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Abstract: The biological function of metalloproteins stems from the electronic and geometric structures of

their active sites. Thus, in blue copper proteins such as

plastocyanins, an unusual electronic structure of

the metal site is believed to contribute to the rapid, long-range electron-transfer reactivity that characterizes
these proteins. To clarify this structure—function relationship, numerous quantum chemical calculations of
the electronic structure of the blue copper proteins have been made. However, the obtained structures
depend strongly on the applied model. Experimental approaches based on ENDOR spectroscopy and
X-ray absorption have also been used to elucidate the electronic structure of the blue copper site. Still, the
determination of the electronic structure relies on a calibration with quantum chemical calculations, performed
on small model complexes. Here we present an approach that allows a direct experimental mapping of the
electron spin delocalization in paramagnetic metalloproteins using oxidized plastocyanin from Anabaena
variabilis as an example. The approach utilizes the longitudinal paramagnetic relaxation of protons close
to the metal site and relies on the dependence of these relaxations on the spatial distribution of the unpaired
electron of the metal ion. Surprisingly it is found that the unpaired electron of the copper ion in plastocyanin
is less delocalized than predicted by most of the quantum chemical calculations.

Introduction

Metal ions play a key role in the function of metalloproteins,

such as the electron-transporting blue copper proteins, plasto-

cyanins, and the azuring. Unlike small-molecule copper

complexes, these proteins have an unusual geometry of the

coordination sphere (Figure 1) a high redox potentidl,and

a large and asymmetric delocalization of the unpaired electron
spin density onto the ligands;1%-15 including a strong cova-
lency of a coppersulfur bond. The rapid and long-range
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Figure 1. Coordination sphere of the catalytic site Aw. PCW6 (PDB:
1FA4). The site has a distorted tetrahedral geometry with the copper ion
strongly bound to the'Satom of the cysteine C89 and to thé Atoms of

the two histidines H39 and H92 but weakly bound to the axte&t®m of
M97.

electron transfer reactivity that characterizes the blue copper
proteins is believed to rely on this unusual electronic structure
of the metal sité.

Therefore, during the last few decades, the blue copper
proteins have become a reference point for quantum chemical
calculations aimed at the elucidation of the electronic strueture
function relationship of metalloproteidg:1%-12 Thus, pioneering
guantum chemical studies of the electronic structure of the metal
site of plastocyanin and other blue copper proteins were made
in the 1980s by Solomon and co-worké#fssing the semiem-

(15) George, S. J.; Lowery, M. D.; Solomon, E. |.;
Soc.1993 115 2968-2969.
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pirical self-consistent field ¥ scattered-wave (SCFexSW) alleviates this problem, making it possible to measure the fast

method. These studies indicated a substantial covalency of therelaxation rates of nuclei close to a paramagnetic metal center.

metal-ligand bonds, that is, a 40% copper and a 36% sulfur  The longitudinal paramagnetic relaxation enhancenteipt,

character of the singly occupied molecular orbital (SOMO) in of the nuclei in a paramagnetic metal complex is caused by the

the ground state of the oxidized protein. Recent quantum chem-time-dependent modulation of the nuclear-electron spin interac-

ical calculations, using more stringent ab initio calculatfrnig tions. These interactions are the dipolar interaction (through

and small model complexes, also pointed toward a delocalizationspace) and the Fermi contact interaction (through bonds).

of the electron spin onto the ligands. However, the calculated Because of the relatively long electron relaxation time in blue

ligand character of the SOMO varied from 20 to 60% depending copper proteing? the longitudinal relaxation enhancement of

on the applied quantum chemical approach and the appliedthe protons are to a good approximation affected only by the

model complex. Thus, it was found that variations of the dipolar interaction, which is given By18

structure of the model complex within the uncertainties of the ,

X-:;ly structure stroqgly influence .the calculqted SOMO. Ry = 2(@) Ss+ 1)g§ﬁu§y|2A2 Te1 (1)
pproaches that include experimental solid-state measure- S5\4r 1+ w|2751

ments based on electremuclear double-resonance coupling ’

(ENDORY)* and X-ray absorptiott*> have also been used t0  Here, 4, is the magnetic permeability of free spa&is the

clarify the electronic structure of the blue copper site. Yet, the spin quantum number of the unpaired electronggs), is the

spin delocalizations thus obtained rely on a calibration with the effective electrory-factor, ug is the Bohr magnetrony, is the

results of quantum chemical calculations of small model pyclear gyromagnetic ratio, ang is the Larmor frequency of

complexes. More specifically, the isotropic hyperfine coupling the nuclei. Furthermorez.; is the correlation time for the

constant of the ligand Natoms was determined in Q-batft modulation of the nuclear-electron dipolar interaction. It is given
ENDOR experiments. Subsequently, a calibration using quantumpy ;~1 = ;-1 4 R, whereR is the longitudinal relaxation
calculations on the small copper complex, [Cu(imidazté) rate of the unpaired electron, anglis the rotational correlation

resulted in a 5% delocalization of the unpaired electron on eachtjme of the protein. FinallyAZ is a geometric factor that contains
of the N’ ligand atoms? The X-ray absorption experiments  the information about the location of the electron relative to
were previously used to determine the ligand character of the thne nucleus. If the point dipole approximation applies, as
SOMO*15|n these studies, the delocalization of the unpaired 35sumed in Solomon’s original formalisrhAZ is equal tor 6,
electron onto the cysteine sulfur ligand was estimated, however,yherer is the geometric distance between the nucleus and the
still on the basis of a calibration using quantum chemical ynpaired electron. However, if the unpaired electron is delo-
calculations of small copper complexes. calized onto the ligand nucleA? depends on the wave function
An independent experimental determination of the electronic describing the unpaired electron and its spatial distribution. If
structure is, therefore, of interest in order to obtain better insight the wave function of the unpaired electron is known, the
into the long-range and rapid electron-transfer reactivity of the geometric factor is given B§
blue copper proteins. Here we present a method that allows such
a determination. The method is based on a direct experimental A7 2
mapping of the electron spin delocalization. It exploits the rates AP =— z
of the electron-induced longitudinal relaxation (the longitudinal 5,52

paramagnetic relaxation enhancement) of the protons in the ] ) )
vicinity of the metal ion, and it relies on a precise experimental Where'W(r) is the wave function of the unpaired electron(s),

2
fv dr W(r)*F(r) W (r) @)

determination of these rates. Fi(r') = Yy(6',¢")r' 3 represents the spatial components of the
electron-nucleus dipolar operator centered at the nucleus, and
Theory Yy(0,¢), v = — 2, ..., 2, is the surface spherical harmonics.

Furthermore, an asterix denotes complex conjugation. Thus, the
electron delocalization can be taken into account explicitly in
eq 1, if the wave function of the unpaired electron is kndwn.
The total wave functioW can be written as a linear combination

of atomic orbitals:

The paramagnetic relaxation of the protons close to the metal
site is strongly affected by the delocalization of the unpaired
electron spin onto the ligand atoms of the metal site. This is
unlike the paramagnetic relaxation of the more distant protons
(more than 11 A from the metal ion), which can be described
by the point dipole approximatiéh® corresponding to an |
effective location of the electron spin on the metal ion. Y(r) = Nil/zz\/;ﬂ/%(r) (3)
Therefore, if the paramagnetic relaxation rates can be obtained T
for a number of isotropically distributed protons close to the
metal ion, a mapping of the electron delocalization can, in WhereN is a normalization constant anglis the spin density
princip|e’ be derived from these rates. However’ until recenﬂy’ in the individual orbitals. The Spin densities are assumed to be
an experimental determination of very fast nuclear relaxation Positive and real. Thus, the geometric faciGrin eqs 1 and 2
rates was difficult. The newly developed SERF experifffent can be written as

2

(16) Ma, L.; Jgrgensen, A.-M. M.; Sgrensen, G. O.; Ulstrup, J.; Led, J. J. 2 4 v, 2
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Two different types of integrals arise in eq 4 for the operator using the SERF experimett.Furthermore, theRy, rates of five
F,, depending on whether the atomic orbitals are on the samebackbone protons &.v. PCu were determined from partially oxidized
atom { = j) or on different atomsi(= j). To reduce the time p_rotein_ samples using _ the_ IR-TOCSY experimen_t or the one-
required for calculatingh2, all integrals involving overlap spin ~ dimensionafH nonselective inversion recovery experiment.
populationsi(= j) are neglected. This approximation is justified The intensities of the signals used in the determination ofRhe

by the qood agreement between calculated and ex erimentafates were obtained by a least-squares fitting procedimerthermore,
y 9 g P all intensities of a given signal in a series of partially relaxed spectra

results obtained in previous theoretical stude®. * Thus,A? were determined simultaneously, thus exploiting the fact that the
can be written as frequency, the line width, and the phase of the signal remain unchanged
through the series of spectra. This procedure reduces the total number
2 ﬂ 2 I - 2 of parameters and, therefore, increases the precision of the obtained
A= 5N? Z ZpiLdr P EA)(r) ®) intensities. Subsequently, the relaxation rates of the protons were
v=m2 obtained by fitting a three-parameter single-exponential recovery to
the signal intensities. Figure 2 illustrates the precision by which the
relaxation rate of fast-relaxing nuclei can be determined using the SERF
experiment. Both the hyperfine-shifted signals observed in the SERF
Materials and Methods spectra and the signals of the IR-TOCSY spectra were assigned
) ) previouslyi6:28.29
Sanj_ple Preparation. A sample of plf‘:lstocyanln f_rom\nabat_ena In the partially oxidized samples @&.0. PCu, exchange-averaged
variabilis (A.. PCu) prepared and purified as described previstisly  gjonais of the paramagnetic (oxidized, Cu(ll)) and diamagnetic (reduced,

was kindly supplied by Jens Ulstrup and Hans E. M. Christensen, the ¢, \y) gpecies are observed because of the electron self-exchange (ESE).
Technical University of Denmark. The protein was dissolved in 10%/ ¢ 14 ESE process is sufficiently fast, as in the casé.of PCu, the

90% D,O/H,O or 99.99% RO at pH 7.0 (meter reading). Partially o qidinal relaxation of the protons is, to a good approximation, single

oxidized sample§ were prepared by mixing apprr(])priate Iamogqts of theexponentialz,ov30 and the relaxation rates of the observed exchange-
reduced and oxidized forms d&.v. PCu. For the partly oxidized averaged signals are given®By

samples, the molar fractiofy,, of oxidizedA.v. PCu was 0.00, 0.11,
0.12, 0.25, and 0.47, respectively. For the samples fyigqual to

0.00 and 0.11, the protein concentration was 3.2 mM, while it was 1.1 = 2Ry T Ry F Kes€ _ \/(Rlp"’ kesec)z — kee£f Ry (6)
mM in the remaining, partly oxidized samples. A 1.8 mM 100% 2 2 PP
oxidized sample was used for measuring the relaxation rates of the
hyperfine shifted signals of the protons that are spatially close to the
copper(ll) site. All samples contained 100 mM NacCl.

NMR Experiments. The inversion recovery TOCSY (IR-TOCSY)
experiment® were carried out at 298.2 K and'#l frequency of 500
MHz using a Varian Unity Inova 500 spectrometer. Thiecarrier was
placed on the HDO resonance located at 4.77 ppm relative to TMS at
298.2 K26 To cover a wide range of relaxation rates, 11 relaxation
delays were used in the IR-TOCSY experiments, that is, 0.00, 0.01,
0.02, 0.04, 0.10, 0.20, 0.50, 0.80, 1.20, 1.80, and 3.00 s, respectively.
Each of the 11 time domain signals consisted of Bl&lices, each
with 4096 data points. The sweep width was 10 kHz and the mixing

According to eq 5] integrals must be evaluated five times for
each proton included in the analysis.

Here,Ryqis the relaxation rate of the nuclei in the diamagnetic species,
keseis the second-order rate constant for the ESE process; enithe
total concentration of the protein. The molar fracti,of oxidized
A.w. PCu was estimated as described previotfsiyand was determined
with an absolute uncertainty of 0.068.02. TheR;, andRyq rates were
obtained from a series of partly oxidized samples by a least-squares fit
of eq 6 to a set of relaxation rates obtained for the different samples in
the IR-TOCSY experiments, using the valuekgfobtained previously
for A.v. PCu®® Minor intermolecular contributions to thBy, rates
caused by interactions with oth&rv. PCu molecules were taken into
account, as described previougly.
time in the isotropic mixing period was 50 ms The Ry, rates of the nine nuclei, H394 N40 H, F87 H, C89

: HNH C89 H, E90 H', A95 H*, M97 H"2, and M97 H'", are shown

alow e obsemeaton of aly the Tt reimting gl ware rocardd " T2bI 1. The reaxaton ates of NAO dd M7 H: were measured
] U . at two different magnetic field strengths, i.e., 11.74 and 18.79 T.
at 298.2 K and aH frequency of 800 MHz and 500 MHz using Varian 9 9

Unity Inova 800 and 500 spectrometers. Thiecarrier was placed on Results and Discussion

the HDO resonance. The sweep width used in the SERF experiments Point Dioole A . . litativelv. Ei 3A
was 160 kHz, and the specific SERF paraméfesere R} = 50 s'?, oint Dipole Approximation. Qualitatively, Figure

R =2s% t,= 90 ms, andc = 1. In the SERF experiments, 16 reveals that th&,, rates depend on the electron delocalization.
, , . ’ . . - . . =1/3 _
relaxation delays were used, that is, 0.50, 0.71, 1.00, 1.40, 2.00, 2.80!f the point dipole approximation had applied, th&g,cc e~

4.00, 5.70, 8.00, 11.30, 16.00, 22.60, 32.00, 45.30, 64.00, and 90.50rcu-H, Whererc,-1y is the geometric distance between the
ms, respectively. nucleus and the copper ion in the NMR solution structure of
Determination of the Paramagnetic Relaxation Enhancements. Aw. PCU® (PDB: IFA4). However, as shown in Figure 3A,
The Ry, rates of a series of protons close to the copper site were useddeviations from this equality are observed, which are substan-
to elucidate the delocalization of the electron spin density in oxidized tially larger than the experimental uncertainties. Immediately,
A.v. PCu. To minimize possible errors caused by uncertainties in the this suggests a breakdown of the point dipole approximation
solution structure of\.v. PCul only protons less than three residues and a delocalization of the electron spin density. Furthermore,

from the copper site were included in the analysis. Ragrates of o . . .
four hyperfine-shifted, fast-relaxing protons located in the immediate the deviations depend on the spatial position of the nuclei

vicinity of the metal ion were obtained from a 100% oxidized sample

(27) Kristensen, S. M.; Sgrensen, M. D.; Gesmar, H.; Led,Jl.Magn. Reson.
Ser. B1996 112 193-196.

(21) Barfield, M.J. Chem. Phys197Q 53, 3836-3843. (28) Bertini, I.; Ciurli, S.; Dikiy, A.; Gasanov, R.; Luchinat, C.; Martini, G.;
(22) Barfield, M.J. Chem. Physl971, 55, 4682-4683. Safarov, N.J. Am. Chem. S0d.999 121, 2037-2046.
(23) Beveridge, D.; Mclver, J. W., Jd. Chem. Phys1971, 54, 4681-4690. (29) Sato, K.; Kohzuma, T.; Dennison, &.Am. Chem. So2003 125 2101~
(24) Badsberg, U.; Jgrgensen, A.-M. M.; Gesmar, H.; Led, J. J.; Hammerstad, 2112.

J. M.; Jespersen, L.-L.; Ulstrup, Biochemistry1996 35, 7021-7031. (30) Jensen, M. R.; Hansen, D. F.; Led, JJJAm. Chem. SoQ002 124,
(25) Huber, J. G.; Moulis, J.-M.; Gaillard, Biochemistry1996 35, 12705~ 4093-4096.

12711. (31) Hansen, D. F.; Hass, M. A. S.; Christensen, H. M.; Ulstrup, J.; Led, J. J.
(26) Wishart, D. S.; Sykes, B. DMethods Enzymoll994 239, 363—-392. J. Am. Chem. So@003 125 6858-6859.
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Table 1. Paramagnetic Relaxation Enhancements? 11
Ryp(ms ™) 10 FA ®
9
nucleus 11747 18.79T < g
H39 H 0.6224+ 0.01¢ E 7L
N40 H* 0.18274+ 0.000% 0.11524 0.0007 of s L
F87 H* 0.009+ 0.003 P o)
C89 H* 1.53+ 0.08 5r
C89 HWH 0.36+ 0.1 4+
E90 HWH 0.7+0.2 3 I 1 L I I I 1
A95 H« 0.012+ 0.002 3 4 5 6 7 8 9 10 11
M97 H”, 0.531+ 0.013 0.304+ 0.003 feutn (A)
M97 HNH 0.084+ 0.010' "
aLongitudinal paramagnetic relaxation enhancements at two different 0B
magnetic field strengths, used in the elucidation of the electron spin 9
delocalization. All protons are close to the copper sité\in PCu (11 < 8
A). P Measured with the signal-eliminating relaxation filter (SERF) experi- 2
ment® using a 100% oxidized sample éfv. PCu.¢ Measured with the LT
IR-TOCSY experiment using partly oxidized samples Af. PCu, as -8 6 o]
described in the text Measured with one-dimensiondii nonselective < 5F @ o]
inversion recovery experiments using partly oxidized samplés0fPCu, 4k =
as described previousH. =) Vo 4 a4
3
1.6 3 4 5 6 7 8 9 10 11
o—C < < © AR (A
1.4 | 11
10 +C
1.4 V)
—~ 12¢ — 9F
3 1.2 < gL
< 10 1.0 2
> 2 7
B 08 E -y
0.8 i
§ 0.6 < 5 b
C
= 06 0.4 4
0.2 N N N N 3 1 1 1 1 1 1 1
0.4 00 10 20 30 40 50 8 4 5 6 7 8 9 10 11
ADP (A)
0.2 . 1 . L . 1 . 1 Figure 3. (A) Comparison of the geometric distances,-, measured in
0.0 20.0 40.0 60.0 80.0 100.0 the NMR solution structure of\.o. PCul® and the observed effective
T (ms) distances A2 ., obtained from the paramagnetic relaxation enhance-

Figure 2. Single-exponential recovery of the longitudinal magnetization
of M97 H2 of A.v. PCu observed in the SERF experiment. The figure

illustrates the quality of the experimental data and the relaxation rates

obtainable in a SERF experiment. The full-drawn line corresponds to a

three-parameter single-exponential fit to the experimental intensities. The

insert is an expansion of the fit of the first nine intensities. The relaxation
rate obtained from the least-squares fitRs = 0.305 £ 0.002 ms?,
corresponding td;p = R1 — Rig = 0.304+ 0.003 ms? (see Table 1).

relative to the copper site, i.e., the deviations carry information
about the spatial distribution of the unpaired electron spin.
Therefore, the geometric factd? in egs 1 and 2 and, thus, the

ments. (B) Comparison of the calculated effective distam‘s:"g!]é3 and the
observed effective distances, 3 ., The Ay distances were obtained
from eq 5 using the spin densities found previo&dht2and exemplified

by the densitiepc, = 31.8%,ps = 59.1 %,pn, = 1.7%, andon, = 2.1%12

(C) Comparison of the calculated effective distanckg™® and the
observed effective distances, 2 ., The Ay distances were obtained
from eq 5 using the spin densities in Table 2. The full-drawn lines
correspond to the ideal cases, where (&)1 = A2 ..and (B and C)
Ay = A2 .4 The relaxation rates were obtained at two different

magnetic field strengths, 11.74 T (red circles) and 18.79 T (blue squares).

charactet:1012 Thus, the unpaired electron spin density is
primarily centered on the copper atom, the cysteinetdm,

relaxation rates depend on the wave function of the unpaired and the two histidine Natoms. Consequently, the total wave

electron describing the delocalization. Conversely, the delocal-

ization can be obtained from the relaxation ratesA® is
expressed as a function of the wave function.

Electron Delocalization in Plastocyanin Plastocyanins have
a type 1 blue copper site consisting of four ligands bound to

the copper ion in a distorted tetrahedral geometry, as shown in

Figure 1. The copper ion is covalently coordinated to the S
atom of a cysteine and to the’ toms of two histidines. The
coordination to the fourth ligand, the’ §tom of a methionine,

function of the unpaired electron can be described as a linear
combination of four atomic orbitals:

W =N"3 Jocwe,t Vosws+ PNy ¥Nae T A/ PN, YN,
(7)

that is, one orbital centered on the copper atom, and three

is relatively weak and the electron spin density centered at this orbitals are centered on the covalently bound ligand atoms, the

atom is, therefore, very small and can be negle¢f@d?The
SOMO of the ground state is primarily described as a copper
sulfur z-antibonding orbital. Furthermore, a small fraction of
the electron spin density is located on the two histidinés N
atoms, where the interaction with the copper is-@intibonding

1250 J. AM. CHEM. SOC. = VOL. 126, NO. 4, 2004

unpaired electron spin densities beipg, ps, Pns and png,,
respectively. In eq M\ is a normalization coefficient. Further-
more, the spin densities are assumed to be positive and real.
Previously, it was concluded from EPR experiments and optical
absorption spectt& that the four orbitals are a 2d-type
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orbital on the copper atom, aﬂ(gg — 3py)_type orbital on Table 2. Spin Densities of the Active Site in A.v. PCu@
the S atom of the cysteine, and g@mnd—2p.-type orbitals on peu (%) os (%)° Ong(%)° gy (%)
the N’ atoms of the two histidines. In the analysis here, all four 84.3+2.3 10.9+ 0.6 25+ 15 25+ 15
orbitals were represented by real hydrogen-like atomic orbitals,
where the effective nuclear charges were found by the Slater, 0 e O e Tabie 1 of ine protons close t0 the copper(l)
rule, e, Cu: 8.26 S :54% N’ : 3.9 e being the  Goinay Blu Cao & < H3o A, 3102 N PP
elementary charge. The geometric factvt, can now be written
as a function of the spin densitiggy, ps, PNz and png,
according to eq 5, and the spin densities can be determined using 4
eq 1, if a sufficient number of accuré®e, rates can be measured 3
and if the three-dimensional structure of the protein is known. f i
0
1

Both of these requirements are fulfilled here.

ConverselyRy, rates can be calculated from the spin densities .,(; a1 1
found previously by quantum chemical calculatiéA32thereby 2k |
providing an assessment of these calculations. Thus, using eq 3} i
5, effective distancesag,m, were calculated from theoretical 4
spin densities and, using eq 1, compared with the corresponding 4 -3 -2
distances obtained from the experimental paramagnetic relax- x (A)

ation enhancements (Table 1). This was done for the nine rjgure 4. Contour plot of the electron spin densit¥|2 (eq 7) using the
protons close to the copper(ll) site, for which prediggrates spin densities in Table 2. Red lines correspon¢iie? = 1.0 A~3; yellow
were measured. As shown in Figure 3B, the two sets of distance§l"§§ Eogrﬁsi?nb? tq"%’l2 =0.10 A‘3:d9t§p€‘|r21 Im(fcsr g(X reasmgddﬂﬂ’k\zbf
. . . = hg ue lines correspon = o an arl ue
do_ not agree, that is, the large delocallzatl_on of the e!ectrqn lines correspond toW|2 = 10-4 A-3. The plane of the paper is they-
spin found previously by the quantum chemical calculations is plane of the coordinate system, i.e.= 0. The Cartesian coordinates of
at variance with the experimentally measured relaxation rates.the atoms are: Ce (0, 0, 0), C89; 8= (1.416, 1.416;- 0.684), H39; N
Clearly, this disagreement calls for the direct determination of = (~0-376,—1.874, —0.693), H92; N = (~1.865, 0.385,-0.724). All
. . . _coordinates are in Angstnas.
the electron delocalization from the experimental paramagnetic

relaxation rates, described here.

Consequently, integrals of the type given in eq 5 were
evaluated analytically for each of the nine protons close to the
copper(ll) site (see Table 1). THg operators are the spatial
part of the dipole operators, ang in eq 5 are the individual
atomic orbitals onto which the unpaired electron spin is
delocalized. TheF, operators were centered on the nuclei,
while therc,-14 vectors used in the evaluation of the integrals
were obtained from the NMR solution structure/af. PCul6

spin is delocalized, although not to the same degree as predicted
by the quantum chemical calculations; they also allow a
guantitative mapping of the electron spin delocalization. More-
over, the contour plot of the total electron spin densitif|?,

in Figure 4 shows that the C89 Sp orbital is considerably
more delocalized than the Cu,3dp orbital, despite the much
smaller spin density in this orbital. This inflation of the 3p orbital

of C89 S is caused by the smaller effective charge of the S

SubsequentlyA? (eq 5) was expressed as a function of the four atqm as (_:ompared to the Cu atom. Thereforg, the deIoca_hzed
unknown spin densitiesicu, ps, P, andpng, for each nuclei spin dgnsny at the C89"%igand reaches far out into the p.rotelln.
included in the analysis, using eq 7. Finally, an over-determined This, in turn, may reflect the function of the protein, i.e., its
set of equations in the four unknown spin densities was formed capability of long-range, rapid, and directional electron transfer.
using the integrals (eq 5) in conjunction with eq 1 and the
measured paramagnetic relaxation enhancements. In principleConclusion
this set of equations allows an estimation of all four spin ) o ) o o
densities by a least-squares analysis. Yet, the information M conclusion, it is experimentally verified by longitudinal
provided by theRy, rates obtained here is not sufficient for this  Paramagnetic NMR refaxation that the unpaired electron spin
estimation. However, the distorted tetrahedron of the copper density of oxidizedA.». PCu is delocalized onto the ligands.
site has pseudGs symmetry (see Figure 1) with the mirror plane Furthermore, a quantitative mapping of the electronic structure
bisecting the bonding vectors from the copper to the two N ©f the blue copper site is obtained from the paramagnetic NMR
atoms. Therefore, the Natoms of the two histidines have relaxation rates. The approach used here is applicable as long
identical electron spin densities. This conclusion was confirmed as a sufficient number of accurae, rates can be measured,
by previous ENDOR measurementayhich showed that the  the three-dimensional structure of the protein is known, and the
hyperfine coupling constants of the two ligand Atoms are ligand orbitals to which the electron spin is delocalized are
identical. By utilizing this symmetry, a least-squares fit to the identified. The electron spin delocalization obtained here is of
experimentalR;, rates, using the combined set of equations particular interest since it is determined directly for a native
described above, resulted in the electron spin densities on theplastocyanin in solution and not for a model complex. Therefore,
four involved nuclei given in Table 2. it provides a direct basis for a better understanding of the long-
When theA? values are calculated from these spin densities range and rapid electron-transfer reactivity that characterizes
using eqs 1, 5, and 7, the substantial deviations from the blue copper proteins.
experimental data observed in Figures 3A and 3B vanish, as
shown in Figure 3C. Thus, the paramagnetic relaxation en- Acknowledgment. We thank Malene R. Jensen, Sten Rettrup,
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