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Abstract: We report pulsed Electron-Nuclear-DOuble-Resonance (ENDOR) experiments at 95 GHz and 1.2 K of
single crystals of the blue-copper protein azurin and its flANenriched analogue. The nitrogen ENDOR spectra

and their variation with the orientation of the magnetic field with respect to the crystals are described, and it is
shown that contributions of five distant nitrogens may be distinguished. For the remote nitrogens of the copper
ligands histidines-46 and -117 complete hyperfine and quadrupole tensors are presented and discussed in relation to
the structure of the copper site and the extension of the wave function of the unpaired electron. Besides these nuclei
three backbone nitrogens show up in the ENDOR spectra, and their hyperfine tensors are reported. One of the
backbone nitrogens concerns that of cysteine-112; the others are tentatively assigned to histidine-46 and glycine-45.
The wave function of the unpaired electron of oxidized azurin is found to be smeared out over both the copper
ligands and parts of the protein backbone.

I. Introduction

Blue-copper proteins have a mononuclear copper center
whose electronic structure gives rise to a characteristic intense
optical absorption around 600 hm, an almost agit¢nsor and
a relatively small copper hyperfine splitting in tiyeregion of
the Electron Paramagnetic Resonance (EPR) speéttuBiue-
copper proteins are active in the redox-reaction chains in bacteria
where they act as electron-transfer proteins. Understanding of
the spectral properties of the ligated metal center and of the
electron transfer processes requires detailed knowledge of the
molecular and electronic structure of the copper site. In recent
years a number of X-ray structures of blue-copper proteins have
been reportedwhich reveal a great similarity in the coordina- His117
tion of the copper in the various blue-copper sites. The Cys112
availability of these crystal structures greatly adds to the
effectiveness of spectroscopy in the study of the electronic
structure. This is exemplified by the present ENDOR investiga-
tion of single crystals of the blue-copper protein azurin.
According to the X-ray diffraction studies of azurin from  gjgyre 1. The copper site of azurin froMseudomonas aeruginasa
Pseudomonas aerugindsethe coordination of the five ligands  The backbone nitrogens of the ligands are indicated in black.
of the copper ion can be best described as a distorted trigonal
bipyramid (Figure 1). Three ligands are at a distance of about glectron that is delocalized over the copper $itZhis para-
2 A, the nitrogens (N) of histidine-46 and -117 and the sulfur  magnetic state can be well studied by EPR. In recent years
(Sy) of cysteine-112. The (NNS) plane spanned by these there has been a trend to go to both Iobeerd higher microwave
coordinating atoms almost contains the copper ion. Two other frequencies than the standard X-band frequency of 9 GHz. The
ligands, a sulfur (8) of methionine-121 and an oxygen of enhanced resolution at higher microwave frequencies has
glycine-45, occupy the axial positions and interact weakly with permitted to quantify the small non-axiality of tigetensoré8
copper. In its divalent state the copper ion has one unpairedThe high sensitivity at W-band (microwave frequency of 95
GHz) allows the study of submillimeter single crystals and we
have been able to determine the orientation of the principal axes
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Hyperfine interactions can be investigated by ENDOR and authors suggested that this should also be the case in copper
Electron-Spin-Echo Envelope Modulation (ESEEM) techniques. proteins. Notwithstanding these data, complete hyperfine and
The coupling of the electron spin with the nuclear spin of the quadrupole tensors of histidine nitrogens are not yet available
coordinating nitrogens of the ligating histidines has been for any blue-copper protein.
investigated by Q-band (35 GHz) ENDOR experiments on In order to fill this gap and to supplement our knowledge of
frozen solutions for the blue-copper centers of plastocyanin, the electronic structure of the copper site of azurin, we have
azurin, stellacyanin, fungal and tree lacc&s&he isotropic performed elaborate ENDOR experiments on single crystals of
hyperfine coupling was found to be inequivalent for the two azurin and ESEEM experiments on frozen solutions of azurin
nitrogens, except for plastocyanin, while the anisotropic part and azurin mutants. A preliminary rep®rtconcerned an
of the hyperfine interaction and the quadrupole interaction were X-band ESEEM study of azurin and an azurin mutant and
not resolved. Unfortunately it remained unclear which isotropic ENDOR data in one principal plane of tggensor for a single
coupling had to be assigned to which nitrogen and this hamperedcrystal of14N azurin. Here we communicate the full results of
the interpretation of the difference. It has been suggested thatthe pulsed ENDOR study at 95 GHz of single crystald“df
the variation of the isotropic hyperfine coupling is related to azurin and>N azurin. From the study o#*N azurin we
the deviation of the structure of the copper site from square determine the quadrupole tensors of the remote nitrogens of
planar toward tetrahedr&. histidine-46 and -117 and assign these tensors to the respective

ESEEM spectroscopy has been successfully applied to aremote nitrogens. Also ENDOR signals have been recorded
number of metalloproteinS. At X-band frequencies (9 GHz)  of a third nitrogen which was detected in an ESEEM study of
the coupling of the unpaired electron spin with the nuclear spin azurin reported on recentfy. The quadrupole parameters reveal
of the remotenitrogens, the nitrogens of the ligating histidines that this concerns a backbone nitrogen and the directions of
not coordinated to the copper, gives rise to electron-spin-echothe principal axes point to the backbone nitrogen of cysteine-
envelope modulations. The isotropic hyperfine coupling of the 112.
remote nitrogens is on the order of 1 to 2 MHzSuch a value From the study of>N azurin we determine accurate hyperfine
is close to fulfilling the “exact cancellation conditiok® at tensors of five nitrogens. Combining the data of the ENDOR
X-band frequencies and deep modulations have been observedstudies ort4N and1®N azurin we assign two of the hyperfine
The presence of these modulations has been used to establistensors to the remote nitrogens of histidine-46 and -117 and a
the ligation of histidine to the copper ion and to estimate the third one to the backbone nitrogen of cysteine-112. The other
number of ligating histidines in copper proteffisA quantitative  two nitrogens are weakly coupled to the electron spin and are
analysis of the modulation pattern yields in general information probably backbone nitrogens as well.
on the quadrupole and hyperfine interaction of the remote  The principal values of the hyperfine tensor of the remote
nitrogens. The variation found in the quadrupole interaction njtrogen of histidine-117 are 1.5 times larger than those of the
for different copper proteins has been related to the difference remote nitrogen of histidine-46. Ab initio calculations indicate
in hydrogen bonding of the remote nitrogéfisFor the blue-  that this difference is caused by the different angle between the
copper sites in stellacyanin and in ascorbate oxidase, thesy.Cu bond and the Cu-ébond for the two histidines leading
isotropic coupling was found to be different for the two remote 19 a larger delocalization of the electron spin over the histidine-
nitrogens as observed for the coordinating nitrogénghe 117. The anisotropic hyperfine tensors of the two remote
anisotropic part of the hyperfine tensor is in almost all studies pjtrogens are rhombic. Analysis of the anisotropic hyperfine
on frozen solutions taken to be axial. For model compounds tensor reveals that the most important contributions to the tensor
containing copper with imidazole as a ligand echo-envelope of each remote nitrogen derive from the spin density on Cu,
modulations were studied extensively by various groip¥. No and N itself. From the model description, the spin density
The analysis of the modulations did not require inclusion of on the nitrogen atoms of the histidines is obtained as well as

rhombicity of the hyperfine tensor. In the ESEEM study of
Cu(ll)-diethylenetriaminé*N-imidazole the rhombicity of the
hyperfine tensor was considered and found to be sthallhe
ESEEM studies on single crystals of Cu(ll)-dopedtiistidine
hydrochloride monohydrate and Cu(ll)-doped bik{stidinato)-

cadmium dihydrate allowed an accurate determination of the

anisotropic hyperfine tensé?2! In these two cases the aniso-

an estimate of the spin density on copper.

Il. Experimental Section

The isolation and purification of azurin and fulSN-enriched azurin
from Pseudomonas aeruginodaas been described elsewh&iét
Single crystals of°N labeled and unlabeled protein were grown by
vapor diffusion? Two different crystal forms, both of space group

tropic hyperfine tensors are better described as rhombic and thepy 5 > can be obtained. In both crystal forms the unit cell contains
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sixteen molecules with four molecules per asymmetric unit. The two
crystals of the unlabeled protein that we have studied were of the same
crystal form with unit cell dimensiona = 57.8,b = 81.0 andc =

110.0 A. These crystals were kept in mother liquor containing 4.0 M
ammonium sulfate, 0.7 M lithium nitrate and 0.1 M acetate at pH 5.5.
The crystal of the™N labeled protein was of the other crystal form
with unit cell dimensions = 47.8,b = 99.2 andc = 109.7 A. This
crystal was also kept at pH 5.5 in a mother liquor of 3.5 M ammonium
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sulfate, 0.7 M lithium nitrate and 0.1 M acetate. All crystals were of
submillimeter size, the two unlabeled protein crystals%.8.4 x 0.2
mm? and 0.8x 0.4 x 0.3 mnt and the labeled one 0.6 0.3 x 0.2
mme.

The ENDOR experiments were all performed with the homebuilt
W-band ESE spectrometer at a microwave frequency of 95 GHz and
a temperature of 1.2 K. A detailed description of the pulsed EPR and
ENDOR setup is given in ref 25. The crystals were placed in quartz
tubes and subsequently mounted into a cylindrical cavity. In the
ENDOR experiments a Mims type pulse sequence was used. The
separation between the first and the second microwave pulse was
typically 350 ns and between the second and the third pulsex210
The width of the radio-frequency pulse, which is applied between the
last two microwave pulses, was 2@3. The repetition rate varied
between 40 and 100 Hz.

When the crystals are mounted in the cavity they have an arbitrary
orientation with respect to the laboratory frame. The directions of the
crystallographic axes (a, b, c) are determined with respect to the
laboratory frame through EPR with high accurasy2f). In a previous
EPR study of a single crystal of azurin frddseudomonas aeruginosa
the directions of the principal axes of theensor K, y, 2) for all sixteen
molecules in the unit cell with respectépb, andc were establishedl.
These data were used to obtain the directions of the principal axes of
all 16 g-tensors in the laboratory frame for the ENDOR study. Note
that in this EPR single-crystal study the EPR data were combined with
the X-ray data yielding the orientation of tkgy, andz axis with respect
to the copper site. This means that directions defined with respect to
xyzcan be translated into directions with respect to the copper site and
vice versa.

For the crystal of5N azurin, the crystal form is different from that
in the previous single crystal EPR study. Because the orientation of
the molecules (and the principal axes systems ofgtbensors) with
respect to the crystallographic axes is different, a complete single-crystal
EPR study on a crystal dfN azurin had to be performed preceding
the ENDOR experiments. The EPR study in combination with
simulations of the EPR spectra (as described in ref 8) resulted in
accurate directions of the y, z axes of the sixteen molecules in the
unit cell with respect to a, b, c. The ENDOR study is performed with
respect to the, y, z axes system of one of the molecules in the unit
cell. Consequently the hyperfine tensors that result from the analysis
of the ENDOR data are defined in that axes system. Since the X-ray
structure is not known for the crystal form &N azurin, we do not
know the orientation of the, y, z axes system in the copper site for
that crystal form. In the discussion of the hyperfine tensors with respect
to the copper site we have made the obvious assumption that the
orientation of thex, y, z axes in the copper site is identical for both
crystal forms. Therefore, when the directions of the principal axes of
the quadrupole and hyperfine tensors resulting from the ENDOR data
of N and N azurin are discussed with respect to the molecular
structure we always refer to the X-ray structure as determinetfifor
azurin®

Il. Results

A. 1“N Azurin. An ENDOR spectrum of the first crystal
of N azurin is shown in Figure 2b. For this spectrum the
direction of the external magnetic fieldhBras chosen parallel
to thex axis of one of the molecules in the unit cell, the strength
(3.3336 T) so as to be in resonance with the EPR transition of
that molecule (cf. Figure 2a). At this magnetic-field setting
five ENDOR transitions are observed between 8 and 12 MHz.
For a single transition the typical line width is 150 kHz
(FWHM). The ENDOR frequencies are symmetrically dis-
placed around the nuclear Zeeman frequency, i.e., 10.26 MHz
for a magnetic field of 3.3336 T. For this crystal'dN azurin

J. Am. Chem. Soc., Vol. 118, No. 48, 19958143

~
C
3 c) l
o
[
o)
~—
2
(2]
c
(0]
-+
£
7

1 1 1 1
Ll 3.0 3.1 3.2 3.3

magnetic field (T)
V.
b) lZeemur\

~
C
3
o
[
o)
~—
>
=
(/2]
C
2|0
=
@
o
a
=z
Ll

1 1 1 1 1

8 9 10 11 12

frequency (MHz)

Figure 2. Pulsed EPR (a) and ENDOR (b, c) spectra at 1.2 K of single
crystals of azurin fromPseudomonas aeruginasBor all spectra the
magnetic field was oriented along theaxis of one of the molecules

in the unit cell. The field of resonance of that molecule is indicated by
the arrow in (a). The pulsed ENDOR spectra between 8 and 12 MHz,
taken at that field (3.3336 T), correspond to the first (b) and second
(c) single crystal. Thé*N nuclear Zeeman frequency at this magnetic
field strength is indicated by the arrow in (b).

Only in thexy plane was the signal to noise ratio of the ENDOR
spectra sufficient to follow the angular dependence of the
ENDOR frequencies. The size of the second crystal*dif
azurin was similar to that of the first but owing to improvements
in the ENDOR setup well-resolved ENDOR spectra could be
obtained also in thexand thezy plane of theg-tensor. As an
illustration of the improvement of the signal to noise ratio
compared to that for the first crystal, an ENDOR spectrum of
the second crystal is shown in Figure 2c. This spectrum was
obtained at the same orientation and strength gfaB the
spectrum of the first crystal in Figure 2b. The combination of
the measurements on the two single crystals'df azurin
yielded ENDOR frequencies for all orientations af iB the xy
and thezy plane and for 69around thex axis in thezx plane,

as represented in Figure 3. For most directions eftlie

ENDOR experiments were performed while the direction of B spectrum was only measured for frequencies greater than or
was systematically varied in the three principal planes of the equal to the nuclear Zeeman frequency. The frequencies below
g-tensor of one molecule and the field strength changed so asthe nuclear Zeeman frequency have the same absolute displace-
to remain in resonance with the corresponding EPR transition. ment from the nuclear Zeeman frequency as those above and

(25) Disselhorst, J. A. J. M.; van der Meer, H.; Poluektov, O. G.; Schmidt, thus contain no new information. In ti®y plane additional
J.J. Magn. Reson. A995 115 183-188. resonances were found which are indicated in Figure 4a.
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B. 15N Azurin. In Figure 5 an ENDOR spectrum of the
single crystal of'>N azurin is shown. For this spectrum the
direction of B was in thexy plane of theg-tensor, rotated 60
from thex axis toward they axis. For this orientation eleven
ENDOR transitions are observed between 12 and 16 MHz. The
ENDOR frequencies are symmetrically displaced around the
15N nuclear Zeeman frequency (14.29 MHz at the field of 3.3099
T). Starting from the high frequency site, the first three ENDOR
transitions (1,2,3) are well resolved as are their counterparts
below the nuclear Zeeman frequency,Z13). Transition 4 is
also clearly visible, but its counterpartappears as a shoulder.
For transition 5 the situation is the other way around, transition
5 is weak compared to its counterpatt Sransition 6 is found
at the!>N nuclear Zeeman frequency. The direction gfvigas
systematically varied in the principal planes,(zx zy) of the
g-tensor, and ENDOR spectra were obtained. The frequencies
corresponding to transitions 1, 2 and 3 could be followed for
all directions of B. This was not the case for the frequencies
of transitions 4 and 5 as these transitions were in general weak.
Transition 4 was broad as well, causing a larger uncertainty in
the determination of the corresponding frequency. Transition
6 was only observed at a few orientations @f BAlso for the
primed transitions data were obtained in all principal planes.
No new information is contained in these data (primed and
unprimed transitions are symmetrically displaced around the
nuclear Zeeman frequency), but for example the frequency of
transition 5 could be determined more accurately than that of
transition 5 for most orientations ofoB By combining the

primed and unprimed transitions, accurate data sets are obtained

for all transitions. All ENDOR frequencies and their variation
with the direction of B in the g-tensor principal planes are
represented in Figure 6.

IV. Data Analysis

A. Assignment of the ENDOR Spectra of“N Azurin. The
ENDOR frequencies of the crystal &N azurin, summarized

in Figure 3, can be ascribed to the remote nitrogens of the copper

ligating histidines (46 and 117). Based on a comparison with
model compounds and other copper proteins, the hyperfine
interaction for these nuclei is expected to be on the order of 1
to 2 MHz12 This is considerably smaller than the nuclear
Zeeman interaction at magnetic field strengttis3oT and
therefore the ENDOR frequencies are symmetrically distributed
around thé“N nuclear Zeeman frequency (cf. Figure 2b,c). The
spin Hamiltonian describing the unpaired electron si8n=(

1/5) and the'“N nuclei ( = 1) can be divided in an electronic

Coremans et al.
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Figure 3. The N ENDOR frequencies of the remote nitrogens as a
function of the direction of the magnetic field in thg, zx and zy
principal planes of thg-tensor. The circles represent the experimental
frequencies, the curves represent fits based on eq 1. The solid curves

and a nuclear part as the electron Zeeman term at W-band is;orrespond to the remote nitrogen of histidine-46 and the dashed ones

much larger than the hyperfine interaction. The nuclear spin
Hamiltonian includes a Zeeman, hyperfine and quadrupole
interaction term for each nitrogen,
H,=—g(*N)3,1-B, + BEA-T+1-Q-T. (1)
Hereg(*N) is the nucleag-factor of 1N, 5, the nuclear Bohr
magneton[$the expectation value of the electron-spin angular-

momentum operatoF,SK the hyperfine tensor and Ghe
quadrupole tensor. For each electron spin level two ENDOR
transitions are expected for a singf#\ nucleus, in total four
transitions for each nucleus. The two ENDOR transitions of

to the remote nitrogen of histidine-117. TH&N nuclear Zeeman
frequency is indicated by the dotted curve.

the nuclear Zeeman frequency can be used in the analysis. The
two remote nitrogens are magnetically inequivalent and at most
four different transitions may show up at or above the Zeeman
frequency. This is indeed observed as can be seen from Figure
3 in which the!“N nuclear Zeeman frequency is indicated by
the dashed line. Around 7%n thezxplane the four transitions

are best resolved (cf. Figure 3). For other directions @frB

the zx and thezy plane also four transitions are observed,
although often two ENDOR transitions become very close in
frequency. A broader line then indicates that two transitions

one electron spin level have the same displacement from theare present. FoF(Banng thex axis three transitions are

nuclear Zeeman frequency as the two transitions of the other
electron spin level but in opposite direction. Therefore all
information is contained in half of the ENDOR transitions.
Either the ENDOR transitions belonging to one electron spin
level or all ENDOR frequencies equal to and above (or below)

observed and apparently two transitions coincide. Indeed, the
transition corresponding to the highest frequency fop&rallel

to thex axis splits into two transitions whenols turned from
the x axis toward the-z axis. On the other hand, wheny B
turned from thex axis toward they axis no splitting is observed.
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Apparently these two transitions coincide within the line width known for the N of solid imidazole [2qQ/h| = 1.42 MHz,7
of a single transition in the wholey plane. The variation of = 0.98)3° Subsequently, the values obtained &yQ, » and
the frequencies of the four transitions with the direction f B as, were used to calculate the ENDOR frequencies of both
is most easily followed in they and thezx plane, but more nitrogens in thexand thezy plane and the dependence of the
difficult in the zy plane where the transitions are less well observed ENDOR frequencies on the orientation of the magnetic
separated. The transitions could be followed fof 4@ both field in the zx and the zy plane was reproduced. If the
sides of they axis. When the orientation ofBs close to the assignment of the ENDOR frequencies to the remote nitrogens
z or —z axis it is difficult to determine the frequencies of the in the xy plane was reversed, i.e., solid lines assigned to
ENDOR transitions accurately because the ENDOR transitions histidine-117 and dashed lines to histidine-46, the agreement
become broad and weak, and these frequencies are not includetdetween experiment and fit in they plane was not as good,
in Figure 3. The ENDOR transitions do become weak becauseand the quadrupole parameters came out different from those
at these orientations the EPR lines broaden owing to g-strainof solid imidazole. In addition, when the frequencies in e
and EPR transitions of different molecules in the unit cell and thezyplane were calculated from the parameters of such a
overlap (see also ref 8). _ fit the angular dependence of the experimental frequencies in
The coincidence of two transitions forpBilong thex axis these planes could not be reproduced. Consequently, the
and even three transitions fo Blong they axis complicates  frequencies that are connected by the solid and dashed lines
the analysis because the connection between the frequencyhave to be assigned to the remote nitrogen of histidine-46 and
patterns in the different planes is not trivial. To overcome this -117, respectively, and the angular dependence of the frequen-
problem, first only the frequencies in thgplane were analyzed  cies of the four transitions can now be recognized in all three
as in this plane the angular variation of the frequencies of the principal planes. This result is based on the distinct orientation
four transitions is best characterized. The frequencies belongingof the planes of the imidazoles of the histidines in the copper
to the same nucleus were analyzed with a non-linear least-site and thus of the principal axes of the quadrupole tensors
squares fit to the Hamiltonian of eq 1. For each remote nitrogen with respect to the principal axes of tlgetensor (the angle
the fit in principle should include eleven parameters. For the between thed axis of the quadrupole tensor of histidine-46 and
quadrupole tensor five parameters are needed, three to definghe X' axis of that of histidine-117 is 22between the/ axes
the orientation of the principal axes of the quadrupole tensor 57° and between th& axes 54).
X, Y, Z with respect to the@-tensor principal axes system and At this point an all-parameter fit of the frequencies in the
two parametersg?qQ andy, to represent the principal values three principal planes is in principle feasible. This would yield

as the quadrupole tensor is traceless. By definition complete hyperfine and quadrupole tensors but the much larger
5 anisotropy in the quadrupole tensor than in the hyperfine tensor
eqQ=2Q,, (2) would inevitably result in large errors in the elements of the
hyperfine tensor. The hyperfine tensors can more accurately
and be determined from the ENDOR data of the crystaPbifazurin
_ and we postpone the final quantitative analysis of the ENDOR
n= M ©) data of N azurin until after the analysis of the data 6N
Q7 azurin.

o i The additional ENDOR resonances observed irzygane,
whereQyx, Qyy andQ;z correspond to the principal values in  those represented in Figure 4a, do not arise from the remote
order of increasing absolute value. The hyperfine tensor is nitrogens. We assign them to a backbone nitrogen, the same
described by six parameters, three to define the orientation of gpe as was previously recognised in an ESEEM study of
the hyperfine tensor principal axas, y*, Z* with respect o azyrin22 The analysis of these data requires information on
the g-tensor principal axes system and three for the principal the hyperfine interaction of this nucleus that we obtain from
valuesAyx:, Ayy: andAzz-. In order to gain preliminary semi-  the ENDOR study ofSN labeled azurin.
quantitative insight, initially only three parameteas, €qQ B. Assignment of the ENDOR Spectra of5N Azurin. For
andy were allowed to vary for each nitrogen. The hyperfine tne crystal ofiN azurin, the ENDOR frequencies are determined
interaction was for the moment assumed to be isotropic. The by the nuclear Zeeman and hyperfine interaction bec&tée

directions of the principal axes of the quadrupole tensor were a5 nuclear spih= 1,. The nuclear spin Hamiltonian of eq 1
fixed and taken as found for imidazole and model compounds (eqyces to

in quantum-chemical calculations, nuclear-quadrupole resonance
and nuclear-magnetic resonance and ESEEM experirffenrts.
Correspondingly, for each remote nitrogen the directions of the
quadrupole principal axes with respect to the imidazole were
taken as follows:x' parallel to the N-H bond,Z perpendicular ~ All symbols have the same meaning as in eq 1, @feN) is

to the imidazole plane ang perpendicular to¢ andZ. A the nucleag-factor of'>N which differs from that of“N (g(**N)
satisfactory fit of the experiment was obtained when the = —0.5663784 compared wit(*‘N) = 0.4037607). Both the
frequencies connected by the solid lines in the top panel of huclear Zeeman and the hyperfine interaction scale with the
Figure 3 were assigned to the remote nitrogen of histidine-46 nuclear magnetic moment and for the crystat®f azurin the
and the frequencies connected with the dashed lines to thehyperfine interaction of the remote nitrogens will be smaller
remote nitrogen of histidine-117. Moreover the quadrupo|e than the Zeeman interaction like for the crystallﬁﬁ azurin.

parameters for both remote nitrogens came out close to thoseAgain the ENDOR frequencies will be symmetrically displaced
around the nuclear Zeeman frequency. For the crystaihof

azurin, one ENDOR transition is expected for each electron spin

>

H,= —9("N)B, 1B, + [BEA-T @)

(26) Palmer, M. HChem. Phys1987 115 207—218.
(27) Garcia, M. L. S.; Smith, J. A. S.; Bavin, P. M. G.; Ganellin, C. R.

J. Chem. Soc., Perkin Trans.1®83 13911399. level, two transitions per nucleus. Those nitrogens observed
(28) McDowell, C. A.; Naito, A.; Sastry, D. L.; Takegoshi, B. Magn. for the crystal of'*N azurin, the two remote nitrogens of the
Reson.1986 69, 283-292.
(29) Colaneri, M. J.; Peisach, J. Am. Chem. Sod.992 114, 5335~ (30) Hunt, M. J.; MacKay, A. L.; Edmonds, D. Them. Phys. Lett.

5341. 1975 34, 473-475.
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Figure 4. The “N ENDOR frequencies of the backbone nitrogen as 4
a function of the direction of the magnetic field in thg plane. The = 13 T

circles represent the experimental frequencies. (a) The results of the

fits based on eq 1 in which the directions of the principal axes were

varied are represented by the dashed dotted curves!“Rheuclear 12
Zeeman frequency is indicated by the dotted curve. (b) Enlarged
representation of the highest experimental ENDOR frequencies in the
region 40 to 140 in the zy plane. The results of the fits based on eq

1 in which the direction of th& axis was fixed either perpendicular to
the C-N—C fragment of histidine-46, dashed curve, or perpendicular 15|
to the C-N—C fragment of cysteine-112, solid curve.
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Figure 6. The >N ENDOR frequencies corresponding to the five
3 3 nitrogens as a function of the direction of the magnetic field inxje
zx and zy planes. The circles represent the experimental frequencies;
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75 TS0 T WO s TR0 s im0 e cuves rewesent fisbased on eq i AS egarce e cunes, e
frequency (MHZ) 117), the dash-dotted lines to nucleus 2 (the backbone nitrogen of
Figure 5. The pulsed ENDOR spectrum at 1.2 K between 13 and 16 cysteine-112), the solid lines to nucleus 3 (the remote nitrogen of
MHz of a single crystal of fully*>N-enriched azurin fronPseudomonas histidine-46), the dotted lines to nucleus 4 and the dash-dot-dot lines
aeruginosaThe direction of the magnetic field was %@ the xy plane to nucleus 5.
of one of the molecules in the unit cell. The magnitude of the magnetic
field was 3.3099 T so as to be in resonance with the EPR transition of others which facilitates the detection of the weakly coupled
that molecule. The ENDOR transitions corresponding to nucleus 1 are nitrogens. The other ten transitions arise from five nuclei
indicated by 1 and 'l etc. The ENDOR transition indicated by 6 (transition 1 and 1belong to nucleus 1, 2 and ® nucleus 2,
coincides wit.h th.é5[\l n_uclear Zeeman frequency at this magnetic field up to 5 and 5to nucleus 5). The ENDOR frequencies of these
strength, which is indicated by the arrow. five nuclei are indicated in Figure 6 as a function of the
histidines and the backbone nitrogen, give rise to (at most) six orientation of B in the three principal planes of thgetensor.
transitions in the!>N ENDOR spectrum of the crystal éfN A considerable anisotropy exists in theand thezyplane. The
azurin while eleven transitions have been observed (cf. Figure variation of the ENDOR frequencies is mainly caused by the
5). change in nuclear Zeeman frequency from 12.90 MHz athe
The transition at the Zeeman frequency (transition 6) corre- axis to 14.38 MHz at th& axis and to 14.26 MHz at theaxis,
sponds to so-called matrix nitrogens that have virtually no which completely overshadows the anisotropy of the hyperfine
coupling to the electron spin. Owing to the loss of sensitivity interaction in thezx and thezy plane. In first approximation
in the pulsed ENDOR experiment at the Zeeman frequency, the hyperfine interaction (divided by 2) at a given orientation
this transition is greatly reduced in intensity compared with the can be obtained by calculating the displacement of the observed



ENDOR Study o#N and1®N Azurin Crystals J. Am. Chem. Soc., Vol. 118, No. 48, 1996147

ENDOR frequency from the nuclear Zeeman frequency at that . e —
orientation. The result for the transitions above the Zeeman X y —x
frequency, labeled 1 to 5 in Figure 5, is shown in Figure 7 and

a clear variation of the hyperfine interaction in the principal 02.o-a 4

planes of they-tensor is observed for the different nuclei. When 10k pe °b5\ ]

this procedure is repeated for transitioristd 5, the angular
dependence is about identical (except for the sign) and therefore
not shown. The angular dependence of the frequencies belong-
ing to nuclei 1, 2 and 3 can be followed in the three principal 05k
planes. The frequency of nucleus 1 is at all orientationsgf B
the highest and clearly separated from the frequencies of the
other nuclei except near theaxis where the frequencies of
nuclei 1, 2 and 3 overlap. The frequencies of nucleus 2 show
up separated from those of the other nuclei in the regiofis 40
90 in the xy plane and 50-100 in the zy plane, while they 1.5
coincide with the ones of nucleus 3 for all orientations gfi3
thezxplane. The frequencies of nuclei 1 and 2 are very close
in the region 8—35° in thexy plane and a broadened ENDOR
line is observed. The angular dependence of the frequencies
of nucleus 4 is not as well defined as that of the other nuclei.
The lines are in general weak and broad which limits the
accuracy with which the ENDOR frequencies could be deter-
mined. The ENDOR frequency of nucleus 5 is always nearest
to the nuclear Zeeman frequency and varies hardly with the
orientation of B in any of the principal planes.

The next step is to identify which of the five nuclei correspond
to the remote nitrogens of histidine-46 and -117. The hyperfine ool o Lot e
interaction of the remote nitrogens at each orientation ©f B 15
can be obtained from thEN ENDOR data by calculating the
average displacement from the nuclear Zeeman energy of the
two frequencies belonging to the same electron spin level for
each nucleus. This gives to good approximation half of the
hyperfine interaction. After multiplication with the ratio of the
nuclear magnetic momentggy(*>N)|/|g(**N)|), these data have
been compared with th&®N data of Figure 7. In this way
nucleus 1 is found to correspond to the remote nitrogen of
histidine-117 and nucleus 3 to that of histidine-46. Nucleus 2
we ascribe to the backbone nitrogen which was observed | ..o QOO O G s
previously in an ESEEM study of azurfA. Comparison of the
14N and?®N hyperfine data reveals that the angular dependence
of the hyperfine interaction is best defined in the ENDOR study 00 =gt
of 1N azurin. degrees

: . 1
h Cér;'-lr?g(teg::):gtg;atchtéon;%nSsogs'tfr:;)rr(;nss'\lciw[k))gl?).bt;hnee db Figure 7. The_lSN_ ENDOR frequencies corrected fOI_' A nucle_ar _
_yp : 15 various n 9 . ; ! Y Zeeman contribution of the nitrogens 1 to 5 as a function of the direction
fits of the ™N ENDOR frequencies to the Hamiltonian of €q 4. ¢ the magnetic field in they, zxandzy planes. The circles represent
For each nucleus the six parameters of the hyperfine tensor wergne experimental frequencies, the curves represent fits based on eq 4
varied. The frequencies of the ENDOR transitions of both which are also corrected for tA®N nuclear Zeeman contribution. Curve
electron spin levels were included in the fits, i.e., those of the symbols as in Figure 6.

primed and unprimed transitions (€.9. 5 andd nucleus 5). frequency is kept fixed. The hyperfine tensors of the five nuclei

To obtain reliable hyperfine tensors, a proper description of the th? )I/tf P th f'.t yp ted in Table 1. while th

nuclear Zeeman interaction is necessary as this interaction is at resuft from the Nis are presented in_'able L, whiie ne
calculated frequencies are represented in Figures 6 and 7. The

the dominant contribution to the ENDOR frequencies. There- d mi f f 9505 GH d A
fore the nuclear Zeeman interaction was included in the analysisaverage microwave frequency o ’ Z was used. AS
can be seen from Figures 6 and 7 the observed and calculated

of the ENDOR frequencies by taking the microwave frequency ¢ . Il for th te nit the backb
(or, equivalently, the magnitude ofgBas a parameter. This requencies agree well for the remoté nitrogens, the backbone
was done for all five nuclei separately and yielded an average hitrogen and nucleus 5t Correspondence is of course I_ess f_or
microwave frequency of 95.05 GHz for g(*5N) value of nhgcleus 4 asI tk:we eﬁpfenmhental dkata are _not o) vx;lell delflnled in
—0.56638%! Inclusion of the microwave frequency as a ; IS case. AJ O.U? fortti bac bqne nlttr?gen the ;:r?cu at.ed
parameter is important in view of the fact that different values orgqggonqe; ewale rotrrrll elexlp(terl(;nen a onest_llln .tﬁ. retglon
have been reported for the nuclegifactor (e.g.g(*>N) = i .d'?] fe)riy pbaneo,l € ca CUI?‘G olr;es ar((ejgl m" In the
—0.56591 in ref 32). Although the difference may seem small, ine width o .t € broa ENDOR. Ines observe '|nt IS region.
The uncertainty around the axis leads to a slightly larger

such a variation may cause a difference in the principal values. . S s D~
of the hyperfine tensors of 50 kHz when the microwave inaccuracy in the principal values and directions of the principal

axes for this nucleus compared to those for the remote nitrogens
(31) Bruker EPRIENDOR Frequency Table. (8°, 0.08 MHz versus § 0.05 MHz). The uncertainty in the
(32) Bruker NMR NQR Periodic Table. principal values of the hyperfine tensor for nucleus 5 is even

frequency (MHz)

05

OO0~ 0O O g =0 @ 0D =B g
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Table 1. Hyperfine Tensors for the Five Nitrogens as Determined from¥NeENDOR Study: The Isotropic Hyperfine Coupling (in MHz),
the Principal Values (in MHz) and the Direction Cosines of the Principal Axes Systgta' in the xyz Axes System of the-Tensof

asdh Acelhn Asylh Ay zih X y z

Ne histidine-117 1.30 1.65 1.26 0.98 X’ —0.440 —0.897 0.040
y' 0.577 —0.316 —0.753
z' 0.689 —0.308 0.657

Ne histidine-46 0.87 1.10 0.80 0.69 X' 0.843 —0.523 0.131
y’ —0.520 —0.726 0.449
z —0.140 —0.447 —0.884

N backbone 0.95 1.14 1.02 0.68 X' 0.754 0.657 0.020

(cysteine-112) y' —0.653 0.752 —0.085
z' -0.071 0.051 0.996

N 4 0.55 0.75 0.48 0.41 X' 0.890 —0.415 0.191
y' 0.286 0.832 0.475
z' —0.356 —0.368 0.859

N5 0.22 0.25 0.23 0.19 X' 0.323 —0.357 0.876
y' 0.723 0.690 0.015
z' —0.610 0.629 0.482

aThe isotropic hyperfine couplings and the principal values of the hyperfine tensors as obtained from experiment have been multiplied by the
absolute value ofjn(**N)/gn(**N) and therefore refer t&N. The sign of the isotropic hyperfine coupling has been taken positive. Typical errors
in the principal values and the orientations of the principal axes amount to 0.05 MHZ émidtBe Ne of histidine-117 and the Nof histidine-46,
0.08 MHz and 8 for the backbone nitrogen, 0.15 MHz and°Z0r nitrogen four, and 0.02 MHz and 2@or nitrogen five.

Table 2. Quadrupole Tensors of theel$ of Histidine-46 and—-117 and of the Backbone Nitrogen of Cysteine-112: Quadrupole Parameters
€qQ/h (in MHz) and# and the Principal Values (in MHz) and the Direction Cosines of the Principal Axes Sy&gatin the xyz Axes
System of theg-Tensof

eqQh n Qux/h Qyy/h Q;z/h X y z

Ne histidine-117 —1.43 0.95 0.02 0.70 —-0.72 X —0.145 —0.867 —0.476
y 0.887 0.099 —0.452
z 0.439 —0.488 0.755

Ne histidine-46 —-1.37 0.86 0.05 0.64 —0.68 X 0.482 —0.798 0.362
% 0.014 —0.407 —0.914
z 0.876 0.446 —0.185

N backbone -3.10 0.40 0.47 1.09 —1.59 X' 0.558 0.291 0.777

(cysteine-112) y 0.262 0.980 0.168
z 0.788 0.110 0.606

aThe sign ofe’gQ was chosen negative. Typical errors in the principal values and the orientations of the principal axes for the remote nitrogens
are 0.04 MHz and 2 For the backbone nitrogen the absolute values of the direction cosines of the principal axe<gystare given (see text).
b The quadrupole parameters and principal values of the quadrupole tensor were taken from the ESEEM study. The simulations have been optimized
resulting in values slightly different from those reported previogly.

smaller (0.02 MHz). On the other hand, the anisotropy for azurin, after correction for the difference in the nuclear g-values.
nucleus 5 is on the order of the experimental accuracy and The five parameters of the quadrupole tensor have been varied
therefore not too much weight can be attributed to the orientation and all the frequencies in Figure 3 have been taken into account
of the principal axes as found. in the calculations. Calculated and experimental frequencies
Comparison of the anisotropy of the hyperfine tensors agree well as can be seen from Figure 3 where the calculated
(defined as|@vx| — |Azz|)]aisdl, With A¢yr the absolute largest ~ frequencies for the remote nitrogen of histidines-46 and -117
hyperfine element andl,.» the absolute smallest), reveals 25% are represented by solid and dashed lines, respectively. The
anisotropy for nucleus 5 and 50% for the remote and backbonequadrupole tensors of both remote nitrogens are presented in
nitrogens. For nucleus 4 the anisotropy is estimated to be evenTable 2. The orientation of the principal axes of the quadrupole
60%. The larger anisotropy may well be the reason that the tensors deviates only slightly from the axes system as defined
ENDOR lines for this nucleus are broad compared to those for in section IVA. The quadrupole parametesQ and» are
the other nuclei. A similar observation has been made in the similar for both remote nitrogens. Neither inclusion in the fits
ENDOR study of!*N azurin, where the quadrupole tensor of of additional frequencies from measurements around thes
the backbone nitrogen is found to be more anisotropic than thosein the zy plane (data not shown), nor inclusion of the elements
of the remote nitrogens, resulting in significantly broader of the hyperfine tensor as variables in the fit significantly
ENDOR lines for the backbone nitrogen than for the remote affected the result for the quadrupole tensor, i.e., variations were
nitrogens of the ligating histidines. Narrow ENDOR transitions limited to less than 2in the directions of the principal axes
were observed for nucleus 5 in the study*®™ azurin and also ~ and less than 50 kHz in the principal values.
for protons with small hyperfine couplings (data not shown).  For the backbone nitrogen, ENDOR data were measured in
In general there seems to be a correspondence between the widtthe zyplane. In the analysis the directions of the principal axes
of the ENDOR line and the anisotropy of the interaction. In of the quadrupole tensor were varied while the principal values
analogy to the broadening of the EPR transitions owing to were kept fixed. The hyperfine parameters were taken from
g-strain we refer to this as quadrupole and hyperfine strain.  the 15N ENDOR study and the parameters for the principal
D. Quadrupole Interaction Tensors from “N ENDOR. values of the quadrupole tensor from the ESEEM study (cf.
The quadrupole tensors of the remote nitrogens can be obtainedrables 1 and 2). As Figure 4a shows, a satisfactory fit of the
from the N data from fits of the ENDOR frequencies to the ENDOR frequencies is obtained. The quadrupole tensor is
nuclear spin Hamiltonian of eq 1. The hyperfine tensors from represented in Table 2. The signs of thg ghd Qxelements
the study of*>N azurin have been used in this analysis‘¥ relative to those of the other elements could not be determined.
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As a consequence only the absolute values of the directionthe strength of the hydrogen bo#tB* For azurin this would
cosines describing the orientation of tkig'Z axes system in mean that the remote nitrogen of histidine-46 forms a slightly
the xyzaxes system are given. less strong hydrogen bond than the remote nitrogen of histidine-
1173 X-ray and NMR data reveal that the remote nitrogens
are involved in relatively strong hydrogen bonds with different
acceptors, water for histidine-117 and the carbonyl oxygen of

The 95 GHz pulsed ENDOR study of single crystals-df asparagine-10 for histidine-465
and 1N azurin has provided quantitative data concerning the  We ascribe the additional ENDOR transitions in #yplane
hyperfine and quadrupole interaction of several nitrogen nuclei (Figure 4a) to a backbone nitrogen based on the corresponding
in the vicinity of the copper center: the remote nitrogens of quadrupole parameteeqQ/h = —3.10 MHz andy = 0.40.
the copper ligating histidines-46 and -117 and three more These values are very similar to the quadrupole parameters
nitrogens that are weakly coupled to the unpaired electron. Thegbserved for nitrogens in backbone-like configurations, e.g.
discussion of these data is divided into two parts. First we e2qQ/h = —3.030 MHz, = 0.412 for the amide nitrogen in
consider the quadrupole and then the hyperfine interaction.  glycylglycine3® ande?qQ/h = —3.350 MHz,; = 0.385 for the

A. Quadrupole Interaction. Complete quadrupole tensors amide nitrogen of the central glycine in triglyciéwhere the
have been obtained for the remote nitrogens of the ligating sign is inferred from calculations. We observed this nitrogen
histidines. The principal values of the quadrupole tensors of in an X-band ESEEM study of azurfi,and at that time we
these nitrogens are nearly equal with differences of at most 60concluded that this backbone nitrogen might belong to either
kHz. The values oB2qQ/h andy are indicative for nitrogens  histidine-46, as this nitrogen is next to the glycine-45 carbonyl
forming relatively strong hydrogen bon#s.In the solid state bond, or to cysteine-112, as the cysteine sulfur is known to carry
the orientation of the principal axes of the nitrogen quadrupole an appreciable spin densfty.Later this nitrogen was also
tensor with respect to imidazole does not show much variation recognised in 2D HYSCORE experimeitsand, based on a
from one molecule to another. This concerns both histidines comparison with ascorbate oxidase, suggested to correspond to
and imidazoles in various model compouritig®2%33 One axis the backbone nitrogen of histidine-46.
is perpendicular to the molecular plane, one axis parallel to the As seen above for the remote nitrogens, the orientation of
N—H bond and one in the imidazole plane perpendicular to the the principal axes of the quadrupole tensor may be useful in
other two directions. From the ENDOR data of the remote assigning a quadrupole and hyperfine tensor to a specific
nitrogens the orientation of the principal axes has been nitrogen. The direction of the principal axes of the quadrupole
determined with high accuracy-(1°) and, as shown in section tensor of a backbone nitrogen has not been determined
IV A, this has been used to assign the hyperfine and quadrupoleexperimentally, but obtained from ab initio SCF calculations.
tensors of the remote nitrogens to histidine-46 and to histidine- Rabbani et al. have calculated the electric field gradient for the
117. For both remote nitrogens one axis is found almost nitrogen atoms in di- and triglycine using a Dunning double-
perpendicular to the plane of the imidazole. The angle betweenbasis?” For the amide nitrogens the axis was found
the normal of the imidazole plane and this axissa6d 6 for perpendicular to the €N—C fragment of the peptide chain and
histidine-46 and -117, respectively. Another axis is almost the other two axes were calculated to be in theNz-C plane
parallel to the N-H bond in both cases, the difference being with thex' axis not parallel to the NH bond but rotated 30
5° for histidine-46 and &for histidine-117. The deviations are  from this bond toward the N« bond. We obtained similar
small and within the combined error margins of the X-r&2{), results from ab initio SCF calculations on a small backbone
EPR @2°) and ENDOR data#1°) and we will neglect these  fragment (HCO-NH-CHz) with the GAMESS-UK® program.
deviations in the rest of the discussion. The coordinates of the atoms were directly taken from the X-ray

For the remote nitrogen of histidine-117 thexis, associated  structure of azurin, i.e., the backbone structure of the residues
with the largest absolute principal value, is perpendicular to the glycine-45 and histidine-46. The electric field gradient at the
imidazole plane and th¢ axis, associated with the principal ~ nitrogen nucleus was calculated using different basis sets (6-
value of intermediate magnitude, is in the plane of the imidazole 311G**, doubleg including polarisation functions and triple
perpendicular to the NH bond. For the remote nitrogen of  including polarisation functions). In all calculations theaxis
histidine-46 it is the other way round (see Figure 8). If in the Was found perpendicular to the -®I—C fragment. The
analysis of the ENDOR frequencies of histidine-46 thexis calculated value of?qQ varied from—3.4 to—3.8 MHz, which
was forced to be perpendicular to the molecular p|ane, the Corresponds I’easonably well to the eXperimental value. For an
agreement between experiment and calculation was slightly €xtended backbone fragment like N8H;-CO-NH,-CH,-HCO
worse and this difference between the two remote nitrogens maythe Z principal axis of the amide nitrogen remained perpen-
be significant. It is interesting to note that Garcia et’al dicular to the G-N—C fragment. The results for the other two
predicted that the directions associated with the largest and thePrincipal values and axes were less clear cut, depending strongly
intermediate principal values will interchange if the absolute On the chosen basis set and on the length of thediNbond.
value of €qQ/h becomes less than 1.35 MHz, which is very Using the double: basis, we varied this bond length between
close to the value found for histidine-46 (see Table 2). There 0.85 and 1.2 A. For bonds shorter than 1 A, thexis was
have been examples that the interchange of the axes is not that (34) Ashby, C. I. H.; Cheng, C. P Brown, T. 0. Am. Chem. Soc.

V. Discussion

sharply defined as predicted by Garéd&® In imidazolium
hydrogen maleate the and they' axis have interchanged with
respect to the situation in solid imidazéfe. The authors

explained the interchange of the axes by a small reduction of

0.045e in the r-electron occupancy of the nitrogen in the case

of imidazolium hydrogen maleate. It has been proposed that 7%

the differences in the-electron occupancy are determined by

(33) Colaneri, M. J.; Potenza, J. A.; Schugar, H. J.; Peisach, Am.
Chem. Soc199Q 112 9451-9458.

1978 100, 6057-6063.

(35) van de Kamp, M.; Canters, G. W.; Wijmenga, S. S.; Lommen, A.;
Hilbers, C. W.; Nar, H.; Messerschmidt, A.; Huber, Biochemistryl992
31, 10194-10207.
(36) Palmer, M. HZ. Naturforsch.1984 393 1108-1111.
(37) Rabbani, S. R.; Edmonds, D. T.; Gosling,JPMagn. Resorl987,
230-237.
(38) Kofman, V.; Farver, O.; Pecht, I.; Goldfarb, D.Am. Chem. Soc.
1996 118 1201-1206.

(39) Guest, M. F.; Fantucci, P.; Harrison, R. J.; Kendrick, J.; van Lenthe,
J. H.; Schoeffel, K.; Sherwood, BAMESS-UK User’s Guide and Reference
Manual Computing for Science (CFS) Ltd. Daresbury Laboratory, 1993.
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calculated closest to the-\H bond; for longer ones thg axis density on the histidine-117 is calculated 1.5 times larger than
was closest. Values of between 0.05 and 0.32 were found that on histidine-46.

and these low values gfreflect the problem in the calculations What is the origin of the unequal distribution of the unpaired

: the quadrupole tensors are not too far from axial and small electron over both histidine ligands? The X-ray structure of
differences in the structure or basis sets give rise to large azurin has revealed three differences as regards the binding of
differences in the orientations of these axes. the two histidines to copper. First, the distance of the

From these calculations and those of Rabbani et al. we coordinated nitrogens to the copper may be different (2.00 A
conclude that the quadrupateaxis of a backbone nitrogen is ~ and 2.07 A for histidine-117 ane46, respectively, according
perpendicular to the EN—C fragment. This finding has been  t0 X-ray diffraction). Secondly, the rotation of the imidazole
used to identify the backbone nitrogen. We have performed Plane around the Cu-Nbond with respect to the NNS plane is
two additional fits of the ENDOR frequencies in tkgplane Igrger for histidine-117 than for histidine-46. The si;e Qf this
that belong to the backbone nitrogen (see Figure 4a), in which tilt is reflected by the.angle betvyeqn the ngrmal to the imidazole
we kept thez axis fixed either perpendicular to the-®I—C plane and thez axis (the principal axis of theg-tensor
fragment of histidine-46 or to that of cysteine-112. The Perpendicular to the NNS plane) which is°Z8r histidine-46
directions of the other two principal axes of the quadrupole @nd 39 for histidine-117. Thirdly, the angle between the-S
tensor were left free. The result, represented in Figure 4b, Cu and Cu-N bond is different (131and 127 for histidine-
reveals that the experimental data are only reproduced for 46 and -117, respectively). When in the SCF calculations the
perpendicular to the backbone fragment of cysteine-112. distance of the coordinated nitrogens to the copper was taken
Consequently, the nitrogen that gives rise to the additional equal almost no change in the distributions of the spin density
frequencies in they plane, and which was also observed in Was observed. If the angle between the@u bond and the

ESEEM experiments at X-band frequerfégorresponds to the ~ Cu-No bond for histidine-46 was made identical to that for
backbone nitrogen of cysteine-112. histidine-117 the spin density on both histidines became about

equal while the ratio between the spin density on the coordinated
nitrogen and on the remote nitrogen remained 20 for both
histidines. The calculations show that the coppgrabital
has predominantly overlap with the N lone pair orbital of
the histidines, in agreement with the result of SCé-3cattered
Wave calculations on a model ofsGymmetry of the blue-
copper site of plastocyanfid. (Note that the nomenclature of
the orbitals on copper and the cysteine-112 sulfur refers to the
. ) L . . following axis system: z perpendicular to the NNS plane, and
. Thg |sotrop|p hyperfln'e interaction pf the remote nitrogen of 14« and y axes in this plane with x parallel to the GukBnd.
histidine-117 is approximately 1.5 times larger than that of this axes system should not be confused with giensor

histidine-46 (Table 1). Previously differences have been nincinal axes system.) This overlap is insensitive to the tilt of
observed between the isotropic hyperfine couplings of the he histidine but varies with the orientation of the Ct-bond

copper-coordinated nitrogens of _Iigating histidines in a number iy respect to the SCu bond in the NNS plane, as in azurin
of blue-copper protein$.For azurin values of 17 and 27 MHz e Ny Jone pair orbitals of both histidines are almost in the
have been determined, again a ratio of about bift,itremained  piane containing the coppeg,drbital. Apparently the orienta-

unclear which of these hyperfine couplings belongs to histidine- i1y of the Cu-N5 bond of the histidine-117 in the NNS plane

46 and which to histidine-117. Our result for the remote g gych that it leads to a larger spin density on that histidine
nitrogens renders it plausible to assign the largest coupling t0 than on histidine-46.

the copper-bound nitrogen of histidine-117 and the smallestone ¢ anisotropic hyperfine tensors of both remote nitrogens
to that of histidine-46. This inference is corroborated by a 95 4.6 rhombic with principal values 0.23,0.06,—0.17 MHz for
GHz ESEEM study of the coordinated nitrogéfsThe ratio the remote nitrogen of histidine-46 and 0.3%).04,—0.31 MHz
of the isotropic hyperfine coupling of the coordinated and the o that of histidine-117. For both anisotropic hyperfine tensors
remote nitrogens then becomes approximately twenty for both the value ofA,, is almost zero, and the absolute values of
h|st|d|nes.. Th.IS woulq imply a.dlffere.nt total spin Qen5|ty on AL and Az are approximately a factor 1.5 larger for the
the two histidines while the distribution of the spin density yemote nitrogen of histidine-117.  The directions of the principal
within the two histidines would be comparable. This conclusion gyes of the anisotropic hyperfine tensors of both remote
is nicely supported by preliminary ab initio SCF calculations pjtrogens are similar when looked upon in the respective local
on atruncatedgcopper site of azurin that we performed with the axes systems, y, 7 as defined for the quadrupole tensors in
GAMESS-UK® program. The site consisted of copper sur- section IV A (see Figure 8). The' axes, associated with the
rounded by two imidazoles representing the histidines and angmajlest principal values, are almost perpendicular to the
SCH;™ fragment representing the cysteine. In total 125 electrons jmigazoles. The angle betweeri’ and Z, the direction
were described by 182 basis functions. Although the calcula- perpendicular to the molecular plane, isfér histidine-46 and
tions haI/e. the common SCF flaw to localise the unpaired 14 for histidine-117. Thec' axes, associated with the largest
electrorf! (in our case on the cysteine sulfur), interesting principal value, are almost in the molecular planes and rotated
information on the electron spin distribution within the histidine  fom the Ne-H bond, x', toward the N-Co bond by 23 and
rings is obtained. A spin-density analysis of the wave function 35 for histidine-46 and -117. For both remote nitrogens this
imidazoles) the ratio between the spin densities for the y' gnd the Cu-N vector is 8 for histidine-46 and 9 for
coordinated and remote nitrogens is about twenty while the spin nistidine-117). The directions of the principal axes are com-
(40) Coremans, J. W, A Poluckiov, O. G.. Groenen. E. J. 3. Canters parable to those of remote nitrogens of model compounds as
G. W.; Nar, H.; Messerschmidt, A. to be published. * obtained from single crystal ESEEM studiés:

(41) Larsson, S.; Broo, A,; Siio, L. J. Phys. Cheml1995 99, 4860— (42) Guckert, J. A.; Lowery, M. D.; Solomon, E.J. Am. Chem. Soc.
4865. 1995 117, 2817-2844.

B. Hyperfine Interaction. Hyperfine tensors have been
determined for five nitrogen nuclei around copper. We first
discuss the remote nitrogens of histidines-46 and -117. The
isotropic hyperfine interaction will be considered and subse-
quently the anisotropic part of the hyperfine interaction in
relation to the spin-density distribution over the copper site.
Finally we briefly touch upon the hyperfine tensors of the other
three nitrogens.
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His117 explicitly*3 by expressing the $fnybrid orbitals as combinations

g His46 . of 2s and 2p Slater orbitals with an effective nuclear chatge

' of 4.35% In order to calculate the two-center contributions,
the electron-spin density distribution on the other atoms has
been replaced by point spifs.For the N the spin density in
the sg hybrids has been replaced by three point spins of equal
magnitude, in the directions of the three hybrid orbitals at a
distance of 0.68 A from the nucleus. The spin density in the
sulfur p, orbital is represented by two point spins at a distance
of £1.02 A from the sulfur nucleus along thg-axis. The spin
density in the copper,g orbital is represented by four point
spins at a distance of 0.38 A along the four lobes of this orbital.
The distances of 0.68, 1.02 and 0.38 A correspond with the
average distance with respect to the nucleus of an electron in a
Slater 2s or 2p orbital for nitroge & 4.35), a 3s or 3p orbital

for sulfur (Z = 5.45) and a 3d orbital for doubly ionised copper
(Z = 14.60).

Cys112 The calculated anisotropic hyperfine tensor is not very
sensitive to the precise distribution of the point spins around

axes of the quadrupole tensoréy(Z) and of the hyperfine tensors the copper and sulfur nuclei or to the distance of the point spin

(X'y'Z") of the remote nitrogens of the ligating histidines in the copper to _the m_Jde" Fpr instance, when the_ contribution to the
site of azurin. For clarity, the axes almost perpendicular to the plane @NiSotropic hyperfine tensor of a remote nitrogen was calculated

Figure 8. The experimentally determined orientations of the principal

of the histidines, i.e., th¢ andz’ axes for histidine-46 and tre and of a spin density of one on either copper or sulfur and the point
Z' axes for histidine-117, have been omitted. For both remote nitrogens Spins were distributed so that a coppee-¢ orbital was
thex' axis is almost parallel to thed\H bond and thex” axis parallel represented instead of g@r the distances of the point spins
to the Cu-N vector. to the nuclei were varied 0.2 A, the variation in the anisotropic

o o hyperfine elements was less than 5 kHz which is small compared
To gain insight into the electron-spin distribution in the copper o the experimental uncertainty of 50 kHz.

site a simple model of the anisotropic hyperfine tensor is
constructed. The anisotropic hyperfine tensor may be written
as a sum of the contributions of electron-spin densities
atomic orbitals|¢;J

In the actual calculations of the anisotropic hyperfine tensors
of the remote nitrogens according to the model outlined above,
we consider the spin densities as parameters. First we took
only spin density on the copper atom into account, an assump-
- tion used in many simulations of X-band ESEEM spectra of
Q? 3ff — E D copper-imidazole complexé316.18.19 |n a linear least-squares

i‘—s‘% ®) fit the experimental anisotropic hyperfine tensor was already

r reproduced rather well, especially for the remote nitrogen of
histidine-46, albeit for an unphysical spin density much larger
than one on copper. Even when spin density on the remote
nitrogen itself was included in the analysis the spin density
- ; h : - calculated on copper remained larger than one. Spin density
should be taken into account in order to describe the anisotropic ,, the N5 had to be considered in order to arrive at an acceptable
hyperfine tensor of one remote nitrogen we only consider gnin jensity on copper. The contribution of the cysteine sulfur
contributions of the spin density on four atoms. Besides the (5 the anisotropic hyperfine tensor turned out to be fairly small.
remote nitrogen itself, the coordinated nitrogen of the same |, the final analysis we nevertheless included the sulfur and

histidine, the copper and the sulfur of cysteine-112. The roqired the sum of the spin density on this atom and on copper
anisotropic hyperfine tensor is proportional to the spin density {, pe one. Furthermore we know, as discussed above, that the
p and inversely proportional to’. The copper and sulfur are a4 hetween the spin density on thé Bind the N is for both
rather far away from the remote nitrogen-4 and 6 A, histidines approximately 20, which was used as a further

respectively) but do carry the bulk of the spin denSits far constraint in the analysis. The spin densities for which the best
as the histidine is concerned our SCF calculations indicate thatagreement between calculated and experimental anisotropic

only the Nb carries an appreciable amount of spin density. Of |\ nerfine tensors for both remote nitrogens is obtained are

course spin density on the remote nitrogen i_tself hgs t0 b€ nresented in Table 3. The deviation of the calculated from the
considered because even a small amount of spin density on tha, e rimental values is for all elements within the experimental

atom gives an appreciable contribution to the anisotropic ,certainty of 50 kHz, except for thgy' element of histidine-
hyperfine interaction. 117

As mentioned, the interaction between the copper ion and
the histidine consists of a overlap of the ¢, orbital with the
lone pair orbital of the M. Consequently, we model the spin
density on the M and NY atoms as distributed over %pybrid
atomic orbitals. For the copper and sulfur atoms the spin
densities are assigned to respectively,aahd a p orbital
because these orbitals appear to determine almost the complete (43) Groenen, E. J. J.; Buma, W. J.; Schmidisd. J. Chem1989 29,
electron-spin distribution on these two atofndzor the one- 99_414?8é' L D, 1. van der Poel. W. A, J. A Schmidt. J.- van der Waal
center contribution to the anisotropic hyperfine interaction (i.e., | I(-L;)de”l;%i}, m_-gﬁé‘m_e;h;;é&i 81 5453 chmidt, J.; van der waals,
the interaction of the remote nitrogene Nvith the electron- (45) Kemple, M. D. InMultiple Electron Resonance Spectroscdpgrio,
spin density on this atom), the integral in eq 5 has been evaluatedv. M., Freed, J. H. Eds.; Plenum Press: New York, 1979; pp-4{85.

Ao

al

n|so= 14, .
- o( N)ﬁngeﬁelzpl

HereE is the unit matrix;ris the position of the electron
spin with respect to the nucleus and=rT/[f|. Although in
principle spin density distributed over the whole copper site

In Table 3 also the separate contributions of the spin densities
on the different atoms to the anisotropic hyperfine tensors are
given in the local axes systemy/'Z of the remote nitrogens.
The contributions of the different spin densities o, N6 and
Cu are equally important and that of the spin density on the
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Table 3. Anisotropic Hyperfine Tensors (in MHz) of the Remote Nitrogens of Histidine-46 (Top) and Histidine-117 (Bottom) in Their Local
Axes System«x'y'Z as Defined in Section VA

histidine-46
exp calc
X y z X y z

X 0.186 —0.118 0.003 0.173 —0.103 0.004

y —0.118 —0.012 —0.013 —0.103 0.007 —0.001

z 0.003 —0.013 —0.174 0.004 —0.001 —0.180

Cudy Sp NO sp? Ne sp?
Q 0.6+0.2 (0.4) 0.049+ 0.006 0.0024+ 0.0003
X y z X z X y z X y z
X 0.062 —0.062 0.002 0.018 —0.007 0.003 0.052 —0.034 0.000 0.043 0.000 0.000
y -0.062 —-0.013 -0.001 -0.007 -—0.008 -—0.001 —0.034 -—0.015 0.000 0.000 0.043 0.000
z 0.002 —0.001 —0.049 0.003 -—-0.001 —0.010 0.000 0.000 -—0.037 0.000 0.000 -—0.086
histidine-117
exp calc
X y z X y z

X 0.230 -0.172 0.072 0.265 —0.144 0.015

y -0.172 0.063 —0.107 —0.144 0.032 —0.005

z 0.072 —0.107 —0.293 0.015 —0.005 —0.297

Cu d Sp NoO sp Ne sp?
0 0.6+0.2 0.4) 0.094+ 0.018 0.0047+ 0.0009
X y z X y z X y z X y z

X 0.064 —0.066 0.004 0.019 -—0.009 0.011 0.099 -—0.069 0.000 0.083 0.000 0.000
y —-0.066 —0.013 -0.002 -0.009 -0.010 -0.003 -—0.069 —0.028 0.000 0.000 0.083 0.000
z 0.004 —0.002 —0.051 0.011 -0.003 —0.009 0.000 0.000 -0.071 0.000 0.000 -—0.166

aFor both nitrogens the top left tensor represents the experimental (cf. Table 1) and the top right one the calculated tensor. This last tensor is
the sum of contributions of the spin density on copper, on the sulfur of cysteine-112, on the coordinated and on the remote nitrogen itself. The
separate contributions and the magnitude of the spin dengities given. Note that the spin density on the sulfur atom could not be determined
from this study but was related to the spin density on copper (see text). The error margins of the spin densities on the nitrogens indicate the
possible variations of these densities within the model.

cysteine S is small. From Table 3 the main features of the element and the experimental one (cf. Table 3), in other words
anisotropic hyperfine tensor can be understood, i.e., the rotationthe rotation of the' axis away from the normal to the imidazole
of thex'' axis in the plane of the imidazole away from the-N plane. Such a rotation goes not only beyond the simple model
bond and the non-axiality of the tensor. The rotation of}the but is difficult to explain as such, and it might not be real. X-ray
axis, which is determined by théy' element, stems from the data indicate slight differences in the geometry of the copper
spin densities on the Cu and thé NBoth these contributions  sites of the four molecules in the asymmetric unit. The ENDOR
rotate thex' axis in the same direction. This rotation is the measurements have been performed on one of the molecules in
same for both remote nitrogens because of the identical the unit cell and it may well be that for that molecule the
orientation of the Cu-Nand N)-Ne vectors in the locak'y'Z orientation of the histidine-117 deviates slightly. Unfortunately
axes systems. These vectors are within the accuracy of thethis hypothesis can not be tested becausé&NDOR study
X-ray structure in the plane of the imidazoles and for both was performed on a crystal form for which the X-ray structure
remote nitrogens make identical angles with shexis, 30 has not been determined. A rotation of abo@f probably
for the Cu-Nt and 20 for the No-Ne vector. (Notice that the  insignificant in terms of X-ray resolution, would be sufficient
anisotropic hyperfine interaction arising from a single point spin to bring the deviation between experiment and calculations
is axial and that the axis associated with the largest principal within the experimental error. A somewhat larger rotation so
value is along the vector connecting the point spin and the that Z' becomes parallel t& would make the agreement
nucleus.) The contribution of each atom to the anisotropic between the calculated and experimental anisotropic hyperfine
hyperfine tensor is virtually axial. For the Cu and thé the tensor of the remote nitrogen almost as good for histidine-117
largest principal value is positive and the corresponding axis in as for histidine-46. This shows how sensitive the anisotropic
the plane of the imidazole and for the: lfhe largest principal hyperfine tensor is to the orientation of the histidine in the
value is negative and the corresponding axis perpendicular tocopper site.
the plane. The combination explains the rhombicity of the  As mentioned before, spin density on the cysteipén&rdly
overall tensor. From this we may infer that the modeling of contributes to the anisotropic hyperfine tensor of the remote
the spin density on the remote nitrogen by bgbrid orbitals nitrogens. Even for unit spin density on the $e largest
is appropriate. We conclude that a model of the anisotropic contribution to an element of the anisotropic hyperfine tensor
hyperfine tensors of the remote nitrogens of both histidines haswould be only 50 kHz. Consequently the spin density on the
to take into account the contributions of spin density on Cu, cysteine $ can not be determined from this study. We find a
NJ and Ne. spin density of 60%t 20% on copper. This is a reasonable
For histidine-117 the agreement between the experimentalresult compared to the 41%ydcharacter of the ground state
and calculated anisotropic hyperfine tensor of the remote wave function derived from X-ray absorption studies of plas-
nitrogen is somewhat less than for histidine-46. This especially tocyanirf® and the 42% to 54% from SCFeXSW calculations
concerns the discrepancy between the calculaigdmatrix on a model site for plastocyantrt? In these calculations the
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spin densities on the coordinated nitrogens were determined tois small, which points to a distance of this nitrogen from the
be 5%, a value that is also derived from the isotropic hyperfine copper of at least 5 A. Possible candidates are the backbone
coupling by Werst et &. For azurin we estimated the spin  nitrogen of glycine-45 and that of histidine-117 with distances
density on the coordinated nitrogen of histidine-46 to be 4.9% to the copper of 5.5 and 5.7 A, respectively. The results of an
(cf. Table 3), similar to the results for plastocyanin. The spin NMR study of cobalt(ll)-substituted azurin may be taken as
densities on the remote nitrogens are well defined within the support for the assignment to the backbone nitrogen of glycine-
present model, the uncertainty being less than 1%.. From the45 because the amide proton of glycine-45 was found to be
spin density in the sphybrid orbitals on the N and Ne atoms isotropically shifted®® Unfortunately no detailed NMR data are
the isotropic hyperfine constant has been calculated from the available for copper(ll) azurin at the moment. The delocaliza-
2s character of these hybrids using a value of 1062 MHz for tion of the electron spin over the backbone is intriguing and
unit spin density in a 2s orbital on nitrogéh.This gives for requires future investigation.

histidine-46 for the remote nitrogen 0.86 MHz and for the

coordinated nitrogen 17.2 MHz, for histidine-117 values of 1.67 VI. Conclusion

and 33.3 MHz, respectively. For histidine-46 the agreement
with the experimental values of 0.87 and 17 MHz is perfect
which underscores the applicability of the model. (Note that
in contrast tar radicals the isotropic hyperfine interaction does
not result from polarisation effects but directly from spin density

The pulsed ENDOR study at 95 GHz of single crystals of
azurin and®N azurin has enabled a detailed probing of various
nitrogens in the surrounding of the copper center. First, the
remote nitrogens of the ligating histidines-46 and -117. Com-

. X ) : X plete hyperfine and quadrupole tensors have been determined,
in the hybrid orbitals on the remote nitrogens that also contribute assigned to the respective remote nitrogens and analyzed. The
to thelanisotropic hyperfine interaction.) For histidine-117'with principal values of the hyperfine tensor of the remote nitrogen
experimental values of 1.30 and 27 MHz the agreement is 1eSS¢, igigine-117 are 1.5 times larger than those for histidine-
good. However, as mentioned, the deviation between calculatedyg - oy antum-chemical calculations indicate that this difference
and experimental anisotropic hyperfine tensor became smallerig (alated to the difference in the angle between thecs and

when Z' was taken parallel t@. For this geometry the N5 honds for the two histidines. The relevant contributions

calculated isotropic hyperfine interaction l_)ecome_s 141 MHZ to the anisotropic hyperfine tensors derive from the spin densities
for the remote and 28.2 MHz for the coordinated nitrogen, i.e., o 'cu Ny and N itself. The spin density on &is found to

also the isotropic hyperfine interaction becomes better described.yo 0024 for histidine-46 and 0.0047 for histidine-117.

This strengthens the idea that the actual orientation of the geqonqly, the backbone nitrogen that was previously recognised
histidine-117 for the azurin molecule in the asymmetric unit ;, - ESEEM study on azurin. From the orientation of the
that we have investigated with ENDOR may be somewhat principal axes of the quadrupole tensor of this nucleus it is

different from that of the average copper site given in the X-ray qncjyded that this backbone nitrogen belongs to cysteine-112.
diffraction study. _ _ The principal values of the hyperfine tensor of this nitrogen
The anisotropic hyperfine tensors of the remote nitrogens of 51e found to be in between those of the'dNof histidine-46
azurin are sensitive probes of the spin-density distribution over 54 histidine-117. Thirdly, two more nitrogens have been
copper and the histidines, as essentially covered by our model.getected with significantly smaller hyperfine interactions. Prob-
For the ¢ ground-state complex Cu(ll)-dopecthistidine —  gpy these concern backbone nitrogens as well and we tentatively
hydrochloride monohydrate a simple picture in which only point a5jgn the tensors to the backbone nitrogens of histidine-46 and
spins were considered was found adequate in the descriptionys giycine-45 or histidine-117.
of the anisotropic hyperfine tensor of the remote nitrogfen. The present study confirms that high-frequency ENDOR
However a similar approach was not successful for thad — yovides the opportunity to study individual nuclei in great
ground state complex a Cu(ll)-doped bis(1,2-dimethylimidazole) getail. The unpaired electron of oxidised azurin is found to be
dichloride o _ _ smeared out over the copper ligands and the wave function
The isotropic hyperfine interaction for the backbone nitrogen extends over parts of the protein backbone as well. High-field
of cysteine-112 is slightly larger than that of the remote nitrogen ,;jsed ENDOR turns out to be the method of choice to study
of histidine-46 (ch. Table_ 1), in line v_wth the result of an X-band  he weakly bound nitrogen nuclei. Recently we have observed
ESEEM study? The high resolution of pulsed ENDOR at geep electron-spin-echo envelope modulations arising from the
W-band is demonstrated by the obsesrvatlon of the fourth and jnteraction of the electron spin with the coordinating’®lof
fifth nitrogen in the ENDOR study of*N azurin. For these the Jigating histidines. The analysis of these is underway and
nitrogens quadrupole interaction data are unfortunately not promises to provide detailed data for these nitrogens as well.
available which makes assignment of the tensors to specific
nitrogens impossible. A candidate for the fourth nucleus is the  Acknowledgment. We gratefully acknowledge Dr. M. C.
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