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ABSTRACT

A model is proposed for the active center of cytochrome oxidase in wﬁich cyto-
chrome a is a 1qw—spin ferrihemoprotein and cytochrome aj is é‘high—spin ferrihemo-
protein antiferromagnetically coupled to one of the two Cu2+ ions present in ;he.
enzyme. It is fﬁrther proposed that reduction is accompanied.bf a'conformational
change in thg enzyme thus exposing the sixth coordination sité.of cytochrome ay to
ligands. .

With this model it is possible to account for a variety of outstanding obser-

vations including the results of magnetic c¢ircular dichroisﬁ, Mossbauer and EPR

spectroscopies and magnetic susceptibility measurenents.



It is now well established that cytochrome oxidase contains équimolar amounts of
heme a2 and copper,.aﬁd it is most probable tﬁat the minimal functional unit contains two
moles of heme and two of copper. Because four equivalents of reductant are required to
fully redﬁce the oxidized enzyme1 it is believed that all four metal ions are in an
oxidized state, presumably Fe3+ for the here iron and Cu2+ for the copper componenfs.

With this composition the enzyme is able to accommodate all four electrons from the re-
ducing substrate before transferring them to oxygen in what is, effectively, a coordinated
reaction at room_températurez.

In recent years the techniqhe of EPR+ spectroscopy has been of utility in characteri- ‘
zing the enzyme; thé.first contribution of the nethod was the observation of an axially
symmetric resonance3.cldse to g = 2 with values similar to cupric fesonances observed with
Type 1 copper proteins and although the EPR assigned to Cu2+ in cytochrome oxidage exhibits
no hyperfine splitting at 811 the spectrum can be simulatedé by assﬁﬁiﬁg that the hyperfine
splitting constant is only about one—si#th of the normal value. Such a marked reduction
in the hyperfine interaction has yet to be explained. This resongnce disappears on addi-
tion of reductants and the rate of both this process and.the production of this copper
resonance by addition of oxygen to reduced protein is very rapid.

A second species identified by EPR is a low-spin heme resonance present in the
resting (oxidized) eﬁzymes. Additional heme resonances, bpth high-spin and low-spin, are
seen at intermediate states of reduction produced either statically or kinetically, and the
relative amounﬁs of these species are readily changed by the addition of hene ligands to
the reaction mixtures.

The?e is, however, a major dilemma in that the intensity of bogh'the Cu2+ and Fe3+v
resonances observed in the resting enzyme fail to account for more than one of each of the
two atoms of Cu2+ and Fe3+; the available quantitations account for about 0.8 moles of -
Cuz+ and 1.0 moles of Fe3+ per functional unit though there 1s evidence that the intensity'>
of the copper EPR is increased in certain reoxidation expgrimentsG.

,A.second puzzling property of resting cytochrome oxidase is its poor reactivity with

reagents classically recognized as effective ferric heme ligands. For example, while the
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reaction of the oxidase with sodium azide is rapid, the magnitude of the changes in the
visible spectrum is extremely small7 and maké it quite unlikely that the reaétibn of the
'azide is wiﬁh a heme iron. This process is in strong contrast to the ready reacfion of:
parfially reduced oxidase with azide whicﬁ results in the conversion of'a high-spin

EPR signal to 1ow—spiﬁ demonstrating that reaction is indeed with a heme iron under
these conditions. Cyanidesand sulfidé)behave similarly and it seemé credible that the
heme sites in the resging'oxidase are blocked, but, upon reduction, a structural éhénge
occurs which exposes the iiganding site to exogenous reagents. Alternatively, with-very
long incubation timés; reaction of exogenous. ligands with the smail,.steady—state concen-
“tration of éonformationally relaxed molecules might occur.

It is the purpose of this communication to utilize recent inf0rmatioq from MCD+
spectroscopy to provide a model fofvcytochrome oxidasé which accounts for much of the
currently available information on the chemical and pﬁysical properties of this enzyme.

The Soret region MCD spectrum of ferricytochrome bxidase exhibits a derivative-shaped
curve with a zerq—crdssing near 428 nm (Fig. 1), and the temperature dépendence of the
spectrum establishes that it is composed predominantly of Faraday E_termslo. It has been
shown for other hemeprotein systems that the amplitude of this MCD band is a function of
the amount of low-spin hehichrome presentll, and»by comparison-of.our data on cytochrome
oxidase with that obtained on médel heme a compbundé we estima;e‘ﬁhat approximately 50%
of the heme a in the'oxidasé is in the low-spin statelo; We interpret this observation
tovmean tha; ferricytochrome oxidasé contains one iow—spin (S = 1/2) heme a and one high-spin
(S = 5/2) heme a.

On reduction, the MCD in the Soret rcgion cganges sign and bécomes more intense
(Fig.-l); it also exhibits a temperature deﬁendence indicating that it arises from a

" paramagnetic centerlo. The shape of the MCD spectrum is very similar to that observed
for high spin deoxymyoglobiﬁll and deoxyhemoglobinlz, but the intensity on a total hene é
basis is approximately half that féﬁnd for these proteins. Low spin fertous hene cenpe;s

exhibit variable MCD intensity in the Soret regioh, but their diamagnetic contributions to
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the spectra can be resolved from low temperature experiments, We interpret these re-
- . 7

sults tobmeén that ferrocytochrome oxidase possesses one iow—spin_(s = 0) hemé a and one
high~-spin (S = 2) heme a. |

The simplest interprétation of this data is that both oxidized énd reduced cytochrome
oxidase conﬁains one high-spin and one io&—spin heme and that these hemes are chemically
the same ;n both valence states; that is fovsa;, the heme that is high-spin in the
oxidized oxidase is also high-spin. in the reduced enzyme,

Butiif one of the hemes is in the high-spin state when the eniyme is oxidized, it
should be observable by EPR for ferriheﬁopro;eins have characteristic and easily detectable
EPR spectrala; these have not been detected despite substantial efforts.

A sensible‘resoiution‘of this difficulty resides in a suggestion by Van Gelder and
Beinerts, explored tﬁeoretically by J. S. Griffithls, that both the invisible heme and in-
visiblé copper are present as a spin-coupled coﬁplex of even spin (S = 2 or 3) which would
be difficult or impossible.éo observe by EPR. Griffith did not chooge, however, between
the altérpé;ive ferromagnetic (S = 3) of éntiferr§magnetic (s =.2), interactions. In
Figure 2 we outline a schematic representation for cytochrome oxidase which incorporates
this idea and allows us to semiquantitatively explain much of the’currentlyravailaﬁle data.

We propose that the basic unit comprises one low~spin ferriheﬁoprotein, one mag-
netically isolated Cu2+ and an antiferrormagnetically spin-coupled dimer comprising a
cupric ion and a high-spin ferrihemoprotein.

We equate the low-spin ferrihemoprotein with éytochrome g_as'is commén practice and
asgign_it.the Aost positive value for a reduction potentialls. The nature of the axial
ligands X and Y coordinating the iron are not determined but are of'sufficient ligand field
strength tg favor the low~spin state. The EPR detectable Cui+ must have an unusual coordina-
tion geométry for not only are its g-values ‘closer to iwo than for any other copﬁer protein
but its hyperfine splitting constant is so small that the hyperfine pattern is totally
unresolved, Cui+ is assigned a pétential more negative than cytochrome al6. Vle do not

assign specific ligands here either, but in view of the propensity of sulfur ligation

to attenuate the hyperfine interaction17-one might speculate that two or more sulfur atoms are



in the coordination sphere of this metal ion; alternatively, a single sulfur atom plus
a non-planar coordination geometry might behresponsible for the uhigue EPRlS.v

‘The proposed structure of the antiferromagnetic complex between Cu§+ and the high~
spin heme component (hereéftér called cytochrore a3) ridesron severa} pieces of evidence.
Blokzijl-Homan and Van Gelder19 have denonstfatéd thatvﬁo binds to one of the two hemes
of gxtochrome oxidase'whichbis presumably aj on the basis of the compgtition between NO
and COZO. This NO complex exhibits a 9 line hyperfine pattein at g, similar to man;
pther hemoproteinsla’zl.and its presence is conventionally taken és evidénce for the
presence of nitrogen a; the ligating function trans to the nitric oxide, though the identity
of the specific reéidue is not estabiished by this observation.vaowevér, the proposed
antiferromagnetic coupling with the adjacent Cu§+ requires a bridging function between
'the tvo metal ions and.this role isvadmirably filled by histidine as illustrated iﬁ
Figure 2, Thié bridging ability for histidine has recently been demonstfated in the x-ray
structure of the énzymé superoxide dismutase where a histidine residue simultaneously
coordinates both the cupric and zinc ions via its two nitrogen atémszz. Furthermore, Fee
and Brigg523vhave Shown that metal suBstituted derivatives of subetdxide dismutase of
composition (Cu2+)4 and (Cu2+)2 (C02+)2 compared to (Cu2+)2 (Zn2+)2 in éhe native protein) are
magnetiéally abnormal with magnetic susceptibility24 and EPR23.pfopértie§ diagnostic of
antiferromagnetic interactions. One thus infers that histidine can function as a bridée
between coﬁper and iinc, cobalt and a second copper atom, The sﬁggestion of a histidine
bridge between copper and irontwould thus.seem'plaﬁsible. | |

When Cugf is oxidizgd the sixth éoordination site of cytochroﬁe ag is left vacant,
thus ensufing the high-spin state as established by our MCD data, but in order to achieve
fhe known inertnesé of ferricytochrome ag with typical heme 1igénd$ we propose a part ‘
of the polypeptide chains Elocks access to the vacant coordination sité. (The ﬁresente
of a weék;field sixth ligand cannot be ruied ﬁut but this has no imﬁediate bearing on |
our scheme,) Cu2+ is assigned-a reduction potential compgrable t§ cytochrome a, cytochrome

B
. . .y . A2+ 16
ay is assigned a more negative potential, closer to CuA .
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A crucial piece of experimental data for testing the proposed structure(s) is the map-
netic susceptibility of the enzyme; unfortunately there are only a limited number of

measurenents in the 1itetature25'25.27

. The eariiest of these was complicated by the
presence in the sample of a substantial amount of extraneous puprié 10n2 . The more
recent measurement, reproduced in Figure 3, shows-the susceptibility to be linear from
77° K to 250° k2¢ indicating that the postulated coupling betweeﬁ Cu§+ and cytochrome ag,
must be quite strong, J $; -200 cm-l. Also shown in Figure 3 are the susceptibilities pre=
dicted for the model described here (Figure 3C) together with a nuﬁber of alternative
possibilities. Of. these possibilities B and C fit the observed data most closely. Possi-
bility B, however, assumes the existence of a magnefically normal'high—spin heme which
seems highly 1mprobablé in view of the repeated failures to observe any high-spin hemé EPR
in the resting enzyme. Thus alternative C, the érediction of the model of Fig. 2, would
seem to be the most ﬁlausible, accounting for more than 80% of the obsérved‘§u§ceptibility,

the ungertaiﬁty depending on the magnitude of the contribution of orbital angular momentum

to the S = 2 antiferromagnetically coupled dimer,

As the enzyme becomes reduced and the coupling between the Cu§+ and ;ytochrome ay
becomes broken the contribution to the magnetic susceptibility from the copper—iron pair
increases at tﬁe same ;ime as the contribution from cytochrome a decreases: the former
effect should dominate so that a small increase in paramagnetic suscéptibility is expected
during the early part of a reductive titration, -As the titration proceeds, hbwever, the
reduction of Cu]23+ to the diamagnetic cuprous form and cytochrome:és to the high-spin
ferrous form should lead to a lowering of the total susceptibility beiow the original value;
this effect is exeqp}ified in Fig. 4 (right). The susceptibility of the reduced oxidase
will then bé that of the § = 2 high-spin ferrous cytochrome; typically high-spin Fez+
hemes have susceptibilities some 207 larger than ﬁhe spin-énly values, Thus on reducfion
v the suséeptibility should only decrease élightly, between 10-30% depending on whether or

not the § = 2 dimer in the ferric oxidase has spin-only or spin—plqs—orﬁital‘magnetism.

When 2 electrons are added to cytochrome oxidase the species reduced at equilibrium
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2+

B * Thi‘S ;rlill result in (1) a loss of the EPR resonance at

will be'cytochromé a and Cu
g = 3.05 charaéteristic of'cytochromeva as it is reduced to the low-spin ferrocytochrome
a and (2) the con?ersion of Cu§+ to the diamagnetic cuprous forﬁ. We propose that this
occurs with a conformational change in the protein such that access to the sixth site
of cytochrome oxidase is no longer blocked and heme ligandé are now free to react with

the ferric ion of cytochrome as. This change could be triggered by reduction of either

cytochrome a or Cu2+ and with the presently available data it is not possible to resolve

B
this point. For illustrative purposes only we depict the conformational change as a
consequence of a change in the coordinétion géometry at Cu§+ (Fig. 2): however, we
s;ress.that we do ﬁot favor this possibility over the alternative and, indeed, there
are some data that are best explained by invoking heme a as thebfocus of the conforma-
tional change. The second consequence of reduction of the copper is that it is no longer
paramagnetic, thus destroying the antiferromagnetic coupling betwéen CuB and cytochrome
T ag; coPséqu%ntly the EPR of a high spin hgﬁe should appear. It isiiﬁdeed observed experi-
mentally that a high-spin Fe3+-EPR signal appears in pértially :educed enzyme and addition
of heme-ligands, e.g. azide, to such a partially reduced enzyme leads to a rapid disap-
pearénce of the high-spin EPR with a concomitant appearance of a low-spin EPR signals.
Further addition of electrons should then lead to a disappearance of both Cu:+ and

is reduced to Cﬁl+ and the High—spin ferri-

the high spin heme EPRvsignals as Cu2+ A

A
cytoﬁhrome ag is converted to a high spin ferrocytochrome az, as implied by our MCD
results.

- On reoxidation these events should be reversed: the hiéh-spin EPR .signal of cyto-.
chrome ay will appear as ﬁhe iron atom is oxidizeé; this signal subsequently disappears
as Cq§+. is reoxidized and re-establishes the antiferromagnetic interaction between the

3+

two centres Cu2 ) and_Fea . This latter step is accompanied by a reversal of the confor-

B
matiqnal_chaﬁge (Fig. 2) thus rendering the high spin iron atom once more inaccessible
to added reagents._"v
Using the‘profbghl of Fig. 2., we have simulated the recent EPR data of Hartzell and

28 : ’
Beinert™~ (Fig. 4). In Figure 4 (1eft)»we fit the data for the four component titration



of Cui+,

are reproduced including the biphasic behavior of the high-spin heme; the appearance of

Cu§+, cytochrome a and cytochrome ag. All of the features of the titration data

the high~spin EPR in the early part of the titration is a consequence of the elimination

of the antiferromagnetic coupling with ay in the earl& stages of the titratiov as Cui+

is feduced to the diagmagnetic cuprous state followed by the subsequent reduction of ay

during the later stages of the titration., The marked lag in the disappearanc; of the

Cui+ EPR signal is also reproduced, This_caléhlation yields dnly the relative potentials

of the four species. To obtain the absolute potentials a 5—comp0qent fit was made to. the

data of Hartzell and ﬁeinert28 frém an experiment in which cytochrome ¢ was also present.

The vglues obtained‘are approxiﬁately 350, 340, 305 and 200 m volt§ for Cu§+,_cytochrome a,
' ' W2t

Cu§+ and cytochrome ag respectively, With the exception of C N which is reported to have

a potentiai close to 230 m voltsl6, these values are in semiquantitative agreement with
values obtained potentiométrically; the discrepancy seen in the pofential for Cui+ is sub—
v stantial, but inspection of Hartzell and Beinert's data show clearly that this species‘must
be more oxidizing than cytochrome ¢ under the conditions of the‘experiments. It seems
plausible that withvthe high concentrations of oxidase and cytochrome c employed the.two
préteins are éresent as a complex which has reduction potentials somewhat modified from
those observed with tﬁe.free oxidase, |

Using the relative values of the equilibrium constants obtained frqm simulating the
EPR data one gan also calculate the magne;ic susceptibility.of cytochrome oxidase through-
out a reductive titration (Fig. 4 right). As described above the susceptibility increases
initially by a small amount being maximal at ;pproximal 50% reduction thereafter decreasing

to a final high value typical of high-spin Fe2+. A small increase in susceptibility on

partial reduction has been reported previously27.

The scheme of Figure 2 provides a rational interpretation of the observation that
addition of CO to a partially reduced sample of the oxidase reduces the high-spin EPR
" signal of a3 and increases the low-spin EPR signal of cytochrome'a16. This process can

be reversed at low temperatures by photolysing away the CO. To understand this observa-
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tion we‘need only note that CQ binds very ayidly to reduced cytochrome a, and onl? poorly,
1f at all, to oxidized cytochrome.a3. It 1; then straight-forward to show that the re-
duction potential of the cytochrome 53-00 complex will be much more positive than that of
cytochfome a16. Thus addition of CO to partially-reducéd oxidase makes cytochrome ay
'the best oxidaﬁt with the result that it becomes reduced at the expense of the other
electron dopors present in the enzyme. Consequently the EPR of high-spin ferricytochrome

ag diminishes as its metal ion becomes reduced while the EPR of low-spin ferricytochrome

a intensifies as its metal becomes oxidized. Photolysing off the carbon monoxide res-

tores the original potential of cytochrome ag and the electron distribution is then able

to relax to its initial state, restoring the original intensity of the EPR signals. As

these electron transfer processes are intramolecular they could proceed efficiently even

at cryogenic temperatures.

In the presence of ATP, the potential of the a, ° co compouﬁd varies with the concen-

tration of CO, as'expected, but the Nernst plot exhibits a n = 2, implying that the

electron transfer process utilizes two electrons. One can easily show that the ordered

addition éf two electrons to the Cu§+ . a, pair leads to Nernst plots with a slope of 1

when Eo” for ag is less than Eo’for-Cug+ (no CO), a slope of 2 when Eo for a, is greater

»

than Eo for Cu§+ (saturating CO) and an intermediate slope when Eo for a; = Eo” for

u2+
E

then the dissociation constant of CO for a%*_is about 2400 times that for a§+, viz 1

c ([CO) below saturation.) By assuming a value of 410 mV for.Eo'(as) under 1 atm CO-

compared with 0.4 uM. However, because of the proposed conformational change there is
A probably a kinetic barrier to the formation of agf * CO and its existence may be diffi-
cult to demonstrate except at high concentrations of ligand and with long incubation times.

Addition of potassium ferricyanide to the reduced oxidase ° CO complex should lead to a

rapid reoxidation. However,
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as soon as cytochrome a/Cu§+ ’becomes reoxidized the oxidized cénformétion is restored:

the inability of ferricyanide to completely oxidisé the CO complex30 can now be intérpreted
as a consequence éf steric hindrance resulting from the restoration of the original con—
formation.

The proposals of Fig. 2 alsé provide a rational explanation of the anomalous Moss-
bauer results of Lang, 55_35.31, who observec features in the Mossbauer speétrum of oxidized
protein at i95° K consistent with the presence of a high-spin hemg. However,vthesé latter
features persist at ;ower temperatures whereas previous experience would require that they
- change over to a characteristic six-line pattern extending over a large spectrél range
(ca 10 mm 5‘1) equivalent to an internal pagnetic hyperfine field of about 3'105'gauss.
This ;ransition’reflecﬁé the large inérease in T1e - the electron Spin relaXaFion time -
for mononuclear high—épin ferric ion as the femberature is lowered. A spin coupled di&ér
with S = 2 is expected t§ have much more rapid electron spiﬁ relaxation and thus eQen at
4,2° K the.averagg”hyperfine field produced by the Fe electrons at’ the iron nucleus will
be ;éro and the wide magnetié hyperfine patternbexpectéd for a slowly relaxinglspecies
will be replaged by the collapéed spectrum obser?ed in the fast relaxatibn;reéime. The
anomélous observations of Lang, et al. seen to be a natural result of the antiferromagnetiq
coqpling'between iron and copper. ‘

Hartzell, §£~g£.32 have identified a weak absorption band atb655 nm Athevintensity
of wﬁiéh‘decreases during a reductive titration as the high-spin EfR signals appéar.
Accordingly if would seem that this baﬁd is either intrinsic to Cu2+ or érises from heme
az as a consequence of the antiferromagnetic interaction., The first aiternative'would
require thatvCﬁ2+’fall in the Tybe 1 cless, which is characterizéd by relatively intense
absorption in the near ir: the suppression of an observable EPR from éhis species (Cu§+)
by the antiferromagnetic coupling precludes any confirmation of this possibility. The
second alternative can be invoked in sevefal vays., One reqﬁires that the transition be
B an exchange-enhanced spin forbidden band of highfspin>Fe3+, for ekample,'the 6A-+ AT (d-ad)

transition: the observed extinction coefficient seems too large to make this -alternative
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very persuasive, A second possibility is that the 655 nm band is a porphyrin (7 ) =+ metal
(d) charge transfer and that the decrease in intensity at 655 nm is due to the shifting
of the band to shorter wavelengths, rather than a bleaching diagnostic of reduction: thus,

reduction of Cu2+ to the cuprous form releases charge to the briding histidine which then

B
becomes a stronger ligand to the iron consequently increasing the energy of this transi-
tion33. | | |

When reduced cytochr6me oxldase is oxyga2nated under a variety of conditions, the
product.- the sofgalled oxygenated forﬁ - has a Soret maximum at 428 nm34 and ref: the?ein.
‘This species then slowly changes to one wiﬁh a Soret maximum at 53.418 nm, typical of the
resting oxidized enzyme. Tiejsma, g£_§£.34 have shown that the oxygenated oxidase only
requires 4 reducing equivalents for fﬁli reduction: it thus seems improbable tbat additional
oxidizing équivalents are trapped in the oxygenated form. One can envision that under cer-
tain conditioné one of the reduced products of 02 is unable to dis#ociate from the'a3 before
the oxidized confotmétioﬁ is rg—estaﬁlished. As the MCD of the oxygenated oxidasé10 is very
similar to that of the oxidized enzyme shown in Fig. 1 no additional low-spin speciés is
created and it seems probable that H20 is the trapped ligand: this oxidized form of the
enzyﬁe then exhibits a Soret maximum at 428 nm reflecting the presence of the HZO at the
iron atom, This form 6f the protein is metzstable, however, and,bwitﬂ time, the H20 dis—
soclates restoring the true oxidized form of the enzyme. Support for this notion comes

35'that an Fe-azide infra-red stretch can only be demonstrated after

from the observatiop
oxidase has been reoxidized in the presence-éf sodium axide, prolénged incubation of the
ferric oxidase with azide being unéple to produce any metal—ligand infra—red bands.

The proposed antiferromagnetic éoupiiné between cytochrome ag and Cu2+ provides an
attractive explanation for a number of salient observations on the pfopercies of cytochrome
oxidase. This enzyme is, however, much more comple# than might be inferred from the
preceeding discussidn.v Thus it is attractive to speculate tha; ;he twin dévices of es-
;ablishing c&tochrome_a3 as tﬁe least-oxidiziqg component and the conformational change

subsequent to reduction exist to ensure that reduced oxidase will normally not react with

oxygen until the enzyme is fully reduced, thus avoiding pathological side reactions.
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The proposal of structures such as those embodied in Fig. 2 are a necessary first
step for any quantitative characterization of this enzyme and, as a very minimunm,
" suggest a variety of feasible experiments which can be used to probe the validity of

such structures and, in so doing, provide additional valuable insight into the properties

of this enzyme.
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LEGENDS TO FIGURES

'Magnetic circular dichroism spectra of oxidized and reduced beef heart

cytochroﬁe oxidase. The enzyme was prepared by the method of Hartzell

‘and Beinertzs, but similar results were obtained with enzyme prepared by

three other published procedures and on a sanple of yeast cytochrome oxi-

oih

10 ' : '
dase., The data are expressed on a per heme basis; spectra were recorded

"at 4° C as previously described13.

Schematic representation of the composition of the active center of cytochrome

" oxidase. as proposed in this paper. The changes that occur on the one electron

réduétion of the antiferiomagnetically coupled Cu§+_are also depicted. For
simplicitj the valence(s) of cytochrome a and Cu§+ (EPR detectable) are
omitted. The change in availability of the sixth coordination site of

cytochrome ag is shown as a shift in the heme with respectvto the polypep-

‘tide‘chain.

Comparison of the available magnetic susceptibility data of Tsudzuki and
OkunukiZG with several alternative structural models, The experimental data
delimitsAthe cross-hatched zone, the upper margin being results obtained with

resting enzyme and the lower margin the data recorded on native enzyme in the

- -presence of excess sodium fluoride. The structural models considered are

(a) single isolated low-spin heme plus isolated Cu2+ plus ferromagnetically
2+

coupled high-spin Feot and cu

hemes plus two isolated Cu2+, (c) ragnetically isolated low-spin heme plus

: 24 ! . 3+ 2+
isolated Cu” plus antiferromagnetically coupled high-spin Fe™ and Cu” ,

» (b) magnetically isolated high- and low-spin

(d) two isolated low-spin hemes plus two isolated Cu2+, (e) single isolated

low-spin heme plus an antiferromagnetically-coﬁpled trimeé of a low-spin

heme and two Cu2+.

In calculating the slopes the values assumed for usz were: Cu2+, 3;

low-spin ferric heme, 5; high-spin ferric heme, 35; and S = 2 antiferro-



Fig. 4:
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magnetically dimer, 24-29 (the lower values assume no orbital contribution,

the upper value accommodates the orbital magnetism found in bona-fide high-

" spin ferrous (S = 2) heme proteins. It is unlikely that the orbital mag-

netism in coupled systems will be much larger than the épin—only value:

the stippled zone represents the range of magnetic susceptibilities possible

for alternative C with this range of values for usz (s =2)). The arrow
on A indicates the result of a contribution from orbital magnetism in .the
ferromagnetic case.

Simulatiop of the EPR reductive titration (left) and predicted varilation

“4n magnetic susceptibility (right) during a reductive titration illustrating

the small increase in paramagnetism on partial reduction followed by a
slightly larger decrease. The calculations followed the procedures of ref.
34. The several lines are the predictions of the model of Fig, 2 assuming

relative equilibrium constants of 1, 1.8, .1, and .6 for the reduction of

Cytochrome'a3+, Cu§+, cytochrone ag+ and Cu§+, and that the maximum changes

are 0.5, 0.35 and 0.25 moles/hene a for cytochrome a, Cu§+ and total high

‘spin~heme respectively. The symbols represent the data of Hartzell and

Beinert?‘8
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