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Abstract

Complementary DNA(cDNA) clones specific for phospholam-
ban of sarcoplasmic reticulum membranes have been isolated
from a canine cardiac cDNA library. The amino acid sequence
deduced from the cDNAsequence indicates that phospholamban
consists of 52 amino acid residues ,and lacks an amino-terminal
signal sequence. The protein has an. inferred mol wt 6,080 that
is in agreement with its apparent monomeric mol wt 6,000, es-
timated previously by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Phospholamban contains two distinct do-
mains, a hydrophilic region at the amino terminus (domain I)
and a hydrophobic region at the carboxy terminus (domain II).
Wepropose that domain I is localized at the cytoplasmic surface
and offers phosphorylatable sites whereas domain II is anchored
into the sarcoplasmic reticulum membrane.

Introduction

Protein phosphorylation catalyzed by cyclic AMP(cAMP)-de-
pendent protein kinase (EC 2.7.1.37, ATP:protein phospho-
transferase) has been postulated to play a pivotal role in the
regulation of excitation-contraction coupling of myocardium
(1). In canine cardiac sarcoplasmic reticulum (SR)', an integral
membrane protein termed phospholamban (2) serves as the ma-
jor substrate for phosphorylation by a cAMP-dependent protein
kinase. This protein was also reported to be phosphorylated by
Ca2+, calmodulin-dependent protein kinase (3, 4), and protein
kinase C (5). cAMP-dependent phosphorylation of serine resi-
dues in phospholamban (6) is associated with a marked stimu-
lation of Ca2+ pumping function by SR (7-9). A similar regu-
latory mechanism is considered to mediate fl-adrenergic inotro-
pie effects of catecholamines in myocardial cells (1).
Phospholamban was suggested to exhibit a unique molecular
assembly in that the holoprotein of 25-27 kD may consist of
five monomers (10-12). The oligomeric form was thought to be

Address reprint requests to Michihiko Tada, First Department of Med-
icine, Osaka University School of Medicine, Fukushima-ku, Osaka 553,
Japan.

Receivedfor publication 6 August 1986.

1. Abbreviation used in this paper: SR, sarcoplasmic reticulum.

stable in sodium dodecyl sulfate above its critical micelle con-
centration at low temperature, with the probable molecular size
of the monomeric species being 5-6 kD (12, 13).

Whenphospholamban purified by our method (14) was sub-
jected to sequence determination, we identified 35 consecutive
amino acid residues starting from an Na-acetylated methionine
(13). This enabled us to isolate and sequence the complementary
DNA(cDNA) clones encoding canine cardiac phospholamban.
This paper describes the molecular cloning and complete amino
acid sequence of phospholamban deduced from cDNAanalysis.

Methods

Construction of a cDNA library. Total RNAoriginating from cardiac
ventricular muscle of adult dog was extracted in 4 Mguanidine thio-
cyanate buffer as described by Chirgwin et al. (15). Poly(A)+ RNAwas
prepared by twice subjecting the total RNApreparation to oligo(dT)-
cellulose column chromatography (16). AcDNAlibrary was constructed
as described by Okayama and Berg (17) with 14 ug of poly(A)+ RNA
and 2 tg of vector/primer DNA. Escherichia coli DH1 was used for
transformation. - 8,300 ampicillin-resistant transformants were obtained
per microgram of starting messenger RNA(mRNA).

Screening of the cDNA library with oligodeoxyribonucleotides. 32
oligodeoxyribonucleotides composed of all possible complementary se-
quences predicted for a partial amino acid sequence Glu 19-Met-Pro-
Gln-Gln-Ala 24 of phospholamban (13), excluding the third nucleotide
residue of the alanine codon, were synthesized by the phosphoramidate
method (18). To isolate cDNA clones for phospholamban, the cDNA
library was screened by colony hybridization with the 5'-32P-labeled syn-
thetic oligodeoxyribonucleotide probes described by Woodet al. ( 19).

Results and Discussion

Isolation of cDNA clones. A canine cardiac cDNA library was
screened by hybridization with a mixture of 32 synthetic oli-
godeoxyribonucleotide probes as described in Methods. Three
hybridization-positive clones were isolated from about 3,000
transformants. Recombinant plasmids from selected clones were
digested with various restriction enzymes and electrophoresed
in agarose gel to determine the size. All these plasmids contained
the same size insert of - 800 bases with the same restriction
maps, suggesting that they were derived from the same mRNA.
Among these three plasmids, one plasmid termed as pPLJ31 was
sequenced according to the strategy indicated in Fig. 1.

Nucleotide sequence of cDNA. Fig. 2 depicts the complete
nucleotide sequence of the cDNA insert of the pPLB I plasmid,
having 832 base pairs. Analysis of the cloned cDNAshowed an

open reading frame of 156 nucleotides (52 codons) starting with
the ATGcodon (position 1) and ending with the TGA stop
codon (position 157).
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Figure 1. Restriction map and sequencing strategy of pPLB1 insert.
The restriction map displays restriction endonuclease sites relevant to
the present work. They are represented by numbers indicating the 5'-
terminal nucleotides generated by cleavage. Nucleotides are numbered
as in Fig. 2. Solid box represents the cording region. Open boxes repre-
sent the 5'- and 3'-untranslated regions. Solid lines shown below the
restriction map indicate the nucleotide sequence determined by the di-
deoxy chain termination method of Sanger et al. (20) after the frag-
ments of the insert generated by digestion with respective endonucle-
ases were subcloned in M13mpl8 or M13mpl9 (21). Dashed lines in-
dicate the nucleotide sequence determined by the Maxamand Gilbert
method (22). The direction and extent of sequence determinations are
shown by arrows.

Fig. 2 also shows the amino acid sequence deduced from the
52 codons. In this reading frame, the sequence of nucleotide
residues 1-105, which encode amino acids 1-35, corresponded
precisely to the 35 amino-terminal sequence from Acetyl-Met
1 to Phe 35 (13). The two residues unidentified by Edman deg-
radation for purified phospholamban, positions 36 and 41 (13),
were both deduced to be cysteine residues. Seven amino acids
following Ile 45 would represent carboxy-terminal residues end-
ing at Leu 52, although protein sequencing is necessary to con-
firm these findings.

The cloned cDNA extended for 180 nucleotides to the 5'
end of the sequence coding for the amino terminus. Because
this sequence contained an in-frame stop codon (TGA, position
-78) and not an ATGcodon between the TGAand the Met 1,
we conclude that phospholamban is synthesized without an
amino-terminal signal sequence. Therefore, it is likely that the

information required for integration of phospholamban into the
membrane is encoded in an uncleavable signal sequence in the
carboxy terminus.

The observed nucleotide context of the initiator ATGcodon
(GXXATGG), which has also been found in other eukaryotic
mRNAs(23), is thought to diverge from the most commonly
found consensus sequence, AXXATGG(24). The 3'-untrans-
lated region terminated in a poly(A) tail (about 30 consecutive
A residues). The sequence upstream of the tail did not contain
a perfect AATAAA, the so-called polyadenylation signal (25),
but the similar sequence AATGAAwas located at 24 bases before
the poly(A) tail.

Molecular characteristics ofphospholamban. The molecular
weight of encoded protein was estimated to be 6,080, in good
agreement with the apparent molecular weight of phospholam-
ban monomer (6,000) (12, 13). The hydropathic profile (26) of
phospholamban (Fig. 3) indicates that the protein is amphipathic
in nature. The protein is divided into two domains. The amino-
terminal domain from Met 1 to Asn 30 (domain I) was composed
largely of hydrophilic amino acids, whereas the other domain
representing 22 amino acids from Leu 31 to Leu 52 (domain
II) was highly hydrophobic. Domain I, but not domain II, con-
tained phosphorylatable serine and threonine residues, indicating
that domain I faces cytoplasmic surface of SRmembrane. Quite
recently, Simmerman et al. (27) reported a partial amino acid
sequence and phosphorylation sites in phospholamban. They
indicated 36 amino acid residues corresponding precisely to those
in the peptide from Ser 10 to Ile 45 in Fig. 2. Phosphorylation
sites at Ser 7 and Thr 8 in their sequence would correspond to
Ser 16 and Thr; 17 in our sequence, respectively.

Secondary structure prediction of the protein (28, 29) sug-
gested that domain I consists of an a-helix (Fig. 3). In view of
an unusual behavior of phospholamban molecule (10, 1 1), it is
intriguing to ask whether this helix breaks into two portions,
possibly at around Pro 21, thus allowing side chains of each to
express hydrophobic interactions (29). Although alternative
molecular models are possible, such an assumption may explain
phosphorylation-induced structural changes of phospholamban
molecule that lead to profound functional consequences. Thus
pho$phorylation of Ser 16 and/or Thr 17 might induce an al-

5' -AGAAAACTTTCTAACTAAACAC-159

CGATAAGACTTCATACAACTCACAATACTTTATATTGTAATCATCACAAGAGCCAAGGCTACCTAAAAGAAGAGAGTGG-80

TTGAGCTCACATTTGGCCGCCAGCTTTTTACCTTTCTCTTCACCATTTAAAACTTGAGACTTCCTGCTTTCCTGGGGTC-1

1 10 20
Met Asp Lys Val Gln Tyr Leu Thr Arg Ser Ala Ile Arg Arg Ala Ser Thr Ile Glu Met
ATG GAT AAA GTC CAA TAC CTC ACT CGC TCT GCT ATT AGA AGA GCT TCA ACC ATT GAA ATG 60

21 30 40
Pro Gln Gln Ala Arg Gin Asn Leu Gln Asn Leu Phe Ile Asn Phe Cys Leu Ile Leu Ile
CCT CAA CAA GCA CGT CAA AAT CTT CAG AAC CTA TTT ATA AAT TTC TGT CTC ATT TTA ATA 120 Figure 2. Nucleotide sequence of pPLBI cDNAand

41 50 52 deduced amino acid sequence of canine cardiac phos-
Cys Leu Leu Leu Ile Cys Ile Ile Val Met Leu Leu End pholamban. Nucleotide residues are numbered in the
TGT CTC TTG TTG ATC TGC ATC ATT GTG ATG CTT CTC TGA AGTTCTGCTGCAATCTCCAGTGATGCA187 5'-to-3'direction,beginningwiththefirstresidueof

ATGtriplet encoding the initiator methionine. Nu-
ACTTGTCACCATCAACTTAATATCTGCCATCCCATGAAGAGGGGAAAATAATACTATATAACAGACCACTTCTAAGTAG266 cleotides on the 5' side of residue 1 are indicated by

AAGATTTTACTlGTGAAAAGGTCAAGATTCAGAACAAAAGAAATlAlTAACAAATGTCTTCATCTGTGGGA=TTGTAA345 negative numbers. A poly(A) tail on 3' end is not
shown. The predicted amino acid sequence of phos-

ACATGAAAAGAGGY=TATTCTGAAAAATTAACTTCAAAATGACTATAGGTGCGCATAATGTAATTGCTGAATTCCTCAA424 pholamban is displayed above the nucleotide se-

CAAAGCTTGTAAAAGTTTCTATGCCAAATTTTTTcrGAGGGTAAAGTAGGAGTTTAGTTTTAAAACTGCTCTGCTAACC503 quence. Its residue number begins with the initiator
methionine. Box indicates the presumptive polyade-

AGTTCACTTCACATATAAAGCATTAGCTTCACTATTTGAGCTAAATATTTATATTGTACTGTAAATGCCTATGTAATGT582 nylation signal. The in-frame stop codon preceding
TTATTAAGAT1TfCAAGTCTCCGCFAAGTACGAAAATAATCATCCGGAiITCATCATITGAAATAGC-3' 652 the initiator codon is underlined.
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teration in charge distribution of the helical unit and would
result in a conformational change of domain I. This hypothesis
would presumably account for an electrophoretic mobility shift
induced by phosphorylation (10, 1 1). It remains to be examined
whether this assumption could also be interpreted as phosphor-
ylation-induced actions of phospholamban on the Ca pump
ATPase (1). Domain II, consisting largely of hydrophobic amino
acids, would also form an a-helix that allows a hydrophobic
interaction with membrane lipids. Three cysteine residues are
reported to exist as free sulfhydryl groups (12). Domain II con-
sisting of 22 amino acids is clearly immersed in the lipid bilayer
of SR membrane and could anchor phospholamban in the
membrane.

It is interesting to speculate about which portion of phos-
pholamban protomer would permit intermolecular interaction
to form the pentameric assembly. A tryptic fragment of phos-
pholamban holoprotein that was devoid of the phosphorylation
site remained pentameric (30). Since trypsinization under these
conditions results in the removal of amino-terminal residues up
to Arg 25, the ability to maintain an oligomeric organization
would reside in the carboxy-terminal residues, possibly in the
carboxyl end of domain I or in domain II. Phospholamban was
previously proposed to exert control over the Ca pump ATPase
of cardiac SR (1). However, no structural evidence has yet been
presented to support such a molecular interaction with a Ca
pump ATPase. Suzuki and Wang (31) observed that a mono-
clonal antibody directed against phospholamaban blocked the
phosphorylation and dephosphorylation of phospholamban but
markedly increased the ATP-dependent Ca2' pump activity by
cardiac SR. Possibly the residues near phosphorylation sites in
domain I are responsible for exerting an influence over the Ca
pump ATPase. It remains to be examined which domain of the
Ca pump ATPase interacts with phospholamban.
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