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Mechanistic Studies of Glutamine Synthetase from 
Escherichia coli: Kinetics of ADP and 
Orthophosphate Binding to the Unadenylylated Enzyme? 

S. G. Rhee and P. B. Chock* 

ABSTRACT: The kinetics of protein fluorescence change ex- 
hibited by ADP or orthophosphate addition to the Mg2+- or 
Mn2+-activated unadenylylated glutamine synthetase from 
Escherichia coli were studied. The kinetic patterns of these 
reactions are incompatible with a simple bimolecular bind- 
ing process and a mechanism which required protein isom- 
erization prior to substrate binding. They are consistent 
with a mechanism in which direct substrate binding is fol- 
lowed by a substrate-induced conformational change step, 
ES ES*. At pH 7.0 and 15 OC, the association constants 
for the direct binding ( K l )  of ADP to MnEl.0 and of Pi to 
MnE1,oADP are 3.9 X I O 4  and 2.28 X lo2 M-I, respective- 
ly .  The association constant for the direct binding of ADP 
to MnEl,oPi is 2.3 X lo4 M-' a t  pH 7.0 and 19 OC. The 
AGO for the substrate-induced conformational step are 
-3.5 and -1.3 kcal mol-' due to ADP binding to MnEl,oP; 
and MnEl.0, respectively, and -1.4 kcal mol-' due to Pi 
binding to MnEl,oADP. Rate constants, k2, and k-2, for 
the isomerization step are: 90 and 9.5 s-] for ADP binding 

G l u t a m i n e  synthetase, a key enzyme in nitrogen metabo- 
lism (Stadtman, 1973), has been extensively studied in re- 
cent years (Rhee et al., 1976; Stadtman and Ginsburg, 
1974; Meister, 1974). The enzyme from E. coli is composed 
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to MnEl 0, 440 and 0.36 s-l for ADP binding to MnEl oP,, 
and 216 and 1.8 s-l for P, binding to MnEl oADP. Due to 
low substrate affinity, the association constant for direct P, 
binding to MnElo was roughly estimated to be 230 M-' 
and k2 = 750 s-l, k-2 = 250 s-l. At 9 "C and pH 7.0, the 
estimated association constants for the direct ADP binding 
to MgEIo and MgEl oP, are 1.8 X lo4 and 1.6 X lo4 M-I, 
respectively; and the rate constants for the isomerization 
step associated with the corresponding reaction are k2 = 
550 s-l, k-2 = 500 s-*, and k2 = 210 s-I, k-2 = 100 s-l, 

From the kinetic analysis it is evident that the inability of 
Mn2+ to support biosynthetic activity of the unadenylylated 
enzyme is due to the slow rate of ADP release from the 
MnEl oP,ADP complex. In contrast the large k-2 obtained 
for ADP release from the MgEl oADP or MgEl oP,ADP 
complex indicates that this step is not rate limiting in the 
biosynthesis of glutamine since the k catalysis obtained 
under the same conditions is 7.2 s-* ,  

of 12 identical subunits (Woolfolk et al., 1966) and is regu- 
lated primarily by cascade control of the adenylylation and 
deadenylylation of a tyrosine residue in each subunit (Adler 
et al., 1974; Holzer, 1969; Shapiro et al., 1967). This en- 
zyme is known to catalyze several reactions involving the 
conversion of glutamate to glutamine, or vice versa, gluta- 
mate or glutamine to y-glutamyl hydroxamate and gluta- 
mate to pyrrolidonecarboxylate (Rhee et al., 1976; Stadt- 
man and Ginsburg, 1974). Of these reactions, the biosyn- 
thetic and transferase reactions (reaction 1 and 2, respec- 
tively) are the most widely studied 
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Me2+ 
L-glutamate + ATP + NH3 + L-glutamine 

+ A D P + P ,  (1) 

We*+ 

ADP, P, or arsenate 
L-glutamine + "*OH + 

y-glutamyl hydroxamate + NH3 (2) 

(where Me2+ is divalent metal ion). Mg2+ will support ca- 
talysis of both reactions by the unadenylylated enzyme but 
it can not support any activity of the adenylylated enzyme. 
However, Mn2+ can support both catalytic activities of the 
adenylylated enzyme and the transferase activity of the 
unadenylylated enzyme but i t  will not support biosynthetic 
activity of the unadenylylated enzymes. Although forward 
biosynthetic activity with the Mn2+-unadenylylated enzyme 
could not be detected by the conventional assay methods, 
we have shown (Rhee et al., 1976) that Mn2+-unadenyly- 
lated enzyme catalyzes the reverse biosynthetic reaction, 
the glutamate dependent transfer of the y-phosphoryl group 
of ATP to GDP, and the conversion of glutamate to pyrroli- 
donecarboxylate. In addition, our fluorescence studies 
suggest that conversion of glutamate to an activation com- 
plex (or complexes) is formed upon addition of ATP and L- 
glutamate to the unadenylylated enzyme in the presence of 
either Mg2+ or Mn2+. Recently Wedler (Wedler, 1974) 
suggested that the release of ADP from the MgEl is the 
rate-limiting step for the biosynthetic reaction based on the 
relative rates of equilibrium isotopic exchange which 
showed that the ADP ~t ATP exchange rate i s  slower than 
the glutamate glutamine and glutamine 9 NH3 ex- 
changes. In addition, it is known that ADP and orthophos- 
phate or arsenate exhibit a strong synergistic effect with re- 
spect to their binding affinity for the Mn2+-activated unad- 
enylylated enzyme (Timmons et al., 1974a,b; Hunt et al., 
1975). This synergistic effect can be achieved by increasing 
the association rate constants of ADP and orthophosphate 
with the enzyme or by decreasing their dissociation rate 
constants, likely through ligand induced protein conforma- 
tional change. 

In the present paper, we report the results of the stopped- 
flow kinetic studies on the binding of ADP and orthophos- 
phate to the Mg2+- and Mn2+-activated unadenylylated en- 
zyme. From a consideration of the rate constants for the 
binding of ADP and orthophosphate and the ligand induced 
conformational change steps involved, a mechanism is pro- 
posed to explain the observed results. 

Experimental Section 
Materials. The unadenylylated glutamine synthetase was 

isolated using the procedure developed by Woolfolk et al. 
( 1  966) from E.  coli grown in a medium containing 20 m M  
NH4CI or 35 mM L-glutamate and 0.67 M glycerol. The 
state of adenylylation of this enzyme was 1 .O as determined 
both by the spectrophotometric method and by the y-glu- 
tamyltransferase assay (Shapiro and Stadtman, 1970). The 
specific activity of the purified enzyme as determined by a 
modified procedure developed by Ginsburg et al. (1970) 
was 130 a t  37 "C which agrees well with the published 
values for the purified enzyme. The reagents, ATP. ADP, 
and L-glutamine, were obtained from Sigma Chemical Co. 

Methods. Fluorescence measurements were made using a 

' The subscript indicates the average number of adenylylated sub- 
units per dodecamer. 

Hitachi Perkin-Elmer MPF-2A instrument equipped with a 
Hewlett-Packard 7004B X-Y recorder and a homemade 
voltage offset circuit. Constant temperature was maintained 
using thermostated cell holders and constant-temperature 
circulating baths. A Cary 17 spectrophotometer equipped 
with thermostated cell holder was used for absorption spec- 
tra measurements. 

Unless it is specified, all fluorometric measurements were 
carried out a t  20 O C  and the stopped-flow measurements 
were performed at  15 "C for MnEl.0 and 9 "C for MgEl.0 
system in order to slow down the reaction rate. All reactions 
were carried out in 50 m M  Hepes2-KOH and 0.1 M KCI 
buffered solutions a t  pH 7.0. Special care was taken to re- 
move trace amounts of ammonia in the enzyme (Timmons 
et al., 1974b). All solutions were prepared with deionized 
water which had been freshly redistilled under argon atmo- 
sphere. 

Fluorescence emission spectra of the enzyme were re- 
corded with an excitation wavelength of 300 nm to give an 
emission spectrum with a maximum a t  336 nm. With this 
excitation wavelength, the emission observed can be as- 
cribed solely 'to the tryptophan residues in the enzyme 
which contains three or four residues per subunit (Wool folk 
et al., 1966). 

For the stopped-flow measurements, the same solution, 
which contained all required reagents except enzyme and 
the particular ligand under investigation, was used to pre- 
pare the two pre-mixed solutions. The solutions were equili- 
brated a t  the reaction temperature in a constant-tempera- 
ture bath followed by 10 more min of incubation in the 
stopped-flow reservoir syringes. 

The stopped-flow apparatus used consists of a pneumatic 
driving system from an Aminco Morrow stopped-flow ma- 
chine equipped with either an Aminco Morrow mixer and 
observation cell or a homemade fast mixing cell which has a 
dead time of ca. 500 ks (to be published elsewhere). Both 
cells were thermostated a t  the reaction temperature. The 
light source used is a Hanovia 200-W mercury-xenon arc 
lamp with a low ripple Kepco JQE power supply. The light 
beam was passed through a Bausch and Lomb grating mo- 
nochromator with a slit width of l or 2 mm before it 
reached the observation cell. The 90 "C fluorescence emis- 
sion light from the tryptophan residues was filtered with an 
interference filter (Corion Instrument Corporation) with 
maximum transmission (-1 5%) a t  340 nm and a half peak 
bandwidth of 10 nm. An EM1 9558 QBS-20 photomultipli- 
er tube was mounted closely to the observation chamber in 
order to maximize the solid angle subtended by the photon- 
sensitive surface. Signal current from the last dynode of the 
9558 QB S-20 was amplified by an Intersil 8007 operation- 
al amplifier in a current to voltage configuration. This sig- 
nal was then further amplified, offset, filtered, and recorded 
on a Tektronix WPl200 Digital Processing Oscilloscope 
where signal averaging, semilog plot, and computation of 
rate constants were carried out. 

The curve-fitting calculations were carried out by the use 
of an interactive curve-fitting and graphic program, MLAB, 
developed a t  National Institutes of Health and running on a 
PDP-10 digital computer (Knott and Reece, 1971). 

Treatment of Data 
As observed by the stopped-flow technique, the rate of 

Abbreviation used: Hepes, N-2-hydroxyethylpiperazine-N'-2- 
ethanesulfonic acid. 
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fluorescence change due to the binding of ADP or ortho- 
phosphate to the enzyme can be treated as either a one-step 
or two-step binding reaction. The one-step reaction is 

(3) 
k i  

k-1 
E + S + E S  

where ES is enzyme-substrate complex and kl and k-1 are 
forward and reverse rate constants, respectively. When [SI0 
>> [El0 (total concentration of S and E added), the rate ob- 
served will correspond to a pseudo-first-order rate, with the 
observed rate constant as 

kobsd = k l [ S ] o  k-l (4) 

This mechanism predicts a linear relationship between kobsd 
and [ S ] O .  

A two-step reaction mechanism can involve either a mo- 
lecular rearrangement of ES complex (eq 5 )  or a protein 
isomerization step as described in eq 6.  

k i  k2 

k- I k-2 

ki  k2 

k-i k-2 

E + S + ES ES* (5) 

E e E *  + S+E*S ( 6 )  

When [SI0 >> [Elo, with steady-state assumption and the 
condition that [ES*] or [E*S] is 0 at t = 0, the pseudo- 
first-order rate constants for reactions 5 and 6 are given by 
eq 7 and 8, respectively. 

If the substrate addition step in reaction 5 is a rapid equilib- 
rium reaction such that k-1 >> k2, then eq 7 is converted to 
eq 9 

(9) 

where K I  = k l / k - l .  If the rapid equilibrium step for reac- 
tion 6 is the isomerization step, then 

kobsd = [ ( k 2 [ S ] o ) / ( l  K I - ' ) ]  + k-2 ( 1 0 )  
which indicates that kobsd is a linear function of [ s ] ~ .  Equa- 
tions 7-9 indicate that, at very high [ s ] ~ ,  kobsd is substrate 
concentration independent, such that kobsd = k2 + k-2 for 
reaction 5 and kobsd = kl for reaction 6.  If the same protein 
isomerization is required for different substrate binding, 
then kobsd should be independent of these substrates used 
for reactions which followed the mechanism described by 
reaction 6.  All the kobsd reported here plateau at high sub- 
strate concentration and the maximum kobsd is substrate de- 
pendent. These are consistent with eq 7 and 9. However, 
only eq 9 will result in a linear reciprocal plot. 

The values of K I ,  k2, and k-2 were obtained from com- 
puter curve-fitting using an interactive curve-fitting and 
graphic program. 

Results 
Fluorescence Changes Induced by ADP and Ohhophos- 

phate. Figure 1 shows the relative fluorescence emission 
changes at 336 nm due to the addition of ADP and ortho- 
phosphate to the MgEl.0 and MnElo at 20 O C ,  pH 7.0. The 
magnitude of the fluorescence change is substrate concen- 
tration dependent until saturation is achieved. The ampli- 

ADP J 7  
SUBSTRATE ADDITION 

FIGURE 1: Relative protein fluorescence intensity enhanced by ADP 
addition followed by orthophosphate addition or vice versa for the 
MgElo and MnE1.o. The reactions were carried out in 50 mM Hepes- 
KOH (pH 7.0) buffer containing 0.1 M KC1 at  20 OC. The final con- 
centrations for the Mg system are [Mg2+] = 20 mM, [E] = 11  HM, 
[ADP] = 0.33 mM, [P,] = 40 mM; for the Mn2+ system are [Mn2+] = 
I mM, [E] = 11.6 pM, [ADP] = 0.2 mM, [P,] = 13 mM. Excitation 
wavelength was 300 nm and emission was measured at 336 nm. 

Table I: Dissociation Constants from Fluorometric Titration." 

Kd (PM) 

ADP + MnEl.0 
ADP + MnE1,oGln 
ADP + MnE1,oPi 
Pi + MnEl.0 
Pi + MnE1,oADP 
A D P  + MgEl.0 
Pi + MgEl.0 
A D P  + MgEmPi 

4.6 5 1.5 (3.1)b 
2.4 & 1.0 
0.05 f 0.03(-0.02)b,C 

1400 5 300 
30 
40d (&5)c 

5000d f 500 
30 

" Unless it is specified, all data were obtained a t  p H  7.0, 20 'C, 
50 m M  Hepes-KOH buffer and 0.1 M KCI. The excitation wave- 
length was 300 n M  and emission maximum was 336 nm. pH 7.2, 
25 OC (Hunt  et al., 1975). p H  7.6, 25 OC (Rhee e t  al., 1976). 

pH 7.6 ,  25 OC. 

tudes shown in Figure 1 are obtained at substrate concen- 
tration at least eight times above its dissociation constant. 
The amount of fluorescence enhancement provoked by 
ADP and orthophosphate is dependent on the divalent 
metal ion presence. In the case of MnEl.0, the amount of 
fluorescence increase due to either substrate depends on the 
sequence of addition; however, the total fluorescence en- 
hancement due to ADP and orthophosphate binding was in- 
dependent of the sequence of addition. For example, when 
ADP was added first, a 67% fluorescence increase was de- 
tected, but only 50% was observed when ADP was added 
after PI. In the case of MgEl.0, within experimental error, 
the fluorescence enhancement due to each substrate is inde- 
pendent of the sequence of addition. From the changes in 
fluorescence caused by increasing concentrations of ADP 
and PI, the binding constants for these substrates were cal- 
culated from modified Scatchard plots (Timmons et al., 
1974b) and are given in Table I. 

Fast Kinetics of ADP and Orthophosphate Binding to 
Mg2+-  and Mn2+-Supported El 0. The rates of fluores- 
cence changes associated with the binding of ADP or ortho- 
phosphate to Mg2+- or Mn2+-supported unadenylylated en- 
zyme were measured with a stopped-flow machine. The 
procedure and the apparatus used were described in the Ex- 
perimental Section. The reactions were carried out in a 50 
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500 MV 20 MS 16.37 MS 
FIGURE 2: Oscilloscope tracing of protein fluorescence change for 
MnEl 0 + MnADP reaction and the computer generated semilog plot 
for the corresponding curve. Final concentrations of reactants and 
buffer are [MnE, 01 = 1 kM, [MnADP] = 15 bM, [Hepes-KOH] = 
50 mM, [KCI] = 0.1 M, [Mn2+] = 1 mM. The curve represents the 
fluorescence increase with 500 mV per division and the time scale is 20 
ms per division. The straight line represents the plot of In (FM - F r )  
vs. time where FM and Fr are fluorescence level at  maximum and at  
time 1,  respectively. The vertical scale for the straight line is 1.3 per di- 
vision. Excitation wavelength is 300 nm, emission at  336 nm.  

mM Hepes buffer which containing 0.1 M KCI a t  pH 7.0. 
All the MgEl.0 systems were measured at  9 O C  while the 
MnEl.0 systems at  15 O C ,  except for reaction 1 1  which was 
carried out a t  19 "C to extend the range of Pi concentra- 
tions that could be used before precipitation of Mn3(P04)2 
occurred. The reaction mixture was excited with 300-nm 
light and the fluorescence emission change with respect to 
time was recorded at  340 nm. The concentrations of en- 
zyme or enzyme-substrate complex used for all reactions 
studied were in the range of 1 - 10 kM.  

The reactions studied are: 

MnADP + MnEl.oPi (1 1)  

MnADP + MnEl.0 (12) 

MnPi + MnE1,oADP (13) 

MnPi + MnEl,o (14) 

MgADP + MgEl.0 (15)  

MgADP + MgEl.oPi (16) 

For reactions 11, 12, and 13, which are relatively slow 
(half-lives between 3 and 200 ms), an Aminco-Morrow 
mixer and observation cell were used. A typical oscilloscope 
tracing is shown in Figure 2. Pseudo-first-order rate con- 
stants, k&$& were calculated by the computer from these 
fluorescence enhancement curves and were plotted against 
the substrate concentrations, as shown in Figure 3. At  low 
ADP concentrations, the kobsd increases linearly with in- 
creasing ADP concentration and then plateaus a t  high ADP 
concentration. However, a plateau could not be demon- 
strated for the binding of Pi to MnE,,oADP because 
Mn3(P04)2 precipitated a t  the higher Pi concentrations 
used. Nevertheless the kobsd vs. [Pi] plot is deviated from 
linearity when the concentration of Pi is higher than 1 mM. 
These data clearly show that kobsd is not directly propor- 
tional to [Slo; hence eq 4 can be rejected. For the same rea- 
son, a mechanism involving a rapid protein isomerization 
step as that described by reaction 6 can also be rejected 
since a linear function is required between kobsd and [SI0 
(see eq 10). The results best fit a rate expression described 
by eq 9. A linear plot is obtained when (kobsd - k-2)-I is 
plotted against [S]O-' as shown in Figure 3. This is in ac- 
cord with the rearrangement of eq 9. Computer-simulated 

0 0 2 c  ::,..' 0 1  0 2  

l / A D P i r M  ' i  
1 I 

50 100 150 200 

ADP (pMI 

FIGURE 3: kobsd for MnEl 0 -I- ADP plotted as a function of ADP con- 
centration. The curve is generated by computer simulation based on eq 
9 to give K1 = 3.9 X lo4 M-', k 2  = 90 s- ' ,  k - 2  = 9.5 s-I. The points 
are experimental values obtained at  15 "C, pH 7.0, 50 mM Hepes- 
KOH, 0.1 M KCI, 1 mM MnZC, 1 pM El 0, and [ADP] is a variable. 
The k o b l d  for [ADP] I 5 pM were derived from second-ordered rate 
constant measured. The insert is a plot of ( k o b s d  - k - 2 ) - I  vs. [ADPI-' 
for the same data. 

curves based on eq 9 are given in Figure 3, and the rate con- 
stants so evaluated are tabulated in Table 11. 

The rates for reactions 14, 15, and 16 are too fast to mea- 
sure with the Aminco-Morrow cell. A homemade fast mixer 
and observation cell which has a dead-time of 500 ps is used 
for these studies. A typical oscilloscope tracing is given in 
Figure 4. Since the dissociation constants for these reac- 
tions are relatively high and because their fluorescence 
changes are relatively small, the reactions are characterized 
by high rate and low amplitude; therefore, the rate constant 
determinations are subject to relatively large experimental 
errors. With this situation an accurate intercept a t  the k&sd 
axis cannot be obtained (see Figure 5) .  However, the kinetic 
pattern shown in Figure 5 is clearly the same as that shown 
in Figure 3. The rate constants can be estimated and are 
given in Table 11. For the purpose of comparison, the results 
of ADP binding to MgEl0  and MgEl oP, are shown in Fig- 
ure 5. 

Discussion 
The kinetic data presented above show that binding of 

ADP or orthophosphate to either Mg2+- or Mn2+-activated 
enzyme or the enzyme-substrate complex is incompatible 
with a simple bimolecular association process. The data re- 
quire at  least a two-step reaction processes as described in 
eq 5 and 6. However, as described in the Treatment of Data 
section, all rate expressions derived from reaction 6 (eq 8 
and 10) are inconsistent with the data obtained here, 
whether steady-state or rapid equilibrium mechanisms are 
assumed. Equation 8 indicates that a t  very high [S]O, kobsd 
is substrate concentration independent such that kobsd = k I .  

If the same protein isomerization is required for different 
substrate binding, then the maximum value of kobsd ob- 
tained should be independent of these substrates used. This 
is clearly not the case being observed here. Equation I O  in- 
dicates that kobsd is a linear function of [SI0 which is in- 
consistent with the data. Therefore, a mechanism in which 
protein isomerization occurs prior to substrate addition 
need not be considered, Rate expressions for alternative 
mechanisms involving a substrate induced protein confor- 
mational change (reaction 5 )  are given by eq 7 and 9. The 
experimental data such as those shown in Figures 3 and 5 
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Table 11: Kinetic Constants for the Two-step Binding Mechanism.O 

Temp Kd (MI ,  Kd (MI ,  
("(3 K I  (M-') k2 ( s - ' )  k-2 ( s - ] )  kineticsb titration< 

A D P  + M n E l o  15 (3.9 f 0.36) X lo4  90 f 2 9.5 f 1.5 (2.7 f 0.6) X (4.6 f 1.5) X 
A D P  + MnEI oP, 19 (2.3 & 0.6) X lo4 440 i 72 0.36 f 0.3 (3.4 f 3) X (5 f 3) X 

PI  + M n E l o  15 (230)d (750)d (250)d (1.5 x 10-3)d (1.4 & 0.5) X IOd3 
PI  + MnEl  oADP 15 228 f 21 216 f 29 1.8 f 0.75 (4 f 2) X (3 f 1) x 10-5 

A D P  + MgEl 0 9 (1.8 x 104)d (550)d (5OO)d (3.7 x 10-5)d (4 f 0.5) x 10-5 
A D P  + MgEl  oP, 9 (1.6 x 104)d (210)d ( 1OO)d (3 x 10-5)d (3 f 1) x 10-5 

Kinetic constants obtained at  p H  7.0, Hepes-KOH buffer (50 m M )  and 0.1 M KCI. The  constants are  calculated based on eq 9. Cal- 
Constants from titration a t  p H  7.0, 20 OC except for the two MgEl 0 systems which a re  culated from kinetic data ,  e.g., Kd = k - z / ( K l k z ) .  

obtained at  p H  7.6,25 O C .  Estimated value. - Mg ADP 

200 MV 1 MS .6547 M S  
FIGURE 4: Oscilloscope tracing of protein fluorescence change when 
MgElo was mixed with MgADP in the stopped-flow with a homemade 
mixing chamber. The final concentration of each component is [El 01 
= I O  fiM, [ADP] = 0.5 mM, [Hepes-KOH] = 50 mM, [KCI] = 0.1 
M, [Mg2+] = 20 mM. The reaction was carried out a t  pH 7.0, 9 O C .  

The curve represents the fluorescence increase with 200 mV per divi- 
sion and the time scale is 1 ms per division. The straight line represents 
the semilog plog of the fluorescence change with respect to time pro- 
duced by the computer. The vertical scale for the semilog plot is 1 . I  per 
division. The excitation wavelength is 300 nm, emission at 366 nm. 

are best explained by eq 9. Accordingly, the data are consis- 
tent with the mechanism depicted by reaction 5 in which 
k - ,  >> k2. This indicates that the first step is in rapid equi- 
librium. Assuming this mechanism is correct, by using eq 9, 
the values of k2. k-2. and K I  were calculated for ADP 
binding to MnEl 0 and MnEl oP,, and for orthophosphate 
binding to MnEl oADP, respectively, and are reported in 
Table 11. The value for kl was estimated with the assump- 
tion that ES is a collision intermediate, which is formed at a 
diffusion-controlled rate - lo8 M-' s-I (Eigen and 
Hammes, 1963). It follows that k-l is 2 X lo3, 2.6 X lo3, 
and 4.4 X I O 5  s-' for ADP binding to MnEl oP,, MnEl o 
and for orthophosphate binding to MnEl oADP, respective- 
ly. Since fluorescence of ES should be the same as that of E, 
the observed fluorescence change must be due to substrate- 
induced isomerization of the enzyme. This is supported by 
the fact that no biphasic phenomenon is observed and the 
amplitude is proportional to [SI0 till saturation is reached. 
The AGO values for the substrate-induced conformational 
change step, ES e ES*, are -3.5 and -1.3 kcal mol-' for 
ADP binding to MnEl oP, and MnEl 0, respectively. When 
orthophosphate binds to MnEl oADP, a AGO of -1.4 kcal 
mol-' was obtained for the substrate-induced conforma- 
tional change process. Unfortunately, one cannot evaluate 
the AGO for the substrate-induced step for the ADP binding 
t o  MgE10 or MgEl oP,, nor for the binding of orthophos- 
phate t o  MnEl 0 because the relatively high error involved 
in determination of the rate constants makes it impossible 
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FIGURE 5 :  The dependent of kobsd on ADP concentration for ADP 
binding to MgE1.o (0) and MgEl,oPi (0). In  this experiment [Hepes- 
KOH] = 50 mM, [KCI] = 0.1 M, [Mg2+] = 20 mM, [ E I . ~ ]  = I O  fiM, 
[Pi] = 25 m M  for (o ) ,  and [ADP] is a variable. The reaction was 
carrried out at pH 7.0, 9 O C .  

to obtain an accurate intercept (see Figure 5). However, the 
value of k2 + k-2 for each case can be estimated. They are 
1000, 350, and 1000 s - I  for ADP addition to MgEl.0, 
MgEl,oPi, and for orthophosphate binding to MnEl.0, re- 
spect ively . 

The data in Table I1 indicate that in the binding of ADP 
to MnEl.0 orthophosphate increases the value of k2 + k-2 
from 99.5 to 440 s-l. To  achieve this, it increases k2 from 
90 to 440 s-l and decreases k-2 from 9.5 to 0.36 s-!. In 
contrast, orthophosphate decreases the value of k2 + k-2 
for ADP binding to MgEl.0 from 1050 to  310 s - I  (Figure 
5). Extrapolation of the MgEl.0 curve in Figure 5 gives an 
approximate intercept of 500 s-I (k-2) .  This value is in rea- 
sonable agreement with the fact that, in the absence of or- 
thophosphate, ADP does not affect the binding rate of 
ATP. In addition, we have observed that kobsd (140 s-' at 
pH 7.0 and 15 "C) for the fluorescence enhancement due to  
the addition of ATP (5 mM) to the MgEl.oGluNH3 ([Glu] 
= 50 mM, [NH3] = 50 mM) complex is the same as that 
obtained for the addition of ATP to the MgEl,oGluN- 
H3ADP ([Glu] = 50 mM, [NH3] = 50 mM, [ADP] = 0.25 
mM) complex. The only difference is that the reaction am- 
plitude observed in the presence of ADP is about 80% of 
that observed when no ADP is present (Rhee, unpublished 
data). This lower amplitude is due to initial fluorescence 
contribution of ADP-enzyme complex. With the assump- 
tion that k-2 = 500 s - I ,  k2 and K1 can be evaluated to be 
550 s-' and 1.8 X lo4  M-I, respectively. The value of Kl is 
in the same order of magnitude as those obtained for ADP 
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binding to MnE1.o in the presence or absence of orthophos- 
phate. If a similar Kl is associated with the binding of ADP 
to MgEl,oPi, then the corresponding k-2 value should be 
equal to or greater than 100 s-I. All the k-2 values estimat- 
ed for the reactions of ADP with MgEl.0 indicate that ADP 
release cannot be the rate-limiting step in the biosynthetic 
reaction where the k, (catalysis) is 7.2 s-l under the same 
conditions at  15 O C .  However, k-2 for the release of ADP 
from MnEl.oPiADP is 0.36 s-I, which is clearly very slow 
relative to k, observed for the Mg2+ activated enzyme. 
From the fact that k2 + k-2 = 1000 s-l and with the as- 
sumption that K I  for the binding of Pi to MnEl.0 is the 
same as that ( K I  = 230 M-I) for the binding of Pi to 
MnEl.&DP, k2 and k-2 for orthophosphate binding to 
MnEl.0 can be evaluated to be 750 and 250 s-l, respective- 

The fact that Kd calculated from the kinetic constants 
are in good agreement with the K d  determined by fluores- 
cence titration (Table 11) provides further support for the 
substrate-induced protein conformational change mecha- 
nism. In addition, the data in Table I indicate that with the 
Mn2+-activated enzymes the effects of ADP and Pi are 
strongly synergistic, but less pronounced effects are ob- 
tained with the Mg2+-activated enzyme. With MnEl ,o, L- 
glutamine also enhances the binding of ADP by a factor of 
2. These synergistic effects suggest that either a substrate- 
induced conformational change or a direct substrate-sub- 
strate interaction is involved. Since the K1 for ADP binding 
to MnEl.0 is about the same as that for ADP binding to 
MnEl .oPi, the synergistic effects must be attributed to dif- 
ference in the ratio of k-2 to kz. This may suggest that the 
Pi induced protein conformation does not enhance the ini- 
tial binding affinity of ADP. Rather, it is the result of a di- 
rect ADP-Pi interaction which enhances the apparent bind- 
ing affinity of ADP and Pi. 

In  conclusion, we have demonstrated that a two-step sub- 
strate binding mechanism is required to explain the kinetic 
data of ADP and Pi binding to either the Mg2+- or Mn2+- 
supported unadenylylated enzyme. The first step is a direct 
substrate binding to the enzyme followed by a substrate- 
induced or a substrate-substrate-complex-induced protein 
isomerization step. It is believed that the result of this isom- 
erization is responsible, a t  least in part, for the synergistic 
effect exhibited by substrate binding. Further, the data also 
show that the release of ADP from MgEl.oADP or Mg- 
El,oADPPi is not the rate-limiting step for the biosynthetic 
reaction. In contrast the slow rate of ADP release from 
MnEl .oADPPi may explain the inability to detect biosyn- 

IY. 

thetic activity with MnEl.0 by means of conventional assay 
methods. 
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