
UCSF
UC San Francisco Electronic Theses and Dissertations

Title
Folding and assembly of acetylcholine receptor subunits in vitro

Permalink
https://escholarship.org/uc/item/2518m8pn

Author
Shtrom, Svetlana S.

Publication Date
1996
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/2518m8pn
https://escholarship.org
http://www.cdlib.org/


Folding and Assembly of Acetylcholine Receptor Subunits in Vitro

by

Svetlana S. Shtrom

DISSERTATION

Submitted in partial satisfaction of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Cell Biology

in the

GRADUATE DIVISION

Of the

UNIVERSITY OF CALIFORNIA

San Francisco

Approved:

acá (0.42%. 3%. ...
**:T-- . . . . 3/7 %. . . . . . .

s e a s - w is " - e. e. e.

■ º tº
Committee in Charge

Deposited in the Library, University of California, San Francisco

d ate
- - - - - - - - - - - - - e - e s - e - e -

University Libra nan
tº e s - a tº a



Copyright © 1996

by

Svetlana S. Shtrom

! E:
* * * * *
º = , =

º
* *

* == º

º-> *

sº ºne

:
:
:

*



This thesis is dedicated to the memory of my father,

Moisey Shtrom (1938-1990).

º

! - :

a *

º



Acknowledgments

I am very grateful to Zach W. Hall for taking me into his laboratory and

for giving me an opportunity to work independently in a wonderfully

stimulating atmosphere. Zach's enthusiasm and encouragement

rejuvenated my own interest in science, motivating me to remain in academia

for my next career phase. I have truly enjoyed working with Zach, and I hope

that in the future I will be fortunate enough to find myself in a similarly

productive and pleasant laboratory environment.

I am indebted to my thesis committee members, Peter Walter and

David Morgan, and to Ira Herskowitz, Henry Bourne, Reg Kelley and Peter

Sargent for their advice and support.

I would also like to thank the members of the Hall lab for making the

last several years of graduate school so much fun. Although the phrase "like

a family" is commonly used in describing laboratory relationships, I have

indeed become accustomed to thinking of the lab members as my family. I

treasure the memories of the excitement with which we've awaited each

other's results and the camaraderie we've shared while celebrating

achievement or trying to forget disappointments. I am especially grateful to

Robin Kleiman and Chuck Toth for their friendship and for trying to keep me

sane after the rest of the lab followed Zach to Washington, D.C. We've

managed to keep in close touch for several years over long distances, and I

hope we will remain connected for many years ahead.

I am also very appreciative of my friendship with Anita Sil, especially

during the early years of graduate school when I was dealing with the



V

devastating loss of my father. Anita prevented my falling behind by

maintaining our study schedule and reminding me of various deadlines. Her

warmth and kindness helped me through a difficult time.

I am much indebted to my parents, whose quest for a better life for our

family in this country provided me with an opportunity to choose any career of

interest. My father's encouragement and support gave me a firm foundation

from which to strive towards my goals. My deepest regret is that my father did

not live to see the completion of my doctoral degree. He will forever remain

my inspiration, and I dedicate this thesis to his memory.

Finally, I would like to thank my husband, Steven Ebert, for patiently

accompanying me through the highs and lows of graduate school. Steve's

optimism and confidence helped me to persevere during the difficult times,

and his friendship has been a constant source of joy.

Portions of Chapters 2 and 4 will appear in the Journal of Biological

Chemistry (1996, in press). The coauthor on this manuscript, Zach W. Hall,

directed and supervised the research which forms the basis for these

chapters.

gº

sº-gºº



vi

by

Svetlana S. Shtrom

Abstract

Investigation of the mechanisms by which the subunits of ligand-gated

ion channels fold and associate to form oligomers has been hampered by the

lack of an in vitro system in which these reactions occur. I have established

conditions in a rabbit reticulocyte translation system supplemented with

canine pancreatic microsomes under which the o and 6 subunits of the

nicotinic acetylcholine receptor (AChR) fold and assemble to form a

heterodimer with a cholinergic binding site comparable to that found in the

intact AChR. Folding of the alpha subunit was followed by its ability to bind

o-bungarotoxin (BTX). Folding efficiency was highly sensitive to changes in

the redox potential of the translation medium and was favored by an

oxidizing environment. Acquisition of the toxin-binding conformation

required N-linked core glycosylation, but not oligosaccharide trimming,

suggesting that oligosaccharide-dependent interaction of chaperones with
the O. subunit is not essential for correct subunit folding. During the course of

the folding reaction, the o subunit was found associated with molecular

chaperones calnexin, protein disulfide isomerase, and BiP. The

conformationally mature o subunit specifically associated with the 6 subunit

but not the B subunit to form a heterodimer with a high affinity ligand-binding
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site. These data demonstrate, for the first time, correct folding and assembly

of the AChR subunits in an in vitro system.
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Chapter 1

Introduction:

The Muscle Acetylcholine Receptor
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Cells communicate with their environment and each other by sending

and receiving a variety of signals. Factors, or ligands, released from one cell

bind and activate specific receptors on the surface of another cell. Receptor

activation triggers a cascade of changes inside the cell, such that a unique

pattern of events is initiated in response to a specific ligand. Some ligands,

such as neurotransmitters, elicit both rapid responses which alter the

membrane potential and slow responses which require activation of multiple

pathways inside the cell. Most of the rapid communication between cells is

mediated by ligand-gated ion channels. These cell surface receptors

comprise a large superfamily which includes channels that respond to a

variety of neurotransmitters such as acetylcholine, serotonin, glutamate,

GABA, and glycine (Betz, 1990; Maricq et al., 1991; Nakanishi, 1992; Wisden

and Seeburg, 1992; Karlin, 1995). Neurotransmitter-gated channels are

large oligomeric complexes made of homologous subunits which are

assembled intracellularly, in the endoplasmic reticulum (ER) (Burgess and

Kelly, 1987). Although many of the properties of ion channels are

determined by their subunit composition, the pathway by which individual

subunits mature and associate with each other to form functional receptors is

not well understood. This is a particularly intriguing problem in neurobiology,

since some neurons express several types of ligand-gated ion channels on

their surface, requiring great precision in the mechanism of subunit

recognition and assembly. To elucidate which factors are critical for subunit

maturation and assembly, I focused on studying the prototype ligand-gated

ion channel, the acetylcholine receptor (AChRs) localized at the mammalian

neuromuscular junction.
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Muscle AChRs are the most well-studied and best-understood

members of the neurotransmitter-gated ion channel superfamily. Activation

of these receptors by acetylcholine released from the nerve terminal results

in rapid depolarization of the muscle cell membrane and initiates an action

potential which leads to muscle contraction (Henderson, 1990; Galzi et al.,

1991). AChRs mediate contraction of all skeletal and diaphragm muscles

and are essential for our ability to move and breathe.

The muscle AChR and its closely-related homolog from the electric

organ of a marine ray, Torpedo californica, (Claudio, 1989) were the first

ligand-gated ion channels to be purified and studied in detail. The mature

receptor is a large pentameric complex, consisting of four homologous

subunits in the stoichiometry of oz■ ºyö (Karlin, 1991). Each subunit exhibits a

similar structural motif in which a large extracellular N-terminal domain is

followed by three transmembrane domains, a long intracellular loop, a fourth

transmembrane domain and a short extracellular C-terminal tail (Karlin,

1995) (schematic diagram is shown in Fig. 1-1). The subunits, arranged in

the order o-Y-0-8-3, form a cylindrical complex around an aqueous pore,

which is bordered by the second transmembrane domain from each

polypeptide (Galzi et al., 1991; Karlin, 1995). The large extracellular portion

of the receptor contains two ligand-binding sites which are associated with

the two o subunits (Kao et al., 1984; Blount and Merlie, 1988) and are

thought to be located at the interface between the oš and the oy subunits

(Pedersen and Cohen, 1990; Sine and Claudio, 1991). Binding of

acetylcholine to the extracellular portion of the receptor causes the channel

pore to open, allowing Na+ and K+ ions to flow down their electrochemical
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gradients, which initiates rapid depolarization of the cell membrane (Galzi et

al., 1991).

Each subunit of the AChR is cotranslationally translocated into the ER,

where signal sequence cleavage, core glycosylation, intramolecular folding

and subunit assembly take place (Anderson and Blobel, 1981; Merlie and

Lindstrom, 1983; Chavez et al., 1992). Assembly of subunits into mature

receptors proceeds via a defined pathway in which the first step is the

formation of heterodimers between the oS and the oy subunits. The

heterodimers then associate with the 3 subunit to form the pentameric

complex (Blount and Merlie, 1989; Gu et al., 1991; Saedi et al., 1991). Prior

to subunit assembly, the newly synthesized o subunit undergoes a

conformational change acquiring the ability to associate with other subunits

(Merlie and Sebbane, 1981; Merlie and Lindstrom, 1983). Conformational

maturation of the o subunit can be monitored with epitope-specific antibodies

(Tzartos and Lindstrom, 1980; Beroukhim and Unwin, 1995) or by measuring

its ability to bind a snake venom toxin, called o-bungarotoxin (BTX) (Merlie

and Lindstrom, 1983; Blount and Merlie, 1988). The o subunit becomes

capable of binding BTX following a delay of 15-20 minutes after its synthesis

(Merlie and Lindstrom, 1983; Blount and Merlie, 1988). The rate-limiting step

in folding is thought to be disulfide-bond formation between two pairs of

cysteine residues in the extracellular domain of the o subunit (Merlie and

Lindstrom, 1983; Kao and Karlin, 1986). In cultured muscle cells, only 30%

of the o subunit is folded correctly and becomes assembled into the

pentameric receptor (Merlie and Lindstrom, 1983), while the remainder does

not acquire the BTX-binding conformation and is rapidly degraded (Merlie et
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al., 1982). The folding efficiency is even lower when the o subunit is

expressed in heterologous cells (Blount and Merlie, 1988) or in vitro (Shtrom

and Hall, 1996).

Whether the other subunits of the AChR undergo intramolecular

folding or become conformationally mature after associating with the o,

subunit is not known. Ligand-binding properties suggest that assembly is

likely to alter subunit conformation, since the correctly folded o subunit

expressed alone binds cholinergic antagonists with low affinity (Blount and

Merlie, 1988), but forms a high-affinity ligand-binding site upon association

with either the 6 or the Y subunit (Blount and Merlie, 1989). Perhaps the

mechanism underlying stepwise assembly of subunits relies on sequential

changes in conformation following subunit association.

Factors that affect subunit folding are poorly understood. Studies of

protein processing in the ER revealed a critical role for molecular chaperones

and folding enzymes in the maturation pathway of various secretory and

membrane proteins (Ellis and Hemmingsen, 1989; Hurtley and Helenius,

1989; Gething and Sambrook, 1992). Molecules such as BiP, calnexin,

calreticulin, and GRP 94 bind to nascent chains and newly synthesized

polypeptides and facilitate protein folding by preventing premature

aggregation, irreversible misfolding, and export of unassembled and

incorrectly folded polypeptides (Hurtley and Helenius, 1989; Gething and

Sambrook, 1992). Folding enzymes such as protein disulfide isomerase

(PDI) and prolyl isomerase catalyze the formation and reshuffling of disulfide

bonds and the cis-trans conversion of the peptide bond preceding a proline

residue, respectively (Lang et al., 1987; Freedman, 1989). These enzymes

-
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are thought to assist protein folding by accelerating steps that otherwise

would be rate-limiting.

Despite the fact that disulfide-bond formation is thought to be critical

for proper folding of the o subunit (Merlie and Lindstrom, 1983; Kao and

Karlin, 1986), no association between the O. subunit and PDI has been

reported to date. Studies examining the role of chaperones in AChR subunit

maturation revealed that both BiP and calnexin bind to the o subunit (Blount

and Merlie, 1991; Forsayeth et al., 1992; Gelman et al., 1995). The timing of

complex formation, however, was inconsistent with a role for BiP in subunit

folding or assembly (Forsayeth et al., 1992). In contrast, calnexin was shown

to associate with the o subunit transiently prior to subunit folding (Gelman et

al., 1995).

Investigation of mechanisms and conditions that influence AChR

subunit maturation and association have been limited by the lack of a simple

system in which these processes can be easily studied. A cell-free system

consisting of rabbit reticulocyte lysate and canine pancreatic microsomes

(Fig. 1-2) has been used to examine the folding and assembly pathways of a

variety of secretory and membrane polypeptides (Scheele and Jacoby, 1982;

Kaderbhai and Austen, 1985; Bulleid and Freedman, 1988; Ribaudo and

Margulies, 1992; Marquardt et al., 1993). The ER-derived microsomes

contain the entire complement of molecular chaperones and folding enzymes

found intracellularly (Bulleid and Freedman, 1988; Marquardt et al., 1993)

and offer an additional advantage over intact cell by allowing the external

environment and the internal milieu to be easily manipulated. Previous

attempts at expression of the AChR subunits in a similar cell-free system
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demonstrated efficient translocation of the subunits into the microsomes

where signal sequence cleavage and core glycosylation occurred, but

correct folding of the o subunit and subunit assembly were not observed

(Anderson and Blobel, 1981; Anderson and Blobel, 1983).

Using in vitro translation in the presence of canine pancreatic

microsomes, I have established conditions to study in detail the pathways of

AChR subunit maturation and assembly. The o subunit folded to acquire its

native conformation in vitro via a pathway similar to that reported in vivo.

Core-glycosylation, but not oligosaccharide trimming was essential for proper

folding of the o subunit. Since glucose residue trimming is thought to

mediate association of glycoproteins with calnexin (Hammond et al., 1994;

Hebert et al., 1995), these data suggest that calnexin does not play a critical

role in o. subunit maturation. The folding efficiency of the o subunit was

highly sensitive to the redox potential in the translation medium, requiring

oxidizing conditions at the time of initiation of subunit synthesis. These data

support the hypothesis that disulfide-bond formation is important for

conformational maturation of the o subunit (Merlie and Lindstrom, 1983) and

indicate that folding may take place cotranslationally. Analysis of chaperone

binding to the o subunit revealed that although BiP, calnexin, and PDI

interacted with the polypeptide during the course of the folding reaction, the

timing of subunit-chaperone complex formation was not consistent with a role

for these folding factors in conformational maturation of the subunit. The

correctly folded o subunit associated with the 6 subunit and not the B subunit

to form heterodimers with a high affinity ligand-binding site, demonstrating

that the mechanism controlling the specificity of subunit assembly is



8

functional in the in vitro system. Thus, the conditions that I have established

using in vitro translation have allowed a detailed examination of the

pathways of AChR subunit maturation and oligomerization and may prove to

be valuable in studying mechanisms that govern assembly of other ligand

gated ion channels and multimeric membrane complexes.



Figure 1-1

Schematic diagram of the muscle acetylcholine receptor. The mature

receptor is a pentamer consisting of four homologous subunits in the

stoichiometry of 0.2376. Each subunit contains a large N-terminal

extracellular domain followed by three transmembrane regions, a large

intracellular loop, and a C-terminal extracellular tail.
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Figure 1-2

Schematic diagram of the in vitro translation system. RNA encoding AChR

subunits is transcribed in vitro and translated using rabbit reticulocyte lysate.

In the presence of dog pancreas microsomes, the polypeptide is translocated

into the microsomes where signal sequence cleavage, core glycosylation,

and intramolecular folding take place. In the absence of microsomes, an

unfolded primary translation product is generated.
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Chapter 2

The o Subunit of the Acetylcholine Receptor

Folds into Its Native Conformation in Vitro
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INTRODUCTION

The muscle acetylcholine receptor (AChR)' is the best understood

member of a family of ligand-gated ion channels that mediate fast synaptic

transmission in the nervous system. All members of the family share a

common structure in which five subunits form a pseudosymmetric array

around a central aqueous pore (Karlin, 1980; Unwin, 1989). When the

channel is activated by binding neurotransmitter, the pore opens, allowing

ions to flow into and out of the cell, thus changing the membrane potential.

The muscle AChR and the closely related AChR from Torpedo electric organ

(Claudio, 1989) consist of four homologous subunits (Noda et al., 1983)

whose stoichiometry is o.23 yö (Karlin, 1980). Each of the subunits has the

same transmembrane topology, with a long, N-terminal, extracellular domain,

four transmembrane regions, and a short C-terminal tail (Unwin, 1989). The

two ligand-binding sites that each receptor possesses are associated with

the N-terminal domains of the two o subunits (Kao et al., 1984; Blount and

Merlie, 1988; Dennis et al., 1988). The sites, which have distinctive

pharmacological properties, are thought to lie at or near the interface

between each of subunit and either the Y or 8 subunit, respectively (Pedersen

and Cohen, 1990; Czajkowski and Karlin, 1991; Sine and Claudio, 1991).

Each of the subunits of the muscle AChR is synthesized as a separate

polypeptide chain (Anderson and Blobel, 1981) which is translocated into the

ER where the signal sequence is cleaved (Anderson and Blobel, 1981), the

1 The abbreviations used are: AChR, acetylcholine receptor; AcNYT, acetyl-asparagine
tyrosine-threonine-NH2; BTX, o bungarotoxin; GSSG, oxidized glutathione; IC50, the
concentration of ligand at which 50% of the specific binding of BTX is inhibited; NEM, N
ethylmaleimide.
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core glycosyl residues are added (Anderson and Blobel, 1981; Merlie et al.,

1981; Sebbane et al., 1983) and the N-terminal domain is folded (Merlie and

Sebbane, 1981; Merlie and Lindstrom, 1983). The folded, glycosylated

polypeptide chains then associate with each other to form the assembled

AChR (Merlie et al., 1982; Merlie and Lindstrom, 1983). Association of the

subunits occurs by a defined pathway in which the first step is the formation

of the o■ and oy heterodimers (Blount and Merlie, 1989; Blount et al., 1990;

Gu et al., 1991). The assembled receptor is transported to the Golgi, where

further modification such as complex carbohydrate addition and fatty

acylation (Olson et al., 1984; Gu et al., 1989) take place. The mature AChR is

then transported to the surface. The entire process takes about ninety

minutes (Merlie and Lindstrom, 1983).

Although the assembly pathway of the AChR subunits has been well

studied, little is known about the pathway of subunit folding. The folding of

the O. subunit was first studied by Merlie, Lindstrom and Sebbane who

showed that before it associates with other subunits, the newly synthesized O.

polypeptide undergoes a conformational change in which it acquires the

ability to bind o-bungarotoxin (BTX) (Merlie and Sebbane, 1981; Merlie and

Lindstrom, 1983). The rate-limiting step in the folding reaction, which occurs

with a half-time of approximately 15 minutes, is postulated to be disulfide

bond formation (Merlie and Lindstrom, 1983). In the mature receptor, the N

terminal domain of the o subunit, which is responsible for BTX-binding,

contains two disulfide bonds, one between residues 128 and 142, and the

other between two vicinal cysteines at positions 192 and 193 (Kao and

Karlin, 1986). In muscle cell lines about 30% of the o subunit acquires toxin
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binding activity and is subsequently incorporated into the AChR (Merlie and

Lindstrom, 1983), while the remainder does not acquire BTX-binding activity

and is degraded (Merlie et al., 1982).

The factors that influence folding of the o subunit are unknown.

Studies of other proteins processed in the ER have demonstrated a critical

role for molecular chaperones and folding enzymes in conformational

maturation (reviewed in Gething and Sambrook, 1992). These molecules

facilitate protein folding by preventing irreversible aggregation and by

catalyzing disulfide bond formation and prolyl isomerization (for reviews see

Lang et al., 1987; Ellis and Hemmingsen, 1989; Freedman, 1989; Gething

and Sambrook, 1992). Molecules such as BiP, Grp94 and calnexin

associate transiently with polypeptides that are in the process of folding (Bole

et al., 1986; Gething and Sambrook, 1992; Melnick et al., 1992; Ou et al.,

1993). Time-course analyses reveal that the unfolded polypeptides undergo

a sequence of transient associations: first with BiP, then with calnexin or

Grp94 (Hammond and Helenius, 1994; Melnicket al., 1994). Both BiP and
calnexin have been reported to be associated with the o subunit of the AChR

in muscle cells (Blount and Merlie, 1991; Forsayeth et al., 1992; Gelman et

al., 1995). Although the kinetics of the observed association and dissociation

of the or polypeptide with BiP are incompatible with a role in folding

(Forsayeth et al., 1992), calnexin and the o subunit form a transient complex

whose kinetics of formation are consistent with that of an intermediate in the

folding pathway (Gelman et al., 1995).

Elucidation of the factors that influence AChR subunit folding has been

limited by the lack of a system in which the process could be easily studied.
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Alpha subunit folding has been previously observed only in intact cells

(Merlie and Sebbane, 1981; Merlie and Lindstrom, 1983; Blount and Merlie,

1988) in which it is difficult to manipulate conditions. Although o subunit

synthesis and processing have been reported in an in vitro translation

system, correct folding of the subunit has not been previously observed

(Anderson and Blobel, 1981; Sebbane et al., 1983; Chavez, 1992).
describe here conditions under which the O. Subunit of the AChR folds to

acquire BTX-binding activity. The folding reaction is sensitive to the redox

potential, requires core glycosylation, and does not appear to involve

association with Calnexin.
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MATERIALS AND METHODS

Constructs and Antibodies

The mouse muscle AChR o subunit (Isenberg et al., 1986) was

subcloned into the pSP65 vector (Promega). Site-directed mutagenesis was

carried out using standard techniques (Deng and Nickoloff, 1992). Rat

monoclonal antibodies, mAbó1 (Tzartos et al., 1981; Ratnam et al., 1986) and

mAb210 (Ratnam et al., 1986; Das and Lindstrom, 1989) were a kind gift of

Dr. J. Lindstrom.

RNA Synthesis

RNA was prepared according to a method previously described

(Melton et al., 1984), except that capped transcripts were synthesized.

Transcriptions were carried out with SP6 RNA polymerase (Promega) in the

presence of 40 mM Tris-Acetate pH 7.6, 6 mM Mg-Acetate, 2 mM spermidine,

10 mM DTT, 100 pig/ml BSA, 800 u/ml ribonuclease inhibitor (RNasin,

Promega), 5 mM RNA cap analog (GpppG; New England Biolabs), 0.5 mM

ATP, 0.5 mM UTP, 0.5 mM CTP, 0.1 mM GTP, 80 pg/ml linearized template

DNA (cut with Xba I), and 800 u/ml SP6 RNA polymerase (Promega).

Reactions were incubated at 370 C for 90 minutes. After 60 minutes, an

additional 400 u/ml of SP6 RNA polymerase were added. DNA template was

digested with 200 u/ml DNase I (RNase free, Pharmacia) at 379C for 15
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minutes. RNA was extracted with phenol/chloroform and precipitated. RNA

was resuspended in RNase free water at 125 ng/ul.

In Vitro Translation

Translations were carried out using the Flexi"M Rabbit Reticulocyte

Lysate (RRL) system (Promega) in the presence of canine pancreatic

microsomal membranes (Promega). The Flexi■ N RRL does not contain DTT

and allows optimization of K+ and Mg++ concentrations for maximal efficiency

of translation. Reactions were usually set up in a total volume of 25 pil,

containing 16-17 pil reticulocyte lysate, 0.5 pil of 1 mM amino acid mixture

without methionine, 0.5 pil of 40 u/ml RNasin, 1 pil of 35S protein labeling mix

(>1000 Ci/mmol; New England Nuclear), 1 pil of 1.25 M KCI, 1 pil of 50 mM

oxidized glutathione at pH 7.0 (GSSG, Sigma), 250 ng of the o subunit RNA,

and 1.5 pil of 2 eq./ul canine pancreatic microsomes. For reactions in which

glycosylation was inhibited, competitor peptide AcNYT (Welpy et al., 1983)

was added to 400 pum (final concentration). Translation reactions were

incubated at 28.50C for 60 minutes. Samples were analyzed either directly

by SDS-PAGE or processed for immunoprecipitation and BTX-binding. For

direct SDS-PAGE analysis, 2 pil from the translation reaction were solubilized

in SDS sample buffer (1X: 50 mM Tris pH 6.8, 2% SDS, 10% glycerol, .01%

bromphenol blue, 5% B-mercaptoethanol) and heated at 1009C for 3 minutes

prior to electrophoresis.
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Time-Course of Folding of the o Subunit

Translation reactions were set up as described except that the final

volume was scaled up to 100 pil. Reactions were pre-incubated in the

presence of 39S labeling mix for 10 minutes at 28.50C (pulse), and incubated

in the presence of 1 mM (final concentration) of methionine and cysteine at

28.50C for various amounts of time (chase). At each time point, a 10 pul

aliquot was removed and placed into a fresh tube on ice. Folding was

terminated by alkylation of free sulfhydryls with 20 mM N-ethylmaleimide

(NEM; Sigma). Each aliquot was processed for immunoprecipitation and

BTX-binding.

Immunoprecipitation and Folding Analysis

Samples were solubilized in ice-cold extraction buffer (50 mM Hepes

pH 7.5, 50 mM NaCl, 1 mM EDTA, 1.25% Triton X-100, and 1 mM PMSF).

Typically, 4 pil from a translation reaction were solubilized in the final volume

of 200 pil and were used for a single immunoprecipitation or BTX-binding

reaction. For immunoprecipitation analysis, the solubilized o subunit was

incubated with mAb61 or mAb210 for 1 hr, followed by incubation with a

secondary antibody (rabbit anti-rat IgG; Cappel) for 1 hr and incubation with

protein A-Sepharose (Sigma) at 40C for 1 hr with gentle agitation. To assess

the amount of non-specific precipitation, some samples were processed in

the absence of the primary antibody. The precipitated complexes were

washed with ice-cold extraction buffer and resuspended in an equal volume
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of 2X SDS sample buffer. For BTX-binding analysis, samples were

solubilized as above and incubated with BTX (Sigma) coupled to Sepharose

(Sepharose 4B; Sigma) for 2 hrs at 49C with gentle agitation. As a control for

specificity of this precipitation, some samples were pre-incubated with

uncoupled BTX (5 piM) for 1 hr prior to addition of BTX-Sepharose. The

precipitated material was then washed and resuspended in SDS sample

buffer as above. Samples were heated at 1000C for 3 minutes and analyzed

via SDS-PAGE. The gels were processed for fluorography using

Resolution TM (E.M.Corp.) enhancer. Quantitation of data was performed by

either scanning the fluorograms with a computerized densitometer and using

Image 1.52 software (NIH) or by exposing dried gels to a phosphor screen

(Molecular Dynamics) and using ImageOuant software.

Sucrose Gradient Sedimentation Analysis

Microsomes from a 50 pil translation reaction were pelleted at top

speed in a microfuge at 49C for 10 minutes. Microsomes were solubilized in

100 pil of the extraction buffer and the insoluble material was removed by

centrifugation as above. The solubilized subunit was loaded onto a pre

formed linear 5-20% sucrose gradient in the extraction buffer. Bovine

alkaline phosphatase (Sigma) and human hemoglobin (Sigma) were

processed in a parallel gradient and were used as standards at 6.2 S and 4.5

S, respectively. After centrifugation of the tubes in a Beckman SW-50.1 rotor

at 36,000 rpm for 16 hrs, fractions of 120 pil were collected from the bottom.

The amount of total o subunit and BTX-binding protein in each fraction was
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determined as follows: a 10 pil aliquot from each fraction was processed

directly for SDS-PAGE and an 80 pul aliquot was incubated with BTX

Sepharose in a final volume of 200 pil in extraction buffer as described

above. Fluorograms of gels were quantitated using a densitometric scanner.

125I-BTX and Ligand Binding

Unradiolabeled O. subunit was synthesized as above, except 1 pil of

0.5 mM L-methionine was added instead of the 35S protein labeling mix. The
subunit was solubilized in 500 pul (final volume) of extraction buffer. To

determine the rate of dissociation of 125I-BTX from the O. subunit, the

solubilized o subunit was incubated with 125I-BTX (>200Ci/mmol; Amersham)

for 2 h. at 40C. A 2500-fold excess of unlabeled BTX was added and the

reactions were incubated for various amounts of time. At the end of the

incubation period the 125I-BTX bound to the o subunit was collected by

immunoprecipitation with mAbó1. Nonspecific binding was assessed at each

time point by omission of mAbó1 in the immunoprecipitation. Duplicate

samples for each time point were processed. To control for possible protein

degradation during the long incubations, all samples were solubilized and

harvested at the same time. Radioactivity was measured in a gamma

counter. Nonspecific binding was usually <10% of total binding.
To assess the rate of association of 125I-BTX with the o subunit, the ol

protein was solubilized as described above and incubated with 125I-BTX for

various amounts of time. At the end of the incubation period, a 2500-fold

excess of unlabeled BTX was added and samples were harvested by
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immunoprecipitation. For these experiments, mab210 was used instead of

mAb61 due to the limited amount of the latter antibody; both antibodies

precipitated BTX-bound o subunit with similar efficiency. Nonspecific binding

was determined at each time point by omitting the primary antibody. All

samples were solubilized and immunoprecipitated at the same time and in

duplicate.

To determine the ligand-binding properties of the o subunit, the

protein was solubilized as described above and preincubated with various

concentrations of the ligand for 15 minutes on ice. The solubilized o subunit

was then incubated with 125I-BTX for 10 minutes, at which time a 2500-fold

excess of unlabeled BTX was added and the samples were harvested by

immunoprecipitation. Nonspecific binding was determine as above.
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RESULTS

Folding of the O. Subunit in an in Vitro Translation System

In devising an in vitro translation system that would allow o subunit

folding, it was critical initially to establish a redox potential that is compatible

with both translation and disulfide-bond formation. Standard preparations of

rabbit reticulocyte lysates and dog pancreas microsomes are customarily

made and stored in a reducing environment for maximum efficiency of

translation and polypeptide chain translocation. To provide an oxidizing

environment, reticulocyte lysate prepared without DTT was used, and the

redox potential of the reaction was further raised by adding oxidized

glutathione (GSSG). To determine if the in vitro translation system prepared

under these conditions processed the o subunit in a normal manner, o,

subunit mRNA was incubated with rabbit reticulocyte lysate in the presence

and absence of dog pancreas microsomes, and in the presence and

absence of an inhibitor of glycosylation, the acetylated tripeptide AcNYT

(Welpy et al., 1983). The products were analyzed by SDS gel

electrophoresis. In the absence of microsomes, a single 39S-labeled

polypeptide of apparent molecular weight 43 kD was observed (Fig 2-1A,

lane 2), which represents the newly synthesized uncleaved and

unglycosylated o subunit. When microsomes were added and N-linked

glycosylation was inhibited with the tripeptide AcNYT, a faster migrating band

(42 kD) of processed, unglycosylated peptide was observed (Fig 2-1A, lane

3). When the tripeptide was omitted, a 44 kD band corresponding to the
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glycosylated, processed o subunit was formed (Fig. 2-1A, lane 4). These

results are consistent with those previously reported in conventional in vitro

translation systems (Anderson and Blobel, 1981; Chavez and Hall, 1991).

Although all forms of the o subunit were immunoprecipitated with the

monoclonal antibody specific for the AChR o subunit (mAbó1) (Tzartos et al.,

1981; Ratnam et al., 1986), the antibody recognized the fully mature (44 kD)

form (Fig. 2-1B, lane 2) more efficiently.

To test whether the o subunit synthesized under these conditions

acquired BTX-binding activity, the microsomes were lysed, the lysate was

incubated with ot-bungarotoxin Sepharose (BTX-Sepharose), and the bound

protein was eluted with SDS sample buffer and analyzed by SDS gel

electrophoresis (Fig. 2-1B, lane 3). Approximately 15% of the o subunit

synthesized during the 60 minute incubation bound BTX-Sepharose. The

efficiency of folding of the o subunit synthesized in vitro is somewhat lower

than that observed in muscle cells (30%) but is comparable to that seen

when the o subunit is expressed in heterologous cells (Blount and Merlie,

1988; Paulson et al., 1991).

Properties of the Folded O. Subunit

To determine if the toxin-binding form of the o subunit synthesized in

vitro corresponds to the correctly-folded, mature o subunit, a number of its

properties were examined. Previous studies of the O. subunit expressed in

heterologous cells established that the hallmark of the mature o subunit is its

high affinity for BTX (Blount and Merlie, 1988). As the rate of association of
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BTX with the o subunit is slow, the high affinity of the binding reaction is

achieved by the extreme stability of the toxin-subunit complex (Blount and

Merlie, 1988). These same two characteristics were found for the interaction

of BTX with the o subunit synthesized in vitro. To determine the association

rate constant for the BTX-binding reaction, the newly-synthesized o subunit

was incubated with 1.9 nM 125l-BTX and the amount of toxin-subunit complex

formed at various times was measured by immunoprecipitation. The

association reaction showed bimolecular kinetics with a calculated rate

constant of 1.5 x 105 M-1 S-1, which is similar to the value of 4.6 x 104 M-1 S-1

calculated from the data of Blount and Merlie (1988), who expressed the o

subunit in fibroblast cells. Dissociation of the toxin-subunit complex was

measured by incubating the solubilized o subunit with 125I-BTX for two hours,

followed by the addition of a 2500-fold excess of unlabeled BTX.

Immunoprecipitation at various times thereafter showed that the half time of

dissociation of the complex was > 36 hours (data not shown). The calculated

dissociation constant for the binding reaction (Kapp < 3.5 x 10-11 M) is similar
to that observed for the o subunit expressed in vivo (Blount and Merlie,

1988).

The affinity for cholinergic ligands of the o subunit synthesized in vitro

was measured by determining their ability to decrease the initial rate of toxin

binding to the solubilized o subunit. After preincubation with ligand, the ol

subunit was incubated in the presence of 125I-BTX for 10 minutes to maintain

initial rate conditions. Incubations were terminated by the addition of an

excess of unlabeled BTX followed by immunoprecipitation. The cholinergic

agonist carbamylcholine had little effect on the rate of toxin-binding, even at
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very high concentrations (IC50 - 10:2 M), while the antagonists d-tubocurarine

(IC50 = 1.6 x 10-3 M) and gallamine (IC50 = 4.7 x 10-3 M) inhibited initial rates

of BTX-binding (Fig. 2-2). The calculated affinities were similar to, but

somewhat lower than, those observed for the o subunit expressed in

fibroblast cells (Blount and Merlie, 1988).

The o subunit synthesized in vitro resembles that made in vivo both in

its binding of BTX and in its affinity for cholinergic ligands. To determine

whether the folded polypeptide made in vitro is oligomeric or associated with

other proteins, velocity sedimentation in a sucrose gradient was used. A

lysate of a translation reaction was subjected to sedimentation in a 5-20%

sucrose gradient and fractions from the gradient were analyzed for total o

protein and for toxin-binding activity. Whereas the total o subunit formed a

broad peak centered at 5.6 S but skewed toward higher molecular weights

(Fig. 2-3, solid line), the toxin-binding form migrated in a narrow, symmetrical

peak centered at 5 S (Fig. 2-3, dashed line), the position found for

monomeric o subunit expressed in vivo (Merlie and Lindstrom, 1983; Blount

and Merlie, 1988). Thus, the subunit folded in vitro is in monomeric form.

Kinetics of Acquisition of BTX-Binding

To establish the time-course of acquisition of BTX-binding by the ol

subunit, the polypeptide was pulse-labeled in the presence of 9°S -

methionine for 10 minutes, and incubated in the presence of an excess of

unlabeled methionine (chase). Aliquots of the translation reaction were

removed at various times and placed on ice. Further disulfide bond formation



28

was blocked by alkylation of free cysteines with 20 mM N-ethylmaleimide

(NEM) (Creighton, 1978). Samples from each time point were then analyzed

for total protein and BTX-binding activity. Both the total o polypeptide and

the folded subunit increased gradually during the chase period (Fig. 2-4A).

The acquisition of BTX-binding by the o subunit, however, was significantly

slower than its synthesis (Fig. 2-4A). Quantitation of this and other

experiments showed that folding of the o subunit into its BTX-binding

conformation occurred with a delay of 15-20 minutes (Fig. 2-4B). A similar

lag in folding was observed in vivo using pulse-labeled muscle cells (Merlie

and Sebbane, 1981; Merlie and Lindstrom, 1983) or fibroblasts expressing

the o polypeptide in the absence of other AChR subunits (Blount and Merlie,

1988). These data demonstrate that the folding reaction in vitro exhibits

similar kinetics to those seen in vivo.

Folding Efficiency Depends on the Redox Potential

The rate-limiting step in the folding pathway of the o subunit is thought

to involve the formation of correct disulfide bonds that stabilize the mature

conformation of the o polypeptide (Merlie and Lindstrom, 1983). To

determine the effect of changing the redox potential on the folding efficiency

of the o subunit, increasing amounts of oxidized glutathione (GSSG) were

added to the translation reaction and the amount of the O. subunit that bound

BTX (Fig. 2-5A) was measured. In the absence of additional GSSG, little or

no folding occurred. With increasing concentrations of GSSG, as the redox

potential became more oxidizing, the amount of O. subunit that bound toxin
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increased. Although addition of GSSG slightly inhibited the efficiency of

translation, quantitation of the data in Fig. 2-5A showed that extent of folding
relative to the total amount of the o subunit synthesized was maximal at 2 mM

GSSG. To further assess the importance of the redox potential on folding of
the o subunit, DTT was added to the translation reaction. In the presence of

2 mM GSSG, increasing concentrations of DTT dramatically lowered the

efficiency of folding (Fig. 2-5B). Since shifting the redox potential toward a

more oxidizing state appeared to be essential for correct folding, I tested

whether the timing of this oxidative shift was also important by adding GSSG

at different times after translation was initiated. In all cases delayed addition

of GSSG lowered the efficiency of folding (data not shown). Thus, the redox

environment at the onset of the o polypeptide synthesis is critical for proper

folding of the O. subunit. These data suggest that in a reducing environment,

the o subunit folds incorrectly to assume conformations that are not easily

reversed.

Disulfide-bond Formation

The dependence of O. subunit maturation in vitro on the redox potential

of the medium is consistent with the hypothesis that disulfide-bond formation

is important for correct folding of the o polypeptide (Merlie and Lindstrom,

1983; Blount and Merlie, 1990). The extracellular region of the o subunit

contains four cysteine residues at positions 128, 142, 192, and 193. Studies

using site-directed mutagenesis have shown that the disulfide bridge

between cysteines 128 and 142 is essential for the BTX-binding activity of the
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O. Subunit, while the disulfide bond between residues 192 and 193 is not

required for BTX-binding (Blount and Merlie, 1990; Sumikawa and Gehle,

1992). Elimination of the bridge between the neighboring cysteine residues,

however, lowers the affinity for BTX by 10-fold (Blount and Merlie, 1990). To

investigate the role of disulfide-bond formation in the folding pathway of the ol

subunit, in vitro mutagenesis was used to replace cysteines 192 and 193 with

serine residues (C.192,193S) and the efficiency of folding of the altered

polypeptide was measured. The C192,193S mutated o subunit folded with

greater efficiency than the wildtype subunit both in the absence (Fig. 2-6A,

compare lanes 5 and 7) and in the presence (Fig 2-6A, compare lanes 6 and

8) of 2mV GSSG. Quantitation of the results of this and other experiments

consistently demonstrated a 1.8- to 2-fold increase in the efficiency of folding

for the mutated o polypeptide. Comparison of the mutated and wildtype

subunits revealed that the efficiency of folding is approximately two-fold

greater for the mutated subunit throughout the course of the folding reaction

(Fig. 2-6B). These data demonstrate that disulfide-bond formation between

cysteine residues at position 192 and 193 is not the rate-limiting step

responsible for the lag in acquisition of the folded conformation by the ol

subunit. Nevertheless, the greater efficiency of folding for the mutated

subunit, which has only one pair of cysteine residues available for disulfide

bond formation, suggests that competing cysteines may contribute to

formation of misfolded subunit conformations and lower the efficiency of
folding of the wildtype subunit.
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Core Glycosylation, but not Oligosaccharide Trimming, is Essential for

the Acquisition of BTX-binding

Experiments in vivo that have examined the role of glycosylation in o.

subunit folding have been complicated by the rapid degradation of the

unglycosylated polypeptide. I therefore examined o subunit folding in the in

vitro system, in which accumulation of unglycosylated proteins does not

induce the rapid stress response leading to degradation of misfolded

proteins (Cox et al., 1993; McMillan et al., 1994). When N-linked

glycosylation was inhibited by the AcNYT tripeptide, the cleaved,

nonglycosylated form of the o subunit (42kDa) was produced (Fig. 2-7A

compare lanes 1 and 2); however, this nonglycosylated peptide bound BTX

poorly, if at all (Fig. 2-7A lanes 5 and 6). A mutated o subunit in which the

consensus core glycosylation signal was disrupted by replacing the Asn

residue at position 141 with Asp (N141D) also does not bind BTX efficiently

(Fig. 2-7B, compare lanes 4 and 6). Thus little or no folding of the o subunit

occurs in the absence of glycosylation. These data are in agreement with in

vivo studies using tunicamycin and site-directed mutagenesis to block N

linked glycosylation (Merlie et al., 1982; Blount and Merlie, 1990).

The role of oligosaccharide trimming in the maturation process of the ol

subunit was also examined. Trimming of the core oligosaccharide has

recently been implicated in protein folding because it promotes a specific

interaction between glycoproteins and a lectin-like chaperone molecule,

calnexin (Helenius, 1994; Hebert et al., 1995). Castanospermine (CST), a

specific inhibitor of ER glucosidases I and II, and deoxymannojirimycin
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(DMJ), a specific inhibitor of the o-mannosidase (Elbein, 1991) were used to

block the trimming of the o subunit synthesized in vitro. Incubation of

microsomes with CST and DMJ did not affect translation or translocation;

however, the glycosylated o subunit that was produced had a lower mobility,

consistent with it being linked to an untrimmed oligosaccharide (Fig. 2-7A

lanes 3 and 4, compared to lane 1). Blockade of the trimming reactions did

not lower the ability of the o subunit to bind BTX (Fig. 2-7A, compare lanes 7

and 8 to lane 5). In fact, inhibition of the trimming reactions appeared to

facilitate folding of the o subunit. Thus, oligosaccharide trimming is not

essential for correct folding of the o subunit into its BTX-binding

Conformation.
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DISCUSSION

I have used an in vitro expression system consisting of the rabbit

reticulocyte lysate supplemented with canine pancreatic microsomes to study

the folding pathway of the AChR o subunit. I have established conditions that

allow efficient signal sequence cleavage, core glycosylation, and maturation

of the o polypeptide to assume its BTX-binding conformation. The o subunit

expressed in this system folded into a conformation that was

indistinguishable from the O. subunit made in vivo as evidenced by the

kinetics of BTX binding and the affinity of the subunit for cholinergic ligands

(Blount and Merlie, 1988). The affinity for cholinergic ligands was similar, but

slightly lower than that observed in fibroblast cells (Blount and Merlie, 1988).

This discrepancy is likely due to differences in the binding assays employed.

In the in vitro experiments, the use of solubilized subunit in the binding assay

resulted in a faster time-course of association of BTX to the O. Subunit, which

may have reduced the apparent affinity of competitive ligands for the ol

subunit.

Sucrose gradient sedimentation analysis demonstrated that the folded

o, subunit migrated as a monomer, with a sedimentation coefficient similar to

that reported for the o subunit expressed in vivo (Merlie and Lindstrom, 1983;

Blount and Merlie, 1988). In contrast, the total population of O. protein

exhibited a shift toward a larger molecular weight, suggesting an association

with other proteins in the microsomes. Since ER-derived microsomes have

been shown to contain high concentrations of chaperone molecules and

folding enzymes (Kaderbhai and Austen, 1985; Kassenbrock et al., 1988;
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Marquardt et al., 1993), an interaction between the O. subunit and one or

more of these proteins is likely. Only a portion of the o subunit attains the

folded conformation; the rest of the polypeptide chains are probably in an

unfolded or misfolded state and are likely to be complexed with chaperones

or other proteins resident in the ER. Studies of muscle and transfected cells

have previously reported an association between the o polypeptide and the

molecular chaperone BiP (Blount and Merlie, 1991; Forsayeth et al., 1992),

and recent experiments have shown that unfolded o subunit is transiently

bound to calnexin (Gelman et al., 1995).

Folding of the o polypeptide into its native conformation is a relatively

inefficient process. Folding efficiency is highest in muscle cells, where

approximately 30% of the o subunit attains BTX-binding activity and

becomes incorporated into the mature receptor (Merlie and Lindstrom, 1983).

The remainder of the o subunit is presumed to be misfolded, aggregated and

targeted for degradation (Merlie et al., 1982). The folding efficiency of 15% in

the in vitro translation system is lower than the efficiency reported in muscle

cells, but is comparable to the percentage of the o subunit that acquired the

BTX-binding conformation in fibroblast cells (Blount and Merlie, 1988).

Experiments in the in vitro translation system revealed that folding of

the o subunit is highly sensitive to the redox potential in the reaction medium,

requiring addition of an oxidizing agent (oxidized glutathione; GSSG) for

maximum efficiency. Dependence on the redox state in the translation

reaction is consistent with the postulate that folding of the o subunit requires

disulfide bond formation (Merlie and Lindstrom, 1983; Kao and Karlin, 1986).

Elevation of the redox potential is presumably necessary to overcome
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exogenous reducing agents such as DTT and 3-mercaptoethanol present in

the microsomes and the 39S label, respectively, and to restore the redox state

to a level that is favorable for disulfide bond formation. Oxidized glutathione

in the same range of concentrations used for maximal folding of the o subunit

has been employed in several studies comparing the folding behavior of

proteins in vitro with that in vivo (Scheele and Jacoby, 1982; Marquardt et al.,

1993). A recent study demonstrated that inside living cells and in isolated

pancreatic microsomes, the redox potential is determined by the ratio of the

reduced to the oxidized forms of glutathione and that selective uptake

mechanisms are employed to maintain an oxidizing environment inside the

ER lumen (Hwang et al., 1992). In the in vitro translation system

supplemented with oxidized glutathione, the endogenous transport of

glutathione and the buffering capacity of proteins in the reticulocyte lysate

and the microsomes are likely to contribute to a redox state that closely

approximates the potential maintained in vivo.

Maximal folding efficiency was dependent not only on the

concentration of oxidized glutathione, but also on the timing of its addition to

the translation reaction. Delayed addition of oxidized glutathione failed to

produce efficient folding of the o subunit (data not shown). These data

suggest that the folding process may begin co-translationally. Consequently,

in the absence of an oxidizing environment at the onset of subunit synthesis

irreversible misfolding and aggregation may occur. A similar requirement for

oxidizing conditions at the initiation of translation in vitro has been reported

for prolactin (Kaderbhai and Austen, 1985), MHC | H chains (Ribaudo and

Margulies, 1992), and pancreatic zymogens (Scheele and Jacoby, 1982;



36

Scheele and Jacoby, 1983). In contrast, influenza hemagglutinin was

observed to fold both co- and post-translationally (Marquardt et al., 1993).

Previous studies on o subunit expression in vitro reported signal

sequence cleavage and core glycosylation, but did not observe high affinity

BTX-binding by the o subunit (Anderson and Blobel, 1981; Sebbane et al.,

1983; Chavez, 1992). Perhaps the stringent requirement for optimal redox

conditions at the initiation of 0 subunit synthesis may explain the failure of

earlier studies to achieve BTX-binding activity in vitro. The reducing

environment maintained in the translation reaction presumably resulted in

subunit misfolding and aggregation. Anderson and Blobel (1983) reported

homo-oligomerization of AChR subunits, as evidenced by broad

sedimentation profiles obtained via sucrose gradient analysis. In contrast,

the data presented here demonstrate that the BTX-binding form of the ol

subunit is monomeric.

Studies of o subunit folding in vivo (Merlie and Sebbane, 1981; Merlie

and Lindstrom, 1983; Blount and Merlie, 1988) and the data presented here

in vitro have demonstrated a delay in the ability of the newly synthesized o.

polypeptide to bind BTX. Merlie and Lindstrom (1983) originally suggested

that correct disulfide-bond formation was the rate-limiting step in the folding

pathway. Blount and Merlie (1990) tested this idea by mutating cysteines

192 and 193 to serines and expressing the O. subunit alone in a heterologous

system. They reported that the folded subunit had a 10-fold lower affinity for

BTX, but the rate and extent of acquisition of toxin-binding activity was

unchanged. The in vitro translation system allowed a more careful

examination of this question. Although the mutated subunit with only one
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pair of disulfide bonds did not fold faster than the wildtype subunit, the extent

of correct folding was approximately two-fold greater for the mutated than for

the wildtype subunit. These data are consistent with the idea that disulfide

bond formation is important for correct folding. The modest effect of the

mutations, however, suggest that neither incorrect disulfide-bond formation

nor the formation of the disulfide bridge between cysteines 192 and 193 is a

major factor responsible for the slow time course of subunit folding. Mutation

of the proline in position 136 suggests that proline isomerization is also not

rate-limiting (Blount and Merlie, 1990). As the kinetics of folding of the ol

Subunit is likely complex, it is difficult to give an exact interpretation to the

change in folding observed as a result of the mutation. If subunit maturation

is viewed as a kinetic competition between pathways that lead to correct

folding and pathways that lead to an irreversibly misfolded subunit, the data

presented here suggest that a greater portion of the mutated subunit

becomes folded correctly.

N-linked core glycosylation is one of the earliest steps in the

processing pathway of glycoproteins. N-glycans have been suggested to

play a role in protein stability and maturation by facilitating interactions with

various chaperone molecules that prevent aggregation and aid in the folding

process (Hammond et al., 1994; Helenius, 1994; Fiedler and Simons, 1995;

Hebert et al., 1995). Using tunicamycin to block glycosylation, studies with

muscle and transfected cells demonstrated a reduced number of cell surface

AChRs and an increased rate of subunit degradation (Merlie et al., 1982;

Blount and Merlie, 1990). We have shown that blockade of N-linked

glycosylation with a competitor tripeptide or via site-directed mutagenesis
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abolishes the capability of the o subunit to acquire high affinity BTX-binding.

Thus, core glycosylation is critical for conformational maturation of the ol

subunit.

Recently, the role of N-glycans in protein folding has become more

defined, as some of the mechanistic details by which core oligosaccharides

facilitate maturation of proteins in the ER have become clarified (Hammond et

al., 1994; Helenius, 1994; Hebert et al., 1995). Almost immediately after the

addition of the core oligosaccharide, the outer-most glucose and mannose

residues are trimmed by two types of glucosidases (I and II) and an o

mannosidase, respectively (Kornfeld and Kornfeld, 1985; Elbein, 1991). The

monoglucosylated form of the oligosaccharide has been demonstrated to be

the preferential substrate for a lectin-like ER resident molecular chaperone,

calnexin (Ou et al., 1993; Hebert et al., 1995). A cycle of deglucosylation by

glucosidases and reglucosylation by a lumenal UDP-glucose:glycoprotein

glucosyltransferase ensures that unfolded proteins are retained in the ER,

while the properly folded proteins which are not reglucosylated are then

exported out of the ER (Helenius, 1994).

The involvement of oligosaccharide trimming, and specifically of

calnexin, in glycoprotein folding makes this process an attractive candidate

for playing a role in the maturation pathway of the o subunit. Expression of

the o polypeptide in the presence of glucosidase I and Il and o-mannosidase

inhibitors, however, did not reduce the efficiency with which the o subunit

=cquires the ability to bind BTX. In fact, the efficiency of BTX-binding in the

R resence of these inhibitors is consistently greater than in their absence.

Thus, in the in vitro system, oligosaccharide trimming does not play an
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essential role in the folding pathway of the o subunit. These data are in

agreement with a previous study that reported no effect on the affinity or
kinetics of BTX-binding to the o subunit in cultured muscle cells treated with

an inhibitor of glucose residue trimming (Smith et al., 1986). If

oligosaccharide trimming is critical for the association between glycoproteins

and calnexin (Hebert et al., 1995), the data presented here suggest that
calnexin does not play an essential role in the maturation process of the O.

subunit. Alternatively, calnexin may act via a different mechanism that does

not require oligosaccharide trimming (Williams, 1995) and may interact with

the o subunit to promote correct folding. A recent study showed that calnexin

associates with the o subunit prior to completion of the folding reaction

(Gelman et al., 1995). Further studies will be necessary to demonstrate a

direct role for calnexin in the maturation pathway of the o subunit.

The in vitro translation system supplemented with dog pancreas

microsomes is a powerful tool with which to pursue studies of membrane

glycoprotein folding. The isolated microsomes contain enzymes and factors

necessary for efficient translocation, signal sequence cleavage, core

glycosylation and intramolecular folding. The external environment and the

internal milieu of the microsomes can be easily manipulated, allowing a

Cetailed dissection of the protein folding pathway. I have used this system to

Clemonstrate the importance of the redox potential and N-linked core

glycosylation in the maturation pathway of the AChR o subunit. Since the

mechanism of subunit folding and assembly of the muscle AChR serves as a

model system for assembly of other ligand-gated ion channels and

Trembrane glycoprotein complexes, the conditions established here for
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correct folding of the o subunit into its native-like conformation can be used to

elucidate the precise role of various folding factors and molecular

chaperones in the maturation pathway of these membrane glycoproteins.
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Figure 2-1.

The o subunit synthesized in vitro under oxidizing conditions is processed,

glycosylated and folded. (A) The o subunit was translated in vitro in the

presence and absence of microsomes and of the glycosylation inhibitor

AcNYT. The translation reactions were then analyzed directly via SDS

PAGE and fluorography as described in Materials and Methods. (B) Folding

of the o subunit was measured by binding to BTX-Sepharose. Aliquots of the

complete translation reaction carried out in the presence of microsomes were

analyzed by immunoprecipitation with an antibody to the o subunit (mAbó1)

(61; lane 2) and with BTX-Sepharose (Tx; lanes 3 and 4). The precipitated

material was then analyzed by SDS-PAGE and fluorography. To control for

nonspecific precipitation, the primary antibody was omitted (NS; lane 1) or an

excess of uncoupled BTX was added (Comp; lane 4). For clarity, the

fluorogram in (A) was exposed for 5 hrs, while the fluorogram in (B) was

exposed for 18 hrs.
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Figure 2-2.

Cholinergic antagonists, but not agonists bind to the O. subunit synthesized in

vitro. Binding was measured by inhibition of the initial rate of BTX-binding.

Solubilized subunit was preincubated in the presence of the indicated final

concentration of ligand for 15 minutes and incubated in the presence of 1.9

nM 125I-BTX for 10 minutes. An excess of unlabeled BTX was added and the

subunit-BTX complex was immunoprecipitated using a monoclonal antibody

to the o subunit. Samples were processed in duplicate. Nonspecific binding

was defined by omission of the primary antibody. Total specific binding was

determined in the presence of 125I-BTX, but in the absence of any ligand and

by subtraction of the nonspecific binding. Percent of total specific binding is

plotted against the ligand concentration. The abbreviations used are: carb,

carbamylcholine; gal, gallamine; and d-Tc, d-tubocurarine.
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Figure 2-3.

The folded O. subunit is monomeric. Solubilized O. subunit was fractionated

on a 5-20% linear sucrose gradient. Bovine alkaline phosphatase (6.2 S)

and human hemoglobin (4.5 S) were used as standards. Aliquots from

alternate fractions were analyzed via SDS-PAGE directly or assayed for BTX

binding activity. Fluorograms were quantitated by densitometric scanning.

Percent maximum of total (filled squares) and BTX-binding o subunit (open

squares) were plotted. The small peak at fraction 17 in the BTX-binding

profile was not reproducibly observed.
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Figure 2-4.

The newly-synthesized o subunit folds with a delay. (A) Kinetics of O. subunit

synthesis and BTX-binding. The o subunit was synthesized in the presence

of 35S-methionine for 10 minutes (pulse) and in the presence of excess

unlabeled methionine for various times thereafter (chase). Some of the

polypeptide chains labeled during the pulse period were elongated during

the chase interval, allowing detection of subunit synthesis. At the times

indicated during the chase period, an aliquot from the translation reaction

was removed and alkylated with 20 mM NEM to block further disulfide-bond

formation. Each aliquot was divided into two portions and analyzed via

immunoprecipitation and BTX-binding. The upper band precipitated with

mAb61 corresponds to the mature, glycosylated subunit, and the lower band

corresponds to the unglycosylated subunit from which the signal sequence

has been removed. The fluorograms showing mabó1 immunoprecipitation

and BTX-binding were exposed for different lengths of time. (B) Quantitation

of the fluorograms shown in (A). Results were quantitated using a

phosphorimager.
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Figure 2-5.

Alpha subunit folding depends on the redox potential. (A) An oxidizing

potential increases the efficiency of o subunit folding. The o subunit was

translated in the presence of the indicated concentrations of oxidized

glutathione (GSSG; in mM). Aliquots from the translation reactions were

solubilized and assayed via immunoprecipitation and BTX-binding. Note that

increasing concentrations of GSSG slightly inhibited the translation

efficiency. (B) A reducing environment lowers the efficiency of o subunit

folding. Alpha subunit was translated in the presence of 2 mM GSSG and

various concentrations of DTT (in mM). Aliquots of the translation reactions

were solubilized and assayed via immunoprecipitation and BTX-binding.
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Figure 2-6.

Correct disulfide-bond formation limits the folding efficiency of the O. subunit.

(A) Removal of two adjacent cysteines increases the efficiency of o subunit

folding. Cysteine residues at positions 192 and 193 were changed to serine

residues by site-directed mutagenesis (C-->S). The wildtype and the

mutated o subunit were translated in the presence and the absence of 2 mM

GSSG. An aliquot from each translation reaction was solubilized and

assayed via immunoprecipitation and BTX-binding. (B) The C-->S mutated

o, subunit folds faster and more efficiently than the wildtype subunit. The

time-course experiment was performed as described in the figure legend for

Figure 4. Results were quantitated using a phosphorimager. The amount of

BTX-binding subunit was normalized to the amount of total protein and

plotted against minutes of chase.
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Figure 2-7.

Core glycosylation, but not oligosaccharide trimming, is essential for BTX

binding. (A) Inhibition of N-linked core glycosylation and oligosaccharide

trimming. Alpha subunit was translated either in the absence of any

additional treatment (NT) or in the presence of AcNYT, an inhibitor of core

glycosylation; castanospermine (CST; 1 mM final), an inhibitor of

glucosidases I and Il; deoxymannojirimycin (DMJ; 1 mM final), an inhibitor of

ER mannosidase. Aliquots from each translation reaction were analyzed via

immunoprecipitation and BTX-binding. (B) Inhibition of N-linked core

glycosylation with AcNYT and by site-directed mutagenesis. The

glycosylation consensus sequence was mutated by replacing the asparagine

residue at position 141 with an aspartic acid residue. The mutated subunit

and the wildtype subunit in the presence and the absence of AcNYT were

translated. Aliquots from each translation were solubilized and assayed via

immunoprecipitation and BTX-binding.
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Chapter 3

The o Subunit of the Acetylcholine Receptor

Associates with Molecular Chaperones
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INTRODUCTION

Acetylcholine receptors (AChR) localized at the mammalian

neuromuscular junction are the most well-studied members of the

neurotransmitter-gated ion channel superfamily, which includes cell surface

receptors that mediate most of the rapid signaling in the nervous system

(Unwin, 1989). The muscle AChR is a large, pentameric glycoprotein

complex consisting of four homologous subunits in the stoichiometry of oz■ yö

(Unwin, 1989). Maturation and assembly of AChR subunits take place in the

ER (Smith et al., 1987; Gu et al., 1989) and proceed in a stepwise fashion

(Gu et al., 1991).

Although the steps of the AChR subunit assembly have been well

studied, the pathway by which individual subunits fold into their native

conformation is poorly understood. Studies by Merlie and Lindstrom (1983)

revealed that prior to subunit assembly, the newly synthesized o subunit

undergoes a conformational change in which it acquires the ability to bind o

bungarotoxin (BTX). Folding of the o subunit into the BTX-binding

conformation is a relatively inefficient process. In muscle cells, only 30% of

the subunit becomes folded correctly (Merlie and Lindstrom, 1983), while the

remainder is thought to be misfolded and rapidly degraded (Merlie et al.,

1982). Because the efficiency of folding is low, maturation of the O. subunit

may be dependent on molecular chaperones that assist proteins in attaining
their native conformation.

Studies of protein folding in solution have demonstrated that

acquisition of a three-dimensional structure can occur spontaneously,
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requiring only the information stored in the sequence of amino acids

encoding the protein (Anfinsen, 1973). Based on this evidence, it was

believed that protein folding in vivo also did not require additional factors or

an input of energy. Unlike proteins that fold in solution, polypeptides that fold

in cells are present in much higher concentrations and are synthesized

gradually, allowing hydrophobic domains to become exposed while the

remainder of the chain is being translocated. These conditions increase the

potential for protein aggregation and misfolding in vivo.

Recent studies of protein folding in cells have led to the discovery of

molecular chaperons that facilitate conformational maturation of a wide

variety of proteins. Such folding factors have been found to be ubiquitous

and are present in the cell cytoplasm, the ER, the nucleus, and the

mitochondria (reviewed in Gething and Sambrook, 1992; Hartl, 1996).

Molecular chaperones promote protein maturation and oligomerization by

stabilizing unfolded and partially folded polypeptides, by preventing

premature aggregation of polypeptide chains, and by targeting misfolded

polypeptides for degradation.

Several molecular chaperones and folding enzymes have been

shown to reside in the ER and to play a critical role in conformational

maturation of membrane and secretory proteins. Chaperones such as BiP,

calnexin, calreticulin, and Grp94 have been shown to bind to newly

synthesized polypeptides prior to acquisition of their native conformation.

BiP is a soluble member of the HSP70 family of stress proteins and has been

shown to associate with a variety of nascent polypeptides (Haas, 1994).

Calnexin, a transmembrane protein, and calreticulin, its soluble homolog,
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have been shown to preferentially interact with glycoproteins in the process

of folding (Ou et al., 1993; Peterson et al., 1995). Grp94, a transmembrane

glycoprotein and a member of the HSP90 family interacts with unassembled

immunoglobulin chains (Melnick et al., 1992). Some of these chaperones

have been shown to associate with their target proteins sequentially; for

example, BiP binding has been demonstrated to precede the interaction of

Grp94 with immunoglobulin chains (Melnicket al., 1994) and to precede the

association of calnexin with the vesicular stomatitis virus glycoprotein (VSV

G protein) (Hammond and Helenius, 1994). In addition to the molecular

chaperones described above, ER contains folding enzymes such as protein

disulfide isomerase and prolyl isomerase, which catalyze the formation and

reshuffling of disulfide bonds and the isomerization of the proline peptide

bond, respectively (Freedman, 1989; Schmid, 1993). These enzymes are

thought to assist in protein folding by accelerating steps that are likely to be

rate-limiting.

Studies of the role of chaperones in the AChR subunit maturation

revealed an association of the o subunit with BiP (Blount and Merlie, 1991;

Forsayeth et al., 1992) and calnexin (Gelman et al., 1995). The time-course

of association with BiP, however, was not consistent with a role for this

chaperone in subunit folding or assembly (Forsayeth et al., 1992). Although

calnexin associated with the o subunit prior to completion of the folding

reaction, the exact function of this chaperone in conformational maturation of

the O. subunit is unknown (Gelman et al., 1995).

To elucidate which chaperones play an important role in O. subunit

maturation, the subunit was expressed in an in vitro translation system
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supplemented with canine pancreatic microsomes. The O. subunit has been

previously shown to fold into its native conformation in microsomes via a

pathway similar to that observed in vivo (Shtrom and Hall, 1996). These ER

derived membranes contain the entire complement of molecular chaperones

and folding factors found inside the cell (Bulleid and Freedman, 1988;

Marquardt et al., 1993) and offer an additional advantage over intact cells,

because the content of the microsomes can be easily manipulated. Analysis

of subunit association with various chaperones revealed that calnexin, BiP

and PDI bound to the o subunit during the course of the folding reaction.

Formation of the subunit-chaperone complex closely paralleled the folding

reaction, but did not precede it. None of the chaperones remained

associated with the mature o subunit, suggesting that chaperones are bound

to the unfolded or the misfolded population. Since stabilization of the mature

conformation of the o subunit is thought to require disulfide bond formation

(Merlie and Lindstrom, 1983), PDI is one of best candidates to facilitate

subunit folding. To definitively demonstrate a role for PDI in subunit

maturation, the o subunit was expressed in microsomes that were depleted

of lumenal content and reconstituted only with purified PDI. Folding of the ol

subunit was markedly decreased in the depleted microsomes, but was not

restored in the microsomes replenished with PDI, suggesting that PDI alone

may be insufficient to promote conformational maturation of the o subunit.
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MATERIALS AND METHODS

Constructs and Antibodies

The mouse muscle AChR o subunit (Isenberg et al., 1986), influenza

hemagglutinin (generous gift of Dr. J. White, University of Virginia), and

bovine prolactin (kindly provided by P. Walter, University of California, San

Francisco) cDNAs were subcloned into the pSP65 vector (Promega). Rat

monoclonal antibodies, mAbó1 (Tzartos et al., 1981; Ratnam et al., 1986) and

mAb210 (Ratnam et al., 1986; Das and Lindstrom, 1989) against the ol

subunit were a kind gift of Dr. J. Lindstrom. Rabbit anti-calnexin polyclonal

antibody was a generous gift of Dr. A. Helenius. Rabbit anti-BiP and mouse

anti-PDI antibodies were purchased from Affinity Bioreagents; rabbit anti-PDI

antibody was purchased from Stressgen.

RNA Synthesis

RNA was prepared according to a method previously described

(Melton et al., 1984), except that capped transcripts were synthesized.

Transcriptions were carried out with SP6 RNA polymerase (Promega) in the

presence of 40 mM Tris-Acetate pH 7.6, 6 mM Mg-Acetate, 2 mM spermidine,

10 mM DTT, 100 pig/ml BSA, 800 u/ml ribonuclease inhibitor (RNasin,

Promega), 5 mM RNA cap analog (GpppG; New England Biolabs), 0.5 mM

ATP, 0.5 mM UTP, 0.5 mM CTP, 0.1 mM GTP, 80 pg/ml linearized template

DNA, and 800 u/ml SP6 RNA polymerase (Promega). Reactions were
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incubated at 370 C for 90 minutes. After 60 minutes, an additional 400 u/ml of

SP6 RNA polymerase were added. DNA template was digested with 200

u/ml DNase I (RNase free, Pharmacia) at 370C for 15 minutes. RNA was

extracted with phenol/chloroform and precipitated. RNA was resuspended in

RNase free water at 125 ng/ul.

In Vitro Translation

Translations were carried out using the Flexi"M Rabbit Reticulocyte

Lysate (RRL) system (Promega) in the presence of canine pancreatic

microsomal membranes (Promega). The Flexi"M RRL does not contain DTT

and allows optimization of K+ and Mg++ concentrations for maximal efficiency

of translation. Reactions were usually set up in a total volume of 25 pil,

containing 16-17 pil reticulocyte lysate, 0.5 pil of 1 mM amino acid mixture

without methionine, 0.5 pil of 40 u/ml RNasin, 1 pil of 35S protein labeling mix

(>1000Ci/mmol; New England Nuclear), 1 pil of 1.25 M KCI, 1 pil of 50 mM

oxidized glutathione at pH 7.0 (GSSG, Sigma), 250 ng of RNA, and 1.5 pil of

2 eq./ul canine pancreatic microsomes. For reactions in which glycosylation

was inhibited, competitor peptide AcNYT (Welpy et al., 1983) was added to

400 pum (final concentration). To inhibit oligosaccharide trimming, the

microsomes were preincubated with castanospermine or

deoxymannojirimycin at 1 mM final concentration for 10 minutes at room

temperature prior to addition of the other translation reaction components.

Translation reactions were incubated at 28.59C for 60 minutes. Samples

were analyzed by immunoprecipitation and BTX-binding.
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Time-Course of Subunit Folding and Association with Chaperones

Translation reactions were set up as described except that the final
volume was scaled up to 100 pil. Reactions were pre-incubated in the

presence of 35S labeling mix for 10 minutes at 28.50C (pulse), and incubated
in the presence of 1 mM (final concentration) of methionine and cysteine at

28.50C for various amounts of time (chase). At each time point, an aliquot

was removed and placed into a fresh tube on ice. Folding was terminated by

alkylation of free sulfhydryls with 20 mM N-ethylmaleimide (NEM; Sigma).

Each aliquot was processed for immunoprecipitation and BTX-binding.

Immunoprecipitation and Folding Analysis

Samples were solubilized in ice-cold extraction buffer (50 mM Hepes

pH 7.5, 50 mM NaCl, 1 mM EDTA, 1.25% Triton X-100, and 1 mM PMSF),

except for immunoprecipitation with the anti-calnexin antibody for which

samples were solubilized in 50 mM Hepes pH 7.5, 200 mM NaCl, 2%
CHAPS, and 1 mM PMSF. Typically, a 4 pil aliquot from a translation reaction

was solubilized in the final volume of 200 pul and used for a single

immunoprecipitation or BTX-binding reaction. For immunoprecipitation

analysis, the solubilized polypeptide was incubated with a primary antibody

for 1 hr, followed by incubation with a secondary antibody (rabbit anti-rat IgG

for mAbsé1 and 210, or rabbit anti-mouse IgG for the antibody against PDI;

Cappel) for 1 hr and incubation with protein A-Sepharose (Sigma) at 49C for

***
as tº

º º
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1 hr with gentle agitation. To assess the amount of non-specific precipitation,

some samples were processed in the absence of the primary antibody. The

precipitated complexes were washed with ice-cold extraction buffer and

resuspended in an equal volume of 2X SDS sample buffer (1X: 50 mM Tris

pH 6.8, 2% SDS, 10% glycerol, .01% bromphenol blue, 5% B

mercaptoethanol) in the presence or absence of 3-mercaptoethanol for

reducing and non-reducing SDS-PAGE, respectively.

For BTX-binding analysis, samples were solubilized as above and

incubated with BTX (Sigma) coupled to Sepharose (Sepharose 4B; Sigma)

for 2 hrs at 40C with gentle agitation. As a control for specificity of this
precipitation, some samples were pre-incubated with uncoupled BTX (5 puM)

for 1 hr prior to addition of BTX-Sepharose. The precipitated material was

then washed and resuspended in SDS sample buffer as above. Samples

were heated at 1000C for 3 minutes and analyzed via SDS-PAGE. The gels

were processed for fluorography using Resolution"M (E.M.Corp.) enhancer.

Quantitation of data was performed by either scanning the fluorograms with a

computerized densitometer and using Image 1.52 software (NIH) or by

exposing

Immunoprecipitation of the Mature, 125I-BTX-Binding, o. Subunit

Unradiolabeled o subunit was synthesized as above, except 1 pil of

0.5 mM L-methionine was added instead of the 35S protein labeling mix. The

subunit was solubilized in 500 pul (final volume) of extraction buffer and

incubated with 1.7 nM 125I-BTX (>200Ci/mmol; Amersham) for 1 h. at 49C. A
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2500-fold excess of unlabeled BTX was added and the BTX-subunit complex

was collected by immunoprecipitation with mab210 or with chaperone

Specific antibodies. Nonspecific binding was assessed by omission of the

primary antibody in the immunoprecipitation. Samples were processed in

triplicate, and the radioactivity was measured in a gamma counter.

Nonspecific binding was usually <10% of total binding.

Depletion and Reconstitution of Microsomes

Canine pancreatic microsomes were depleted of lumenal content as

previously described (Bulleid and Freedman, 1988). Depleted microsomes

were prepared by adding 250 pil of microsomes to 1.3 mls 50 mM KCI, 0.25 M

sucrose, 25 mM CAPSO pH 9.1 (or 50 mM KCI, 0.25 M sucrose, 25 mM

Hepes pH 7.5 for mock-depletion). The microsomes were homogenized

gently with approximately 10 strokes of the hand-held homogenizer on ice.

The suspension was layered over 1 ml sucrose cushion (100 mM KCI, 0.5 M

sucrose, 50 mM Hepes pH 7.5) and centrifuged at 109,000g for 90 minutes at

40 C (34 krpm in Beckman 70.1 Ti rotor). Microsomal pellet was

resuspended in 100 pil 50 mM KCI, 0.25 M sucrose, 25 mM Hepes pH 7.5.

Microsomes depleted of their lumenal content were reconstituted by

resuspending the depleted microsomal pellet in purified bovine PDI

(Calbiochem) or a combination of PDI and BiP (Stressgen) at 10 mg/ml in 50

mM KCI, 0.25 M sucrose, 25 mM CAPSO pH 9.1, 1 mM MgATP. The

microsomes were then incubated on ice for 10 minutes and the pH was

adjusted to 7.5 by the gradual addition of 1 M Hepes, pH 7.5. The



65

microsomes were collected by centrifugation through a sucrose cushion as

clescribed above and the microsomal pellet was resuspended in 100 pul 50

rmM KCI, 0.25 M sucrose, 25 mM Hepes pH 7.5.

Proteinase K Digestion and Immunoblotting

A 2 pil aliquot from each reconstituted preparation was incubated with

proteinase K (self-digested for 30 minutes at 370 C) at 50 pug/ml for 30

rminutes on ice in the presence or the absence of 1 % SDS. Digestion was

terminated by the addition of PMSF to 2 mM, followed by the addition of the

SDS-PAGE loading dye.

1.5 pil from untreated microsomes, 2 pil from each microsomal pellet,

and 12 pil from each supernatant fraction containing the lumenal homogenate

vvere resuspended directly in SDS-PAGE loading buffer and separated via

SDS-PAGE along with the samples treated with proteinase K. Protein was

transferred onto a nitrocellulose membrane and probed with a rabbit

polyclonal antibody against PDI.

Folding of the o Subunit in Depleted and Reconstituted Microsomes

The o subunit was translated, as outlined above, using 2 pil of mock

clepleted, depleted, and reconstituted microsomes. Microsomes were

collected by centrifugation in a microfuge at top speed at 49 C to separate the

translocated subunit from the untranslocated polypeptide. The microsomal
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pellet was solubilized in extraction buffer and analyzed via

immunoprecipitation with mAb61 and BTX-binding as described above.

Folding of Prolactin in Depleted and Reconstituted Microsomes

Prolactin was translated using 1.5 pil of untreated, 2.5 pil depleted, or

2.5 pil reconstituted microsomes in the presence of increasing concentrations

cf oxidized glutathione added cotranslationally. 2 pil aliquots from each

translation reaction were solubilized in 8 pil extraction buffer containing 100

rmN iodoacetamide (final concentration). Samples were incubated on ice for

T 0 minutes, diluted in SDS-loading dye, and electrophoresed under

nonreducing conditions, such that the faster-migrating, native form of

prolactin was separated from the reduced form. Dried gels were exposed to

a phosphor screen (Molecular Dynamics), and the data were quantitated

using ImageOuant software.

º

º
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RESULTS

The o Subunit Associates with Several Molecular Folding Factors

To study chaperone interaction, the o subunit was expressed in a

standard in vitro translation system consisting of rabbit reticulocyte lysate and

canine pancreatic microsomes. The ER-derived microsomes from the dog

pancreas contain the entire complement of chaperones and folding factors

present in the ER lumen (Bulleid and Freedman, 1988; Marquardt et al.,

1993) and are an ideal tool with which to study the role of molecular

chaperones in protein folding. Association between the o subunit and

various folding factors was assessed via coimmunoprecipitation analyses in

vvhich the solubilized subunit was immunoprecipitated with chaperone

specific antibodies. Calnexin, PDI and BiP formed a complex with both the

rmature, glycosylated o subunit and with the unglycosylated peptide which

vas formed in the presence of an inhibitor of glycosylation (Fig. 3-1).

Association Between the o Subunit and Calnexin Does Not Require

Glucose Residue Trimming

Calnexin has recently been implicated in the folding pathway of

several viral coat glycoproteins (Hammond et al., 1994). During glycoprotein

processing in the ER, the terminal-most glucose and mannose residues on

the core oligosaccharide are removed by specific glucosidases and a

rmannosidase, respectively (Kornfeld and Kornfeld, 1985; Elbein, 1991).
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Calnexin has been shown to facilitate protein folding by associating

preferentially with the monoglucosylated oligosaccharide moiety on

glycoproteins and allowing polypeptide chains to undergo intramolecular

folding (Hebert et al., 1995) (shown in the schematic diagram in Fig. 3-2).

Calnexin releases its substrate when the terminal-most glucose residue is

trimmed (Hebert et al., 1995). If the glycoprotein has attained its native

conformation, it proceeds through the secretory pathway. Incompletely

folded polypeptides, on the other hand, become reglucosylated and

associate with calnexin again (Fig. 3-2). Inhibition of glucose residue

trimming has been shown not only to block the association between calnexin

and glycoprotein, but to lower the efficiency of folding for several viral coat

glycoproteins (Hammond et al., 1994; Hammond and Helenius, 1994).

The role of calnexin in facilitating folding of other glycoproteins made

this chaperone an attractive candidate for assisting in the conformational

maturation of the O. Subunit. To determine if association between the O.

subunit and calnexin is sensitive to inhibition of glucose residue trimming, the

C. subunit was expressed in the presence of castanospermine (CST), a

potent inhibitor of ER glucosidases (Elbein, 1991). Interaction of calnexin

vºwith the o subunit did not require glucose residue trimming (Fig. 3-3) and

vvas observed even with the unglycosylated subunit (Fig. 3-3, lower band and

Fig. 3-1, lane 10). To test whether the non-sugar dependent association

results from formation of a stable complex between calnexin and the large

clisulfide-linked aggregates of misfolded subunit, samples were

electrophoresed under nonreducing, as well as reducing, conditions to trap

large complexes between the stacking and the resolving gel (Marquardt et
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al., 1993). Under both of these conditions, however, association of calnexin

vvith the o subunit was insensitive to blockade of glucose residue trimming

(Fig. 3-3). Because previous data have shown that calnexin specifically

interacts with the monoglucosylated sugar moiety on influenza hemagglutinin

(HA) and vesicular stomatitis virus G (VSV-G) protein (Hammond et al.,

1994), HA was used as a positive control to demonstrate a requirement for

glucose residue trimming in the in vitro translation system. Synthesis of HA

in the presence and the absence of oligosaccharide trimming inhibitors

revealed that formation of a complex between calnexin and HA was blocked

by CST, an inhibitor of glucose residue trimming, but was unaffected by

cleoxymannojirimycin (DMJ), an inhibitor of mannose residue trimming, as

has been previously reported (Fig. 3-3). Unlike HA, the o subunit associates

vvith calnexin in the absence of glucose residue trimming.

It is possible that interaction between calnexin and the misfolded

population of the o subunit is independent of glucose residue trimming, while

association with that population which is undergoing folding requires

trimming. Because most subunit folding takes place in the first 30 minutes

=fter synthesis (Merlie and Lindstrom, 1983; Blount and Merlie, 1988),

Einding of calnexin to the O. subunit may be more sensitive to blockade of

slucose residue trimming at earlier times in the course of subunit maturation.

A time-course measuring association between calnexin and the o subunit in

the presence and the absence of CST showed that even at earlier times in

the folding process formation of the calnexin-o: subunit complex did not

require glucose residue trimming (Fig. 3-4A). In contrast, association
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between Calnexin and HA was more sensitive to CST treatment at earlier

times in the course of polypeptide maturation (Fig. 3-4B).

Complexes Containing the o Subunit and Chaperones Continue to

Accumulate During Subunit Maturation

Molecular chaperones that facilitate protein folding have been shown

to associate with their substrate prior to completion of the folding reaction and

to release the polypeptide once it has reached its mature conformation.

VWhen the time-course of association between the O. subunit and calnexin

vvas examined, association was found to closely parallel subunit folding, but

not to precede it; moreover, association persisted after folding was completed

(Fig. 3-5). To determine if calnexin binds to the o subunit that has acquired

its native conformation, the subunit was solubilized and incubated with

radiolabeled BTX to selectively label the folded population of subunit.

Calnexin was not found to be associated with the fully mature, BTX-binding

form of the o subunit either in the presence or in the absence of CST (Fig. 3

ES), suggesting that calnexin is complexed with the unfolded and/or misfolded
forms of the O. subunit.

Molecular chaperones such as BiP and folding enzymes such as PDI

Feave also been shown to associate with polypeptides in the process of

folding (Freedman, 1989; Haas, 1994). Since the extracellular region of the
Tºnature o subunit contains two disulfide bridges (Kao and Karlin, 1986) that

=re thought to stabilize its native conformation, this polypeptide is likely to

rely on PDI for assistance in folding. Time-course analysis of complex
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formation between these folding factors and the o subunit, however, revealed

that association with PDI and BiP peaks after most of the subunit has

acquired its native conformation (Fig. 3-7). Neither of these chaperones was

associated with the fully mature o subunit (Fig. 3-8). The o subunit in the

complexes that were observed is thus likely to represent aberrantly-folded
nnolecules.

Folding of the o Subunit in Depleted and Reconstituted Microsomes

Both PDI and BiP are lumenal proteins and can be completely stripped

from the ER-derived microsomes. Depletion of the lumenal content followed

by reconstitution of the microsomes with a specific chaperone would

clefinitively illustrate that a particular chaperone is essential for o: subunit

folding. Homogenization of microsomes at alkaline pH allows for efficient

release of lumenal proteins. Immunoblot for the presence of PDI in the

rrnicrosomes revealed that endogenous PDI was released into the

supernatant fraction and was largely depleted from the microsomal pellet

La noer alkaline conditions (Fig. 3-9, "D"), but remained inside the microsomes

=fter homogenization at neutral pH (Fig. 3-9, "M"). The depleted microsomes

\ºvere efficiently reconstituted with purified PDI (Fig. 3-9, "R") which became

incorporated into the lumen of the microsomes where it was mostly protected
from digestion with proteinase K (Fig. 3-9).

Subunit folding was analyzed in microsomes that were mock

Siepleted, depleted, or reconstituted with purified PDI. The microsomes that

\ºvere reconstituted with a combination of PDI and BiP severely inhibited
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translation in the rabbit reticulocyte lysate and were not used in subsequent

experiments. The efficiency of acquisition of BTX-binding by the o subunit

vvas markedly reduced in the microsomes from which the entire lumenal

content had been removed (Fig. 3-10, compare "D" to "M"); however, correct

folding of the subunit was not restored in the microsomes replenished with

purified PDI (Fig. 3-10, "R").

The lack of subunit folding observed in reconstituted microsomes may

have resulted from inability of the purified PDI to catalyze disulfide bond

formation. To determine if microsomes reconstituted with PDI are capable of

rmediating disulfide bond formation, intramolecular folding of bovine prolactin

vvas analyzed. Prolactin has been shown to assume its native conformation

in microsomes deficient in PDI, but only in the presence of saturating

amounts of oxidized glutathione (GSSG) (Kaderbhai and Austen, 1985).

Since, the native form of prolactin has a faster mobility under nonreducing

gel electrophoresis than the unfolded or partially folded form (Kaderbhai and

Austen, 1985), the efficiency of folding can be easily monitored. Expression

cf prolactin in microsomes that were untreated, depleted, or reconstituted

vvith purified PDI in the presence of increasing concentrations of GSSG

revealed that maximal folding of prolactin occurred at the same concentration

cf GSSG in microsomes containing purified PDI as in the control microsomes

K Fig. 3-11). In contrast, a two-fold greater concentration of GSSG (Fig. 3-11)

Nºvas required for maximal disulfide bond formation in the depleted

Trnicrosomes. Since prolactin folded more efficiently in the presence of PDI,

these data suggest that the exogenous PDI added to the microsomes is

=ctive in catalyzing disulfide bond formation. Although approximately equal
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amounts of prolactin were translocated into all three preparation of

microsomes (data not shown), the folding efficiency of prolactin in the

reconstituted microsomes was not as high as in the control microsomes,

suggesting that factors other than PDI may be required for efficient folding of

prolactin.
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DISCUSSION

A cell-free system consisting of rabbit reticulocyte lysate supplemented

with canine pancreatic membranes was used to elucidate the role of

molecular folding factors in the maturation pathway of the AChR or subunit.

The ER-derived microsomes contain the entire complement of molecular

chaperones and folding enzymes that are found intracellularly and have

been used to study the folding pathway of a variety of proteins (Scheele and

Jacoby, 1982; Kaderbhai and Austen, 1985; Bulleid and Freedman, 1988;

Ribaudo and Margulies, 1992). Since the o subunit of the AChR has

previously been shown to acquire its native conformation in microsomes via

a pathway that is similar to that reported in vivo (Shtrom and Hall, 1996), this

in vitro translation system may be especially useful in studying chaperone

function. Co-immunoprecipitation analyses revealed that during the course

of folding, the o subunit formed stable complexes with calnexin, BiP, and PDI.

Association of calnexin with the o subunit was not dependent on N

linked core glycosylation or on glucose residue trimming. Moreover,
inhibition of glucose residue trimming in microsomes (Shtrom and Hall, 1996
and Fig. 3-6) or in cultured muscle cells (Smith et al., 1986) did not lower the
efficiency of o subunit folding. If the chaperone function of calnexin is
■ ne Cliated exclusively through an association with a partially trimmed

oligosaccharide moiety (Hammond and Helenius, 1994; Hebert et al., 1995),

then calnexin apparently does not facilitate o subunit folding. On the other

hand, calnexin may assist protein folding by interacting with other domains

°n the o subunit. Recent evidence with other proteins suggests that calnexin
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can associate with unglycosylated polypeptides and may interact with

transmembrane domains on target proteins (Williams, 1995).

Although calnexin was found to be associated with the o subunit

during the course of the folding reaction, maximal binding occurred after most

of the subunit had already acquired its native conformation. A different

pattern of binding to calnexin has been observed in cultured muscle cells

expressing the entire complement of AChR subunits (Gelman et al., 1995).

These studies revealed that calnexin binds to the o subunit transiently and

releases the polypeptide once it attains its native conformation and becomes

assembled with other subunits (Gelman et al., 1995). It is possible that in

addition to its role in facilitating protein folding, calnexin may also function as

part of the ER quality control machinery to retain unassembled polypeptides

insicle the ER. Studies of MHC class I immunoglobulin (Degen and Williams,

1991) and T cell receptor (David et al., 1993) maturation revealed that

partially assembled complexes formed in the absence of one of the subunits

remained bound to calnexin and were retained in the ER. Such stable

association with calnexin may also predominate under conditions when the ol

subunit is expressed alone, as suggested by the in vitro experiments

Presented here. Since in cells, expression of incomplete combinations of

AChR subunits results in their retention in the ER (Blount et al., 1990; Gu et
al., 1 991), studies of association between calnexin and unassembled

subunits in vivo may provide additional evidence that this chaperone plays a
■ ole in ER quality control.

The timing of chaperone binding relative to subunit folding for BiP and

°P was similar to that observed for calnexin. None of the three folding
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factors associated with the fully mature subunit, but all three formed stable

complexes with the unfolded or misfolded subunit. The time-course of

interaction between BiP and the O. subunit in vitro was similar to that

observed in vivo, where it was postulated that BiP does not play a role in

subunit maturation or assembly (Forsayeth et al., 1992). BiP has been

shown to associate with unassembled or misfolded polypeptides and has

been implicated in prevention of their exit from the ER (Bole et al., 1986;

Hurtley et al., 1989). Thus, BiP, like calnexin, may also function in retention

Of unassembled AChR subunits in the ER.

PDI has not been implicated in quality control mechanisms in the ER,

but has been shown to associate with newly synthesized polypeptides

(Freedman, 1989). Its function in the formation and reshuffling of disulfide

bonds makes it an attractive candidate for playing a role in the maturation

pathway of the o subunit, which in the native state contains two disulfide

briciges in its extracellular domain (Kao and Karlin, 1986). Disulfide-bond
formation is thought to be critical for proper folding of the o subunit (Merlie

anci Lindstrom, 1983; Kao and Karlin, 1986) and may take place co

translationally (Shtrom and Hall, unpublished observations). Due to the
Pre Cominance of stable association between the o subunit and folding

factors in the microsomes, a transient contact with PDI during disulfide-bond

Catalysis may be difficult to detect. To implicate PDI directly in playing a role
in conformational maturation of the a subunit, folding was analyzed in

■ nicrosomes whose entire lumenal content was removed and replaced only

with purified PDI.
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Folding of the o subunit was markedly decreased in the depleted

microsomes, but was not restored in membranes replenished with purified

PDI. Although it is possible that the exogenously added PDI is not as active

in catalyzing disulfide bond formation as the native PDI, the most likely

explanation for the lack of o subunit folding in the reconstituted microsomes

is the absence of additional factors required for conformational maturation.

The following evidence supports this notion. First, prolactin folded more

efficiently in the microsomes reconstituted with purified PDI than in the

depleted microsomes, demonstrating that PDI is active in catalyzing disulfide

bond formation. Second, a similar procedure of replacing purified PDI into

microsomes depleted of their lumenal content showed that PDI incorporated

into the microsomes retains its high level of activity and is capable of

restoring almost entirely cotranslational disulfide-bond formation to newly

synthesized Y-gliadin (Bulleid and Freedman, 1988). Finally, the maximal

amount of native prolactin produced in microsomes depleted of their lumenal

content and in microsomes reconstituted with PDI was similar, but lower than

in control microsomes. The latter observation reveals that the combination of

PDI and oxidized glutathione is not sufficient to raise the level of prolactin

folding to that observed in control microsomes, suggesting that other factors

critical for maturation may have been removed from the microsomes during

the depletion step. In contrast to prolactin folding, conformational maturation

of the O. subunit may be more sensitive to the absence of other factors or

chaperones, such that no folding takes place in the presence of PDI and

oxidized glutathione alone.
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Recent studies have demonstrated that molecules that facilitate protein

folding interact with their substrate early in the maturation pathway and

release the polypeptide once it has attained its native conformation (Gething

and Sambrook, 1992). The data presented here show that expression of a

single subunit in isolated microsomes, in which misfolded or unassembled

polypeptides are not degraded rapidly, leads to the accumulation of

chaperone-subunit complexes. Studying protein folding in microsomes

offers an advantage over whole-cell analysis, however, because of the ease

with which the contents of microsomes can be manipulated. The method of

complete lumenal depletion followed by reconstitution with a specific

chaperone, as used in this study, can be complemented by an alternate

approach of reintroduction of a chaperone of interest into the microsomes

from which it was selectively removed. Thus, this cell-free system may be a

powerful tool in definitively establishing which chaperones are critical for

protein folding.
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Figure 3-1.

Molecular chaperones associate with the o subunit. The o subunit was

synthesized in the presence and the absence of N-linked glycosylation

inhibitor, AcNYT. The microsomes were solubilized and the subunit was

immunoprecipitated with antibodies against the o subunit (o) or against the

chaperones calnexin (Cal), protein disulfide isomerase (PDI), and BiP.

Subunit folding was analyzed by precipitating the o subunit with o

bungarotoxin coupled to Sepharose (Tx). Nonspecific binding was assessed

by omission of the primary antibody in the immunoprecipitation (NS) or by

preincubating the subunit with an excess of uncoupled toxin (Comp).

Samples were then analyzed via SDS-PAGE under reducing conditions,

except for samples immunoprecipitated with antibodies against calnexin,

PDI, and BiP which were analyzed under nonreducing conditions to trap

large complexes between the stacking and the resolving gels. Gels were

subjected to fluorography. For clarity, the lanes showing

immunoprecipitation with an antibody against the o subunit were exposed for

80 minutes, and the rest of the lanes were exposed for 23 hrs.
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Figure 3-2.

Schematic diagram of the association between glycoproteins and calnexin.

Calnexin preferentially binds to the partially trimmed oligosaccharide from

which the two outer glucose residues (shown as triangles) have been

removed. Trimming of the terminal mannose residues (shown as circles)

does not affect the binding of calnexin to the substrate. While associated with

calnexin, the glycoprotein is thought to undergo intramolecular folding. The

polypeptide is released from calnexin when the terminal-most glucose

residue is removed. If the polypeptide is correctly folded, it proceeds through

the secretory pathway; however, if the polypeptide has not acquired its native

conformation, it becomes reglucosylated and binds to calnexin again.
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Figure 3-3.

Association of calnexin with the o subunit is independent of glucose residue

trimming, while binding to influenza hemagglutinin (HA) requires a trimmed

oligosaccharide. The o subunit or HA were synthesized in the presence or

absence of glucosidase I and Il inhibitor, castanospermine (CST), and

mannosidase inhibitor, deoxymannojirimycin (DMJ). The polypeptides were

solubilized and immunoprecipitated with the anti-calnexin antibody.

Duplicate samples were separated via SDS-PAGE under non-reducing (NR)

and reducing (R) conditions. Gels were processed for fluorography.
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Figure 3-4.

Time-course of association of calnexin with the O. subunit or influenza

hemagglutinin. The O. subunit or influenza hemagglutinin (HA) were

synthesized in the presence or absence of the glucose residue trimming

inhibitor, castanospermine (CST), and were radiolabeled for 10 minutes with

35S-methionine. At various times during the chase with unlabeled

methionine, aliquots were removed and processed via immunoprecipitation

with the anti-calnexin antibody. Samples were separated via SDS-PAGE

under non-reducing conditions to eliminate non-specific binding. The

amount of substrate associated with calnexin at various times during the

chase was quantitated using a phosphorimager and Imageduant software.



86

HA+ CST

H=(/)O+©3

HA

45 6030

Time (min)

$$$
■ 7■

$$$3

8000 -

10000.

(S■ un
Aueu■■ quy)(s■■ un
Aueu■■ quy)pº■ e■ OOSSVu■ º■ OldJO

■ unouu■ ?pº■ e■ 0OSSV
u■■■ OJdJO
■ unOuw/

Time (min)



87

Figure 3-5.

Time-course of o subunit folding and association with calnexin. The ol

subunit was synthesized in the presence of 35S-methionine for 10 minutes

(pulse) and in the presence of unlabeled methionine for the times indicated

(chase). Aliquots of the translation reaction were removed at various times

during the chase and were analyzed via immunoprecipitation with the anti

calnexin antibody (Cal) or assayed for BTX-binding (Tx). Samples were

separated by SDS-PAGE under non-reducing conditions (Cal) or reducing

conditions (Tx). Data were quantitated using a phosphorimager and were

plotted as percent maximum association during the chase period.
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Figure 3-6.

Calnexin does not associate with the folded O. subunit. The O. subunit was

synthesized in the presence and the absence of the glucose residue

trimming inhibitor, castanospermine (CST). The solubilized subunit was

incubated with 1.7 nM 125I-BTX for 1 hr. Incubations were terminated by

addition of 5 puM unlabeled toxin and the BTX-bound complex was collected

by immunoprecipitation with antibodies against the o subunit or calnexin.

Non-specific binding was measured by omission of the primary antibody.

Samples were processed in triplicate and the radioactivity was measured

using a Y counter. Specific binding +/- SEM was plotted.
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Figure 3-7.

Time-course of o subunit folding and association with PDI and BiP. The O.

subunit was synthesized in the presence of 35S-methionine for 10 minutes

(pulse) and in the presence of unlabeled methionine for the times indicated

(chase). Aliquots of the translation reaction were removed at various times

during the chase and were analyzed via immunoprecipitation with antibodies

against PDI and BiP or assayed for BTX-binding (Tx). Samples were

separated by SDS-PAGE under non-reducing conditions (PDI, BiP) or

reducing conditions (Tx). Data were quantitated using a phosphorimager

and were plotted as percent maximum association during the chase period.
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Figure 3-8.

PDI and BiP do not associate with the folded O. Subunit. The Solubilized O.

subunit was incubated with 1.7 nM 125I-BTX for 1 hr. Incubations were

terminated by addition of 5 p.m. unlabeled toxin and the BTX-bound complex

was collected by immunoprecipitation with antibodies against the o subunit,

PDI, or BiP. Non-specific binding was measured by omission of the primary

antibody. Samples were processed in triplicate and the radioactivity was

measured using a Y counter. Specific binding +/- SEM was plotted.
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Figure 3-9.

Microsomes depleted of lumenal content can be reconstituted with purified

PDI. Microsomes were mock-depleted (M) or depleted (D) by

homogenization at neutral or alkaline pH, respectively. Microsomes were

collected by centrifugation through a sucrose cushion. Depleted microsomes

were reconstituted with purified PDI (R') or a combination of PDI and BiP (R").

Reconstituted microsomes were subjected to digestion with proteinase K

(PK) in the presence and the absence of SDS. Aliquots from the supernatant

(S) fraction containing the homogenate and from the pellet (P) fraction

containing the microsomes were lysed and separated via SDS-PAGE.

Proteins were transferred onto nitrocellulose and immunoblotted with an anti

PDI antibody. An aliquot from untreated microsomes (UT) and 1 pug of

purified PD■ are included for comparison.
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Figure 3-10.

Folding of the o subunit in mock-depleted, depleted, or reconstituted

microsomes. The o subunit was synthesized in the presence of 2 pil of

microsomes that were mock-depleted (M), depleted (D), or reconstituted with

PDI (R). After subunit synthesis, the microsomes were pelleted to collect the

translocated subunit and to separate it from the untranslocated population.

Following solubilization, the total amount of subunit produced was

determined by immunoprecipitation with mab61; subunit folding was

measured by precipitation with BTX-Sepharose. Samples were separated

via SDS-PAGE, and the data were quantitated using a phosphorimager.

Percent folded subunit relative to total subunit produced was plotted for each

microsomal preparation.
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Figure 3-11.

Prolactin folds more efficiently in microsomes replenished with PDI than in

microsomes depleted of their lumenal content. Bovine prolactin was

synthesized using untreated microsomes (U), microsomes depleted of their

lumenal content (D), or microsomes depleted and reconstituted with purified

PDI (R) in the presence of increasing concentrations of oxidized glutathione

(GSSG). Aliquots from each translation reaction were treated with

iodoacetamide to prevent further disulfide bond formation and separated via

SDS-PAGE under nonreducing conditions. The amount of faster-migrating,

native prolactin relative to the total amount of prolactin translocated into the

microsomes was quantitated using a phosphorimager. Percent folded

prolactin was plotted as a function of increasing concentration of GSSG.
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Chapter 4

The O. and 6 Subunits of the Acetylcholine Receptor

Assemble into Heterodimers with a High-Affinity Ligand-Binding Site
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INTRODUCTION

The acetylcholine receptor (AChR) localized at the mammalian

neuromuscular junction is the most well-studied ion channel. Activation of

this receptor by acetylcholine released from the nerve terminal leads to a

rapid depolarization of the muscle cell membrane and initiates a signaling

Cascade that culminates in contraction of the muscle. The mature channel is

a pentamer, consisting of four homologous subunits in the stoichiometry of

o:23)6 (Unwin, 1989). Each subunit is an integral membrane glycoprotein

with a large extracellular N-terminal domain followed by four transmembrane

segments and a short extracellular C-terminal tail (Unwin, 1989). The

subunits are arranged around a central aqueous pore with the Y subunit

juxtaposed between the two o subunits (Karlin et al., 1983). The two ligand

binding sites on the receptor are associated with the o subunit and appear to

lie at or near the interface between the o■ and the oy subunits (Pedersen and

Cohen, 1990; Sine and Claudio, 1991).

AChR subunits are co-translationally inserted into the ER membrane

(Anderson and Blobel, 1981) where they are assembled into the mature

receptor (Smith et al., 1987). Subunit assembly proceeds via a defined

pathway in which the first step is the formation of heterodimers between the

o:8 and the oy subunits (Blount and Merlie, 1989; Gu et al., 1991). The

heterodimers then associate with the 3 subunit to form the pentameric

complex. Prior to association with the 6 and Y subunits, the o subunit

undergoes a conformational change in which it acquires the ability to bind o

bungarotoxin (BTX) (Merlie and Sebbane, 1981; Merlie and Lindstrom,
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1983). Correct folding of the o subunit is a relatively inefficient process. In

muscle cells, about 30% of the O. subunit acquires toxin-binding activity and

is subsequently incorporated into the AChR (Merlie and Lindstrom, 1983),

while the remainder does not acquire BTX-binding activity and is degraded

(Merlie et al., 1982). The rate-limiting step in the folding reaction is

postulated to be disulfide bond formation (Merlie and Lindstrom, 1983)
between two pairs of cysteine residues in the extracellular region of the ol

subunit (Kao and Karlin, 1986). The correctly folded o subunit expressed in

the absence of other subunits binds cholinergic ligands with a low affinity
(Blount and Merlie, 1988). In contrast, association with the 6 or the Y subunits

into heterodimers results in the formation of high-affinity ligand-binding sites

whose properties are indistinguishable for those in the intact receptor (Blount

and Merlie, 1989).

The precise mechanism of subunit recognition that allows orderly

assembly is largely unknown. Although the transmembrane domains of the

subunits are in close contact around the channel pore, it is the N-terminal

portion, which is inside the ER lumen during assembly, that has been

demonstrated to mediate subunit association. When the lumenal and the

short C-terminal domains of the 3 subunits were replaced with analogous

regions of the e subunit (a developmental homolog of the Y subunit), the

chimeric subunit could replace the e subunit, but not the 3 subunit in

assembly of functional AChRs (Yu and Hall, 1991). Unlike the wildtype 3

subunit, the chimeric subunit, when coexpressed with the o subunit, formed a

heterodimer (Yu and Hall, 1991). Subsequent experiments restricted the

region responsible for the specificity of subunit association to the N-terminus.
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Fragments containing the N-terminal region of the o and the 6 subunits

competed for subunit assembly and blocked surface expression of the AChR

(Verrall and Hall, 1992). Moreover, the lumenal region of the o subunits

when fused to a heterologous transmembrane domain assembled with the 6

subunit into heterodimers with high-affinity ligand-binding sites (Wang, Z.-Z.,

Hardy, S., and Hall, Z. W., unpublished results).

Although the subunit recognition domain is thought to reside in the N

terminal fragment, the exact residues that mediate stable association

between specific subunits are largely unknown. It is also not well understood

whether subunits other than the o subunit undergo an intramolecular folding

reaction prior to subunit assembly or whether conformational maturation is

induced following association with the folded o subunit. To study the

assembly pathway in more detail, the subunits of the AChR were expressed

in a cell-free system consisting of the rabbit reticulocyte lysate supplemented

with canine pancreatic microsomes. The o subunit specifically associated

with the 6 subunit, but not the B subunit, to form heterodimers with a high

affinity ligand-binding site.
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MATERIALS AND METHODS

Constructs and Antibodies

Full-length cDNAs coding for the o, 3, and 6 subunits of the mouse

muscle acetylcholine receptor were obtained from Drs. J. P. Merlie and N.

Davidson [o., (Isenberg et al., 1986); B, (Buonanno et al., 1986); 6, La Polla et

al., 1984)]. The cDNA clone for the mouse muscle e subunit was isolated as

described (Gu et al., 1990). Each cDNA was subcloned into the pSP65

vector (Promega). Rat monoclonal antibodies against the o subunit, mab61

and mAb210 (Ratnam et al., 1986), and against the 3 subunit, mabl24

(Gullick and Lindstrom, 1983), were a kind gift of Dr. J. Lindstrom. Mouse

monoclonal antibody against the 8 subunit, mAb88B (Froehner et al., 1983),

was a generous gift of Dr. S. Froehner.

RNA Synthesis

RNA was prepared according to a method previously described

(Melton et al., 1984), except that capped transcripts were synthesized.

Transcriptions were carried out with SP6 RNA polymerase (Promega) in the

presence of 40 mM Tris-Acetate pH 7.6, 6 mM Mg-Acetate, 2 mM spermidine,

10 mM DTT, 100 pig/ml BSA, 800 u/ml ribonuclease inhibitor (RNasin,

Promega), 5 mM RNA cap analog (GpppG; New England Biolabs), 0.5 mM

ATP, 0.5 mM UTP, 0.5 mM CTP, 0.1 mM GTP, 80 pg/ml linearized template

DNA, and 800 u/ml SP6 RNA polymerase (Promega). Reactions were
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incubated at 379 C for 90 minutes. After 60 minutes, an additional 400 u/ml of

SP6 RNA polymerase were added. DNA template was digested with 200

u/ml DNase I (RNase free, Pharmacia) at 370C for 15 minutes. RNA was

extracted with phenol/chloroform and precipitated. RNA was resuspended in

RNase free water at 125 ng/ul.

In Vitro Translation

Translations were carried out using the Flexi"M Rabbit Reticulocyte

Lysate (RRL) system (Promega) in the presence of canine pancreatic

microsomal membranes (Promega). The Flexi■ N RRL does not contain DTT

and allows optimization of K+ and Mg++ concentrations for maximal efficiency

of translation. Reactions were usually set up in a total volume of 25 pil,

containing 16-17 pil reticulocyte lysate, 0.5 pil of 1 mM amino acid mixture

without methionine, 0.5 pil of 40 u/ml RNasin, 1 pil of 35S protein labeling mix

(>1000 Ci/mmol; New England Nuclear), 1 pil of 1.25 M KCI, 1 pil of 50 mM

oxidized glutathione at pH 7.0 (GSSG, Sigma), 250 ng of subunit RNA, and

1.5 pil of 2 eq./ul canine pancreatic microsomes. For reactions in which

glycosylation was inhibited, competitor peptide AcNYT (Welpy et al., 1983)

was added to 400 pum (final concentration). To inhibit glucose residue

trimming, the microsomes were preincubated with 1 mM castanospermine for

10 minutes prior to addition of the remaining components of the translation

reaction. Translation reactions were incubated at 28.59C for 60 minutes.

Samples were analyzed either directly by SDS-PAGE or via

immunoprecipitation and folding analysis described below. For direct SDS
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PAGE analysis, 2 pil from the translation reaction were solubilized in SDS

sample buffer (1X: 50 mM Tris pH 6.8, 2% SDS, 10% glycerol, .01%

bromphenol blue, 5% (3-mercaptoethanol) and heated at 1000C for 3 minutes

prior to electrophoresis.

Immunoprecipitation

Samples were solubilized in ice-cold extraction buffer (50 mM Hepes

pH 7.5, 50 mM NaCl, 1 mM EDTA, 1.25% Triton X-100, and 1 mM PMSF).

Typically, 4 pil from a translation reaction were solubilized in the final volume

of 500 pil and were used for a single immunoprecipitation reaction. For

immunoprecipitation analysis, the lysate was incubated with the appropriate

monoclonal antibody for 1 hr, followed by an incubation with a secondary

antibody (either rabbit anti-rat or rabbit anti-mouse IgG; Cappel) for 1 hr and

an incubation with protein A-Sepharose (Sigma) at 40C for 1hr with gentle

agitation. The precipitated complexes were then washed with ice-cold

extraction buffer.

125I-BTX and Ligand Binding

Unradiolabeled o subunit was synthesized alone or in combination

with other subunits as described above, except 1 pil of 0.5 mM L-methionine

was added instead of the 39S protein labeling mix. Subunits were solubilized

in 500 pil of extraction buffer.
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To measure the association efficiency of the 6 and 3 subunits with the

folded o subunit, the o subunit was cotranslated with either the 6 or the 3

subunit. Following solubilization and incubation with 125I-BTX, a 2500-fold

excess of unlabeled BTX was added and the toxin-bound complexes were

collected via immunoprecipitation with antibodies against each subunit.

Nonspecific binding was determined by omission of the primary antibody.

Total specific binding was defined as the amount of BTX-bound o subunit

precipitated with mAb210 minus nonspecific binding.

To assess inhibition of BTX-binding by cholinergic ligands to the ol

subunit synthesized alone or in the presence of the 3 subunit, the protein was

solubilized and preincubated with various concentrations of ligand for 15

minutes on ice. The lysate was then incubated with 125I-BTX for 10 minutes

(to maintain initial rate conditions), at which time a 2500-fold excess of

unlabeled BTX was added and the samples were harvested by

immunoprecipitation with mAb210. Nonspecific binding was determine as

above.

To measure inhibition of BTX-binding by cholinergic ligands to the O.8

heterodimer, the subunit complex was solubilized and preincubated with

various concentrations of ligand for 45 min, followed by incubation with 12°l

BTX for 90 min (at which time less than 50% of sites are occupied with BTX).

Incubations were terminated with addition of an excess of unlabeled BTX,

and the toxin-bound complexes were immunoprecipitated with mAb88B.
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Sucrose Gradient Sedimentation Analysis

Lysate containing unradiolabeled oë complex was incubated with 125I

BTX for 6 hrs and layered on top of a pre-formed linear 5-20% sucrose

gradient in the extraction buffer. Human hemoglobin (Sigma), bovine

alkaline phosphatase (Sigma), and bovine catalase (Sigma) were processed

in a parallel gradient and were used as standards at 4.5 S, 6.2 S, and 11.1 S,

respectively. After centrifugation of the tubes in a Beckman SW-50.1 rotor at

36,000 rpm for 16 hrs, fractions of 120 pil were collected from the bottom.

Alternate fractions were immunoprecipitated with mab88B and mAb210 as

described above. Radioactivity of the precipitated complexes was measured

in a Y counter.
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RESULTS

The O. Subunit Associates with the 6 Subunit in Vitro

Studies of cells transfected with various combinations of AChR

subunits revealed that the first step in the assembly pathway is formation of

heterodimers between the o subunit and either the 6 or the Y subunit (Blount

and Merlie, 1989; Gu et al., 1991). Once the heterodimers are formed, the B

subunit associates with the subunit complexes to form the pentameric

receptor (Gu et al., 1991). Thus, the correctly folded o subunit can

distinguish between the 6 subunit, with which it forms a heterodimer, and the

3 subunit, with which it does not. To determine if the o subunit folded in vitro

can specifically assemble with the 6 subunit, the o subunit was coexpressed

with either the 6 subunit or the 3 subunit. The complex was incubated with

125I-BTX, and the ability of subunit specific antibodies to immunoprecipitate

the BTX-bound complex was measured. Since neither the 6 nor the 3

subunit binds BTX (Blount and Merlie, 1989; Gu et al., 1991), precipitation of

BTX with antibodies against these subunits indicates association with the

BTX-bound o subunit. Approximately 40% of the 6 subunit associated with

the folded o subunit, while little or no 3 subunit formed a complex with the ol

subunit (Fig. 4-1). These data demonstrate that the folded o subunit

specifically assembles with the 6 subunit, but not with the 3 subunit.
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Assembly of the o and the 6 Subunits Does not Require Glucose Residue

Trimming

Both the O. and the 6 subunits are cotranslationally glycosylated.

Shortly after the core oligosaccharide moiety is added onto the protein, the

terminal-most glucose and mannose residues are removed by specific

glucosidases and a mannosidase inside the ER (Elbein, 1991). The process

of glucose residue trimming has been recently implicated in playing a critical

role in the folding and assembly pathways of several glycoprotein

complexes, as it was demonstrated that calnexin, an resident ER molecular

chaperone, specifically associates with a partially trimmed,

monoglucosylated oligosaccharide (Helenius, 1994; Hebert et al., 1995). To

determine if glucose residue trimming is essential for AChR subunit

assembly, the o and the 6 subunits were coexpressed in microsomes

pretreated with castanospermine (CST), an inhibitor of the ER glucosidases

(Elbein, 1991). The efficiency of oë assembly was unaffected by treatment

with CST (Fig. 4-2), suggesting that glucose residue trimming, and, therefore,

association with calnexin is not essential for subunit assembly.

The o, and the 8 Subunits Assemble into Heterodimers with a High-Affinity

Ligand-Binding Site

To determine if the O. and 6 subunits assemble into a heterodimer Or a

larger aggregate, the sedimentation properties of the ob complex in a

sucrose gradient were analyzed. A lysate containing the O. subunit
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coexpressed with the 6 subunit was incubated with 125I-BTX and sedimented

through a 5-20% linear sucrose gradient. Fractions were

immunoprecipitated with an anti-8 subunit antibody to detect the BTX-bound

o:6 complex and with an anti-o, subunit antibody to reveal the sedimentation

profile of the folded o subunit. The o■ complex migrated in a narrow peak

with a sedimentation coefficient of 6.3 S (Fig. 4-3, filled circles), a value

demonstrated for the oš heterodimer in vivo (Blount et al., 1990). Although

some of the folded o subunit remained unassembled and migrated as a

monomer with a sedimentation coefficient of 4.5 S, a major portion of the ol

subunit associated with the 6 subunit to form heterodimers (Fig. 4-3, open

Squares).

In vivo, assembly of the o and 6 subunits into a heterodimer produces

a high-affinity cholinergic ligand-binding site whose properties are

indistinguishable from the otö site of the native AChR (Blount and Merlie,

1989). To ascertain whether a cholinergic ligand-binding site is formed in

vitro, the ability of cholinergic ligands to inhibit initial rates of BTX binding to

the o subunit expressed either with the 6 subunit or with the 3 subunit was

measured. After preincubating the lysate containing either the oš or the off

subunit combination with ligand, the subunits were incubated in the presence

of 125I-BTX under conditions that maintain initial rate binding kinetics (see

Material and Methods). Incubations were terminated by addition of

unlabeled BTX, and the complexes were immunoprecipitated with either the

anti-o or the anti-6 subunit antibody. d-Tubocurarine and carbamylcholine

efficiently inhibited BTX binding to the otö heterodimer (Fig. 4-4B) at

concentrations that did not inhibit BTX binding to the o subunit expressed
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either alone (Fig. 2-2) or with the B subunit (Fig. 4-4A). These data

demonstrate formation of the cholinergic ligand-binding site in vitro.
Association of the o and 6 subunits into heterodimers suggests that

later steps in the assembly pathway may also take place in vitro. To analyze

formation of trimers and pentamers, the o and 6 subunits were coexpressed

with either the B subunit or a combination of the B and e subunits,

respectively. Incubation of solubilized subunits with 125I-BTX followed by

immunoprecipitation with an anti-B subunit antibody revealed assembly of

subunits into heteromeric complexes (Fig. 4-5). These large oligomers,

however, formed less efficiently than heterodimers (compare Fig. 4-5 to Fig.

4-1), limiting the analysis of their size via sucrose gradient sedimentation to

levels below detection, such that the heterotrimeric or pentameric nature of

these subunit complexes could not be confirmed (data not shown).

Nevertheless, since the 3 subunit associated with the o subunit only in the

presence of the 6 subunit, these data demonstrate that an important principle

of subunit assembly--that subunit association is specific and takes place in a

stepwise fashion--is maintained in vitro.
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DISCUSSION

To study the mechanism of subunit recognition and association in a

cell-free system, it was necessary to establish that the specificity of subunit

interaction and assembly in vitro was similar to that observed in vivo. The

data presented here demonstrate that the o subunit associates with the 6

subunit but not with the 3 subunit, and that the resulting heterodimers exhibit

high-affinity cholinergic ligand-binding sites.

In vivo, folding and assembly of AChR subunits occurs in a stepwise

fashion. Studies with cells transfected with various combinations of subunits

revealed that the first step in maturation of the AChR is formation of

heterodimers between the o subunit and either the 6 or the Y subunit (Blount

and Merlie, 1989; Gu et al., 1991). Only after the heterodimers are

assembled does the 3 subunit become incorporated into the complex to form

trimers (Gu et al., 1991). Thus, in vivo, the mature form of the o subunit can

distinguish between the 6 subunit and the B subunit (Blount and Merlie,

1989). Experiments in vitro showed that when the o subunit was expressed

with either the 6 or the 3 subunit, the BTX-binding form of the o subunit

associated specifically with the 6 subunit and not with the B subunit,

demonstrating that mechanisms of subunit recognition are maintained in the

in vitro system.

Association between the o and the 6 subunits was specific only after

the O. subunit had acquired its native conformation. Analysis of subunit

interaction by immunoprecipitation of the total population of the O. subunit,

rather than the BTX-binding form exclusively, revealed that the o subunit
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could form a complex with either the 6 or the 3 subunit (please see the

appendix). These complexes may be mediated through an association with

molecular chaperones that are bound to the unfolded or the misfolded

subunits. Both BiP and calnexin remain stably associated with the O. subunit

that has not acquired its native conformation (Forsayeth et al., 1992; Figs. 3

7, 3-8).

Conformational maturation of the o subunit may be the factor that

restricts subunit association such that only the o■ or the oy pairs are formed.

Once the o subunit associates with the 6 or the Y subunit, its conformation

may be further altered, allowing assembly with the 3 subunit into

heterotrimers. In fact, the correctly folded o subunit binds cholinergic ligands

with a low affinity when expressed in the absence of other subunits, but

acquires high-affinity ligand-binding properties when assembled with the 8 or

the Y subunit, suggesting that subunit association induces a conformational

change. Thus, the discrete steps of subunit assembly may be controlled by

sequential changes in subunit conformation that allow specific complexes to

form.

The correctly folded o subunit associated with the 6 subunit to form

heterodimers. Large aggregates or chaperone-linked complexes were not

observed under conditions in which the o subunit acquired its native

conformation. In contrast, studies of subunit assembly in a similar in vitro

translation system showed that under conditions when the o subunit does not

fold into the BTX-binding conformation, subunit aggregation and

homooligomerization occur (Anderson and Blobel, 1981; Anderson and

Blobel, 1983). These data support the notion that a productive association
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between AChR subunits is dependent on conformational maturation of the o,

subunit.

The efficiency of subunit assembly in vitro was lower than that

observed in vivo, where all of the correctly folded o subunit becomes

incorporated into the intact receptor (Merlie and Lindstrom, 1983). Subunit

association in vitro is likely to be limited by the probability of the different

polypeptide chains becoming translocated into the same microsome. Thus,

the efficiency of assembly of larger complexes was even lower than that

observed for heterodimer formation. Nevertheless, assembly of the o and the

6 subunits into heterodimers with a high-affinity cholinergic ligand-binding

site demonstrates that maturation of the AChR subunits in vitro follows a

pathway similar to that observed in vivo.

The in vitro translation system supplemented with dog pancreas

microsomes is a powerful tool with which to pursue studies of membrane

glycoprotein folding and assembly. The isolated microsomes contain

enzymes and factors necessary for efficient translocation, signal sequence

cleavage, core glycosylation, intramolecular folding, and oligomerization of

polypeptides. The external environment and the internal milieu of the

microsomes can be easily manipulated, allowing a detailed dissection of the

protein folding and assembly pathways. I have used this system to
demonstrate that the O. Subunit folds into a native-like conformation and

specifically assembles with the 6 subunit. Since the mechanism of subunit

folding and assembly of the muscle AChR serves as a model system for

assembly of other ligand-gated ion channels, the in vitro translation system

can be employed to elucidate the precise mechanism of subunit recognition
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and association that controls which Combinations of Subunits are assembled

into functional receptors in vivo.



118

Figure 4-1.

The BTX-binding form of the o subunit associates with the 6 subunit, but not

with the B subunit. The o subunit was cotranslated with either the 6 or the B

subunit. Subunit complexes were solubilized and incubated with 1.7 nM 125I

BTX for 1 hr. Incubations were terminated by addition of an excess of

unlabeled BTX and the BTX-bound complexes were immunoprecipitated with

either mab210, mab88B, or mabi 24 against the o, ö, or 3 subunits,

respectively. Radioactivity of the precipitated samples was measured in a y

counter. Nonspecific binding was determined by omission of the primary

antibody. The results for each antibody were expressed as percentage of

total specific binding obtained with mab210. Each value is the mean +/-

SEM of three separate determinations.
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Figure 4-2.

Assembly of the O. and 6 subunits does not require glucose residue trimming.

The O. and the 6 subunits were cotranslated in microsomes preincubated in

the presence or the absence of castanospermine (CST). Subunit complexes

were solubilized and incubated with 1.7 nM 125I-BTX for 1 hr. Incubations

were terminated by addition of an excess of unlabeled BTX and the BTX

bound complexes were immunoprecipitated with either mAb210 or mAb88B,

against the O. or the 6 subunits, respectively. Radioactivity of the precipitated

samples was measured in a Y counter. Nonspecific binding was determined

by omission of the primary antibody. The results for each antibody were

expressed as percentage of total specific binding obtained with mAb210.

Each value is the mean +/- SEM of three separate determinations.
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Figure 4-3. s

The o and the 6 subunits assemble into a dimer. Microsomes containing the zº.

unradiolabeled o.6 complex were solubilized and incubated in the presence
-

of 1.7 nM 125I-BTX for 6 hrs. The lysate was sedimented through a linear 5- º,
20% sucrose gradient. Alternate fractions were immunoprecipitated with

either an antibody against the o (open squares) or the 6 subunit (filled

circles). Radioactivity in each fraction was measured in a Y counter and

plotted as percentage of maximum.
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Figure 4-4.

Inhibition of BTX-binding by cholinergic ligands. (A) Low concentrations of

cholinergic ligands do not inhibit BTX-binding to the o subunit expressed

with the 3 subunit. The O. subunit was coexpressed with the 3 subunit to

simulate cotranslation conditions used to synthesize oft heterodimers. The

subunits were lysed and incubated in the presence of the indicated

concentrations of ligand (in M) for 15 minutes prior to addition of 1.7 nM 125I

BTX. Incubations were terminated after 10 minutes (to maintain initial rate

binding conditions) with addition of an excess of unlabeled BTX. 125I-BTX

bound complexes were immunoprecipitated with an antibody against the ol

subunit (mAb210). Nonspecific binding was measured by omission of the

primary antibody. Radioactivity was measured in a Y counter. The results for

each ligand concentration were plotted as percentage of total specific 125I

BTX-binding in the absence of any ligand. Each value is the mean +/- SEM

of three determinations. (B) Cholinergic ligands inhibit BTX-binding to the

o.6 heterodimer. The o subunit was coexpressed with the 8 subunit and

treated as described above, except preincubation with ligand was carried out

for 45 minutes and incubation with 125I-BTX was carried out for 90 minutes.

Under these conditions less than 50% of the oš sites are occupied with BTX

(data not shown). BTX-bound complexes were immunoprecipitated with an

anti-6 subunit antibody and plotted as described above. The abbreviations

used are: NL, no ligand; d-Tc, d-tubocurarine; and carb, carbamylcholine.
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Figure 4-5.

The 3 and e subunits associate with the o and 6 subunits into multimeric

complexes. The o and 6 subunits were coexpressed with either the 3 subunit

or a combination of 3 and e subunits. The solubilized subunits were

incubated with 5 nM 125I-BTX for 2 hrs. Incubations were terminated by the

addition of an excess of unlabeled toxin, and the BTX-bound complexes

were collected via immunoprecipitation with either an anti-o, subunit antibody

(mAb210) or an anti-B subunit antibody (mAb124). Radioactivity of the

precipitated samples was measured in a Y counter. Nonspecific binding was

determined by omission of the primary antibody. The results for each

antibody were expressed as percentage of total specific binding obtained

with mab210. Each value is the mean +/- SEM of three separate

determinations.
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Conclusions and Future Directions
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In the nervous system, a single cell may express multiple classes of

ion channels, each consisting of several types of homologous subunits. The

exact composition of subunits directly influences channel properties. Thus,

proper assembly of functional receptors inside the cell is likely to depend on

very precise mechanisms of subunit recognition and association. The most

well-characterized ion channel is the muscle acetylcholine receptor (AChR)

for which the exact composition of subunits and their order of assembly have

been established. Elucidation of factors that influence subunit maturation

and association, however, has been limited by the lack of a system in which

these processes can be easily studied. The data presented in this

dissertation demonstrate that subunits of the muscle acetylcholine receptor

expressed in an in vitro translation system fold into their native conformation

and associate with each other via a pathway similar to that reported in vivo.

Thus, this cell-free system consisting of the rabbit reticulocyte lysate

supplemented with canine pancreatic microsomes is a very useful tool for

studying in detail the mechanism of subunit processing and may increase our

understanding of the maturation pathway of other heterooligomeric

membrane complexes.

Although the functional properties of many neurotransmitter-gated ion

channels in the nervous system have been well-studied, the exact

composition of subunits responsible for unique channel characteristics

remains unknown. Studies of ion channel subunit folding and

oligomerization in vitro may facilitate determination of receptor composition

by demonstrating which combinations of subunits form stable complexes that

function as intermediates in the assembly pathway.
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The in vitro translation system may also be useful in studying

homooligomeric ligand-gated ion channels, which consist of only one type of

subunit. Despite the fact that all of the subunits are identical, homooligomeric

receptors contain only two ligand-binding sites. These sites may be

established stochastically or may result from asymmetry imposed during

subunit maturation. One mechanism proposed to create asymmetrically

folded subunits involves proline isomerization. Patrick and colleagues

(1994) showed that blockade of prolyl isomerase dramatically lowers surface

expression of two types of homooligomeric channels and that inhibition of

assembly can be alleviated by over-expression of prolyl isomerase. These

researchers proposed that conversion of the cis/trans peptide-proline bond

by prolyl isomerase may alter the conformation of one subunit such that

association with others would lead to formation of a unique ligand-binding

site. Stepwise assembly of homooligomeric receptor subunits in the in vitro

system may reveal a critical role for prolyl isomerase in establishing subunit

conformations necessary for proper association and formation of ligand

binding sites.

Although the in vitro translation system has been useful in elucidating

the conditions that influence the early steps of subunit assembly, formation of

larger complexes was less efficient, probably due to the limited number of

polypeptides that can be translocated into the same microsomal vesicle

where subunit association takes place. Under these conditions, assembly of

homooligomeric channels may be more efficient, since only a single type of

polypeptide has to be colocalized in the microsomes. It may also be possible

to improve the efficiency of subunit association by fusing the microsomes into
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larger, contiguous membrane sheets prior to protein translocation. To date,

no conditions that facilitate microsomal fusion while maintaining efficient
translocation have been established.

Despite recent progress in understanding the factors that influence

AChR subunit maturation, many questions regarding the early steps of

subunit assembly still remain unanswered. For example, it is not known

whether subunits other than the o subunit undergo a conformational change

prior to oligomerization or whether their maturation is induced by association

with the correctly folded o polypeptide. The region of the o subunit sufficient

for folding and assembly has been localized to the extracellular N-terminal

fragment which is the first segment to be translocated into the lumen of the

ER membranes. Thus, conformational maturation and association of

subunits may be initiated as soon as the N-terminal domain is translocated

across the membrane. The data presented in Chapter 2 suggest that ot

subunit folding may take place cotranslationally; however, the timing of

association with the 6 subunit has not been studied. The exact sequences

that mediate subunit recognition also remain unknown. Although the role of

some folding factors in the maturation pathway of the o subunit was analyzed

in Chapter 3, those chaperones that are absolutely critical for proper folding

and assembly have not been identified. The in vitro translation system in

which the timing and conditions of reactions can be easily manipulated

would be very useful in addressing all of the above-mentioned questions.

Furthermore, the conditions established here to study maturation of AChR

subunits in a cell-free system may shed light on the mechanisms that control
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the folding and assembly pathways of other multimeric membrane

complexes.
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Appendix A: Nonspecific Association Between Polypeptides in

Microsomes

The data in Chapter 4 demonstrate that the correctly folded o subunit

assembles with the 6 subunit but not with the B subunit (Fig. 4-1). When the

total population of the O. subunit is analyzed, however, association of the ol

subunit with either the 6 or the 3 subunit can be detected (Appendix A Fig. 1A

and 1B). In fact, coimmunoprecipitation analysis revealed that the O. subunit

can be found stably bound to a heterologous protein, such as the vesicular

stomatitis virus G protein (VSVG; Appendix A Fig. 1C). This association is

likely to be nonspecific and may be mediated through formation of large

complexes containing aggregated and misfolded polypeptides bound to

various molecular chaperones. Some chaperones such as BiP use ATP

while assisting protein folding and can be induced to release their substrate

polypeptide when an excess of exogenous ATP is added. Association

between the o subunit and VSVG, however, was not disrupted by addition of

ATP (Appendix A Fig. 1C, lane 3), suggesting that complex formation may be

mediated by interaction with chaperones other than BiP. The data presented

here illustrate that the unfolded or misfolded population of the o subunit

becomes nonspecifically bound to other proteins inside the microsomes. In

contrast, the correctly folded subunit is monomeric and specifically

assembles into heterodimers with the 6 subunit, but not the 3 subunit. Thus,

conformational maturation appears to be a prerequisite to proper subunit

assembly.
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Figure 1.

The o subunit associates nonspecifically with other proteins in the

microsomes. The o subunit was coexpressed with the 6 subunit (A), the 3

subunit (B), or vesicular stomatitis virus G protein (VSVG) (C). Subunit

complex was solubilized and immunoprecipitated with antibodies against the

o, (mAb61), the 6 (mAb88B), or the 3 (mAb124) subunit. Nonspecific

precipitation (NS) was determined by omission of the primary antibody.

Immunoprecipitation of samples in part C, lane 3 was carried out in the

presence of 5 mM Mg-ATP. Samples were electrophoresed under reducing

conditions. The glycosylated (g) and the unglycosylated (u) forms of subunits

are labeled.
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Appendix B: Maturation of the Truncated Forms of the O. Subunit

To determine the smallest region of the o subunit sufficient for folding,

a series of C-terminal deleted constructs was generated (schematic diagram

is shown in Appendix B Fig. 1). The largest of the truncated subunits

contains the entire N-terminal extracellular domain followed by the first

transmembrane domain (o:M1). The next largest fragment of the o subunit

contains the extracellular domain and approximately 1/3 of the first

transmembrane domain (o.216). The smallest construct contains the

extracellular domain either alone (o:211) or fused to the C-terminal fragment

of human placental alkaline phosphatase (o:211-HPAP) to anchor it to the

membrane via the glycosylphosphatidylinositol (GPI) linker. Each of these

constructs was expressed in the in vitro system in the presence and absence

of microsomes and the glycosylation inhibitor, AcNYT, to assess whether the

polypeptides are translocated and glycosylated properly (Appendix B Fig. 2).

Translocation into the membranes is followed by cleavage of the signal

sequence, resulting in a faster-migrating polypeptide (Appendix B Fig. 2,

compare lanes 2, 5, and 8 to lanes 1, 4, and 7). Addition of the N-linked core

oligosaccharide produces a larger polypeptide (Appendix B Fig. 2, lanes 6, 9,

and 11). Core glycosylation of o?11 was highly inefficient; only a small

amount of the larger polypeptide was observed (Appendix B Fig. 2, lane 3).

Because oz11 is not anchored to the membrane, it is likely to be translocated

into the lumen of the vesicles too rapidly to become glycosylated efficiently.

Acquisition of the folded conformation by the truncated o subunit was

measured by its ability to bind o-bungarotoxin (BTX). Interestingly, although
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proper folding of the intact subunit requires core glycosylation (Appendix B

Fig. 3, lane 11 and Chapter 2, Fig. 2-7), the unglycosylated forms of oz11

and o.216 bound BTX efficiently (Appendix B Fig. 3, lanes 7 and 9). Perhaps

the shorter polypeptides are less constrained than the intact subunit and fold

into the BTX-binding conformation more readily. Tethering of oz11 to the

membrane via a GPI linker increased the efficiency of glycosylation while

maintaining its ability to fold correctly (Appendix B Fig. 3, lane 8). The

truncated o subunit containing its endogenous first transmembrane domain

(O.M1) did not fold efficiently in the in vitro system (Appendix B Fig. 3, lane

10), but has been shown to fold at wildtype levels in vivo. Maturation of oz11

into the BTX-binding conformation reveals that the extracellular region of the

o, subunit contains all the information necessary for proper folding.
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Figure 1

Schematic diagram of the truncated o subunit constructs. The four

transmembrane (TM) domains are shown as rectangles. Numbered

annotations refer to the C-terminal-most amino acid residue present on the

construct. See text for details.
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Schematic Diagram of the Truncated
Alpha Subunit Constructs

Annotation:

TM1 TM2 TM3 TM4

—º O'216

-

O.211

—[] O.211-HPAP
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Figure 2

N-terminal fragments of the o subunit are processed in the presence of

canine pancreatic microsomes. Truncated subunit constructs were prepared

by PCR and subcloned into pSP65 vector. All constructs were sequenced to

confirm correct composition. The o?11-HPAP construct was prepared by Z.

Z. Wang. The intact subunit along with the various C-terminal deleted

fragments were expressed in the in vitro translation system in the presence

and absence of microsomes and the N-linked core glycosylation inhibitor,

AcNYT. A 2 pil aliquot from each translation reaction was analyzed directly by

SDS-PAGE.
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Figure 3

N-terminal fragments of the o subunit fold into the BTX-binding conformation.

Constructs described in Figure 2 that were expressed in the presence of

microsomes but in the absence of glycosylation inhibitor, AcNYT, were

analyzed via immunoprecipitation and BTX-binding. Immunoprecipitation

with mab210 revealed the total amount of subunit produced, while

precipitation with BTX-Sepharose isolated the correctly folded population of

polypeptides. Nonspecific binding was determined by omission of the

primary antibody in the immunoprecipitation reaction containing the intact

subunit (NS) and by preincubating solubilized subunit fragments with

uncoupled toxin prior to precipitation with BTX-Sepharose (Comp).
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Appendix C: Expression of a Serotonin-Gated Ion Channel in Embryonic

Neural and Nonneural Tissues

This project was carried in the laboratory of David Julius in

collaboration with Laurence Tecott. I have contributed to each aspect of this

in situ hybridization study--from preparation of tissue and radiolabeled

probes to the final analysis of the data.

Appendix C is a reprint of the material appearing in the Molecular and

Cellular Neuroscience (6: 43-55, 1995). Reprinted with permission from

Academic Press, Inc.
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The neurotransmitter serotonin (5HT) has been implicated
in morphogenesis of central nervous system and craniofa
cial structures. The actions of serotonin are mediated by
multiple receptor subtypes, one of which, the 5HT3 recep
tor, is a ligand-gated ion channel. To determine whether
this channel may contribute to the proposed morphogenic
actions of serotonin, the expression of 5HT3 receptor tran
scripts was examined during mouse embryogenesis and
correlated with the distribution of serotonin transporter
mRNA and serotonin immunoreactivity. The pattern of
5HT3 receptor mRNA expression within the brain suggests
possible roles for this receptor in the proliferation, differ
entiation, or migration of CNS neurons. In the peripheral
nervous system, 5HT3 receptor transcripts were observed
within cranial nerve sensory ganglia, olfactory neuroepi
thelia, and sympathoadrenal and enteric nervous systems
during the initial stages of their formation. Striking expres
sion of 5HT3 receptor transcripts occurred outside the
nervous system, in association with regions of active
chondrogenesis in the vertebral column, limbs, and cra
niofacial region, suggesting a possible involvement of this
receptor subtype in the morphogenesis of olfactory re
ceptor neurons, teeth, and genitalia.
* 1995 Academic Press, Inc.

INTRODUCTION

In the adult nervous system, neurotransmitters are
known to mediate intercellular communication through
synaptic release and activation of postsynaptic receptors.
In addition to short-term alterations in synaptic activity,
neurotransmitters may mediate long-term cellular effects
through modulation of gene expression (Ginty et al.,
1992). Among the proposed long-term consequences of

'To whom correspondence should be addressed. Fax. (415) 476-5292.

neurotransmitter action are effects on development. Sev
eral lines of evidence suggest that neurotransmitters such
as monoamines, acetylcholine, gamma-aminobutyric
acid (GABA), and glutamate may regulate morphogene
tic events within and outside of the nervous system (Lau
der, 1993).

In both complex and simple organisms, the appear
ance of certain endogenous transmitters preceeds neuro
genesis, suggesting that these molecules may regulate
growth and morphogenesis at early stages of em
bryogenesis, before chemical synapses have been
formed. Among such transmitters, particular attention
has focused on the role of serotonin (5-hydroxytrypta
mine (5HT)) in development. Serotonin has been de
tected in cleavage stage sea urchin embryos (Buznikov
et al., 1964), where application of serotonin uptake inhibi
tors during the first cleavage event results in the for
mation of twin embryos (Buznikov and Shmukler, 1981).
Moreover, treatment with p-chlorophenylalanine (PCPA),
an inhibitor of serotonin synthesis, interferes with the
primary invagination step of early gastrulation (Gustaf
son and Toneby, 1970). In more defined in vitro systems,
serotonin and acetylcholine have been found to produce
both stimulatory and inhibitory effects on growth cone
motility of identified embryonic neurons in culture
(Goldberg et al., 1991).

In vertebrate organisms, a number of observations
have led to the suggestion that serotonin plays a role
in central nervous system development. For example,
serotonin is found in the developing chick neural tube
and notochord before the appearance of serotonergic
neurons. The spatiotemporal pattern of serotonin seques
tration in these structures has been interpreted to suggest
that this transmitter plays a regulatory role in neural
tube closure (Wallace, 1982). Consistent with this, alter
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ations of serotonin metabolism in chick embryos are as
sociated with multiple abnormalities of primitive streak
formation, neural tube closure, and brain formation (Pa
len et al., 1979). At later stages of development, the spa
tiotemporal pattern of the serotonergic innervation to
the cerebral cortex has also prompted speculation that
serotonin plays a regulatory role in the establishment of
cortical circuitry (D'Amato et al., 1987; Lidov and Mol
liver, 1982). Depletion of embryonic serotonin by mater
nal administration of PCPA has been proposed to delay
neurogenesis in many regions receiving serotonergic in
nervation (Lauder and Krebs, 1976).

The diverse actions of serotonin are mediated by mul
tiple 5HT receptor subtypes, the majority of which be
long to the superfamily of guanine nucleotide binding
protein (G protein)-coupled receptors. While it has been
clearly shown that neuropeptides and neurotransmitters
acting at G protein-coupled receptors can influence the
proliferation and development of a variety of cell types
in vitro or in vivo (Julius et al., 1989; Lin et al., 1993; Parma
et al., 1993; Shenker et al., 1993), relatively little is known
about the roles of fast ligand-gated ion channels in
growth or development. Among the fifteen or more
mammalian serotonin receptors now known to exist,
only one subtype, the 5HT3 receptor (5HTAR), is a ligand
gated ion channel (Derkach et al., 1989; Yakel and Jack
son, 1988). A functional cDNA encoding this receptor
has been cloned (Maricq et al., 1991), and the deduced
amino acid sequence demonstrates that it is a member
of the superfamily of ligand-gated ion channels that in
cludes nicotinic acetylcholine, GABAA, and glycine re
ceptors. 5HTARs have been most extensively character
ized in the peripheral nervous system, where they medi
ate excitatory responses in primary sensory afferents and
neurons of the myenteric plexus (Gaddum and Picarelli,
1957; Gordon et al., 1989; Richardson and Buccheit, 1988;
Richardson et al., 1985). More recently, 5HT3 receptors
have been characterized in the central nervous system
(Costall et al., 1990; Kilpatrick et al., 1987), where they
exhibit a restricted pattern of expression, with highest
levels found in limbic system and brainstem structures
(Tecott et al., 1993). The central and peripheral distribu
tion of 5HT3 receptors is consistent with proposed roles
for the receptor in the modulation of nociception, enteric
reflexes, and cognitive function. To date, 5HT3 receptors
have been considered to be restricted to the nervous

system.
To determine whether this ligand-gated ion channel

may contribute to the proposed morphogenetic effects of
serotonin, we examined the expression of 5HT3 receptor
transcripts during mouse embryogenesis. Moreover, we
sought to correlate this with the distribution of markers

for the serotonergic phenotype such as serotonin immu
noreactivity and serotonin transporter mRNA. We report
that 5HT. mRNA expression occurs earlier than expres
sion of other serotonin receptors and ligand-gated ion
channels thus far examined. Moreover, a unique spatio
temporal expression pattern within the developing cen
tral and peripheral nervous system suggests that this
receptor may mediate trophic effects. In addition, we
show that 5HTAR mRNA is expressed outside the ner
vous system with a pattern suggesting that this receptor,
and thus serotonin, may play a role in epithelial-mesen
chymal interactions, bone formation, and development
of endocrine organs.

RESULTS

5HT3 Receptors Are Expressed in Sensory Ganglia
Anlagen

5HT3 receptors have been extensively characterized in
primary sensory afferent neurons of the peripheral ner
vous system. Interestingly, 5HT3 receptor mRNA ap
peared early during the formation of the anlagen of cra
nial sensory ganglia. At E9.5, robust expression was ob
served in the rudiment of the facioacoustic ganglion
complex (Fig. 1A). Moreover, scattered hybridizing cells
were observed adjacent to the otic vesicle, from which
neurons are derived. This pattern of expression raises
the possibility that 5HTARs are found on neuronal pre
cursors as they migrate from the otic vesicle. By E10.5,
hybridization signals were also detected in the nodose
and petrosal ganglia, where expression levels remained
high throughout embryonic development (Fig. 1C). Like
the facioacoustic complex, these cranial ganglia contain
neurons that are derived from ectodermal placodes. By
E10.5, expression was also detected in the trigeminal gan
glion, where it persisted throughout embryonic develop
ment (Figs. 2A and 2B). Neurons of this ganglion are
derived from both ectodermal placodes and neural crest.

5HTAR mRNA was also detected in the neural crest
derived neurons of the dorsal root ganglia. Hybridiza
tion signals appear by E12.5 and persist throughout de
velopment and into adulthood (Fig. 1B). Migrating neu
ral crest precursors also give rise to the neurons of the
myenteric plexus of the enteric nervous system. At E14.5,
5HT, receptor mRNA was observed at all levels of the
gut. By E16.5, expression was restricted to coalescing
ganglia (Fig. 1D). Thus, 5HT.R transcripts are expressed
in a variety of peripheral nervous system structures that
are derived both from ectodermal placodes and neural
Crest.
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5HT.R transcripts were also detected within neural

crest-derived sympathoadrenal cells at a number of sites,
including sympathetic chain ganglia (including the supe
rior cervical ganglion), cardiac, retroperitoneal, and pel
vic ganglia, as well as the adrenal medulla. Expression
in the cardiac and pelvic ganglia was apparent by E10.5,
and strong hybridization signals were detected in all
these regions by E14.5 (Figs. 3 and 1E). Serotonin immu
noreactivity was also detected in the retroperitoneal gan
glia (not shown) and in the adrenal medulla by E14.5
(Fig. 1F). During this period, neural crest-derived pro
genitors migrate to the adrenal medulla, where they sub
sequently differentiate into chromaffin cells. At E14.5,
most of the 5HTAR mRNA-containing cells of the adrenal
gland were observed within the medulla, although a few
were detected in the cortex (Fig. 1E).

Central Nervous System

Within the embryonic brain, 5HT3 receptor transcripts
were detected in a number of proliferative regions. For
example, transcripts were first detected by E12.5 in the
medial ganglionic eminence (MGE), a transient structure
that gives rise to basal telencephalic nuclei such as the
amygdala. The most intense hybridization signals within
the E14.5 brain were found in this region (Fig. 2B). Hy
bridizing cells appeared to fan out from the outer aspect
of the cell-dense proliferative subventricular zone into
neighboring regions, suggesting that 5HTAR expression
occurs during cellular migration. At P0, hybridization
persisted in the remnant of the MGE and stria terminalis
and labeled cells were scattered throughout the amygda
loid complex, approximating the adult pattern of 5HT3
receptor expression (Tecott et al., 1993).

A similar phenomenon was seen in the developing
cerebral cortex, where by E14.5, 5HTAR mRNA was de
tected in the subventricular zone (Figs. 2A–C, 4A-C,
and 5B), a transient proliferative region from which both
neurons and glia migrate to the cortical plate. By E16.5,
hybridizing cells were also observed scattered through
out the cortical plate. At P0, hybridization and serotonin
immunoreactivity were also observed in the marginal

zone, the most superficial cortical layer (Figs. 4A, 5B and
5C). By E14.5 transcripts were also observed in the hippo
campal subventricular zone (Fig. 2C). By P0, hybridiza
tion was observed primarily outside of the pyramidal
cell layer, within the stratum radiatum and stratum lacu
nosum moleculare, in an area that contains interneurons
and receives a strong serotonergic innervation (Figs. 5D
F). A similar distribution is seen in the adult hippocam
pus (Tecott et al., 1993).

Within the hypothalamus, expression of 5HT3 receptor
mRNA was first observed at E14.5. Hybridization signals
were particularly prominent in the paraventricular nu
cleus (Fig. 2B). In medial hypothalamic regions, hybrid
ization signals were detected within or adjacent to the
hypothalamic neuroepithelium (Figs. 2C and 4B). In the
substantia nigra, 5HTs mRNA expression first appeared
at E14.5, increased in intensity by P0 (Fig. 4D) and mark
edly decreased by adulthood.

In the embryonic brain, serotonin transporter tran
scripts were first observed at E12.5 in cells within the
ventromedial portion of the mesencephalon and meten
chephalon (Fig.6C). This correlated spatially and tempo
rally with the appearance of serotonin immunoreactivity
(Fig. 6B), indicating that transporter expression is an
early manifestation of the serotonergic phenotype. Hy
bridization was not observed within the neural tube at
earlier stages.

5HT3 Receptor Expression Associated with Bone
and Cartilage Primordia

Expression of 5HT3 receptors has previously been
thought to be restricted to the nervous system. We now
find that 5HT3 receptor transcripts are expressed in a
number of nonneuronal tissues during embryonic devel
opment. One of the most striking examples was a seg
mental pattern of 5HT3 mRNA expression associated
with the axial skeleton (Fig. 3). At E14.5, transcripts were
localized adjacent to notocordal swellings in regions that
give rise to intervertebral discs (Fig. 7A). These tran
scripts were also located adjacent to the sclerotomal con
densations that give rise to vertebral bodies during a

FIG. 1. 5HTR gene expression in embryonic peripheral nervous system and adrenal gland. Dark-field views. (A) 5HTR mRNA expression in
the anlagen of the facioacoustic ganglion complex in a coronal section of Day 95 embryo. (B) Expression in dorsal root ganglia at Day 14.5, sagittal
section. (C) Expression in petrosal and nodose ganglia at P0, coronal section. (D) Myenteric plexus expression in transverse section of Day 16.5
small bowel (E) Expression in sagittal section through Day 14.5 adrenal gland. (F) Serotonin immunostaining in section adjacent to (E). VII/VIIIg,
facioacoustic ganglion complex; ad, adrenal gland, ki, kidney, ov, otic vesicle.
FIG. 2. 5HTR gene expression in coronal sections through the head of Day 14.5 embryo. Dark-field view. (A) Section at the level of the anterior
ganglionic eminence. (B) Section at the level of the pituitary gland. (C)Section at the level of the hippocampus. Vg, trigeminal ganglion, al. anterior
lobe, en, entorhinal cortex, ge. ganglionic eminence, hi, hippocampus, hy, hypothalamus, il, intermediate lobe, mge, medial ganglionic eminence;
pn, pontine nuclei.



167



168

ouozit'■ ny■■■■■ …\qus
z
vsºvu?

ºuAsuouwosjouors■i■■ oudIupne■It'■■son(I-v)wol,■ ouº■ ou,qn■■■ v■■■■ …?'■'vi■ ºuvºperput’■‘º‘oqoud
■1/19 uuensqnsºus

:

|low-qui(
1

osnovuul.
I■ o

prou•■■■ ºnouumsuwun■ ,■ |tuououl
·l■ c■‘unv■ ºucºma■ odºd:Á■ r■■■■■■ dºld
‘uniloquidoleseu

v
quwpoz■ puqÁ■oÁuquuoosnouÁrp-gri
ejouomoos
■ emi■ es
eJowowp■ ou-xuv(I
º‘‘OIH



169

period of chondrogenic differentiation. At this age, the
expression of 5HT. receptor transcripts appeared to in
crease in a rostro-c 'al gradient which paralleled the
temporal sequence … skeletal development (Gruneberg,
1963). By E1b.5, the signal was markedly decreased and
restricted to the caudal end of the tail (not shown). Tran
scripts were not detected in the tail of P0 animals, indi
cating that expression of this serotonin receptor in the
developing axial skeleton is transient. Another example
in which 5HT, receptor expression correlates with early
stages of chondrogenesis can be seen in the hind paw at
E14.5 (Fig. 7E). Here the signal was also found adjacent
to regions of condensing mesenchyme that give rise to
the cartilage primordia of metatarsal bones.

Prominent hybridization signals were also detected in
craniofacial regions of the developing embryo. This ex
pression is of particular interest in light of the hypothesis
that serotonin plays a role in craniofacial morphogenesis
(Shuey et al., 1993). At E14.5, hybridization signals were
detected in mesenchyme juxtaposed to the cartilage pri
mordium of the nasal bone (Fig. 7C). In addition, 5HT,
receptor transcripts were detected within the olfactory
(nasal) epithelium by E14.5 (Figs, 3 and 7C) and persisted
through the time of birth. Labeling was restricted to basal
layers of the olfactory epithelium (OE). The OE contains
olfactory receptor neurons, supporting cells, and their
progenitors. The exact identity of the hybridizing cells
remains to be determined.

We sought to correlate the distribution of 5HT, recep
tor transcripts with the presence of endogenous ligand.
Whereas no serotonin immunoreactivity was observed
in craniofacial structures, in situ hybridization analysis
to detect serotonin transporter mRNA showed specific
signals at E14.5 within mesenchymal cells adjacent to
several regions of the nasal epithelium (Fig. 7D). This
observation raises the possibility of a paracrine signaling
mechanism whereby serotonin, stored and released by
mesenchymal cells, may activate 5HT3 receptors in the
adjacent olfactory epithelium. Epithelial hybridization of
5HT.R transcripts was also detected in the developing
tooth bud (Fig. 7B), where morphogenesis is character
ized by inductive interactions involving the reciprocal
exchange of diffusable signals between epithelium and
mesenchyme (Vaino et al., 1993). Tooth bud epithelium
gives rise to enamel-producing ameloblasts.

A fundamental role for epithelial-mesenchymal inter
actions in morphogenesis is also exemplified by the geni
tal tubercle (GT), an embryonic structure that gives rise
to external genitalia. During early stages of development,
the GT consists of undifferentiated mesenchyme sur
rounded by an epithelial monolayer. By E14.5, a robust
expression of 5HT3 receptor transcripts was observed in

a region of undifferentiated mesenchyme in the dorsal
aspect of the distal GT (Figs. 3 and 8A). The epithelium
has been shown to play an inductive role whereby it
instructs the underlying mesenchyme to condense into
three cell masses that give rise to the corpus cavernosum
and the proximal and distal segments of the os penis
(Hoffman et al., 1991). At E16.5, 5HT3 receptor mRNA
was observed in the condensation that forms the distal
segment of the os penis (Figs. 8C and 8D). By P0, the
hybridization signal was restricted to a thin layer of the
dorsal mesenchyme adjacent to the overlying epithelium,
in both males and females (Figs. 8E and 8F). After birth,
the mesenchymal condensations undergo further differ
entiation under the influence of circulating androgens to
form erectile tissue, cartilage, and bone. 5HT3 receptor
transcripts were undetectable in genital tissue taken from
male and female animals at P20, as determined by an
RNase protection assay (data not shown), indicating that
expression of this channel in the GT is transient.

At E14.5, serotonin immunoreactivity was observed in
a small number of unidentified cells scattered through
out the GT (Fig. 8B). Immunoreactive cells of similar
appearance were also found throughout the dermis of
the embryo. We speculate that these are mast cells, which
are known to contain serotonin and to reside within the
dermis.

Pituitary Expression

5HT3 receptor transcripts were expressed in the em
bryonic pituitary gland by E14.5 (Figs. 3 and 2B). During
this period of cell differentiation and proliferation, strong
hybridization signals were observed in both the anterior
and intermediate lobes. By the day of birth, hybridization
signals remained strong in the intermediate lobe, but
were reduced in the anterior lobe (Fig. 4D). Intermediate
lobe expression of 5HT3 receptor mRNA persists into
adulthood (Fig. 7F).

DISCUSSION

Expression of 5HT2R Transcripts in Developing
Sensory Ganglia and Enteric Nervous System

5HTAR mRNA expression occurs within cranial sen
sory ganglia at early stages of development. The appear
ance of hybridizing cells adjacent to the otic vesicle sug
gests that expression of 5HTAR mRNA may occur in neu
rons as they migrate to the facioacoustic anlage, although
a neural crest origin of these cells remains a possibility.
Neurons of these ganglia are dependent upon trophic
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factors such as NGF and BDNF for survival during criti
cal phases of development (Davies, 1987). In vitro studies
have shown that, in the absence of these trophic factors,
dissociated embryonic ganglion neurons will die in cul
ture (Zheng et al., 1994); however, under depolarizing
conditions, they may survive despite the absence of such
factors (Larmet et al., 1992). Because 5HTRs elicit depo
larizing responses, serotonin could enhance neuronal
survival through activation of these excitatory receptors.

5HT, receptor transcripts are expressed in cranial sen
sory neurons prior to their arrival at central sites. In the
adult, 5HTARs are located presynaptically on the brain
stem projections of these neurons. If in the embryo, 5HT3
receptors are also expressed on axon terminals, then they
may be activated by serotonin produced in the embry
onic brainstem, which could serve as a trophic signal or
to guide process elongation. Recent studies demonstra
ting that activation of nicotinic acetylcholine receptors
can guide the turning of Xenopus spinal cord neurons in
culture (Zheng et al., 1994) support such a role for ligand
gated ion channels in vivo. Alternatively, it is possible
that 5HT3 receptors are located on cell bodies, where they
could be activated prior to the extension of processes. In
this case, the maternal circulation or the adjacent neural
tube could serve as a source of serotonin. Although the
mouse neural tube does not appear to synthesize seroto
nin at E9.5, an active serotonin uptake mechanism in
rhombomeres 3 and 5 has been proposed (Shuey et al.,
1993). Our in situ hybridization analysis with a serotonin
transporter probe did not reveal a neural tube signal at
E9.5. This discrepancy may result from limitations in in
situ hybridization sensitivity, or alternatively, the ob
served uptake may depend upon a different transport
process.

5HTAR gene expression also occurs in derivatives of
the neural crest, such as cells of the sympathoadrenal
system, and neurons of the dorsal root ganglia and en
teric nervous system. 5HT3 receptors are known to reside
on neurons of the myenteric plexus, where they contrib
ute to the serotonergic modulation of enteric reflexes
(Hoffman et al., 1991). A number of studies have shown

that the enteric microenvironment plays a critical role in
determining the fate of these neurons. Interestingly, the
birth of serotonergic enteric neurons predates that of
neurons expressing other transmitters, consistent with a
scenario in which serotonin released from these cells
could influence the terminal phenotype of uncommited
neural precursors (Pham et al., 1991). The expression of
5HT.R transcripts in enteric neurons by E14.5 raises the
possibility that this receptor may participate in such pro
Cesses.

Expression of 5HTAR mRNA was observed early in the
development of many components of the sympathoa
drenal system, including cardiac ganglia, retroperitoneal
paraganglia, the pelvic ganglia, and the adrenal medulla.
Sympathoadrenal cells transiently express both seroto
nergic and catecholaminergic phenotypes (Leranth et al.,
1983). Subsequently, a decrease in serotonergic cells
within the cardiac and pelvic ganglia occurs, whereas in
the adrenal medulla, serotonergic cells are maintained
throughout adulthood. It is unclear whether the transient
nature of the serotonergic phenotype in sympathoa
drenal neurons has functional significance or is merely
an intermediate step in the differentiation pathway lead
ing to the mature phenotype.

Central Nervous System

The early differentiation of serotonergic neurons
has led to speculation that serotonin plays a role in
brain growth and development (Hamon et al., 1989).
The expression pattern of 5HTAR mRNA suggests that
this receptor may participate in such processes. The
presence of 5HT.R transcripts in the subventricular
zones of the neocortex, hippocampus, and medial
ganglionic eminence raises the possibility that expres
sion of this gene may occur during or shortly after
the terminal cell division of neuronal and glial precur
sors. Because the subventricular zone does not receive
strong serotonergic innervation (Lidov and Molliver,
1982), it is unclear when and where cells expressing
the 5HT3R first encounter serotonin. In the cortex, ac

FIG. 5. 5HTR gene expression and serotonin immunoreactivity in the P0 frontal cortex (A-C) and hippocampus (D-F). (A) Bright-field view
of coronal section through frontal cortex. (B) 5HTR gene expression in section shown in (A), dark-field view. (C) Serotonin immunostaining in
section adjacent to (B), dark-field view. (D) Bright-field view of coronal section through the anterior hippocampus. Arrows indicate position of
pyramidal cell layer (E) 5HTR gene expression in section shown in (D), dark-field view. (F) Serotonin immunostaining in section adjacent to (E).
CA1, hippocampal CA1 region, CA3 hippocampal CA3 region. dg, dentate gyrus, LV, lateral ventricle, m2, marginal zone, sv2, subventricular
zone.

FIG. 6. Serotonin transporter gene expression in adult and embryonic brain. (A) Serotonin transporter hybridization in coronal section through
adult midbrain, dark-field view. (B) Serotonin immunoreactivity in sagittal section of Day 12.5 midbrain/pons, bright-field view. (C) Serotonin
transporter hybridization in section adjacent to (B), dark-field view. DR, dorsal raphe nucleus, MF, midbrain flexure, MR, median raphe nucleus;
PF, pontine flexure.
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173

tivation of 5HT.Rs could occur as cells migrate
through the cortical subplate region, which contains
a dense plexus of serotonergic nerve terminals. Alter
natively, receptors within subventricular zones may
be activated by serotonin from the cerebrospinal fluid.
It remains to be determined whether serotonin from
this source could diffuse a sufficient distance to reach
subventricular sites.

In contrast to the subventricular zone, hybridizing
cells and serotonergic afferents within the superficial
marginal zone of the cortex are in close proximity at
birth. At this time the serotonergic innervation of the
cortex projects in two parallel sheets, above and be
low the cortical plate in the marginal zone and the
subplate, respectively (Lidov and Molliver, 1982). Fol
lowing a “waiting period" of several days after birth,
serotonergic afferents penetrate the cortical plate, fol
lowed by thalamic afferents (Lidov and Molliver,
1982, Wise and Jones, 1978). These observations have
prompted speculation that termination of the waiting
period for thalamic afferents may depend on a trophic
effect of serotonin on target cortical neurons (D’
Amato et al., 1987). In support of this model, serotonin
has been shown to stimulate synapse formation and
neuronal differentiation when applied to cultures of
neonatal rat cortex (Chubakov et al., 1986). 5HT3Rs in
the neonatal marginal zone may be located on Cajal
Retzius neurons, a transient cell type that is restricted
to the marginal zone and which has been proposed
to play a role in the establishment of cortical circuitry
(Marin-Padilla, 1990).

The expression of 5HTAR mRNA in the marginal zone
declines between P0 and adulthood, and the scattered
hybridizing cells observed in the superficial layers of the
adult cortex (Tecott et al., 1993) may represent the rem
nants of the Cajal-Retzius neuron population. In addi
tion, decreases in expression are also seen in the olfactory
bulb, hypothalamus, and substantia nigra. In the adult
mouse, the substantia nigra is virtually devoid of 5HTAR
transcripts (Tecott et al., 1993). The delayed onset of neu
ronal differentiation in the substantia nigra following
depletion of serotonin by PCPA has led to the proposal
that serotonin plays a role in the development of this
structure (Lauder et al., 1982). By P0, both a strong 5HTAR
hybridization signal and serotonergic terminals are pres
ent in the substantia nigra, raising the possibility that
5HTARs mediate serotonergic effects on nigral develop
ment.

5HT2R Transcripts Are Found Outside of the
Nervous System

An intriguing finding in the present study is that
5HTAR transcripts are found outside of the nervous sys

tem, including several regions where other serotonin re
ceptors and ligand-gated ion channels have not been pre
viously reported. This is best exemplified by the robust
expression seen in intervertebral regions during an active
phase of chondrogenesis that correlates with the known
rostrocaudal developmental gradient of the axial skele
ton (Gruneberg, 1963). There are at least two potential
sources of ligand in this area: (i) serotonin of fetal or
maternal origin may reach this site via intervertebral
blood vessels, and (ii) the notochord could serve as a
source of serotonin given the close proximity of noto
chordal swellings to regions of 5HTAR mRNA expression.
The notochord has been demonstrated to sequester sero
tonin in cultured chick embryos (Wallace, 1982), and in
the mouse, serotonin binding protein immunoreactivity
has been observed by E12 in the perinotochordal sheath
(Lauder et al., 1988). Our inability to observe serotonin
immunostaining in the mouse notochord, however, does
not lend support to this otherwise attractive model. The
lack of observable signal may be due to limitations in
the sensitivity of our immunocytochemical methods.

5HTAR expression occurs adjacent to areas of active
chondrogenesis in a number of other fetal locations, most
notably the craniofacial region. In prior work, serotonin
uptake was detected within craniofacial epithelia of cul
tured E12–14 mouse embryos, and serotonin-binding
protein was detected in the mesenchyme adjacent to
these sites (Shuey et al., 1993). Moreover, treatment of
cultured embryos with sertraline, a serotonin uptake
blocker, was shown to impede the development of the
maxilla and nasal prominences (Shuey et al., 1992). These
findings have led to the suggestion that serotonin plays
a role in epithelial-mesenchymal interactions leading to
craniofacial chondrogenesis and the elevation of the pal
atal shelves and tooth development. Our observations of
the craniofacial expression patterns for 5HTR mRNA
are of interest in this context.

At earlier stages of development, serotonin immunore
activity has been observed in craniofacial epithelia of
embryos cultured in the presence of serotonin, particu
larly in regions undergoing invagination or fusion
(Shuey et al., 1993). This signal was not observed in sero
tonin-free media and was blocked by pretreatment with
sertraline, indicating that serotonin is sequestered in
these cells through the action of a serotonin transporter.
Our observation of serotonin transporter mRNA adjacent
to the nasal epithelia provides support for a serotonin
uptake process; however, the hybridization signal oc
curred later and was not as widespread as the serotonin
uptake activity previously reported (Shuey et al., 1993).
It is possible that at earlier stages, levels of transporter
mRNA were below the limits of our detection, or alterna
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tively, that the observed uptake activity may depend
upon a different transporter molecule.

Epithelial-mesenchymal interactions are also required
for normal development of the genital tubercle, where
we find an abundance of 5HT.R transcripts. Detection
of 5HTAR mRNA within mesenchyme adjacent to the
epithelium lining of the developing genital tubercle sug
gests that this is another structure in which serotonin
may serve as a developmental signal. Serotonin may
reach these receptors either through the fetal circulation
or through release from mast cells. No prior studies have
suggested a role for other neurotransmitters or ligand
gated ion channels in the development of this structure.

The pituitary gland was another unexpected nonneu
ronal site of 5HTAR mRNA expression. As has been pre
viously reported (Payette et al., 1985), a serotonergic pro
jection to the posterior and intermediate lobes was ob
served (data not shown). Further studies will be required
to determine whether the transient expression of this
receptor during a phase of active cell proliferation and
differentiation indicates a role for serotonin in pituitary
development.

In summary, we have examined the expression of
5HTR mRNA during development and have correlated
this with the expression of the serotonergic phenotype
as determined by serotonin immunohistochemistry and
serotonin transporter mRNA expression. This analysis
provides information regarding potential sites of seroto
nin action in the development of both neural and non
neural tissue. We imagine that signaling through such a
receptor could influence development through short
term or long-term processes involving the stimulated re
lease of growth factors and other signaling molecules
or changes in gene expression accompanying membrane
depolarization.

EXPERIMENTAL METHODS

Tissue Preparation
Dissected tissues and whole embryos were fixed for 24

h at 4°C in 4% (wt/vol) paraformaldehyde in phosphate
buffered saline (PBS) and then immersed in 20% (wt/
vol) sucrose/PBS for 24 h at 4°C. The tissues were then
frozen in powdered dry ice and stored at -80°C prior to
cryostat sectioning. Serial sections of 12–15 um thickness
were thaw-mounted onto microscope slides (Superfrost
Plus, Fisher), which were stored at -80°C until use.

Cloning of Mouse Serotonin Transporter cDNA
To isolate cDNA encoding the mouse serotonin trans

porter, a pair of degenerate primers complementary to

coding regions of the rat serotonin transporter (Hoffman
et al., 1991) were used (5'-TCT AGA TA(TC) TT(TC)
GC(TCAG) CA(AG) GA(TC) AA(TC) AT(TCA) AC(T-
CAG) TGG-3' and 5'-TCT AGA (TC)TT (TCAG)GCCCA
(AGT)AT (AG)TG (TCAG)GG (AG)AA (TC)TC-3'). The
polymerase chain reaction (PCR) was performed with
the above primers, using mouse brain first strand cDNA
as a template. A PCR product of the predicted length
(730 bp) was gel-isolated and subcloned into the pCR
vector (Invitrogen). The identity of the cDNA as a seroto
nin transporter clone was confirmed by sequence
analysis.

In Situ Hybridization

The in situ hybridization protocol was as previously
described (Tecott et al., 1993). RNA expression vectors
containing a 1.5-kb protein-coding region and a nonover
lapping 300-bp portion within the 3'-untranslated region
of the mouse 5HTAR cDNA were used to generate RNA
probes. The two probes produced identical hybridization
patterns (data not shown). In addition, a 730-bp portion
of the protein-coding region of the mouse serotonin
transporter cDNA was used for probe synthesis. Sense
and antisense probes labeled with *S-substituted UTP
were synthesized as previously described (Tecott et al.,
1993). Sense probes produced no detectable hybridiza
tion signals (data not shown). Methods for in situ hybrid
ization were identical to those previously described (Tec
ott et al., 1993).

Immunocytochemistry

Immunocytochemistry was performed on 12–15 um
cryostat sections. Endogenous peroxidase activity was
inhibited by pretreatment with 0.3% H2O, in methanol
for 30 min at room temperature, followed by rinses in
PBS. A polyclonal antibody (IncStar) against serotonin at
a dilution of 1:200 in a buffer containing PBS with 0.2%
Triton X-100 and 3% (w/v) bovine serum albumen was
applied to the sections, which were incubated at 4°C for
16–24 h. The antigen was detected using an avidin-bio
tin-peroxidase technique (Hsu et al., 1981). The remain
der of the procedure was performed at room tempera
ture. A biotinylated goat anti-rabbit secondary antibody
(Vector) was applied at a dilution of 1:200 for 30 min and
followed by incubation with the ABC reagent (Vector) for
30 min. The peroxidase label was detected by a 3-min
incubation with 0.05% 3,3'-4,4'-diaminobenzidine
(Sigma) and 0.01% H.O. The stained sections were dehy
drated through an ethanol series and coverslipped in
Permount (Fisher).
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