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Abstract: Maqnetic circular dichroism (1CD) spectra are reported for
-ox1d1zed and reduced cytochromes ¢ and b5 in the near UV and visible
spectral reg1ons At room temperature the ox1d1zed cytochromes exh1b1t
Soret MCD spectra characteristic of hem1chromes, as observed with low
spin comp]exes of-ferr1mvog]ob1n (J. Amer. Chem. Soc s precedlno paper)
This suggests that the spin state of the iron is more 1mportant in deter-
mining the MCD in- th1s region and for this redox state than are differences
in the protein crev1ce Extremes of pH caused chanqes in the MCD spectra
vhich were cons1stent with previously proposed sp1n state changes Visible
MCD spectra of hem1chrome derivatives d1ffer1ng in ax1a1 coordination
(native, a]ka11ne, and complexes with azide, cyan1de,;and imidazole) are
distinctive, while derivatives with similar ironlligands (cytochrome -
| c-imidazole, myog]ob1n ~-imidazole, and cytochrome b ) show visible MCD
spectra closely resemb11ng one another Th1s suggests the ut111ty of an
empirica] examihation of the MCD in the visible reg1on'of ox1dlzed hemOe }
prote1ns for 1dent1fy1ng iron 11gands - |

The reduced cytochromes exhibit v1s1b]e McD spectra very similar in
shape to one another‘and tvp1ca1 of other hemochromes. vThus the v1s1b1e :
req1on can serve as a ‘marker- for the presence of reduced; Tow spin heme;
this effect is illustrated by a comparison of the d1fference MCD spectrum :
of reduced vs. oxidized chloroplast cytochromes f, b559 and b563 w1th a
computer- synthes1zed curve based on reduced cytochrome ¢. The Soret MCD
spectra, however,rare very d1fferent for reduced cytochromes ¢ and b5 and

do not'resemb]e other low spin ferrohemoproteins; thiS'spectral region

therefore may be sens1t1ve to the mechanism of heme b1nd1ng by the po]ypept1de

: Low temperature ‘MCD spectra of the ox1d1zed cytochromes show the

presence of Faradav C terms, indicative of.paramagnetlc 1ron~porpnyr1n




interaction, associated with the porphyrin n-n* transitions and charge

~ transfer transitions Reduced cytochrome c exhibits“no temperature effects =

in the Soret req1on but sharpening of the visible bands gives rise to more

intensive A terms in that region.’

Introduction

In the precedind paper the magnetic circular dichroiSm (MCD) of a

series of myog1obin derivatives was reported. ! The MCD spectra were found

to be sens1t1ve to the electronic state of the heme, and the shape and

intens1ty of the Spectra could be.correlated with the redox state the

+

spin state, and the axial ligation of the iron. ‘Here we report 1nvest1gat1on

of these effectsVin cytochromes ¢ and b5 The hemevmo1ety of each of these-

proteins is Tow Spln in both the ox1d1zed and. reduced states, but changes

vin spin state and axial coordination of the iron can be affected by extremes

of pH and the presence of additional 1ron—b1nd1ng ]19ands. Thus the results

| obtained with’theaoxygen storage and transport protein” myog]obin;-can be

extended to hemoprote1ns involved 1n e]ectron transport systems, and the

genera11ty of the conclusions reached with the former hemoprote1n can be

assessed. In add1t1on, since the heme env1ronment-or crev1ce 1s different .
for: the two cytochromes the effects of the prote1n structure on the MCD
of two funct1onal]y related hemoprote1ns can be stud1ed

Several reports on the magneto-optical act1v1ty of nat1ve cytochrome
c‘?"'0 and of native cytochrome bsl0 -12 have appeared but the effects of
alteration of the prote1n conformation on the MCD spectra have not been :

explored in any detail. X-ray crystal structures of cytochromes c"3 and

9514 are known, homeverl”and_numerous_other'techn1que§ have been used to
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character1ze conformat1ona] changes that can be effected in solut1on
Thus changes - in the MCD spectra shou]d be 1nterpretab1e in terms of an
altered hemejprote1nv1nteract1on. A better understand]ng of ‘the effects
of the proteihdstructUre'on the MCD spectra is necessary if:the results
of MCD studiesiof cytochromes i situ]1?]2’]5;]6 are:to be interpreted.

——

Materials and'Methods

Crystalline horse heart cytochrome c (Type’VI)pmas‘obtained from
Sigma. Purified'cytochrome b5 obtained by~trypticftreatment of calf |
liver was thergenerous gift of Dr. P.'Strittmatter,l.fhe cytochromes were

i

oxidized with potassium ferricyanide and reduced ahaerobically‘With'sodium

dithionite Concentrat1ons of the native proteins were determlned accordlng,

to pub11shed ext1nct1on coeff1c1ents.]7 ]8

The effects of pH on the absorpt1on spectra of ferr1cytochrome c]9

and
20-22 '

ferrlcytochrome b5 were similar to those reported prev1ous]y The

23,24 23,25 24‘26

" cyanide,” and*1m1dazo]e

b1nd1no of azide, to cytochrome c was

monltored spectrOphotometrically e
The methods of vecording absorpt1on and MCD spectra and the low tem-

perature techn1ques are descr1bed in the preced1ng paper x

at 10n temperatures'are not corrected for volume changes in the"g]ass-formingd;

soivents due'toidifficu]ties in monitoring the vo]ume-ih the small spectro--
~ photometric ceii used. }In-a,modified Cell,me obserVedva 1inearvdecrease in
volume of 7 top8%‘oh ]owerihg‘the temperature of a:mixture ofkglycerolyand
0.5 M potassiUm chloride (6t4't: v/v) from 22° to -130° for a m1xture of
equal volumes of;potassium g1ycerophosphate, g]ycero] and water a decrease
__ot approximately,S%.was found for the Same.range, :Aetorhihglmodellljo

pH meter was usedffor pH measurements.ﬂ

~ Spectra reportedr




Results

Ferr1cytochromes

Soret redion} MCD spectra of the Soret band of cytochrome c obtalned
. at 24° and 75°‘are shown in Figure 1. The room temperature curve is similar

4,5,8,10 on

| in shape and 1ntens1ty to that reported by previous workers
lovering the temperature by 99° no s1gn1f1cant changes in shape occurred,
but the 1ntenstty increased approx1mate1y 60% at the 4]3 nm trough and
40% at the 401fnm_peak. Since a 50% increase is expected on the basis of
a Bo]tzmann*distribution'for this temperature change; We conclude that
both spectra are composed almost exc]us1ve1y of Faraday C type terms
The inset to F1gure 1 shows that the 1ncrease is ]1near w1th the rec1proca1
of the abso]ute temperature. The effects on the HCD of changes in tempera-

ture as small as 10° are read11y measured.

The resu]ts of the effects of a w1der range of temperature on the Soret

band MCD of cytochrome-b5 are shown in F1gure 2. The curve obtained at room
10 12 -

“‘temperature resemb]es ‘that observed by others. As w1th cytochrome C,
the shape of the MCD was not altered upon lowering the;temperature, but the

intensity'increased Jinearly with the reciprocal of:the‘absolute'temperature;

Evidence against51arge band-narrowing or_significanthO]vent.contraction-
2 | contributions to:the intensity increase-uas obtained'bylthe measurement -
. ~ of the natural cirCUlar dichroism (CD)fsimu]taneous'withnthe MCD measurements.]’z7
vThe inset of Fiéure'sthows that the intensity of thetsoret_CD peak at |

| 418 nm exhibits'very little temperature dependence ‘Thus}the Soret MCD

spectrum of cytochrome b consists predom1nant]y of C terms Hovever, -
5

the fact that extrapolat1on of the temperature dependence of the MCD 1ntens1ty

of the trouqh near 419 nm does not'approach zero at 1nf1n1te temperature
(Fig. 2, inset) 1nd1cates the presence of other, a]be1t weaker, Faraday

- effects in th1s req1on.
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The effects of different pH on the Soret reg1on MCD of cytochrome o
are given in F1qure 3. At a]ka11ne pH chanoes in ax1a] ligation of the
heme are proposed;to occur, but the iron remains 1n the tow spin state..'g’zg'34
‘The SOret‘absorptton»peak shifts from 409 to 406 nm#ﬁhd-fncreases in intensity
by about 12%.h_This-change is paralleled oy apshiftttn'the zero crossing -
of the SoretiMCDFfrom 409 to 406 nm and an increase'%nuintensity by 14%.
The}bandwidth;of;the_absorption and the:peak-to4troughfseparation of the
MCD do not Changeiappreciab]y Therefore we 1nterpret ‘the small changes

in the MCD spectra of cytochrome ¢ at high pH as ar1s1ng from changes in

absorption 1ntens1tv but not from changes 1n the jron sp1n state.

Under ac1d1c cond1t1ons cvtochrome ¢ is extens1ve]y denatured and changes'

in both ax1a1 ]1qat1on and spin state of the iron occur.lg 128,29,35,36

The prote1n 1ron bonds are broken, but the heme m01ety remains covalently
.attached to the prote1n v1a th1oether 11nkaoes condensed from v1ny1 s1de
chains of the porphyr1n and cyste1ne res1dues of the prote1n. The 1ron is
' conVerted from a 1ow'spih (S'= 1)2) to a'high spin‘(s =15/2) form. In the
presence of excess ch]or1de which’ b1nds to the 1ron a m1xed-sp1n equ111—

28 37 and the Soret MCD 1nten51ty is expected to .

brium complex 1s formed
- decrease. Th1s is what is observed. (F1gure 3). If'we assume that the 1ow'
spin form present has an absorption spectrum s1m11ar to that of nat1ve and
a]ka]1ne cytochrome c, then the intensity of the MCD at pH 1 7 suggests that
about 50% of the Tow pH complex is low sp1n - This can be compared with the
tntermediatevspin-va1ue (s = 3/2) determlned by - Boer1 et al. 37 from magnetlc
susceptibility measurements

The effects of alkaline conditions on the MCD of ferr1cytochrome b5

.were.dlso Jnvestagated..,MCDtsnectra“at,yartous pHﬁvalues“are.shown in

.
e W s e b



Figure 4, The intensities of the MCD at the positive and negative'extrema
are plotted as a function of pH in Figure 5A. The peak near 407 nm and the
trough near 420 nm both decrease throughout the rahge measured, indicating

1

a conversion from low to high spin.” Evidence for the presence of high -

20,22

spin derivative formation has also been obtained from EPR and absorp-

t'ionzo'22

measurements. The midpoint for the tranéition observed in the
MCD occurs at bH,]Z.O (Fig. 5A). Assuming that the MCD recorded at pH 7
corresponds to 100% low spin and that the completely high spin dérivative‘ |
formed at pH greater than 13 Wi1] make essentia]]y:no contribufion to the"
5pe¢tra'in this region, we have plotted the ratio of the'high to low spin
 forms as a function of pH in Figure 5B. The pKa is 12.0 calculated from
either extremum for the spin state transition. Thevslopeiof the curve |
obtained from the data for thé peak is 1.4 and that from the trough'ié 1.5,
ihdicating that Wore than a single proton is involved in.the conformational
change. » |

- Deviations fh the linearity of the iog ratio pfots (Figure 5B) occur
when less than 10% of the high spin form is expected to exist. This
behavior is a]so'appérenf in the gradual slope of fhe data from pH 7 to 10
in Figure 5A. Such deviations might reflect the intermediate formation of
a different low spin form. Evidence for the presencé of chh an intermediate
can also be inferred from the lack of an isosbestic point in the MCD spectra
(Fig. 4). Instead, the zero crossing‘sﬁifts from 412.5 to 415 nm as ﬁhe pH
is raised. ThfSired shift is more than one-half completed by pH-11.55, .'v
indicating,a pKa for the transition Tower than‘this value. Mu]tip]e Tow
spinAfofms are aTso appareht invthe lbw'temperature‘EPR spectré of aIka]ine_

solutiohs Bf ‘tytochiome bg:F0r8m =
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Visible region. The: temperature dependence of the ‘MCD of the visible

absorption bands of cytochrome ¢ was also 1nvest1gated Figure 6 shows

the MCD spectra obtained at 24° and -108°. Complex changes were observed -

on the long wavelength side of and near the Q, band. The MCD near 590 nm

'becomeszositiye>whi1e~the~trodgh;near 567_nm5becomes more negative as the

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

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

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

ferrimyoglobin cyan1de 1

There 1s 11tt1e structure 1n the MCD assoc1ated w1th the Q bands:fthl_rf

(530’nm) but severa] extrema exh1b1t1ng strong temperature dependenc1es'v
are observed at shorter wavelength. The peak at 480 nm increases 90%

- and the peak 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 predom1nant]v [ terms. We have prev1ous]y attrlbuted
bands in this reg*on of heme comp]exes, between the maJor v151b1e (Q) and

_ near UV (Soret) bands, to charge transfer trans1t1ons 1nvo]v1ng the :’

porphyrin and the 1ron,] The sensit]v1ty of these bands to. the natureﬁ e

of the axial ligands will be reported below.

- The iron of native cytochrome'c is ceordinated-to the protein via

the thioether sulfur of a methionine side chain and the imidazolelnitropenv

13 This form of the reduced-Cytochrome‘is stable

y of_a'histidine residue.
~ over a wide thrange, but the oxidized cytochrbme'underboes reversible
changes at pH'vaTues less than 4 or greater than 7; .The effect ef.acid' §
pH and chloride anion on'the,visibie'MCD of ferricytochrome c is given |

“in Figure 7A. “The neutral pH curve is”simi1ar to that reported by
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Sutherland and K’tein8 but differs from that reportedfby Risler and
Groudinsky..Io ‘Onblowering the pH from 6.8 to 1.8}a,trough appears at
632 nm with a zero crosging‘at 615 nm, and the A_term with a zero ckossing
.at 557 nm iS~cohsiderab7y weakened. These changes cohrespond'to the
'appearance of a charge transfer band at 620»nm and the decrease of the Qo
band intensity in the absorption spectra, respectively. They reflect the
“shift from a.pukely low spin complex to a low spin-high spin equi]ibrium
which occurs hhon\rep]acément of the relatively strong field suifur‘and'
~ nitrogen 1igahds by ehloride' The MCD band shape at wave]engths less than
.530 nm, or to the b]ue of the Q band, is also altered These‘dlfferences'
in the MCD could ref]ect changes in the intensities of absorptionfbands'in
this region arising from spin state changes, 'or'they'COUId reflect Shifts'
“in band p051t1ons of charge transfer trans1t1ons ar1s1ng from the rep]ace-
ment of the amino acid ligands by chloride. - A combination of these effects
1s.a]so poesible and complicates the interpretat1on.
‘Alterationrof the axial coordination of ferricytochrome ¢ without
changing the sp1n state of the iron can, however be ach1eved by several
';methods. Under a]ka1ine cond1t1ons the methionyl sulfur is believed to
be replaced by a nearby lysyl amino group29 -34 forming a new type of low.
spin complex. AThe MCD spectrum of the derivative'formed atlpHvll.S'ts |
shoﬁn in Figure 7B. At wave]ehgths.greater than 520 nm, or/in the region
of the Qo and Qv bande, the MCD of the alka]ihe derivative resembles that
*_Of.the native form seen at neutral pH.(Figure.7A)._ The-mefn teatufe is a
~ Faraday A term correspongihg.to the Q, transition. At shorter w3vefengths;f
however, considerable differences in the shape of the MCD spectra'are evi- |
.dcntuwtIfﬁtheJdCDmiuuthisuregion.anise&,fnomycharqeqtrdnsferNtnanSitionsA:;

~ involvirg the porphyrin and the metaI,] changes in the natura of the axial
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ligands would bevexpected to alter the shape and/or posftion of these bdnds.
He have'tested‘this proposa]bfurther by the addition of exogenods
ligands which can bind to the iron of ferrichrome c. ‘High concentrations

23,24 23,25 24,26 will displace methionine

of azide, cyanide and imidazole
-as the heme sixth 1igand and form new low spin complexes. The visible
MCD spectra of the former derfvatives are also giveh in Figure 7B. The o
' azide.compTeX'exhibits}an.A_term at 566 nm'associated with the Q_ band i_'
and a}weék trddgh at 630 nm associated with a weakfchafge transfer transi-
tion in»thisvfegion. Injthe‘440-to 530 nm regfon\the shape of»the‘MCD is
quite differeht'from that of native ferri:ytochfome c, but resembles‘thqf'
of a]ka]fhe-cytoehrome ¢ in which a nitrogen has a1sd repieCed thevsquUr
of methipnine'ih'bonding to the iron. The visible MCD'spectrum of>ferrie
myoglobin azide] also shows similar features. The'cyanide complex does
not show a well resolved A term for the Qo trénsition, but this is pfobab]yA~
due to the broadneSs bf this'band‘ as described for'ferrimyog]obiﬁ cyanide. L
Below 530 nm the cyan1de comp]ex differs from the nat1ve protein but shows
some similarities to the alkaline and azide forms

| The MCD spectrum of the imidazole comp]ex of ferr1cytochrome c is
'qiven in F1gure 8 along w1th the spectra of two other hemoprote1ns 1n‘
which the iron is coord1nated to two 1m1dazo]e nitrogens. The cytochrome c
imidazole curVe has been red shifted by 3 nm and the myoglobin imidazo]e'
curve blue sh1fted by 2 nm to make the zero crossxngs of the Q trans1t1on
A terms c01nc1de with that of cytochrome bs and fac111tate comparison of

. the shape of the HCD Unlike the derivatives which d1ffer 1n ax1a1 coord1-

nation, these speetra show striking s1m11ur1t1es in thn 450 to 530 nm reg1on
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FerrocytochromeS‘

Reduced CJtochromes ¢ and b5 are both Tow spin (S = 0) hemoprote1ns
and hence the effects found with paramagnetjc derivatives are not expected.

Indeed, the room temperature MCD spéctra in'thé Viéible region of ferro— o

5,8 11,12

cytochrome c and ferrocytochrome b are similar and exhibit an

intense A term associated with the Qo transition, which is typical of

other low spin fefrohemoproteins and other meta]]opdrphyrins (see Reference

- 1).  The Soret region spectrum of reduced cytochrome c5’8

1,12

does not resemble.
that‘of cytochrome b5, -however, nor are the Soret MCD spéctré of these
cytochromes similar to those of any other 1°emr~ohemopr'c$teins.'I We have
‘therefore measﬁred the temperature dependence o% the MCD bf ferrocytochromé
¢ in order to_determine whether evidence for addftiona1.transitions; such
-as observed with éarbonmono.s(ymyog]obin,’I can be fdundﬂ.‘Ear]ier ébsbrpfion
measurementsjof:cytOChromes»suggeSted that band narrowing can lead to
intensity changes in the”vHsib]e region,  but that bénd narrbwing and
1ntens1f1cat1on are not S1gn1f1cant in the Soret reg1on 38

Soret region. MCD spectra in the near UV reg1on of reduced cyto-

chrome ¢ at 23° and -132° are shown in Figure 9A, and the room temperature‘
_resu]ts are summarized in_Tab]e-I. No significant effects of 1oweriﬁg-the
temperature on the intensity or the shape of the MCD were obsefved.-"At_}:
both temperatures, the MCD resembles a somewhat asymmetrlc A term w1th a
zero crossing red-shifted by about 4 nm from’ the Soret absorpt1on max1mum
" The presence of Faraday_g_terms in addition to the expected-A_term could f
ECCOth fdf.dévihtiohskfrom the normal absorption-derivative MCD shape.
UMeD resuvts” F67the’ Sovet Teqidh b reduced éyi:_‘o"éh rome’ by are”al so°

givcn‘in Table I. The shape .of the MCD is similar to that of cytochrome c,
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.Table I. Magnetic'Circu]ar Dichroism of Reduced

Cytochrome ¢ énd Cytochrome b

Cytochrome ¢ ‘Cytochrome bsa
se/t (MeemeT)™1 se/H (MecmeT)”!

a0  (-7) 415 (-9)

404 (0) 420  (0)

413 (+78) 426  (+20)
420  (0) | 432 (0)

427 (-33) 438 (-6)

%Ref, 12

but the intensity is much weaker, even though the absorption coefficient
for cytochrome by (;423 = 171,000) is:greater’than that the cytochrdmé‘c:
(84]6 = 129,000). In addition, the entire curve is,mbke red-shifted
relative to the ausorption maxfmum-than.is observed,for cytochrome ¢ and

bears little resemblance to the derivative of the Soret absorption bénd._

Visible region. Figure 9B shows the visible regipn MCD spectra of
the s~me sample of ferrocytochrome c. Un]iké for the Soret bahd, lowering
fhe temperature produces large éhanges in the MCD of-ther bands. ‘The zefo_
crossing of the_Q0 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 recipréca] of squares of these bandwidths should give rise to an

increased intensity of the A term by 8% due to narrowing alone. The actual

ratio found for thé two tempgratures is close to thiS prédicted value, i.e., .

a 100% increasc. A Boltzmann redistribution upon fbwering the temperature
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155° wou]o be expected to increase the MCD by an %dditiona] factor of 1.1;
hence we conolude that C terms are not important oere.' Sharpening and blue
shifts in the MCD of the Q vibrational bands are also-apoarent in Figure 9B.

Cytochrome mixtures The MCD assoc1ated with the Q band of low. spin,

reduced cytochromes 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 cytochromes wi]] exhibit similarly shaped MCD
curves in this“region, except for small shifts in the zero crossing assoeiated
with changes in the position of the Q, band and'perhaps MCD intensity dif-
ferences reflecting differences in either the bandwidth of the Qoitransition
or the orbital angular momentum of the excited state. ?or low spin, reduced
heme comp]exes the Q transition is usually quite narrow and the porphyr1n

w 5,8

= electrons can be considered "nearly free so that intense 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.ch]otop]asts,]s micro-

somes]]’]z’]s'and mitochondria39

have been attributed to reduced cytochromes.
The MCD spectra of chloroplast lamellae are dominated by the MCD of chlorc-
phylls, but Breton and Hilaire were able to observe a small A term near -

15 Tﬁe.exact shape and

555 nm upon the addition of sodium dithionite.
positionvofvthe A term was difficult to assess, however, because the signaT
was superimposed uhon the intense, negative B term arising from chiorophy]]
A in th1s reg1on

We have overcome this d1ff1cu1ty by plott1ng MCD d1fference spectra
of data which have been d1g1ta11y stored in a computer.27 Figure 10 shows

the MCD difference spectrum of a chloroplast preparétion'which’has been

treated with sodium dithionite to reduce cytochromés-or‘with potassiun
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ferricyanide to oxidize cvtochromes. The shape of'the'MCD difference curve
does not resemble a single A term but could arise frbm.the overlap of
several A terms disp]aced in wavelength. A similarly shaped MCD curve
could be syﬁthesized by shifting the tytochrome c cufve shown in Figure 9B
by 4, 9 and 13 nm to the red and then summing the fesu]iing spectra. The
lower curve shown in Figure 10 was obtained when such cytocﬁrome c-like MCD
curves with Qo band absorption maxima at 554, 559,:and 563 nm were summed
in a ratio of 1:2:2. The curves produced by adding»otheh ratios or curves
shifted to different degrees yielded less satisfactory fits to the experi?
mental results. Other methods of analysis for ch]orprast cytochromes have
shown the presence of one c-type cytochrome with'a_Qo'bénd at 554 nm, and_
two b-type cytochromes with Qo band maxima at 559 ahd 563 nm in a ratio
of 1:2:2.%0 | -

From the intensity of the difference MCD'spectrum we can calculate
the cytochrome concentrations if it is assumed that the chloroplast cyto-
- chromes have an.MCD intensity similar to that of cytoéhfome c. On this |
basis it is estimated that cytochrome 554 is approXimafely 0.3 uM aﬁd‘cyto-
chromes 559 and 563 ;re 6.6 uM; since the chioropﬁy]],cqnceﬁtration in |
these particles is | 120 uM, the ratio of these cyto;hromes to chlorophyli
is abbut 1:2:2:400. This is similar to the ratio proposed fbr the_bhoio-
synthetic unit.40 ' | |

Since the Computer synthesized MCD curve may not represent a-unique‘
fit to tﬁé exﬁéfimenté] cdrve, MCD spectra of fﬁé'indiViduai cytochrome '
components were isolated by poising the oxidation-reduction potentia] of

the system to sequentially reduce the cytochromes. MCD difference spectra

were then generated for different redox potential ranges. The results of
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such @ MCD redox titration are in agreement with the . previously proposed

cytochrome composition of chloroplast 1ame11ae40

and support the comparison
of interpretation of the experimental curve in terméﬁof the synthetic

curve shown in Figure 10.

Discussion
- Previous studies have established the sensitivity of the magneto—'e
optical activity of cytochromes ¢ and b5 to the oxidatfbn-reduction state

2-12 The changes seen in the MCD-duringfredox,changes are

of the heme.
tﬁought to reflect primarily changes in the band width, extinction and
position of the‘ébsorption bands,8 as no a]terations_in either spie state
or axial Tigation occur in the native proteins. In'ﬁhe experiments here
vie have investféated the effects of spin state and axial coordination,
within a given redok state, for these eytochromes, The effect of tempera-
ture on the MCD was a]so studied as a prerequisite to assigning Faraday C
terms.anthe'spectra. : | |

. In the oxidized.state both cytoehromes exhibited-simi]ar S-shaped
MCD spectra in the Soret‘region. The temperature dependence of the MCD
intensity, bdt‘not the shape,'estah1ishes_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 coor'dina_t,i._o_vn.'l This appears to
be thelcase since the Soret MCD of all fgrfihemeprbtefns investigated |
possessieé anﬁebpreciable amount of low spin.heee-ehow ;imi]afly shaped
curves regard]ess'of the identity of the aXia] ligands. This is observed
for imino-thioether (cyvtochrome ¢), bis-imino (cytoch‘r‘ome»b5 end ferri-

r

myogiobin imidazole), imino-amino (alkaline cytochrome c), imino-carbon
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(ferrimyoglobin aquo and hydroxide) coordination. 'Differences in-axial
coordination as well as heme environment can alter thedexact posiﬁion and
the bandwidth of the spectrum. The major effect obsefved in this region;
however, is the change in intensity with 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 componeni(s)_present.
In this report cytochromes c and b5 were shown to lose ihei% hemichrome
character at extreme pH values. This MCD signal has also been used to
determine that microsoma] membrane bound cytochrome b5vaiso exists ,
essentially in the completely low spin form at aMbient tempera‘cures.I2
and to confirmveariier reports that cytochrome P~4SOcam.is converted

1,12 The Soret MCD shdu]df

from low to high spin upon substrate binding.
also be useful fdr monitofing spin state changes in other oxidized heme-.
proteins caused by effector molecules. | i

The visible region MCd_of oxidized cytochrome ¢ aiso shows temperature .
dependent bands indicative of the presence of C terms. In addition new MCD
bands, not resolved in the absorbtion spectra, are observed for both cyto-

1 these bands are sensitive to'

hromes. ~As was found for ferrimyoglobin,
both the spin state of the heme and the nature of the axial ]1gands to the
iron. The MCD spectra obtained with the low spin derivatives suggest that
an analysis of the visible region may be used to identify and possibly
monitor 1igand changes in ferrihemeproteins. It is noteworthy that,no
visible MCD spectra of the low spin heme complexes studied here or in the
 preceding paper (ref. 1), which are restricted to nitrogen and carbon.

ligands, resemble the spectrum of ferricytochrome Pe450cal, in which

11,12

il

mercaptide coordination has been proposed.

B IP S SUUU UL D) AU
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In the reduced state Faraday C term effects, which ere sensitive
to the e1ec£ronic strdcture of the heme iron, weredhot expected since
both cytochromes ¢ and-b5 normally exist in the ldw'spin, diamagnetic
state. In fheICase'of the Qo; or o band this éppearsbtovbe true, since
cytochromes ¢ and b5 exhibit sharp A terms simf]ar'tdvthose observed in
other ferrocytochromes and low spin reduced hemoproteins. High spin .
reduced hemoprote1ns such as deoxymyog]obln], deoxyhemog]ob1n4] and cyto-

12 do not exhibit a similar band. Thus this band appears

chrome P- 450
to be d1agnost1c for the presence of hemochromes. Because of the intehsity
of the Qo MCD A term, concentrations of hemochrome ég‘]ow as_]O'7 M cah be‘
measured; because the band is sharp and distinctive~ih‘sbape, small amounts
of hemochrome can be detected in the presencevof avlarge excess of other

magnetO—Optica11y active species. Thus, th1s band 1s usefu] for 1dent1fy1ng
11 12,15,16,39

42

di]ute cytochromes in si and for detect1ng small percentages:

of ‘reduced heme in an oxidized sample. The A_term associated with the
hemochrome_Q0 ban" may also be useful for monitorfng*Spin state equilibria

in ferrous hemevc0mp1exes. Attempts to study temperature effects in Such
systems, however, wi%] be complicated by both band Shérpening effecté ihﬁlow'
spin derivatives. (shown here for ferrocytochrome c)dahd‘g_terms which may

be present in the paramagnetic high spin‘ferms. ThiSrproE?em was encountered
in the interpretation of the visible region MCD ofvde0xymyog1obin.]

The Soret-region MCD sgecfra of reduced cytochremes c and b, on the
other hadd, ére quite different from ode éndfher.,nNe{iher cytochrome_.
exhibiis_the simple A termdseen in oxy~ and carbonmonoxy myog]obin] and
al or carbonmonoxy cytochrome P 450. n.z Because the ]ow

temperature MCD spectrum of ferrocytochrome C reported here prov1des no
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evidence for the presence of C terms, Faraday §_terms‘may be uniquely
important in this spectral region. Since B terms arise from magnetic
field induced mixing of ground and excited states, thé_differences in
the MCD speétra of cytochromes ¢ and 55 could ref]eét the differences
in the energy separation and polarization of the electronic'transitidns
for the two types of cytochromes in this region. It yi]] be of interest
‘to compare the MCD spectra of other cytochromes and hemqproteins in the
Soret region.

i
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'Fjgurg Legends

Figure 1, The effect of temperature on the SoretvMCD ofvfgrricytochrome
c. The samb]e_was 3.3 X 10'5>M in a solvent of g1ycero1 and 0.5 M KC1

(6:4 :: v/V) aiipH 7.3; pathlenath = 0.23 cm, fier = 0.9 T; 2 pasﬁes,

1 for each fie]d-diréction, were averaged. The inset;éhows.the femperatufe

dependence of the trough and peak extrema MCD intensity.

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

b5. The sample was 3.1 x 10-5 M in a solvent of pofaésihm-g]ycerophdsphate,
glycerol, water (1:1:1 :: v/v/Q) pH 7.2; path =‘0.23:cm, fie]d = 0.9 T; -

4 passes averaged. The inset shows the temperature'dépendence of thé'
negative CD intensity (vertical scale aAe) of the 418 nm trbugh as well

asvthat of the MCD extrema.

Figure 3. The effect of pH on the MCD of ferricytothbme c. The sample
was 1072 M in 0.6 M KC1; path = 1.0 cm; field = 1.4 T; 6 passes were ‘

averaged for each spectrum.
Figure 4. The effect of alkaline pH on the MCD of ferricytochrome bg -
The sample was 1.1 x 107> M in 0.1 M KC1; path = 1.0 cm, field = 1.4 T; -

4 passes'were;ayeraged at each pH value.

- Figure 5. MCD spectrophotometric titration of ferricytothrome'bs. o



Figure 6. Temperature'dependence of visfb]e region MCD of ferricytochrome

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

Fia. 1 excebt thét 4 passes were averaged.

Figure 7. MCD spectra of ferricytothrome ¢ derivatives. The sémple
conditions were as described in Fig. 3‘except that the protein concentra-

tions used were ca. 5 to 9 x 107° M.

Fiqure 8. Comparison of the visible MCD spectra of bis-imidazole coordinated
ferrihemoproteinsQ' The cytochrome ¢ and myog]obin $pectra have been red and

blue shifted, respectively; see text.

Figure 9. Temperature dependence of the MCD spectrum of-ferrocytbchromeic.
The sample was 3.2 x 10'5 M in a_so]vent of potassium_g]ycerophosphate,
glycerol, 0.1 M sodium phosphate (1:2:1 :: v/v/v) at pH'6.8;»path = 0.23

cm; field = 0.9 T; 2 passes were averaged.

Figure 10. Difference MCD spectra of reduced yg;_oXidized ch]oropTasts'_

(upper curve) and "cytochromes c" (lower curve). See text for exp]anatioh.
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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, completeness 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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