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SUMMARY
Aspartate transcarbamylase has been partially purified by 36-fold from rat liver
employing 309%, satur:ction with ammonium sulfate, absorption and elution from
calcium phosphate gel, and fractionation upon DEAE-cellulese columns.

The enzyme has a pH optimum of 9.2; a K, for aspartate of 5.3-10 * M and
a Km for carbamyl phosphate of 2.5-10-! M. Mercaptoethanol was necessary for
stabilization of the enzyme. The enzymic reaction resulted in the release of equivalent
concentrations of carbamylaspartate and inorganic phosphate. The enzyme was
inhibited by heavy metals, ¢.g., Ag*r, Hg?*, Cu?* and Cd?*, and the inhibition could
be reversed upon addition of EDTA to the incubation mixture. A crude supernatant
preparation of rat liver was also inhibited by p-hydroxymercuribenzoate.

Uridine, cytidine or their nucleotides inhibited the enzvmic activity. The
deoxyribonucleosides or deoxyribonucleotides were more effective inhibitors of this
enzyme than the ribose derivatives and of the former, thymidine was the most
potent. The inhibition by thymidinc and deoxycytidine was of the reversible, com-
petitive type as determined by the methods of ACKERMANN AND POTTER and LINE-
WEAVER aND BURK. The inhibition constants were 4.1-310-*M and 7.0-10-4 M,
respectively.

INTRODUCTION

Aspartate transcarbamylase is an enzyme which catalyzes the irreversible transcar-
bamylation of L-aspartic acid by carbamyl phosphate to form carbamylaspartic acid
(Eqgn. 1).
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The enzyme has been shown to be subject to “feedback” inhibition by pyrimidine
nucleotides in E. colil+® and in Ehrlich ascites celis®. The pyrimidines that inhibited
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this enzyme differed in Ebclich ascites cells and in E. colf. In the latter, only cytidine
and cytidine §'-monophosphate appeared to exert maximal inhibition?, whereas in
the former system, uracil derivatives were equally effective®. The deoxyribonu-
cleosides and deoxyribonucleotides were better inhibitors of this enzyme in a crude
1at liver preparation; deoxyuridine or thymidine compounds were more active than
the corresponding decxycytidine derivativest.

The enzyme from E. coli has subsequently been purified® and the structural re-
quirements for feedback inhibition have been reexamined®. In agreement with data
obtained in liver preparaiions?, GERHART AND PARDEE® observed that deoxyribonu-
cleatides also inhibited the activity of the E. colt enzyme, although the uridine-
and dcoxyuridine nucleotides, as well as thymidine triphosphate, were inefiective.
These results suggested the desirabilily of a purification and characterization of
the mammalian enzyme prior to any comparison of the inhibitory efficacy of the
ribo- and deoxynibonucleotides. A method for the partial purification of aspartats
transcarbamylase from rat liver and the properties of this enzyme are presented in
this report. In addition, the inhibition of this partially purified enzyme by pyrimidine
ribo- and deoxyribonucleosides. and ribo- and deoxyribonucleotides has been in-
vestigated and the results are reported herein.

EXPERIMENTAIL IPROCEDURE

Chemicals: All chemicals were obtained from commercial sources. Commercial dili-
thium carbamyl phosphate (9o%, purc) was further purified by the method sug-
gested by GERHART Avi PARDEE®, and stored over calcium chloride in a desiccator
at —5°,

Enzyme assay: Aspartate transcarbamylase was assaved by the production of
carbamylaspartate in a svstem containing the following: carbamyl phosphate,
20 ymoles; L-aspartic acid, 7.5 gmoles; enzyme; 0.2 M Tris buffer, pH 9.2, to a
volume of 1.5 ml. The system was incubated at 37% yor 30 min. At the end of this
time the reaction mixture was deproteinized with o.5 ml of 4 N perchloric acid
and centrifuged to remove the denatured protein; 0.5 ml of the extract was em-
ploved in the assay of carbamylaspartate by the recent modification® of the method
of Koritz axp CoHEN?. In all cases, the amount of carbamylaspartate produced
non-enzvmically was determined.

In some experiments, the activity of the enzyme was assayed by measuring the
amount of inorganic phosphate produced®. In this procadure, all solutions were
kept cold to minimize decomposition ot the carbamyl phosphate prior to colorimetric
assay.

Protein was assaved either by the colorimetric procedure of Lowky ¢f &Y or
by the spectrophotometric method based vpon the absorbance at 280 mu!®.

RESULTS

Purification of rat Liver aspartate transcarbamylase

Al <tepe in the purification procedure were performed at 4°. Fresh rat livers
obtained from male Holtzman rats weighing 125-150 g were homogenized in ice-
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cold 0.25 M sucrnse (1 g in g ml of sucrose) in a Potter-Elvehjem homogenizer with
a teflon pestle. The homogenate was centrifuged at 105 000 X g for 30 min and the
resultant supernatant solution was filtered through glass wool to yield a clear red
solution.

Solid {NH,);50, was added to this sofution to 309, saturation and the precipitat |
collected by centrifugation, was redissolved in o.01 M iinidazole butfer (pH 7.0}
containing 0.00z M mercaptoethanol. This solution was dialyzed against the imi-
dazole buffer for one hour in the cold room in a rotating dialysis apparatus®. Dialysis
against water, 0.25 M sucrusc, piwsphale buffers of various concentrations at pif 7.0,
or o.0xr M imidazole buffer at pH 7.0 resulted in a ¢ -mplete loss of activity.

The dialysate was mixed with 2 mg of calcium phosphate gel'! per mg protein
for 15 min. The gel was then collected by centrifugation and was washed with 0.1 M
phosphate buffer, pH 7.4 (100 ml/1.5 g dry weight of gel). The resultant slurry was
centrifuged, the supernatant solution was discarded, and the gel was extracted twice
by stirring for 5 minutes with 0.3 M phosphate buffer (pH 7.4) (100 mlf1.5 g gel).
The gel was removed by centrifugation and the combined eluates were dialyzed
against 0.0r M imidazole-o.00z M mercaptoethanol buffer (pH 7.0) for 1 h in the
rotating dialyzer.

DEAE-cellulose was activated by homogenizing the cellulose in a Waring
blendor with 0.1 M potassium hydroxide. The DEAE-cellulose was then washed with
distilled water until the pH of the wash was ncutral, was centrifuged, was resuspended
in 0.01 M imidazole-0.co2 M mercaptoethanol bufier (pH 7.0) and was packed in a
column under a pressure of 5 ib/in®. The combined extracts from the calcium phos-
phate gel were added to a column of DEAE-cellulose (1.5 cm x 30 cm) that had
been allowed to equilibrate at 4° in a cold room. The flow rate was 40 ml/h.

Fractionation of the dialyzed preparation on DEAE-cellulose was accomplished
according to the elution scheme depicted in Fig. 1. The column was washed with
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Fig. 1. Elutivn of the enzyme from DEAE-cellulose columns., Relative activity is defined as the
enrymic activity of the particular fraction in units/mg relative to the fraction with the peak
activity.

the imidazole buffer .nd then was eluted with o.1 M KCl in o.01 M imidazole-0.002 M
mercaptoethanol buffer (pH 7.0). Fractions of 10 ml were obtained every 15 min.
The eluant was changed to 0.z M KCl in the imidazole buffer and 10 more fractions
were collected. No enzymic activity was observed and consequently, the KCi con-

* Buchler Instruments, New York, N. Y.
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centration was increased to 0.3 M in the imidazole buffer. A large increase in the
absorbance at 280 mu was observed at approximately the 6th fraction with a con-
comitant increase in elution of enzymatic activity. The total enzymic activity was
oluted in about 10 tubes (~ 100 ml).

The purification scheme is presented in Table I starting with 150 ml of a 109,
rat liver homogenate representing 334 units of activity. Saturation with ammonium

TABLE I

SUMMARY OF VURIFICATION DATA

Total Total Specific Cnzyme
enzyme protei ackivily vield
fanss®) (mg) funisimg, *,)

Homogenate {10%) 334 4760 0.07 :
105 000 X g extract 3063 1460 0.25 169
u-30% (NH,[},50, raction 272 262 1.04 81
Gel extract 170 78 2.18 51
DEAE-ccllulose fractions
1. Purest fraction 1.5 5 3.90 .
2. Other fractions 54 20 z.yu> 22

¢ unit - number of pmoles of carbamylaspartate produced in 30 min under the conditions
of the assay as presenied in the experimental section.

sulfate to 309%, resulted in an overall purification of r5-fold. A further z-fold puri-
ficaiion was produced by absorption and subsequent elution from calcium phos-
phate gel. The overall purification to the fraction from the DEAE-cellulose column
that possessed the most enzymatic activity was 56-fold with a yield of 229,
Further attempts at purification by means of cthanol or acetone precipitation,
or concentration of the enzyme by lyophilization resulted in inactivation of the en-
zyme. After the DEAE-celluluse step the cnzyme could not be frozen without
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Fig. 2. The dependence of the enzymatic velocity upon pH. The reaction mixture was incubated
for j3omin and contained the following: carbamyl phosphate, 20 ymoles; L-aspartic acid,
7.5 ymoles; enzym., go ug protein; and o.2 M nuffers as indicated. Phosphate was used for
pH 6.5 and Tris for all other pH's.
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immediate 10ss in activity, but could be kept for 5 dayvs at 47, The preparation was
run at 8° in a Spinco analytical ultracentrifuge ut so 740 rev./min. Photographs
taken at 16-min intervals indicated the heterogeneity of the preparation (at least
3 major peaks were observed).

Properties of aspartate transcarbamylase

Dependence of velocity upon pH: The effcet of pH apon the enzynic velocity
is presented in Fig. 2. Maximum velocity was vbserved at pH 9.2, Bevond this
pH, it was difhcult to assess the rate of the enzymic reaction, because of the increase
in the son-enzymic reaction of carbamyl phosphate with L-aspartate.

Dependence of enzyviratic velocity upon incubation time and enzyme concentration:
The rate of formation of carbamylaspartate was linear with respect to time for 3o min
(Fig. 3) and was also proportional to the concentration of the enzyme up Lo go ug
of protein (Fig. 4).

1 T T
-g 3 L =T R T
P 3 s a4k >
3"0.4[_ « 2 /
w w o
< 3 ~
3 « a3} V2 .
: o
< 7
= ]
3> - -
5 oz}t i ; a2
-
s Q0 [
] <
(VY| .
-]
6 35 35 C T 4 A
2] E]
TIME (N MINUTES s @ 135 180

ENZYME (pg)

Fig. 3. The dependence of the velocity upon Fig. 4. The dependence of the velocity upon the
the time of incubation. The reaction mixture evnzyme concentration. The reaction mixture was

consisted of: carbamyl phosphate, 20 gmoles;  similar to that described in the legend ta Fig. 3.
L-aspartic acid, 7.5 gmoles; 0.2 M Fris buffer with the exception that (he enzvme concentration
(pH 7.2 to 1.5 ml; cnzyme, o Ug pielan was variva as ndicated in the iguse. The incu-
The incubation was conducted at 37° for the bation timc was 30 rmn.

specified time.

Dependence of velocity wupen substrate concentration: The velocity of aspartate
transcarbamylase was proportional to the rL-aspartate concentration to 3o g moles
(Fig. 5). A LINEWEAVER-BURK plot'? is presented in the insert of Fig. 5. The Kn
for aspartate is 5.3-10-3 M. The reaction was also linear with respect to carbamy!
phosphate concentration to o.¢7 gmoles (Fig. 6). The Lineweaver-Burk plot (insert
on Fig. 6) indicated that the Kq, for carbamyl phcophate is 2.5-1074 M.

Stoizhiometry of aspartate transcarbamylase reaction: The stoicniometry of the
reaction was investigated at three enzyme concentrations (Table II). It is evident
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The reaction mixture was similar to that des-
Fig. 5. The dependence of the velocity upon ceibad in Fig. 3, with the exception that the
the concentration of L-aspartic acid. The reac- concentration of carbamyl phosphute was va-
tion mixture was similar to that described in ried as indicated in the figure.

the legend to Fig. 3. with the exception that
the L-aspartic acid coacentration was varied
as indicated in the figure.

that tor each mole of carbamylaspartate that was produced, an equivalent mole of
inorganic phoasphate was generated.

ITuhibition of aspartate franscarbawiylase by hecavy metals: Aspartate trans-
carbamylase activity was inhibited in the presence of heavy metals (Table EIT).
The addition of Ag~, Hg?t, Cd?*, or Cu®* at 3.35-107% M resuited in an inhibition
of 56689 in the rate of the reaction. Zn®* at a comparable concentration had no

TABLE 11
STOICHIOMETRY OF THE ASPARTATE TRANSCARBAMYLASLE REACTION

The enzyvme {90 270 ug of protein) was incubated with r.aspartic acid (7.5 gmoles) and ear-

bamyl phosphate (5 ymoles) for 30 min at 377 as inddicated in the experimental scction The

amount of carbamylaspartic acid and inorganic phosphate was determined by the methods
<ited in the texr,

Lenes Carbamylispartale Increanie dhosphate

) fpareoles ) ! wminles)
Y5 0.709 ©.130

ifo n.300 0.302

270 0.400 ©.409

effect upon the enzymic activity. The addition of Fe3~ to the incubation mixture
resulted in a non-specific interference with the color reaction, hence, no data on
possible inhibition was obtained.

The inhibition by Cu?*+ was completely reversed by EDTA (Table I1I} if the
chelating agent was present at the time of tne addi*ion of the metal. The inhibition
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TABLE i1l

INHIBITION OF ASPARTATE TRANSCARBAMYLASE BY HEAVY METALS

Expt. A: The enzyme (4z ug protein) was incubated with carbamylphosphate and L-aspartic
acid as described in the experimental section. Th~ inhibitors were 2 .ded at zero time. Expt. B:
CuS0O, (2.0-157* M) was added at zero time and EDTA (6.7 10-¢ M) was added at the indicated

Cytidine
Cytidine

CMP-5"
CMP-5°

CMP-5°

UTE-5*

CTP-5’

finics.
Addilans .-I?;?.:.M Cﬂroa:a.-:‘:;::‘sezjuun fﬂh{l:};;loﬂ
Expt. A None o.21;
AgNO, 3 35 1074 0.ufwy 1]
Hg(NUO,)» 6.7 -ro~® R E 20
3-35-ro~! GOgh 5
CdsO, 67 oot Q100 54
3 35-107% wass 2
Cuso, b7 -(o~* OE g0 30
3.35-1n"% v.oh 065
Expt. I3 Nonc © 11y
CI.ISO‘ Q.uy3 37
CuSQ, - EDTA atoume a.21h v
CusSO, — EDTA after 3 min 150G 35
CuS0, — EDTAafter t3min o123 P

CuSC0y -~ EDTA after 2zomin o1zt 38

TABLE IV

INHIBITION OF ASPARTATE TRANSCARBAMYLASE HY PYRIMIDINES

The enzyme {40 ug protein) was incubated under conditions described under EXPERIMENTAL.
The amount of carbamylaspartate produced in 30 min under thesc conditions was 0.383 pmoles.
In those instances where two experiments werc run, both the average value and the individual

10
20

20
50

[ Lol
20

50

20

10,1

8.9
tz3.7. 34.1)
1L.5
200
[20.0, 20.0)
17.3
22.4
vie.o, 22.8)
6.7
Bo
(.2, 10.4)
15.0
122.0, 28.0}
21.4

15.6

Addutions (:‘m",‘:j o, Inhavition

Deoxvurutine 20 313
(30.60, 32.3)

Deoxyuridine 5¢C 50.1
(547, 63.4)

Deoxy UM 57 10 6.7

Deoxy UMI 537 20 20.0
{21.0. 1G.0)

Deoxvevtidine 20 $i.1

Deoxvevtidine 50 50.1

DeoxvCMP-57 20 21.6
{<0.8, 2..4}

Deaxy "M P-5° 50 330
(47.0, 45.0)

Thymidine 10 20.3
(28.7, 22.0}

Thymidine 20 443

Thymidine 50 64.5
(63.4. 66.3)

TMP-5° 10 11.5

TMD. 57 20 18.3

TMEP-5° 50 42.1

{40.6, 3.0}
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increased progressively when the Cu?+ was allowed to react with the enzyme prior
ta the addition of EDTA.

Since the enzyme required sulfhvdryl groups for stabilization {mercaptoethanol),
it was difficult to assess the effects of the compounds that react with sulthydryl
groups of the enzyme. However, employing a crude supernatant preparation, p-
hydroxymercuribenzoate at 4-10-5 M inhibited tie enzymic activity by 50%.

The addition of pyrimidine nucleosides and nucleatides to the system resulted
in inhibition of the enzvmic activity (Table IV). Uridine and UMP-5’ appeared to
ve more effective than the corresponding cyvtidine derivatives. The triphosphates of
both uridine and cytidine were no more effective as inhibitors than the monc-
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Fig. . ACKFRMANN -1'01TER plot of enzyme vs. inhibition by deoxyvribonncleusides. The reaction
mixtnre was sinnlar to that described in the legend to Fig. 3 with the addition of either 15 ymoles
of thvimnidine, <£--- %, or 20 pmoles of deoxyeytidine, @ — -—@

phasphutes. The deoxyribonucleosides and deoxyribonucleotides were much more
potent as inhibitors than the ribose derivatives. Maximal inhibition was obiained
in the presence of thymidine. The deoxyribonucleotides as well as the ribonucleotides
were no hetter as inhibitors of this enzyme than the nucleosides, In fact, in the deoxy-
series, the nuclentide manifested less aciivity.

The inhibition produced by deoxycytidine and thymidine was determined as a

would 1ndicate competitive inhibition. Further proof as to the reversibility of the
inhibition was supplied by employing the method of LINEWEAVER AXD BURK!.
The inhibition constants for thymidine and for deoxycytidine as determined by
this method were 3 121071 M and 7.0 1074 M, respectively.

DISCUSSION
Aspartate transcarbamvlase from rat liver appears to be quite different from the
aspartate tramsratbamylase isolated from E. cols® in terms of pH optimum, heat

stability, stability at 4% precipitabiiity upon the addition of ammonium sulfate,
and elution from DEAE -cellulose columns,

Biochim. Biophys. Acta, 67 (1603) 425-3434
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GERHART AND Parpri® state that the addition of Ag: or Hg?' to the bacteriai
system resulted only in a loss in feedback inhibition by the cytidine derivatives, bt
had no effect upon enzymic activity. Furth nore, in an earlier communicittion!s,
they mentioned that the addition of p-hvdroxyvmercuribenzoate did not inh:bit, but
in fart, enhanced enzymic activity. These data led them to postulate that inhibition
by cytidine derivatives is a result of attachment ot the pyrimidines to an adjacent
site to that occupicd by aspartate. This adjacent site presuinably contained a sulthy-
dryl group which may he selectivelv destroved by heating at 60° without any destruc-
tion of enzymic activity?

The data presented in this report indicate that Ag*, Hg? ., and p-hvdroxy-
mercuribenzoate inhibit mammalian aspartate transcarbamyiase. Nu seieciive des.
truction of the site at which feedback inhibition vccurs can be accomplished by heat
ing at 607, without a concomitant loss in activity of the enzyvime. Hence, it may be
inferred that a sulfhydryl group is intimately connected with enzyimic activity in
rat liver and may also he associated with feedback inhibition.

The inhibitions observed upon the addition of the pyrimidine nuclensides and
nucleotides to the svstem containing the partiallv purified enzvme agree quite well
with that observed in crude liver preparationst. Thymidine was the most potent
inhibitor of this enzyme, while the uracil derivatives were as effective as the corres-
ponding cytosine derivatives. These data again point out the basic difference between
the mammalian and bacterial systems. Unfortunatelv, neither the riborucleotide
nor deoxvribonucleotide possessed greater inhibitory efficacy than the corresponding
nucleoside 1n the former system, although the degree of inhibitory activity of the
bacterial enzvme increased from nucleoside to nucleoside triphospl.ate.

Although the mammalian enzyme has been partially purfied, still a large
amount of devxyribonucleoside {approx. 7-10°3 3 is required for anv degree of
inhibition. These data would appear to cast some drubt upon the role that feedback
inhibition of aspartate transcarbamylase plave in the regulation of pyrimidine
binsynthesis in the mammalian cell. However, it i~ difficult to assess the degree of
concentration of deoxvribonucleosides or deoxvribonucleotides and aspartic acid
within the rnammalian cell especially in conditions of rapid growth, ¢.g., embryonic
or regenerating liver. Sufficient concentration of pyrimidine derivatives may accumu-
late within tre cell in these conditions to exert feedback inhibition. A coemparison
of the inhibitory efficacy of the pyrimidin’ deoxvribonucleosides upon this enzyme
in varions rapidly growing svstems [embrvonic or regenerating liver. hepatomas)
may supply some further data on the role of fredback inhibition in the regulation
of pyrimidine biosynthesis. These studies are presentlyv in progress.
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