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The electronic properties of cobalt(ll)- and nickel(ll)-substituted azurins fRsaudomonas aeruginoseave

been investigated. EPR data for the cobalt derivative and paramagnetic susceptibility data for the nickel derivative
are reported. The EPR spectrum of Co@iélzurin shows the typical pattern of a Kramers’ douhlef) associated

with anS= %/, ground state in a distorted axial symmetry environment. The temperature dependence of the EPR
intensities shows that this Kramers’ doublet is the excited doublet and, therefore, that the corresponding zero-
field splitting parameteD is negative £—3.5 cnt1). The meary value is equal to 2.3. Nickel(ll) azurin exhibits

an effective magnetic momept = 2.8 ug (Bohr magnetons), constant in the temperature range-3@X.

The magnetic moment decreases and reaches the value qQiglé8® K. From the temperature dependence of

the susceptibility, the fitting of the data to the theoreti€ak 1 susceptibility equation leads to a zero-field
splitting parameteD of around 17.7 cm. The spin Hamiltonian parameters that have been determined for the
two metallosubstituted proteins are consistent with a highly distorted tetrahedral structure derived from an axially
elongated trigonal bipyramid.

Introduction copper substitution would have minimal effects on the metal
site geometry because of the special rigidity of this part of the
structure!® Thus, the metal binding site experiences minimal
changes upon reduction, or even extraction, of the copipét.
This has also been confirmed by recent X-ray crystallographic
studies on Zn(I1)}-22 Cd(ll)—23 and Ni(ll)—azurins** However,

the arrangement of metal ligands in the Znflland Ni(ll)—
azurins is more tetrahedral than that in the Cu(#}urin, being
described as distorted tetrahed®* In these metalloderiva-
tives, the carbonyl oxygen of Gly45 is more strongly coordinated
and the metatS; Met121 distance enlarges up to 334 A 2224

Azurins are cupredoxins which participate in electron transfer
chains of several denitrifying bactefid. They are small blue
copper proteins and consist of a single type 1 copper site bound
to a single polypeptide chain of 12430 amino acid residues
and around 14 000 Da molecular weight. While the Cu{ll)
azurin has been extensively characterized by UV-vis and EPR
spectroscopiesit is less adequate for NMR studies, due to the
relatively slow electron relaxation of Cu(lf). The crystal
structure of Cu(Il-azurin fromPseudomonas aeruginoaae
has been recently determined to 1.93 A resolution at different
pH valuest The copper ion is strongly bound to the 6&f & DiBilo A 1. Chana. T. K. Malmstior. B. G Grav. H. B.- Karl
Cys112 and to the Nof both Hisd6 and His117 and weakly (@ g QoG g Co g G o o Pl o i Acta
ligated by the $of Met121 and the carbonyl oxygen of Gly45, 1992 198200, 145-148.
resulting in a distorted trigonal-bipyramidal geometry (see (9) Ferris, N. S.; Woodruff, W. H.; Tennet, D. L.; McMillin, D. R.
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Co(ll) in some blue copper proteifisl® and the resulting  (11) Blaszak, J. A; Ulrich, E. L.; Markley, J. L.; McMillin, D. R.
paramagnetic molecules have been studied by U%-%iand Biochemistry1982 21, 6253-6258. = _
IH NMR spectroscopy® 17 It has been suggested that the (12) J’\{I%ﬁ;ari’].ls&” Sc’;?\'g%qoégﬁqﬁﬁggéeif&ﬂf’ H. R; Castells, J.
(13) Vila, A. J.FEBS Lett.1994 355 15-18.
* Corresponding author. (14) Moratal, J. M.; Salgado, J.; Donaire, A.; Jmez, H. R.; Castells, J.;
T University of Valencia. Martinez-Ferrer, M J. Magn. Reson. Chent993 31, 541-546.
*Telephone: 34-6-3864597. FAX: 34-6-3864322. E-mail: moratal@ (15) Salgado, J.; Jinmez, H. R.; Donaire, A.; Moratal, J. MEur. J.
EVALUN11.bitnet. Biochem.1995 231, 358-369.
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Figure 1. Schematic drawing of azurin metal centers as determined
by X-ray crystallography. (a) Copper(ll) azurin from ref 4 and (b)
nickel(ll) azurin from ref 24.

In contrast, théH paramagnetic-NMR studies of Ni(Hazurin
in solution indicate that there is still some contact interaction
between Met121 and this metal iéh. Moreover,’H NMR
studies on Co(lh-azurin suggest a very close structural
similarity between both the cobalt- and the nickel-substituted
azurins!®

Axial ligand interactions in blue copper proteins have called

the attention of researchers because they seem to be related Witt]3 4)

the tuning of the redox properties of these metal $ite¥. To
understand and evaluate the possibility of metatial ligand

interactions in the azurin derivatives, we have considered the

(25) Gray, H. B.; Malmstim, B. G.Comments Inorg. Chertt983 2, 203—
209.

(26) Lowery, M. D.; Solomon, E. llnorg. Chim. Actal992 198-200,
233-243.

(27) Guckert, J. A.; Lowery, M. D.; Solomon, E. J. Am. Chem. Soc.
1995 117, 2817-2844.

Jimenez et al.

active site electronic properties derived from EPR and magnetic
susceptibility studies, which in general provide valuable infor-
mation regarding the coordination geometry and electronic
structure in biological systent§. Thus, the ground state zero-
field splitting, which can be evaluated from low-temperature
experiments, is directly related to the ligand field properties at
the metal center. Various symmetries and rhombicities are
present in the case of high-spin cobalt(ll) metalloprotéi=PR
studies have been performed in some cobalt(ll)-substituted
proteins such as horse liver alcohol dehydrogeR&¥e(Cu—

Zn) superoxide dismutasé glyoxalase B2 and stellacyanid?
Additionally, a previous EPR study of Co(tazurin has been
reported, in which a high-spin Co(ll) center frapvalues at 4,

28, and 42 K has been propos&dMagnetic properties have
also been reported in the case of metallosubstituted proteins
such as Co(ll)-substituted (EZn) superoxide dismutaZeand
Co—stellacyanir?” Studies of the electronic structure of Ni-
(I-containing sites are more difficult, since in general they are
EPR silent because of their large zero-field splitting compared
to incident microwave energy. Low-temperature magnetic
measurements are one of the most powerful techniques to
evaluate this zero-field splitting and, therefore, to possibly get
information on the coordination symmetry of the metal ion.
Thus, the magnetic properties of the Ni(ll) enzymes uréase
and of some Ni(ll)-substituted proteins, such as carboxypepti-
dase A and carbonic anhydra8dave been reported in the last
few years. In the case of Ni(Hazurin, Blaszak et al. have
proposed a pseudotetrahedral environment from the value of
the effective magnetic momentd = 3.2ug), measured at room
temperature by means of the Evans metHod.

Experimental Section

Materials. All chemicals used were of analytical grade and
purchased from Merck and Sigma. Water was bidistilled before use.
DEAE Sephacel and CM Sepharose (Pharmacia) were used for ion
exchange chromatography, and Sephadex G-100 (Pharmacia) was used
for size-exclusion chromatography. The dialyses were carried out using
cellulose dialysis tubing Sigma (MW cutoff: 3000), which had been
previously boiled in distilled water for 15 min. Each dialysis was
carried out fo 6 h against a 30-fold excess of stirred buffer solution.
All the measurements were carried out with 0.02 M:CBONH, as
buffer.

Bacterial Growth, Protein Purification, and Preparation of
Azurin Metalloderivatives. Pseudomonas aeruginoshacteria
(CECT110) obtained from the Spanish Type Culture Collection were
grown in the medium described by Parr et%dt 34°C under nitrogen
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atmosphere, using an automatic 14 | fermentor (New Brunswick
Scientific Co. NB). The native azurin was isolated from the cell paste
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and purified in the oxidized state as described eatfigt. The purity
of azurin was checked by PAGE and UV-vis spectroscopy. Purified
Cu(ll)-azurin had am\s25/Azgoratio of 0.54-0.55. Copper was removed
from the oxidized holoprotein by dialyzing &5 x 10°° M azurin
sample at 20C against 0.5 M KCN in 0.1 M phosphate buffer of pH
8.5%2 The nickel(ll) and cobalt(ll) metalloderivatives were prepared
at pH 8.5 by the addition of-23 molar equivalents of the metal ion to
a ~5 x 10> M apoprotein solution at room temperatife.The
concentrations of the azurin metalloderivatives were measured spec-
trophotometrically, using the extinction coefficiendgo = 3.3 x
10 M~1 cm™ for Ni(ll) —azurin andeszo = 4.0 x 108 M~* cm™ for
Co(ll)—azurin®

Physical Technigques. Optical spectra in the UV and visible regions

e/

were recorded with a Varian Cary 1 or a Perkin-Elmer Lambda 9 13.85 '2.00
spectrophotometer using 1 cm path length cuvettes. EPR spectra were \
recorded with a Bruker ER-200D spectrometer operating at the X-band 500 G

frequency of 9.43 GHz and provided with a helium continuous-flow

cryostat (Oxford Instruments). Microwave power was 10 dB and

modulation amplitude 4 G. Water glass samples were mounted in

standard 4 mm quartz EPR tubes. Variable temperature magnetization

measurements were made on a SQUID magnetometer, at a magnetic .

field of 0.1 T, within the temperature range :20K. Concentrations ~ Figure 2. Electron paramagnetic resonance spectra (X-band) of
of the studied solutions (3.6 mM) were precisely determined as CC(l)—azurin in HO solvent &5 K (2 mM protein, 20 mM Cht-
described here above. Experimental magnetization values were con—COONH“)' (@) pH 7.5 and (b) pH 4.5.

verted to molar susceptibilities. Glycerol was added to the samples . . . L
(10%) as a cryoprotectant. All the solutions were carefully degassed of His35, while the structural changes in the metal coordination

using the freezepump-thaw procedure to remove dissolved molecular  Sit€ are probably not significant in view of the experimental
oxygen, that is especially important when the expected spin state of €fror (0.1 R)# It seems that these changes, although smalll,
the protein sample iS= 143 They were transferred to quartz holders, are large enough to produce significant variations in some
which we have especially designed for SQUID measurements, and keptspectroscopic properties of the metal site, as it can be observed
under argon for storage prior to measurement or use. Separateby EPR® and NMR10-12.15.44
measurements under identical conditions were made on the buffer On the other hand, in the EPR spectra (Figure 2) there is no
solution cqntaining t'he apopr_otein at the same cqnditions, to subtract ayidence of resolved hyperfine structure from $P@o nuclear
the large dla_lmag_netlc correction from t_he overa_lll signal. Proto_n buffer spin momentum, except at lower field, where the absorption-
was used since it ha; been Chec_ked,_ln experiments made Wlth nlckelShaped component indicates possible ill-defined hyperfine
urease, ‘_[hat the pqssm_le_magnetl_c noise due to the slowly relaxing transiti Th ¢ istent with th ted
1, nuclei of water is within experimental errét. ions. ese spectra areé consistent with those expecte
for S= 3/, molecules subject to zero-field splitting where only
the @Y,) Kramers' doublet, identified from the effectivg
values, is resonant. A megvalue of~2.3 is calculated from
EPR Spectroscopy of Co(ll)-Azurin. The EPR spectraof  the effectiveg factors, in agreement with second order spin
Co(Il)—azurin &5 K (Figure 2) display a typical distorted axial ~ orbit coupling and an orbitally nondegenerate ground state.
pattern for high-spin Co(ll) with three resonances, the perpen- When the temperature is increased from 5 to 20 K, a maximum
dicular signal being split into two components due to rhombic of intensity is found at 10 K. The same intensity variation is
distortion. The effectivg values at two different pH conditions ~ observed for the three resonances, confirming that they arise
are 5.91§,), 3.77 @), and 2.01 ¢,), at pH=7.5 and 5.204d,), from rhombic anisotropy of the single doublet’{;). The in-
3.85 @y and 2.0 ¢,) at pH= 4.5. In a previously published tensity maximum shows that this doublet is the excited one and
EPR study at 4.2 K, twg values ¢, = 5.2 andg, = 3.8) were therefore, the predominantly axial zero field splittingis nega-
detected for the Co(l$yazurin3® The differences in the two  tive. Attemperatures higher than 10 K, the intensities decrease
components of the perpendicular signal can be related with aaccording to Curie law behavior. When the temperature further
pH-induced conformational change originated by the titration increases, the signals vanish. The resonances are so extremely
of the His35 residue in the native protéifft->which has also  fast relaxing that they are only clearly visible below 20 K.
been reported for the Ni(ll) and Co(ll) metalloderivativéd> The value of the zero-field splitting paramet®r can be
The comparison of thg values suggests that the rhombicity at evaluated from the intensity dependence of the transitions,
pH = 7.5 is slightly higher than that at pH 4.5, indicating according to the Boltzmann distribution of the two Kramers’
that the conformational change implies some structural rear- levels, &%) and @3%-) associated with the ground spin state
rangements in the metal binding site. However, the X-ray S= 3,. They follow the approximate expressfén
structure of Cu(I-azurin at pH 5 and pH 9as well as NMR
studies at various pH values on Co@8zurinl® revealed that
the conformational transition affects mainly the surroundings

Results and Discussion

1

" T W

where D is the energy gap between the two Kramers’ levels
and the rhombic parametéris supposed to bE = 0. From
this treatment, it is found thd = —3.5 cnT?, as it is shown

in Scheme 1.
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Scheme 1
O. 1 ] '
IMs> = [+1/2>
2Dl =7 cm™!
S = 3/2
IMs> = [+3/2>

In structurally defined Co(ll) complexes, ranges of values of
the splitting between the two doublets have been established
from —36 to +13 cn1! for tetracoordinate sites, froat20 to
+50 cntt in pentacoordinate sites, ardb0 cnm?! in hexaco-
ordinate sited” Although these ranges are probably not
appropriate for highly distorted tetracoordinate Co(ll) spegies,
it seems that a negati2 value is only possible for tetracoor-
dinate Co(ll). On the other hand, possible distortions from
trigonal-bipyramidal coordination that preserve the trigonal
symmetry are described as the so-called tetrahedral distdftion.
Thus, we interpret our results of the cobalti§zurin active
site on this line, i.e., the electronic structure probes a highly
distorted tetrahedral geometry that preserves a trigonal coordina-
tion, with one of the axial ligands moving away from the cobalt | l
center. Theg values presented above, which indicate the 40 80 120
existence of a rhombic field and a low-symmetry distortion, T (K)
would be in agreement with this conclusion. It is interesting . o
therefore to remark that Solomon et al. have proposed a distorteo":\l 'i%‘f)re 2-2ut;”?ﬁﬂ"gusrgI\?:rﬁ’teggfv;‘ecgnc’{;%edrr‘%a}%”(gt'g rsn“hjcefgt'gmty for
Fetrahedral CO.Ordmat!on geometry for Coeazunn_ frc.)m 20 mM CH;COONH,, pH 7.5). The inset shows the plot ofpmagnétic
|r!frare_d and V'_S'ble circular dichroism and magnetic circular moment data versus temperature. The solid lines represent the best
dichroism studie4? fitting of the data to the theoretical curve (eq 3).

Magnetic Susceptibility of Ni(ll) —Azurin. Figure 3 dis-
plays the temperature dependence of the molar paramagneti¢The sign of Ds cannot be deduced from these magnetic
susceptibility4y and the temperature dependence of the effective measurements).
magnetic momente (inset). Curie law behavior is observed We have restricted the set of parameters to be fitted since
in the temperature range 1260 K, leading to a constapfer magnetization or susceptibility measurements generally do
value of around 2.&g, in agreement witts = 1 as the ground ot "have enough resolution to provideanisotropy and to
state. Below 30 K, the deviation from Curie law behavior qetermine reliably both the axi@ and rhombicE zero-field
indicates that the zero-field splitting of the triplet state is splitting parameters. Additionally, the metal content of the
operative. The effective magnetic moment decreases andsolution, known from independent analysis, has not been

XM (ecm3 mol-1)
o
o
9

reaches the value of 1/ at 5 K. _ . considered as a parameter, not to scale the data to the expected
The following spin hamiltonian is considered: spin stateS = 1 in the large temperature range in which the
1 Curie law is obeyed. Consequently, the metal concentration
H =D |+ H. 2 is qnly correlated vylth they factor, and therefore, thig faq-
S(Sé 3 ) ﬂgsizxzyz( ) @ tor is the only variable parameter that we have considered

in this region. On the other hand, at high temperatures, the
with Ds and gs being the axial zero-field splitting parameter ~Obtained susceptibility values are of the order of magnitude

and the isotropig factor, respectively, associated with the spin ©Of €xperimental errors, owing to the low metal content of pro-
stateS In the case of a triple = 1 ground state, the molar ~ t€in solutions and to substantial scatter of the data associated

susceptibility is derived according to the equation: with the decrease of paramagnetic signals with increasing
temperature.

The magnitude of the zero-field splitting of distorted tetra-

2Nﬁ2 ) hedral complexes depends strongly on the energy gap between
AIm = ( 3kT)gS KT 3 the two levels of théT; parent ground state, which is connected
1+2e with the spin-orbit coupling. It has been shown thatcan

o ) ) ) vary between 30 and 50 crhin a series of pseudotetrahedral

The best fitting of the data to this theoretical curve gives the pjckel complexes of general formula NiSh, proposed as

o DIKT | k—T(l _ &7DokT
Ds

following values for the parameters defined above: models for N-S coordinated nickel enzymes and nickel-
substituted protein®. Similar values oD have been reported
gs=1.98(0.1) from Ni(ll)-substituted rubredoxin proteins with distorted
tetrahedral centef. In the case of distorted octahedral Ni(ll)
Ds=17.7(1) cm? complexesD is much smaller (for examplé) = 5 cmt in

trans Ni(py)Cl,). In our study, it is evident that the observed
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magnetic behavior corresponds to the temperature dependencexistence of two possible axial ligands and a set of three closely
expected for an orbitally nondegenerate ground state that impliesinteracting equatorial ligands condition the coordination of the
low electronic symmetry. Th® value that we propose lies metal, which adopts distorted coordination geometries whose
between those corresponding to distorted tetrahedral andmain structural feature is the equatorial trigonal plane. Thus,
octahedral symmetry. These results suggest that five coordina-the metal can approach the Met121 axial ligand more, as in the
tion is possibly achieved in frozen Ni(Hazurin solutions, with case of the native Cu(Ifor the Gly45 axial ligand, as in the

a fifth ligand at longer bond length. In an earlier investigation Zn(ll), Ni(ll), 2224and probably Co(If derivatives, but it always

of Ni(ll) —azurin at room temperature, a higher value for the stays close to the equatorial plane. In all these situations there
effective magnetic moment was found. On this basis was is doubt about the existence of interaction with the fifth ligand
proposed a distorted tetrahedral coordinatibrHowever, the (Gly45 in the case of Cu(ltyazurin or Met121 in the other
magnitude of the effective magnetic moment at room temper- metalloderivatives). Thus, for the Ni(Hazurin, although the
ature does not always provide a reliable method for distinguish- crystallographic distance corresponding to the supposed fifth
ing between tetracoordinate and pentacoordinate Ni(ll) geom- ligand is large, the spectroscopic data indicate the existence of
etries. The large isotropic shifts presented by some of the interaction with the metal. From the study of the electronic
Met121H NMR signals of Ni(ll}-azurin suggest that this axial ~ structures of both cobalt- and nickel-substituted azurins by EPR
ligand is, at least, semicoordinat¥d.Since the coordination  and low-temperature magnetic measurements, quite similar
of the Gly45 axial ligand in this metalloderivative is clear from conclusions can be drawn. Distorted tetrahedral environments
the X-ray structure and NMR dat&2*this metal site could be  of the active sites, such as distorted five-coordinate trigonal
defined as pentacoordinated with a very weak fifth ligand geometry, with one axial ligand, probably Met121, moving
(Met121), in line with the present results. Although it is away, may reconcile apparent contradictory results. However,
worthwhile to emphasize that a reduced magnetic moment or in several similar studies the question of the reliability of zero-
zero-field splitting (due to second order spin-orbit coupling), field splitting for distinguishing between tetracoordinate and
compared to the expected ones in tetrahedral symmetry, can bgentacoordinate geometries in low-symmetry environments is
also the result of ligand effects that could give a lower spin  raised®! Ligand field calculations are needed to assess this
orbit coupling constarft important point.
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