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A distinct UDP-glucose (UDPG) pyrophosphatase (UGPPase,

EC 3.6.1.45) has been characterized using pig kidney (Sus scrofa).

This enzyme hydrolyses UDPG, the precursor molecule of

numerous glycosylation reactions in animals, to produce glucose

1-phosphate (G1P) and UMP. Sequence analyses of the purified

enzyme revealed that, similar to the case of a nucleotide-sugar

hydrolase controlling the intracellular levels of ADP-glucose

linked to glycogen biosynthesis in Escherichia coli [Moreno-

Bruna, Baroja-Ferna! ndez, Mun4 oz, Bastarrica-Berasategui,

Zandueta-Criado, Rodrı!guez-Lo! pez, Lasa, Akazawa and

INTRODUCTION
Being a predominant nucleotide-sugar in mammalian cells, UDP-

glucose (UDPG) acts as the sugar donor in numerous glycosyl-

ation reactions, including those involved in the production of

glycogen [1–3]. In spite of the fact that UDPG is synthesized by

UDPG pyrophosphorylase (UGPase) [2], it is widely accepted

that glycogen biosynthesis is subject to multiple controls such as

reversible phosphorylation of some gluconeogenic enzymes, and

allosteric regulation by the gluconeogenic intermediate glucose

6-phosphate [4,5]. Furthermore, there is an increasing body of

experimental evidence indicating the operation of a regulatory

gluconeogenic cycling process wherein synthesis and breakdown

of glycogen take place concurrently [5–7].

Simultaneous synthesis and degradation of glycogen and starch

have also been reported to occur in bacteria and plants, re-

spectively [8–11], thus indicating that gluconeogenic cycling may

entail advantages such as channelling of excess metabolic inter-

mediates towards various pathways in response to physiological

and biochemical needs. In this context, it should be emphasized

that enzymes catalysing the breakdown of gluconeogenic inter-

mediates such as nucleotide-sugars have been implicated to play

a key role in connecting gluconeogenesis with other metabolic

pathways [12–16].

Enzymes catalysing the hydrolytic breakdown of UDPG have

been reported to occur in mammalian cells [17–19]. Having

suggested roles such as control of the levels of nucleotide-sugars

linked to glycosylation reactions [14,20,21], interruption of the

insulin signal-transduction pathway [22–24] and generation of

PP
i
necessary for soft-tissue calcification and bone mineralization

[25,26], these enzymes are nucleotide pyrophosphatases}
phosphodiesterases that show broad substrate specificity and are

associated with membrane particles. Some of them have been
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Pozueta-Romero (2001) Proc. Natl. Acad. Sci. U.S.A. 98,

8128–8132], UGPPase appears to be a member of the

ubiquitously distributed group of nucleotide pyrophosphatases

designated Nudix hydrolases. A complete cDNA of the

UGPPase-encoding gene, designated UGPP, was isolated from a

human thyroid cDNA library and expressed in E. coli. The

resulting cells accumulated a protein that showed kinetic proper-

ties identical to those of pig UGPPase.

Key words: gluconeogenesis, glycogen, nucleotide-sugar.

denoted ‘ectoenzymes’ because their active sites face the external

medium rather than the cytosol [26–31].

Cells having high activity of membrane-bound nucleotide

pyrophosphatases}phosphodiesterases have normal levels of

UDPG, suggesting that these enzymes do not have access to the

major cytoplasmic UDPG pool. Because glycogen biosynthesis

takes place in the cytosol, the possible involvement of enzymic

breakdown of UDPG in controlling carbon flow towards gly-

cogen in mammalian cells has prompted us to identify a soluble

protein, designated UDPG pyrophosphatase (UGPPase), that

hydrolyses UDPG. The possible involvement of UGPPase in

regulating gluconeogenesis is discussed.

EXPERIMENTAL

UGPPase purification

For purification of UGPPase, 3.6 kg of pig kidney were homo-

genized with 12 l of extraction buffer (50 mM Hepes,

pH 7.0}2 mM dithiothreitol}2 mM EDTA) using a Waring

blender. The homogenate was filtered through four layers of

Miracloth and centrifuged at 30000 g for 30 min. The super-

natant was dialysed against 1 mM dithiothreitol}2 mM β-

mercaptoethanol and centrifuged at 100000 g for 30 min. The

supernatant was then applied to a Q-Sepharose Fast Flow

column (Amersham Biosciences) and UGPPase eluted with a

stepped gradient of 50 mM Tris}HCl (pH 8.0) plus 0–0.5 M

NaCl. Active fractions were mixed with a hydroxyapatite resin

(Seikagaku Corporation) and UGPPase eluted with 400 mM

sodium hydrogen phosphate buffer (pH 7.0). Active fractions

were loaded on to a Q-Sepharose HP HiLoad 26}10 column

(Amersham Biosciences) and UGPPase eluted with a linear
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Table 1 Purification of UGPPase from pig kidney

Step numbers correspond to lane numbering in Figure 1.

Step no. Purification step

Total volume

(ml)

Total protein

(mg)

Total activity (units)

(m-units/mg of protein) Specific activity Yield (%) Purification (fold)

1 Supernatant, 30000 g 10000 131000 187.22 1.4 100 –

2 Q-Sepharose 1600 2352 19 8.2 11 6

3 Hydroxyapatite 1800 1062 18 17.4 10 12

4 Q-Sepharose 110 219 13 61 7 43

5 Superdex 200 250 90 16 178 8 125

6 MonoQ 22 42 12 284 6 199

7 MonoP 3 7 6 862 3 603

8 Native PAGE 2.5 0.07 2 31286 1 21900

Figure 1 SDS/PAGE (10% gels) and Coomassie Blue staining of protein
samples after various purification steps corresponding to those in Table 1

In each lane 3 µg of protein was loaded on to the gel. A precision protein standard kit from

Bio-Rad containing 10 highly purified recombinant proteins (Bio-Rad catalogue no. 161-0362)

was used as a reference.

gradient of 40 mM Tris}HCl (pH 8.0) plus 0–0.5 M NaCl.

Fractions showing UDPG hydrolytic activity were subjected to

gel filtration in a Superdex 200 column (Amersham Biosciences)

equilibrated with 50 mM Hepes, pH 7.5}0.2 M NaCl. Fractions

containing the partially purified enzyme were loaded on to a

HR5}5 MonoQ column (Amersham Biosciences) equilibrated

with 50 mM Tris}HCl (pH 8.0) and eluted with a 30 ml linear

gradient of 0–1 M KCl in 40 mM Tris}HCl (pH 8.0). Fractions

showing UGPPase activity were loaded on to a MonoP HR5}20

column (Amersham Biosciences) and UGPPase eluted with a

linear gradient of 50 mM Tris}HCl (pH 9.0) plus 0–0.5 M NaCl.

Enzymically active fractions were then subjected to electro-

phoretic separation in a polyacrylamide}Tris}glycine native

system. After electrophoresis, the gel was cut into pieces that

were immersed for 12 h in 10 mM Tris}HCl, pH 7.4}10 mM β-

mercaptoethanol}500 mM NaCl.

The molecular mass of the native UGPPase was determined

from a plot of K
av

(partition coefficient) versus log(molecular

mass) of protein standards subjected to gel filtration in a Superdex

200 column. Protein content was measured by the Bradford

method using a Bio-Rad prepared reagent.

Isoelectrofocusing

Purified UGPPase was examined by isoelectrofocusing using

Amersham Biosciences narrow-range (pH 4.5–6.0) polyacryl-

amide plates in a Multiphor II system. As standards, a Bio-Rad

protein mixture was utilized. After electrophoresis, the gel was

cut and UGPPase eluted at 4 °C in 10 mM Tris}HCl, pH 7.4}
10 mM β-mercaptoethanol}500 mM NaCl.

Enzyme assays

Measurements of UGPPase activities on UDPG were performed

by using the two-step spectrophotometric determination of

glucose 1-phosphate (G1P) described by Rodrı!guez-Lo! pez et al.

[15] but in ‘step one’ the reaction mixture contained 50 mM

Tris}HCl, pH 9.0, 10 mM MgCl
#
, 5 mM UDPG and protein

extract. Measurements of UGPPase activities on other nucleo-

tides was performed chromatographically using a Waters

Associates HPLC system fitted with a Partisil-10-SAX column

(4.6 mm¬25 cm), as described elsewhere [15]. UGPase was

determined as described by Ciereszko et al. [32].

One unit was defined as the amount of enzyme that catalysed

the production of 1 µmol of product}min. Kinetic parameters

such as K
m

and V
max

were evaluated by Lineweaver–Burk plots.

Protein sequence analyses

Purified UGPPase was separated electrophoretically by SDS}
PAGE (10% gels) and subsequently subjected to internal amino

acid sequencing by MS on Micromass Q-TOF at the Australian

Proteome Analysis Facility, Macquarie University, Sydney,

Australia.

Cloning and expression of a human UGPP cDNA

A complete UGPPase-encoding cDNA was amplified by PCR by

using a human thyroid cDNA library and two primers specific

for the human UGPPase-encoding gene, UGPP (NCBI accession

number LOC122643) : 5«-CATATGGAGCGCATCGAGGGG-
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Table 2 Substrate specificity of UGPPase

All substrates were present at a concentration of 5 mM. b.d.l., below detection limit ; ApnA,

diadenosine 5«,5«««-P1,Pn-oligophosphate, where n ¯ 2, 3 or 4 ; PNPP, p-nitrophenyl phosphate.

Substrate

Substrate specificity (% activity relative to UDPG)

Pig UGPPase Recombinant human UGPPase

UDPG 100 100

ADP-ribose 95 130

ADP-glucose 20 15

GDP-glucose 10 10

CDP-glucose 2 3

UDP-glucuronic acid b.d.l. b.d.l.

UDP-galactose b.d.l. b.d.l.

ATP b.d.l. b.d.l.

UTP b.d.l. b.d.l.

AMP b.d.l. b.d.l.

UTP b.d.l. b.d.l.

ADP b.d.l. b.d.l.

NAD b.d.l. b.d.l.

Ap2A b.d.l. b.d.l.

Ap3A b.d.l. b.d.l.

Ap4A b.d.l. b.d.l.

CoA b.d.l. b.d.l.

Bis-PNPP b.d.l. b.d.l.

PNPP b.d.l. b.d.l.

Figure 2 Alignments of internal pig UGPPase amino acid sequences with human and mouse ‘putative proteins ’ that contain a Nudix box (NCBI accession
no. XMj058645.1 and EMBL accession no. BAB23110.1, respectively)

The numbers to the left are the amino acid positions in each complete sequence. Amino acid identities with the pig UGPPase are boxed and the Nudix sequence signature is shaded.

GCGTCCGT-3« (forward) and 5«-GGATCCTCACTGGAGA-

TCCAGGTTGGGGGCCA-3« (reverse).

The cDNA was then cloned into the pT7Blue T-vector

(Novagen) to create pUGPP, and introduced into Escherichia

coli (JM109).

For UGPP overexpression experiments, the NdeI}BamHI

fragment of pUGPP was ligated with the corresponding re-

striction sites of the pET11a expression vector (Novagen) to

create pET-UGPP. E. coli AD494(DE3) (Novagen) transformed

with this plasmid were grown at 37 °C in 1 l of LB medium with

50 µg}ml ampicillin to an attenuance at 600 nm of about 0.6, and

then 1 mM isopropyl β--thiogalactoside was added to the

culture medium. After 3 h of growth the induced bacteria were

harvested, washed and resuspended in 100 ml of 50 mM Tris}HCl

(pH 8.5)}1 mM dithiothreitol}2 mM β-mercaptoethanol, and

lysed by sonication on ice. After centrifugation at 10000 g, the

supernatant was recovered and subjected to the same purification

protocol of pig UGPPase.

RESULTS AND DISCUSSION

Identification of a soluble UDPG hydrolytic activity

The spectrophotometric measurement of the UGPase in the

pyrophosphorolysis direction is a commonly used method that is
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based on the coupling of G1P production with an accompanying

reduction of NAD+ [32,33]. Surprisingly, while monitoring

UGPase activities using the 100000 g supernatant of a kidney

homogenate, we were able to detect the UDPG-dependent

production of G1P when PP
i
was not included in the reaction

mixture (results not shown). These results thus strongly indicated

the occurrence of a soluble enzyme catalysing the hydrolytic

breakdown of UDPG.

Enzyme purification

We then attempted to purify the enzyme molecule responsible for

this activity. As presented in Table 1, it was purified by over

20000-fold. Its isoelectric point was shown to be 4.7. SDS}PAGE

and subsequent staining of the purified protein revealed a single

band of about 28 kDa (Figure 1). Its apparent molecular mass

measured by gel filtration was estimated to be 50–60 kDa,

indicating that the enzyme responsible for UDPG breakdown is

a homodimer.

Substrate specificity

Substrate specificity was tested using a wide range of compounds

at a concentration of 5 mM. These analyses showed that the

enzyme is a pyrophosphatase that hydrolyses UDPG and ADP-

ribose to produce G1P plus UMP, and ribose 5-phosphate plus

AMP, respectively (Table 2). The enzyme poorly hydrolyses

other nucleotide-sugars such as ADP-glucose, CDP-glucose,

GDP-glucose and GDP-mannose. It does not recognize PP
i
,

synthetic phosphodiester-bond-containing compounds such

as bis-p-nitrophenyl phosphate, diadenosine polyphosphates,

CoA or phosphomonoester-bond-containing compounds such

as p-nitrophenyl phosphate, sugar-phosphates and nucleotide

mono-, di- and triphosphates.

Mg#+ was shown to be absolutely required for optimal activity

and could not be replaced with 0.2–5 mM Mn#+ (results not

shown). No activity was observed in the absence of Mg#+ or in

the presence of 1 mM EDTA in the reaction mixture. With

UDPG as a substrate, the enzyme was shown to display optimal

activity at alkaline pH (8.0–9.5).

Kinetic parameters and enzyme designation

Kinetic parameters were determined with UDPG and ADP-

ribose as substrates. K
m

and V
max

values for UDPG were 0.6 mM

and 8 units}mg of protein, respectively, whereas K
m

and V
max

values for ADP-ribose were 1.7 mM and 5.7 units}mg of

protein, respectively. Taking into account these kinetic par-

ameters and considering that (i) the V
max

}K
m

for UDPG

is 13.3 units [mg−" [mM−" whereas that for ADP-ribose is

3.3 units [mg−" [mM−", (ii) the intracellular concentrations of

UDPG in mammalian cells range between 0.1 and 1 mM [3,4],

(iii) the intracellular ADP-ribose concentration in mammalian

cells is in the micromolar range [34] and (iv) mammalian cells

possess various enzymes that actively and specifically cleave

ADP-ribose [35,36], it is highly conceivable that the physiological

substrate of the enzyme described in this study is UDPG rather

than ADP-ribose. Therefore we propose that the enzyme should

be designated UGPPase.

UGPPase is a member of the Nudix hydrolases

Purified UGPPase was subjected to peptide sequencing. Multiple

alignments against sequences existing in data banks showed that

UGPPase shares high sequence similarity to ‘hypothetical ’ or

‘unknown’ proteins from human and mouse (NCBI accession

Figure 3 SDS/PAGE and Coomassie Blue staining of protein samples after
various purification steps of a recombinant UGPPase

Lane 1, crude extract of E. coli overexpressing a complete human UGPP cDNA (1.8 m-units) ;

lane 2, Q-Sepharose step (6.2 m-units) ; lane 3, MonoP purification step (13.5 m-units).

number XMj058645.1 and EMBL accession number

BAB23110.1, respectively), which have been classified as

members of a previously characterized group of proteins called

‘Nudix’ (nucleoside diphosphate linked to some other moiety,

X) hydrolases that exist in organisms ranging from viruses to

mammals [37] (Figure 2).

cDNA cloning and gene designation

By using primers specific for the human genomic sequence

encoding the ‘unknown protein’ (NCBI accession number

LOC122643) a complete cDNA was amplified from a thyroid

cDNA library and cloned into the pET11a expression vector of

E. coli. The resulting plasmid (pET-UGPP) was used to trans-

form E. coli AD494(DE3). These cells were found to accumulate

an approx. 28 kDa protein that, once purified (Figure 3), showed

properties identical to those of pig UGPPase, i.e. it hydrolyses

UDPG (Table 2), has optimal activity at alkaline pH and has an

absolute Mg#+ requirement (results not shown). These results

thus demonstrate that the LOC122643 genomic sequence is

indeed an UGPPase-encoding gene which, following recent

guidelines for human gene nomenclature [38], will be designated

as UGPP in this and following work.

Structural divergences of the Nudix signature sequence

The Nudix hydrolases comprise a large family of proteins that

are characterized by the following highly conserved array of 23

amino acids, Gly-Xaa
&
-Glu-Xaa

(
-Arg-Glu-U-Xaa-Glu

#
-Xaa-

Gly-U, where U represents a bulky, hydrophobic amino acid

(usually Ile, Leu or Val). Although this highly conserved Nudix

motif has been shown to be essential for metal binding and
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Figure 4 Amino acid sequence alignments

Amino acid sequence alignments are shown of the human UGPPase (NCBI accession number XMj058645.1) with other possible homologues containing Nudix-like sequence signatures from Mus
musculus (EMBL accession number BAB23110.1), Drosophila melanogaster (AAF56679.1), Helicobacter pylori (AAD06038.1), Campylobacter jejuni (CAB75085.1) and Caenorhabditis elegans
(CAC42268.1), and in comparison with the Nudix signature sequence (where x denotes a non-conserved residue). The numbers to the left are the amino acid positions in each complete sequence.

Conserved amino acids are shaded.

pyrophosphatase activity [39], there are various examples of non-

consensus motifs among the Nudix hydrolases, including extra

amino acids and missing glutamate or glycine residues ([40], cf.

Figure 3). As presented in Figure 4, both human and mouse

UGPPases contain remarkably important modifications in the

Nudix box, including the absence of the conserved Glu at

position 7. Moreover, it is particularly noteworthy that Arg

at position 15 is conservatively replaced by Lys. This is, to our

knowledge, the first such case described in the literature. Whether

or not the function of this basic residue is linked to the recognition

of UDPG should be a matter for future research.

Computer searches of the data banks revealed the occurrence

of other ‘hypothetical proteins ’ from various species with Nudix-

like motifs that were structurally similar to those of both human

and mouse UGPPases, characterized by the following array of

amino acids: Gly-Xaa
#
-Asp-Xaa

$/%
-Ser-Xaa

#
-Glu-Xaa-Ala-

Xaa
#
-Glu-Xaa

#
-Glu

#
-Xaa-Gly-Tyr (Figure 4). These analyses

also revealed additional conserved amino acid residues, distal

from the signature.

The overall structural characteristics of UGPPase and other

Nudix hydrolase-like nucleotide hydrolases thus indicate that the

typical Nudix sequence is not a sine qua non requirement for both

metal binding and pyrophosphatase activity.

Additional remarks

This is, to our knowledge, the first report of a soluble hydrolase

showing notable specificity towards UDPG. Hydrolytic enzymes
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cleaving UDPG have been shown to occur in bacteria that act as

important factors affecting bacterial invasion of host cells [41–45].

However, these bacterial enzymes are known to be surface

localized, possess a 5«-nucleotidase activity, and their amino acid

sequences differ from that of the UGPPase reported in the

present paper. Other bacterial enzymes catalysing the hydrolytic

breakdown of UDPG are the products of DR004 and DR0329,

two open reading frames from Deinococcus radiodurans [46].

However, it is still unknown whether or not these enzymes can

recognize other substrates.

Our computer-assisted analyses using the PSORT algorithm

[47] have revealed that UGPPase has characteristics of a typical

cytosolic protein of mammalian cells. It is therefore highly con-

ceivable that this enzyme is in the same compartment of the cell

as the established processes of UDPG synthesis and utilization.

Taking into account that the intracellular concentration of

UDPG in mammalian cells ranges between 0.1 and 1 mM [3,4]

and that the K
m

value of UGPPase for UDPG is 0.6 mM, it is

tempting to speculate thatUGPPase has a physiological relevance

in preventing UDPG accumulation. Furthermore, considering

that UGPPase competes with glycogen synthase for the same

substrate, and that glycogen synthase has a K
m

for UDPG in the

millimolar range [48] it can be readily predicted that, unless

UGPPase is highly regulated, it will prevent glycogen bio-

synthesis.

The occurrence of a Nudix hydrolase controlling the in-

tracellular levels of ADPG linked to glycogen biosynthesis in E.

coli [16] strongly evokes the idea that UGPPase may equally play

a crucial role in both preventing the gluconeogenic process and

in connecting it with other metabolic pathways in response to

physiological and biochemical needs of the mammalian cell.

However, a possibility cannot be ruled out that UGPPase may

block the metabolic flux to other gluconeogenic processess such

as glycoprotein and glycolipid biosynthesis wherein UDPG plays

a rate-limiting role [1,2]. Needless to say, further research testing

possible mechanisms regulating UGPP expression and}or

UGPPase activity will be essential to elucidate the possible role

of this enzyme in controlling gluconeogenesis in mammalian

cells.

T.A. sincerely appreciates the support from the Spanish Ministry of Culture and
Education.

REFERENCES

1 Chaves-Olarte, E., Florin, I., Boquet, P., Popoff, M., von Eichel-Streiber, C. and

Thelestam, M. (1996) UDP-glucose deficiency in a mutant cell line protects against

glucosyltransferase toxins from Clostridium difficile and Clostridium sordellii. J. Biol.

Chem. 271, 6925–6932

2 Flores-Dı!az, M., Alape-Giro! n, A., Persson, B., Pollesello, P., Moos, M., von Eichel-

Streiber, C., Thelestam, M. and Florin, I. (1997) Cellular UDP-glucose deficiency

caused by a single point mutation in the UDP-glucose pyrophosphorylase gene.

J. Biol. Chem. 272, 23784–23791

3 Laughlin, M. R., Petit, W. A., Dizon, J. M., Shulman, R. G. and Barrett, E. J. (1988)

NMR measurements of in vivo myocardial glycogen metabolism. J. Biol. Chem. 263,
2285–2291

4 Seoane, J., Trinh, K., O’Doherty, R. M., Go!mez-Foix, A. M., Lange, A. J., Newgard,

C. B. and Guinovart, J. J. (1997) Metabolic impact of adenovirus-mediated

overexpression of the glucose-6-phosphate catalytic subunit in hepatocytes. J. Biol.

Chem. 272, 26972–26977

5 Bollen, M., Keppens, S. and Stalmans, W. (1998) Specific features of glycogen

metabolism in the liver. Biochem. J. 336, 19–31

6 Massillon, D., Bollen, M., de Wulf, H., Overloop, K., Vanstapel, F., van Hecke, P. and

Stalmans, W. (1995) Demonstration of a glycogen/glucose 1-phosphate cycle in

hepatocytes from fasted rats. J. Biol. Chem. 270, 19351–19356

7 Wolfsdorf, J. I., Holm, I. A. and Weinstein, D. A. (1999) Glycogen storage diseases.

Pedriactic Endocrinol. 28, 801–821

8 Gaudet, G., Forano, E., Dauphin, G. and Delort, A. M. (1992) Futile cycling of

glycogen in Fibrobacter succinogenes as shown by in situ 1H-NMR and 13C-NMR

investigation. Eur. J. Biochem. 207, 155–162

9 Pozueta-Romero, J., Perata, P. and Akazawa, T. (1999) Sucrose-starch conversion in

heterotrophic tissues of plants. Crit. Rev. Plant Sci. 18, 489–525

10 Belanger, A. E. and Hatfull, G. F. (1999) Exponential-phase glycogen recycling is

essential for growth of Micobacterium smegmatis. J. Bacteriol. 181, 6670–6678

11 Guedon, E., Desvaux, M. and Petitdemange, H. (2000) Kinetic analysis of Clostridium
cellulolyticum carbohydrate metabolism : importance of glucose-1-phosphate and

glucose-6-phosphate branch points for distribution of carbon fluxes inside and outside

cells as revealed by steady-state continuous culture. J. Bacteriol. 182, 2010–2017

12 Nelson, J. D., Jato-Rodriguez, J. J., Labrie, F. and Mookerjea, S. (1977)

Glycosyltransferase and UDP-galactose pyrophosphatase activities in the endometrium

during the oestrous cycle of the rat. J. Endocr. 73, 53–58

13 Van Dijk, W., Lasthuis, A.-M., Trippelvitz, L. A. W. and Muilerman, H. G. (1983)

Increased glycosylation capacity in regenerating rat liver is paralleled by decreased

activities of CMP-N-acetylneuraminate hydrolase and UDP galactose pyrophosphatase.

Biochem. J. 214, 1003–1006

14 Hickman, S., Wong-Yip, Y. P., Rebbe, N. F. and Greco, J. M. (1985) Formation of

lipid-linked oligosaccharides by MOPC 315 plasmacytoma cells. J. Biol. Chem. 260,
6098–6106

15 Rodrı!guez-Lo! pez, M., Baroja-Ferna! ndez, E., Zandueta-Criado, A. and Pozueta-Romero,

J. (2000) Adenosine diphosphate glucose pyrophosphatase : a plastidial

phosphodiesterase that prevents starch biosynthesis. Proc. Natl. Acad. Sci. U.S.A. 97,
8705–8710

16 Moreno-Bruna, B., Baroja-Ferna! ndez, E., Mun4 oz, F. J., Bastarrica-Berasategui, A.,

Zandueta-Criado, A., Rodrı!guez-Lo! pez, M., Lasa, I., Akazawa, T. and Pozueta-Romero,

J. (2001) Adenosine diphosphate sugar pyrophosphatase prevents glycogen

biosynthesis in Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 98, 8128–8132

17 Schliselfeld, L. H., van Eys, J. and Touster, O. (1965) The purification and properties

of a nucleotide pyrophosphatase of rat liver nuclei. J. Biol. Chem. 240, 811–818

18 Skidmore, J. and Trams, E. G. (1970) Nucleotide pyrophosphatase activity of rat liver

plasma membranes. Biochim. Biophys. Acta 219, 93–103

19 Bachorik, P. S. and Dietrich, L. S. (1972) The purification and properties of detergent-

solubilized rat liver nucleotide pyrophosphatase. J. Biol. Chem. 247, 5071–5078

20 Fukui, S., Yoshida, H., Tanaka, T., Sakano, T., Usui, T. and Yamashina, I. (1981)

Glycosaminoglycan synthesis by cultured skin fibroblasts from a patient with Lowe’s

syndrome. J. Biol. Chem. 256, 10313–10318

21 Yano, T., Horie, K., Kanamoto, R., Kitagawa, H., Funakoshi, I. and Yamashina, I.

(1987) Immunoaffinity purification and characterization of nucleotide pyrophosphatase

from human placenta. Biochem. Biophys. Res. Commun. 147, 1061–1069

22 Maddux, B. A., Sbraccia, P., Kumakura, S., Sasson, S., Youngren, J., Fisher, A.,

Spencer, S., Grupe, A., Henzel, W., Stewart, T. A. et al. (1995) Membrane

glycoprotein PC-1 and insulin resistance in non-insulin-dependent diabetes mellitus.

Nature (London) 373, 448–451

23 Gu, H. F., Almgren, P., Lindholm, E., Frittitta, L., Pizzuti, A., Trischitta, V. and Groop,

L. C. (2000) Association between the human glycoprotein PC-1 gene and elevated

glucose and insulin levels in a paired-sibling analysis. Diabetes 49, 1601–1603

24 Maddux, B. A. and Goldfine, I. D. (2000) Membrane glycoprotein PC-1 inhibition of

insulin receptor function occurs via direct interaction with the receptor a-subunit.

Diabetes 49, 13–19

25 Johnson, K., Vaingankar, S., Chen, Y., Moffa, A., Goldring, M. B., Sano, K., Jin-Hua,

P., Sali, A., Goding, J. and Terkeltaub, R. (1999) Differential mechanisms of inorganic

pyrophosphate production by plasma cell membrane glycoprotein-1 and B10 in

chondrocytes. Arthritis Rheum. 42, 1986–1997

26 Bollen, M., Gijsbers, R., Ceulemans, H., Stalmans, W. and Stefan, C. (2000)

Nucleotide pyrophosphatase/phosphodiesterases on the move. Crit. Rev. Biochem.

Mol. Biol. 35, 393–432

27 Abney, E. R., Evans, W. H. and Parkhouse, M. E. (1976) Location of nucleotide

pyrophosphatase and alkaline phosphodiesterase activities on the lymphocyte surface

membrane. Biochem. J. 159, 293–299

28 Rebbe, N. F., Tong, B. D., Finley, E. M. and Hickman, S. (1991) Identification of

nucleotide pyrophosphatase/alkaline phosphodiesterase I activity associated with the

mouse plasma cell differentiation antigen PC-1. Proc. Natl. Acad. Sci. U.S.A. 88,
5192–5196

29 Funakoshi, I., Kato, H., Horie, K., Yano, T., Hori, Y., Kobayashi, H., Inoue, T., Suzuki,

H., Fukui, S., Tsukahara, M. et al. (1992) Molecular cloning of cDNAs for human

fibroblast nucleotide pyrophosphatase. Arch. Biochem. Biophys. 295, 180–187

30 Hosoda, N., Hoshino, S.-I., Kanda, Y. and Katada, T. (1999) Inhibition of

phosphodiesterase/pyrophosphatase activity of PC-1 by its association with

glycosaminoglycans. Eur. J. Biochem. 265, 763–770

# 2003 Biochemical Society



415UDP-glucose pyrophosphatase

31 Gisjbers, R., Ceulemans, H., Stalmans, W. and Bollen, M. (2000) Structural and

catalytic similarities between nucleotide pyrophosphatases/phosphodiesterases and

alkaline phosphatases. J. Biol. Chem. 276, 1361–1368

32 Ciereszko, I., Johansson, H. and Kleczkowski, L. A. (2001) Sucrose and light

regulation of a cold-inducible UDP-glucose pyrophosphorylase gene via a hexokinase-

independent and abscisic acid-insensitive pathway in Arabidopsis. Biochem. J. 354,
67–72

33 Chang, H. Y., Peng, H. L., Chao, Y. C. and Duggleby, R. G. (1996) The importance of

conserved residues in human liver UDPglucose pyrophosphorylase. Eur. J. Biochem.

236, 723–728

34 Guida, L., Zocchi, E., Franco, L., Benatti, U. and De Flora, A. (1992) Presence of

turnover of adenosine diphosphate ribose in human erythrocytes. Biochem. Biophys.

Res. Commun. 188, 402–408

35 Canales, J., Pinto, R. M., Costas, M. J., Herna! ndez, M. T., Miro! , A., Bernet, D.,

Ferna! ndez, A. and Cameselle, J. C. (1995) Rat liver nucleoside diphosphosugar or

diphosphoalcohol pyrophosphatases different from nucleotide pyrophosphatase or

phosphodiesterase I : substrate specificities of Mg2+- and/or Mn2+-dependent

hydrolases acting on ADP-ribose. Biochim. Biophys. Acta 1246, 167–177

36 Gasmi, L., Cartwright, J. L. and McLennan, A. (1999) Cloning, expression and

characterization of YSA1H, a human adenosine 5«-diphosphosugar pyrophosphatase

possessing a MutT motif. Biochem. J. 344, 331–337

37 Bessman, M. J., Frick, D. N. and O’Handley, S. F. (1996) The MutT proteins or

‘Nudix ’ hydrolases, a family of versatile, widely distributed, ‘ housecleaning ’

enzymes. J. Biol. Chem. 271, 25059–25062

38 Wain, H. M., Bruford, E. A., Lovering, R. C., Lush, M. J., Wright, M. W. and Povey, S.

(2002) Guidelines for human gene nomenclature. Genomics 79, 464–470

Received 19 July 2002/8 November 2002 ; accepted 12 November 2002

Published as BJ Immediate Publication 12 November 2002, DOI 10.1042/BJ20021140

39 Gabelli, S. B., Bianchet, M. A., Bessman, M. J. and Amzel, M. (2001) The structure

of ADP-ribose pyrophosphatase reveals the structural basis of the versatility of the

Nudix family. Nat. Struct. Biol. 8, 467–472

40 O’Handley, S., Frick, D. N., Dunn, C. A. and Bessman, M. J. (1998) Orf186

represents a new member of the nudix hydrolases, active on adenosine (5«)
triphospho (5«) adenosine, ADP-ribose, and NADH. J. Biol. Chem. 273, 3192–3197

41 Glaser, L., Melo, A. and Paul, R. (1967) Uridine diphosphate sugar hydrolase. J. Biol.

Chem. 242, 1944–1954

42 Beacham, I. R. and Wilson, M. S. (1982) Studies on the UDP-sugar hydrolases from

Escherichia coli and Salmonella typhimurium. Arch. Biochem. Biophys. 218, 603–608

43 Burns, D. M., Abraham, L. J. and Beacham, I. R. (1983) Characterisation of the ush
gene of Escherichia coli and its protein products. Gene 25, 343–353

44 Berger, S. A., Rowan, K., Morrison, H. D. and Ziltener, H. J. (1996) Identification of a

bacterial inhibitor of protein kinases. J. Biol. Chem. 271, 23431–23437

45 Chaves-Olarte, E., Weidmann, M., von Eichel-Streiber, C. and Thelestam, M. (1997)

Toxins A and B from Clostridium difficile differ with respect to enzymatic potencies,

cellular substrate specificities, and surface binding to cultured cells. J. Clin. Invest.

100, 1734–1741

46 Xu, W., Shen, J., Dunn, C. A., Desai, S. and Bessman, M. J. (2001) The Nudix

hydrolases of Deinococcus radiodurans. Mol. Microbiol. 39, 286–290

47 Nakai, K. and Kanehisa, M. (1991) Expert system for predicting protein localization

sites in gram-negative bacteria. Proteins 11, 95–110

48 Pitcher, J., Smythe, C. and Cohen, P. (1988) Glycogenin is the priming

glucosyltransferase required for the initiation of glycogen biogenesis in rabbit skeletal

muscle. Eur. J. Biochem. 176, 391–395

# 2003 Biochemical Society


