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Abstract: Cua is an electron-transfer copper center present in heme-copper oxidasegnethNctases. The
center is a binuclear unit, with two cysteine ligands bridging the metal ions and two terminal histidine residues.
A Met residue and a peptide carbonyl group are located on opposite sides of fBeplaune; these weaker
ligands are fully conserved in all known gsites. The Met160GIn mutant of the soluble subunit ITbErmus
thermophilus bgoxidase has been studied by NMR spectroscopy. In its oxidized form, the binuclear copper
is a fully delocalized mixed-valence pair, as are all naturg| €enters. The faster nuclear relaxation in this
mutant suggests that a low-lying excited state has shifted to higher energies compared to that of the wild-type
protein. The introduction of the GIn residue alters the coordination mode of His114 but does not affect His157,
thereby confirming the proposal that the axial ligand-to-copper distances influence the-eldspieiteractions
(Robinson, H.; Ang, M. C.; Gao, Y. G.; Hay, M. T.; Lu, Y.; Wang, A. Biochemistry1999 38, 5677).
Changes in the hyperfine coupling constants of the G¥3H, groups are attributed to minor geometrical
changes that affect the €%—Cs—Hp dihedral angles. These changes, in addition, shift the thermally accessible
excited states, thus influencing the spectral position of the2@$l, resonances. The GiCys bonds are not
substantially altered by the €&GIn160 interaction, in contrast to the situation found in the evolutionarily
related blue copper proteins. It is possible that regulatory subunits in the mitochondrial oxidases fix the relative
positions of thermally accessible g£excited states by tuning axial ligand interactions.

Introduction additional transmembrane helix, designated subunit$&abunit
] | contains a low-spin hembk and a hemez—Cug active site

The cag and bag cytochromec oxidases are expressed by \here Q or NO is reduced. Subunit Il contains a solvent-
the thermophilic eubacteriunThermus thermophiluHB8 exposed domain with a binuclear Coenter and an adjacent
(ATCC 27634).2 Both enzymes are more promiscuous than pinding site for reduced cytochronss,. Compared to thaa
the mitochondriahag oxidases, displaying notable nitric oxide  oxjdasespas displays several distinct features, including slow
(NO) reductase activity.Kinetics studie% nicely complement O, turnover, reduced affinity for CO and CI¥ reduced proton
earlier sequence homology analysis predicting that the heme-pumping efficiency [0.4-0.5 Ht/e"],° unusual heme reduction

copper oxidases and NO reductases evolved from a commonpotential cooperativity® and a hydrophobic interaction with cyt
ancestor and share similar reaction mechanistishe bag Csg2.8

oxidase, expressed under low-@nsion growth condition’,
is the smallest known cytochromeoxidase (-85 kDa, 764 g hsirate cytss, !t and the soluble Gudomain of subunit II
residuesy,it couples the four-electron reduction of @ proton from bas!? are available at 2.4, 1.28, and 1.6 A resolution
pumping across the membrane with only two subunits and an respectively, providing a sound structural basis for examination
of the Cw center. Soulimane et &lhave proposed a direct

Crystal structures of th@. thermophilus baoxidases its
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* University of Rosario. electron transfer (ET) pathway betweensGund the hemesg—
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Cug center that involves a-10 A tunneling step. A similar
pathway has been proposed for t##g oxidases314but kinetics
studies are consistent with a £t~ hemea — hemeaz—Cug
sequence in thaas enzymes?® The hemea/b center is believed Met160
to be critical for the coupling of ET to proton pumping in the
oxidases. Consequently, an ET helmkypass pathway ibag
may be usetiwhen an alternate terminal electron acceptor is . His157
unable to provide the driving force requirements for proton H‘s"“/’
pumping. Thus, the primary function of theg oxidase may '
be to provide a terminal electron acceptor under very harsh
conditions.

Disruption of the Cy center by the axial ligand mutation
Met263Leu in thERhoc_jObaCt?r §phgeroidesaa»<idase bIO(_:kS Figure 1. Schematic representation of the Luite in the T.
Cua — hemea ET without inhibiting proton uptaké This thermophilusragment, as taken from the coordinates deposited in the
observation corroborates previous electronic structure calcula-pDB as 2cud? Residue numbering corresponds to the full subunit 11
tions suggesting that axial ligand mediated modulation of the fragment.
Cua Cu—S core is well suited as a control center for ET.
Indeed, understanding axial structural perturbations of the Cu been amenable to paramagnetic NMR studies because of an
core could well reveal the role that this center plays in unfavorable electron relaxation time-{0~° s) that leads to
controlling ET during the oxidase reaction cycle. broad NMR lines?®29 However, the unpaired electron in Cu

Cua naturally exists in two redox states: in the reduced form, sites relaxes considerably fasterl(0-1! s) 2 giving rise to well-
both metal atoms are cuprous ions, whereas, as originally resolved'H NMR spectréé! Since the initial report of the NMR
inferred from the seven-line pattern in the EPR spectrum of spectrum of the Cutcontaining soluble fragment oF. ther-
N2O reductasé® the oxidized form is a fully delocalized class mophiluscytochromebag (TtlICu,),32 other results have become
Il mixed-valence pait® The binuclear assignment was later available33-37 The anomalous temperature dependence of some
confirmed by crystal structure analyses of the engine&ed of the resonances corresponding to the Cys ligands has been
coli CyoA soluble fragment of cytochromieo,?° bovine aas attributed to the existence of low-lying excited states that
cytochromec oxidasel®1321and the bacteriaas enzyme from become populated at room temperatrBlMR has proven to
Paracoccus denitrificang* Other structures recently have be a particularly sensitive technique, because quite different

become available, notably frolRseudomonas stutzeN,O signal patterns are observed for L{tenters displaying almost
reductas® and an engineered purple azu#n. identical EPR and electronic spectra.

The Cuw center consists of an almost planar 6y core Several structures are now available for different oxidation
(Figure 1). In the C subunit fromT. thermophilus bgoxidase,  and ligand-binding states of the bovine aRdracoccus deni-

the copper ions are bridged by the sulfur atoms of Cys149 andtrificans aa oxidases. These structures reveal that the@mter

Cys153, forming an almost planar £34 rhombic structure with  js structurally robust;12-1421suggesting that the mode of tuning

a metal-to-metal distance of 2.5’A0ne of the coppers also  the ET properties is subtle. The Met160GIn axial ligand has

binds the M1 atom of His114 and thedSof Met160 (at 2.48 been successfu”y mutated in tAgermus b@ Cua soluble

A), with a distorted tetrahedral geometry, whereas the other fragment, giving rise to stable binuclear mixed-valence centers,

copper coordinates to His157 and the backbone carbonyl of put with slightly altered EPR and UWis features$® Larger

GIn151 (at 2.62 A). These structural features are largely copper hyperfine interactions in the Met160GIn and Met160Glu

conserved in natural and engineered,@enters. mutants indicate that electron spin density has shifted from the
Magnetic spectroscopic methods such as EPR, MCD, andigands to the Cu nuclei, which in turn suggests that significant

ENDOR have played a major role in the study of ACu
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electronic changes can result from minor axial ligand alterations,
an observation consistent with available structural data. These
mutants are particularly well suited for paramagnetic NMR
experiments, enabling a more detailed study of axial perturba-
tions. Accordingly, we have made a detaifddl NMR inves-
tigation of Met160GIn TtlICy.

Materials and Methods

The soluble Cwy domain was amplified fromT. thermophilus
genomic DNA using standard polymerase chain reaction (PCR)
protocols®* The wild-type fragment is a truncated form of the original
construct (TO) that corresponds to the most proteolyzed form of the
ThermusCus domain. The DNA construct for this form contains a 10
amino acid truncation compared to the orginal fragment and has been
designated as T10 by Fee ebPaPreviously, this form has been referred
to as T9 by some of u%,on the basis of a comparison of the longest
N-terminal amino acid sequence from the TO protein product and
N-terminal sequence of the T10 protein product. Importantly, both
designations, T9 and T10, refer to the same form. This form has been
used to determine the crystal structure of the soluble fragfient.

The Met160GIn mutant was built in the original construct. The sense
primer contained amNde | site (italicized) and start codon (bold)-5
CTTCGTCTTCATCGCCATATGGCCTACA-3. The antisense primer,
5'-TTAGCAGCCGGATCOCACTCCTTCACCACGATCGTGCC-
GAA/CTG/GTTC-3, contained the stop codon (boldanH | site
(italicized), and Met160GIn mutated codon (boxed). The Met160GIn
mutation was added to the truncated N-terminal T9 sequence by
relegating the Avr II/ EcoRI fragment from Met160GInTO into the WT
T9 construct® The mutation was verified with automated DNA
sequencing using ABI Prism BigDye cycle sequencing chemistry on
an ABI Prism 3700 DNA Analyzer and 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA) at the DNA Sequencing Core Laboratory
at the California Institute of Technology. Both strands of the gene were
sequenced through the restriction sites to verify that no secondary
mutation was incorporated in the selected clone.

Protein solutions (23 mM) for NMR experiments were prepared
in phosphate buffer at pH 8.0. Samples inCDwere obtained by
repeated exchange with,O buffer with use of Centricon filters or by
dissolving the lyophylized samples in,O.

H NMR spectra were recorded on MSL 300, AMX 500, and Avance
800 Bruker instruments operating at 300.13, 500.13, and 800.13 MHz,
respectivelyT; measurements were performed using the nonselective
inversion-recovery method SuperWEFT experiments were performed
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Figure 2. *H NMR spectra recorded at 800 MHz, pH 7.0, and 308 K
in 100 mM phosphate buffer of (A) WT. thermophilusCu, fragment

in H,O (the inset shows the most downfield region with H,
signals); (B) Met160GIn mutant in4®, pH 8.0; (C) Met160GIn mutant
in D;O, pH 8.0 (the inset shows the most downfield region with the
B-CH, Cys signals, recorded at 318 K).

according to standard proceduféd.D NOE difference spectra were
obtained as described previou$hExponential and Gaussian weighting
functions were used in the spectral processing.

Results

The wild-type (WT) form and Met160GIn mutant of the Gu
containing soluble fragment off. thermophilus(TtlICua)
cytochromebas were expressed irkE.coli and purified by
published method®.3° The proteins used in this study corre-
spond to the most proteolyzed form of the origiffddermus
construct (see Materials and Methods). Deletion of this N-
terminal portion removed a solvent accessible histidine residue,
significantly lowering the binding affinity of an additional type
2 copper equivalent that alters the X-band EPR spectra, giving
the axial spectrufif a rhombic appearané@The electronic8>>
EPR3843and ENDORS spectra of the truncated WT fragment
have been reported:*3

We recorded théH NMR spectra of both the wild-type and
Met160GIn proteins (Figure 2). The NMR spectrum of the
truncated WT protein is identical to that reported by Bertini et
al. for the complete fragmeft. As confirmed by 1D NOE
experiments, the signal assignments, as well as the temperature
dependences of the hyperfine shifted signals (not shown), are
the same as before. We therefore conclude that N-terminal
truncation does not alter the NMR properties of the soluble
fragment.
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Table 1. Spectral Parameters and Assignments of the are absent (Figure 2C). Because only two histidine residues
Hyperfine-Shifted Signals of the Met160GIn TtlCEragment at reside at the Cu site, two of the signals are likely due to
298 K and pH 8.0, unless Indicafed S . -
: _ exchangeable imidazole NH protons of these ligands. Signals
signal 6 (ppm) Ti(ms) T-dependence  assignment h and i are the obvious candidates, because their chemical shifts

a 308 <0.1 hyper-Curie A2 Cys149 are in the range expected for copper-bound His residues. 1D
c 262 <0.1 hyper-Curie A1 Cys149 NOE experiments reveal that WT signal i is dipole-coupled to
d 61 <0.1 ant-Curie i#1 Cys153 signal f and signal h is dipole-coupled to signal e (Figure 3).
° 36.9 6.2 curie b2 His114 Because the His ligands are bound to the copper through N
f 27.0 4.3 Curie k2 His157 X .
g 11.0 n.d. non-Curie ¥ Cys153 atoms, the following assignments can be made: resonances h
h 28.4 n.d. Curie k2 His114 and i to the imidazole ER’s and e and f to the vicinal #2’s.
i gg-g’ ridz (éufi_e :i E?Sﬁz The remaining exchangeable signals (I,m) are likely due to
. . urie IS H Ti
Jk 149 06 Curie M1 His157 backbone N-H protons in close proximity to the Gucluster.

These resonances also are present in the spectrum of the WT
2 Signal labeling is identical with that used for the WT fragment in - protein32

£e,\f,|§’§éu$§§'§t‘f,,§‘%m5be””g 'S that of the full fragment in subunit Il No additional dipolar connectivities could be detected be-
o tween the exchangeableePls and other hyperfine shifted
signals. Signal k is a good candidate for alHHis, according
to its temperature dependence (see later), chemical shift, and
shorterT; value. The second # signal could be buried in the
diamagnetic envelope, as in the spectra of thg @mains from
Paracoccus denitrificanandParacoccusersutus®®-3>Another
possibility is to assign resonance j, overlapped with signal f, to
the remaining K1 proton. Selective irradiation of this signal
could not be accomplished because of signal overlap. The
assignment of resonances j and k ad Hiis is consistent with
the presence of these signals in the 60/15 ppm region in the
spectra of other Gucentersi?:33.35

Signal i is not found in spectra recorded at pH values above
6.0 in HO, but it gains intensity at lower pH. Instead, signal h
is present in a broad pH range (4.8.0). This observation
allows a sequence-specific assignment of the His signals,
because His157 is solvent-exposed, whereas His114 i¥ not.
Therefore, signals i and f are attributed to His157, whereas
resonances h and e are assigned to His114.

Three downfield-shifted signals labeled a, ¢, and d (see
discussion below) exhibit shifts and line widths typicafe€H,
protons of a &-coordinated Cys residue and, hence, can be
assigned accordingly. This assignment has been confirmed by
Bertini et al. for the WT protein by selective deuteration of the
B-CHy protons32 Only three out of four Cyg$-CH, resonances
v y pr % AR P MR were detected in the spectrum of the Met160GIn mutant; these
56 fall at 308, 262, and 61 ppm (at 298 K) and are labeled a, c,

pm) . . .
] and d, respectively (see below). Experiments performed with a
Figure 3. (A) 'H NMR spectra recorded at 500 MHz, pH 5.5, and  gpectral window as large as 1000 ppm were not helpful in
298 K in H,0 of Met160GIn. NOE experiments obtained by irradiation finding the missing signal. Irradiation of resonances a and ¢

of (B) signal e, (C) signal f, and (D) signal i. was attempted despite their line widths, but the experiment did

The signal pattern in the Met160GIn-TtligFigure 2) is not yield any NOEs. i )
characteristic of mixed-valence binuclear [&t, Cut5] The temperature dependences of thHehyperfine shifts of

systems. Two sets of signals are clearly seen in the NMR spectrah€ Cysp-CHz's of the WT and Met160GiIn proteins are shown
of Cua centers: a first group of sharp, well resolved hyperfine- in Figure 4. None of théH Cys signals intercepts zero in the
shifted signals in the 40 te-10 ppm range and a second group linear inverse temperature plots, thus deviating from Curie
of broader lines, with chemical shifts that span 450 behavior. Traditionally, the temperature dependences of the
ppm32-37 These two regions are readily recognized here (the hyperfine shifts have been classified as Curie, non-Curie, and
broadest resonances being located in the inset). Thalues anti-Curie. A recent and arguably more precise classification
of the signals in the 1540 ppm region for the mutant are in  refers to these dependences as Curie, hyper-Curie, and hypo-
the 0.6-6 ms range (between 2 and 17 ms in WkEuhose Curie?*
associated with the broader signatsdaare shorter than 1 ms The Cys signals are labeled as in the WT protein, on the
in both proteins. The resonances in the spectrum of Met160GIn basis of similar temperature behaviors and shifts. A clear anti-
mutant are broader than those for the WT protein, and they Curie temperature dependence is observed for signal d in both
exhibit shorterT; values (cf. Table 1). proteins, the slope in Metl60GIn being less pronounced than
An additional exchangeable signal (labeled i) is located in in WT (Figure 4). Signals a and ¢ exhibit hyper-Curie behavior
the spectrum at low pH in $#0 (Figure 3A). In the NMR spectra  (i.e., negative intercepts at infinite temperatures). The missing
recorded in RO solution, the hyperfine signals h, i, I, and m resonance in Met160GIn is thus tentatively attributed to the same
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Met160GInT; and T, values are in the same range as those
of the WT protein, but they are systematically shorter. Nuclear
relaxation is controlled by electronic relaxationg)( that
dominates the total correlation tiM&The longitudinal relax-
ation of the 2 and H2 His signals is dipolar in origin and,
thus, is determined by the value of and the metatnucleus
distance** By using the SolomonBloembergen equatiorrs
values of 2x 10711s (WT) and 5x 107!'s (Met160GIn) are
estimated?

Chemical Shift Analysis. The chemical shifts of the assigned

g_ 22 signals can be employed to calculate the unpaired spin density
o | on the metal ligands. The observed chemical shifts are the result
©w 25 of additive contributions of three term&®0
-50 4
757 6obs: 6dia+ 5con + 6pc (1)
-100 - ® a(WT)
122 T oown wheredobs is the experimental shifdgia is the chemical shift
75 ] PRI of the nucleus in an analogous diamagnetic systeg,is the
200 1 o c(M160Q) Fermi contact shift due to the unpaired electron density on the
225 * ﬂn(ﬂ"ﬁeo;,ession nucleus of interest arising from electron delocalization, égnd
250 1 represents the pseudocontact shift stemming from the magnetic
2751 anisotropy of the unpaired electron residing on the metal ion.
B 03 o6 08 12 10 1 21 24 27 30 39 a8 a0 The pseudocontact contribution can be calculated provided
o the protein structure and the magnetic anisotropy tensor are
1/Tx1000 (K-1) known, by using the following equation based on a metal-

centered approximatiot}:>2

_ Hotg’S(S+1)
proton (resonance b) that shows hypo-Curie temperature de-“pc ™~ 45 kTP
pendence in the WT protein.

Resonance g at 11 ppm corresponds to a nonexchangeablghere r is the proton-copper distance and is the angle
proton that can be better detected in spectra recorded® D petween the metalproton vector and the magneticaxis. In
(it is absent in the WT protein). Temperature-independent Cu,, the unpaired electron is delocalized over the,%u
behavior of the shift of this resonance has been found ®or H rhombus, and an estimate &fc should consider two-center or
Cys3233:33Because this signal shows a dipolar connectivity with  four-center point-dipole interactions. Unfortunately, neither the
resonance d (not shown), attributed to a BySH,, we assign  exact orientation of the magnetic anisotropy tensor nor the

Figure 4. Curie plots of the measured chemical shifts for fh€H,
Cys resonances of Met160GIn and WT TtlliCu

(3086 — 1)(Qpa” — Gper) x 10° (2)

it to Ha Cys. electron spin density on each copper and sulfur atom is known,
. _ thus precluding an accurate calculationdgf. Because),. in
Discussion copper centers is sizeably smaller th&gn,344%5355 we will

neglect it in our analysis.
Finally, the hyperfine coupling constantg\/f)) can be
calculated as follow&t

The NMR spectrum of the Met160GIn mutant resembles that
of the WT protein and of other Gucenters (Figure 2), indicating
that [CU-5t, CuL5T] mixed-valence character is preserved, as
has been shown by electronic absorption and EPR sp®ctra. 5. 3y KT
Differences in the Cys and His signals are not unlike those A_ 1 Ooor?VNCT (3)
reported previously from investigations of the NMR spectra of h  27g,usS(S+ 1)

Cua centers from different sourcé%33:35In the discussion that

follows, we will connect these differences to electronic structure Wherey is the nuclear magnetogyric ratio agé the isotropic
perturbations in the mutant protein associated with axial ligand g value. The calculated contact shifts, as well as the hyperfine
substitution (Met-to-GIn). coupling constants, are set out in Table 2 and are compared to

No signals from the axial ligands (GIn160 nor GIn151) could those of the WT protein.
be found outside the diamagnetic envelope in the Met160GIn  His Signals.The chemical shifts for the His imidazole protons
spectrum, in accord with observations made for the native Met in different Cu sites have been discussed by Kolczak et@l.,
ligands in all Cu centers studied hitherto by NM&:33.35This who suggested that the average shift of thi2ldnd H2 protons
means that no net electron spin density is delocalized to thecan be used as an empirical estimate of electron spin density
hydrogen nuclei of the engineered Gin, even if a shorter ligand ~ for a given His ligand® The parameters are 28.1 (His114) and
metal bond is expected compared to-€3i(Met160). This does ~ 25.5 ppm (His157) for the WT protein and 32.6 (His114) and
not necessarily imply that the GIn(>-Cu, bond is weaker than ~ 25.1 ppm (His157) for the Met160GIn mutant. These results
Met (3")—Cuy in the WT protein. A similar situation is seen in  indicate that the two His ligands are less alike in Met160GIn
the blue copper protein Ste”acyanin: notwithstanding the than in the WT prOtein; SpeCifically, the Spin density associated
stronger interaction of Cu(ll) with the GIn axial ligand, no net With His114 is detectably altered in the mutant, whereas that

electron spin density was reported by the Gln proténis with His157 is roughly the same. This result is not unexpected,
addition, it should be kept in mind that electron delocalization as His114 is bound to the same copper atom as that in
in Cua centers is largely confined to tkxg plane, and the orbital (56) Kolczak, U.; Salgado, J.; Siegal, G.; Saraste, M.; Canters, G. W.

contribution of axial ligands to the HOMO is sméa#f’46.47 Biospectroscopyt999 5, S19-S32.
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Table 2. Observed Shifts, Contact Shifts, and Hyperfine Coupling co
Constants for the His and Cys Ligands of {Rroteins 6
Ah A A % C8:) (%
(MHz) (MHz) (MHz)
signal assignmento (ppm) dco? Metl60GIP WTP  Paracoccu$ (& -
a HBCysl49 308 305 11.38 1050 105 TC, (3bz) O, (3bs)
b HBCysl153 not obsd 953 150 |
¢ HBCysl49 262 259 9.75 8.90 7.5 c /sl_\c,,_,
d HBCysl53 61 58  1.87 433 21 Ne”
e HO2His114 36.9 299 115 094 0.76 . . . . .
f  HO2His157 27.0 1966 0.76 0.77 0.76 Figure 5. Schematic representation of thg* and s, orbitals in the
g HaCysl53 11.0 6.4 0.29 0.92 0.74 xy plane. The orbital labeling according to idealiZegh symmetry (as
h  He2His114 284 174 0.62 051 0.48 used in ref 26) is indicated in parentheses.
i He2His157 232 1216 0.46 0.47 0.58 _ _ _
j  HelHisll4 269 199 0.75 0.53  notobsd Table 3. Cys Dihedral Angles (deg) in GuProteins
k  HelHislS7  14.9 79 030 034 o041 four-atom unit? WT T. thermophilus P. denitrificand
a Pseudocontact shifts were neglected (see téx) 298 K. ¢ From H;—Cs—S,—S,
refs 35 and 549 Measured at pH 5.5. Cys149 81 (c) —40/-37 -39
Cys149 182 (a) 79/81 79
engineered GIn160 (Figure 1). On the basis of chemical shift CYS153 i1 (d) 1/9 —10
g (Fig ) Cys153 HB2 (b) 119/128 109

similarities of WT and Metl60GIn His157 resonances, we
suggest that signal k corresponds to thel lf this residue, S-S G—Cu

N . Cys149 —158/160 —160
whereas resonance j arises from thelbf His114. Cys153 —112/~120 —131

.Accordlng to Robinson et al,, the His imidazole orientations 2TheT. thermophilusiumbering is used. The corresponding residues
W_'th respect to the Gi$, rhombus of Cy are a functhn of the in the P. denitrificansfragment are Cys 216 and Cys 220 he signal
distances between the copper atoms and the axial ligéi@is: label is indicated in parenthesédzrom pdb file 2cud? 9 From pdb
work strongly supports this view: indeed, it is likely that the file 1ar1
engineered axial ligand in the mutant affects the copps
interaction, either by tilting His114 relative to its orientation in
the WT protein, or by strengthening the €His bond. Subtle
axial ligand differences on Gugeometries also are seen by
comparison ofThermusCua fragment andoas oxidase struc-
tures. The Cy domain, normally packed against subunit | in
bas,8 is solvent exposed in the soluble fragm&hinterestingly,
the GIn151 side chain is fully extended in theg structure,
yielding a longer Cp—0O bond distance. (Gubond distances
are in good agreement in the two structures: this copper is
coordinated to Cys149, Cys153, His114, and Met160; distances
are 2.4, 2.4, 2.1, and 2.5 A) gis coordinated to Cys149,
Cysl153, His157, and GIn151, with distances of 2.3 (2.3), 2.5
(2.3), 2.1 (1.9), and 2.8 (2.6) A. The distances from the soluble
fragment are given in parentheses and, on average, are shortqﬂs to analvze the WT protein data analogously.
than those observed for the cytoghrorlmg fstructureé The . The Cysyﬁ-CHz hyperﬁzine coupling consgt]ants);ollow a sine-
angles between the His114 and His157 imidazole rings differ squared dependence on the-+C;—S,—S, dihedral angled
by one degree}&fg(18°). Both the thCu [2.4 (2.5) A] and On the basis of this evidence, Salgado et al. have suggested
tSh_S [4.1(3.9) Eg(ﬂétsanfeg. and fﬂ:ﬁ hglgfeMar;%'Iai;lmq;):of that the ground state for Gus o,*,3 in agreement with models

€ core vary. studies ot the se-hie FMUSCUa proposed by several investigators (Figuré ™27 According

E\e;ter_tﬁlsot have sthownbla dﬁcrease_ ml_Eglll? d|star][f:e,| 2.43t to this picture, the S(p) orbitals involved in the HOMO are
;- without any noticeable changes in or optical Spectra , 1, nqonal to the sulfursulfur vector (Figure 5).

compared to the WT Gucenter. These Gustructural studies The dihedral angles H-Cs—S,—S, (Cys149) are similar in

Con:plfmegt our NMRt c?ar_z?ﬁt(tetzlzatlon of Itphe tMe_t1|6|(_)GInd the ThermusandParacoccusroteins (Table 3). Signals a and
mutanb a;_n arefc;)hnys en V\é': € p(;(_)potsa at axia |g?n c exhibit similar chemical shifts and a hyper-Curie temperature
perturbations of the Guor Ci, coordination environmen dependence in both proteins. Thus, we assign these resonances

provide regulatqry possipilities tha'g are unique. Importantly, to the5-CH, protons of Cys149. The conformation of Cys153
there is compelling experimental evidence that each of the two is slightly different (Table 3), consistent with the assignment

halves of the Cn core can be modulated independently. of resonances b and d to the gemifiaCH, couple in the
Cys Signals.Only three out of fou3-CH, Cys resonances  paraccocusand Thermusfragments. The different chemical
were located by sampling in a large spectral window, thus gpifts observed for signal b (260 ppm in tfiermusprotein
suggesting that the fourth was broadened beyond detectableyng 445 ppm in théaracoccusragments) can be accounted
limits. The Cys signal pattern differs from that of the WT  ¢qr hy consideration of the different dihedral angles (Table 3).

proteins are identical, differing from that of tfie thermophilus
WT protein. The spectral pattern of the Cys residues in
Met160GIn resembles more closely those of the Canters
from P. denitrificansand P. versutus except for the absence
of signal b.

The line widths of signals a, ¢, and d precluded direct
assignments through NOE experiments. However, these signals
can be assigned to specific protons on the basis of their positions
and temperature dependences. Luchinat et al. have assigned the
Cys 3-CHy’s in the P.denitrificansfragment from knowledge
of the Cu-S—Cs—Hg dihedral angled® on the basis of a
successful application of this approach to rationalize chemical
shift variations in iror-sulfur protein® The availability of the
crystal structure of the TtliGusoluble fragment has allowed

protein, showing larger signal spreading (Table 2). Fo@H, An analogous signal could not be found in the spectrum of the

Cys signals have been detected in the NMR spectra of the Cu \et160GIn mutant.

soluble fragmentsssf6rorﬁ. thermophilusV'T,%2 P. denitrificans® The less-downfield shifted signal (d), characterized by its anti-

andP. versutus’>*® The Cys signal patterns of the two latter  cyrie temperature dependence, falls at 61 ppm in Met160GIn,
(57) Blackburn, N. J.; Ralle, M.; Gomez, E.; Hill, M. G.; Pastuszyn, A,; (58) Bertini, I.; Capozzi, F.; Luchinat, C.; Piccioli, M.; Vila, A. J.

Sanders, D.; Fee, J. Riochemistryl999 38, 7075. Am. Chem. Sod 994 116 651.
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117 ppm in the WT TtlICW,32 and 55 ppm in théaraccocus minor axial distortions are too subtle to produce a change in
fragment®33 The Cu-S—Cs—Hjp dihedral angle spans10° ground state. Density functional calculations on hinge angle
to 17 in these proteins (Table 3), but such angular variations distortions of the CaS core have shown retention of thg*
cannot account for the differences in the shifts (Table 2). In ground state over a large rantfeAs noted earlier, the hinge
addition, the slope associated with the temperature dependencangle in these structures differs by’18 more significant change
of signal d in the Met160GIn mutant is half that observed for than that seen in the Gt8—Cu angles of the core. The hinge
the WT protein (Figure 4). angle distortion of the core has received less attention than
The deviations from Curie behavior suggest that one or more others; nevertheless, this type of perturbation is consistent with
excited states are thermally access#Bles proposed by Salgado  a largero,* —m, energy gap in the Met160GIn mutant. The
et al. in their analysis of temperature dependences of signals inenergy ofr, is altered by decreasing the hinge angle and, hence,
the spectra of Gufrom P. versutus® Excessive signal line  the Cu-Cu distance, thereby tuning the excited state with
widths introduce a large uncertainty in the chemical shifts; minimal bond length changes. Tlag* —m, gap of Cu in the
accordingly, it is difficult to make a reliable estimate of the bag structure is expected to be greater than in the more flattened
energy gap between the ground state and the lowest excitedcore of the soluble fragment.

state in the case of the Met160GIn protein. . A good deal of evidence suggests that axial ligand interactions
The following qualitative analysis is the best we can do: in pay a role in tuning the electronic structures and the reduction
the case of Cys153#1 (d), the S-S—Cs—H dihedral angles  potentials of blue copper proteifds3 H NMR spectra show
range from—10° to & in the different Cu centers, and smaller  {hat when Met (plastocyanin) is replaced by Gln (stellacyanin)
hyperflne couphngs_ are predicted for the ground state, cor_13|stentthe average hyperfine coupling for tjfeCH, geminal couple
with a narrower signal (d) at 1660 ppm. The hyperfine  gecreases from 20 to 14.5 MM2This decrease, which mainly
couplings in ther, excited state, instead, shquld have a cosine- (gfiacts changes in Cys electron spin density, is strikingly
squared dependence on the-$-Cs—H; dihedral angles, itferent from the present case, in which a similar mutation does
thereby giving a significant increase in the hyperfine coupling ot giter substantially the Fermi contact shifts associated with
of Cy§153 k1 Compareq to the.ground.statg. The anti-Curie Cys moieties. These observations are in line with those based
behavior of resonance d is consistent with this model, because | oiher spectroscopic measureméfs Strong axial ligands
raising the tempgrature WOUl.d result in greaztrarpopu_laﬂon ... inblue copper proteins induce changes in the relative intensities
and larger Fermi contact shifts. The smaller chemical shifts of LMCT absorptions and give rise to rhombic EPR spetfi.
observed for signal d, and the smaller slope, suggest that the | contrast, the LMCT band pattern in Met160GIn,(s only

excited state of Metl60GIn is shifted to higher energies i v\ aitered with t to that of the WT protei dth
compared to that of WT, provided the Cys153 sulfur electron SEII:?R gpic?rfm \ilg axriZ;E‘)fC o thatotthe protein, and the

spin density is not substantially altered. This latter possibility Th lated evid hat the i lav b
can be ruled out, because the hyperfine coupling constants for e accumulated evidence suggests that the interplay between
e CysHis; ligand set and the axial ligands in ggenters is

resonances a and c are less than 10% greater than those of the, - - ;
ifferent from that postulated for the axial-Cysklisteraction

WT protein.
P in blue copper sites. We suggest that axial ligands distort the

A largeroy* —m, energy gap in the mutant should shift signal . . .
b to a positron altj)ove that of the WT protein. If this were the CupS; core rhombus to a conformation with a tunable low-lying

case, a broader resonance would be expected, because transver&&Cited state that is partially populated at 70, the growth
relaxation rates (and hence, line widths) of methylene Cys temperature off. thermophilus it is possible, perhaps even
protons in blue copper and @wenters are dominated by the Ilkt_aly, that this state regulates electron transfer in the functioning
contact contributio>52Excessive broadening may explain the ©Xidase.

apparent absence of this signal in the spectrum of the Met160GIn  The four electron reduction of Qo water and ET coupling
protein. to proton translocation are precisely controlled evénts.

Our data strongly support the existence of a low-lying excited However, there is no consensus on the control mechanisms that
state in Cy centers’® whose energy is tuned by interactions of ~coordinate the reaction cycle. Our work on the Met160GIn
the copper atoms with the axial ligands. As noted, this picture model system suggests that axial ligands could independently
is consistent with changes in the electron relaxation time. RecentSense cytss, binding and changes at the subunit I/1l interface.
DFT calculations predict a,* —m, energy gap smaller than 400 The backbone of Met160 is solvent exposed in the proposed
cm ! for Cu—Cu distances in the range observed in the crystal Cyt Css» binding site® Conformational changes induced on
structured?” Several calculations also suggest that changes in binding of reduced cytss, can be transmitted to GuSimilarly,
the Cu-Cu distance (or in the GuS—Cu angle) tune the  changes in the subunit I/l interface can be detected by the

relative energies of the,* and xz, orbitals!747:60.61Specifically, GIn151 side chain and transmitted to LThe advantage of
the HOMO is predicted to change from mainhy* to x, for a this center is that one or both events could be detected at any
Cu—S—Cu angle in the range 6770°.6%61The Cy—S;46—CW, given moment in the reaction cycle.

angle is 62 (65°) and the Cy—S;55—Cuw, angle is 60 (65°) in

the fragment andas Cua structures, with the corresponding Biéle%cﬁgn‘éﬂ'ég-z\é\gagag‘g'i”r D. R.; LaCroix, L. B.; Solomon, EJI.
angles for the fragment given in parentheses. Thus, the adjust-""(53) Gray, H. B.: Malmstrom, B. G.; Williams, R. J. B. Biol. Inorg.

ments in core geometry for a 0.2 A change in the,-€0 Chem.200Q 5, 551.
interaction of the GIn151 axial ligand are not expected to alter  (64) La Croix, L. B.; Randall, D. W,; Nersissian, A. M.; Hoitink, C.

the ground state. Additionally, ENDOR results for both the %‘égi‘ngrg‘éﬁ' W.; Valenting, J. S.; Solomon, EJI.Am. Chem. Soc.

Met160GIn and Met160Glu proteins indicate that,&ground (65) Vila, A. J.; Fernandez, C. G. Am. Chem. Sod.996 118 7291.
state is retained in these mutafit3.hese findings suggest that (66) Lu, Y.; LaCroix, L. B.; Lowery, M. D.; Solomon, E. |.; Bender, C.
J.; Peisach, J.; Roe, J. A,; Gralla, E. B.; Valentine, J.2m. Chem. Soc.

(59) Shokhirev, N. V.; Walker, F. AJ. Phys. Chem1995 99, 17795. 1993 115 5907.

(60) Neese, F. Ph.D. Thesis, University of Konstanz, 1996. (67) Babcock, G. T.; Wikstnm, M. Nature 1992 356, 301.

(61) Ramirez, B. E. Ph.D. Thesis, California Institute of Technology, (68) Proshlyakov, D. A.; Pressler, M. A.; DeMaso, C.; Leykam, J. F;
1997. DeWitt, D. L.; Babcock, G. TScience200Q 290, 1588.
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The more complicated mitochondriabs oxidases function determine the His orientations, and the finding that these minor
with up to 10 nuclearly-encoded subunits. These subunits aregeometric changes are limited to one copper atom underscores
believed to have regulatory functions; however, only subunit the structural robustness of £sites, a feature that is crucial
IV has been studied in any detail. ATP binds to the matrix in minimizing the reorganization energy while allowing variation
domain of subunit IV and allosterically inhibits oxidase activity. in the reduction potential of the cenfér’2The interaction with
CAMP-dependent phosphorylation of subunits II, Ill, and Vb - GIn160 apparently does not weaken the<&{Cys) bond as in
has been shown to be a necessary condition for the bovinep|ye copper proteins. Instead, this perturbation tunes the relative
oxidase to display ATP/ADP-ratio dependent inhibitri’A  energies of low-lying electronic levels, most probably through
conformational change altering the axial interactions upon pingr geometric rearrangements of the binuclear complex. It
phosphorylation and ATP binding to subunit IV could increase  ¢,10,ys that this fine-tuning could be exploited in the design of
the energy of the low-lying Guexcited state and inhibit electron highly efficient electron-transfer units.
injection into the oxidase from reduced ayat physiologically
relevant temperatures. Thus, the excited-state tunability exhibited
by Cu is ideally suited to the expanded regulatory needs of
the mitochondrial oxidases and offers a broader range of
regulatory possibilities than would be possible with a simple
switching of ground states.
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Our NMR study shows that the distinctive purple copper
delocalized electronic structure is preserved in the Met160GIn
mutant of TtlICw; what is more, the electron spin density
pattern is not severely altered. The observation that the ja0162515
engineered GIn160 induces changes in His114 chemical shifts

strongly supports the suggestion that axial ligand interactions (71) Ramirez, B. E.; Malmstro, B. G.; Winkler, J. R.; Gray, H. BProc.
Natl. Acad. Sci. U.S.AL995 92, 11949.
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