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Abstract Mannosylglycerate is known as a compatible
solute, and plays important roles for salinity adaptation and
high temperature stability of microorganisms. In the gene
cluster for the mannosylglycerate biosynthetic pathway
predicted from the genomic data of Pyrococcus horikoshii
OT3, the PH0925 protein was found as a putative bifunc-
tional enzyme with phosphomannose isomerase (PMI)
and mannose-1-phosphate guanylyltransferase (Man-1-P
GTase) activities, which can synthesize GDP-mannose
when accompanied by a phosphomannomutase/phospho-
glucomutase (PMM/PGM) enzyme (PH0923). The recom-
binant PH0925 protein, expressed in E. coli, exhibited both
expected PMI and Man-1-P GTase activities, as well as
absolute thermostability; 95 °C was the optimum reaction
temperature. According to the guanylyltransferase activity
(GTase) of the PH0925 protein, it was found that the pro-
tein can catalyze glucose-1-phosphate (Glc-1-P) and glu-
cosamine-1-phosphate (GlcN-1-P) in addition to Man-1-P.
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The analyses of C-terminus-truncated forms of the PH0925
protein indicated that sugar-1-phosphate nucleotidylyl-
transferase (Sugar-1-P NTase) activity was located in the
region from the N-terminus to the 345th residue, and that
the C-terminal 114 residue region of the PH0925 protein
inhibited the Man-1-P GTase activity. Conversely, the PMI
activity was abolished by deletion of the C-terminal 14 res-
idues. This is the first report of a thermostable enzyme with
both PMI and multiple Sugar-1-P NTase activities.
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phosphate nucleotidylyltransferase - Genomic information -
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Abbreviations

SDS-PAGE Sodium dodecyl sulfate polyacrylamide
gel electrophoresis

ORF Open reading frame

MOPS 3-Morpholinopropanesulfonic acid

PMI Phosphomannose isomerase

Man-1-P GTase = Mannose-1-phosphate
guanylyltransferase
GDP-mannose
Sugar-1-phosphate
nucleotidylyltransferase
Glucosamine-1-phosphate

GDP-Man
Sugar-1-P NTase

GIcN-1-P

Introduction

Most microorganisms accumulate compatible solutes, low
molecular weight organic metabolites, for resistance and
adjustment to changes in external osmotic pressures or
increase in temperatures in the immediate environment.
In an anaerobic hyperthermophilic archaeon, Pyrococcus
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horikoshii was isolated from an Okinawa trough in 1992
(Gonzdlez et al. 1998) and for which the entire genomic
sequence was published in 1998 (Kawarabayasi et al.
1998), mannosylglycerate (MG) was found to be the
main compatible solute that accumulated in response to
increased external osmotic pressure (Empadinhas et al.
2001). This archaeon synthesizes MG only via a two-step
pathway involving formation of a phosphorylated manno-
syl-3-phosphoglycerate with mannosyl-3-phosphoglycerate
synthase (MPGS) (Empadinhas et al. 2001).

Based on genomic data, only archaeal species within
the genera Pyrococcus and Thermococcus among all ther-
mophilic microorganisms that accumulate MG, possess
a 4-gene cluster for its biosynthesis (Empadinhas and da
Costa 2011). The outline of this pathway is shown in the
supplemental Fig. 1. The gene cluster in P. horikoshii con-
tains four genes encoding phosphomannomutase/phospho-
glucomutase (PMM/PGM: PH0923), phosphomannose
isomerase/mannose-1-phosphate guanylyltransferase (PMI/
Man-1-P GTase: PH0925), mannosyl-3-phosphoglycerate
phosphatase (MPGP: PH(0926), and MPGS (PH0927).
The actual activities on the gene products of PH0926 and
PHO0927 have already been reported (Empadinhas et al.
2001), and the activity of the PH0923 protein was con-
firmed by work from our group (Akutsu et al. 2005). How-
ever, the actual activities and properties of the PH0925 pro-
tein remain undocumented.

The PH0925 gene was expressed in E. coli, and puri-
fied recombinant protein was used for biochemical analy-
ses to characterize the actual enzymatic activities. In this
work, it was shown that the recombinant PH0925 protein

actually exhibited PMI and Man-1-P GTase activities as
well as extreme thermostability. In addition to the expected
Man-1-P GTase activity, the PH0925 protein accepted glu-
cose-1-phosphate (Glc-1-P) and glcosamine-1-phosphate
(GIcN-1-P) as substrates for its sugar-1-phosphate nucleoti-
dylyltransferase (Sugar-1-P NTase) activity. Analyses of a
series of truncated forms of the PH0925 protein indicated
that PMI and Sugar-1-P NTase activities were, respectively,
catalyzed by the N- and C-terminal region of the protein.

Materials and methods
Bacterial strains and materials

Pyrococcus horikoshii OT3 (JCM 9974), an anaerobic
hyperthermophilic archaeon, was obtained from the Japan
Collection of Microorganisms (JCM). Culture of this
archaeon and preparation of its genomic DNA were carried
out as previously described (Kawarabayasi et al. 1998).
Escherichia coli strain DH5a, used for plasmid cloning,
was obtained from Takara Bio Inc. (Ohtsu, Shiga, Japan),
and strain BL21-Codon Plus(DE3)-RIL, used for expres-
sion of recombinant protein, was obtained from Stratagene
(La Jolla, CA, USA). KOD-plus DNA polymerase used
for PCR amplification was purchased from Toyobo Co.,
Ltd. (Osaka, Japan). The restriction enzymes and T4 DNA
ligase used for gene manipulation were obtained from New
England Bio Labs, Inc. (Beverly, MO, USA). Phosphoglu-
cose isomerase and glucose-6-phosphate dehydrogenase
from Geobacillus stearothermophilus were obtained from
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Fig. 1 Comparison of amino acid sequences between the PH0925
protein and the bacterial bifunctional enzymes with PMI and Man-
1-P GTase activities. Pa indicates a bifunctional enzyme with PMI
and Man-1-P GTase activities from Pseudomonas aeruginosa
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Seikagaku Corporation (Tokyo, Japan). Lysozyme from
chicken egg white was obtained from Wako Pure Chemi-
cal Industries, Co., Ltd. (Osaka, Japan). Deoxyribonucle-
ase I was purchased from Takara Bio Inc. Lysozyme from
chicken egg white was obtained from Wako Pure Chemi-
cal Industries, Co., Ltd. (Osaka, Japan). The plasmid vector
pET28a was purchased from Novagen (Merck, Darmstadt,
Germany). NTP, dNTP, GDP-mannose, GDP-glucose, all
sugar-1-phosphates used in this study, mannose-6-phos-
phate (Man-6-P), and nicotinamide adenine dinucleotide
phosphate oxidized form (NADP) were purchased from
Sigma Chemical Co., Ltd. (St. Louis, MO, USA).

Primers used in this work

Each primer sequence and all primer combinations used for
PCR amplifications are, respectively, listed in the supple-
mental Tables 1 and 2.

Construction of expression vectors

To enable the expression of wild-type PH0925 protein with
a histidine tag at the N-terminus, two primers (dPH0925F
and dPHO0925R in supplemental Table 1) were, respec-
tively, designed from the 5’ and 3’ terminal sequences of
the PH0925 gene; dPHO925F contained an Nde I site and
a start codon (respectively, indicated by single underline
and italics in supplemental Table 1); dPH0925R contained
a BamH 1 site and a stop codon (respectively, indicated
by double underline and in bold in supplemental Table 1).
Ten nanograms of P. horikoshii OT3 genomic DNA and
10 pmol of each primer were used for PCR amplifica-
tion in 50 pL of standard PCR reaction solution contain-
ing 50 mM Tris-HCI (pH 7.5), 30 mM NaCl, and 2 mM
of each ANTP. 30 cycles with a temperature profile of
1 min at 95 °C, 1 min at 55 °C, and 2 min at 72 °C were
performed with 2.5 units of KOD-plus DNA polymerase.
The PCR products were digested with Nde I and BamH
I and ligated with vector pET28a digested with the same
restriction enzymes. After confirmation of their nucleotide
sequences, the plasmid possessing the full-length PH0925
coding region with a histidine tag at the N-terminus was
designated as pETPHO925H.

To construct expression plasmids encoding a series of
C-terminus- or N-terminus-truncated forms of the PH0925
protein, combinations of the dPH0925F and dC_R series
primers (for C-terminal truncations) or dN_F series prim-
ers and the dPH0925R primer (for N-terminal truncations)
were, respectively, used to PCR amplify truncated PH0925
genes. Each amplified PCR fragment was digested with
Nde 1 and BamH 1, and ligated with the pET28a plasmid
digested with the same restriction enzymes. The nucleotide
sequence of each expression vector encoding the truncated

PHO0925 gene was confirmed; plasmid designations and
predicted coding information are listed in supplemental
Table 2.

Expression and purification of the recombinant
proteins

Each confirmed expression vector was introduced into the
E. coli strain BL21-Codon Plus(DE3)-RIL cells. The trans-
formed E. coli was grown in 2 L of LB medium contain-
ing 75 pg/mL kanamycin and 50 pg/mL chloramphenicol
at 25 °C until the absorbance at 600 nm reached 0.6. Iso-
propyl B-D-thiogalactopyranoside was added to a final con-
centration of 1 mM, and aeration was continued for 15 h at
25 °C to induce expression of recombinant proteins. After
induction, E. coli cells were collected by centrifugation at
5000x g for 15 min, washed with 300 mL of 50 mM MOPS
(pH 7.6), and suspended in 180 mL of 50 mM MOPS (pH
7.6). Lysozyme and deoxyribonuclease I were, respectively,
added to a final concentration of 0.2 mg/g of wet-cell pel-
let and 10 pg/mL, to each cell suspension, then each cell
suspension was treated for 30 min on ice. The treated cells
were ruptured by sonication with a Vibra cell (SONICS,
Newtown, CT, USA), using 30 cycles of 10-s pulses fol-
lowed by a 50-s rests on ice. Each lysate was centrifuged
at 20,000xg for 30 min at 4 °C, and each supernatant
was collected as a soluble fraction. Each soluble fraction
was treated at 80 °C for 30 min and then centrifuged at
20,000x g for 30 min at 4 °C. The recombinant proteins
were purified by the nickel-loaded HiTrap Chelating HP
column (GE healthcare, Piscataway, NJ, USA) according to
the manufacturer’s instruction. Proteins contained in 3 pwL
of elution solution were separated by 0.1 % SDS, 10 %
polyacrylamide gel electrophoresis and detected by stain-
ing with Coomassie Brilliant Blue R-250. The recovered
proteins were dialyzed against 50 mM MOPS (pH 7.6).
The purified proteins were stored at 4 °C. Concentration
of purified proteins was determined by the BCA protein
assay reagent kits (Pierce Biotechnology, Inc., Rockford,
IL, USA).

Assay of phosphomannose isomerase (PMI) activity

As the PMI activity assay, the reverse direction of the
reaction, producing Frc-6-P from mannose-6-phosphate
(Man-6-P), was measured. The reaction was performed in
a 2 mL standard reaction mixture containing 50 mM MOPS
(pH 7.6), 2 mM MgSO,, 1 mM NADP™, 2 U phosphoglu-
cose isomerase from G. stearothermophilus, 2 U glucose-
6-phosphate dehydrogenase from G. stearothermophilus
and 2.0 pg of purified recombinant protein. After pre-incu-
bation of the reaction mixture at 65 °C for 3 min, the
reaction was started by the addition of Man-6-P to a final
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concentration of 0.4 mM, and allowed to continue at 65 °C
for one min. Absorbance increase was monitored at 340 nm
using a spectrophotometer (V-550, JASCO).

Assay of sugar-1-phosphate nucleotidylyltransferase
(Sugar-1-P NTase) activity

The Sugar-1-P NTase activity of the wild-type and trun-
cated forms of the PH0925 protein was analyzed by the
method described previously (Zhang et al. 2005) with some
modification. The standard assay for the forward reaction
producing NDP-sugar from NTP and Sugar-1-P was per-
formed in a 10-pL reaction mixture containing 50 mM
MOPS (pH 7.6), 2 mM MgSO,, 0.05 mM one of NTP,
1.0 mM one of Sugar-1-P, and 1 ng of purified recombi-
nant protein. After 1 min of pre-incubation at 85 °C, each
reaction was started by the addition of the recombinant pro-
tein and progressed at 85 °C for 5 min. 100 pL of 500 mM
KH,PO, was added to the reaction mixture immediately
after finishing reaction. A 50-pnL aliquot of each solution
was analyzed on a Hitachi LaChrom Elite HPLC system
with a 0.46 x 25 cm column of Wakosil 5C18-200 (Wako,
Tokyo, Japan). The flow rate of 500 mM KH,PO, was
maintained at 1 mL/min. The product of the reaction, NDP-
sugar, was monitored by absorbance at 257 nm, and the
amount of product was calculated based on the area under
the peaks. The NDP-sugar molecule including in peak was
confirmed by coincidence of the elution position with that
for the standard sugar-nucleotide molecules.

Analyses of enzymatic properties

The effect of metal ions on PMI and Sugar-1-P NTase
activities was analyzed separately. For PMI activity, the
standard 2-mL reaction mixture containing either 0.1 mM
EDTA alone or 0.1 mM EDTA plus 2 mM of Mg**, Mn*™,
Co**, Ca*", or Ni** ion was used. For Sugar-1-P NTase
activity, the standard 10-pwL reaction mixture containing
either 0.1 mM EDTA alone or 0.1 mM EDTA plus 2 mM
of Mg?*, Mn**, Co?*, Ca**, Ni**, Cu®*, or Zn*" ion was
utilized.

Results and discussion

Construction of the expression vector and expression
of the recombinant PH0925 protein

A 1395-bp PH0925 ORF was predicted to encode a hom-
ologue of the well-characterized bacterial bifunctional
enzymes with PMI and Man-1-P GTase activities. As
shown in Fig. 1, the PH0925 protein showed approximately
44 % identity to the similar enzyme from Pseudomonus
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Fig. 2 SDS-PAGE analysis of purified wild-type PH0925 protein.
The recombinant protein expressed by and isolated from E. coli har-
boring the expression plasmid pETPH0925H was analyzed on a 10 %
polyacrylamide gel containing 0.1 % SDS. Lane I molecular mass
protein standards, Lane 2 purified PH0925 protein. The recombinant
protein was purified via nickel-affinity column chromatography on a
HiTrap Chelating HP column and visualized by Coomassie Brilliant
Blue R-250 staining

aeruginosa (Shinabarger et al. 1991; May et al. 1994). The
PHO0925 gene was therefore predicted as a protein with
both PMI and Man-1-P GTase activities in a gene clus-
ter for MG biosynthetic pathway. There was no previous
report for archaeal similar bifunctional protein with high
thermostability. By construction of the expression vector
of the PH0925 gene product containing a histidine tag at
the N-terminus, the soluble and thermostable form of the
recombinant wild-type PH0925 protein was successfully
expressed.

In previous analyses of the enzyme from P. aeruginosa,
PMI activity was found to be located in the C-terminal
region based on removal of the C-terminus by chymotryp-
tic digestion (May et al. 1994). However, the exact region
essential for each PMI and Man-1-P GTase activity has
not been determined. Therefore, we designed a series of
N- and C-terminus-truncated forms of the PH0925 protein
(supplemental Tables 1 and 2) and constructed expres-
sion vectors were expressed in E. coli strain BL21-Codon
Plus(DE3)-RIL cells. All 6 N-terminus-truncated forms
of the PH0925 protein were expressed as insoluble form.
Therefore, the only C-terminus-truncated forms of the
PHO0925 protein were used for their activity analyses.
These observations indicated that the N-terminal region of
the PH0925 protein, unlike the C-terminal region, played
an important role in the solubility of the entire PH0925
protein and in the acquisition of the correct structure of the
entire PH0925 protein.

The expressed proteins were purified by affinity chro-
matography with the nickel-loaded HiTrap chelating HP
column. As shown in Fig. 2, SDS-PAGE analysis indicated
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Fig. 3 Absorbance at 340 nm during PMI reaction. A standard
PMI activity assay was performed with standard reaction condi-
tions, and absorbance at 340 nm was measured after incubation
periods indicated. The closed and open circles indicate absorb-
ance for the reaction in the presence or absence, respectively, of the
PHO0925 protein

that the purified wild-type PH0925 protein migrated as
a single band with a molecular mass of approximately
52.9 kDa, consistent with the molecular mass predicted
from the nucleotide sequences.

PMI activity of the PH0925 protein

The reverse reaction of the PH0925 PMI activity, produc-
ing Frc-6-P from Man-6-P, was monitored by increasing
amount of NADPH. As NADPH was produced from Frc-
6-P, product of the PH0925 PMI activity, with two coupling
enzymes, phosphoglucose isomerase and glucose-6-phos-
phate dehydrogenase, the amount of NADPH indicated
that of Frc-6-P produced. Therefore, NADPH production
was monitored by absorbance at 340 nm for measuring the
reverse reaction of the PMI activity of the PH0925 protein.
As shown in Fig. 3, increased absorbance at 340 nm was
evident and time dependent at 60 °C only when the PH0925
protein was added into the reaction solution, revealing that
the PH0925 protein expressed in E. coli possessed actual
PMI activity.

To determine the kinetic constants, standard reac-
tion conditions were used; additionally, the concentra-
tions of the coupling enzymes, phosphoglucose isomerase
and glucose-6-phosphate dehydrogenase, were five- to
tenfold higher than the levels required for catalyzing all
products. For the reverse reaction (production of Frc-6-P
from Man-6-P) of the PH0925 PMI activity measured at
65 °C, the apparent K, for Man-6-P and V,,, values were
98.6 & 9.7 uM and 28.8 + 1.8 pumol min~' mg~! protein,
respectively.

Analyses of substrate specificity indicated that the
PH0925 protein was capable of catalyzing Man-6-P and
none of other sugar-6-phosphate molecules. This property
of the PH0925 PMI activity was similar to the bacterial

Temperature (°C)

Fig. 4 Relative activities of the PH(0925 protein at varying tem-
peratures. Man-1-P GTase activity was measured with temperatures
between 50 and 100 °C. Relative activity is expressed as a percentage
of the maximum activity at 95 °C

bifunctional enzymes with PMI and Man-1-P GTase activi-
ties (Shinabarger et al. 1991).

In Archaea, a single-functional PMI enzyme was identi-
fied from genomic data of A. pernix (Hansen et al. 2004).
The single-functional PMI enzyme exhibited conversion
ability between Glc-6-P and Frc-6-P as well as between
Man-6-P and Frc-6-P. This single-functional PMI/PGI gene
from A. pernix encodes a 331-residue enzyme (Hansen
et al. 2004). However, the PH0925 protein did not show
remarkable sequence similarity to the A. pernix single-
functional PMI/PGI protein. These observations indicated
that these two types of phospho-sugar isomerases evolved
independently.

Man-1-P GTase activity of the PH0925 protein

The forward reaction of Man-1-P GTase activity, produc-
ing GDP-mannose (GDP-Man) from GTP and Man-1-P,
was measured by amount of GDP-Man produced with
HPLC system as described in Materials and Methods sec-
tion. GDP-Man was detected after incubation at 85 °C only
in the presence of the PH0925 protein (data not shown),
revealing that the PH0925 protein actually possessed Man-
1-P GTase activity at 85 °C.

For the forward reaction of Man-1-P GTase activity at
85 °C, the apparent K, values of the PH0925 protein with
GTP and Man-1-P were 2.6 £ 1.1 and 16.1 £ 4.1 uM,
respectively. The V, . . for the forward reaction of
Man-1-P GTase activity with the PH0925 protein was
11.7 £ 2.4 ymol min~! mg~"! protein.

Since the PH0925 protein was isolated from a hyper-
thermophilic archaeon, P. horikoshii OT3 (Gonzélez et al.
1998), the temperature dependence of the Man-1-P GTase
activity was analyzed from 50 to 100 °C. As shown in
Fig. 4, the PH0925 protein exhibited relatively high activity
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Table 1 Substrate specificity of the forward reaction of the Sugar-1-P NTase activity of the PH0925 protein

Nucleotide substrate

Sugar-1-phosphate substrate

Specific activity (mol min~"

mg~! protein)

GTP a-D-Mannose-1-phosphate 102+ 04
ATP 0.8+0.0
CTP 0.8+0.0
UTP 0.8+0.0
dGTP 82405
dATP/dCTP/dTTP ND
GTP a-D-Glucose-1-phosphate 52+04
dGTP 02+0.1
ATP/CTP/UTP/dATP/dCTP/dTTP ND
GTP a-D-Glucosamine-1-phosphate 73£0.7
dGTP 0.5£0.1
ATP/CTP/UTP/dATP/dCTP/dTTP ND
GTP/dGTP Fructose-1-phosphate ND
a-p-Galactose-1-phosphate ND
N-Acetyl-p-glucosamine- 1-phosphate ND

ND non-detectable

between 80 and 100 °C with a maximum activity at 95 °C.
This finding indicated that the optimum temperature for the
PH0925 Man-1-P GTase activity was very close to the opti-
mal growth temperature of the original host microorgan-
ism, P. horikoshii OT3. This property might be favorable
for industrial applications.

Substrate specificity of the Sugar-1-P NTase activity
of the PH0925 protein

As described above, the PH0925 protein actually exhibited
Man-1-P GTase activity. In archaeal enzymes involved in
carbohydrate metabolism, it was found that some proteins,
e.g. the ST0452 protein in S. fokodaii (Zhang et al. 2005),
exhibited acceptability of multiple substrates for their enzy-
matic activities. Therefore, the substrate specificity of the
forward reaction of the PH0925 protein was examined
under standard reaction conditions.

Initially, the specificity for various nucleoside triphos-
phates was examined. When Man-1-P and GTP were uti-
lized as substrates, the highest activity was detected. As
shown in Table 1, the PH0925 protein exhibited approxi-
mately 80 % of the maximum activity when Man-1-P and
dGTP were used as substrates, but only 8 % of the maxi-
mum activity when Man-1-P and ATP, CTP or UTP were
used as substrates. As high activity was detected with a
combination of GTP or dGTP and Man-1-P, the effects
of various sugar-1-P molecules on the PH0925 Sugar-1-P
NTase activity was then analyzed using GTP and dGTP.

As shown in Table 1, approximately 51 or 72 % of
the maximum PHO0925 Sugar-1-P NTase activity were,
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respectively, detected when Glc-1-P or GIcN-1-P was
utilized as substrate with GTP. Only 2.0 or 4.9 % of the
maximum PH0925 Sugar-1-P NTase activity were, respec-
tively, detected when same phospho-sugars were used as
substrate with dGTP. Combination of other Sugar-1-P mol-
ecules, including fructose-1-phosphate (Frc-1-P), galac-
tose-1-phosphate (Gal-1-P) and N-acetyl-D-glucosamine-
1-phosphate (GlcNAc-1-P), and other NTP or dNTP were
not catalyzed by the PH0925 Sugar-1-P NTase activity.

On the similar enzyme from P. aeruginosa, substrate
specificity of the reverse direction of the Sugar-1-P NTase
activity was analyzed and the result indicated that P. aer-
uginosa enzyme possessed only Man-1-P GTase activ-
ity (Shinabarger et al. 1991). For other bacterial similar
bifunctional enzymes characterized, there has been no
report on their acceptability of other Sugar-1-P molecules
than Man-1-P as substrate. Additionally, Glc-1-P GTase
activity has previously been reported only from pig liver
(Ning and Elbein 2000). Conversely, the PH0925 Sugar-
1-P NTase activity could utilize Man-1-P, Glc-1-P or GlcN-
1-P as substrates. Therefore, the Sugar-1-P NTase activity
of the PH0925 protein was distinctly different from those
of bacterial similar bifunctional enzymes. The PH(0925
protein is the first and sole archaeal protein from a thermo-
philic archaeon with multiple Sugar-1-P NTase activities
including the Glc-1-P GTase activity. These observations
proposed that the activity might have some role for produc-
tion of glucosylglycerate, a compatible solute to function
as an osmoprotectant and thermoprotectant (Costa et al.
2007; Empadinhas and da Costa 2011). This multiple sub-
strate acceptability of the PH0925 protein also might be
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metal ion were measured in standard reaction solutions in
the presence of 0.1 mM EDTA alone or in the presence of
both 0.1 mM EDTA and 2 mM of each different divalent
metal ion.

For the PMI activity, as shown in Fig. 5, the maximum
activity was detected under condition of addition of 2 mM
Ca’*. Slightly lower PMI activity was detected even when
no metal ion was added. Co*™ or Mn?* ions, respectively,
decreased to 80 or 60 % of the maximum activity. Approxi-
mately 50 % of the maximum activity was detected when
0.1 mM EDTA was added into the reaction solution. Mg>*
or Ni** ions inhibited the PH0925 PMI activity to approxi-
mately 30 % of the maximum activity. In contrast, a bac-
terial bifunctional enzyme with PMI and Man-1-P GTase
activities from P. aeruginosa indicated that Co*™ was the
most effective metal cation for its PMI activity, and other
5 kinds of metal ions exhibited only less than 50 % of its

Fig. 6 Sugar-1-P NTase activity of the recombinant PH0925 protein
in the presence of different metal ions. The Sugar-1-P NTase activ-
ity for three substrates, Man-1-P (A), Glc-1-P (B) and GIcN-1-P (C)
were measured under standard reaction conditions. The concentra-
tion of each metal ion used was 2 mM. The assay conditions were as
described under “Materials and methods”. Relative activity is shown
as a percentage of the maximum activity obtained for each Sugar-1-P
substrate. All experiments were repeated three times

maximum activity detected with Co*" (Shinabarger et al.
1991). The similar effect of metal ions was observed on
the bifunctional enzyme with PMI and Man-1-P GTase
activities from Hericobactor pylori (Wu et al. 2002). The
PH0925 protein showed different patterns of effective-
ness of the metal ions from characterized bacterial simi-
lar enzymes. To fully understand the difference between
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Table 2 Specific and relative
activities of Man-1-P GTase
activity of the PH0925 protein

Length of truncation from C-terminus (residues)

Specific activity
(uwmol~! min~!
mg~! protein)

Relative activity (%)

PH0925% 0
DN450 14
DN350 114
DN345 119
DN328 136
DN321 143
DN310 154
DN271 193

0.20 £ 0.002 100
0.25 £0.02 125
0.71 £ 0.05 355
0.16 £ 0.01 80

0.03 £0.0002 1.5
0.002 £ 0.0003 1
0.002 £ 0.0001 1

0.0003 £ 0.0001 0.1

Relative activity is indicated by % of the activity observed on the PH0925 protein

Activity was measured three times

* The length of the wild-type PH0925 is 464 residues

Table 3 Kinetic properties of Man-1-P GTase activity of the wild-
type and the truncated forms of the PH0925 protein

Proteins  Substrates V.. (wmol min~! mg~! protein) K, (1LM)
PH0925 Man-1-P 34407 16.1 £4.1
GTP 11.7+24 26+ 1.1
DN345 Man-1-P 23+£0.1 8.8+0.2
GTP 50£03 20.7 £ 2.4
DN350 Man-1-P 7.8+£0.2 21+£0.2
GTP 44420 39+0.7
DN450 Man-1-P 1.5+ 0.1 7.0+0.5
GTP 9.2+0.8 169+ 19

Activity was measured three times

the bacterial and archaeal PMI activities of these similar
bifunctional enzymes, more detailed analyses, including
determination of 3-D structures of co-crystals with metal
ions and introduction of site-directed mutation at the reac-
tion center, are required.

For the Sugar-1-P NTase activity of the PH0925 protein,
no Sugar-1-P NTase activity was detected, when divalent
cations were not added into or removed by EDTA from
the reaction solution (Fig. 6). Figure 6 indicates that the
PHO0925 Suger-1-P NTase activity was activated by several
divalent cations. The order of effectiveness of metal ions
for the PH0925 Sugar-1-P NTase activity was found to be
different according to the Sugar-1-P molecules used as sub-
strate. When Man-1-P was used as substrate, the order of
effectiveness was Cu’* > Zn?* > Mg?* > Ca’>* > Co** > M
n*t > Ni*t. When Glc-1-P was used, the order was Cut
> 7Zn*t > Co?* > Ni** > Mn?* > Ca?* > Mg?*. For GlcN-
1-P NTase activity, effectiveness order was Zn** > Cu*™ >
Co’* > Ni** > Mn?" > Ca®* > Mg”". On the other hand, it
was found on the bacterial bifunctional enzymes with PMI
and Man-1-P GTase activities that only Mg>* or Mn*" ions

@ Springer

were essential for their activity (Shinabarger et al. 1991;
Wau et al. 2002). To understand the difference observed on
these Man-1-P GTase activities, more detailed analyses
should be required.

Analysis of the truncated form of the PH092S5 protein

Among all N-terminus- and C-terminus-truncated forms
of the PH0925 protein, only C-terminus-truncated forms
of the PH0925 protein were used for activity analyses,
because all 6 N-terminus-truncated forms of the PH0925
protein constructed were expressed in E. coli as insoluble
form.

For PMI activity, no activity was detected with any
C-terminus-truncated form of the PH0925 protein, indicat-
ing that the C-terminal 16-residue region was essential for
the PH0925 PMI activity (data not shown).

Conversely, for the Man-1-P GTase activity, from N-ter-
minus to 345th residues or longer form of the PH0925 pro-
tein exhibited the remarkable activity (Table 2). Longer
C-terminus-truncated forms of the PH0925 protein did
not show reliable Man-1-P GTase activity. It revealed that
the region comprising the 1st to the 345th residue of the
PHO0925 protein was essential for PH0925 Man-1-P GTase
activity. Moreover, as shown in Table 2, the DN450 and
DN350 proteins, respectively, exhibited 1.25- and 3.55-fold
higher Man-1-P GTase activity than that of the wild-type
PHO0925 protein. These findings indicated that a C-terminal
114-residue region had inhibitory effect on the Man-1-P
GTase activity that was found to be located at the N-termi-
nus of the PH0925 protein.

To understand effect of the C-terminus-truncation on the
PH0925 Man-1-P GTase activity, we determined the kinetic
constants. As shown in Table 3, for the DN350 protein, the
Viax and K values with Man-1-P was approximately 2.3-

max

fold larger and 7.7-fold smaller than those for the wild-type
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PHO0925 protein, respectively. Thus, these differences were
thought to be the reasons for the enhanced relative activity
of the DN350 protein. For DN450 protein, both V,_,, and
K, values with Man-1-P were smaller than those for the
wild-type PH0925 protein. These differences were thought
to be the reason for slightly enhanced Man-1-P GTase
activity of the DN450 protein.

As the exact mechanism of the inhibition caused by this
C-terminal region was not clear, more detailed analyses
are required. In future experiments, more detailed analy-
ses including determination of the 3-D structure and con-
struction of point-mutant forms of the PH0925 protein may
reveal domains essential for each activity of the PH0925
protein.

In this work, the effects of C-terminus truncation of the
PH0925 protein were measured only for Man-1-P GTase
activity. In future experiments, enhancement effects with
different substrates, Glc-1-P or GlcN-1-P, should be ana-
lyzed. These results will provide more information about
the mechanism of enhancement caused by deletion of the
114-residue C-terminal region. Notably, this is the first
report of a thermostable, bifunctional enzyme with PMI
and multiple Sugar-1-P NTase activities. More detailed
analyses of this protein will provide important information
for both basic and applied sciences.
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