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Summary: The pH dependence of longitud&nal relaxation rates of water 

protons in horseradish peroxidase solutions indicates that water is not 

coordinated to the ferric iron of the enzyme. 

The nature of the iron ligands in catalases and peroxidases is 

a problem of long standing in heme protein chemistry (1,2)~ The ferric 

iron of these enzymes is in the high spin state; by analogy to ferric- 

hemoglobin and myoglobin, it has been customarily assumed, though never 

conclusively proven, that one of the iron ligands in these heme proteins 

is a water molecule (2,3,4,5)° 

In order to obtain more direct evidence for the presence or absence 

of water in the first coordination sphere of the ferric peroxidase iron~ 

a study was conducted on the pH dependence of the nuclear magnetic longitu- 

dinal relaxation rates (T~l),of water protons in horseradish peroxidase 

(HRP) solutions° This method was previously used for the elucidation of 

structural details near the high spin ferric iron of various heme 

proteins (6,7,8)~ Since ferric horseradish peroxidase is in the high 

spin state in neutral solutions, it was expected that the existence of 

fast exchange of water molecules between the bulk of the solution and 
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Relaxivity as a function of pH for several hemoproteins, 

(-e-e-) horseradish peroxldase. ( ) cytochrome c 

[taken from Lanir and Aviram (13)]. (---) metbyoglobin 

[taken from Fabry et al (12)]. 

a HRP-cyanide. A Reduced HRP (with dithionite). 

the first coordination sphere of the iron should result in a large 

enhancement of the proton relaxation rates of the water° 

Methods 

Values of at i00 MHz were measured using a spin echo attachment 

to a high resolution nmr spectrometer, by the 180°-90 ° null method (9). 

Horseradish peroxidase was a commercial preparation, The pH was adjusted 

with ~C1 or NaOH. 

Results 

The results at different pHVs expressed at molar relaxivities are 

shown in Figure i, where they are compared to results of similar 

experiments performed on ferric horse heart cytochrome ~ (8) and ferric 

myoglobin (7), 
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TWo characteristics of the results are relevant to the pzoblem of 

iron-water coordination: the absolute values of the molar relaxivicies~ 

and their pH dependence° In the first place, it can be seen that the 

value of the mola~ relaxivity of neutral ferric percxidase ~s d~scinctly 

lower than neutral me[:myoglobin and acidic fer~i:~'t:cchrome ~ which have 

one and two water molecules bound to the high spin iron respectively° 

-i 
T 1 value in solutions cf HRP is vecy close to that fc~ the low-spin 

cyanide-HRP complex° Since the longitudinal electronic relaxation time 

of the low spin fe~zic ion is very shozt (Tle= 2 x 10-12set) II, T~ 1 vaiae 

in solutions of cyanide-HRP may be considered as being very close to the 

diamagnetic contribution of ferric HRP to the relaxation° This value is 

somewhat higher than the molar relaxivity in the low spin, closed crevice 

cytochrome ~ in neutral solutions, which is reasonable considering the 

relative size of the two macromoleculeso These results indicate that 

water is not coordinated to the iron in neutral peroxidaseo Furthermore, 

ferric HRP undergoes a high spin transition with a pK of 10o8 (3,4,5)° 

If a water molecule were coordinated to the iron at pHVs below this pK, 

a decrease in the molar relaxivity should be observed as the protein is 

brought into the alkaline side of the transition° The observed fact is 

that the molar relaxivity is practically constant along the whole pH range 

investigated, that is, from pH 3 to pH 12o A small decrease in the acidic 

range, with an inflection point at about pH 2°5, is due to the well known 

changes occuring in HRP at acid pH that lead finally to the splitting of 

the home group (I0). 

We conclude, therefore, that ferric HRP has no water coordinated to 

its iron and has, in all pzobability, a closed crevice structure° 

Discussion 

Heme proteins can be classified according to the nature c.f their 

heme iron ligands~ into two main groups, having "closed crevice" and 
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"open crevice" structures (i) o In the first group, the iron atom is 

coordinated by two protein residues; in the second group, one iron ligand 

is a protein residue and the other a molecule of water° Cytochrome ~ is 

a typical instance of a closed crevice structure, while hemoglobin and 

myoglobin are examples of open crevice structures~ 

The hypothesis that eatalase and peroxidase have open crevice 

structures, with an iron bound water molecule, creates difficulties in 

the interpretation of the pH dependence of the binding of catalase and 

peroxidase by ionic ligands. The affinity for ligands such as fluoride 

and azide, and for cyanide above the pK of hydrocyanic acid, decrease 

with increasing pH, indicating that a group in the protein becomes 

available for protonation upon formation of the complex° Alternative 

explanations such as binding by the acids HF, HN3, HCN (ii) or a structure 

in which a hydroxyl ion binds the iron instead of a water molecule (12), 

were criticized by George and Lyster, who proposed that peroxidases and 

catalases are closed crevice enzymes, a tyrosine phenolate ion being 

perhaps the sixth iron ligand (i, 13) o A similar structure was also 

suggested by Phelps et al (14), in order to explain the difference in the 

reversible proton dissociation equilibria between peroxidase and apo- 

peroxidaseo More recently it was shown (15) that the kinetics of the pK=10o8 

heme linked ionization of HRP does not support the commonly held view that 

this reaction is due, analogously to the pK 8 ionizations of methemoglobin 

and metmyoglobin~ to deprotonation of an iron bound water molecule; 

instead, the reaction can be better interpreted as an ionization followed 

by a conformation change of the protein° 

The nmr measurements reported in this communication indicate clearly 

that water is not bound to the iron of ferric HRPo Although the possibility of 

penta-coordination cannot be disregarded, our conclusion is that ferric HRP 

has a closed crevice structure in neutral solutions° 

This result has an interesting implication° It is hard to conceive 
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how the low concentration of hydrogen peroxide required to activate 

peroxidase can suffice for iron binding, while the solvent concentration 

cannot° Thus one is lead to the suggestion that the initial event in the 

enzymic reactions of peroxidase is not the direct binding of hydrogen 

peroxide, but an oxidation starting at some other site in the heme protein 

molecule; a possibility that has been already contemplated by other 

authors (16). 
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