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ABSTRACT 

This dissertation is divided into two parts, in each 

of which a separate problem is considered. 

The first problem was to find out whether or not the 

protein hemoglobin possesses the same three dimensional 

structure in the solution and crystalline states. The 

problem was attacked by comparing the equilibrium properties 

of the following ferricyanide-hemoglobin reaction in the 

solution and crystalline states. 

HbO« + K-Fe(CN)c i ' met Hb + 0o + K.Fe(CN)c 2 3 6 2 4 6 

This procedure would detect conformational changes which 

modify heme reactivity. The difference in AF for this 

reaction between the solution and crystalline states, AF ^ 

- AFcryS, is given by the ratio of solubilities of HbC>2 to 

met Hb met Hb^ accor(3ing to the following relation 

AF . - AF = RT In (S„ _ / S . __ ) 
sol crys ®>°2 

Accordingly the solubilities of oxyhemoglobin and methemo-

globin were determined under exactly the same conditions in 

1.4 molar (NH^^SO^ and 0.1 molar Na^PO^ buffer at pH 6.6 

and 0°C. Methemoglobin was found to be approximately twice 

as soluble as oxyhemoglobin, which corresponds to a value 

x 



xi 

for AF . - AF of -364 calories. Preferential ferri-sol crys 

cyanide binding to solution methemoglobin was also found. 

This difference of -364 calories was small when 

compared to what it would be for substantial structural 

changes affecting function, but it was still present and was 

much larger than the estimated error. This difference was 

postulated to arise from small changes in the conformation 

of heme linked protein groups when the protein is inserted 

into a crystal lattice. 

The second problem was to uncover the mode of binding 

of monomer inhibitors to the enzyme lysozyme and also the 

interactions which these inhibitors make with enzyme side 

chains by determining the association constant versus pH 

curves for the inhibitor-lysozyme system. The approach used 

here was to determine the association constant versus pH 

curves for N-acetyl glucosamine (NAG, a + p mixture) and 

P methyl N-acetyl glucosamine (p methyl NAG) binding to 

lysozyme and compare these curves to the ones for di NAG and 

tri NAG obtained elsewhere. 

In the case of pmethyl NAG the following shifts in 

pKlo n i z  w ere calculated by a computer method: 6.10 to 6 . 5 4 ,  

2.00 to 2.27, and 1.50 to 0.91. For NAG (a + P mixture) the 

shifts were 6.10 to 6.45, 4.73 to 4.60, and 1.50 to 1.28. 

The high pH shift was also seen in dimer and trimer binding 

and attributed to glu 35. The middle pK shift in the curve 

for NAG was attributed to a weak interaction with asp 101. 



In the case of |3 methyl NAG the middle pH shift was in the 

opposite direction and could have been due to the special 

perturbing influence of the p methyl group, possibly on 

asp 52. The low pH shift in the NAG and |3 methyl NAG curves 

as well as in the dimer and trimer curves, was attributed to 

the perturbation of asp 66. The small movement of part of 

the lysozyme molecule upon inhibitor binding was postulated 

to change the interactions of asp 66 with neighboring 

residues and thus perturb its pKloniz. 

An attempt was made to separate the perturbing 

effects of the a and 3 anomers in the NAG binding curve, 

and a special equation was derived for this purpose. How

ever the number of data points were insufficient to define 

all of the parameters although limits could be placed on 

some of them. 



INTRODUCTION, HEMOGLOBIN SECTION 

The technique of X-ray crystallography has become 

increasingly important in recent years in working out the 

three dimensional structure of protein molecules. Since 

diffraction patterns are usually obtained from single 

protein crystals, the important question arises as to 

whether this three dimensional structure or conformation of 

the crystalline protein also applies to the solution state. 

One would like to be sure of the validity of applying such 

structural information to solution chemistry. The work to 

be reported in the first section of this dissertation seeks 

to answer the present question through a direct study of the 

reactivity of the heme group of hemoglobin in the solution 

and crystalline phases. 

Comparison Between X-ray Crystal Data 
and Solution Measurements 

A comprehensive review of the recent work on crystal-

solution structure comparisons has been given by Rupley 

(1969). One can attack this problem either by making 

predictions of residue reactivity from the crystal structure 

and seeing whether these agree with the solution chemistry 

or by directly comparing the properties of various protein 

reactions in the crystal and solution state. In considering 

the former procedure first, the X-ray data for myoglobin 



show that 70 to 80% of the amino acid residues are in the 

helical arrangement, in agreement with optical rotatory 

dispersion studies of dissolved myoglobin. Chemical modi

fication of trp 62 and 108 of lysozyme strongly inhibits 

binding, in agreement with the X-ray work showing these 

residues to be situated in the active site cleft close to 

bound trimer. Likewise his 57 and ser 195 of chrymotrypsin 

and his 12 and 119 of ribonuclease, all implicated by 

solution chemistry in the active site mechanisms of their 

respective enzymes, appear to be close enough in the crystal 

structure to interact with each other. Finally the sperm 

whale and seal myoglobins crystallize in different space 

groups but still have the same conformation, indicating that 

lattice forces, at least in this case, exert only a minor 

influence on structure. 

Special Characteristics 
of Protein Crystals 

The similarity of the environment around the 

dissolved and crystalline protein also indicates that its 

conformation should not differ by very much in the two 

phases. Protein conformation is quite sensitive to the 

solvation and polarity properies of the surrounding medium. 

This similarity is evidenced by the fact that within protein 

crystals, one half of the volume is solvent (Rupley, 1969; 

Richards, 1963). Unlike the tightly packed crystals of 

small organic molecules, protein crystals are fragile and 



contain large interstitial regions which are essentially 

continuous with the outside of the crystal and are large 

enough to contain solute molecules up to a molecular weight 

of about 4000. The lattice macromolecules make minimal 

contacts with each other. The changes in specific volume of 

the protein and solvent accompanying crystallization have 

been followed both by dilatometry (Krivacic and Rupley, 

1968) and by observing the decrease in unit cell dimensions 

upon drying of the crystal (Richards, 1963). Essentially no 

changes were observed, which means that the bulk of the 

intra-crystalline solvent cannot be considered a tightly 

bound hydration layer and that its salt concentration and 

other properties are the same as those outside the crystal. 

In accordance with this, only 10% of the solvent inside 

crystalline myoglobin as seen by X-ray diffraction is 

tightly bound. 

Perutz (1965) has calculated an upper limit to the 

interaction energy of the lattice contacts of oxyhemoglobin, 

and compared it to the bond energies holding the individual 

subunits together. Each hemoglobin molecule has six 

neighbors grouped at the corners of an octahedron. 

Probably no more than a few atoms are involved at each 

corner in what appear to be mainly weak polar bonds. There 

are two histidine residues at each apical contact with a pK 

of around 5.8, which is hydrogen-bonded to an asparagine on 

a neighboring molecule. Ionization of the histidine breaks 



the bond and probably accounts for the phase transition 

observed in the crystal at this pH. The AF ionization of 

this histidine is 8 kcal per mole of H-bonded histidine at 

[H+] = 1 Mf which sets an upper limit to the strength of its 

lattice interaction. Assuming two of this type of inter

action for each apical contact and one for each of the other 

four contacts, one calculates a maximum lattice interaction 

of 69 k.cal shared by 6 intermolecular contacts under 

standard conditions. Although this estimate is small 

compared with the bond energies holding the individual 

hemoglobin subunits together, Perutz concludes that the 

identity of the subunit arrangements in both crystal and 

solution is still not proven and that one must be content 

with the fact that structural differences between the two 

states have never been observed. 

Direct Comparison of Solution and Crystal 
State Reactions. Kinetic Considerations 

A more definitive method of uncovering the effect, 

if any, of crystallization on the structure of the protein 

is to compare directly the kinetics and thermodynamics of 

a protein reaction occurring in both the crystal and solu

tion phases. The similarity of the environment inside and 

outside the crystal helps to make such a comparison valid. 

Also, reactions involving crystalline protein can be 

followed using conventional kinetic and thermodynamic 

analyses (Rupley, 1968, 1969). The protein reactant and 



product should form isomorphous crystals so that.the 

reaction can occur continuously without disrupting the 

crystal lattice, forming a solid solution of reactant and 

product. The crystal suspension should have a high salt 

concentration to nullify the effects of Donnan equilibria 

and charge concentration at certain points inside the 

lattice. 

The kinetics of a crystal phase reaction can differ 

from those in the solution phase because of several differ

ent effects, among which are diffusion effects associated 

with small molecular weight reactants inside the lattice, 

differences in solvent where different salt concentrations 

are used in the protein solution and crystal suspension, 

interference with the reaction from lattice contacts, and an 

actual change in the conformation of the protein. 

Equilibrium measurements would in general be influenced by 

only the last three effects. The most informative result 

would be to find identical reactions in the two phases which 

barring improbable compensation effects, would point to 

identical conformations of the protein, especially if this 

result were repeated in several instances (Rupley, 1969). 

If significant differences are found then diffusion, solvent 

lattice, and conformational effects would have to be sorted 

out. 

A conformational change can mean either a substan

tial change in the time average structure or a change in 
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motility. The latter term refers to the fact that a compact 

globular protein is usually in thermal equilibrium with more 

open structures in which it spends a certain fraction of its 

time. A reaction pathway may be critically dependent on 

this momentary opening up of the protein although these open 

states are ones of low probability and would not contribute 

much to the average conformation. One would then expect 

changes in the kinetics but not in the equilibrium prop

erties of protein reactions upon crystallization. The 

following examples illustrate this distinction between 

kinetic and equilibrium properties. 

Ribonuclease crystals give only 1/25 to 1/50 of the 

activity of the dissolved enzyme, although the crystals are 

still active and diffusion was not accounted for (Doscher 

and Richards,. 1963). The DFP reaction with chymotrypsin 

occurs in both phases.(Sigler and Skinner, 1963). Since 

these two reactions are very sensitive to conformation, 

their occurrence in crystals argues against any large scale 

structural changes between dissolved and crystalline enzyme. 

In support of this the enzyme activity of triose phosphate 

dehydrogenase was found to be the same in both crystal and 

solution. 

In the remaining examples, diffusion was either 

accounted for or was not a problem. Quiocho and Richards 

(1966) crosslinked both crystalline and solution carboxy-

peptidase with the latter giving an amorphous product. 



Although the crystalline product gave a three-hundred-fold 

decrease in activity under the amorphous material, the 

inhibitor p-methyl propionate inhibited both reactions to 

the same extent. These changes were ascribed to a decreased 

motility in the crystal which perhaps drastically altered 

one critical interaction controlling the rate but left the 

inhibitor binding, which depends on several contacts to the 

enzyme, unchanged. 

The chemical modification of the histidines of 

myglobin by bromoacetate in crystal and solution was under

taken by Gurd et al. (1966). After about 10 days of 

reaction, 6 out of the 12 histidines reacted in solution 

whereas in the crystal between 1 and 2 of these 6 reactive 

histidines were made unreactive. According to Gurd and co

workers the reactivity of the 1 or 2 histidines made un

reactive in the crystal depended on an opening up of the 

structure that was not possible in the crystal due to a 

restriction of the motility by the crystal lattice energy. 

A change in motility was also used to explain the different 

rates of binding of azide to the heme group of myglobin in 

crystal and solution obtained by Chance, Ravilly, and 

Rumen (1966). The second order rate constant was decreased 

by a factor of 1/21 in the crystal. In order for binding 

to take place, the distal histidine must be displaced in the 

transition state, a movement which could be made more 

difficult by the increased rigidity in the crystal. Azide 



binding to hemoglobin gave similar results, only in this 

case the reaction was biphasic (Chance and Ravilly, 1966). 

In the examples cited so far, only a part of the 

protein conformation near the reactive centers was charac

terized. The technique of hydrogen-tritium exchange which 

was used by Praissman and Rupley (1968a, 1968b) on insulin 

and lysozyme characterizes the conformation of the entire 

molecule. They found that significantly fewer hydrogens of 

insulin exchanged in the crystal phase than in solution. 

They concluded from a study of the pH rate profile of the 

exchange that, in solution, the exchange itself was rate 

limiting whereas in the crystal, the opening of the 

structure to expose buried hydrogen was rate limiting. Un

like insulin, lysozyme exhibits no change in its hydrogen-

tritium exchange upon crystallization. This suggests that 

the lysozyme molecule is the more flexible so that its 

motility is not significantly restricted in the crystal. 

The work on the flash photolyses of carbonyl hemo

globin (Parkhurst and Gibson, 1967) in crystal and solution 

gives added confirmation to the motility mechanism. It was 

found that recombination of the ligand to hemoglobin after 

the initial dissociation was faster in the crystal than in 

solution. Rapid reaction methods have identified a short

lived hemoglobin intermediate which undergoes a conforma

tional change to a more stable species soon after dissocia

tion. This process makes recombination with ligand more 
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difficult. The fact that recombination is faster in the 

crystal is interpreted to mean that the conformational 

change occurs less readily there, a direct result of 

restricted motility. 

Direct Comparison of Solution and Crystal 
State Reactions. Equilibrium 

Considerations 

In all of the preceeding examples, the reaction 

considered occurred in the crystalline as well as the 

solution phase, although usually at a reduced rate in the 

former. Since the kinetics are usually quite sensitive to 

small changes in conformation, this itself is evidence that 

there are no gross changes between crystalline and dissolved 

proteins. The changes in rates were usually thought to 

represent a change in motility rather than in the average 

conformation. An important piece of confirming evidence 

could therefore come from a comparison of certain equilib

rium properties between the two phases. If these properties, 

which characterize the time average structure, show no 

significant changes between phases, then the observed 

changes in rate must be explained in terms not involving a 

permanent change in structure. Also such a comparison would 

be the most relevant to the structure obtained by the X-ray 

crystallography procedure, since the latter is essentially 

an equilibrium method. The work to be presented in this 

thesis is an example of the equilibrium method. 
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A direct comparison between the binding of 

saccharide to the active site of lysozyme in solution and in 

the crystal suspension was made by Butler and Rupley (1967). 

They found that both the monomer and dimer of N-acetyl-

ciSSO C glucosamine gave 1 to 1 complexes and a pK unchanged by 

crystallization of the enzyme. 

This example illustrates how conventional thermo

dynamics can be applied to the solid phase in which a 

standard AF of association can be measured. When a reaction 

involving a protein is compared in both liquid and solid 

phases, the problem of the choice of standard states for the 

products and reactants (in this case liganded and unliganded 

lysozyme and free saccharide) in the two phases must be 

considered. These standard states are usually defined as 

follows (Rupley, 1968): 

The protein standard states differ between phases 

but correspond in a single phase. The pure solid is the 

standard state in the crystal and unit concentration (at a 

hypothetical infinite dilution) is the standard state in 

solution. The standard states of small, diffusable solutes 

are taken to be unit concentration, the same in both phases. 

This choice of standard state for the ligand is equivalent 

to making its activity the same in both phases. This is 

reasonable since the solvent inside and outside the crystal 

has been shown continuous and identical (Krivacic and 
a c cq p 

Rupley, 1968). All differences in AF that are found 
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between the two phases are therefore attributed to the 

protein components. 

Equilibrium reactions, including the one to be 

presented here, can be studied and compared in the two 

phases employing the method of solubility (Wyman, 1964). 

One can consider as an example, the following cycle linking 

solubility and association equilibria although the method 

is not confined to association processes only: 

P 1 •I 

p' 
s 

Here P^ and P^' refer to the unliganded and liganded protein 

respectively in solution, and P and P' refer to the s s 

corresponding species in the crystal. A is a diffusable 

ligand or reactant. The above cycle requires the following 

relationship among the standard AF's involved. 

AF° - AF° = AF° - AF° (1) 
4 13 2 

Thus one can determine the difference between the 

3SSO C 
AF of the reaction in the solution and crystal by 

measuring the difference in solubility between crystals of 

pure liganded and unliganded protein. One can write the 

following relationships: 
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S 
AF° - AF° = RT In (2) 

P' 

Although in theory the liganded and unliganded protein 

crystals need not be isomorphous, such a situation would 

confuse the comparison being made since differences in 

lattice energies would be added to the AF° - AF^ quantity. 

In the experiments to be reported in this dissertation, 

oxyhemoglobin crystals are converted directly to methemo-

globin crystals by adding ferricyanide after which the 

solubilities of the two forms are measured. In order for 

this process to work, both types of crystals must be 

isomorphous, as indeed they are (Perutz, 1965). It should 

be noted that concentrations, not activities, are the 

experimentally accessible quantities. This is not a serious 

limitation. In terms of activity coefficients one can write: 

K2 K2 ,C 
YA 

aJL YP YP, s T, 
K3 ~ K3,C ' Ds

m 
to
 

I 

Yp Yi 
s P4 

From previous arguments 
YP YP^ 

= 1. The ratio ———:— should 
YP YP/> s X> 

differ from 1 only because of differences in conformation 

or the effects of lattice contacts. Both alternatives can 

properly be included in the effect of crystallization upon 

protein structure (Rupley, 1968). 

Equation (1) is an example of linked functions. 

Ligand binding is considered linked to the association of 
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protein molecules which form the crystal lattice as measured 

by solubility. A similar situation occurs in the second 

section of this dissertation where the association of 

protons and saccharide to lysozyme are linked to each other. 

The equilibrium binding of azide to the heme group 

of horse methemoglobin has been compared in crystal and 

solution using the solubility method (Rupley and Gates, 

1968). The azide complex was found to be 12% more soluble 

than methemoglobin itself, an increase which was just out

side of experimental error. This solubility ratio 

cLSSO C corresponds to a 70 cal/mole difference in AF , which, 

cLS SO C when compared to the total unitary AF of -10 kcal, 

does not indicate a significant difference in binding in the 

two phases. The conclusion reached was that the average 

methemoglobin conformation is the same in both phase, at 

least in that part of the protein that influences heme 

binding. One would not expect any direct effect from 

lattice interactions, since the X-ray data show the heme 

group removed from lattice contacts (Perutz, 1965). These 

results can be correlated with those on the rate of azide 

binding by Chance et al. (1966) which showed a significant 

decrease in rate in the crystal. The latter reflected a 

change in motility while the former results showed that the 

average conformation, at least around the heme, was not 

changed. 
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The hydrogen ion equilibria of crystalline and 

soluble horse methemoglobin were compared by Rupley (1968) 

who combined both solubility and direct titration measure

ments. In this case a difference was found in the pK's of 

proton ionization of at least a few protein groups between 

crystal and solution as manifested by the dependence of 

solubility on pH (Figure la). The data here are for 

carbonyl hemoglobin whose behavior closely resembles that 

of methemoglobin (Green, 1931). The cusp in the curve at 

pH 5.8 indicates a phase change with two nonisomorphous 

crystal lattices in the suspension at this pH. On either 

side there are a number of isomophous forms of the protein 

in proton equilibrium. Since one is dealing here with the 

intermediate stages of the reaction, Equation (2) cannot be 

applied. Instead the derivative form (3) is used (Wyman, 

1964), 

g ?oc? S = AH (3) 
d log aH 

where a^ is the hydrogen ion activity and AH is the differ

ence in protons bound between the crystal and solution 

phases. The solubility curve in Figure la can then be 

differentiated to give AH as a function of pH, which is 

interpretable in terms of the number of pK's perturbed by 

crystallization. This derivative function was also obtained 

by direct titration of the methemoglobin crystal suspension 

and solution using a pH stat. The AH value obtained from 



Figure 1. The comparison between solubility and difference 
titration data for horse carbonylhemoglobin. 

Upper: This plate gives the log solubility as a 
function of pH for horse carbonylhemoglobin (Sorensen and 
Sorensen, 1933). 

Lower: This plate gives the difference in protons 
bound (AH+) between soluble and crystalline horse hemoglobin 
as a function of pH. The open circles (o) represent values 
calculated from solubility data and^ the closed squares (•) 
represent direct measurements of AH+ from difference titra
tion experiments (Rupley, 1968). 
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Figure 1. The comparison between solubility and difference 
titration data for horse carbonylhemoglobin. 
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the two methods agree well with each other in the pH 6 to 9 

range as is shown in Figure lb. From these data one can say 

that only 15 to 20 out of 200 ionizing residues of hemo

globin are affected by crystallization. This small number 

can be accounted for without involving conformational 

changes by attributing the perturbation to a direct inter

action of the residues with the six lattice contacts to each 

protein molecule. 

Although the identity of the perturbed groups cannot 

be definitely established from titration or solubility data, 

some direct observations have been made. Tyrosine ioniza

tion can be observed spectrophotometrically in both phases 

and the data obtained indicate that none of these were 

perturbed (Rupleyt 1964). Likewise the histidine pKloniz 

can be determined by measuring the rate of hydrolysis of 

p-nitrophenyl acetate, which is catalyzed by the charged 

histidine species only (Rupley, 1969). From these data, 

only 2 out of 24 histidines were perturbed by crystalliza

tion. These results support the earlier conclusion that 

conformation changes are not needed to interpret the 

observed perturbations in pKloniz, which instead can be 

attributed to a direct interference from lattice contacts. 

The proton equilibrium of the histidines in insulin 

was also investigated using the same technique (Rupley, 

1969). Differences between crystalline and soluble insulin 

were found, but here the soluble was done in low salt and 
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the crystalline in high salt concentration where the hexamer 

is known to form in solution. If crystalline and amorphous 

insulin are compared, no change in the histidine ionization 

was seen. The solution versus crystal differences that did 

appear could then be identified with polymerization from 

dimer to hexamer which occurs in solution as well as in the 

crystal and not specifically with the crystalline lattice 

interactions. 

Reference has been made earlier to measurement of 

volume changes occurring when methemoglobin crystallizes out 

of solution (Krivacic and Rupley, 1968). Such changes can 

occur from differences in conformation of the protein or in 

the nature of the solvent between crystal and solution. The 

dilatometric metho.d detected a 21.9 ml/mole of protein 

change in volume. When this figure is compared to the 1000 

ml/mole volume change estimated for complete unfolding of 

hemoglobin, one can say that crystallization has a negli

gible effect on the partial molar volume. This is a 

significant result since the volume method focuses on the 

entire molecule and not a restricted section of it, and it 

suggests that both the hemoglobin conformation and the 

nature of the solvent surrounding the protein are unaffected 

by crystallization. 

From the evidence presented so far, the average 
"""" " * 

conformation of proteflci. appears to be the same in both 

solution and crystal. Certain minor differences in 
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equilibrium properties can be explained by a direct 

interference from the lattice contacts in the reaction used 

for the comparison and not by a change in structure. The 

more marked effect of crystallization on the kinetics of the 

comparison reactions can be explained by a restriction of 

the motility of the protein in the crystal. 

Statement of the Purpose of the Present 
Study of Hemoglobin Solubility 

The experimental data summarized so far indicate 

that the equilibrium properties of the reactions used to 

compare the crystal and solution phases of proteins do not 

change between the two phases. This observation is 

important for several reasons. It has a direct bearing on 

differences in average structure between the two phases. 

Also the interpretation of the kinetic differences between 

the two phases in terms of motility and not average struc

ture depends on it. The importance of investigating the 

generality of this observation is evident. One would like 

to know if it holds for many different proteins or for 

several reactions focusing on different parts of the same 

protein. 

I propose to study the equilibrium properties of 

the following reaction-in both solution and crystalline 

horse hemoglobin: 

Hb02 + K3Fe(CN)6 met Hb + K4Fe(CN)6 + 02 (4) 



19 

I will use this reaction to probe any conformational differ

ences that may exist in hemoglobin between the two phases. 

In the above reaction both a ligand binding process and an 

oxidation process occur, each involving the heme group of 

the protein. Each of these processes is strongly influenced 

by amino acid side chains in the vicinity of the heme bind

ing site. Although the thermodynamics of azide binding to 

the crystalline protein have been investigated (Rupley and 

Gates, 1968) the thermodynamics of the redox reaction have 

not. Since the heme is located in a pocket of the protein 

and is not near any of the lattice contacts in the crystal, 

these contacts would not be expected to interfere directly 

with either the binding or the redox reactions (Perutz, 

1965). The results could therefore be interpreted straight

forwardly in terms of whether or not crystallization of 

hemoglobin causes a conformational change in the protein. 

I propose to use the method of solubility to compare 

the reaction in both phases according to Equation (2). The 

above reaction was chosen because the HbC>2 and met Hb 

crystals are isomorphous. Otherwise it would be difficult 

to interpret differences in solubilities in terms of the 

free energies of the reactions. By using the solubility 

method, one obtains AF parameters for the reaction in the 

two phases at the same salt concentration. This is important 

since differences in salt concentration alone can influence 

the AF of reactions as in the case of insulin. 



EXPERIMENTAL, HEMOGLOBIN SECTION 

Materials 

Fresh horse blood erythrocytes were obtained from a 

slaughter house and washed four times in isotonic salt 

solutions. Hemoglobin, extracted from the cell suspension 

by dialysis against I^O, was recrystallized twice in 2.2 M 

(NH^^SO^ and washed several times with fresh salt solution. 

The second recrystallization was carried out by slowly 

adding a 3.7 M (NH^^SO^ to a hemoglobin solution to bring 

it to 2.2 M (NH^^SO^. The solution had previously been 

adjusted to pH 6.6 by dialyzing twice against fresh 

phosphate buffer. The resulting crystals were resuspended 

several times in a solution of 2.2 M (NH^^SO^ and 0.1 M 

Na.jP0^ adjusted to pH 6.60. The suspension after washing 

appeared definitely crystalline in the light microscope and 

was the standard stock suspension used in the following 

experiments. 

Methods 

Individual solubility samples were made up in two 

different ways, in which the final concentrations of 1.4 M 

(NH^^SO^ and 0.1 M P04 were approached from both the 

solution and crystal suspension sides. In approaching 

equilibrium from the crystal suspension side, 10 ml of stock 
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suspension was mixed with either 5.71 ml of pH 6.60 buffer 

(0.1 M in Na^PO^) or with a combination of 0.1 M potassium 

ferricyanide (dissolved in pH 6.60 buffer) and pH 6.60 

buffer together totalling 5.71 ml. In approaching 

equilibrium from the solution side, 5 ml of stock suspension 

were mixed with either 5.71 ml of pH 6.6 buffer or the same 

volume of the buffer-ferricyanide combination, and the 

resulting mixture was stirred to dissolve the crystals. 

Then an additional 5 ml of stock suspension and an amount of 

ferricyanide solution equal to that in the first addition, 

were added to the mixture. In all cases the resulting 

crystal suspensions were 1.40 M (NH^^SO^ and 0.1 M PO^, 

these concentrations remaining constant throughout all of 

the solubility runs. These experiments were carried out at 

a pH of 6.30. After being made up, the above suspensions 

were transferred to large test tubes attached to a shaker 

and shaken for one or more days. Control experiments using 

hemoglobin solution did not reveal any significant denatura-

tion of the protein under those conditions. All of the 

above operations were carried out in an ice bath at 0°C. 

At various times during the equilibration, 2 ml 

aliquots of the suspension were taken and centrifuged at 

0°C. The optical density of the supernatant was then 

measured directly using calibrated 1 mm cells and a Zeiss 

PMQ II spectrophotometer. Optical density data were 

obtained at the following wavelengths: 498 nm, 537 nm, and 
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the isobestic point for HbC^ ̂  :v met Hb at 520 nm. Protein 

solubilities were calculated from the optical density taken 

at 520 nm, which measures the total amount of protein 

dissolved in those samples containing both oxyhemoglobin and 

methemoglobin. The optical densities at 498 nm and 537 nm, 

O.d498 
commonly expressed as the ratio o 0537' were used to monitor 

the conversion from oxyhemoglobin to methemoglobin. This 

ratio was found to be linearly related to the per cent 

conversion. 

Extinction coefficients at the three wavelengths 

were obtained from dry weight measurements on separate 

HbC>2 and met Hb solutions. After the dry weights themselves 

had been measured, the solutions were adjusted to 1.0 and 

1.4 M (NH^^SO^ and their optical densities were measured. 

Practically no dependence on salt concentration and a small 

dependence on protein concentration were found. At the 

isobestic point, the extinction coefficient of both HbC^ and 

met Hb were equal. The value obtained here for the extinc

tion coefficient of met Hb at 498 nm, e^gg168, was 37.6, 

based on a molecular weight of 67,000 with the concentration 

being in mmoles/liter. This agreed well with a literature 

value for e^gleS of 37.9 (Horecker, 1943). 

The time interval required for preparing the 

hemoglobin stock suspension and starting the solubility 

measurements was commonly ten to fifteen days from the date 

the fresh horse blood was obtained. All operations during 



that time were carried out in a cold room at 0°C and the 

hemoglobin was stored in crystalline form. Bacterial 

degradation under these conditions was negligible. There 

was a slow conversion of HbC>2 into met Hb, which amounted to 

between 4 and 6% of the total HbC>2 present. The experi

mental values obtained for the solubility of HbC^ were 

therefore decreased by an amount equal to 4% of the change 

in solubility between HbC>2 and met Hb. The resulting 

solubility for HbC>2 was probably within 2 or 3% of that of 

a sample of pure Hb02. 

Measurements were also made on the total protein 

content, and the pH of the solubility samples. Total 

protein content was measured by diluting 1 ml aliquots of 

the crystal suspension to 100 ml with water and taking the 

optical densities at 520 nm in 10 mm cells. 

pH readings made on crystal suspension samples 

drifted significantly over a period of an hour, due to the 

high ionic strength employed. Routine pH measurements were 

therefore made after four minutes of measuring time. Such 

pH readings, although not equilibrium values, were found to 

be constant for a given sample within 0.1 pH unit and were 

used to indicate any large scale variations in pH from 

sample to sample which might occur. 



RESULTS, HEMOGLOBIN SECTION 

Comparison of Oxyhemoglobin and Methemoqlobin 
Solubilities 

Table 1 summarizes the entire set of solubility 

experiments in which the solubility of Hb02 is compared to 

that of met Hb. The data show that Hb02 is about half as 

soluble as met Hb in 1.4 M (NH^^SO^ and 0.1 M Na^PO^ at 

pH 6.30 and at a temperature of 0°C. The average ratio of 

HbO» to met Hb solubility is 0.512. 
sHb02 

This ratio can be substituted directly into 
inHb 

Equation (2) which gives the difference in the AE° of 

reaction (4) between the two phases 

S 
HbO-

AF- - AF~ = RT£n -= (5) 
J z mHb 

Values for AF^ - AF2 are given in the last column of Table 

1, the average being -364 calories/mole. This expression 

gives the difference in AF°'s between the reaction 

Hb02 + K3Fe(CN)6 v 
s met Hb + K4Fe(CN)6 + 02 (4) 

as it occurs in the solution phase and as it occurs in the 

crystal phase. The AF° itself for the above combination 

deoxygenation and oxidation reaction in solution can be 

calculated from data in the literature (Wyman, 1948) and 

turns out to be approximately 600 cal/mole. Although this 
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Table 1. .The Solubility of Oxyhemoglobin and Methemoglobin Compared; Summary of 
Results 

All concentrations are in mmoles/ml. Samples 4, 5, and 6 form a series in 
which a stock suspension of HbC>2 was diluted at constant salt concentration. In 
samples 7 and 9, equilibrium was approached from the crystal suspension side and 
in samples 8 and 10, equilibrium was approached from the solution side. 

Experiment # 
(refer to 
Table 2) 

Total 
Protein 
(x 104) 

Solubility 
of HbOo 
(x 104) 

Solubility 
of met Hb 
(x 104) 

Solubility Ratio 
Hb02/met Hb 

AF3 - AF2 

(cal/mole) 

1 and 2 11.0 2.11 4.54 0.465 -414 

4 and 5 7.5 1.56 2.92 0.534 -341 

6 and 7 11.0 2.22 4.25 0.522 -352 

9 and 10 11.5 1.68 3.45 0.487 -390 

11 and 12 8.4 1.40 2.66 0.526 -349 

13 and 14 6.0 1.18 2.34 0.504 -372 

16 5.45 1.51 2.94 0.514 -361 

16 5.53 1.58 3.04 0.520 -354 

17 5.45 1.59 3.05 0.521 -354 

17 5.53 1.66 3.16 0.525 -350 

average -364 



AF° is comparable to the solution-crystal phase differ

ence, there are certain compensation effects to take into 

account, which will be discussed later. In lines 1 

through 6 in Table 1, a separately prepared stock suspension 

of hemoglobin was used for each sample whereas in lines 7 

through 10, the same stock suspension was used. Horizontal 

lines indicate where a new preparation was used. The 

individual values for the solubilities of HbC^ and met Hb 

obviously vary significantly from one sample to another when 

different hemoglobin preparations were used even in those 

cases where the total protein concentration is the same. 

The reason for this variation will be discussed more later. 

However, the ratio of HbC^ solubility to met Hb solubility 

and the corresponding difference in AF°'s, which is the 

critical parameter of interest in these experiments, vary 

only a little between different protein preparations. Each 

set of Hb02 and met Hb solubilities from which a ratio was 

calculated was obtained from HbC>2 and met Hb samples made up 

entirely in parallel from the same protein preparation, 

thus cancelling out variations in individual solubilities 

from different preparations. 

The rest of this section on results will be con

cerned mainly with the reliability of the data in Table 1, 

especially pertaining to the physical significance of the 

experimental values for AF° - AF^. For this purpose, a 

comprehensive tabulation of experimental results is given 
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in Table 2. Here each solubility assay is recorded together 

with the corresponding peak ratio , density 498 nm 
^ ^ * ' optical density 537 nm 

at the right of the assay indicating the extent of con

version from pure HbC>2 (0.400) to met Hb (1.61). Horizontal 

lines again indicate when new preparations of hemoglobin 

were used. 

Criteria for Reaching Equilibrium 

The first and foremost question about the solubility 

data is whether or not equilibrium has been reached during 

the one to two day shaking periods. Several lines of 

evidence indicate that it has in almost all of the samples. 

Referring back to Table 1, solubility equilibrium was 

reached from two different directions. Lines 7 and 9 

started with a crystal suspension at 2.2 M salt and 

approached equilibrium from the crystal state, while 8 and 

10 started with dissolved hemoglobin at 1.0 M salt and 

approached equilibrium from the solution side. In all four 

cases, both the individual solubilities and the solubility 

ratios are the same within a maximum deviation of about 6% 

for the individual solubilities and 3% for the solubility 

ratio, satisfying one of the main experimental criteria for 

the attainment of equilibrium. The solubilities in Table 2 

show no change after one and two days of equilibration, 

outside of random experimental errors usually less than 2%. 

The one exception to this is where large amounts of 
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Table 2. Comprehensive Tabulation of Solubility Data 

All solubilities are in mmoles/ml of hemoglobin (as 
the 64,000 M.W. unit). Asterisk (*) indicates that 
equilibrium was approached from the solution side. In all 
other cases, equilibrium was approached from the crystal 
suspension side. 

Experiment Ferricyanide Ferrocyanide 
(time after 
start) 

added 
(ml) 

added 
(ml) 

Solubility 
(x 104) 

O.D.498 
O.D.537 

0.1 0 2.52 0.569 
0.2 0 2.86 0.786 
0.3 0 3.28 1.04 
0.4 0 3.61 1.21 
0.5 0 3.89 1.39 
0.6 0 4.45 1.59 
0.7 0 4.77 1.61 
0.8 0 5.24 1.62 
0.9 0 5.65 1.60 
1.0 0 6.03 1.65 
0 0.7 2.52 0. 630 

0.1 0 2.58 0.615 
0.2 0 3.03 0.909 
0.3 0 3.36 1.09 
0.4 0 3.69 1.28 
0.5 0 3.93 1. 39 
0.6 0 4.41 1.62 
0.7 0 4.74 1.61 
0.8 0 5.16 1.60 
0.9 0 5.56 1.62 
1.0 0 5.98 1.63 
0 0 2.16 0.409 
0 0.7 2.91 0.850 
0.6 0.3 4.62 1.62 
0.6 0.6 4.58 1.63 

0.45 0 4.21 1.40 
0.47 0 4.28 1.42 
0.50 0 4.45 1.48 
0.53 0 4.38 1.56 
0.55 0 4.59 1.62 
0.57 0 4.52 1.60 
0.60 0 4.76 1.61 
0.63 0 5.10 1.61 
0.65 0 4.84 1.63 
0.67 0 4.93 1.62 

1 
(24 hrs.) 

1 
(48 hrs. 

2 
(24 hrs. ) 
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Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferrocyanide 
(time after added added Solubility O.D.498 
start) (ml) (ml) (x 104) O.D.537 

2 0.45 0 4.24 1.40 
(48 hrs.) 0.47 0 4.31 1.42 

0.53 0 4.38 1.56 
0.55 0 4.60 1.62 
0.57 0 4.51 1.60 
0.60 0 4.71 1.61 
0.63 0 5.03 1.61 
0.65 0 4.86 1.63 
0.67 0 5.00 1.62 
0.55 0.2 4.64 1.63 
0.55 0.5 4.50 1.62 
0.55 0.7 4.50 1.62 
0.55 1.0 4. 72 1.60 

3 0 0 2.35 0.411 
(48 hrs.) 0* 0 2.41* 0.411 

0.55 0 4.74 1.62 
0.55 0 4.59* 1.63 
1.00 0 5.99 1.64 
0 1.0 3.25 0.973 
0 2.0 3.63 1.26 

3 0 0 2.35 0.425 
(96 hrs.) 0 0 2.41* 0.424 

0.55 0 4.66 1.60 
0.55 0 4.50* 1.64 
1.0 0 5.92 1.61 
1.0 0 6.11* 1.63 
0 1.0 3.85 1.25 
0 2.0 4.16 1.51 

4 0 0 1.60 
(24 hrs.) 0.3 0 2.82 1.37 

0.4 0 2.96 1.62 
0.5 0 3.25 1.62 
0.6 0 3.54 1.61 
0.7 0 3.74 1.62 
0.8 0 4.14 1.62 
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Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferro cyanide 
(time after added added Solubility O.D.498 
start) (ml) (ml) (x 104) O.D.537 

5 0 0 1.62 0.401 
(24 hrs. ) 0.30 0 2.72 1.38 

0.33 0 2.77 1.47 
0.35 0 2.74 1.53 
0. 37 0 2.90 1.61 
0.40 0 2.95 1.63 
0.20 0 2.25 1.03 

5 0 0 1.57 0.407 
(48 hrs.) 0.30 0 2.70 1.36 

0.33 0 2.78 1.47 
0.35 0 2.75 1.52 
0.37 0 2.86 1.60 
0.40 0 2.93 1.63 
0.20 0 2.35 1.08 

6 0 0 2.26 0.400 
(24 hrs. ) 0.6 0 4.35 1.63 

0.4 0 3.48 1.24 
0.5 0 4.38 1.48 
° - 9  0 5.87 1.55 

7 0.47 0 4.10 1.45 
(24 hrs. ) 0.50 0 3.86 1.48 

0.53 0 4.41 1.61 
0.55 0 3.50 1.55 
0.57 0 4.17 

7 0.47 0 4.14 1.48 
(48 hrs.) 0.50 0 3.94 1.51 

0.53 0 4.48 1.65 
0.55 0 3.57 1.58 
0.57 0 4.10 1.62 

8 0 0.3 2.1 0.474 
(24 hrs. ) 0 0.6 2.25 0.593 

0 0.9 2.40 0.668 

8 0 0.3 2.38 0.676 
(96 hrs. ) 0 0.6 2.84 0.982 

0 0.9 3.13 1.10 

. 8 0 0.3 2.69 0.904 
(120 hrs.) 0 0.6 3.27 1.23 

0 0.9 3.65 1.35 
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Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferrocyanide 
(time after added added Solubility O.D.498 
start) (ml) (ml) (x 104) O.D.537 

9 0 0 1. 72 0.391 
(24 hrs. ) 0.1 0 1.91 0.531 

0.3 0 2.37 0.916 
0.4 0 2.65 1.13 
0.5 0 2.87 1.31 
0.6 0 3.07 1.48 
0.7 0 3.45 1.63 
0.8 0 3.71 1.64 
0.9 0 3.97 1. 62 
1.0 0 4.14 1.63 

9 0 0 1.67 0.395 
(48 hrs. ) 0.1 0 1.92 0.573 

0.3 0 2.44 0.993 
0.4 0 2.69 1.17 
0.5 0 2.89 1.33 
0.6 0 3.12 1.50 
0.7 0 3.48 1.63 
0.8 0 3.63 1.62 
0.9 0 3.87 1.63 
1.0 0 4.08 1.63 

10 0 0 1.79 0.397 
(24 hrs. ) 0.57 0 3.29 1.51 

0.60 0 3.45 1.58 
0.63 0 3.58 1.64 
0.65 0 3.55 1.66 
0.67 0 3.51 1.63 
0.70 0 3.71 1.63 
0.73 0 3.78 1.63 
1.0 0 4.47 1.65 
1.2 0 5.07 1.65 
1.4 0 5. 72 1.57 

11 0 0 1.45 0.399 
(24 hrs. ) 0.2 0 1.88 0.886 

0.3 0 2.18 1.20 
0.4 0 2.46 1.46 
0.5 0 2.66 1.65 
0.6 0 2.99 1.63 
0.7 0 3.13 1.63 
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Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferrocyanide 
(time after 
start) 

added 
(ml) 

added 
(ml) 

Solubility 
(x 10 ) 

O.D.498 
O.D.537 

12 0.40 0 2.48 1. 38 
(24 hrs.) 0.43 0 2.56 1.50 

0.45 0 2.66 1.55 
0.47 0 2.71 1.61 
0.50 0 2.74 1.60 

13 0 0 1.23 0.401 
(24 hrs.) 0.1 0 1.51 0.677 

0.2 0 1.77 1.12 
0.3 0 2.17 1.51 
0.4 0 2.44 1.65 
0.5 0 2.67 1.64 
0.6 0 2.86 1.64 

13 0 0 1.21 0.408 
(48 hrs.) 0.1 0 1.56 0.722 

0.2 0 1.81 1.14 
0.3 0 2.14 1.50 
0.4 0 2.41 1.63 
0.5 0 2. 66 1.62 
0.6 0 2.71 1.64 

14 0.27 0 2.15 1.18 
(24 hrs.) 0.30 0 2.26 1.49 

0.33 0 2.32 1. 57 
0.35 0 2.41 1.62 
0.37 0 2.48 1.60 

15 0 0 1.46 0.462 
(24 hrs. ) 0.53 0.3 2.77 1.63 

0.53 0.6 2.78 1.64 
0.53 0.9 2.72 1.63 
0.53 1.2 2.72 1.63 
0.53 1.5 2.68 1.63 
0.53 1.8 2.65 1.64 
0.53 2.1 2.65 1.63 
0.53 2.4 2.56 1.63 
0.53 2.7 2.53 1.64 
0.53 0 2.78 1.64 
0.53 0 3.52 1.64 



33 

Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferrocyanide 
(time after added added Solubility O.D.498 
start) (ml) (ml) (x 104) O.D.537 

15 0 0 1.47 0.491 
(168 hrs.) 0.53 0.3 2.67 1.62 

0.53 0.6 2.69 1.64 
0.53 0.9 
0.53 1.2 2.65 1.63 
0.53 1.5 2.60 1.64 
0.53 1.8 2.53 1.63 
0.53 2.1 2.56 1.63 
0.53 2.4 2.47 1.63 
0.53 2.7 2.46 1.64 
0.53 0 2.68 1.64 
0.53 0 3.43 1.64 

16 0 0 1.56 0.403 
(24 hrs.) 0.22 0 2.63 1.32 

0.24 0 2.74 1.42 
0.26 0 2.84 1.51 
0.28 0 2.94 1.60 
0.30 0 3.05 1.62 
0.32 0 3.11 1.62 
0 0 1.64* 0.402 
0.22 0 2.76* 1.37 
0.24 0 2.84* 1.44 
0.26 0 2.91* 1.53 
0.28 0 3.03* 1.60 
0.30 0 3.13* 1.62 

16 0 0 1.58 0.408 
(48 hrs.) 0.22 0 

0.24 0 2.74 1.42 
0.26 0 2.84 1.51 
0.28 0 2.97 1.59 
0.30 0 3.05 1.63 
0.32 0 3.10 1.63 
0 0 1.63* 0.408 
0.22 0 2. 72* 1.36 
0.24 0 2.80* 1.42 
0.26 0 2.91* 1.53 
0.28 0 3.04* 1.65 
0.30 0 3.11* 1.63 
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Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferrocyanide 
(time after 
start) 

added added Solubility O.D.498 
(ml) (ml) (x 104) O.D.537 

0 0 1.66 0.408 
0.22 0 2.74 1.35 
0.24 0 2.76 1.43 
0.26 0 2.94 1.50 
0.28 0 3.11 1.61 
0.30 0 3.14 1.64 
0.32 0 3.19 1.64 
0 0 1.76* 0.407 
0.24 0 2.94* 1.45 
0.28 0 3.16* 1.62 
0. 30 0 3.24* 1.64 
0.32 0 3.54* 1.64 

0 0 1.64 0.415 
0.22 0 2.74 1.36 
0.24 0 2.87 1.43 
0.26 0 2.92 1.51 
0.28 0 3.11 1.62 
0.30 0 3.12 1.62 
0.32 0 3.17 1.63 
0 0. 1.70* 0.416 
0.22 0 2.85* 1.37 
0.24 0 2.91* 1.44 
0.26 0 3.11* 1.54 
0.28 0 3.18* 1.63 
0.30 0 3.28* 1.62 
0.32 0 3.26* 1.63 

0 0 1.44 0.438 
0.1 0 2.48 1.00 
0.2 0 3.17 1.54 
0.3 0 3.64 1.62 
0.4 0 4.22 1.63 
0.5 0 4.90 1.60 
0.6 0 5.50 1.60 
0.7 0 6.10 1.62 
0.8 0 6.81 1.61 
1.0 0 7.67 1.64 
1.1 0 7.67 1.60 
1.2 0 7.67 1.60 
1.3 0 7.67 1.63 

17 
(24 hrs.) 

17 
(48 hrs.) 

18 
(24 hrs. ) 
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Table 2.—Continued Comprehensive Tabulation of Solubility 
Data 

Experiment Ferricyanide Ferrocyanide 
(time after added added Solubility O.D.498 
start) (ml) (ml) (x 104) O.D.537 

18 0.3 0 3.60 1.62 
(96 hrs.) 0.6 0 5.14 1.63 

19 0 0.05 1.81 0.462 
(24 hrs.) 0 0.1 1.81 0.476 

0 0.15 1.86 0.497 
0 0.2 1.87 0.510 
0 0.25 1.87 0.524 
0 0.3 3 .94 0.536 
0 0. 35 1.90 0. 555 
0 0.4 1.91 0.566 
0 0.8 2.04 0. 684 
0 1.2 2.14 0.800 
0 1.6 2.31 0.896 
0 0 1.84 0.440 

19 0 0.05 1.86 0.521 
(72 hrs. ) 0 0.1 1.89 0.559 

0 0.15 1.98 0.613 
0 0.2 2.04 0.653 
0 0.25 2.05 0.692 
0 0.3 2.17 0.626 
0 x 0.35 2.16 0.780 
0 0.4 2.24 0.816 
0 0.8 2.53 1.07 
0 1.2 2.66 1.23 
0 1.6 2.91 1.33 
0 0 1.82 0.455 
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externally added ferrocyanide are combined with oxyhemo

globin. This latter case will be examined later. Finally, 

within any group of samples prepared from the same stock 

solution, duplicate samples yield the same value for the 

solubility generally with a total variation of 5%, although 

for three of the 17 pairs of duplicate samples the total 

variation is as high as 10% of the solubility. All these 

considerations taken together argue strongly that the 

solubilities given in Table 2 are equilibrium values. 

Method of Calculation and Experimental Errors 

The next step is to determine the errors involved in 

the experimental determination of the solubility ratio. The 

experimental method is illustrated in Figures 2 and 3, which 

are taken from Table 2. A series of samples, to which an 

increasing amoung of 0.1 M K^FefCNj^ is added, are made up 

which are otherwise identical with respect to volume, salt 

concentration, and pH. All samples in a series are prepared 

using the same hemoglobin stock suspension. The solubility 

versus ferricyanide added is then plotted. Superimposed on 

this is a plot of peak ratio versus ferricyanide added, 

which indicates the volume of ferricyanide solution needed 

for complete conversion. The graph in Figure 2 yields a 

straight line with positive slope which, however, continues 

on with the same slope after the equivalence point is 

reached. This increase in methemoglobin solubility, which 



Figure 2. The effect of ferricyanide on the solubilities and peak ratios of 
oxyhemoglobin samples. 

Potassium ferricyanide (0.1 M) in increasing amounts is added to a series 
of oxyhemoglobin solubility equilibrium samples before equilibration, causing an 
increasing degree of conversion to methemoglobin. Empty squares (•) give the 
solubility of the oxy-methemoglobin mixtures and the dark squares (•) give the 
corresponding peak ratios (0.0.493 nm/°*D,537 nm' same sample which indi
cates the degree of conversion. Both measurements were taken after equilibration. 
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Figure 3. An expanded plot of the solubility and peak ratio versus ferricyanide 
added in the region of the end point. 

The points which are plotted here have the same meaning as in Figure 2. 
Figure 3 represents a separate experiment which shows the solubility and peak 
ratio (O.D.498 nm/°-D*537 nm^ behavior in the immediate vicinity of the end point 
(complete conversion to methemoglobin). 
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has been repeated in a number of experiments, points to 

binding of the ferricyanide to the methemoglobin, more 

ferricyanide being bound in the solution phase than in the 

crystal phase. The fact that the rate of increase in the 

solubility in Figure 2 after the equivalence point is the 

same as that before appears to be coincidental. However, it 

does make more difficult the exact location of the equiva

lence point, and for this purpose a more detailed graph 

with an expanded abscissa was used in all cases. This type 

of graph is shown in Figure 3, which represents a separate 

experiment. Here each two divisions along the X axis 

corresponds to 0.02 ml ferricyanide rather than 0.1 ml. The 

point where the peak ratio plot becomes horizontal gives the 

volume of ferricyanide added at the equivalence point. 

Since the solubility for HbC^ and met Hb were 

derived from samples run exactly in parallel using the same 

salt solutions and hemoglobin stock suspension (see Methods), 

the pH and salt concentrations should be nearly identical, 

and the only errors expected should be random errors in 

pipetting, optical density measurements, and in the 

graphical location of the end point. The pH values of 

solubility samples were measured after the solubility assay 

and were found to vary between 6.4 and 6.5. Most of this 

variation probably represents electrode drift and not 

changes in the pH itself. The pipetting error involved in 

making up 15 ml samples is estimated to be ± 0.25 ml which 
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leads to an error in ionic strength of + 2%, From the 

ionic strength-solubility data of Green (1931), this error 

would lead to a + 4% error in solubility. Uncertainty in 

determining the position of the end point in Figure 3 leads 

to an error of about _+ 1% in solubility of met Hb only. 

Since the optical densities of the supernatant were measured 

directly with no pipetting in between, the error from this 

source should only be about ± 1% in solubility. When these 

random errors in solubility are combined by squaring, 

adding the squares, and taking the square root of the sum, 

the + 4% solubility error caused by the uncertainty in ionic 

strength obviously overwhelms the others. The final error 

in the individual solubilities of HbC>2 and met Hb is thus 

about _+ 4%. This leads to an error in the solubility ratio 

of +_ 6%. The, resulting error in the individual -AF values 

of Table 1 can be calculated using the formula d£F = 

—RT (;:̂ —)d (ratio) and turns out to be _+ 33 cal/mole. The 

error in the average of ten determinations is then _+ 33/t/ lO 

= + 11 cal/mole. Implicit in this discussion of errors is 

the assumption that the solubility ratio is independent of 

values for the individual HbC^ and met Hb solubilities, at 

least over the ranges encountered in these experiments. 

Since the calculated error for individual values of AF is 

comparable to the variation in these values in Table 1, this 

assumption appears to be justified. 
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Solubility of Methemoqlobin in Excess Ferricyanide 

Mention was made earlier of the fact that in the 

plots of solubility versus ferricyanide added, the straight 

line which is obtained continues on with the same slope 

after the equivalence point is reached. This result is 

physically unsatisfying since one would expect some sort of 

discontinuity at this point. However, if one examines 

carefully the solubility versus ferricyanide plot, one does 

find a small but apparently real irregularity or break in 

the curve at the equivalence point. The graph below the 

point is slightly concave downward and that above is 

slightly concave upward. This effect is best shown in 

Figures 2 and 4, which represent separate experiments, and 

it shows up in several other of the experimental plots where 

the general scattering of points is not too large. 

Effect of Ferrocyanide on 
Methemoqlobin Solubility 

A factor which is critical to the reliability of the 

solubility ratio values is the effect of ferricyanide and 

ferrocyanide binding on hemoglobin solubility. In HbC^ 

samples, neither are present and no corrections are neces

sary. In met Hb samples, however, an equivalent amount of 

ferrocyanide is present, and its effect on solubility must 

be determined. This is done in Figure 5, where the 

solubility is plotted versus the volume of ferrocyanide 

(0.1 M) added, the X axis being extended until a five fold 



Figure 4. A plot of the solubility and peak ratio versus ferricyanide added; a 
further illustration of the discontinuity in the solubility curve at 
the end point. 

The points which are plotted here have the same meaning as in Figure 2. 
Figure 4 represents a separate experiment which further illustrates the dis
continuity of the solubility curve at the point where a stoichiometric amount of 
ferricyanide is added to oxyhemoglobin. 
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Ferricyanide added (ml) 

Figure 4. A plot of the solubility and peak ratio versus ferricyanide added; a 
further illustration of the discontinuity in the solubility curve at 
the end point. to 



Figure 5. The effect of ferrocyanide on the solubility of methemoglobin. 

Potassium ferrocyanide (0.1 M) is added in increasing amounts to separate 
methemoglobin solubility samples which had previously been converted from 
oxyhemoglobin by addition of ferricyanide in stoichiometric amounts. As in 
Figure 2, the empty squares (•) represent solubility determinations after 
equilibration. 
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excess over the equivalent amount of heme is achieved. The 

point at which the heme and ferrocyanide are equivalent is 

approximately at the 0.5 ml mark. There is apparently a 

slight downward trend in the solubility which becomes evi

dent only after a two to three fold excess of ferrocyanide 

is added. At the point where the ferrocyanide and heme are 

equivalent, this decrease in solubility is negligible and no 

corrections in the met Hb solubility would appear necessary. 

Effect of Ferricyanide on 
Oxyhemoglobin Solubility 

Another factor which could affect the solubility 

ratios is binding of ferricyanide to HbC^ in preference to 

oxidizing the heme iron. In this case there would be some 

ferricyanide bound to met Hb at the equivalence point 

determined from peak ratios. This situation is unlikely 

considering the large free energy change involved in the 

oxidation of HbC^ by ferricyanide in air. Also, if 

ferricyanide binding occurs in HbC^, the extinction 

coefficient determined from ferricyanide titration should 

be lower than that determined from dry weight. Values for 

the extinction coefficient can be calculated from the peak 

ratio plots in the solubility experiments and are given in 

Table 3. If no binding occurs, then the average e from this 

table should be the same as the dry weight value for e. 

These two e's agree approximately, the titration value being 

around 10% greater than the dry weight value. This 
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Table 3. Comparison of the Extinction Coefficients of 
Methemoglobin Calculated from the Dry Weight Data 
and from the Ferricyanide Titrations 

The extinction coefficients given below are for 
horse methemoglobin at 500 nm in 1 cm cells. The concentra
tion units are in mmoles/liter. 

Ferricyanide Titration Data 

Extinction 
Coefficient Sample 

Total O.D. 
at 500 nm 

Extinction 
Coefficient 

1 40.2 42.8 

2 28.1 45.4 

3 39. 7 45.1 

4 30.4 41.0 

5 21.0 37.9 

Averate extinction coefficient from dry weight data: 
37.6. 
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divergence is in the wrong direction for ferricyanide 

binding on HbC>2 to occur and is probably due to some other 

source of error not affecting the solubility ratio, such as 

an error in the titrant concentration. 

Catalytic Conversion of Oxyhemoglobin to 
Methemoglobin in the Presence 

of Ferrocyanide 

When ferrocyanide is added to HbC>2, a catalytic 

conversion to met Hb occurs. In these experiments, 

equilibration times were up to five days during which 

several solubility assays were made on each sample. These 

results are included in Table 2. They show a> sharp increase 

in the peak ratio of each sample, indicating conversion to 

met Hb and a corresponding increase in solubility. This 

increase in peak ratio occurs continuously over several 

days, even though no additional ferrocyanide is added during 

that time. In Figure 6 the solubilities of five samples of 

HbC>2 (indicated on the graph by letters) are plotted against 

the peak ratio after one and three days of equilibration. 

An increasing amount of ferrocyanide was added to the 

samples in going from a to e up to a molar excess of 4X that 

of the heme. The one and three day points from any one 

sample determine a straight line of increasing slope, which 

would be expected if met Hb is more soluble than HbC^. If 

these points for all of the samples from a to e are plotted 

on one graph, they all determine the same straight line even 



Figure 6. Catalytic conversion of oxyhemoglobin to methemoglobin by potassium 
ferrocyanide. 

Potassium ferrocyanide is added in increasing amounts to five solubility 
samples of oxyhemoglobin before equilibration according to the following schedule. 

Sample Ferrocyanide (ml) 

a 0.35 
b 0.40 
c 0.80 
d 1.20 
e 1.60 

Triangles (A) represent solubilities after one day of equilibration and 
squares (•) represent solubilities after three days. The solubility of each sample 
is plotted versus the peak ratio (O.D.493 nm/°-D-537 nm^ of that sample. For 
comparison, two solubility assays (dark squares, •) of oxyhemoglobin samples to 
which ferricyanide (0.1 M) was added, are included. 
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though the amount of ferrocyanide added increases from a to 

e. If the ferrocyanide had bound to HbC^ in such a way as 

to change the solubility of the latter, the two points of 

any one sample should determine a line different from one 

determined by the points of another sample. As it is, the 

solubility of HbC>2 depends only on the extent of conversion 

to met Hb and is independent of the concentration of 

ferrocyanide. Finally, if one inserts into the graph in 

Figure 6 points from samples in which only ferricyanide was 

added, they too lie on the same line as the points from the 

ferrocyanide samples. These points are designated as f on 

the plot. Thus the line determined by the ferricyanide 

solubility titration has the same slope and intercept as 

that determined by samples having a constant amount of 

ferrocyanide. This provides further evidence that ferro

cyanide does not affect the solubility of met Hb and that 

the solubility ratios given earlier are real and not just 

artifacts of ion binding. 

Fractionation of a Mixture of Oxyhemoglobin 
and Methemoqlobin 

A final confirmation of the increase in solubility 

in going from HbC^ to met Hb lies in the results of frac

tionation experiments on a solution containing both met Hb 

and HbC^. In the two semiquantitative experiments which 

were done, ferricyanide was added to a solution of HbC>2 to 

oxidize about a third of the protein to met Hb. Part of the 
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dissolved protein was then precipitated by increasing the 

concentration of (NH^^SO^ to 1.9 M, after which the 

498 nm/537 nm peak ratios of the solution and precipitate 

fractions were measured separately. One would expect from 

earlier results that the solution fraction would be enriched 

in met hemoglobin. This is indeed the case as shown in 

Table 4. The precipitate fraction was redissolved and 

adjusted to be approximately equal in total protein con

centration to the solution fraction before its optical 

density was measured. From Table 4, the concentration of 

met Hb in the solution is shown to have increased by a factor 

of 1.35 over that in the precipitate, while the concentra

tion of the HbC>2 decreased by a factor of 1.2, thus con

firming that met Hb is more soluble than HbC>2 in concentrated 

ammonium sulfate solutions. 

Table 4. Fractionation of a Hemoglobin Solution Sample 

5 All concentrations are in molarity x 10 . 

Total Total 
Experi protein protein met Hb HbC>2 met Hb Hb02 
ment (ppt.) (sol. ) (ppt.) (ppt.) (sol.) (sol.) 

1 4.80 4.77 1.51 3.29 2.04 2.73 

2 2.85 2.77 0.924 1.93 1.26 1.51 
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Homogeneity of the Horse Hemoglobin Preparation 

A question which comes up in studying the results in 

Table 2 concerns the homogeneity of the hemoglobin prepara

tions. If one compares the absolute values of the HbC^ 

solubility for two different preparations which have the 

same total protein concentration, one finds these solu

bilities to differ by as much as 20 to 30 per cent, although 

as mentioned earlier this variation is not reflected in the 

solubility ratios. 

The following observations offer an explanation for 

the variation in individual solubilities. When a single 

hemoglobin preparation is diluted keeping the salt concen

tration constant, the solubility decreases. This is shown 

in Figure 7 where the solubility of HbC^ is plotted against 

the total pro.tein concentration, both dissolved and 

crystalline. When the total protein concentration is 

doubled, the solubility is increased by a factor of about 

1.4. In another experiment a solubility sample which had 

been assayed was centrifuged and redissolved in fresh salt 

solution. The solubility decreased by approximately a half 

after being redissolved. A paper electrophoresis run 

showed two hemoglobin bands, one having approximately eight 

times as much protein as the other. Perutz et al. (1959) 

also has reported the existence in red blood cells from the 

horse of two distinct types of hemoglobin present in 

roughly equal proportions. 
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These observations taken together point to the 

existence of two or more hemoglobin species of different 

solubilities in the stock hemoglobin preparations. The 

solubility ratio however must be the same for the different 

hemoglobin species since this ratio is constant for all the 

preparations and does not depend on the total amount of 

protein in the solubility sample. 



DISCUSSION, HEMOGLOBIN SECTION 

The evidence given in the result section indicates 

that the solubilities in Table 1 are equilibrium values and 

that the solubility ratios there reflect a real physical 

property of the hemoglobin system and are not a result of 

differential ion binding to one of the two forms in the 

system. The auto-oxidation of Hb02 in the presence of a 

constant amount of ferrocyanide and the attendant increase 

in the amount of protein dissolved is confirming evidence 

that the solubility of hemoglobin increases upon oxidation. 

The average value of -364 calories/mole for AF.J-AF2 

in Table 1 represents the difference in the free energy 

change for the reaction 

K3Fe(CN)6 + Hb02 * K4Fe(CN)6 + 02 

+ met Hb (4) 

between the solution and crystal phases of the protein. 

This quantity is significantly larger than the expected 

error in the measurements and certainly represents a real 

difference in the reaction between the two phases and should 

be explained. 

53 
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The Effect of Structure on AF .. reaction. 
Comparison Among Literature Values 

To put the value obtained here for AF^-AF2 in better 

perspective, some values of the F̂
reaction parameter of 

Equation (4) are listed in Table 5 for hemoglobins with 

altered structures and also for myoglobin. In this way one 

can see how sensitive this AF^, ^ quantity is to changes 

in protein structure. The effect of 4 M urea on the 

reaction in horse hemoglobin and the effect of various 

stages of carboxypeptidase digestion on the same reaction in 

human hemoglobin are given. Carboxypeptidase B attacks the 

first C terminal acids in the a chain and carboxypeptidase A 

attacks the first in the f3 chain while the A + B mixture 

attacks the C terminal end of both chains (Zito, Antonini, 

and Wyman, 1964). The effect of changes in primary amino 

acid sequence and conformation on heme activity can also be 

seen in comparing horse hemoglobin with horse myoglobin 

where cooperativity effects are absent. Finally, the effect 

of the relatively small changes in protein structure between 

the a and p subunits of hemoglobin on heme reactivity is 

shown in the last two entries of Table 5. In this case, 

studies on the oxygenation and oxidation-reduction 

equilibria of pure isolated a and |3 chains were performed. 

AF values in Table 5 are also given for the following 

component reactions which sum up to give Equation (4): 
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Table 5. The Dependence of AFreact ôn for the Ferricyanide 
Oxidation of Heme Proteins on Changes in the 
Structure of the Protein 

Sample 
*"redox 

(kcal/mole) 
F 

(kcal/mole) 
Freaction 
(kcal/mole) Source 

Horse Hb -25.8 25.2 -0.60 a 

Horse Hb 
in urea 
(4 M) -28.5 27.7 -0.80 b 

Horse Mb -34.1 31.8 -2.30 c 

Human Hb -22.2 25.4 2.20 d 

Human Hb + 
COOase B -28.4 29.8 1.40 d 

Human Hb + 
COOase A -31.0 32.2 1.2 d 

Human Hb + 
COOase A+B -34.6 33.7 -0.9 d 

a chain -32.5 33.7 1.2 e 

f3 chain -27.9 34.0 6.1 e 

Sources: a. Taylor and Hastings, 1939; b. Taylor, 
1942; Taylor and Hastings, 1942; c. Taylor and Morgan, 1942; 
d. Antonini, Wyman, and Zito, 1961; Brunori et al., 1964; 
e. Brunori et al., 1966; Banerjee and Cassoly, 1967. 
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KgFe(CN) + Hb reduced 
x K.Fe(CN)£ + met Hb; — 4 6 ' 

AF redox HbO 2 T ^ Hb reduced 
+ O 

2' 
AFO 

2 

The hypthetical standard state for in the second process 

is 1 molar C>2 in solution. We are therefore concerned with 

the effect of protein structure on both the reduction and 

deoxygenation processes. In Table 5, they are seen to 

partly compensate each other, with a large change in F̂
recjox 

being partly compensated for by a smaller change in AFC^. 

This effect is generally observed (Rossi-Fannelli, Antonini, 

and Caputo, 1964). Most modifications of the redox equilib

rium investigated so far, including changes in ionic strength 

and urea concentration of the medium, appear to be associated 

with a parallel change in the oxygenation equilibrium. An 

exception however is seen when one compares these two 

processes in the separated a and p chains of hemoglobin. 

The change in redox properties is much greater than the 

change in oxygen binding between the two chains indicating 

that here the redox equilibrium is a much more sensitive 

test for changes in the structure surrounding the heme than 

is the oxygenation equilibrium. 

effects between the two equilibria are present when hemo

globin crystallizes into a lattice, although large changes 

in structure such as caused by carboxypeptidase digestion 

It is not known at present whether such compensation 

still give changes in AF reaction of over 3.0 kcal even with 
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compensation effects present. Carboxypeptidase A in its 

attack on the p chain reduces the value of n, which is an 

index of cooperativity, to 1 in both the redox and oxygena

tion equilibrium (Antonini et al., 1961; Brunori et al. , 

1964). The Bohr effect is largely eliminated. The C 

terminal histidine of the p chain is removed. This residue, 

which lies at the p-a chain interface, is linked to ligand 

binding on the heme in the 3 chain and has been shown to 

change interactions upon oxygenation (Antonini and Brunori, 

1970). When one compares the change in r̂eaĉ on "364 

calories between phases with a change of over 3.0 kcal 

obtained after carboxypeptidase digestion where vital 

functional parts of the hemoglobin structure are drastically 

altered, the effect of crystallization is seen to point to a 

significantly, smaller change in the conformation. From 

Table 5, this latter change appears to have an effect on 

AFreact̂ on of the same order of magnitude as 4 M urea. The 

effect of 4 M urea on hemoglobin conformation is not known 

with certainty but is likely to be small. There is a linear 

increase in AFqfor hemoglobin with increasing urea concen

tration, but no change for the AFq̂  of myoglobin (Rossi-

Fanelli et al., 1964). However, the effect on AF, . ' ' reactxon 

in going from hemoglobin to myoglobin is larger, represent

ing a change of about 1.7 kcal. The -364 calorie change 

found in the present work again appears small in comparison. 

Apparently the effect on the heme reactivity of significant 
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changes in primary amino acid sequence around the heme and 

the elimination of the mechanism for cooperativity is 

significantly greater than the change in phase of the 

protein. Finally, the effect of crystallization of 

AF .. found here is indeed small when compared to the 
reaction ^ 

almost 6.0 kcal difference in AF . between isolated reaction 

a and (3 chain preparations. As mentioned before, the 

significance of the above comparison is clouded by the lack 

of information of compensation effects in the crystalliza

tion process. One can still rule out larger structural 

changes in this latter process like those found during 

carboxypeptidase digestion and in the hemoglobin-myoglobin 

pair, especially when these changes are important function

ally. 

Interpretation of the Value Found 
for AF T-AF Ferricyanide sol crys f 

Binding to Methemoqlobin 

The possible origin of the -364 calorie difference 

in AF tion must now be considered. Since this represents 

a single measurement essentially, the amount of structural 

information which can be extracted is limited. However from 

the considerations in the previous paragraph and from the 

fact that breaking one hydrogen bond involves an expenditure 

of 3 to 4 times as much energy according to estimates from 

model systems (Klotz and Frazen, 1964), this difference 

probably represents only minor alterations to the structure 
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during crystallization. When compared to the data of Rupley 

and Gates (1968) on the binding of azide to hemoglobin in 

the two phases (70 calories difference in the binding energy 

of 10 kcal.), the difference found here is somewhat greater, 

especially since there are no compensation effects involved 

in the former case. Although the increase in the difference 

found here is difficult to interpret, the overall effect in 

both cases is definitely small when compared to the effect 

of large changes in structure affecting vital functional 

parts of heme proteins which are shown in Table 5. 

A plausible interpretation for the -364 calorie 

difference would be that crystallization causes a small 

conformational change in a residue or residues which are 

linked to the C^-heme equilibrium. Since the hemes are 

removed from lattice contacts (Perutz, 1965), a direct 

blocking effect by the lattice would seem to be less likely. 

However, if the lattice contacts affected a heme-linked part 

of the peptide chain, only a small effect on the conforma

tion could cause a measurable effect on heme reactivity. 

This mechanism would then be similar to the linkage between 

carboxypeptidase digestion and heme reactivity although in 

the latter case the effects and most probably the structural 

changes are much larger. 
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Ferricyanide Binding to Methemoqlobin 

The solubility data here also indicate that ferri

cyanide binds preferentially to dissolved met Hb over 

crystalline met Hb. It is not possible from the data here 

to determine whether ferricyanide binds to the dissolved 

met Hb only or whether it binds the protein in both phases 

to different degrees, since less than a ten-fold change in 

solubility occurred in the experimental determinations (see 

Rupley, 1968). An equilibrium dialysis run failed to detect 

strong binding to dissolved met Hb, although weaker binding 

with a Kassoc « 10^ would not have been detected. 

A possible explanation for the above experimental 

results might attribute the differential ferricyanide binding 

to direct interference from lattice contacts rather than to 

a general conformational change between the two phases. 

This interpretation would agree with the hydrogen ion 

titration results of Rupley (1968). 

In the case of ferrocyanide, the results permit 

either equal binding to met Hb in the two phases or no 

binding at all. The same conclusions apply to ferrocyanide 

binding of HbC>2 as Figure 6 shows. In this figure, the 

solubility of an HbC^-met Hb mixture depends only on the 

spectral peak ratio (0.D.498/0.D.537) and not on the amount 

of ferrocyanide in the sample. 



INTRODUCTION, LYSOZYME SECTION 

Lysozyme is the first enzyme to have its three 

dimensional structure worked out in detail by X-ray diffrac

tion methods. Much of the current interest in this enzyme 

derives from attempts to predict or at least explain its 

catalytic and substrate-binding properties observed in 

solution in terms of its crystallographic structure. 

Lysozyme catalyzes the hydrolysis of p-(l-4) linked 

polymers of both N-acetylglucosamine (NAG) and the N-

actylmuramic acid (-NAM) N-acetylglucosamine unit between 

the C -1 of one pyranose ring and the oxygen joining it to 

the next ring (Rupley and Gates, 1967). 

Monomer, dimer, and trimer of this mucopolysaccharide 

act mostly as competitive inhibitors and bind nonproductively 

at the active site. 

The X-ray Crystallography of Lysozyme 

Blake et al. (1967) solved the crystallographic 

structure of hen egg-white lysozyme and showed that it was 

roughly ellipsoidal in shape with a deep cleft going up one 

side. All their work was done at pH 4.7. They were able to 

look in detail at the inhibitor-enzyme interactions for 

several inhibitors and showed that these inhibitors bound in 

the cleft at well defined positions. From these studies and 

61 
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from model building, one can divide the active site into six 

subsites, each accommodating one pyranose ring (Figure 8). 

NAG was shown to bind at C in two distinct ways depending on 

whether it is in the a or p form. The N-acetyl group of 

both anomers form hydrogen bonds with the main chain CO and 

NH of residues 107 and 59 respectively. In addition, the 

(3 anomer forms hydrogen bonds between its 0(6) and 0(3) 

atoms and trp 62 and 63 and the a anomer forms a hydrogen 

bond between its 0(1) and the main chain NH of residue 109. 

These multiple binding modes for NAG show that some leeway 

is allowed in the bound orientation of its pyranose ring so 

long as the N-acetyl group contact is made. This agrees 

with solution specificity measurements, which show the 

binding relatively insensitive to the saccharide ring 

structure. Trimer is bound in subsites A to C with the 

reducing end in C. Only one binding mode was detected. 

Subsite C interactions are the same as those in |3 NAG, 

whereas in subsite B there appears to be a hydrogen bond 

between asp 101 and 0(6) of the pyranose ring and in A 

between asp 101 and the N-acetyl group. In addition there 

are nonpolar interactions at all three sites that help 

stabilize the binding. 

Upon binding of monomer and trimer, trp 62 was found 

to move about 0.75 ft and the whole wing of the protein to 

the left of the cleft in Figure 8 moves to some extent with 

respect to the rest of the molecule. The di NAG-lysozyme 
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structure was obtained at a lower resolution although two 

binding modes resembling a and g NAG appear to be present. 

In addition to asp 101, other ionizable groups around the 

active site include glu 35 and asp 52, both near D, and asp 

66, in the wing of the protein that moves when saccharide 

binds. 

All of the above inhibitor-lysozyme complexes are 

non-reactive. One can, from model building, fit monomer 

NAG units to a maximum of three more contiguous subsites 

beyond C to fill the entire length of the cleft. All six 

NAG units then have good interactions with the enzyme with 

the exception of the one in D, which is distorted from the 

normal chain conformation to a half-chain conformation. 

Catalysis is thought to occur between subsites D and E by 

carbonium ion formation at the C(l) of NAG residue D, which 

would be favored by the distortion at D. Nearby are the two 

acid residues, glu 35 and asp 52. Glu 35 is thought to be 

unchanged in the pH range of maximum activity (pH 5 to 6) 

and to protonate the D-E bridge oxygen during catalysis. 

Asp 52 is ionized in this pH range and its negative charge 

should stabilize the carbonium ion at D. 

Solution Measurements of Inhibitor Binding 
to Lyso zyme 

Solution measurements of the binding of various 

inhibitors have supported this picture of the active site 

structure obtained from X-ray work on the crystalline enzyme 
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and have added valuable information on the association 

constants and the binding orientation of a number of 

inhibitors. Butler and Rupley (1967) measured the associa

tion constants of NAG and di NAG to both crystalline and 

dissolved lysozyme, and found these constants unaffected by 

the crystallization of the enzyme. They used equilibrium 

dialysis to measure the binding and found one to one 

complexes in all cases. 

Figure 9 gives the position and orientation of a 

number of bound inhibitors and substrates at the active 

site, from both spectroscopic and nuclear magnetic resonance 

data. The orientation of both the pyranose rings and the 

glycosidic proton or methyl group are specified where the 

characters a or (3 appear; otherwise the orientations are 

unspecified. 

Nuclear Magnetic Resonance Work on 
Orientation of Binding 

Using nmr techniques, Raftery et al. (1969) were 

able to identify each of the subsites A-C by measuring the 

characteristic change in the chemical shift of the acetamide 

methyl protons on each pyranose ring bound to a particular 

subsite. Most of their work was done at pH 5.5. Each sub-

site was found to exhibit a characteristic acetamide methyl 

proton shift to these protons. By measuring the changes in 

chemical shifts for a series of oligomers from mono NAG to 

tetra NAG together with some of their methyl derivatives, 



Figure 9. The binding positions for polymers of NAG and 
NAG-NAM. 

The subsites which each oligomeric ligand fills in 
the active site cleft of lysozymeare shown. The orientation 
of the glycosidic protons at the reducing end (denoted by a 
or p) and of the glycosidic methyl group (denoted by R) is 
shown schematically relative to the subsites themselves where 
the orientation has been determined. The relative orienta
tions of the pyranose rings are also indicated. Note that 
the orientation of the a NAG ring is different from all the 
rest (so far as is known). (From Dahlquist and Raftery, 1969 
Chipman, Grisaro, and Sharon, 1967.) 
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Figure 9. The binding positions for polymers of NAG and 
NAG-NAM. 



67 

they found that in all cases the reducing end was in C, the 

ring next to the reducing end was in B, and the ring third 

from the reducing end was in A as shown in Figure 9 

(Dahlquist and Raftery, 1968a; Raftery et al., 1969). a and 

P NAG were found to compete for the same site C but the 

acetamide protons of each were in different magnetic en

vironments indicating that their pyranose rings were 

oriented differently in that site, in agreement with X-ray 

data (Dahlquist and Raftery, 1968a; Raftery et al., 1968). 

The Kassoc for a and f5 NAG binding were calculated and are 

shown in Table 6. Bbwever, the measurements pertain only to 

pH 5.5, and the a and (3 NAG constants may vary independently 

with pBL a and (3 methyl NAG were also shown to compete with 

a and (3 NAG at C, although here both methyl glycosides were 

bound in the same orientation as (3 NAG, since their 

acetamide methyl proton shifts were the same. However their 

glycosidic methyl proton shifts were not the same, indicating 

that the glycosidic methyl group of the a and |3 compounds 

were pointed in different directions. As for some of the 

other oligomers given in Figure 9, a and p di NAG are shown 

with their pyranose rings oriented in the same way, in 

apparent contradiction to the X-ray data which showed the 

non reducing end of a di NAG to be completely outside the 

line of the cleft. The pKassoc versus pH curves discussed 

later may shed some light on the matter. The orientations 



Table 6. Apparent Association Constants of Selected 
Oligomers 
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Saccharide Kassoc Method Source 

a NAG 62. 5 nmr a 

0 NAG 30. 3 nmr a 

a, (3 NAG mixture 42 U.V. b 

di NAG 4.1 x 103 u.v. b 

tri NAG 

CO •
 

H
 x 105 U.V. b 

tetra NAG 1 X 10 5 U.V. c 

penta NAG 1 X 105 U.V. c 

hexa NAG 1 X 105 U.V. c 

NAG-NAM 20 equilib. dialysis d 

NAM-NAG H
 

•
 
O
 

x 104 fluorescence d 

NAG-NAM-NAG 3 x 105 fluorescence d 

NAG-NAM-NAG-NAM 2 x 10 3 fluorescence d 

(NAG-NAM)3 3.5 x 104 fluorescence d 



69 

of both a and p tri NAG have been shown to be the same by 

both X-ray and nmr methods. 

Oligomer Association Constants. Ultraviolet 
Difference Spectroscopy 

Spectral methods such as ultraviolet difference 

spectroscopy and fluorescence emission spectroscopy have 

permitted direct calculation of oligomer association 

constants and have added to our understanding of the binding 

process. One can obtain a difference spectrum if one places 

a lysozyme-oligomer mixture in the sample cell of a spectro

photometer and lysozyme itself in the reference cell and 

scans from 280-320 nm. 

The height of the peak at X 294 nm is a direct 

measure of the amount of enzyme-substrate complex in the 

sample cell. This difference spectrum is thought to 

originate mostly from the perturbation of part of the 6 trp 

residues in lysozyme, three of which are along the active 

side cleft (trp 62, 63, 108). When oligomer binds this 

site, one to three of these active site trp are transferred 

to a more hydrophobic environment, probably because of the 

resulting movement of part of the cleft, causing a red shift 

in the trp spectra (Hayashi, Imoto, and Funatsu, 1963, 

1964). A similar red shift has also been found in the 

fluorescence emission spectra upon binding of tri NAG 

(Lehrer and Fasman, 1966, 1967). In all enzyme oligomer 
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interactions studied by spectral methods, a one to one 

complex has been found. 

In Table 6 the association constants for a number 

of oligomers are given for the pH 5-6 range, which is the 

plateau region for binding, and at approximately 25°C. The 

p e gQ p 
fact that K increases steadily in going from mono to 

tri NAG indicates that there are three contiguous binding 

sites on the enzyme where interactions are developed with 

the oligomer in agreement with the X-ray data. However, as 

more saccharide units are added on to the trimer no further 

interactions are made, whereas the hydrolytic activity of 

these substrates increases from a barely measurable rate for 

trimer on up to a high rate for hexamer. These results are 

interpreted to mean that oligomers with three or more 

saccharide units bind strongly in the A-B-C subsites with 

their reducing end in C to form a nonproductive complex 

which dominates the association equilibrium (Rupley, 1967). 

However, the kinetics of the reaction must depend on a more 

weakly bound productive complex with the reducing end of the 

substrate in E or F. Recently, Banerjee and Rupley (1971b) 

found different AH's for trimer and tetramer binding and 

proposed two nonproductive tetramer complexes to explain 

these findings, one binding like trimer and another with the 

reducing end binding near site D. Pentamer and hexamer 

resembled tetramer in their binding behavior. Figure 9 also 

shows that cell wall oligomers, in which NAG and NAM 
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alternate, bind somewhat differently from NAG oligomers 

(Chipman et al., 1967; Chipman and Sharon, 1969). NAM can 

be sterically accommodated in the crystallographic model 

only in subsites B, D, and F. Thus the fact that NAM-NAG, 

for which the strong B-C binding is allowed, has a much 

larger Kassoc than NAG-NAM, which can bind only A-B or C-D, 

confirms this model. Also because of this restriction on 

NAM binding, cell wall tetramer must bind A-B-C-D and 

higher oligomers are more likely to bind productively in A 

through F than are NAG oligomers. The decrease in binding 

of NAG-NAM-NAG-NAM over NAG-NAM-NAG confirms the prediction 

clSSO C of saccharide ring strain at D indicating that the AF 

of this subsite is positive. 

The Binding Energies at Individual Subsites 

By comparing inhibitors in Table 6, one can divide 

up the total AF of binding into the contribution made by 

each of the subsites A, B, C, and D. This is done in Table 

7, giving AF^ (corrected for the entropy of mixing) for each 

subsite (Banerjee and Rupley, 1971a). These values correlate 

well with the interactions in each subsite seen in the 

crystallographic model. 

The acetamide group interactions are dominant in 

subsite C, contributing at least -3.1 kcal/mole. Both the 

hydrogen bonds to the main chain backbone and the hydrophobic 

interactions between the acetamide methyl and trp 108 
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Table 7. Subsite Contributions to the Total AFu of Binding 

Values are in unitary free energy changes (corrected 
for the entropy of mixing). 

Subsite Fu (cal/mole) Source 

A -2.3 a 
B -2.7 a 
C -4.6 a 
D 3 to 6 ? b 
E -4 ? b 
F -1 b 

Sources: a. Banerjee and Rupley, 1971a; b. Chipman 
and Sharon, 1969. 

contribute to the interaction. Oxidation of trp 108 by I2 

eliminates both binding and catalytic activity (Hartdegen 

and Rupley, 1967). Glucose, which lacks the acetamide group, 

exhibits only minor binding (Chipman and Sharon, 1969). 

Ifydrophobic interactions with trp 62 occur in subsites A and 

B and, together with hydrogen bonding in C, account for -2.6 

cal total (Imoto and Rupley, 1968). Finally, asp 101 

contributes about -1.6 cal from its hydrogen-bonding inter

actions in subsites A and B. These above interactions 

appear to dominate the binding and control substrate 

specificity in lysozyme (Banerjee and Rupley, 1971a). 

The existence of acceptor subsites E and F was 

demonstrated by showing that some monosaccharides make 

better acceptors than others in the trans-glycosylation 

reaction and that disaccharides are better acceptors than 

monosaccharides (Pollock and Sharon, 1970). The specificity 



73 

of the transglycosylation reactions was attributed to 

binding of the acceptors at the E and F subsites prior to 

the reaction and can be used to obtain estimates of AFu at 

these subsites. Values for AFu are given in Table 2. 

The pH Dependence of Oligomer Binding 
to Lysozyme 

An important method for probing the detailed mode 

of binding of different inhibitors and the change in active 

site structure during the binding process is the examination 

clSSO C of pK versus pH relationships for various inhibitors. 

One can use these data to elucidate the nature of the 

interactions between certain ionizable groups on the enzyme 

and the bound inhibitor. The types of data one can get are 

first the pKlon:LZ of the enzyme groups which are perturbed 

by the inhibitor binding and second the amount they are 

perturbed, or ApKlon:Lz. These data can be correlated with 

the X-ray model and other chemistry from the literature in 

order to identify the pK's with specific amino acid 

residues and to either substantiate or modify our knowledge 

of the positioning of the inhibitor at the site. The change 

in the ionization constant, when the inhibitor binds ApKloniz 

and the corresponding AAFlon;LZ measure the magnitude of the 

interaction between inhibitor and ionizable enzyme group and 

clSSO C is equal to the change in AF of inhibitor binding, 

AAF when the acid group ionizes. Thus inhibitor bind

ing and proton ionization on the enzyme are thermodynamically 
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linked and can be described by the method of Wyman (1964). 

ae SO C 
Figure 10 gives the pK versus pH curves for tri NAG 

and di NAG obtained by Rupley, and coworkers. 

3.SSO C 
The pK versus pH curve for tri NAG has been 

obtained by several workers (Dahlquist et al., 1966; Lehrer 

and Fasman, 1966; Rupley et al. , 1967; Banerjee and Rupley, 

1971a). Rupley and coworkers attributed the pK shifts 6.3 

to 6.7, 4.2 to 3.5, and 1.8 to 1.2 to glu 35, asp 101, and 

asp 66 respectively. For reference, a "normal" protein 

carboxyl has a pK in the range 4.0 to 4.8 (Martin, 1964). 

The assignment of glu 35 to the high pKloniz group 'is 

supported by the titration data of Donovan, Laskowski, and 

Scheraga (1961) which indicated a carboxyl with an 

unusually high pKloniz. Glu 35 is in a nonpolar part of the 

cleft and would be expected to have a high pKloniz. Also 

this residue lies in subsite D, near where trimer binds in 

C and would be expected to be perturbed by the binding. The 

perturbation is probably due not to hydrogen bond formation 

with inhibitor but rather to an increased interaction with 

the ionized asp 52 when the inhibitor binds. This might be 

caused by a reduced local dielectric constant or allosteric 

movement of certain residues (Banerjee and Rupley, 1971a). 

Asp 101 on the other hand does hydrogen bond to the 

inhibitor in A and B and the direction of the shift in 

pKioniz towarcj a smaller value is expected if the species 

that forms the hydrogen bond is the ionized carbo^l. 
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I I 

Figure 10. The pH dependence of pKassoc for di NAG 
tri NAG. 

a: tri NAG association curve at 30 C. 

b: di NAG association curve at 30°C. 
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Looking at this thermodynamic cycle in another way, the 

shift in pK ôn̂ z or ApK'*'on;''z is equal to the AAFassoc of 

tri NAG upon protonation of asp 101 and it places a lower 

limit of -1.2 cal/mole on the strength of the two hydrogen 

bonds formed by asp 101 (since protonation probably weakens 

but does not destroy the hydrogen bonds involved). The pK 

shift in the low pH region, from 1.8 to 1.2, is less well 

understood. It has been attributed to asp 66, which in 

Figure 8 is located in a nonpolar region to the left of the 

cleft and in a wing of the protein that moves slightly when 

inhibitor binds. Asp 66 forms hydrogen bonds to two groups 

as a carboxylate which would tend to give it a low pKloniz. 

The allosteric movement caused by inhibitor binding is 

postulated to change the asp 66 interaction so as to lower 

its pK. In general, the pKassoc versus pH curve for tri NAG 

dsso c does not show any extreme changes in pK in the pH 

range 1 to 10. Such changes that do occur amount to only 

20% of the total binding energy, which suggests a relatively 

small role for hydrogen bonds and points to the possible 

importance of hydrophobic interactions (Rupley, 1967). 

cLSSO C One can now compare the pK versus pH curve for 

trimer, which was briefly discussed above, with the same 

type of curve obtained for other inhibitors such as dimer 

and monomer. Since these other inhibitors fill different 

parts of the active site, they would not be expected to form 

the same set of interactions as the trimer with enzyme 
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groups at the site, although some interactions may be common 

to all of them. But even for the interactions that are 

common, the AAF parameters may not be the same, indicating 

a change in the magnitude of the interactions. These 

binding curves are thus a sensitive indicator of the con

figuration of ionizable groups around the active site cleft 

and also of the binding orientation of the different 

inhibitors. 

^SSO c The pK versus pH curve for dimer shows that the 

perturbation of binding due to asp 101 (AAFassoc) is only 

one half as great as in the trimer case (Banerjee and Rupley, 

1971a). This provides additional support for the X-ray work 

which indicates that asp 101 forms two hydrogen bands with 

trimer in subsites A and B whereas it forms only one with 

the nonreducing end of dimer in B. The perturbation due to 

ciSSO C glu 35 or AAF , glu 35, however is twice as great for 

dimer as it is for trimer. There is no obvious explanation 

for this large AAFassoc value for dimer due to glu 35. It 

may be related to multiple binding modes for dimer. Finally, 

the perturbation of inhibitor binding due to asp 66 ioniza

tion is the same in magnitude for dimer as it is for trimer, 

which lends support for the mechanism of linkage between 

asp 66 and the inhibitor given earlier. There the confor

mational change of part of the protein upon binding was 

suggested as a cause of the asp 66 perturbation. Since the 

X-ray work showed that the magnitude of this conformational 
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change is the same for all three inhibitors, they would be 

expected to perturb the asp 66 ionization equally. 

The pH Dependence of Monomer Binding 
to Lyso zyme 

Binding of monomer to the enzyme has been considered 

in three laboratories. Dahlquist and Raftery (1968b) con-

3SSO c sidered the K versus pH curves for 3 methyl NAG. They 

measured the binding using nmr techniques and found evidence 

io ni z for the perturbation of one ionizable group from pK 6.1 

to 6.6, which probably arises from the same glu 35 ioniza

tion seen the the di NAG and tri NAG cases. However, unlike 

these latter two cases, there was no evidence of a perturba

tion by asp 101. Since this work was not extended to a pH 

below 3, the low pH effects on monomer binding remain un-

clS SO C covered. Ikeda and Hamaguchi (1969) measured the pK 

of NAG as a function of pH using circular dichroism to 

measure the binding. The measurements were made in a pH 

range from 1 to 8. Evidence for the perturbation of two 

ionizable groups with pK's of 2.5 and 6.0 were obtained 

which were ascribed to asp 52 and glu 35 respectively. 

However, the separate modes of binding of a and p NAG were 

not considered and what was measured here was in overall 

constant for the binding of the anomeric mixture. In a 

paper by Kowalski and Schimmel (1969), the binding of pure 

a NAG as a function of pH was measured separately in the pH 

cl S SO C range 4.4 to 8.0. Only a small variation in pK was 
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shown in this range, implicating groups with pKloniz of 6.5 

and 4.9. However a difficult technique was used and the 

reliability of the data is hard to evaluate. In Figure 11, 

a ecQ q 
the pK of monomer binding obtained by different workers 

is plotted as a function of pH. 

Statement of the Purpose of the Present 
Study on Inhibitor Binding 

to Lyso zyme 

clS £>0 C In the work to be presented here the pK of NAG 

(as the a and 3 mixture) and p methyl NAG is obtained as a 

function of pH over a wide pH range, employing the technique 

of ultraviolet difference spectroscopy. There are several 

reasons for embarking on this project, which are summarized 

below: 

1. It was hoped that further information on the 

mechanism of the linkage between the inhibitors and 

ionizable enzyme groups could be obtained, especially 

for ionizable groups in the low pH range. In 

comparing dimer and trimer binding curves, it was 

shown above that some conjecture was possible as to 

why asp 66 was perturbed on binding of inhibitor if 

it indeed is the residue perturbed. It was planned 

here to extend this comparison to the monomer case 

to see how a change in inhibitor structure affects 

the perturbation of asp 66 and other groups. The 

perturbations in pKloniz should be more clearly 



ciSSO O Figure 11. The pH dependence of pK for the binding of several monomer 
inhibitors to lysozyme. 

Where binding data over a range of pH values are available, they are 
represented by a continuous curve. Single values for pKassoc are indicated by 
po ints. 

(3 methyl NAG (Dahlquist and Raftery, 1968b). 

a + P NAG (Ikeda and Hamaguchi, 1969). 

+++ a NAG (Kowalski and Schimmel, 1969). 

• a + P NAG (Dahlquist et al., 1966). 

• a + 0 NAG (Banerjee and Rupley, 1971a). 

a a + P NAG (Chipman et al., 1967). 

o a + P NAG (Bjurulf, Laynez, and Wadso, 1970). 
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Figure 11. The pH dependence of pKassoc for the binding of several monomer 
inhibitors to lysozyme. 
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defined here because of fewer interactions of 

monomer with the enzyme. In making this comparison 

it was important to make sure that the monomer 

preparation used was either the pure g anomer or, 

preferably, |3 methyl NAG, where the configuration is 

fixed in the 0 form. Since literature values for 

the pKassoc of 3 methyl NAG only go down to pH 3, it 

was essential to obtain the binding curve in the pH 

range below 3. 

2. The binding curve for NAG obtained by Ikeda and 

Hamaguchi (1969) needed to be reinterpreted. Their 

assignment of the apparent pK101112 of 2.5 from the 

curve to asp' 52 was apparently incorrect in light of 

the recent determination of the pKloniz of asp 52 as 

being 4.40 (Parsons and Raftery, 1970). A computer 

program developed by Rupley (Banerjee and Rupley, 

1971a) was used in the present work to evaluate 

quantitatively the perturbation of ionizable enzyme 

groups shown in the binding curves for the inhibitors 

considered here. 

3. Finally, it was of interest to compare the binding 

curves of NAG (a and |3 mixture) and 3 methyl NAG 

where both curves are obtained experimentally by the 

same technique. Certain differences between the two 

were found in the present work. One can postulate 

that both a and p NAG gave the same binding curve 
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and that these differences arose from the presence 

of the glycosidic methyl group in p methyl NAG. An 

alternative explanation would ascribe these 

differences to the different modes of binding of a 

and B NAG, with p and p methyl NAG giving the same 

curve. It will be shown that a computer analysis of 

the results does not allow a definite choice to be 

made between two alternatives, although reasonable 

postulates can be advanced that will fit the data 

here and also agree with the dimer and trimer data. 



EXPERIMENTAL, LYSOZYME SECTION 

Materials 

Twice recrystallized lysozyme was obtained from 

Worthington and used directly. The N-acetylglucosamine 

(NAG) was obtained from Mann Research Laboratories. In some 

cases the commercial preparation of NAG was used directly, 

and in other cases it was first applied to a charcoal-

celite column and eluted with a 0 to 40% ethanol gradient, 

as a check on purity. No traces of other components were 

detected in the elution pattern. Both the commercial 

preparation and the charcoal treated saccharide gave the 

same association constants within experimental error. The 

P methyl N-acetylglucosamine was synthesized in this 

25 
laboratory by William Brown (m.p. = 196.5-198.6 [a]D = 

-41.3°). Reagent grade chemicals were used throughout. 

Deionized water freed of organics by a Continental ion 

exchange system was used. 

Methods 

The method of ultraviolet difference spectroscopy 

was used throughout to obtain the association constants 

(pKassoc) of NAG and 0 methyl NAG to the enzyme. 

Three different procedures were used for making up 

the sample and reference cell solutions to be placed in the 

83 
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spectrophotometer. In all three procedures the temperature 

was maintained at 25o+^0.3°C. The enzyme and saccharide 

stock solutions were made up fresh and centrifuged the same 

day the experiment was done. The saccharide was dissolved 

in buffer and a number of dilutions of the stock solution 

were made up to give at least a ten-fold range of concentra

tion for the saccharide, which was usually .02 to 0.2 M. At 

each of these saccharide concentrations enzyme plus 

saccharide solutions were made up and their ultraviolet 

spectra between 320nm and 250 nm were taken versus enzyme 

alone as a reference solution. The optical density of the 

difference spectra at 294 nm was taken as a direct measure 

of the equilibrium concentration of enzyme-substrate (ES) 

complex at each saccharide concentration measured. 

The first method for preparing the spectrophoto-

metric call solutions was used for NAG solutions only. With 

this method four separate solutions were prepared in test 

tubes at each saccharide concentration, two for the sample 

cell and two for the reference cell compartments. In the 

former compartment were placed solutions of enzyme plus 

substrate (E+S) and buffer and in the latter, enzyme plus 

buffer (E+B) and saccharide plus buffer (S+B). The enzyme 

concentration in both the sample and reference cell 

solution was 1 mg/ml. The saccharide concentration was 

always the same in the two compartments. Four matched 

1 cm cells were used for taking the spectra. The following 
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diagram illustrates the cell configuration: 

light—> 

sample compartment reference compartment 

In this way, the saccharide absorption in the sample cell 

was subtracted out when the difference spectrum was obtained. 

The overriding consideration in this method and both of the 

others was that the enzyme concentration in the sample and 

reference compartments be exactly the same, since what is 

measured is a comparatively small difference between two 

large numbers. Hence 2 ml volumetric pipettes were used in 

this method to deliver from stock solutions 2 ml aliquots 

each of enzyme, saccharide, and buffer into test tubes to 

make up the above cell solutions. After stirring they were 

equilibrated in a water bath at the same temperature as the 

spectrophotometer compartments (25°C + 0.3°) for about ten 

minutes, after which the spectra of the cell contents were 

taken. 

In the second method for preparing the cell solution, 

large amounts of E+S, E+B, and S+B solutions were made up 

all at once in the beginning of the experiment instead of 

separately for each saccharide concentration. The E+S and 

B+S solution were then diluted with E+B and B reference 

solutions respectively during the course of the experiment 

to arrive at the different saccharide concentrations to be 

E 
B + 

S 
light-

B B 
+ + 
S E 
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used. To begin with the E+S and E+B solutions were made as 

equal in enzyme concentration as possible and as the E+S 

solution was diluted further by E+B, these two sample and 

reference solutions became even more equal in enzyme concen

tration. In this as in the previous method, the final 

enzyme concentration was 1 mg/ml and four 1 cm cells were 

used in the same configuration. 

The association constants obtained by these first 

two methods were compared and found to be the same outside 

of random errors, providing one indication that differences 

in enzyme concentration between sample and reference 

solutions do not seriously affect the results. In both 

methods the same reference enzyme solution (E+B) was used 

throughout the run except where the pH was below 3 or above 

7. In these cases, in order to minimize enzyme denaturation 

in the cell solutions, the E+B solution was made up 

separately each time a new saccharide concentration was 

prepared. In this way the enzyme was exposed to high or low 

pH for less than thirty minutes. In all cases examined, the 

spectra appeared to be stable within this time interval. 

The third method for. preparing the cell solutions 

was used mainly to obtain data for the P methyl NAG 

association. This method was tailored to use small quanti

ties of reagents (175 mg of (3 methyl NAG per run) because of 

the limited supply of p methyl NAG available. Two 1 mm 

cells were used and the enzyme concentration was increased 
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to 5 mg/ml in order to give a signal of convenient size on 

the spectrophotometer. Into the sample cell 100|_il each of 

enzyme, saccharide, and buffer solutions were added directly 

using 100|al micro pipettes. The reference cell contained a 

100|il aliquot of enzyme plus two 100|al aliquots of buffer 

added in the same way as before. The two cell solutions 

were then shaken in the cell and transferred directly to 

the spectrophotometer and the scanning was started imme

diately. Since the j3 methyl NAG had previously been 

dissolved in distilled water, it was exposed to the pH of 

the buffer for only a few minutes prior to starting the 

spectra. Under these conditions there was negligible 

hydrolysis of the methyl glycoside even a pH of 0.3, the 

lowest that was considered here. There also did not seem 

to be any problem with the lack of temperature equilibra

tion, since no change in the spectra occurred after three 

scans over a period of ten minutes. In this micro method 

the saccharide absorption was measured separately and then 

used to correct the difference spectrum. In order to check 

the reliability of this method, it was used to repeat 

ctSSO C several of the pK determinations for NAG done by the 

first method. Both methods gave the same results. 

A Cary model 15 recording spectrophotometer, which 

has two matched phototubes for sample and reference 

absorbance detection, was used throughout for taking the 

spectra. Both the sample and reference compartments were 
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water-jacketed and maintained at 25° _+ 0.3°C. In all cases 

the dynode voltage was set at 3, in accordance with the 

recommendation of Herskovits and Sorensen (1968) for taking 

difference spectra. It was found in the present study that 

with this dynode setting and with the maximum total optical 

density encountered, the slit width of the instrument never 

increased beyond 0.3 mm in the wave length range where the 

difference optical density was read. Herskovits and 

Sorensen found that with slit widths below 0.7 mm, the 

difference spectra adhered to Beer's law. The scale setting 

was adjusted so that 0.1 O.D. units gave full scale 

deflection. The noise level at this setting amounted to 

about 0.001 O.D. units. Scanning was usually between either 

320 or 310 nm and 285 nm with the O.D. being set at 0 at the 

higher wave length. From two to three scans were taken for 

each sample and their maximum variation was almost always 

less than 0.002 O.D. units. 

After the spectrum was taken, the difference between 

the O.D. of the 294nm peak and the trough at 290nm was read 

off from the recorded spectra. The difference designated by 

AO.D.294 was more reproducible than the absolute height of 

the 294nm peak, because of erratic changes in base line, and 

is a direct measurement of (ES). A baseline correction was 

made to the data obtained from methods 1 and 2 by drawing a 

straight line from the spectrum at 305 nm to the same 

spectrum at 290 nm and reading off the difference in O.D. 
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values between 294 and 290 nm along this line. This 

difference was added to the above value for AO.0.294. In 

addition to this baseline correction, an enzyme blank 

correction to be described next (usually small in methods 

1 and 2) was also made where needed. This was the only 

correction applied to the data from method three. 

In all these methods for preparing the cell 

solutions, blanks were run with the enzyme plus buffer 

solutions in both the sample and reference compartments. 

The difference in O.D. of the blank between 294 and 290 nm 

was taken as the quantitative measure of the blank variation 

or correction. These blanks were run at the beginning and 

during the course of an experiment, and any systematic 

change detected was applied as a correction to AO.D.294* 

In experimental methods 1 and 2, the enzyme blank 

variations were almost completely random on either side of a 

horizontal line and in most cases no corrections were 

applied to the data. These random variations usually 

amounted to less than _+ 0.002 O.D. units which corresponds 

to _+ 5% of the measured AO.0.294. In method three the 1 mm 

cells were not exactly matched, and differences in thickness 

appeared as an enzyme blank correction. In most cases the 

correction amounted to about 0.004 O.D. units or 15 to 20% 

of the total value of AO.D.294. Superimposed on this 

correction were random variations of less than + 6% of the 

value of AO.D.294 .  
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The possible perturbation of the lysozyme spectra 

by nonspecific interaction of the protein chromophores with 

high concentrations of saccharide was examined as follows. 

The spectra of E+S and B solutions in the sample compartment 

were taken versus E+B and S+B solutions in the reference 

compartment, but using glucose instead of NAG as the 

saccharide. The difference spectra caused by the non

specific perturbation showed a peak at 293 nm and a trough 

at 288 nm, these features being displaced slightly from the 

294 nm peak and 290 nm trough of the difference spectra 

caused by specific interaction of lysozyme with NAG. The 

O.D.294-O.D.240 difference from the nonspecific perturbation 

spectra was used as a correction for the AO.D.294 taken 

from the difference spectra for NAG. 

The pH control in the pH 2 to 10 range was effected 

by use of a universal buffer, a mixture of acetate, borate, 

and phosphate (Frugoni, 1957). Sodium hydroxide and 

potassium chloride were added to a stock solution of this 

buffer according to tables to obtain different pH's, while 

maintaining a constant ionic strength of 0.2 throughout the 

above pH range. The pH was always checked after makeup by 

using a Radiometer instrument calibrated with both a pH 

4.01 phthalate buffer and a pH 6.5 radiometer buffer. 

Addition of both enzyme and saccharide to the buffer was 

found to change its pH by less than 0.04 pH units. Below 

pH 2, either an HC1-KC1 mixture or (below 1) pure HC1 was 
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used as a buffer. In some cases the pH 1.4 buffer was made 

up with just HC1-KC1 added, and in other cases with HC1 plus 

universal buffer. The change from one buffer system to 

another was found not to affect the value of the NAG 

association constants. The association constant at each 

pH was calculated from the A°*D-294 values employing the 

method of Scatchard (1949). The plotting equation used was 

A°.D.294/(s) = Kassoc(AO.D.2g4 max. - AO.D.^). A plot of 

AO.D.2g4 versus AO.D.2g4/(S) gives i/Kassoc as the slope 

and AO.D.2g4 max as the y intercept. Since the monomer 

was greatly in excess of enzyme, the concentration of 

saccharide in the solution (S) was set equal to the total 

concentration added. SQ -(ES) = Sq. Even at the highest 

enzyme concentration used, the amount of ES complex 

amounted to less than 1% of the total amount of saccharide 

added. 



RESULTS, LYSOZYME SECTION 

Shape of the Difference Spectra 

Figures 12 and 13 give representative lysozyme-

saccharide difference spectra over the pH range 0.5 to 

9.6. Figure 12 shows NAG difference spectra which were 

taken in 1 cm cells with an enzyme concentration of 1 mg/ml. 

Figure 13 shows p methyl NAG difference spectra taken in 

1 mm cells at an enzyme concentration of 5 mg/ml. Also in 

Figure 13 an example of a NAG difference spectrum taken 

under these same conditions is shown in order to facilitate 

the comparison between the spectra of the two saccharides. 

The spectra in Figures 12 and 13 represents 75 to 90 per 

cent saturation of the enzyme with saccharide, which was 

close to the maximum per cent saturation achieved in these 

experiments. The saccharide concentration was a constant 

0.1 molar for all the spectra in Figure 12, and 0.125 molar 

in Figure 13. Although one cannot therefore extract 

information about the relative extinction coefficients of 

the spectra, one can still make some comments about the 

shape of the spectra and how the shape changes with pH. 

Both saccharides give typical tryptophan perturba

tion spectra which resemble the difference spectra obtained 

from model tryptophan compounds in nonaqueous solvents 

versus tryptophan in water (Herskovits and Sorensen, 1968). 
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320 310 290 300 280 270 260 
Wavelength (nm) 

Figure 12. The shape of the NAG difference spectra as a 
function of pH. 

NAG as the anomeric (a + p) mixture was used. The 
spectra were taken in 1 cm cells at an enzyme concentration 
of 1 mg/ml. The magnitude of the spectra are not directly 
comparable, since they were all taken at a constant NAG 
concentration of 0.1 M. 



Figure 13. The shape of the 0 methyl NAG difference spectra 
as a function of pH. Comparison between the 
0 methyl NAG and NAG difference spectra. 

The 0 methyl NAG spectra at pH 0.5, 3.6, and 8.7 
were taken in 1 mm cells with an enzyme concentration of 
5 mg/ml and a constant saccharide concentration of 0.125 M. 
The NAG spectra at pH 4.0 was taken under the same conditions. 
The magnitude of this latter spectra is directly comparable 
with the 0 methyl NAG spectra at pH 3.6. 
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Figure 13. The shape of the |3 methyl NAG difference spectra 
as a function of pH. Comparison between the 
P methyl NAG and NAG difference spectra. 
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The difference spectra of NAG and 3 methyl NAG with lysozyme 

however are more structured than those of model compounds. 

The spectra also resemble those obtained by Banerjee and 

Rupley (1971a) for di and tri NAG, in accord with the fact 

that NAG and 3 methyl NAG bind in the same tryptophan-rich 

area of the enzyme as do the other saccharides. 

Of particular interest are the pH dependence of the 

spectra reported here. The nonspecific perturbation spectra 

of model tryptophans have not been found to be sensitive to 

pH (Herskovits and Sorensen, 1968). The pH sensitivity 

found here must reflect the pH of ionizable groups near the 

active site. In Figure 12 there is a shallow trough around 

305 nm at acidic and basic pH's which disappears in the area 

around neutral pH. These features can be associated with a 

pK in the 2.5. to 3.5 range and one in the 9 to 9.5 range. 

In addition there is a shoulder in the 300 to 305 nm region 

at higher pH which appears between 6.0 and 8.0. The low pH 

trough has been found in the difference spectra with tri NAG 

(Banerjee and Rupley, 1971a). Its presence here could mean 

that it is caused by the ionization of asp 52, which lies 

near the monomer and the reducing end of trimer. The origin 

of the shoulder which appears between pH 6 to 8 is probably 

due to the interaction between trp 108 and glu 35, which has 

a pK of 6.3. This shoulder has also been seen in the 

tri NAG-lysozyme difference spectra where trp 62 was 

selectively destroyed (Imoto and Rupley, 1968; 
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Ananthanarayanan and Bigelow, 1969). The trough which 

appears at pH 9 to 9.5 has so far been observed here only 

with monomer and its origin is at present uncertain. 

The p methyl NAG spectra in Figure 13 do not show 

any of the 305 nm troughs which are evident in the differ

ence spectra of NAG and high saccharides, although they may 

be obscured in this case by the tail of the main spectral 

peak. The extinction coefficient of this peak in the 

P methyl NAG complex spectra is about 30 to 40% greater than 

that in the NAG spectra, which can be seen by comparing the 

pH 4.0 NAG spectrum in Figure 13 with the pH 3.6 f3 methyl 

NAG spectrum. The association constants are almost the same 

in the two cases, making the magnitude of the spectra 

directly comparable. The increased magnitude of the 305 nm 

tail in the p methyl NAG spectra around pH 6.5 follows a 

similar increase in the NAG spectra and is also probably due 

to the trp 108-glu 35 interaction. 

The Variation of O.D.Maximum with pH 294 nm 

Figure 14 shows the variation of the maximum value 

of AO.D.294 (where the enzyme concentration is 1 mg/ml) as 

a function of pH for both NAG and |3 methyl NAG. These 

values were obtained from a Scatchard plot of the data. 

They represent the quantity AO.D^g^ in the spectra when 

enzyme is saturated with substrate. All values shown here 

for AO.D.2Q4 are corrected to a constant cell thickness of 
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Figure 14. The pH dependence of AO.D.294 max for the NAG and (3 methyl NAG 
difference spectra—Circles (®) give A0.D.2ga max for NAG and 
triangles (£) give AO.D. max for P methyl NAG. vo 
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1 cm. One notes first an increased AO.D.2^4 for |3 methyl 

NAG over that of NAG at all pH's, which suggests a decreased 

polarity in the vicinity of the perturbed tryptophan due to 

the glycosidic. methyl group. Despite the spread of the data 

points one can still make out the influence of several pK's 

associated with the enzyme, between 0 and 2, 3 and 5, and 

5 and 7. The second and third of these pK's can be assigned 

to asp 52 and glu 35 respectively, the same residues which 

were found to influence the shape of the difference spectra 

in the preceding section. The 0 to 2 pK can be identified 

with asp 66. This assignment correlates with those made for 

the NAG and (3 methyl NAG dissociation curves which are 

• discussed next. 

The Determination of Association Constants 

Each association constant was obtained by running a 

series of difference spectra where the saccharide concentra

tion increased over a tenfold range usually between 0.02 and 

0.2 molar. The original Scatchard equation (Scatchard, 

1949) was written as: 

-[JT=k(n-v) 

where v is the average number of ligands bound at all the 

sites on the protein, k is the association constant, and n 

is the total number of binding sites per protein molecule. 
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For the present purposes this equation was rewritten as 

follows: 

AO,D,294/[S-' = Kass°c (AO.D.294max - AO.D.2g4). 

AO. D . h e r e  i s  p r o p o r t i o n a l  t o  v ,  t h e  a v e r a g e  f r a c t i o n  o f  

sites filled. AO.D.2G4 was then plotted against AO.D.2G4/ 

[S] to obtain Kassoc and AO.D.2g4max. In Figure 15a values 

of AO.D.2g4 from a typical experiment are plotted against 

the concentration of NAG and in Figure 15b the data are 

plotted using the Scatchard method. A straight line was 

drawn by sight through the points on the Scatchard plot, 

clSSO C the slope of the line giving K of the saccharide. The 

experimental points on the Scatchard plot did give straight 

lines within experimental error throughout the pH range 

tested. This indicates a simple equilibrium binding to a 

single type of binding site. The previous X-ray data had 

shown only one monomer binding site per lysozyme molecule. 

It might be added that in using the Scatchard method, 

it is not necessary to determine the enzyme concentration in 

order to get association constants. Another advantage of 

the method is that it provides a convenient spread of the 

data on the graph in the saccharide concentration range 

where the difference spectra are most accurately determined. 



Figure 15. A graphical representation of the binding of NAG 
to lysozyme. 

a. In this figure, the data of a typical experiment 
are plotted showing how the amount of NAG bound to the enzyme 
increases with the concentration of NAG at constant enzyme 
concentration. The enzyme concentration is 1 mg/ml at a 
pH of 3.9. The amount of NAG bound is indipated by the 
magnitude of the difference spectra (O.D.2g4 - O.D.2g0 nm̂ « 

b. Here the data of Figure 15a are plotted according 
to the method of Scatchard (1949), from which an association 
constant can be calculated. 
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Figure 15. A graphical representation of the binding of NAG 
to lysozyme. 
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The Nonspecific Perturbation Correction 

Before the experimental AO.D^g^ data can be plotted 

by the Scatchard method, the nonspecific perturbation 

correction mentioned in the Methods section must either be 

applied or shown not to be important. The nonspecific 

perturbation (NSP) of the U.V. spectrum of lysozyme due to 

the interaction of its chromophores with glucose generates a 

difference spectrum when run against lysozyme in the absence 

of saccharide. In Figure 16 the difference in O.D. between 

the 292 nm peak and 288 nm rough of this difference spectrum 

is shown as a function of glucose concentration. Also shown 

is the AO.D.2g^-AO.D.2qq difference, which will be used to 

correct the difference spectrum due to the specific inter

action of the enzyme with NAG and f3 methyl NAG. Figure 16 

shows this correction to be either very small or nonexistent. 

A maximum value for this correction would be represented by 

the solid line in the figure. 

The difference spectra with NAG and (3 methyl NAG 

arises from both their specific interaction to the enzyme 

and also their nonspecific perturbation of chromophores 

(mostly tryptophan in this case) on the enzyme. As 

explained above the data for glucose perturbation can be 

used to correct for this latter contribution, but first the 

following formula must be applied: 

NSPMa = NSP x 2/3 x M S'WA-|NAG— NAG glucose ' M.W. Glucose 



Figure 16. The nonspecific perturbation of the U.V. spectra of lysozyme by 
glucose. 

Circles (O) give the difference between the peak and trough (O.D. 2 9 2  nm ~ 
O.D.288 nm) of t*10 nonspecific perturbation difference spectra as a function of 
the glucose concentration. Triangles (A) give the corresponding correction (before 
applying the formula for NSP̂ aG/ see text) to be applied to the specific NAG 
difference spectra which is determined by the difference nm - O.D^gQ . 



2.4 

2.0 

1.8 

1.6 
o 
«H 

1.4 
X 

Q 
O 
< 

1.0 

0 .8  

0 . 6  

0.4 

*2 pom 0 . 2  

1.2 1.4 1.0 0.8 0 . 6  0 . 2  0.4 
Glucose concentration (moles/liter) 

Figure 16. The nonspecific perturbation of the U.V. spectra of lysozyme by 
glucose. 

o 
to 



103 

The factor 2/3 accounts for the lowered NSP in the NAG-

lysozyme complex due to the covering of some of the 

tryptophans by bound ligand (Tannenbaum, 1967). The 

maximum value for the correction due to NSP^^ is applied to 

a typical titration of the enzyme in Figure 17a. This 

figure represents the binding of NAG to lysozyme at pH 4.9. 

In Figure 17b the correction shifts the reciprocal plot by 

clS SO C only a small amount. The calculated pK changes from 

1.64 to 1.65. This change is quite small when compared with 

the general spread of the data. The nonspecific perturba

tion correction was therefore not made in the rest of the 

data presented here. 

The Experimental Association Data for N-acetyl 
Glucosamine and 3 Methyl N-acetyl Glucosamine 

In Table 8 a comprehensive tabulation is given of 

clSSO C the association constants expressed as pK and as 

maximum AO.D^g^ values for NAG and j3 methyl NAG obtained 

from the present experiments. In Figure 18 the data points 

clSSO C for the pK of NAG are plotted as a function of pHf and 

in Figure 19 those of p methyl NAG are plotted. The solid 

lines represent data from the literature. 

Although a more detailed examination of these data 

will be made by use of a computer program, some comments on 

the shape of the curves can be made immediately. Both 

monomer saccharides display approximate bell-shaped 

association curves, with the binding reaching a maximum 



Figure 17. The effect of the nonspecific perturbation 
correction on the graphical representation of 
NAG binding to lysozyme. 

a. The effect of the nonspecific perturbation on 
the AO.D.294 versus [NAG] is shown here. The data are for 
NAG at pH 4.9 with an enzyme concentration of 1 mg/ml. 
The upper line represents the uncorrected experimental 
curve and the lower line represents the same data after 
applying the nonspecific perturbation correction. 

b. The Scatchard plot here is for the same data as 
in Figure 17a. Again the upper line represents data 
uncorrected for the nonspecific perturbation correction and 
the lower line represents corrected data. 
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correction on the graphical representation of 
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Table 8. The pH Dependence of the pK and AO.D.294 max 
for NAG and 0 Methyl NAG. 

All measurements were taken at 25°C. The column for 
enzyme concentration gives the enzyme concentration used in 
the actual experiment. In the column AO.D.294 max, all of 
the values given have been corrected to correspond to 
1 mg/ml enzyme. 

pH 

Enzyme 
concentration 

(mg/ml protein) 
AO.D.294 max 
(x 102) vassoc pK 

NAG bindincr data 

0.0 1.0 5.0 -1.31 
0.0 5.0 4.8 -1.35 
0.5 1.0 5.2 -1. 34 
0.5 1.0 5.2 -1.29 
1.0 1.0 5.9 -1.36 
1.0 5.0 5.8 -1.40 
1.2 1.0 6.3 -1.43 
1.4 1.0 6.3 -1.50 
1.4 1.0 6.2 -1.51 
1.4 1.0 6.4 -1.52 
1.4 1.0 5.7 -1.45 
1.4 1.0 5.6 -1.46 
1.4 1.0 5.3 -1.51 
2.0 1.0 6.1 -1.48 
2.0 1.0 5.5 -1.55 
2.0 5.0 6.2 -1.48 
2.0 5.0 5.6 -1.49 
2.9 1.0 6.2 -1.51 
3.0 5.0 6.2 -1.55 
3.0 5.0 6.2 -1.49 
3.9 1.0 7.0 -1.54 
3.9 1.0 6.6 -1.61 
4.0 5.0 6.8 -1.56 
4.0 5.0 6.2 -1.56 
4.9 1.0 7.4 -1.62 
4.9 1.0 7.5 -1.59 
4.9 1.0 7.4 -1.61 
4.9 1.0 7.1 -1.65 
4.9 1.0 7.1 -1.60 
4.8 5.0 7.2 -1.65 
5.8 1.0 6.6 -1.58 
6.3 1.0 6.4 -1.53 
6.5 1.0 6.4 -1.45 
6.7 1.0 6.2 -1.40 
6.8 5.0 6.0 -1.39 



Table 8.—Continued 
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7.3 1.0 5.9 -1.37 
7.8 1.0 6.2 -1.33 
9.2 1.0 5.8 -1.31 
9.2 1.0 5.7 -1.35 
9.6 1.0 5.4 -1.35 

0 methvl NAG binding data 

0.3 5.0 7.8 -1.26 
0.3 5.0 8.0 -1.28 
0.6 5.0 7.6 -1.31 
0.6 5.0 7.8 -1.35 
1.0 5.0 8.4 -1.50 
1.0 5.0 8.4 -1.52 
1.4 5.0 9.0 -1.53 
2.0 5.0 8.8 -1.61 
2.0 5.0 8.8 -1.57 
2.8 5.0 9.2 -1.56 
2.8 5.0 8.6 -1.56 
3.6 5.0 8.6 -1.54 
4.8 5.0 9.6 -1.50 
4.8 5.0 9.4 -1.53 
5.5 5.0 9.6 -1.49 
6.3 5.0 8.5 -1.45 
6.8 5.0 8.4 -1.26 
6.8 5.0 8.7 -1.29 
7.5 5.0 9.0 -1.07 
7.5 5.0 8.8 -1.09 
8.7 5.0 8.4 -1.10 



a e g Q  p  
Figure 18. The pH dependence of pK for NAG binding to lysozyme. 

The individual points plotted here represent the experimental data 
obtained in the present work. The continuous solid line represents the data of 
Ikeda and Hamaguchi (1969) for NAG (a + p mixture) and the dashed line represents 
that of Kowalski and Schimmel (1969) for a NAG. The temperature was fixed at 25°C 
for the experimental data of the present work. 
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Figure 19. The pH dependence of pK for p methyl NAG binding to lysozyme. 

As in Figure 18, the individual points plotted represent the experimental 
data obtained here, also at 25°C. The continuous solid line represents the data 

' of Dahlquist and Raftery (1968b) for (3 methyl NAG. 
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Figure 19. The pH dependence of pKassoc for p methyl NAG binding to lysozyme. 
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value in the middle pH region and falling off on either 

side. The binding of both saccharides is influenced rather 

strongly by two ionizations of groups on the enzyme, one at 

around pH 6 and the other at around pH 1. In addition 

there is evidence for a weaker perturbation in the middle 

pH range between pH 2 and 5 which will be discussed more 

fully later. The |3 methyl NAG binding appears to be more 

affected by the pH, at least in the base region, than is the 

NAG binding, which may be related to the presence in the NAG 

preparation of both a and (3 anomers. The p methyl NAG is 

fixed in the p conformation. In both cases, though, the 

binding curves do appear to level off at both pH extremities 

rather than continuing to drop, although in the p methyl NAG 

curve there is only a hint of the leveling off on the acid 

side. 

It is profitable now to compare these monomer binding 

curves with three others that have appeared in the litera

ture. They are represented by solid curves in Figures 18 

and 19. Dahlquist and Raftery (1968b) have obtained the 

only other binding curve for p methyl NAG using an nmr 

technique, but their curve does not go below pH 3 and does 

not show any effect of a low pH ionization. Ikeda and 

Hamaguchi (1969) obtained the binding curve of the anomeric 

NAG mixture for pH 1 to 8, using circular dichroism. 

Although their curve is roughly bell-shaped like the one 

obtained here, it indicates a perturbing ionization at 



110 

around pH 2.5 and it levels off at a lower value of the 

association constant on the base side than on the acid side. 

In contrast, the present work shows evidence of an ioniza

tion at around pH 1 to 2 which is in better agreement with 

the binding curve for (3 methyl NAG. In addition, the 

association constant levels off to about the same value at 

both pH extremities. 

In this connection, Kowalski and Schimmel (1969) 

obtained a binding curve for the a isomer of NAG which shows 

a much smaller change in the binding with pH. The maximum 

was comparable to other monomer curves, but the minima on 

both sides were much higher. Although these data come from 

a difficult technique making their validity uncertain, they 

do suggest that the difference between the curves for 

P methyl NAG and the a + p mixture lies in the presence of 

a NAG in the latter and not in the methyl group of p methyl 

NAG. 

There is some evidence in the work presented here 

for a weak perturbation of a pKlon;LZ in the middle pH range 

from pH 2 to 5. The pertinent inflection points in the NAG 

and p methyl NAG binding curves can be distinguished just 

outside the limit of error in both curves, although evidence 

for its existence is stronger in the former curve. In the 

NAG curve the binding is weakened in going towards lower pH 

while in p methyl NAG curve the binding is strengthened. 

The evidence for this midrange pKloniz perturbation from the 
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work of others is unclear. There is a slight indication of 

it in the p methyl NAG curve of Dahlquist and Raftery 

(1968b) although it appears in the form of an upswing at the 

very end of their curve on the acid side. They do not 

draw any conclusions from the upswing. In the curve of 

Ikeda and Hamaguchi (1969) for NAG there is no indication of 

the midrange perturbation here. 

With the exception of the differences just enumerated 

the magnitude of the binding of NAG and (3 methyl NAG 

reported here is comparable to that found in the literature. 

Computer Analysis of the p Methyl N-acetyl 
Glucosamine Binding Data 

A computer approach has been developed by Banerjee 

and Rupley (1971a). for extracting the perturbed and unper

turbed pKlon:LZ from the binding data. In deriving an 

equation which describes the effect of pH on inhibitor 

binding, the ionizations of certain residues on the enzyme 

are considered to be linked to binding of inhibitor, 

similar to the linkage between hemoglobin oxidation and 

solubility considered in the first part of this thesis. 

The following equation in derivative form describes the 

linkage relation (Banerjee and Rupley, 1971a), 

^ i *»clSSOC , 1 . . 

—- -«4 - - -iH+ <6> 

where Kassoc is the inhibitor association constant and AH+ 

is the difference in protons bound between enzyme and 
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enzyme-inhibitor complex. Thei AH+ contains contributions 

from each of the enzyme group ionizations whose pK is 

perturbed by inhibitor binding 

5 ( , fH+], . . _ [H+]_ ^ \ (?) TH+] \ 
+] + k i=l \[H+] + [H 

where the K^g11̂ 2 and K 0̂̂ 12 are the enzyme group ionization 

constants on the enzyme-substrate (or inhibitor) complex 

and the free enzyme respectively. Substituting (7) into (6) 

and integrating: 

vassoc . „ „assoc 
log K = log KpH ref> 298.2 

.assoc 
- AHpH ref -f(t) 

n 
+ S log 
i=l 

W] + k£"|;8.2 • io'AHgs • f(t) 

-AH? 
[H 1 + • 10 * f(t) E,298.2 

.assoc 
where f(t)= (298.2 - t)/298.2 2.3RT). Here log 293 2 

clSSO C is the reference log K which is arbitrarily set at 

r + n + infinite [H ] where AH =0. Although temperature effects 

O clSSO C are included in the above equation (with AH repre

senting the enthalpy of association), all the experiments 

presented here were done at a constant temperature of 25°C. 

The sum in Equation (8) is over all enzyme ionizations that 

perturb inhibitor binding. 
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The above integrated equation is suitable for 

analyzing the binding curve of j3 methyl NAG as a function 

of pH. However, it assumes that the mode of binding does 

not change over the pH range studied. Such an assumption 

would appear to be valid from the work of Dahlquist and . 

Raftery (1969) at least in the pH range they examined 

(pH 2.8 to 10). They studied the pH dependence of the 

glycosidic and acetamido proton chemical shifts of (3 methyl 

NAG bound to the enzyme and detected no evidence of 

alternate binding modes. Equation (8) does not take into 

account electrostatic effects between two charged groups in 

close proximity. Such effects would probably change the 

pKioniz vâ ues by no more than a few tenths of a pH unit. 

Equation (8) was fitted to the experimental |3 methyl 

NAG versus pH curve by the method of least squares, which 

yielded values for the pK'*'on"*'z and log KpfjS°ef 298 2 

parameters. In the case of this inhibitor, seven parameters 

covering three ionizations on the enzyme and enzyme 

inhibitor complex required fitting (n = 3). A computer 

method using the least squares program for non-linear 

functions developed by the Los Alamos Laboratory (Moore and 

Ziegler, 1960) and modified for the CDC-6400 at the Courant 

Institute, New York University, was utilized to fit the 

curve. The program minimizes the sum of the squares of the 

deviations with a provision for weighing each data point. 

In its application to Equation (8) (Banerjee and Rupley, 
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1971a), provision was also made for fixing the values of 

some of the parameters constant during the iterations. 

The program uses the Gauss iterative method which 

requires estimates of the pK's at the start and refines 

these estimates. Iterations were stopped after the tenth 

one, where variations in the pK's from one iteration to 

_3 the next were usually less than 10 . If the original 

estimates are too far removed from the true values 

divergence can occur or the program can be trapped in false 

minima. Divergence can also occur if unreasonable parameters 

are fixed. The former was tested for by investigating the 

dependence of the final value on the original estimate. 

Divergence was a problem in the j3 methyl NAG curve fitting 

especially if no parameters were fixed. In this case, the 

estimates had to be quite close to the best fit for con

vergence to occur, since there were not enough data points 

(21 for p methyl NAG) for the program to work on if the 

estimates were off by much. Fixing two or three of the 

parameters, especially the middle pKloniz, made convergence 

much more likely even if the pK estimates were off by one to 

two pH units. 

In each run with its set of free and fixed 

parameters, the program supplied an SSQ value (sum of the 

squares of the deviations from the final fit) and also gave 

the deviation of each data point from the calculated curve. 

A fit was considered good if less than a third of the data 
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points had deviations greater than 0.05 pK units. Also the 

sign of the deviation should be random over each pH interval. 

Finally both theoretical and experimental points were 

graphed, allowing a direct comparison. 

The approach followed here was to try out a number 

of reasonable sets of parameter estimates, seeking to 

minimize the SSQ value and to find the best graphical fit 

to the data. The data usually do not allow a unique 

solution to Equation (8). Instead, for j3 methyl NAG data, 

several parameter sets were found to have acceptable SSQ 

values. 

Table 9 gives a summary of those computer runs which 

use the f3 methyl NAG binding data. In each run, 21 data 

points were fed into the computer together with information 

on which parameters would be fixed. The table gives the 

computer output values for the pKloniz parameters of the 

three assumed ionizations in the enzyme (E) and enzyme 

3SSO c substrate complex (ES) and also the log Kref f°r the 

enzyme-inhibitor interaction at the reference pH. The 

letter F following a parameter indicates that its value was 

not allowed to change during the iterations. The SSQ for 

the entire fit is also given together with the number of 

data points (N) which deviate more than 0.05 from the 

theoretical fit. The fit was considered poor if more than 

7 points (1/3 of total) had deviations greater than the 

above limit. 
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Table 9. Parameter Sets for (3 Methyl NAG Binding from the 
Least Squares Program 

The standard deviation from the program for each 
parameter is given in parentheses immediately below the 
parameter. 

„assoc 
PKref pKx PK2 Pk

3 

SSQ 
(x 10J) N 

Run 1 

E 1.52 1.90 F 2.50 F 6.10 F 74.2 10 
(0.031) 

ES 1.41 2.76 6.53 
(0.084) (0.079) (0.054) 

Run 2 

E 1.52 1.70 F 2.30 F 6.10 F 59.2 5 
(0.027) 

ES 1.18 2.56 6.53 
(0.080) (0.069) (0.047) 

Run 3 

E 1.53 1.50 F 2.00 F 6.10 F 44.6 4 
(0.022) 

ES 0.908 2.27 6.54 
(0.082) (0.061) (0.040) 

Run 4 

E 1.57 1.50 F 2.00 F 6.10 F 78.6 12 
(0.023) 

ES 1.22 2.00 F 6.60 
(0.047) (0.047) 

Run 5 

E 1.56 1.00 F 2.00 F 6.10 F 47.9 6 
(0.010) 

ES 0.612 2.00 F 6.59 
(0.53) (0.035) 

Run 6 

E 1.09 0.973 2.11 6.50 17.0 2 
(0.13) 

ES 0.384 2.26 6.99 
(0.18) (0.36) (0.52) 
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The low pK ôn̂ z (pke°i|Ẑ  proved to be the most 

difficult to fit. These pure enzyme parameters extracted 

from the 3 methyl NAG data must be the same as those 

extracted from the dimer and trimer data. In run 1, the 

best compromise fit of the Pke°]JZ and PKe°3")Z Parameters 

from the dimer and trimer data (Banerjee and Rupley, 1971a) 

was used for the £5 methyl NAG program (these parameters 

were held fixed) with the corresponding pK^®1112 parameters 

kept free. The Parame,ter is peculiar to P methyl 

NAG and will be discussed later. The fit was not good and 

various other trials using lower fixed Pke°]JZ's were made. 

The fit became better as the parameter was lowered in runs 

2 and 3. The fit for run 3 is acceptable over the entire pH 

range and is probably the best compromise fit for the g 

methyl NAG and dimer and trimer data. In Figure 20 the 

calculated fit using the parameters in run 3 is shown as a 

solid line with the experimental points added in separately. 

With PKe°4")Z an<3 P ê°3 Ẑ fixe(̂  â  constant values, 

various fixed parameters for PK£°2 Ẑ were tried from 4.0 to 

2.0 with the lowest value giving the best fit. The fit to 

the curve is acceptable, however, with PKE°2tZ "'"n to 

2.5 range. With a P1̂ ^")2 of 2,5 is shown in run 3, 

an assignment of asp 52 to this pK would be a possibility 

although the indications from this work and other sources 

(Banerjee and Rupley, 1971a) that asp 52 has a slightly 

higher pKloniz (between 3 and 4). This assignment will be 



Figure 20. A computer program fit to the p methyl NAG data. 

The computer fit is shown as a smooth curve with the experimental points 
indicated as circles. This fit uses the best compromise parameters of run 3 of 
Table 9. 
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discussed more later. The Pke°2")Z '*'s anam°l°us and not 

found in the NAG binding data or in the dimer and trimer 

data. The effect of this ionization on the binding can be 

eliminated in the program by fixing both P^g^")2 an<̂  

a"t 2.0. In run 4 an attempt was made to fit the 

data without this ionization. A much poorer fit was 

obtained, everything else being constant. A reasonable fit 

can be made without the midrange ionization by fixing 

pK^ljj2 down at 1.0 in run 5, although this assignment 

conflicts with the dimer and trimer data. In short, it 

seems, necessary to leave the midrange ionization in to get a 

good fit with the data in the middle and low pH range, 

although the assignment of a particular enzyme side chain 

to this pK is less certain. 

One can now arrive at good estimates of the most 

probable values for the parameters from the above discussion 

and feed these values into the program input. Convergence 

is found to occur in the iterations, giving the results 

shown in run 6. This run gives the smallest SSQ value of 

all the ones made with the computed curve being very close 

to the experimental points along the entire pH range con

sidered. However, the low and high parameters of this set 

are physically unreasonable. A PK£°"")Z of 0.97 cannot be 

made to agree with the dimer and trimer Pke°]JZ,s« In 

high pH range, a °f 6.1 is well defined from 



120 

titration data (Donovan et al. , 1961) and again from the 

dimer and trimer data. 

In conclusion, run 3 is probably the best compromise 

between the binding data for (3 methyl NAG and other chemical 

information, and it does give a reasonable fit. Such 

experimental data as used here do not give precise values 

for the pKg0n:''z and pKg°n̂ z parameters but only define a 

limited range of values over which the data can be fit 

(Banerjee and Rupley, 1971a). The results do show, however, 

that the data can be fit well assuming only one complex over 

the entire pH range. Tests for false minima were made by 

varying the input estimates. In all cases the same output 

parameters were obtained. 

Although the pKg0niz parameters are not defined 

precisely, the changes in these parameters caused by 

inhibitor binding, ApKloniz,s, are defined with considerably 

greater precision. The ApK^° l̂z remains fairly constant 

throughout the runs given here. The ApK^® 1̂21 and 

show changes, which are smaller than the change in the pK's 

themselves, but these two perturbations are difficult to 

separate using the program because of the scattering of 

points. A good estimate of ApKq"1z can be found in run 

4, where this midrange ionization has been removed. For 

ApKg°2~)Z run 3 gives the best value obtainable using present 

methods of calculation. 
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Computer Analysis of the N-acetyl 
Glucosamine Binding Data 

Equation (8) is inappropriate in fitting binding 

data for NAG to a theoretical curve by the method of least 

squares. A new equation was derived in the present work to 

accommodate the two distinct modes of binding, one each for 

a and |3 NAG, which are known to exist at around pH 5 and 

to describe the perturbations of proton ionizations made by 

each of the anomers. The experimental data which must be 

fit to the equation consist of apparent binding constants 

with contributions from both a and (3 NAG binding. The 

derivation of the equations is now given here. 

The following gives the various equilibria involved 

in the binding of NAG to lysozyme: 

K 
a 

E + S ^ E S 
a T a 

Kap 
K

P 

E + Sp ;p==± E Sp 

(9) 

S and S denote the saccharide in the a and |3 forms and 
OC p 

ES and ESQ represent the corresponding enzyme-saccharide ct p 

complexes. The a and 3 anomers interconvert easily. The 

mutarotation constant can be expected to be approximately 

independent of pH since there is no net gain or loss of 

protons in the conversion of one anomer to the other. 

However, the binding of a and 3 anomers to E may vary 
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independently with pH, with the result that the fraction of 

NAG partitioned between equilibria and will also 

change with pH. From the nmr data of Raftery et al. (1969), 

at pH 5.5, one can obtain a value for Ka/Kg 0.323. At 

other pH values, this ratio is unknown beforehand and must 

be fit to the experimental binding data. As in the case of 

p methyl NAG, one must assume that the individual binding 

modes for a NAG and p NAG remain the same over the range of 

pH studied in order to apply the following treatment. 

The apparent binding constant for NAG which is the 

one experimentally measured, is defined by: 

[ES ] + [ES ] 
E + S^=±ES' Kapp ° [Ejfsj " 

where [S] = [Sa] + [S^] 

It is found that the derivation of the equations which gives 

K in terms of pH and the ionization constants of per-app * * 

turbed groups on the enzyme takes a simple form if one 

defines the individual binding constants as follows: 

[ESa] 
E + S^=i:ESa, Ki = TE3TsT (a) 

[ e s b 3  
E + S^=±ESp. = tSfsJ <b> 

Process (a) can be formally described by the following two 

statements: 
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1. One mole of saccharide (as the a + P mixture) is 

converted to one mole of pure a anomer. 

2. One mole of a anomer reacts with enzyme to give one 

mole of the enzyme-a anomer complex. 

A similar description applies to process (b). With the 

above definitions one can write a simple formulation for 

K app 

K = K' + K* (10) 
app a p 

Taking the logarithm of both sides and differentiating with 

respect to pH 

3 1O3 K3DP 3 LOG (KI + KS> 
3 pH - 8 pH 

Ka 3 log K; , Ke 3 kB 
- Ka + Kfj a pH + Ka + Kp 3 pH 

One can apply the linkage relationship of Equation (1) 

separately for each anomer. 

d log K K . K0 

3 PH PC = Ka + kB <He " ̂ a' + Ka + KS <He " "W 

= Ka + Ks + <12> 

There is a hidden assumption involved in this substitution 
. . 3 log 

of (H„ - ) for —^—5— and likewise for the terms £i O prt 

involving the p anomer. The basic linkage Equation (12) 
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d log Ka 

gives g—^— = (H£ - HEg ) taking the enzyme-Sa complex as 
P 01 [ESJJ] 

an example. However, Ka is defined here to be [e][s j 

representing the process E + S -—^ ES whereas the K' in _ U a U Cb 
[ESa J 

Equation (10) is defined as rE]r5] representing the process 
9 log Ka 

E + S - 1 ES . It must now be shown that r—„— = CL a pH 
a log K& 

a pH • 

The process E + S ESa is broken down below into 

several components which are shown below. Let f = 
[sa3 

ts—t—:—rs—t or the mole fraction of S„ in the mixture. 
LSaJ + L S p j  a  

a. E + S . ES 
oc a 

b. S „ f Sa + (1 - f) Sp 

c. (1 - f) SR N (1 - f) S 
a 

d. f sn + (l - f) sn ^ sn a a ̂  a 

Sum E + S ̂  ESa 

The equilibrium constants for the above equilibria are 

related as follows: 

log = log K& + log Kj^ + log Kc + log 

Differentiating with respect to pH: 

d log 9 log K& d log d log Kc B log 
= + d~~pH + d pH + d pH 

(13) 
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In the case of an ideal solution it can be shown that 

3 log 3 log Kc 3 log 

3 pH - 3 pH ~ 3 pH ~ ® 

Equilibrium b represents a mixing process with In = 

[f In f + (1- f) In (1- f)] assuming ideal behavior. 

Since the mutarotation equilibria involving a and P NAG as 

mentioned before is expected to be independent of pH, the 

mole fraction of Sa in the mixture, or f, should be constant 
3 In Kb 3 log Kb 

over the pH range studied. Thus ^ ^— = —§~"^h— =0. 

Equilibrium c simply represents the anomeric equilibrium 
3 log Kc 

itself so that —g—g— =0. The equilibrium constant 
P 3 log Kd 

= 1 at all pH's; hence g—^— =0. Therefore, from 
3 locj 3 log Ka 

Equation (13) one obtains ^ —* A similar 

argument holds for equilibria involving S^. 

Returning now to Equation (12) one can express the 

j I 
(H£ - HEg) quantities in terms of the ionization constants 

of perturbed groups on the enzyme and enzyme-inhibitor 

complex and integrate the resulting expression in terms of 

the hydrogen ion concentration: 

pH pH 

J d Ka»» " J 
PHref SPP " PHref x + ̂  ° 

V i=l CH+5+KESa 

n 
S 

rn+l _ arH+] 

i=l \ tH+]+K^°"1Z [H+]+K^nlZy [H+] 



f I ( rH+1 

ref 1=1 UH+]+4sniZ [H+:+K|onizy [H+] 
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(14) 
PR. ^ 

Kg, Kg®1112, and Kg°niz represent ionization constants on the 
oc p 

enzyme, the enzyma-S^ complex and the enzyme-S^ complex 

respectively. The summation is over all ionizations that 

are perturbed by saccharide binding. Any pH value may be 

taken as the reference pH. In Equation (8) the reference pH 

was taken as infinite hydrogen ion concentration. Here it 

is convenient to fix the reference pH at 5.0. Taking this 

as a reference and carrying out the above integration gives: 

„ /tH+]+4s„ 10-5+4°niz\ 
log K = log K „ + log TT I :— • = : :— I 

app a,5.0 g 
i=1^ [H+J+Kj 10-5+Kj°nlzy 

Ct 

[H+]+Kj|niz 10-5+Kj°niz' / n ^ 
[l + R TT — 
y 1=1 [H 

+ log f l  + R T T  ;  :  —  * =  : — —  I  (15) 
]+KElnlZ 10 +KEI 

oc (3 

K O 
8 5 0 In this equation R = ——:—. 

k '° 
a,5.0 

The least squares program which was used to fit 

Equation (8) to the j3 methyl NAG data was modified so that 

Equation (15) could be fit to the NAG binding data. The 

parameters in this equation include log Q, the log of 

the a binding constant, and Rj- Q, the ratio of the two 

binding constants, both at pH 5.0 respectively. Values for 

these parameters can be obtained from the literature, with 
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log Ka°(. Q = 1.54 and R,- Q = 0.323 (Raftery et al. , 1969). 

The other parameters include a set of ionization constants, 

,,ioniz T,ioniz , T,ioniz _ , . . 
E ' ES ' a ES ' each enzyme ionization 

cc 3 
perturbed and these must be fit to the experimental data. 

Table 10 summarizes the computer runs using the NAG 

binding data. The form is similar to Table 9 only here the 

ionization constants associated with the enzyme-a (ESa^ 

enzyme-p complexes as well as the free enzyme are 

given. 

In the first four runs, R is set equal to 0 and all 

the pKp°niz parameters are set equal to 1. This procedure 
(3 

is equivalent to eliminating the ES^ complex from considera

tion by the program, which then tries to fit the data 

assuming only one .type of enzyme inhibitor complex. From 

the results the NAG data can apparently be fit quite well 

assuming only one complex. 

The best fit obtained with only one complex is shown 

in run 1. The high and low pKg°n;LZ,s are similar to the 

corresponding parameters for the f3 methyl NAG data, but the 

midrange pKjj;oniz is different here and the perturbation is 

in a different direction. This latter pK^on:LZ resembles the 

midrange parameter obtained from the dimer and trimer data, 

whereas the corresponding parameter from the P methyl NAG 

data appears to originate from an entirely different 

perturbation and may represent the effect of the (3 methyl 

group. 
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Table 10. Parameter Sets for NAG Binding from the Least 
Squares Program 

The standard deviations from the program for each 
parameter are given in parentheses immediately below the 
parameter. 

„assoc 
PKref R PK2 PK2 PK3 

SSQ 
(x 10J) N 

Run 1 

E 1.62 
(0.013) 

0. OOF 1.09 
(0.19) 

4. 30 
(0.41) 

6.13 
(0.15) 

31.0 3 

ESa 
0.776 
(0.20) 

4.16 
(0.70) 

6.46 
(0.14) 

ESP 
1. OOF 

Run 

1. OOF 

2 

1. OOF 

E • 1.62 
(0.013) 

0. OOF 1.50F 4.73 
(0.41) 

6.10F 42.1 6 

ESa • 

1.28 
(0.026) 

4.60 
(0.38) 

6.45 
(0.047) 

ESP 
1. OOF 

Run 

1. OOF 

3 

.1.00F 

E 1.58 
(0.010) 

0. OOF 1.50F 4.80F 6.10F 69.8 12 

ESa 
1.22 
(0.025) 

4.80F 6.34 
(0.021) 

ESp 1. OOF 

Run 

1. OOF 

4 

1. OOF 

E 1.58 
(0.014) 

0. OOF 2.OOF 2.50F 6.10F 85.3 13 

ES 
a 

1 73 
(o!028) 

2.53 
(0.069) 

6.35 
(0.027) 

ESP 
1.00F 1. OOF 1. OOF 
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Run 5 

E 1.50 0.323F 1.00F 4.40F 6.10F 31.2 
(0.011) 

ES„ 0.858 4.19 6.40 a (0.032) (0.027) (0.025) 

ES Q 0.400F 4.40F 6.60F 
P 

Run 6 

E 1.42 0.323 1.50F 4.50F 6.10F 164 25 
(0.014) 

ES 1.50F 4.37 6.20F 
a (0.032) 

ESq 1.22F 4.50F 6.60F 
P 

Run 7 (input values only) 

E 1.48 0.323 1.50F 4.50F 6.10F 120 14 
(0.014) 

ES 1.50F 4.40F 6.20F 
a 

ESq 1.20 4.50F 6.60 
P (2.4) (9.9) 

Run 8 (input values only) 

E 1.50 0.323 1.OOF 4.40F 6.10F 50 4 
(0.013) 

ES 1.OOF 4.20F 6.40F 
a 

ES„ 0.40 4.40 6.60 
P (0.57) (0.078) (0.15) 
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A more realistic fit to the data is shown in run 2. 

The N value and standard deviation are still acceptable, and 

the parameter is brought more in line with the data 

for other inhibitor-enzyme interactions. In Figure 21 this 

fit is shown as a solid line with the experimental points 

drawn in. One can again eliminate the midrange perturbation 

by fixing both PK£°2|Z and PKES?20 at the Pro9ram» 

and then fit the binding curve assuming only two perturba

tions. This is done in run 3. The quality of the fit in 

this case is marginal, and is poorer than where the midrange 

perturbation was left in. This perturbation, as in the case 

of the 0 methyl NAG curve, appears real. 

However, the NAG binding data, when one complex is 

assumed, do not appear to define the pK^01112 parameters as 

precisely as the 0 methyl NAG data do. The acceptable range 

of the Pke(]JZ parameter was investigated in detail and 

found to be about 2 pH units. For instance, P^E^l^is fixed 

at 2.0 and Pke°2|Z at run and the "*'s 

acceptable, though marginally so. If the fixed parameters 

in the program for 0 methyl NAG were this far removed from 

their optimum values, the fit would be strictly unacceptable. 

The calculated ApKlon:i"z,s for the low and midrange 

ionizations appear to be comparable in the two sets of data, 

whereas the ApKlon;LZ for the high pH ionization is somewhat 

larger in the 0 methyl NAG binding curve. The low pH per

turbation in the 0 methyl NAG curve, however, does not 



Figure 21. A computer program fit to the NAG data. 

The computer fit is shown as a smooth curve with the experimental points 
indicated as circles. The fit uses the best compromise parameters of run 2 in 
Table 10. Only one enzyme-substrate complex was assumed in the calculations for 
this fit. 
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Figure 21. A computer program fit to the NAG data. 
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definitely level out at the lowest pH where the binding was 

measured, so that the ApKlon:LZ for this perturbation may be 

somewhat larger than the calculated value. 

In the next set of runs, both a and P-enzyme 

complexes were assumed to be formed. When attempts are made 

to fit the data to all 11 parameters associated with the 

two complexes, the results are indeterminate. There are not 

enough data points to fix definite values to the 11 

parameters. 

At least 7 parameters must be fixed in the program 

in order to get a convergence of the iterations when two 

complexes are considered. Run 5 shows that one can obtain 

as good a fit with two complexes as with one complex in 

run 1. However, the individual pKg°niz parameters connected 

with the a and p anomers can vary over a wide range and stil 

still give the same fit. For instance, either or 

P^ESptl) can ke values from 0.2 to 0.8 with no 

change in the SSQ or N values. 

Although individually the P^s^and ESp Parameters 

can vary over a considerable range, there still appears 

to be limits on how much they can vary. In run 6, all the 

ionization constants except one were fixed with the most 

probable values from the p methyl NAG work and from 

literature data on a NAG (Kowalski and Schimmel, 1969). 

The parameters from the p methyl NAG work were assigned to 

the PKESp^s anc^ t^lose from the work of Kowalski and Schimmel 
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were assigned to the Pkescc^s' as •"•nPut values. An 

added assumption was that theTa anomer does not perturb the 

low pH ionization (pKg°^|z = P^ESatl)^* '^^ie un<^er 

these conditions is very poor especially in the pH range 

above 5.0. Several different values of pKg°p|^j were 

tried from 0.9 to 1.25 all of which gave fits which deviated 

markedly from the experimental data. This set of con

straints apparently gives a very poor fit to the data. 

The question now is which parameter or parameters 

are outside of the allowed range in run 6. In run 7, 

P^ESa^3) was set at with the other parameters set at 

near optimum values. The values shown are input values, 

unlike in the previous runs. The iterations of this 

particular run did. not converge indicating that an assumed 

perturbation with AAF >0.1 caused by the a anomer is too 

small. 

Run 8 shows that one can also put limits on another 

„ioniz TT , ,, „ioniz „ , „ioniz . 
parameter, PKESCC(1)* Here BOTH PKESa(l) p E(l) 

fixed at 1.00 in the program input, which wipes out any 

interaction between the a anomer and the acidic ionization 

on the enzyme. Again the iterations failed to converge 

and only the input values are shown in the table. From 

this one can conclude that the assumption of no interaction 

between a anomer and acidic ionization is less reasonable 

than that of at least a small interaction shown in run 5. 
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Errors in the Binding Data and 
Computer Output 

The computer program itself gives SSQ values (sum 

of squares of deviations), from which standard deviations 

can be easily calculated that show by how much the NAG and 

0 methyl NAG set of binding constants differ from the 

determined theoretical curves. The program also gives 

standard deviations associated with each of the calculated 

ionization constants. 

Considering the binding constants first, one can 

estimate an experimental error in each constant determined 

and then compare this error with the standard deviation of 

the best fit to the data. There are several possible 

clSSO C sources of error in the measurement of K . First the 

enzyme concentration may differ slightly between the sample 

and reference spectrophotometer cells. This difference is 

likely to introduce the biggest error, since one is 

measuring a small difference spectrum superimposed on a 

large enzyme absorption in both cells at the same wave 

length. Other sources of error could be in the saccharide 

concentration, in the buffer pH, and in the spectrophoto

meter scanning itself. Reference was made in the materials 

section to precautions taken in preparing the saccharide 

stock solutions. pH measurements are accurate to about 

0.05 pH unit. From an examination of the NAG and p methyl 

NAG binding curves, it is apparent that a variation of this 
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size would make a negligible contribution to K 

Finally, each spectrophotometer scan was repeated at least 

two times and any irregular variation in the scans could be 

immediately detected and corrected for. Most of these 

variations were of the order of 0.001 O.D. units or less. 

Returning now to the enzyme concentration error, 

the magnitude of this error can be estimated by running 

repeated enzyme versus enzyme blanks. A maximum error of 

4^ 0.003 in the measurement of the (ES) difference spectra 

for NAG (O.D.ori. - O.D.0.0 ) can be assigned to this 294 nm 249 nm 3 

source which on the average amounts to about + 6% of the 

total O.D. It also represents a maximum error with the 

majority of the measured random variations about half of 

that. Such an error would be propagated as an error of 

about Hh 6.4 in Kassoc (compared with a typical Kassoc of 

40.0). However, at least eight points on the Scatchard 

plot were always obtained, which would reduce the error in 

the final value of the binding constant to about _+ 2.4. 

&SSO C The corresponding error in pK would be + 0.03. This 

number agrees quite well with the maximum observed range 

in pKassoc of 0.07 at pH 4.9 and pH 1.4. 

In the (3 methyl NAG binding measurements which 

utilized a 1 mm cell and different pipetting techniques, 

the enzyme blank variation amounted to about _+ 0.15, about 

half that in the NAG case. However, the total measured O.D. 

was less for the p methyl NAG spectra, making the final 
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dSSO C error in pK about the same as in the NAG measurements. 

Another possible source of error derives from the fact that 

the straight lines on the Scatchard plot were drawn by 

sight. To evaluate this error, several plots of a 

particular set of data were made with the straight lines 

drawn in visually. The association constants calculated 

from the slopes of the plots were within 2% of each other. 

One can compare now the error derived in the above 

discussion to that obtained by the computer in its least 

squares fit to the data. Taking the best fit for the (3 

methyl NAG data, a standard deviation of 0.038 is 

obtained. This value indicates a slightly larger error 

than the estimated maximum error, although the two are 

comparable. 

The experimental errors inherent in the measurement 

of binding constants will limit the precision of the final 

values for pKloniz which are given from the computer 

analysis. The program gives the standard deviations for 

each parameter, which indicate its allowed range of 

variation. The standard deviations for the pXloniz 

parameters of p methyl NAG appear to fall in the range 

from 0.02 to 0.2. The lower values are obtained if certain 

other parameters of the particular set considered are 

fixed. From an examination of the range of values for the 

low pKloniz in Table 9 which gives an acceptable fit 

(N < 8), the experimental data appear to define this 
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, pKioniz to within a maximum variation of about +0.6 pH 

units. The maximum variation allowed in the high pKloniz is 

about the same whereas that in the middle pKlon;LZ is about 

_+ 1.3 pH units. This latter larger variation would be 

expected because of the smallness of the middle pKloniz 

perturbation relative to the other two. As mentioned above, 

the data define ApKlon;LZ more accurately than the pKloniz 

values themselves. The former parameters appear to vary 

within 0.1 pH units if the interference between the low 

and middle pKJ'on:LZ mentioned earlier is taken into account. 

With regard to the curve fitting of the NAG data, 

there are not enough data points to define all 11 parameters, 

with the result that many different parameter sets can be 

found that will give a good fit. If four of the parameters 

are wiped out and the remaining seven are fit to the NAG 

data, the situation resembles the curve fitting to the 

P methyl NAG data. In this case the standard deviations 

given by the program for individual parameters vary from 

0.02 to 0.9. The low and high pK parameters are defined to 

within about a _+ 1.5 pH range and the middle pK to within 

a hk 2.0 range. 



DISCUSSION, LYSOZYME SECTION 

The results given in the lysozyme section of this 

dissertation on the binding of NAG and (3 methyl NAG as a 

function of pH can now be interpreted, in conjunction with 

the dimer and trimer binding curves, in terms of the 

orientation of these inhibitors in the binding site and the 

resultant interactions which they make with the enzyme. In 

many cases reasonable interpretations can be offered which 

appear to fit the data well but cannot be definitely proven 

from the data. A rigorous definition of the active site 

structure and positioning of inhibitors as a function of pH 

must await further X-ray crystallographic work. 

The pH Dependence of the Mode of Binding 

One question which comes up concerns the relative 

modes of binding of the inhibitors considered here over the 

entire pH range. Do the inhibitors considered here change 

their equilibrium positioning significantly as the pH 

increases from 0 to 9? The X-ray and nmr data show only 

one complex formed for each anomer, but this work was done 

only at a single pH (pH 5.5 for the X-ray work, pH 4.7 for 

the nmr work). Equilibrium dialysis at pH 5.3 for trimer 

indicated that only one inhibitor molecule was bound per 

enzyme molecule. 

138 
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Although the pK versus pH curves given here can be 

interpreted in terms of one complex over the entire pH range 

(two for the a + P NAG mixture), they do not rule out 

changes in binding modes with changes in pH. A change in 

binding energy of an inhibitor over a pH interval due to a 

change in noncovalent interactions would be manifested in 

the same way as a bend in the binding curve whether or not 

this change was caused by an actual change in the binding 

mode. If the change in binding modes involved a large 

displacement, however, one should expect to see large shifts 

in the e max versus pH curve. Instead only relatively minor 

shifts are found, which can be accounted for by considering 

only one binding mode and would seem to rule out significant 

changes in positioning with pH. A second complex could form 

which has no effect on tryptophan spectra and would not be 

detected by the difference method. Such a complex has been 

detected at alkaline pH by measuring retention times of 

lysozyme on a carboxymethy1 chitin column (Imoto, Hayashi, 

and Funatsu, 1968). Chitin is a polymeric lysozyme sub

strate and when attached to a column binds the enzyme 

specifically. The alkaline complex, however, was not 

detectable spectroscopically. A complete resolution to this 

problem must await the collection of X-ray crystallographic 

data over the entire pH range. 
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Analysis of the Perturbations Caused by 
Inhibitor Binding 

The binding curves obtained here for p methyl NAG 

and NAG indicate that these inhibitors bind in the same 

general way as dimer and trimer, since both the low and high 

ionizations which are characteristic of the filling of 

subsite C are common to all. There are differences in the 

middle pH region associated with subsites A and B, ones 

which are not filled by monomer. These differences will be 

discussed later. 

In Table 11 the perturbations of the low, middle, 

and high pH enzyme ionizations that were indicated on the 

binding curves are given as ApK's and the corresponding 

AAF's. As mentioned before, these parameters are defined 
«> 

by the data with considerably more accuracy than the pK's 

themselves and are interpretable on the molecular level. 

The values of ApK for the monomer inhibitors were taken in 

most cases from the most probable of the computer output 

runs in Tables 9 and 10. The one exception involved the 

low pK ionization of the |3 methyl NAG curve where the 

computed ApK is distorted by the middle ionization. In this 

case the ApK was taken from a run where the middle ioniza

tion was in effect wiped out by holding both Pkes^^ (2 ) an(^ 

pKg°2")Z at same value in the program. 

The low pK ionizations in the dimer and trimer 

binding curves were tentatively attributed to asp 66 on the 



Table 11. The Comparison of ApK and AAF Parameters of Several Different 
Inhibitor-Lysozyme Interactions 

Low pK Middle pK High pK 

Inhibitor ApK 
AAF 

(kcal) ApK 
AAF 

(kcal) ApK 
AAF 

(kcal) 

NAG (assuming 
one complex) -0.22 -0.30 -0.14 -0.19 0.35 0.48 

j3 methyl NAG -0.28 

00 ro •
 

O
 1 0.16 0.22 0.44 0.60 

di NAG -0.33 -0.46 l o
 

•
 

u>
 

-0.47 0.47 0.65 

tri NAG -0.39 -0.54 -0.88 -1.20 0.27 0.35 
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basis that no other ionizable group in the vicinity would be 

expected to have such an abnormally low pK (Baherjee and 

Rupley, 1971a). Experimental data indicate that asp 52 has 

a pK above 3.0 (Parsons and Raftery, 1970; Banerjee and 

Rupley, 1971a). Asp 66, on the other hand, though buried, 

lies near a positively charged group and is held in the 

carboxylate form by two hydrogen bonds. The conformational 

change in the wing of the protein containing asp 66 which 

attends the binding of inhibitor could very well perturb 

the pK of asp 66, possibly by strengthening its two hydrogen 

bonds to other residues. The linkage between inhibitor 

binding and proton ionization here would then be similar to 

that in hemoglobin where O^ binding to heme is believed to 

be linked to proton ionization through a similar conforma

tional change. If this postulate is correct then the 

monomer inhibitors would be expected to perturb asp 66 

ionization to about the same extent as do dimer and trimer 

since they appear to cause the same conformational change 

from the X-ray data. In Tables 4, 5, and 6, the ApK's for 

the low pH ionization of both monomer inhibitors and of 

dimer and trimer are seen to be of approximately the same 

magnitude and occur at about the same pH. The ApK value 

for NAG contains contributions from both anomers and is 

somewhat less than the other three values. The lowering 

may be due to a NAG, an effect which will be discussed more 

later. The fact that monomer, dimer, and trimer inhibitors 



143 

all cause perturbations in a low pH group of the same 

magnitude and at the same pH indicates strongly that asp 66 

is the group perturbed by way of a conformational change. 

Further examination of the binding curves reveals 

that the middle pH region of the NAG curve (a + p mixture) 

resembles that of dimer and trimer although the ApK for the 

middle ionization (ApK^)) is less in the case of the monomer. 

However, for p methyl NAG this region differs considerably. 

The difference between the NAG and p methyl NAG curves 

taken by themselves could be due either to the presence of 

the a NAG binding configuration in the former or the p 

methyl group in the latter. However, the NAG curve does 

resemble the dimer and trimer curves in this region with 

respect to the direction of perturbation (negative ApK) and 

the approximate pH where it occurs. The dimer and trimer 

inhibitors all bind in one way resembling P NAG. These 

considerations could indicate that the ApK^j observed in 

the NAG binding curve, like those observed for dimer and 

trimer, is attributable to the perturbation of asp 101 and 

that the presence of a NAG is not a distorting influence. 

Since asp 101 by the anomeric mixture is further removed 

from the monomer than it is from parts of the dimer and 

trimer, it is not surprising that ApK is considerably less 

for monomer binding. 

If the above interpretation is correct, as seems 

likely, then the anomalous ApK^j observed for p methyl 
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NAG binding must be due to the special perturbing influence 

of the p methyl group either directly or through a confor

mational change, which is superimposed on the normal asp 101 

perturbation. The 6 methyl group points in the general 

direction of asp 52, which might possibly be the group per

turbed. Although Table 9 gives 2.00 as the most probable 

value for Pke°21Z' ̂ is value could be as high as 3.00, 

which would bring it into the range of acceptable values 

for the pKg0n̂ z of asp 52. Although the fit with Pxe° 2") Z = ^ 

is only barely acceptable, the evidence in this case is not 

strong enough to make a more definite choice, especially in 

view of the comparatively low magnitude of ApK^)* 

The binding curve of Ikeda and Hamaguchi (1969) for 

NAG exhibits a somewhat different shape from the one 

obtained here,, especially in the middle and acid regions. 

Only the one pKg°niz of 2.5 was found in the former case. 

However, the curve obtained here does appear to correlate 

better in this pH region with the curves for |3 methyl NAG 

and for dimer and trimer. 

Analysis of the N-acetyl Glucosamine 
Binding Curve in Terms of the 

g and g Anomers 

The computer program results show that the NAG data 

can be fit assuming the formation of one type of complex as 

well as with two complexes. The pKg°niz output parameters 

are then an average for the two complexes. These averages 
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are represented in Table 11 under NAG. The X-ray and nmr 

data however strongly support the formation of two separate 

complexes with different binding constants, at least at the 

one pH studied. When the effect of the two complexes is 

considered in the computer program, only rather wide limits 

can be put on the output pKg°niz parameters. The two such 

limits found in the present work apply to the ApK^j and 

ApK^) parameters for a NAG. It would appear that ApK^j 

should be at least 0.1 and ApK^) greater than 0.1. These 

results differ somewhat from those of Kowalski and Schimmel 

(1969) who indicated a ApK^) of 0.1 for a NAG. Also the 

a anomer appears to cause some perturbation of the low pH 

ionization which was outside the range of Kowalski and 

Schimmel1s wo rk. 

One other feature of the binding curves here that 

deserves comment is the larger ApK^) an<3 possible ApK^j 

for P methyl NAG over the corresponding parameters for NAG 

as shown in Table 11. The maximum binding constants in 

both curves are similar, but at high and possibly low pH, 

the constants in the NAG curve are greater than those in 

the (3 methyl NAG curve. Again two explanations are 

possible. Either the (3 methyl group or a NAG is the cause 

of the difference. Again a definite choice is not possible 

although here the evidence may favor the a NAG in the NAG 

preparation as being the cause of this difference. If a 

NAG forms a stronger complex to the enzyme than 3 NAG at 
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the pH extreme then the anomeric equilibrium would be 

shifted to a NAG. It is completely possible though for a 

NAG to perturb at least the two low and high pH ionizations 

involved to a lesser degree than f3 NAG, which would account 

for the lower ApK's in the NAG curve under those in the £ 

methyl NAG curve, where only the p conformation exists. 

The computer results in Table 10 permit a ApK^j of 0.3 for 

the a NAG perturbation of 0.5 for that of (3 NAG. A similar 

situation exists for the low pK ionization. 



LIST OF REFERENCES 

Ananthanarayanan, V. S. , and C. C. Bigelow, Biochemistry, 8_, 
3723 (1969). 

Antonini, E. , and M. Brunori, Ann. Rev. Biochem. , 39., 997 
(1970). 

Antonini, E., J. Wyman, Jr., R. Zito, A. Rossi-Fanelli, and 
A. Caputo, J. Biol. Chem., 236. PC 60 (1961). 

Banerjee, R. , and R. Cassoly, J. Mol. Biol., 47_, 337 (1967). 

Banerjee, S. K., and J. A. Rupley, unpubl. paper (1971a). 

Banerjee, S. K., and J. A. Rupley, unpubl. paper (1971b). 

Bjurulf, C., J. Laynez, and I. Wadso, Eur. J. Biochem., 14. 
47 (1970). 

Blake, C. C. F., L. N. Johnson, G. A. Mair, A. C. T. North, 
D. C. Phillips, and V. R. Sarma, Proc. Roy. Soc., 
167. ser. B, 378 (1967). 

Brunori, M., R. Noble, E. Antonini, and J. Wyman, Jr., J. 
Biol. Chem., 241, 5238 (1966). 

Brunori, M., E. Antonini, J. Wyman, Jr., R. Zito, J. F. 
Taylor, and A. Rossi-Fanelli, J. Biol. Chem., 239. 
2340 (1964). 

Butler, L. G., and J. A. Rupley, J. Biol. Chem., 242. 1077 
(1967). 

Chance, B. , and A. Ravilly, J. Mol. Biol., 3/7, 525 (1966). 

Chance, B., A. Ravilly, and N. Rumen, J. Mol. Biol., 17. 
525 (1966). 

Chipman, D. M., and N. Sharon, Science, 165. 454 (1969). 

Chipman, D. M., V. Grisaro, and N. Sharon, J. Biol. Chem., 
242, 4388 (1967). 

Dahlquist, F. W. , and M. A. Raftery, Biochemistry, 1_, 3269 
(1968a). 

147 



148 

Dahlquist, F. W. , and M. A. Raf tery, Biochemistry, 1_, 3277 
(1968b). 

Dahlquist, F. W. , and M. A. Rafteiy, Biochemistry, J3, 712 
(1969). 

Dahlquist, F. W., L. Jao, and M. Raftery, Proc. Nat. Acad. 
Sci. U.S., 56, 26 (1966). 

Donovan, J. W., M. Laskowski, Jr., and H. A. Scheraga, J. 
Am. Chem. Soc. , j33, 2686 (1961). 

Doscher, M. S., and F. M. Richards, J. Biol. Chem., 238. 
2388 (1963). 

Frugoni, J. A. C. , Gazz. Chim. Ital. , 87., 403 (1957). 

Green, A. A., J. Biol. Chem., 92_, 517 (1931). 

Gurd, F. R. N., L. J. Banaszak, A. J. Veros, and J. F. 
Clark, in "Hemes and Hemoproteins," ed. B. Chance, 
R. W. Estabrook, and T. Yonitani, Academic Press 
Inc., N. Y. (1966). 

Hartdegen, F. J., and J. A. Rupley, J. Am. Chem. Soc., 89, 
1743 (1967). 

Hayashi, K., T. Imoto, and M. Funatsu, J. of Biochem. 
Japan, 54, 381 (1963). 

Hayashi, K., T. Imoto, and M. Funatsu, J. of Biochem. 
Japan, S5, 516 (1964). 

Herskovits, T. T. , and Sr. M. Sorensen, Biochemistry, 1_, 
2523 (1968). 

Hbrecker, B. L., J. Biol. Chem., 148. 173 (1943). 

Ikeda, K., and K. Hamaguchi, J. of Biochem. Japan, 66. 
513 (1969). 

Imoto, T. , and J. A. Rupley, Fed. Proc., _27, 392 (1968). 

Imoto, T., K. Hayashi, and M. Funatsu, J. of Biochem. 
Japan, 64, 387 (1968). 

Klotz, I. M., and J. S. Frazen, J. Am. Chem. Soc., 84, 3461 
(1964). 

Kowalski, C. J., and P. R. Schimmel, J. Biol. Chem., 244. 
3643 (1969). 



149 

Krivacic, J., and J. A. Rupley, J. Mol. Biol., _35, 483 
(1968). 

Lehrer, S. S., and G. D. Fasman, Biochem. Biophys. Res. 
Commun., 23^ 133 (1966). 

Lehrer, S. S. , and G. D. Fasman, J. Biol. Chem., 242. 4644 
(1967). 

Martin, R. B., in "Introduction to Biophysical Chemistry," 
p. 79, McGraw-Hill, Inc. (1964). 

Moore, R. H., and R. K. Ziegler, Los Alamos Report LA-2367 
and addendum by P. McWilliams (1960). 

Parkhurst, L. J., and Q. H. Gibson, J. Biol. Chem., 242. 
5762 (1967). 

Parsons, S. M., and M. A. Raftery, Biochem. Biophys. Res. 
Commun., 4JL, 45 (1970). 

Perutz, M. F. , J. Mol. Biol., 3^3, 646 (1965). 

Perutz, M. F., L. K. Steinraul, A. Stockell, and A. D. 
Bangham, J. Mol. Biol., 1, 402 (1959). 

Pollock, J., and N. Sharon, Biochemistry, _9, 3913 (1970). 

Praissman, M. •, and J. A. Rupley, Biochemistry, 1_, 2431 
(1968a). 

Praissman, M. , and J. A. Rupley, Biochemistry, 1_, 2446 
(1968b). 

Quiocho, F. A., and F. M. Richards, Biochemistry, j>, 4062 
(1966). 

Raftery, M. A., F. W. Dahlquist, S. I. Chan, and S. M. 
Parsons, J. Biol. Chem., 243. 4175 (1968). 

Raftery, M. A., F. W. Dahlquist, S. M. Parsons, and R. G. 
Wolcott, Proc. Nat. Acad. Sci. U.S., 62_, 44 (1969). 

Richards, F. M. , Ann. Rev. Biochem., 3 2 _ ,  269 (1963). 

Rossi-Fanelli, A., E. Antonini, and A. Caputo, Adv. Prot. 
Chem., 19, 73 (1964). 

Rupley, J. A., Biochemistry, 3^, 1524 (1964). 



150 

J. A., Proc. Roy. Soc., 167. ser. B, 416 (1967). 

J. A., J. Mol. Biol., 35, 455 (1968). 

J. A., in "Structure and Stability of Biological 
Macromolecules," p. 291, ed. G. D. Fassman and 
S. N. Timasheff, Marcel Dekker Inc. (1969). 

J. A., and V. Gates, Proc. Nat. Acad. Sci. U.S., 57. 
496 (1967). 

J. A., and V. Gates, J. Mol. Biol., 35>, 477 (1968). 

J. A., L. Butler, M. Gerring, F. J. Hartdegen, and 
R. Pecoraro, Proc. Nat. Acad. Sci. U.S., J57, 1088 
(1967). 

Scatchard, G. , Ann. N. Y. Acad. Sci., J51, 660 (1949). 

Sigler, P. B., and H. W. Skinner, Biochem. Biophys. Res. 
Commun. , JL3, 236 (1963). 

Sorensen, S. P. L., and M. Sorensen, Biochem. Z. , 258. 16 
(1933). 

Tannenbaum, C., M. S. Thesis, University of Arizona (1967). 

Taylor, J. F., J. Biol. Chem., 144, 7 (1942). 

Taylor, J. F., and A. B. Hastings, J. Biol. Chem., 131. 
649 (1939). 

Taylor, J. F., and A. B. Hastings, J. Biol. Chem., 144. 
1 (1942). 

Taylor, J. F., and V. E. Morgan, J. Biol. Chem., 144, 15 
(1942). 

Wyman, J., Jr., Adv. Prot. Chem., 4 ,  407 (1948). 

Wyman, J., Jr., Adv. Prot. Chem., jL9, 223 (1964). 

Zito, R., E. Antonini, and J. Wyman, Jr., J. Biol. Chem., 
239.' 1804 (1964). 

Rupley, 

Rupley, 

Rupley, 

Rupley, 

Rupley, 

Rupley, 


