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Divalent Metal Ion, Inorganic Phosphate, and Inorganic Phosphate 
Analogue Binding to Yeast Inorganic Pyrophosphatase+ 

Barry S .  Cooperman,* Anna Panackal, Bleecker Springs, and Donald J. Hamm* 

ABSTRACT: Four different techniques, equilibrium dialysis, 
protection of enzymatic activity against chemical inactivation, 
31P relaxation rates, and water proton relaxation rates, are used 
to study divalent metal ion, inorganic phosphate, and inorganic 
phosphate analogue binding to yeast inorganic pyro- 
phosphatase, EC 3.6.1.1. A major new finding is that the 
binding of a third divalent metal ion per subunit, which has 
elsewhere been implicated as being necessary for enzymatic 
activity [Springs, B., Welsh, K. M., & Cooperman, B. S .  
(1981) Biochemistry (in press)], only becomes evident in the 
presence of added inorganic phosphate and that, reciprocally, 
inorganic phosphate binding to both its high- and low-affinity 
sites on the enzyme is markedly enhanced in the presence of 

m r k  in this laboratory over the last few years has been 
devoted to elucidating the mechanism of action of the dimeric 
enzyme yeast inorganic pyrophosphatase, EC 3.6.1.1 (PPase).' 
This enzyme catalyzes both pyrophosphate (PPI) hydrolysis 
and water-phosphate (Pi) oxygen exchange. In recent papers 
(Hamm & Cooperman, 1978; Springs et al., 1981) we have 
presented a unified scheme for PPase action which accounts 
quantitatively for the observed overall rate constants for both 
processes and, in addition, presented evidence that three Mg2+ 
per active subunit are required for enzymatic activity and that 
there are two Pi sites per subunit, one of high and one of low 
affinity. We will henceforth denote these sites as site 1 and 
site 2, respectively. 

Although Mg2+ confers maximal activity on PPase, ap- 
preciable activity is also found in the presence of ZnZ+, Co2+, 
and MnZ+ (Butler & Sperow, 1977; Janson et al., 1979). In 
this paper we use four different techniques, equilibrium 
dialysis, protection of enzymatic activity against chemical 

divalent metal ions, with Mn2+ causing an especially large 
increase in affinity. The results obtained allow evaluation of 
all of the relevant equilibrium constants for the binding of 
Mn2+ and inorganic phosphate or of Coz+ and inorganic 
phosphate to the enzyme and show that the high-affinity site 
has greater specificity for inorganic phosphate than the low- 
affinity site. In addition, they provide evidence against divalent 
metal ion inner sphere binding to phosphate for enzyme sub- 
units having one or two divalent metal ions bound per subunit 
and evidence for a conformational change restricting active-site 
accessibility to solvent on the binding of a third divalent metal 
ion per subunit. 

modification, 31P relaxation rates, and water proton relaxation 
rates, to investigate divalent metal ion, Pi, and Pi analogue 
(methylphosphonate, thiophosphate, and phosphoramidate) 
binding to PPase. The binding of Pi in the presence of either 
Mn2+ or Co2+ has been investigated in the most detail, because 
the paramagnetism of these two metal ions will make them 
extremely useful in future NMR and ESR studies. 

Our major findings and conclusions are as follows. (1) In 
addition to the two divalent metal ions bound with approxi- 
mately equal affinity per PPase subunit in the absence of Pi, 
a third divalent metal ion is bound with approximately equal 
affinity in the presence of Pi. (2) Reciprocally, the affinity 
of Pi for both of its sites on PPase is markedly increased in 
the presence of divalent metal ion. In the presence of either 
Mn2+ or Co2+, the binding to site 1 is strong enough to permit 
direct stoichiometric titration. (3) The equilibrium dialysis 
and 31P relaxation rate studies permit evaluation of all of the 
relevant equilibrium constants for the binding of three MnZ+ 
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ions and two phosphates or three Co2+ ions and two phosphates 
to PPase. (4) The structural specificity of site 1 for P, is 
greater than that of site 2. (5) Several lines of evidence support 
the suggestion that the binding of a third divalent metal ion 
is accompanied by a conformational change of the enzyme 
which has the effect of reducing solvent accessibility to the 
active site. (6) In enzyme subunits having one or two divalent 
metal ions bound per subunit, our evidence indicates an ab- 
sence of divalent metal ion inner sphere binding to PI in either 
site 1 or site 2 .  

Experimental Procedures 

Materials 
PPase was prepared with some minor modifications (Bond, 

1979) of the procedure described previously and had a specific 
activity of 550-750 IU/mg as measured by the standard ti- 
trimetric assay (Cooperman et al., 1973). Trisodium thio- 
phosphate was prepared according to Akerfeldt (1960) and 
was contaminated with 1-2% P, as estimated by 31P NMR. 
Methylphosphonic acid was a gift from A. Hampton (Institute 
for Cancer Research, Fox Chase, PA). Monopotassium 
phosphoramidate was prepared according to Klement & Becht 
(1947) as modified by Chambers & Khorana (1958). This 
material as prepared was free of PI. However, prolonged 
standing in solution at pH 7 did lead to hydrolysis. For ex- 
ample, samples stored overnight at 4 "C were 2-4% in P,. 
Phenylglyoxal (PhGx) was obtained from Aldrich Chemical 
Co. and 1-ethyl-3- [3-(dimethylamino)propyl]carbodiimide 
(EDAC) from Sigma Chemical Co. Carrier-free [32P]P, was 
from ICN, and carrier-free 54Mn2+ and 57C02+ were from New 
England Nuclear. N-Ethylmorpholine (Pierce, Sequanal 
Grade) was distilled before use. Dialysis tubing (3787-D52, 
12 000 molecular weight cutoff) was obtained from A. H. 
Thomas and prewashed by boiling with distilled water and 
rinsing with distilled deionized water. Water for stock solutions 
was glass distilled and passed through a Barnstead standard 
mixed-bed deionized column. Stock solutions of Tris (Trizma, 
Sigma) and KCl used for making up buffers for both the 
dialysis and NMR experiments were passed over Chelex 100 
(Bio-Rad) to reduce trace heavy metal ion contamination. 
Stock solutions of divalent metal ion salts were prepared by 
weight from analytical grade samples. Solutions of Mn- 
C12.4H20 were standardized by using Eriochrome Black T 
(West, 1969). 

Methods 
Equilibrium Dialysis. All dialysis experiments were carried 

out in buffer A lO.10 M Tris-HC1 (pH 7.2, measured at room 
temperature) and 0.10 M KCl]. Two methods were employed. 
Data obtained with method A were used in construction of 
the Scatchard plots shown in Figures 1 and 2. In this method 
samples were placed in a Technilab multicavity microdialysis 
cell (Bel-Art Products) in which each cavity had a volume of 
100 pL. In all cases radioactive ligand and enzyme were added 
to cavities on opposite sides of the dialysis membrane at the 
beginning of the experiment. The dialysis cells were gently 
rotated overnight at room temperature (21-23 "C) on a 
Technilab rotator (Model 71-Bel Art Products), which suitable 
control experiments showed to be sufficient for the attainment 
of equilibrium. Following the attainment of equilibrium, 
aliquots were taken to determine the concentration of radio- 
active ligand in both cavities and the concentration of enzyme 
on the enzyme side (this was necessary because the enzyme 
concentration typically changed during the course of a dialysis 
experiment). Concentrations of 54Mn2+ and 57C02+ were de- 
termined bv using a well y counter coupled to a Northern NS 
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600 multichannel analyzer. Concentrations of [32P] Pi were 
determined by using a liquid scintillation counter as described 
elsewhere (Springs et al., 1981). Concentrations of PPase were 
determined by using the protein determination technique of 
Schaffner & Weissman (1973). Method B was used to pre- 
pare samples for 31P NMR measurements, as described pre- 
viously (Hamm & Cooperman, 1978). 

Enzyme Inactivation. Rates of PPase inactivation by PhGx 
or EDAC were determined as previously described (Cooper- 
man & Chiu, 1973b; Bond et al., 1980). All inactivations were 
carried out in buffer B [0.12 f 0.02 M N-ethylmorpholine 
acetate (pH 7.0, measured at room temperature)] at 25.0 "C. 
PhGx concentration varied from 10 to 50 mM. EDAC con- 
centration was always 50 mM. 

Nuclear Relaxation Rates. The longitudinal proton re- 
laxation rate (PRR) of water ( l /T l )  was measured at 24.3 
MHz by a pulsed nuclear magnetic resonance technique de- 
scribed previously (Cohn & Leigh, 1962). Values of the 
observed enhancements (Eisinger et al., 1962), fob& were 
calculated from 

where 1 / T I  and 1/ are the observed relaxation rates in the 
presence and absence of MnZ+, respectively. The terms with 
astericks represent the same rates measured in the presence 
of inorganic pyrophosphatase. In the absence of enzyme, 
added Pi has essentially no effect on either 1 / T I  or 1 / 
Sample volumes varied from 50 to 100 pL. 

The longitudinal phosphorus nuclear magnetic relaxation 
rates of Pi ( l / q )  and of Pi analogues were measured at 40.3 
MHz by Fourier transform NMR as described earlier (Hamm 
& Cooperman, 1978). All NMR experiments were conducted 
at 25 f 2 "C in buffer A. 

Enzyme concentration was measured spectrophotometrically 
by using an extinction coefficient of 1.45 at 280 nm (Kunitz, 
1952) for a 0.1% solution of inorganic pyrophosphatase and 
a subunit weight of 35000 (Cooperman & Chiu, 1973a; Bond 
et al., 1980). 

Results 
We have investigated the binding to PPase of divalent metal 

ions, Pi, and Pi analogues by four different techniques: 
equilibrium dialysis, protection of enzyme activity against 
chemical modification, 31P NMR, and water proton relaxation 
rates. The results of these studies are presented in turn below. 
Parameters used in equations are defined either in Table I, 
in Table VIII, or in the text. 

Equilibrium Dialysis. The binding of s4Mn2+ and s'Co2+ 
to enzyme in the presence and absence of added Pi was 
measured by equilibrium dialysis, and the results, plotted in 
Scatchard form (Scatchard, 1949), are presented in Figure 
1. In agreement with the work of Rapport  et al. (1 973), we 
find a stoichiometry of two tightly bound metal ions per 
subunit for both Mn2+ and Co2+. A new result of our work 
is the demonstration that in the presence of sufficient Pi, three 
metal ions are tightly bound per subunit. Because of the 
considerable scatter in most of our data, we have chosen to 
interpret our results in the simplest possible way, as in each 
case reflecting binding to intrinsically equal affinity sites. 
Accordingly, the lines drawn in Figure 1 are linear least- 
squares fits to 

(2) 
v [n - V I  --- - 

[M2+] K 
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Table I :  Parameter Definitions 
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Conservation and Apparent Equilibrium Constants 
[ElT, [Mz+lT, total concentration in all their 

forms of enzyme, divalent metal 
ion, and Pi or Pi analogue, res- 
pectively; specific terms, such as 
[MnZtIT or [Pi]T are also used 

total concentration of divalent 
metal ion bound to enzyme 

apparent dissociation constants for 
Pi or Pi analogue binding to en- 
zyme; subscripts 1 and 2 refer to 
high- and low-affinity Pi site 
binding, respectively 

[M"] B 

Kp.app9 Kpl,appy Kpz.app 

Protection against Inactivation 
ko 

k ,  

second-order rate constant for inactivation in the absence of 
added Pi or Pi analogue 

second-order rate constant for inactivation in the presence 
of divalent metal ion and saturating Pi or Pi analogue 

31P NMR 
T% paramagnetic contribution to Tflobsd 
T,% T ,  in the binary Copi complex 
TP, contribution of enzymebound paramagnetic ion to T% 
Tpq TI in the complex EMP,, where M is MnZt or CoZt 
Tpq, T ,  in the complex EM,P,, where M is MnZ+ or Co2+ 

Water Proton Relaxation Rates 
enhancement of the EMn complex 
enhancement of the EMnP complex 
enhancement of the EMnP, complex 
enhancement per Mn'+ in the EMn,P complex 
enhancement per Mnz+ in the EMn,P, complex 
limit of Eobd at saturating [PIT 
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FIGURE 1 : Scatchard plots of metal ion binding to PPase as measured 
by equilibrium dialysis. (A) Mn2+ binding: (a) no added Pi, enzyme 
concentration 7-42 pM (0); (b) in the presence of 50 pM Pi, enzyme 
concentration 7-36 pM (0); (c) in the presence of 4 mM Pi, enzyme 
concentration 8-116 pM (0).  (B) Co2+ binding: (a) no added Pi, 
enzyme concentration 8-96 pM (0); (b) in the presence of 2.5 mM 
Pi, enzyme concentration 30-35 pM (0). 

where u is the number of divalent metal ions bound per enzyme 
subunit, n is the number of divalent metal ions bound at 
saturation, and K is the intrinsic dissociation constant. The 
apparent dissociation constants for the binding of the first, 
second, and, where appropriate, third metal ions per subunit, 
which are related to the intrinsic binding constant by purely 
statistical corrections, are listed in Table 11, as are the ex- 
trapolated values of n. 

The binding of Pi to enzyme in the presence of Mn2+ and 
Co2+ was also measured by equilibrium dialysis. Scatchard 
analysis (Figure 2), the results of which are summarized in 
Table 11, clearly shows the presence of one high-affinity site 
per subunit. In the absence of divalent metal ions, Pi binding 
to PPase is weak, with preliminary studies indicating a lower 

~ ~~ 

Table 11: Apparent Dissociation Constants and Binding 
Stoichiometries As Determined by Equilibrium Dialysis 

Mn'+ 0.0103 0.041 2.0 

Mn'+ Pi, 4.0 0.00347 0.0104 0.0312 2.9 
coz+  0.0165 0.066 2.1 
Col+ Pi, 2.5 0.0158 0.048 0.143 3.2 

Pi CO'+, 1.0 0.056 0.85 

Mn'+ Pi, 0.05 0.0103 0.041 2.0 

Pi Mnl+, 0.5 0.0137 1.05 

6 0 -  

20 
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FIGURE 2: Scatchard plots of Pi binding to PPase as measured by 
equilibrium dialysis. (a) In the presence of 0.5 mM Mn2+, enzyme 
concentration 22-36 pM (0); (b) in the presence of 1.0 mM Coz+, 
enzyme concentration 21-1 13 pM (0). 

limit of 0.5 mM for the dissociation constant (data not shown). 
Protection of Enzymatic Activity against Chemical Mod- 

ification. We have previously shown that PPase is inactivated 
by PhGx and that although Mn2+ or Ca2+ alone does not 
protect against such inactivation, the combination of either 
Mn2+ and the competitive inhibitor hydroxymethanedi- 
phosphonate or Ca2+ and PPI afford strong protection (Coo- 
perman & Chiu, 1973b; Bond et al., 1980). This approach 
has now been extended to examine whether Pi and methyl- 
phosphonate protect the enzyme from PhGx inactivation. 
Under pseudo-first-order conditions (excess PhGx), second- 
order rate constants (kOw) were determined for PhGx inac- 
tivation of PPase at fixed metal ion concentration and varying 
Pi or methylphosphonate concentrations. The results obtained, 
when plotted in double-reciprocal fashion according to eq 3 
(Figure 3), yield apparent dissociation constants, Kp,app, for 
Pi and methylphosphonate 

1 1 K w p p  -- --+-- 
1 - a  1 - b  1 - b  [PI 

1 
(3) 

where [PI is equal to the Pi or methylphosphonate concen- 
tration, a is equal to kOw/ko, b is equal to k,/ko, and ko and 
k, are the second-order rate constants for inactivation of the 
enzyme in the absence of Pi or methylphosphonate and in the 
presence of saturating Pi or methylphosphonate, respectively? 

* We interpret the dependence of the rate of PhGx inactivation of 
enzyme as a function of Pi concentration as reflecting a single Pi binding 
process (Figure 3). This procedure is necessary because our data are 
insufficiently precise to justify an attempt to define two binding processes 
but will yield a Kpcpp intermediate between Kplcpp and Kpzcpp if the 
binding of the first Pi confers only partial protection. 
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FIGURE 3: Rates Qf phenylglyoxal inactivation of PPase, plotted 
according to eq 3. (a) In the presence of Mn2+ and varying PI (0); 
(b) in the presence of Coz+ and varying Pi (0); (c) in the presence 
of Zn2+ and varying Pi (A); (d) in the presence of Mg2+ and varying 
PI (0); (e) in the prdsence of Mn2+ and varying methylphosphonate 
(A). 

1 5 0  75!i 

0 0 2  0 4  0 6  0 8  1 0  1 2  1 4  1 6  1 8  2 0  2 2  
L E I ,  

FIGURE 4: Rate of PhGx inactivation of PPase as a function of 
[P,]T/[E]T. [E]T, 0.37 mM; [Mn2+]~ ,  4.0 mM. 

Table 111: Studies on Protection against Chemical Inactivation 

[fixed 

(mM) (mM) ligand 
0.0023 Mn2+, 1.0 Pi 

0.028 Zn , 1.0 Pi 
0.028 Mn2+, 1.0 CPR 

0.033 Mni+, 0.4 

0.030 Zn2+,0 .9  P, 
Metkylphosphonate. 

[E]T ligand] Varying 

0.028 CO'+, 1.0 Pi 
0.028 M$:, 10 Pi 

0.027 Pi, 3.0 

0.0095 Co2+, 1.0 Pi 
0.025 MgZ+, 10 Pi 

reagent 
PhGx 
PhCx 
PhGx 
PhGx 
PhGx 
PhGx 
EDAC 
EDAC 
EDAC 
EDAC 

ko ks 
(M-'  (M-' 

min-') min-') 

1.15 0.21 
1.28 0.23 
1.29 0.31 
1.08 0.31 
1.15 0.68 
0.60 
0.92 
2.54 0.68 
2.58 0.20 
1.78 0.35 

KP*aPP 
(mM) 
0.0094 
0.090 
2.4 
0.111 
4.1 

0.058 
4.5 
9.18 ___ .. 

Kp,Bpp, ko, and k, values are listed in Table 111. As expected, 
ko values are almost independent of the identity of added 
divalent metal ions, reflecting the lack of protection qffered 
by metal ions alone. By contrast, added P, alone (3 mM) 
affords significant protection, providing evidence that PI binds 
to enzyme even in the absence of added metal ion. 

In the presence of Mn2+ protection by PI is exerted at es- 
pecially low PI concentration, and, accordingly, the Mn2+-P, 
system was investigated further. A plot of kOM vs. [PJT/[ElT 
at fixed [Mn2+IT and an enzyme concentration (0.37 mM in 
subunits) large compared to Kp,app is presented jp Figure 4. 
The stoichiometry of PI binding per subunit necessary for 
protecfion can be estimated as being equal to 1.01, measured 

6 7l 

1 1 1 1 1 1 1 1 1 1 1 1 1  

0 2 4 6 8 10 12 ( a , b )  
0.0 0.2 0.4 0.6 0.8 1.0 1.2 IC) 

l i IP i1 ,  (rnM-') 

FIGURE 6: Rates of EDAC inactivation of PPase, plotted according 
to eq 3. (a) In the presence of Coz+ and varying Pi (A); (b) in the 
presence of Zn2+ and varying Pi (0); (c) in the presence of Mgz+ 
and varying Pi (0). 

as the point of intersection of the initial slope and the line 
corresponding to k,  (see Table 111). 

The rate of PhGx inactivation of PPase was also studied at 
fixed Pi concentration and varying Mn2+/enzyme ratios, as 
shown in Figure 5. The results clearly indicate that full 
protection requires, in addition to Pi, more than one bound 
Mn2+/enzyme. Below we will show the data prqented under 
Results permit estimation of all of the relevant constants de- 
scribing Mn2+ and Pi binding to enzyme (see Table VIII). 
These estimates, in turn, permit calculation of the concen- 
tration of various enzyme species at given [E],, [Mn2+IT, and 
[Pi]T. In the presence of 3 mM Pi, the dominant enzyme 
species in solution during the course of the titration with Mn2+ 
are EPi, EMnPi, EMn2(Pi)p, and EMn3(PJ2. The initial and 
plateau values of kow provide estimates of the second-order 
rate constants for EPi and EMn3(Pi),, which are 0.60 and 0.12 
M-* min-', respectively. A simple curve-fitting procedure 
allows estimation of rate constants of 0.60 and 0.38 M-' min-' 
for EMnPi and EMII~(R~)~ ,  respectively. The line in Figure 
5 is drawn by using these estimates. These results show that 
maximal protection requires, in addition to the binding of Pi, 
the binding of three Mn2+ per subunit. Second-order rate 
constants for enzyme inactivation were also obtained in the 
presence of excess EDAC, fix$ metal ion concentration, and 
varying Pi concentration (Figure 6) and analyzed as described 
above for the PhGx studies, with the results summarized in 
Table 111. 
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Table IV: Longitudinal Rate Studies 

[E]T (mM) [fixed ligand] (mM) variable ligand Kp,app (mM) 1/T%o!nPlex (s-') ref 

Co2+, 0.05 Pi 4.6 1/Tlb, 3.6 x 10' a 
0.94 Cof+, 0.50 Pi 11.5 l /Tlq,  1.1 X 1.0' a 
1.00 Co'+, 1.8 Pi 3.8 l /Tlqt,  2.7 X 10' a 

0.10 Mn'+, 0.040 CPd 6.7 a 
35 i p I q ,  2.3 x 103 a 

0.10 Mn'+, 0.015 Pi . 18 i / ~ ~ ~ ,  4.4 x 103 b 

0.10 Mn2+, 0.040 S P C  136 i / ~ ~ ~ ,  5.1 x 103 a 

This work (Figure 7). Hamm & Cooperman, 1978. Thiophosphate. Methylphosphonate. 

Table V: Evaluation of TFc by the Dialysis Method 

fE1T (mM) [CO'+IT (mM) [Pi]" (mM) Tfobsd (enzyme side) Ttobsd (nonenzyme side) TPC 
1.0 1.8 5.0 0.033 f 0.003 1.5 f 0.25 0.034 
1.0 1.8 50 0.20 f 0.020 1.8 i7 0.1 0.232 

31P Longitudinal Relaxation Rates. We previously dowed 
that Cp, the paramagnetic contribution to q ,obsd ,  could be 
used to measure the interaction of EMn with Pi in solutions 
of enzyme, Mn2+, and Pi (Hamm & Coopermad, 1978). This 
approach is now extended to study Pi interactions with ECo. 
We first determined the relaxation time q b  ahd the dissoci- 
ation constant KB for the binary CoPi complex. $At constant 
[coz+]T (0.050 mM), Tpp varied linearly as a function of added 
Pi (10-40 mM), permitting calculation of TpPb and KB ac- 
cording to eq 4 (Navon et al., 1970) (see Table IV) 

[ co2 ' lT~p  = qb(KB + [pi]) (4) 
In our previous work we found that the binding of Pi to the 

high-affinity site (site 1) of EMn made no apparent contri- 
bution tosTpp so that such measurements could be used to 
calculate Kwm and qq according to eq 5 ,  where K,,, reflects 

[MZ'lBTPc = TPq(Kp2,app + [PI) ( 5 )  

binding to the low-affinity site (site 2), Tp, is the bontribution 
of enzyme-bound paramagnetic ion to Tpp, Tpp is the relaxation 
time in the complex EMP,, and [MZfIB is the total concen- 
tration of divalent metal ion bound to enzyme. As seen in 
Figure 7, Tp, is also a linear function of added Pi in solutions 
of enzyme and Coz+. The slope and intercept of line a allow 
calculation of Kh,app and qq for ECoP,, and these values in 
turn permit calculation of Km,app and qq, from the slope and 
intercept of line b, where qqt is the relaxation time in the 
complex ECo2P2. These values are collected in Table IV. 

qp values have also been measured to study Pi analogue 
binding to EMn. The linear behavior seen as a function of 
thiophosphate concentration (Figure 7, line c) allows calcu- 
latiou of Kpa, and qq values for this analogue. qq is similar 
to what was found previously for Pi, which may be taken as 
evidence that thiophosphate binds to site 2 with the same 
orientation relative to Mn2+ as does PI, bul the affinity of 
thiophosphate for the enzyme is -9-fold less compared to that 
of Pi (Table IV). In the case of methylphosphonate, a more 
complex curve is observed (Figure 7, link d). A simple model 
consistent with the observed concentration dependence of qp 
involves obligatory ordered binding of' methylphosphonate to 
site 1 prior to binding to site 2, with only site 2 binding con- 
tributing to Tp,. This model is described by 

where Kplapp and K,,app are the dissociation constants for high 
a f f i t y  site and low affinity site bind8hg, respectively. It should 
be noted that if Kpl,app << [PI, which is the situation for Pi 

I 

-30 -10 0 10 20 30 40 50 60 70 80 
[Pi or PI analogue] (mM) 

FIGURE 7: Dependence of qc on Pi or Pi analogue concentration. (a) 
[ElT, 0.94 mM, co2+, 0.50 mM, and varying Pi (0); (b) [E]T, 1.0 
mM, Co2+, 1.8 mM, and varying Pi (0); (c) [ElT, 0.10 mM, MnZ+ 
0.04 mM, and varying thiophosphate (A); (d) [ElT, 0.10 mM, Mn2+: 
0.04 mM, and varying methylphosphonate (0). Lines a-c  are linear 
least-squares fits to the results. Line d is a nonlinear least-square 
fit (see text). 

binding to enzyme-tMn2+ and enzyme-Co2+ over the entire 
accessible concentration range (see discussion below), then eq 
6 reduces to eq 5 .  Values of Kpl,app, K,,app, and qq were 
obtained by fitting the data in curve c to eq 6, using a com- 
puterized nonlifiear least-squares fitting procedure (Lietzke, 
1963). The average values from two such experiments are 
listed in Table IV. 

Equations 5 and 6 require determination of [Mn2+IB and 
qc in order t6 evaluate Qq and the apparent dissociation 
constants. For curve b in Figure 7, in which the [Co*+]T/ 
[enzymeIT ratio is 1.8:l .O, qc was determined at two different 
PI concentrations, 3 and 50 mM, as shown in Table V. On 
the basis of these r&ssults, small corrections were applied to the 
rest of the measured Tpp values to give estimated qc values, 
and [co2+]B wis afproximated by [coz+]T. For the reminder 
of the curves id Figqre 7, [enzyme]T, [Cd'IT, or [MnZ+]~, and 
approximating [MI'], by [M2+IT and pc by qp is fully 
justified (Hamm & Cooperman, 1978). 

Water Proton Relaxation Rates (PRR).  In previous work, 
we showed that measurements of tow in solutions containing 
enzyme, Mn2+, and Pi, in which [enzymeIT > [MnZ+IT, allowed 
measurement of two dissociation constants, corresponding to 
PI binding to Sites 1 and 2, as well as of enhancement values 
for the ternaty EMnP and quaternary EMnP2 complexes 
(Hamm & Cooperman, 1978). In the present work we first 
extend this approach to examine the interactions of bhosphate 
analogues with EMn. The results are presented in Figure 8. 
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FIGURE 8: Dependence of cow on Pi or Pi analogue concentration. 
All experiments contained 0.10 mM enzyme and 0.04 mM Mn2+. (a) 
Varying thiophosphate (0); (b) varying phosphoramidate (A); (c) 
varying methylphosphonate (0); (d) varying methylphosphonate in 
the presence of 2 mM Pi (0); (e) varying Pi [redrawn from Hamm 
& Cooperman (1978)l (0). 
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FIGURE 9: Dependence of cow on Pi or P, analogue concentration, 
plotted according to eq 7. Lines a-d are as described in the legend 
to Figure 8. Lines drawn are linear least-squares fits to the results. 

For all three analogues, only a rather low affinity binding mode 
is apparent. The simple phenomenological eq 7 adequately 

(7) 
KpmJ - l +  1 

t b  - cobsd tb - Es ( eb  - %)[PI 

describes the concentration dependence of tow, where t b  is the 
enhancement of the EMn complex and e, is the limit of e o b d  
at saturating [PIT. The reciprocal in Figure 9 allow evaluation 
of Kpppq and 6,. These values are collected in Table IV. For 
both thiophosphate and phosphoramidate Kp,app values are 
lower limits, since even minor (1-2%) contamination with Pi 
would give curves similar to those obtained even if neither 
thiophosphate nor phosphoramidate had any affinity for en- 
zyme-Mn2+. For methylphosphonate, there is no Pi contam- 
ination, and the Kp,app value of 32 mM is reliable. This value 
corresponds closely to Kp,app measured in the 3'P studies de- 
scribed above (Table IV) and presumably reflects binding to 
site 2. Thus, in contrast with Pi, methylphosphonate binding 
to site 1 results in little apparent change in t&d. As can be 
seen by comparison of curves c and d in Figure 8, the addition 
of 2 mM Pi considerably enhances EMn affinity for me- 
thylphosphonate. We interpret this result as showing that 
methylphosphonate binds much more strongly to site 2 when 
Pi replaces methylphosphonate in site 1. Accordingly, for the 
reciprocal plot d in Figure 9, et, the enhancement value for 

Table VI: Water Proton Relaxation Rates 

0.10 0.040 Pi 0.24 7.7 (et) a 
14 5.5 (eq) a 

0.10 0.040 CPc 32  5.1  b 
0.10 0.040 CP t 2 mMPi 4.3 2.1 b 
0.10 0.040 SPd 853  5.1 b 
0.10 0.040 NPe >72 4.4 b 
0.10 0.20 Pi 0.95 5.5 (et,) b 

3.45 ( E , , )  b 
Hamm & Cooperman, 1978. * This work. Methylphospho- 

nate. Thiophosphate. e Phosphoramidate. 

the complex EMnP (equal to 7.7; Hamm & Cooperman, 
1978), replaces t b  in eq 7. 

with Pi was also studied at  2:l 
[Mn2']/[E]~ (Figure 10). When [Pi]T 2 1.0 mM, essentially 
all the enzyme in solution contains at least one bound Pi and 
eq 8 is approximately valid, where et' is the average en- 

The variation of 

-- 1 - ++1) (8) 
tobsd - cq' et' - Kp,app 

hancement per Mn2+ in the complex EMn2P and tql is the 
average enhancement per Mn2+ in the complex EMn2P2. The 
value of tg' equal to 3.45 was estimated directly from the results 
shown in Figure 10 as the limiting value of tow at saturating 
[Pi]. A plot of [l/(tow - e;)] vs. [Pi] gave a straight line 
(Figure 10, inset) permitting evaluation of KPBm and e{. These 
values are listed in Table VI. 

Finally, measurements of tobsd when [Mn2+IT > [E], and 
[E], is large compared to the dissociation constant for Pi 
binding determined by equilibrium dialysis (Table 11) per- 
mitted estimation of the stoichiometry of high-affinity Pi 
binding. This estimate is made from the point of intersection 
of a line drawn with the initial slope of the tow vs. [PilT curve 
and a line of zero slope drawn as the limiting value of tow at 
saturating inorganic concentration (Figure 1 1) as determined 
by a small1 extrapolation of the data to infinite [PIT. For curve 
a (0.060 mM subunit), the limiting value of cow is 1.47 and 
the point of intersection occurs of 0.060 mM inorganic 
phosphate, giving a site stoichiometry of 1 .OO/subunit. For 
curve b (0.10 mM subunit), the limiting value of tow is 1.76 
and the point of intersection occurs at  0.085 mM inorganic 
phosphate, giving a site stoichiometry of 0.85/subunit. 

Interpretation of Results and Discussion 
This section is divided into four parts. In the first we show 

how the equilibrium dialysis and 31P NMR data presented in 
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FIGURE 11: Dependence of €"%on [Pi], at fixed [Mn], and [E],. 
(a) [ElT, 0.060 mM, and [Mn IT, 0.60 mM; (b) [E],, 0.10 mM, 
and [Mn2+IT, 0.60 mM. 

Scheme I: Relevant Equilibria in Solutions of Enzyme, 
Divalent Metal Ion, and Pi 

K M 2  
(EM3) d 

Kh 
E e EM - EM2 

EP 5 EMP e EMzP e EM3P 

this and an earlier paper (Hamm & Cooperman, 1978) allow 
us to evaluate all of the important equilibrium constants de- 
scribing Mn2+, Co2+, and Pi binding to PPase and compare 
KwPp values predicted by these evaluated constants with those 
measured by protection of enzymatic activity against inacti- 
vation and by a PRR experiment. In the second, we consider 
the evidence for a conformational change on the enzyme ac- 
companying the binding of a third metal ion. In the third we 
discuss phosphate and phosphate analogue binding to enzyme 
and the variation in affinity with the identity of added divalent 
metal ion. Finally, we conclude with a discussion of what we 
presently know about the relative locations of Pi and divalent 
metal ions on the enzyme surface. 

Evaluation of Equilibrium Constants. The equilibrium 
dialysis results presented in Figures 1 and 2 and Table I1 and 
the stoichiometric titrations seen in Figures 4 and 11 show 
clearly the presence of one high-affinity Pi site per enzyme 
subunit (site 1) and also show that, in addition to the two 
high-affinity divalent metal ions bound per PPase subunit 
previously found by Rapoport et al. (1973), a third divalent 
metal ion binds in the presence of added Pi. The overall 
enzymatic reaction requires an additional Pi site (site 2), and 
direct evidence for such a site has been presented by us pre- 
viously (Hamm & Cooperman, 1978; Springs et al., 1981). 
Therefore, in solutions of enzyme, Mn2+ or Co2+, and Pi we 
have potentially 12 species to consider, as shown in Scheme 
I. In fact, in our treatment we consider EM3 to be stoi- 
chiometrically insignificant over the concentration ranges we 
employ, on the basis of the Scatchard plots for Mn2+ and Co2+ 
binding in the absence of Pi (Figure 1). EP2 is also considered 
negligible, because of the strong dependence on metal ion of 
Pi binding to site 2 (see Table VIII), the already weak affinity 
of Pi for EMP, and the relatively low Pi concentrations em- 
ployed in the dialysis studies. Finally, we note that the con- 

KpZM, = AIPi lb-  lpila 
1 - A  

Table VIII: Dissociation Constants 
values (mM) 

definitions none MnZ+ Co" 

0.80 
20 4.6 
0.0103 0.0165 
0.041 0.066 
0.24 0.54 
18 11.5 
0.25 0.32 
0.75 3.8 
0.029 0.21 
0.66 0.82 

centration term [EM3P2It represents the sum of [EM3P2] and 
[EM3PPi]. Elsewhere, we have shown, at least for Mg2+, that 
appreciable amounts of EM3PPi are formed in equilibrium with 
EM3P2 (Springs et al., 1981), and the studies presented in this 
paper do not distinguish between these species. 

There are a total of nine independent equilibrium constants 
which link the remaining 10 species. For Mn2+, two of these, 
KpM and KpzM, have been determined by us previously by water 
proton relaxation rate measurements (Hamm & Cooperman, 
1978), and two others, KM, and KMz, may be estimated directly 
from the Scatchard plot of equilibrium dialysis results for 
MnZ+ binding in the absence of Pi (Table 11). Further 
equilibrium dialysis measurements of Mn2+ binding to enzyme 
in the presence of Pi and of Pi binding to enzyme in the 
presence of Mn2+ provide values for KM,,~?~ ,  KM2,app, K M ~ ~ ~ ~ ,  
and KP,app, (Table 11) permitting estimation of the five re- 
maining equilibrium constants Kp, KpMz, KpZM2, KMMZP, and 
KPzM3 from eq 9 and 11-14 (Table VII). Estimates for all 
nine constants are presented in Table VIII. 

For Co2+, KM, and KM2 are estimated directly from the 
Scatchard plot of equilibrium dialysis results for Co2+ binding 
in the absence of Pi (Table II), and Kp2M and Kp2% are es- 
timated directly from the concentration dependence of the 31P 
longitudinal relaxation rates (Table IV). With Kp already 
estimated from the results with Mn2+, the remaining four 
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Table IX: Comparison of Predicted and Experimental K,.,,, (mM) Values 

predicted 

- expt no. - method ________ iF1T (d) _________ [ M z f I T  (mM) K ~ , , a p p  KPz,aPP measured K,,,p 
1 PhGx protection 0.0023 MnZ+,  1.0 0.0070 0.66 0.0094 

3 EDAC protection 0.0095 coz+, 1.0 0.056 0.82 0.058 
4 water PRR 0.10 Mn2+, 0.20 0.24 1.59 0.95 
5 PhCx protection 0.028 Me2+, 10 0.5 2 21 2.4 

2 PhGx protection 0.028 Col t ,  1.0 0.056 0.82 0.090 

6 EDAC protection 0.025 Mg*+. 10 0.5 2 21  4.5 

constants, KpM, KpM2, KMM2', and Kp2M3, can be estimated from 
measured KMl,app, KMzapp, K M , ~ ~ ~ ~  and Kplaps values (Table 11) 
and eq 10 and 12-14 (note that eq 10 IS just a rearranged 
version of eq 9). Estimates for these constants are also 
presented in Table VIII. 

The values in Table VI11 enable us to predict Kapp values 
for Pi sites 1 and 2 at given values of Pi and Mn2+ or Co2+ 
concentrations. In Table IX such predicted values are com- 
pared with KPrqp values measured under conditions similar to 
(for the protection against inactivation of enzymatic activity 
experiments) or identical with (for the PRR experiment) those 
used in determining the values given in Table VIII. Also 
compared in Table IX are ICPlaPP and Kp2Fpp values determined 
in the presence of Mg2+ from an analysis of the dependence 
of enzyme-bound PPI formation on Pi concentration (Springs 
et al., 1981) with KP,app values measured in the PhGx and 
EDAC protection experiments. 

The Kapp from the PRR experiment, performed in the 
presence of Mn2+, agrees fairly well with the predicted value 
for KP2,app. This is an important consistency check for our 
analysis, since it represents a direct determination of what is 
essentially KplMl in the presence of Mn2+, a constant which 
we had otherwise evaluated only indirectly from eq 1 1. For 
the PhGx protection experiments in the presence of Mn2+ or 
Co2+, the closeness of agreement between KP,app and the 
predicted KP,,app values provides strong evidence that it is P, 
binding to site 1 alone that results in protection of an essential 
arginine (Bond et al., 1980) which we elsewhere have shown 
to be Arg-77. Given the known ability of arginine to hydrogen 
bond to P, (Cotton et al., 1974), it would be reasonable to 
attribute the observed protection to the direct interaction of 
Pi in site 1 with Arg-77. 

Evidence for a Conformational Change. Although Arg- 
77-Pi (site 1) hydrogen bonding may indeed by necessary for 
protection, other results lead us to suggest that maximal 
protection requires, in addition, a conformational change ac- 
companying the binding of a third divalent metal ion, which 
makes the enzyme active site less accessible to solvent. The 
evidence for this suggestion is 3-fold. First, there is the direct 
experiment presented in Figure 5, showing that although P, 
binds to PPase in the absence of added divalent metal ion and 
confers partial protection, maximal protection requires three 
enzyme-bound Mn2+. Second, the value of KP,app measured 
in the presence of Mg2+ by protection against PhGx inacti- 
vation falls in between the KPl,app and Kp2,app values found in 
measurements of enzyme-bound PPi formation, even allowing 
for small differences which could arise from differences in the 
reaction media for the two experiments. We interpret these 
results as showing that, in the presence of Mg2+, the binding 
of a single Pi affords only partial protection, with full protection 
requiring the binding of both phosphates per subunit. This 
is consistent with our suggestion, since unlike the binding of 
a third Co2+ or Mn2+, which requires the binding of only a 
single phosphate per subunit, the binding of a third MgZC to 
the enzyme (at 10 mM [Mg2+]) requires the binding of two 

phosphates per subunit (Springs et al., 1981). Third, the 
average value per Mn2+ of the PRR enhancement parameter 
progressively decreases for the complexes EMnPi, EMnzPi, and 
EMn3Pi, having the value 7.7 for EMnPi (Hamm & Coop- 
erman, 1978), 5.5 for EMn2Pi (Table V), and 2.4 for EMn3Pi 
(as estimated from the plateau values in Figure 11). This trend 
supports our suggestion, since t provides a measure of the 
accessibility of solvent water to enzyme-bound Mn2+. It might 
be argued that the fact that KP,app values measured by pro- 
tection against EDAC inactivation are similar to or identical 
with those measured by protection against PhGx inactivation 
provides a fourth piece of evidence for a conformational change 
restricting solvent access to the active site, since charge re- 
pulsion should prevent the carboxylate side chains that are the 
most likely targets of EDAC modification from interacting 
directly with Pi. However, this result could also reflect direct 
metal ion interaction with these side chains, since, under the 
conditions of our experiments, the binding of the third divalent 
metal ion occurs concurrently with phosphate binding (Figure 
1). 

Phosphate and Phosphate Analogue Binding. Phosphate 
affinity for site 1 varies considerably as a function of the 
identity of added divalent metal ion, a result which we can, 
as a result of our analysis of divalent metal ion and Pi binding, 
attribute directly to differences in the binding of the third 
divalent metal ion and more specifically to differences in the 
value of KMM2P. Thus KPl,app is 0.009-0.014 mM in the 
presence of Mn2+ (0.5-1.0 mM), 0.06-0.09 mM in the pres- 
ence of Co2+ (1 .O mM), 0.1 1 mM in the presence of ZnZ+ 
(assuming that, as with Mn2+ and Coz+, Pi binding in site 1 
protects against PhGx inactivation), and 0.5 mM in the 
presence of 10 mM Mg2+, and KMMzP follows the same trend, 
0.029 mM for Mn2+, 0.22 mM for Coz+ (Table VIII), and >10 
mM for Mg2+ (Springs et al., 1981). By contrast, the values 
of KPM for Mn2+ and Coz+ and of KpM2 for Mn*+, Coz+, or 
Mg2+ (same as Kplspp at 10 mM Mg2+) differ little from each 
other or from Kp (Table VIII). Phosphate affinity for site 2 
also varies as a function of divalent metal ion, being consid- 
erably less in the presence of Mgz+ than in the presence of 
either Co2+ or Mn2+ (Table IX). The effect of divalent metal 
ion on relative Pi affinity thus shows an inverse correlation with 
the effectiveness of divalent metal ion as a cofactor for catalytic 
enzyme activity, which for both PPi hydrolysis and water-Pi 
oxygen exchange falls in the order Mg2+ > Zn2+ > Coz+ 
Mn2+ (Janson et al., 1979; Butler & Sperow, 1977). This is 
perhaps not surprising since higher affinity is consistent with 
a slower dissociation rate, and elsewhere we (Springs et al., 
1981) and others (Hackney & Boyer 1978; Cohn & Hu, 1978; 
Hackney, 1980) have shown that release of each Pi from en- 
zyme is partially rate determining in overall enzyme-catalyzed 
PPi hydrolysis. 

Studies of Pi analogue binding to PPase were undertaken 
in order to provide information on the structural requirements 
of sites 1 and 2. PRR and 31P studies show that both phos- 
phoramidate and thiophosphate have lower affinity for PPase 
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enough for direct binding to Pi in site 2. However, because 
of our evidence for a conformational change accompanying 
the binding of a third divalent metal ion, this conclusion does 
not rule out inner sphere Mn2+-Pi (site 2) binding in the 
catalytically active (Springs et al., 198 1) EMn3P2 complex. 

In our earlier study (Hamm & Cooperman, 1978) we could 
detect no relaxation by enzyme-bound Mn2+ of Pi in site 1 and 
were unable to decide whether this lack of observed effect 
indicated a rather large distance between enzyme-bound MnZ+ 
and Pi in site 1 or was due rather to slow chemical exchange 
of Pi in site 1 with Pi in solution. The latter interpretation 
would require a mean residence time of Pi in site 1 of >7 ms. 

In the present study, measurements of the effect of en- 
zyme-bound Co2+ on the qp were used principally to estimate 
Kp2M and KPIMz and are incomplete with respect to calculation 
of Co2+-Pi distances. Nevertheless, they do allow some con- 
clusions to be drawn. First, we see no evidence for Co2+ 
interaction with Pi in site 1 in the complex ECoP, which would 
have shown up as a negative deviation from line a in Figure 
7 at low Pi concentration (line b, at a Co2+/enzyme subunit 
ratio of 1.8: 1.0, was not extended to low enough concentration 
to test for such a deviation). We estimate that a mean resi- 
dence time of Pi in site 1 > 50 ms would be required for this 
lack of observed effect to result from slow chemical exchange. 
Given the value for KPM of 0.54 mM (Table VIII), this in turn 
would require a second-order binding constant of Pi to ECo 
of 3 x 104 M-' s-1 , which is extremely slow for simple Pi 
binding to a protein. This result strengthens the argument that 
in an enzyme subunit containing one bound divalent metal ion, 
the divalent metal ion is not close to site 1 .  Second, the qq 
and qq. values measured respectively for ECoP2 and ECo2P2 
(Table V) allow calculation of lower limits for the root mean 
sixth Co2+-Pi (site 2) distance, r, on the basis of the assumption 
that of the four mechanisms which can contribute to 31P re- 
laxation [diamagnetic relaxation, outer sphere relaxation, 
dipolar interaction, and hyperfine contact (Mildvan & Gupta, 
1979)] only dipolar interaction is important. Thus r is given 
by inequality 15, where wI and us are the nuclear and electronic 

than Pi. Since interpretation of experiments with these ana- 
logues would be complicated by the presence of even minor 
contaminating amounts of Pi, we have concentrated our efforts 
on methylphosphonate, where such contamination is not a 
problem. 

Our results indicate that methylphosphonate is a much 
poorer ligand than Pi for site 1 but is comparable as a ligand 
for site 2. Thus, when [Mn2+IT C [ElT, the apparent disso- 
cation constants for site 1 are 0.24 mM for Pi and 6.7 mM 
for methylphosphonate (Tables IV and VI). Similarly, when 
[Mn2+IT > [ElT, the apparent site 1 dissociation constants 
measured by protection against PhGx inactivation are 0.0097 
mM for Pi and 4.1 mM for methylphosphonate (Table 111). 
This large difference in affinity may be due at least in part 
to an inability of the enzyme to undergo the putative con- 
formational change reducing active site accessibility to solvent 
when methylphosphonate replaces Pi. This possibility is 
suggested by the result that the protection against PhGx in- 
activation afforded by saturating methylphosphonate is much 
less than that afforded by saturating Pi. On the other hand, 
the apparent dissociation constants for site 2 when [Mn2+IT 
C [ElT are similar: 14-18 mM for Pi and 32-35 mM for 
methylphosphonate (Table IV and VI). Moreover, in the 
presence of 2 mM Pi, which is sufficient to almost saturate 
site 1 while site 2 remains essentially open, the apparent 
dissociation constant for methylphosphonate, which should 
measure binding to the low-affinity site, is 4.3 mM, that is, 
considerably lower than the value of 14-18 mM for Pi itself. 

Metal Ion to Pi Distances on PPase. In this and previous 
work (Hamm & Cooperman, 1978; Springs et al., 1981), we 
have demonstrated the presence, per PPase subunit, of two sites 
for Pi binding of different affinities and specificities and shown 
that the high-affinity site 1 contains an essential arginine. We 
also have shown that three divalent metal ions bind per enzyme 
subunit, and are necessary for enzymatic activity, and pres- 
ented evidence for a conformational change accompanying the 
binding of a third divalent metal ion. It now remains to 
ascertain the functional roles of these metal ions in the catalytic 
process. A first goal, which has thus far only been partially 
achieved, is the determination of the distances between the 
bound divalent metal ions and Pi in sites 1 and 2, and it is with 
a discussion of our current knowledge on this point that we 
will conclude this paper. 

Previously, we used the measured effect of enzyme con- 
taining one Mn2+ per subunit on the Tl of enzyme-bound Pi 
to calculate a Mn2+I3lP distance of 6.2 f 0.4 A, consistent 
with a second sphere complex between the enzyme-bound 
Mn2+ and Pi in site 2 (Hamm & Cooperman, 1978). In view 
of our current results showing that in the presence of Pi, the 
intrinsic binding constants for all three Mn2+ which can be 
bound are roughly equivalent, this distance is actually a 
weighted root mean sixth average for metal ion bound in all 
three potential sites. This raises the possibility that one divalent 
metal ion site, occupied only partially, is responsible for all 
of the observed relaxation and thus is considerably closer to 
Pi than 6.2 A. On the basis of the near equivalency of divalent 
metal ion site affinities, it is reasonable to assume that no one 
of the three sites contains <lo% of enzyme-bound metal ion, 
However, even the extreme assumption that only 10% of the 
enzyme-bound Mn2+ is responsible for all of the observed 31P 
relaxation would lead to a calculated Mn-Pi (site 2) distance 
of 4.2 A, which is considerably greater than the inner sphere 
distance of 2.7-2.9 A (Mildvan & Grisham, 1974) expected 
for an Mn-Pi complex. We therefore conclude that in the 
EMnP2 complex, none of the three possible Mn2+ sites are close 

precession frequencies, respectively, T ,  is the correlation time 
for the dipolar interaction, and 658 f 132 is the numerical 
value of a constant term for CO*+-~~P  interaction (Mildvan 
& Gupta, 1979). The Co2+ complexes of enzyme are pink, 
characteristic of high-spin Co2+. For example, for the ECo2P 
complex the relevant spectral parameters are as follows: A, 
(nm) 460,492, 550 (6 14, 14,8). The electron spin relaxation 
time of high-spin Co2+, which should dominate T,, ranges from 
5 X to IO-" s. The value of qq for ECoP2, 0.0088 s 
(Table V), thus gives a value for r 1 3.9-5.4 A, where 13.9  
A corresponds to a T~ of 5 X sand 15.4  A to a T~ of 10-" 
s. The value of qq for ECo2P2 is 0.0038 s (Table V). If both 
Co2+ ions are assumed to interact equally with Pi in site 2, then 
from inequality 15, r 2 3.8-5.2 A; if only one Co2+ interacts, 
then r 1 3.4-4.7 A. As these estimates make clear, it will be 
of obvious value to extend our measurements to the ECo3P2 
complex and to evaluate both T ,  and the magnitude of the 
dipolar contribution to 31P relaxation in order to calculate r 
more accurately. Such measurements are currently under way. 
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Use of Phospholipase D To Alter the Surface Charge of Membranes and Its 
Effect on the Enzymatic Activity of D-P-Hydroxybutyrate Dehydrogenase+ 
Robert M. Clancy, Alan R. Wissenberg, and Michael Glaser* 

ABSTRACT: The effect of an electrostatic potential on the 
enzymatic activity of D-P-hydroxybutyrate dehydrogenase was 
examined. Phospholipase D was used to increase the surface 
charge and concomitantly the electrostatic potential of sub- 
mitochondrial membranes. The apparent K, for the negatively 
charged substrates of D-P-hydroxybutyrate dehydrogenase 
increased as the membranes were reacted with phospholipase 
D. There was a 10-fold increase in the apparent K,  for 
NADH when the content of acidic phospholipids was increased 
by 24%. The addition of monovalent or divalent cations, which 
reduced the electrostatic potential, largely reversed the ap- 
parent K,,, changes. At the same ionic strength, divalent 

Electrostatic potentials have been shown to affect the cat- 
alytic activity of enzymes in a variety of systems (Douzou & 
Maurel, 1977). One approach to studying these effects has 
been to immobilize trypsin and chymotrypsin to an insoluble 
polyanionic carrier (Goldstein et al., 1964; Goldstein, 1972). 
The polyanionic environment was found to promote a strong 
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cations had a substantially larger effect than monovalent 
cations. Similar results were obtained when the purified 
apoenzyme was reconstituted in unilamellar vesicles containing 
different ratios of phosphatidylcholine and acidic phospholipids. 
When the apoenzme was reconstituted into phosphatidylcholine 
vesicles containing increasing amounts of phosphatidyl- 
ethanolamine, the apparent K, also increased but to a smaller 
extent, and increasing the ionic strength did not reverse this 
effect. The results show that the apparent K,  of D-p- 
hydroxybutyrate dehydrogenase can be significantly altered 
by an electrostatic potential as well as other properties of the 
phospholipid polar head group. 

local negative electrostatic potential which acted on the 
chemical properties of the medium. In particular, the local 
concentration of ionic species were found to be different from 
those of the bulk solution. Another study employing lysozyme 
in the polyanionic environment of the cell wall of Micrococcus 
luteus has shown similar results (Maurel & Douzou, 1976). 
Relatively few studies have been carried out on the effect of 
an electrostatic potential on the properties of membrane-bound 
enzymes. Recently, Wojtczak & Nalecz (1979) and Nalecz 
et al. (1980) used detergent methods and fatty acids to increase 
the electrostatic potential of a biological membrane and ob- 
served the effect on several membrane-bound enzymes. 
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