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ABSTRACT: The interaction between Escherichia coli carbamoyl-phosphate synthetase (CPS) and a fluorescent 
analogue of an allosteric effector molecule, 1 ,P-ethenoadenosine 5’-monophosphate (e-AMP), has been 
detected by using fluorescence techniques and kinetic measurements. From fluorescence anisotropy titrations, 
it was found that +AMP binds to a single site on CPS with Kd = 0.033 mM. The nucleotide had a small 
activating effect on the rate of synthesis of carbamoyl phosphate but had no effect on the K ,  for ATP. To 
test whether €-AMP binds to an allosteric site, allosteric effectors (UMP, IMP, and CMP), known to bind 
a t  the UMP/ IMP site, were added to solutions containing the e-AMP-CPS complex. With addition of 
these effector molecules, a progressive decrease of the fluorescence anisotropy was observed, indicating that 
bound e-AMP was displaced by the allosteric effectors examined. From these titrations, the dissociation 
constants for UMP, IMP, CMP, ribose 5-phosphate, 2-deoxyribose 5-phosphate, and orthophosphate were 
determined. When MgATP, a substrate, was employed as a titrant, the observed decrease in anisotropy 
was consistent with the formation of a ternary complex (e-AMP-CPS-MgATP). The effect of ATP binding, 
monitored a t  the allosteric site, was magnesium dependent, and free magnesium in solution was required 
to obtain a hyperbolic binding isotherm. Solvent accessibility of €-AMP in binary (e-AMP-CPS) and ternary 
(e-AMP-CPS-MgATP) complexes was determined from acrylamide quenching, showing that the base of 
e-AMP is well shielded from the solvent even in the presence of MgATP. Using the theory of ligand binding 
[Weber, G. (1975) Adv. Protein Chem. 29, 1-83], we computed the free energy of coupling between MgATP 
and e A M P  to be +0.48 kcal/mol. Thus, the experiments described in this paper provide evidence for 
antagonism (anticooperative interaction) between the substrate and allosteric sites and suggest that this 
interaction provides a method of regulating the physiological activity of CPS. 

x e  first step of the biosynthesis of pyrimidine nucleotides 
in Escherichia coli is the formation of carbamoyl phosphate 
from glutamine, bicarbonate, and two molecules of ATP. 
Since carbamoyl phosphate is also utilized by the arginine 
pathway, the enzyme that performs its synthesis, carbamo- 
yl-phosphate synthetase (CPS),’ is regulated by a number of 
metabolites; these include ammonia, potassium ions, ornithine, 
and IMP which activate CPS and UMP which is an allosteric 
inhibitor of the enzyme. 

‘This work was supported in part by NIH Grant GM-23529. 
* Correspondence should be addressed to this author. 
*Present address: University of California, CVRI, Box 0524, San 

Francisco, CA 94143. 

The enzyme is composed of two nonidentical subunits 
(Matthews & Anderson, 1972). The small subunit ( M ,  
48000) has the glutamine binding site whereas the large 
subunit ( M ,  130000) possesses binding sites for ATP, bi- 
carbonate, and allosteric effectors (Trotta et al., 1971; Mat- 
thews & Anderson, 1972). 

NMR, EPR, and fluorescence energy-transfer experiments 
in this laboratory have established a partial topographical map 
of the enzyme based on point-to-point vectors between various 
binding loci (Raushel et al., 1979, 1983; Kasprzyk et al., 1983). 

’ Abbreviations: e-AMP, 1 ,P-ethenoadenosine 5’-monophosphate; 
CPS, carbamoyl-phosphate synthetase; Hepes, N-(2-hydroxyethyl)- 
piperazine-N’-2-ethanesulfonate. 
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However, the distance between any of the three reactive thiols 
(Foley et al., 1971) and the UMP binding site was out of the 
range of these methods, and only a lower limit could be ob- 
tained (Kasprzyk et al., 1985). The spatial relationship of this 
allosteric binding site with respect to other loci on the enzyme 
and the molecular mechanism by which the interactive binding 
of ATP and UMP take place are unknown. It has been 
suggested that the IMP binding site may overlap with the 
UMP binding site (Boettcher & Meister, 1981, 1982) yet IMP 
activates and UMP inhibits the enzyme. 

The regulation of the enzyme activity is accomplished by 
a direct influence exerted on CPS by a number of inhibitors 
and activators (Anderson & Meister, 1966; Trotta et al., 1974; 
Anderson, 1977a) and by a reversible polymerization-depo- 
lymerization process that involves ligand-dependent shifting 
of the equilibrium between several active enzyme forms 
(Anderson, 1977a, 1984, 1986; Powers et al., 1980). 

In this paper, we present the results of applying a unique 
method of monitoring the interaction between the ATP and 
the UMP/IMP binding sites utilizing fluorescence properties 
of 1 ,N6-ethenoadenosine 5'-monophosphate (€-AMP). Using 
this probe, we were able to provide details regarding the en- 
ergetics of the interaction between the ATP binding site and 
the allosteric effector sites. 

EXPERIMENTAL PROCEDURES 
Materials and Methods. Carbamoyl-phosphate synthetase 

was isolated from Escherichia coli according to the method 
of Matthews and Anderson (1972). Its specific activity was 
150-200 pmol h-' mg-'. Electrophoresis-grade acrylamide was 
purchased from Bio-Rad. Other nucleotides, substrates, and 
coupling enzymes were obtained from Sigma. All solutions 
were passed through Amicon 0.45-pm microporous filters 
before use. 

Enzyme Assays. The activity of carbamoyl-phosphate 
synthetase was measured by using a pyruvate kinase-lactate 
dehydrogenase system; the reaction was followed at 340 nm 
with the use of a Hitachi Model 100-80 UV/VIS spectro- 
photometer. Each 1-mL cuvette contained 50 mM Hepes 
buffer, pH 7.5, 100 mM KCl, 10 mM L-Gln, 20 mM KHC03, 
1 mM phospho(enol)pyruvate, 0.2 mM NADH, 40 pg each 
of pyruvate kinase and lactate dehydrogenase, 10-12 pg of 
CPS, and ATP and MgC12 as described in the text. All assays 
were performed at 25 OC. 

Fluorescence Measurements. Fluorescence measurements 
were carried out with a Perkin-Elmer MPF-44 fluorescence 
spectrometer equipped with a holder for 4 X 4 mm microcu- 
vettes. A Perkin-Elmer polarization accessory consisting of 
a holder and two Polaroid HNP'B polarizers was used to 
measure the polarization. Polarization, p ,  was calculated 
according to Azumi and McGlynn (1962) and subsequently 
converted to anisotropy, A: 

It has to be noted that for a heterogeneous system the mea- 
sured polarization is not a simple function of the fractional 
fluorescence intensities and polarizations of the systems' 
components and, consequently, anisotropy was used to describe 
ligand binding equilibria. [For an alternative approach, see 
Rajkowski and Cittanova (1981).] The anisotropy values were 
corrected for the presence of the scattered light from protein 
solutions. 

Fluorescence titrations were done according to the following 
procedure: 250 pL of CPS solution in 50 mM Hepes and 100 
mM KC1, pH 7.5,  was placed in a 4 X 4 mm fluorescence 
cuvette thermostated at 25 OC. Using a Hamilton micro- 

A = @/(3 -PI (1) 

syringe, we added 1 pL of €-AMP followed by gentle stirring 
of the contents with a small Teflon paddle. The initial an- 
isotropy was determined, and 1-5-pL aliquots of a ligand were 
successively added, each followed by anisotropy determination, 
usually in duplicate or triplicate. The excitation and emission 
wavelengths were 320 and 420 nm, respectively. When 
acrylamide was used to quench €-AMP fluorescence, intensity 
rather than anisotropy was measured according to this pro- 
cedure. 

Data Analysis. Fluorescence polarization was used to 
measure the binding parameters for interaction of €-AMP and 
CPS. This method offers a definitive advantage for this system 
since it does not require a physical separation of bound and 
free fluorophore [for a review and equations applicable to this 
and more complex cases, see Dandliker et al. (1981), Raj- 
kowski and Cittanova (1981), and Malencik and Anderson 
(1988)l. 

In our case, the number of binding sites, n, and the disso- 
ciation constant, Kd, were obtained as follows. First, the 
anisotropy for the completely bound €-AMP, Ab, was deter- 
mined from polarization titration of (-AMP with the enzyme. 
Then, a titration of a constant amount of CPS with €-AMP 
was conducted, yielding an experimentally observed A value 
for each, total €-AMP concentration. For each point, the 
fraction of €-AMP bound to the protein, CY, was calculated from 
eq 2 [see Teichberg and Shinitzky (1973)l. Equation 2 applies 

Q! = ( A  - Af)/(Ab - A f )  (2) 
only to cases where there is no quenching or enhancement of 
the ligand fluorescence upon binding. The number of moles 
of €-AMP bound per 1 mol of CPS, r,  can be expressed as 

r = CYL,/[P] (3) 
where [PI is the protein concentration. Knowing r and the 
concentration of free ligand, Lf = (1 - CY)&, one can construct 
a Scatchard plot: 

r / L f  = (-1 / & ) I '  + n/Kd (4) 
from which n and Kd can be obtained directly. 

Dissociation constants from displacement titrations were 
calculated by a least-squares fit of the data to eq 5 where A4 

= AAmaxLf/(Kd + Lf) (5) 
= Mo - A;  i.e., hA is the difference between the initial an- 
isotropy A,, and the anisotropy at ligand concentration Lf, and 
AA, is the value of M at saturation. Since for polarization 
experiments CPS was used at a high concentration ( N 50 pM), 
the total ligand concentration is significantly different from 
its free value. We applied an iterative procedure to obtain the 
true value of Kd and &Imax: Initially, Kd and A,,, were 
calculated by using L, instead of Lf,  and free ligand concen- 
tration was computed for each experimental point: 

Lf = Lt - [PI M / U m a x  (6) 
Equation 6 is valid for n = 1 .  Then, the values of Lf were used 
to compute a new set of binding parameters from eq 5, and 
the procedure was repeated until a convergence had been 
reached, Le., when Kd and AA- did not change by more than 
0.01% in a subsequent iteration. 

Fluorescence Quenching. Dynamic quenching of a fluoro- 
phore in a heterogeneous two-component system (free and 
bound €-AMP) is described by a generalized Stern-Volmer 
equation (Eftink & Jameson, 1982): 
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Scheme I 
€-AMP MgATP 2 E*'-AMpK& 

E E.MgATP*€ -AMP 
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Fo and T,, denote the fluorescence intensity and the lifetime 
of a fluorophore in the absence of quenching, F is the 
fluorescence intensity observed in the presence of the quencher 
at concentration [Q], k is the quenching rate constant, and 

fb is the fraction of ligand bound. The indexes f and b denote 
free and bound species, respectively. Since in our case there 
is no change in the fluorescence intensity upon binding of 
€-AMP to CPS, we have assumed that Tor = 70b. The pa- 
rameters for the quenching rate constant for the free ligand 
can easily be determined; thus, knowing fb, one can calculate 
kbr the quenching rate constant for bound ligand. 

Rapid Equilibria. To calculate anisotropy changes in Figure 
5, the equations were used (the symbols refer to Scheme I): 

(8) [E-f-AMP] /Eo = &2Kdj[e-AMP] /D 
[E.t-AMP.MgATP]/Eo = &~[E-AMP] [MgATPID (9) 

where D is defined as 
D = KdlKd& + Kd&3[€-AMP] + KdlKdz[MgATP] + 

Kd3 [ €-AMP] [MgATP] (1 0) 
and Eo stands for the total enzyme concentration. The fraction 
of bound €-AMP, fb, is calculated as 

fb = ( [E-C-AMP] + [E*t-AMP.MgATP])/[t-AMP],,, 
(1 1) 

AA = f d b -  A0 (12) 
and the change in the anisotropy can be expressed as 

where Ab is the anisotropy for bound €-AMP and A.  is the 
initial anisotropy, i.e., when [MgATP] = 0. It follows then: 

(13) -u /A0 = (A0 - f d b )  /A0  

RESULTS 
Binding of €-AMP to Carbamoyl-Phosphate Synthetase. 

The binding of €-AMP to CPS is not accompanied by either 
a change in quantum yield of the nucleotide or a shift in its 
fluorescence maximum. The Kd and the stoichiometry of the 
interaction were measured by using fluorescence anisotropy 
titrations. To determine Ab, the anisotropy of the bound 
€-AMP, a small amount of the nucleotide was titrated with 
the enzyme (Figure 1A). From this titration, an Ab value 
of 0.176 f 0.017 was obtained. To determine the Kd and the 
number of binding sites, n, a constant amount of CPS was 
titrated with €-AMP. From these data, a Scatchard plot was 
constructed from which a Kd of 0.033 f 0.007 mM and n = 
1.02 f 0.07 were obtained (Figure 1B). A nonlinear least- 
squares fit of the data to a hyperbola (Bevington, 1969) yielded 
Kd = 0.027 f 0.017 mM and n = 0.97 f 0.12. 

The Ab value determined as described above can be com- 
pared to Ab computed from the Perrin equation: 

AO/Ab = + 3TO/pO (14) 
where po is the rotational relaxation time. For a spherical 
molecule of 180000 molecular weight, and lifetime, T ~ ,  of the 
attached chromophore of 23.4 ns (Secrist et al., 1972; 
Kasprzak & Kochman, 1981), po is equal to 142.5 ns. The 
limiting Anisotropy A.  for €-AMP derivatives excited at 320 
nm is 0.27 (Secrist et al., 1972). Thus, from eq 14 Ab = 0.18. 

0.00 0.04 0.08 0.12 

[CPSI (mM) 

0.0 0.4 0.8 1.2 
r (molimol) 

FIGURE 1 : Binding parameters of €-AMP to carbamoyl-phosphate 
synthetase. (A) Anisotropy titration of a constant amount of t-AMP 
(1 5 pM) with the enzyme. The line was computed by using Ab = 
0.176 and Kd = 0.04 mM. The size of the data points indicates the 
experimental error. (B) Scatchard plot obtained from titration of 
a constant amount of the enzyme (51.5 pM) with t-AMP. The line 
corresponds to Kd = 0.033 mM and n = 1.0. See Data Analysis section 
for further details. 

This value is almost identical with the one experimentally 
determined (Ab = 0.176) and shows that €-AMP has virtually 
n o  motion with respect to the protein when bound to CPS. 

€-AMP as an Allosteric Effector of CPS. €-AMP was tested 
as an inhibitor of the carbamoyl phosphate synthesis reaction 
with respect to ATP at a concentration of 2.8 mM in the 
presence of 15 mM excess of Mg2+. The fluorescent nucleotide 
had only a small activating effect (approximately 10%); the 
K,(ATP) remained unchanged and was 0.41 f 0.03 mM. The 
effect of €-AMP on the UMP inhibition was also examined 
at an €-AMP concentration of 0.05-1 mM and a UMP con- 
centration of 2 pM. At a concentration of 1 mM, €-AMP 
relieved 31% of the inhibition caused by UMP. 

Displacement Titration of the 6-AMP-CPS Complex with 
Nucleotide Analogues. Several compounds that bind to CPS 
were studied to test whether they displace or interact with 
bound €-AMP. Figure 2 presents data showing a progressive 
decrease of the fluorescence anisotropy upon addition of these 
compounds. With the exception of MgATP, the initial an- 
isotropy drops by 8.595% at saturating concentrations of the 
various compounds, approaching the anisotropy for free t- 

AMP; the fluorescence intensity remained constant. The 
change in anisotropy can be explained by a displacement of 
€-AMP from the enzyme by the added compounds. 

Specifically, Figure 2A shows a titration of the eAMP-CPS 
complex with UMP. The observed fluorescence anisotropy 
reached its "buffer" value at an [UMP]/[CPS] ratio of 0.96 
mol/mol. This finding is in agreement with the kinetic ex- 
periments strongly suggesting that the single €-AMP binding 
site is identical or at least partially overlaps with the allosteric 
effector site of CPS. 

The decrease in the fluorescence anisotropy was used for 
determining the dissociation constants for a number of nu- 
cleotides, sugar phosphates, and Pi (Table I). For all the 
ligands that brought the initial anisotropy to almost zero, a 
competitive mechanism of displacement was assumed. The 
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FIGURE 2: Titration of c-AMP-CPS complex with UMP and Pi. (A) 
Change of the fluorescence anisotropy caused by UMP [CPS] = 52.4 
pM, [+AMP] = 25 pM. The line was simulated wth Kd(app) = 5.14 
mM and AAmax/Ao = 95.6%. (B) Titration with Pi, conditions as 
above. The line was computed for Kd(app) = 3.1 mM and AA,/Ao 
= 92%. 

Table I: Dissociation Constants for the Interaction of Nucleotides 
and Their Analogues with Carbamoyl-Phosphate Synthetase at pH 
7.5 and 25 "C 

Kd f SD 
ligand Kd f SD (mM)" ligand (mM)" 

t-AMP 0.033 f 0.007 2-deoxyribose-5-P 1.4 f 0.21 
UMP <0.005 Pi 2.9 f 0.25 
IMP 0.012 f 0.002 MgATPb 0.64 f 0.08 
CMP 0.81 f 0.08 0.54 f 0.12c 
ribose-5-P 1.2 f 0.11 
"Mean f SD for 2-5 independent determinations. *Not competive 

with +AMP. 'Kinetic value of K,,, in the presence of 10 mM excess 
Mg2+. 

apparent Kd values, computed as described under Data 
Analysis, were further corrected for the competitive effect of 
the probe by using 

Kd = Kdappp/[1 + [t-AMP]/Kd(€-AMP)] (15) 
The correction was never large since the concentration of 
t-AMP used, typically 9.9 pM, was well below the Kd(€-AMP) 
of 33 pM. 

Magnesium ions (up to 15 mM) did not have any effect on 
the fluorescence anisotropy of the bound €-AMP. With uri- 
dine, at high concentrations (>5 mM), an increase in polar- 
ization was observed. We have demonstrated in a separate 
experiment (data not shown) that the observed increase in 
anisotropy was due to quenching of the fluorescence of €-AMP 
by uridine and, consequently, a shortening of the T~ for e-AMP, 
which according to eq 14 leads to an increase in the steady- 
state anisotropy. 
Effect of MgATP. When MgATP was used as a titrant, 

the observed anisotropy changes were qualitatively different 
from those found for other ligands. First, the titration curves 
were magnesium dependent, and, second, the anisotropy was 
not brought down to zero at saturation but leveled off at about 
50% of its initial value (Figure 3B). Similar results were 
obtained from steady-state kinetic experiments in which 
carbamoyl phosphate synthesis was measured as a function 
of MgATP concentration (Figure 3A). When 10 mM excess 

I I I I I 
0 2 4 6 

or [ MgATP] (mM) 

FIGURE 3: Influence of Mg2+ on the interaction of ATP with CPS. 
(A) Steady-state activity of CPS as a function of total [ATP] or 
[MgATP] concentration. The assays were conducted as described 
under Experimental Procedures. The reaction rate is given in arbitrary 
units; (D) reaction rates in the presence of 10 mM excess of Mg2+ 
over ATP; the line was computed for K, = 0.54 mM; (A) with 
equimolar [Mg2'] to [ATP] concentrations plotted as a function of 
total [ATP]; (A) as (A) but plotted as a function of [MgATP]. (B) 
The effect of [MgATP] on the anisotropy change of ATP. CPS and 
c-AMP concentrationq were 49.3 and 10 pM, respectively. Excitation 
wavelength, 320 nm; emission wavelength, 420 nm. AA denotes the 
difference between the initial and current anisotropy. (D) AA in the 
presence of 10 mM excess of MgC12. The solid line was com uted 
for Kd = 0.64 mM and hA,,, = 0.0488; (A) equimolar [MgP+] to 
[ATP] concentrations plotted as a function of total [ATP]; (A) as 
(A) but plotted as a function of [MgATP]. 

of Mg2+ was present, the interaction of MgATP with CPS 
could be described as a simple hyperbola with K, = 0.54 f 
0.1 1 mM; a Kd value of 0.64 f 0.07 mM was determined from 
anisotropy titrations (Figure 3B). However, when Mg2+ and 
ATP were used at equimolar concentration, the dependence 
followed a sigmoidal shape (Figure 3). There is a qualitative 
difference between the fluorescence and the kinetics curves: 
at high Mg2+ concentration, the anisotropy curve reached the 
same limiting value as that obtained in the presence of a large 
excess of magnesium whereas the reaction rate did not. 

When plotted as a function of the total ATP concentration, 
the data presented in Figure 3 contain three parameters which 
varied during the titrations: the concentrations of Mg2+, free 
ATP, and MgATP. Using eq 5 in Kasprzak and Kochman 
(1980), we calculated the amount of MgATP for each ex- 
perimental point and replotted the data as a function of a single 
variable, viz., the concentration of MgATP complex (Figure 
3, dashed lines). For experiments done at equimolar [Mg2+] 
and [ATP], both kinetic and anisotropy curves were slightly 
shifted toward lower values when the results were plotted as 
a function of [MgATP]. However, the shape and the mag- 
nitude of the deviation from hyperbolic dependence remained 
unchanged. 

When the experiments were conducted at  10 mM excess 
Mg2+ over ATP, the dependence of the anisotropy on the total 
[ATP] followed a simple hyperbola. Under these conditions, 
the concentration of the MgATP complex was practically equal 
to the total [ATP], and the free ATP concentration was 
negligibly small (0.29% at 0.2 mM total [ATP] and 0.30% 
at 5 mM); the concentration of free magnesium ions was high 
and approximately constant (10 mM). The results from an- 
isotropy titrations and kinetic experiments and the fact that 
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FIGURE 4: Stern-Volmer plots for the acrylamide quenching of 
c-AMP-CPS fluorescence. Emission and excitation wavelengths were 
420 and 320 nm, respectively. Quenching curves for the following: 
(A, A) free c-AMP (25 pM); the line was computed with kf = 3 X 

was simulated by using eq 7 with kb = 1.2 X 10' M-' s-' and fb = 
0.526; (0) in the presence of CPS (50 pM) and MgATP (1 mM); 

(m) as (0) but in the presence of 10 mM excess Mgz+ over ATP; 
[MgATP] = 3.6 mM, [CPS] = 37.1 wM. The line corresponds to 

109 M-1 s - I .  , (e) c-AMP in the presence of CPS (50 pM); the line 

the line was computed for kb = 1.2 X 10' M-' s-I a nd fb = 0.395. 

k b  = 1.2 X 10' M-' S-' and fb = 0.22. 

binding of MgATP is dependent on the concentration of free 
magnesium ions indicate that MgATP and Mg2+ bind si- 
multaneously to the enzyme and the binding is cooperative; 
i.e., binding of one ligand increases the affinity for the other, 
corroborating the earlier data of Raushel et al. (1979). When 
the enzyme is saturated with Mg2+, the titration curve cor- 
responds to the binding of MgATP to the Mg-enzyme com- 
plex. The apparent sigmoidal shape (Figure 3) is presumably 
caused by plotting the data as a function of one of the sub- 
strates while varying the concentrations of MgATP and Mg2+ 
simultaneously. 

Since in fluorescence experiments the enzyme was used at 
relatively high concentration, the ATPase activity of CPS had 
to be taken into account. We have found that the amount of 
ATP hydrolyzed after a 30-min incubation of CPS at  25 OC 
with the highest ATP concentration used during the titrations 
(5.5 mM) was 7-9%. The concentration of the reaction 
products during an actual titration experiment was much lower 
because most of the time the enzyme was exposed to subsa- 
turating ATP concentrations. Also, if the reaction products 
had an influence on the binding curves, some time dependence 
of the anisotropy values would be expected. This, however, 
has never been seen. Therefore, we conclude that Figure 3 
presents the binding of MgATP to CPS undistorted by the 
presence of ADP and Pi. 

Acrylamide Quenching of the Fluorescence of €-AMP 
Bound to CPS. Acrylamide is a very efficient quencher of 
the €-AMP fluorescence (Eftink & Ghiron, 1975). When the 
nucleotide is free in solution, the linear Stern-Volmer plot in 
Figure 4 indicates that the quenching is purely dynamic 
(collisional); the bimolecular quenching rate constant, kf, was 
calculated to be 3 X lo9 M-' s-I. When CPS was present, a 
heterogeneous population of fluorophores was generated (free 
and bound €-AMP) giving rise to a nonlinear Stern-Volmer 
plot (Figure 4). Using the values offb from the fluorescence 
anisotropy titrations and the value of T ~ ,  we found the value 
of kb, the quenching rate constant for the bound fluorophore, 
to be 1.2 X lo8 M-' s-l. Thus, the base moiety of €-AMP is 
shielded from the solvent by the protein because its quenching 

rate cosntant decreases 25-fold when the fluorophore is bound 
to the protein. 

The presence of MgATP, when a partial release of €-AMP 
has occurred, made the Stern-Volmer plots steeper (Figure 
4, closed squares). However, even at a 3.6 mM concentration 
of ATP, a significant fraction of the probe was bound to the 
protein and was protected from quenching. 

DISCUSSION 
The experiments described in this paper indicate that €-AMP 

can be used as a fluorescence probe to monitor allosteric in- 
teractions in carbamoyl-phosphate synthetase. On the basis 
of anisotropy titrations and kinetic measurements, we conclude 
that the €-AMP binding site is identical with or at least par- 
tially overlaps with the UMP/IMP allosteric binding site of 
CPS. This characteristic makes €-AMP useful in monitoring 
direct interactions with the allosteric site as well as an indirect 
influence of one or both of the ATP sites. The procedure of 
determining the affinity for some of the CPS ligands by fol- 
lowing changes in the fluorescence anisotropy, developed in 
the present work, is especially valuable when interactions of 
weakly bound effectors are studied, since the use of equilibrium 
dialysis or column chromatography to determine the Kd would 
require impractically high enzyme concentrations. 

It has been suggested that the UMP binding site possesses 
several functional groups in fixed positions that are in contact 
with the specific loci of the interacting nucleotide (Boettcher 
& Meister, 1982). The lack of the 2'-hydroxyl group in dUMP 
must account for its 10-fold lower, compared to UMP, affinity 
to CPS (Boettcher & Meister, 1982). However, as seen in 
Table I, ribose-5-P and deoxyribose-5-P bind with affinities 
identical within experimental error. In the absence of the 
nucleotide base, the ribose phosphates may interact with 
different enzymic groups, and the interaction with the 2'- 
hydroxyl may not be significant. 

Anderson (1977) reported that phosphate buffer decreased 
the binding of IMP and UMP. Boettcher and Meister (1981) 
suggested that there is a site for phosphate on the enzyme with 
a Kd of about 3 mM. In this work, we have presented evidence 
of phosphate binding presumably to or near the allosteric site 
of the enzyme with a Kd of 2.9 mM. While kinetic experiments 
revealed that Pi is a competitive inhibitor vs MgATP (Raushel 
et al., 1978), the present evidence suggests that there exist at  
least two different sites for phosphate. However, it is still not 
clear how Pi binding to any of these sites can enhance the 
inhibition by UMP (Anderson, 1977b; Boettcher & Meister, 
1981, 1982). Further work is required to explain this point. 

Our results have important implications for understanding 
several aspects of the interaction between the ATP and UMP 
binding sites in CPS. It is clear that a ternary complex, 
e-AMP-CPS-MgATP, is formed in which €-AMP has a re- 
duced affinity for the enzyme. It is worthwhile to consider 
a mechanistic model of such interactions. One of the possi- 
bilities is that in the presence of MgATP some groups on 
€-AMP have reduced interaction with the enzyme and do not 
contribute to the binding energy. However, the acrylamide 
quenching experiments and the results of the anisotropy ti- 
trations with MgATP exclude the nucleotide base from par- 
ticipating in such a mechanism: When MgATP and €-ATP 
form a ternary complex with CPS, the base of €-AMP does 
not change its solvent accessibility as compared to the binary 
e-AMP-CPS complex; in both cases, the base is well shielded 
from the solvent. 

It has been postulated that free magnesium ions are nec- 
essary for the full activity of CPS (Raushel et al., 1979). From 
Figure 3, it is clear that magnesium not only affects the rate 
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ergy changes associated with the dissociation of MgATP from 
the e-AMP-CPS-MgATP and the CPS-MgATP complexes, 
respectively (Weber, 1975). Using the dissociation constants 
presented above, we have obtained a value of +0.48 kcal/mol 
for AGxu; the positive sign signifies the “antagonistic” (an- 
ticooperative) interaction between ligands. This value is almost 
identical with a AG of +OS kcal/mol obtained for the binding 
of CTP and succinate to aspartate transcarbamylase (Chan- 
geux et al., 1968) and is slightly lower than +0.8 kcal/mol 
for the interactive binding of phenylalanine and Mn2+ to py- 
ruvate kinase (Kayne & Price, 1972). On the other hand, the 
antagonism in binding of CPS observed for €-AMP and 
MgATP is much weaker than the coupling between oxygen 
and 2,3-diphosphoglycerate interaction with hemoglobin for 
which a value + 1.3 kcal/mol has been measured (Tyuma et 
al., 1971). 

The significance of the observed coupling between the al- 
losteric and the MgATP binding sites could be best demon- 
strated with a physiologically important ligand such as UMP, 
provided that a set of dissociation constants for its interaction 
with CPS has been obtained. Such data are not yet available. 
Nevertheless, since €-AMP and UMP occupy the same or 
overlapping sites (from data in this paper), we can conclude 
that the AGXY for UMP and MgATP binding is similar to that 
for €-AMP and MgATP. 

When the concentration of €-AMP is much below its Kd, 
the binding of MgATP will partially reverse the formation of 
the ternary complex by releasing some of the bound €-AMP. 
For the nonphysiological ligand, the reaction rate remains 
almost unchanged because the ligand itself has little effect on 
the CPS activity. However, for a physiologically relevant 
ligand, such as UMP, the reduction by 50% of the concen- 
tration of the allosteric effector bound to the enzyme would 
undoubtedly result in a significant relief of the inhibition. On 
the other hand, when the concentration of the allosteric in- 
hibitor is much greater that its Kd, the effect of MgATP 
binding is negligible. Thus, the degree of saturation of the 
allosteric site of the enzyme is modulated by MgATP but only 
when the concentration of the allosteric effector is low, Le., 
approximating “normal” physiological conditions. Besides the 
reversible dissociation-association equilibria of CPS (An- 
derson, 1984, 1986) such a mechanism of altering the sensi- 
tivity of the enzyme to binding of allosteric effectors may 
provide an important additional mode of regulation of the CPS 
activity. 
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FIGURE 5 :  Dependence of the relative change in the fluorescence 
anisotropy on the value of Kd2. Numbers next to the curves indicate 
the assumed value of Kd2. Experimental points (m) are as in Figure 
3B in the presence of 10 mM excess of Mg2+ over ATP. 

of the catalytic reaction of CPS (at equimolar ATP to mag- 
nesium, the reaction rate never reaches maximum) but also 
alters the binding of ATP to the enzyme. However, since we 
have not seen any affect of Mg2+ alone on the affinity of 
€-AMP, a direct energetic coupling between the divalent cation 
site and the €-AMP site seems unlikely. 

Scheme I is consistent with our findings concerning the 
formation of ternary complexes between CPS and MgATP 
and E-AMP. For the MgATP binding, the equilibria corre- 
spond to the binding of the nucleotide to either the “first” or 
the “second” binding sites, provided that the enzyme is satu- 
rated with M?’. The fact that the anisotropy of €-AMP 
decreases to only 50% of its initial value upon saturation of 
the enzyme with MgATP is also consistent with this scheme. 
Incomplete displacement of the fluorescent nucleotide is ex- 
pected when a ternary complex of CPS, €-AMP, and MgATP 
is formed. When CPS is saturated with MgATP, the Kd for 
€-AMP increases approximately 2.3 times (from 0.033 to 0.075 
mM). Since €-AMP is used at a concentration well below its 
Kd, one can expect that the concentration of bound €-AMP 
(and the observed anisotropy) will be reduced by the same 
factor. This is in good agreement with the experimental re- 
sults. Thus, the fluorescence anisotropy of bound €-AMP 
attained at saturation is a sensitive function of Kdz, the dis- 
sociation constant for the interaction of MgATP with the 
6-AMP-CPS complex. 

The value of Kdl is equal to 0.033 mM; the “true” value of 
Kd3 must be close to its apparent value obtained at 10 mM 
excess Mg2+ over ATP because the concentration of €-AMP 
was kept below its Kd value. On the basis of the fluorescence 
and kinetic data, we have used a value of 0.6 mM for Kd3. 
Using the equations shown in the Data Analysis section, we 
have calculated the relative change of the anisotropy, -AA/Ao, 
for several values of Kd2 (Figure 5). The best agreement of 
the simulated curves with the experimental data was obtained 
when Kd2 = 1.35 mM; this implies that Kd4 = 0.075 mM. 

One fact which is not consistent with this scheme is the 
apparent insensitivity of the K ,  for ATP to the presence of 
the effector. This can be explained by assuming that inter- 
actions of e A M P  with the enzyme and the transmission of 
the effect of its binding to the ATP binding site(s) may be 
modulated by glutamine or bicarbonate which were present 
during kinetic assays but were absent during fluorescent ti- 
trations. 

The free energy of coupling between MgATP and €-AMP, 
AGxy, is defined as the difference between standard free en- 
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ABSTRACT: A high-density mucin glycoprotein was isolated from human tracheobronchial secretions sub- 
stantially free of contaminating protein, low-density glycoprotein, proteolytic enzymes, and lipid. A closely 
associated 65-kDa protein was discovered while investigating the effect of 2-mercaptoethanol treatment 
on the purified mucin glycoprotein. It has been established that the 65-kDa protein is neither a,-anti- 
chymotrypsin nor human serum albumin, two proteins of similar molecular weight which are found in crude 
tracheobronchial secretions. This protein lacks cross-reactivity with antibodies directed against serum 
components and is presumably comparable to the 65-kDa protein similarly isolated from canine tracheal 
pouch secretions [Ringler et al. (1987) Biochemistry 26, 5322-53281, Although both the presence of 
sulfhydryl groups and the ability to be reassociated with the mucin molecule have been established, it is 
not clear whether its association is due to direct disulfide bonding, hydrophobicity, or entrapment. It was 
found that 14C-methylated methemoglobin was an inappropriate substrate for measurement of proteolytic 
activity in mucin preparations due to inherent entrapment and clearance capabilities of mucin molecules. 

S e c r e t o r y  products of the upper airway epithelial cells 
provide the components necessary for control of the physical 
properties of the respiratory mucus. Since this material must 
be translocated in an upward direction for clearance, and 
simultaneously provide a coating on cellular surfaces, its 
rheological properties must be tightly regulated. These are 
largely defined by a mucin-type glycoprotein with a covalent 
molecular weight in the range of lo6. The ability of this 
macromolecule to aggregate is an important feature of the 
overall system as is its capacity to bind lipid and cations. 
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Detailed studies of the chemical structure of the glycoprotein 
have been performed in several laboratories, and a composite 
analytical profile has been defined (Roberts, 1976; Creeth et 
al., 1977; Sachdev et al., 1980; Rose et al., 1984; Slayter et 
al., 1984; Woodward et al., 1982, 1987). A recent study of 
material isolated from canine tracheal mucus indicated that 
a nonglycosylated protein of M, 65K was closely associated 
with the mucin glycoprotein (Ringler et al., 1987). The present 
report details the properties of a comparable protein from 
human secretions and the role of disulfide bonds in the asso- 
ciative behavior of the two macromolecules. 

MATERIALS AND METHODS 
Isolation of Delipidated Tracheobronchial Mucin. Tra- 

cheobroncial aspirates were collected from patients hospitalized 
for nonpulmonary illness, and the major mucin glycoprotein 
was isolated as before with minor modifications (Woodward 
et al., 1982). Briefly, upper respiratory tract aspirates were 
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