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The reactivities of 5,5’-Dithiobis (2-nitrobenzoate) with the sulphydryl groups of major haemoglobin
of duck (Anas platyrhinchos) have been carried out in the presence of inositol hexakisphosphate,
inositol-Ps. The time course of the reaction is biphasic. The addition of inositol-Pg changed the pH
dependence profile of the apparent second-order rate constant of both oxy- and
carbonmonoxyhaemoglobin for the reaction with CysF9(93)B. Inositol-Ps reduced the rate of
reaction with CysF9(93)B of the carbonmonoxy derivative by about 2 to 9-fold, depending on the
pH. In contrast, the addition of inositol-Pg increased the rates of reaction of the oxy- and aquomet
derivatives. This difference might have risen from the fact that the salt bridge that is normally
formed in human haemoglobins between HisHC3(146)f and AspFG(94)B was not formed in the
presence of inositol-Pg in liganded derivatives whose pH profiles were changed. Consequently,
HisHC3(146)B comes sufficiently close to the CysF9(93)B sulphydryl group to interact with it
electrostatically and so influences its reactivity directly. However, inositol-Ps changed only that of
carbonmonoxyhaemoglobin for CysB5(23)B. For the reaction with CysB5(23)B, inositol-Pg reduced
the rate in the carbonmonoxy derivative with increasing pH up to about 15-fold at pH 9.0, and

increased the rates of reaction of the oxy- and aquomet derivatives by about 2 to 3-fold.
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INTRODUCTION

Although, atomic details of haemoglobin have been
determined by x-ray crystallographic analysis (Perutz,
1970, 1989), there are still various features, especially
structure-function relationship of the molecule that
remains unexplained or controversial. This is because the
crystal structure only shows the structure at a moment in
time, whereas the structure is dynamic in solution.
Structural changes in proteins have been said to play
important role in biological functions, such as allosteric
regulation (Perutz, 1989), energy transformations
(Abrahams at al., 1994) and molecular recognition (Kato
et al., 1991). Inositol hexakisphosphate (IHP), inositol-
Ps, is a strong allosteric effector that can give insight into
structural changes in haemoglobin when bound to the
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molecule in solution, hence this study. Structural
changes in solution are not only affected by allosteric
effectors (including H") but also by ionic strength. So far,
we only have insights into what the structure might look
like in solution by studying reaction kinetics and thermo-
dynamics, since it is often very difficult to interpret NMR
data of macromolecule in solution. A compromise for
haemoglobin structural determination by X-ray crystallo-
graphy and implied structures from solution is the
encapsulation of haemoglobin in transparent sol-gel (Wo
et al., 1994; Shibayama and Saigo, 1995; Bruno et al.,
2001). Under this condition, the quaternary transition is
dramatically reduced (Das et al., 1999; Shibayama and
Saigo, 1999), thereby making it possible to detect the
tertiary conformational properties. The rate of tertiary
transitions is also decreased by several orders of
magnitute (Shibayama and Saigo, 2001). Under this con-
dition, haemoglobin is said to retain most of its functional
and structural properties (Shibayama and Saigo, 1995,



2001; Bettati and Mozzarelli, 1997), though not all. A
structural study in native environment of the molecule is
therefore preferred.

Several animal haemoglobins have properties that
cannot be readily explained by their amino acids
sequence and known model because they vary widely in
their interactions with allosteric effector molecules, such
as Inositol-Ps, and H*. The lower oxygen affinity of
haemoglobin within red blood than that of haemoglobin in
free solution has been attributed to the presence of
organic phosphates in the red blood cell (Benesch and
Benesch, 1967, 1969; Gibson and Gray, 1970). This
difference is of great importance to the physiological
functions of haemoglobin. Human red blood cells contain
2, 3 bisphosphoglycerate (BPG) at about the same molar
concentration as haemoglobin. However, in avian and
turtle erythrocytes, inositol pentakisphosphate is present
instead of 2, 3-bisphophoglycerate (Vandecasserie et al.,
1971). These organic phosphates regulate oxygen
binding properties of haemoglobin by binding at the
entrance of the molecular dyad axis in deoxyhaemoglobin
(Arnone, 1972; Arnone and Perutz, 1974; Brygier et al.,
1975; Okonjo, 1980). There is evidence that the same
binding site is involved in the R as in the T structure. The
resultant effect is a decrease in the reactivity of the
sulphydryl groups at position F9(93)p (Okonjo et al.,
1995). Other conformational changes have also been
attributed to the binding of organic phosphates to
haemoglobins (Babalola and Nwozo, 2002).

Some of the organic phosphates which act as allosteric
effectors in haemoglobins include inositol hexakis-
phosphate (inositol-P6), inositol pentakisphosphate
(inositol-P5), 2,3-bisphosphoglycerate (BPG), adenosine
monophosphate (AMP), cyclic adenosine mono-
phosphate (CAMP), adenosine bisphosphate (ABP) and
adenosine trisphosphate (ATP). All the organic phos-
phates are molecules with strong negative charges
binding at the allosteric site (Arnone and Perutz, 1974).
The stoichiometry of binding of organic phosphate to both
oxy and deoxy haemoglobin has been shown to be one
organic phosphate per haemoglobin molecule (Rollema
and Bauer, 1974). Avian haemoglobins are of interest
with respect to pentakisphosphate because they posses
a relatively high number of positively charged residues at
the phosphate binding site as compared to human
haemoglobin (Rollema and Bauer, 1974). This gives rise
to a very high affinity for organic phosphate even in the R
state. It also makes it possible to study the interaction of
inositol hexakisphosphate with the protein over a wide pH
range. Such measurements provide information on the
nature of the groups interacting with the organic phos-
phate. Different interesting structural information has
been obtained from the reactivities of each of human
(Okonjo et al., 1995, 1996), guinea pig (Babalola et al.,
2002) and avian (Brygier et al., 1975; Okonjo and Nwozo,
1997; Babalola and Nwozo, 2002) haemoglobins bound
to organic phosphate. Avian haemoglobins have parti-
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cularly been of great interest because of the multiple
reactive sulphydryl groups they possess.

There is high degree of homology between the amino
acid sequence of the  chain of duck and those of other
avians (Niessing, 1981). This homology is as high as
97% with chicken. In the present study, we extended the
previous studies on pigeon (Babalola and Nwozo, 2002)
and chicken (Okonjo and Nwozo, 1997) to the major
haemoglobin of duck. Amazingly, the effect of inositol
hexakisphosphate on the reaction of 5,5-Dithiobis (2-
nitrobenzoate) (DTNB) with duck major haemoglobin was
more pronounced in terms of structural changes.

MATERIALS AND METHODS

The collection of blood samples and haemoglobin preparation are
as previously described (Babalola and Nwozo, 2002; Babarinde et
al., 2005; Babarinde and Babalola, 2005). The experimental
procedure was also similar to the previous ones except that 10 pM
inostol-Pg (sodium salt) was added to the ‘stripped haemoglobin’
solution (Tamburrini et al., 1994; Okonjo et al., 1995, 1996).

Kinetics

The reaction of DTNB with haemoglobin derivatives was monitored
on a Zeiss PMQ Il ultraviolet-visible spectrometer under pseudo-
first-order conditions. The reaction of DTNB with the haemoglobins
was monitored as previously described (Babalola et al., 2002;
Babalola and Nwozo, 2002; Babarinde et al., 2005; Babarinde and
Babalola, 2005). This was achieved by reacting each haemoglobin
sample with at least a ten-fold excess of DTNB over the
concentration of reacting sulphydryl groups. The reactions were
monitored at an ionic strength of 50 mM so that electrostatic
interaction will not be screened out. 10 uM (heam) haemoglobin
solutions were prepared using different buffers (phosphate buffers
pH 7.0 to 8.0 and borate buffers pH 8.2 to 9.0), each of ionic
strength 50 mM. Inositol-Ps was added to the haemoglobin solution
before making up to the mark to give an inositol-Ps concentration of
10 pM.

The solutions were allowed to equilibrate at 20°C in a Lauda 30D
Table Cryostat. A 10 ml aliquot of the haemoglobin solution was
then transferred to a 2 x 2 cm cuvette, which was placed in the cell
compartment of the Zeiss UV-VIS spectrophotometer thermostated
at 20°C. A calculated volume of the 20 mM DTNB stock solution
that would give a final concentration of at least 100 uM in the 10 ml
haemoglobin solution was placed on a glass rod, one end of which
had been shaped into the form of a shallow spoon. The data were
recorded on a Philips PM8261 Xt chart recorder. All reactions were
allowed to proceed to completion. Each experiment was repeated
three times. The procedure for data analysis has been described in
detail (Okonjo et al., 1995). The analyses gave two kinetic phases.
The apparent second-order-rate constant (Kapp) Was calculated from
the pseudo-first-order rate constants (kons). The reactions were
carried out at 20°C in phosphate buffers (pH 7.0 to 8.0) and borate
buffers (pH 8.2 to 9.0) of ionic strength 50 mM and haemoglobin
concentration of 10 uM (haem).

Curve fitting
In order to be able to determine the nature of the ionizable groups

that influence the DTNB reaction, it was necessary to determine the
reactivity of the sulphydryl groups as a function of the pH. The pH-
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dependence profiles obtained were fitted to model equation with
user-friendly computer software as was previously done (Babalola
et al.,, 2002; Babarinde et al., 2005). The direct approach to the
curve-fitting problem (the full-variable approach) minimized the
objective function xz with respect to the rate constants, k;, and the
ionization constants, K;. Another approach (the restricted-variable
approach) was to express the rate constants (which occur linearly in
the objective function) in terms of the ionization parameters by
solving a least-squares problem, and then to minimize the objective
function with respect to the ionization parameters alone. Both
approaches are supported by the software. An automatic non-
negativity constraint was also imposed by working directly with the
pK values of the ionization parameters.

RESULTS
Sulphydryl titrations

The amino acid sequence of duck major haemoglobin
revealed that there are ten sulphydryl groups in its
tetramer molecule and located at positions G11(104)a,
H13(130)a, B5(23)B, F9(93)B and H4(126)B. An earlier
static titration (Boyer titration) done on duck major
haemoglobin stripped of organic phosphates (Babarinde
et al., 2005) showed that only two pairs located at posi-
tions B5(23)p and F9(93)B are reactive towards DTNB.

Reactions of DTNB with sulphydryl groups in the
absence of allosteric effectors

The reaction of DTNB with the CysF9(93)8 and
CysB5(23)p sulphydryl groups of oxy, carbonmonoxy and
aquomet derivatives of duck major haemoglobin stripped
of organic phosphates gave simple profiles resembling
the titration curves of diprotic acid (Figures 1 to 6, dotted
lines) for their pH dependence of kag, (Babarinde et al.,
2005). These profiles have been previously reported and
analysed (Babarinde et al., 2005) using Equation (1):

kK kK,
app K1+|+|+_K2+|+|+_

1)

This equation is based on the finding that there is a Bohr
effect in R-state haemoglobin involving HisHC3(146)3
(Kwiatkowski and Noble, 1982). This proves that the
histidine forms a salt bridge with AspFG1(94)B, resulting
in CysF9(93)p being sterically hindered by TyrHC2(145)B
(Perutz, 1970). When the histidine ionizes, the salt bridge
is broken and the steric hindrance to the approach of
DTNB to the sulphydryl group is removed. Then, the
reactivity of the sulphydryl should increase as the
histidine ionizes with increasing pH. In this equation, k; is
the limiting apparent second order rate constant at high
pH for the DTNB reaction when the reactivity of the
sulphydryl group is linked to the ionization of HisHC3
(146)B, with ionization constant Ki; k, is the limiting
apparent second order rate constant at high pH when the

sulphydryl reactivity is linked to the ionization of itself,
with ionization constant K,. The standard error in the
determination of k,, was not more than 20% for the slow
phase and 10% for the fast phases.

Reactions of DTNB with sulphydryl groups in the
presence of allosteric effectors

Time course for the reaction and phase assignments

The time course of the reaction of DTNB with duck major
haemoglobin in the presence of inositol-Pg is biphasic
(data not shown). The two phases are well resolved by
the computer program we used and these are similar to
what was obtained for duck major haemoglobin in the
absence of organic phosphates. The fast kinetic phase
has been attributed to the reaction of CysF9(93)B, while
the slow phase is assigned to the reaction of CysB5(23).
The assignments of these kinetic phases are in agree-
ment with previous assignments (Okonjo et al., 1995,
1996).

Quantitative analyses of pH-dependence profiles
CysF9(93)B of oxyhaemoglobin

Figure 1 shows the dependence of the apparent second
order rate constant, Kap,, 0N pH for the reaction of DTNB
with CysF9(93)B of duck major oxyhaemoglobin in the
presence of inositol-Pe. The value of kap, decreased with
increasing pH up to pH 8.2, after which the value became
constant. This pH dependence profile is completely
different from the one obtained in the absence of organic
phosphate (dotted line). Our initial expectation was that,
the curve reported in Figure 1 would need a simple one-
term equation to be fitted since it is not bowl-shaped. All
efforts to fit that curve (Figure 1) with Equation 3 did not
yield a good theoretical fit. These trials are represented
by dashed line in Figure 1. The theoretical fits were
particularly bad at higher pH values.

_ kK

al - (2)
pp K1 + ||+ -

The definition of the terms in Equation (2) is similar to the
definitions of the first term in equation (3). The clear
implication of this is a change in conformation of the
molecule on binding inositol-Ps. To the best of our
knowledge, this type of profile has not been obtained for
the reaction of DTNB with haemoglobin sulphydryl group
before. The closest in nature are the bowl-shaped profiles
obtained for pigeon (Babalola and Nwoso, 2002) and
chicken (Okonjo and Nwoso, 1997). To better understand
the nature of the new profile, we fitted the data points in
Figure 1 with the equation (3) that was also used to fit the
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Figure 1. Dependence of kapp on pH for the reaction of DTNB with CysF9(93)B of duck major
oxyhaemoglobin in the presence of IHP. Full-line is the theoretical best fit for the plot using
Equation (3), dashed-line is the best obtainable fit using Equation (2) and the dotted-line shows
the reaction profile in the absence of inositol-Ps (Babarinde et al., 2005) Conditions: HbO, = 10
MM haem; inositol-Pg = 10 uM; | = 50 mM; Phosphate buffer pH = 7.0 to 8.0; borate buffer pH =
8.2t09.0; DTNB = 300 uM ; T = 20°C; A = 450 nm.

bowl-shaped profiles.

k, H* k, K
Kppp = o= 202 3
o Kl+l-\-l*_ K2+I-\-I*_ ®)

Theoretically, bowl-shaped profiles can only be accounted
for by assuming that there is an ionizable cationic group
close to the reacting sulphydryl group. At low pH the
cationic group is positively charged and the reaction of
the negatively charged DTNB is fast. As the cationic
group ionizes to its neutral form with increasing pH, the
DTNB reaction slows down. In Equation (3), k; is the
limiting apparent second-order rate constant at low pH for
the DTNB reaction when the sulphydryl reactivity is linked
to the ionization of a neighbouring cationic group, with
ionization constant K;. The second fractional term in
Equation (2) is similar to those of Equation (1) and the
parameters are similarly defined. To our amazement,
Equation (3) gave a perfect theoretical fit to the pH
dependence profile in Figure 1, though it is not bowl-
shaped.

CysF9(93)B of carbonmonoxyhaemoglobin

The pH dependence of kg, for the reaction of DTNB  with

CysF9(93)p of duck major carbonmonoxyhaemaoglobin in
the presence of inositol-Pg is shown in Figure 2. This
profile is similar to the one obtained for oxyhaemaoglobin.
However, it is clearly shown in Figure 2 (inset) that
inositol-Pg did not only change the profile of the pH
dependence, it also drastically reduced the second
apparent rate constant up to 9 fold at pH 9. Figure 2 was
therefore fitted with Equation (3). The fitting parameters
are reported in Table 1. The long dashed-line is the fit
done using Equation (2).

CysF9(93)B of aguomethaemoglobin

Figure 3 shows the pH dependence profile of the reaction
of DTNB with CysF9(93)B of duck major aquo-
methaemoglobin in the presence of inositol-Pg. Inositol-Pg
had no effect on the pH dependence profile, but
increased the second order apparent rate constant
contrary to expectation (Okonjo et al., 1995, 1996). The
profile resembles that of the ionization of a simple diprotic
acid. Figure 3 was therefore fitted with Equation (1) and
the fitting parameters are reported in Table 1.

CysB5(23)B of oxyhaemoglobin

The slow kinetic phase in the reaction of duck major
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Figure 2. Dependence of kapp on pH for the reaction of DTNB with CysF9(93)B of duck
major carbonmoxyhaemoglobin in the presence of IHP. Full-line is the theoretical best fit for
the plot using Equation (3), dashed-line is the best obtainable fit using Equation (2) and the
dotted-line (in the inset) shows the reaction profile in the absence of inositol-Ps (Babarinde
et al.,, 2005) for comparison. Conditions: HbCO = 10 yM haem; inositol-Pg = 10 uM; | = 50
mM; phosphate buffer pH = 7.0 to 8.0; borate buffer pH = 8.2 to 9.0; DTNB = 300 yM; T =
20°C; A =450 nm.
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Figure 3. Dependence of kap, on pH for the reaction of DTNB with CysF9(93)B
of duck major aguomethaemoglobin in the presence of IHP. Full-line is the
theoretical best fit for the plot using Equation 1 and the dotted-line shows the
reaction profile in the absence of inositol-Ps (Babarinde et al., 2005). Conditions:
aquometHb = 10 yM haem; inositol-Ps = 10 uM; | = 50 mM; phosphate buffer pH
= 7.0 to 8.0; borate buffer pH = 8.2 to 9.0; DTNB = 300 uM; T = 20°C; A =450
nm.
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Table 1. Best-fit parameters using the different equations (in superscripts) employed to fit data in
Figures 1to 3 for the reaction of DTNB with CysF9(93)p of major duck inositol-bound haemoglobin
at an ionic strength of 50 mM in the presence of inositol-Pg: fast kinetic phase.
Derivative pK1 pK> ki(Ms™) ko(Ms™)
Ooxy® 7.8 8.4 1000 400
Carbonmonoxy® 75 8.0 1400 380
Aquomet 5.0 8.9 453 1100
~
-
wn
7' 12 |
N—’
Q_ _
2 10
4
Figure 4. Dependence of kapp 0n pH for the reaction of DTNB with CysB5(23)B of duck major
oxyhaemoglobin in the presence of IHP. Full-line is the theoretical best fit for the plot using
Equation 1 and the dotted-line (in the inset) shows the reaction profile in the absence of
inositol-Ps (Babarinde et al., 2005) for comparison. Conditions: HbO, = 10 yM haem; inositol-
Ps = 10 pM; | = 50 mM; phosphate buffer pH = 7.0 — 8.0; borate buffer pH = 8.2 - 9.0; DTNB =
300 uM ; T =20 °C; A =450 nm.
haemoglobin with DTNB is the reaction of CysB5(23)3 major haemoglobin.
with DTNB. Figure 4 shows the pH dependence profile of
Kapp for the reaction of DTNB with CysB5(23)B of duck
major oxyhaemoglobin in the presence of inositol-Pg. The CysB5(23)B of carbonmonoxyhaemoglobin
profile resembles that of the ionization of a simple diprotic
acid and was therefore fitted with Equation (1). The fitting The pH dependence profile for the reaction of

parameters are shown in Table 2. The inset of Figure 2
shows a comparison of the reaction in the presence and
absence of inositol-Pg. Inositol-Pg increased the rate of
reaction contrary to expectations. Apparently, the profile
of the reaction of CysF9(93)B and CysB5(23)B of duck
major oxyhaemoglobin has similar profiles in the absence
of inositol-Pg but different profiles in the presence of
inositol-Pg. This indicated that either the B5 or F9 position
on B-chain is affected by the binding of inositol-Pg to duck

CysB5(23)B of duck major carbonmonoyhaemoglobin
with DTNB in the presence of inositol-Pg is reported in
Figure 5. The kap, decreased with increase in pH. This is
similar to what was obtained for the reaction of
CysF9(93)B, the profile was therefore fitted with equation
(3). The fitting parameters are reported in Table 2. The
profile is completely different from what was obtained in
the absence of inositol-Pg and there is a drastic reduction
in the rate of the reaction.
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Table 2. Best-fit parameters using the different equations (in superscripts) employed to fit data in
Figures 4 to 6 for the reaction of DTNB with CysB5(23)p major duck inositol-bound haemoglobin at
ionic strength of 50 mM in the presence of inositol-Pg: slow kinetic phase.

Derivative pK1 pK> ki(Ms™) ko(Ms™)
Oxy" 5.0 8.3 7.96 8.16
Carbonmonoxy ° 75 6.0 10.50 1.50
Aquomet 5.0 7.9 3.58 12.05
10
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A
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Figure 5. Dependence of kap, on pH for the reaction of DTNB with CysB5(23)B of duck major
carbonmoxyhaemoglobin in the presence of IHP. Full-line is the theoretical best fit for the plot
using Equation (3), dashed-line is the best obtainable fit using Equation (2) and the dotted-line
(in the inset) shows the reaction profile in the absence of inositol-Ps (Babarinde et al., 2005)
for comparison. Conditions: HbCO = 10 yM haem; inositol-Ps = 10 uM; | = 50 mM; phosphate
buffer pH = 7.0 — 8.0; borate buffer pH = 8.2 to 9.0; DTNB = 300 uM; T = 20°C; A = 450 nm.

CysB5(23)B of aquomethaemoglobin

The reaction of DTNB with CysB5(23)B of duck major
aguomethaemoglobin is reported in Figure 6. The pH
dependence profile resembles that of the titration of
simple diprotic acid. The profile was fitted with Equation
(1) and the fitting parameters are reported in Table 2. An
attempt to fit the experimental data with Equation (2) did
not yield a good fit as shown by dashed lines. Inositol-Pg
increased that rate of the reaction (compare experimental
data with theoretical fit of data in the absence of inositol-
Ps). Inositol-Pg is known to reduce the rate of reaction of
DTNB with haemoglobin sulphydryl groups. The
implication here is that the binding of inositol-Pg exposes
CysB5(23)B more to the reaction of DTNB, though the
profile did not change.

pKa values obtained from quantitative analyses

In Table 1, the mean pK value of 6.77 + 1.27 observed for
oxy, carbonmonoxy and aquomet haemoglobin
derivatives are close to that of histidine. On the basis of
our previous study (Babarinde et al., 2005; Babarinde
and Babalola, 2005) this pK value was assigned to
HisHC3(146)B. The mean pK, value is 8.43 + 0.30. This
value is within the range of pK values observed for
cysteine in proteins. It was therefore assigned to
CysF9(93)B. The CysF9(93)B is responsible for the fast
kinetic phase. Also in Table 2, the mean pK; value of
5.83+0.83 observed for the three haemoglobin derivatives
is close to that of histidine. It was therefore assigned to
HisG19(117)B as previously reported. The mean pK;
value of 7.4 £ 0.77 is within the normal range of pK
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Figure 6. Dependence of kapp on pH for the reaction of DTNB with CysB5(23)B of duck major
aquomethaemoglobin in the presence of IHP. Full-line is the theoretical best fit for the plot
using Equation 1, dashed-line is the best obtainable fit using Equation (2) and the dotted-line
shows the reaction profile in the absence of inositol-Ps (Babarinde et al., 2005) for
comparison. Conditions: AquometHb = 10 pM haem; inositol-Pg¢ = 10 pM; | = 50 mM;
phosphate buffer pH = 7.0 to 8.0; borate buffer pH = 8.2 to 9.0; DTNB = 300 uM; T = 20°C; A

=450 nm.

values for cysteine in proteins. This value was therefore
assigned to CysB5(23) in line with previous assignment.

DISCUSSION

The reaction of DTNB with the stripped major duck
haemoglobin gave biphasic kinetics as we reported
earlier (Babarinde et al., 2005; Babarinde and Babalola,
2005). Such profiles for the fast phase have been
previously assigned to the CysF9(93)B sulphydryl group
(Okonjo, et al., 1995, 1996). This assignment has been
based on the fact that the CysF9(93)8 is exposed, while
the CysB5(23)B position is in hydrophobic region in
hemoglobin (Huang et al., 1990; Cirotto and Geraci,
1973). The profiles for the three derivatives differ,
implying that the haem ligand affects the nature of the
reaction. On binding to the haem, the haemoglobin
molecule undergoes conformational changes, which
cause changes in the reactivity of the sulphydryl group
(Cheng et al., 2002).

The variation of apparent second order rate constant,
Kapp, With pH for the aquomet derivative resembles the
titration curve of a monoprotic acid. This is similar to what
has been previously observed for carbonmonoxy

derivative of pigeon haemoglobin (Okonjo and Okia,
1993). It is expected that the profiles for the derivatives
should resemble the titration curve of a diprotic acid
knowing fully well that the reactivity of CysF9(93)p
sulphydryl group is affected by the formation of salt
bridge between HisHC3(143)B and AspFG1(94)B (Okonjo
and Okia, 1993; Okonjo et al., 1995, 1996). Similar
dramatic changes in profile have been reported for
chicken (Okonjo and Nwozo, 1997) and pigeon (Babalola
and Nwozo, 2002).

Also, inositol-Pg is known to strengthen the salt bridge
between His HC3(146)3 and AspFG1(94)8, thereby
reducing the reactivity of CysF9(93)B sulphydryl group
(Okonjo et al., 1995, 1996). In human haemoglobin, for
example, the pK, of HisHC3(146)B is increased in the
presence of inositol-Pg by at least one pK, unit. Human
and duck haemoglobins differ in the number of groups
involved in inositol-Pg binding. In duck haemoglobin,
compared to human haemoglobin, HisH21(143)B is
replaced by arginine, and AsnH17(139)B is replaced by
histidine. Moreover, an additional basic residue, namely
arginine, is present in the H13(135)B position. The
negatively charged inositol-Pg is therefore expected to
bind more tightly to duck haemoglobin than to human
haemolglobin. Hence, in the presence of inositol-Pg, the
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reactivity of CysF9(93)B of duck haemoglobin should be
considerably reduced and the pK, should be increased.
Surprisingly, the result obtained is contrary to expec-
tation. It is particularly noteworthy that ks, is generally
higher for the inositol-Ps bound haemoglobin than for the
stripped one as shown in Figures 1 and 3.

This result implies that the salt bridge expected to be
formed is only formed in the carbonmonxy derivative but
not in the oxy and aquomet derivatives of major duck
haemoglobin in the presence of inositol-Ps. This
assumption explains the lack of an organic phosphate
induced additional Bohr effect in duck haemoglobin and
the relatively weak effect of inositol-Pg on the oxygen
affinity of major duck haemoglobin in relation to that of
major chicken haemoglobin (Vandecasserie et al.,
1973).The results in Figures 1 and 3 are not typical of the
CysF9(93)B sulphydryl group reacting under the influence
of the aforementioned salt bridge. It is known that the
sulphydryl groups of haemoglobin react only in the
thiolate form with DTNB. Presence of cationic group
enhances this, thereby increasing the reactivity of the
sulphydryl with DTNB. In the case of oxy and aguomet
derivatives of major duck haemoglobins, inositol-Ps does
not strengthen the salt bridge but rather causes the
histidine residue to be shifted away from the aspartate
residue. This makes the HisH21(146)B to come within a
close range to the CysF9(93)B residue, thereby resulting
in electrostatic interaction that enhances its reactivity.

The pK; values obtained in Table 1 for oxy and
carbonmonxy derivatives are close to the value expected
for histidine. A close examination of the 3D structure of
duck haemoglobin shows that there is no other histidine
residue that is close enough to CysF9(93)B that could
have caused such an electrostatic effect. On the other
hand, inositol-P¢ bound carbonmonoxy derivative
experiences the formation of the salt bridge between
HisHC3(146)B and AspFG1(94)B, this is noticed in the
high reduction in the kg, values with increase in pH. The
effect of the addition of inositol-Pg is a reduction in the
rate of the DTNB reaction by about 9-fold at pH 9. The
profile is typical of CysF9(93)B sulphydryl in inositol-Pg
bound haemoglobin.

Previous researchers have reported similar unusual pK
values for ionisable groups in proteins (Kortemme and
Creighton, 1995). Such alterations in the ionization
groups are often to varying degree in the folded
structures of proteins. Unusual pK, values that are
different from those apparent in the unfolded protein or in
corresponding short peptides are often observed for
groups within the active sites of enzymes and are
important for catalysis. Perturbed pK, values in folded
proteins have been reported to have implications for
protein stability. It has been generally accepted that the
major factors influencing pK, values in proteins are the
desolvation of ionisable groups in the folded protein and
their interaction with other charges or dipoles. Conse-
quently, removing titratable groups in folded proteins

from contact with the aqueous solvent renders ionization
energetically unfavourable, thereby altering the pK, value
of the ionisable group.

The differences observed for the various derivatives can
only be accounted for in terms of structural differences
caused by the various haem ligands (Cheng et al., 2002).
This indicates that in major duck haemoglobin, changes
in the haem ligand give rise to structural changes in the
neighbourhood of the CysF9(93)8 and CysB5(23)B
sulphydryl groups. Such structural differences have been
previously observed for major chicken and pigeon
haemoglobins (Okonjo and Nwozo, 1997; Babalola and
Nwozo, 2002).

Figures 4 and 6 show the profiles of the reaction of
DTNB with the inositol-Pg bound oxy and aquomet
haemoglobin, respectively. Each derivative reacts faster
than the stripped one by about 2- fold. That is, addition of
inositol-Pg causes an increase in the rate of the reaction
by about 2-fold. The two profiles show monotonic
increase of kapp With increase in pH. On the other hand,
Figure 5 shows the reverse for the carbonmonoxy
haemoglobin in which inositol-Pg reduces the rate of the
reaction to about 15-fold at pH 9.0. The different
reactivities observed are probably due to structural
changes caused by the binding of the haem ligands and /
or inositol-Ps. It has been reported that the cysteine
thiolate ion (S) may function as a potent nucleophile in
active-site chemistry of thiol proteases as well as in
reactions with exogenous modifying agents (Raso et al.,
2001). The cysteine sulphydryl may function as either a
hydrogen bond donor or acceptor. It may also release its
proton to facilitate sulphur ligation at metal coordination
sites in proteins. Sulphydryls are also known to be
vulnerable to aberrant oxidation, which can compromise
protein function or stability.

Conclusion

It is clearly seen from the figures that the addition of
inositol-Pg had a strong effect on the reactivity of DTNB
with the sulphydryl groups of major haemoglobin of duck
(Anas platyrhinchos). The shape of the pH dependence
profile of the apparent rate constant either changed or the
apparent rate constant was altered. The addition of
inositol-Pg is seen to have increased the apparent rate
constant in most cases contrary to what have been
reported (Okonjo et al., 1995). This apparently signified a
change in structure. The pH dependence profile of the
apparent rate constant could only be fitted by two-term
equations, meaning that the immediate environment of
the sulphydryl groups did not change significantly. The
major plausible reason for this finding is that the salt
bridge that is normally formed in haemoglobins between
HisHC3(146)B and AspFG(94)B was not formed in the
presence of inositol-Pg in liganded derivatives whose pH
profiles were changed. Consequently, HisHC3(146)B



comes sufficiently close to the CysF9(93)B sulphydryl
group to interact with it electrostatically, and so influences
its reactivity directly. Unfortunately, the dynamic structure
of the molecule in solution cannot be monitored by x-ray
crystallography and the nuclear magnetic resonance data
will be difficult to interpret.

ACKNOWLEDGEMENTS

The authors are grateful to Professor K. O. Okonjo of the
Department of Chemistry, University of Ibadan, Nigeria,
for useful discussions. N. A. A. B. carried out this work
with the support of the “ICTP Programme for Training and
Research in Italian Laboratories, Trieste, Italy”. J. O. B is
grateful to the Alexander von Humboldt-Stiftung, Bonn,
Germany. The N. A. A. B. and J. O. B. acknowledge the
support received from Olabisi Onabanjo University, Ago-
Iwoye, Nigeria, Senate Research Grant OOU/SRG/05/03
and the University of Ibadan Senate Research Grant,
respectively.

REFERENCES

Abraham JP, Leslie AGW, Lutter R, Walker JE (1994). Structure at 2.8A
resolution of F;-ATPase from bovine heart mitochondria. Nature, 370:
621-628.

Arnone A (1972). X-ray diffraction study of 2,3-diphosphoglycerate to
human deoxyhemoglobin. Nature, 237: 146-149.

Arnone A, Perutz MF (1974). Structure of inositol hexakisphosphate-
human deoxyhemoglobin complex. Nature, 249: 34-36.

Babalola JO, Nwozo S (2002). A new structure in in the Vicinity of
HisHC3(146)8 of pigeon Haemoglobin Induced by Inositol
Hexakisphosphate. Scientia Iranica. 9(2): 139-147.

Babalola JO, Uko LU, Okonjo KO, van Eldik R (2002). Haemoglobins
with multiple sulphydryl groups: Reactions of 5,5"-Dithiobs(2-
nitrobenzoate) with CysF9(93)8 and CysH3(125)B of guinea pig
haemoglobin. Bull. Chem. Soc. Ethiopia, 16(2): 175-186.

Babarinde NAA, Babalola JO (2005). Hemoglobin with multiple
sulphydryl groups: Reactions of 5,5-Dithiobis(2-nitrobenzoate) with
CysB5(23)B and CysF9(93)B of duck minor hemoglobin. Global J.
Pure Appl. Sci. 11(2): 225-231.

Babarinde NAA, Babalola JO, Uko LU (2005). Hemoglobin with multiple
sulphydryl groups: Reactions of 5,5-Dithiobis(2-nitrobenzoate) with
CysB5(23)B and CysF9(93)B of duck major hemoglobin. Global J.
Pure Appl. Sci. 11(2): 209-215.

Benesch R, Benesch RE (1967). The effect of organic phosphates from
human erythrocytes on the allosteric properties of Hemoglobin.
Biochem. Biophy. Res. Commun. 26: 162-167.

Benesch R, Benesch RE (1969). Intracellular organic phosphates as
regulators of oxygen release by haemoglobin. Nature, 221: 618-622.
Bettati S, Mozzarelli A (1997). T state hemoglobin binds oxygen
noncooperatively with allosteric effects of protons, inositol

hexaphosphate and chloride. J. Biol. Chem. 272: 32050-32055.

Bruno S, Bonaccio M, Bettati S, Rivetti C, Viappiani C, Abbruzzetti S,
Mozzaelli A (2001). High and low oxygen affinity conformations of T
state hemoglobin. Protein Sci. 10: 2401-2407.

Brygier J, DeBruin SH, van Hoof PMKB, Rollema HS (1975). The
interaction of organic phosphates with human and Chicken
Hemoglobin. Eur. J. Biochem. 60: 379-383.

Cheng Y, Shen T. Simpleanu V, Ho C (2002). Ligand Binding properties
and Structural Studies of recombinant and Chemically modified
Hemoglobins Altered at 93 Cysteine. Biochemistry, 41: 11901-
11913.

Cirotto C, Geraci G (1973). Exposed sulphydryl Groups of Chicken
Haemoglobins: Globin Localization and Effect of oxygenation on their

Babarinde et al. 15221

Reactivity. J. Mol. Biol. 84: 103-114.

Das TK, Khan I, Rousseau DL, Friedman JM (1999). Temperature
dependent quaternary relaxation in sol-gel encapsulated hemoglobin.
Biospectroscopy, 5: S640-S70.

Gibson Q H, Gray RD (1970). Reaction of inositol hexaphosphate with
hemoglobin. Biochem. Biophy. Res. Commun. 41: 415-420.

Huang Y, Pagnier J, Magne P, Baklout F, Kister J, Deaunay J, Poyart
C, Fermi G, Perutz MF (1990). Structure and function of Hemoglobin
Variants at an Internal Hydrophobic site: Consequences of Mutations
at the B27 position. Biochem. (American Chemical Society), 29(30):
7020-7023.

Kato K, Matsunaga C, Odaka A, Yamato S, TakahaW, Shimada |, Arata
Y (1991). Carbon-13 NMR study of switch variant anti-Dansyl
antibodies: antigen binding and domain-domain interactions.
Biochem. 30: 6604-6610.

Kortemme T, Creighton TE (1995). lonisation of Cysteine Residues at
the Termini of Model a-Helical Peptides. Relevance of Unusual Thiol
pKa values in Proteins of the Thiolredoxin Family. J. Mol. Biol. 253:
799-812.

Kwiatkowski LD, Noble RW (1982). The contribution of histidine (HC3)
(146 beta) to the R state Bohr effect of human hemoglobin. J. Biol.
Chem. 257(15): 8891-8895.

Niessing J (1981). Molecular cloning and nucleotide sequence analysis
of adult duck B-globin cDNA. Biochem. Int. 2(2): 113-120.

Okonjo K (1980). Effect of organic phosphates on the sulfhydryl
reactivities of oxyhemoglobin A, S. J. Biol. Chem. 255(8): 3274-3277.
Okonjo KO, Aboluwoye CO, Babalola JO, Usanga IA (1995). Organic
Phosphate binding groups electrostatically linked to the reactivity of
CysF9(93)B sulphydryl group of haemoglobin. J. Chem. Soc. (Farad.

Trans). 91(14): 2095-2100.

Okonjo KO, Aken’ovaYA, Aboluwoye CO, Nwozo S, Akhidue FU,
Babalola JO, Babarinde NA (1996). Effect of Cys ®“~* mutation on
reactivity of the Cys F9(93)B sulfhydryl group of human haemoglobin
S. J. Chem. Soc. (Farad. Trans). 92(10): 1739-1746.

Okonjo KO, Nwozo S (1997). Ligand-dependent reactivity of the
CysB5(23)B sulfhydryl group of the major haemoglobin of Chicken. J.
Chem. Soc. (Farad.Trans). 93(7): 1361-1366.

Okonjo KO, Okia TO (1993). Hemoglobin with multiple sulphydryl
Groups: The reaction of Pigeon Hemoglobin with 5,5’-Dithiobis (2-
nitrobenzoic acid). J. Protein Chem. 12(5): 1-8.

Perutz MF (1970). Stereochemistry of Cooperative Effects in
Haemoglobin: Haem—Haem Interaction and the Problem of Allostery
Nature, 228: 726-739.

Perutz MF (1989). Mechanisms of cooperativity and allosteric regulation
in proteins. Quaterly Reviews of Biophysics, 22: 139-237.

Raso SW, Clark P L, Haase-Pettingell C, King J, Thomas Jr GJ
(2001).Distinct Cysteine Sulfhydryl Environment Detected by Analysis
of Raman S-H Markers of Cys—Ser Mutant proteins. J. Mol. Biol. 307:
899-911.

Rollema HS, Bauer C (1974). The interaction of Inositol pentaphosphate
with the hemoglobins of Highland and Lowland Geese. J. Biol. Chem.
254(23): 12038-12043.

Shibayama N, Saigo S (1995). Fixation of the quaternary structures of
human adult hemoglobin by encapsulation in transparent porous silica
gels. J. Mol. Biol. 251: 203-209.

Shibayama N, Saigo S (1999). Kinetics of allosteric transition in
hemoglobin within silicate sol-gels. J. Am. Chem. Soc. 121: 444-445.

Shibayama N, Saigo S (2001). Direct observation of two distinct affinity
conformations in the T state human deoxyhemoglobin. FEBS Letters,
492: 50-53.

Tamburrini M, Condo S G, di Prisco G, Giardina B (1994). Adaptation to
Extreme Environments: Structure-Function Relationships in Emperor
Penguin haemoglobin. J. Mol. Biol. 237: 615-621.

Vandecasserie C, Paul C, Schnek AG, Leonis J (1973). Oxygen affinity
of Avian hemoglobins. Com. Biochem. Physiol. 44A: 711-718.

Vandecasserie C, Schnek AG, Leonis J (1971). Oxygen-Affinity studies
of Avian hemoglobins (chicken and pigeon). Eur. J. Biochem. 24:
284-287.

Wo S, Lin J, Chan SI (1994). Oxidation of dibenzothiophene catalyzed
by heme-containing enzymes encapsulated in sol-gel glass: a new
form of biocatalyst. Appl. Biochem. Biotechnol. 47: 11-20.


http://dx.doi.org/10.1038/237146a0
http://dx.doi.org/10.1038/237146a0
http://dx.doi.org/10.1038/249034a0
http://dx.doi.org/10.1038/249034a0
http://dx.doi.org/10.1016/0006-291X(67)90228-8
http://dx.doi.org/10.1016/0006-291X(67)90228-8
http://dx.doi.org/10.1016/0006-291X(67)90228-8
http://dx.doi.org/10.1038/221618a0
http://dx.doi.org/10.1038/221618a0
http://dx.doi.org/10.1074/jbc.272.51.32050
http://dx.doi.org/10.1074/jbc.272.51.32050
http://dx.doi.org/10.1074/jbc.272.51.32050
http://dx.doi.org/10.1110/ps.20501
http://dx.doi.org/10.1110/ps.20501
http://dx.doi.org/10.1110/ps.20501
http://dx.doi.org/10.1111/j.1432-1033.1975.tb21013.x
http://dx.doi.org/10.1111/j.1432-1033.1975.tb21013.x
http://dx.doi.org/10.1111/j.1432-1033.1975.tb21013.x
http://dx.doi.org/10.1021/bi0202880
http://dx.doi.org/10.1021/bi0202880
http://dx.doi.org/10.1021/bi0202880
http://dx.doi.org/10.1021/bi0202880
http://www.biomedexperts.com/Abstract.bme/6807984/The_contribution_of_histidine_HC3__146_beta_to_the_R_state_Bohr_effect_of_human_hemoglobin
http://www.biomedexperts.com/Abstract.bme/6807984/The_contribution_of_histidine_HC3__146_beta_to_the_R_state_Bohr_effect_of_human_hemoglobin
http://dx.doi.org/10.1017/S0033583500003826
http://dx.doi.org/10.1017/S0033583500003826
http://dx.doi.org/10.1006/jmbi.2001.4476
http://dx.doi.org/10.1006/jmbi.2001.4476
http://dx.doi.org/10.1006/jmbi.2001.4476
http://dx.doi.org/10.1006/jmbi.2001.4476
http://dx.doi.org/10.1006/jmbi.1995.0427
http://dx.doi.org/10.1006/jmbi.1995.0427
http://dx.doi.org/10.1006/jmbi.1995.0427
http://dx.doi.org/10.1021/ja983652k
http://dx.doi.org/10.1021/ja983652k
http://dx.doi.org/10.1016/S0014-5793(01)02225-6
http://dx.doi.org/10.1016/S0014-5793(01)02225-6
http://dx.doi.org/10.1016/S0014-5793(01)02225-6
http://dx.doi.org/10.1006/jmbi.1994.1259
http://dx.doi.org/10.1006/jmbi.1994.1259
http://dx.doi.org/10.1006/jmbi.1994.1259
http://dx.doi.org/10.1016/0300-9629(73)90136-9
http://dx.doi.org/10.1016/0300-9629(73)90136-9
http://dx.doi.org/10.1111/j.1432-1033.1971.tb19683.x
http://dx.doi.org/10.1111/j.1432-1033.1971.tb19683.x
http://dx.doi.org/10.1111/j.1432-1033.1971.tb19683.x

