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ABSTRACT We have cloned the cDNA encoding glycogen
phosphorylase (1,4-a-D-glucan:orthophosphate a-D-glucosyl-
transferase, EC 2.4.1.1) from human liver. Blot-hybridization
analysis using a large fragment of the cDNA to probe mRNA
from rabbit brain, muscle, and liver tissues shows preferential
hybridization to liver RNA. Determination of the entire nucle-
otide sequence of the liver message has allowed a comparison
with the previously determined rabbit muscle phosphorylase
sequence. Despite an amino acid identity of 80%, the two
c¢DNAs exhibit a remarkable divergence in G+C content.
In the muscle phosphorylase sequence, 86% of the nucleotides
at the third codon position are either deoxyguanosine or
deoxycytidine residues, while in the liver homolog the figure is
only 60%, resulting in a strikingly different pattern of
codon usage throughout most of the sequence. The liver
phosphorylase ¢cDNA appears to represent an evolutionary
mosaic; the segment encoding the N-terminal 80 amino acids
contains >90% G+C at the third codon position. A survey of
other published mammalian cDNA sequences reveals that the
data for liver and muscle phosphorylases reflects a bias in
codon usage patterns in liver and muscle coding sequences in
general.

Glycogen phosphorylase (1,4-a-D-glucan:orthophosphate a-
D-glucosyltransferase, EC 2.4.1.1) isozymes play a vital role
in mobilization of stored sugar in a variety of mammalian
tissues. Three forms of the enzyme have been described that
are distinguished by their electrophoretic mobilities on gels
and their immunological properties (1-3). The three isozymes
are tissue-specific; the brain type (also known as the fetal
type) is predominant in adult brain and embryonic tissues,
while the liver and muscle types are predominant in adult
liver and skeletal muscle tissues, respectively (reviewed in
ref. 4). The muscle form is the best characterized; both the
primary sequence and the x-ray structure of rabbit muscle
phosphorylase are known (5-8). The enzyme functions in
muscle to provide glucose required for the energy of con-
traction. Its physiological role is distinct from the liver
isozyme, which is centrally involved in the maintenance of
blood glucose homeostasis, and from the brain form, which
is associated primarily with provision of an emergency
glucose supply during brief periods of anoxia or hypoglyce-
mia (4, 9).

Comparisons of the protein and DNA sequences of the
phosphorylase isozymes are required to understand the
evolutionary and functional relationships among them. Fur-
ther, such comparisons could ultimately provide insight into
how the phosphorylase genes, and perhaps other multigene
families, are regulated in a developmental and tissue-specific
manner. We have described the cloning and sequencing of the
rabbit muscle glycogen phosphorylase cDNA and portions of
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the C-terminal domain from human and rat muscle (6, 7). We
report here the cDNA sequence and the deduced amino acid
sequence for human liver glycogen phosphorylase. Compar-
ison of liver and muscle phosphorylase sequences reveals
extensive amino acid identity between the two isozymes.
Remarkably, the nucleotide sequences are found to be less
homologous because of a difference in codon usage patterns.
Furthermore, a survey of published sequences reveals that
the difference between the liver and muscle phosphorylase
nucleotide sequences reflects a general tissue-specific codon
usage bias in mammalian liver and muscle cDNA sequences.

MATERIALS AND METHODS

Cloning and Nucleotide Sequencing Strategy for the Human
Liver Glycogen Phosphorylase ¢cDNA. A summary of the
cloning strategy is shown in Fig. 1. A partial rabbit muscle
phosphorylase ¢cDNA (6) encoding amino acids 573-742
(which includes the conserved pyridoxal phosphate cofactor
binding site) was labeled with 2P by nick-translation and
used to screen a phage Agtll cDNA library prepared from
human liver (courtesy of A. DiLella and S. Woo, Baylor
College of Medicine, Houston, TX). The initial screening of
50,000 clones, performed at low stringency [30% (vol/vol)
formamide containing 5x NaCl/Cit (1x 0.15 M
NaCl/0.015 M sodium citrate), 5 mM NaH,PO,, 0.2 mg of
salmon sperm DNA per ml, and Denhardt’s solution (0.02%
polyvinylpyrrolidone/0.02% Ficoll/0.02% bovine serum
albumin) at 42°C], yielded a single clone of about 750 base
pairs (HL-1). Sequencing by the dideoxynucleotide method
(10) showed that this fragment was homologous to rabbit
muscle phosphorylase over the region of the cDNA encoding
amino acids from position 660 to the C terminus. The HL-1
fragment was amplified, purified, radiolabeled, and used to
rescreen 100,000 clones from the same library under condi-
tions of increased stringency (40% formamide at 42°C),
yielding the overlapping fragments HL-2, HL-3, and HL-4.
The HL-4 fragment was subsequently used to screen an
additional 100,000 clones, yielding the overlapping fragments
HL-5, HL-6, HL-7, and HL-8. When the HL.-8 fragment was
excised from Agt11 with the restriction endonuclease EcoRI,
a second fragment of =360 nucleotides (HL-9) was observed
because of an internal EcoRlI site within the cDNA as shown
in Fig. 1. HL-9 was used to screen an additional 500,000
clones, yielding only HL-10, which terminates 23 amino acids
from the 5’ end of the coding region. To clone the last small
coding fragment (HL-11), we used HL-9 to screen 80,000
clones from a second, randomly primed human liver cDNA
library (courtesy of Jing-hsiung Ou, Hormone Research
Institute, University of California, San Francisco).

Blot-Hybridization Analysis. Poly(A)* RNA samples, pre-
pared by the method of Ashley and MacDonald (11), were
electrophoresed through a formaldehyde/agarose gel, trans-
ferred onto a MSI magna nylon 66 membrane filter, and

Abbreviation: kb, kilobase(s).
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Fic. 1. Cloning and nucleotide sequencing strategy for the
full-length human liver glycogen phosphorylase cDNA. The arrows
under the HL fragments indicate the direction and distance se-
quenced. The restriction endonuclease sites Pst I and EcoRI used for
subcloning are shown. kb, Kilobases.

hybridized with radiolabeled downstream rabbit muscle
cDNA (encoding amino acids 304-842 and 20 bases of 3’
untranslated region), downstream human liver cDNA (en-
coding amino acids 195-845 and 20 bases of 3’ untranslated
region), or upstream human liver cDNA (encoding amino
acids 1-195 and 115 bases of 5’ untranslated region). All
panels were hybridized at the same low stringency (35%
formamide containing 5x NaCl/Na Cit, 5 mM NaH,PO,, 0.2
mg of salmon sperm DNA per ml, and Denhardt’s solution at
42°C) and were washed identically (twice for 45 min each at
55°C in 2x NaCl/Na Cit containing 0.1% NaDodSOy,).

RESULTS

Description of Human Liver Glycogen Phosphorylase cDNA
and Comparison with the Rabbit Muscle Sequence. The
nucleotide and amino acid sequences of rabbit muscle and
human liver phosphorylases are compared in Fig. 2. Their
amino acid sequences were found to be 80.1% identical; the
percentage decreased to 73% at the nucleotide level. The
liver sequence contains no insertions or deletions relative to
that of muscle but extends three amino acid residues past the
C terminus of the muscle form.

The sequence divergence of these genes is not random. The
coding region of the liver phosphorylase cDNA has an overall
G+C content of 48.7% compared with 60.3% in the rabbit
muscle homolog. This difference can be largely ascribed to
variation at the third codon position, where in liver
phosphorylase 60% of the nucleotides are either deoxygua-
nosine or deoxycytidine residues compared with 85.8% in the
muscle isozyme. The difference in G+C content is not due to
the species difference because G+C content at the third
codon position is similar in human muscle and rabbit muscle
phosphorylase cDNA sequences.*

*The comparison covers the portions of the human muscle phos-
phorylase coding sequence that have been characterized, including
the previously described cDNA fragment encoding amino acids
from position 733 to the C terminus (6) and unpublished data on gene
fragments encoding amino acids 1-233 and a cDNA clone encoding
residues 580-680. Over these regions, the human muscle
phosphorylase sequence has a third-codon-position G+C content of
75%, as compared to 83% in the rabbit muscle sequence and 58%
in the human liver message. Human muscle coding sequences are
not always lower in G+C content than their rabbit muscle coun-
terparts, since human muscle aldolase contains 84% G+C at the
third codon position compared to 81% for the rabbit muscle aldolase
message (ref. 12; D. Tolan and E. Penhoet, personal communica-

tion).
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The liver and muscle phosphorylase sequences are com-
pletely unrelated at their 3’ ends. The divergence begins
abruptly at amino acid 830 and continues to the C terminus
of the muscle sequence at residue 842 (the liver isozyme is
three residues longer) and into the 3’ untranslated regions.
The human liver 3’ untranslated region is 170 residues long
and contains only 28% G+C; the rabbit muscle 3’ untrans-
lated region, in contrast, is 222 residues long and contains
60% G+C.

In contrast to the 3’ end of the message, the 5’ end is
remarkably conserved between the liver and muscle se-
quences. A sharp increase in G+C content is observed in the
liver sequence beginning at amino acid 80 and continuing
upstream through the 5’ untranslated region. The increase in
G+C content in this region of the liver message is not due to
the high amino acid homology, since the segment of nucle-
otide sequence encoding amino acids 30-80 (an important
structural component of the AMP allosteric activation site)
has a much higher third-codon-position G+C content (98%)
than found in other segments encoding conserved 50-amino
acid stretches such as 80-130(44%:; part of the active site) and
630-680 (56%, pyridoxal phosphate cofactor binding site) (8).
Amino acid identity is maintained between the liver and
muscle phosphorylases in spite of nucleotide divergence in
the latter two fragments because the majority of changes in
nucleotide sequence involve silent G*C < AT substitutions
at the third codon position. ,

Blot-Hybridization Analysis of Liver, Muscle, and Brain
Poly(A)* mRNA. Blot-hybridization analysis was undertaken
to confirm that the clones isolated from the liver cDNA
libraries hybridize preferentially with phosphorylase mRNA
expressed in liver and to provide further insight into the
structural relationship of the three phosphorylase isozymes.
Blots containing brain, liver, and muscle poly(A)* mRNA,
isolated from an adult rabbit, were probed with either
downstream rabbit muscle (Fig. 3 Left), downstream human
liver (3 Center), or upstream human liver (3 Right) phospho-
rylase cDNA. The muscle phosphorylase probe hybridized to
single bands of =~3.2 and =3.4 kb in the liver and muscle
lanes, respectively. The signal was at least 30-fold more
intense in the muscle lane than in the liver lane, even though
only one-fifth as much muscle RNA was loaded. In addition,
the muscle probe hybridized to two bands in the brain lane:
the predominant one was =~4.2 kb in size, and a minor species
appeared to comigrate with the muscle form. The liver probe
hybridized to the same species as the muscle probe in the
muscle and liver lanes, but the signal was =3 times more
intense in the liver lane than in the muscle lane. Interestingly,
no signal was seen in the brain lane when the downstream
liver probe was used. The upstream human liver phospho-
rylase probe (Fig. 3 Right) gave a different hybridization
profile from that seen with the downstream liver probe. The
muscle phosphorylase signal was =3 times as intense as that
in the liver lane, even though the liver band was of similar
intensity to that observed with the downstream liver probe.
In addition, the upstream liver probe hybridized to the 4.2-kb
band in the brain lane, which was previously recognized by
the downstream muscle probe but not the downstream liver
probe.

These data indicate that the phosphorylase clones isolated
from the human liver cDNA library encode the liver isozyme
and not the brain or muscle forms and that the upstream
probe recognizes a region that is more highly conserved in the
three phosphorylase isozymes than that detected by the
downstream probe. (

Comparison of Codon Usage in Other Liver and Muscle
¢DNA Sequences. To determine whether the difference in
G+C content observed between liver and muscle phospho-
rylase isozymes indicates a general tissue-specific codon
usage bias, we compared the published cDNA sequences of
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1
MetGly
G‘I'PGAAAGCTCC‘IGGCGCGGCGGGGCGGACPCCACCCC'I'GCCCGGCAGCCQGCGCWCGGCCGCAWCAMGCAGCCCGCCGCGCAGCCCGCCGCCC-CAGCCA'R;GGC
T T GAGGCAC A ACG - C TCCITTCAGICT CG T G TC
Ser
40
GluProI.euThrAspGlnGluLysArgArgGlnIleSerIleAqulyIleValclyValcluAanalAlaGlubeuLysLysSerPheAsnArgHisLeuH1sPheThrbeuValI.ys
GAACCGCTGACAGACCAGGAGAAGCGGCGGCAGATCAGCATCCGCGGCATCGTGGGCGTGGAGAACGTGGCAGAGCTGAAGAAGAGTTTCAACCGGCACCTGCACTTCACGCTGGTCAAG
CGG C T A AAA A GG CcCGCC T AG A A AC C T [ G
Arg Ser Lys val LeuAla Thr Asn 80
60
AspArgAsnValAlaThrThrArgAspTyrTyrPheAlaLeuAlaHisThrValArgAspHisLeuValGlyArgTrplleArgThrGlnGlnHisTyrTyrAspLysCysProLysArg
GACCGCAACGTGGCCACCACCCGCGACTACTACTTCGCGCTGGCGCACACGGTGCGGGACCACCTGGTGGGGCGCTGGATCCGCACGCAGCAGCACTACTACGACAAGTGCCCCAAGAGG
T GC G A A C T [ [ A 'l'GlG gA
Pro u sp
100 120

Glu’l‘yr‘rytLeuSerl..euG1uPhe’l‘eretGlyArgThrI.euGlnAsnThrMetI1eAsnDeuGly[euGlnAsnAlaCysAspGluAlaIleTyrGInIeuclyleuAsleeGluGIu
GAATATTACCTCTCTCTGGAATTTTA CATGGGCCGAACATTACAGAAQCCANAMACCTCGGM‘GCMAATGCCW GGCCATTTACCAGCTTGGATTGGATATAGAAGAG
ATC C G T G C GG GCT GG c C cc G CC C G G
Ile . Val Ala Glu Thr Hetlso
140
LeuGluGluIleGluGluAspAlaGlyLeuGlyAsnGlyGlyLeuGlyArgLeuAlaAlaCysPheLeuAspSerMetAlaThrLeuGlyLeuAlaAlaTyrGlyTyrGlyIleArgTyr
TTAGAAGAAATTGAAGAAGATGCTGGACTTGGCAATGGTGGTCTTGGGAGACTTGCTGCCTGCTTCTTGGATTCCATGGCAACCCTGGGACTTGCAGCCTATGGATACGGCATTCGGTAT
CG G C G 6 C C G G C CC G CCG G A T TC C A CCG T [o] G C C

180 200
GluTyrGlyIlePheAsnGlnLysIleArgAspGlyTrpGlnValGluGluAlaAspAspTrpLeuArgTyrGlyAsnProTrpGluLysSerArgProGluPheMetLeuProvallis
GAATATGGGATTTTCAATCAGAAGATCCGAGATGGATGGCAGGTAGAAGAAGCAGATGATTGGCTC. T AACCCTT AGTCCCGCCCAGAATTCATGCTGCCTGTGCAC

G T cC T C TCGE C AG G T C TCC C C C G G T G ca
Phe CysGly Met Ala Thr

220 240
Phe’l‘yrGlyLysVa1G1uH13ThrAsnThrGlyThrLysTrpIleAspThrGanalVa1I..euA1aLeuPro'I‘yrAsp‘l'hrProGluProGlyTyrHer.AsnAsn'eralAsn’rhrMet
TTCTATGGAAAAGTAGAACACACCAACACCGGGACCAAGTGGATTGACACTCAAGTGGTCCTGGCTCTGCCATATGACACCCCCGAGCCCGGCTACATGAATAACACTGTCAACACCATG

[olele} G G G CAG G GG A G G cAa c C A GT T CGC C GTC
Arg SerGln Ala Val Met Val Arg Val

280
ArgLeuTrp laArgAlaProAsnAspPheAsnLeuArgAspPheAsnValGlyAspTyrIleGlnAlavalLeuAspArgAsnLeuAlaGluAsnIleSerArgValLeuTyrPro
CGCCTCTGGTCTGCPCGGGCACCAAATGACPPPAACCTCAGAGACTITAATGT’I@GA ACAmGGCTGﬂ:CTGGACCGMACCTGGCCGAGAACAmCCGGGTCCmATCCC
G CAA G C C AG cC C C TG C [ c T G C
Lys Lys Gly

300 320
AsnAspAsnPhePheGluGlyLysGluLeuArgLeuLysGlnGluTyrPhevValvalAlaAlaThrLeuGlnAspIlel leArqArgPheLysAlaSerLysPheGlySerThrArgGly
M'l‘GACAA'l'l'l'l'l'l'l‘GAAGGGMGGAGCTMGATMMGCAGGAATACWGGTGGCMACCTMCAAGATANANCGCCGW GCCTCCAAGTTTGGCTCCACCCGTGGT

cC T CCOCG GC GC G C G C ¢ G C GT A C G CG GACCCC
. Ser cysArgAspPro
340 360
Glncly'rhrVaIPheAspAlaPheProAspGanalAlaI1eGlnLeuAsnAsp’I’hrHisProArgIleM.aIleProGlubeuMetArgIlePheValAspIleGluLysLeuPro'l‘rp
CAAGGAACTGTGTTTGATGCCTTCCCGGATCAGGTGGCCATCCAGCTGAATGATACTCACCCTCGCATCGCGATCCCTGAGCTGATGAGGATTTTTGTGGATATTGAAAAACTGCCCTGG
GTGC C CAAC C A A C c C CTCGC G C C [ G GC G CC G GCGG GA
ValArg Asn Lys SerLeu Valleu Leu Arg Asp
380 400
SerLysAlaTrpGluLeuAsnGlnLysThrPheAlaTyrThrAsnHisThrValleuProGluAlaLeuGluArgTrpProValAspLeuValGluLysLeuLeuProArgHisLeuGlu
TCCAAGGCATGGGAGCTCAACCAGAAGACCTTCGCCTACACCAACCACACAGTGCTCCCGGAAGCCCTGGAGCGCTGGCCCGTGGACCTGGTGGAGAAGCTGCTCCCTCGA
GA [ AG G CGGTA GG G G C G G o] cc C G G C cccce
Asp ValThrval Cys His Leu Thr Gln
420 440

IleIleTyrGlulleAsnGlnLysHisLeuAspArgIleValAlaLeuPheProLysAspValAspProLeuArgArgMetSerLeulleGluGluGluGlySerLysArgIleAsnMet
ATCATTTATGAGATAAATCAGAAGCATTTAGATAGAATTGTGGCCTTGTTTCCTAAAGATGTGGACCCTCTGAGAAGGATGTCTCTGATAGAAGAGGAAGGAAGCAAAAGGATCAACATG

c C c C CGCTTCC GA CC CG G C T6C C GGGG C C GG cGCC G GG G GC CCGTG C C
ArgPhe Asn ValAla Ala Gly Arg val GlyAlaval
460 480
AlaH1sLeuCysI).eValGlySerHisAlaValAsnGlyValAlaLysI1eH1sSerAspI1eValLys’I‘hrLysValPheLysAspPheSerGluLeuGluProAspLysPheGlnAsn
CATCTCTGCATTGTCGGTTCH mcrcmumcmccrmmcnmcacammmﬂmmnmmccamm@cmmmmmMGMT
GCG cc ¢ 6 ¢ CcCccrT CGC G G CCcC AG CCA C TAC G G CT c
Ala Arg Glu Leu LysThrile Tyr His
500 520

LysThrAsnGlyIleThrProArgArgTrpLeuleuleuCysAsnProGlyLeuAlaGluLeuIleAlaGluLysIleGlyGluAspTyrValLysAspLeuSerGlnLeuThrLysLeu

" AAAACCAATGGGATCACTCCAAGGCGCTGGCTCCTACTCTGCAACCCAGGACTTGCAGAGCTCATAGCAGAGAAAATTGGAGAAGACTATGTGAAAGACCTGAGCCAGCTGACGAAGCTC

‘G c C c TC GGT G T T G G C A T T C C G G G CACTC GA cGcC G
Val Ile Arg Glu IleSer Asp Arg
540 560
HisSerPheleuGlyAspAspValPheLeuArgGluLeuAlaLysValLysGlnGluAsnLysLeuLysPheSerGlnPheLeuGluThrGluTyrLysValLysIleAsnProSerSer
CACAGCTTCCTGGGTGATGATGTCTTCCTCCGGGAACTCGCCAAGGTGAAGCAGGAGAATAAGCTGAAGTTTTCTCAGTTCCTGGAGACGGAGTACAAAGTGAAGATCAACCCATCCTCC

T TCG ATG AC C AC A TG G G A A C CG GGCC A G A G CCC CAA G
Leu TyrValAsp GluAla Ile AspVal AlaAlaTyr Arg His Asn
580 600
MetPheAspValGlnValLysArgIleHisGluTyrLysArgGlnLeuLeuAsnCysLeuHisVallleThrMetTyrAsnArglleLysLysAspProLysLysLeuPheValProArg
ATGTTTGATGTCCAGGTGAAGAGGATACATGAGTACAAGCGACAGCTCTTGAACTGTCTGCATGTGATCACGATGTACAACCGCATTAAGAAAGACCCTAAGAAGTTATTCGTGCCAAGG
C c C A AC [ A G GC C C [o] cc [ G G C T TG T TC
Leu Leu Glu Asn  Pheval
620 640
'l‘hrVa].IleIleclyGlyLysl\laAlaProGly'l‘yrHisMetAlaLysHetIleIleLysbeuIleThrSerValAlaAspVa1ValAsnAsnAspProMetValGlySerLysLeuLys
ACAGTTATCATTGGTGGTAAAGCTGCCCCAGGATATCACATGGCCAAAATGATCATAAAGCTGATCACTTCAGTGGCAGATGTGGTGAA( CTATGGTTGGAAGCAAGTTGAAA
CCG A G G CATGC G C AT CG CA T GG c cc¢ GG GA CGCC CCGT
Met 66 AlalleGly His val AspArg Arg
0 680

ValIlePheLeuGluAsnTyrArgValSerLeuAlaGluLysValIleProAlaThrAspLeuSerGluGlnIleSerThrAlaGlyThrGluAlaSerGlyThrGlyAsnMetLysPhe
TC'I'I'C‘I'!GGAGAACTACAGAG'I‘A'ICTC'I'I‘GCI‘GAAAAAGTCATI‘CCAGCCACAGATCI‘GTCAGAGCAGATI'ICCACTGCAGGCACCGAAGCCTCGGGGACAGGCAATAMAMTC
CG C A G G G C G T™6C C C G (o CcC G G c Cc C (o]
Ala
700 720
MetLeuAsnGlyAlaLeuThrIleGlyThrMetAspGlyAlaAsnValGluMetAlaGluGluAlaGlyGluGluAsnLeuPheIlePheGlyMetSerIleAspAspValAlaAlaLeu
Ammmocccccrmcmmmccammmmmmmmmm GAACCTGTTCATCTTTGGCATGAGCATAGATGATGTGGCTGCTTTG
c G C T C G Cc G C G G G A G TC CGGG A ACAGAC C
740 Phe ArgvalGlu Asp&rq
4
AspLysLysGl.yTthluAlaLysGlu'l‘yr'l‘yrGluAIaIeuProGlul.euLysbeuValIle.AspGlnIleAspAsnGlyPhePheSerProLysGlnProAspLeuPheLysAspIle
CAAGAAAGGGTACGAGGCAAAAGAATACTATGAGGCACTTCCAGAGCTGAAGCTGGTCATTGATCAAATTGACAATGGCTTTTTTTCTCCCAAGCAGCCTGACCTCTTCAAAGATATC
G AC CCG G C CCGCA C G TCG A A C G GC GAGT GC cC Cc Cc G G G G C T
GlnArg Asn  Gln AspArglle ArgGlnIle Glu  LeuSerSer
800
IleAsnMetbeuPheTyrHisAspArgPheLysValPheA1aAsp‘I‘yrGluAlaTeralLysCysGlnAspLysVaISerGlnLeuTeretAsnProLysAla'l‘rpAsnThrMetVal
A’l'CAACA’lCCTAm'l‘A'l‘CATGACA "AAAGTCTTTGCAGACTACGAAGCCTATGTCAAGTGTCAAGATAAAGTGAGTCAGCTGTACATGAATCCAAAGGCCTGGAACACAATGGTA
CA GC C C [o] T T AG C C G GCG C CGCCT A C C GA AG CGCGG G
Val MetHis Glu GluArg Ala Lys ArgGlu  ThrArg

820 840

LeuLysAsnIleAlaAlaSerGlyLysPheSerSerAspArg‘rhrIleLysGluTyrAlaGlnAsnIle'rrpAanalcluProSerAspLeuLysIleSerLeuSerAsnGluSerAsn
CATAGCTGCCTCGGGGAAATTCTCCAGTGACCGAACAATTAAAGAATATGCCCAAAACATCTGGAACGTGGAACCTTCAGATCTAAAGATTTCTCTATCCAATGAATCTAAC

A CGG CA CcC G [ €C C GCCG C G GGG G GGT G C GCGG AGCG C GC AGCCC G C GAAG TA
IleArg Thr AlaGln ArgGlu Gly ArgGlnArgLeuProAlaProAsp LysIle
LysValAsnGlyAsn *
AAAGTCAATGGAAATTGAACTCTACAATGTCTCTAGAAAACATAGCTTCTTACTGAACTTGAACATTTTTACAACATTCACTGGTTTTTGTTTTGTTAGCTAATAATCTATAATAGTTGA
CCCTAG-————=—====~ G CAG CCCAA G GGCCCTG GTCTGCAAGCT GGGCCAGCGCCAGC C CCGTCCAGAGT GGGG CC G AGTCAG CCTCCAAG CCCCTCCTG

GTATCTCTGGGAAT AATTATATG CTT! GTGTCAATTTCCAAGGA
AA C C CATTCCCCCCAGAA C GGTCCCAGTGCCC G GG CAC GGGCCC TCCT TTTATGGGGTCCGACCAACTGCGCCCACTCCCCAATAAACTCTCCCTCCTT

FI1G. 2. (Legend appears at the bottom of the opposite page.)
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FiG. 3. Tissue distribution of glycogen phosphorylase mRNA in
adult rabbit tissues, assessed with liver and muscle phosphorylase
probes. Filters containing poly(A)* RNA were hybridized with
radiolabeled downstream rabbit muscle cDNA (Left), downstream
human liver cDNA (Center), or upstream human liver cDNA (Right)
as described. All panels were hybridized with the same amount of
probe (6 x 107 cpm; all probes had specific activities of ~5 x 108
cpm/ug). Lanes: B, 5 ug of poly(A)* RNA isolated from brain; L,
5 ug of poly(A)* RNA isolated from liver; M, 1 ug of poly(A)* RNA
isolated from hind-leg skeletal muscle. All lanes were autoradio-
graphed for 14 hr at —80°C, except for lane M*, which was exposed

for only 1.5 hr.

24 liver and 13 muscle proteins from human, rat, and rabbit
sources. Only protein-encoding regions of the cDNAs were
considered in this analysis. Liver sequences were found to
contain an average of 51 + 6% G+C overall and 59 *+ 12%
G+C in third codon positions, while muscle sequences
contained 58 *+ 4% and 80 + 10%, respectively. Fig. 4 shows
the G+C percentage at the third codon position of these
sequences plotted against the G+C percentage overall.
Muscle sequences as a group were significantly higher in
G+C percentage than were liver sequences, both overall and
at the third codon position. Fitting this pattern are the muscle
and liver phosphorylases, as discussed above, as well as the
aldolases, the only other protein for which the cDNA
sequences of liver and muscle isozymes are known (12, 13).
The grouping of sequences for tissue comparison from three
different species in Fig. 4 is justified on the following
grounds. First, we included examples of three sequences
expressed in skeletal muscle (phosphorylase, aldolase, and
creatine kinase) and one in liver (phenobarbital-inducible
cytochrome P-450) from more than one species that show
minimal variation in G+C content. Second, a plot of the 13
human liver and 5 human muscle sequences shows that the
points continue to group in a tissue-specific manner, and a
nearly identical slope (0.41 vs. 0.37) and correlation coeffi-
cient (0.92 vs. 0.88) were obtained as for the three species
together (data not shown).

DISCUSSION

In this paper we have compared the DNA and amino acid
sequences of liver and muscle glycogen phosphorylases. The
striking disparity that emerges in codon usage patterns has
led us to consider whether there is a relationship between
tissue-specific genes and G+C content. Our findings suggest
that tissue-dependent factors influence codon usage and

Proc. Natl. Acad. Sci. USA 83 (1986) 8135
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FiG. 4. G+C percentage at the third codon position vs. the
overall G+C percentage in liver and muscle cDNA sequences.
Human liver phosphorylase (a), rabbit muscle phosphorylase (a),
human muscle phosphorylase (4), human liver aldolase (m), rabbit
muscle aldolase (0), human muscle aldolase (@), other liver proteins
(@), and other muscle proteins (0) are included. The other liver
proteins are phosphoglycerate kinase, serum albumin, triose phos-
phate isomerase, haptoglobin-2, phenylalanine hydroxylase, alcohol
dehydrogenase, apolipoproteins A-I, A-II, B, C-II, and C-III from
human; bifunctional peroxisomal dehydrogenase, phosphoenolpy-
ruvate carboxykinase, ornithine aminotransferase, cathepsin B,
a-casein, B-casein, y-casein, apolipoprotein E, and phenobarbital-
inducible cytochromes P-450 from rat and rabbit. The other muscle
proteins include actin, acetylcholine receptor, and myoglobin from
human; creatine kinase from rat; troponin C and I, beta-tropomyosin,
Ca?*/Mg?*-ATPase (fast twitch), and creatine kinase from rabbit.
Most of the sequences contain the entire coding region of the protein;
a few from each tissue are fragments of at least 200 nucleotides in
length. The muscle myoglobin and acetylcholine receptor sequences
were derived from their respective gene sequences. All sequences
were obtained from the Nucleic Acid Sequence Database and the
Nucleic Acid Query Program, National Biomedical Research Foun-
dation (Georgetown University, Washington, DC). The slope of the
line = 0.37; the correlation coefficient = 0.88.

nucleotide composition in liver and muscle coding se-
quences, specifically by increasing or decreasing the frequen-
cy of deoxyguanosine or deoxycytidine residues at third
codon positions.

Liver and skeletal muscle genes may represent the two
extremes of the evolutionary spectrum with regard to tissue-
specific codon usage patterns (59% and 80% third-codon-
position G+C content in liver and muscle sequences, respec-
tively). Mammalian coding sequences are generally high in
third-codon-position G+C content (average of 65%; 72%
with immunoglobulins removed from the sample), suggesting
that mammalian tissues other than skeletal muscle will have
coding sequences enriched in G+C (14-17). A preliminary
survey of cDNA sequences from mammalian pancreas indi-
cates an intermediate G+C content [68% at the third codon
position, an average of five proteins (18-21)]. More sequence
information will be required to determine codon usage
patterns in tissues other than liver and muscle.

The reasons for the development of tissue-specific patterns
of G+C content are not known. It is of interest, however, that
organisms such as the thermophilic bacteria and the proto-

F1G6.2. Comparison of the cDNA and deduced amino acid sequences of human liver and rabbit muscle (7) glycogen phosphorylases, including
the 5’ and 3’ untranslated regions of the messages. The numbers above the liver sequence indicate the amino acid number of the liver and muscle
isozymes. The residues immediately after the initiator methionine (glycine in liver, serine in muscle) are designated number 1. The liver
nucleotide and amino acid sequences are presented in their entirety on the upper two lines of each row, while only nucleotide and amino acid
residues that are nonidentical in the muscle sequence are shown on the two bottom lines. The single dashed lines in the 5’ untranslated region
of each of the messages indicate single base-pair gaps introduced to allow maximal sequence alignment within the 5’ regions. The stop codons
of the two messages are indicated by an asterisk (the dashed lines after the muscle stop codon indicate that the liver message continues for three
amino acid residues before encountering a stop codon of its own). The conserved AATAAA polyadenylylation signals in the two messages are

underlined.
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zoan Leischmania, which are exposed to the environmental
stresses of high temperature and low pH, respectively, have
high G+C content in their coding sequences (22-24), pre-
sumably because the greater stability of G-C base pairs aids
the processes of gene rePlication, transcription, and, to a
lesser extent, translation. T It is possible that skeletal muscle,
which undergoes a fall in pH and a rise in temperature during
exercise (26, 27), represents a similarly stressful environment
that selectively: maintains high G+C content in expressed
genes.

Alternatively, the difference in G+C content of liver and
muscle genes may play a role in regulating tissue-specific
expression at the transcriptional or translational level. Al-
though this study has focused on the nucleotide composition
of protein-encoding portions of cDNA sequences, G+C bias
can extend into 5’ and 3’ flanking portions of genes (15, 16,
28). Since these regions are important in gene regulation,
divergence in G+C content may result in the generation of
consensus sequences that are recognized in a tissue-specific
manner by the proteins involved in expression. When flank-
ing regions of genes mirror the G+C content of their coding
regions, methylation patterns also may be affected. Most in
vitro and some in vivo experiments suggest that genes that
have heavily methylated flanking regions are transcription-
ally inhibited (29, 30).

At a practical level, the strong bias for deoxyguanosine or
deoxycytidine residues at the third codon position in muscle
genes can be useful in designing cloning strategies. For
example, synthetic oligonucleotides based on muscle protein
sequence can be made less degenerate by eliminating the
codons ending in A or T for amino acids such as glutamic acid
and asparagine. Such an approach was recently used to clone
rabbit muscle glycogen synthetase in our laboratory (K.N.
and R.J.F., unpublished data). In addition, codon bias at the
third codon position can be used to identify frame shift errors
when sequencing muscle cDNAs (31).

Tissue-specific codon usage patterns also can provide a
measure of the evolutionary ‘‘distance’’ between tissues and
specific genes within tissues. When viewed in this context,
the mosaic G+C content of the liver phosphorylase gene is
particularly intriguing. We propose that the high G+C con-
tent in the N-terminal region of the liver message indicates
that this segment was spliced onto the liver gene from the
muscle gene long after the divergence of liver and muscle
tissues. Support for this contention includes the fact that a
higher level of nucleotide conservation exists between mus-
cle and liver phosphorylases within this region than in other
regions of their cDNA. Furthermore, calculation of the
evolutionary distance between liver and muscle phosphor-
ylases over the amino acid stretches 30-80, 80-130, and
630-680 by the method of Kimura (32) using only the third
codon position for analysis indicates that the N-terminal
fragment diverged from a common sequence some 220 million
years ago, whereas the other two segments (which are
representative of the rest of the protein) diverged from a
common ancestor about 440 million years ago. Conservation
of the 5' untranslated regions between the tissue-specific
phosphorylase messages also reflects a more recent common
ancestor. In contrast, neither the 3’ untranslated regions of

The stability of codon-anticodon interactions is less affected by the

choice of G-C vs. A'T pairs at the third codon position than is
expected from their binding energies because of compensatory
covalent modifications of residues within and surrounding the
anticodon (25).

Proc. Natl. Acad. Sci. USA 83 (1986)

liver and muscle phosphorylases nor the 5’ or 3’ untranslated
regions of liver and muscle aldolases (33) exhibit significant
nucleotide identity. Finally, sequence analysis of the human
gene for muscle glycogen phosphorylase shows that the 5’
fragment, stretching from —70 to the codon corresponding to
amino acid 80 in the coding region, is encoded by a single
exon (J. Burke, P.K.H., and R.J.F., unpublished data). Thus,
one possible mechanism for the construction of the mosaic
human liver gene is exon shuffling (34), a process that appears
to be involved in the evolution of another mammalian gene—
that for the receptor of low density lipoprotein (35).
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