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The glgP gene, which codes for glycogen phosphorylase, was cloned from a genomic library of Escherichia coil The 
nucleotide sequence of the glgP gene contained a single open reading frame encoding a protein consisting of 790 amino 
acid residues. The glgP gene product, a polypeptide of Mr 87 000, was confirmed by SDS-polyacrylamide gel electrophore- 
sis. The deduced amino acid sequence showed that homology between glgP of E. carl and rabbit glgP, human glgP, potato 
glgP, and E. coli malP was 48.6, 48.6, 42.3, and 46.1%, respectively. Within this homologous region, the active site, glyco- 
gen storage site, and pyridoxal-5'-phosphate binding site are well conserved. The enzyme activity of glycogen phosphory- 

lase increased after introduction on a multicopy of the glgP gene. 
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1. INTRODUCTION 

More than 50 years of research on glycogen 
phosphorylase in eukaryotes has yielded a rich 
harvest of ideas and principles, and the glgP genes 
have been isolated from several eukaryotic 
organisms [1-7], but this enzyme is as yet 
unknown in prokaryotes. There are at least three 
glycogen-synthesizing enzymes of bacteria, 
glycogen synthase, branching enzyme, and ADP- 
glucose pyrophosphorylase, which are the gefie 
products of glgA, gigB, and gigC, respectively 
[8-11]. The glycogen catabolizing enzyme, 
glycogen phosphorylase, of bacteria has not yet 
been found. 

We cloned glgP, the structural gene of glycogen 
phosphorylase of E. coli, and also described the 
nucleotide sequence, the deduced amino acid se- 
quence, and the expression of the glgP gene. The 
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primary structure of the glgP protein is compared 
with those of other organisms. 

2. MATERIALS AND METHODS 

2.1. Bacterial strain and plasmids 
We used E. coli JM 109 (recA 1, lac, pro, endA 1, gyrA96, thi, 

hsdR 17, relA 1, ( F', traD36, proA +B + )) [12]. The source of the 
glgP gene sequenced in this study was the recombinant plasmid 
pGC 1 and pGTC 12 (fig. 1), which was cloned from the genomic 
library of the E. coli into pUCI8 [12]. Derivatives of pGTCI2 
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Fig. 1. Physical map of the gig operon-glpD region of the E. carl 
chromosome. The initiation site and direction of transcription 
of the glgC, A, P and glpD genes are shown. B, BamHI; E, 
EcoRI; G, BglII; H, HindIII; M, Smal; P, PstI; S, StuI; V, 

EcoRV. 
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::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ,oo  ' ° °  
g l g p , , , , , q l ~ H  F T I o K D P V V A ~ K H ~ W L N A T 

CGTTATTTGCTGTGCGC•ATCGTCTC•T••A•CGCTG•TTAC•TTCAAACC•T•CCCA•TT•TCGCAA•AAACTCGTCAG•TTTACTACCT•TCGATGGA 300 
L F A V R D R L V E R W L R 8 N E A Q L 8 Q E T R Q V Y Y L $ H E 

GTTTTTGATTGGCCGTACGCTCTCCAACG~CATGTTGTCGCTAGGAATTTACGAAGATGTACAGGGC~CACTGGAAGCGATGGGGTTAAATCTCGAAGAG 400 
F k I G R T L S N A M L S L O I Y E D V Q 0 A L E A H G k N L E E 

CT•ATTGAT•AA•AAAATGACCCA••CCTC••TAAC••T••CCT•••AC•TCT•GC••CTT•CTTCCTT•ATTCTCT••C•AC•TTAG••TT•CC•GG•C 500 
L I D g E N D P G L G N G G L G R L A A C F L D S L A T L O L P G R 

~C~TTAC~CATCC~TAT~ACTAC~TAT~TTCAA~CA~AACATC~TTAAC~TA~CCA~AAA~A~TC~CCA~ACT^CT~CT~AATCAG~TAAC~C 600 
G Y O I R Y D Y G M F K Q N I V N O $ Q K E 8 P D Y W L E S O N P 

GTGGGAATTCAAAC•CCACAACAC•C•CTATAAA•TC•TTTTTGGCG•TCGCATT•A•CAGGAAG•TAAAAAAACGCG•T•GATTGAAACC•AAGAGATT 700 
W E F g R H N T R Y K V V F G G R I Q Q E G K K T R W I E T E E I 

CTGGGAGTCGCTTACGATCAGATAATCCCTGGTTACGACACCGACGCGACCAACACGCTGCGTTTGTGGAGTGCGCAAGCCAGTAGCGAAATTAACCTCG 800 
L G V A Y D Q I I P G Y D T D A T N T L R L W $ A Q A S S E I N L G 

GTAAATTCAACCAGGGTGACTAcTTCGCGGCAGTGGAAGATAAAAACCACTCCGAGAACGTATCTCGCGTACTGTATCCGGATGACTCCACCTACTCCGG 900 
K F H Q G D Y F A A V B D K N H S E N V 8 R V L Y P D D $ T Y S G 

GCGTGAGCTGCG•CTGCGTCAGGAATACTTCCTG•TTTCCTC•ACCATTCA•GACATTTTAAGCCGCCATTAT•AGTTGCATAAAACCTACGATAACCTG lO00 
R g L R L R Q E Y F k .V S 8. T 1Q D I L 8 g H Y G L II K T Y D FI L 

GCGGATAAAAT•GC•ATTCATCTCAAT•ATAC••ATCCG•TACT•T••ATTCCT•AGAT•AT•C•T•T•CT•ATCGATGAG•AC••ATTTAGCTGGGACG II00 
A D K  I'A I H LN D T H P V L 8  I P E M M R L L  I D B H Q F 8  WD D 

A•••GTTTGAG•T•TGTT•TCAGGT•TT•T••TA•A•TAACCA•A•••T•ATGA••GAGGC••TG•AAA••TG••CGGTTGATATG•TGGGTAAAATTCT 1200 
A F E V C C Q V F S Y T N H T L M S E A L E T W P V D H L G K I L 

•CCGCGTCACCTGCAGATCATCTTTGAAATCAACGACTATTTCCTGAAAACCTTGCAGGAACA•TATCC•AACGATACCGATCTGCTGGGACGGGCGTCG 1300 
P R H L Q I I F E I N D Y F L K T L Q B Q Y P N D T D L L G R A S 

ATCATTGATGAAT••AACGGTCGT•GT•T•c•TATGGCCTGGCTG•CG•TTGTTGTGAGC•ACAAAGTTAACGGTGTATCGGAACTGcA•TCTAATCTGA 1400 
I I D E S N G R R V R M A W L A V V V 8 H K V N G V S E L H S N L H 

7G~TGCAATC~TT~TTT~CC~ACTTT~C~AAAATCTTCCC~TC~TTTCACCAAC~TCACCAAC~T~T~ACGCC~C~TC~CT~CT~GC~T^~C~AA 15 O0 
V q S L F A D F A K I F P G R F T N V T N G V T P R R W L A V A N 

CCCATC•CTTTCA•CC•T•CT••AC••AACACT•••CC•TAACT••C•CACCGACCTTA•CCT•CTTAAT•A•CT•CA^CAACACT•T•ATTTCCCAATG | 600 
P $ L S A V L D G T k G R N W R T D L S L L N E L Q Q H C D F P N 

GTTAAT•ACGCTGTGCATCAGGCGAAC•T•G•GAACAAA•AGC•TCTGGCAGAGTATATCGCCCAGCA•CTGAATGTGGTG•TGA•TCCAAAGGCGT•G• 1700 
V N H A V H Q A N V E N K K R L A E Y I A q Q L N V V V N P K A L F 

TCGATGTACAAATCAAACGTATTCACGAATACAAACGTCAATTGAT•AATGTGTTGCATGTGATTACCCGCTATAACCGCATCAAGGCCGACCCGGATGC 1800 
D V Q I K R I H E Y K R q L M N V h H V I T R Y N R I K A D P D A 

GAAGTGGGTACCGCGCGTGAATATTTTTGGCGGTAA••CG•CTTC••CCTATTACATGGCGAAGCACATTATTCATTTGATCAATGACGTAGCGAAAGTG 1900 
K W V P R V N I F G a K A A S A Y Y H A K H I I H L I N D V A K V 

ATCAACAACGATCCGCAGATTGGCGATAAGCTGAAAGTC•TGTTCATCCCGAACTACAGCGTTAGCCT•G•GCAGTTGATCATTCCGGCGGCAGATCTGT 2000 
I N N D P q I G D K L K V V F I P N Y S V S k A Q L I I P A A D L S 

CTGAA~AGATTTCGCTGGCAGGGACGGAAGCTTCCGGCACCAGTAACATGAAGTTTGCGCTTAAC~GT(]~CTGACTATCGGTACGTTGGACGGTGCGAA 2100 
g Q I S L A G T E A S G T S N M K F A L N G A L T I G T L D G A N 

TGTCGAGATGCT•GATCATGTCGGTG•T•ACAATATCTTTATTTTTG•T•ACAQAGC••AAGAA•TGGAA•AACT•C(]TC•TCAGGGCTACAA•CCG•GT 2200 
V E M L D H V G A D N 1F 1F O N T A E E V E E L R R Q G Y K P R 

GAATACTACGAGAAAGATGAGGAGCTGCATCAGGTGCTGAC•CAAATCGGCAGCGGT•TATTCA•TCCG•AAGATCCGGGTCGCTATCGCGATCTGGTTG 2300 
E Y Y E K D E E L H Q V L T Q I 0 $ G V F S P E D P G R Y R D L V D 

ATT•GCTGATCAACTT•G(]C•ATCACTA•CA•](]TACT(]•C(]•ATTAT•GCA•CTAT(]T•(]ATT•T•A••ATAAA(]TC•AT(]AACTCTAC•AGCTTCAGGA 2400 
$ L I N F O D H Y Q V L A D Y R S Y V D C Q D K V D E L Y E L Q E 

AGAGTGGA••GC•AAA•CG•TGCT•AA••TT•CCAATATGGG•T•CTTCTCTTCT•ACC•TACTATCAAA•A•T•C•CCG•TCAT•TCT•GCATATCGAT g500 
E W T A K A H L N I A N M G Y F 8 8 D R T I K E Y A D H I W H I D 

. . , + .  

Fig.2. Nucleotide sequence of the glgPgeneanditsflankingregion, and the amino acid sequence deduced for glycogen phosphorylase. 
The initiation sites of  the translation are indicated by the thick arrows. The last 525 bp have been presented previously [20]. A 
candidate for the cAMP-CRP complex binding site is thickly underlined. Dyad symmetry thought  to be involved in the transcriptional 

termination is indicated by the thin arrow. 
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with deletions by exonuclease III were constructed by standard 
procedures. 

A phage 16A5 of the E. coli genomic library was supplied by 
Kohara [13]. 

2.2. Enzymes and chemicals 
All enzymes used for DNA treatment and analysis were pur- 

chased from Takara Shuzo, Boehringer and Sigma. Radioac- 
tively labeled materials were from Amersham International. 

Table 1 

Specific activity of glycogen and maitodextrin phosphorylase 

Plasmid 

pGC1 pGTC12 pGTCD9 pGTCD47 pUC18 

Glycogen 0.007 0.033 0.058 0.071 <0.005 
Maltodextrin 0.008 0.032 0.060 0.065 < 0.006 

2.3. DNA sequencing 
Determination of DNA sequence was performed by the 

dideoxy chain termination method using the bacteriophages 
Ml3mpl8  and mpl9 [14]. The 4.0 kb StuI fragment of pGC1 
was subcloned into M13 vectors. Deletion mutants were con- 
structed by exonuclease III and mung bean nuclease. Plasmid 
DNA and phage DNA were prepared as in [15]. 

2.4. Enzyme activity and analysis 
The crude enzyme extracts were prepared from cells grown 

overnight in 5 ml of M9 media containing 0.4% glycogen. The 
harvested cells were suspended in 1 ml of 25 mM sodium 
phosphate buffer (pH 7.5) containing 0.50/o Triton X-100. After 
sonication for 90 s with intermediate cooling, the debris was 
removed by centrifugation. The cell extracts were assayed for 
glycogen and dextrin phosphorylase activity as in [16]. 

Specific activity is defined as /zmol of product, D-glucose 
1-phosphate, from substrate and orthophosphate/mg protein 

per min 

ing colonies with iodine for the presence of 
glycogen (not shown). These results show that the 
gigP gene is located between the glgA and gipD 
genes. The 4.0-kb StuI fragment of the pGC1 was 
subcloned into pUC18, and this recombinant 
plasmid was designated pGTC12 (fig.l). The 
specific activity of glycogen phosphorylase of an 
E. coli strain harboring pGTC12 increased 5- to 
7-fold (table 1). 

2.5. Protein analysis 
Protein was measured by the method of Bradford [17]. SDS- 

polyacrylamide gel electrophoresis (PAGE) was done as in 
[18,19]. 

2.6. Gel retardation assay 
An 869 base pair EcoRI fragment of GTCD47 was labeled at 

the 5'  ends using T4 polynucleotide kinase and [7-32P]dATP. 
The labeled DNA was digested with Spll and the two fragments 
were purified by 5% PAGE. The isolated DNA fragments 
(<0.2 pmol) were incubated with the purified CRP protein 
(0.4 pmol) and cAMP (0.2 pmol) for 10 min at 25°C in a buffer 
containing 40 mM Tris-Cl, 10 mM MgC12, 100 mM KCI, 1 mM 
EDTA, 100/zg/ml BSA, pH 8.0, then analysed by 5% PAGE. 

3.2. Nucleotide sequence 
Fig.2 shows the nucleotide sequence of the glgP 

gene along with the 3' and 5' flanking regions. 
This sequence contained an open reading frame of 
2370 base pairs coding for a polypeptide of 790 
amino acid residues. The open reading frame ter- 
minated with the sequence TAA. Two other ORFs 
of the glgA and glpD were found upstream and 
downstream from the glgP gene, respectively, and 
this was consistent with the previous results [8,20]. 

A B C D E F (kd) 
3. RESULTS 

3.1. Cloning of  the glgP gene 
We have previously shown that a part of the 

glgP gene is located downstream from the glpD 
gene [20]. DNA from a recombinant phage show- 
ing a positive hybridization signal with the radioac- 
tive probe containing the C-terminus of glgP was 
digested with several restriction endonucleases. A 
positive 9.0-kb EcoRV fragment of the phage 
DNA was ligated into the SmaI site of pUC 18 to 
construct pGC1. A detailed restriction map of this 
plasmid is presented in fig. 1, and part of the map 
was consistent with those of the glgAC and glpD 
genes [8,10,20]. This clone was positive upon stain- 

- . -94 
- - 6 7  

---43 

- - 2 0  
Fig.3. SDS-polyacrylamide gel electrophoretic patterns showing 
expression of the E. coli glgP gene. The thick arrow indicates 
the position of the band of glycogen phosphorylase of E. coli. 
Lanes: A, rabbit glycogen phosphorylase; B, pUC18; C, 

pGTCD9; D, pGTCD47; E, pGTC12; F, pGC1. 
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Fig.4. Comparison of the primary structure among glycogen phosphorylases from different organisms. Amino acids identical to those 
of  the glgP protein of E. coil are shown in the boxes. Amino acid residues involved in catalytic or regulatory interaction of 
phosphorylase are marked as follows: solid bar, active site (glucose binding); S, glycogen storage site; --- ,  pyridoxal-phosphate 
cofactor binding site. Lanes: A, glgP of E. coil; B, malP of E. coil; C, glgP of rabbit muscle; D, glucan phosphorylase of potato. 
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A possible stem and loop structure (ziG = 
-16.0 kcal) characteristic of the prokaryotic 
transcriptional termination site was found in the 3' 
noncoding region of the glgP gene. A potential 
cAMP-CRP binding site is located at 55 base pairs 
upstream from the translational starting point of 
the glgP gene. 

3.3. Expression o f  the glgP gene 
The specific activities of glycogen and dextrin 

phosphorylase in the strains of E. coli with and 
without the multicopy plasmids containing the 
glgP gene are summarized in table 1. E. coli 3M109 
harboring pGTC12 showed 5- to 7-fold higher 
levels of glycogen phosphorylase activity than that 
of JM109 harboring the vector plasmid pUC18. To 
increase the enzyme activity, we constructed the 
derivative plasmids pGTCD9 and pGTCD47, 
which had 650 bp and 819 bp deleted upstream of 
the pGTC12. The enzyme activities of JM109 har- 
boring pGTCD9 and pGTCD47 increased 12- to 
14-fold, respectively. All these plasmids containing 
the glgP gene had also specified the maltodextrin 
phosphorylase (maiP) activity. These results con- 
firm the idea that the location of the glgP gene 
should be more finely specified based on the results 
of the deletion mutants. Fig.3 shows the electro- 
phoretic patterns of SDS-PAGE of whole cell pro- 
teins from E. coil The gene product (thick arrow) 
of cloned gigP was obtained as shown by com- 
parative 10°70 SDS-PAGE. The molecular mass of 
87 kDa is consistent with that deduced from the 
DNA sequence. 

Expression of glgP in eukaryotes is regulated by 
the cAMP system [21,22]. To find whether a 
binding site for CRP existed in the glgP regulatory 
region, a gel retardation assay for CRP was done. 
Purified CRP was incubated in the presence of 
cAMP with the EcoRI-SplI fragment. There was a 
specific and CRP-dependent retardation in elec- 
trophoresis of the fragment bearing the glgP flank- 
ing region, but the retardation was not observed in 
the absence of cAMP (fig.5), neither was retarda- 
tion in electrophoresis detected in the control frag- 
ment. This result implied that expression of the 
glgP gene was dependent on the cAMP-CRP 
complex. 

3.4. Properties o f  the deduced glgP protein 
The primary structure of glycogen phosphoryl- 

ase, deduced from the glgP nucleotide sequence is 
shown in fig.2. Assuming the initiating formyl 
methionine residue was not removed, the glgP pro- 
tein comprised 790 amino acids and had a pre- 
dicted molecular mass of 90147 Da. The deduced 
amino acid sequences of glgP genes of E. coil and 
several other organisms are compared in fig.4. 
Homologies in the amino acid sequences between 
E. coli glgP and rabbit glgP [3], human glgP [5], 
potato glgP [6], and E. coli malP [23] were 48.6, 
48.6, 42.3, and 46.1070, respectively. 

Extensive biochemical and crystallographic 
study of rabbit muscle phosphorylase found 
several regulating regions [2,4,24,25]. In the 
catalytic region, the pyridoxal-5-phosphate 
binding site and the active site are extensively con- 
served in the E. coli enzyme (fig.4). At the 
glycogen storage site, only two of the eight residues 
involved in substrate binding are different from 
those of eukaryotes. Asp 247, which forms an im- 
portant part of the loop interaction with Arg 531, 
is also conserved. Purines bind in a hydrophobic 
pocket formed by the Phe 249 and Tyr 569; one of 
these residues (Tyr) is conserved in the E. coli en- 
zyme. The glucose binding loop (Asn 248) is not 
conserved. The poor alignment of glucose and 
purine binding sites suggested that the mode of 
regulation of the E. coli enzyme is different from 
that of the eukaryotic enzyme. 

4. DISCUSSION 

In this report, we have shown the existence of a 
glycogen phosphorylase in E. coli. While Okita et 
al. [26] reported cloning of the glgA, B, and C 
genes from E. coli, they thought that downstream 
of the glgA gene would be a gigR region coding for 
a repressor-like protein of glycogen biosynthesis. It 
is fortuitous that the truncated form of the glgP 
gene is located next to the 3' end of glpD gene on 
the E. coli chromosome and that the operon of 
glycogen synthesis was closely linked to the glpD 
gene [20]. Though the glgP gene cannot be selected 
directly, we have cloned it from the E. coli 
genomic library [13]. The glycogen phosphorylase 
activity increased 5-14-fold in E. coli strains with 
a hybrid plasmid containing the glgP gene. Never- 
theless, overproduction of the glycogen phospho- 
rylation of the E. coli remains under the control of 
the cAMP-CRP complex (fig.5). To understand 
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