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Origins and Spin Dependence of Near Infrared Magnetic
Circular Dichroism of Iron(III) Hemoproteins
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(Received October 5, 1981)

Temperature variation experiments on near infrared magnetic circular dichroism spectra (700—2000 nm) have
demonstrated that metmyoglobin (iron(IIT) myoglobin) cyanide and metmyoglobin fluoride derivatives which are
typical low and high spin iron(III) heme complexes, respectively, exhibit the Faraday C term and the Faraday C and
4 terms, respectively. The results are consistent with theoretical predictions based on the assignment that the near
infrared bands of the iron(IIT) heme complexes are attributable to the charge-transfer transitions from the occupied
a; and a, 7 orbitals to the vacant iron dz (d,,, dy,) orbitals in a C,, notation.

The magnetic circular dichroism (MCD) spectra of
heme for the ultraviolet and visible bands which consist
mainly of porphyrin = to #* transitions have reflected
the electronic states of the heme iron.Y The origins of
the MCD have been explained in several ways.1-10)
Beyond the visible region, hemoproteins show several
transitions ascribable to d-d transitions or to charge-
transfer transitions associated with the d-electrons in
the near infrared region,'!+!? so that these MCD bands
should give more direct information of spin, oxidation,
and ligand states of hemoproteins.

Cheng et al.'® measured near infrared MCD spectra
of methemoglobin (iron(III) hemoglobin) cyanide in
the wavelength region from 800 to 2000 nm. Later,
Stephens et al.1% extended their studies to methemoglobin
derivatives with fluoride, water, and azide. They
explained all the MCD spectra as being composed of
Faraday C terms in the charge-transfer transitions. Near
infrared MCD spectra of various derivatives of met-
myoglobin and myoglobin (iron(II) myoglobin) have
been reported by Nozawa et al.!¥ Near infrared MCD
studies on cytochrome c’,'®) peroxidase,”’ P-450,®) and
cytochrome c¢!? have appeared recently.

In this paper, assignment of Faraday parameters has
been established experimentally by temperature varia-
tion studies on the typical low spin (metmyoglobin
cyanide) and high spin (metmyoglobin fluoride) iron-
(III) hemoproteins. Further, the results are discussed
in comparison with theoretical calculations.

Experimental

Horse heart myoglobin used was purchased from Sigma
(type III). All chemicals were guaranteed grade reagents
and used without further purification. 2H,O phosphate buffer
(1/15 mol dm-3, pH 6.98) and H,O phosphate buffer (0.01
mol dm-3, pH 7.0) were used to dissolve metmyoglobin cyanide
and metmyoglobin fluoride, respectively. Potassium hexa-
cyanoferrate(I1I) was used to oxidized myoglobin completely
and excess hexacyanoferrate(III) was removed by passage
through a column of Sephadex-G25 (medium). Metmyoglo-
bin derivatives were prepared by adding respective solid salts
to appropriate concentration (1 mol dm—2 KCN, 1.5 mol dm—3
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NaF). Undissolved fraction was removed by low speed
centrifugation (600 g). Amicon ultra filters (CF-25) were
used to concentrate metmyoglobin solutions by the centrifuga-
tion.

Absorption spectra were recorded on a Hitachi EPS-3T
spectrophotometer. MCD spectra from 800 to 1000 nm were
obtained by use of a JASCO Model J-20A CD spectrometer
with $-20 and S-1 type photomultipliers (Hamamatsu Televi-
sion). The sensitivity of the J-20A is as high as 1 x 10~ degree
cm~!, MCD spectra beyond 1000 nm were measured on a
JASCO Model J-200 CD spectrometer with a CaF,-photo-
elastic modulator (Morvue) incorporated. An S-1 type photo-
multiplier (Hamamatsu Television) and an InSb photovoltaic
cell (Judson) were used as detectors for the wavelength regions
from 800 to 1100 and beyond 1000 up to 2000 nm, respectively.
The J-200 CD instrument has sensitivities of 2x 10-% and
5 10-3 degree cm=* for the photomultiplier (800—1100 nm)
and photovoltaic cell regions (1000—2000 nm), respectively.
Electromagnets capable of producing magnetic fields up to
1.48 and 1.14 T were used for MCD measurements. The
MCD magnitude is expressed by the molar ellipticity per
Tesla ([6]y/10* degree mol-!dm® m=1 T~ or 10 degree m?
mol—1 T-1),

Measurements at room temperature were carried out in 1/15
mol dm—2 2H,0O potassium phosphate buffer (pH 6.98). For
low temperature measurements, mixtures of phosphate buffer
and ethylene glycol-d; (50 : 50 in volume) and of phosphate
buffer, potassium glycerophosphate, glycerol, and hydrochloric
acid solution (4:20:10:5 in volume) were used in the
regions from 1000 to 2000 (for metmyoglobin cyanide) and
from 700 to 1000 nm (for metmyoglobin fluoride), respectively,
to get transparent glass down to the liquid nitrogen temper-
ature; the temperature was monitored with an alumel-chromel
thermocouple inserted in the cell placed in a quartz Dewar
vessel, and controlled by a stream of cold gaseous nitrogen
evaporated from liquid nitrogen. Each scan was started 30
min after the temperature had reached a constant value. MCD
measurements were repeated at least three times, results of a
set being in good agreement with one another whithin experi-
mental errors (£59%,).

Results

Figure 1 demonstrates the effect of temperature on
near infrared MCD and absorption spectra of met-
myoglobin cyanide which is a typical low spin derivative.
The MCD and absorption spectra at 0 °C show a good
agreement with those previously reported by us.!® The
inset in Fig. 1 shows that the [6]u values of the MCD
peaks at 6390 cm~! (1560 nm), 7810 cm~! (1280 nm),
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Fig. 1. Near infrared MCD and absorption spectra for
metmyoglobin cyanide in the near infrared region at
various temperatures( 5273 K, —-—; 176 K, ----- ;
137 K). In the inset, the [0], values are plotted
against reciprocals of absolute temperatures. Met-
myoglobin concentration, 3.83x 10~ moldm— (on
the heme basis), KCN concentration, 1x 10-3 mol
dm=3, 148 T. Cell length, 3 mm. Other experi-
mental conditions are described in the text.

and 9430 cm~! (1060 nm) increased in proportion to
the reciprocal of absolute temperature (1/7°). The
extraporation of the lines gives zero intercepts at 1/ 7=0.
The absorption spectra exhibit only small increases in
magnitude and band narrowing. These facts clearly
indicate that the near infrared MCD spectra of met-
myoglobin cyanide are composed of pure Faraday C
terms. The intervals of the three peaks are 1420 and
1620 cm~! and the intensity ratio among them is
93:35:1at0°C.

Figure 2 illustrates the MCD spectra of metmyoglobin
fluoride, a typical high spin iron(III) heme complex, at
271, 219, 179, and 150 K. Figure 3 shows the corre-
sponding absorption spectra. The MCD and absorption
spectra at 273 K agree with those previously reported by
us.’®  The MCD peak around 12100 cm—! (830 nm)
exhibited only a small increase in intensity and a red
shift by 400 cm~! with temperature change from 271
and 150 K. The trough around 10600 cn~1 (940 nm)
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Fig. 2. MCD spectra for metmyoglobin fluoride in the
near infrared region at various temperatures ( 5271
K, —-—; 219K, ——; 179K, and ----- ; 150 K).
Metmyoglobin concentration, 6.04x 10-3 mol dm—3,
NaF concentration, 1.5 mol dm-3, cell length 2 mm,

magnetic field 1.14 T. Other experimental conditions
are described in the text.
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Fig. 3. Absorption spectra for metmyoglobin fluoride
in the near infrared region at several temperatures

( ; 293K, —-—; 213K, -—-; 143K). Other
experimental conditions are the same as those for Fig. 2.

showed a red shift of 500 cm~! and a 1799, intensity
increase. The absorption spectra also exhibited a 500
cm~! red shift and an increase in magnitude around
11000 cm—? by 809,. These complicated changes in the
absorption and MCD spectra indicate that the near
infrared MCD spectra are composed of a few Faraday
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terms. The large temperature dependence of the MCD
spectra suggests the presence of Faraday C term (around
10600 cm—1). The temperature-independent Faraday 4
term with the S-shaped dispersion is also presumed to be
present around 11500 cm-!.  Since the absorption
spectra also increased in magnitude and exhibited a red
shift, some changes in the MCD spectra should be due
to that in the absorption spectra. Therefore it is con-
cluded that the near infrared MCD spectra are composed
of the large 4 term?’ around 11500 cm~! and the C
term around 10600 cm—1.

Discussion

Electronic States of Heme. Actual heme chromo-
phore has no C,v symmetry rigorously. However, many
studies have shown that it is a good approximation in
the first order.?") In this approximation the 3d iron has
five orbitals with four different energies conventionally
designated as b, (dy, or {), e (dy, or 7, dy, or &), a;
(d;?or u), and b, (d,2_y2 or v) as shown in Fig. 4. The
evidence from experiments and theories showed that
the near infrared band in the Fe(III) hemoproteins
should be the charge-transfer transition from the
porphyrin highest occupied = orbitals (a; and a,) to the
iron vacant d-orbitals (e) in a C,v approximation.11:12

Iron(IIl) Low Spin. Since a lower symmetry
perturbation lifts the degeneracy in the e orbitals and
the spin-orbit interaction mixes the t,, (Oy) orbitals,
the ground electronic states of the low spin iron(III)
heme can be represented as the following Kramers’
doublet:22-25

¢k+ = —Ak¢€+ + in¢v+ + Cide™s
& = Ayde” + 1Byd,” + Cife+, (1)
where
B = |218,2,3,697CL], @ = Ialﬁlazﬁzév%fl,
¢ = lalala252$‘§’7ca’ & = Ialﬁlaziz&éﬁcgl: (2)
bt = |a3,2,3,6877C], B¢ = |a3,2.3,EE77C].
In the Slater determinant, bar implies down spin and no

bar stands for up spin. Similarly the charge-transfer
state from the porphyrin a, (=) orbital to metal &, 7 (d.)

v by dxz_z—_‘"'""'"-f-Y----
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Fig. 4. Nomenclatures of 3d iron orbitals splitted in G,
ligand field symmetry. X reperesents the octahedral
(O,) splitting energy of the 3d orbitals, Y and Z stand
for those in the tetragonal field in the e, and t,, orbitals
(Onp), respectively.
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TABLE 1. A SET OF COEFFICIENTS AND RELATIVE ENERGIES
FOR RESPECTIVE KRAMERS’ DOUBLET
Relative
k energy 4, B, Cy
1 0 0.877 0.439 —0.188
2 1.417 2» 0.463 —0.881 0.100
3 3.656 2» 0.122 0.175 0.977

a) A represents a spin-orbit coupling coefficient.

can be described as
St = — Ialazﬁzfgﬂﬁczl»
Py~ = — |2,2,3,6577( ). (3)
Electron paramagnetic resonance experiments for mect-
myoglobin cyanide give three g values as follows:2®
g, = 0.75, gy = 1.88, g, = 3.41.

Since these g values should arise from the Zeeman levels
at the lowest Kramers’ doublet, the relaiions expressed
by

&x = 2[(By—Cy)* — 477,

&y = 2I(A1_Cl)2 e BIZI’ (4)

& = 2|(41+By)* ~ C?,
together with a normalization condition (4,2 B2+
Cy?=1) give the 4, B,, and C values listed in Table 1,
which also contains coefficients and relative energies for
the second and third Kramers’ doublets derived from a
method similar to that of Griffith?® and Kotani.2?

Iron(IIl) High Spin. The ground state of the

iron(III) high spin heme belongs to the SA state de-
scribed as follows for the state with M=5/2:

Pe = [a18;2,3,67Cuv], (5)
and the other five wavefunctions for the A state can
be obtained by operating the shift operator S- on Eq. 5.

In high spin derivatives, the lowest charge-transfer
transitions are from a;, a,, to by, e. These give rise to a

H=0 LS Hx0 ‘?’.‘,’Jinon - Meo +
p, %
::1 1“ e
e |
¢‘: Prg a
¢8 ¢17 —]
¢7 ?18 .
— 4%
6Al ——————— po— ¢4 g; -
— % 9 Absorption

Fig. 5. The splitting pattern for the ground (®A,) and
excited states (°E) of the charge-transfer band in the
high spin iron(III) heme derivatives by the effect of the
spin-orbit coupling 4-L.S and the magnetic field (H).
The sign and relative magnitudes of Faraday C terms
for the respective sublevels are also illustrated in the
figure.
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variety of states. However, to the first order in spin-orbit
coupling only the states to which electric dipole transi-
tions are allowed are the two SE states arising from e<a,
and e«<—a,, whose wavefunctions diagonalized in x, and

2-T.-$ can be expressed for M=5/2 as follows:
5
e3>},

b= — ﬁ{’n%> —ifez>}. (6)

Similarly, the other diagonalized wavefunctions can be
obtained as linear combinations of the two components
with M=—5/2, 3/2, —3/2, 1/2, and —1/2. A schematic
diagram for the iron(III) high spin ground and charge-
transfer excited states are shown in Fig. 5 in the absence
and presence of applied magnetic field.

Prediction of Faraday Parameters and Comparison with
Experimental Results. Now we see how the MCD
theory and the electronic states of the heme predict
the kind and values of Faraday parameters for the
charge-transfer transitions in the Fe(III) low and high
spin heme complexes, and will compare calculated
results with experimental data.

To calculate the Faraday parameters the following
formulas?~* are used:

[0lu = —24NH,/he[ f14 + fo(B+C[kT)], (7)
4= (3/d')§, [<Gluali> — <aluglad] x
Im{<a|my|j>{j|m,|ad}, (8)

B = (3/d.)§ Im{ 3] [Kk|p|ad/(E— Ey)] -

[(almxl.]><.”mylk> - <a'|mylj><j|mx’k>]
+k§ [ilual B>/ (B — Ej)]- [<a|my| jH<k|my a)

- <a'lmy']><klmxla>]}, (9)
€= (3/d.)l§| <alu;|adIm{<a|my|j><j|m;|ad}, (10)
— ,.,1/2,,(, u—y) (D-—XJ 1)2
_ ay (”—""jn)2

The symbol u, represents the z component of the
magnetic moment operator and m, and m, stand for
the x and y components of the electric moment operators.
The number of degeneracies in the ground state is
expressed by d,. The summations are taken over all
degenerate transitions for j«—a.

Iron(1II) Low Spin. According to the Boltzmann
distribution and the energy separations among the three
Kramers’ doublets in Table 1, the populations in the
lowest Kramers’ doublets at 288 K were calculated to
be 95 and 799, for the assumed spin-orbit coupling
coeflicient of 400 and 200 cm™!, respectively. Hence
in the following calculations, the contributions from the
two higher Kramers’ doublets were neglected.

By using the parameters 4,, B;, and C listed in Table
1 and Egs. 1—3 and 7—11, one gets the Faraday 4, B,
and C terms as follows:

4 = 0.81 ay|my|nd<&|my|a,),
B = —1.84 X 107 (ay[my[7><E|m,|ar), (13)
C=-1.96 (allm,|p><E|my|al>.
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The extrema in the MCD spectra will be given as
follows by assuming a Gaussian line shape:?”
(013 (4) = (a*/2e™ v, [8/ 2 R4 ) 4, (14)
(615 (B+C/KT) = (x2,,/24,) (B+CJkT).  (15)
Here »;, is the frequency of transition and 4;, is the
band width at [0]y=(l/e)[0]%". The ratios of the

maximum values of the Faraday parameters given in
Egs. 14 and 15 can be estimated as follows:

e, CIKT 1 (=1.96)
WOl —p— =7 T(=1.84x107?) =5.19, (16)
[0]e=: CIKT _ o/ €hdy(~1.96) _6.88, a7

4 T J2kT (0.8])
where we adopted 4;,=500cm~! and kT=205 cm.
These results predict that Faraday C terms will dominate
in the MCD spectra of the Fe(III) low spin complexes
even at 295 K. This agrees with the experimental result
that the near infrared MCD spectra of the metmyoglobin
cyanide are predominantly composed of Faraday C
terms.

Iron(III) High Spin. In this case the spin-orbit
interaction makes the excited states split into six sub-
levels as shown in Fig. 5. Hence Faraday parameters
should be calculated for the six transitions to these six
excited state sublevels. The calculated Faraday param-
eters 4 and C are:

A4 = (3/2)<ay|ms|nd<€|my|a,> for all six transitions,
C = (= 15/2)<ay|me[ny<§|my|ar)
for (‘1312. Dy) —— (¢1, De),
(=9/2)<ay|my[9><E|mylar>
for (®y; @) ~— (s, D5),
(—=3/2)<ay|me[p><&|mylary
for (P10, P15) +— (@5, Do) (18)
(3/2)<ay|my [7><€|my|ar>
for (@y, By5) —— (Py, P4)s
(9/2)<as1|my <& my|ar>
for (@, Byy) «—— (s, @s),
(15/2)<as [mx|9><&[my]ar>
for (@, Pyg) «— (‘1)1, Dg).

Calculations indicate that so long as the sublevels of the
ground and excited states are considered, the Faraday
B term makes no contribution to the MCD spectra for
this charge-transfer band. Since the signs of the six
Faraday 4 terms are the same, the intensity of the
Faraday A4 terms for the overall SE«<8A will be additive.
On the other hand, the Faraday C terms for the transi-
tions from (®;, @) to (P, Py5) and (P,, @) are of
equal magnitude but of opposite signs, hence they
partly cancel with one another. The effects of these
addition and cancellations were calculated analytically
by taking 4 (spin-orbit coupling coefficient) to be equal
to 200cm~! and 4;,=1000cm-1. The calculated
results indicated that the Faraday 4 term increased by
a factor of about 6, but that the Faraday C term reduced
to 1/4 of that of the largest component. Hence the ratio
of the maximum intensity of the resultant Faraday
terms will be
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max. CIKT _ f2(15/2)x (1/4)
(01 A kT £i(3]2)x6 =124

atT = 273K,
=2.25 atT = 150K.

The values suggest that at 273 K the Faraday 4 term
contribution is comparable to that of the Faraday C
term, but that at 150 K the contribution from the
Faraday C term becomes larger until at very low
temperature the Faraday C term predominates in the
near infrared MCD spectra. The contribution of the
Faraday C terms extracted from the experimental results
is rather small as compared with the values estimated
above. Magnitudes of the estimated C terms are more
sensitive to change in those of the band width (4;,)
and spin-orbit coupling constant (1) than that of the
4 term, because the former is a difference and the latter
is an addition of overlapping component bands. The
magnitude of the estimated C term becomes smaller
as 4;, increases and 1 decreases. Although the set of
parameters used in the calculation is one of reasonable
sets, the difference between the estimated and experi-
mental values may imply that 4;, is larger than 1000
cm~! and that 2 is smaller than 200 cm-1.

In conclusion, the near infrared MCD bands for the
typical low (metmyoglobin cyanide) and high (met-
myoglobin fluoride) spin iron(III) heme complexes
have experimentally been determined to be composed
of Faraday C terms and Faraday C and 4 terms, respec-
tively. The theoretical calculations of Faraday para-
meters are consistent with the experimental Faraday
parameters.

(19)
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