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The utility of pseudocontact shifts in the structure refinement of metalloproteins has been evaluated
using a native, paramagnetic Cu2+ metalloprotein, plastocyanin from Anabaena variabilis (A.v.), as a
model protein. First, the possibility of detecting signals of nuclei spatially close to the paramagnetic
metal ion is investigated using the WEFT pulse sequence in combination with the conventional TOCSY
and 1H–15N HSQC sequences. Second, the importance of the electrical charge of the metal ion for the
determination of correct pseudocontact shifts from the obtained chemical shifts is evaluated. Thus, using
both the Cu+ plastocyanin and Cd2+-substituted plastocyanin as the diamagnetic references, it is found
that the Cd2+-substituted protein with the same electrical charge of the metal ion as the paramagnetic
Cu2+ plastocyanin provides the most appropriate diamagnetic reference signals. Third, it is found that
reliable pseudocontact shifts cannot be obtained from the chemical shifts of the 15N nuclei in plastocyanin,
most likely because these shifts are highly dependent on even minor differences in the structure of the
paramagnetic and diamagnetic proteins. Finally, the quality of the obtained 1H pseudocontact shifts, as well
as the possibility of improving the accuracy of the obtained structure, is demonstrated by incorporating
the shifts as restraints in a refinement of the solution structure of A.v. plastocyanin. It is found that
incorporation of the pseudocontact shifts enhances the precision of the structure in regions with only few
NOE restraints and improves the accuracy of the overall structure. Copyright  2006 John Wiley & Sons,
Ltd.
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INTRODUCTION

Paramagnetic metal ions are potential tools in the structure
determination of proteins. In paramagnetic metalloproteins,
the dipolar interactions between the unpaired electrons
of the metal ion and the nuclei of the protein contain
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valuable long-range structure information. In principle, these
interactions can be detected by NMR spectroscopy through
enhanced nuclear relaxation rates and changes in chemical
shifts, i.e. the pseudocontact shifts.

However, spin diffusion may complicate the use of para-
magnetic relaxation enhancements in structure refinements
of proteins (Hansen DF, Led JJ, unpublished results). Fur-
thermore, fast exchange with solvent water may obscure the
paramagnetic relaxation enhancement of amide protons.1 – 3

In contrast, the pseudocontact shifts remain unaffected by
these phenomena. Also, the pseudocontact shifts are experi-
mentally more accessible, and can be determined accurately
if an appropriate diamagnetic reference can be obtained.
Recently, long-range pseudocontact shift restraints have been
used as a supplement to the conventional nuclear Over-
hauser enhancements (NOEs) and dihedral angle restraints4

in structure refinements of metalloproteins, and proteins
and nucleic acids with artificially incorporated paramagnetic
metal ions.5 – 11 Thus, the pseudocontact shifts have proved
valuable in the refinement of structures where a sufficient
number of NOEs are difficult to obtain. Also, pseudocontact
shifts have been used to determine the relative orientation
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of protein molecules in intermolecular complexes such as
plastocyanin and cytochrome f .12

The pseudocontact shifts of nuclei close to the metal
ion in paramagnetic proteins are particularly useful since
they carry information about the protein structure close to
the metal site. This information is difficult to obtain by
the normal NMR approach for structure determination of
proteins, where the strong electron–nuclear interaction often
prevents the observation of the NOEs that are essential for
this approach. Yet, spectral overlap and broadening of the
signals from nuclei spatially close to the paramagnetic metal
ion may also prevent observation of the latter signals by
standard NMR techniques. However, as demonstrated here,
a combination of the water eliminated Fourier transform
(WEFT)13 pulse sequence both with the 1H–15N HSQC and
the TOCSY sequences can recover some of these signals
by suppressing the strong signals arising from nuclei more
distant from the paramagnetic metal ion.

Here, we investigate the applicability of pseudocontact
shifts in the determination of the solution structure of
paramagnetic metalloproteins. The blue copper protein,
Anabaena variabilis (A.v.) plastocyanin, which functions as
an electron carrier in the electron transfer process of the
photosynthesis, was used as a model protein. In particular,
we explore the possibility of measuring the pseudocontact
shifts of paramagnetically broadened signals from nuclei
relatively close to the paramagnetic metal ion. This possibility
is important especially in the case of paramagnetic copper
proteins, in which the signals are broad because of a relatively
long electron relaxation time, and the pseudocontact shifts
are small because of a relatively small anisotropy of the
g-tensor.14 Furthermore, we examine the importance of
choosing an appropriate diamagnetic reference, and the
effect of minor structural changes on the measured 15N
pseudocontact shifts. Finally, we investigate the impact of the
1H pseudocontact shifts on the obtained solution structure,
when the shifts are included as restraints in the structure
determination of A.v. plastocyanin.

THEORY

Pseudocontact shifts
In paramagnetic proteins, the observed chemical shifts, υ, of
the protein nuclei are given by

υ D υdia C υcon C υpcs �1�

Here, υdia is the diamagnetic chemical shift and υcon is the
Fermi contact shift originating from the scalar coupling
with the unpaired electrons of the paramagnetic metal ion.
Normally, the contact shift is observed only for nuclei within
a few bonds from the paramagnetic center. Furthermore, υpcs

is the pseudocontact shift caused by the dipolar interaction
with the unpaired electrons of the paramagnetic metal ion.
The pseudocontact shift is given by15

υpcs D �0�
2
BS�S C 1�

36�kTr3

[
gax�3 cos2 � � 1� C 3

2
geq sin2 � cos�2��

]

�2�
Here, �0 is the permeability of vacuum, �B is the Bohr
magneton, S is the electron spin number (1/2 for Cu2C), k is

the Boltzmann constant, and T is the absolute temperature.
Furthermore, (r, �, �) are the spherical coordinates of the
nucleus in the principal coordinate system of the g-tensor.
Finally, the anisotropic g-tensor components, gax and geq, are
given by

gax D g2
zz � 0.5�g2

xx C g2
yy� �3�

geq D g2
xx � g2

yy �4�

where gxx, gyy, and gzz are the principal g-values. To take into
account the experimentally measured pseudocontact shifts
in a structure refinement, the size and orientation of the
g-tensor must be known. The g-tensor parameters can be
evaluated in the structure refinement, as described below, or
independently by single-crystal EPR experiments.

EXPERIMENTAL

Overexpression and purification of 15N-labeled
A.v. plastocyanin
Uniformly 15N-labeled plastocyanin from Anabaena variabilis
(A.v.), Nostoc PCC7937, was expressed and purified as
described previously.16 The protein was dissolved in 10%
D2O/90 % H2O or 99.99% D2O with 100 mM NaCl.

Overexpression and purification of
Cd2+-substituted 15N-labeled A.v. plastocyanin
Cd2C-substituted 15N-labeled A.v. plastocyanin was prepared
as described previously for the copper-containing protein,16

except that CdSO4 was added instead of CuSO4. The Cd2C-
substituted protein was quantified using the 278 nm extinc-
tion coefficient of 5000 M�1 cm�1 estimated by comparison
of the intensities of the NMR signals of copper and cad-
mium plastocyanins. Freshly purified protein samples were
exchanged into 10% D2O/90% H2O, 100 mM NaCl and con-
centrated by ultrafiltration using a stirred Amicon cell fitted
with an YM3 membrane.

NMR samples
The protein concentration in the NMR samples was between
1.0 and 2.7 mM, and the pH was adjusted to 7.0 (meter read-
ing). The NMR sample of the Cd2C-substituted plastocyanin
was sealed under nitrogen. Sodium ascorbate (0.1 mM) was
added to the samples of reduced plastocyanin to keep the
samples fully reduced, and the NMR tubes were sealed
under nitrogen. For the 100% oxidized plastocyanin sam-
ples, a trace of laccase was added to keep the protein fully
oxidized and the NMR tubes were sealed under oxygen. All
NMR samples used here are listed in Table S1 in ‘Supporting
information’.

NMR experiments
The NMR experiments were carried out at 298 K and 1H
frequencies of 500 and 800 MHz using Varian Unity Inova
500 and 800 spectrometers, the former equipped with a cold
probe. In all experiments, the 1H carrier was placed on
the HDO residual resonance. An overview of the NMR
experiments used here along with some of the specific
parameters used in the experiments are listed in Table S2
in ‘Supporting information’.
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The paramagnetically broadened signals of the protons
close to the Cu2C ion were monitored using a combination
of the WEFT13 and the TOCSY pulse sequences. As shown
previously,17 fast repetition of the WEFT pulse sequence,
d1 � 180° �  � 90° � ta, (super-WEFT) allows the suppres-
sion of the slow relaxing signals while monitoring only the
fast relaxing signals. Thus, the WEFT-TOCSY sequence selec-
tively detects broad resonances by suppressing the sharp
resonances. For the WEFT-TOCSY experiment recorded on
the 100% oxidized protein sample, the following delays
were used:  D 130 ms and ta C d1 D 248 ms. Also, a com-
bination of the WEFT sequence and the 1H–15N HSQC
sequence was applied here with the delays  D 187 ms
and ta C d1 D 302 ms.

Finally, the signal eliminating relaxation filter (SERF)
pulse sequence,18 90° � 0 � 180° � 1 � 180° � 2 � 180° �
	 � 90° � ta, in combination with the conventional TOCSY
sequence was used in a few cases. The SERF sequence allows
a better suppression of the slowly relaxing signals compared
with the WEFT sequence, however, at the expense of the
signal/noise ratio because of the longer pulse sequence. The
SERF delays were, 0 D 90 ms, 1 D 163 ms, 2 D 124 ms,
	 D 45 ms, ta D 328 ms.

Structure calculations
The structure calculations were carried out using a version
of the Xplor-NIH program,19,20 which includes a module
that incorporates pseudocontact shifts as restraints in the
structure calculations.21 The structure calculations were
carried out on an Apple XServe G5 cluster with 34 2.0 GHz
processors.

RESULTS AND DISCUSSION

Spectral assignments
The assignment of the 1H, 13C and 15N nuclei of reduced
A.v. plastocyanin at pH 7.0 and 298 K was obtained

previously.22,23 The assignment of the 1H and 15N nuclei of
the Cd2C-substituted plastocyanin under the same conditions
was obtained from a 1H–15N HSQC spectrum and a conven-
tional TOCSY spectrum, and by comparison with the spectra
of the reduced CuC plastocyanin. The chemical shift values
of the 1H and 15N nuclei in Cd2C-substituted plastocyanin
are given in Table S3 in ‘Supporting Information’.

The assignment of the signals of the oxidized form of plas-
tocyanin at pH 7.0 and 298 K was obtained through a com-
parative analysis of homonuclear and heteronuclear two-
dimensional NMR spectra. The following two-dimensional
spectra of the oxidized form were applied: 1H–15N HSQC,
1H–13C HSQC, TOCSY, WEFT-TOCSY, SERF-TOCSY, and
1H–15N WEFT-HSQC. More specifically, the chemical shifts
of the amide protons of oxidized plastocyanin were obtained
from the 1H–15N HSQC spectrum of the protein, while the
chemical shifts of the ˛-protons were obtained mainly from
the 1H–13C HSQC spectrum. Additional ˛-proton chemical
shifts were obtained from the WEFT-TOCSY and the SERF-
TOCSY spectra. Figure 1 shows a comparison of the conven-
tional TOCSY spectrum and a WEFT-TOCSY spectrum. As
mentioned above, the WEFT sequence effectively suppresses
the signals of nuclei with slow longitudinal relaxation rates,
while optimizing the spectrum for nuclei with fast longi-
tudinal relaxation rates. Furthermore, in the WEFT-TOCSY
spectrum, signals with slow longitudinal relaxation have
intensities opposite that of the signals with fast longitudi-
nal relaxation. Consequently, the WEFT-TOCSY experiment
makes it possible to identify broad signals of nuclei spa-
tially close to the paramagnetic center and, thereby, to
determine pseudocontact shifts in metalloproteins with a
relatively long electron relaxation time and relatively small
pseudocontact shifts due to a small anisotropy of the g-
tensor. This is illustrated in Fig. 1, which clearly shows
that the WEFT-TOCSY experiment allows the observation of
additional paramagnetically broadened signals, such as the
signals of N33, H61, and Y88, which are not observed in the

9.4 9.2 9.0 8.8 8.6 8.4
1H (ppm)

5.4

5.2

5.0

4.8

4.6

4.4

9.4 9.2 9.0 8.8 8.6 8.4
1H (ppm)

5.4

5.2

5.0

4.8

4.6

4.4

1 H
 (

pp
m

)

Y88
F31

T28

T102

I101
E17

K24

T75

H61

T74

N33

K6

S67

E84F87

T86

L47
T72

V29
E30 L32

S9

G69A104 A46

I23

G 99 Y3

1 H
 (

pp
m

)

(a) (b)

Figure 1. (a) Excerpt of the TOCSY spectrum of a 1.9 mM sample of 100% oxidized A.v. plastocyanin at pH 7.0 and 100 mM NaCl.
The excerpt shows the cross peaks between the amide protons and the ˛-protons. (b) Same region of the WEFT-TOCSY spectrum
of a 2.7 mM sample of 100% oxidized A.v. plastocyanin at pH 7.0 and 100 mM NaCl. Red contours indicate positive intensity and
blue contours indicate negative intensity.
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conventional TOCSY experiment. In particular, suppression
of the water signal with the WEFT-TOCSY sequence allows
the observation of the H61 signal. The chemical shift values
of the 1H and 15N nuclei in the oxidized A.v. plastocyanin
are given in Table S3 in ‘Supporting information’.

Chemical shift contributions from intermolecular
interactions
Previously, short-lived transient protein–protein intermolec-
ular interactions were detected in A.v. plastocyanin.24 These
interactions were revealed by a dependence of the param-
agnetic relaxation enhancements of some of the 1H nuclei
on the protein concentration. The effect of this intermolec-
ular interaction on the observed pseudocontact shift was
investigated here by studying the concentration dependence
of the chemical shifts of the amide protons of the oxidized
form of plastocyanin. It was found that the chemical shifts
of the amide protons remain unchanged as a function of the
protein concentration in the range from 0.8 to 2.7 mM (data
not shown). Therefore, the measured pseudocontact shifts
arise solely from the dipolar interactions with the unpaired
electron of the copper ion within the same protein molecule,
while contributions from intermolecular interactions can be
neglected.

Choosing a diamagnetic reference
According to Eqn (1), the pseudocontact shift is obtained as
the difference between the chemical shift of the nucleus in
the paramagnetic protein and in an appropriate diamagnetic
reference, preferably a diamagnetic metal derivative of the
same metalloprotein with a close structural resemblance
to the paramagnetic protein. Furthermore, the diamagnetic
metal ion should have the same charge as the paramagnetic
ion in order to avoid chemical shift contributions from a
difference in the electric fields in the paramagnetic and the
diamagnetic form. In the case of A.v. plastocyanin, the most
readily accessible diamagnetic reference is the CuC protein.
Previously, it was shown that CuC and Cu2C plastocyanin
have nearly identical structures with only minor differences
in the first coordination sphere.25 – 27 However, because of the
different charges of the copper ion in the two forms, also
the Cd2C-substituted protein, i.e. Cd2C A.v. plastocyanin,
was used here as a diamagnetic reference. It has been
found that the overall structures of Cd2C-substituted blue
copper proteins,28,29 and other blue copper proteins in which
the copper ion is substituted by a different metal ion, e.g.
the Hg2C ion,30 are similar to the structures of the copper-
containing proteins.

The effect of the metal ion charge on the chemical shifts is
illustrated in Fig. 2, which shows the difference in chemical
shifts of the amide protons in CuC plastocyanin and the
Cd2C-substituted protein. As shown in the figure, the change
in the electric field caused by the different charges of the
metal ions highly influences the chemical shift values. In
particular, the amide protons located in the four loop regions
surrounding the metal site undergo significant changes in
chemical shift, as was also observed previously in the case
of pea plastocyanin.31 These changes clearly demonstrate the
importance of choosing a proper diamagnetic reference.
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Figure 2. The difference between the chemical shifts of the
amide protons in the Cd2C-substituted A.v. plastocyanin and
CuC A.v. plastocyanin as function of the residue number.

Experimental 1H and 15N pseudocontact shifts
Two sets of pseudocontact shifts were obtained using
either CuC plastocyanin or Cd2C-substituted plastocyanin as
the diamagnetic reference. The pseudocontact shifts were
obtained for the amide protons, the ˛-protons and the
backbone 15N nuclei in the protein. A total of 150 1H and 79
15N pseudocontact shifts were measured.

According to Eqn (2), the pseudocontact shift is inde-
pendent of the specific type of nucleus and depends only
on the position of the nucleus relative to the metal ion.
Thus, for an amide group in the protein, similar pseudo-
contact shifts are expected for the amide proton and the
amide 15N nucleus. However, as pointed out previously,32 – 34

the chemical shifts of the 15N nuclei are considerably more
sensitive than the 1H nuclei to small variations in the back-
bone torsion angles, the hydrogen bonding and the electric
field. Therefore, small local differences in these parameters
between the diamagnetic and the paramagnetic form of the
protein can compromise the measurement of the pseudocon-
tact shifts of the 15N nuclei. Erroneous 15N pseudocontact
shifts can be identified by comparing the observed pseudo-
contact shifts of the amide protons and the backbone 15N
nuclei. Thus, a significant difference (>0.2 ppm) in the pseu-
docontact shifts of the two types of nuclei was observed
previously in cytochromes and iron–sulfur proteins.35 – 41 As
shown in Fig. 3, similar differences are observed for A.v.
plastocyanin, independent of whether the CuC form or the
Cd2C-substituted form of the protein is used as the diamag-
netic reference. Therefore, the 15N pseudocontact shifts were
not used in the structure refinement of A.v. plastocyanin.

Agreement of the observed 1H pseudocontact
shifts with the protein structure
Initially, the agreement of the observed 1H pseudocontact
shifts with the solution structure of A.v. plastocyanin22 was
investigated. Thus, using the structural coordinates of the
protein (PDB: 1NIN)42 and the observed 1H pseudocontact
shifts, the orientation (the ˛, ˇ and 
 Euler angles) and
the components (gax and geq) of the anisotropic g-tensor
were estimated by a least-squares fit of Eqn (2) to the
data. Subsequently, the observed pseudocontact shifts were
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Figure 3. Comparison of the experimental pseudocontact
shifts (PCS) of the amide protons and amide 15N nuclei in Cu2C

A.v. plastocyanin obtained using CuC plastocyanin (a) and
Cd2C-substituted plastocyanin (b) as the diamagnetic
reference.

compared with the corresponding shifts calculated from
the g-tensor parameters obtained in the least-squares fit
and the solution structure,22 as shown in Fig. 4. The least-
squares fit was carried out using the pseudocontact shifts
obtained with both CuC plastocyanin (a) and the Cd2C-
substituted plastocyanin (b) as the diamagnetic reference.
The anisotropic g-tensor components obtained in the two
cases were, gax D 0.752 š 0.053, geq D �0.255 š 0.069 (CuC)
and gax D 0.535 š 0.029, geq D �0.100 š 0.036 (Cd2C).
Furthermore, in both cases gzz is oriented about 10° away from
the Cu–S(Met97) bond. These values should be compared
with the principal g values obtained previously for spinach
plastocyanin using EPR,43 i.e. gxx D 2.042, gyy D 2.059, and
gzz D 2.226, and a tilt angle of gzz relative to the Cu–S(Met97)
bond of about 5°. According to Eqns (3) and (4), the three g
values correspond to the g-tensor components, gax D 0.750
and geq D �0.070.

Figure 4 shows that the agreement between the observed
and the calculated pseudocontact shifts is only modest,
although the agreement appears slightly better when the
Cd2C-substituted plastocyanin is used as the diamagnetic
reference. This apparent disagreement between the two
sets of pseudocontact shifts could be due to a relatively
low precision of the solution structure of the protein
caused by an insufficient number of NOE restraints. This
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Figure 4. Comparison of the observed and the calculated 1H
pseudocontact shifts based on the solution structure of A.v.
plastocyanin.22 The calculated pseudocontact shifts were
obtained from the solution structure and the g-tensor
parameters, derived as described in the text using Eqn (2), the
solution structure, and the experimental pseudocontact shifts.
In (a), the CuC plastocyanin was used as the diamagnetic
reference. In (b), the Cd2C-substituted plastocyanin was used
as the diamagnetic reference.

is further supported by a comparison with the crystal
structure of Phormidium laminosum (P.l.) plastocyanin44 (PDB:
1BAW42), a plastocyanin that is, a close homologue to A.v.
plastocyanin (66% sequence identity). The crystal structure of
P.l. plastocyanin at 2.7 Å resolution was solved by molecular
replacement using the unpublished crystal structure of
A.v. plastocyanin at 1.7 Å resolution as a search model.44

Figure 5 shows a superposition of the backbones (residues
1–105) of the crystal structure of P.l. plastocyanin (red
trace) and the solution structure of A. v. plastocyanin
(green trace). The RMSD between the backbones of the
two structures is 1.62 Å. Figure 6 shows a comparison of
the observed and calculated pseudocontact shifts based on
the crystal structure of P.l. plastocyanin. Again, a least-
squares fit was carried out using both CuC plastocyanin (a)
and Cd2C-substituted plastocyanin (b) as the diamagnetic
reference. The obtained g-tensor parameters in the two cases
were, gax D 1.037 š 0.069, geq D �0.238 š 0.077 (CuC) and
gax D 0.841 š 0.032, geq D �0.048 š 0.035 (Cd2C). In both
cases gzz is oriented about 9° away from the Cu–S(Met97)
bond. Interestingly, a good agreement between the observed
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Figure 5. Superposition of the crystal structure of P.l.
plastocyanin44 (red trace) and the solution structure of A. v.
plastocyanin22 (green trace). The blue spheres indicate the
copper ions. The figure was prepared with PyMOL.45.

and calculated pseudocontact shifts is now obtained when
the Cd2C-substituted protein is used as a diamagnetic
reference. Also, the size and the orientation of the g-tensor
obtained in the least-squares fit are in good agreement with
the experimental values obtained previously for plastocyanin
from spinach43 (see above). In contrast, a rather poor
agreement is seen when the CuC protein is used as the
diamagnetic reference. These observations clearly indicate
that the Cd2C-substituted plastocyanin is a more appropriate
diamagnetic reference than CuC plastocyanin. As mentioned
above, this can be explained by the identical charges of the
diamagnetic Cd2C ion and the paramagnetic Cu2C ion. At
the same time, the agreement of the pseudocontact shifts
from A.v. plastocyanin with the structure of P.l. plastocyanin
support the above suggestion that the solution structure of
A.v. plastocyanin22 is less precise, and that a more precise
solution structure can be obtained by including the measured
pseudocontact shifts as restraints in the structure refinement.
As indicated by the similarity of the solution structure of A.v.
plastocyanin and the crystal structure of P.l. plastocyanin
(Fig. 5), only minor changes of the solution structure will lead
to a better agreement between the observed and calculated
pseudocontact shifts. Thus, the long-range pseudocontact
shifts may be sensitive to minor inaccuracies in the protein
structure that are not easily revealed by the conventional
NOE restraints.

Structure refinement
The refinement of the solution structure of A.v. plastocyanin
was carried out using the structure calculation program
Xplor-NIH.19,20 The 1H pseudocontact shifts obtained using
the Cd2C-substituted protein as the diamagnetic reference
were included as restraints in the structure refinement by
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Figure 6. Comparison of the observed and the calculated 1H
pseudocontact shifts based on the crystal structure of P.l.
plastocyanin.44 The calculated pseudocontact shifts were
obtained from the crystal structure of P.l. plastocyanin, and the
g-tensor parameters, derived as described in the text using
Eqn (2), the crystal structure and the experimental
pseudocontact shifts. In (a), the CuC plastocyanin was used as
the diamagnetic reference. In (b), the Cd2C-substituted
plastocyanin was used as the diamagnetic reference.

applying the module PARArestraints available for Xplor-
NIH.21 The module takes into account the pseudocontact
shifts through the energy penalty function21

E D kforce

∑
i

[max�jPCSi,obs � PCSi,calcj � toli, 0�]2 �5�

Here, kforce is the force constant, PCSi,obs are the observed
pseudocontact shifts, PCSi,calc are the calculated pseudocon-
tact shifts based on the protein structure and the g-tensor, and
toli is the uncertainty of the observed pseudocontact shifts.

Essentially, the structure refinement was carried out as
described in the example input file saCONV.inp.21 Thus,
the set of NOEs and dihedral angles22 were included in
the refinement of the solution structure of A.v. plastocyanin
obtained previously.22 A total of 50 structures were calculated
using the experimental pseudocontact shifts, the initial
values of the g-tensor parameters, gax D 1.72 and geq D �1.15,
and a force constant of 100 kcal mol�1 ppm�2. Subsequently,
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the g-tensor parameters were calculated from the 20% lowest
energy subset of the 50 structures. These parameters were
used in the next iteration where again 50 structures were
calculated. A total of ten iterations of the g-tensor parameters
were performed to ensure a complete convergence.

Figure 7 shows the iterative convergence of the g-tensor
parameters obtained from a fit of the tensor parameters to
the total data set of pseudocontact shifts. The final set of
values were gax D 0.689 and geq D �0.149. It is seen that
the value of gax obtained here is in good agreement with
the value obtained previously by EPR,43 while the value of
geq is slightly larger (numerically) than was determined by
EPR. In the lowest energy structure, gzz is oriented 6° away
from the Cu–S(Met97) bond. Figure 8 shows a comparison
of the observed and calculated pseudocontact shifts obtained
in the structure refinement. As it appears from the figure,
the agreement between the two sets of pseudocontact shifts
is now good.

Figure 9 shows ‘sausage’ diagrams (ten structures with
lowest total energy) of the structure obtained from the NOE
restraints alone (a) and the refined structure where also
the 1H pseudocontact shifts were included in the structure
determination (b). The backbone RMSD between the ten
structures is 0.86 Å before the refinement and 0.75 Å after
the refinement, indicating an improvement in the precision
of the solution structure when the pseudocontact shifts
are included as restraints. In particular, the pseudocontact
shifts result in a better determination of the structure in
loop regions close to the metal site where only few NOE
restraints are available. The PROCHECK46 Ramachandran
analysis was carried out using the ten structures with
lowest energy. The results before refinement were 53.5%
(most favored regions), 43.0% (additional allowed regions),
3.5% (generously allowed regions), and 0.0% (disallowed
regions). After refinement with pseudocontact shifts, the
results were 55.8% (most favored regions), 40.7% (additional
allowed regions), 3.5% (generously allowed regions), and
0.0% (disallowed regions).
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Figure 7. The iterative convergence of the anisotropic g-tensor
components, gax and geq, obtained using the module
PARArestraints for Xplor-NIH.21 The initial values of the tensor
parameters were gax D 1.72 and geq D �1.15, while the force
constant used for the pseudocontact shift restraints was
100 kcal mol�1 ppm�2.
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Figure 8. Comparison of the observed and calculated 1H
pseudocontact shifts of the solution structure with the lowest
energy obtained in the structure refinement. The calculated
pseudocontact shifts were obtained by the module
PARArestraints for Xplor-NIH.21

(a) (b)

Figure 9. (a) A ‘sausage’ diagram of the ten structures with
lowest total energy of the solution structure of A.v.
plastocyanin obtained using conventional NOEs and dihedral
angle restraints.22 (b) A ‘sausage’ diagram of the ten structures
with lowest total energy obtained in the structure refinement of
the solution structure of A.v. plastocyanin where also the 1H
pseudocontact shifts were included as restraints. In both
figures, the blue sphere indicates the copper atom. The figure
was prepared with MOLMOL.47

CONCLUSION

In conclusion, it has been shown that pseudocontact shifts
of 1H nuclei relatively close to the paramagnetic metal
ion can be determined accurately, using the WEFT pulse
sequence in combination with the TOCSY or the 1H–15N
HSQC sequences. As demonstrated here, this holds even
for a copper protein, where the signals are broad because
of a relatively long electron relaxation time, and the
pseudocontact shifts are small because of a relatively small
anisotropy of the g-tensor. Furthermore, the importance of
choosing an appropriate diamagnetic reference has been
investigated, and the influence on the chemical shifts
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of the electrical charge of the metal ion is emphasized.
Specifically, it is found that Cd2C-substituted plastocyanin is
a more suitable diamagnetic reference as compared with the
diamagnetic CuC-plastocyanin, due to an electrical charge
similar to that of the copper ion in the paramagnetic Cu2C-
plastocyanin. A structure refinement of plastocyanin that
includes 1H pseudocontact shifts as restraints, in addition
to the conventional NOEs and dihedral angle restraints,
improves the precision of the protein solution structure, in
particular, in loop regions close to the metal site where the
number of conventional NOE restraints is limited. In general,
the study indicates that the long-range pseudocontact shifts
are sensitive to minor inaccuracies in protein structures
that are not easily revealed by the conventional NOE
restraints.
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SUPPORTING INFORMATION

Tables listing the NMR samples used and the NMR experiments performed are available. Also, a table containing the
chemical shift values of the 1H and 15N nuclei of Cd2C-substituted A.v. plastocyanin and the paramagnetic Cu2C A.v.
plastocyanin is available at http://www.spectroscopyNOW.com/nmr/supplementary
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