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" ABSTRACT

A thermodynamic study has been made of the equllibria
which are set up In very dilute asgueous solutlons contalning
the hemoproteins ferrlhemoglobin or ferrimyoglobin wlith the
monodentate ligand iImldazole.

Although the reaction involves single bonding of the
tertliary imlidazole nltrogen to the sixth, and only, free
coordination position of the hematin Fe(III) ion, a number
of overlapping lonizatlon equilibria occur, making the
measured equllibrium constant a complicated function of ths
hydrogen lon concentration of the solution. From a mathema-
tical analysis of the variation of K, ... wlth pH, the acid
ionizastlon constants have been evaluated and discussed. The
enthalpy and entropy changses for the reaction were obtained
from measurements of Kmeas. at three temperatures.

One very Interesting result obtained was a "heme-
linked" ionizatlion of an ascidie group in the hemoprotein-imi-
dazole complex with pK A/104,3. It ls postulated that this
group 1s the imidazole imino =NH group which in free imidazole
l1s an extremely weak acld with pK = 14,5. The significance
of thls effect 1s discussed.

(v)
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INTRODUCTION

The work described in thls disgertatlon was undertaken
solely from a physico-chemical point of vliew. Its direct aim
was the elucidation of some of the flner chemical and struct-
ural features that characterlze hemoproteins, and the com-
parison of the chemical behaviomr of the Ilron atom in these
speclal complexes with 1ts behaviour In other inorganic and
organic coordination compounds.

The reaction studied i1s fundamentally very simple. It
involves the bonding of one monodentate ligand, Imidazole, to
Fe(III) at the centre of an enormous complex ion, the hemo-
protein,

The cholce of the llgand imldazole was dellberate, For,
it is perhaps the strongest amine which exists largely as an
unprotonated base 1n neutral solution, and hence is an especlal-
ly effectlive cstalyst of hydrolysis. Moreover, Imldazole 1in
the form of histidine is now known to be assoclated with the
centre of enzymic activity In several proteins, and in the
case of hemoglobln and myoglobln it forma the actual point of
linkage between the proteln and the heme lron. Imidazole
therefore plays a central role in the transmisslion of chargs
and other effects from the protein to the heme 1iron in hemo-
protelns.

The hemoprotelns are themselves very interesting

molecules. Thus, ferrihemoglobin is the Fe(III) oxidized

-1 -
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form of the physielogically important blood plgment and

oxygen carrier (ferro-) hemoglobin, and ferrimyoglobin is

the Fe(III) oxldlzed form of the corresponding muscle pig-

ment and oxygen store (ferro-) myoglobin, Both molecules are
made up of a proteln (globin) conjugated to an iron porphyrin
(heme) dlsc. Myoglobin is the simplest known hemoprotein,

with one globin and one heme, and a molecular weight about
18,000. Hemoglobin has four glblins and four hemes per molecule,
with a molecular weight about 68,000. In both cases, the ferri-
hemoprotein is far more stable than the reduced ferro form, 1s
easy to purlfy and crystallize, and 1s characterized by sharp
absorption band which make accurate physico-chemical measure-
ments relatively simple to carry out. In both cases, Fe is
octahedrelly bonded, four strong bonds being In the hems plane,
the fifth also & strong bond to the protein, and the sixth
being loosely attached to an H;0 molecule (or to -OH in strong-
ly alkaline solutions, in which case thls sixth bond 1s also
fairly strong). The stablility of the iron-porphyrin four

bonds as well as the iron-protein fifth bond makes one of the
mosat characteristic features of hemoproteins when compared to
coordination compounds in general. It enables the hemopro-
telns to form a wlde variety of coordinatlon complexes 1In a
stralghtforward bimolecular reactlion lnvolving the replace-
ment of the water molecule (or the OH group) at the sixth
coordination position.,

The chemistry and structure of thess molecules ls at
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present known with a remarkable degree of detall. The struct-
ural analysis by Perutz, of hemoglobin, and Kendrew, of myo-
globin, is discussed 1n the historical section below.

It is necessary to define further the terms "heme" and
"globin". Hemes are metallo-porphyrins, the porphydrin ring
belng a cyclic tetra-pyrrole compound with four methene
bridges and a system of eleven conjugated double bonds as

shown below (left)

The number of possible substltuents at the eight posi-
tiong of the pyrrole rings 1s of course very large, but
actually they are very much restricted in nature and in most of
the porphyrins positions, 1, 3, 5 and 8 are occupied by
methyl groups.

When a metallic ion 1s introduced into the porphyrin
it assumes the central position of the great planar ring,
forming coordinate bonds with the four nltropgens and displae-
ing the two Imino hydrogen atoms. This polnt is very Important

bocause the charge on the metallic ion is thereby reduced by 2,



Thus, 1f Fe(II) is introduced, the formal cherge on the heme
will be zero and the resulting compound is known as ferro-
heme, while i1f Fe(III) 1s introduced a net posltive charge (+1)
will be the formal charge of the heme and the compound will
then be called ferrilheme.

In both hemoglobln and myoglobin the porphyrin found
ls the lsomer protoporphyrin IX, with the following substi-
tuents on the pyrrole ring: Methyl groups on positions 1, 3,
5 and 8; Vinyl groups on positions 2 and 4; Proplonic acid
groups on posltions 6 and 7. The heme of both hemoglobin and
myoglobin is represented above (right).

Globin 1ls a large protein molecule formed of many dif-
ferent amino acids totalling over 150 residuss. Though the
general spacial structure of the myoglobln "globin" and the
hemoglobin "globins" is similar, yet there are differences
in thelr amino acid composition. Globlns of the same hemo-
proteln but of different specles also differ 1n the amino
acld composition. Such differences are even found between
fetal and adult hemoproteins of the same species. The
following table shows part of the amlno acid c omposition of
the hemoproteins used in thls work.

Further details about the composition and configura-
tion of the amino acids in globin are given below in the

gectlon on structure.



Amino Acid

Glycine
Alanine
Vallne
Leucine
Isoleucine
Serlne
Agpartic acild
Glutemic acld
Histidine
Lysine

Phenylalanine

Other amlno acld residuses

Tgble I

Number of Residues per Molscule

Horse Mbl Whale sz Horse Hb3
15 11 48
15 17 54

7 8 50
17 18 75
g 9 0
5 6 35
10 8 5l
19 19 36
10 12 36
18 19 38
7 6 35
152 153 542



HISTORICAL

I.- Survey of the Problem

Although hemoglobln, as the red pligment of erythro-
cytes and oxygen carrier of the blood, had been known for a
long timse, it was not until Theorell4 1solated and crystal-
lized ferrimyoglobin from horse heart muscle In 1932, and
Kellln and Hartree5 devised a good method for purifylng and
crystalllizing blood hemoglobin in 1936, that physico-chemical
measurements became at all possible and meaningful.

The first study of a reaction betwsen imldazole and a
hemoproteln was reported by Russel and Pauling6 in 1939,
These authors carrisd out a magnetlc tiltration on bovine
ferrlhemoglobln with Imidazole, from which they calculate the
(dissoclation) equilibrium constant for the resulting complex.
The titration was done at 25°C., at three pH values, but the
precise experimental condlitions, degree of purity of hemo-
globln ete. were not recorded. Nelther were the values of
the measured equllibrium constant recorded directly. The
authors stated that the variation of their (three) results
wlth pH could be lnterpreted on the assumptlon that in the
ferrihemoglobin-imidazole complex there 1s an acidic (heme-
linked) group wlth pKAJ 8.5.

Cogwill and Clarkv have also investigated the coordina-
tion of a large number of imldazole derivaetives with ferri-
mesoporphyrin a heme compound not conjugated to protein.
However, in this case the reactions are complicated by dimeri-

"6”
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zation etc. 8and ths paper contalns no data relevent to the
present work.

Scheler8 has publisghed a detalled study of the Imlda-
zole~ferrihemoglobin system. From spectral measurements he
concluded that the reaction 1s reversible only in neutral
solutlons, and that the absorption spectrum of the complex 1s
very markedly dependent on pH. ©On this basis, Scheler sug-
gosted that three types of complexes are formed depending on

pH, in which imldazole has respectively the following struct-

H i A N NG

I II IIT

uwes:

the third being what he called s "salt-like compound" which
forms at pH 10-11, with 504 conversion of form II to IIIX
occurring at pH~/10.4, It 13 interesting to note that this
apparently guessed value 13 very close to the value which was
obtained In the present work on the basis of preclse measure-
ments {(as described later in the dlscussion). Furthermore
Scheler!'s results at pH 8,0, ionlc strength I = 0,02, and at
five different temperatures, led to AH = -4,30 Kcal/mole
and AS = 3,40 eu, for thls reaction. The enthalpy change
1s of course ltself a functlon of pH as will be shown in the

dlscussion bselow,
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TI.- The Imidazole Hypothesls:

The idea has recently been galning ground that the
protein linkage to the heme 1n both hemoglobin and myoglobin
is through imidazole (histidine). The spectroscopic simi-
larity between denatured hemoglobin and hemochromes (in which
it 18 known that the fifth and sixth coordination positions
are occupled by nltrogen atoms of two nitrogenous bases)
drew attention to the amino acid which could be responslble
for the formation of hemochrome 1n denatured hemoglobin., It
wag suggested by K'ﬁster9 as early as 1927 that imidazole as
part of the amlino acid hlastidine in globin was directly bonded
to the iron atom in the hemse, and this was assumed to be
reasonable on the grounds that the histidine content of
globin was large (cf., Table 1). However, Haurowitzlo opposed
this view because of the low affinity of histidine for heme,

and Holden and Freeman;l

also opposed 1t on the basis of their
work whlech showed that the abllity of denatured ox globin

to form hemochromes was diminished by treatment with HNO,,

a procedure which does not affect Imldazole. The origin and
early development of the imidazole hypothesis up to about

1945 1s very well summarized by Lemberge and Leggelg.

| In 1933, Come.ntl'3 made the unproved suggestion that

in hemoglobin the lron atom s not only linked to the pro-
teln through Imidazole but 18 actually linked on both sides

of the heme disc to the Imidazole residues. of histidines,

one bond being very strong and the other weak. It 1s at



thls weak link that oxygen and other groups can form bonds
with the iron atom.

In 1937, Cohn et all4 titrated horse carboxy-hemoglobin
and showed that between pH 5 and 9 the results could be
explained by postulating the presence of 13 histldine residues
with apparent pK = 5.7 and 20 histidine reslduss with appar-
ent pH = 7.,5. The number of histldine residues indicated is
ldentical with the value found analytically by Vickeryls, but
1ittle less than the number accepted at present {see Table 1),

The work of Wyman et a1°0r16s17,18

gave one of the most
important lines of evidence In favour of the imidazole hypo-
thesis. The work produced the following results:

l. Differentlal acid-base titrations of ferrohemoglobin
and oxyhemoglobln indicated that betwsen pH 4.5 and 6.1 oxy-
hemoglobin is a weaker acld that ferrochemoglobin, while
between pH 6.1 and 9.0 1t 1s a stronger aclid., OQutside this
1limit the aclidity of the two protelns 1s the same.

24 The effect of temperature on the differentiel acid-
base titration led to a wvalue about 7 Kcal./mole for the
enthalpy of lonlzatlon of the titrable acldic groups in
hemogloblin which appear between pH 6§ and 8. Both facts
support the vlew that such an lonilzation belongs to the acid

dissoclatlon of imidazole, nemely

i
+
pl

M AV—H ;%/ -H
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for which pk = 7.1 and "AH = 6800 cal./molelg.

Wyman Interpreted hls results by assuming that the
lron is situated between two imldazoles, and from his analys-
1s he obtalned the following pK values for the two heme-1inked

acidle groups which produced the above effect:

19581 pK e
hemoglobln 5,25 7.81
oxyhemoglobin D75 6480

Based on Wyman's findings, Coryell and Paulinggo gave an
extremely lnteresting explanatlon for the change in acidlty
on the introduction of an oxygen molsacule into hemoglobin,
Thelr argument was based on changes In bond type and the
stabllity of resonance hybrids in hemoglobin and oxyhemo-
globin, They attributed one ionization to the proximal
heme-linked group, and the other (and weaker) effect to the
distal heme-linked group. Resonance effects account for the
change in the acid strength of the proximal group, and
steric factors for the change In the acld strength of the
distal group. However, this interpretatlon does not fit
other thermodynsmic data on ferrihemoglobin reported by
George and Hanﬂniazl.

More recently Corwin and Rey3322 showed that an iml-
dazole-ferroprotoporphyrin complex is capable of combining
with molecular oxygen in the ratlo of 0,94 - 0,97 moles of
0y to one mole of the complex. It is known of course, that
reversible combinatlion with O is characteristic of myo-

globln and hemoglobin. However, in this case, deoxygenation
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of the 1imidazole-protovorphyrin complex reguires vacuum and
a temperature of 100°C., which is certainly not normal for
hemoproteins.,

Though the imidazole hypothesis can account for many
of the hemoglobin and myoglobin reactlons, Roughtongs,
points out that it 1s unable to account for at least one
important reaction, namely, the direct comblnation of CO,
wlth oxylablile groups in hemoglobln. Only free amino groups
have been found to form carbamino compounds according to the

equatlon
0

: "
RNH, + COp ~-=-=> R-NH-C-OH

Imidazole does not form such ¢ ompounds. Furthermore,

Roughton criticized the lack of precision in previous experi-

mental work, and the lack of rigour in ldentifying groups on

the basis of Indlrectly messured pK and AH values.

Recently O'Hag_z,*exr:ng4 has argued agalnst the imidazolse
hypothesis 1in favouwr of the carboxyl side chaln of the hems.
But his work 1s not very clear.

Bvidence for the presence of an H,0 molecule attached
to the sixth coordinatlion position of tw heme iron in hemo-
globin was glven by Haurowitzgc and by Keilin25. This fact
geems now to be directly supported by the structural analysis
of hemoglobln and myoglobin crystals which also makes it
nearly certain that the iron 1s limked to the protein through

histidine.
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III.~- Structure of Hemoproteins and Related Problems:

Bocause of the profound effect of neighbouring groups
on the propertles of the iron atom in hemoproteins, the value
of a knowledge of their detalled geometrical structure has
long been recognized. Thils knowledge has been generally sought
glong two distinct lines: indirect evidence from physlco=-
chemical studies in solubtlon relating to the positlion of the
heme relative to the surface of the globln molecule ete., and
direct structural analysis, by X-ray and optical methods, of
the crystalline structure of these molecules. Both methods
of approach have ylelded a remarkable amount of useful infor-
mation about myoglobin and hemoglobin.

The first major contribution was made by Paullng and his
coworkers 1In a serles of papers from 1935 to 1949. It has been
known that in the reactlon with molecular oxygen, the four O,
molecules that attach to the four hemes 1n hemoglobln do not
do so independently of each other. Pauling26 suggested a
mathematical treatment of this "heme-linked interaction®
taking & simple pleture of the four hemes of hemoglobin at
the corners of a square. In a later model, Patuling':"d used the
crevice hypothesls where the hemes would be embedded within
the hemoglobin molecule iIn such a way that a pushing epart of
the molecule must occur In order that the ligand molecule may
fit In. By thls, the first ligand moleculs, once it 1s 1in,
will loosen the structure of hemoglobin making it easier for

the second ligand molecule to fit iIn. The third molecule
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will fit in with pgreater ease and so on.

Experimental evidence for the crevice hypothesis was
gought 1n the reaction with alkyl isocyenides. St, George
and Paulingzv found no appreclable difference in the affini-
ty of ferroheme for ethyl, isopropyl and tert-butyl iso-
cyanides, However, under the same conditions, 35°C. and
pH 6.8, the affinity of ferrohemoglobln for isocyanides
decreased 3-fold and 200-fold respectively on going along the
series. Thls suggested steric hindrance In support of the
crevice idea. Another observation which seems to support a
steric theory of heme-heme interactlion is that the oxygen
affinity of hemoglobln increases and heme-heme interaction
becomes smaller with decreasing lonic strength of the solu-

t1on°9s29,

The removal of salt loosens the hemoglobin
structure, makes it easy for the ligand to attach itself,
and decreases heme-heme Interaction, 1f the later 1s mainly
due to steric factors.

Keilin25, howsver, argued stronply against & crevice
structure in hemoglobin. His evlidence rested mainly on the
fact that hemoglobln combines with large molecules such as
nitrobenzene and 4-methyl imldazole, which suggests that the
heme lron i1s not embedded in a crevice but is readlly acces-
sible.

Similar conclusions were arrived at by Kendrew and

30
Parish who found the crystslline form and unit cell dimen-

gions etc. of (sperm whale) ferrimyoglobin %o be almost
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identical with the corfesponding properties of serveral
imidazole complexes of ferrimyoglobin, and by Ceorge and Hana-
niaSI whose thermodynamic data on the ferrimyoglobln~cyanide
reaction In dilute squeous sclutlon showed that the entropy
change 1s in very great contrast with the corresponding data
on ferricytochrome-c, a hemoprotein inwhlich there is little
doubt about a crevice configuration.

The above review shows that there have been many contra-
dicting ldeas concerning the structure of hemoprotelns and
its related problems. The flnal answer, at least on the
structure of thelr crystals, came from the X-ray studles made
by Kendrew and by Perutz and thelr coworker352“41 especlally
their recent work on the three dimensional fourler synthesls
of myoglobin40 and hemoglobinél.

The r esults on mycglobin obtained from a 68 and a 24
resolution study show that the erystals are monoclinic, with
two molecules in the unit cell, the molecule measuring
43x35x25 K. The heme appears to be a disc surrounded by a
complicated folding single rod of polypeptide in which the
amino acids are arranged in the X <~helix chain configura-
tion. On the proximal side of the heme, the iron atom
seems to be bonded to histldine, as predicted; and on the
distal side to an H,0 molecule, again as predicted. TFurther-
more, the second histidine (imino) nitrogen appears to be
hydrogen bonded to a carbonyl group in the polypeptide chain.

Beyond the Hz;0 molecule, on the distal side, is another



- 15 -

histidine (or glubamine) molecule possibly also hydrogn-
bonded to the H,O0 moleculeég.

For hemoglobin, from the 5.5 £ resolution analysis,
Perutz obtalned the following facts:

l.- The crystals are half occupled by water of hydra-
tion, and the dimensions of the spheroldal mclecule are
64x55x50 .

24~ Each hemoglobin molecule consists of four separste
units identical in palrs. The nonidentical palirs are gquite
similar., The only difference between them being few gaps in
one showlng less electron density. Apart from the areas of
low electron densities, myoglobin has configuration simllar
to that of the hemoglobln unlts.

35«= The heme groups in hemoglobln 1lle in four different
pockets on the surface of the moleculs. Tach pocket 1is
formed by the fold of a polypeptide chaln which appears to
make four points of contact. The lron atoms of the hemes lie
at the corners of an irregular tetrahedron, wlth distances
33.4 and 56,0 E between asymetrically related palrs. The iron
atoms of neighbourinpg pockets are 25 2 anart. The heme of
myoglobin 18 also seen to lie in a pocket on the surface of
the molecule.

4 .- Horse hemoglobin has four cysteinse residues, but
only two sulfhydryl groups react with mercury in the native
proteinés. From the posltions of the mercury atoms, it was

inferred that each of ths two active sulfhydryl groups 1s
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about 13 & away from one iron atom and 21 £ away from another.
"he positlons of the unresctive sulfhydryl groups are still
unknown.

5.~ The heme groups as seen from above, are too far
apart for steric heme~heme Interaction. The latter must there-

fore be of some indirect type which is still unknown.

29
Rlgg showed that the bonding of the sulfhydryl groups

reduces heme~heme interaction. These groups occupy key posi-
tions close to the heme linlked histidines on one hand, and
points of contact between two different subunlits on the other.
The possibility that they play a part in the transmition of
charpge and other effects In hemoglobin 1s logical.

Along with Perutz's and Kendrew'!s X-ray studles on the
structure of hsmoproteins, chemical studies were conducted
for the identlfication of N-terminal amino acld residues,
Various values for the N-termlinal valyl residues have been
revorted in the literature but recent work done by Levitt and
Rhinesmith44, on horse hemoglobin, shows that there are 4
N«~terminal residues per molecule; and that the o¢ chains have
the N-terminal seguence wval. leuc., while the ( chalns have
the sequence val. glutamic. leuc,

In myoglobln, there is one termlnal nitrogen, as expec-
ted from the fact that its protein consists of one polypsp-
tide chain45o



THEORY

All available evidence supports the view that the
reaction of ferrlhemoglobin (or ferrimyoglobin) with Imida-
zole involves single replacement of H,0 at the sixth octa-

hedral coordination position in the Fe(III) complex, so that
Fe-(11,0) + Im = Fe-Im + H 0 (1)

where Fe-(H,0) reoresents ferrihemoglobin (or ferrimyoglobin)
without Indicatlng the other five bonds or the effectlve
charge of +1 on Fe; Im represents Imidazole, and Fe-Im the
resulting complex. The thermodynamlc equilibrium constant

is glven iIn the usual way in terms of activities aj:

aFe-Im
K = s (2)

8Pew(H,0) * Im

At a first glance, it might appear easy to obtain K
from meagsurements involving concentrations (rather than
activities). For, since the ligand is a neutral molecule,
and since the ratlo of the activity coefficlent of the
reactant to that of the complex lon 1s not expected to dif-
fer much from unity, it could be argued that K wlll not vary
much with lonlc strength especlally as the measurements are
being made in very dilute agueous solutions ( Fe-(H,0)) 7
5 x 10”6, and (Im)~s 1072 M). This may indeed be approxi-
mately truaB, but it cannot be regarded as accurate thermo-
dynamic determination. At best 1t 1s quasi-thermodynamic,

- 17 -
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The mein difficulty ariées from uncertainties about charges
on the various species whieh are Involved in the simultaneous
(and partly overlappling) acid-base equllibria, as is shown
below.

In view of the uncertaintles, it was decided to make
the bulk of the measurements at the constant lonic strength
I = 0.20. GConsegquently eguation 2 above can be rewritten in

the form

(Total Complex) (3)

Kneas., =
(Total Hemoprotein)(Total Imidazole)

where brackets indicate molar concentrations, and K ..o 1is
the measured equllibrium constant at a set of given conditions.

The dependence of K,.,gq, On pH 1s falrly complicated,
but in essence it can be described on the basis of three
postulates:

1.~ The species Fe~CH, which 1s the conjugate base of
the reactant Fe-(H,0) is unreactive. The concentration of
Fe-(H,0) 1s clearly a function of the pH of the solution,
since

Fo-(Hz0) + H,0 = Fe=OH + Hg0 (4)

for which21’46

the lonization constant err\JlO"g.

There 1s evidence, both theoretical and experimentalzl, for the
Fe-0H bond being strong, and hence for Fe-0H being non-react-
ive. The observed equllibrium constant for the reaction should

therefore decrease as the pH increases, wlth an inflection point
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around pH 9.

2.= The ligand imldazole reacts as the conjugate base
in which the tertiary nitrogen atom has a lone pair of
elaectrons avallable for coordination. The lonization occurs

in two stages:

Hr—’VﬂH+ Ho0 = Mg+ g0 (5)

g -
for which1 Ky~o 10 7, and

’VI g+ Ha0 = -N%/N:' + Haot (6)

for which?*” X, ~s1071%, The latter lonization will naturally

not be expected to affect the measured equilibrium constant,
unles measurements could be extended beyond pH ~/13 or so.
However, ln the ferrihemoprotein-imidazole complex, conjuga-
tion of 1midazole tc the heme should stabilize the anion and
thus Increase the acid strength of the Imino =NH group

considerably., One may therefore write a third lonlzation

+

Fo Ny p-H* M0 = iy "+ HsO (7)

for which Kz>> K. In fact the main purpose of these studies
1s to aetermine the value of Kz and the relevant thermodyna-
mics of that ionlzatlon,

The effect of pH on the observed equilibrium constant
will in this case be the reverse of ths first effect; that 1s,

as the pH of the s olutlion increases, the proportion of



- 20 -

imidazole in the form of 1lts conjugate base increases, and
the reaction with ferrihemoglobin (or ferrimyoglobin) is
favoured.

5a= There is good eviden0348 also for the participa-
tion of at least one "heme-linked" ionizatlon which probably
occurs on the protein or & porphyrin side chain. The heme-
1inked effect occurs at pHL 7. Since the group responsible
for this ionlzation exists in the reactant (ferrihemoprotein)}
and in the product (the complex), two corresponding equili-

bria should bes considered:
+ +
H.- n~Fe~(H,0) + H,0 = Fe~(H 0) + HaO0 (8)

with ionizatlion constant Ky and

+ ~ +
Hew Fe=af N+t HoO = jo N—H + Ha0 (9)

> A

with ionization constant Kpe 1If K, and Ky are identical,
there could be no heme-linked effect, and this could mean
that there 1s no interaction betwesen the lonization of the
acidic group iIn guestion and bonding of imidazole to the lron
atom. The extent to which Kp differs from K, measures the
strength of the hgme-linked effect. The results of the
present work suggest a small but measurable effect between
pH 6 and pH 7.

The followlng scheme now combines all above eguillibris
{note that the effective charge on the Fe lon is not 1ndi-

cated).



+
Hv-w—-"FG-'(HBO) +

H=N. NA
¥
1 Ke K Jw =
Fe~(H,O0 + = + H,0
e ( 2 ) ,/V%/ Y ra ‘%//VH 2
J\KF‘_ K. ‘\r 1K3
Fe-0H B _
Nv ,,‘ﬂ-{\/‘%’/f\/;

Another way of 1llustrating the dependence of this reaction on
pH 18 to uwrlte the overall equilibrium which predominates at
various pH values. Omitting for the moment the minor heme-
linked effect, and remembering that the three Imidazole ioni~
zations have KlNlO"v, Kp v 10714 ana Kz > Kz (say 10'11),
whereas Kp, = 10”9 one obtains the following set of eguations

(again not showing the effective charge on Fe):

pH<L 7 Fe-(H;0) +HtN%/M-H= -,@—Jkl%/ﬂ-rf + H3,0+ (10)
pH 7-9 Fe-(H,0) + A(%/NH = + H,0 (11)
- N N l'e"VV/H
+
pH 9-10.5  Fe-CH + +H = + H_0 (12)
’ N%/Nﬂ et /%/Nﬂ
pH 10,5-14 Fe=CH + = :l_:, + H,0 {13)
N H
%{v ,-}_«-NV/V:"
pH> 14 Fe-0H + +H = = + H,0 (14)

4

; N.v :

-

Fe "’V%,/V-' h

Of course the squilibria overlap all along, but they

suggest the following type of variation of Kneas., With pH.

This, 1In fact, 1s 1ln accord with the experimental rssults.
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K“\(Q‘.‘; .

L. ‘ i ‘ :

I4 § ‘2 4

¥

H
Derivation of the Overall FEquation:

The mathematical relation betwesn the varlous pare-
meters and the measured equilibrium constant for the resction
can be derived on the above basis.

First consider the lonlzation of thé hemeprotein. The
main one is given in egquation 4, for which

(Fe-0H) h

Kp, = (15)
Fe (Fe-(H,0))

where h stands for the hydronium ion concentration, (H30+).

Hence,
(Fe-(H,0)) _ *h
{(Fe~0H) Kpe
and (Fe~(H_0)) _ h
(Fo-(H,0) + (Fe-OH) Kpg + h

But (Fe~(H_0)) is the concentration of reactive ferrihsmoglobin
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(or ferrimyoglobin) and (Fe-(H_0)) + (Fe-OH) is the total
concentration of ferrihemoglobin (or ferrimyoglobin)., Hence,
the concentration of reactive ferrihemoglobin (or ferrimyo-
globin) 1is,

h x (total ferrihemo-  (16)

Kp, + b protein}

(Fe-{HZ0)) =

likewise, the heme-linked lonlzatlon on the reactant is

glven by equatlion 7, for which

(Fe-(Hx0)) x h
(Htw-TFe-(H,0))

K, = (17)

Using the same steps as 1In the above derivatlion, 1t can be
shown that,

K x (total ferrihemo- (18)
K, + h protein).

Conseguently, the combined effect 1s to make

(Fe~-(H,0)) = b x s x {total ferrihemo- (19)
Kpe + 0 K, + h protein).

e

Next, consider the ionizatlion of imldazole. Referring
+
to eguations 5 and 6 above, and using the symbols H -Im, Im
and Im™ for the specles Involved, 1t follows that

h _ x K x (total imidazole). (20}

Im) =
(Im) K+ h K, +n

Finally, conslder the product, the coordinstion complex.

Referring to the above set of squllibria, it can similarly
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ba shown that

h K
(Fe-Tm) = x P x (total complex) (21)
Ks + h K, + h

We may now deflne the true egquilibrium constant for the
reaction between Fe-(H;0) and Im by

K = (Fe=Im)

(22)
(Fe'(Hgo))(IM)

whereas Kmeas is definsd in equation 3 in terms of the
total concentrations. It follows that the true egullibrium
constant K is related to the measured value Kmeas. as shown

here:
i
h_ o, P
K. + h ¥. + h
K =K ® P (23)

meas.
P S G
Kpg +h K, +h K+ h Ky +h

At, say, 25° and I = 0s20, the v alue of K 1s constant, as

are the wvalues of KFe’ K., Koy Kz, and Kp. But K ong. 18 &
compllcated function of pH given by

h KT h

Ko

X X X
K + h + h K. + h X, +
Kneas, = K x Fe B = » * R (24)
K
h % p
Ko+ h K, +h

This equation can be simplified in two ways

l.- pH< 7: under these conditions h>J Ks, K., Km,

and hence the equation reducss to
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Kp + h Kl
Kmegs, T H X o X e X e {25)
Kp E, +h K +h

But there 1s no direct graphical method of obtaining the

values of K, and Kp from the experimental data.

2e= pH 9 - pH 12: under these conditions h<<K,, Kp, K,

and h > Kg.

Hence the eguation reduces to:
< S
Fapg + b K +h

Koion s s Kx 2% = gxx -8 " (26)
Ka+ h

therefore, K (K. +h) =KKz + K xh

meas., e

In this case, it is easy to obtain the value of K, from a

. +
plot of K .o, (KFa + h) against h, that 1s against (Hz0 ).



EXPERIMENTAL PROCEDURE

The experimental procedure involves
. a,- Preparation of stock solutlons which include
i - Preparation of different buffers
at different pH values and constant
ionie strength.

ii -« Preparation of ferrihemoglobln and
ferrinyocglobin solutions of proper
concentratlion.

i1l - Preparatlion of imldazole solutions
in buffer and of the requlired con-
centrations.
be.- It also involves mixing of these solutions in the
ripght proportions, at a constant temperature, and following
the extent of the reaction spectrophotometrically.

I.- Preparation of Stock Solutions:

1 - Buffers: The correct ratlo of the weak acld and its
salt are disolved together in a plven volums of delonized and
redistillied water, to give the regquired pH wvalue. The amount
of acld and salt added are calculated so as to glve an ionic
strength of 0,22 to the solution. Recause of the low solubl-
1ity of one or both constltuents of some buffers, 1t was found
that NaCl should be added to the solution to give 1t the rela-
tively high ionic strength of 0,22,

The buffers used in thls study consisted of:

- %6 -
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1.- KHphthalate / NaOH for the pH range 4,0 - 6,0
2,- NaHyPO,.H,0 /WaOH " " " " 5,8 - 8,0
3o~ HzBOs / NaOH oo 8,0 - 10,2
4.- Glycine / NaOH oo oowoon 10,0 ~ 11.0
5.- Anhyd. NaHPO, / Naop * n* m # 11,0 - 12,0

In the last three sets of buffers, NaCl was used to bring up
the ionic strength of the sclution to 0,22,

All the chemicals used in the preparation of above
buffers were analytlecally pure reagents and were not further
purified before use.

11 = Prevaratlon of ferrihemoglobln and ferrimyoglobin

solutions: Horse oxy-hemoglobin, prepsred and
purified by Dr. George I,H. Hansnla, was used for the prepara-
tion of ferrlhemoglobin solutlions., The oxy-hemoglobin was
first oxldized with K,Fe(CN),, and then exhaustively dialyzed
in delonlzed water, to get rld of KzFe(CN)g and of all other
tra ces of salts found originally in the oxy-hemoplobin,
After dlalysis the ferrihemoglobin was diluted with deionized
and redistilled water to the proper concentration (~5x 10'6),
and used,

Horse heart ferrimyoglobin was also prepared and purified
by Dr. George I.H. Hanania. The ferrimyoglobin was simply
diluted with the delonized and redistilled water and put for
use.

Another type of horse heart ferrimyoglobin prepared and
purifled by the "Nutritional Blochemicals Corporation,
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Cleveland, Ohio", was trled but falled to work. It's
absorption spectrum was taken and the absorptlon band ex-
pected at 409.5 mp for myoglobin was f ound shifted to 407 m.
It probably contained some impurlties. To purify it, 1t was
recrystallized from ammonium sulfate solution and dialized.
The resulting myoglobin was still lmpuwre and could not be used.
The trisl to purify 1t by electrophoresis also failed.

Whele ferrimyoglobln, purified and recrystallized, was
kindly provided by Dr. M,F, Perutz, F.R.5., of Cambridge
Universlity, England. Thils myoglobin was dlallized in delonized
water; diluted with deionized and redistilled water and put
for use.

All the above hemoprotein solutlons were stored in a
refrigerator freezer, because of their ease of denaturation if
left for & long time at room tempersturs. DBefore use, the
solutions were titrated to the pH of the buffer used In the
specific run. If this i1s not done, the precises control of
pH of a series of solutions becomes very difficult.

1i1 - Preparation of Imidazole solutlions: Anslytlcelly

pure imidszole was purchased from "Britlsh Drug Houses Ltd."
and was dried 1n a desiccator over calclum chlorlde. Standard
solutions of thes dried imldazole were prepared in buffers,
after titrating them to the pH of the specific buffer used in
each case. (For the same reason as above).

IT.- Measurement of the Equilibrium Constant:

After the stock solutions were prepared for each run,



they were mixed together in the appropriate proportions. The
mixing was made in a number of test tubes, usually around
seven. The test tubes were cleaned, rinsed with delonlzed and
redistilled water and dried before use. Except for the flrst
test tube which was left as a blank, and the last one where
excess iImldazole was added, different volumes of standard
imidazole solution were pipetted iInto the tubes. Buffer
solution was then plpetted Into the tubes, usually 9.0 ml of
it into the flrst, and the required volume In the rest, so as
to make the total volume of imidazole solution and buffer
solution 9.0 ml in each case. The mixtures were then trans-
ferred to a thermostat and left there for around ten minutes
to attain the constant temperature of the thermostat.

The temperature of the thermostat was contrcliled by a
"Techam" tempunit (Techne, Cambridge, Ltd.). This tempunit
keeps the temperature constant within + 0.2°C., The temperature
is measured with a sensitive thermometer which reads to within
0.1°C. From thls thermostat water was circulated through the
spectrophotometer and the pH meter, so as all measurements
could be made at the same temperaturs.

After thermostating the solutions, 1.0 ml of ferrihemo-
globin or ferrimyogloblin stock solution was added to each of
the test tubes, and left for a couple of minutes to ensure
equilibration, The reactlion of ferrihemoglobin or ferrimyo-
globln with iImidazole is very fast, and does not need more than

two minutes to equilibrats.
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The absorbancles of the different solutions were then
measured on & Zelss Spectrophotometer (PMQ II). In the early
part of the work a Beclman DU Spectrophotometer was used. Thse
readings were taken at a wavelength of 405 mp and 409.5 mu which
are the wavelsngth at which maximum absorbancy of ferrihemo-
globin and ferrimyoglobln respectively occurs. In alkaline
media (pH)» 9), the aborbancy of ferrimyoglobin at 409.5 mp
bescomes very close to that of the complex, and measurements
were therefore made at 417 mp, where the maximum absorbancy of
the comnlex (Fe-~Im) occurs.

When the spectrophotometric readings were taken for all
the s olutlons, the pH values of the solutlons were meassured
individually. The measwrements were taken for mest of the runs
on & pH meter {Radlometer, PH 4, type PHM4c, No. 39538). The
pH meter used to be standardized before talking the measurements
of each run by a standard buffer with slightly lower pH value,
and rechecked with another buffer with slightly higher pH
value than the one expected for the set of solutions. The pH
values of the standard buffers at different ftemperatures as
glven by the National Bureau of Standard349 are summarized
below. These solutlons were selected to glve a maximum sta-
bllity with respect to changes of concentration and glight

contamination, and the error would not exceed + 0,01 pH units,
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Buf fer Concentration Temberature

0°C.  10°C. 25°C, 38°C.
KHphthalate 0.05M 4,008 4,000 4,008 4,034
Na,B,0, 0.01M 9,466  9.331 4,181 9.085
Ma,CO0g 0,05M 11.887 11,612 11.266  11.000

£11 =2hove soclutions will have an lonic strength of

around 0.20, because a total volume of 9,0 ml was plpetted in
each case from the buffer solutlon and the imidazole gnlutlon
in buffer, and made up to 10,0 ml by the addition of 1.0 ml

of water solution of ferrihemoglcobin or ferrimyoglobin. BSince
the ionlc strength of the buffer 1a C.22, and neglecting the
lonic strength contribultlon of the very dilute solutions of
ferrihemoglobin or ferrimyoglobln and iImidazole; the ionie
gstrength of the resulting solution will be very nearly 0,20,

III.~ Calculation of the Equilibrium Constant (Kpeag.).

Method A:

In order to check the stoichiometry of the reaction, one
set of date was analyzed In the followlinpg manner:

Agsume that n moles of imldazocle react with one mole of
ferrihemoglobin to form one mole of complex Fe-Im,,.

Fe-(HZ0) + n Im <=-P Fe-Im, + H,0 (27)

(Fe~Imy,)

il

meas. (28)

(Fe-(H,0)X Im)™
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hence log K = log (Fe-Imn) - p log(Im)
‘meas. Fo-(1,0)) .

and log (Fe-Impn) - log K + n log(Im) (29)
(Fe-(HzO))

A plot of 1log (Fe=Im)  versus log(Im) will have a slope
(Fe-(H,0))

of n which is the number of imidazole moles reacting with one
mole of Fe-{H,0), and an intercept equal to log K,gag.+» The
sample run below gives the analysls of one set of date and
shows that n = 1,00 + 0,02, and Kyang, = 214 in good apree-
ment with the value of K, ,,,, obtained by the two other

methods dlscussed below (see Table 2). The caleculation of

(Fe‘(HBO))
(Fe=Im)

ig similar to the one discussed 1in method B below.

Method B

The usual method of calculating Knegs, was the follow-
ing: Let A, stand for the absorbancy of pure ferrihemoglobln
or ferrimyoglobin as measured from the solutlon of the first
test tube where no imlidazole 1s added. And A;,, stand for the
absorbancy of the comnlex as measured from the last test tube
where excess Ilmidazole was added. Then the percent complex
formed 1n any of the other solutions having absorbancy A will

be: Ay - A
% complex = —— . x 100 (30)

Ao = A:Loo
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and K, _ % complex (31)
, oas. (100 -% complex) (Im)

hence calculatlng @ complex from above relation (equation

30) and knowing the imidazole concentratlon, the equilibrium
constant is easlly caleculated from equation 31.

Method C:

The defect of the above method 1s the difficulty of
finding A,40, 8lnce excess Imidazole tends to denature the
hemoprotein. Hence, a second graphical procedure was sought

end used, It follows from the above equation (30) that

(total complex) = Ag=A 1- A, - A
(total ferrihemoprotein) Ay - Ajoo Ay - Ajoo
- Ay - A
A = Ajo0
and therefor that
Kmeas. = (total complex) - A, - A (32)
(total ferrlhemoprotein)(Im) (& - Ajo0)Im)
hence
8o 2 =xa - KAj00
(Im)
and
A= &Sp-48 o 1, Asoo (33)

Plotting A versus A, - A , the slope of the straight line
(Im)

wlll be egual to % and the Intercept to 4,,4.
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In the case of runs taken in alkaline medium and
where the wavelength is taken at maximum absorbancy of the
complex it can be shown easlly, that the following mathema-
tical relation exist in this case;

A""Ao 1

(Im) K

Taking the wvalue of A,,o from the Intercept, K can also be
calculated by the first method. In fact the calculation of
K in many of the runs was made by both methods and used to
give the same result within very small differences.

IVv.- Sample Run:

A sample run was chosen at random, and is discussed
here as a representative of all other runs. All stock
gsolutions for this run were prepared gs stated above. The
concentration of the Imidazole stock solution was 0.500M,

It happened that in this particular run, the pH chosen was
9,8 whleh 1s about the pH expected of Imidazole agueous
solution. Hence noc tiltratlon for the Imidazole was needed.
But the myoglobin was titrated to this pH before use. The
temperature at which the run was made wgs 35.0 + 0.2°C. The

following data were recorded.
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Whale Ferrimyogloblin and Im May 4, 1961

Stock Solutions

1. Whale ferriMb sclutlon 1In base prepared on Aprll 24, 1961
2, (Im) = 0,500M and pH 9.8 " " May 4, 1961
5. Buffer solutlon pH 9.8 and

I = 0.22 o " April 11, 1961

Condltions

1. Temperature = 35 + 0,27°C,
2. Average pH = ©9.835 I = 0,20

3. A taken at A = 417 mp.

Solutions (Im)xlO2 ~ pH A

1, 1.0ml Mb + C,0 ml Im + 2.0 ml buffer 0.00 9,791 0,730
2, 1,0 ml Mb + 0.4

P

Im + 8.6 ml buffer 2,00 9,810 0,789
3. 1,0 ml Mb + 0,6

&

Im + 8.4 ml buffer 5.00 9.823 0,808
4, 1,0ml Mb + 0.8 ml Im + 8,2 ml buffer 4,00 9,834 0,820
5. 1.0ml Mb + 1,0 ml Im + 8,0 ml buffer 500 9,840 0,834
6, 1.0ml Mb + 1,2 ml Im + 7.8 ml buffer 6.00 9,845 0,842
7« 1.0ml Mb + 1,4 ml Im + 7.6 ml buffer 7.00 ©,858 0,847

blank / blank at the beglnning 0,000

blenk / blank at the end 0,000
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Table IT

Data and Experimental Results for the Sample Run Described

in the Text

T = 35.0 + 0,2°C; I = 0,20; N = 417 mp; pH = 9,810-9.858

. o o A-A % 108 (Fe~TIm) K,
m)x10” log(Im)x10 A m complex EFe-(H,0)] meas.
0,00 0.000 0.730 - 00,0 - -
2,00 0,301 0.788 2.95 2945 -0.378 20,9
5«00 0.477 0.808 2,60 3945 -0,185 21.3
4,00 0.602 0.820 2.25 45,0 -0.,087 20,4
5.00 0.699 0.,8334 2,08 52.0 +0.035 21.7
6.00 G778 0.842 1.87 56,0 +0,105 21.2
7.00 0.845 0.84%7 1.6% 58.95 +0,.,149 20.1

exeess{pgraph) - 0,930 = 100 - -
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Following the procedure discussed above for calcula-
ting the measured equilibrium constant the following values

were obtained.

Method A:
(Fo~TIm) _
e (Fo~(Hn0)) 1og Kpgag, + 1 1og (Im)
From the plot shown in figure 1, of log {(Pe-Tm) veraus

(Fe=(H,0))
log (Im)x 102, the value of n (from the slops) was found to be
1.0, This confirms the suppositlon that only one mole of
imidazole reacts wlth one mole of ferrlmyoglobin (or ferri-
hemogloblin). The value of the intercept which is equal to
log Knoas., * 2n was found to be -0,667,

Hence log Kpaas, = 1333

and Kneas, = @1e5

Method B:

% complex 1
100 ~ % complex > TIm) the

values of Kyggqg, Were calculated as reported above (Table II),

Prom the relstlon K =

The average K . was found to be K .. = 20.9 + 0.5,

Method C:

Plotting A versus i“-r;-n—l‘%ﬂ (2s shown In flg. 2) the

value of K ,oo Was found to be Kpggg, = 20.8 + 0.4,

The three values of K,.q5,, 88 expected, arse In quite

good agreement.
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In all above measurements and readings the errors
introduced were very small. The readings were reproducable

within + 1%, ,
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RESULTS AND CALCULATIONS

Uslng the above procedure and precautlons, a large
nunber of measurements of K,.,g, Was made on (1) Horse ferri-
hemoglobln, (2) Horse ferrimyoglobln, (3) Whale ferrimyoglobin.
The data are summerized in the followlng tables (Table III,
IV and V). In each case, the value of EKpo,g, represents the
arithmetic mean (with the mean deviation) of about six deter-
minations, and the range (minimum to maximum) of pH values

among the slx mlxtures used in maklng these desterminations.
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RESULTS AND CALCULATIONS

Uslng the above procedure and precautions, a large
number of measurements of Ky,,4, Was made on (1) Horse ferri-
hemoglobin, (2) Horse ferrimyoglobln, (3) Whale ferrimyoglobin.
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" Table III

Variation of K ..o, with pH for the Reaction of Horse Ferri-

Hemoglobin and Imidazole I = 0.20

Tempggﬁture pH Kmeas. Buffer used

25°¢C., 5.96 = 6,16 32,8 + 5 NaH, PO, .H,0/NaOH
" 6.02 -~ 6,19 26,4 + 2 "
i 6.02 - 6,14 28,9 + 2 "
" 6,10 = 6,26 59,5 + 1 "
" 6432 = 6459 66,9 + 2 "
" 6449 - 6,69 118 ; 2 t
" 6,92 (av.) 180 + 4 u
" 7.00 - 7,10 195 + 4 "
A 7.17 - 7.27 213 + 2 "
" 7.4l - 7,51 245 + 13 "
" T.59 - 7,71 264 + 3 "
" 84,00 - 8,06 326 + 2 HxB0,/ NaOH
" 8,08 - 8,20 292 + 2 t
" 8,18 = 8,25 250 + 10 "
" 8.46 - 8,52 230 + 3 "
3500, 6,15 (av.) 34.2 + 1.5 Nall, PO, «H,0/ NaOH
" B424 = 6,35 46.2 + 1.5 "
" 6439 - 6448  5l.4 + 3 "
" 6,76 =~ 6,92 91.8 + 6 "
" 6.80 - 6,90 133 + 3 "
" 6.98 - 7,08 152 + 2 "
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Table IV

Variation of Kmeas. wlth pH for the Reactlon of Horse Ferri-
myoglobin and Imidazole T = 25,0 + 0,2°C,

and I = 0,20

8,170 - 8.,18% 118 "

pH Kmeas. Buffer used

5,205 = 5,234 5.56 + 7 FHphthalate/NaOH
5,510 - 5,531 6,04 + 1 "

5,535 = 5,579 7,13 + 0.9 "

5.550 = 5,613 7441 + 7 "

5.730 = 5,770 9.76 + 1,4 "

5.775 = 5,788 13,3 + 0,3 w

5,950 - 5,988 19.8 + 1.5 "

7.340 = 7,450 140 + 4 NaH, PO, .H,0/NaOH
7,520 = 7.647 149 + 9 "

7,600 = 7,730 160 + 3 HaBOs/NaCH
7,750 = 7,871 160 + 5 NaH, PO, .H, 0/ Na CH
8,020 - 8,074 184 + 8 HB0./Na OH

5

1+
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Table V

with pH for the Reaction of Whale Ferrimyo-

8838 .
globin and Imidazole I = 0,20
Temperature pH Kmeas. Buffer used
°c.
20°¢C 9,952 - 9,975 32,3 + 0,6 HaBOs/NaOH
" 10,140 - 10,237 28,2 + 0,5 "
" 10,411 (av.) 20,8 + 0.5 "
" 10.758 - 10.831 14,3 + 0,1 Glycine/NaOH
" 11.155 = 11.254 10,5 + 0,4 "
258C 8,095 - 8,120 113+ 3,0 HaBO0,/NaOH
" 9.635 - 9.660 29.0 + 1.0 "
" 10,102 =~ 10,135 20,6 + 0.5 "
" 10,230 (av.) 19 - 24 "
" 10,300 (av.) 1846 + 0.4 Glycine/NaOH
" 10.362 - 10,460  17.8 + ? H B0,/ Na OH
" 10,375 ~ 10,440 14,7 + 2 Glycine/NaOH
" 10,578 - 10,605 14.6 + 2 "
" 11,040 = 11.081 5o5 + 7 "
" 11,989 - 12,011 4,4 - 4.9 "
35°C 9,810 - 9.859 2048 + 0,4 HzBO,/NaOH
" 9.850 or 10,04 17,0 + 1.4 "
" 10,054 - 10,075 15.3 ; 063 "
" 10,235 - 10,303 12,0 + 1.6 Glycine/NaOH
" 10,432 - 10,515 11.4 + 0,2 "




- 45 =

Calculation of K for the Ferrihemoglobin-Imidazole Reaction

The data for horse ferrihemoglobln given 1In Table III
covers the pH range 6.0 ~ 8.5. This makes the analysis
difficult, for equation 25 cannoct be directly plotted as
eguation 26.

Nevertheless, by taking reasonable values for Kns Kp
and Ky, Wwe can calculate K from eguation 25 for each of the
glven pH values. A prsliminary calculatlion was carrled out
on the data covering pH 6 - 7 and using the values: Kr»dloxlo'e;
K 5310785 K,~/8x1075, The results showed that K, the true
equilibrium constant for the ferrihemoglobin-imidazole reaction

which corresponds to the ferrimyoglobln one below, 1s of the

order of 400 at 25°C.

Calculatlon of the Apparent Enthalpy for the Ferrihemoglobin-

Imidazole Reaction

Although the results obtained on horse ferrihemoglobin
are not sufficient for a good calculatlon of the enthalpy
change, we can st1ll use the data at 25° and 35°C. given in
Table III and plotted in figure 3.

The approximate value around pH 6.5 was found to be

AR = 5,300 cal./mole.
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Calculation of XK and K. for Ferrimyoglobin

The v alue of the true egullibrium constant X, (which
refers to equation 11 and is defined in equation 23) and of
the heme-linked ionization constant K5 (which refers to
equation 7) can now be calculated by applying equation 26 to the
data on Whale ferrimyoglobin glven in Table V.

Figure 4 shows the (linear) relation betwsen Kmeas.(KFe+h)
and hydrogen lon concentration h at 35°C. Two lines are drawn
to show the llmits of the slope. The valus of Kpe was assumed

to be the same as that for horse myoglobingla 1

, viz. 110x10°
at 20°., 120x107t1 at 25°C. and 140x10711 at 35°C. A1l points

show the limits of wvarlation in the parameters. The results are:

K = Slope = 141 + 15
K x Ky = Intercept = 1,12 x 1078
therefore Ks = 8,01 (+ 0,70) x 107t

1t

pKs (35°C,.) 10,10 + 0,04

Similar plots were made at 20°C. and at 25°C. using the
data glven in the same table. The results were as follows:
At 20°C., K = 310 + 45
Kg = 3.23 (+ 0,48) x 10711

= 10,49 (+ 0,06)

o
ct
20
3
=)
(9]
g
=a
W

255 + 45

Ku = 4,15 (+ 0,70) -11
B = . T . x 10

pKg = 10.38 (+ 0.07)
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Calculation of X and K. for Ferrimyoglobin

The valus of the true eguilibrlium constant X, (which
refers to eguation 11 and 1s defined in egquation 23) and of
the heme-llinked ionlzation constant Kz (which refers to
equation 7) can now be calculated by applying equatlon 26 to the
daeta on Whale ferrimyogloblin glven in Table V.

Figure 4 shows the (linear) relation between Knoas. (Epe+h)
and hydrogen ion concentratlion h at 35°C. Two lines sre drawn
to shovw the llmits of the slope. The valus of Kp, was assumed

21a 11

to be the same as that for horse myoglobln s viz. 110x10"

-11

at 20°C., 120x107* at 25°C. and 140x10711 at 35°C, A1l points

show the limits of varlation iIn the parameters. The results are:

K = Slope = 141 + 15

1

K x Kz = Intercept 1.12 x 1078

8,01 (+ 0,70) x 107t

i

theref ore Ka

u

pKs (35°C.) 10,10 + 0,04

Similar plots were made at 20°C, and at 25°C. using the
data glven in the same table. The results were as follows:
At 20°., K =310+ 45

Ko = 3.23 (+ 0,48) x 10741

"

PKz = 10,49 (+ 0,06)

At 25°C., K

i

255 + 45

I

Ky = 4.15 (+ 0.70) x 10~

il

pKs = 10,38 (+ 0,07)
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Caleculation of AH%and AS° for K and Kg

The true equilibrium constant K, for which the values

at 20, 25 and 35°C., were calculated above, refers to the reac-

N A FC-N NV-H
*ﬁv;VH X

which has already been defined in equatlen 11, and which is

tion:

the overail equilibrium predominating around pH 8. From these
three values of K, the enthalpy change AH® can be obteined
in the ususl way from the plot of pK vs. 1/T(°K), as shown in
figure 5.

Similarly, the values of K, at 20, 25 and 35°C., which
were calculated above, refer to the heme-linked ionizstlion on

the complex

+ Hg0 = -+ Ha0"

F%-WMQQVIW
already defined in equation 7. For comparison with the above,

the values of pKz have been plotted on flpgure 5 also, The

results are as follows:

AH® = 2,303 R %

o]
AS® = %IL - 2,303 R (pK)

1

]

For K: PAY:
Asg®

- 11,100 (+ 1,700) cal./mole

il

- 26.4: (t 9) B.'ll.
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For Ka: AH® =+ 11,300 { + 1,700) cal./mole
As®

il

- 9.6 (+ 4) e.u.

Caleulation of the Apparent Enthalpy of Reactlion

The data obtained in the present work are not extensive
enough to permit the calculation of the apparent AH® over a
wide pH range. However, it 13 possible to do so for whale
ferrimyoglobin in the pH renge 9.8 - 10.6,

In figure 6, the experimental results taken from Table V
ghow the wvarlation of Kmeas. with pH at the three temperatures.
Interpolating at constant pH, and plotting a serles of log K
vs, 1/T lines, wWe obtain the following approximate v aluea:

at pH 9.8, AH® = - 8,200 cal./mole

"ono30,2, Ax°

1}

- 7,500 " "

" o10.6, AHR° =~ 6,200 * "
these values are to be compared with the value AH®° = =11,100
cal./mole calculated above for the true equilibrium constant,
that is around pH 8, The progressive drop in the value of AE°
with increasing temperature will be commented on in the

dizcussion bhselow,
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DISCUSSION

Difficulties: In this type of work there are several in-

herent difficulties, both experimental and theoretical.
Experimentally the following difficulties were met,

1 - Work was done on two specles of myoglobin and one
hemoglobin. It would have heen better to concentrate on onse
specles and obtain extensive data, but 1t was not possible
to make a fresh prenaration when the material available was
consumed. Nevertheless it 1s interesting to be able to
compare the results obtalined on different types of hemovrotein.

2 - The structural sensitivity of the hemoprotein
moleculs (hemoglobln more so than myoglobin) made it difficult
to work unless the conditlons were very carefully chosen and
reproducibllity checked again and agalin at every stage.
Otherwlse, denaturation and subsequent fluculation of the
protein produced very abnormal spectrophotometric results.

3 = In the early stages of the work, the Instruments
uged and the methods of thermostatling were inadequate, and
most of the results obtalned that way had to be discarded
because of their low precision.

4 - As wasg seen above the analysis of the results is
very sensitive to hydrogen ion concentration. Moreover
since every run involved measurements on a series of buffered
gnlutions which did not have identicel pH (because of the
change In the relative concentration of imidazole) every Kmeas.
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had N
value obtained/an error not only from the averaging of

results but also from the variation of pH within the run.
This can he seen in the way the flgures were drawun, Where

the 1imits of error were indicated.

Theoretically also there is an inherent difficulty in
this kind of work. UMor, not only does one has to find, by
mathematical analysis of experimental data, several heme-
linked ionizatlon constants (K,, Kp and Kz) but it is neces-
sary also to take into account the probability that each of
these constants is itself a function of the parameter belng
investigated.

Variation amoneg Speciss: Preliminary measurements which have

been done on both myoslobirg show that under exactly the same
conditlions, they plve different thermodynamic eguilibrium
constants In their reactlon with imidazole. This suggest,
that the protein plays a role in the reaction though a second-
ary one. 1t also confirms what other workers in the field of
hemoproteins and enzymes have observed in many other reactions
(see for example reference 21b).

Hemes~Linked Ionlzations:

1 - Ionlzatlons in the reglon pil 6 - 7. The varlation of
Kmeas. With pH in the reglon pH <« 7 could only be explained on
the basls of an lonization of an acldic group linked to the
heme in the ferrihemoprotein. George and Hanania48 have al-

ready publlshed an analysis of this effect showing that the

obsarved effect i3 the result of a difference in the acid
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strength of the group between its state in the reactant and
the product of the reactlon. That is, depending on the
extent of Interactlon between bonding of the ligand to the
iron and dissoclation of the heme-linked acidic group, the
effect observed may be negligibly small, or just perceptible
if PKp - pr ~/ 0.2, or more pronounced as this difference
becomes larger.

In the case of ferrihemoglobin reactlng with imidazole,
the above results showed that |pKp - pEp| ~/ 0.3.

£ =~ Tonlzation In the pH range 10 - 11. In the case of
whale ferrimyogloblin the above analysis of results showed that
an lonlzation of a heme-lined acidic group occurred in the
product (the complex), but not in the reactant. This is to be
expected if 1t 1s an lonizatlon connected with the ligand
imldazole.

it is Interesting to note in thls connectlon that
N-Methyl Imidazole, which forms a similar comnlex with ferri-
hemoprotelns but does not have H on the imino N of imidazole,
does not show a heme-linked effect in thils pH ranges. This
supports ths view that the heme-llnked lonizatlon with
pPKs /10,3 obtained above, 1s probably that of the imino
group of imidazole as defined in equation 13.

If so, it becomes even more Interesting to note that the
corresponding ionization in free imidazole47 has pKp = 14,5,
Evidently this group, which is an extremely weak acid in

imidezole becomes 104 times stronger In the complex, This



- 56 -

could be accounted for on the basis of resonance with the
iron in the heme which stabilizes the anion.

The only work of similar type that seems to have been
done was reported by Hananigoand Irvine who found a 105 times
inerease In the strength of an (-0H) oxime group upon coordi=-
nation to Fe(II) in aqueous solutlons,

The guestlion now arlzes as to why thls ionization did
not also appear in the reactant (ferrihemoprotein). Ior, if
the imidazole hypotheslis l1s true the iron atom 1s linked to
an imldazole (histidine) on the protein side of the heme., One
of three conclusions can be drawn:

i - There is no imidazole bonded to the iron on the
protein side, (see the section on imldazole hypthesis above).

11 - There i1s an imidazole (histldine)} bonded to iron,
and the H of its imino group 1s hydrogen bonded to a carbonyl
group in the polypeptide chain4o. Inthis case it could be
argued that the effect of hydrogen bondlng, coordination to the
metal, and the effect of histldine linkape, etc., have altered
the acid strength so much that it became very weak (pK>»12) or
very strong (pK 6 - 7). In the former case it could not be
measured, and in the latter case it would be ldentical with the
other heme-linked effect discussed above.

1ii - Even if the Imino group in imidazole {(histidine)
were around the pH recion 10 - 11, it would =till be possible
not to detect it if |[pKp - pkp] < 0.2.

Another 1line of evidence in thls regard comes from an
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examination of AH? and AS® values. The above results
showed that, for the heme-linked ionlzatlon in this range
(1.e. PKz), AH® =+ 11,300 and AS® = - 9.6 e.u., These
thermodynamle data are not unreasonable for weal: nltrogen
bases and ammonlum groups. DBut, one must take into account
the effect of coordination to & metal on the thermodynamics
of ionization of 8 heme-linked group. If this group 1ls in
fact the Imino group of imidazole, with pK;, = 14,5 shifting
to pKs = 10,3 in the complex, then the AFC has changed by
about 5.7 Kecal./mole. This could arize eithegyz Egange in
enthalpy or in entropy or both. The maximum contribution
from enthalpy is obviously 5.7 Keal./mole, which would make
NR® = 11,300 - 17,000 cal./mole for the lonization of the
imino group In imldazole. Unfortunately the heat of 1oniza-
tion of this proup has not been determined, possibly because
it 1s experimentally difficult to do so. However it is a

crucial measurement from the point of view of thils work.

Variation of AHN° for the Ferrimyogzlobin-Imidazole Reaction

with pH: It was shown above that the apparent enthalpy of
reaction, obtained from Kmeas. values, varled with pH. This
1s a consequence of the fact that the overall sequilibrium
changes with pH as shown in equations 10 - 14,

Starting with the reactlon around pH 8, for which the
true equilibrium constant ¥ leads to a wvalue AH® = -11,100
cal./mole, and using AH° = + 6,900 for the lonization of the

tertlary nitrogen of imidazole, it follows that at pi 7
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{equation 11) £§H° = « 4,200 cal./mole. This value could
not he tested on myoglbin because no data were available, but
the corresponding hemoglobln results (see figure 3, Table III)
showed an enthalpy of around 5 Kecal./mole.

It i1s very strange that Scheler8 reported szo = =43
Kcal./mole for the corresponding hemoglobin reactlon at pH 8.
Unfortunately he did not publish the detalls of his results,
and so the discrepancy can not be explained.

Again using the value AE® = ~ 11,100 cal./mole together
with AH® = + 5,700 cal./mole for the lonization of ferrimyo-
globin, one gets AH® = - i6,800 cal./mole for the reaction in
equation 12, However this overlaps wlith the heme-linked
lonization around pH 10,3, for which AH® = + 11,300 cal./mole.
The result is that at pH > 11 the apparent AH® for the reaction
should approach the value - 5, 500 cal./mole. The above calcula-
tion in the section on results showed that, the apparent AH®
varied from - 8,200 at pH 9.8 to - 6,200 at pH 10.,6. These values
are in fairly good apgreement with expectation. Naturally, this
can be tested more precisely as more data become avallable,

Finally, 1t 1s very iImportant and very interesting to note
that no conclusions can be drawn about the nature of the heme-
linked group, from the pK of lts lonization, because the latter
changes greatly In the free and in the coordinatéd form of the

group. (Compare pKp = 14.5 to pKy = 10,3).
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