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Regulation of a Thermostable Pyrimidine Ribonucleoside Kinase 
by Cytidine Triphosphate? 

Antonio Orengo and G .  F. Saunders* 

ABSTRACT : Pyrimidine ribonucleoside kinase was purified 
300-fold from extracts of the obligate thermophile, Bacillus 
stearothermophilus, and several properties of the enzyme 
were compared with pyrimidine ribonucleoside kinase of 
comparable specific activity derived from Novikoff ascites 
rat tumor. The thermophile enzyme appears to be particularly 
suitable for studies of mechanisms of regulation of catalytic 
activity. Although both enzymes catalyze the same reaction 
and are inhibited by the same regulator, i.e., CTP, they dis- 
play distinctly different kinetic properties. The bacterial en- 
zyme is stable at 59.5' for at least 30 min, while the mamma- 
lian enzyme under identical conditions loses 80% of its ac- 
tivity in 4 min. The kinetics of saturation of the thermophile 
enzyme by ATP is strongly dependent upon temperature 

T he terminal product of pyrimidine ribonucleotide bio- 
synthesis, CTP, appears to  regulate its own synthesis, acting 
as a specific inhibitor of the first step of the enzymic sequence. 
By such a mechanism, both the synthesis de novo of pyrimidine 
nucleotides from aspartate, carbon dioxide, ammonia, and 
5-phosphoribosyl pyrophosphate (Gerhart and Pardee, 
1962) and the salvage pathway (Orengo, 1966) are controlled 
by the inhibitor. A pyrimidine ribonucleoside kinase (uri- 
dine kinase, EC 2.7.1.48) is the first enzyme of the salvage 
pathway, and catalyzes the following reaction: U R  (CR) + 
ATP + UMP (CMP) + ADP. 

Uridine kinase purified from Novikoff ascites rat tumor 
has been studied extensively by "kinetic" methods. It appears 
to have at  least three distinct binding sites: one for the phos- 
phate acceptor (uridine or cytidine), one for the phosphate 
donor (ATP, or other nucleoside triphosphates), and one 
for the regulatory ligand (CTP or UTP) (Orengo, 1969). 

Our efforts have been directed toward determining how 
CTP regulates the catalytic activity of uridine kinase. Of 
several mammalian cell lines and bacterial species screened, 
Bacillus stearothermophilus was found to  have the highest 
level of uridine kinase activity. In previous work (Saunders 
et al., 1969) we showed that the purified pyrimidine nucleo- 
side phosphorylase of B. stearothermophilus is more thermo- 
stable and has a lower molecular weight (78,000) than the 
corresponding enzyme of Escherichia coli (mol wt 148,000). 
Since the optimal growth temperature of the organism is 
65", an increased thermostability of its uridine kinase was 
expected. This allows kinetic and binding studies of sub- 
strates and regulators over a wide range of temperatures. 
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and there appears t o  be more than one level of saturation. 
Studies on the kinetics of inhibition by CTP at different 
temperatures revealed that as the temperature is lowered, the 
thermophile enzyme becomes progressively more insensitive 
to  inhibition by CTP. Inhibition of the mammalian enzyme 
by CTP was not dependent upon temperature. A break in 
the Arrhenius plot indicating two activation energies was 
observed for both enzymes. Although the enzymes had prac- 
tically the same activation energies, the break in Arrhenius 
plot was at  46" for the thermophile enzyme and at 35" for 
the mammalian enzyme. These properties of the thermophile 
enzyme indicate that the enzyme may undergo marked con- 
formational changes with changes in temperature. 

Thus a comparison of the enzyme from the thermophile and 
the tumor might contribute to  our understanding of the mech- 
anism of regulation. This paper will report the partial puri- 
fication of the thermophile enzyme, and a comparison of 
some of its properties with those exhibited by a preparation 
of uridine kinase of similar specific activity derived from 
Novikoff ascites rat tumor. 

Experimental Procedure 

Materials Uridine-2- 14C and cytidine-2- 4C were pur- 
chased from Schwarz BioResearch, Inc. Streptomycin sulfate 
was obtained from E. R. Squibb and Sons. Calcium phos- 
phate gel and DEAE-cellulose DE-52 were purchased from 
Calbiochem and Whatman, respectively. All other nucleo- 
sides and nucleotides used were reagent grade products. Lac- 
tate dehydrogenase was purchased from P-L Biochemicals, 
pyruvate kinase from Mann, and sodium phosphoenolpyru- 
vate from Sigma. Novikoff ascites tumor (Birns, 1961) and B.  
stearothermophilus strain 10 were originally supplied by Dr. 
Alex B. Novikoff and Dr. L. L. Campbell, respectively. 

Assay of the Enzyme. Two types of enzymic assay, both 
previously described (Orengo, 1969), were used. The radio- 
chemical assay measures the conversion of nucleoside to  
nucleotide by chromatographic separation of the reactants 
and products on DEAE-cellulose paper. The optical assay 
measures the oxidation of DPNH. In the latter assay, pyru- 
vate kinase is coupled with lactate dehydrogenase in order 
to measure ADP. Disappearance of DPNH, as measured by 
a decrease in absorbance at  340 mp, is a measure of uridine 
kinase activity. Protein was determined by the method of 
Lowry et al. (1951). 

Sucrose Density Gradient Centrifugation. Linear gradients 
of sucrose from 5 to  20% made up in 0.1 M Tris-HC1 (pH 7.6) 
were centrifuged in a SW50 rotor in a Beckman Model L2- 
65 preparative ultracentrifuge at 4". After termination of 
the run, the gradients were fractionated by use of an ISCO 
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TABLE I:  Purification of Uridine-Cytidine Kinase from B.  
steurotkermophilus.1~ 

Act. -12  

- v )  Fractions and Steps ml) 

I Extract 1 4  - 9  5 
1 3  - 5  I1 Streptomycin 

111 Ammonium sulfate 11 5 
IV Calcium phosphate 16 4 

E (Units . -  

k 

- w  

N 

- 6  
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FIGURE 1 : DEAE-cellulose chromatography of B. sfenrotliermo- 
~ M U S  uridine kinase. An aliquot of fraction IV containing approxi- 
mately 30 mg of protein was applied to a DEAE-cellulose column 
(4.9 cm2 x 5 . 5  cm) equilibrated with 0.1 M Tris-HCI-2 mM uri- 
dine-lOZ glycerol (pH 7.2). After washing with the charging buffer. 
elution was effected by stepwise addition of ammonium sulfate. 
The flow rate was 1 ml/min; 2-ml fractions were collected and ana- 
lyzed as described in the Experimental Procedure section. 

density gradient fractionator. The fractions were assayed 
for enzyme activity as described in the legend of Figure 3. 

Growth of Tumor Cells and Preparution of Tunror Enzyme. 
The Novikoff transplantable ascites cells were grown for 6 
days in the peritoneal cavities of young, female, Holtzmann 
Sprague-Dawley rats (120-150 g in weight.) Preparation of 
the crude extracts and the purification procedure have al- 
ready been described (Orengo, 1969). 

Growth of Bacterial Cells. B. sfeurothermophilus strain 
10 was grown in a trypticase medium (Saunders and Camp- 
bell, 1966) at  60" in a 24-1. laboratory fermentor t o  an  opti- 
cal density of 0.9-1.2 at  540 mp. The cells were chilled with 
ice, harvested by continuous flow centrifugation, washed 
once with 0.2 M NH,Cl, and storedat -20". 

Prepurution of Bacterial Crude Extracts. Frozen cells were 
suspended in 0.05 M Tris-HC1 (pH 7.5), 2 ml/g, and disrupted 
by four 15-sec bursts with a Branson sonifier, Model W- 
185C. Cell debris was removed by centrifugation a t  10,OOOg 
for 15 min. The preparation was adjusted to  0 . 2 z  in de- 
oxycholate and then centrifuged at  123,OOOg for 2 hr to pre- 
pare the crude enzyme. Protein concentration, usually around 
20 mg/ml, was adjusted to 7.0 mg/ml with distilled water 
(fraction I). The purification procedure of uridine kinase 
from bacterial extracts is similar but not identical with the 
one used to prepare the mammalian enzyme, and therefore 
it will be described here. 

Streptomycin Treatment. To 1 1. of fraction I, 250 ml of 
5 streptomycin sulfate was added with continuous stirring. 
The suspensions were stored at  least 1 hr and then centri- 
fuged at  20,OOOg for 20 min (fraction 11). 

Ammoniuni Suljate Treatment. Fraction I1 was brought 
to 3 5 z  saturation by the slow addition with continuous 
stirring of ammonium sulfate. The suspension was stored 
for 1 hr and then centrifuged at  20,OOOg for 20 min. The pre- 
precipitate was dissolved in 0.01 M Tris-HC1 (pH 7.6) (Tris 
buffer). Protein concentration was adjusted to 1.5 mgiml. 

Sp Act. 
Total (Unitslmg 
Act. Protein of 

(Units) (mginl) Protein) 

172 7 0 0 2  
916 2 46 0 5  
402 1 71 6 7  
205 0 75 21 9 

gel 

chromatography 
V DEAE-cellulose 24 184 0 40 60 0 

- ___.______ - - 

The radiochemical assay as described in the text was used, 
with uridine as substrate. 

For each 100 ml of fraction 11, 10.85 g of ammonium sul- 
fate was added with continuous stirring. The suspension 
was stored for 30 rnin and then centrifuged at  20,OOOg for 
10 min. To the supernatant, 9.6 g of ammonium sulfate was 
added and the suspension was allowed to stand for 10 min 
and centrifuged again at  20,OOOg for 10 min. The pellet was 
dissolved in Tris buffer (fraction 111) and the protein concen- 
tration adjusted to 1.0 mg/ml. 

Culciuni Plrosphute Gel Treuttneizt. For each 100 ml of 
fraction 111, 7.5 ml of calcium phosphate gel (32 mg/ml) was 
added slowly with constant stirring. After 45-min stirring, 
the suspension was centrifuged for 10 rnin and the sediment 
was discarded. To the supernatant, an additional 15 ml of 
calcium phosphate gel was added. After 45-min stirring, the 
sediment was collected by centrifugation and dissolved in 
0.1 LI EDTA-1 x M uridine (pH 7.4) in a volume equal 
to fraction 111. After brief centrifugation to remove some of 
the insoluble material, the clear supernatant fraction was 
brought to 60% saturation with saturated ammonium sul- 
fate solution in 0.01 M Tris-HC1 (pH 7.6)-1 X h i  uridine. 
After overnight storage, the sediment was removed by cen- 
trifugation and dissolved in a minimal volume of 0.01 h i  

Tris-HCI-10 glycerol (pH 8.0) (fraction IV). 
DEAE-Cellulose Chromitogruphj.. DEAE-cellulose D E  

52 was washed with 0.1 M EDTA (pH 7.0) and then equili- 
brated with 0.1 M Tris-HCI-10% glycerol (pH 7.24). The 
resin was washed several times with buffer until the pH and 
conductance were constant. At the end of the equilibration 
step, the conductance of the buffer in which the resin was 
suspended was 4.8 x lo5 mhos. A column (4.9 cmy X 5.5 
cm) was prepared and a volume of fraction IV containing 
about 30 mg of protein was applied to the column a t  a rate 
of 1.9 mljmin. The column was then washed with 70 ml of 
0.1 hi Tris-HCl-10% glycerol-1 mM uridine (pH 7.2). A 
stepwise gradient of elution was then applied with 0.1 and 
1 M ammonium sulfate as limiting concentrations (Figure 1). 
Volumes of 100 ml were passed through the column for each 
ammonium sulfate concentration, and 0.1 M Tris-HC1-2 mh1 
uridine-10 z glycerol (pH 7.2) was present throughout the 
elution. The flow rate was 1 m/min and 2-ml fractions were 
collected. Since uridine has practically no absorbance at  
290 mp (290/260 = 0.04), the fractions were monitored at 
290 mp to follow the protein elution. Enzymic activity was 
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FIGURE 2: Electrophoretic pattern of uridine kinase (fraction V). 
The electrophoresis was performed by the method of Ornstein 
(1964) and Davis (1964). The Tris buffer system of Jovin et ai. 
(1964) and a 7.52 polyacrylamide sieving gel were used. Protein 
(50 pg) was applied to the top of the gel together with Bromophenol 
Blue as tracking dye. At the end of the run the gel was sliced longi- 
tudinally. The protein zones in one-half were defined by staining 
with Coomassie Blue and after destaining the gels were scanned with 
a Gilford gel scanner. The other half of the gel was frozen and cut 
into 1-mm thick sections. Each section was allowed to stay at 4 "  
in 0.01 M Tris-HC1 (pH 7.6) for at least 1 hr. The enzymic activity 
of the supernatant fraction was measured as described in the optical 
assay. 

determined by the optical assay. Of the activity applied, 65 
was eluted with 0.1 M ammonium sulfate between 4.82 and 
5.34 bed volumes of effluent. In  preliminary experiments 
no elution of uridine kinase occurred with 0.6 and 1.0 M, 
therefore, these steps were omitted in subsequent experi- 
ments. Only fractions with the highest specific activity were 
pooled. The enzyme eluted with 0.1 M was kept apart from 
the one eluted with 0.3 M ammonium sulfate. All experiments 
presented in this paper were carried out using pooled frac- 
tions of the enzyme eluted with 0.1 M ammonium sulfate 
(fraction V). The specific activity of fraction V was 300 times 
that of the cell extract (Table I). The enzyme was stored at 
4". Prior t o  use aliquots of enzyme were freed of ammonium 
sulfate and uridine by a chromatography on Sephadex G-25 
equilibrated with 0.01 M Tris-HCl (pH 7.6)-10% glycerol. 
Temperature was maintained at  2-4" throughout the entire 
isolation procedure. 

Results 

Purity of Enzyme Preparation. To assess the degree of 
purification, fraction V was subjected to  polyacrylamide gel 
electrophoresis. The pattern for a 7 . 5 z  gel is shown in Fig- 
ure 2. In separate experiments, under conditions where 95 % 
of the input uridine had been converted to  UMP, neither 
UDP nor UTP could be detected indicating that the enzymic 
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FIGURE 3: Sucrose gradient centrifugation of uridine kinase for 
approximation of molecular weight. Gradients ( 5  ml) were layered 
with 0.15 ml of Tris-HC1 (pH 7.6) containing approximately 4700 
IU (100 pg) of catalase (Calbiochem), 0.2 unit (100 pg) of liver 
alcohol dehydrogenase (Worthington), and 0.1 ml of uridine kinase 
fraction V (60 pg of protein). The gradients were centrifuged for 
16 hr at 38,000 rpm at 4". Fractions of 0.2 ml were collected and 
assayed for catalase (Beers and Sizer, 1952), alcohol dehydrogenase 
(Vallee and Hoch, 1955), and uridine kinase (radiochemical assay). 
Enzyme activity refers to the change in absorbance per minute 
catalyzed by 0.01 ml of each fraction under the conditions described 
for the assay of catalase (Beers and Sizer, 1952) and by 1 ml for 
alcohol dehydrogenase (Vallee and Hoch, 1955). 

THERMOSTABILITY OF URIDINE-CYTIDINE K INASE 

100 

Uridine Kinase 

0 ;  I I J 

TIME, a t  59 5: Min 
0 4  I 2  20 28 32 

FIGURE 4: Thermostability of uridine-cytidine kinase. Incubation 
of 100-pl samples of bacterial enzyme, fraction V (0.41 mgiml), 
and of tumor enzyme (0.32 mg/ml) in 0.1 M (NH4),SO4-2 X M 
uridine-10% glycerol-0.1 M Tris-HC1 (pH 7.2) was performed at 
59.5". At the indicated time intervals, 10-pl aliquots were with- 
drawn and mixed with 50 p1 of ice-cold reaction mixture. After 
mixing, the reactions were incubated at 37" for 10 min and assayed 
by the radiochemical method. The reaction mixture (final volume of 
50 pl) contained 5 pmoles of Tris-HC1 buffer (pH 7.6), 420 nmoles 
of MgC12, 150 nmoles of ATP, and 48 nmoles of cytidine-2-'% 
(1 Ci/mole). The specific activity of the tumor enzyme was 55 pmoles 
of CMP formed hr-1 mg-1. 
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FIGURE 5 :  Effect of temperature on the uridine saturation curve of thermophile enzyme. The reaction mixture (final volume, 60 pl) contained 
5 pmoles of Tris-HC1 buffer, 420 nmoles of MgC12, 600 nmoles of ATP, 4.3 pg of enzyme; and 1.07 to 106.9 nmoles of uridine-2-14C (0.5 
Ci/mole). The enzymic preparation was dissolved in 0.01 M Tris-HCl-lOz glycerol (pH 7.6). All reactions were carried out at pH 7.6, meas- 
ured at the reaction temperature. The incubations were carried out for 60, 15. and 10 min at 10'. 37 '. and 60". respectively. 

preparation was free of ribonucleotide monphosphokinase. 
The enzymic preparation did not show any detectable activ- 
ity as pyrimidine nucleoside phosphorylase or  5'-nucleotidase. 

Approximation of Molecular Weight. The method of Martin 
and Ames (1961) was used to  estimate the molecular weight 
of uridine kinase. The sedimentation profiles are shown in 
Figure 3. With liver alcohol dehydrogenase as the marker 
enzyme [mol wt 84,000 (Castellino and Barker, 1968)], the 
molecular weight of the bacterial enzyme was calculated to 
be 109,000 a t  the center of the main peak. The shoulder at  
the left of the peak indicates that a part of the activity is 
associated with slower moving molecules. No attempt to 
furnish an interpretation of this finding has been made in 
the present context, although it is not inconceivable that at  
4", running temperature of the sucrose gradient, the thermo- 
phile enzyme is in more than one molecular weight complex 
with a predominance of the heavier forms. 

Thermostability of Uridine-Cytidine Kinase. Purified prep- 
arations of uridine kinase derived from B. stearother- 
mophilus were compared with preparations of approximately 
the same specific activity from the Novikoff ascites rat tumor 
with regard to their thermostability. Test conditions and re- 
sults are presented in Figure 4 and its legend. The enzyme 
derived from the tumor lost 79% of its activity upon ex- 
posure of the enzyme solution at  59.5" for 4 min. In con- 
trast, the bacterial enzyme maintained its activity unchanged 
even after a 30-min exposure a t  this temperature. 

Effect of Temperature on the Concentration Curce und K,  
of the Phosphate Acceptor, Uridine. As shown in Figure 5, 
a much higher concentration of uridine is necessary to  satu- 
rate the thermophile enzyme at  60" than at  either 37" or IO". 
The maximum velocities in pmoles of U M P  hr-' mg-I were: 
2 at IO", 25 a t  37", and 66 at  60". The Michaelis constants 
for uridine calculated from Hofstee plots, were 2.1 X 10-4, 
6.4 X and 16.0 x M, respectively. Since the concen- 
tration of uridine was not high enough to  attain a plateau 
at  60" the values of V,,, and K,, at this temperature 
may be less accurate. The apparent Michaelis constant of 
the tumor enzyme for uridine at 37" and at  a concentration 
of ATP approaching saturation was previously shown to  be 
2.7 x 10-4 M (Orengo, 1969). The effects of lower tempera- 
tures on the K, (uridine) for the tumor enzyme were not 
investigated. 

Analogous results have been reported by Iwatsuki and 
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Okazaki (1967) for deoxythymidine kinase of E. coli. An 
extremely high concentration of deoxythymidine was re- 
quired to  saturate the enzyme at  37". A Lineweaver-Burk 
plot showed a sharp break resulting in two linear regions, 
and two values of K, were calculated. At 21" and O " ,  the 
enzyme was saturated at  a lower concentration of deoxy- 
thymidine and K, values much lower than those at  37" were 
obtained. The data were explained by assuming the existence 
of two forms of the enzyme, a form with a low K,, and a less 
active form with a high K,. As the temperature is lowered, 
the values of K, decrease; this finding was attributed to in- 
creased affinity of the enzyme for its substrate. However, 
it may be pertinent t o  point out that K, is not synonymous 
with Ks ,  and a change in K,, does not necessarily mean a 
change in affinity, since in many cases, the dissociation con- 
stant of the enzyme-substrate complex into enzyme and 
product (KcatalytIc) may contribute significantly to the value 
of K,,. 

Effects of Concenfrution o j  ATP ut Seceral Temperatures. 
In  contrast to the results with uridine (the phosphate ac- 
ceptor) the effect of high ATP concentrations (the phosphate 
donor) were complex at  all temperatures and a t  both low 
and high concentrations of uridine (Figure 6A and B). At 
temperatures below the temperature of optimal growth of 
the thermophilic bacterium, it appears that there is more 
than one level of saturation for the enzyme. At growth tem- 
perature, i.e., 60°, the saturation curve tends to be sigmoidal. 

It should be pointed out that at  low concentrations of 
ATP (insets of Figure 6A,B) Michaelis kinetics were exhib- 
ited. The experiments reported here were repeated three 
times with essentially the same results and studies on course 
of the reaction showed that with one exception true initial 
rates were being measured. At 60" 1.7 mM uridine is not 
sufficient to saturate the enzyme (Figure 5C). This accounts 
for the lower initial velocity observed at  60" in low uridine 
concentration (Figure 6A, inset) as compared with the ini- 
tial velocity a t  38 '. The curves are unusual and some of them 
cannot be handled satisfactorily with the available mathemat- 
ical models. The experiment is reported here only to point 
out the distinct effect of temperature on  the ATP saturation 
curve of the thermophile enzyme. Since these curves are re- 
producible and represent trends it has been difficult for US to 
dismiss them as trivial artifacts. Work is in progress to find 
an  explanation in terms of conformational transitions. In 



T H E R M O S T A B L E  P Y R I M I D I N E  R I B O N U C L E O S I D E  K I N A S E  

100 

x 0 

E 
> 
LL 
0 

g 50 
c4 z 
W 
0 cc 
W a 

[ATPI .  mH 

0 
0 5 10 0 5 

[ATP], mM 
10 

FIGURE 6: Effect of temperature on the ATP saturation curve of the thermophile enzyme. The conditions were described in Figure 5 except 
107 nmoles (A) or 244 nmoles (B) of uridine-2-14C(0.5 Ciimole), 2.1 pg of enzyme, and 15 to 600 nmoles of ATP were used. The incubations 
were carried out for 60, 15, and 10 min at l l" ,  38", and 60", respectively. 

contrast, the tumor enzyme exhibited Michaelis kinetics 
and saturation was reached below 3 mM ATP (Figure 7). 

CTP Inhibition. Both the thermophile and the tumor UK 
are inhibited by CTP. Figure 8 shows that low concentra- 
tions of CTP are much more inhibitory to the thermophile 
enzyme than to  the tumor enzyme. In contrast, high CTP 
concentration will almost completely inhibit the tumor en- 
zyme while inhibiting only 80-85z of the thermophile en- 
zyme activity (Figure 8A). A study of inhibition by CTP at 
different temperatures revealed that as the temperature is 
lowered, a progressively larger fraction of the thermophile 
enzyme becomes insensitive to inhibition by CTP (Figure 
8C). The tumor enzyme did not show a comparable tempera- 
ture dependency of the inhibition (Figure 8b). 

Effect of Temperature on Catalysis. When initial velocities 
were measured at a series of temperatures at  substrate con- 
centrations close to  saturation, the Arrhenius plot presented 
a break from which two activation energies of uridine kinase 
could be calculated. The tumor differs from the thermophile 
enzyme in having the inflection point at  a lower temperature, 
The activation energies are practically the same for both 
enzymes and are lower a t  the higher temperatures. The values 
were 8.5 and 14.2 kcal per mole for the thermophile enzyme 
and 7.8 and 14.9 kcal per mole for the tumor enzyme (Fig- 
ure 9). 

This phenomenon (Le., a break in the Arrhenius plot) has 
been reported previously. Massey et al. (1966) listed several 
enzymes which show a sharp transition between two linear 
regions of the Arrhenius plot. It may be possible to  account 
for such behavior in terms of changes in the tertiary and/or 
quaternary structure of the protein (Massey et al., 1966). 

Discussion 

The thermophile pyrimidine ribonucleoside kinase is an  
example of environmental influence on  macromolecular 
evolution where cells selected means of stabilizing proteins 
a t  high temperature in conformations catalytically active 
and at  the same time amenable to activity regulation. 

The finding that some enzymic proteins may form com- 
plexes with ligands which are neither substrates nor products 
of the reaction catalyzed is of interest in that one may ex- 

ploit molecular mechanisms in chemical homeostasis. The 
ability of the protein molecule to form such complexes may 
regulate the activity of a reaction sequence if the ligand is 
the terminal product and interacts with the first catalyst of 
the sequence. Alternatively it may ellow coordination of 
different sequences of chemical transformations if the ligand 
is a product of a sequence and interacts with the catalyst 
of another sequence. 

Enzymes from thermophilic organisms are of particular 
interest since these proteins must be in conformations which 
are catalytically active at  the elevated temperatures needed 
for growth. Since several end-product-regulated enzymes 
prepared from mesophilic bacteria lose regulation but main- 
tain catalysis upon mild heat treatment in uitro (Changeux, 

UR 109mM 
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Km = 0 4 2  mM ATP 
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K m = 0 4 2 m M  ATP 

0 5'0 10 0 I5 0 200 
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FIGURE 7:  Effect of ATP concentration on mammalian enzyme. The 
optical assay was used. The standard assay mixture (final volume 
1.0 ml) contained the following: 100 pmoles of Tris-HC1 buffer 
(pH 7.5), 7.0 pmoles of MgClp, 15.0 pmoles of KC1, 3.0 pmoles of 
sodium phosphoenolpyruvate, 7 pg of pyruvate kinase (1930 
enzyme units per mg), 10 pg of lactate dehydrogenase (300 units 
per mg), 0.128 pg of DPNH, 110 pg of enzyme, 109 pmoles of uri- 
dine, and 0.142-2.85 pmoles of ATP. The reaction was initiated by 
adding the nucleoside and the decrease in absorbance at 340 mp 
was monitored. The reaction was measured at 37" and care was 
taken to use batches of ATP and phosphoenolpyruvate containing 
only minimal amounts of ADP or pyruvate. Blank runs without 
uridine were stable at 37", showing no decrease in absorbance at 
340 mp over a period of at least 30 min. 
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FIGURE 8 :  Effect of CTP concentration on uridine kinase activity. The reaction mixture (final volume, 60 p l )  contained 5 pmoles of Tris-HC1 
buKer, 42 nmoles of cytidine-2-14C(1 pCi!mole), I50 nmoles of ATP. 1.7-292.6 nmoles of CTP. and 2 pg of the thermophile enzyme or 0.6 pg 
of the tumor enzyme. All reactions were carried out at pH 7.6 and assayed by the radiochemical method. Panel A compares the tumor and 
thermophile enzyme at temperatures of growth. Panel B compares the tumor enzyme at several temperatures. Panel C compares the thermo- 
phile enzyme at several temperatures. 

1961 ; Patte et a/., 1963), it appears pertinent to investigate 
the regulation of enzymes catalyzing the same reaction but 
derived from thermophilic microorganisms. These compari- 
sons can lead to the understanding of both the mechanism of 
action of enzymes and their regulation of activity. The find- 
ings presented in this paper represent initial steps toward these 
goals. 

The studies on kinetics reported here point out that the 
mesophilic and thermophilic pyrimidine ribonucleoside 
kinases display distinct kinetic differences which have im- 
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FIGURE 9: Effect of temperature on catalysis. The thermophile 
enzyme reaction mixtures (final volume, 60 pl) contained 5 pmoles 
of Tris-HCl buffer, 840 nmoles of MgC12, 600 nmoles of ATP, 
326 nmoles of uridine-2-14C (0.5 Ci/mole), and 6.7 pg of fraction V. 
The reaction mixtures for the activity assay of the tumor enzyme 
(final volume, 60 pl) contained 5 pmoles of Tris-HC1 buffer, 420 
nmoles of MgC12, 150 nmoles of ATP, 48 nmoles of cytidine-2-14C 
( I  pCi/mole), and 0.6 pg of enzyme. The enzyme solutions were in 
0.1 M (NH4)2S04-0.002 hi uridine-10% glycerol-0.1 M Tris-HC1 
(pH 7.2). All reactions were carried out at  pH 7.6. The reaction 
mixtures were incubated at different temperatures and time intervals 
and assayed by the radiochemical method. 
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plications with regard to  both the regulatory and catalytic 
site, although both enzymes carry out the same reaction. 

Below the growth temperature (43 ") of the obligate thermo- 
phile the end product regulation became much less effective. 
Concentrations of CTP (4.8 mM) which completely inhibit 
the mammalian kinase are able to produce only 40% in- 
hibition of the thermophile enzyme at  a temperature of 8" 
The mammalian uridine kinase does not show such desen- 
sitization below the physiological temperature of 37 '. The 
thermophilic kinase however, is effectively inhibited at  growth 
temperature. The thermophlle kinase again exhibits distinct 
differences in the kinetic properties of the phosphodonor site. 
Concentrations of 9-10 rnM ATP are required to approach 
saturation in contrast to 2.8 mhi required by the mammalian 
enzyme. Moreover, there are strong temperature effects on 
the kinetics of saturation of the thermophile kinase by ATP. 
At the optimum temperature for bacterial growth the kinase 
appears to have a sigmoidal saturation curve; below this 
temperature the kinetic behavior is quite unusual suggesting 
that two successive levels of saturation are reached. 

Two conceivable mechanisms through which such differ- 
ences could be explained are (a) evolutionary changes in the 
primary structure, i.e., amino acid substitutions; and (b) 
changes in the quaternary structure, i.e., shift in association- 
dissociation equilibria of monomers generated by the presence 
of stabilizing molecules. A detailed study of the molecular 
structure of the two kinases will be necessary to permit a 
choice between these alternatives. 
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ABSTRACT: Transaldolase (EC 2.2.1.2) was purified from bo- 
vine mammary gland to  a specific activity of 4 IU/mg by a 
combination of ammonium sulfate precipitation and chro- 
matography on DEAE-Sephadex A-50, Sephadex G-100, 
and DEAE-cellulose. This purification procedure was found 
to  be reproducible within + 10%. The enzyme appears to  be 
homogeneous as judged from sedimentation equilibrium and 
sedimentation velocity experiments in the ultracentrifuge. 
An aqueous and neutral solution of this transaldolase prepa- 
ration is stable a t  2" for at least 8 weeks. No evidence was ob- 
tained for the requirement of a cofactor. The molecular 
weight (M> determined by equilibrium sedimentation and 
thin-layer gel chromatography was found to  be 65,000 i 2%. 
From sedimentation velocity experiments a sedimentation 
coefficient s20,w of 3.67 S was obtained. The diffusion con- 
stant and the frictional ratio were calculated from M and s20,w 

T ransaldolase (D-sedoheptulose 7- phosphate:^-glycer- 
aldehyde 3-phosphate dihydroxyacetone transferase, EC 
2.2.1.2) catalyzes fructose-6-P + erythrose-4-P $ sedoheptu- 
lose-7-P + glyceraldehyde-3-P. 

When transaldolase isolated from Candida utilis is incu- 
bated with fructose 6-phosphate in the absence of the accep- 
tor, erythrose-4-P, a stable enzymatically active intermediate 
accumulates (Horecker et a[., 1961 ; Venkataraman and 
Racker, 1961). This intermediate has been identified as a 
Schiff base containing dihydroxyacetone linked to  the E- 

amino group of a lysine residue of the enzyme (Horecker et 
al, 1963). Further evidence for the azomethine structure of 

i From the Max-Planck-Institut fur Ernihrungsphysiologie, 46 
Dortmund, Rheinlanddamm 201 Germany. Receiued Nocember 5 ,  
1971. Dedicated to Professor A. E. Braunstein, Moscow, on the occasion 
of his 70th anniversary. 

* To whom correspondence should be sent. 

to be 5.5 x lo-' cm2 sec-1 and 1.37 S, respectively. Apparent 
K ,  values for the substrates fructose 6-phosphate and eryth- 
rose 4-phosphate were determined to  be 2 X lop4 and 7 X 
10-6 M. The enzyme is stable between pH 4 and 9 and has an 
optimum activity at  pH 8.2. In  contrast to  transaldolase from 
Candida utilis transaldolase from bovine mammary gland was 
completely inactivated by treatment with sodium borohy- 
dride at  pH 6.0 and 2" in the absence of substrate fructose 6- 
phosphate. The rate of inactivation, however, was strongly 
enhanced by the addition of substrate. No radioactively la- 
beled amino acid derivative could be detected in the acid hy- 
drolysate with two different methods, when the enzyme was 
treated with borohydride in the presence of excess U-14C-la- 
beled fructose 6-phosphate. The results are discussed and 
compared to  the structural and catalytic properties reported 
from the yeast enzyme. 

the intermediate was presented by demonstrating the addi- 
tion of HCN to the isolated transaldolase-dihydroxyacetone 
complex (Brand and Horecker, 1968). Histidine residues in 
transaldolase from yeast were reported to have a specific 
function in removing the proton from the C-4 hydroxyl group 
of fructose 6-phosphate and thus promoting the aldol-cleavage 
reaction (Brand et al., 1969). 

It is known that transaldolase is widely distributed in mi- 
croorganisms, plants, and animal tissues. So far, however, 
the enzyme was purified only from various types of yeast 
cells (Pontremoli et al., 1961, Venkataraman and Racker, 
1961 ; Tsolas and Horecker, 1970). No isolation from animal 
tissues is reported in the literature. 

In the present work a purification procedure of transaldo- 
lase from bovine mammary gland is described. Furthermore 
results obtained from studies on the molecular and kinetic 
properties of the enzyme and its modification by sodium boro- 
hydride are presented. 
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