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Purification of cytidine-triphosphate synthetase from rat liver,
and demonstration of monomer, dimer and tetramer
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Cytidine-triphosphate synthetase (UTP: ammonia ligase (ADP-forming), EC 6.3.4.2.) has been purified over
31000-fold to homogeneity with 17% recovery from rat liver cytosol, using high-performance liquid
chromatography (HPLC) techniques. The presence of CTP synthetase monomer, dimer and tetramer has
been demonstrated in the ammonium sulfate fraction of rat liver cytosol. By gel-permeation HPLC, the
molecular weights of the three molecular forms of the enzyme have been estimated as 240000 (tetramer),
120000 (dimer) and 60000.(monomer). By gel-permeation chromatography on Bio-Gel A-1.5m column, the
molecular weights of dimer and monomer were estimated as 100 000 and 50 000, respectively. The molecular
weight of the monomeric subunit is determined to be 66000 by SDS-polyacrylamide gel electrophoresis.
Monomers isolated fresh from 0-30 (NH,),SO, fraction of rat liver cytosol are enzymatically active.
Purified rat liver CTP synthetase exhibited sigmoidal kinetic plots as a function of the substrate UTP in the
presence of the end-product, CTP. Partially purified CTP synthetase usually forms an inactive coagulum on
freezing and subsequent thawing. Incubation of CTP synthetase dimer at 25°C for 1 h in the presence of
UTP, ATP and Mg?" resulted in optimum conversion to tetramer with least inactivation. The purified
tetramer dissociates to dimers when UTP, ATP and Mg?* are removed by dialysis.

Introduction

Cytidine-triphosphate synthetase (UTP: am-
monia ligase (ADP-forming), EC 6.3.4.2) (CTP
synthetase) is a rate-limiting enzyme catalyzing
the irreversible reaction; UTP + ATP + L-
glutamine — 1-glutamate + ADP + P, + CTP.
Both genetic and biochemical approaches have

Abbreviations: CTP, cytidine 5’-triphosphate; CTP synthase,
cytidine-5'-triphosphate synthetase (EC 6.3.4.2); Hepes, 4-(2-
hydroxyethyl-1-piperazineethanesulfonic acid; PEP, phos-
phoenolpyruvate.

Correspondence: E.H.Y. Chu, Department of Human Genet-
ics, 4708 Med. Sci. IT M4708 /Box 0618, University of Michi-
gan Medical School, Ann Arbor, MI 48109-0618, U.S.A.

been taken by several groups of investigators in an
attempt to elucidate the regulation of the activity
of the enzyme and its role in pyrimidine metabo-
lism in pro- and eukaryotes. Robert de Saint
Vincent and his co-workers [1,2] reported a class
of variant Chinese hamster CCL 39 fibroblasts,
isolated on the basis of their resistance to cytosine
arabinoside and/or excess levels of thymidine,
exhibited expanded pools of both CTP and dCTP
while their UTP pools were not increased. It was
further shown that these variants expressed CTP
synthetase activity at the wild-type levels, but the
enzyme was less sensitive than the wild-type en-
zyme to inhibition by CTP [3]. Trudel et al. [4]
studied a class of Chinese hamster ovary cell
mutants with similar complex phenotypes which
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appeared to be consequence of mutation at the
CTP synthetase locus. More recently, resistance to
5-fluorouracil was also shown to be associated
with an increased CTP level due to a possible CTP
synthetase mutation in V79 Chinese hamster cells
[5].

In our laboratory, we have isolated and char-
acterized pleiotropic mutants of Chinese hamster
V79 cells with altered CTP synthetase and a com-
plete loss of feedback inhibition by the end prod-
uct, CTP [6,7]. In addition, we have isolated a
series of hamster cell CTP synthetase variants
which are resistant to high concentrations of 3-
deazauridine, exhibit elevated CTP synthetase ac-
tivity, and are refractory to inhibition by CTP.
The activity of CTP synthetase has been shown to
be elevated in cancer cells [8,9]. CTP synthetase is
a target for inhibition by the antitumor agent
3-deazauridine [10], and is possible so for another
potent antitumor agent cyclopentenyl cytosine
[11-13]. These findings and the availability of
CTP synthetase mutants prompted us to purify
the enzyme from rat-liver in our attempt to in-
vestigate the regulation of gene expression at the
transcriptional level, molecular defects of the
hamster cell mutants through molecular cloning of
the CTP synthetase gene, and the mechanism of
action of cyclopentenyl cytosine.

Escherichia coli CTP synthetase has been puri-
fied [14,15] and its amino-acid sequence derived
from the nucleotide sequence of pyr G [16). How-
ever, the mammalian enzyme has not been puri-
fied to homogeneity [17]. E. coli CTP synthetase is
a dimer (M, 105000) which polymerizes to a
tetramer (M, 210000) in the presence of UTP,
ATP and Mg?* [18]. The bovine liver CTP syn-
thetase (M, 133000) polymerizes to a larger mole-
cule (M, 263000) in the presence of physiologi-
cally relevant concentrations of UTP, ATP and
Mg?2* [17,19] and it differs from the E. coli CTP
synthetase in size, structure and properties
[17,19,20]. Results reported in this paper establish
a similarity in subunit structure between the rat
and E. coli enzymes and further demonstrate the
existence of monomer, dimer and tetramer forms
of the rat liver enzyme.
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Materials and Methods

Bio-Gel A-1.5m, ammonium sulfate (HPLC
grade), and Coomassie brilliant blue R-250 were
purchased from Bio-Rad (Rockville Center, NY).
Standard marker proteins were from Bio-Rad and
Pharmacia (Piscataway, NJ). Polyethyleneimine
cellulose thin-layer plates were purchased from
Brinkman Instruments (Westbury, New York).
[5,6-*H]Uridine 5’-triphosphate tetrasodium salt
35 Ci/mmol was from ICN Chemical and Radio-
isotope Division, Irvine, CA. All other reagents
were of analytical grade and were obtained from
Sigma, St. Louis, MO. Livers were obtained from
female Sprague-Dawley rats weighing 60-80 g.

The assay of CTP synthetase is based on the
conversion of radioactivity labeled UTP to CTP,
followed by the separation of the CTP from other
products and substrates by polyethyleneimine cel-
lulose thin-layer chromatography (TLC), as de-
scribed previously [21]. The 25 pl standard reac-
tion mixture contained Hepes (pH 7.4), 100 mM;
ATP, 8 mM; phosphoenol/pyruvate (PEP) 8 mM;
GTP, 4 mM; NaF, 10 mM; MgCl,, 20 mM;
B-mercaptoethanol, 20 mM; UTP, 0.2 mM; L-
glutamine, 16 mM and 1.1-10¢ M [5,6-*H]UTP,
1 pCi. Solutions of ATP, UTP, GTP, PEP and
L-glutamine were adjusted to pH 7.4 before their
addition to the reaction mixture. All assays were
done at 37°C for 15 min to 3 h under linear
conditions. 5 pul reaction mixture was spotted on a
eonditioned polyethyleneimine cellulose TLC
sheet, developed in 0.45 M HCL. 1 unit of enzyme
activity is the amount of enzyme required for the
formation of 1 pmol of CTP in 1 h.

The protein concentration was determined by
the dye-binding procedure of Bradford [22] with
reagents from Bio-Rad. Polyacrylamide (12.5%)
gel electrophoresis of the purified CTP synthetase
was done in the presence of sodium dodecyl sulfate
(SDS) according to Laemmli [23].

Results

Purification of CTP synthetase

The following purification procedure described
the isolation of CTP synthetase from rat liver. All
HPLC steps were carried out at 25°C. All other
procedures were done at 4° C unless specified.
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TABLE I
COMPOSITION AND pH OF BUFFER SOLUTIONS USED

Component Concentration in buffer (mM)

A B C D E F G
KH, PO, /K, HPO, 200 5 20
NaH,PO, /Na,HPO, 20 20
Tris-HCl 20
Hepes 60
Na,SO, 50 50
EDTA 1 0.5
L-glutamine 1 4 4
Dithiothreitol 2 2 2
B-Mercaptoethanol 20 20 20 20
UTP 0.4 0.4
ATP 8 8
MgCl, 10 10 10
Ethylene glycol 4833
pH 7.5 7.5 74 6.8 7.5 6.8 7.4

(1) Preparation of rat liver cytosol

370 g minced rat liver was homogenized (using
a Teflon homogenizer) in 870 ml 0.15 M KC1,/0.01
M Hepes (pH 7.4). The homogenate was centri-
fuged at 105000 X g for 60 min and the clear
supernatant (600 ml) was used for ammonium
sulfate fractionation.

(2) 0-30 (NH,),SO, fractionation

Ammonium sulfate (0.176 g/ml of cytosol) was
added with slow stirring over a 30 min period. The
resulting precipitate was collected by centrifuga-
tion at 27000 X g for 30 min and dissolved in a
minimum volume of buffer A (Table I).

(3) Hydrophobic interaction high-performance liquid
chromatography (Step 1)

The 0-30 ammonium sulfate fraction was
centrifuged at 15000 X g for 15 min, and the clear
supernatant was injected using a 10 ml loop onto
a Bio-Gel TSK-phenyl-5-PW column (150 X 21.5
mm, Bio-Rad) that had been equilibrated with
buffer A. The enzyme was eluted by decreasing
the potassium phosphate concentration and in-
creasing the ethylene glycol concentration. This
was achieved by applying a 30 min linear gradient
from buffer A to buffer B (containing 30% ethyl-
ene glycol) at a flow rate of 5 ml per min. 5 ml
fractions were collected. At 30 min, the gradient

was changed from buffer B to distilled water in 15
min, and the column was washed till 60 min.
Elution profile of the enzyme is shown in Fig. 1.
Fractions containing most of the enzyme activity
(fractions No. 22-28) were pooled and con-
centrated by ammonium sulfate (0.313 g/ml) pre-
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Fig. 1. Elution profile of CTP synthetase on Bio-Gel TSK-
phenyl-5-PW column (150X 21.5 mm; Bio-Rad). 10 ml 0-30
(NH,), S0, fraction of rat liver cytosol was injected using a 10
ml loop. Elution was carried out by applying a 30-min linear
gradient from buffer A (200 mM potassium phosphate (pH
7.5)/1 mM EDTA /2 mM L-glutamine/2 mM dithiothreitol)
to buffer B (5 mM potassium phosphate (pH 7.4) /0.5 mM
EDTA /1 mM L-glutamine /2 mM dithiothreitol /30% ethylene
glycol) at a flow rate of 5 ml/min. At 30 min the gradient was
changed from buffer B to distilled water in 15 min, and the
column was washed with water till 60 min.
® — — — @, CTP synthetase activity.
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Fig. 2. HPLC anion-exchange chromatography using Bio-Gel TSK-DEAE-5-PW column (150X 21.5 mm; Bio-Rad). 10 ml enzyme
concentrate from hydrophobic interaction chromatography was injected using a 10 ml loop. The column was eluted by applying a
linear gradient from 20 mM Tris-HCl (pH 7.5)/4 mM L-glutamine/20 mM B-mercaptoethanol /0.15 M NaCl to 20 mM Tris-HCl

(pH 7.5)/4 mM L-glutamine /20 mM B-mercaptoethanol /0.5 M NaCl in 180 min at a flow rate of 1 ml/min.
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— @, CTP synthetase activity.

cipitation. The precipitate was dissolved in a
minimum volume of buffer C and dialyzed over-
night against the same buffer.

(4) Anion-exchange high-performance liquid chro-
matography

The concentrate of fractions containing enzyme
activity from the above step was centrifuged at
15000 X g for 15 min and injected using a 10 ml
loop onto a Bio-Gel TSK-DEAE-5-PW column
(150 X 21.5 mm; Bio-Rad) equilibrated with buffer
C containing 150 mM NaCl. The enzyme was
eluted by increasing the NaCl concentration to
500 mM in a 180 min linear gradient at a flow rate
of 1 ml/min. The enzyme was eluted in a peak
with a retention time of 120 min (Fig. 2). The
fractions containing the enzyme activity (fractions
No. 115-126) were pooled and concentrated by
ammonium sulfate precipitation. The precipitate
was dissolved in a minimum volume of buffer D
and dialyzed overnight against the same buffer.

(5) Gel-permeation high-performance chromatogra-
phy (Step 1)

The enzyme concentrate from the above step
was injected using a 250 ul loop onto a Bio-Sil
TSK-400 column (600 X 7.5 mm; Bio-Rad)
equilibrated with buffer D. The column was eluted
with the same buffer at 1 ml/min and 1 ml
fractions were collected. The elution profile is
shown in Fig. 3. The enzyme is a dimer, and no
monomer or tetramer could be detected at this
stage of the enzyme purification (see below). The
fractions containing enzyme activity (fractions No.

19-21) were pooled and concentrated by am-
monium sulfate precipitation as in the previous
step. The precipitate was dissolved in a minimum
volume of buffer E and dialyzed overnight against
the same buffer.

(6) Hydrophobic interaction high-performance liquid
chromatography in the presence of UTP, ATP and
Mg?* (Step II)

The enzyme concentrate from the previous step
was kept at room temperature for 1 h and injected
using a 250 pl loop onto a Bio-Gel TSK-phenyl-5-
PW column (75 X 7.5 mm; Bio-Rad) equilibrated
with buffer E. The column was eluted with the

10 20,000
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CTPS activity { cpm for CTP band]
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Fig. 3. Gel-permeation high-performance chromatography (Step

I) on Bio-Sil TSK-400 (600 X 7.5 mm; Bio-Rad). 250 u] enzyme

concentrate from anion-exchange chromatography was injected

using a 250 p1 loop and eluted with 20 mM sodium phosphate

(pH 6.8) /50 mM sodium sulfate /20 mM B-mercaptoethanol at

a flow rate of 1 ml/min. s
® — — — @ CTP synthetase activity.

A280’
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Fig. 4. Hydrophobic interaction HPLC in the presence of UTP,
ATP and Mg2™*. 250 pl enzyme concentrate from gel filtration
(step I) was injected using a 250 pl loop onto a Bio-Gel
TSK-phenyl-5-PW column (75X 7.5 mm; Bio-Rad) equi-
librated with 20 mM potassium phosphate buffer (pH 7.5) /0.4
mM UTP/8 mM ATP,/10 mM MgCl, /2 mM dithiothreitol
and eluted with the same buffer at a flow rate of 0.25 ml/min.
, Asgy, ® — — — @, CTP synthetase activity.

same buffer at a flow rate of 0.25 ml/min (Fig. 4).
The absorbance at 287 nm was recorded, since the
inclusion of nucleotides gave a high absorbance at
280 nm. Fractions containing the enzyme activity
(fractions No. 15-30) were pooled and con-
centrated using a Micro-Con Filt (negative-pres-

TABLE II
PURIFICATION OF RAT LIVER CTP SYNTHETASE

sure microconcentrator filtrator from Bio-Molecu-
lar Dynamics, Beaverton, OR) and dialyzed against
buffer F for 2 h.

(7) Gel-permeation high-performance chromatogra-
phy in the presence of UTP, ATP and Mg’ * (Step
II)

The enzyme concentrate from the above step
was kept at room temperature for 1 h and injected
onto a Bio-Sil TSK-400 column (600 X 7.5 mm;
Bio-Rad) equilibrated with buffer F. The column
was eluted with the same buffer and absorbance
monitored at 287 nm. The elution profile of the
enzyme is shown in Fig. 5. Two peaks of enzyme
activity corresponding to tetramers and dimers
were obtained; fractions 15-17 contained tetra-
mers. Fraction 18 contained a mixture of tetra-
mers and dimers, and fractions 19-21, dimers.
Fractions containing tetramers and dimers were
pooled separately and concentrated using a Mi-
cro-Con Filt. The enzyme was stored at —20°C
after adding glycerol (to 20% concentration).

Table II summarizes the results of a typical
purification of CTP synthetase from rat liver. The
enzyme has been purified greater than 31 000-fold.
The specific activity and yield are much higher
than those reported (0.91 pmol-h~!-mg~' and

Volume Total Total Specific Purification Yield
(ml) activity protein activity (-fold) (%)
(unit) * (mg) (unit/mg)
1 Rat liver cytosol 600 30.1 9345 0.0032 - 100
2 0-30 (NH,),S0, fraction 42 30.28 1271 0.024 8 100
3 Concentrate of phenyl-5-PW column
fractions (hydrophobic interaction
chromatography — Step I) 9.2 30.15 82.9 0.363 113 100
4 Concentrate of DEAE-5-PW fractions :
(anion-exchange chromatography) 1.6 15.46 10.0 1.546 483 51
S Concentrate of gel filtration
(Step I) 1.5 14.88 20 7.44 2325 49
6 Concentrate of phenyl-5-PW column
fractions (hydrophobic interaction
chromatography Step II) 1.15 9.60 0.44 21.8 6770 32
7 Concentrate of gel filtration II
Tetramer (Fr. No. 15-17) 0.7 5.15 0.051 100.98 31360 171
Mixture (Fr. No. 18) 0.4 2.95 0.084 35.12 10907 9.8
Dimer (Fr. No. 19-21) 0.4 2.23 0.152 14.67 4556 7.4

# 1 unit of enzyme activity is the amount of enzyme required for the formation of 1 umol of CTP in 1 h.



0.2 —_
b1

{30000 B

a

-

(& ]

~ ) {20000 <
© !4 €
b [oRN ' a
L)

<{ ! et
| £

] 410,000 £

| 17}

‘ o

w

a

’—

(&)

5 0 15 20 25 30
Retention time {(min)

Fig. 5. Gel-permeation HPLC in the presence of UTP, ATP
and Mg2™* (Step II). 250 pl of the enzyme concentrate from
HPLC Step II was injected using a 250 ul loop onto a Bio-Sil
TSK-400 column (600 X 7.5 mm; Bio-Rad) equilibrated with 20
mM sodium phosphate (pH 6.8) /50 mM sodium sulfate /0.4
mM UTP/8 mM ATP/10 mM MgCl,/20 mM -
mercaptoethanol and eluted with the same buffer at a flow rate
of 1 ml/min. , Ayg;; ®8— — —@, CTP synthetase
activity.

3.4%) previously for the bovine enzyme [17]. Poly-
acrylamide gel electrophoresis of the dialyzed
purified enzyme in presence of SDS gave a band
corresponding to a molecular weight of 66000
(Fig. 6). The purified enzyme is stable for months
when stored at —20° C as described above.

We have observed that the partially purified
enzyme at stages 3, 4 and 5 forms inactive coagu-
lum if kept frozen at —20°C and then thawed.

Dissociation of tetramer to dimer

The purified tetramer was dialyzed for 4 h
against buffer D with two changes of the buffer
and 100 ul (120 pg) was injected onto a Bio-Sil
TSK-400 column (600 X 7.5 mm; Bio-Rad) equi-
librated with the same buffer. Elution was with
the same buffer at a flow rate of 1 ml/min. 1-ml
fractions were collected and assayed for CTP syn-
thetase activity. The elution profile of the protein
coincided with the enzyme activity and the reten-
tion time of the CTP synthetase dimer (Fig. 7).

Existence of monomer, dimer and tetramer forms of
the CTP synthetase subunit in 0-30 (NH,),SO,
fraction of rat liver cytosol

Since the polymerization of CTP synthetase
takes place at physiological concentrations of
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Fig. 6. SDS-poiyacrylamide gel electrophoresis. (a) A Coomas-
sie brilliant blue stained gel from SDS-polyacrylamide gel
electrophoresis is shown. Lane 1, standard marker proteins of
known molecular weights (phosphorylase B, 92500; bovine
serum albumin, 66 200; ovalbumin, 45000; carbonic anhydrase,
31000; soybean trypsin inhibitor, 21 500; and lysozyme, 14 400).
Lane 2, 5 pg dialyzed purified enzyme. (b) Arrow indicates the
apparent molecular weight of the protein band corresponding
to the CTP synthetase subunit.

nucleotides, it is probable that a substantial frac-
tion of the enzyme exists in a polymerized state in
vivo. We were able to isolate monomer, dimer and
tetramer forms of the CTP synthetase subunits
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Fig. 7. Gel-permeation HPLC of purified enzyme. 100 p1 (120
pg) purified tetramer after dialysis against 20 mM sodium
phosphate (pH 6.8) /50 mM Na,SO, /20 mM mercaptoethanol
was injected onto Bio-Sil TSK-400 column (600X 7.5 mm;
Bio-Rad) equilibrated with the same buffer. Elution was with
the same buffer at a flow rate of 1 ml/min.

® — — — @, CTP synthetase activity.

s Aagos

from 0-30 ammonium sulfate fraction of rat liver
cytosol. It is difficult to demonstrate the presence
of CTP synthetase monomer, dimer and tetramer
using cytosol instead of 0-30 ammonium sulfate
fraction of cytosol because of the very low con-
centration of CTP synthetase in cytosol.

Demonstration of various molecular forms

(a) By gel-permeation high-performance liquid
chromatography. 250 pl of 0-30 ammonium sulfate
fraction in buffer D was injected onto a Bio-Sil
TSK-400 column (600 X 7.5 mm; Bio-Rad) equi-
librated with the same buffer. Elution was done
with the same buffer at a flow rate of 1 ml/min.
1-ml fractions were collected and assayed for CTP
synthetase activity. Three distinct peaks of CTP
synthetase activity were obtained (Fig. 8). Frac-
tions 15-17 contained tetramers. Dimers were
eluted in fractions 19-20 in the major peak;
monomers were eluted in the fractions 22 and 23.
The retention time of eight molecular weight
standards was determined under identical condi-
tions. The peaks of enzyme activity corresponded
to 240000 (tetramer), 120000 (dimer) and 60000
(monomer).

(b) By gel-permeation chromatography on a Bio-
Gel A-1.5m column. 1 ml of the 0-30 ammonium
sulfate fraction in buffer G, dialyzed against the
same buffer for 2 h at 4°C, was layered on a
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Fig. 8. Gel-permeation HPLC. (a) 250 ul 0-30 (NH,),SO,
fraction was injected onto a Bio-Sil TSK-400 column (600 X 7.5
mm; Bio-Rad) equilibrated with 20 mM sodium phosphate
(pH 6.8)/50 mM Na,SO, /20 mM B-mercaptoethanol and
eluted with the same buffer at a flow rate of 1 ml/min. 1-ml
fractions were collected and assayed for CTP synthetase activ-
ity © — — O as described under Materials and Methods and
the absorbance at 280 nm was monitored (solid line). Marker
proteins (1, thyroglobulin, 670000; 2, ferritin, 440000; 3, cata-
lase, 232000; 4, gamma globulin, 158000; 5, aldolase 158 000;
6, ovalbumin, 44000; 7, myoglobin, 17000; and 8, vitamin
B-12, 1350) were applied to the column in three separate
experiments and eluted under the same condition as described
above. Absorbance at 280 nm was monitored. (b) Molecular
weights of CTP synthetase monomer (A), dimer (B) and tetra-
mer (C) from a semi-logarithmic plot of the data from (A) (¥,
determined from the elution volume of the high-molecular-
weight protein aggregate).

Bio-Gel A-1.5m column (95 X 1.5 cm) equilibrated
with the same buffer. Elution was done with the
same buffer at a flow rate of 11.2 ml/h and
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Fig. 9. Gel filtration of Bio-Gel A-1.5m column (95X 1.5 cm). (a) 1 ml 0-30 ammonium sulfate fraction was applied onto the column
equilibrated with 60 mM Hepes (pH 7.4)/4 mM L-glutamate,/10 mM MgCl, /20 mM B-mercaptoethanol. Elution was done with the
same buffer at a flow rate of 11.2 ml/h and 15 min fraction were collected. Marker proteins of known molecular weights (1,
thyroglobulin, 670000; 2, ferritin, 440000; 3, catalase 232000; 4, gamma giobulin, 158000; 5. bovine serum albumin, 67000; 6,
ovalbumin, 44000; 7, myoglobin, 17000; and 8, vitamin B-12, 1350) were applied to the column in three separate experiments and the

elution volume at 280 nm was monitored.

, A80; ®— — —®, CTP synthetase activity. (b) molecular weights of CTP

synthetase monomer (A) and dimer (B) from a semi-logarithmic plot of the data from (a) (¥, determined from the elution volume of
high-molecular-weight protein aggregate).

15-min fractions were collected. Absorbance at
280 nm was recorded using a ultraviolet monitor
and a chart recorder. Fractions were assayed for
CTP synthetase activity. Two peaks of enzyme
activity were obtained (Fig. 9). Eight molecular
weight standards were run in three separate ex-
periments under identical conditions and the elu-

tion volumes determined. The molecular weights
of the dimer and monomer peaks of CTP syn-
thetase activity were estimated to be 100000 and
50000, respectively, from the graph obtained by
plotting log molecular weight against elution
volume.
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Optimum conditions for polymerization

In order to obtain a higher yield of the pure
enzyme during purification, we compared the ex-
tent of dimer to tetramer conversion of the CTP
synthetase concentrate obtained from gel filtration
(Step 1) under three different conditions. The CTP
synthetase concentrate was dialyzed against buffer
F at 4°C. This was subjected to gel filtration
either (i) as such, (ii) after 20 min incubation at
37°C, or (iii) after 1 h at 25°C. 250 ul was
injected onto a Bio-Sil TSK-400 column (600 X 7.5
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Fig. 10. Optimum conditions for polymerization. The CTP
synthetase concentrate from gel filtration step 1 was dialyzed
against 20 mM sodium phosphate/50 mM Na,SO, /8 mM
ATP/10 mM MgCl, /20 mM B-mercaptoethanol (pH 6.8). (a)
250 pl was injected onto a Bio-Sil TSK-400 column (600 X 7.5
m); (b) 250 ul was injected after incubation at 37° C for 20
min; and (c) 250 gl was injected after incubation at 25° C for
60 min. Elution was done with the same buffer at 1 ml/min.
—, A,g; ®— — — @, CTP synthetase activity.
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Fig. 11. Velocity of the reaction as a function of UTP con-

centration in the presence of 0.16 mM CTP and in its absence.

(a) Velocity determined in the presence of 0.16 mM CTP (®)

and in its absence (O). All other substrates were kinetically

saturating. (b) Hill plot of the data from a. In the presence of
0.16 mM CTP (®) and in its absence (0).

mm) equilibrated with the same buffer. The flow
rate was 1 ml/min. 1-ml fractions were collected
and assayed for CTP synthetase activity. Results
are shown in Fig. 10a, b and c¢. Two peaks of CTP
synthetase activity for tetramer and dimer forms
were obtained when the enzyme concentrate was
injected without preincubation or incubation at
37°C for 20 min. The proportion of tetramers was
increased after incubation at 37° C for 20 min, but
some enzyme formed an inactive high-molecular-
weight aggregate with other proteins that was
eluted early as a separate peak under this condi-
tion. Incubation for 1 h at 25°C gave predomi-
nantly tetramers. However, the conversion of di-
mer to tetramer was not complete.

The purified rat liver enzyme exhibited
sigmoidal kinetics as a function of the substrate
UTP in the presence of 0.16 mM CTP when all
other substrates were saturating (Fig. 11). In the
absence of CTP, the enzyme showed Michaelis
behavior. The Hill coefficient in the presence of
CTP was 1.7 and in its absence, 1.0.

Discussion

Partial purification of bovine liver CTP syn-
thetase did not establish a subunit structure of this



enzyme [17]. It was reported that the bovine CTP
synthetase is a monomer with a molecular weight
of 133000 which formed a dimer of molecular
weight 263000 in the presence of ATP and UTP
[17]. The molecular weight of the E. coli CTP
synthetase dimer is 105000, which in the presence
of ATP and UTP polymerizes to a tetramer of
molecular weight 210000 [18]. The E. coli enzyme
could be split into a monomeric form each having
a molecular weight of 52000 [18]. Weng et al. [16]
recently estimated the molecular weight of the E.
coli CTP synthetase monomer to be 60300. This
raised a question whether the mammalian enzyme
has a different structure. Our results clearly show
that the rat liver enzyme has monomeric, dimeric
and tetrameric structure. The monomer has an
approximate molecular weight of 60000, the dimer
of 120000, and the tetramer of 240 000.

A number of allosteric enzymes associate and
dissociate in the presence of ligands. Whereas in
some instances polymerization occurs under non-
physiological concentrations of substrates, in other
cases it occurs at physiological concentrations
[19,24-28). The association—dissociation phenom-
enon is also of interest in relation to protein
design and subunit interaction [29]. In vitro stud-
ies have shown that either ATP or UTP alone
added in high enough concentrations can induce
tetramerization of E. coli CTP synthetase [28].
Combination of ATP and UTP cause a greatly
increased tetramerization compared to each ligand
added singly [28].

Anderson [15] reported a purification proce-
dure for the E. coli CTP synthetase taking ad-
vantage of the differences in the affinity of the
associated and dissociated forms of the enzyme
for phenyl-Sepharose (hydrophobic support). We
have used Bio-Gel TSK-phenyl-5-PW columns. In
the first hydrophobic interaction chromatography
in the absence of UTP, ATP and Mg2* the en-
zyme (a dimer) binds tightly to the hydrophobic
support and is eluted by decreasing the ionic
strength and including ethylene glycol. However,
in the second hydrophobic interaction chromatog-
raphy in the presence of UTP, ATP and Mg?*,
the enzyme (a mixture of dimers and tetramers)
seems to have interacted with the column, but is
eluted with the same buffer. The purification pro-
cedure also exploits of the difference in molecular
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weight following polymerization of the enzyme in
the two gel-filtration steps, e.g., one in the absence
and the other in the presence of UTP, ATP and
Mg?2*. The polymerization of calf liver CTP syn-
thetase occurs in a range of enzyme and substrate
concentrations which are approximately those of
the physiological system [19]. The concentrations
of nucleotides in pmol/g of wet rat liver have
been estimated as 2.44, 0.26, 0.31 and 0.08 for
ATP, UTP, GTP and CTP, respectively [30]. Thus,
the demonstration of CTP synthetase tetramer in
the ammonium sulfate fraction of rat liver cytosol
established the occurrence of the tetramer form in
VIVO.

The monomeric CTP synthetase isolated fresh
from the 0-30 ammonium sulfate fraction of rat
liver cytosol is in a conformational state that
permits its polymerization to active tetrameric
form in the presence of substrates in the assay
mixture. However, a change in its conformation
may result in its inactivation and the monomeric
form will no longer be able to form dimers or
tetramers. Furthermore, there may exist in vivo an
equilibrium among monomer, dimer and tetramer
forms of CTP synthetase and the maintenance of
this equilibrium may play an important role in the
regulation of its activity and consequently
pyrimidine metabolism. We have demonstrated
that the tetramer is the fully active form of the
enzyme and that monomers and dimers are cata-
lytically active. Whether or not the monomer or
the dimer per se is catalytically active is not
certain, because the activity may be due to tetra-
mers formed in the presence of substrates. Partial
dissociation of the enzyme during dialysis fol-
lowed by the prolonged chromatographic step at
4°C may account for the increase in the propor-
tion of monomer obtained by gel filtration using
Bio-Gel A-1.5m column.

As in the case of the partially purified bovine
liver CTP synthetase [19], the purified rat liver
enzyme exhibited sigmoidal kinetic plots as a
function of the substrate in the presence of the
end product, CTP. From the sigmoidal kinetics in
the presence of the end product CTP at low
concentrations of UTP in vitro and the actual
concentrations of the nucleotides in rat liver, it
appears that CTP synthetase offers a useful
physiological regulatory mechanism with regard to
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the availability of UTP and CTP for the synthesis
of RNA, nucleotide sugars and DNA pyrimidine
precursors. When the CTP concentration in the
cell is low and the UTP concentration is high, the
rate of formation of CTP will be high. High
concentration of CTP, on the other hand, will
inhibit its further synthesis by acting as a cooper-
ative effector.

The cold lability observed for the partially
purified CTP synthetase when stored frozen at
—20°C appears to be irreversible due to the
formation of a visible coagulum. Under mild con-
ditions, however, the cold lability may be reversi-
ble as shown for the E. coli CTP synthetase [15].
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