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ABSTRACT. The orientation and the axialy.x, and rhombicAy,, components of the magnetic susceptibility
tensor anisotropy for the cobalt(ll) and nickel(ll) derivatives of azurin fidseudomonas aeruginosa

have been determined frodid NMR data. For both derivatives, the axial geometry of the system
determines the orientation of thetensor, whose-axis forms an angle of 18.6 and 20.1 degrees with the
Cu—0Gily45 axial bond in the cobalt(ll) and nickel(ll) derivatives, respectively. For protons close to
this axis, large negative pseudocontact shifts are observed, while those close to the NNS plane of the
equatorial ligands experience lower and positive pseudocontact shifts for the same distance. Dipolar
shifts are larger in the cobalt derivative, not only because of the larger spin number but also due to its
intrinsically higher anisotropy. The contact contribution to the hyperfine shifts for the coordinated residues
has been evaluated and analyzed in terms of unpaired spin delocalization mechanisms and geometry
considerations. The results are extended to other blue copper proteins whose cobalt derivatives have
been studied byH NMR. The electronic structure and its implications in the redox properties of the
native copper proteins are also commented.

The knowledge of the electronic structure of proteins that intrinsic information that hyperfine shifted signals and
participate in the electron-transfer chains of biological relaxation data contairl(—13). This has been extensively
processes is the first necessary step toward understandinghown in native paramagnetic systems, mainly in low-spin
the mechanisms involving them. How the geometry imposed ferric heme proteinsl4—21) but also in ferredoxins22—
by the protein and to what extent the metal itself modulates 27), high potential iron-sulfur proteins, HiPIP2§), and
the thermodynamic and kinetic properties of such processescytochrome-oxidase20—31). In cases where the native
are of great interest. With this goal in mind, a large number system was not appropriate for the application of this
of techniques and theoretical studies have been applied to &echnique [i.e., diamagnetic systems, such as Zn-enzymes,
great variety of electron-transfer proteins (for recent reviews, or proteins containing paramagnetic ions with slow electronic
see refd—5). Of these techniques, NMR is one of the most relaxation, such as blue copper proteins (BCP'’s, hereafter)],
powerful because of its ability to determine solution struc- metal substitution has been able to exploit the advantages
tures, to determine dynamic and electronic properties, andof paramagnetic NMR. This has been the case for the
in particular to explore the structure of the metal active site substitution of Zn(Il) and Cu(ll) by cobalt(INS= 3/2) or
in this type of proteins §-9). NMR, as applied to nickel (§= 1) ions (1, 32, 33).
paramagnetic systems, has proven to be crucial due to the |, 4 paramagnetic system, the hyperfine shift of an NMR

P . . : signal is the sum of two contributions. The first, called
Ming?elzsri;v(c)irg E?ii?aegg?/ugFeonrf:?g,Vgg]afiwa(lggglfgjgfég;ﬁ the DGICYT contact or Fermi contripution, is due to }he existence _of
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bank. is due to the magnetic anisotropy of the system, which
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originates from a nonzero orbital contribution to the magnetic
moment. If the unpaired electron is localized on the metal
nucleus (i.e., by assuming the metal-centered point-dipole
approximation {3, 34)), the relationship between the dipolar
shift and the magnetic susceptibility tensor anisotropy is
defined in eq 110, 13):

1 3 )
0= o Ay, (3cosH — 1)+ SALSInY cose| (1)

pc

wherer, 6, and¢ are the spherical polar coordinates of a
proton relative to the principal coordinates of théensor.
The axial,Ayax, and rhombic Ay, magnetic susceptibility
anisotropy values are given by:

1
Aax = Xzz — é(Xxx + ny) ()

and
3
In turn, yxx, xyy, andy, are the magnitudes of the principal

components of the magnetic susceptibility tensor. They can
be obtained from the low temperature (4 ¢kyalues if only

Ath = Xxx T Xyy

the ground-state multiplet is populated in the absence of zero-

field splitting (ZFS), by the expression

_Hgtg’S(S+ 1)

3KT Ok 4)

Xk
Here, ugs is the Bohr magnetory, is the permeability of
vacuum, k is the Boltzmann constanf is the absolute
temperature, angq presents the principal axes, gyy, and
0 of the g-tensor.

Equation 1 applies in the magnetic coordinate system in
which the magnetic susceptibility tensgr,is diagonal. If a
sufficient number of specific assignments of protons belong-
ing to noncoordinated residues (i.e., without contact contri-
bution) is obtained and a structural model of the system is
available, the orientation of the axes of the magnetic
susceptibility tensor anisotropy with respect to this structural
model as well as the axialAya, and equatorial Aym,
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Ficure 1: Active site of azurin, showing the ligands coordinated
to the metal ion.

the orientation of the magnetic susceptibility tensor has not
been reported for any of them.

Once the pseudocontact shifts are known, the contact
contribution to the chemical shifts of protons belonging to
residues coordinated to the metal ion can be calculated. The
dipolar contribution is obtained by using the metal-centered
point-dipole approximation (eq 1), and thus the contact
contribution determined by this method contains ligand-
centered pseudocontact effeci8,(34). In any case, from
the calculated contact contribution, the mechanism of spin
delocalization onto the ligands and its influence on the
interaction with the metal ion can be obtained. Moreover,
the comparison of different metal derivatives of the same
system can shed light on the nature of the orbitals containing
the unpaired electrons. Additionally, information on the
relationships between the electronic structure and the redox
properties of the protein can be also deduced.

Azurin from Pseudomonas aeruginoisaa relatively small
protein (127 amino acids), with a blue, type 1, copper active
center. The protein is thought to shuttle electrons from the
cytochromebcl to nitrite reductase when the bacterium
grows in anaerobic conditiongd®). Azurin is a very well
structurally characterized protein; the X-ray structures of the
native protein at two different pH values, and in the oxidized
and reduced states as well as the structures of several mutants
are available49—-54). The copper ion presents a distorted

components of the tensor can be determined. This has beeitrigonal bipyramidal geometry where three equatorial donor

successfully performed in low-spin Fe(lll) cytochrom&g, (

35—-37). In some cases, the knowledge of the relative
orientation of the magnetic susceptibility tensor has allowed
the explanation of the influence of the surrounding ligands
on the structural features of the ferric ions in heme proteins.
In other systems, the structural information provided by the
knowledge of the magnetic susceptibility tensor components

atoms (Cys112& His46NH1, and His117M1, NNS) are
strongly bonded, and the axial ligands (Met1218nd
Gly45CO) are weakly bonded (Figure 1). The axial me-
thionine has been proposed to govern, to some extent, the
electronic and redox properties of azurin and similar blue
copper proteins such as plastocyanin, stellacyanin, or ami-
cyanin 65-58). In these other blue copper proteins there

and its orientation (see eq 1) has been used as constraints t& no axial peptide carbonyl to the metal, and the copper

refine the solution structure of some low-spin iron(lll)
cytochromes 38—41). Axial and rhombic magnetic sus-
ceptibility anisotropy values obtained by this procedure have
also been reported for proteins in which the native Zn(ll)
ion has been substituted by Co(ll). This is the case of the
adducts formed by Co(ll) human carbonic anhydrase Il with
perchlorate, nitrate, and thiocyana#?,(43) and of Cu(l)-
Co(ll) superoxide dismutasd4). There are several studies
performed on nickel metallo-substituted proteins by applying
IH NMR spectroscopy in the literaturd%—47); however,

SoMet121 (or equivalent residue in other BCP'’s) distance
is shorter than in azurin. On the other hand, the orientation
of the g-tensor in the Cu(ll) azurin has been obtained from
electron spin echo (ESE) detected EPR at W-band on a single
crystal 69). It has been concluded that thgtensor
orientation is governed by the axial geometry of the ligands,
as thexy-plane is approximately coplanar with the NNS
plane. Thus, knowing to what extent this and other features
of the molecular architecture of the metal binding site are
controlled by the metal itself or by the protein structure is
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decisive. Studying the electronic structure of metallo- Magnetic Susceptibility Tensotn a paramagnetic system,
substituted derivatives of azurin should help to shed light the observed chemical shift for each proton is the sum of a

onto questions such as these. diamagnetic and a paramagnetic contribution:
The cobalt(ll) and nickel(ll) derivatives of azurins (CoAz
and NiAz, hereafter) have been extensively studied by us, Oobs = Ogia T Opara ©)

not only by NMR 60—64) but also by EPR in the case of
CoAz and by magnetic susceptibility measurements for NiAz Wheredgia is the chemical shift of the proton in absence of
(65). We have also solved the crystal structure of the nickel unpaired spin electron(s). The chemical shift due to the
derivative 66). Very recently, the crystal structure of the existence of unpaired electron densilyara is, in turn, given
cobalt derivative has also been solvéd)( In addition, an by the expression:
extensive assignment of the hyperfine shiftedl NMR
signals for the cobalt derivative has been perforng;ige). Opara= Odip T Ocon (6)

We present here the determination of the magnetic
susceptibility tensor for cobalt(ll) and nickel(ll) azurins. The Wheredgq, represents the “through-space” or pseudocontact
contact and pseudocontact contributions for these proteinscontribution anddcon the “through-bonds” or contact con-
have been analyzed, and the features of the active sitetribution. This last factor rapidly decreases with the number
decisive for the electronic structure of both cobalt(ll) and ©f bonds between the observed proton and the paramagnetic
nickel(ll) derivatives and the native copper(ll) protein are Metal ion, and so it is negligible for protons that do not
discussed. The role of the metal ion is discussed as well. belong to residues directly coordinated to the metal ion. It
The results are extended to other blue copper proteins studiedollows that for these proton,aris equal tadap, and hence
by paramagnetic NMR methodology. Finally, implications €qual to the difference between the observegs and the

on the redox properties are also commented. diamagneticfq chemical shift. _
The determination of the orientation of the magnetic
MATERIALS AND METHODS susceptibility tensor and its axiahyax, and rhombic Ay,

Sample Preparation Azurin from Pseudomonas aerugi- ~ nisotropy components was obtained from a fit to five
nosawas obtained and purified as previously descritgg).( ~ Parameters between the observed dipolar shiiis ¢ dda
The nickel(ll) derivative was prepared according to a fqr protons of noncqordmated residues) and the calculated
previously published proceduré?). Samples used in NMR ~ dipolar shifts (obtained from eq 1). We have used the
experiments were typically-25 mM, phosphate buffer 50  Prévious assignments on the diamagnetic Cu(I)A2) s
mM, D,O 10%, pH 7.5. The temperature ranged from 10 the dgia values of eq 5. The flt was performed with _the
to 40°C. program FANTASIA B9), provided by Professor Bertini
NMR Experiments All NMR experiments were performed (University of _Florence, Italy). The method of minimization
on a Unity 400 Varian spectrometer. DQF-COSY spectra &nd the algorithm are described elsewh&@.( The X-ray
(70, 71) were collected at 20 and 4€ in H,0 over spectral ~ Structures of Cu(ll) azurin at pH 5.%1) (pdb4azu.ent
windows of 5400x 5400 Hz using 1024« 512 complex coordinates in the Protein Data Bank) and nickel(ll) azurin
data points int; andt, dimensions, 128 scans each. The {rom P.aeruginosg66) were used as structural models for
recycle time was 800 ms. # signal was suppressed by the calculation of the _dlpolar con_trlb_utlons of protons from
presaturation during the relaxation delay. NOESY experi- the cobalt(ll) and the nickel(ll) derivatives, respectively (very
ments {2) were performed at 10, 20, 30, and 20 using recently, Fhe CoAz crys_tal structure .has been sql\ﬁij,(
presaturation during the relaxation delay and the mixing time. &lthough its atom coordinates are still not deposited in the
These mixing times ranged from 25 to 200 ms. Clean- PDB). In both cases, the reference system fo'r the Qarte5|an
TOCSY experiments7@, 74), using MLEV-17 {5) as spin axes was defined as follows_: the cobal_t (or nickel) ion was
lock pulse sequence were collected. Soft palses of 23  taken as the center, theaxis was defined by the Cu
us were applied. The cycle mixing sequence typically had SYCys112 bond, they-plane was that formed by the metal
a duration from 20 ms (for paramagnetic experiments) to 10N the Cys112@and the His46N1 atoms and the-axis
90 ms (for diamagnetic experiments). The other parametersVas defined as the vecto_nal product of Fhe vectors qqnneqtmg
were analogous to those used in the DQF-COSY experi-thej'sej last two atoms with the metal ion, the positive sign
ments. For all 2D experiments, the quadrature detection in Peinting toward the Met121Batom.
the t; dimension was achieved by employing the hyper- RESULTS AND DISCUSSION
complex method16).
Data were processed using the VNMR1 Varian software  NMR Experiments The'H NMR spectrum of Ni(ll)Az
on a Sun Sparc 5 work station. For DQF-COSY experiments derivative at pH 7.5 (40C, phosphate 20 mM) is shown in
data points were multiplied by a sine square function, zero- Figure 2A. The dipolar shifts used in the determination of
filled to 2048 x 1024 points and Fourier transformed. the magnetic susceptibility tensor in the nickel derivative
TOCSY and NOESY experiments were multiplied by a were obtained either from our previous assignme®i®s (@s
cosine square function shifted4zero-filled to 2048« 1024 in the case of Met13, Phel5, and Trp48 protons) or from
points and Fourier transformed. For NOESY and TOCSY the 2D experiments described in the Materials and Methods.
experiments with short mixing times, a line broadening of 3 These assignments are given in Supporting Information. As
Hz prior to Fourier transformation was also applied. In these the aim of the present study was to have a sufficient number
cases, the data points were not zero-filled. All chemical of restrictions to obtain a reliable magnetic susceptibility
shifts were referenced to 2,2-dimethyl-2-silapentane-5-sul- tensor but not the complete assignment of the NiAz signals,
fonate, DSS, through the solvent signal. the method followed for the assignment of specific spin
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a o I the magnetic susceptibility tensor anisotropy components are
M Il(X,L shown. Of these 109 protons, 103 are at less than 15 A
—_—————— from the metal ion and hence sizable dipolar shifts are
A 12 80 4.0 00 -4.0 expected. These values together with the assignment of each
d fi | i signal are reported in Supporting Information. As observed,
o | for most of the protons, the fit is quite good, with a small
_j 1l m value for the linear regression coefficient (0.97) between the
i — i ——— experimental and calculated dipolar shifts (see Figure 3A).
120 100 80 60 40 20 0.0 -20 Met13y protons (22.6 ppm, downfield shifted) and Leu86
ppm side-chain protons (up te 8.6 ppm, upfield shifted) exhibit
the largest dipolar shifts. For these resonances the predicted
and observed values are in very good agreement. Other
" protons whose predicted pseudocontact chemical shifts nicely
» b agree with the previous assignments are those belonging to
H ' residues Lys41, Asn42, Met44, Trp48, Val49, Leu68, 11e87,
Ml ¥l ) Phel10, Prol115, Gly116, Ser118, and Leu120. All of these
3 i A N are less than 13 A from the cobalt ion and show pseudo-
——— T contact contributions that vary from 11.2 ppm (for Met44H
16 14 12 10 2.0 4.0 proton) to —5.6 ppm (for Lys4ll. proton). These data
ppm confirm the previous assignments and the reliability of the
obtained tensor components. However, some protons, like
Ha, HB1, and HB2 from Met13 and HN and & from Asn47,
experience dipolar shifts that deviate from the calculated
values. These data points were excluded from the calcula-

- <t fis ° tions. The justification for which we present below. Metl13

c ol _% Ha and HpS protons are very close to the metal ion (at
——T T T T T T T T T T T T distances of 4.8, 5.5, and 7.0 A, respectively) and in such
120 100 80 60 40 20 0.0 -20 an orientation that the magnitude of the tensor is relatively

m large (see below), so small conformational (structural)
pp ) :
Ficre 2: 1H NMR spectrum of (A) NiAz fromP. aeruginosdn differences between the CoAz solution structure _and t'he Cu-
H,0, phosphate 20 mM, pH 7.6, 4tC; (B) CoAz from P. (II)Az'crysta_\I structure cou_ld_ cause large var!atlons in the
aeruginosain H,O, phosphate 20 mM, pH 7.5, 3T. In (a) and chemical shifts. However, it is important to notice that, even
(b) expansions of the pseudo-diamagnetic regions of spectra A andif the calculations of the magnetic susceptibility tensor are
B, respectively, are shown. performed without the contribution of the Met13krotons,
the difference between the calculated and observed pseudo-

systems was not the conventional one used for diamagneticcontact shifts for these two methylene protons is very small.
systems. To accelerate the process, for protons relativelyThe amide proton of Asn47 is hydrogen bonded to Cys¥12S
further (>8 A) from the metal ion, we used the previous and consequently both the HN and thex Hprotons are
assignment in the diamagnetic, Cu(l), forit(together with  expected to have contact contribution to their isotropic shifts
the dipolar connectivities expected from the X-ray structure. (78—81) as is indeed observed (see below). We have also
The magnetic anisotropy of NiAz is small (see below). This to keep in mind that formation or disruption of a hydrogen
is reflected by the low degree of dispersion in the pseudo- hond considerably changes the chemical shift both in
diamagnetic region of théH NMR spectrum (see Figure  diamagnetic and in paramagnetic derivatives.
2a). ThUS, the chemical shifts for NiAz resonances do not The values of the magnetic suscepubmty anisotropy
differ in a large magnitude from those assigned in Cu(l)Az components for the CoAz derivative are given in Table 1.
(see Supporting Information) and hence this method is The angles of the main axes with respect to the axial and
reliable. We have assigned 240 protons, 82 of them placedequatorial bonds are also given in this table and displayed
less than 15 A from the paramagnetic center, i.e., displayingin Figure 4A. TheAy.andAym values for CoAz are large
sizable dipolar shifts (the pseudocontact shift for a proton compared with NiAz and CuAz (see Table 1). This is due
at 15 A from the metal ion in the Optimum orientation can both to theS = 3/2 value and to the |arge magnetic
be as large as-0.3 ppm, see below). anisotropy. Sizable magnetic anisotropy in six-coordinated

In Figure 2B, theéH NMR spectrum of Co(ll)Az derivative  high-spin cobalt(ll) complexes has been attributed to-spin
at pH 7.5 (37°C, phosphate 20 mM) is displayed. As orbit coupling and low symmetry componen®}(82). For
observed, the region of this spectrum corresponding to signalshighly symmetric tetrahedr& = 3/2 cobalt(ll) complexes,
with only dipolar shift contribution is relative large-@ to magnetic anisotropy only arises from zero-field splitting
23 ppm, Figure 2b). This indicates a greater degree of effects. In our intermediate situation, with five coordination
anisotropy than in the NiAz derivative. For the CoAz for the cobalt ion, both mechanisms are expected to be
derivative, the previous proton assignment have been usecdbperative, although to a lesser extent than for six-coordinated
(60). cobalt(ll).

Determination of the Magnetic Susceptibility Tensof) The effectiveg values (although not the orientation of the
Cobalt Azurin In Figure 3A, the calculated versus the g-tensor) have been obtained from EPR measurements at 5
experimental dipolar shifts for the 109 protons used to obtain K (65). In that EPR study, it was concluded that the mean
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Ficure 3: Plot of the experimental versus calculated dipolar shifts in (A) CoAz and (B) NiAz.
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Table 1: Angles (in degrees) of the Main Axes of the Magnetic Susceptibility Tensor with Respect to the Bonds between the Metal lon and
the Coordinated Atoms for the Cobalt(ll) and Nickel(Il) Azurins frétnaeruginosa

Gly45CO Met1218 Cys112% His46 N1 His117Ny1
Co(IAz
Axx 73+ 4° 92+ 4° 96 + 4° 37+ 4° 139+ 4°
Ayy 83+ 5° 83+ 5° 174+ 5° 54+ 5° 51+5°
Azz 19+ &° 159+ 4° 91+ 4° 95+ 4° 81+ 4°
Aggax (MF x 10%) —6.8+0.3
Ay (M3 x 10%) 28+0.1
Ni(Il)Az
Axx 76+ 171° 126+ 171° 87+ 11° 147+ 171° 50+ 171°
Ayy 76+ 12° 1124+ 12 22+ 12 1124+ 12 1414+ 12
N2z 20+ 10° 136+ 10° 112410 67+ 10° 100+ 10°
Aggax (M2 x 10°9) —2.0+ 0.4
Ay (M3 x 10%) —0.9+0.2
Cu(lhAz
Oxx 772+ 1.4 79.0+ 1.7 112.8+ 1.6 19.3+ 2.5 124.5+ 2.71°
Oyy 101.9+ 1.7 99.2+ 1.2 241+ 1.7 109.1+ 2.5° 145.3+ 2.1°
Oz 162.3+ 1.8 145+ 1.2 97.1+ 1.5 90.1+ 2.7 88.6+ 3.1°
Ayax (M3 x 10°3P 0.634
A (M x 10°9P —0.047

a Calculated magnetic susceptibility anisotropy components are given as well. For comparison, the orientatigg,af,thendg,, axes of the
g-tensor in the oxidized Cu(ll) protein (obtained from B are also given® For the native protein thAy.x and Aym values have been obtained
by applying eq 4 and assuming that only the ground state is populated (low-temperature approximation).

g value of~2.3 was consistent with a second-order spin  vectors of these two planes is 19.,2while thez-axis points
orbit coupling and an orbitally nondegenerate ground state. toward the Gly45 carbonyl oxygen, forming an angle of 18.6
It was concluded, as well, that the best geometry describingwith respect to the CuOGIly45 bond. This orientation of
the metal site was a highly distorted tetrahedral geometry the magnetic susceptibility tensor produces large negative
with a trigonal coordination, where one of the axial ligands dipolar contributions at residues oriented toward the axial
is moving away from the cobalt center. This picture is also ligands, while those located close to the NNS plane experi-
consistent with our results if the observed magnetic suscep-ence smaller and positive dipolar shifts. Figure 5 displays
tibility tensor anisotropy values arise mainly, if not exclu- the calculated pseudocontact chemical shift that a hypotheti-
sively, from low symmetry components. In the tetrahedral cal proton oriented in each of the directions of the five
adduct of cobalt(ll) bovine carbonic anhydrase with cyanate metal-ligand bonds would experience as a function of the
(83) chemical shifts as large a@s20 and—5 ppm have been  distance to the metal ion. As observed, protons of the axial
determined for protons belonging to noncoordinated residues.ligands have negative (upfield) dipolar shifts, while those
In this tetrahedral complex the magnetic anisotropy arises of the equatorial ligands have positive (downfield) and
only from ZFS effects. Thus, a similar situation probably smaller pseudocontact contributions to their chemical shifts.
occurs in CoAz. Finally, it is also interesting to notice that thieaxis is nearly

As a result of the large magnetic anisotropy present in coincident with the CeSyCys112 bond (only 57 of
the CoAz derivative, an ample chemical shift dispersion in deviation). This orientation is different from the one found
the proximity of the diamagnetic part of théd NMR in Cu(ll) azurin 69), as well as in the Ni(ll) derivative (see
spectrum is observed (see Figure 2b). Kgelane of the below).
x-tensor is nearly coplanar with the plane of the NNS  (b) Nickel Azurin The assignment of 240 protons to non-
equatorial donor atoms (the angle between the director coordinated residues in NiAz has allowed us to obtain the
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A) Metl21 Met121 J/\

His117 His117 /2
Cysl12 Cysl12

His46

B) Metl21

Metl121

si12 Cysl12
Hi

C) Metl21

His117

Cysl12 Cysl112
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FIGURE 4: Stereoview representation of the principal axes of the magnetic susceptibility tensor with respect to thégartabonds for
(A) Co(ll)Az derivative (B) Ni(ll)Az derivative. The orientation of thgttensor for the oxidized native, Cu(ll)Az (obtained from B,
is displayed in Figure C.

components and orientation of the magnetic susceptibility residues farther tma6 A from the metal ion, and their
tensor in this derivative. The experimental versus the contribution to the fit is less than that of the Metl3 and
calculated dipolar shifts for these signals are plotted in Figure Phel14 protons. It was not possible to assign other residues
3B. In Table 1, the values of the axial and equatorial within a 6 Asphere of the paramagnetic center as all of these
components together with the angles between the main axesesonances fall in the diamagnetic envelope and, therefore,
and the Ni-donor atoms are given. A good agreement overlap problems arise (see Figure 2a). This is a conse-
between the experimental and calculated values is observedjuence and, at the same time, the first evidence of the low
for protons belonging to residues Metl13 and Phel14, which magnetic anisotropy present in the NiAz derivative. Due to
are the only assigned residues placed less h& from the the overlap problems, the linear regression fit between the
metal. Thus, the calculated tensor components are stronglyexperimental and observed dipolar shifts is not as good as
influenced by the value of the dipolar shifts of these signals. for the cobalt derivative. However, the values of the tensor
The other resonances used in the calculations belong toobtained by excluding Met13 and Phe114 protons differ only
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in the magnitude of thé\ya., and Ay, components{1.97 contribution. Tetrahedral nickel(Il) complexes have a triplet
x 10732 and —0.92 x 10732 m?® including these residues, ground state that causes large e magnetic anisotrdfy (
Table 1, versus-0.99 x 1032 and —0.54 x 1073 m?, 82). The relatively small magnetic susceptibility tensor
without them, respectively), but not in the orientation of the anisotropy values, as well as the minimal dispersion of the
tensor. So, the following results, with regard to the magnetic paramagnetically shifted resonances oftH&NMR spectrum
moment orientation, are completely reliable. We believe that observed for this derivative (Figure 2a) can be explained by
the increment in the magnitude of the calculated magnetic the presence of a five-coordinated nickel(ll) center.
moment when the calculations include protons of Metl3 and  With regard to the orientation of the tensor, thaxis in
Phell4 (i.e., those closest to the metal ion) could be due tothe nickel derivative tensor (Table 1, Figure 4B) is oriented,
small differences between the solution and the crystal as in the cobalt derivative, almost perpendicular to the NNS
structure for these two amino acids. In any case, the valuesplane of the metal-coordinated atoms. As in the case of the
of Ayax and Ay shown in Table 1 for NiAz represent the cobalt derivative, the axial geometry determines the orienta-
upper limit of the axial and rhombic magnetic susceptibility tion of the tensor and, analogously, such orientation produces
anisotropy components. positive (downfield) dipolar contribution to the protons
The values of Table 1 for NiAz indicate, first, a relatively oriented close to the equatorial plane and larger and negative
small magnetic susceptibility tensor anisotropy values and, contribution to protons close to the axial ligands (see Figure
second, an orientation of thg-plane almost coplanar with  5).
the NNS plane (see Figure 4B). The first feature suggests Comparison of the Magnetic Susceptibility Tensors of Co,
the existence of a ground state that is orbitally nondegenerateNi, and Cu Azurins.The orientation of they-tensor of the
(or close to it) and low zero-field splitting effects. In native azurin in the oxidized Cu(ll) protein has been
octahedral Ni(ll) complexes, these two characteristics are determined by ESE-detected EPF®), For comparison, the
expected, while for tetrahedral nickel(ll) a higher degree of components of the magnetic susceptibility tensor anisotropy
magnetic anisotropy is found34, 82). From magnetic of Cu(ll)Az obtained by applying eq 4 (and, hence, by
susceptibility measurements in NiAz between 5 and 130 K, assuming that only the ground state is populated) are also
an axial zero-field splitting parametddg, of 17.7 cnt! was givenin Table 1. The orientation of tlystensor with respect
obtained, which was explained by assuming a distorted five- to the metal-ligand bonds is also displayed in Figure 4C.
coordinate trigonal geometry for the metal id®5). The Thez-axis is inclined 162with respect to the CHOCGIly45
NiAz crystal structure §6) shows that the Met121Satom bond, that is the same orientation as in the nickel derivative
is weakly bound to the metal ion, with a bond length of 3.30 although in opposite sense. Theaxis is shifted 24.1
A. Our present results clearly show that Met121 is coordi- degrees with respect to the €8yCys112 bond, which is
nated to the metal ion, since the large isotropic shift for also very close to the value obtained in the nickel derivative
Met121Hy signal can only be explained by a large contact (22.4, see Table 1). Thus, the replacement of Cu(ll) by
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Table 2: Contact and Dipolar Contributions for the Hyperfine Shifts of the Protons of the Coordinated Residues for Cobalt and Nickel Azurins
from P. aeruginosa

chemical shifts (ppm)

CuAz CoAz NiAz
amino acid protoh Odia Oobs Odip Ocon Oobs Odip Ocon

Gly45 HN 5.9 6.8 —9.80 10.7 7.9 —54 7.4

Hal 4.1 47.8 —10.53 54.2 69.5 —6.5 65.4

Ha2 3.2 —29.4 —26.71 —-5.9 —-14.1 —-5.9 —-11.4
His46 HN 8.2 -9.1 —11.22 —6.1 2.6 —6.0 0.4

Ha

Hp1 3.3 16.0 7.08 5.6

Hp2 2.4 20.3 16.69 1.3

Hel 6.9 97.0 85.69 4.4 61.2 17.0 37.3

Ho2 5.6 50.6 7.75 37.3 57.2 —-0.3 51.9

He2 11.5 74.9 16.56 46.9 35.0 2.0 21.5
Cysl12 Hp1 34 232 5.38 223.2 187.3 1.1 182.8

Hp2 2.9 285 —5.27 287.4 232.6 —-9.8 239.5
His117 HN 8.8 14.6 2.56 3.2 10.1 -1.3 2.6

Ha 4.8 55 1.92 -1.3

Hp1

HB2

Hel 6.8 75.0 23.25 45.0 52.6 9.7 36.1

Ho2 6.9 56.4 7.18 42.3 64.3 1.6 55.9

He2 11.6 65.8 7.47 46.8 51.5 3.7 36.2
Metl121 HN 9.1 1.7 —5.52 -1.8 7.9 —-3.2 21

Ha 4.3 —-3.2 —9.93 2.5 4.3 5.2 —-2.0

Hp1 1.7 —18.9 —25.93 5.3 —-25 —-8.1 3.9

Hp2 2.2 —18.5 —26.85 6.1 -1.6 —-4.4 0.6

Hy1l 1.4 45.3 —19.53 64.4 111.3 —2.7 112.5

Hy2 1.4 —19.1 —20.22 —-0.3 0.6 —-4.9 4.04

CHge —-0.1 -7.3 —31.21 24.0 30.3 —-0.1 30.4
Asn47 HN 10.6 7.0 30.1 —33.6

Ha 4.7 15.4 5.36 5.3

a Asn47 backbone protons, which also show contact shifts (see text), are given as well. Diamagnetic shifoyglhesd been taken from ref

77.°Cys112 KB protons have been stereospecifically assigned for NiAz, but not for CoAz. In this table, the proton with the largest chemical shift

in NiAz (Hp2 proton) is assumed to be the same in the CoAz derivative.

Ni(ll) in azurin results in only a small change in the ground state and low-energy excited levels. In contrast, the
orientation of the magnetic susceptibility tensor. This implies orientation of the main axes of the magnetic susceptibility
that the electronic structure of the metal is governed by the tensor depends on the geometry of the ligand binding site.
nature and the geometry of the ligands, imposed, in turn, by Hence, for azurin metallo-derivatives, the metal binding site
the protein architecture. When Ni(ll) is replaced by Co(ll) geometry, and not the metal ion itself, is the principal
the z-axis of the tensor remains oriented toward the axial determinant of the orientation of the magnetic susceptibility
ligands (Table 1, Figure 4A). Again, this confirms that the moment.
nature and the geometry of the ligands govern the electronic  contact Contribution on the Coordinated Residu@nce
structure of the metal. ~the magnetic susceptibility anisotropy values are known, the
The ratios of the anisotropy values of the magnetic gipolar contribution of any proton can be calculated. In
susceptibility tensor (obtained from Table 1) particular, those belonging to the coordinated residues are
of special interest. The resonance assignment of protons
(AYavco —34 belonging to these residues has previously been performed

(Axadni for both cobalt and nickel azurin&@—64, 68), thus, the
contact contribution can immediately be obtained by applying
and eg 6. The experimental shifts and the diamagnetic, dipolar,
and contact contributions for these protons in both CoAz
(AYegoo 31 and NiAz are given in Table 2.
(Axegni ' The contact contribution to the chemical shift depends on

the unpaired spin density that resides on a given proton. Two
are larger than 15/8, the value expected if only the difference mechanisms have been proposed to account for this spin
in the spin number of both metal ions is taken into account delocalization {3, 34, 82). The first mechanism, called
in eq 4. This means that a larger magnetic anisotropy is direct unpaired spin density transfer, always transmits
present in the cobalt derivative, which is consistent with the unpaired spin density of the same sign. The second, called
larger ZFS effects observed for this derivative. spin-polarization, involves a mechanism where the sign of
From the discussion above, it is clear that the magnitude the spin density can change between consecutive nuclei.
of the Ayax and Ay, components depends on characteristics Here, we comment on the relative importance of these two
of the metal ion, such as the spin state and the nature of thefactors on the hyperfine shifts of each ligand proton and its
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CH; ¢ H (or square sine, see below) of the dihedral amsygldf only
\ ! o bonds are involved in the spin delocalization, the contact
chemical shifts for these protons have to follow the previ-
-— Sﬁ; Cy
~
/ / H,
Cu Cy

vl

o\

®\ H ously indicated square cosine dependence. This has been
_/

Cu

found for nickel(ll) complexes with amine ligand385 86).
For ferredoxins and HiPIPs, this relationship has been found
to depend on the square sine of the equivalent dihedral angle
Metl21 (27, 87—89). This is due to the fact that the unpaired spin
A density mainly resides in @, orbital of the sulfur atom,
orthogonal to the FeS bond, and thus, a-type spin
H delocalization is dominant. In Figure 6A, the dihedral angles
\ for both methylene protons are given according to the Cu-
N (IDAz X-ray structure (in the nickel derivative crystal
' structure, the deviation of these angles with respect to the
Cu(Il)Az structure is lower than®. The Cu-So-Cy-Hy
o// Haz’(© dihedral angles are 164.6 and 77.7 for the Hy1 and the
\ ‘ Hy?2 protons, respectively. Due to the existence of dipolar
/ o) ligand-centered effects, it is not possible to obtain a good
Cu guantitative correlation between these dihedral angles and
B the contact chemical shifts. However, qualitative conclusions

Ficure 6: Schematic representation of the dihedral angles involving can be extracted from the present data. As Meth21H

the metal and (A) Metl21 Cy and Hy atoms; (B) Gly45 proton has negligible contact chemical shift and the
backbone atoms and the His46 amide proton. Figures on the leftCu—S0-Cy-Hy2 dihedral angle is very close to 90 degrees
indicate the position of the amino acids with respect to the metal (in both CoAz and NiAz), the operative spin transfer

itﬁn- rigurtlés Oﬂttkl:e Ri/lghttlrze]gféentbthedp]foief:t_ion Of';he figutfﬁs on mechanism in Met121jiprotons must act throughbonds.
n n r Figur n H :
G§/4§ma—cc):(§l bor?d fo? figure B.y Thg arrof/)vs in?:ilijczte thaese boids Due to the fact' that, in azurin, the Metl.a/ls weakly bound
and the atom that is above in the projections. to th_e metal ion (3.15 and 3.30 A in copper and nickel
azurins, respectively), any overlap between orbitals orthogo-

relationship with the electronic structure of the metal ion. nal to theo-bond of the metal ion and thg sulfur orbital
As the contact chemical shifts given in Table 2 contain is negligible. Moreover, the magnetic susceptibility tensor
ligand-centered pseudocontact contributions, that are notis oriented in this same direction. Therefore, the main, if
evaluated with this methodology, the following discussion not the only, contribution to spin delocalization at these two
on the contact contribution is only partially quantitative. For methylene protons must arise from an orbital with an un-
the nickel(ll) derivative the errors in the magnetic suscep- paired electron which is oriented directly toward the Meti21S
tibility anisotropy values are not as low as for the cobalt(ll) atom, i.e., thelz orbital. Therefore, in both nickel and cobalt
azurin, and hence the conclusion has to be accepted in alerivatives, an unpaired electron resides in that orbital.
more qualitative form. In the case of the other axial ligand, Gly45, a different

(a) Axial Ligands. The two Met121Kt methylene protons  situation is found. While the Met12%Hprotons are con-
show a very different pattern with regard to their hyperfine nected to the metal ion through three bonds, Glyd5H
shifts in both CoAz and NiAz derivatives (see Table 2). In protons are coupled to the metal ion through four bonds,
both derivatives, stereospecific assignments have beerone of which (the &0 bond) hast electron density. In
performed on the basis of the observed NOE connectivities both the cobalt and nickel derivatives, the Gly4BHproton
and the X-ray crystal structure6@). For the case of shows large downfield contact contribution. In contrast,
Met121Hy2 proton the contact contribution is negligible Gly45Ha2 proton feels smaller, although still sizable, upfield
(—0.3 and 4.0 ppm for CoAz and NiAz, respectively) and, contact shift (see Table 2). This indicates that, first,
since the K2 proton is close to the-axis of the magnetic = geometric factors are determinant for the unpaired spin
susceptibility tensor, its dipolar contribution is negative. As density residing at these two methylene protons and, second,
a result, Met121ki2 proton appears upfield shifted in both the spin polarization mechanism is operative since different
derivatives. On the contrary, the Met12iHproton feels signs of unpaired spin density are present at both nuclei.
a strong contact contribution (64.4 and 112.5 ppm for the Moreover, a negative contact contribution for the2Hproton
cobalt and nickel azurins, respectively). It follows that for (Table 2) means that for this proton direct spin density
these two protons geometric factors are crucial in determining transfer is small compared to spin polarization, which is
their hyperfine shifts. The contact contribution is related to dominant and negative in sign. Negative spin polarization
the M—S6-Cy-Hy dihedral angles (Figure 6A), through a on this proton is possibly due to the alternating sign of the

164
77.7°
Cp

Karplus-type relationship84): polarization from consecutive atoms. Figure 6B displays the
dihedral angle between the<€C—Co and C-Co-Ha. planes
0= (co 0 + acosb + b)Ap, @) for the two methylene protons according to the CuAz crystal

structure (essentially the same angle is found in the NiAz
wherea, b, and A are constants@ is the M—S5-Cy-Hy X-ray structure). For the &2 proton, this dihedral angle
dihedral angle ands the unpaired spin density localized on has a value of 85.0 degrees. We cannot discriminate between
the sulfur atom. In most casesandb are negligible and  the magnitude of the spin polarization mechanism and the
the contact shift will simply depend on the square cosine direct spin transfer for these two protons and, hence, it is
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not possible to find quantitatively a Karplus relationship. shows negative spin density due to spin polarization effects.
However, as the total contact contribution is much larger in Since the Cys112piprotons are three bonds from the metal
magnitude for the lel1 proton than for the b2 proton (Table ion and connected to it through the same sulfur donor, it is
2), then, if a Karplus relationship applies for these protons, probable that spin polarization is of opposite sign than that
it has to follow a square cosine dependence, i.e., the unpairecoresent in the Asn47 amide proton, i.e., positive. The
spin delocalization is operative throughbonds. difference in the shifts of Cys11ZHmethylene protons is
Another interesting point concerns the chemical shift of attributable to slight differences in the magnitude of the
the His46 amide proton. This proton shows negative contactM—Sy-CS-Hp dihedral angles. These dihedral angles are
contribution in CoAz and negligible in NiAz (see Table 2). 65° and —54° for the H31 and H32 protons, respectively.
The upfield shift of the CoAz derivative has to arise from These methylene protons have only been stereospecifically
spin polarization mechanisms, while a zero value for the assigned in the nickel derivative. In this case, Cys152 H
NiAz derivative can only arise from a cancellation between has larger contact contribution than th@Hproton (239.5
direct spin transfer (positive) and spin polarization (negative) ppm vs 182.8 ppm, see Table 2). From these data, it can be
mechanisms, which would be similar in magnitude. Since deduced that the dihedral angle dependence for the protons
the number of bonds from the metal to this proton is the of an equatorial ligand depends on the squared cosine rather
same as in the case of the Gly45 methylene protons (Figurethan the squared sine of the-Msy-CB-H dihedral angle
6B), it follows that polarization alternates in sign in the same (a smaller angle for the most shifted proton would correspond
way for both set of protons in these two bonds. However, with a cosine dependence). It is likely that CoAz displays
His46HN is in the same plane as the (Gly45)O—N(His46) the same dependency.
atoms (see Figure 6B). f delocalization operates through
this peptide bond, large and positive shifts would be observed
(as happens for Gly45idl, Table 2). On the contrary, this
mechanism has to be negligible because such shifts are no
observed. It is possible that direct spin density transfer
through the peptide bond occurs viedelocalization mech-
anisms and, hence, is not operative on 1k@rbital of the
His46HN proton. Another, maybe more plausible, explana-
tion would be that spin polarization mechanisms on #he
system of the peptide bond would be large enough in
magnitude (negative in sign) to compensate direct (positive)
unpaired spin transfer residing on the His46HN proton, it is not possible to obtain information on the predominant
transmitted viar bonds. This could be possible because spin mechanism that acts in these ligands
polarization is expected to be largeromelocalized systems ! ! '9 '
than throughs bonds (3, 90—92). The Asn47HN chemical shift deserves a special comment.
(b) Equatorial Ligands. The discussion of the contact This proton is hydrogen bonded to Cysl1}2&nd is only
contribution to the hyperfine shifts for protons belonging to 4-1 A from the metal ion. Thus, it should feel a large dipolar
equatorial ligands is more complicated than for axial ligands. contribution in the cobalt derivative (30.1 ppm, see Table
First, more than one orbital containing unpaired electrons 2). However, the observed chemical shift (6.98 ppm) is even
contributes to the hyperfine shifts of these protons. Second,lower than that observed in the diamagnetic protein (see
these orbitals have bostandy components, while the ligand ~ Table 2). It follows that a large and negative contact
orientation is, in general, not coincident with these axes of contribution (-33.6 ppm, see Table 2) has to be operative
they-tensor. Third, bottw and:r delocalization mechanisms ~ to account for such an observed chemical shift. A similar,
are operative. Finally, geometric factors also hinder the although quantitatively different, situation is found for
interpretation of the hyperfine shifts. However, several Asn47Hux proton; however, in this case the contact shift is
conclusions can be extracted by comparing the data frompositive. Consequently, in both cases, contact contribution
the cobalt and nickel derivatives in Table 2. The Cys132H must be sizable. For the amide proton a negative contact
protons are located in such an orientation with respect to shift means that the spin polarization is greater in magnitude
the magnetic susceptibility tensor that the pseudocontactthan the direct electron density transfer, while for theoH
contribution is negligible, even though these protons are very proton either both mechanisms have the same sign or the
close to the metal ion. In fact, for both metallo-derivatives, polarization effects are less. The existence of hydrogen bond
the Cys112I81 proton shows a positive dipolar shift, while networks in the surroundings of the metal ion(s) has been
its stereo-partner experiences a negative pseudocontact shifsuggested as one of the factors determining the redox
(see Table 2). As a consequence of this, the observedpotentials of a number of electron-transfer proteif8—
chemical shifts are almost exclusively due to contact 100. Since hydrogen bonds perturb the electronic structure
contribution. The smaller paramagnetic shifts of Cys132H of the metal ion(s), and hence their redox potential, the
protons in NiAz than in CoAz are a consequence of the unpaired electron density is also expected to be transferred
contribution of the extra unpaired electron of the cobalt(ll) through hydrogen bonds to these protons. This has been
ion. From our present results, it is not possible to determine observed by*N NMR and ENDOR spectroscopies on iron-
which mechanisms are involved in transferring unpaired spin sulfur proteins 79, 81, 101—104). Our present results
density to these two protons, although some insights can beconfirm that the contact shift is transmitted through hydrogen
obtained. Asn47HN is hydrogen bonded to Cyshid8nor bonds although less efficiently than through covalent bonds,
atom and, thus, is two bonds from the metal ion. This proton as is the case of the Cys112kbrotons.

Interpretation of the chemical shift of the imidazole ring
protons is much more complex than for the Cys1g2H

ethylene protons. As shown in Table 2, hyperfine shifts
or these protons are mainly due to contact contribution in
both metal derivatives. A large number of studies have been
analyzed on the mechanisms of transferring unpaired electron
density in delocalized-systems, mainly in iron and nickel
complexes with imidazole or other aromatic ligan@él, 03—
97). Polarization effectsg andr spin delocalization, and
ligand-centered dipolar effects contribute to the observed
hyperfine shifts for these systems. From our present work,
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(CoAm) (110, and cobalt(ll)stellacyanin (CoSt) (111).
Nickel derivatives of the following copper type 1 proteins
dyy — — — doy have been studied bfH NMR: nickel(ll)azurin 2—64)
E and nickel(I)M121Qazurin§2). Our present results can
be extended to all of these systems. Table 3 provides
chemical shift data for the proton ligands of these derivatives

G T — dz (for comparison with analogous data in Table 2, azurin
_><_ d derivatives used in Table 3 are those froNcaligenes
dy — _— xy denitrificans these values are nearly the same as for azurin
d-d from P. aeruginosaand, hence, the discussion applies for
XV —— _  dyd, both). All cobalt(ll) substituted proteins show upfield shifted
| detd, — ——— ———— — d,td, signals belonging to axial ligands or for protons located close
to them. This strongly suggests a similar orientation of the
A B C magnetic susceptibility tensor in all these metallo-substituted

FiIGurE 7: Qualitative energy level diagrams for the metal ion in BCP's. Moreover, the close similarity of the chemical shift

(A) copper (1) plastocyanin, from ref0g (B) copper plastocyanin patterns for f_;mal_ogous Iiganc_is strongly suggests similar
with a shorter distance for the Cu@BoMet92 bond (axial contact contributions for equivalent protons. In all the
methionine, equivalent to Met121 in azurin, same reference); and previous works, knowledge of the metal ligands and to what

(C) nickel and cobalt azurins, with two axial interactions (Gly45CO  extent they are bound to the metal was a first goal and trends
and Met1218), as proposed in this work. to rationalize the observed hyperfine shifts were described.
Electronic Structure of Cobalt and Nickel Azurinhe Now, as both dipolar and contact contributions are known,
electronic structure of the copper(ll) ion in BCP’s is a point we can state which protons have contact contribution in these
of crucial interest for understanding the redox properties of systems and, hence, which are the metal ligands in solution
this kind of proteins. Several studies have been applied tofor each protein. In CoM121QA®54), the Gly45Hx signals
the oxidized protein to determine the nature of the orbital have small hyperfine shifts (see Table 3). This has been
where the unpaired electron lie8, (59, 105-108. In associated with a lack of coordination of this ligand. In fact,
plastocyanin, this electron is, to a first approximation, the—10.5 ppm for the Gly45H2 proton shift in CoM121QAz
localized in thed — 2 orbital of the Cu(ll) ion (Figure 7A) s easily explained by assuming a similar orientation of the
(109. The effects of the axial thioether bond on the energy magnetic susceptibility tensor as in CoAz and with only
of d orbitals have been analyzed with respect to the bond dipolar pseudocontact contribution (tdg. for Gly45Hol
length (L09. These results indicate that thie orbital and Hx2 in CoAz are—10.5 and—26.7 ppm, see Table 2).
increases and tha, orbital decreases in energy as the axial In CoSt (where there is a GIn ligand instead of a Met in the
methionine sulfur gets closer (Figure 7B). The axial same position), an unidentified set of upfield shifted signals
interaction of Gly45CO could have a similar destabilizing between—5 and—30 ppm is presentl(l]). We believe that
effect on thedz orbital. As mentioned in the previous these signals belong to residues close to axial positions
section, the unpaired spin density on the Met12 Htbotons because these protons should experience large negative
arises from spin delocalization via bonds. Due to the dipolar shifts. It is interesting to notice that, in the
orientation of they-tensor and the long distance of theNi ~ NiM121QAz derivative 62), the Gly45H1 resonates at 28.9
SyMet121 bond, this spin delocalization has to be transferred ppm, which cannot be explained by assuming only a dipolar
through thedz2 orbital, i.e., this orbital contains an unpaired contribution, because in that orientation the pseudocontact
electron in both NiAz and CoAz. When passing from NiAz contribution is small and negative-6.5 ppm for NiAz, see
to CoAz, the main effect of the additional unpaired electron Table 2). Hence, Gly45 is at least weakly coordinated in
(in CoAz) is to enlarge the contact shifts of the protons from NiM121QAz. This fact indicates that if the donor atom
the equatorial cysteine, but the contact contributions of the changes, the metal ion can modulate to a small but nonethe-
protons belonging to the axial ligands (Met121 and Gly45 less significant degree the geometry of the active site. Thus,
protons) are not substantially modified. This strongly although the metal ion is not determinant in defining the
suggests that, first, the two unpaired electrons of CoAz lie architecture of the metal binding site, it can be an important
in the samed orbitals as the analogous electrons of NiAz, factor if the substituted ligand has very different affinity for
and, second, the third unpaired electron (in the cobalt the two metal ions.
derivative) essentially lies in an orbital with z@omponent. In Table 4 the estimated contact chemical shift for the
Thus, thedz orbital has greater energy than ttg orbital most shifted axial ligand protons (Gly4bH and Met121kt1
in both CoAz and NiAz, and therefore we propose the energy protons) as well as Cys11#protons (or equivalent protons
level diagrams displayed in Figure 7C. As the orientation in the several mutants of other BCPs) are given. The contact
of the g-tensor is due to geometric factors and these are shifts have been estimated by assuming a similar orientation
essentially retained in the copper(ll) protein, we believe that of the magnetic susceptibility tensor for cobalt and nickel
an analogous (at least, qualitatively) energy level diagram derivatives as in the CoAz and NiAz, respectively, and by
applies to the native azurin. assuming similar orientation of these protons. From the
Other Copper Proteins To our knowledge, the following  observedH NMR spectra, the first assumption is, to a first
cobalt derivatives of blue copper proteins (native or mutants) approximation, clearly supported. The second hypothesis
have been studied byH NMR: cobalt(ll)azurin 60, 61), must also be correct as it is deduced from the corresponding
cobalt(ll)C112Dazurin (CoC112DAz)68), cobalt(ll)- crystal and solution protein structurek®(-53, 57, 58). The
M121Qazurin (CoM121QAz) 64), cobalt(ll)amicyanin contact contribution for these ligand protons in similar
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Table 3: Experimental Chemical Shifts of Protons Belonging to Coordinated Residues for the Cobalt(ll) and Nickel(ll) Derivatives of the Blue
Copper Proteins That Have Been Studied'dyNMR

Co substituted BCPs Ni substituted BCPs
amino acid proton azurif M121QAZ St C112DAZ Ame azurirp M121QAZ
Cys112 HpA1 222 183 180 280 197 237

Hp2 262 224 206 280 238 178
Aspl12 44
44
His117 H1l 76 83 86 102 59 49.0
He2 64.4 67.4 63.4 52 53.4 54.1
Ho2 56.7 56.8 51.4 57 65.7 55.7
His46 Hel 90 125 115 14 59 43.5
He2 75.6 73.4 74.4 62 375 335
Ho2 48.9 47.2 45.3 51 60.3 65.1
Hp1 —28.6 —-14.4 —-16.3
HN 30
Gly45 Hal 49.0 5.9 91 63.7 28.9
Ho2 —26.3 —10.5 13 —13.2 —-2.3
HN 15
Metl121 CHe =57 77 43.7
Hyl 39.2 130 101.1
Hy2 —-14.7 =17 7.7
HpA1 —-15.0 —18 —4.4
HpB2 —15.7 —-20 —-1.6
Ho
GIn121 H21 —26.4 —-8.9
Hyl 46.4 66.2 37.7
Hy2 —-12.8 —-5.8 —8.6
HB1 -22.7 —18.6 2.4
Hp2 —-15.0 5.2
Ho -3.2 -1.1 3.9

a Amino acid numbers are referred Ro aeruginoseazurin; for stellacyanin fronR. vernicifera, the equivalent metal ligands are, in the same
order as in the table, Cys87, His46, His 92, and GIn97 (the equivalent amino acid to Gly45, i.e., Ala45, is not coordinated); for amicyanin the
analogous ligands are Cys112, His54, His96, and Mé&t@®Az, CoM121QAz, NiAz, and NiM121QAz from ref80, 64. ¢ CoSt from refl11l
4 CoC112DAz from re8. ¢ CoAm from ref110. f Except for the NiAz derivative, stereospecific assignment of Cys]A prdtons (or equivalent
protons in St and Am) have not been performed; they are correlated in this table according to the magnitude of their chemical shifts. For comparison
with the observed data in Table 2, azurin derivative values in this table are those corresponding to azulindemitrificans(these values are
very similar compared to those found in azurin frétnaeruginosasee Table 2).

Table 4: Contact Chemical Shifts for the Most Shifted Protons of correspond to the bond strength for the M{CGIly45
the Axial and Cysteine Ligands in Cobalt(ll) and Nickel(ll) Metallo- bond, and follows the rule (see Table 4):

substituted BCP% CoC112DAsp > NiAz > CoAz > NiM121QAz >
contact shift (in ppm) CoM121QAz> CoSt

metal derivative  Gly456l1 Metl21H1  Cysli2H2 In fact, in CoC112DAsp, Met121 is not coordinated to
Cohz 542 6.4 53 the metal ion, while in CoSt the axial coordination is entirely
CoM121QAz 13.2 53.7 215 due to this amino acid, as Ala45 (equivalent amino acid in
CosSt not coordinated 73.5 197 stellacyanin to Gly45 in azurin) is not coordinated at all.
CoC112DAz 98.3 not coordinated Some conclusions arise from this series. First, stellacyanin
E&A}m 69.5 ﬁ;g 294 has the lowest metal ion affinity. In this series, stellacyanin
NiM121QAz 320 40.6 293 is the only protein that is not an azurin mutant, and, hence,

P - . — the metal binding site is less similar to the rest of the proteins.
As indicated in the text, for the proteins not studied in this work . L L .
the pseudocontact shifts have been assumed to be the same as in CoAyNUS; the pocket in the vicinity of the metal ion is the main
and NiAz, for cobalt and nickel derivatives, respectively. For the St factor in determining the number of ligands and mode of
and Am derivatives, the same considerations with respect to the ligandscoordination. Second, when Met121 is replaced by GIn121
as in Table 3 have been taken. Diamagnetic contribution (negligible in (the same ligand as in stellacyanin) in azurin, the metal shows

all cases with respect to contact contribution) has been assumed to b L :
the same as in Cu(l)AZ/) for equivalent protons, i.e., that given in Jower affinity for the carbonyl of Gly45. This happens

Table 2. Numbering of residues corresponds tdRthaeruginosazurin independently of the metal ion. However, for the same
sequence. protein (wild-type or mutant) nickel(ll) shows higher affinity

for the carbonyl oxygen. In fact, the contact chemical shifts
systems is a good parameter for determining the degree offor Gly45 Ha protons are larger in Ni(ll)Az and Ni(ll)-
binding of these ligands to the metal. With regard to Gly45, M121QAz derivatives than in Co(ll)Az and in Co(ll)-
we can include nickel(ll) and cobalt(ll) derivatives in the M121QAz derivatives, respectively (Table 4). Finally, a
same series since, as mentioned in the previous sectionmutation in one equatorial ligand causes a drastic change in
unpaired spin density on this ligand is almost completely the affinity of the metal for the axial ligands. It is probable
due to the direct interaction between the carbonyl oxygen that such a large change in the coordination is due to the
and thedz metal orbital. With this in mind, the contact fact that this equatorial ligand (Cys112) has the greatest
chemical shift for Gly45ld methylene protons would interaction with the metal ion. Therefore, any change in the
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nature of this amino acid results in acute modification of and vice versa. As demonstrated here, this hypothesis can

the metal coordination. be tested by replacing the native copper ion by cobalt(ll) or
Conversely, the affinity for the axial position correspond- nickel(ll) ions and studying the corresponding derivatives

ing to Metl2l in native azurin (Met99 ihiobacillus by NMR.

versutusamicyanin and GIn97 iRhuswvernicifera St) can

also be determined by the chemical shifts of the protons of CONCLUSIONS

this ligand. The nature of the donor atom is different in a

Met (thioether sulfur) than in a Gin residue (carbonyl 5 amagnetic systems to obtain electronic structure informa-

oxygen). Additionally, Met121 i protons are at three o gn 4 native protein through the use of Co(ll) and Ni(ll)
bonds from the metal ion (see Figure 6A), while the GIn yq i atives.

Hy protons are at four bonds from the metal ion (the position
of these protons is the same as Gly4& ptotons, see Figure
6B). Hence, the contact chemical shifts for these two
methylene protons will depend on these two factors and will
vary independently for Met and GIn protons. In this case,
two different series according to the amino acid ligand are
obtained:

CoAm > NiAz > CoAz > CoC112DAz

CoSt> CoM121QAz> NiM121QAz

This is nearly the opposite as for the Gly45 series (the
exception is the NiAz and CoAz relative inequality position).
The metal derivatives with higher affinity for the carbonyl

The present work shows the ability of NMR applied to

The calculation of the magnetic susceptibility tensor has
enabled us to determine the relative importance of the metal
ion and the active site geometry for the orientation of the
magnetic axes. The axial nature of the magnetic anisotropy
arises from the metal active site architecture, imposed by
the protein.

The knowledge of the pseudocontact shifts of protons from
the coordinated residues has allowed us to obtain the contact
contribution to the hyperfine shifts of these ligand protons.
This demonstrates the clear contact bonding interaction in
the case of the methionine axial ligand, despite the long bond

f GIva5 show | Hinitv for th : a1 ligand distance. The contact shifts of the axial ligands (Met121
of Gly45 show lower affinity for the opposite axial ligand, 5, Gly45) depend on orientation factors according to a
as expected. These two series also demonstrate the validit

f1h hemical shif f for Showi h X(arplus relationship. The way of binding of the axial
of the contact chemical shift as reference for showing the y1o1121 can be related with redox potential of different blue
relative affinity of the metal ion for the ligands.

copper proteins. The energy levels of the metaldambitals
Finally, with regard to the coordination of Cysl112, the Ppet pro’el gy 'ev !

following ligand affinity series can be determined (Table 4): Iir\(/)é?ytzgrgsg\r/aeb?; d metallo-substituted azurins are qualita
(N:i?AAzij(i:l\(zli\; 1>QE;M121QAZ> CoSt The analysis and methodology presented in this work can
In this case we have discriminated between cobalt and be easily extended to other blue copper proteins.
nickel derivatives because (see previous section) for this ACKNOWLEDGMENT
ligand contact contribution is different in both metallo- o ) _
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