Submitted to the Journal ILLBL-757 ‘
' ’ : Preprint€,

of Chemical Physics

MAGNETIC CIRCULAR DICHROISM OF CYTOCHROME c

J.C. Sutherland and M. P. Klein

March 14, 1972

AEC Contract No. W-7405-eng-48

4 ™)

For Reference

LGL-TdT

o

Not to be taken from this room

N D

.

\




DISCLAIMER

This document was prepared as an account of work sponsored by-the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



wa

b
!

4t

5
s

i F O S |
Goad g u

| Magnetic Circular Dichroism of Cytochrome c *
J. C. Sutherland** and M. P. Klein

Laboratory gf_Chemical Biodynamics, Lawrence Berkeley Laboratory,

University of California, Berkeley, California 94720

“ABSTRACT -
We havé measured the magnetic circﬁlar dichroism of'ferrocytochrome c
from 350 to 1000 nm and the MCD of ferricytochrome c from 350 to 750 nm.
We present expressions for the shapes of MCD and absorption spectra in the
presenceIOf'a'magnetic field of randomly oriented molecules for the general
cése in which the absorption band is split in zero fieid and the two com-
ponents of.the split band have different intensities. After correcting
for the effécts of unresolved zero-field splitting, we find that the
"angular ﬁomentum” of the Q00 band of Fe(IIl) cyt ¢ is 7.9 Bohr magnetons.
We show that the 23-fold decrease in' the MCD of the Q,, band upon oxidation
. of.Fe(II)'to Fe(III) is due to about a 5-fold increased pand(width while
' the oscillétor strength and angular momentum remgin:essentially unchanged.
increase in band width may reflect greatér mixing of the porphyrin orbi-
tals with the d levels of the iroﬁ ion in the oxidized state. The MCD of
Fe(II) cyt c in the near infrared {600-1000 nm)'canvbe decomposed using
essentially the same components previously used to aecompose the CD if
some components are presumed degenerate. The angular momenta of the
degenerate components are in the range expected for d»d transitions.
The CD and MCD of the 695 nm band of Fe(1IL) cyt c.are both relétively
weak and suggest respectively that the transition is electric dipole

allowed and nondegenerate.'
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INTRODUCTION

Cytochrome ¢ is a nearly ubiquitous constituent’éf the respiratory
systems of biological organisms. By shuttling from the reduced, Fe(1I),
to the oxidizéd, Fe(IiI), staté, cytochrome ¢ and the various other
cytochroﬁéé“act as redox carriers to couple dehydrogeﬁases with terminal\
acceptors such as molecularvoxygen; Thus, differences in the properties
of the prbféiﬂ in its oxidized and reduced states are qf critical.importange

in undefstahding its biological function. Cytochrome ¢ can be studied by a
great variefy of spectroscoric methods because of‘itstprostheticfgroup, a
heme mdiety:which is linked directly to the peptide chain by cysteine
residues at the vinyl groups. The heme moiéty accounts for all of the
absorptiqn-of the protein from 300 nm in the UV through the visible and
into the near infrared. Furthermore, large changes occur.in the visible
and near iﬁfrared regions when the proteiln is oxidizeé from Fe(IIl) to
Fe(III). ‘It is not surprising theréfore that opticél speétroscopy has
.been one ﬁf the frincipal physical tools géed to étudy the cytochromes.
(See, fofjeXample, the review by Margoliash and-Schejtég.l) Indeed,
MacMunn discovered the cytochromes in 1886 by obset?ing their absorption
spectra iﬁ tissues.

MostroP;ical studiés have involﬁed measurement of absorption spectra
either 22 §1£E_or in solution. However, déring the past decade more
powerful.qptical techniques have been used to probe cytochrome c. Among
these are circular &ichroism (CD), and its Kramers-Kronig transform,
optical rotary dispersion (ORD),2 and single crystal polarized absorption.3

Cytochreme c became the first biological material to which the modern

techniques of magnetic optical activity were applied when Shashoua4

.
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reported the magnetic ORD (MORD) of the oxidized and reduced protein in
the visible and Soret regibns (See Fig. 1). Shortly thereafter Dratz5
mea5uréd'the MCD of the same spectral regions. Both Shashoua and Dratz
found a very large difference between the magnetic optical activity of
the oxidized and reduced states in the visible regions. Since the

biological activity of cytochrome ¢ requires it to shuttle from the

- oxidized to the reduced state, the spectral changes which accompany this

transition are of great interest. Magnetic opticél activity appears to
be the optical technique most sensitive to this'tiansition. Therefore
we investigated the MCD of the visible and Soret regions using a spec-
trometer'with a signal~to-noise ratio about six times greater than the
instrument ﬁsed-by Dratz. We discovered considerable new structure in
the visible bands of the oxidized protein. We show further that the large
decrease in the MCD of the QOO band upon oxidation is related to the ,
greater.width_of the absorption band compafed to the reduced states.

Eaton and Chérney6 have conclﬁded from CD measurements that the very
Weak, near infrared absorption bands of ferrocytochrome ¢ contain d~»d
transitions. These transitions are particularly‘important because native
cytoéhrome ¢ is a diamagnetic low—sbin compound‘ which has six paired
electrons and is thus not amenable to study by'eiectron.spin resonance
or other techniques which reQui;e paramagnetic molecules. We measured
the MCD of the near infrared bands and found tﬁat the tentative resolu-
tion proposed on the basis of CD6 is tenable if certain components are
presuméd degenerate. The angular momenta of these degenerate transitions
are of the correct magnitude for d-+d transitions.

Finally, we measured the MCD and CD of the absorption band of

ferricytochrome c at 695 nm. The absorption at 695 nm, together with
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other unresolved transitions at slightlyvshortcr wavelengths, disappears
when the protein is treated with 4 M urea or similar reagents_which
remove the methionine sulfur as the iron ion's fifth ligand.24 The MCD
and CD of these bands suggest respectively thét the 695 nm band is nonde-
generate and electric-dipole allowed. These results are consistent with
the proposals of Eaton and Hochstrasser3 that the 695 nm absorption is a 3
charge transfer transition from the A2u @) orbital of the porphyrin ring
to the d22 ‘level of the iron ion, but do not exélude charge transfer
transition involving the axial ligands.
EXPERIMENTAL

Materials

Lyophilized samples of horse heart cytochrome ¢ (Sigma Chemical
Co., grade VI) were stored at 0°C until shortly before use.  SDS poly-
acrylﬁmide=gei electrophoresis indicated that a fgw percent of the
protein molecules were in dimers, trimers or higher.aggregates gna gave
a molecular weigﬁt of 12,400 for the ﬁonomer,.which is close to the '
accepted yalue.l In most e*beriments the lyophiliied material was used
without further purification. For one 77°K absbrption spectrum in the
600 to 1000 nm region, we purified a sample by ion Qxchange chfomatography.7
All rooﬁ temperature measurements were made with'tﬁé protein dissolved in
.1 M potassium phosphate buffer at pH 7.0. In tﬁe low temperature experi-
ments theibrotein was dissol;ed.inAthe same buffer and then diluted with T e
an equal volume of glycerol. As supplied, most of the protein molecules
were in_the oxidized state, but a small fraction was present in the |
reduced fb:ﬁ. The presénce of this small fraction of the reduced pro-

tein was easily detected in the MCD at 550 nm even when the absorpticn

spectrum gave no indication of its presence. To complete the oxidation
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3Fe(CN)6 was added to achieve a. final molar ratio of

one-tenth that of the protein. Reduction was achieved by adding a slight

a small volume of K

molar excess of sodium dithionite or sodium ascorbate. Results were

independent of the means of reduction. Concentrations were determined
L | U |

from published values of molar extinction coefficients.

Instrumentation

The MCD spectrometer has evolved from an insﬁrument previously
describediby Dratz.5 Recent ﬁodifications include iepiacing the 1.25 T
electromagnetic by a 6.6 T superconducting solenoid. = To separate natural
CD from MCD we measure each spectral region twice:-once with the magnetic
field parallel to the direction of the light beam and then with it anti-
parallel. The direction of the field of the superconducting solenoid is
reversed by rotating theimagnet through 180° about an axis perpendicular
to thé liéht beam. The signal proportional to the net circular dichroism

(CD plus MCD) was converted to digital form by a Vidar Corp. model 260

- «voltage to frequency converter and stored in a Nuclear Data Corp. model

180 multichannel analyzer. Spectra with low signal-to-noise ratios
were scénned repéatedly; each scan was summed wi;h the resulté qf pre-
vious scans in the multichannel analyzer.. The summed spectra for both
directions of the magnetic field were transferred to a digital computer
via punchedbpaper tape. The computer separated the contributions qf

CD and MCD, converted the raw data into units of molar extinction

-1 cm?l) or molar extinction per unit magnetic field Gﬁ—l cm_1 T-l),

™
converted the wavelength of each point to wavenumber (expressed in cm

. - -7 -
or (ym) 1; 1(um) © = 10,000 cm l), and plotted the results. The instru-

ment was calibrated with a 1.0 cm pathlength cell coﬁtaining a l.O'mg
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per ml aqueous solution of d-10-camphorsulfonic acid. At 290 nm this
solution has a CD (Al-Ar) of + 9.3 x 10"3 opticé} density units.

The CD of the native protein bands of Fe(II) cyt c was also measured

with a Cary Instruments Corp. Model 60 spectropolarimeter equipped with

a model 6001 CD attachment. Absorption spectra were measured with a : 4

Cary Instruments Corp. Model 1l4R recording spectrophotometer. Absorp-
tion spectra were also digitized and processed and plottéd by the com-
pﬁter. Liquidtnitrogen temperature absorption spectra were recorded.by
plaéing the saﬁple in a 2 mm pathlength cell which was in the;mal coﬁ—
tact with a reservoir of liquid nitrogen. For low-temperature MCD
measurements the sample was contained in a 1 cm pafh cell which was
inserted into the borerf the room temperature access which passes
through the solenoid. The sample Qas cooled by fiéwihg chililed ‘nitrogen
gas through the hollow walls of the cell. With the wateréglycerol sol-
vent systéﬁ,_the sample developed cracks at 77°K, so measurements were
restricted ﬁo the temperature of dry ice.

) Decompésition of the experimental spectra info sums of Gaussian or
Lorentzian curves plus their derivatives was accomplished by |
interacti#e.éomputer routines. The data and proposed resolutions were
viewed on a Téktronix Type 611 storage display oscilloscope. Thé
opérator ¢0pia change the position,wiath and amplitude of each band.
When a satisfactory fit was achieved, ﬁhe data, net fitting curve and
the individuél fitting components were plotted by a California Computer
Products Modei 565 digital incremental plotter..

The measurement of MCD requires two arbitrary sign conventions.

First we measure the difference in absorption of left and right circularly



polarized light (AL—AR). The definition of left circular polarization
is such that the tip of the electric vector of a left.circularly
polarized wave traverses a right-handed helical path. Second, the

direction of the magnetic field is considered to be "positive' when it

is paralléi'to the Poynting vector of the light and 'megative" when it

-is antiparallel.

RESULTS AND DISCUSSION

We haVe investigated the MCD in six distinct spéctral regions. The

-visible, Soret and near infrared regions of ferrocytochrome c and the

visible, Soret and red or 695 nm regions of ferricytochrome ¢ as shown

in Fig. 1. The degrée of resolution of the different spectra varied
drastically. The visible bands of ferrocytochrome ¢ are wgll resolved
even in absorption and thus the MCD could be analyzéd with a considerable
degree of sophistication. At the other extreme are fhe near infrared
bands ofvferrocytochrome ¢ which show aimost no structure in absbrption.
Here CD'éﬁd MCD become of paraﬁount importance intdecomposing and inter-
pretingvihe‘spectrag

VisiblebBands

Fe(II)

The absorption and MCD spectra of ferrocytochrome ¢ are shown in

the lower part of Fig, 2. Thé narrow absorption'band at 1.82 (um)—1
arises from transitions from.the zero vibrational level of the porphyrin
ground sfété to the zero vibrational level of thé lowest porphyrin singlet
eXcited.Stéte and is called the Q00 transition.gv-Between»1.86 and 2.0
(u-m)-1 there are sevérgl bandé arising from transitions to higher vibra-

tional levels of the excited state of the porphyrin and known collectively
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as the QOi band. The MCD of the Q00 band resemb¥es the derivative of
the absorption spectrum and thus indicates that either the initial or
final state is (approximately) degenerate.10 Indeed, it is well known
that the grqund state is nondegenerate (symmetry Alg) and the>first
excited sfaté is doubly degenerate (symmetzry Eg).9

We Qili represent the wavefunction of the nqndegenerate ground
"state by |g> and the wavefunctions for the two lowest energy singlet
states as,]k; and |y>. The transition dipoles for 1g>+lx> and ]g>+]y>
are perpen&icular to each other and défine the x and y aﬁes of the mole-
cule.9 Thevz axis is perpendicular to the piane of the porphyrin ring
system. The energies of states [x>, [y> and [g>_ére respectively Ex’

’ Ey and Eg'

Recéptly we showed13 that an external magnetic field will couple

states [x>.and |y> to produce two new states
1> = a)x> + dyly>

and (1)
2> = Y|%> - ia]y> '

where o (AE,_, + AEZF)/D

T
Y =(B;MZH cos 9D

D 1/2 .

‘{[AET + AEZF]2 + BM H cos e]z}

AEZF = (Ey-Ex)/z

AE,, | ='{AE§F + [BMZH cos 912}1/2
M, ==(1/%) <XIL_"zly> .

H is the strength of the external magnetic £field, B is the Bohr magneton

and O is the angle between the z axis of the molecule and H. The energies:

of the new states are El and E2 where E2-El = 2AET, as shokn in Fig. 3.

The wavelength-dependent molar extinction coefficients for the absorption
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of right and 1éft circularly polarized light by the transitions.!g>+]l>

and fg>+[2>are given by:
- i

- —— 2 2 .2 _ S1/2 e

8 = + R - 3 R
EL/R,l(V) 3/16 [ £(v,v)) [ (tcos™ 0) (a’e, Y ey)+4ay {exey} "2 eos 0]sin 0.4 ©
and “ S N - (2)

= T . [(teos? 6) (v2e +ale Ythay (e e 12 cos 6lsin 0 4 ©
EL/R,Z(v) = 3/16 é_ (v,vz)[( cos” 0) (v e ta e,) Thoy le gk @ co 1

where in + signs the uppér'sign goes with the L subscript and the lower
\ ' '

"sign goes with the R subscript. We assume that the shape of the absorption

bands for the transitions to |x> and |y> can be described by

ex(v) =€, f(v,vx
and o o (3)
v) = f(v,v . '
ey( ) €y (v, y)
i.e., e, andey are the maximum values of ex(v) and sy(v) and f(v,vi)

is an absorption envelope whose maximum amplitude is unity at vy .

The parameters vy \ Vv v
p r \'X’ \)y’ "l) 2 b z

E,, AE

p» and AQ% are the exact analogies

of E , E expressed in units of wavenumber

- y,.El, F’ aad AE

Z T

p— ¢

instead of energy. Thus, accofding to the definitions of ;i and Voo
;f(;:;i) and f(;};ﬁ)ﬂare functions of @ and must remain inside the
integral in eqn. (2). In Ref. 13 Qe assumed that f(;;;;) was a Gaussian
function and evgluated the integral over O numerically. However, it is
more instructive to perform the integration analftically without placing
any special restricticns on the shabe of f(;;;;)-lé other than that it
must be a nbﬁ—négative o function with its single maximum value
of unity at ;;,‘that‘it"and_all of its derivatives are continuous-func-
tions of:;aphat‘both.ex(;) Qnd sy(;) have the same ébsbrption envélope,
and that the magnetic field-shifts the envelope rigidly. We expand

f(v,vi) in a Taylor series about Vo where Vo = (vl+v2)/2,1.e.,
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f(v,vl/z) = Z [(+Av Y /nt] £(v,v ) 4)

()_ n_,—— -
where f(v v ) d f(v,vo)/dv .

'

The upper signs are for state 1 and the lower for state 2. Eqn. (4) is

substituted into eqn,.(Z), and we calculate the total absorption of left
. // . .
and rlght c1rcular]y polarized llghtv

L/R(") e /r, 1M * epp, ) | ()

Every term in the resulting series can be integrated with respect to 0 by

virtue of three identities which ingure that Av,, is raised only to even

f T
powers. The identities are: ’ - . :
o yi=1 o | (6a)
and & T Y T AVZF/évT ;_ , (éb)
ay = (BMZH cos @)/ZAvT 4 . (6¢)

where ¢(= B/hc) is. the Bohr magneton expréssed in units of wavenumber

per Tesla. We took the value of § to be 46.7 m_lT—l;

We expand the various powers of A;h by means of the binomial

.theorem and perform the integration over @ with the result
V) = (3 NE z (f(2k) /(2k)! 12((1‘ av, )20 gy 528 '4}1)/ 2i+1 2"'+3
e /R € (v,v )/ (2R 1) 4 (v, o (8 ) " (2i+41) (2i+3)
| (2k+1) K yon o
+ 3AeAvZF kz (F(v,v )/ (2e) D) 3 (k) (85,) ° 78 (g ) 21 (141) / (2141) (2143)

(2k+1) k
¥ 3 g, e, 16y (1-[28¢ /e ] 22§ (£, RUCID (‘l‘)mv )2(“ gme 1 2y,

(7

where € =,ex'+ ey and Ae = (ex - éy)/Z.

For zero-field splittings which are unresolved in absorption the series
converges rapidly. In our computations we retained terms through the

fourth derivative, i.e.,
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(2)_ (4)

e jrR®=Ce, [ [£(V, Y )+EQ,Y ){(Av ARG HZMZ/S) }+f(3‘,;'){(A3§F/za>+

e HZM2/30)+(qg4H4M4/280)}]

. G )
+ 8eAv[£(5,V )+HEQ,T {8V /6)+(8 1 2191

W @ 2 2

231253 DH G, ){(Av B/ O+EH N /10)}1.. (7b)

+ pHM (E /4){1 [28e/e 17}

Note that the‘expressions for eL(;3 and eR(;) are each the sum of three
series: the first depends on the total intensity of the composite
absorptinn-band and contains only even derivatives; the second depends
on the producn of the intensity imbalance and theVZero—field splitting
. t '

and contains only odd derivatives, and the third depénds on the product of
ey and ey and also contains only odd derivatives.15 Only the third term
contributes to the MCD,which we define as '

bey () = (e, () = e, GN)/H . | o (8)
It is also straightforward to calculate the total aﬁsorptionvspectrum
from eqn._(7) in both the presence and ansence of a magnetic field, i.e.,
. 'e(;s = g (;) + e (;)- o €))

~

Notte that the magneuic ﬁield does not ?rbduce any flrst order changes
in e(V) but does produce first order e;fects in both eL(v) and ¢ (v)

MZ, which in the absence of zero field splitting is the angular
momentum quantum number of the degenerate excited states, 1saa sensitive
function of |x> and ly> ané?an important phy31cal‘parameter We can test
the Valldity of excited state wave functions calculated by means of
molecula# orbital theory by comparing calculated and experimentally
determinéd’values of M . We can derive M by comparing the magnitude

of the oboerved MCD to eqn. (8) if we know AVZF, 2Ae/e » and the correct
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absorption envelop f(v,v.). To determine these parameters we fit the
absérptiOn band (measured in the absence of a magnetic field) by

@ = e @Y ¢ cy f(v‘,B;) - Ao
The fit;ing procedure is particularly easy for cytochrome c because the
77°K absorption spectrum shows the |g>+|X> aﬁd !g}+[y> transitions clearly
Jresolved.i6 ‘We analyzed the 77°K absorption-spectrﬁm with the interactive
computer program and found that Av__ = 60 + 5 en”! and 2As/eo = .20 We

ZF

also fouﬁd that Lorentzian functions of the formuf(szs;) = (1 + [(;l;;)/A]z)_l

gave good fits to the individual components. Using Lorentzian functions

and the 77°K values of A 7F

lyzed the room temperature absorption spectrum with the interactive pro-

and 2Ae/eo as initial estimates we then ana-

gram,andvfdund AG%F =50 +5 cm_l, 2Ae/e0 = .16 (see Fig. 4b). Next we
used a similar program to fit eqn. 68) to the experimental MCD using the -
room temperature values Qf eo,AG; and Ae. The best fit was found for

M =79  as shown in Fig. 4a. Finally we computed eL(;) and skﬁﬁ

by means of eqn} (7). 'These results are shoWn»iﬁ Fig. 4c.

Other workers have calculated'MZ for the QOO band of Fe cytochrﬁme c’
and other.metalloporphyrins. In all suchﬁca;es thé excited states were
assumed'fo be exactly degenerate. How do thése values of MZ compare with
the results.bf the more'elaboraté'procedure which we used? Maliey g£_§14}7
attempted ﬁo measure thé.valﬁe of MZ of.the Qod bands of zinc and magnesium
copropdrﬁhyrin by the difference in wavenumber of the peak values of
gL(Gj'and eR(;j. We shgll call this type of measurement the inteéral'form
of MCD. In reference 13 we showed thgt the separation of the integral MCD

absorption peaks give unreliable estimates of Mz' For the values of Ae and

AGEF‘typically observed in metalloporphyrins, the integral MCD peak separation
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sﬁbstantially oyerestimates M;. Iﬂdgg&, the calculated integral MCD
shown in’ﬁig. 4c yields a value of 12.2 t 1.2 for M; by this method.

Dratz5 aﬁd Stephens gz.gl;}g calculated M; by comparing the dif-
ferential MCD with the derivative of the (Zero—fieldj absorption spectrum.
In reference 13 we also argued on qualitative grounds that this pro-
cedure would give fairly good estimates qf the correct value of Mz°

Now we can assess quantitatively the accuracy of this method. The

"method is based on the assumption that

bey() = - g e G/ | - - an
where *M;, the ap?arent angular momentum, is determined by the method of
least squares, which requires N A
(2/3*M) slac, () - #*M_ e Fy/21% av = 0 . (12)
For AsM(;)‘we substitute the right—hand side of'eqns. (7) and (8) and
we calculate a(l)(;j from eqns. (7) and (9) with H=0. After performing
the'operatioﬁs indicated in eqn. (12), we find
;'M-z = MZ'.{J.-[zAa/eo]z}l/z J/1) (13)
where - B : _.
1= 'f_[’f(.l)(V,Uo) + 28eBv,p £(2) (U,;‘O)/eo L (1)
and
3= sEM G ranenvyy £ G e - 11EN G5+ @5 (0760
| | [ S IS I R
I is the integral of the squéfe_of the derivative of the normalized
absorption envelope while J is the integral of-ﬁhe product of the deriva—
tive of the absdrption envelope and the (normalized) MCD envelope. The
two functigns whose product éppears in J ha;e'similar shapes and ampli-
tudés but are shifted along the v axis with respect to each other because

of intensity imbalance and zero field splitting. Near ;6 there is a small
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region where their product is negative so we can expect that J/I will be

slightly less than unity for unresolved zero-field splittings. The square

root terms in eqn. (13) will also be very slightly less than unity.

Thus, we conclude that the procedure used by Dratz5 and ‘Stephens et 31.18

gives good estimates of Mz which will tend to be Végy_élightly less than

the actual value. These theoretical conclusions agree with our experimental

results, since we found that MZ for the QOO band of Fe(II) cyt ¢ was 7.9
while Dratz found a value of 7.8 + .5. While the differential MCD gives
a better eétimate of Mz than does the sepa;ation of the peaks of the
integral MCD, it provides no obvious indication of the existence of
zero-field splitting as does integral MCD.
Fe(III) |

The MCD and absorption spectra of ferricytochrome ¢ are also shown
in Fig. 2. The scales have been changed because both peak absorption

and peak MCD have decreased in comparison to Fe(II). For the_MCD the

bdecrease.iS'greater than a factor of twenty. These drastic changes in the

spectra of the porphyrin ring system must somehow reflect the removal of

an electron from the iron ion.

The QOO band appears as a shoulder in the absorption spectrum at
1.78 Lumj"l. We interpret the MCD in this region as the sum of a normal

A and a negative B term. The A term is responsible for the peak at 1.82
1

(pm)-1 and the troﬁgh_at 1.77 (um) -, while the B term accounts for the

greater amplitude of the trough. We interpret the trough at 1.88 (‘um)“l
as a negative B term associated with the Q01 bands. The apparent lack

of A terms in the QOl region is not surprising since in the Fe(II)
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spectrum fhe MCD of the Q01 bands is ﬁuch_lesg than the Q00 band. The
slight red shift of the MCD relative to the Q01 absorption peak.may be
due to unresolved A coméonents or %ay reflect the composite nature of
the Q01 bands. We assign B rather than C terms to the Qg and Q,; bands
since the MCD measured at 194°K was the same as the room temperature MCD
shown in Fig. 2, whEn'allowance was made for increésed‘density of theA
sample at the lower temperature.

The,MCD of the Q;; and Qy, bands is superimposea on a broad, pési~
tive background. The MCD also reveals a well defined band between 2.1 and
2.4 (Um)‘l.CC.f., Fig. 5). |

.The'hegativ¢ B terms in MCD of the Q00 and Q01 bands may be due to
interactibns'with the weak 'background" bands sinée the MCD of these bénds
is positive. An alternate hypothesis is‘that these B terms were present
in the FQ(II),cyt ¢ spectrum but were masked by'thé much larger A terms.

The drastic décrease in MCD upon oxidation is associated with the
drop in beak absorption and the increase in band width, seen in both MCD
and absorption; If we assume that the integrated absorption intensity,
which is proéortional to the pfoduct eOA[A is a measure of the widfh of

the band), is constant, then the maximum absorption is proportional to

AA—l while the maximum MCD goes roughly as 272,

This prediction is in reasonable agreement Qiyh the expérimental
data, since upon oxidation the QOO absorption drops by a factor of between
4 and 5 while the MCD decreases by a factor of 23. We coﬁputed the ratio
of the MCb fr0m the peak-to-trough differences fér both Fe(11) and Fé(III).

This procedure tends to eliminate the influence of B terms.

I
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The Electronic Strugturg of Fe(ll] and Fe(JII) Cyt ¢
~ The MCD of the Qooﬂbands'of Fe(II1) and Fe(III) cyt ¢ implies progertiés

of their electronic states. The value of Mz_is a measure of the degree
of freedom with which electrons can circulate through the moleculé. For
completely '"free'" electrons we would eXpecf Mz = 9. Even after haking
liberal allowance for eXperimental errors, we conclude that for Fe(II)
cyt ;, MZ is equal to or greater than 7. The pi electrons of the ng—
phyrin ring must thus be regarded as 'mearly free'. Intuitively we
may think of Fe(II) cyt c as a metal disc embedded in an insulating
sphere. Thisvis an attractive model for a molecule whose biolégical
function is to provide temporary storage for an electronic charge.

The high value of Mz.and the resulting ''free-electron" naturé of
thé porphyrih ring are likely related to the axial coordination of the
iron ion. For éxample, Dratz5 found that the M, of iron protoporphyrin
increased between 50 and 100% when two pyridine molecules substituted for
a watér molecule and a hydroxyl ion at the 5 ané 6 positions of the iron.
A theorétical explanation of this ecffect is clearly desirable. While the
effects Qf the'central metal ion have been discussed,s’25 the best calcula-
tions of Mz to date19 have not explicitly included the orbitals of the
central-metal ion and its axial ligandﬁ.

Our data on Fe(III) cyt c yield the.importaﬁt result that the 23-
fold decrecase in MCD upon oxidation is not due;té a cbrrespoﬁding
decreése in‘MZ but rather to a_fouf— to fivefold Broadeﬁingof the
absorption band. H.ochstrasser23 has recently pointed 6ut that the
diffuseness of porphyrin transitions is related to the mixing of the

m orbitals of the porphyrin ring and the d-orbitals of the metal atom.

Thus 1in Fe(II} cyt ¢, we can think of the porphyrin n electrons and the

"y

A 2K
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filled d_ and d_ orhitals as forming distinct systems, while for the
Fe(I1I) molécﬁle, the two systems are strongly mixcd,.kfyis effect is
more apparent.in the QdO band than in the QQl or'Sdret bands, because
these bands arc much broader even in the reduced prdtein.
Soret Bands

We can explain Some features of the spectra of the Soret bands in

[~ . .
terns of'theifour—orbital theory. However, it is clear that other
configurétions must be included in the excited states responsible for
the Sore£ bands. ~

The absorption Spectra for ferro- and ferricytochrome c iﬁ the
Soret region are shown in Fig. 5. The integrated absorption intensi-
ties are’ﬁeariy equal, but, as in the.Q baﬁds; Fe(III) has a broader
envelope than has the Fe(II). The MCD reveals greater differences.
For Fe(II)‘the MCD is the sum of a normal ‘A term and a positive B term.
The positive.B component cannot be due to magnetic mixing with the
Q band since it would show up'as a negative B term of magnitude com-
parable tb the observed A term of that band. Thus, the +B term in the
Sorét bénd must be‘duerto mixing with higher energy excited states or
to unreéoived spectral overiap with another fransition. For Fe'>
there is iéss ambiguity since the shoulder in the MCD at 2.6 (um)-l
feveals the presence of a third transition.

Fig; 1 shows that the visible bands of Fe(LII)fare red shifted about
300 cmfi.while the Soret band is blue shifted by the same amount with respect
to the cdrresponding bands of Fe(Il). These shifts can be interpreted on the

basis of the four orbital model as indicating an increase in configuration

interaction in the oxidized states.



-18-

Near—infrared Bands = Fe(II)

Fig. 6 shows the absorption, CD and MCD of ferrocytochrome c in
the near—infrared. The CD is very similar'to that recently repo;ted
by Eaton and Charney.6 Both the CD and MCD show that there is more
than one band in the region between 1.0 and 1.3 (le)nl which in absorp-

'tion appears structureless. The large anisbtropyvfactor (the ratio of
CD to absorption), compafed to the Q and Soret bénds,hled Eaton and
Charney to conclude that the near—infrared spectrum is due in part to
d»d transitions. The lowest energy d-d transition is from an Alg
ground st?té to an Eg excited state (thg orbital prombtions are from
dxz and dyz to dzz). Eaton and Charney also proposed a decomposition
of the CD into Gaussian éomponents,(i:E;J f(;lsi) = exp - [(;;;;)/TJZ.
In the low engrgy region they propose two bands at almost the same enefgy:
a broad baﬁd (' = 1020 cmhl centered at 1.17 (um);‘1 with a positive

CD, and one narrow band (I' = 470 cm-l) at 1.165 (u‘m)ml with a negative

CD. Eaton and Charney suggest that these two bands may be the two components

of the Alg_'—*Eg transition. It is quite difficult to reconcile the MCD with

.this proposal since if the 1.165 and 1.17 (um)-1 bands are each non-
degeneraﬁe;vthen the MCD would be the sum of just two B terms with the
corresponding centers and half-widths, and tﬁerefore symmetric, However,
the MCD in this region is not symmetric with respect to 1.17. We can,
however,'rationalize the MCD with Eaton and Charney's bands if the broad
band is degenerate. The MCD then corfespondé to ;he sqﬁ of a2 normal

A term and a negative B term for the broad band plus a negative B term

for the narrow band, as shown in Fig. 7.

From 1.3 to 1.4 (um)“l we can fit the MCD with the sum of a normal
A and a positive B term using a band at 1.365 and a halfwidth of 800 cm-l.

The CD fitting procedure6 found a band at this position but with a slightly.

.
{a
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larger halfwidth., The remainder of the MCD was difficult to fit using
the one remaihing CD band at 1.585 (pm)_l and ‘normal A terms. This may
be due to the influence of the red edge of the QOO band which isA
exceedingly gtrong in_thé MCD but relatively weak in CD. Curve fitting
of the ébsorption spectrum6 gave the maximum molar é#tinction coefficient
of the 1.365 (pm)_1 band as 200. The amplitude of thé A term is .025
for this band and thﬁs, if we assume Gaussian bandé, the angular
momentum is about .5 according to eqn. (11). If we assume o of the
wide band at 1.7 (um)pl is 50 Oﬂ—l cmnl), then the angular momentum of
that transition is about 1.0 Bohr magnetons.‘ As with any spectral
decomposition, however, there is no guérantee of a unique solution.

For ekaﬁple,'the region from 1.0 to 1.3 (}um)-1 could also confaih three
nondegenerate bands at 1.1, 1.17 and 1.23 (um)—l. Indeed, 77°K absorp-
tion spectra seem to give some support to this hoﬁion.zo

695 nm Band - (Fe(III)

Ferficytochrome ¢ has weak absorptibn bands to the red of the main
absorption in the visible region. Besides the wéll resolved peak at
1.44 ( m);l fhere'is'a Bfoad shoulder between 1.5 and 1.6 ( m)_l (see
Fig. 8);_ The existencé of these bands was first reported by Theorell
and Akesspn.z1 These bands are particularly important because various
treatments which destroy the biological activity of the protein cause
them to disappear without affecting the otheerisible tran_;itions.z2
It appear524_that the existence of the 695 band is absolutely‘dependent
on one of the iron ion's axial ligands being sulfur.

Eaton and Hochstrassefs'concluded from the single crystal polarized

absorption spectrum that the transition dipoles of the native protein
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bands are perpendicular to the plane of the porphyrin ring. Fron the

polarization and the sensitivity to ligation they suggested that the 695 nm

bands are charge transfer transitions involving the ‘iron ion and either
the porphyrin ring or a reéidue of the polypeptide. In the former case
the promotion would be porphyrin azu(n) to iron_alg (dzz) and the sensi-
tivity to changes in the aiial ligand would be due to the sensitivity of
the energy of the dzz orbital to the axial coordination of the iron.
There is evidence of structure in both the CD and MCD of the
native pfotein region. A large portion of the MCD is probaﬁly asso-~
ciated with the red édge of the broad ppsitive MCD band which exteﬁds
through the visible region (c.f.; Fig. 2) and which is presumably‘asso-
ciated with the porphyrin moiety. The dotted line from 1.39 to 1.51
(um)—¥ in Fig. 8 is an attempt to separate the MCD associated with the
native protein bands from that of the porphyrin. The ratio of the maximum
value of the MCD of the native protein bands to their maximum absgrption
_ is much lower than the corresponding ratios iﬁ the visible and Soret
s regions of the protein iﬁ either dxidation state and of the near-infrared
bands of the reduced protein. This suggests that the ground and excited
states involved in the native protein bands are either nondegenerate or
highly quenched. '
Some of fhe CD to the red of 1.65 (pm)_1 is ‘also probably due to
the red tail of the porphyrin bands but the trough at 1.44 and the
shouldér at 1.54 (}Jm)’1 appear to be associated with the native prdtein
bands. The ratio of the makimum CD to maximum absorbance is 4 + 2 x 104
(the uncertainty is due to the unresolved contribution of the porphyrin).

This anisotrophy is smaller than that of the near-infrared bands of the
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reduced protein where the maximum value is 6.5 x 10 and suggests that
the transitions are Laporte (i.c., symmetry) allowed.
Our results are consistent with the proposal of Eaton and Hochstrasser>

that the 1.44 (p‘m)-1 bands are o (n) to a

1g (dzz) charge transfer pré—

motions. The MCD suggests that both initial and final states may be
are nondegenerate. The CD suggests that

nondegenerate; both a, and a

2u lg

the transition is electric dipole allowed; the direct product of alg and

a, 1is a, which is the representation of the electric dipole operator

2u 2u
of the z gkié of the molecule in D4H symmetry. The single crystal
polarization spectrum shows that the fransition dipole of the 1.44 (um)_l
Band is parallel to the z axis of the molecule. The absorption intensity
is low fof an electric dipole transition. This.presumably is due to the
small overlap of the wavefunctions of the initial and final states and
reflects the charge-transfer character of the transition. Of course,
our data.cannot exclude éharge transfer transitions involving the axial ‘
ligands.A

CONCLUSIONS

1. The angular momentum of the excited statevresp0nsible'for the
Q00 band ip Fe(II) cyt ¢ is about 7.9 Boﬁr'magnetons. This value is
essentially identical to that found when no correction was made for the
effects of zero-field splitting but significantly larger than the value
predicted by the most recent molecular orbita1>caicu1ations.

2. The values of-MZ computed from differential MCD, assuming gg
‘zero-field splitting, are reasonable estimates of the true value. How-
évef, the differential form df MCD gives no clear indication of the
eiistanée.of zero-field splitting, while the intégral MCD does. The

integral form of MCD would grossly overestimate Mz'
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3. The drastic decrease in the magnetic optical activity of the
QOO band in Fe(1II) cyt c compared to Fe(LIl) cyt ¢ can‘§e eiplained
largely on the basis of broadening of the absorption band rather than
any fundamental change in the angular momentum or oscillator strength
of the'transition. The broadening, which may be accompanied by a sub-
stantial increase in zero-field splitting, reflects increased mixing of
the e, porphyrin orbitals with the dxz and dyz metal orbitals in the
Fe(II1) state.

4. MCD indicates the presence of more than thrtransitions in the
Soret régionﬂ

S.Y The MCD of the near-infrared transitions of Fe(I1) cyt c¢ can bg
decompoéed using basically the same band positions agd shapés as were used
to fit théACD spectrum if two bands are presumedvto be degenerate. The
angular momenta of both of the degenerate components are of the correct

magnitude to be the A, - Eg d>d promotion. We emphasize, however, that

lg
there is no uniqueness theorem in curve-fitting.

6. The band at 695 nm in Fe(III) cyt ¢ appeafs to be nondegenerate
and electric dipole allowed. These are properties expected of the a5, (m)

+a

1g (dzz) porphyrin to iron charge transfer transition.
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The solid curve in Fig. 7 is calculated from the equation

AeM/7= g [(/Zel

The values of Ai’

names of the three components, Ia, Ib and II are from Ref. 6. The

B., Vv, and T
i

i

/

Z(C—Ui)Ai/Qﬂsi]e

i

[ (I)‘—Ci)/ri]2

for each band are given below. The

figures in parentheses are the values of ;; and Fi used in Ref. 6 in

those cases where they differ from the values we used.

1a

Ib

II

A

+.01

+.025

B

-.045

-.025

+.065

V.,
1

um)

1.160
(1.165)

1.165
(1.170)

1.36

Ty

(um) 2

.047
.102

.08 .
(.092)
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APPENDIX
In a previous paperl3 we calculated the probability of absorption
of left and right circularly polarized light from tﬁg ground state to
states |1> and 2> (c.f., Fig. 3). ‘The four calculated probabilities
were expressed aS functions of the probability of absorptions to the
zero-field states !X> and |y> and also the coefficients o and y given
in eqn. 1. The results of these calculations were given in eqn. 9 and =
also eqns. 12 of ref. 13. These expressions are much easier to under-
stand, ho@ever, if the coefficients a and Y are replaced by functions
of the zero-field splitting, A;%F’ and magnetic interaction energy,
# Mz H cos'é. The identities required for this transformation are just

those given in eqns. 6. If we let * stand for the integrated absorp-

“L,1
tion intensity of LCPL for the transition to |1>, 160 for the integrated
absorption intensity for the zero-field absorption band and ‘Ae for the

integrated intensity imbalance, then eqns. 12 of ref. 13 becone: .

™
t

' L1 (e /4)-(e /4)[(#M_H cos 0)/8v,] 1—[21Ae/1e0]f} T+ (P0e/2) (Av,p/A87)

- : ) 1] 1t
°R,1 * ‘ ‘ "
1€L,2 = " + 1" - 1t
i - 1 - 1 - "
R,2

By means of eqns. 15 it is much easier to follow the arguments which lead

to Fig. 5 of ref. 13.
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] FIGURE LEGENDS
Fig. 1. The molar extinction coefficient of Fe(II) and Fe(LIl} cyt c

in the near-ultraviolet, visible and near-infrared regions.

Fig. 2. MCD and absorption spectra of the visible bands of ferri- and .

ferrocy;ochrOme c. Upon oxidation both the MCD and absorption decrease

Lo

in magnitude and are broadened while the integrated absorption intensity -

appears to remain constant. The vertical scales have been changed to

retain resolution. Absorption and MCD are plotted in units of M.lcm_1 and

M len 117! respectively. -

Fig. 3. Energy levels of the nearly degenerate excited state in the

absence and presence of an external magnetic field.

Fig. 4. a) The calculated (——) and observed (---) differential MCD.

‘The calculation used the values of Ae and the Lorentzian

0°2Vzp o
envelope which fit the zero-field absorption spectrum and was adjusted
.to fit the experimentél data by proper choice of M. b) The calculated

(—) and observed (---) zero-field absorption spectrum. The calculéted
spectrum- is the sum of two Lorentzian components. No attempt was made

to fit thé vibrational bands which lie above 1.835 (um)—l. c) The

integral MCD calculated from the parameters deterﬁined above for a mag-

netic field of 10 T. The absorption band for left circularly polarized

light istider and has a smaller peak amplitude than that for fight circu- N
iar polarization. The two peaks are separated by 57 ts cm-l, corres-

ponding to aﬁ,apparent angular momentum of 12.2 * 1.2 Bohr magnetons.

Fig. 5. Absorption and MCD of the Soret bands. The solid lines are

for Fe(II) and the dashed lines are for Fe(III).
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FIGURE LEGENDS (Cont.)
Fig; 6. Absorption, CD and MCD of ferrocytochrome ¢ in the near-infr§red.
Both CD ;hd MCD indicate the presence of structure between 1.0 and 1.3
(um)_1 which.is not resolved in absorption.
Fig. 7.' A possible decomposition of the MCD of Fe(il) cyt ¢ using bands
similar tbAthose which resolved the CD.6 - The calculated curve (solid
line) 1is the sum of Gaussian components and Eheir,derivatiVes (dashed

lines). The circles are the experimental data.

Fig. 8. ‘Absorption, CD and MCD of the 695 nm band of ferricytochrome c.
The dotted line is an attempt to separate the MCD of the 695 nm band from

that of the porphyrin ring.
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