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ABSTRACT. The soluble domain of the subunit 1l of cytochromexidase fromParacoccusersutuswas
cloned, expressed, and studied 1 NMR at 600 MHz. The properties of the redox-active dinuclear
Cu, site in the paramagnetic mixed-valence Cu@u(ll) state were investigated in detail. A group of
relatively sharp signals found between 30 and 15 ppm iAHHEMR spectrum correspond to the imidazole
protons of the coordinated histidines (H181 and H224). A second group of broader and farther shifted
signals between 50 and 300 ppm are assigned’tprétons of the bridging cysteines (C216 and C220);

the protons from the weak M227 and E218 ligands do not shift outside of the diamagnetic envelope.
About 40% of the total spin density appears delocalized over the cysteine-bridging ligands while a much
smaller amount is delocalized on the two ligand histidines. The latter have similar spin density distributions.
Analysis of the pattern of the hyperfine shifts of the Cy%piotons shows that the ground state bears
2B3, character, in which the sulfur lobes in the singly occupied molecular orbital are aligned with the
Cu—Cu axis. Analysis of the temperature dependence of the shifts of the Cgighils leads to the
conclusion that théB,, excited state is thermally accessible at room temperate~ kT).

The Cu, site is a dinuclear copper center with an electron- very recently {6—29). The structural features of Glare
transfer function. In the state as isolated it has mixed-valencenow known from the crystal structures of the bacterial COX
character, and the single unpaired electron is shared by thefrom Paracoccus denitrificang16, 17), the bovine mito-
two copper ionsX). One of the main characteristics of the chondrial COX (8, 19, and the modified, Gitcontaining,

Cua is its fast electronic relaxatior2¢8), which allows the soluble domain of the ubiquinol oxidase fra&scherichia
observation of relatively narrow hyperfine-shifted lines in coli, known as CyoA 20). Additionally, careful analysis
the NMR spectra of the paramagnetic spec@sg). It has of extended X-ray absorption fine structure (EXAFS) spectra
been recently shown how this property allows for a powerful has contributed to the elucidation of the structural details of
spectroscopic investigation of the active si6-8). The the site in both the oxidized and the reduced forms of the
large isotropic shifts and paramagnetic relaxation experiencedCu, (21, 29. This metal site is basically defined by aSp

by the protons of the coordinated ligands can provide details core formed by two copper ions at~a2.5-A distance and
about the spin delocalization in the site. A careful analysis two bridging thiolate cysteine sulfurs, these four atoms being
of these features in the case of the Ccenter of the located almost in a single plan&g, 18, 20. Each copper
cytochromec oxidase fromParacoccussersutuss presented  ion is further coordinated by the®Nof a histidine ligand,

in this work. whose imidazole ring is slightly tilted with regard to the

The Cu is found in the subunit Il of cytochromeoxidase CwS, core. The result is an almost symmetric structure,
(COX) (1, 9, 10. It accepts electrons from cytochrome  although the (weak) axial ligands are different for the
and donates them to the heraggroup and the binuclear individual copper ions: a methionine sulfur and the peptide
hemeas-Cug center located in the subunit1l). The other carbonyl oxygen from a glutamat&§, 18, 20 (Chart 1).
enzyme known to contain a Gusite is nitrous oxide The complexity of COX made the study of £difficult
reductase (BOR) (12), where it transfers electrons to the in the past, since the spectroscopic features of this site were
catalytic Cy site which most probably is a dinuclear copper partially masked by those of the COX heme centers. These
center {3). Although the existence of the Gicenter has  problems were solved with the expression of the soluble
been known from the 196084, 19, it is considered a novel
metal site because the understanding of its nature, structure
and principal spectroscopic characteristics has come only
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Chart 1 Additionally, the observed anomalous temperature depen-
dence of the cysteine hyperfine shif&—8) bears witness
to the presence of a thermally accessible excited state,
suggesting a possible mechanism for the fast electron spin
relaxation.

C220 E218
MATERIALS AND METHODS

The Protein Sample.The soluble domain of the cyto-
chromec oxidase fronP. versutuscontaining the Cplcenter
was obtained as reported for the case ofRhéenitrificans
protein 0). A fragment of the gene of subunit Il (1.
Ciabatti, G. Warmerdam, E. Vijgenboom, and G. W. Canters,
unpublished results) corresponding to the C-terminal region
of this protein and including residues 12380 was amplified
by PCR, inserted into a pET vector, and overexpressed in
E. coliBL21 cells. The soluble domain of subunit Il (SdlI)
is obtained in the form of inclusion bodies, which are isolated
domain of subunit Il containing only the Gunetal site 23— and reconstituted into properly folded proteins after urea
25), as well as with the creation of Gucontaining loop denaturation, followed by dialysis under reducing conditions
mutants of amicyanin2p) and azurin 27). The dinuclear, (0.5 mM DTT) and in the presence of copper (0.2 mM
mixed-valence nature of the &site was suggested by CuChk) (10). Purification of the reconstituted protein was
Kroneck and co-workers on the basis of an electron carried out by anionic exchange chromatography on a fast-
paramagnetic resonance (EPR) investigation of the cupricflow Q-Sepharose column run with a Pharmacia FPLC
site of thePseudomonas stutzéfbOR, which sieves a fairly ~ instrument.

well resolved spectrum2@). Later on, on the basis of the Pure protein samples were checked by-ts spectros-
similarity between the low-frequency EPR spectra ¢OR copy and EPR and found to show the same spectra as
and COX, it was proposed that both proteins contain the samereported for theP. denitrificansprotein, including a pH
type of site 9-31). A seven-line hyperfine splitting of  transition with a K, ~8.2 (10). The purified Cy protein

the EPR spectrum was interpreted as being due to a singleysed for this study showed a spectral ratiofefy/Asgo =
unpaired electron interacting with two equivalent copper 13.3 at pH 7.0 and 25C.

nuclei 28—31). From these studies it was established that
the Cu, is a dinuclear highly delocalized mixed-valence class
Il (32) center, which is often denoted as [Cu(E8u(1.5)].
Moreover, X-ray absorption spectroscopy (XAS) studies on o r 5 samples have not been corrected from the deuterium
theBacillus subtilisCu, soluble domain led to the suggestion

) ) ;
of a direct Cu-Cu interaction in this site22). Such an isotopic effect, and they are denote.d by pH"

interaction, unique in biological systems, has been recenty NMR Measurements and Calculationshe NMR spectra
supported by far-infrared resonance Raman (RR) spectrosWere recorded on a Bruker DMX 600-MHz spectrometer.
copy studies 33) and by the interpretation of electronic LD NMR spectra, either in 40 or in D,O solvent, were
absorption (Abs), magnetic circular dichroism (MCD), and Measured by using the super-WEFT pulse seque#@e (
sulfur K-edge XAS data3d). Steady-state 1D NOE measurements were performed as

The optical spectra are characterized by a broad band at eported _in the Iiterature40._): NOESY experime.nts were
~12 008 et a?nd by intense, oppositely iigned bands at recorded in the phase-sensitive TPPI mode by using a WEFT-
~19000 and 21000 cm in the MCD @5-38). When  NOESY pulse sequencad). . _ .
analyzed by Gaussian deconvolution, up to 11 different 1D NOE data were analyzed as previously described, using
electronic transitions are found in the region from 33 000 to the following equation, valid in the slow motion limi-§):
7500 cn! (38). Molecular orbital (MO) calculations on

~
~”

Samples for NMR spectroscopy were concentratedb 3
mM and exchanged for 10 mM sodium phosphate buffer pH
6.5 in either 99.98% or 10% J®. pH meter readings of

models for the Cpl site and delocalized class Il dinuclear o\ (Ryu't,
copper complexes have led to the qualitative description of Ti = "\ax 6 1)
the electronic structure of this metal center, which allows 10r"p;

the assignment of the electronic spectruBB)(and a
quantitative interpretation of the EPR spectral proper88s (  Wherez;; is the NOE observed for signal i upon irradiation
A similar electronic structure is proposed by Solomon and of signal j, uo is the magnetic permeability of a vacuutn,
co-workers, who have analyzed the €8 and Cu-Cu is Planck’s constanthf divided by 2z, yn is the magneto-
interactions and defined their contributions to the electronic gyric ratio of the protons, is the rotational correlation time
delocalization in Cu (34). of the proteinyj is the distance between the protons i and j,
The NMR results presented here are interpreted in the @ndpi is the longitudinal relaxation rate of proton i.
framework of the reported electronic structud8,(39. They For the evaluation of the isotropic shifts, the pseudocontact
constitute a new view of the Gusite which allows for the  contribution was estimated according to the following
unambiguous assignment of the electronic ground state.equation 44):
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Av being the hyperfine shift in Hzy, the resonance
frequency of the proton at the magnetic field of the
experiment (600 MHz)ug the Bohr magnetonS the spin
guantum numbelk the Boltzmann constant, the absolute
temperature, \gand @ the parallel and perpendicular
components of thg tensor @ the angle between the parallel
axis of theg tensor and the vector connecting the proton
and the paramagnetic center, arttie distance between the
proton and the paramagnetic center.

The hyperfine contact coupling constaAth (in Hz) were
calculated from the following expressiod4, 45:

Av _ége“BS(S"i‘ 1)
Vo C_ h

3ykT )

wherege is the electronig factor and the rest of the physical
constants are defined as above.
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The transverse and longitudinal relaxation due to contact Figyre 1: 1DH NMR spectra (600-MHz) of the SAHCu, protein

coupling were analyzed by using the Solom@ioembergen
equations 44, 49
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wherer, is the electronic correlation time, estimated to be
around 2x 107! s for the Cu metal centerq), andws is
the electron Larmor frequency.

Longitudinal dipolar relaxation was analyzed by using the
Solomon equation4(7).
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RESULTS

The 'H NMR Spectrum. The 600-MHz 1D!H NMR
spectrum of the SdHCu, from P. versutusis shown in
Figure 1A-C. It displays 10 well-defined downfield shifted
signals (a-j), two of them solvent exchangeable (g, h). Some

other signals corresponding to exchangeable protons appea

resolved in the 1210 ppm region (Figure 1B, signals-kn),

measured at 298 K (A, C) and 288 K (B). Sample conditions are
4 mM protein, 10 mM NgHPQ, buffer, in D,O pH* 6.5 (A, C) or

H,O pH 5.6 (B). All spectra were recorded using a super-WEFT
pulse sequence with interpulse delays of 10 ms (A), 50 ms (B), or
5 ms (C). For the spectrum A the carrier frequency was placed at
150 ppm in order to get a sufficient excitation of all resonances.

selection conditions used in the super-WEFT pulse sequence
to suppress the diamagnetic signals. However, in inversion
recovery and NOESY experiments (not shown) it can be seen
that resonances-AD are composed from different overlap-
ping signals, while signal E probably corresponds to a single
methyl group.

Signals a-d exhibit similar longitudinal relaxation times,
between 0.6 and 1 ms, but their line widths and shifts are
quite different. The latter two properties appear to correlate
for the four signals ad (see discussion below), with the
exception of the extremely broad signal b. No significant
sharpening of the very broad signals@was observed when
the spectrum was recorded at a lower field (300 MHz, data
not shown). Among the moderately shifted signals found
between 30 and 16 ppm (Figure 1B), we can distinguish a
group of 4 relatively narrow ones, wiffy, values between
14.5 and 9.0 ms (signals—), and two other significantly
broader ones whosE values are 5.0 ms (i) and 1.8 ms (j).
The longitudinal relaxation times of the paramagnetic amide
protons k, I, and m are 34.5, 12.5, and 29 ms, respectively,
and the upfield shifted signal n hasTa of 2.7 ms. The
;hiﬂs, widths, and relaxation times of the observed para-
magnetic signals are summarized in Table 1.

Effect of pH. The NMR spectrum of the SAHCu, is pH

which most likely correspond to backbone amide protons.
In the upfield region, no large shifts are observed and only dependent between pH 6.5 and 10 (Figure 2). The pH effect
one SignaL at-2.1 ppm (n)7 stands out from the protein is reversible. The intensities of all paramagnetic SignalS
(diamagnetic) envelope. More paramagnetic signals aredecrease as the pH increases from 6.5, until they eventually
found under the diamagnetic protein envelope. They canVanish at pH> 10. Some small chemical shift variations
be observed in a 10-ms recycle time super-WEFT spectrumare also observed. Both the disappearance of the signals
recorded in BO (Figure 1C, features AE). The number  and their movement correspond to a ionization process with
of protons corresponding to these latter signals is difficult @ PKa of ~8.2.

to determine since they consist of various overlapping Additionally, it is also observed that signal g disappears
resonances and their intensity is affected by the strict at pH> 7.1, and this effect is more pronounced at increasing
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able 1. emical Shifts, Relaxation Times, Line Widths, an
Table 1. Chemical Shifts, Rel ion Ti Line Width d A B
Assignments of the Paramagnetic Resonances Observed iHl the 310 ]
NMR Spectrum of SdH-Cua? 3 B/a././/;//; 8] —o—o*
250 ]
signal ¢ (ppm) T1(ms) Avypp (Hz) assignment 3 1 —sa—a—-o
a 280 1.040.1) 12000  C216 B T i —
b 250 1.04£05p 25000  C220 ¥ ] o 6
c 200 0.6 £0.1) 7800 C216 Kt £ 333 '\\_\- ’é ] T —-a
d 54.6 0.7 £0.1) 1800  C220 5 8 b
e 27.14  14.540.5) c H224 H?2 g 4] £ ] —c
f 27.14  145£0.5) ¢ H181H? w - d
d 3 [%=] !
g 26.5 9.5 ¢-0.5) 90  H2241# 5] E y .
h 236 9.0 £:0.5) 135  H181 K ] ] ;
i 23.4 5.0 ¢-0.5) 240  C220H E 2] —
j 17.8 1.8 ¢0.1) 195  H224 M4 254 H_H""'ﬁzﬁ 1 T —‘—E
k 10.70  34.640.2) c E | ey |
[ 1048  12.340.1) c 5] ?——?—ff“ o —u—
LR RRREN LRLRNRRRN LARRNRAREE RRRANRRRREREREI H
m 1019 29.040.1) c 315 335 355 345 335 355 o)
A 8.7 3.0 @1y c C216 H, NH 3
B 7.4 c c T1x 10°(K)
C 6.2 c ¢ M227HM FIGURE 3: Curie plots for SdH-Cua at pH 6.5. The values of the
D 13 c c hyperfine shiftsd (A) and 6T (B) are represented versusT1/
E 0.5 ¢ ¢ ) Chemical shift data correspond to NMR measurements performed
n —21 2.6 ¢:0.1) 260  M227H at 278, 288, 298, and 308 K.

2 Conditions Are 298 K and pH 6.5.Estimated value: Measure-
ment not possible because of overlapleasured at p=5.7and 288 extrapolate to positions at infinite temperature in the upfield
K. region (at~ —70 and~ —50 ppm, respectively) far from
their expected diamagnetic position-3 ppm). These
deviations from the Curie behavior become also evident in
a plot of 6T vs LT (Figure 3B), where large slopes are
obtained for signals-ad.

Assignment of théH Signals. As is usually the case in
paramagnetic proteins with coordinated histidines, the labile
resonances (g, h) are the starting point for the assignments.
They must correspond to the imidazoleM protons of the
two coordinated histidines (H224 and H2Bsince these are
the only exchangeable protons expected to experience large
hyperfine shifts. Additionally, proton g exchanges signifi-
cantly faster with HO than proton h (vide supra). This fact

8.7 is used to assign specifically resonance g to tiéiroton
o of H224, which, according to the crystal structure of the COX
92 from P. denitrificans(16), must be exposed to the solvent
0.7 in the isolated Cu soluble domain. Consequently, signal h
— corresponds to the H181<MH proton, expected to be buried
20 ppm in the protein matrix and stabilized by a hydrogen bridge

FiGURE 2: pH dependence of the region of thé NMR spectrum with the carboxylate oxygen of D1716). Signals g and h
of Sdll—Cua containing the histidine signals at 600 MHz and 298 show NOE connectivities with signals e and f, respectively,
K. The sample was prepared in,® without buffer in order to in a 10-ms mixing time NOESY spectrum (Figure 4A).

vary pH with minimal additions of diluted NaOH. The values of " ; ;
pH indicated in the figure are averages of the values measuredAdd't'ona"y’ when the NOESY spectrum is recorded using

before and after recording the spectrum. The process is reversible® 3-MS Mixing time, a cross peak is observed between signals
and the spectra can be reproduced after reaching pH 10.0 byg and j (Figure 4B). Such dipolar couplings are expected
gradually reducing the pH with small amounts of diluted HCI.  between vicinal protons in an imidazole ring. Thus, for a
histidine coordinated via theNnitrogen, NOE connectivi-
temperature. This phenomenon is of great help for the ties should be detected between thi&Noroton and the €H
sequence-specific assignment of the histidine signals, as weand @2H protons. On the other hand, for such’N

shall see below. coordinated histidines, the“®l proton is located much closer
Temperature Dependence of the Spectrurhe temper- to the paramagnetic center than thB8HCproton, giving rise
ature-dependent variation of tHe hyperfine shifts of SdH- to much faster relaxing signals. In view of these consider-

Cu, is shown in Figure 3A. A clear anti-Curie temperature ations, signals e and j are assigned to théHCand CH
dependence is observed for signal d. Additionally, the effect protons, respectively, of H224 and signal f to tH&HCproton
observed for signals a, b, ¢, and i does not correspond to aof H181.

pure Curie-type behavior. Thus, signal i is almost temper- The most shifted resonances—@) are expected to
ature insensitive, signal ¢ moves much less than expectedcorrespond to strongly coordinated residues possessing large
for a Curie-type temperature dependence and extrapolates

toavery positive) value (~135 ppm) at infinite temperature, 2The residue numbers refer to the wild-type subunit Il COX
and signals a and b change more than expected andsequence.
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and the observation of the small NOE expected upon
saturation of signal d.

A specific assignment of the four Cy8 protons is
performed, with the help of the low-resolution (2.8-A) crystal
structure of the COX fronk. denitrificans(16), through the
analysis of additional NOEs obtained from the irradiation

ppm | of signals a, ¢, and d. According to the structure of COX,
A the H of C216 is very close to the HHof H224, assigned
18- | above to signal j. An NOE corresponding to signal j is found
upon irradiation of signal ¢ (Figure 5C), indicating that this
20 latter resonance arises from the C216 idroton, and so
signal a corresponds to thé'roton of the same residue.
2290 BBl e Consequently, signals b and d are due to the C220 residue.

Their specific assignments can be achieved from the

interpretation of the NOE between signals d and i (Figure

5E). The latter is not connected to any of the rest of the

paramagnetic signals and can be assigned ta fhton of

24 9 C220. Since this is closer to the C22@Hproton in the

£2/82 structure of COX 16), signal d is assigned to this proton

- and, consequently, signal b is assigned to the C280 H

ppm proton. These assignments are supported by the analysis of
] B the dependence of the chemical shifts on the orientation, as

O we shall explain below.

Additional assignments can be made from the interpreta-
tion of other NOEs connecting the Cys and His signals with
other protons in the 12 te-5 ppm region. From the
irradiation of signals a and ¢, NOEs are obtained with two
of the overlapping resonances in feature A (Figure 5C,D).
We assign them to the and amide protons of C216, both
placed in close proximity to the C23&fH, group. Al-

0 though the NOE experiment was performed isOD it is
well-known that in proteins with a cupredoxin fold many of
the amide protons are very protected from exchange and are
30- | . T . | . T frequently observed in £D samples49). Two additional
30 28 26 24 22 20 18 pem NOEs are observed by saturation of the C2¥8 proton
FiGure 4: WEFT-NOESY spectra (600-MHz) of SeHCu, in H,0 signal (Figure 5D), corresponding to signals n and C. These

recordedm a 6 mMprotein sample at pH 5.6 and 288 K showing ; ; ;
the connectivities between the histidine imidazole ring protons. The signals are in turn connected to each other in a NOESY

spectrum in panel A was recorded using a 10-ms mixing time and SP€ctrum (not shown), and signal n is also connected to the
84-ms recycle time, while the spectrum in B corresponds to a 3-ms C216 H? proton, (signal ¢, Figure 5C). From this pattern
mixing time and 59-ms recycle time. and according to the structure of COX§j, we assign

i ) i protons C and n to thefand H? protons, respectively, of
amounts of unpaired spin density over the donor atoms. They;557.

extensive contact couplings associated with these protons are

paralleled by their large line widths (see the discussion pScuUsSION

below). Indeed, similar signals have been observed in the

spectrum of the Cusoluble domain fronThermus thermo- IH NMR on the Cn Site: Comparison with Different Gu
philus where they have been assigned to the coordinatedProteins. The fast electronic relaxation of Gwas reported
bridging cysteines by specific deuteration of thgprotons early in the literature 4, 3. This property allows the
(7). However, no NOEs between these signals have beenobservation of relatively sharp NMR resonances in the
reported, and their tentative, non-sequence-specific assignspectrum of the paramagnetic species, whose isotropic shifts
ment, was based only on the temperature behavior of theseand relaxation contain important information about the
protons ). As the T values of signals-ad are around 1  structure and electronic properties of the,Gzenter. H

ms (Table 1), by the use of eq 1, a steady-state NOE2§H NMR spectra of three other Gyroteins have been reported

is expected for pairs of geminalP8, protons at interproton  recently. These are the gsoluble domains of the cyto-
distances of 1.7 A when taking into account a correlation chromebas from T. thermophilug(7) and the cytochrome
time of 7, ~ 1078 s (43). Such an NOE is indeed observed cbh; from B. subtilis (6), and the Cuw loop-mutant of
between signals a and c, as shown in Figure 5A,B, which amicyanin 6, 8). Although the spectra of these proteins are
demonstrates that they must correspond to the safhie C  comparable to the one reported here, there are significant
group of a coordinated cysteine. It follows that signals b differences. The shifts of the CysfHesonances in the
and d correspond to the second coordinated Cys residuespectrum of theThermusprotein are similar to the corre-
although pairing them via NOE was not possible. The large sponding shifts in the present spectrum, with the exception
broadening of signal b prevented both its efficient saturation of signal d which is significantly more shifted in the case of
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Ficure 5: Reference and difference spectra from 1D NOE experiments obtained upon irradiation of the Cys signats@ii.Sdia D,O

sample at pH 6.5 and 298 K. Spectra A and C correspond to the same experiment performed by saturation of signal ¢ with a 15-ms-long
decoupling pulse of 32 dB. B and D correspond to the irradiation of signal a using the same conditions. Spectra E and F correspond to the
irradiation of signals d and i, respectively.

the ThermusCu, domain {). This suggests a similar gous to the pH transition studied by UwWis and EPR
orientation of the Cys side chains with regard to theSgu  spectroscopies for the Gisoluble domain of thé. deni-
core in both proteins (see the discussion below). The Cystrificans COX (10). In the latter case, it has been reported
signals of theThermusand Paracoccusproteins also show  that the unpaired electron localizes in one of the copper ions
an analogous temperature dependence. Similar comparisongt high pH, due to the loss of coordination of the exposed
with the spectra of theBacillus protein and the Gu pistidine ligand (H224)10, 50. The fact that in the present
amicyanin are not possible because only one, out of the fourcase no hyperfine-shifted resonances are observed at high
Cys 5 protons, was observed in these two cases. pH agrees with the change of Cinto a valence-trapped
With regard to the His resonances, they are shifted in the gystem whose electronic relaxation is too slow to allow the
same 15-35 ppm region for the four Guproteins studied  ghseryvation of (relatively) sharp shifted resonances. The
by NMR ? with the exception of the H1814proton which  iharconversion from the fast-relaxing (low-pH) species to
IS not pbservgd n the.present case, probably because it doeﬁﬁe slow-relaxing one occurs in the slow exchange limit on
not shift outside the diamagnetic envelope. However, when the NMR time scale, since no significant broadening of the

the different His signals are compared in detail we find NMR sianals is observed with increasing bH. The small
significant differences. Thus, in tHearacoccusand Ther- 9 s . g pA. .
pH-dependent variation of the shifts of some signals,

mus (7) proteins, the shifts of the ¥ and H? protons h d take ol in the fast h . hich
corresponding to the two coordinated histidines are similar, . OWEVET, J0€s lake place In he fast-exchange regime, wnic
indicates that it is connected with a process different from

while significant differences between the two histidines are X ) y ) )
observed in the case of the Camicyanin loop mutants). the one causing the disappearance of the shifted signals. Since

As we explain below, this reflects the existence of different P0th exchange phenomena appear to correspond to the same
degrees of delocalization in different Caenters. PKa value, the transition to the localized system may happen
No signals from any of the axial ligands are observed that through a two-step process. The first one, which is fast on
are significantly shifted outside of the diamagnetic envelope. the chemical shift time scale, might be due to a deprotona-
Indeed, the two proton resonances assigned to the M227tion, which in turn may trigger a slower transition presumably
copper ligand are at 6.2 and2.1 ppm. This is indicative ~ characterized by a change in the coordination mode of one
of a very weak interaction of both the M227 and E218 axial of the two coppers and the localization of the unpaired spin.
ligands with the copper ions and a small or negligible amount The present NMR data allow the identification of neither
of spin density delocalized onto them. the residue responsible for the ionization nor the molecular
Finally, a singularity of theP. versutus Cus protein basis for the change of Glinto a valence-trapped center.
presented here is the pH dependence of the NMR spectrum. Spin Density on the His LigandsThe hyperfine shifts of
No such effect was observed for the three other @ioteins protons from the coordinated residues carry important

studied by NMR ¢—8). Instead, our observation is analo- information about the spin density distribution in the metal
site. This information is contained in the Fermi contact term

# Although the signals of thBacillus protein were not assigned, a (0¢) which in order to be analyzed must be separated from
number of signals with similar characteristics were observed in the

15-35 ppm region § which are expected to belong to the two th€ pseudocontact term) (44). The pseudocontact shift
coordinated histidines. is dipolar in origin and depends on the magnetic anisotropy
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Table 2. Contact Shifts, Hyperfine Couplings, and Spin Densities
Observed for Protons of the His and Cys Coordinated Residues
from theP. versutusSdll—Cu, at 298 K and pH 6.5

Table 3. Contact Relaxation for thfeProtons of the Cys Bridging
Ligands in theP. versutusSdll—Cu, at 298 K and pH 6.5

(Avl/z)ﬂa (l/Tzvc)b (l/Tl)a (l/Tl,c)b
signal oc* (ppm) A/h (MHz) onP (x10%) signal (s (s (s (s
e (H224 H?) 20.1 0.76 0.5 a (C216H7) 37 700 25 350 1000 15.4
g (H224 H?) 15.5 0.58 0.4 b (C220H/?) 78 500 20210 1000 12.3
i (H224 HY 10.8 0.41 0.3 c (C216H) 24 500 12 930 1666 7.8
f (H181 H?) 20.1 0.76 0.5 d (C220H1) 5650 965 1428 0.5
2
h ((Eigi glg izc;? 0.48 03 aFrom experimental data in Table 1Calculated by using egs 4
a (C216 H?) 277 10.5 7.4 and 5.
¢ (C216 HY) 197 75 5.3
b (C220 H?) 247 94 6.6 electron in the semireduced site. It was found that the total
d (C220 HY) 51.6 2.1 1.5

2 Diamagnetic shift corrections of 7 ppm for the Hig?Hprotons,
11 ppm for the His K protons, and 3 ppm for the Cys’hprotons

were subtracted from the measured chemical shifts. The pseudocontac

shift is considered negligible (see the tektLalculated according to
Alh = Qoy, with Q = 1.42 x 10° MHz (44, 5. ¢ Signal probably
hidden under the diamagnetic envelope.

of the system, the orientation of the proton with regard to

spin density on the His residues in the Rite is about half
of that on the His ligands in the azurin site. The latter
Pbservation is confirmed by the present findings: the shifts
of the His proton signals from the Gsite amount to 15
30 ppm, while, for azurin, contact shifts of twice that
magnitude have been observeérb)

Hyperfine Shifts and Relaxation of the @yBrotons. The
four 3 protons of the coordinated Cys residues display very

the magnetic axes, and its distance to the paramagnetic centedifferent shifts ranging from 54.6 to 280 ppm at 298 K.

(eq 2) @44). To evaluate this contribution, usually the

Additionally, they show very different line widths which

unpaired electron is assumed to be centered on the nucleuappear to qualitatively correlate with their shifts (Table 1).

of the paramagnetic metal ion (point-dipole approximation).
Although for the Cy the spin is delocalized on the ¢5i
core, an estimate of the possible interval of values)f
can be made by using the reportgdalues for the Cy of

the P. denitrificansCOX (g, = 2.180 andy; = 2.010) @0),

a value 6 5 A for the distancer, which is the minimal
distance to one of the copper$6( 20, and values of (3
cog 0 — 1) between—1 and 2 (limits corresponding to the
extreme cases af = 90° and6 = 18C, respectively). In
this way, the pseudocontact shift for thé’tand H? protons

of the coordinated histidines is estimated to-bke4 ppm=

Opc < 2.8 ppm. The magnitude of the limiting values
indicates that,. can be neglected and that we can equate
oc with the observed shifts after the subtraction of the
diamagnetic shifts (set at 7 ppm for thé?tnd H! and 11
ppm for the M2, approximate average values found for the
Cu(l) derivatives of the related proteins azurd9) and
amicyanin 61)). From the observed. values and using eq
3, the hyperfine contact coupling constar#hj correspond-

As explained above, before the hyperfine shifts are analyzed
we have to evaluate the magnitude of the possible pseudo-
contact contributions. In the case of the Cys ligands, large
amounts of spin density are expected to reside in the S
bridging atoms, due to the extensive spin delocalization over
the CuyS;, core. Consequently, to estimate the maximum
expected values af,., we have used a lower limit of 2.5 A
for r, corresponding to the approximate distance of any of
the Cys H protons to the closest Cys Slonor (16, 20.
Thus, the pseudocontact contribution is expected to be in
the range—8 ppm= d,c < 16 ppm. This shows that, when
neglectingd,. in the subsequent analysis, only in the case
of the C220 H* proton (signal d) may a non-negligible
systematic error be introduced. With regard to the diamag-
netic reference position, the average chemical shift of
analogous protons in Cu(l) cupredoxins (3 ppmY,(5J
was used.

The hyperfine contact couplings of the four Q¥protons,
calculated from the observed contact shifts at 298 K with

ing to the protons of the coordinated histidines have beeneq 3, are collected in Table 2, along with the corresponding
calculated, and they are listed in Table 2 together with the proton spin densities)(;). From the couplings, and applying

corresponding proton spin densities. While the hyperfine
couplings for the ¥ and H? protons are equivalent, the

complete shift pattern of the histidine protons (including the
H<Y) provides a clear sign that the two histidines are not

egs 4 and 5, we can also calculate the expected contact
contribution to the transverse and longitudinal relaxation
rates. The values obtained are listed in Table 3. They show
that for the larger shifts (signals-&) the contact contribution

equivalent. A similar conclusion was reached in the case to T, is also large and can indeed dominate. The cause for

of a Cuy, amicyanin loop mutant, where significant inequiva-
lence of the two coordinated histidines was four8}, (

the exceptionally large width of signal b is not clear. One
possible explanation is the existence of an equilibrium with

although in this latter case the pattern of the chemical shifts an intermediate exchange rate affecting this proton more than
of the His residues is different than the one observed here,the others.

probably due to structural differences between these two Cu
forms.

The differences in contact coupling do not affect signifi-
cantly the relative values of the longitudinal relaxation rates,

It is interesting to see how the present results comparefor which the dipolar term seems to be dominant (Table 3).

with those of previous ENDOR measurements on the Cu
sites of cytochrome oxidases from various sources (mito-
chondrial yeast or bovine, bacteriah3, 54. Hoffman and
co-workers, as well as other§3, 59, found that the Cu
center is coordinated by the nitrogens of two histidines
exhibiting a fairly isotropic interaction with the unpaired

According to the Solomon equatiod?), such a dipolar term
depends on the sixth power of the distance between the
nucleus and the unpaired electron, which is highly delocal-
ized over the CysSdonor atoms and the two copper ions.
Since the distance of the Cyisprotons to the thiolate Cys
sulfur of the same residue-@.5 A) is much smaller than
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the distance to the closest copper ion (3452 A) (16, 20, A 2B 2B
dipolar relaxation will primarily be dictated by the proten
sulfur distances. As the protersulfur distances are similar 33y ——— 4
for the four Cysg protons, similarT; values are expected, 2ba % +
as is found experimentally. 3a, —1 AN

In theory, the so-called Curie spin relaxati@8), arising 2by, A A
from the interaction of the nuclear spins with the time-
averaged static magnetic moment of the paramagnetic
molecule, might contribute to the nuclear relaxation. This

is a dipolar contribution which depends, among others, on -,
the square of the applied magnetic fiekB( and which is %
responsible for the larger broadenings often observed for Q

paramagnetic proteins at larger field#4( 4§. However, -
in the present case, no significant sharpening of the signals

a—c is obtained when the spectra are recorded at 300 MHz; C
apparently, the transverse relaxation for these protons is 12
dominated by the large contact and dipolar couplings.

The Couplings of the Cy8 Protons and the Electronic
Structure of the Cu We have just seen that the four G¥s
protons carry very different amounts of spin density (Table
2), and now address the question of the origin of these
differences. In a system of the typeN&-CPH,-, where a . o
paramagnetic metal ion, M, is coordinated to a cysteine To e 10 20 30
sulfur, the spin density (or the contact coupling) experienced o (©
by the/5 protons depends on the .spln density on thd@or FIGURE 6: (A) Schematic ordering of the four highest energy
atom (ps) and the M-S-C/-H” dihedral anglegs. Thus,  orbitals (Cu/S antibonding) in t#Bs, and2B,, states. The ordering
the contact couplings generally obey a Karplus relationship is taken from refs 35 and 36. (B) Schematic representation of the
(56—59) of the following form: SOMO in the 2B,, and 2B,, states 88). (C) Variation of the

couplings of thes protons from coordinated cysteines with the

dihedral angleg (see Figure 7). The continuous line is aZsin
(Ag/h) =b cos $gtC (7 function and corresponds to t8B3, state (eq 8). The dotted line

is a cod function corresponding to tH,, state (eq 7). The values

of ¢ from the crystal structures of COXL§) and CyoA @O0) are
represented in the plot as squares (C216) and circles (C220).

wherei = 1, 2;b = Bps andc = Cps, with B andC constants,
andeg is measured with respect to the sulfur orbital carrying
the unpaired spin density. This equation contains information thjs, in turn, confirms the assignment of the G¥sprotons.
about both the geometric and the electronic structures of thea more quantitative analysis is presented below.
system. The electronic structure of thesQenter has been
recently analyzed by Thomson, Kroneck, and co-workass (
39). From optical (Abs, CD, and MCD) and EPR spectro-
scopic data and molecular orbital calculations, they have
proposed &Bs, state to be the ground state of £in which

the sulfur lobes carrying the unpaired electron in the,3b
singly occupied molecular orbital (SOMO) run parallel to
the Cu-Cu axis (Figure 6A,B). However, for the [Gu
(LiPrdacoy, ]+ mixed-valence, delocalized model complég)

the ground state was found to B8y, (38, 39, 62. In this
case the sulfur lobes of the SOMO are collinear with the
S-S axis, that is, orthogonal with respect to fiigy, state
(Figure 6B). If we define the anglgs relative to the SS
axis (Figure 7), thédsi/h coupling will depend on cdspy;,

as expressed in eq 7, foPBy, ground state. Alternatively,
for a?Bs, ground state the function in eq 7 will be 9phase-
shifted andAg/h will depend on sif ¢

Interpretation of the Temperature Dependence of the Cys
Hyperfine Shifts: Thermal Accessibility of the Excited State.
The abnormal temperature dependence of the cysteine proton
shifts (Figure 3) is a characteristic of the Oeenters. Thus,

a behavior similar to the one reported here has been described
for the case of the Gusoluble domain of the COX fror.
thermophilug7) and for the Cy amicyanin loop mutanig).
There are two possible interpretations for this phenomenon,
both implying a temperature variation of the contact coupling
constants. In view of the dependence of the couplings of
the Cys H protons on their dihedral angular orientation, the
temperature effect could be due to a gradual conformational
change connected with a rotation of the Cys side chains
around the &-C? bond. As one can deduce from Figure
6C, small shifts in theps angle can produce large or small
changes ofA/h, of positive or negative sign, depending on
the value of this angle and the direction of the shift.
) Assuming, for calculation purposes, a two-site exchange
(Ag/h) = bsir® ¢ + ¢ (8) model and assuming that the crystal structure corresponds
to one site (the one which is favored at lower temperatures),
If we use thep angle values from the crystal structures of the temperature dependence of the shifts of the C216 C
COX (16) or CyoA (20), we can easily verify that qualita- protons is compatible with the second site being rotated over
tively the pattern of couplings exhibited by the G¥protons —7° with regard to the first site. For the C220, the rotation
(one small coupling and at least two large ones) is only would amount to—73°. The latter value is too large to be
compatible with a sifi ¢4 dihedral angular dependence likely, since it would imply dramatic and unrealistic changes
(Figure 6C). This means that the ground statéBis, and in the loop containing C220.
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Cc220

Cc220

C216

SY

C216

FIGURE 7: CwS; core of the Cy site viewed down the &S
bond of C220 (A), the §216)-5(220) bond (B), and the Cu
Cu axis (C). The orientation of the CysfiHprotons is defined
relative to the S-S axis through the dihedral angfe Hfi—CP—
S'—S (A). The position of these protons within the framework of
the site is further defined by the dihedral angleC’—S'—S—Cu
(B), and the angley, C*~S'—% (C). The figures have been
produced using the coordinates of the crystal structure oPthe
denitrificansCOX (16).

Another explanation is based on the opposite patterns of
the Cys H contact shifts withp for the?Bs, and?B,, states
and on the assumption that tf&, excited state is thermally
accessible at room temperature. An increase in the popula
tion of the?B,, state at higher temperatures would result in
the increase of the contact shifts of thé'ldrotons of both
C216 and C220 (Figure 6C), which agrees with the negative
slopes observed for the plots of the correspondihgalues
versus 1T (Figure 3B, signals c and d). On the other hand
in the case of the # protons, a smaller coupling is expected
as By, gets more populated, again in agreement with the
positive slopes of signals a and b in Figure 3B. Thus, the
couplings of the cysteing protons at any temperature can
be expressed as an average of the couplings correspondin
to the 2Bz, and 2By, states, weighted according to a
Boltzmann distribution as follows:

A

_ (bysir® ¢+ ¢)) + & (b, cog ¢y + ¢,
- 1+ e—AE/kT)

9)

Salgado et al.

12

Alh (MHz)

T T T T

3 32 3.4 3.6
T x 103 (K)

Ficure 8: Plot of the values oA/h vs 1/T and best fit of the data
to eq 9. Filled circles correspond to C2162Hfilled squares to
C216 H1, open circles to C220 R, and open squares to C220
HAL,

TTTTTT

3.8

in Table 4. Itis worth noticing that there is good agreement
between the calculated angles and the crystallographic values
collected in the same table. The constagtsare small
compared withy;, as expectedb6—59). The negative value

of ¢ for C220 has no physical meaning and may arise from
the fact that the small shifts of the C22F{signal d) are
sensitive to errors introduced by the approximations made
above (like the neglect of the pseudocontact contribution).
The values for the constarttsare significantly different for

the two states and for the two cysteine residues. As defined
above, b is proportional to the Sspin density with a
proportionality constari;. Since the exact values Bf are

not known, it is difficult to state to what extent the differences
in by represent differences in the spin densities. Values of
B have been reported in the literature amounting~ttD0
MHz (56). This constant represents the efficiency of the
spin density transfer to the®d, moiety, which, apart from
the dihedral angléyg;, depends on structural factors like, in
our case, the orientation of thé>€S’ bond with regard to
the Cu-S—S—Cu plane. This orientation can be defined
by the dihedral angley, C*—S—S'—Cu, and the angle,
Cf—9—9 (Figure 7B,C). If we look at the structures of
the Cu, sites available up to daté®, 20, we find that, while

77 is quite conservedy is significantly different for the two
Cys residues, which may be connected with the observed
difference inb;. It is interesting to note that the average
value ofb for each cysteine is very close to 20 MHz, which

Hould be in agreement withs ~ 20% (usingB ~ 100 MHz

(56)) for both C216 and C220 (Table 4).

Low-temperature ENDOR studieS4, 61) have revealed
the presence of two strongly coupled protons with (aniso-
tropic) couplings that varied, depending on the source of the
oxidase, from 12 to 19 MHz. To compare these data with
the present results, it must be realized that the ENDOR data

where the subscripts 1 and 2 refer to the ground and excitedrefer to the ground state, since at 2.1 K excited states are

states, respectively, and the constdntndc; (j = 1, 2) are
defined (see eq 7) &8ps; and Gpg, respectively.

The couplings of the four cysteingprotons at different
temperatures were fitted to eq 9 (Figure 8), wit the same
for the two cysteines whileys, was set togg: + 120, as
expected for an ideal $gonfiguration of thes carbons. The
best fit was obtained usingE = 350 cnt®. The values of
the dihedral anglegs and the parametels andc; are shown

not populated. With the data in Table 4, the calculated
(isotropic) hyperfine couplings for the ground state amount
to 11 and 3 MHz and 12 and 0.1 MHz for the C216 and
C220, respectively. These data are in complete agreement
with the ENDOR data which show the presence of only two
strongly coupled protons, and also solve a question posed
by Chan and co-worker&4) about whether the two strongly
coupled protons derive from the same cysteine residue or
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Table 4. Dihedral Angles and Constants from Eq 9 Obtained from the Fitting of the Contact Couplings of {hé>@}ens at Different
Temperatures (Figure 8)

residue proton signal ¢? (deg) ¢P (deg) b; (MHz) b, (MHz) c1 (MHz) ¢z (MHz) b (MHz) ps*

C216 H? (a) 78 (78) 92 10.3 31.0 0.2 0.5 20.5 0.20
HA (c) —41 (—35) —28

C220 H2 (b) 108 (114) 111 14.5 23.8 -0.3 -05 19.2 0.19
HA (d) ~11 (-12) -9

aDihedral angles as defined in Figure 7 measured from the crystal structures Bf tlemitrificansCOX (16) and CyoA (between brackets)
(20). ® Angles from the fitting using eq 9.From b = Bps, assumingd = 100 MHz.

from two different ones. Moreover, the isotropic values of vibronic coupling and the details of the electronic wave
11 and 12 MHz agree nicely with the range of49 MHz functions must be known.
observed by ENDOR for the anisotropic couplings.

The value ofAE = 350 cn1?! deserves some comment. CONCLUSIONS
This energy is 1 order of magnitude smaller than the value The spin distribution in the Gusite is clearly reflected in
estimated by Farrar et al.3§) for the predictedBs, — ?Bay the 'H NMR spectrum of the paramagnetic one-electron
transition (3500 cm?). Theoretical calculations have shown oxidized species. Thus, the shifts of the H181 and H224
that the energy difference between fiila, and?B,, states  proton signals are relatively small but similar to each other,
is very sensitive to the CuS—Cu angle (g deformation) which illustrates the electronic equivalence of the two copper
and predict a reversal in the order of the two states at anglesions. Large amounts of spin density are found in the Cys
in the range 6570° (62). The angles observed in the crystal bridging ligands, as witnessed by the large shifts of the Cys
structures of Cusites (6, 20 and determined from EXAFS  protons. The tentative assignment of thé Hrotons of
data @1) are inside this interval, which is in agreement with Met227 shows that there is a small but sizable amount of
the present value oAE. The presence of a low-lying spin density delocalized onto this residue.
thermally accessible excited state would be compatible with  The spin density in the CysHprotons depends on the
the promotion of electronic relaxation through an Orbach Hf—CP—S—S dihedral angle according to a Karplus-type
process 48). law. A 2Bg, state, with the Cys 'Sspin-carrying orbital

Finally, a question that deserves further consideration in aligned to the Ct+Cu axis, is assigned as the ground state.
connection with the energy difference between’Bg and ~ The ?Bzy excited state is thermally accessible witle =
2B,, states being on the order &[T at room temperature 350 cnt?, which may be connected with the fast relaxation
relates to the effect of low-lying vibrational states on the ©Of the Cu through an Orbach process.
spin density distribution. In the resonance Raman spectrum
of the Cu, site, a number of low-frequency vibrations in the NOTE ADDED IN PROOF
200400 cnt? region have been identified in the ground  After submission of this manuscript, a related study
state 63). Thev = 0 andv = 1 levels of these vibrations  appeared (Luchinat, C., Soriano, A., Djinovic-Carugo, K.,
will carry substantial population at room temperature, and Saraste, M., Malmstra, B. G., and Bertini, I. (1997).
the question is how this may affect the analysis of the Am. Chem. Soc. 1191023-11027). The paper describes
temperature dependence of the paramagnetic shifts presentea qualitative analysis of thiH NMR spectrum of the Cu
above. It is clear that each vibront8s,(vi) level of the soluble domain of cytochrome oxidase fromParacoccus
ground state will have it8B,(v;) counterpart in the excited  denitrificansand deals mainly with the assignment of the
state, and the analysis given above of the temperaturesignals. The protein is homologous to the one studied here.
dependence of the hyperfine couplings can be simply Although there is, in general, agreement between the two
extended to include excited vibrational states. This will not studies as far as the assignments are concerned, some
affect the outcome of the analysis as long as no vibronic differences in the analysis of the spectral behavior and the
mixing occurs. Vibronic mixing is absent, for instance, in assignments of the Cysftsignals are worth commenting
the case of totally symmetric vibrations, of which the above- upon. Three of the four Hresonances of C216 and C220
mentioned deformation that causes such a large change irwere not observed by Luchinat et al. due to problems with
AE is an example. The situation is different for vibrations the stability of their sample. The shifts of these nuclei were
with b, 4 character D, point group), which may in principle  obtained from the deuterium signals of samples with deu-
lead to coupling betweetBs (v = 1) and?Ba(v = 0) states. terated cysteines, and show a larger spread (up to 450 ppm)
According to the RR analysis, at least two such vibrations than the corresponding resonances in our spectrum. The
with frequencies of 275 and 115 cfnhave been identified  assignment of these resonances was made only on the basis
(63). Vibronic coupling may affect the electronic character of their bahavior with temperature and the similarity with
of the two levels involved, and thereby the electronic spin the T. thermophilusCu, protein. As demonstrated here,
distribution. The effect will be pronounced when the states this can be misleading, since the temperature dependence
that couple are close in energy. However, in that case theirof the chemical shifts is not as expected on the basis of
Boltzmann populations will not differ very much and the simple considerations for any of the four Cy4 té¢sonances
effects on the thermal average of the hyperfine interactions (see discussion above and plots in Figure 3). In fact, the
that result from the vibronic coupling may be compensatory. two Cys H resonances in our spectra that show an apparent
The net effect, thus, may amount to a small, first-order Curie-type behavior (a and b) correspond to different Cys
correction. For a detailed analysis, the magnitude of the residues.



7388 Biochemistry, Vol. 37, No. 20, 1998
ACKNOWLEDGMENT

We gratefully acknowledge Professor Hartmut Michel for
sending us the coordinates of the COX fréndenitrificans
and Dr. Matthias Wilmanns and Professor Matti Saraste for
the coordinates of the GUCyoA protein. Dr. Frank Neese
is acknowledged for sending us his Ph.D. Thesis. Kees
Erkelens is acknowledged for his technical assistance with
the NMR instrument.

REFERENCES

1. Beinert, H. (1997Eur. J. Biochem. 245521-532.

2. Hartzell, C. L., and Beinert, H. (1978jochim. Biophys. Acta
368 318-338.

3. Aasa, R., Albracht, S. P. J., Falk, K. E., Lanne, B., and
Vanngard, T. (1976Biochim. Biophys. Acta 42260-272.

4. Pfenninger, S., Antholine, W. E., Barr, M. E., Hyde, J. S,,
Kroneck, P. M. H., and Zumft, W. G. (199Bjophys. J. 69
2761-2769.

5. Mchaourab, H. S., Pfenninger, S., Antholine, W., Felix, C.
C., Hyde, J. S., and Kroneck, P. M. H. (19®pphys. J. 64
1576-1579.

6. Dennison, C., Berg, A., de Vries, S., and Canters, G. W. (1996)
FEBS Lett. 394340-344.

7. Bertini, I., Bren, K. L., Clemente, A., Fee, J. A, Gray, H. B.,
Luchinat, C., Malmstim, B. G., Richards, J. H., Sanders, D.,
and Slutter, C. E. (1996). Am. Chem. Soc. 1181658~
11659.

8. Dennison, C., Berg, A., and Canters, G. W. (19Biichem-
istry 36, 3262-3269.

9. Saraste, M. Q. (199a). Re. Biophys. 23331—366.

10. Lappalainen, P., Aasa, R., MalnistroB. G., and Saraste, M.

(1993)J. Biol. Chem. 26826416-26421.

Adelroth, P., Brzezinski, P., and Malm&tnp B. G. (1995)

Biochemistry 342844-2849.

Zumft, W. G., and Kroneck, P. M. H. (199&)dv. Inorg.

Biochem. 11193-221.

Farrar, J. A., Thomson, A. J., Cheesman, M. R., Dooley, D.

M., and Zumft, W. G. (1991FEBS Lett. 29411-15.

Beinert, H., Griffiths, D. E., Wharton, D. C., and Sanders, R.

H. (1962)J. Biol. Chem. 2372337-2346.

Griffiths, D. E., and Wharton, D. C. (1960) Biol. Chem.

236, 1850-1856.

Iwata, S., Ostermeier, C., Ludwig, B., and Michel, H. (1995)

Nature 376 660—669.

Ostermeier, C., Harrenga, A., Ermler, U., and Michel, H.

(1997)Proc. Natl. Acad. Sci. U.S.84, 1054710553.

Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T.,

Yamaguchi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono,

R., and Yoshikawa, S. (199%cience 2691069-1074.

Tsukihara, T., Aoyama, H., Yamashita, E., Tomizaki, T.,

Yamaguchi, H., Shinzawa-Itoh, K., Nakashima, R., Yaono,

R., and Yoshikawa, S. (199&cience 2721136-1144.

Wilmanns, M., Lappalainen, P., Kelly, M., Sauer-Eriksson,

E., and Saraste, M. (199Proc. Natl. Acad. Sci. U.S.A. 92

11955-11959.

Blackburn, N. J., de Vries, S., Barr, M. E., Houser, R. P.,

Tolman, W. B., Sanders, D., and Fee, J. A. (1997Am.

Chem. Soc. 11%135-6143.

Blackburn, N. J., Barr, M. E., Woodruff, W. H., van der Oost,

J., and de Vries, S. (19948iochemistry 3310401-10407.
van der Oost, J., Lappalainen, P., Mussacchio, A., Warne, A,
Lemieux, L., Rumbley, J., Gennis, R. B., Aasa, R., Pascher,
T., Malmstran, B. G., and Saraste, M. (199EMBO J. 11

3209-3217.

von Wachenfeldt, C., de Vries, S., and van der Oost, J. (1994)

FEBS Lett. 340109-113.

Slutter, C. E., Sanders, D., Wittung, P., MalistrdB. G.,

Aasa, R., Richards, J. H., Gray, H. B., and Fee, J. A. (1996)

Biochemistry 353387-3395.

Dennison, C., Vijgenboom, E., de Vries, S., van der Oost, J.,

and Canters, G. W. (199%)EBS Lett. 36592—94.

11.
12.
13.
14.
15.
16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

Salgado et al.

27. Hay, M., Richards, J. H., and Lu, Y. (1998joc. Natl. Acad.
Sci. U.S.A. 93461—464.

28. Kroneck, P. M. H., Antholine, W. E., Riester, J., and Zumft,
W. G. (1988)FEBS Lett. 24270-74.

29. Kroneck, P. M. H., Antholine, W. E., Riester, J., and Zumft,
W. G. (1989)FEBS Lett. 248212-213.

30. Kroneck, P. M. H., Antholine, W. E., Kastrau, D. H. W., Buse,
G., Steffens, G. C. M., and Zumft, W. G. (1998EBS Lett.
268 274-276.

31. Antholine, W. E., Kastrau, D. H. W., Steffens, G. C. M., Buse,
G., Zumft, W. G., and Kroneck, P. M. H. (1998ur. J.
Biochem. 209875-881.

32. Robin, M. B., and Day, P. (1967Adv. Inorg. Chem.
Radiochem. 10247-422.

33. Wallace-Williams, S. E., James, C. A., de Vries, S., Saraste,
M., Lappalainen, P., van der Oost, J., Fabian, M., Palmer, G.,
and Woodruff, W. H. (1996). Am. Chem. Soc. 118986-
3987.

34. Williams, K. R., Gamelin, D. R., LaCroix, L. B., Houser, R.
P., Tolman, W. B., Mulder, T. C., de Vries, S., Hedman, B.,
Hodgson, K. O., and Solomon, E. I. (199%)Am. Chem. Soc.
119 613-614.

35. Thomson, A. J., Greenwood, C., Peterson, J., and Barrett, C.
P. (1986)J. Inorg. Biochem. 28195-205.

36. Greenwood, C., Hill, B. C., Barber, D., Eglinton, D. G., and
Thomson, A. J. (1983Biochem. J. 215303-316.

37. Dooley, D. M., McGuirl, M. A., Rosenzweig, A. C., Landin,
J. A, Scott, R. A, Zumft, W. G., Devlin, F., and Stephens, P.
J. (1991)Inorg. Chem. 3p3006-3011.

38. Farrar, J. A., Neese, F., Lappalainen, P., Kroneck, P. M. H.,
Saraste, M., Zumft, W. G., and Thomson, A. J. (1996Am.
Chem. Soc. 11811501+-11514.

39. Neese, F., Zumft, W. G., Antholine, W. E., and Kroneck, P.
M. H. (1996)J. Am. Chem. Soc. 118692-8699.

40. Inubushi, T., and Becker, E. D. (198B) Magn. Reson. 51
128-133.

41. Banci, L., Bertini, I., Luchinat, C., and Piccioli, M. (1990)
FEBS Lett. 272175-180.

42. Chen, Z., de Ropp, J. S., Hémiez, G., and La Mar, G. N.
(1994)J. Am. Chem. Soc. 118772-8783.

43. Banci, L., Bertini, I., and Luchinat, C. (1991) MMR and
biomolecular structurgBertini, I., Molinari, H., and Niccolai,

N., Eds.) p 31, VCH, Weinheim.

44, Bertini, 1., and Luchinat, C. (1996}oord. Chem. Re 150
1-296.

45. Bloembergen, N. (1957). Chem. Phys. 2595-596.

46. Solomon, 1., and Bloembergen, N. (1996)Chem. Phys. 25
261—-266.

47. Solomon, . (1955Phys. Re. 99, 559-565.

48. Banci, L., Bertini, I., and Luchinat, C. (199Nuclear and
electron relaxation VCH, Weinheim.

49. van de Kamp, M., Canters, G. W., Wijmenga, S. S., Lommen,
A., Hilbers, C. W., Nar, H., Messerschmidt, A., and Huber,
R. (1992)Biochemistry 3110194-10207.

50. Farrar, J. A., Lappalainen, P., Zumft, W. G., Saraste, M., and
Thomson, A. J. (1995[ur. J. Biochem. 232294-303.

51. Lommen, A., Wijmenga, S. S., Hilbers, C. W., and Canters,
G. W. (1991)Eur. J. Biochem. 201695-702.

52. Beringer, R., and Heald, M. A. (195Bhys. Re. 95, 1474~
1481.

53. Gurbiel, R. J., Fann, Y. C., Surerus, K. K., Werst, M. M.,
Musser, S. M., Doan, P. E., Chan, S. I, Fee, J. A, and
Hoffman, B. M. (1993)J. Am. Chem. Soc. 1150888-10894.

54. Stevens, T. H., Martin, C. T., Wang, H., Brudvig, W., Scholes,
C., and Chan, S. (1982). Biol. Chem. 25712106-12113.

55. Kalverda, A. P., Salgado, J., Dennison, C., & Canters, G. W.
(1996) Biochemistry 353085-3092.

56. Werst, M. M., Davoust, C. E., and Hoffman, B. M. (1991)
Am. Chem. Soc. 113533-1538.

57.Ho, F. F. L., and Reilley, C. N. (1968)nal. Chem. 411835~
1841.

58. Bertini, I., Capozzi, F., Luchinat, C., Piccioli, M., and Vila,
A. J. (1994)J. Am. Chem. Soc. 11651-660.

59. Karplus, M. (1959)). Chem. Phys. 3Q1-15.



Electronic Structure Properties of the CuA Site by 1H NMR Biochemistry, Vol. 37, No. 20, 199&389

60. Houser, R. P., Young, V. G., and Tolman, W. B. (1996) 63. andrew, C. R., Fraczkiewicz, R., Czernuszewicz, R. S.,
Am. Chem. Soc. 112101-2102. Lappalainen, P., Saraste, M., and Sanders-Loehr, J. (1996)
61. van Camp, H. L., Wei, Y. H., Scholes, C. P., and King, T. E. Am. Chem. Soc. 1180436-10445.
(1978) Biochim. Biophys. Acta 53238-246.
62. Neese, F. (1996) Ph.D. Thesis, University of Konstanz. BI9728598



