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An electron paramagnetic resonance study of the binding of manganese 

to ribulose 1,5-diphosphate carboxylase--irulibition by magnesit~ 

D~ .. K: CHU, R. CHA~G*, and L. E. VICKERY** 

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory, 

University of California, Berkeley, California 94720 (U.S.A,) 

Electron paramagnetic resonance (EPR) was used to measure the extent 

of binding of l·fn2
+ to ribulose 1, 5-diphosphate carboxylase purified from 

spinach leaves.· In the ~1nZ+ concentration range 0.60 rnM to 0.04 rnM only 

a single Mn Z+ binding site having Kd = 0 . 06 m.'-~ was observed. Hg2+ was 

fonnd to competitively i!11.ibit the binding of Mn2
+, and Kd = 0.54 rn:'t \-'as 

. 2+ : 
calculated for Hg' • 

D-Rib.ulose 1 ,S-diphosphate carboxylase (3-phospho-D-glycerate car

boxylase [dimerizing] EC 4 .1.1. 39) catalyzes the carbvxylation of RuDP 

to yield two moles of 3-D-phosphoglycerate in the primary carbon fixa-

tion step of photosynthesis. The reaction has an absolute requirement 

for a divalent metal cation1 , and it has been suggested that control of 

metal ion activation might play a role in the regulation of the enzyme's 

activity invivo2. Little is known, however, about the stoichiometry of 

*On leave, pennanent address: Department of Chemistry, Williams College, 

Williamstown, Nass. 01267. 

**Postdoctoral Fellow of the National Institute of General Medical 

Sciences, National Institutes of Health. 



.the metal ion-enz)me interaction, the nature of the groups on the protein 

involved in the interaction, or the mechanism of the activation. In 

fact, the only cases where binding of metal ions to the enzyme has been 

studied involved inactive ternary complexes of the enzyme lvith a sub

strate analogu.e or complexes with cyanide3. Putative evidence for the 

2+ 4 existence of an enzyme-co2-Mg has also been reported . 

We·have used electron paramagnetic resonance techniques to study 

the binding of ?-·tn2+ to the enzyme, Free ?vtn2+ ion in solution has an 

intense isotropic EPR spectnnn, but the EPR of }.'lnz+ .bound to small mole

cules and proteifl.s is often broadened and undetectable providing a con

venient mew_<; of measuring binding constants5-7. Electrophoretically 

pure RuDP carboxylase was isolated from spinach leaves as previously 

described8 with the follmving modifications: the heating step v.'as no 

longer used and 0.02 M soditnn phosphate, pH 7.4, replaced tris-HCl and 

Mg2
+ during purification. Freshly prepared enz~ne was concentrated by 

precipitation 1vi th armnonitn11 sulfate, resuspended in 0. OS H Tris, pH 7.8, 

and exhaust1vely dialyzed against this buffer. Protein concentrations 

were determined spectrophotometrically, taking the absorbancy at 280 nm 

to be 0.61 (cm-mg/ml) -l and assuming a molecular weight of 557,000 9 

X-band EPR spectra were recorded on a Varian E-3 spectrometer. 

When Ru.DP carboxylase was added to solutions of ~mZ+ in buffer a 

quantitative reduction in the intensity of the l\'lnZ+ EPR signal was 

observed. No changes in the EPR spectnun of the aqua-complex appeared, 

and no evidence for any new signal was obtained. A titration of the 

Abbreviations: EPR, electron paramagn~tic resonance; RuDP, D-ribulose 

1,5-diphosphate. 
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enzyme was made assuming that the heights of the hyperfine components in 

the first derivative EPR spectrum are proportional to the concentration 

of free Mn2+. The results of three experiments, using different enzyme 

preparations and concentrations, are presented in the form of a Hughes

Klotz plot7' 10 in Fig, 1, In the absence of competing divalent cations 

the data fit a single straight line reasonably well. The x and y inter-

cepts are equal to the reciprocals of the dissociation constant and the 

number of binding sites, respectively. Within the Mn2+ concentration 

range used, 0. 80 TIL}.;I to 0. 04 rnM, Kd ~ 0. 06 JW.I and n = 1. When Mg 2+ was 

added to solutons of enzyme and Mn2+, an increase in the free Mn2+ EPR 
. 2+ 

signal \'las observed (Fig. 1). In the presence of 0.6 and 1. 2 mM Mg the 

Kd for Hn2+ increased to 0 ~12 JII?.i and 0.18 rnM, respectively, while n remained 

2+ equal to 1, Assuming competitive binding of the tvro cations, Kd for Mg 

can be deter.mined11 ,12 . The results of separate calculations at each 

2+ 2+ . 'Mn and Mg concentra t10n are shown in Table L The average value for 
. 2+ 

Kd (Hg ) = 0 . 54 rnH. 
2+ . • 2+ The dissociation constant for Mn 1n the absence of Mg measured 

in this work is close to the Hichaelis constant for Mn2
+, Kin= 0.04 rnM, 

Q 
determined by others· . This suggests that the binding observed might 

yield the active enzyme-metal complex required for catalysis. The 

stoichiometry of the Mn2+-enzyme interaction observed here, however, 

is unexpected. RuDP carboxylase is composed of sixteen subunits of 

molecular weight of approximatley 12,000 and 56,000 daltons in a 1:1 

molar ratio13 . Mbreover, there seem to be eight binding sites for RuDP3. 

The presence of a single ~fn2+ binding site could be explained by a unique 

site linking several subunits, by an undetected difference in one subunit, 
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or by the existence of an additional subunit. This Mn
2
+ binding site 

_may be related to the single cu2+ binding site which has been reported3 

since our preparations of the enzymedo not appear to contain copper 

(Vickery, Chang, and Chu, unpublished). 

The dissociation constant detennined for Hg2+ competition with MnZ+ 

binding is significantly lower than the Michaelis constant for Mg2
+, K = . rn 

1.1 niH 9 •. Thus, this binding may not be limiting for activation of the 

enzyme. 111e ability of Mg2+ to compete with Mn2+ in this concentration 

range might compensate for the lmver Km for Mn2
+ and rule out the possi

bility of Mn2+ activation of the enzyme in vivo. Further experiments 

utilizing the :Mn.2+ EPR probe can be designed to determine the effects of 

temperature, pH, C02, RuDP and competing ions on the metal-enzyme inter

action~ 

Tlris work was supported, in part, by the U. S. Atomic. Energy Comrnis.sion. 
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TABLE I 

DISSOCIATION COnSTA'JTS OF MANGANESE AND MAGNESilJ.vl RuDP CAR1'30XYLi\SE 

Experimental conditions are given in Fig. 1 and text •. K.lln was 

detennined from best straight line fit-to data; .KdMg was calculated 

for each data according to reference 11, asst~ing competition of 

Mg2+ with Mn2+ ~ 

\ 

Nn2+ {mM) 2+ Mg (IW1) 

.04 to .60 0 

~IJ6 0,6 

~12 0.6 

._18 0.6 

.06 1.2 

.,12 L2 

.. 18 1.2 

K Mn 
d (mM) 

.06 

.12 

.12 

.12 

.18 

.18 

.18 

average 

.54 

.53 

.57 

.53 

~48 

.58 

.54 
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FIGURE LEGENDS 

Fig. 1, Titration of Ru.DP carboxylase with Hn2+. Hughes-Klotz plot 

of the concentrations of free and bound Mn2+ determined by EPR (see 

text). Experimental conditions: buffer, 0.05 M Tris, pH 7.8; tempera~ 

ture, 22°; sample volume, 0.15 rnl; enzyme concentrations 6 6 6 148 rng/rnl, 

o o o 89 mg/rnl, e • • 48 rng/ml. 
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that its use would not infringe privately owned rights. 



TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 




