UCSF
UC San Francisco Previously Published Works

Title

Human brain glycogen phosphorylase. Cloning, sequence analysis, chromosomal
mapping, tissue expression, and comparison with the human liver and muscle isozymes.

Permalink
https://escholarship.org/uc/item/4n57h2xx
Journal

Journal of Biological Chemistry, 263(8)

ISSN
0021-9258

Authors

Newgard, CB
Littman, DR
van Genderen, C

Publication Date
1988-03-01

DOI
10.1016/s0021-9258(18)69003-9

Copyright Information
This work is made available under the terms of a Creative Commons Attribution License,

availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4n57h2xx
https://escholarship.org/uc/item/4n57h2xx#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 1988 by The American Society for Biochemistry and Mol

lar Biology, Inc.

Vol. 263, No. 8, Issue of March 15, pp. 3850--3857, 1988
Printed in U.S.A.

Human Brain Glycogen Phosphorylase

CLONING, SEQUENCE ANALYSIS, CHROMOSOMAL MAPPING, TISSUE EXPRESSION, AND COMPARISON
WITH THE HUMAN LIVER AND MUSCLE ISOZYMES*

(Received for publication, September 22, 1987)

Christopher B. Newgardi§, Dan R. Littmani¥, Courtney van Genderen}, Moyra Smith|, and

Robert J. Fletterick}

From the Departments of $Biochemistry and Biophysics and 1Microbiology and Immunology, University of California,
San Francisco, California 94143 and the || Department of Pediatrics, University of California, Irvine, California 92717

We have cloned the ¢cDNA encoding a new isozyme
of glycogen phosphorylase (1,4-D-glucan:orthos-
phosphate D-glucosyltransferase, EC 2.4.1.1) from a
cDNA library prepared from a human brain astrocy-
toma cell line. Blot-hybridization analysis reveals that
this message is preferentially expressed in human
brain, but is also found at a low level in human fetal
liver and adult liver and muscle tissues. Although pre-
vious studies have suggested that the major isozyme of
phosphorylase found in all fetal tissues is the brain
type, our data show that the predominant mRNA in
fetal liver (24-week gestation) is the adult liver form.

The protein sequence deduced from the nucleotide
sequence of the brain phosphorylase ¢cDNA is 862
amino acids long compared with 846 and 841 amino
acids for the liver and muscle isozymes, respectively;
the greater length of brain phosphorylase is entirely
due to an extension at the far C-terminal portion of the
protein. The muscle and brain isozymes share greater
identity with regard to nucleotide and deduced amino
acid sequences, codon usage, and nucleotide composi-
tion than either do with the liver sequence, suggesting
a closer evolutionary relationship between them. Spot
blot hybridization of the brain phosphorylase cDNA to
laser-sorted human chromosome fractions, and South-
ern blot analysis of hamster/human hybrid cell line
DNA reveals that the exact homolog of the newly
cloned ¢cDNA maps to chromosome 20, but that a
slightly less homologous gene is found on chromosome
10 as well. The liver and muscle genes have previously
been localized to chromosomes 14 and 11, respectively.
This suggests that the phosphorylase genes evolved by
duplication and translocation of a common ancestral
gene, leading to divergence of elements controlling
gene expression and of structural features of the phos-
phorylase proteins that confer tissue-specific func-
tional properties.

* This work was supported by a postdoctoral grant (to C. B. N.)
from the Juvenile Diabetes Foundation, National Institutes of Health
Grant Al 23513 (to D. R. L.), and National Institutes of Health Grant
AM 32822 (to R. J. F.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked ‘“advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.

The nucleotide sequence(s) reported in this paper has been submitted
to the GenBank™/EMBL Data Bank with accession number(s)
J03544.

§ To whom correspondence should be addressed: Dept. of Biochem-
istry and The Center for Diabetes Research, University of Texas
Health Science Center, 5323 Harry Hines Blvd., Dallas, TX 75235.

Mammalian glycogen phosphorylases are found in at least
three isozymic forms that can be distinguished by functional
and structural properties as well as by the tissues in which
they are preferentially expressed (1-5). A brain form has been
described previously as the predominant isozyme in adult
brain and most fetal tissues, whereas adult liver and muscle
tissues are known to express primarily the liver and muscle
isozymes, respectively. Each phosphorylase isozyme fulfills
different physiological requirements even though all forms of
the enzyme catalyze the same reaction, the phosphorolysis of
glycogen to yield glucose 1-phosphate. The muscle enzyme
provides metabolic fuel for muscular contraction, the liver
form plays a central role in the maintenance of blood glucose
homeostasis, and the brain type is associated primarily with
provision of an emergency glucose supply during periods of
anoxia or hypoglycemia. Phosphorylase isozymes exhibit dif-
ferences in regulatory properties that may be related to their
distinct physiological roles, especially with regard to their
response to the allosteric ligand AMP.

The ¢cDNAs encoding rabbit muscle and human liver gly-
cogen phosphorylases, as well as the gene for the human
muscle form, have been cloned and sequenced (5-8). In addi-
tion, the genes for muscle and liver phosphorylase have been
localized to human chromosomes 11 and 14, respectively (9,
10). The crystal structure of rabbit muscle phosphorylase has
allowed us to identify and characterize the active site and five
allosteric sites of this enzyme (11, 12). Using this structure,
we have identified amino acid substitutions predicted by the
liver phosphorylase cDNA sequence that may be involved in
specifying functional differences between the liver and muscle
isozymes (13).

In this report we describe the cloning and sequence analysis
of the cDNA encoding an isozyme of glycogen phosphorylase
that is preferentially expressed in adult human brain tissues
(hereafter referred to as the “brain” isozyme}. The cloning of
this cDNA has allowed us to 1) analyze and compare the
expression of the brain and liver phosphorylase messenger
RNASs in human adult brain, liver, and muscle tissues, as well
as human fetal liver tissues, 2) map the brain phosphorylase
gene to chromosome 20 and a homologous gene to chromo-
some 10, thus demonstrating that the human phosphorylase
genes are unlinked, and 3) compare the human brain phos-
phorylase cDNA and predicted protein sequences with their
human muscle and liver counterparts, thereby gaining insight
into structural and evolutionary relationships among the
three isozymes.

MATERIALS AND METHODS

Construction of a Human Brain Astrocytoma cDNA Library—
Poly(A*) RNA isolated from the human astrocytoma cell line U251
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was used to synthesize double-stranded ¢cDNA using oligo(dT) as the
first strand primer. Actinomycin D (40 ug/ml) was included during
first-strand synthesis to reduce hairpin formation. The second strand
was synthesized by the procedure of Okayama and Berg (14) using
RNase H and Escherichia coli DNA polymerase and DNA ligase. The
¢DNAs were treated with EcoRI methylase and S-adenosylmethion-
ine. T4 DNA polymerase was used to generate blunt ends. After
ligating EcoRI linkers to the ends, the cDNAs were digested with
EcoRI and separated on a 1.5% agarose gel. cDNAs greater than 1.5
kb' in length were inserted into the EcoRI site of Agt10 (15).

Cloning and Sequence Analysis of the Human Brain Phosphorylase
¢DNA—The human brain astrocytoma library described above was
screened with radiolabeled rabbit muscle and human liver glycogen
phosphorylase eDNA fragments encoding amino acids 301-842 + 20
bases of 3’-untranslated region and amino acids 1-195 + 115 bases
of 5’-untranslated region, respectively. These probes were chosen
because they had been previously shown to cross-react with a rabbit
brain mRNA of larger size than the rabbit liver or muscle phospho-
rylase mRNAs (5). Approximately 200,000 plaques were screened
with a 1:1 mixture of the two probes under conditions of low strin-
gency to allow maximal cross-reactivity among the tissue-specific
sequences (35% formamide, containing 5 X SSC (1 X = 0.15 M NaCl,
0.015 M sodium citrate), 5 mM NaH.PQO,, 0.2 mg denatured salmon
sperm DNA/m}, and 1 X Denhardt’s solution at 42 °C). A total of 8
clones were obtained, with insert sizes ranging from 2.0 to 3.8 kb.
Restriction enzyme digestion and dideoxynucleotide sequence analy-
sis (16) revealed that three of the clones were identical to the human
liver glycogen phosphorylase cDNA characterized previously in this
laboratory (5). The five remaining clones (all greater than 3.4 kb in
length) encoded a form of glycogen phosphorylase which was homol-
ogous to, but clearly distinguishable from, both the human liver and
muscle phosphorylase sequences. The two longest clones of the latter
class were sequenced in their entirety, using the strategy outlined in
Fig. 1.

Northern Blot Analysis—Human adult brain and liver tissues were
obtained at postmortem examination and stored at —80 °C until use.
Human fetal liver tissue was obtained from a 24-week-old abortus.
Human skeletal muscle tissue (calf) was obtained from an amputated
limb minutes after surgery. Poly(A)" RNA was prepared from these
tissues by the method of Ashley and MacDonald (17), electrophoresed
through a formaldehyde/agarose gel, and transferred onto a MSI
magna nylon 66 membrane filter. Identical panels containing human
brain, skeletal muscle, fetal liver, and adult liver poly(A)* mRNA, as
well as RNA isolated from the human astrocytoma cell line U251,
were hybridized to cDNA fragments encoding either the human liver
or newly isolated isozyme of glycogen phosphorylase. The liver probe
is a 2.0-kb EcoRI/Xba fragment that encodes amino acids 195-845 +
20 bases of 3’-untranslated region. The new probe is a 3.47-kb EcoRI
fragment (see Fig. 1), encoding amino acids 89-862 + 1.15 kb of 3’-
untranslated region. The two blots were hybridized with similar
concentrations of probe (6 X 107 cpm in 10 ml of hybridization fluid;
both probes had specific activities of approximately 5.5 X 10® cpm/
ug DNA), at high stringency (50% formamide, containing 5 X SSC, 5
mM NaH,PQ,, 0.2 mg denatured salmon sperm DNA/m], and 1 %
Denhardt’s solution at 42 °C), and washed identically (2 X 45 min, 2
x 8SC, 0.1% SDS at 55 °C, followed by 2 X 30 min 0.1 X SSC, 0.1%
SDS at 55 °C). Both panels were autoradiographed for 14 h at —80 °C.

Chromosomal Mapping—The human brain cDNA clone was nick
translated to a specific activity of approximately 1 X 10° cpm/ug and
shipped to the Los Alamos National Laboratory. There the probe was
hybridized to nitrocellulose filter panels containing denatured total
DNA from individual laser-sorted human chromosomes, as described
previously (9, 10). The filters were then washed and exposed to
autoradiography for 14 h. Since chromosomes 9, 10, 11, and 12 sort
to the same spot, analysis of hamster/human cell line DNA was
undertaken to resolve them. Southern blot analysis was performed
by loading 20 upg of genomic DNA from individual hybrid lines,
prepared as described (18), in each lane. The filter was probed with
the 1.1-kb nick-translated Pst/EcoRI fragment (3 X 10’ cpm, specific
activity 6.5 X 10° cpm/ug) encompassing the majority of the 3’-
untranslated region of the brain phosphorylase cDNA (see Fig. 1)
using the high stringency hybridization conditions of Church and
Gilbert (19) (15% formamide, 0.2 M Na,HPO,, pH 7.2, 1 mM EDTA,
1% bovine serum albumin, and 7% SDS at 58 °C. The blot was

! The abbreviations used are: kb, kilobase(s); SDS, sodium dodecyl
sulfate.
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washed first with 2 x SSC, 1% SDS at 50 °C for 30 min, and then
with 0.1 X SSC, 0.1% SDS at 70 °C for 1 h.

RESULTS AND DISCUSSION

A brain astrocytoma Agt10 cDNA library was screened with
liver and muscle phosphorylase cDNA fragments (as described
under “Materials and Methods™), resulting in the identifica-
tion of eight hybridizing clones. EcoRI restriction analysis of
the inserts revealed that the hybridizing clones could be
divided into two classes. Three of the clones had an internal
EcoRI site, resulting in the generation of 2.0- and 0.8-kb
bands. The remaining five clones exhibited EcoRI bands of
3.47 kb alone or 3.47 and 0.35 kb (data not shown). The EcoRI
restriction pattern obtained for the former class of clones is
consistent with that described previously for the full-length
liver phosphorylase cDNA (5, 10). Sequence analysis of these
clones confirmed that they are identical to the liver phospho-
rylase cDNA. The size of the latter class of clones (3.47 kb +
0.35 kb = 3.82 kb) seemed to preclude the possibility that
they represent liver or muscle phosphorylase mRNAs, since
previous Northern blot analysis has sized these messages at
3.2 and 3.4 kb, respectively, in rabbit tissues (5). The 0.35-kb
EcoRI fragment was ligated into the sequencing vector M13,
and the larger fragment was subcloned according to the strat-
egy depicted in Fig. 1. Dideoxynucleotide sequencing of these
cloned fragments shows that they correspond to a phospho-
rylase isozyme with a nucleotide and deduced amino acid
sequence distinct from the human liver and muscle phospho-
rylase sequences (see below).

Northern blot hybridization analysis was undertaken in
order to characterize the tissue expression pattern of the
newly isolated phosphorylase clone and to compare it with
the pattern obtained with the liver phosphorylase ¢DNA.
Poly(A)* mRNA was prepared from human adult brain, mus-
cle, and liver and 24-week-old fetal liver tissues, as well as the
astrocytoma cell line U251. Panel A of Fig. 2 shows the
hybridization pattern obtained when the liver phosphorylase
c¢DNA was used to probe filters containing these types of
RNA. Strong hybridization to a 3.2-kb mRNA is observed in
both adult and fetal liver tissues (lanes L and FL). The liver
probe also detects an identically sized message in U251 RNA
and a slightly larger (approximately 3.4 kb) message in adult
muscle. The latter likely represents cross-hybridization to the
muscle-specific phosphorylase mRNA since this message is
identical in size with that seen in rabbit muscle tissues when
probing with the rabbit muscle phosphorylase cDNA; hybrid-
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Fic. 1. Subcloning and nucleotide sequencing strategy for
the human brain glycogen phosphorylase cDNA. The restriction
enzymes EcoRI (R), Sacl (S), BamH1 (B), and Pstl (P) were used
to subclone fragments of the brain phosphorylase cDNA into M13
(strains MP 18 and MP 19) as shown. The protein-encoding region
of the cDNA is depicted by the dark bar, untranslated regions are
shown as lines. The distance of each restriction site from the 5’ end
of the clone is given in kilobases (kb) directly under the map, and
below that, arrows indicate the direction and distance over which
each fragment was sequenced. The two small boxes centered under
the 3’-untranslated region of the cDNA indicate two oligonucleotides
used as sequencing primers due to the absence of any convenient
restriction sites in this area.



Fi1G. 2. Tissue distribution of glycogen phosphorylase
mRNA in human tissues, assessed with liver and brain phos-
phorylase cDNA probes. Filters containing poly(A*) RNA were
hybridized with radiolabeled liver phosphorylase cDNA (panel A) or
brain phosphorylase cDNA (panel B) probes, as described under
“Materials and Methods.” Lanes: BT, 10 ug of poly(A*) RNA isolated
from the temporal lobe of adult brain; BF, 2 ug of poly(A*) RNA
isolated from the frontal lobe of adult brain; FL, 5 ug of poly(A*)
RNA isolated from 24-week-old fetal liver; L, 5 ug of poly(A*) RNA
isolated from adult liver; M, 2 ug of poly(A*) RNA isolated from
adult skeletal muscle (calf); U251, 5 ug of poly(A*) RNA isolated
from the human brain astrocytoma cell line from which the cDNA
library was derived.

ization of the liver cDNA to this message occurs even at high
stringency because of the high level of expression of the
muscle phosphorylase message in adult muscle tissues (5).
The distribution of liver-type mRNA in brain appears to be
region-specific; no hybridization is seen to frontal lobe RNA
(BF), whereas a strong signal is observed in temporal lobe
(BT). In contrast, as shown in panel B of Fig. 2, the newly
isolated phosphorylase cDNA clone hybridizes preferentially
to a 4.2-kb mRNA found in both of the adult brain samples;
low levels of expression of a 4.1-kb message are revealed by
this probe in human adult muscle tissue, and adult and fetal
liver tissues, as well (note that the amount of poly(A)* RNA
loaded was as follows: 2 ug in M and BF, 5 ug in L, FL, and
U251, and 10 ug in BT'). There is also significant hybridization
to a 3.4-kb message found in muscle mRNA that again likely
represents cross-hybridization to the muscle-specific phos-
phorylase message. Finally, the newly isolated cDNA hybrid-
izes to a band of approximately 4.1 kb in U251 RNA.

These data indicate that the newly cloned phosphorylase
corresponds to a mRNA that is larger and that has a tissue
expression profile distinct from the mRNA encoding liver
phosphorylase. Previous Northern blot analysis of rabbit tis-
sues at low stringency also showed the existence of a 4.2-kb
band in whole brain RNA as the major species capable of
cross-hybridizing with the liver and muscle cDNA probes (5).
Thus, we conclude that the new clone encodes the “brain” or
“brain-specific” isozyme of phosphorylase.

Protein gel electrophoresis has demonstrated that glycogen
phosphorylase isozyme expression is developmentally regu-
lated (4, 20, 21). In fetal rat tissues, the predominant isozyme
is the brain type (4, 20). At birth, liver and muscle expression
switches exclusively to the liver and muscle isozymes, respec-
tively; adult brain contains the brain form predominantly,
with a small amount of the muscle isozyme (4, 20). Other
adult tissues express a mixture of all three types of phospho-
rylase in proportions that vary depending on the species (4,
20, 21). Our results seem to contradict this scenario at several
levels. First, we were able to clone cDNAs encoding the liver
isozyme of phosphorylase from a library prepared from a cell
line derived from human brain, a tissue usually described as
expressing only the brain and muscle isozymes. The solution
to this apparent paradox probably lies in the fact that a tumor
cell line was used. Several studies have shown a loss of normal
tissue-specific expression in transformed cell lines for en-
zymes of carbohydrate metabolism such as pyruvate kinase
and phosphofructokinase (22, 23). Second, our data also reveal
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that most human tissues express more than one type of
mRNA. In particular, the temporal lobe of human brain
expresses significant amounts of liver phosphorylase mRNA,
in contrast to the rabbit, where no liver phosphorylase mRNA
is detectable in whole brain extracts (5). The reasons for
having more than one phosphorylase mRNA expressed in a
given tissue are unclear, especially since the current results
do not conform well to earlier protein electrophoresis studies
that showed no liver phosphorylase activity in human brain
extracts or brain phosphorylase activity in liver or muscle
tissues (21). The final and perhaps most interesting observa-
tion is that the predominant mRNA present in 24-week-old
(midgestation) fetal liver is the adult liver form; the brain-
type RNA is present at the same low constitutive level in
both fetal and adult liver and in adult human muscle tissues.
There are several possible explanations for the discrepancies
between the current data and those pertaining to the devel-
opmental expression profile of phosphorylase isozymes in rat:
1) human fetal liver, unlike rat fetal liver, contains primarily
the adult liver isozyme of phosphorylase (a possibility that
has also been implied by previous investigators (21)); 2) in
human fetal liver, the liver gene is actively transcribed but
inefficiently translated, whereas the small amount of brain
phosphorylase message is rapidly translated; or 3) the human
brain isozyme only predominates in early fetal liver develop-
ment and is replaced by the adult liver isozyme well before
birth. The current data cannot discriminate among these
possibilities, nor do they suggest that the brain isozyme is not
predominantly expressed in other human fetal tissues. With
three cDNA clones in hand, it will now be possible to address
developmental expression of phosphorylase isozymes in more
detail.

The nucleotide and deduced amino acid sequence of the
three human phosphorylase isozymes, brain (this work), liver
(5), and muscle (8) are shown in Fig. 3. The protein predicted
by the brain phosphorylase ¢cDNA sequence is 862 amino
acids long with a molecular mass of 112,917 daltons, a value
in close agreement with that previously determined by gel
electrophoresis for the rat brain phosphorylase monomer (24).
In contrast, human muscle and liver phosphorylase contain
841 and 846 amino acids, respectively. The increased size of
the brain phosphorylase protein is entirely due to insertion of
amino acids at the C terminus; the three human phosphoryl-
ase isozymes can be aligned without insertions or deletions so
that amino acids 1-830 match. Previous workers have often
resolved phosphorylase isozymes by using slab or disc poly-
acrylamide electrophoresis in the absence of SDS; under these
conditions, the brain isozyme is usually described as a “faster
migrating band” than the liver or muscle types (1-4, 20, 21).
We have determined that the isoelectric point predicted by
the primary sequence of brain phosphorylase is 6.15, as com-
pared to 6.24 and 6.42 for the liver and muscle phosphorylase
isozymes, respectively, values consistent with the previously
observed electrophoretic patterns.

The brain phosphorylase amino acid sequence is 83% iden-
tical to the muscle sequence and 80% identical to the liver
sequence. The liver and muscle sequences are also 80% iden-
tical. Thus, the sequences of the human muscle and brain
phosphorylase isozymes are more closely related than either
are to the liver isozyme. The same is true at the nucleotide
level where the identities are 79% for the brain/muscle com-
parison, versus 74% (brain/liver) and 73% (muscle/liver). Fig.
3 also provides the sequence of 80 bases of 5’-untranslated
region and all of the 3’-untranslated region of the brain
phosphorylase cDNA. Whereas the liver and muscle 5’-un-
translated sequences have been shown to be approximately
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1
M G E P L T D S E K R K Q
S R s Q
Q R
GAGCAGCTGCACCATCCCGGCCTTCGCGTGTGCCGCCGCTTTCCTCCTCCATCTCTTTTCCTCCGCCTCCGCCGGCGCGATGGGCGAACCGCTGACGGACAGCGAGAAGCGGAAGCAG
—————— TCCTTCGC GAG CA  GTTGAG CCG CGTC CC TA AT CGICAGC GG CGCTCTCA C TC CGG C TA CAA AA A A
CCC T CCGG AGC A CGCC CG CCGCA TT CAGC TCTGCG G C GCCG GCAGC G CCA C A CAG CcG
20 40
1 §S VR GL A GULGDV A EV RXK S F NRHULHKTFTULV KD BRNVYAT?PRDYTF
vV E N T L X N Y
1 I v v E N L K T Y
ATCAGCCTGCCCGGCCTGGCGEGGCTACCCGACCTGGCCCAGGTGCGGAAGAGCTTCAACCGGCACTTGCACTTCACGCTGGTCAAGCACCGCAATGTGGCCACGCCCCGCGACTACTTC
T T C CG G AGA AT C  AAA A [+ T A C A C A A A
AC ACT CG G AGA A C  AA T Cc C CA A
80 80 ~
F AL A HT UV RDMHLV GR W I RTQQH Y Y ERUDU?PI KU RTIYYLSLETF Y MG
K
D K C v
TTCGCGCTGGCGCACACGGTGCGCGACCACCTCGTGGGCCGCTGGATCCGCACGCAGCAGCACTACTACGAGCGCGACCCCAAGCCAATTTATTATCTTTCCCTGGAATTCTACATGGGT
T T ¢ T C G G T AAG AG C C C G TTA G T A
G G c CAACGTG A GGTA c ¢ T T o4
100 - 120
R T L Q N T M V N L GL @Q N A CDEA ATI Y QL GLDULETETULTETETITETET DA ASGILG
A E T M
I I
CGCACGCTGCAGAACACGATGGTGAACCTGGGCCTTCAGAATGCCTGCGATGAAGCCATCTATCAGTTGCGGGTTAGACTTGGAGGAACTCGAGGAGATAGAAGAACGATGCTGGCCTTCCG
G A [of C T AG T ¢ G C [ 4 cC G A G G AT G G G G G ¢
A AT A [of AC C T G A T G T C CT A G TAA A GTA A AT A [
140 1680
N G G L G R L A A CF L D S M A TULGUL A A Y G Y G I R Y ETFGTI T FNGQIKTIUVN
8§ G
Y R D
AATGGAGGCCTGGGGAGGCTGCCAGCCTGTTTCCTTGACTCAATGGCTACCTTGGGCCTGGCAGCATACGGCTATGGAATCCGCTATGAATTTGGGATTTTTAACCAGAAGATTGT CAAT
cC G cC c ¢ T c A AC T C T c G T G CTC GGG
T T T A T T C¢ C TG T C A c AT C T A CC T G A < T CCGAG
180 200
G W Q V E E A DD WL R Y GNP W EKAURPE Y WMNL P V HF Y G RV EHTPDG
] F T H s Q
S F K N T
GGCTGGCAGCTAGAGCAGGCCGATGACTGGCTGCGCTACGGCAACCCCTGGGAGAAAGCGCGGCCTGAGTATATGCTTCCCGTGCACTTCTACGGACGCGTGGAGCACACCCCCGACGGC
AG T G C o TC C AT C AT AGCG T
A A A A T CAA T A T GT C € A ATC G T T AAA A A AA AC G
220 240
vV XK ¥ L D T Q V V L A NP Y DTP V P G Y K NNTV NTMNIBRLW S A R APNUDTF
A v R v K
T I L N
GTGAAGTGGCTGGACACACAGCTGGTGCTGGCCATGCCCTACGACACCCCAGTGCCCGGCTACAAGAACAACACCGTCAACACCATGCGGCTGTGETCCGCAAGGGCTCCCAACGACTTC
cc G A T G T TCGC TCTT ¢ cC T CaA T
ACC AT T A C TC AT c T T T c C T TC A AT T
260 280
K L. D F NV G D Y I E A VYV L DU RNTILAENTI SRV LY PNUDNTFTFETGTE KETLR
N K G Q
N R Q
AAGCTGCAGGACTTCAACGTGGGAGACTACATCGAGGCGGTCCTGGACCGGAACTTGGCTGAGAACATCTCCAGCGTCCTGTATCCAAATGATAACTTCTTTGAGGGGAAGGAGCTGCGG
C CA T ¢ TG c T GT A C G TC T c C T C A
C CAGA T T T TC T G A o3 o4 (o4 [ c ¢ T T A AA A
300 320
L K Q EY F V V GG A TULGQDTITIRTZRTFI K S S KV FGCRUDU®PVRTCFETTFUPDK
A N D A
A A S T R G Q G v D A Q
CTGAAGCAGGAGTACTTCCTGCTGGGCGCCACGCTCCAGGACATCATCCGCCGCTTCAAGTCGTCCAAGTTCGGCTGCCGGGACCCTCTGAGAACCTCTTTCCACACCTTCCCAGACAAG
T CcT [ T T T T ¢C C C GAAC TG € T
T A T CT A CTG A T T AG C T C ACCCGTGG CAAG TGTGC T TG C G TC
340 3eo
vV A I Q L N D T H P A L 81 P E L NUBR I L VDV EKV D WD K A VW E I TIKIKTC
;] A L R M D v V R
R I A F I L P s L N @Q F
GTGGCCATCCAGCTGAACGACACCCACCCCGCCCTCTCCATCCCTCAGCTCATCCGGATCCTGOTGGACGTCOAGAAGGTGGACTGGGACAAGGTCTGGGAAATCACGAACAAGACCTCT
c T T GG C G A (o ACG A G TG G AGT G
T T T TCG A GG G A T T TAT A AC CC TC A GC ACC TC
380 400
A Y T N H T V L P E A L E R W P V 8§ N F E K 9L L P RHULETITI Y A I N QURUHTLD
H L L T Q E F N
D L Vv E K
GCATACACCAACCACACTGTGCTGCCTGAGGCCTTGGAGCGETGGCCCGTGTCCATGTTTGAGAAGCTGCTGCCGCGGCACCTGGAGATAATCTATGCCATCAACCAGCGGCACCTGGAC
(o G [ C G CACC G c cc c C AG CTT CA
(o A C G A [ GAC GG cC T A TT A C T AGC A T AA TT A T

Fic. 3. DNA and deduced amino acid sequences of human brain (this work), liver (5), and muscle
(8) isozymes of glycogen phosphorylase. The numbers above the brain sequence indicate the amino acid
number, with the residues immediately after the initiator methionine (glycine in brain and liver phosphorylase,
serine in muscle) designated number 1. The brain phosphorylase amino acid and nucleotide sequences are presented
in their entirety in the first and fourth lines of each row, respectively, except for the 5’- and 3’-untranslated
regions, where the brain nucleotide sequence is found in the first line of the row. The brain sequence serves as the
reference sequence; only nucleotide and amino acid residues that are nonidentical in the liver and muscle
phosphorylases are given in the remaining, labeled lines. Stop codons are indicated by an asterisk and the
polyadenylation signals AATAAA (liver and muscle) or ATTAAA (brain) are underlined. Note the correction of
two nucleotides in the liver sequence relative to Ref. 5, resulting in an E to V change at amino acid residue 82 and
E to V at residue 232.
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CCAGAACTTTGCACACATCTTGCTATGTATTAGCCGATGGCTTTAGTCTTGAGCCT CTGGATTCTGGGGTCTGCGGCAGTGGCCATAGTGAAGCCTGCGAATGAGTGTTACTGCAGCATC
AGTCTGTCACA T T T GGGC AGCCCCAC C TC CAGAGG GG TA TGGA TTAGA CTCTA CA CCTCC AACCCTCATTAA CCCACTCTCAATG C A TGT CAG
TAGA ACA AGCTT T AC  AAC TG AC TTTTTACAACA TCAC G TTTT G TTTG TA CTAATAATCTATAATAGTTG ATCT TG A TG G A GG AATT TATGT

TGCCTGCCAGCCACAGGGAAGGGCCAAGCCCCATGTAGCCCCAGTCATCCTGCCCAGCCCTGCCTCCTGGCCATGCCGGGAGGGGTCGGATCCTCTAGEGCATCGCTTCACAGCCCCCTGE
C TGACTA GACAC  CCCCCTTCC TG TG CTC GGTAC CCT CTATTTATGGG T GACCAA TGCA CACTCCCTAATA_ATTCA CTCATCTC A TGGGAAA
AATAGAG TTAA A TAA GT T A TTT A G A AAAAA A
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CCCCTGCCCTCTOTCCTGGCTCTGCACCTGGTATATGGGTCATGGACCAGATGGGGCTTTCCCTTTGTAGCCATCCAATGGGCATTGTCTGOGTGCTTGGAACCCGGGATGACTGAGGGG
GACACTGGACTGGGTGCTTGTGTCTGCTCT CTCAGAGGCCTTGGTCAGGATGAAGTTGGCTGACACAGCTTAGCTTGGTTTTGCTTATTCAAAAGAGAAAATAACTACACATGGAAATGA

AACTAGTGAAGCCTTTTCTTGTTTTAGAATGAAAATTCTACTTGCTCACTTTTGTGCTTCAGGAGGCCCATTTTCTAGCCTGGCAGGGGCAGGTCCTGTGCCCTCCCGCTTGACTCCTGE

BRAIN

BRAIN

BRAIN

BRAIN

BRAIN

TGTGTCCTGAGGTGCATTTCCTGTTTGTTACACACAAGGGCCAGGCTCCATTCTCCCTCCCTTTCCACCAGTGCCACAGCCTCGTCTGGAAAAAGGACCAGGGGTCCCGGAGGAACCCAT
TTCTGCTCTCCTTGGACAGCAGGCCTGGCACTGGGAGCTGGGGTCAGCCCCTCACAGECTTGCCCCTCCCCAAGGCTCGAACCTGCCTCCCATTGCCCAAGAGAGAGGGGCAGGGAACAG
GCTACTGTCCTTCCCTGTGCAATTGCCGAGAAATCTAGCACCTTGCATGCTGGATCTGGGCTGCGOGGAGGCTCTTTTTCTCCCTGGCCTCCAGTGCCCACCAGGAGGATCTGCGCACGG
TGCACAGCCCACCAGAGCACTACAGCCTTTTATTGAGTGGGGCAAGTGCTGGGCTGTGGTCGTGCCCTGACAGCATCTTCCCCAGGCAGCGGCTCTGTGGAGGAGGCCATACTCCCCTAG

TTGGCCACTGGGGCCACCACCCTGACCACCACTGTGCCCCTCATTGTTACTGCCTTGTGAGATAAAAACTGATTAAACCTTTGTGGCTTTGGTTGG-TTAAAAA . . . .

F1G. 3—continued

63% identical (5), the brain sequence appears to be unrelated
to the other two. The greater length of the brain phosphoryl-
ase mRNA detected on Northern blots is largely attributable
to the much longer 3’-untranslated region of the brain phos-
phorylase ¢cDNA (1147 base pairs) as compared to the liver
(170 base pairs) and muscle (263 base pairs) sequences.” The
longer 3’-untranslated region of the brain phosphorylase
¢DNA is a feature shared with the brain isoforms of two other
isozyme families, Na*K*-ATPase and protein kinase C (25,
26). The cDNA encoding brain aldolase, in contrast, has a 3'-
untranslated region of similar length to that found for the
liver and muscle forms.> The 3’-untranslated region of the
brain ¢cDNA contains 57% G + C compared with 55% for the
muscle and 26% for the liver messages. In addition to this
similarity in nucleotide composition, the brain and muscle
messages have a nearly identical 11-nucleotide sequence,

CTGCCAGCCEC. This sequence was previously shown to be

located at amino acid 833 of the muscle phosphorylase se-
quence, exactly conserved among rat, rabbit, and human
muscle phosphorylase cDNAs (6), leading to the suggestion
that it may play a role in regulation of muscle phosphorylase
gene expression. The sequence appears in the brain message
90 nucleotides into the 3’-untranslated region, but is not
found in any region of the liver phosphorylase ¢cDNA. No
other regions of significant sequence identity are observed
when comparing the 3’ ends of the muscle and brain phos-
phorylase cDNAs. This finding, coupled with the abrupt di-
vergence of the three phosphorylase sequences around amino
acid 830, suggests that the muscle and brain genes evolved in
part via a deletion or insertion of DNA near the codon for
amino acid 830 resulting in relocation of the 11-nucleotide
element.

We have compared previously the human liver and rabbit
muscle phosphorylase cDNA and predicted protein sequences
(5). That study demonstrated that despite an 80% amino acid
identity, two distinct patterns of codon usage were used to

* The difference in size between the brain phosphorylase mRNA
depicted in Fig. 2 (~4.2 kb) and the brain phosphorylase cDNA clone
described in Fig. 3 (3.82 kb) is presumably due to the lack of a poly(A)
tail in the latter. Some of the difference may also be due to unse-
quenced regions of the 5’-untranslated region since no primer exten-
sion or S1 mapping was done to define the 5’ end. Note that we have
assumed that translation initiates at the methionine codon in the
brain phosphorylase ¢cDNA corresponding to the start site in the
other two sequences. This seems likely since 1) no other ATG codons
are found in the 80 nucleotides upstream of this site in the brain
sequence, 2) the protein predicted by the open reading frame that
begins at this site is 112,917 daltons, in exact agreement with the
estimated molecular mass of the brain phosphorylase monomer (24),
and 3) the amino acid residues 1-14 have been shown to be important
in the covalent modification of muscle phosphorylase by phosphoryl-
ation and dephosphorylation (12). Since brain phosphorylase is rec-
ognized by muscle phosphorylase kinase, it is unlikely that any
modification (elongation) has occurred at the N terminus.

*D. Tolan, personal communication.

encode these proteins, i.e. the rabbit muscle phosphorylase
c¢DNA was shown to have a significantly higher proportion of
deoxyguanosine (G) and deoxycytosine (C) residues at third
codon positions (85%) than its human liver counterpart
(60%). Based on the data in Fig. 3, we can now calculate a
third position G + C content of 77% for the human muscle
and 82% for the human brain coding sequences. Furthermore,
the overall G + C content of the coding sequences of the three
messages is 49% for liver, 57% for muscle, and 59% for brain.
This analysis provides a further indication that the brain and
muscle genes have a closer evolutionary relationship to each
other than to the liver gene.

Some gene families (such as those for the globins or some
of the serine proteases) are found grouped together in tandem
array, implicating an evolutionary mechanism involving gene
duplication and retention of the gene copies on a single
chromosome. This strategy does not apply to the phosphoryl-
ase gene family. We have shown previously that the genes for
human muscle and liver phosphorylase map to chromosomes
11 and 14, respectively, by hybridizing the appropriate DNA
probes to laser-sorted human chromosomal fractions spotted
onto nitrocellulose (9, 10). Fig. 4 depicts the results of this
kind of chromosome mapping experiment performed with the
human brain phosphorylase ¢cDNA probe. Strong hybridiza-
tion is seen to the spot containing chromosome 20. A lesser

Fi1G. 4. Assignment of the brain phosphorylase gene to hu-
man chromosome 20. Autoradiograph of a panel of nitrocellulose
filters, each with two fractions of flow-sorted human chromosomes
as numbered. The chromosomal DNA was denatured and hybridized
to a radiolabeled 3.47 EcoRI fragment of brain phosphorylase cDNA
(see Fig. 1) as described in Ref. 10.
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signal is seen on the spot containing a mixture of chromo-
somes 9, 10, 11, and 12. The latter spot can be interpreted in
one of two ways. It is either due to the larger amount of DNA
on this spot than on any other and/or a small amount of
cross-hybridization with the muscle phosphorylase gene on
chromosome 11, or it represents a separate gene with signifi-
cant homology to the brain phosphorylase cDNA. In order to
distinguish among these possibilities, we carried out further
mapping studies using DNA purified from hamster/human
cell lines. The lines were chosen so as to be able to unequi-
vocably distinguish between chromosomes 9, 10, 11, and 12; a
line containing chromosome 20 was also included. To further
clarify the issue, the hybridization was performed using the
1.1-kb Pst/EcoRI fragment encompassing the majority of the
3’-untranslated region of the brain-specific cDNA (see Fig.
1), since this region has no homolog in the muscle- or liver-
specific phosphorylase cDNAs. The results, shown in Fig. 5
confirm the strong hybridization to a gene found on chromo-
some 20, but also reveal the presence of a somewhat less
homologous fragment on chromosome 10. Thus, we conclude
that the gene with exact homology to the human brain phos-
phorylase cDNA cloned in this study maps to chromosome
20, but that a gene encoding a very similar sequence is found
on chromosome 10. It is unclear from the current study
whether the gene on chromosome 10 is an expressed or
pseudogene. There is no evidence for multiple mRNA bands
in Fig. 3B; given the high homology of the two genes, however,
it cannot be ruled out that the “brain like” transcripts found
in different tissues are derived from one or the other of the
brain like genes. The issue will be resolved in future studies
in which the transcripts in the cell lines containing either
chromosome 10 or 20 will be analyzed.

Clearly, the genes encoding the tissue-specific isozymes of
phosphorylase are unlinked. It has been suggested that the
genes encoding tissue-specific forms of aldolase are found on
separate chromosomes because of tetraploidization, since re-

1 2345 6 7 8

N _234kB

-~ i -9.4KB
-6.5KB

-4.3 KB

FIG. 5. Resolution of chromosomes 9, 10, 11, and 12 by
southern blot analysis of hamster/human hybrid cell line
DNA. The filter contains 10 ug of hamster genomic DNA (lane 1) or
20 ug of DNA isolated from various hamster/human hybrid cell lines
(lanes 2-8) digested to completion with EcoRI. It was probed with a
1.1-kb Pst/EcoRI fragment derived from the 3’-untranslated region
of the human brain phosphorylase cDNA as described under “Mate-
rials and Methods.” The hybrid lines contain the following human
chromosomes: lane 2: line CF26/20 contains 4p, 15, and 20; lane 3:
line CF 26/18 contains 12, 15, and 17; lane 4: line SiF4D2A contains
4,10, 11, 14, and X: lane 5, line Q3D2 contains 1, 2, 3, 12, 13, 14, 16,
21, and 22; lane 6: line Rag Stuart A9 is a mouse/human hybrid line
and contains 3, 5, 11, 14, 15, 16, 18, and 21; lane 7: line 5067-20
contains 3, 5, 6, 9, 11, 19, 21, and X; lane 8: line 5067-13 contains 9
and 11 but is otherwise incompletely characterized. Assignment of
the less homologous gene to chromosome 10 is made because hybrid-
ization occurs to a band in lane 4 (contains 10 and 11) but not lanes
6 or 7 (contain 11 only).

Human Brain Phosphorylase

lated aldolase genes are found on morphologically similar
chromosomes (aldolases A and C on chromosomes 16 and 17,
aldolase B and an aldolase pseudogene on chromosomes 9 and
10) (27). The localization of the phosphorylase genes to three
morphologically unrelated chromosomes thus would appear
to involve a more specific translocation mechanism.

Our data suggest that the liver phosphorylase gene has
evolved by a route distinct from that taken by the muscle and
brain genes, since the latter have retained greater similarities
in primary sequence, codon usage, and nucleotide composi-
tion. Interestingly, the muscle and brain phosphorylase gene
products are also more responsive to the allosteric effector
AMP than the liver protein, although AMP activation does
not appear to be cooperative in brain phosphorylase as it is
in the muscle form (28, 29). It is reasonable to assume that
the phosphorylase genes were duplicated and dispersed in the
genome, leading to the evolution of regulatory elements con-
trolling tissue-specific and developmental patterns of gene
expression, as well as allosteric regulatory properties tailored
to fit each isozyme’s physiological role. Sequence analysis of
phosphorylase isozymes has led to insights into the evolution
of allosteric regulatory sites in this protein, as described
elsewhere (13, 30, 31). Cloning of the brain isozyme of phos-
phorylase now permits a careful assessment of developmental
regulation of phosphorylase gene expression and “isozyme
switching.” The recent observation that muscle cells in cul-
ture, which normally produce only the brain (fetal) isozyme
of phosphorylase, can be stimulated by innervation to produce
the mature muscle isozyme (32) suggests that cell culture
techniques or the heterokaryon approach of Blau and associ-
ates (33) will be useful for defining the regions of the various
phosphorylase genes that are involved in gene regulation. To
this end, we are currently isolating the liver and brain phos-
phorylase genes, using our cDNA clones as probes.
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