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Experimental and Calculated Magnetic Circular Dichroism Spectra
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The ratios of the apparent Faraday A4 terms to the dipole strengths (4’/D) were obtained from the experi-
mental magnetic circular dichroism (MCD) data for the iron(II) low spin derivatives of human hemoglobin and
its « and B chains, and myoglobins (whale and bovine). The observed MCD peak height and trough depth ex-
hibit the decreasing order of CO>0,>NO in the Soret band and O,>CO>NO for the Q band. The moment
analysis also showed the decreasing order of the 4’/D values of CO>0,>NO in the Soret bands for all hemo-
globin and myoglobin derivatives experimentally studied. The molecular orbital calculation of the porphyrin
n electron system based on the PPP CI approximation method demonstrated that the calculated spectra for the
pyrrole nitrogen core-charge of 1.5 showed characteristics for the CO complex of hemoglobin and myoglobin, and
that the NO and O, complexes could be simulated by the calculations for the core charge values smaller than
1.5 (i.e. 1.4—1.3). These results suggest that the change in the porphyrin z electronic state which is caused by
the electronic interaction between the diatomic molecule such as CO, NO, or O, and the heme iron can be ex-
plained by the change in the ¢ core charge in the pyrrole nitrogen possibly through changes in the electronic states
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of the heme iron.

All complexes of hemoglobin and myoglobin with
CO, NO, and O, exhibit the Soret and Q electronic
absorption spectra characterized as the iron(II) low
spin complexes.!) However, appreciable differences
among the complexes have been detected by several
techniques. The quadrupole splitting in Mossbauer
spectra for the CO complexes (AE,=0.36 mm s—1)
is typical of the iron(II) low spin heme, while that
for the O, complexes (AE,=—2.2 mms~1) is rather
similar to those for the iron(III) low spin complexes.2:3)
In resonance Raman spectra the CO, NO, and O,
complexes of hemoglobin gave somehow different en-
ergies for the porphyrin vibration band.*3 Further-
more, the IR frequencies of ligand diatomic molecules,
O,, CO, and NO exhibited different relative change
on binding with the heme iron.%-%

Since the magnetic circular dichroism (MCD) tech-
nique has been revealed to be a very powerful tech-
nique to explore the electronic structures of hemo-
proteins,®19 the technique has been applied to the
hemoproteins complexes with the above diatomic mol-
ecules to get insight on the eclectronic structures of
these heme complexes. Although many previous pa-
pers have presented MCD spectra on the CO, NO,
and O, complexes of hemoglobin and myoglobin,11-20)
there has been no quantitative analysis among them.
In this paper the magnitudes of the Faraday param-
eters for the Soret and @ bands were extracted
from the experimental MCD spectra on various he-
moglobin and myoglobin derivatives, and were com-
pared with the theoretically calculated data to ana-
lyze the effect of the diatomic molecules as ligands
on the heme electronic states.

t Present address: Kawamura Research Institute, 2-7-8,
Kamikizaki, Urawa, Saitama 338.

tt  Present address: Research Institute for Polymers and
Textiles, 1-1-4, Yatabe-Higashi, Tsukuba, Ibaraki 305.

Experimental

Whale myoglobin (type II) and human hemoglobin (type
IV) were purchased from Sigma. Bovine myoglobin was
generous gift of Dr. Y. Sugawara of Tohoku University.
Each separated chain of human hemoglobin was prepared
by the method of Bucci and Franticelli.2V

Myoglobin and hemoglobin in phosphate buffer (0.01
mol dm~-3, pH 7.0) were reduced by a small amount of so-
dium dithionite and the excess reductant was removed by
passing the solution through a Sephadex G-25 column (30
cm height and 3 cm ¢). Myoglobin (Mb) and hemoglobin
(Hb) became to MbO, and HbO, during this process. CO
complexes were prepared by bubbling CO gas to MbO,
and HbO, solutions for 3 min. MbNO and HbNO were
made by adding sodium dithionite and sodium nitrite to
MbO, and HbO, solutions.

The concentrations of hemoglobin and myoglobin were
determined by the usual pyridine hemochromogen method
by using &55,=32000.9

The MCD spectra were taken with a JASCO circular
spectrodichrometer model J-20A equipped with a JASCO
electromagnet which produces as high as 1.14 T magnetic
field. MCD magnitude is expressed by the molar ellip-
ticity per Tesla (T) ([0]u/10* degree mol-! dm® m—*T-! or
10 degree m? mol—* T-1),

The method of moments??2%) was used to extract Faraday
parameters.

The transition energies, oscillator strengths and Faraday
parameters were calculated on the basis of PPP CI method,
the details of which have been reported previously.?42%)

Results and Discussion

Figure 1 demonstrates the absorption and MCD
spectra for the CO, NO, and O, complexes of the
B chain of human hemoglobin. The complexes of
diatomic molecules with human hemoglobin and its
« chain as well as myoglobins from bovine and whale
also exhibit similar spectra (not shown). General fea-
tures in the electronic absorption and MCD spectra
of the CO, NO, O, complexes of hemoglobin and
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myoglobin are similar and bear characteristics of the
iron(II) low spin hemoproteins in that the MCD
spectra show apparent Faraday 4 terms for the Soret,
Q-0 and Q ,_, bands.?19 However, the magnitudes
and relative intensities of the Soret to the Q ,_, were
seen to be different significantly among them. The
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Fig. 1. The MCD and electronic absorption spectra
of the CO (—-—), NO (----), and O, ( ) com-
plexes of the f chain of the human hemoglobin.
Concentration: 4 X 10~ mol dm—3 (for the Soret re-
gion) and 4 X 10-® mol dm—2 (for the Q region), cell
length: 1 cm, magnetic field: 1.14 T, temperature:
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apparent MCD magnitudes (the peak height and the
trough depth) show the decreasing order of CO>0,>
NO for the Soret bands and O,>CO>NO for the
Q o_o bands. It is also noted that the Soret MCD’s
of the CO complexes are larger than those of the
Q bands, while for the O, complex the MCD spectra
in the Q region are larger than those in the Soret
region, and that for the NO complex the Soret and
Q MCD have similar magnitudes.

The quantitative magnitudes of the MCD spectra
were evaluated by the quantities 4'/D, where A’ and
D represent the magnitude of the apparent Faraday
A term?) and the dipole strength of the electronic
transition in the electronic absorption spectra.22-25)
The experimental A’/D values obtained by use of
the method of moment?*23) are summarized in Tables
1 and 2. The A’'/D values for the Soret band for
all the hemoglobin and myoglobin studied here show
the same decreasing order of CO>0,>NO in each
hemoprotein. On the contrary the orders of A'/D
for the Q4 and Q ,_, bands are rather random.
Since the random order of the A’/D values for the
Qoo and Q ,_, seems to be due to the difficulty in
resolving the superimposed bands, the comparison of
the 4’[D values in the Q band region could not be
done.

Table 2 shows that GO, O, ,and NO complexes
have the Soret 4’/D values of (0.30—0.19)8,27 (0.15—
0.10)8, and (0.09—0.03)8, respectively, for all the
hemoglobin and myoglobin studied. The A4’/D values
for the Soret band in Tables 1 and 2 reveal that the
o chain of hemoglobin gave larger A’/D values for
all the three complexes than the B chain, and that
the f chain showed similar A’/D values to those for
human hemoglobin, and bovine and whale myoglobin.
For example the O, complexes for human hemoglobin,
its f chain, bovine and whale myoglobin gave the
similar Soret A’/D values which are smaller than
that of the « chain of human hemoglobin by (0.07—
0.12)8. The difference of this order is significant and
may imply some peculiar electronic structure for the
O, complex of the « chain of human hemoglobin
as compared with those of human hemoglobin, its
B chain, bovine and whale myoglobin. It is also
interesting to note that the A’/D values for the O,
complex of the « chain of human hemoglobin exhibit
similar magnitude of that for the CO complexes of
the B chain, bovine myoglobin and human hemo-

1°C. globin.
TasLe,l. THE EXPERIMENTAL MCD DATA OF THE & AND B CHAINS OF THE HUMAN HEMOGLOBIN
Qoo Qe Soret
— e
7 10-3 a A|DY  5x10-3 , px 103 A4'|D
IXO S ot S AD 22 S =
Human Hb-« CO 17.51 0.017 0.98 18.55 0.095 0.36 24.18 1.204 0.27
Human Hb-« NO 17.52 0.022 1.88 18.57 0.119 0.59 24.33 1.402 0.13
Human Hb-o O, 17.39 0.019 1.36 18.50 0.084 0.11 24.34 1.292 0.23
Human Hb-8 CO 17.46 0.025 2.24 18.53 0.095 0.63 24.14 1.217 0.20
Human Hb-g NO 17.49 0.014 2.93 18.64 0.111 0.34 24.29 1.242 0.08
Human Hb-8 O, 17.26 0.021 2.18 18.61 0.093 0.16 24.31 1.177 0.16

a) f: Oscillator strength. b) B: Bohr magneton.?)

c) D: Dipole strength.
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TaBLE 2. THE EXPERIMENTAL MCD DATA OF THE
BOVINE AND WHALE MYOGLOBIN AND HEMOGLOBIN
(SORET BAND)

MCD of Hemoproteins with CO, NO, and O,
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TaBLE 3. THE cALCULATED MCD DATA FOR THE
MODEL PROTOHEME WITH THE PYRROLE NITROGEN
CORE CHARGE OF 1.5, 1.4, anp 1.3

#x10-3 A’ Do
— f e
m B

Bovine MbCO 24.06 1.18 0.19
MbNO 24.18 1.22 0.08

MbO, 24.21 1.20 0.13

Human HbCO 24.11 1.27 0.20
HbNO 24.25 1.33 0.09

HbO, 24.35 1.22 0.14

Whale MbCO 24.97 1.15 0.30
MbNO 24.12 1.21 0.03

MbO, 24.25 1.14 0.11

a) f: Oscillator strength. b) f: Bohr magneton.?” c)
D: Dipole strength.

Our previous theoretical studies have succeeded in
calculating the reasonable values of Faraday param-
eters of the iron(II) low spin type heme-chromophore
for the Soret and Q transitions by use of the PPP CI
MO method.?®) Although the calculation was rather
simple one which neglects the orbitals of the iron and
the axial ligands, it can predict the experimental ap-
parent Faraday A4 terms for the z-n* transitions.
This is somewhat rationalized by the fact that the
iron(II) low spin complex does not show the con-
tribution from the Faraday C term. The Faraday
parameters of the iron(II) low spin complexes on the
Soret and Q bands were determined to be Faraday
A and B terms which predominantly come from the
porphyrin = electron system.

The present experimental results which show subtle
but clear differences in the A’/D values in the Soret
band region among CO, O, and NO complexes
which will be better examined by the calculation in-
cluding the orbitals of iron and axial ligands. How-
ever, since the Soret band for the iron(1I) low spin
complexes mainly depends on the n-electronic systems,
a simple calculation which neglects these orbitals was
used to examine the possible reasons for the axial
ligand dependence on the A’/D values in the Soret
MCD bands.

Within the framework of our z-electron approxi-
mation which neglects the iron and axial ligand or-
bitals, the effect of axial ligands can be included by
changing the «-electron population on the pyrrole ni-
trogen atoms through the iron orbitals. Thus the
core-charge of the nitrogen atom, ¢.e., the a-electron
density on the nitrogen atom will be altered by the
effect of the axial ligands. For example the extent
of the electron back-donation which depends on the
a* orbital level of the diatomic molecules will deter-
mine the strength of the « coordination of the axial
ligand to the central iron, and further control the
degree of the « coordination of the pyrrole nitrogen
to the heme iron. Thus, the axial ligands (diatomic
molecules) will vary the core-charge of the pyrrole
nitrogen. Under these consideration the calculations
of the A’/D values using the different nitrogen core-

Core Qoo Soret
charge —
of 7x10-3 Fo AID»  $x10-3 F A'|D
nitrogen cm™! b cm! B
1.5 50 0.01 2.08 2.752 0.040
16.7 23.9
v 0.004 2.08 0.908 0.040
1.4 0.005 1.93 2.479 0.023
16.5 23.4
v 0.002 1.93 0.821 0.023
1.3 3 0.013 1.84 2.110 0.022
16.1 22.9
v 0.0003 1.84 0.714 0.022

a) f: Oscillator strength. b) f: Bohr magneton.?”) c)
D: Dipole strength. d) ;: Dipole length operator. e)
6’: Dipole velocity operator.

charges of 1.5, 1.4, 1.3, 1.2, 1.1, and 1.0 were exam-
ined. Only the core-charge values of 1.5, 1.4, and
1.3 gave reasonable A'/D values for the Soret and
Q bands, and the calculated results are shown in
Table 3. With these calculated 4'/D values and the
calculated energies of the splitting in the Soret and
Q transitions, the expected MCD peak and trough
magnitudes were calculated by assuming the gaussian
band shape. The results are shown in Fig. 2 which
shows that the calculated MCD’s for the decreasing
nitrogen core-charge values from 1.5 to 1.3 can re-
produce at least the relative magnitudes of the Soret
and Q MCD bands for the CO, NO, and O, com-
plexes. Unfortunately the calculated energy differ-
ence between the Soret and Q bands as well as the
calculated absolute magnitude and the splitting be-
tween plus and minus components in the Soret and
Q bands did not correspond strictly to the experi-
mental results, the reason for which may be partly
due to the neglect of the iron(II) and ligand orbitals
in the present stage of calculations.

Table 4 summarizes the # bond orders in the ground

TaBLE 4. THE CALCULATED 77 BOND ORDERS OF THE
MODEL PROTOHEME FOR SEVERAL NITROGEN
CORE CHARGE VALUES

7 Bond order®

Core-
charge ¢.’¢, C,-C, C,-N C,~Cnm
5 0.756—  0.439—  0.485—  0.604—

' 0.805 0.482 0.493 0.622
L4 0.762—  0.429—  0.509—  0.603—

- 0.812 0.471 0.518 0.617
L3 0.766—  0.421—  0.528—  0.600—

. 0.817 0.462 0.539 0.614

a) The symbols C,, C;, and C,, in the table denote
the « cabon, f carbon of the pyrrole and the meso
carbon of the porphyrin.
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Fig. 2. The stick diagram of the experimental and
calculated MCD spectra for the CO, NO, and O,
complexes of hemoglobin and model protoheme.
The calculated spectra were based on the A’ values
and the splitting energies from the PPP 7 electron
calculation assuming the gaussian band shapes, and
the experimental bandwidth. The top column is the
experimental data, and from the second to the bottom
colums are the calculated data for the pyrrole nitrogen
core-charge of 1.5, 1.4, and 1.3, respectively.

states for the calculation with the varied nitrogen
core-charge values. The larger changes in the # bond
order in the pyrrole (0.010—0.012, —0.018——0.020,
and 0.043—0.046 for C,-C,, C,—C,, and C,-N, re-
spectively) with varying the nitrogen core-charge from
1.5 to 1.3 were compared with the smaller changes
in the C_-C,, bond (0.004—0.008). Among all, the
bond order change in the C_,-N is prominent and
is two to three times as large as those in other pyrrole
bonds. These calculated results can be compared
with the resonance Raman spectral results as follows.
The band IV in the heme resonance Raman spectral
lines which is one of the spin and oxidation markers
appears at 1372, 1375, and 1380 cm—! for the CO,
NO, and O, hemoglobin complexes, respectively.45)
Since the band IV was assigned to be dependent
primarily on the C,-N bond stretching, the above
experimental frequencies indicate that the C_~N bond
order increases in the order of the CO, NO, and O,
complexes. This order shows a similar trend with
the calculated bond orders for the decreasing nitrogen
core-charge values from 1.5 to 1.3. This means that
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some factors which induce the bond order changes
of the porphyrin pyrrole C,~N bond in the iron(II)
low spin hemoprotein with diatomic molecules could
be also explained by the PPP-CI calculations with
the varied nitrogen core-charge values.

In conclusion the subtle but clear differences in
the MCD’s among the CO, NO, and O, complexes
of the iron(II) low spin hemoproteins were found to
be explained by considering the change in the core-
charge of the pyrrole nitrogen which might be in-
duced by axial ligands through the iron orbitals.
The calculation also demonstrated the z bond order
changes in the pyrrole C,-N bond with the pyrrole
nitrogen core charge variation, which seemed to re-
fect on the heme resonance Raman spectral line IV.
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