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Abstract: The liganding environment and electronic structure of high-spin ferric heBna the binuclear

center ofbo3 ubiquinol oxidase were probed with Q-band (34.1 GHz) ENDOR. We studied forms of the
enzyme where reduction eliminated antiferromagnetic coupling to the neagxge@ter. ENDOR comparisons

were made té*“N heme and histidine nitrogen features, to exchangeable proton features, ané’@-iater

feature of aquometmyoglobin, a high-spin ferric heme protein with a known axial water ligand. Nitrogen
features observed from heme and proximal histidine of cytochre®wccurred in the range of frequencies
where they had previously been observed for aguometmyoglobin. However, the proximal histidine of cytochrome
03 was notable in revealing more disorder and a wider range in its hyperfine couplings than in
aquometmyoglobin. Di-oxygen-induced turnover of the3 enzyme altered both the heme and histidine
electronic structure so as to show after turnover a simpler, better resolved heme and histidine pattern with
greater similarity to the pattern found in aguometmyoglobin. We saw no evidence from cytoabBdonehe

6 MHz exchangeable water proton coupling and the 17.5 Nii@ewater coupling exhibited by agquomet-
myoglobin. A plausible conclusion from such a negative result is that the high-spin d&rhieme which we
studied has no covalently attached axial sixthxdigand when magnetically decoupled fromgZComparison

of cytochromen3in protonated and deuterated solvents definitively indicated no exchangeable proton couplings
greater than 3.5 MHz. An implication of our study is that in the magnetically decoupled high-spin ferric
cytochromeon3there is either no sixth Ofdligand or, if there is any “sixth” OK ligand to cytochrome3 that

can exchange with’O-water, it would have to be off-axis, disordered, and weakly liganded to the heme.

Introduction ligand is evident between the heme iron ang Githe binuclear
center® but there is evidence for change in gligation upon
reduction® Given the necessity for binding various products of
oxygen reduction, the binuclear site would appear to be
structurally labile. The lability is reflected in the uncertainty
over the existence and location of oxygen reduction products
at the binuclear center, and it may be reflected in the various
models for transient changes that occur as reduction of the
binuclear metals, oxygen binding, and oxygen reduction

Cytochromebo3 ubiquinol oxidase fromEscherichia coli
belongs to the heme-copper superfamily of respiratory oxidases
that have a conserved binuclear (hea®Cug) center where
dioxygen reduction occursThe binuclear center is the site of
the oxygen reduction which is a source of free energy for proton
translocation. Crystal structures of related cytochrerogidases
from Paracoccus denitrificarfsand beef heattare available.

For the oxidized enzymes different interpretations remain within d-°
. ) proceed.

‘h? 2.3-28 A c.rysyallographlc resolution over the structure and Strong antiferromagnetic coupling between ferric heme and

existence of bridging oxygen atoms between the two metals of

. ) . upric copper of the binuclear site largely eliminates EPR
the binuclear site. Water and hydroxmle have been Sugge‘Stedé:electron paramagnetic resonance) signals under the oxidizing
for the Paracoccusenzymé and peroxide for the beef heart

& In th letel duced f f th “resting” conditions used to prepat@3 and cytochromec
enzyme: In the completely reduced form ot Iné enzyme No - ,iqases. Partial reduction of the completely oxidized binuclear
*To whom correspondence should be addressed at the University CENter is known to do away with these antiferromagnetic

at Albany. Phone 518-442-4551. Fax: 518-442-3462. E-mail: couplingd®1so that a decoupled high-spin ferda8 heme or
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§ University at Albany. (5) Yoshikawa, S.; Shinzawa-Itoh, K.; Nakashima, R.; Yaono, R,
# University of lllinois. Yamashita, E.; Inoue, N.; Yao, M.; Fei, M. J.; Libeu, C. P.; Mizushima,
(1) Saraste, MQ. Rev. Biophys.199Q 23, 331-366. T.; Yamaguchyi, H.; Tomizaki, T.; Tsukihara, $ciencel998 280 1723~
(2) lwata, S.; Ostermeier, C.; Ludwig, B.; Michel, Nature (London) 1729.

1995 376, 660-669. (6) Osborne, J. P.; Cosper, N. J.; Staltiske, C. M. V.; Scott, R. A.;
(3) Tsukihara, T.; Aoyama, H.; Yamashita, E.; Tomizaki, T.; Yamaguchi, Alben, J. O.; Gennis, R. BBiochemistry1999 38, 4526-4532.

H.; Shinzawa-Itoh, K.; Nakashima, R.; Yaonon, R.; Yoshikawe&&ence (7) Babcock, G. T.; Wikstm, M. Nature 1992 356, 301—-308.

1995 272 1136-1144. (8) Ferguson-Miller, S.; Babcock, G. Them. Re. 1996 96, 2889
(4) Ostermeier, C.; Harrenga, A.; Ermler, U.; Michel,Ptoc. Natl. Acad. 2907.

Sci. U.S.A1997 94, 1054710553. (9) Michel, H. Biochemistry1999 38, 15129-15140.

10.1021/ja000688f CCC: $19.00 © 2000 American Chemical Society
Published on Web 08/22/2000



ENDOR Characterization of bo3 Oxidase

J. Am. Chem. Soc., Vol. 122, No. 36, 83006

a cupric Cuy (the subject of a separate study) can then be AH of high-spin ferric cytochrome3 were 5.83 and 0.22 T for the
observed by EPR-ENDOR. The ENDOR (electron nuclear 1-electron-reduced cytochrome3 and 5.83 and 0.19 T for the
double resonance) technique which requires a paramagnetic4-electron-reduced cytochrone that had been turned over with
center has the advantage as a complement to protein X-raydioxygen. The latter sample showed a smalllQ%) rhombic com-

crystallography of resolving small variations in geometrical and

electronic structure and of detecting protons. We chuos@
quinol oxidase because it lacks the additional Gficytochrome

¢ oxidase whose signal would otherwise overlap and interfere

with the desired high-spin ferric heme signal in the informative
gi = 2.00 region. Primarily focusing on thgy = 2.00 region,
we probed by ENDOR the environment of the high-spin ferric
hemeo3 in partially reducedo3 oxidase. We have compared
our ENDOR spectra of cytochronaS to spectra oft“N, 1H,
and "O-water from aquometmyoglobin, which we take as a
model for a high-spin ferric heme protein known to have an
oriented sixth water ligant:. For aquometmyoglobin, the
hyperfine couplings to the heme and histidifig nitrogens were
already studied by X-band ENDOR in frozen solufidH and
with single-crystal ENDOR? For comparison to ENDOR of
cytochromen3, there is also ENDOR evidence of the axial water

ponent to its high-spin ferric heme signal havigg= 6.5 andg, =
5.3. The sperm whale aquometmyoglobin samples of approximately 3
mM concentration were prepared as previod$nd an aquometmyo-
globin sample enriched to approximately 25% ist ¥ was also made.
Methods. Q-band (34.1 GHz) EPR-ENDOR measurements were
performed at 2.1 K with a spectrometer having a cryogenically tunable
TEo1 Q-band resonatdr. The cavity was located in an immersion
double dewar (Janis, Inc., Wilmington, MA) filled with pumped liquid
helium at 2.1 K. ENDOR signals were obtained under rapid passage
(x') conditions with 100 kHz field modulatidhin the 0.1-0.2 mT
ptp (peak-to-peak) range. The ENDOR radio frequency field typically
had a ptp amplitude of 0.1 mT. The microwave power was in the 0.3
uW range. Approximately 20 min of signal averaging was used per
spectrum. EPR frequencies were measured with an EIP Model 548
microwave frequency counter (San Jose, Gf)alues were calibrated
versus a DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma) sample having
a knowng value of 2.0036. The ENDOR measurements were done on
the high-spin ferric heme signals agavalue of 2.000 with a magnetic

from the exchangeable proton hyperfine couplings of aquomet- field of 1.218 T and EPR frequency of 34.10 GHz.

myoglobini* and as presented here, frdi®-enriched water.

Experimental Section

Materials. Cytochromeébo3was made by the method of ref 16 with
modifications detailed in ref 6. The total stock of 0.8 mM enzyme was
~0.8 mL, limiting us to small £50 L) Q-band samples. Samples
were prepared in pH 7.4, 100 mM HEPES buffer containing 0.1%
n-dodecylf-p-maltoside detergent (Anatrace, Inc., Maumee, OH).
Deuteration to approximately 90% was carried out by ultrafiltration
(Microcon 3 Concentrator, Millipore, Burlington, MA) vs pD 7.6, 100
mM HEPES buffer (made with 99.9% ,D, Cambridge Isotopes,
Cambridge, MA). Enrichment to approximately 33% igt#D was also
carried out by ultrafiltration versus 50% enriched¥#d (Monsanto,
Miamisburg, OH). Following repeated pump-flushing with pure argon,

Spin Hamiltonian Theory for ENDOR

Commonly used first-order expressions ffiN ENDOR
frequencies are as follows!** enpor = |H*A2 £ 3Q/2 +
14VNMR| and 14V7ENDOR = |14A/2 + 3Q/2 — 14VNMR|- 1A is the
electron-nuclear hyperfine coupling, which in aquometmyo-
globin (along they, heme normal direction) is of order 7.0 MHz
for the heme nitrogen and 11.5 MHz for the proximal histidine
nitrogen!® Q is the quadrupolar coupling which in aquomet-
myoglobin (along they heme normal direction) is of order 0.3
MHz for heme nitrogens and 1.1 MHz for the proximal histidine
nitrogen?® Mg is thel*N nuclear Zeeman frequency8.75
MHz at 1.218 T). At Q-band (34.1 GHz), th& gnpor branch,

samples were anaerobically reduced by stoichiometric additions of having the positive nuclear Zeeman contribution, has often been

NADH (Sigma) in the presence ofiaM PMS (phenazinemethosulfate,

the only branch observed fdfN by us and other& For the

Sigma). Samples were transferred by gastight Hamilton syringe t0 heme and histidine nitrogens of aquometmyoglobin, the branch
argon-flushed Q-band sample tubes (2.0 mm inner diameter, 2.4 mm o have observed here is also tHe* enpor branch whose

outer diameter, VitroCom, Inc., Mountain Lakes, NJ) and anaerobically

frozen. Sample preparations that revealed the decoupled higlo3pin
ferric heme used one reducing electron pe8 molecule to eliminate
antiferromagnetic coupling within the3-Cug center. Preparations that
also showed the decoupleg ferric heme signal, albeit with an altered
nitrogen ENDOR signal, used four reducing electronsgp@molecule

features are predicted, on the basis of Spin Hamiltonian
parameters in ref 15, to occur at Q-band above 6 MHz. The
features of thé“enpor branch, having the negative nuclear
Zeeman contribution, are all predicted to lie well below 5 MHz
and were not observed here. The heme and histidine hyperfine

followed by dioxygen turnover and subsequent freezing. Although there and quadrupolar tensors from single-crystal ENDOR of aquomet-

was a small residual high-spin ferric heme signal in the fully oxidized

myoglobin are given in Table 3 of ref 15. It will be noted in ref

bo3 oxidase, our methods of preparation provided a high-spin ferric 15 that the four heme nitrogens of aquometmyoglobin showed

heme signal that was-3 times larger than the residual signal. The

a resolved hyperfine inequivalence of approximately 5% among

implication is that our methods did indeed eliminate antiferromagnetic themselves. Equation 4b of ref 15 (given and discussed in

coupling within the binuclear center and gave rise to a decoupled high-

spin ferrico3 heme signal, whose concentration was estimatedl@0
uM by integration in thegy; = 6 region and comparison to an

footnote 20 here), which includes a second-order correction to
the first-order expressions above, was used to estimate aquomet-

aquometmyoglobin standard. Q-band EPR showed that aquometmyo-myc’gIObin heme and histidiné%*enpor frequencies. The

globin hadgs = 5.88 (at its derivative zero crossing) and a line width
(AH between derivative extrema) of 0.09 T. The correspondingnd
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SynthesisAcademic Press: London, 1981; pp-881.

(11) Hartzell, C. R.; Beinert, HBiochim. Biophys. Acta976 433 323—
338.

(12) Takano, TJ. Mol. Biol. 1977, 110, 537-568.

(13) Scholes, C. P.; Isaacson, R. A.; FeherB@&chim. Biophys. Acta
1972 263 448-452.
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Acta 1997 134Q 131-142.

predicted™v*enpor frequencies for aguometmyoglobin heme
nitrogens were as follows: 6.87, 6.94, 6.98, 6.99, 7.62, 7.71,
7.77, and 7.94 MHz. (The uncertainty in these individual
predicted frequencies, which reflected experimental uncertainty
in the spin Hamiltonian parameters of ref 15, wia@.1 MHz.)

The quadrupolar term in the expression ¥brtenpor accounts

(17) Sienkiewicz, A.; Smith, B. G.; Veselov, A.; Scholes, C.R.
Sci. Instrum.1996 67, 2134-2138.
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C. P.Biochemistry1998 37, 6095-6105.
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Houseman, A. L. P.; Telser, J. Biological Magnetic Resonance, Vol. 13:
EMR of Paramagnetic MoleculgBerliner, L. J., Reuben, J., Eds.; Plenum
Press: New York, 1993.
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Figure 1. This figure presents a comparison of the heme and histidine
nitrogen ENDOR spectra from (A, 'Aaquometmyoglobin with the
ENDOR spectra (B, Band C, C) of heme and histidine from
cytochromebo3 Spectra B, Band C, C are respectively from enzyme
that had been simply reduced by 1/lBo3 molecule and from enzyme
that had been reduced by 4/bBo3molecule and then allowed to react

Vesetal.

nitrogens from aguometmyoglobin [at 7.00, 7.69, 7.94, and
11.13 @&0.05) MHz]. The assignment of these features was
made according to predictions of the previous ENDOR Theory
section that were based on the Spin Hamiltonian parameters in
ref 15. The general features in the heme and histidine frequency
regions are similar for aquometmyoglobin and for high-spin
ferric cytochromen3, but especially for the 1-electron-reduced
cytochrome 03, were split and broadened. The separately
resolved high-frequency proximal histidine feature of the
1-electron-reduced cytochrono8 had its major peak at 10.5

+ 0.1 MHz, about 0.6 MHz lower than the stand-alone high-
frequency aquometmyoglobin histidine feature. The histidine
feature of l-electron-reduced cytochroro8 showed a tall
stretching to higher frequency with reproducible smaller peaks
at 10.9 and 11.7 MHz. In the 6-8.5 MHz region, peaks from
the 1-electron-reduced cytochroro8 occurred at 6.81, 7.38,
7.75, and 8.15 0.05 MHz as respectively indicated in Figure
1, spectrum B by letters a, b, ¢, d. Even in aquometmyoglobin
there is an approximate 5% difference in hyperfine couplings
between heme nitrogeA3Thus, it is not immediately obvious
which of these four features from 1-electron-reduced cytochrome

with O,. The labeling and assignment of the heme and histidine features 03 in the 6.5-8.5 MHz region might be from heme and which

for aguometmyoglobin is explained in the Spin Hamiltonian Theory
section; the features in spectra A and labeled Heme, Heme,
HemetHis, and His, respectively, occurred at 7.00, 7.69, 7.94, and
11.13 MHz. The inset containing spectrg B', and C more intimately
compares the heme nitrogen features in the-9.5 MHz range for

the three samples; in spectruni Bie features a, b, ¢, d occurred
respectively at 6.81, 7.38, 7.75, and 8.15 MHz. Experiments were
carried out under conditions of field, EPR frequency, gnalue given

in the Methods section.

for the ~0.9 MHz separation between the collection of heme

might be the histidine lower frequency quadrupole partner,
occurring at 3Q below the 10.5 MHz histidine feature. If the
histidine quadrupole coupling stays the same as in aquomet-
myoglobin, then the feature closest to bein@ ¢=3.3 MHz)
below the 10.5 MHz histidine feature would be the feature (b
in Figure 1B) at 7.38 MHz. As indicated by comparison of the
ENDOR features in Figure 1B;Bvith those in Figure 1C,C
there was a notable change between cytochroywehich had
been reduced by 4 electrons and then turned over by dioxygen
and the 1-electron-reduced cytochroo® For the cytochrome

features near 6.9 and the collection of heme features near 7.8°3 Which had been reduced by 4 electrons and then turned over

MHz. The predicted"“v"enpor frequencies for the histidine
nitrogen were 7.84 and 11.20 MHz, and the 3.4 MHz difference

by dioxygen the histidine peak above 10 MHz moved to a
frequency of 10.8 MHz, closer to where it occurred in

between these two frequencies was quadupolar. These predicte@duometmyoglobin, and it narrowed, albeit not becoming as

ENDOR frequencies appear to fall in groups, notably: The first
four predicted heme nitrogen ENDOR frequencies would
indicate a“N heme feature at 6.9% 0.05 MHz; the next three
heme nitrogen ENDOR frequencies would indicatéNaheme
feature at 7.7Gt 0.08 MHz; the highest frequency heme and
the lower histidine frequency would combine to give'l
feature at 7.89t 0.08 MHz. Finally there is the “stand-alone”
histidine feature predicted at 11.200.10 MHz.

First-order proton ENDOR frequenci€®;enpor, center at
the proton Larmor frequencyynwr (= 51.84 MHz for fields
used at Q-band), and split away from the proton Larmor
frequency by+A/2, the electrorproton hyperfine coupling.
Thus to first-order,”vENDOR = |P1/NMR + A/2|

First-order'’0 ENDOR frequencies for §O | = 5/, nucleus
are as follows: ThelvTenpor branch occurs atl’A/2 +
ywrl, 1TA2 + Yvawr £ 3Q1, 1YA2 + Yvgwr £ 6Q); the
1~enpor branch occurs at’A/2 — Yyyurl, [YA2 — unur
+ 3Q)|, |YA12 — Tyywr £ 6Q|. A is the hyperfine coupling,
yavr (=7.02 MHz at 1.218 T) is thé’O nuclear Zeeman
interaction, andQ is the quadrupolar coupling. At Q-band the
1" enpor branch is again the commonly observed branch.

Results

We compared the heme and histididéN features of
aquometmyoglobin (Figure 1A;Aas measured & = 2.000
with those of the high-spin ferric cytochrome3 (Figure
1B,B',C,C). The arrows in Figure 1 A/Aindicate features
assigned to thé*'enpor branches of heme and histidine

narrow as the stand-alone histidine signal from aquometmyo-
globin. The features (b and d) at 7.380.05 and 8.15+ 0.05

MHz in Figure 1B,B disappeared. The peaks at 6810.05

and 7.75+ 0.05 MHz (Figure 1C,§ which remained are
consistent with the average quadupole-split heme frequencies
of aguometmyoglobin.

As shown here in Figure 2A, and previously at X-bafd,
aquometmyoglobin had a readily identifiable water proton
coupling of 6 MHz (i.e., features3 MHz away fromPyyyr).

Such an exchangeable proton feature was not observed from
our high-spin ferric cytochrome3 sample in protonated solvent
(as indicated in Figure 2B). Comparison of Figure 2B with a
deuterated cytochronm sample of Figure 2C gave additional
negative evidence for any exchangeable proton coupling greater
than 3.5 MHz, and little evidence, if any, of any exchangeable
protons with coupling less than 3.5 MHz. (The method of
preparation of the decoupled hewt@signal, either by 1-electron

(20) There are two quadrupole-sptit "enpor partners. The first partner
is % enpor = MAgy2 — 3Qs32 + Mynmr + (Qu — Qu2)/[4(*Ass +
24ynwr)]. The second partner v enpor = #Asa/2 + 3Q39/2 + vnmr
+ (Qu — Q22¥[4(*As3 + 2Mvnwr)]. *4Ass and Qs are N hyperfine and
quadrupolar couplings along the heme normal, &#d1, 1Az, Q11, and
Q22 are the respective hyperfine and quadrupolar elements that are along
directions described in ref 15 perpendicular to the heme normal. A second-
order quadrupolar correction iQ{;—Q22)? is included here from ref 15,
but the second-order hyperfine correction from ref 15 is not needed here
since its magnitude~0.003 MHz) is much less than the experimental
accuracy in ENDOR frequencies. Values for all of the hyperfine and
quadrupolar tensor elements for all the heme nitrogens and for the proximal
imidazole nitrogen are explicitly given in Table 3 of ref Munur is the
nuclear Zeeman frequency8.75 MHz here).
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PROTON ENDOR 14N & 170 ENDOR standard K0 is given in Figure 2F. If there is HO feature
in Figure 2E from cytochromes in the general region where

HemeHe"‘e + His 170 coupling is seen for aquometmyoglobin, it is barely
Hzolp“’w”s N discernible above the baseline. Plausibly, on comparison of
His 01O Figures 2E and 2F, the stand-alone feature of the histidine near
z 11 MHz in Figure 2E could be underlain by a brdd@ feature.
D If that were the case, then there would be weaker coupling to

H 2O protons

the 170 in cytochromeo3 than to thel’O-water of aquomet-
myoglobin, and the weaker coupling would be about 8 MHz vs
E 17.5 MHz for'’O-water of aqguometmyoglobin. Experimentally,
B M any 1’0 feature from cytochrome3 is definitely not the well-

resolved!’O-water feature of aquometmyoglobin.

Discussion
44 48 B2 56 60 5 10 15 In cytochromeo3the greater breadth of the histidine feature
RF MHz RF MHz of all cytochromeo3 samples studied indicated less order in

histidine ligation than found in aguometmyoglobin and indicated

Figure 2. Spectra A and B respectively compare proton features , ange of covalent interactions with the proximal histidine.

including the exchangeable water of aquometmyoglobin with the proton f . _ )
features of the ferric heme3 of cytochromebo3 spectrum B was Especially in the 1-electron-reduced cytochrasBethe breadth

obtained from d@o3sample prepared in protonated buffer by 1-electron and eX|sf(ence of add|t|ona! ENDOR features in the—635
reduction. Spectrum C was obtained for comparison with spectrum 8 MHZ region where heme nitrogen ENDOR occurs and in the
from a sample ofbo3 oxidase prepared in deuterated buffer by 10—12 MHz region where histidine nitrogen ENDOR occurs
4-electron reduction followed by dioxygen. Spectra D and E respectively was an additional sign for a distribution of hyperfine couplings.
compare the ENDOR of aquometmyoglobin preparetf@enriched A major part of the histidine ENDOR signal from the 1-electron
H2'"O with cytochromebo3which had been prepared tfO-enriched reduced cytochrome3 occurred with a frequency of about 10.5
H2'’0 solvent and then reduced by 4 electrons and turned over by pMHz (compared to 11.13 MHz for aquometmyoglobin). As-
dioxygen. Spectrum F, for comparison with spectrum E, was from a suming that the histidine nitrogen quadrupole coupling is
sample of Cyéoghrf)mbog dWhiC%‘adlbee” é’repa‘_red similarly to t_h%t constant, this histidine would have an approximate 10% decrease
1 Sect = i Sndars o Slvent. Cpeiens TE AT covalent s wanstrfom herne o o it as corpaed
Methods section. to aquometmyoglobif? The change and simplification of the
overall heme and histidine spectrum after turnover with oxygen

reduction or by 4-electron reduction followed by dioxygen, gave (Figures 1C and 1Cvs Figures 1B and 1 may be an
no differences in exchangeable proton featuresg /At 2.000 electronic structural aspect, as reflected by altered spin density
the’0 ENDOR feature of the aquo ligand is obvious near 15.8 &t heme and hlst|d‘|‘ne ’r’utrog“ens, OT, the “fast” or “pulsed
MHz from aguometmyoglobin as shown in Figure 2D; no phenomeno_n. The_ fast’ or “pulsed” phenomenon is n(_)ted
additional splittings, potentially of a quadrupolar nature, could Where terminal oxidase that has been recently enzymatically
be discerned from thi§O aquometmyoglobin feature. THO turned over shO\évs greater activity than initially prepared
ENDOR feature of aquometmyoglobin provides a hyperfine T€sting” enzyme. ,

coupling €7A) of about 17.5 MHz (see ENDOR Theory The simplest explanation for the lack of any resolvéd or
section), where the parallel direction is along the metg)-(d exchangeable proton feature from cytochroo3ds that there

oxygen bond and where the quadrupole couplgis ap- is no Okk Iigand to the hem®3 when the hemce)sfir_\d (,?l*
proximately zero. The value dfA, is ~70% higher than the &€ magnetically decoupled. If there were any “sixth” OH

corresponding’A; hyperfine coupling t870 of water liganded ligand to heme3in our partially rgduced samples, it is certainly
to high-spin & hexaquo Mn(ll), where the hyperfine coupling not such an or_dered aXI_aI QHs yields the well-resolyed proton
was predominantly due to covalent transfer of spin inabital and*0 hyperfine couplings from aquometmyoglobin. Since the

to the oxygen 2s orbit&f The sample obo3oxidase for Figure cytochromeo3 which we study is in high-spin ferric form, it

2E was prepared in buffer having similar enrichment A9 would be unlikely that its sixth ligand is a hydroxide (OH
to the enrichment in b0 used for aguometmyoglobin of ligand because the hydroxide ligand favors low-spin ferric heme,

Figure 2D. Thisbo3sample in HY7O-enriched buffer was one 25 will happen_ with metmyoglobin at high pH. The exchangeable
which had been reduced by 4 electrons and turned over byProton hyperfine couplings to water of aqguometmyoglobin are
dioxygen. (The isotopic nature of the dioxygen gas used for due to protons that lie off the heme normal (estimated to lie
turnover, whether 80% enrichedifO, or standard®0,, made 16° away from theg, = 2.000 direction in ref 14), yet their

no difference to the ENDOR spectrum.) For comparison to ENDOR features (Figure 2A) are exceptionally well resolved.

Figure 2E, a spectrum fromo3 oxidase similarly prepared in 1 he reasons for good proton ENDOR resolution are good
angular orientation brought on by tigeanisotropy of high-spin

(21) The oxidase study shown here was donebonoxidase aty = ferric heme and minimal angular dispersion in the precise
2.QOOf, but ENDOF: Spectrat,V\{Iere %lsoeﬁl;en I_r&ghe: 6 &eglon of hltgh”- localization of the water protons within the heme pocket of
spin terric heme from partially reauc oxiaase an rom partially : . A - .
reduced beef heart cytochrongeoxidase (prepared as in the following: f’nlquometmylogllobln. The precise alignment Of, th sixth Ilgand
Fan, C.: Bank, J.; Dorr, R.: Scholes, C.JPBiol. Chem1988 263 3588- in myoglobin is thought to result from specific interactions

3591) and compared tg; = 6 ENDOR spectra of aguometmyoglobin.  within the proximal pocket, notably from the distal histidfe?®
Although atgn nonexchangeable heme meso proton features were identified

in all ferric heme samples, there was evidencefrom either cytochrome (23) Moody, A. J.; Cooper, C. E.; Gennis, R. B.; Rumbley, J. N.; Rich,

¢ or bo3 oxidase for exchangeable proton features, while exchangeable P. R.Biochemistryl995 34, 6838-6846.

proton features were obvious from aquometmyoglobin. (24) Fann, Y-c.; Ong, J-l.; Nocek, J. M.; Hoffman, B. M. Am. Chem.
(22) Tan, X.-L.; Bernardo, M.; Thomann, H.; Scholes, CJPChem. Soc.1995 117, 6109-6116.

Phys.1995 102 2675-2690. (25) Phillips, S. E. V.; Schoenbrun, B. Rature1981, 292, 81.



8716 J. Am. Chem. Soc., Vol. 122, No. 36, 2000

In the cytochromen3 that is antiferromagnetically decoupled
from the Cu there is probably no distal, strongly orienting
moiety for a sixth ligand. A reason tHéO-water of aquomet-
myoglobin has well-resolved ENDOR is that tggedirection

Vesetal.

oxidase that has recently been turned over shows greater activity
than “resting” oxidasé? For high-spin ferric cytochrome 03
that had been magnetically decoupled fromgCilnere was a
lack of any identifiable exchangeable proton!d® features

where we observe ENDOR is coincident with the heme-to-water such as found from axial water of aquometmyoglobin. The

axis and is also along a minimal quadrupole coupling direction.
If the water ligand were tilted off axis, this would lead to
noncollinearity of the electronig and1’O hyperfine axes and

conclusion is that if there is any “sixth” QHligand at all to
hemeo3 in our partially reduced samples, it is not an ordered
axial OHx such as is seen with the exchangeable water protons

to a concomitant larger quadrupolar broadening. One would alsoand O of aquometmyoglobin, and it would have to be off-

expect there to be less covalambonding overlap between
oxygen and iron orbitals.

Conclusion

Comparison of*N heme and histidine ENDOR features from
aquometmyoglobin with those of cytochroro8 indicated a
spreading of hyperfine couplings for cytochroo® especially
for the proximal histidine of 1-electron-reduced cytochrae
A simplification and narrowing in these nitrogen ENDOR

features was noted after turnover of 4-electron-reduced cyto-

chromeo3 with dioxygen. We suggest that such a change may
reflect spin density changes@® heme and histidine nitrogens
associated with the “fast” or “pulsed” phenomenon where

(26) Quillin, M. L.; Li, T.; Olson, J. S.; Philips, G. N.; Dou, Y.; lkeda-
Saito, M.; Regan, R.; Carlson, M.; Gibson, Q. H.; Li, H.; ElberJRMol.
Biol. 1995 245 416-436.

axis, weakly liganded to the heme with less covalent spin
transfer, and probably disorder&dThe implication of our
findings is that the process that magnetically decouples ferric
hemeo3from cupric Cy prepares the way for dioxygen binding
to heme, either by eliminating a preexisting sixth Olgyand

or by favoring a weakly bound, disordered sixth Qlband.
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(27) Chloride has been suggested as a ligand to the heme&er
(Powers, L.; Lauraeus, M.; Reddy, K. S.; Chance, B.; WikstM. Biochim.
Biophys. Actal994 1183 504-512), but we identified nd’Cl ENDOR
from our partially reduced sample prepared in the presence of 0.134 Na
Cl (90% 3Cl, Monsanto, Miamisburg, OH).




