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Ab~tract: Magnetic circular dichroism (MCD) spectra are reported for 

oxidized and reduced cytochromes c and b5 in the near UV and visible 

spectra 1 regions~- At room temperature the oxidized cytochromes ex hi bit 

Soret MCD spectra characteristic of hemichromes, as observed with low 

spin complexes of ferrimyoglobin 1 (J. Amer. Chern. Soc., preceding paper). 

This suggests that the spin state of the iron is more important in deter

mining the MCD in this region and for this redox state than are differences 

in the protein crevice. Extremes of pH ~aused changes in the MCD spectra 

which were consistent_with previously proposed spin state changes. Visible 

MCD spectra of hemichrome derivatives differing in axial coordination 

(native, alkaline, and complexes \·lith azide, cyanide, and imidazole) are 

distinctive, while derivatives with similar iron ligands (cytochrome 

c-imidazole, myoglobin-imidazole, and cytochrome b5) sh.m'l visible MCD 

spectra closely resemb 1 i ng one another. This suggests the utility of an 

empirical examiriation of the MCD in the visible region of oxidized heme

proteins for i denti fyi ng iron 1 i gands. 

The reduced cytochr;omes exhibit visible r~co spectra very similar in 
-. 

shape to one another and typical of other hemochromes. · Thus the visible 

region can serve as a marker for the presence of reduced, 1 0\'1 spin heme; 

this effect is illustrated by a comparison of the difference MCD spectrum 

of reduced vs. oxidized chloroplast cytochromesf, b559 and b563 with a 

computer-synthesized curve based on reduced· cytochrome c.' The So ret MCD 

spectra, ho\'Jever, are very different for reduced cytochromes c and b5 and 

do not ·resemble other low spin ferrohemoproteins; this spectral region 

therefore may be sensitive to the mechanism of heme binding by the polypeptide. 

Low temperature ·MCD spectra of th-e ·oxidized cytochromes sh0\'1 the 

presence of FJrada_v £terms, indicative of !Jil.ram.:~gnetic iron-porphyrin 
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interaction, associated with the porphyrin n-n* transitions and charge 

transfer transitions. Reduc~d cytochrome c exhibits nb temperature effects 

in the Soret region, but sharpening of the visible bands gives rise to more 

intensive A terms in that' region.' 

Introduction 

In the preceding paper the magnetic circular dichroism (MCD) of a 

series of myoglobin deri va ti ves was reported. 1 The t1CD spectra were found 

to be sensitive .to the electronic state of the heme~ and the shape ahd 

intensity of the spectra could be correlated Nith the redox state, the 

spin state, and the axial ligation of the iron. H~re ~e report investigation 

of these effects in cytochromes c and b5• The heme moiety of each of these 

proteins fs low .spin jn both the oxidized and reduced states, but changes 

in spin state and axial coo-rdination of the iron can be affected by extremes 

of pH and the presence of additional iron-binding ligands. Thus the results 

obtained t'lith theoxygen storage and transport protein, myoglobin, can be 

extended to hemoproteins involved in electron transport systems, and the 

genera 1 i ty of the cone 1 u~ ions reached with the former. hemoprotein can be 

assessed. In addition, since the heme environment or trevice is different. 

for the two cytochromes, the effects of the protein structure on the ~1CD 

of two functionally related hemoproteins can be studied. 

Several reports on the magneto-optical activity of native cytochrome 

c2-10 an<f.of native cytochrome b5
10-12 have ~pp~_ared, b,ut the effects of 

alteration of the protein conformation on the ~1CD spectra have not been 

explored in any detail. X-ray crystal structures of cytochromes c13 and 

b 14 are _known, hO\·!ever, and numerous other technique~ have been used to ··5 . . . . . -·· . ... . . . . ,. . . . . . .. . .... '.' . . . . . 
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characterize conformational changes that can be effected in solution. 

Thus changes in the f1CD spectra should be interpretable in terms of an 

altered heme-protein interaction. A better understanding of the effects 

of the protein structure on the ~1tD spectra is necessary if the results 

of MCD studies of cytochromes .i!!. situll,lZ,lS,l 6 are to be interpreted. 

Materials and Methods 

Crystalline horse heart cytochrome c (Type VI) was obtained from 

Sigma. Purified cytochrome b5 obtained by tryptic treatment of calf 

liver was the generous gift of Dr. P. Strittmatter. The cytochromes were 

oxidized \'lith potassium ferricyanide and reduced anaerobically with sodium 

dithionite. Concentrations of the native proteins were determined according 

to published extinction coefficients. 17 ,18 

The effects of pH on the absorption spectra of ferr.i cytochrome c 19 and 

ferricytochrome b5
20- 22 were similar to those reported previously. The 

binding of azide, 23 ,24 cyanide, 23 , 25 and imidazole24 , 26 to cytochrome c was 

monitored spectrophotometri ca lly. 

The ~ethods of rec6~ding absorption pnd MCD spectra and the low tem

perature techniques are described in the prec~di ng paper. 1 Spectra reported 

at lot; temperatures are not corrected for volume changes in the glass-forming 

solvents due to difficulties in monitoring the volume in the small spectro

photometric cell used. In a modified tell we observed a linear decrease in 

vo 1 ume of 7 to 8% on 1 m>~eri ng the tem(Jeratur~ _of. a mi xt_ure of glycerol and 

0.5 M potassium chloride (6:4 :: v/v) from 22° to -130°; for a mixture of 

equal volumes of potassium glycerophosphate, glycerol and water a decrease 

of approximately .5% was founq fo\ the sam~ .range. A Corning model 110 
.. 

pH meter was used for pH measurements. 

•. 
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Results 

Ferricytochromes 

Soret reqion. ~1CD spectra of the Soret band of cytochrome c obtai ned 

at 24° and -75° are shown in Figu're 1. The room temperature curve is similar 

in shape and intensity to that reported by previous workers. 4.•5•8•10 On 

lowering the tcmprirature by 99° no significant cha~ges in shape occurred, 

but the intensity increased approximately 60% at the '413 nm trough and 

40% at the 401 nm peak. Since a 50% increase is expected on the basis of 

a Boltzmann distribution for this temperature change~ we conclude that 

both spectra are composed almost exclusively of Faraday C-type terms. 
' 

The inset to Figure 1 shows that the increase is linear with the reciprocal 

of the absolute temperature. The effects on the MCD of changes in tempera

ture as small as lD 0 are readily measured. 

The results of the effects of a wider range of temperature on the Soret 

band MCD of cytothrome b5 are shown i~ Figure 2. The ~urve obtained at room 

temperature resembles that observed by others .10-:12 As with cytochrome c, 

the shape of the MCD was not altered upon lowering the temperature, but the 

intensity increased line~rly with the reciprocal of the absolute temperature. 

Evidence against large band-narrowing or significant solvent contraction 

contributions to the intensity increase was obtained by the mea:urement 

of the natural circular dichroism (tO) simultaneous with the MCD measurements. 1•27 

The inset of Figure 2. sho\\'S that the intensity of the Soret CD peak at 

418 nm e~hibits very little temperature depe~~e~ce. Thus the Soret f·ICD 

spectrum of cytochrome b5 consists predominantly of C terms. However, 

the fact that extrapolation of the temperature dependence of the ~1CD intensity 

of the trough near4.19 nm does not approach zero at infinite temperature .. ... . . . ... ' . .. ~ 

(Fig~ 2, inset) indicates the presence of other, albeit weaker, Faraday 

effects in this region. 
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The effects of different pH on the So ret region r1CD of cytochrome c 

are given in Figure 3. At alkaline pH changes in a~ial ligation of the 

heme are proposed to occur, but the iron remains in the lm'l spin state. 19 ,28- 34 

The So ret absorption peak shifts from 409 to 406 nm .. and increases in intensity 

by about 12%. This change is paralleled by a shift·in the zero crossing 

of the Soret MCO from 409 to 406 nm and an increase in intensity by 14%. 

The bandwidth. of the absorption and the peak-to-trough separation of the 

MCD do not change appreciably. Therefore we interpret the small changes 

in the ~1CD spectra of cytochrome c at high pH as arising from changes in 

absorption intensity but not frorri changes in the iron spin state. 

Under acidic conditions cytochrome c is extensively denatured, and changes 

in both axial ligation and spin state of the iron occur. 19 •28 , 29 ,JS,3G 

The protein-iron bonds are broken, but the heme moiety remains covalently 

attached to the protein via thioether linkages. condensed ·from vinyl side 

chains of the porphyrin and cysteine residues of the protein. The iron is 

converted from a low spin (S = 1/2} to a high spin {S = 5/2) form. In the 

presence of excess chloride, which binds to the iron, a mixed-spin equili

brium com~lex iS formed: 2.8 , 37 and the Soret f·1CD intensity is expected to 

decrease. This is \'/hat is observed (Figure 3). If we assume that the lm'>' 

spin form present has an absorption spectrum similar to that of native and 

alkaline cytochrome c,. then the intensity of the MCD at pH l.7 suggests that 

about 50% of the low pH complex is low spin.- This can be compared with the 
.· .. 37 

intermediate spin value (S = 3/2) determined by --Boeri et ~ from magnetic 

susceptibi 1 i ty measurements. 

The effects of a 1 ka 1i ne conditions on the MCD of ferri cytochrome b5 

. "'ere .a 1 so :invest.i ga ~e.d ... NCD .. s p.ec.tr.a. -~ t:.,vari.ous pH .. va lues .. are .shown in . 
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Figure 4. The intensities of the MCD at the positive and negative extrema 

are plotted as a function of pH in Figure SA. The peak hear 407 nm and the 

trough near 420 nm both decre~se throughout the range measured, indicating 

a conversio~ from low t6 high spin. 1 Evidence for the presence of high 

spin derivative formation has also been obtained from EPR20 ,22 and absorp

tion20-22 measuremen~s. The midpoint for the transition observed in the 

MCD occurs at pH 12~0 (Fig. SA). Assuming that the MCD recorded at pH 7 

corresponds to 100% low spin and that the completely high spin derivative 

formed at pH greater than 13 \o.Jill make essentially no contribution to the 

spectra in this region, we have plotted the ratio of the high to low spin 

fonns as a function of pH in Figure SB. The pKa is 12.0 calculated from 

either extremum for the spin state transition. The slope of the curve 

obtained from the data for the peak is 1.4 and th~t from the trough is 1.5, 

indicating that more than a single proton is i·nvolved in the conformational 

change. 

Deviations in the linearity of the log ratio plots (Figure 5B) occur 

when less than 10~~ of the high spin form is expected to exist. This 
• behavior is also ap·parent in the gradual slope of the data from pH 7 to 10 

in Figure SA. Such ·deviations might reflect the intermediate formation of 

a di_fferent l0\'1 spin form. Evidence for the presence of such an intermediate 

can also be inferred from the lack of an isosbestic point in the ~1CD spectra 

(Fig. 4). Instead, the zero crossing sh,ifts from 412.5 to 415 nm as the pH 

is raised·. This red shift is more than one-half completed by pH 11.55, 

indicating a pKa for the transition lower than this value. Multiple low 

spin forms are also apparent in the low temperature EPR spectra of alkaline 

. solutibflS" 'of ·cytO'chr~ime 'ti's··;~0., 22~·· ~-·~ 
I 



-8-

Visible region. The temperature dependence of the MCD of the visible 

absorption bands of cytochrome c was also investigated. Figure 6 shows 

the HCD spectra obtained at 24° a~d -108°. Complex changes were observed 

on the long \'lavelength side of and near the Q
0 

band. The t1CD near 590 nm 

becomes positive while the trough near 567 nm becomes more negative as the 

temperature is lowered. This behavior is reversed in sign from the effects 

observed in the .Soret region of ferricytochromes c and b5 (Fig. 1 and 2), 

but it resembles the temperature effects found for the visible bands of 

ferrimyoglobin cyanide.~ 

There is little structure in the MCD_ associated withthe -Qv bands_. 
. ~ . . . 

(530'nm), but several extrema exhibiting strong temperature dependencies 

are observed at shorter wavelength. The peak at 480 nm increases 90% 

and the ~eak at 444 nm increases 120% over the range studied. A 

Boltzmann factor of 1.8 is expected for these temperatures and hence these 

MCD features are predominantly C terms. l4e have previously attributed 

bands in this reg;on of heme complexes, between the major visible (Q) and 

near UV (Soret) bands, ~o charge transfer transitions involving the 

porphyrin and the ir~n. 1 ·The sensitivity of these bands to the nature 

of the axial ligands will be reported below~ 

The iron of native cytochrome c is coordinated to the protein via 

the thioether sulfur of a methionine side chain and the imidazole nitrogen 

of a histidine residue. 13 This form of the reduced cytochrome is stable 

over a \'li"de pH' range, but the oxidized cytoctir'oriie under'goes reversible 

changes at pH va 1 ues 1 ess than 4 or greater than 7. . The effect of acid 

pH and chloride anion on the visible MCD of ferricytochrome c is given 

··;n Flgu•·e··1A: ·'lhitneu·trafpH c:·urve .,s.·sfitif1ar'.to'.thaf·repi:l'rt'ed· b.Y 
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Sutherland and Klein8 but differs from that reported by Risle~ and 

Groudinsky. 10 On lowering the pH from 6.8 to 1.8 a trough appears at 

632 nm \'lith a zero crossing at 615 nm, and the A term Nith a zero crossing 

at 557 nm is ~onsiderably weaken~d. These changes correspond to the 

·appearance of a charge transfer band at 620 nm and the decrease of the Q
0 

band intensity in the absorption spectra, respectively. They reflect the 

shift from a purely low spin complex to a low spin-high spin equilibrium 

which occurs upon replacement of the relatively strong field sulfur ·and 

nitrogen ligands by chloride. The ~1CD band shape at \'/avelengths less than 

. 530 nm, or to the blue of the Qv band, is also altered.d These differences 

in the f1CD could reflect changes in the intensities of absorption bands in 

this region arising from spin state changes, or they could reflect shifts 

in band positions of charge transfer transitions arising from the replate

ment of the amino acid ligands by chloride. A combination of these effects 

is also possible and complicates the interpretation . 

. Alteration -of the axial coordination of ferricytochrome c without 

changing· the spin state of the iron can, ho\'Jever, be achieved by several 
. 

11ethods. Under alka1ine-conditions the methionyl sulfur is believed to 

be replaced by a nearby lysyl amino group29- 34 forming a ne\·1 type of low 

spfn comRlex. The MCD spectrum of the derivative formed at pH 11.5 is 

shm-m in Figure 7.B. At \'Javelengths greater than 520 nm, or in the region 

of the Q
0 

and Qv bands, the t1CD of the alkaline derivative resembles that 

· of the native form seen at neutral pH (Figure -7A). The main featu~e is a 

Farada~ A term corresponding to the Q
0 

transition •. At shorter wavelengths, 

hO\iever, cons i derab 1 e differences in the shape of the t1CD spectra are evi

.. dent •. ;· .. I f. .th~ J:1CD~·-i:D• .th i.s- .re.gi.on. a.r.i ses. ... .fr.om .. -char.ge .. transfer .. t~:ans i ti ens ..... .. , 
involving the porphyrin and ~he metal ,1 changc5 in the natur~ of the axial 
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ligands would be expected to alter the shape and/or position of these bands. 

He have tested this proposal further by the addition of exogenous 

ligands which .can bind to the iron of ferrichrome c. High concentrations 

of azide,23 ,24 cyanide23 ,25 and imidazole24 ,26 will displace methionine 

as the heme sixth ligand and form new l0\'1 spin complexes. The visible 

MCD spectra of the former derivatives are also given in Figure 78. The 

azide complex exhibits an A term at 566 nm associated with the Q
0 

band 

and a weak trough at 630 nm associated with a wea~ charge transfer transi

tion in this region. In the 440 to 530 nm region the shape of the MCD is 

quite different from that of native ferritytochrome c, ~ut resembles that 

of alkaline cytochrome c in which a nitrogen has also replaced the sulfur 

of methionine in bonding to the iron. The visible MCD spectrum of terri

myoglobin azide1 also shm·Js similar features. Th~ cyanide complex does 

not show a well resolved A term for the Q
0 

transition, but this is probably 

due to the broadness of this'band, as described for ferrimyoglobin cyanide. 1 

Bela\'/ 530 nm the cyanide complex differs from the native protein but sho\oJS 

some similarities to the alkaline and azide forms. 

The MCD spectrum of the imidazole complex of ferricytochrome c is 

given in Figure 8 along with the spectra of two other hemoproteins ~n 

which the iron is coordinated to two imidazole nitrogens. The cytochrome c . 

imidazole curve has been red shifted by 3 nm and the myoglobin imidazole 

curve b 1 ue shifted by 2 nm to make the zero crossings of the Q
0 

trans.i ti on 

A tenns coincide \·lith that of cytochrome b5 and facilitate comparison of 

the shape of the f1CD. Unlike the derivatives which differ in axial coordi-

nation, these spectra sho1·1 striking similarities in the 450 to 530 nm region. 
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Ferrocytochromes· 

Reduced cytochromes c and b5. are both 1 ow spin ($ = 0) hemoprotei ns 

and hence the effects found with paramagnetic derivatives are not expected. 

Indeed, the room temperature MCD spectra in th~ visible region of ferro

cytochrome c5 ,B and ferrocytochrome b5
11 ' 12 are simi 1 ar and exhibit ah 

intense A term associated with the Q
0 

transition, which is typical of 

other low spin ferrohemoproteins and other metalloporphyrins (see Reference 

1). The Soret region spectrum of reduced cytochrom~ c5 ' 8 does not resemble 

that of cytochrome b5 , 11 ' 12 ho~t1ever, nor are the So ret MCD spectra of these 

cytochromes 'similar to those of any other ferrohemoproteins. 1 We have 

therefore measured the temperature dependence of the ~1CD of ferrocytochrome 

c in order to determine Nhether evidence for additional transitions, such 

as observed with carbonmono.xymyogl obi n, 1 can be found~ Earlier absorption 

measurements of cytochromes suggested that band narrowing can lead to 
' 

intensity changes in the v'isible region, but that band narrowing and 

intensificatitin are not significant in the Soret region. 38 

' Soret re~ion. t1CD spectra in the near UV region of reduced cyto-

chrome cat 23° and -132° are shm·m in Figure 9A, and the room temperature 

results are summarized in Table I. No significant effects of lm·tering the 

t~mperature on the intensity or the shape of the f1CD \'Jere observed. At 

both temperatures, the f.1CD resembles a somewhat asymmetric A term with a 

zero cros'sing red-shifted by about 4 nm from.the_ Soret ·absorption maximum. 

The presence of Faraday .!!. terms in addition to the expected A term could _ 

account for deviations from the normal absorption-derivative f·1CD shape.-

"·Mco· res~urts'· fof."thcf 'So't"e't re<jfdn ·at··redoc·ea cytochrome' b5 a·re··a-1 s·o· 

given in Table I. The shape -of the f.1CD is similar to that of cytochrome c, 
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Table I. Magnetic Circular Dichroism of Reduced 

Cytochro~e c and Cytochrome b5 

Cytochrome c Cytochrome b5a 

6e:/H (H•cm·T}-l . ( ) -1 6e:/H M·cm·T 

400 {-7) 415 (-9) 

404 {0) 420 (0) 

413 (+78) 426 {+20) 

420 {0) 432 {0) 

427 {-33) 438 {-6) 

aRef. 12 

but the intensity is much \'ieaker, even though the absorp.ti on coefficient 

for cytochrome b5 (e:423 = 171,000) is. greater than that the cytochrome c 

(e:4·16 = 129,000). In addition, the entire curve is more red-shifted 

relative to the a:..sorption maximum than is observed for cytochrome c and 

bears little resemblance to the derivative of the .Soret absorption band .. 
• • 

Visible reqion. Figure 96 shows the visible region HCD spectra of 

the s--~e sample of ferrocytochrome c. Unlike for the Soret band, lm..,ering 

the temperature produces large changes in the MCD of the Q bands. The zero 

crossfn~ of tha Q
0 

band shifts from 548.2 nm at 23° to 545.7 nm at -132°, 

and the peak-to-trough splitting decreases from 4.8 nm to 3.6 nm. The ratio 

of the reciprocal of squares of these bandwidths should give rise to an 

increased intensity of the A term by 8J~~ due to narrm·Jing alone. The actual 

ratio found for the two temperatures is close to this predicted value, i.e., 

a 100~ increase. A Boltzmann redistribution upon im·:cring the temperature 



3 0 2 

-13- . 
155° would be expected to increase the MCD by an additional factor of 1.1; 

hence \'te conclude that f. terms are not important here. Sharpening and blue 

shifts in the MCD of the Q vibrational bands are also apparent in Figure 9B. 
' 

Cytochrome mixtures. The MCD associated with the Q
0 

band of low spin, 

reduced cytochtornes appears to be due solely to a Faraday A type term, since 

the excited state for this transition is approximately X-Y degenerate. There

fore, it is expected ·that all cytochromcs will exhibit similarly shaped MCD 

curves in this region, e~cept for small shifts in the zero crossing associated 

with changes in the position of _the Q
0 

band and perhaps ~1CD intensity dif

ferences reflecting differenc~s in either the band~·ti dth of the Q
0 

transition 
' or the orbital angular momentum. of the excit~d state. For low spin, reduced 

heme complexes the Q
0 

transition is usually quite narrow and the porphyrin 

v electrons. can be· considered "nearly fr~e'•, 5 • 8 so that intens~ A terms are 

found. 

For these reasons sharp S-shaped MCD bands in the 550 to 565 nm region 

observed in crude,_ heterogeneous preparations of. chloroplasts, 15 micro

somes11 ' 12 •16 and mitochondria39 have been attributed to reduced cytochromes~ 

The MCD spectra of chloroplast lamellae are dominated by the MCD of chloro-
• . 

phylls, but Breton and Hilaire were able to observe a small A term near 

555 n~ upon the addition of ~odium dithionite. 15 The. exact shape and 

position of the A term was difficult to assess, however, because the signal 

was superimposed upon the intense, negative! t~rm arising from chlorophyll 

A in this region. 

We have overcome this difficulty by, plotting 1·1CD difference sp'ectra 

of data which have been ~igitally stored in a computer. 27 Figure 10 shows 

the MCD difference spectrum of a chloroplast preparation which has been 

treated with sodium tli thionite to reduc~ cytochromes or 1·1ith potassium 
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ferri cyanide to oxidize cytochromes. The shape of the r~CD difference curve 

does not resemble a single A term but could arise from the overlap of 

several A terms displaced in wave.length. A similarly shaped t·1CD curve 

could be synthesized by shifting the cytochrome c curve sh01·m in Figure 98 

by 4, 9 and 13 nm to the red and then summing the resulting spectra. The 

1o\'rer curve shO\•m in ·Figure 10 \'las obtained \'/hen such cytochrome c-like 11CD 

curves with Q
0 

band absorption maxima at 554, 559, and 563 nm \'lere summed 

in a ratio of 1:2:2. The curves produced by adding other ratios or curves 

shifted to different degrees yielded less satisfactory fits to the experi

mental results.· Other methods of analysis for chloroplast cytochromes have 

shown the presence of one c-type cytochrome with a Q
0 

band at 554 nm, and 

t\o.ro b-type cytochromes \'lith Q
0 

band maxima at 559 and 563 nm in a ratio 

of 1:2:2. 40 

From the intensity of the difference MCD spectrum ~e can calculate 

the cytochrome concentrations if it is assumed that the chloroplast cyto

chromes have an NCO intensity similar to that of cytochrome c. On this 

basis it is estimated that cytochrome 554 is approximately 0.3 JJr1 and cyto-
• • 

chromes 559 and 563 are 0.6 llM; since the chlorophyll concentration in 

these particles is 120 lJM, the ratio of these cytochromes to chlorophyll 

is about 1:2:2:400. This is similar to the ratio proposed for the photo

synthetic unit. 40 

Since the computer synthesized MCD curve may not represent a unique 
•.. 

fit to the experimental curve, ~1CD spectra of the individual cytochrome 

components were isolated by poising the oxidation-reduction potential of 

the system to sequentially reduce the cytochromes. MCD difference spectra 

were then gen.erated .. fo~ di.fferent redox.potential ranges. ·The results of 
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su6h a MCD redox titration are in agreement with the previously proposed 

cytochrome composition of chloroplast lamellae40 and support the comparison 

of interpretation of th~ experime~tal curve in terms of the synthetic 

curve shown in Figure 10. 

Discussion 

Previous studies have established the sensitivity of the magneto

optical activity of cytochromes c and b5 to the oxidation-reduction state 

of the heme. 2-12 The changes seen in the ~1CD during· redox changes are 

thought to reflect primarily changes in the band width, extinction and 

position of th~ absorption bands,8 as no alterations in either spin state 

or axial ligation occur in the native proteins. In the experiments here 

~1e have investiqated the effects of spin,state and axi~l coordination, 

within a given redox state, for these cytochromes. The effect of tempera

ture on the r·1CD was also studied as a prerequisite to assigning Faraday C 

terms fn the spectra. 

In the oxidized state both cytochromes exhibited similar $-shaped 

MCD spectra in the Soret region. The temperatu~e dependence of the MCD 

intensity, but not the shape, 'estahlishes the origin as C terms. These 

must arise from paramagnetic effects due to the iron and hence should be 

sensitive to spin state· rather than axial coordination. 1 Thi~ appears to 

be the case since the Soret MCD of all ferrihemeproteins investigated 

possessing an appreciable amount of low spin heme show similarly shaped 
' 

curves regardless of the identity of the axial ligands. This is observed 

for imino-thiocther (cytochrome c), bis-imino (cytochrome b5 and ferri-
' . .. 

myoglobin imidazole)~ imino-~mino (alkaline cytochfome c), imino-carbon 
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(ferrimyoglobin aquo and hydroxide) coordination. Differences in·axial 
' coordination as well as heme environment can alter the exact position and 

the bandwidth of the spectrum. The major effect observed in this region, 

however, is the change in intensity \·lith changes in spin state. The 

intense S-shaped MCD can thus serve as a marker for hemichromes and can 
' be utilized to determine the amount of low spin component(s) present. 

In this report cytoc~romes c and b5 were shown to lose their hemichrome 

character at extreme pH values. Thi~ MCD signal has also been used to 

determine that microsomal membrane bound cytochrome b5 also exists 

essentially in the completely low spin form at ambient temperatures 12 

and to confirm earlier reports that cytochrome P-450cam is converted 

from lm·1 to high spin upon substrate binding. 11 •12 The Soret !'lCD should· 

also be useful for monitoring spin state changes in other oxidized heme-

proteins caused by effector molecules. 

The visible region MCD of oxidized cytochrome c also shows temperature 

dependent bands indicative of the presence of f. terms. In addition ne\'t ~1CD 

bands, not resolved in the absorption spectra, are observed for both cyto

chromes. As was found for ferrimyoglobin, 1 these bands are sensitive to· 
• both the spin state of the heme and the nature of the axial ligands to the 

iron. The ~1CD spectra obtained \'lith the low spin derivatives suggest that 

an analysis of the visible region may be used to identify and possibly 

m~nitor ligand changes in ferrihemeproteins. It is notev10rthy thatno 

visible NCO spectra of the 10\<J spin heme complexes studied here or in the 

precedinq p?.per {ref. 1), \'lhich are restricted to nitro'gen and carbon 

ligands, resemble the spectrum of ferric,ytochroflie P-450cali1' in !vhich 

mercaptide coordination has been proposed .11 ' 12 
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In the reduced state Faraday f. term effects, \vhich are sensitive 

to the electronic structure of the heme iron, were not expected since 

both cytochromes c and b5 normally exist in the low spin, diamagnetic 

state. In the case of the Q
0

, or a ~and this ~ppears to be true, since 

cyto~hromes c and b5 exhibit sharp~ terms similar to those observed in 

other ferrocytochromes a~d low spin reduced hemoproteins. High spin 

reduced hemoproteins sue~ as deoxymyoglobin1., deoxyhemoglobin41 and cyto

chrome P-450cam 12 do not exhibit a similar band. Thus this band appears 

to be diagnostic for the presence of hemochromes. Because of thg intensity 

of the Q
0 

~1CD A term, concentrations of hemochrome as 1 0\'1 as 1 o-7 M can be 

measured; because the band is sharp and distinctiv~ in shape, small amounts 

of hemochrome can be detected in the presence of a .large excess of othe.r 

magnetO-optically active species. Thus, this band js ·useful for identifying 

dilute cytochromes in situ11 ' 12 ' lS, 16 ,39 and for detecting small percentages 

of·reduced heme in an oxidized sample.42 The A term associated with the 

hemochrome Q
0 

ban·' may also be useful for monitoring spin state equilibria 

in ferrous heme complexes. Attempts to study temperature effects in such 
• 

systems, however, will be complicated by both band sharpening effects in lm-1 

spin derivatives (shm·m here for ferrocytochrome c) and£ terms \vhich may 

be present in the paramagnetic high spin forms. This problem was encountered 

in the interpretation of the visible region HCD of deoxymyoglobin. 1 

The Soret region f.1CD seectra of reduced cytochromes c and b5, on the 

other hand, are quite different from one another. Neither cytochrome 

exhibits the simple .A term seen in oxy- and carbonmonoxy myoglobin1 and 

hemoglobin41 or carbonmonox.v cytochrome P-450. 11 ,12 Because the low 
.. .,.. . - ... . .. - . . .. 

temperature MCD spe.ctrum of ferrocytochtome c reported here provides no 
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evidence for the presence off terms, Faraday! terms may be uniquely 

important in this spectral region. Since ! terms arise from magnetic 

field induced mixing of ground and excited states, the differences in 

the MCD spectra of cytochromes c and b5 could reflect the differences 

in the energy separation and polarization of the electronic transitions 

for the two types of cytochromes in this region. It will be of interest 

to compare the MCD spectra of other cytochromes and hemoproteins in the 

Soret region. 

Ackn01·1l edaements 

This work was supported in part by the U.S. Atomic Energy Commission. 

L. V. is. a postdoctoral fellow of the National Institute of General Nedjcal 

Sciences, NIH. T. N. is an International Postdoctoral Fellow of the National 

Institute of Health; permanent address, Tohoku University, Sendai, Japan. 

References 
. 

(1) L. Vickery, T. Noza\'la, and K. Sauer, preceding paper (1975}. 

(2) (a) v. E. Shashoua, Nature, 203, 972-973 (1964). 

(2} (b) v. E. Shashoua, Arch. Bi ochem. Biophys., ffi, 550-558 ( 1965}. 

(2} (c) v. E. Shashoua and R. H. Estabrook, in "Hemes and Hemoproteins, .. 

B •. Chance, R. W. Estabrook, and T. Yonetani", Eds., Academic Press, Ne\'1 York, 

1966, pp. 427-430.· 

(2) (d) V. E~ Shashoua, Svmp; Faraday Soc., 1, 61-9 (1969) 

{3} {a) t·1. ~1orrison, in "Oxidascs and Related Redox Systems .. , T. King, 

H. Hason, and ~L· t1orrison;lds:·, J. liil~y-·ai1d soi1s·-; ·p'~ 4i4·''tl96.5f. 



0 0 (~ v ~J 3 0 

.-19-

(3) (b) ri. 1·1orrison and J. Duffield, in 11 Hemes and Hemoproteins, 11 B. Chance, 

R. W. Estabrook, and T. Yonetani, Eds., Academic Pr~ss, New York, p. 431-434, 

(1966). 

(4) D. A. Schooley, E. Bunnenberg, and C. Djerassi, Proc. Nat. Acad. Sci., 

g, 579-586 (1965). 

(5) E. A. Dratz, Ph.D. Thesis, University of California (1966}. 

(6) C. Greem·10od and M. L Wilson, Eur. ·i'_:_ Biocherri., 22, 5-10 (1971). 

(7) J. Bolard and A. Garnier, Biochim. Bioph.vs. Acta, 263, 535-549 (1972). 

(8) J. C. Sutherland and M.P. Klein, i'_:_ Chern. Phys., §1., 76-86 (1972). 

(9) B. Briat, D. Berger and f·1. Leliboux, i'_:_ Chern. Phys., 57, 5606-5607 (1S72). 

(10) J. L. Risler and 0. Groudinsky, Eur. L Biochem., ~. 201-205 (1973). 

(11) P.M. Dolinger, M. Kielczewski, J. R. Trudell, G. Barth, R. E. Linder, 

E. Bunnehberq, and C. Djerassi, Proc. Nat. r~cad. Sci., 71, 399-403 (1974). . ---- --.-
(12) L. E. Vickery, A. G. Salmon and K. Sauer, Biochim. Biophys. Acta, 

i n pres s ( 1 9 7 4 ) • 

(13) (a) R. E. Dickerson, T. Takano, D. Eisenbarg, 0. B. Kallai, L. Samson, 

A. Cooper and E. Hargoliash, L Biol. Chern., 246, 15ll-l535 (1971). 
• I 

" (13) (b) T. Takang, 0. B. Kallai, R. Swanson, and R. E. ·Dickerson, i'_:_ Biol. 

Chern., 24R, 5234-5255 (1973). · 

(14) (a) F. S. f-1athe\'IS, P. Argos and M. Levine, Cold Spring Harbor Symp. 

Quant. Bi ol., 36, 387-395 (1971). 

{14) (b) F. S. ~1athe\IIS, M. Levine and P. Argos, i'_:_~1ol. Biol., 64,449-464 

( 1972). 

(15) J. Breton and M. Hilaire, .£.:..!h. Acad. Sci. Paris, 274, 678-681 (1972). 

(16) J. H. Dawson, P.M. Dolinger, J. R. Trudell, G. Barth, R. E. Linder, 

.. E.. l3unnenberq' a'nd. c.·· 'DJerass L P'roc. Nat. '!lead. ?ci . ; n .. 4594.-4.S97 ~ .( i 974'). 



-20-

(17) E. Margoliash and N. Frohwirt, Biochem. ~~ .rr, 570-572 (1959). 

(18) J. Ozols and P. Strittmatter,~ Biol. Chern., 239, 1018-1023 (1964). 

(19) H. Theorel1 and A. Akeson, ~Am. Chern. Soc., 63, 1812-1818 (1941). 

(20) R. Bois-Poltratsky and A. Ehrenberg, Eur. ~ Biochem., ~~ 361-365 (1967). 

(21) R. Labbe-Bois, in "Structure and Function of Oxidation-Reduction Enzymes 11
, 

A. Akeson and A. Ehr~nberg, Eds., Permagon Press, New York,· p. 303-,.308 (1972). 

(22) 1~. Ikeda, T. Lizuka, H. Takao, and B. Hagihara, Biochim. Biophys. Acta, 

336,15-24 (1974). 

(23} P. George, S. C. Glauser, and A. Schejter, ~ Bio1. Chern., 242, 

1690-1695 (1967). 

(24} N. Sutin and J. K. Yandell, L Biol. Chern., 247, 6932-6936 (1972). 

(25) I. Aviram and A. Schejter, ~ Bto1. Chern., 244, 3773-3778 (1969). 

(26) A. Schejter and I. Aviram, Biochemistry,.§_,· 149-153 (1969). 

(27) J. C. Sutherland, L. E. Vickery and H. P. Klein, Rev. Sci. Inst., 

~' 1089-1094 (1974). 

(28) H. 11ein, 0. Ristau and F. Jung, Experimcntia, 24, 797-798 (1968). 

(29} R. K. Gupta and S. H. Koenig, Biochem. Biophys. Res. Commun., ~' 

1134-1143 (1971). 

(30) D. 0. Lambeth, K. L. Campbell, R. Zand and G. Palmer, L Biol. Chem., 

248, 8130-8136 (1973). 

(31) R. A. ~1orton, Can. L Bi ochem., §1_, 465-471 (1973). 

(32) A. F. Esser, presented at Proc. 8th FEBS ~1eeting, Amsterdam (1972). 

(33) H. t. Blumberg~ J. Peisach, B. Hoffman, E.-Stelhra·gen, E. ~1argoliash, 

L. t·1archant, J. Tulloss, and 8. Feinberg, Fed. Proc., 32,469 (1973). 

(34) L. A. Davis, A. Schejter and G. P. Hess, h Biol. Chem., 249, 2624-

·~6'3~--{1974] . 



0 0 6. 

-21-

(35) T. Yonetani and IL Schleyer, in "Structure and Function of Cytochromes", 

Ed. by K. Okunuki, ~1. D. Kamen, and I. Sekuzu, Univ. Park Press, Baltimore, 

Md., p. 535 (1963). 

(36).R. A. f·1orton and T. L. Bohan, Can. hBiochem., .12_, 329 (1971). 

(37) E. Ooeri ~A. Ehrenberg, K. G. Paul, and H. Theorell, Biochim. Biophys. 

Acta, .1£, 273-282 (1953). 

(38) (a) R. \~. Estabrook, in "Haematin Enzymes", J. E. Falk, R. Lemberg and 

R. K. Horton, Eds., Permagon Press, Oxford, p. 436 (1961}. 

(38) (b) 11. B. Elliot and D. F. Ooebb1er, Anal. Biochem., 15, 463 (1966). 

(38) (c) D. F. Hi 1son, Arch_-:.. Biochem. Biophvs., ill, 557-568 (1967). 

(39) A. N. Artujunjan, A. A. Konstantinov and Yu. 1\. Sharonov, FEBS _Lett., 

46, 317-320 (1974). 

(40) tL K. Boardman and J. M. Anderson, Biochim. Biophys. Acta, 143, 

187-203 (19G7). · 

(41) H. Kobayashi, 11. Shimizu and I. Fujita, Oull. Chern. Soc. Japan, 43, 

2335-41 (1970}. 

(42) A. Abu-Shumays ~nd·~· J. Duffield, App1. Spectroscopy, 24, 67-72 (1970). 



' 

.'\ 

.. 

-22-

Figure Legends 
I ; 

-
Figure 1. The effect of temperatyre on the Soret MCD of ferricytochrome 

c. The sample was 3.3 x 10-S M in a solvent of glycerol and 0.5 M KCl 

(6:4 :: V/V} at pH 7.3; pathlength = 0~23 em, field= 0.9 T~ 2 passes, 

1 for each field dir~ction, were averaged. The inse~shows the temperature 

dependence of the trough and peak extrema MCD intensity. 

Figure 2. The effect of temperature on the Soret MCD of ferricytochrome 

b5. The sample was 3.1 x 10-5 M in a sol~ent of potassi~m glycerophosphate, 

glycerol, water (1 :1:1 :: v/v/v) pH 7.2; path= 0.23 em, field= 0.9 T, 

4 passes averaged. The inset shOws the temperatu~e dependence of the 

negative CD intensity (vertical scale ~~) of the 418 nm trough as well 

as that of the ~1CD extrema. 

Figure 3. The effect of pH on the MCD of ferricytochrome c. The sample 

was 10-5 M in 0.6 M ~Cl; path= 1.0 em; field= 1.4 T; 6 passes were 
• 

averaged for each spectrum. 

Figure 4. The effect of alkaline pH on the t1CD of ferricytochrome b5. 

The sample was 1.1 x 10-S Min 0.1 M KCl; path= 1.0 em, field.= 1.4 T; 

4 passes .~ere.averaged at each pH value. 

Figure 5. t·1CD spectror>hotometric titration of ferricytochrome b5. 
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Figure 6. Temperature dependence of visible region MCD of ferricytochrome 

c. The samole concentration was 4 x 10-4 M; other conditions were as in 

Fig. 1 except that 4 passes were averaged. 

Figure 7. MCD spectra of ferricytochrome c derivatives. The sample 

conditions were as described in Fig. 3 except that the protein concentra

tions used were ca. 5 to 9 x 10-S M. 

Figure 8. Con1parison of the visible MCD spectra of his-imidazole coordinated 

ferrihemoproteins. The cytochrome c and myoglobinspectra have been red and 

blue shifted, respectively; see text. 

Fi ~ure 9. Temperature dependence of the f1CD spectrum of ferrocytochrome c. 

The sample was 3.2 x 10-5 M in a solvent of potassium glycerophosphate, 

~lycero1, 0.1 t1 sodium phosphate (1 :2:1 :: v/v/v) at pH 6.8; path = 0.23 

em; field = 0.9 T; 2 pa~ses were averaged. 

Figure 10. Difference riCO spectra of reduced .Y2..!_ oxidized chloroplasts 

{upper curve) and 11 Cytochromes C11 {10\·/er curve). See text for explanation. 
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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, c:ompleteness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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