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ABSTRACT Partial amino acid sequence analysis of rabbit
fast-twitch skeletal muscle calsequestrin permitted the con-
struction of synthetic oligonucleotides that were used as both
primers and probes for the synthesis and isolation of cDNAs
encoding calsequestrin from neonatal rabbit skeletal muscle
libraries. The cDNA sequence encodes a processed protein of
367 residues with a Mr of 42,435 and a 28-residue amino-
terminal signal sequence. The deduced amino acid sequence
agreed closely with the portions of the mature protein that were
sequenced using standard protein sequencing. The neonatal
protein, however, contains an acidic carboxyl-terminal exten-
sion not present in the adult protein, suggesting that the cDNA
sequence may have arisen from an alternatively spliced neo-
natal transcript. A single transcript of 1.9-2.0 kilobases was seen
in neonatal skeletal muscle mRNA. A glycosylation site and two
potential phosphorylation sites were detected. Although the pro-
tein contains about two acidic residues for each Ca2+ bound, there
is no repeating distribution of acidic residues and no evidence of
EF hand structures. Hydropathy plots show no transmembrane
sequences, and structural analyses suggest that less than half of
the protein is likely to be highly structured. This sequence defies
the characteristics of a class of high-capacity, moderate-affmiity,
Ca2' binding proteins.

Calsequestrin is a high-capacity, moderate-affinity, Ca2+
binding protein (1) localized in luminal spaces of the terminal
cisternae of the sarcoplasmic reticulum of muscle cells (1-4).
The acidic protein binds about 1 ,mol of Ca2+ per mg with
a Kd of ==1 mM, resulting in dramatic changes in its confor-
mation (1, 5-9). These properties suggest that calsequestrin
acts as a Ca2+ buffer inside the sarcoplasmic reticulum,
lowering free Ca2+ concentrations and thereby lowering the
gradient against which the Ca2+-ATPase must pump Ca2+ (4).
Studies of Ca2+ concentrations in muscle using x-ray micro-
probe analysis (10) have demonstrated that Ca2+, presumably
as a Ca2+-calsequestrin complex, is localized in the terminal
cisternae during relaxation and is lost from that region during
tetanus. Thus, a second function of calsequestrin may be to
localize Ca2+ near the junctional face of the terminal
cisternae, the point from which it is released to initiate muscle
contraction (4).
We have obtained partial amino acid sequences of the

protein (4, 11), and we have used these sequences to
construct oligonucleotides to clone cDNA-encoding calse-
questrin. In this communication, we report the amino acid
sequence of rabbit fast-twitch skeletal muscle calsequestrin
deduced from the sequence ofcomplementary DNA. We also
demonstrate that this sequence corresponds to our partial
amino acid sequences, except for the carboxyl-terminal region.

MATERIALS AND METHODS
Amino Acid Sequence Analysis. Calsequestrin was isolated

from adult rabbit skeletal muscle by the method of MacLen-
nan and Wong (1) and cleaved with cyanogen bromide,
trypsin, or chymotrypsin using standard techniques (12).
Peptides were purified by a combination of gel filtration,
ion-exchange, and high-pressure liquid chromatography.
Amino acid compositions were determined using a Durrum
(Palo Alto, CA) model D-500 amino acid analyzer after
hydrolysis of the samples in 6 M HC1 at 1100C for 24, 48, and
72 hr. Automated sequence analyses were done on an
Applied Biosystems (Foster City, CA) model 470A protein
sequencer. Phenylthiohydantoin-amino acid derivatives
were analyzed by on-line high-pressure liquid chromatogra-
phy. Between 50 pmol and 3 nmol of protein or peptide was
subjected to sequence analysis.

Construction, Screening, and Sequencing of cDNA Clones.
mRNA was isolated from 14-day-old rabbit back and leg
muscles as described previously (13). cDNA was synthesized
by a primer extension method (14) using a group of synthetic
oligonucleotides 5'-TCGTCGTCGTCGTCGTC-3' based on
the carboxyl-terminal sequence determined for adult
calsequestrin, -Asp-Asp-Asp-Asp-Asp-Glu-COO-- (11).
Second-strand synthesis, tailing with deoxycytidine, hybrid-
izing to (dG)-tailed pBR322, and transformation of Esche-
richia coli strain RR1 (Bethesda Research Laboratories) were
done as described previously (13, 15). The resulting library of
3000 colonies was screened as described earlier (13) with a
group of synthetic oligonucleotides of base composition

AT C5'-TCGICCATTTCCATCCA-3' based on the upstream se-

quence -Trp-Met-Glu-Met-Asp-Asp-. This screening yielded
18 calsequestrin clones, the longest ofwhich was 1.1 kilobase
(kb); all lacked the 3' untranslated region.
A restriction endonuclease fragment from the 5' end of the

longest clone was used to probe the neonatal rabbit skeletal
muscle cDNA library described previously (13). Two clones
of 1.8 and 1.6 kb were isolated and mapped for restriction
endonuclease sites. Fragments were cloned into vectors
M13, mpl8, or mpl9, or into the pTZ vector (Pharmacia) to
obtain single-stranded cDNAs oriented in both directions
(Fig. 1). Single-stranded cDNA was sequenced by the dide-
oxy chain-termination method of Sanger et al. (16). RNA blot
analysis was done as described previously (17).

Structural Predictions. The amino acid sequence was
analyzed for hydropathy (18), helical structure, P-sheet
structure, and P-turns using computer analyses (19-21). Not
all predicted structures derived from these analyses are
shown.
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FIG. 1. Sequencing strategy for cloned cDNA encoding calsequestrin of neonatal rabbit skeletal muscle sarcoplasmic reticulum. The
restriction map displays five- and six-base restriction endonuclease sites used in sequencing.

RESULTS
The longest cDNA clone encoding calsequestrin contained
1848 base pairs (bp) of which 1185 were in coding sequences,
493 were in the 3' untranslated region, and 170 were in the 5'
untranslated region. Calsequestrin is synthesized with a
cleavable amino-terminal signal sequence with methionine
residues at positions 1 and 7 (22). Thus the location of the
initiator methionine was readily identified 27 residues before
the glutamic residue at the beginning of the mature sequence.
The presence of a glycine residue at the site of cleavage ofthe
signal peptide is consistent with the properties of the signal
peptidase that cleaves after small aliphatic residues. The 3'
untranslated sequence ended in a poly(dA)+ tail 15-bp down-
stream from the end of the polyadenylylation signal A-A-T-
A-A-A. The intervening bases contained the sequence T-G-
T-G-G-G-G-C that composes part of the polyadenylylation
signal.
The deduced amino acid sequence of neonatal calseques-

trin and the partial sequences obtained by direct amino acid
determination of the mature protein are also presented in Fig.
2. The mature protein begins with the sequence 'H3N-Glu-
Glu- and ends with a long acidic sequence. There was
excellent agreement between the two sequences with the
exception of the carboxyl-terminus. The adult amino acid
sequence ends with Glu-(Asp)5-Glu-COO--; the neonatal
deduced sequence in the same region is -Glu-(Asp)4-Glu-
(Asp)8-COO-. [The oligonucleotide used as a primer was
based on the sequence -(Asp)5-Glu-, but because only the first
two residues ofthe codon for glutamate were used, the primer
would recognize codons for (Asp)6 as well. In fact, reverse
transcription was initiated in the (Asp)8 region, and the
cloned sequence encoded -Glu-(Asp)4-Glu-(Asp)8-COO-.]
The adult protein would be predicted to be comprised of 360
residues with a Mr of 41,630 and to contain 44 aspartate and
59 glutamate residues. The neonatal protein, defined by
cDNA sequencing, has 367 residues with a Mr of 42,435 and
contains 51 aspartate and 59 glutamate residues. Both pro-
teins are predicted to contain 24 lysine and 6 arginine
residues.
Mature rabbit calsequestrin exists in two forms that can be

distinguished by NaDodSO4/PAGE (23). Most rabbits con-
tain only form 1, whereas some contain forms 1 and 2 in equal
concentrations, and a few contain only form 2. All amino acid
sequencing was done with form 1 of calsequestrin, but amino
acid compositions were obtained for both forms (data not
shown). Because form 2 does not contain significantly more
aspartate residues than does form 1, the cDNA sequence that
we obtained from neonatal rabbit muscle mRNA does not
correspond to form 2 of calsequestrin.

In 20 locations two or more acidic residues are juxtaposed.
This alignment can be accounted for by random association
in the first 325 residues, but 28 of the last 42 residues are

acidic, suggesting that they have a functional role. The
protein did not contain any sequences that could be con-

strued as forming EF hand types of Ca2" binding sites (24).
Ten of the 30 basic residues are paired, and the sequence
-Val-Ala-Lys-Lys-Leu-X-Leu- occurs twice. This pairing of
basic residues is more than random chance and may also
suggest that they have a functional role. Residues 117-128
have a similar sequence to residues 317-328. This is the only
other sequence that appears to repeat within the protein.
The five tryptophan residues are located in the carboxyl-

terminal third of the molecule. The protein does not contain
cysteine residues, consistent with recent amino acid analyses
of the protein (5, 25). The protein is relatively rich in proline
residues in the carboxyl-terminal half of the protein.

Calsequestrin is a glycoprotein containing an extensively
processed carbohydrate component comprised of two moles
ofN-acetylglucosamine and three moles ofmannose per mole
of protein of mass 40 kDa (26). The only potential glycosyla-
tion site, -Asn-Val-Thr-, found at residues 316-318 is almost
certainly used, because a blank in the amino acid sequence
was registered where a phenylthiohydantoin-asparagine
should have been recorded. Whether calsequestrin is phos-
phorylated in vivo is not clear, but it appears that
calsequestrin can be phosphorylated in vitro (4). Potential
phosphorylation sites were noted at residues 189 and 229.

Structural predictions (18-21) for calsequestrin are provid-
ed in Fig. 3. The hydropathy plot emphasizes its hydrophilic
character and confirms that there are no membrane-spanning
regions in this protein. About six regions centering around
residues 50-70, 76-88, 124-151, 156-171, 215-230, and
320-350 regions are strongly predicted to be a-helices,
whereas another five regions centering around residues
28-36, 41-49, 178-205, 238-258, and 262-273 predict more
weakly as a-helices. Three regions centering around residues
13-18, 282-287, and 312-317 predict strongly as p-strands by
all predictive methods. The Chou-Fasman (19) predictions
(Fig. 3) for 13strands are more extensive, however, than
those predicted by the method of Gamier et al. (20). While
13-turns are predicted throughout, the carboxyl-terminal third
of the molecule is exceptionally rich in sequences predicted
to form 13-turns.
Because cardiac calsequestrin appears to differ from skel-

etal muscle calsequestrin (27), and because the slow-
twitch/cardiac as well as the fast-twitch Ca2 -ATPase are
expressed in neonatal rabbit skeletal muscle, we looked for
cross-hybridizing calsequestrin transcripts in neonatal mus-
cle. An RNA blot, presented in Fig. 4, demonstrates that only
one calsequestrin transcript of 1.9-2.0 kb hybridized strongly
with a probe from the coding sequence of fast-twitch skeletal
muscle calsequestrin. The size of the mRNA suggests that a
full-length cDNA clone might be no more than 100-200 bp
longer than the calsequestrin cDNA reported here.

DISCUSSION
We have demonstrated that calsequestrin has a Mr of =42,000
(+ =-1000 due to carbohydrate). This value is consistent with
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-241
TCGGCACTTTCTCT

-211 -181 -151 -121
AAGACCCAGCAGTGTCCTCTGTCC CCTGCTCTGGGCCACTC CC CACC CCAC CCCCACC CTGAG CCCCGAACTCAGGATTTGGGAT CCAGGGGC CTCTCTGTACC CC CAGTTAAC CTC CT C

-91 -61 -31 -1
TGGACCAGGAGCGCCGACCCAGATCCCACTACCTCCATGAACGCCGCAGACAGGATGGGGGCCAGGGTGGCGCTGCTGCTACTGCTGGTGCTAGGCTCGCCCCAGTCAC;GGGTGCATGUG

METAsnAlaAlaAspArgMETGlyAlaArgValAlaLeuLeuLeuLeuLeuValLeuGlySerProGlnSerGlyValHisGly

30 60 90 120
GAGGAAGGGCTAGACTTCCCCGAGTACGATGGCGTGGACCGTGTAATCAATGTCAACGCAAAGAACTACAAGAACG;TGTTCAAGAAGTATGAGGTCCTGGCGCTCCTCTACCACGAGCCC
GluGluGlyLeuAspPheProGluTyrAspGlyValAspArgVallleAsnValAsnAlaLysAsnTyrLysAsnValPheLysLysTyrGluValLeuAlaLeuLeuTyrHisGluPro
7-_-,V,-- __-, -V - -,-F -,r - 7- _ 7 7-- -, -7 -YV - -, 7_ - 7-v -, 7 TVV*-77IF7 7

150 180 210 240
CCCGAGGACGACAAGGCCTCGCAGAGACAGTTTGAGATGGAGGAGCTGATCCTGGAG;TTAGCAGCCCAAGTCCTGGAAGACAAGGGTGTCGGCTTTGGGCTTGTGGACTCTGAGAAGGAT
ProGluAspAspLysAlaSerGlnArgGlnPheGluMETGluGluLeuIleLeuGluLeuAlaAlaGlnValLeuGluAspLysGlyValGlyPheGlyLeuValAspSerGluLysAsp

r
_ _~~~ ~_~~~~~ ?

-~_7___

270 300 330 36(0
GCAGCTGTGGCCAAGAAACTAGGACTAACCGAAGAAGACAGCATTTATGTGTTCAAAGAAGATGAAGTCATTGAGTACGATGGCGAGTTTTCTGCTGACAC(;TTGGTGGAGTTTCTCCTT
AlaAlaValAlaLysLysLeuGlyLeuThrGluGluAspSerlIeTyrValPheLysGluAspGluValIleGluTyrAspGlyGluPheSerAlaAspThrLeuValGluPheLeuLeu
81 ? ? ? 7 ---- 7 7

390 420 450 48(0
GATGTCCTAGAGGACCCTGTGGAACTGATTGAGGGTGAACGGGAGCTGCAGGCCTTTqrAGAACATTGAGGATGAGATCAAACTCATTGGCTACTTCAAGAACAAAGACTCAGAGCATTAC
AspValLeuGluAspProValGluLeuIleGluGlyGluArgGluLeuGlnAlaPheGluAsnIleGluAspGluIleLysLeulleGlyTyrPheLysAsnLysAspSerGluHisTyr
-7 -7-,- " F-7-,-,-, -V--V -'V -- --r
121 510 540 PhosphQrylation. 570 600

AAAGCTTTCAAGGAAGCGGCTGAGGAGTTTCATCCCTACATCCCCTTCTTCGCCACCTTCGACAGCAAGGTGGC AGAAGCTGACqC|CTGAAGCTGAACGAGATCGATTTCTACGAGGCC
LysAlaPheLysGluAlaAlaGluGluPheHisPro yrIleProPhePheAlaThrPheAspSerLysValAla|LysLysLeuh|eysusnllepherlua
161 -7 7

630 660 Phosphorylation 690 720
TTCATGGAAGAGCCTGTGACCATCCCAGACAAGCCCAACAGCGAGGAGGAGATTGTCAACTTCGTGGAGGAGCACAGGAGGTCTACCCTGAGGAAGCTGAAGCCTGAGAGTATGTATGAG
PheMETGluGluProValThrIleProAspLysProAsnSerGluGluGluIleValAsnPheValGluGluHis ArgArgSerThrLeuArgLysLeuLysProGluSerMETTyrGlu
,IV 7- -I__7-- -777-7-__-,77_77-7 -7 7777-7-F-7-I::!_::r _J-7- _ 7 ,'V-'7 . - -

201 750 780 810 840
ACTTGGGAGGACGATATGGACGGAATCCACATTGTGGCCTTTGCAGAGGAAGCTGATCCTGATGGCTACGAATTCTTAGAGATTCTCAAGTCTGTGGCCCAAG;ATAACA(;TGACAACCCC
ThrTrpGluAspAspMETAspGlyIleHisIleValAlaPheAlaGluGluAlaAspProAspGlyTyrGluPheLeuGluIleLeuLysSerValAlaGlnAspAsnThrAspAsnPro
-77 77 -7 ?v - -7 -7 -7 -7

241 870 900 930 Glycosylation 960

GACCTGAGCATCATCTGGATTGACCCTGATGACTTCCCTCTGCTGGTCCCATATTGGGAGAAGACATTTG;ACATCGATCTGTCAG;CTCCACAAATAGGAGTCGTC ATGTTACT GATGCG
AspLeuSerIlelleTrpIleAspProAspAspPheProLeuLeuValProTyrTrpGluLysThrPheAspIleAspLeuSerAlaProGlnIleGlyValVa AsnValThrjAspAla
77_- -- -7 - -7 -7--7-7-77 7 _-7 -7 -7 -7-7 -7 - _7 -7 - -7 'Lk0 7!z

281 990 1020 1050 1080
G;ATAGTGTGTGGATGGAGATGGACGATGAGGAGGACCTGCCTTCCGCGGAGGAGCTGGAGGACTGGCTGGAGGACGTGCTGGAGGGTGAGATCAACACAGAGGACGACGACGAC(;AAGAC
AspSerValTrpMETGluMETAspAspGluGluAspLeuProSerAlaGluGluLeuGluAspTrpLeu(;luAspValLeuGluGlyGluIleAsnThrGluAspAspAspAspGluAsp

--F _-7 r 77_7 -7 7 7-7 7 7 77-7 7 7 7 7 7 7 As Glu
301 1110 1140 1170 _737
GATGACGACGATGACGATGACTAGTTGCTGTGCAGCTGCCTTCCAGCCCCACCTGTTATCCTCAACTCCTTCCTACCTTCCTGTCCTTCCCTGAGCTCCTCGAGGGACACTTGGTCATTC
AspAspAspAspAspAspAsp
361 1230 1260 1290 1320
TCTGCCATTGGGCCAACTGGGGTCCTTAGGCTGGGTGCTGAGACCTTGATCCCCCTCAGCTGATGAGGAAAGGAGCGACTTTTCCCTAGATCCCAGCCGAGCTCTCACCCTTGATTCTTA

1350 1380 1410 1440
TTCCATAACTTACCTGTCGCTATTATCTGTGTCTTCCATTGCTCCCCACACTCTCCCTCATGATGCTCCTCTTAGCATAGCTATGGGCCCTTCCCCCCTTCTTTCCCCTTCATCAATGCA

1470 1500 1530 1560
CAGCCTT CTC CTC CTCT CT CCAATC CTATAT CCT CTCAGTGCCCTGACCCTGGCCAGGAGGAAGGGAGGGCATGTGTTTGGGGCTGTAGCAC AGT AAT C TCTGC TT AATG T.ATTTGiGGT C

1590
AATGCAAGGCCTTAATAAAAAGATGTGGGGCAGC

FIG. 2. Nucleotide and deduced amino acid sequence of calsequestrin. Nucleotide residues are numbered positively in the 5' to 3' orientation
beginning with the first residue coding for the amino-terminal amino acid as determined by protein sequencing and ending with the last residue
before the poly(dA)+ tail. They are numbered negatively in the 3' to 5' orientation beginning with the last residue encoding the signal sequence
and extending to the end of the 5' untranslated region. Amino acid residues identified by automated Edman degradation of intact calsequestrin
and isolated peptides are indicated by arrows. Question marks indicate residues that were sequenced but not identified. Asparagine-316 registered
as a blank, suggesting that it was glycosylated. Note that residues 359 and 360 were -Asp-Glu-COOH in the mature protein sequence and residues
359-367 were -Glu-(Asp)8-COOH in the deduced neonatal sequence. The possible sites of glycosylation and phosphorylation are enclosed in
boxes.

earlier estimates of 41,000-44,000 (1, 4) using the Weber and
Osborn gel system (28) and estimates by sedimentation equi-
librium (7, 25) and gel filtration in guanidine HCl (7). A mass of
63,000 daltons first determined by Meissner et al. (6), using the
Laemmli gel system (29), and a mass of50,000 daltons proposed
by Ikemoto et al. (5) are both high due to the abnormal
conformation of calsequestrin in sodium dodecyl sulfate (25).
The amino acid sequence confirms the acidic nature of the

protein. Amidated derivatives account for only 15% of the
total Asx or Glx residues as predicted earlier (1). The net
charge of adult calsequestrin at neutral pH would be -75 and
the net charge of the neonatal form would be -82. There is
no evidence of a repeating distribution of negative charges
such as might be found in an EF hand or other regular
structure. Forty-two of the 110 acidic residues in the neonatal
form and 42 of the 103 acidic residues in the mature protein
are in pairs or triplets, whereas two carboxyl-terminal se-
quences contain groups of 5 and 14 (7 groups in the adult)
acidic residues, respectively. These residues are, no doubt,
involved in Ca2l binding, but the exact structure of Ca2+

binding sites is still unknown. Additional juxtapositions of
acidic residues may be discerned once the three-dimensional
structure is known.
The most acidic portion of calsequestrin is the carboxyl-

terminal region, and this region is more acidic in a neonatal
form ofthe protein than in the adult form. The explanation for
this difference undoubtedly lies in alternative splicing. We
have found that a neonatal form of the Ca2+-ATPase has a
highly polar carboxyl terminus (17), whereas the adult form
has a terminal glycine residue. We have been able to
demonstrate that this is the result of developmentally regu-
lated alternative splicing (30).

Calsequestrin contains a single high-affinity binding site for
the phenothiazine antipsychotic drug trifluoperazine, and
this binding site is contained in a CNBr fragment encom-
passing residues 203-237 (R.A.F.R., unpublished observa-
tions). Trifluoperazine also binds to calmodulin and troponin
C (31), and because activation of phosphodiesterase by
calmodulin is blocked by phenothiazine antipsychotics, the
drug-binding sites may be sites of interaction between

Biochemistry: Fliegel et al.



Proc. Natl. Acad. Sci. USA 84 (1987)

x
0 10
_0
C

>% 0

-o
M -201

A A B

i. ,A

il
IW\¶\

401 B

31

21

10 -
LAl

o

-10

-20

400

28S-

18S -

co-0
0~

1.01 D

0.5

ii 1

1TJ 400

i . 1 400

Amino acid residue number

FIG. 3. (A) The hydropathic character of residues 1-367 of the
processed form of neonatal calsequestrin was evaluated using the
procedure of Kyte and Doolittle (18) with a span of 19 residues. (B)
The probability of a-helical structure was determined by the method
of Levitt (21) using a span of nine residues. (C) The probability of
(-sheet structure was determined by the method of Levitt (21) using
a span of nine residues. (D) The probability of 3-turns was evaluated
using the method of Chpu and Fasman (19). The solid line corre-
sponds to a cut-offvalue ofP = 7.5 x '10 for analysis offour residues.
The highest probability of a /-turn was assigned a value of 1.0 and
was equal to 1.20 x 10-3.

calmodulin and regulated proteins. The sites of drug inter-
action contain the following sequences:

K D T D S E E E I R E A F R V F D K94 (bovine brain
calmodulin),

A K G K S E E E L A E C F R I F D R'04 (rabbit skeletal
muscle troponin C),

D K P N S E E E I V N F V E E H R R226 (rabbit skeletal
muscle calsequestrin).

FIG. 4. RNA blot analysis of neonatal rabbit skeletal muscle
mRNA. Residues 1-1094 of the coding region of calsequestrin cDNA
were used to probe polyadenylylated RNA isolated from day-old
skeletal muscle. Positions of 28S and 18S ribosomal subunits are
indicated. Lane A, 10 ,ug of poly(A)+ RNA; lane B, 10 Iug of eluate
from the oligo(dT)-cellulose column. The size of mRNA coding for
calsequestrin was estimated at between 1.9 and 2.0 kb.

These binding sequences all contain an invariant core se-
quence -Ser-(Glu)3- followed by a hydrophobic residue (iso-
leucine or leucine) and are flanked upstream by a basic
residue and downstream by a phenylalanine residue and
another basic residue. Thus calsequestrin has evolved or
retained a binding site for hydrophobic organic compounds
shared by ancient high-affinity Ca2' binding proteins; the
most likely explanation for this sequence is that it is func-
tional and involved in specific protein-protein interactions.

In this respect, the pairing of basic residues within a
hydrophobic setting in the calsequestrin sequence attracts
interest. These sequences are similar to sequences containing
paired basic residues in calmodulin receptor proteins that
have been implicated in the binding sites between calmodulin
and these receptors (32). While we do not wish to imply that
calsequestrin is an activator molecule or that it is, itself,
activated by calmodulin, we point out that these sites of
potential interaction between the trifluoperazine binding site
and the dibasic sites may be important either in intramolec-
ular bonding to form three-dimensional structures or in
intermolecular bonding. Calsequestrin forms aggregates in
the presence of excess Ca2l (1, 5), and it forms a matrix
within the terminal cisternae (2). These associations might be
mediated through Ca2+-promoted interactions similar to
those occurring between calmodulin and its receptors.

Structural predictions clearly show that calsequestrin does
not contain transmembrane sequences. Thus, whereas
calsequestrin is labeled by lactoperoxidase in intact vesicles
(33), there is no chance that this labeling occurs because the
protein contains a transmembrane segment. It might, how-
ever, be anchored to the junctional face of the terminal
cisternae through an interaction with junction proteins, an
interpretation deducible from morphological studies (34).
Although extensive portions of calsequestrin are predicted

to be helical in conformation (Fig. 3), circular dichroism
studies of calsequestrin have shown that the apoprotein
contains only 10-20% a-helix (5, 8, 9, 35). Calsequestrin is a

0. bnkm.i! t a-i, *.H 0. *i * .-.I oil^ 0% 11
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very acidic protein, with many of the acidic residues clus-
tered. Thus, whereas glutamate is a strong helix former,
closely positioned negative charges will repel, creating a
random coil conformation. Calsequestrin also shows a dra-
matic increase in helical content at low pH or when binding
Ca2+ (5, 8, 9, 35). Circular dichroism studies of calsequestrin
(M.O. and R.A.F.R., unpublished data) have indicated that
this protein contains substantial p-sheet structure in the
presence and absence of Ca2+. p-Sheet structure is predicted
to occur in at least three regions of the protein (Fig. 3). A high
probability of P-turns in the carboxyl-terminal half of
calsequestrin is predicted. This may indicate that this portion
of calsequestrin is highly folded.
Tryptophan groups have been used as reporters of exten-

sive structural change in calsequestrin, induced by Ca2l
binding and probably leading to helix formation (5, 8, 35). All
five tryptophan residues in the molecule are located between
residues 242 and 342, a region that has a high potential for
P-turns. These residues are likely to be involved in confor-
mational changes as their environment is altered upon Ca2+
binding.

In our studies of Ca2+-ATPase expression (13, 17) in
neonatal muscle, we found two transcripts, a fast-twitch form
and a slow-twitch/cardiac form. We expected to find similar
results for calsequestrin, but instead, found only a single
strongly hybridizing band (Fig. 4). There are three possible
explanations: (i) there is only one calsequestrin transcript in
neonatal muscle; (ii) there are two or more transcripts, but
they have an identical mobility; (iii) there are two or more
transcripts, but they do not cross-hybridize, or they cross-
hybridize very weakly. We suspect the latter possibility,
because the amino-terminal amino acid sequences of fast-
twitch and cardiac calsequestrins are quite different (M.O.
and R.A.F.R., unpublished data) and because we have not
detected cross-hybridization of our cDNA with any clones in
a cardiac cDNA library or in RNA blots of cardiac mRNA.
We predict that similarities will emerge in the molecular

genetics of the Ca2+-ATPase and calsequestrin. We are
convinced that there will be at least two calsequestrin genes
encoding fast-twitch and cardiac (possibly slow-twitch/car-
diac) (27) forms of the protein. Moreover, our observations
on different, developmentally regulated carboxyl-termini in
the fast-twitch Ca2+-ATPase transcripts (30) will almost
certainly be repeated in the fast-twitch form of calsequestrin,
where we have seen a discrepancy between adult and
neonatal carboxyl-terminal sequences.
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