosaka et al., 1979). The

vagus nerve, which can be further differentiated into

cardio-inhibitory and cardio-acceleratory moieties (Randall and

Armour, 1977) innervates the intracardiac parasympathetic ganglion,

predominantly in the posterior aspect of the right atrium (Cabot and

Cohen, 1980). Although parasympathetic innervation of the heart is

almost exclusively in the atria, there is a small amount of

ventricular parasympathetic innervation (Randall and Armour, 1977).

While it is clearly beyond the scope of this brief introduction to

cardiac innervation, it should be noted that neural activity of the

parasympathetic pathway on cardiac function will be dependent on the

level of activity of the sympathetic pathway. It has been found that

the extent of cardiac sympathetic-parasympathetic interactions varies

with the effector tissue under consideration (Levy, 1984).
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B. Cardiac Responses to Musacrinic Agonists

Vagal stimulation and the subsequent release and binding of

acetylcholine to the mAcChR inhibits the SA node, atrium and AV node

(Hoffman and Cranefield, 1960) as well as ventricular muscle (Euler,

1980) and Purkinje fibers (Carmeliet and Ramon, 1980). Negative

chronotropic (decelerated conduction and decreased heart rate)

effects of acetylcholine are likely due to mAcChR mediated changes in

the time-independent K+ current (iK1) and/or the voltage- and time-

dependent slow inward current (isi) of the SA node (Brown, 1982). It

has been recently demonstrated that muscarinic activation of potassium

channels are mediated through the a subunit of inhibitory guanine

nucleotide binding protein (Gi; Codina et al., 1987); the inhibitory

action of acetylcholine on the AV node, atrial muscle and Purkinje

fibers appears to result from an increase in iK1 and a decrease of

isi.

Negative inotropic (decreased contractility) effects of

acetylcholine arises indirectly from an increased iK1 and directly

from a decreased isi (Loffelholz & Pappano, 1985). There is some

experimental evidence supporting the observation of a positive

inotropic action of muscarinic agonists in the heart. One possible

explanation for this is that acetylcholine increases calcium

sensitivity in the myofilaments (Horowits and Winegrad, 1983).

In addition to muscarinic activation of potassium channels, other

mechanisms by which acetylcholine binding to receptors are transduced

into physiological responses in the heart may be possible. mAcChR

activation results in an increase in cGMP formation (reviewed in
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McKinney and Richelson, 1984) and an inhibition of adenyl cyclase via

Gi (Yatani et al., 1987; Logothetis et al., 1987). The mAcChR

activation of phosphoinositide turnover may also be mediated in part

by Gi or an as of yet unidentified guanine nucleotide binding protein

(Masters et al., 1985; Hopler & Harden, 1986).

C. Structural Characterization of the Cardiac mAcChR

The first phase of this project (Chapter I) investigates the

physical properties of the mAcChR. This was undertaken to determine

the hydrodynamic parameters of the receptor. The limited data

previously available on crude mAcChR preparations seemed to vary

considerably depending on the detergent system utilized. The

methodology used in this study yields estimates of molecular weights

extremely close to that obtained from sequence data, making this

system valuable for estimating molecular weight of membrane bound

proteins when sequence data is not available.

Chapter II of this study is the biochemical characterization of

the mAcChR with regard to ligand binding and agonist-induced increases

in apparent molecular weight of receptors on sucrose gradients. That

this increase in molecular weight of the mAcChR may be due to agonist

induced association with Gi or simply a receptor dimerization is

explored.

Finally, in Chapter III, the phosphorylation of purified

reconstituted mAcChR and reconstituted mAcChR/Gi is studied. Protein

phosphorylation is one of the primary mechanisms used by eukaryotic

cells for post-translational regulation of protein function. Studies
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with bag cell neurons of the Aplysia californica (De Riemer et al.,

1985) and photoreceptor cells of the sea mollusk Hermissenda (Alkon,

1984) have demonstrated a direct role of protein phosphorylation and

the regulation of ion channels, thus modulating synaptic transmission.

As a number of biologically important molecules appear to be

phosphorylated in vivo (reviewed in Browning et al., 1985), including

neurotransmitter receptors, it was of interest to investigate effects

of phosphorylation on the mAcChR.
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I. PHYSICAL PROPERTIES OF THE PURIFIED CARDIAC

MUSCARINIC ACETYLCHOLINE RECEPTOR

ABSTRACT

The physical properties of the cardiac muscarinic acetylcholine

receptor (mAcChR) purified from porcine atria as recently described

[Peterson, G. L., Herron, G. S., Yamaki, M., Fullerton, D. S., &

Schimerlik, M. I. (1984) Proc. Natl. Acad. Sci. USA 81, 4993-4997)

have been examined by D20/H20 sucrose gradient sedimentation and

Sephacryl S-300 gel filtration in Triton X-405 and

dodecy1-13-maltoside. From the sedimentation experiments the partial

specific volume and sedimentation constant for the mAcChR-Triton X-405

complex were determined to be 0.813 cm3/g and 5.30 S, respectively,

which lead to an estimate of the molecular weight of the complex of

143,000. Gel filtration in Triton X-405 gave an estimate of the

Stokes radius (4.29 nm) and an apparent molecular weight of 116,000.

Combination of sedimentation and gel filtration gave an apparent

molecular weight of 137,000 and a frictional ratio (f/fo) of 1.21 for

the complex. The partial specific volume of the receptor calculated

from composition was 0.717 cm3/g assuming 26.5% by weight

carbohydrate. The amount of bound Triton X-405 was estimated at 1.021

g/g mAcChR, which gave an apparent molecular weight of 70,900

(sedimentation) or 68,200 (sedimentation plus gel filtration) for the

uncomplexed receptor. The partial specific volume and sedimentation

constant for the mAcChR-dodecy1-13-maltoside complex were determined to

be 0.783 cm3/g and 9.30 S, respectively, in sedimentation experiments,
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leading to an estimated molecular weight of the complex of 254,848.

Gel filtration in dodecyl -B- maltoside gave an estimate of the Stokes

radius (5.26 nm) and an apparent molecular weight of 237,000.

Combination of sucrose gradient sedimentation and gel filtration gave

an apparent molecular weight of 255,363 and a f/fo of 1.22 for the

mAcChR-dodecyl-a-maltoside complex. The amount of bound

dodecyl-a-maltoside was estimated at 2.538 g/g of mAcChR, giving an

apparent molecular weight of 72,032 (sedimentation) or 72,177

(sedimentation plus gel filtration) for the uncomplexed receptor.
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INTRODUCTION

The muscarinic acetylcholine receptor (mAcChR) appears to

minimally consist of an 80,000-dalton ligand binding protein in brain,

heart, and smooth muscle (Birdsall et al., 1979; Venter, 1983), as

determined by specific alkylation with the radioactive antagonist

[3H]propylbenzilylcholine mustard and SDS-PAGE. These findings agree

with radiation target size analysis of membrane bound receptor

(Venter, 1983) and hydrodynamic studies of the detergent solubilized

receptor (Haga, 1980; Berrie et al., 1984a). This protein is also a

sialoglycoprotein (Herron & Schimerlik, 1983; Shirakawa et al., 1983),

but the extent of glycosylation is not known. We have purified the

cardiac mAcChR from porcine atria (Peterson et al., 1984) and found a

single ligand binding protein (mLBP) of apparent molecular weight

78,000 on SDS-PAGE. A second smaller polypeptide of apparent

molecular weight 14,800 was also purified by affinity chromatography,

but did not bind ligands. A similar structure has been more recently

reported by Haga & Haga (1985) for a purified preparation of porcine

brain mAcChR, although a somewhat smaller molecular weight (70,000)

was reported for the ligand binding protein, in agreement with that

reported by Andre et al. (1983) for apparently purified, but

inactive, mAcChR from calf brain. To date a full study of the

hydrodynamic properties of the purified mAcChR has not been published.

In this paper we report on our studies of the hydrodynamic properties

of the purified cardiac mAcChR as determined from rigorous analysis by

gel chromatography and D20/H20 sucrose density gradient

centrifugation.



EXPERIMENTAL PROCEDURES

Materials

9

[3H]L-QNB (30-40 Ci/mmol) was from New England Nuclear. D20

(99.8%) was from Aldrich Chemical Co. Acrylamide,

N,N'- methylenebisacrylamide and SDS were from Bio-Rad Laboratories.

Blue Dextran 2000 was from Pharmacia. Sephacryl S-300, Triton X-405

and the molecular weight markers given in Table I-1 were from Sigma

Chemical Co. Dodecyl-a-maltoside was from CalBiochem. The marker

proteins were examined by SDS-PAGE to verify that a single prominent

band of appropriate molecular weight was identifiable. The marker

proteins chosen were limited to those for which accurate physical

properties were known from sequence data. Additional chemicals were

of the highest purity grade available. Purified mAcChR was prepared

from porcine atria as previously described (Peterson et al., 1984).

Buffer A consisted of 25 mM imidazole, 1 mM EDTA, 0.02% NaN3, 0.1 mM

phenylmethylsulfonyl fluoride (added fresh), 0.35% (w/v) Triton X-405,

pH 7.4. Buffer B used 0.1% (w/v) dodecyl-B-maltoside in place of

0.35% Triton X-405.

D20/H20 Sucrose Gradient Sedimentation in Triton X-405 and

Dodecyl-a-Maltoside

Purified mAcChR was pre-incubated with 20 nM [3H]L -QNB for 10 hrs

at 5°C, diluted 10 fold with buffer A or buffer B, and brought to a

final volume of 0.5 ml with a solution of 5 mg/ml each cytochrome c,



Table I-1. Molecular Weight Markersa

No. Protein Tissue source

1 a2-Macroglobulin Human plasma
2 0-Galactosidase E. coli
3 Phosphorylase a Rabbit muscle
4 Transferrin Human
5 Albumin Bovine serum
6 Catalase Bovine liver
7 Hexokinase A & B Yeast
8 Immunoglobulin G,H chain Human myeloma
9 Yeast

10 Chicken egg
11 Rabbit muscle
12 Yeast
13 Porcine heart
14

Enolase
Ovalbumin
Aldolase A
Alcohol dehydrogenase
Lactate dehydrogenase
Glyceraldehyde-3-P-
dehydrogenase

15 Chymotrypsinogen A
16 Concanavalin A
17 Lentil lectin, 5 chain
18 Myoglobin
19 Lysozyme
20 Cytochrome c

Yeast
Bovine pancreas
Jack bean
Lens culinaris
Sperm whale muscle
Chicken egg white
Horse heart

Nb mrc CHOd

(wt. %)

Rs

(nm)

S20,w

(x 10-3 sec)

1,451e 160,837e 10.15e
1,021 116,116 15.93f
841 97,114
679g 75,156g 5.54h 5.107
582 66,296 3.5j
505 57,471 5.2P 11.15k
477 52,819
447 48,472 3.44
4361 46,5101
385 42,807 4.29 3.0j
363m 39,210m 7.35n
347° 36,691° 4.6P
333 36,457

331 35,549
245 25,666 2.3q
237 25,571
159r 17,572r
153s 17,198s
1291 14,314t
104 11,761 1.7j 2.10u

aThis table is an updated and extended version of that presented by Peterson & Hokin (1981). Only the
newly updated and extended data are cited in this table. bNumber of amino acid residues in the
polypeptide chain. °Molecular weight of the protein portion of the polypeptide chain (monomer)
determined from sequence data. dWeight percent carbohydrate relative to total weight (protein
plus CHO). eSottrup-Jensen et al. (1984). (Craven et al. (1965). g MacGillivray et al. (1983).
hDorland et al. (1977). iRoberts et al. (1966). jTanford et al. (1974). kSamejima et al. (1962)
for the dimer. 1Chin et al. (1981). mTolan et al. (1984):nTaylor & Lowry (1956) for the dimer.
°J5rnvall (1977). PHoriike et al. (1983) for the tetramer. qFish (1975). rForiers et al. (1981).
sEdmundson (1965). tCanfield & Liu (1965). uAtlas & Farber (1956).
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aldolase, catalase (sucrose gradient purified), transferrin and

0-galactosidase in buffer A or buffer B. The final samples,

containing 30 pmols of mAcChR were then layered onto 12.6 ml 5-20%

linear sucrose density gradients prepared in buffer A or buffer B.

The D20 sucrose gradients were prepared in a similar fashion,

substituting D20 as the solvent in buffer A or B and in the molecular

weight marker solution. The gradients were centrifuged at 38,000 rpm

and 5°C for 17.5 hrs in a Beckman SW-40 rotor in a Beckman model L5-65

ultracentrifuge. The gradients were fractionated by displacement from

the bottom with 50% sucrose in either D20 or H2O using an Isco model

185 density gradient fractionator. Each fraction (0.3 ml) collected

was then assayed in terms of specific binding of [3H]L -QNB as

described (Peterson & Schimerlik, 1984). Cytochrome c, aldolase,

catalase and transferrin were monitored by A280 as the gradients were

fractionated or alternatively determined by o-phthaldehyde

fluorescence assay (Peterson, 1983). 5-galactosidase was assayed

according to the method of Hestrin et al. (1955). Sucrose density was

measured by refractometry at 20 °C using a Zeiss refractometer.

Gel Filtration in Triton X-405 and Dodecy1-8-Maltoside

A sample of 30 pmol of purified mAcChR in a final volume of

0.5 ml was preincubated with [3H]L -QNB and diluted with buffer A or

buffer B containing 5 mg/ml each of cytochrome c, ovalbumin, bovine

serum albumin, yeast alcohol dehydrogenase, chymotrypsinogen A and

catalase as described above. The sample was chromatographed on a

Sephacryl S-300 column (0.6 cm x 40 cm) pre-equilibrated at 5°C with
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buffer A or B. Fractions of 0.27 ml/tube were collected using a

Gilson microfractionator. The void volume (V0) and the total volume

available to solvent (VT) were determined with Blue Dextran 2000 by

measuring the absorbance at 650 nm and with free [311]1,-QNB by

scintillation counting, respectively. The partition coefficient, KD,

was determined by the following equation:

VE - Vo
D (1)

where VE is the elution volume of the marker proteins or receptor.

Cytochrome c, ovalbumin, bovine serum, albumin, catalase and

chymotrypsinogen A were determined by the Folin phenol method

(Peterson, 1983), and yeast alcohol dehydrogenase activity was assayed

according to Racker (1955). Specific binding of [3H]L -QNB for each

fraction was determined as above. Volume measurements were determined

by weight to improve accuracy (Tanford et al., 1974).

Calculation of Hydrodynamic Data from Sedimentation Studies

The partial specific volume for the purified mAcChR-PH1L-QNB

complex in Triton X-405 and dodecyl-a-maltoside was calculated using

equation 9 from O'Brien et al. (1978):

(1 -7Elp DB ) - al1 1713PHB )
vA -

PHA(1 7BPDB) Aa DP (1 7BPHB)
(2)
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where VA and 7H are the partial specific volumes of the unknown and

known, respectively; a = (yDByHA)/(yHByDA), the migrational distances

(y) traveled from the meniscus by the unknown (A) and known (B) in H2O

(H) and D20 (D); pH and pp represent the average densities taken at

0.5 y in the gradient for H2O and D20, respectively. This relation

was shown to yield the highest degree of accuracy in estimating vA

when vA and vB were unequal (O'Brien et al., 1978). The known

molecular marker used was human transferrin (vB = 0.724).

Equation 14 of O'Brien et al. (1978) was used for calculation of

the sedimentation coefficient of the receptor-detergent complex:

A
yA(1 - VAP20,w)(1 vBPT,mB)

S20,w A S20,w
B

YB(1 VBP20,w)(1 vAPT,m-)
(3)

where P20,w is the density of H2O at 20°C, pT,m is the average density

at 5°C in the H2O gradient and vA was from Eq 2. This relation was

shown to be highly accurate when compared to a standard of similar

S20,w value and essential when vA and vB were unequal (O'Brien et al.,

1978). Transferrin was again used as the standard (S20,wB = 5.10, see

Table I). The molecular weight was determined from a variation of the

Svedberg equation, assuming the receptor is a globular protein (Gibson

et al., 1976):

MA S20,wA (1 7BP)(.)B)1/3

MB S20,wB (1 VAP)(VA)1 /3

3/2

(4)
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where MA and MB are the molecular weights in Triton X-405 or

dodecyl-a-maltoside of mAcChR and transferrin, respectively; p is the

density of H20 at 5°C and vA and S20,wA calculated from Eqs 2 and 3.

To correct for the apparent weight contribution and buoyancy effects

of Triton X-405 and dodecyl-a-maltoside bound to the mAcChR, the

following equation was used to estimate grams of detergent bound per

gram of receptor, (SD (Tanford & Reynolds, 1976):

dD
VA - Vp
-

- vc
(5)

where VA, vp and VD correspond to the partial specific volumes of the

mAcChR-detergent complex, the uncomplexed receptor and the

detergent, respectively. vA was calculated from Eq 2. vp was

calculated from compositional analysis. The partial specific volume

of Triton X-405 was determined by pycnometry and found to be 0.908

cm3/g, and the critical micelle concentration (cmc) was estimated by

the method of Rosenthal & Koussale (1983) which gave a value of 0.066%

(w/v). The partial specific volume of dodecyl-a-maltoside was

determined from measurement of solution density as a function of

detergent concentration (Tanford et al., 1974) and found to be 0.809

cm 3/g. The cmc of dodecyl-a-maltoside was estimated by the method of

Rosenthal & Koussale (1983) which gave a value of 0.6 mM.

The molecular weight for the mAcChR, free from bound detergent

(Mp), was calculated using the following relationship (Tanford &

Reynolds, 1976):
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MA = Mp (1 4- 6D) (6)

where MA is the molecular weight of the mAcChR-Triton X-405 or the

mAcChR-dodecy1-8-maltoside complex calculated from Eq 4 and 6D

is from Eq 5.

Calculation of Hydrodynamic Data from Gel Filtration

The Stokes radius (Rs) for the mAcChR-PH1L-QNB complex

chromatographed on the Sephacryl S-300 column in 0.35% Triton X-405 or

0.1% dodecy1-0-maltoside was determined according to the method of

Ackers (1967), using the following relation:

Rs = ao + boerf-1(1 - KD) (7)

where the intercept (a0) and slope (b0) are calibration constants for

the particular gel used. The erf-1(1-KD) values were obtained from

the table given by Fish (1975). The molecular weight of the

mAcChR-Triton X -405 complex and the mAcChR-dodecy1-8-maltoside complex

were calculated according to equation 1 of Siegel & Monty (1966):

61Tn20 ,wNRsS20,w
Mc

(1- vp20,w)
(8)

where n20,w is the viscosity of H2O at 20°C. S20,w is from Eq 3, v is

from Eq 2, Rs is from Eq 7 P20,w is the density of H2O at 20°C and N

is Avogadro's number. The molecular weight of the uncomplexed
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receptor (i.e., corrected for bound detergent) was then calculated

according to Eqs 5 and 6. The frictional coefficient ratio (f/f0) of

the mAcChR was calculated from the following relation (Siegel & Monty,

1966):

f/fo
Rs

3VMc 1/3

47N

(9)
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RESULTS

D20/H20 Sucrose Gradient Sedimentation in Triton X-405

As shown in Figure I-1, the purified mAcChR exchanged into Triton

X-405 sedimented in sucrose gradients as a single prominent peak with

a small faster sedimenting shoulder. Total receptor recovery from the

gradient was about 40% even when pre-incubated with the specific

antagonist [311]L-QNB. Considerably lower recoveries were experienced

without the stabilizing pre-incubation with QNB. Imidazole buffer

rather than phosphate buffer was also found to improve stability (up

to two fold) which agreed with the previously reported behavior of

imidazole as a low affinity mAcChR ligand (Peterson & Schimerlik,

1984). Presumably the mAcChR was simply less stable when exchanged

into 0.35% Triton X-405. Detergent exchange was assumed to be

virtually complete. Studies with our crude digitonin/ cholate extract

mAcChR demonstrated no detectable difference in sedimentation

characteristics when the receptor was exchanged into Triton X-405 by

means of DEAE column chromatography or by simple dilution as above.

The partial specific volume of the purified mAcChR calculated from

the sedimentation data of Figure I-1 according to Eq 2 yielded a value

of vA = 0.813 cm3/g using transferrin as the known standard. This

compared to a value of 0.815 cm3/g obtained for sedimentation of the

crude extract receptor preparation. Accuracy of this approach depends

on linearity of S20,w on y, the fractional distance migrated during

sedimentation of the standards and on the choice of a standard of

similar S20,w value to that of the unknown (O'Brien et al., 1978).



18

Figure I-1 Sedimentation of purified mAcChR through sucrose

gradients in Triton X-405. The mAcChR complex with

[3H)L -QNB in 0.35% Triton X-405 was sedimented in D20 and

H2O sucrose gradients as described in Experimental

Procedures. The sedimentation positions for the

standards are indicated with numbers corresponding to

those of Table I-1. The inset shows the relationship of

the sedimentation coefficients to the respective

fractional migration distance, y, for the standards. The

data were fitted by linear least squares regression which

gave r2 = 0.999 for both D20 and H2O. The y-intercept

was not significantly different from zero for the D20 fit

and just significant (P 0.05) for H2O with S20,w = 0.46

at y = 0.
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Distance from top of gradient (cm)Figure I-1
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Moreover, this approach is essential when the unknown and standard

partial specific volume are unequal. The inset to Figure I-1

demonstrated that S20,w was linear with respect to y or very nearly so

for both the D20 and H2O experiments. The sedimentation coefficient

for the purified mAcChR calculated according to Eq 3 was S20,wA = 5.30

x 10-13 sec, which was very close to that of the standard (transferrin

S20,w = 5.10 x 10-13 sec).

An apparent molecular weight for the mAcChR-Triton X-405 complex

was calculated from the sedimentation and partial specific volume

measurements according to Eq 4 and found to be 143,000. Since the

amount of bound detergent could not be measured directly, it was

estimated from the partial specific volumes measurements according to

Eq 5. The accuracy of this method for determining bound detergent

depends on the accuracy of the component v's. As indicated above,

accuracy of vc was determined with at least a theoretically high

degree of confidence. VD was measured directly. vp was calculated

from the composition (Table 1-3, Peterson et al., 1986) which

contained an element of guesswork concerning the amount of covalently

attached carbohydrate. Using the estimate of vp = 0.717, SD was

calculated from Eq 5 as 1.021 g/g, and the apparent molecular weight

of the uncomplexed mAcChR was calculated from Eq 6 to be 70,900. Thus

50% of the weight of the receptor-Triton X-405 complex was due to

detergent bound at potentially hydrophobic regions of the mAcChR.

220/H20 Sucrose Gradient Sedimentation in Dodecy1-8-Maltoside

Sucrose gradient sedimentation of the purified mAcChR diluted into
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0.1% dodecy1-0-maltoside is shown in Figure 1-2. As observed with the

sedimentation experiments in Triton X-405, receptor recovery from the

gradients was about 40% when pre-incubated with [311]1,-QNB and in the

presence of imidazole. There was no difference noted in sedimentation

profiles of the receptor when exchanged in dodecyl-f3-maltoside by

dilution or using DEAE column chromatography.

From the sedimentation data in Figure 1-2, the partial specific

volume of the receptor-dodecy1-0-maltoside complex was calculated to

be 0.783 cm3/g (vA) according to Eq 2, using human transferrin as the

known standard (v13). Figure 1-3 demonstrates the linearity of S20,w

to the fractional migrational distance (y) travelled in both the D20

and H2O experiments. A sedimentation coefficient of 9.30 x 10-13 sec

(S20,wA) was calculated for the mAcChR-detergent complex according to

Eq 3. The apparent molecular weight for the mAcChR-dodecyl-B-

maltoside complex was calculated to be 254,848 (Mc) from Eq 4. As

described for the sedimentation experiments in Triton X-405, an

estimate of bound detergent was calculated from Eq 5 to be 2.538 g/g

mAcChR (OD). Correcting for bound detergent, Eq 6 gave an apparent

molecular weight of 72,032 (Mp) for the uncomplexed mAcChR.

Approximately 70% of the weight of the mAcChR-dodecy1-0-maltoside

complex was due to bound detergent.

Hydrodynamic Properties from Gel Filtration in Triton X-405

Figure 1-4 shows the elution pattern of the purified mAcChR from

the Sephacryl S-300 column run in the presence of Triton X-405. The

elution profile was relatively symmetrical with the exception of a
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Figure 1-2 Sedimentation of purified mAcChR through sucrose

gradients in dodecyl -B- maltoside. The mAcChR complex

with [3H]L-QNB in 0.1% dodecyl-a-maltoside was sedimented

in D20 and H2O sucrose gradients as described in

Experimental Procedures. The sedimentation positions for

the standards are indicated with numbers corresponding to

those of Table I-1.
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Figure 1-3 Relationship of the sedimentation coefficients to the

respective fractional migration distance, y, for the

standards in dodecy1-0-maltoside. The data were fitted

by linear least square regression which gave r2 = 0.998

for both D20 and H20. Standards are indicated with

numbers corresponding to those of Table I-1.
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Figure 1-4 Gel filtration of purified mAcChR on Sephacryl S-300 in

Triton X-405. The purified mAcChR was pre-incubated with

[3H)L -QNB and chromatographed in Triton X-405 as

described in Experimental Procedures. The receptor was

chromatographed together with the indicated standards

(numbers correspond to those in Table I-1) showing their

observed elution positions. Identical results were

obtained when the receptor was chromatographed separately

from the standards. Vo and VT represent the elution

positions of Blue Dextran 2000 and free (311]L-QNB,

respectively. The inset on the left represents the

calibration of Mr versus KD (calculated from Eq 1).

Linear least squares regression gave the following

relation: log Mr = 5.82 - 2.45KD, r2 = 0.998). The inset

on the right represents the calibration of Stokes radii

on the inverse error function of (1-KD). Least squares

regression, omitting cytochrome c (#20) from the

analysis, yielded the relation Rs = 6.14erf-1(1-KD) -

1.38, r2 = 0.999. The y-intercept was not significantly

different from zero.
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small lower molecular weight shoulder. A plot of the log Mr for the

standards was linear with respect to their partition coefficient, KD

(Figure 1-4, inset) calculated from the elution volumes according to

Eq 1, predicting an apparent Mr for the mAcChR-Triton X-405 complex of

116,000. Application of Eq 6 assuming (SD = 1.021 as above yielded an

apparent Mr of 57,800 for the uncomplexed receptor. The Stokes radii

for the standards were also linear with respect to KD (Rs = 62.1 -

65.3KD, r2 = 0.975), which yielded an apparent Rs for the

mAcChR-Triton X-405 complex of 4.10 nm. The more rigorous method of

Ackers (1967) relating the Stokes radius to the inverse error function

of (1-KD) (Eq. 7) produced a value of 4.29 nm for the Stokes radius of

the mAcChR-Triton X-405 complex (Figure 1-4, inset). Cytochrome c was

detectably anomalous in these correlations in agreement with Siegel &

Monty (1966) and its elimination improved r2 from 0.993 to 0.999 (Rs =

6.14 erf-1(1-KD) - 1.38). The non-linear calibration curves reported

by le Maire et al. (1980) for Sephacryl S-300 were not observed in

our studies. The y-intercept was not statistically significant from

zero. The molecular weight of the receptor-detergent complex obtained

from Eq 8 which included the sedimentation parameters S20,w and v for

the complex was calculated as 137,000, giving an apparent Mr of 68,200

for the uncomplexed receptor from Eq 6. A frictional ratio (f/fo) of

1.21 in comparison to an anhydrous sphere was obtained from Eq 9. The

mAcChR thus behaved as a globular particle defined as f/fo <1.25

(Tanford et al., 1974).
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Hydrodynamic Properties from Gel Filtration in Dodecyl-a-Maltoside

The elution profile of purified mAcChR chromatographed on

Sephacryl S-300 in the presence of dodecyl-a-maltoside resulted in a

symmetrical peak as shown in Figure 1-5. As above, with gel

filtration studies in Triton X-405, the plot of log Mr for the

standards was linear with respect to their partition coefficient KD

(Figure 1-6), when calculated according to Eq 1. This gave an

apparent molecular weight of 227,000 for the receptor complex. When

corrected for bound detergent as described above, a molecular weight

of 64,160 was obtained. The linearity of Stokes radii (Rs) for the

molecular weight standards with respect to KD (Figure 1-7) gave an

apparent Rs of 5.02 nm. The more accurate determination of Rs by Eq 7

resulted in a calculated value of 5.35 nm. The anomalous behavior of

cytochrome c observed in the gel filtration experiments in Triton

X-405 was not as apparent in dodecyl-a-maltoside. When the data from

the sedimentation experiments was combined with the Stokes radius

obtained by gel filtration, an apparent molecular weight of 259,733

was calculated according to Eq 8. Correcting for bound detergent (6D

= 2.538 g/g), an apparent molecular weight of 73,412 was obtained for

the uncomplexed mAcChR. A frictional ratio (f/fo) of 1.24 was

calculated according to Eq 9, indicating the mAcChR is a globular

protein (Tanford et al., 1974). Table 1-2 summarizes the physical

properties of the purified mAcChR obtained from the sedimentation and

gel filtration experiments above as well as the SDS-PAGE experiments

from Peterson et al., 1986.
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Figure 1-5 Gel filtration of purified mAcChR on Sephacryl S-300 in

dodecy1-0-maltoside. The purified mAcChR was

pre-incubated with [3H]L -QNB and chromatographed in 0.1%

dodecy1-13-maltoside as described in Experimental

Procedures. The receptor was chromatographed together

with the indicated standards (numbers correspond to those

in Table I-1) showing their observed elution positions.

Vo and VT represent the elution positions of Blue

Dextran 2000 and [3H]L -QNB, respectively.
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Figure 1-6 Calibration of Mr versus KD (calculated from Eq 1) in

dodecyl -B- maltoside. Linear least squares regression

gave an r2 = 0.999. The numbers for the indicated

standards correspond to those in Table I-1.
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Figure 1-7 Calibration of Stokes radii from the inverse error

function of (1-Kp) in dodecy1-0-maltoside. Least squares

regression gave an r2 = 1.00. a(intercept) = 0.541 and

b(slope) = 5.420. The numbers for the indicated

standards correspond to those in Table I-1.
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Table 1-2. Summary of Physical Properties of the Purified Cardiac
mAcChR

Sedimentation experiments in Triton X-405

Partial specific volume vca 0.813 cm3/g

b 0.717c

Sedimentation constant S20,w 5.30 x 10-13 sec

Bound Triton X-405 OD 1.021 g/g

Molecular weight Mca 143,000

m b 70,900

Gel filtration experiments in Triton X-405

Stokes radius Rs

Molecular weight Mca
(gel filtration alone)

M b

Molecular weight
(gel filtration plus
sedimentation)

Frictional ratio

mca

M b

f/fo

Sedimentation experiments in Dodecy1-13-Maltoside

4.29 nm

116,000

57,800

137,000

68,200

1.21

Partial specific volume vca 0.783 cm3/g

1713b 0.717c

Sedimentation constant S20,w 8.30 x 10-13 sec

Bound Dodecyl-f3-Maltoside op 2.538 g/g

Molecular weight Mca 254,848

m b 72,032
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Table 1-2 continued

Gel filtration experiments in Dodecyl -$- Maltoside

Stokes radius

Molecular weight
(gel filtration alone)

Molecular weight
(gel filtration plus
sedimentation) M b

Rs

Mca

b

Mca

Frictional ratio

SDS-PAGE experimentsh

f/fo

5.26 nm

237,000

70,578

255,363

72,177

1.22

mLBP Molecular
weight Mr

Number of
residues, N

Gradient geld Single %Te MrKR plot(

80,000
t 2,800

83,300
± 10,400

89,100
± 6,700

701 t 21 729 ± 84 797 ± 60

mSCP Molecular 13,600
weight Mr t 320

Number of
residues, N

14,600 14,000
± 380 ± 1,100

124 ± 3 131 ± 4 130 ± 10

Predictedg

50,000-
60,000

450-540

14,300

130

aFor the receptor-Triton X -405 complex. bFor the uncomplexed
receptor. cFrom Table III. dMean ± SD of the results from the four
different cross-linked gels. eMean ± SD of the value obtained from
log Mr (or log N) calibration against RF for each single %T at 2.6 %C
plus 3.85 %C. (Combined determinations made at 2.6 %C and 3.85 %C.
gFrom evaluation by the scheme shown in Table V (see Discussion).
hPeterson et al., 1986.
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DISCUSSION

Determination of the sedimentation constant by sedimentation

velocity experiments in D20/H20 sucrose gradients coupled with an

independent estimate of the effective size (Stokes radius) has been an

attractive alternative to sedimentation equilibrium for measurement of

the molecular weight of detergent solubilized membrane proteins

(Tanford et al., 1974; Clark, 1975; Fish, 1975, Gibson et al., 1976;

O'Brien et al., 1978). Provided some specific assay is available for

the protein of interest, impure preparations of low protein content

can be analyzed. With our preparation of mAcChR the concentration of

purified receptor protein that could be achieved was too limited to

allow for practical application of sedimentation equilibrium methods.

Measurement of sedimentation coefficient by rate sedimentation in

D20/H20 sucrose gradients and the Stokes radius by gel filtration as

performed in these studies implies several underlying assumptions and

considerations which could influence the final molecular weight

estimate. It is assumed that the amount of detergent bound to the

water soluble marker proteins is negligible and that the amount of

detergent bound to the receptor remains the same in both D20 and H2O

and in the presence of sucrose. Clark (1975) measured the binding of

the closely related detergent, Triton X-100, in a number of water

soluble proteins, including most of those used in this study. No

binding was observed with a detection limit of about <2% of the weight

of the protein. Triton X-100 binding to membrane proteins range from

about 20 to 112% (w/w) and is generally slightly lower in D20 than H2O

(Clark, 1975), which could contribute to a molecular weight estimate
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that is low by 3-10%. Sucrose may also effect detergent binding to a

small degree (Simons et al., 1973), but this is considered negligible

in our experiments where binding was estimated from the partial

specific volume measurements made from the sucrose gradient

experiments (Eq 2).

Errors in the estimate of the partial specific volume of the

unknown protein have a significant effect on the sedimentation

coefficient and hense the molecular weight estimate. Modeling studies

by O'Brien et al. (1978) showed that under the conditions examined in

this study where the sedimentation coefficient for the mAcChR and the

marker protein, transferin, were very similar (5.3 versus 5.1) and v

was 0.8 for the unknown (measured 0.813) and 0.7 for the standard

(actual value 0.724), the predicted error in the estimate of S20,w was

less than 2% by the method employed (Eqs 2 & 3) compared to up to 30%

by other methods. Thus we believe that our estimate of v (0.813) and

S20,w (5.3 S) for the mAcChR-Triton X-450 to be accurate to within

about 5% and contribute to a minimum molecular weight estimate by Eq

8. A similar degree of accuracy was observed for the mAcChR-dodecyl-

B-maltoside due to the close values in partial specific volume of the

standard (0.724) and the measured mAcChR-complex (0.783) giving an

estimate of v = 0.783 and S20,w = 9.30 S for the receptor-dodecyl-B-

maltoside complex. The molecular weight estimate by Eq 8 further

requires an estimate of the effective molecular size or radius

assuming the protein is globular in shape. The Stokes radius is a

sufficiently accurate measure of this parameter (Tanford et al.,

1974), and was measured by calibration against KD, using the linear

function of Rs versus erf-1(1-KD) proposed by Ackers (1967), which is
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independent of assumptions concerning the structure of the gel matrix

(Ackers, 1967) or the nature of the solvent system used (Tanford et

al., 1974). Cytochrome c was excluded in our calibration since it

behaved abnormally from the remaining standards in agreement with

Ackers (1967). Inclusion of cytochrome c lowered the apparent Stokes

radius for the mAcChR by 1% and would have a similar effect on the

apparent Mr. The non-linear calibration curves reported by le Maire

et al. (1980) for Sephacryl S-300 were not observed in our studies.

The gel profile shown in Figure 1-4 exhibits a trailing edge in the

lower molecular weight range. By itself this suggests that the mAcChR

interacts with the gel matrix which would invalidate the data obtained

from such an elution pattern. However, the apparent molecular weight

for the major peak as determined from the elution volume (116,000) is

only about 20% lower than that obtained by sedimentation alone

(143,000), which suggests that the bulk of the mAcChR was not

seriously retarded on the Sephacryl S-300 resin. The trailing edge

observed above was not seen in the dodecyl-a-maltoside gel filtration

run. The apparent molecular weight arrived at by the combination of

sedimentation and gel filtration data according to Eq 8 is very

similar to that from sedimentation studies alone. The frictional

ratio determined for the mAcChR in Triton X-405 was 1.21 and in

dodecyl-a-maltoside 1.22, which are less than the maximum suggested

value of 1.25 descriptive of a globular particle (Tanford et al.,

1974), and thus agrees with the underlying assumptions of shape

associated with the hydrodynamic studies.

Estimation of the molecular weight of the mAcChR alone requires

knowledge of the amount of bound detergent. Accurate estimates of the
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component specific volumes is required to determine this value

according to Eq 5. As indicated above the partial specific volume of

the receptor-detergent complex was determined with a reasonable degree

of confidence. The partial specific volume of the Triton X-405 (0.908

cm3/g) was the same as that reported for the closely related detergent

Triton X-100 and the partial specific volume of dodecy1-3-maltoside

was calculated to be 0.809 cm3/g according to the method of Tanford et

al. (1974). The partial specific volume of the uncomplexed mAcChR was

calculated from the amino acid and partially estimated carbohydrate

composition (Table 1-3). On the basis of the analysis of other

integral membrane sialoglycoproteins, the undetermined residues

expected to be present in significant quantities (viz., hexoses and

sialic acid) may comprise from 50-70% of the total carbohydrate (Kyte,

1972; Vandlen et al., 1979; Miller et al., 1983). The estimated

contribution of these residues to the mAcChR (Table 1-3) leads to a

total carbohydrate content estimated at 26.5% by weight. This figure

is consistent with the behavior of the mLBP in SDS-PAGE. The mLBP

migrates as a broad diffuse band similar to that observed for the

Na,K-ATPase a subunits (Perrone et al., 1975) and Na-channel (Miller

et 21., 1983) which contain 25-30% by weight carbohydrate. In

addition the anomalous behavior of the mAcChR in SDS-PAGE in this

study cannot be accounted for by abnormal charge density alone, but

must contain a large contribution of abnormal shape, probably due to a

high (20-30%) carbohydrate content (see Discussion below). Therefore,

we believe the values given in Table 1-3 for the estimated portion of

the mAcChR carbohydrate content are sufficiently accurate to allow for

calculation of the partial specific volume of the receptor protein
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Table 1-3. Compositional Properties of the Purified Cardiac mAcChRc

Residue mol %a Nearest integer
per Mr 70,000

Ala 7.88 ± 0.05 37
Arg 2.76 ± 0.05 13

Asx 11.16 ± 0.13 53
Cys (1.90 ± 0.56) 9

Gly 6.84 ± 3.14 32
Glx 9.80 ± 0.76 46
His 1.20 ± 0.02 6

Ile 6.56 ± 0.25 31

Leu 8.59 ± 0.00 41

Lys 3.53 ± 0.04 17

Met 1.44 ± 0.16 7

Phe 3.66 ± 0.16 17

Pro 6.40 ± 0.13 30

Ser 8.95 ± 0.43 42
Thr 5.98 ± 0.22 28

Trp (2.23 ± 1.17) 11

Tyr 2.74 ± 0.01 13

Val 8.39 ± 0.83 40

100.01 473

Glucosamine 7.76 37

Hexoses (6.59 ± 3.18 31

Sialic acid (4.38 ± 0.80) 21

Partial specific volume 0.733 cm3 /g (amino acids only)
0.717 cm3/g (plus carbohydrates)

Hydrophobicity parametersb Have = 1137
Z = 0.369

aAmino acid and amino sugar analyses were performed as described in
Experimental Procedures. The numbers in parentheses were for
residues not determined but estimated from their mean compositional
contribution to the nAcChR (Vandlen et al., 1979), the NaK-ATPase
(Kyte, 1972) and the sodium channel (Miller et al., 1983). The

contribution of hexoses and sialic acid were estimated relative to
the amino sugar content of each of the above proteins, which averaged
40.1 ± 9.6% of the total carbohydrate by weight.

bBarrantes (1975).
cPeterson et al., 1987.
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within 5% error. The amount of lipid bound to the receptor should

also be taken into account (Tanford et al., 1974), however, the small

amounts of receptor available did not permit lipid analysis after

exchange into Triton X-405 or dodecy1-6-maltoside. The amount of

lipid in the mAcChR-Triton X-405/dodecy1-6-maltoside complex is

expected to be insignificant (Clark, 1975). Moreover, any small

amount of lipid bound would have a v similar or slightly higher than

that of Triton X-405 or dodecy1-6-maltoside (Tanford et al., 1974) and

would be estimated as detergent with negligible consequences.

The hydrodynamic properties of the mAcChR have previously been

examined in crude preparations from rat brain by Haga (1980) and later

by Berrie et al. (1984a). For rat brain membranes solubilized in

Lubrol PX these authors reported considerably lower S20,w values

(3.2-3.8 S) with corresponding apparent Mr from Eq 4 ranging from

67,400 (Haga, 1980) to 81,200-120,000 (Berrie et al., 1984a). The

apparent Stokes radii were considerably higher than our values

(6.8-7.0 nm) indicating a considerably larger protein near Mr vs

500,000. Combination of these values in Eq 8 produced intermediate

estimates of the molecular weight for the receptor detergent complex

consistant with our measurements for the purified cardiac mAcChR. The

estimated amount of Lubrol PX bound ranged from 0.3 to 0.8 g/g protein

as reported by these investigators, which gave estimates of the mAcChR

molecular weight ranging from 77,000-125,000. A similar situation was

apparent from the hydrodynamic properties of the rat brain mAcChR

solubilized in cholate/1 M NaCl phosphatidylcholine (Berrie et al.,

1984a). A similar high Rs (6.83 nm) was also reported by the latter

group for digitonin-solubilized rat brain receptor together with a
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high S20,w value (10.8 S). Lysophosphatidylcholine solubilized rat

brain mAcChR exhibited an S20,w value similar to ours (4.96), but the

apparent Rs value was near twice that of ours in this detergent

(Berrie et al., 1984a). Also, in the above studies, the frictional

ratio was considerably larger than ours (1.58-1.97 versus 1.21). As

pointed out by these authors, such findings suggest molecular weight

heterogeneity of the detergent complexes, particularly with regard to

gel filtration. In our studies, the consistency in the apparent Mr of

the purified cardiac mAcChR in Triton X-405 between the sedimentation

and gel filtration experiments and the similarity of the apparent Mr

of the uncomplexed receptor with that of SDS-PAGE determined Mr

suggest that a relatively monodisperse system was measured. The

molecular weight of the purified cardiac mAcChR is thus believed to be

reliably estimated at 68,000-72,000, including carbohydrate.

The amino acid composition of the porcine atrial mAcChR (Table

1-3) is similar but not identical to that of the porcine brain (Haga &

Haga, 1985). The comparative indexes D (= 0.0570), DI (= 8.93) or SAQ

(= 32.5) (Cornish-Bowden, 1983) give only a weak indication that the

two proteins are related. This may reflect inherent difficulties in

agreement between different laboratories attempting rigorous chemical

analysis of limiting amounts of glycoprotein. However, if the two

compositions are equivalently accurate, then the comparative indexes

suggest that a significant amount of real sequence differences exist

between the brain and heart mAcChRs. This is particularly interesting

since the brain mAcChR is composed chiefly of the M1 subtype, whereas

the heart mAcChR is composed chiefly of the M2 subtype (Hammer et al.,

1980), which is a pharmacological distinction currently based on
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sensitivity to the antagonist pirenzepine. The values for the

hydrophobicity parameters H4)ave and Z (Table 1-3) are consistent with

the integral membrane protein classification of the mAcChR. The heart

mAcChR was found to be only slightly more hydrophobic than the brain

mAcChR (Zheart = 0.369; Zbrain = 0.339). In comparison to other

proteins the mAcChR is intermediate in hydrophobic character between

the Na-channel and the nAcChR (Miller et al., 1983), both of which

apparently contain numerous transmembrane sequences (Claudio et al.,

1983; Noda et al., 1983b, 1984).

The molecular weight estimates of the mAcChR by sedimentation and

gel filtration, which include the carbohydrate portion of the

molecule, are lower than the estimates obtained by SDS-PAGE (Peterson

et al., 1986), which ideally only measures the protein portion or

chain length of the molecule (Reynolds & Tanford, 1970a). The

Ferguson plot data, however, indicate that the receptor migrates

anomalously in SDS-PAGE, which is due at least in part to an excess

charge density presumably from excess SDS binding relative to that of

the standards. The diffuse banding pattern of the mAcChR on SDS-PAGE

suggest that it contains sufficient carbohydrate such that abnormal

shape may also contribute to anomalous migration. No comprehensive

evaluation method currently exists for predicting the effects of

abnormal charge and shape on the apparent molecular weight. Segrest &

Jackson (1972) suggested an empirical method for estimating the amount

of carbohydrate on sialoglycoproteins which migrate anomalously by

correcting the apparent Mr at high %T by the percent carbohydrate

determined by the difference in Mr between 5 %T and 7.5 %T. This

method did not work, however, for asialoglycoproteins.



46

The cardiac mAcChR has recently been cloned (Kubo et al., 1986;

Peralta et al., 1987) resulting in a true calculation of molecular

weight of the protein as well as partial specific volume (vp). A

table of re-calculated physical parameters based on this data, as well

as comparison to sequence data appears in Appendix I.

In conclusion, rigorous analysis by D20/H20 sucrose gradient

sedimentation and Sephacryl S-300 gel filtration of a monodisperse

preparation of purified and active mAcChR in Triton X-405 and

dodecyl-(3-maltoside have led to an estimated molecular weight of

68,000-73,000, including carbohydrate. Composition studies suggested

the presence of about 26% carbohydrate in the purified mAcChR, giving

an estimated molecular weight of 50,000-53,000 for the protein portion

of the receptor. The denatured mLBP migrated anomalously on SDS-PAGE,

which was found to be due to both abnormal charge and abnormal shape

characteristics. Development of a novel scheme for evaluating the

effects of the abnormal Ferguson parameters in SDS-PAGE, permitted

refining the molecular weight estimate to 50,000-60,000 for the

protein portion of the denatured mLBP (Peterson et al., 1986). Thus

the simplest form of the active mAcChR appears to consist of a single

molecule of mLBP.
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II. BIOCHEMICAL STUDIES ON MUSCARINIC RECEPTORS IN PORCINE ATRIUM

STATEMENT OF COAUTHORSHIP

This research project, initiated by Dr. Michael I. Schimerlik

involved the biochemical characterization of membrane bound,

detergent-solubilized and purified muscarinic acetylcholine receptors

from porcine atria. My contribution to this paper included the

determination of equilibrium dissociation constants for muscarinic

ligands in both membrane bound and detergent-solubilized states,

sucrose gradients of both detergent-solubilized and purified

muscarinic acetylcholine receptors, estimations of molecular weight,

size and shape of purified receptors and pirenzepine titrations of

membrane bound and detergent-solubilized muscarinic acetylcholine

receptors.
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ABSTRACT

Biochemical characterization of the membrane-bound, detergent-

solubilized and purified muscarinic acetylcholine receptor (mAcChR)

from porcine atria is described. Modulation of the membrane-bound

mAcChR agonist binding properties by N-ethylmaleimide and

guanylyl- 5'- imidodiphosphate are discussed as are experiments with

detergent-solubilized mAcChRs indicating association with guanine

nucleotide binding protein(s) and mutually exclusive binding of

agonists and antagonists. Ligand binding and structural studies of

the purified mAcChR are presented. Pirenzepine appears sensitive to

mAcChR association with other effector proteins as opposed to

descriminating between intrinsically different mAcChR ligand-binding

polypeptides.
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RESULTS AND DISCUSSION

Muscarinic receptors (mAcChRs) in the atria of the mammalian heart

are thought to mediate several physiological responses including

attenuation of adenylate cyclase activity, stimulation of inositol

phospholipid metabolism, and opening muscarinic receptor-linked K+

channelsl. Porcine atria may be useful for biochemical studies in

vitro concerning the structure and mechanism of action of the atrial

mAcChR since tissue can be obtained in large quantities and the

porcine heart and circulatory system resemble that of man2. The

purpose of this communication is to present data concerning the

biochemical characterization of the mAcChR from porcine atria in the

membrane-bound, detergent-solubilized and highly purified states.

Membrane-Bound Atrial Muscarinic Receptors

A preparation of porcine atrial sarcolemma enriched in mAcChRs by

25-40 fold3 has been used to characterize muscarinic receptor ligand

interactions in the membrane-bound state. Ligand binding studies on

this and lower purity preparations"' are consistant with a single

homogeneous population of antagonist binding sites with at least two

subpopulations of agonist binding sites, having high and low affinity

for agonists. The data in Fig. II.1A indicates that the high affinity

state for agonists is coupled to a guanine nucleotide binding

protein(s) since saturation with guanylyl- 5'- imidodiphosphate (GppNHp)

converts the high affinity state(s) to low affinity. The guanine

nucleotide binding protein mediating this effect has a high affinity
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Figure II.1 Modulation of Membrane-bound mAcChR-Agonist Interactions

by Guanine Nucleotides and N-ethylmaleimide.

A. Carb titration of specifically bound [311]L-QNB in

the presence (open circles) and absence (closed

circles) of 100 pM GppNHp. Experimental conditions

(20 mM Hepes, 0.1 mM PMSF, 0.1 M NaCl, 5 mM MgC12,

178 pM total (3H)L-QNB and (mAcChR), 52 pM in

[3H]L -QNB sites. Data were analyzed by the law of

mass action assuming competitive inhibition at two

noninteracting populations of agonist sites or

simple competitive binding at a single class of

sites.

B. Titration of the fractional conversion OW of high

affinity agonist sites to low affinity by GppNHp.

Conditions were similar to A, and the curve was

calculated from the law of mass action assuming a

single class of GppNHp binding sites with KApp=10

nM.

C. Carb titration of mAcChR with or without alkylation

by N-ethylmaleimide. Membranes were incubated for

20 min at 25°C ± 3 mM NEM and then centrifuged and

resuspended four times prior to assaying for carb

inhibition of [3H]L -QNB binding. Titration curves

were analyzed as in A for alkylated (open circles)

or, nonalkylated (closed circles) membranes.
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for GppNHp (KApparent-10 nM, Fig. II.18). It is important to mention

that the effects of guanine nucleotides are variable in this

preparation, the most common observation being that 20-30% of the high

affinity site remain high affinity, even in the presence of saturating

GppNHp. The variability is unaffected by the addition of leupeptin

and antipain in addition to phenylmethyl sulfonyl fluoride, using

higher concentrations of Ca2+ chelators, or adding antioxidants or

dithiothreitol. The reason for this is unknown; however, differing

results from other laboratories5-7 using different animals and

preparative techniques leads us to speculate that this may be due to a

variable amount of a subclass of high affinity agonist sites that are

inherently high affinity in the absence of interaction with guanine

nucleotide binding proteins or that, for some unknown reason, do not

decouple in the presence of GppNHp. Alkylation of the low affinity

agonist sites by N-ethylmaleimide (NEM, Fig. II.1C), converts this to

the high affinity state in agreement with results from other

laboratories6'8. Neither GppNHp nor NEM effects the binding of the

tritiated antagonist L-quinuclidinyl benzilate ([3H]L -QNB), and

positive cooperativity9 of [3H]L -QNB binding to this preparation in

the presence of GppNHp was not observed.

Detergent-Solubilized Atrial Muscarinic Receptors

Methods for solubilization of the atrial mAcChR in high yields

using a mixed digitonin/cholate detergent system have been

developed3 ,10. Solubilization in phosphate buffersl° generally

results in conversion of the mAcChR to exclusively the low affinity
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agonist state" suggesting an uncoupling from effectors present in the

membrane while solubilization by a double extraction technique3 often

results in a fraction (5-20%) of mAcChR's having high affinity for

agonists. Using the technique of double inhibition kinetics12, it was

possible to ask whether agonists and antagonists were capable of

forming a ternary complex in the solubilized preparation having

homogeneous agonist binding characteristics". The scheme presented

in Fig. 11.2A depicts a mechanism where two inhibitors (Il and 12)

that are competitive with a third ligand ([31.1)1,-QNB, Q) can form a

ternary complex with the receptor (R1112). The mechanism for

[3H]L -QNB binding (a rapid pre-equilibrium, followed by a slow

conformational change) has been derived previously for this

preparation". K1 and K2 are the dissociation constants for the two

inhibitors binding to the mAcChR and a is a coefficient of interaction

that relates the dissociation constants for the binary complexes to

that for formation of the ternary complex. When the mAcChR is

preequilibrated with an excess of 11,2 and the reaction is initiated

by an excess of [3H)L -QNB, the equation describing the observed rate

constant (kobs) for formation of the receptor-[31-1]1,-QNB complex (RQ')

as a function of time can be rearranged to give

(kobs-k-) -1 K
[I2]

+ [Ii] + 1/4 1 + 1 +
[12]

K14[Q] aK2 [Q] K2

When the data are plotted as (kobs-k_)-1 versus II concentration at

varying 12 concentrations, it can be seen that the intercept will

always be a function of 12 concentration; however, the slopes will

vary with 12 only if a has a finite value--the larger the value for a
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Figure 11.2 Double Inhibition Kinetics. mAcChR (0.6 nM in [3H]L-QNB

sites) was preequilibrated with the indicated

concentrations of carb and L-hyoscyamine and the

reaction started by addition of 7 nM [3H]L -QNB at time

zero. kobs was obtained from the slope of a

semilogarithmic plot of In (% [311]L-QNB specifically

bound) versus time and k_ from the experimentally

determined dissociation rate constant at saturating

concentrations of nonlabeled L-QNB. Lines drawn through

the data were calculated from a least squares fit to the

equation in the text assuming that a was infinitely

large.
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the weaker the ternary RI112 complex. If a is infinite, the binding

of the two inhibitors is mutually exclusive, the slope will not depend

on 12, and parallel lines will be observed. The results of this

experiment (Fig. II.2B) done with extremely high ligand concentrations

in order to attempt to drive ternary complex formation, shows that the

agonist carbamylcholine (Carb) and the antagonist L-hyoscyamine are

mutually exclusive in their binding to the solubilized mAcChR.

Similar results were found for other agonist/antagonist combinations

and for gallamine as well, indicating that when the mAcChR is removed

from the membrane environment and decoupled from possible interactions

with other effectors, muscarinic ligands appear to bind in a mutually

exclusive manner.

The behavior found for the mAcChR solubilized using the double

extraction techniques3 is somewhat more complex with a variable

proportion of high affinity agonist sites appearing in the preparation

(usually 20% or less). The reason for this variability is unknown,

but electrophoretic studies using [3H] propylbenzilylcholine mustard13

to affinity alkylate the mAcChR show relatively Gaussian distributions

of label about the same apparent molecular weight for the

membrane-bound3, solubilized3, partially purified14 and purified15

preparations indicating that this may not be due to proteolysis.

Further control experiments indicate that when the high affinity

agonist sites appear, the ratio of high to low affinity remains

relatively constant during mAcChR purification implying, but not

proving, that this is not an artifact of the preparative procedure.

Preliminary data indicates that the detergent extracts contain a

twenty to thirty fold molar excess of the guanine nucleotide-binding
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proteins Gi plus Go (substrates for ADP ribosylation by pertussis

toxin16) compared to mAcChR. That these proteins are capable of

interacting in the solubilized state is shown in Fig. 11.3. Sucrose

gradients in the absence of ligands show a relatively homogeneous

population of mAcChRs (Fig. 11.3, top); however, in the presence of

saturating carb concentration about 25% of the mAcChR peak migrates to

a higher apparent Mr (Fig. 11.3, middle). This interaction is

reversed by GppNHp (Fig. 11.3, bottom) and by dialysis to remove carb

(not shown). This indicates that either the mAcChR population is

heterogeneous in that only 25% are capable of coupling to guanine

nucleotide binding protein(s) or that the equilibrium constant for the

association of these two proteins under the conditions used for this

experiment is greater than 200 nM, the approximate concentration of Gi

plus Go in the extract. Since this effect is reversible by dialysis

to remove ligand, it seems unlikely that the association reaction is

mediated by covalent bond formation. These alternatives, as well as

the possibility that the mAcChR may be interacting with other proteins

in the detergent extract, are currently under investigation.

Purified Atrial Muscarinic Receptors.

The purification of the mAcChR from porcine atria has been

described15. The purified preparations consists of two polypeptides

having apparent molecular weights of about 80,000 and 14,000 daltons

respectively. The larger Mr polypeptide contains the muscarinic

ligand binding site while the role of the small Mr polypeptide is

unknown and it may be a contaminant. Studies of the interactions of
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Figure 11.3 Sucrose Gradients of Detergent-solubilized mAcChR. The

gradients were run in 0.35% w/v Triton X-405 as

described17 and mAcChR receptor determined by [3H]L-QNB

binding assay after dilution of aliquots of each

fraction. Top; mAcChR alone; middle, mAcChR plus 10 mM

carb; bottom, mAcChR plus 10 mM carb and 10 I'M GppNHp.
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muscarinic ligands with the purified mAcChR determined by competition

versus [3H]L -QNB are summarized in Table II.1. Antagonists show about

the same affinity for the purified mAcChR as found for the membrane-

bound4 and detergent solubilized preparations''. Agonist behavior is

again somewhat variable. With freshly prepared mAcChR in dilute

solution agonists appear to interact with a single class of sites

having about the same dissociation constant as the low affinity

agonist sites in the membrane-bound preparation4 and the detergent

solubilized preparations prepared in phosphate buffer''. The presence

of high affinity agonist sites (usually less than 10%, but

occasionally up to 50%) is sometimes detected. The possibility of

this behavior being caused by a slow detergent-induced isomerization

or mAcChR aggregation (see below) cannot be discounted, although for

reasons described above, proteolysis does not appear to be the cause.

The results of gel chromatography, sucrose gradients in D20 and H2O

and a detailed study of the migration of the small and large Mr

polypeptides by sodium dodeyl sulfate electrophoresis17 are summarized

in Table II. The most important result of these studies was that the

large Mr polypeptide shows anomolous electrophoretic migration.

Estimation of the molecular weight of the large Mr polypeptide by a

novel evaluation scheme which

analyses the sources of anomolous migration, gave a value of 50-60,000

daltons for the protein portion of the molecule17. Values of

65-70,000 daltons were determined by sucrose gradients and gel

chromatography with Sephacryl S-300 for the protein plus carbohydrate

portions of the molecule after correction for bound detergent. The

stokes radius was found to be about 4.3 nm and from the frictional



Table 11.1 Equilibrium Dissociation Constants for Muscarinic Ligands Binding to the Purified mAcChR

Ligand

Dissociation Purified2
constant membrane-bound antagonist Purified3

(M) or low affinity agonist site detergent-solubilized

Agonists
Acetylcholine4 (8.00±0.53)x10-5 1.3±0.1 0.5±0.1
Carbamylcholine (7.14±0.47)x10-5 1.0±0.1 1.2±0.2
Oxotremorine (2.17±0.14)x10-5 1.0±0.1 0.7±0.3
Acetyl-0,-methylcholine4 (2.34±0.15)x10-5 0.5±0.1 not determined

Partial Agonist
Pilocarpine (1.04±0.10)x105 1.9±0.1 8.7±5.1

Antagonists
1L-hyoscyamine (4.75±0.03)x10-9
0

Scopolamine (8.5 ±0.6) x10-7
Pirenzepine (2.10±0.10)x10-10
Dexetimide (6.05±0.42)x10-,
Levetimide (3.10±0.02)x10-0
L-QNB (6.10±0.40)x10-

11

1.7±0.4
2.9±0.2
1.7±0.2
0.4±0.1
0.8±0.1
1.5±0.1

not determined
1.7±0.4,
0.4± .1'
0.7±0.1
1.5±0.3
4.1±0.7

1 10 mM phosphate buffer, 1 mM EDTA, 0.1 mM PMSF, pH 7.4 for all ligands unless specified otherwise.

2 Taken from Schimerlik and Searles (75) or determined independently in this laboratory.

3 Taken from Herron et al. (76) or determined independently in this laboratory.

4 pH 6.9, all other conditions the same.

5 Low affinity site.



69

Table 11.2

Estimations of Molecular Weight, Size and Shape of Purified mAcChR

(1) Sedimentation in sucrose gradients containing H2O or D20 (0.35%
w/v Triton X-405)

a) Partial specific volume of protein plus
detergent (vo)

b) Sedimentation coefficient (s20,w)

c) Partial specific volume of the protein (vp)

d) Molecular weight

protein plus detergent (Mc)
protein alone (Mp)

(2) Gel filtration (0.35% v/v Triton X-405)

0.813 cm3 /g

5.30 x 10-13 sec

0.710 - 0.714

142,600
68,400 - 70,000

a) Stokes radius 42.9 A

b) Molecular weight:
protein plus detergent
protein alone

137,000
65,800 - 67,300

c) Frictional ratio (F/Fo) 1.21

(3) SDS -PAGE experiments

a) Average Mr from %T
(range 6-17%)

b) Mr from Ferguson plots

c) Mr from analysis of abnormal
values of Yo and Kr

83,300 ± 10,400
14,600 ± 4001

89,100 ± 6,700
14,000 ± 1,1001

55,000 ± 5,000
14,3001

1 Low molecular weight peptide found in purified preparation.
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ratio of 1.21, the purified mAcChR appeared to behave as a hydrated,

globular protein in the presence of Triton X-405. Sucrose gradients

(Fig. 11.4) indicate that in this absence of ligands, or in the

presence of antagonists relatively homogeneous migration (Mr-70,000

daltons) is found (Fig. 11.4, top); however, in the presence of the

agonist carb, a high Mr peak corresponding to a dimer (Mr-140,000

daltons is observed (Fig. 11.4, middle). Treatment with the reducing

agent dithiothreitol eliminates the high Mr peak (Fig. 11.4, bottom).

At this time it is not known whether this is due to reduction of an

intra or intermolecular disulfide bond; however, it is tempting to

speculate that, by analogy with the detergent extract, carb binding

induces a conformational change in about 25% of the mAcChRs exposing a

hydrophobic surface. Hydrophobic interactions can then cause

association, either with a guanine nucleotide binding protein in the

case of the detergent extract, or with another mAcChR molecule in the

purified preparation. Reduction of an intramolecular disulfide bond

alters the receptor conformation, preventing the association from

occurring.

Muscarinic Subtypes: Interactions with Pirenzepine.

Pirenzepine is a unique muscarinic antagonist thought to be able to

differentiate between M1 (high affinity) and M2 (low affinity)

muscarinic subtypes18. Pirenzepine interactions with the membrane-

bound, solubilized and highly purified mAcChR are shown in Fig. 11.5.

In the membrane-bound preparation (Fig. II.5A), pirenzepine appears to

displace [3H]L -QNB from a homogeneous population of binding sites
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Figure 11.4 Sucrose gradient of purified mAcChR. Conditions are

similar to Fig. 3. Top, mAcChR alone, middle, mAcChR

plus 10 mM carb, bottom, mAcChR plus 10 mM carb and 1 mM

dithiothreitol.
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Figure 11.5 Pirenzepine Titrations of Membrane-bound Detergent-

solubilized and purified mAcChR.

A. Membrane-bound mAcChR: mAcChR (156 pm in [3H]L -QNB

sites), 250 pM [3H]L-QNB, 10 mM potassium phosphate,

1 mM EDTA, 0.1 mM PMSF, pH 7.4. Data were analyzed

using a weighted linear least squares fit to the j

function as previously describee.

B. Detergent-solubilized mAcChR. Same buffer as A.

mAcChR was 388 pM in [3HJL -QNB sites and total

P3H]L-QN13] equaled 590 pM. Data were analyzed

assuming competitive inhibition at two

noninteracting subclasses of [3H]L-QNB binding

sites4.

C. Purified mAcChR. Same buffer as A. mAcChR was 202

pM in [3H]L -QNB sites and total WHIL-QNB] equaled

550 pM. Data were analyzed as in A.
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having low affinity for pirenzepine (Kk=0.35 uM) in agreement with the

classification of atrial muscarinic receptors as M2. In the

solubilized state (Fig. II.5B); however, about 50% of the [3H)L-QNB

binding sites remain in the low affinity state (Kk=0.57 uM) but 50% of

the site show high affinity for pirenzepine (KH=4.2 nM). The purified

mAcChR population (Fig. II.5C) shows only low affinity pirenzepine

binding (Kk=0.21 pM). The simplest interpretation of this data, is

that upon solubilization and removal from the constraints of the

membrane, the mAcChR is free to associate with other proteins of

unknown identity which then cause a subtle alteration of mAcChR

binding properties. This alteration must be subtle since little or no

difference is found for the dissociation constants of other ligands

between the membrane-bound and solubilized states (Table II.1).

Alternatively, pirenzepine binding to solubilized mAcChR could induce

a unique conformation, that permits interactions with other proteins.

Removal of the nonreceptor proteins upon purification, prevents these

interactions from taking place giving rise to a homogeneous population

of low affinity pirenzepine sites. Thus, pirenzepine does not appear

to recognize distinct classes of the mAcChR ligand binding protein per

se, but does appear to be an exquisitely sensitive probe for the

interaction of the receptor polypeptide with other effector proteins.
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SUMMARY

Biochemical studies on the membrane-bound, detergent solubilized

and highly purified mAcChR from porcine atria have been described.

Much of the data presented is clearly preliminary in nature; however,

the results support the notion that the system is a complex one in

which mAcChRs may be capable of interacting with each other, as well

as other effector proteins. Furthermore, differing ligands may either

induce different mAcChR conformations or detect subtle differences in

mAcChR-effector interactions. Determining the nature and specificity

of these interactions is a challenging problem for future research

efforts.
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III. PHOSPHORYLATION OF THE PORCINE ATRIAL MUSCARINIC

ACETYLCHOLINE RECEPTOR BY CYCLIC AMP-DEPENDENT PROTEIN KINASE

ABSTRACT

cAMP-dependent protein kinase, protein kinase C, oGMP-dependent

protein kinase, myosin light chain kinase, and phosphorylase kinase,

were examined with respect to their ability to phosphorylate porcine

atrial muscarinic receptors (mAcChRs) in detergent solution and

reconstituted into lipids in the presence or absence of the purified

porcine atrial inhibitory guanine nucleotide binding protein (Gi).

Only cAMP-dependent protein kinase was capable of phosphorylating the

receptor under any of the experimental conditions examined.

Phosphorylation of the mAcChR in the detergent-solubilized state

resulted in a loss of ligand binding sites that was reversible upon

treatment with calcineurin in the presence of calcium and calmodulin.

Upon reconstitution, the apparent stoichiometry of phosphorylation was

increased by about fifteen fold. Carbachol-stimulated covalent

incorporation of phosphate was found only in the reconstituted system

in the presence of Gi, suggesting that the large agonist-stimulated

increase in phosphorylation observed in vivo (Kwatra and Hosey, 1986)

may in part result from a unique receptor conformation that occurs

upon association with this protein. Ligand binding studies indicated

that phosphorylation of the mAcChR in the detergent-solubilized or

reconstituted state did not affect its interaction with carbachol or

L-quinuclidinyl benzilate in vitro. Carbachol-induced stimulation of
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the GTPase activity of Gi in the reconstituted system was also

unaffected by phosphorylation.
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INTRODUCTION

Atrial mAcChR's mediate the regulation of the heartbeat by the

parasympathetic nervous system. The mechanisms by which acetylcholine

binding to the receptor are transduced into physiological responses

include the activation of inward rectifying potassium channels,

inhibition of adenyl Y1 cyclase, stimulation of phosphoinositide

turnover, and an increase in cGMP formation (reviewed in Sokolovsky et

al., 1983; McKinney and Richelson, 1984). Muscarinic activation of

potassium channels and inhibition of adenylate cyclase (Jakobs et

al., 1979; Rodbell, 1980; Pfaffinger et al., 1985; Breitweiser and

Szabo, 1985; Yatani et al., 1987; Logothetis et al., 1987; Codina et

al., 1987) are known to be mediated through the inhibitory guanine

nucleotide binding protein Gi, while activation of phosphoinositide

turnover may be mediated in part by Gi or an as yet identified guanine

nucleotide binding protein (Masters et al., 1985; Hepler and Harden,

1986).

Phosphorylation of membrane-bound neurotransmitter receptors and

ion channels has been demonstrated for the nicotinic acetylcholine

receptor (Gordon et al., 1977; Saitoh and Changeux, 1981; Huganir and

Greengard, 1983), adrenergic receptors (Stadel et al., 1983; Benovic

et al., 1985; Bouvier et al., 1987), potential-dependent sodium

channel (Costa et al., 1982), and voltage-sensitive calcium channels

(Curtis and Catterall, 1985). Phosphorylation of mAcChRs in the

presence of calcium and calmodulin has been suggested as a potential

regulatory mechanism in that muscarinic binding sites were lost from

rat brain synaptosomes (Burgoyne, 1980, 1981) and the guanine
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nucleotide-mediated conversion of high affinity to low affinity

agonist sites was partially inhibited under phosphorylating conditions

(Burgoyne, 1983). It was further shown that the calcium-calmodulin

dependent phosphorylation of brain receptors could be reversed by

calcineurin, a calcium-calmodulin dependent phosphatase (Ho and Wang,

1985) and that phosphorylation of purified brain mAcChRs by

cAMP-dependent protein kinase was also reversed by calcineurin (Ho et

al., 1986). Attenuation of the muscarinic activation of

phosphoinoside metabolism (Orellana et al., 1985) and the rapid

internalization of mAcChRs in neuroblastoma cells (Liles et al., 1986)

after treatment with phorbol esters suggest that protein kinase C may

also play a role in the regulation of muscarinic responses. Most

importantly, phosphorylation of the mAcChR in chick heart preparations

has been demonstrated in vivo (Kwatra and Hosey, 1986) where it was

shown that agonist treatment caused a ten-twelve fold increase in the

apparent stoichiometry of phosphate incorporation.

The experiments described below were initiated in order to gain

information regarding possible phosphorylation of the purified porcine

atrial mAcChR, either in detergent solution or reconstituted with

lipids in the presence of purified porcine atrial Gi. Phosphorylation

experiments were done using purified cAMP-dependent protein kinase,

myosin light chain kinase, phosphorylase kinase, cGMP-dependent

protein kinase, and protein kinase C. Only cAMPdependent protein

kinase was capable of phosphorylating the mAcChR and, under the

experimental conditions utilized, agonist specific enhancement of

phosphate incorporation with the mAcChR was found only when the

receptor was in an environment where it could associate with Gi. A
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comparison of the ligand binding properties of the phosphorylated and

non-phosphorylated preparations indicated that phosphorylation under

our experimental conditions by cAMP-dependent protein kinase did not

affect receptor-ligand interactions.
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MATERIALS AND METHODS

PH)L-QNB (30-40 Ci/mmol; 1 Ci = 37 GB(/), [35S]GTPyS (1000

Ci/mmol), [y-32P)GTP, and [1-32P]ATP (3000 Ci/mmol) were purchased

from New England Nuclear. Cholesterol, P.C., P.S., CHAPS, ATP, cholic

acid, CGMP, digitonin, bovine intestinal alkaline phosphatase,

carbachol, acetylcholine, and Lhyoscyamine were from Sigma. Biogel

P-2, SDS, acrylamide, and N,N'-methylene bis(acrylamide) were from

BioRad Laboratories. mAcChR (10-15 nmoles [3H]L- QNB /mg protein) was

purified from porcine atria (Peterson et al., 1984) and Gi (1.4-8

nmoles [35S]GTPyS/mg protein) was purified by sequential

chromatography on DEAE Sephacel, ultragel ACA-34, octyl sepharose, and

hydroxylapatite in cholate buffers as a by-product of the mAcChR

purification procedure (details will be published elsewhere).

Calcineurin was purified by the procedure of Klee et al. (1983),

cGMP-dependent protein kinase according to Glass and Krebs (1979),

phosphorylase kinase as described by Malencik and Fischer (1982),

protein kinase C by the method of Kitano et al. (1986), myosin light

chain kinase as described by Malencik et al. (1982), and troponin I by

the procedure of Kerrick et al. (1980). The catalytic subunit of

cAMP-dependent protein kinase was purified from beef heart (Peters et

al., 1977), while porcine brain calmodulin was prepared according to

Schreiber et al. (1981) with a final purification as described by

Charbonneau and Cormier (1979).



87

Reconstitution of mAcChR and mAcChR/Gi

P.C.:P.S., 1:1 plus 5% w/w cholesterol, stored in toluene:ethanol

(1:1) plus .02% BHT, were rotovaped to dryness and resuspended in 25

mM imidazole, 0.1 M NaC1, 1 mM EDTA, 8.4 mM CHAPS, pH 7.4, to a final

concentration of 1.2 mg total lipid per ml. The suspension was

sonicated to clarity at 0 °C under argon; DTT (1 mM) and MgC12 (5 mM)

were then added. The lipid-detergent solution (330-360 pl) was

transferred to a 10 ml polycarbonate centrifuge tube. mAcChR alone

(10 pmol in 10 to 20 pl of 25 mM imidazole, 1 mM EDTA, and 1/5x D.C.,

pH 7.4) or receptor plus Gi (50 pmol in 20 mM Tris, 1 mM EDTA, 5 mM

MgC12, 75 mM sucrose, and 0.8% sodium cholate, pH 8.0) were added to

the lipid detergent mixture along with acetylcholine to 100 pM. The

final lipid concentration was 1 mg/ml and the final CHAPS

concentration was 7 mM in a volume of 0.4 ml. This mixture was

incubated on ice for 5 minutes and then diluted slowly with ice cold

25 mM imidazole, 1 mM EDTA, 5 mM MgC12, 1 mM DTT, 0.1 M NaCl, and 0.1

mM PMSF, pH 7.4 (dilution buffer) to a volume of 8 ml. Vesicles were

then precipitated by adding 2 ml of 50% PEG containing 5 mM MgC12 and

0.1 M NaC1 to yield a final PEG concentration of 10%. This solution

was incubated on ice for 1 hour followed by centrifugation at 4 °C in a

Beckman Ti 75 rotor at 250,000 x g for 75 minutes. The resulting

pellet was resuspended in 0.25 ml of dilution buffer.

Reconstituted mAcChR was quantitated in terms of [3H)L -QNB binding

sites using the DEAE filter disc assay (Peterson and Schimerlik, 1984)

and Gi by [35S)GTPyS binding according to Northrop et al. (1982)

modified by the substitution of 10 mM HEPES, pH 7.4, for Tris and
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deletion of detergent. GTPase activity was measured as described by

Sunyer et al. (1984) as modified in the previous manuscript. Protein

analysis was done by the colloidal gold method (Stoshek, 1987).

Typical recoveries after reconstitution were 30-40% for both mAcChR

and Gi.

Phosphorylation of mAcChR

Purified mAcChR (5-9 pmoles) in 0.03% w/v digitonin, 0.006% w/v

cholate or reconstituted mAcChR with or without added Gi was incubated

with 0.39 pM cAMP-dependent protein kinase catalytic subunit for times

varying up to 60 minutes at 25 °C in a buffer system consisting of 55

mM MOPS, 0.1 M DTT, 0.11 M KC1, 2.2 mM MgC12, 0.5 mM EGTA, 19 pM

E1- 32P]ATP (2.0-3.5 Ci/mmol), pH 7.4, in 70 pl final volume. In

general, reaction conditions were chosen so that phosphorylation

reactions were completed in 10 minutes. For experiments with the

reconstituted system, mAcChR and Gi were 2 pmols and 10 pmols,

respectively, in 70 pl final volume. Phosphorylation experiments

utilizing all other protein kinases were done at identical

concentrations of receptor, Gi, protein kinase, [y- 32P]ATP and DTT

with the following additions and/or deletions: cGMP-dependent protein

kinase, plus 10 pM cGMP; myosin light chain kinase, plus 0.78 pM

calmodulin, 100 pM Ca2+ and no EGTA; phosphorylase kinase, plus 100 pM

Ca2+ and 50 mM phosphoglycerol, pH 8.3; and protein kinase C, as

described by Kikkawa et al. (1983) for phosphorylation of histones.

Muscarinic ligands were pre-incubated with the mAcChR for 30 minutes

prior to addition of [-y-32P]ATP to start the reaction.
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After a given time interval, reactions were terminated by the

addition of Laemmli sample buffer and electrophoresed on 8-18% linear

acrylamide gradient gels using the discontinuous buffer system of

Laemmli (1970). In one experiment, phosphorylated proteins were

resolved on 10% acrylamide SDS/8 M urea gels according to Perrie et

al. (1973). Incorporation of 32P into the mAcCHR (mol 32P/mol

[3H]L-QNB binding sites) was determined by scanning gels with the

Ambis Beta Scanning System using troponin I maximally phosphorylated

by the catalytic subunit of cyclic AMP-dependent protein kinase (2

mols 32Pi/mol troponin I; Malencik and Fischer, 1982) as a standard.

Standard curves prepared by scanning radioactivity in the gel as a

function of the amount of 32P-troponin I were linear up to about 3 ug

of protein (about 2000 cpm/cm2). 32P incorporation into mAcChRs were

quantitated using the linear portion of the standard curve.

Dephosphorylation of [32P]- labeled mAcChRs

Purified mAcChR (30-50 pmols) was phosphorylated as described

above and loaded onto a Bio-Gel P-2 column to remove free [1- 32P]ATP.

Dephosphorylation experiments with calcineurin were carried out by

incubating the de-salted, phosphorylated receptor with calcineurin (15

nM or 150 nM), calmodulin (200 nM), CaC12 (2 mM), and MnC12 (5 mM) for

2 hrs at 25°C and terminating the reaction with Laemmli SDS sample

buffer. Experiments with alkaline phosphatase were identical with the

exception of alkaline phosphatase (0.33 uM), MgC12 (10 mM), and

glycine buffer, pH 8.8. Additional incubation times and

concentrations are as noted in the text.



Ligand binding studies

The dissociation constant and total binding sites for [31.1]L-QNB

binding to the mAcChR under both phosphorylating and

non-phosphorylating conditions were determined by Scatchard (1949)

analysis. Equilibrium titrations of both phosphorylated and

non-phosphorylated mAcChR were performed with the agonist

carbachol and were analyzed according to a two-site model using

Marquardt's algorithm as described by Duggleby (1984):

- ILL
F1 F2

1 + [I] /K1 + [Q] /K 1 + [I] /K2 + [Q] /K

In equation (1) Y equals the fractional saturation of mAcChR by

(1)

90

[3H]L -QNB and [Q] and [I] are the free [3H]L -QNB and carbachol

concentrations, respectively. Fl and F2 are the fractions of

[38]L-QNB sites having high affinity and low affinity for carbachol

with dissociation constants K1 and K2, respectively, and K is the

overall dissociation constant for [3H]L -QNB. Data were normalized

according to equation (2) where Yo was the fractional saturation in

the absence of inhibitor.

% specifically bound =1*--- x 100 (2)

Yo
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RESULTS

As shown in Figure III-1, the purified porcine atrial mAcChR in

detergent solution was phosphorylated by the catalytic subunit of

cAMP-dependent protein kinase. Similar incorporation of 32P (0.7 mol

32P/mol [311)14-QNB binding sites) was found in the absence of

muscarinic ligands (lane 2) or in the presence of the agonist

carbachol (lane 3), while pre-incubation with the antagonist

L-hyoscyamine (lane 4) resulted in a slightly lower amount of 32P

incorporation (0.6 mol 32P/mol [3H)L-QNB sites. Attempts to

phosphorylate the detergent-solubilized mAcChR with cGMP-dependent

protein kinase, phosphorylase kinase, myosin light chain kinase and

protein kinase C showed no incorporation of 32P. Control experiments

indicated that all of the above enzymes were active under the

experimental assay conditions.

The time course of mAcChR phosphorylation by cAMP-dependent

protein kinase is shown in Figure 111-2. Maximal phosphorylation was

achieved after about 60 minutes under those conditions regardless of

whether muscarinic ligands were present. Although the initial rate of

phosphorylation was almost identical in the presence or absence of

ligands, the final level of 32P incorporation was about 15% lower in

the presence of the antagonist L-hyoscyamine than in the absence of

ligands or in the presence of the agonist carbachol.

The effects of phosphorylation of the detergent-solubilized mAcChR

on the binding of PH)L-QNB are shown in Figure III-3A. In parallel

experiments, the mAcChR was incubated with the same reaction mixture

either plus or minus 20 pM ATP. Analysis of the binding data
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Figure III-1 Phosphorylation of purified cardiac mAcChR by

cAMP-dependent protein kinase. Purified receptor in

0.03% (w/v) digitonin, 0.006% (w/v) cholate was

incubated with kinase for 60 minutes at 25°C and

electrophoresed on 8-18% linear acrylamide gradient

gels as described in Methods. Lane 1 shows a

silver-stained gel pattern of purified mAcChR (0.20 pM)

and cAMP-dependent protein kinase (0.39 pM) prior to

autoradiography. Lanes 2-4 are autoradiograms of

mAcChR plus kinase alone (2) or plus 10 mM carbachol

(3) or plus 100 pM L-hyoscyamine (4). Molecular weight

markers were 8-galactosidase (Mr 116,116),

phosphorylase b (Mr 97,111), bovine serum albumin (Mr

66,296), ovalbumin (Mr 42,807), chymotrypsinogen A (Mr

25,666) and cytochrome c (Mr 11,761).
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Figure 111-2 Time course of cAMP-dependent protein kinase-catalyzed

phosphorylation of purified mAcChR in

digitonin/cholate. Purified mAcChR was phosphorylated

at 25°C for the indicated periods of time in the

absence of ligands (.), the presence of 10 mM

carbachol (oo), or the presence of 100 pM

L-hyoscyamine (A--A). The reactions were terminated

with the addition of Laemmli sample buffer,

electrophoresed, scanned, and autoradiographed as

described in Methods.
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indicated that the dissociation constant for [3H]L -QNB was essentially

the same for the preparation exposed to phosphorylating conditions

(1.39 ± 0.10 nM) compared to the control in the absence of ATP (1.46 ±

0.08 nM); however, the total number of [31.1]L-QNB binding sites was

reduced by about 50%. Carbachol titration of specifically bound

(3H)L-QNB for control and phosphorylated preparations of

detergent-solubilized mAcChR showed essentially no effect on agonist

binding (Figure III-3B,C). Control experiments also indicated that 20

pM ATP did not influence receptor stability or [311]L-QNB binding.

Dephosphorylation of 32P-labeled mAcChR was attempted using either

alkaline phosphatase or the calcium-calmodulin dependent phosphatase

calcineurin. Treatment of phosphorylated mAcChR with alkaline

phosphatase did not result in loss of 32P covalently incorporated into

the mAcChR (Figure 4A, lane 1 versus lane 2). Incubation of the

phosphorylated mAcChR with 150 nM calcineurin in the presence of Ca2+

and calmodulin, as described in the Methods section, completely

dephosphorylated the mAcChR (Figure III-4A, lane 1 versus lane 3) and

resulted in complete recovery of the [31-1]L-QNB binding sites lost upon

phosphorylation of the receptor by the catalytic subunit of

cAMP-dependent protein kinase. A sample time course for mAcChR

dephosphorylation using 15 nM calcineurin is shown in Figure 4B.

Treatment of the purified mAcChR with calcineurin prior to

phosphorylation did not result in a significant difference in 32P

incorporation, indicating that the potential phosphorylation sites for

cAMP-dependent protein kinase were available in the purified mAcChR.

mAcChR was reconstituted into lipids alone or in the presence of a

five fold molar excess of purified porcine atrial Gi. For both
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Figure 111-3 Ligand interactions with detergent-solubilized

phosphorylated and non-phosphorylated mAcChR. (A)

Scatchard analysis of control (o--o) and phosphorylated

(e--e) mAcChR. Receptor (10 pmols) was phosphorylated

as described under Methods, with 20 pM cold ATP. The

final concentration of receptor sites (Ro) was 500 pM,

with the amount of specific bound [3H]L -QNB determined

after 3 hrs at 25°C. Data were analyzed by weighted

least squares linear regression and gave a Kd of 1465 ±

83 pM and a maximal binding intercept 479 ± 33 pM (r2 =

0.975) for control receptor (oo) and a Kd of 1391

100 pM and a maximal binding intercept of 250 ± 21 pM

(r2 = 0.940) for the phosphorylated receptor (4,--10).

(B) Carbachol equilibrium titration of

nonphosphorylated mAcChR. Titration was performed at

Ro = 546 pM and [3H)L-QNB (Qo) = 484 pM. Data were

analyzed with a two-site model according to Eq. 1 and

gave F1 = 0.28 ± 0.01, F2 = 0.72 ± 0.01, K1 = (2.56 ±

0.65) x 10-6 M and K2 = (9.6 ± 0.4) x 10-4 M. (C)

Carbachol equilibrium titration of phosphorylated

mAcChR. Receptor was phosphorylated as above (A) with

Ro = 281 pM and Q0 = 485 pM. Data were analyzed as

above and gave F1 = 0.21 ± 0.02, F2 = 0.79 ± 0.02, K1 =

(3.75 ± 1.12) x 10-6 M and K2 = (1.51 ± 0.12) x 10-3 M.
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Figure 111-4 De-phosphorylation of 32P-labeled mAcChR in

digitonin/cholate by calcineurin. (A) Receptor was

phosphorylated and de-salted on a Biogel P-2 column as

described in Methods. Lane 1 contains receptor (0.15

pM); lane 2, receptor plus alkaline phosphatase (0.33

pM); lane 3, receptor plus calcineurin (0.15 pM). (B)

Time-course of calcineurin-catalyzed de-phosphorylation

of 32P-labeled mAcChR. Receptor was phosphorylated and

de-salted as above, and incubated with 15 nM

calcineurin. Reactions were terminated and

electrophoresed as described in Figure 1.
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preparations, the catalytic subunit of cAMP-dependent protein kinase

was the only enzyme effective in phosphorylating the mAcChR. Figure

111-5 shows the result of cAMP-dependent protein kinase catalyzed

phosphorylation of reconstituted mAcChR alone in the presence and

absence of ligands. Similar incorporation of 32P into the

reconstituted mAcChR was found in the absence of ligands and in the

presence of the agonist carbachol, while about 25% lower incorporation

for the L-hyoscyamine-treated sample. The striking difference between

phosphorylation of detergent-solubilized and reconstituted receptor

was that the apparent stoichiometry of 32P incorporation increased by

about fifteen fold to 10 mol 32P/mol PFUL-QNB binding sites in the

reconstituted system. To determine whether the detergent system used

for the solubilized mAcChR inhibited phosphorylation, the

concentration of digitonin was varied from 0.01 to 0.1% w/v,

maintaining a five to one ratio of digitonin to cholate. 32P

incorporation into the solubilized mAcChR was independent of detergent

concentration over the range examined, remaining at about 0.7 mols

32Pi/mol of [3H]L-QNB binding sites as described above. The ligand

binding properties of the reconstituted, phosphorylated mAcChR appear

identical to that of the non-phosphorylated protein with respect to

both [3H]L -QNB binding (Figure III-6A) and carbachol binding as mea-

sured by titration of specifically bound [3H]L -QNB (Figure III-6B,C).

After reconstitution of the mAcChR with purified Gi in a final

molar ratio of 1:5, cAMP-dependent protein kinase-catalyzed 32P

incorporation into the mAcChR in the absence of ligands or in the

presence of the antagonist L-hyoscyamine was the same as found for

reconstituted mAcChR alone (about 10 moles 32Pi/mol [3H]L-QNB sites).
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Figure 111-5 Phosphorylation of reconstituted mAcChR by

cAMP-dependent protein kinase. Purified mAcChR was

reconstituted into lipid vesicles as described in

Methods. Lanes 1-3 are autoradiograms of reconstituted

mAcChR (0.02 pM) plus kinase (0.39 pM) (1), plus 10 mM

carbachol (2), or plus 100 pM L-hyoscyamine (3).

Reactions were terminated and analyzed as described in

Methods. The abnormal shape of the kinase band may be

due to the presence of lipids.



106

116
97-
66-

43-

26-

17-
12-

Figure III-5



107

Figure 111-6 Ligand interactions with reconstituted phosphorylated

and non-phosphorylated mAcChR. (A) Scatchard analysis

of control (oo) and phosphorylated mAcChR.

Receptor was reconstituted and phosphorylated as

described in Methods and Figure 3. Final Ro = 250 pM

with specifically bound [3H]L -QNB determined after 3

hrs at 25°C. Data were analyzed by weighted least

squares linear regression and gave a Kd of 308 ± 31 pM

and a maximal binding intercept of 186 ± 23 pM (r2 =

0.914) for control (o-- o) receptor and a Kd of 379 ± 10

pM and a maximal binding intercept of 225 ± 8 pM for

the phosphorylated (p--.) receptor (r2 = 0.940).

Controls indicated that the presence of ATP did not

affect [3H]L-QNB binding to either the detergent

solubilized or reconstituted preparation. (B)

Carbachol equilibrium titration of non-phosphorylated

mAcChR. Titration was performed at Ro = 84 pM and Q0 =

361 pM. Data were analyzed as described in Figure 3

and gave F1 = 0.13 ± 0.02, F2 = 0.87 ± 0.02, Ki = (1.03

± 0.60) x 10-6 M and K2 = (4.6 ± 0.3) x 10-4 M. (C)

Carbachol equilibrium titration of phosphorylated

mAcChR. Receptor was phosphorylated as above (A) with

Ro = 85 pM and Qo = 369 pM. Data were analyzed as

above and gave F1 = 0.16 ± 0.03, F2 = 0.84 ± 0.03, K1 =

(1.62 ± 1.08) x 10-6 M and K2 = (5.0 ± 0.6) x 10-4 M.
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In the presence of the agonist carbachol, the 32P incorporation

increased two fold, to 20 mol 32P/mol [3H]L-QNB binding sites. The

ratios of mols of 32P incorporated per mol of [3H]L-QNB binding sites

for the detergent-solubilized mAcChR as well as the reconstituted

preparations are summarized in Table III-1. The ligand binding

properties of the phosphorylated mAcChR plus Gi were identical to

controls in the absence of ATP (Figure III-7A,B). Phosphorylation of

the mAcChR also had no effect on the maximal stimulation of the GTPase

activity of Gi (measured at 2 mM carbachol, 500 nM [1- 32P]GTP).

In order to determine whether cAMP-dependent protein kinase also

phosphorylated Gi, attempts were made to resolve the polypeptide

components of the reconstituted system using 8-18% gradient SDS

polyacrylamide gels. Under these conditions, resolution between the

catalytic subunit of cAMP-dependent protein kinase (39 kDa), which

undergoes autophosphorylation, and ai (41 kDa) and $i (35 kDa) was

poor. However, adequate resolution of these three polypeptides was

obtained using 10% acrylamide SDS/8 M urea gels (Perrie et al., 1973)

which were then stained, scanned with the Ambis Beta Scanning System

and subjected to autoradiography. The results clearly showed no label

incorporation into the a, 13, or y subunits of Gi indicating that only

the mAcChR was a substrate for this enzyme.
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Table III-1. Phosphorylation Stoichiometriesa for Atrial Muscarinic
Receptors

Treatment Purifiedb Reconstituted
Reconstituted

with Gi

No ligand 0.7 ± 0.02 10.0 ± 0.21 10.4 ± 0.23

Carbachol, 2 mM 0.7 ± 0.03 10.5 ± 0.32 20.7 ± 0.81

L-hyoscyamine, 0.6 ± 0.02 7.5 ± 0.27 10.8 ± 0.15
100 pM

amol 32p/mol [3H]L-QNB sites, 60 minutes incubation time, average of
three determinations

b0.08% w/v digitonin, .016% w/v cholate
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Table 111-2. Ligand Binding Studies of Phosphorylated and
Non-phosphorylated Atrial Muscarinic Receptorsa

Non-phosphorylated Phosphorylated

1. Detergent-solubilized

K

F1

K1

F2

(1.46 ± 0.08) x 10-9 M (1.50 ± 0.10) x 10-9 M

0.28 ± 0.01 0.21 ± 0.02

(2.56 ± 0.65) x 10-6 M (3.75 ± 1.12) x 10-6 M

0.72 ± 0.01 0.79 ± 0.02

K2 (9.6 ± 0.4) x 10-4 M (1.51 ± 0.12) x 10-3 M

2. Reconstituted muscarinic receptor

K

F1

K1

F2

(4.04 ± 0.58) x 10-10 M (4.21 ± 0.98) x 10-10 M

0.13 ± 0.02 0.16 ± 0.03

(1.03 ± 0.60) x 10-6 M (1.62 ± 1.08) x 10-6 M

0.87 ± 0.02 0.84 ± 0.03

K2 (4.6 ± 0.3) x 10-4 M (5.0 ± 0.6) x 10-4 M

3. Reconstituted muscarinic receptor plus Gi

K

F1

K1

F2

(4.25 ± 0.68) x 10-10 M (5.15 ± 0.26) x 10-10 M

0.54 ± 0.03 0.51 ± 0.01

(6.5 ± 1.7) x 10-7 M (7.0 ± 0.9) x 10-7 M

0.46 ± 0.03 0.49 ± 0.01

K2 (1.8 ± 0.5) x 10-4 M (1.5 ± 0.1) x 10-4 M

aLigand binding studies were done as described in the Methods section
and in the respective figure captions. K is the dissociation
constant for [3H]L -QNB; F1 and F2 are the fractions of high and low
affinity carbachol binding sites having dissociation constants for
carbachol of K1 and K2, respectively.
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Figure 111-7 Ligand interactions with reconstituted phosphorylated

and non-phosphorylated mAcChR/Gi. (A) Carbachol

equilibrium titration of non-phosphorylated mAcChR/Gi.

Titration was performed at Ro = 173 pM and Q0 = 697 pM.

Data were analyzed as described in Figure 3 and gave F1

= 0.54 ± 0.03, F2 = 0.46 ± 0.03, K1 = (6.5 ± 1.7) x

10-7) x 10-7 M and K2 = (1.8 ± 0.5) x 10-4 M. (B)

Carbachol equilibrium titration of phosphorylated

mAcChR/Gi. Receptor was phosphorylated as described in

Methods with Ro = 173 pM and Qo = 709 pM. Data were

analyzed as above and gave F1 = 0.51 ± 0.01, F2 = 0.49

± 0.01, K1 = (7.0 ± 0.9) x 10-7 M and K2 = (1.5 ± 0.1)

x 10-4 M.
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DISCUSSION

The results presented above demonstrate that the purified porcine

atrial mAcChR in detergent solution and reconstituted into lipids in

the presence and absence of Gi is a substrate for cAMP-dependent

protein kinase. In the detergent solubilized preparation, the mAcChR

was phosphorylated in a time-dependent manner (Figure 111-2) to about

0.7 mol 32P/mol of [3H]L -QNB sites (Table III-1). Under these

conditions, about 50% of the [3H]L -QNB binding sites were lost and the

ligand binding properties of the remaining binding sites appeared to

be unaffected by phosphorylation (Figure 111-3, Table 111-2). The

rate of phosphorylation and the final stoichiometry of phosphorylation

were the same in the absence of ligands or in the presence of

carbachol. Including the antagonist L- hyoscyamine reduced the

stoichiometry only slightly (about 15%). In agreement with studies on

mAcChR-containing synaptic membranes (Burgoyne, 1980, 1981), the in

vitro studies in detergent solution indicate that it is possible to

lose ligand binding activity upon phosphorylation of the protein

without internalization and/or degradation occurring.

Treatment of the phosphorylated atrial mAcChR with calcineurin in

the presence of calmodulin and Ca2+ (Figure III-4A,B) resulted in

dephosphorylation of the mAcChR and a reversal of the loss of

[311]L-QNB binding sites, in agreement with previous results using

synaptic membranes from rat brain (Ho and Wang, 1985; Ho et al.,

1986). The regeneration of [3H]L -QNB sites appeared to be specific

for calcineurin, in that treatment with alkaline phosphatase had no

effect (Figure III-4A). Since it was very unlikely that
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phosphorylation physically occluded the ligand binding site, these

results suggest that the covalent modification of the

detergent-solubilized mAcChR stabilized a conformation of the protein

that could not bind ligands. Dephosphorylation then permitted a

return to the active conformation.

Phosphorylation of the mAcChR reconstituted into lipids resulted

in a large increase in the apparent stoichiometry of phosphorylation

to about 10 mol Pi/mol [31-1]1,-QNB sites. A higher stoichiometry of 32P

incorporation upon reconstitution has also been found for the

5-adrenergic receptor (Benovic et al., 1985). The reconstituted

system behaved similarly to the detergent-solubilized preparation in

that the ligand binding properties were unaffected by phosphorylation

(Figure 111-6, Table 111-2) and the apparent stoichiometry of

phosphorylation was similar for the unliganded mAcChR and mAcChR plus

carbachol. The antagonist L-hyoscyamine reduced incorporation of 32P

only slightly (30%). In this case, however, there was no loss of

[3H]L -QNB sites after treatment with cAMPdependent protein kinase as

was observed for the detergent-solubilized preparation. This result

suggested that incorporation into lipids either prevented

phosphorylation at the unique site or sites that resulted in the loss

of ligand binding activity or that reconstitution stabilized mAcChR

structure such that the protein could still bind ligands after it was

phosphorylated.

Sequence studies on physiologically significant substrate for

cAMP-dependent protein kinase showed that the phosphorylated serine

and threonine residues occur in conjunction with arginine or lysine

residues located from two to five positions away in the N-terminal
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direction (Carlson et al., 1979). Common patterns include

-Arg-Arg-X-Ser- and -Lys-Arg-X-X-Ser- (Krebs and Beavo, 1979). The

sequence of porcine atrial mAcChR (Kubo et al., 1986; Peralta et al.,

1987) contains regions that could be targets of phosphorylation. They

include Thr 386, Thr 388, Ser 213, Ser 215, Thr 136, Thr 137, Thr 56,

Thr 126, Thr 130, Thr 271, Ser 282, Ser 283, Ser 320, Thr 329, Thr

331, Thr 369, and Thr 450.

In studies of the cyclic AMP-dependent protein kinase-catalyzed

phosphorylation of native and denatured lysozyme (Bylund and Krebs,

1975), additional phosphorylation sites for the enzyme were found in

the denatured protein that were not phosphorylated in the native

conformation. Control experiments indicated that about 30 percent of

the [3H]L -QNB binding sites were recovered in the reconstituted

preparation, while almost all of the total protein was recovered.

Thus denatured mAcChRs are also present, and may serve as a substrate

for cAMP-dependent protein kinase. The phosphorylation of denatured

mAcChRs at additional sites by cAMP-dependent protein kinase would

tend to skew the phosphorylation stoichiometry towards higher values.

Although the stoichiometry of phosphorylation was poorly

determined in the reconstituted system due to the presence of

denatured mAcChR, there are several results that are significant. The

first was that phosphorylation did not appear to alter the ligand

binding properties of the mAcChR with respect to either [3B]L-QNB or

carbachol, either for the reconstituted mAcChR alone or in the

presence of Gi. If this is true for the in vivo system, these results

suggest that phosphorylation may serve as a signal for receptor

internalization as opposed to modulating mAcChR-ligand interactions.
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The fact that there was no effect of mAcChR phosphorylation on the

agonist-induced stimulation of the GTPase activity of Gi also supports

this notion.

Secondly, the inability of protein kinase C to phosphorylate the

mAcChR under any of the above conditions suggests that the effects of

this enzyme in accelerating mAcChR internalization in neuroblastoma

cells (Liles et al., 1986) may occur at sites other than the receptor

itself.

Studies of the effects of protein kinase C on inositol

triphosphate formation in 1321N1 astrocytoma cells (Orellana et al.,

1987) showed that treatment with 0-phorbol 12f3-myristate 13a-acetate

reduced inositol tris phosphate formation induced by GTP1S plus

carbachol, but did not affect carbachol binding to the mAcChR or the

effect of GTP on agonist binding. Those authors suggested that the

effect of protein kinase C on inositol phosphate metabolism occurred

at a site distal to the receptor-inhibition of G protein interaction

with phospholipase C. Preliminary data obtained during the course of

these experiments indicated that treatment of the reconstituted mAcChR

plus Gi with protein kinase C results in the phosphorylation of the y

subunit of Gi. Whether this modulates coupling of Gi to other

signaling systems in vivo has not yet been determined.

Finally, the experiments with the reconstituted system suggest

that carbachol-stimulated phosphorylation of the mAcChR occurs only in

the presence of Gi. This observation strongly suggests that mAcChR

association with Gi either transiently or in a binary complex induces

a conformational change in the protein which exposes additional sites

for phosphorylation by cANP-dependent protein kinase.
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In summary, these studies show that purified and reconstituted

porcine atrial mAcChR preparations were in vitro substrates for

cAMP-dependent protein kinase, but not myosin light chain kinase,

phosphorylase kinase, cGMP-dependent protein kinase, or protein kinase

C. The ligand binding properties of the mAcChR and its ability to

stimulate the GTPase activity of Gi were not affected by

phosphorylation. Agonist-stimulated phosphorylation of the mAcChR was

found only in the presence of Gi, although determination of accurate

stoichiometries of phosphorylation were severely hampered by the

necessity of determining extremely low protein concentrations

accurately in the presence of lipid.

Studies such as these provide an opportunity to directly measure

events such as receptor phosphorylation in a relatively well defined

system containing homogeneous components. However, there are several

potential artifacts arising in part from the high concentrations of

kinases used (0.4 pM), differing lipid compositions for the in vitro

experiments compared to heart cell membranes, and the absence of other

components that may be part of the muscarinic signal transducing

system in vivo. Alternatively, it is not yet known whether a

mAcChR-specific kinase exists similar to that found for the

5-adrenergic receptor (Benovic et al., 1986).
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APPENDIX I

COMPARISON OF MEASURED PHYSICAL PROPERTIES OF PURIFIED mAcChR

(CHAPTER I) AND VALUES OBTAINED FROM SEQUENCE DATA

Since the physical studies described in Chapter I of this project

were completed, the mAcChR has been sequenced and cloned from porcine

brain (Kubo et al., 1986) and porcine heart (Kubo et al., 1986;

Peralta et al., 1987). The amino acid sequence determination enables

one to calculate the precise partial specific volume (vp) and

molecular weight of the protein portion of the mAcChR. This does not

take into account the contribution of carbohydrate in the mAcChR which

was estimated to be 26.5% (Peterson et al., 1986), and is used in all

the calculations. A comparison of the values obtained from D20/H20

sucrose gradient sedimentation and gel filtration in Triton X-405 and

dodecyl-a-maltoside with the vp and molecular weight calculated from

sequence data is presented in Table AI-1. When the predicted vp of

0.717 cm3 /g was used in the calculations, the estimated molecular

weight of the mAcChR in the sedimentation experiments in Triton X-405

was 1.5% higher than that from the sequence, whereas the Mr was 5.5%

higher when the vp from sequence data (0.725 cm3/g) was used.

Sedimentation experiments in dodecyl-a-maltoside were within 3.0% and

11.5% when v 's of 0.717 and 0.725 were used, respectively.

Gel filtration in Triton X-405 yielded Mr values within 1.3% and

2.3% of the molecular weight from sequence data when 0.717 and 0.725

were used, respectively. Gel filtration in dodecyl-a-maltoside gave

molecular weight values within 3.2% and 11.6% of sequence Mr values
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when v 's of 0.717 and 0.725 were used, respectively. Thus, it may be

concluded that both gel filtration and sucrose gradient sedimentation

experiments agree well with each other and are close to the calculated

molecular weight of the mAcChR obtained from sequence data,

particularly in the Triton X-405 studies. When sequence data is not

available, this methodology may be employed with other membrane bound

proteins to yield an accurate estimate of molecular weight.
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Table AI-1. Comparison of measured physical properties of mAcChR
(Chapter I) and values obtained from sequence data

Sedimentation experiments in Triton X-405

Measured Measured+Sequence Sequence

v
c

f-a ,m3/4) 0.813

.7 b (cm3/g)P '
0.717c

0.813

0.725d 0.725d

S20,w (x10-13s) 5.30 5.30

(SD (8/g) 1.021 0.936

Mca 143,000 143,000

m
P
b 70,900 73,864 69,837

Gel filtration experiments in Triton X-405

Rs (nm) 4.29 4.29

Mca (Gel filtration 116,000
alone)

116,000

M b 57,800P 59,917 69,837

Mca (+ Sedimentation) 137,000 137,000

M b 68,200P 70,764 69,837

f/fo 1.21 1.21 - _



137

Table AI-1 continued

Sedimentation experiments in dodecyl- B- maltoside

vca (cm3/g)

v
P `

b fcm3/g)

Measured Measured+Sequence Sequence

0.783

0.717c

0.783

0.725d 0.725d

S20,w (x10-13s) 9.30 9.30

61) (g/g) 2.538 2.231

Mca 254,848 254,848

m
P
b 72,032 78,876 69,837

Gel filtration in dodecyl-P.-maltoside

Rs (nm) 5.26 5.26

Mca (Gel filtration
alone)

237,000 237,000

M b 66,987 73,352 69,837

Mca (+ Sedimentation) 255,363 255,363

M b 72,177 79,035 69,837

f/fo 1.22 1.22

aFor the receptor-detergent complex. bFor the uncomplexed receptor.
cFrom Table 1-3. dFrom sequence data.
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APPENDIX II

AGONIST-INDUCED MOLECULAR WEIGHT OF mAcChR's IN

SUCROSE GRADIENT SEDIMENTATION

Sucrose gradient sedimentation studies of detergent-solubilized

and purified mAcChR's in the presence of saturating concentrations of

the agonist carbachol described in Chapter II, suggested mAcChR/Gi

interaction in the detergent-solubilized receptor and mAcChR-mAcChR

dimerization in the purified preparation. It was therefore of

interest to pursue these studies in an attempt to further probe these

two possibilities.

The experiments described below include gel electrophoresis of

sucrose gradient fractions from the 70 Kd, 105 Kd and 140 Kd peaks in

Triton-405 and sucrose gradients in the presence of carbachol in

dodecyl-a-maltoside.
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MATERIALS AND METHODS

Carbachol was from Sigma Chemical Co. SDS, acrylamide, and

N,N'-methylene bis(acrylamide) were from Bio-Rad Laboratories. All

other reagents were obtained as described in Chapter I.

Sucrose gradient sedimentation

Sucrose gradients in 0.35% (w/v) Triton X-405 and 0.1% (w/v)

dodecyl- B- maltoside were identical to that described in Chapter I with

the exception of pre-incubating the mAcChR with 10 mM carbachol for 30

minutes at 25°C and the addition of 5 mM carbachol to the sucrose

solutions.

SDS-PAGE of Triton X-405 sucrose gradient fractions

Sucrose and imidazole were removed from the samples by acetone

precipitation. To approximately 200 pl of gradient sample, 5 volumes

of U.V. spectrophotometric grade acetone was added and chilled to

-20°C for 1 hr. Samples were then centrifuged for 15 min on an

Eppendorf and the pellet washed with 80% acetone, chilled to -20 °C for

30 min and centrifuged on the Eppendorf for 15 min. The pellet was

then resuspended in 20 pl 1% SDS, 0.1 M NaHCO3, pH 8.7 and added to

[12513-Bolton- Hunter reagent (Bolton and Hunter, 1973; Shing and

Ruoho, 1981; Langone, 1980). After a 3 hr incubation at 25 °C, 2 pl of

0.1 M glycine was added, incubated 1 hr at 25°C, combined with 6 pl of



141

Laemmli sample buffer and the entire sample loaded on the gels,

electrophoresed and stained as described in Chapter III.



142

RESULTS

Sucrose gradients in dodecy1-8-maltoside

Figure All -1 shows the profile of mAcChR solubilized in

digitonin/cholate and diluted into 0.1% (w/v) dodecy1-8-maltoside in

the presence of 10 mM carbachol. In the absence of carbachol (top

panel) the mAcChR sediments with an apparent sedimentation coefficient

of 7.4 S. When carbachol is added (bottom panel) the mAcChR peak

increases in molecular weight to approximately 9.5 S. Unlike that

observed in carbachol treated mAcChR in Triton X-405 gradients, a

complete shift in molecular weight is seen. When the two peaks were

isolated and analyzed for [3H)L -QNB association rates, the higher

molecular weight peak showed approximately 30% more high affinity

binding (data not shown).

Sucrose gradients and SDS-PAGE in Triton X-405

As shown in Figure All -2, purified mAcChR diluted into 0.35% (w/v)

Triton X-405 and pre-incubated with 10 mM carbachol results in peaks

corresponding to approximately 70 Kd, 105 Kd, and 140 Kd. Fractions

from these three peaks were concentrated, iodinated and

electrophoresed as described in Material and Methods, as shown in

Figure All -3. Starting with fraction 10 (lane 1) and continuing thru

fraction 20 of the gradient (lane 8), the 70 Kd mAcChR band gradually

disappears, with a 95 Kd band becoming more prominent. Although

autoradiograms of the iodinated gel were fairly inconclusive, the 70
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Kd band appeared to incorporate 1251 to a greater degree than the

unidentified 95 Kd band.
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Figure All -1 Sucrose gradient of detergent solubilized mAcChR diluted

in dodecy1-5-maltoside. mAcChR was run in the absence

(top panel) and presence (10 mM carbachol; bottom panel)

of ligands as described in Chapter I. Molecular weight

markers are cytochrome c (2.1 S), transferrin (5.1 S),

aldolase (7.4 S), and catalase (11.2 S).



10

8

6

4

2

10

8

6

4

2

145

Extract
Carb

co cn co co

ct cv -
N

--..
in N:

i i i T

I I I

Extract
_ +10mM Carb

oo

co co

c.i 6
i i

U) cn

Cr C\J

N: -

1 I I

Figure All -1

5 I0 15 20 25

Fraction number (0.3 ml)

30 35



146

Figure All -2 Sucrose gradient of purified mAcChR treated with 10 mM

carbachol. Gradients were run in 0.35% Triton X-405 as

described in Chapter I, with mAcChR determined by

[31-1)L-QNB binding. Molecular weight markers are as

described in Figure All -1.
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Figure All -3 SDS-PAGE of sucrose gradient fractions from Figure

All -2. Receptor was prepared and electrophoresed on

8-18% gradient gels as described in Materials and

Methods. Lane (1) shows a silver-stained gel pattern of

fraction 10, lanes (2-8) fractions 11 (2), 13 (3), 14

(4), 15 (5), 18 (6), 19 (7) 20 (8), lane (9), Gi, and

lane (10), control mAcChR. Molecular weight markers

were 8-galactosidase (Mr 116,116), phosphorylase b (Mr

97,111), bovine serum albumin (Mr 66,296), ovalbumin (Mr

42,807), chymotrypsinogen A (Mr 25,666), and cytochrome

c (Mr 11,761).
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DISCUSSION

The results presented in this Appendix add a few more interesting

findings in the apparent agonist-induced increase in molecular weight

on sucrose gradients, but unfortunately do little to delineate the

precise nature of this phenomenon. Attempts to assay Gi activity at

the various molecular weight peaks has proved to be inconclusive and

very difficult due to overwhelming Gi:mAcChR ratios in the

detergent-solubilized preparation. When mAcChR from the wheat germ

agglutinin eluate was used (which contains approximately a 3:1 ratio

of GimAcChR) stability was a major problem on sucrose gradients, thus

preventing an accurate assessment of Gi activity at the mAcChR peaks.

De-ionizing Triton X-405 and dodecyl-a-maltoside on a mixed bed ion

exchange resin did not appear to improve receptor stability.

Studies with other neurotransmitter receptors, including the

mAcChR, have shown similar agonist-induced increases in molecular

weight of the receptor on gel filtration and sucrose gradient

sedimentation. Limbird and Lefkowitz (1978) demonstrated that

pre-incubation of a-adrenergic receptors with the agonist

hydroxybenzylisoproterenol prior to their solubilization from

membranes led to an apparent increase in molecular weight on a AcA 34

Ultragel column. Experiments with rat heart membranes treated with

Mg2+ and lowering the temperature of the extraction procedure

resulted in a species having a higher sedimentation coefficient (13.4

S in digitonin) than that found from muscarinic binding sites

pre-labeled with antagonists or in the presence of GppNHp (11.6 S).

The binding sites solubilized in this manner showed high affinity
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binding of the muscarinic agonist oxotremorine-m that was sensitive to

GppNHp, indicating the higher molecular weight species was a mAcChR/Gi

complex (Berrie et al., 1984).

Solubilization of the mAcChR in CHAPS (Baron et. al., 1985)

resulted in the appearance of two different molecular weight species

having sedimentation coefficients of 9.9 S and 14.9 S, respectively.

Treatment of the membranes with GppNHp prior to solubilization

eliminated the higher molecular weight species, indicating again a

mAcChR/Gi complex. The presence of Cu2+ has also been found to

enhance the higher molecular weight peak (Baron et al., 1985).

One interesting aspect to surface from the experiments described

in Chapter II and those of Baron et al. (1985) is that neither the

CHAPS or digitonin solubilized higher molecular weight species or the

atrial high molecular weight species of mAcChR in Triton X-405 were

sensitive to guanine nucleotides once solubilized, indicating that

under these conditions dissociation of mAcChR and Gi do not occur.

However, the possibility that the mAcChR is interacting with other

effector proteins cannot be discounted. It has recently been found

that the high affinity pirenzepine binding site of the mAcChR seen in

the detergent solubilized preparation in Chapter II is probably

coupled to other components in the membrane (Shirakawa and Tanaka,

1985).

In conclusion, these studies have shown the agonist-induced

increase in molecular weight of detergent solubilized mAcChR's diluted

into Triton X-405 is decreased when the receptor is extracted in the

presence of 10 pM GppNHp indicating a possible mAcChR/Gi complex. The

high molecular weight species in Triton X-405 gradients of purified
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mAcChR may be eliminated with DTT, indicating a disulfide linked

mAcChR dimer in agreement with Dadi and Morris (1984).
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APPENDIX III

PHOSPHORYLATION OF Gi BY cGMP DEPENDENT

PROTEIN KINASE AND PROTEIN KINASE C

In the course of the phosphorylation experiments of the mAcChR

described in Chapter III, it was found that cAMP dependent protein

kinase, which phosphorylated the mAcChR, did not phosphorylate

purified Gi. It was determined that cGMP dependent protein kinase was

effective in phosphorylating the a and (3 subunits of Gi, while protein

kinase C phosphorylated the y subunit. The discussion below describes

the results of these preliminary experiments.
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MATERIALS AND METHODS

All materials used, including cGMP dependent protein kinase and

protein kinase C were obtained and prepared as described in Chapter

III. Activities of cGMP dependent protein kinase and protein kinase C

were determined using Troponin I and histones ad substrates,

respectively.

Phosphorylation of purified Gi

Gi (186 nM), purified as described in Chapter III, was incubated

with cGMP dependent protein kinase (386 nM) for 30 min at 25°C in a

buffer system consisting of 55 mM MOPS, 0.1 M DTT, 0.11 M KC1, 2.2 mM

MgC12, 0.5 mM EGTA, 19 pM [y-32P] ATP (2.0-3.5 Ci/mmol), 10 pM cGMP,

pH 7.4 in 70 pl final volume. Phosphorylation with protein kinase C

was as described in Kikkawa et al. (1983) substituting Gi for

histones. Samples were electrophoresed, stained, scanned for

incorporation of 32P and autoradiographed as described in Chapter III.
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RESULTS

As shown in Figure AIII-1, the a (41 Kd) and (3 (35 Kd) subunit of

Gi was phosphorylated by cGMP dependent protein kinase (lane 2) but

not the y (11 Kd) subunit (lane 3). The band at approximately 55 Kd

is likely a proteolytic fragment of cGMP dependent protein kinase

which undergoes autophosphorylation (Dr. Dean Malencik, personal

communication), while the band at 66 Kd is phosphorylated bovine serum

albumin, used as a carrier protein. Protein kinase C did not

phosphorylate the a and 8 subunits of Gi (lane 5), but did

phosphorylate the y subunit (lane 6). A stoichiometry of 7.60 mol

Pi/mol Gi was calculated for the 8 subunit and 5.28 mol Pi/mol Gi for

the a subunit according to the method described in Chapter III.
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Figure AIII-1 Phosphorylation of Gi by cGMP dependent protein kinase

and protein kinase C. Purified Gi was phosphorylated

and electrophoresed as described in Materials and

Methods. Lane 1 shows a silver-stained gel pattern of

Gi (0.27 pM) and cGMP kinase (0.39 pM) prior to

autoradiography. Lanes 2,3 are autoradiograms of

phosphorylated Gi at normal (1 day) exposure (2) and

overexposure (3 days, lane 3), showing no incorporation

of 32P into the y subunit. Lane 4 shows a

silver-stained gel pattern of Gi and protein kinase C.

Lanes 5,6 are autoradiograms of phosphorylated Gi at 1

day exposure (5) and 3 day exposure (6) to show

incorporation of 32P in the y subunit. Lane 7 is a

silver-stained gel pattern of histones and protein

kinase C. Lane 8 is an autoradiogram of phosphorylated

histones. Molecular weight markers are phosphorylase b

(Mr 97,111), bovine serum albumin (Mr 66,292), ovalbumin

(Mr 42,807), chymotrypsinogen A (Mr 25,666), and

cytochrome c (Mr 11,761).
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DISCUSSION

Phosphorylation of Gi as a mechanism in signal transduction has

been proposed by many laboratories. Kamata and Feramisco (1984) have

provided evidence suggesting that the physiologically relevant

substrates for tyrosine protein kinases may be G proteins. Katada et

al. (1985) have identified the a subunit of Gi to be a substrate for

protein kinase C catalyzed phosphorylation.

Although preliminary in nature, these studies suggest that cGMP

dependent protein kinase phosphorylates the a and $ subunits of Gi,

while protein kinase C phosphorylates the y subunit. Perhaps the most

striking observation is that cGMP dependent protein kinase will

phosphorylate Gi, while cAMP dependent protein kinase will not,

demonstrating a specificity of Gi towards cGMP dependent protein

kinase. Continuing studies will more fully characterize the

phosphorylation of Gi and the possible physiological implications.


