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PREFACE

This thesis documents a few structural and functional
properties of normal adult human hemoglobin and of cow and
buffalo hemoglobins. Both cow and buffalo hemoglobins have
been chosen with an object of uniquely categorizing the
bovine group with regard to conformational and functional
allostery of hemoglobins. Human hemoglobin, an extensively
studied system and which represents the group of
intrinsically high oxygen affinity hemoglobin, has been
chosen as a standard to compare and contrast the
experimental results on bovine hemoglobins. Primary
structural data on buffalo hemoglobin remained unavailable
since the writing of this thesis began. Nevertheless, amino
acid sequence of cow or ox hemoglobin has been used to
discuss the results on the basis of phylogenetic relatedness
of cow and buffalo.

The thesis consists of four chapters and two
appendices. Chapter 1 concisely describes the mammalian
hemoglobin tetramer and warrants the objective of this work.
Chapters 2 and 3 deal with structural and conformational
analyses of the three hemoglobins. In Chapter 4 detailed
functional studies are presented.

Each chapter has been prepared to include an
introductory section followed by materials and methods,
results and discussion. The introductory section presents a
brief review of past work on the subject of that chapter.
Materials and methods have been described specifically. Data
and figures are briefed in the section ‘Results’. Findings,
both consistent and contradictory, are presented in detail



under the discussion section. Each chapter carries a list of
references cited therein.

A summary of critical roles played by the distal
histidine (His E7) in structural and functional properties
of hemoglobin is presented in Appendix I. This appendix also
highlights the current application of ultrafast spectroscopy
and expression of globin genes in E.coli. Finally, Appendix
II details the electrophoretic methods.
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A NOTE ON NOMENCLATURE

Three-lettered abbreviations for amino acids have
been used throughout, except in Figures 1.4 and 1.5 where
amino acid sequences are shown using standard one-lettered
form.

The position of an amino acid in the sequence is
identified with the segment to which it belongs. For
example, HisF8 stands for the histidine at the 8th position
of F-helix. Similarly, PheCD1l identifies phenylalanine as
the first residue of CD corner.

o or B preceds or follows an amino acid to indicate
the subunit which the residue belongs to. For instance,
aHisF8 indicates that the histidine belongs to a subunit.
Likewise, MetNA2B would identify the methionine residue at
the second position of N-terminal nonhelical segment of B
subunit. This mode of designation of a residue, however, has
not been strictly maintained. In many places words have been
used. Thus, MetNA2B could also be written as MetNA2 of B
subunit.

Abnormal hemoglobins have been mentioned either
through words or by arrows to indicate the amino acid
replacements, for example, Hb Hammersmith (fPheC7 —> Ser).
This means, in Hemoglobin Hammersmith, the PheC7 of B
subunits has been replaced by a serine.

Besides, the following short forms have been used
in quite a few places:

-k o



Short form

HbO,
deoxyHb
NOHD

COHb
CNHb
AgHb
HbA

HbC
Hb-A and Hb-B

HbB

-do
—hdo

stands for

oxyhemoglobin
deoxyhemoglobin

nitrosyl complex of
hemoglobin
carbonmonoxyhemoglobin
cyanomet derivative
aqueomet form of hemoglobin
normal adult human
hemoglobin

cow hemoglobin

the two phenotypes of cow
hemoglobin

buffalo hemoglobin

Otherwise indicated, usual convention and notations

have been followed throughout.



CHAPTER 1

INTRODUCTION AND OBJECTIVE

1.1. HEMOGILOBIN OF MAMMAILS

The mammalian hemoglobin (MW=64,500) is a tetrameric
respiratory protein of red blood cells composed of four
subunits, namely a,, oy, B; and B,. Each subunit consists of
a polypeptide chain and a heme group. The heme complex in
hemoglobin is iron protoporphyrin IX, illustrated in Figure
1.1. The a and B polypeptide chains normally contain 141 and
146 amino acids, respectively. The sequences are different
in the two chains. There are eight helical sections labeled
A through H in the B chain. The D-helix is absent in the «
chains (see Figure 1.4). Some of the helical stretches are
separated by nonhelical regions, while there are no
intervening nonhelical 1links between other helices. Each
chain also carries short nonhelical stretches at the N and C
termini.

The heme establishes a major contact with the
polypeptide chain by means of a covalent bond between the
coordination site 5 of the heme iron and the N, nitrogen on
the imidazole group of a histidine residue called proximal
or heme-linked histidine, which is the eighth residue of the
F-helix (HisF8). The heme is also in van der Waals contact
with another histidine (HisE7) on the distal side (Figure
1.2). Furthermore, eighteen other amino acid side chains,



COo0 Ccoo0~

Figure 1.1. Ferrous protoporphyrin IX is the heme chromophore

in hemoglobin. This isomer of protoporphyrin has four

methyls, two vinyls and two propionates as side chain
constituents.



Figure 1.2. The heme group with surrounding residues of f
chains of horse aqueomethemoglobin. The residues belong to
the CD corner and E- and F helices. This stick diagram,
which depicts the compactness of the heme pocket and some of
the contacts between the heme and globin, has been
reproduced after modification from Dr. Max Perutz’s Croonian
Lecture of 1968 (see ref. 15). For specific positions of Phe
CD1, ValEll, HisE7 and HisF8, see Figure 1 of Appendix I.



most of which are nonpolar, make contacts with the hemne.
There is a hydrogen bond bridging the propionate side chain
of the heme porphyrin with the side chains of HisCD3 of «
subunits and LysE10 of B subunits (1-3).

The four subunits of the hemoglobin molecule are
packed tetrahedrally by intersubunit nonpolar interactions,
salt bridges and hydrogen bonds. The final shape of the
tetramer is approximately spherical.

The heme ligands, also called homotropic ligands,
bind at the sixth coordination position of the iron which is
either in ferric or in ferrous state. Depending upon the
ligand field splitting, each valency state may assume high
spin or 1low spin state. Oxygen, carbonmonoxide, nitric
oxide, alkylisocyanides, and nitrosoaromatic compounds form
ferrous derivatives while H,0, OH", F , and N3  complexes
are ferric derivatives of the heme. Except deoxyhemoglobin
(deoxyHb), in which the ferrous heme iron 1is five-
coordinated, all other derivatives of hemoglobin are six-
coordinated. Oxygen, the physiological heme ligand, combines
reversibly with heme iron to form dioxygen complex. During
this process, the high spin ferrous iron goes to low spin
configuration with the same valency. The reaction of
hemoglobin with oxygen is cooperative with 3.6 kcal/mol per
heme as the free energy of cooperativity. The cooperative
behavior is manifested in a sigmoid equilibrium curve for
the reaction of hemoglobin with oxygen.

At the root of cooperative effect lies a structural
concept, namely, an equilibrium between two different
structures of the hemoglobin molecule, the R (relaxed) and T
(tense) structures. The oxygen affinity of R form is larger
than that of T. Their respective association constants with
oxygen are Kp and Kyp. For R<——T, the equilibrium constant
L=T/R (scheme 1.1).



R(deoxy) ——— T (deoxy)

Kr Kp
Ly,
Ry (OXY) ——u Ty(0xYy)

X
Xy
Ly = L{— where x=1,2,3,4
K
R

Scheme 1.1

Structural arrangements of the four subunits are
different in R and T forms. In traditional nomenclature, the
relaxed and tense forms of the individual subunits (i.e.,
tertiary structure) are labelled by r and t, respectively.
The R—— T transition is associated with a rotation of the
aiB8; dimer relative to the ayB, dimer by 12-15° c.and a
translation of one dimer relative to the other by 0.8 A (1).
During this transition, the contacts «;8; and a,B, remain
rigid; however, the dimers move relative to each other at
1By, a5Bq, @i, and B1B, contacts.

The allosteric or heterotropic 1ligands, namely, HY,
CO,, Cl~, and organic phosphates lower the oxygen affinity
of hemoglobin significantly. More precisely, Ky varies as a
function of all of these effectors, while execpt [H+] the
other three ligands do not have much effect on Kr (4,5).
These ligands bind to the globin part of the molecule to
exert their effects. In deoxyHb, one molecule of organic
phosphate salt bridges with an array of positively charged
groups in a cavity between the two [ chains (6-8). Any
replacement or substitution of these amino acids in the §
chains results in lesser interaction of organic phosphates



with hemoglobin.

Structural details of liganded and unliganded forms
of hemoglobin and changes associated with R==T transition
have been published in great detail (see 3,4,9-23). Here we
discuss briefly the stereochemistry of heme, the role of
residues in the heme pocket and the functional role of
heterotropic ligands, since they are more relevant to the
subject of this thesis.

1.1.A. Stereochemistry of heme:

In deoxyhemoglobin the heme porphyrin is domed (24),
so that the iron moves out of the mean porphyrin plane
towards His F8. The porphyrin plane flattens up as oxygen
binds to iron. This causes the iron to move toward the
plane. The inward and outward movements of the iron are
controlled by variable Fe'Nporph bond 1lengths and by
constraints of the globin chains. As a consequence of toward
plane movement of the iron, the distance between His F8 and
porphyrin plane shortens by 0.5-0.6 A in oxy- than in
deoxyHb. The bond lengths and distances between planes which
are used to describe heme stereochemistry can be found in
reference 3. It is gratifying that many of the
stereochemical changes in crystal structures of hemoglobin
are consistent with those found in solutions probed by
spectroscopic methods (see, for example, 25-28). A review of
the 1literature also points out the fact that hemne
stereochemistry may be significantly different in different
porphyrins and hemoglobin types. For example, nickel-
porphyrin is planer and the Ni-N., (of HisF8) distance is
3.2 i, which pushes the R T equilibrium towards right
(3,27). I? cobalt-porphyrin, the C°'Nporph bond is shorter
by 0.1 A than the Fe'Nporph bond. As a result, the
displacement of Co from porphyrin plane is less than that in
iron-porphyrin (29). In Hb Boston, an abnormal human
hemoglobin where HisE7 of a subunits is replaced by Tyr




(30), the iron atom is linked to the tyrosine instead of
HisF8 (31), and the allosteric equilibrium is strongly
favored towards the T structure (32,33).

1.1.B. Stereochemical mechanism and the role of the heme:

The stereochemical mechanism first proposed by Max
Perutz in 1970 (9) held that the oxygenation of hemoglobin
is accompanied by structural changes in the subunits
triggered by shifts of the iron atom relative to the
porphyrin and, in the B subunits, also by the steric effects
of oxygen itself. The salt bridges which constrain the
oxygen-free form are broken by the energy of heme-henme
interaction with the release of H'. There have been much
controversy regarding the role of iron displacement in

governing R =———= T equilibrium. However, experimental
evidences still favor the distances of the iron and the
proximal histidine from the porphyrin as the only
determinant of allosteric equilibrium in the a subunits (3).

1.1.c. Role of residues on distal side of the heme pocket:

The heme pocket on the distal side is basically
formed of PheCD1l, HisE7, and ValEll (Figure 1.2, see also
Figure 1 of Appendix I). The role of PheCDl in regulating
the structure and function of hemoglobin is not definitively
known. However, this near-heme-aromatic residue changes its
orientation substantially with respect to the porphyrin ring
in both a and B chains during R —— T transition (35). In R
structure of a and B chains, the PheCDl1l is in van der Waals
contact with the carbons of porphyrin. In T form it swings
away from the heme. Replacement or substitution of this
residue, as in Hb Hammersmith (BPheC7 ——Ser) and Hb
Bucuresti (BPheC7 —— Leu), leads to decrease in oxygen
affinity and loss of cooperativity (36-38). It has been
suggested that PheCD1 is directly involved in a charge
transfer interaction with the heme so as to increase the
electron density of the antibonding w* orbitals of the



porphyrin rings in the R structure (39). Thus, this
interaction has been assumed to contribute to the free
energy of cooperativity. However, Perutz et al. (3) have
argued that the distance between PheCDl1l side chain and the
porphyrin is 3.8 2 -4 ﬁ, a distance too large for charge
transfer interaction to occur.

Displacement of the distal histidine and the valine
is necessary for oxygen binding to the ferrous hemes of
chains (40). Valine imposes steric hindrance at the heme
site of B subunits in T structure (9). The heme site of R
structure is flexible enough to adjust the relative
positions of the heme and ValEll. As a consequence, oxygen
can bind favorably. HisE7, on the other hand, forms hydrogen
bond with the bound oxygen (41,42). It also produces steric
effect and acts as a gate for entry of ligands (43-46). The
distal histidine, by swinging out of the way, makes an
opening for oxygen to pass through, and this movement of the
histidine requires a tertiary structural change (47). The
displacements of HisE7 and ValEll relative to the heme in T
structure are initiated through a movement of the E-helix,
which is brought about by tertiary structural change.

How HisE7 and ValEll affect the oxygen equilibrium
may be seen from oxygen affinity measurements with
engineered hemoglobins (48-51). For example, replacement of
the distal histidine by glycine lowers Kp leaving Ky nearly
unchanged. On the other hand replacement of HisE7 by Val
raises Ky and lowers Kp. When ValEll is replaced by Ala, Ky
rises with no change in Ki. Thus, these residues have
individual contribution toward maintenance of the R i
equilibrium. It is very important to note that HisE7 is

seriously involved in structural and functional properties
of hemoglobin. Appendix I at the end of this thesis is
devoted to highlight this in finer detail.



1.1.D. Heterotropic ligands:

These nonheme ligands preferentially bind to the T
structure and lower the oxygen affinity by stabilizing the
molecule. The bound ligands are released during T ——R
transition. On going from deoxy to oxy form, hemoglobin
liberates protons. In fact, the released HY come from
certain ionizable amino acids, which are actively involved
in hydrogen bonding in T structure. The H-bonds break right
at the onset of oxygenation, and the protons are discharged
(see, for example, 52-56). Conversely, hemoglobin binds Ht
on release of oxygen. The dependence of oxygen affinity of
hemoglobin on protons is called Bohr effect. Release of Ht
on ligation at heme above pH 6.0 is called alkaline Bohr
effect, and proton uptake below pH 6.0 is referred to as
acid Bohr effect.

While hemoglobin binds HY ions on deoxygenation, the
equilibrium of the reaction of HCO;~ formation is pushed to
the right (see below). Also, as is true with other proteins,
CO, forms carbamino compounds with hemoglobin. Carbamino
adducts are bound to e-amino group of 1lysine and NH, -
terminals of a and B chains (see 57).

+

RNH, RNH, + HY

RNH, + CO, === RNH-COO™ + H'

co, + H,0 H,CO; =——> HCO,~ + HY
2t B P2t = 3

HCO3~ s=——— C0;°~ + H

Binding of chloride ions to deoxyhemoglobin causes a
decrease in oxygen affinity and an increase in Bohr effect
(58-60). Four residues, namely, ValNAl and SerH1l4 of «
chains and LysEF6 and HisH21 of B chains are involved in C1~
binding (61-71). Chloride also binds to COOH-terminal
residues of both a and B subunits (72). In fact, binding of
Cl” to T structure raises the pK’s of ValNAla and LysEF6j,
which contribute to Bohr effect (3).



DPG, a major constituent of mammalian red cell,
enters a cleft between the two B chains and forms H-bonds
with ValNAl, HisNA2, LysEF6 and HisH21 of B chains (8). A
schematic sketch of the interaction between DPG and
deoxyhemoglobin is shown in Figure 1.3. By stabilizing the
structure of deoxyhemoglobin, DPG lowers the oxygen affinity
of mammalian hemoglobins. It increases both the alkaline and
acid Bohr effect (53). In other forms of vertebrates this
function is performed by different organic phosphates. A
comparison of the binding sites for €1~ and DPG shows that
these two heterotropic 1ligands exert their effect
competitively. This competitive functional effect is
important in regulation of oxygen affinity of mammalian
hemoglobins as we shall see later.

1.1.E. Nonphysiological heme ligands:

Ferrous hemoglobin binds two gaseous ligands, nitric
oxide and carbonmonoxide, and mainly two nongaseous ligands,
namely, isocyanides and nitrosoaromatic compounds at the
heme iron (73). Complexes of hemoglobin with these
nonphysiological heme 1ligands have been very useful to
elucidate the structure and mechanism of hemoglobin. Studies
on these complexes have enabled to test models for the
kinetics and structure of HbO,. Moreover, certain
experimental techniques, not easily applicable to HbO, can
be applied to them. For examnple, nitrosylhemoglobin (NOHDb)
is the only known paramagnetic derivative of hemoglobin
which is amenable to electron spin resonance spectroscopy
(74-79) . Furthermore, ultrafast laser spectroscopy has been
successfully applied to NOHb, COHb, and HbO, to observe
transient reaction intermediates, their structure and
pathway and mechanism of ligand binding (80-85).

1.1.F. Stability of R and T structures and free energy of
cooperativity:

In terms of MWC model of allosteric theory (86), the
low oxygen affinity of T structure relative to R arises from



SN

His2
DPG NH3
Lys82 A-Helix
_ f37 E-Helix
His143
F-Helix

Figure 1.3. A stick diagram to show the cavity formed by the
two B chains where DPG is positioned in deoxyhemoglobin.
Stereochemical complementarity is notable. DPG forms salt
bridges with ValNAl, HisNA2 and HisH21 of both  chains and
with LysEF6 of one B chain. This sketch has been reproduced
after modification from reference 8.



higher energy of the former. The additional energy comes
from extra bonds between subunits in the quaternary T
structure compared to those in R. The C terminal residues
and DPG form 14 intersubunit salt bridges which are absent
in the R structure (3). These additional salt bridges easily
account for 14.4 kcal per tetramer, which is the free energy
of cooperativity. Thus, it is clear that absence of these
salt bridges would be compensated by a lower L and a higher

Kp.

Although uncertainty prevails, the free energy of
cooperativity is held to be located in both the heme and the
globin in the form of strains. Nevertheless, extensive
spectroscopic work suggests that the strain takes the form
of stretch of the Fe-N bonds (see, for example, 87-95). If
the iron atom cannot move to its optimum position on ligand
binding, the strain induced is reflected in a reduced
affinity for the 1igand. It is noteworthy that the location
of the strain seems to be different in different hemoglobin
derivatives (3,96). Also, the relative strengths of the
restraints of the globin and of Fe-N bonds appear to differ
amongst different animal species (97-100).

1.2. BOVINE HEMOGILOBINS

Virtually all hemoglobins have the same chromophore,
i.e., protoporphyrin IX, to which heme 1ligands bind. Yet
there are diverse groups of hemoglobins which are
structurally and functionally different. These differences
originate from primary structural variations. In each of the
four chains of vertebrate hemoglobins, there are seven
invariable sites occupied by the same amino acids. These
sites are mainly around the heme and in contacts between the
subunits which are essential for allosteric switch between
the T and R forms. Otherwise, hemoglobins from different
species are not similar with respect to their primary



structure (see 101,102).

Bovine refers to a group of grazing animals which
belong to the family Bovidae of the sub-order Ruminants of
Artiodactyls. Bovine hemoglobins are functionally distinct
and interesting. In fact, of the two group of mammalian
hemoglobins, namely, intrinsically high and intrinsically
low oxygen affinity hemoglobins, the bovine falls in the
second category. Intrinsically low oxygen affinity
hemoglobins respond little, or not at all, to the presence
of organic phosphates. It was first observed by Bunn (103)
that the oxygen affinity of cow hemoglobin is not lowered by
2,3 DPG. He pointed out that the red cells of ruminants have
low concentration of DPG and their hemoglobins interact
weakly with this allosteric effector. The reason for this
weak interaction 1lies in a unique and common primary
structure shared by all ruminant hemoglobins. A comparison
of the amino acid sequences of human and ox hemoglobins is
presented in Figures 1.4 and 1.5. There is a deletion of the
N terminal residue in the B chains. This implies that bovine
B chains have 145 amino acids instead of 146. Also, the
next residue, which is histidine in the high oxygen
affinity mammals, is methionine in bovine and in other
ruminants (104). This has been known for quite sometime.
Since both these N terminal residues form salt bridges with
DPG, the deletion of the ultimate and replacement of the
penultimate N- terminal amino acids have been assumed to be
the reasons for diminished interaction.

However, even in the absence of organic phosphates
bovine hemoglobins have markedly low oxygen affinity. What
structural features regulate this behavior is not known.
Certainly, it is the globin structure which plays the key
role.

The genetic heterogeneity of bovine hemoglobins is
rather divergent (105-108). Many breeds of cattle exhibit

10
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polymorphism involving two hemoglobin types (109). Buffalo
hemoglobins, on the other hand, exhibit monomorphism with
two component hemoglobins (110-113). The component
hemoglobins of cattle share a common a chain, and the
genetic differences involve B chain gene locus. In case of
buffalo hemoglobins, however, the a chains may be under
separate genetic control (112). The nature of genetic
control in bovine is unusual. While the human hemoglobin
mutants involve single amino acid substitution, the
phenotypes of bovine hemoglobins result from multiple random
point mutations. It is worth while to mention that sheep and
goat hemoglobins also show similar genetic heterogeneity.

It is not known what physiological advantage may be
derived from such genetic constitution. The primary
structural makeup of bovine hemoglobins might seem to be
suited to other regulatory mechanism rather than the effect
of DPG.

1.3. OBJECTIVE

Evidently, the underlying mechanism of functional
regulation of bovine hemoglobins is puzzling. A number of
important questions arise regarding this issue.

1. What is the status of the tertiary and quaternary
conformation of the molecule? How stable are the T and the R
structures relative to each other? In other words, does a
unique R =T equilibrium regulate the oxygen affinity?

2. How stable is the bovine tetramer towards acid
and alkali, and other denaturation agents? What effects are
exerted by the primary structural differences on the
chemical nature of the molecule?

3. How do these hemoglobins respond to heterotropic
or allosteric ligands? Is there any allosteric effector that
is preferably bound to bovine hemoglobins?

11



4, What is the nature and basis of Bohr effect in
bovine? Could an altered Bohr effect regulate the oxygen
affinity?

5. Are there differences in functional properties of
hemoglobins among different bovine species?

Hemoglobin literature has not repoprted any detailed
investigation regarding these problems in proper
perspective. An attempt has been made to give answers to
some of these questions based on our experimental evidences.
We have carried out studies on hemoglobins from two bovine
species, namely, cow and buffalo, and from normal adult
human. The human hemoglobin was chosen as a control to
compare and contrast the results from the two bovine
species. Our findings and the conclusions are presented in
this thesis.
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