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The glgP gene, which codes for glycogen phosphorylase, was cloned from a genomic library of Escherichia coli. The

nucleotide sequence of the gigP gene contained a single open reading frame encoding a protein consisting of 790 amino

acid residues. The glgP gene product, a polypeptide of M, 87 000, was confirmed by SDS-polyacrylamide gel electrophore-

sis. The deduced amino acid sequence showed that homology between gigP of E. coli and rabbit glgP, human glgP, potato

g/gP, 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 gigP gene.

Glycogen phosphorylase; Gene cloning; Nucleotide sequence; Gene gigP; (E. coli)

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 gene
products of gigA, glgB, and glgC, respectively
[8—11]. The glycogen catabolizing enzyme,
glycogen phosphorylase, of bacteria has not vet
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 gigP 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. cofi IM109 (recAl, lac, pre, endAl, gyrA96, thi,
hsdR17, relAl, {F’, traD36, proA* B* ) [12]. The source of the
glgP gene sequenced in this study was the recombinant plasmid
pGCl1 and pGTCI2 (fig.1), which was cloned from the genomic
library of the E. coli into pUC1B [12]. Derivatives of pGTC12
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Fig.1. Physical map of the gig operon-gipD region of the E. coli

chromosome. The initiation site and direction of transcription

of the glgC, A, P and glpD genes are shown. B, BamHI; E,

EcoRl; G, Bglll; H, Hindlll; M, Smal; P, Pstl; S, Stul; V,
EcoRV.
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5°'GGCAGGTCGCGGCGAAGTCGTACCGTGAGCTTTACTATCGE CéAAAE%%'I":TTTCAGGAAACGCC'I'ATATGM\TGCTCCGTTTACATATTCACGCCCACG 100

CTTAGGCTAGAAGCTGTTAADGACTCTATCDCTTADAAGCTGA OTTTACGATTGOAAAGUACCCGOTCAOTCGCCAATAAACATOAATOGCTGAACOCAA 200

S; s;:!?n-'.-ﬂ F T G K D P V V A N KUHEW L N A

CGTTATTTGCTGTGCGCGATCGTCTCGTGGAGCGCTGGTTACGTTCAAACCGTDCCCAGTTGTCGCAAOAAACTCGTCAGGTTTACTACCTGTCGATGGA oo
L F A VERDRILV ERWIULUZERZSNMNURA AQLSQETHRARQQVY Y YL S HE

GTTTTTGATTGGCCGTACGCTCTCCAACOCCATGTTGTCGCTAOGAAT TTACGAAGATOTACAGGGCGCACTGGAAGCGATGGGOTTAAATCTCUAAGAG 400
F L I GRT L S N AMLOUSBSL OI Y E DV Q G AL EAMOGLNILEE

CTOATTOATGAAGAAAATGACCCAGOCCTCOGTAACGATGGCCTGGOACGTCTAGCAGCTTACTTCCTTUATTCTCTGGCGACOTTAGAGTTGCCGGGCE 500
L I DEENDUPGILONUGOGIULOURILAACFLDPSLATLGTLU®PGR

GCOGTTACGOCATCCGCTATOACTACGOTATGTTCAAGCAGAACATCOTTAACOGTAGCCAGAAAGAGTCOCCAGACTACTGGCTAGAATCAGOTAACCS 600
6 ¥ G T R Y D Y O M F K Q N I VN G 8 @Q KE S PDY WL ES GNP

GTGGOAATTCAAACGCCACAACACGCUCTATAAAGTCGTTTTTUGCGOTCOCATTCAGCAGGAAGATAAAAAAACGCGCTAGATTGAAACCOAAGAGATT 700
W EF XKRHNTHRYUXKV VY F G GRI Q@ QEGEKIEKTHZRWMWTIETEEI

CTGGGAGTCGCTTACGATCAGATAATCCCTOGTTACGACACCGACGCGACCAACACGCTGCOTTTGTGGAQTGCGCAAGCCAGTAGCGAAATTAACCTCG 800
L &6V A Y DGQTITITPOGCY DPTDATNTITLRILUWSEAQAS S8 E 1 K LG

GTAAATTCAACCAGGGTGACTACTTCGCGGCAUTGGAAGATAAAAAGGACTCCGAGAACGTATGTCGCOTACTGTATCCGGATGACTCCACCTACTCCGG 909
F N Q GD Y F A A Y ED X NH S ENV 8 R L Yy P DD S T VY 8 C

GCOTGAGCTOCACCTACGTCAGAAATACTTCCTGGTTTCCTCOACCATTCAGGACATT TTAAQCCGCCATTATCAGTTGCATAAAACCTACGATAACCTG 1000
R ELRLUERGSQERY F LY 8 8 T 1 ¢D I L S BRHY QLU KTYDNL

0CGGATAAAATCGCGATTCATGTGAATGATACCGATCCGGTAUTUTGUATTCCTOAGATGATUUGTGTOCTGATCOATGAGCACCAATTTAGCTGGGACG 1100
A DK I A I HL NDTUHPVY L B8 1 PBENMUZBRBILLID H Q s w DD

ACGCGTTTGAGATATGTTATCAGOTCTTCTCCTACACTAACCACACGCTGATAAGCGAGGCACTGAAAACCTGOCCGGTTGATATACTGGGTAAAATTCT 1200
A F EV CCQVF 8 Y TNUHTIULMSEALETUWZPYDMILGE KT1IL

GCCGCGTCACCTGCAGATCATCTTTGAAATCAACGACTATTTCCTOAAAACCTTGCAGOAACAOTATCCUAACGATACCGATCTGCTGGGACGGGCGTCG 1300
PR KELGQ I I FE1NUDYV FULIEKTTLUG QES®SYUPNDPTOUDPDLLGOGRAS

ATCATTGATCGAATCCAACGGTCGTCGTGTGCGTATAGCCTOGCTGOCGGTTETTGTGAGCCACAAAGTTAACGOTOTATCGGAACTGCACTCTAATCTGA 1400
I I D E S NOGZRUBRVYVYERMAWTILAVV YV 8 H KV NGV 8 E L H S8 N LM

TGGTGCAATCGTTGTTTGCCAACTTTGCOAAAATCTTCCCGGATCATTTCACCAACGTCACCAACGOTUTGACGCCGCAUTCOCTGGCTOGCAGTAGCGAA 1500
vV @« 5 L F A DTFAZEXT1TVFUPGRTPEFTNUVTNUGVTPRIERWLAY AN

CCCATCACTTTCAGCCATACTGGACOQAACACTOGOCCATAACTGOCGCACCGACCTTAGCCTOCT TAATOAGCTACAACAACACTGTOATTTCCCAATG 1600
P $ L 8 AV L DOTULGRNUWZERTDULSELLNZELAGSRSQHTCDTFUPHM

GTTAATCACGCTGTGCATCAGGCGAACGTGOAGAACAAAAAGCOTCTAGCAGAGTATATCGCCCAGCAGCTGAATGTGGTACTCGAATCCAAAGGCGTTGT 1700
VN H AV H Q ANV ENIKI KR RLAEYTIAQQLWNUV VYV NPKALTF

TCGATGTACAAATCAAACGTATTCACGAATACAAACGTCAATTGATGAATGTGTTGCATGTGATTACCCGCTATAACCGCATCAAGGCCGACCCGOATGC 1800
P vaqg I KR I HEY KRAQLMNVYVLHEVY I TRYNR RILIIEKA ADBZPDA

GAAGTGGGTAGCGCGCOTGAATATTTTTGGGGGTAAGGGGOCTTCUGCGTATTACATGGCGAAGCACATTATTCATTTGATCAATGAGGTAGCGAAAGTG 1900
K ¥ Vp R V N I F G G X A A S A Y Y M A K HTI I H L I NDV AR

ATCAACAACGATCCGCAGATTGGCGATAAGCTGAAAGTCGTGTTCATCCCGAACTACAGCGTTAGCCTOGCACAGT TGATCATTCCGGCGGCAGATCTGT 2000
I NN D P g1 G DX L KV VY F I PNY S VYV 8 L A QL 1 1P AADLS

CTGAACAGATTTCOCTGGCAGGGACGGAAGCTTCCGGCACCAGTAACATGAAGTTTGCOCTTAACGGTOCGCTGACTATCGUTACGTTGOACGOTGCCAA 2100
E Q@ I 8 L A GTEWH AKWSOAATS XN MEKTFALNU GALTTIGTULDGAN

TGTCGAGATGCTGGATCATGTCGGTGOTGACAATATOT TTATT TTTGGTAACAGAGCGUAAGAAUTGOAATAACTOCGTCGTCAGGOCTACAAACCGCGT 2200
V EML DK V G ADNTIV FIFGNTAETE BV EZEELZ RTZERUGEUGY KPR

GAATACTACGAGAAAGATGAGGAGCTGCATCAGOTGCTGACGCAAATCGGCAGCGATGTATTCAGTCCGOAAGATCCGGGTCGCTATCACGATCTGGTTG 2300
E Y Y E K D EELHGQV LTSGQTI OGS GV F S PEUDUPGRYZ RTUDIDLWVD

ATTCGCTGATCAACTTCGUCGATCACTACCAGGTACTGUCGUATTATCGCAGCTATUTCCATTUTCACOATAAAGTCOATGAACTCTACOAGCTTCAGGA 2400
8 LI N F G D HYQV L ADYZESZSSY YV DCeDI KV P ERLYELZGQE

AGAGTGGACCGCAAAAGCGATOCTOAACATTOCCAATATOGGOTACTTCTCTTCTGACCUTACTATCAAAGAGTACUCCOATCATATCTGGCATATCCAT 2500
E W T AEK A ML NTIANMMGTYF P S$ 8 DPRTT I KB Y ADIHTIMWNMUHEITD

CCGGTGAGATTGTAAGTTCACCAATAA ATAGAACOGDOE CAAAGOGGTCCCGTTTTTTT 3" --2558

P V R L eee a—

Fig.2. Nucleotide sequence of the glgP gene and its flanking region, 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 A[ZQ). 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 I11 were constructed by standard
procedures.

A phage 16AS 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.

2.3. DNA sequencing

Determination of DNA sequence was performed by the
dideoxy chain termination method using the bacteriophages
M13mpl8 and mpl9 [14]. The 4.0 kb Stul fragment of pGC1
was subcloned into M13 vectors. Deletion mutants were con-
structed by exonuclease I11 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 0.5% 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).

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 EcoR1 fragment of GTCD47 was labeled at
the 5’ ends using T4 polynucleatide kinase and [»-**P}dATP.
The labeled DNA was digested with Sp/l 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 MgCl,, 100 mM KCl, 1 mM
EDTA, 100 zg/ml BSA, pH 8.0, then analysed by 5% PAGE.

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 gipD
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 Smal site of pUCLS to
construct pGCl. 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 gipD
genes [8,10,20]. This clone was positive upon stain-
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Table 1

Specific activity of glycogen and maltodextrin phosphorylase

Plasmid

pGCl pGTCI2 pGTCDY pGTCD47 pUCIS

Glycogen 0.007 0.032 0.058 0.071
Maltodextrin 0.008  0.032 0.060 0.065

<0.005
<0.006

Specific activity is defined as zmol of product, D-glucose
l-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
8lgP gene is located between the gigA and gipD
genes. The 4.0-kb Stul fragment of the pGC1 was
subcloned into pUCI8, and this recombinant
plasmid was designated pGTC12 (fig.1), The
specific activity of glycogen phospherylase of an
E. coli strain harboring pGTCI12 increased 5- to
7-fold (table 1).

. 3.2. Nucleotide sequence

Fig.2 shows the nucleotide sequence of the gigP
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 gipD were found upstream and
downstream from the glgP gene, respectively, and
this was consistent with the previous results [8,20].

ABCDEF (kd)

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. colli.
Lanes: A, rabbit glycogen phosphorylase; B, pUCIS; C,
pGTCDY; D, pGTCD47; E, pGTC12; F, pGCL,

195



January 1989

FEBS LETTERS

Volume 243, number 2

] axmwa
it ot ) ===,

U et
g i <C -3 3C 0O
CSVQS@K@V
O - O 0.
==
=0 A
[BlB)
=

DDD—I

=

Eaa

S 3B e WM [ A

X B+ <L =T L | 1 == m [Nl N -]

(R s e o 0= © v $ha R E2e

G b mYmW T o= e r =
qmo0 «@0Aa no0 amud .dOGOo QO <000

Fig.4. Comparison of the primary structure among glycogen phosphorvlases from different organisms. Amino acids identical to those
of the glgP protein of E. coli 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, gigP of E. coli; B, maiP of E. coli; C, gigP of rabbit muscle; D, glucan phosphorylase of potate.
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A possible stem and loop structure (AG =
—16.0 kecal} 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 gigP gene.

3.3. Expression of the gigP gene

The specific activities of glycogen and dextrin
phosphorylase in the strains of E. cofli with and
without the multicopy plasmids containing the
glgP gene are summarized in table 1. E. coli IM109
harboring pGTC12 showed 5- to 7-fold higher
levels of glycogen phosphorylase activity than that
of IM109 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 pGTCI12. The enzyme activities of JM109 har-
boring pGTCD?9 and pGTCD47 increased 12- to
14-fold, respectively. All these plasmids containing
the glgP gene had aiso specified the maltodextrin
phosphorylase (malP) activity. These results con-
firm the idea that the location of the gigP 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. coli. The gene product (thick arrow)
of cloned glgP was obtained as shown by com-
parative 10% 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 gigP regulatory
region, a gel retardation assay for CRP was done.
Purified CRP was incubated in the presence of
cAMP with the EcoRI-Spfl 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 of the deduced glgP protein
The primary structure of glycogen phosphoryl-
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ase, deduced from the gigP 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. coli 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 gigP [6], and E. coli malP [23] were 48.6,
48.6, 42.3, and 46.1%, 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. cofi 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. celi. While Okita et
al. [26] reported cloning of the gigd, B, and C
genes from E. coli, they thought that downstream
of the gigA gene would be a gigR region coding for
a repressor-like protein of glycogen biosynthesis. It
is fortuitous that the truncated form of the gigP
gene is located next to the 3’ end of gipD gene on
the E. coli chromosome and that the operon of
glycogen synthesis was closely linked to the gipD
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 gigP 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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ABCDE FGH

CRP 4 4 %= =+ +
CAMP =+ + %= =4 +

Fig.5. Gel retardation assay for CRP binding to the gigP

regulation region. DNA segments used for the complex

formation: lanes A—E, the DNA segment from the regulatory

region of gigP; lanes F~H, the DNA segment from the gigP

coding sequence {note nos 313-605 in fig.2). CRP

concentration: B, 0.2 pmol; A,C and G, 0.4 pmoi; D and H,
0.6 pmol.

the regulation of g/gP gene, it will be necessary to
study the promoter and regulator region at the
transcriptional level.

At the N- and C-termini, the length of E. coli
glycogen phosphorylase is 36 and 10 amino acid
residues shorter than the rabbit muscle enzyme,
respectively, and the two regions are not
homologous with the glgP gene family. A striking
structural difference in several species of
eukaryotes occurs at the C-terminus of the enzyme
[6,26]. The difference in N- and C-termini strongly
suggests that this region does not play a major role
in the enzyme function although the N-terminus of
the eukaryote enzyme contains a covalent
phosphorylation site.

Despite the difference in mode of regulation of
the glvcogen phosphorylase activity between
cukaryotes and prokaryotes, the active site, the
glycogen storage site, and the pyridoxal-5-phos-
phate binding site are extensively conserved. This
makes glycogen phosphorylase highly attractive
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for investigators of the evolution of regulatory
mechanisms.
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