
~ Pergamon Bioorganic & Medicinal Chemistry, Vol. 4, No. 1, pp. 131-142, 1996 
Copyright © 1996 Elsevier Science Ltd 

Printed in Great Britain. All rights reserved 
0968-0896/96 $15.00 + 0.00 

0968-0896(95)00159-X 

Overexpression, One-Step Purification and Characterization of 
UDP-Glucose Dehydrogenase and UDP-N-Acetylglucosamine 

Pyrophosphorylase 

Claudio De  Luca, a'b Manfred Lansing, b Fabiana Crescenzi, b Irene Martini, b Gwo-Jenn Shen a 
Michael O'Regan b and Chi-Huey Wong *a 

aDepartment of Chemistry, The Scripps Research Institute, 10666 North Torrey Pines Road, La Jolla, CA 92037, U.S.A. 
hFidia Advanced Biopo!ymers, Via Ponte della Fabbrica 3/a, 35031 Abano Terme, Italy 

Abstract--Two enzymes of the Leloir pathway, UDP-GIcNAc pyrophosphorylase and UDP-GIc dehydrogenase, which are 
involved in the synthesis of activated sugar nucleotides have been cloned, overexpressed in Escherichia coli, and purified to 
homogeneity in only one step by chelation-affinity chromatography. The gene KfaC of E. coli K5 was thus demonstrated to 
encode UDP-GIc DH. Some properties of the cloned enzymes, such as stability, pH dependence, and substrate kinetics, were 
studied in order to facilitate the use of these enzymes in carbohydrate synthesis, especially in the synthesis of hyaluronic acid. 

Introduction organisms where different pools of activated sugars and 
different allosteric regulations are needed. 

As part of a program to develop enzyme-catalyzed 
syntheses of complex oligosaccharides, polysaccharides, The enzyme UDP-GIcNAc pyrophosphorylase (EC 
glycoproteins, and glycolipids, ~ we report here the 2.7.7.23) reversibly catalyzes the synthesis of UDP- 
overexpression in E. coli, one-step purification, and GIcNAc from GIcNAc-I-P and UTP (~qn 1). 
characterization of two enzymes of the Leloir pathway: 
uridyldiphosphoglucose dehydrogenase (UDP-GIc DH) 

and uridyldiphospho-N-acetylglucosamine pyrophos- .o~o o ~  Oo~.+o UOe-C~NAc , ,oi~o~°ooo ~ o  
phorylase (UDP-GlcNAc PP). UTP ~l~rophosphorylase PP' 

04  s 04  a 

The glycosyltransferases of the Leloir pathway, 2 
responsible for the synthesis of most glycoconjugates in 
mammalian systems, utilize sugar nucleotides as an It was first purified from calf liver and from 
activated monosaccharide donor (GDP-Man, GDP- Staphylococcus aureus more than three decades ago, 3 
Fuc, CMP-NeuAc, UDP-Glc, UDP-GlcA, UDP-Xyl, but the sequence of the E. coli gene glmU 4a encoding 
UDP-Gal, UDP-GalNAc, and UDP-GIcNAc). The in UDP-GlcNAc pyrophosphorylase has only recently 
vivo synthesis of these sugar nucleotides generally been elucidated. 4~ 
proceeds through a scheme that starts with a 
kinase-mediated phosphorylation of the corresponding The activated sugar UDP-GlcNAc produced by this 
monosaccharide to produce a glycosyl phosphate, enzymatic reaction plays a very important role in the 
which is followed, in some instances, by a phospho- biochemistry of all living organisms. In fact, it is one of 
mutase-catalyzed transfer of the phosphate group from the main cytoplasmatic precursors of bacterial cell wall 
position 6 to position 1. The sugar phosphate then peptidoglycans, as well as a precursor of the disac- 
reacts with a nucleoside triphosphate catalyzed by a charide moiety of the lipid A 5 and of the nod-factor 
pyrophosphorylase to yield the activated nucleoside oligosaccharides, which induce nodulation in plants. 6 
diphosphate. Further oxidation, epimerization, or UDP-GlcNAc is also necessary for the biosynthesis of 
decarboxylation of the sugar nucleotides such as N-glycoproteins and polymers like chitin. 
UDP-GIc, GDP-Man, and UDP-GlcNAc leads to the 
formation of UDP-GIcA, UDP-Xyl, UDP-GalNAc, and Uridinediphosphoglucose dehydrogenase (UDPG-DH, 
GDP-Fuc. For the synthesis of nucleoside monophos- EC 1.1.1.22) is a pyridine nucleotide-linked dehydro- 
phate sugars such as CMP-NeuAc and CMP-KDO, the genase 7 which catalyzes the reaction leading to the 
corresponding unactivated monosaccharide reacts with formation of UDP-glucuronate in all organisms except 
CTP catalyzed by a synthetase. As is typical for plants. The NAD-dependent oxidation of UDP-glucose 
complex metabolic pathways, these general schemes reaction is irreversible and 2 mol of NADH are formed 
have many exceptions and differences within living per mole of UDP-sugar (equation 2). 
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,o o (Fig. 1) with regeneration of sugar nucleotides. We 
.%~.~ vol'-o,c ~ report here the overexpression, purification, and 

+ 2 NAD + H20 ~" + 2 NADH + 2 H* 
Dehydrogenase characterization of these two enzymes. 

OUDP OUDF' 

UDP-GIc DH has been found in many prokaryotes and Results and Discussion 
eukaryotes tissues and is the most thoroughly studied 
of the four-electron transport enzyme with respect to Cloning of UDP-GleNAc PP and UDP-GIc DH 
structure and mechanism (the more detailed studies 
have been performed with the bovine liver enzyme~). The strategy for the cloning of the two enzymes, as 
From a genetic point of view, the recently cloned hasB well as the main characteristics of the plasmids 
gene from Streptococcus pyogenes is, to our knowledge, constructed, are shown in Figure 2. 
the only gene that has been demonstrated to encode a 
UDP-glucose dehydrogenase. 9 The gene, together with UDP-GIcNAc PP. Based on the recently published 4h 
two other genes, resides on a contiguous stretch of 3.2 glmU gene sequence 4" encoding the enzyme, two 
kilobase pair streptococcal DNA that seems able to oligonucleotides were designed for PCR amplification 
direct hyaluronate biosynthesis in heterologous using E. coli K12 DNA as a template. The PCR insert 
bacteria/° (1.4 kb), corresponding to UDP-GlcNAc PP, was 

digested with BamH-I and EcoR-I restriction cndo- 
The product of the dehydrogenase reaction, UDP- nucleases and was ligated into the vectorpTrc-His-A to 
GIcA, is the precursor of UDP-xylose in mammals and yield the plasmid pTrc-Pyr. The plasmid was trans- 
also the precursor of many tissue extracellular matrix formed into epicurean supercompetent E. coli 
glycosaminoglycans. In mammalian liver, UDP-GlcA is XL1-Blue MRF' strain 13 and plated on the 
transferred to a nonpolar acceptor molecule such as LB-ampicillin plates. Screening for the positive clones 
bilirubin or some compound foreign to the body (e.g., was carried out by using the PCR method (see 
a drug); the formation of water soluble glucuronides Experimental), and five clones showing the most 
occurs so that these compounds can be eliminated intense amplification were selected. 
from the body in the aqueous media of urine or bile. 
The activated sugar nucleotides, UDP-GlcA and UDP-Gic DH. Several attempts to clone and over- 
UDP-GlcNAc together, are precursors of heparin and express the streptococcal gene hasB"' in E. coli have 
hyaluronic acid. H In a preliminary study, we have used been carried out in our laboratories, but no active 
these two enzymes in the synthesis of hyaluronic acid ~2 UDP-Glc DH has been obtained. During a search for 

0 El = Hyaluronic Acid Synthase 

~ C O  a" ."l~GOa" E2 = UDP-GIc Dehydrogenase 
E 3 = UDP-GIc Pyrophosphorylase 

E4 = UDP-GIcNAc Pyrophosphorylase 

E 5 = Pyruvate Kinase 

NAD NADH E 6 = Lactate Dehydrogenase 

E 7 = Inorganic Pyrophosphatase 
OH GOaH OH 

~ E  3 OUDP OUDP OUDP 
OH OH 

0==~ OPOa = OPO3= ~ ~  UTP OH 3 

-"~"co, "~'co2" 
~ POa _ J  ~'- .OPOa 

//.~C02. UDP UDP '~COa" 

OH FHO O OH HO O 

OH3 L CH3 n 

Figure I. Enzymatic synthesis of hyaluronic acid with regeneration of sugar nucleotidcs. 
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sequence similarity within the GenBank using the the vector pTrcHis-A. The plasmid yielded plasmid, 
FASTA program, 14 we found two genes revealing a pTrc-DH, was then transformed into the competent E. 
significant degree of homology with the UDPG-DH coli XL1-Blue MRF' strain and five positive clones 
from streptococcus (Fig. 3). Both genes are from E. were selected. 
coil: one is from the strain 0111 (M92), coding for a 
not defined 'hypothetical protein' of 43.3 kDa; 15a'lSb the 
other, named kfaC, is from E. coli strain K5 and Expression of cloned UDP-GIeNAc PP and UDP-Glc 
resides in a contiguous stretch of 8 kb pair DNA, DH 
named 'region 2 of the K5 antigen gene cluster', ~6 a 
region that seems involved in the synthesis of the K5 The selected positive clones (five for UDP-GlcNAc PP 
polysaccharide (a polysaccharide very similar to the and five for UDP-GIc DH) were grown in LB medium 
hyaluronic acid). The percent of identity between the containing 250 lag mL -1 ampicillin. In the expression 
streptococcal UDPG-DH and the protein deduced system used in this work (pTrcHis, Invitrogen Corp.), 
from E. coli 0111 gene is 53.5% over 402 residues the transcriptions of the two cloned genes are 
(init=481), and the comparison of the streptococcal controlled by Trc promoter and can be induced by 
protein with the protein deduced from the gene kfaC IPTG (isopropyl 13-o-thiogalactopyranoside). The 10 
of E. coli K5 revealed 53.8% identity over 400 residues cultures were induced with the same concentration of 
(init = 450). The identity of the two genes from E. coli IPTG (250 pM) when mid-logarithmic phase was 
is 75.3% over 388 residues (init=1518). To our reached (OD60o=0.5) and the expression of the 
knowledge, there is no published correlation of the recombinant proteins was detected using SDS-PAGE 
expression of these two genes with dehydrogenasic and by measuring enzyme activity. The two colonies 
activity. In order to verify this hypothesis of performing the best expression of the enzyme, as 
correlation, we undertook the cloning of kfaC. Two judged by the number of units per liter of culture, were 
oligonucleotides were designed to amplify the gene selected. Finally, the conditions allowing the best 
kfaC in E. coil K5 by PCR reaction. A band of the productivity of the recombinant protein were 
expected molecular weight (1.18 kb) was obtained, investigated by using different concentrations of the 
After purification, the DNA was digested with Sac I inducer and different temperatures after induction 
and Hind III restriction endonucleases and ligated into (Figs 4A and 4B). 

UDP-GIcNAc PyroDhosDhorylasQ UDP-GIc Dehvdrooenase 

E. coil K12 DNA E. coil KS DNA 

- I'C"--L"C"°"l 

BamH | EcoR I Sac I Hind |11 

, [ DIGESTION } ,. ~ 

. . . . . . . . .  { LIGATIONI "-- ? . . . . . .  
~ m N  I Ec~R i Sac I H ~  111 

- pTrc-Pyr pTrc-DH 
~\_a -a ~q"- 

< 1 /  , / 
"'~.. ColE ./" ~. ColE ./ 

T r a n s f o r m e d  s t ra in  T r a n s f o r m e d  s t ra in  

EXPRESSION 

Recombinant protein Recombinant protein 
Figure 2. Strategy for the cloning of UDP-GIcNAc PP and UDP-GIc DH. 
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The optimal concentration of the inducer was found to (Quiagen) to each cell-free extract. The resin was then 
be 250 ~tM for the expression of UDP-GlcNAc PP and washed 10 times with low stringency buffer and loaded 
50 ~tM for UDP-GIc DH. Using this concentration and onto a column. The column was washed again with low 
shifting the temperature from 37 to 30 °C, 1 L of stringency buffer and subsequently with high stringency 
culture typically yields, respectively, 300 U and 40 U of buffer. UDP-GIcNAc PP was recovered from the resin 
enzyme in the crude cell lysate, using a low pH buffer (pH 4.0). The fractions with 

UDP-GlcNAc PP activity were pooled and concen- 
trated by ultrafiltration. 112 Units were recovered with 

Purification of the enzymes an overall yield of 40% and a purification factor of 25 
(Table 1). Although the specific activity of the 

Using a French press, crude cell lysate was obtained concentrated pool was 20.4 U mg -1, the most active 
from a 1-L culture of E. coli harboring pTrc-Pyr fraction eluted from the column demonstrated an 
plasmid and 4 L of E. coli harboring pTrc-DH. The activity of 50 U mg 1. In contrast, UDP-GIc DH was 
crude extract was subsequently clarified by centrifuga- recovered using a stepwise gradient of imidazole. Also 
tion and ultracentrifugation (see Experimental for in this case the active fractions were pooled and 
details) to yield 40 mL of cell-free extract for each concentrated by ultrafiltration. The enzyme was 
enzyme (276 U and 168 U, respectively). In the purified almost 50-fold (Table 1)with an overall yield 
pTrcHis expression system used in this work, each of 42% (70 units). The specific activity of the 
recombinant protein is expressed with a polyhistidine concentrated pool was 6.8 U mg -1, while the most 
tag on the N-terminus. This metal binding domain active fraction was 14 U mg -1. The purity of both 
displays a high affinity for Ni 2+ resins and allows one recombinant proteins was assessed by SDS-PAGE and 
step purification using chelation affinity chromato- coomassie blue staining (Figs 5A and 5B) and 
graphy. We therefore added 6 mL of NiZ+-NTA resin estimated to be greater than 90%. 

DH-EcK5 MFGTLKITVSGAGYVGLSN-GILMAQNHE--VVAFDTHQKKVDLLNDKLSPI-EDKEIENYLST--KIL 63 
DE-Bovine MFEIKKICCIGAGYVGGPTCSVIAHMCPEIRVTVVDINESRINAWNSPTLPIYEPGLKEVVESCRGKN~ 69 

DH-Strept SIKATLDSKAAYKEAELVIIA--TPTN-YNSRINYFDTQHVETVIKEVLSVNSHATLII--KSTIPIGF 123 
DH-EcOIll NFRATTDKYDAYRDGTYVIIA--TPTD-YDPKTNYFNTSSVESVIRDVVDINPNAVMVI--KSTIPVGF 123 
DH-F~K5 NFRATTNK~EAYKNANYVIIA--TPTN-YDPGSNYFDTSBV~AVIRD%TEINPNAIMVV--KSTVPVGF 127 
DH-Bovine FFS-TNIDD-AIKEADLVFISVNTPTKTYGMGKGPAADLK¥IEACARRIVQNSHGYKIVTEKSTVPVRA 136 

DH-$trept ITEMRQKFQTD ..... RIIFS-PEFLRESKALXDNLXPSRIIVSCEENDSPKVKADAEKFALLLKSAAK 186 
DH-Ec0111 TNLLKERLGID ..... N IFFS-PE~ALYD~EPSRIVIGER-SER ...... AGRFRALLQEGAV 179 
DH-EOK5 TKTIKEELGIN ..... NIIFS-PEFLREGRALYDNLHPSRIIIGEC-SER ...... AERLAVLF~AI 183 
DH-Bovine AESIRRIFDANTKPNLNLQVSNPEFLAE~EAIKLDKNPDRVLIGGDETPBGQRAVQA-LCAVYBRWVPR 204 

DH-Strept KNNVPVL ZMGAS ~ EAVKL FANTY LL LRVAYFNELDTTA ESRK IN $HMI I ~I SY DDRIG~ ~P SFG 255 
DH-Ec0111 KKDI PTLFTDST ~ F~I KL FANTY LL LRVAYFNELDSYA E~ IN 8P~ I Z EGVCL DPRIG~ XNNP ~ 248 
DH-EcK5 KQNIPVLFTDST ~ EAIKL FSNT~ IAMRVAFFNELDS~& BSFG LN TRQI I DGVCL DPRIG~ YNNP SFG 251 
DH-Bovine --- EKILTTNTWSS ELS KL ~ NAF IA QR I S$ I NS I SALCEATGADV~EV&TAIGMDQ RI GNKFLKASVG 270 

D H - S t r e p t  YGG YCLP KD TKQLL- - ANYNNI PQ--TL IEAIVSS NNV- RKSY IAKQ I I NVLKEQESPVK WGVY RLIM 319 
DH-F~0111 YGG YCLP KD TKQ]~L- - ANYASVPN - - NI IGAIVDA NRT- REDF IADS I LARKP ...... KVVOVYRLIM 305 
DH-F~K5 ¥GG YCLP KD TF~LL-- ANYQSVPN--KL ISAIVDANRT-RKDF ITNVILKHRP ...... QVV~VYRLIM 309 
DH-Bovine FGG SCFQ KDVLNLVYLCEALNL PEVAR~WQQVI DM NDYQRRRFASR- I IDSL-FNTVTDKKIAILGFAF 337 

DH-Strept KSNS DNFRESAZKDVIDIL KSKDIKI I IY EPMLNKLESKDQ SVLVNDLENFK R~ ANI I VE NR YDNELQD 388 
DH-Ec0111 KSGS DNFRASSI~IMKRI K~KGVPV I IY BPVMVBDEFFH - 8RVVRDLTAFK ~ ADZ 118 NRMTSBLAD 374 
DH-EcK5 KSG6 DNFRDSSILGI IKRI KKKGVKV I IT EPLI ~DTFFN- SPLRRELAIFKGK ADII IT ~MSBELND 405 

D H - S t r e p t  VIqN KVYSRDI FGR D 402 
DH-Ec0111 VAD KV~RGL F ~  D 388 
DH- EcK5 VVD KVYSRDL F l~  D 392 
D H - B o v i n e  G3ULP. VVICTEWI~IIF KELDY ER I HKIOIILKPAF I FDGRRVLDGLHNELQT I GFQ I leTI G K ~ S S  K 468  

Figure 3. Multiple alignment of the deduced amino acid sequences from the gene hasB (DH-Strept) of S. pyogenes, '1 the gene of E. coli 0111 t4 
(DH-Ec0111), the gene k f a C  of E. coli K5 is (DH-EcK5), and bovine liver dehydrogenase 17 (DH-Bovine). Strictly conserved residues among the 
four proteins are given in red. The residues conserved only within the three bacterial proteins are given in blue. 
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Stability of the enzymes 

A UDP-GIe DH. During the initial experiments, stability 
problems were encountered. Although the cell free 

5 ~ 1  extract was stable for at least a month when stored at 
Indt~ 0~00 = 0.S --70 °C, loss of greater than 70% of the UDP-GIc DH 

SO ~ Post-induction at 30 *C activity was experienced after storing the protein eluted 
from the Ni2--NTA column (in imidazol buffer) 

250 .7. overnight at either 4 °C, - 2 0  °C, or - 7 0  °C. Almost a 
1000 ~ complete loss of activity was encountered when the 

elute was concentrated by ultrafiltration. By simply 
adding 1 mM of the substrate (UDP-Glc) to the I I  mUlmgprot. 

O BUll_ imidazol buffer, nearly complete activity could be 
5 ! I1 maintained during the enzyme concentration step and 

_ for at least a few days at - 2 0  °C. Moreover, by adding 
50 ~ Induction ODeO0= 0.5 the substrate and either 1 mM 13-mercaptoethanol or 1 

Post.inductionat220C mM dithiothreitol (DTI'),  we noticed that enzymatic 
250 / IIIIIII l l l  activity was completely recovered after five days at 

4 °C, even in fractions which had lost all activity (Fig. 
1000 ~ 6). When stored at 4 °C with 1 mM UDP-GIc, 2 mM 

, , , D TF  in 3 M ammonium sulfate, pH 6, the purified 
0 200 400 600 UDP-GIc DH was stable for at least one month at 

4°C. 

The stability at 25 °C was also investigated (Fig. 7A). 
B The enzyme is quite stable for more than 20 h in the 

Induc~onOD600=0.5 presence of either substrate, indicating that the 
5 Postq~ue~n at30*c enzymes are suitable for use in synthesis. 

50 

250 L ~  UDP-GIeNAc PP. Both cell-free extract and purified 
enzymes are stable for months at - 2 0  °C (90% of the 

1000 original activity after a month) with lyophilize enzyme 
IlmUlmgprot. being the most stable form (data not shown). UDP- 
BU/I. GIcNAc pyrophosphorylase lost about 30% of the 

i~ 5 P InductionO0600=0.5 initial activity after 20 h at 25 °C in the presence of 
__ Poslqnduel~ at 22 *C DTT (1 mM) and GIcNAc-IP (1 mM). In the absence 

50 ,,~,,,,wm of reducing agent this loss is much higher, even if the 
substrates are dissolved in the reaction solution (Fig. 
7B). 

Induc~on OD600 = 1.0 
250 ~ Post-induc~on at 30 

It is worth noting that the two enzymes are active when 
' ' ' they are still 'immobilized' in the Ni2+-NTA resin 

0 50 100 150 (even though the activity is at least 2-fold lower than 
Figure 4. Influence of IPTG concentration and temperature on the the subsequently eluted enzyme). The immobilized 
productivity of UDP-GlcNAc PP (A) and of UDP-GIc DH (B). enzyme is stable for days (Fig. 8). 

Table 1. Summary of purification data for the two enzymes 

Protein Total activity Specific activity Yield Purification factor 
(mg) (units) (units mg -1) (%) 

UDP-GlcNAc PP 
1 Liter of culture 
Step: 
Cell Free Extract 345 276 0.8 100 1 
NiNTA column +conc. 5.5 112 20.4 40.6 25.5 
UDP-Glc DH 
4 Liters of culture 
Step: 
Cell Free Extract 1200 168 0.14 100 1 
NiNTA column +conc. 10.3 70 6.8 41.6 48.6 
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Effect of  pH 8 

The effect of pH on the enzymatic activity is shown in 7 
Figures 9A and 9B. Phosphate buffer, HEPES and 
Tris-HCl were used in the desired pH range. The 6 
optimum pH range for UDP-GIcNAc PP is quite broad 
(from 7 to 9); UDP-Glc DH shows a maximum of .~ 5 
activity between pH 8 and 9, depending upon the ~ 4 
buffer used. ~ 3 

Kinetic constants 2 ---O- Fr. 1 

The effect of substrate concentration was investigated 1 
for the two enzymes. 0 I [  I I I I I 

0 1 2 3 4 5 

Days 
kDa Figure 6. Restoration of activity in two UDP-Glc DH fractions 

eluted from the Ni2÷-NTA column by addition of 1 mM UDP-Glc 
and 1 mM 13-mercaptoethanol. 

6 7 -  . . . .  The results are shown as Lineweaver-Burk plots in 
I ~ Figures 10 and 11. However, the apparent Michaelis 

t constants listed in Table 2 were calculated by a 
4 3  . . . . . . .  ~ nonlinear least-square fit to the rate equation 17 to give 

more precise values. From the specific activity of 50 U 
mg ~ of protein determined for the most pure fraction 
of UDP-GIcNAc PP and assuming a molecular weight 
of 53 kDa for the recombinant enzyme (49.1 kDa for 

, , ,  ~ the glmU gene product plus 3.9 kDa for the peptide 
3 0 -  ~ ~ containing the hystidine domain), a turnover number 

1 (kcat) of 2660 min -1 was calculated. The turnover 
number of UDP-Glc DH is 676 min -1 when a specific 
activity of 14 U mg i of protein and a molecular 

A B C D weight of 48.3 kDa (44.1 plus 4.2 kDa) are assumed. 

k D a  Conclusions 

We have developed an efficient system for the overpro- 
. . . . .  ........ duction and facile purification of UDP-GIcNAc PP and 

UDP-GlcA DH. Optimization of the culture condition 
6 7 -  ~ ~ yields the best productivity for the cells and, thus, a 

better yield of the recombinant enzymes. It is worth 
noting that by using this one-step purification, the 

4 3  . . . . . . .  ~ specific activity of the most active fractions is in the 
same range (UDP-GIc DHtS), or higher (UDP-GlcNAc 
pp3,4ba9), than that previously reported for both these 
enzymes. 

The product of the gene kfaC in E. coil K5 has now 
3 0 -  ~ been clearly identified as UDP-Glc DH. This enzyme 

.... was purified to homogeneity from E. coli strain MC 
153 almost two decades ago ~s and has been shown to 
consist of two identical subunits of 47 kDa each, in 

A B C D contrast to the six subunits of 52 kDa demonstrated for 
the bovine liver enzyme. The primary structure of the 

Figure 5. SDS-PAGE analysis of UDP-Glc DH (top) and bovine UDP-Glc DH has been recently determined. 2° 
UDP-GIcNAc PP (bottom). (A) molecular weight markers; (B)crude It was shown to have a relatively high number of 
extract before IPTG induction; (C) crude extract after 4 n (DH) or 6 
h (PP) from the induction; (D) enzyme purified by chelation-affinity identical residues when aligned with the available 
chromatography. (Photo was electronically enhanced.) prokaryotic sequences (Fig. 2). However, among the 
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prokaryotic UDP-GIc DH sequences, the degree of 
homology is far higher. The higher molecular weight 1.5 
and the possibly greater structural complexity of the 
mammalian enzyme reflects the more complex control = 1.2 
requirements in eukaryotes, where the UDP- " 
glucuronate is used not only in the synthesis of 1,, 

glucoronides or polysaccharides but also is the '3 0.9 
precursor of UDP-D-xylose. -J ~ 0.6 
Some properties of UDP-GIc DH and UDP-GIcNAc "E 
PP, such as the stability at room temperature, the pH ~ 0.3 
dependence of the activity, and the substrate kinetics 
were also investigated, providing useful information for 
the use in the synthesis of complex glycoconjugates. 0 I I I I I I 

0 1 2 3 4 5 6 

A Days 
Figure 8. Analysis of the stability of UDP-GIc DH immobilized on 

100 NF + -NTA resin. 

9O 
Experimental 

80 ~ Materials 

70 - I All chemicals were purchased from commercial sources 
60 - as reagent grade. 

o 
< $0 5 - 6  3H-UTP (38 Ci mmo1-1) was purchased from ICN. 

~. -O--  NAO E. coli K12 (ATCC 10798) and E. coli K5 (ATCC o 
= 40 ~ --B--UDPG 23508) were obtained from American Type Culture m 
E ~ A None Collection. The vector pTrcHis was obtained from 

30 Invitrogen Co. (San Diego, CA). The host strain 
20 XL1-Blue MRF' was purchased from Stratagene Co. 

(San Diego, CA). The microorganisms were main- 
10 tained on LB (Luria-Bertani) medium. When host 
0 I I I I I : -'~ I I strains harbored with plasmids, LB medium containing 

250 pg mL -1 of ampicillin was used. 
0 3 6 0 12 15 18 21 24 

Time (hours) Methods 

PCR amplification. The E. coli K12 and E. coli K5 
B DNAs were isolated according to the method described 

1001 ] ~ by Maniatis, et a l .  13 PCR amplification was performed 
in a 100 gL reaction mixture containing 1 ~tL 

90 (approximately 1.5 gg) of DNA template, 300 nmol of 
primers, 200 mM of different dNTPs, 50 mM KCI, 10 

,., 80. mM Tris-HC1 (pH 8.3), 2 mM MgCI2, 0.01% gelatin, 
70- 0.1% Triton X-100, and 2 units of Thermus aquaticus 

,~, DNA polymerase. The reaction was overlaid with 
"~ 60 - mineral oil and subjected to 30 cycles of amplifications. 

= ~ --4k- GIcNAc-IP " 
o The cycle conditions were set as follows: denaturation, 
< 50" 94 °C for 2 min, 94 °C for 1 min, 55 °C for 2 min; and 
i 40 elongation, 72 °C for 1.5 min, 35 cycles. 

I 30 Construction of a UDP-GlcNAc pyrophosphorylase 
20 expression vector. The DNA obtained from PCR 

amplification was extracted with phenol/chloroform 
10 and precipitated with ethanol at - 7 0 ° C  for 30 min 

(70% of final ethanol concentration containing 10% of 
O I I I I I I I I 3 N Na-acetate,  pH 5.2). The  extracted D N A  was 

0 3 6 9 12 15 18 21 24 double digested with the corresponding restriction 
Time lhours) enzymes (Boehringer Mannheim Biochemical Co, 

Figure 7. Stability at 25 °C of UDP-GIc DH (A) and UDP-GIcNAc Indianapolis, IN). The  digested D N A  was then 
PP (B). recovered by phenol/chloroform extraction and ethanol 
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precipitation, and purified by agarose (0.8%) gel Screening for positive clones. The PCR method was 
electrophoresis. The DNA bands corresponding to used to screen for the positive clones. 20 Colonies were 
1370 bp (UDP-GIcNAc PP) and 1180 pb (UDP-Glc randomly selected from plates and grown in 100 mL of 
DH) were isolated from the agarose gel, extracted with LB medium with 250 Ixg mL -1 of ampicillin: 100 ~tL of 
QIAEX gel extraction kit (Qiagen Co., Chatworth, this culture was then centrifuged and the pellet 
CA) and eluted with TE buffer (10 mM Tris-HCl and resuspended with 50 txL of cell lysing buffer (20 mM 
1 mM EDTA, pH 7.5). This DNA was used as insert. Tris-HC1 containing 1% Triton X-100 and 2 mM 
The vector pTrcHis-A was also digested with 5 U mg-] EDTA, pH 8.5). After heating with boiling water for 5 
DNA with the corresponding restriction enzymes and min, the solution was used directly as the DNA 
recovered with ethanol precipitation after the template for PCR amplification. The procedure for the 
extraction of phenol/chloroform. The restriction PCR amplification was the same as that described in 
enzyme-digested vector was further purified in agarose the amplification of this gene except 3 ~tL of the cell 
gel as described above. The insert was then ligated with lysing solution was used to replace the E. coli DNA. 
the vector by T4 DNA ligase. 13 The ligated DNA was Since the host E. coli XL1-Blue also contains a gene 
then transformed into supercompetent epicurean E. encoding UDP-GIcNAc PP, there may be, in this case, 
coli XL1-Blue MRF' strain and plated on LB agar some background amplification for non-recombinants. 
plates which contained 250 mg/mL ampicillin However, the positive clones showed very intensive 

amplification which form a dense band on agarose gel 
(0.8%) due to the higher copy number of the target 
gene presented in the cells. Three clones which gave 
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Figure 9. Effect of pH on the enzymatic activity of UDP-Glc DH Figure 10. Effect of UTP (A) and GIcNAc-IP (B) concentrations on 
(A) and UDP-GIcNAc PP (B). UDP-GIcNAc PP activity. 
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the best amplification were selected and investigated template for another PCR reaction and the product 
for the level of protein expression. At this stage, the was analyzed on agarose gel to confirm the gene insert. 
plasmids were also extracted from an aliquot of 
culture; the isolated plasmids were then used as the Expression of the recombinant proteins. The trans- 

formed E. coli strains were grown on LB medium 
containing 250 ~tg mL -1 of ampicillin to mid-logar- 

A ithmic phase (OD6oo 0.4-0.5) at 37 °C and then induced 
with 250 ~tM of IPTG. After induction the temperature 

8 was reduced to 30 °C and the bacterial grown for 
another 6 (UDP-GIcNAc PP) or 4 h (UDP-GIc DH). 

°'eT A ~_--------~ ~ S -  The expression level of the recombinant enzyme was 
0.4 ~ , ~ v  - 6 ~ followed with time and examined by SDS-PAGE in a 

> Phastsystem (Pharmacia Co.) using precasted gels with 
0.2~ a J  a 10-15% gradient of polyacrilamide. The most 

0 | 0 I I 0 n / 7  ~, productive clone for each enzyme was selected and 
0 o.2o.4o.8o.8 1 4 a , J  ~ analysis of the influence of IPTG and of the 

[IjDpG! 7 temperature post-induction was carried out. 

Preparation of a cell free extract. A cell free extract 
of the enzyme was obtained from 1 L (UDP-GlcNAc 
PP) and 4 liters (UDP-Glc DH) of culture broth. 
Briefly, the cells were harvested and washed with 20 

I " I ~ : I I I I mM NaH2PO4, pH 7.8. The cells were then suspended 
-100 -50 0 50 100 150 200 in 30 mL of the same solution and disrupted by a 

French Press (1600 psig). The lysed cells were then 
tI[UDPG! centrifuged at 18,000xg for 20 min, and the 

supernatant was ultracentrifuged for 1 h at 100,000 xg. 

One step chelation affinity purification. The cell free 
B extracts described above were made up to 40 mL 

8 containing 500 mM NaC1 by using a native binding 
buffer solution of 20 mM NaH2PO4 and 2 M NaC1, pH 

0 . a - r  7.8. To this solution, 6 mL of Ni2+-NTA agarose resin 
0.6-[- -, ---~ (Quiagen) was added. The resin was then washed 10 

> 0 . 4 ~ ' F  - 6 times with native binding buffer at low-force centrifu- 
gation (800 ×g) and loaded onto a column (1 x 15 mL). 

0.2 Z The column was subsequently washed on with another 
0 • . . . . .  . . . .  500 mL of native binding buffer (0.8 mL min -~) and 

0 o.s 1 1.5 2 4-  500 mL of high stringency buffer (20 mM NaH2PO4, 
[K~I 500 mM NaC1, pH 6.0). At this point the OD28o of the 

elute was < 0.01. UDP-GIcNAc PP was recovered from 
the resin by using a lower pH buffer (20 mM NaH2PO4, 

/ ~  0.5 M NaC1, pH 4.0), while UDP-GIc DH was 
recovered from the corresponding column by using an 
imidazol buffer (20 mM NaH2PO4, 0.5 M NaC1, 0.3 M 

I I imidazol, pH 6.0). Fractions of 1 mL were collected, 
-t0 0 t0 20 analyzed by SDS-PAGE 21 and tested for enzymatic 

activity. The active fractions were pooled together, 
1/[NAD] concentrated by ultrafiltration (Amicon), and 

membrane with a 30 kDa cut-off. Figure 11. Effect of UDP-GIc (A) and NAD (B) concentrations on 
UDP-GIc DH activity. 

Enzyme activity assay 
UDP-GlcNAc PP. The assay mixture contained 1 

mM GIcNAc-I-P, 5 mM UTP, 5 mM MgCI2 and the 
Table 2. Summary of purification data for the two enzymes enzyme in 100 mM HEPES, pH 7.5. The mixture was 

incubated at 25 °C for 10, 20, and 30 min. The reaction 
UDP-GIcNAc PP UDP-GIc DH was terminated by the addition of acetic acid (10% of 

the mixture's volume). The mixture w~s filtered by an 
KmUTP 12.5+4~tM KmUDP.GI c 15+2.51aM Ultrafree-MC (Millipore, MA) membrane (cut-off, 
Km6|cNAclP 11.3 + 1 laM KmNAD 199 + 20 pM 10,000 kDa). The reaction products were then 
kcat 2660min -~ kcat 676min-l separated by HPLC on a Parsital SAX column 

(Whatman) eluted with a sodium phosphate buffer 
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(100 raM, pH 3.25, flow rate: 0.5 mL min-1). A computer program (Hyped)was  used according to 
Quantification of the UDP-GlcNAc was determined by Cleland. ~7 
the elution Pick's area. In another assay method, 
H3-UTP was used. 4 ~tL of reaction mixture was then 
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