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Allosteric Interactions in Aspartate Transcarbarnylase. 11. 
Evidence for Different Conformational States of the Protein in the 
Presence and Absence of Specific Ligands" 

John C. Gerhart and Howard K. Schachman 

ABSTRACT: In the previous paper it was shown that the 
antagonistic and cooperative effects observed in the 
multiple binding of ligands by aspartate transcarbamy- 
lase (ATCase) are indirect. In order to determine 
whether these allosteric effects are mediated by the 
protein itself through changes in its tertiary or quater- 
nary structure, we conducted physical-chemical studies 
of the conformational state of the enzyme both in the 
presence and absence of specific ligands such as sub- 
strates or  feedback inhibitors. The effect of ligands on 
the reactivity of the sulfhydryl groups of the enzyme 
was examined as a probe for possible changes in the 
conformation of the enzyme. Spectrophotometric titra- 
tion of ATCase with p-mercuribenzoate (PMB) yielded a 
reactionendpoint of 27 i 1 PMB per ATCase molecule, 

Upon the addition of PMB to form mercap- 
tide complexes the enzyme dissociated into two catalytic 
and four regulatory subunits. In partially reacted 
mixtures the undissociated enzyme bound no PMB 
whereas the dissociated products were fully reacted. 
Moreover, in this nll-or-none reaction of the sulfhydryl 
groups of the enzyme, virtually all of the PMB 
was bound to the regulatory subunits and prac- 
tically none ( 5 %  or less) of the PMB was complexed 
to the catalytic subunits. Of the 32 half-cystines (found 
by cysteic acid analysis) in the intact ATCase molecules, 
24-28 were in the four regulatory subunits and S 
in the two catalytic subunits. Although the rate of 
reaction of the isolated regulatory subunits with PMB 
was too rapid for measurement by conventional 
spectrophotometry, the rate for the intact enzyme was 
easily determined. Pseudo-first-order reaction velocity 
constants were determined for solutions containing 
the ligands at  differing concentrations. The addition 
of both carbamyl phosphate and the substrate analog, 
succinate (which bind to the catalytic subunits), led 
to a sixfold increase in the rate of reaction of the sulf- 
hydryl groups in the regulatory subunits of ATCase. 538 

Succinate alone had no effect, and the effect of carbamyl 
phosphate alone was much less than that resulting 
from the addition of both ligands. This enhancement 
of the reactivity of these sulfhydryl groups of ATCase 
was opposed by the addition of the regulatory metab- 
olite, cytidine triphosphate (CTP), or its analog, 5-  
bromocytidine triphosphate (BrCTP). This antagonism 
between substrates and feedback inhibitor was highly 
specific and only partial in character. In the absence 
of carbamyl phosphate and succinate, CTP (and BrCTP) 
had almost no effect on the reactivity of ATCase 
toward PMB. Companion studies of the gross mor- 
phology of the enzyme were made by sedimentation 
velocity measurements. In the presence of both car- 
bamyl phosphate and succinate there was a 3.67; 
reduction in the sedimentation coefficient of ATCase. 
Both ligands were required and the magnitude of the 
reduction was a function of the concentration of suc- 
cinate (at a fixed concentration of carbamyl phosphate). 
As in the experiments on the reactivity of the sulfhydrql 
groups, CTP opposed the effect of carbamyl phosphate 
and succinate in reducing the sedimentation coefficient 
of ATCase; again the antagonism was only partial 
In  the absence of the other ligands CTP had virtuall> 
no effect. The observed changes in the reactivity 
of sulfhydryl groups and in the hydrodynamic behavior 
appear to result from modification in the conformatiori 
of the undissociated protein and to be the indirect 
effect of ligands bound to the enzyme. It appears that 
in the presence of carbamyl phosphate and succinate 
the intact enzyme exists in a swollen (or anisometric) 
conformation which exhibits an enhanced reactivity 
toward PMB, perhaps because of its greater rate of 
dissociation into catalytic and regulatory subunits. 
When these ligands are absent, the intact enzyme 
appears to  exist in a more compact conformation; 
the presence of CTP favors this compact, slowly reacting 
conformational state of ATCase. 

( i E R H A R T  A N I )  S C H A C H M A N  
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I n the preceding paper (Changeux et al., 1968) evi- 
dence was given that aspartate transcarbamylasel 
(ATCase) from Escherichia coli mediates indirect 
effects in the multiple binding of ligands. These effects 
include: (1) homotropic effects such as the cooperative 
binding of substrate-like ligands (e.g., succinate, a 
nonreactive analog of the substrate aspartate) and (2) 
heterotropic effects such as the partial antagonism 
between the feedback inhibitor, cytidine triphosphate 
(CTP), and succinate. It was concluded that the binding 
of ligands occurs at topographically distinct sites which 
are in fact located on different subunits, and conse- 
quently the cooperative and antagonistic effects must 
be indirect, i.e., allosteric, effects which are mediated 
by the protein itself. This mediation could occur 
through alterations of the tertiary and quaternary 
structures of the protein, as proposed by Monod 
et al. (1963,1965) andKoshlandeta1. (1966). 

This paper deals with physical and chemical studies 
on the conformation of ATCase in the presence and 
absence of ligands for which the enzyme mediates 
homotropic and heterotropic effects. Since the sulf- 
hydryl groups of ATCase appear to be located in 
regions of the protein molecule which are important 
for the association of the subunits (Gerhart and 
Schachman, 1965), it seemed likely that changes in 
their chemical reactivity might be an index of altera- 
tions in the quaternary structure of the protein. Thus 
studies were conducted on the effect of various specific 
ligands on the rate of the reaction of the sulfhydryl 
groups of ATCase with the mercurial, p-mercuribenzo- 
ate. To complement these measurements on the fine 
structure of the enzyme, parallel measurements were 
made on its gross morphology as revealed by hydrody- 
namic studies on its molecular size, shape, and volume. 
Accordingly experiments were conducted on the effect 
of various ligands on the sedimentation coefficient of 
ATCase. 

From these studies it was concluded that the enzyme 
molecules exist predominantly in different conforma- 
tional states depending upon the presence or absence 
of ligands of the substrate binding sites. For example, 
in the presence of both succinate and carbamyl phos- 
phate the rate of reaction of the sulfhydryl groups 
of the enzyme was approximately sixfold greater than 
that for the enzyme in the absence of these ligands. 

Accompanying this enhanced reactivity of the sulfhydryl 
groups in the presence of these ligands was an apparent 
swelling of the enzyme molecules as inferred from the 
3 .6z  decrease in the sedimentation coefficient. The 
feedback inhibitor alone had only a small effect on the 
reactivity of the sulfhydryl groups and the sedimenta- 
tion coefficient of the enzyme. However, it was very 
effective in opposing the changes in the enzyme mole- 
cules which are observed when the substrate-like 
ligands are added. 

The changes in the chemical reactivity and sedimen- 
tation coefficient of the enzyme were found to occur 
only under conditions similar to those for which the 
homotropic and heterotropic effects are observed by 
kinetic and equilibrium dialysis measurements (Ger- 
hart and Pardee, 1964; Changeux et al., 1968). I t  seems 
therefore that the conformational changes observed 
experimentally are equivalent or related to those 
mediating the allosteric effects. 

Experimental Procedures 

Materials 
Purified ATCase and its separated subunits were 

prepared as described previously (Gerhart and Holou- 
bek, 1967). Protein concentrations were determined 
spectrophotometrically at 280 mp based on absorbance 
values 0.59 and 0.72 for 0.1% solutions of ATCase 
and catalytic subunit, respectively (Gerhart and 
Schachman, 1965). The protein concentration of the 
regulatory subunit was determined colorimetrically 
(Lowry et ai., 1951). Purified rabbit muscle aldolase 
was kindly supplied by Dr. Stuart Edelstein. Dilithium 
carbamyl phosphate, potassium succinate, cytidine 
triphosphate (CTP), and 5-bromocytidine triphosphate 
(BrCTP) were prepared and used as described previously 
(Changeux et al., 1968). 

p-Hydroxymercuribenzoate (PMB) was obtained 
as the sodium salt from Sigma Chemical Co. Stock 
solutions (0.010 M) were prepared by dissolving PMB 
in 5 x 10-3 M KOH. The concentration of PMB in 
the stock solution was measured spectrophotometrically 
based on a molar extinction coefficient at 232 mp of 
1.69 X lo4 at pH 7 (Boyer, 1954). The purity of PMB 
was estimated to be better than 9 5 z  on the basis of 
titration with 2-mercaptoethanol or cysteine hydro- 
chloride, according to the method of Boyer (1954). 

~ 

* From the Department of Molecular Biology and Virus 
Laboratory, University of California, Berkeley, California 94720. 
Receiued August 28, 1967. These studies were supported in part 
by Public Health Service Research Grant CA 07410 from the 
National Cancer Institute and Research Grant GM 121 59 from 
the National Institute of General Medical Sciences, U. S. Public 
Health Service; by National Science Foundation Research Grant 
GB-4810X; and by a contract between the Office of Naval 
Research and the Regents of the University of California. 

1 Carbamyl phosphate :baspartate carbamyl transferase (EC 
2 . 1 . 3 . 2 ) .  Abbreviations used : ATCase, aspartate transcarbamy- 
lase; CTP, cytidine triphosphate; PMB, p-hydroxymercuriben- 
zoate; BrCTP, 5-bromocytidine triphosphate; UTP, uridine 
triphosphate. 

Methods 
Measurement of Rates of Reaction of PMB with 

ATCuse. The reaction of PMB with ATCase was 
followed spectrophotometrically at 250 mp, the wave- 
length at which PMB is known to undergo the maximal 
increase in absorbance due to formation of a mercap- 
tide complex with sulfhydryl groups (Boyer, 1954). 
The reaction was initiated and recorded as follows. 
In a quartz cuvet of 1.5-ml capacity was placed 0.8 ml 
of a solution containing 2.5 X lop4 M PMB, 2.5 X 

M Tris-HCI buffer (pH 7.0), and 5 X M 539 
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FIGURE 1 : Titration of ATCase with PMB as measured 
by the dissociation of the enzyme into subunits. Samples 
were prepared to contain 0.04 M potassium phosphate 
buffer (pH 7.0), 5.2 mg of ATCase, and PMB at a 
concentration from 0 to 8 X 10-4 hi, in a volume of 0.6 
ml. After 30 min at  room temperature, the sample was 
introduced into one compartment of a 12-mm double- 
sector ultracentrifuge cell equipped with a metal-filled 
epoxy centerpiece, and a comparable solution minus 
ATCase was introduced into the reference compartment. 
The solutions were centrifuged at 60,000 rpm at 22" 
and boundary movement was observed with schlieren 
optics. Photographs were obtained throughout the 
centrifugation and analyzed by measurement of the 
area of the boundary representing undissociated ATCase 
(with a sedimentation coefficient approximately 11.4 
S). The value for the area was corrected for radial 
dilution of the protein during sedimentation and com- 
pared to the area obtained in a separate experiment 
with a comparable solution of ATCase having no PMB. 
The ratio of areas representing the fraction of tin- 
dissociated ATCase is plotted (0) cs. the molar ratio 
of PMB to ATCase. Alternatively, samples were diluted 
tenfold in 0.04 M potassium phosphate (pH 7.0) after 30- 
min incubation at  room temperature and examined 
in the ultracentrifuge with absorption optics at  a 
wavelength of 280 mp. The absorbance corresponding 
to the fast-sedimenting species (undissociated ATCase) 
was measured directly from the traces, corrected for 
radial dilution, and compared to that obtained with an 
untreated ATCase sample; the ratio calculated in this 
manner is represented by A .  0 = schlieren optics; A =: 
absorption optics. 

potassium phosphate buffer (pH 7.0), and then the 
appropriate volumes of solutions of potassium succi- 
nate, dilithium carbamyl phosphate, BrCTP, and water 
were added to give a total volume of 0.95 ml. The solu- 
tion was mixed and the cuvet was placed in a Cary 14 
recording spectrophotometer in the sample chamber 
thermostated at 21.5" and a zero reading at  250 mp 
was measured against a reference cuvet of the same 
solution. The A y j O  of the solution (read against buffer) 
was approximately 0.95 in the absence of BrCTP. 
and as high as 1.8 in its presence (1.4 X M BrCTP). 
The reaction was initiated by the addition of 0.05 ml 540 

of a solution of ATCase (or subunits)  ist ti ally iil ii 

protein concentration of 6 mg'ml i n  4 x 10 \I potas- 
sium phosphate btilfer ( p H  7.1)). (-The solution ol' 
ATCase had been clialyLed to reduce 2-iiierciiptoeth- 
;in01 and Na-EDTA to less than I O  I i  \ I , )  The c~ivet 
was immediately shaken and the recording of absorbance 
was begun within 15 sec after the addition of enzyme. 
In control experiments with cysteine hydrochloride, 
the increase in ;ibsorbance was found t o  be propor- 
tional to the concentration of sulfhydryl groups t ip to 
2 X I O  xi (at which concentration PMB was ex- 
hausted). The increase in extinction (on the basis o f  
the molar concentration of sulfhydryl groups was 7.6 
X lo:{, in agreement with the value reported by Boyer 
(1954). At the protein concentrations used in these 
experiments, 13",: or les5 of the PMB was consumed 
during the reaction. 

Ser/it?ienr(itio/r Vrloc'it?. Mr~si iwi~ients .  Sedimentation 
experiments were performed with a Spinco Model E 
ultracentrifuge equipped with it phase plate a s  ii schlieren 
diaphragm a n d  ii rotatable light so~irce for Rayleigh 
interference optics. Ultracentrifuge patterns were 
photographed on Metallographic plates when the 
schlieren optical system was used and on Spectroscopic 
I 1  G plates with Rayleigh optics. Calculations ot 
sedimentation coefficients were based on the movement 
of the maximum refractive index gradient as  measured 
with ;I Gaertner two-dimensional microcomparator. 
In some experiments equivalent boundary positions 
were also calculated from the interference patterns 
(Richards and Schachman, 1959). For the experi- 
ments with extremely dilute solutions of ATCasc 
(less than 20 pg, ml) the split-beam photoelectric- 
scanning absorption system (Schachnian and Edelstein, 
1966) was used with light having ii wavelength of 235 
nip. All sedimentation coefficients were calculated 
from the slope of the straight line (fitted by the method 
of least squares) of the logarithm of boundary position 
rs. time. These plots were essentially straight lines 
since the dependence of sedimentation coetficient on 
concentration was so slight (Gerhart and Schachman, 
1965). The observed sedimentation coetficients were 
corrected to values ( +) corresponding to  ti solvent 
with the viscosity and densit) of water- at 20' (Svedberg 
and Pedersen, 1940). 

For measurements of the eEect of various ligands 
on the sedimentation coefficient, two ultracentrifuge 
cells were used in ii single experiment. One of the 
two cells contained ii 1 '  quartz wedge iis the tipper' 
window and the other cell had a conventional quartz 
window with parallel surfaces. The L I S ~  of the wedged 
window led to an elevation of the schlieren pattern 
on the photographic plate, thereby permitting measure- 
ments to be made on two different solutions in the same 
ultracentrifuge experiment. One of the cells contziined 
the buffered solution of the enzyme and the specific 
ligands while the other was filled with a control solution 
of the enzyme devoid of the ligands. In order to maintain 
nearly identical viscosities. densities, and ionic strengths 
for the two solvents, glutarate was added to the control 
when the elrect of succinate on ATCase was being 

ti E R H A K T A \ ' I )  S C l i  A C H hl A h 
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examined. Potassium phosphate was used as a control 
for carbamyl phosphate and uridine triphosphate 
(UTP) for CTP. 

Most sedimentation velocity experiments were 
performed with cells containing double-sector, metal- 
filled epoxy centerpieces. Some of the experiments on 
the effect of ligands were conducted with cells having 
single-sector Kel-F centerpieces. The optical paths 
were usually 12 mm although for the dilute solutions 
cells of 30 mm thickness were used. 

When two different solutions were examined simul- 
taneously the reference on the photographic plate for 
measurements of boundary positions was obtained 
from the slot opening in the side hole of the An-0 
(or An-E) analytical ultracentrifuge rotor. The preci- 
sion in locating the center of the reference hole was 
increased by replacing the cup normally supplied with 
the rotor with one having a much narrower opening 
(0.006 in.). With this opening in the side of the rotor 
each photographic pattern contained a thin black 
line which was used as a reference for measuring bound- 
ary positions. 

Measurements of the rotor temperature were per- 
formed with the rotor temperature indicator and con- 
trol unit (RTIC) supplied with the ultracentrifuge. 
In  addition, at the beginning and conclusion of each 
experiment readings were obtained through the use of 
external leads which bypassed the mercury cup in the 
base of the vacuum chamber. Checks on the tempera- 
ture of the rotor were performed also with a contact 
thermocouple connected with a sensitive galvanometer. 

Concentrations of the various sedimenting species 
were determined from the ultracentrifuge patterns in a 
variety of ways. For the schlieren patterns, areas 
corresponding to  the various boundaries were measured 
from enlarged traces. With the interference patterns 
(which were used only occasionally for this purpose) 
direct fringe counting was performed (Richards and 
Schachman, 1959). When the photoelectric scanner 
was used the recorder deflection (in a vertical direction) 
was measured for each boundary (Hanlon et al., 1962). 
This deflection gave a value directly proportional to 
the absorbance of the various sedimenting species 
and the absolute absorbance was evaluated from 
calibration curves obtained with solutions of measured 
optical densities. Frequently only spectral ratios were 
required and these were determined from successive 
recorder traces obtained with light of different wave- 
lengths (Schachman, 1963). 

Results 

Stoichiometry of the Dissociation Reaction of ATCase 
with Respect to PMB. Previous experiments (Gerhart 
and Pardee, 1962; Gerhart and Schachman, 1965) 
had shown that in the presence of PMB, ATCase (of 
mol wt 3.1 X lo5) dissociated asymmetrically into two 
catalytic subunits (each of 1.0 X lo5 mol wt) and four 
regulatory subunits (each of 2.7 X lo4 mol wt). The 
stoichiometry with respect to PMB was determined by 
examination in the ultracentrifuge of a series of samples 

A=28Omp A=248mp 

FIGURE 2: Binding of PMB to ATCase and the regula- 
tory and catalytic subunits. Samples were prepared as 
described in the legend of Figure 1 ,  incubated for 30 
min at room temperature, diluted tenfold in 0.04 M 
potassium phosphate (pH 7.0), and centrifuged at 
60,000 rpm at room temperature. The pen deflection is 
directly proportional to optical density with a 1.0-cm 
deflection corresponding to an absorbance of 0.14 for 
an optical path of 10 mm. 

of ATCase treated with different molar equivalents of 
PMB. Since undissociated ATCase, catalytic subunit, 
and regulatory subunit sedimented at sufficiently 
different rates (approximately 11.7, 5.8, and 2.8 
S, respectively), they were readily distinguished in a 
mixture by either schlieren or absorption optics. As 
shown in Figure 1, the complete dissociation of 
ATCase required 26 =k 2 molecules of PMB per mo- 
lecule of ATCase. 

The All-or-None Reaction of ATCase with PMB. 
The linear relationship (Figure 1) between the per cent 
of undissociated ATCase and the molar ratio of PMB 
to ATCase indicates that the various reaction mixtures 
contain only unreacted (and undissociated) ATCase 
and fully reacted dissociation products of ATCase, 
rather than a significant amount of partially reacted 
molecules. For example, when 13-14 molecules of 
PMB were present per molecule of ATCase, it was 
found that 50% of the ATCase molecules was un- 
dissociated and 50% was dissociated, each mole- 
cule having reacted presumably with 26 =t 2 
PMB molecules. To test further for the absence 
of partially reacted intermediates, a direct measure- 
ment of the extent of binding of PMB to undissociated 
ATCase was made in the ultracentrifuge by the use of 
absorption optics. A series of samples of ATCase 
treated with different concentrations of PMB were 
prepared as in the previous experiment and examined 
in the ultracentrifuge with light of 280 and 248 mp. 
At 280 mp the light absorption was due almost entirely 
to the protein, whereas at 248 mp the absorption by 
protein was approximately one-half its 280-mp value 
and PMB absorbed strongly whether alone or as its 
mercaptide complex. Thus, with light of 248 r n M  
it was possible to determine whether undissociated 
ATCase had an increased absorption due to  bound 
PMB. Figure 2 presents two sedimentation velocity 
patterns of a partially dissociated sample of ATCase. 
These patterns were recorded in rapid sequence with 541 
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TABLE I :  Binding of PMB by ATCase and the Catalytic and Regulatory Subunits during the Dissociation Reaction. 
~- - 

/ 1 ~ s o  'A248 Moles of PMB/ 
5.8 s 2.8 S 

- -  _ _  - _ _ _ -  
Protein Mole of Protein % Dissociated 11 7 s  

- _ _  __ .- __-_ - __ .__. . _ - . 
Experimental Values 

ATCase 0 0 I 57 
6 30 1 7  1 8  0 17 

12 6 56 1 0 1 5  0 17 
18 73 1 (7 1 s  0 1 Y  
22 Y 87 1 7  1 9  0 16 
25 6 100 0 19 

0 2 401 
0 0 72' 

Catalytic subunit 
Regulatory subunit 

Calculated Values. 
1 1 48 1 55 0 37 
2 1 33 1 25 0 27 
4 0 19 

0 16 6 
. -  - ______ ______ _ _  - - ____ - 

0 Determined from a separate centrifugation using purified subunit. h Calculated by diffeience from the ratios for 
ATCase and catalytic subunit. c Calculated using molar extinction coefficients for PMB mercaptide as 1.4 X l o 4  
at 248 mp and 0.1 X lo4 at 280 mp, and the subunit weight ratios and molecular weights given in Table 11. Procedure: 
Samples were prepared and centrifuged as described in the legend of Figure 2; sedimentation velocity patterns were 
obtained with the photoelectric scanner using light of wavelengths 280 and 248 mp. Traces of the patterns of optical 
density (recorder deflection) us. distance along the axis of sedimentation were obtained in close time sequence a t  the 
two wavelengths (see the example of Figure 2 )  and analyzed for the absorption contributed by each of the three 
sedimenting species, i.e., ATCase at approximately 11.7 S, catalytic subunit at 5.8 S, and regulatory subunit at 2.8 S. 
The absorption of ATCase was estimated from traces made 30 min after reaching speed, whereas the absorptions of 
catalytic and regulatory subunits were estimated from traces made 60 min after reaching speed; at that time the separa- 
tion of the boundaries was more complete. 

light of 280 and 248 mp. The relative absorption at 
the two wavelengths was measured from the recorder 
deflection across each boundary. Table I summarizes 
a series of dissociation experiments with different molar 
ratios of PMB to ATCase. As shown there, the relative 
absorbance (A28~/A248)  of undissociated ATCase did 
not vary regardless of the extent of dissociation. Even 
when 87% of the population was dissociated, the un- 
dissociated ATCase (11.7 S) still had a value of 1.7 
for A280/A218. From these experiments it was concluded 
that PMB does not bind to undissociated ATCase. 
The lower limit of detection was estimated to be one 
to two PMB per ATCase molecules, since two PMB 
per ATCase molecules would lower the absorption 
ratio of 1.33, a value significantly lower than that found 
experimentally. Thus ATCase appears to react with 
PMB in an all-or-none fashion, Le., a molecule of 
ATCase in the course of dissociation reacts with 26 = 
2 PMB molecules or does not react at all. 

Locution of the PMB Binding Sites in ATCase. Since 
the dissociation of ATCase led to  the formation of 
two kinds of protein subunits which could be distin- 
guished by their sedimentation rates, it was possible 
to estimate the amount of PMB bound to  each. The 
sedimentation velocity patterns, such as those shown 542 

in Figure 2, were analyzed as described above and the 
results are given in Table I. In all samples, the absorp- 
tion ratio (A2s~/A24s)  for the catalytic subunit was 
approximately 1.8, a value slightly lower than that of 
2.4 found for the purified (and presumably mercurial 
free) catalytic subunit. On the basis of these two ab- 
sorption ratios and the known absorption of PMB 
as  a mercaptide complex, i t  was calculated (Table I) 
that each catalytic subunit binds a maximum of 0.5 1 
PMB molecule in a mercaptide complex. Consequently, 
of the 26 4: 2 PMB molecules consumed per ATCaae 
molecule in the dissociation reaction, only 1 to 2 
of these could be accounted for as being bound to the 
two catalytic subunits of an ATCase molecule. I n  
contrast, as shown in Table I,  the absorption ratio 
of the regulatory subunit (approximately 0.17) departed 
greatly from that expected for protein alone (approxi- 
mately 0.72). The increase of absorption at 248 mp 
was consistent with the binding of four to six PMB 
molecules per regulatory subunit. This estimate was 
based on a molar extinction coefficient (at 248 mp) 
of 14 x 103, that of PMB in mercaptide linkage 
(Boyer, 1954). Thus, the four regulatory subunits of 
an ATCase molecule could account for the binding 
of 16-24 PMB molecules in the course of the dissocia- 

G E R H A K 7 '  A N D  S C H A C H M A N  
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TABLE 11: Half-Cystine Content of ATCase and Its Two Separated Subunits. 

Determination ATCase Catalytic Subunit Regulatory Subunit 

1. Micromoles of cysteic acid residues per milli- 

2. Weight fraction of subunit in ATCasec 0.68 0.32 
3. Micromoles of cysteic acid residues contributed (0.104)d 0.026 0.078 

4. Per cent of total cysteic acid residues of 

0.106 i 0.003. 0.038 =k 0.004. 0.245 rt 0.0114 
gram of proteinb 

by each kind of subunit to  1 mg of ATCase 

ATCase contributed by each kind of subunit 
5 .  Moles of cysteic acid contributed by each kind 

of subunit to 1 mole of ATCase 

subunits. 

25 75 

8 .0  24.5 

6. Assumed molecular weight for ATCase and 3 . 1  x 105 1 . 0  x 105 2 .7  x 104 

7. Moles of cysteic acid per mole of protein 32.8 =k 0.9 3 . 8  f 0 .4  6 .6  rt 0.3 

* Average deviation of four independent analyses. b Protein was determined as follows. Cysteic acid was evaluated 
relative to  glutamic acid, alanine, and leucine residues in a sample of oxidized protein. Then in a separate analysis 
of unoxidized protein, the content of glutamic acid, alanine, and leucine was determined per milligram of residues 
recovered from the column (recoveries were estimated in the range 0.85-0.95 of protein present before hydrolysis). 
0 Determined from areas corresponding to the different components observed with the schlieren optical system during 
sedimentation of ATCase dissociated by PMB (H. K. Schachman and J. C. Gerhart, unpublished observations). 
d Sum of entries for catalytic and regulatory subunits; compare with 0.106, the determined value for ATCase. e Taken 
from Gerhart and Schachman (1965). Procedure: A sample of 5 mg of protein in 0.3 ml of 0.04 M potassium phosphate 
(pH 7.0) was evaporated to dryness in 1;ucuo at room temperature and treated with 2 ml of performic acid overnight 
at 0" as described by Moore (1963). Oxidized samples were then treated with HBr, taken to dryness, and hydrolyzed 
in 1.0 ml of 6 N HCl for 24 hr at 109". Hydrolysates were taken to dryness and analyzed on the Beckman-Spinco 
automatic amino acid analyzer. Approximately 1 mg of hydrolyzed protein was used/analysis. Thanks are due Mrs. 
Frances Hamburg for performing the analyses. 

tion reaction. Clearly the regulatory subunits contrib- 
uted most, if not all, of the 26 i 2 groups of ATCase 
reacting with PMB. 

An indication of the chemical nature of the groups 
reacting with PMB was obtained by spectrophotometric 
titration according to the method of Boyer (1954). 
The titration depends on an increase of the absorption 
of PMB (at 250 mp) upon reaction with sulfhydryl 
groups. Figure 3 shows the titration of a fixed amount 
of PMB with increasing amounts of ATCase. The 
end point indicated by the change of slope on the 
graph corresponded to a ratio of 27 = 1 PMB mole- 
cules per molecule of ATCase. This value agrees 
closely with the end point determined previously in 
the sedimentation studies of the dissociation reaction. 
At the spectrophotometric end point, the increase of 
absorption beyond that contributed separately by 
protein and PMB was approximately 7.5 X l o 3  based 
on the molar concentration of PMB. This value is in 
close agreement with the molar absorption increment 
of 7.6 X lo3 at 250 mp reported by Boyer (1954) for 
the reaction of PMB with sulfhydryl-containing com- 
pounds such as cysteine. The increment at other wave- 
lengths was also measured and found to  agree closely 
with the known values for the PMB-sulfhydryl (mer- 
captide) complex. Thus, it is concluded that the reactive 
groups identified spectrophotometrically are sulfhydryl 

groups and are the same as those found in the sedimen 
tation studies as being located mostly, if not entirely 
on the regulatory subunits. 

Amino acid analysis provided a direct means to 
determine whether sufficient cysteinyl residues were 
present in ATCase to account for the 26-28 sulfhydryl 
groups indicated by the above experiments. As shown 
in Table 11, ATCase appears to  contain 32-34 half- 
cystines/molecule, as inferred from the analysis of 
cysteic acid after performic acid oxidation of the 
protein. From the analysis of the cysteic acid content 
of the subunits after oxidation (Table II), it was found 
that approximately 75z of the cysteic acid content of 
ATCase was contributed by the regulatory subunits, 
even though they comprise only one-third of the weight 
of ATCase (Gerhart and Schachman, 1965). Thus, 
the four regulatory subunits of an ATCase molecule 
appear to contribute 24-26 half-cystines ( i .e. ,  approxi- 
mately 6.6 half-cystines/regulatory subunit). This result 
taken together with the evidence from the ultracen- 
trifuge studies and the spectrophotometric titration, 
shows that the 24-26 half-cystines of the four regula- 
tory subunits are derived from cysteinyl residues. 

The remainder of the 32-34 cysteic acid/ATCase 
molecule found in hydrolysates of the oxidized protein 
were accounted for by analysis of the catalytic subunits. 
As seen in Table 11, a value of 3.8 f 0.4 molecules of 543 
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tiCiuw 3: Titration of sulfhydryl groups of ATCase, 
according to the method of Boyer (1954). Cuvets con- 
tained 2.14 X 10 : si PMB i n  0.04 M potassium phos- 
phate (pH 7.0), and ATCase at  concentrations up to 
2.06 X 10- 51 (0.64 mgnil). Absorption ut 250 nip wa5 
determined after 20 hr a t  room temperature (25 '). 
The ordinate gives the absorbance a t  250 mp and the 
abscissa gives the molar ratio of ATCase to PMB. The 
end point in the titration is indicated by the intersection 
of the two straight lines drawn through the experimental 
points. 

cysteic acid per molecule of protein w a s  found, cor- 
responding to approximately 8 half-cystines in the 2 
catalytic subunits of ATCase. Since the evidence from 
the ultracentrifuge studies showed very little binding 
of PMB to the catalytic subunits, these half-cystines 
could be ascribed to nonreactive sulfhydryl groups in 

teinyl residues or to disulfide bonds 
in the form of four cystinyl residues. Results described 
In a later section indicate that these half-cystines 
probably exist as relatively unreactive cysteinyl residues. 

The Effect 01' Ligands on tfie Rate of' Reaction of 
A K r r s e  (and flie Subunits) with PMB. The rate and 
extent of reaction of ATCase with PMB was followed 
spectrophotometrically at  250 nip where the formation 
of a PMB-- sulfhydryl (mercaptide) complex is accom- 
panied by a large absorption increment. During the 
reaction, 10-15z of the total PMB was consumed 
and the rate of reaction was easily measured, as shown 
in Figure 4 (curve A). Under these conditions of 
almost tenfold excess of PMB, it was estimated that 
approximately 32 PMB-mercaptide bonds were 
formed;molecule of ATCase after 30-min reaction (as- 
suming ci molar extinction increment at 250 mp of 
7.6 X for PMB-mercaptide formation). After 4 
hi., this value approached 38 PMB--mercaptide bonds, 
ATCase molecule. Curve C shows the reaction of 
PMB with catalytic subunit. Approximately eight 
PMB-mercaptide bonds per two molecules of catalytic 
subunit (for comparison with one molecule of ATCase) 
were formed after 30-min reaction. This value increased 
to 12 after 4 hr. T'hus very little of the spectral change 
obseiwd with ATCase co~ild be attributed to  the cata- 
lytic subunits, a conclusion consistent with the previously 
described experiments. Attempts to determine directly 
the rate and extent of reaction of purified regulatory 
subunit with PMB have been complicated for two 544 

T ME (SECONDS) 

FIGURL. 4: Increase of light absorption as a function of 
time of reaction of PMB with ATCase and the catalytic 
subunit. Reaction mixtures contained 2 x I O  hi 

I'MB. The reactions were initiated by the addition o f  
protein and the changes of absorption at  250 nip were 
recorded automatically on a Cary 14 spectrophotometer. 
Curve A: 0.3 m g  of ATCaselml (0.97 x 10- st). With 
no substrate present. The absorption at zero time was 
determined by numerical addition of the absorptions 
of separately prepared solutions of protein and of 
PMB. Curve B:  same cis curve A but the solution con- 
tained in addition 2 X 10 h i  potassium succinate and 
1.8 X 10 :I icI dilithium carbamyl phosphate. Curve C :  
0.2 mg of catalytic subunit;nil ( 2  X 10-6 M), with no  
substrate present. The absorption at zero time was 
determined as described above for ATCase. Curve D: 
the conditions were the same as for curve C but in 
addition the solution contained 2 x 10 M potassium 
succinate and 1.8 X 10 ?, hi dilithiiini carbamyl phos- 
phate. The ordinate represents the change in the 
absorbance at  250 my, and the abscissa represents the 
time after the initiation of the reaction (in seconds). 

reasons. First, the rate of reaction was too fast to 
measure under the conditions used for ATCase. Second, 
the extent of the reaction could not be determined 
accurately since the absorption of the protein decreased 
concomitantly with the increase of absorption due to 
PMB-mercaptide formation. Despite these uncer- 
tainties, it is estimated that at  least 16 mercaptide 
bonds,'4 regulatory subunits were formed upon reaction 
with PMB. 

The rate of reaction of ATCase with PMB was 
markedly increased when the substrate (carbamyl) 
phosphate and the substrate analog (succinate) were 

.~ .. . . ~ . . .  ~ ~. 

Preparations of the regulatory subunit in the prcsenco of 
excess 2-mercaptoethanol invariably exhibited an unusual 
absorption spectrum extending to about 330 nip. In addition, 
the extinction coefficient at 280 nip was unexpectedly high (1.2 
for a 0.1 Z solution) when compared with that of native ATCasc 
(0.59 for a 0.1 solution) and the purified catalytic subunit 
(0.72 for a 0.1 7; solution). Upon reaction with neohydrin, a 
niercurial ahich is transparent to ultraviolet light of wave- 
length greater than 240 m p ,  the absorption of the protein (from 
250 to 290 nip) decreased to about 40% of its initial value. 
The initial absorption was restored upon addition of 2-mercapto- 
ethanol. 
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FIGURE 5 :  Analysis of the reaction of PMB with ATCase 
in terms of pseudo-first-order kinetics. Data were ob- 
tained as described in the legend of Figure 4. The values 
for the absorption at  250 mp were determined at  zero 
time (Ao),  a t  various times during the reaction ( A t ) ,  
and after the reaction was essentially complete (Ar).  
The results were plotted according to  the equation, log 
(Ai - A , ) / ( A i  - A,) = -kt/2.3. o and 0 represent 
experiments with 2 X M potassium succinate and 
with no ligands, respectively. Results for these experi- 
ments were plotted after subtraction of a slower reac- 
tion (at one-seventh the rate) which represented about 
3 0 x  of the total reaction after 4 hr (see text). 
The symbol, 0, represents experiments with solutions 
containing 1.8 X M dilithium carbamyl phosphate. 
For these experiments A i  was determined after 15- 
min reaction. + represents experiments on solu- 
tions containing 2 x 10-3 M potassium succinate 
and 1.8 X M dilithium carbamyl phosphate. For 
these experiments Ai was determined after 15 min. 
0 = no subtrates; o = succinate. 

present. This is shown by the comparison of curves 
B and A in Figure 4. When both these ligands were 
present, the absorption increase was virtually com- 
pleted within 5 min and corresponded to the formation 
of 26-28 PMB-mercaptide bonds/molecule of ATCase. 
In the subsequent 30 min, very little increase of absorp- 
tion occurred, corresponding at  most to one to two 
additional PMB-mercaptide bonds. These ligands 
had just the opposite effect on the rate of reaction 
of the purified catalytic subunit with PMB, as shown 
by the comparison between curves D and C in Figure 
4. 

This enhancement of the rate of reaction of ATCase 
with PMB was investigated further in order to determine 
whether other small molecules (ligands and nonligands 
of ATCase) were effective. Glutarate or  D-aspartate 
in place of succinate had no effect; N,N-dimethyl- 
carbamyl phosphate (kindly supplied by Dr.  George 

. 

1 -NO CP NO CP- : 

1 1  L ~ ~ ... ~-L.- ~ - 4 2  . I - J 
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I 
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FIGURE 6 :  The effect of ligands on the rate of reaction of 
ATCase with PMB. Rate constants ( k )  for the pseudo- 
first-order reaction of ATCase with PMB were deter- 
mined as described in the legend of Figure 5. The curve 
represented by gives the results for solutions contain- 
ing 1.8 X lop3 M dilithium carbamyl phosphate and 
varying concentrations of succinate. The curve rep- 
resented by 0 gives the results for solutions containing 
1.8 x M dilithium carbamyl phosphate, 1.4 X 
10-4 M BrCTP, and varying concentrations of succinate 
as indicated. In a few experiments indicated by the 
reaction velocity constants were determined for solu- 
tions which did not contain carbamyl phosphate. 
These are identified on the figure. 

Stark) in place of carbamyl phosphate had no effect. 
These compounds were known to act neither as sub- 
strates nor as competitive inhibitors of ATCase. 
Moreover, succinate in the absence of carbamyl phos- 
phate had no effect on the rate of reaction. This find- 
ing is particularly significant in view of the evidence 
from equilibrium dialysis experiments (Changeux 
et al., 1968) that succinate is not bound to ATCase 
in the absence of carbamyl phosphate. Since only 
ligands of ATCase caused an increase in the rate of 
reaction of ATCase with PMB and since the same 
ligands had the opposite effect on the rate of reaction 
of the catalytic subunit, we conclude that it was the 
reactivities of the proteins (and not the reactivity of 
PMB) which were influenced by the ligands. The effect 
of carbamyl phosphate and succinate is especially 
noteworthy since these ligands, in binding to the cata- 
lytic subunits of ATCase, diminish their reactivity 
toward PMB and yet enhance the reactivity of the regu- 
latory subunits toward PMB. 

The reaction of ATCase with PMB was found to  
follow pseudo-first-order kinetics even though 28 
sulfhydryl groups/ATCase molecule were involved. 
Therefore the results were treated quantitatively in 545 
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FIGURE 7:  Partial antagonism by BrCTP of the effect 
of succinate on the reaction of ATCase with PMB. 
Pseudo-first-order rate constants were determined a s  
described in Figure 5 and plotted on the ordinate as a 
function of the concentration of BrCTP, plotted on the 
abscissa. The different curves represent experiments 
done at  different succinate concentrations as indicated 
in the figure. 

terms of the reaction velocity constant ( k )  defined by 

where A. and A r  represent the initial and final absorh- 
ance, and A t  represents the absorbance at  time (I). 

In all experiments, the consumption of PMB did not 
exceed 13% of the initial amount, and thus treatment 
of the data according to pseudo-first-order kinetics 
(which neglects changes of PMB concentration during 
the reaction) seems appropriate. As seen in Figure 5 :  
the semilogrithmic plots of some of the data of Figure 
4 are linear over 90% of the reaction. In  the absence 
of ligands3 or in the presence of succinate alone, li 
was found to  be approximately 5 X 10-3 sec-I. In the 
presence of carbamyl phosphate alone, this value in- 
creased to 12 X sec-’. When both carbamyl 
phosphate and succinate were present, k increased 
to 26 X sec-~’. 

The effect of succinate was explored further in a 

3 In the absence of carbamyl phosphate there appeared to be 
two classes of reactive groups, one equivalent to 28 PMB- 
mercaptide bonds/ATCase molecule and reacting with k = 
4.9 X 10-3 sec-1, and a second class equivalent to approximately 
10 PMB-mercaptide bonds and reacting with k = 0.7 X 
sec-1. This second class disappeared almost completely in the 
presence of carbamyl phosphate, with k less than 0.1 X 
sec-1. Presumably carbamyl phosphate protected the catalytic 
subunits from the attack of PMB. 546 

series of’ experiments in which the carbamyl phosphate 
concentration was maintained at 1.8 X 10- ’$ hi,  an 

ten times that required to producx 
its maximal effect. Figure 6 shows the dependence of 
the reaction velocity constiint ( k )  o n  succinate concen- 
tration; X- became independent of succinate at con- 
centrations greater than 10 { 11. This enhnncernent 
of the reactivity of  the enLqnie was half complete at  
;rpproxiniately 2 >: 10 4 h i  succinate. 

Tlw Ei1rc.f of Inliibitors on rl ie Keocticiij* t i /  .?K7r isc 
with PMR. As shown in the preceding section, only 
those ligands which bind specifically to the catalytic 
stitbunits of ATCase iilTected the reactivity of the 
enzyme toward PMB. This relationship between speci- 
ticity o f  binding and efect on reactivity of sulfhydryl 
gro~ips applies also to ligands which bind to the regula- 
tor) suhunits o f  the intact enzyme. For example, the 
feedback inhibitor (CTP) reduced the enhancement of 
reactiL ity promoted by succinate and carbamyl phos- 
phate. In contrast, UTP, which neither inhibits n o r  
activates the catalytic activity (nor does UTP compete 
with known inhibitors or  activators), had no  effect 
on the rate of reaction of ATCase with PMB. I n  order 
to study the e i k t  of inhibitors, BrCTP was sub-  
stituted for CTP since i t  had a lower extinction coetfi- 
cient a t  250  nip and bound slightly more strongly to 
ATCase. With BrCTP. pseudo-first-order kinetics 
were still obtained and the extent of the reaction was 
unchanged (approximately 28 mercaptide bonds forined!; 
ATCase molec~ile). As shown in Figure 7, BrCTP 
opposed the shiulatory effect of succinate (at constant 
concentration of carbaniyl phosphate) and also reduced 
slightly the basal reaction rate obtained with carbamyl 
phosphate alone. Thus, the antagonistic effect of BrCTP 
appeared directly primarily toward succinate, rather 
than carbamyl phosphate, just ;is had been found in 
the binding studies and kinetic studies with ATCax 
(Changetix [’/ d., 1968; Gerhart and Pardee, 196.1). 
I n  addition BrCTP did no1 completely prevent the 
stirnulalion 17) huccinate. but only red~iced i t  to a 
limiting value beyond which ddition;il BrC’Tl’ had 
no efect. This limiting \~d t i e  ~ i i b  determined by the 
concentra;ion of succinate. not BrCTP, and, in fact, 
a t  high succinate concentrations, almost no reduction 
w s  caused by BrCTP. This “partial” antagonism has 
ii striking similarity to that found between BrCTP 
and succinate in the binding studies (Changeux cf  id.. 
1968) and between CPP and aspartate in the kinetic 
studies (Gerhart and Pardee, 1964). 

The data from experiments with high concentrations 
of BrCTP (1.4 ;-< 10 I X I )  were cross-plotted in Figtire 
6 to illustrate the etfect of BrCTP on the dependence 
of the reactivity of the enzyme on succinate. As seen 
there, the reactivity of the sulfhydryl groups of the 
enzyme increases with succinate concentration to a 
maximum value close to that obtained in the absence 
of BrCTP. However, when BrCTP is present, higher 

.. ~ . . .~ . ~~ 

2 The spsciticit) of the BrCTP erects is citcd as cvidcncc 
that BrCTP was afectiiig the reactivity of ATCase, and not 
the reactivity of PMB. 
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FIGURE 8: The rate of reaction of ATCase with PMB, as 
a function of protein concentration. In all experiments 
the solutions contained 1 x 10-3 M potassium suc- 
cinate, 1.8 X M dilithium carbamyl phosphate, and 
varying concentrations of ATCase as indicated. The 
arrow on the graph corresponds to  the concentration 
of ATCase used for most of the other experiments. 
At the highest concentration of ATCase approximately 
26% of the PMB was consumed in the reaction and 
therefore corrections for this consumption were taken 
into account by analyzing all data in terms of second- 
order, rather than pseudo-first-order, rate constants. 

0 os--- -L-- I O  
Molarity of ATCase ( x  IO') 

concentrations of succinate are required to attain an 
equivalent enhancement of reactivity. Again, studies 
of a structural property (i.e., chemical reactivity) 
gave results very similar to those obtained in the analy- 
sis of a functional property (kinetic behavior). 

Preliminary Studies of the Mechanism of Reaction 
of ATCase with PMB. From the evidence that the 
reaction of ATCase with PMB followed pseudo-first- 
order kinetics, it was expected that the rate constant 
for the reaction would not depend on protein concen- 
tration. In  order to test the effect of protein concentra- 
tion, the kinetics were followed over a tenfold range 
of initial ATCase concentration. Since a substantial 
fraction of PMB was consumed at high protein con- 
centrations, data were treated in terms of second-order 
kinetics. The calculated velocity constant as shown 
in Figure 8 was indeed independent of protein concen- 
tration. This result does not eliminate the possibility 
that protein dissociation into subunits is an important 
factor in the mechanism of the reaction of ATCase 
with PMB (e.g., as a rate-limiting step). 

Since PMB was present in tenfold excess in the 
previous experiments, no information was obtained 
regarding the reaction order for PMB. In preliminary 
experiments, a low reaction order was found for PMB 
and the data did not fit a simple first-order dependence 
on PMB c0ncentration.j It seemed clear that the data 
did not fit a rate equation based on a high-order term 
for PMB as would be required if many of the sulfhydryl 

The dependence of reaction velocity on PMB concentration 
was approximated by the equation: d In p/dt = klPMB*/ 
(kz + PMB), where p = mercaptide product, k~ = 220 M-* 
sec-1, and kz = 9 X 10-5 M. 
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FIGURE 9:  Effect of succinate and carbamyl phosphate 
on the sedimentation coefficient of ATCase and aldolase, 
Samples contained 2 x 10-3 M potassium succinate, 
1.8 X M dilithium carbamyl phosphate, 0.04 M 
potassium phosphate at pH 7.0, and 5.0 mg of protein/ 
ml (either ATCase or aldolase). Reference solutions 
were prepared containing the same components at the 
same concentration except for 2 x 10-3 M potassium 
glutarate in place of succinate and 1.8 X M potas- 
sium phosphate at pH 7.0 in place of carbamyl phos- 
phate. Sample and reference solutions were analyzed 
simultaneously in same ultracentrifuge rotor at 60,000 
rpm at 20". Single-sector Kel-F cells were used, one of 
which contained an upper wedged window and the 
other having conventional windows. Sedimentation 
coefficients were determined from the movement of 
the maximum ordinate of the schlieren patterns. In 
the figure the ordinate represents the logarithm of the 
distance of the boundary (in centimeters) from the axis 
of rotation and the abscissa gives the time in minutes. 

groups of ATCase had to react in a concerted fashion 
to give the all-or-none reaction with PMB. 

The Effect of Ligands on the Sedimentation Coeficient 
of ATCase. In preliminary studies of the effect of 
specific ligands on the sedimentation rate of ATCase 
it was found that the change in the sedimentation 
coefficient of the enzyme upon the addition of the 
ligands was only slightly greater than the experimental 
errors incurred in individual experiments. Accordingly 
all subsequent experiments were performed in a manner 
which permitted a direct comparison between the dif- 
ferent solutions which were examined simultaneously. 
One solution contained the ligands, succinate and car- 
bamyl phosphate; the other (reference) solution had 
equivalent concentrations of the dicarboxylic ion glutar- 
ate (an analog having negligible affinity for ATCase) 
in place of succinate and phosphate in place of succinate 
and phosphate in place of carbamyl phosphate. Through 
this analysis of two samples in a single ultracentrifuge 
experiment the precision in measuring the effect of the 
ligands (relative to  the control) was enhanced greatly. 
The effect of errors in measuring the temperature 
and speed of the rotor in separate experiments was 
eliminated and also inaccuracies in locating the relative 
boundary positions on the photographic plates were 547 
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FlGURE 10: Effect of protein concentration on the sedi- 
mentation coefficient of ATCase in the presence and 
absence of ligands. Samples contained 0.04 M potas- 
sium phosphate at  pH 7.0, 2 X M potassium SLIC- 

cinate, 1.8 X M dilithium carbamyl phosphate, and 
ATCase at  the concentrations indicated. Samples were 
analyzed in pairs by examining a solution containing 
the ligands in one cell and the reference solution in ii 

second cell in a single experiment. A reference solution 
contained potassium glutarate in place of succinate and 
potassium phosphate in place of carbamyl phosphate. 
All of the centrifuge experiments were performed at 
20” and 60,000 rpm. At the top of the figure is plotted 
the actual sedimentation coefficient as a function of 
concentration for the samples of ATCase in the absence 
and in the presence of the specific ligands (succinate 
and carbamyl phosphate). 0 represents ATCase in the 
reference solvent and represents the results with solu- 
tions containing succinate and carbamyl phosphate. 
At the bottom of the figure is a plot of the per cent 
decrease in sedimentation coefficient as measured in 
each single experiment with R pair of solutions. 0 
represents the calculated results from each of the solti- 
tions in a given experiment. Also at  the bottom of the 
figure are experiments which serve as additional con- 
trols; v represents experiments in which ATCase was 
sedimented in the presence of carbamyl phosphate 
alone; A represents experiments on ATCase in which 
only succinate was present in the solution; and : 
represents experiments on aldolase in which both 
carbamyl phosphate and succinate were present in the 
solution. 

reduced substantially. Since the two solvents had 
essentially the same ionic strengths, viscosities, and 
densities, the change in the sedimentation coefficient 
of ATCase can be attributed to  a specific effect of the 548 

ligands on the gross size and shape of’ ihe eiuqnic 
molec Llles, 

As seen i n  Figure 9A, ATCase in the presence of’ 
both succinate and carbamyl phosphate sediiiiented 
a t  a rate 3.5”,; slower than the enzyme in the reference 
solution. When carbamyl phosphate was omitted the 
sedimentation coefficients of the enzyme in the two 
solutions (succinate rs. glutarate) were virttially idenLi- 
cal. If carbaniql  phosphate was present alone the redtic- 
tion in the bedimentation rate of ATCase (compared 
to the enzyme i n  phosphate) was only about O . j ” , ; .  
Thus both ligands are required for the maximal elt’ect. 
I n  this respect the sedimentation studies can be related 
to the findings of Changeux et r r l .  ( 1  968) which showed 
that succinate is bound to ATCase only when carham) I 
phosphate is also present. The results of the sedinienta- 
tion studies are also birnilar to those from the kinetic 
experiments which showed that the maximal enhancc- 
ment of the reactivit) of the stilfhydrjl grotips of 
ATCaxe was obtained when both succinate and car- 
hamyl phosphate were present. 

An additional test of the precision of the sedimenta- 
tion measurements was provided by examining the 
effect of succinatc and carbarn) I phosphate on the 
enzyme, aldolase. The results in Figure YE show 
clearly that aldolase in the presence of the ligands 
which are specific for ATCase sediments at the wi ie  
rate as i n  the reference solution (containing glutarate 
and phosphate). From these experiments with aldolase 
(see Figure 10) the precision in ineasuring changes i n  
sedimentation coefficients was found to be about 

0.jfl1;. 
In contrast to ATCase, the catalytic subunit did not 

undergo ii reduction in sedimentation rate when 
succinate and carbamyl phosphate were added. In 
fact, there was an increase of about 1.87, in the sedi- 
mentation coefficient. Both ligands were required for 
this eff’ect. These results suggest that the decreahed 
sedimentation coetficient of ATCase in  the presence 
of the specific ligands i b  related to changes of the gross 
htructtire of the whole enzyme tnolecnle and perhaps 
can he attributed to the rearrangement of the two 
catalytic and four regulator> subunits within the intact 
molec ules. 

Sedimentation velocity stLidies of the etfect of ligands 
were also conducted over a range of ATCase concentra- 
tions. As seen in Figure 10 the dependence of sedimen- 
tation coefficient on protein concentration (both in the 
presence and absence of the ligands) was essentially 
linear. No evidence of dissociation of the enzyme into 
subunits uas obtained either from the appearance 
of the boundaries or from the concentration dependence 
of the sedimentation coefficient. Even at protein con- 
centrations of 3 20 pg,’ml the sedimentation coelficient 
of ATCase was about 11.7 S (Schachman and Edelstein, 
1966). ;I value consistent with those obtained at  higher 
concentrations (Figure 10). Thus there was no evidence 
(over the concentration range accessible to ultracentrif- 
ugal measurements) that succinate and carbamyl 
phosphate promoted a reduction in the sedimentation 
rate of ATCase by perturbing an association--dissocia- 
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tion equilibrium in the direction of dissociation into 
subunits. Instead, the reduction in the sedimentation 
coefficient in the presence of ligands can be attributed 
to an increase in the frictional coefficient of the un- 
dissociated enzyme molecules (Svedberg and Pedersen, 
1940; Schachman, 1959). This increase in the frictional 
coefficient could arise from either a swelling of the 
molecules (to give a larger effective hydrodynamic 
volume) or a change in their shape (from an essentially 
spherical form to one that was more elongated or 
flattened). 

As seen in Figure 10 the dependence of the sedimen- 
tation coefficient of ATCase on concentration is slightly 
greater for the solutions containing succinate and 
carbamyl phosphate than in the reference solvent. 
This result, too, can be ascribed to the increased hydro- 
dynamic resistance which the “swollen” ATCase 
molecules experience when the ligands are present. 

Most of the reduction in the sedimentation rate of 
ATCase occurred upon the addition of succinate 
(although the presence of carbamyl phosphate was 
essential). In order to  determine the effectiveness of 
succinate in promoting the change in the hydrodynamic 
behavior of ATCase a series of experiments were per- 
formed at varying succinate concentrations (with a 
fixed concentration of carbamyl phosphate). The results 
in Figure 11  show that the decrease in sedimentation 
coefficient attained a limit at concentrations of 1-2 
x 10-3 M succinate. At approximately 2 X M 

succinate the decrease in sedimentation coefficient 
was half the limiting value obtained at tenfold higher 
levels of succinate. This value of 2 X lop4 M succinate 
is virtually identical with that required for half-com- 
pletion of the enhancement of the reactivity of the 
sulfhydryl groups of ATCase (see Figure 6). 

Studies were also conducted to  determine the effect 
of the inhibitor (CTP) on the sedimentation rate of the 
intact enzyme. For these experiments solutions of 
ATCase containing uridine triphosphate were used 
as a control since UTP, unlike CTP, has no inhibitory 
activity. The results of these experiments showed that 
within experimental error (+OSz) the enzyme had 
the same sedimentation rate in either CTP or UTP 
solutions (at concentration of 1 X 10-3 M). Even though 
CTP was bound to  the enzyme (and UTP presumably 
was not) the sedimentation coefficient was affected 
so little as to  escape detection by this technique. 
W-hen, however, the ligands which bind to the catalytic 
subunits of the intact enzyme were also present in the 
solution, the effect of CTP (us. UTP) was readily 
observed. Under these circumstances the addition of 
CTP led to an increase in the sedimentation coefficient, 
i.e., the effect of succinate and carbamyl phosphate 
in causing a reduction in the sedimentation coefficient 
of the enzyme was much less if the inhibitor was also 
present. This counteraction by the inhibitor of the 
effect of the ligands binding to  the catalytic subunits 
was only partial. As seen in Figure 11 ,  the effect of 
succinate and carbamyl phosphate was reduced approxi- 
mately 5Oz by M CTP and only about 70z by a 
tenfold higher concentration of CTP. In this regard, 
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FIGURE 11  : Dependence of the sedimentation coefficient 
of ATCase on the concentration of the substrate an- 
alog, succinate. All samples contain 0.04 M potassium 
phosphate at pH 7.0, 1.8 x M dilithium carbamyl 
phosphate, 4.2 mg of ATCasejml (1.4 X 10-5 M), and 
potassium succinate at the concentrations indicated. 
Each sample was centrifuged in a single-sector ultra- 
centrifuge cell simultaneously with a reference solution 
containing the same amount of potassium phosphate 
and ATCase, but no carbamyl phosphate or succinate. 
In place of succinate at each of the concentrations 
indicated on the graph the reference solution contained 
an equivalent amount of potassium glutarate. The ordi- 
nate gives the change in the sedimentation coefficient 
(As) in per cent and the abscissa represents the succinate 
concentration in molarity. All of the centrifuge ex- 
periments were performed at about 20” and the speed 
was 60,000 rpm. In some experiments the reference 
solution was placed in the cell containing the wedged 
window, whereas in others this cell contained the sample 
of ATCase at different concentrations of succinate. 
In all calculations of the per cent decrease in sedimenta- 
tion coefficient the reference solution for that particular 
experiment was used as a standard. The sedimentation 
coefficients of ATCase in the reference solutions were 
very reproducible and gave values of about 11.6 S. 

the results of these sedimentation studies are similar 
to those on the effect of BrCTP in opposing the enhance- 
ment of the reactivity of the sulfhydryl groups caused 
by the addition of succinate and carbamyl phosphate 
(see Figure 7). Although the data from the sedimenta- 
tion studies are much less complete than those from 
the kinetic analysis of the reaction of PMB with ATCase, 
the results in Figure 11  are formally analogous to  those 
in Figure 6. 

Discussion 

Different Conformational States of ATCase in the 
Presence and Absence of Specific Ligands. The results 
presented above demonstrate that both the rate of 
reaction of ATCase with PMB and the sedimentation 
coefficient of ATCase are markedly affected by the 
presence of specific ligands of the substrate binding 
sites of the enzyme. For example, the rate of reaction 
of the sulfhydryl groups is increased sixfold (over the 
control lacking ligands) when both succinate and 549 
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carbamyl phosphate are present. Similarly the sedimen- 
tation coefficient is decreased 3.5% under the same 
conditions. If only carbamyl phosphate is present with 
the enzyme, the change (relative to the control) in 
both the rate of reaction with PMB and the sedinien- 
tation coefficient is much smaller. If only succinate is 
present with the enzyme, no change is detected. This 
specific pattern of effects is i n  accord with the findings 
of Changeux et ul.  (1968) that succinate binding for 
ATCase is measurable only when carbamyl phosphate 
is present. As shown in Figure 12 the changes in both 
measurements occur at  low concentrations of succinate 
(below 10W M) and attain their maximum value within 
the concentration range found previously for the satura- 
tion of the binding sites of ATCase by succinate 
(Changeux ef  a/., 1968). These observations indicate 
that the changes in both the rate of reaction of ATCase 
and PMB, and the sedimentation coefficient of ATCase 
were due to  the interaction of the enzyme with its 
specific ligands and were a reflection of altered proper- 
ties of the protein (or the protein ligand complexes). 

These changes in the properties of the enzyme in the 
presence of specific ligands are more likely an indication 
of profound alterations in the structure of the protein 
itself, rather than simply the result of the presence of 
the ligands on the surface of an “unmodified” protein. 
For example, the reduction in the sedimentation coeffi- 
cient could conceivably be attributed to bound ligands 
protruding from the surface of the enzyme and thereby 
increasing the frictional coefficient of the protein - 

ligand complex. This possibility is unlikely, however, 
since it was found that the catalytic subunit of ATCase 
did not undergo a reduction in sedimentation rate 
when these same ligands were added. On the contrary 
the sedimentation coefficient actually increased by 
about 1.8%. As a further example, with regard to the 
change in reactivity of ATCase toward PMB (an ob- 
served sixfold increase in the rate of reaction upon 
addition of both ligands), again the effect could be 
attributed to the influence of ligands on the reactivity 
of local sulfhydryl groups of an “unmodified” protein. 
If this were the case, the effect of the ligands in enhanc- 
ing the reactivity of these sulfhydryl groups would be 
direct, involving modification of the local environ- 
ment perhaps by the introduction of charged groups. 
This possibility seems unlikely since almost none of the 
28 highly reactive sulfhydryl groups of an ATCase 
molecule were located on the catalytic subunits, where 
succinate and carbamyl phosphate were bound. The 
few slowly reacting sulfhydryl groups detected on the 
catalytic subunits are in fact affected in the opposite 
direction by ligands. As shown in curves C and D 
of Figure 4, the addition of succinate and carbamyl 
phosphate led to a definite reduction in their reactivity, 
as if the ligands provided steric or ionic protection 
for the sulfhydryl groups. Since almost all of the highly 
reactive sulfhydryl groups are located on the regulatory 
subunits, it seems likely that ligands of the catalytic 
subunits enhance the reactivity of these sulfhydryl 
groups indirectly, as a consequence of the modifica- 
tion of the structure of the protein itself. 550 

Moreover, if local and direct etfects of ligands were 
largely responsible for the observed changes of sedi- 
mentation coefficient and chemical reactivity of ATCase, 
then one would expect ii proportional relationship 
between the fraction of binding sites occupied by ligand, 
and the amount of change in sedimentation coefficient 
or reactivity toward PMB. As shown in Fiyurc 12, 
this expectation was not fulfilled. The observed changes 
in both chemical reactivity and sedimentation coetiicient 
attained half their limiting and maximum vnlue when 
only 15‘’; of the hinding sites wus occupied by wcci- 
nate. ‘Phis critical result will be discussed and analyzed 
in detail in the following paper (Changeux and Kubin, 
1968) and is mentioned here on14 its evidence that 
structural changes of the protein mediate the observed 
effects of ligands on the chemical reactivity and sedi- 
mentation coefficient of ATCase. 

Since sedimentation velocity experiments revealed 
no change in  the state of aggregation of ATCase upon 
the addition of ligands, we can conclude that the enzyme 
exists in two or more undissociufed forms which differ 
at  least by 3.6:‘; in sedimentation coefficient. As dis- 
cussed above. this reduction in sedimentation rate is 
attributable to an increase in the frictional coefficient 
(by 3.6:“) o f  ATCase upon the addition of succinate 
and carbamyl phosphate.6 Provided that the various 
forms of ATCase are spherical, the change of frictional 
coelficient indicates a 3.61; increase in the effective 
radius of the protein (Scheraga and Mandelkern, 1953), 
i.ci., an 1 I ”; increase of hydrodynamic volume. By 
this reasoning, we can conclude that succinate and 
carbamyl phosphate enrich the ATCase population 
(in a manner unspecified) for a tnore swollen form 
of the protein. If the forms of ATCase cannot be 
considered spherical, the change in sedimentation 
coefficient would indicate that in the presence of the 
ligands, the protein nioleciiles are more elongated 
(or flattened) relative to the protein in the absence 
of ligands. 

Since the pseudo-first-order rate constant for the 
reaction of ATCase with PMB did not depend on 
protein concentration, we can conclude that the enzyme 
exists in  two or more undissociated forms which 
differ at least b> sixfold i n  their rate of reaction with 
PMB (depending upon the presence or absence of 
succinate and carbamyl phosphate).: Moreover-, the 
observation of pseudo-first-order kinetics indicate5 
that the ditferent forins o f  the enzyme equilibrate 

~~ 

6 ‘The 3.6 :; dccruse of sedimentation coclticicnt could con- 
ceivably I x  attributed to an increase (approximately I 
partial spwific volume of the protein as :I conicqucn 
binding of ligands. This possibility seems unlikely since thcsc 
ligands are probably more dcnse th;m the protein and partid 
specific volumes are generally additive (Rosenberg and Klotz, 
1955). In addition when the same ligands wcrc added to the 
catalytic subunit, :in increase in the sedimentation coefficient 
was produced. Thus, we conclude that it is the frictional cocffi- 
cicnt, and not the partial specific volume, which is affccted. 

7 Of the sixfold difference in the reactivity of the forms of‘ 
ATCase, about 28 uz of the difference is produced by carbamyl 
phosphate alone, and the remaining 72% is produced by the 
subsequent addition of succinate. 
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rapidly with one another compared to their rate of 
reaction with PMB. The measured rate constant would 
thus contain not only a term for PMB concentration 
but also terms for the reactivities of the different forms 
and terms for their relative concentrations in the 
total ATCase population. 

It is important to  note that the change in the sedi- 
mentation coefficient and the change of the reactivity 
toward PMB have almost an identical dependence 
on succinate concentration. As seen in Figure 12 both 
properties attain their half-maximal change at approxi- 
mately 2 X M. This similar concentration de- 
pendence may indicate that the changes of both proper- 
ties originate from the same structural transitions in 
the protein. The more swollen conformation of ATCase, 
which predominates in the presence of succinate 
and carbamyl phosphate and is characterized by a 
reduced sedimentation coefficient, might also have 
more exposed sulfhydryl groups which react rapidly 
with PMB. 

It is striking that ligands affect the physical properties 
of the enzyme in the same way as they affect catalytic 
activity (Gerhart and Pardee, 1964) and ligand affinity 
(Changeux et al., 1968). This similarity is particularly 
apparent from the following comparison. The reactivity 
of ATCase with PMB was enhanced by succinate and 
this enhancement was only partially reduced by BrCTP. 
The limit of reduction obtained with excess BrCTP 
depended on the concentration of succinate (see Figure 
7). Likewise, the catalytic activity of ATCase was 
only partially inhibited by excess CTP, to  an extent 
depending on the amount of aspartate present. The 
conformational changes which mediate the ligand 
effects on the reactivity of ATCase toward mercurials 
are thus likely to  be those which mediate changes of 
catalytic activity as well. The exact relationship between 
ligand binding and changes of conformation of the 
protein will be considered in terms of the model of 
Monod et al. (1965) in the following paper (Changeux 
and Rubin, 1968). 

Possible Mechanisms for the Reaction of ATCase 
wilh PMB. The all-or-none reaction of proteins with 
mercurials has been explained previously by mecha- 
n i s m  in which the rate of reaction of the numerous 
sulfhydryl groups of a single protein molecule is limited 
by an initial reaction such as (1) the formation of the 
first mercaptide bond, after which all other groups 
react rapidly (a “wedge” or “zipper” model, cf. Madsen 
and Gurd, 1956; Boyer, 1958); (2) an isomerization 
of the protein to  expose all sulfhydryl groups; or (3) 
a dissociation of the protein into subunits with exposed 
sulfhydryl groups (Keresztes-Nagy et al., 1965). Al- 
though there are insufficient data for ATCase to permit 
us to  discriminate among these mechanisms, we will 
consider the third one in more detail here because it 
explicitly links all-or-none reactivity with dissociation 
of the protein, namely, the two main characteristics 
of the reaction of ATCase with PMB. According to the 
provisions of this proposal, the 28 sulfhydryl groups of 
ATCase would be buried in the undissociated molecule 
and become exposed for reaction with PMB only as a 

s ~ c c , n a t e  c ~ ~ ~ e n t ~ a m n  - M O I ~ ,  iy x 10’ 

FIGURE 12: Summary of the extent of conformationa 
change and of ligand saturation of ATCase, as a func- 
tion of the concentration of succinate. Data from Figures 
6 and 11 are replotted as per cent change after normal- 
ization, with 100 change on the ordinate representing 
the maximal change observed due to the addition of suc- 
cinate (carbamyl phosphate being present throughout). 
For As measurements the range extended from a 0.6 z 
reduction (no succinate) to  a 3 . 6 z  reduction in sedi- 
mentation coefficient; for rate constants of the PMB 
reaction, the range extended from k = 12 X 10-3 sec-l 
(no succinate) to  28 X lop3 sec-I. For comparison, 
data for the binding of succinate by ATCase were re- 
plotted from Changeux et al. (1968) with 100% change 
on the ordinate representing the complete saturation of 
one molecule of ATCase by four molecules of suc- 
cinate. A = k X lo3 sec, 0 = N; = As, 0 = fractional 
saturation of ATCase by succinate. 

consequence of the dissociation reaction, which would 
constitute the rate-limiting step. Since ATCase is 
known to be a highly undissociated protein, it is con- 
ceivable that its dissociation rate is slow (see, for ex- 
ample, the dissociation of tryptophan synthetase with 
half-times in the range of several hundred seconds or 
more (Creighton and Yanofsky, 1966)). 

According to this mechanisms, the rates measured 
spectrophotometrically for the reaction of ATCase 
with PMB would be limited and determined by the 
rate of dissociation of ATCase into subunits, which 
would then react very rapidly with PMB. Indeed, 
separated regulatory subunits were found to  react with 
PMB at a rate too fast to  measure in these experiments. 
This postulated mechanism of dissociation prior to 
reaction would not be apparent from the test of the 
dependence of reaction rate on protein concentration, 
since the dissociation rafe of the protein would not 
depend on protein concentration. Furthermore, even 
though one might expect to  detect a dissociated and 
therefore fast-reacting fraction of the population at the 
beginning of the reaction, this is not feasible in the 
case of ATCase since so little of the protein exists freely 
in the dissociated form (even at 3 pglml, no dissociated 
material has been detected). 

Presumably, the ATCase conformation of higher 
reactivity in the presence of ligands is one which dis- 
sociates faster. Perhaps the swollen form indicated 
by the sedimentation velocity data is one with relatively 55 1 
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weak bonds between subunits and which therefore 
dissociates rapidly. 
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