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ABSTRACT

Magnetic circular dichroism (MCD) spectra have been recorded for beef heart cyto-
chrome oxidase and a number ofbits inhibitor co=zplexes. The resting enzyme.exhibits
a derivative shape Faraday C term in the Soret r=gion, characteristic of low—spin ferric
- heme, which accoun;s for 50% of the total oxicdase heme a. The remaining heme 3_(50%)
1s assigned to the high-spin staté. MCD tempera:ture studies, comparison with the MCD
spectra of heme a - imidazole model compounds and ligand binding (cyanide,.fofmate)
studies are consistent with these spin state assignments in the oxidized'enzyme. Further-
more, the ligand binding properties and correlations between optical and MCD parameters
7 indicate that in the resting enzyme the low spiﬁ heme é!is due solely to cytochrome a

£

and the high spin heme a to cytochrome g§+.

The Soret MCD of the reduced protein is intarpreted as the sum of two MCD curves;

an intense, asymmetric MCD band very similar to that exhibited by deoxymyoglobin which

we assign torparamagnetic high spin cytochrome E;+

contribution, which is attributed to diamagnetic low spin cytochrome 3?+. Temperature

and a weaker, more symmetric MCD

studies of the Soret MCD intensity support this proposéd spin state heterogeneity.
‘Ligand binding (CO, CN ) to the reduced protein eliminates the intense MCD associated.
with high spin cytochrome 3§+; however, the band associated with cytochr;ﬁe §?+ is ob-
served under these conditions as well as in a nuaber of inhibitor éomplexes (cyanidé,
formate, sulfide, aéide) of the partially reduced protein.

The MCD spectra of oxidized, reduced and inhibitor complexed cytochrome oxidase
show no evideﬁce for heme-heme interaction via spectral parametérs. This conclusion is
used in conjunction with the fact that ferric, high spin heme exhibits weak MCD inten-
sity to calculate the MCD spectra for the individual cytochfomes of the oxidase as well
as the sbectra for some inhibitor complexes of crtochrome 33-,‘The results are most

simply interpreted using the modelrwe have fecently proposed to account for the elec-

tronic and magnetic properties of cytochrome oxidase (Palmer, G., Babcock, G.T., and

Vickery, L.E. (1976) Proc. Nat. Acad. Sci. USA, in press).
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Introduction

Although it is now firmly established that the active center éf cytpchrome oxidase -
‘contains two moles of heme a and two atoms of copper (1-3) there is considerable uncer-
tainty regarding the functional relationships between these four metal components (4,5).

As originélly proposed by Keilin and Hartree (6) thevtwo heme moieties 6f the oxi-
dase can be distinguished by their ligand binding éroperties. One of them, named cyto-
chrome 33, was postulated to react with common heme ligands such as cyanide and carbon
monoxide, while the bther? called cytochrome a, was upavailable to such reagents. This
heterogeneity with respect to ligand binding has bgen amply confirmed in a number of
laboratories and is most simply interpreted in terms of the so-called "classical model"
for the enzyme; In this modél the two hemes are asserted to be chemiéally and spectrally
distinct.speéies. Cytochrome 25 is presumed Fo be high spin (S = 5/2 in the ferric state,
S = 2 in the ferrOus_sfate) to account gor its ready reaction with external ligands and
1s expected to exhibit weak‘absorbancerin the ¢ band region. Cytochrome a, on the other
hand, is assigned as a tyﬁical hexacoordinate low-spin heme protein (S = 1/2 in the
ferric state, S = 0 in the ferrous state) wiﬁh an a band intensity roughly four times
thét of cytochroge 53. Cytochrome a, is presumed to be the'cbmponent which reacﬁs with
oxygen while cytochrome a is postulatéd to be the site for reaction with cytochrome c.
This classical model has been summ;rized most forcefully in a review by Lemberg (1).

An alternative hypothesis minimizes any intrinsic spectral differences between the
two hemes. In its most extreme form cytochromes g_and.g3 are postulated to be indistin4
guishable and low-spin in the oxidized eﬁzyme and that addition of ligands or redﬁcing
equivalents 1is required for the observed heterqgeneity in the properties of the two
hemes (7)f In this model séme form of heme-heme interaction exists such that the redox
and/or ligand binding state of one of the heces a has a ﬁronpunced effect on the spectral
properties of the second heme a (8-11).

In a third model the two hemes a of cytochrome oxidase have. independent spectral

properties. However, heme-heme interactions are manifested by interdependent redox
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potentials such that feduction or ligand binding by one pf the hemes a alters the feduc—
ﬁiohvpdtential of the second heme (12). The arguments in favor of each of th;sé models
have been reviewed by Nicholls and Chance . (4). T '

These models make distinct predictions of the coordination‘geometry around the Fe
atoms of cytochromes g'aﬁd aj so that a crucial test for différentiating betweeﬁ ;hese
extreme§ is a determination of the heme a spin-states in the enzyme in various redox
states and after reaction with external ligands. EPR spectroscopy has been used exten-
sively-fof this purpose and thle the technique has been most fruitful in the overall
characterization of the enzyme, resolu;ion of the above questions has been complicated
by the followiﬁg obsérvations: (i) in the oxidized enzyme only 507 of the heme iron
COﬁtributes to thelldw—spin resonance at g = 3 and only ca. 407 of the copper can be
aécounted for.by the resonance.at g =2 (13,14). (ii) During the course of.a'reductive
titration both axial and rhombic high-spin EPR signals appear at g = 6; these resonancés
account for ca. 15;252 of the total iron although under some conditions the §alue'ap-
proaches 35-457% (14-16). These observations have led to contradictory assignments
wigh Wilson and coworkers (9,11) identifying the low-spin spécies as cytochrome a, by
virtue of it having the mostzpositive potential while Hartzell et al. (15), no;igg '
»th;t the g = 3 résonancé appears to be the site of reduction during reaction with ferro-
cytochrome ¢, assign this resonance to cytochrome a.

Magneﬁic circular dichroism spectroscopy (MCD) is emerging as a powgrful tool in
the study of iron spin-states in heme-proﬁeins. }The versatility of the method lies in
two recént observafiops: (i) heme iron in botﬁ ferric (S = 1/2 and 5/2) and ferrous
(S = 4/2) valence states show temperature dependent MCD intensity in thevSoret region
,whiéh is indicative of’the paramagﬁetic ground states of these species (17-21) and (ii)
the intensity of this MCD in ferric heme proteins is correlated with the fraction of
iron in the low-spin state irrespective of the nature of the axial ligands (19). . Thus
MCD spectroscoby pr;vides spiﬁ—state data for soth COmmoﬁ valence states of heme iron,

This information both extends and complements the results available from EPR. Moreover,

PESTSN
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MCD has the particular advantage that data are routinely obtained close to ambient
temperature in contrast to the extremely iow temperatures (ca. 10°»K) réquired for
the saﬁisfactdrf ;bservation of all the species contributing to the EPR spectrum of this
enzyme. -

We have previously reported preliminary results on the MCD of éytochrome oxidase
(22,23) and these data have recently been confirmed (24). Based on our observations
we have préposed a model for the enzyme which is similar in many respects to the classi-
cal model described.above, but has as added hypotheses (i) an antiferromagnetic inter-
action between cyfoahrome 2,4 aﬁd one of the two copper moieties in the festing enzym;
and (1i) the occurrence of a conformational change subsequeﬁt to partial reductiqﬁ of
the enzyme. This»model accounts for the available EPR and mégnetic susceptibility

data. In the.expetiments described in this paper we present .further data in support of

this model and in a subsequent paper we will describe ﬁhe behavior of the enéyme during

reductive titrations.

Materials and Methods

Solubilized beef heart cytochrome oxidase was obtained by three different isola-
tion techniques: (a) as described by Volpe and Caughey (25); (b) as described by
Hartzell and Beinert (26), and (c) as described by Yu, et al. (27). The spectroscopic

ratios for solubilized product were:

ODred (605 nm) _
oD (600 nm) .
oxX

2.10 - 2.22 and

ODred (443 nm) )
oD (418 nm)
ox :

1.26 - 1.32

which are in agreement’With those cited by Lemberg (1). The observed MCD spectra for
cytochrome oxidase obtained by these different isolation procedures.showed little varia-
tion. Moreover, solubilized yeast cytochrome oxidase prepared by an unpublished proce-

dure of J.N. Siedow, exhibited similar MCD properties. Enzyme concentration on a per
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heme a basis was determined using e_ 4 (605 nm) = 21.2 =M " cm T, €ox (419 nm) = 80

’mel o::m—.1 and Ered (443 nm) = 106 mM—l cm-l. All spectra shown were recorded using

'tﬁe Hartzell preparation (26). The temperature was maintained at 4° C unless noted.
The buffer system used is Aoted in the figure legends.

The restiﬁg enzyﬁe, with no addiﬁions, is taken as fully oxiﬁized. Reduction was
carried out using a few crystals of solid dithionite (Vi;ginia Smelting) and the absor-
bance monitored at either 605 nm or 443 nm until no further inc;ease was chserved,
usually 30-60 min. The formate-oxidized cytochrome oxidase complex was obtained by
incuba;ing the oxidized protein in 60 mM neut%alized sodium formate. The absorption
spectrum of the resulting complex showed-a 5 nm blue shift in the Soret region, from
422 nm fér the oxidized enzyﬁe to 417 for the inhibitor complex (28). Partial reduction
of this?speéiés was carried out either by addition of .1 mM TMPD and 10 mM ascorbate or
a few gfainé of solid dithionite. In both caées the resulting complex had Soret absorp-
 tion maxima at 441 nm and 415 nm. The cyanide derivative of the oxidized enzyme was
prepared by incubating oxidized cytochrome oxidase with neutral 6 mM KCN. The formation
of the cyanide complex was féllowed by the increase in absorbance at 426 nm; tﬁis
generally required thrée'to five hours(for completion. The cyanide complex of partially
reduced cytochrome oxidase was formed by the addition of either a few grains of solid
dithionite or .1 mM TMPD plus 10 mM ascorbate to the oxidized enzyme preincubated in
the.presence of 1 mM KCN. When fuily formed the inhibitor complex exhibited a peak at
441 nm and a shoulder-at 429 nm in.the Soret optical spectrum. The sulfide and azide
derivatives were obtained by an analogous procedure excépt that the inhibitor concen-

- trations were 10 mM and 4 mM respectively. The cyanide complex of fully reduced cyto-
chrome oxidase was prepared by the addition of 6 mM KCN, previously made anaerobic by
bubblipg the KCN stock solu;iqn with Argon gas, to the dithioﬁite reducea enzyme. The
reduced protein-cyanide complex had a Soret absorption peak‘at 443.nm with a slight
shoulder in the 430>nm region. Carbonmonoxy-cytochrome oxidase w#s‘prepared either by
bubbling the reduced protein with CO gas or, more geﬁtly, by réplacing‘the atmbsphere

in an anaerobic, titration cuvette with CO gas. With both procedures, the Soret absorp-

%
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tion exhibited the 430 nm peak characteristic of the reduced protein-carbon monoxide
complex; "Oxygenated" cytochrome oxidasé was obtained by bubbling air through thé
difhionite—reduced enzyme.

Heme a was isolated as described by Takemori and King (29) and was stored dry
under Argon at -25° C. Concentrations of heme were established using an extinction of

1 cm_lbfor the dithionite-reduced pyridine hemochrome (29). Heme

E_,q (587 nm) 27.4 M
a-imidazole complexes were prepared essentially asvdescribed by Vanderkooi and Stotz
(30), except that the dried heﬁeLg was dissolved initially in a small volume of 0.01 N
" NaOH rather than ether. Buffer and imidazole were then added to the concentrated
heme a solutions; the final pH was 7.4.

Optical spectra were recorded using a Cary 14 spectrophotometér thermostatted at
4° C. Maximal optical densities of cytochrome oxidase and, the heme a solutions used
in obtaining MCD spectra never exceeded 1.2, MCDvspectra were recorded using the com-
puter interfaced spectrometer described by Sutherland, et al. (31). The calibration
of the ins;rument»using ﬁ-lO-caméhorsulfonic acid for natural circﬁlar dichroism and
potassium ferricyanide for the magnetic fiéld determination has been described by Vickery
et al. (19). For measurements ét 4° C, 1 cm pathlength cells and a magnetic field of
approximately 1.36 Tesla were used; for experiments in which the sample temperature
was varied down to 77° K, a low-temperature optical dewar and a 3.0 mm.ceil with a copper
constantan thermocouple incorporated were used; the applied magnetic field was 0.9 Tesla.
All spectr# are presented as the difference in extinction for left versus right circularly-

polarized light (Ae = € - sR) on a per heme a basis and are normalized to an applied

L
magnetic field of 1 Tesla (10 kG), i.e., as Ae/Tesla. The use of these units allows

direct comparison of all MCD spectra obtained. The data can be converted to [9_]m units

{e]
. m o _ Ae _
normalized to a 1 gauss field by the relation Fauss 33 re517 ¢ The spectral band

width in recording MCD spectra was 2 nm or less. The instrument scan rate and time
constant were either 0.5 nm/sec with T = 0.3 sec. or 1 nm/sec with T = 0.1 sec. To

reduce the noise level, some spectra were subjected to a 25 point least-squares poly-

nomial smoothing algorithm. The original and smoothed spectra were then overlayed on
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a video monitor to confirm that no spectral distortion had been introduced by the digital
filter. Spectra so manipulated are identified in the legends to the figures. EPR
‘spectra were recorded at X-band using a Varian E-6 spectrometer operated at approximately
12° k.
.Results A
.Restiﬁg enzyme

Figure 1 shows the MCD and absorption spectra for oxidized cytochrome oxidase in
fhe Soret and visible regions. In the visible region, there is a derivative’shgpe.MCD
curve associated with ghe 600 nm alpha-band which is reversed to that routinely observed
wigh other heme-proteins in that the arm of negative intensity is to shorter waQe—
lengths. The amplitude of this bana is relatively'insensitive to temperature (see

. below) over tﬁe range 130-300° K and thié, taken in conjunction with the derivative
"shape, allows us to aésign this baﬁd to a Faraday A tern. A second, less intense,
derivative MCD curve is present to longer wavelengths with a crossover at 665 nm; this
may be associated with the optical absorption band observed at 655 nm in the oxidized
protein. Although a broad positive MCD band is»present at 520 nm none of the fine
structure observed with otherlferric heme pfoteius is seeﬁ in Epe region from 486-560
nm. This fine structuré has been interpreted as arising from charge~transfer bands
‘whiéh,exhibit MCD- transitions ;hat are highly dependent on the nature of‘the axial
ligand (19).

In the Soret region a derivative type curve is also observed along with a shoulder
at shorter wavelengths near 400 nm. The crossover for the S-shaped curve 1is at 427 nm
with positive and'negative extrema at 420.5 and 434 nm respectively; it is considerably
red-shifted when compared to the absorption maximﬁm of the oxidized enzyme at 418 nm.
This fed shift is anomalousiy large when compared with'oéher,heme proteins which exhibit
this derivative_shépe curve (19,20,32,33). 1In these the MCD approximates the firsﬁ
derivative of the #bsorption spectrum and the MCD zero crossing corresponds closely to
the maximum in the absorption speétrum. In addition MCﬁ transitions of this type have
been shown to be temperature dep;ndent, tﬁerefore cor;esponding to Faraday C terms, and

typical of ferric heme proteins in which all or part of the heme iron is in tﬁe S =1/2,



&d

00 s u«doduuigop

low-spin state (17,19,20). Similarly if the derivative shaped MCD curve observed in the
So;et region‘for cytochrome o#idasé (Fig. 1) is due to an S = 1/2 paramagnetic ground
state, strong temperature dependence for the intensity of this band is'expected. Tﬁe'
results of Fig. 2 show that this is indeed the case for the Soret MCD of resting cyto-
chrome oxidase. At both 421 and 435 nm the amplitude of the MCD spectrum is direct}y
proportional to 1/T (Fig. 2, inset) demonstrating for cytochrome okidase that this MCD
band arises from Faraday C terms. The éata of Fig. 2 were obtained only to -145° C;
however, in a second set of experiments with oxidase in which cytochrome Egl contamina-

tion interfered at wavelengths less than 415 nm, we were able to obtain MCD spectra to

- -196° C, which were consistent with the results of Fig. 2. The observation that the

MCDIintensity.varies iinearly with temperature down to liquid nitrogen temperatures
indicates the absence of temperature dependent high-spin = léw—spin equilibria. Since
these data were obtained at temperatures which overlap the temperature range for the
EPR data of van Geléer and Beinert (13) we attribute the MCD in the Soret to the 50% of
the heme a occurring as ferric low-spin heme, as recently indicated by careful EPR |
iﬂtegtations of resting cytochrome oxidase (14,16).

However, é comparisbn'of the amplitude of the trough of the Soret MCD of cygo—
éhrome oxidase (58435/Tesia = 20) with those ébserved for metmyoglobin derivatives and

cytochromes b and c (Ae gh/Tesla = 90 for 100%Z low-spin (19)) would indicate that

trou
by intensity criteria only 20% of the heme a is low-spin. We have resolved this apparent
discfepanqy by preparing heme a imidazole model compounds and comparing their MCD inten-
sity with that observed for qytochrome oxidase. The optical properties.of these deriva-
tives were similar to those repofted by.Vanderkooi and Stotz (30). In the absence of
SDS the complex was hetefogeneous; the ‘EPR intensity of the oxidizéd compound accounted
for only 50—60% of the total heme a and, when reduced, the optical spectrum exhibitéd
two maxima in the Soret region, at 429 and. 454 nm. The MCD spectrun of the oxidized
form in the absencé of SDS had a derivative éhape in the Soret; however, the infensity

was low (Ae /Tesla = 28) .and the MCD zero cressing (A = 420 nm) is shifted relative

428

to the 424.5 nm absorption maximum conFir«dng the heterogeneity of ;hé sample. Dis-

persing the heme by the addition of 1 mM SDS resulted in homogZeneous behavior; the Soret
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absorption maximum of the oxidized derivative occurred at 422 nm and upon reduc: .on,
only a single peak at 436 nm was observed. The intensity of the EPR spectrum of the
oxidized compound now éccounted.for 100% of the heme a when compared to metmyoglobin
cyanide. The MCD spectrum for this oxidized species i; shown in Fig. 3 together with
that observed for the regting enzyme.. The cross—over for the heme g;imidazole—éDS |
derivatives is at 421 nm, shifted only sligﬁtly from the peak at 422 nm in the absorp-

tion spectrum while the intensity of the trough at 428 nm (Ae, _/Tesla = 42) is about

428
twice that observed with the resting enzyme. The decrease in the MCD intensity of

L+4

heme a when compared to low-spin protoheme derivatives (19) presumably resides in the
fact that the protoheme licks both the formyl and farnesyl-ethyl substituents of heme
a (5).

Oxidized enzyﬁe—qganide and formate complexes

Addition of cyanide to the oxidized enzyme shifts the Soret maximum of the optical
absorptibn spectrum from 419 nm to 426 nm consistent with a high~spin to 1qw;spin tran-
sition (34). The MCD spéctfum of this derivative (Fig. 4) intensifies by 1007 when.
compared with the resting enzyme but the crossover point stays at 427 nm, which is now
close to the position of the absorption maximﬁm. Assuming, with Keilin and Hartree (6),
that cyanide liéates exclusiﬁeiy to cytochrome a3 leads to the conclusion that the

changes shown in Fig. 4 reflect the convefsion of cyt:ochromcr:_el3

low-spin forms. A similar conclusion has been reached by van Buren, et al. from the

from the high-spin to

effect ovaN-.on the visible absorption spectrum of the oxidized eﬁzyme (35); differénce_MCD
spectra will be discussed below, - | i

| In contrast to the.red éhift-ipduced in the absorption spectrum by CN binding,
Nicholis (28) has recéntly reported that Binding of formate shifts the Sq;et absorption "'
maximum to the blue by 4-5 nm. We have.confirmed this observation. However, bet@een
360 and 500 nm the MCD spectrum of the enzyme-formate complex (Fig. 4) 1is identical_tﬁ
that of tﬁe restihg enzyme; Since tﬁe MCD intensity of most ferric high-spin proteins

is weak (19), the insensitivity of the MCD spectrum to formate Binding indicates that

the formate binding site is high-spin both in the_absence.and presence of this inhibitor.
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Again assuning that formate binds solely to cytochrome gg , we conclude that both the

3+
cytochrome_a_3

) - 3+
The high spin to low spin transition observed by MCD for CN binding to cytochrome 2,

+ .
- formate complex and’ cytochrome az in the resting enzyme are high spin.
iR . i -2

in the resting enzyme offers very strong support for these assignments.

Reduced cvtochrome oxidase

The visible and Soret MCD and absorption spectra for reduced cytochrome oxidase are
shown in Fig. 5. Comparison with Fig. 1 shows that the intensity of the MCD in the

region of the a band roughly doubles on reduction although the sign of the A term at

‘598 nm remains unchanged and anomalous. The weak MCD band centered at 665 nm disappears

on reduction, as does the corresponding band in thevoptical spectrum. Because of the
electron withdrawing properties of the formyl side-ehéin the B bands are very weak (34)
and we observé very little MCD intensity in the spectral range from 500-560 nm except

for a nggative shoulder at 568 nm and weak but complé# strﬁcture between 500 and 530 nm.
The weak derivative curve centered at 550 nm is due to a slight contamination of the
oxidase with complex III (cytochromes Efgi). The MCD of reduced b and ¢ type cytochromes
is extremely inﬁense (Ae/Tesla = 200-300, depending on bandwidth) (20) and this region

of the spectrum provides é very sensitive test for the presence of Complex III contémin-
ation. | »

The change in MCD upon reduction is much more dramatic in the Soretvregion with the
spectrum chénging sign and growing about four-fold in intensity (cf. Fig. 1). The
crossover at 440.5 nm is slightly blue-shifted from the absorption maximum at 443 nm
in the optical spectrum of.the reduced protein. In general the MCD spectrum ofAreduced‘
oxidase bears a striking résemblance to the spectra obtained witﬁ'deoxymyoglobin (19),
deoxyhemoglobin (18) and ferro-horseradish peroxidase (36). All three of these proteins
are ferrous higﬁ—spin and exhibit an asymmetric derivative type Soret MCD with the
trough occurring at higher energy than the laréer amplitude peak; again the cross-over
is blue shifted with respect to the absorption maximum. In addition all three protoheme

proteins show a negative shoulder some 15-30 nm to shorter wavelength of the major

trough; this secondary feature appears -at 413.5 nm in the MCD spectrum of reduced cyto-
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éhrome oxidase. The principal difference observed with oxidase compared to the other
three proteins is the larger amplitude observed for the principal trough; for cytochrome
oxidase the peakéto—trough ratio is 1.95, while for deoxyhemoglobin it is 3.45 (18).

The temperature dependence of the 440 nn band of reduced oxidase (Fig. 6a) estab-
.lishes the'paramagnetic origiﬁ (Faraday g_ter:s) of fhe SoretvMCD for the reduced pro-
tein. In addition to an increase in intensity as the temperéture is lowered there is
also a change in the'shape of the spectrum; this is most clearly seen in the difference
spectrum between the MCD spectra recorded at -145 and 0° C (Fig. 6b). 'The peak. present
at 447 nm at 0° has shifted to 446 nﬁ and the peak to trough ratio hés increased from
,1'95 to 2.45 over this temperature range. The corresponding CD spectra, recorded
simultaneously (31),.exhibited a temperature independent peak at 446 nm'with only slight
(<5%) cﬁanges in amplitude indicating that anyv intrinsic band narrowing must be small
.and cannot be the origin of the increase in MCD inténsity. Plots of MCD intensity vs
1/T (Fig. 6a, inset) are linear at tﬂe four wavelengths shown. However, these plots
.éhow mafked deviaéions from behavior expected from a simple, tempé?ature dependent

Boltzmann distribution. This effect is most pronounced at 447 and 452 nm: the Boltzmann

Ae/Tesla (128°)
Ac/Tesla (273°)

at 447 nm but only 1.66 at 4.52 nm. This behavior suggests the contribution of Faraday

factor between 273° K and 128° K is 2.13, the intensity increase ( ) is 2.42
.

A and/or B terms to the spectra in the region around 450 nm. However, due to the

possibility of small band shifts and narrowing as the temperature is lowered (37), and

the resulting'uncertainties in extrapolation to infinite temperature, we have not carried

out this analysis in more detail.

‘Reduced cytochrome oxidase: carbon monoxide and cyanide complexes

The MCD spectfa.for reduced cytochrome oxidase and its inhibitor comple;es with
CO and CN aré‘showﬁ in Fig. 7. 1In the presence of CO the Soret MCD peak decréases in
intensity by about one-half and is red-shifted by 5.5 nm compafed to the untfeated
enzyme; the peak is at 452.5 nm with the crossover at 447 nm, a negative shoulder at

approximately 434 nm, a second zero-crossing at 428 nm and a small positive peak at

423 nm.
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The optical absorption spectrum of this derivative has a peak at 430 nm which is

classically assigned to the gg

' : ' 2+
(4). 1In addition, there is a shoulder at 442.5 nm which is assigned to cytochrome a .

+'CO complex on the basis of photochemical action spectra

On the basis of this absorption spectrum we assign that portion éf the MCD curve witb a
peak at 423 nm, crossover at 428 nm and shouider at 434 nm to the cytochrome g§+-CO com-
plex. This weak, derivative shape curve is qualitatively similar to the spectra of
low-spin ferrous complexes of_hemoglobin.(18) and myoglobin (19) but the.intensity is
-much smaller than that observe& for the protocheme proteins. The more intense, red-
shifted MCD curve with a peak at 452;5 is assigned to cytochrome §?+.' These assignments
‘are borne out by the cyanide and forméte derivatives reported below as well as by
reductive tit;ations to be reported in a subsequent paper.

| The MCD spectrum of the CN~ complex of reduced cytochrome oxidase (Fig. 7) resembles
the CO complex closely. The peak occurs at 452.5 nm and the zero-crossing occurs at
446 nm.. The absorption spectrum of the complex showed a peak at 443 nm with a slight
shoulder at 53;430 nm; this shoulder may corréépond to incomplete reduction of cyto-

. - : +
chrome oxidase prior to addition of the CN 1leading to the formation of the_a;3 *CN

3
complex. This would result in a greater intensity between 420-435 nm (vide infra) and
may account for the increased MCD around 440 nm compared to the CO complex.

Partially reduced cytochrome oxidase: ecyanide, formate, sulfide and azide compkxeﬁ

Complexes of partially reduced cytochrome oxidase with a number of inhibitors can
be prepared in the aerobic steady-state. Under these conditions, cytochrome a is
largely reduced while the cytochrome gabinhibitor complex is primarily oxidized (4,35).

The MCD and absorption spectra of two of these derivatives, cyanide and formate, are

' . shown in Fig. 8.

fhe derivatiQe curve with a peak at 452 nm (Ae/Tesla = 35) and crossover'atv447 nm
is .common to both épedtra and correspoﬁds'ﬁo low-spin cytochrome §?+, as observed in
the MCD spectra of fully reduced cytochrbmé oxidase in the presence of carbén monoxide
or cyanide: Howevér,,in the regién 400-640 nm the specgra of the two defivatives are

markedly d;fferent. The strong MCD intensity observed in this region with the CN-vcomplex
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is diagnostic of lowgspin, ferric heme a (ci. Fig 3, heme a + imidazole hemichrome).
EPR observations of'low;spiﬁ ferric resonances in the partiglly reduced cyaniae complex
are cbnsistént with thié MCD behavior (39). Therefore, as in the complex of fully
oxidizéd cytéchrome oxidase with cyanide, the binding of this inhibitor converts cyto-

to the low-spin state. In contrast, the MCD intensity observed in the
’ /

chrome §§+

400-430 nm region for the formate complex is weak even though there is intense Soret

3 compiex

(Fig. 8). This weak MCD is diagnostic of high spin ferric heme and, in agreement with

. ' o +
optical absorption (Amax = 415 nm) associatea with the formate-cytochrome 2?

the data of Fig. 4, indicates that the _e;g"'

reached a similar conclusion (28). Due to the weak MCD intensity for the high-spin

-formate complex is high spin. Nicholls has

cytochrome‘gg+-formate,compOund and also the 25 mm séparation in absorption maxima for
the two heme épecies, we conclude that the cerivative MCD curve (442 nm tréugh, 447 nm’
. crdssover; 451.5 nm peak) in Fig. 8 ié due solely to cytochrome §?+. This assignment
will be used subsequently in calculating MCD difference spectra.

We have also observed the MCD Specgra of cytochrome okidase in the presence of
sulfidé and azide with redqctants (TMPD and ascorbate) added subsequent to.the inhibi-
tor. The spectra exhibit the characteristics of ferrpus cytochrome a with peak at 452
- om (Ae/Tesla 40), a crossover at 447 mn aﬁ¢ a trough at 438 nm. , As observed by
Nicholls (38), we also see pértial reduction of the ga-inhibitor complex under these

conditions so that interpretation of the spectra at wavelengths less than 435 nm is

difficult.

"Ogygenated" cytocﬁromé oxidase

v.We have prepared the "oxygenated" derivative of'cytochrome oxidase‘by oxygenating
‘the dithionite reduced enzyme, Thé MCD spectruﬁ récorded 30 min aftef oxygenation is
shown in Fig. 9. This épeétfum is identical to that cf the resting enzyme, apart from
. some additional intensity at 452 nm which we attribute to ingomplete reoxidation of
' cytgchfome §?+. The absorpt;on spectrum.of the specles (Amax = 427.5 nm) gradually,
changed overnight to that of the oxidized enzize (Amai = 419 nm), but the MCD remained

the same.
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MCD spectra of the individual cytochromes of cytochrome oxidase and their derivatives

The spectra presented above indicate that the Soret MCD intensity for native cyto-
chrome oxldase and its liganded derivatives is highly dependent upon the oxidation and
spin-states for cytochromes a and 2s- Under certain conditions it is possible to obtain
MCD bands which are due almost exclusively to one of these two cytochromes. For example,
in the resting oxidase the derivative curve with crossover at 427 nm represents 50% of
the heme a in a low-spin state, and by cbmparison with EPR experiments, we have assigned

3+ .
a3 is postulated to:be high

spin and to exhibit very weak MCD'intEnsity.' Similarly, the partially-reduced formate

+
this to cytochrome 3? . Under these conditions cytochrome

defivativé exﬁibits a derivative shape curve with crossover at 447 nm which we have>
assigned to éytéchréme §?+; the weak MCD intensity in the region of the §g+~formate ab-
sorption maxizum (415 nm) confirmsvthe high-spin nature of the g§+-formate complex.

MCD spectra of the fully reduced carbon monoxide and cyanide derivatives of cytochrome
oxidase resemble that of the partially reduced protein in the presence of formate

whicb implies that the MCD intensity associatéd with béth cytochrome ggf-CN and cytochrome
§§+'CO is weak and éhat the dominant feature in these spectra is likewise the ﬁCD
contribution of cytochrome §?+;

These arguments allow us to obtain the MCD spectra qf cytochrome g!in both the
oxidized and reduced states essentially free from any MCD contribution froﬁ cytochréme
EB'i By preparing difference spectra in thch the MCD contribution from cytochrome a
is subtracted from the MCD spectra of cytochrome oxidase derivatives in which both
cytochromes are“MCD active? we should be able to determine the intensity and bandshape
due to cytochrome 2. The internal consistency of this method can be established by
applying ﬁhe technique to a number of cytochrome oxidase derivatives.

Figure 10 shows the MCD';peétrum attributed to cytochrome 3§+, calculated by
subtracting thé cytochromé §?+ contributioﬁ to the MCD spectrum of the fully reduced

protein. The calculated MCD spectrum for g?+ has been obtained by 3 different subtrac-

3

tion procedures: (1) fully reduced oxidase minus partially feducéd + formate (2) fully

reduced oxidase minus fully reduced + cyanide (3) fully reduced oxidase minus fully
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reduced + caroon monoxide. fig, 10a sheows the MCD soectra for reduced cytochrome oxidaée
and the formate complex of the partially reduced enzyme, the difference spectrum is
sﬁown in Fig._lOb; Figs. 10c and d show the difference spectra for the CO and CN deriv-
ativeo respectively (see also Fig. 7). In each case the shape of the resulting spectrum
shows very strong 51m11arity to the direct MCD spectrum of deoxyhemoglobin, deoxy-

ING FEXYI RONIZ pas 4 e S
'myoglobin. The most dramatic aspect of thls similarity is the anomalous sign of the
derivative type Spectrum‘(peak to longer wavelengths) observed for all three of these
proteins. Treu and Hopfield (18) and Livshitz et al. (21) have considered the origins
for this type of sign rerersal in detail and have attributed it to a large spinforbit
.coupling in.the cxcited state of deoxyhemoglobin. In addition to this sign reversal
‘the similcrities-eiteﬁd to the asymmetry in the peak and trough intensities for the
derivative curve. ?or the cytochrome §?+

3
nm is approximately 3.8 times greater than the trough around 430 nm; for the deoxy-

spectrum the intensity of the peak at 445.5

protoheme proteins the peak to trough ratios are ca 3.5. Finally all three proteins
show a negative trough 15-30 nm to higher energy from the derivative crossover.

The full—width at half-height for the peak of the cytochrome ag MCD spectrum is
/0.8

considerably less than that for the: deoxy—orotoheme protelns. 8.6 nm compared to 148
(I )u. /q!/'a/" f“‘r r\,\\Jr.«' g Y.z . (n l’ A 'S J.'..C-l-u’)

- nm for deoxyhemoglobin. This decrease in bandwidth explains the greater MCD intensity

at the peak observed for cytochrome §?+- By comparing integrated intensities (Obtained
’ ov _5€\Voﬁov-e vad-st

as the product of (full width at half height) and amplitude) for deoxyhemoglobin and /me

cytochrome §§+

chrome oxidase contributes to the difference spectrum.

we calculate that, on a per hene gqbasis, about 457 of the heme in cyto-

0f the three-derivativeo used in obtainiog the difference spectra of Fig. 10, that
of partially reduced enzyme pluo formate yields the spectrum of cytochrome 3?+ in its
ourest‘form (xigg_gggzg). Ihe effect of both CO and CN; on cytochrome oxidase aopears
to be analogous to the effect of CO on myoglobin and hemoglobin, viz the conversion of
high spin ferrocytochrome'gg+ to a low-spin ferrous state. |

We have proposed above that the €N complex of ferric cytochrome 2, is low spin.

Accordingly, we expect a fairly strong, derivative shape Soret MCD band for this derivative.
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Fig. 11 shows that this curve is indeed observed and can be determined by three different
procedures. Fig. 1lla shows the difference obtained by subtracting the MCD spectrum of
oxidized cytochrome oxidase from that observed for the CN complex of the oxidized pro-

tein. Cytochrome §?+ is low spin in both species; therefore, this difference represents

‘ ) +
igT-CN minus §§+. We have assigned weak MCD intensity to high spin cytochrome 33 so
| +
the difference spectrum primarily represents the MCD contribution of cytochrome gg *CN.

Fig. 11b is the difference spectrum for the CN~ complexes of partially and fully reduced
cytochrome oxidase. Cytochrome §?+ is common to both species and, since we have assigned

weak intensity to cytochrome §§+-CN, this spectrum again represents cytochrome gg+-CN.

Finally Fig. llc shows the difference spectrum for the partially reduced enzyme complexes
of CN and HCOOH. The weak MCD intensity of the high spin cytochrome §g+-formate com-

plex (cf. Fig. 8) allows the assignment of this spectrum to the g§+-CN complex.
.‘L\-:i,
. The similarity of the 3 spectra of Fig. 11 is striking. The MCD crossover at 427

nm is common to all three and, moreover, this wavelength corresponds to the maximum
absorptibn of the oxidized cytochrome oxidase:cyanide complex. The peak and trough
waveleﬁgth positioné also agree well and the observed derivative shape of the difference

~ spectra reinforces the assignment of the §?+-CN complex to ferric low-spin heme grv

3

There are differences in the MCD intensities at the extrema. These may reflect incom-
plete formation of the various inhibitor complexes or weak MCD contributions from the

high spin §g+ derivatives (Figs. lla or c¢) or the g?+-CN complex (Fig. 11b). Nonetheless

3

the intensity at the 435 nm trough (Ae,._/Tesla = 20-28) is approximately half the inten-

435

sity observed for the heme é_—'Imidazole'—fSDS model compound of Fig;'3 andvindicates,
in agreement with the original postulates of Keilin and Hartree (6), that about half
the heme a of cytochrome oXidése is reactive with CN . A further conclusion permitted

in both

by the difference spectra of Fig. 11 is that the MCD spectra of cytochrome a
: - ' 3+ . :
valence states are insensitive to the ligation state of cytochromelgg s $o¢ Gﬂvw‘*””"

Table I summarizes the redakiandﬁligation dependence for the MCD spectfa of a

\

number of cytochrome oxidase derivatives as well as the probable origin for the MCD

curves and the proposed spin state of the heme under consideration. 1In general,_ferfic
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“low spinzand;férroﬁs high spin derivatives are MCD inteqse while ferfic high spin species
exhibit weak !MCD. Ferrous low spin derivatives, in agreement with observations on cyto-
chrémes 25 and.g'énd_carbonmonoxy— and-oxymyoglobin (19,20,33,40,41) exhibit variable.
Soret MCD intensity which appears to be highly dependent on second-order effects. _ |
Discussi;n

The MCD spectra of cytochrome oxidase and its derivatives are most simply iﬁterpreted T
in.terms of the classical §cheme of Keilin and Hartree (6) with each heme a existing in ‘
a differenp chemical environment‘in-both redox states of the eﬁzymé.

Although the theoretical bases for the origin of MCD spectra is under active in--
vestigation currently the most promising application of the method depends upon compari-
sons and correlations drawn from spectra of compounds okanowﬁ chemical compositidn,

- valence and spin;state. By this means we héve established that about 50% pf the heme a

in the résting enzyme is low-spin with the balance brésumably in the high-spin state.

Recent EPR data has establishéd that the species with g-values of 3.03, 2.21 and 1.45,
typical of low-spin hemé, has aﬁ intensity equivalent to one low-spin heme/mole enzyme
(14,16). Beinert and coworkers (13,15,16,42) have assigned this low-spin resonance to
cytochrome 3?+ since it-appears to be the site for ferrocytochrome ¢ oxidation. Cor-
relating these data we conclude'that the MCD deriv#tive curve centered at 427 nm in the
resting enzyme arises solely from low-spin cytochrome §?+, the contributiQp from high

spin cytochrome §g+ beihg too small to be identified; Moreover, the 1ineérity of the

peak and trough MCD intensities as a function of 1/T (Figf 2) demonstrate the absence

of significant thermal.spin equilibria in the resting eﬁzyme. However, in this.speétrum

tpe crosgover occurs at 427 nm, significantly to the red of the 418 nm absorptibn maximum -
in the o?ticaI spectrum of the oxidized enz&me. This apparent discrepancy is readily
reéolﬁed when 6ne considérs.previous conclusions on the contributions of the two hemes to )
" the optical ébsorption. By assuming no interaction between the two hemés; Yonetani (43),
Horie and Morrison (44) and more recently Vanneste (45) have utilized difference optical
‘'spectroscopy to establish the spectra of cytochromes a and a,. Vanneste combined these

3

difference spectra with the photochemical action spectrum of the cytochrome oxidase*CO

+ +
complex to arrive at the absolute spectra of cytochrome_g3 and_ig ; these have maxima



- tions of cytochromes. a and a

00 50 46uU UMy

in the Soret at 427 nm and 414 nm respectively. The close correlation of the 427 nm

' v + :
absorption maximum for cytochrome é? with the 427 nm MCD crossover we observe for the

résting enzyme strongly supports our assignment of this derivative MCD curve to cyto-

chrome 3§+. Malmstrom (3) has previously pointed out that the Soret absorption band for

cytochrome oxidase is about two-fold broader thén'expected for a hemeprotein in which
there is no heterogeneity in the environment of the heme., Thiswunusual width can also

be attributed to the contributions from two species, cytbchromeli at 427 nm and 2, at 414

nm, the sum of the two spectra yielding the maximum for the enzyme at 418 nm. In agree-

ment with the 13 nm difference in peak positions for cytochromes 3?+ and E§+ calculated
via absorption data are the CD difference.spectra obtained by Tiesjema and van Gelder .
(46). These results suggest that the CD band(s) associated with cytochrome g?+ are

§g+. Finally, Vanneste's

shifted 8-12 nm to the red of the Soret CD bands for ;ytochrome
data (45) on the position of the Soret maxima, énd particularly the fractional contribu-

3 to the 600 nm absorption band (80% a cytochrome) are strongly 

supportive of our assignmgnts éf §§+ and'3?+ to high-spin and low-spin states respectively.
Further evidence for these geﬁeral conclusions aré the changes found after addition

of formate and cyanide to the okidized enzyme., With formate binding, there is no signifi-

cant change in the Soret MCD band shape or intensity; since this ligand stabilizes high-spin

cytochrome §g+‘the conclusion that'3?+ is already high-spin prior to formate addition is

3
easily reached. Inicontrast, upon CN binding the MCD intensity centered about 427 nm
doubles bﬁt the position of the crossover does not change, an oﬁserVation whichlis most
simply explainéd by assuming that cyanide binds to cytochrome 25 and induces a higﬁ-spin
to low-spin transition so that all of the heﬁe a is now 19w—spin and spectrally very similar
Cbnsistent with this interpretation is Vanneste's result that the calculated absorption
maximum of the cytochrome 33'CN compound occurs at 426 nm (45); the shift in the Soret
maximum absofption ;o 426 nm upon CN binding is also ;onsistent with a high-spin to low-
spin transition. Further support for this conclusion is provided by CD experiments (46,47) -
which show that the ellipticity in the Soret region is composed of a number of components

and that the addition of cyanide results in the near elimination of a CD component near

410 nm and a slight red-shift (2 nm) in the maximum of the CD spectrum. The CD spectra we
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have recorded SimultaneoUsly with the }MCD épectra throughout this work confirms this
result.
The conclusion that cytochrome_gg+ is high spin has led us to propose a specific

model for the active center of cytochrome oxidase (23), In this model cytochrome 3?+ and

the EPR detectable copper (Cuif) are magnetically isolated while cytochrome §g+

EPR undetectable copper (Cu§+) are'antiferromagnetically coupled to give an S = 4/2 ground

and the

state; it was suggested'that the antiferromagnetic coupling is mediated by an imidazole
which simuitaneously coordinates the copper and iron in a manner similar to the bridging
his;idine in superokide dismutase (48). ’With these assignmeﬁts for the metals it is
possible to accoﬁnﬁ for the published magnetic suéceptibility (49,50) of the enzyme and the
behavior of the'variéus,EPR species obsérved during a reductive titration of thé‘enzyme
(16). The model predicts a value of 32 for/uzff which decreaseg only slightly, to 24-29,
on full reduction. | ‘ |

Becausé of its even.spin the antiferromagnetically coupled pair will not exhibit EPR unde
conventional operating conditiops;.ad&ition of . cyanide converts §g+.to a low-spin species
but need not eliminate the antjferromagnetic coupling befweén the iron and copper. The
apparent discLepancy between the_typical ferric low-spin MCD spectfum observed for cyto—‘
chrome 3§+°CN and the lack of a corresponding iow—spin EPR signal in the CN treated oxidized
enzyme may reside in the extremely low temperatures required fof the EPR measurements, i.é.
at 0° C Fhe‘coupling between low spin 3§+ and Cu§+ may be sufficiently Qeak so that both
;he S = 0and S = 1 coupled states are occupied, thus allbwing detection of a paramagnetic
state (S = 1) by MCD. However, thé low temperature of fhe EPR measurement may result in
 extensive occupancy of only the S = O state., We are currently exploring this possibility by
MCD; Upon paftial'reduction‘of the cyanide treated enzyme both MCD and EPR measurements

detect the low Spin cytochrome §§+-CN complex presumably since the Cu_, has been reduced

B

under these conditions and 3§+°CN now.behaves as an isolated and typical S =_1/2 spin system.

Our temperature dependence data on the MCD of the oxidized enzyme was obtained over
‘ K :
the range (77°-273°) and overlaps the magnetic susceptibility results of Tsudzuki and
. : , N .
Okunuki (48) and the EPR data of Beinert and coworkers (lO°—77:) (13,16). All of the

. data are consistent with the absence of a thermal spin state equilibriuﬁ in the range pf'
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10-300°, and establishes that the magnitude of the proposed cytochrome gg+fCu2+

I exchange

interaction 1s considerably larger than 200 cm—l. This conclusion coupled with the recent |
data on the intensity 6f the low-spin EPR (14,16) argue strongly against a model in which
tﬁe two hemes of cytochrome oxidase and/ér oné of the coppers are coﬁpled to give rise to

a g = 3 signal (5,7); | |

‘The MCD spectrum of the reduced enzyme is nost simply interpreted as the sum of two

components; an intense hemoglobin-like spectrm from high~spin ferrous cytochrome 5§+

with a positive peak at 446 nm, and a weaker, low-spin ferrous cytochrome-like spectrum
for cytochrome_3?+ with a peak at 452 nm. By comparingAthe integrated intensities for

deoxyhemoglobin and the difference spectrum of cytochrome g§+,

that the high and low-spi: species are present in approximately equal amounts.. The cross-

2+

over point for cytochrome 25

tained by Vanneste (45) for the wavelength maximum of this speciés, while the comparable

(Fig. 10) we estimate
is at 440 nm to be compared with the value of 442.5 nm ob-

values for cytochrome §?+ are 447 and 444 nn respéctively.
' The temperature depéndence of the i?ectrum of the reduced enzyme reveals greater
paramagnetism at 447 than at 452-;; ;;%s;stent with the expected c?ntributions from a
Faraday C term for the high-spin cytochrome 3§+ (446 nm) and é Faraday A term from the
diamagnetic low-spin ferrous cytochrome §?+ (452 nm).. Analogous temperature dependence
studies on deoxymyoglobin show that the MCD intensitf'for tﬁis S =2 systém increases with 
the Boltzmann factor whereas ferrocytochrome ¢ (S =_0)-shows only slight temperature effects
9-21). | | o |
SeQeral,recent‘models for cytochrome oxidase:haV¢ invoked a strong heme-heme inter-
éction to explain certain redo# and ligand binding propgrties of the enzyme (4).. These.
- _'i;teractions are seen most clearly upon ligand binding in which changes of up fo-70% in

extinction coefficients for cytochromes a and a, are postulated to occur (8). The data

3
.

we have presented here argue against the existence of any heme-heme interactions which
modify spectral properties to any great extent. This is seen most clearly for the MCD

peak of cytochrome a2+ at 452 nm, The intensity of this peak is independent of the

redox or ligation state of cytochrome 2,5 under all experimental conditions we have

Vs
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, studied. For exémple, the partially and fully reduced cyanide derivatives of cytochrome
oxidésé (Figs._7 and 8) are similar both ;n peak positi&n (452 nm) and intensity. This
type of MCD spectrum is also seen in the reduced cytochrome oxidase-CO complex and we
see comparable begavior with the formate, azide and sulfidé complexes; thus the spectral
properties of reduced cytochrome a are unaffected by changes in the redox or spin state
of cytochroge 24-

The data of Fig. 11 also argue stfongly against extensive spectral heme-heme
interaction in cytochrome oxidase. The spectrun of the cytochrome ggf-CN- complgx was
obtained by three different subtraction teéhnique;. Two éf these methods involved .
cytochrome a in the ferrdus state (Figs. 11b anﬁ é) and,r;he third, cytochrome a was in
the ferric state (Fig. 1la). The close similarity of these three spectra establishes
tha; the redox ;tate of cytochrome a has little, if any, effect on the MCD spégtrum of

the cyanide coﬁplex of §§+, and;further weakens the credibility of "heme-heme" interaction

manifes;ed by extensive interdependence of spectral properties.

The inferpretation of CD spectra of oxidase and its deriQétives'is controversial.
" Myer (47) arguing from the lack of any exiton-type resonance interactjon in the obsefved
CD spectra could find ﬁo evidence for heme-heme interaction, Vhile Tiesjema and van Gélder
(46) using difference techniques modeled after Yonetani (43) find small differences in
both‘wavelength extrema and ellipticity for difference spectra obtained with various
ligands and conclude that heme-~heme interaction must exist. However, it should be noted
that CD is remarkably sensitive to variations in the symmetry of the heme enyironment,

~and that the origin of rotational strength may arise from coupling with transitions in

chfomophoric'groups distant from the heme moiety (51), even in different subunits (52);

MCD n the other hand reflects the electronic structure of the heme group itself and hence

is sensitive only to those perturbations which affect the iron or porphyrin orbitals directly.
In addition, some heterogeneity in ligand binding properties are invariably present with
purified preparations of cytochrome oxidase (53). The small differences in both CD and

MCD spectra of cytochrome oxidase are more sinply attributable to effects such as these,

rather than to the more profound alternative of heme-heme interaction. We do not mean
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to imply, however, that the redox properties of the four metal centers are necessarily

independent, and indeed it is entirely plausible that the electron affinity of each of

the sites depends on the chemical status of the other species present. Rather it is our

contention that the spectroscopic properties of the enzyme can be explained without

\

invoking a heme-heme interaction so large as to nodify the intrinsic optical parameters

\

of the individual components.

S s M :

o
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TABLE I
Species MCD - : MCD
' Intensity Origin

Proposed spin state

"Ferric Iron

§?+ R Strong C terms
3§+ o . Weak A & C terms
‘3§+fCN . Strong C terms
gg_*”; CHOO Weak A& Cterms
Ferrous Iron

é?+ Strong | A terms
§§+ Strong C terms

‘ g§+;CN Weak A terms
g??-CO Weak A terms

Low-spin
High-spin, Coupled
Low-spin

High-spin

Low-spin

High~spin

'Low—spin

Low-spin
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Footnote: In the nomenclature for MCD features developed by Stephens and coworkers
(54) teﬁperaturg dependent MCD bands correspond to Farada& C terms, whereas temperature
independent, derivative shape MCD curQes are denoted as Faraday A terms. Since
Faraday B terms are generally weak for heme proteiné, we will restrict our discussion

.of the MCD of cytochrome oxidase to Faraday A and C terms.

Abbreviations: CD, natural circular dichroism; EPR, electron paramagnetic resonance;

MCD, magnetic circular dichroism; SDS, sodium dodecyl sulfate; TMPD, N,N,N',N',—

tetramethylphenylenediamine.
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FIGURE CAPTIONS

MCD (upper) and absérpfion (lower) speétra for oxidized cytochrome oxidase.

The enzyme wés dissolved in 0.1 M potassium phosphate buffer, pH 7.4, con-
taining 0.5%2 Tween 80. The temperature was maintained near 0° C.

Tenperature depéndenée of the Soret ¥CD spectrum of oxidized éytbchrome oxi-
dase. Spectra were recorded at -8° C (—.— -), -73° ¢, —i25° C and -145° C
(——— ). The inset showsthe absolute value of the MCD intensity at the iﬁdi—
cated wavelengths plotted aé a function of 1/T. The glass fo;ming solvent con~
sisted of 75% glycerol, 0.5 MKC1l, 0.012 M potassium phosphate buffer and 0.5%

Tween 80. The pH was 7.4.

'Soret‘MCD spectra for oxidized cytochfome oxidase (- - -) and heme a - imida-

zole (—). The enzyme was dissolved in 0.1 M potassium phosphate buffer,
pH 7.4, containing 0.5%7 Tween 80; heme a was dissolved in 0.1 M potassium
phosphate»buffef containing‘S% imidazole and 0.001 M SDS, the pH was 7.4.

MCD spectra of oxidized cytoéhrome oxidase (- - ;) and the formate (- - -) and

cyanide (. ) complexes of the oxidized enzyme. The buffer system contained
0.1 M potassium phosphége buffer, pH 7.4, 0.5% Tween 80. Neutralized sodium
Férmate (60 mM) and’neufraiized potassium cyanidé (6 mM) were added to form the
respectiﬁe inhibitor cohplexes. |

MCD (upper) and absorption (lower) spectré for reduced cytochrome oxidase. The
buffer system consisted of 0.1 M potaséium phosphate, pH 7.4, containing 0.5%
Tween 80. Reduction was carried out by adding a few crystals of solid sodium
dithionite,

(a) Témperature dependence of.the Soret MCD spectrum of reduced cytochrome oxidase
Spectra obtained at 0° C, -115° C and -145° C are shown in the figdre; The
insét shows thF aEsolute value of MCD intensity at the indicated wavelengths
piotted as a function of 1/T. Thé glass forming solvent contained 757 glycerol,

0.5 M KC1, 0.012 M potassium phosphate and 0.1% potassium cholate; the prwas

7.4. (b) MCD difference spectrum for reduced cytochrome oxidase obtained by
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subtracting the MCD'spectrum_recorded at 0° C from that observed at -145° C,
The smoothing routine was used to enhance éignal to noise.
"Fig. 7. _MCD spectra of reduced cytochrome oxidase (- - =) and the CO (----- ) and CN~

(

) complexes of the reduced‘enzyme. The buffer system consisted of 0.1 M

potassium phosphate, pl 7.4, containing 0.5% potassium cholate. The enzyme

was reduced with a few crystals of dithionite; CO gas or neutralized potassium
. - . \l

cyanide (6 mM) were added to form the respective inhibitor complexes.

Fig. 8. MCD (upper) and absorption (lower) spectra of the partially reduced complexes

of cytochrome oxidase with: formate (- - -) and cyanide ( ). The buffer sys-
tem contained 0.1 M potassium phosphate, pH 7.4, and 0.5% T een 80. Partiai_
reduction was achie;ed by the addition of 0.1 mM TMPDvand 10 mM ascorbaté to
the oxidized enzyme preincubated with either 60 mM neutralized sodium formate
or 1 mMAneutralized potésé@um cyanide.

Fig. 9.. Soret MCD spectrum_of oxygenated cytochrome oxidase. The enzyme was dissolved
in 0.1 M potassiﬁm phosﬁhate, pH 7.4, containing 0.5%7 potassium cholaté.

s Reduction was achieved using a few crystals of dithionite; reoxidation by

bubbling air thru the enzyme solution. 'The smoothing routine was used to en-

hance signal to noise.

Fig. 10. (a) Soret ﬁCD speétra of reduced cytochrome oxidase ( ) and the formate
comple# of the partially reduced enzyme (- - -). Conditions as described in
Figs.v6band 8 respectively. (b) Difference MCD spectrum obtained by subtracting
the spectrum of the pértially reduced ehzymeeformate complex from tﬁat obserQed
for the reduced enzyme. (c) Differéncg MCD spectrﬁm obtaingd by subtraéting
the spectrum of the fuliy reduced oxidase°CO complex from thaf of the fully
re&uced enzyme. (d) MCD diffegence.spectfum anélog§us to (¢) u#ing the fully

'reduced enzyme-CN complex as the subtrahend.

Fig.;ll. MCD spéctrn of the cytochrome g§+-CN éomplex obtained as (a) the difference of
the MCD spectra of the oxidized enzyme~CN_ compiex and the oxidized enzyme (cf.

| 3+ 3+ ce34 3+ 3+ 3+

Fig. 4): a 23 -CN - a” a; = a, -CN - ay s (b) the difference of the MCD
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spectra of the partially and fully reduced_oxidasé'CN— complexes (cf. Figs., 8

and 7 respectively): g?+ g§+'0ﬁ— - 5?+ §§+»CN" = 3§+-CN- - 3§+-Cﬁ— and (c)
the difference of the MCD spectra of the partially reduced cytochrome oxidase
complexes with CN and HCOOH (cf. Fig. 8): a*' _a§+~CN“ - a%* £§+-HCOOH =
aytecy - a3"Hcoon.
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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 Energy Research and Development Administration, 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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