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Abstract: An extensive assignment of tHel NMR spectra of a Cy domain from the cytochrome oxidase of
Paracoccus denitrificanbas been obtained on the basis of dipolar connectivities coupled to the available structural
information. The assignment has been extended with the &id biIMR spectra on a protein sample with cysteines
selectively labeled at thg position. The spectra have been compared to those published earlier for a simjlar Cu
fragment from therhermus thermophilusxidase and for a Guconstruct in a blue copper protein, amicyanin. The
shifts and their temperature dependence are discussed in terms of molecular orbital descriptions available for these
systems. The mechanisms for the fast electron relaxation, which make the obtainment of relatively sharp NMR
signals possible, are discussed. It is shown that the proton shifts of one histidine are variable from one system to
the other, possibly reflecting changes in its interaction with thgSgdiamond structure. Large electron delocalization

onto the S atoms is confirmed. This is reflected in the large shifts experienced by the cgs@ifigrotons, and

these shifts are in turn tuned by the-€8—C—H torsion angles. It is suggested that the electronic structure of Cu

is ideal for its function in electron transfer.

Introduction

The demonstration that the guwenter in cytochromee
oxidase is a dinuclear, mixed-valence copper complex consti-
tutes one of the most intriguing recent discoveries in inorganic
and bioinorganic chemistd? The dinuclear nature of this
center was first suggested by Kroneck and co-workéisyt it
remained controversia® until it was clearly established by
analytical and spectroscopic work on a solubley @omair?
and by the determination of the crystal structures of two
cytochrome oxidaség as well as of the purple CyoA protefn.
Two copper ions, formally one in the¢1 and the other in the
+2 oxidation states, are bridged by two cysteines. Both are
coordinated by one histidine, and complete their coordination
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Figure 1. Schematic representation of the Qilomain of cytochrome
c oxidase fromP. denitrificans

Several soluble proteins containing a singleyCenter have

with a further weak bond each (with a methionine sulfur and a
peptide carbonyl oxygen, respectively) as shown in Figure 1.
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been prepared, the first one being the CyoA protein in which a
Cua site has been introduced in a domain of subunit Il from a
quinol oxidase compleX. Later, soluble subunit Il domains with
natural Cy sites have been prepared from three bacterial
cytochrome oxidase systeni¥aracoccus denitrificangacillus
subtilis and Thermus thermophily$-1%11 |n addition, two
groups have independently succeeded in engineering &itu
into two blue copper proteins, amicyatirand azurint® The
oxidase Cy centers are similar to one of the redox centers in

(9) van der Oost, J.; Lappalainen, P.; Musacchio, A.; Warne, A.; Lemieux,
L.; Rumbley, J.; Gennis, R. B.; Pascher, T.; Malmstrd. G.; Saraste,
M. EMBO J.1992 11, 3209-3217.

(10) von Wachenfeldt, C.; de Vries, S.; van der OosEEBS Lett1994
340, 109-113.

(11) Slutter, C. E.; Sanders, D.; Wittung, P.; MalnisttdB. G.; Aasa,
R.; Richards, J. H.; Gray, H. B.; Fee, J. Biochemistry1996 35, 3387
3695.

(12) Dennison, C.; Vijgenboom, E.; de Vries, S.; van der Oost, J.; Canters,
G. W. FEBS Lett.1995 365 92—94.

(13) Hay, M.; Richards, J. H.; Lu, YProc. Natl. Acad. Sci. U.S.A996
93, 461-464.

© 1997 American Chemical Society



11024 J. Am. Chem. Soc., Vol. 119, No. 45, 1997

N2O reductasé. A mixed-valence dinuclear model complex has
been synthesized by Houser etfal.

EPRS517 and ENDORS® studies have revealed essentially
equivalent hyperfine coupling of the unpaired electron with the

two copper ions, and these have opened a discussion on th
inequivalence of the ligands. The EPR signal disappears well

below room temperaturel® and time-domain EPR studies have

Luchinat et al.

were prepared from the. coli expression host grown in M9 media

containing the deuterated cysteine and unlabeled essential amino acids.
1H and?H NMR spectra were recorded on AMX 600 and Avance

800 Bruker instruments. Spectral widths of 600 and 2000 ppm were

énvestigated forH and?H, respectively. ThéH NMR spectra were

acquired for up to 600 000 scan3; measurements were performed
by using the inversion recovery mettéh the nonselective version,
as appropriate for paramagnetic systémRifferent carrier frequencies

confirmed that the electronic relaxation times become fast at avere used to cover different regions of the spectrum with the’ 180

relatively low temperaturé This induced us to perform %
NMR investigation of the soluble Gudomain fromThermus
thermophilug?! Indeed, relatively sharp signals are observed
from the bound histidine rings, and signals were also found from
the bridging cysteine ligand3. The spectrum recorded by us
is different from a spectrum of a uwlomain from theBacillus
subtilis oxidase. The tentative assignment of the latter was
based on analogy with the NMR spectrum of thesa@enter
engineered from amicyanf. This assignment is discussed here
in the light of the data on Gudomains from ther. thermo-
philug?! and from theP. denitrificansoxidases presented here.
NMR investigations of Cny systems are hampered by the
instability of the expressed Gicenters, which does not permit
a thorough investigation through 2D spectroscopies. The Cu
from T. thermophilusgs an exception. This allowed us, through
1D and 2D experiments, to assign all cystefh€H, protons,
one of the two cysteine-CH protons, and all six ring protons
of the two histidine€! This earlier study also permitted us to

pulse. 1D NOE difference spectra were obtained as previously
described® NOESY spectra with 5 ms mixing time were recorded in
the TPPI modé&® A total of 1024 x 512 data points were acquired
and zero filled to 2Kx 1K. Cosine-squared weighting functions were
used.

Results

The!H NMR spectra of Cn from P. denitrificansare shown
in Figures 2A and 3, together with those of LCérom T.
thermophilugFigure 2B¥! and from the artificial Cw construct
in amicyanin (Figure 2C¥ The exchangeable signals are
marked with asterisks, and the NOE connectivities are shown
as well. The chemical shifts, NOE connectivities, dadalues
of the system are also reported in Table 1. The 1D NOE
difference spectra have been obtained by irradiating each
hyperfine-shifted signal. 2D NOESY spectra have been re-
corded as well. The two types of experiments provided the
same information. Comparison of tRe denitrificansspectra,

reveal that some signals have either an antiCurie or a temper-including the dipolar connectivities for each signal, with those
ature-independent behavior, attributed by us to the existence offrom theT. thermophilu€us domain shows that one histidine

two nearby electronic levels. We wish here to report tHe
NMR spectrum of the Cufragment fromParacoccus denitri-
ficans The fragment is relatively stable, though much less so
than that fromT. thermophilusand has a 1D spectrum not
directly comparable to that of the latter. In particular, fewer

ring 3-signal NOE pattern (signalsi, andk) is apparent (Table

1). The NH signali decreases in intensity with increasing
temperature (not shown) and disappears at high pH (Figure 4).
This behavior is analogous to that fér thermophiludor the
same signal (Figure 2B) and, likewise, allows us to assign these

hyperfine-shifted signals are present, and in this respect thesignals to the solvent-exposed His2®4 @enitrificansnumber-

spectrum is reminiscent of that from the amicyaninaCu
construc? In the light of the available X-ray structure of the
whole Cy domain fromP. denitrificans® a classification of

ing). It should be noted that signalis best observed at pH
5.6, but the sample is less stable at this pH. Sigeasdh
(the latter exchangeable in,D) are also connected by NOE

the various types of 1D NMR spectra can be achieved. This (Table 1). Line widths (Figure 2A) andl; values (Table 1)
leads to a unique structural model, whose qualitative featuresindicate their correspondence to the analogous signals in Cu

are here discussed.

Experimental Methods

The soluble Cy domain was expressed as inclusion bodie&in
coli BL21(DE3) by following the published procedutrePurification
of the protein and reconstitution with copper was also achieved
following the published procedufe Protein solutions (33 mM) for

NMR experiments were prepared in 0.1 M potassium phosphate buffers

within the pH range of 5.3 to 8.0. Samples in@were obtained by
repeated exchange with,O buffer with use of Centricon filters.
Protein samples with cysteines specifically deuterated gt fhasition
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from T. thermophilugFigure 2B). In the latter case, however,
the NH signalh, is also dipole-coupled tp which is the H1
signal. In the present system this signal is missing. On the
other hand, the HL signals are in aortho-like position with
respect to the coordinating nitrogens, and are therefore the
broadest and have the shortdstamong the histidine ring
protons®* The 1D NOEs expected on these signals by saturating
the NH signals are very small, and 2D NOE experiments
attempted at pH 5.3 over the limited survival time of the
denitrificansCus sample gave negative results. A reasonable
conclusion is that the signal corresponding to signa the
present system is below the diamagnetic envelope (i.e., it
experiences a small hyperfine coupling) and is therefore lost.
In the 40-15-ppm region in théH NMR spectrum of the
present system, there is a siggahat is not connected to any
other signal in this region, but is connected to sighat around
50 ppm (Table 1). It is practically temperature independent,
as is the homologous signglthat has been assigned in £u
from T. thermophilusas ana-CH of one of the two cysteines.
Signald, assigned as a cysteiffleCH proton in Cy from T.
thermophilushas a peculiar antiCurie temperature dependence
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Figure 2. Comparison ofH NMR spectra of HO solutions of Ci domains from (A)P. denitrificans 800 MHz, pH 5.6, 278 K, (BY. thermophilus

600 MHz, pH 4.5, 278 K, and (C) engineered amicyanin, 600 MHz, pH 6.0, 280 K. Asterisks denote exchangeable signals. The labeling of spectra
A and C follows the assignment of spectrum B previously published By Tike 100-500-ppm region of spectrum A is%d NMR spectrum.

Signalsa andc are not visible in théH spectrum. NOE connectivities are also shown.

Table 1. Chemical Shifts at 278 K, Temperature Dependeiige,
Data, and Assignments of the Hyperfine-Shifted Signals ofRthe
denitrificansCu, Domain at pH 5.6

one a-CH of a cysteine in thd. thermophilusprotein?! and
three signals from a histidine ring, two from the other, and one
o-CH and ong3-CH of a cysteine in th®. denitrificansprotein.

signat ) In the artificial construct, six signals are observed in the same
(NOE connect) 0 (ppmf Tdep Ti(msf  assignment 0—100-ppm region, which the authors assign as signals of the

at 445 Curie N.D. Cys216pi two histidines? If this is the case, NOE between signp&nd

c 300 Curie N.D.  Cys216 B h should have been observed. Their assignment is based on

g(g) 222.6 l;trilgirrjié <1i1 Céiiggo% the observation of a NOE between signakndd and on the

(i) 28.6 Curie 53 His224 Bp assumption that #-CH; proton and an HL of a histidine are

e(h) 28.3  Curie ca.5 Hisl8162 close to each other, as observed in the structure of GyimA.

i () 27.3  Curie >5  His224 K2 (NH) the case ofl. thermophilusno NOE is observed between the

h(e) 24.2  Curie 5.0  Hisl181 &2 (NH) two protons mentioned, probably as a result of sAgstand a

J 0 ig:? E’l:’r‘gep' <1% ngzzzzaﬁ not-so-close distance. An alternative assignment would be that

of assigning asg, i.e., to a cysteine.-CH which gives rise to

a dipolar connectivity with its owg-CH. In this casg¢ would

be, as in the case @&?. denitrificans below the diamagnetic
envelope. With the present experimental data, we favor the
assignment of the 27-ppm signal, in amycyanin Gas amo-CH
ssignal of a cysteine if no dipolar coupling is present between

a2The labeling follows the previous assignment of \Cluom T.
thermophilus as shown in Figure 2. The signals in parentheses are
those for which NOE connectivities have been obser¢&pectra
recorded at 800 MHZT, data obtained at 600 MHZ2 Signals observed
only in the?H spectrum.
that makes the correspondence straightforward, despite its>'9"'¢" h
smaller hyperfine shift in the present system. this signal and signa.

In line with the observations given, the assignmentPof Very far downfield in the!H NMR spectrum of the present
denitrificansCua in the 40 to 15 ppm spectral region matches system, only signab is observed at 205 ppm, whose shift is
that of T. thermophilusCua, except for the lack of signgl temperature independent (not shown). This signal can be
The overall signal spreading is somewhat smaller than that in assigned to another cysteifieCH proton. InT. thermophilus
T. thermophiluCua (compare parts A and B of Figure 2). The there are three signals above 200 ppm assigned as cy$i€He
Cu, amicyanin construct contains the same number of signals protons. Two of these signals may be either too broad or too
as the present system (compare parts A and C of Figure 2) while,far shifted (or both) to be observed in thd spectrum of the

in terms of signal spreading, it is more similar to thexGrom

T. thermophilus(compare parts B and C of Figure 2). The
difference between the construct and the two natural proteins, deuterated at thg position. 2H NMR spectra are expected to
besides the absence of the signal&200 ppm, is intriguing.
Below 100 ppm there are seven signals in both natural systemssmaller gyromagnetic ratio of the deuteron with respect to the
but the NOE patterns, line widths, afd values lead to two
different assignments: three signals for each histidine ring plus cysteine3-CH, signalsa—d, those missing in théH NMR

present system. To resolve this ambiguity, we have recorded
H NMR spectra of a sample with cysteines selectively

show smaller paramagnetic broadening of the lines due to the

proton427 The resulting?H NMR spectra show all four
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Figure 3. 800-MHz 'H NMR spectra of HO solutions of the Cu domain fromP. denitrificansas a function of temperature at pH 7.6. The
160-500-ppm regions ardH NMR spectra. Note the antiCurie behavior of sigdand the temperature independence of sighalsdg. The same
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Figure 4. 800-MHz 'H NMR spectra of HO solutions of the Cu

domain fromP. denitrificansas a function of pH at 288 K. Note the
decrease in intensity of signalith increasing pH and the substantial

pH independence of the spectra.

andc belong to one cysteine and signalandd belong to the
other cysteine. The proposed assignment is summarized in
Table 1. The inequivalence between signaland c on the

one hand and signdl on the other is apparently stronger in
terms ofH relaxation than it is in terms of hyperfine shifts.

Discussion

From the present investigation it would appear that the
structure of C may be variable, at least at tHéel NMR
resolution level. ThéH NMR spectrum of the Cufrom T.
thermophiluspreviously reportedt and the present investigation
suggest that the two histidines may be more inequivalent in the
present Cy than they are in the Gufrom T. thermophilus|t
is possible that the differences are not so large, but a slightly
smaller hyperfine coupling for thed2 and H2 of His181 and
a significantly smaller shift for L may be indicative of weaker
ligation in the present system. This statement cannot be made
quantitative, because the hyperfine coupling of histidine ring
protons depends on several contributions which may even cancel
one another: direet delocalizationsr delocalization, and—x
spin-polarization. The three contributions are sensitive and
o coordination bonds. Comparison of the two systems indicates
that the involvement of the sulfurs seems similarly asymmetric
in the two systems. Perhaps one of tfieCH protons,
corresponding to signal, is geometrically slightly different in
the two compounds. It is confirmed that delocalization onto
sulfur is very high. Therefore, despite the difference in the
NMR spectra, the overall picture seems to be very similar. This
may also extend to Gusites in amicyanin an8. subtilisCua

spectrum being at 300 and 445 ppm (Figure 2A). The latter fragments??
two signals have a Curie-type temperature dependence (Figure The similarity of the various electronic structures is confirmed

3). The temperature dependence of sigreatsl suggests an

assignment analogous to thatTafthermophilusi.e., signalsaa

(27) Xia, B.; Westler, W. M.; Cheng, H.; Meyer, J.; Moulis, J.-M.;

Markley, J. L.J. Am. Chem. S0d.995 117, 5347-5350.

by the fact that, with the exception of signalandc that are

too broad to be observed in thel spectrum of the present
system, the line widths arif} values are similar, and therefore
the electronic relaxation times must also be similar in the various
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systems. The electronic relaxation times, in turn, depend on
the separation between two or more doublets. Tetragonal
copper(ll) has electronic relaxation times in the range 010

1078s28 |t can be estimated that in the systems discussed here,

including the amicyanin construct, the electronic relaxation times
are about 10 s. This estimate derives from use of the
Solomon equation, appropriately scaled by a factor of 1/2 to
account for the dimeric structuf&2°with the experimental’;
values and metalproton distances from the X-ray structire.

It is most probable that a number of excited doublet levels,
relatively close in energy to the ground st#té! makes the
Raman type of electron relaxat®nmore efficient than in

B-CH proton shows antiCurie behavior.

J. Am. Chem. Soc., Vol. 119, No. 45, 19971027

any hyperfine shifted Cgl signal suggests a very modest
involvement of methionine in the Guelectronic structure.

The temperature dependence of the shifts of the cysteine
proton signals does not follow the simple Curie law (Figure 3).
In the T. thermophilusand P. denitrificansCua, one cysteine
This was earlier
attributed to the different populations of two levels close in
energy?! An alternative explanation would be that temperature-
dependent conformational changes induce this kind of shift. In
the amicyanin Cn construct, there are different temperature
dependences of the shifts but not just a sinplédependence
for some signald? This observation would support the con-

tetragonal copper complexes, so that two orders of magnitudeformational change hypothesis. MO calculations show that the
of electronic relaxation rates are gained. There is an alternativejndividual contributions of the three sulfur p orbitals involved

electron relaxation mechanism (Orbach relax&fiéd, which
would be efficient when the first excited doublet is within the
thermal bath at room temperature. This mechanism would be

in the orbital containing the unpaired electron change drastically
with small geometric changé&34 Therefore, minor variations
in the CuyS, moiety with temperature may strongly affect the

appealing, because it could explain the temperature independ-hyperﬁne coupling of the3-CH, (and even of thex-CH) of

ence of signab and the antiCurie behavior of signdlassigned

as a pair ofg-CH, protons of one cysteine. However, the
requirement of an energy level within the thermal bath is perhaps
too stringent, if we consider that several systems, even with
different electronic structureé®d have similarly short electronic
relaxation times.

By now, several investigations are availablé? which
describe the MO schemes of Lunder different symmetries.
A common qualitative finding is that indeed the first excited
state is somewhat closer than it is in blue copper prof&iAs
MO which is essentially antibonding in character and made up
by contributions from @-2, dy, px, and g of the four centers
(as long as the G$,N, moiety is planar) bears the unpaired
electron!6.17.23.33.34 This conclusion is based on symmetry
considerations and should be true at any level of computational
sophistication. The large shifts of ti#feCH, cysteine protons
are consistent with a large fraction of unpaired spin density on
the S-Cu units. On the assumption that the spreading of the
shifts within a-CH, pair depends on the inequivalence of the
Cu—S—C—H dihedral angles, and that this spreading is maximal
for the presenP. denitrificansCua, we may exploit the available
structural information to assign tentatively the two strongly
inequivalents-CH, protons (signald andd) as belonging to
Cys 220, and the more symmetfieCH, pair (signalsa andc)
as belonging to Cys 216. Apparently, txonding p orbitals
of the histidine nitrogens are less involved in the MO bearing
the unpaired electrotf:31 Nevertheless, the different shifts and
shift patterns of the protons of His181 may indicate inequiva-
lence in the imidazolemetal binding in the various systems.
The diamond structure is possibly stabilized by bonds
involving the g, and g, copper orbitals and the pulfur orbitals.
Furthermore, one copper ion is also loosely bound to a
methionine, which may be capable of affecting the energy of
the antibonding MO. However, the fact that we do not observe

(28) Banci, L.; Bertini, I.; Luchinat, CNuclear and electron relaxation.
The magnetic nucleus-unpaired electron coupling in solyti®iCH:
Weinheim, 1991.

(29) Bertini, I.; Galas, O.; Luchinat, C.; Parigi, G.; Spina, s Magn.
Resonln Press.

(30) O’Sullivan, T.; Millar, M. M.J. Am. Chem. Sod985 107, 4096—
4097.

(31) Farrar, J. A.; Neese, F.; Lappalainen, P.; Kroneck, P. M. H.; Saraste,
M.; Zumft, W. G.; Thomson, A. JJ. Am. Chem. S0d.996 118 11501
11514.

(32) Van Vleck, J. HPhys. Re. 194Q 57, 426.

(33) Orbach, RProc. R. Soc. London, Ser. ¥961, 264, 458.

(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.;
Solomon, E. I.J. Am. Chem. Sod997, 119, 613-614. Kdlebring, B.;
Larsson, S.; Malmstra, B. G. In preparation.

(35) Gray, H. B.; Solomon, E. I. I€opper ProteinsSpiro, T. G., Ed;
Wiley: New York, 1981; pp +39.

cysteines, as such shifts depend on the overlap of the 1s orbital
of hydrogen with sulfur p orbitals. However, the shifts of the
other 8-CH, and of thea-CH are temperature independent,
which makes the conformational change hypothesis less attrac-
tive.

In conclusion, we have shown thdH NMR is a very
powerful tool for the investigation of the electronic and
geometric structures of Gucenters. In particular, the large
hyperfine shifts of cysteing-CH, protons indicate large electron
delocalization on sulfur and involvement of sulfur orbitals in a
diamond structure, as found from X-fa§ and spectroscopic
measurement$ 17 The highly delocalized electronic structure
of the Cu, site, coupled to the reduced reorganization energy
due to its dinuclear natu&may favor the function of this center
as a mediator of electron transfer from cytochromto the
proton-pumping machinery of cytochrone oxidase. The
hyperfine shifts of cysteing-CH, protons depend critically on
the Cu-S—C—H torsion angle. Apparently, the detectability
itself of these signals also depends on this angle, to the point
that in the Cy of P. denitrificans the twoS3-CH; of Cys 216
can only be observed on the deuterated analogue, whereas all
four 8-CH, signals can be observed in thd NMR spectrum
of T. thermophilusCu, protein?! The unpaired electron is
largely delocalized on the two copper as well as on the two
sulfur atoms, but the delocalization on the latter two atoms seems
not to be equal. This may arise from the geometric difference
in the G,—Cs—S—Cu torsion angles for the two ligands resulting
in the different involvement of the p orbitals of these two atoms
in the frontier MO of the systerfi. Despite the large electronic
delocalization on the G& moiety, the two histidines experience
hyperfine coupling of more or less normal magnitude, and may
also reveal inequivalency possibly due to the nonplanarity of
one of them with respect to the €3 moiety. Finally, the sharp
NMR line widths of the histidine proton signals reflect fast
electron relaxation at room temperature, in turn arising from
the proximity of doublet levels, but are not sensitive to slight
inequivalencies in histidine binding which are, on the other hand,
reflected in the shift patterns.
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