Universiteit

4 Leiden
The Netherlands

A single-crystal Electron Paramagnetic Resonance study at 95 GHz of the

type 1 copper site of the green nitrite reductase of Alcaligenes faecalis
Gastel, M. van; Boulanger, M.].; Canters, G.W.; Huber, M.I.; Murphy, M.E.P.; Verbeet, M.P.;
Groenen, E.].].

Citation

Gastel, M. van, Boulanger, M. J., Canters, G. W., Huber, M. I., Murphy, M. E. P., Verbeet, M.
P., & Groenen, E. J. J. (2001). A single-crystal Electron Paramagnetic Resonance study at 95
GHz of the type 1 copper site of the green nitrite reductase of Alcaligenes faecalis. Journal Of
Physical Chemistry B, 105(11), 2236-2243. doi:10.1021/jp002761u

Version: Publisher's Version
License: Licensed under Article 25fa Copyright Act/Law (Amendment Taverne)

Downloaded from: https://hdl.handle.net/1887/3607993

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:4
https://hdl.handle.net/1887/3607993

Downloaded via LEIDEN UNIV on April 26, 2023 at 10:15:13 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

2236 J. Phys. Chem. B001,105,2236-2243

A Single-Crystal Electron Paramagnetic Resonance Study at 95 GHz of the Type 1 Copper
Site of the Green Nitrite Reductase ofAlcaligenes faecalis

M. van Gastel! M. J. Boulanger,}* G. W. Canters!' M. Huber,™ M. E. P. Murphy, Y
M. Ph. Verbeet! and E. J. J. Groenen*'

Centre for the Study of Excited States of Molecules, Huygens Laboratory, Leidesrdiyi P.O. Box 9504,

2300 RA Leiden, The Netherlands, Department of Biochemistry and Molecular Biologyrsityi of British
Columbia, Vancower BC V6T 173, Canada, Department of Chemistry, Gorlaeus Laboratories, Leiden
University, P.O. Box 9502, 2300 RA Leiden, The Netherlands, Department of Microbiology and Immunology,
University of British Columbia, Vancaeer BC V6T 1Z3, Canada

Receied: August 2, 2000; In Final Form: December 11, 2000

An electron-spin-echodetected electron paramagnetic resonance (EPR) study has been performed for the
type 1 copper site of the green nitrite reductaséAlfaligenes faecalisAccurateg values and principal
directions of they tensor have been obtained. Thprincipal axis of they tensor makes an angle of 6@ith

the direction from copper to thedSf the axial methionine. The direction of this axis is compared with that

of the blue type 1 proteins azurin and M121Q azurin and of the green type 1 protein M121H azurin, and
interpreted in terms of the d orbital at copper in the wave function of the unpaired electron. This d orbital is
oriented such that the overlap with the lone-pair orbitals of the ligands is maximum. The relation between the
absorption spectrum in the visible, the copptriolate interaction, and the rhombicity of the EPR spectrum

of type 1 proteins is discussed in terms of the trigonal and tetragonal character of the copper sites and the
position and strength of the axial ligand.

Introduction N,

To deepen our level of understanding of the biological activity lis-93
of enzymes, information is needed concerning the electronic N 7N
properties of the catalytically active sites. Spectroscopic studies -  Cu
of the metal site in copper-containing electron-transfer proteins Ns Q S
have shown that structurally similar sites may show profound His-145 ! I
differences in their electronic structure. Within the family of S Met-150
type 1 copper sites, for example, both the ratio of the absorption CYS'”(’CX)

at 450 and 600 nm and the rhombicity of the electron
paramagnetic resonance (EPR) spectrum vary significarly.
particularly intriguing case concerns the copper-containing nitrite the copper is ligated by two histidines, a cysteine, and a
reductases of different origin. The nitrite reductaseglofli- methionine. In the crystal of. faecalisnitrite reductase, the
genes xylosoxidarendPseudomonas aureofacieae blue and  distance between the coppers is approximately 13 A with a
have axial EPR spectra, whereas the nitrite reductases ofhistidine and a cysteine residue betwéérhe type 1 site is
Alcaligenes faecalistrainSG Achromobacter cycloclasteand shown in Figure 1. The copper is about 0.5 A out of the plane
Rhodobacter sphaeroidesre green and have rhombic EPR Spanned by the 8latoms of histidines 95 and 145 and thg S
spectre3 To investigate these differences we have performed Of cysteine 136 (the NNS plane). The distance of copper to these
high-frequency pulsed EPR spectroscopy. The use of 95 GHzatoms is about 2.1 A, and the distance of copper to hefS
instead of the common 9 GHz microwave frequency provides methionine 150 is about 2.7 A. The distance of copper to the
a better resolution and has enabled the study of a single crystalNNS plane is larger than for the type 1 blue-copper proteins
of A. faecalis S6 plastocyanin oP. nigra (0.34 A8) and azurin oPseudomonas

Nitrite reductase has a trimeric structure and contains two aeruginosa(0.08 A°%), whereas the copper ta®ond length is
types of copper sitekin the catalytic cycle of these proteins, Slightly shorter than that for plastocyanin (2.8 A) and azurin
the so-called type 2 site, in which the copper is ligated by three (3.1 A). For the latter proteins, the blue color arises from an
histidines and a water molecule, binds the nitrite at the expenseintense absorption at about 600 nm, which has been ascribed
of water. Subsequently, the nitrite is reduced once an electronto a charge-transfer transition from the 8f the cysteine to

is obtained from the other copper sit@a type 1 site in which copper%O'The green color OA. faecalisnitrite reductase arises .
from an increased absorption at about 450 nm compared with
 Huygens Laboratory, Leiden University. that for the blue type 1 sites. This increase has been correlated
¥ Department of Biochemistry and Molecular Biology, University of  to a coupled angular movement of the cysteine and methionine
British Columbia. - residues toward a more flattened tetrahedral struéfuie.
Gorlaeus Laboratories, Leiden University. . . .
U Department of Microbiology and Immunology, University of British In this article we report the results of an electron-spin-echo

Columbia. (ESE)-detected EPR study of a single crystal Af faecalis
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Figure 1. The type 1 copper site dk. faecalisnitrite reductasé.
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nitrite reductase. The completetensor has been determined CySoCe plane and that the sulfur has an approximately
for the type 1 site and interpreted in relation to the d orbital at tetrahedral electronic configuration. The orbital for which the
copper occupied by the unpaired electron. Ehpgincipal axis C. axis points closest to copper has been selected. For the
of the g tensor is neither perpendicular to the NNS plane, nor M121Q mutant of azurin, which has a glutamine at the axial
to the CuNN plane. We have analyzed the orientation ofzthe position, the lone-pair orbital at theef the glutamine is
axis of theg tensor and compared it with that for azurin and approximated by a Slater 3prbital (Ze = 4.55) with itsCe

two of its mutants, M121Q and M121H azurin. A model is axis pointing from oxygen to copper. For the M121H mutant
formulated that predicts the orientation of the d orbital at copper of azurin, which has a histidine at the axial position, the lone-
in the wave function of the unpaired electron. This orbital pair orbital at the N of the axial histidine was approximated
appears to be oriented such that the overlap with the lone-pairin the same way as the strongly ligated histidines. A grid around

orbitals of the ligands is maximized. copper of 6x 6 x 6 A3and 81x 81 x 81 gridpoints was used
to calculate the overlap integrals of the 3d orbital with the
Materials and Methods respective ligand orbitals. The total overlap was calculated by

summing the absolute values of the individual overlap integrals
with equal weight. The orientation of the 3d orbital at copper

was initially set parallel to the CuNN plane and varied until an

orientation was found for which the overlap is maximum.

Sample Preparation. The expression and purification pro-
cedure forA. faecalisnitrite reductase is described in ref 13.
Crystallization of nitrite reductase is performed using reservoir
solutions of 6-12% poly(ethylene glycol) 6000, 0.1 M sodium
acetate at pH 4:55.5. The crystallization drops consist of equal
volumes of reservoir solution and protein solution of 10 mg/ Results

hmabglttrlttaingj lé?rfgsslignlsog?'\ginsdqa a(t) quﬁTgﬁ;rgf;als ESE-detected EPR spectra at 95 GHz and 1.2 K of a single
yp X P crystal of A. faecalisnitrite reductase recorded for different

transferred in a reservoir solution of pH 5.0. " . o X
EPR S The EPR . ‘ q orientations of the magnetic fiel, with respect to the crystal
pectroscopy.The experiments were performed 5o ghoun in Figure 2. The spectra depend strongly on the

at a temperature of 1.2 Kon_a home.-built.ESE spectrometer at ji- o tion of B, and comprise nhumerous bands that overlap
9 GHZ' The spgctrometer is described in ref 14, except that considerably. Intense bands are observed in the area between
the microwave bndg_e was replaced_b_y one from the Department3_05 and 3.35 T, weak ones at lower fields. The latter derive
gf MItCI’OW&VG . E%wprr][elr(ltsUll;or_ M|Ilg\‘ne_tte_rt Wa(;/ebtand EST | from the type 2 site and will not be considered further in this
pectroscopy In Donetsk, Lkrane. A nitnte reductase Crystal g o ForBy parallel to a crystal axis, several resonances

was mounted in a capillary tube with an inner and outer diameter _ . . - . ! -
of 0.60 and 0.84 mm, respectively, and the edges of the tubeE(;Irr]lg;désgdFitSSr;n;ezngslt%/hco;ﬁ(;egti;ates in a limited number of

were closed with sealing wax. The electron spin echoes are ) .
generated by a two-pulse sequence with typical pulse lengths The smgle crystal of nitrite r_educt_ase belong_s to space group
of 60 and 120 ns, respectively, and a pulse separation of 300P212:21 With four asymmetric units per unit cell.Each
ns, at a repetition rate of 10 Hz. The intensity of the echo is ASYMmMetric unit contains one nitrite reductase molecule, a trimer
recorded by a boxcar integrator and fed into a computer via an that consists of ?hree |_dent|cal monomeric subu_nlts connected
ADC. The EPR spectrum for each orientation of the magnetic Y @ 3-fold rotation axis. Each monomer contains one type 1
field with respect to the nitrite reductase crystal is recorded by @nd one type 2 copper site. With 12 type 1 copper sites in the
monitoring the height of the echo while scanning the strength Unit cell, the EPR spectrum comprises 12 resonances for an
of the magnetic field. Because the spectrometer allows for a &rbitrary orientation oBo with respect to the crystal. One of
rotation of the direction of the magnetic field in a plane that the fields of resonance becomes stationary when the magnetic
contains the capillary tube and a rotation of the capillary about field is aligned along a principak (2) axis of ag tensor,
its own axis, all orientations of the magnetic field with respect corresponding to the smallest (largegtjalue, respectively. We
to the crystal could be selected without remounting the crystal. have determined the orientations of the principaixes with
Calculations. For the model presented in section A of the T€SPeCt to a laboratory axis system, by looking for directions
discussion, the overlap between the copper d orbital in the wave®f Bo for which a resonance occurs at the extreme high-field
function of the unpaired electron and the ligands orbitals has Side of the spectrum, that s, a direction for which this resonance
been obtained as follows. The coordinates of the atoms wereShifts to lower field for any change in the direction B. In
taken from the X-ray data. The overlap integrals were calculated thiS way, the orientations of 12 axes have been established
numerically by approximating the 3d orbital at copper by a Slater With an accuracy of 4 All spectra for whichBo is parallel to
d orbital et = 13.75), the lone-pair orbitals at the nitrogens &N axis contain a resonance at 3.345gk = 2.026). The 12
by sp-hybridized Slater orbitalsZes = 3.9) oriented such that X @xes form three groups of four, for which the corresponding
their C., axes are in the respective imidazole planes and bisectSPectra within each group are identical. The three distinct spectra
the G/—Nd—Ce angle, and the lone-pair orbital at sulfur of ~&re Shown in Figures 2a, 2c, and 2e. Similarly, the orientations
the cysteine by a Slater p orbitalsk = 5.45) oriented such ~ Of 12z axes have been established with the same accuracy as

that its C., axis is perpendicular to they®Cys)-Cu direction ~ the x axes by looking for direction®, for which the EPR

and makes an angle of 109with the S/(Cys)-CB(Cys) spectrum contains a resonance at the extreme low-field side of
direction. For all proteins under consideration, theaxis of ~ the spectrum. This low-field resonance occurs at 3.09@.7 (
the latter orbital turned out to be within 20f the NNS plane, = 2.195), and the axes are also divided into three groups of

and the description in termsf @ p orbital was based on  four, for which the corresponding spectra within each group
guantum-chemical calculations, in which no s character at sulfur are identical. Eaclz axis is perpendicular to_ax axis within

is found in the singly occupied molecular orbitdiThe lone- ~ 2°. The three distinguishable spectra for whigis parallel to
pair orbitals at the sulfur of the methionine are approximated @z axis are represented in Figures 2b, 2d, and 2f.
by Slater sp orbitals Zer = 5.45) such that th&€., axes of Subsequently, the directions of the crystallographic axes have

both lone-pair orbitals are in the plane perpendicular to the been determined. These axes are 2-fold screw axes that relate
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Figure 2. ESE-detected EPR spectra of a single crysta\.dfecalis
nitrite reductase for different orientations of the magnetic field with

van Gastel et al.

the corresponding EPR spectra are identical. An EPR spectrum
for which By is parallel to aCs axis is shown in Figure 2j.

A summary of the directions of al andz axes and th&;
axes with respect to the crystallographic axed, andc is
shown in the Wulffnet projections of Figar3 . (For the
identification of the crystallographic axes, see Data Analysis,
section B.) A dot indicates that a direction points to the back
of the sphere. In Figure 3a, the 2-fold symmetry of Hix
axes is emphasized, and theandz axes that are interrelated
by the 2-fold rotations are indicated with symbols of the same
thickness. Three groups of fourand z axes are present. In
Figure 3b, the 3-fold symmetry of thes axes is emphasized,
and this time thex andz axes that are interrelated by the 3-fold
rotations around th€; axes are indicated with symbols of the
same thickness. In this way, four groups of thrkeendz axes
are formed for which the axes within a group stem from one
trimer.

During the measurements, a large_number of EPR spectra
have been recorded at many direction8gfAbout 50 of those
spectra, chosen because their directions cover the complete unit
sphere, have been included in the refinement procedure (see
Data Analysis, section A) along with the spectra that correspond
to the experimentally determined directions of th@ndz axes
and the crystallographic axes, to enhance the accuracy of the
experimentally found directions of the z, crystallographic,
andCz axes.

Data Analysis

respect to the crystal. Upper traces, experimental spectra; middle traces,

simulated spectra; lower traces, stick spectra that indicate the fields of
resonance of the 12 molecules in the unit cell. The simulated spectra
are derived by dressing the sticks with a Gaussian line width (cf., data

analysis). Sticks have been drawn on top of each other when resonance

were calculated within 3 mT. Within°1the spectra in panels a, c, and

e correspond to the orientation of the magnetic field parallel taxthe
principal directions of the three monomers in the same asymmetric
unit; those in panels b, d, and f, to tlzeprincipal directions of the
monomers in the same asymmetric unit; those in panels g, h, and i, to
the crystallographi@, b, andc axes; and that in panel j, to theG

axis. The low-intense and narrow band at high fil8d< 3.385 T and

g = 2.0028) derives from the sealing wax.

four monomers, one in each asymmetric unit. The fo(and

z) axes of those monomers are consequently related by 2-fold
rotations about the crystallographic axes. Approximate directions
of the crystallographic axes are derived from the orientations

of these axes. These directions have been optimized by looking

for nearby orientations d8, for which the number of bands in
the spectrum and the width of the bands is minimum. When
the magnetic field is aligned with a crystallographic axis, the
four symmetry-related monomers become magnetically equiva-
lent. As a result, three distinct resonances of the type 1 sites
appear in the EPR spectrum. The spectra for wBigcis parallel
to a crystallographic axis are shown in Figures 2g, 2h, and 2i.
The directions of theC; rotation axes of the trimers have
been determined. &£; axis relates the monomers within one
trimer and the correspondirggtensors by a 120rotation. When
By is aligned with aCs axis, the monomers of that trimer are

A. The ESE-Detected EPR Spectralo refine the principal
g values and the directions of the principal axes, the ESE-
detected EPR spectra have been simulated. For a particular
orientation of By with respect to the crystal, the fields of
resonance of each monomer in the unit cell are calculated

according to

. hy

Hpp/ Z(gii COS(f)i)Z

wherei = X, y, z, h is Planck’s constant; is the microwave
frequencyy; is the Bohr magneton, ang is the angle between

the axisi of the g tensor of the particular monomer asg.
Copper hyperfine interaction was not explicitly taken into
account, because it is not resolved in the ESE-detected EPR
spectra at 95 GHz. The calculated resonances are fit to the
resonances observed in a large number of EPR spectra recorded
for different orientations oBy with respect to the crystal. The

gi values and the angles are optimized in a nonlinear least-
squares fit with restrictions set by the symmetry of the space
group, such that the calculated resonances of the type 1 sites
are in good agreement with the bands observed in the experi-
mental spectra. In this way, 12 refingdtensors, 3 refined
directions of the crystallographic axes, and 4 refined directions
of the C3 axes are found with an accuracy of 1 degree. All

B ()

magnetically equivalent and 10 bands are expected in the gprdirections are within 3 of the directions determined in the

spectrum, one with approximately triple intensity and nine from
the other monomers. From the 3-fold symmetry present among
the 12x andz axes, four approximate directions of tig axes
have been constructed. Tk axes, like thex andz axes, are
related by 2-fold rotations about the crystallographic axes, and

experiment. The refined values, shown in Table 1, are nearly
identical with theg values read from the spectra.

The calculated fields of resonance for the orientationBof
in Figure 2 are included as sticks underneath the experimental
spectra in Figure 2. To facilitate comparison with the experi-
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Figure 3. Wulff stereoprojection of the principad andz directions of they tensor of the 12 molecules in the unit cell. The crystallographic axes

are used as a reference, where d@hexis points to the front, thb axis to the right, and the axis upward. The circles correspondxdlirections,

the squares correspondzdlirections, and the triangles indicate the directions of@haxes. A dot in the symbol indicates that the direction points

toward the back of the sphere. In a, the principal axes of the monomers that are related by 2-fold rotations around the crystallographic axes are
indicated by symbols of the same thickness. In b, the principal axes of the monomers of the same trimer are indicated by symbols of the same
thickness. TheC; axis denoted byle belongs to the trimer specified in the pdb file.

TABLE 1: Refined g Values and Direction Cosines of the Principal AxesxXyz, Xy'Z, X"'y''Z") of the g Tensors of the Type 1
Copper Site of A. faecalisNitrite Reductase?

O = 2.0264+ 0.0003 gyy = 2.0509+ 0.0017 0= 2.1951+4+ 0.0003
a b c a b [ a b [
X 0.6091 —0.7928 0.0222 ¥ 0.6429 0.5410 —0.5422 X' 0.2732 0.3756 0.8856
y 0.6403 0.5081 0.5761 vy 0.7616 —0.5272 0.3769 y" 0.9116 0.1930 —0.3631
z —0.4680 —0.3367 0.8171 Z —0.0819 —0.6553 —0.7509 zZ' —0.3073 0.9065 —0.2897
Te 0.9664 0.0825 0.2433
Tx 0.9808 0.0818 0.1772

aThe directions of they axes are specified in the crystallographic axis systabt)( The threeg tensors (unprimed, singly primed, doubly
primed) correspond to the three monomers of the trimer specified by the X-ray data (pdb fil€)LA&Tuded in the table is the direction of the
3-fold axis of the trimer, determined by EPRgf and X-ray crystallograph§ (Tx).

mental spectra, each stick is dressed with a Gaussian line shapgarallel to the crystallographig axis. The fourCs; axes found

of width in the EPR experiment are also close to a crystallographic axis
(cf. Figure 3), which is thereby identified as theaxis. Based
_ 2 on the correspondence between the orientatioxoénd Tg,
AB= Z(Wii cose;) ) one of the 3-fold axes as determined from EPR, the other two

crystallographic axes are identified hsand c (cf. Table 1).
whereW; are the principal values of the line width tensor. The The average angle between the directions of the trimer axes
principal directions of the line width tensor are assumed to be determined by X-ray diffraction and by EPR i§, 4vithin the
parallel to those of the correspondiggtensor. The dressed ~ combined accuracy of the experiments.
spectra are included in Figure 2 as middle traces in each panel. C. Orientation of the g Tensor with Respect to the Type
Relaxation and modulation effects that derive from the ESE 1 Copper Site.From the EPR data, the orientation of the three
technigue and influence the intensity of the bands are not takenprincipal axes systems of tigetensors that are related by the
into account in the simulations. The positions of the bands in 3-fold axisTg, and stem from the trimer in the asymmetric unit
the experimental spectra agree nicely with those in the simulatedspecified in the pdb fil&,have been fixed with respect to the
spectra. Values of 6 mT, 9 mT, and 15 mT are found\igy, crystallographica, b, and c axes. Theg axes are denoted by
Wy, and W, respectively. The larger value ®¥,, compared Xyz X'y'Z, andx'y"'Z" and their components along theb, and
with those ofW,, andW,y indicates that the line width notonly ¢ axes are given in Table 1. To derive the orientation ofghe
derives fromg strain but also includes the unresolved copper axes within the nitrite reductase molecule, in particular with
hyperfine interactioA>16 respect to the copper site, we use the structure of the asymmetric

B. Identification of the Crystallographic Axes. Usually, the unit as determined from X-ray diffraction. Three assignments
EPR experiment allows the determination of the directions of are possible such that the orientation of theensor axes with
the crystallographic axes, but for their identification an additional respect to the type 1 copper site is the same for each monomer.
X-ray diffraction experiment on the mounted crystal is neces- These are presented in Table 2. Consideration of the electronic
sary. EPR suffices in the present case. The orientation of thestructure of the copper site allows elimination of two of these.
3-fold axis of the trimer provides additional information that is The electronic structure of the type 1 sites of several proteins
sufficient to establish which crystallographic axis is which. In  has been calculated by self-consistent-field scattered-wave
Table 1, the direction of the 3-fold axi%, determined by X-ray =~ method&>17-1° and the orientation of the principal axes of the
diffraction for the trimer specified in the Protein Data Bank g tensor is known for the blue-copper protein azthiand its
(pdb) file 1AS7° is given in theabc crystallographic axes  mutants M121& and M121H2 In the calculations, the singly
system. As is seen from its components, this vector is nearly occupied molecular orbital contam d orbital at copper that is
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TABLE 2: Angles between the Directions of the Principal
Axes of theg Tensors and the Bond Directions from Copper
to Its Ligands for the Type 1 Copper Site of Monomer A
(Nomenclature According to the X-ray structure, pdb file
1ASP)?

Metl150 S

X y z X y z X'y 7

CuNd(His-95) 15 86° 104 108 150 114 93° 99 ©O°

CuSy(Cys-136) 146 76° 120° 121° 38 69 84° 33 123
CuNd(His-145) 94 163 76° 54° 109 43 43 128 104
CuS)(Met-150) 80 32 60° 82° 74 162 175 94 87

His145 N&

CuNOoNo¢ plane 72 39° 8°
NONOJSy plane 60 43 21°
@ Also included are the angles between th#, andz’ axes and the Cys136 Sy

planes spanned by copper and the copper-coordinated nitrogens of

histidines 95 and 145 and by the nitrogens and the sulfur of cysteine gigyre 4. The principal directions of thg tensor with respect to the
136 in monomer A. type 1 copper site.

ot antibonding to a 3p orbital of the sulfur of the coordinated

cysteine ando antibonding to the lone-pair orbitals of the  ,¢ihe g 'tensor in the type 1 site. With the copper in the origin
nitrogens of the histidines. The direction of the axis, of the axes system, theaxis points approximately toward the

determined by spirorbit coupling, .is to good approximat_ion NO(His-95), they axis approximately toward &(His-145). The
perpendicular to the plane of maximum probability amplitude z axis makes an angle of 1@ith the normal to the CuNN

of the d orbital at copper. For azurin frofh aeruginosaywhere lane. The value ofy,, (2.1951) is comparable with that of
the copper is almost in the equatorial plane spanned by the SUIfurgucumber basic protein and somewhat smaller than for azurin,
and the nitragens (NNS planf%)bhezaxis Is found perpendicular amicyanin, plastocyanin, and stellacyahifhe rhombicity of
to this planet® 'For the azurin mutants M121Q and M121H, the g tensor (i.e.g,y — o) amounts to 0.025, a little larger
where the axial methionine-121 has been replaced by awan for azurits amicyanin, and plastocyantf,but smaller
glutamine or a histidine, the copper is further from th_|s plane than for stellacyanin and cucumber basic protein.
and closer to the stronger axial ligafih? and thez axis is The low intensity of the bands that correspond to the type 2
almost perpendicular to the plane spanned by copper and thejie goes not allow a reliable analysis of their orientational
copper-coordinated nitrogens of the histidiA®%2In all three 4o endence. The resonance at 2.93 T in Figure 2i corresponds
cases, the axis c_)f theg tensor makes an angle of less thaft 20, ag value of about 2.31, compatible with the value reported
with a coppe nitrogen bond.. . , _— for the type 2 site of nitrite reductaselhe weakness of the
The angl_es b_etween the principal axys, Xy'z, X'y'z and bands may be caused by different relaxation times of the type
the bond directions fr(_)m copper to |t§ ligands in monomer A 2 and the type 1 sites or partial occupation or reduction of the
(nomenclature_ according to the pdb file 1&pare shown !n type 2 site. To check the first hypothesis, the relaxation times
Table 2. Also included are the angles betweenzl®, andz of both copper sites in nitrite reductase were estimated by a
axes and the plane spanned by copper and the coppery,iseq EPR experiment at 9 GHz on frozen solutions of native
coordinated nitrogens in monomer A. From the latter angles, it ite reductase and a mutant that only contains the type 2site.
is clear that. the axis is closest to being perpendicular to this 114 relaxation times of both sites were simil@s & 750 ns at
plane, making an angle of 71Furthermore, thex andy 10 K). Assuming this also applies to the single crystal at
directions are close to the d|_rect|ons fr_om copper tﬁfl'ms' W-band, this finding makes it unlikely that large differences in
95) and N(His-145), respectively, .”.‘a"'“g angles of*1and relaxation times cause the low intensity of the bands from the
17 Consequently, thg tensor specified byyzmoit Prf)bably type 2 site. The occupation is checked by atomic absorption
belongs to monomer A. Similarly, theéy'z andx'y’z" axes  meagyrements, which reveal £ copper atoms per monomer.
are assigned to monomers C and B, respectively, where theyp,ia| reduction of the type 2 site cannot be excluded, but a
make the same angles with the copper-ligand directions as theyeinitive answer as to why the intensity of the bands from the

xyzaxes in monomer A. The resultant orientation ofgitensor o0 5 site is significantly lower than that of the type 1 site
axes for the type 1 copper site in green nitrite reductase is <t still be determined

pictorially reported in Figure 4. A. The Orientation of the z Axis of the g Tensor. The
completeg tensor of the type 1 copper site has been obtained
from the EPR study (cf. Tables 1 and 2). A quantitative
The high resolution and sensitivity of EPR spectroscopy at quantum-chemical analysis of the tensor is beyond the scope
95 GHz compared with 9 GHz has allowed a quantitative EPR of this article. Here we will discuss a qualitative model that
study of single crystals of nitrite reductase. The intense bandsrationalizes the observed orientation of the principakis of
in the ESE-detected EPR spectra in Figure 2 derive from the thegtensor. The axis of theg tensor of nitrite reductase makes
type 1 copper site. This assignment is based on the experimentahn angle of 71 with the CuNN plane (cf. Table 2). This
value ofg,, which is known from EPR experiments at 9 GHz.  orientation differs from that for azurin and its mutants M121Q
The weak features at the low-field side of the ESE-detected and M121H. For the latter proteins, ttzeaxis invariably is
EPR spectra, for example, at about 2.93 T in Figure 2i, are perpendicular to the CuNN plane, even though the distance of
assigned to the type 2 copper site. the sulfur of the cysteine to this plane varies considerably.
For the type 1 site, the dependence of the 12 intense bands The model is based on the following ideas and assumptions.
on the orientation of the magnetic field allows the determination Assume that the part of the singly occupied molecular orbital
of the directions of the principal axes of tlgetensor of all that is localized on copper may be represented by a single 3d
monomers in the unit cell with respect to the crystallographic atomic orbital. This is in line with the results of density
axes. Combination with the structural data from X-ray crystal- functional theory calculations, both for nitrite reductédsand

lography subsequently yields the directions of the principal axes

Discussion
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—t TABLE 3: Angles between the Copper-Ligand Directions,
jT the z Axis of the Experimental g Tensor and the z,c Axis
Corresponding to the d Orbital of Maximum Overlap?
—p w azurin M121Q M121H nitrite reductase
CuiSy (m) ja— [CulSy (o)
WY :f Z Zac Z Zalc z Zalc z Zalc
h— CuNo? 90° 94° 93 94° 95 96° 104 105
CuSy(Cys) 97 94° 108 103 126° 127 1200 116
A CuNds® 89° 88 87 93 88 85 76 84°
) _ ] Cu(axial ligand) 18 19° 10° 9° 41° 39° 60° 53°
Figure 5. Schematic representation of the energy levels of the [(z z,0) 4° 6° 6° 8°

molecular orbitals with significant copper 3d character for plastocyanin . .

(reproduced from ref 11). In the molecular orbitals that are lowestand ~ ° The directions of the axes for azurin, M121Q and M121H are
highest but one in energy, the binding between Cu and S(Cys)ds of ~according to refs 15, 16 and 20, respectively. The atorsand N
ando* character. In those that are lowest but one and highest in energy, ” belong to His-46 and His-117 for azurin, M121Q and M121H, and
the binding between Cu and S(Cys) issoind* character. to His-95 and His-145 for nitrite reductase.

for plastocyanir?* The z axis of theg tensor is assumed to be  copper and the sulfur of the cysteine acquirdike antibonding
perpendicular to the plane of maximum probability amplitude character, wheras a lone-pair orbital of the axial ligand
of this 3d orbital at copper. The 3d orbitals of an isolated copper participates in the singly occupied molecular orbital as well.
ion are energetically degenerate. When the copper is coordinated>onsequently, to estimate the orientation of the d orbital present
by several ligands, the degeneracy is lifted. The eigenfunctionsin the singly occupied molecular orbital, we searched for the
of the Hamiltonian become molecular orbitals that are linear orientation of a 3d orbital at copper such that the sum of the
combinations of copper 3d orbitals and ligand orbitals. We overlaps with the lone-pair orbital at the sulfur of cysteine, with
consider the subspace spanned by the molecular orbitals thathe lone-pair orbitals at the nitrogens of the histidines and with
contain a significant amount of 3d character at copper. Another the lone-pair orbital at the axial ligand is maximum. This was
basis for this subspace is formed by the 3d orbitals at copperdone numerically according to the procedure outlined in the
and the relevant orbitals at the ligands. The expectation value materials and methods section. The orientation of the 3d orbital
of the Hamiltonian for an arbitrary wave function in this atcopper was initially set parallel to the CuNN plane and varied
subspace is between the lowest and the highest of the eigenuntil an orientation was found for which the overlap is
values corresponding to the eigenfunctions of the Hamiltonian. maximum. This orientation is represented by the normal to the
We assume that, upon binding, both the decrease in energy ofplane of maximum probability amplitude (called thgplane)
a bonding orbital and the increase in energy of an antibonding of the d orbital with maximum overlap (callegji
orbital are proportional to the overlap between the copper and For azurin and its mutants M121Q and M121H, the orienta-
the ligand orbitals. According to this assumption, if it is known tion of the experimentat axis of theg tensor and the direction
which ligand orbitals occur in the molecular orbital of lowest perpendicular to the calculated,@rbital, calledz.i., are given
or highest energy, the part of the molecular orbital centered atin Table 3. The directions of theandz,c axes differ on average
copper is best approximated by looking for a copper orbital by 6°, a small deviation in view of the simplifications of the
whose overlap with these ligand orbitals is maximum. model. Thez and z,c axes are almost perpendicular to the
The idea is illustrated in Figure 5 where we have drawn a CuNN plane and make angles close t¢ 9dth the copper
qualitative energy level scheme that corresponds to the subseiNd(His) directions. The g orbital is almost in the CuNN plane,
of molecular orbitals with a significant copper 3d character as and two lobes point to the &N atoms of the coordinating
indicated by quantum-chemical calculations on blue-copper histidines. For azurin the sulfur of the axial methionine is a
sites10-1218.2426 The molecular orbital of lowest energy weak ligand at a distance of 3.1%n accordance, the calculated
concerns a 3d orbital at copper thati®onding to a 3p orbital ~ overlap of the lone-pair orbital at the axial ligand with the d
at the sulfur of the cysteine. Following the assumptions of our orbital at copper is small and of minor importance for the
model, we expect the copper orbital involved to be oriented orientation of the ¢, orbital. For M121Q, theC., axis of the
such that the overlap with the sulfur orbital is maximum. lone-pair orbital at the © of the axial glutamine is about
Comparison of the X-ray structures of blue-copper proteins perpendicular to the CuNN plane, and the overlap of this lone-
reveals that the angled{Cys)—Sy(Cys)—Cu is conserved (109 pair orbital with the ¢, orbital is almost zero. For M121H, the
for methionine as the axial ligand and Z0fr glutamine as lone-pair orbital of the N of the axial histidine is 45away
the axial ligand) irrespective of the position of the sulfur with from the CuNN plane, and this orbital makes a small contribu-
respect to the CuNN plane. At an angle of 1®e 3p orbital tion to the total overlap.
at the sulfur of the cysteine points toward copper, which  When the model is applied to nitrite reductase, good agree-
maximizes the overlap. ment is found between the experimentally observed and the
The model seems to work well for the bonding molecular predicted direction of the axis of theg tensor (cf. Table 3).
orbital that has significant copper 3d character and is lowest in Both the experimental axis and thez,c axis deviate from the
energy. What about the molecular orbital of highest energy with normal to the CuNN plane and the directions of #end z.ac
significant 3d character at copper? According to quantum- axes differ by 8. The direction of the axis is in line with that
chemical calculations on the blue type 1 site of plastocya- found in the calculations on the copper site of nitrite reductase
nin,10.17.2425%he molecular orbital of highest energy (cf. Figure from A. cycloclasted! assuming that the axis is perpendicular
5), singly occupied, concerns a 3d orbital at copper which is  to the plane of maximum probability amplitude of the calculated
antibonding to a 3p orbital at the sulfur of the cysteine (different d orbital in the wave function of the unpaired electron. If the
from the one involved in the bonding), andr antibonding to lone-pair orbital at the sulfur of the cysteine is assigned more
the lone-pair orbitals at the coordinated nitrogens of the weightin the optimization process, based on the large coefficient
histidines. Calculations on the green type 1 site of nitrite of the orbital in the wave function of the unpaired electron, the
reductase oA. cycloclastedl12indicate that the bond between agreement even improves. Apparently, the d orbital at copper
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Figure 6. Schematic representation of the copper site®.@feruginosa
azurin (a),A. faecalisnitrite reductase (b), M121Q azurin (c), and
M2121H azurin (d). The upper diagrams are projections onto the NNS

equatorial plane, and the lower diagrams are side views parallel to the

NNS plane and perpendicular to the -€8(Cys) direction.

in the wave function of the unpaired electron is oriented such
that the sum of the overlaps with the lone-pair orbitals at the
ligands is close to maximum.

B. The Optical Spectrum, the Copper-Thiolate Interac-
tion, and the Rhombicity. In previous studies on nitrite
reductase oA. cycloclaste®y quantum-chemical methoéfs!?

van Gastel et al.

the Cu-S(Cys) direction, whereas the other lobe acquires
interaction with the axial ligand. Theinteraction between the
d orbital and the lone-pair orbital at the axial ligand shows up
in the calculations on nitrite reductase Af cycloclastesfor
which methionine character is found in the wave function of
the unpaired electroH:12

A generalized picture of the rhombicity of tlgetensor in
relation to the structure of type 1 copper proteins is lacking as
yet. Contrary to the conclusion of previous theoretical wigrk,
we find that the rhombicity and the angtedo not seem to be
correlated. Blue proteins may be axial or rhomlgg g =
0.017 for azurit® and 0.054 for M121Q azurif), and the same
holds for green proteins (0.005 for M121H az@fiand 0.0245
for nitrite reductase). For proteins with weak axial ligands, like
azurin and plastocyanin, the rhombicity is minor and seems to
derive from the part of the wave function localized on sulfur.
When a stronger axial ligand is present, admixture gf d
character may occur, which introduces rhombiéitin calcula-
tions on stellacyanin, whose structural and spectroscopic proper-
ties are largely similar to those of M121Q azufmn cucumber
basic protein and on nitrite reductase Af cycloclastesthe
admixture of ¢ character is comparable (depending on the
method of calculation reported as 0.79% or 3%29), but the

the interaction between the copper and the sulfur of the cysteinegpRr spectrum of nitrite reductase is significantly less rhombic

in the wave function of the unpaired electron acquivelke

character in contrast to that for the blue-copper protein plasto-

cyanin, for which the interaction is predominantly-o€haracter.
The difference has been analyzed in ref 12 in terms of trigonal
(7r) and tetragonal (mainly) copper sites and quantified by
the angle¢ between the CuNN plane and the Cu$fane
(CuSO for M121Q azurin and CuSN for M121H azurin). For
an ideal trigonal structurg is 9¢° and asp decreases the site

(0.0245) than that of M121Q azurin (0.08%. The ¢, character

of the singly occupied molecular orbital for nitrite reductase
may well be smaller than calculated. Alternatively, admixture
of the do-y2 and d, (dy,) orbitals may be responsible for the
slightly increased rhombicity with respect to azufror the
green M121H azurin, thg tensor is virtually axial and the
axis of theg tensor and the direction from copper to the axial
ligand make an angle of 4Xcf. Table 3). This observation led

becomes tetragonal. The intense absorption at about 630 nms to the conclusion that for M121H azurin the binding of the
characteristic of trigonal sites and responsible for the blue color axja| ligand probably involves the gbrbital 2 The rhombicity
has been assigned to a charge-transfer transition correspondingeems to depend on the balance between small contributions to

to an excitation from the bonding orbital to the singly occupied
molecular orbital’” When¢ decreases, an absorption at about

the singly occupied molecular orbital and whether a simple
relation to the structure of the copper site can be formulated

450 nm comes up, assigned to a charge-transfer transitionremains to be seen.

corresponding to an excitation from thdoonding orbital? and
changes the color of the protein to green. Azugn= 83°)
and M121Q azuring = 82°) are blue; nitrite reductase (=
59°) and M121H azuring = 66°) are green.

Thex character of the coppethiolate interaction for azurin
and M121Q azurin and the partiat character for nitrite

Concluding Remarks

The completey tensor of the type 1 site has been determined
from W-band EPR spectroscopy on a single crystal of the green
nitrite reductase oA. faecalis The principakz axis of this tensor

reductase and M121H azurin, are predicted by the orientation makes an angle of 7iwith the CuNN plane and of 80with

of the d orbital of maximum overlap. Figure 6 shows schematic
projections of the copper sites of azurin f aeruginosaa),
nitrite reductase ofA. faecalis(b), M121Q azurin (c), and
M121H azurin (d). The upper diagrams correspond to the

the Cu-So(Met 150) direction. Such data are also available
for plastocyanin, azurin, M121Q azurin, and M121H azurin,
and a model has been formulated that rationalizes the orientation
of thez axis of theg tensor for the type 1 sites in these proteins.

projections onto the NNS plane, and the lower ones correspondThe model allows the prediction of the orientation of #eeis

to side views parallel to the NNS plane and perpendicular to
the Cu—S(Cys) direction. For the trigonal structures of azurin
and M121Q azurin, two lobes of the d orbital haviteraction
with the lone-pair orbitals at the nitrogens, and the other two
lobes haver interaction with the orbital at the sulfur of the

and of the copper 3d orbital in the singly occupied molecular
orbital provided that the structure of the copper site is known.
The relation between the rhombicity and the geometry of the
copper site of type 1 proteins is not yet fully understood. It

remains to be seen whether the slight increase in rhombicity

cysteine. For the tetragonal structures of nitrite reductase andfor A. faecalisnitrite reductase compared with azurin derives
M121H azurin, the nitrogens have slightly rotated around the from admixture of the g orbital into the wave function of the
normal to the NNS plane and the axial ligand has moved closer unpaired electron or from admixture of,ddy,) and do—y

to the NNS plane. An equivalent way to formulate this structural
variation is in terms of a coupled angular movement of the

character.
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