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The properties of homogeneous preparations of carbamoylphosphate synthetase (CPSase) from wild-type
Salmonella typhimurium and a cold-sensitive derivative grown at different growth temperatures were examined.
For the cold-sensitive mutant, the affinity for glutamine of the form of CPSase synthesized at 20°C was lower
than that of the form of the enzyme synthesized at 37°C, regardless of the assay temperature. Thus, the cold
sensitivity of the mutant reflects an effect of temperature on the synthesis of the enzyme rather than the activity
of the folded enzyme. The two forms also differed in sensitivities to polyclonal antibodies as well as
denaturational enthalpies. The combined results support the hypothesis that carAB mutations conferring cold
sensitivity identify amino acid residues that are critical in the folding of CPSase. Quite unexpectedly, certain
kinetic properties of cloned parent CPSase were also dependent on the growth temperature, although to a much
lesser extent than those of the cold-sensitive mutant. The specific activity of wild-type CPSase synthesized at
15°C was 60% of that synthesized at 37°C. Further, CPSase synthesized at 15°C was less thermostable than the
enzyme synthesized at 37°C; the difference in stability (AG) is estimated to be 4,500 cal mol~'. Thus, variation
of temperature within the physiological range for growth influences the folding and consequently the properties

of CPSase from wild-type S. typhimurium.

Carbamoylphosphate is an intermediate in the biosynthe-
sis of both arginine and pyrimidines. In Salmonella typhimu-
rium (1-3), a single enzyme, carbamoylphosphate synthetase
(EC 6.3.5.5) (CPSase) catalyzes the synthesis of carbam-
oylphosphate according to the following reaction:

K+
2MgATP + HCO3™ + L-glutamine + H,O —
Mg2+

Carbamoylphosphate + P; + 2MgADP + L-glutamate

Ammonia can replace glutamine as a nitrogen donor in
vitro, but the affinity for ammonia is considerably lower than
that for glutamine; the latter substrate is the physiological
nitrogen donor.

The enzyme consists of two nonidentical subunits (2). The
light subunit (a; M,, 45,000), encoded by carA, functions as
a glutamine amidotransferase, and the large subunit (8; M,,
110,000), encoded by carB, mediates all other catalytic
functions. The large subunit alone can catalyze the synthesis
of carbamoylphosphate from ammonia, bicarbonate, and
MgATP (2). In accordance with its physiological function,
the expression of the carAB operon is subject to control by
arginine and pyrimidines (19, 23). Further, CPSase activity is
subject to allosteric control by intermediates of pyrimidine
and arginine biosynthesis: UMP inhibits the reaction,
whereas ornithine stimulates it (3). The combined effects
provide an efficient mechanism for controlling the rate of
synthesis of carbamoylphosphate in response to the avail-
ability of arginine and pyrimidines. The enzyme also is
activated by IMP and phosphoribosyl-1-pyrophosphate, ef-
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fects which presumably coordinate its activity with purine
biosynthesis (3).

Null mutations in carA and carB cause auxotrophy for
both arginine and pyrimidines. However, certain missense
mutations in these two genes cause auxotrophy only for
arginine in S. typhimurium (1) as well as in Escherichia coli
(24). The high frequency of this arginine auxotrophic pheno-
type of carA and carB resulted in early mismapping of the
structural gene for ornithine carbamoyltransferase in §.
typhimurium (33) and E. coli B/r (4).

We have shown previously (1) that the arginine auxo-
trophic phenotype of carAB is often more marked at low
temperature (20°C). Genetic and physiological studies (1)
with such cold-sensitive arginine auxotrophs suggested that
the inability of such mutants to grow at the restrictive
temperature resulted from defective folding of CPSase. Here
we report studies with homogeneous CPSase preparations
from one of these cold-sensitive mutants showing that the
mutant at 20°C is a stable folding variant of the enzyme that
differs in kinetic, calorimetric, and immunological properties
from the form synthesized at 37°C.

The present report also describes the unexpected finding
that the growth temperature of wild-type S. typhimurium
influences the folding of CPSase. The two forms synthesized
at 37 and 15°C differ in certain kinetic properties, and the
form synthesized at low temperature has lower thermal
stability.

MATERIALS AND METHODS

Culture and culture conditions. S. typhimurium AA222
(carAB81 pyrB::Tnl0) carrying the carAB operon on a
multicopy plasmid (pMK1 [19]) was grown in glucose mini-
mal medium (33) supplemented with uracil (50 wg/ml) and
used as a source for wild-type CPSase. S. typhimurium
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JL.2108 (pyrA1510) was isolated earlier by the mutagenized
bacteriophage technique (1).

Mapping of pyrA1510. The mutation was mapped by using
reciprocal three-factor crosses with the cotransducing
marker fol, which confers resistance to trimethoprim and is
15% linked to carAB in crosses mediated by phage P22
HT105 (31). The pyrAl1510 mutation mapped between
pyrA78 and pyrA102, both of which are deletions in carB (3).
Accordingly, pyrA1510 was redesignated as carBI510.

CPSase assay. CPSase activity was assayed by the incor-
poration of [**C]bicarbonate into carbamoylphosphate as
previously described (3). Reaction mixtures (final volume,
0.5 ml) contained enzyme, 100 mM triethanolamine buffer
(pH 8.0), 12 mM ATP, 16 mM MgCl,, 10 mM NaHCO,",
100 mM KCl, and 10 mM glutamine or 100 mM NH,CI. For
kinetic studies, enzyme concentration and reaction time
were selected such that less than 5% of the variable substrate
was consumed. Under these conditions, the reaction rates
were linear for 15 min and were proportional to enzyme
concentration over a 20-fold range of concentration. One
unit of CPSase activity catalyzes the formation of 1 nmol of
carbamoylphosphate per min.

Purification of CPSase. Exponentially growing cells were
harvested by filtration with the Pellicon Cassette System
(Millipore Corp., Bedford, Mass.), washed in 0.1 M potas-
sium phosphate (pH 7.6) containing 1.0 mM EDTA, and
suspended at 0.5 g (wet weight) per ml in the same buffer. All
solutions coming in contact with the enzyme in subsequent
steps contained 1.0 mM EDTA. Phenylmethylsulfonyl fluo-
ride was added to a final concentration of 1 mM immediately
before the passage of the cell suspension through an Aminco
French pressure cell at 8,000 1b/in?. The crude extract was
centrifuged at 27,000 X g for 30 min. Streptomycin sulfate (1
ml of 20% solution per 10 ml of centrifuged extract) was
added at 0°C with stirring and equilibrated for 10 min. After
centrifugation at 27,000 X g for 30 min at 4°C, the superna-
tant was pumped at a rate of 6 ml/min onto a preparative Q
Sepharose (Pharmacia, Inc., Piscataway, N.J.) column (70
by 2.6 cm) equilibriated with 0.1 M potassium phosphate (pH
7.6). The protein was eluted with a linear gradient of
potassium chloride in 0.1 M potassium phosphate (pH 7.6).
CPSase eluted between 0.56 and 0.67 M KClI. Fractions
containing CPSase were combined, concentrated with am-
monium sulfate (70% saturation), and dissolved in a minimal
volume of 20 mM potassium phosphate buffer (pH 7.6). The
solution was subjected to gel filtration on a preparative
Superose 12 (Pharmacia) column (50 by 1.6 cm) equilibriated
with 20 mM potassium phosphate (pH 7.6) and eluted with
the same buffer. The retention volume was 40 ml. Fractions
containing CPSase were combined and filtered through a
Millipore membrane (0.45-pm pore size) and pumped at a
rate of 8 ml/min onto a Pharmacia Mono Q column (HR
16/10) equilibrated with 20 mM potassium phosphate (pH
7.6). After being washed with 100 ml of this buffer, protein
was eluted with a linear gradient of KCl. CPSase activity
was eluted between 0.25 and 0.35 M KCIl. Fractions contain-
ing CPSase were combined, precipitated with ammonium
sulfate (70% saturation), and centrifuged at 12,000 x g for 20
min. The precipitate was dissolved in a minimal volume of
0.1 M potassium phosphate buffer (pH 7.6), and the solution
was applied onto a Pharmacia Superose 6 column (HR 10/30)
and eluted with 0.1 M potassium phosphate (pH 7.6) at a rate
of 0.3 ml/min. The elution volume for CPSase was 13.6 ml.

CPSases from the wild-type parent and the cold-sensitive
derivative exhibited identical retention volumes during gel
filtration. Further, they were eluted at the same KCI con-
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TABLE 1. Specific activities of purified CPSase preparations

Strain Growth Sp act?

(genotype) temp (°C) (nmol/min per mg)
AA222(pMK1) (wild type) 37 2,496.7
20 2,425.8
15 1,527.5
JL2108 (carB1510) 37 284.0
20 271.1

“ CPSase activity was assayed at 37°C.

centration during chromatography on the Mono Q anion
exchanger, indicating that the surface charges of all the
preparations from the parent strain and the cold-sensitive
derivative were similar at pH 7.6. All preparations used in
kinetic and calorimetric studies were homogeneous as
judged by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis on 10 to 15% gradient gels (Pharmacia Phast
System). Table 1 shows the specific activities for the purified
preparations.

CPSase was stored in 0.1 M potassium phosphate (pH 7.6)
at 4°C. Although filter-sterilized CPSase solutions are stable
for several months under these conditions, all kinetic and
calorimetric experiments were performed within a few days
of preparation of the enzyme to avoid possible changes
during storage.

Differential scanning calorimetry. Calorimetric scans were
performed with an MC-2 differential scanning calorimeter
equipped with a DA-2 data acquisition and analysis system
(Microcal Inc., Amherst, Mass.). All calorimetric experi-
ments were performed with protein dissolved in 0.1 M
potassium phosphate (pH 7.6) containing 1.0 mM EDTA.
Preparations were equilibrated with the buffer (and ligands,
if present) by extensive dialysis. Protein concentrations
were determined by the Bradford method (8). Scans were
initially run at a rate of 60°C h™!. Under these conditions, an
exotherm was observed following the denaturational en-
dotherm. When the scanning rate was reduced to 20°C h™?,
the exotherm was eliminated. Similar results have been
reported for aspartate carbamoyltransferase (11).

Immunotitration of CPSase. Immunoglobulins were puri-
fied as previously described (21) from rabbit antiserum
raised against homogeneous CPSase obtained from the wild-
type parent grown at 37°C. For immunotitration of CPSase,
an appropriate dilution of the immunoglobulin fraction was
added in increasing amounts to 100-pl aliquots of CPSase
preparation and the final volume was adjusted to 115 pl with
10 mM potassium phosphate, pH 6.8. After incubation for 15
min at 37°C and for 45 min at 4°C, the samples were then
microcentrifuged at 12,000 X g for 5 min and the superna-
tants were assayed for CPSase activity.

RESULTS

Kinetic properties of wild-type CPSase depend on growth
temperature. Studies on CPSase from a cold-sensitive mu-
tant showed that kinetic and immunological properties of
CPSase were dependent on the growth temperature. To
assess the significance of this observation, we purified
CPSase from a wild-type strain carrying the wild-type carAB
operon on a multicopy plasmid (19). The plasmid-encoded
CPSase was purified to homogeneity from cells grown at 37
and 20°C. The two preparations were characterized at 37°C
with respect to their Kkinetic properties as well as to their
sensitivity to the allosteric inhibitor UMP. The results are



VoL. 172, 1990

TABLE 2. Kinetic parameters of homogeneous wild-type CPSase
preparations obtained from cells grown at 37 and 20°C

Growth temp

Parameter® B —
37°C 20°C
K,, for glutamine (mM) at 12 mM MgATP 0.28 0.21
K, for ammonium chloride (mM) at 1.4 mM 55 132
MgATP
So.s for MgATP (mM) at 10 mM glutamine 1.3 1.5
Iy s for UMP (uM) at 1.4 mM MgATP and 22 18

10 mM glutamine

“ CPSase was assayed at 37°C.

shown in Table 2. The K,, for glutamine, S, s (substrate
concentration that yields one-half the maximal velocity) for
MgATP, and I, s (concentration required for half-maximal
inhibition) for UMP of the plasmid-encoded CPSase synthe-
sized at 37°C are very similar to those previously reported
for the chromosomal-encoded CPSase from S. typhimurium
(3). Comparison of the kinetic parameters for the plasmid-
encoded CPSases synthesized at 37 and 20°C shows that the
K, for ammonium chloride for the enzyme synthesized at
20°C is significantly higher than that for the enzyme synthe-
sized at 37°C (Table 2). These results prompted the exami-
nation of CPSase synthesized by S. typhimurium at a tem-
perature closer to the minimal temperature for growth.
Accordingly, CPSase was purified to homogeneity from cells
grown at 15°C. The specific activity of CPSase synthesized
at 15°C by wild-type S. typhimurium was 60% of that
synthesized at 37°C (Table 1). Kinetic analysis showed that
CPSase synthesized at 15°C differed in the K,, for ammonia
(Fig. 1) as well as in the K, and V,,,, for glutamine (Fig. 2)
from the enzyme synthesized at 37°C.

The dependence of the kinetic parameters for CPSase on
the growth temperature is clearly shown by the values of the
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ratio of glutamine- to ammonia-dependent activities of
CPSase preparations. This ratio is 1.9, 3.9, and 4.7 for
CPSase synthesized at 37, 20, and 15°C, respectively.

The Kinetic parameters indicated above were confirmed
with two independent purifications for each growth temper-
ature. The reproducibility of these parameters precludes the
possibility that the observed differences resulted from an
artifact during purification. Rather, different CPSase confor-
mations are produced at different growth temperatures by S.
typhimurium. These conformations are stable such that they
are unaffected by the changes in temperature and ionic
strength encountered during purification and assay.

Wild-type CPSase synthesized at 15°C is less thermostable
than that synthesized at 37°C. The thermal denaturation of
CPSase was examined by differential scanning calorimetry.
A plot of excess heat capacity against temperature is shown
in Fig. 3a for CPSase produced by S. typhimurium at 37°C
and scanned at a rate of 20°C h™!. The curve is characterized
by a major peak with a temperature of maximum excess heat
capacity (7,,) of 58.15°C. A minor peak (peak I of Fig. 3a)
with a T, of 42.05°C is also evident. This minor endotherm
reflects the dissociation of dimeric [(aB),] and tetrameric
[(aB),] species of CPSase shown (27) to be in equilibrium
with the monomeric species (af) in the presence of phos-
phate. This conclusion is based on two findings. The minor
endotherm was absent in buffers that do not permit self-
association of CPSase (data not shown); it was enhanced in
the presence of ornithine (Fig. 3b) or UMP (Fig. 3c), which
promote the conversion of CPSase to dimer and tetramer,
respectively (6, 27). The T,, for the major peak (peak II of
Fig. 3) was independent of CPSase concentration, indicating
that the two subunits of the speciés do not dissociate during
denaturation (32). At the completion of the scans, the
proteins had precipitated and no denaturational endotherms
were observed on rescanning, indicating that the thermal
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FIG. 1. Ammonium chloride saturation curves for CPSase from wild-type cells grown at 37 and 15°C. Inset shows double-reciproc?ll plots
of the data. The enzyme was assayed at 37°C as described in Materials and Methods except that the concentration of ammonium chloride was

varied as indicated.
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FIG. 2. Glutamine saturation curves for CPSase from wild-type cells grown at 37 and 15°C. Inset shows double-reciprocal plots of the data.
The enzyme was assayed at 37°C as described in Materials and Methods except that the concentration of glutamine was varied as indicated.

denaturation of CPSase was irreversible under the condi-
tions employed. .

T,, values for oligomer [(af),] dissociation and denatur-
ation of CPSase monomer (af) are shown in Table 3.
Although the T,, value for oligomer dissociation is enhanced
by ornithine or UMP, neither allosteric effector influences
the T, value for the denaturational endotherm. Significantly,
the T,, values for the denaturational endotherm of CPSase
synthésized at 15°C were lower by 2.1 to 2.2°C than those for
the enzyme synthesized at 37°C.

The denaturational T, is a reliable parameter that can be
determined accurately (+0.05°C). The difference in T,, val-
ues between CPSases synthesized at 37 and 15°C was
confirmed with two independently purified CPSase prepara-
tions. The difference in stability (AG) of the conformations
synthesized at 37 and 15°C can be estimated from the
difference in T, values to be 4,500 cal/mol (9).

CPSases synthesized at 37 and 20°C by a cold-sensitive
mutant differ significantly in their kinetic properties. CPSase
from strain JL.2108 grown at 37 and 20°C in glucose minimal
medium was purified to homogeneity (see Materials and
Methods). Because the strain is an auxotroph at low temper-
ature, the 20°C culture was initially grown at 37°C in the
presence of limiting concentrations of arginine (5 pg/ml) and
uracil (2.5 pg/ml) and shifted to 20°C at an optical density at
420 nm of 0.3. After the shift to 20°C, the specific growth rate
progressively declined and CPSase became derepressed
from a level of 0.92 to 11.41 nmol/min per mg of protein. The
culture was harvested at an optical density at 420 nm of 0.6.

Detailed analysis revealed that CPSase synthesized at
20°C differed in kinetic properties from that synthesized at
37°C. The most striking difference was observed in the
glutamine saturation curves (Fig. 4). The double-reciprocal

plot for glutamine with CPSase synthesized at 37°C was
linear (Fig. 4A), yielding a K,,, of 1.8 mM. In contrast, the
double-reciprocal plot for CPSase synthesized at 20°C was
not linear (Fig. 4A). The latter can be interpreted on the
basis of a single CPSase form that exhibits negative cooper-
ativity, an interpretation supported by a Hill plot of the data.
The Hill plot (Fig. 4B) is linear (©* = 0.998) and yields an S 5
for glutamine of 6.8 mM and a Hill coefficient of 0.8. Studies
with other enzymes (12, 29) showed that an enzyme with a
single binding site for a substrate, as is the case with binding
of glutamine to CPSase, can exhibit cooperativity.

The glutamine saturation curves were also determined at
an assay temperature of 20°C (data not shown). The resulting
So.s and Hill coefficient values are compared with those
obtained from Fig. 4 (assayed at 37°C) in Table 4. Values for
So.s for glutamine (obtained from Hill plots of the data) were
lower when the assays were performed at 20°C. However,
So.s values for CPSase synthesized at 20°C were severalfold
higher than those for CPSase synthesized at 37°C, regardless
of the assay temperature. Accordingly, if the reduced affinity
for glutamine is the basis for the inability of the cold-
sensitive mutant to grow at 20°C, this inability reflects the
effect of the synthesis temperature on the properties of the
enzyme rather than a direct effect of temperature on the
folded enzyme.

T, for CPSase from cold-sensitive mutant is significantly
lower than that for wild-type enzyme. Differential scanning
calorimetry scans for mutant CPSase (data not shown)
showed a single endotherm with a T,, of 47.45°C at a
scanning rate of 60°C h™!. The absence of a minor en-
dotherm reflecting oligomer dissociation is likely the result
of this dissociation being combined with the denaturational
endotherm, which has a T,, lower than that for wild-type
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FIG. 3. Plot of excess heat capacity against temperature for
CPSase from wild-type cells grown at 37°C. The scan rate was 20°C
h~!. Endotherm I reflects dissociation of oligomeric CPSase species
[(aB),.]. Endotherm II reflects denaturation of the monomeric spe-
cies (af). All experiments were performed in 0.1 M potassium
phosphate (pH 7.6) containing 1.0 mM EDTA. a, No ligands at a
protein concentration of 1.7 mg/ml; b, plus 5 mM ornithine at a
protein concentration of 2.0 mg/ml; ¢, plus 0.1 mM UMP at a protein
concentration of 2.1 mg/ml.

CPSase. This value is 14°C less than that for the parent
CPSase when scanned at the same rate. This significant
difference in stability indicates that the mutation likely
affects a residue that is normally buried in the native
conformation. Studies with other proteins showed that sub-
stitutions of solvent-exposed residues have little effect on
thermal stability (5).

The T, value for CPSase from the cold-sensitive mutant
synthesized at 20°C was identical to that for CPSase synthe-
sized at 37°C. However, analysis of differential scanning
calorimetry scans for CPSase preparations from the cold-
sensitive mutant indicated that the denaturational enthalpy

TABLE 3. Effect of growth temperature of S. typhimurium on
T,, values for cloned wild-type CPSase

T, (C)
Growth Ligand - -
temp (°C) 1gan Oligomer [(aB),] Denaturational
dissociation endotherm

37 None 42.05 58.15
Ornithine 48.97 58.05

UMP 48.64 58.15

15 None 39.14 55.95
Ornithine 45.78 55.95
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(AH_,) for CPSase synthesized at 20°C (458 kcal mol™?) is
lowerlthan that for the enzyme synthesized at 37°C (729 kcal
mol™ ).

CPSase synthesized at 20°C by the cold-sensitive mutant
differs in sensitivity to immunoglobulins from that synthesized
at 37°C. Immunoglobulin fraction raised against homoge-
neous wild-type CPSase was used in enzyme inactivation
experiments with CPSases synthesized by the wild-type and
cold-sensitive strains. The results (Fig. 5) show that CPSases
synthesized at 37 and 20°C by the wild-type parent exhibit
only minor differences in their sensitivities in immunotitra-
tion. In contrast, CPSases produced at the two temperatures
by the cold-sensitive mutant exhibited significant differences
in inactivation experiments. The conformation produced at
37°C by the cold-sensitive derivative was initially stimulated
by the addition of immunoglobulin and was inactivated to a
lesser degree than the conformation produced at 20°C (Fig.
5). Immunological studies with mutant B-galactosidases (10)
led to the proposal that antibodies can activate mutant
enzymes by inducing changes to nativelike conformations.

DISCUSSION

The results presented in this report establish that the
growth temperature of wild-type S. typhimurium influences
the thermal stability as well as certain kinetic properties of
CPSase. Synthesis of more thermostable enzymes at higher
growth temperatures by thermophiles has been reported
(22), and differential expression of duplicate genes was
proposed to account for the observed differences (35). In the
case of the carAB operon of S. typhimurium, the possibility
of duplicate genes is precluded. All available mutants includ-
ing cold-sensitive mutants map in the same carAB locus (1,
37). This operon has been cloned and fully characterized (19,
23). Further, there is no evidence for chemical modification
of CPSases from enteric bacteria. Accordingly, the effect of
growth temperature on properties of CPSase can be ac-
counted for only by an effect on the folding pathway.

The ratio of the rates of glutamine- and ammonia-depen-
dent activities of CPSase is a sensitive index of this varia-
tion. The ammonia-dependent rate is a function of the large
subunit alone, whereas the glutamine-dependent rate is a
function of the holoenzyme (3). Previous work (3, 16, 30)
provided evidence for strong interactions between the large
and small subunits, and the ratio obtained with the two
substrates must depend on the conformation of the holoen-
zyme. The value of this ratio for the form of CPSase
synthesized at 15°C is 2.5-fold higher than for the form
synthesized at 37°C. These results indicate that different
stable conformations of wild-type CPSase are synthesized at
the two temperatures.

The synthesis of different stable conformations of CPSase
is supported by the results of calorimetric studies. The
temperature of maximum excess heat capacity (T,,) for
CPSase synthesized at 15°C was 2°C lower than that synthe-
sized at 37°C. This difference in 7,, values corresponds to a
difference in stability (AG) of 4,500 cal/mol, which can be
attributed to the tertiary and quaternary structure of the
monomeric (af) species since the dimeric [(«f),] and tet-
rameric [(aB),] species dissociate before the denaturational
endotherms. Further, studies on the thermal denaturation of
proteins (25) indicate that thermal transitions reflect destruc-
tion of quaternary rather than secondary structure. Analysis
of the available calorimetric data to be reported elsewhere
(unpublished data) shows that the denaturational enthalpy of
CPSase synthesized at 15°C is also lower than that for the
enzyme synthesized at 37°C.
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FIG. 4. (A) Double-reciprocal plots for glutamine (Gln) with CPSase from a cold-sensitive mutant (carB1510) grown at 37 and 20°C. (B)
Hill plots of the data; S, 5 and n (Hill coefficient) were calculated by nonlinear regression analysis. The enzyme was assayed as described in
Materials and Methods except that ATP and MgCl, concentrations were 2 and 6 mM, respectively. The concentration of glutamine was varied

as indicated.

Numerous authors (14, 15, 18, 36) have questioned the
long-held view that protein folding is determined exclusively
by thermodynamic factors, i.e., that the native protein is the
most stable conformation. It is increasingly recognized that
kinetic factors are important determinants of choices among
folding pathways: the native structure of a protein is not
necessarily the structure with the lowest Gibbs free energy;
rather, it is the lowest free energy structure that is kinetically
accessible (36). The hypothesis of kinetic control of protein
folding proposes that folding occurs through a unique path-
way leading to a metastable state (13).

Our current hypothesis holds that the folding pathway of
CPSase proceeds from domain folding to subunit folding to
assembly of the two subunits. We further assume that
additional conformational changes follow subunit assembly,
thus completing the folding process. These assumptions are
based on two concepts. The concept of independent folding
of domains comes from studies on protein fragments (28, 36)
including those of rat liver CPSase (26). The concept of
postassembly folding comes from observed conformational

TABLE 4. Effect of assay temperature on parameters® of
glutamine saturation curves for CPSases synthesized
at 37 and 20°C by the cold-sensitive mutant

Assay at 37°C Assay at 20°C

Growth
temp (°C) So.5 (mM) ny So.s (mM) ny
37 1.8 1.0 0.40 1.3
20 6.8 0.8 2.17 0.7

¢ Values for S, s (substrate concentration that yields one-half the maximal
velocity) and ny (Hill coefficient) were determined from Hill plots. CPSase
was assayed as described in Materials and Methods except that ATP and
MgCl, concentrations were 2 and 6 mM, respectively. Glutamine was varied
as shown in Fig. 4.

changes of assembled oligomeric proteins (13, 34). This last
step is essential for expression of full catalytic and allosteric
properties of the enzyme (13).

It should be stressed that interdomain as well as intersub-
unit contacts are mainly hydrophobic (13). On the basis of
solvent transfer experiments using a hydrocarbon model,
Baldwin (7) concluded that the major contribution to en-
thalpy change of protein unfolding at high temperatures
comes from hydrophobic interactions. Hydrophobic interac-
tions are weaker at lower temperatures (7). Accordingly, the
effect of temperature during synthesis on the choice of the
folding pathway followed by wild-type CPSase can be inter-
preted to be directed by weakening of hydrophobic interac-
tions either between domains or between subunits. The
consequence is synthesis of different conformations at 37
and 15°C.

The results reported here establish that the cold-sensitive
phenotype results from cold-sensitive synthesis rather than
cold lability. In fact, CPSase titer is derepressed at 20°C but
the altered properties of the enzyme synthesized at this
temperature render it physiologically nonfunctional. The
observed differences in Kinetic, immunological, and calori-
metric properties of the two forms synthesized by the mutant
at 37 and 20°C support the hypothesis that mutations con-
ferring cold sensitivity identify amino acid residues that are
critical in the folding of CPSase.

Studies by King and co-workers (20) indicate that all
amino acid residues in a polypeptide sequence do not
contribute equally to the folding pathway; rather, specialized
sequences may direct the folding pathway. These authors
used temperature-sensitive synthesis mutants to character-
ize such specialized sequences for the tail spike protein of
phage P22 of S. typhimurium. It will be of interest to
compare the nature and organization of amino acid residues
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identified by cold-sensitive synthesis mutants of carAB with
those identified by King and co-workers (20).

Previous studies on cold-sensitive mutations led to the
conclusion (17) that in contrast to heat-sensitive mutations,
mutations conferring cold sensitivity are restricted to a
limited number of genes. Most of the mutations resulting in
cold sensitivity are in genes encoding allosteric enzymes or
ribosomal proteins (17). The function of both types of
proteins is expected to depend on hydrophobic interactions
that are weakened at low temperature. The results reported
here show that the effect of temperature on folding of
CPSase is evident in wild-type S. typhimurium. As the
growth temperature approaches the minimal temperature for
growth of S. typhimurium, the conformation of CPSase may
be increasingly altered. Accordingly, it is reasonable to
propose that the basis of minimal temperature for growth
includes the combined effects of temperature on the folding
of a number of allosteric proteins that occupy central posi-
tions in metabolic pathways. The results of studies on
CPSase from the wild type have shown that an environmen-
tal factor (temperature) can change protein folding. In the
mutant enzyme, these changes have significant biological
consequences.

ACKNOWLEDGMENTS

We thank Margo Brinton and Roberto Kolter for insightful
discussions.

This work was supported in part by a research grant from the
National Science Foundation (PCM-8315759). Rena T. Jones was
supported by a National Research Service award from the Institute
of General Medical Sciences.

LITERATURE CITED

1. Abdelal, A., E. Greigo, and J. L. Ingraham. 1978. Arginine
auxotrophic phenotype of mutations in pyrA of Salmonella
typhimurium: role of N-acetylornithine in the maturation of
mutant carbamoylphosphate synthetase. J. Bacteriol. 134:528—
536.

2. Abdelal, A., and J. L. Ingraham. 1969. Control of carbamyl

10.

11.

12.

13.

14.

phosphate synthesis in Salmonella typhimurium. J. Biol. Chem.
244:4033-4038.

. Abdelal, A., and J. L. Ingraham. 1975. Carbamoylphosphate

synthetase from Salmonella typhimurium: regulation, subunit
composition, and function of the subunits. J. Biol. Chem.
250:4410-4417.

. Abdelal, A., D. P. Kessler, and J. L. Ingraham. 1969. Arginine-

auxotrophic phenotype of mutations in the pyrA gene of Esch-
erichia coli B/r. J. Bacteriol. 97:466—468.

. Alber, T., S. Doa-pin, J. A. Nye, D. C. Muchmore, and B. W.

Mathews. 1987. Temperature-sensitive mutations of bacterio-
phage T4 lysozyme occur at sites of low mobility and low
solvent accessibility in the folded protein. Biochemistry 26:
3754-3758.

. Anderson, P. M. 1986. Carbamoyl-phosphate synthetase: an

example of enzyme properties shifting and equilibrium between
active monomer and active oligomer. Biochemistry 25:5576—
5582.

. Baldwin, R. L. 1986. Temperature dependence of the hydropho-

bic interaction in protein folding. Proc. Natl. Acad. Sci. USA
83:8069-8072.

. Bradford, M. 1976. A rapid and sensitive method for the

quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal. Biochem. 72:248-254.

. Brandts, J. F., C. Q. Hu, and L.-N. Lin. 1989. A simple model

for proteins with interacting domains. Applications to scanning
calorimetry. Biochemistry 28:8588-8596.

Celada, F., and R. Strom. 1983. B-Galactosidase: immune
recognition of conformation and mechanism of antibody-in-
duced catalytic activation. Biopolymers 22:465-473.

Edge, V., N. M. Alewell, and J. M. Sturtevant. 1985. High-
resolution differential scanning calorimetric analysis of the
subunits of Escherichia coli aspartate transcarbamoylase. Bio-
chemistry 24:5899-5906.

Frieden, C. 1970. Kinetic aspects of regulation of metabolic
processes: the hysteretic enzyme concept. J. Biol. Chem.
245:5788-5799.

Ghelis, C., and J. Yon. 1982. Protein folding, p. 27-33. Aca-
demic Press, Inc., New York.

Goldenberg, D. P. 1988. Genetic studies of protein stability and
mechanisms of folding. Annu. Rev. Biophys. Biophys. Chem.
17:481-507.



5096

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

HAN ET AL.

Goldenberg, D. P., R. W. Frieden, J. A. Haack, and T. B.
Morrison. 1989. Mutational analysis of a protein-folding path-
way. Nature (London) 338:127-132.

Guillou, F., S. D. Rubino, R. S. Markovitz, D. M. Kinney, and
C. J. Lusty. 1989. Escherichia coli carbamoyl-phosphate syn-
thetase: domains of glutaminase and synthetase subunit inter-
actions. Proc. Natl Acad. Sci. USA 86:8304-8308.

Ingraham, J. L. 1973. Genetic regulation of temperature re-
sponses, p. 60-77. In H. Precht, J. Christophersen, H. Hensel,
and W. Larcher (ed.), Temperature and life. Springer-Verlag,
New York.

Jaenick, R., and R. Randolph. 1980. Folding and association of
oligomeric enzymes, p. 532-537. In R. Jaenicke (ed.), Protein
folding. Elsevier Biomedical Press, Amsterdam.

Kilstrup, M., C.-D. Lu, A. Abdelal, and J. Neuhard. 1988.
Nucleotide sequence of the carA gene and regulation of the
carAB operon in Salmonella typhimurium. Eur. J. Biochem.
176:421-429.

King, J., B. Fane, C. Haase-Pettingell, A. Mitraki, R. Villafane,
and M.-H. Yu. 1990. Identification of amino acid sequences
influencing intracellular folding pathways using temperature-
sensitive folding mutations, p. 225-240. In L. M. Gierasch and
J. King (ed.), Protein folding. American Association for the
Advancement of Science, Washington, D.C.

Levingston, D. M. 1974. Immunoaffinity chromatography of
proteins. Methods Enzymol. 34B:723-731.

Ljungdahl, L. G. 1979. Physiology of thermophilic bacteria.
Adv. Microb. Physiol. 19:149-243.

Lu, C. D., M. Kilstrup, J. Neuhard, and A. Abdelal. 1989.
Pyrimidine regulation of tandem promoters for carAB in Salmo-
nella typhimurium. J. Bacteriol. 171:5436-5442.

Mergeay, M., D. Gigot, J. Beckmann, N. Glansdorff, and A.
Pierard. 1974. Physiology and genetics of carbamoylphosphate
synthesis in Escherichia coli K12. Mol. Gen. Genet. 133:299-
316.

Pitsyn, O. B. 1987. Protein folding: hypotheses and experi-

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

J. BACTERIOL.

ments. J. Protein Chem. 6:273-293.

Pomers-Lee, S. G., and K. Corina. 1986. Domain structure of rat
liver carbamoylphosphate synthetase. J. Biol. Chem. 261:
15349-15352.

Powers, S. G., A. Meister, and R. H. Haschemeyer. 1980.
Linkage between self-association and catalytic activities of
Escherichia coli carbamylphosphate synthetase. J. Biol. Chem.
255:1554-1558.

Privalov, P. L. 1982. Stability of proteins: proteins which do not
present a single cooperative system. Adv. Protein Chem. 35:1-
104.

Ricard, J., J. C. Meunier, and J. Buc. 1974. Regulatory behavior
of monomeric enzymes. I. The mnemonical enzyme concept.
Eur. J. Biochem. 49:195-208.

Rubino, S. D., H. Nyunoya, and C. J. Lusty. 1986. Catalytic
domains of carbamyl phosphate synthetase: glutamine-hydro-
lyzing site of Escherichia coli carbamyl phosphate synthetase.
J. Biol. Chem. 261:11320-11327.

Schmieger, H. 1972. Phage P22 mutants with increased and
decreased transduction abilities. Mol. Gen. Genet. 119:75-88.
Sturtevant, J. M. 1987. Biochemical applications of differential
scanning calorimetry. Annu. Rev. Phys. Chem. 38:463—488.
Syvanen, J. M., and J. R. Roth. 1972. Structural genes for
ornithine transcarbamoylase in Salmonella typhimurium and
Escherichia coli K-12. J. Bacteriol. 110:66-70.

Vaucheret, H., L. Signon, G. Le Bras, and J.-R. Garel. 1987.
Mechanism of renaturation of a large protein, aspartokinase-
homoserine dehydrogenase. Biochemistry 26:2785-2790.
Vogel, R. H., and D. M. Bonner. 1956. Acetylornithinase of
Escherichia coli: partial purification and some properties. J.
Biol. Chem. 249:492-499.

Wetlaufer, D. B. 1981. Folding of protein fragments. Adv. Prot.
Chem. 34:61-92.

Yan, Y., and M. Demerec. 1965. Genetic analysis of pyrimidine
mutants of Salmonella typhimurium. Genetics 52:643-651.



