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Transcarbamoylase by Pyridoxylation of the 
Catalytic and Regulatory Subunits? 
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ABSTRACT: Extensive modification of aspartate transcar- 
bamoylase from Escherichia coli with pyridoxal 5’-phos- 
phate followed by reduction of the Schiff base with sodium 
borohydride caused only partial inactivation of the enzyme. 
Under comparable conditions, virtually complete loss of en- 
zyme activity is obtained with the free catalytic subunits. 
The pyridoxylated, intact enzyme containing more than 
60% of the bound pyridoxamine phosphate on the regulato- 
ry subunits exhibited considerable cooperativity, inhibition 
by CTP, and activation by ATP. When the modification 
was performed in the presence of the ligands which bind to 
the catalytic sites, the resulting product had virtually the 
same activity as the native enzyme, but it exhibited signifi- 
cantly reduced cooperativity and virtually no inhibition by 
CTP. The pyridoxylation of the regulatory subunits within 

In addition to catalyzing the first committed reaction in 
the biosynthesis of pyrimidines, the enzyme aspartate trans- 
carbamoylase (ATCase)’ (EC 2.1.3.2; carbamoylphos- 
phate:L-aspartate carbamoyltransferase) also serves as a 
major control point in this metabolic pathway (Yates and 
Pardee, 1956; Gerhart and Pardee, 1962). The mechanism 
by which ATCase fulfills these two roles has been the 
subject of extensive study over the past few years (Gerhart, 
1970; Jacobson and Stark, 1973a; Schachman, 1972, 1974). 
The control of ATCase occurs via the modulation of its ac- 
tivity by its substrates, carbamoyl phosphate (CAP) and as- 
partate, and the nucleotide effectors C T P  and ATP (Ger- 
hart and Pardee, 1962). In contrast to most enzymes, AT- 
Case exhibits a sigmoidal, rather than hyperbolic, depen- 
dence of activity on substrate concentration. This coopera- 
tivity has been interpreted in terms of the allosteric model 
of Monod et al. (1965) by Changeux and Rubin (1968). 
The enzyme also exhibits feedback inhibition by C T P  and is 
activated by ATP. These two types of allosteric effects. 
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the intact enzyme was enhanced markedly in the presence 
of ligands as compared with the reactivity of these subunits 
when the modification was performed in the absence of the 
active site ligands. Both types of pyridoxylated derivatives 
exhibited the ligand-promoted conformational changes 
characteristic of the native enzyme. Spectrophotometric 
studies o f  inactive pyridoxylated catalytic subunits and in- 
tact enzyme showed that the substrate (carbamoyl phos- 
phate) bound strongly but that the substrate analogue (suc- 
cinate) did not bind. Both the pyridoxylation experiments in 
the presence and absence of ligands and the spectral behav- 
ior of a hybrid containing one native and one pyridoxylated 
catalytic subunit indicated that ligand binding was accom- 
panied by a conformational change in the intact enzyme 
molecules. 

termed homotropic and heterotropic, respectively, are gen- 
erally attributed to an equilibrium setween two distinct 
conformational states of the enzyme (Monod et al., 1965). 
The constrained (or low-affinity) state is stabilized by the 
inhibitor and the relaxed (or high-affinity) state is favored 
by the activator and the substrates. 

Much evidence has been accumulated indicating that 
ATCase contains two catalytic (C) trimeric subunits which 
are “cross-linked” by three regulatory (R)  dimers (Gerhart 
and Schachman, 1965; Weber, 1968; Wiley and Lipscomb, 
1968; Meighen et al., 1970; Rosenbusch and Weber, 1971; 
Richards and Williams, 1972; Cohlberg et al., 1972; Nagel 
and Schachman, 1975). This structure, designated C2R3, 
contains six active sites as shown by the binding of the bi- 
substrate analogue, N-(phosphonacety1)-L-aspartate 
(PALA) (Jacobson and Stark, 1973b). ATCase-like mole- 
cules lacking one R subunit, Le., ClR2, exhibit allosteric 
properties (Yang et al., 1974) as do hybrid molecules con- 
taining one active and one inactive C subunit and three R 
subunits (Gibbons et al., 1974). In  contrast, complexes con- 
taining only one C subunit and three R subunits (CR3) ex- 
hibit neither homotropic nor heterotropic effects (Mort and 
Chan, 1975). Similarly ATCase-like molecules containing 
extensively succinylated R subunits do not exhibit allosteric 
properties (Nagel and Schachman, 1975). In an effort to 
gain further insight into the structural requirements for 
cooperativity and inhibition, we initiated a series of experi- 
ments to perturb the properties of ATCase by chemical 
modification. 

Since both the catalytic and regulatory sites have an af- 
finity for phosphate-containing compounds, we utilized pyr- 
idoxal 5’-phosphate (PLP) as a modifying agent. Greenwell 
et al. (1973) showed that the binding of PLP  to the isolated 
C subunit was competitive with CAP, and thcy isolated a 
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stable inactive derivative by reducing the Schiff base with 
NaBH4. In subsequent studies, Kempe and Stark (1975) 
have shown that this procedure leads to the modification of 
a single lysyl residue in each catalytic polypeptide chain. As 
shown below, the reaction of the intact enzyme differs 
markedly from that of the isolated C subunits. Moreover 
the modification of the different polypeptide chains in the 
enzyme is affected by the presence of the ligands and the 
various derivatives exhibited altered kinetic and physical 
properties. 

The inactivation of ATCase or its C subunit might arise 
from the inability of the enzyme to bind one or both of the 
substrates, CAP or aspartate, or result from a blockage of 
the catalytic step by the pyridoxamine 5’-phosphate (PMP) 
moiety at  the active site. To distinguish between these alter- 
natives, we investigated the ligand-binding properties of the 
inactivated enzyme through the use of the technique of dif- 
ference spectroscopy. These studies showed that CAP binds 
to the pyridoxylated sites, but the inactive enzyme was un- 
able to bind succinate, a nonreactive analogue of aspartate. 
The difference spectra obtained in these experiments 
showed that the covalently bound P M P  also responded to 
the binding of ligands and in this manner served as a report- 
er group for the micro-environment of the active site (Corti- 
jo and Shaltiel, 1972). We therefore extended these studies 
to hybrid molecules that contained both native and pyridox- 
ylated catalytic chains in order to examine possible commu- 
nication effects between the C subunits of ATCase. 

Experimental Procedure 

Materials 
ATCase was prepared by the method of Gerhart and 

Holoubek (1967) and the.subunits were isolated by DEAE- 
cellulose chromatography after dissociation with neohydrin 
(Kirschner, 1971). L-Aspartic acid, CAP, PMB, and PMBS 
were obtained from Sigma Chemical Co. The CAP was 
reprecipitated from cold ethanol prior to use (Gerhart and 
Pardee, 1962). Succinic acid was purchased from Eastman 
Organic Chemicals. PLP (A grade) and P M P  were ob- 
tained from Calbiochem. NaBH4 was purchased from 
Metal Hydrides, Inc. PALA was kindly provided by G.  R. 
Stark. 

Methods 
Protein concentrations were generally determined spec- 

trophotometrically using t280nm (cm2 mg-]) of 0.59 for AT- 
Case, 0.72 for C,  and 0.32 for R subunits. Alternatively, the 
protein concentration was determined from synthetic 
boundary measurements with the ultracentrifuge (Richards 
and Schachman, 1959; Babul and Stellwagen, 1969). The 
enzyme was assayed by the method of Porter et al. (1969). 
Polyacrylamide gel electrophoresis with 7% gels was con- 
ducted with the buffer system of Jovin et al. (1964). PLP 
concentrations were determined spectrophotometrically 
with t388nm (M-]  cm-I) of 6.6 X lo3 in 0.1 N N a O H  (Pe- 
terson and Sober, 1954). The incorporation of PLP into 
ATCase or its subunits was determined from the amount of 
covalently bound phosphate according to the method of 
Ames and Dubin (1960). Potassium phosphate, PLP, and 
P M P  were all used as standards. 

Spectral measurements were performed at  18 O C  with a 
Cary 14 spectrophotometer equipped with a high-intensity 
tungsten source in addition to the standard ultraviolet-light 
source. Difference spectra were obtained with use of a 0-0.1 

expanded-scale slide wire and with tandem cylindrical cells 
or semi-micro rectangular cells (Hellma). The sensitivity of 
the instrument and the slit width were adjusted to minimize 
noise consistent with the required spectral resolution. 

Sedimentation experiments were performed with a Beck- 
man-Spinco Model E ultracentrifuge equipped with a split- 
beam photoelectric scanning absorption optical system 
(Schachman and Edelstein, 1966). Difference sedimenta- 
tion was performed according to Gerhart and Schachman 
(1968). All experiments were conducted a t  approximately 
20 oc. 

.Pyridoxylation of ATCase and C Subunits. The reaction 
of PLP with ATCase and free C subunits was performed at  
0 OC in 0.02 M triethanolamine-HOAc buffer at  pH 8, 
containing 0.2 m M  EDTA. Protein concentrations were 10 
mg/ml and aliquots of a freshly prepared solution of PLP 
(10-20 mM) in the same buffer were added to give the de- 
sired concentration. The samples were then incubated in the 
dark for 15 min. During this time, a 1 .O M slurry of NaBH4 
was prepared in ice-cold water. Reduction of the protein- 
PLP complex was accomplished by the addition of a volume 
of the NaBH4 slurry equal to one-tenth that of the reaction 
mixture. The intense yellow color of the PLP was bleached 
over a period of 1-2 min. After an additional 15 min incu- 
bation the solutions were dialyzed a t  0 OC in the dark 
against 1 1. of the reaction buffer containing 0.2 M NaCl 
followed by several dialyses against 0.04 M potassium phos- 
phate buffer a t  pH 7. During all stages of work with these 
derivatives, the exposure of the samples to light was kept to 
a minimum (Ritchey et al., in preparation). When the 
chemical modification was performed in the presence of li- 
gand, the concentrations of CAP and succinate were 20 and 
50 mM, respectively. Pyridoxylated C subunits (Cp) were 
reacted with R subunits to give ATCase-like molecules, 
CpCpR3, and hybrid molecules, c ~ C p R 3 ,  were prepared by 
the method of Gibbons and Schachman (1976). 

Results 
Extent and Location of Pyridoxylation of A TCase. 

Analysis of five different ATCase samples modified to vary- 
ing extents (6-17 P M P  residues bound per ATCase mole- 
cule) yielded an extinction coefficient (at 326 nm) of 5.8 X 
lo3 M-’ cm-’ at  pH 7. Greenwell et al. (1973) obtained a 
value of 5.35 X lo3 M-’ cm-’ for Cp at  pH 8 with an ab- 
sorbance maximum at 322 nm. Spectral titration of P M P  
showed a similar shift in maxima and extinction coefficient 
with pH. 

As shown in Figure la ,  pyridoxylation of ATCase in the 
presence of the active site ligands, CAP and succinate, did 
not differ significantly from that in the absence of ligands 
in terms of the total amount of bound PMP.2 Since both the 
isolated C (Greenwell et al., 1973) and R subunits [M. N. 
Blackburn, P. Koga, and H .  K. Schachman (unpublished 
data)] are modified readily with PLP and sodium borohy- 
dride, we measured the amount of PMP bound to the two 
types of subunits to determine whether preferential labeling 
of either the C or R subunits occurred and whether the rela- 
tive affinities of the different subunits were affected by li- 
gands. 

~~~ ~~~ 

When modification of the enzyme was performed with high con- 
centrations of PLP, there was more extensive pyridoxylation if the li- 
gands were present; e.g., at an 85-fold molar ratio of PLP to ATCase, 
28 residues of PMP were incorporated in the presence of CAP and suc- 
cinate as compared with 19 when the ligands were absent. 
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F I G U R E  1: Incorporation of PLP into ATCase and distribution of the 
bound P M P  on the C and R subunits. ATCase was modified with PLP 
as described under Methods. Excess reagents were removed by dialysis 
against 0.04 M potassium phosphate (pH 7 )  or 0.05 M imidazole-im- 
idazole.HCI, 2 X M EDTA (pH 7 ) .  (a) Amount of PLP incorpo- 
rated into ATCase was determined by measuring the covalently bound 
phosphate by the method of Ames and Dubin (1960) or with use of a 
molar extinction coefficient of 5.8 X I O 3  M-' cm-' for the bound 
P M P  (see Results). The data are presented as the number of bound 
P M P  residues per ATCase molecule as a function of the molar ratio of 
PLP per ATCase. Incorporation of PLP into ATCase in the presence 
of 0.02 \d C A P  plus 0.05 M succinate is represented by (0).  and (0) 
represents the results of pyridoxylation experiments in the absence of 
these ligands. (b) Distribution of bound P M P  on the C and R subunits 
of i\TCase was determined i n  the ultracentrifuge by analysis of the C 
and R subunit boundaries with light of 326 nm. The pyridoxylated en- 
zyme uas  diluted to give an absorbance of 0.5-0.8 at 326 nm in 0.04 M 
potaasium phosphate buffer (pH 7 )  and dissociated into its subunits by 
treatment uith a 1.5-fold molar ratio of PMBS to total sulfhydryl 
groups. Data obtained with ATCase p)ridox)lated in the presence of 
0.02 M C A P  plus 0.05 .M succinate. filled symbols, 0 and A. Open 
symbols reprebent data obtained with enzyme modified in the absence 
of these ligands ( ( A .  A) C subunit; (0, 0 )  R subunit). The distribution 
of PMP is expressed a5 the moles bound per total subunit in ATCase: 
i e ,  t h o  C subunits and three R subunits. 

The distribution of the bound P M P  on the subunits was 
measured by sedimentation velocity experiments on the py- 
ridoxylated enzyme which had been dissociated into modi- 
fied C and R subunits by the addition of mercurials such as 
PMB or PMBS (Gerhart and Schachman, 1965). Analysis 
of the boundaries was conducted with the split-beam photo- 
electric scanning absorption optical system (Schachman 
and Edelstein, 1966) with light of wavelength 326 nm. At 
this navelength, the total absorbance is due solely to PMP. 
Sedimentation velocity patterns for two samples pyridoxy- 
lated in the presence and absence of C A P  and succinate are 
s h m n  in Figure 2. Although the total amount of bound 

3:  

F I G U R E  2: Determination of distribution of bound P M P  on C and R 
subunits. ATCase was pyridoxylated in the presence and absence of 
0.02 M CAP plus 0.05 M succinate with the incorporation of 3.2 and 
3.9 residues of P M P  per ATCase molecule, respectively. The enzyme 
was dissociated in 0.04 M potassium phosphate buffer by treatment 
with a 1.5-fold molar ratio of PMBS to total sulfhydryl groups. After 1 
h, the samples were analyzed at 20 OC in an ultracentrifuge equipped 
with a split-beam photoelectric-scanning absorption system. The wave- 
length of the incident light was 326 nm and the rotor speed was 60 000 
rpm. The boundaries due to the C and R subunits are designated. The 
direction of sedimentation is from left to right. 

P M P  was approximately the same for the two samples (3 .2  
and 3.9 mol of P M P  bound per mole of ATCase in the pres- 
ence and absence of ligands, respectively), the distributions 
varied significantly. Modification in the presence of C A P  
and succinate resulted in the almost exclusive labeling of 
the R subunits with a small fraction of the P M P  on the C 
subunits. In  contrast, the sample modified in the absence of 
these ligands showed extensive pyridoxylation of both types 
of subunits. The amount of P M P  bound to the subunits is 
presented in Figure 1 b as a function of the concentration of 
PLP  in the reaction mixture. Binding of C A P  and succinate 
to the active sites of the C subunits not only provided pro- 
tection against modification of this subunit but also led to 
an increase in the reactivity of the R subunit. Some modifi- 
cation of the C subunits is still observed, however, in the 
presence of C A P  and succinate. Under these conditions, 
very little enzyme activity is lost and this level of pyridoxy- 
lation probably represents nonspecific modification of sites 
other than the active site. A similar effect was observed 
with isolated C subunits a t  high concentrations of PLP 
(Greenwell et al., 1973). 

Although the R subunits account for only 32% of the 
weight of ATCase molecules, the R subunits were the major 
site of pyridoxylation. In the absence of C A P  and succinate, 
more than 60% of the bound P M P  was located on the R 
subunits when high concentrations of PLP are used for the 
modification. When the ligands were present during the py- 
ridoxylation more than 80% of the P M P  was bound IO the R 
subunits even at  low levels of total modification. 

Kinetics of ATCase Pyridoxylated in the Presence of Li- 
gan& Although the C subunits within ATCase were pyri- 
doxylated even in the presence of saturating concentrations 
of C A P  or CAP plus succinate, the ability of the modified 
enzyme to catalyze the enzymatic reaction was not im- 
paired. As seen in Table I ,  V,,, and the apparent K ,  for 
aspartate were essentially unaltered. Even after the incor- 

1318 B I O C H E M I S T R Y .  V O L .  1 5 ,  h O .  6 ,  1 9 7 6  



P Y R I D O X Y L A T I O N  O F  A S P A R T A T E  T R A N S C A R B A M O Y L A S E  

- 

Table I: Kinetics of Pyridoxylated ATCase.a 

Inhibi- 
tion by 

KmC CTPe 
Species Vmnxb  (mMASP) ?I& (%I 

Native enzyme 11 7 1 .6  52  
6.6 PMP/ATCase 12  7 1.5 38 
10 PMP/ATCase 11 6 1.4 22 
1 6  PMP/ATCase 10  6 1.2 I 

a ATCase was pyridoxylated in the presence of 0.02 M CAP plus 
0.05 M succinate. Assays were performed by the procedure of Por- 
ter e t  al. (1969). bValues are pmoles of carbamoyl aspartate formed 
per hr/pg of protein; Vma, obtained by  extrapolation of plots of 
velocity/substrate concentration vs. velocity to infinite aspartate 
concentration (Eadie, 1942). C Concentration of the substrate, 
aspartate, required for half-maximal velocity. d Determined from 
maximal slope of the Hill plot (Brown and Hill, 1922).  e The CTP 
concentration was 0.5 mM. Inhibition measured at 5 mM aspartate. 

poration of 16 P M P  groups per ATCase molecule, of which 
about four were bound to the two C subunits, the derivative 
retained 90% of its original activity. As the extent of pyri- 
doxylation increased, the Hill coefficient (nH) decreased es- 
sentially as a linear function of the degree of modification, 
and n H  for the derivative with 16 PMP residues bound per 
ATCase molecule was 1.2. Although the cooperativity was 
reduced, the substrate concentration required to produce 
one-half the maximal velocity (K,) was not significantly al- 
tered. Values of 7 and 6 mM aspartate were obtained for 
the native enzyme and the most heavily modified derivative, 
respectively. 

Pyridoxylation of ATCase also desensitized the enzyme 
to CTP. Thus, while CTP inhibits native ATCase by 50- 
60% (at an aspartate concentration of 5 mM), the deriva- 
tive with 16 P M P  residues bound per ATCase molecule 
showed only slight inhibition of 7%. Direct measurement of 
the binding of C T P  showed that 0.2 and 3.4 molecules were 
bound per molecule of pyridoxylated and native enzyme, re- 
spectively. Since the residual inhibition was not decreased 
further a t  greater levels of modification, it can be attributed 
probably to competitive binding a t  the active sites (Kleppe, 
1966). 

Partial Inactivation of ATCase by Pyridoxylation in the 
Absence of Ligands. Although there was very little loss of 
enzymic activity at  moderate levels of pyridoxylation in the 
presence of CAP and succinate (or CAP alone), there was 
some inactivation a t  greater extents of modification. As 
seen in Figure 3, the enzyme activity was reduced to  65% of 
that of the native enzyme when the molar ratio of PLP to 
ATCase was 85. Under these circumstances, 28 P M P  
groups were incorporated per enzyme molecule. 

In contrast the enzyme activity was decreased markedly 
when the pyridoxylation was performed in the absence of li- 
gands which bind to the C subunits. However, even under 
these conditions complete loss of activity was not observed. 
As seen in Figure 3, the decrease in activity as a function of 
the ratio of PLP to ATCase followed a biphasic curve. At 
low levels of PLP (less than 6 molecules per ATCase mole- 
cule), the activity decreased in approximately a linear fash- 
ion with PLP concentration to a value about 65% that of the 
native enzyme. Further increases in  the concentration of 
PLP in the reaction mixture led to slightly more inactiva- 
tion. The derivative produced by pyridoxylation with a 
molar ratio of PLP to ATCase of 60 still exhibited about 
50% of the original activity. 

loo+---&-- 

I I 1 I 

PLP /ATCase  
0 20 40 60 80 0 

FIGURE 3: Inactivation of ATCase by pyridoxylation. ATCase was 
modified with PLP as described in Methods, in the presence (A) or ab- 
sence (0) of 0.02 M CAP plus 0.05 M succinate. The modified enzyme 
was assayed according to the method of Porter et al. (1969). Data are 
presented as Vmax relative to the native enzyme (specific activity equal 
to 12 pmol of carbamoyl aspartate formed per h/pg of protein). 

10 15 2 0  2 5  30 0 5 

[ A s p a r t a t e ] ,  m M  

FIGURE 4: Kinetics of ATCase pyridoxylated in the absence of active 
site ligands. Assays were performed according to Porter et al. (1969). 
Data plotted as specific activity relative to the maximal velocity vs. as- 
partate concentration. Native ATCase is represented by ., and deriva- 
tives containing 7 and I 2  PMP residues per protein molecule are desig- 
nated by A and M, respectively. 

Kinetics of Partially Inactivated ATCase. Figure 4 
shows the aspartate saturation curves for native ATCase 
and for two partially inactivated derivatives produced by 
pyridoxylation in the absence of ligands. For both deriva- 
tives, the curves were sigmoidal, indicating that consider- 
able cooperativity was preserved even after partial inactiva- 
tion. The Hill coefficients calculated from the data in Fig- 
ure 4 were between 1.4 and 1.5 for the pyridoxylated deriv- 
atives as compared with 1.6 for the native enzyme. As seen 
in Figure 4, the apparent K ,  increased from approximately 
7 mM aspartate for the native enzyme to about 10 and 15 
m M  for the derivatives containing 7 and 12 PMP per mole- 
cule, respectively. Both of these derivatives were inhibited 
by 0.5 mM C T P  almost to the same extent as the native en- 
zyme (about 50% compared with 60% for unmodified AT- 
Case). Stimulation of enzymatic activity by ATP was about 
50% for the derivatives as compared with 20% for the native 
enzyme. This enhanced activation is probably attributable 
to the reduced activity of the derivatives at  low aspartate 
stemming from their higher apparent K ,  values and the 
change in K ,  resulting from the addition of ATP. 
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F I G U R E  5: Effect of CAP and succinate on the spectra of C N  and Cp. 
Difference spectra were measured in tandem cylindrical cells at 18 "C; 
the buffer was 0.04 M potassium phosphate (pH 7).  The concentration 
of CY was I .5 mg/ml and the difference spectrum promoted by the ad- 
dition of CAP (1.8 mM) is designated by (-). The subsequent addi- 
tion of succinate (5.4 mM) yielded the difference spectrum designated 
by (- - -). Analogous results are shown for Cp containing 1.2 PMP resi- 
dues per c chain; this derivative had less than 3% residual activity. I n  
these experiments the protein concentration was 2.9 mg/ml, CAP was 
1.5 m M  and succinate was 3 m M .  The data are presented as the 
change in  absorbance for a solution of C subunit at 1 mg/ml. 

Distribution of Bound PMP on the C Subunits of Pyri- 
doxylated ATCase. Since isolated C subunits were almost 
completely inactivated by pyridoxylation and the resulting 
derivative contains three bound P M P  per C subunit (Green- 
well et al., 1973), it was of interest to determine the distri- 
bution of P M P  bound to the C subunits in the partially in- 
activated ATCase. Accordingly the pyridoxylated deriva- 
tives described above were dissociated by heating for 15 min 
a t  68 OC in 4 m M  potassium phosphate a t  pH 7 containing 
4 m M  P-mercaptoethanol and 2 m M  EDTA (Rosenbusch 
and Weber, 1971). Since this procedure caused denatura- 
tion and precipitation of the R subunits, the resulting solu- 
tion contained only C subunits. Electrophoretic analysis of 
the C subunits from an ATCase derivative formed at  a ratio 
of 6 PLP per ATCase molecule showed bands correspond- 
ing to native and singly pyridoxylated C subunit. When the 
pyridoxylation of ATCase was performed with higher levels 
of P L P  and the heat-treated derivative was subjected to 
electrophoretic analyses, two species were observed. One 
corresponded to protein containing two P M P  per C subunit 
and the other was singly pyridoxylated C subunits. 

Ligand-Promoted Conformational Changes in Pyridoxy- 
lated ATCase. Since the pyridoxylated ATCase derivatives 
prepared in either the presence or absence of C A P  and suc- 
cinate exhibited both homotropic and heterotropic effects, it 
was of interest to determine whether the derivatives under- 
go the ligand-promoted conformational change normally 
identified as the allosteric transition (Gerhart and Schach- 
man, 1968). Accordingly measurements were made of the 
changes in sedimentation coefficient, As/s, produced by the 
addition of ligands. As seen in Table 11, similar values of 
As/S, -3.6 and - 3.5%, were obtained for ATCase and the 
derivative produced by pyridoxylation in the presence of the 
two ligands. A slightly lower value, -2.9%, was obtained 
with the derivative prepared in the absence of the ligands. 
Table I 1  also shows that the value of As/s is produced by 
C A P  alone was significantly larger (-1.1%) for the enzyme 
pyridoxylated in the presence of ligands as compared with 
that for the native enzyme, -0.5%, and for the derivative 

1320 B I O C H E ' M I S T R Y ,  V O L  1 5 ,  N O  6 ,  1 9 7 6  

Table 11: Ligand-Promoted Conformational Changes in Native 
and Pyridoxylated ATCase. 

CAP + 
Succinate 

CAP ("c) ((7 ) 

Native ATCase -0.5 ~~ 3.6 
ATCase pyridoxylated in presence -1 . I  - 3.5 

ATCase pyridoxylated in absence -0.3 -2.9 
of ligandsb 

of ligand$ 

a Change in sedimentation coefficient, As/:, determined according 
t o  Gerhart and Schachman (1968). CAP concentration, 2 mM, and 
succinate concentration, 2 mM. b Pyridoxylated in the presence of 
0.02 M CAP plus 0.05 M succinate. Total PMP incorporated, 11 resi- 
dues per ATCase molecule with 1.8 o n  C and 9.2 on R subunits. 

with 3.9 on  C and 6.5 on R subunits. 
Total PMP incorporated was 10.4 residues per ATCase molecule 

_ _ _ ~ ~ ~ _ ~ ~  ~ ~ ~- 

formed in the absence of these ligands, -0.3%. 
Effect of Ligands on the Spectra of C p  and CpCpR3. 

Since C A P  and succinate produce characteristic changes in 
the ultraviolet spectrum of the protein (Collins and Stark, 
1969), it was possible to determine the ability of Cp and 
CpCpR3 to bind CAP and succinate. As shown in Figure 5, 
the binding of C A P  to the native C subunit produced a dif- 
ference spectrum with peaks a t  281.5 and 288.5 nm and 
troughs a t  285 and 292 nm. The subsequent addition of suc- 
cinate caused a large increase in the heights of the 281.5 
and 289 nm peaks (the latter was shifted from 288.5 nm); 
the trough at  285 nm was hardly altered, although that at  
292 nm was no longer observed. These spectra are essential- 
ly identical with those obtained by Collins and Stark 
(1969). 

The most obvious features of the C A P  difference spec- 
trum for CP were the large peak at  332 nm and the trough 
centered at  approximately 285 nm due to the perturbation 
of the spectrum of the bound PMP. Superimposed upon this 
P M P  trough is the normal protein difference spectrum for 
this ligand; the positions and relative magnitudes are not 
significantly altered by the bound PMP. The addition of 
succinate to the inactive Cp, however, did not result in a de- 
tectable change in the spectrum, indicating that succinate 
can no longer bind to the pyridoxylated catalytic sites. 

The change in optical density a t  332 nm upon the binding 
of C A P  represented a 10% change in the total absorption a t  
this wavelength. A value of 0.0147 cm2 mg-' for At332 was 
obtained for Cp. An identical value, 0.0144 cm2 mg-I, was 
obtained for a sample of C subunit with only 2.2 P M P  
bound per subunit after normalization to correspond to the 
inactivated subunit with all three active sites modified. The 
addition of succinate to this sample did not result in a fur- 
ther change in the absorbance a t  332 nm, although binding 
of succinate to the open sites was clearly evident from the 
change in the protein difference spectrum a t  285 and 288 
nm. Titration of the partially pyridoxylated C subunit with 
PALA yielded a value of 0.015 cm2 mg-' for At332 essen- 
tially identical with the measured spectral change obtained 
with CAP. 

The effects of C A P  and succinate on the spectra of AT- 
Case-like molecules containing one and two CP subunits are 
shown in Figure 6. As with Cp, C A P  perturbs the PMP 
spectra to give rise to a peak a t  332 nm and trough at  about 
285 nm. The height of the 332 nm peak obtained with 
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Table 111: Effect of CAP o n  the Absorbance of C Subunits, 
ATCase, and Pyridoxylated Derivatives. 

Ae (cm*/mg of catalytic subunit)a 

Species 332 nmb (288-285 nm)c 

CN 0.0054d 

0.0062f CNCN [R 1 
CNCP[Rl 
CDCDfRI 

0.0147 0.0044 

0.0078 0.0085 
0.0164 0.0078 

C Pe 

a Values determined b y  difference spectroscopy in 0 .04  M potas- 
sium phosphate buffer (pH 7). The data for ATCase and the  
ATCase-like hybrids have been normalized to t h e  concentration of 
C subunits (67% by weight (Cohlberg et  al., 1972)). b Maximum in 
the PMP difference signal. 
and the  285-nm trough. d Determined by M. Springer (unpublished 
data). e Fully pyridoxylated C subunit containing 1 .2  PMP residues 
per c chain. f Determined independently by  Pigiet (197 1) and Y. 
Yang (unpublished data). 

Difference between the 288-nm peak 

CpCpR3 (Figure 6a) is approximately double that with 
CNCPR3 (Figure 6b). Table 111 summarizes the values for 
the difference extinction coefficients which were normal- 
ized to the concentration of C subunits to allow comparison 
between the intact enzyme and the isolated subunits. The 
difference extinction coefficient a t  332 nm for the Cp was 
0.0147 cm2 mg-I. For C N C P R ~  and CpCpR3 values of 
0.0078 and 0.0164 cm2 mg-', respectively, were obtained. 
Thus the magnitude of the 332-nm difference peak was di- 
rectly proportional to the concentration of P M P  containing 
c chains and incorporation of the C subunits into ATCase- 
like molecules did not significantly alter the difference ex- 
tinction coefficient obtained with saturating levels of CAP. 

In addition to the large change in the P M P  spectra, the 
binding of C A P  also produced the normal protein difference 
spectra for this ligand; peaks a t  282 and 289 nm and a 
trough a t  285.5 nm were observed. As in the case of Cp, the 
reconstituted ATCase-like molecules, CpCpR3, showed no 
spectral change upon the addition of succinate. Both the 
P M P  and protein spectra for the hybrid species, C N C P R ~ ,  
however, respond to the binding of succinate. Although the 
Cp within the hybrid cannot bind succinate, the change in 
the spectrum of the bound P M P  due to C A P  plus succinate 
was slightly greater than that obtained for C A P  alone. 

Discussion 
Effect of Ligands on the Pattern of Pyridoxylation of 

ATCase. When the active site ligands, C A P  and succinate, 
were present during the pyridoxylation, there was almost no 
inactivation despite the extensive modification of both C 
and R subunits. This protection can probably be attributed 
to a direct effect of the ligands in blocking modification of 
the essential lysyl residue in the active site (Greenwell et al., 
1973; Kempe and Stark, 1975). In addition these ligands 
must have an  indirect effect on the entire enzyme molecule 
since the R subunits in ATCase exhibit an enhanced reac- 
tivity toward P L P  as compared with the R subunits within 
ATCase when modification is performed in the absence of 
ligands. This gross effect is similar to the sixfold enhance- 
ment of the reactivity of the 24 sulfhydryl groups of the 
three R subunits when the enzyme is treated with the mer- 
curial, PMB, in the presence of C A P  and succinate (Ger- 
hart and Schachman, 1968; Blackburn and Schachman, in 
preparation). This increase in reactivity has been correlated 
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FIGURE 6: Effect of CAP and CAP plus succinate on the spectra of 
ATCase-like molecules containing one and two pyridoxylated C sub- 
units. The enzyme containing two pyridoxylated C subunits (CpCpR3) 
and the hybrid containing one pyridoxylated and one native C subunit 
(ChCpR3) were obtained from the hybrid mixture as described by Gib- 
bons et al. (1974). Difference spectra were measured as described in 
Figure 5 .  (a) Difference spectrum for CpCpRj obtained at a CAP con- 
centration of 3 mM CAP and a protein concentration of 1.4 mg/ml is 
designated by (-), Addition of 5 mM succinate produced no further 
change in the spectrum. (b) Difference spectrum for the hybrid 
C N C P R ~  was obtained at a protein concentration of 2.7 mg/ml upon 
the addition of 3 mM CAP (-). The subsequent addition of succinate 
(5 mM) yielded the difference spectrum designated by (- - -). The data 
are presented in terms of the change in absorbance for protein solutions 
at 1 mg/ml. 

with the conformational change (As/$ of -3.5%) identified 
as the allosteric transition, and it seems likely that the in- 
creased reactivity of the R subunits toward P L P  is a mani- 
festation of this same transition. 

Kinetic Properties of Pyridoxylated A TCase. The func- 
tional characteristics of the enzyme pyridoxylated in the 
presence and absence of C A P  and succinate are distinctly 
different. Modification in the absence of protecting ligands 
leads to the inactivation of two to three of the six catalytic 
chains in the native enzyme. However, even though the en- 
zyme contains both functional and nonfunctional active 
sites, the ability of the pyridoxylated enzyme to respond al- 
losterically to the substrate, aspartate, and the nucleotide 
effectors (CTP and ATP) is not significantly reduced. The 
degree of cooperativity in the binding of aspartate, as mea- 
sured by the Hill coefficient, is only slightly reduced to be- 
tween l .4 and l .5 as compared with l .6 for the native en- 
zyme. Gibbons et al. (1974) have recently shown that AT- 
Case-like molecules containing only three functional active 
sites are cooperative. This enzyme species was prepared by 
hybridization of CN and Cp with R subunits, and hence all 
of the active sites were located in one of the catalytic sub- 
units. Analysis by disc gel electrophoresis of the partially 
inactivated C subunits prepared by pyridoxylation of the in- 
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tact enzyme has shown that in this case both C subunits 
were partially pyridoxylated. 

When ATCase was pyridoxylated in the presence of C A P  
or C A P  plus succinate, the active sites were protected 
against modification. Greater than 90% of the original ac- 
tivity was still present even though 16 P M P  residues were 
bound per ATCase molecule. However, the modification of 
the regulatory subunits blocked the transmission of the allo- 
steric signals between the active sites. Both the homotropic 
response to aspartate and the heterotropic effect of CTP 
were lost essentially as linear functions of the extent of pyri- 
doxylation; the two effects were not, however, abolished si- 
multaneously. Derivatives with 16 P M P  residues bound per 
ATCase molecule did not show inhibition by CTP; however, 
the Hill coefficient was 1.2, indicating that some coopera- 
tivity remained. 

Ligand Binding to the Pyridoxylated Enzyme. Kinetic 
studies by Greenwell et al. (1973) indicated that inhibition 
of activity of the isolated C subunit by PLP  was due to com- 
petitive binding with the substrate CAP. Additionally G.  R.  
Jacobson and G .  R. Stark (cited by Greenwell et al., 1973) 
showed that C A P  displaced PLP  bound as a Schiff base to 
the C ~ u b u n i t . ~  As shown above, C A P  protected the catalyt- 
ic sites of ATCase from inactivation by pyridoxylation. 
Hence it seemed likely that the inactivation of ATCase and 
the isolated C subunits was attributable to the covalently 
bound P M P  blocking the binding of the substrate C A P  
However, the C A P  difference spectra obtained for Cp and 
CpCpR3 showed clearly that this substrate binds to the in- 
activated derivatives. Furthermore, the similarity of the 
protein difference spectra for Ch and Cp suggests that the 
bound P M P  does not seriously distort the C A P  binding site. 
The magnitude of the 332-nm difference signal due to the 
binding of C A P  is the same, within the estimated precision 
of the measurements, for each of the pyridoxylated deriva- 
tives when normalized to the concentration of pyridoxylated 
‘catalytic chains. The spectral response of the pyridoxylated 
protein to CAP appears to be due to a local change within 
the active sites of the C subunits even when these subunits 
have been recombined with native R subunits to form AT- 
Case-like molecules. Thus the P M P  difference spectra for 
Cp and CpCpR3 were very similar. Also the presence of the 
C subunit in the hybrid molecule, C N C P R ~ ,  or native chains 
in the partially pyridoxylated C subunit does not alter the 
shape or magnitude of this signal. I n  contrast to this, it can 
be seen from Table I11 that the protein difference signal, as 
measured by the difference between the 288-nm peak and 
the 285-nm trough, is significantly greater in ATCase than 
in the isolated catalytic subunits. 

The inability of either Cp or CpCpR3 to bind succinate 
indicates that the inactivation of the enzyme by pyridoxyla- 
tion is due directly or indirectly to blockage of the aspartate 
binding site. Kempe and Stark ( 1  975) have shown that py- 
ridoxylation of the C subunit leads to the modification of a 
single lysyl residue per c chain. Whether this lysyl residue is 
directly involved in the binding of the aspartate is not 
known. I t  is possible that the bound P M P  blocks the aspar- 
tate site sterically. It seems unlikely, however, that the 
modified lysyl residue participates directly in the binding of 
C A P  since, as shown by the spectral changes, Cp interacts 
strongly with CAP. 

3 Analysis by difference spectroscopy of the formation of the Schiff 
base \ \ i t h  intact ATCase indicated that addition of  C A P  decreased the 
amount o f  bound PLP. These result& are complicated. however, by the 
binding of PLP to both the C and R subunits. 
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In the case of the hybrid, c ~ C p R 3 ,  C A P  can bind to all 
six catalytic sites in the molecule; the substrate analogue, 
succinate, however, binds to only the native subunit. De- 
spite the fact that succinate cannot bind to the pyridoxylat- 
ed subunit, a small additional increase in the magnitude of 
the 332-nm peak over that due to C A P  was observed upon 
the addition of succinate. Although the measured increase 
in absorbance (0.0015 unit) upon the addition of succinate 
(in the presence of CAP) was small, it should be noted that 
spectra could be readily reproduced to a precision of ap- 
proximately 0.0005. Also no spectral change (less than 
0.0003) was detected upon the addition of succinate to the 
inactive molecule, CpCpR3. Hence the increase in the P M P  
difference signal in C N C P R ~  was not due to the increase in 
ionic strength contributed by the succinate. This slight shift 
in the absorbance of the bound P M P  must therefore reflect 
a conformational change in the inactive subunit that results 
from the binding of succinate to the active catalytic subunit. 
As such this observation provides evidence for the commu- 
nication of interactions from one C subunit, through the 
“cross-linking” regulatory subunits, to the other C ~ u b u n i t . ~  
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