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SUMMARY

I. Aspartate transcarbamoylase (carbamoyl phosphate:L-aspartate carbamoyl-
transferase, EC 2.1.3.2) in hematopoietic mouse spleen can be fractionated into
multiple formns. The activity in the soluble fraction can be separated into two fractions
by chromatography on hydroxylapatite and are designated as Form I and 11 accord-
ing to the order of elution from the column. Some activity sediments with the micro-
somal fraction (Form ITI). All these forms catalyze the formation of carbamovl-
aspartate from carbamoyl-P and aspartate.

2. When Form I was stored at 0° for 1 week and then rechromatographed on
hydroxylapatite, some portion of activity behaved as Form II. The “conversion” is
stimulated in the presence of dithiothreitol or mercaptoethanol. The physiological
significance and the precise nature of the “conversion” are not yet known.

3. Upon centrifugation in a sucrose density gradient, Form I sediments at a
S value of about 19, while Form Il shows a broad distribution of S values, ranging
from 22 to 45, with a peak at 35 S.

4. The three forms are not distinguished from each other by kinetic properties.
All three forms have the same apparent K, values for aspartate (5.6 mM), and are
inhibited by higher concentrations of aspartate, 20 mM or more. The Lineweaver -
Burk plots for varying concentrations of carbamoyl-P are not linear, but concave
downward, with all three forms. The apparent Ky, values obtained at lower concen-
trations of carbamoyl-1’ are smaller than those obtained at higher concentrations.

5. Inhibition by pyrimidine derivatives was examined at pH g.2 and 7.6 for
each of the three forms. Of eleven pyrimidine derivatives so far tested, only deoxy-
thymidine and deoxyuridine at 4 mM inhibit the enzymic activity by about 15-30%,
at pH g.2. Of the three forms, Form Il is inhibited to a slightly greater extent than
the others. At pH 7.0, the inhibition is more marked, and in addition to deoxy-
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thymidine and deoxyuridine, TTP and CTP at 4 mM inhibit the enzyme activity by
about 20 30Y%,. In any case, the extent of inhibition is lower than 40%,.

0. The function of aspartate transcarbamoylase regarding regulation of pyrimi-
dine biosynthesis in mouse spleen as well as in other tissues is discussed.

INTRODUCTION

It has been a problem as to how pyrimidine biosynthesis is regulated in bio-
logical systems. Aspartate transcarbamoylase of Escherichia coli is shown to be subject
to feedback inhibition to a significant degree by a low concentration of CTP and is
considered to be a regulatory enzyme of pyrimidine biosynthesis'. This fact, however,
does not lead to a generalization that aspartate transcarbamoylase plays the kev
role in regulation of pyrimidine biosynthesis in other biological systems. Aspartate
transcarbamoylases of Streptococcus faecalis and Bacillus subtilis are shown to be
insensitive to pyrimidine nucleotides?. In mammalian tissues, rat liver aspartate
transcarbamoylase was shown to be subject to feedback inhibition by deoxynucleo-
sides such as deoxythymidine®. However, the high concentrations of the effectors
required for a significant inhibition make one wonder if such a mechanism does play
a major role in control of pyrimidine biosynthesis in wivot.

Recently, the existence of glutamine-utilizing carbamoyl-F synthetase was
demonstrated in hematopoictic mouse spleen®$ as well as in other mammalian
tissues™*, and it was suggested that the enzyme plays a primary role in regulation
of pyrimidine biosynthesis in these tissues®. These observations prompted us to
evaluate more precisely the role that aspartate transcarbamoyvlase plays in the meta-
bolic regulation. During the course of these studies we found that aspartate trans-
carbamoylase in hematopoietic mouse spleen was fractionated into at least three
forms. This paper deals with some of the properties of each form, with special empha-
sis on the effects of nucleosides and nucleotides on the activity of the fractionated
CnZVIes.

While the present paper was in preparation, OLIVER ¢t al!® reported that
aspartate transcarbamovlase of rat liver is separated into two forms by sucrose
density gradient centrifugation, and BETHELL AND JoNEs' found that the bacterial
enzymes are divided into three classes according to differences in molecular size.

MATERIALS AND METHODS

Animals

Young adult mice of dd strain were made anemic by treatment with acctyl-
phenvlhydrazine as described previously® and the hyperplastic spleen was used as
the source of enzyme.

Chemicals

Dilithium carbamoyl-P was svnthesized according to the method of Joxes of
al.1? and further purified by the method of GERHART axD ParpEEg!. -14C1Carbamoyl-P
was prepared by the method of LowENsTEIN AND CoHEN'S, The final product had a
specific activity of 35 0oo counts/min per gmole. Hydroxylapatite was prepared by

Brochim. Biophys. Acta, 220 (1970) 391-502



MULTIPLE FORMS OF ASPARTATE TRANSCARBAMOYLASE 493

the method of TiseLius ef al¥, Crystalline protocatechuate 3,4-dioxvgenase from
Pscudomonas acruginosa’® was kindly provided by Drs. H. Fujisawa and O. Hayaishi
in this laboratory. Yeast alcohol dehvdrogenase was purchased from Sigma Chemical
Co. (St. Louis). All other chemicals were obtained commercially and were of highest
purity available.

Determinations

The activity of aspartate transcarbamovlase was assaved by following the
production of carbamoylaspartate in a system containing the following: dilithium
carbamoyl-P (dissolved immediatelv before use), 10 gmoles; L-aspartic acid (brought
to pH g}, 3.75 umoles; enzyme; Tris HCE buffer (pH ¢.2), 150 gmoles; in a volume
of 0.75 ml. The mixture was incubated at 37 for 2o min. The reaction was stopped
by the addition of 0.25 ml of 4 M HCIO,, and the denatured protein was removed by
centrifugation. Carbamoylaspartate was determined with a o.5-ml aliquot of the
supernatant by a modification' of the method of Korirz axn CoHEN!S. Suitable
blanks were run in parallel. One unit of aspartate transcarbamovlase is defined as
the amount that produces 1 gmole of carbamoyvlaspartate in 20 min at 37° under the
conditions. Protocatechuate 3,4-dioxygenase was assaved spectrophotometrically ac-
cording to the method of STANIER AND INGRAHAMY?. Sucrose density gradient cen-
trifugation was performed according to the method of MARTIN AND AMEs!™. Yeast
alcohol dehvdrogenase (sy9,n: — 7.0 8) (ref. 19) and protocatechuate 3,4-dioxvgenase
from  Pseudomonas acruginosa (9.0 10.4S) (ref. 15) were used as standards.
Protein determinations and radioactivity measurements were carried out as described
previously®.

RESULTS

Separation of three forins of aspartate transcarbamoviase of hematopoictic mouse spleen

Fresh hematopoletic mouse spleens were homogenized for 2 min with g vol. of
jce-cold 0.25 M sucrose containing o.01 M potassium phosphate buffer (pH 7.4) and
2 mM mercaptoethanol in a Potter-Elvelijem homogenizer with a Teflon pestle. The
homogenate was centrifuged at 13 000 » g for 15 min. The supernatant was cen-
trifuged at 105 000 < g for 6o min. The precipitate was suspended in a volune, equal
to 2 times the original tissue weight, ot 0.25 M sucrose containing o.01 M potassium
phosphate buffer (pH 7.4) and 2 mM mercaptoethanol, and followed by centrifugation
at 105 000 x ¢ for 6o min. The precipitate was suspended in 0.01 M potassium phos-
phate buffer (pl 7.4) containing 2 mM mercaptoethanol and designated as the
microsomal fraction (Form I11).

To the 105 000 X ¢ supernatant was added solid (NH,),50, to 40°,, saturation
(243 g:1). The precipitate formed was collected by centrifugation, dissolved in o0.01 M
potassium phosphate buffer (pH 7.4) containing 2z mM mercaptoethanol and desalted
with a Sephadex G-25 column equilibrated with the same buffer. This cluate, which
was designated as the o -30°, (NH,),S0, fraction, was then placed on a hyvdroxyvi-
apatite column; 1 ml of hvdroxylapatite was used for 3-5 mg of protein. The colunmn
was washed with 2 column bed vol. of o.o1 M potassium phosphate buffer (pH 7.4)
containing 2 mM mercaptoethanol and then successively cluted with 5 column vol.
of 0.1 and then of 0.3 M potassium phosphate buffer (pH 7.4) containing 2 mM
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Iig. 1. Column chromatography on hydroxvlapatite of aspartate transcarbamovlase in the
soluble fraction, 14.4 mg of o jov, (NH),50,; fraction was applied on a column of hydroxvl-
apatite (bed volume, 4 ml), washed with 7 ml of o.o1 M potassium phosphate bufter (pH 7.4)
containing 2 mMM mercaptocthanol and then successively eluted with & ml of o.1 M and 13 ml
of 0.3 M potassium phosphate butter (pH 7.4) containing 2 mM mercaptocthanol, as indicated by
the arrows. The volume of cach fraction collected was 3-8 ml (Fraction 1, 7 ml; Fractions 2 and g,
4 ml; Fractions 3 and 6, 6 ml; Fractions 4 and 7, 8 ml). White bar, enzyme activity; @ - @,
protein content.

mercaptoethanol. Activities were eluted in both of the fractions, as shown in Fig. 1,
and designated as Form I and Form 11 1n the order of elution, although it remains
to be scen whether each form represents a single molecular species of enzyme. A
tyvpical result of the fractionation of the enzyme is shown in Table 1. The separation
of the two forms could also be achieved by elution with a linear gradient from o.or
to 0.60 M potassium phosphate buffer (pH 7.4) containing 2 mM mercaptoethanol,
instead of the stepwise elution described above.

TABLLE 1

PURIFICATION AND SEPARATION OF THREE FORMS OF ASPARTATE TRANSCARBAMOYLASE FROM
HEMATOPOIETIC MOUSE SPLEEN

Details of procedure of puritication and separation are described in the text. The starting material

was 8.1 g, wet weight, of mice spleen.

Total Total Specific
activity proten activity
funids ) (mg) {unitsimg

protein)

Homogenate (1o%,} 316 1300 0.4
13 000 x g supernatant 221 570 .39
105 000 ¥ g supernatant 128 400 0.32
0407, (NH,),80, fraction 116 30 2.04
Hydroxylapatite tractions

Form 1 b 14 5.06

IForm 11 25 rt 2.00
Microsomal fraction

(Form 111 20 1o 0.00
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Tdentification of reaction product

The reaction was conducted with the use of **(CJcarbamoyl-P in place of non-
radioactive carbamoyl-P. The radioactive reaction product was chromatographed on
Dowex 1 on addition of nonradioactive carbamoylaspartate. There appeared a peak
of radioactivity coincident with the authentic carbamoylaspartate. The specific radio-
activities of carbamoylaspartate in the fractions of the column eluates were constant
within limits of experimental error. Essentially the same results were obtained with
any one of the three forms and the data for Form I were illustrated in Fig. 2. When
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Fig. 2. Formation of carbamoylaspartate by Form I. A, o.12 myg of Form 1 was incubated in the
reaction mixture containing 3.0 gmoles of [MC carbamoyl-P, 3.75 gmoles of aspartate and
150 moles of Tris—HCl buffer (pH 9.2) in a volume of 0.75 ml for 20 min at 37°. The reaction was
stopped by adding trichloroacctic acid and the mixture was centrifuged. The supernatant was
extracted with ether to remove trichloroacetic acid. The solution was adjusted to pH 3, kept at
100" for go sec and then neutralized, followed by chromatography on a Dowex t column (3 ml)
upon addition of 10 umoles of pL-carbamoylaspartate. Elution was carried out with 60 ml of a
linear gradient of ammonium formate from o to 1.6 M (pH 4.3), and fractions of 1.2 ml were
collected. B. A control tube with water in place of aspartate was treated in the same way as above.
@—@. radiovactivity; (3 — — -3, carbamoylaspartate determined colorimetrically.

aspartate was omitted from the reaction mixture, there was no peak of radioactivity
coincident with the authentic carbamoylaspartate as shown in Fig. 2. About 85°; of
the total radioactivity fixed in an acid-stable form was recovered in fractions of
carbamoylaspartate,

Actrvity tn macrosomal fraction

About 109 of activity in the 13000 X g supernatant sedimented with the
microsomal fraction upon centrifugation at 105 000 x g. The activity in this fraction
could not be “solubilized” by 0.04 or 0.12°, Triton X-100, 0.05 or 0.5%, deoxvcholate,
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TABLE 11

COMPARISON OF ACTIVITY IN MICROSOMAL FRACTIONS OF SPLEEN FROM ACETYLPHENYLHYDRAZINE-
TREATED AND) NONTREATED MICE

Treatments of mice with acetyvlphenylhyvdrazine were pertformed as described in the text.

Aeetvl Microsomal fraction 105 000 L g supcrnalant
pheny- -
hvdrazine Acticity Specific Activdy Specific
treatiment (units'y activity (units. g acticity
wel ol frondsimy et it foneds oy
of splesw) protein) af splien protein)
3.2 0. 5.8 0,32
0.7 0.1 15.0 0. 34

or 0.01 M imidazole-HCI buffer containing 2 mM mercaptoethanol. It was “solu-
bilized” only by 19, digitonin, so far as examined.

The activity in the microsomal fraction of hematopoietic spleen from acetyl-
phenvihvdrazine-treated mice was higher than the activity in the corresponding
fraction of spleen from untreated mice. As shown in Table 11, the activity of this
form, when expressed in terms of either the tissue weight or the protein, was several
times higher in the treated mice than in the untreated. On the other hand, there was
no such difference in the activity of the soluble fraction.

Partial “conversion” of Form I to Form 11
When Form 1, obtained by chromatography on hydroxylapatite, was stored
for several davs at o7 and then rechromatographed, a portion of the activity behaved

TABLE [T

PARTIAL “"CONVERSION' oF IF'ORM | TO I'OrRM 11

A portion of freshly prepared Form [ was passed through a Sephadex G-25 column that had been
cquilibrated with o.o1 M potassium phosphate buffer (pH 7.0, The eluate containing 17.6 units
of enzyvme and 3.0 myg of protein was immediately rechromatographed on a hydroxylapatite
column (1 mhy. To the major part of the freshly prepared Formn 1 was added solid (NH,),50; to
60, saturation (390 mg/ml). The precipitate formed was collected by centrifugation, dissolved
in o.01 M potassium phosphate buffer (pH 7.3) and briefly dialyzed against the same bufter (the
period of dialvsis was only 20 min to minimize enzyme inactivation). The preparation was diluted
with the same buffer to make the protein concentration 1 mgiml and divided into three portions
(3.0 ml cach). These were stored for 7 dayvs at o under the conditions specificd and then rechroma-
tographed as described for g, 1.

Stovage conditions Fuzyvane priov to Inzyme fractionated as
fractionation
Form 1 oy 11
Actredty Protein Activity  Protein Activity Protan
funits) (mg) funils) fme) funitsy (g
o dav 17.0 3.0 14.0 2.0 o.N 0.2
7 davs without sulthydry]
compound N0 3.0 4.9 1.4 1.7 0.2
With 2 mM dithiothreitol 13.2 3.0 0.7 1.0 1.7 0.2
With 2 mM mercaptoethanol 120 3.0 1.4 1.2 34 0.3
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as Form IT. The “conversion” was marked for the enzyme stored in the presence of
a sulihydrylimmpound, dithiothreitol or mercaptoethanol (Table 11T). When [Form I
was stored at 25° for 80 h in the presence of 2 mM mercaptoethanol, similar “con-
version” was observed. However, when the freshly prepared Form I was immediately
rechromatographed on hvdroxylapatite, there was practically no shift in the positicn
of the elution,

As noted in Table TII, the recovery of enzvme activity and of protein upon
rechromatography was sometimes as low as 40%,. It 1s possible that a portion of
Form I was converted to some forms other than IForm | and [I, which were not
recovered from hydroxylapatite by the procedures used. The “conversion” of FForm [
to Form 11 is not a reflection of changes in properties of proteins in general, since
the appearance of Form Il was not accompanted by a significant change in the
elution pattern of protein (Table II1).

Attenmipts were made to convert Form 11 to FForm I by the following precedures:
storage for 7 davs at 07 in the solution containing various concentrations of GSSG or
iodoacetate, or in the solution saturated with O,. In neither case was observed for-
mation of Form I.

The observations presented here do not permit any definite conclusion as to the
nature and the physiological significance of the “conversion”. The elucidation of the
problem awaits further investigation.
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Fig. 3. Sedimentation in sucrose of Form | and Form 11, Enzyme solutions (0.2 ml) were placed
on a lincar gradient between 5 and 209, sucrose in o.01 M potassium phosphate buffer (pH 7.4)
containing 2 mM mercaptoethanol. The amounts of enzyme protein used were 1.2 mg of Form |
or of Form 11, 0.2 mg of veast alcohol dehvdrogenase, and 1.4 mg of protocatechuate 3.4-dioxy-
genase. Centrifugation was performed in a Spinco Model L. ultracentrifuge for 150 min at 37 500
rev./min at 4 in a SW-39 rotor. The results of experiments for Form I and Form IT are presented
together. The peaks of activity of veast alcohol dehydrogenase and protocatechuate 3,4-dioxv-
genase were observed in Fractions 30 and 28, respectively. in both experiments. — - - Form I
-— - lForm 11

Fig. 4. Etfect of pH on aspartate transcarbamoylase. The reaction mixture (0.75 ml} contained

1o gmoles of dilithium carbamoyl- P, 3.75 gmoles of L-aspartic acid, 70 pg of Form [ or of Form [,

or 380 pg of microsomal fraction, and o.2 M buffer (Tris- HCl, pH 7.4-9.7: and dicthanolamine -

HCI, pH 9.7 —10.2). The activities in the two different buffers at pH 9.7 were essentially the same.
— 7, Form |; @—@, Form II; /— A, microsomal fraction (Form [11).

Biochim. Biophys. Acta, 220 {(1970) 491-502
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Sedimentation velocitres of Form I and Foym 11

Molecular weight estimaticns were performed by the sucrose density gradient
method!®. Yeast alcohol dehvdrogenase, sy9.0 = 7.0 5 {ref. 19) and protocatechuate
3,4-dioxygenase from Pseudomondas aeruginosa, sy - - 19.4 S (ref. 15), were used as
standards. As shown in Iig. 3, Form I sedimented at an S value of about 19, while
Form I1 showed a broad distribution of S values with a peak at 35S but ranging
from 22 to 45 8. The S values of 19 and 335 were tentatively calculated to correspond
to 600 000 and 1 500 000 of molecular weights, respectively.

PH optimum
As shown in Ilig. 4, the effects of pH on the activity of the three aspartate
transcarbamovlase forms were similar, with pH optima between .2 and ¢.7.

Kunetics

As shown in Fig. 5, the apparent Ky, values for aspartate were almost the same
(5.6 mM) for the three forms of the enzyme. All the forms are also subject to inhi-
bition by higher concentrations of aspartate, 20 mM or more.

It should be noted that the Lineweaver Burk plots for carbamoyl-£ were not
linear but concave downward, as shown in IFig. 6. The possibility that this was a
result of gross changes in concentrations of carbamovl- during incubation may be
excluded, since the degradation of carbamovl-I? for 7 min at 37”7 in the presence or
absence of enzvme (IForm 1) was less than 10°,, either at a high (13 mM) or low

- o .

1 — 1 L____ I Il 1
O I8 4

1 2
y[Aspartate:] (mM™) Yicarbamoyi- Plimm™

Fig. 5. Plots of reciprocal initial velocity vs. reciprocal aspartate concentration. The reaction
mixture (0.75 ml) contained 1350 gmoles of Tris—=HCL butfer (pH g.2), o gmoles of dilithium car-
bamoyl-P, 70 ug of Form 1 or of Form 11, or 380 ug of microsomal fraction and the indicated
amounts of L-aspartic acid. @ @, FormI[; 7%  Form Il; "7 7. microsomal fraction
{(Form IT1).

Fig. 6. Plots of reciprocal initial velocity vs. reciprocal carbamoyl-1> concentration. The reaction
mixture (0.75 ml) contained 150 gmoles of Tris—=HCI buffer (pH g.2), 3.75 gmoles of r-aspartic
acid, 70 pg of Form 1 or of Form 11, or 380 ug of microsomal fraction and the indicated amounts
of dilithium carbamovl-7. @ -@, Form [; <~ -, Form II; © -], microsomal fraction (Form
I11).
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(0.23 mM) concentration of carbamoyvl-P. Aspartate was omitted from the incubation
mixture in these experiments.
The implications of the nonlinear kinetics observed are discussed later.

Stability properties

When each form was allowed to stand at 25° for 46 h in 0.01 M potassium
phosphate buffer (pH 7.4) containing 2 mM mercaptoethanol, losses in activity during
this period were 42, 4 and 109, for Form I, Form II, and Form 111, respectively.
The protein concentrations were I.4, 1.1 and 7.6 mg/ml, respectively.

Effects of pyrimidine derivatives

It was of particular interest to know if any of the three forms might be inti-
mately involved in the regulation of pyrimidine biosynthesis through “feedback
inhibition”. To minimize possible changes in the regulatory properties of the enzyme

TABLIE IV

INHIBITION OF ASPARTATE TRANSCARBAMOYLASE BY PYRIMIDINE DERIVATIVES

The reaction mixture contained 4-10 * M carbamoyl-P, 2-10 3 M aspartate, 2-10 *or 4-1073 M
nucleoside or nucleotide (neutralized), 0.2 M Tris HCl (pH g.2) or o.05 M potassium phosphate
(pH 7.6} and enzyme (Form I, 100 and 350 eg:; Form Il 110 and 380 gg: microsomal fraction,
060 pgz and 1.1 mg; for the experiments at pH g.2 and 7.0, respectively).

Additions Concn.  Inhibition (°,)
(mid) —-- — R R e —
Form 1 Form 11 Microsomal fraction

pil g2 pH 7.6 pHo2 pH76 pH 92 pH76

Uridine 2 2 0 o
Deoxyuridine 2 3 21 2 2 5 9
Deoxyuridine 4 15 37 30 39 16 21
UMP 2 [S) o 0
UTP 2 1 o 6 [¢! o
Deoxythymidine 2 6 21 21 23 1o 15
Deoxythymidine 4 18 30 27 37 31 2y
TMP 2 s 6 6
TP 2 6 24 12 20 9 9
rp 4 31 23 21
Cytidine 2 4 o 3
Deoxyevtidine 2 b 7 o
CMP 2 o o [$)
crp 2 1 10 0 19 I} 9
cTp 4 21 22 18

as far as possible, all three forms were prepared at a low temperature and assayed
within 12 h after mice were killed, and a high dilution of the enzyme solutions was
avoided during the purification process. The colorimetric assay of carbamoylaspartate
was not interfered by the presence of pyrimidine derivatives at the concentrations
used.

As shown in Table 1V, at pH 9.2, most of the pyrimidine derivatives including
CTP did not inhibit the enzymic activity. Only deoxvthymidine and deoxyuridine
at 4 mM showed about 15 309, inhibition of the activity, and of the three forms,

Biochim. Biophys. Acta, 220 (1970) 491-502
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Form I was most sensitive to the inhibitors. At pH 7.6, inhibition by deoxyvthyvinidine
or deoxyvuridine was more marked than at pH ¢.2, and furthermore, TTP and CTP
at 4 mM also inhibited the enzyvimic activity by about 20 30%,,. Lower concentrations
of aspartate and carbamovl-£2, cach close to the respective apparent K, value, were
used in these experiments.

DISCUSSION

Aspartate transcarbamoylase in hematopoietic mouse spleen was demonstrated
to be present in at least three forms; one is present in the microsomal fraction and
the others are in the soluble fraction. Previous observations on the subceellular distri-
bution of mammalian aspartate transcarbamoylase were not in accord with cach
other. BrEsNICK?® reported that all the activity of the homogenate of rat liver was
recovered in the supernatant after centrifugation at 105 0oo ¢ for 30 min. On the
other hand, BorroMLeEy axp Lovig2 recovered a major part of aspartate trans-
carbamovlase activity in the microsomal fraction of rat tissues. According to their
report, however, there was a great difference in sedimentation behaviors between
aspartate transcarbamovlase and glucose-0-phosphatase that is known to be bound
to microsomes: the former required about 3 h for complete sedimentation, whereas
the latter only 30 minat 105 voo < g. In view of our results it is likely that the major
part of aspartate transcarbamoyvlase in mammalian tissues is not bound to micro-
somes but only behaved similarly because of large molecular size.

It was found that the activity of microsomal fraction of mouse spleen is higher
when the hematopoietic activity of the tissue is supposed to be enhanced. Possibilities
mayv be that this form serves as a precursor of the enzyme in the supernatant or that
this form carries some special functions related in some manner to the rapid cellular
growth. The clucidation of the problems awaits further investigations.

While the present paper was in preparation, OLIVER of al.'? reported the pres-
ence of two forms of aspartate transcarbamovlase in the soluble fraction of rat liver,
based onanalysis by sucrose density gradient centritugation. The estimated molecular
weights of the two forms are 600 000 and 4oo oo, respectively. The large molecular
welghts and the relative amounts of the two forms in the soluble fraction agree fairly
well with our results. Detailed properties of the two forms are not reported. Two
forms of aspartate transcarbamovlase are also shown to be present in the extracts
from Citrobacter freundii and Proteus vulgaris'',

Both Form I and Form 11 were detected, even when the enzyme purification
was promptly carried out, and this may support the natural occurrence of the two
forms in the tissue. However, a possibility still remains that Form I is o kind of
artifact formed from Form I during the enzyvme purification. It is conceivable that
Form I is converted to Form [I by formation of intermolecular disulide bridges m
the presence of low concentrations of sulthydryl compounds and O,. The broad range
of S values of Form 11 suggests aggregates of various sizes.

As shown in Fig. 0, all the forms showed nonlinear Lineweaver- Burk plots for
carbamovl-P. This kind of kinetics could be explained by assuming that cach form
hias two or more separable carbamovl-2 sites with different binding constants or that
cach form is a mixture of two or more polyimorphic forms of enzymes. An alternative
possibility is the negative cooperativity between subunits of enzymes in the binding

Biochim. Biophvs. Acta, 220 {1970) o1 302



MULTIPLE FORMS OF ASPARTATE TRANSCARBAMOYLASE 501

of substrates, as emphasized by LEvITZKI AND KosHLAND?!. Examples are seen in
CTP synthetase?!, phosphocnolpyruvate carboxylase?? and glyceraldehyde-3-phos-
phate dehydrogenase?. It may be interesting to see if such cooperativity occurs for
aspartate transcarbamoylase of mouse spleen.

As reported, there were no remarkable distinctions between the three forms
regarding effects of pH on the activities, kinetic properties, and sensitivities to “feed-
back inhibition” by pvrimidine derivatives. It is to be noted that relatively high
concentrations of pyrimidine derivatives are required to inhibit the enzymic activity
to measurable extents. According to GERHART AXD PaARDEE!, aspartate transcarba-
moylase of ££. colt is inhibited by 44 and 749, with o.05 and 0.5 mM CTP, respectively.
In contrast, the spleen enzymes are inhibited by only no more than 25%; by 2 mM
deoxythymidine, the mast effective inhibitor so far found. In hematopoietic mouse
spleen, the activity of aspartate transcarbamovlase is about 100 times greater than
that of carbamoyl-P synthetase, the first enzvine of pyrimidine biosynthesis. This
may indicate that in the spleen the rate-limiting enzvme is carbamoyl-I svnthetase
rather than aspartate transcarbamovlase, and that the observed inhibition of the
latter enzyme by pyrimidine derivatives does not play a significant role in control
of pyrimidine bicsvnthesis.

The difference in the properties of aspartate transcarbamovlase of E. coli and
of hematopoietic mouse spleen with respect to the “feedback inhibition” may be
related to the difference in the metabolic pathways of carbamoyl-P in the two bio-
logical systems. In E. coli, carbamoyl-P is utilized for the synthesis of both pyrimidine
and arginine, and therefore aspartate transcarbamoylase is considered the first enzyme
for pyrimidine biosynthesis. On the other hand, in nonhepatic animal tissues where
the urea cycle is lacking, carbamoyvl-P may be utilized principally for pyrimidine
biosynthesis, and thus carbamoyl-P synthetase is the first enzyime for the pyrimidine
pathway. In fact, carbamoyl-P svnthetase (glutamine-utilizing) from hematopoietic
mouse spleen was demonstrated to be subject to “feedback inhibition” by UTP (about
70°, inhibition at 2 mM)2 In nonhepatic animal tissues and possibly also in the
hepatic tissue (sce ref. 24), aspartate transcarbamovlase may coordinate with carba-
moyl-P synthetase and catalyze the quantitative and rapid conversion of the labile
carbamoyl-I” into carbamoylaspartate. The kinetic analysis of the enzyime (Fig. 0)
showed that when the concentration of carbamovl-P is lower, the apparent Ky, for
this is also smaller. On the assumption that similar kinetics is valid at physiological
levels of aspartate, the property could be regarded as an advantage for the enzyme
to carry out the expected function. The increase in the intracellular level of the
enzyme in rapidly growing tissues, observed by previous investigators?-29, can be
explained from the same teleological point of view.
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