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Sarcoplasmic
reticulum
isolated
from malignant
hyperthermia-susceptible
(MHS) muscle exhibits
abnormalities
in the regulation
of calcium
release. To identify the molecular
basis of this abnormality,
the Ca”
release
channel
from both normal
and MHS sarcoplasmic
reticulum
was examined
using
proteolytic
digestion
followed
by immunoblot
staining
with
a
polyclonal
antibody
against
the rabbit
Ca2+ release
channel
protein.
Under appropriate
conditions,
trypsin
digestion
of isolated
sarcoplasmic
reticulum
vesicles
from the two types of pigs revealed
a distinct
difference
in the immunostaining
pattern
of the Ca2+ release channel-derived
peptides.
An approximate
86-kDa
peptide
was the predominant
fragment
in normal
sarcoplasmic
reticulum
while an approximate
99-kDa
peptide
fragment was the major
peptide
detected
in MHS sarcoplasmic reticulum.
Digestion
of sarcoplasmic
reticulum
vesicles isolated
from four normal
and four MHS pigs
showed that the differences
were highly
reproducible.
Trypsin
digestion
of sarcoplasmic
reticulum
isolated
from heterozygous
pigs, which contain
one normal
and
one MHS allele, showed
an antibody
staining
pattern
that was intermediate
between
MHS and normal
sarcoplasmic
reticulum.
These results can be explained
by
a primary
amino acid sequence difference
between
the
normal
and MHS Ca2+ release
channels
and support
the hypothesis
that a mutation
in the gene coding for
the sarcoplasmic
reticulum
Ca2+ release channel
is responsible
for malignant
hyperthermia.

Malignant
hyperthermia
(MH)’
is an inherited
skeletal
muscle disorder of humans and pigs in which halogenated
anesthetics, by elevating intracellular
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erated muscle metabolism
and muscle contracture
(1, 2). An
MH, episode can result in death unless promptly
recognized
and treated with the skeletal muscle relaxant dantrolene
(3).
Although the exact cause of the explosive rise in sarcoplasmic
Ca*+ is not completely understood,
several laboratories
have
found that Ca2+ release from MHS sarcoplasmic
reticulum
differs from that of normal sarcoplasmic
reticulum
in both
isolated vesicles (4-8) as well as intact or skinned fibers (913).
The skeletal muscle receptor for the plant alkaloid ryanodine (14) has been purified and shown to be identical to the
Ca2+ release channel of the sarcoplasmic
reticulum
(15-17).
This protein is thought to compose the “foot” structures which
are present at the junction
between the sarcoplasmic
reticulum and the transverse tubule membranes (17, 18). The foot
structures may interact with the recently identified transverse
tubule tetrad which has been proposed to be the dihydropyridine receptor (18). Recent results by Mickelson
et al. (19)
provide evidence that the sarcoplasmic reticulum Ca2+ release
channel/ryanodine
receptor itself may be altered in MH.
These studies showed that the MHS Ca2+ release channel has
an altered Ca2+ dependence of ryanodine binding and a higher
affinity
for ryanodine
than does the normal Ca2+ release
channel protein.
The primary amino acid sequence for the skeletal muscle
Ca2+ release channel has been deduced from the cDNA (20).
It is predicted to contain four transmembrane
domains near
the carboxyl terminus, with the majority of the protein (Mr
= 565,223) protruding
into the cytoplasm to form the “foot”
(20). Consistent with the above model, several groups have
shown that the Ca2+ release channel is highly susceptible to
proteolytic
degradation
(21-24), resulting in multiple peptide
fragments which can be identified
by immunoblot
analysis
(22). Based on results using electron microscopy
(23) and
sucrose gradient sedimentation
(22) it appears that despite
extensive digestion by trypsin, the channel/foot
protein remains intact through noncovalent
interactions.
In this study we have tested the proposal that differences
between the structure of the MHS and normal sarcoplasmic
reticulum Ca2+ release channels may be identified
by immunoblot analysis as an altered proteolytic
digestion pattern.
This procedure allows for the unique identification
of subtle
differences between normal and mutated proteins,
and we
propose this technique be called immunopeptide
mapping. We
report that when sarcoplasmic
reticulum
vesicles were digested with trypsin, clear and reproducible
differences were
seen between the immunostaining
pattern of the MHS and
normal Ca2+ release channel-derived
peptides. These data
support the proposal that MH results from a mutation in the
gene coding for the sarcoplasmic reticulum Ca2+ release channel.
EXPERIMENTAL

PROCEDURES

Isolation
of Normal,
Heterozygote,
and MHS Sarcoplasmic
Reticulum-MHS
Pietrain
pigs (homozygous
for the halothane
sensitivity
(MHS)
gene), heterozygote
pigs (one normal
and one MHS allele),

and normal Yorkshire

(homozygous for the normal allele) pigs (60-

100 pounds)
from the University
of Minnesota
Experimental
Farm
were evaluated
for malignant
hyperthermia
susceptibility
by a halothane challenge
test 3-4 weeks before use (25). Heavy sarcoplasmic
reticulum
was isolated
as described
previously
(4, 19). Protein
was
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Immunopeptide

determined

by the method

of Lowry

et al. (26) as modified

Maps of the MH Ca2+ Release Channel
by Peterson

(27).

fEz%i

Protease
Digestion
of Isolated
Sarcoplasmic
Reticulum-Isolated
heavy sarcoplasmic
reticulum
was diluted
with Buffer
A (0.3 M
sucrose,
20 mM Tris-HCl,
pH 7.4) and centrifuged
for 30 min at
100,000 x g to remove protease
inhibitors.
The sarcoplasmic
reticulum
pellet was resuspended
in Buffer
A, frozen
in liquid nitrogen,
and
stored at -135 “C until use. Sarcoplasmic
reticulum
(1 mg/ml)
was
digested
with protease
at either 30 or 37 “C for various
times in a
buffer containing
1.0 M sucrose and 20 mM Tris-HCl.
DH 7.0. Diaestion was inhibited
by the addition
of 1 mM phenylmethylsulfonyl
fluoride
followed
by an equal volume
of Laemmli
sample buffer
(28)
containing
6% SDS and 2% 2-mercaptoethanol.
Sodium
Dodecyl Sulfate-Polyacrylamide
Gel Electrophoresis
(SDSPAGE) and Immunoblot
Analysis-Skeletal
muscle membranes
were
analyzed
by SDS-PAGE
(3-12 or 5-16%
gradient
gels) using the
buffer
system
of Laemmli
(28) and transferred
to nitrocellulose
membranes
according
to Towbin
et al. (29). The nitrocellulose
blots
were blocked
for 1 h with phosphate-buffered
saline (154 mM NaCI,
50 mM NaH,POI,
pH 7.4 with NaOH)
containing
5% nonfat dry milk
and subsequently
incubated
with primary
antibody
in Tris-buffered
saline (TBS)
(200 mM NaCl, 20 mM Tris-HCl,
pH 7.5) containing
3% bovine serum albumin
overnight
at 4 “C. Immunoblots
were then
washed three times with TBS, incubated
for 1 h with secondary
antiIgG antibodies
covalently
linked to horseradish
peroxidase
in TBS
containing
3% bovine serum albumin,
washed with TBS, and finally
developed
using 4-chloro-l-naphthol
as the substrate.
Polyclonal
antibodies
against
the sarcoplasmic
reticulum
Ca*’ release channel
were prepared
by injection
of a sheep with 0.5 mg of
purified
Ca?’ release
channel
(15) in 5 ml of Freund’s
complete
adjuvant.
The sheep was boosted
2,4, and 6 weeks later with another
0.5 mg of purified
Ca*+ release channel
protein
in 5 ml of Freund’s
incomplete
adjuvant.
Between
3 and 10 weeks later blood was collected, incubated
first at 37 “C for 1 h and then at 4 “C overnight.
The serum was collected
by centrifugation,
then tested for specificity
and titered using immunoblots
containing
both purified
Ca2+ release
channel
and crude membranes.
Materials-Electrophoresis
reagents
were obtained
from Bio-Rad
and molecular
weight standards
from Bethesda
Research
Laboratories. Trvusin
(T-86421
(treated
with L-1-tosvlamido-2-phenvlethvl
chloromethyl
ketone)
and phenylmethylsulfonyl
fluoride
were purchased
from Sigma. Horseradish
peroxidase-conjugated
secondary
antibodies
were obtained
from
Boehringer
Mannheim.
All other
chemicals
were of reagent
grade quality.
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FIG. 1. Immunoblot
of MHS and normal
sarcoplasmic
reticulum
digested
with
various
concentrations
of trypsin.
Each
lane contains
50 pg of either normal
(N) or MHS (M) sarcoplasmic
reticulum
treated with trypsin
for 5 min at 37 “C and analyzed
on 312% SDS-polyacrylamide
gels. The immunoblot
was stained
with
sheep polyclonal
anti-rabbit
Ca*+ release channel
antiserum
followed
by incubation
with rabbit anti-sheep
IgG conjugated
to horseradish
peroxidase.
The amount
of protease
(ng) per pg of sarcoplasmic
reticulum
protein
is indicated
at the bottom. The arrowheads
on the
right indicate
the 86-kDa
fragment
which is detected
in the normal
sarcoplasmic
reticulum
but not in the MHS and the 99-kDa
fragment
which is prominent
in the MHS sarcoplasmic
reticulum.
Molecular
weight standards
(M, x lo-?
are indicated
on the left. (Prestained
molecular
weight standards
were from Bethesda
Research
Laboratories and the apparent
molecular
weights
were as follows:
myosin,
224,330;
phosphorylase
b, 109,100; bovine
serum
albumin,
71,830;
ovalbumin,
45,830; carbonic
anhydrase,
28,530; and fl-lactoglobulin,
18,370.)

detected in the MHS sample. These differences were not seen
at lower trypsin
concentrations
(1.25 and 0.25 ng/pg in Fig.
l), indicating that the differences in digestion of the MHS
and normal Ca*+ release channel may only be detectable over
a limited range of trypsin concentrations.
Control experiments using antibodies against the sarcoplasmic reticulum (Ca*+ + MT)-ATPase,
the junctional
transverse tubular dihydropyridine receptor (30), and a juncRESULTS
AND DISCUSSION
tional sarcoplasmic reticulum 94-kDa protein (31) revealed
To explore potential differences in the structure of the no differences in the tryptic digestion pattern of MHS and
MHS and normal Ca2+ release channel, heavy sarcoplasmic normal sarcoplasmic reticulum (data not shown). Immunoreticulum vesicles were treated with various proteases and peptide maps of normal and MHS sarcoplasmic reticulum
examined for differences in the pattern of proteolytic diges- revealed differences only in the Ca2+ release channel. One
tion. When samples were analyzed by Coomassie Blue or interpretation of these results is that the Ca*+ release channel
silver staining of SDS-PAGE gels, no differences were seen of MHS sarcoplasmic reticulum contains one or more trypsinbetween
the MHS and normal samples (data not shown). susceptible peptide bonds which are either absent or less
Therefore, the samples were analyzed by SDS-PAGE, fol- accessible in the Ca*+ release channel of normal sarcoplasmic
lowed by immunoblotting with polyclonal antibodies against reticulum.
the Ca’+ release channel protein. This methodology is more
To demonstrate consistent differences in the trypsin sensensitive and specific than analysis by gel staining and may sitivity of the MHS and normal Ca*’ release channel, four
therefore detect subtle differences in the protease digestion different preparations each of MHS and normal sarcoplasmic
patterns not seen by gel staining alone. Additionally, this reticulum were treated with trypsin at a ratio of 16O:l for 5
method allows the digestion of the samples under nondenamin at 37 “C (Fig. 2). Again, it can be seen that more of the
turing conditions, where the effects of ligands or phosphoryl99-kDa fragment is present in each of the MHS samples while
ation on the digestion pattern could be studied. Four different
the 86-kDa fragment is seen in each of the normal samples.
concentrations of either trypsin, a-chymotrypsin, or Stuphy- This experiment shows that the differences in digestion patlococcusaureus protease V8 were used. No reproducible dif- terns between MHS and normal samples cannot be accounted
ferences in MHS and normal immunostaining of the Ca*+ for by pig-to-pig or preparation-to-preparation variability.
release channel were identified when either cu-chymotrypsin
To explore further the nature of the differences in the
or S. aureus protease was used (data not shown). However, pattern of trypsin digestion, MHS and normal samples were
Fig. 1 shows that when the samples were digested with trypsin,
treated for various times at a trypsin:protein ratio of 1:160 at
differences were detected in the staining pattern of the im- 30 “C (Fig. 3). Clear differences were again seen in the immunoblot. At a protease:protein ratio of 1:160 (6.25 ng/gg)
munostaining patterns of the MHS and normal Ca*+ release
the MHS sample contained an approximate 99-kDa band channel peptides. However, this experiment shows that both
which was only a minor band in the normal sample, while the MHS and normal samples contain a 99-kDa fragment at short
normal sample contained an 86-kDa band which was not incubation times (5-15 min). Fig. 3 also shows that while the
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FIG. 2. Immunoblots
of different
preparations
of MHS and
normal
sarcoplasmic
reticulum
digested
with trypsin.
Samples
were treated
with trypsin
for 5 min at 37 “C as described
under
“Experimental
Procedures”
and analyzed
using a 516%
SDS-polyacrylamide
gel. The ratio of sarcoplasmic
reticulum
to trypsin
was
16O:l. The immunoblot
was stained with polyclonal
sheep anti-rabbit
Ca*+ release channel
antibodies
followed
by incubation
with rabbit
anti-sheep
IgG conjugated
to horseradish
peroxidase.
Each lane contains 100 fig of either normal
(N) or MHS (M) sarcoplasmic
reticulum. The arrowheads
on the left show the 86-kDa
fragment
which is
detected
in the normal
sarcoplasmic
reticulum
but not in the MHS
and the 99.kDa
fragment
which
is prominent
in the MHS
sarcoplasmic
reticulum.
Molecular
weight standards
(M, x W’)
are indicated on the right. (Prestained
molecular
weight standards
are as in
Fig. 1.)
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99-kDa normal fragment was almost completely absent by 30
min, the 99-kDa MHS fragment is only partially lost after 60
min of digestion; this is associated with the simultaneous
appearance of an approximate
86-kDa fragment. Whether the
86-kDa immunostained
band that is visible in the 30- and 60min MHS samples is the same as the 86-kDa band seen after
5 min of trypsin incubation
with the normal sample remains
to be determined.
However, it is clear that this 86-kDa Ca”
release channel fragment is produced at very different times
of trypsin incubation
with MHS and normal sarcoplasmic
reticulum.
In addition to the Yorkshire
and the Pietrain pigs, which
are homozygous normal and MHS, respectively, heterozygotes
have been developed by cross-breeding
of the two genotypes
and backcrossing
to Pietrains
(32). The heterozygote
pigs
were found to be phenotypically
non-MHS
when challenged
with halothane, consistent with the MHS gene being inherited
in an autosomal recessive fashion (32). An advantage of these
animals is that except for the halothane sensitivity gene, most
of the genes will be provided from the Pietrain breed. However, sarcoplasmic reticulum isolated from heterozygote
displayed intermediate
properties of Ca*+ release and ryanodine
binding activities when compared with the homozygous normal and homozygous MHS pigs (33). Fig. 4 shows the trypsin
digestion pattern of the sarcoplasmic reticulum Ca” release
channel from one normal, three heterozygous, and one MHS
pig. Under conditions where the predominant
MHS and normal fragments are 99 and 86 kDa, respectively, the heterozygote samples display both bands. Thus, the sarcoplasmic
reticulum Ca2+ release channel of heterozygous pigs demonstrates an intermediate
pattern of trypsin digestion.
This
would be expected if the halothane sensitivity gene codes for
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FIG. 3. Time course
of trypsin
digestion
of MHS and normal
sarcoplasmic
reticulum.
Samples
were treated
with trypsin
as
described
under “Experimental
Procedures”
and analyzed
using a 516% SDS-polyacrylamide
gel. The immunoblot
was stained
with
sheep polyclonal
anti-rabbit
Ca*+ release channel
antibodies
followed
by incubation
with rabbit anti-sheep
1gG conjugated
to horseradish
peroxidase.
Each lane contains
100 pg of either normal
(N) or MHS
(M) sarcoplasmic
reticulum
treated
with 6.35 ng/pg
sarcoplasmic
reticulum
protein
or a ratio of 16O:l (sarcoplasmic
reticulum:trypsin)
at 30 “C. The arrowheads
on the right show the 86-kDa
fragment
which is detected
in the normal
sarcoplasmic
reticulum
but not in
the MHS sarcoplasmic
reticulum
and the 99-kDa
fragment
which is
prominent
in the MHS
sarcoplasmic
reticulum.
Molecular
weight
standards
(M, x lo-‘) are indicated
on the left. (Prestained
molecular
weight standards
are as in Fig. 1.)
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FIG. 4. Immunoblots
of MHS
(M),
heterozygote
(II),
and
normal
(N) sarcoplasmic
reticulum
digested
with trypsin
at a
ratio
of 16O:l
sarcoplasmic
reticulum:trypsin.
Samples
were
treated
with trypsin
as described
under “Experimental
Procedures”
for 5 min at 37 “C, after which 75 pg/lane
were analyzed
on 3-12%
SDS-PAGE.
The nitrocellulose
transfer
was stained
with polyclonal
sheep anti-rabbit
Ca’+ release channel
antibody
followed
by incubation with rabbit anti-sheep
IgG conjugated
to horseradish
peroxidase.
The arrowheads
on the right show the 86-kDa
fragment
which
is
detected
in the normal
sarcoplasmic
reticulum
but not in the MHS
and the 99-kDa
fragment
which
is prominent
in the MHS
sarcoplasmic reticulum. Molecular weight standards (M, x lo-“) are indicated on the left. (Prestained
molecular
weight standards
are as in
Fig. 1.)

Immunopeptide

Maps of the MH Ca2+ Release Channel

the sarcoplasmic reticulum Ca*+ release channel, i.e. pigs
heterozygous for the halothane sensitivity gene contain one
copy each of the normal and altered alleles of the sarcoplasmic
reticulum Ca*+ release channel gene. The results with the
heterozygotes also suggest that the differences in immunopeptide maps of the MHS and normal sarcoplasmic reticulum
Ca*’ release channel are not due to other genes which may
differ between the two breeds of pigs.
The most likely explanation for our observations is that
the halothane sensitivity/MHS gene is identical to the Ca*+
release channel gene, with a mutation in this gene directly
responsible for the different peptide maps of the MHS and
normal Ca’+ release channel proteins. The MH mutation may
result in the direct loss/gain of trypsin sites (arginine or
lysine). One recent example of this type of mutation is illustrated by the recent cloning of the gene responsible for cystic
fibrosis (34); 70% of the cystic fibrosis caseswere found to be
the result of the deletion of a single amino acid (35). Clearly,
any mutation in the Ca*+ release channel (deletion, insertion,
or substitution) may result in an altered secondary, tertiary,
or quaternary structure of the protein which could alter the
immunopeptide map with trypsin. A mutation which results
in a change in structure of the MHS channel may also explain
the greater open channel probability (36), the altered [3H]
ryanodine binding (19), and the increased Ca*+-induced Ca2+
release seen in MHS sarcoplasmic reticulum (4-8).
An alternative explanation for these results could be that
the MHS mutation only indirectly affects the Ca2+ release
channel, ie. the halothane sensitivity gene may encode for
another protein involved in excitation-contraction coupling,
which then interacts differently with the MHS and normal
Ca*+ release channel proteins. Although the purified Ca*+
release channel is thought to be a homotetramer (17, 18), it
is still possible that other proteins interact with the channel
in situ but are lost when the channel is solubilized and
purified. However, we have found no differences in immunopeptide maps for two other potential components of excitation-contraction coupling, the junctional transverse tubule
dihydropyridine receptor or junctional sarcoplasmic reticulum
94-kDa protein. Regardless of the explanation for the differences between MHS and normal, it is clear that immunopeptide mapping provides another way to distinguish between
MHS and normal pigs.
In this report we have shown specific and distinct differences in the immunopeptide maps of the Ca2+ release channel
between MHS and normal pigs. These different immunopeptide maps are most likely the result of specific differences in
the amino acid sequences of the two proteins. Furthermore,
differences in the amino acid sequence of the Ca*+ release
channel could cause structural differences in the two proteins
which may account for the abnormal regulation of sarcoplasmic reticulum CaZ+release seen in MH. Since the COOHterminal one-fourth of the protein is proposed to contain the
regulatory and transmembrane domains (20), this region is
an excellent candidate for the site of the MHS mutation. In
conclusion, although alternative interpretations exist, we propose the most likely explanation of our results is that the
gene encoding the Ca*+ release channel is the candidate gene
responsible for MH.
Acknowledgments-We
wish to thank Mitchell
Gaver for his generous contribution
of antibodies
used in this study and Dr. James
Ervasti
for helpful
discussions.
We are indebted
to Dr. William
Rempel
of the Department
of Animal
Science
at the University
of
Minnesota
for providing
the pigs used in this study.

REFERENCES

Gronert, G.

A. (1986) in Myology: Basic and Clinical (Engel,
A.
G., and Banker,
B. Q., eds) pp. 1763-1784,
McGraw-Hill
Book
Co., New York
2. Harriman, D. G. F. (1988) Br. J. Anaesth. 60, 309-316
3. Harrison,
G. G. (1988) Br. J. Anuesth. 60.279-286
4. Mickelson,
J. R., Ross, J. A., Reed, B. K., and Louis, C. F. (1986)
1.

Biochim. Biophys. Acta 862, 318-328
S. T., Taylor,
S., and Gronert, G. A. (1983)FEBS Lett.
161, 103-107
6. Nelson,
T. E. (1983) J. Clin. Inuest. 72,862-870
5. Ohnishi,

I. Kim, D. H., Sreter, F. A., Ohnishi,
S. T., Ryan, J. F., Roberts,
J.,
Allen, P. D., Meszaros,
L. G., Antonui,
B., and Ikemoto,
N.
(1984) Biochim. Biophys. Acta 775, 320-327
8. Nelson,
T. E. (1984) FE&S Lett. ISi,
123-126
9. Iaizzo.
P. A.. Klein, W.. and Lehmann-Horn.
F. (1988) Pflripers
Arch. 4 11; 648-653
10. Gallant, E. M., Godt, R. E., and Gronert, G. A. (1980) J. PharI .

I , Y

macol. Exp. Ther. 213,91-96
11. Gallant,
E. M., and Donaldson,
24-30
12. Endo,
M., Yagi, S., Ishizuka,

S. K. (1989)
T.,

Horiuti,

Amaha, K. (1983) Biomed. Res. 4,83-92

Pfliigers Arch. 414,
K.,

Koga,

Y.,

13. Ohta, T.. Endo. M.. Nakano.
T.. Morohoshi.
Y., Wanikawa.
and Ohga, A..(1989)
Am. 2 Physiol. 256, b358-C367
14. Sutko,
J. L., Ito, K., and Kenyon,
J. L. (1985) Fed. Proc.

and
K..

44,

2984-2989
15. Imagawa,
T., Smith,
J. S., Coronado,
R., and Campbell,
K. P.
(1987) J. Biol. Chem. 262. 16636-16643
16. Inui, Ml, Saito, A., and Fleiicher, S. (1987) J. Biol. Chem. 262,
1740-1747
17. Lai, F. A., Erickson,
H. P., Rousseau,
E., Liu, Q., and Meissner,
G. (1988) Nature
331,315-319
18. Block,
B. A., Imagawa,
T., Campbell,
K. P., and Franzini-Armstrong,
C. (1988) J. Cell Biol. 107. 2587-2600
19. Mickelsin,
J. R., Gallant,
E. M., Litterer,
L. A., Johnson,
K. M.,

Rempel, W. E., and Louis, C. F. (1988) J. Biol. Chem. 263,
9310-9315
20. Takeshima,
H., Nishimura,
S., Matsumoto,
T., Ishida,
H., Kangawa, K., Minamino,
N., Matsuo,
H., Ueda, M., Hanaoka,
M.,
Hirose,
T., and Numa, S. (1989) Nature 339, 439-445
21. Seiler, S., Wegener,
A. D., Whang,
D. W., Hathaway,
D. R., and
Jones, L. R. (1984) J. Biol. Chem. 259,8550-8557
22. Meissner.
G.. Rousseau.
E.. and Lai. F. A. (1989) J. Biol. Chem.
264,1;71511722
’
’
23. Chu, A., Sumbilla,
C., Scales, D., Piazza, A., and Inesi, G. (1988)

Biochemistry 27,2827-2833
24. Shoshan-Barkatz,.V.,
and Zarka, A. (1988) J. Biol. Chem. 263,
16772-16779
25. McGrath,
C. J., Rempel,
W. E., Addis,
P. B., and Crimi,
A. J.
(1981) Am. J. Vet. Res. 42, 195-198
26. Lowry,
0. H., Rosebrough,
N. J., Farr, A. L., and Randall,
R. J.
(1951) J. Biol. Chem. 193, 265-275
27. Peterson,
G. L. (1977) Anal. Biochem. 83, 346-356
28. Laemmli,
U. K. (1970) Nature 227, 680-685
29. Towbin, H., Staehelin,T., and Bordon, J. (1979) Proc. Natl. Acad.

Sci. U. S. A. 76.4350-4354

30.

Campbell,

K. P., Leung,

A. T., and

Sharp,

A. H.

(1988) Trends

Neurosci. 11, 425-430
31.

Campbell, K. P., Knudson, C. M., Imagawa, T., Leung, A. T.,
Sutko,

J. L., Kahl,

S. D., Raab,

C. R., and

Madson,

L. (1987)

J. Biol. Chem. 262,6460-6463
32.

Gallant,
E. M., Mickelson,
J. R., Roggow,
B. D.. Donaldson,
S.
K., Louis,
C. F., and Rempel,.
W.-k.
(i989)
km. J. Phykol.
257, C781-C786
33. Mickeison,
J. R., Gallant,
E. M., Rempel,
W. E., Johnson,
K. M.,
Litterer,
L. A., Jacobson,
B. A., and Louis, C. F. (1989) Am. J.

Physiol. 257, Cl87-C794
34. Rommens,
J. M., Iannuzzi,
M. C., Kerem,
B.-S., Drumm,
M. L.,
Melmer,
G., Dean, M., Rozmahel,
R., Cole, J. L., Kennedy,
D.,
Hidaka,
N., Zsiga, M., Buchwald,
M., Riordan,
J. R., Tsui,
L.-C., and Collins,
F. S. (1989) Science 245, 1059-1065
35. Kerem,
B.-S., Rommens,
J. M., Buchanan,
J. A., Markiewicz,
D.,
Cox, T. K., Chakravarti,
A., Buchwald,
M., and Tsui,
L.-C.
(1989) Science 245,1073-1080
36. Fill, M. D., Mickelson,
J. R., Vilven,
J., Jacobson,
B. A., Coronado, R., and Louis, C. F. (1990) Biophys. J., in press

