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To investigate the role of the C-terminal region on the activity and thermostability of
orotate phosphoribosyltransferase (OPRTase, EC 2.4.2.10) from Thermus thermophilus,
four C-terminal amino acid-deleted OPRTases (1, 2, 3, and 5 residues deleted) were
constructed. The activities of all the mutant OPRTases were lower than that of wild-type
OPRTase at all temperatures investigated (50-80C). V- and EV-OPRTase, mutants with Val
and Glu-Val deletions, respectively, showed 63 to 75% of the activity of wild-type OPRTase'
at the temperatures investigated. EEV- and PLEEV-OPRTase, with Glu-Glu-Val and
Pro-Leu-Glu-Glu-Val deletions, respectively, had activities of 22 to 35% of the wild-type.
The KM values for orotate of all mutant OPRTases were more than 4-fold higher than that of
the wild-type (25 /iM). On the other hand, the Km for PRPP of the wild-type was 34 p.M, and
there were no significant differences between the wild-type and mutant OPRTases. The ftcat
values of the V- and EV-OPRTases were similar to that of the wild-type, but those of the
EEV- and PLEEV-OPRTases were less than 50% that of the wild-type. The optimum
temperature of all mutant OPRTases, 70°C, was 10°C lower than that of the wild-type. The
remaining activities of wild-type and V-OPRTase after incubation at 90°C for 20 min were
70 and 60% of the non-treated OPRTase activity, respectively. Although the remaining
activity of EV-OPRTase was only 14% of the non-treated OPRTase activity, the addition of
200 mM KC1 during heat treatment increased it to 70%. Circular dichroism spectroscopy
revealed that V- and EV-OPRTase denature more easily than the wild-type OPRTase. The
results suggest that the C-terminal valine and glutamic acid residues are important for the
activity and thermostability of T. thermophilus OPRTase.

Key words: carboxyterminal deletion, mutant enzyme, orotate phosphoribosyltransferase,
protein thermostability, Thermus thermophilus.

An understanding of the thermostability of thermophilic their effects on the thermostability (5-7).
bacterial proteins can lead to improvements in the stability Orotate phosphoribosyltransferase (OPRTase, EC
of enzymes for industry and medicine. Additionally, knowl- 2.4.2.10) plays an essential role in the de novo biosynthesis
edge obtained from studies of thermostable proteins can of pyrimidine nucleotides. It catalyzes the formation of the
provide insight into the general mechanism of protein nucleotide orotidine monophosphate from a-D-5-phospho-
folding and stabilization. There are two main approaches to ribosyl-1-pyrophosphate (PRPP) and orotic acid. Homol-
finding factors involved in protein thermostability. One is ogous enzymes have been identified in bacteria (8-10),
to compare of amino acid composition, hydrogen bonds, salt fungi (11-13), insects (14), plants (15), and mammals (26,
bridges, tertiary structure, etc. between thermophilic pro- 17). OPRTases from bacteria and fungi have Mrs between
teins and their mesophilic counterparts (1-4). The other is 20,000 and 24,000. The working form of bacterial OPRTase
to introduce mutations into the protein and investigate is a dimer comprising two identical subunits that has been

reported to operate by a random sequential kinetic mecha-p p y q
1 To whom correspondence should be addressed. Phone: +81-277-30- m s m (^g). The counterpart of OPRTase in higher organ-
1431, Fax: +81-277-30-1431, E-mail: shinozawa@bce.gunma-u.ac. i s m s > 8 U c h M i n s e c t 8 i p l a n t 8 > m d mammals, fe undine-5 '-

Abbreviatior^DMSO, dimethyl sulfoxide; EEV-OPRTase, OPRTase monophosphate synthase (UMP synthase). UMP synthases
with Glu, Glu, and Val deleted at C-terminus; EV-OPRTase, have M rs of about 50,000 and are bifunctional proteins
OPRTase with Glu and Val deleted at C-terminus; IPTG, isopropyl->9- comprising an OPRTase domain and an orotidylate decar-
D-thiogalactopyranoside; OPRTase, orotate phosphoribosyltransfer- boxylase domain (19).
ase; PLEEV-OPRTase, OPRTase with Pro, Leu, Glu, Glu, and Val OPRTase from Thermus thermophilus HB27 has been
deleted at C-terminus; PRPP, ff-D-5-phosphoribosyl-l-pyrophos- overexpressed in Escherichia coli and characterized. This
phate; pyrE gene, the gene of OPRTase; UIvQ' synthase, uridine-5'- Q m T ^ ^ ^ i s ^ o f tvf0 i d e n t i c a l subunits of
monophosphate synthase; V-OPRTase, OPRTase with Val deleted at , , „ „ , „ „ T, , 1 • 1 ^ j. 1 ••,-,_ -,i
C-terminus Mr 20,130. It shows high thermostabihty with an optimum

temperature at 75°C and is stable for 20 min at 85'C (20).
© 1999 by The Japanese Biochemical Society. The tertiary structures of the OPRTases in the meso-
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philic bacteria Salmonella typhimurium (21, 22) and
Escherichia coli (23) have been determined. To compare
the tertiary structures of T. thermophilus and mesopbilic
bacterial OPRTases, T. thermophilus OPRTase has been
crystallized (24). However the tertiary structure of the
enzyme has not been determined by the molecular replace-
ment method. Because the amino acid sequence of T.
thermophilus OPRTase is 28 residues shorter than those of
the E. coli and S. typhimurium proteins, and the amino acid
sequence of T. thermophilus OPRTase shows less than 30%
identity to the other OPRTases, structural analysis by
heavy atom isomorphous replacement is now underway.

To find factors involved in the thermostability of T.
thermophilus OPRTase, a protein engineering approach was
attempted. Based on the crystal structures of S. typhimur-
ium and E. coli OPRTases, it appears that the N-terminal
and C-terminal regions are not involved in substrate
binding and dimer formation (21 - 23). To confirm this point
in T. thermophilus OPRTase, we attempted to construct an
N-terminal deletion mutant and overexpress it in E. coli.
However, protein expression was not observed. On the
other hand, the five C-terminal amino acid-deleted
OPRTase was constructed and showed unexpected de-
creases in activity and optimum temperature. To investi-
gate the role of the C-terminal region, a series of C-ter-
minal-deleted OPRTases was constructed and their ther-
mostabilities and activities were investigated. The results
show the importance of the C-terminal amino acids in both
activity and thermostability.

MATERIALS AND METHODS

Materials—AmpliTaq® DNA polymerase was a product
of Perkin Elmer (Foster City, CA). Xbal and HintttL were
obtained from New England Biolabs (Beverly, MA). The
DNA Ligation Kit ver.l was from Takara (Shiga). Thermo
Sequenase™ was a product of Amersham Life Science
(Buckinghamshire, England). Blue Sepharose CL-6B was
purchased from Pharmacia Biotech (Uppsala, Sweden).
High Q (anion exchange resin) was a product of Bio-Rad
(Hercules, CA). TSKgel Toyopearl HW-50F was obtained
from Tosoh (Tokyo). PRPP and sodium orotate were
purchased from Sigma (St. Louis, MO). DMSO, Ampicillin,
and EPTG were from Wako Pure Chemicals (Osaka). E. coli
strain XL 1-Blue was a laboratory stock.

Construction of C-Terminal Deletion Enzymes—A plas-
mid pTD-tac(N)/p>r £(PCR) has been constructed for the
overexpression of T. thermophilus OPRTase in E. coli (20).

C-terminal deleted OPRTases were constructed by PCR
using this plasmid and primers containing a stop codon and
a HindHI restriction site (Fig. 1). PCR amplification was
performed with AmpliTaq DNA polymerase in the pres-
ence of 10% DMSO on an Air Thermo-Cycler Model 1605
(Idaho Technology). The conditions for PCR were an initial
denaturation step at 98°C for 15 s, followed by 40 cycles of
98°C for 10 s, 50°C for 10 s, 70°C for 20 s, and a final
extension step at 70°C for 1 min. The PCR product was
digested with Xbal and HindJH, then ligated into the
plasmid pTD-tac(N)/p.yr I?(PCR) previously digested with
Xbal and HindUI, using the DNA Ligation Kit. The
plasmids obtained were named pTD-tac(N)/C-del pyr
E(PCR). To confirm the deletion of the C-terminal coding
sequence and the absence of any other mutations, DNA
sequencing was performed with Thermo Sequenase and a
DSQ-1000 DNA Sequencer (Shimadzu). Plasmids contain-
ing the mutant OPRTase genes were transformed into E.
co/iXLl-Blue.

Purification of OPRTase—Wild-type and all mutant
OPRTases were purified by the same method, and all
column steps were carried out at room temperature. Two
liters of 2 X YT containing 50 ft g/ml ampicillin and 50 ml of
an overnight culture of transformed E. coli XL 1-Blue was
incubated at 37'C for 5-6 h with shaking. Overexpression
of OPRTase was induced by adding 1 mM EPTG, and
incubation was continued at 37°C for 18 h without shaking.
The harvested cells were suspended in 50 ml of Buffer A
(20 mM Tris-HCl, pH 8.0) and disrupted by 30 cycles of 10
s bursts of sonication with 10 s intervals between each
burst at 4°C using an Ultrasonic Disruptor (Model UR-
200P, Tomy Seiko, Tokyo). The cell lysate was then
centrifuged at 10,000 X g for 30 min at 4"C. The super-
natant was applied to a Blue Sepharose CL-6B column (1
cm<^x7cm) equilibrated with Buffer A. Proteins were
eluted with a linear gradient of 0-0.5 M KC1 in Buffer A at
a flow rate of 0.5 ml/min, and 2-ml fractions were col-
lected. Fractions containing OPRTase were identified by
SDS-PAGE and pooled. The pooled fractions were diluted
3-fold with Buffer A and applied to a High Q column (1
cm^x2cm) equilibrated with Buffer A. Proteins were
eluted with a linear gradient of 0-0.5 M KC1 in Buffer A at
a flow rate of 1 ml/min, and 1-ml fractions were collected.
OPRTase-containing fractions were pooled, and solid
ammonium sulfate was added to 40% saturation on ice.
After centrifugation at 10,000 X^ for 15 min at 4°C, the
pellet was suspended in 1 ml Buffer A with 0.1 M KC1.
Insoluble matter was removed by centrifugation and the

/nr/:(PCR)
5'-pnmcr

Xba]

16 17 18 19 20 21 22 23
E G H F L L R S
,G GGT CAT TTC CTT CTG CGT TCG
,G GGT CAT TTC CTT CTG CGT TC - 3 '

V-pnmcr
EV-pnmcr
EEV-pnmcr
PLEEV-pnmer

170 171 172 173 174 175 176 177 178 179 180 181 182 183 184

A C P L C R E G V P L E E V *
— GCC TGC CCC CTC TGC CGT GAA GGT GTT CCA TTA GAA GAA GTC TAA GCT T —

3'- CG GCA CTT CCA CAA GGT AAC CTT CTT ATT CGAATTT - 5P

3 ' - GAG ACG GCA CTT CCA CAA GGT AAT CTT ATT CGAATTT - 5 '
3'- GGG GAG ACG GCA CTT CCA CAA GGT AAT ATT CGAATTT - 51

3 ' - G ACG GGG GAG ACG GCA CTT CCA CAA ATT CGAATTT - 5'

H'm tin

Fig. 1. PCR primers used for
the construction of mutant
OPRTases. The partial amino acid
and nucleotide sequences of wild-
type OPRTase are labeled pyr
£(PCR). Numbers above the amino
acids indicate position from the N-
terminus.
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supernatant was applied to a TSKgel Toyopearl HW-50F
column (1.5 cm 4> X 45 cm) equilibrated with Buffer A
containing 0.1 M KC1. Proteins were eluted with the same
buffer at a flow rate of 0.125 ml/min, and 1-ml fractions
were collected. OPRTase fractions were pooled and dial-
yzed overnight against Buffer A. The concentration of
purified OPRTase was determined by the micro biuret
method (25) using BSA as a standard. The purified protein
was stored at 4°C.

SDS-PAGE—Sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) in a 15% polyacrylamide
resolving gel and 5% polyacrylamide stacking gel was
carried out for the analysis of protein composition as
described by Laemmli (26). The solubilizing solution for
the proteins contained 7% SDS, 70 mM DTT, 20 mM
EDTA, pH 7.0, 5% glycerol, and 0.05% bromophenol blue.
The electrophoresed proteins were stained with Coomassie
Brilliant Blue R-250. Scanning of the stained proteins in the
gel was carried out with a color image scanner JX-250
(Sharp). The purity of each OPRTase was calculated with a
Macintosh computer using the NIH image program (devel-
oped at the U.S. National Institutes of Health and available
on the Internet by anonymous FTP from zippy.nimh.nih.
gov or on floppy disk from the National Technical Informa-
tion Service, Springfield, Virginia, part number PB95-
500195GEI).

Assay of OPRTase Activity—OPRTase activity was
measured spectrophotometrically at 50-80°C. The assay
solution (1 ml) contained 200 //M PRPP, 300 /*M sodium
orotate, 2 mM MgCl2, 150 mM KC1, 20 mM Tris-HCl, pH
8.0 (adjusted at 50-80°C), and 2^g of protein. The de-
crease in orotate was monitored at 295 nm in a spectro-
photometer (Hitachi U-2000) with a thermoelectric cell
holder as previously described (20). The activity was
calculated from the change in absorbance of orotate during
the first 5 s. One unit of enzyme activity was defined as the
amount of OPRTase required to convert 1 //mol of orotate
to OMP per minute.

Determination of Kinetic Constants—The kinetic con-
stants of OPRTase were determined at 70" C. The kinetic
constants for orotate were measured in 1-ml assay solu-
tions containing 20, 40, 80, 150, or 300 //M orotate, 200
//M PRPP, 2 mM MgCl2, 150 mM KC1, 20 mM Tris-HCl,
pH 8.0, and 2 ng of protein. The kinetic constants for PRPP
were measured under the same conditions except for the

kDa 1 2 3 4 5

67 •
43 • ,:

30 •

20i

Fig. 2. SDS-PAGE analysis of purified OPRTases. The purity of
each OPRTase was analyzed by electrophoresis in a 15% polyacryl-
amide gel. Lanes 1-5: 10 MS each of wild-type, V-, EV-, EEV-, and
PLEEV-OPRTase, respectively.

substrate concentrations (300 //M orotate and 10, 20, 50,
100, or 200 //M PRPP).

CD Spectroscopy—The ellipticities of the wild-type, V-,
and EV-OPRTases were measured at 226 nm with a tem-
perature gradient on a Jasco J-720W spectropolarimeter.
Protein concentration was set to 300/^g/ml in 20 mM
Tris-HCl, pH8.0. Spectra were recorded in a 0.1cm
cuvette with a 1 nm slit width. The temperature of the
sample was raised at a constant rate of l'C per 6 man in the
range from 80 to 100°C.

RESULTS AND DISCUSSION

Construction of Mutant OPRTase—The T. thermophUus
OPRTase gene has a high G+C content (about 70%). In a
previous study involving the overexpression of this gene in
E. coli, the N-terminal amino acid coding sequence (Asp 2-
Leu 19) was replaced by an A + T-rich sequence with major
codons for E. coli (20). We attempted to construct an
N-terminal-deleted OPRTase by removing this region (Asp
2-Leu 12), but no overexpression of the protein was
detected. This suggested that the N-terminal coding se-
quence is important for expression. On the other hand,
C-terminal deletions did not affect overexpression in E.
coli. The nucleotide sequences of the C-terminal-deleted
OPRTases were analysed, and the deletion of the C-ter-
minal coding sequence and the absence of any other
mutations were confirmed.

Purification of OPRTase—The wild-type and all C-ter-
minal-deleted OPRTases were purified as described in
"MATERIALS AND METHODS." All C-terminal-deleted
OPRTases showed chromatographic behavior similar to
wild-type OPRTase in Blue Sepharose CL-6B, High-Q, and
TSKgel Toyopearl HW-50F. This suggests that the prop-
erties of the mutant OPRTases at room temperature do not
differ so much from those of wild-type OPRTase in terms of
affinity for the Blue Sepharose CL-6B ligand, pi, or dimer
form. The purity of each OPRTase was analyzed by
SDS-PAGE (Fig. 2) and calculated with an NIH image
program. Each OPRTase was at least 92% pure. In each
case, about 3-4 mg of OPRTase was obtained from 2 liters
of E. coli culture.

15.0

Fig. 3. Temperature-dependency of the OPRTase activity of
wild-type and mutant OPRTases. Enzyme activity was measured
as described in "MATERIALS AND METHODS." Wild-type (O),
V-(»), EV-(z;), EEV-(H), and PLEEV-OPRTase (A).
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OPRTase Activities at Various Temperatures—
OPRTase activity was measured at 50-80°C (Fig. 3). The
activity of each mutant OPRTase was lower than that of the
wild-type at the investigated temperatures. V- and EV-
OPRTases showed 63 to 75% of the activity of wild-type
OPRTase at 50-80'C, while the EEV- and PLEEV-
OPRTases showed much lower activities of 22 to 35%. The
maximum activity was observed at 80°C for the wild-type
OPRTase but at 70°C for all mutant OPRTases. This
decrease in the optimum temperature suggests that the
mutant OPRTases have lower thermostabilities than the
wild-type OPRTase.

(a)
15.0

-300 -200

(b)

-100 "~0 100 200 300
[Orotate] (jtM)

10.0

-300 -200 -100 0 100
[PRPP] 0<M)

200 300

Fig. 4. Kinetic analysis of wild-type and mutant OPRTases.
(a) [S] /v- [S] plot of initial velocity and orotate concentration at 200
//MPKPP. (b) [S]/u-[S] plot of initial velocity and PRPP concentra-
tion at 300 //M orotate. Initial velocity was measured as described in
"MATERIALS AND METHODS." Wild-type (O), V-(«), EV-(~),
EEV-(B), and PLEEV-OPRTase (A) .

TABLE I. Kinetic constants for Orotate and PRPP at 70'C.

OPRTase

Wild-type
V-
EV-
EEV-
PLEEV-

K.
(MM)

25
124
107
108
227

Substrate
Orotate

(B-)

16.6
16.3
13.3
5.0
8.0

(M--8-1)

6.64X10"
1.31x10*
1.24x10*
0.46x10*
0.35X10*

K,
0/M)

34
44
39
28
41

PRPP

(a'1)
16.6
16.3
13.3

5.0
8.0

(M-.B-)

4.88x10*
3.70x10*
3.41x10"
1.79x10*
1.95x10*

Kinetic Constants of OPRTase for Orotate and PRPP—
To investigate why these OPRTases show lower activities,
the kinetic constants were determined. The initial velocity
of each OPRTase assay was measured at 70'C and used to
calculate the kinetic constants (Fig. 4, Table I). The iC
values of all mutant OPRTases for orotate were more than
4-fold higher than that of the wild-type (25 ̂ M). On the
other hand, the K^ for PRPP of the wild-type OPRTase was
34 //M, and there were no significant differences between
the wild-type and mutant OPRTases. In contrast, the Afca,
values of V- and EV-OPRTases for both orotate and PRPP
were similar to that of wild-type OPRTase, while those of
EEV- and PLEEV- OPRTases were less than 50% of the
wild-type. These results suggest that Val and Glu-Val at
the C-terminus are important for orotate binding to

60 70
Ttmpentore (*C)

Fig. 5. Thermostabillty of wild-type and mutant OPRTases at
various temperatures. Solutions of 100 ̂ g/ml OPRTase were
incubated at the indicated temperatures for 20 min in 20 mM Tris-
HC1, pH 8.0, and enzyme activity was measured at 50'C. Remaining
activities of wild-type (O), V-(«), EV-(C), EEV-(B), and PLEEV-
OPRTase (A) are indicated.

Wlld-t)

| 3.0

A
ct

iv
ity

 a
t 

M
'C

 (
 x

lO

| 1.0

O.0 - -

V

r

V - O P R T M *

rlr •

E V - O P R T M *

r
50 60 70 80 »0 50 SO 70 80 90 50 80 70 80 90

Temperature (*C)

Fig. 6. Effect of KC1 on the thermostabillty of wild-type and
mutant OPRTases at various temperatures. OPRTases were
incubated at various temperatures for 20 min in the absence ( ) or
presence (0) of 200 mM KC1, and the remaining activity was
measured at 50*C.
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OPRTase and enzyme activity, respectively, and the
deletion of a few amino acids from the C-terminus caused
structural changes in the active site.

Thermostability of OPRTase—The effects of C-terminal
deletions on thermostability were investigated. After incu-
bation at 50-90'C for 20 rain, OPRTase activity was
measured at 50°C (Fig. 5). The remaining activities of
wild-type and V-OPRTase after incubation at 90°C were 70
and 60% of those of the respective non-heated OPRTases.
In the case of EV-OPRTase, the amount of activity remain-
ing relative to that of the non-heated EV-OPRTase was 70%
after incubation at 80°C, but only 14% after incubation at
90*C. EEV- and PLEEV-OPRTases had about 30% activity
relative to wild-type OPRTase and the remaining activity
decreased gradually with increasing incubation tempera-
ture. As above, the deletion of Glu and Val from the
C-terminus greatly reduced thermostability during 20 min
of incubation at 90*C. Glu and Val have been reported to
play important roles in the stabilization of some proteins
through electrostatic interactions (salt bridges, hydrogen
bonds) (27-30) and hydrophobic interactions (31, 32),
respectively. Similarly, these amino acid residues at the
C-terminus probably contribute to the stabilization of T.
thermophilus OPRTase.

An earlier study (20) revealed that KC1 enhances the
activity of T. thermophilus OPRTase, and thus the effect of
KC1 on the thermostability of the wild-type, V-, and EV-
OPRTases was investigated (Fig. 6). Increases in the
stability were observed in all three OPRTases at high
temperatures. The effect on EV-OPRTase was particularly
large. The remaining activity after incubation at 90°C
increased from 14% (absence of KC1) to 70% (presence of
KC1) of that of the non-heated EV-OPRTase. These results
indicate that the deletion of C-terminal amino acids prob-
ably led to the decrease in the hydrophobic effect involved
in protein folding.

Thermal Denaturation—Protein unfolding of the wild-
type, V-, and EV-OPRTases was monitored by the changes
in alpha-helical ellipticity at 226 nm (Fig. 7). At tempera-
tures from 80°C to 90°C, there were no changes in the

u

(m
d

eg
)

E
C

tlc
i

f -10

- 1 C

i 'i ' , ji.

92

Tempera turefC)
100

Fig. 7. Thermal denaturation as monitored by CD spectros-
copy. Elliptidties at 226 nm of three enzyme types (wild-type — , V-

, and EV-OPRTase —) were measured during the increase in
temperature from 90'C to 100'C at a rate of l'C per 6 min.

ellipticities of these OPRTases (data are not shown). In the
case of wild-type OPRTase, the ellipticity increased slowly
in the range from 92 to 100°C, and the ellipticity at 100°C
was about —5 mdeg. In the case of EV-OPRTase, a rapid
increase in ellipticity started at 92'C and reached —1.0
mdeg at 95'C. The ellipticity of V-OPRTase increased
slowly in the range from 92 to 96°C, then increased rapidly
from 96°C, reaching about —1.0 mdeg at 100°C. This result
also suggests that Glu and Val at the C-terminus are
involved in protein folding at high temperatures.

In this study, we analyzed the contribution of C-terminal
amino acids to the activity and thermostability of T.
thermophilus OPRTase by constructing OPRTase mutants
with amino acid deletions. In conclusion, Val and Glu-Val
are important for orotate binding and for activity and
thermostability, respectively. The determination of the
tertiary structure will help to clarify the role of these amino
acids in the activity and thermostability of the enzyme.
X-ray crystallography of wild-type OPRTase is now in
progress.

We are grateful to Dr. R. Katakai and Mr. T. Ooyama for cooperation
with CD spectroscopy.
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