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Abstract: Magnetic circular dichroism (MCD) spectra are reported for
oxidized and reduced myoglobin complexes for the spectral region 300-
650 nm from 22° to -196°C. For all paramagnetic derivatives, the effect
of the heme iron atom on the MCD is reflected in the presence of Faraday C
terms in the spe;tra. For the ferrimyoglobin derivatives investigated
(cyanide, imidazole, azide, hydroxide, aquo and f]uoride) the MCD intensity
associated with the near UV Soret band was found to be correlated with the
amount of low spin'componeht present. While the MCD resembles the deriva-
tive of the absorption which is typical of Faraday A terms, the temperature
. dependence -of the MCD of this band estab]ispes that it is composed predomi-
nantly of C terms and is not a Faraday A term. The visible MCD spectra
of the ferrimyoglobin complexes exhibit weaker A and Q_terms.associated
~with the porphyrin =-n* transitions and porphyrin-to-metal charge transfer
bands. The shape of these bands is sensitive to the chemical nature of the
_sixth 1igand even for similar spin states. In addition, the MCD spectra
show the presence of previously unresolved absorption bands which may be
charge transfer transitions in the 440-500 nm region. For ferromyoglobin
the high spin aquo, or deoxy, form shows intense C terms in the region
of the Soret band and weaker A and Q.térms associated with the visible
bands. Only the low spin, diamagnetic oxygen and carbon monoxide complexes
~of reduced myoglobin exhibit the simple A terms associated with the por-

phyrin n-a* transitions which are typical of other metalloporphyrins.



1ntroduction

Hemoprdteins participate in a wide variety of biological processes,
and a diversity of experimenta1 approqches have been utilized in order
to gain insight into their complex structure and functional capabilities.
Recently a numbef of reports on the magneto-optical activity, both mag-
netic optical rotatory d1'sper's1'on2_8 (MORD) and magnetic circular |
dichroismt 23 (MCD), have appeared.' The results obtained thus far sug-
gest that MORD and MCD spectra of hemoproteins, much 1ike the absorption
spectra, are quite sensitive to changes in the heme eTectronic structure.
Many components of the absorption spectrum can be resolved by‘MCD, how-~
ever, since the Fargday effect can have three differeht origins: . (A) a
Zeeman splitting of a degenerate ground or excited state; (B) mixing of
the ground or excited state with other excited states by the magnetic'
field; and (C) a'temperature-dependent population difference in ground
state levels whbse‘degeneracy has been removed by the magnetic field (see
references 24 and 25 for recent reviews). While electron paramagnetic
resonance (EPR) studies are also useful for investigating heme chemistry,
they are restricted to Fe(III) complexes. In addition, low temperatures
are required for EPR due to the rapid spin-lattice fe]axation of the iron,
whereas results at physiological temperatures and rapid kinetic measure;
ments can be obtained by the MCD technique. MCD experiments can also be
carried out with low, often less than miCrdmo]ar, conéént?ations of heme:

The theory for the origin of the magnetically induced optical activity
in hemes, however, is not well developed. Previous treatments25 success-

27

fully applied to the MCD of non-iron metalloporphyrins™ assumed a non-

degenerate ground state for the system and predicted that no Faraday C
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terms would exist for the predominantly w-n* transitions of the porphyrin.
While few investigators have measured the temperature dependence of the

MCD of iron porphyrins, the resu]fs of Briat g;_gl;}s

for ferricytochrome
b2 suggested that Q_terms could play an important role in the MCD of low
spin oxidized heme even at room temperature. The results described herein
demonstrate that this is also true for high spin and reduced heme complexes.
This indicates that in the case of iron porphyrins the central metal must
be considered explicitly in describing the MCD of the porphyrin system,
which is not true for most other metal]oporphyrins..26 We have cnosen to
study ferri- (or met) and ferromyoglobin complexes rather than free héme

as a model system for the MCD of heme derivatives, since the chemistry

of this protein is well known and the polypeptide precludes aggregation of
the heme. In addition, histidine, a common biological ligand, remains
fixed in the fiftn coordination position facilitating variation of a single
~sixth Tigand. 1In a companion paper we will extend these studies to include
two Tow spin cytOchromes.Z] The correlation of the MCD spectra in the
visible and near UV spectral regions with the —eme redox state, the spin

state and nature of the axial (5th and 6th) ligands illustrates the utility

of MCD in probing the active center of hemoproteins.

Materia]é and Methods

Sperm whale met-myoglobin (A grade, purity > 98%) was obtained from
Calbiochem. Complete formation of ferrimyoglobin was éssured by oxidation
with potassium ferricyanide and chromatography on Sephadex G-25. Reduction
was carried out on deaerated solutions using a s]ight excess of sodium

dithionite. Derivatives of aquo ferrimyoglobin were formed by the addition
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of an excess of the sodium salt of the complexing anion; the hydroxide
derivative was formed at pH 11.5, Oxy- and carbonmonoXymyog]obin were-
prepared by gentle bubbling of the pUrified gases thru solutions of ferro-
myoglobin. Titrations and concentrations were moni tored spectrophoto-
metrically using published extinction cpefficients.28’29

Absorption Spectravwere recorded on a Cary Model 118C spectro-
photometer. MCD measurements were obtained with a spectrometer designed

30 The instrument was cali-

in this 1abbratory and described elsewhere,
brated using the natural CD of D-]O-camphorsu]fohic acid as a standard,

with Aeogy = 2.20»(cm.M)"]. The MCD results are expressed‘as‘Ae/H
(cm-M-Tés]a)'], where 1 Tesla = ]0,600 gauss. The magnetic field was
determined with freshly prepared potassium ferricyanide, A£422/H = 3.0
(cm-MoT);], and was close to 1.4 T in ambient temperafure (near 22°) experi—
ments and approximaté]y 0.9 T in experiments in which wider gap pole pieces
were used to incorporate a dewar for low temperatures. Mﬁ]tip]e scans were
signal averaged, and natural circular dichroism was corrected for by reversal

30 Comparison of individual scans provided a check

of the field direc*ion.
for time-dependent changes. A1l solid curves'ianiQUres 1 and 3-9 represent
computer plots of the raw data and illustrate the sigha]—to-noise levels
obtained. Maximal absorbances of less than 1.5 were used. A 1-cm path

cell was used for room temperature measurements; a 0.23-cm cell with a
copper-constantan thermocoup]e was subjected to a stréam of cold nitrogen
“gas or 1iquid nitrogen in a dewar for measurements td -196°. A constant
s1it width of 0.4 mm affording a spectral bandwidth of less than 2 nm was

found sufficient to resolve all bands. Scan rates of 0.5 nm—sec'] for

the Soret or near UV bands and 0.25 nm—sec-] for the visible bands were
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routinely used in conjunction with a time constant of 0.3 sec. Noise

levels for a single pass were generally aA % 2 x 107,

Results

Ferrimyoglobin

Soret band. The room tempefature MCD spectra ih the region of the
Soret band of several complexes of met or ferrimyoglobin are p1otted in
Figure 1. The wavelengths and ellipticities of the extrema and zero
crossings are summafized in Table I. With the exception of the fluoride
_.comp1ex, the curves all have a similar shape which resemb]és the first
~ derivative of the absorption spectrum. The shoulder to the blue (390-400
nm) of the main MCD feature corresponds to a shoulder also seen in the
absorption spectra of these complexes and probably reflects a vibrational
component of the main transition. The overlap of an "S~-shaped" MCD asso-
ciated with this band would be expected to decrease the intensity of the
main positive peak and may account for some degree'of the asymmetry observed
~in some of the sbectra.

! and visible absorption28 measurements have

Magnetic susceptibi]ity3
established that the binding of ligands to aquo ferrimyoglobin alters the
high spin-low spin equilibrium present. This sequence is determined by
both the spectrochemical and nephelauxetic series. The amount of low
spin form presént at room temperature decreases from approximately 100%
to less than 3% in the order cyanide > imidazole » azide > hydroxide >

28,31 1his same ordering is seen in the

 thiocyanate > aquo > fluoride.
intensity of the Soret band MCD shown in Figure 1. The essentially pure
Tow spin cyanide cohp]ex has the most intense MCD, while the almost com-

pletely high spin fluoride complex has only a very weak MCD and lacks the



characteristic "S-" or "derivative shaped" curve seen in complexes pos-
sessing significant amounts of low spin component.

In Figure 2 the absolute value of the MCD intensity at the trough to
the Tong wavelength side of the Soret band (Figure 1 and Table I) is
plotted against the.percent of low spin form as determined by suscebti-

31 28 methods. For mixed spin cdmplexes which are

bility” and absorption
predominantly high spin there is a linear rise in the MCD intensity as
the amount of the low spin form increases. At higher proportions of low
spin this relation does not appear to hold rigorously. Thg azide and
imidazole cqmp]e*es show weaker intensities than would be expected on thg
basis of the observed MCD arising solely and direct]y'from the Tow spin
form. While the extrema of such a derivative-shaped -MCD curve would be
expected to be quite sensitive to the intensity and bandwidth of the absorp-
tion spectrum, no significant change in the plot was obtained when these
factors or integrated MCD areas and oscillator strengths were compared.
Measurement of the MCD peak to the short wavelength side of the Soret band
is complicated by Qver]ap with the'vibrationa1 component. We have measured
the MCD intensity of some other hemoproteins which are thought to be com-
pletely low spin at room temperature, including cytochrome b52] (cyt b5),
cytochrome c21 (cyt ¢) and proto- and deuteroheme hemopexﬂ'n23 (p
dRHx), and these are also given in Figure 2 and compared with the ferri-
myoglobin cyanide complex. |

The effect of temperature on the MCD of the Soret band was first

measured for cytochrome 0,14

but no significant changes were detected for
temperatures down to -100°. Experiments in which MCD spectra were recorded

for ferricytochromeme b2 at 6°K and 11°K, however, clearly showed temperature
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Table I. Absorption and Magnetic Circular Dichroism of the Soret

Transition of Ferrimyoglobin Complexes

Absorption . MCD

Ligand Amax(nm) ex10'3 (cm-M);1 “a(nm) Ae/H(cm-M-T)—]
Cyanide _ 423 110 415 72
| 423 0
431 -91
Imidazole 416 121 408 51
: 415 0
423 . -63
Azide 421 112 415 39
423 0
430 -45
Hydroxi de 414 97 Mz 25
421 0
428 -25
Thiocyanate 413 132 410 20
- 419 0
427 -18
Aquo 409 157 404 14
- . 413 0
429 -13
Fluoride 416 133 _ 403 -4
' 410,419 0
413 2
426 -2

dependent increéses_in the MCD associated with the Soret band."5 Our results
showing the effect of 1iquid nitrogen temperature on the spectrum of ferri-

myoglobin cyanide are given in Figure 3. A large différence in the MCD
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intensity is observed between 22 and -196°. The increase in the intensity
at the trough is approximately 5-fold while that at the peak is about 2.4-
fold. On the basis_.of a Boltzman distribution (1/T dependence) one wou]d

expect a 3.8-fold chénge. The near agreement of these values together with

the lack of any major change in band shape suggests that the spectrum observed

at room temperaturé is composed primarily of C terms. The slightly larger '
increase for the trough may indicate the presence of a weaker, temperature
independent, positive component (A or B term) at this wavelength. A slight

sharpening of the absorption band and a decrease in the MCD peak-to~trough

splitting were also observed, however, and the deviation may partially reflect

band narrowing.

Low temperafure MCD spectra were also recorded for ferrimyoglobin
fluoride in the near UV region. ‘For temperatures to 7132° only small
changes in both shape and intensity weré observed (not shown) inditating
the possible pfesence of weak C terms.

Visible region. For this spectral region the results have been

grouped into the prcdominantly low and predominantly high spin cases and

then further divided according to the type of ligand which has been bound

to the sixth coordination position of the ferric iron.
The room témperature MCD spectra of the imidazole and azide complexes

of ferrimyoglobin are shown in Figure 4. The curve of the latter deriva-

13

tive resembles that reported by BoTard and Garnier. Both of these com-

| 'p1éxes are predominantly low spin and their absorption. and MCD spectra

are simi]ar in their general features. Weak negative extrema with shapes
resembling C terms are observed in the MCD spectra at 647 nm for the

imidazole complex and at 643 nm for the azide compiex; these correspond
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to shoulders seen in the absorption spectra in this region. In the case
of ferrimyoglobin azide this band is thought to arise from a ligand- or

32,33 Sharp A terms with

porphyrin-to-metal charge transfer transftion.
crossovers at 564 and 575 nﬁ correspond to the Qo or a absorption bgnds
of the imidazole and azide complex, respectively. The greatest difference
in the structﬁre of the two MCD curves is seen in the 440-540 nm region,
to the high encrgy side of the Qv or g8 absorption bandszwhich occur at
535 nm for the imidazole complex and at 540 nm for the azide complex.
These bands may reflect charge transfer transitions located between the
main Soret and visible m-w* bands. The shape of these MCD baﬁds resembles
that expected for C terms.

MCD spectra in the same wavelength region are gfven in Figure 5 for.
the cyanide cohp]ex. The room temperature curve (- - - -) of this low
spin derivative has the same general shape and origins of the preceding
low spin forms (Figure 4) but differs in detail. No absorption peak or
MCD trough appears in the 650 nm region; This band, which is expected
to be quite sensitive to axial ligand effects on the metal g_orbitals,32'34
may be shifted inAenergy. The‘582 nm trough, 567 nm zerocrossing, and
565 nm shoulder. probably constitute the A term expected for the Qo band.
This is weaker than the A terms obsekved for the imidazole and azide com-
p1exés, and probably results from the fact that the Qo absorption band is
broader and Tess well resolveé in the cyanide complex. The peaks to the
blue of thé bﬁnd are also different from the nitrogen_coordinated complexes,
as would be expected for charge transfer transitions.

The effect of tempekature on the MCD of ferrimyoglobin cyanide is

also shown in Figufe 5. Faraday C type terms are observed in the region
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of both the =-n* transitions and charge transfer bands. The peak at 487 nm
shows a clear 1inear dependence upon the inverse of the absolute tempera-
ture (inset, Figure 5). The intercept extrapolated to infinite tempera-
ture is near zero, and thus there must be few other components present at
this wavelength. The peak at 457 nm also shows a strong temperature
dependence but oVerlaps with the negative MCD associated with the long
wavelength tail of the Soret band. The low temperature behavior of the
region near the Q§ band is more complicated. A peak rises near 600 nm
and a trough beginéwto appear at 575 nm. The inset of Figure 5 shows that
this increase 15 Tinear with 1/T. This behavior in the visible, an increased
positive MCD at 1onger wavelengths and an increased negative MCD at shorter
wave]engths; is just the reverse of that found for the near UV m-n* band.
The small changes‘observed and the overlap with the A term present, howeVer,
make the effects difficult to analyze. ‘

The visible region MCD spectra of the predominantly‘high spin deriva-
tives of ferrimyoglobin are shown in Figure 6. These ave been grouped into

those low, fluoride and hydroxide, and those high, aquo and thiocyanate, in

~ the spectrochemical series. Our results are qualitatively similar to thos

13 reported for the 450-620 nm'région. These spectra

which Bolard and Garnier
are more complex than\those of the low spin derivatives. The porphyrin n-n*,
Q0 and Qv bands are thought to mix with charge transfér-bands so that none
of the bands in the 500-650 nm region can be considered pure transitions.32‘34
The long wavelength charge transfer bands occur near 600 nm in the hydroxide
and fluoride complexes, and these derivatives exhibit similar spectra.

In both the aquo and thiocyanate complexes the low energy charge transfer

band is found near 640 nm. In these derivatives the spectra are also similar
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to one another but differ from the fluoride and hydroxide complexes. This
is probably because the charge transfer band, located at longer wave-
length, interacts more weakly with the n-n* transitions.

The MCD peaks observed from 440-480 nm in the hydroxide and fluoride
complexes (Figurg 6A) and from 460-490 nm in the aquo and thiocyahaté com-
plexes (Figure 6B) do not have obvious counterparts in the absorption
spectra and would appear to\1ie at too high energy to'correspond to part
of the Qv transition. They are similar to MCD peaks cbserved 15 the sanie
region for the low spin complexes (Figures 4 and 5) and may also originate
from-heretofdré unresolved charge transfer transitions. Low temperature
MCD spectra to -147° were recorded for the aquo and fluoride complexes, bu
these did not c]érify the spectra. Some increase in the intensity, but
little change in shape, of all bands was observed.

Ferromyoglobin

Deoxymyoaglobin. The near UV and visible MCD spectra of reduced or

ferromyoglobin bbtained under anaerobic conditions are shown in Figure 7.
In the Soret region the MCD shows an intense peak at 437 nm, a crossing
at 427 nm, and a trough at 420 nm with a negative shoulder near 405 nm.’
In the absorption spectrum the Soret peak occurs at 434ynm and gives no
evidence for the presence of a shoulder at higher energy. The small
trough on the shoulder seen at 405 nm could, however, correspond to a
vibrational component of the main band with the same shape of MCD since
its spacing from the trough at 420 nm is. about that expected, i.e., ca.

1000 cm—].

This could account for the asymmetry of the MCD bands. The
temperature dependence of the Soret MCD indicates that it is composed pre-.
dominantly of C terms; the increase in intensity by a factor of 1.54 is

exactly what is expected on the basis of a Boltzman distribution.
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The room femperature visible region MCD spectrum of deoxymyoglobin

13 and shows more struc-

is similar to that reported by Bolard and Garnier
ture than the MCD in the near UV. A negative MCD appears near 630 nm,
where a broad band is seen in the absorption spectrum}‘ This trough shows
a strong temperature dependence indicatfng the presence of Q_terms.' A
peak occurs at 573. nm which becomes more intense and shifts to 571 nm as
the temperature is lowered. This isvin the region where the Qo or a absorp-
tion band is expected, It is not clear whether the temperature dependence
reflects C terms or .is due to a sharpenihg or narrowing.of the A term.
expected for the Qo.band, but the effect is almost linear from 26° to
-158° (insert Figuré 7B). The fine structure in the 500-560 nm region

of the MCD fs probably associated with the Qv bands and Shows some tem-

perature dependence which may also arise from band narrowing.

Oxymyoglobin. The binding of oxygen to high spin ferromyoglobin con-

verts the iron to the low spin diamagnetic form. The MCD spectrum of the
hemochrome formed is shown in Figure 8. In the near UV a simple S-shaped
MCD is observed with a negative extremum at 427 nm, a:crossover at 418 nm
and a peak at 408 nm. This curve closely resembles the first derivative '
of the absorption spectrum whose maximum occurs at 418‘nm, On lowering
the temperature to -107° the MCD intensity increased by about iO—Zﬂ% and

shifted to the blue 2 nm. These changes were accompanied by an increase
~ the

~in the intensity of/absorption and CD spectra, also suggesting that the changes

reflect band narrowing phenomena rather than the presence of C terms. Thus we

assign the Soret MCD as the expected Faraday A term.
The results from 500-620 nm are in general agreement with those of

Bolard and Garnier‘,'3 There is a large A term associated with the Qo
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absorption band at 581 nm, The wayelengths of the ﬁCD trough, crossover
and peak are 584, 578 and 572 nm, respectively. An addftiona] A term
centered about 540 nm is associated with the Qv band. The small trough
near 645 nm énd'the peak near 545 nm probably arise from a small amount
of ferrimyog]obin§ evidence for the presence of 5-10% oxidized myog]obiﬁ
was obtaihed from the absorption spectrum. No temperature dependent MCD
measurements were carried out in view of the extreme sharpening of the
~visible absorption bands of oxymyoglobin at low temperatures.35 Although
no C terms are expected, narrowing would give rise to a strong témperature
dependence of the MCD A,terms.36

Carbonmonoxvmyoalobin. The MCD spectrum of the Tow spin carbon

monoxide adduct shown in Figure 9 is very similar to that of_oxymyog]obin.
The Soret band exhibits an A term with trough, crossbver and peak wave-
length values of 427, 422 and 417 nm, respective1y. This,corresponds to
the absorption maximum which occurs at 422 nm; the shoulder at 396 nm is
probably an A term associated with the vibrational component seen at 400 nm
in the absorption spectrum. The twofold decrease in Soret bandwidth of
carbonmonoxy- relative to oxymyog]obin results in a fivefold, or approxi-
mate inverse square, increase in the MCD intensity.

In the visible region, on the other Hand, the A term associated with
‘the QO band is broader for cafbonmonoxy— than for oxymyoglobin. Tne trbugh,
zero crossing and peak wavelengths for the carbon monoxide derivative are
581, 572 and 565 nm, respectively, and the increase of 4 nm in the peak-to-
trough splitting is reflected in a lowered intensity relative to the oXy-
genated form. |

The Tiquid nitrogen temperature MCD spectrum of carbonmonoxymyoglobin

is also shown in Figure 9. A slight sharpening and an increase in intensity
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of the visible and Soret A terms are evident, but the most striking
feature is the appearance of a new peak at 441 nm. A porphyrin-to-iron

charge transfer band was predicted for this region,32

but the origin of
the temperature dependence of the MCD is not clear. There was no indica-

tion of a new band in the low temperature absorption spectrum, -

Discussion

The heme chfomophore of myoglobin has approximate]y.D4h symmetry ;
thus the porphyrih n* excited state is nearly X-Y degenerate. Transitions
to this state should therefore give rise to Faraday A terms when a mag—
netic field 1s_used to remove the excited state orbital degeneracy. These
should dominate the B terms which appear more intense in the D2h case.
This is what is observed for the visible (Q) and near UV (Soret) porphyrin
n-n* bands in the cases where a diamagnetic (S=O) compTex is investigated.
Thus the MCD spectra of oxy- and carbonmonoxymyog]obihs resemble those of

other reduced, ]ow spin hemoprotefns such as cytochrome c,9’10’14’]7’]9’2]

17,18,21 23 oxy- and carbon-

18,22

cytochrome b5, cytochrome b2,]5’19 hemo.exin

8-11

monoxy—hemogiobins, ' In fact, the

25,37

and carbonmonoxy cytochrqme P-450.
spectra are quite similar to the MCD spectra of other‘meta1]oporphyrins
and appear to be're1at1ve1y insénsiffve'to the chemistry of the iron. An
exception to this appears to be the temperature dependent MCD band near

447 nm in carbonmonoxyvmyoglobin.

In the cases of the high spin (S=2) ferrous, and low (S=1/2) and high
spfn (S=5/2) ferric hemoproteins, however, the spectra are more complex.
This 1is due both to the presence of new transitions, chérge transfer bands
(éndvposSih]y weaker g;g_transitioné), and to the unpaired electrons on |

the iron which produce a spin degeneraéy for the heme system. The tharge
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transfer transitions are sensitive to the energy levels of the iron d
orbitals and hence reflect directly any changes in the’environment of the
iron. The ground state spin degeneracy gives rise to two effects: first,
a paramagnetic or C term MCD is produced, and second, the spin angular |
momentum of the iron couples with the orbital angular momentum of the por-

19,20 ThUs the C terms present

-phyrin to split the porphyrin energy levels.

in the MCD associated with the porphyrin m-1* transitions are also Tikely

to be quite sensitive to changes in the {ron electronic state. The sbin-

orbit coupling which gives rise to the temperature dependent MCD in the heme

group does not appear to be a strong interaction in the Cages of other

metalloporphyrins, since the MCD spectra of some paramagnetic copper and

cobalt complexes do not show C terms even at 8°k.37 This is probably due

- to the fact that in these cases the unpaired spin is in a metal d22 or

dXZ_yZ orbital which is farther removed in energy-from the filled porphyrin

m orbitals than the d, ~and dyz orbitals of the iron complexes and would

not be expected to mix so we11.38
Deoxymyoglobin is the ontly high_spin ferrous complex investigated in

this report. Other examples of reduced hémoproteins which are high spin -

are deoxyhemoalobin, ferroperoxidase and ferrocytochrome P-450. The Soret

39 derivatives

MCD spectra of the myoglobin, hemog]obin20 and peroxidase
are all very similar and seem to be consistent with the spin-orbit coupling
theory adVanced by Treu and Hopfie]dzo to account for the origin of the C
terms. These proteins all have Soret absorption maxima in the 430-437 nm
region and exhibit an intense, positive MCD slightly to the red of the
absorption peak and a weaker, negative MCD to the blue. This "plus-to-minus"
.pattern with decreasing wavelength is reversed from that seen in the low

spin ferric hemoproteins and corresponds to a spin-orbit coupling constant
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of opposite sign. The shape of the MCD for these proteins, however, is
quite asymmetric and the zero crossing is considerably b]ue shifted from
the absorption maximum. Reduced cytochrome P-450, ohfthe other hand,'has
a Soret maximum near 410 nm and a nearly symmetric MCD sbéctrum approxi-

22

méting the derivative of this band. In addition, the siagn of the Soret

MCD is opposite to that of the other ferrohemoproteins, i.e., it exhibits

a minus-to-plus pattern through the absorption band. These results can be

explained by aséumjng that eitherv1) the theory and the-éign of the spin-
orbit coupling constant used by Treu and Hopfie]d20 is correct but does
not apply to cytochrome P-450; or 2) the intense positive'MCD band near
.440 nm is not dde to the Soret transition, but arises from another absorp-

tion band and tends to obscure the Soret MCD, and the sign of the spin-orbit

" coupling constant used by Treu and Hopfield should be reversed. In either

case these studies show that differencéé are seen in the FCD spectra of
high spin reduced hemoproteins which carry out different biochemica1 func-
tions. | _ |

The c]earésf correlation between the heme e ectronic state and the
MCD is seen in the Soret spectra of the ferrimyoglobin complexes. An

intense derivative-shaped MCD curve is associated with the low spin forms,

~ while high spin forms show a much weaker MCD. A dependence of tha Soret

MORD intensity upon spin state has also been observed with farrihumog]obin

derivatives.7a Other completely luw spin ferrihemoproteins such s cyto-.

15,17 17,18,21,22 9.10,14,17,21

chrome b2, cytochrome b5, cytochreie c¢,” cyto-

23 and hemoglobin cyanidezolexhibit Soret MCD

chrome P—450,]8’22 hemoﬁeXin
spectra similar in shape and intensity to myoglobin cyanide. This suggests

the utility of this band as a marker for the low spin stat: in oxidized
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The temperature dependence of Soret MCD of the low spin forms of
ferrimyoglobin described here and of cytochrome bz15 clearly establish
that the spectrum is composed predominantly of C terms. The derivative-
Tike shape results from the overlap of two C terms of opposite sign dis-
placed in energy about the absorption maximum. This splitting is expected
when the ground state is spin degenerate and the excited state is orbita]]y
degénerate and when these are mixed by spin-orbit couph’ng.]g’20 The
intensity of the observed MCD thus depends upon the strength of the spin-
orbit interaction which gives rise to the splitting. This in turn is a
function of the overlap or mixing of the iron d and porphy%in m orbitals.
The fact that the Soret MCD of low-spin heme is much stronger than that of
high spin heme suggests that the degree of iron electron delocalization-
s considerably greater for the low spin complexes. This is expected from
the stercochemical structures of the two forms, which show that the iron
atom is out of the porphyrin plane in high spin complexes.40

The visible region porphyrin n-n* transitions in the low spin com-
plexes exhibit the A term expected for the QO b nd. Evidence for some C
~ term contribution in this region is obtained in the Tow temperature spectra,
but these effects are much weaker than those observed for the Soret band
and appear to be reversed in sign. MCD spectra at lower temperatures, such

15 would assist ih the assignment of

as those reported by Briat et al.,
Faraday parameters for this spectral region, since further changes in shape
may occur between liquid nitrogen and 1iquid helium temperatures. A molecu-
lar orbital description including the iron would also be of value in .inter-
preting the visib]é and Soret spectra. While the Qv bands of the Tow spin

derivatives show a greater absorption intensity than the QO bands, the MCD

of the QV bands is much weaker. This is due to the fact that vibrational
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components of-different symmetry can have A terms of opposite sign which

will tend partially to cancel one another. 10

In addition to the effects of unpaired spins in the metal on the
porphyrin n—n*‘trahsitions, iron g,orbita1$ lying close in energy to
the porphyrin orbitals allow for re1ativé1y low energy charge transfer
transitions not présent in most other'transftion meta1.pbrphyrfnsa32’38

Stephens gﬁ'a1.16f19

investigated the MCD of the near infrared charge
transfer bands of several ferrihemoglobin derivatives and found a

dependence of the shape of the MCD upon the spin state which could be

- explained by a spin-orbit coupling model. In the 500-650 nm region,

our results for pkedominant1y high spin derivatives show that mixing

of the charge transfer bands with the Q bands precludes any simple inter-

pretation, a1though a correlation between the general shape of the MCD
spectrum and the position of the sixth ligand in the spectrochemical series
is noted. Bétween the main visible bands and the Soret. band, however, the

MCD spectra providé evidence for transitions not resolved in the absorption

spectra. These occur at 440—480 nm in the hydroxide and f]uoride com-

. plexes, 460-490 nm in the aquo and thiccyanate complexes and 440-500 nm

in the low spin complexes. Because of the overlap with the Soret and 
visible bands it is difficu]t to analyze their shape, but the temporatﬁre
dependence of the intensity of the MCD of the ferrimyoglobin cyanide com-
pTex cleavly suggééts that the bands are Q!terms. ‘The exact shape and
position of the'MCD'of‘theﬁe bands 1is sensftive to the nature of the sixtﬁ

Tigand.  This behavior is expected for charge transfer transitions, since

“the band positions will reflect the effects of the ligand field strength

on the iron d orbital energv leveis. Thus, this spectral region may provide
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a means of monitoring changes in axial coordination in hemoproteins. An
empirical study of the shape of the MCD in this region as well as an
extension of the conclusions reached from the other spectral regions of
the myoglobin cbmp1exes to Tow spin cytochromes is considered in the

following paper.Z]
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figure Legends

Figure 1. MCD spectra of the Soret band of ferrimyoglobin complexes.
Concentrations: approximate1y ]0'5 M; solvent: 0.1 M sodium phosphate,
pH 6.8, except hydroxide pH 11.5; path]ength: 1 cm; magnetic field: 1.4
Tesla; 8 to 10lpasses were signal averaged, 4 to 5 for eabh field direc-
tion, td improve thevsiqna1-to—noise ratio by a factdf of about 3; tem-
perature: ‘ambient (near 22°). Note that the right-hand érdfﬁate‘is'én

expanded scale.

Figure 2. Correlation of the Soret MCD intensity of ferrimyoglobin com-
plexes with Tow spin content. The strength of the negative MCD extremum
to long wavelength of the Soret band is from Figure 1; thé percentage low

spin form is taken from references 28 and 31.

Figure 3. The effect of temperature on the Soret MCD of Ferrimyog]obih

5

cyanide. The samp1e‘was 6 x 100" M in a solvent of potassium glycerophos-

phate; glycerol, 0.1 M sodium phosphate (1:1:1 :: v/v/v) at pH 6.8; path
~ = 0.23 cm; field = 0.9 T; 4 passes averaged. Note that the abscissa is

Tinear in energy (V).

~ Figure 4. MCD spectra of the imidazole and azide complexes of ferri-

myoglobin. Protein approximately 6 x 107° M; in 0.1 M sodium phosphate,

pH 6.8, with 0.5 i imidazole (In —) or 1072 M azide (N, ---); path =

1 cm; field = 1,4 T; 6 passes averaged; near 22°.

Figure 5. MCD spectra of ferrimyoglobin cyanide as a function of tem-

perature. Protein 2.7 x 10"4 M; in a 3:1 v/v mixture of g1ycero]:0.1 M
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Figure Legends (Coht.)

sodium phosphate, pH 6,8 with 5 x 1073 M cyanide; path = 0.23 cm; field -
0.9 T; 4 passes averaged. Room temperature spectra in buffer alone were
indistinguishable ffom those in the glycerol system. The inset shows a
plot of the MCD fntensity of thé peaks near 487 and 600 nm vs. the

reciprocal of the absolute temperature.

Figure 6. MCD spectra of the visible bands of high spin complexes of

ferrimyog]obin. Concentrations approximately 6 xJO'5

M in 0.1 M sodium
phosphate, pH 6.8, with (A) 1.5 M fluoride (F~ —) or pH 11.5 (OH™ ----),
(B) 1 M thiocvanate (SCH™ ----) or no addition (HZO —); path = 1 cm;

field = 1.4 T; 6 passes averaged; near 22°.

Figure 7, MCD spectra of deoxymyoglobin as a function of tempefature.
Protein concentration 6.7 x 10'5 M in the near UV (A) and 3.3 x 107 in
the visible (B); solvent equal volumes of potassium glycerophate, g]ycerol,
0.1 M sodium phosphate»at pH 6.8; path = 0.23 cm; fie}d = 0.9 T; 2 passes
averaged in (A), 4 in (B). No effect of the solvent relative to spectra

recorded in buffer alone were observed. The inset shows the dependence of

the extremum near 571 nm upon the reciprocal of the absolute temperature.

Figure 8. MCD spectrum of oxymyoglobin. Protein concentration 8.5 x 10'6 M

5 M in the visible; 0.1 M sodium phosphate, pH

in the near UV and 6.2 x 10°
6.8, path =1 cm; field = 1.4 T; 12 passes were averaged in the near UV,

4 in the visible,
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Figure Legends (Cont.)
~Figure 9, MCD spectra of carbonmonoxymyoglobin as a function of tempera-

5M in an equaT volumes mixture of

ture. Protein concentration 2.8 x 10°
potassium glycerophosphate, glycerol and 0.1 M sodium phosphate, pH 6.8;
path = 0.23 cm; field = 0.9 T; 4 passes averaged. Essentially identical

spectra were recorded in buffer alone at 22°.
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LEGAL NOTICE

This. report was prepared as an account of work sponsored by the
. United States Government. Neither the United States nor tHe United
States Atomic Energy Commission, nor any of their employees, nor
. any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, comp]eteness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned r1ghts ‘
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