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ABSTRACT We have cloned cDNA molecules encoding
the P subunit of phosphorylase kinase (ATP:phosphorylase-b
phosphotransferase; EC 2.7.1.38) from rabbit fast-twitch skel-
etal muscle and have determined the complete primary struc-
ture of the polypeptide by a combination of peptide and DNA
sequencing. In the mature 13 subunit, the initial methionine is
replaced by an acetyl group. The subunit is composed of 1092
amino acids and has a calculated molecular mass of 125,205 Da.
Alignment of its sequence with the a subunit of phosphorylase
kinase reveals extensive regions of homology, but each molecule
also possesses unique sequences. Two of the three phosphoryl-
ation sites known for the P subunit and all seven phosphoryl-
ation sites known for the a subunit are located in these unique
domains.

Protein phosphorylation was discovered during the last three
decades to be a major mechanism of signal transduction in
eukaryotic cells. Nearly 100 protein kinases have been
described, and their total number may be much higher (for
review, see ref. 1). During the last few years, features of the
primary structure have emerged that are shared by all protein
kinases and additional ones that discriminate the serine/
threonine kinases from the tyrosine kinases. It appears that
small catalytic subunits of -350 amino acids, like those of
cAMP-dependent protein kinase (subunit C) or phospho-
rylase kinase (ATP: phosphorylase-b phosphotransferase;
EC 2.7.1.38) (subunit 'y), represent the catalytic core of a
serine kinase essentially stripped of regulatory domains. It
may possess substrate recognition elements that allow the
targeting of catalytic activity to short peptide segments with
certain primary structural features. These core domains are
homologous in all protein kinases studied. In many protein
kinases the catalytic core is equipped with additional regulatory
domains that block its activity, to release it only in response to
the action ofallosteric (e.g., Ca2+ or cAMP) or covalent ligands
(e.g., phosphorylation). Regulatory domains may also define
further the kinase's protein substrate specificity.
These domains can be contiguous extensions of the poly-

peptide chain (as in cGMP-dependent protein kinase) or
separate subunits that may either bind reversibly (as in
cAMP-dependent protein kinase) or stably (as in phospho-
rylase kinase) to the catalytic subunit (for review, see ref. 2).
For the enzymologist, it is important to understand how they
transform the signal of a ligand and transmit it to the catalytic
center. For the molecular biologist, it is of interest to learn
how the diversity of protein kinases arose in the course of
evolution.
Among the protein kinases, phosphorylase kinase shows

particular structural complexity. In muscle, the enzyme

integrates the regulatory pathways that lead from depolar-
ization (via Ca2+) or P3-adrenergic hormones (via cAMP) to
the activation of glycogen breakdown. Correspondingly, the
catalytic 'y subunit is combined with several regulatory
subunits that act as receptors for these signals: calmodulin as
the integral 8 subunit transmits the Ca2+ signal, and the two
large subunits, a and , modulate activity in response to
phosphorylation. Together, they form a hexadekameric com-
plex (af3'y8)4 of 1.3 x 106 Da (for review, see ref. 3). Although
the free y subunit is active in vitro (4), its activity is sup-
pressed almost completely in the holoenzyme to be released
stepwise by Ca2+ saturation of the 8 subunit and phospho-
rylation of the subunits a and ,B (5).
To understand how the a and ,3 subunits control the

catalytic activity of the y subunit and how this is modulated
by phosphorylation, it is necessary to know their primary
structures and their domain organization and to learn what
functions these domains serve. The isolation and sequencing
of cDNA will also open up ways to characterize the struc-
tures of the cell-type-specific isoenzymes and the molecular
basis of the various hereditary deficiencies of phosphorylase
kinase (cf. ref. 6).

Recently, we have published the primary structure of the
a subunit offast-twitch skeletal muscle phosphorylase kinase
(6). We have now cloned a nearly full-copy cDNA coding for
the (3 subunit ((3Phk) and present its sequence and the
complete primary structure of the polypeptide.§ Structural
comparison of the subunits a and (3 reveals a distinct pattern
of domains. Both subunits share extensive regions of se-
quence similarity but also possess unique domains. Nine of
the 10 known phosphorylation sites are located in the
domains that are unique to either the a or the ( subunit.

MATERIALS AND METHODS
Methods were essentially as described in ref. 6 with the
following exceptions. The isolated 3 subunit was cleaved
with cyanogen bromide' or endoprotease Glu-C or Lys-C
(Boehringer Mannheim). For oligonucleotide hybridization,
a temperature gradient from 65°C to 32°C was employed;
filters were washed in 0.9 M NaCl/90 mM sodium citrate/
0.1% NaDodSO4, pH 7.0, at 47°C. For the sequencing of
(G + C)-rich DNA regions, 7-deaza-2'-deoxyguanosine 5'-
triphosphate (Boehringer Mannheim) or dITP and modified
T7 DNA polymerase (Sequenase; United States Biochemi-
cal, Cleveland) were employed. Fast-atom bombardment

Abbreviations: /3Phk, , subunit of phosphorylase kinase; nt, nucle-
otides.
tTo whom reprint requests should be addressed.
§The sequence reported in this paper is being deposited in the
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA,
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J04120).
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mass spectra of the N-terminal peptides were obtained on a recombinants was screened with the 96-fold degenerate
Kratos MS 50 RF instrument. 20-mer oligonucleotide AC(A,G,T)AT(C,T)TT(A,G)TA-

(A,G)TA(A,G)TA(A,G)TC derived from the amino acid se-

RESULTS quence Asp-Tyr-Tyr-Tyr-Lys-Ile-Val. The screening yielded
three positive clones that were colinear according to restric-

Peptide Sequencing and cDNA Isolation. Partial amino acid tion analysis. The clone with the longest insert, ppPhk-DlN,
sequences of the f3Phk from rabbit skeletal muscle were was selected for sequencing.
determined essentially as described in ref. 6. A detailed Nucleotide and Amino Acid Sequence of the PPhk. The
account of these experiments will be published separately fPhk-DlN cDNA has a sequence of 56 5' flanking, 3279
together with characterization of the N terminus and identi- coding, and 764 3' flanking nt (Fig. 1). The 5' flanking
fication of phosphorylation sites (see below). A size-selected sequence is extremely (G + C)-rich (41 G, 14 C, and 2 A). The
cDNA library [inserts larger than 2300 nucleotides (nt)] from 3' flanking sequence is (A + T)-rich (63%) and contains many
rabbit psoas muscle mRNA was constructed in pBR322 and in-frame stop codons (underlined) and six inverted repeats
transformed into Escherichia coli DH5. The library of -5000 (8-10 nt). The cDNA does not contain a poly(dA) tract, but

CaaftGGCGCG160G6t C666laC6C GGGGCGGCCGAGCGC6 - 1
ATGrGCGGGGC6AC6GaGCTCATGGCC6ATGTArGCTGGAAGTCTT6AGGAAi66CTCGGACCAAGCGCTCAGG TCAGTTTAT6AACCTCTTaAAAAGCATTAATCTTCCAAGACCA 120
(A) A T S L M A EV_ S LS E R RA R T K R S 0 S V YE P L K S I N L P R P 39

GATAATGAAACTCTAT6GAMTAAATT61TATATTQACQAAAATGTTAAGTCAACATT6CTGCTGiTATCAGAGfTCCCACCACAGGTCTCTTTCCCACTAAAACGiTGTGGTGGTGATCA6i 240
D N ET L WDK L DYY Y K STL L Y S P T T 6L F P T C G G D 0 79

ACAGCCAAG.ATCCATGiACAGCCTATACTGTGCTGCTGGGGCCTGGG6CTTTGGCTCTTGCATACA GGCG~CATTGaATGATWAGGACSCCATGA6CTGGAGCATTCGGCTATAAAA 360
T A K, I H D S L Y C A A G A W A L A L A Y R R I D D D K R__R__T H E' L__E H S A_ __K__ 119

TGTATGAGAiGAATTCTCTACTGCTATATGCGCCAGGCCGATAAGGTCCAGCAGTTTAA6CAGGATCCACG2CCCAACAACGTGiTCTTCACTCTC TTTTCAATGTGCATACAGGAGATGAA 480
C M R 0 I L Y C Y M R Q A D K V 0 0 F K Q D P R P T T C L H S L F N V H T G D E 159

TTGCTGTCTTAT6AGGAATATG6TCATCTTCAGATAAATGCAGT6TCCCTCTATCTCCTTTACCTTGTGGAAATGATTTCCTCAGGACTCCAGATTATCTACAACACTGACGAGGTCTCT 600
L L S Y E E Y 0 H L 0 I N A V S L Y L L Y L V E M I 0 0 L 0 I I Y N T D E V S 199

TTTATTCAAAACCTTSTATTTTGTGTGGAAAGAGTTTACC6TGTGCCTGATTTTGGTGTATGGGAAAGAGGAGCAAATATAATAATGGCAGCACAGAGCTACATTCCAGCTCTGTTGGC 720
FIQN L .CV__ - ---E-RV Y R V-PD F 6 V _RGKYNN_____T ELHSSSVG 239

TTAGCAAAAGCA6CTTTGGAAGCTATTAATGGATTCAACCTCTTTGiGCAATCAG6GCT6TTCTTGGTCAGTGaATATTTGaTGGATCTGGATGCTCACAATCGCAACAGACAAACTTTGTGC 840
L .A.KA A L E A. I N G F N L F G N Q G C S W S V I F V D L D A H N R N R 0 T aLC' 279

TCACTGTTACCCAGAGAATCAA, GATCTCATAACACAGAT6CTGCCCTGCTCCCTTGTATCAGiTTATCCTGxCATTTGCCCTGxGATGATGATGTTCTATATAACCAAACACTTGATAAAGTT 960
S L L P R E S R S H N T D A A L L P C I S Y P A F A L D D D V L Y N Q T L D K V 319

ATTAGAAAATTAAAAGGAAAATATGGATTTAAACGTTTCCTGAGASTGGGTATGTACTTCACTGGAAGATCCCAAAAGACGCTACTACAAACCAG2CTGAA TTAAGTTATTTGAT6GC 1080
I R IK L K GOK Y S F K R F L R D G Y R T S L E D P K R R Y Y K P A E I K L F D G 359

ATTGAATGTGaAATTTCCCATATTTTTCCTTTACATGxATGATTGaATGGTTTTTAGAGGCAATCCCAAGCAAGTAAAGGAATATCAGGATCTTTTGaACTCCP4GTACTTCATCAG TACA 1200
I E C E F P I F F L Y M M I__QQ__V F R S N P K D0LVLK_YVLQOLHTPH 399

GAAGGGTATCCTGTGGTACCAAAGTACTATTATGTGCCGGCTGzACTTTGTA6AATATGASAAAAGAAACCCTGGTAGTCAAAAGCGATTTCCTAGCAATTGTGGCCGCGATGGMAACTA 1320
E G Y P V V P K V V Y V P A D F V E V E K R N P G 5 Q KR F P 5 N C 0 R D G K L 439

TTTCTTTGGGACAAGCACTTTACATCATTGSCAAAACTACTGGaCTGATGAATTAATCAGTCCCAAAGACATTGAATCCTGTCCAGCGTATGT6CCATTACA6AATCAACGTAATGTGAGC 1440
F L W G Q A L Y I I A K L L A D E L I 5 P K D I D P V Q R Y V P L 0 N Q R N V S 479

ATGAGGTATTCCAATCAGGGCCCACTGGAAAATGATTTGGTGGTTCATGTAGCACTGxGTCGCAGAAAGaCCAACGCCTTCAAGTTTTCCTCAACACGTATGGTATTCAAACTCAAACGCCT 1560
M R Y S N Q G P L E N D L V V H V A L V A E S 0 R LO_ V F L N TVY GI0Q TOQT P 519

CAGCAGGTAGAACCCATTCAGATATGGCCTCAGCAGGAGCTTGTGAAAGCTTATTTCCACCTGGGTATCAATGAGAAGCTAGGACTCTCCGGAAGGCCAGACAGGCCATTGGCTGCCTC 1680
OOQ_VEPIQI W P 0Q E L V AY L L S G R P D R P I 6 C L 559

GGTACCTCAAAGATTTACCGCATTCTGGGAAPAACTGTCGTTTGTTACCCTA'TTATTTTCGACTTAATGATTTCTACATGTCTCAGGATGTTTTACTGCTGATAGATGACATAAAAT 1800
G T S K I Y R I L 0 K T V V C Y P I I F D L S D F Y M S 0 D V L L L I D D I K N 599

GCACTACAGTTCATTAAGCAGTATT6GAAAAT62CATGSGAC6TCCACTTTTCCTTGTTCTCATTCGGGAAGACAATATAAGAG6TAGCCGGTTCAACCCCATGITT6GATATGCTGGCAGCC 1920
A L Q F I K Q Y W K M H G R PLI F L VLI R E D NRI 5RG NS R F N P M L D M L A A 639

TTAAAAAATG6AATGATTGGGGGA6ATCAAAGTTCATGTTGATCGCCTACAGACACTAATATCTG6A6CTGTA6TG6AACAACTTGACTTCTTACGGATCAGTGACACAGA6~GAACTTCCA 2040
L K NSN OVKVGV RLMTLIS V E QLLR STE-------E-LP 679

GAATTTAAGAGTTTTGA66AGCTAGAACCTCCCAAACATTCGAAAGTCAPAC6AAAAGCAGCACCTCCAATGCGCCT6AACTG6AAAGCAGiCCGGAGGTCTCCGiTCACTGAGTGiGAGA 2160

N K P T H E I L 0 K L N D C S C L A S 0 T I L L G I L L K R E G P N F I T 0 E G 759

ACCGTTTCTGATCACATTGAGAGACTTTATAGAAGAGCTGGCAGTAAAAAG2CTTTGG3TTGGCG6TG2CGCTACGGGGCTGCATTTACCCAGAAATTTTCTTCCTCTATA6CCCCACACATT 2400
T V S D H I E R L Y R R A G S K K L W L A V R V S A A F T 0 K F S S S I A P H I 799

ACCACTTTTCTGGTACATG6GAAACAGGTAACGCTGG6TGCCTTTGGACATGAAGAAGAG.GTTATCTCTAATCCTTTGTCTCCAAGAGTGATTAAGAACATCATCTATTATAATGTAAC 2520
T T F L V H G6K 0 V T L_ H__EAE E V I OSN P L S P R V I K N I I Y Y K C N 839

ACCCATGiATGA6AIGG6AA6CAGTCATCCAG2CAAGAACTGGTCATCCATATT6GTTGGTCATCTCTAATAACCCGGAGTTATTCAGTG6CATGaCTGAAAATACGAATTGGGT6GATCATC 2640
T H D E R E A V I Q 0 E L V I H I 6 W I I S N N P E L F S G M L K I R I G W I I 879

CATGCTATGGAGTATGeACTACAGATCCGiCA6TGGA6AAAGCCAGCCAAG~ACTTGTATCAGCTGTCACCTA6TGAAGTGAAACAACTACTGTTGGATATTCTCCAGCCTCAaCAAAAT 2760
H A M E Y E L Q I R S G D K P A K D L Y 0 L S P S E V K 0 L L L D I L 0 P Q 0 N 919

OGAAGATGTTGGCTGAACAAACGTCAAATCGATGGGTCTTTGAATAGAACTCCCACTGGGTTCTATGACC TGATTG6CAGATCCTGGAGCGTACGCCCAATGGTATCATTGTAGCT6GA 2880
G R C W L N K R 0 I D G S L N R T P T S F Y D R V W Q I L E R T P N 6 I I V A G 959

AAGCACTTGCCACA6CAACCAACCCTGTCTGATATGACCATGTATGAGAT6xAATTTCTCTCTCCTC6TTGAA6ACATGTTGG6GAATATTGACCAGCCAAAGTACA6ACAGATTGSTTGSTG 3000
K H L P Q Q P T L S D M T M Y E M N F S L L V E D M L 6 N I D Q P K Y R Q I V V 999

GAGTTACTAATGGTTGOTGTCCATCGTACTGGAAAACCCTGASCTAAA TTTCAAGACAAA6TAGATCTAGACAAACT6GTGAAAGAAGCATTTCATGAATTTCAAAAAGATGAGAGT 3120
E L L M V V__S I V L_E R N P EL EE QD K V 0 L D K L V K E A F H E F 0 K D E S 1039

CGGCTGAAAGAAATTGAAAAACAAGiACeAATTCTTTTTACAACACTCCCCCCCTGG AAAAAlGAGrAACCTGCA6CTATTTAACAAAGTGGTG2ATGAATTTGCTG2CTGMaAGA 3240
R L K E__I E K 0 0NDMT S F V__N__T __P P L K ROG T C S_ Y L T K V V MN NLL LEO 1079

GAAGTCAAACCAAGCAATGAGACTCGTGTCT62GTTAGCTAGTCAG6GCGAAGAGACCCAGTCGAGGTCCAGTCGCTAGAAGTTTGTTAAGTTTTGTGTGGAAGCTTAA6CAAGGC 3360
E__V__K__P 0 _N___ SC L V S End 1092

AGTCATTAATTTGTGGaACTGACTGTGCT6GCAAGGTGCTTGCCACACTC6TGGCA6AGiTCACTGCACCTCTCGCATGCCATGaGCCAATCCAAATGGTQAGAATGCTTTTAATCAAGTGA 3480
GA4AAGAATTCTCATGATTACACCACTACAAAAG6TAATCTTCACCAAACAATAOeAATAGTTCACGCATTGAAAATTCACTG2CT6CATGTTTTATGATCSATA6CTCATCAGAATGAATC 3600
TTTGTG2CTTTGGGCtT6ATTCTGACCTTCCTGCC TAA ATGTTTGCCAAATAGTA6TGiCATACTGGAAATCAACAATTGAAAATGGTGAAATTTTTTTAGTGGCATTGTC 3720
AGGCT=GAAPGTGTTCATAT ACAGCATAAAAGCAAA TCAATCAATTTGATTCTGAGAAGCTCCATTATTATTAATATTTT6T ATACAGAGCTATTG.TACAATTTTTACCTTGTA 3840
ACATGACTATGGTTTTGTATTTGTGCTAAATATAGGGCTTAGACTATAATGTACTAAATCTATAGTTCATCAAACATTTTCTTTGAGATCTTACTAAAAGTAAAATGAATAGGATTGTTC 3960
A6.AAGTATGiTTAAATTCAGGACTGiTTACACTT'GTT6GTAGTAGTAAAAAAATTTTTAAATCATTAAATTTCATTTCTGTCCCG 4043

FIG. 1. Nucleotide sequence
of cDNA IBPhk-DIN and de-
duced amino acid sequence
(single letter code) of P3Phk. Nu-
cleotides are numbered posi-
tively beginning with residue 1 of
the ATG initiator codon and
ending with the last residue be-
fore the oligo(dC) tail; they are
numbered negatively beginning
from the 5' side of residue 1 to
the residue adjacent to the oli-
go(dG) tail. Amino acid number
1 is the alanine following the
initiator methionine removed in
the mature subunit. The asterisk
indicates the acetyl group that
blocks the N terminus. Under-
lined peptide sequences are con-
firmed by Edman degradation.
Underlined nucleotide sequences
are the recognition site of the
oligonucleotide probe and in-
frame stop codons in the 3' un-
translated sequence. Serine res-

idues subject to autophospho-
rylation are indicated below by a
boxed P. A valine/isoleucine
heterogeneity exists in position
27 (see text).
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a poly(A) signal sequence, ATTAAA, begins 22 nt upstream
from its 3' end. Therefore, probably only a few nucleotides
from the 3'-terminal mRNA sequence are not represented in
the cDNA. As RNA blot hybridization (below) yields an
estimated mRNA length of 4200 nt, the cDNA molecule
seems to be an almost complete copy.
A long open reading frame begins with the first methionine

codon within a sequence of moderate similarity to the
initiator consensus (7). It accommodates all peptide se-
quences determined by Edman degradation (they cover 39%
of the total sequence) without any mismatch. The deduced
and the published (8) experimental amino acid compositions
of the polypeptide are in good agreement (not shown). We
confirm the valine/isoleucine polymorphism in position 27
reported by Cohen et al. (9). Our cDNA yields valine;
however, we have isolated peptides having either amino acid
in this position. Their sequences are otherwise identical, and
this partial sequence is unique within the (3Phk molecule. The
G + C richness of the 5' flanking sequence breaks down
within the reading frame after a few codons. The G + C
percentage of the coding sequence is 43.8% overall and 44.0%
in third codon positions, very similar to the a subunit.

Posttranslational Processing of the N Terminus. The N
terminus of the mature (8 subunit is blocked (8). The N-
terminal peptide was isolated as a Lys-C fragment resistant
to Edman degradation. By fast-atom bombardment mass
spectrometry, the molecular mass of the complete protonated
peptide was determined to be 1362 Da. This corresponds to
a peptide with the composition Ala3GluGly2MetLysLeuSer-
ThrTrpVal (derived from phenylthiocarbamoyl-amino acid
analysis, data not shown) with an additional acetyl group.
From the mass spectrum, the sequence Ac-Ala-Gly-Ala-Thr-
Gly-Leu-Met-Ala-Glu-Val-Ser-Trp-Lys was deduced. After
cleavage of the peptide with cyanogen bromide, the sequence
of the N-terminal subfragment was confirmed analogously by
fast-atom bombardment mass spectrometry, and the se-
quence of the C-terminal subfragment was confirmed by
Edman degradation. Thus, in the mature (3 subunit, the initial
methionine is removed and the amino group of the following
alanine, as in many other proteins, is blocked by an acetyl
group.
RNA Blot Analysis. A Northern blot probed with the whole

,BPhk-DlN cDNA reveals a major band with an estimated
size of 4200 nt (DNA standards) and a minor band of 4500 nt
(Fig. 2).

DISCUSSION
Homology Between the a and 13 Subunits. Sequence com-

parison shows that the two polypeptides are homologous,

28s_s

18s _ FIG. 2. RNA blot analysis of
f3Phk mRNA. Poly(A)+ RNA (1
gg) from rabbit psoas muscle
was glyoxylated and resolved on
a 1% agarose gel. Positions of
origin and glyoxylated rRNA
standards are indicated.

except for an N-terminal sequence that is unique to the (3
subunit and two segments in the middle of the molecule that
are unique to the a subunit (Figs. 3 and 4). The profiles of
hydropathy and 3-sheet potential are very well conserved in
region B (Fig. 4). Although sequence similarity of a and (3
subunits decreases toward the C terminus in the second half
of region B, the hydropathy and 83-sheet potential profiles
remain similar. Sequence similarity also drops in the second
half of region F. Here, a well-conserved C-terminal section
seems to be linked to the first half of the region F through a
nonconserved hinge. a-Helix potential (not shown) and
length (88 vs. 86 amino acids) are well conserved between a
and 83 subunits in the second half of region F, suggesting
homology also in this part of the molecules.
The domains that are unique or of low sequence similarity

are hydrophilic. This may indicate that they are exposed on
the surface of the protein and may participate in mediating its
interactions with the environment.
The nontranslated parts of the a and ( subunit mRNAs, as

far as they are available from the cDNA, are dissimilar in
sequence as well as apparently in length and give no indica-
tion of common structural elements that might be involved-
e.g., in coordinating the biosynthesis of the two subunits.

Phosphoserine Localization in Unique Domains. Remark-
ably, 9 of the 10 known phosphorylation sites on a and (3
subunits are located in sequences unique to either subunit.
Thus, in the course of evolution, different regulatory domains
were apparently spliced to a common primordial molecule.
We have detected three autophosphorylation sites on the (

subunit (serines 11, 26, and 700). At least serine 700 is par-
tially occupied by endogenous phosphate. There are several
additional sites of endogenous phosphate that have not yet
been sequenced representing -50% of the total endogenous
phosphate (refs. 13 and 14; unpublished data). Serine resi-
dues 26 and 700 fulfill the target sequence requirements of
cAMP-dependent protein kinase (basic residues to the N-
terminal side, ref. 15), whereas serine 11 is in the type of
environment preferred by protein kinase C (basic residue to
the C-terminal side, ref. 16) or casein kinase I (acidic residue
two positions to the N terminus, ref. 17). Thus, as in the a
subunit (6), various classes of sites are accepted in the
autophosphorylation of phosphorylase kinase. Serine 26 is
known to become phosphorylated by cAMP-dependent pro-
tein kinase in response to adrenaline in vivo (18).

Serine residues 11 and 26 reside in region A that is unique
to the (3 subunit. Serine 700 is located on the very edge of
region B, where sequence similarity to the a subunit is largely
degenerated. The cluster of four immediately adjacent serine
and threonine residues surrounding serine 700 seems to be
conserved in the a subunit, but the cluster of basic residues
that makes it a potential target for cAMP-dependent protein
kinase in the (3 subunit is not.

Reciprocal to the (3 subunit, the cluster of seven phospho-
rylation sites that we have described previously in the a
subunit also turns out to be unique to this subunit. We have
detected additional endogenous phosphate in the second half
of region E, C-terminal to serine 1030, but we have not yet
located it. This situation is reminiscent of the clustering of
phosphorylation sites on rhodopsin (19) and especially gly-
cogen synthase (20). In further analogy with glycogen syn-
thase, the C-terminal half of region E (46 amino acids from
serine 1018) is rich in serine (28%) and proline (11%) and very
hydrophilic. Several of these closely spaced and highly
exposed phosphoserines might have similar regulatory prop-
erties or their phosphorylation might occur in an interactive
process as in glycogen synthase (21). However, of the seven
phosphoserine residues on the a subunit, only the phospho-
rylation of serine 1018 has as yet been shown to be function-
ally relevant and to occur in vivo (9, 18). It is not yet known
whether autophosphorylation occurs in vivo or whether the

Biochemistry: Kilimann et al.
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alpha subunit MRSRSNSGVRLDSYARLVQQTILCHQNPVTGLLPA---SYDQKDAWV
V .:.. . :: : .

beta subunit AGATGLMAEpJKVLERRARTKRSGSVYEPLKSINLPRPDNETLWDKLDYYYKIVKSTLLLYQSPTTGLFPTKTCGGDQ-TAKI

RDNVYSILAVWGLGLAYRKNADRDEDKAKAYELEQSVVKLMRGLLHCMIRQVDKVESFKYSQSTKDSLHAKYNTKTCATVVGDDQWGHLQLDATSVYLLF

"ok fto I_onwo jo.Lo 4Ace Advr UAZ wa <>*_>]RVr.iwz*> z *rnz\J v Heu Ace m Ad X b Adru v.zr i.L,,REaw*

LLPRESRSHNTDAALL PCISYPAFALDDDVLYNQTLDKVIRKLKGKYGFKRFLRDGYRTSLEDPKRRYYKPAE IKLFDGIECEFPIFFLYMMIDGVFRGN

AEQVQEYREALEAVLIKGKNGVPLLPELYSVPPDKVDEEYQNPHTVDRVP -----MGKLPHMWGQSLYILGSLMAEGFLAPGEIDPLNR----------

PKQVKEYQDLLTPVLHQTTEGYPVVPKYYYVPADFVEYEKRNPGSQKRFPSNCGRDGKL-FLWGQALYIIAKLLADELISPKDIDPVQRYVPLQNQRNVS

-RFST-VP-KPDVVVQVSILAETEEIKAILKDKGINVETIAEVYPIRVQPARILSHIYSSLGCNNRMKLSGRPYRHMGVLGTSKLYDI -RKTIFTFTPQF

MRYSNQGPLENDLVVHVALVAESQRLQVFLNTYGIQTQTPQQVEP IQIWPQQELVKAYFHLGINEKLGLSGRPDRP IGCLGTSKIYRILGKTVVCY-PI I

|FTC|
IDQQQFYLALDNKMIVEMLRTDLSYLCSRWRMTGQPT ITFPISQTMLDEDGTSLNSS ILAALRKMQDGYFGGARIQTGKLSEFLTTSCCTHLSFMDPGPE

FDLSDFYMSQDVLLLIDDIKNALQFIKQYWKMHGRPLFLVLIREDNIRGSRFNPMLDMLAAL-K--NGMIGGVKVHVDRLQTLISGAVVEQLDFLRISDT

GKLYSEDYDDNYDELESGDWMDGYNSTSTARCGD- EVARYLD-HLLAHTAPHPKLAPASQKGGLNRFRAAVQTTCDLMSLVTKAKELHVQNVHMYLPTKL

EEL-PEFK--SFEELEPPKHSKVKRQSSTSNAPELEQQPEVSVTEWRNKPTHE -----------------------------------------------

FQASRPSLNLLDSSHPSQEDQVPTVRVEVHLPRDQSGEVDFQALVLQ-LKETSSLQAQADILYMLYTMKGPDWDTELYEEGSATVRELLTELYGKVG-KI

- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- -- ---ILQKLNDCSCLASQTILLGILLKREGPNFITQ -- -EG--TVSDHIERLYRRAGSK-

KLWLAVRYGAAFTQKFSSS IAPHITTFLVHGKQVTLGAFGHEEE -VISNPLSPRVIKNI IYYKCNTHDEREAVIQQELVI HIGWI ISNNPELFSGM ,LKIR

IGLIIQVMATELAHSLRCSAEEATEGLMNLSPSAMKNLLHHILSGKEFGVERSVRPTDSNVSPAISIHE-IGAVGATKTERTGIMQLKEIKQVEFRRLSI
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endogenous phosphate residues influence the properties of calmodulin, or troponin C. Tc
the enzyme, but at least serine 700 in A is both endogenously been shown to interact with the
phosphorylated and autophosphorylated. kinase is unique among the

Putative Calmodulin-Binding Sites. Phosphorylase kinase protein kinases in that it reta

can be activated by exogenous calmodulin (8') and cross- subunit even in the absence of
linking experiments have suggested that this additional calm- calmodulin-binding sites on th
odulin molecule binds to subunits a and p, with a preference responsible for this.

for the P subunit (22). We have previously (6) proposed the No Homology to Other Pro

a subunit sequences of amino acids 810-840 and 1060-1100 differential effects on protein

as potential calmodulin-binding sites, which are rich in basic, antibodies and affinity ligands
hydrophobic, and aromatic residues with a central tryp- the observation of an enzyma
tophan. We now find that both sequences are conserved in ment that was presumed to be
the subunit, retaining the exact positions of all aromatic have led to speculations that
residues and the regular spacing of basic and hydrophobic might reside on the subunit.

residues that provides the potential to form a basic amphip- any of the similarities that ar

athic helix. In the subunit the first sequence additionally domains of protein kinases a

possesses serine residues (792-794) that are found at the C possibility is unlikely.

termini of several calmodulin-binding peptides (23). With its In general, we did not obse

regular pattern of hydrophobic and basic residues, the protein sequences, and, in l
absence of acidic amino acids and proline, and only two quences, inthe databases thai

glycine residues, it is probably the best candidate for a domains/subunits of the cAM

high-affinity calmodulin-binding site. Unique to the sub-
unit, the N-terminal domain A also seems to have the IEMBL/GenBank Genetic Sequel
potential* to bind calmodulin. Because it serves also as a otide Sequence Data Library (E.otentltobindl .Becaus it serves also as a Release 12.0; Protein Identifica
substrate for phosphorylation, this could provide the molec-

ular basis for a regulatory interplay between its phosphoryl- Release 13.0; and EMBL/GenE
ation and its interaction with the subunit, exogenous (1988) GenBank (IntelliGenetics, I

FIG. 3. Sequence alignment
of the a (upper) and P (lower)
subunits of phosphorylase ki-
nase (one-letter amino acid no-
tation). Sequence identities are
indicated by colons, conserva-
tive replacements (10) are indi-
cated by single dots, and gaps
are indicated by dashes. Serine
residues subject to autophos-
phorylation are marked by a
boxed P, those carrying endog-
enous phosphate are marked by
a circled P, and those that are

phosphorylated by cAMP-de-
pendent protein kinase (9) are
marked by a triangle. Charged
residues in the vicinity of the
phosphoserine residues that are
potentially relevant as substrate
recognition signals are under-
lined. Putative calmodulin-bind-
ing sequences are over- or un-
derlined. FTC marks lysine 588
in the a subunit that is specifi-
cally labeled by fluorescein iso-
thiocyanate (6).

o date, only the y subunit has
e subunit (22). Phosphorylase
Ca2 /calmodulin-dependent

ins calmodulin as an integral
Ca2 . The action of additional
ie a and/or p subunits may be

items. Affinity ligand binding,
substrate specificity by Ca2+,
(literature cited in ref. 6), and
tically active proteolytic frag-
derived from the , subunit (24)
an additional catalytic center
We do not find in its sequence
e shared between the catalytic
nd therefore believe that this

rve similarities with any other
particular, protein kinase se-

t we searchedl The regulatory
[P- and cGMP-dependent pro-

nce Database (1987) EMBL Nucle-
,ur. Mol. Biol. Lab., Heidelberg),
ition Resource (1987) Protein Se-
[. Res. Found., Washington, DC),
Bank Genetic Sequence Database
Mountain View, CA), Release 54.0.
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FIG. 4. Homologous and unique regions of a and subunits. The
bar diagram gives the percentage of amino acid identities (solid bars)
and conservative replacements (open bars) in the homologous
regions. Segment width per bar is 25 residues except in region F (23
residues) and the last segment of region B (15 residues). The scheme
below gives an overview of the homologous and unique regions of a
and subunits. Phosphorylation sites are marked by solid circles, the
FTC-labeled site of a-Phk is marked by a solid square, and putative
calmodulin-binding sites are marked by solid bars above. The first
figure below the homologous regions signifies the percentage of
overall amino acid identities; the second figure signifies additional
conservative replacements. The diagrams below are the hydropathy
(11) and /-sheet potential (12) profiles (window 20 in both cases).

tein kinases, myosin light chain kinase, protein kinase C, and
brain calmodulin-dependent kinase II (a and subunits) did
not reveal any significant similarities to the a and subunits
of phosphorylase kinase that might have indicated sequences
commonly involved in the interaction between regulatory and
catalytic domains/subunits of protein kinases.
ATP affinity ligands were found to label the subunit, and

ADP was observed to have an allosteric effect on enzyme
activity and influence the conformation of the 13 subunit (25).
We do not find the perfect consensus motif Gly-Xaa-Gly-
Xaa-Xaa-Gly-Lys of nucleotide-binding proteins in the
subunit sequence, but the two similar sequences that we have
pointed out in the a subunit are conserved: (Gly-Cys-Leu-
Gly-Thr-Ser-Lys: 556-562; Gly-Met-Ile-Gly-Gly-Val-Lys:
643-649 in 13). However, whereas in the a subunit, lysine 588,
which is very close to the second site (Gly-Tyr-Phe-Gly-Gly-

Ala-Arg: 592-598 in a), is labeled specifically by fluorescein
isothiocyanate (6), its putative counterpart in the 13 subunit,
lysine 641, does not react with fluorescein isothiocyanate.
Sequence comparison of the a and 83 subunits defines an

architecture of structural domains for these molecules and
suggests that their genes evolved through gene duplication
and subsequent divergence and exon shuffling. The homol-
ogy of the two subunits may indicate that they reside in
similar positions within the quaternary structure (26). We
hope that this structural analysis will guide future experi-
ments to define the functional roles of the various domains.
From characterization of the isoenzyme cDNAs, we expect
additional insights into how structural variations of the
subunits fine-tune the properties of phosphorylase kinase to
the regulatory requirements of specific cell types.
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