
Proceedings of the National Academy of Sciences
Vol. 65, No. 1, pp. 234-241, January 1970

Hybridization of Native and Chemically Modified
Enzymes, III. The Catalytic Subunits of Aspartate

Transcarbamylase*
E. A. Meighen, V. Pigiet,t and H. K. Schachman

MOLECULAR BIOLOGY AND VIRUS LABORATORY, AND DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY
OF CALIFORNIA (BERKELEY)

Communicated July 22, 1969

Abstract. Succinylation of the catalytic subunits of ATCase yielded a rela-
tively homogeneous, inactive electrophoretic variant which upon mixing with
native regulatory subunits formed a complex the size of the native enzyme.
Hybridization experiments with mixtures of this variant and the native catalytic
subunits in the presence of excess regulatory subunits yielded three different
molecular complexes which were separated and individually characterized. The
number and properties of the various components indicated that each ATCase
molecule contains two catalytic subunits. Hybridization was also effected at
the intrasubunit level by dissociation and reconstitution of mixtures of the native
and modified catalytic subunits. These experiments produced four components
showing thereby that each catalytic subunit is composed of three polypeptide
chains. The potential use of the various hybrids is discussed in relation to the
unique properties manifested by regulatory enzymes.

In the preceding papers1' 2 it was shown that hybridization of the native and
succinylated forms of aldolase and glyceraldehyde-3-phosphate dehydrogenase
(GPDH) provided strong evidence that each of these enzymes is composed of
four identical polypeptide chains. The hybridization of the native and chemi-
cally modified aldolase was achieved only if the oligomeric structures were dis-
rupted by a denaturing agent such as G-HCl. Such treatments lead to the de-
struction of both the quaternary and tertiary structures. In contrast, hybridiza-
tion of the analogous two forms of GPDH was effected in solutions containing
sodium chloride at high concentration (3 M) without, apparently, the disruption
of the tertiary structure. Aspartate transcarbamylase (ATCase) from E. coli,
the regulatory enzyme in the pathway leading to pyrimidine biosynthesis,3 4

seemed an appropriate enzyme for such hybridization studies since it is readily
dissociated into discrete catalytic and regulatory subunits.' This paper presents
results of hybridization experiments at both the intersubunit and intrasubunit
levels. For the intersubunit hybridization the tertiary structure of the catalytic
subunit remained intact whereas the intrasubunit hybridization required disrup-
tion of the tertiary structure.
When ATCase is treated with the mercurial, parahydroxymercuribenzoate,

dissociation occurs to produce two types of subunits which are readily separated.5
234
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Although the isolated catalytic subunits catalyze the formation of carbamyl
aspartate, the allosteric properties characteristic of the native enzyme are con-
spicuously absent.4 5 The regulatory subunits, which function in the native
enzyme to mediate the feedback inhibition by cytidine triphosphate, retain their
ability to bind the inhibitor specifically. Thus both types of subunits apparently
maintain their characteristic tertiary structures. The native enzyme can be
rapidly reconstituted upon mixing the isolated catalytic and regulatory subunits
after removal of the bound mercurial.

Experimental evidence from ligand binding studies,6 molecular weight deter-
minations,5 7 amino-terminal analyses,7 8 and X-ray diffraction analysis9 led to
the proposal of a tetramer as a model for ATCase. Recently, however, the de-
termination of the amino acid sequence of the regulatory subunit,10 revaluation
of the molecular weights of the dissociated subunits,'0 and further consideration
of the crystallographic studies1" indicated that ATCase is a hexamer composed of
six pairs of regulatory and catalytic polypeptide chains.01"1

This communication presents the results of hybridization experiments aimed at
resolving these apparently conflicting results. Studies were initiated on the
native and succinylated catalytic subunits so as to investigate both the inter-
and intrasubunit levels of ATCase; and the number and type of hybrids obtained
support the view that ATCase contains two catalytic subunits each of which is
composed of three polypeptide chains. The various hybrids proved to be readily
separable and appear to be attractive species for evaluating the homotropic and
heterotropic interactions in terms of subunit structure.'2

Experimental. Materials: Native ATCase and the isolated catalytic and regula-
tory subunits were prepared as described by Gerhart and Holoubek.'3 Enzyme activity
was determined according to the CL-radioactivity assay of Porter et al.'4 Protein con-
centrations were determined spectrophotometrically on the basis of specific absorbance
coefficients (0.1%, 1 cm) at 280 mg of 0.59, 0.70, and 0.80 for ATCase, catalytic subunits,
and regulatory subunits, respectively.

Succinylated catalytic subunits of ATCase were prepared according to the following
procedure. Solid succinic anhydride (Eastman Organic Chemicals) was added to a 1.0%
solution of the isolated catalytic subunits in 0.05 M Tris-chloride, pH 8.0, at room tem-
perature. The pH was maintained at 8.0 by the manual addition of 1.0 N NaOH. After
completion of the reaction, as indicated by the termination of the requirement for NaOH,
the succinylated protein was dialyzed at 4°C against a phosphate buffer (0.04 Al potas-
sium phosphate, 2 X 10-4M EDTA at pH 7) containing 2 X 10-4 M DTT.
Methods. Sedimentation velocity experiments were conducted at 60,000 rpm in

a Spinco Model E ultracentrifuge equipped with a cylinder lens schlieren optical
system. Photographic plates (Metallographic) were analyzed with the aid of a Gaertner
microcomparator. A partial specific volume of 0.74 cc/gm was used in all calculations.
The ratio of the moles of succinic anhydride added per mole of lysyl residues was based

on the presence of 42 lysyl residues per catalytic subunit'5 of molecular weight, 1.0 X 105.
The percentage of free amino groups in the succinylated protein was estimated by colori-
metric ninhydrin analysis according to the method of Moore and Stein16 as modified by
Fraenkel-Conrat. 17
Zone electrophoresis experiments were performed routinely (200 v for 15 min) on 14.6

cm cellulose polyacetate strips (Gelman Sepraphore III) in phosphate buffer, in a Micro-
zone Electrophoresis Cell, Model R-101 (Beckman Spinco). The protein was fixed and
stained by immersion of the membrane in a solution of Ponceau-S (Beckman Spinco) for
approximately 7 min; the membrane was rinsed in 5% acetic acid and then immersed
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in 0.002% Nigrosin (Allied Chemical Co.) in 2% acetic acid for several hours. The mem-
brane, after rinsing in 5% acetic acid, was dried at room temperature and stored.

Results. Preparation of succinylated catalytic subunit: Since limited suc-
cinylation of native enzymes can lead to relatively homogeneous electrophoretic
variants,"1 2 the isolated catalytic subunit of ATCase was reacted with succinic
anhydride to produce a variant suitable for hybridization experiments. Figure
1 shows the sedimentation velocity and electrophoretic patterns for samples of
the catalytic subunit reacted with 2.1 moles (A) and 3.5 moles (B) of succinic
anhydride per lysyl residue in the protein. Ninhydrin analysis showed that 41
and 57 per cent of the lysyl residues in the subunit were succinylated in samples
A and B, respectively. The succinylated species were essentially inactive with
enzyme activities less than 2% that of the native catalytic subunit.

In both succinylated samples, the modified subunits sedimented as a single
component (Fig. 1) with a sedimentation coefficient (5.8S) essentially identical
to that for the native subunit. Thus limited succinylation did not disrupt the
tertiary or quaternary structure of the catalytic subunit.

Electrophoresis of the succinylated species (Fig. 1) showed only a single com-
ponent with mobilities of - 1.7 X 10-4 and - 1.8 X 10-4 cm'/v-sec for samples
A and B, respectively, as compared to -1.0 X 10-4 cm2/v-sec for the native
catalytic protein. Although sample B was apparently more homogeneous (i.e.,
migrated as a sharper band) than sample A, many electrophoresis experiments
with sample B revealed a minor component with a mobility less than the major
components; thus sample A was used for all subsequent hybridization experi-
ments.

Intra subunit hybridization: Sedimentation velocity experiments showed that
treatment of the catalytic subunit (5.8S) with 2 M G-HCl produced a component
sedimenting at 1.9S and aggregated material (about 50%). Subsequent re-
moval of the denaturant by dialysis resulted in the precipitation of some pro-
tein; however, the supernatant contained a component with a sedimentation
coefficient (5.8S) identical to the untreated catalytic subunit. Since these re-
sults indicated that the catalytic subunits dissociate into separate polypeptide

FIG. 1.-Sedimentation velocity patterns (upper) and
Sedimentation Velocity electrophoresis patterns (lower) of the catalytic subunit

of ATCase succinylated to different extents. The native
catalytic subunit was reacted with 2.1 moles (sample A)

X.A or 3.5 moles (sample B) of succinic anhydride per lysyl
residue as described in Methods. The protein concen-
tration was 0.8% and the solvent for the ultracentrifuge
experiments contained 0.5 M NaCl, 0.05 M DDT, in

B phosphate buffer, at 20'C. A double sector cell with a
negative wedge window was used in conjunction with a

A}Ĵ*.t second double sector cell having parallel windows so
E lectropil 0e5, that two sedimentation velocity experiments could be
rlc conducted simultaneously. Sedimentation is from left

c..... ....to right. The sedimentation velocity pattern was
CcInrol obtained after 55 min at a rotor speed of 60,000 rpm.

Cellulose acetate electrophoresis was performed as
Al~~~described in Methods. The control was unmodified

"'M':. N catalytic subunit, and the samples A and B refer to the
succinylated catalytic subunits described above.
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chains in 2 Ml G-HCl and that removal of the denaturant permitted reconstitu-
tion to the native catalytic subunit, this procedure was adopted for intrasubunit
hybridization of the native and succinylated catalytic subunits.

In the hybridization experiments solid DTT and G-HCl were added to a 0.5
per cent solution of the protein in phosphate buffer to give final concentrations
of 0.1 and 2.0 M, respectively. The solution was then stored at 40C for 15 min-
utes before dialysis overnight at 40C against two changes of phosphate buffer
containing 2 X 10-4 AI DDT (100-200 vol of buffer per volume of sample). A
small amount of precipitate produced by this procedure was removed in the
clinical centrifuge and the supernatant saved for subsequent experiments.
The control experiments for the intrasubunit hybridization of native and suc-

cinylated catalytic subunits of ATCase are shown in Figure 2. The reconstituted
succinylated catalytic subunit (CsRecon8t.) migrated as a single sharp band well
resolved from the reconstituted native catalytic subunit (CNReconst.). Further-
more, these catalytic subunits reconstituted from their respective chains were
indistinguishable from the undissociated succinylated (Cs) or native (CN) cat-
alytic subunits. No intermediate bands were detected in a mixture of native
and succinylated catalytic subunits that either had not been dissociated and re-
constituted (CN + CS) or had been dissociated and reconstituted prior to mixing
(CN ,Reconst.. + CS ,Reconst.) e

o~~~~~~~~~~~~~~~~~~~~~~~~~~~~rgnorign ~~~~~~~~~~~~ori gin

C N. Reconst.

CN Cs CN QCC
CN, Reconst C- C

S.Reconst .

FIG. 2.-Controls for the intrasubunit FIG. 3.-Intrasubunit hybridization
hybridization of the native (CN) and of native, CN, and succinylated, Cs,
succinylated (Cs) catalytic subunits. catalytic subunits., All samples were
The catalytic subunits were dissociated dissociated in 2 M G-HCl and then
in 2 M G-HC1 and the disorganized reconstituted by the dialysis procedure.
native and succinylated catalytic poly- The two hybrid sets, CN + Cs, were
peptide chains subsequently were per- mixtures of native and succinylated
mitted to refold and reassociate during catalytic subunits at ratios of 0.6 and
the dialysis procedure. In this way the 0.9 for the upper and lower samples,
respective subunits were reconstituted respectively. Cellulose acetate electro-
(CN,econ8t.. and CSRe,.n.t.). Cellulose phoresis was performed as described in
acetate electrophoresis was performed Methods.
as described in Methods.

In Figure 3, results of the electrophoresis of hybrid sets of native and succiny-
lated catalytic subunits are given. Four protein bands of different electro-
phoretic mobility can clearly be detected in mixtures of native and succinylated
catalytic chains that had been reconstituted from G-HCl. The band migrating
farthest toward the anode (-1.7 X 10-4 cm2/v-sec) corresponds to the succiny-
lated catalytic subunit while the most cathodic band (-1.0 X 10-4 cm2/v-sec)
corresponds to the native catalytic subunit. Comparison of these results with
those for the controls leads to the conclusion that the two intermediate bands
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with mobilities of - 1.23 X 10-4 and -1.46 X 10-4 cm2/v-sec arose from hy-
bridization of the native and succinylated catalytic subunits. Both the number
and relative mobilities of the intermediate bands would be expected from hy-
bridization of two molecules each composed of three similar polypeptide chains.
Thus the four members of the hybrid set can be correlated with the structures:
Cnnn) Cnns2 Cn88, and C.8., where Cnn.(CN) and C888(Cs) represent the native and
succinylated catalytic subunits, respectively. The intermediate members of
the hybrid set thus represent catalytic subunits composed of two native and one
succinylated catalytic chain (Cnn8) or one native and two succinylated catalytic
chains (Cn88).

Intersubunit hybridization: Since native catalytic and regulatory subunits
can be recombined to form native ATCase molecules, it seemed of interest to
determine whether the succinylated catalytic subunit could also combine with
native regulatory subunits to form molecules of the size of the native enzyme.
In these experiments, the native (Cnnn) or succinylated (C88.) catalytic subunits
were mixed with excess regulatory subunits (R) in phosphate buffer. Sedi-
mentation velocity experiments showed a major component migrating at a rate
characteristic of native ATCase (11.6S) in both cases. Boundaries for the excess
regulatory subunit (2.8S) and a small amount of aggregate (16.4S) normally pro-
duced upon reconstitution of native ATCase were also observed. No compo-
nents sedimenting at the rate of free catalytic subunits (5.8S) were observed.
Thus, this experiment shows clearly that the succinylated catalytic subunits,
like the native subunits, can combine completely with native regulatory subunits
to form a species with a sedimentation coefficient identical to that of native
ATCase.

Results of hybridization experiments conducted at the intersubunit level of
ATCase are shown in the electrophoretic patterns in Figure 4. The top sample
of native ATCase exhibits a single band with a mobility of -0.88 X 10-4 Cm2/

v-sec. Directly below is a band for native
orig n catalytic subunit (Cnn.). The addition of

excess regulatory subunit (R) to Cnnn as

ATCase shown in the third sample resulted in the.'Cr-nn. ..disappearance of the band for Cnnn and the
C,.. R production of bands corresponding to na-

[C,,r + Cs.. R tive ATCase and excess regulatory subunit.
. R The regulatory subunit, as shown in the

bottom sample, is the most cathodic band
(-0.65 X 10-4 cm2/v-sec).

R Similar results were obtained with the
FIG. 4. Intersubunit hybridization of succinylated catalytic subunit (C88,) shown

the native (Cnn.) and succinylated as the most anodic band. The addition of
(C888) catalytic subunits in ATCase.
ATCase was reconstituted by the excess regulatory subunit to C888 as shown
addition of excess regulatory subunits in the sample denoted by C888 + R resulted
(R) to a solution containing native in the disappearance of the band for C,8,and/or succinylated catalytic subunits. . t p
Cellulose acetate electrophoresis was andteproductionofanewband (-1.21 X
performed as described in Methods. 10- cm2/v-sec) as well as a band for the
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excess regulatory subunit. This new band can be correlated with an ATCase
molecule which contains succinylated catalytic subunits and native regulatory
subunits.

If the native and succinylated catalytic subunits were initially mixed and then
excess regulatory subunit added, as shown in the sample denoted by [Cnn. +
C,88] + R, not only are bands obtained for native ATCase (-0.88 X 10-4 Cm2/
v-sec) and for ATCase containing succinylated catalytic subunits and native
regulatory subunits (- 1.21 X 10-4 cm2/v-sec), but an intermediate band is ob-
tained with a mobility of -1.04 X 10-4 cm2/v-sec. The production of a single
intermediate band with such a mobility would be expected only for an ATCase
hybrid molecule that contains two catalytic subunits (one native and the other
succinylated). Thus the three members of this hybrid set can be correlated
with the structures (C~n.)2 [R], C... C8,, [R], and (C.8.)2 [RI, that contain two
native, one native and one succinylated, and two succinylated catalytic subunits,
respectively, combined with regulatory subunits.'9

Separation of the members of the intersubunit hybrid set: DEAE-Sephadex
chromatography permitted further characterization of the members of the
hybrid set and confirmation of the catalytic subunit structure established electro-
phoretically. Figure 5 shows plots of optical density at 280 mug, enzyme activity,
and specific versus fraction number for the hybrid set. The optical density plot
clearly distinguishes four components; an initial small peak corresponding to the
excess regulatory subunit, and three equally spaced peaks labeled I, II, and III.

Distinct enzyme activity peaks are present for both I and II; however, only a
small shoulder of activity can be observed for the essentially inactive III. The
corresponding specific activities for these fractionated components are 7.6, 3.8,
and 0.1 units/mg, respectively. Although I and II are homogeneous with re-
spect to enzyme activity as indicated by the plateaus in the specific activity plot,
the high activity of II and the low activity of III preclude the formation of a
discrete specific activity plateau for the last species. Consideration of the num-

FIG. 5.-Separation of the mem- A 50
bers of the intersubunit hybrid set 2.5 - Activity
by DEAE-Sephadex chromatogra- (units/ml)'g\ vs
phy. The hybrid set was produced 0.4 2 Specific Activity 40E 2.0 uit/gby the addition of a small excess of (units/mg)
regulatory subunits (R) to a solu- 0.3 - 3.0
tion containing approximately equal A1 280
amounts of the native (C..) and 0.2 - 1.0 _ ^ '..N 20
succinylated (C.88) catalytic sub- E E
units. The sample was applied to a 0.1 0.5 I \\0 E
1 X 40 cm column of DEAE- .'.
Sephadex A-50 preequilibrated with 0. - Io i 00
0.15 M KCl, 0.05 M Tris-chloride, 0 40 60 80 100 120 140 160
0.001 M EDTA, pH 7.50. The Fraction Number
fractions were eluted with a linear
gradient of KCl from 0.15 to 0.75 M in 0.05 M Tris-chloride, 0.001 M EDTA, pH 7.50, over a
range of 100 ml at a flow rate of 9 ml/hr. Fractions of 0.5 ml were collected and analyzed for
absorbance at 280 mpu (----), enzyme activity as measured by carbamyl aspartate formation
(see Methods) at saturating substrate concentrations of 50 X 10-' M aspartate (-0-), and
specific activity (-A-). The major peaks were pooled into sainples I (fractions 79 to 88), II
(fractions 107 to 116), and III (fractions 131 to 140).
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ber, position and expected elution order of the hybrid set members, to-
gether with their relative specific activities, leads to the conclusion -that I, II,
and III correspond to (Cnnn)2 [R], Cnnn Cs88 [R], and (C8,s)2 [R], respectively.
Furthermore, studies carried out on (Cnn.)2 [R] and (C888)2 [R] prepared directly
from their constituent subunits exhibit specific activities of 7.6 and 0.1 units/mg,
in excellent agreement with the values obtained for these species fractionated
from the hybrid set.
Pooled fractions from each peak (I to III) were further characterized by

cellulose acetate electrophoresis and sedimentation velocity experiments. The
individual column fractions, I, II, and III, each exhibited one major electro-
phoretic band corresponding to (Cnnn)2 [R], Cnnn Csss [R], and (C888)2 [R], re-
spectively. Furthermore, the major component (>85%/) in each pooled sample
sedimented at 11S thus showing that all members of the hybrid set are of the same
size as native ATCase. Thus the distribution of both protein and enzyme activ-
ity along with the physical properties of the individual members of the intersub-
unit hybrid set support the conclusion that there are two catalytic subunits in
ATCase.

Discussion. The hybridization studies with the native and succinylated cata-
lytic subunits indicate that each ATCase molecule contains two catalytic sub-
units which in turn are composed of three polypeptide chains. Thus there ap-
pear to be six polypeptide chains in ATCase involved in catalysis. This conclu-
sion is in accord with the recently proposed model for ATCase as a hexamer com-
prising six pairs of catalytic and regulatory chains.'0' I However, the finding of
six catalytic chains in each ATCase molecule is in conflict with the results from
ligand binding studies,6 end group analyses,7' 8 and molecular weight determ~na-
tions on the polypeptide chains of the dissociated catalytic subunits.7 Binding
data frequently give minimal estimates for the number of combining sites (and
hence of polypeptide chains) due to contaminants in the preparations and partial
inactivation of the enzyme; thus the value of two ligand binding sites per cata-
lytic subunit6 could easily be an underestimate. Similarly incomplete reactions
in end group analyses may have led to misleading conclusions as to the number
of aminoterminal alanyl residues per catalytic subunit.7' 8 Recent molecular
weight determinations20 on the denatured polypeptide chains of the catalytic
subunits in guanidine hydrochloride yielded a molecular weight of 3.5 X 104
rather than the higher value reported earlier.7 This newer result, along with the
molecular weights of the catalytic subunits (1.0 X 105) and ATCase (3.1 X 105),
and the weight per cent of the catalytic subunits in ATCase (68%)' supports the
conclusion that there are six catalytic chains per molecule of ATCase. Moreover,
the characteristics of both the intersubunit and intrasubunit hybridization re-
actions and the stability and properties of the various hybrids, C..8, C,,,8, and
Cnn C888 [R ], indicate that each of the catalytic subunits exists as a tightly folded
trimer within the ATCase molecules.
Although preliminary experiments have been initiated on the chemical modifi-

cation of the isolated regulatory subunits, the results have been inconclusive.
An electrophoretic variant was produced, but no reconstitution to form a com-
plex of the size of ATCase was achieved when this derivative was mixed with the
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native catalytic subunit. Modified regulatory subunits might be produced
with unaltered sulfhydryl groups through succinylation of intact ATCase fol-
lowed by separation of the succinylated subunits.
Hybrid molecules like C.., C888 [R] should prove valuable in investigating

whether the allosteric interactions (homotropic and heterotropic) characteristic
of ATCase4' 12 are manifested at the chain or subunit level. Activity measure-
ments on (C ..)2 [R], (C~n.) (C888) [RI, and (C,88)2 [R] showed that each subunit
contributes enzyme activity independently at saturating substrate concentra-
tions. Moreover, studies at varying substrate concentrations revealed that co-
operative interactions (both homotropic and heterotropic) are preserved in the
ATCase hybrid, (Cnnn) (C888) [R]. In this regard comparable kinetic studies
with another hybrid, Cnns Cns8 [R], should prove of interest in unravelling the
structural features required in the mediation of feedback inhibition characteristic
of regulatory enzymes.4 12 21

We would like to express our thanks to Miss Y. R. Yang for valuable contributions to
this work.

Abbreviations used: ATCase, aspartate transcarbamylase; GPDH, glyceraldehyde-3-phos-
phate dehydrogenase; G-HCl, guanidine hydrochloride; pHMB, parahydroxymercuriben-
zoate; phosphate buffer, 0.04 M potassium phosphate, 2 X 10-4 M EDTA, pH 7.0; EDTA,
ethylene diaminetetraacetate; DTT, dithiothreitol.

* This investigation was supported by U.S. Public Health Service research grant GM 12159
from the National Institute of General Medical Sciences; by a National Science Foundation
research grant, GB 4810; and by a contract between the Office of Naval Research and the
Regents of the University of California.

f Submitted in partial fulfillment of the requirements for the Ph.D. degree, Department of
Biochemistry, University of California, Berkeley, California.

1Meighen, E. A., and H. K. Schachman, Biochemistry, in press.
2 Ibi.
3 Yates, R. A., and A. B. Pardee, J. Biol. Chem., 221, 757 (1956).
4 Gerhart, J. C., and A. B. Pardee, J. Biol. Chem., 237, 891 (1962).
5 Gerhart, J. C., and H. K. Schachman, Biochemistry, 4, 1054 (1965).
6 Changeux, J.-P., J. C. Gerhart, and H. K. Schachman, Biochemistry, 7, 531 (1968).
7 Weber, K., J. Biol. Chem., 243, 543 (1968).
8 Herve, G. L., and G. L. Stark, Biochemistry, 6, 3743 (1967).
9 Steitz, T. A., D. C. Wiley, and W. N. Lipscomb, these PROCEEDINGS, 58, 1859 (1967).
10 Weber, K., Nature, 218, 1116 (1968).
11 Wiley, D. C., and W. N. Lipscomb, Nature, 218, 1119 (1968).
12Monod, J., J. Wyman, and J.-P. Changeux, J. Mol. Biol., 12, 88 (1965).
13 Gerhart, J. C., and H. Holoubek, J. Biol. Chem., 242, 2886 (1967).
14 Porter, R. N., M. 0. Modebe, and G. R. Stark, J. Biol. Chem., 244, 1846 (1969).
15 Hamburg, F., J. A. Cohlberg, J. C. Gerhart, and H. K. Schachman, unpublished results.
16 Moore, S., and W. H. Stein, J. Biol. Chem., 176, 367 (1948).
17 Fraenkel-Conrat, H., in Methods in Enzymology, ed. N. 0. Kaplan and S. P. Colowick

(New York: Academic Press, 1957), vol. 4, p. 367.
18 This component has not yet been characterized; however, in previous studies of the suc-

cinylation of aldolase and GPDH, such a component was also observed and was shown to
arise from dissociation of the protein. This species has occasionally been observed in very
small amounts in sample A.

19 The bracketed quantity, [R], refers to the total complement of regulatory chains in re-
constituted ATCase without specification of the number or arrangement of these polypeptide
chains within the regulatory subunits.

20 Cohlberg, J. A., and H. K. Schachman, unpublished results.
21 Koshlan(l, D. E., Jr., G. Nemethy, and D. Filmer, Biochemistry, 5, 365 (1966).


