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A mutation, s, of Neurospora, leads to a 98% reduction in ornithine transcarbamylase 
(OTC) activity without imposing an arginine requirement. It has been found that 
the enzyme present in the s strain is different from the normal enzyme in its affinities 
for ornithine and carbamyl phosphate. The affinity of the mutant enzyme for car- 
bamyl phosphate is much greater than in the case of the wild type enzyme, and this 
characteristic could compensate to a large extent for the low specific activity in s 
strains. The data are used to indicate that the s locus is a gene which controls the 
structure of OTC in Neurospora. The possibility of there being two forms of this 
enzyme in wild type strains is discussed. 

INTRODUCTIOK 

A mutation, designated s (“suppressor”), 
which eliminates the nutritional require- 
ment of certain pyrimidine and proline mu- 
tants of Neurospora, has been described 
previously (l-3). Strains carrying s in an 
otherwise wild type genome are almost im- 
possible to distinguish from wild type on 
nutritional criteria. Since a pyrimidine re- 
quirement could be restored to suppressed 
pyr 3 mutants by the addition of arginine 
to the medium, it was felt that these pyr 3 
mutants were fundamentally arginine-sen- 
sitive [however, see Ref. (3)], and that the 
s mutation led to an impairment of endoge- 
nous arginine synthesis. It was subsequently 
found that the s mutation imposed a re- 
duction of 98% in the specific activity of the 
enzyme ornithine transcarbamylase (OTC j 
(2, 3), which catalyzes the formation of 
citrulline from ornithine and carbamyl 
phosphate (CAP) with the liberation of in- 
organic phosphate. Free arginine, derived 
from citrulline, was found to be greatly re- 
duced in its concentration in growing my- 

1 Supported in part by an Institutional Research 
Grant to t,he University of Michigan from the 
American Cancer Society and by a grant (G18012) 
from the National Science Foundation. 

Celia of the s strain in comparison to wild 
type (3). The effect of s on proline mutants 
can be understood hypothetically in terms 
of a reduced utilization of glutamic-u-semi- 
aldehyde, a precursor common to arginine 
and proline synthesis in Neurospora. 

The magnitude of the effect of the s 
gene on OTC activity made the absence of 
a significant arginine requirement in such 
strains curious. The properties of OTC 
from mutant and wild type were studied, 
therefore, to determine whether the en- 
zyme from the mutant was a more ef- 
ficient catalyst. Another purpose of these 
studies was to obtain evidence to show 
whether or not the s locus was the primary 
determinant of OTC in Neurospora, since 
two arginine mutants blocked between 
ornithine and citrulline nutritionally were 
shown to have normal or high activities for 
this enzyme (3). 

MATERIALS 
The strains of NeuTospora crassa used were a 

wild type isolate and an isolate which carried the 
s gene; they will be referred to as wild type and s, 
respectively. These two strains were taken from 
the same ascus of a cross between wild type 1A and 
the suppressed PZ(~ 3a mutant, 37301 s [isolates 7c 
and 7d; cf. Ref. (311. Mycelia were grown in 700 
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ml. media in low-form culture flasks on a reciprocal 
shaker for 24 hr. The growth was harvested, dried 
in acetone, ground in acetone to a fine powder, and 
dried in air (3). This powder was used as the 
source of OTC in all enzyme work unless otherwise 
indicated. 

L-Ornithine dihydrochloride (Nutritional Bio- 
chemicals Corp.) or n-ornithine monohydrochloride 
(Sigma Chemical Co.) was used in all enzyme 
work. Carbamyl phosphate (dilithium salt) was 
prepared by the method of Spector, Jones, and 
Lipmann (4), but with special attention to drying 
it quickly in the final stage of preparation. This 
was done by collecting the reprecipitated CAP in 
a Biichner funnel, and pressing it as dry as possi- 
ble with a spatula. Cold 95% ethanol was poured 
over the sediment, the ethanol was drawn through 
it, and, while aspiration continued, the CAP was 
slowly scraped off the top of the mass with a 
spatula as it dried. The resulting particles were 
then placed in a moving air stream until the etha- 
nol odor was gone, and the particles were broken 
to a fine powder. The powder was stored over phos- 
phorus pentoxide at room temperature, where it 
remained stable for several months if the desiccant 
was changed frequently. This method yielded a 
preparation of C$P which contained 9698% of 
the expected proportion of phosphate, of which 
96% was acid labile. Moreover, urea, a by-product 
which interfered with calorimetric tests used, was 
barely detectable under the conditions used. 

METHODS 

Assays for OTC were carried out in centrifuge 
tubes in a total volume of 3.25 ml. The standard 
incubat.ion mixture contained 20 pmoles CAP, 20 
pmoies ornithine, 500 *moles Trisacetate buffer, 
pH 9.0,’ and a rate-limiting aliquot of the enzyme 
preparation. The reaction was allowed to proceed 
5 min., after which 0.5 ml. of 2 M perchloric acid 
was added to precipitate protein. The tubes were 
chilled and centrifuged, and citrulline was meas- 
ured in aliquots of the supernatants. 

Citrulline was measured in two ways. For some 
experiments involving only the wild type enzyme, 
the method of Archibald was used (5). Because the 
OTC activity of the s strain was so low, the more 
sensitive method of Koritz and Cohen (6) was 
used whenever comparisons of s and wild type were 
made. It was found that the substrate, ornithine 
dihydrochloride, elevated the chromogenic value of 
citrulline, and this fact was taken advantage of 
by adding it in excess to all samples to be meas- 

Z Stock solutions were made by bringing 0.1 
mole tris(hydroxymethyl)aminomethane (“Sigma 
7-9,” Sigma Chemical Co.) to pH 9.0 with glacial 
acetic acid, and adjusting the volume to 100 ml. 

ured. It was later found that the chloride was the 
active substance (7), ornithine having no effect. 
The Korita-Cohen reaction was modified somewhat 
as follows (Blice L. Tuttle, personal communica- 
tion) : To Klett-Summerson calorimeter tubes were 
added 1 ml. of the reaction mixtures, 1 ml. of a 
solution containing 40 pmoles Cl- ion/ml., 4 ml. of 
50% (v/v) sulfuric acid, 0.2 ml. of 3% diacetyl- 
monoxime, and 0.2 ml. of 0.4% sodium pdiphenyl- 
amine sulfonate. The procedure was the same as 
previously described from this point on, except for 
the addition of 0.2 ml. of 1% potassium persulfate 
in the final step instead of 0.25 ml. The tubes were 
measured in a Klett-Summerson calorimeter with a 
No. 54 filter. The method is sensitive to 0.01 pmole 
citrulline per tube, with an upper limit of approxi- 
mately 0.10 pmole per tube under the conditions 
used. Where high activities were encountered, 
citrulline was measured in smaller aliquots of the 
original assay volume. The method allows meas- 
urement of reaction velocity under conditions 
where substrate concentration changes very little. 

Protein was measured by the biuret method (8) 
or by the method of Lowry et al. (9). Specific 
activities are given as micromoles citrulline/mg. 
protein/hr. 

PREPARATIOK OF PARTIALLY PURIFIED 
ORNITHINE TRAKSCARBAMYLASE 

FROM WILD TYPE AND 
s MYCELIA 

For the purification of wild type OTC, 5 g. ace- 
tone powder was suspended in 43 ml. of 0.05 M 
potassium phosphate buffer, pH 7.5. After standing 
30 min. at O”, the suspension was centrifuged at 
3500 X g for 20 min., and the supernatant was col- 
lected. The residue was resuspended in 30 ml. 
buffer and recentrifuged. To 50 ml. of the com- 
bined extracts, 50 ml. ethanol (-20”) was added 
slowly with stirring, and the resulting precipitate 
was removed by centrifugation at -10” (3500 X g, 
20 min.). To the supernatant, 50 ml. ethanol was 
again added, and the precipitate was collected by 
centrifugation and resuspended in 50 ml. buffer. 
The materials which did not dissolve were removed 
without loss of OTC activity by centrifugation for 
20 min. at 24,000 X g at 0”. Purification at this 
stage was 3.6-fold, with a recovery of 73%. To 50 
ml. of the second ethanol fraction, 15 g. of solid 
ammonium sulfate was added, and dissolved. After 
20 min., the precipitate was removed by centrifu- 
gation at 24,000 X g for 20 min. To the super- 
natant, 5 g. more ammonium sulfate was added. 
The resulting precipitate was centrifuged out and 
collected in 25 ml. of 0.05 M potassium phosphate 
buffer, pH 7.0. This fraction was dialyzed against 
2000 ml. of the same buffer for 18 hr. with one 
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change. The purification over the ethanol fraction 
was 6.7-fold; over the starting material, 24-fold. 
The over-all recovery was 66%. The specific ac- 
tivity rose from 17.5 in the acetone powder ex- 
tract to 420 in the dialyzed ammonium sulfate 
fraction. Assays throughout were followed by 
measuring ritrulline by the method of Archibald 
(5). 

For the purification of OTC from s, the Koritz- 
Cohen test for citrulline was used in all assays. 
Because this test is subject to much more inter- 
ferencc t,hnn the Archibald test by materials in 
the extracts, certain departures in the method of 
purification given above are noted. Bcetone pow- 
der, 2.5 g., was suspended in 40 ml. of 0.05 M phos- 
phate buffer, pH 7.0, centrifuged, and the residue 
re-extracted with 10 ml. more buffer. To 40 ml. of 
the combined extracts, 20 ml. ethanol was added, 
and the precipitate was removed by centrifugation. 
To the supernatant, 6.6 ml. ethanol was added, and 
the precipitate was again removed. To this super- 
natant, 13.4 ml. ethanol was added. The residue 
was collected, after ccntrifugation, in 30 ml. buffer, 
and 30 ml. more ethanol was added to the super- 
natant. This precipitate was also collected, after 
centrifugation, in 30 ml. buffer, combined with the 
previous fraction, and cleared by centrifugat’ion. 
Purification at this stage was 2.1-fold; recovery 
was 85%. To 60 ml. of the ethanol fraction, 18 g. 
ammonium sulfate was added, the precipitate was 
removed, and 6 g. more ammonium sulfate was 
added to the supernatant. This precipitate was 
collected, after centrifugation. in 10 ml. buffer 
and dialyzed. Purification was 10.5-fold in the 
ammonium sulfate step ; over-all purification was 
22-fold, with a yield of 57%. The specific activity 
rose from 0.47 to 10.5 at the end of the procedure. 

Aspartatr transcarbamylase (lo), of normal ac- 
tivity in the starting materials, was not detectable 
in the purified OTC preparations from either 
strain. Purified preparations of both strains were 
stable for at least 3 months at -20”. 

RESULTS 

LOCALIZATION OF OTC IN 
MYCXLIAL EXTRACTS 

To test the association of OTC in either 
strain with cytoplasmic particles, and to 
determine whether the low OTC of s was 
due to large losses in the usual methods of 
isolation, moist mycelial pads were sus- 
pended in a solution of 0.05 ~11 K+ potas- 
sium phosphate, pH 7.0, and 0.6 X D- 
mannitol. The suspended mycelia were 
broken up with fine glass beads in a Nossal 
disintegrator, and the beads and cell debris 

were removed from the slurry by cen- 
trifugation at 1009 x g for 5 min. The 
supernat,ant was then centrifuged at 15,000 
X g for 15 min., and the residue was col- 
lected. The supernatant was recentrifugrd 
at 100,000 x g for 90 min., and the residue 
and supernatant were collected. The low- 
and high-speed residues and t,he final su- 
pernatant were then tested for OTC actir- 
ity. Regularly, 85% of the activity of wild 
type remained in the supernatant. In the 
case of S, the actvity was so low that it 
could not be measured accurately by the 
methods used. This indicates that the low 
OTC activity of s is inherent in the strain 
itself, rather t,han in the method of OTC 
isolation. The similar stabilities of the OTC 
from s and wild tvpe to heat, denaturation, 
mentioned below, also bear this out. In 
the same experiment’s, 95% of the aspartat,e 
transcarbamylase remained in the super- 
natant. 

SOME PROPERTIES OF OTC FROM 
\vILD TYPE: ASD s 

Dialyzed crude extracts of acetone pon- 
ders were used to t,est t,he effect of varying 
the time and the amount of extract upon 
the production of citrulline. Reasonable 
linearity of citrulline formation with bot,h 
variables prevailed in the case of the two 
strains (Fig. 1). Citrulline was not produced 
t’o a detectable extent in the absence of 
enzyme, CAP, or ornithine, and OTC ac- 
tivity of both strains was destroyed by 
boiling the extracts for 5 min. 

Using dialyzed ammonium sulfate prepa- 
rations, the dependence of citrullinc pro- 
duction upon pH was measured. In this 
experiment, unbuffered reaction mixtures 
were used, because borate, carbonate, and 
glycine buffers inhibited both enzymes to 
varying dcgrecs (Tris-acetate buffer was 
not inhibitory). To alicluot,s of the enzyme 
preparat’ions, substrates adjust4 t,o clif- 
ferent pH’s with 1 S KOH were added, and 
the assays were carrittl out as usual. The 
pH of duplicate reaction mixtures was 
measured to verify the pH. The data (Fig. 
2) show that the pH optimum of the rcac- 
tion is approximately 9 when either s or 
wild type preparations arc used. CAP, which 
decomposes at pH’s above 9 rather rapidly, 
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FIG. 1. Relationship of citrulline formation with time (A) and with the amount of pro- 
tein in reaction mixtures (B), using crude dialyzed extracts of the wild type and s strains. In 
(A), the amounts of protein used per 3.25-ml. reaction mixture were for wild type, 0.46 mg., 
for s, 2.85 mg. In (B), 5-min. reaction times were used. 

300 - 

pH of reaction mlxture 

FIG. 2. Relationship of OTC activity with the pH of unbuffered reaction mixtures, using 
partially purified wild type (solid curve) and s (dotted curve) extracts. The extracts were 
adjusted to the same order of activity in this experiment, and citrulline was measured in 
the same manner in the case of both strains. 

was still unlimiting at the end of the re- The dependence of the OTC reaction 
action, and the primary decomposition upon ornithine concentration, using the two 
product of CAP, cyanate, is not inhibitory types of preparations, is shown in Fig. 3 
to the reaction in concentrations of 20 by means of a Lineweaver-Burk plot. The 
moles per reaction mixture. affinity of the wild type enzyme for this 
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FIG. 3. Lineweaver-Burk plots of the relationship of reaction velocity versus ornithine 

concentration, using OTC of wild type and s. The lines were fitted by eye, and K, values 
(see text) were calculated from the X intercepts. 

substrate is greater than that of s, as indi- 
cated by the positions of the X intercepts. 
The K, values derived graphically from 
such plots are, for wild type, 1.9 X 10W3 M; 
for s, approximately 14 x 10W3 M with 
some variation (from 10 to 15 X 1O-3 M) 
in the latter from experiment to experiment. 
The difference between the two strains is 
clear, however, even in crude dialyzed ex- 
tracts, and the constants have the same 
general values. 

The dependence of the reaction on CAP 
concentration was vastly different in the 
case of the two preparations. The substrate- 
velocity curves are shown in Fig. 4; a 
Lineweaver-Burk plot of the data involv- 
ing the wild type enzyme is also shown. It 
appears that the OTC of s is saturated at 
a much lower concentration of CAP than is 
that of wild type. The K, of the wild type 
for CAP is approximately 3 x 10e4 M. 
Measurements of the constant of the s en- 
zyme are impossible with the methods used, 
because the react,ion is limited only by the 
amount of CAP, rather than its concentra- 

tion, at t,he lower limit, and the enzyme is 
completely saturated at slightly higher 
points. A more rigorous test, of the condi- 
tions affecting the relationship between the 
OTC activity of s and CAP concentration 
was made by varying the concentration of 
ornithine and the amount of enzyme, using 
an independently purified OTC prepara- 
tion. The use of 40 pmoles ornithine raises 
the level of the plateau by approximately 
the amount expected (20 pmoles per reac- 
tion mixture, used in the first experiment,, is 
not saturating for the s enzyme), and dou- 
bling the concentration of enzyme elevates 
the plateau by a factor of two. The lowest 
point in all cases (at 0.05 +nole CAP per 
reaction mixture) remains the same within 
experiment,al error, however, and indicates 
a total conversion of the CAP present to 
citrulline during the time of the assay (Fig. 
5). 

The activity of the wild type and s prepa- 
rations \vas additire in mixed react’ions, 
both in purified and crude preparations. In 
one experiment., the wild type preparation 
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gave 0.20 pmole citrulline, the s preparation 
0.10 pmole, and a reaction mixture contain- 
ing both enzymes in the previously tested 
amounts gave 0.31 pmole. These results in- 
dicate that the low activity of s is not due 
to a free inhibitor, a competitive reaction, 
or the lack of a cofactor. 

The OTC activity of both wild type and s 
strains, using purified samples of similar 

FIG. 5. Relationship of s OTC activity with CAP 
concentration. Curve A : 0.1 ml. enzyme extract. 
20 pmoles ornithine per reaction mixture. Curve 
B: 0.1 ml. enzyme extract, 40 pmoles ornithine per 
reaction mixture. Curve C: 0.2 ml. enzyme extract, 
20 pmoles ornithine per reaction mixture. Scale: 
0.05 pmole citrulline per reaction mixture = 37 
Klett units. 



MUTANT ORNITHINE TRANSCARBAMTLASE 191 

activity, and which were made equal in 
protein concentration by the addition of 
bovine serum albumin to the wild type prep- 
aration, was stable to heating at 70” for 30 
min., was inactivated in 30 min. at 74”, and 
in less than 3 min. at 79”. All experiments 
were carried out in 0.05 M K+ phosphate 
buffer, pH 7.0. The data are not sufficiently 
refined to detect any small diffcrenccs in in- 
activat’ion rates, if any exist. 

DISCUSSION 

It has been shown that OTC isolated 
from wild type and from the s strain is 
similar in its response to purification pro- 
cedure, p1-I of t,he reaction mixture, and 
heat inactivation. The enzymes from the 
two sources are different in their depend- 
ence on the concentration of both sub- 
strates of the reaction, a finding which 
strongly suggest that the s locus controls 
the primary structure of OTC. The exist- 
ence of mutations allelic to s which lead t,o 
a complete deficiency of OTC would lend 
this conclusion more force, but no other 
mutations have been observed at any locus 
to date which have a significant effect on 
this enzyme (3, 11 1. It is therefore also 
possible that there are two species of OTC 
normally present’ in Xeurospora and that 
the s mutation eliminates the one present in 
highest activity. Thr data on the wild type 
preparation presented liere arr not suf- 
ficient to rule out this possibility. The cx- 
istence of quasi-duplicate genetic loci coulcl 
explain the difficulty in finding strains com- 
pletely deficient, in OTC by the usual selec- 
tion procedure. 

The difference in the response of the two 
enzymes to ornithinc concentration is prob- 
ably not a crucial one biologically. In 
skains carrying s, the lowered rate of orni- 
thine utilization would be expected t’o 

cause an elevation of the concentration of 
this substrate or its precursor, glutamic-y- 
semialdehyde, to less limiting or to un- 
limiting levels. Preliminary elect,rophoresis 
patterns of the basic amino acids bear this 
out. 

Although the affinity of the OTC of s 
for CAP cannot. be measured directly, the 
fact that the enzyme is saturated at less 
than 1.5 X lo@* M indicates that it has 
significantly greater affinity than the OTC 
of wild type (k’,, = 3 x 1O-4 Ml. hssum- 
ing that OTC activit’y in wild t,ype is not 
present in more than 40-fold excess of limit- 
ing concentration (for growth), the high 
affinity of the OTC of s for CAP may com- 
pensate in vim to a large extent for its 
low activity. 
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