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Cytochromec oxidase contains a redox-inactive metal center of unknown function. It has been shown that
for Paracoccus denitrificansdepending on growth conditions, Kions can occupy the Mg site in the
functional protein. Differences between the 9.5 GHz X-band electron paramagnetic resonance (EPR) spectra
of such Mt preparations in oxidized and reduced state have previously been interpreted as being due to
conformational changes. However, only minor differences have been found in analogous 34 GHz Q-band
EPR experiments on Mn containing cytochromes oxidase fromRhodobacter sphaeroideThe new
temperature-dependent X-, Q- and 95 GHz W-band EPR data Raracoccuspreparations shown here
provide a consistent explanation of these contrasting former interpretations. The EPR spectra of oxidized
samples reveal contributions of a dipolar interaction between th# Bjpin and the paramagnetic dinuclear

Cu, center. In reduced samples, thexQenter is diamagnetic, and thus, a pure?Msignal is found. The
zerofield parameter® and E are 145+ 10 (1204 5) G and 28+ 5 (22 £ 3) G in the fully oxidized
(reduced) protein. From the evaluated dipolar coupling constant 0f33.6, an averaged distance between
Mn2* and the Cw center of 9.4+ 0.2 A was calculated, providing an independent confirmation of the distance
calculated from the 2.7 A X-ray structure.

1 Introduction bovine heart have been analyzed by X-ray diffraction to 2.7
. ) ) and 2.3 A resolutions, respectively?

_Cytochromec oxidase is the terminal enzyme of most ko redox active metal centers are foundParacoccusand
b|<_)log|cal r(_asplratory chains Iocqted in the inner membr_ane of pyovine heart cytochrome oxidase: Subunit | contains a low-
mltophondrla and the cytopla;mlc mgmbrane of bac'éénn. spin heme molecule (a) and a second high-spin henge (a
mediates two closely coupled biochemical processes: _(|) eleC”O“neighboring amononuclear Cu center (LW second, binuclear
transfer from cytochrome to molecular oxygen with the ¢y center (Cp) is located in subunit Il. The geometry of the
formation of water and (ii) proton translocation across the metal centers in cytochrome oxidase and their immediate
membrane. The latter results in the storage of energy on asyrroundings according to the 2.7 A X-ray strucfliseshown
molecular scale by building up a transmembrane electrochemicalin Figure 1. The electron-transfer proceeds as follows: Cyto-
gradient, which is then used in the synthesis of adenosine chromec — Cu, — a— center (g, Cug). An extended family
triphosphate (ATP). Taken together, these results allow cyto- of related enzymes exists in which different heme types replace
chrome c oxidase to be regarded as a redox-linked proton hoth the low-spin and high-spin hemes. Nevertheless, this family
pump34 of heme-copper terminal oxidases shows structural and func-

The mitochondrial protein complex has a molecular weight tional homology in its Qreduction site and chemistfyit must
of about 200 kDa. It consists of 3 large subunits and up to 10 be noted that cytochrome oxidase preparations frofara-
additional small subunits. The bacterial enzymes typically coccuscontaining solely the two large subunits | and Il are fully
contain 2-4 different subunits being of considerable sequence competent in electron transfer and energy transduction infitro.
homology with the respective three largest mitochondrial  Despite the large body of experimental data collected for
subunits. Recently, the crystal structures of cytochromddase cytochromec oxidase (e.g., refs 26) some fundamental
prepared from the soil bacteriuf. denitrificansand from questions still remain. One of them is the function of an

additional and redox-inactive metal binding site located between

*To whom correspondence should be addressed. E-mail: prisner@ SUbuUnits 1 and IP:° For a series of bacterial cytochronee
chemie.uni-frankfurt.de. Fax: 49 69 798 29 404. oxidase preparations, it was shown that this site could bind Mn
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Goethe-UniversitaFrankfurt. conditions, without affecting the enzymatic activity of the
§ Institute of Biochemistry, Johann Wolfgang Goethe-Univérgitank- cytochromec oxidase compleX:12This finding opened the way

furt. for a selective investigation of that metal site by monitoring

'"Throughout this paper, the amino acid residues will be labeled in . . .
analogy to the 2.7 A X-ray data from denitrificans(see ref 8), documented  the characteristic EPR signature of MnAlready in 1981, EPR

in file larl.pdb of the Brookhaven Protein Database. experiments revealed slight differences in the?MEPR spectra
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datal®11.13|n addition, our data provide detailed information
about the local geometry of the Mn/Mg binding site in
. cytochromec oxidase without the need for X-ray experiments.
Thus, the EPR data can be taken as an independent confirmation
of important features of the cytochrome oxidase X-ray

Asp B193
Glu B218 structure.

Me P 2 Materials and Methods
) 2.1 Preparation. P. denitrificansstrain ATCC 13 543 was

.. His A403
Asp A404 \ . . .
sp i \)h grown on methylamine as carbon source in a standard medium
o

containing 50uM manganese chlorid€. The four-subunit
cytochromec oxidase was isolated from the membrane fraction
after solubilization, using n-dodecgtp-maltoside, as described
earlier!® In the following, the cytochrome oxidase samples
resulting from this preparation without any subsequent chemical
treatment are referred to as beiogidizedbecause their Gu
center is in its oxdized state. The addition of 25 mM of dithionite
resulted in reduced samples containiegucedCua. The EPR
spectra presented below were taken on samples with a protein
concentration of about 200M.

2.2 EPR-SpectroscopyX-Band (9.5 GHz) EPR spectra were
taken using a standard Bruker ESP300 setup equipped with an
helium flow Oxford ESR A 900 cryostat and a rectangulaighE
microwave cavity Bruker ER 4102 ST. The Q-band (34 GHz)
experiments were performed using a Bruker ER 200 D console

Figure 1. Geometry of the redox-active cofactors participating in the an_d a Thyo cavity Bruker ER 5106 QT .WlthOUt an ENDOR
electron-transfer process mediated by cytochremeidase. The atom  COIil. The temperature was controlled using an Oxford CF 935
labeled with “Me” indicates the position of the additional metal center helium flow cryostat. The microwave frequency was determined
of unknown function. Coordinates taken from the 2.7 A X-ray structure with an HP 5352 counter, and the magnetic field was determined
determined for thd>aracoccus denitrificangrotein (see ref 8). Only by a Bruker gaussmeter. The W-band (94 GHz) data were mea-
part of the immediate surroundings of the respective cofactors is shown. g, e using a Bruker EleXsys E680 W-band spectrometer,
equipped with a helium flow Oxford CF 935 cryostat, a cylin-
drical Bruker Teraflex Tlocavity, and a 6T Magnex supercon-
ducting magnet. The microwave frequency was measured with

e ) ) the internal Bruker counter. Both oxidized and reduced cyto-
complex close to the Mn/Mg binding site, accompanying the . . . .
chromec oxidase samples were investigated at all three micro-

o n "
e e o Y fEGUENCiS & temperature range fom 10 f 140 .
9 : P P 2.3 Simulation of EPR Spectra.The EPR spectra were

Ogngigilh rzrnneige(gédaasse h‘;:r%?é:g) dntso IL%”::OV:!&SE? tt?::td simulated in the framework of a third-order perturbation theory
9 y eng -SP treatment of the spin Hamiltonian describing the WS =

the Mn/Mg site might act as a link between subunits | and I, 5/, | = 55) centert’
thus having at least some structural functié®® However, in 2 2 )
contradiction to the earlier wotk!! no clear change in the N & 2 - &
X-band cw-EPR spectra between samples with @ither in H = 0oteBoS, — GutBolz + @IS+ SDzesS (1)
oxidized or in reduced state was found.

The X-ray data from bovine heart cytochroroeoxidase,
which revealed that glutamate B218vas coordinated to Gu
on one side and Mg on the other side, led to an exciting
proposal: Because Gus involved in electron transfer, it was
suggested that the oxidation state of the metal in the Mn/Mg
binding site might control the transfer process itdelf. must
be noted here that site-directed mutagenesis in combination with

EPR independently showed that Glu B218 and also Asp B193 The extension _o_f the pert_urbanon treatment _for this specific
N - - . subset of transitions to third-order yields an improved result
are essential in the binding of manganese/magnesium in the

cytochromec oxidase complex? that describes the slight orientational dependence of the position

This work presents a reinvestigation of the Mn/Mg binding of the_resonant fields (.)f. th;allowed‘m . 0) gnd forbidden
site in cytochrome oxidase, employing the recently established (Am =+ 1) EPR transitions: A".Of th_e simulations pr(_esen_ted
methodology of high-frequency EPR. To disentangle the dif- below were calculated_ using this th|rd-ord.er approximation.
ferent EPR signals of the protein complex, cytochrameidase . The. forbidden transitions ShO\.N up as flvg linepairs of less
isolated fromP. denitrificansgrown on Mn containing me- intensity, located betweer_1 _the individual lines of the.%‘
diuns.16 has been investigated by X-band (9 GHz), Q-band _hyperflne sextet. The splitting, of each of these pairs is
(35 GHz) and, in particular, Wband (95 GHz) EPR. This independent from the ZF'S
allows a complete explanation of the Krspectra taken at the 2 g
different microwave frequencies and results in a satisfying and 6, = 17 + = B, (2)
consistent interpretation of the previously published EPR 2B, Q.

Heme a Heme a,

of oxidized and reduced cytochroneeoxidase fromP. deni-
trificans.10 Later, these changes were interpreted as being due
to conformational modifications of the cytochrorneoxidase

Here, the symbols have their usual meaniags the isotropic
hyperfine coupling (hfc) constangl and g; are the isotropic
electron and nuclear g-factor, respectivelys is the Bohr
magnetony; is the nuclear magnetoBy is the static magnetic
field, and Ds is the zero field splitting (ZFS) tensor. In the
case of disordered samples, the EPR signal is dominated by
the central + /5, m O | — ¥, my (finestructure transitions.
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Figure 2. Point dipole model employed in the calculation 8Bgi. Figure 3. Comparison of low temperature X-band (9.5 GHz) spectra
The magnetic moments of an electron spin located at the position of  of oxidized and chemically reduced cytochromexidase. Experimental
the Mr?* center interacts with a second magnetic momeribcated conditions: T = 6 K; microwave power= 20 mW; field modulation

at the Cuy position. VectorR connects both magnetic moments. The amplitude= 5 G; effect modulation frequency 100 kHz; time
orientation ofR with respect to thé®,, principal axis of the zero field constant= 163 ms; total measuring time 500 s.

tensor is given by angl®. An ellipsoid has been included in the

drawing to symbolize the orientation of the ZFS tensor. T T T T

The intensity of the forbidden transitions, relative to that of
the allowed ones, is proportional to the rati/Bo)2. Because
of that, the spectral features due to forbidden transitions become
weaker with increasing magnetic field.

The spectra of reduced cytochroneeoxidase could be
satisfactorily simulated using the equations given in ref 17. In
contrast, in the case of oxidized cytochromexidase prepara-
tions, an additional term\Bgj, must be included in these third-
order expressions to achieve satisfying results. It represents the
shift of the resonant lines due to dipolar interaction between
the magnetic momeni; of the Mr?* electron spin and a second
magnetic momeng,, located at a distande (see Figure 2). In

L : 1 L
3000.0 3200.0 3400.0 3600.0

field units, this dipolar coupling can be quantified in the usual B[G]
way as Figure 4. X-band spectra of oxidized cytochromexidase, taken at
1 Ho Mty 2 temperatures between 10 and 140 K (solid Iine_s)._ A simulation
ABdip = (3 cosH — == Ddip-(3 cogo — 1) calculated using the optimum parameters (see text) is included (dotted
hye4n R 3 line). Experimental conditions: microwave power 20 mW; field
() modulation amplitude= 5 G; effect modulation frequency 100 kHz;

time constant= 163 ms; total measuring time 500 s. Simulation
where6 represents the angle between the ved®and the D, parametersD = 145 G.E = 28 G.a = 96.5 G:Dap = 33.6 G0 =

principal axi§ of the zero field tensor axis system, gads the 75 W = 0° ABy, = 22 G; intensity ratio of forbidden to allowed
gyromagnetic ratio of an electron. It must be remembered hereansitions= 0.5.
that the dipolar interaction is described by a traceless tensor

with eigenvalue®s, Dz, andDsz, where D1y = 2D2; = —Dsa. the four redox-active metal centers of cytochromexidase
TEUS. it can be characterized by the vaDg, whereDqip = give rise to a series of other well-known EPR signals. These
—%2D3a. signals in oxidized cytochrome oxidase are as follows: (i)

The positions of the allowed and forbidden transitions were the oxidized binuclear Gucenter exhibiting a powder pattern
calculated by the analytical formulas given in ref 17. The jth g, = 2.00,g, = 2.03 andg, = 2.18°1°20 (ji) the high

introduction of the detailed expressions for the transition spin ferric heme aresulting in signals ayy = 6 andg, =

probabilities, which are also mentioned by Reed and Markham 2:21.22 (jii) the low spin ferric heme a causing patternsgat

did not improve the quality of the results. Thus, the intensity 3 07, 2.25, and 1.45 [22]; (iv) the G@enter showing structures

of all of the allowed transitions was assumed to be equal t0 at g, = 2.23 andg; = 2.05 [22].

one. The contribution of the forbidden transitions was included X-Band Data. Low-temperature X-band spectra of both

by introduction of a constant weighting factor between 0 and 1 yidized and reduced cytochroneeoxidase are compared in

for their intensity, depending on microwave frequency. A Eigyre 3. The oxidized sample exhibits the expected sextet of

standard powder average with angular steps of Be&lween  rather proad lines aroungl= 2.0, which is superimposed on

neighboring orientations on the unit sphere was calculated, 5, extended underlying structure due to thes @enter. In

assuming Lorentzian line shapes for the individual transitions. gqdition a series of different signalsgvalues of 2.3, 3 and 6

The whole simulation routine was programmed using MATLAB  i5 ghserved, representing the contributions of the hemes. The

5.1, a program created by The MathWorks.)ridatick MA. reduced sample yields a nicely structured spectrum centered at

This program ran under Windows NT 4.0 on a Pentium 133 ;= 5 g

MHz PC, the typical computing time for a single simulation Detailed spectra of oxidized and reduced cytochrome

was about 3 min. oxidase were taken between 10 and 140 K. Figure 4 reveals

that the intensity of the broad structure aroundghke 2.0 region

in the oxidized sample reduces with increasing temperature. In
3.1 Experiments.In addition to the six-line hyperfine pattern  addition, some minor features also change, in particular the

of the Mn center being of particular interest in the present work, shape of the leftmost prominent line at 3060 G is varying. Up

3 Results and Evaluation
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Figure 5. X-band spectra of chemically reduced cytochranoxidase Figure 6. Q-band spectra of oxidized cytochronteoxidase for

measured between 10 and 140 K (solid lines). The optimum simulation temperatures from 20 to 120 K (solid lines). The optimum simulation
(see text) is shown together with the 10 and 140 K spectra (dotted is included (dotted line). Experimental conditions: microwave power
lines). Experimental conditions: similar to Figure 4; microwave power petween 0.43/W (20 K) and 43uW (120 K); field modulation
= 20 mW; field modulation amplitude= 5 G; effect modulation amplitude= 3.6 G; effect modulation frequency 12.5 kHz; time
frequency= 100 kHz; time constant 163 ms; total measuring time  constant= 160 ms; total measuring time= 600 s. Simulation

=500 s. Simulation parameterf = 120 G;E = 22 G;a = 96.5 G; parameters: same as in Figure 4, with the exceptioh®f, = 14 G;
ABy, = 17 G; intensity ratio of forbidden to allowed transitiors ratio of transition intensities= 0.06.
0.5.

T

‘ simulation

to 40 K, it clearly exhibits either a shoulder or is even split
into a doublet by somewhat more than 20 G. At higher
temperatures this pattern gradually collapses and at 140 K only
a single line remains. As can be seen in Figure 5, however, the
spectrum of reduced cytochrome oxidase is essentially 100 K
unaffected by changes in this temperature range. Its structure, | / \ |

though, is still rather complicated. An interesting feature is 0K \f‘J WMﬁﬂ/\ﬁ"
observed in the low-field region of the spectra. A closely spaced /MHJ\

linepair exhibiting a splitting of about 25 G appears. Thisis  |—
indicated by the arrows on the spectra taken at 40 and 80 K in 50K

Figure 5.

It is somewhat questionable to evaluate the line widths from
these X-band spectra because many of the individual lines are . . . .
strongly overlapping. A trend, however, can be seen, when 118500 120500 B (6] 12250.0 124500
considering the first prominent line at 3060 G on the low-field

side of the spectrum in the data sets measured at 140 K. In theEigure 7-2(8'ba32258‘:'<ct(ra I(')cfi :_eduge%fytochromidasf r.”e"".surﬁd
r ; ; ; ~ etween 20 an solid lines). The optimum simulation is shown

pase of the oxidized Sam.ple, It hE}S a line widiBp, ~ .20 G‘. together with the 10 and the 120 K spectra. Experimental conditions:

in reduced cytochromeoxidase, itis about 17 G. The intensity  jgentical to Figure 6. Simulation parameters: as in Figure 5, with the

of the spectral components reduces slightly with increasing exception ofABy, = 11 G; ratio of transition intensities 0.06.
magnetic field.

Q-Band Data. Temperature-dependent Q-band spectra of . . . o ) o
both oxidized and reduced cytochromexidase are shown in th_e |nd|V|_duaI _Ilnes reduces_, with increasing field, in combination
Figures 6 and 7. Because of tgevalue differences between ~With a slight increase of line width t&Bp, ~ 16 and 12 G,
the Mn center and the other EPR active centers in cytochrome'€SPectively.

c oxidase, and, in addition, the experimental magnetic figld W-Band Data. Figures 8 and 9 show temperature-dependent
being clearly above low-field conditions in Q-band, their W-band spectra of oxidized and reduced cytochrargidase.
respective spectral features are better separated from each othdpown to 100 K, oxidized cytochrome oxidase exhibits a

as compared to X-band. At temperatures down to 100 K, typical Mr?* hyperfine pattern centered aroundgavalue of
oxidized cytochrome oxidase exhibits a typical Mt hyperfine 2.0012 ¢ 0.0001), with individual line widths oABy, ~ 8 G
pattern, the individual lines have a widttB, of about 14 G.  and an averaged splitting of 96.45 0.05) G. The latter value
However, below 50 K, each of the six hyperfine lines splits is @ clear indication that the manganese atom is coordinated by
into a line pair showing a spacing of somewhat more than 20 Six ligands!” In a manner analogous to the Q-band experiments,
G. An intermediate range is found between 50 and 100 K, in below 50 K, these lines split up by more than 20 G. Again, an
which a central line arrises within the respective doublets.  intermediate range is found between 50 and 100 K, in which

The Q-band spectra of reduced cytochromeoxidase, the spectrum changes from its low-temperature structure con-
however, consist of the characteristic Mnpattern with  Sisting of six doublets to the usual hyperfine pattern ofMn
additional line pairs of low intensity due to the forbidden Reduced cytochrome& oxidase shows no temperature-
transitions, split by 15.4 G. The line width of the dominating dependent change in its W-band spectrum. At 120 K, the line
sextet lines is around 10 G, their averaged spacing is 96.4 G.widths in its typical Mi#* sextet centered arourgl= 2.0018
No temperature dependent changes were detected. For botl{+ 0.0001) are about 7 G and, again, somewhat narrower as
oxidized and reduced cytochroneeoxidase, the intensity of  compared to oxidized cytochrome oxidase. The averaged

simulation
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Figure 8. W-band spectra of oxidized cytochroneeoxidase taken
between 20 and 120 K (solid lines). The optimum simulation is included
(dotted line). Experimental conditions: microwave powe0.6 mW;
field modulation amplitude= 3 G; effect modulation frequency 100
kHz; time constant 82 ms; total measuring tinre 900 s. Simulation
parameters: as in Figure 4, with the exceptiom\&,, = 12 G; ratio

of transition intensities= 0.01.

33300.0

3400.0 3600.0

B [G]
Figure 10. Calculated X-band spectra of reduced cytochrome
oxidase, variation oD between 30 and 180 G. Other simulation
parametersE = 22 G;a = 96.5 G;ABy; = 17 G; ratio of transition
intensities: 0.5.

3000.0 3200.0

up between the dominating sextet lines at Q-band frequencies.
They are indicated by arrows in the spectrum taken at 50 K of
Figure 7. These additional lines can also be found in the X-band
spectra of Figure 5, on the low field side in particular. Again
some of them are indicated by arrows. As compared to the
Q-band, their intensity with respect to the hyperfine sextet
increases significantly in the X-band. This clearly proves that
the lines are due to forbiddenm| = 1 EPR transitions of the
Mn2* center. Because the ratib/Bo)? decreases with increasing
magnetic field, the forbidden transitions do not appear in the
W-band EPR spectra. According to eq 2, their splitting depends
solely on the hyperfine-coupling constanpresent in the M#
center. Inserting a value fa = 96.5 G, splittings of 15.6 G
(26.4 G) in Q-band (X-band) are predicted by theory. This agrees
very well with the measured value of 15.4 G (25 G).

3.3 Simulation of Spectra from Reduced Samplessoing
from the low-field to the high-field side in the X-band data sets
of reduced cytochromeoxidase, the spectral features gradually
broaden. Consequently, their resolution clearly decreases. This
effect also critically depends on the ZFS paramelz@and E.

Figure 10 shows a series of X-band simulations that were
computed under variation &, whereas the parametedfsand
A were kept fixed at 22 and 96.5 G, respectively. The intensity
ratio of the forbidden relative to the allowed transitions was
set to a constant value of 0.5, and the homogeneous line width
was chosen to bABy, = 17 G. In particular, the shape of the

Separation of EPR SignalsWith the exception of the six  high-field wing of the spectrum between 3550 and 3650 G
line Mn2™ pattern, chemically reduced cytochroroexidase exhibits significant changes with increasibg From this, it is
essentially does not show any of the other EPR signals in the obvious that a valu® > 90 G is necessary to reproduce the
g= 2 region®*1 A comparison of the X-band spectra in Figure experimental spectra of Figure 5. On the other hand, considering
3 with the Q-band spectra in Figures 6 and 7 and the W-bandthe pronounced modification of the shape of the leftmost line
spectra in Figures 8 and 9 illustrates the fact that W-band EPR for variation ofD, it can similarly be concluded th&t must be
is a very convenient way to separate the overlapping heme andchosen to be lower than 120 G, in order to model the
Cu signals from the M&T hyperfine pattern. Therefore, it is  experimental data.
not necessary to employ any subtraction method in order to  The simulations in Figure 11 give an idea of how accurately
extract the pure Mn hyperfine signal from Q-band and W-band the ZFS parameteE can be determined by comparison of

T T T T

simulation

33500.0 33700.0 33900.0

B[G]
Figure 9. W-band spectra of reduced cytochromexidase measured
between 20 and 120 K (solid lines). The optimum simulation is included
(dotted line). Experimental conditions: microwave power between 0.1
and 0.6 mW; field modulation amplitude 2 G; effect modulation
frequency 100 kHz; time constant 82 ms; total measuring time about
900 s. Simulation parameters: as in Figure 5 exedf, = 9 G; ratio
of transition intensities: 0.01.

33300.0

splitting of the hyperfine lines is 96.4@:(0.05) G and, thus,
almost the same as that of the oxidized preparations.

data sets.
3.2 EPR Spectra of Reduced Cytochrome Oxidase. At
first sight, the X-band spectra of reduced cytochranogidase

presented in Figure 5 look rather complicated. However,

calculations and experiment. Here, a series of simulations for
fixed valuesD = 120 G andA = 96.5 G is shown, in which
only E was varied between 0 and 50 G. Again it is obvious, in
particular from the changes of the line shape of the leftmost

comparison with the data taken at other microwave frequenciesline, that only a choice ok of about 20 G will model the
provides a good understanding of their individual features. In experiment with satisfying agreement.
the W-band experiments presented in Figure 9, the samples show The ultimate goal was the determination of a single set of

the typical M#" hyperfine sextet without any additional lines.
According to Figure 7, additional linepairs of low intensity show

parameter®, E, andA, resulting in a reasonable simulation of
both the experimental W-band and the Q-band spectra and in
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— ' " ' set to 0.5, 0.06, and 0.01, respectively. The homogeneous line

widths ABj2 used in the calculations for these different
microwave frequencies were assumed to be 17, 11, and 9 G,
respectively. The simulations calculated with these parameters
are included (dotted lines) in Figures 5, 7, and 9. A comparison
of experiment and calculation shows that the simulations model
the low-temperature data taken at 10 K and the respective 120
K experiments with similar quality. In all of the frequency bands,
the experimental spectra are reproduced quite well.

3.4 Splitting of EPR Lines in Oxidized Cytochrome c
Oxidase.The most striking feature found in the experiments is
the doublet splitting of the individual M hyperfine lines at

. ‘ , , low temperatures. One could think of several explanations. A
3000.0 3200.0 3400.0 3600.0 simple g tensor effect can certainly be excluded because the

BIC] splitting is independent of magnetic field.
Figure 11. Calculated X-band spectra of reduced cytochrome Another possibility would be the presence of an additional

oxidase, variation of E between 0 and 50 G. Other simulation . L2 L
parametersD = 120 G;a = 96.5 G:ABy, = 17 G; ratio of transition hyperfine interaction in the oxidized system. Because a doublet

intensities= 0.5. is revealed in the spectra, this would have to be interpreted as
anl =%/, nucleus coupled by a rather large interaction of more
TABLE 1. Zero Field Splitting (ZFS) Parameters D and E, than 20 G to the M#I™ center. Considering the ligand sphere of
Ineragtion bus. and Relative Onentation 6 of the Pringipal 16 MIF* according to the X-ray structure (cf. Figure 1), the
Axis of the DiDpl)pc,)Ie Coupling Tensor with Respect to theDFz)Z only I_ =1 magn(_atlc moments in close neighborhood e
Principal Axis of the ZFS Tensor (see also Figure 2) of the nuclei of the HO ligands; only one out of the three expected
Mn?2* Center in Oxidized and Reduced Cytochromec ligands was detected by X-ray structure anafyaied'H nuclei
Oxidase, as Evaluated from the Simulations located in the adjacent His A403, Asp A404, Asp B193, and
D[G] E[G] a[G] Daip[G] (©) Glu B218 amino acid residues. A detailed frozen solution
oxidized 145 10) 28 (-5) 96.5 (- 0.5) 33.6 f 1.0) 75 (+ 5) ENDOR investigation of M?—ﬁ_hgated_ by water revegled an
reduced 120£5) 22 (& 3) 96.5 & 0.5) anisotropic proton hyperfine interaction with a maximu¥{n

tensor eigenvalue of 7.6 MHz(2.7 G)?2 Thus, it can be safely

an (at least qualitatively) satisfying agreement with the X-band gxcludgd that the doublet splitting arises from such a hyperfine
data of reduced cytochromezoxidase preparations. Because Interaction. o o
the effect of ZFS on the position of the EPR transitions is ~ However, gon5|der|ng the fact that .the splitting is detected
proportional toD/By, it is evident thatD (and E) should be ~ ©only for oxidized samples, and not in the case of reduced
determined in particular with regard to the X-band data, whereas cytochromec oxidase, another appealing interpretation of the
it is a good idea to evaluata mainly from Q- and W-band experlr_m_antal data exists: In oxidized cytochrox_nemdase,
data. Concerning the X-band simulations, it should be kept in the oxidized Cy center carries an electron spif & '/2),
mind that the perturbation treatment intrinsically leads to poor Whereas in reduced samples, itis in a diamagn&te 0) state.
results if the ratid/(ge ug Bo) is not close to zero, i.e., for low  This should result in a magnetic dipole interaction between the
microwave frequencies. Reed and Markham mention an upperCta and the Mi* center, if the protein is in its oxidized state.
limit of about 0.05 for that ratio; this may serve as a rule of The magnitude of this interaction can be estimated by employing
thumb in order to decide whether the perturbation calculation €d 3 (see also Figure 2), assuming that both centers carry an
might yield a useful approximatioH. Furthermore, it cannot  €lectron spinS = /. This is reasonable because only the
be excluded that a certain spreadd@andE values exists in | T 2, M > <[ — %/, m > transitions of the Mf" center are
the cytochrome oxidase sample. Thus, the assumption of only of interest here. This results inl2; eigenvalue of the dipolar
two well-defined ZFS parameters, which has been made in theinteraction tensor of about9285 GR® [A] in field units where
present calculations, is clearly an idealization. Of course, the the distanc&® between the centers must be inserted in Arigstro
same is true for the use of an isotrogiwalue and an isotropic  Units. According to the X-ray structufethe distance between
hyperfine-coupling constaat, which are both justified only by ~ Cua and Mr?* is about 9.6 A, yielding an estimated value of
the accuracy of the final result. All of these effects are expected D33 = —2D11 = 21 G & Dgip = 31.5 G). Compared to the
to have minor impact on the resulting simulations. Therefore, €xperimentally detected splitting of somewhat more than 20 G,
they were taken into consideration in a rather qualitative way this qualitative estimate looks quite reasonable. In the following
by simply choosing an appropriate line width for calculation. this model is proven quantitatively.
Resuming, and additionally taking into account that no calcula- 3.5 Simulation of Spectra from Oxidized Samples.To
tion of transition probabilities has been included in the simula- quantify the magnetic dipolar interaction between thg @od
tions, the agreement between X-band simulations and experi-the Mr** center in oxidized cytochrome oxidase, the
mental spectra is surprisingly good. This leads to the conclusion experimental EPR spectra were simulated on the basis of the
that the evaluate® andE values are quite reliable, particularly  theoretical description by Reed and Markham, employing the
because one did not have to calculate them from the intensityformulas given in ref 17. The parameters varied in the
ratios of allowed and forbidden EPR transitidfisyhich are simulations were again the ZFS paramet&sand E, the
certainly hard to estimate with high accuracy from the experi- isotropic hyperfine coupling constaatof electron spin and
mental data. nuclear spin in the M#t center, and the dipolar couplifi@yip,
Finally, the parameter set given in Table 1 was determined together with the Euler anglesand6 (because of the symmetry
from the simulations. The respective intensity ratio between of the problem, the result does not depend on the magnitude of
forbidden and allowed transitions in X-, Q-, and W-band was &) for the transformation of the eigensystem of the dipolar
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Figure 12. Calculated Q- and W-band spectra of oxidized cytochrome
c oxidase. (a) W-band simulations for variation@fbetween 10 and
230 G. Fixed parameter€E = 28 G;a = 96.5 G;Dgp = 34 G;0 =

75°, W = 0°; ABy, = 12 G; ratio of transition intensities 0.01. (b)
W-band simulations for variation of angt® between 0 and 180 (cf.
Figure 2). D= 145 G, and all of the other parameters, with the
exception of®, as before. (c) Q-band simulations for variation of
dipolar couplingDgj, between 6 and 60 G. Fixed parameteB:=

145 G;E=28 G;a=96.5 G;0 = 75°; W = 0°; ABy», = 14 G; ratio

of transition intensities= 0.06.

coupling tensor to the ZFS tensor system. In addition, the
homogeneous line width of the individual transitions was varied
to account for line broadening effects.

Figure 12 gives an idea of the quality of the final result. Figure

Kass et al.

30 G for Dpjp results in a satisfying simulation of the
experimental data.

For the analysis of oxidized samples, a larger number of
parameters, namelD, E, a, Dyp and © needed to be
determined, as compared with the reduced cytochrame
oxidase. Finally, the parameter set given in Table 1 resulted in
a reasonable simulation of both the experimental W-band and
Q-band spectra and in an, at least qualitatively, satisfying
agreement with the X-band data. The respective intensity ratio
between forbidden and allowed transitions in X-, Q-, and
W-band was set to 0.5, 0.06, and 0.02. The homogeneous line
widths ABy» used in the calculations for these different
microwave frequencies were assumed to be 22, 14, and 12 G,
respectively.

The simulations calculated with these parameters were
included as dotted line spectra in Figures 4, 6, and 8. They
reproduce the low-temperature Q- and W-band spectra of
oxidized cytochrome oxidase quite well. As mentioned above,
it should be remembered that the third-order perturbation theory
model used in the calculations will yield poor results for the
case of low microwave frequencies. Nevertheless, characteristic
features of the experimental X-band spectra, in particular, the
splitting of the leftmost line at low temperature and the shape
of the right wing on the high field side, are modeled with
satisfying agreement. Of course, the central part of the experi-
mental data sets is dominated by the overlapping intenge Cu
signal that will not be reproduced by the simulation.

3.6 Temperature Effects in the EPR Spectra of Oxidized
SamplesAn intermediate range of temperatures extending from
20 to 100 K exists in which the spectrum of oxidized
cytochromec oxidase samples changes in a characteristic way.
As can be seen in Figures 4, 6, and 8, the effect is revealed in
a similar way in the experimental X- and Q- as well as in the
W-band spectra presented in this work. Above 100 K, the system
seems to be subject to fairly large relaxation or exchange rates,
as compared to the doublet splittirg of about 20 G. This
gradual collapse of the low-temperature dipolar split line into
one single line with increasing temperature has a spectral
signature very similar to motional or exchange averaging of
interactions as described by the Anderson theory for exchange

12a shows a series of W-band simulations where the ZFS narrowing. In this case, the temperature-dependent averaging

parameteD was varied, whereas all of the other values were
fixed. It should be noted that only the leftmost line of thein

of the dipolar splitting of the Mn hyperfine lines could be
introduced by fast spin relaxation of either the Mn or thesCu

hyperfine sextet is shown in this Figure 12a because all of the spin system. For example, saturation recovery and cw-saturation

individual lines of the sextet essentially exhibit the same line
shape. The increase &f causes increasing asymmetry of the
line shape, in particular, fob > 90 G, the absolute peak
intensity of the low-field part of the pattern is clearly lower
than that of the high-field part. Obvioushid must be set to

about 150 G to reproduce the line shape found in the W-band

experiments.

Figure 12b illustrates the pronounced dependency of the line
shape from the relative orientation of the eigensystems of the

dipolar interaction tensddgj, and the ZFS tensor. In the course
of these W-band simulations, the Euler an@lébetween their

EPR experiments on the &ignal in cytochromes oxidase
show a strong temperature dependence of the relaxation exactly
in this temperature rangé?® This effect could be further
enhanced by flip-flop transitions between the coupled spin
systems. According to the Anderson model,

ABy, = (ZL;)A 2dipT 1 (4)

a relaxation time on the order of 10 ns for one of the two spins
would be necessary to explain the observed narrowing. Pulsed

respective z-axes is varied, whereas all other parameters aré-" R investigations are in progress to elucidate the source of

kept constant. The line shape depends criticallyEgrior © ~

0° and 120, essentially a single line emerges, whereasdor
around 80, the simulation yields a clearly split asymmetric
doublet, which is very similar to that observed in the Q- and
W-band experiments.

Figure 12c shows Q-band simulations for different values of
the dipolar coupling constailgip, whereas the other parameters
are constant. The Euler anglewas set at 75 a value resulting
in a pronounced doublet splitting. Obviously, a value of about

the temperature dependence of the dipolar averaging in more
detail.

4 Discussion

4.1 Interpretation of the Dipolar Coupling Parameters.
It has been shown that the low-temperature EPR spectra of
oxidized cytochromes oxidase presented in this work can be
explained consistently by the assumption of a magnetic dipolar
interaction between a magnetic moment at the?Mposition
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and the magnetic moment of the oxidized Gite S = 1/2). ~

Furthermore, it has been assumed that the effects of a spin <

exchange coupling can be neglected. In the framework of this

simple point-dipole model, the distance between the interacting /\‘/ o
o

J Asp A404
/—;J - Mn
L e

spins can be evaluated from the determined dipolar coupling '

Daip to be 9.4 £0.2) A. According to the 2.7 A X-ray structure

model of theParacoccuscytochromec oxidase complef the s ~CuA GluB218+ & His A403

distance between the Mn atom and the geometric center of the q\)—”\ f H,0 ]

Cu, site is 9.6 A. These two independently determined values distances  (A)

agree very well. This demonstrates the high precision that can — [ AspB193 | Mn-Cuy 9.6

be achieved when EPR is employed as a means of measuring b Mn-Cus 135

distances in the range of about 10 A. In addition, this agreement

demonstrates that must indeed be very small. Mn - 2, (Fe) 143
However, due to their accuracy, the EPR results are not Mn - a (Fe)  16.5

simply a confirmation of the X-ray data set. According to the angle © 75.40

X-ray structure, the distances between the Mn atom and the cuA /\

individual Cu atoms in the binuclear ¢$site are 9.0 and 10.3 :

A, respectively. The evaluated distance of %0 2) A between = Asp A404

the electron spins of the Mn center and the oxidized Gu e 5

center indicates that the electron spin is shared between both l /@

Cu atoms. This agrees nicely with the previous interpretation

of this center as a mixed valence [Cu (1.5)... Cu (1.5)] dinuclear Glu B218 H év; )
complex carrying an electron sp8= 1/2 distributed over the 2 His A403
copper atoms and the bridging ligands. This proposal was first Mn

made by Kronec¥ and has since been supported by numerous Figure 13. X-ray structure of the immediate surroundings of the Mn
EPR2027 ENDOR28.2° ESEEM30 and NMF8L32 experiments center inParacoccuscytochromec oxidase (see ref 8). Upper part:

as well as theoretical investigaticig® of the binuclear Cn
center in cytochrome oxidase and its closely related counterpart
in nitrous-oxide reductase.

EPR provides further insights concerning the atoms ligating
the Mn site. Four of them could be resolved directly by X-ray
structure analysis. These are the &om of His A403, two

oxygen atoms of Glu B218 and Asp A404, and the oxygen atom

of a H,O molecule acting as a kind of bridge between the Mn

View from top. According to the X-ray data, the Mn atom is axially
ligated by four ligands lying together in a common plane. These ligands,
marked by arrows, are the amino acid residues Glu B218, His A403,
Asp A404, and a KD molecule bridging the space between Mn and
Asp B193. Lower part: View from the side. The normal to the plane
defined by the four axial ligands of the Mn atom and the line connecting
it with the geometrical center of the binuclear Gite include an angle

© of 75.24. The length of this connecting line is 9.6 A. In addition,
the calculated distances to the other redox-active centers are given.

atom and the nearby Asp B193 residue. As can be seen in Figure

13, these four ligands lie in a common plane and are all located

at a distance of about 2.15 A to the Mn site. According to the

X-ray data, the normal to that plane and the line connecting

the Mn and the Cu site form an angle of 75%4 Despite the
fact that only four ligands show up in the X-ray data set, it has
been mentioned previously that the Mn center in cytochrome

oxidase is hexacoordinate because the hyperfine coupling

constanta, determined to be 96.5 G, is indicative of hexa
coordination and not tetra coordinatiéht3.17

to the conclusion that the principalaxis of the ZFS tensor
will be oriented parallel to the normal of the ligand plane. This,
in turn, yields the desired information concerning the position
of the two axial ligands missing in the X-ray structure. They
will be located on, or close to, the plane normal because,
otherwise, the-axis of the ZFS tensor would not be parallel to
it.

4.2 ZFS Parameters and Redox StatéAs can be seen from
the experimental data given by Reed and MarkRathe ZFS

In extension of these earlier EPR results, the data presentedyarameters ob = 145 (+10) G andE = 28 (£5) G evaluated
in this work indicate the position of the two remaining ligands,  for the M2+ center in the oxidized and @ = 120 (&5) G

which could not be localized by X-ray measurements. The
simulation paramete® represents the angle between the
orientation of the principal axis of the magnetic dipolar coupling
tensor and the magnetizaxis of the MA"T system. This
magnetic z-axis is parallel to the B principal axis of the
eigensystem of the ZFS tensor of the Misystem. On the other
hand, the line connecting the g£and the Mn site is oriented
parallel to the principal axis of the magnetic dipolar coupling

andE = 22 (+3) G in the reduced cytochronoexidase protein
from P. denitrificansare rather low for biological systems.
Similar results have already been found by Espe (1995) for
cytochromec oxidase fromR. sphaeroidesjn which the
respective values evaluated from Q-band spectra verel 15
(£25) G andE = 25 (+15) G in oxidized and = 125 {20)

G andE = 45 (£5) G in reduced cytochrome oxidase!?
(However, a slight discrepancy should be noted. From their

tensor mentioned above. Thus, taken together, the angle betweepespective X-band data, Espe et al. excluded the occurence of

the Dy, principal axis of the ZFS tensor of the Kincenter in
oxidized cytochrome oxidase and the line connecting £and
Mn in the protein complex i® = 75° (+5°).

This value agrees very well with the value of 75fér the

E values larger than 25 G in the reduced protein.)

The present work has shown, however, that, apart from ZFS,
hyperfine coupling, and general line broadening processes, two
additional effects must be taken into account when modeling

angle between that connecting line and the normal to the planeEPR spectra of the M center in oxidized cytochrome
defined by the four ligands, which have been resolved by X-ray oxidase: (i) the magnetic dipole interaction betweer?viand

structure analysis. Considering the fairly good axiality of the
ZFS tensor (its ratioE/D is rather low) together with the

the Cuw site; (ii) a spin relaxation process exhibiting rates much
larger than 10 MHz for temperatures rising above 100 K. As it

geometry of the ligands according to the X-ray results, this leads has been pointed out in detail, both effects severely affect the



5370 J. Phys. Chem. B, Vol. 104, No. 22, 2000 Kass et al.

experimentally detected line shapes. Because they have not beepresented here was the availability of experimental X-, Q-, and,
observed and included in previously published investigations, in particular, W-band data. The main reason for our confidence
one should be cautious when comparbgand E parameters in the final results given in Table 1 is that the same respective
given in this work with data published earlier. parameter sets yield satisfying simulations for all of the
In general, the ZFS parameters evaluated foltacoccus investigated frequency bands. The remaining imperfections of
System are similar to those of tﬁé"|Odobacteproteinfl-3 In case the simulations must be due to the Simp'iﬁcations, which have
of reduced cytochromeoxidase— where the additional effects ~ already been discussed above. However, it is obvious that they
mentioned above will not be presentthe D parameters are  are clearly justified by the quality of the results achieved.
identical within the accuracy of the evaluation. Concerrii)g 4.3 Consistent Interpretation of Previously Published
the value of 22 G evaluated for tiRaracoccugprotein may be Data. The pioneering X-band EPR experiments on the?Mn
taken as a clear confirmation of the assumption made by Especenter in cytochrome oxidase fromP. denitrificansshowed
(1995) thate decreases upon enzyme reduction and that it would some qualitative differences between oxidized and reduced
certainly be less than 25 G, despite the discrepancies betweersamples, in particular changes of individual line widths. Thus,
the X- and Q-band evaluations discussed by these authbrs. it was suggested that a structural modification of the protein
the case of oxidizedRhodobactercytochromec oxidase, an might accompany the change of its redox stitelowever,
approximate value dd = 150 G was calculated from the ratio  because these experiments were performed at temperatures
of line intensities in an X-band spectrum taken at 118 K. above 130 K, they could not reveal the complete spectral
must be noted that the detailed comparison of experimental andinformation presented here. Later, a detailed low-temperature
calculated spectral features in three different frequency bands,EPR investigation was performed. The respective X-band spectra
as outlined in the present work, will certainly yield more taken at 12 K are essentially identical to those shown in Figures
confident results than a simple estimation from line intensities. 4 and 5. Again, the data were interpreted in the framework of
A severe drawback of the latter is the fact that the individual a conformational change. It was assumed that these structural
line intensities in the experimental Mihspectra are rather hard  modifications of the protein would depend on the redox state
to quantifiy because of partial overlap. In addition, the present and lead to two different coordination environments of2¥n
work reveals that the spectral patterns at 110 K are dominatedNo attempt was made to evalud@andE quantitatively!! The
mainly by a spin-exchange narrowing process. This is a possibility of a magnetic coupling between Ftnand the Cy
fundamental problem for all of the evaluations referring to EPR site was mentioned in that contribution. However, from mea-
data on cytochrome oxidase measured at temperatures well sured saturation profiles of the Mihsignal, it was concluded
above that of liquid helium. Nevertheless, the number given that no such spiftspin interaction would be present in the
for Rhodobactée? fits quite well to the value ob = 145 G in cytochromec oxidase protein.
the case of th®aracoccugrotein. However, the evaluation of A thorough investigation of the M binding site in

ZFS parameters from Q-band data measured on tiié bmter  cytochromec oxidase fronR. sphaeroidefollowed, employing

in oxidizedRhodobactecytochromec oxidaset®* which should  X- and Q-band EPR as well as site-directed mutagenesis to alter

be more reliable because it simulates a 150 K spectrum, led tothe ligand sphere of that metal centét3Because the Q-band

a different result. This raises the interesting question whether experiments were performed at 150 K, the significant low-

differences in the ligand structure of the Mncenter exist  temperature spectral changes were not detected. The magnitude

between both protein complexes. Unfortunately, it cannot be of the Mr?* ZFS parameters was evaluated. However, the

answered as long as there are no low-temperature Q- andresulting changes ob and E between oxidized and reduced

W-band data available for cytochrorn@xidase prepared from  cytochromec oxidase were rather smal\D = 10 G; AE <

R. sphaeroides 25 G). From this, it was concluded that only minor changes in
Another interesting finding is the clear changeDnof the the structure of the MAT binding site would occur.

Mn#* center from 145 G in oxidized to 120 G in reduced  The results presented in this work resolve the discrepancy
Paracoccuscytochromec oxidase. This might be indicative of  petween the contradictory conclusions made in the earlier
a slight modification of the ligand structure of the Mn atom, jnvestigations. The differing spectral features in the low-
which could accompany the change of the protein redox-state.temperature X-band spectra of oxidized and reduced cytochrome
ACCOFding to the conclusions of the related detailed discussion c oxidase are due to magnetic Sﬁispin interaction between
for the Rhodobactersystem, these structural changes will be the Mr?*+ center and the Gusite. Thus, their interpretation in
lower than 0.2 A in bond length and 1@ bond anglé? Of terms of a structural change of the Rnbinding sité%11 can
course, the same arguments and estimates are valid for thecertainly be excluded. However, a distinct reduction of the ZFS
present results oRaracoccuscytochromec oxidase. parameters, in particular dd, was found to accompany the

It is somewhat unsatisfactory that it has not been possible, change from the oxidized to the reduced state in cytochrome
until now, to quantify these changes in a better way. However, oxidase fromP. denitrificans This might be indicative of a
if there would be a clear difference in i parameter of the minor, but significant, modification of the coordination sphere
Mn2* center betweeRaracoccusandRhodobactecytochrome of Mn2* in that protein complex, which could be interpreted,
c oxidase, this problem could be resolved. Then, the comparisonat least to some extent, to favor the former hypothesis of
of high resolution, ENDOR or ESEEM;3* spectra taken on  conformational changé§:.1!
the oxidized cytochromeoxidase proteins from both organisms The difference in the Mt ZFS parameters between oxidized
might help to unravel the expected small modifications of the cytochromec oxidase fronR. sphaeroidéd andP. denitrificans
ligand sphere by detection of changes in the measured hyperfinemay prove to be an interesting result. This problem certainly
couplings because the underlying signals fromy Gbould be  requires further experimental investigation. If confirmed, these
similar in both experiments. results may open the way to further insight into the structure

Finally, we want to emphasize once again that the crucial and function of the ligand sphere surrounding the nonredox-
point for the consistent evaluation &, E, a, Dyp and © active metal center.
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5 Conclusion (3) Malmstran, B. G.Chem. Re. 199Q 90, 1247.
. . . i . . (4) Babcock, G. T.; Wikstim, M. Nature 1992 356, 301.
This work demonstrates that high-field EPR, in particular in (5) Iwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Mlature 1995
the framework of a multi-frequency EPR approach, can provide 376 660.

detailed structural information about the immediate surroundings _ (6) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu-
of the nonredox-active metal center in cytochromexidase. grgié,?éaggg‘zz%ﬁai'é%g_ K. Nakashima, R.; Yaono, R.; Yoshikawa, S.
Considering the requirements on the investigated preparations, (7) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamagu-
it must be noted that all of the results presented were evaluatedchi, H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R.; Yoshikawa, S.
from experiments on frozen solution samples. There was no S¢iencel996 272 1136.

need to investigate protein crystals in order to obtain the desired Am&@;gfﬁfg%&ggfTgegf% A.; Ermler, U.; Michel, Proc. Natl.

structural information. (9) Yoshikawa, S.; Shinzawa-ltoh, K.; Nakashima, R.; Yaono, R.;
It has also been shown that there is no evidence for major Yamashita, E.; Inoue, N.; Yao, M,; Fei, M. J.; Libeu, C. P.; Mizushima,

structural modifications of the cytochromweoxidase protein 1+ Yamag“ffh" H; TO(;”'_Zak" B TSIL.‘k'ha_ra' ﬁﬁ'e”°@99h§ 280.17§3'

complex accompanying the change of its redox state, as hadAct(;(i)gglezé% A Ludwig, B.; Seelig, J.; Schatz, Biochim. Biophys.

been suggested earlie¥? 11 instead, the splitting of the M (11) Haltia, T.Biochim. Biophys. Actd992 1098 343.

hyperfine lines could be qualitatively described by a purely  (12) Hosler, J. P.; Espe, M. P.; Zhen, Y.; Babcock, G. T.; Ferguson-

dipolar spin-spin interaction between the paramagnetic?vin  Miller, S. Biochemistry1995 34, 7586. _ . _

ion and the binuclear Gueenter, the evaluated distance being Mc(éfe{cllfesr?,e\’]lg/iléci.énﬂigirlgégé P32i, 5%%’;50”"\’“”9“ S.; Babcock, G. T;

in full agreement with the X-ray structure. This excludes a strong  (14) witt, H.; Wittershagen, A.: Bill, E.; Kolbesen, B. O.: Ludwig, B.

exchange coupling between the Mn and the Center, thereby FEBS Lett 1997 409, 128.

confirming the assumption that the Mn site does not participate ~ (15) Ludwig, B.Methods Enzymoll986 126, 153. _

in the electron-transfer process. Nevertheless, distinct changessiééﬁzlnggg'ge{' 6%' 4\1,\{5 Pardhasarahdi, K.; Reynafarje, B.. Ludwig, B.

of the _ZFS parameters hz_ive been detected. They are |nd|_cat|ve (17) Reed, G. H.: Markham, G. [Biol. Magn. Reson1984 6, 73.

of a minor change in the ligand sphere of the metal center itself.  (18) weltner, W.Magnetic Atoms and MoleculeBover Publications:

Interestingly, in the case of cytochroro@xidase protein from Mineola, N. Y., 1989.

R. sphaeroideghe respective changes of ZFS parameters were ~ (19) Beinert, HEur. J. Biochem1997 245 521.

3 . (20) Antholine, W. E.; Kastrau, D. H. W.; Steffens, G. C. M.; Buse,
found to be smallet® The reason for that is not known and G.. Zumft, W. G.- Kroneck, P. M. HEUr. J. Biochem1992 209, 875.

requires further investigation. (21) Powers, L.; Lauraeus, M.; Reddy, K. S.; Chance, B.; Wikstro
In extension to the results shown here, the Mn atom M. Biochim. Biophys. Actd994 1183 504.

substituted to this metal binding site has proven to be a powerful  (22) Fann, Y. C.; Ahmed, I Blackburn, N. J.; Boswell, J. S.;

probe to determine distances to and spin moments of the othergfrigoé’jgaya’ M. L.; Hoffman, B. C.; Wikstro, M. Biochemistryl995

redox-active cofactors i'j‘ the _CthChromeo_Xidase prOte_in (23) Tan, X.; Bernardo, M.; Thomann, H.; Scholes, CJRChem. Phys

complex. Related EPR investigations are in progress in our 1993 98, 5147.

laboratory. (24) Scholes, C. P.; Janakiraman, R.; Taylor,Bibphys J 1984 45,
1027.
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