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Human adult haemoglobin (Hb A), a tetrameric oxygen
transfer haemoprotein, has been recognized as an ex-
cellent model for investigating the structure—function
relationships in allosteric proteins, and has been char-
acterized exhaustively from both experimental and the-
oretical aspects. Despite the detailed structural and
spectroscopic information available for the protein,
functional properties have not been as fully elucidated
as expected, and hence have remained unexplored. A
major drawback for the functional characterization of
Hb A is the lack of experimental techniques which
enable quantitative characterization of functional prop-
erties of the individual subunits of the intact protein. In
this study, we have developed techniques for determin-
ing the equilibrium constant of the acid—alkaline tran-
sition, usually represented as the ‘pK,’ value, in the
individual subunits of the met-forms of Hb A (metHb A)
and human foetal haemoglobin (metHb F). The pK,
values of the individual subunits of metHb A and
metHb F have been shown to constitute novel and
highly sensitive probes for characterizing the effects
of structural changes of not only the interfaces between
the subunits within the protein, but also the contact
between haem and the protein in the haem pocket. In
addition, haem replacement studies of the proteins re-
vealed that the contact between the haem peripheral
vinyl side chain and the protein in the haem pocket is
important for maintaining the non-equivalence in the
haem environment between the subunits of Hb A and
Hb F, which could be relevant to the cooperative ligand
binding of the proteins.

Keywords: acid—alkaline transition/'”F NMR/
haemoglobin/myoglobin/thermodynamics.
Abbreviations: 7-PF, 13,17-bis(2-carboxylatoethyl)-

3,8-diethyl-2,12,18-trimethyl-7-trifluoromethyl-
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iminotris(hydroxymethyl)methane; DFT, density
functional theory; Hb A, human adult haemoglobin;
Hb F, human foetal haemoglobin; Mb, myoglobin;
mesohaem, 13,17-bis(2-carboxylatoethyl)-3,8-diethyl-
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haemoglobin; metHb F, met-form of human foetal
haemoglobin; protohaem, Fe-protoporphyrin IX
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Human adult haemoglobin (Hb A), a multimeric
oxygen transport haemoprotein, is the best, albeit in-
completely, understood allosteric protein in terms of
its structure and function (/). Hb A has served as an
excellent model for investigating the structure—
function relationships in allosteric proteins. Hb A is
a tetrameric protein consisting of two o subunits
of 141 amino acid residues and two [ subunits of
146 residues, respectively (2). The o and B subunits
each contain one haem [Fe-protoporphyrin IX com-
plex (protohaem) (Fig. 1A)] as a prosthetic group, to
which oxygen molecule binds. The structures of the
o and B subunits are quite similar to each other and
also to that of myoglobin (Mb), a monomeric oxygen
storage haemoprotein, even though the sequence
homology among them is only ~18% (3).

In general, the functional properties of such proteins
are characterized spectrophotometrically (4), since
haem exhibits a characteristic absorption spectrum
which sharply reflects changes in the haem Fe coord-
ination state (5). Despite the high sensitivity of absorp-
tion spectra to the local haem environment, however,
the line widths of the absorption spectra are too large
to differentiate the haem environments of the individ-
ual subunits of Hb A.

There have been a number of studies attempting to
characterize the functional properties of the individual
subunits of Hb A, most of which have utilized artificial
proteins, in which one of the subunits is chemically
modified, e.g. metal ion substitution (6—/6), to ruin
its function in order to selectively evaluate the proper-
ties of the other intact subunit. Nevertheless questions
must remain about the utilization of such chemically-
modified proteins to isolate the functional properties of
one of the subunits because of the presence of indirect
effects of the modification. Hence, the development of
techniques which enable quantitative characterization
of the functional properties of the individual subunits
of intact Hb A has been highly demanded, because
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Fig. 1 Molecular structure of haem and orientation of haem relative to His F8. (A) The structures and numbering system for protohaem
(R, =CHj3, R; = Ry=CH=CH,, R, = CH3), mesohaem (R, = R;=CHj3, R; = Ry = C,Hs) and 7-PF (R, = CH;, R; = Ry = C,Hs, R; = CF3). (B)
Two possible orientations of the haem relative to His F8, N and R forms. The ® value represents the angle between the projection of the axial His

imidazole onto the haem plane and the Njj—Fe—Ny axis.

they are expected to provide experimental data which
directly reflect the subunit interactions responsible for
the cooperative oxygen binding of Hb A, and hence
important clues for elucidating the structure—function
relationship in the protein. In fact, taking advantage of
subunit-specific isotope labelling techniques applicable
to Hb A (17-20), the preparation of the so-called va-
lency hybrid Hb A possessing ferrohaem in one sub-
unit and ferrihaem in the other, (15, 2/) or the high
sensitivity of paramagnetic NMR in distinguishing the
individual subunits of the protein (22, 23), some at-
tempts have been successful in the characterization of
the functional properties of the individual subunits of
the intact protein.

In this study, we develop techniques which allow
characterization of ‘the acid—alkaline transition’ in
the subunits of the met form of Hb A (metHb A).
The haem active sites in metHb A and the met forms
of Mb (metMb) exhibit characteristic pH-dependent
structure changes collectively known as the acid—alka-
line transition (5). The subunits of metHb A as well as
metMb possessing highly conserved distal His E7 [E7
represents an alphanumeric code referring to the pos-
itions of amino acid residues in the helices and turns of
Hb and Mb, E7 represents the seventh residue in the E
helix (see the amino acid sequences of the proteins in
Supplementary Material SM1)] have H,O and OH™ as
coordinated external ligands under low and high pH
conditions, respectively (5, 24—31). As illustrated in
Scheme 1 (32), the acid—alkaline transition in the pro-
teins comprises three distinct reactions, i.e. intercon-
version of the coordinated ligand between H>O and
OH™, tautomerism of the His E7 imidazole and depro-
tonation/protonation  of His E7NsH  (31).
Furthermore, since the transition is associated with
the deprotonation/protonation process, its equilibrium
constant is usually represented as the ‘pK,’ value in
analogy with the ionization equilibrium of an acid.
The pK, value has been shown to remarkably vary
with the protein, ranging from 7.2 to 10 (5, 24—31),
indicating that the acid—alkaline transition in the pro-
tein sharply reflects characteristics of the structural
features of the haem active site (24—317). In addition,
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Scheme 1 The acid—alkaline transition in metMb, and the subunits
of metHb A and metHb F.

we have recently demonstrated both experimentally
and theoretically that the pK, value in Mb is highly
sensitive to electronic nature of haem peripheral side
chains (33). Furthermore, the sensitivity of the pK,
value to the haem environment has also been con-
firmed by the observation that the value is affected
by the well-documented haem orientational disorder
(34) resulting from the incorporation of haem into
the apoprotein in two orientations differing by 180°
rotation about the 5,10-meso axis (Fig. 1B) (31).

One of our techniques is based on quantitative fitting
of the pH-dependent change in the absorption spectra
of the protein to the sum of two
Henderson—Hasselbalch equations, with the assump-
tion of non-equivalent pK, values for the constituent
o and B subunits of metHb A. The other two techniques
take advantage of the preparation of the valency hybrid
metHb A (35), in which ferrihaem is accommodated in
one subunit, i.e. either the o or B subunit, and ferro-
haem in the other, and '°F NMR in combination with
fluorinated haem. For the former technique, the
acid—alkaline transition in only the subunit possessing
ferrihaem is reflected in the pH-profile of the absorp-
tion spectra of the prepared hybrid protein. For the
latter one, as reported previously (36—41), NMR sig-
nals arising from fluorine atoms introduced into the
haem as peripheral side chain(s) are extremely sensitive
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to the haem electronic structure. In particular,
fluorinated haems possessing CF; group(s) such
as  13,17-bis(2-carboxylatoethyl)-3,8-diethyl-2,12,18-
trimethyl-7-trifluoro-methyl-porphyrinatoiron (I1T)
(36) (7-PF: Fig. 1A) exhibit relatively narrow "F
NMR signals, even though the haem is incorporated
into an apoprotein with a large molecular weight,
mainly because of its relatively small chemical shift an-
isotropy, which largely contributes to the '°F relaxation
(42, 43). In addition, the Curie spin relaxation mechan-
ism effect (44, 45) is also expected to be small for the '°F
relaxation of CF5 due to its rapid rotation around the
C; axis. These three techniques have been applied to
determine the pK, values of the subunits of not only
metHb A, but also the met form of human foetal
haemoglobin (46) (metHb F) composed of two o sub-
units and two y subunits of 146 amino acid residues,
respectively, in order to characterize the haem active
sites in the individual subunits of the proteins.
Furthermore, the pK, values of the o, B and y subunits
of metHb A and metHb F were compared with those of
the corresponding subunits in their isolated states to
gain an insight into the effect of the hetero-tetramer
assembly on the haem environments of the subunits.
Considering that the isolated o and f subunits, which
exist as a dimer (47) and a tetramer (47—49), respect-
ively, do not exhibit cooperative ligand binding at all,
the non-equivalence in the haem environment between
the constituent subunits within a tetrameric Hb, to-
gether with the molecular mechanisms which allow
transmission of structural changes among the haem
active sites of the subunits, is thought to be indispens-
able for the cooperativity of Hb. The high sensitivity of
the pK, value to the nature of the haem active site is
expected to permit detailed characterization of the
haem environments of the subunits of metHb A and
metHb F. Finally, the pK, values of Hb A and Hb F
reconstituted with mesohaem (Fig. 1A) and 7-PF were
determined and compared with each other and with
those of native Hbs in order to determine the effect of
the haem-protein interaction on the haem environ-
ments of the constituent subunits.

We report herein the development of techniques for
determination of the pK, values of the subunits of
metHb A and metHb F. The subunit interactions in
the proteins was clearly manifested in the pK, values of
metHb A, metHb F, the isolated subunits and valency
hybrid proteins. In addition, since the pK, value has
been shown to be highly affected by the electronic
nature of the haem peripheral side chains, we have
analysed the relationship between the pK, value and
the conformation of the haem vinyl side chains
through the analysis of well-known Mulliken charge
analysis using density functional theory (DFT) calcu-
lations. The calculations suggested that the pK, value
is largely affected through the electronic interaction
between the porphyrin and vinyl n-systems. Finally,
comparison of the pK, values between metHb A and
the protein reconstituted with mesohaem or 7-PF re-
vealed that the contact between the haem peripheral
vinyl side chains and the protein is important for main-
taining the non-equivalence in the haem environment
between the o and B subunits of the protein.

Acid—alkaline transition in adult and foetal methaemoglobins

Materials and Methods

Protein Samples

Hb A was prepared from blood obtained from the Medical Center of
the University of Tsukuba using the reported procedure (50). Hb F
was isolated and purified in the carbonmonoxy (CO) form from the
blood withdrawn from the umbilical cord of a patient, who agreed to
the donation, in the Medical Center according to the method previ-
ously described (57). o, B and y subunits were isolated from Hb A
and Hb F according to the method previously described (52, 53). The
quality of each Hb subunit was confirmed with a Mass Spectrometer,
QStar/Pulsar i (Applied Biosystems). Valency hybrid a-metHb A
(a-metHb F) possessing ferrihaem in the o subunit and ferrohaem
in the B (y) one was prepared from metHb A (metHb F) using the
reported procedure (54). Valency hybrid f-metHb A (y-metHb F)
possessing ferrohaem in the o subunit and ferrihaem in the § (y) one
was prepared through reassembly of the isolated o, B and y subunits
according to the method previously described (55). In the valency
hybrid proteins prepared, CO is coordinated as an external ligand to
haem Fe of ferrohaem. The quality of each hybrid protein was con-
firmed by analysis of "H NMR spectra of their azide adducts
(Fig. 2). MetHb A and metHb F were prepared from the CO
forms of the proteins under a stream of O, gas with strong illumin-
ation in the presence of a 5-fold molar excess of potassium ferricyan-
ide (Wako Chemical Co.). The protein was separated from the
residual chemicals using a Sephadex G-50 (Sigma Chemical Co.)
column equilibrated with 50 mM Bis—Tris (Sigma Chemical Co.),
pH 6.5. 7-PF was synthesized as previously described (31).
Protohaem was purchased from Sigma Chemical Co. Mesohaem
(Fig. 1A) was prepared from mesoporphyrin IX dimethyl ester pur-
chased from Aldrich Chemical Co. Sperm whale Mb was purchased
as a lyophilized powder from Biozyme and used without further
purification. The apoprotein of Hb was prepared at 4°C according
to the procedure of Teale (56), and reconstitution of the apoprotein
with haem was carried out by the standard procedure (50). The
reconstituted Hb A and Hb F were concentrated to ~1 mM in an
ultra-filtration cell (Amicon). The pH of each sample was measured
with a Horiba F-22 pH meter equipped with a Horiba type 6069-10c
electrode. The pH of the sample was adjusted using 0.2M NaOH
or HCL

UV-vis absorption and NMR spectroscopies

UV—vis absorption spectra were recorded at 25°C with a Beckman
DU 640 spectrophotometer and a protein concentration of 10 uM in
20mM phosphate buffer. '"H NMR and '’F NMR spectra were re-
corded on a Bruker AVANCE-400 spectrometer operating at the "H
and "F frequencies of 400 and 376 MHz, respectively. Typical 'H
and '"F NMR spectra consisted of ~20k transients with a 100 kHz
spectral width and 16 k data points. The signal-to-noise ratio of each
spectrum was improved by apodization, which introduced
20—100 Hz line broadening. The chemical shifts of 'H and "F
NMR spectra are given in ppm downfield from the residual
'H?HO, as an internal reference, and from trifluoroacetic acid, as
an external reference, respectively.

DFT calculation

Evaluation of the electron density of the haem Fe atom (pgc)
value was carried out by Mulliken charge analysis through the
DFT calculations carried out using the Gaussian 03 programme
package (57). Restricted spin orbital approach involving the
B3LYP method, together with electron basis sets of Pople’s
6-31G(d), was employed. For simplification, the calculations were
performed for the 3,8-divinylporphinatoiron(Il) complex as a
model for the protohaem (Supplementary Material SM2B).
Geometry optimization of the model compounds was carried out in
the gas phase, with a fixed vinyl group conformation possessing the
dihedral angles C2—C3—C,—Cp (W3.iny) and C7-C8—-C,—Cy
(Wg.yiny1) of 0° (Fig. 3), i.e. all vinyl group atoms were in the porphyrin
plane (Supplementary Material SM2B), and then single point calcu-
lations of the model compound were carried out with changing the
W3 _yinyl and Wy yiny values by 5° steps between 0° and 90° in order to
analyse the relationship between the pg. value and dihedral angle
(Fig. 3). The oxidation, spin and coordination states of the haem
Fe atoms of the model compound were assumed to be Fe(II),
S=0, and a six-coordinated structure with CO ligands, respectively
(Supplementary Material SM2B).
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Fig. 2 400 MHz '"H NMR spectra of met-azido Hbs. '"H NMR
spectra (400 MHz) of the met-azido forms of valency hybrid
a-metHb A (A), metHb A (B), valency hybrid f-metHb A (C), va-
lency hybrid a-metHb F (D), metHb F (E) and valency hybrid
v-metHDb F (F) at pH 7.0. (A—C) and (D—F) were recorded at 25 and
45°C, respectively. The corresponding haem methyl proton signals
are connected by dotted lines. In the spectra of valency hybrid Hbs,
signals due to the subunit possessing a ferrohaem with a coordinated
CO are not observed in the indicated chemical shift region, because
of the absence of unpaired electrons.

Results

Determination of the pK, values of the constituent
subunits of metHb A and metHb F

The pH dependence of the absorption spectra of
metHb A at 25°C and plots of 575-nm absorption
against pH are presented in Fig. 4A and B, respect-
ively. Quantitative fitting of the plots to the
Henderson—Hasselbalch equation yielded an ‘apparent
pK, value’ of 7.90+0.05 (Supplementary Material SM3).
Careful scrutiny revealed that the fitting with a single
Henderson—Hasselbalch equation resulted in systemat-
ic errors as to the observed and theoretical values,
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Fig. 3 Plots of calculated Mulliken charges of haem Fe atom against
the Wg._,iny value, with a fixed 3-vinyl side chain conformation at

W3 viny1 = 0°, (open circle) and the W3,y and Wsg_yiny values, which
changed simultaneously by 5° steps (filled circle). The definition of
the dihedral angles C2—C3—C,—Cp (W3.yiny1) and C7—C8—-C,—Cg
(Ws.viny) is illustrated in the inset; s-cis vinyl side chain conformation
with all vinyl group atoms being in the porphyrin plane is defined to
be 0°.

i.e. the observed values were larger and smaller than
the theoretical ones in lower and higher pH regions
relative to the apparent pK, value, respectively
(Supplementary Material SM3). With the assumption
of non-equivalence in the pK, value between the o
and B subunits of metHb A, the plots were signifi-
cantly better fitted with the sum of two
Henderson—Hasselbalch  equations, yielding pK,
values of 7.48+£0.05 and 8.32+0.05 (Supplementary
Material SM2).

In order to assign the obtained pK, values to the
subunits of metHb A, the pK, value of valency
hybrid a-metHb A (B-metHb A) possessing ferrihaem
in the o (B) subunit and ferrohaem in the p (o) one was
similarly determined. In these hybrid proteins, the
acid—alkaline transition in only the subunit possessing
ferrihaem is reflected in the pH-profile of the absorp-
tion spectra. The pK, values of 8.27+0.10 and
7.61£0.10 were obtained for o-metHb A and
B-metHb A, respectively (Supplementary Material
SM4). These results unequivocally indicated that the
pK, values of 8.32+£0.05 and 7.48+0.05, obtained on
fitting of the metHb A plots using the sum of two
Henderson—Hasselbalch equations, are due to the o
and B subunits of metHb A, respectively.

Similarly, on fitting of the pH-dependent 575-nm
absorption of metHb F with the sum of two
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Fig. 4 Analysis of the acid-alkaline transition of metHb A.
pH-dependent optical spectra, 450—700 nm, of metHb A (A), and
pK, values of 7.48 £0.05 and 8.32+0.05 obtained from plots of
absorbance at 575nm against pH (B).

Henderson—Hasselbalch equations, the pK, values
of 7.76+£0.05 and 848+0.05 were obtained
(Supplementary Material SM5). Considering the pK,
values of 8.27+0.1 and 7.89+0.10 obtained for va-
lency hybrid o-metHb F and y-metHb F, respectively
(Supplementary Material SM6), the 8.48+0.05 and
7.76 £0.05 yielded for metHb F could be due to the
pK, values of the o and y subunits of metHb F, re-
spectively. The appreciable differences in the pK,
values between the corresponding subunits of metHb
A (or metHb F) and valency hybrid metHb A (or
metHb F) indicated that the structural properties of
one subunit in Hb A (or Hb F) are affected by the
haem Fe oxidation and coordination states of the
other.

Determination of the pK, values of the isolated

o, p andy subunits

We next similarly determined the pK, values of the
isolated o, B and y subunits through analysis of the
pH dependence of the optical spectra. pK, values of
8.17+£0.05, 7.75+0.05 and 8.26 £0.05 were obtained
for the isolated o, B and y subunits, respectively (Fig. 5
and Table I), which were different from those of the
corresponding subunits of metHb A and metHb F in
Table I, indicating that the pK, values of the subunits

Acid—alkaline transition in adult and foetal methaemoglobins

were significantly affected by the hetero-tetramer
assembly.

Absorption spectra of Hb A, Hb F and their
constituent subunits

We measured the absorption spectra of the CO forms
of Hb A, Hb F and their constituent subunits, and the
absorption maxima (Any,x) are summarized in Table II.
The Anax values observed for Hb A and isolated o
and B subunits were similar to those previously re-
ported (58). Assuming that the A, values of Hb A
and Hb F represent those of the constituent subunits,
comparison of the A,., values among the Hbs and
isolated subunits indicated that the hetero-tetramer as-
sembly results in bathochrimic and hypochromic shifts
of the absorption of o subunit, and  and y subunits,
respectively. Since the Soret absorption has been
shown to exhibit bathochromic shift with increasing
the polarity of solvent (59), the present results sup-
ported that the haem environments of the o subunit,
and the B and y subunits become more polar and less
polar upon the hetero-tetramer assembly.

Determination of the pK, value of metHb A
reconstituted with mesohaem

We also determined the pK, value of metHb A recon-
stituted with mesohaem [metHb A(Meso)]. Fitting
of the pH-dependent 575-nm absorption to the
Henderson—Hasselbalch ~ equation  yielded  the
apparent pK, value of 8.50+£0.05, and, in contrast to
the case of native metHb A, the use of two
Henderson—Hasselbalch equations for the fitting did
not improve the agreement between the observed and
theoretical values (Supplementary Material SM?7).
These results indicated that the pK, values of both
the o and B subunits of metHb A(Meso) are ~8.5.
Considering that the pK, values for the o and B sub-
units of native metHb A are 8.32+0.05 and
7.48 £0.05, respectively, the substitution of haem per-
ipheral vinyl side chains by ethyl groups, as a result of
the haem replacement, was found to reduce the
non-equivalence of the pK, values between the o and
B subunits of metHb A, and also to increase the pK,
values of the o and B subunits by ~0.3 and 1.1 pH
units, respectively.

Similarly, 8.50+0.05 was determined for the pK,
value of metHb F reconstituted with mesohaem
[metHb F(Meso)] (Supplementary Material SM7).
Consequently, as in the case of Hb A, the replacement
of protohaem by mesohaem resulted in the loss of
the non-equivalence in the pK, value between the sub-
units of metHb F, and increases in the pK, values of
the o and vy subunits by ~1.0 and 0.7 pH units,
respectively.

Determination of the pK, values of the subunits of
metHb A and metHb F reconstituted with 7-PF

F NMR spectra of metHb A and metHb F reconsti-
tuted with 7-PF [metHb A(7-PF) and metHb F(7-PF),
respectively] at 25°C and basic pH, together with that
of metMb(7-PF) at pH 10.91, are shown in Fig. 6A.
The line widths of the Hb signals, i.e. 600—800 Hz,
were larger than those of the Mb ones, i.e. ~500 Hz,
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Fig. 5 Analysis of the acid-alkaline transition of met-forms of isolated subunits. pH-dependent optical spectra, 450—750 nm, of the isolated o
subunit (A), B subunit (B) and y subunit (C), and pK, values of 8.17£0.05, 7.75+0.05 and 8.26 +0.05 obtained from plots of 575 nm-absorbance

for the isolated o, B and y subunits, respectively (D).

Table 1. The pK, values of metHb A, metHb F, Hybrid Hbs and
isolated subunit at 25°C.

Table II. The absorption maximum wavelength (A,.x) of CO forms
of Hb A, Hb F and their constituent subtunit at pH 7.00 and 25°C.

metHb A metHb F Hybrid Hb Isolated subunit
o 8.32+0.05 8.48 £0.05 8.27+0.10 8.17+0.05
B 7.48 +£0.05 — 7.61+0.10 7.75+0.05
% — 7.76 £0.05 7.89+0.10 8.26£0.05

possibly due to the difference in size between the pro-
teins. Two signals due to the haem orientational dis-
order were observed in the spectrum of metMb(7-PF),
the ratio being 1.0:2.2 for N form: R form at equilib-
rium (Fig. 6A) (31). On the other hand, in the spectra
of metHb A(7-PF) and metHb F(7-PF), three signals,
peaks a;—c; i=A or F), were resolved. These signals
could be assigned through analysis of their intensities,
and spectral comparison between metHb A(7-PF) and
metHb F(7-PF). First of all, the sum of the intensities
of peaks a; and b; was almost the same as that of peak
¢;, indicating that the former signals arise from one
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Soret (nm) Visible (nm)

Hb A or Isolated Hb A or Isolated

Hb F subunits Hb F subunits
o 419.5 418.5 537.0 538.5%
568.0 568.5
B 419.5 420.0 540.0 538.5
569.5 568.5
Y 419.5 420.8 539.2 538.0
569.4 568.5

“Taken from the value of Hb A. The value of Hb F is 538.0 nm.

subunit and hence the latter ones from the other. In
addition, the shifts of peaks ap and b4, ie. 71.2 and
63.0 ppm, respectively, are similar to those of peaks ap
and bg, i.e. 71.0 and 62.9 ppm, respectively, suggesting
that peaks ¢; and b; arise from the o subunit, which is
common to both Hb A and Hb F. Hence, peaks c5 and
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Fig. 6 470 MHz "°F NMR spectra of metHb A(7-PF). (A) 470 MHz
F NMR spectra of metHb A(7-PF) at pH 9.0, metHb F(7-PF) at
pH 9.0, and metMb(7-PF) at pH 10.91. Three peaks, a¢;—c; (i=A or
F), were observed in the spectrum of each of metHb A(7-PF) and
metHb F(7-PF). In the spectrum of metHb A(7-PF), peaks as and
ba are assigned to the N and R forms of the o subunit, and ca to
either the N or R form of the p subunit (see text). Similarly, in the
spectrum of metHb F(7-PF), peaks ar and by are assigned to the N
and R forms of the o subunit, and ¢y to either the N or R form of the
v subunit (see text). The assignments of two signals, due to the haem
orientational disorder, in the spectrum of metMb(7-PF)'* are indi-
cated in the spectrum. Structure of 7-PF is also illustrated. (B) The
spectra of metHb A(7-PF) at 25°C and the indicated pH values.

¢ observed at 51.3 and 53.1 ppm, respectively, are as-
signed to the B and y subunits of the proteins, respect-
ively. Consequently, the shift differences between the
two signals due to the haem orientational disorder
were found to be larger for Hbs, ie. 8.06 and
9.23 ppm for metHb A(7-PF) and metHb F(7-PF), re-
spectively, than metMb(7-PF), ie. 2.30ppm.
Furthermore, assuming that the R form dominates
over the N one, as in the case of metMb(7-PF),
peaks @; and b; are tentatively assigned to the N and
R forms, respectively. Thus, peaks an and b could be

Acid—alkaline transition in adult and foetal methaemoglobins

assigned to the N and R forms of the o subunit of
metHb A(7-PF), respectively [oa(ny and oia(g), respect-
ively], and ar and bg to the N and R forms of the o
subunit of metHb F(7-PF), respectively [ogy) and
ap(R), respectively]. Analysis of the signal intensities
revealed that the ratios for N form: R form for the o
subunits of metHb A(7-PF) and metHb F(7-PF)
are ~1:3, and, on the other hand, the haem orienta-
tional disorder in both the B subunit of metHb
A(7-PF) and the 7y subunit of metHb F(7-PF) is
negligible, if any.

With decreasing pH, the signals exhibited progres-
sive downfield shifts of ~40—50ppm. The acid—
alkaline transition in the protein was manifested in
the large pH-induced shift changes attributable to a
change in the spin state between the acidic (essentially
S'=5/2) and alkaline (mainly S=1/2) forms (Fig. 6B).
Quantitative fitting of their pH-dependent shifts to the
Henderson—Hasselbach equation yielded pK, values of
7.55+0.05, 7.59+0.05 and 7.38 £0.05 for the N and R
forms of the o subunit, and the B subunit of metHb
A(7-PF), respectively (Fig. 7). On the other hand, an
optical study of metHb A(7-PF) yielded a pK, value of
7.52+0.05 (see Supplementary Material SMS).
Similarly, pK, values of 7.50+0.05, 7.60+0.05 and
7.61+£0.05 were obtained for the N and R forms of
the o subunit, and the y subunit of metHb F(7-PF),
respectively (Fig. 7). The obtained pK, values are sum-
marized in Table III.

DFT calculations

We have recently shown that the pK, value is closely
related to the pg. value which is determined by elec-
tronic nature of the haem peripheral side chains (33).
Since the electronic effect of the haem vinyl side chains
on the porphyrin n-system is though to be affected by
the vinyl side chain conformation, we have carried out
DFT calculations using a model compound (see
‘Materials and Methods’ section, and Supplementary
Material SM2 for details) in order to quantitatively
assess the relationship between the W;.,, and
Wy viny1 Values and the pg. value. The pg. value was
estimated on the basis of the Mulliken charge of the
haem Fe atom. The obtained Mulliken charge
decreased with increasing the Wi.yiny and Wg.iny
values from 0° to 90°, and the Wi iny and Wg yiny
values were found to alter the Mulliken charge in an
additive manner (Fig. 3). Although the Mulliken
charges were calculated for the ferrous model com-
pounds, a similar relationship between the pg. value
and the W3 yiny and Wg yiny values is also expected for
the ferrihaems in the active sites of the proteins.

Discussion

pK, values of the subunits of metHb A and metHb F

We first compared the pK, values of the subunits of
metHb A and metHb F in order to determine the
non-equivalence in the haem environment among
them. As shown in Table I, there is an appreciable
difference in the pK, value of the o subunit between
metHb A and metHb F. This finding indicated that the
structural properties of the haem active site in the o
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Fig. 7 Plots of the shifts of the '’F NMR signals of metHb A(7-PF)
(top) and metHb F(7-PF) (bottom) at 25°C as a function of pH. pK,
values of 7.55+0.05, 7.59+0.05 and 7.38 +£0.05 were obtained for
the N and R forms of the o subunit, and the B subunit of metHb
A(7-PF), respectively; and those of 7.50+0.05, 7.60 £0.05 and
7.61£0.05 for the N and R forms of the o subunit, and the y subunit
of metHb F(7-PF), respectively.

subunit are influenced by interactions between the con-
stituent subunits of the protein (‘inter-subunit inter-
actions’). The pK, value is affected by haem
environment and the electronic nature of the haem
peripheral side chains. Ferrihaem in metHb carries a
net positive-charge, and hence needs to be stabilized by
neutralization through electrostatic interaction with
near-by polar groups in a hydrophobic haem environ-
ment. Consequently, as far as the stability of the ferri-
haem in the protein is concerned, the alkaline form is
more stable than the acidic one because of neutraliza-
tion of the cationic character of ferrihaem by the coor-
dinated OH™ (Scheme 1). On the other hand, as shown
in Fig. 3, the Mulliken charge is affected by the W3_iny1
and Wg.yiny values. Since a decrease in the Mulliken
charge is thought to represent an increase in the pg.
value, the plots in Fig. 3 demonstrated that the pp.
value increases with increasing the Wi, and/or
Wy viny1 values. The pK, value has been shown to be
closely related to the pg. value (33). The backward
reaction of the acid—alkaline transition (Scheme 1)
can be considered as protonation of the Fe-bound
OH"™. Since a decrease in the pg. value results in re-
moval of an electron from the Fe-bound OH™, the
proton affinity of the Fe-bound OH™ is thought to
decrease with decreasing the pg. value, leading to a
decrease in the pK, value. Hence the pK, value de-
creases with decreasing the Wi, and/or Wg.iny
values.

X-ray structure of Hb F is available only for deoxy
form, and X-ray structural comparison between the o
subunits of deoxy Hb A and Hb F indicated that
there are sizable differences in the Wj.,i, and
Wy viny1 Values between them (Table IV) (3, 46, 49,
60), although their protein structures are highly
alike (61, 46). Assuming that the larger Ws.yiny and
g yiny1 Values for the o subunit of Hb F relative to
the corresponding values of Hb A, as observed in the
X-ray structures of their deoxy forms, are retained in
their met-forms, the pK, value of the o subunit of
metHb F is expected to be higher than that of
metHb A. Thus the higher pK, value of the o subunit
of metHb F than that of metHb A could be attrib-
uted to the differences in the Wiy and Wy yiny
values between the o subunits of the two metHbs.

On the other hand, the difference in the pK,
value between the subunits of metHb A could be

Table II1. The pK, values of individual subunits of native metHb A, metHb F and the proteins reconstituted with meso and 7-PF at 25°C.

metHb A metHb F
7-PF 7-PF
proto® meso N R® proto® meso N R®
o 8.32+0.05 8.52+0.05 7.554+0.05 7.59+0.05 8.48 £0.05 8.50+0.05 7.50+0.05 7.60+0.05
B 7.48 £0.05 8.52+0.05 7.38+0.05¢ — — - —
v — - — — 7.76 £0.05 8.50+£0.05 7.61+0.05¢

aTaken from native proteins. >N and R represent the normal and reversed haem orientations, respectively (Fig. 1B). This subunit predominantly
possesses a single heme orientation and the determination of the haem orientation could not be made from the present study (see text).
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Table IV. W3.,iny and Wy yiny values of Hbs and isolated subunits.

| \]’3-vinyl ‘ : (degree) | WS-vinyl ‘ ! (degree)

Protein o B v o B v
Deoxy form
Hb A° 33.2 32.0 — 31.0 32.8 —
36.5 32.8 37.5 33.1
Hb F¢ 69.2 — 81.4 81.5 — 15.7
CO form
Hb A® 32.7 6.0 - 38.3 239 —
30.5 26.8
B subunit? — 482 - — 308 —
61.4 313
71.6 31.6
y subunit®  — — 49.3 — — 39.6
50.8 60.2

“The W3 yiny and Ws iy values are indicated in the absolute values.
In addition, since the orientation of the vinyl side chain © system
with respect to the porphyrin © one is considered in the study, the
values are indicated in the range of 0°-90°. Multiple entry repre-
sents disorder in the conformation of the vinyl side chains.
®Obtained from ref. 3. “Obtained from ref. 46. Obtained from
ref. 49. “Obtained from ref. 60.

interpreted in terms of their haem environments, be-
cause the Ws.yiny and Wg.iny values of the o and B
subunits of metHb A are almost identical to each
other (Table IV). In the case of metHb A, the pK,
value of the o subunit is higher by ~0.8 pH units
than that of the B subunit. This finding could be
attributed to a more polar haem environment in the
o subunit than the latter. This interpretation is sup-
ported from the study of autoxidation of oxy Hb A.
Yasuda et al. (62) revealed that the autoxidation rate
for the o subunit is larger than that for the B one.
The autoxidation rate is expected to increase with
increasing polarity of the haem pocket. Therefore,
the higher polarity of the haem environment in the
o subunit than that in the B one, as manifested in the
larger autoxidation rate, is consistent with our inter-
pretation, although the haem Fe oxidation and liga-
tion states of the two systems are different from each
other. Finally, considering the amino acid sequence
homology between the B and 7y subunits (see
Supplementary Material SM1), the higher pK, value
for the o subunit than the y one in metHb F might
also be attributed to a more polar haem environment
in the former than the latter (see below).

Effects of hetero-tetramer assembly on the

pPK, values of the subunits

We next compared the pK, values of the isolated sub-
units and metHbs in order to elucidate the effect of the
hetero-tetramer assembly on the haem environments in
the individual subunits. As indicated in Table I, the
pK, values of the isolated o, B and y subunits were
different from each other. Interestingly, the value of
the isolated y subunit was closer to that of the isolated
o subunit than that of the isolated B subunit, although
the B and y subunits exhibit high sequence homology
of 73% (51). This finding clearly indicated that the pK,
value is determined solely by the haem local environ-
ment. The difference in the pK, values between the

Acid—alkaline transition in adult and foetal methaemoglobins

isolated B and y subunits may be interpreted in terms
of amino acid substitutions in them (Supplementary
Material SM1). Among the 39 amino acid residue sub-
stitutions in the two subunits, two replacement sites,
i.e. E14 and E15, are located in close proximity to the
haem, and Ala E14 and Phe E15 in the B subunit are
replaced by Ser and Leu in the y subunit, respectively.
Although E14 and EIS5 residues are located at least
~0.8nm away from haem iron, the replacements of
the amino acid residues at these sites have been
shown to alter the haem chemical environment largely
enough to be manifested in the shifts of haem methyl
proton NMR signals (63). Therefore, with these re-
placements, the polarity of the haem active site in the
v subunit is assumed to be higher than that in the B
one, and hence the pK, value of the former is expected
to be higher than that of the latter. The pK, value of
the y subunit was indeed larger than that of the § one
(Table I). Furthermore, the A, value of Soret absorp-
tion of the isolated y subunit was larger than that of
the isolated B one (Table II), also supporting that the
polarity of the haem environment in the y subunit is
higher than that in the B one, because the Soret ab-
sorption has been shown to exhibit bathochromic shift
with increasing the polarity of solvent (59). In add-
ition, the increase and decrease in the polarity of the
haem environments of the o subunit, and the B and y
subunits, respectively, upon the hetero-tetramer assem-
bly, as suggested from the analysis of the A, values
(Table II), are consistent with the observation that, for
the o subunit, the pK, value of the isolated state is
smaller than that of the Hb state, while, for the B
and y subunis, the values of the isolated states were
larger than those of the Hb states (Table I).

The pK, values of the o subunits in metHb A and
metHb F were higher by 0.15 and 0.31 pH unit, re-
spectively, relative to that of the isolated o subunit. On
the other hand, the values of the B and y subunits in
metHb A and metHb F, respectively, were lower by
0.27 and 0.50 pH units, respectively, relative to those
of the corresponding isolated subunits. As a result, the
difference in the pK, values between the o and B sub-
units of metHb A [ApK,(A)] is larger than that be-
tween the isolated o and B subunits [ApK,(a/B)], and
similarly the difference in the pK, values between the o
and y subunits of metHb F [ApK,(F)] is larger than
that between the isolated o and y subunits [ApK,(ot/y)].
Thus, the non-equivalence in the pK, value between
the constituent subunits, and hence the difference in
the haem local environment between them, was
found to be enhanced by the hetero-tetramer assembly.
Such an asymmetric nature of active sites might be
essential for allosteric proteins composed of multiple
subunits.

Effects of hetero-tetramer assembly on the pK,
values of the constituent subunits of valency

hybrid Hbs

The effect of the hetero-tetramer assembly on the haem
local environment was also reflected in the pK, values
of valency hybrid proteins. For all the subunits, the
valency hybrid proteins exhibited a pK, value between
those of the corresponding subunits in the isolated and
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tetrameric Hb states, i.e. for the o subunits of both
metHb A and metHb F, the pK, value of the valency
hybrid state is larger and smaller than those of the
isolated and Hb states, respectively, and, on the
other hand, for the B and y subunits of metHb A
and metHb F, the value of the valency hybrid state is
smaller and larger than those of the isolated and Hb
states, respectively. These results demonstrated that
the pK, value of a subunit is affected by not only the
hetero-tetramer assembly, but also the haem Fe oxida-
tion and ligation states of the partner subunit.

The subunit interactions in Hb A and Hb F enable
communication between the haem active sites of the
constituent subunits of the proteins. Hence the molecu-
lar mechanisms responsible for the subunit interactions
in the protein are likely to involve structural changes in
not only the sites of inter-subunits interaction, but also
the contact between haem and the protein at the active
site (‘haem—protein interactions’). As described above,
the effect of the hetero-tetramer assembly on the haem
environment was clearly manifested in the pK, values
of the subunits. Furthermore, the effect of the
haem—protein interactions on the inter-subunit inter-
action was also manifested in the differences in the pK,
values of the subunits between the valency hybrid and
Hb states. These results confirmed the presence of a
pathway for transmission of a structural change of one
subunit to the other ones within tetrameric Hb, al-
though its molecular mechanism is remained to be
elucidated.

Haem active site structures of metHb A(7-PF) and
metHb F(7-PF)

Because of its wide spectral range, '’F NMR is re-
markably sensitive as to the local magnetic environ-
ment, exhibiting not only extremely high resolution
of signals, but also a large dynamic range (41).
Well-resolved signals were observed in the '"F NMR
spectra of metHb A(7-PF) and metHb F(7-PF)
(Fig. 6A). The shift differences between the signals
due to the haem orientational disorder in the o sub-
units of metHb A(7-PF) and metHb F(7-PF) are simi-
lar to each other, and are larger than that in the case of
metMb(7-PF). The shifts of the signals have been
shown to sharply reflect the unpaired electron delocal-
ization of the haem, which is predominantly deter-
mined by the nature of the axial ligands (64, 6J5).
Consequently, the present results suggested that the
® angle between the projection of the axial His imid-
azole onto the haem plane and the Nj-Fe-Nyy axis
(Fig. 1B) of the o subunits of metHb A(7-PF) and
metHDb F(7-PF) are similar to each other, and are smal-
ler than that in the case of metMb(7-PF), although
the X-ray crystal structures of the native proteins
indicated that the & angles of the o subunits of
native Hb A and Hb F, and met Mb are similar to
each other (3, 47).

Haem Orientational Disorder in metHb A(7-PF)

and metHb F(7-PF)

Analysis of the signal intensities in '°’F NMR spectra
revealed that the N form: R form ratios for the o sub-
units of metHb A(7-PF) and metHb F(7-PF) are ~1: 3,
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and essentially no haem orientational disorder
was detected in the f and y subunits of either protein.
These ratios were different from that for
metMb(7-PF), ie. N form: R form=1.0:2.2 (31).
Considering the symmetry of the 7-PF molecular struc-
ture, it is obvious that steric contact between the haem
peripheral side chains attached at positions 2, 3, 7 and
8, and near-by amino acid residues is crucial for the
thermodynamic stabilities of the NV and R forms. The
haem side chains at positions 2, 3, 7 and 8 are in close
contact with the amino acid residues at E10:E14:F4,
E15:G5:G8:G12:H15, B13:FG5:G4:G8 and
B13:CD1:C4:C7:FG5:G4, respectively (3, 46). Among
these residues, amino acid replacements were found at
the B13 and C7 positions between the o and B (or 7)
subunits, i.e. Met B13 and Tyr C7 in the o subunit are
replaced by Leu and Phe in the B (or y) subunit, re-
spectively (Supplementary Material SM1) (3, 46).
Furthermore, in the case of Mb, Leu and Lys occupy
B13 and C7, respectively (see Supplementary Material
SM1) (2). Consequently, the amino acid residue at C7
may play a role in determination of the thermodynam-
ics of the haem orientational disorder of 7-PF in the
subunits of Hbs and Mb. According to the X-ray crys-
tal structures of native Hb A and Mb (3, 66), the side
chains of Tyr C7 and Lys C7 in the o subunit and Mb,
respectively, point somewhat away from the haem, and
are hydrogen bonded to the side chain NH» group of
Asn G4 and carbonyl oxygen of Lys FG4, respectively.
Hence the contact between the haem side chain at pos-
ition 8 and the C7 residue in the o subunit and Mb
would not be so tight. On the other hand, the side
chain of Phe C7 of the B subunit is in close contact
with haem, leading to tight contact with the haem side
chain at position 8. Such steric hindrance might render
the energy difference between the two haem orienta-
tions, i.e. the N and R forms, large enough to almost
completely inhibit one of the orientations.

pK, values of reconstituted metHbs
We finally analysed the effect of the haem substitution
on the pK, values of the subunits of metHbs in order to
determine the effect of alteration of the haem—protein
interaction on the haem environments of the proteins.
In the case of the metHb A system, both the o and f
subunits of metHb A(Meso) exhibited pK, values of
~8.5, and values of 7.55+0.05, 7.59+0.05 and
7.38£0.05 were obtained for the N and R forms of
the o subunit, and the B subunit of metHb A(7-PF),
respectively (Table I). Since mesohaem and 7-PF differ
from each other only in the substituent at position 7
(Fig. 1A), the decrease in the pK, value by ~1 pH unit
upon the haem replacement from the former to the
latter demonstrated the significant effect of the CF;
substitution on the acid—alkaline transition. The sub-
stitution of the electron-withdrawing CF; group for
the haem peripheral CHj; side chain decreases the the
pre value, leading to a decrease in the pK, value (33).
The haem substitution also influenced the
non-equivalence of the pK, values of the constituent
subunits of Hbs. In the case of metHb A, the ApK,(A)
value was significantly decreased by the haem substi-
tution, i.e. the ApK,(A) values were ~0.8, 0 and 0.2
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pH unit for metHb A, metHb A(Meso) and metHb
A(7-PF), respectively (Table III). Similarly, since the
values of 7.50+£0.05, 7.60+0.05 and 7.61 £0.05 were
obtained for the N and R forms of the o subunit, and
the 7y subunit of metHb F(7-PF), respectively
(Table III), the ApK,(F) value was also decreased by
the haem substitution, i.e. the ApK,(F) values were
~0.7 and 0 pH units for metHb F and metHb
F(7-PF), respectively. Thus, the substitution of the
native haem, i.e. protohaem, by mesohaem or 7-PF
was found to reduce the non-equivalence of the haem
environment of the constituent subunits of the pro-
teins. As described earlier, since the pK, values of the
subunits of the proteins have been shown to be affected
by the inter-subunit interactions and the haem—protein
interaction, the decrease in the ApK,(A) [or ApK,(F)]
value on the haem replacement could be due to alter-
ation of the haem—protein interaction. The substitu-
tion of the haem peripheral vinyl side chains by ethyl
groups, as a result of the haem replacement from pro-
tohaem to mesohaem (or 7-PF), should significantly
alter the haem—protein interaction. Furthermore, the
cooperative ligand binding of Hb A has been shown to
be affected by the haem—protein interaction, especially
the contacts between the haem peripheral side chains
attached to pyrroles I and II, and the protein (67).
Consequently, the present results demonstrated that
the interaction between the haem vinyl side chain
and protein contributes significantly to maintain not
only the non-equivalence of the haem active sites of
the constituent subunits of the proteins, but also the
inter-subunit interaction essential for the cooperative
oxygen binding of the protein. In fact, the oxygen
binding study on Hb A demonstrated that the coop-
erativity, as measured as Hill’s n-value, decreased from
3.2 to 1.6 with the replacement of protohaem by meso-
haem (68), indicating the importance of the haem vinyl
groups for the subunit interaction.

Supplementary Data

Supplementary Data are available at /B Online.
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