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Abstract

The regulatory enzyme aspartate transcarbamoylase (ATCase), comprising 2 catalytic (C) trimers and 3 regula-
tory (R) dimers, owes its stability to the manifold interchain interactions among the 12 polypeptide chains. With
the availability of a recombinant 70-amino acid zinc-containing polypeptide fragment of the regulatory chain of
ATCase, it has become possible to analyze directly the interaction between catalytic and regulatory chains in a
complex of simpler structure independent of other interactions such as those between the 2 C trimers, which also
contribute to the stability of the holoenzyme. Also, the effect of the interaction between the polypeptide, termed
the zinc domain, and the C trimer on the thermal stability and other properties can be measured directly. Differ-
ential scanning microcalorimetry experiments demonstrated that the binding of the zinc domain to the C trimer
leads to a complex of markedly increased thermal stability. This was shown with a series of mutant forms of the
C trimer, which themselves varied greatly in their temperature of denaturation due to single amino acid replace-
ments. With some C trimers, for which ¢, varied over a range of 30 °C due to diverse amino acid substitutions,
the elevation of ¢, resulting from the interaction with the zinc domain was as large as 18 °C. The values of ¢, for
a variety of complexes of mutant C trimers and the wild-type zinc domain were similar to those observed when
the holoenzymes containing the mutant C trimers were subjected to heat denaturation. In an extreme case with
a mutant form involving replacement of Glu 86 by Ala in the catalytic chains, this was manifested by a change
in ¢, for the trimer of 44.6 °C to 64.6 °C for the holoenzyme. These results contribute to our understanding of
an earlier observation that scanning calorimetry on wild-type ATCase gave 2 transitions, with the high tempera-
ture peak, which is assigned to melting of C trimers, exhibiting a higher ¢,, than isolated C trimer. The effect of
the zinc domain on the ¢, of the complex with C trimer provides an explanation for this increase in thermal sta-
bility, i.e., during heat denaturation of the holoenzyme, the C trimer is still associated with the folded zinc do-
main fragments of regulatory chains.
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Stability of ATCase and peptide-catalytic trimer complex

For the past 30 years most of the research on aspartate trans-
carbamoylase (ATCase; aspartate carbamoyltransferase, car-
bamoyl phosphate:L-aspartate carbamoyltransferase; EC
2.1.3.2) from Escherichia coli has been aimed toward an under-
standing of the allosteric transition whereby ATCase participates
in the regulation of pyrimidine biosynthesis (Kantrowitz & Lip-
scomb, 1988; Schachman, 1988). More recently there has been
considerable interest in structural features that provide stabil-
ity of the enzyme while still permitting communication between
the chains so that local binding events cause global effects
throughout the entire molecule. These efforts have been only
partially successful because of the complex dodecameric struc-
ture of the holoenzyme in which the 6 catalytic and 6 regulatory
polypeptide chains in ATCase are organized as 2 catalytic tri-
mers and 3 regulatory dimers through a multiplicity of diverse
interchain interactions (Gerhart & Schachman, 1965; Weber,
1968a, 1968b; Wiley & Lipscomb, 1968; Rosenbusch & Weber,
1971; Cohlberg et al., 1972). Within each of the 2 C subunits
are 3 sets of c:c contacts, and within each of the 3 R subunits
are r:r contacts. In addition, each ¢ chain in unliganded ATCase
is linked to 2 different r chains, and the ¢ chains from appos-
ing C subunits interact with each other. Some of these interchain
contacts are disrupted when ligands are bound at the active sites
and the enzyme is converted from the low-affinity compact (T)
state to the high-affinity, relaxed (R) state (Honzatko et al.,
1982; Kim et al., 1987; Krause et al., 1987; Ke et al., 1988). How
the changes in these interactions mediate the allosteric transi-
tion has been the subject of much investigation (Subramani &
Schachman, 1980; Eisenstein et al., 1989; Newell & Schachman,
1990; Tauc et al., 1990; Newton et al., 1992).

Because of the complications inherent in the multiple inter-
actions and the changes that occur upon the binding of ligands,
it has been difficult to delineate the roie of any single contact
in modulating the conformational changes and in modifying the
properties of the C and R subunits when they are incorporated
into the holoenzyme. Considerable simplification of the prob-
lem has been achieved by the isolation of a 70-amino acid zinc-
containing polypeptide fragment from the r chain (Markby et al.,
1991). This polypeptide, termed the zinc domain, was shown to
form a stable complex with the C trimer, leading to marked
changes in the functional properties of the enzyme (Zhou &
Schachman, 1993 [including kinemage file]). In this complex the
subset of interactions at the c:r interface can be analyzed apart
from the myriad other interchain interactions that contribute to
the stability of the dodecameric holoenzyme.

In this study, the effect of the binding of the zinc domain to
the C subunit is illustrated by the greatly enhanced thermal sta-
bility of the complex. The results also provide an explanation
for earlier perplexing results of differential scanning microcal-
orimetry experiments on ATCase (Vickers et al., 1978; Edge
et al., 1988; Peterson & Schachman, 1991). The thermogram for
wild-type ATCase shows 2 partially overlapping transitions, with
that at the lower temperature attributed to the melting of the R
subunits and the endotherm at the higher temperature to the C
subunits. As expected from energetic coupling between subunits
(Brandts et al., 1989), the ¢,, assigned to the R subunit in ATCase
is significantly higher than the measured ¢, of the isolated R di-
mer. However, the ¢,, ascribed to the C trimers in ATCase also
appeared to be significantly greater than that observed for the
purified C trimer. Because the R subunits were presumed to be
already “melted” before the transition temperature for the C tri-
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mer was attained, it seemed unlikely that energetic coupling be-
tween the denatured r chains and still native C trimers could have
much effect. Alternatively, there was the possibility that only
part of each r chain denatures in the first thermal transition,
leaving part of each chain folded and bound to the C trimers
through interchain interactions. Having the isolated zinc domain
available provides a useful probe for analyzing the differential
scanning microcalorimetry experiments on wild-type ATCase
and various mutant forms containing amino acid substitutions
in the c chains. As shown here, formation of a stable complex
between the 70-amino acid zinc domain and C trimer leads to
a substantial increase in thermal stability.

Results

Mutant forms of C subunit and holoenzyme
differ markedly in thermal stability

Single amino acid replacements in various positions of the ¢
chain have a marked effect on the thermal stability of the C tri-
mer, with some substitutions leading to a 13 °C increase in the
melting temperature and others to a 15 °C decrease. As seen in
Figure 1A, C,, exhibits a broad, asymmetric endotherm with a
t,, of 60.9 °C (Edge et al., 1985; Peterson & Schachman, 1991).
Calorimetric experiments on 2 mutant forms of the C trimer,
which are representative of extreme alterations in thermal sta-
bility arising from single amino acid replacements, are shown
in Figure 1B and C. The Cggsym trimer exhibits a marked desta-
bilization to thermal denaturation (Fig. 1B) manifested by a
sharper, more symmetrical melting curve with a ¢,, of 45.6 °C.
In contrast, Cgsyc is significantly more stable than C,,; the
thermogram in Figure 1C shows a sharp, almost symmetrical
melting curve with a ¢,, of 74.2 °C,

The effects of the amino acid substitutions are also manifested
in the differential scanning microcalorimetry experiments on the
holoenzymes. As seen in Figure 1A, ATCase,, denatures in 2
distinct but overlapping phases with 1 transition at 65 °C and
the second at 69 °C. The first of these endotherms has been at-
tributed previously to denaturation of the R subunits, and the
second with the higher 7, to the melting of the C subunits
(Vickers et al., 1978; Edge et al., 1988; Peterson & Schachman,
1991). In thermal denaturation experiments on various mutant
forms of ATCase and C trimer, several mutant holoenzymes ex-
hibited properties similar in many respects to the wild-type en-
zyme. These are termed Wild-type-like* and results on some are
listed in Table 1. For each of these enzymes, the second endo-
therm occurred at a higher temperature than the ¢,, observed
for the isolated C trimer. However, the difference between the
2 values, A¢,,, evaluated from the data, varied considerably
from 10.9 °C for ATCasegs,g to only 1.0 °C for ATCasegagsn -

4 The division of the various mutant forms of the C trimers of
ATCase into 3 classes is somewhat arbitrary. There is some tendency for
overlap, and the classification is based both on the #,,’s of the mutant
C trimers and on the denaturation characteristics of the holoenzymes.
Those holoenzymes in the class Wild-type-like showed 2 endotherms,
as did those in the class More Stable. This latter class was designated
More Stable because the isolated C trimers denatured with #,,’s at least
10 °C higher than wild-type C trimer. Those mutants designated Less
Stable not only had much lower 1,,’s for the C trimers than for C,, but
also exhibited only a single endotherm in calorimetry experiments on
the holoenzymes.
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Fig. 1. Differential scanning calorimetry of wild-type and mutant forms
of C trimer and of ATCase holoenzyme. Scans were performed at a rate
of 53 °C per hour in a borate buffer, as described in Materials and meth-
ods. A: Plots of the observed increase in heat capacity (ACp) vs. tem-
perature are shown by the solid line for wild-type C trimer (2.29 mg/mL)
and by the broken line for wild-type holoenzyme (3 mg/mL) (taken
from Peterson & Schachman, 1991). B: Thermogram for Less Stable C
trimer, Cggsm (solid line), at 2.13 mg/mL along with the thermogram
for ATCasegegsy (broken line) at 2.83 mg/mL. C: Thermogram for
the More Stable C trimer, Cgsyc (solid line) at 2.38 mg/mL and for
ATCasegsyc (broken line) at 3.66 mg/mL.

For this class of mutant holoenzymes the ¢, representing the
lower temperature transition was significantly higher than the
t,, for isolated R subunits, which was 54.4 °C under the same
conditions (Peterson & Schachman, 1991). Those mutants such
as ATCaseq,y; and ATCasegagea, Which exhibited small values
of At,, for the C trimers when incorporated into holoenzymes,
also showed much smaller increases in #,, for the R subunits in
the holoenzymes as compared to isolated dimers.

Some mutant forms were significantly less stable than wild-
type C trimer, and five of them are designated in Table 1 as Less
Stable. The holoenzymes containing mutant C trimers in the
Less Stable class exhibited single endotherms in differential scan-
ning microcalorimetry experiments. This result is seen for
ATCaseggsy in Figure 1B, and the data for the others are sum-
marized in Table 1. For these mutant holoenzymes, the values
of At,,, though varying for the different amino acid substitu-
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Table 1. Thermal denaturation of C trimers
and holoenzymes

tm (°CY
Class of Amino acid ———— - At,°
enzyme substitution C trimer Holoenzyme? (°C)
Wild-type-like S52G 58.1 65.0, 69.0 10.9
Wild-type 60.9 65.0, 69.0 8.1
Q2311 62.5 58.8, 64.8 2.3
R296A 64.0 58.0, 65.0 1.0
N78D 67.3 64.8, 71.2 3.9
Less Stable E86A 44.6 64.6 20.0
R65M 45.6 63.0 17.4
SS2T 48.0 65.0 17.0
L2771 523 62.8 10.5
G128D 53.0 59.6 6.6
More Stable S52A 71.1 64.1, 70.5 -0.6
S52C 74.2 65.3, 74.8 0.6
R54H 74.2 65.0, 75.0 0.8

2 A single ¢, is listed for holoenzymes in the Less Stable class; they
all exhibited single endotherms. For the holoenzymes that exhibit 2 en-
dotherms, ¢,,’s for both peaks are listed.

b At,, represents the difference between the ¢, observed for the C
subunit in the holoenzyme and that of the isolated C trimer. For holo-
enzymes that exhibit 2 peaks, this is the ¢, for the higher temperature
transition.

tions, are much higher than the corresponding values in the other
2 classes.

The third group, including Css, (Fig. 1C), is designated in
Table 1 as More Stable. Like the holoenzymes in the Wild-type-
like class, 2 endotherms were observed for those holoenzymes
containing More Stable C trimers. For these mutant forms of
ATCase there was virtually no increase in the ¢, attributed to
the C trimer upon its incorporation into the holoenzyme.

In addition to the substantial variations in At,, represented
by the data in Table 1, it is striking that the mutant trimers, each
containing only a single amino acid substitution, themselves en-
compass a range of ¢, values of about 30 °C. Also, the replace-
ment at a single locus, Ser 52, by 4 different amino acids yields
trimers with ¢,’s varying by 26 °C.

Binding of zinc domain to C trimer leads to a
complex of greatly enhanced thermal stability

Because the C subunits in wild-type ATCase appear to denature
at a temperature about 8 °C higher than the free C trimer (Ta-
ble 1; Fig. 1A), it seems that incorporation of the C subunits,
along with R subunits, into the holoenzyme leads to enhanced
thermal stability. This result seems paradoxical in that the low
temperature transition in the melting of ATCase is almost cer-
tainly attributable to denaturation of the R subunits. If the ho-
loenzyme structure is disrupted by the melting of the R subunits,
why do not the C subunits denature at 60.9 °C as they would in
experiments on the free subunits? Is there a segment of each r
chain that is not denatured at 65 °C and remains tightly associ-
ated with each of the ¢ chains in a C trimer, thereby leading to
enhanced thermal stability of the putative complex? This pos-
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sibility was tested by calorimetry experiments on mixtures of the
zinc domain and various mutant C trimers.

As seen in Figure 2A, the addition of zinc domain to C,, tri-
mer (at a 1.7 molar ratio in terms of polypeptide chains) results
in a marked increase in thermal stability with ¢, increasing
from 60.9 °C for the C,, trimer to 72.6 °C for the complex. In
addition, the endotherm was much sharper. A mutant form
from the Less Stable class is illustrated by the experiment with
Cresy trimer shown in Figure 2B. For this mutant trimer the
formation of a complex with the zinc domain leads to a Az, of
14.6 °C. With Cg,,sp trimer, another mutant form in the Less
Stable class, the change in ¢,, upon interaction with the zinc do-
main is 8 °C (from 53 °C to 61 °C), whereas the mutant holo-

1.2 T T T T T T T
T T T T T

A ;

ERERERES;

0.8

ST Wy N

0.4

A AARRRANRERE RERY ua

P SVET ST S S S S S S T I S S U U U SR

T TrTr 7 T T T T T T T

Y
Pl
Lasads a3 aal

0.6

T

0.4

0.2

T

WY SUNE N

ACp, calegteoC!

QLT

i

T T T T Y

0.8

YTy

palaaalaaalaanlsggd

0.4

\AARAAS RS RERE o

IUY TETE SN B

I BTV ST B S ST SR R T

40 50 60 70 80

;

Temperature, °C

Fig. 2. Thermograms for complexes of the zinc domain with wild-type
and mutant forms of the C trimer. A: Thermogram for the complex of
zinc domain with wild-type C subunit is shown by the broken line, with
the scan for the isolated C trimer (reproduced from Fig. 1A) in the solid
line. C,, at a concentration of 3 mg/mL was mixed with zinc domain
at a final concentration of 1.3 mg/mL, to give a molar ratio of zinc do-
main to C trimer of 5:1. B: Representative plots of excess heat capac-
ity vs. temperature for the Less Stable Cggsy (solid line, reproduced
from Fig. 1B) and for the complex between the zinc domain polypeptide
and Cggsm (broken line). The concentration of Cgrgsy was 1 mg/mL,
and the final concentration of added zinc domain was 3 mg/mL, so
that the zinc domain polypeptide was present in a 32-fold molar excess.
C: A calorimetric scan representing the complex of zinc domain with
the More Stable Cgs4yy is shown by the broken line, along with the scan
for the Cgrsqn trimer alone in the solid line. Protein concentration was
3 mg/mL for Cgrssy, with a final concentration of 1.3 mg/mL zinc
domain, to give a 5:1 ratio of zinc domain to Cgsy trimer.
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enzyme has a t,, of §9.6 °C corresponding to a Af,, of 6.6 °C.
In contrast to the effects of the zinc domain on these C trimers,
only a small increase in stability was observed upon the forma-
tion of the complex between the zinc domain and Cgsgy trimer,
a member of the More Stable class. The endotherms for the free
Cprsan trimer and the complex are shown in Figure 2C, and the
results for all of the mutants examined thus far are summarized
in Table 2.

These data for the enhanced thermal stability of the complexes
of C trimers and the zinc domain indicate that the contacts be-
tween the trimer and the polypeptide are sufficient to account
for most of the increase in stability when C trimers are incor-
porated into holoenzymes. For Cggsy trimer the change in ¢,
upon the interaction with the zinc domain is 14.6 °C (from
45.6°C to 60.2 °C), whereas the mutant holoenzyme has a ¢,
of 63.0°C, corresponding to a At,, of 17.4°C.

One mutant trimer, Cggsk, differed so strikingly from the
others that it could not easily be categorized in any of the 3
classes summarized in Table 1. Differential scanning microcal-
orimetry on Cgesk trimer yielded a single endotherm (Fig. 3A)
with a #,,, of 51 °C. By this criterion, the mutant trimer could be
placed in the Less Stable class. However, as a holoenzyme,
ATCaseggqsk exhibited 2 partially overlapping transitions with
t,,’s of 64.4°C and 67.8 °C. In this respect the mutant holoen-
zyme would be placed in the Wild-type-like class despite the fact
that the 7, of Cpgsk trimer is much less than that of C,,, trimer
as well as that of R,,, dimer. The value of At,, for the incorpo-
ration of the trimer into the holoenzyme is 16.8 °C. In order to
determine whether the interactions with the zinc domain could
account for this enhanced stabilization, we performed thermal
denaturation experiments on the complex between Cggsx and
the zinc domain. As seen in Figure 3B and Table 2, there was
a marked increase in thermal stability corresponding to a At,,
of 17.4 °C. Thus, the interaction of the trimer with the polypep-
tide has the same effect on the thermal stability of the complex
as incorporating the trimers in holoenzymes.

Binding of one zinc-containing polypeptide to a ¢ chain
may influence subsequent binding to other chains
in the same C trimer

Earlier studies on C subunits (Kempe & Stark, 1975; Lahue &
Schachman, 1986) have provided evidence that there is “com-
munication” between adjacent chains in a trimer. It was of in-
terest, therefore, to determine whether the binding of 1 zinc
domain to a trimer would result in a conformational change

Table 2. Effect of zinc domain on thermal
stability of mutant C trimers

1 (°C)
Amino acid At
substitution C trimer Complex (°C)
Wild type 60.9 72.6 11.7
G128D 53.0 61.0 8.0
R65M 45.6 60.2 14.6
R54H 74.2 78.8 4.6
R65K 51.0 68.4 17.4
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Fig. 3. Calorimetric scans for ATCasegesk, Cresk trimer, and complex
of the Cggsk trimer with the zinc domain polypeptide. A: Thermograms
for Cresk (1.55 mg/mL, solid line) and the R65K holoenzyme (2.5
mg/mL, broken line). B: Thermogram for the zinc domain-Cggsk tri-
mer complex. Cggsk trimer was at a concentration of 1.59 mg/mL and
zinc domain was at a concentration of 0.7 mg/mL so that zinc domain
was present in the mixture in a 5-fold molar excess.

throughout the molecule, thereby facilitating binding of the
polypeptide at the other 2 sites. If the 2 species interact strongly,
such cooperativity in binding should be detectable in differen-
tial scanning microcalorimetry experiments on mixtures of C tri-
mers with substoichiometric amounts of zinc domain. At one
extreme we would observe an endotherm for free C trimer and
a second, at a higher temperature, corresponding to the com-
plex of C trimer and 3 zinc domains. If, on the contrary, the
binding of the polypeptide to each of the 3 sites on the C trimer
is independent, one would not expect a biphasic endotherm for
mixtures of C trimer and substoichiometric amounts of zinc
domain.

Experiments with C,, trimer and substoichiometric amounts
of zinc domain were inconclusive largely because the endotherm
of free C,, trimer is so broad and asymmetric (Fig. 1A) and the
At,, resulting from saturation with zinc domain is only 11.7 °C.
Accordingly, preliminary experiments were performed with
Cgesm trimer and different amounts of zinc domain. In some
respects this system is preferable to that using C,, trimer be-
cause the At,, resulting from binding zinc domain is almost
15 °C. Also, the endotherm for the free mutant trimer is much
sharper. Hence, a biphasic endotherm would be easier to resolve,
and complexes with intermediate thermal stabilities would be
more readily detectable. This system has a major disadvantage,
however, because the interaction of the zinc domain with
Cresm trimer is much weaker than with C,, trimer. Thus, for
the differential scanning microcalorimetry experiment illustrated
in Figure 4, a molar excess of zinc-containing polypeptide per
¢ chain was required. When the ratio was only 2.5:1, the endo-
therm showed that free Cygsn subunit is the dominant species
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Fig. 4. Thermograms of mixtures of the Crgsp With 2 different subsat-
urating concentrations of the zinc domain. The solid line represents data
obtained by mixing Cgesy With the zinc-binding polypeptide in a mo-
lar ratio of 1:2.5, and the broken line shows results at a 1:5 molar ra-
tio. Even a 5-fold molar excess of zinc domain over C trimer was not
saturating due to the weaker nature of c:r interactions with the mutant
form of this enzyme. Protein concentration for the Crgsy trimer was
1.47 mg/mL., with zinc domain at a concentration of 0.32 (solid line)
and 0.64 mg/mL (broken line). These data can be compared with the
thermogram for Cggsy fully saturated with the zinc domain as shown
in Figure 2B.

with a shoulder representing minor species with a higher ¢,,. In-
creasing the ratio of zinc domain per ¢ chain to 5:1 led to the
opposite situation with the predominant species having a ¢, of
at least 59 °C, close to that obtained for ATCaseggsm. The en-
dotherm for this mixture also showed material that appeared to
have a ¢, of free Cgrgsy trimer (46 °C). Although the presence
of complexes with intermediate ¢,,’s cannot be ruled out, the
endotherms in Figure 4 do indicate that binding of zinc domain
to C trimers may be cooperative.

Discussion

As seen in Table 1, single amino acid substitutions in diverse re-
gions of the ¢ polypeptide chains of ATCase cause striking
changes in the stability of the C trimers. Some replacements led
to a substantial reduction in ¢,, of 15 °C compared to C,,, tri-
mer (¢,, = 60.9 °C), whereas other substitutions resulted in en-
hanced thermal stability represented by a 13 °C increase in ¢,,,.
Moreover, 4 different replacements of S52 yielded a series of
mutant trimers with 7,,’s encompassing a range from 48 to
74 °C. It is not our purpose here to focus on these dramatic
changes in stability in terms of the locations of the specific amino
acid residues and the effects of the various substitutions on pack-
ing, cavity formation, ionic interactions, or alterations in hy-
drophobicity. Even with the exquisite structural detail that has
been provided for this enzyme (Honzatko et al., 1982; Kim et al.,
1987; Krause et al., 1987; Ke et al., 1988), it is difficult to pre-
dict changes in stability resulting from the various amino acid
substitutions. Rather, our goal is to understand the effects on
the various mutant trimers stemming from their interactions
with R subunits upon their assembly into holoenzymes resem-
bling ATCase,;.

With the exception of a group of mutant trimers in the More
Stable class (Table 1), all of which had ¢,, values about 71 °C,
the incorporation of trimers into ATCase-like holoenzymes led
to a significant increase in ¢,,. For those mutant trimers that
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had a t,, similar to that of C,, the values of the increase in the
apparent denaturation temperature of the C subunit in the ho-
loenzyme compared to the £, for the free C trimer varied from
1 to 10°C. In contrast, these values for A?,, were as large as
20 °C for some of the mutant trimers in the Less Stable class (Ta-
ble 1). Two of the classes of mutant holoenzymes exhibited bi-
phasic endotherms, with that at the lower temperature having
values of ¢, ranging from 58 to 65 °C. This endotherm at the
lower temperature has been attributed to the denaturation of the
R subunits in the holoenzyme (Vickers et al., 1978; Edge et al.,
1988; Burz et al., 1990; Peterson & Schachman, 1991). The in-
crease in f,, for the denaturation of the R subunits in the holo-
enzyme compared to isolated R dimers, for which ¢,, is 54.4 °C,
has been attributed to energetic coupling between the C and R
subunits (Brandts et al., 1989). In many of the mutants the in-
terchain interactions are so strong that the apparent denatur-
ation temperature for the denaturation of the R subunits in the
holoenzyme is more than 10 °C higher than that for free R di-
mers. For 2 mutant forms of the enzyme, ATCasegagea and
ATCaseqz311, Which have been shown to have markedly weak-
ened interactions between the ¢ and r chains (Peterson et al.,
1992; Peterson & Schachman, 1992), the increase in ¢, for the
apparent denaturation of the R subunits in the holoenzyme com-
pared to free R dimers is only 4-5 °C, in accord with the con-
cept of energetic coupling as proposed by Brandts et al. (1989).

Although the apparent enhanced stability of the R subunits
in ATCase is readily explained as the result of the interaction
of those subunits with C subunits, no such explanation can ac-
count satisfactorily for the values of At,, for the apparent de-
naturation of the C subunits in the holoenzymes as compared
to free C trimers (Table 1). If the R subunits had already been
“melted,” then energetic coupling between the still folded chains
of intact C trimers and the denatured r chains would be negli-
gible, and the ¢, for the C subunit would be expected to be es-
sentially equal to that for free C trimer. It is clear now from the
differential scanning microcalorimetry on the complexes be-
tween the mutant C trimers and the zinc domain (Table 2) that
the previous assignments of the low temperature endotherm to
denaturation of the R subunit and, at the higher temperature
(Fig. 1A) to the C subunit, must be modified. Because it is evi-
dent that the complex between C trimer and zinc domain has a
higher ¢, than the free C subunit, we can attribute the higher
temperature endotherm observed with the holoenzyme not to C
subunits alone but rather to the complex between those subunits
and the zinc domain segment of the r chain. Similarly, the en-
dotherm at the lower temperature would represent the denatur-
ation of only part of the R subunits, i.e., the region of the r chain
representing the allosteric domain that forms the interchain con-
tacts responsible for the formation and stability of R dimers.

The At,, observed for C subunit upon its incorporation into
holoenzyme (Fig. 1; Table 1) is exaggerated under the conditions
used in the present experiments compared to earlier studies
(Vickers et al., 1978). For wild-type enzyme, At,, is approxi-
mately 8 °C in experiments with borate buffer at pH 9.0 and a
scan rate near 1 °K/min, whereas At,, observed previously
(Vickers et al., 1978) was only 2 °C for enzyme in a phosphate
buffer at pH 7.0 and a more rapid scan rate. Also, the calori-
metric studies of Edge et al. (1985, 1988) on the holoenzyme and
C subunit using phosphate buffer at pH 7.0, with a scan rate
of only 0.22 °K/min, exhibit no A¢,, for the C subunit upon as-
sembly into the holoenzyme. A major factor accounting for the
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different results is the presence of phosphate, which is a prod-
uct of the reaction catalyzed by ATCase and which binds at the
active sites. Phosphate binding to C trimer would be expected
to result in a complex of increased stability. Accordingly, the
t,,’s for both free C trimer and the C subunits incorporated into
ATCase are higher in phosphate buffer than in either the borate
buffer used in this work or in an imidazole buffer (Vickers et al.,
1978). It is worth noting that there is a dependence of ¢,, on the
concentration of phosphate (Vickers et al., 1978). In view of the
diverse effects that ligands have on the strengths of interaction
at the multiple interfaces among the 12 polypeptide chains in the
holoenzyme (Subramani et al., 1977; Subramani & Schachman,
1980; Yang & Schachman, 1987), it is difficult to evaluate the
effect of phosphate on enly the c:r interactions. The study of
the stability of the complex of C trimer with the zinc domain
should facilitate such investigations.

Materials and methods

Replacements of amino acid residues in the ¢ chain of ATCase
were performed by oligonucleotide-directed mutagenesis, using
mutagenic primers (approximately 20 bases in length) synthe-
sized on an Applied Biosystems 380B synthesizer (Eisenstein
et al., 1989). The mutant forms of the protein were identified
by nucleotide sequence determination (Sanger et al., 1977). The
mutant form of ATCase that contains Asp in place of Gly at
position 128 in the ¢ chain was generated originally by random
mutagenesis and has been characterized extensively (Wall et al.,
1979; Wall & Schachman, 1979). Wild-type and mutant forms
of ATCase were overproduced in Escherichia coli strain EK1104
grown in minimal medium supplemented as described else-
where (Nowlan & Kantrowitz, 1985), Holoenzymes were puri-
fied from the cell extract using the procedures described with
minor modifications. Mercurial reagents were used to dissoci-
ate the holoenzymes into C and R subunits, and free C subunits
were isolated by ion-exchange chromatography on a DEAE
matrix (Yang et al., 1978).

The 70-amino acid polypeptide, corresponding to the zinc do-
main of the r chain of ATCase, was expressed and purified as
described previously (Markby et al., 1991; Zhou & Schachman,
1993). Concentrations of the polypeptide were determined spec-
trophotometrically using an extinction coefficient of 0.32
mL/mg/cm. Complex formation between the zinc domain and
C trimer was demonstrated by a shift in electrophoretic migra-
tion of the complex compared to free C subunit or the isolated
zinc domain using 7.5% polyacrylamide gels in a nondenatur-
ing buffer system (Jovin et al., 1964).

Differential scanning calorimetry was performed on a Micro-
cal MC-2 instrument interfaced with an IBM-XT computer for
data collection and analysis. The instrument was operated at a
scan rate of 53 °C per h in the temperature range 30-90 °C.
Buffer for the experiments was 40 mM potassium borate, pH 9.0,
containing 5 mM S-mercaptoethanol and 0.2 mM EDTA (Pe-
terson & Schachman, 1991). Calorimetric measurements on mix-
tures containing purified zinc domain also contained 0.5 mM
zinc acetate in the solution. Sample concentrations were 1-3
mg/mL for C trimer and 2-4 mg/mL for holoenzymes. The con-
centration of zinc domain polypeptide varied according to the
stoichiometry of zinc domain to C trimer desired for the exper-
iment and the strength of the interaction between the various
mutant C trimers and zinc domain. Assignment of ¢,,’s in ther-
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mograms for the several forms of ATCase characterized in this
study, the corresponding C trimers, and complexes between the
C trimer and zinc domain were made at the temperature at which
the maximum increase in heat capacity above baseline levels is
observed.
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