
60th passage. The cultured organisms re-
tained their characteristic helical morpholo-
gy and motility in H-1 medium. Under the
same growth conditions, SMCA reached
titers of 6 x 108 organisms per milliliter in
SP-4 medium, with an exponential doubling
time of 6 hours. At 37°C, strain SMCA
achieved titers in complete H-1 medium
that were comparable to those at 30°C.
Adaptation of strain SMCA to H- I medium
without sphingomyelin was very slow. Even
after 60 passages in this medium variation,
the spiroplasma reached titers of no more
than 5 x 106 organisms per milliliter in 5
days at 30°C. At 37°C, spiroplasmas in the
absence ofsphingomyelin became essentially
spherical within 24 hours, showed no evi-
dence of multiplication, and were not viable
(that is, they did not multiply when trans-
ferred to SP-4 medium).
Growth rates of spiroplasmas in conven-

tional media vary enormously. Although
some of the fastest growing spiroplasmas
have been cultivated in defined media, slow-
growing spiroplasmas had remained noncul-
tivable in defined formulations (26). Prior
to this study, S. mirum had been thought of
as one of the slowest growing spiroplasmas,
and it had been feared that its biochemical
pathways and their pathogenic conse-
quences could be studied only in undefined
medium. Medium H-I and the important
growth factor sphingomyelin provide new
opportunities for studying the metabolic
basis for pathology induced by S. mirum in
vertebrates. The critical importance of
sphingomyelin for in vitro cultivation of
strain SMCA at the mammalian body tem-
perature of 3T7C, the association of sphin-
gomyelin with plasma membranes, particu-
larly of neural and hepatic tissues (27), and
the multiplication and persistence of S.
minim in the brain, retina, and liver of
inoculated mice (1, 7, 8) suggest that sphin-
gomyelin dependency should be investigat-
ed as a possible factor determining S. mirum
tissue tropism and pathogenesis in mam-
mals.
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in tissues rich in M2 receptors suggested
that there is more than one muscarinic ace-

tylcholine receptor gene. More recently a

related porcine cardiac cDNA sequence with
the tissue distribution expected ofM2 recep-

tors was reported (4). Although no expres-

sion data were presented to verify that it is a

muscarinic receptor, its identity has since
been confirmed by expression ofthe porcine
gene (5) and the corresponding human gene

in mammalian cells.
Muscarinic receptors are members of a

large class of neurotransmitter, hormone,
and light receptors which act through bind-
ing to and activation of guanosine 5'-tri-
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thesda, MD 20892.
M. R. Brann, Metabolic Diseases Branch, National Insti-
tute of Diabetes, Digestive and Kidney Diseases, Bethes-
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Identification of a Family of Muscarinic Acetylcholine
Receptor Genes

T. I. BONNER, N. J. BUCKLEY, A. C. YOUNG, M. R. BRANN

Complementary DNAs for three different muscarinic acetylcholine receptors were
isolated from a rat cerebral cortex library, and the cloned receptors were expressed in
mammalian cells. Analysis ofhuman and rat genomic clones indicates that there are at
least four functional muscarnic receptor genes and that these genes lack introns in the
coding sequence. This gene family provides a new basis for evaluating the diversity of
muscarinic mechanisms in the nervous system.
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phosphate (G) binding proteins. The acti-
vated G proteins can stimulate or inhibit
adenylate cyclase, stimulate phosphatidylin-
ositol turnover, and directly regulate ion
channels, thereby effecting a variety of cellu-
lar responses (6). Other members of this
class that have recently been cloned are the
visual pigment proteins or opsins (7) and 1-
adrenergic receptors (8, 9). Hydrophobicity
analysis of each of these receptor sequences
suggests the presence of seven transmem-
brane domains. In fact, they all have sub-

stantial amino acid sequence conservation,
especially in regions proposed to be trans-
membrane domains (3, 8). The sequence
conservation among these receptors sug-
gested that cDNAs of other receptors cou-
pled to G proteins might be isolated by
hybridization to probes derived from the
highly conserved regions. Using such a
probe to screen a rat cerebral cortex cDNA
library, we isolated three different clones.
One ofthese clones is the rat homolog ofthe
porcine brain muscarinic receptor. The oth-

er two clones are closely related to, but
distinct from, the brain and cardiac musca-
rinic receptors; expression of these clones in
mammalian cells establishes that they are
also muscarinic receptors.
Our cloning strategy for the most effective

identification of a variety of G protein-
coupled receptors had three major compo-
nents. (i) We used a rat cerebral cortex
cDNA library of 7 x 106 clones in the pcD
mammalian expression vector (10), which
favors production of relatively complete

ol ------------I----------- ii ---------II ---------- o2

H m4 M------------ANFT---------------------PVNGSSG--NQSVRLVTSSSHNRYETVEMVFIATVTGSLSLVTVVGNILVMLSIKVNRQLQTVNNYFLFSLACADLIIGAFSMNLYTVYIIKGYWPL 100
R m4 M--------N----XFT--------------------- PVNGSSA--NQSVRLVTA-AHNHLETVEMVFIATVTGSLSLVTWGNILVMLSIKVNRQLQTVNNYFLFSLGCADLIIGAFSMNLYTLYIIKGYWPL 99
P m2 M-------------NNS----------T------------TNSS----N--SGLALTSPYKTFEVVFIVLVAGSLSLVTIIGNILVMVSIKVNRH LQTVNNYFLFSLACADLIIGVFSMNLYTLYTVIGYWPL 91
P ml M---------N----TS---------------- APPAVSPNIT------------VLAPGKGPWQVAFIGITTGLLSLATVTGNLLVLISFKVNTELKTVNNYFLLSLACADLIIGTFSMNLYTTYLLMGHWAL 93
R ml M------------ NTS ---------------- VPPAVSPNIT -------------VLAPGKGPWQVAFIGITTGLLSLATVTGNLLVLISFKVNTELKTVNNYFLLSLACADLIIGTFSMNLYTTYLLMGHWAL 93
R m3 MTLHSNSTTSPLFPNISSSWVHSPSEAGLPLCTVTQLGSYNISQETGNFSSNDTSSDPLGGHTIWOVVFIAFLTGFLALVTI IGNILVIVAFKVNKQLKTVNNYFLLSLACADLI IGVISMNLFTTYI IMNRWAL 135

0o0oooooooooooo*oooooooooooooooooooooooo 0000000000000000000000 0 000 0 0 0 000 . 00 0 0 000

---------- III --------- i2 ----------IV------------ o3 ------------V----------

H m4 GAVVCDLWLALDYVVSNASVMNLLI ISFDRYFCVTKPLTYPARRTTKMAGLMIAAAWVLSFVLWAPAI LFWQF'WGKRTVPDNHCFIQFLSNPAVTFGTAIAAFYLPWVIMTVLY IH I SLASRSRVHKHRPEGP 234
R m4 GAVVCDLWLALDYVVSNASVMNLLI ISFDRYFCVTKPLTYPARRTTKMAGLMIAAAWVLSFVLWAPAILFWQFWGKRTVPDNQCFIQFLSNPAVTFGTAIAAFYLPWVIMTVLY IH I SLASRSRVHKHRPEGP 233
P m2 GPVVCDLWLALDYVVSNASVMNLLI ISSFDRYFCVTKPLTYPVKRTTKMAGMMIAAAWVLSFI LWAPAI LFWQFIVGVRTVEDGECYIQFFSNAAVTFGTAIAAFYLPVI IMTVLYWH I SRASKSRI KKDKKEPV 225
P ml GTLACDLWLALDYVASNASVMNLLLISFDRYFSVTRPLSYRAKRTPRRAALMIGLAWLVSFVLWAPAI LFWQYLVGERTVLAGQCY IQFLSQP I ITFGTAMAAFYLPVTVMCTLYWRIYRETENRARELAALQG 227
R ml GTLACDLWLALDYVASNASVMNLLLISFDRYFSVTRPLSYRAKRTPRRAALMI GLAWLVSFVLWAPAI LFWQYLVGERTVLAGQCYIQFLSQP I ITFGTAMAAFYLPVTVMCTLYWRI YRETENRARELAALQG 227
R m3 GNLACDLWLSI DYVASNASVMNLLVISFDRYFSITRPLTYRAKRTTKRRGVMIGLAWVI SFVLWAPAILFWQYFVGKRTVPPGECFIQFLSEPTITFGTAIAAFYMPVTIMTI LYWRI YKETEKRTKELAGLQA 269

*0 O. 0 .. . .* - .- I-oo0I * .0*.00 0 0000 0 * -.° * * 00 *o *000 00o0 0000000

i3 - VI--------- o4 ------VII -------- i4

H m4 .138. ARKFAS ARNQVRK RQ-MAARERKVTRTIFAI LAFILTWTPYNVMVLVNTFCQSCIPDTVWSICYWLCYVNSTINPACYALCNATFKKTFLLLCQY-----RNI -------- GTAR 478
R m4 .139..ARKFAS IARNQVRKR-MAARERKVTRTIFAILLAFILTWTPYNVMVLVNTFCQSCIPETVWSIGYWLCYVNSTINPACYALCNATFKKTFRHLLLCQY-----RNI ---------GTAR 478
P m2 .136. .VARKIVKMTKQPAKKKP-PPSREKKVTRTIFAILLAFI I TWAPYNVMVLINTFCAPCIPNTVWTIGYWLCYINSTINPACYALCNATFKKTFKHLLMCHY-----KNI ---------GATR 4 6 6
P ml 121.. GKGQKPRGKEQLAKRKTFSLVKEKKAARTLSAI LLAFI VTWTPYNIMVLVSTFCKDCVPETLWELGYWLCYVNSTI NPMCYALCNKAFRDTFRLLLLCRWDKRRWRKIPKRPGSVdWRTPSRQC 460
R ml .121.. GKGQKPRGKEQLAKRKTFSLVKEKKAARTLSAI LLAFI LTWTPYNIMVLVSTFCKDCVPETLWELGYWLCYVNSTVNPMCYALCNKAFRDTFRLLLLCRWDKRRWRKI PKRPGSVHRTPSRQC 460
R m3 .194.. AKRFALKTRSQI TKRKRMSLIKEKKAAQTLSAI LLAFI I TWTPYNIMVLVNTFCDSCI PKTYWNLGYWLCY INSTVNPVCYALCNKTFRTTFKTLLLCQCDKRKRRKQQYQQRQSVIFHKRVPEQAL 589
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Fig. 1. Comparison of the deduced amino acid sequences of receptors ml through m4. The names of the sequences are prefixed with P (pig), R (rat), or H
(human) to identify the species. Dashes signify gaps introduced to align the sequences. The transmembrane domains of the proteins are delineated by dashes
above the sequence and are numbered I through VII. The proposed outer and inner domains are labeled, respectively, ol through o4 and il through i4. As-
terisks immediately above the aligned sequences indicate positions at which all the muscarinic sequences are identical. Open circles below the sequences
indicate positions at which there are nonconservative substitutions in at least one muscarinic sequence where conservative substitutions are defined as changes
between members of one of the following groups: S (Ser), T (Thr), P (Pro), A (Ala), and G (Gly); N (Asn), D (Asp), E (Glu), and Q (Gln); H (His), K
(Lys), and R (Arg); M (Met), I (Ile), L (Leu), and V (Val); F (Phe), Y (Tyr), andW (Trp); or C (Cys) (26). Dark dots below the sequence identify positions
at which there are only conservative changes when this group is compared to the rhodopsin and 3-adrenergic receptor sequences. Most of the amino acids in
i3 have not been aligned since they show almost no sequence identity between different receptors. A schematic diagram of the receptors is shown at the
bottom with dark cirdes representing the residues conserved in rhodopsin and 13-adrenergic receptor and open circles or boxes representing positions at
which there are nonconservative changes within the muscarinic sequences.
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cDNAs and which facilitates the expression
ofclones in mammalian cells. (ii) We used as
probe a sequence that not only was highly
conserved among the known receptor se-
quences but also was located near the 5' end
of the coding sequence so that cDNAs that
hybridized were likely to contain the com-
plete coding sequence. The sequence chosen
(3'-TC TGT CAG TTG TTG ATG AAG
GAC GAC TCG GAC CGG ACA CGA
CTG GAG TAG TAC CCG-5') was taken
from the beginning ofthe second transmem-
brane region of the porcine brain cDNA
(nucleotides 170 to 225 of the noncoding
strand) but modified at positions 5, 38, and
53 to more accurately reflect mammalian
codon usage and to better approximate the
hamster 3-adrenergic receptor sequence
from which it differs by 14 bases. (iii) We
characterized the clones before isolation by
using Southern blots of portions of the
library containing as many as 5 x 105
clones, a procedure that was facilitated by
having a plasmid rather than a phage vector
(11). Assuming that the first two compo-
nents have assured that all the detectable
clones corresponding to a particular message
are nearly the same size, the blots allowed us
to focus on representatives of the major size
dasses revealed with a given restriction en-
zyme (Xho I or Bam HI) and within the size
dasses to focus on the largest cDNA. Once a
band of interest was identified, the pool
containing the band was used to start new
cultures containing tenfold fewer clones per
pool and the blot analysis was repeated.
Two to three cycles of subdivision allowed a
pool to be produced in which the band of
interest was the only hybridizing band and
from which the corresponding clone was
easily isolated by colony hybridization. The
validity of the strategy is established by the
fact that the first four clones (12) represent-
ed three different gene products and con-
tained the complete coding sequence oftwo
ofthem. The use ofthese clones as probes to
reexamine the whole library at high strin-
gency indicated that there were no copies of
these cDNAs in the library that were sub-
stantially longer than the ones we had isolat-
ed.
The amino acid sequences derived from

the three cDNA sequences (13) are com-
pared to each other and the porcine recep-
tors in Fig. 1. The second clone isolated
encodes a 458-amino acid protein with
potential glycosylation sites at residues 2
and 12. The 98% identity of this clone to
the porcine ml clone establishes that it is the
rat homolog and it will accordingly be called
the ml done (14). Of the ten amino acid
substitutions, three are located near the ami-
no terminus (Val -- Ala5), in transmem-
brane region VI (Leu -- Val374), and in
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transmembrane region VII (Val-- IIe411)
whereas the remainder are in the large loop
between regions VI and VII. By analogy
with the structure of rhodopsin where the
extracytoplasmic and cytoplasmic loops are
identified (15), this loop is presumably cyto-
plasmic. The fourth clone isolated encodes a
589-amino acid protein with potential gly-
cosylation sites at amino acids 6, 15, 41, 48,
and 52 whereas the third clone isolated
represents an incomplete version of this
clone. Since it differs from both the ml
clones and the porcine m2 clone but will be
shown below to be a muscarinic receptor, it
will be referred to as the m3 receptor. The
first clone isolated does not contain the
complete coding sequence, but comparison
with the corresponding human gene sug-
gests that it lacked only the first five nucleo-
tides of the coding sequence. Two addition-
al cDNAs of approximately the same size
were isolated and proved to begin at exactly
the same position even though differing
lengths of the G tails, which were used to
prime the synthesis of the second strand of
cDNA, suggested that they were indepen-
dent clones. Assuming the first five nudeo-
tides are the same as those in the human
gene, this cDNA would encode a protein of
478 amino acids with potential glycosyla-
tion at residues 3, 8, and 13. This clone is
called the m4 receptor.
Comparison of these sequences with

those of the porcine receptors shows a high
degree of conservation in the regions corre-
sponding to postulated transmembrane re-
gions I through V and VI through VII with
much less homology in the amino and car-
boxyl terminal regions (preceding region I
or following region VII). In addition, the
large cytoplasmic loop between transmem-
brane regions V and VI is variable in size
(157 to 203 amino acids) and shows little
similarity among ml through m4 except for
a large fraction (17 to 20%) of basic resi-
dues. This loop is much smaller (approxi-
mately 30 to 50 residues) in the P-adrener-
gic receptor and rhodopsin. With this loop
and the amino and carboxyl terminals ex-
cluded from the comparison, the m3 se-
quence has 79% identity to the ml sequence
and the m4 sequence has 65% identity to
ml. However, m4 is more closely related to
the porcine m2 sequence with 85% identity.
The much poorer homology in the amino
ternminal and large cytoplasmic loop indi-
cates that m4 is not the rat homolog of the
porcine m2. Cloning oftwo different humnan
genes closely related (97 and 95% overall)
to m2 and m4, respectively, confirns that
they are distinct genes. The nonconservative
substitutions in the muscarinic receptor se-
quences are located primarily in the i3 and i4
cytoplasmic domains and in the ol through

o4 external domains. The positions at which
only conservative changes occur in the mus-
carinic, adrenergic, and opsin sequences are
clustered in the inner half of the transmem-
brane domains and near the inner face ofthe
membrane.
The ml and m3 rat genes were isolated

from a partial Eco RI rat genomic library
(16) and sequenced. All but 20 nucleotides
of the m3 cDNA sequence are found in a
single continuous stretch of 3507 bases; this
result demonstrates that there are no introns
in the coding or 3' untranslated sequence.
However, since the cDNA and gene se-
quences diverge prior to base -19 (number-
ing from the first base of coding sequence)
and since the gene sequence at this point
(-40 to -20) matches the consensus splice
acceptor sequence (17), there must be an
intron in the 5' untranslated sequence. Simi-
larly the entire 2528 bases of the mnl cDNA
is found in a continuous stretch in the ml
gene. There is a potential splice site at -83
to -70 of the gene sequence, which has
been verified by ribonuclease mapping of
the cerebral cortex message (18). We also
screened a partial Hae III-Alu I human
genomic library (19) and obtained the hu-
man m2 and m4 genes. The human m4
sequence encodes a 478-amino acid protein
that differs from the rat protein by 24 amino
acid substitutions, 1 amino acid deletion,
and 1 amino acid insertion. Ofthe 25 amino
acid changes, 15 occur in the large cytoplas-
mic loop and 6 occur in the amino terminal
extracytoplasmic tail. This gene has no in-
trons in the coding sequence but has a
potential splice acceptor site 30 to 53 bases
upstream of the initiation codon. The hu-
man m2 gene encodes a 466-amino acid
protein which differs from the porcine m2
receptor by 13 amino acid substitutions, 11
of which occur in the large cytoplasmic
loop. It also has no inttons in the coding
sequence but the 5' untranslated sequence is
sufficiently well conserved relative to the pig
m2 cDNA sequence to allow the identifica-
tion of a splice acceptor site at bases -67 to
-47. Thus all four genes lack introns in the
coding sequence and, as far as has been
ascertained, in the 3' untranslated sequence
as well. In this regard they are similar to 1-
adrenergic receptor gene but differ from the
mammalian opsins which have four introns
interrupting the coding sequence. In con-
trast to the adrenergic receptor where no
intron has as yet been identified in the 5'
untranslated sequence, the muscarinic recep-
tor genes contain either a splice site or a
potential splice site less than 100 bases
upstream ofthe initiation codon. The lack of
introns in such a large coding sequence is
unexpected for a multiple domain receptor
in light of arguments that suggest that in-
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trons facilitate evolution of new fimctions
by allowing reassortment of functional do-
mains of proteins (20).
To establish that the clones are actually

muscarinic receptors we have expressed
them in mammalian cells by making use of
the SV40 promoter incorporated into the
pcD vector. Because the ml and m3 rat
cDNAs contained complete coding se-
quences, these clones could be used directly
for transfection. However, because the m4
cDNA lacked an initiation codon, we have
substituted human m4 5' untranslated and
coding sequence for the rat coding sequence
of the m4 cDNA clone, thereby making a
hybrid DNA containing human coding and
rat 3' untranslated sequences. The two se-
quences were joined at an Avr II restriction
site that occurs at the beginning of the 3'
untranslated sequence of both clones. Be-
cause there was no convenient restriction
site in the 30 bases between the initiation
codon and the possible splice acceptor site
with which to join the coding sequence to
the SV40 promoter, we used a Sac I site
located 506 to 511 bases upstream and
ligated it to the Bam HI site in the SV40
intron of the pcD vector, using the Bam
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Fig. 2. Pharmacological characterization of mus-
carinic receptor clones. COS-7 cells (2 x 106 per
10-cm plate) were cultured ovemight and trans-
fected with 20 ,ug of plasmid DNA by calcium
phosphate precipitation (27). Fresh medium was
applied after 24 hours and cultures were incubat-
ed for an additional 24 hours, at which point cells
were scraped from the dish, homogenized, and
pelleted. The membranes were suspended in bind-
ing buffer (10mM Hepes,pH 7.4, 5 mM MgCi2)
at a protein concentration of 50 ,g/ml. Aliquots
(25 ,ug) were incubated for 2 hours at room
temperature in a total volume of 1 ml containing
100 pM 3H-QNB [adapted from (28)]. Nonspe-
cific binding was defined with 1 pM atropine.
Data were analyzed by nonlinear regression with
the following function

% bound = 100 - 100(XIIC50)/(1 + X/IC50)

where IC50 is the inhibition constant, andX is the
ligand concentration. Lines are computer-gener-
ated fits to the data: ml, IC50 = 35 - 3 nM;- m2,
1340 + 190 nM; m3, 156 + 38 nM; and m4, 36
+ 8 nM. The affinity constants (KD) for 3H-QNB
for the ml (32 pM), m2 (59 pM), m3 (14 pM),
and m4 (81 pM) transfectants were similarly
determined with 2 to 200 pM 3H-QNB.

HI-Sac I portion of the pUC18 multiple
cloning site as a linker. This construct re-
moves the 19S splice acceptor as well as the
SV40 19S initiation codon, forcing the use
of an initiation codon in the human se-
quence and potentially using the putative
human splice acceptor site. A similar con-
struct was created with the human m2 gene
and the rat m4 cDNA for expression of the
human m2 receptor in which the 5' end of
the human sequence is defined by a Dra I
site (-43) and the 3' end by an Avr-II site
(1556 to 1561) in the 3' untranslated re-
gion. The 5' end was ligated to the pcD
vector at the Pst I site which normally
defines the 5' end of a cDNA using a Pst I-
Hinc II linker from pUC18. The Avr II site
was ligated to the Avr II site of the rat m4
cDNA so that most of the 3' untranslated
sequence and the polyadenylated tail are
derived from the m4 cDNA. The ml, m3,
and hybrid m2 and m4 DNAs were trans-
fected into mouse fibroblast (A9) or COS-7
cells. To assay the transfectants for the pres-
ence of muscarinic receptor, membranes
were prepared from the transfectants 48
hours after transfection and assayed for their
ability to bind specifically the muscarinic
antagonist [3H]quinucidinyl benzilate (3H-
QNB). Transfected COS-7 cells expressed
2 x 104 to 2 x 105 receptors per cell in
different experiments while transfected A9
cells expressed 1 x 104 to 2 x 104 receptors
per cell. Neither host cell expressed any
muscarinic receptors before transfection.
Displacement of 3H-QNB binding with the
selective antagonist pirenzepine (Fig. 2)
demonstrated that ml, m3, and m4 transfec-
tants had a high affinity for pirenzepine.
Thus the ml, m3, and m4 receptors would
probably have been previously classified as
Ml receptors. Human m2 transfectants had
a low affinity for pirenzepine, consistent
with its M2 classification and the results
with the porcine m2 clone (5). Displace-
ment of3H-QNB binding by the muscarinic
agonist carbachol also displayed inhibition
constant (IC50) values in the micromolar
range.
To determine how many muscarinic genes

are in the genome, we have exaniined a
genomic blot of rat and human DNA with a
516-base probe corresponding to trans-
membrane regions II to V of the rat ml
gene (Fig. 3). Hybridization at moderate
stringency reveals nine to ten bands in each
rat digest and five or six bands in each
human digest. Comparison ofthe restriction
map of the rat ml and m3 genes and the
human m2 and m4 genes as well as high-
stringency hybridization of the four genes
allowed the identification of one and only
one band in each digest as corresponding to
each of the four known genes. Thus there

are one or two additional members of the
muscarinic gene family in the human
genome and potentially as many as five
additional members in the rat genome. The
difference between the number of bands
detected in rat and human suggests that
some of these genes may be pseudogenes,
but determination of their functionality will
require their cloning and sequencing and,
possibly, their expression.
As a first step in a detailed mapping of the

distribution of the muscarinic receptors in
the rat, we have performed in situ hybridiza-
tion to mRNA with oligonucleotides (21)
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Fig. 3. Genomic blot of rat and human DNA.
About 2 pLg of rat or human DNA was digested
with Eco RI or Pst I, electrophoresed in a 0.7%
agarose gel, and blotted onto nitrocellulose. The
blot was hybridized to cRmlp5 probe in 3x SSC
at 60°C and washed under the same condition-.
The bands (rat Eco RI, rat Pst I, urnan EcoR,
human Pst I; in kilobases) corresponding to indi-
vidual receptor genes as identified by high-strin-
gency hybridizations are: ml (4.8, 2.7, 3.8, 3.5),
m2 (8.5, 2.8, 6.2, 11), m3 (14, 6.4, 7.5, 2.7), and
m4 (20, 1.7, 18, 0.8).
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derived from the amnino terminal coding
sequence of the rat ml, m3, and m4 se-
quences. These probes are highly speific for
the individual receptors since they have es-
sentially no sequence homology to each
other. On RNA blots they detected mRNA
species of approximately 3000, 5200, and
3100 nucleotides for ml, m3, and m4,
respectively. All of these mRNA species
were more abundant in brain than in heart.
In situ hybridization (Fig. 4) indicates that
ml, m3, and m4 niRNAs are abundant in
cerebral cortex, with ml and m4 uniformly
distributed but m3 localized primarily in the
inner and outer layers. The ml and m3
mRNAs are highly abundant in hippocam-
pus but pl is much more abundant than m3
in the dentate gyrus; m4 mRNA is only
moderately abundant in hippocanpus and
of low abundance in dentate gyrus. Thus
Ml receptors previously characterized in
brain are a mixture of ml, m3, and m4
receptors.
Although there have been only two phar-

macologically well-defined dasses of musca-
rinic receptors, we have established that
there are four distinct muscarmnic receptor
genes. Why are there so many ifonly a single
subunit is required to make a functional
receptor? A formal possibility is that the
receptors are composed of heterogeneous
subunits but that receptors formed from a
single subunit will function in vitro. There is
a precedent for such a proposal in the ability

of the nicotinic acetylcholine receptor lack-
ing either the y or 8 subunits to function,
albeit poorly (22). However, the available
data on mRNA distibution indicate that
there are large variations in the stoichiom-
etry of the receptors, making this possibility
seem less probable. The possibility of differ-
ential regulation ofthe mRNAs as indicated
by their tissue specificity provides a partial
justification for the number of different re-
ceptors. However, we suspect that the tissue
specificity may in turn reflect an underlying
functional variation. Cultured 1321N1 as-
trocytoma cells have a muscarinic response
characterized by a stimulation of phospha-
tidylinositol turnover but an absence of any
adenylate cyclase ihibition whereas
NG108-15 neuroblastoma-glioma hybrid
cells show a muscarinic inhibition of adenyl-
ate cyclase but no stimulation of phosphati-
dylinositol turnover. These differences re-
flect a difference in the receptors rather than
in the competence of the cells for the partic-
ular response when stimulated with other
ligands (23). Thus the varnety of receptor
genes may well reflect specialization of dif-
ferent forms of the receptor for different
coupling mechanisms. Since different types
of muscariuc receptor are often mixed in a
given tissue, -cell lines stably expressing a
single receptor will be essential in character-
izing the different receptors (24).
A detailed study of the relation between

the structurc and function of the receptors

Fig. 4. Localization ofmus-
carinic receptor mRNA in a

coronal section of rat brain:
48- or 45-base oligonudeo-
tides complementary to se-

quence encoding amino ac-

ids 2 to 17 (m3: GCTGAT
GTGOG AAA AAAGG
CGA GGT TGT ACT GTT
ACIGTGCAAGGT),3to
18 (ml: TGG TGCGCAA
GAC AGT GAT GilT GGG
ACr GAC AGC AGG
GGG CAC TGA GGT), or

3 to 17 (m4: GCG CACG
AGA CfTG AITIGG TGA

GCf GCC A1T GACAGG
CGT GAA G-1 1) of the- rat
receptors were 35S-Iabeled
and hybridized as described
(21). The hybridized probe
was visualized by exposure

to x-ray film for 35 days.
Regions rich in mRNA ap-.
pear light, and nonspecific
hybridization, as defined
with similar probes to
mRNAs not expressed in
brain (transducin, rhodop-
sin), was homogeneous and
equivalent to the darkest ar-

eas. Heavily labeled struc-
tures include the hippocampus (H; ml and m3), and dentate gyrus (DG; ml). Cortex (CX) is
moderately labeled with all three probes.
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should also be possible, with the similarities
and dissimilarities in amino acid sequence of
the four receptors providing valuable clues
to structraully important features. Studies
involving deletions of the extracytoplasmic
loops ofthe 3-adrenergic receptor (25) have
already indicated that binding of ligand is
not determined primarily by the extracyto-
plasmic domains, thereby implying that
binding occurs to the transmembrane re-
gions. The high degree of conservation of
the i2 cytoplasmic loop suggests that it
might be involved in the more general abili-
ty to bind G proteins. Because deletion from
the carboxyl terminal of the i3 cytoplasmic
loop eliminates adenylate cyclase stimulation
in the 3 receptor, this region may provide
the specificity in cellular effector systems.
Although this loop is highly variable among
the muscarinic receptor types, it is neverthe-
less well conserved between species.
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The CML-Specific P210 berlabl Protein, Unlike v-abl,
Does Not Transform NIH/3T3 Fibroblasts

GEORGE Q. DALEY, JAMI MCLAUGHLIN, OWEN N. WITrE,
DAVID BALTIMORE

The v-abl oncogene of the Abelson murine leukemia virus (A-MuLV) is known to
efficently transform NIH/3T3 fibroblasts in vitro and to cause an acute lymphosarco-
ma in susceptible murine hosts. The role of its relative, the bcr/abl gene product, in the
etiology of human chronic myclogenous leukemia (CML) remains speculative. To
assess the transforming properties of the bcr/abi gene product, complementary DNA
dones encoding the CML-specific P210 bcrlabl protein were expressed in NIH/3T3
fibroblasts. In contrast to the v-aid oncogene product P160, the P210 bcr/abl gene
product did not transform NIH/3T3 cells. Cell lines were isolated that expressed high
levels ofthe P210 bcrlabl protein but were morphologicaily normal. During the course
of these experments, a transforming recombinant of bcr/abl was isolated which fiLses
gag determinants derived from helper virus to the NH2-terminus ofthe bcr/abl protein.
This suggests that a property ofviralgaj sequences, probably myristlation-dependent
membrane loalizaton, must be provided to ber/abl for it to transform fibroblasts.

HE PHILADEIPHIA CHROMOSOME,
a result of reciprocal translocation of
distal segments of autosomes 9 and

22, is found in greater than 90% of cases of
human chronic myelogenous leukemia
(CML) (1). The translocation juxtaposes c-
abl protooncogene sequences on chromo-
some 9 with a gene of unknown function,
denoted bcr, on chromosome 22 (2). A
novel hybrid messenger RNA transcribed
from this locus directs the translation of a
210-kD phosphoprotein (P210) carrying
both bcr and abl antgenic determinants (3).
The P210 bcrlabl protein resembles the v-abl
oncogene product ofAbelson murine leuke-
mia virus (A-MuLV) in its high tyrosine-
specific protein kinase activity (4). In addi-
tion, the P210 and v-abl proteins involve
replacements of NH2-terminal c-abl se-
quences with bcr and viral gag sequences,
respectively (5-7). To examine whether the
CML-specific bcrlabl protein functions like
the gag/v-abl protein of A-MuLV to trans-
form fibroblasts in vitro, we tested various
constructs which encode P210 bcrlabl.

These constructs do not transform fibro-
blasts, suggesting that bcrlabl functions dif-
ferently from the v-abl oncogene product.

Previously, we isolated overlapping com-
plementary DNA (cDNA) clones that de-
fine the complete coding sequence for the
P210 bcrlabl gene product (8). Using these
dones, as well as cDNA clones of the mu-
rine c-abl gene (9), we have made several
constructs for use m expression stucdes m
tissue culture cells (Fig. 1). The plasmid
pjW-TX (Fig. 1A), containing the cDNA
for the full-length coding sequences ofP210
and the SV40 origin of replication, directs
the transient expression in COS cells of a
210-kD phosphoprotein that is immunopre-
cipitated with antisera to abl and co-mi-
grates with the P210 bcrlabl protein of
K562 cells (Fig. 2A, lanes 1 and 2). The
cDNA thus encodes a protein with the
properties of the CML-specific P210.
To isolate cell lines that expressed the

P210 protein in a stable manner, we at-
tempted to directly transfect P210 con-
structs, but few transformants were found.

Knowing that abl-expressing constructs can
be toxic to cells upon transfection (10), we
co-transfected a construct that expressed
P210 (pcEX6.5, Fig. IC) with one express-
ing resistance to the antibiotic G418
(pSV2Neo) (11). Presence ofthe P210 con-
struct resulted in a fivefold decrease in the
number of G418-resistant colonies. Like-
wise, there was a strong negative selection
against a transfected P210 construct bearing
a co-selectable G418 resistance marker
(pJW-RX in Fig. 1B). The apparent toxicity
of P210-expressing constructs is similar to
that of the v-abl gene product (10). To
decrease the cytocidal effect of transfection
of the bcrlabl cDNA, we attempted retro-
viral transduction of single copies of the
toxic gene. Upon co-transfection of the
pjW-RX construct with a construct encod-
ing Moloney helper virus pZAP (12) and
subsequent selection with G418, cell lines
were isolated that stably expressed high lev-
els ofthe P210 protein (Fig. 2B, lanes 1 and
2). The level ofP210 kinase activity in these
cell lines was comparable to or greater than
P160 v-abl kinase activity in A-MuLV-
transformed cells (Fig. 2B, lane 5). In a
separate experiment, transfection of the re-
troviral-packaging cell line +-2 (13) with
pJW-RX and subsequent selection with
G418 gave helper-free retroviral producer
cell lines, which were screened for produc-
tion of high levels of virion RNA (14). Cell
lines selected in this manner expressed par-
ticularly high levels of P210 kinase activity
(Fig. 2C, lane 1). Supematants from these
4)-2 producer cell lines transferred the P210
bcrlabl gene product by retroviral infection
(Fig. 2C, lane 3). P210-expressing cell lines
all appeared morphologically flat and were
readily distinguished from cells transformed
by the v-abl oncogene product (compare C
and D of Fig. 3).
During experiments in which the

pLTR6.5 construct (Fig. 1D) was co-trans-
fected with the replication-competent Mo-
loney helper virus pZAP (12) onto NIH!
3T3 cells, a low frequency of transformed
foci arose (less than 1% of control v-abl
constructs). These transformed foci resem-
bled those ofv-abl (compare B andD ofFig.
3), and cell lines established from these foci
produced high titers of virus capable of
transforming NIH/3T3 cells at a frequency
comparable to A-MuLV (15). To determine
the nature of the transforming protein or
proteins responsible for the transformation
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