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The bacterinm Sphingomonas chungbukensis DJ77 produces the extracellular polysaccharide gellan in lugh vield.
Gellan produced by this bacterium is widely used as a gelling agent, and the enzyme UDP-glucose pyrophosphorylase
(1JGP) is thought to play a key role in the gellan biosynthetic pathway. The UGP gene has been successfully cloned
and over-expressed in £. cofi. The expressed enzyme was purified with a molecular weight of approximately 32
kDa, as determined by a SDS-polvacrylamide gel, but the enzyme appears as ca. 63 kDa on a native gel, suggesting
that the enzvme is present in a homodimer. Kinetic analysis of UDP-glucose for UGP indicates Kip = 1.14 mM and
Foax = 10.09 mM/min/mg at pH 8.0, which was determined to be the optimal pH for UGP catalytic activity. Amino
acid sequence alignment against other bacteria suggests that the UGP contains two conserved domains: An activator
bmding site and a glucose-1-phosphate binding site. Site-directed mutagenesis of Lys194, located within the
glucose- | -phosphate binding site, indicates that substitution of the charge-reversible residue Asp for Lys194
dramatically impairs the UGP activity, supporting the hypothesis that Lys194 plays a critical role in the catalysis.
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Introduction

The bacterium Sphingomionas chungbukensis DJ77 (pre-
viously identified as a Pseudomonas species)l has been
isolated from contaminated freshwater sediment in Dagjeon.
Korea.” S chungbukensis DJ77 has been shown to produce
large quantities of extracellular polysaccharide (EPS) gellan.
which canbe used as a gelling agent for food and pharmaceutical
use.” The EPS gellan is a linear tetrasaccharide composed of
repeating units of p-D-glucuronic acid. 3-D-glucose. and a-
L-rhamnose” in a 2:1:1 ratio. ‘The EPS biosynthetic pathway
has been partially elucidated:™” however. further investigation
is needed to completely delineate the pathway. Thus cloning.
expressing and characterizing the gemes involved in EPS
gellan biosy nthesis is critical for metabolic engineering of the
pathway.

Uridine diphosphate (UDP) - glucose pyrophosphorylase.
also termed glucose-1-phosphate uridylvitransferase (UGP.
EC 2.7.7.9) is a cyvtosolic enzy me that catalyzes the reversible
formation of UDP-glucose and inorganic pyrophosphate from
UTP and glucose-1-phosphate. In addition, this enzyvme is
thought to catalyze the reversible conversion of galactose to
glucose by way of the Leloir pathway.” The ugp gene
deficiency experiments in £. cofi support the hypothesis that
the enzyvme also converts galactose to glucose.8 UGP activity

has been found in both prokarvotes and eukaryotes, although
the prokaryotic and eukaryotic enzymes differ significantly.
In prokaryotes. UGP is essential for the biosynthesis of several
polysaccharides such as EPS. lipopolysaccharides, and capsular
polysaccharides.”'" The enzyme product. UDP-glucose. has
been known to be a precursor for the synthesis of the tetrasac-
charidic unit that is involved in EPS biosynthesis'' and so it is
of keen interest to investigate the cloning and characterization
of the #gp gene in this bacterium.

In this work. we report the cloning and expression of the
ugp gene and purification of UGP from S chungbukensis
DJ77. Amino acid alignment. kinetic analysis and site-directed
mutagenesis experiments were carried out to characterize the
enzyme.

Experimental Section

Materials. 5. chungubkensis DJ77 and its fosmid library
were prepared in the laboratory of Dr. Young-Chang Kim.~
Fosmid library construction was carried out according to
methods described pre\-'iousl_\-'.]3'1‘1 using CopyCoutrolT'“
Fosmid Library Production Kit (Epicentre. Madison, USA).
The restriction enzymes and T+ ligase were purchased from
Roche (Mannheim. Germany). while Taq polymerase and
other components for PCR were purchased from Bioneer Inc.

Abbreviations: EPS, extracellular polysaccharide; NADP', nicotinamide adenine dinucleotide phosphate: UGP, UDP-glucose pyrophos-
photase; IPTG, isopropvl] thio-beta-D-galactoside; PCR, polvinerase chain reaction; pl, isoelectric point; SDS, sodium dodecyl sulfate;

PAGE, polyacrylamide gel electrophoresis
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(Daejeon. Korea). PCR primers were svnthesized by Genotech
(Dagjeon. Korea).

Gene selection. Based on the S. chungubkensis DJ77 geno-
mic database (http://bioinfo.chungbuk.ac kr), we found a cu292
fosmid clone that contains the #gp gene. Using the fosmid
clone, we determined the whole gene sequence with the primer
walking method. The reverse primers used were: 5 -GGTCA-
CGAAGATCAGATGCT-3", 5°-GAGATCCAGCTGACCG-
ATG-3". 3"-GTCTGAAACGGGGTAAGCCA-3". and 5°-TG-
TCACTGCGCATCACGTTG-3".

Construction of expression vectors. PCR amplification was
done using the following forward primers: (5'-AAGGAT-
CCCATGTCCTACAAACCGATTC-3") and (3°-TTGGAT-
CCTCAGGCCGCGGCGGCAAT-3"). where the underlined
sequences indicate the BamHI restriction site. Genomic DNA
was used as a template for PCR. The BamH I-digested PCR
products were inserted into the pET-15b expression vector
using T4 DNA ligase. Finally, £. co/i BL21{DE3)pLysS was
transformed with the cloned plasmid. The sequence of the
insert was confirmed by DNA sequencing in both directions.

Expression and purification of recombinant pmotein, The
transformed E. cofi strains BL2 1(DE3)pLysS were grown at
37 °C in LB medium containing 30 mg/L ampicillin, until the
optical density of the culture at 600 nm reached 0.6. The
inducer IPTG was added to the culture at a final concentration
of 0.1 mM. followed by growth for 5 h at 30 °C. Cells were
harvested by centrifugation at 5.000 g for 20 min. The cell
pellet was resuspended in buffer (30 mM Tris. pH 8.0. 300
mM NaCl). The cell suspension was lysed by sonication on
ice. and the soluble fraction was obtained by centrifugation at
20.000 g for 30 min. The supernatant was applied to a GE HP
high trap nickel affinity column. The protein purification
procedure was conducted as described by the manufacturer’s
protocol provided from Qiagen. and the purified protein was
analvzed on SDS-PAGE. Native-gel electrophoresis was done.
with methods described previously."* Protein concentration
was estimated by the Bradford method."” using a bovine
senun albumin standard.

Enzyme assay. The activity of UGP was assayved by
previously described methods. 181" The UGP-catalvzed glucose-
l-phosphate was converted to glucose-6-phosphate by the
enzvme phosphoglucomutase (purchased from Roche Co.).
The glucose-6-phosphate was then used as substrate for
glucose-6-phosphate dehvdrogenase (purchased from Roche
Co.) with NADP used as a cofactor. The UGP activity was
monitored via the increase of NADPH concentration by the
reduction of NADP™, and the absorbance at 340 nm was
detected using a Beckman DU-650 spectrophotometer at 30
°C. The standard reaction mixture for UGP activity assay
contained 100 mM Tris-HCI (pH 8.5). 2 mM pyrophosphate. 10
mM MgCl», 10 mM NADP™. 1 unit of phosphoglucomutase.
and 1 unit of glucose-6-phosphate dehvdrogenase. along with
0.05- 1.2 mM UDP-glucose. ™™™ To study the effect of
changing pH. 100 mM MES (pH 3.3 - 6.3), 100 mM MOPS
(pH 6.5 - 8.0) and 100 mM TAPS (pH 8.0 - 9.5) were used.

Site-directed mutagenesis, The PCR mega-primer method
was used to produce site-specific mutations in UGP.” The
pET15b-ugp plasmid was used for the site-directed muta-
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genesis with the mutagenic primers (K194D: 5°- GTG GAA
GAT CCC GCT CCA-3". K194R: 5°-GTG GAA AGG CCC
GCT -37). where the underlined text indicates the bases where
the mutation was introduced.

Results and Discussion

The fosmid library of S. chungbukensis DI77 was used to
find the ugp gene, which was predicted to be in the cu292
fosmid clone. PCR was used to amplify the full gene from the
genomic DNA, and the PCR products were cloned into the
expression vector pET15b (pET-15b-ugp). The inserted gene
sequence was confirmed by DNA sequencing. Overexpression
of the gene using an £. coli system was successful. and the 6x
His-tagged enzvme was purified to homogeneity. The enzyme
displayed one band on SDS-PAGE with Coomassie Blue
staining, and the molecular weight was estimated to be approxi-
mately 32 kDa, which is consistent with a calculated value of
32.1kDa (Figure 1).

Amino acid sequence homology analysis. using translation
data based on the #gp gene sequence of S. chumghukensis
DJ77. shows a high degree of amino acid sequence homology
with the ugp gene of other organisms. particularly S. paucimo-
bilis. This homology is likely due to both organisms belonging
to the same genus. The UGP from the bacteria Zvinananas and
Novosphingobium also show high amino acid sequence sitnil-
arity with that of Sphingomonas. UGPs from other bacteria
(e.g.. Gluconacetobacter. Rhodopseudonona, Brucella. and
Bradvrhizobium) show fairly high similarity (58 - 60% identity)
in the amino acid sequence as well. Table 1 summarizes the
amino acid sequence homology analysis.

A multiple amino acid sequence alignment of UGP enzymes
across several bacteria including S chungbukensis DI77 was
carried out to determine conserved regions that may play an
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Figure 1. SDS-PAGE analysis of UGP. M, molecular markers; Lane
1. crude cell extract from E. coli BL21 (DE3)pLysS without IPTG:
Lane 2, crude cell extract from E. cofi BL21 (DE3)pLysS with [PTG.
Lane 3: UGP puritied by His-tag purification.
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Table 1. Companson of S. cfumgbufensis DI77 UGP with other homo-

logous proteins.

Organism
Product

Identities (%5)
Positives (%)

Sphingomonas paucimobilis
UDP-glucose pvrophosphorylase

2177291 (74)
248/291 (85)

Zvmomonas mobilis
UTP-glucose-1-phosphate uridyltransferase

183/289 (63)
2264289 (78)

Novosphingobitm aromaticivorans DSM12444
UDP-glucose pyrophosphorylase

1847265 (71)
2337292 (80)

Ghiconacetobacter xviinus
UDP-glucose pvrophosphorylase

167/284 (38)
215/284 (75)

Rhodopseudomona palustris CGANDY
UTP-glucose-1-phosphate unidylyvltransterase

1687277 (60)
200277 (73)

Brucella suwis 1330
UTP-glucose-1-phosphate undylyltransterase

166/279 (59)
2017279 (72)

Bradvrhizobium japonicum VUSDA110
UTP-glucose-1-phosphate uridylvltransterase

1672277 (60)
199277 (71)

important role in the UPG enzyme activity. Figure 2 shows
the results of the multiple sequence alignment comparison of
UGP enzymes from various organisms. Two important con-
served regions were found in the amino acid sequence using
the CLUSTAL W program (Figure 2). The N-terminal region
of the UGP contains the GXGTRXLPATK motif. which is
highly conserved amongst bacterial UGP enzvmes. It has been
suggested that this domain is the activator-binding site. ™
The other conserved domain amongst bacterial UGPs was
found in the amino acid sequence shown in Figure 2. which is
believed to be the glucose-1-phosphate binding site.”™ We also

Domain 1
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Figure 3. Optimizing the reaction pH for UGP activity. The pH of the
assay solution MES (5.5 - 6.5), MOPS (6.5 - 8.0) and TAPS (8.0 -
9.3) bufters.

found a conserved lvsine residue in the binding site. which is
likely to play a critical role in the enzymatic catalysis.™

[t was also important to determine the optimal pH for UGP
activity. To do so. we carried out the enzyme assay overa pH
range from 5.5 t0 9.5. Figure 3 shows the results of the enzyme
activity as a function of pH, indicating maximum activity is
obtained at pH = 8.0.

To determine whether the enzyme has multiple subunits,
we used anative gel, and the results are shovwn inFigure 4. In the
denaturing gel (SDS-PAGE). the estimated mass of the monomer
is 32 kDa; however. the native gel displays a barkd corresponding
to an estimated mass of 63.17 kDa (results not shown). This
result provides evidence that the protein forms a homodimer.

Domain II
Glucose-1-P-binding site

S. chungbukensis DJ77 A|G|L|C T R|FIL PA T K|S VIP K E|L|L|P 33) LIVE K P|AP GT|A P S|N (203)
S. paucimobilis AlGILIC TRIF|IL P AT K|A H|[P K E|N|L|P (33) L[VEKP|AP GT|AP SN (201)
2 mobilis AlclQ[c TRIF[L P AT K|A H|P KEIN|L|P 3y L[VEKP|EK - - |AP SR (290
6. xyinus AlGILIC T RIFILPATKICVIPKEN|LIT o LIVEKPDPKDAPSIT o0
, AlelLlc TRIVILP AT K|AHIPKEIN|LIT " HIVEKPAPGT|AP SIN
R. palustris CGAD09 (30) (200)
e AlelLlc TRIVILP AT K|AHIP KEIN|LIT 7 HVEKPAKGT|AP S|N
B japonicum USDA 110 1ol le T RIFIL P AT K|S 1P KEINLT ®¥ HlvEKPlAK GT|AP 8|N 292
B suis 1330 AlGILICTRIFILPATK|T I[P KEINIL|T B HVEKP|KKGT|AP s|N (204)
B. Henselae str. AlelLlc TRIFILP AT K|AL|P K E[N|L|T (33) H|VE K P|K P K D|A P s|N (204)
N sp Ale|Llc TRIFIL P AT K|A VP K E[N|L|T (31) H[VE K P|AK GT|A P SN (201)
A. tumefaciens str. C58 B (34) (204)

Figure 2. Multiple alignment of the two characteristic consensus amino acid sequences. The domain I motif contains the activator-binding site
of the enzyme. the domain Ll motif contains a glucose-1-P-binding site of the enzyme. Numbers of intervening amino acid are given in
parentheses. S. chungbukensis DI77, Sphingomonas clumgbukensis DITT. S. paucimobilis, Sphingomonas paucimobilis. Z. mobilis,
Zvmomonas mobilis. G. xviinus, Gluconecetobacter xviinus: R. patusris CGAO09, Rhodopsendomonas palustris CGA009. B. japonicum
USDA 110, Bradyshizobitm japonictim USDA 110, B. suis 1330, Brucella suis 1330, B. henselaestr, Bartonella henselae, N. sp,
Novosphingobiunt species, A. tumefaciens str. C58, dAgrobacteriunt tunefuciens str. C58
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Figure 4. Kinetic analysis of UGP. Purified UGP was incubated with
varied concentrations of UDP-glucose, and the enzvme activity was
determined.

To support the hypothesis that the gene product is UGP,
enzyvme activity experiments were carried out vi¢ measure-
ments designed to monitor the increase in the absorbance at
340 nm with increased NADPH concentration. To examine
the effects of substrate concentration on enzvmatic activity.
the enzyme assay was conducted over a wide range of UDP-
glucose concentrations. Figure 4 shows the results of the
enzyme activity assay as a function of UDP-glucose concent-
ration. The enzyme activity was higher at low substrate con-
centration (0 - 0.4 mM) and was decreased at higher concent-
rations of the substrate ( > 0.4 mM). indicating substrate inhibi-
tion occurs at higher concentrations. Therefore, we conclude
that a UDP-glucose concentration of 0.4 mM is optimal for
enzyme activity. Kinetic data was collected for the conversion
of UDP-glucose to glucose- L-phosphate. The K and T e values
of the enzvme were measured at pH = 8.0 at a UDP-glucose
concentration of 0.4 mM. and values of 1.14 mM for X, and of
10.09 mM/min/mg for J o were determined.

We performed site-directed mutagenesis experiments to
determine whether the conserved amino acid. Lysl94. is
involved in the enzyvme activity. A charge-reversal mutagenic
substitution was carried out at Lys194 by mutation to Asp.
and no enzymatic activity of K194D was detected. This result
indicates that Lys194 plays a critical role in the enzvme me-
chanism. In addition. we also substituted an Arg for Lys194
(which is a conserved substitution of one positive charged
side chain for another). The A and | ma values for the Arg-
substituted enzyme however. were significantly lower than
those of the wild-type enzyvme. suggesting that the proximity
of the Lys residue to the substrate is essential for catalysis.
Table 2 summarizes the kinetic data for wild-tvpe UPG and its
variants.

To date. a X, value of 7.5 pM for S paucimobilis ATCC
31461" is the highest value known to these authors. and the
lowest known is 3.2 mM for.dcerobacier xyilimun ** Thus. our
K value of 1.14 mM for S. chungbukensis UGP lies within
the range for comparable systems. It should be noted that the
K value cannot be a conclusive value for the affinity between
the substrate and the enzyme. but no information about binding
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Table 2. Kinetic parameters of the wild type and variant UGPs.

4 I vmax 2 -1 kcatlk’m
K (mM) (mM/min/mg) e (57) (5'];’11]_1\/[)
Wild-type 1.14 10.09 27.04 2371
K194D No enzvmatic activity
K194R 0.31 1.77 4,74 929

constants for the enzyme is available. so we included the K,
values as affinity values.

We observed substrate inhibition, and to our knowledge,
this kind of inhibition has not been reported for any UGP
enzymes. The mechanism of the substrate inhibition was related
to a second, non-active site binding on the enzyme. which
resulted in a decrease in enzyme activity at higher substrate
concentrations. In this study we used a coupled method in which
other molecules may act as the second substrate: however. to
identify the other molecules, further investigation is needed.

The Lys194 is located within the VEKP (Val-Glu-Lys-Pro)
motif. which is found in many bacterial enzymes. and is predict-
ed to be essential for substrate binding or catal}-'sis.j2 Our
site-directed mutagenesis data show that substitution of the
charge-reversible residue Asp for Lys194 within the consensus
sequence motif dramatically impairs the UGP activity. support-
ing the hypothesis that the Lys194 plays a critical role in the
catalysis.

Inconclusion. it has been determined by gel electrophoresis.
amino acid alignment. kinetic analysis. and site-directed muta-
genesis experiments that our gene product is highly likely to be
the UGP enzyme. As understanding UGP is essential to EPS
biosynthesis, future study should examine the role of UGP in
the biosynthetic pathway. This could be done by disrupting the
gene inS. chumgbukensis DI77. and then evaluating the contribu-
tion of this enzyme to EPS biosynthesis in this bacterium.
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