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ABSTRACT

The observable histidine C-2 and C-4 proton resonances in the
1H NMR spectrum of various ferric and ferrous derivatives of sperm whale,

horse and pig myoglobin have been assigned.

Assignments were made on

the basis of comparisons between the above species which have specific
deletions of histidine residues in their amino acid sequence, comparisons
of pK values between the C-2 and C-4 proton resonances and selective
modification of histidine residues by carboxymethylation.

The large

difference in pK values of his 36 resonances between deoxy and oxy and
carbon monoxy myoglobin was attributed to the conformational changes
associated with the binding of the oxygen and carbon monoxide ligands.
Assignment of the resonances of two of the three tyrosine residues in
the spectrum of ferric cyano myoglobin was accomplished by spin decoupling.
Preparation of haem that had been selectively deuteriated at
the meso haem positions and its subsequent incorporation into sperm whale
myoglobin and soybean leghaemoglobin has enabled the assignment of these
resonances in the 1H NMR spectrum· of the ferrous oxy and carbon _mouo~y
complexes .

The meso haem proton resonances

1n the oxy derivatives of

both proteins witness conformational changes due to the titration of his
97 in myoglobin and the

distal histidine in leghaemoglobin.

changes are related to the acid Bohr effect in both proteins.

These
Other

resonances in the haem pocket of the oxy and carbon monoxy derivatives
of myoglobin also undergo variations with pH that may be ascribed to the
titration of the distal histidine (his 64) or his 97.

111

1H NMR studies of the hyperfine shifted resonances of th e

ferric met and cyano derivatives have been undertaken and further evidence
that the titration of his 97 is the cause of conformational changes in
the vicinity of the haem pocket is obtained .
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CHAPTER 1
THE MYOGLOBIN MOLECULE

1.1

GENERAL INTRODUCTION
The transport and utilisation of oxygen are essential to all aerobic
Oxygen is a rich reservoir of energy because eighteen tiQes

life forms .

as much energy is extracted from glucose in the presence of oxygen than in
An efficient method of distributing oxygen within the organ-

its absence.

ism 1s therefore essential.

Unicellular org anisms and organisms up to

about 1mm across can spread oxygen by simple molecular diffusion.

Ins ects

also rely on diffusion for their oxygen supply and have developed a system
of hollow tracheal tubes for its distribution.

However, only when the

surface area of the organism is very large compared with its internal volume can simple diffusion provide sufficient oxygen to the interior cells.
Vertebrates have evolved two means of providing their tissues
with oxygen .
the cells .

The first is the circulatory

syst em that delivers oxygen to

The second is the presence of th e oxygen-binding and transport-

1ng molecules, myoglobin and haemoglobin.

These molecules enable the

animal to overcome the problem of the low solubility of oxygen in water
by . encasing the oxyge n molecule in th e protein fold.

Haemoglobin 1s

found in high concentration in the red blood cells or erythrocytes and
functions as the carrier of oxygen in the bloodstream from the lungs to the
tissues .

Haemoglobin also plays a role in the transport of carbon dioxide

2

Myoglobin is found in the muscles where it functions

and hydrogen ions.

not only as a reservoir for oxygen but is also involved in the mechanism
of intracellular oxygen transport .

The skeletal muscle of aquatic verte-

brates which make prolonged dives , e . g. whales, are a rich source of
The primary role of myoglobin in this case is to act as an

myoglobin .
oxygen store .

This thesis describes a proton nuclear magnetic resonance ( 1 H MR)
study of t he myoglobin molecule.

The application of

MR to the study of

the three - dimensional structure of protein molecules in solution has been
an area of extremely act i ve research in the past decade or so .

MR pro-

vides the only general experimental technique for observation of conformational i nt eractions between individual atoms in the molecule and can
provide information on the dynamics of specific groups in the molecule
(Gurd and Rothgeb 1979) .
1H

N~R spectroscopy has been the most widely used because of its

inherent sensitivity but its major disadvantage is the small chemical shift
range over which

1H

resonances occur.

This causes problems due to the

l arge overlap of resonances and therefore reduced resolution .

The use of

very high magnetic fields (up to 600 MHz) has enabled this problem to be
partially overcome .

Techniques such as resolution enhancement, difference

spectroscopy, application of various pulse sequences and use of paramagnetic
probes have been developed to aid in the resolution and assignment of
resonances (Dwek 1973;

WUthrich 1976).

The assignment of resonances by

selective chemical modification of residues has been employed
assignment purposes .

widely for

The application of some of the above techniques to

the myoglobin molecule has been employed in this study .

3

Undoubtedly, the most dramatic advances in protein N R have occurred in the

last few years with the development by WUthrich and his co-

workers of two-dimensional 1H NMR techniques for the elucidation of protein
structure in solution.

These techniques have enabled virtually the com-

plete assignment of every proton resonance in the molecules of basic pancreatic trypsin inhibitor (58 residues in length) (\ agner and Wlithrich 1982)
and membrane-bound glucagon (29 residues) (Wider et al. 1982).

With these

assignments and knowledge of the interproton distances obtained from these
experiments it should be possible to arrive at a fairly complete determination of the protein conformation in solution.

Thus, protein N1R is in

a similar situation to that of protein crystallography twenty years ago
when the first structures of protein molecules in the crystal state were
being presented .
While the results presented in this thesis do not approach, in
any way, that of total assignment of the proton resonances in the NMR
spectrum of myoglobin, conclusions are drawn about the structure and
function of specifically assigned resonances and their relationship to the
overall oxygen-transporting properties of the myoglobin molecule.

1.2

HISTORICAL ASPECTS OF THE STUDY OF MYOGLOBL
The existence of a separate "muscle" haemoglobin was postulated

as far back as the early and mid nineteenth century.

Bichat (1803),

Kolliker (1850) and Klihne (1865) all noted differences in properties of
muscle pigment compared with that of the pigment of circulatory blood (i.e.
haemoglobin).

lorner (1897) was the first to demonstrate the spectro-

photometric differences between canine muscle pigment and haemoglobin and
hence obtained the first direct physical evidence of two separate pigments.
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These differences involved a characteristic shift towards the red end of
the spectrum of the muscle pigment, which he named myochrome.

The name,

myoglobin , was proposed by Ganther (1921) 1n recognition of its similarities
to haemoglobin.

His studies developed improved methods of extraction and

assay from the muscle and involved examination of the deficiencies of
myoglobin in the muscles of the foetus and newborn.
Whipple (1926) developed techniques for the measurement of
myoglobin in muscle which showed that dogs increased their muscle myoglobin
content with age and after prolonged exercise.

In the latter case,

increased myoglobin concentration was most marked in the muscles of the
leg and back .

Similar conclusions were reached on observation of the

lowered content of myoglobin in the muscles of inactive human patients
with chronic wasting diseases (Woodruff and Whipple 1928).

Throughout

these studies , however , Whipple used the name "muscle haemoglobin" rather
than myoglobin .

He and many others believed that the pigment in muscle

was nothing other than haemoglobin.

The spectral differences observed

by M~rner (1897) between myoglobin and haemoglobin were attributed to normal variations of haemoglobins within species (Keilin 1925) or to artifacts
arising during extraction.

This latter argument was disproven by Ray

and Paff (1930) who observed similar spectrophotometric red shifts to those
of M~rner (1897) from muscle in situ.
The question of the presence of a separate muscle pigment to that
of haemoglobin was finally settled in 1932 by Theorell who crystallised
myoglobin from horse heart muscle and then, in a series of studies (Theorell
1934 a,b , c,d), characterised some of the differences in properties of

myoglobin compared with haemoglobin.

These studies involved demonstrating

the characteristic hyperbolic oxygen binding curve of myoglobin and th~

5

measurement of the sedimentation coefficient, iron content and molecular
weight of myoglobin .
Since these pathfinding discoveries a wealth of experimental
evidence has been accumulated about the myoglobin molecule and it is now
one of th e most studied proteins.

Myoglobin was the first protein to

have its X-r ay crystal structure elucidated (Kendrew et al . 1958, 1960)
and its complete amino acid sequence was determined by Edmundson (1965).
1.3

CHEMICAL COMPOSITION
1.3.1

The haem group

Myoglobin and haemoglobin are composed of a folded polypeptide
protein portion called globin and a prosthetic group, haem,which contains
an atom of iron.

The iron atom, in the ferrous state, is the site at

which the reversible binding of oxygen occurs.
myoglobin and haemoglobin is cal.led

The prosthetic group of

Fe 2 +-protoporphyrin-IX or simply

protohaem or haem and is responsible for the characteristic colour of
these proteins.

The structure of haem was suggested by KLlster and Deihle

(1913) and Fischer and Zeile (1929)
haemin (figure 1.1).

succeeded in the total synthesis of

The iron atom in haem binds to the four nitrogen

atoms of the pyrrole rings, leaving the two axial coordination positions
free .

Isolated haems are oxidised by oxygen or other oxidising agents

to the corresponding ferric derivatives called ferriprotoporphyrins or
haemins which readily form complexes with anions such as CN

or OH- .

Haemoproteins are ubiquitously distributed throughout nature
where they are not only involved in oxygen binding but also participate in
electron transfer reactions and in the reduction of peroxides.
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Figure 1 . 1

COOH

Structure of haem (Fe 2 +-protoporphyrin IX)

Table 1 . 1 summarises the functions and differences between the various
haem proteins and also the other respiratory proteins found 1n nature
that do not contain a haem group .
Whereas isolated ferroprotoporphyrin IX is readily oxidised
t o the ferric form in the presence of oxygen, myoglobin and haemoglobin
bind oxygen and remain in the ferrous state for a significant length of
time.

Ferric met myoglobin (met14b) or ferric met haemoglobin (metHb) will

not bind oxygen .

The critical and special property of oxygen binding in

the ferrous form is due to the protection of the haem group from the surroundings afforded by the globin.

The presence of the globin is also the

means by which nature "dissolves" the insoluble haem group in aqueous
solution .
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TABLE 1.1

DISTRIBUTI01 ND FUNCTIO OF VARIOUS HAEM PROTEI S
AND NON-HAEM RESPIRATORY PROTEINS

(a) Respiratory Proteins
Protein

Associated
metal-prosthetic group

Distribution

(1)

Myoglobin

protoporphyrin IX

muscle cells-widely distributed in animals from
molluscs to man.

(2)

Haemoglobin

protoporphyrin IX

circulatory fluids - widely
distributed in animals with
exception of protochordates
and most insects.

(3)

Leghaemoglobin

protoporphyrin IX

root nodules of leguminous
plants.

(4)

Chlorocruorin

protoporphyrin IX
with a formyl group
substituted for the
vinyl group in
position 2

circulatory fluids of some
annelid polychaete worms.
Very large molecule with
190 haem groups per molecule.

(5)

Haemocyanin

copper - not linked
to porphyrin

circulatory -fluids of molluscs
and crustaceans.

(6)

Haemerythrin

iron-not linked to
porphyrin

circulatory fluids of
sipunculid worms.
Contains
two non-haem iron atoms on
each of eight polypeptide
chains.

(b)

Non-respiratory proteins
Protein

Associated
metal-prosthetic group

Distribution and Function

(1)

Cytochromes

haem A,C,a2, protoporphyrin IX and others

electron-transferring
oxidation-reduction carriers
in the respiratory chain,
widely distributed throughout
nature.

(2)

Catalase

protoporphyrin IX

iron atom in ferric high
spin state, found in vertebrate liver, blood and
various microorganisms.
Function is to carry and
decompose RO-OH.

(3)

Peroxidase

protoporphyrin IX

found in plants, leucocytes
and milk.
Spin state of
iron and function same as
for catalase .
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1.3.2

The primary structure of the myoglobin molecule
The vertebrate haem proteins haemoglobin and myoglobin have an

iron content of 0.30 to 0.35% by weight.

For example, horse haemoglobin

was found by Zinoffsky (1885) to contain 0.335% Fe and Theorell (1932)
found that myoglobin has an iron content of 0.345%.

Since each molecule

must contain an integral number of iron atoms the possible minimum molecular weight is from 16 , 000 to 18,000.

The molecular weight of mammalian

haemoglobins was found to be in the range 66,000-68,000 by Adair (1925,
1928 , 1929) and sedimentation equilibrium measurements by Svedberg and
Erickson-Quensel (1934) gave a similar value.

This means that haemoglobin

exists as a tetramer with one haem group per polypeptide chain.

In

fact , each haemoglobin molecule contains two subunits each of two types
called a and S of approximately 150 amino acid residues.

Myoglobin was

shown to be monomeric, i . e . consisting of one haem group per polypeptide
chain, from osmotic pressure measurements (Roche and Vieil 1940) and
sedimentation equilibrium studies (Polson 1939) .
The amino acid composition, along with the amino acid sequence,
have been determined for myoglobins of over fifty species.

Mammalian

myoglobin consists of 153 amino acids and all species exhibit similarities
in amino acid composition.
sperm whale myoglobin .
cysteine .

Table 1.2 lists the amino acid sequence of

For example, myoglobins generally do not contain

Man and some species of monkeys are exceptions and have a

cysteine residue at position 110.
of the basic amino acid lysine;
residues.

Myoglobin contains a large proportion
for example sperm whale has 19 lysine

Myoglobin has low concentrations of the aromatic residues,

tyrosine and tryptophan.

Mammalian myoglobins, with two exceptions,

TABLE 1. 2
CJ)

AMINO ACID SEQUENCE OF SPERM WHALE MYOGLOBIN (Edmundson 1965)
3
ser

A2
4
glu

A3
5
gly

A4
6
glu

AS
7
trp

A6
8
gln

A7
9
leu

A8
10
val

A9
11
leu

AlO
12
his

All
13
val

Al3
15
ala

Al4
16
lys

AlS
17
val

Al6
18
glu

ABl
19
ala

Bl
20
asp

B2
21
val

B3
22
ala

B4
23
gly

BS
24
his

B6
25
gly

B7
26
gln

B8
27
asp

B9
28
ile

BlO
29
leu

Bll
30
ile

Bl2
31
arg

Bl3
32
leu

Bl4
33
phe

BlS
34
lys

Bl6
35
ser

Cl
36
his

C2
37
pro

C3
38
glu

C4
39
thr

cs

C7
42
lys

COl
43
phe

CD2
44
asp

CD3
45
arg

CD4
46
phe

CDS
47
lys

CD6
48
his

CD7
49
leu

CDS

40
leu

C6
41
glu

lys

Dl
51
thr

D2
52
glu

Helical No .
Sequential No .

D3
53
ala

D4
54
glu

DS
55
met

D6
56
lys

D7
57
ala

El
58
ser

E2
59
glu

E3
60
asp

E4
61
leu

ES
62
lys

E6
63
lys

E7
64
his

E8
65
gly

Helical No.
Sequential No .

E9
66
val

ElO
67
thr

Ell
68
val

El2
69
leu

El3
70
thr

El4
71
ala

ElS
72
leu

El6
73
gly

El7
74
ala

El8
75
ile

El9
76
leu

E20
77
lys

EFl
78
lys

Helical No .
Sequential No.

EF2
79
lys

EF3
80
gly

EF4
81
his

EFS
82
his

EF6
83
glu

EF7
84
ala

EF8
85
glu

Fl
86
leu

F2
87
lys

F3
88
pro

F4
89
leu

FS
90
ala

F6
91
gln

Helical No .
Sequential No.

F7
92
ser

F8
93
his

F9
94
ala

FGl
95
thr

FG2
96
lys

FG3
97
his

FG4
98
lys

FGS
99
ile

Gl
100
pro

G2
101
ile

G3
102
lys

G4
103
tyr

GS
104
leu

Helical No.
Sequential No.

NAl
1
val

NA2
2
leu

Helical No.
Sequential No.

Al2
14
trp

Helical No.
Sequential No.
Helical No .
Sequential No .

Al

so

TABLE 1.2 (CONT.)
0
~

Helical No.
Sequential No .

G6
105
glu

G7
106
phe

G8
107
ile

G9
108
ser

Gl0
109
glu

Gll
110
ala

Gl2
111
ile

Gl3
112
ile

Gl4
113
his

GlS
114
val

Gl6
115
leu

Gl7
116
his

Gl8
117
ser

Helical No .
Sequential No .

Gl9
118
arg

GHl
119
his

GH2
120
pro

GH3
121
gly

GH4
122
asp

GHS
123
phe

Hl
124
gly

H2
125
ala

H3
126
asp

H4
127
ala

HS
128
gln

H6
129
gly

H7
130
ala

Helical No .
Sequential No .

HS
131
met

H9
132
asn

Hl0
133
lys

Hll
134
ala

Hl2
135
leu

Hl3
136
glu

Hl4
137
leu

Hl5
138
phe

Hl6
139
arg

Hl7
140
lys

Hl8
141
asp

Hl9
142
ile

H20
143
ala

Helical No .
Sequential No .

H21
144
ala

H22
145
lys

H23
146
tyr

H24
147
lys

H25
148
glu

H26
149
leu

HCl
150
gly

HC2
151
tyr

HC3
152
gln

HC4
153
gly
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contain two tyrosine residues at positions 103 and 146.

In kangaroo a

phenylalanine residue is present at position 103 and sperm whale myoglobin
has an extra tyrosine residue at position 151.

All mammalian myoglobins

contain tryptophan residues at positions 7 and 14.

Mammalian myoglobins

contain two methionine residues at positions 55 and 131 and many species
have an additional methionine residue at position 142.
These results all emphasise the similarities of the amino acid
sequence of myoglobin among many species.

By comparisons of these

sequences it has been possible to map out the evolutionary pathway for
myoglobin and compare it with that based on comparative anatomy and the
fossil record (Romero-Herrera et al. 1973).

The similarities between the

amino acid sequences of myoglobin and those of the separate haemoglobin
chains have pointed to an evolutionary relationship between them (Ingram
1961) .

The a chain of haemoglobin contains 141 amino acids and the B

chain 146 amino acids and X-ray crystallography indicates that all three
monomers have a similar protein tertiary structure.
A few mutant human myoglobins have been discovered (for example
Boulton et al . (1969) observed the substitution of a lysine residue for
a glutamic acid residue at position 53(D4) in human myoglobin) and many
mutant haemoglobins exist which have been well characterised.

Studies

of mutant haemoglobins have yielded much information about the relationship
between the structure and function of the molecule (Antonini and Brunori
1971).
1.4

~OLECULAR HETEROGENEITY
Purified or crystalline preparations of myoglobin are hetero-

geneous, containing more than one component of monomeric haem protein.
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Typically, electrophoretic analysis shows a maJor component which accounts
for 70-80% of the protein, a second one accounting for 15-25% and a third
one accounting for 5% or less.

The amino acid sequence of sperm whale

myoglobin was determined on the major component (Edmundson 1965).

The

two major components of human myoglobin have very similar spectra,
identical behaviour in the ultracentrifuge and the same functional properties (Rossi Fannelli and Antonini 1956).

The kinetics of oxygen binding

for eight resolved electrophoretic components of sperm whale myoglobin
were identical although some differences were observed for the binding
of carbon monoxide (LaGow and Parkhurst 1972).
twelve components from sperm whale myoglobin.

Atassi (1964) resolved
Edmundson (1965) has

suggested that some of these components may arise from the extraction
procedures employed which result in alteration to the haem or globin.
Garner et al . (1974) separated, by isoelectric focusing, four
components of sperm whale myoglobin which were analysed by amino acid
The second major component was found to contain two fractions

analysis.

which accounted for 18% (IIIB) and 4% (IIIA) of the protein, the third
component (II) accounted for less than 1% whilst the major component (IV)
accounted for 78%.

The various minor components were found to differ

in primary sequence from the major component with fraction IIIB having
least divergence and the other two components showing significant differences.

The presence of an extra tyrosine residue in component IIIA was

confirmed recently by UV difference spectroscopy (Uyeda and Peisach 1981).
Garner et al. (1974) interpreted the heterogeneity of myoglobin
as arising from the products of mutational development derived initially
from gene duplication.

Thus, the presence of differing myoglobin com-

ponents is real although some of the extra components observed in some
studies mentioned above may be artifacts arising from the preparative
procedures .
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1.5

THE STRUCTURE OF MYOGLOBIN AS DETERMINED BY X-RAY CRYSTALLOGRAPHY
Myoglobin was the first globular protein to have its detailed

atomic structure solved by X-ray diffraction (Kendrew et al. 1958, 1960).
This involved use of the isomorphous substitution technique and required
the preparation of isomorphous crystalline derivatives of sperm whale
metMb containing gold or mercury atoms at single sites on the molecule.
Perutz and his co-workers (Green et al. 1954) had developed these techniques to determine the structure of horse haemoglobin (Perutz et al. 1960).
The high resolution electron density map of sperm whale metMb
(Kendrew et al. 1960) allowed the location of nearly all the 1260 nonhydrogen atoms to a precision better than 0.3A.

Figure 1.2 shows a

diagram of the myoglobin molecule obtained from this determination.
The molecule is an oblate spheroid approximately 42 x 42 x 25A in size.
Most of the main chain amino acids (121 out of the 153 residues) are
located in eight helical segments (A to H starting from the N-terminal
end), ranging from 7 to 24 residues in length which enclose the haem
group and give the myoglobin molecule an unusually high helical content
of about 75%.

The helices are all right-handed a-helices and are con-

nected by five non-helical segments composed of from one to eight residues and two sharp corners from B to C and D to E which do not contain
non-helical residues.

There are two other non-helical regions at the

amino and carboxyl terminal endswhich are two and four residues long
respectively.
Almost all the non-polar sidechains

are directed towards the

interior of the molecule whereas the polar residues are located on the
surface.

The exceptions are serine and threonine residues which form

hydrogen bonds within helices and tyr 146(H23)

which forms an internal
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hydrogen bond with the carbonyl of ile 99(FGS).

The non-polar side

chains line the inner surfaces of the a-helices every 3 . 6 residues on
average so that the side of the helix which faces the interior of the
molecule is made by a row of non-polar groups .

The cleft in which the

haem groups si t s i s a l so lined by hydrophobic groups.

Figure 1 . 2

Three-dimensional structure of myoglobin .
Only the a-carbon
atoms are shown .
Helical regions are designated by the
letters A-H.
The N-terminal amino acid residue is located
in the lower left-hand corner and the C-terminal residue is
in the upper left-hand corner (taken from Dickerson (1964)).
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The haem is located in a crevice between the E and F helices .
The edge containing the polar prop1on1c acid groups is near the surface
and the rest of the haem is buried deep inside the globin.

The iron

atom is octahedrally coordinated to the four nitrogen atoms of the porphyrin
ring, a nitrogen atom of the so-called proximal 93(F8)

histidine and at

the sixth position a ligand which in the case of metMb is a water molecule.
The haem is bound to the globin by three different interactions: (a) the
mainly covalent bond between the iron atom and the proximal histidine
which itself is held in position by a hydrogen bond from its other ring
nitrogen to the carbonyl oxygen of leu 89(F4);
one of the propionic acid side chains to his

(b) hydrogen bonds from
97(FG3) and gln 128(H5),

and from the other propionic acid side chain to arg
is also hydrogen bonded to asp

60(E3);

45(CD3), which itself

and (c) by approximately 80

van der Waals or non-polar interactions with atoms of residues that are
close to the haem.

The phenyl ring of phe

43(CD1) is particularly

close to the haem and nearly parallel with it which suggests an interaction
between then-electrons of the two systems.
In metMb, the water ligand is hydrogen bonded to the so-called
distal histidine

64(E7).

This residue has been shown by neutron dif-

fraction studies to form a similar bond with the oxygen ligand in ferrous
oxymyoglobin (Phillips and Schoenborn 1981) but is absent in ferrous
carbon monoxy myoglobin ( orvell et al. 1975).

Thus, the imidazole of

his 64 stabilises bound molecular oxygen with a hydrogen bond.
residue, along with two hydrophobic groups phe 43(CD1)

This

and val 68(Ell1

form a tight pocket which presents steric hindrance to linear molecules
such as carbon monoxide and favours bent ones such as oxygen.

These

residues therefore affect indirectly the ligand affinity of myoglobin.
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It is interesting to note that studies of various abnormal haemoglobins
containing substituted amino acids on this distal side of the haem pocket
have shown that these haemoglobins exhibit markedly different oxygen
binding characteristics from that of normal haemoglobin (Antonini and
Brunori 1971) .
Since the pathfinding work of Kendrew and his co-workers,
crystallographic structures of various ligated states of myoglobin have
been solved .

These have involved a redetermination of the X-ray

crystal structure of sperm whale metMb (Takano 1977a) , the determination
of the X- ray crystal

structures of ferric cyano myoglobin (Bretscher

1968a) ,.ferric azido myoglobin (Stryer et al . 1964), ferric hydroxy
myoglobin (Schoenborn 1969), ferric imidazole myoglobin (Bolognesi et al.
1982) and t he physiologically significant ferrous deoxy (Takano 1977b)
and oxy (Phillips 1978, 1980) derivatives.

Schoenborn and his co-

workers have a l so undertaken neutron diffraction studies of ferrous
carbon monoxy myoglobin (Norvell et al . 1975;

Hanson and Shoenborn 1981),

metMb (Schoenborn 1971) and oxyMb (Phillips and Schoenbornl981) .

X-ray

crystal structures of various derivatives of cobalt myoglobin in which
the iron atom is replaced by cobalt have also been reported (Padlan

et al . 1975;

Petsko et al . 1978) .

The results of these studies indicate that the general polypeptide fold and conformation of the molecule are the same in all these
derivatives.

Small but significant differences are observed between

the various ligated states.

They are primarily due to the different

interactions of the ligands with the near haem residues.

The results of

some of these crystal structures will be compared in later chapters with
those obtained in this study by

1 H.

MR.
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The fold of the polypeptide chain that is observed in sperm
whale myoglobin is also conserved in seal myoglobin (Scouloudi and
Baker 1978), myoglobin from the mollusc, Aplysia (Ungaretti et al . 1978 ) ,
the monomeric haemoglobins from the larvae of the insect, Chironomus

thummi thwnmi

(Huber et al . 1970, 1971), sea lamprey (Hendrickson and

Love 1971), the annelid worm, Glycera dibranchiata(Padlan and Love 1968,
1974),

leghaemoglobin, the monomeric haemoglobin from the root nodules

of legumes (Vainshtein et al . 1975) and the various a, Sandy chains of
haemoglobin (Perutz et al . 1960).

Thus, a general homology of structure

is present throughout the myoglobin-haemoglobin "family".
The X-ray crystal structural determination of the
various ligated states of haemoglobin has shown that the mammalian
haemoglobin molecule is composed of four individual myoglobin-like chains
(two a and two 8 chains).

Both chains have a similar haem environment

to that of myoglobin in that they have a distal and proximal histidine
and other conserved or similar near-haem residues.

Other residues 1n

the two molecules are also conserved and the non-polar character of the
interior of the haemoglobin chains is also present.
dissimilar chains

The contacts between

-

(a182 , a1S1 , a2S1 , a282,) are essentially non-polar

in nature while those between similar chains
tially polar.

The residues associated with these contacts in haemo-

globin promote interactions between the individual chains whereas many
of the corresponding positions in the myoglobin chain carry charged
residues which attract water and prevent association of the myoglobin
molecules.

1

1.6

ELECTRONIC CONFIGURATION OF THE HAEM IRON
The ferrous ion contains six and the ferric ion five valency d
When the sixth coordination position is occupied the ligands

electrons.

for the iron in haemoglobin and myoglobin are to a first approximation
in an octahedral geometry.

The orbital degeneracy of the d orbitals is

removed in the presence of the ligands by the electrostatic repulsion
between the coordinating electron pairs of the ligands and the d electrons
of the iron atom.

The electrons in the t 2 g orbitals are orientated

between the bond directions and experience less repulsion than those in
thee

g

orbitals which point towards the ligands.

have higher energies than the t 2 g orbitals.
splitting (6) is determined by

TT

Thus, thee

orbitals

g

The magnitude of the

interactions between the p or

TT

electronic orbitals of the proximal histidine, porphyrin and the sixth
ligand and the t 2 g orbitals of the iron, i.e. it is a measure of the
ligand field strength.

In the case of a strong field ligand at the

sixth coordination position, 6 is increased by lowering the energy of
the t2g orbital.

If this increase in 6 is much greater than the loss

of energy resulting from electron pairing the d electrons in the t2g
orbitals pair up to give a low spin species .

For a weak field ligand,

6 is much less than the pairing energy and the d electrons can distribute
themselves in both the eg and t 2 g orbitals with maximum total spin, i.e.
a high spin species.
In the five coordinate species, deoxyMb and the deoxyHb the
energy of e

g

orbitals is low enough for them to be populated and a high

spin species results.

They are, however, not octahedral complexes and

even when a sixth ligand is present, the different ligands in the axial
and equatorial planes result in considerable tetragonal distortion.
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and e

This means that the energies of the respective t 2g

g

orbitals are

not equivalent and that the above description of the coordination geometry
In fact from electron paramagnetic

of the haem is rather simplistic.

resonance (EPR) studies many haemoglobin and myoglobin complexes exhibit
rhombic distortion, i.e. with all orbitals having different energies.
Figure 1.3 shows the splitting of the d orbitals in these various ligand
fields.

(eg)
z2,x2-y2
c::.

/

/

x2-y2

----

---

/

z2

-- - - -

-- - - -

x2-y2
z2

/
/
/
/

'

' '
' '
' '

-

...., ...-

.......

xy,xz,yz
free metal
Figure 1. 3

(t2g)
octahedral

- -- --

xz ,yz

- -- --

.......
.......

.......

-

yz

-- -- -

xz

. . . . __x.. . _y__________x_.:. y__
tetragonal

rhombic

The splitting of the cl-orbitals in octahedral, tetragonal
and rhombic ligand fields.

The degeneracy between the d
and d
orbitals in tetragonal distortion
.xz
yz
can be removed by interactions between the haem and the globin and by a
distortion of the configuration of the porphyrin, i.e. "puckering" of
the ring .
As discussed above, the spin state of a particular myoglobin
or haemoglobin derivative depends on the energy difference ( 6 ) between
the t2g and eg orbitals.

In myoglobin and haemoglobin there is a close

balance between these two energies so that in going from high spin,
paramagnetic ferrous deoxyMb or deoxyHb to the complexed ferrous oxy or
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carbon rnonoxy derivatives a low spin diamagnetic species results.

In

many of the ferric rnyoglobin and haemoglobin complexes the energy difference between the high spin and low spin states is very small so that at
room temperature

they are in thermal equilibrium.

perature alters this equilibrium.

Changing the tern-

It has been shown from magnetic

susceptibility (Beetlestone and George 1964) and absorption spectrophotometric measurements (Smith and Williams 1968) that the cyanide and
flouride ferric complexes of rnyoglobin exist as purely low and high
spin species respectively whereas other ligated states such as aquo ,
hydroxide, azide etc. exist as spin state mixtures.

Table 1.3 summarises

the electron configurations for various derivatives of myoglobin.

TABLE 1 . 3

ELECTRONIC CONFIGURATIONS OF THE HAE~ IRON

oxidation state

Fe 2+

Fe 2+

Fe3+

Fe 3+

spin state

S=2

S=O

S=S/2

S=l/2

d x2-y2
dz2

--

electronic
configuration

_L

_L

!

!l

_li_

_J1_
__li_
_J_L

_L

_ll_

deoxy ,fb

oxyMb

rnettvfb

CNMb

_L
d

examples

_L
_L

_L
_L

d
d
xy' xz' yz

_L
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1. 7

TI-IE I RO. -OXYGE:

BOND

There has been much debate in the last forty years as to the
X-ray

nature of the iron-oxygen bond in myoglobin and haemoglobin.

crystallography has shown that the dioxygen molecule is bound to the iron
atom with bent, end-on geometry in oxyMb (Phillips 1978, 1980) and oxyHb
(Shaanan 1982) and similar geometry is observed in model oxygenated porphyrin compounds (Jameson et al . 1978a,b).

Upon finding oxyHb to be

diamagnetic, Pauling and Coryell (1936) proposed a similar structure in
which the iron-oxygen bond has the resonating structure :

0

- +/

0
II(

>

Fe---0

+/

Fe====== O

All electrons are paired and the bond between the iron and oxygen is made
by hybridisation between

TT

orbitals of the oxygen and the dxz and d yz orbi-

tals of the iron, with some net transfer of charge from the oxygen to the iron.
An alternative bonding scheme has been proposed by Weiss (1964).
He postulated that th e iron-oxygen bond is ionic and can be described as
a low spin complex of Fe(III) with a superoxide ion (0 2 -)

.

Two unpaired

electrons are present, one is localised on the iron atom and the other on
the dioxygen.

The observed diamagnetism results from spin-coupling of

the unpaired spins on adjacent atoms (Wittenberg et al . 1970).
model has some experimental support.

This

For example, superoxide ions are

liberated during auto-oxidation (Misra and Fridovich 1972) and flash
photolysis (Demma and Salhany 1977) of oxyHb, the infrared 0-0 stretching
frequency of oxyHb is in the superoxide range (Barlow et a l. 1973) and
physical measurements on a closely related superoxide chromium complex are
consistent with such a bonding interaction (Reed and Cheung 1977).
Ot er workers

have questioned

the superoxide model on

the

basis of molecular orbital calculations and favour a spin-paired
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model with varying degrees of charge transfer between the iron and
dioxygen (Huynh et al. 1977;

Olafson and Goddard 1977;

Case et al. 1979).

Phillips and Schoenborn (1981) have noted that molecular orbital calculations attributing no partial negative charge to the non-bonded oxygen atom
of the dioxygen ligand should be regarded with caution as, in CO1b, no
hydrogen bond was found between the distal histidine and bound carbon
monoxide where charge transfer is absent (Hanson and Schoenborn 1981)
although such an interaction between dioxygen and the distal histidine
is present in oxyMb (section 1.5).
Thus a resolution to the debate has not been forthcoming.

Any

solution for the iron-oxygen bonding scheme must, however, rationalise
the diamagnetism, the angular coordination and the apparent multiple
bonding in the iron-oxygen linkage.
1. 8

OXYGEN BINDING IN MYOGLOBIN AND HAEMOGLOBIN
The reversible binding of oxygen is the physiological function

of the myoglobin and haemoglobin molecules.

Myoglobin possesses one

haem and therefore one reactive binding site per molecule.

The oxygen

binding is a simple equilibrium that may be represented by
1.8.1
with a dissociation constant
[Mb02]
K = ---[Mb] [ 02]

1.8.2

This is often expressed in terms of the fractional saturation, Y, of
the protein viz.,
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total amount of bound oxygen
1.8.3

y =

total oxygen capacity of the protein
which for myoglobin becomes
1. 8. 4

y =

Combining equations 1.8.2 and 1.8.4 gives

1.8.5
Equation 1.8.5 accurately describes the dissociation curve of oxyMb.
The characteristic hyperbolic binding curve of myoglobin along with the
sigmoidal curve for haemoglobin is shown in figure 1.4.

1 .0

y

0 .5
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Po
Figure 1.4
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(torr)

2

The oxygenation of myoglobin and haemoglobin.

If the concentration of oxygen is expressed in terms of pressure then
1.8.6

where P1 is the oxygen partial pressure at which half saturation occurs .
.::z

4

Substitution of equation 1.8.6 into 1.8.5 and the use of partial pressure
for the concentration of oxygen gives
1.8.7

Taking the logarithm of both sides of equation 1.8.7 gives
log

y

log (P 0 ) - log (P 1

=

)

Yz

2

1.8.8

1-Y
A plot of log Y/(1-Y) versus log (P

02

) yields a straight line with a

This representation is called a Hill plot

slope of one for myoglobin.

and its slope (n) is known as the Hill coefficient.
For myoglobin at room temperature P1 is usually approximately
Yi

one torr.

The oxygen affinity (i.e. P1

)

Yi

is independent of the protein

concentration and of the salt composition of the medium (Rossi Fanelli
and Antonini 1958).
observed in myoglobin.

Small changes in P1 with pH (the Bohr effect) are
Yi

The binding of oxygen to myoglobin is therefore

readily explained in terms of the above equations.

The oxygen binding

characteristics of haemoglobin, however, are very different from those of
myoglobin.

.There are four haem groups per haemoglobin molecule and if these

haem groups all react independently the binding curve of haemoglobin
should confirm to equation 1.8.5.

As can be seen from figure 1.4 this

is not the case and the binding is cooperative, i.e. the binding of
oxygen at one haem facilitates the binding of oxygen to other haems.
This cooperativity of haemoglobin is also called haem-haem interaction
and the binding of oxygen to one haem group increases the oxygen affinity
of the others.

Figure 1.5 is a Hill plot of haemoglobin which clearly

shows this property.
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Figure 1.5

Hill plot of oxygen binding to haemoglobin.

When deoxyHb (the T conformation) is exposed to low oxygen pressures,
non-cooperative binding occurs, as reflected by a unit slope region of
the Hill plot.

As the oxygen pressure increases a slope greater than

unity is observed which indicates interaction between the sites, i.e.
cooperative oxygen binding. At still higher oxygen pressures noninteractive oxygen binding is -again observed but with high affinity
which leads to the fully oxygenated R conformation.

The Hill coefficient,

n, in this intermediate region is 2.8.
The cooperative binding of oxygen makes haemoglobin a more
efficient oxygen carrier.

The oxygen saturation of haemoglobin changes

more rapidly with changes in the partial pressure of oxygen than it would
if the haem sites acted independently of each other.

The high oxygen

affinity of haemoglobin at high oxygen pressures guarantees full saturation at the lungs whereas its lo w affinity at low oxygen pressures ensures
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complete transfer of oxygen from haemoglobin to myoglobin in the tis sues
(see figure 1.4).
The variation of oxygen affinity of haemoglobin with pH is
known as the Bohr effect (figure 1.6).
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Figure 1.6

The effect of pH on the oxygen affinity of human
haemoglobin and myoglobin.

The maximum of log P1 between pH 6-6.5 corresponds to the pH range cf
~

lowest oxygen affinity.

The total Bohr effect between pH 5 and 10 is

the summation of two effects which are known as the acid and alkaline
Bohr effects.

In the physiological range, a low concentration of hydro-

gen ions (i.e. high pH) facilitates the uptake of oxygen.

This may be

considered in another way, i.-e. a lowering of pH shifts the oxygen dissociation curve to the right so that oxygen affinity is reduced (figure
1. 7).

Increasing the concentration of CO 2 (at constant pH) also reduces

the oxygen affinity.

In the capillaries of rapidly metabolising tissue,

such as contracting muscle, much CO 2 is produced along with a corresponding large amount of acid because of the catalysis of the reaction
In the presence of
The

these higher levels of CO 2 and H+ oxyHb releases its oxygen.
reciprocal effect occurs in the alveoli of the lungs where
+

centration of oxygen drives off H and CO2.

.

.

increas ing con-
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Figure 1. 7

The effect of pH on the oxygen affinity of haemoglobin.
A lowering of pH from 7.6 to 7.2 results in the release
of oxygen from oxyHb.

A simplified stoichiometric summary of the Bohr effect 1s

O2 Hb + H+ + CO 2
1n actively {
metabolising tissue

in the alveoli

l

of the lungs

H+
Hb/

' CO2

+

The oxygen affinity of haemoglobin within the erythrocyte is
lower than that of haemoglobin in free solution.
presence of organic phosphates such as
which bind to deoxyHb but not to oxyHb.

This is due to the

2,3-diphosphoglycerate (DPG)
DPG stabilises the quaternary

structure of deoxyHb by cross-linking the S chains and thereby lowers the
oxygen affinity of haemoglobin.
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Thus, the oxygenation of myoglobin behaves as a bimolecular
reaction whereas that for haemoglobin is
more complex

mechanism.

cooperative and involves a

Perutz (1970) has proposed a structural basis

for oxygen binding in haemoglobin based on his X-ray crystal structural
studies.
1.9

These studies will be discussed in Chapter 4.

THE FORMATION, DESTRUCTION AND FUNCTIONAL
ROLE OF MYOGLOBIN IN THE TISSUE
Although much is known about the structure of myoglobin, much

less is known about its formation or destruction.

It is believed that

synthesis of the haem group in muscle cells is identical to that which
occurs for the haem groups of haemoglobin.

This synthesis, starting

with the substrates glycine and succinyl coenzyme A, occurs in the
mitochondria and the cytosol of red blood cell precursors in the bone
marrow (for a full description see Tait 1968;
Bogorad 1979).

Frydman et al . 1979;

Iron, which comes from the circulating iron bound pro-

tein transferrin, is inserted into protoporphyrin IX to give haem.

The

synthesis of the globin portion of the molecule occurs on clusters of
polyribosomes within the muscle cell.

These polyribosome

aggregates are similar in size to those required for the synthesis of
haemoglobin chains.

The myoglobin molecule which is formed from these

constituents has a much longer life span than haemoglobin;

a half life

of 80 to 90 days (Akesson et al . 1960).
The biological degradation of haem is similar for both myoglobin and hae oglobin.

The haem is separated from the globin and then

oxidatively cleaved and converted to bilirubin which is then converted
to other forms in the liver and excreted into the bile.

The fate of

the globin portion is not entirely understood although it is believed that
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the mechanism of catabolism is enzymatic and that the amino acids are
released by protelytic digestion and subsequently neutralised or
metabolised.
The notion that myoglobin functions as a storage mechanism for
oxygen within the cell was first suggested by Theorell (1934d) and
Millikan (1939).

Millikan demonstrated the storage concept by showing

that myoglobin in muscle undergoes rapid deoxygenation and oxygenation
1n response to fluctuations in oxygen supply and demand imposed by intermittent activity.

The role as a reservoir of oxygen is probably an

important one in mammals which make prolonged dive~ such as whales and
seals .

This role , however, is not significant in man (Wyman 1966)

and the proposal that myoglobin acts as a carrier of oxygen in cardiac
and red skeletal muscle was suggested by Wittenberg (1959).

Mathematical

models to describe this process have been constructed by Wyman (1966)
and Murray (1971, 1974, 1977) and the theoretical results of Murray are
in agreement with the experimental results of Wittenberg (1970), RiverosMoreno and Wittenberg (1972) and Wittenberg et al . (1975).

The myoglobin-

facilitated oxygen diffusion mechanism has been reviewed by Wittenberg
(1970) .

The actual molecular mechanism for this facilitated diffusion

of oxygen is not clear although the capacity of myoglobin to act as a
short term or limited store of oxygen is also relevant to muscle function
(Wittenberg 1970) .
The role of myoglobin, along with bicarbonate, as energy
carriers in the muscle has been postulated from the observation that
these molecules have the capacity to convey all waste metabolic heat th at
is produced in the tissue (Hills 1973).
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CHAPTER 2
NMR THEORY AND TECHNIQUES

2.1

NUCLEAR MAGNETISATION
In addition to charge and mass, many nuclei possess spin angular

momentum, Ih (integer or half-integer in units of n) which gives rise to a
magnetic moment (µN) given by
2. 1. 1

where yN 1s the magnetogyric ratio characteristic of a given nucleus N and
I is the spin angular momentum quantum number.

In the presence of a

uniform external magnetic field Ho, the magnetic moment of a nucleus interacts with the field and assumes discrete energy values that are labelled
by the quantum number m, where m can have 21 + 1 values (e.g. for I=½,
m = -+3-:::)
2

•

These (Zeeman) energy levels are equally spaced and of energy
The separation energy is given by

2.1.2
which corresponds to a frequency (in Hz) of

2.1.3
Transitions betwe~n these energy levels can only occur at frequency v o,
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Consider the case of a system with I -- 1_-2, such as 1 H or 13 c , in
which, since m =±½,two energy states with the spin aligned either with or
agains t Ho are possible.

Ho is applied along the x axis.

The magnetic

moments experience a torque due to Ho and precess about it with an angular
frequency wo given by
2.1.4
where w0 is known as the Larmor frequency.
ised in figure 2.1.

The situation

may be visual-

The net magnetisation at equilibrium (Mo) will be

directed along Ho and its magnitude will be determined by the Boltzmann
distribution populations of the two energy states.

m=-1/2

y

--

m=+l/2

Figure 2.1

Precession of an ensemble of magnetic moments with I=½ about
a fixed magnetic field H0 .
The net magnetisation at equilibrium Mo is orientated along H0 .
The second magnetic field
H1 is applied along the x axis and at the Larmor frequency.

From equation 2.1.4 it is observed that the angular frequency of the radiation required to induce transitions from one state to another is equal to
the Larmor frequency .

Thus application of a second magnetic field H1,
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perpendicular to Ho and rotating at the Larmor frequ ency, will exert a
torque upon the magnetic moments and such a transition will be induced.
If there exists an inequality in the populations of the two energy states
at equilibrium then an absorption of energy from H1 occurs, is detected
and results in the observed NMR signal.

The return of the spin states to

their equilibrium populations is governed by the time constant, T1, the
spin-lat tice relaxation time.

2.2

PARAMAG ETIC INTERACTIONS
The resonance position of a nucleus in a paramagnetic molecule

1s shifted from its diamagnetic position by interactions with the unpaired
electron(s) of the paramagnetic ion.

This shift is kno¼~ as the

hyper-

fine shift and may involve movements from its diamagnetic chemical shift
position of up to several hundred parts per million (ppm) to either low
or high field.

The interactions between unpaired electron(s) and nuclei

may also cause broadening of these resonances.

If the electronic spin

relaxation time of the paramagnetic nucleus is short and the hyperfine
shift of the resonance concerned is large compared to its line width, the
resonance will be observable.

: The hyperfine shift arises from two types

of interaction between the unpaired electron(s) and the nucleus in question;
the Fermi or isotropic contact shifts and the pseudocontact or dipolar
shifts .
The Fermi contact shifts result from the delocalisation of a
finite amount of unpaired electron density at the resonating nucleus.
This effect is transmitted to this site through chemical bonds from the
paramagnetic ion.
tropic system

For proton r e sonances, the contact shift for an iso-

(i . e. a system with a single populated state) 1s gi ven by

Bloembergen (1957):

33

gSS(S + l) v 0
t-,v

= -A

con

2.2.1

3nykT

where A is the hyperfine coupling constant, n is Planck's constant, g the
electronic g factor, S the Bohr magneton, k the Boltzmann constant, T the
absolute temperature, y the gyromagnetic ratio of the proton,
spin quantum number, t-,v con
magnetic

position and v

0

s

the electron

the frequency shift of the proton f rom its diathe resonance frequency for the proton.

For paramagnetic molecules with isotropic g-tensors the dipolar
electron-proton interaction is averaged out to zero during rotational tumbling.
For situations , however, with anisotropic g-tensors the electron-proton
dipole-dipole coupling results in dipolar or pseudocontact shifts which
are given by (Jesson 1973) :

vaS 2 S (S
t-,vd.

1p

1)

+

{ [2g

=

18kTr 3
3(g

y

2 -

where g, g , g
X

y

g

Z

z

2 )sin 2 0

Z

2 -

(g

X

2 +

cos2 ~}

g

y

2 )]

(l-3cos 2 0 ) +

2.2.2

are the principle components of the g-tensor, 0 the angle

between the inter-nuclear (e.g. iron-proton) vector, r the length of this
vector and~ the angle between the x axis and the projection of r on the xy
plane.

The first term in equation 2 . 2 . 2 is a result of axial anisotropy

while the second one 1s due to rhombic or in-plane anisotropy.

In deriving

equation 2 . 2 . 2 it is assumed that the system contains only one thermal ly
populated energy level in the absence of a magnetic field and that the
electron relaxation time is short.
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For haem proteins, contact shift interactions arise if a
finite amount of unpaired electron spin density is delocalised from the
iron orbitals into the TT -orbital systems of the ligands, i.e. the porphyrin
nuclei , the proximal histidine and the coordinated distal ligand.

Electron

density is then further transferred from the aromatic ring carbon atoms
to the protons.

From equation 2.2.2, the pseudocontact shift is inve~sely

proportional to r 3 .

Since this interaction is through space, it would be

expected to affect not only the porphyrin nuclei but also amino acid
nuclei that are in close proximity, i.e. those that line the haem pocket
above and below the haem group.
Thus, in general, the hyperfine shift of a proton resonance in
a paramagnetic molecule may be expressed as a sum of the contact and
pseudocontact shifts, i.e. ~vhf= ~vd.ip + ~v con

The separation of

these two components of the hyperfine shift requires knowledge of the
electronic

g-tensor and the molecular geometry (WCTthrich 1976).
It is observed from equations 2.2.1 and 2.2.2 that both pseudo-

contact and contact interactions are inversely proportional to the temperature.

This temperature dependence may be used to identify hyperfine

shifted resonances in the spectrum of a protein.

For low spin state

haems and haemoproteins, in which the approximation of a system with a
single populated electronic state is an adequate description, these
equations also imply that as T- 1

-+

0 the hyperfine shifts vanish to give

the diamagnetic chemical shift value of the resonance.
The presence of a nearby paramagnetic ion can greatly influence
the relaxation of a particular proton.

These effects arise from dipole-

dipole coupling and scalar coupling between proton and electronic spins.
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The spin-lattice, T p and spin-spin, T2 p relaxation times are given by
1
the Solomon-Bloembergen equations (Solomon 1955;

1

2

3TC1
(---+

=

7T

Bloembergen 1957):

Cl )

+

l+ w2 T 2
cl

2.2.3

1
=

15

r

6

3T
13T l
Cl
_
_
_
c_) +
( 4T
+ ----+
Cl
l+w2T2
l+ w2 T 2
cl

+

T

e

S

Cl

)

2.2.4

where r is the distance between the proton and the paramagnetic 10n, wand
w the proton and electron Larmor precession frequencies in rad s- 1 and
s

T

C1

and

T

the correlation times for dipole-dipole and scalar interactions

e

respectively such that,
2.2.5

2.2.6

where Ts 1s the electron spin relaxation time, TM the lifetime of a proton
bound near the paramagnetic ion and
the proton.

T

C

the rotational correlation time for

Thus , in the absence of chemical exchange, T
e

=

T .
s

The first and second terms in equations 2.2.3 and 2.2.4 represent,
respectively, the dipole-dipole and scalar coupling interactions.

In
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general for protons , the dipolar term predominates and T p and T2 p have a
1

r- 6 dependence .

Thus by measurement of relative relaxation times of

non-equivalent protons in a paramagnetic molecule it is possible to
obtain distance information .

The binding of paramagnetic (e.g. lanth-

anide) ions to proteins and the observation of such effects has been
extensively employed in biological NMR for structural studies (Dwek

et al . 1974).
Paramagnetic ions can be classed into two broad groups (Dwek
1973):

(a) those having long electronic spin relaxation times (1 ), i.e.
s

in the absence of chemical exchange those from equation 2 . 2 . 5 in which
= 10- 10 to 10- 11 s and (b) those having short
1

1

s

's

and hence

This difference means that for a given system,

C 1-1 S

group (a) ions cause relaxation much more effectively than group (b) ions
(i.e . shorter T 1 P and T2 P values from equations 2.2.S and 2 . 2.6) and
therefore exhibit broader resonances .

Hence, group (a) ions (e.g .

Mn(II) , Gd(III) , Eu(II)) are used as broadening probes and group (b)
ions as shift probes (e . g. Co(II), Ni(II)) .

Fe(III) is paramagnetic and has a

1

s

in the low spin state

(S=l/2) of -2xlo - 12 s and in the high spin state (S=S/2) of -10- 10 s
(WUthrich 1970) .

Using the above criteria, this results in large

hyperfine shifts but broad resonances due to the intermediate

1

s

for

high spin Fe(III) complexes and smaller hyperfine shifts and narrower
resonances for low spin

Fe(III) complexes.

Low spin (S=0) Fe(II)

is diamagnetic whereas high spin~=~ Fe(II) is paramagnetic with a
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T

s

-6xlo- 12 s (Johnson et al . 1977).

Although relatively small hyperfine

shifts are observed for high spin Fe(II) complexes significant broadening of resonances is present due to the relaxation induced by rotational
modulation to the iron electronic spin polarisation (Gueron 1975).

2.3

RING CURRENT EFFECTS
The applied field Ho may be modified at a nucleus by several

mechanisms such that the local field at the nucleus, H1oc , may be
expressed as a function of Ho and a screening constant a ,

H

2 .3.1

= H 0 (1 - o)

loc

These localised fields arise from induced electronic currents which are
localised on an atom in the molecule.

They may either oppose or enhance

Ho and result in differing chemical shifts for the various nuclei in
the molecule.
In aromatic ring structures, TT-electrons are free to move in an
orbital in the molecule not associated with any one atom .

For the

benzene molecule there are six mobile TT electrons which may be considered
to be moving in a circular path in the plane of, and passing throu gh ,
If the magnetic field Ho is applied in a plane

the ring carbon atoms.

perpendicular to the plane of the aromatic ring each TT -el ectron circulates
with angular frequ ency w

i

=

eH 0 /2mc and the total current flowing is,

2.3.2

=

2TTmC
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where e is the charge on the electron of mass m and c the velocity of l ight.
The direction of this curr ent leads to a diamagnetic moment oppos ed to t he
primary field and there are magnetic lines of force as shown in figure 2.2.
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Figure 2. 2

Current and magnetic lines of force induced 1n benzene
by a primary field H0 .

It 1s evident from this diagram that the induced field will reinforce H0
at the positions of the aromatic -protons at the side of the ring but will
oppose Ho at the centre of the ring.

Thus, aromatic protons would be

expected to resonate at a lower field than other protons.
shows a benzene ring and its shielding envelope.

Figure 2.3

Nuclei in regions above

and below the plane of the ring experience a shielded environment and in
the other regions a deshielded environment.
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'+
l

Figure 2.3

Benzene ring and shielding envelope.
The cone separates
the shielding (+) and deshielding (-) regions.
Assuming that the current moves in a circular path of radius

of the ring a, an estimate of the magnitude of this effect can be made
(Pople 1956) by replacing the current i by a magnetic dipole at the centre
of the ring, perpendicular to it and of magnitude

2.3.3

µ =

2mc 2
If R is the distance of the proton from the centre of the ring, the corresponding approximation for the magnitude of the induced field at this position is
µ

I

H

=

=

2.3.4

The contribution to the screening constant for this direction is obtained
by dividing by H0 .

1

When H is averaged over all orientations of the ring

with respect to Ho, division by three is nec essary , i.e. the ring-current
contribution to the mean screening constant is
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2.3.5

~a =

~a

represents the difference in chemical shifts between benzene and

ethylene protons.
A better approximation to the TT electron distribution of the
benzene ring is one of line currents in two closed paths at equal distances above and below the plane of the ring which have the same symmetry
axis as the molecule (Waugh and Fessenden 1957, 1958;
1958).

Johnson and Bovey

Bovey (1969) has tabulated these shielding values for a variety

of positions around the benzene ring.

In general, the results from this

model are in agreement with experimental results.
In the 1 H NMR spectra of proteins numerous examples exist of
the shielding and deshielding of proton resonances as a result of interactions with nearby aromatic ring systems.

If the assignment of a

particular perturbed resonance is known, it is possible to draw conclusions
about the nature of its immediate environment.

For example, in the 1H

NMR spectrum of lysozyme a number of well-resolved methyl resonances are
found upfield of O ppm as a result of interactions with aromatic rings
(Campbell et al . 1975a,b).
In haem proteins, a large number of TT -electrons are present in
the porphyrin ring.

This produces a corr esponding large ring current

and, for diamagnetic species, any proton that is near to the porphyrin
ring will experience either shielding or deshielding effects depending
on its orientation with respect to the porphyrin plane.

Abraham (1961)

treated the porphyrin rin g current as being able to flow along paths

41

defined by the a bonds of the prophyrin ring.

This yields five current

The ring current shifts calculated by this procedure had to be

loops.

multiplied by an empirical factor of 0.67 in order to quantitatively agree
with observed shifts of porphyrin protons.

Estimates of the ring current

shifts near a porphyrin ring were compiled by Shulman et al. (1969a, 1970a).
From these results, a proton near the plane of the porphyrin ring may undergo very large shifts of up to 5 ppm or more.
It is important to note that ring current shifts are intrinsically
independent of temperature and it 1s therefore possible to distinguish
between these types of shifts and those ar1s1ng from paramagnetic interactions which are dependent on temperature .
2.4

EFFECTS OF CHEMICAL EXCHANGE
If a given nucleus exists in two or more different magnetic

environments , exchange between these environments may cause pronounced
effects on the observed magnetic resonance spectrum.

Consider the situ-

ation of two-site exchange, 1.e . the nucleus is jumping between two sites
A and B where its resonance positions (in Hz) are respectively vA and vB
and the lifetimes (in seconds) at each site are TA and T8 .
If the exchange rate between the two sites 1s sufficiently slow
such that
1

2n(vA - v 8 )

>>

1

TA' TB

then two separate resonances will be observed at vA and vB.

2.4.1
Each res-

onance (i) will be broadened by the exchange and will have a width (in Hz)
at half height given by :
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1

1

2.4.2

--+ -TITi

where T2 i is the spin-spin relaxation time of the nucleus in state A or B.
In the fast exchange limit the rate of exchange is rapid compared to the difference in resonance frequencie~ i.e.
1
2n(vA - vB) <<

1

2.4.3

,

TA

TB

A single resonance is observed which is at a frequency, v, dependent on the
relative populations, PA and PB, of the two sites,
2.4.4
At this fastest exchange rate, the line width of the resonance is independent of exchange and is given by,
2.4.5

If exchange is fast enough to coalesce res onances A and B but slow enough
to cause broadening of the observed resonance then exchange will influence
the linewidth such that:
+

2.4.6
where the last term represents the excess broadening due to slow exchange.
Figure 2.4 shows the observed lineshapes for the two site
exchange situation for various rates of exchange and equal populations of
site A and B.
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Two site NMR lineshapes as a function of exchange rate.
The slow and fast exchange rate limits are shown at the
top and bottom of the figure.

Figure 2.4

2.5

RESOLUTION ENHANCEMENT TECHNIQUES FOR REDUCTION OF
LINEWIDTHS IN THE NMR SPECTRA OF PROTEINS
The

1H

NMR spectrum of a protein consists of a large number of

overlapping resonances because of two factors.

Firstly, the linewidth

of resonances in macromolecules is greater than for small molecules due
to the slower rate of tumbling of the molecule and,secondly, the large
number of resonances in the spectrum make the observation of a particular
resonance difficult.

This is especially true in the 1H NMR spectra of

diamagnetic molecules where all the resonances are found over a small
chemical shift range.

One of the methods that has been developed to

overcome these problems is the use of resolution enhancement.
These techniques involve mathematical treatment of the free
induction decay (FID) by multiplying it with a function so that the
resultant FID when compared to the original is one in which the beginning
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of the FID is de-emphasised and the later part emphasised.

In all these

techniques, signal to noise is sacrificed to achieve increased resolution.
The first such technique to be widely used in protein NMR was that of convolution difference (Campbell et al. 1973).

This involves multiplication

of the FID by an increasing exponential function which upon transformation
gives a broadened spectrum.

Subtraction of this FID from the normal

unmodified FID gives rise to a spectrum containing non-Lorentzian, narrower
resonances which, for example, enables spin-spin structure to be readily
Broad resonances are eliminated from the resulting spectrum.

resolved .

The two methods used for resolution enhancement in this study
were the sinebell and trapezoidal multiplication.

The sinebell method

involves multiplication of the FID with a sinusoidal window function with
zero phase and a period of twice the acquisition time (De Marco and
Wilthri ch

1976) i.e. the FID is multiplied by a function which is t he

firs t half cycle of a sine wave.

The resulting FID is attenuated at each

end as shown in figure 2.5.

FT

MS

FT

Figure 2.5

Illustration of modification of the FID by a sinebell function
(MS).
This results, after Fourier transformation, in a lineshape with dips on both sides of the peak.
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This results in the broad components of the spectrum being drastically
r educed compared to the sharp ones.

This routine results in somewhat

improved resolution enhancement as compared to the convolution difference
method and, unlike the convolution difference method, does not require
se lection of any arbitrary parameters besides the experimental acquisition
time .
The trapezoidal

multiplication involves multiplication of the

FID by a trapezoidal function of the form shown below:

1

0 -r-- - - - - - - - - -~ - - - -- ----=::::i.l-.
1~r1~

~ -- T2-- - N

The first Tl points of an N point FlD are multiplied by a linear function
whose value at t he first point is O and at the Tl point is 1.

The last

T2 points are multiplied by a linear function whose value decreases from
1 at point (N-T2) to Oat N.

The values of Tl and T2 can be varied.

The process is essentially the same as the convolution difference method
in that the beginning of the observed FlD is zeroed.
Gassner e t al . (1978) compared these two methods of resolution
enhancement and concluded that there was little difference between sp ect r a
that were resolution enhanc ed by either method.

The line distortion

pr esent in the sinebell spectrum is less than that for the same FlD that
had been multiplied by a trapezoidal function.

Trap e zoidal multipli cation,

46

however, has the advantage of allowing one to adjust the parameters to su it
the conditions required of the experiment.

2.6

SPIN-SPIN COUPLING AND SPIN DECOUPLING
Resonances in an NMR spectrum often exhibit multiplet structure.

This fine structure arises from weak interactions between nuclei in the
molecule that possess a magnetic moment.

The interaction of magnitude

J Hz is transmitted between nuclei by electrons in a chemical bond and
The resulting splitting of the resonance

1s termed spin-spin coupling.

1s generated by interaction between the nuclei and, unlike the chemical
shift, 1s not a function of the applied field.

The coupling constant

between two nuclei 1s largest for those that are directly bonded and is
These

attenuated rapidly as the number of intervening bonds increase.
"long-range" couplings are usually too small to be resolved in the
spectra of biological macromolecules.

Consider a situation where J is small compared to the chemical
shift between the resonances of the nuclei concerned.

The resulting

spectrum is called first order and the coupling pattern, for a nucleus
-

coupled ton equivalent spins of I=½, will give rise to (n+l) lines of
relative intensity given by a binomial distribution, 1.e. 1:1
1:2:1 for a triplet etc.

for a doublet,

For a situation where J is comparable to the

chemical shift difference the resulting spectrum 1s, in general, complex
with spacings that exhibit no obvious regularity and differing line intensities from the situation above.

(For a full description see WUthrich 1976.)

When first order spectra are observed the non-equivalent nuclei are
labelled with letters that are well separated in the alphabet (e.g. A, M, X) .
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If J is approximately the same as that of the chemical shift difference
between the nuclei then the letters A,B,C are used.

Two spins with

identical chemical shifts although different spin-spin couplings with
other nuclei in the system are denoted AA' while those with identical
spin-spin couplings are denoted A2.
For the aromatic rings of a tyrosine or phenylalanine residue
the two pairs of protons in the 2 and 6, and 3 and S positions are related
by

c2-symmetry

operation about the

c8

-

cY

bond.

Therefore, in an -iso-

tropic medium, an AA'BB' spectrum is observed for a tyrosine ring and an
AA 1 BB 1 C type spectrum for a phenylalanine ring.
In a double resonance experiment a second oscillating radiofrequency field H2 is applied to the sample in addition to the "observing
field" H1 .

The spin multiplet structure of a given resonance A, due to

spin-spin coupling t o a neighbouring nucleus B, can be eliminated by
irradiation with H2 of sufficient amplitude.

This causes nucleus B to

change its alignment with the main magnetic field at a rate fast compared
with J.

As a result, nucleus B changes its direction at a rate too fast

for A to detect its orientation and any spin-spin coupling disappears in
the resonance of nucleus A.
(e.g.

1 H),

If A and Bare the same type of nucleus

the experiment is called "homonuclear decoupling" .

The term

"heteronuclear decoupling" applies when A and Bare different nuclei (e.g.
1H

and

13 C).

The technique of spin decoupling is a powerful tool in biological
NMR and has been used to interrelate the observed multiplet structure of
aromatic (e.g. tyrosine and phenylalanine) and methyl resonances in, for
example, lysozyme (Campbell et al. 1975a,b) and basic pancreatic trypsin
inhibitor (Wtith~ich 1976).
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The double resonance technique is also used for solvent suppression,
measurement of nuclear Overhauser effects and the removal of heteronuclear
dipolar coupling.
2.7

THE CARR-PURCELL SPIN-ECHO SEQUENCE FOR SIMPLIFICATION
OF 1H NMR SPECTRA
The nuclear magnetic resonance spin-echo phenomenon was first

described by Hahn (1950) and was originally applied to the measurement of
self diffusion coefficients .

It has since been used to measure spin-spin

relaxation times, i . e. T2 values of resonances (Freeman and Hill 1975;
Vold et al. 1974) .

The pulse sequence used is 90° -·-r --180° --r and its main

application in biological NMR is the separation of resonances on the basis
of their T2 values and multiplet structure.
Figure 2 . 6 shows a schematic representation of the situation as
observed in the rotating frame of reference.

y'
~

T

7
--,>

T

Figure 2. 6

The behaviour of the net nuclear magnetisation,
during the spin-echo sequence.

10 ,
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At equilibrium, the net magnetisation Mo, is aligned with the ext ernally
applied field Ho along the z' axis.

The application of a 90° pulse along
Immediately

the x' axis rotates the magnetisation into the x'y' plane.

after application of the 90° pulse all of the partial magnetisation vectors
are in phase.

After a delay

T,

the magnetisation vectors have partially

lost their phase coherence and the resulting signal in the x 1 y 1 plane is
This dephasing is a result of spin-spin relaxation processes

reduced .

and the magnitude of the resulting magnetisation decays exponentially
according to
x'y'

MT

where

x'y'

MT

=

M

o

e

-T/T 2

2.7.1

is the magnitude of the magnetisation in the x 1 y 1 plane,

T

the

time following the 90° pulse and T2 the natural spin-spin relaxation time.
In practice, the rate of decay is generally faster than that given by
equation 2.7.1 due to inhomogeneity in the field Ho which causes precession
of the individual magnetisation vectors at slightly differing
Consequently, the individual magnetisation vectors fan out.

frequencies.
This provides

a second mechanism for signal decay and thus the effective T2 ,T2* is a function of both the natural T2 and the inhomogeneity of H0 .
At this time

T,

a 180° pulse is applied along the x' axis.

This results in the component of each partial magnetisation vector which
is in x'y' plane being rotated through 180°.
each partial magnetisation vector.

This inverts the phase of

Provided it is assumed that the rate

of precession of each partial magnetisation vector remains constant over
the period 2T, then the 180° pulse will bring all the partial magnetisation
vectors into phase at time 2T .

This will result inc; "spin-echo".

The

intensity of the signal, however, is reduc ed due to the reasons outlined abo ve.

so

By measurement of the relative heights of these "spin-echo' signals as a
function of 2T it is possible to determine T2 values for the particular
nucleus.
It is obvious from this discussion that by suitable choice of a
T value , the resulting spectrum will contain only resonances with long T2
values since resonances with short T2 values rapidly decay to zero and
are therefore absent .

For example , in proteins, the histidine C-2 and C-4

proton resonances have characteristically long T2 values due to their distance from other protons, especially in deuteriated solvent and, for surface histidines, the mobility of these residues also contributes to their
long T2 values (Campbell et al . 1975c) .

Thus, a spectrum of sperm whale

CNMb with a T value of 30ms (see section 4.5.2 , figure 4.10) clearly shows
the C- 2 and C- 4 proton resonances of the histidine residues.
the resolution of the C- 2 proton resonances in the

1H

Similarly,

NMR spectrum of

deoxy and oxyHb is facilitated by application of the spin-echo sequence
(Brown and Campbell 1976).
The difference in T2 values of the protons of small and large
molecules has enabled, by use of : the spin-echo sequence, the resonances
of small molecules inside red blood cells to be resolved from the broad
envelope of overlapping resonances arising from haemoglobin molecules
(Brown et al . 1977 ;

Isab and Rabenstein 1979).

Similar resolution of

the resonances of the small, highly mobile molecule, adrenalin~ are
obtained in the spin-echo spectrum of adrenal medulla (Daniels et al . 1976).
The spin-echo sequence can also be used to differentiate between
resonances on the basis of their multiplet structure.

For a spin-spin

coupled system, the phase of the resonances will depend on the multiplet
structure and on the coupling constant, J (Freeman and Hill 1975).
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For example, the phase of each component of a doublet will differ from
that of a singlet by an angle~= ±2nJT.

Thus, a doublet of coupling

constant J will not only decay exponentially with a time constant T2 as
is observed for a singlet, but will also change its phase with respect to
the singlet at T = l/2J, 3/2J, 5/2J, etc.

At times T = 1/J, 2/J, 3/J,

etc . the doublet will be in phase with the singlet.

The phase modulation

of triplets , however, differs from that of doublets.

The central compon-

ent of a triplet is not phase modulated and it decays in the same manner
as a singlet and the two outer components are inverted at T = l/4J, 3/4J,
5/4J, etc. and in phase with the central component at T = l/2J, 1/J, 3/2J,
etc . (Freeman and Hill 1975).
J modulation can be circumvented in the spin-echo experiment by
application of the Carr-Purcell-Meiboom - Gill sequence in which the 180°
pulses are very closely spaced.

Thus, in this sequence the phase of all

multiplets remain in phase although the intensity changes resulting
from T2 effects are similar to those observed in the spin-echo spectrum
(Freeman and Hill 1973).
In protein spectra, the resonances of all aromatic protons consist , to a first approximation, of doublets and triplets with J = 8.5±0.5Hz
and by setting T = 60ms the doublets will be inverted and singlets and
triplets will have normal phase.

This, along with the Carr-Purcell-Meiboom-

Gill sequence, has been successfully used to resolve the multiplet structure
of the aromatic region of lysozyme (Campbell et al. 1975c; Cassels et al.
1978).

The protein methyl group resonances, apart from the singlet reson-

ance of methionine and a triplet reson nee of isoleucine residues, consist
of doublets with J values of around 7Hz (Campbell et al . 1975a,b).

Thus,

the multiplet selection method can also be applied, with suitable choice of T
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values, to resolve the multiplet structure of the methyl region of proteins
(Campbell et al . 1975c;

Freeman et al. 1978).

By use of a variety of

T

values in the spin-echo spectrum and

summing the resulting FID's it 1s possible to remove from the spectrum the
signals of the multiplets that are modulated as a function of
1981) .

T

(Bolton

This results in a spectrum which contains only signals from singlets

and the centre lines of odd multiplets such as triplets and it is possible,
by use of this method , to clearly resolve C-2 and C-4 proton resonances in
the spectrum of proteins (Bolton 1981).
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CHAPTER 3
MATERIALS AND METHODS

3.1

MATERIALS
3.1.1

Myoglobins

Sperm whale myoglobin (type II) and horse heart myoglobin (type
III) were obtained from Sigma as salt-free lyophilized powders in the ferric
form.
Pig myoglobin was extracted from pig hearts by the method of
Hapner et al. (1968).

These hearts (a gift from Mr G. Galloway of the

Department of Clinical Science, John Curtin School of Medical Research, ANU)
were frozen at -20°C until required.
The frozen hearts (0.5 to 1.0 kg) were partially thawed overnight
at 4°C .

The tissue was freed of gross fat and connective tissue, cut into

small cubes of lcm 3 or less and placed in 1.5 volumes of an aqueous solution
at 4°C containing 3.5M ammonium sulphate, lmM EDTA and 0.L1 phosphate
buffer, pH 6.5.
The cubed meat and salt solution were homogenised by grinding at
4°C in a Waring Blender .
spaced by 4 to 5 min.

Several high speed grindings of 30 to 45 sec.were
soaking periods with the blender turned off.

this time the tissue completely thawed and liberated the myoglobin.

During
Grind-

ing was continued until the homogenate was uniform in colour and consistency.
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The homogenate was centrifuged at 11,700 x g for an hour at 4°C.
After centrifugation, the floating lipid debris was removed by filtration
through coarse filter paper (Whatman No .l) and the supernatant was collected.
The red solution of oxy myoglobin was oxidised to met myoglobin
by the addition of 0.lg of potassium ferricyanide with gentle stirring at
4°C for 1 to 2 hours.

The metMb

was dialysed exhaustively against dis-

tilled water at 4°C to remove ammonium sulphate, oxidation by-products and
any other small molecules that might be present.

The precipitate of non -

haem protein that formed during dialysis was removed by centrifugation.
The solution was then concentrated by ultrafiltration in an

Amicon cell

over an Amicon Diaflo PMl0 membrane.
The ionic strength of the conc entrated solution was adjusted to
0.1 with KCl and the pH of the solution was adjusted to 6.2 with HCl.

A

precipi tate of non-haem protein formed at this point and was removed by
centrifugation.

Prior to ion exchange chromatography an addition~l aliquot

of potassium ferricyanide (5 to 10mg) was added to ensure complete conversion to the ferric state.
-Ion exchange chromatography was performed on a column (4.5 x 40cm)

of CM-Sephadex C-50 (Pharmacia).

Prior to use, 500ml of sodium phosphate,

ionic strength 0.1, was passed through the column.

The column was <level-

oped wi th "degassed" phosphate buffer of ionic strength 0.1 and pH 6 .5 at a
flow rate of 120ml per hour.

The sample of myoglobin of volume approxi-

mately 50ml was placed on the column.

Excess ferricyanide was separated

from the myoglobin and appeared with the non-haem protein in the initial
band.

The myoglobin separated into three bands and the main band was

col lected.

The purified metifb

was dialysed exhaustively against distilled
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water at 4°C, concentrated by ultrafiltration and deionised on a column
(2 x 15cm) of Sephadex G-25 (Pharmacia).
metMb

The homogeneous, deionised pig

was then lyophilized and stored below 0°C.
Purity of the extracted pig myoglobin was tested by vertical poly-

acrylamide gel electrophoresis at pH 9.2 using the method of Weber and
Osborn (1969).

In all cases a single band was observed at the same position

as that of a control of sperm whale metMb
3.1 . 2

at the same pH.

Reagents

Bromoacetic acid was obtained from Pfaltz and Bauer and recrystallised from petroleum ether.

The disodium salt of ethylenediaminetetra-

acetic acid (EDTA) was obtained from British Drug Houses, potassium hydrogen
phosphate, potassium dihydrogen phosphate, potassium cyanide from May and
Baker, sodium dithionite from May and Baker and Merck and pyridine-d5 (99.5%
enrichment) from CEA (France).

Deuterophosphates for buffer preparation

were made by lyophilization of above analytical grade phosphates from
D20 solution .
Deuterium oxide (>99.8% enrichment) was obtained from the Australian
Atomic Energy Commission and that used in buffer preparation from Merck,
Sharpe and Dohme Ltd., Canada (>99.7% enrichment, metal free).

Deuterium

chloride was obtained from Aldrich and diluted ten fold with D2 0 for
adjustment of pH for NMR purposes.
prepared by reacting sodium with D2 0.
from 1atheson.

A solution of sodium deuteroxide was
Pure carbon monoxide was obtained
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3.2

PREPARATION OF MYOGLOBIN DERIVATIVES FOR NMR
met myoglobins (sperm whale, horse and pig)

The salt free
were lyophilized two

or three times from 020 to remove exchangeable protons.

A 10% w/v solution of metMb

for NMR experiments was prepared by

dissolving the appropriate quantity of the lyophilized myoglobin in 0.lM' NaCl/
D2 0 in a sample vial (usually 200mg of protein in 2ml of solution).

Any

precipitate was removed by centrifugation in a bench top centrifuge.
The ferric cyano myoglobin solution (CNMb) was prepared by adding
a five molar excess of potassium cyanide to a solution of metlli

in 0 .lM

NaCl/D 2 0 that had been prepared as outlined above.
Solutions of ferrous carbon monoxy
pared by reducing a solution of metMb
of dithionite

myoglobin (CO,fu) were pre-

in 0.lM NaCl/D 20 with a small amount

(-lOmg for 200mg of potein).

This was bubbled with carbon

monoxide for several minutes before being loaded under

CO at 20°C onto a

column (0.5 x 8cm) of Sephadex G-25 that had been pre-equilibrated with
CO-saturated O.lM NaCl/D 20 solution.

The column was eluted with the

same solvent and the concentrated portion of the eluted band of dithionitefree COMb was collected.

In the preparation of some samples for NMR runs

the chromatography was omitted.
Solutions of ferrous oxy myoglobin (oxyMb)
similar way .

A solution of metMb

were prepared in a

in lOmM potassium deuterophosphate/

O.lmM EDTA, pH 7 in D2 0, was reduced with dithionite and loaded onto a column
(0.5 x 8cm) of Sephadex G-25 that had been pre- equilibrated with an airsaturated solution of the above buffer.

The column was eluted with this

buffer and the eluted solution was completely oxygenated by gentle shaking
and exposure to air.

The solution was

st or ed in ice prior to use.
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Ferrous deoxy myoglobin (deoxyMb) solutions for NMR were prepared
using a solution of 10nu1 potassium deuterophosphate/0.lmM EDTA, pH 7 in

o2 o

that had been bubbled for an hour with high purity nitrogen.

All

handling and preparation of solutions were undertaken in a glove box under
nitrogen .

The solution of metMb in the above buffer was reduced with

dithionite and applied to a column (0 . 5 x 8cm) of Sephadex G-25 that had
been pre - equilibrated with the above deuterophosphate buffer.

The

eluted dithionite - free deoxyMb was collected and stored in ice under
nitrogen .
The pH of the above solutions was adjusted to the appropriate
value by addition of DCl or NaOD .

The pH was measured with a Beckman

model 4500 pH meter except for the deoxyMb solutions 1n which a RadioBoth pH meters were fitted with an Ingold

meter PHM80 pH meter was used .

combination electrode whose dimensions permitted its direct insertion into
the NMR tube .

Approximately 0 . 4ml of solution was transferred to an

NMR tube for each NMR run .
and after the NMR run .

The pH of the solution was measured before

All pH values quoted herein are uncorrected for

deuterium isotope effects .

--

For oxyMb and deoxyrfu samples, the visible absorption spectrum
was periodically checked after NMR runs to ensure that sample degradation
had not occurred .
were employed .

Approximately

fifty-fold dilutions of the samples

Visible absorption spectra were recorded on a Cary 219

Spectrophotometer .
3.3

REACTION OF SPERM WHALE MYOGLOBIN WITH BROMOACETIC ACID
The standard carboxymethylation procedure outlined by Hugli and

Gurd (1970a) and Nigen and Gurd (1973) was used.

A 20ml solution of 0.21

bromoacetic acid in doubly glass-distilled water was adjusted with N~OH
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to pH 6.8 or 9.0, depending on the conditions required, before the addition
of 400mg of sperm whale metMb.

The reaction was carried out at 20°C and

the pH was automatically controlled at the required value by the addition
of 0.2N NaOH using a Radiometer TTTlc pH-stat.

After 10 days the solution

was dialysed exhaustively against distilled water and lyophilized.
The extent of reaction was determined by amino acid analysis.
5mg samples of apomyoglobin (prepared as outlined in section 5.2.2)
were hydrolysed in 6N HCl for 22 hours at 110°C.

The HCl was removed by

rotary evaporation and the residue was dissolved 1n starting buffer used
for the analyser (0.05M sodium citrate, pH 2. 75).

0.5ml of this solution

was applied to a standard 70cm ion exchange column, containing type C-2
resin, of a Technicon amino acid analyser.

The amino acids were eluted

in approximately S hours with a buffer gradient from the nine chamber auto+
grad (0.0SM sodium citrate buffers, pH 2.75 to 6.10, [Na]
0.2N to 0.8N).

Results were the average of two analyses.
3.4

DEUTERIUM EXCHANGE OF HISTIDINE C-2 PROTONS OF MYOGLOBIN
A 10% w/v solution of sperm whale or horse metMb

1n 0.lM NaCl/D 2 o

was incubated at 35°C or 40°C depending on the conditions for the required
length of time (usually about 20 days).
3.5

NMR SPECTROSCOPY
Unless otherwise stated, 1 H NMR spectra were recorded on a Bruker

IIX-270 spectrometer at 270MHz with an Oxford Instrument Company superconducting magnet opera~ed by the National N.1R Centre, Department of Chemistry,

ANU, Canberra.

Deuterium was used as an internal field frequency lock.

Spectra were accumulated (usually 1024 scans) at the required temperature
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A 68° pulse of

with a Nicolet 1180 computer and a Diablo disk system.

9µs duration with a spectral width of 3.6kHz and an acquisition time of
Spectra were collected in 4k or 8k data points.

0.57s were used.

Dioxane

was used as an internal standard but all resonances are referenced to TMS,
i.e.

oJ.
uioxane

=

3. 74 ppm.

The HDO resonance was suppressed by selective

gated irradiation (Campbell et al . 1975d).

This involved application of

a selective pulse of 0.2s duration at the HDO resonance position which was
gated off immediately prior to application of the observation pulse.

The

resulting spectra were Fourier transformed over either 4k or 8k data points.
A few spectra were obtained at 400MHz on a Bruker WM-400 spectrometer with an Oxford Instrument Company superconducting magnet located
at the School of Chemistry, University of Sydney, Sydney .

Spectra were

collected over a spectral width of 4.8kHz, in 16k data points and with
a repetition time of 1.90s.
3.6

THE DETER1INATION OF pK VALUES OF RESONANCES
FROM THEIR NMR TITRATION CURVES
Consider the acid-base equilibrium involving an acid A and

its conjugate base B, i.e.

.3.6.1

The equilibrium constant K for this ionisation is
K

=

[H+][B]

3.6.2

[ A]

Rearrangement of 3. 6. 2 yields

=

1 [B]

3.6.3

K [A]

Taking the logarithm of both sides of equation 3.6.3 gives
=log~+ log [BJ

K

[A]

3 . 6.4
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[BJ
pH= pK + log [AJ

i.e.

3.6.5

Equation 3. 6. 5 is known as the Henderson-Hasselbalch equation.

In the

case of rapid equilibrium between the acidic and basic forms, the observed
chemical shift, o, for a particular proton that is witnessing this equilibrium is given by
3.6.6
where PA, PB are the fractions of the acidic and basic species and oA, oB
are their respective chemical shifts.

Since PA+ PB= 1, it follows that

[BJ
=

[A]

3.6.7

=

Substitution of equation 3.6.7 into 3.6.5 gives
3.6.8

A plot of pH versus log ( oA- o)/(o - oB) gives a straight line whose
intercept is the pK value.
A computer program "PK" was used in this study to determine the
pK values from NMR titration data.
Ridgway and Mr Jeff Reimers.

The program was written by Mr Michael

Substitution of equation 3.6. 7 into 3.6.2

gives
3.6.9
which may be linearised thus,
3.6.10
The index i is introduced to show that there exists an equation of this
form for each datum point ([H.+J, o .).
1

Ko

B,

o

A

and K.

A routine which

i

dete.r~i~es

Equation 3.6.10 is linear in
the least squares solution is

used to find the best values of Ko B oA and K from which K, oA and oB
,
are determined.
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As outlined in section 1.8, for a simple acid-base equilibrium
the Hill coefficient , n, 1s equal to one.

For an interacting system n

does not equal one and equation 3.6.10 becomes
3.6.11
which is linear for fixed n .

11

P~ 1 finds an optimum value for n .

The

program also searches for secondary effects in t itration curves that ,
for example , are caused by conformational changes in the vicinity of the
proton .

This facility works well if a definite plateau region exists

in the titrat ion curve between the two shifts .

The theory of titration

curves for int eracting titrating groups has been given by Shrager et al .
(1972) .

For a t itration curve 1n which both the acidic and basic limiting chemical shift values can be determined and data points are obtained
at regular int ervals of approximately 0.2 pH units, the program will give
a pK value for this titration curve with an estimated error of ±0.1.

In

many cases in this study , however, only the basic limiting chemical shift
value could be obtained due to problems with protein stability at pH
values below S .

Another problem is the large number of overlapping

titrating resonances , especially in the histidine C-2 and C-4 proton
regions of the spectrum .

This is a result of the relatively high his-

tidine content of the myoglobin molecule.

It was therefore dif f icult

in regions of severe overlap to be certain of some of the continuities of
the titration curves.

These two factors introduce errors into the nK
•

value obtained for a particular resonance.
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CHAPTER 4
AN ANALYSIS OF THE AROMATIC REGION OF THE 1 H NMR
SPECTRUM OF VARIOUS FERROUS &FERRIC DERIVATIVES OF MYOGLOBIN

4.1

INTRODUCTia
The amino aci<l, histidine, is known to play a part in the

function of the active site of many enzymes.

For example, in the serine

proteases, the protonation-deprotonation of the imidazole sidechain of
histidine is involved in the mechanism of peptide bond cleavage (Bachovchin
and Roberts 1978).

Histidine is one of the stron est metal coordinators

among the amino acids and it acts as a ligand for metal ions in many proteins, for example, in the coordination of zinc ions in zinc insulin
(Blundell et al . 1972) and carbonic anhydrase (Sundberg and Martin 1974).
In haem proteins such as myoglobin, haemoglobin and some cytochromes a
histidine residue is coordinated to the iron atom through one of the
imidazole

sid echain nitrogens (see chapter 1, section 1.5).

globin the C-terminal histidine of the S chain, his

In haemo-

146 S , is one of the

main contributors to the alkaline Bohr effect (Perutz 1970).
Histidine was first isolated in 1896 by Kassel from a protein
of sturgeon sperm and by Hedin from several protein hydrolysates, including those of casein and ovalbumin (Kassel 1896;

Hedin 1896).

The

structure of histidine was proposed by Pauly (1904) and proven by Knoop
and Windaus (1904) .
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The importance of the amino acid histidine in protein chemis tr y
is due to the unique acid-base characteristics of its imidazole sidechain.
Imidazole is a five-membered heterocyclic ring with six TI -electrons and
contains two nitrogen atoms (Martinez-Carrera 1966) (figure 4.1).

Imida-

zole is able to function as either an acid (I) or a base (II) and exhibits
The imidazole group of histidines is generally res-

a pK value of 7.0.

ponsible for most of the buffering capacity of proteins in the neutral pH
range.

The deprotonated state of the imidazole forms complexes with

metal ions in model compounds and proteins by using the pair of free electrons located on the deprotonated nitrogen atom.

H

H 20

~

+

~

1N

H/

':--... ......

- +- -2

Figure 4.1

/_.
/

N3

-.. . . . H

N'

H

H

I

II

The acid-base equilibrium of the imidazole sidechain in acid
solution.
In alkallne solution the predominant exchange
reaction is

It has been determined from 13 c NMR spectroscopy that the
predominant site of deprotonation of the imidazolium ion
occurs at the N-1 position and gives the N3~H tautomer in
alkaline solutions (Reynolds et al . 1973).
As a result of the aromatic nature of the imidazole ring, the
protons at the C-2 and C-4 positions resonate in the lo wfie ld or aromatic
portion of the

1H

N 1R spectrum in model compounds and diamagnetic proteins

with the C-2 proton resonances downfiel d of the C-4 proton resonances.
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Eigen et al.

(1960) have shown that the rate of exchange of

protons on and off imidazole nitrogens is fast on the NMR time scale.
Thus, the

1 H N1ffi

chemical shifts observed (8 b) for the C-2 and C-4
0

S

protons are a weighted average of the chemical shifts of the protonated
(8A) and deprotonated (8 8 ) forms of the imidazole such that

8obs

4.1.1
=

[His+] + [His

0
]

The titration parameters for deprotonation of imidazole rings may be
obtained from the NMR data by use of a non-linear least-squares analysis
of the Hill equation (see section 3 ,6):

8A - 8 ,

ODS

4.1.2

=

where K is the dissociation constant, [H+] is the hydrogen ion concentration and n is the Hill coefficient.
Figure 4 . 2 shows the titration characteristics of the C-2 and
C-4 proton resonances in the

1H

NMR spectrum of L-histidine.

The C-2

proton resonance has a chemical shift change of approximately one ppm and
the C-4 proton resonance about half that upon deprotonation of the imidazole ring.

The pK value observed by the two protons for this deproton-

ation is the same within experimental error.
In a protein the chemical shift of these resonances at a particular pH will be modified from that in model compounds by the local environment of the histidine.

A histidine in a positively charged environment

will tend to exhibit a lower pK value than normal and vice-versa.

The

presence of a nearby titrating group may be observed by the imidazole ring
protons and this in turn affects their titration characteristics.
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(From Sachs
et al. 1971.)

Figure 4.2

In the

1H

NMR spectra of proteins, because of their unique

downfield position, the histidine C-2 proton resonances are separated
from the large envelope of non-aromatic proton resonances.

This is true,

to a lesser degree, for the C-4 proton resonances, which are found in
the region of other aromatic proton resonances from tyrosine, phenylalanine
and tryptophan residues.

The first

1H

NMR studies of proteins concen-

trated on histidine C-2 proton resonances and other proton resonances such
as downfield histidine and tryptophan N- H resonances and hyperfine or ring
current shifted resonances that are all observed 1n uncluttered regions of
the spectrum.
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Ribonuclease was the first protein whose imidazole C-2 protons
were identified .

Kowalsky (1962, 1964) reported the presence of histi-

dine C- 2 proton resonances in the 60MHz spectrum of ribonuclease unfolded
in 8M urea and observed the pH dependence of the chemical shift of the
C-2 proton resonances in a sample of heat-denatured ribonuclease.

Sub-

sequently, a composite resonance from the C-2 protons of native ribonuclease A was observed by Mandel (1964) .

Bradbury and Scheraga (1966)

observed and titrated three of the four histidine C-2 proton resonances
of ribonuclease at 60MHz and obtained apparent pK values for these resonances from a plot of chemical shift versus pH.

The following year,

Meadows et al . (1967) published titration characteristics of all four
histidine C- 2 proton resonances .

They also observed the titration of

the histidine C-2 proton resonances of staphylococcal nuclease and chicken
and human lysozyme .

Since then, the histidine C-2 and C-4 proton reso-

nances of many proteins have been investigated by
extent by 13 c NMR (Allerhand 1978;

1H

NMR and to a lesser

Allerhand et al. 1979).

Along with its downfield position 1n the

1H

NMR spectrum and

its titration characteristics, the imidazole C-2 proton has the unique
property of being the only carbon-bound proton to exchange with solvent
under mild conditions.

Under the conditions of exchange with deuterium,

this property has the useful application in assignment of these resonances.
For example , in ribonuclease A the slower rate of deuteriation of his 48
C-2 proton has aided in the assignment and understanding of the unusual
titration characteristics of this resonance (Markley 197Sa,b,c).
properties are related to the buried nature of the residue.
ton does not undergo similar exchange.

These

The C-4 pro-

This aids 1n the differentiation

of C-2 and C-4 proton resonances and also serves as a useful internal
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standard .

The kinetics of hydrogen-deuterium exchange of imidazole C-2

protons in model compounds have been outlined by Bradbury et al. (1980).
Early

1H

NMR studies of myoglobin concentrated on the para-

magnetic ferric cyano

derivative of sperm whale myoglobin (CNMb).

In

this derivative the haem and near haem proton resonances are hyperfine
shifted out of the diamagnetic envelope of the NMR spectrum by interactions
with the unpaired electron of the iron atom (for example see Wuthrich

et al . 1968 and Shulman et al. 1969b).

The N-H proton resonances of

the proximal and distal histidines along with some haem resonances

were

observed in the downfield hyperfine shifted regions of the 1 H NMR spectrum
of CNMb in H20 (Sheard et al. 1970).

Some studies were undertaken on

diamagnetic derivatives, namely the examination in H2 0, of the N-H proton
resonances 1n the downfield region below 10 ppm of oxyMb (Patel et al.
1970).

A cursory study of the aromatic and upfield reg\ons of various

ferrous derivatives in D2 0 was undertaken by Shulman et al. (1970a).
Following these studies attention was turned to the aromatic
region of the spectrum and, in particular, the histidine resonances.

Cohen

et al . (1972) observed the titration characteristics of seven histidine
C-2 proton resonances in the ferric met derivatives of sperm whale and
horse myoglobin.

These resonances in met1b were assigned by Hayes et al .

(1975) who also observed two extra titrating proton resonances in the
titration series of ferric azido myoglobin.
were generally confirmed by Botelho
detailed

1H

The assignments in metMb

and Gurd (1978) who undertoo k a

NMR study of metMb from 16 species.

Their assignments were

made by comparisons between myoglobin species in which specific histidine
residues were absent and by evidence from chemical modification .
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Thompson et al.

(1971) observed the titration characteristics

of nine histidine C-2 proton resonances of horse ferrous carbon monoxy
myoglobin (COMb).

This study was undertaken at 90 MHz and the continuit-

ies of some of the titration curves were difficult to follow.

In a

later report, Bradbury et al . (1979) presented the titration curves for the
C-2 and C-4 histidine proton resonances of sperm whale COMb at 270 MHz
along with the assignments of the distal histidine, his 64,proton resonances.
Ohms et al . (1979) published the titration curves for the C-2 proton resonances of ferrous deoxy and oxy sperm whale, horse and human myoglobin.
Compared with the corresponding metMb derivatives, two extra resonances
were observed and these were assigned to the near haem histidine C-2
protons of his 64 and 97.
This chapter involves an analysis of the resonances, most particularly the histidine C-2 and C-4 proton resonances, that occur in the
aromatic region of the 1 H NMR spectrum of various ferric and ferrous myoglobin derivatives.
4.2

ASSIGNMENT OF THE HISTIDINE C-2 PROTON RESONANCES IN THE 1 H NMR
SPECTRUM OF SPERM WHALE, HORSE AND PIG MET MYOGLOBIN
--

The amino acid sequence of sperm whale myoglobin contains
twelve histidine residues (table 1.2) of which one, the proximal his 93,
1s coordinated to the iron atom through one of its nitrogen atoms (N-3).
It would, therefore, not be expected to titrate.

The

1H

NMR spectrum of

sperm whale metMb exhibits seven clearly resolved histidine C-2 proton
resonances which all move upfield with increasing pH (Cohen e t a l . 1972).
Figure 4 .3 shows a series of spectra at various pH values of sperm whale
met 1b.

The seven histidine C-2 proton resonances, numbered 1 to 7, are

easily distinguished at pH 4.7.
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Horse and pig myoglobin have eleven and nine histidines resHorse and pig myoglobin have histidine residues at the same

pectively.

positions in their amino acid sequences as for sperm whale myoglobin, apart
from the replacement of a histidine residue by an asparagine residue at
position 12 for horse and pig myoglobin and the substitution at positions
113 and 116 by glutamine residues in pig myoglobin.

The

1H

NMR spectra

of horse and pig metMb show one and three less titrating histidine C-2
proton resonances respectively compared with sperm whale metMb.

The

titration curves for the C-2 proton resonances of all three species are
shown in figure 4.4 .

As is evident from these plots, a titration curve

that is observed in one species has a similar counterpart in the titration
curves of the other species that share this particular histidine.

It

follows, therefore , that the absent histidine C-2 proton titration curve
in horse metMb must belong to his 12 and the absent curves in pig metMb
must belong to his 12 , 113 and 116.

The similarities between the three

sets of curves in figure 4 . 4 imply similar chemical environments for the
histidine residues in all three species .
Therefore, because of its absence in the

1

H NMR spectra of

horse (and pig) metMb, resonance 2 in sperm whale metMb is assigned to his
12 C-2 proton.

Similarly , resonances 4 and 6 in sperm whale met 1b because

of their absence in the spectra of pig metMb, must belong to his 113 and
116 C-2 protons.

By comparing the

1

H NMR spectra of various myoglobin

species which had specific deletions of these two residues, Botelho and
Gurd (1978) assigned resonances 4 and 6 to his 116 and 113 C-2 protons
respectively.
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1H

NMR titration curves for the histidine C-2 proton resonances at 20°C of
( a) sperm whale, (b) horse and (c) pig metMb.
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The assignment of the remaining four "common" histidine C-2
proton resonances was made by using selective chemical modification
(Botelho and Gurd 1978).

For residues 36, 48 and 119 assignments were

made on the basis of the known carboxymethylation pattern of the histidine
residues in the crystalline and solution states of sperm whale metMb (Hugli
and Gurd 1970a,b;

Nigen and Gurd 1973).

By these methods resonances 3,

5 and 7 in sperm whale metMb were assigned to the C-2 protons of his 48,
119 and 36 respectively .

The C-2 proton resonance of his 81 was assigned

to resonance 1 after its perturbation in the NMR spectrum of a sample
that had been modified at the nearby N-terminal valine residue (Botelho
and Gurd 1978).
The titration parameters obtained in this study and the
assignments of the resonances to specific histidine C-2 protons are listed
in table 4.1.

These results agree well with those obtained by Botelho

and Gurd (1978), Botelho et al. (1976) and Cohen et al. (1972) which
are also listed in this table.
The normal change in chemical shift of a C-2 proton resonance
upon deprotonation of the imidazole ring is approximately 1 ppm (see
section 4.1).

In the three metMb species examined in this study (and

for all met 1b species studied by Botelho and Gurd (1978)) all histidine
C-2 proton resonances except those of his 119 and 36 (resonances 5 and 7
in sper~ whale metMb respectively) exhibit a titration shift of approximately 1 ppm.

The above two exceptions encounter secondary perturbations

to their chemical shift in the alkaline pH region which is readily observed
for the C-2 proton resonance of his 119.

This resonance has a chemical

shift change upon deprotonation of the imidazole ring of -0 .8 ppm and
above pH~8 it moves in the opposite direction for a deprotonation shift,

TABLE 4.1

111 NMR TI IIV\l'ION P/\RMIETERS f'OR TIIE IJISTIDI NI: C-2 PROTON RESONANCES OF srr:nrt WIIALE, IIORSE /\ND PIG ~IF.HID /IT
20°c.
6n IS Ill[: CIIE~IIC,\L SlllrT or TIIE RESON/\NCE IN THE /\LKJ\LINE TlTllATIUN LHIIT /\ND fl IS TIIE 10T/\L CIICMIC,\L
SIi I H CII/\NGE ON IJEl'ROTON/\TION.
TIIE RESULTS or OTIIER WORKERS /\RE l'RESEN rrn f'Oll corll'/\RI SON.
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i.e. downfield with increasing pH (see figure 4.4).

This shift has a pK

value of approximately 9 and involves a much smaller titration shift than
that observed due to the deprotonation of the imidazole ring.

Similar,

but smaller, movements in the alkaline pH region are observed for his 113
C-2 proton resonance in horse metMb (see figure 4.4).

The effects at

high pH to his 36 C-2 proton resonance are not as obvious because its
chemical shift change with pH is in the same direction as that of deprotonation, i.e. upfield with increasing pH.

This results in an overall

chemical shift change for the C-2 proton resonance of -1.3 ppm.

By

rearrangement of the Henderson-Hasselbalch equation (section 3.6) the
following expression can be obtained

4.2.1

+
A plot of o versus (o-oA) [H]
will give a straight line with a slope of

-K- 1 and an intercept of oB.

Figure 4.5 is such a plot for his 36 C-2

proton resonance in sperm whale _metMb.

Two distinct phenomena are present

and pK values of 8.0 and 8.7 are found to fit the major (lower pH) and minor
(higher pH) chemical shift changes with pH.

The combination of these two

events results in a larger titration shift than normally observed for a
histidine C-2 proton resonance.
These extra movements at high pH in the titration curves of
his 119 and his 36 C-2 proton resonances are the result of conformational
changes associated with the conversion from the mostly high spin aquo
coordinated state to the lower spin hydroxy
and Gurd 1978;

Hayes et al . 1975).

coordinated state (Botelho

This is known as the haemic acid

dissociation and from absorption spectral studies, this equilibrium has a
pK value of 8.85 at 20°C and I=0.2 in sperm whale met fb (Brunori et al.

6
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1968) and 8.96 for horse heart metMb at 20°C and I=0.2 (George and
Hanania 1952).

In CNMb, in which the replacement of the cyanide ligand

by hydroxide at high pH does not occur, no such shifts at high pH of
his 36 or 119 C-2 proton resonances are observed which confirms that,
in metMb, they must arise from conformational changes associated with
the haemic acid dissociation (see section 4.5).
4.3

1

H NMR STUDIES OF SPERM WHALE CARBOXYMETHYLATED MET
MYOGLOBIN: HISTIDINE C-2 PROTON RESONANCES
The imidazole sidechain is, in principle, capable of undergoing

numerous reactions (e.g. acylation, alkylation and electrophilic substitution).

Under the mild conditions required for protein stability, the

number of suitable reactions is small.

Most of these reactions that have

been studied, e.g. photooxidation and reactions with diethyl dicarbonate
and iodine, have the disadvantage of also reacting with other aromatic
amino acids such as tyrosine and/or tryptophan.
The reactions of a-halogen acetates are almost entirely specific
to histidine residues in the regions of neutral pH and have consequently
been the most widely employed in protein studies.

The carboxymethyl

histidine derivatives so obtained have the advantage of being able to
withstand acid hydrolysis and are therefore identifiable by amino acid
analysis.
From the nature of the reaction of iodoacetic acid and bromoacetic acid with the hisLidin~ lysine and methionine residues of various
proteins over a wide pH range, considerable information has been obtained
about the accessibility of these residues and therefore structure of the
protein in solution.

For example, in ribonuclease (Gundlach et al . 1959;
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Crestfield et al. 1963) and a -lactalbumin (Castellino and Hill 1970),
studies of the reactivity of these residues has led to conclusions about
the nature of the active site in both enzymes.

The carboxymethylation

patterns of the histidine residues of sperm whale myoglobin at pH 6.8
have been determined by Gurd and his co-workers in both the solution
(Banaszak et a l. 1963a;

Hugli and Gurd 1970a;

crystalline states (Hugli and Gurd 1970b).

Nigen and Gurd 1973) and

Similar studies have been

undertaken on human myoglobin in solution (Harris and Hill 1969).

Harris

and Hill (1969) and Ray and Gurd (1967) concluded from optical rotary
dispersion and visible absorption spectral studies that myoglobin in
either the crystalline or solution state reacts with bromoacetate to form
a product that retains many of the properties of the native, unmodified
molecule.

The carboxymethylation patterns of the histidine residues of

sperm whale myoglobin in the crystalline state were confirmed by X-ray
analysis (Bretscher 1968a).
Carboxymethylation of a histidine residue yields three possible
products as shown below, 1-carboxymethyl histidine (I), 3-carboxymethyl
histidine (II) and dicarboxymeth~l histidine (III):

I

I

R

N

I

~

CH

2

'\
N .. CH COOH

2

,N \ - _. I N,
HOOCCH

2

~ CH COOH
2

H

H

JI

ill
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The monocarboxymethyl derivatives are formed as precursors to the dicarboxymethyl derivative and the formation of the latter is determined by the
accessibility of the second nitrogen site.
lH NMR studies of a model compound N-acetyl-L-histidine and
its carboxymethylated products have shown that the histidine C-2 proton
resonance of the 1-carboxymethyl derivative is found approximately 0.1
ppm downfield of the parent compound (Bradbury and Norton 1975).

The

C-2 proton resonance of the 3-carboxymethyl form is relatively unaffected
whereas the corresponding resonance in the dicarboxymethyl derivative
is shifted approximately 0.4 ppm downfield.

No major shifts are observed

for the histidine C-4 proton resonances (Bradbury and Norton 1975).

The

C-2 and C-4 proton resonances of the mono-carboxymethyl derivatives of Nacetyl-histidine titrated with almost the same pK values as the corresponding resonances of the unreacted species.

The dicarboxymethyl N-

acetyl-histidine resonances exhibited no _titration characteristics between
pH 4 and 10 and this is to be expected because the imidazole ring is disubstituted and in the positively charged form throughout this pH range.
The rate determining step for hydrogen-deuterium exchange of imidazole
C-2 protons is the attack of the positively charged ring by OD
(Bradbury et al . 1980).

Thus, the charged nature of the imidazole ring

in the dicarboxymethyl derivative means that the C-2 proton exchanges
rapidly with deuterium at alkaline pH.

In the

1

H NMR spectrum, the pro-

gressive disappearance of the dicarboxymethyl N-acetyl-histidine C-2 proton resonances at pH values above pH 7 was noted (Bradbury and Norton
1975).
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In sperm whale myoglobin different carboxymethylation patterns
at pH 6.8 of his 36, 48 and 119 have been observed between the solution
and crystalline states (Hugli and Gurd 1970a,b).

These results indicate

a difference in structure in the regions of these histidines between the
two states and therefore between the structure as determined by X-ray
crystallography and as it exists in solution.

Botelho and Gurd (1978)

used these differences as aids in the assignment of the C-2 proton resonances of these histidine residues in the 1 H NMR spectrum of metMb.
The largest difference between the carboxymethylation patterns of the two
states occurs at his 36.

This residue is unreact ed in solution at pH

6.8 but forms the 3-carboxymethyl derivative in the crystalline state at
pH 6.8 and in solution at pH 9.

By a comparison with the NMR spectra

of these various derivatives it was possible to readily assign the C-2
proton resonance of his 36 in native metMb (Botelho and Gurd 1978).

By

similar methods, the C-2 proton resonances of his 48 and 119 were assigned
because of their respective differing carboxymethylation patterns at
pH 6.8 in the solution and crystalline states (Botelho and Gurd 1978).
The C-2 proton resonances of the other unreacted histidines 24, 64, 82, 93
and 97 are not observed in paramagnetic metMb.
The results obtained in this study for the C-2 proton resonances
of met lli confirmed the conclusions of Botelho and Gurd (1978).

Amino

acid analyses on the protein that had been carboxymethylated with 0.2M
bromoacetic acid at pH 6.8 for 10 days revealed that 4 . 6 and 5.5 residues
per myoglobin molecule of dicarboxymethylated histidine and unmodified
histidine respectively were present .

These numbers concur with the

corresponding values found by Botelho and Gurd (1978) of 4.6 and 5.3.
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It was not possible to resolve the peaks from the monocarboxymethylated
histidine derivatives because of the overlap from the peaks of other
Little reaction of the lysine or methionine residues was

amino acids.

observed which is consistent with the carboxymethylation at this neutral pH
being specific to histidine residues.

The number of amino acid residu es

other than histidine that were present in the sample was in excellent
agreement with the expected values from the unmodified protein (Hapner

et al . 1968).
Figure 4.6 compares the aromatic region of the

1H

MR spectrum

at pH 5.2 of native metMb with that of a sample of metMb which had been
carboxymethylated at pH 6.8 for 10 days.

The upfield shifted resonance

(number 7) corresponding to his 36 C-2 proton at 8.4 ppm is observed in
both spectra.

This resonance titrated in the same manner in both samples

and exhibited a high pK value characteristic of his 36.

No other reso-

nances were observed to move with pH in the C-2 proton region of the
spectrum.

In the carboxymethylated sample, however, his 36 C-2 proton

resonance (number 7)

broadened considerably and was difficult to follow

at higher pH values as the resonance started to shift upfield upon deprotonation of the imidazole ring.

The mono-carboxymethyl histidine C-2

proton resonances of his 48 and 119, wh ich are partially in this form,
are found in the region .between 8.7 and 8.5 ppm (resonances 4 to 6
figure 4.6b) (Botelho and Gurd 1978).

in

These resonances are very broad

and it was not possible to follow th eir titration characteristics.

The

downfield resonances between 8 . 75 and 8.95 ppm (resonances 1 to 4) did
not move with pH and disappeared progressively

at pH values above 8 .
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They must therefore arise from the C-2 protons of the dicarboxymethyl
derivatives of his 12, 81, 113 and 116 which exist entirely in this form
and of his 48 and 119 which are partially in this form.
Amino acid analysis of sperm whale metMb that had been carboxymethylated with 0.2M bromoacetic acid at pH 9.0 for 10 days revealed that,
in addition to reaction of the histidine residues, significant reaction
of . the lysine and methionine residues had occurred to leave 9.5 and 0.9
residues per molecule respectively of unreacted amino acid.

This is to

be compared with the 19 _lysine and 2 methionine residues that are present
in the native protein.

The reaction of these residues at alkaline pH

has been observed also in human metMb (Harris and Hill 1969).

These

extra modified amino acid residues produced peaks that overlapped with
the peak corresponding to the dicarboxymethylated histidine residues and
prevented determination of the number of these amino acid residues that
were present.

The number of unreacted histidine residues per molecule

(4.9) , however, agrees with the value of 5.3 determined by Botelho and
Gurd (1978).

The spectra of metMb ~that had been carboxymethylated at pH 9.0
showed the absence of his 36 C-2 proton resonance (figure 4. 7).

Under

these conditions his 36 forms predominantly the 3-carboxymethyl derivative
(Botelho and Gurd 1978).

The resonance of 3-carboxymethyl his 36 C-2

proton must be shifted and/or broadened.
a result of conformational

Any shift of this resonance is

changes because , as stated above, the resonan-

ces of 3-carboxymethyl histidine C-2 protons have the same chemical shift
as the unmodified histidine C-2 proton resonances (Bradbury and Norton
1975) .

No titrating resonances were observed in the C-2 proton region

of this sample and , as was observed for the pH 6.8 sample, deuteriation
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of the downfield dicarboxymethyl histidine C-2 proton resonances
occurred at high pH.
Significant broadening of all resonances in the spectra both
carboxymethylated samples as compared with native metMb was observed.
This aspect will be discussed fully in section 4. 7.2.

4.4

ASSIGNMENT OF THE HISTIDINE C-4 PROTON RESONANCES IN THE
1 H NMR SPECTRUM OF SPERM WHALE, HORSE AND PIG MET MYOGLOBIN
4.4.1

General features of the titration curves

As was mentioned in section 4.1, upon deprotonation of the
imidazole ring of L-histidine, the C-4 proton resonance shifts upfield
gradually with increasing pH by approximately 0.4 ppm from its acid
chemical shift value of 7.5 ppm.

The observed pK value for this shift 1s,

within experimental error, the same as that derived from the shift of
the C-2 proton.

Thus, the chemical shift variation with pH of the C-2

and C-4 proton resonances of a particular histidine residue in a protein
molecule may be used 1n conjunction as a sensitive probe of the immediate
chemical environment of the histidine residue.
Figure 4.8 shows the~ 1H NMR titration curves for the histidine

C-4 proton resonances of sperm whale, horse and pig metMb and table 4.2
summarises the titration parameters obtained from these curves and their
assignments to specific histidine residues.

The numbering of the res-

onances for sperm whale metMb are those of figure 4.3.
met fu nine resonances were observed to move with pH.

In sperm whale
Two of these

resonances (numbers 10 and 14), along with resonance 15, were broader
than the other resonances and were observed in all three metMb species.

B.8

a
8

b

8.0

-C9c} C!l -

~

7. 5 .. -

., . 9is 5

7

E!) C)

Q, "0-- e),
(9

' Cl

t'.)C)

7.8

(:!)~

'
(')"<er l:'X!:l-

-4,_.,_o -.. ._

+~
..
11

-1 -..

' •

'f ,

x_

:r..

12

1.

<!>13

~

14

a:
f-

.

J
Ld

x,

15

0

),{_

llH{

16

7.0

"(!).

\~ *

f

....._

.,
lll....ll..%~ - -:'111
-t--

~

~

"""'

\,

7")>'.~ ~'-+-.. -

+-

O,

'x

17 '

'x

~

¾

--...

-xx- x-)(

v--x
-X-x-;l< ~ -11.. <!>~ -¢
~

~

11v':..

-~

Y__'L_x

7.0f-, 5

\

'-Y

6-6~

~t

<!' 4--'l'+--'f'-

--1'

~ -,..--

'

6. SJ!'-- 16

~

-Y

~~

~

\~

"-'

~ 't 'P

~

~---y

~~

~~

'\ :;;:~

Z-Z-z-- -

,,

' -..

- -

""~--

""·

----.....

~

-X- -

-

... \

'11;-¢,s,._

,.

~ 'it,

\

,,

\

\

7.0

...__~~---x'X- -

-t--

-x

""-"'-+-~ --~

+

'

.,,, _ _ i!.

~-x.x--x

-

6-9

~

',

-+-'f

<S,

~ ' Go

~

'l-

...

-+- -

~~ ~ 4>

-.!,- -

~

_+-

_

.,. -

--<!

6.8

~ _:---z.-_ ---- - ~ -

~ )(

,o

X--X-x- -x-

X

"~
~~ z_

:I,(

) L ~ ...,)<..

~

e,

.

___,..- -

-X-

.........

a~

7. I

~

~'X-

'

l -"-\.

-

- __,.. _ _ _

-.:,-4

't;

7.3

~ ..0... ~ ~ - ~ --<!;- ~ ~~~-

~

.,,.,

7

-¥----X- -¥--:::t'.- --¥--y-.

- -¢ ¢
~).!:..._
...2___
13

-"'

o"-

-~ "-

10

~----~

~ ....

"o"-

7. 4

~

~

)<

~....._
~

't---+- .:--- ~

7.4

' -.;__

\

4- ~ y

6.8

·x.. ~"-

~-

¢

·- <!,-

0- "1!>-"1!.

,,. ..... __

Cl-C). - - - - - - - - -

- 6

c:i- - (') - --0- - el- - - - _Cl

9

~

~ "1---7.= 7

\

~--

- A>.~

+' ..,_

~¢ ~

7. ':'

i:!)~(9 ""0-(!)(9

7 .6 r

8

~"

\

C!),

7_510- - -

:;;: "' , lCI

'

~

C') - (9 -c)... Cl - .(')._ - - ..(')

7.6

't-,
X.

l'),_(])

r

b..

Cl -

9
A do.

'Cl.0

7. 7(:_

',.C)

6-.."-...
10
:.t
;,.,-,<~ X'-'-,<-- ~ ~

1..

' (!)

c,. I',-.

~-el...

' C)

'J!)

7.1

[
7-8 1

-el.

Cl

7.6

C

8-o::-

X.-

L-

_

- ~~~ ~ - ~

11
,-~~

Jjf :::;.-- - ~
;R-

6. 71--

-}

·- ~

~ ~ - l s ~ - ~ X . *-X·

6-6
6.6

u., LLLLLLLL.L.LLLLLLLJ LLLLI I 1 1 , 1 I 1 1 , , I 1 , t , I ,
4. 5 5.0 5-5 6.0 6.5 7.0 7.5 8-0 8. 5

6 . •l

PH l~~TER RERCINGl

Figure 4.8

111

I

11 11

9 .0

I

L.LLJ.J

9.5 10.0

I I I I ' I ' I ...l I ' '

5 .0

s.5

I '

6.0

I I I

I

I I ' I_
L_J__u__j ...LJ ..L...1

6 -5

7 .Q

7 .5

I '

8-0

PH lMET:R RtPUINGl

I I I

I

I ' I I

8.5

I

I ' I I

9.0

I ' '

9.5

I

l LL.l..1 I

5.0

5.5

LL.Li J

6.0

I I I

I

I I I I

6.5

J

LL l

7.0

1.J

LL.1. 1

7.5

I

I I I I

8-0

j I I I I

8- 5

I

J I I I

9.0

l.1

9.5

l I I

10.

PH (METER REROINGl

1

H NMR titration curves for the resonances observed in the histidine C-4 proton
region of the spectrum at 20°C of (a) sperm whale , (b) horse and (c) pig metMb .

00

u,

TABLE 4.2:

1H

NMR TITRATION PARAMETERS FOR THE RESONANCES OBSERVED IN THE HISTIDINE C-4 PROTON
RESONANCE REGION OF THE SPECTRA OF SPERM WHALE, HORSE AND PIG METMB AT 20°C

'°co
his 81

his 12

his 48

his 116

his 119

his 113

his 36

8
6.34
7.55
0.36

11
6.54
7.04
0.41

13
6.85
6.88
0.37

9
6. 71
7.21
0.36

12a
5.53
6.89
0.52

16a
5.50
6. 59
0.49

17a
5.67
6.66
0.27

10
6.97
7.20
0.27

14
9.42
6.99
0.21

15

12
6 . 83
6.88
0.34

8
6.80
7.17
0.35

10a
5.59
6.89
0.48

14a
5 . 75
6.65
0.58

16a
4.83
6.66
0.27

9
7 . 02
7 . 17
0. 29

11
8.92
7.12
0.12

13
8.90
7.09
0.06

6
7.41
7.25
0. 28

8
8. 72
7.13
0.12

10
8.64
7. 08
0.07

Sperm Whale
Resonance
pK value

oB

6

'

7.06
-

Horse
Resonance
pK value

oB

6

7
6.67
7.58
0.39

,,

Pig
Resonance
pK value
8B
6

Footnotes:

15b
6.4 8
6. 68
0 . .30

5
6.44
7.63
0.27

9
6.94
6.87
0.37

7a
5.76
6.91
0.51

lla
5.68
6.65
0.11

a Curve exhibiting a second inflection at high pH with a pK value of the haemic acid dissociation.
b Resonance was smaller in area than the other resonances and was not observed in sperm
whale or pig metMb.
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Resonance 14, along with resonances in horse and pig metMb that corres pond
to resonance 15 in sperm whale metMb, moved slightly at high pH with pK
values of about 9, similar to the pK value of the haemic acid dissociation.
These resonances are therefore observing the conformational change s
associated with this transition rather than actually undergoing a titration shift.

Inflections in the titration curves of some of the other

curves at high pH as a result of this transition are also observed.
Similar movements were observed for his 119 C-2 proton resonance (section
4. 2).

Resonance 10 showed a larger movement with pH and this is clearly

seen for the corresponding resonance, number 6, in the titration series
of pig metMb (figure 4.8).

It was confirmed that this resonance did not

belong to a surface histidine C-4 proton by its absence in a spectrum of
sperm whale metMb after application of a Carr-Purcell sequence with
T

=

30ms (see figure 4.35 in section 4.9.1 for a full discussion).

The

resonances that exhibited typical histidine C-4 proton titration shi f ts
(i.e. numbers 8, 9, 11-13, 16, 17), along with resonances 14 and 15, were
observed in this spectrum.

Resonances 14 and 15, because of their lack

of a titration shift are assigned to tryptophan C-2 protons (see section
4. 9 .1).

Thus, the remaining seven resonances must belong to the C-4

protons of the seven surface histidines whose C-2 proton resonances were
observed in metMb (figure 4.4).

The most interesting feature of the

histidine C-4 proton titration curves of figure 4.8 is the absence of a
resonance moving with a pK value of around 8 as was observed for his 36
C-2 proton (resonance 7 1n sperm whale metMb).
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4.4.2

Assignment of histidin e C- 4 proton resonances in sperm
whale met myoglobin by comparison with the titration
curves of the three species.

The assignment in sperm whale metMb of the C-4 proton resonances
arising from his 12, 113 and 116 is facilitated by the absence of his 12
in horse myoglobin and by the deletion of all the above three histidine
residues in pig myoglobin.

The sole absence of a similar titration

curve to that of resonance 11 from sperm whale metMb in the titration

series of horse metMb (figure 4.8) confirms that this resonance must
belong to his 12 C-4 proton.

This assignment also was confirmed by the

absence of this curve in pig metMb.

The titration series of the C-2

proton resonances showed that his 113 and 116 exhibited pK va lues of 5.50
and 6 . 88 respectively in sperm whale metMb (table 4.1) .

Similar values

were obtained for these C- 2 proton resonances in horse metMb.

This large

difference is fortunate and enables the assignment of the C-4 proton
resonances of these two histidine residues to be made from the observation
that one titration curve with a low pK value and one with a normal pK
value are absent in the histidine C-4 proton titration series of pig
metMb compared with horse metMb.

Thus, resonances 9 and 16 in sperm

whale metMb are assigned to the C- 4 protons of his 116 and 113 respectively.
Histidine 113 C-4 proton resonance in sperm whale and horse
rn et Mb along with two other C-4 proton reson ances (numbers 12 and 17 in
sperm whale metMb) exhibit inflections at high pH with pK values of - 9.
These are the result of the conformational chang es associat ed with the
haernic acid dissociation.
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4.4.3

Assignments of the histidine C-4 proton resonances of sperm
whale met myoglobin on the basis of comparisons between the
pK values of the histidine C-2 and C-4 proton resonances.

The remaining unassigned histidine C-4 proton resonances in the
1

H NMR spectrum of sperm whale metMb belong to his 36, 48, 81 and 119.

For a normal titrating histidine, the pK value exhibited by the C-4 proton
resonance is the same as that of the C-2 proton resonance.

In this

study the assignment of the remaining C-4 proton resonances will be made
by comparisons between these pK values and from the results of carboxymethylation studies (section 4.4.4).
His 48 and 81 C-2 proton resonances exhibit normal titration
characteristics (section 4.2) with pK values of 6.70 and 6.36 respectively
in sperm whale metMb.

His 81 C-2 proton resonance is found downfield

of his 48 C-2 proton resonance (see figure 4.4).

Two of the remaining

unassigned C-4 proton resonances, numbers 8 .and 13 in sperm whale metMb,
exhibit normal pK values and belong to these two histidines.

Resonance

8 has a pK value of 6.34 and is found do,,mfield of resonanc e 13 which
has a pK value of 6.85.

The chemical shift positions of these resonan-

ces and their above pK values {i.e. resonance 13 having a pK value
greater than that of resonance 8) are compatible with the assignments of
resonance 8 to his 81 C-4 proton and resonance 13 to his 48 C-4 proton.
A slight downfield shift of his 48 C-4 proton resonance at low pH is
observed.

A similar movement is not observed for the C-2 proton resonance

number 3.

The reason for this movement is not clear but it may be the

res ult of this proton witnessing the titration of a nearby carboxyl group
such as asp 44 or asp 60 (Takano 197 7a) .
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The remaining two unassigned C-4 proton resonances, numbers 12
and 17 , must belong to his 36 and 119.

Resonance 12 is found well down-

field of resonance 17 and they both exhibit similar low pK values.
They also both show similar downfield inflections at high pH due to the
conformational changes associated with the haemic acid dissociation.
His 119 C-2 proton resonance exhibits a low pK value of 5.48 in
sperm whale metMb and a downfield inflection at high pH.

His 36 C-2 proton

resonance, however, has a high pK value of 8.03 and, although its titration characteristics are affected by the haemic acid dissociation, the
movement is not downfield as was observed for all other histidine C-2
and C-4 proton resonances but upfield with increasing pH.

In order to

assign these remaining two resonances it is necessary to examine the

1H

NMR spectra of the carboxyrnethylated derivatives.
4 . 4.4

1

H NMR studies on sperm whale carboxyrnethylated met
myoglobin .
Histidine C-4 proton resonances and a
discussion of the behaviour of his 36 in met myoglobin.

The identification of his 36 C-2 proton resonance in the lH NMR
spectrum of sperm whale metMb was facilitated by the presence of the
.-

resonance from the unmodified histidine in a sample of sperm whale metMb
that had been carboxymethylated in a solution of 0.2M bromoacetic acid
at pH 6.8 for 10 days and its absence from the spectrum of metMb that
had been carboxymethylated at pH 9.0 (section 4.3).

His 36 is the only

surface and hence "observable" histidine residue that is unaffected by
carboxymethylation at pH 6.8 whereas carboxyrnethylation at pH 9.0
results in the 3-carboxymethyl derivative of his 36 being formed
(Botelho and Gurd 1978).
con ditions.

The C-4 proton resonanc es of his 36 should therefore be

readily identified from the
met lb .

His 119, howev er , carboxymethylates under both

MR spectra of native and carboxymethylated
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In the lH NMR spectrum of sperm whale metMb that had been carboxymethylated for 10 days at pH 6.8 one C- 4 proton resonance (number 17
in figure 4.6b) was observed to move with pH.

Its chemical shift position

and titration characteristics were identical to that of resonance 17 in
native sperm whale metMb.

It therefore seems likely that this resonance

arises from the C-4 proton of unreacted his 36.

No broadening of this

resonance with changes in pH was observed.
For the sample of sperm whale metMb that had been carboxymethylated at pH 9.0 for 10 days, the
onance slightly

upfield

form (figure 4. 7).

1H

NMR spectrum showed a broadened res-

of the position of resonance 17 in the native

This resonance was not observed at low pH although

it·was seen at higher pH values where it showed a slight downfield shift
with increasing pH due to the haemic acid dissociation.

It therefore

seems likely that this resonance belongs to the C-4 proton of the 3carboxymethyl derivative of his 36.

No other resonances were observed

to move with pH in the histidine C-4 proton region of the spectrum for
this carboxymethylated derivative.

It is possible to mafe tentati ve assignments of the C-4 proton
resonances in the spectrum of carboxymethylated pH 6.8 metMb because of
the lack of change in chemical shift of the C-4 proton resonances in
carboxymethylated N-acetyl-histidine compared with the chemical shift of
the C-4 proton resonance in the unreacted histidine (Bradbury and
Norton 1975).

These assignments are tabulated in table 4.3.

, The

resonance corresponding to 1-carboxymethyl his 119 C-4 proton was only
observed at neutral and higher pH values.
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TABLE 4.3

TENTATIVE ASSIGNMENTS OF THE HISTIDINE C-4 PROTON
RESONANCES IN THE SPECTRUM OF SPERM WHALE METMB THAT
HAD BEEN CARBOXYMETHYLATED AT pH 6.8 FOR 10 DAYS

Resonance

Assignment

9

dicarboxymethyl his 81 C-4 proton

11

dicarboxymethyl his 116 C-4 proton

12

dicarboxymethyl his 119 C-4 proton

13

dicarboxymethyl his 12 C-4 proton

14

3- and dicarboxymethyl his 48 C-4 proton

15

resonance 15 in native metMb (trp C-2 proton)

resonance at
o-6.9 above
pH-7

1- carboxymethyl his 119 C-4 proton

16

dicarboxymethyl his 113 C-4 proton

17

unmodified his 36 C-4 proton

18,19,20

resonances 18,19,20 iri native metMb
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Thus, the above results indicate that resonance 12 in the
spectrum of native sperm whale metMb belongs to his 119 C-4 proton.
The pK value of this resonance is very similar to that of his 119 C-2
proton resonance (number 5) and both resonances exhibit a similar inflection at high pH due to the haemic acid dissociation.
The remaining unassigned C-4 proton resonance, number 17,
therefore must belong to his 36.

Resonance 7 (his 36 C-2 proton) and

17 are both found upfield of their other respective C-2 and C-4 proton
resonance and this, along with the similar behaviour of these resonances
in the carboxymethylated metMb derivatives, is consistent with the
assignment of resonance 17 to his 36 C-4 proton.

Reson ance 17, however,

has vastly different titration characteristics to that of his 36 C-2
proton resonance.

It exhibits a low pK value and an inflection at high

pH in the opposite direction to that shown for the C-2 proton resonance.
To rationalise that these different characteristics arise from the same
histidine residue it is necessary to examine the immediate environment
of his 36 in sperm whale myoglobin.

It has been determined from differences in the carboxymethylation patterns of his 36 in solution and in the crystalline states that
there is a structural difference in this region between the two states
(Hugli and Gurd 1970a,b).

Thus, the structural conformation of this

residue in the crystal state as determined by X-ray crystallography
{Watson 1969;
solution.

Takano 1977a) does not apply in every aspect to that in

Botelho et al . (1978) calculated the pK values of the histi-

di ne residues in various myoglobin species by use of a modification of the
Tanford-Kirkwood theory (Shire et al . 1974) and ~sing the crystallographic
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coordinates from the X-ray crystal structure of sperm whale metMb
(Takano 1977a).

In order to take account of the structural differences

mentioned above between the crystal and solution states the local structure of his 36 was adjusted to bring the carboxyl group of glu 38 into
hydrogen bonding distance of the N-3 of the imidazole ring of his 36.
In the crystal structure, these two residues are connected by an interven1ng hydrogen bonded water molecule (Takano 1977a).

The hydrogen bond

between glu 38 and his 36 will raise the pH of deprotonation of the
imidazole ring and this accounts for the high pK value observed for his
36 C-2 proton resonance.

The modification to the crystal structure

involves simple rotation about the Ca-CS and CS-Cy bonds of his 36 without eclipsing the hydrogen atoms and without disturbing the position of
the next residue, pro 37 (Botelho et al . 1978).

It is significant (see

section 4.9.4) that the arrangement of these groups is comparable to the
interaction between his 146S and asp 94 S in human deoxyhaemoglobin
(Perutz 1970;

Kilmartin et al. 1973).

Figure 4.9 shows the environment of his 36 in the crystalline
state of sperm whale metMb.

This figure was generated by a computer

plot from the crystal coordinates of metMb using the
Takano (1977a).

coordinates of

The general structural features of this region are

evident from this figure.

The modifications to the structure as out-

lined above places his 36 near to glu 38 and phe 106.

The chemical

shift positions of the C-2 and C-4 proton resonances of his 36 are to
· a higher field than any of the other respective C-2 or C-4 proton resonances .

This diamagnetically shielded environment 1s due to the nearby

nature of the phenyl ring of phe 106 which indicates that it must be
stacked above and almost parallel to the plane of the imidazole ring of
his 36 .
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his 36

tyr 103

.-

Figure 4 . 9

The environment of his 36 in metMb as determined from
the X-ray crystal structure coordinates of Takano (1977a).
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The question arises as to how the vastly different titration
characteristics of these resonances, 7 and 17, are to be attributed to
the same residue, his 36.

His 36 C-2 proton resonance exhibits a pK

value of 8.0 and a titration shift of 1.3 ppm.

In section 4.2 it was

shown that this titration shift is composed of two events;
due to the deprotonation of the imidazole ring;

(i) a shift

and (ii) a secondary

movement at high pH which is due to the conformational changes associated
with the haemic acid dissociation.

The chemical shift change for the

primary deprotonation shift is approximately 0.6 ppm.

This is much

less than the usual shift of around 1.0 ppm for a C-2 proton resonance.
The reason for this small shift is that it is the sum of t wo opposing
effects as shown below.

The deprotonation of his 36 causes the normal upfield shift of
the C-2 and C-4 proton resonances.

Upon deprotonation, however, the

hydrogen bond between the carboxyl group of glu 38 and one of the protonated nitrogen atoms (presumably the N-3) is disrupted.

The imidazole

ring is now free and it is able to rotate about the Ca-CS and
bonds of his 36.

c6-cY

It then moves into a position that is much more acces-

sible to solvent and this explains why his 36 is carboxymethylated at
pH 9 in solution (Botelho and Gurd 1978).

It is also accessible to

carboxymethylation in the crystalline state (Hugli and Gurd 1970b).
Furthermore, the position of the irnidazole ring obtained from the X-ray
crystal structure (Takano 1977a) must correspond closely to that found
for the deprotonated form in solution, i.e. there are two separate conformations for his 36 in solution.

The X-ray crystal structure deter-

mination of met 1b was obtained with crystals that had been grown at pH
5.75 (Takano 1977a).

Thus, crystallisation must favour the "high pH"

conformation for his 36.
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The deprotonation of the imidazole ring and the movement of the
imidazole ring shifts it out of the influence of phe 106.

Thus, the

diamagnetic upfield shielded environment due to the phenyl ring is
removed and the C-2 and C-4 protons experience a downfield shift which
1s in the opposite direction to the upfield shift due to the deprotonation
of the imidazole ring.

The magnitude of the latter effect for the C-2

proton is greater than that of the former and an overall chemical shift
change of about 0.6 ppm is observed for the C-2 proton resonance upon
the deprotonation of the imidazole ring.
The C-4 proton of his 36 experiences the same effects as the
C-2 proton .

The titration shift, however, for an im i dazole C-4 proton

resonance is about 0.4 ppm (see section 4.1) and therefore the C-4 proton must "feel" the opposing effects of the deprotonation and the removal
from the upfield shielded environment due to phe 106 equally.

Thus, no

chemical shift change is observed for the C-4 proton resonance with
deprotonation of the imidazole ring of his 36.
A similar phenomenon to that described above has been observed
for his G2 C-2 proton resonance in the ferrous deoxy and carbon monoxy
complexes of the monomeric haemoglobin, component III, of Chiro nomus

thummi thwnmi (Ribbing and Ruterjans 1980a,b).
histidine in Chironomus

The environment of this

haemoglobin in these derivatives, as determined

from the crystal structure (Steigemann and Weber 1979), is very similar
to that described above for his 36 in sperm whale metMb.

Specifically,

a hydrogen bond is present between the carboxyl group of the C-terminal
met H22 and the imidazole ring of his G2 is partly co-planar with the
phenyl ring of phe Hl9.

These interactions raise the pK value of the
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histidine and cause a large upfield shift for the C-2 proton resonance~
In the oxy complex of

Chironomus haemoglobin, the C-2 proton resonance

of his G2 is normalised in both its chemical shift position and its pK
value (Ribbing and RUterjans 1980b).

Thus, the above interactions must

be removed and the histidine is normalised and freely accessible to solvent .
of

These changes are not observable in the X-ray crystal structure

Chironomus oxyHb (Weber et al . 1978) either because crystallisation
cloes not"

favours one of the two isomers of component III that" exhibitl this
change or that the pH conditions of the crystal structure determination
were too low to observe any differences (Ribbing and Ruterjans 1980b).
On the basis of the large differences observed between the titration
characteristics of his G2 C-2 proton resonance in the deoxy and oxy complexes of component III of Chironomus haemoglobin, his G2 was assigned
as the Bohr donating group (Ribbing and Ruterjans 1980b).
In Crzironomus

COHb, in addition to a movement associated with

the deprotonation of the imidazole ring, a downfield shift at low pH
with a pK value of

4.8 was observed for the C-2 proton resonance of

his G2.

This movement was not attributed to deprotonation of the
-imidazole ring but to a shift associated with the onset of denaturation.

No similar shifts were observed for the

C-2 proton resonances of the

other histidine residues or from unassigned resonances as would be
expected for this occurrence (Ribbling and nuterjans 1980b).
In metMb simi1ar movements at low pH for the C-4 proton resonance of his 36 are observed.
this shift is 5.67 (table 4.2).

In sperm whale metMb, the pK value of
This movement is not reflected in th e

titration characteristics of the C-2 proton resonance and must there fore
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arise from a localised conformational change in the vicinity of the C-4
proton .

A similar phenomenon was observed for the C-2 and C-4 proton

resonances of his 48 in met 1b which was attributed to the titration of
a nearby carboxyl group (section 4 . 4.3).

The phenomenon of a histidine

C-4 proton resonance in a protein witnessing the effects of a nearby
ionising group and the C- 2 proton resonance not undergoing such behaviour
has been well characterised for his 105 in ribonuclease A (Westmoreland

et al . 1975) and histidine model compounds (Sachs e t al . 1971).

The

C-4 proton is closer to its polypeptide chain than the C-2 proton and
thus may be more susceptible to localised conformational changes (King
and Bradbury 1971) .

The shift at low pH for his 36 C-4 proton resonance could be
due to the deprotonation of the nearby carboxyl group of glu 38 .

The

pK value of the y-carboxyl group in glutamic acid in D2 0 is 4 . 31 (Bundi
and WUthrich 1979).

The pK value of any ionisable group in a protein

molecule is affected by its immediate chemical environment.

For example,

the pK value of the carboxyl group of glu 35 in hen egg white lysozyme
is 6 . 2 as determined from pertuLbations to the resonances of nearby
r esidues in the

1

H N1R spectrum (Campbell e t al . 1975d).

Similar results

were obtained from UV difference spectroscopy (Parsons and Raftery 1972).
The high pK value of this glutamic acid in lysozyme is due to the hydrophobic microenvironment of this residue.

In metMb, the presence of

nearby phe 106 means that in solution the region around his 36 is hydrophobic in nature.

'

This, coupl ed with th e inaccessibility of the r egion,

means that it is not possible to carboxyme thylat e his 36 in neutral solut i on and that its C-2 proton exchange s slowly with deuterium in

D 20

10 0

(see section 4.8.5).

Thus, the low polarity of the region along wi th

its inaccessibility raises the pK value of the carboxyl group of glu 38.
Wilbur and Allerhand (1977a) studied by 13 c NMR the titration
behaviour of the non-protonated C-5 histidine resonances of horse metMb.
Their results for the pK values of the individual histidine residues are
similar to the results outlined above by 1H NMR.

Six titrating 13 c

histidine resonances were observed of which five had pK values which
corresponded to those found for the C-2 proton resonances.
13

c

The sixth

resonance, which did not have a counterpart in any C-2 proton reso-

nance, exhibited a small chemical shift change with pH and a low pK
value of around 5.

No C-5 resonance that exhibited an unusually high

pK value was observed.

Thus, the titration characteristics of the C-5

resonances and the C-4 proton resonances in metMb are very similar and
the pK value of around 5 observed for the sixth histidine must be due to
his 36.

This value agrees well with the pK value of 4.8 observed for

the C-4 proton of his 36 in horse metMb (table 4.2).
The C-5 and the C-4 are next to each other in the imidazole
ring and it is conceivable that-- the C-5 witnesses the same events as the
C-4 proton.

Thus, the same mechanism as that outlined for the C-4 pro-

ton of his 36 upon deprotonation of the imidazole ring must applY, i.e.
the titration shift of the C-5 resonance with the deprotonation 1s offset
by the shift due to the movement away from the phenyl ring of phe 106 and
the C-5 resonance does not move in the high pH region.

The low pK value

ob served for his 36 C-5 resonance must therefore be due to it witnessin o
b

the deprotonation of glu 38.

10 1

It is possible to determine the tautomeric state of the imidazole ring from

13

c

NMR studies of the C-5 resonances.

If deprotonation

of an imidazole sidechain occurs at the N-1 position to yield the N-3
tautomer then the C-5 resonance shifts approximately 6 ppm downfield
wherea~ if deprotonation occurs at the N-3 position to give the N-1
tautome~ a shift of about 2 ppm upfield occurs (Reynolds e t al. 1973;
Ugurbil et al. 1977;

Deslauriers et al . 1974).

it was concluded that 1n basic solutions

From these studies

the N-3 tautomer is the pre-

dominant tautomeric form of the imidazole ring of histidines in model
compounds and proteins.

In the

13

c

NMR studies of horse metMb all histidine C-5 reso-

nances moved downfield with increasing pH which indicates that the
imidazole ring is predominantly (or entirely) in the N-3 tautomeric state
at high pH (Wilbur and Allerhand 1977a).

The smaller movement at low

pH for his 36 C-5 resonance is also in this direction.

The shift at

high pH due to the deprotonation of the imidazole ring must be upfield
with increasing pH to counteract the downfield shift associated with the
removal of the imidazole ring from the influence of the phenyl ring of
phe 106.

The upfield shift due to deprotonation means that his 36 must

deprotonate at the N-3 position to give the uncommon N-1 tautomer.

The

crystal structure of metMb at pHS.75 (Takano 1977a), which closely resembles the environment of his 36 in basic solution, indicates that the N-3
position 1s more exposed to solvent than the N-1 position and therefore
the imidazole is likely to be present in the N-1 tautome r.

This is

supported by the carboxymethylation data for his 36 in solution at pH 9
and in the crystallin e state at pH 6.8.

In both these situations, his

36 is converted to the 3-carboxymethy l derivative (Botelho and Gurd 1978).
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It must also be considered that if , his 36 exists as a tautomeric
equilibrium between the protonated N-1 and N- 3 imidazole forms, then for
the conditions of fast exchange between the appropriate portions of the
two tautomers it is possible that the C-5 resonance will not move with
pH (Wilbur and Allerhand 1977a).

It is more likely that a combination

of this mechanism and the movement of the histidine with deprotonation
of the imidazole ring as mentioned above could operate to produce a
non-titrating C-5 resonance.

In ribonuclease A, 13 c NMR studies indi-

cate that his 105, which is probably involved in hydrogen bonding interactions, has a very sligh t pH titration shift and therefore exists as a
tautomeric equilibrium between the protonated N-1 and N-3 tautomeric
states (Walters and Allerhand 1980).

The movements of his 36 C-2 and C-4 proton resonances at high
1

pH in the

H NMR spectra of all three species that have been studied are

due to the conformational changes associated with the haemic acid dissociation .
in their

13

These shifts were not noted by Wilbur and Allerhand (1977a)

c

NMR studies of the histidine residues.

Upon close examin-

ation of their published titration curves, however, some small inflections
are noted at high pH, especially for his 119 C-5 resonance.

The move-

ments for the C-2 and C-4 proton resonances of his 36 were found to be
in opposite directions with the upfield movement for the C-2 proton resonance being larger in magnitude than the downfield shift of the C-4
proton resonance .

Similar differences were observed between the C-2

·and C-4 proton resonances of his 113 in sperm whale met~1b.

The C-4 pro-

ton resonance moved do\vnfield with the haemic acid dissociation but no
such movements were observed for the C-2 proton resonance.

Presumably

the conformational changes in the vicinity of his 36 (and his 113 in
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sperm whale metMb) which are associated with the haemic acid dissociation
affect the environments of the C-2 and C-4 protons differently so that
they experience different shifts.

This could arise from the different

orientation of the C-2 and C-4 protons with respect to the ring current
"cone" of phe 106 (section 2.3).

It was noted previously tha 4 in the

1H

NMR spectrum of sperm

whale metMb that had been carboxymethylated at pH 6.8 for 10 day~ his 36
C-4 proton resonance, unlike the C-2 proton resonance, does not broaden
at any pH value.

The lack of broadening of the C-4 proton resonance

at low pH is consistent with this movement not being associated with
the deprotonation of the imidazole ring (see section 4. 7.2).

4.5

ASSIGNMENT OF THE HISTIDL E C-2 PROTON RESO ANCES IN THE
1
H NMR SPECTRUM OF SPE@v1 WHALE FERRIC CY ANO MYOGLOBIN
4.5.1

Introduction

Apart from water as a ligand for the sixth coordination site,
ferric myoglobin can bind a wide variety of anions to form derivatives
of various spin states (Antonini and Brunori 1971).

These range from

sperm whale ferric cyano myoglobin (CNMb) which, as determined from
visible absorption spectral studies, is 100% in the low spin form to
ferric fluoro myoglobin which is only 3% in the low spin form (Smith and
Williams 1968) .

The aquo and hydroxy coordinated species lie between

. these two extremes and contain 11% and 35% low spin character respectively
(Smith and Williams 1968).

The cyanide ligand when bound to the ferric

iron atom of metr-Ib forms an extremely stable derivative.
the

15

N resonance of the ligated

c 15

Examination of

has shown that the ligand is still
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bound at pH 12 (Morishima and Inubushi 1977).
stability , and therefore attractiveness, the

Because of its inherent
cyano

derivative has been

much studied by physical means (for a discussion see Antonini and
Brunori 1971).
1H

As mentioned in section 4.1, the first high resolution

NMR studies were undertaken on this derivative (WUthrich et al. 1968;

Shulman et al. 1969b).

No analysis, however, of the aromatic region of

CNMb has been published although Hayes et al.

(1975) observed and titrated

the histidine C-2 proton resonances of the ferric azid0 derivative of
various myoglobins in which the iron atom is mostly in the low spin state.
It was pointed out in section 2.2 that the pairing of spins in
the low spin ferric species (S=½) causes a decrease in the dipolar
broadening.

Thus, haem and near haem resonances have much smaller line

widths than the corresponding high spin (e.g. metMb) species (see section
5.6).

4.5.2

Results and discussion

Figure 4.1Oa is a

1H

NMR spectrum of the aromatic region of

sperm whale CNMb at pH 4.97 and~ 2O°C.

The titration curves for the

resonances that are observed in the histidine C-2 proton region of the
spectrum are shown in figure 4.11.

As is observed from these figures,

various broader resonances, along with the sharp C-2 proton resonances,
move with pH.

Similar broad, titrating resonances were observed in the C-4
proton region.

These resonances were shown not to belong to histidine

C-2 or C-4 protons by application of the Carr-Purcell sequence (see
section 2. 7) with a

T

value of 3Oms.

This is shown in figure 4.1Ob.

Figure 4.10

The aromatic region of the 1 H NMR spectrum of sperm whale CNMb at 20°C and pH 4.9 ..
(a) Resolution enhanced spectrum and (b) Carr-Purcell spectrum with T=30ms.
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1 H NMR titration curves for the resonances observed in

the histidine C-2 proton region of the spectrum of
sperm whale CNMb at 20°c.

107

The histidine C-2 and C-4 proton resonances, which have particularly long
T2 values, are observed to be present in this spectrum whereas the
broader resonances (1, 9, 21 and 24 to 26) have disappeared.

These

resonances have short T2 values and therefore arise from other aromatic
residues or from haem or near haem protons that have been hyperfine
shifted into this region of the spectrum.

Resonance 8 at

-8 .5 ppm in

figure 4.10a and b belongs to a non-titrating singlet resonance.

Its

downfield position means that it must arise from a histidine C-2 proton
and may therefore be assigned to either his 82 or 24 which are known to
be buried and inaccessible to solvent (Hugli and Gurd 1970a,b).

It is

noted that resonance 8 is in a similar chemical shift position to a
resonance observed in COMb which

is assigned to his 24 C-2 proton

(section 4.8.4).

The titration parameters and the assignments of the other histidine C-2 proton resonances in sperm whale CNMb are listed in table 4.4.
There are obvious similarities between the titration curves for the C-2
proton resonances of sperm whale CNMB (figure 4.11) and those of metMb
(figure 4.4).

These similarities enable assignments to be made readily

in CNMb of the seven titrating C-2 proton resonances that are observed in
metMb .

In metMb, the histidine C-2 proton resonances that exhibit "nor-

mal" pK values, i.e. those belonging to his 81, 12, 48 and 116, and the
resonance assigned to his 113 C-2 proton all have similar titrating
resonances in CNMb and are therefore assigned to these histidines.

It

1s noted, however, that his 81 C-2 proton is shifted downfield slightly

1n CNMb compared with its position in metMb.

His 36 C-2 proton resonance .

which exhibits a high pK value in met 1b exhibited a similar pK value in
CN lb but is shifted upfield by approximately 0.3 ppm.

This shift

implies a greater shielded environment for his 36 due to closer association

....

co
0
rl

TABLE 4.4

1

H NMR TITRATION PARAMETERS FOR THE HISTIDINE C-2 PROTON RESONANCES AND OTHER RESONANCES
THAT ARE OBSERVED IN THE C-2 PROTON REGION OF THE SPECTRUM OF SPERM WHALE CNMb.
his 81

his 12

his 48

2

3

4

5

6

7

11

6.35

6.44

6.54

6.96

5.15

5.56

cSB

7.82

7. 71

7. 73

7.66

8.32

!:i

1.14

1.21

1.02

1.04

0.53

Resonance
pK value

his 116

his 119

his 113

his 36

his 64

his 97
9a

12

15

8.11

5.82

5.54

5.50

5.31

7. 71

7.02

7. 71

6. 76

8.80

8.11

1.18

1.05

0.13

0.91

0.22

0.19

'

aCurve exhibits a second inflection at high pH with a pK value of 10.30 and !:i=0 .08.

1
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between his 36 and the phenyl ring of phe 106.

His 119 C-2 proton

resonance is shifted approximately 0.45 ppm downfield in CNMb as compared to

its position in met~b.

The inflection at high pH for this

J

resonance is removed in metMb as is expected since the transition to the
hydroxy

coordinated form is abolished in the presence of strong li gands

such as cyanide.

In metMb, a secondary effect at high pH is also observed for
his 36 C-2 proton resonance.

This further upfield shift with increasing

pH was attributed to conformational changes associated with the haemic
acid dissociation (see section 4.2).

This extra movement was readily

seen from a plot of o versus (o-oA)[H+] in which the two shifts could be
clearly observed (figure 4.5).

For a similar plot of the C-2 proton

resonance of his 36 in sperm whale CNMb (not shown), a single straight
line was observed which indicates that the titration shift of this
resonance in CNMb is due to the effects of deprotonation of the imidazole
ring and confirms that the second shift of this resonance in metMb is
due to the haemic acid dissociation.

In addition to the above differences, two new C-2 proton resonances, numbers 12 and 15, are observed in CN~,fb compared with metMb.

This

implies that in metMb these resonances are broadened and/or shifted as
a result of paramagnetic interactions with the high spin ferric ion of
the haem group.

Myoglobin has three histidine residues in the vicinity

_of the haem group at positions 64 (the distal histidine), 93 (the proximal
histidine) and 97.

The proximal histidine is coordinated to the iron

atom and would not be expected to titrate.
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In

13

c

NMR studies of the non-protonated C-5 resonances of the

histidine residues of horse metMb and CNMb two additional titrating C-5
resonances were observed in CNfu compared with met~lli (Wilbu~ and
Allerhand 1977a) .
positions 64 and 97 .

J

These were assigned to the near haem histidines at
The pK values of 4.4 and 5.3 obtained in the 13 c

NMR study for these two resonances are lower than the values obtained
for resonances 12 and 15 in this study .

Allowance, however, must be

made in a comparison of the two sets of data for the different species
involved , i.e . horse and sperm whale and more importantly the different
temperatures (38°C for 13 c studies and 20°C for the lH NMR studies).
In CNMb resonances 12 and 15 are shifted upfield from the normal
histidine C- 2 proton positions.

These shifts are large and imply hyper-

fine shifted interactions with the haem group.

Resonance 15 is found

in the histidine C-4 proton region of the spectrum ( oB

=

6 . 76 ppm which

is an upfield shift of approximately 1 ppm from the normal histidine C-2
proton 08 position) .

The large chemical shift change observed with pH

for this resonance (-1 ppm) immediately rules out this resonance as arising
from a C- 4 proton.

Other evidence for resonance 15 arising from a C-2 proton comes
from the variation of its chemical shift position with temperature.

The

variation in chemical shift of a hyperfine shifted resonance with temperature in a paramagnetic species such as CNMb is inversely proportional
_to the absolute temperature (section 2 . 2).

From a plot of chemical

shift (o) versus 1/T, the value of o as 1/T~o is the approximate chemical
sh ift of the resonance in a diamagnetic species.

Thus, from a plot of o

versus 1/T for CN lli, it is possible to determine whether a particular
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resonance 1s hyperfine shifted.

Figure 4.12 is a spectrum of CNMb at

various temperatures (pH measured at 20°C

=

5.1) and figure 4 .1 3 is a

plot of the temperature variation of the resonances in the aromatic
J

region of CNMb.

Resonance 15, along with the broad resonances 1 and

9 and the upfield resonances 21 and 23-26, show larger variations with
temperature than the other resonances.

The temperature dependence of

these resonances and their assignment will be discussed in section 4.10.2.
The chemical shift of resonance 15 moves downfield with increasing temperature and its o value as 1/T~o is 9.13 ppm which is very close to the
value expected for an unperturbed histidine C-2 proton in the acid pH
region.

An "extra" C-2 proton resonance is also observed in the ferrous

oxy and carbon monoxy derivatives of myoglobin with a similar low pK
value and a normal chemical shift at high pH (see section 4.8) .

This

implies that this resonance in the ferrou~ derivatives and resonance 15
in CNMb arise from the same histidine C-2 proton.

The temperature variation of the other "extra" C-2 proton
resonance (number 12) in CNMb is not very great and therefore its chemical
shift as 1/T~o , i.e. _for the diamagnetic case, is almost the same as that
-for the paramagnetic species Its upfield chemical shift position and low
pK value are very similar to those observed for a C-2 proton resonance
1n ferrous carbon monoxy myoglobin (COMb) at 20°C (see section 4.8.4).
This corresponding resonance 1n both derivatives broadens out at low pH
as the imidazole ring starts to protonate.

This phenomenon is shown 1n

figure 4.14 and is explained by exchange broadening of the resonance,
i.e . the proton experiences an equilibrium between two sites in the
molecule which is sufficiently fast on the NMR timescale so that no two
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separate resonances are observed but is not fast enough for one sharp
"average" signal to be seen.
In the presence of a conformational equilibrium involving a

J

titrating histidine the following general situation is present for the
two sites (1) and (2) (Markley 1975a):
k1
His(l)H

~

..._-

His ( 1)

k-1
k3

H

k4

L3

H

4.5.1

k_4

k2
His(2)H

__;,._
~

His (2)

k_2
In section 4.1 it was stated that k1, k_1, k 2 and k_ 2 are fast
on the NMR timescale (Eigen et al . 1960).

Thus, if k3, k-3, k4 and k-4

are slow on the NMR timescale and significant quantities of his(l) and
his(2) are present then two separate titrating C-2 proton resonances will
be observed in the NMR spectrum.

In staphylococcal nuclease, his 46

C-2 proton resonance exhibits such behaviour (Markley e t al . 1970).

For

resonance 12 in CNMb at 20°C, hgwever, only one single, sharp C-2 proton
reso nance is observed for the deprotonated form of the histidine.

Thus,

the slow conformational change involves the protonated form and in this
case

Equation 4.5.1 therefore simplifies to (Markley 19 75a):

His (2)H

His(l)H ~ k_ 3
slow

k_ l

fast

His(l)

4.5.2
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The equilibrium between His(2)H

and His(l)H is sufficiently fast compared

with their chemical shift difference5 so that an intermediate exchange
situation is present and a broad titrating resonance results.
J

and k_3 were sufficiently slow then two separate resonances which characterised the protonated and deprotonated forms of the histidine would
be present (Markley 1975a).
At a higher temperature of 40°C in COMb the broadening of this
resonance at lower pH is absent (see section 4.8.4).

Thus, the rate of

exchange between the two sites must be faster than at 20°C so that the
resonance "sees" only an average of the two sites.
The presence of this equilibrium is a possible reason why
resonance 12 does not exhibit a large chemical shift variation with temperature as would be expected for a proton that is close to the haem group.
The degree of freedom available to this histidine, as judged by the equilibrium that is present and the temperature dependence of this equilibrium,
means that the chemical shift variation with temperature of its C-2 proton resonance is not purely a function of the change in paramagnetism,

and that the different position of the histidine with respect to the
haem must also be considered.

Similar behaviour has been observed for

some of the haem vinyl a -CH and propionic B-CH
metMb (La 1ar et al . 1980a).

2

proton resonances in

This deviation was attributed to the large

amount of freedom available to these groups .
It also must be considered that the pseudo-contact shift for
a particular proton has both angular and distance dependence (section
2. 2) .

Thus, if the proton is located close to the position of no angu-

lar dependence then the resonance will experience little or no hyperfine

11 7

shift and a correspondingly small temperature dependence.

Such posit-

ioning may be present for the proton corresponding to resonance 12 and
contribute, along with the reasons outlined above, to its observed small
J

temperature variation.

A similar phenomenon is observed for the C-2

proton resonance of the distal histidine in the low spin ferric nicotinate complex of soybean leghaemoglobin (Trewhella 1980).
To assign these two resonances 12 and 15 to either his 64 or 97
C-2 protons evidence from other physical studies of haem proteins must
be considered.

1

H NMR studies of the ferrous carbon monoxy complex of

soybean leghaemoglobin (COLb) have shown the presence of a single titrating histidine C-2 proton resonance with a pK of 4.1 (Johnson et al. 1978).
Leghaemoglobin contains two histidine residues, the proximal at position
92 which 1s coordinated directly to the haem iron atom and would therefore not be expected to titrate and the distal histidine (residue number
61).

Therefore, the observed titrating C-2 proton resonance was

assigned to the distal histidine.

The titration characteristics of

this proton resonance varies markedly in a wide variety of ferrous and
ferric complexes, ranging fro~ a pK value of 4.1 in COLb (Johnson et al.
1978) to 8.5 in the ferric nicotinate complex (Trewhella 1980).

This

variation is due to the different constraints within the haem pocket
because of differences in ligand size and also the presence or absence of
a hydrogen bond between the ligand and the distal histidine.

Similarly,

in the comparison of the titration characteristics of the upfield shifted
C-2 proton resonance in the oxy and carbon monoxy complexes of myoglobin
(sections 4.8.4 and 4.8. 7) and resonance 12 in CN 1b, large differences in
pK values of this resonance are observed (4.5 for CO~b at 40°C, 5.8 for
CN fu and 6 . 65 for oxyMb).

Neutron diffraction crystallographic studies
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have shown that there is a hydrogen bond present between the ligand and
the distal histidine in oxyMb (Phillips and Schoenborn 1981) and that it
is absent in COMb (Norvell et al . 1975).

Although no similar study has

been undertaken on CNMb, the X-ray structure of CNMb (Bretscher 1968a),
ferric azido myoglobin (Stryer et al . 1964) and the cyanide complex of
horse haemoglobin (Deatherage et al . 1976) indicate
an interaction.

the presence of such

Thus, since these ligands are of approximately the

same size, the presence or absence of hydrogen bonding interaction between
the distal histidine and the ligand would be expected to alter also the
pK value of this residue and tterefore his 64 C-2 proton is assigned to
resonance 12 in the

1H

NMR spectrum of sperm whale CNMb.

The broadening of his 64 C-2 proton resonance at low pH in
rnMb and COMb at 20°C is a result of a conformational equilibrium between
the protonated and deprotonated forms of this histidine.
zole ring protonates the distal histidine starts to move.
has been shown to be very large in

1H

As the imidaThis movement

NMR studies of COLb but the equi-

librium was rapid so that an average sharp, single resonance was observed
(Johnson et al . 1978).

The haem pocket in COLb is believed to be much

more open than its counterpart in COMb (Appleby et al . 1982a)

and this

is in agreement with the smaller chemical shift change with pH for the
C-2 proton resonance of th e distal histidine in CO~b .
In CNMb the conformational equilibrium may involve the imidazole
ring oscillating between two positions as it makes a hydrogen
between the now protonated

-1 and

bond

-3 positions and the cyanide ligand.

o such hydrogen bond is present for COMb.

J
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In all derivatives of myoglobin that have been studied by X-ray
or neutron diffraction methods a hydrogen bond has been found to be
present between his 97 and the carboxyl group of the propionic acid sideJ

chain at position 7 of the haem ring.

Thus, the consistent presence of

a titrating C-2 proton resonance with a pK value around 5. 7 in the oxy,
carbon monoxy and cyano

derivatives of myoglobin suggests that this

resonance belongs to his 97 C-2 proton and therefore resonance

IS

in lH

NMR spectrum of sperm whale CNMb is assigned to his 97 C-2 proton.
The pK values obtained for his 64 and 97 C-2 proton resonances
in these various derivatives are consistent with the pK values obtained
from pH dependent changes in a wide variety of spectral techniques.

In

spec trophotometric studies of COLb and COMb, Fuchsman and Appleby (1979a)
observed pH dependent changes in the visible spectrum with pK values
of 4.3 and 5.8 respectively.

Smaller changes were also observed in the

visible spectrum of COMb with a pK value of around 4.

They also studied

changes in the infrared carbonyl stretching frequency in COLb and CQ~b
and in both cases observed pH dependent changes in the spectra with pK
values of around 4.5 .

These shifts were attributed to the titration of

the nearby distal histidine whereas the pK value of 5.8 observed for the
visible spectral changes of COMb was attributed to the deprotonation of
a group other than the distal histidine (Fuchsman and Appleby 1979a).
In the light of the results obtained in this study, these changes are
assigned to the titration of his 97.

Similar visible absorption spectral

studies were undertaken on the oxy complexes of leghaemoglobin and myoglobin (Fuchsman and Appleby 1979a) and pK values obtained for these two
proteins were both around 5.6.

These movements are attributed to his

97 in oxy~lb (see section 5.4) and the distal histidine in oxyLb.

1 0

o similar spectral studies have been undertaken on

c_

fu.

The above

work corroborated the study of Hayashi et al . (1976) who observed the
spectrophotometric titration of CQlb and deoxyfu and found a similar pK
J

value of -5 . 6 in both derivatives .
There is also evidence from electron paramagnetic resonance studies of t he oxy complex of colbaltous porphyrin containing myoglobin
(Ikeda - Saito et al . 1977) , 1H NMR studies on the pH variation of the hyperfine shifted haem and near haem resonances in deox~~b (La ~ar e t al. 1978)
and the pH dependence of the resonance Raman and visible absorption
spectra of the ferric fluoro

complex of myoglobin (Asher et al . 1981),

for the ti t ration of a near haem histidine with a pK value around 5 . 6.
Moon et al . (1977) also observed by

13

COfu shows a large movement at low pH .
is observed by
Inubushi 1977) .

15N

NMR for the

c 15N

c

NMR that the

13

co

resonance in

A similar large shift at low pH

resonance in CNMb (Norishima and

These changes in all derivatives were attributed by

La Mar et al . (1978) t o the titration of his 97 and not to the distal
histidine because of the absence of any "link" between the distal histidine
and the haem group in deoxyMb .

In fact, the X-ray crystal structure of

deoxyMb indicates that the distal histidine has s~ng away from the haem
group compared to its position in the ligated species (Takano 1977b) .
The above data is further evidence that the assignment of his
97 and 64 C- 2 proton resonances are correct in CN lb since it would seem
unlikely that the pK value of the distal histidine would be independent
of the presence of the nearby bound ligand (CO, 0 2 , C

or no ligand) and

whether a hydrogen bond exists between the ligand and th e distal histidine.

121

The conformational changes in the haem pocket induced by the
titration of the distal histidine and his 97 in oxyMb and C01b are discussed in full in chapter 5.
J

4.5.3

Comparison of the histidine C-2 proton resonance titration
curves for ferric azido myoglobins and the results from
this study of sperm whale ferric cyano myoglobin

The azide ion when bound to ferric myoglobin forms an almost
entirely low spin species with only 7% of the high spin form present
(Smith and Williams 1968) and is there fore very similar in spin state to
CNMb .

An X-ray crystallographic study of ferric azido myoglobin (N3Mb)

has shown that the azide ion is bound to the sixth coordination site of
the iron and suggested that a hydrogen bond is present between the distal
histidine and the azide ligand (Stryer et al . 1964).
Hayes et al . (1975) published the 1H NMR. titration curves for
the C-2 proton resonances of sperm whale , horse and human N3Mb .

The

changes observed in the titration characteristics of the "common" resonances in going from metMb to N3Mb were similar to those outlined in the
previous section for the transition from metMb to CNMb, i.e. the curve
--

corresponding to his 119 C-2 proton, was shifted to lower field and the
high pK curve of his 36 C-2 proton was shifted further upfield.

Further-

more, the downfield shift at high pH of his 119 C- 2 proton in metMb which
was attributed to the haemic acid dissociation was removed in N3Mb.
Their studies also noted the appearance of two new titrating
resonances which they tentatively assigned to his 24 and 82 C-2 protons
that had become exposed as a result of conformational changes upon azide
binding and were therefore free to titrate.

The most upfield of these

12 2

two resonances has the same titration characteristics as the resonance
assigned in this study to the C- 2 proton of the distal histidine.
resonance is therefore assigned to his 64 C-2 proton .

This

PK values of

4.99 in sperm whale , 6.08 in horse and 5.83 in human N3Mb were observed
for this resonance which compares with the pK value of 5.82 observed in
this study for sperm whale CNMb (section 4 .5. 2).

In figure 4 of Hayes

et al . (1975) a large degree of broadening is observed for his 64 C-2
proton resonance of human N3Mb at low pH values .

A similar phenomenon

was observed for the corresponding resonance in C~Mb and was attributed
to a conformational change in the position of the distal histidine in
CNMb (section 4.5.2).

Thus a similar interaction between the distal

histidine and the ligand is present in N3Mb and CNMb.
The other "extra" resonance observed by Hayes et al. (1975)
has a small overall titration shift of approximately 0.3 ppm and in sperm
whale N3Mb exhibits a pK value of 6.38.

This resonance has similar

chemical shift and titration characteristics (i.e. a chemical shift change
of -o .3 ppm and a pK value of ~_6.2) to that of hii 81 C-4
proton resonance in met1b (section 4.4) , CN fu (section 4.6) and COMb and

.-

oxy1b (section 4.8.8).

In metMb it is found that his 81 C-4 proton,

along with other C-4 protons and unlike the histidine C-2 proton resonances,
does not deuteriate (see section 4.8.5).

From the results of Hayes et al .

(1975) this resonance in sperm whale N3Mb has the same pK value as his
81 C-2 proton resonance.

Thus, this "extra" resonance in N3Mb is assig-

·ned to his 81 C-4 proton and does not arise from a new obs ervable titrating

C-2 proton .

Hayes et al . (1975) did not observe the C-2 proton resonance

of his 97 which is presumably found in a similar upfield position to
that in

C)J

1b .

J
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4. 6

ASSIG. ME0JT OF THE HISTIDI. E C-4 PROTON RES01 A.NCES I N THE
SPECTRU1',1 OF SPERM iVHALE FERRIC CYANO MYOGLOBIN
4.6.l

1 H 1 AR

Results
I

As discussed in the preceding section, nine C-2 proton resonances
were observed in the spectrum of CNMb and these were assigned to the seven
surface histidine C-2 protons observed in QetMb and the two near haem C-2
protons of his 64 and 97.

Two other broad resonances (numbers land 9),

which were assigned to p~ramagnetically shifted resonances from their
temperature variation, were also observed to move with pH.
Figure 4.15 shows the chemical shift variation with pH of the
remaining resonances that were observed in aromatic region of the
NMR spectrum of CN ,1b .
4.10.

1H

The numbering of the resonances is that of figure

Six of these resonances (numbers 10, 13, 14 and 16-18) could be

assigned definitely to histidine C-4 protons because of their characteristic titration shift of$ 0.5 ppm and small linewi dths .

This was con-

firmed from the Carr-Purcell spin-echo spectrum of CNMb (see figure 4.10b)
which showed that these resonances were singlets.

Resonance 19 is much

larger than the other resonances and shows slight titration characteristics
at low and very high pH.

This resonance was found to be reduced in size

in the Carr-Purcell spectrum.
bination of aromatic resonances.

It therefore possibly arises from a comResonances 20 and 22, 23 showed no

titration characteristics but were present in the Carr-Purcell spectrum,
with 23 being inverted.

Resonance 24 is found much further upfield than

the C-4 proton resonances and exhibits unusual titration characte~istics
with three distinct inflections:

below pH 6 , above pH 7.5 and a large
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of sperm whale C , 1b at 20°C.
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movement above pH 9.5 (figure 4.15).

This resonance is broader than the

C-4 proton resonances and is absent from the Carr-Purcell spectrum of
figure 4.10.

It therefore does not arise from a histidine C-4 proton.
J

Various other resonances in this high field region were observed (numbers
21, 25 and 26).

They all exhibited some chemical shift variation with

pH and do not arise from histidine C-4 proton resonances because of their
absence from the Carr-Purcell spectrum of figure 4 .1 0 .

Table 4 .5

summarises the titration parameters and assignments for the histidine
C-4 proton resonances and other upfield aromatic resonances in CNMb .
The chemical shift variation with temperature of the resonances
observed in this region of the spectrum is shown in figure 4.13.
Resonances 10, 13, 14, 16-20 and 22 have little variation of chemical
shift with temperature (compare the temperature variation of his 97 C-2
proton resonance number 15).

Resonances 21 and 23-26 at higher field

showed larger movements with temperature (figure 4.13).
4.6.2

Discussion

Differences are observed between the histidine C-4 titration
-curves of sperm whale CNMb (figure 4.15) and metMb (figure 4.8). Assignment of resonances to specific histidine C-4 protons, however, is facilitated by the observation that the pK values and chemical shift change
for the "common" C-2 proton resonances are the same in both derivatives
(section 4.5 . 2) .

The only differences arise in the relative chemical

·shift positions for the resonances, e.g. his 36 and 119 C-2 proton resonances are found upfield by -0.3 ppm and downfield by -0.45 ppm in C~Mh from
their respective positions in sperm whale met 1b.

With these differences

in mind, it is possible to make definite assignments of resonances to

-.

'-D
N

TABLE 4.5

,--j

1

H NMR TITRATION PARAMETERS FOR THE HISTIDINE C-4 PROTON RESONANCES AND OTHER RESONANCES IN
THE UPFI ELD AROMATIC REGION OF THE SPECTRUM OF SPERM WHALE CNMb AT 20°C .
For the assignment of his 24 C-4 proton resonances and other aromatic resonances see section 4.10.2.

his 81

his 12

his 48

his 116 his 119 his 113

his 36 or
trp C-2

Res onance

10

16

17

13

14

18

19a

20

pK value

6.17

6.59

6.38

6.92

5.56

5.68

5.58

-

oB

7.84

7.02

6.94

7.24

7 .17

6.85

6.95

6.88

t:,

0.24

0.38

0.36

0.35

0.45

0.4?.

0.05

tyr 103
3,5
his 24
22

23

24b

25c

26

11.01

-

-

5.56

5.49

10.90

6.5 2

6 . 46

6.46

6.31

5.81

5.53

0.04

0.11

0.14

21

-

0.14
'

tyr tyr 146 tyr 146
103 2;6 or 2,6 or
2,6
3,5
3,5

-

-

aCurve exhibits a second inflection at high pH with a pK value of 10.27 and 6

=

0.04

bCurve exhibits a second inflection at high pH with a pK value of 10.39 and 6

=

0.23

cCurve exhibits a second inflection at high pH with a pK value of 10.39 and 6

=

0.10
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histidine C-4 protons since similar changes in chemical shift positions
are observed for the corresponding C-2 and C-4 proton resonances in
these two derivatives.
J

Resonance 10 is assigned to his 81 C-4 proton.

At low pH, as

with the resonance from his 81 C-2 proton (number 2) , it is found downfield by -0 .l ppm from its positions in metMb

although above pH -7.5 it

merges into the envelope of C-2 proton resonances at
becomes difficult to follow.
resonance:;are also similar.

-7 .7 ppm and

The pK values of his 81 C-2 and C-4 proton
The titration characteristics of the reso-

nances associated with histidine C-4 proton resonances of residues 12, 48
and 116 are relatively unaffected by cyanide binding and their assignments
are therefore easy.

Similar results were observed for the C-2 proton

resonances of these histidines.

The pK values for the corresponding

C-2 and C-4 proton resonances of these histidines are in good agreement.
The remaining histidine C-4 resonances that are present in the
1

H I MR spectrum of both ferric derivatives belong to his 113, 119 and 36 .

All three C-4 resonances are shifted significantly as a result of cyanide
binding .

The shift downfield of his 119 C-2 proton resonance (number 6)

by -0 . 45 ppm in CNMb is reflected in a smaller downfield movement of
its C-4 proton resonance (number 14) by -o.2 5 ppm.

Similarly, his 113

C-4 proton resonance (number 18) is shifted downfield by -0 .2 ppm.

This

movement is greater than that observed for the C-2 proton of his 113
(number 7) and implies that the C-4 proton of his 113 is more sensitive
than the C-2 proton to th e conformational differences between the predominantly high spin met~b and the entirely low spin C Mb .

Similar

differences between the C-2 and C-4 proton resonances occur in metMb at
high pH when there is a conversion from the

aquo coordinated state to

12 8

the lower spin hydroxy

coordinated state (section 4.4).

obtained for his 113 and 119 C-4 proton resonances are

The pK values

very similar to

those of the corresponding C-2 proton resonances.

J

The rema1n1ng unassigned C-4 proton resonance that is common to
both metMb and CNMb belongs to his 36.

In metMb and CNMb the C-2 proton

resonance of his 36 exhibited a high pK value and was found even further
upfield by approximately 0.3 ppm 1n CNMb compared with its chemical shift
position in metMb.

The C-4 ...nroton resonance in metMb was found in an

upfield position but did not exhibit a high pK value.

A small shift

of this resonance was observed at low pH which was attributed to the
titration of the glu 38 carboxyl group (section 4.4.4).

At high pH 1n

met4b a shift of this resonance downfield with increasing pH was observed.
This movement was attributed to the conformational changes associated
with the conversion to the lower spin hydroxy

species and the movement

was opposite in direction to that observed for the C-2 proton resonance.
From the results presented above, it is noted that the differences 1n chemical shifts observed for the resonances of his 36 and his
119 C-2 protons and his 113 and: his 119 C-4 protons in CNMb and met lli are
in the same direction, although larger

1n magnitude, as those observed

for these resonances in hydroxyMb compared with metMb.

Thus, similar

behaviour would be expected for his 36 C-4 proton resonance and it is
anticipated that its chemical shift position in CN.Mb would be downfield
of its position in metMb.

As was observed for his 36 C-4 proton resonance in met1b, no
histidine C-4 proton resonance was observed to exhibit a high pK value
characteristic of the C-2 proton resonance of his 36.

The Carr-Purcell

12 9

spectrum of CNfu (figur e 4.10b) showed that, apart from the resonances
associated with the C-4 protons of his 81, 116, 119, 12, 48 and 113 and
his 97 C-2 proton resonance, three resonances 19, 20 and 22 were also
J

present.

It is noted also that all three resonances were observed in

the spectrum of carboxymethylated pH 6.8 CNMb (see section 4.6).

Reso-

nance 22 is eliminated as a candidate for his 36 C-4 proton resonance due
to its upfield position relative to the chemical shift of the corresponding
resonance in metMb.

It is not possible to assign definitely his 36 C-4

proton to either resonance 19 or 20.

Resonance 19 is a combination of

various aromatic resonances due to its large size in the normal spectrum.
The movement of this resonance at low pH would fit with the movements
observed at low pH for his 36 C-4 proton resonance in metMb and is
therefore the stronger candidate.

Resonance 20 may therefore arise

from a tryptophan C- 2 proton and resonance 22 from his 24 C-4 proton
(see section 4.10) .

These residues are all significantly distanced

from the haem and the small chemical shift variation of their resonances
with temperature (figure 4. 13) is ·consistent with the above assignments.
Apart from exhibiting a chemical shift variation at low pH,
-resonance 19 also shifted slightly in the opposite direction at high pH
with a pK value of 10.27 (table 4.5).

Resonance 19 arises from a number

of aromatic resonances and at high pH resonances from his 36 C-2 proton
and his 48 C-4 proton also overlap.

This means that it is not possible

to assign definitely this movement to his 36 C-4 proton resonance.

The

· pK value for this shift is very similar to that observed for some of the
hyperfine shifted resonances 1n the aromatic region of the spectrum
(numbers 1, 9 and 24-26) and for many of the hyperfine shifted haem and
near-haem resonances that are found outside of the diamagnetic "envelope"
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(section 5.5.1).

Resonance 19, however, does not show much chemical

shift variation with temperature and this implies that the protons which
comprise this resonance are distant from the haem.

These shifts could

arise possibly from the conformational changes associated with the titration of tyr 103 which is near to his 36 and has a pK value in this region
(Wilbur and Allerhand 1977a).
Apart from the seven "common" histidine C-2 proton resonances,
two extra C-2 proton resonances from the near haem residues of his 64
and 97 were observed 1n CNMb.

The large upfield shift observed for his

97 C-2 proton resonance implies that a similar shift could occur for the
C-4 proton resonance so that it 1s moved out of the aromatic portion of
the spectrum.

Thus, no resonance that could be assigned to his 97 C-4

proton was observed.

Similarly, no resonance that could definitely be

assigned to his 64 C-4 proton was observed.

Depending on the orientation

of the distal histidine with respect to the haem plane the C-4 proton
could experience a large shift.

This, along with the expected broaden-

ing at low pH that would be associated with this resonance, would make its
resolution difficult.
4. 7

--

1

H NMR STUDIES OF CARBOXYMETHYLATED SPERM WHALE
FERRIC CYANO MYOGLOBIN
4.7.1

Histidine C-2 and C-4 proton resonances

Sperm whale metMb was carboxymethylated 1n 0.2M bromoacetic
acid for 10 days at pH 6.8 as outlined in section 3.3.

After dialysis

and lyophilization, the sample was converted to CNMb .

As discussed in

section 4.4.4, carboxymethylation at this pli value leaves his 36 along
with his 64 (the distal histidine), 93 (the proximal histidine), 97, 24
and 82 unreacted.

J
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Figure 4 . 16 is a spectrum at pH 7 .4 of the aromatic region of
OJ~b that had been carboxymethylated for 10 days at pH 6.8.

As was

observed for the carboxymethylated met~b spectra these resonances are
broader than those of the native derivative .

Similar features to those

outlined in section 4 .3 for the C-2 proton resonances in the spectrum of
carboxyrnethylated metMb at pH 6 . 8 are observed .

Three resonances between

8. 7 and 8.9 ppm (numbers 1 to 3) belonging to the C-2 proton resonances
of dicarboxymethyl his 81 , 12, 113 and 116 and his 48 and 119 which are
partially in this form were observed to disappear above pH -8 .

Although

a resonance , corresponding to the hyperfine shifted resonance number 1
in native CNMb (figure 4 .10), remained at -8 . 8 ppm.

Resonances 4, 5 and

6 between 8 . 35 and 8.5 ppm belong to resonance 8 of native CNMb (which
was tentatively assigned to his 24 C-2 proton in section 4.5 . 2) and to
1-carboxyrnethyl his 119 C-2 proton resonance .
of movement of resonance 6 at low pH.

There was some indication

This resonance, however, bro adened

out as it moved and it was not possible to follow its shift with pH.
This movement and its downfield chemical shift position are consistent
with the assignment of resonance 6 to the C- 2 proton of 1-carboxymethyl
his 119.

Resonance 7 corresporrds to the hyperfine shifted resonance

number 9 of native CNMb (section 4.5 . 2).

Resonances 8 and 9 in carboxymethylated CNMb which belong respectively to the unmodified his 36 and his 64 C-2 protons were clearly
observed at this pH.

Resonance 8 also contains a component from the C-4

·proton resonance of dicarboxymethyl his 81 .

For both resonances, 8 and

9, observation of their movement with pH was difficult .

His 36 C-2

proton resonance was readily observed at the same chemical shift position
(s:1 ppm) as for the unmodified protein at pH values below 7, i . e . before

'
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the histidine begins to titrate.

As the resonance began to move with

deprotonation of the imidazole ring very large broadening occurred and
it became impossible to follow its movement with pH.
shown in figure 4.17.

This broadening 1s

Similar effects were observed for his 64 C-2

proton resonance at low pH. It

has already been mentioned that in unmodi-

fied CNMb broadening of this resonance occurs at low pH as the histidine
titrates (section 4.5.2).

This is also present in carboxymethylated

CNMb but to a greater extent so that it became impossible to follow the
movement of this resonance at pH values below -6 when the histidine began
to titrate.

This phenomenon is also shown in figure 4. 17.

Similar problems were encountered with his 97 C-2 proton
resonance .

The resonance 1s hyperfine shifted into the C-4 proton

region of the NMR spectrum of CNMb (section 4.5.2) and its observation
is made more difficult in this region because of the overlap of C-4
histidine proton and other aromatic resonances.
of the unmodified

No titrating resonance

his 97 C-2 proton in carboxymethylated CNMb was

observed below pH 7, although a resonance (number 16 in figure 4.16) was
observed above this pH value for the deprotonated form of the histidine .
.Thus, it was possible to confirm the presence of the C-2 proton
resonances of

his 36 and 64 in the spectrum of CNMb after carboxy-

methylation for 10 days at pH 6.8 but definite assignment of a titrating
resonance to the C-2 proton of his 97 by this method was not feasible
due to the problems mentioned above.

Resonances 10 to 13 in figure 4.16 were assigned to the C-4
protons of dicarboxymethyl forms of his 116, 12, 48 and 113 respectively.

J
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Resonances 8 and 9 corresDond to his 36 and 64
C-2 protons respectively .
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. one of these resonances moved with pH which is consistent with these
assignments.
his 119.

Resonance 13 also contains a component of 1-carboxymethyl

The remaining resonances (numbers 14, 15 and 17 to 22) have

identical chemical shift positions and titration characteristics to
resonances observed in native CNMb.

These resonances therefore arise

from aromatic residues that are unaffected by carboxymethylation.

The

tentative assignments of some of the resonances observed in the aromatic
region of the spectrum of carboxymethylated CN lli are given in table 4.6.
A titration series of CNMb that had been carboxymethylated for
10 days at pH 9.0 in the met form was also undertaken.

No titrating

resonances were observed in the aromatic region.
4.7.2

Analysis of the hyperfine shifted resonances in the
1 H NMR spectrum of carboxymethylated sperm whale ferric
cyano myoglobin and an interpretation of the observed
line broadening

In order to elucidate the reasons for the broadening observed
in the

1H

N~R spectra of carboxymethylated derivatives of myoglobin, a

study was undertaken of the hyperfine shifted resonances in the carboxymethylated pH 6.8 and pH 9.0 derivatives of CNMb .
accumulation of two spectra for each sample;

This involved the

that of a normal sweep

width (i.e. the diamagnetic portion of the NMR spectrum) and secondly a
spectrum with a sweep width of 14kHz to include all hyperfine shifted
resonances.

These resonances arise from haem and near-haem protons

that are shifted out of th e diamagnetic "envelope" by contact and pseudocontact interactions with the unpaired electron of the iron atom (section
2.2).

WUthrich et al . (1970) have published a similar study involving

comparisons of carboxymethylated derivatives (in both the solution and
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TABLE 4.6

ASSIGNMENT OF THE RESOI'JAN'CES OBSERVED IN THE ARO -1AT IC
1
REGION OF THE H MR SPECTRUM OF CARBOXYM2THYLATED SPE R!\1
WHALE CNMb at pH 7.4 AND 20°C.

Resonance

Assignment

1, 2,3

(i) C-2 protons of dicarboxymethyl his 81,12,113,
116 and 48 and 119 which are partially in
this form .
(ii) hyperfine shifted resonance 1 of native CN1b

4 , 5,6

(i) C-2 proton of 1- carboxymethyl his 119
(ii) resonance 8 of native CNMb-tentatively assigned
to his 24 C-2 proton

7

hyperfine shifted resonance 9 of native CNMb

8

(i) C-2 proton of unmodified his 36
(ii) C-4 proton of dicarboxymethyl his 81

9

C-2 proton of unmodified his 64

10

C-4 proton of dicarboxymethyl his 116

11

C-4 proton of dicarboxymethyl his 12

12

C-4 proton of dicarboxymethyl his 48

13

(i) C- 4 proton of dicarboxymethyl his 113
(ii) C-4 proton of 1-carboxymethyl his 119

14

resonance 19 of native CN1b - composed of
his 36 C-2 proton and other aromatic resonances

15

resonance 20 of native CNMb - tentatively
assigned to a tryptophan C-2 proton

16

C-2 proton of unmodified his 97

17

resonance 21 of native CNMb

18,19

resonances 22,23 of native C ~b

20

resonance

24

of native CN:-.1 b

21

resonance

25

of native C Mb

22

resonance

26

of native CNMb
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crystal states) and the native protein of various myoglobins.

Assignments

of some of these resonances have been made by reconstitution of the protein with selectively deuteriated haems (Mayer et al. 1974).

Discussion

of these assignments is presented in section 5.5.
The hyperfine shifted resonances in the 1 H NMR spectrum of native
CNMb and the two carboxymethylated derivatives are shown in figure 4.18.
The positions of the corresponding resonances in all three spectra were
identical and it was found that these resonances in the carboxymethylated
derivatives and the native protein exhibited the same pH dependence.

The

pH dependence of these resonances in native CNMb will be discussed in
section 5 . 5 .

All that need be stated at this stage is that the similar

pH dependent shifts observed for these resonances in the native and
carboxymethylated derivatives of CNMb implies that the changes observed
with pH in the haem pocket and therefore its structure are essentially
the same in both the native and modified protein.

In comparing the spectra of native and carboxymethylated C,Mb,
however, extra resonances were observed especially in the region from 10
to 13 ppm for the carboxymethylated derivatives (most noticeably for
CN~1b that had been carboxymethylated at pH 6. 8).

There was some indi-

cation of an extra broad resonance upfield of the lowest field haem methyl
resonance at around 28 ppm.

et al . (1970).

Similar results were obtained by WUthrich

They concluded that at least three different products

with different NMR spectra were present but that it was not possible to conclude whether these changes in the spectra after carboxymethylation were due
to modifications in the electronic spin distribution of the haem which
therefore probably would affect all haem resonances or from changes in
specif ic resonances due to small localised structural shifts within the

C

b

a

I-'

tN
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• I •
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• I •
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• I •
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I '
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Figure 4 .1 8 The hyperfine shifted resonances in the
NMR spectrum at pH 7.15 of (a) native sperm whale CNMb,
(b) and (c) spenn whale CNMb that had been carboxyrnethylated at pH 6.8 and 9.0 respectively in the met form.
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haem pocket.

The changes involved, however , are small and in general ,

modification of amino acid residues distant from the haem (i.e. carboxymethylation ·of the surface histidines) has little effect on the structure near the haem group.

This conclusion 1s in agreement with the

results of Ray and Gurd (1967) who observed no differences between the
absorption spectra of native and carboxymethylated metMb.
Thus, in light of the results obtained for the hyperfine shifted
resonances and the aromatic resonances (section 4.7.1) of C1Mb it is concluded that carboxymethylation of histidine residues causes very little
change to the structure of the molecule.
In this present study, apart from the changes mentioned above
1n the hyperfine shifted resonances of carboxymethylated CNMb compared
with native CNMb, a significant degree of line broadening of these resonances in the carboxymethylated derivatives was observed.

For example,

measureme nt of the resonance width at half height of the two downfield
hyperfine shifted haem methyl resonances at 28 and 19 ppm indicates that
these resonances in the pH 6.8 carboxymethylated derivative are approximately three times broader than in native CNMb (figure 4.18).

Specifi-

cally , these resonances at 28 and 19 ppm have linewidths at half height
of 42Hz and 28Hz respectively in native CNMb and 119Hz and 98Hz respectively in carboxymethylated pH 6.8 CNMb.

This broadening is even

greater for the pH 9 .0 carboxymethylated derivative (figure 4.18).
This is exemplified for the broad upfield resonance at

- -10.S ppm which

is no longer observed in the spectrum of the pH 9.0 carboxymethylated
Cr Mb sample .

To explain this broadening of resonances, an examination

of the factors that are responsible for the linewidth of a resonance
must be made .
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In a protein solution, the natural linewidth of a proton resonance at half height, 6V 1

~

,

is related to the spin-spin relaxation time

T2 of the proton by:

1

4.7.1

The dominant mechanism by which relaxation occurs between nuclei
1n solutions of diamagnetic proteins is that due to dipole-dipole interactions (WLlthrich 1976).

For the case of two protons that are bound to

the same molecule which is undergoing isotropic rotational reorientation,
the contribution to T2 from dipolar interactions between these protons
(T2 0 ) is given by (Dwek 1973);
2T

(3T

=

C

C

+ ---+

)

4. 7.2

where TC 1s the effective correlation time for rotational reorientation
of the vector joining the two protons, y the magnetogyric ratio of the
proton, w the Larmor frequency ?f the proton and r the interproton
distance.

Equations 4.7.1 and 4.7 . 2. show that if T

C

For paramagnetic

a

increases then so

Mb , however, relaxation due to dipolar

coupling between the unpaired spin of the iron and the proton must also
be considered (section 2.2).

From equation 2.2 . 4 it is noted that an

increase in Tel (which for CNMb -Ts ' the electron spin relaxation time)
leads to a decrease in T2 p and an increase in 6v 1

~

•

141

Thus, for the spectra of carboxymethylated

C · \,1b,

the observ d

broadening of the hyperfine shifted resonances may arise from either
changes in T2D or T2p or both.

The broadening of resonances, however,

is not only observed for the hyperfine shifted resonances but is also
present for resonances that do not exhibit a chemical shift variation with
temperature and are therefore far from the haem (e.g. the surface histidine C-2 and C-4 proton resonances).

The broadening of all resonances

must therefore result from a decrease in T2D i.e. an increase in Tc
(although a contribution to broadening of the hyperfine shifted resonances
from an increase in T

s

cannot be eliminated).

The rotational correlation time for a proton T

C

is a combination

of the overall rotational correlation time TR of the molecule and the
rotational motions of the proton itself wi thin the molecule (Doddrell

et al . 1972;

King and Jardetzky 1978;

simp le rigid molecules such as H2 0, T

c

Gurd and Rothgeb 1979).

In

may be characterised by a corre-

lation time TR that is due to the rotational tumbling of the molecule .
Assuming that the molecule can be repr esented by a rigid sphere of radius
a, TR is related to the molecular dimensions and th e viscosity of the
-solution , n, by:
4nna 3
TR= 3kT

4. 7.3

where k is the Boltzmann constant and T the absolute temperature.

Thus

an increase in the size of the molecule will lead to an increase in TR.
For globul ar proteins in aqueous solution TR-10- 9 to 10- 7 s, whereas for
The TR for protein molecules is in the range one
would predict from equation 4.7.3 which is therefore an adequate descrip~ion of rotational motion of protein molecules .

Thus, the greater
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1R

of a protein molecule compared with a small molecule leads to larger

linewidths of resonances.
As discussed above, no changes were observed in the electronic
structure of the haem or haem pocket in the carboxymethylated derivatives
of CN lb compared with native CNMb.

To relate the increase in linewidth

of resonances in carboxymethylated CN lb to an increase in

1

C

of protons

in the molecules, it is necessary to examine the various differences
between the native and modified proteins.
The placing of the carboxymethyl groups on the surface histidines,
the N-terminal valine or glycine residue (Ifugli and Gurd 1970a) along with
some lysine residues (-1 after carboxymethylation at pH 6.8 and -10 at the
higher pH of 9.0) and one of the methionine residues at pH 9.0 (section
4 . 3) , alters the charge on the molecule significantly.

Hugli and Gurd

(1970a) observed large changes in the electrophoretic patterns between
native myoglobin and that which had been carboxymethylated for 10 days
at pH 6.8 .

Four negatively charged bands that were well separated from

the position of untreated myoglobin were observed.

The carboxymethyl-

ation of a histidine residue to either the mono or dicarboxymethylated
form will result in a uriit increase in negative charge at the pH of
electrophoresis (C~ark and Gurd 1967).

The four bands observed by

Hugli and Gurd (1970a) were estimated to contain 6, 7 , 8 and 9 net negative charges relative to the native protein.
The carboxyrnethylation of human myoglobin over a wide range
of pH has been studied by Harris and Hill (1969).

The reaction patterns

of the histidines were similar to the corresponding histidines in sperm
whale myoglobin which indicates that the conformation of human myoglobin
closely resembles that of sperm whale myoglobin.

It was observed that

at pH 9 significant reaction of the lysine residues had occurred and
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that a portion of the methionine residues had begun to react.

The results

for this study for sperm whale myoglobin are similar (section 4.3).
Lysine residues are hydrophilic 1n nature and the majority of these
residues 1n myoglobin are found on the surface of the molecule (Kendrew
1962).

The two methionine residues in sperm whale myoglobin are buried

and relatively inaccessible to solvent (Watson 1969).

Thus, in comparison to the carboxymethylation procedure undertaken at pH 6.8, carboxymethylation at pH 9.0 causes much greater
reaction at the lysine residues and an increase in the reaction of the
methionine residues.

The number of unreacted histidine products after

carboxymethylation at the two pH values were approximately the same
although there were differences in the proportions of the carboxymethylated products between the two derivatives (Botelho and Gurd 1978).
Therefore, carboxymethylation at the higher pH value causes more negative
charges to be placed on the molecule than at pH 6.8.

The presence of

these extra , bulky, negatively charged carboxymethyl groups on the
surface of the molecule must lead to an increase in both intra- and
inter-molecular electrostatic interactions.

This may in turn cause a

decrease in rotational motion of the protons within the molecule (i.e.
an increase in T)
c and result 1n broader
methylated derivatives.

1R resonances in the carboxy-

The larger number of carboxymethylated residues

in the pH 9.0 derivative compared with the pH 6 . 8 derivative causes an
even greater broadening in this derivative.

Gurd et al.

(1966) showed that for carboxymethylation of myo-

globin under various conditions in the crystalline state, the sedimentation coefficients for the modified protein were similar to those report ed
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by other workers

for the unreacted protein (Van Den Oord et al. 1969;

Banaszak et al. 1963b) .

This implies that the presence of any large

quantity of aggregated myoglobin is unlikely .

The presence, however,

of the dimeric form of myoglobin has been reported (Hardman et al . 1966;
Van Den Oord et al. 1969).

Van Den Oord et al .

(1969) carried out an

extensive analysis of aggregated myoglobin from horse and cow.

They

concluded that it does not occur naturally and that its formation was an
intermediate in the denaturation of myoglobin.

The amount of dimer

formed depended on a number of factors such as the age of the muscle
and whether it was frozen or not.

Dimeric myoglobin was formed when

monomeric myoglobin was lyophilized in the absence of salts or at low
phosphate ion concentrations.

Storage of the lyophilized product at

low temperatures increased the amount of product.
dimer formed , in al l cases , was small.

The quantity of

The absorption spectra of the

monomer and dimer were the same but the sedimentation and diffusion
coefficients indicated differences in molecular size.

The experimental technique used for preparation of the carboxymethylated protein samples for NMR measurements involved lyophilization
a number of times.

Similar methods were employed by Botelho and Gurd

(1978) for their N,1R studies .

This, as mentioned above, could introduce

a quantity of dimeric myoglobin whose absorption spectral properties
would be indistinguishable from that of the native protein.
mentation coefficient measurements of Gurd et al.

The sedi-

(1966) on carboxy-

·methylated myoglobin did not involve any lyophilization.

It is possible

that the modification of the structure of the molecule as a result of
carboxyr.1ethylation could increase the proportion of dimer formed as a
result of lyophilization compared with th at present in native myoglobin
after lyophilization.
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Thus, one or a combination of the above two factors, i.e. an
increased amount of dimer and greater charge on the molecule could explain
why broader resonances are observed in the lH NMR spectra of the carboxymethylated samples of CNMb and metMb.
The above discussion is a rationale of the extra overall line
broadening observed for resonances in the 1 H NMR spectra of the carboxymethylated derivatives of myoglobin.

This does not, however, explain

the large amount of broadening observed for titrating histidine C-2
proton resonances in these derivatives.

This phenomenon has been obser-

ved for all mono-carboxymethyl and unreacted histidine C-2 proton resonances in the ferric met and cyano derivatives and the ferrous carbon
rnonoxy derivative

(section 4.8.6) of sperm whale myoglobin.

These

resonances are observed at the acid and basic limits of their titration
curve but between these limits observation of their titrating resonances
is very difficult.

For a normal histidine residue the rate of deprotonationprotonation of the imidazole is fast on the NMR timescale so that average
"sharp" C-2 and C-4 proton reson-a nces are observed (section 4. 1).

The

phenomenon , however, of broadening or disappearance of an imidazole
resonanc~ of a protein during the course of a titration is not unknown.
The most studied case is that of his 48 C-2 and C-4 proton resonances
in ribonuclease A.

In the presence of NaCl these resonances broaden

and disappear as the pH is raised above 5 and separate resonances are
observed for the protonated and deprotonated forms of the imidazole
(i,larkley 1975b, c).

In the presence of acetate buffer , however, these

resonances are sharp and normal

MR titration curves are observed
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(Meadows et al . 1967;

Markley 1975b).

Various mechanisms have been

postulated for this broadening phenomenon including exchange broadening
resulting from the decreased rate of exchange of this group between two
different environments above pH 5 (Meadows andJardetzky 1968;

Roberts

et al . 1969), dipolar broadening due to immobilisation (King and
Bradbury 1971) and broadening due to the presence of two slow, localised
Recently, Sudmeier et al .

conformation transitions (Markley 1975c).

(1980) in a theoretical discussion of such phenomena explained these
results simply in terms of fast-exchange broadening due to the inaccessibility of this 1 residue.

The presence of buffer enhances the rate of

proton exchange between the protonated and deprotonated imidazole forms.
Application of the conclusions of this latter study to the broadening
observed in this work are made below.
If the broadening observed for the histidine C-2 proton resonances 1n the carboxymethylated myoglobin derivatives is a result of
localised, conformational changes involving the protonated form of the
histidine and equilibria of the type:

His (2)H ...,__ His (l)H ~ -

1n which

k1, k_1

His(l)

4.7.4

are slow and k 2 , k- 2 fast on the NMR timescale,

then a broadened resonance will result (section 4.5 . 2) .

It has been

_postulated 1n section 4 .5. 2 that such a conformational change is present
for his 64 1n C Mb and COMb at 20°C and it is conceivable that any extra
broadening observed in the carboxymethylated derivatives may be due to
the slowing of k 1 and k_ 1 still further.

The presence of a conformational
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change in met Mb for his 36 upon depro t onati on of t he i mi dazole ring has
also been demonstrated (section 4.4.4).

This transition did not result,

however, in significant broadening of either the C-2 or C-4 proton resonances of his 36 in the native protein derivatives.

If the observed

broadening of his 36 C-2 proton resonance in the carboxymethylated derivatives was the result of a slowing down in this conformational transit i on,
then a similar degree of broad ening would be observed for the C-4 proton
resonance.

This is not the case and the C-4 proton resonance is readily

observed throughout the pH range for the carboxymethylat ed pH 6.8 sample .
No similar conformational transitions are observed for the other histi dine
residues in native CNMb and metMb.

It, therefore, seems unlikely that

the broadening of titrating histidine resonances in the carboxymethyl at ed
myoglobin derivatives is due to conformational transitions involving all
these histidines.
The observed broadening can, however, be explained by fastexchange broadening of th e se resonances as outlined by Sudmeier e t al .
(1980) .

For the protonation-deprotonation of imidazole in buffer-free

systems, the follo wing mechanismsare present:
H+

koff
Im+

ImH +

+

OH

HO+
3

4.7.5

4.7. 6
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Rate constants of about 2xlo 10 M- 1 s - 1 have been measured for equation
4. 7.6 and the reverse of equation 4. 7.5 (Bro¼~e et al. 1976).

Similar

rates were obtained by Sudmeier et al . (1980) for two of the surface
histidines in human carbonic anhydrase using the data of Campbell et al .
These rate constants were calculated from the amount of fast -

(1974).

exchange broadening observed for these resonances at the midpoint of
their titration curves (which is 29Hz, at 270MHz for an isolated histidine
residue (Sudmeier et al . 1980)).

The amount of broadening due to fast

exchange (6W) is given by:
p2p2
A B

6W -

4.7.7

+

P k kH

A A on

+ p k kOH

BB en

where PA' PB are the fractional populations of species A and B (i.e. the
protonated and deprotonated imidazole forms), ~vAB the difference in
chemical shift between the two sites (in Hz) and kA, kB the dissociation
constants.
Thus, from equation 4.7.7, a histidine residue that is not
freely accessible to solvent, i : e. one that has decreased values of k
and

k:~

will exhibit greater exchange broadening.

(1980) pointed out that k
1
1
~.
~1 - s- by

H+

H+

on

Sudmeier et al .

0

and k H have only to be smaller than 10- 10
on
on

2 or 3 or d ers of magnitude for the titration characteristics of

h~s 48 C-2 and C-4 resonances in ribonuclease to be explained.

His 48

is known to be relatively inaccessible to solvent from the slo,v rate of
deuteriation of its C-2 proton (Markley 1975c;

Bradbury et al . 1977).

Similarly, in carboxymethylated myoglobin, the broadening of the histidine resonances may be due to the decrease in accessibility of these
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residues as a result of the presence of the carboxymethyl groups attached
to various residues which change the charge on the molecule and also
possibly provide steric hindrance

to the water and hydroxide species.

From equation 4.7. 7 it is observed that the amount of fastexchange broadening is proportional to (6vA ) 2 •
8

In the case of his 36

C-4 proton resonance this is zero due to the reasons outlined in section

4.4.4 and therefore no broadening of this resonance in the carboxymethylated derivatives occurs.

The movement of this resonance at low pH

is due to titration of the nearby carboxyl group of glu 38 and is therefore not a titration shift due to deprotonation of the imidazole ring
~1d broadening is not observed.

4.8

ASSIGNME, T OF THE HISTIDINE C-2 AND C-4 PROTON RESONANCES IN
1
THE H. MR SPECTRA OF FERROUS DERIVATIVES OF MYOGLOBI S

4.8.1

Introduction

The previous sections in this chapter have dealt with a discussion of the titration characteristics of the histidine C-2 and C-4 proton resonances of the ferric met ~and cyano derivatives of myoglobin.
The physiologically significant species are the ferrous oxy form (oxyMb) ,
in which an oxygen ligand is coordinated to the iron atom, and the
ferrous deoxy form (deoxyMb) which has no coordinated ligand (Takano

1977b).

OxyMb is diamagnetic, with the iron atom being in the ferrous

low spin (S=O) state, whereas deox~·fu is paramagnetic with the iron atom
being in the ferrous high spin (S=2) state (see section 1.6).

Thus,

the paramagnetic high spin nature of the iron atom in deoxyMb parallels
the situation in raetMb and therefore haem and near haem resonances would
be expected to be shifted and broadened by the paramagnetic haem iron.

15 0

Various hyperfine shifted resonances are observed in the 1 H. i!R spectrum
of deoxyr1b (Johnson et al . 1977;

La Mar et al. 1978).

In Chironomus

deoxyHb , some of t hese have been assigned to haem methyl groups by selective deuteriation of these haem groups and the subsequent reincorporation
of the haem back into the myoglobin molecule (La Mar et al . 1981a).

The

N-H resonance of the proximal histidine (residue ntunber 93) has been
observed far downfield in the spectrum of deoxy1b in H2 0 (La Mar et al.
1977) .

La Mar et al . (1978) have examined the pH dependence of these

hyperfine shifted resonances in horse and sperm whale deoxyMb and ascribed
their movements at low pH with a pK value of -5 . 7 to the titration of a
nearby group , possibly his 97 .

Hayashi et al . (1976)

observed the pH variation of the visible spectrum of deoxyMb which exhibited a similar pK value which they attributed to the titration of the
dista l his t idine residue number 64 .
the

1H

Ohms et al . (1979) have published

NMR titrati on curves for t he histidine C- 2 proton resonances of

deoxyMb and oxy4b from various species and tentatively assigned a resonance
moving with a pK value of -5 . 7 in oxyMb to the distal histidine 64 C-2
proton .
oxy lb .

Parker (1980) has undertaken a similar study on sperm whale
These results will be discussed in full in the light of the

results obtained in this study.
The extreme drawback to studying these t wo physiologically significant derivatives of myoglobin is their inherent instability.

Both

deoxy 1b and oxyilb are susceptibl e to auto-oxidation i.e. conversion to
met fb which is both a function of tempe rature and pH (Christova and
Atanasov 1978) .

Furthermore, in studying the deoxy.1b species oxygen

must be rigidly excluded to prevent any conversion to oxy>1b.

Thus, in

studying the ferrous derivatives, us e is often made of t he carbon monoxy
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complex of myoglobin (COMb) which is much less prone to auto-oxidation
A 1 H ~~MR study

and consequently, it is often used as a model for oxyMb .

of the histidine C-2 proton resonances at 90 MHz has been published
(Thompson et al . 1971) and similar studies have been undertaken on the
CO complexes of other monomeric haem proteins (Ribbing and Ruterjans
1980a,b;

KrUmpelmann et al. 1980;

Johnson et al. 1978).

Accordingly,

the results in this section describe the titration characteristics of
the histidine C-2 and C-4 proton resonances in these three ferrous myo globin derivatives.
4.8.2

Assignment of the histidine C-2 proton resonances in the
1 H NMR spectrum of sperm wha le ferrous deoxy myoglobin

Figure 4. 19 shows the aromatic region of the
of sperm whale deoxyMb at 20°C.

1H

Nt1R spectrum

The titration curves observed for the

histidine C-2 proton resonances of the deoxyMb are shown in figure 4.20.
The numbering of curves is the same as that of figure 4 .19.
proton resonances were observed to titrate.

Seven C-2

The titration parameters

obtained from these curves and their assignments are presented in table
4. 7 along with a compari son with the results of Ohms et al . (1979).

It

1s evident that the same number of titrating histidine C-2 proton resonances are present in sperm whale deox~fu and met~b (figure 4.4) and
that the titration characteristics of these two sets of data are very
similar .

In both cases, a resonance which exhibits a high pK value and

is shifted upfield at low pH relative to the position of the other C-2
proton resonances (number 7), two resonances which exhibit low pK values
(numbers 5 and 6) and four resonances which exhibit normal pK values
(numbers 1 to 4) are observed in both derivatives.

On this basis the

resonances 1n deoxyMb are assigned to the seven surface histidine
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TABLE 4. 7

1 1--I

NMR TITRATION PARAMETERS FOR THE HISTIDINE C-2 PROTON RESONANCES OF SPERM WHALE DEOXYMB
AT 20°C .
THE RESULTS OF OHMS ET AL. (1979) ARE PRESENTED FOR COMPARISONa.

his 81

his 12

his 48

his 116

his 119

his 113

his 36

This
Work

This
Work

This
Work

This
Work

This
Work

This
Work

This
Work

b

b

b

b

b.

b

b

Resonance

1

pK value

6.56

6.71

6.69

6.60

6.79

7.16

7.09

6.78

5.63

5.79

5.51

5.76

7 . 94

8.12

8B

7.68

7.63

7.68

7 .64

7.60

7.57

7.65

7.62

8 .04

7.99

7 . 64

7 . 59

7.48

7.18

6.

1.08

0.89

1. 03

0.89

1.08

0.94

0.97

0.89

0.63

0.56

1.26

1.00

0.76

1. 03

3

2

4

5

'

6

a Ohms et al . (197~ observed an extra upfield resonance which they assigned to his 97
C-2 proton.
This resonance belongs to his 81 C-4 proton (see text).
b

Results of Ohms et al . (1979).

7

155

resonances that are observed in metNb.

The relative chemical shift

positions of the high pK value upfield shifted resonance of his 36 C-2
proton and the low pK value downfield shifted resonance of his 119 C-2
proton are slightly different in both derivatives.

The other C-2 proton

resonances have similar titration parameters in both derivatives.
His

119 and 36 have been shown , from the studies of the various ferric

derivatives (section 4 . 6), to be very sensitive to the state of ligation
and hence spin state of the iron .

These differences are related to the

changes that occur in the highly flexible regions of the myoglobin molecule near these histidines in the different ligated states (see section
4.9) .

The results of Ohms et al.

(1979) for sperm whale deoxyMb are

generally i n agreement with those presented here (table 4.7) although an
extra upfield resonance was observed by them.

This resonance exhibited

a small titration shift, a pK value of 6 . 47 and was assigned to his 97
C-2 proton .

This resonance has been shown to be present in all derivatives

and belongs to his 81 C-4 proton (see section 4.5.3).

4 . 8. 3

Assignment of the histidine C-4 proton resonances 1n the
1
H N1R spectrum of sperm whale ferrous deoxy myoglobin

The titration curves for the C-4 proton resonances of sperm
\'.'hale deoxyMb are sho~m in figure 4. 21 and the titration parameters
obtained from these plots are presented in table 4.8.

As is the case for

!he C-2 proton resonances, the C-4 proton resonances show a very strong
correlation with the corresponding data for metMb and their assignment
is therefore facilitated .

The only differences between the two sets of

data arise in the relative chemical shift positions throughout the titration range for his 36, 113 and 119 C-4 proton resonances.

In deoxy:1lb,
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TABLE 4. 8

II NMR TITRATION PARJ\11.,1ETERS FOR THE HISTIDINE C-4 PROTON RESONANCES
OF SPERM WHALE DEOXYMB AT 20°C

his 81

his 12

his 48

8

11

12

6.45

6.31

c5 B

7.60

~

0.29

Resonance
pK value

his 116

his 119

his 113

his 36

9

10

13

14

7.10

6.84

5.53

5.32

-

6.96

6.86

7 .15

7.04

6.70

6.74

0.53

0.29

0.39

0.56

0.52

-
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the resonance belonging to his 119 C-4 proton (number 10) is shifted -o.15
ppm do\.vnfield from its position in metMb.
for the C-2 proton resonance of his 119.

A similar shift is observed
The C-4 proton resonance of

his 113 in deoxyMb (number 13) is found, -0.1 ppm downfield of its position in metMb whereas the chemical shift position of the C-2 proton
resonance is relatively unchanged.

Similar differences between the

relative chemical shift positions of the C-2 and C-4 proton resonances
of his 113 were found for CNMb and metMb (see section 4.6).
At high pH, his 36 C-4 proton resonance is found -0.l ppm downfield of its corresponding position for metMb.

The shift in this direction

is the same as that observed for his 113 and 119 C-4 proton resonances.
These three resonances are all shifted in the same direction in going from
the

aquo to hydroxy or cyano ligated states (section 4.6).

The assign-

ment of resonance 14 to his 36 C-4 proton is therefore consistent with this
movement.

At low pH his 36 C-2 proton resonance is found -0.1 ppm up-

field of its position in met fu.

Shifts in the opposite direction for the

C-2 proton resonance of his 36 compared with the C-4 proton resonance
have also been observed in comparisons of metMb with hydroxyMb and CNMb.
The titration characteristics of his 36 C-2 and C-4 proton
resonances deserve special attention.

The situation that exists for

this region is very similar to that in metMb (section 4.4.4).

The C-2

proton resonance exhibits a titration shift of only 0. 76 ppm.

At low

pl! the histidine is in a dic1magnetic shielded environment as a result of
the close proximity of the phenyl ring of phe 106 and consequently the C-2
proton is shifted upfield relative to the chemical shift positions of the
other C-2 proton resonances.

Upon deproto~ation of the ring the imida-

zole ring moves and this interaction is removed and therefore the histidine
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is "normalised" .

This movement of the ring

and the associated downfield

shift compensates for the upfield shift of the C-4 proton resonance upon
deprotonation and consequently no movement of this resonance is observed
at high pH.

A slight shift downfield occurs for this resonance at low

pH in deoxyMb.

This movement is much less than that observed for the

corresponding resonance in metMb.

This shift was attributed to the

titration of the nearby carboxyl group of glu 38.

It is therefore con-

eluded that this carboxyl group is not as clos e to the C-4 proton in
deoxyMb as in metMb .
4.8.4

Assignments of the histidine C-2 proton resonances in the
1H NMR spectrum of the ferrous carbon rnonoxy derivatives
of sperm whale, horse and pig myoglobin

Figure 4.22 shows the aromatic region of the lH NMR spectrum of
sperm wha le COMb at pH 4.8 and 40°C.

The four meso haem resonances to

low field (9.4 to 10.l ppm) and the histidine C-2 and C-4 proton regions
are shown.

Because this derivative is diamagnetic any broadening and/or

shift of the haem and near haem resonances due to a paramagnetic iron,
as in mettvfb, CNMb and deoxyfvlb, is removed.

Hence a greater number of

resonances are observed in the region of the spectrum from -0 to 12 ppm
in CO lib (and oxyMb).

This means that following the continuities of some

resonance~ movement with pH is difficult due to this extra crowding.

As

wi 11 be shown in sect ion 4 . 8. 8 this pro bl em arises in the histidine C-4
region of the spectrum where the "new" resonances from the near haem
aromatic and ring current shifted resonances appear .

Figure 4 . 23 is a

Carr-Purcell sequence spectrum of sperm whale COdb with a

T

value of 60ms.

The singlet histidine C-2 and C-4 proton resonances are readily observable
under these conditions and these are numbered as in figure 4.22.

16
6

I
S. 7,8

pH=4.83

19

18 I

20

2n 3•4
21

I

I

I

I

10.5

I

I

I

I

I

I

10.0

Figure 4.22

I

l

I

I
9.5

I

I

I

I

I
9.0

I

I

I

I

I

I

I

8. 5

TI1e aromatic region of th e

I

I

I
8.0

1H

I

I

I

I

I
7.5

I

I

I

I

I
7.0

I

I

I

I

I
6.5

I

I

I

I

J
6.0

I

I

I I

I
5.5

I I I

ppm

, I
5.0

NMR spectrum at pH 4.83 and 40°C of sperm whale COMb.
I-'
(1\

0

Figure 4.23

The aromatic region of the 1H NMR spectrum of sperm whale COMb at 40°C and pH 6.24.
(a) Resolution enhanced spectrum and (b) Carr-Purcell spectrum with T=60ms.

..Q

::? - - N

00

-

;:

,0

"' =
·--

161
- - -.=::::=,

---------__=::,

-----

~

t--

r
r-

r

r-

r

r
r

'

r-

r

r

:c

C.
Cl..
ID

::r

0
IJ)

N
L'l

L'l

:r

lO

l/1

ID

l/1

C,

lO

lO

N

.

:r
lO

r:
ID
lO

(J

r--

N

r--

:r

r--

r--

lO

ID

r--

0
a)

a)

N

:r
ID

lO

r~

ID

r~

r

C,

m

N

m

::r

m

lO
01

01

,n

N

u

~ L

r

r- u

::r
L;

16

The titration curves fo r the C-2 proton resonances are shown
in figure 4.24 along with the titration curves for the C-2 proton
resonances of horse and pig COMb .

In sperm whale COMb, ten resonances

(numbers 1-9 and 11) were observed to move with pH (resonance 10 is found
in this region of the spectrum but is assigned to his 81 C-4
proton , see below) .

There are similarities between these curves and

those obtained for the paramagnetic derivatives but there are also noticeable differences.

Firstly, no titration curve which exhibited a high

pK value was observed.

In the paramagnetic derivatives the resonance

corresponding to this curve was assigned to his 36 C-2 proton.
Secondly, an extra resonance , number 8, is observed with a low pK value
and a normal titration shift.

This resonance was not observed in the

met and deoxy forms but a similar resonance was observed up field of other
C-2 proton resonances in C~Mb .

Resonances 6 and 7 which exhibit lo w

pK values are also observed in the paramagnetic derivatives.

These

observations imply that resonance 8 arises from a near haem histidine C-2
proton.

Siillilarly , resonance 11 in COMb, is shifted upfield and exhibits

a very low pK value.

This resonance was observed in CNMb but not in

the paramagnetic high spin species .

Thirdly, an extra resonance (number

S) which exhibits a normal pK value and is noticeable only at very low

pH is observed.

The four resonances with normal pK values th at are found

in all other derivatives are also present in C~1b.

Finally, resonance 9

exhibits only a very small titration shift with a pK value of 6.6.

This

resonance was not observed in metMb or deoxy1lb but was observed in CN,1b .
The titration parameters for these resonances in sperm whale, horse and
pig COMb and their assignments are tabulated in table 4.9 .
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\[)
r-i

his 81

his 12

hi s 48

Resonance

1

2

3

4

7

pK value

6.11

6.23

6.42

6.74

oB

7. 71

7.82

7.68

6

1.30

1.02

h is 116

his 119

hi s 113

his 36

his 64

hi s 97

his 24

6

5

11

8

9

5.63

5.93

6.74

4.53

5.85

6.57

7.62

8.01

7.70

7.62

7.59

7.61

8 . 01

1.04

0.97

0.67

1.06

0.97

1.13

1. 03

0.13

9

6

7

4.59

5.91

6 . 51

Sperm Whale

llorse
Resonance

1

2

3

5

4

pK value

6.14

6.61

6.80

5.53

5.76

013

7.65

7.62

7.58

8.00

7.88

7.55

7. 59

7.82

6

1. 32

1.18

1.09

0.76

0.87

1. 04

1. 23

0.29

1

2

7

4

5

6.01

5.80

7.54

not
observed

Pig
Res ona nce

pK value

3

not
observed

6.20

6.80

5.45

oB

7.60

7.65

8.03

7.69

7. 88

8. 14

6

1. 25

0.96

0.86

0.24

0. 67

0.08

a

Tentative assignment

a
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The assignments of the C-2 proton resonances of his 12, 113 and
116 were confirmed by a titration series of the carbon monoxy derivatives
of horse and pig myoglobin at 40°C.

In these species these histidine

residues are replaced by different amino acids and assignment is relatively
easy.

Similar methods were employed in assigning these resonances in

sperm whale met11b (section 4. 4 . 2).

Figure 4 . 25 is a plot of the chemical shift variation of the
C-2 proton resonances of sperm whale

CO\fu at 20°c.

The features of

the titration characteristics at 40°C are the same at this lower temperature and the titration parameters obtained for this series are listed
in table 4 . 10 .

The major difference between the two sets of data is the

broadening of resonance 11 at low pH.

It was not possible to follow

the titration of this resonance below pH-6.

Studies on the temperature dependence of the pK values of the
histidine C-2 proton resonances of ribonuclease A (Roberts et al. 1969;
Westmoreland et al. 1975) and lysozyme (Cohen 1969) have shown that, in
these proteins , pK values decrease with increasing temperature.

This

is generally true for corresponding histidine resonances in sperm whale
CO,fu (tables 4.9 and 4.10) .

It is possible to assign readily the resonances that are conserved in the paramagnetic derivatives and diamagnetic COMb.

These

C-2 proton resonances belong to the surface histidines that are distant
'from the haem and that are not grossly affected as a result of the change
in ligand and spin state of the iron.

Four resonances,numbers 1 to 4,

that exhibit normal pK values can be assigned to the C-2 protons of his 81,
12, 48 and 116 respectively on the basis of the similarity of the titration
curves for these resonances in met: 1b, C. Mb, deoxy.1b and CO. lb.

It is noted
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TABLE 4.10

1H

NMR TITRATION PARAMETERS FOR THE HISTIDINE C-2 PROTON
RESONANCES OF SPERM WHALE COMB AT 20°C
Ir

Resonance

his 81

his 12

his 48

1

2

3

his 116
4

his 119
6

his 113
7

his 36
5

his 64

his 97

11

8

9

5.89

6 . 77

7.59

8. 03

1.31

0.17

his 24a

\

pK value

6.20

6.59

6.72

6.93

5.56

5.92

6.99

-

8B

7.55

7.59

7.59

7.74

8.03

7.71

7.68

7.62

6

1.82

1.37

1.21

0.92

0.86

l.16

0.99

b

-

a Tentative assignment
b pK value could not be determined due to a large amount of broadening at low pH (see text).
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that a much larger titration shift is observed for his 81 C-2 proton
resonance in all species of C01b compared with other derivatives.

The

assignments of resonances 2 and 4 were confirmed by a titration of horse
and pig COMb.

In horse COMb resonance 2 corresponding to his 12 C-2

proton was absent and in pig C0,,1b resonances 2 and 4 (corresponding to
his 116) were both absent (figure 4.24) .
Similarly, resonances 6 and 7 in sperm whale COMb may be
assigned to the C- 2 protons of his 119 and 113 respectively.

These

resonances both exhibit low pK values and they have similar titration
characteristics compared with the paramagnetic derivatives.
ment of resonance 7

The assign-

to his 113 C-2 proton was confirmed by the absence

of this resonance in the titration series of pig COMb (figure 4.24).

His

113 C-2 proton resonance exhibits a higher pK value in this derivative
than in metMb or CNMb .

The remaining resonances are not present in metMb and deserve
close scrutiny.

These resonances are found in all three COMb species

studied and must therefore arise from invariant histidine residues.
His 36 C- 2 proton resonance was readily observed in the
previous studies of paramagnetic derivatives because of its characteristic
upfield shift and high pK value.titration series of COMb.

No such resonance is present in the

This observation also was made by Thompson

et al . ( 19 7 1) in their study of hors e CO tb .

The absence of a curve with

a high pK value due to his 36 C-2 proton implies that there must be a conformational

difference between the environment of his 36 in CO~lb and

the paramagnetic met, cyano, azido and deoxy derivatives.

In these

various species, it was postulated that the high pK value of his 36 C-2
proton resonance was due to the imidazole ring of his 36 being hydrogen
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bonded to glu 38 and in close proximity to phe 106.

Upon deprotonation,

the imidazole ring moved to bring the ring into a normalised environment
and to a position that resembled the situation in the crystalline state
from crystallographic studies (see section 4.4.4).

This interaction of

his 36 with glu 38 and phe 106 must be absent in COMb since no high pK
value curve is present.

This implies that the histidine is "normalised"

and has swung away from its position in the paramagnetic derivatives and
therefore the extra histidine C-2 proton resonance, number 5, that is
observed in sperm whale COMb with a normal pK value, arises from his 36.
This resonance is only observed at very low pH in sperm whale COMb where
it separates from resonance 4 belcnging to his 116 C-2 proton.

In

horse and pig COMb it has the same chemical shift at low pH as his 116
and 48 C-2 proton resonances respectively and therefore is not resolved.
In addition, in horse COMb, overlap of other C-2 proton resonances also
causes problems at low pH in resolving this resonance (see figure 4.24).
In both COMb species, however, these resonances are much larger than a
single proton in area and the presence of two protons is implied.
Resonances 8 and 11 in sperm whale COMb ar~not observed in the
paramagnetic high spin derivatives of met~b and deoxyMb.

Similar reso-

nances were , however, present in the spectrum of low spin CNMb (section
4.5).

The resonance in CNMb corresponding to resonance 8 in COMb was

shifted upfield into the C-4 region of the spectrum whereas the resonance
corresponding to resonance 11 was found in a similar upfield chemical
shift position.

Thus, because of their absence in high spin para-

magnetic met lb these two resonances were assigned to the C-2 proton
resonances of the near haem histidines, at positions 97 and 64 respectively
(section 4.5.2).

The variation with temperature in the chemical shift

of the C-2 proton resonance of his 97 in C. . fu gave an approximate
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diamagnetic chemical shift position at low pH of a histidine C-2 proton.
The pK value of these two resonances are simil a r in both derivatives
(pK value of 5.85 in COMb at 40°C, 5 . 9
It is concluded , therefore
C-2 proton .

at 20°C and 5.5 in CNMb at 20°C).

that resonance 8 in C01b belongs to his 97

The chemical shift position of resonance 11 has a similar

counterpart to the resonance assigned to his 64 C-2 proton in C1Mb .
The pK value obtained for its titration in CNMb, however, is higher (pK
value of 4 . 5 in COMb at 40°C and 5.8 in CNMb at 20°C).

At 20°C, reso-

nar.ce 11 in COMb exhibits a large degree of broadening at
low pH which
makes it impossible to obtain a pK value for this shift.

The reasons

for this broadening have been outlined in section 4.5.2.

A similar

effect is observed at this temperature for his 64
C-2 proton resonance
in CNMb .

Resonance 11 in sperm whale crn.1b is there£ ore assigned to the

C-2 proton of the distal histidine (residue number 64) .

The higher pK

value observed for his 64 in CNMb than COMb supports the postulation of
a hydrogen bond between the distal histidine and the cyanide ligand in
C Mb.

This would tend to raise the pK value of the distal histidine

in the latter derivative.

In -COMb, no such hydrogen bond was found to

be present from the neutron diffraction crystallographic studies (Norvell

et al . 1975) .

The remaining resonance in the C-2 proton region of the spectrum
of C01b is number 9.

This sharp resonance is shifted upfield of the

normal C-2 proton resonance position and exhibits a very small titration
shift of 0 . 12 ppm.
but is present in the

This resonance was not observed in metMb or deoxy~fu
1H

, 1R spectrum of CO 1b and Ci 11b.

A Carr-Purcell sequence with

T

=

60ms (figure 4.23) showed that this

171

resonance is a singlet with a fairly long T2 value , indicative of a
histidine C-2 proton resonance.

The only two unassigned histidine C·-2

proton resonances are from his 82 and his 24.

These two histidines are

buried in the crystal structure of myoglobin and are therefore immobilised
(Takano 1977a,b).

His 82 is hydrogen bonded to both asp 141 and via a

water molecule to gly 80 in metMb and deoxyMb.

Similarly, his 24 is

hydrogen bonded to his 119 to stabilise the GH corner of the molecule
(Takano 1977a,b).

Both of these histidines are far enough away from

the haem group not to be affected by the spin state of the iron,so presumably they are not observed in metMb and deoxyfvfb because of the line
broadening associated with their immobilised nature.

Thus, if this

resonance does belong to either of these two histidine C-2 protons a conformational change must have occurred for the histidine to become "free"
and therefore possibly no longer involved in hydrogen bonding interactions.
Conformational changes are known to occur in the environs of these two
histidines upon ligand binding.

For example, for the haemic acid

dissociation in metMb at high pH, changes are observed, most noticeably
in the GH corner (near his 113 ~nd 119) and the CD corner (near his 36)
(see section 4.9.1).

The small titration shift observed for the C-2

proton resonance upon deprotonation may be the result of the opposing
effects of the downfield shift due to the movement away from the influence
of the nedrby aromatic ring of the other respective histidine (119 or 81)
and the upfield shift due to the deprotonation of the imidazole ring.
The effects nearly compensate each other and a very small titration shift
1s observed.

This is a similar mechanism to that postulated for his 36

1n the paramagnetic derivatives of myoglobin (see section 4.4.4).

The

downfield shift of resonance 9 at high pH implies a deshielded environment
and that there may still be an interaction with the other histidine.

172

The most probable assignment of this resonance is to his 24 C-2 proton
since major movements are observed in this region of the molecule upon
change of ligand and spin state of the iron.

Also , his 119 C-2 proton

resonance has a titration shift of less than 1 ppm and it must be therefore in a shielded environment at high pH which may indicate interaction
with his 24 .

The assignment , however , of resonance 9 to his 82 C-2

proton cannot be ruled out .
4 . 8.S

Deuteriation studies of the histidine C- 2 proton resonances
of sperm whale myoglobin

The unique ability of the histidine C-2 proton to exchange with
solvent has facilitated assignment of these resonances in the 1 H NMR
spectrum of proteins after exchange with D 0 .
2

For example, this tech-

nique has been used very successfully to assign the histidine C-2 proton
resonances in bovine pancreatic ribonuclease A.

In this protein, the

C-2 pro t on of hi s 48 exhanges very slowly with deuterium and it is
possible to prepare a sample of this protein in which the resonances of
the other histidine C-2 protons

et al . 1977) .

are removed (Markley 1975c;

Bradbury

Similar assignment methods have been used in the enzyme

dihydrofolate reductase (Wyeth et al. 1980).

Figure 4 . 26 shows a spectrum of sperm whale met~b that had been
deuteriated in D2 0/0 . lM NaCl for 20 days at pH 7 and 35°C.
proton resonanc

The only C-2

that has not been significantly deuteriated is that

belonging to his 36 C-2 proton (number 7).

This residue has been shown

to be relatively inaccessible to solvent from the carboxymethylation
results .

The hydrophobic nature of phe 103 and the buried natµre of

his 36 would contribute to this slow rate of exchange and more than offsets the increased rate of exchange expected for a positively charged
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The aromatic region of the 1H NMR spectrum at 20"C and pH 4 . 84 of sperm whale
me tMb that had been deuteriated in D2 0 for 20 days at pH 7 and 35°C.
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imidazole ring (Bradbury et al. 1980).
observed by Botelho and Gurd (1978).

A similar result has been
Upon conversion of this sample to

COMb a number of C-2 proton resonances are observed (figure 4.27).

These

are resonances which belong to his 36, 97, 24 and 64 (numbers 5, 8, 9 and
11 respectively).

The relative heights of these resonances are less

than the C-4 proton resonances indicating that some deuteriation has
ocr:urred.

The hydrophobic nature of haem pocket and the low pK value of

the near haem residues, his 97 and 64, would tend to lower the rate of
deuteriation (Bradbury et al. 1980).

Upon deuteriation of sperm whale metMb in D2 0/0.lM

1

aCl for a

similar period at 40°C and pH 8, his 36 C-2 proton was found to have
been deuteriated.

This is further evidence for his 36 undergoing a con-

formational change to move into a normalised environment upon deprotonation
of the imidazole ring.

In the COMb form of this samp le resonances belong-

ing to his 24 and 64 C-2 protons were observed but their areas were significantly reduced.

As expected his 36 C-2 proton resonance was absent

and his 97 C-2 proton had also been deuteriated.

This latter result is

in keeping with the higher pH for the deuteriation conditions.
4.8.6

1

H 1~ 1R studies of sperm whale carbon monoxy myoglobin
that had been carboxymethylated in the met form

Sperm whale metMb was carboxymethylated at pH 6.8 under the
same conditions as previously outlined.

A 1 H N1R spectrum of the met

~erivative at pH 5.4 and 20°C was run and found to be identical with that
of the previous studies of met~Ib.
36 C-2 and C-4 protons were present.

The resonances corresponding to his
The sample was then converted to

CO~!b and spectra were collected every 0. 2 pH unit from pH 5 to 8 . 5 at 40°C .
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Figure 4.28 is a spectrum of carboxymethylated COi1b at pH 6.13 and 40°C.
In the C-2 proton region of the spectrum, the resonances belonging to
unmodified his 24, 64, 97 and 36 should be observed.

For his 24 C-2

proton resonance it was possible to follow its slight movement with pH
throughout the pH range (resonance number 10 in figure 4.28).

The reso-

nances corresponding to his 36, 64 and 97 C-2 protons were only observed
in regions where li~tle shift with pH was occurring i.e. at the oA and
08 limits for his 36 and at the oB limit for his 64 (resonance number 14)

and 97 C-2 proton resonances.

The disappearance of the resonances

between these extremes occurs due to fast exchange broadening as outlined
in section 4. 7.2.

As was observed for the carboxyrnethylated met and cyano derivatives, the resonances belonging to the dicarboxyrnethylated C-2 proton
resonances (numbers 5 to 7 in figure 4.28) disappeared at high pH due to
exchange with deuterium.

Also resonances belonging to the four meso

haem protons (numbers 1 to 4) and the upfield methyl resonance of the
near haem residue val 68 at --2.3 ppm were clearly observed.

The move-

ments with pH of these resonances were the same as in the native protein
(see section 5.4.1).

This implies that the structure of the haem pocket

is unaltered in carboxyrnethylated COdb compared with the native derivative.
4.8.7

Comparison between the histidine C-2 proton titration
characteristics of sperm whale carbon monoxy and oxy
myoglobin

Figure 4.29 shows the titration curves for the C- 2 proton
resonances of oxyMb at 20°C, replotted from the results of Parker (1980).
These curves are compared with those of sperm whale CO~lb (figures 4.24
and 4.25) and it is observed that there is very close correlation between
the data for oxy lb and co;,Jb.

Three low pK value curves, five normal
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pK value curves and two curves which are shi f ted to higher field are
observed in both derivatives.

Also no histidine C-2 proton was observed

to titrate with a high pK value.

The only difference between the two

sets of curves is the titration characteristics of the highest field
resonance, the distal histidine (his 64) C-2 proton resonance (number 11
in all three figures).

In COMb at 40°C, this resonance exhibits a pK

value of 4.53 whereas in oxy~fu at 20°C it is found to be 6.65 (Parker
1980).

This dramatic chang e is due to the hydrogen bond between the

distal histidine and the oxygen ligand in ox~tb.
not present in COMb.

This interaction is

This difference between the interaction of the

distal histidine and the ligand in the respective derivatives has been
clearly demonstrated by neutron diffraction crystal studies in which a
hydrogen bond is found between the H-3 and the oxygen ligand (i.e. the
distal histidine in oxyMb is "normal" and deprotonates at the N-1 position)
(Phillips and Schoenborn 1981;

Norvell et al . 19 75) .

The pH values at

which these studies were undertaken (5.7 for COMb and 8.4 for oxytvfb) are
well above the pK values for the distal histidine in the two derivatives
so the histidine was predominantly in the deprotonated form in both
derivatives and therefore the above arguments apply to this deprotonated
form .

The hydrogen bond in oxy~lb will tend to raise the pK value of the

distal histidine.

Also, slight changes, compared to the carbon monoxy

derivative , in the position of the distal histidine as a result of the
hydrogen bond formation may cause the imidazole ring to move away from
the influence of the positively charged group of Arg 45 (or vice-versa).
Such a change would also tend to raise the pK value of the distal histidine.

I
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The titration shift of the C-2 proton resonan ce of the distal
histidine in oxyMb is only 0.25 ppm .

This small titration shift is

explained by a similar mechanism to that observed for his 36 C-2 proton
in metMb (section 4.4.4).

At low pH this resonance is in an upfield

shifted position which is presumably due to the influence of the nearby
ring current of the haem group.

The upfield shift of the resonance upon

deprotonation is offset to a large degree by the downfield shift due to
the movement of the imidazole ring out of the environment which is causing
the upfield shift.

At alkaline pH the resonance is in a normalised

environment for a C-2 proton.

The movement of the distal histidine

with its protonation could be associated with the rearrangement of the
hydrogen bond between the no w protonated N-1 position of the distal histidine and the oxy ligand.

A similar movement of th e distal histid ine

with its protonation has been observed in the oxy complex of soybean
leghaemoglobin (oxyLb) (1~abbutt and Wright 1981).
In COMb, no hydrogen bond is present between the uncharged distal
histidine and the carbon monoxy ligand.

The titration shift observed

for the C-2 proton resonance of the distal histidine is much larger than
that observed in oxyMb and possibly the histidine experiences a normal
titration shift (it is not possible to follow the chemical shift of t he
resonance to low enough pH definitely to state that this is true).

The

absence , however, of a hydrogen bond in COMb means that the distal
histidine must have

a greater degree of freedom than in oxyMb.

In COLb

the distal histidine was obs erved to move a l arge amount upon deprotonation
of the imidazole ring (Johnson et al . 19 78) .

A large amount of thi s

movement is due to the much larger haem pocket in leghaemoglobin compared
with myoglobin ( ppleby et al . 1982a)

and care must therefore be t aken

in making analogies bet ween the t wo proteins .
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The titration results of Ohms et al . (1979) for deoxyMb and
oxyMb are rather different to the results found in this study and that
of Parker (1980).

Firstly, Ohms et al . (1979) observed the high pK

value curve associated with his 36 C-2 proton resonance in both derivatives.

In this study his 36 has been shown to exhibit a high pK value

in deoxyMb whereas in COMb and oxyMb (Parker 1980) this resonance has a
normal pK value.

Also, in deoxyMb and oxy~fu Ohms et al . (1979) found

that his 36 C-2 proton resonance exhibits a normal titration shift of
around 1 ppm which is less than the shift observed in this study of
-0 .7 ppm for deoxyMb.

A possible explanation for these discrepancies is that the
samples that Ohms et al. (1979) used for their studies had undergone
partial auto-oxidation and contained a significant amount of metMb which
would account for the opservation of a high pK value curve.

The technique

used by them for preparation of samples involved repeated lyophilization
of the deoxyMb samples.

After preparation of the solutions the NMR tubes

were sealed under nitrogen and then "stored at 4°C, under which conditions
deoxyMb remained stable for months''.

It is not improbable that under

these conditions significant contamination of the deoxyMb solutions with
metMb could occur.

After the NMR spectrum of the deoxyMb sample had

been obtained the solution was exposed to the air and allowed to form
oxyMb.

Thus, the sample was used for both the deoxy1b and oxyMb

titration series and any met contamination wou l d also be present in these
samples.

In addition, it has been my experience that comp let e conversion
of a solution of deoxyMb to oxy1b inside an Nm tube takes, with shaking,
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approximately three times longer than the 100s suggested by Ohms et a l .
Therefore, their samples may have been only partially oxygenated when the
oxyMb spectra were being collected.

Another difference between the results of Parker (1980) and
those of Ohms et al . (1979) is that no similar titrating resonance to that
of his 64 C-2 proton in oxyMb (pK 6.65, resonance number 11) was observed.
This resonance is shifted upfield and possibly they did not search in
this region of the spectrum or e lse the significant amount of met and/or
deoxy contamination in these samples broadened the resonance out so that
it was not observed.

The resonance, however, which corresponds to his 97

C-2 proton was observed (resonance number 8) and the pK value obtained 1n
both studies 1s 1n very close agreement (5.60 by Parker (1980) and
5. 69 by Ohms et al . (1979)).

Ohms et al . (1979), however, tentatively

assigned this resonance to the distal histidine C-2 proton.
The other extra resonance observed by these workers in both
deoxyMb and oxyMb was assigned tentatively to his 97 C-2 proton.

This

resonance was also observed in _all derivatives studied in this work and
as has been stated previously (section 4.5.3) it belongs to his 81 C-4
proton.

This assignment i~ consistent with the presence of this reso-

nance in all myoglobin derivatives since any near haem resonances in the
paramagnetic high spin derivatives, i.e. deox~1b and met~lli would be
broadened and/or shifted .

The pK values of this resonance in the various

species of deoxyivlli and oxy.1b that were studied by Ohms e t a l.

( 19 79) were

also very similar to that of the respective C-2 proton resonance of his 81.
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The resonance (number 9) tentatively assigned in this work to
the C-2 proton of his 24 was not seen by Ohms e t al . (1979).

The small

titration shift of the resonance and the lower magnetic field used 1n
their study may be responsible for this difference.
4.8.8

Assignment of the histidine C-4 proton resonances in the
1
H N1R spectrum of the ferrous carbon monoxy derivatives
of sperm whale, horse and pig myoglobin

A number of resonances which move with pH are observed in the histidine C-4 proton region of the spectrum of sperm whale COMb.

The titration

curves for these resonances along with those of horse and pig CONfu at 40°C
are shown in figure 4.30.

The numbering of these resonances in sperm

whale COMb is the same as that of figure 4.22.
of the curves in figure 4.30 is doubtful,

The continuities of some

especially in the region of 7.0

ppm where extreme crowding of resonances occurs due to the presence of
other aromatic resonances.

It is possible, however, to make assignments

of these resonances by the same methods as used previously for other
derivatives, i.e. on the basis of similarity of C-4 titration curves
between various myoglobin deriv~tives, comparisons of pK values of the
C-2 and C-4 protons and absence of specific resonances in the various
COitb species.

The titration parameters and assignments of these reso-

nances are listed in table 4.11.

In addition to the resonances observed 1n the C-4 proton region
of the spectrum, a resonance 1s observed upfield near the HOO resonance
1n

all three species of CO~fu at 40°C (resonanc e number 21 1n sperm whale

COMb

(figure 4.22)).

This resonance shifted at low pH and its titration

curve in the three species is shown in figure 4.31.
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TABLE 4 .11
Ln

1H

NMR TITRATION PARAMETERS FOR THE IJISTIDINE C-4 PROTON RESONANCES AND OTHER UPFIELD AROi'v1ATIC
RESONANCES OBSERVED IN THE SPECTRA OF SPERM WHALE, HORSE AND PIG COMB AT 40°C
his 81

his 12

his 48

his 116

his 119

his 113

his 36

his 64

his 97

Resonance

10

14

16

12

17

19

15

20

18

13

21

pK value

6.20

6.25

6.61

6.51

-

6.20

6.31

4.87

5.61

7.68

4.95

7.74

7.07

6.87

7 .16

7.01

6.74

6.95

6.68

6.74

7.32

5.00

0.28

0.30

0.36

0.37

-

0.26

0.39

0.27

0.38

0.11

0.59

00
~

Sperm Whale

0

B

!:::,

Horse
Resonance

8

14

10

13

16

15

17

12

11

18

pK value

6.40

6.04

6.56

4.99

6 .85

6.07

4.79

4.91

5.88

4.96

oB

7.77

6.97

7.12

7.15

6.71

7.06

6.69

7.12

7.28

4.93

!:::,

0.29

0.25

0.40

0.28

0.23

0.14

0.36

0 . 46

0.12

0.55

10

11

8

12

7.14

5.36

7.12

5.43

6.95

6.84

7.31

4.90

0.22

0 .15

0 .15

0.18

.

Pig
Resonance
pK value

6

9

6.42

6.65

oB

7.73

6.84

!:::,

0.27

0.42

not
observed

not
observed
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The histidine C-4 proton resonances that belong to his 116 and
12 (numbers 12 and 14 respectively in sperm wha le COMb) are readily identified by their absences in horse C01b (his 12) and pig COMb (both).

Both

these resonances are found in similar chemical shift positions to that
observed in metMb (figure 4.8).

It was not possible to assign definitely

the C-4 proton resonance of his 113 by a similar comparison due to problems
of observing it in the sperm whale and horse derivatives (see below).
Another C-4 proton resonance that is readily identified is that
belonging to his 48 (resonance 16 in sperm whale COMb) .

This resonance

is present in a similar chemical shift position in met fu and is found in
all three species of COMb.

Resonance 10 is assigned to his 81 C-4

proton by a similar comparison (see section 4.8.7).
exhibit normal pK values.
exhibits a normal pK value.

Both the s e resonances

Resonance number 15 in sperm whale COMb also
This resonance is not observed in metMb

but is found in all three species of COMb.

It must belong

therefore to

his 36 C-4 proton since this is the only remaining unassigned histidine
that exhibits a normal pK value.

Thr ee C-2 proton resonances in sperm wh ale COMb apart fr om th e
distal histidine C-2 proton resonance were observed to exhibit lo w pK
values.

These were assigned to his 113, 119 and 97 C-2 proton resonanc es .

In the C-4 proton region of sperm whale COMb t wo resonances at high field ,
numbers 18 and 19, are observed to exhibit pK values around 6 and these
are assigned to his 97 and 113 C-2 protons respectively.

The basis for

this assignment is that his 11 3 C-4 proton is found in a similar high field
position in met:lb whereas his 119 C-4 proton is observed at lower field .

18 8

No resonance was observed to move with pH in this region of the spectrum
in pig COMb which is further evidence for the assignment of his 113 C-4
proton resonance in sperm whale COMb to resonance 19.

It must be noted,

however, that no resonances corresponding to his 97 -or his 119 C-4 protons
were observed in pig COMb due to a large degree of spectral crowding.

In

sperm whale COMb, the resonance corresponding to his 119 C-4 proton was
found at slightly lower field (-0.1 ppm) than its position in metMb.
There is an indication of a titrating resonance (number 17) in COMb but
its movement with pH is difficult to follow.

In horse COMb two reso-

nances with low pK values are observed in this region and they must belong
to his 119 and 97.

The pK value observed for resonance 16 in this

species is much higher than expected for his 113 and therefore there is
some doubt about the assignment of this resonance.
In all three species studied a resonance is observed at low
field around 7.45 ppm which moves slightly with a high pK value in sperm
whale and pig COMb and a low pK value in horse COMb.

This resonance

(number 13 in sperm whale COMb) is broad and therefore probably does not
arise from a histidine C-4 proton.

It was not possible to confirm this

from the Carr-Purcell spectrum of figure 4.23 due to overlap with resonance
12.

It may arise from an aromatic residue which is witnessing a localised

conformational change.

A similar resonance is observed in all three

species of metMb (see figure 4.8).
The only remaining unassigned C~4 proton resonance is that of
his 64.

His 64 C-2 proton resonance exhibited an unusually low pK value

of 4.5.

This resonance shows a normal chemical shift value in the depro-

tonated form and consequently because of the low pK value it is found
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upfield of the other C-2 proton resonan ces for most of the pH range
studied, i.e. the chemical shift of the deprotonated form is unaffected
by the ring current of the haem group.

In the C-4 region one resonance,

number 2~ is found to exhibit a pK value of about
4.9).

Another resonance, number 21,

this value (pK value

is observed far upfield near the

HDO resonance and exhibits a similar low pK value of 4.95 (see figure
4.31).

Both of these resonances were observed in all three species of

COMb that were studied.

Resonance 20 most probably arises from a

histidine C-4 proton resonance, as judged by its presence, along with
that of his 64 C-2 proton resonance (number 11), in the Carr-Purcell
spectrum of figure 4.23.
present.

Resonance 21, however, was found not to be

Resonance 20 is therefore assigned to his 64 C-4 proton

resonance.

Resonance 21 must arise from a proton which is near the distal
histidine.

It could, for instance, belong to an a -CH proton resonance

which occur in this region of the

1H

NMR spectrum (Campbell et al . 1975a).

These resonances are not singlets and would therefore be phase modulated
in a Carr-Purcell spectrum.

Since no resonance upfield near HDO is obser-

ved upon application of the Carr-Purcell sequence,resonance 21 does not
arise from a histidine C-4 proton and it has a fairly short T2 value .
Another possibility is that it arises from a haem single proton
resonance.
vinyl

Such possibilities are the protons of th e propionic ncid and

sidechains (recall that the four meso haem single proton resonances

occur at around 10 ppm).

These protons are close enough to his 64 to

witness the con f ormational changes associated with its t itration .
sistent with this possible assignment is that the vinyl S- CH 2 single

Con-

19 0

proton resonances in ferrous carbon monoxy leghaemoglobin at 45°C are found
in this region of the spectrum at 4.91, 5.63, 5.82 and 5.90 ppm (B. Mabbutt
and P.E. Wright, unpublished results).

In the spectra of COMb that had been carboxymethylated in the
met form at pH 6.8,resonance 20 exhibited some broadening at low pH but
was clearly observable above pH 6.

This behaviour is consistent with this

resonance arising from his 64 C-4 proton.

No resonance that could

definitely be assigned to resonance 21 was observed in these spectra.
Similarly, resonances due to his 36 and 97 C-4 proton resonances (numbers
15 and 18) were only observed at high pH values.

These results are con-

sistent with fast exchange broadening being present for these resonances
as outlined in section 4. 7.2.

Figure 4.32 shows the titration characteristics of the C-4
proton resonances of sperm whale COMb at 20°C.

The titration parameters

obtained from this study are listed in table 4.12.

The curves are

very similar to those at 40°C except that no resonance at very high field,
which moves with a similar pK ~alue to the distal histidine, is observed.
This is presumably due to this resonance being obscured by the HDO resonance which is found downfield of its position at 40°C in this titration
series .

The pK values obtained for the C-4 proton resonances agree

well with those of the C-2 proton resonances (table 4.10).
Figure 4.33 is a plot of the pH variation of the C-4 proton
resonances of sperm whale oxy1b at 20°C .
using the results of Parker (1980) .

These curves have been replotted

Similar titrating resonances are

observed for the C-4 proton resonances of his 81, 116, 12, 36, 119 and
48 in oxy lb and CO~lb at 20°C (figure 4 . 32).

His 97 C-4 proton resonance
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TABLE 4.12

1

H NMR TITRATION PARAMETERS FOR THE HISTIDINE C-4 PROTON
RESONANCES IN THE SPECTRUM OF SPERM WHALE COMB AT 20°C

his 81

his 12

his 48

10

14

17

12

6.54

6.43

6.86

6B

7.71

7.12

f::,

0.35

0.29

Resonance
pK value

his 116

his 119

his 113

his 36

his 64

his 97

15

19

16

20

18

6.86

5.66

5. 79.

6.56

5.28

5.79

-

6.87

7.16

6.98

6.75

6.96

6.74

6. 76

7.48

0.31

0.44

0.54

0.35

0.30

0 .19

0. 40

-

13
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(number 17) in oxyr--.fu is moved Jownfield by approximately 0.3 ppm relative
to its position in COMb and no resonance corresponding to his 113 C-4
proton was observed in oxy1b.

His 64 C-4 proton resonance (number 19 )

in oxyMb is found in a similar upfield chemical shift position to that
1n COMb and, as expected, exhibits a higher pK value.
4. 9

CONFORMATIONAL Cl:-lA.1\JGES BETWEEN VARIOUS DERIVATIVES OF MYOGLOBIN
4.9.1

Conformational changes due to the haemicacid dissociation
in met myoglobin and an examination of the upfield aromatic portion of the 1 H NMR spectrum of met myoglobin

It has been noted already that various histidine C-2 and C-4
proton resonances in metMb undergo secondaryperturbations to their chemical
shifts at high pH with the conversion of the molecule from the mainly high
spin aquo

coordinated state to the lower spin hydroxy coordinated state .

Specifically , his 36 , 113 and 119 C-2 and C-4 proton resonances were
effected (section 4 .2 and 4.4) and this was due to conformational changes
associated with the

haemic acid dissociation .

In this section, further

evidence will be given for this conformational change.

In the

1

H NMR spectrum of meti 1b from the three species that have

been studied in this work , three resonances at high field show interesting
titration characteristics .

These are resonances 18, 19 and 20 in sperm

whale metMb and they are found upfield of the assigned histidine C-4
proton resonances , (figure 4. 3).

Resonance 18 is much sharper than the

other two and also smaller in area .
downfield with increasing pH .

The three resonances all move

These movements are shown in figure 4.34

and the titration parameters obtained from these curves and the similar
results for horse and pig met lb are listed in table 4 . 13.

The movements

195

6.

4,

6.3

/
/

6 .2
,d-.
,

)

6.1

'
I;

I

;

I/

/I

!'

;I

6 .0

I

L
CL
CL

a:
f_J

s.J

I

I I
/4. I
I

1:.

I

I

w

I

I

D

H-

I

I
I

;+
I

I

/

I

+,,I
5 .6

+j-/
T

_,../

20

- -

+- I
I

_j_

+

_L-L -

---,-

+ - - - _+ _:t: +- --++

---:::.. I

~

I

S-Sr

r,
,
,
,
~ -5 S . J

!, , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , , •, , , , , , , , , , , , •, , , ,

S.5

6 .J

PH
Figure 4 . 34

1

6 .5

7 .0

7 .5

8 .0

8 .S

9 .0

9 .5

0 .0

ETER "ERO~ t· G J

H NMR titration curves for the three upf ield resonances
18, 19 and 20 in spenn whale met.1b at 20°C .

196

1H

TABLE 4.13

NMR TITRATION PARAMETERS FOR THE UPFIELD RESONANCES
OBSERVED IN THE AROMATIC REGION OF THE SPECTRUM OF SPERM
WHALE, HORSE AND PIG METMB AT 20°Ca

his 24 C-4

tyr 103 2,6
or 3,5

tyr 103 2,6
or 3,5

Resonance

18

19

20

pK value

9.11

9.38

9.08

QA

6.17

5.76

5.57

6

0.17

0.58

0.66

Resonance

17

18

19

pK value

9.09

9.01

8.91

5.84

5.69

Sperm Whale

Horse

oA

6.18

6.

0.12

0.56

0.69

12

13

14

_ 8. 90

8.91

8.84

QA

6.13

5.87

5.72

6

0.12

0.59

0.72

-

Pig
Resonance
pK value

a All shifts are downfield with increasing pH.
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of resonance 19 and 20 wi t h pH are similar and are much greater than that
for resonance 18 (-0.6 ppm compared with -0 .2 ppm).

Resonances 19 and

20 both show a slight shift at very low pH downfield with decreasing
pH.

The pK values obtained for the high pH shift for all three resonanc es

are approximately 9 in all three species and this implies that they are
witnessing the alkaline haemic acid dissociation.

Also, these three

resonances were present in the carboxymethylated sperm whale metMb derivatives and exhibited the same titration characteristics as in native metMb.
The Carr-Purcell spectrum of sperm whale met ~b is shown in
figure 4.35 and provides relevant information about these resonances.
For

T

=

30ms, apart from the assigned C-2 and C-4 histidine proton reso-

nances, resonances 14, 15 and 18 were observed.
obtained by Campbell et al.

A similar spectrum was

(1975c) for sperm whale metMb.

For

T

=

45ms

resonance 18 was significantly reduced and it was completely absent with
T

=

60ms (not shown).

in any of the spectra.

Resonances 19 and 20, however, were not observed
These results imply that resonance 18 has a

relatively long T2 value whereas resonances 19 and 20 belong to protons
with short T2 values.
Surface histidines in proteins have long T2 values (section 2 . 7),
e . g. 1n hen egg white lysozyme the single histidine C-2 proton has a
value of lSOms at 25°C (Campbell et al . 1975c).

T

2

Therefor e t he seven

surface histidine C-2 and C-4 proton resonances in sperm wl1ale metMb are
clearly observed in a Carr-Purcell sequence with

T

=

30ms (figure 4 .35).

The behaviour of reson ance 18 in the Carr-Purcell spectra 1s
characteristic of a buri ed histidine singlet C-2 or C-4 proton
resonanc e or a tryptophan single t C-2 proton resonance .

The two buried

Figure 4.35

b

The aromatic region of the 1 H NMR spectrum of sperm whale metMb at 20°C and pH 5.16
(a) Resolution enhanced spectrum and (b) Carr -Purc ell spectrum with T=30ms.
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histidines in met 1b that are inaccessible to carboxymethylation ( igen
and Gurd 1973) and that are unaffected by the paramagnetic iron, due to
their distance from it, belong to his 24 and 82 .

From the

crystal structure of metMb the imidazole ring of his 24 is hydrogen bonded
to his 119 to stabilise the GH corner and his 82 is hydrogen bonded to
lys 79 and gly 80 via a water molecule (Takano 1977a).

The X-ray

structure of alkaline metMb shows that considerable changes occur in the GH
corner of the molecule at high pH with the rupturing of the hydrogen
bond between his 24 and his 119 (Schoenborn 1969).
observed for his 82.

Smaller changes are

The size and direction of movement of resonance 18

is about the same as that observed for the inflection of his 119 C-2
and C-4 proton resonances (numbers 5 and 12 in figure 4.3).

Therefore,

resonance 18 could possibly be assigned to his 24 C-4 proton.

Its

upfield position may be due to the influence of the ring current of his
119 .

Wilbur and Allerhand (1977a) in their 13 c NMR studies of the
non-protonated aromatic carbon resonances of horse metMb have observed
three resonances which correspond to the non-protonated carbon atoms of
his 24 and 82 and tyr 146.
deprotonation shifts .

None of these resonances exhibit large

Two of them, however, show movements at pH values

around 9 which are attributable to the haemic acid dissociation.
Another possibility is that this resonance belongs to a tryptophan C-2 proton.

The two tryptophan residues in myoglobin are found

at positions 7(AS) and 14(Al2) in the amino acid sequence.

A 13 c NMR

study of sperm whale met fu enriched with 1 3 c in the methionine methyl
groups has shown that the CE resonance of met 13l(H8) is affected much
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more by the haemic acid dissociation than met SS(DS) CE resonance (Jones

et al . 1976) .

These workers calculated from the crystal structure of

met 1b (Watson 1969) that the CE of met 131 is approximately 4 . 4A from the
sidechain of t rp 14 and 5 . SA from the sidechain of phe

123(GHS).

Thus,

it is possible that the changes observed by met 131 at high pH due to
changes in its interactions with the GH corner would also affect trp 14
and consequently resonance 18 could be assigned t o t he C-2 proton of
t rp 14 .

Wilbur and Allerhand ( 1977a) , however, did not observe any

movement at this high pH for the non-protonated carbon resonances of the
two tryptophan residues in metMb.

It is not possible to decide
gested assignments for resonance 18 .

definitely between the two sugThe major changes that occur in

th e region of the GH corner along with the

13

c

NMR results of Wilbur

and Allerhand (1977a) discussed above would tend to support the assignment of resonance 18 to his 24 C-4 proton.

The major problem with this

assignment , however, is that no corresponding C-2 proton resonance was
observed , although an upfield C-2 proton resonance that was tentatively
assigned to his 24 was observed in CNMb (section 4.5.2) and COMb (section
4 . 8.4) .

Resonances 19 and 20 in sperm whale met1b are found at higher
field than resonance 18 and exhibit much greater shifts with pH .

Figure

4.36 shows the temperature variation of the resonance s observed in the
aromatic region of the spectrum .

1 H NMR studies of the hyperfine shifted

resonances of high spin ferric model compounds have revealed that these
species exhibit small downfield haem dipolar shifts due to zero field
splitting and that th ese contributions vary as T- 2 (La Ma r et al . 19 73) .
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This imparts curvature to the plot of o versus T- 1 and means that nonzero intercepts at T- 1

=

0 are observed.

Studies on metMb indicate,

however, that dipolar shifts are less in this high spin protein than the
model compounds and that plots of o versus T- 1 for hyperfine shifted
resonances give intercepts at T- 1

=

0 that approximate the diamagnetic

chemical shift position (La Mar et al . 1980a).

As is evident from figure 4.36, resonance 18, along with the
7 surface histidine proton resonances, show little chemical shift variation with temperature.

Resonances 19 and 20, however, have larger shifts

and they move downfield with increasing temperature, i.e. in the same
direction as their titration movements at high pH.

Thus, both the pH

and temperature dependence of these resonances indicate that in lower
spin species the chemical shift position of resonances 19 and 20 is in
the aromatic envelope and therefore that these resonances possibly arise
from aromatic protons that have been shifted upfield to the positions
observed in metMb.

These shifts with increasing pH and temperature

could be due to changes in dipolar interactions with the haem iron and/
or conformational changes associated with the conversion to the lower
spin state.

These resonances also could belong to haem protons or

buried amide protons that have been hyperfine shifted into this region
of the spectrum.

La Mar et al . (1980a) have assigned 17 of the 22 proton r esonancPs of the haem group in sperm wha le metfu by selective deuteri ation.
These resonances were found outside the crowded diamagnetic envelope and
were very broad .

Thus, it is possible that resonances 19 and 20 belong

to two of these unassigned haem protons (two of the 1inyl B-CH
the propionic acid 8-CH 2 single proton resonances) .

2

and three of

A very large amount
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of broadening is observed for the haem resonances a t al kaline pH with the
onset of the haemic acid dissociation (see section 5.6).

No such bro ad-

ening was observed for resonances 19 and 20 at higher pH values.

This

fact, coupled with the relatively narrow linewidths of resonances 19 and
20, means that they are unlikely to arise from haem protons.
Amide proton resonances are found in the aromatic region of
the spectrum.

For example, in basic pancreatic trypsin inhibitor a num-

ber of amide proton resonances are observed in the region of 6.5 to 11 ppm
(Dubs et al . 1979).

Resonances 19 and 20 did not show any decrease in

area after deuteriation of metMb at pH 8 for 20 days at 40QC (section 4.8.5).
This information, coupled with the high field nature of these two

reso-

nances and their very similar titration characteristics is further evi dence that they belong to aromatic protons from the same residue and
that they are unlikely,therefore,to arise from amide protons.
Figure 4.37 shows the aromatic portion of the lH NMR spectrum
of metMb at 400 MHz and 40°C.

The numbering of the resonances is the

same as that of figure 4.3 and the seven surface histidine C-2 and C-4
proton resonances along with resonances 14, 15 and 18 to 20 can be clearly
distinguished.

Reso~ances 19 and 20 both exhibit structure which is

suggestive of aromatic resonances, most likely the 2,6 and 3,5 protons of
a tyrosine phenol ring which normally give rise to an AA'BB' type spectrum
(section 2.6).

Phenylalanine residues normally give rise to an AA'BB'L

type spectrum and the absence of a single proton resonance that exhibits
a large variation in chemical shift with pH at high pH, as is observ ed
for resonances 19 and 20, implies that these t wo resonances do not arise
from a phenylalanine residue .
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11 three tyrosine residues in sperm whale myoglobin, at
positions 103(G4), 146(H23) and 15l(HC2) (table 1.2), are sufficiently
distant from the haem so as not to experience large paramagnetic dipolar
broadening effects and should be observable in the spectrum of metMb.
Wilbur and Allerhand (1977a) using the crystal coordinates of metMb
(Watson 1969) concluded that tyr 103 and 146 are close enough to the
haem iron so that their protons would experience a small amount of paramagnetic dipolar br 0 adening whereas tyr 151 would experience almost no
such effects .

Resonances 19 and 20 cannot arise from tyr 151 because

horse and pig myoglobin, in which these two resonances are also present
(table 4.13), have a phenylalanine residue in place of the tyrosine residue.

Tyr 103 is located along the G helix and in close proximity to
his 36(Cl) and phe

106(G7).

This is clearly demonstrated in figure 4.9,

which is a diagram of this region in metMb taken from the coordinates
of Takano (1977a).

Tyr 146 is an internal residue that is hydrogen

bonded to the backbone carbonyl of ile 99(FG5).
imity to the haem group on the proximal side.
residue located near the C-terminus.

Ile 99 is in close proxTyr 151 is a surface

Wilbur and Allerhand (1976) deter-

mined the pK values of the tyrosine residues in the met, cyano and carbon
monoxy derivatives of myoglobins by

13

c

NMR .

The pK values obtained

from this study were confirmed recently by Uyeda and Peisach (1981) using
ultraviolet difference spectroscopy.

The pK values obtained for CN.fu

will be discussed in section 4.10.2.

For all three derivatives, similar

titration events were observed for the individual tyrosine residues and
it was concluded that tyr 151 is exposed to solvent, tyr 146 is buried
and inaccessible (i.e. does not titrate) and that tyr 103 exhibits inter-

06

mediate behaviour.

These results are those expected from consideration

of the environment of these residues in the crystal structure.

Wilbur

and Allerhand (1976) observed that tyr 103 C-1 and C-4 resonances had different chemical shift positions in each of the above three ligated
states.

In addition tyr 103 resonances showed marked broadening

at high pH values in all derivatives which was
netism of the iron atom.

not related to paramag-

Tyr 146 C-4 resonance also exhibited differ-

ences in its chemical shift position between metMb and CNMb and this
resonance 1n metMb moved with pH and a pK value of

the haemic acid dis-

sociation (Wilbur and Allerhand 1977a).

Tyr 103 is located near to his 36 which is known, from the
crystal structural studies on alkaline metMb (Schoenborn 1969) and the
1

H NMR studies of his 36 at high pH (Sections 4.2 and 4.4), to undergo

changes in response to the haemic acid dissociation.

Similarly, tyr

146 could also experience any conformational changes associated with the
haemic acid dissociation via ile 99.

Changes in pseudo-contact con-

tribution with this transition may also affect the chemical shift of
these resonances.

As discusse-d above
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c

NMR studies of the enriched

methyl group resonance of met 13l(H8) which, like tyr 146, is located along the
H helix, have shown that this resonance undergoes shifts due to conformational changes associated with the haemic acid dissociation (Jones
et al . 1976) .

Thus, resonances 19 and 20 could belong to either tyr 103 or
146 2,6 and 3,5 protons (not necessarily on a one to one basis).

The

lack of movement of these resonances due to deprotonation of the tyrosine
ring 1s consistent with the very high pK value of tyr 103 and the lack
of titration of tyr 146.

Also the small upfield titration shifts with
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increasing pH for these resonances
field

could be masked by the much larger down-

shifts due to the conformational changes associated with the

haemic acid dissociation.

It will be shown in section 4.10.2 that chemical shift positions
of resonances 19 and 20 in hydroxyMb are consistent with those of tyr 103
2,6 and 3,5 protons in low spin CNMb and therefore it seems likely that
these two resonances in met~lli belong to tyr 103.

The high field chemical shift position of these resonances at
acid and alkaline pH may be due to the interaction of tyr 103 with the
phenyl ring of phe 106 (figure 4.9).

The downfield shift with the con-

formational rearrangement due to the haemic acid dissociation causes the
movement of the aromatic rings of tyr 103 and/or phe 106 such that tyr 103
is no longer influenced by the ring current of phe 106.

The removal of

this diamagnetic shielding causes a downfield shift of the resonances
towards their "normal" unperturbed chemical shift positions.

Hyperfine

shifts due to the paramagnetic iron atom could also contribute to the
upfield chemical shift position and therefore the temperature and pH variation of these resonances .

The slight movement at low pH of resonances 19 and 20 would be
compatible with the titration of the nearby glu 38 carboxyl group which
has a pK value of 5.66 in sperm whale metMb (section 4.4.4).
Resonances 19 and 20 are not observed in the Carr-Purcell spectrum
of figure 4.35 in sperm whale metMb.
that for a

T

It has been shown in section 2.7

value of 60ms in a Carr-Purcell spectrum the resonances due

to aromatic doublets are inverted.

No resonances were seen to behave as

such in met1 lb and resonances 19 and 20 were not observed after a

T

value
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of 30ms.

Obviously, these resonances have short T2 values so that they

are completely relaxed after 30ms.

This is compatible with tyr 103 being

slightly buried and therefore in close proximity to other residues.
The remaining unassigned well resolved resonances in the spectrum of metMb belong to resonances 10, 14 and 15 (figure 4.3).

Resonance

10 is smaller in area than the histidine proton resonances and titrates
with a pK value of 6.97 and a titration shift of 0.27 ppm in sperm whale
metMb.

It is not observed

in the Carr-Purcell spectrum of figure 4 . 35.

It therefore does not arise from a histidine or tryptophan residue and
must belong to an aromatic proton that is witnessing a localised

con-

formational change, possibly due to the titration of a nearby histidiP.e
residue.

His 81, 12, 48 or 116 which all have pK values in this region

are possible candidates.

Resonance 15 is a singlet resonance (see the Carr-Purcell spectrum of figure 4.35).

Its movement with pH could not be followed at high

pH in sperm whale metMb but its corresponding resonance in horse and pig
met~b moved a small amount with a pK value of the haemic acid dissociation (table 4.2).
proton, e.g. trp 7.

It may arise, therefore, from a tryptophan C-2
Similarly, resonance 14 which moves with a larg er

shift than resonance 15, and a pK value of the haemic acid dissociation,
may belong to trp 14 C-2 proton which is in close proximity to the GH
corner, a region that is known to undergo conformational changes with
this change in ligated state (see above) .
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4.9.2

Conformational changes between various derivatives of ferric
myoglobin as witnessed by the histidine C-2 and C-4 proton
resonances

It has already been pointed out that changes are observed when
comparisons are made between the titration characteristics of some of
the "common" histidine C-2 and C-4 proton resonances of sperm whale
met 1b and CN .f u.

These differences are in the chemical shift positions

of the respective resonances rather than changes in their pK values.
Specifically, the C-2 and C-4 proton resonances of his 119(GH1) were
observed to move approximately 0.4 ppm downfield in CNMb compared with
metMb and a similar large movement upfield was observed for his 36(Cl)
C-2 proton resonance.
113(Gl4)

Smaller shifts downfield are observed for his

C-4, his 36 C-4 and his

8l(EF4) C-2 and C-4 proton resonances.

The other ''common" histidine C-2 and C-4 proton resonances of his 12
(AlO), 48(CD6) and 116(Gl7) are unaffected by the change of ligation.
Similar shifts of the same magnitude were observed by Hayes et al . (1975)
for the C-2 proton resonances of his 36, 81 and 119 in N3Mb compared
with metMb (section 4.5.3).

These shifts, in the same direction but to a lesser degree,
also occur for the resonances of his 36, 113, 116 and 119 in the alkaline
pH range of met Mb as the iron atom goes from an aqua coordinated state
to a lower spin hydroxy

coordinated state i . e. a similar change in

spin state (although not of the same magnitude) as that involved in a
comparison of met~1b and Ci 1b and metdb and N 1.Ib.
3

Once again, for the

haemic acid dissociation, no movement of the other histi dine C-2 or C-4
resonances is observed.

In the previous section,4.9.l, movements in

the chemical shift positions of his 24(B5) C-4 proton resonance and the
proton resonances of a tyrosine residue (tentatively assi gned as tyr 103
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(G4)) in metMb were observed at high pH associated with conrormational
changes due to the haemic acid dissociation.

Smaller movements were

also observed for the C-2 proton resonances of the two tryptophan residues
at positions 7 (AS) and 14 (Al2).

13

c NMR

studies have shown that met 131 (H8)

and SS(D5) which are both distant from the haem also witness this transition, although met 55 is affected to a lesser extent than met 131 (Jones

et al . 1976).

Thus, conversion from the high spin met form to the lower spin
azido, hydroxy and cyano derivatives causes changes throughout the molecule, i.e. the above data indicate
eight helices.

From this

1

changes occur for residues in all the

H N~R study, the largest changes occur in

the region of his 36 and 119 and this is in agreement with the crystallograp hic studies of alkaline metMb (Schoenborn 1969).

In th e crystal structure of alkaline metMb-xenon comple~ the
groups which exhibited large molecular reorientation compared with met~b
in the acid and neutral pH regions were those of his 24 , 36, 97 and 119
(Schoenborn 1969).

The helical segment from thr 67(El0) to ile 7S(El8)

was also observed to undergo shifts.

His 97 C-2 or C-4 proton resonances

were not observed in this 1 H N,1R study but large changes were observed
in the chemical shift of the other above histidines.

The change in the

position of his 97 was attributed by Schoenborn (1969) to the rupturing
of the hydrogen bond between this residue and one of the propionic acid sidechains .

Similarly, the alterations observed in the region of his 24 and

119 were due to the breaking of the hydrogen bond between these two residues.
The crystal structures of C 1b and N3 ~Ib show similar differences
compared with the structure of met1b (Bretscher 1968a).

Differences were
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observed in the region from lys 62(ES) to gly 65(E8) and in the haem
environment.
his 36.

Changes were also observed in the vicinity of his 116 and

The movements for N3Mb were, on the whole, smaller than those

observed for CNMb .

His 36 and 119 both are near the interhelical turn regions
(the CD and GH corners respectively).

The CD corner is in close prox-

imity to the G helix and the GH corner is near the A and B helices.

The

changes observed for his 36 and 119 may be the result of differences
between the various ligated states in the interaction of the G helix with
the CD corner and the A and B helices.

The GH corner and the region

near his 36 have been shown to be regions of particularly high mobility
in the crystalline state of metMb and cobalt substituted oxyMb (Frauenfelder et al . 1979;
Schoenborn 1981).

Frauenfelder and Petsko 1980) and COMb (Hanson and
This flexibility may explain why these regions are

so sensitive to the ligated state

of the iron.

Similar changes in inter-

actions between the various helices would affect the resid~ es on these
1

helices and cause changes in the chemical shift positions of their resonances.

The conformational changes could arise from a combination of
factors.

The various ligands involved would lead to differences in inter-

actions of these ligands with the immediate environment (i.e. the distal
side of the haem pocket).

Such changes have been observed in the X-ray

crystal structure studies of CN~b and N 3 1b (Bretscher 1968a) and hydrox~~b
(Schoenborn 1969).

It is also noted that the iron atom is displaced

towards the proximal histidine by 0.42A from the plane of the porphyrin
nitrogen atoms in the crystal structure of met lb (Takano 1977a) whereas
in C. db it is found in the plane of the haem ring (Bretscher 1968b).
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ny such movement of the proxima l histidine in low spin

erivatives would

cause a shift in the position of the F helix and hence its interaction
with other helices and contribute to the changes observed in the chemical
shifts of the above resonances .

The changes observed in the chemical shift positions, but not
the pK values of the proton resonances of his 36, 81 , 113 and 119, in the
various ferric derivatives that have been studied , imply that the immediate environment that each respective· histidine in a11- derivatives "feels"
(i . e. , positively or negatively charged) is tlie same since
the pK values are not affected to any large extent.

The interactions,

however, which cause the upfield or downfield shifts of the resonances
in various ferric derivatives , e.g. the upfield shift of his 36 C-2 and
C-4 proton resonances due to the interaction with phe 106, must arise
from greater or lesser intimate association between the respective
imidazole ring and the perturbing influence.

In summary, it may be stated that observed changes in the individual chemical shift positions of the above resonances are in the same
direction for the conversion from high spin metMb to the lower spin ferric
derivatives .

The magnitude of these shifts reflects the relative pro-

portion of low spin state in these deriv8tives i.e. the shifts are in
the order hydroxyMb<N3Mb-CNfu.
4.9.3

Comparison of the differences between the various ferrous
derivatives of myoglobin as witnessed by the histidine C-2
and C-4 proton resonances.

Table 4.14 gives the chemical shift positions in deox~1b, CQ4b
and oxyMb (all at 20°C) for the C-2 and C-4 proton resonances of his 36,
81, 116 and 119 .

In the ferric derivatives, these resonances were

observed to undergo varying chemical shift changes in going from high
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TABLE 4.14

CHEMICAL SHIFT POSITIONS FOR THE C-2 AND C-4 PROTON RESONANCES
OF SELECTED HISTIDINE RESIDUES IN DEOXYMB, OXYMB AND COMB AT
20°C.
[The acidic pH chemical shift value ( oA) is given for
his 36 C-2 proton resonance and for all other resonances, the
chemical shift value at alkaline pH (0 ) is given.
The results
8
for oxyMb are those of Parker (1980).]

C-2 proton
resonances

his 36
(oA)

his 81
(oB)

his 116
(oB)

his 119
( oB)

deoxyMb

8.24

7.68

7.65

8.04

COMb

8.67

7.55

7.74

8.03

oxyMb

8.62

7.66

7.68

8.01

C-4 proton
resonances

his 36
(oB)

his 81
(oB)

his 116
(o B)

his 119
(oB)

deoxyMb

6.74

7.60

7.15

7.04

COMb

6. 96

7. 71

7.16

6.98

oxyMb

6.97

7. 71

7.16

6.98

214

spin met1 b to lower spin hydroxyMb, N3Mb and CMb (section 4 .9. 2) .

A

parallel shift does not occur in a comparison of the data in table 4.14
for paramagnetic high spin deoxyMb and diamagnetic low spin COMb and
oxyMb.

The exceptions are his 36 C-2 and C-4 protons which,

apart from a change in chemical shift position for its C-2 and C-4 proton
resonances, also undergo a large change in pK value.

This will be dis-

cussed in the following section.

From the crystal structures, it has been determined that in
going from deoxyMb to oxyMb and COMb, the iron atom moves towards the
haem plane, viz 1n deoxyMb the iron atom lies 0.42A from the plane of the
porphyrin nitrogen atoms (Takano 1977b); 1n oxyMb the corresponding distance is 0.18A (Phillips 1980) and in COMb it is found in this plane
(Hanson and Schoenborn 1981).

Thus, a similar difference is observed

in this distance between the high and low spin ferrous derivatives and
the corresponding ferric derivatives.

This difference in the ferrous

derivatives, with the exception of his 36 proton resonances, is not
reflected in changes to the chemical shift positions of histidine C-2
and C-4 proton resonances that are far from the haem ring (table 4.14).
This is in contrast to the situation in the ferric derivatives where a
shift in the position of the iron atom was accompanied by such chemical
shift changes.

Thus, it seems that in the ferrous derivatives of myoglobin,
a change in the iron to haem nitrogen plane distance does not cause widespread effects.

Similar changes in this distance between deoxyHb and

oxyHb have been regarded as a trigger for the conformational changes
associated with the alkaline Bohr effect in haemoglobin (Perutz 1970, 1976,
1979) (see section 4 . 9.4 for a full discussion) .

Phillips (1980) has

215

compared th e structure of deoxy'. 1b (Takano 1977b) with his structure of
oxy.1b.

Upon oxygenation there is an overall movement of the F helix to-

wards the haem and the FG corner.

The changes in the F helix and th e

FG corner are similar but smaller to those observed for the R (li ga ted)
to T (unligated) transition in haemoglobin (Phillips 1980 ).

Changes

along the G helix, in the CD and GH corners, th e C-and , -termina l regions
and the haem sidechain

atoms are observed between deoxyMb and oxyMb.

Some of these changes may be due to the differences in pH between the
two structures.

The large changes at the chain termini and the GH

corner were attributed by Phillips (1980) to improved interpretation
with better data for oxyMb.

Similarly, Hanson and Schoenborn (1981)

have compared their structure of COMb with that of met fu (Takano 1977a)
and Takano (1977b) has made similar comparisons between his structures
of metMb and deoxyMb.

In both these comparisons changes are present

between the structures 1n the regions me1tioned above .

Some of these

changes between metMb and the ferrous derivatives may cause the chemical
shift differences observed for histidine resonances in these regi ons of
the molecule (e . g. those observed for deoxyMb and COMb compared with
metMb as described in sections 4.8.2 and 4 . 8 . 3).
4 . 9.4

The differences between the titration characteristics of
his 36 C-2 proton resonance in various derivatives of
myoglobin

In both the ferric derivatives of myoglobin that have been
examined in this 1 H ~R study, his 36 C-2 proton resonance exhibited a pK
value of approximately 8.

A similar pK value \as reported for his 36 in

ferric '~ 3 fb (Hayes et al . 197 5) and for ferrous paramagnetic high sp_i_n
deoxy fb.

In all these cases th e C-2 proton resonance was shifted upfield

relative to the nor~al position fo r a C-2 proton resonance.

In t he
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studies undertaken on the ferrous diamagnetic low spin oxy and carbon
monoxy forms, however, a normalised C-2 proton resonance and pK value
were observed for his 36.

His 36 is the only one of the surface histi-

dines to alter its pK value dramatically upon ligation in the ferrous
state.

The "high pK value conformation" of his 36 is characterised by
interactions betwee1~ the imidazole ring of his 36, the carboxyl group of
glu 38 and the phenyl ring of phe 106 (see section 4.4.4).

The intimate

arrangement of these three residues is not observed in the crystal structure of any of the myoglobin derivatives.

Botelho et al . (1978),

however, showed that by starting with the crystal coordinates of Takano
(1977a) for his 36 in metMb and by simple rotation of the imidazole ring
about the Ca-cS and c 6 -cYbonds, the imidazole ring could be brought into
hydrogen bonding distance of the N-1 of the carboxyl group of glu 38.
This is the position of the ring in the "high pK value conformation".
Conclusive evidence for the difference in structure of his 36 between the
solution and crystalline states comes from the carboxymethylation results
(Botelho and Gurd 1978).

His 36 can be carboxymethylated in the crystal-

line state but not in solution (Hugli -and · Gurd 1970a,b).

The histidine

is therefore relatively accessible in the crystalline state but is not
accessible in solution.

It was stated in section 4.4.4 that upon depro-

tonation of the imidazole ring of his 36 at high pH, the ring swings
into a normalised environment and that this situation must correspond to
that observed in the crystalline state at normal pH values.

Thus, if

it was possible to "titrate" his 36 in the crystalline state one would
expect to observe a

normal

pK value, i.e . crystallisation favours the

"normal pK value conformation" of his 36.

This is demonstrated in

figure 4.38 which compares the X-ray crystal structure of this region in

phe 106
tyr 103
tyr 103

pro 37

DeoxyM b

OxyMb
N
I-'

-....J

Figure 4.38

The environment of his 36 in deoxyMb and oxyMb as determined from the X-ray crystal
structure coordinates of Takano (1977b) and Phil l ips (1980) respectively .
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deoxyMb (Takano 1977b) and oxyMb (Phillips 1980).

As expected, little

difference between the two derivatives is observed and there are no
obvious close interactions between his 36, glu 38 and phe 106.
In COMb and oxydb, however, a normal pK value is observed.
This implies that the immediate environment of his 36 in the solution and
crystal states for these two derivatives is very simila~ i.e. a relatively
exposed histidine that exhibits a normal pK value.

A conformational

change must occur in this region of the molecule so that the interaction
of his 36 with glu 38 and phe 106 is no longer possible.
Ray and Gurd (1967) have compared the carboxymethylation histidine products in solution at pH 6.8 of deoxyMb and COMb with that of met1b.
In deoxyMb and metMb the course of carboxymethylation and the number of
modified histidine residues produced were almost identical.

In COMb,

however, the number of carboxymethyl histidines was increased although
the position

at which the extra reaction had occurred was not determined.

The results from this NMR study suggest that the extra reaction occurs
at his 36 in COMb and that the similarity in structure of this region in
metMb and deoxyMb accounts for the similar carboxymethylation behaviour
of histidine residues in deoxyMb and metMb.
Differences are observed for his 36 C-2 proton resonance in
the

1

H NMR spectra of the various ferric myoglobin derivatives, and for

deoxyMb.

These differences, however, are only in the relative chemical

shift positions of these resonances since they all exhibit high pK values.
The interaction between the above three residues must ther efore still be
present in these derivatives.

Thus, the observed conformational change

for his 36 1n the carbon monoxy and oxy complexes of myoglobin cannot be
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due solely to the conformational changes associated with movement of the
iron atom into the haem plane with the conversion from high spin deoxyMb
to low spin C01b and oxyMb, since no such change in the pK value of his
36 was observed for a similar shift of the iron atom in going from high
spin metMb to low spin CNMb and N3Mb .

Thus, more subtle effects than

the simple magnitude of the shift of the iron atom are required to
explain the observed difference in the behaviour of his 36 between deoxyMb
and oxy 1b and COMb.

These differences have some very interesting counterparts in
other haem proteins.

The environment of his 146 S in tetrameric human

deoxyHb is similar to that of his 36 in deoxyMb.

The crystal structure

reveals that his 146 S forms a salt bridge, i.e. a very strong hydrogen
bond,to the carboxyl group of asp 94S and lies in a pocket between the
F and H helices (Perutz 1970).

A tyrosine residue 145 S is nearby and

its OH is hydrogen bonded to the CO of val 98 S.

By 1 H NMR, the pK value

of his 146S C-2 proton was found to be 8.0 in deoxyHb and it exhibited
a normal chemical shift position and titration shift throughout the pH
range (Kilmartin et al . 1973).

This high pK value is to be expected

due to the above mentioned C-terminal salt bridge.

In COHb the crystal

structure reveals that a SH group of cys 93 S displaces the tyrosine
from its pocket and it, along with the preceding lys 144 S, are now hanging
loose.

Most importantly, the salt bridge between his 146 S and asp 94 B

is broken and the histidine is free to rotate (Perutz 1970).

The pK

value of this histidine in COHb is 7 .1 from 1 H .1R studies (Kil martin et

al . 1973) which is in agreement with the crystallographic data which suggest that his 146 S should have a normal pK value in these low spin ferrous
species.

Thus, this situation in haemoglobin closely para~-

lels that observed for his 36 in deoxy~fu and oxy 1b or CO.fb.
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A similar system is also observed for his G2 in the monomeric
haemoglobin from Chironomus thwnmi thwnmi .
section 4 . 4 . 4 .

This has been discussed in

From the crystal structure of carbon monoxy complex of

component III of Chironomus haemoglobin (Steigemann and Weber 1979), his
G2 is hydrogen-bonded to the carboxyl group of the C-terminal met H22 and
is partly coplanar with the phenyl ring of phe Hl9.

This arrangement

causes t he upfield shift and high pK value of the C-2 proton resonance
of his G2 in t he 1 H NMR spectrum of deoxyHb and COHb (Ribbing and RUterjans
1980a,b).

In t he oxy form the pK value and the chemical shift of the

C- 2 proton resonance are normal.

This is due to the loosening of the

interaction between the above three residues so that the histidine is
freed and normalised (pK value 7 . 0).

The corresponding pK values for

the C-2 prot on resonance of his G2 in deoxyHb and COHb are 7 . 9 and 7.7.
These changes in the environment of his G2 in oxyHb are not observed in the
crystal structure (Weber et aZ . 1978) .

The possible reasons for this are

discussed by Ribbing and RUterjans (1980b) .

Similar arguments discussed

by these workers may apply to the crystallographic studies of myoglobin,
i . e. the myoglobin molecule preferentially crystallises in the "normal pK
value conformation" of his 36 .

The differing carboxymethylation patterns

of his 36 in the crystal and solution states support this postulation.
In both the tetrameric and monomeric haemoglobins mentioned
above, the change in pK value of the particular histidine residue between
the deoxy and oxy derivatives is associated with the alkaline Bohr effect
in these proteins.

The alkaline Bohr effect is the increase in oxygen

affinity of haemoglobin with increasing pH above 6.

The uptake of oxygen

causes a concomitant release of protons associated with the lowering of
the pK values of various ionisable residues (see section 1.8).
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Perutz (1970) from his crystal structure data proposed that the
C-terminal hisl46 S is one of the residues involved in the alkaline Bohr
effect of haemoglobin.

This was confirmed by Kilmartin and Wooton (1970)

who showed by preparing, and measuring the oxygen . affinity of deshis 146 B human haemoglobin that this residue is responsible for approximately 40% of the alkaline Bohr effect.

Thus, the different conformati on s

of this residue in the crystal structures of deoxy and carbon monoxy (and
presumably oxy) haemoglobin have significance in the mechanism of the
alkaline Bohr effect.

Perutz (1970) also proposed a stereochemical mechanism for cooperative oxygen binding of haemoglobin.

He postulated that the major part

of the cooperativity of haemoglobin is achieved by the molecule changing
its quaternary structure from the T (deoxy) to R (ligated) form when
oxygen (or any other ligand) binds.

The T state has greater stability

and lower oxygen affinity than the R state due to the presence of constraining additional salt bridges at the N-and C-termini of the a and B
chains respectively.

The equilibrium between the two structures is

governed prjmarily by the displacement of the haem iron atoms and the
proximal histidine from the plane of the porphyrin rings and by the steric
effect of the li gand in the B-subunits.

The movement of the iron atom

into the plane upon oxygenation acts as a trigger for the tertiary structural changes of the a or B chains.

Upon oxygenation these tertiary

structural changes lead to breaking of the salt bridges where mu ch of
the free-energy of haem-haem interaction is stored.

The alkaline Bohr

effect arises from changes in the pK values of weak bases such as imidazoles and a -amino groups.

These form salt bridges with strong acids

such as carboxyl and phosphate groups that are broken upon oxyg enation .

222

The Perutz mechanism has been found to be consistent with many
of the observed properties of normal and abnormal haemoglobins (see for
example Wajcman et al. 1982 ;
Wooton 1970).

Giuliani et al . 198 0;

Kilmartin and

It must be noted, however, that the Perutz mechanism has

recently come under a great deal of criticism because of its inability
to tally with a number of experimental and theoretical studies.
include a

1

These

H NMR study of the titration characteristics of his 146 B in

deoxy and oxy haemoglobin in a variety of buffers (Russu et al . 1980),
EXAFS studies on haemoglobin (Eisenberger et al . 1978), electrostatic
calculations of the pK values of ionising groups in haemoglobin (Matthew

et al . 1979) and a statistical thermodynamic analysis of a haemoglobin
model based on the Perutz mechanism (Johnson and Ackers 1982).

Perutz

and co-workers, however, have replied with two papers that argue against
the conclusions of the first three above-mentioned studies and they
conclude that their results do
(Kilmartin et al . 1980;

In Chironorrrus

not discount the Perutz mechanism

Perutz et al . 1982).

haemoglobin the changes in pK values of the Bohr

group his G2 observed by 1H NMR in the various ligated states lead Ribbing
and RUterjans (1980b) to propose a mechanism of interaction between the
Bohr site and the haem group.

The conformational changes observed in

the different derivatives were related to the dislocation of near haem
sidechains upon binding of either carbon monoxide or oxygen.

In the

crystal structures of various high and low spin forms of Chironomus
haemoglobin the position of the haem group and its environs and th e position of the iron atom with respect to the porphyrin plane in the various
derivatives are markedly different from th a t of the corresponding derivatives in myoglobin and haemoglobin (Steigemann and i 1eber 1979;

Weber
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et al. 1978).

Most significantly, the position of the iron atom does

not show large systematic differences between the high and low spin derivatives.

Thus, the possibility that the Bohr effect in Chironomu s

haemoglobin is triggered by the movement of the iron atom into the plane
of the porphyrin upon oxygenation (as is proposed by Perutz (1970) for
mammalian haemoglobin) is unlikely.

Changes in the non-covalent inter-

actions between the haem and the globin are accredited with the initiation
of the observed structural changes upon ligand binding (Steigemann and
Weber 1979).

In the

1

H

NMR spectra of sperm whale myoglobin, the pK value of the

C-2 proton resonance of his 36 at 20°C is observed to change from 7.9 in
the deoxy form to 6.9 in the oxy (Parker 1980) and 7.0 in the carbon
monoxy forms (section 4.8).

The reasons for this variation have already

been discussed in terms of a conformational rearrangement in the vicinity
of his 36 which breaks the hydrogen bond between his 36 and glu 38 in
going from the deoxy to the oxy (and carbon monoxy) derivatives.

Thus,

his 36 behaves in a very similar manner to that of the histidine residu e s
involved in the alkaline Bohr effect in mammalian and Chironomus
haemoglobin.

The oxygen affinity of myoglobins show some variation with pH.
For human myoglobin, the oxygen affinity increases about 15% in going
from pH 7 to 9 at 37°C (Rossi Fanelli and Antonini 1958) and a s imilar
change is observed in this pH range at 37°C for ho rse myoglobin (La 1ar
et al . 1978;

E. Antonini, Q.H. Gibson and J. Wyman (1965), unpublished

data cited in Antonini and Brunori (1971), p. 221).
Bohr effect is also present.

At low pH , an acid

In sperm whale myogl obin, the ox ygen

affinity at 37°C decreases, and at 0°C increases, for pH values below 6
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whereas at 25°C no change is observed (La Mar et al. 1978).

At 15°C a

decrease in oxygen affinity for pH values below 6 is observed in sperm
whale

cobalt(II) reconstituted myoglobin (Ikeda-Saito et al. 1977).
The oxygen binding studies of La Mar et al. (1978) were done

in conjunction with a

1

H NMR study at 25°C of the hyperfine shifted

resonances of both sperm whale and horse deoxyivib.

In both species, large

chemical shift movements at low pH were observed for these resonances.
These shifts were attributed to the conformational changes associated
with the deprotonation of the acid Bohr donating group with a pK value of 5.7
in sperm whale and 5.6 in horse deoxyMb .
tively as his 97 (La Mar et al . 1978).

This group was assigned tentaAs discussed above, no acid Bohr

effect was observed in sperm whale myoglobin at 25°C

because

the oxygen affinities of the neutral and acid pH conformers of the molecule
are the same at this "iso-affinity" temperature

(Gersonde et al. 1972).

The conformati6nal equilibrium between the two states, however, is still
present since the 6H and 6S values for oxygenation of the two conformers are
different but these values are such that at _the_ "iso-affinity" temperature the 6G value for oxygenation of both conformers is the same (Woolmer

et al . 1972) .

An acid Bohr effect was not resolved in horse myoglobin

even though , from the 1H NMR spectra, the same structural changes were
observed as in sperm whale myoglobin.

These changes were attributed to

the smaller differences in the 6H and 6S values for the two conformations
which made resolution of the acid Bohr effect difficult in the temperature
range considered (La Mar et al. 1978).

The increased oxygen affinity at 20°C of horse haemoglobin as
the pH is lowered below 6 has been attributed to the change in pK value
of an ionising (e.g. a carboxyl or histidine) group from 5.27 to 5.87
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upon oxygenation (Wyman 1948;

Antonini et al . 1965).

The presence of

a small acid Bohr effect in myoglobin has been discussed above and a
change in pK value of an ionising group with oxygenation in this protein
also would be expected.

Due to the small nature of the acid Bohr effect

in myoglobin any change in pK value of this group between the two derivatives (conformers) would be expected to be correspondingly small and
therefore difficult to resolve.

Also, the iso-affinity t emperature for

this effect in sperm whale myoglobin is around 25°C and near this temperature the acid Bohr effect vanishes (La 1ar et al. 1978).

No difference

in pK values of this residue between deoxy and oxyMb would therefore be
expected .

All NMR spectra of deoxy and oxyMb in this study were run at

20°C and therefore the acid Bohr donating group should exhibit a similar
pK value in both derivatives.

All data on sperm whale oxyMb (sections

4.8.7 and 5.4) and deoxyMb (La Mar et al . 1978) indicate that the acid
Bohr effect 1s associated with the deprotonation of his 97 with a pK value
of -S.S.

An alkaline Bohr effect was not observed in sperm whale myoglobin although it was present in horse myoglobin (La 11ar et al . 1978).
Shifts at high pH of some of the

1H

however, observed 1n both species.

NMR resonances in deoxyMb were,
Thus, the conformational changes at

high pH (i.e. those responsible for the observed alkaline Bohr effect 1n
horse myoglobin) are present in both species.

The reasons for not

observing a change in oxygen affinity at high pH for sperm whale myoglobin
are the same as outlined above for the absence of an acid Bohr effect in
hnrse myoglobin, i.e. smaller changes in ~Hand ~S for sperm whale myoglobin and the narrow temperature range studied.

It is significant that

near the iso-affinity temperature of horse myoglobin (-5°C) the alkaline
Bohr effect vanishes (La Mar e t al . 1978).
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The large difference in pK values of his 36 between the deoxy
and oxy derivatives of sperm whale myoglobin (-1.0 pH unit) is similar
to the difference observed between these two states in haemoglobin.

In

haemoglobin, however, a large alkaline Bohr effect is present whereas it
is almost absent in myoglobin.

This is particularly obvious from Figure

1.6 which shows a comparison of the

Bohr effect in haemoglobin and

myoglobin.

Assuming that the alkaline Bohr effect is due to a change in pK
value of one ionisable group per haem, then it is possible to calculate the
expected change in pK value of this group from 6log Pi/6pH, i.e. the
-~ observed change in oxygen affinity with pH (Wyman 1948):

6pK

=

2 log [(l+v)/(1- v) ]

For horse myoglobin in which v
10n 4.9.1 gives 6pK

=

0.05.

=

4.9.1

-0.03 (Antonini and Brunori 1971) equat-

This difference is obviously not indicative

of the observed change in the pK value of his 36 between deoxy and oxy lb.
Therefore, the observed alkaline Bohr effect in myoglobin cannot be described by the single ionisable group of the imidazole sidechain of his 36.
The presence of another ionisable group or groups which raise their pK
values upon oxygenation must be considered.

In tetrameric mammalian hae~oglobins variation in pK values of
histidine residues other than his 146 S (Brown and Campbell 1976) and the
N-terminal valine of the a chain val l a (Kilmartin and Rossi-Bernardi
1969) have been shown to contribute to the overall alkaline Bohr effect.

22 7

The involvement of val la was confirmed after specific carbamylation of
its a - amino group by cyanate decreased the alkaline Bohr effect (Kilmartin
and Rossi-Bernardi 1969).

Arnone et al . (1976) showed by X-ray crystal-

lography that the pK value of val la is raised in deoxyHb by the presence
of an inorganic anion positioned between its a -amino group and the guanid1n1um of arg 141 a .

In oxyHb this interaction 1s absent and the pK

value of val la is nonnal.

This is supported by the observation that

decreased chloride 10n concentration reduces the alkaline Bohr effect
presumably by removing chloride ions bound to val la (Rollema

et al .

1975).

The lowering of the pK value of val la upon changing from the
T to R form of haemoglobin has been confirmed by a variety of methods.
These have included

measurement of the pII dependence of the reactivity

of val la towards cyanate (Garner et al. 1975), the pH dependence of
carbamino CO2 binding (Matthew et al . 1977) and measurement of the alkaline Bohr effect after specific modification of val la by pyridoxal sul phate (Suzuki et al. 1974).

Taken together, these results indicate

that val l a contributes approximately 30% of the alkaline Bohr effect .
The N-terminal valine or glycine residues of various myoglobins
have been shown by kinetic studies of their reaction with cyanate (Garner

et al . 1973), spin labelling techniques (Artyukh e t al . 1977, 1979) and
13

c

N1R titration (Wilbur and Allerhand 1977b;

Garner and Gurd 1975)

to have pK values 1n the range 7.2 to 8.0 for various ferric myoglobin
derivatives.

These studies have unfortunately not been extended to

either the deoxy or oxy derivatives.

If the pK value of the N-terminal

residue in myoglobin in the deoxy state is lower than that in the oxy
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state by a significant amount then this will offset the effect of the
protons released by his 36 upon oxygenation.
X-ray crystallographic studies on the various derivatives of
sperm whale myoglobin have not revealed any interaction

in the way of a

hydrogen bond between val 1 and a nearby residue or an interaction with
an anion ~sis the case in haemoglobin) which would alter the pK value
of val 1 between the various derivatives (Takano 1977a,b;
Hanson and Schoenborn 1981).

Phillips 198 0 ;

One possible reason for this is that the

N-terminal valine residue in the crystal structure determination is not
readily resolved because of a large amount of disorder which is indicative
of motion of the residue (Watson 1969).

It would ther efore be difficult

to observe any interaction of val 1 with another residue.
with this, Frauenfelder et al.

In agreement

(1979) have sho'\Am from their X-ray crystal-

logr aphic studies at various temperatures that the N-terminal region is
one of the regions of the myoglobin molecule in which backbone and sidechain displacements are large.

In the light of the above results, it

is conceivable that in different ligated states, e. g . deoxy and oxy1b,
the N-terminal residue experiences a different environment and hence
exhibits a different pK value.

Evidence for this proposal is presented

below.

It has been shown by a variety of methods that alteration of
the structure of the N-terminal residue of myoglobin (e.g . by carbamylation) results in conformational changes that are wit nessed in the haem
environment (Artyukh et al . 1977, 1979;
DiMarchi et al . 1980).

Postnikova e t al . 1980;

These changes are due to th e alteration of the

ionic interactions of the . -t ermina l region which causes a movemen t in
the position of the A helix with respect to the GH region of the molecule
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(Postnikova et al. 1980).

Differences in the pK value of the N-terminal

residue for various derivatives of native myoglobin were attributed to
conformational chaliges which lead to rearrangement of these ionic interactions (Artyukh et al. 1977).

Thus, the deprotonation of the N-

terminal residue affects the N-terminal region and hence the haem environment .

The reciprocal effect is also present, i.e. the state and nature

of ligation affects the interactions of the N-terminal residue and hence
its pK value (Artyukh et al. 1977) .

Any variation between sperm whale deoxy and oxyMb in the respective pK values of the four histidine residues that exhibit normal
titration characteristics (i.e. his 81, 12, 48 and 116) would affect the
observed alkaline Bohr effect .

The determination, however, of accurate

pK values for the C-2 proton resonances of these histidines in the

1H

NMR

spectrum is difficult due to a large amount of overlap of these resonances in the neutral pH region (see section 3.~ .

Thus, a contribution

of these histidines to the alkaline Bohr effect in sperm whale myoglobin
cannot be ruled out.

In summary, although there are two conformers of the myoglobin
molecule present i~ the alkaline pH range which involve the change in pK
values of his 36 and possibly the N-terminal residue and other histidine
residues, these different conformers have very similar oxygen affinities
so that, overall, a small alkaline Bohr effect is observed.
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4.10

Al ALYSIS OF THE. ON-HISTIDI E AROMATIC RESO ANCES IN THE
1

H NMR SPECTRUM OF VARIOUS MYOGLOBI. DERIVATIVES

4.10.1

Introduction

The preceding sections of this chapter, apart from section 4.9.1,
have dealt with a study of the histidine residues of myoglobin.

Along

with histidine, though, the aromatic amino acids tyrosine, phenylalanine
and tryptophan will give rise to proton resonances in the aromatic portion
of the spectrum.

Tyrosine and phenylalanine residues under conditions

of rapid rotation, on the NMR timescale, about the

c8-cY

bond will give

rise to AA'BB' and AA'BB'C type spectra respectively for their aromatic
protons (section 2.6), i.e. for a tyrosine residue two doublets from the
ortho and meta protons of two protons each in area will be observed and
for a phenylalanine residue,one doublet from the two ortho protons, a
two proton triplet resonance from the meta protons and a single para
proton triplet will be observed.

In addition, the 2,6 and 3,5 proton

resonances of a tyrosine residue move upfield by approximately 0.15 and
0.3 ppm upon ionisation of the tyrosine at high pH (Bundi and Wuthrich
1979).

OH

H

For a tryptophan residue, five single proton resonances comprising a singlet, two doublets and two triplets are observed.

All the aromatic p r otons

from these amino acids resonate in the region upfield of the histidi ne C-2
protons and therefore occur in the region of the histidine C- 4 proton
resonances.
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Apart from the twelve histidine residues of sperm whale mroglobin, the molecule contains three tyrosine, six phenylalanine and t wo
tryptophan residues, i .e. 23 aromatic amino acids which give rise to a
total of 58 aromatic proton resonances (assuming that the phenylalanine
and tyrosine rings are mobile).

The tryptophan residues in myoglobins

are almost ubiquitously found at positions 7(A5) and 14(Al2) (table 1.2)
and the sum of the number of tyrosine and phenylalanine residues is 9 in
many myoglobin species with the positions at which the residues occur
being highly conserved.

In the paramagnetic high spin met and deoxy derivatives the
resonances near the haem would be expected to be broadened and/or shifted
as a result of interactions with the nearby iron atom (section 2.2).
They would therefor e not be expected to be resolved in the aromatic region
of the spectrum.

Wilbur and Allerhand (1977a) have calculated from the

crystal coordinates of metMb that, apart from the resonances of the proximal and distal histidines and his 97, the only aromatic protons that
would be expected to experience a sufficient amount of paramagnetic dipolar
exchange broadening so that they could not be observed in the 13 c NMR
spectrum of metMb are those arising from phe 43 .

Thus, in the

1H

NMR spec-

trum of metMb all aromatic resonances except those of the above mentioned
residues are potentially observable.

In CNMb, the electronic relaxation time is smaller and paramagnetic broadening effects are correspondingly less.

It is therefore

possible to observe the C-2 proton resonances of the distal histidine,
his 97 (section 4.5.2) and the proximal histidine (section 5.5.2 ) in this
derivative although the latter two resonances are shifted from their normal diamagnetic chemical shift positions.

Thus, some of the near haem
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aromatic resonances may experience shifts and therefore be found in
perturbed positions.

In C011b and oxyMb, these paramagnetic interactions are absent
although ne ar haem resonances will be subject to ring current shifts
associated with the porphyrin ring.

All aromatic protons should, however,

give rise to readily observable resonances.

This section describes a preliminary examination of resonances
other than the assigned histidine C-2 and C-4 proton resonances that are
observed in the aromatic region of the 1H NMR spectrum of the above myoglobin derivatives.

Particular attention will be paid to the region upfield

of the C-4 proton resonances where, a number of resonances are found in
all derivatives.

An examination of three of these resonances in metMb

has been given in section 4.9.1.
4 .10. 2

The non-histidine aromatic resonances in the 1 H NMR spectrum
of sperm whale ferric cyano myoglobin

Figure 4 . 39 shows the aromatic region of the
spectrum of sperm whale CNMb at 270 iv1Hz and 400 iv1Hz .

1H

NMR

The greater

resolution at the higher field strength is readily apparent.
Resonances 1 (obscured at this temperature) and 9 are
observed in the C-2 proton region of the spectrum and have chemical shift
variations with temperature (fig~re 4.13) which , since their chemical
shift value is l/T7 0 is -6 ppm, implies that they arise from aromatic residues that are near to the haem group .

Two possibilities are that they

are due to the aromatic resonances of phe

43(CD1) or phe

46(CD4) .

The

broad nature of the two resonances would be consistent with their constrained nature as they are both buried in the interior of the molecule.

The aromatic region of the 1H NMR spectrum of sperm whale CNMb at 40°C and pll 5.02 at
(a) 270 MHz and (b) 400 MHz.
Variations in the chemical shift positions of the
temperature sensitive resonances may be due to slight differences in probe t emperature
between the two instruments.

Figure 4.39
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They could also possibly arise from unassigned haem protons (section 5.5).
It is observed from figure 4 . 39 that resonance 19 which was
tentatively assigned to his 36 C-4 proton is a composite resonance .
This conclusion was suggested from the Carr-Purcell spectrum of figure
4 . 10 .

A number of other aromatic resonances are observed in this upfield

region which are distinguished readily from the very sharp resonances
arising from the histidine ' C-4 protons.

Reson ance 20 has been tentatively

assigned to a tryptophan C-2 proton (section 4 . 6.2) and the sharp resonance at 7 . 14 ppm in figure 4.39 may possibly arise from the other
tryptophan C- 2 proton .

The upfield position of these two resonances in low spin CNMb
relative t o the position of the two tryptophan C-2 proton resonances in
sperm whale metMb (section 4 . 9 . 1) is consistent with the upfield movement
observed for t hese resonances in metMb with a pK value of the haemic acid
dissociation (i . e. the conversion to lower spin hydroxyMb).

By analogy

with metMb, therefore, the lower field resonance is assigned to trp 14
C-2 proton and the higher field resonance (number 20) to trp 7 C-2 proton.
Further upfield, resonances 21 to 26 are observed readily at
both field strengths .

Resonance 22 is observed as a singlet in the Carr-

Purcell sequence of figure 4 . 10, it has no chemical shift variation with
temperature or pH and is observed -0.3 ppm downfield of the position of
his 24 C-4 proton resonance in high spin ferric metMb.

Recall that upon

conversion of metlb to the lower spin hydroxy form his 24 C-4 proton
resonance moved -0.2 ppm downfield (section 4.9.1) .

These facts are

consistent with the assignment of resonance 22 in low spin CN Ib to the
same proton .
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The rema1n1ng resonances (numbers 21, 23 to 26) all show chemical
shift variations with temperature and apart from resonance 26 they move
downfield with increasing temperature (figure 4.13) .

They all, apart

from resonance 23, shift with pH with 24 and 25 exhibiting a low and high
pH inflection and 21 and 26 shifting only at high pH (figure 4 .15 ).
pK values for these shifts are given in table 4.5.

The

From figure 4 . 39 it

1s also noted that at this temperature resonances 21, 23 and 25 are well
resolved doublets.

Figure 4 .40 shows the result of spin decoupling experiments on
these resonances .

Irradiation of resonance 21 caused resonance 23 to

decouple to a singlet and irradiation of resonance 23 caused resonance 21
to collapse to a singlet.

Similarly, irradiation of resonance 24 caused

resonance 25 to decouple to a singlet and irradiation of resonance 25
produced a large spectral change at resonance 24.

It is noted also

from the Carr-Purcell spectrum of figure 4.10 that resonance 23 is inverted
(for the spectrum with

T

60ms (not shown), the resonance was observed to

=

be completely inverted).

This confirms that resonance 23 arises from a

doublet (see section 2.7).

These results are consistent with resonances 21 and 23 arising
from the 2,6

and 3,5

protons of a tyrosine residue (not necessarily on

a one to one basis) and resonances 24 and 25 arising from the same protons
of another tyrosine residue.

The observation of a pair of doublets for

each tyrosine residue (i . e . an AA'BB' type spectrum) implies that each
tyrosine ring is rotating rapidly, on the NMR timescale, about its
bond.

c6-cY

Sperm whale myoglobin has three tyrosine residu es (at positions

103(G4), 146(H23) and 15l(HC2) - table 1 .2 ) and in C~;1b, Wilbur and

~
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llerhand (1976) have determined by

13

c

i

~R studies that tyr 151 is

exposed to solvent and titrates with a pK value of 10.6, tyr 146 is buried
and does not titrate and tyr 103 exhibits intermediate behaviour with
pK values of 9.8 and 11.6 of which the former pK value was a shift due
to localis ed conformational changes and the latter to the shift associated
with the deprotonation of the phenolic hydroxyl.

The small upfield shift of resonance 21 at very high pH with a
pK value of -11 and th e very slight upfield shift observed for resonance
23 in this range are consistent with the very high pK value observed by
Wilbur and Allerhand (1976) for tyr 103.

The larger shift observed for

resonance 21 suggests that this resonance arises from the 3,5
and that resonance 23 arises from the 2,6

protons.

protons

From equation 2 .2.2

(section 2.2) it is observed that dipolar shifts are dependent on both
distance and angle.

Tyr 103 C-1 1s 10.lA from the haem iron atom in

metMb (using the crystal coordinates of Takano (1977 a) for metMb) and
ther efore is close enough

to experience some dipolar shifts.

This would

explain the temperature variation of the chemical shifts of resonances
21 and 23.

Any conformational changes in the vicinity of tyr 103 with

temperature would also affect the chemical shift of these resonances.
In the Carr-Purcell sequence spectrum of metMb , no inversion
of tyr 103 resonances was present (figure 4.35) whereas in CN~b an inverted
2,6

proton resonance was observed (figure 4.10) .

This means that these

protons have a longer T2 value in Ci 1b than metMb which may arise from
the longer electron spin relaxation time in met.1b compared with CN~b (see
equation 2 . 2 . 4) or because tyr 103, or at least its 2,6
a different conformation in met _fu compared with CN1b.

protons, are in
This latter pro-

posal is consistent with the results of Wilbur and Allerhand (1976) who
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observed conformational changes in the vicinity of tyr 103 C-1 and C-4
resonances for metMb, CNMb and CO 1b.
A chemical shift change of -0.6 ppm was observed for tyr 103
proton resonances in the met form upon conversion from the aquo

coordin-

ated state to the lower spin hydroxy coordinated state (section 4.9.1).
Their chemical shift positions at this alkaline limit are slightly downfield of those observed in the completely low spin CNMb and is strong
evidence for these resonances in both derivatives arising from the same
residue, i.e. tyr 103.

Resonances 24 and 25 therefore arise from the 2,6

and 3,5

protons (not necessarily on a one to one basis) of tyr 146 or tyr 151.
It has been stated above that tyr 151 is an exposed residue that titrates
with a relatively normal pK value whereas tyr 146 is buried and inaccessible to solvent .

The X-ray crystal studies of myoglobin suggest the

same (Takano 1977a , b).

Tyr 146 is invariant throughout all vertebrate

myoglobin and haemoglobin species and in myoglobin is one of the five
internal polar residues .

Its _hydroxyl group forms a hydrogen bond to

the main chain carbonyl of ile 99(FG5) and stabilises the C-end of tne ~
H helix (Takano 1977a) .

Differences

in the strength of this bond between

deox~Ib and mett1b (Takano 1977b) and oxyMb (Phillips 1980) have been
observed .

Ile 99 is in close contact with the haem group on the proximal

side (Phillips 1980) and in haemoglobin, the same hydrogen bond involving
this tyrosine residue, has been postulated as being involved in the T-R
transition (Heidner et al . 1976).

The crystal coordinates of Takano (1977a) for met lb sho,v that
the C-1 atoms of tyr 146 and tyr 151 are 12.3A and 14.5A respectively
from the iron atom.

The pH variation of resonances 24 and 25 at both
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low and high pH is very similar to that observed for the hyperfineshifted haem and near hae~ proximal resonances of CNMb (section 5.5)
and this, along with the observed temperature dependence of these resonances, suggests that they are in the vicinity of the haem group.
Thus, these shifts at high pH do not arise from deprotonation of the ring.
These two resonances are therefore assigned to tyr 146 2,6
tons.

and 3,5

pro-

Any changes in the vicinity of the haem are transmitted to tyr

146 via ile 99 which results in the observed pH dependence of its resonances.

The buried nature of this residue would cause its protons to

have relatively short T2 values and hence they are not observed in a Carr-

Purcell spectrum (figure 4.10).

Wilbur and Allerhand (1976, 1977a)

observed that the C-1 resonance of tyr 146 in CNMb undergoes a small upfield shift with increasing pH above pH -10 which is in agreement with
the 1H NMR results of this study.

The rema1n1ng upfield resonance, number 26, has some indication
of triplet structure, has an area of approximately one proton and has a
pH and temperature variation which implies that it is due to a proton
that is near to the haem group. ~

The temperature variation, however, .

although large, is upfield with increasing temperature,which implies that
it is not due to an aromatic proton and therefore may belong to an a-CH
resonance of a near haem residue.
4.10.3

The non-histidine aromatic resonances in the 1 H NMR spectrum
of sperm ,~ale ferrous deoxy and carbon monoxy myo g lobin

In these two derivatives, the paramagnetic deoxy and the diamagnetic carbon monoxy, a number of non-histidine aromatic reson ances a re
observed.

In COMb, a greater number of resonances are resol ved in the

aromatic region compared with deoxyMb because haem and near haem resonanc es
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are not broadened out by interactions with the paramagnetic iron atom and
interactions with the ring current of the haem ring may cause non-aromatic
protons (e.g . the meso haem protons) to resonante in the aromatic portion
of the spectrum .

This obviously compounds the problem of assignment.

The spectrum of deox~~b (figure 4.19) shows five resonances
upfield of resonances 13 and 14 (assigned to his 36 and 113 C-4 protons)
that do not move with pH .

These resonances , by analogy with metMb

(section 4.9.1) must belong, in part to tyr 103 2,6
and to his 24 C-4 proton .

and 3,5

protons

The sharp resonance at 6.93 ppm also may

belong to the resonance observed in a similar chemical shift position in
metMb and CNMb and which was assigned to a tryptophan C-2 proton, possibly
from trp 7.

The sharp resonance at 7 . 38 ppm, also by analogy with metMb,

may belong to the ot her t ryptophan C- 2 proton , i.e . trp 14 .
The Carr-Purcell spectrum of CO~b with T=60ms (figure 4 . 23)
yields information on the nature of the resonances observed in the aromatic
region of the spectrum of COMb .

The inversion of resonances at 6.46

and 6 . 41 ppm means that these resonances must belong to the 2,6
protons of a tyrosine residue, possibly tyr 103 .

and 3,5

The singlet resonance

at 6 . 32 ppm , by analogy with metMb, probably belongs to his 24 C-4 proton.
Assignment

of resonances to specific residues, however, is not possible

at this stage and awaits further experiments.
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CHAPTER 5

5.1

AN

ANALYSIS OF THE HAEM AND NEAR HAEM RESONANCES IN

THE

1

H NMR SPECTRA OF MYOGLOBIN AND

LEGHAEMOGLOBIN

INTRODUCTIO~
5.1.1

Studies on natural and synthetic haems

The ubiquitous occurrence and the ready availability of haem
proteins has meant that they have been extensively studied by a wide
variety of physical techniques.

Similarly, the study of the haem group

itself has been widely investigated (for a review see Caughey 1973).

, MR,

in particular , has provided a wealth of information .

NMR studies

of natural haems and haems that have been selectively modified are particularly attractive because the ring current of the porphyrin spreads
the haem resonances over a large chemical shift range.

Comprehensi.ve _

reviews on the '~rIR literature of both ferrous and ferric haem proteins
have been published (Scheer and Katz 1975;

Janson and Katz 1979;

La Mar

and Walker 1979).

The preparation of porphyrin complexes which reversibly bind
oxygen and therefore mimic the active site of haemoglobin and myoglobin
has been another area of very active research in porphyrin chemistry.
The first such model was developed by Wang (1958) who demonstrated reversible oxygen binding to polystyrene-embedded haem.

Chang and Traylor
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(1973a,b, 1975) have demonstrated the reversible oxygen binding of porphyrin complexes with imidazole-type bases as the proximal ligand.

Rec-

ently, the so-called "picket-fence" porphyrins of Collman and his coworkers and "capped" porphyrins of Baldwin and his co-workers have been
shown to bind oxygen reversibly,

By studying the deoxy and oxy forms

of the "picket fence" porphyrins, insight into the structural properties
of the corresponding haem protein derivatives has been obtained.

These

properties include the nature of oxygen binding, the importance of the
proximal histidine-iron bond and the cooperative basis of oxygen binding.
These developments have been reviewed by Collman (1977), Reed (1978)
and Collman et al . (1980).

The aspect of porphyrin research that is of most interest to
this study 1s the synthesis of haem groups (specifically the Fe(II) complex of of protoporphyrin IX)with substitution of deuterium for proton
atoms at particular positions on the porphyrin ring.

The synthetic

aspects of this research have been developed mostly by Smith and his coworkers lfor a review see Smith (1979)) .

Such methods have involved the

synthesis of haem with specific isotopic substitution at the methyl, .vi~yl,
mesa and propionic acid positions.

These isotopically substituted haems

have been reincorporated into various haem proteins which has enabled
unequivocal
in the

1

assignment of some of the hyperfine shifted haem resonances

H NMR spectrum of paramagnetic derivatives of th ese proteins.

The first such study involved assignment of all thr ee of the resolved
haem methyl resonances 1n sperm whale CN'v!b (t~ayer et al . 1974).

Assign-

ment of a large number of the haem resonances in sperm whale metdb was
also accomplished by selective deuteriation (La .1ar et al . 1980a) and
haem methyl resonances were similarly assigned in variou s myoglobin
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ferric derivatives (La Mar et al. 1980b).

Similar studies have been

undertaken on other haem proteins that contain protoporphyrin IX as their
prosthetic group.

These include

Chironorrrus haemoglobin (La 1ar et al.

1980c, 1981a), cytochrome bs (La ~ar et al. 1981b), horse radish peroxidase (La Mar et al . 1980d,e) and soybean leghaemoglobin (La Mar et al.
1981c).

Recently, these studies were extended to analysis of the

deuterium resonances arising from these isotopically substituted haems
in solid crystalline sperm whale metMb (Lee and Oldfield 1982).
In diamagnetic haem proteins, the hyperfine shifts for haem and
near haem proton resonances are absent.

These resonances are found

therefore in the diamagnetic, cluttered region of the spectrum and the
assignment of these resonances by selective deuteriation is much more
The four meso haem proton resonances (a, B,

difficult .

y

and

o

in

figure 5 . 1) are an exception and in diamagnetic porphyrins (Scheer and
Katz 1973) and haem proteins such as cytochrome b 5 (Keller and WLlthrich
1980) and Chironomus

haemoglobin (Krilmpelmann et al. 1980) they are

found in a downfield

uncrowded portion of the

10 ppm .

1H

NMR spectrum around

In the carbon monoxy complex of various components of Chironomus

haemoglobin , the pH variation of the mesa haem proton resonances has been
related to the alkaline Bohr effect in Chironomus

haemoglobin

(KrUmpelmann et al. 1980) .

The first part of this chapter describes the assignment by
.selective deuteriation of the meso haem proton resonances of the ferrous
oxy and carbon monoxy complexes of sperm whale myoglobin and soybean leg haemoglobin .

The pH variation of the chemical shifts of these proton

resonances in these two derivatives, along with proton resonances of some
residues in the haem pocket, is discussed and a comparison is made between

244

CH

H3C

H

/2
I

/°

~

2
N

H

(

HC
3

3

CH 2

N

Fe

--=:::::::: N

CH

/

/~

H

N

)

I

CH 3

~6

CH

2

COOH

Figure 5.1

H

CH 2

COOH

The structure of the haem group.
The mesa haem positions
(a , B, y , 8) along with the substituents at positions 1 to 8
on the four pyrrole rings (1 to 4) are marked .

24 5

the structures of the haem pocket in leghaemoglobin and myoglobin.
Before considering these results, a brief introduction to the leghaemoglobin molecule is presented.
5.1.2

Leghaemoglobin

It was briefly mentioned in Chapter 1 (table 1.1) that the
root nodules of leguminous plants contain a haem protein, leghaemoglobin.
Kubo (1939) was the first to observe that the red pigment of these nodules
had spectral properties that were similar to those of mammalian haemoglobin and therefore that it contained a haem group.

He also concluded

that this plant haemoglobin was associated with oxygen respiration
ity of the nodules.

activ-

Since this initial study, much attention has been

focussed on this protein whose nam~ leghaemoglobi~ was proposed by
Virtanen et al . (1945).

Appleby (1974) has extensively reviewed the

properties and function of the molecule.

A brief summary of this review

along with subsequent studies ontheprotein is given below.
The function of leghaemoglobin in the nodules is to ensure an
adequate supply of oxygen to the rhizobiumbacterioids that are associated
with nitrogen fixation.

The ferrous form reversibly binds oxygen and

carbon monoxide (Imamura et al. 1972;

Wittenberg et al. 1972).

The

oxygen binding curve for leghaemoglobin is hyperbolic but the most interesting feature of leghaemoglobin, as found by Wittenberg et al . (1972),

15

its large oxygen affinity which arises from a very high oxygen combination rate constant and a dissociation rate constant that is similar to
myoglobin.

Leghaemoglobins are monomeric haem prot e ins and exhibit het erogeneity.

Appleby et al . (1975) have published a method for separation
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of various components of soybean l eghaemog lobin by anion- exchange chr ma tography.

By isoelectric focussing, soybean leghaemoglobin can be

separated into four major components (a, c 1 , c 2 and c 3 ) and four minor
components (b , d1 and d2) (Fuchsman and Appleby 1979b).

The relative

proportions of these coraponents vary with age of the nodule (Fuchsman
and Appleby 1979b).

The amino acid sequences have been determined for

some of these components of soybean leghaemoglobin (Ellfolk and Sievers
1971, 1974;

Hurrell and Leach 1977), the two principle components of

lupin leghaemoglobin (Egorov et al . 1976, 1978) and the major component
of kidney bean (Lehtovoara and Ellfolk 1974, 1975) and broadbean
(Richardson et al .

1975) leghaemoglobins.

the hyperfine shifted resonances in the

1H

The observed differences 1n
NMR spectrum of the cyano

complexes of the a and c1 , c2, c3 components of soybean leghaemoglobin
have raised the possibility that the differences in the amino acid sequences of these components and hence haem environment structures may be
related to different oxygen affinities and therefore different functional
properties of the various components (Appleby et al. 1982b).
The X-ray crystal structure of the acetate complex of lupin
ferric leghaemoglobin has been determined (Vainshtein et al. 1978;
Arutyunyan et al . 1980).

The polypeptide fold of the molecule is very

similar to that of all myoglobin and haemoglobin chains.

The haem is

found in a similar cleft between the E and F helices although the haem
cavity is significantly larger than observed in other haemoglobins.

This

·concept of a flexible, displaceable distal helix (Appleby 1974) is
consistent with the observation that leghaemoglobin, unlike myoglobin ,
is able to bind bulky ligands such as nicotinic acid (Appleby et al . 1973)
and long chain carboxylic acids (Ellfolk 1961).

The haem environment
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in legha emog lobins is very similar to that 1n myoglobi

and haemoglobin .

The haem group is covalently bonded to the proximal histidine (resi due
number 97) whilst on the distal side of the haem a distal histidine
(residue number 63) and a variety of hydrophobic residues (e.g. leu 67
and phe 44) are found.

Circular dichroism studies of soybean leghaemoglobins show
that they contain a slightly lower helical content compared with myoglobiD and that removal of the haem group causes a smaller decrease 1n
helicity than in myoglobin (Nicola et al . 1975).

This suggests a

weaker association between the haem and globin in leghaemoglobins than 1n
myoglobin and is consistent with the observed differences between the
haem pockets of the two proteins .

Leghaemoglobin has been studied by a variety of other means includ111 6

infrared

and visible absorption spectroscopy (F uchsman and Apple by

1979a) , resonance Raman spectroscopy (Armstrong et al. 1980, 1982;
Irwin et al . 1981 ;

Desbois et al . 198la , b), electron paramagnetic reso-

nance (EPR) spectroscopy (Appleby et al. 1976;

Ikeda-Saito et al . 1981;

Christahl et al . 1981) and 1H NMR spectroscopy (Wright and Appleby 197];
Johnson et al . 1978;

Trewhella and Wright 1980;
Appleby et al. 1982b) .

Trewhella et al . 1979a ,b;

Trewhella 1980;

Ollis et al. 1981;

La ~ar et al . 1981c,

From these studies a picture has emerged of the

leghaemoglobin molecule that is rather different from that of myoglobin
in the vicinity of the haem group.

The molecule is ch ara cteris ed by a

flexible ha em pocket in which the distal histidine plays a critica l role.
In the deoxy form the haem pocket is postulated to be open and allows
ready access to the binding site

which

accounts for the very fast

oxygen association rate constant of leghaemoglobin (Appleby et al . 1982 a) .
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The binding of oxygen at acici pH causes a strong hydrogen bond to form
between the distal histidine and the oxygen ligand which slows down
the rate of dissociation of bound oxygen (Ikeda-Saito et al . 1981).
Another factor which leads to a slow rate of dissociation (and a fast
rate of association) is the stronger ligand field at the iron atom compared with myoglobin.

This is a result of stronger iron to pyrrole

nitrogen bonds in leghaemoglobin (Irwin et al . 1981).

These differences

between the two proteins are considered in the discussion of results
obtained in this study.
5. 2

EXPERIMENTAL
5. 2 . 1

Preparation of a,S,y,o-meso - Tetradeuterioprotohaemin,
[a , S, y , o- ( 2 H)4] haemin

A quantity of haemin in which the mesohaem positions were selectively deuteriated was prepared in this laboratory by Mr M. W. Parker.
A complete report of the synthesis of the deuteriated haemin is given in
Parker (1980) .

A brief outline of the procedure follows .

Haematoporphyrin (500mg)

was dissolved in a solution of

o-dichlorobenzene (80ml) containing p-toluene (0- 2 H)sulphonic acid (3.9grm)
The reaction mixture was stirred in the dark under
dry nitrogen at 95°C for two days .
with dichloromethane .

The solution was cooled and diluted

The organic phase was dried over anhydrous sodilli~

sulphate and distilled with the o-dichlorobenzene being removed at 0.6
torr .

The porphyrin was converted to the dimethyl ester derivative
using methanol and sulphuric acid followed by chromatography on alumina
(Fuhrhop and Smith 1975).

The iron was inserted into the porphyrin
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using ferrous sulphate/pyridine/acetic acid (Smith et al . 1979a).

The

haemin ester was hydrolysed by treatment with 1% potassium hydroxide/
4% water/95% methanol at 70°C for 10 hours (Kenner et al . 1976).
5.2.2

Preparation of apomyoglobin and reconstitution with haemin

Removal of the haem group from myoglobin was performed by a
combination of the methods of Teale (1959) and Breslow (1964).

A 1%

solution of metMb was adjusted to pH 1.5 at 0°C and then extracted with
an equal volume of ice-cold methylethylketone.

The extraction was

repeated twice more with a half-volume of methylethylketone.

The

aqueous, straw-coloured layer was then immediately dialysed against two
changes of 0.005% NaHC0 3 solution at 4°C followed by a couple of changes
of doubly glass-distilled water also at 4°C.

Any precipitate of impro-

perly folded apomyoglobin was removed by centrifugation.

The resulting

solution was concentrated prior to reconstitution with haemin.
Myoglobin was reconstituted from apomyoglobin and native or
isotopically substituted haemin by the method· of Breslow (1964).

A 20%

excess of haemin was dissolved in 0.05 ml of 0.lN NaOH and diluted into
0. 111 borate buff er, pH 9. 2 to give a final concentration of lr.~1.

This

was immediately added dropwise at 4°C to a solution of apomyoglobin which
had also been dissolved in 0.lM borate buffer.

The solution was stirred

for 2½ hours before exhaustive dialysis against water .

The precipitate

was removed by centrifugation and the solution was concentrated over a
YMlO Diaflo membrane (Amicon Corporation, Cambridge, 1ass.) and lyophilized.

The absorption spectrum of reconstituted metMb was identical to

that of native met lb (Antonini and

Brunori 1971).
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5.2.3

Preparation of apoleghaemoglobin and reconstitution
with haemin

Soybean met leghaemoglobin a (metLb), a generous gift of
Dr C.A. Appleby, had been extracted by the standard procedure (Appleby

et aZ . 1975).

The unpublished method of J.E. Wellington and P . E. Wright

was used to reconstitute leghaemoglobin.
MetLb was dialysed against water and diluted to a concentration
of 0.SmM.

The solution was

3.2-3.3 with 0.lM HCl.

cooled in an ice-bath and titrated to pH

The solution was transferred to an ice-bath at

approximately -5°C and extracted about five times with methylethylketone
that had been pre-cooled to -5°C.

The aqueous, straw-coloured layer

was dialysed twice against 0.005% NaHC0 3 at 4°C and once against 25mM Tris/
HCl, pH 8. 7.

The dialysis time was kept to a minimum (8-10 hours).

The

solution was centrifuged at 4°C to remove a small amount of precipitated
apoleghaemoglobin.

The reconstitution with native or isotopically substituted
haemin was undertaken immediately.

At least a 20% excess of haemin was

dissolved i~ 0.1ml of 0.lM NaOH and then diluted with distilled water
to give a final concentration of 0.01~ NaOH .

This was added dropwise

to the stirring apoleghaemoglobin solution in an ice-bath.

The excess haemin was removed by passing through a column (15x
2.5 cm) of Sephadex G-25 at 4°C which had been pre-equilibrated with 13~1
acetate buffer, pH S.S.
n110 Diaflo membrane.

The solution was concentrated to 10ml over a
The solution was purified on a column (40x2.5cm)

of Whatman DE-52-cellulose which had been pre-equilibrated with 0 . 21
sodium acetate, pH 5.5 and washed with doubly glass-distilled water until
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t~e effluent conductivity and pH approached that of 13mM acetate buffer,
pH 5.5.

This latter buffer was used for final equilibration of

the

packed column at 4°C and for elution of the column after applying the
leghaemoglobin solution to the top of the column.

A band of poorly

folded and/or apo protein remained at the top of the column and the
green acetate complex of metLb was eluted.
rum

Its absorption spect-

was characteristic of the ferric high spin acetate complex of leg-

haemoglobin (Appleby et al. 1976).

The fractions were pooled and concentrated to a minimal volume
1n an Amicon cell over a YMl0 Diaflo membrane.

This was diluted with

approximately 20ml of 0 . lM potassium phosphate buffer, pH 6.8,and concentrated to approximately 1ml and stored as a frozen solution.
5.2 . 4

Characterisation of reconstituted leghaemoglobin
prior to NMR experiments

Figure 5.2 shows the ultraviolet and visible spectra of metLb
and deoxyLb that had been reconstituted with
The buffer used was 50mM MES (2-(N-morpholino)ethane sulphonic acid]-NaOH
at pH 5 . 0 .

The spectra showed no evidence of degraded protein and in

particular no characteristic haemochrome peaks were observed.
Soret region of the spectru~ of metLb,

In the

the ratio A403_5/A274 of 5.1

agrees well with the literature (Appleby et al . 1973).
A solution of reconstituted leghaemoglobin in 101Tu~ potassium
phosphate/0.lm11 EDTA, pH 7.05 was converted to the oxy derivative by
reduction with a thre e fold molar excess of a solution of 0.lM sodium
dithionite in 10~1 dipotassium hydrogen phosphate and passage , under argon,
through a column (1.6 x 9cm) of Sephadex G-25.

The absorution sp ectrum
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Figure 5.2

bsorption spectra of (a) metLb and (b) deoxyLb that had
been prepared from metLb reconstituted with [a , S, Y, o-( 2H) 4 J
haemin.
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of this solution was recorded at regular intervals overnight (figure 5.3).
After eleven hours the solution contained approximately 9% metLb .
Thus, the reconstituted leghaemoglobin has spectral properties
that are identical to the native protein and its oxy derivative is stable
at pH 7 for the time required for 1 H NMR runs.
5.2.5

Preparation of samples for 1 H NfR spectroscopy

Samples of metLb in 0.lM potassium phosphate, pH 6.8, that
had been reconstituted with

[a,S , y , o-( 2H) 4 ] haemin, were concentrated

down to 0.3ml over a YMl0 Diaflo membrane in an Amicon type 8MC cell.
This solution was reduced, under argon, by the addition of a two fold
excess of a 0.SM dithionite solution in 0 . 0SN NaOD/D 20 , pH 11,

and

applied to the surface of a column (lx4cm) of Sephadex G-25 that had
been pre-equilibrated with l0mM potassium phosphate buffer/0.lmM EDTA
in D20 and of the appropriate pH value.

The middle, concentrated

fraction that was eluted from the column was collected and used for the
1H

MR run.

NMR run .

The pH of the solution was measured before - and after the
At the end of the run a small amount of sample was removed

from the N1R tube and diluted SO-fold and the absorbance spectrum was
4

recorded to check that sample degradation had not occurred.

The remain-

ing concentratedoxyLb solution was converted to the carbon monoxy
derivative by adding

20µ1 of the dithionite solution and bubbling

with carbon monoxide for several minutes.

After the 1 H 1MR spectrum

had been run, the absorption spectrum was recorded.

The pyridine haem-

ochrome method with EmM=33.9 at 556 nm was used to de termine the concentration of the leghaemo globi n solution (Appleby 1969).
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Absorption spectra at pH 7.05 and 20°C of oxyLb that had
been prepared from metLb reconstituted with [a,S,y,o-(2H) ]
haemin.
Spectra were collected every half hour for a
period of eleven hours .
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The same procedure as outlined above was used for preparation
of the oxy and carbon monoxy samples of native leghaemoglobin and native
and reconstituted myoglobin.

The pH value of the various solutions

varied as described in the results.
5.2.6

Preparation of ferrous bispyridine haem
[a, S,Y, o-( 2 H) 4 ]

haemin or native haemin (10mg) was dissolved

1n 2 H5 pyridine (0.5ml) and 2 H2 0 (0.5ml).

The solution was gassed with

nitrogen and sodium dithionite (12mg) was added to reduce the iron.
5. 3

ASSIGNMENT OF THE IESO HAEM PROTON RESONA_ CES IN THE
SPECTRUM OF THE OXY AND CARBON MONOXY. DERIVATIVES OF
MYOGLOBIN AND LEGHAEMOGLOBIN

1H

N~1R

Figure 5.4 shows the spectrum of (a) native bispyriJine protohaem and (b) bispyridine protohaem in which the haem group had been
exchanged with p-toluene (0- 2 H)sulphonic

acid for two days .

Under these

conditions the order of deuteriation of the mesa haem positions is
y>o>S>a (Smith et al. 1979b). The remaining assignments in figure 5.4 are
those of Caughey et al . (1973).

It is noted from figure 5.4(b) that com-

plete deuteriation at the vinyl S-CH 2 positions has caused the collapseto singlets of the vinyl

a-CH proton resonances.

The percentage proton

remaining at each meso haem position was determined by cutting out and
¼eighing the area under each resonance.

The values obtained at these

positions were a(74% proton remaining), 6(51%) , 0(45%) and y(32%).
Figures 5.5 to 5.8 show the meso haem proton resonance region
of the

MR spectra of the oxy and carbon monoxy complexes of myoglobin

and soybean leghaemoglobin a.

The pH values at which each spectrum was

run, along with the assignments of the meso proton resonances as determined
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.1eso haem proton region oft e 1 H .MR spectra at pH 6.6
and 40°C of (a) native sperm whale CO: fb and (b) sperm
\hale CQfb that had been reconstituted with [a , S, y , 6-( 2 H)4 ]
haem.
The resonance at 9 . 05 ppm does not arise from a
haem mesa proton and may belong to an amide proton or
another haem proton .
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from area measurements are given in these figures.

The percentage

proton area measurements for each resonance after reconstitution with
deuteriated haem are given in table 5.1.

In oxyLb the meso haem proton resonances show a large pH variation (section 5.4.3).

Thus the assignments of the meso haem proton

resonances in oxyLb were obtained at a pH value (6.0) where there was mini-

-

-

mal overlap of these resonances with the _~~~de p~oton resonances that are
also found in this portion of the spectrum.

It was also necessary to

optimise the pH value in oxyMb where similar, but smaller, movements
with pH of the meso haem proton resonances are observed (section 4.5.2).
The S proton resonance is found near to a larger resonance on its upfield
side and at low pH it moves away from this resonance and is readily observed.
The identification of they and a meso proton resonances was
facilitated by their large and small amount of deuteriation respectively.
The differentiation between the Sando

proton resonances is not as

readily apparent because of their similar amount of deuteriation.

The

upfield position of the S proton in all these ferrous species (table
5.1), however, is consistent with the relevant crystal structures.

In

the neutron diffraction crystal structure of C011b (Hanson and Schoenborn
1981) and the X-ray crystal structures of oxyvfb (Phillips 1980) and

the acetate complex of lupin ferric leghaemoglobin (Arutyunyan et al.
1980) the S meso proton is found immediately below and parallel to the

phenyl ring of phe CDl (residue number 43 in myoglobin and 44 in leghaemoglobin).

Therefore the high field position of the S meso proton

resonance is due to diamagnetic shielding by this nearby phenyl group.

N

'°

PERCENTAGE RESIDUAL PROTONATION OF MESO PROTONS IN BISPYRIDINE [a , S, Y, o- 2 (H)4 ]HAEM AND TilE
FERROUS OXY AND CARBON MONOXY COMPLEXES OF SPERM WHALE MYOGLdBIN AND SOYBEAN LEGIIAEMOGLOBIN
THAT HAD BEEN RECONSTITUTED WITH [a,$ ,y, o- 2 (H) 4]HAEM .
THE 'CHEMICAL SHIFT POSITION AT pH
7.0 OF THE MESO PROTON RESONANCES IN THE FERROUS PROTEIN DERIVATIVES ALSO ARE GIVEN.

TABLE 5.1

N

~ispyridinej
[a , S,y, o-( 2 H)4]
haem
Meso Proton
Assignment

oxyMb

%

COMb

%

oxyLb

%

Proton

Proton

a

74

68

9.78

B

51

53

0

45

y

Proton

COLb

%

%

oB

Proton

oB

72

9.91

. 76

9.46

74

9.89

9.38

51

9.34

48

8.88

51

9.43

-

-

43

9.85

42

9.63

48

9.85

32

-

-

27

10.14

34

10.02

34

10.1 7

Y, o

39

44a

9.89

-

-

-

-

-

-

a,o

59

-

56a

-

-

-

60a

-

oB

-

Proton

oB

a In these cases, resolution of individual resonances was difficult so the sums of areas were compared.
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5.4

THE pH VARIATION OF NEAR HAEM AND MESO HAEM PROTON RESO_l~1\JCES
IN THE 1H NMR SPECTRA OF THE OXY AND CARBO MONOXY DERIVATIVES
OF MYOGLOBIN
5.4.1

Carbon monoxy myoglobin

The variation with pH of the mesa proton resonances of sperm
whale COMb at 20°C and 40°C is shown in figure 5.9.

The pK value for

the downfield shift with increasing pH of the downfield y proton resonance is 5.3 at 20°c and 5.1 at 40°C.

The a and o meso proton reso-

nances show no movement with pH while the B meso proton resonance
exhibits a slight upfield shift with increasing pH between pH 5.5 and 6.0
which is most readily apparent at 20°C (figure 5.9).

The meso proton

resonances in horse and pig COMb were observed at similar chemical shift
positions and exhibited similar movements with pH.

These resonances,

by analogy with sperm whale COMb, were therefore assigned (starting from
the most do,mfield resonance) to they, a , o and B protons.

The pK

values obtained for they meso proton in horse and pig COMb were 5.45
and 5.4 respectively.

The y meso proton resonances in sperm whale and horse COMb ~h_e!efore exhibit pK values that are higher than that of his 64, i.e. his 64
C-2 proton resonance in sperm whale and horse COMb have pK values of 4.5
and 4.6 respectively at 40°C (table 4.9).

They meso proton resonance

in pig COMb, however, exhibits a pK value that is similar to his 64.
From the neutron diffraction crystal structure coordinates of
sperm whale C011b (Hanson and Schoenborn 1981), the distance between the
y mesa proton and the C-2 proton of his 64 is 2 .7A.

The corresponding

distances for the a , Band o protons are 8.0, 6.6 and 5.SA

respectively.
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Figure 5.9

The pH variation of the meso haem proton resonances in
COMb at (a) 40°C and (b) 20°C.

1H

NMR spectrum of sperm whale
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The C-4 proton 1s also much closer to they meso proton than the other
meso protons.

It would therefore be anticipated that any conformational

changes associated with the titration of his 64 would be witnessed by the
y meso proton.

They meso proton 1s also close to the other titrating

near haem histidine, his

97(FG3).

The distance of they meso proton

to his 97 C-2 proton 1s 3.8A compared with 11.0, 6.8 and 9.6A for the
a , Sando meso protons respectively.

The corresponding distances

between the C-4 proton and they, a, Sando protons are 5.1, 8.4, 5.9
and 8.lA respectively.

Thus, they meso proton is in close proximity

to his 97 and the S meso proton is also reasonably close to his 97.

The

y meso carbon atom forms the bridge .between pyrrole rings 1 and
4.

Fro~ the crystal structure (figure 5.10) the propionic acid side-

chain at the 7 position on pyrrole ring 1 is folded back on the proximal
side of the haem, under they meso proton and hydrogen bonded to his 97
which, itself, is
Schoenborn 1981).

almost parallel to the haem plane (Hanson and
The protonation of his 97 with decreasing pH could

alter this hydrogen bonding interaction and the subsequent structural
rearrangements would be sensed by nearby groups, for example they and S
meso protons.
In light of the data presented above, it is possible to rationalise the observed pH dependence of they and S meso proton resonances
in COMb.

The pK value of his 97 in sperm whale COMb at 40°C is 5.85

(table 4.9).

Thus they meso proton which is in close proximity to

both his 64 and 97 witnesses the titration of both of these residues and
the subsequent structural rearrangements associated with these events.
In sperm whale CO1b it therefore exhibits a pK value that is intermediate
between the two pK values of his 64 and 97.

In horse and pig COi1b the
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his 64

val 68

l

phe 43

his 97
his 93

Figure 5.10

The haem environment in CO~b as determined from the
crystal structure coordinates of Hanson and Schoenborn
(1981).
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pK value of the y meso proton resonance is higher than that in sperm
whale COMb and therefore the structural changes associated with the
deprotonation of his 64 must be different or smaller in magnitude in
horse and pig C0Mb compared with sperm whale C0Mb.

They meso proton

in horse C0Mb is therefore witnessing more of the titration of his 97.
In pig COMb, the pK values of his 64 and 97 are similar so it is possible
that they meso proton is witnessing one or both of their titrations.
The small perturbation to the chemical shift position of the S meso proton
resonance between pH 5.5 and 6.0 (figure 5.9) arises from the deprotonation of the nearby his 97 .
Figure 5.11 shows a plot of the upfield portion of the NMR
spectrum of sperm whale C0Mb at 40°C.

The upfield resonance at --2.3 ppm

has been assigned by Shulman et al . (1970a) and Patel et al. (1970) to
one of the methyl groups of val

68(Ell).

Val 68 is found on the distal

side of the haem near to the distal histidine, his 64, as shown in figure
5.10.

This upfield resonance has an area corresponding to three protons

and is absent in paramagnetic metMb, CNMb and deoxyMb.

The large ring

current shift observed for this methyl resonance (>3 ppm) is consistent
with the close proximity of val 68 to the porphyrin plane and with ring
current calculations of Shulman et al. (1970a).

A similar high field

resonance is observed in the 1H NMR spectra of diamagnetic derivatives
of haemoglobin (Lindstrom et al. 1972, Lindstrom and Ho 1973) and leghaemoglobin (Johnson et al . 1978).

In haemoglobin this resonance has

been assigned to one of the val Ell methyl groups of the a and S chains
by comparing the spectra of normal haemoglobin and a mutant haemoglobin,
Hb Sydney, in which val EllS is substituted by an alanine residue
(Lindstrom et . al . 1972).

In leghaemoglobin this upfield methyl reso-

nance is assigned to one of the methyl groups of the corresponding haem
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pocket residue, leu Ell (Johnson et al. 1978) and in

Ch i ronomus haemo-

globin and Aplysia myoglobin a similar upfield methyl resonance was
assigned to one of the methyl groups of a distal near-haem residue
(WUthrich et al. 1972).

In the case of Chironomus

haemoglobin this

resonance was assigned to a methyl group of ileu Ell.
Figure 5.12 is a plot of the pH variation in sperm whale COMb
at 40°C of this methyl group resonance of val 68.
shift is 4.65.

The pK value for this

The pK value of his 64 C-2 proton resonance in sperm

whale COMb at 40°C is 4.5 and a similar value was obtained for horse
COMb at this temperature (table 4.9).

In pig COMb a higher pK value of

6.0 is found for his 64 C-2 proton resonance.
sperm whale COMb was

The observed shift in

due not only to deprotonation but also involved a

movement in the position of the distal histidine.

This was readily

observed in the broadening of the C-2 proton reso::1ance of his 64 in
sperm whale COMb at 20°C (section 4.8.4).

This broadening meant that

it was not possible to follow the titration of his 64 C-2 proton resonance at low pH.

The similarity in the pK values for the pH variations

of val 68 and his 64 resonances in sperm whale COMb at 40°C implies that
val 68 is witnessing the conformational changes associated with the titration and movement of the distal histidine.

Only very small shifts with

pH are observed for the upfield methyl resonance at this temperature in
horse and pig COMb which implies that there are slight differences in
the haem pocket between these three species.

Either the conformational

changes associated with the deprotonation of his 64 are not as large in
horse and pig COMb as sperm whale COdb or there are small differences in
the relative positions of his 64 and val 68 in these species such that
val 68 is further away in horse and pig COMb from his 64 than in sperm
whale CO fu and therefore is not influenced by its behaviour.
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Figure 5.13 is the upfield portion of the spectrum of sperm
whale COMb at pH 6.8 and 20°C. At this temperature and pH, two resonances
of each less than three protons in area are observed at --2.3 ppm and -2.8 ppm, along with a broad resonance at --1.6 ppm.

The variation in

chemical shift position of these resonances with both pH and temperature
is given in figures 5.14 and 5 . 15.

From these plots it is observed that

only at temperatures below 25°C and at pH values above -S.7 (at 20°C)
is the resonance at --2.8 ppm observed.

This resonance increases in

area with increasing pH and decreasing temperature compared with that
of the resonance at --2.3 ppm which has been assigned to one of the methyl
groups of val 68.

The resonance at --2.8 ppm also occurs at the same

chemical shift position as that for the methyl resonance of val 68 in
sperm whale oxyMb (see section 5.4 . 2) .

This extra resonance therefore

arises from the upfield methyl resonance

of val 68 and, under the

appropriate conditions discussed above, val 68 in COMb must exist in a
conformational equilibrium that is slow on the NMR timescale and gives
rise to two separate resonances.

At low pH, the resonance at --2 . 3 ppm shows the same upfi~l~
shift with increasing pH as that observed for this resonance at 40°C
(figure 5 . 12) .

This movement is therefore ascribed to the conformational

changes associated with the titration of the distal histidine.

The extra

resonance at --2 . 8 ppm, however, is not observed in this low pH region
and does not show any variation in its chemical shift position in the
pH range where it is present.

The equilibrium that is observed in the

position of val 68 may be related to the titration of his 64.

At 20°C,

the conformational changes associated with this event may allow val 68
to adopt only the "--2.3 ppm" conformation whereas at pH values above
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-5.7 it is able to move slowly between the two conformations.

This

equilibrium is also dependent on temperature with higher temperatures
yielding entirely the "--2.3 ppm" conformation.

The higher chemical shift

position of the - -2.8 ppm val 68 methyl resonance implies that the methyl
protons in this conformation must be nearer the centre of the porphyrin
ring than the protons in the "--2.3 ppm" conformation.
The broad resonance at--1.6 ppm also exhibited interesting
variations in its chemical shift position with pH and temperature (figures
5.14 and 5.15).

The pK value at 20°C for the shift of this resonance

at low pH is 5.6.

Horse cytochrome c has a methionine and a histidine residue
as its fifth and sixth ligands to the iron atom of the haem.

1 H NMR

studies of the diamagnetic ferrous derivative of this protein have led
to the assignment of the proton resonances of these ligands in the region
of the spectrum above O ppm (Redfield and Gupta 1971;
Phillips 1973).

McDonald and

By analogy with cytochrome c the resonance at --1.6

ppm in sperm whale COMh (and oxyMb-section 5.4.2) at 20°C is assigned
to the proximal histidine (his 93) C-2 or C-4 proton.
of this resonance is consistent with

The broad nature

the imidazole sidechain of his 93

being immobilised by coordination to the iro~ atom and by hydrogen bonding interaction between the N-3 proton and the carbonyl of leu 89(F4)
(Hanson and Schoenborn 1981).

The large temperature variation of this

resonance may be due to small changes with temperature in the position
and/or orientation of the proximal histidine with respect to the ring
current of the haem.

The very close proximity of the proximal histi-

dine to the haem plane means that even small movements in its position
would cause large changes in the chemical shift positions of the proximal
histidine proton resonances.
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The proximal histidine is near his 97 and the shift observed
at low pH of its C-2 or C-4 proton resonance is due to the conformational
changes associated with the titration of his 97 .

Thus, the pK value of

5.6 observed for this shift is similar to that of the C-2 proton resonance of his 97 in COMb at 20°C (table 4.10).

The shift of the C-2 or

C-4 proton resonance of the proximal histidine at high pH inolves a large
downfield shift with increasing pH.

No movements of any magnitude are

observed for any other haem or near haem resonances in COMb so the conformational changes that cause such an effect on the proximal histidine
must be localised on it or in its near vicinity.

One such possibility

is the rupturing or the alteration of the hydrogen bond between the
proximal histidine and leu 89.
the N-1 position of the

This could arise from deprotonation of

proximal histidine and would result in its

rearrangement and a large shift of the C-2 or C- 4 proton resonances.
5.4.2

Oxy myoglobin

In the 1H NMR spectrum of sperm whale ox~1b, the meso proton
resonances are found in the downfield portion of the spectrum (figure 5.6).
The downfield resonance corresponds to they and o meso protons, the
central resonance to the a meso proton and, as was observed for COMb, the
upfield resonance is assigned to the B meso proton (table 5.1).
pH variation of these resonances

The

is given in figure 5.16 (Parker 1980).

As is readily apparent from this figure, the meso haem proton resonances
in oxyMb show very different pH variation compared with their counterparts in COMb (figure 5.9).

All the resonances exhibit titration shifts

with a pK value of - 5.5, with the shift for

the y , o and a meso protons

being about 0.1 ppm and the shift for the B meso proton being slightly
less.

It is also noted that the direction of these shifts is variable,
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i . e . they and o meso protons shift upfield and the a and S meso protons
The chemical shift positions in the

shift downfield with increasing pH.
alkaline pH titration limit of the
lar in both C0Mb and oxy.~b.

o,

a and S meso protons are very simi-

They meso proton, however, is shifted

upfield by 0 . 25 ppm in oxyMb compared with its position in C0Mb.
In the upfield portion of the 1H NMR spectrum of oxyMb a
resonance at -2 . 78 ppm is observed .

This resonance is assigned by com-

parison with the spectrum of COMb at 20°C to one of the methyl groups of
val 68 .

It exhibits no variation in its chemical shift position with

pH (figure 5 . 17).

The broad, single proton resonance at

--1.6 ppm in

C0Mb at 20°C t hat was assigned to t he C- 2 or C- 4 proton of the proximal
histidine was observed at a similar chemical shift position in oxyMb.
At l ow pH this resonance moved upfield with increasing pH with a pK
value of 5 . 55 and at high pH it broadened out and disappeared (figure 5.17).
Thus an oxygen ligand bound to the iron atom has a very different on the haem and haem environment than the carbon monoxide ligand .
The differi ng

pH responses of the meso haem proton resonances in the

two derivatives is not related to any major structural difference in~t~e
haem protein contacts since the chemical shift positions of the

o,

a and S

meso proton resonances at alkaline pH are the same in both derivatives.
They meso proton resonance, however, is found in oxy -fu upfield of its
position in C0Mb by 0 . 25 ppm.

In section 5 . 4.1 it was noted that in

COfu they meso proton is in close proximity to both his 64 and his 97.
Any alteration, therefore, in the position of one or both of these two
residues would affect the chemical shift position of the y meso proton
in oxy~lb compared with C0~1b.

In oxy11b, the pK values exhibited by the

meso haem proton resonances and the proximal histidine C-2 or C-4 proton
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resonance are all very similar to that of his 97 whose C-2 proton resonance has a pK value of 5 . 6 at 20°C (Parker 1980).
the distal histidine in oxyMb is 6.65 (Parker 1980).

The pK value of
Thus, the confor-

mational changes that are being witnessed by these protons are due to
the titration of his 97.
The pK value of 5.5-5.6 that is observed for these various
haem and near haem proton resonances in oxy~b is consistent with the
results from a variety of other physical studies.

The visible absorption

spectrum of sperm whale oxyMb is pH dependent with a pK value of 5 . 7 at
2°c (Fuchsman and Appleby 1979a) .

The EPR spectrum and the visible

absorption spectrum of cobaltous oxyMb at 20 °C both exhibit pH dependence
with pK values of 5.3 and 5.6 respectively (Ikeda-Saito et al . 1977).
The oxygen affinity of cobaltous myoglobin at 15°C was found to decrease
with decreasing pH with a pK value of 5 . 4, i . e . an acid Bohr effect
(Ikeda-Sai t o et al . 1977).
In this study of cobaltous myoglobin, however, the above pH
dependent phenomena were at t ributed to the protonation of the distal
histidine rather than to his 97.

The absence of such behaviour in

Glycera haemoglobin, in which the distal histidine is replaced by a
leucine residue, was postulated by Ikeda-Saito et al. (1977) as evidence
for these effects in myoglobin being due to the distal histidine .

Glycera haemoglobin, ho,vever, also does not have a histidine residue at
the same near haem position as his 97 in myoglobin (Padlan and Love 1974)
and , therefore, their results are not inconsistent with the assignment
of these effects to his 97 in myoglobin.

It was postulated by Ikeda-

Saito et al. (1977) that the decrease in oxygen affinity of myoglobin
observed at low pH was due to an increase in the oxygen dissociation
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rate constant.

This decrease resulted from a weakening of the hydrog en

bond between the distal histidine and the oxygen ligand due to protonation
at the N-1 position of the imidazole ring of the distal histidine.
Variations of the oxygen affinity of native sperm whale myoglobin at low
pH have been observed.

At 37°C and 0°C the oxygen affinity decreases

and increases respectively with decreasing pH while at 25°C there is no
change (La Mar et al . 1978).

Recently, it has been shown that the

oxygen association rate constant is independent of pH over a wide temperature range (Doster et al. 1982) and therefore any change in oxygen
affinity must be related to a change in oxyg en dissociation rate constant.
The NMR results of this study indicate that it is his 97 and
not the distal histidine that is titrating with a pK value of 5.6 and is
responsible for the observed changes in the various spectra of oxyMb.
The conformational changes associated with its titration affect the oxygen dissociation rate constant and result in an acid Bohr effect.
Additional evidence for the assignment of these effects to his
97 in myoglobin comes from the work of La Mar et al. (1978) in which
they observed changes with a pK value of 5.7 at 25°C of the hyperfine ~shifted resonances in the 1H 1 ~R spectrum of deoxyMb.

These shifts were

tentatively ascribed to the titration of his 97 and not to the distal
histidine because of the absence of a "link" in the form of a hydrogen
bond between the distal histidine and the haem group in deoxyMb.

Such

a "link" is present between his 97 and the propionic acid sidechain of
the haem group (see below).
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In soybean deoxy leghaemoglobin, however, Trewhella (1980)
observed no pH dependence of the hyperfine -shifted resonances.

Leghaemo-

globin does not have a comparable histidine to his 97 but does contain a
distal histidine.

Thus, as was observed for myoglobin, in leghaemoglobin

the absence of a "link" between the distal histidine and the haem group
causes no effect on the haem resonances due to its titration.
The titration of the distal histidine with a pK value of 6.65
has no effect on the visible absorption spectrum of oxy~b, the EPR spectrum of cobaltous oxyMb

or the oxygen affinity of myoglobin .

The pro-

tonation of the N-1 position of the imidazole ring of the distal histidine
does , however, cause the distal histidine to rearrange its position
because of the small titration shift that 1s observed for its C-2 proton
resonance (figure 4.29).

Any such rearrangement must result in some

realignment of the hydrogen bond between the oxygen ligand and the N-3
proton of the distal histidine .

In the 1H NMR spectrum of oxyMb, the

titration of the distal histidine, unlike its behaviour in COMb, does
not affect the upfield methyl resonance of val 68 (figure 5.17).

This

implies that either the sidechains of the two residues are further _aE~r!
in oxyMb compared with COMb and/or that the conformational changes
associated with the titration of the distal histidine are not as large 1n
oxy -lb as COMb .

The different chemical shift position of val 68 upfield

methyl resonance in both derivatives 1s consistent with the former postulation.

The presence of a hydrogen bond bet,veen the distal histidine

and the oxygen ligand in oxy1b and its absence in CQ1b would cause
greater constraint in ox~lb and therefore be consistent with the latter
postulation.

It is noted that motions in the relative positions of the

sidechains of these two residues have been implicated in the passage of
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oxygen and carbon monoxide ligands into and out of the haem pocket
(Case and Karplus 1979).

The question arises as to what structural or other differences
exist between the oxy and

carbon monoxy ligated states of myoglobin

to cause the haem and near haem proton resonances to exhibit such different pH variations.

In particular, why does his 97 have such differing

effects in the two derivatives?

These differences are also manifested

in the variation of the pH dependence of the ligand association and dissociation rate constants for oxyMb and COMb.

The association rate con-

stant for binding of carbon monoxide to myoglobin increases with decreasing
pH with a pK value of 5 . 7 at room temperature (Doster et al . 1982)
although, as discussed above, the association rate constant for oxygen
binding is independent of pH but the dissociation rate constant depends
on pH with a pK value of around 5.6 .

The dissociation rate constant has

not been measured for CQ~b although the pK value of 5 . 7 for the pH dependence of the association rate constant implies that it is linked to the
titration of his 97.
.

.

These differences must be related to structural differences - between the haem pockets of COAb and oxy lb which may arise from a couple
of factors.

Firstly, subtle changes in the orientation of his 97 relative
to the haem group would affect differently the electronic distribution
of the haem ring in the two derivatives.

The different chemical shifts

of they mesa proton resonance in oxyMb and CO lb are consistent with
this although it must be recalled that the distal histidine is also close
to they meso proton and any movement in its position also would affect
the chemical shift position of they meso proton resonance.

r
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Any change in the position of his 97 also may affect the
strength of the hydrogen bond between this residue and the propionic
acid sidechain.

The effect on the propion1c acid sidechain due to

deprotonation of the imidazole ring of his 97 would be greater in the
situation of a stronger hydrogen bond.

This is consistent with the cry-

stal structure coordinates of oxyMb (Phillips 1980) and COMb (Hanson and
Schoenborn 1981) which indicate that the distance from the N-3 imidazole
atom of his 97 to the carboxyl oxygen atoms of this prop1onic acid sidechain (at the 7 position on the haem ring) is about 0 . 4A less in oxyMb
than COMb (-3.3A compared with -3 . 7A).

Such a difference has been

noted by Phillips (1980) when he compared the X-ray crystal structures
of deoxyMb and oxyMb, and observed that when oxygen binds the carboxyl
group of propionic acid 7 rotates and there is a general overall movement
of the F helix towards the haem and the FG corner which affects the position of his 97.

X-ray crystal studies (Frauenfelder e t al . 1979;

Frauenfelder and Petsko 1980) and NMR studies (La Mar et al. 1981d)
indicate also that the proximal side of the haem group in this region 1s
quite flexible and therefore any differences between the structures of
oxyMb and CO 1b in this region could be accommodated by the molecu(e without any major structural rearrangements.
The stronger hydrogen bond in oxyMb than in COMb would cause
greater perturbations to the electronic structure of the haem ring in
oxyMb upon the protonation of his 97 at the N-1 position of its imidazole
ring.

Protonation at this position would cause the imidazole ring to

become positively charged and therefore experience an electrostatic
repulsion between it and the iron atom which would upset the hydro gen
bond between this imidazole and the propionic acid sidechain.

.

,.

From the

.....
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crystal structure coordinates, the iron atom is the same distance from
his 97 in oxyMb and COMb (6.6A and 5.2A to the C-2 and C-4 atoms in
oxyMb and 6.0A and 5.3A to the C-2 and C-4 atoms in C01b).

Therefore,

the magnitude of the effect of the electrostatic repulsion must be the
same in each derivative but the stronger hydrogen bonding interaction in
oxyMb would cause larger changes in the environment of his 97 and consequently affect the haem ring to the extent observed (i.e. the pH variation in the chemical shift positions of the mesa haem proton resonances).
Secondly, the different nature of the oxygen and carbon monoxide
ligands and their interactions with the distal haem amino acids must be
considered .

The haem pocket has evolved for the binding of oxygen.

The binding geometry of the iron-oxygen bond favours the bent end-on
geometry in model compounds and the myoglobin molecule (Phillips 1978,
1980) whereas the iron-carbon monoxide bond favours straight end-on
geometry (Peng and Ibers 1976).

In COMb, however, the carbon monoxide

ligand is forced to adopt a bent end-on type geometry because of steric
constraints of distal amino acid residues such as his 64, val 68 and phe
43 (Norvell et al. 1975; Hanson and Schoenborn 1981). __ The config~ration
~

-

-

of the ligands and the distal amino acid residues are such that a hydrogen bond is present between the distal histidine and the oxygen ligand
at all pH values (Yonetani et al. 1974;

Ikeda-Saito et al. 1977;

Phillips and Schoenborn 1981) and is absent in COMb ( orvell et al. 1975 ) .
The isolated oxygen molecule has no dipole moment but when
coordinated to the iron atom the resulting iron-oxygen bond is highly
dipolar (Chang and Traylor 1975).

The carbon monoxide molecule does

have a dipole moment although when bound to the iron atom the charge
separation is not as great as when oxygen is bound (Chang and Traylor 1975)
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due to the lack of charge transfer between the ligand and the iron (sec tion
1. 7).

Doster et al.

(1982) have postulated that the difference in the

charge separation of the t wo ligands is responsible for the observation
that the carbon monoxide association rate constant is pH dependent whereas
the oxygen association rate constant is pH independent.
Thus, some or all of these interactions could contribute to,
or be a result of, the different responses of the oxygen and carbon
monoxide ligated states to the conformational changes associated with
the titration of his 97.

In section 5.5 further evidence for these changes being due to
the titration of his 97 is presented.

In CNMb the hyperfine shifted

resonances from the haem protons near to his 97 respond to its titration.
No effect from the titration of the distal histidine is observed even
though this residue is hydrogen bonded to the cyanide ligand.

This

parallels the situation observed for the oxygen ligand in oxyMb.
5.4.3

Comparison of the ferrous oxy and carbon monoxy complexes
of myoglobin and leghaemoglobin
-

.

-

The mesa haem proton resonances 1n COLb sho~ no variation 1n
chemical shift position with pH (R.N. Johnson, J.H. Bradbury and C.A .
Appleby, unpublished results).

The comparable resonances in oxyLb,

however, show considerable movements with pH and exhibit a pK value of
-5.5 (Appleby et al . 1982a).

A plot of chemical shift versus pH for

these resonances is shown 1n figure 5.18.

The assignments of the mesa

haem proton resonances by selective deuteriation 1n oxyLb and COLb
(section 5.3) were confirmed by truncated driven nuclear Overhauser
effects (B. Mabbutt and P.E. Wright, unpublished results).

The meso

-
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Figure 5.18

The pH variation of the mesa haem proton resonances in the
1 H NMR spectrum of oxyLb at 25°C (from Appleby et al . 1982a).
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haem proton resonances in oxyLb all have much larger shifts wit1 pH
Whereas

c-o.5 ppm) compared with their counterparts in oxyMb (-0.1 ppm).

in oxy~b they and o meso proton resonances move upfield and the a and S
meso proton resonances move downfield with increasing pH, in oxyLb, the

o and B meso proton resonances move upfield and they and a meso proton
resonances move downfield with increasing pH .
Soybean leghaemoglobin contains only two histidines , the proximal
and the distal, and therefore has only one titrating histidine.

The

C-2 proton resonance of the distal histidine in COLb was located by
Johnson et al. (1978) at an extremely high field in the alkaline titration
limit .

This resonance shifted with a pK value of -4 . 1 and a titration

shift of 2 . 6 ppm to a normal unperturbed acid titration limiting chemical
shift position.

This large shift was attributed to the imidazole ring

moving away from the porphyrin plane upon protonation.

This movement 1s

large and considered to be greater than in COMb (Fuchsman and Appleby
1979a) .

The visible and infrared absorption spectra of COLb are also

pH dependent with pK values of 4.5 (Fuchsman and Appleby 1979a).

The

conformational changes associated ~ith the mo~ement of the distal histidine
-

are not observed by any of the meso haem proton resonances.

.. - --

Presumably

this is due to the different haem environments of COLb and COMb which
leads to a different orientation of the distal histidine in the two
proteins .
The situation 1n the oxy derivative of leghaemoglobin is, like
myoglobin, very different to that of the carbon monoxy derivative.

The

pK value of 5.5 that is observed for the pH variation of the mesa haem
proton resonances in oxyLb is the same as that observed for the pH
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dependence of the visible absorption spectrum of oxyLb (Fuchsman and
Appleby 1979a), the dissociation rate constant of oxygen from oxyLb
(Appleby et al . 1982a), the EPR and visible spectra of cobalt substituted
leghaemoglobin (Ikeda-Saito et al . 1981) and the oxygen dissociation
rate constant and oxygen affinity of this modified leghaemoglobin
(Ikeda-Saito et al. 1981).
attributed to the

These pH dependent phenomena have been

titration of the distal histidine.

Unfortunately,

it has not been possible to observe directly by 1 H NMR the titration of
the C-2 proton resonance of the distal histidine (Appleby et al . 1982a).
It is, however, proposed that the protonation of the imidazole ring of
the distal histidine causes a hydrogen bond to form (or to greatly
strengthen) with the oxygen ligand and the rate of dissociation of the
ligand is lo wered (Ikeda-Saito et al. 1981;

Appleby et al. 1982a).

This hydrogen bond is not present or is very weak at neutral pH, as judged
by the absence of a large effect on the EPR spectrum of cobalt oxyLb
upon replacement of H2 0 with D2 0 and the presence of a large effect at
acid pH values

(Iked~-Saito et al . 1981).

situation in oxyMb where the EPR data suggest

This 1s in contrast to the
that there is such an

interaction at all pH values (Yonetani et al. 1974).

Thus, in oxyLb

there is stronger interaction between the distal histidine and the oxygen
ligand at low pH whereas, in contrast, 1n COLb the distal histidine moves
away from the bound carbon monoxide.

The chemical shift positions at pH 7 .0 of the corresponding mesa
haem resonances in oxyLb are all found upfield of their position in COLb
with the greatest shift being approximately 0.6 ppm for the B mesa proton
resonance (see table 5.1).

This is in contrast to ox~fu and CO fu where

they mesa proton resonance was the only meso proton resonance to exhi it

29 0

a significant change.

The large upfield shift of the S meso proton

resonance in oxyLb could be due to the closer approach of the phenyl
group of nearby phe

44(CD1) and hence a greater degree of diamagnetic

shielding from this residue.

The upfield shifts of the other meso haem

proton resonances may also be due to the closer approach of nearby
haem amino acid residues such as tyr 138(Hl2) or the distal histidine
(Arutyunyan et al . 1980).

T~ese differences between the two leghaemo-

globin derivatives and the absence of such large differences in myoglobin
is further evidence for a much more flexible haem pocket in leghaemoglobin compared with myoglobin .
There is a marked difference in the chemical shift variation
of the meso haem proton resonances in oxyMb and oxyLb.

The larger

chemical shift changes and the different directions of these shifts
observed for these resonances in oxyLb compared with oxyMb implies
that different changes are occurring in the haem pocket of these two
proteins.

In oxyLb, the resonances corresponding to the mesa haem

protons that are directly opposite each other, i.e. the

o,

Sandy,

a pairs move in the same direction whereas in oxyMb , the resonances
. - ....
corresponding to the mesa haem protons that are next to each other, i.e.

the

o,

y and S, a pairs, move in the same direction.

These differences

must be related to the large variation in the oxygen affinities of myoglobin and leghaemoglobin at low pH.

The partial oxygen pressure at

half-saturation of cobalt substituted myoglobin at 15°C increases from
26 to 42 torr upon lowerin~ the pH from 7.0 to 4.8 i.e. the oxygen
affinity decreases in this pH range (Ikeda-Saito et al . 19 77) .

The

oxygen affinity of cobalt substituted leghaemoglobin, however, increases
about four-fold at l5°C and in a similar pH range (Ikeda-Saito et al .

....
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1981) and a similar result is obtained for native ferrous leghaemoglobin
(Appleby et al. 1982a).

In all cases the change in oxygen affinity is

due to changes in the oxygen dissociation rate constant (section 5.4.2).
The symmetric nature of the chemical shift movements of the meso haem
proton resonances in oxyLb would be consistent with conformational changes
associated with hydrogen bond formation between the bound oxygen and the
distal histidine as outlined above.

These interactions would be trans-

mitted via the centrally placed iron-oxygen bond to the porphyrin plane
and result in similar shifts with pH for the diagonally opposed resonances
of the o and S mesa protons and similarly for they and a meso proton
resonances.
In oxy1b it is postulated that the hydrogen bonding interaction
between the distal histidine and the oxygen ligand is not responsible
for the observed change in oxygen affinity at low pH.

Rather it is the

protonation of his 97 which causes an increase in the rate of dissociation of the oxygen ligand.

His 97 is asymmetrically placed underneath

the haem ring below pyrrole ring 4 and is hydrogen bonded to the carboxyl
group of the propionic acid at the 7 position on pyrroJe ring 1 of the
- .. - """
haem group (figure 5.1).

Pyrrole ring 1 is flanked by the methine bridges

which contain the o and y meso protons.

It is therefore conceivable that

these protons experience similar perturbations to their environment
because of the conformational changes associated with the protonation of
his 97.

The other two mesa protons (a and S) are affected by these

changes but experience an opposite effect which balances that observed
for the o and y meso proton resonances.

r
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These effects could be transferred via the propionic acid sidechain to the haem group and/or arise from a direct effect as a result of
the movement of his 97 associated with its titration.

The smaller

chemical shift changes observed for the meso proton resonances of oxyMb
compared with oxyLb are consistent with a more intimate association in
oxyLb between the oxygen ligand and the acid Bohr donating group (i.e.
the distRl histidine in oxyLb and his 97 in oxyMb) .

These cheraical

shift changes can be correlated with the change in oxygen dissociation
rate constant of oxy1b and oxyLb at low pH.

The magnitude of the

change in oxygen dissociation rate constant is approximately seven times
greater in oxyLb than oxyMb which compares favourably with an approximately
five - fold greater change in the chemical shift positions of the meso haem
proton resonances in oxyLb compared with oxyMb .
One of the pathways that effects may be transmitted to the iron
atom is via the four pyrrole nitrogen atoms (the so-calledcis-effect).
Altering the substituents at the 2 , 4

vinyl positions of the porphyrin

ring has marked effects on the ligand affinity of myoglobin (Antonini
and Brunori 1971) and the

13

c

NMR resonance of bound carbon monoxide in
-

COMb (Moon et al. 1977) .

..

- ......

These latter workers concluded that the major

interaction between the bound ligand and the porphyrin ring substituents
(e . g. a propionic acid sidechain) is that transmitted electronically
from substituent to ligand.

Thus changes at the periphery of the haem

can affect the bound ligand and result in changes in ligand affinity.
Appleby et al. (1982a) have suggested that a contribution to the
observed titration shifts of the meso haem proton resonances in oxyLb
may arise from a change in the puckering of the haem with formation of
the hydrogen bond from the distal histidine to the oxygen ligand, i.e.

.....

r
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a change in length and/or orientation of some or all of the iron to pyrrole
nitrogen bonds.

If these changes led to a shortening (i.e. strengthening)

of the iron to pyrrole nitrogen bonds then this would cause an increase
in the ligand field at the iron atom and contribute (along with the
strengthening or formation of a hydrogen bond between the oxygen ligand
and the distal histidine) to a decrease in the oxygen dissociation rate
at low pH (Irwin et al. 1981).

A similar situation could exist in oxyMb

with a change in the haem puckering as a result of the alteration of the
interaction between the carboxyl of the propionic acid at the 7 position
leading to a lengthening of iron to pyrrole nitrogen bonds and a corresponding increase in the dissociation rate constant of oxygen.

Resonance

Raman studies on oxyMb and oxyLb would help to determine whether any
differences exist between the strength of the iron to pyrrole nitrogen
bonds at low and neutral pH values.

Such studies have been undertaken

only at neutral pH (Armstrong et al. 1980;
5.5

Irwin et al. 1981).

ANALYSIS OF THE HYPERFINE SHIFTED RESONANCES I ~ THE
SPECTRUM OF SPERM WHALE FERRIC CYANO MYOGLOBIN
5.5.1

1H

NMR

The pH dependence of the hyperfine shifted resonances

Interactions between the nuclear spin of a particular proton
and the unpaired electrons of a paramagnetic iron atom result in a hyperfine shift for the resonance of - this proton (section 2.2).

Ferric cyano

myoglobin (CNMb) is a paramagnetic ferric low spin (S=½) species which
has one unpaired electron.

The electronic spin relaxation time is

relatively short for this electron and therefore well resolved, narrow
hyperfine shifted haem and near haem resonances are observed in CNMb.
Figure 5.19 is a 1 H NMR spectrum of sperm whale CNMb which shows that
a number of these resonances are observed outside of the normal diamagnetic
envelope.

With the advent of high field, cryogenic magnets in the late
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1960 1 s and early 1970's much effort was concentrated on the study and
assignment of these resonances in CNMb and other haem proteins (for a
review of some of this work see WCTthrich 1970).
The three methyl resonances (numbers 1, 2 and 5 at 28.0, 19.0
and 13.2 ppm in figure 5.19) have been unequivocally assigned by selective
deuteriation to the 5, 1 and 8 methyls respectively of the haem ring
Uiayer et al. 1974).

These assignments corrected thos e of Shulman et al

(1970b) which were based on perturbations to the chemical shift position
of the haem methyl resonances as a result of cyclopropane and xenon binding to a site near l-CH 3 on the proximal side of the haem group.

This

position of binding was determined from X-ray crystallographic studies
(Schoenborn 1967;

Schoenborn et al . 1965).

Assignments of the other

resolved hyperfine shifted resonances in CNMb have been proposed based
on comparisons with cyanoporphyrin iron (III) model compounds and CNMb
that had been reconstituted with modified haem groups at the 2 and 4
positions (Shulman et al . 1969b).

By this latter method, resonance

number 3 at 17.8 ppm in figure 5.19, corresponding to one of the vinyl
a-CH's in native CNMb (i.e. those at the 2 and 4 posi~ions of the haem
-

ring) was assigned.

..

·-

-

The small temperature dependence of this resonance

(WUthrich et al . 1968, 1970) is consistent with this resonance arising
from a vinyl a -CH (La Mar 1979).

The other assignments of Shulman

et al. (1969b) that had been based ·on comparisons between native CNMb and
model compounds are rather tenuous because of the large changes tha t are
observed, for example, in the chemical shift positions of the methyl
resonances in C tb compared with their corresponding positions in model
compounds.

The methyl shift pattern in C Mb (and that of other haem

protons of a particular type) is induced by asymmetric peripheral van der
Waals contacts between th e particular proton(s)

and nei ghbouring globin

....
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residues (La Mar 1979).
is observe<l at 18.0 ppm.

Another single proton resonance, number 4,
This resonance has been tentatively assigned

by La Mar et al . (1981d) to a proton of one of the propionic acid a -CH 2
groups .

In the upfield portion of the spectrum of CNMb (figure 5.19)
various other resonances are observed .

All these upfield resonances,

because of their large temperature dependence, have been shown to arise
from hyperfine shifted

resonances

(Wlithrich et al. 1968, 1970).

One

each of the cis and trans vinyl S-CH 2 resonances were assigned to the two
resonances at -1 . 8 and -2.8 ppm (numbers 15 and 16) by selective deuteriation
(La Mar et al . unpublished results cited in La Mar 1979).

The two reso-

nances at - 3 . 6 and - 4 . 0 ppm (numbers 17 and 18) each have an area corresponding to three protons and therefore they must arise from near haem
protons (Sheard et al . 1970) .

The single proton resonance at -10.1 ppm

(number 19) has been assigned by comparison with model compounds to one
of the mesa haem proton resonances (Shulman e t al. 1969b).

This assign-

ment is shown to be incorrect in the following section 5.5.2 and this
resonance probably belongs to the C- 2 proton of the proximal histidip~~
Figure 5.20 is a plot of the pH variation of these hyperfine
shifted resonances in sperm whale CNMb at 20°C.

The pH variation of

only the downfield resonances up to pH 9 and at 28 . 5°C had been previously
reported (Sheard et al . 1970) and the results of this study are in agreement with these workers in the pH range that they considered.

With the

known assig~~ents of these resonances it is possible to relate their
pH variation to structural change s in the vicinity of the haem group .
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Figure 5.20

The pH variation of the hyperfine shifted resonances in the
1 H NMR spectrum of sperm whale CNMb at 20°C .
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Most of the resonances that show pH dependence exhibit two
distinct pK values at high and low pH (figure 5 . 20) .
for the two shifts for all these resonances are 5.29
0. 18 .

The pK values
+

0.21 and 10.82

+

These shifts are either upfield or downfield with increasing pH .

The furthest downfield and upfield resonances (number 1 and 19) which
are assigned to the proton resonances of the 5-CH3 group of the haem ring
(Mayer et al . 1974) and to the proximal histidine C-2 proton (section
5. 5.2) exhibit large variation with pH in both the acid and alkaline
range .

Both resonances, in addition to these shifts, also show a small

inflection around pH 8.

Three inflections but of smaller magnitude,

are also observed for the resonance corresponding to the 8-CH 3 group of
the haem ring.
The resulting titration curves are very similar to those of a
number of hyperfine shifted resonances that are observed in the aromatic
region of the 1H NMR spectrum of CNMb (section 4 . 6).

Similar chemical

shift variations with pH are also observed for three broad resonances in
the aromatic region of the 13 c NMR spectrum of sperm whale, horse and
kangaroo CNMb (Wilbur and All rhand 1977a).

The small chemical shift
-

..

-

-

variation with temperature of these resonances suggest that they might
arise from haem vinyl carbon atoms.
It is of interest that the resonance corresponding to the l-CH 3
group of the haem ring, along with that of a vinyl a -CH (number 3) and
the resonance tentatively assigned to a propionic acid a-CH 2 proton
(number 4) all show little variation with pH.

An examination of the

structures of the haem rin g (figure 5.1), the environment of the haem
(figure 5.10) and a crystal structure model of metMb constructed from the
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coordinates of Watson (1969) reveals that the imidazole ring of his 97 is
almost immediately below and parallel to pyrrole ring 4 of the haem group.
This pyrrole ring contains the 5-CH3 group.

The propionic acid group

at the 7 position on pyrrole ring 1 of the haem group is hydrogen bonded
to his 97.

The 8-CH 3 group is also on this pyrrole ring.

It is also

noted that the distal histidine, his 64, is located about equidistant
from pyrrole rings 1 and 4 and near they meso proton.

Pyrrole ring 2

and 3, however, and their substituents l-CH3 and 3-CH3, respectively,
and the two vinyl groups are isolated from these two histidine residues.
The pK values of his 97 and 64 are 5.54 and 5.82 respectively
(section 4.5.2).

The similarity of the pK value of his 97 to that of

the low pH variation of the hyperfine shifted resonances that exhibit
such a shift suggests that these resonances are witnessing the conformational changes associated with the deprotonation of his 97.

The

large shift downfield with increasing pH for the 5-CH 3 resonance is consistent with the close proximity of this methyl group to his 97.

The

disruption of the hydrogen bonding interactions of his 97 and the carboxyl
group of propionic acid at position 7 would affect the magnetic environ-

ment of 8-CH3.

..

-

"'-

The smaller shift with pH of this resonance compared

with the S-CH3 resonance is consistent with this through bond effect .
The lack of pH variation of l-CH3 is consistent with its isolation from
his 97.

Unfortunately no resonance corresponding to 3-CH 3 on pyrrole

ring 3 has been located in sperm whale CN.-fu 1 ( 1ayer e t al. 1974) so it is
not possible to determine whether this methyl group shows any variation

1 This resonance has, however, been located at -12 ppm in horse C. 1b

(Morishima and Iizuka 1974, 1975) and at a similar position in porpoise and harbor seal C 1b (Wuthrich e t al. 1970).
The two resonances of less than three protons in area at this position in s perm
whale CN lb have been suggested by these workers as both arising from
this missing haem methyl that is restricted in its rotation.
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with pH.

The pH variation of the c1s and trans vinyl S-CH 2 resonances

in the upfield portion of the spectrum implies that they arise from a
vinyl group that is also witnessing these changes.

The

vinyl group

at the 4 position of pyrrole ring 3 is folded back onto the proximal
side of the haem group whereas the 2-vinyl on pyrrole ring 2 is found
on the distal side of the haem (figure 5.10).
pyrrole ring 2 (l-CH3) shows no variation

The methyl group on

of chemical shift with pH.

Thus, these vinyl S-CH 2 resonances most likely arise from the vinyl group
at the 4 position.

Similarly, the propionic acid a-CH 2 resonance (num-

ber 4) which shows only a small variation in chemical shift with pH must
arise from the propionate at the 6 position.

This group is located on

the distal side of the haem, well away from his 97 and is hydrogen bonded
to arg

45(CD3) 1n metMb (Takano 1977a) (see figure 5.10) .
The pH variation of the proximal histidine C-2 proton resonance

(number 19) at low pH in CN4b is similar to 'that observed in oxyMb and
C01b although the magnitude of the shift 1n CNMb is larger than in the
ferrous derivatives .

Thus, in this ferric derivative, the conformational

changes associated with the d~protonation of near~y his 97 are also witnessed by the proximal histidine.
The resonances that show chemical shift variation at low pH
also exhibit another large shift at high pH (figure 5.20).
This movement is not observed, apart from resonance number 12, for
any resonance whose position did not vary at low pH .

The

conformational changes that are responsible for these pH variations are
therefore concentrated in the vicinity of his 97 and the proximal histidince with the largest movements again being observed for the S-CH 3
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resonance and the proximal histidine C-2 proton resonance (figure 5.20).
The pK value of -10 . 8 is intermediate between the two pK values that are
observed, by

13

c

NMR, for tyr

103(G4) in CNMb (Wilbur and Allerhand

Tyr 103 in myoglobin is reasonably close to the proximal side

1976).

of the haem pocket and it is possible that the deprotonation of the phenolic hydroxyl of tyr 103 causes structural rearrangements that are sensed
by protons of the nearby haem group and those of the proximal residues.
The

13

c

NMR results of Wilbur and Allerhand (1977a) argue against this

possibility.

In all three myoglobin species, i.e. sperm whale, horse

and kangaroo C~Mb, these movements are observed at high pH for the haem
carbon resonances discussed above .

In kangaroo myoglobin, tyr 103 is

replaced by a phenylalanine residue which is incapable of titrating.
The shifts at high pH in kangaroo CNMb, and presumably the other CNMb
species, t herefore must arise from localised conformational changes .
Similarly , the movements observed at high pH in the chemical shifts of
the proton resonances of sperm whale CNMb must also arise from these
effects .

One possibility is that these changes result from deprotonation

of the N-1 proton of the proximal histidine and the subsequent structural
rearrangementsthat are associated - with the rupture of the hydrogen - bend
between this proton and the carbonyl oxyge~ of leu 89(F4) .

Such a

mechanism was also postulated for the observed unusual alkaline pH variation of the C-2 proton resonance of the proximal histidine in sperm whale
oxyMb and CO~fu (section 5.4).

The relationship between the strength

of this hydrogen bond and the oxidation state of the iron in haem proteins
has been discussed by Valentine et al . (1979).
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As discussed above, the two upfield hyperfine shifted resonances
(numbers 17 and 18 ) arise from globin methyl resonances.

Their similar

pH variation implies that both these resonances are witnessing th e same
structural rearrangements and are in close proximity to each other.

Also,

their corresponding protons must be on the proximal side and near to the
haem group.

These properties are consistent with these resonances aris-

ing from the two methyl groups of leu 89(F4).

These methyl groups are

two of the hydrophobic groups that form part of the hydrophobic "lining"
of the haem pocket and, from the crystal structure, they are found to
be pointing towards the haem group (Watson 1969).
Studies on the pH dependence of the haem bound

c15N-

resonance

in horse CNMb (Morishima and Inubushi 1977, 1978) have shown a similar
profile to that observ ed for the hyperfine shifted resonances in the 1 H

NMR spectrum.

A significant downfield shift upon increasing the pH

from 5 to 7 was observed for this resonance and was attributed by these
workers to the protonation of the distal histidine and the enhancement of
the hydrogen bond between this residue and the cyanide ligand.

A shift

in the opposite direction between . pH 7 and 9 _was also observed and this
-

-

-

-

was ascribed tentatively to the conformational changes associated with
the titration of his 36 (Morishima and Inubushi 1977, 1978).

The similar

small inflection in this pH range that is observed for some of the hyperfine shifted proton resonances in CNMb (see above) may also be due to
these changes.

The titration of the N-terminal residue, however, must

also be considered as a candidate for this shift (see section 4.9.4).
A further shift in the

15 N

cyanide resonance above pH 9 was also obs erved

and these workers assigned this movement to the conformational changes
associated with the ionisation of tyr 103.

L

.......
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1H N IR studies of the hyperfine shifted resonances of ferric

cyano leghaemoglobin (CNLb) by Trewhella and Wright (1980) and La Mar

et al . (1981c) provide a means of studying the differences between the
haem pockets of legha emoglobin and myoglobin.

The assignments of the

two observable haem methyl resonances in CNLb by selective deuteriation
(La Mar et al . 1981c) have shown that the order of these resonances is
the same as in CNMb i.e. the 5-CH 3 resonance is downfield of the l-CH 3
resonance.

There is, however, an overall upfield bias for the hyperfine

shifted resonances in CNLb compared with CNMb and this means that in
CNLb the 8-CH 3 resonance, which is observed at

-13 ppm in CNMb, resonates

somewhere in the diamagnetic envelope and is therefore not readily observed.

This upfield bias in CNLb also causes an upfield shift of the

downfield 2-vinyl a-CH and 6-propionic acid a -CH2 resonances compared
with their positions in CNMb (La Mar et al . 19 81c).

In the upfield

region of the spectrum this upfield shift means that the two resonances
belonging to cis and trans 2-vinyl S-CH 2 are clearly observable.

The

assignment of the 6-propionic acid a -CH 2 resonances to these downfield
resonances in CNLb is consistent with the tentative assignments of the
observed propionic acid a-CH2 resonance in CNMb (see above).

-

~

·-

~

These dif-

ferences between the hyperfine shifted resonances of C Mb and CNLb have
led to two alternative suggestions as to their origin.

Trewhella and

Wright (1980) proposed that these differences are a result of a stronger
axial ligand field in CNLb compared with C ~b, whereas La Mar et al . (19 81c)
.suggested that they are a result of an increase in axial magnet anisotropy in CNLb.
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The other difference between the hyperfine shifted resonances
of CNMb and CNLb is in their nH variation .
.L

In C Lb and for the hyper-

fine shifted resonances of other ferric leghaemoglobin complexes, the
6-propionic acid a-CH 2 resonances show large pH variations with a pK value of
5 . 0 in CNLb (Trewhella and Wright 1980) .

These shifts were attributed

to the protonation of the carboxyl group of the 6~propionic acid at acid
pH .

The 6-propionic acid 1n leghaemoglobin, unlike its counterpart in

myoglobin, 1s not tied up 1n any hydrogen bonding interactions, is accessible to solvent and therefore free to titrate at acid pH.

Some other

hyperfine shifted resonances inf erric 1 eghaemoglobin complexes al so witness this protonation but to a much lesser extent .

In CNLb, some of

these resonances also undergo shifts with pK values of approximately 6.
These shifts were attributed to the deprotonation of the distal histidine
which disrupts the hydrogen bond between its imidazole and the cyanide
ligand (Trewhella and Wright 1980).

The above differences between the

hyperfine shifted resonanc e s of CNMb and CNLb are further evidence for
the major structural differences that exist between the haem pockets of
the two proteins.

Most importantly, a comparison between the conformat-

ional changes with pH that occur in the haem pocket of-- the cyano- der±-- -vati ves of these two proteins, reveals that in CNMb (as was observed for
oxyMb) , when there is a hydrogen bonding interaction between the distal
histidine and the ligand, no effect is observed on the haem resonances due
to

the titration of the distal histidine.

This 1s in contrast to

leghaemoglobin where a distinct effect is observed in both CNLb and
oxyLb .
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5.5.2

1H

MR studies of sperm whale ferric cyano myoglobin
that had been reconstituted with haem selectively
deuteriated at the meso positions

In the 1 H NMR spectrum of CNMb a broad single proton resonance
is observed well upfield of the main envelope of protein resonances
near

This resonance exhibits a large

-10 ppm at 20°C (figure 5.19).

chemical shift variation with temperature (Wuthrich et al. 1970) and pH
(figure 5.20).

This resonance along with three others

near

-2 ppm

were assigned to the meso haem protons by a comparison with the 1H MR
spectrum of the cyanide complex of ferric protoporphyrin IX (Shulman

et al . 1969b, WUthrich et al. 1969).

In this model compound, the four

meso haem proton resonances are observed in the region from
ppm (WUthrich et al . 1969).

-+2

to -2

No resonance was observed in the region

above -4 ppm although the haem methyl resonances are spread over a much
larger chemical shift in CNMb than in this model compound.

It is

possible, therefore, that the meso haem proton resonances in CNMb experience similar perturbations to their chemical shift positions as a result
of incorporation into the globin and that the resonance observed at
very high field in CNMb belongs to . a meso haem proton~

To investigate

- --

~

this possibility a sample of CNMb which had been reconstituted with haem
selectively deuteriated at the meso haem positions was prepared.
Figure 5.21 shows the upfield portion of the 1H NMR spectrum of
native CNMb and C Mb which had been reconstituted with isotopically substituted haem.

No reduction in area of the upfield proton resonance

(number 19) was observed in the latter spectrum which implies that this
resonance does not belong to a meso haem proton.

Selective deuteri-

ation at the meso haem positions also causes complete deuteriation at
the vinyl B-CH 2 positions (section 5.3) .

-

Resonance number 15 wa s absent
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b

a

I

I

16

0

Figure 5 . 21

-2

I

I

-B

-

2

- 1!.:

PPM

The upfield portion of the 1H t!R spectrum at pH 8 . 13 and
20°C of (a) native sperm ¼hale CN~b and (b) sperm whale
CNdb that had been recon~tituted with [ a , 3 ,y, c5 -( 2 H;u] haemin.
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in the reconstituted C. Mb spectrum which confirms the assignment of this
resonance to a vinyl B-CH 2 (cis) (La Mar et al . unpublished results cited
in La

Mar 1979).

Reduction in area of resonance number 16 was noted

which implies that this resonance consists of two protons, one of which
corresponds to the vinyl B-CH 2 (trans).
agreement with La Mar (1979).

This assignment is also in

In the spectrum of reconstituted CNMb

it was not possible, due to a · large amount of spectral crowding, to
draw any conclusions as to the reduction in area of resonances around
0 ppm, i.e. in the spectral region in which the mesa haem proton resonances would be expected to occur.
The upfield resonance at --10 ppm (number 19) must arise from
a haem single proton or a near haem proton.

The possible remaining

haem single proton resonances are those of the two vinyl a-CH and the
propionic acid a-CH 2 and B-CH2,

These resonances in ferric cyano proto-

porphyrin IX are found downfield of the meso haem proton resonances
(WUthrich et al. 1969) and therefore, if this upfield resonance in CNMb
did arise from any of these haem groups then they would have to experience extremely large upfield shifts from their positiq~s

in the model

complex (e.g. in the case of the vinyl a-CH, a shift of over 20 ppm would
be required).

It is therefore unlikely that this resonance belongs to

a haem proton and it must be concluded that it arises from a proton of
the globin itself.
The proximal histidine protons are the most likely candidates
and , in fact, the 1H MR spectrum of synthetic ferric porphyrins in which
both axial ligands areimidazole
resonate at

indicates that the imidazole C-2 protons

- -1 0 ppm (La Mar et al . 1976;

Satterlee and La 1~ar 1976).

r
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The C-4 proton resonance 1s found in the diamagnetic envelope around
10 ppm.

La Mar and his co-workers used temperatures as low as -6 0°C

1n order to overcome problems of broadening due to aggregation of these
porphyrins.

These problems, of course, do not exist for the correspond-

ing resonances in the protein.

Their argument that the proximal histi-

dine resonances 1n CNMb are too broad to be detected because of this
large linewidth in the model compounds is therefore not applicable.

The

broad nature of the C-2 proton resonance in these model compounds is
consistent with the broad resonance observed 1n a similar position in
CNMb and this resonance 1n CNMb 1s therefore assigned to the proximal
histidine C-2 proton.
Further confirmation of this assignment 1s obtained from the
1

H NMR spectrum of imidazole ferric myoglobin in which the C-2 proton

resonance of the bound

lig and 1s observed as a broad resonance in the

upfield region of the spectrum at around -8 ppm (Morishima et al . 1980).
5.6

ANALYSIS OF THE HYPERFI E- SHIFTED RESONANCES IN THE 1H NMR
SPECTRUM OF SPERM \"/HALE Iv1ET· MYOGLOBIN
1H

NMR studies of th e hyperfine shifted resonances of .paramag-

netic high spin metMb have not received as much attention as those of
the low spin cyano derivative.

These resonances in metMb have much

greater linewidths than in CN1b but also exhibit larger hyperfine shifts
and it would be anticipat ed therefore that more haem resonanc es wou l d
be observed in metMb than C Mb.

The published NMR spectra of the hyper-

fine shifted resonances of met1lb indicate that this is so with many
1

resonances with large linewidths,

including the four haem methyl reso-

nances, being resolved in the region from 100 to -10 ppm (Kurland et al .
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1968;

Iizuka et al. 1976;

La 1ar et al. 1980a).

similar large shift

1s observed in H20 for the N-1 proton resonance of the proximal histidine
1n metMb (La Mar and de Ropp 1979) and deoxy 1b (La Mar et al. 1977).

The

linewidths of hyperfine shifted resonances of high spin paramagnetic haem
proteins (e.g. met 1b and deoxyMb) have been shown to exhibit large dependence on both temperature and magnetic field (Gueron 1975;
1975;

Wuthrich et al .

Johnson et al. 1977).
Reconstitution of metMb with various specifically deuteriated

haems has led to the resolution of 17 and the unambiguous assignment of
12 of the 22 possible haem resonances (La Mar et al. 1980a).

In addition,

5 other haem resonances are tentatively assigned and two broad upfield
resonances are assigned to the methyl groups of val 68 (La Mar et al .
1980a).

Figure 5.22 is a spectrum

of the hyperfine shifted resonances

of sperm whale metMb and their chemical shift variation with pH is given
1n figure 5.23.

The assignments of these resonances given in these

figures are those of La Mar et al.

(1980a).

From figure 5.23 it i~ observed that all these resonances
exhibit shifts with pH below pH 5. 5 and above . pH 8.
ations are upfield with increasing pH

·These high pH -v a-ri-

for the downfield resonances and

downfield with increasing pH for the upfield resonances,i.e. in the direction of smaller hyperfine shifts .

The resonances also broaden out at

these pH values with the onset of their movement and above pH-9 they
become impossible to follow.

. ew resonances, however, appear above

pH- 10.5 for the downfield resonances at higher field in the re gion from
10 to 45 ppm.

These observations are consistent with a conversion from

the mostly high spin

aqua li gated state to the lower spin hydroxy li gated

state (the haemic acid dissociation).

In sper1:1 whale met:'EJ this has a pK
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value of 8.9 in HzO and 9.1 in D20 (Iizuka and Morishima 1975).

No smooth

transition is observed between the chemical shift positions for the
corresponding hyperfine shifted resonances in the aquo
ligated states.

and hydroxy

The appearance of "new" resonances to high field above

pH 10. 5 in metMb corresponds to the posit ion of the assigned haem methyl
resonances in hydroxyMb

(La Mar et al. 198Gb).

Therefore, an inter-

mediate rate of exchange, on the NMR timescale, must exist between the
two states which results in exchange broadening of these resonances.
The spectrum of ferric met leghaemoglobin (metLb) at neutral pH
exhibits much broader hyperfine shifted resonances compared with those
observed in metMb at ' the same pH (Wright and Appleby 197 7) .

These workers

attributed this broadening to an intermediate rate of exchange, on the
NMR timescale, between the high and low spin states of metLb.

The

rate

of exchange was estimated to be approximately 10 5s- 1 for a proton
resonati ng at 90 ppm in the high spin state and at 20 ppm in the low spin
state.

A similar rate would be expected for the conversion between the

aqua

and hydroxy ligated states in metMb in the pH region between 8 and

10.

The spin-state changes in hydroxyMb are rapid as judged by the

appearance of resolvable hyperfine shifted resonances in the 1H NMR
spectrum of alkaline metMb .

It has been reported that the sum of the

forward and reverse rate constants for the conversion between the two
spin states in hydroxy1fu has an upper limit of

about 10 10 s- 1 (Beattie

and West 1974).
The broadening observed for the haem resonances of sperm whale
metMb for the haemic acid dissociation is in marked contrast to that
observed for the same process in horse met \fb (Iizuka and 1orishima 1975;

---
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Iizuka et al . 1976).

In horse rnet~lli these hyperfine shifted resonances

are readily observed throughout the pH range from 8 to 10.5 and their
upfield shifts with increasing pH in this pH range can be easily followed
(Iizuka et al . 1976).

Thus in horse metMb in this pH range, the rate

of exchange between the acid and alkaline forms is fast on the
scale and a sharper average resonance is observed.

MR time-

The limiting chemical

shift positions for the hyperfine shifted resonances of the acid and
alkaline forms of sperm whale and horse met~lli are very similar.

The

sharper resonances that are observed in horse met lli must therefore arise
from a faster rate of exchange between the aqua
states in this species.
and hence
metMb.

and hydroxy coordinated

This may be related to differences in structure

accessibility of the haem pockets of horse and sperm whale
Such differences have been noted in the ferrous carbon monoxy

complexes of these two myoglobins (section 5.4.1).

These conclusions

must, however, be treated with caution because the studies of Iizuka and
Morishima (1975) and Iizuka et al. (1976) were undertaken in phosphate
buffer at 20°C whereas those reported here were in O.lM NaCl at 20°C.
It has been demonstrated that the presence of buffer increases the rate
of deprotonation of histidine residues (Campbell et al . 1974;

et al.1980 and section 4.7.2).

-

... -

......

Sudmeier

The transition between the acid and

alkaline forms of metMb is generally attributed to the ionisation of the
water ligand (Brunori et al . 1968) and therefore the acceleration of this
rate in the presence of phosphate buffer must be considered as a possi_bility . NMR studies of the haemic acid dissociation of sperm whale metMb
1n the presence of phosphate buffer would clarify this point.

-
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The shifts observed for the hyperfine shifted resonances of
sperm whale metMb below pH 5.5 may be due to the conformational changes
associated with th e titration of a nearby residue or possibly the conformational changes associated with the onset of acid denaturation.

As

discussed previously, the two near haem histidine residues, his 64 and
97, are the possible candidates for the 1on1s1ng residue.

The shifts

with pH, however, for metfu are not localised to one specific haem
resonance as was observed for CNMb.

Nor does one particular resonance

in metMb show a much larger shift than any of the others,e . g. 5-CH 3
resonance

1n CNMb exhibited a much greater shift than any other haem

methyl resonance.

Thus it is not possible to state that these changes

result from the titration of his 97 or his 64, or both of them, or that
they arise from the changes associated with acid denaturation.
The lack of large movements with pH at acid pH for the two
haem propionic acid a-CH 2 and S-CH 2 resonances in rnetMb implies that
neither of their carboxyl groups titrates in this pH range.

This is

further evidence for the postulation that the movements with pH observed
for haem and near haem resonances in both ferric and ferrous derivatives
of myoglobin do not arise from the titration of the propionic acid carboxyl groups but are due to the titration of either his 97 or his 64.
The two upfield resonances, assigned to the methyl groups of
val 68 1n metMb (La ~ar et al . 1980a), do not broaden with increasing pH
to the extent that is observed for haem resonances.

This observation is

consistent with them arising from non-haem protons.

Their large upfield

shift with increasing pH (figure 5.23) as the water li gand is replaced by a
hydroxide ligand, i.e. there is a change to a lower spin species, implies th at
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in the purely low spin CNMb species val 68 methyl resonances will be
found in the main protein envelope.

Thus, the two well -resolv ed methyl

globin resonances in CNMb (numbers 17 and 18) are unlikely to arise
from val 68 and their assignment to leu 89 is consistent with this
observation.
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CO CLUDING REMARKS
The results and conclusions presented in this thesis -have
given an insight into the structure and function of the myoglobin molecule.
The assignment of the histidine C-2 and C-4 proton resonances and other
aromatic resonances in the 1 H NMR spectrum of the ferric met, hydroxy
and cyano derivatives (Chapter 4) has enabled the examination of the
effects that changes in ligation have on sites throughout the protein
molecule .

Changes in ligation and spin state are the cause of effects

in regions far removed (e.g. the GH corner) from the haem site.

The

unusual behaviour of his 36 C- 2 and C-4 proton resonances has been rationalised on the basis of conformational changes that occur in this region
upon deprotonation of the imidazole ring.
The ferrous deoxy, carbon monoxy and oxy complexes have also
been examined .

The surface histidine C-2 and C-4 proton resonances are

observed to undergo little variation in their titration characteristics
between the various ferrous derivatives which is in contrast to the situation in the ferric derivatives where differences were -observed:

- His . . .36

in the ferrous derivatives is the exception and undergoes a significant
change in pK value between the high spin deoxy and the low spin carbon
monoxy and oxy derivatives.

This change has been related to a confor-

mational rearrangement in this region of the molecule.

The similarities

of this rearrangement to those observed for his 146 B in the transition
from deoxyHb to oxyHb and its relation to the alkaline Bohr effect in
haemoglobin have been noted.

The two near haem histidine C-2 and C-4

proton resonances of his 64 and 97 were observed in the diamagnetic oxy

-
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and carbon monoxy derivatives.

His 97 exhibits a similar pK value of

-5 . 7 in both derivatives whereas his 64 has a pK value of 6.65 in oxyMb
(Parker 1980) and 4.5 in COMb.

This large difference was attributed to

the presence of a hydrogen bond between the distal histidine and the
ligand in oxyMb and its absence in COMb.
The assignment of the meso haem proton resonances in the oxy
and carbon monoxy complexes of sperm whale myoglobin by selective deuteriation, along with resonances belonging to the near haem residues of
val 68, his 93 (the proximal histidine), his 64 (the distal histidine)
and his 97 has enabled the observed pH variation of these resonances to
be explained on the basis of conformational changes associ-ated with the
titration of either his 64 or 97 (Chapter 5) .

Most importantly, the pH

variation of the meso haem proton resonances 1n oxyMb has been related
to the titration of his 97 which is hydrogen bonded to the prop1on1c acid
sidechain at position 7 of the haem ring.
for the small acid Bohr effect in myoglobin.

Thus, his 97 is responsible
In COMb, they meso haem

proton resonance is the only one of these resonances to move with pll and
this has been related to the titr~tion of nea~by his 64 and 97.

The
-

..

- .....

reasons for the lack of a generalised effect in the haem pocket of CQ~b
due to the titration of his 97, as is observed for oxyMb , is related to
the differences between the haem pockets of the two derivatives.
The meso haem proton resonances of the oxy and carbon monoxy
derivatives of soybean legha emog lobin have been similarly assigned by
selective deuteriation.

Comparisons between myoglobin and soybean

leghaemoglobin have revealed a larger pH dependence of th e meso haem
resonances in oxyLb compared with oxy~tb which is related to the larger

...

r
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acid Bohr effect in leghaemoglobin.

The acid Bohr erfect in leghae-

moglobin has been ascribed as being due to the titration of the distal
histidine with a pK value of -5.5 (Appleby et al. 1982a).
The low pH variation of some of the hyperfine shifted resonances
of ferric cyano myoglobin have been related to the titration of his 97
with a pK value of -5.5 .

Resonances from protons that are near to his

97, e.g. from haem 5- CH3 and the proximal histidine C-2 proton, are affected
to the greatest extent whereas resonances from protons distant from his
97 (e.g . haem l - CH 3) are not affected .

This is further confirmation that

the pK value of his 97 is in this range in CO~b and ox~lb.

The hyperfine

shifted resonances of sperm whale metMb broaden out and disappear with
the conversion from the aqua to the hydroxy ligated state.
broadening is

This

due to an intermediate rate of exchange between the two

ligated forms in this pH region.

-
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