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ABSTRACT

Modification of Local and Global Conformational Stability of Hemoglobin by the
Allosteric Effectors BPG and IHP

Md. Eaqub Ali

FTIR studies of the effects of BPG and IHP binding on the v(SH) stretching
vibrations of human deoxyhemoglobin A (deoxyHbA) between 25 and 75°C reveal that
the effectors stabilize the v(SH) peak of Cysp93 at 2576 cm™ at high temperatures (55°C
or above). In the presence of the effectors, the v(SH) peak of Cysa104 at 2558 cm™ is
broadened, and the v(SH) shoulder of Cysp112 at 2564 cm™ fluctuates in intensity with
increasing temperature, indicating that the effectors destabilize the o;B; interface of the
deoxyHbA tetramer (2a0.2).

At 25°C, the Soret CD bands of 0.5 mM effector-bound deoxyHbA are observed at
418 and 432 nm with ellipticities of -2.4 and +28 M'cm™, respectively. These signals are
intensified by 2-5 units at 55°C. In contrast, effector-free deoxyHbA loses ~50% of its
Soret CD absorption and ~10% of its unpolarized Soret absorption on heating to 55°C.
Effector binding also stabilizes the 287-nm negative CD band and the three-valley CD
absorption between 250-270-nm, which reflect changes at the o3, interface.

FTIR-monitored thermal unfolding of 3.0 mM deoxyHbA reveals that loss of the a-
helical absorption at 1653 e¢m™ occurs in three phases. These may be associated with
tetramer— dimer, dimer— monomer and monomer— denatured-monomer transitions. In

the presence of BPG and IHP, the FTIR denaturation curves are shifted by ~5°C to lower

temperature, indicating that effector binding destabilizes the secondary structure of

deoxyHbA.
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1.0 Introduction

1.1 Structure and Function of Hemoglobin

Hemoglobin (Hb) (MW = 64,500) is a tetrameric protein composed of two a-chains
and two B-chains. Each a-chain and each B-chains contains 141 and 146 amino acid
residues, respectively. Moreover, each a-chain and each B-chain is composed of seven
and eight helical segments, respectively, interrupted by turns and loops. Starting from the
N-terminus, the helical segments are denoted A to H, and the nonhelical ones NA, AB,
BC, etc., to HC, which is a segment of three nonhelical residues at the C-terminus.
Residues within each segment are numbered from the amino end, Al to A16, etc. The -
chains lack a D helix. The helical and nonhelical segments in each chain are listed in
Table 1.1 and shown in Figure 1.1.

Each chain also carries a heme group (1,2). The hemes are held between the E and F
helices in pockets formed by several helical and nonhelical segments. Each heme Fe is
coordinated to N; of histidines F8 (Hisf92 and Hisa87, respectively), also known as the
proximal ligands, and to the four porphyrin nitrogens (Nporph). The porphyrin is in van der
Waals contact with histidine E7 (Hisp63 and Hisa58, respectively) on the distal side. It
also makes contact with the side chains of another 18 amino acid residues most of which
are nonpolar. The propionate side chains of the porphyrin protrude into the solvent and
form hydrogen bonds with basic side chains of the globin (1,2).

In tetrameric Hb the o and P subunits are symmetrically arranged by noncovalent

interactions around a central water-filled cavity (1-6). The o interactions are stronger



Table 1.1: Helical and nonhelical segments in a- and B-chains of HbA

Segment® a-chain position® B-chain positionb
NA Vall-Leu2 Vall-His2
A Ser3-Gly18 Leu3-Vall8
AB Alal9 Asnl9
B His20-Leu34 Val20-Tyr34)
C Ser35-Tyr42 Pro35-Phe41
CD Phe43-Gly51 Phe42-Ser49
D Absent Thr50-Gly56
E Ser52-His72 Asn57-His77
EF Val73-Leu78 Leu78-Thr84
F Leu79-Ala88 Phe85-Cys93
FG ' His89-Val93 Asp94-Val9g
G Asp94-His112 Asp99-His117
H Thr118-Ser38 Thr123-His143
HC Lys139-Argl41 Lys144-His146
* Helical segments are denoted A, B, .....H and the nonhelical segments are denoted NA, AB,.......... HC.

® The proximal histidines (F8) are Hisa87 and HisPp92 in the o~ and PB-chains, respectively. The
corresponding distal histidines (E7) are Hiso58 and Hisp63.

than the o or BP interactions. Consequently, tetrameric Hb dissociates into af dimers
rather than into o or Bp dimers in solution. Upon binding of molecular oxygen (Oy), the
protein undergoes structural changes whereby the o;; and o, dimers are shifted at the

dimer interface (1, 2). The two structures, termed T for tense or deoxy or low affinity,

and R for relaxed or oxy or high affinity, differ in the arrangement of the four subunits,



Fig 1.1: Secondary and tertiary structures of Hb a-chains showing the a-carbons and the
coordination of the heme. Starting from the N-terminus the helical segments are denoted A to H, and the
connecting loops NA, AB, BC, .....HC. Shown are the side chains of the proximal histidine F8 (Hisa.87)
linked to the heme iron, the distal histidine E7 (Hisa.58), valine E11 (Vala62), and the two N-terminal
(Valaland Leua?2) and the two C-terminal (Tyra:140 and Argo141) residues denoted by NA1, NA2, and
HC2, HC3, respectively, all of which are important in ligand binding. The protoporphyrin IX is in solid
lines and M, V and P stand for its methyl, vinyl and proprionate side chains, respectively. This diagram was

generated by using PDB file 1k1k and Web Labviewerlite. The numbering is that of Perutz et al. (2).



Fig 1.2: Schematic diagram illustrating the change in quaternary structure that accompanies
ligation of Hb. In the diagram, the liganded (broken lines) and unliganded (solid lines) o;; dimers are
superimposed. The position of the liganded o,f, dimer corresponds to that obtained by rotating the
unliganded a,f3, dimer about an axis P by an angle & = 12-15° and shifting it along axis P by 1 A into the
page (this axis is perpendicular to the dyad symmetry axes, marked Y, of both the liganded and unliganded
Hb molecules and to the plane of the page). Note that ligation causes little movement of the o, and B, or

the o, and B, subunits relative to each other. The diagram was adapted from that given by Perutz ef al. (1).



(referred to as the quaternary structure) and in the conformation of the subunits (referred
to as the tertiary structure). The quaternary R <> T transition consists of rotation of the
o1B; dimer relative to the dimer o3, by 12-15°, and translation of one dimer relative to
the other by 0.8 A (Figure 1.2). The two P subunits are about 5 A further apart in the
quaternary T structure than in the R structure.

The ferrous heme Fe is five-coordinate, high spin and about 0.5 A displaced from the
plane of the porphyrin. It is constrained by salt bridges (Table 1.2) between the C-termini
of the four subunits. In the quaternary R structure, these salt bridges are broken and the
ferrous heme Fe is six-coordinate, low spin and in the plane of the porphyrin (1-6).
AquometHb exists in the R structure but displays intermediate character of oxy- and
deoxy-forms. The ferric heme Fe in aquometHb is six-coordinate, where the sixth
position is occupied by a H,O molecule. This water molecule is replaceable by several
ligands such as fluoride, azide, cyanide and hydroxyl but not by molecular oxygen (4).
The radius of the ferric ion varies with its spin state from 0.55 A in low spin to 0.60 A in
high spin ferric compounds. The ferric ion is small enough to fit into the plane of the
porphyrin. CyanometHb is purely low spin and fluorometHb is purely high spin.
However, the heme iron in aquometHb is 0.3 A displaced from the plane of the porphyrin
(4). Addition of equimolar inositol hexaphosphate (IHP) to a solution of aquometHb
forces it to assume T structure (3, 4).

Hemoglobin’s main function is the transport of O, from the lungs to the tissues and
CO, from the tissues to the lungs (1,2). The oxygen affinity of mammalian Hbs is
lowered by H', CI', CO, and 2,3-bisphosphoglycerate (BPG), all of which are present in

red blood cells. They are collectively known as allosteric effectors. Hb binds one H" for



every two O, molecules released. This drives the equilibrium of the reaction between
CO; and H,0 in the direction of the product HCOs", promoting the transport of CO; by
the blood stream (1,2):

CO, +H,0 ==HCO; +H" ¢))
Protons released by the metabolic products, lactic and carbonic acids, facilitate the
release of O, to the tissues (1).

Although Hb is predominantly involved in O, and CO; transport in vertebrates,
recently it has been implicated in nitric oxide (NO) transport and delivery. Hb in the R
state binds NO at Cysp93, forming Hb-SNO that acts as a hormone and delivers NO to
tissues and thereby causing vasodilatation and increased blood flow. Thus, Hb may
function as a blood pressure regulator in an oxygen-sensitive manner (7).

In 1970, the atomic structures of oxy- and deoxyHb were determined. Since then Hb
has been used as a model of allostery in biological systems (1). It is also an ideal
molecule to study heme coordination complexes that are formed in a variety of catalytic
and other actions in biological systems. In short, understanding the functions of Hb is
fundamental to understanding the functions of proteins in general. Considering all of
these factors, Hopfield called Hb “the hydrogen atom” of biochemistry (2).

1.2 The Theory of Allostery

In 1965, Monod, Weyman and Changeux published their theory of allostery, now
commonly known as MWC theory (9-10). When Monod conceived the idea that
allosteric proteins control and coordinate chemical events in the living cells, he said that
he had discovered the second secret of life. The first secret was the structure of DNA

(10). According to MWC theory, cooperative substrate binding and modification of



enzymatic activity by metabolites bearing no stereochemical relationship to either
substrate or product may arise in proteins with two or more structures in equilibrium. It
predicts that such proteins are composed of several symmetrically arranged subunits with
structures that differ by the arrangement of the subunits and number and/or strength of
the bonds between them. In one structure the subunits would be constrained by strong
bonds that would resist the tertiary changes needed for substrate binding. They called this
structure “T” for tense. In the other structure these constraints would be broken or relaxed
and they called it “R” for relaxed. Between R<>T transitions, the symmetry of the
molecule must be conserved, so that the activity of the subunits would be either equally
low or equally high (1, 12). In 1966 Koshland et al. published their sequential model to
explain the allosteric events in multimeric proteins (11). The highlight of this model was
that it did not invoke any restrictions allowing each subunit to change its tertiary structure
upon substrate binding and thereby to affect the chemical activities of its neighbors. The
biological advantage of allosteric enzymes is that no direct interaction need occur
between the substrate or product of the protein and the regulatory metabolite that controls
its activity because control is entirely due to a change of structure induced in the protein
when it binds its specific effectors (1).

The o and B subunits of Hb are symmetrically disposed around a central water-filled
cavity. The four hemes in the four subunits are surface exposed and separated from each
other. In the R structure the Fe-Fe separation between the a-chains is 36 A and 33 A
between the B-chains. In the T structure, the corresponding distances are 35 A and 40 A.
The cooperativity or heme-heme interaction in Hb is defined as the rise of oxygen affinity

of a Hb solution with rising oxygen saturation. Cooperativity is possible because of the



quaternary and tertiary structural changes of the globin chains as well as the spin state
and position of the heme iron relative to the porphyrin and the globin (1-7). As discussed
above (Section 1.1), the transition between the T and R structures consists of a rotation
and translation of one af dimer relative to the other. The af dimers move relative to
each other at the symmetry-related contacts a;B, and o,p, and at the contacts oo, and
BiB2 (Figure 1.2). The contacts o;f; and oP, remain rigid. The additional bonds,
predicted by MWC, were found to consist of C-terminal salt-bridges between and within
the subunits in the T structures (Table 1.2). At the a3, interface, the nonhelical segment
FGo, is in contact with helix Cp,, and helix Ca; with FGp,. During the R— T transition,
the contact FGa; — Cp, acts as a ball and socket joint, while the contact Ca,— FGf,
acts as a two-way switch that shifts Cay; relative to FGPB; by about 6 A, like the knuckles
of one hand moving over those of the other.

The intermediate positions of the switch are blocked by steric hindrance imposed by
the distal histidine (E7) and the distal valine (E11). The gaps along the central cavity
between o and o and between B; and B, narrow on the TR transition. The shape of
the o1y and azP, dimer is altered by changes in tertiary structure. For example, on
oxygenation the distance between the o-carbons of residues FGla; and FGp; shrinks
from 45.6 to 41.3 A. These changes make an o, ; dimer with a tertiary oxy structure a
misfit in the quaternary T structure, and an o;; dimer with a tertiary deoxy structure a
misfit in the quaternary R structure (1, 2, 12).

The regulator 2,3-bisphosphoglycerate (BPG) binds to a stereochemically
complimentary site in the central cavity between the B-chains in the T structure and

biases the equilibrium towards T. During the T—R transition this complementarity is



Tablel.2: Salt bridges (...) and hydrogen bonds (---) within and between the subunits that stabilize

the T or R structure of HbA

T structure

Interaction within subunits Interactions between subuints Loss of interactions sufficicint to
tip unliganded Hb fully to the R
(1) Tyra.140-OH--- OC-Vala93 (6) Lysa,;127-NH;"..."00C-Arga, 141 structure

(2) Tyrp145-OH --- OC-Valp98 | (7) Aspa;126-COO' ... Gua-Arga,141 Interactions (1), (6) and (7) are
lost in Des-Arga141-Tyra140°
(3) Hisp146-Im"."O0CAspp94 (8) Lysa,;40-NH;” ... "'OOC-HisB,146 Interactions (2), (4) and (5) are
lost in Hb Bethesda (Tyr3145—

(4) PO/ ... "NH;-Valpl (9) ValB1-NH;" ... BPG® His)"
(5) PO/ ... 'NH,-Lysp82 (10) Lysp82 -NH," --- BPG* Interactions (3), (6), (7) and (8)
are disrupted in Nes-des-Arga141°
(11) Hisp2-Im* --- BPG* and Des-Arga141-Hisp146°
(12) Hisp143-Im" --- BPG® Interaction (13) is lost in

Hb Kempsey (Aspp99—Asn)’

(13) Tyra,;42-OH - OOC-Aspp,99

R structure

(14) Lysa;127-NH;*..."00C-Arga,141° | Loss of interactions sufficieint to
tip liganded Hb fully to the T-

(15) Valp1-NH;" ... "O0C-Hisp,146° structure

(16) Aspa,;94-COO- --- NH,-Asnf3,102 Interaction (16) is lost in Hb
Kansas (AsnB102— Thr)f

* BPG, 2,3-bisphosphoglycerate; ° probably a very weak salt bridge; ¢ Des-Arga141-Tyro.140, HbA minus
C-terminal Argo141 and Tyra140; ¢ Des-Argo141-Hisp 146, HbA minus Argoi141 and Hisp146; ¢ Nes-des-
Argal41, HbA minus Argol41 and N-ehthylmeleimide (NEM) modified Cysp93; f Hb Bethesda, Hb

Kansas and Hb Kemsey are naturally occurring variants of HbA (3).

disrupted due to the breaking of the C-terminal salt bridges that constrain the T structure
and to the narrowing of the central cavity between the B-chains (13-15).
1.3 Heme Stereochemistry in Oxy- and DeoxyHb

An allosteric core, composed of the heme, histidine F8, the FG corner and the part of
the F-helix, plays an essential role in ligand-induced structural changes in Hb (12). In

deoxyHb, the porphyrins are domed and the Fe(Il) ions are displaced from the planes of



the porphyrins by 0.5-0.6 A . Oxygenation flattens the porphyrins and the Fe-Nporpn bonds
contract which causes the metal to move into the plane of the porphyrin (Figure 1.3). A
water molecule that is hydrogen bonded to the distal Hisa58 (E7) in deoxyHb dissociates
in oxyHb (1,2,12). The degree of doming of the porphyrins appears to be influenced by
the constraints of the globin. The movement of the metal is transmitted to the proximal
Hisa87 and Hisp92 (F8) and their adjoining residues are perturbed, while the bulk of the
protein remains unperturbed. The side chains of Leua91 and Leuf96 (FG3), and Vala93
and Valp98 (FG5) are pushed down. This perturbation is transmitted to the o, and oz
contacts and the residues at these interfaces experience a major shift and environmental
changes.

Replacement of hydrogen-bonded H,O by O; in the distal pockets of the o subunits
does not cause perceptible perturbation of the distal residues. However, in the B subunits,
the displacement of the distal Hisp63 (E7) and distal Valp67 (E11) is essential for the
binding of O to the ferrous hemes. Since C,-Cg bond rotation is restricted in valine
residues in an a-helix, Valp67 cannot move relative to the heme without displacement of
helix E. Crystals of deoxyHbA grown in PEG (polyethyleneglycol) and exposed to air
show full saturation with oxygen at the a-hemes but no binding at the B-hemes. This
reveals that the B-hemes have little or no O, affinity in the crystalline T structure.
However, in solution, the B-hemes display only 1.5- to 3-fold less O, affinity than that of
the o-hemes and 4-times faster reaction with O, than the a-hemes. This is due to a
transition in solution in the tertiary structure of the PB-subunits that displaces Valp67

residues from the distal pockets. This transition is inhibited by lattice constraints in

deoxyHb crystals (1, 2,13). It has been confirmed by site-directed mutagenesis studies
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Fig 1.3: Heme stereochemistry in the T and R structures of HbA. In the T structure, the porphyrin ring

is domed and the Fe(Il) ion is displaced from the plane of the porphyrin. In the R structure, the porphyrin
ring is flattened and the Fe(Il) is in the porphyrin plane (2).
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that steric hindrance to ligand binding to the B-hemes in the T structure comes from
Valp67 and not from the distal Hisp63(7).
1.4 Binding of BPG to Hb

2,3-Bisphosphoglycerate (BPG) is a dominant allosteric effector for mammalian Hbs,
particularly for adult human Hb (HbA). On BPG binding, the affinity of Hb for O, is
reduced and hence the release of O, to the tissues is greatly favoured. This function of
BPG becomes extremely important in high altitudes where pO, is low and also under
certain pathological conditions such as anemia. BPG binds to a complementary site in Hb
called the BPG binding domain (13-15), which is located in HbA at the entrance to the
central cavity between the N-termini of the B-chains. BPG is surrounded by four pairs of
basic groups, the N-terminal amino groups (ValB1), Hisp2, Hisp143 and Lysp82 (13-15).
This site is only formed in deoxyHb although BPG also binds oxyHb and metHb (3). It
supposedly binds to the same site in metHb and oxyHb but the binding sites in metHb
and oxyHb have not been characterized (3,13-15).

In deoxyHbA, a charged NH;" — "OOC hydrogen bond is formed between the -
amino group of Lysp82 and the carboxylate group of BPG (Table 1.1, Figures 1.4 and
1.5). Complete deprotonation of the phosphate groups of BPG triggers strong
electrostatic stress within the Hb molecule, which is manifestated by changes in tertiary
and quaternary structure (1-4,13-15). The N-terminal amino groups (Valf1) interact with
BPG via salt bridges or electrostatic interactions between NH;" and the negatively
charged phosphate groups. The side chains of Hisp2 and Hisp143 form hydrogen bonds
with the phosphate groups. These five hydrogen bonds (Figure 1.4) and two salt bridges

involving Valp1 allow BPG to trigger a conformational change in Hb that favours the T

12



Fig 1.4: Crystal structure of deoxyHbA showing the BPG binding site. The white and the black
cylinders represent the o-helices of o-chains and p-chains, respectively, and the white connectors
represent P-turns. The figure also shows the imidazole group of Hisp146 and the carboxylate group of
Aspp94, which form salt bridges that screen the SH group of Cysp93 in the T structure. This figure was
generated by WebLabviewerlite using the PDB file 1gzx.

13



Hisp143

\ 0O
\\\ B 1 N \J
. \

HISBZ \\\ }/\ O\ Lysﬁsz

N \ -
O\j )I ) AN + HNg, N N
NH* *
N S '
0" PO Q HN N

N | Hisp2
N PhTD e
\
« Lysp82 +HN=\ \\
(6] N \\
\\
N ] BZ AN
Hisp143 ©
Hisp143 ? Lysp82
N B
\\ 1 N o)
N
Hisp2 \ NN /
\ \= + N
o N S N'H
:\ S \ .
\
\
N\ -
\ (o] A
NN Osp-0" o N
ZNH, o | _
oNHL o\f o %o
o’ © 0" ‘o
0 7
0.0 o AN
P\\o """""" HN
— —
N*H .................... O/ﬁto N
3 o \\
\\ Q
N \\\ N 0]
H N . Hisp2
& Lyspsz \ﬁ B \, isp
N N N
/) Hispl143
o
(B)

Fig 1.5: Interactions of BPG (A) and IHP (B) with deoxyHbA. Note that BPG forms five H-bonds and
IHP forms 6 H-bonds. The salt bridges between Valp1 and BPG or IHP (Table 1.2) are not shown in this
figure, which was generated by ISIS draw 2.4 (13,14).

14



structure over the R structure and hence the affinity for O, is reduced.

Several other multivalent anions, such as inositol hexaphosphate (IHP), ATP, GTP
and [Fe(CN)s]* also lower the oxygen affinity of HbA (14). The most effective is THP,
which bears structural homology to inositol pentaphosphate (IPP) that regulates the O,
affinity of avian erythrocytes (10). IHP binds to the same sites as BPG in human
deoxyHbA and the six phosphate groups of IHP interact with the same residues, Valf1,
Hisp2, Hisp143 and LysP82 in the BPG binding domain. However, binding of IHP is
stronger than BPG and produces more pronounced structural changes in human HbA
because it makes one additional hydrogen bond with LysB82 (Figure 1.5) (13, 15). The

carboxyl group of BPG forms hydrogen bonds with only one of the two Lysp82 residues
while THP forms hydrogen bonds with both. Hence, the total number of hydrogen bonds
formed by BPG and IHP is five and six, respectively. IPP occupies the same position in
chicken Hb as IHP does in HbA. However, 12 basic groups interact with IPP in chicken
Hb vs eight in HbA, and include Valf1, Hisp2, Lysp82, ArgB135, Hisf139 and ArgP143
(14) from each B-subunit of chicken Hb.
1.5 Hypothesis, Scope and Organization of Thesis

The allosteric transition of Hb, the switching of T to R structure on oxygenation, is
accompanied by changes in quaternary and tertiary structures of the molecule as well as
by a change in the spin state and position of the heme iron relative to the porphyrin and
globin (1-6). As discussed in Section 1.4, the allosteric effectors BPG and IHP cross-link
the two B-chains of Hb, forming H-bonds and salt bridges with Hisp2, Lysp82, Hisp143

and ValB1l, and favour the T structure. It is hypothesized here that this cross-linking of

the P chains by the effectors stabilizes the a3, and a3, interfaces and destabilizes the
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oyf; and o,B, interfaces. These effector-induced changes in the local or global
conformational stability of deoxyHbA can be probed spectroscopically by altering the
temperature.

Cysp93 of HbA is located at the o3, interface and is the focus of intense interest
due to its proposed role in NO-binding and delivery in an oxygen-sensitive manner (7). It
has been observed that HbA mutated or chemically modified at Cysp93 shows higher
oxygen affinity, reduced cooperativity, lower Bohr effect and reduced response to the
allosteric effectors BPG and IHP that stabilize the T structure of Hb (8). Since the
observations made with altered or modified Cysp93 are important for allosteric switching
of HbA, a detailed study of the effects of BPG and IHP on the environmental stability of
Cysp93 in deoxyHbA is presented in Chapter 2. The effect of the allosteric effectors on
Cysa104 and CysB112, which are located in a relatively inert surface, are also studied in
this chapter. In Chapter 3, the effects of BPG and IHP on the environmental stability of
the heme, the site of initiation of the allosteric transition on ligand binding, are probed in
deoxyHbA by circular dichroism (CD) and unpolarized ultraviolet-visible (UV-vis)
spectroscopy. The environmental changes around the aromatic residues in the T and R
structures are also investigated by CD. Changes in secondary structure are reported in
Chapter 4. FTIR spectroscopy and far-UV CD were used to monitor the thermal stability
of the secondary structure of deoxyHbA on BPG and IHP binding. Conclusions and

suggestions for future work are presented in Chapter 5.
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2.0 Effects of BPG and IHP on the Environment

of the Cysteine Residues in DeoxyHbA

2.1 Abstract

The effects of 2,3-bisphophoglycerate (BPG) and inositol hexaphosphate (IHP) on
the sulfhydryl groups of adult human deoxyhemoglobin (deoxyHbA) were studied by
Fourier transform infrared (FTIR) spectroscopy between 25 and 75°C with a temperature
interval of 5°. A relatively intense v(SH) peak at 2576 cm™ at high temperature in the
presence of BPG and IHP reveals that effector binding stabilizes the polar environment of
CysPp93 at the B, interface in deoxyHbA. Broadening of the Cysa104 peak at 2558 cm’™
at high temperature with IHP present reveals destabilization of the o;f; interface. The
fluctuating frequencies and intensities of the Cysp112 shoulder at different temperatures
in the presence of the effectors confirm that these ligands disturb the environment of
residues at the of; interface. The thermal stability of free BPG in water was also
evaluated by FTIR. The three BPG peaks assigned to v(P-OC), v(CH-OP) and v(CH,-
OP) of BPG were observed at 1055, 1089 and 1119 cm™ between 25 and 75°C indicating
that BPG was stable under the experimental conditions employed.
2.2 Introduction

The allosteric effectors BPG and IHP bind to the central cavity formed by the two -
chains of Hb forming hydrogen bonds and salt bridges with positively charged residues
(Figure 1.5). The phosphate groups of BPG and IHP are deprotonated at physiological pH
causing a strong electrostatic stress within the Hb molecule. The hydrogen bonds and salt

bridges formed by BPG and IHP with the B-chain residues force the Hb molecule into the
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deoxy or tense (T) conformation. As a result, the T structure is favoured over the R
structure, which allows Hb to liberate O, to the tissues under low oxygen pressure such as
found at high altitudes (13-14). Adult human hemoglobin (HbA) has six cysteine
residues, none of which are involved in disulfide bonding. Cysa104 and Cysp112 are
burried at the o131 and o, subunit interfaces, which are relatively resistant to change on
the T—>R transition (19). DeoxyHb possesses 32 and oxyHb 34 amino acid residues at the
o1 contact, respectively. FTIR-monitored v(SH) absorption of Cysa104 and Cysp112
revealed changes in the o3| and o;B, subunit interfaces on the T— R transition, which
were not detected by other approaches (19).

Cysp93 is located adjacent to the proximal Hisp92 at the a3, interface, a site that
undergoes changes on T— R transition. Since the allosteric changes that originate at the
heme upon ligand binding are believed to dissipate into the globin through the proximal
Hisa87 and Hisp92 (F8) (1-6), Cysp93 is strategically situated to study the T— R
transition. The crystal structure shows that the thiol group of Cysp93 protrudes into a
hydrophobic environment in oxyHbA but is surface exposed and shielded by a salt bridge
between Hisp146 and AspB94 in deoxyHbA (Figure 1.4). Cysp93 is also very close to
the BPG binding domain that includes ValB1, Hisp2, Lysp82 and Hisp143 (Figure 1.4).
BPG binds to its pocket forming five hydrogen bonds and two salt bridges (13-15, Figure
1.5). The energy released by the formation of these bonds probably triggers the R— T
transition. Recombinant and chemically modified Hbs altered at Cysp93 show higher
oxygen affinity, reduced cooperativity, reduced Bohr effect and little response to BPG
and IHP. Modification of Cysf93 results in changes in the environment of several

histidine residues (8) including Hisp146 that forms a salt bridge with Aspp94 (Figure
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1.4) and screens the thiol group of Cysp93 in deoxyHbA. Cysp93 is not S-nitrosated by
CysSNO or GSNO in deoxyHbA (7). The effects of pH on the v(SH) vibrations of
deoxy- and carbonmonoxyHbA suggest that H-bonding contributes to the environmental
stability of the different cysteine residues (22). Here the thermal stability of the
environment of the cysteine residues upon BPG and IHP binding to deoxyHbA are
investigated by FTIR spectroscopy. The purpose of the present investigations is to
characterize the environment of the different cysteines of HbA under deoxy conditions in
the presence of the allosteric effectors.
2.3 Experimental Procedures
2.3.1 Materials

Human hemoglobin A, BPG (tri-sodium salt) and IHP (sodium salt) were purchased
from Sigma-Aldrich and were used without further purification. Purified sodium
dithionite was obtained from Fisher and the sodium salts of phosphoric acid were from
Anachemica. NAP10 Sephadex G-25 columns (DNA grade) were purchased from
Amersham Pharmacia Biotech. Nanopure water (specific resistance 18 MQ-cm), obtained
from a Milllipore Simplicity water purification system, was used to prepare all buffers
and H,O solutions.
2.3.2 Methods

Typically 1.0 g of lyophilized metHbA from the bottle was dissolved in 0.2 M
sodium phosphate (NaPi) buffer (pH 6.5), centrifuged at 11,750g for 2 min and the
supernatant was stored at 4°C prior to use. DeoxyHbA was prepared inside a glove box
(MBraun-Unilab) by reacting 7 mM metHbA with 2x molar excess of sodium dithionite

in the same buffer, and HbA was desalted on a NAP10 column equilibrated with the same
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buffer. The concentrations of all forms of Hb were determined spectrophotometrically
(e,, =10 and ¢, = 44 mM"' cm” heme" for metHbA, ¢, =12.5 mM" cm’ heme” for
deoxyHbA, and €s4; =13.5 and £576=14.6 mM" cm” heme” for oxyHbA) in an FTIR cell
with a 6-pum pathlength (teflon spacer) using a custom-made bracket in Beckman DU 650
UV-vis spectrometer. BPG (MW = 266.0) and [HP (MW = 660.0) solutions were
prepared by weight in the same buffer. A 5 plL-aliquot of 100 mM BPG or IHP was
added to 100 pL of 5.0 mM (tetramer) deoxyHbA and 30 pL of this solution was loaded
inside the glove box onto one window of an FTIR cell, which consisted of a temperature-
controlled cell mount (Harrick) and two 13 x 2 mm CaF, windows separated by 250-um
spacer. A control sample was prepared by adding 5 pL of buffer to 100 uL of 5.0 mM
deoxyHbA. The spectra were recorded from 25 to 75°C with a temperature interval of 5°
on a Nicolet Magna IR 550 Series II FTIR spectrometer equipped with an MCT detector
and purged with dry air from a Whatman FTIR Purge Gas Generator (Model 75-52). At
each temperature, the cell was equilibrated for 5 min and each spectrum was an average
of 512 scans with a resolution of 2 cm™ and an aperture of 32. The IR cell temperature
was controlled using an Omega CN8500 temperature controller and monitored with a
thermocouple placed in close proximity to the CaF, windows. Approximately 15 min
before recording the spectra, the MCT detector was cooled to 77K with liquid nitrogen
(Praxair). Omnic (Nicolet) software was used to perform subtraction of ;the buffer
contribution, Fourier self deconvolution (FSD) and base line correction. To study the
thermal stability of the free BPG ligand, 20 pL of 5.0 mM BPG in water was loaded into
the FTIR cell with CaF, windows separated by a 50-um teflon spacer (Harrick) and the

spectra were collected as described above.
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2.4 Results

The thiol stretching vibration, v(SH), falls in a spectral window (2500-2600 cm™)
where the transmittance of HyO and proteins is maximum (7,19-24). The FTIR spectrum
of deoxyHbA at physiological concentration (5.0 mM tetramer) recorded in the absence
of BPG and IHP at 25°C exhibits three v(SH) peaks at 2576, 2564 and 2557 cm’ (Figure
3.1), which closely match the previously assigned values (Table 2.1) for Cysp93,
Cysp112 and Cysa104, respectively (7,20,21). With equimolar BPG, deoxyHbA exhibits
l-cm™ blue-shifted shoulder at 2565 cm™ corresponding to Cysp112 absorption. The
Cysp93 peak was slightly intensified while the Cysa104 peak is clearly broadened with
this ligand (Figure 2.1).

Table 2.1: v(SH) absorptions (cm™) of cysteine residues of deoxyHbA at 25 and 55°C*

Sample Temperature (°C) Cysp93 Cysa 104 Cysp112
deoxyHbA® 20 2576 2557 2563
deoxyHbA® 25 2576+1 255741 2564+1
deoxyHbA® 55 2578+1 2557+1 2564+1
deoxyHbA + BPG® | 25 2576+1 2557+1 2565+1
DeoxyHbA + BPG® | 55 25781 2558+1 25661
deoxyHbA + IHP® | 25 2576+1 2557+2 25651
deoxyHbA + IHP® | 55 2578+1 256242 2567+1

* Experimental conditions are given in the legend of Figure 2.1, frequencies are from (7, 20, 21) and

¢ observed values are from Figure 2.1.
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Fig 2.1: Effects of BPG and IHP binding on V(SH) absorbtion of 5.0 mM deoxyHbA in 0.2 mM NaPi

buffer (pH 6.5) at 25 and 55°C. The spectra from top to bottom are: deoxyHbA plus equimolar IHP,
deoxyHbA plus equimolar BPG and deoxyHbA alone. The spectra were recorded in a temperature-
controlled FTIR cell with 250-pm pathlength and a MCT detector. At each temperature the cell was
equilibrated for 5 min and each spectrum is an average of 512 scans with a resolution of 2 cm™.
Background subtraction, baseline correction and Fourier self-deconvolution were performed on the

displayed spectra.
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Fig 2.2: Effects of temperature and effectors on the FTIR spectra in the V(SH) region of 5.0 mM

deoxyHbA (20 mM heme) in 0.2 M NaPi buffer (pH 6.5). (A) deoxyHbA; (B) deoxyHbA with

equimolar 2,3-BPG and (C) deoxyHbA with equimolar IHP. The spectra were recorded in 250-um

pathlength FTIR cell between 25 and 75°C. The experimental conditions are given in the legend of Figure

2.1.
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Fig 2.3: Effects of BPG and THP binding on the V(SH) absorbtion of 5.0 mM deoxyHbA in 0.2 mM

NaPi buffer (pH 6.5) at 70°C. DeoxyHbA plus equimolar IHP (dashed line), deoxyHbA plus equimolar
BPG (dotted-dashed line), and deoxyHbA (solid line). The experimental conditions are given in the legend
of Figure 2.1.
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Fig 2.4: Plots of the integrated intensities of the V(SH) bands of deoxyHbA with and without
effectors vs temperature. DeoxyHbA (—A—), deoxyHbA with BPG (--A--) and deoxyHbA with [HP
(—0—). (A) V(SH) intensity between 2575-2578 cm™ corresponding to Cysp93. (B) V(SH) intensity
between 2564-2567 cm™ corresponding to Cyspl12. (C) V(SH) intensity between 2556-2563 cm™

corresponding to Cyso104.
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Fig 2.5: Effect of temperature on the FTIR spectra of 5.0 mM BPG in water at pH 3.8. The spectra

were recorded in a 50-um pathlength FTIR cell between 25°C and 75°C on a Nicolet IR-550 spectrometer

using a MCT detector. The cell was equilibrated for 5 min at each temperature and the spectra are the

average of 512 scans recorded with 2-cm” resolution. Background subtraction, baseline correction,

smoothing and Fourier transform self-deconvolution were performed on the displayed spectrum (see text).

The band assignments are based on those published for BPG at 20°C and pH 4-5 (15).
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The effects of IHP on the thiol vibrations of deoxyHbA are similar but more
dramatic than those of BPG. With increasing temperature, the Cyso104 peak at 2557 cm’
! is increasingly broadened by IHP and splits into two peaks at 2556 and 2562 cm™ at
75°C (Figure 2.2). In the presence of BPG, the Cysa104 peak becomes narrower and
blue-shifts to 2562 cm™ with increasing temperature (Figure 2.3). The peak positions and
intensities of the CysP112 absorption of the effector-bound forms of deoxyHbA fluctuate
with temperature (Figure 2.4B), suggesting variation in the destabilizing effect of the
effectors on the environment of Cysp112. While the effectors induce changes in the
hydrophobic environments of Cysa104 and Cysp112, the Cysp93 peak is intensified and
remains stable over the temperature examined (Figures 2.2B,C and 2.4C). This suggests
that effector binding has a stabilizing effect on the hydrophilic environment of Cysp93 in
deoxyHDbA.

A plot of integrated v(SH) band intensities vs temperature (Figure 2.4) reveals that
the stabilizing or destabilizing effects of BPG are less pronounced than those of IHP. In
the absence of BPG or IHP, the CysP93 peak intensity starts to decrease at 45°C and
reaches a minimum at 60°C. In contrast, the v(SH) absorption of CysB93 slightly
diminishes between 50 and 55°C in BPG-deoxyHbA but increases again at 60°C,
revealing dynamic changes in the Cysf93 environment at high temperature. Although,
effector-free deoxyHbA regains some Cysf93 intensity at 65°C, it does not attain the
initial value. However, the absorption of Cysf93 increases at higher temperatures in
effector-bound deoxyHbA and exhibits a maximum at 70°C, with considerable higher

intensity than the effector-free form (Figure 2.4A).
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The effector-bound forms of deoxyHbA display more fluctuations in Cyspl112
absorption with temperature than the free form (Figure 2.4B). This indicates increased
environmental flexibility around Cysp112 in the presence of the effectors as the
temperature is varied. Fluctuating intensities were also observed for Cysa104 v(SH)
absorption in effector-bound deoxyHbA over the temperature range examined (Figure
2.4C). Combined these data suggest a destabilizing effect of the effectors on the
hydrophobic environments of Cysa104 and Cysp112 at the o ; and/or a3, interfaces.

Since the manufacturer advised to store BPG at 0°C (25), its thermal stability in
water was probed by FTIR. Kempf and Zundel first studied the FTIR spectrum of BPG as
a function of pH at room temperature (20°C) and assigned the bands (13,15). Five
protons are released from the three acidic groups of BPG with increasing pH giving rise
to the BPG pentaanion at high pH. The phosphate groups of BPG exhibits pK, values of
2.2 (loss of 2H"), 7.1 and 7.5, and the pK, of the carboxylic acid group is 3.7. Therefore,
BPG exists largely as a tetraanion at physiological pH. At low pH an intramolecular
hydrogen bond (COO-----HOPO, OC) is formed between the carboxylate group and the
phosphate group at position 2, which creates an asymmetric environment around the
carboxylate group and v,(CO5’) appears at 1592 cm™. Breaking of the hydrogen bond at
higher pH increases the symmetry and v,(CO,") appears at 1583 cm™. Kempf and Zundel
assigned bands at 1120, 1089 and 1055 cm™ at pH 4-5 to v(CH,-OP) and v(CH-OP) and
v(P-OC), respectively. The pH of BPG (5 mM) in water in our experiment was 3.8,
which is very close to the pK, (3.7) of the carboxylic acid group of BPG. The bands at
1119 and 1090 cm™ closely match the values obtained by Kempf and Zundel (Table 2.1)

for v(CH,-OP) and v(CH-OP). However, they observed v(P-OC) at 1055 cm™ while we
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observe it at 1060 cm™ (Table 2.1). The discrepancy is likely due to the variation in the
degree of H-bonding at pH 3.8 vs pH 4-5. The dramatic increase in the intensity of the
1090-cm™ band at higher temperature reveals conformational change in the molecule on

heating.

Table 2.2: FTIR bands (cm™) of BPG

Conditions v(P-OC) v(CH,-OP) v(CH-OP)
pH 4-5,20°C" 1055 1120 1089
pH 3.8, 25°C* 1060 1119 1090
pH 3.8, 75°C* 1062 1117 1089

* Observed values from Figure 2.5; ®literature values from (15).

2.5 Discussion

The effects of BPG and IHP on the v(SH) vibrations of deoxyHbA are attributable
to changes in protein conformation around the cysteine residues. The binding of NO, CO
and O, to the heme iron also significantly alters the thiol vibrations (19-20). The
variations in the v(SH) band parameters on ligand binding reflect differences in local
environment and H-bonding experienced by the SH groups (22). The v(SH) frequency
increases with increasing thiol H-bond acceptor strength (22). In contrast, as the SH
group becomes a stronger proton donor, the frequency of its v(SH) absorption is lowered
and intensified (22). Thus, the v(SH) bandwidth is a measure of environmental mobility

about the SH group. The more mobile the environment, the greater the expected

bandwidth.
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The v(SH) band of Cysa104 in deoxyHbA is observed at higher wavenumber (2557
vs 2553 cm™) and with greater bandwidth than in heme-liganded (O,, CO or NO) HbA
indicating a less uniform environment for Cysa104 in deoxyHbA (20,22). On the other
hand, the lower frequencies of CysB93 (2576 vs 2584 cm'l) and Cysp112 (2564 vs 2566
cm’™) suggest that these SH groups are better H-bond donors in deoxyHbA than in the
liganded forms (20,22).

The peak broadening effect of [HP on v(SH) of Cysa104 of deoxyHbA (Figure 2.1)
is indicative of a more flexible local environment in the presence of the effector. The
crystal structure of oxyHb shows that the SH groups of Cysa.104 are ideally positioned to
form intrachain H-bonds with the peptide carbonyl oxygen of Leual00 in the
hydrophobic o;3; and ayf; interfaces (26). A frequency shift to higher wavenumber
(2562 cm™) and the appearance of a shoulder at 2555 cm’ (Figure 2.3) clearly
demonstrates the disruptions of the a;3; and a,f3; interfaces by IHP at high temperatures.
BPG binding also broadens the Cysa104 peak at 25°C but narrows it at high temperature
(Figures 2.1-2.3). Thus, the fluctuating bandwidth and frequency shifts to higher
wavenumber reveal significant changes in the environment of Cysa104 on increasing the
temperature.

The peak broadening effect of IHP on Cysa104 absorption could also be explained
by the dissociation of tetrameric deoxyHbA into dimers with exposure of the of;
interface to the bulk solvent at high temperature. Bare et al. showed that addition of
guanidium chloride (GdnCl) or sodium dodesyl sulphate (SDS) to carbonmonoxyHbA
broadened the v(SH) absorption band of Cysa104 with increasing pH (19) suggesting the

dissociation of HbA into a- and B- chains and exposure of the SH groups to the
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exchanging solvent. On the basis of intensity measurements in small molecules, they
attributed the large integrated v(SH) absorption coefficients to the existence of highly
polarized H-bonded SH groups in detergent and to the intact secondary structure of the G
helices where Cysa104 is located. Since the guanidium ion can act only as a H-bond
donor, Cysa104 must act as a H-bond acceptor under these dissociating conditions. The
requirement of high pH (~12) to titrate the thiols in carbonmonoxyHbA in 6 M GdnCl
reveals the persistence of strong H-bonding of SH groups in GdnCl. Bare et al. also
reported that the relative integrated intensity of v(SH) of ethane thiol (C;Hs-SH) was 6 : 3
: 2 : 1 in H,0, acetone, CCly and dimethylacetamide, respectively, indicating the strong
influence of H-bonding on the v(SH) intensity. Figure 2.4 shows higher v(SH) intensity
for the three thiols in deoxyHbA on effector binding consistent with stronger H-bonding
in the presence of these ligands.

The effectors broaden the v(SH) absorption of Cysp112 less than that of Cysa104
(Figures 2.1 and 2.3) suggesting that the Cyspl112 thiols are in a more stable
environment. The crystal structure of oxyHb reveals that like Cysa104, Cysp112 is
located in a nonpolar region of the a;B; interface and seems to be involved in intrachain
H-bond donation to the peptide carbonyl of Asnp108 or Val109 (19, 22).

Studies of the dissociation of HbA in different solvents reveal that the deoxyHb

tetramer is more stable than the heme-liganded Hbs. The sequence of decreasing stability

of the tetramer is: deoxyHb > HbCO > HbO, = metHbCN (28). This sequence is

consistent with the fact that Hb dissociates into a3, dimers and that the o, interface is
stabilized by salt bridges between the C-termini of the subunits in the T structure (Table

1.2). Since the effectors favour the T structure over the R structure, they must further
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Fig 2.6: Crystal structure of deoxyHbA showing the environment of Cysp93. The diagram was
generated from PDB file 1gzx by WebLab Viewerlite. Atom CE1 of Tyrp145 is 4.05 A from SG atom of
CysP93. Atoms ND1 and NE2 of Hisp143 are 11.7 and 12.6 A from atom SG of Cysp93. Atoms ND1 and
NE2 of HisB92 are 11.7 and 12.6 A from SG atom of Cysp93. Aspp94 and Hisp146 form a salt bridge that
stabilizes the T structure of HbA (Table 1.2) and shields the surface-exposed sulthydryl groups of CysB93.
BPG forms a charged H-bond with the side chain of His143 (Table 1.2, Figure 1.5)
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stabilize the a;B, interface and thus the polar environment of Cysp93. This is reflected in
the more intense and stable v(SH) absorption of Cysp93 in the presence of the effectors

at high temperature (Figures 2.2-2.4).

The electronic stress that is generated on Hisp143 on effector binding is transmitted
to the polar environment of Cysp93 in deoxyHbA through Lysp144 and Tyrf145. As
shown in Figure 2.6, Hisp143 is 11.7 A from Cysp93 with Tyrp145 and LysB144 as
intervening residues. Tyrp145, the penultimate residue of the B-chain, has a strong
influence on heme-heme interactions and on the environmental stability of CysB93 (27).
Cysp93 and Tyrf145 are located in a pocket formed by the F and H helices in deoxyHbA
and only 4.05 A apart (Figure 2.6). According to Perutz et al. the side chain of Tyrp145
has partial freedom in oxyHb but in deoxyHDb it is firmly anchored in the pocket of F and
H helices (26). HbA digested with carboxypeptidase A and lacking the final two [-

residues (Tyrp145 and HisB146) shows higher oxygen affinity and reduced cooperativity

(n =1.3-1.5) compared to native HbA (n = 2.5-3.0).
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3.0 BPG and IHP Stabilize the Heme Pocket and
the Environment of the Aromatic Residues at the

o8, Subunit Interface in DeoxyHbA

3.1 Abstract
The effects of BPG and IHP on the heme pocket of deoxyHbA were studied by
circular dichroism (CD) and unpolarized ultraviolet-visible (UV-vis) spectroscopy from

25 to 55°C with a temperature interval of 5°. The Soret CD band of 0.5 mM deoxyHbA

was detected at 418 and 432 nm with ellipticities of —2.4 and +28 M'cm™ at 25°C. In the
presence of a 2-fold molar excess of BPG or IHP, deoxyHbA exhibited a similar Soret
band but the positive ellipticity at 432 nm was intensified by 2-4 units. While the
intensity of the Soret CD absorption of effector-free deoxyHbA decreased with
increasing temperature, the Soret CD absorption of effector-bound deoxyHbA was
intensified by 2-5 units with temperature. At 55°C ~50% loss of the Soret CD absorption
was observed in free deoxyHbA but not in effector-bound deoxyHb demonstrating a
marked stabilizing effect of the effectors on the heme environment of ligand-free HbA.
The negative trough at 418 nm disappeared fully and the Soret band blue-shifted without
the effectors. Much less dramatic effects of BPG or IHP on the unpolarized Soret
absorption of deoxyHbA were observed by UV-vis at 25°C. However, 10-12% loss of the
Soret band absorption was found at 55°C in the absence of the effectors.

The effects of BPG and IHP on the near-UV CD bands of deoxyHbA were also

evaluated at a physiologically relevant concentration (3 mM) for the first time. The 287-
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nm negative CD band, which has long been used as a T-state CD marker, was 15-20%
intensified by the effectors at 25°C. The effectors had little influence on the 260-nm
band, which is assigned to heme absorption, at room temperature. However, at 45°C,
effector-free deoxyHbA exhibits five valleys instead of the characteristic three valleys of
the 260-nm CD band, and loses the smooth shape of the 287-nm band. The combined
spectroscopic data demonstrate that effector binding significantly stabilizes the
environment of the heme pocket as well as certain aromatic residues in deoxyHbA.
3.2 Introduction

CD can be used to investigate the structural organization of protein molecules (30-
35). In addition to the protein moiety, hemoglobin (Hb) contains hemes with strong
electronic transitions that are extremely sensitive to the surrounding environment and
ligand binding at the heme iron. The presence of hemes in the protein offers three distinct
spectral regions of investigation, each containing information on the structural
organization of the Hb molecule. In the far-UV region (190-240 nm), the predominant
chromophores are the peptide groups, which provide information regarding the three-
dimensional organization of the molecule. The predominant chromophores in the near-
UV region, which extends from 240-300 nm, are the side chains of aromatic amino acid
residues. These are extremely sensitive to local environmental changes due to
polypeptide chain-chain interactions. No amino acid chromophores absorb above 300 nm.
The CD spectra of the heme transitions that occur in the visible region are governed by
the environmental asymmetry of the globin moiety (29).

The allosteric transition of the tetrameric respiratory protein, Hb, from the low

affinity deoxy or T (tense) state to the high affinity oxy or R (relaxed) state with rising
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oxygen saturation is accompanied by a change in quaternary and tertiary structures as
dicussed in Chapter 1 (1-6,8-13,29-31). The amino acid residues that are located at the
o1, interface experience a large change in their relative orientations and environments
(1-6,8,27, 29-33). The a,f, interface of HbA contains 19 amino acid residues with
critical contacts of ~34 atoms between the C helix of one chain and the FG corner of
another (36). Four aromatic residues, namely Tyra42, Tyra140, Trpp37 and Tyra145,
are of particular interest because of their contributions to the near-UV CD absorption
(33).

Perutz et al. reported large changes in the near-UV CD spectra of oxy- and
deoxyHbA, particularly in the regions centered at 260 and 287 nm. They observed that
deoxygenation of Hb is accompanied by a large decrease in the positive CD band at 260
nm and the appearance of a negative band at 287 nm. They assigned the 260-nm band to
the hemes and the 287-nm negative band to both hemes and aromatic residues (3, 4).
Later, Baldwin et al. suggested that Tyra42 and TrpB37 are responsible for the negative
band at 287 nm (34), and Li et al. have more recently shown that TrpB37 and Tyra140
contribute 26% and 30%, respectively, to this negative band in deoxyHbA (31).

The allosteric effectors, BPG and IHP, which favour the T structure over the R
structure, should have a dramartic influence on the environment of the heme pocket. This
is investigated here by CD and UV-vis spectroscopy. The tharmal stability of the near-
UV CD bands of deoxyHbA in the presence of BPG and IHP were investigated to extract
information regarding the influence of the effectors on the a3, interface of HbA.

3.3 Experimental Procedures

3.3.1 Materials
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The materials used are listed in Section 2.3.1.
3.3.2 Methods

Hb, BPG and IHP stock solutions were prepared as described in Section 2.3.2. In
order to study the Soret CD band, a 1-uL aliquot of 100 mM BPG or IHP was added to
17 pL of 3.0 mM deoxyHbA and diluted to 100 pL. with 0.2 M degassed NaPi buffer (pH
7.0) in a glove box (Mbraun-Unilab). To examine the influence of the effectors on the
near-UV CD spectra of deoxyHbA, a sample was prepared by adding 5 puL of 100 mM
BPG or THP to 80 pL of 3.0 mM (tetramer) deoxyHbA inside the glove box. The control
was prepared by adding an equivalent amount of buffer to the deoxyHbA solution. A 20-
pL aliquot of effector-bound or free deoxyHbA was loaded onto the windows of an FTIR
cell equipped with a temperature-controlled cell mount (Harrick) and two 13 x 2 mm
Cal, windows separated by 50-um spacer. The cell was quickly assembled and the
spectra were recorded on a JASCO CD 710 spectropolarimeter between 25°C and 55°C
with a temperature interval of 10°. At each temperature, the cell was equilibrated for 5
min and each spectrum is an average of 10 scans with a resolution of 0.2 nm, a response
time of 4 s, a scan speed of 10 nm/min and a bandwidth of 1 nm. The IR cell temperature
was controlled using an Omega CN8500 temperature controller and monitored with a
thermocouple placed in close proximity to the CaF, windows. The contributions from
buffer, IHP and BPG were subtracted from the spectra using JASCO CD software. The
ellipticities of all bands are expressed in molar CD, Ae (M cm™). The UV-vis spectra
were also recorded in the FTIR cell on a Beckman DU 650 UV-vis spectrometer
equipped with a custom-made bracket to hold the FTIR cell. Data analysis was performed

using Sigma Plot and Microsoft Excel software.
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3.4 Results

The Soret CD band of 0.5 mM deoxyHbA exhibited an intense peak at 432 nm with a
positive ellipticity of ~28 Mlem™ and a negative trough at 418 nm with an ellipticity of
~2.4 Mlem™ at 25°C (Figure 3.1). These characteristics of the Soret band of tetrameric
deoxyHb were previously reported by a number of investigators (30,34,35). In the
presence of a 2-fold molar excess of BPG or IHP, deoxyHbA exhibited a similar Soret
band but the positive ellipticity at 432 nm was intensified by 2-4 units, reflecting an
influence of the effectors on the heme environment. In the absence of the effectors, the
intensity of the Soret CD band decreased with increasing temperature. However, no loss
of intensity was observed in the presence of the effectors. In fact, the absorption at 432
nm was intensified by 2-5 units in effector-bound deoxyHbA at 55°C, whereas free
deoxyHbA lost ~50% of its Soret CD absorption (Figure 3.1). Moreover, the negative
trough at 418 nm fully disappeared and a positive trough developed at 415 nm without
the effectors. The Soret (432 nm) band of free deoxyHbA also blue-shifted to 430 nm.

BPG or IHP had little effect on the unpolarized Soret band of deoxyHbA as observed
by UV-vis at 25°C. DeoxyHbA exhibited identical Soret absorption at 430 nm in the
presence and absence of the effectors at room temperature (Figure 3.2). However, at
55°C, effector-free but not effector-bound deoxyHbA lost ~10-12% absorption at 430 nm
confirming the stabilizing influence of the effectors at the higher temperature.

The effects of BPG and IHP on the near-UV CD band of 3 mM deoxyHbA solutions
were examined. This is the first time that the spectra were recorded at close to the
physiological concentration. The 287-nm negative CD band, which has long been used as

a T-state CD marker of HbA (3, 4, 30, 31), was 15-20% intensified with the effectors

38



|

432
deoxyHbA + BPG _ e i
A - i
30 deoxyHbA +IHP ::,‘.\\‘\I\ 30 :;‘,' )
deoxyHbA ‘,;“ ! ,, ! ‘\|\
I,:"//' | deoxyHbA + BPG
il 1 deoxyHbA + 1HP
,'1" :: deoxyHbA
20» "‘1 20 "~ :

o i —

= I o
< .-' 5

> s

w —’

< W

<
104 10+
0 Fs 0
-5 1 i I -5 \ ‘ ; \
Wavlength:(nm) Wavlength (nm)

Fig 3.1: Effects of BPG and IHP on the Soret absorption of 0.5 mM deoxyHbA in 0.2 M NaPi buffer

(pH 7.0) at 25 and 55°C. Shown are deoxyHbA (solid line), deoxyHbA plus 2x BPG (dotted line) and

deoxyHbA plus 2x IHP (dashed line). The spectra were recorded in a 50-pum pathlength FTIR cell on a
JASCO CD 710 spectropolarimeter with a scan speed of 20 nm/min, a response time of 2 s and a slit of 0.2
nm. Each spectrum is the average of 10 scans. At each temperature the cell was equilibrated for 5 min.

Contributions from buffer, BPG or IHP were subtracted from the respective spectra. All calculations and

analysis were performed using the JASCO CD software.
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Fig 3.2: Effects of BPG and IHP on the unpolarized Soret absorption of 0.5 mM deoxyHbA in 0.2 M
NaPi buffer (pH 7.0) at 25°C and 55°C. Shown are deoxyHbA plus 2x IHP (thin solid line), deoxyHbA
plus 2x BPG (bold solid line) and deoxyHbA (dotted line).The spectra were recorded in 50-pum pathlength
FTIR cell on a Beckman DU 650 UV-vis spectrophotometer at a scan rate of 6 nm/min. The cell was
equilibrated for 5 min at each temperature before recording the spectra. Contributions from buffer, BPG

and IHP were subtracted from the respective spectra.
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Fig 3.3: Effects of BPG and IHP on the near-UV CD spectra of 3.0 mM deoxyHbA in 0.2 M NaPi
buffer (pH 7.0) at 25 and 45°C. Shown are deoxyHbA (solid line), deoxyHbA plus 2x BPG (dashed line),
deoxyHbA plus 2x IHP (dotted line). The spectra were recorded in 50-um pathlength FTIR cell on JASCO
CD 710 spectropolarimeter. Each spectrum is the average of 10 scans with a scan speed of 20 nm/min, a slit
of 0.2 nm and a response time of 2 s. Contributions from buffer, BPG and IHP were subtracted from

respective spectra.
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present at 25°C (Figure 3.3). Approximately 50% of the intensity of this band is
attributed to heme absorption and ~50% to the absorption of aromatic residues,
particularly TrpB37 and Tyral40, at the o;B, subunit-interface (3, 4, 30, 31). No
dramatic effects of the effectors on the 260-nm band, which was assigned to the heme
absorption by Perutz et al., were observed at room temperature. However, effector-free
deoxyHDbA exhibits a five-valley spectrum instead of a three-valley one between 250-280
nm (30, 31) and loses the smooth shape of the 287-nm band at 45°C. When the
temperature was increased above 50°C, both effector-bound and effector-free deoxyHbA
exhibited multiple valleys in this spectral region (data not shown). These combined
spectral changes demonstrate that the effectors stabilize the environment of heme pocket
as well as aromatic residues at the o3, interface in T state HbA.
3.5 Discussion

The CD spectra in the Soret, visible and near-UV regions may reflect conformations
related to the functional properties of Hb (34). The C-terminal residues of both the a- and
B-chains have a profound effect on the Soret absorption and functional properties of all
mammalian deoxyHbs (30-32, 34-37). The C-terminal residues affect heme-liganded Hbs
to a lesser extent. Tyr145 and Hisp146 are far from the heme (26) but removal of these
residues by limited carboxypeptidase A digestion induces drastic changes in the oxygen
binding properties and the Soret CD absorption of deoxyHbA (34). For example,
carboxypeptidase A-digested HbA without Tyrf145 and Hisp146 exhibited ~8-fold
higher oxygen affinity and ~50% reduced cooperativity (Hill coefficient, n = 1.2) than the
native protein. The Soret CD absorption was 30% reduced and blue-shifted in the deoxy

form but remained unaffected in the oxy form (29, 34). The a-helical content remained
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unchanged as reflected by the constant magnitudes of the negative CD trough at 222-nm.
Similar properties are exhibited by Hb Rainier, Hb Bethesda and Hb Nancy, where
cysteinyl, histidyl and aspartyl residues replace Tyrf 145, respectively (27, 32).
Replacement of the a-chain C-terminal residues, which also play an important role in
the allosteric transition, has less effect on the properties of mammalian Hbs. Hb Rouen, a
Tyra140—His variant, was found in a French family with polycythemia disease. This Hb
variant exhibits moderately higher oxygen affinity and reduced cooperativity (n = 2.1)
than HbA. However, Hb Suresnes, where Arga141 is replaced by a histidyl residue, and

other variants of Arga141 show very high oxygen affinity and decreased cooperativity
(32).

Salts that participate in the T-state-stabilizing electrostatic networks should have a
profound influence on the properties of Hb. Sugita ef al. observed that deionization of Hb
increases its O, affinity and addition of an equivalent amount of BPG restores it to the
normal value (34). Deionization also affects the Soret CD absorption of deoxyHb. The
positive ellipticity of the Soret band of deoxyHb was decreased by ~30% upon
deionization and it was restored to the normal value upon addition of equimolar BPG.
The partial oxygen pressures required for 50% O, saturation of native Hb, deionized Hb
and deionized Hb with equimolar BPG were 8.4, 3.2 and 8.3 mm Hg, revealing the
extraordinary influence of BPG on the stability of the T structure (34).

The heme Cotton effect originates from m—n* transitions and is affected by a number
of factors including the oxidation state of hemes, ligand binding, chain-chain interactions
and the side chains of aromatic residues (29, 32). According to the theoretical model of

Hsu and Woody, the major contributions to the heme optical activity arise from coupling
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heme m—n* transitions with n—n* transitions of nearby aromatic residues (29, 32, 38).
The authors predicted the involvement of aromatic residues that are within 12 A of the
heme. Of the 21 aromatic residues in the a-chain, 7 (Hisa58, Phea33, Phea43, Phea98,
Tyra42, Tyra140 and Trpa14) were found at a distance where interactions could impart
significant rotational strength to the heme transitions. Of the 22 aromatic residues in the
B-chain, 9 (Hisp63, Hisp69, Phep41, Phep42, Phef71, Phep85, Phep103, Tyrf130 and
TrpPp15) were suggested to be important in these interactions. The proximal Hisa87 and
Hisp92 ligands were suggested to contribute little to the rotational strength of the heme.
Due to their strongly allowed transitions in the far-UV, tyrosine and tryptophan residues
within 10-15 A distance interact strongly with the hemes providing significant rotational
strength to the heme transitions (29, 32, 38). The variations in the Soret CD absorption in
Hb Rouen (Tyra140—His), Hb Bethesda (Tyrp145—His), Hb Rainier (Tyrp145—Cys)
and Hb Nancy (Tyrf3145—>Asp) are probably due to variation in coupling with the heme
transitions.

The o 32-subunit interface plays a dominant role in the properties of Hb, especially in

the deoxy state. The crystal structure shows that this interface is comprised of 19 residues

with critical contacts between the C helix of one chain and the FG corner of another (26,
33, 36). TrpB37, which contributes to the UV CD absorption, particularly to the 287-nm
negative band in deoxyHbA (Figure 3.3), is located on the C helix (C3), which has a
marginal tendency to be helical (36). The indole ring of Trpp37 forms a hydrogen bond
with the carboxylate of Aspa94, which is considered to stabilize the T-state and is broken
on oxygenation (30). Hb Rothschild (HbR'; Trpp37—>Arg) exhibits a Kp for tetramer

dissocation into dimers (2.5 x 10 M) 2-fold greater HbA (36). Destabilization of the
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HbR! tetramer is unlikely due to electrostatic repulsion, since Aspa94 in the vicinity
Argp37 should favour electrostatic attraction. Also Hb Hirose (Trpp37—Ser) has a
stronger dissociation tendency than HbA (30, 31) but here the substitution is by a neutral
serine. The destabilization of the ap; interface in the Trpp37 mutants could be explained
by the interruption of a pattern of hydrophobic residues, which is required for the correct
folding and stability of o, interface. Additional requirement for the hydration of
Argp37 in HbR' may force greater solvent exposure of its of, interface than that of
HbA (36).

Four aromatic residues (Tyra42, Tyra140, Tyrp145 and TrpB37) located at the o3,
interface contribute to the near-UV CD spectral changes in the 270-290 nm region in
oxy- and deoxyHb (29-31). The H-bonding character of TrpB37 and its consequences are
discussed above. The crystal structure shows that Tyra140 forms an intrasubunit H-bond
with the peptide carbonyl of Vala93 (Table 1.2) and has some contacts with the B subunit
in deoxyHbA (30, 39). N-stearyl-L-Tyr ester in methylcyclohexane exhibits two CD
peaks at 277 and 283 nm. However, addition of the H-bonding agent, N, N-
dimethylacetoamide, red-shifted the peaks to 280 and 286 nm (40). These peaks are also
found in the difference CD spectra of deoxyHbA and Hb Rouen (Tyra140 — Ser)
suggesting that Tyra140 is H-bonded in deoxyHb, which stabilizes the T structure (30).

Tyra42 and Tyrpfl45 form interchain H-bonds with Aspf99 and Vala98,
respectively (Table 1.2), and supposedly sfabilize the T structure (3, 4, 30). Hb Kemsey
(AspP99—Arg) is characterized by high O, affinity and reduced cooperativity (41).
Addition of IHP to Hb Kemsey partially restores the cooperativity and the negative CD

band at 287 nm (3, 41), which suggests that the H-bond between Tyra42 and Aspp99
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contributes little to the 287-nm band (30). Li et al. recently showed that Tyra140 and
Trpp37 make 30% and 26% contributions to this band and also suggested the
involvement of other aromatic residues (Tyra42 and Tyrp145) at the a3, interface (30).

Hisp146, which forms salt bridges with the carboxylate of Asppf94 and the amino
group of Lysa40 and screens the S-H group of Cysp93 in the T structure, is another
candidate stabilizer of the o3, interface. HbA devoid of the C-terminal Hisp146 shows
identical absorption and CD spectra to those of native HbA. However, the Soret CD band
of HbA devoid of both Hispl46 and Tyrf145 is blue-shifted with a lower molar
ellipticity with respect to native HbA (29, 42). The blue-shifted and ~50% reduced Soret
CD absorption of HbA without effectors at 55°C (Figure 3.1) is indicative of loss of the
salt bridges and H-bonds formed by Hisp146 and Tyrf145. In the presence of BPG and
IHP, deoxyHbA retains its Soret CD intensity with increasing temperature reflecting the
integrity of C-terminal B-chain interactions at 45°C (Figure 3.1). The stabilization of the
FTIR v(SH) absorption of Cysp93, the 287-nm CD of aromatic residues, which are all
located at the o, interface, by BPG and THP (Chapter 2) suggests that the effectors
stabilize the heme pocket by stabilizing the o B, interface in T state HbA.

The CD spectra of isolated chains of HbA are different from those of tetrameric HbA
in the Soret and near-UV regions (31,35). The arithmetic mean of the Soret bands of the
isolated a- and B-chains is almost the same as that of the tetramer in the oxy forms but
~50% less intense than the tetramer in the deoxy forms (35). The retention of Soret
intensity at 55°C in the presence of effectors suggests that these ligands stabilize the

deoxyHbA tetramer. Above 55°C the tetramer may dissociate into monomers or dimers
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since the Soret absorption is quickly lost (data not shown) even in the presence of the
effectors.

The arithmetic mean of the near-UV CD spectra of the isolated oxy a- and B-chains
in the 280-300 nm region is also identical to the spectrum of oxyHbA but significantly
different from that of deoxyHbA (31). This reveals changes in the environments of the
aromatic residues on deoxygenation of the tetramer. Recently, Li ef al. showed that the
environment of aromatic residues in the a3, interface is equally affected by changes in
tertiary and quaternary structures upon deoxygenation (31). The 15-20% increased
intensity of the 287-nm negative CD band upon BPG and IHP binding to deoxyHbA
reveals that the effectors further alter the tertiary and/or quaternary structure of the deoxy

protein and thus the environment of the aromatic residues that contribute to the 287-nm

absorption.
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40 BPG and IHP Destabilize Secondary

Structures in DeoxyHbA

4.1 Abstract

The effects of BPG and IHP on the secondary structure of adult human
deoxyhemoglobin (deoxyHbA) were studied by Fourier transform infrared (FTIR) and
circular dichroism (CD) spectroscopies between 25 and 95°C with a temperature interval
of 5°. Bands in the amide I' region (1700-1600 cm™) were observed at 1608, 1623, 1635,
1653, 1668 and 1675 cm™ in the Fourier self-deconvolved and second-derivative FTIR

spectra of 3 mM deoxyHbA in the presence and absence of the effectors. The intensities
of the two prominent bands at 1653 and 1635 cm™, which are assigned to a-helical and
turn absorption, respectively, decreased with increasing temperature. Two strong bands at
1617 and 1684 cm™ appeared at high temperature and correspond to intermolecular
antiparallel B-sheet absorption due to aggregation. Plots of intensity vs temperature
revealed that the loss of a-helices and the appearance of aggregation occur in three
distinct phases. In the presence of effectors, the plots shifted by 5-15°C to lower
temperature, revealing that effectors destabilize the secondary structure of deoxyHbA.
The far-UV CD of 0.5 mM deoxyHbA at 25°C exhibited two negative peaks, typical
of a-helices, at 208 and 222 nm with ellipticities of -530 and -640 M'em™, respectively.
With the rising temperature, the negative ellipticity at these wavelengths decreased

reflecting the loss of a-helices on heating. A plot of the intensity at 222 nm vs
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temperature reveals 26, 47, 67 and 88% loss of a-helices at 45, 55, 65 and 75°C,
respectively.
4.2 Introduction

In Chapters 2 and 3, the effects of BPG and IHP binding on the cysteine and
aromatic residues, and on the heme pockets of deoxyHbA were reported. In this chapter,
their effects on the secondary structures of deoxyHbA are examined. DeoxyHb is a
weaker acid than oxyHb and this phenomenon, known as the Halden effect, is attributed
to changes in secondary structure that expose different residues to the bulk solvent in the
oxy and deoxy protein (17, 18). Convincing evidence to support this hypothesis has not
been published so far (17,18).

Hydrogen-tritium labelling revealed that some of the peptide protons of deoxyHbA
display a large increase in exchange rate following oxygenation and allosteric transition
(43). It is reported that there are five sets of peptide protons (each consisting of 4 to 18
protons) and all the protons in a set exchange at the same rate in deoxyHb. When
deoxyHb is liganded, all the protons in a set move to a new rate that is faster by factors
ranging from 14- to 10*-fold. The differences in exchange rate are attributed to a transient
local unfolding of individual structure segments, involving the breaking of a number of
H-bonds and exposure of the hydrogens to the solvent. Since the mechanism of unfolding
of individual segments depends on the ligand states of Hb, deoxygenation should have an
effect on the secondary structure of Hb.

X-ray crystallographic studies do not reveal changes in secondary structure on
deoxygenation. However, both spectroscopic and X-ray crystallographic studies have

indicated large differences between tertiary and quaternary structures of oxy- and
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deoxyHbA (26,30,39). The three-dimensional structures derived from X-ray
crystallography reflect a static picture of the crystalline state of the protein that lacks
dynamic and functional information. The structural data need to be complemented by
spectroscopic studies in solution where proteins maintain their native conformations.

Fourier transform infrared (FTIR) and far-ultaviolet circular dichroism (far-UV CD)
spectroscopies are widely used to study the secondary structure of polypeptides and
proteins in solutions. The amide I vibrational mode of proteins with IR absorption
between 1600-1700 cm™ consists of 80% peptide C=0 (carbonyl) stretching co-ordinate,
with further contributions from C-N stretching and N-H deformation co-ordinates (44-
48). This mode is very sensitive to the backbone conformation and degree of hydrogen
bonding of the peptide carbonyls (45,46). However, strong absorption of H,O in this
region masks the amide I mode but this shortcoming can be overcome by dissolving the
proteins in deuterium oxide (D,0), which is transparent in this spectral region. The amide
I bands in D,O downshift by 2-5 cm™ and are designated amide 1" (44-45).
4.3 Experimental Procedure
4.3.1 Materials

The materials used are listed in Section 2.3.1.
4.3.2 Methods

Stock solutions of BPG, IHP and deoxyHbA and were prepred in D,0 as described
in Section 2.3.2. To allow H/D exchange the protein was left standing at 4°C for 12-18 h.
A 5-pL aliquot of 100 mM BPG or IHP was added to 100 pL of 3.0 mM (tetramer)
deoxyHDbA inside the glove box (Mbraun-Unilab). The HbA sample (25 pL), prepared in

this way, was loaded onto a window of an FTIR cell equipped with a temperature-
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controlled cell mount (Harrick) and two 13 x 2 mm CaF, windows separated by a 50-um
spacer. The cell was assembled immediately inside the glove box. A control was prepared
by adding 5 pL of NaPi buffer (pD 7.4) to 100 uL of 3.0 mM deoxyHbA. The spectra
were recorded from 25 to 95°C with a temperature interval of 5° on a Nicolet Magna IR
550 Series II FTIR spectrometer equipped with a deuterated triglycine sulfate (DTGS)
KBr detector and purged with dry air from a Whatman FTIR Purge Gas Generator
(Model 75-52). At each temperature, the cell was equilibrated for 5 min and each
spectrum is an average of 512 scans with a resolution of 2 cm™ and an aperture of 69. The
IR cell temperature was controlled using an Omega CN8500 temperature controller and
monitored with a thermocouple placed in close proximity to the CaF, windows. Omnic
(Nicolet) software was used to subtract contribution of the buffer, BPG and IHP from the
spectra. Fourier self-deconvolution (FSD) was performed using a band width of 25 cm™
and a resolution enhancement factor (K) of 1.4 in a Happ-Ganzel window. The second
derivative spectra were obtained by using a power of 3 and a break point of 0.3.

The far-UV CD spectra of 0.5 mM deoxyHbA in 0.2 M NaPi buffer (pH 7.4) were
also recorded in the FTIR cell (Harrick) with a 50-um pathlength on a JASCO 710
spectropolarimeter. Each spectrum was an average of 10 scans recorded with a scan
speed of 20 nm/min, a response time of 2 s and a slit of 0.2 nm. Buffer contributions
were subtracted from each spectrum using the JASCO CD software. At each temperature,
the IR cell was equilibrated for 10 min and the temperature was controlled as described
above for the FTIR experiments.

4.4 Results and Discussion

The secondary structure of HbA as deduced from crystallographic data is
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Fig 4.1: FTIR spectra of 3 mM deoxyHbA in 0.2 M NaPi buffer (pD 7.4) in the amide I' (D,0) region
vs temperature, Fourier self-deconvolved (FSD) (A) and second derivative (SD) (B) spectra are shown.
The spectra were recorded with a 50-um pathlength. At each temperature the cell was equilibrated for 5
min and each spectrum is an average of 512 scans recorded with a resolution of 2 cm™. Contributions from
buffer were subtracted from the corresponding spectrum. Fourier self-deconvolution was performed with a
HWHH of 25 cm™ and a K factor of 1.4, and the second derivative spectra were obtained with a power of 3

and break point of 0.3.
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Fig 4.2: FTIR spectra of 3 mM deoxyHbA (A), deoxyHbA plus 2x BPG (B), and deoxyHbA plus 2x

IHP (C) in 0.2 M NaPi buffer (pD 7.4) in the amide I" (D,O) region vs temperature. The experimental

conditions are given in the legend of Figure 4.1. Contributions from BPG and [HP were subtracted from the

spectra.
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Fig 4.3: The second derivative FTIR spectra of 3 mM deoxyHbA (A), deoxyHbA plus 2x BPG (B),

and deoxyHbA plus 2x IHP (C) in 0.2 M NaPi buffer (pD 7.4) in the amide I" (D,0) region vs

temperature. The experimental conditions are given in the legend of Figure 4.2.

54



0.4

Absorbance at 1653 c¢cm’!

0.2

03
Iz
]
o~
©
5
3
g
2
. 0.05
20 60 100
O]

B

0.25

g

o

5

o0

2

s

8

=

<

O

<

. 0.04

20 60 100

O

Fig 4.4: FTIR monitored thermal denaturation of deoxyHbA with and without effectors. Plots of
absorbance at (A) 1653, (B) 1617 and (C) 1684 cm™ of 3 mM deoxyHbA (triangles, solid line),
deoxyHbA plus 2x BPG (diamonds, dashed line) and deoxyHbA plus 2x IHP (circles, dotted-dashed line)

in 0.2 M NaPi buffer (pD 7.4) vs temperature. The a-helices are assumed to absorb at 1653 cm™ and the

aggregation bands at 1617 cm™ and at 1684 cm™. The intensities were obtained from the spectra shown in

Figure 4.2
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Fig 4.5: The far-UV CD spectra of 0.5 mM deoxyHbA in 0.2 M NaPi buffer (pH 7.4) vs temperature.
The spectra were recorded at a HT reading <500 in the FTIR cell with a 50-um pathlength. At each
temperature the cell was equilibrated for 10 min and each spectrum is an average of 10 scans with a scan
speed of 20 nm/min, a response time of 2 s and a slit of 0.2 nm. Buffer contributions were subtracted from

each spectrum.
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Fig 4.6: Plot of helical ellipticity at 222 nm of 0.5 mM deoxyHbA in 0.2 M NaPi buffer (pH 7.4) vs

temperature. The Ae values were obtained from the spectra in Figure 4.5.

57



approximately 80% a-helical with turns connecting the helical segments but 3-Structures
are completely absent (44, 49). Susi and Byler deconvolved the amide I' band of bovine
metHb into three components at 1652 cm for a-helical segments, and 1638 and 1675
cm’ for turns (44). These authors also observed a band at 1623 cm’ in B-lactoglobulin
and suggested that this signal may be associated with a special kind of f-structure (44).
Sire et al. studied the amide I' spectra of oxyHb and carbonmonoxyHb at 20°C and
observed four major components at 1672, 1654, 1635 and 1615-1619 cm™ and assigned
these to B-turns, a-helices, loops connecting the helical cylinders and subunit interactions
in non-aggregated molecules, respectively (48). Schlereth and Mantele studied redox-
induced conformational changes in myoglobin (Mb) and Hb by FTIR difference
spectroscopy at  surface-modified gold electrodes in an ultra-thin-layer
spectroelectrochemical cell. They observed a large number of bands in the difference
spectra between 1800-1000 cm™ (50) that were assigned to the absorption of residues
surrounding the heme and to the heme ring itself.

van Stokkum and his colleagues extensively studied the temperature induced
conformational changes of several proteins (albumin, immunoglobin G, fibrinogen,
lysozyme, a-lactalbumin and ribonuclease S) in D,O and assigned the bands to different
secondary structures (46). They observed a total of eight bands in the amide I/I' region

between 1700-1600 ¢cm™. A minor band observed between 1600 and 1614 cm™ is

attributed to side-chain vibrations. At high temperature a band observed between 1616
and 1620 cm™ is assigned to intermolecular B-sheet formation upon aggregation.
Intramolecular B-sheet absorption is observed between 1632 and 1639 cm™. The random

coil band is positioned between 1640 and 1650 cm™, and a-helical absorptions are
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observed between 1651 and 1655 cm™. B-turns are observed between 1662 cm” and
1675 cm™, and the high energy absorption of antiparallel p-sheets occurs between 1680
and 1688 cm™.

In this study, a total of six bands (1608, 1623, 1635, 1653, 1668 and 1675 cm'l) were
observed in the amide I' spectrum of deoxyHbA at 25°C in the presence and absence of
BPG and IHP (Figures 4.1-4.3). The strong band at 1653 cm” that disappeared at higher
temperatures is assigned to o-helical absorption, which accounts for ~80% of the
secondary structure of Hb. A moderately strong band located at 1635 c¢m™, which also
disappeared with increasing temperatures, is assigned to the nonhelical loops connecting
the different helical segments. A band of medium intensity located at 1623 cm™ is
assigned to unordered structures. Weak bands at 1668 and 1675 cm™ are assigned to B-
turns. The two prominent bands that appear at 1684 and 1617 cm™ at higher temperatures
are assigned to aggregation bands (48).

A careful examination of the deconvolved and second derivative spectra (Figures
4.1-4.3) reveals complete loss of a-helical absorption at 75°C in effector-free.deoxyHbA,
while this takes place in the presence of BPG and IHP at 70 and 65°C, respectively. This
suggests a destabilizing effect of these effectors on the secondary structures of deoxyHb.
The plots of intensity at 1653 cm™ vs temperatures appear to be triphasic (Figure 4.4A).
The three phases extend over the temperature ranges 38-60, 60-80 and above 80°C in the
absence of the effectors. These phases appear at ~5°C lower temperature in the presence
of the effectors reflecting their destabilizing effects on the secondary structures of
deoxyHbA. The plots of intensity vs temperature at 1617 cm™ are also triphasic (Figure

4.4B). This confirms the triphasic loss of secondary structures. These phases appear at 5-
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7 and 7-18°C lower temperature in BPG-deoxyHbA and IHP-deoxyHbA, respectively.
Plots of the aggregation band at 1684 cm™ are monophasic over 40-85°C with a Tm
(midpoint temperature) of ~70°C in effector-free deoxyHbA and 65 and 60°C in BPG-
deoxyHbA and IHP-deoxyHbA, respectively (Figure 4.4C), confirming the destabilizing
effects of the effectors on the secondary structures of deoxyHbA.

The far-UV CD of deoxyHbA at 25°C exhibits the two negative peaks for a-helices
at 208 and 222 nm with ellipticities of -530 and -640 M™'cm’’, respectively. With the rise
in temperature, the absorption at these wavelengths decreases reflecting the loss of a-
helical structure on heating. The plot of a-helical intensity at 222 nm vs temperature
(Figure 4.6) resembles that of the FTIR aggregation band at 1684 cm” (Figure 4.4C)
rather than that of the FTIR a-helical intensity (Figure 4.4A). This may be due to
overlapping contributions of random structures to a-helical absorption. Also the different
deoxyHbA concentrations used in the CD (0.5 mM) and the FTIR (3.0 mM) experiments
may affect the thermal denaturation profiles. The far-UV CD spectra of effector-bound
deoxyHbA were not recorded since the spectrum of effector-free deoxyHbA confirmed
the FTIR results that loss of a-helical structures occurs on heating deoxyHbA.

Drzazga et al. studied the thermal stability of bovine metHb in both H,O and 0.9%
NaCl by differential scanning calorimetry (DSC). They also observed triphasic loss of

secondary structures between 40 and 80°C (51), and suggested that the phases reflected
tetramer to dimer dissociation, dimer to monomer dissociation and unfolding of
monomers.

While the triphasic loss of secondary structures agrees with the DSC profile of

bovine metHb denaturation (51), the destabilizing effects of the effectors on the
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secondary structure of human deoxyHbA were unexpected. The spectroscopic data given
in Chapters 3 and 4 suggest that BPG and IHP stabilize the o3, interfaces of deoxyHbA.
However, the loss of a-helical absorption and the appearance of aggregation bands at
lower temperatures in effector-bound vs effector-free deoxyHbA (~55 vs 60°C) (Figure
4.4) indicate that the effectors destabilize regions of the protein at higher temperatures. In
addition, broadening of Cysa104 v(SH) absorption (Figures 2.1 and 2.2) below 55°C
indicates that the effectors perturbed the o3 interface even at 25°C. Thus, effector

binding stabilizes the o;f, interface at the expanse of the o;f; interface, which is

reflected in destabilization of secondary structures and lower aggregation temperatures.
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5.0 Conclusions and Suggestions for Future

Work

5.1 Conclusions

BPG and THP stabilize the polar environment of Cysf93 at the o,f, interface of
deoxyHbA probably by stabilizing the salt bridges between the C-termini of the subunits.
BPG and IHP also stabilize the heme pocket and the environment of aromatic residues
(Tyrad2, Tyra140, TrpP37 and Tyra145) at the a3, interface.

The effectors destabilize the hydrophobic environment of Cysa104 and Cysp112 at
the o;P; interface. This may result from destabilizing or breaking the H-bonds between
Cysa104 and Leua100, or Cysp112 and Asn108 or Valf3109.

The triphasic loss of a-helices suggests that the denaturation of secondary
structures in deoxyHbA occurs in three phases both in the presence and absence of the
effectors. The different plots shift by ~5-15°C to lower temperatures in effector-bound
deoxyHbA indicating that these ligands destabilize the secondary structure of deoxyHbA.
The three phases in the thermal denaturation are probably associated with the tetramer —
o1 32-dimer, o 3;-dimer — monomer, and monomer — denatured monomer transitions. If
the effectors destabilize the ojff; and oyf, interfaces, the tetramer— oB,-dimer

transition, which involves cleavages at these interfaces, should occur at lower
temperatures in their presence. This would explain the shift in the thermal denaturation
curves to the left (i.e., lower temperature) seen in Figure 4.4.

5.2 Suggestions for Future Work
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(1) Seven aromatic residues (Hisa58, Phea33, Phead3, Phea98, Tyrad2, Tyra140
and Trpal4) in the o-chain and nine (Hisp63, Hisp69, Phef41, Phef42, Phef71,
PheB85, PheP103, Tyrp130 and TrpP15) in the B-chain are suggested to contribute to the
heme cotton effect of HbA (29, 32, 38). The precise contributions of these residues have
not been characterized. Ultraviolet resonance Raman (UVRR) spectroscopy can directly
probe the environment of aromatic residues (53). Therefore, UVRR spectroscopy can be
employed to determine the effects of BPG and IHP on the environments of the aromatic
residues that contribute to the stabilization of the asymmetric heme environment of
deoxyHbA.

(2) Drzazga et al. suggested that the triphasic loss of the secondary structures of
bovine metHb on heating involves the dissociation of tetramer to dimer, dimer to
monomer and finally unfolding of monomer (51). Convincing evidence to support this
hypothesis has not been published so far. The sedimentation coefficients of Hb
monomers, dimers and tetramer are different from one another (36). Thus, the
measurement of sedimentation coefficients by analytical ultracetrifugation (AUC) at
different temperatures should unveil the mechanism of the triphasic thermal denaturation
of deoxyHDbA.

(3) Bovine Hb has only one type of cysteine residue, Cysp93, and equine and porcine
Hbs possess Cysp93 and Cysa104 but not Cysp112 (19). FTIR investigations of the
thermal stability of the v(SH) absorption of these Hbs in the presence and absence of

BPG and THP would allow the effects of effector binding on the environment of Cysa 104

to be examined in the absence of overlapping Cysp112 absorption.
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(4) The effects of BPG and THP on the local and global conformational stabilities of
metHb and oxyHb should be examined. Of particular interest are the effects of BPG on
the v(SH) vibrations of oxyHb given the critical role proposed for Cysf93 in NO
transport and delivery in red blood cells.

(5) A complete analysis of the far-UV CD spectra of deoxyHbA at higher
concentration (3.0 mM) with and without the effectors present would complement the
FTIR-monitored thermal denaturation profiles presented here using 3 mM protein.

Similar analysis of the met and oxy forms of HbA should also be performed.
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