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ABSTRACT: Information about the structure of a native nonmetalloprotein was obtained from the
pseudocontact shifts induced by a paramagnetic metal ion bound to the protein. The approach exploits
the presence of metal binding sites on the surface of the protein. UsingEscherichia colithioredoxin as a
model protein, we show that potential binding sites can be identified using the Cu2+ ion, and that
pseudocontact shifts induced by a Ni2+ ion bound to one of these sites can provide valuable long-range
structure information about the protein.

Paramagnetic metal ions are important tools in the studies
of the structure and function of proteins and nucleic acids.
In particular, the pseudocontact shifts of the protein nuclei
can provide valuable long-range structure information. These
shifts are caused by the dipolar interactions between the
nuclei and the unpaired electrons of the metal ion and can
be observed in the nuclear magnetic resonance (NMR)1

spectra of the proteins. This long-range structure information
is particularly valuable in the determination of the solution
structures of nucleic acids and proteins, where the conven-
tional NMR method fails because of an insufficient number
of observable nuclear Overhauser enhancements (NOEs), as
demonstrated for paramagnetic metallo-DNA complexes
(1-3), native paramagnetic metalloproteins (4-9), and
nonmetalloproteins with a tag-bound paramagnetic metal ion
(10-15).

Here, we show that paramagnetic metal ions can be used
in the structure determination of a native nonmetalloprotein,
even without the use of metal binding tags. The applicability
of this approach is suggested by the fact that many nonmet-
alloproteins bind metal ions, in particular on the surface of
the molecules. These metal ions may play an important role
for the stabilization or crystallization of the proteins, or they
may function as cofactors. Here, we demonstrate the potential
applicability of the pseudocontact shifts induced by a surface-
bound metal ion, to obtain long-range structure information
about a protein in solution.Escherichia coli (E. coli)
thioredoxin (Trx) was used as a model protein, while Ni2+

was used as the paramagnetic metal ion.

MATERIALS AND METHODS

NMR Samples.Cloning, expression, and purification of
E. coli Trx were performed as described previously (16).
The protein was dissolved in 90% H2O/10% D2O with 50
mM sodium choride. The protein concentration was either
0.5 mM or 1.0 mM. The oxidized form of the protein was
obtained by adding 5µL of 50 mM H2O2 to each NMR
sample (1.0 mM, 500µL). Coordination of the applied metal
ions was achieved by adding the appropriate amounts of
NiCl2‚6H2O, CuCl2‚2H2O, ZnCl2, or CdCl2‚2.5H2O to the
protein samples. After the addition of the metal ions, the
pH was adjusted to 7.0. The samples were sealed under
nitrogen.

NMR Experiments.The NMR experiments were carried
out at 298 K and a1H frequency of 500 MHz, using a Varian
Unity Inova 500 spectrometer equipped with a cold probe.
The 1H-15N HSQC spectra were collected with either 2048
or 4096 t2 data points and 150t1 slices. The sweep width
was 10 and 2.2 kHz in the1H and 15N dimension, respec-
tively. The TOCSY spectra consisted of 2048t2 data points
and 512t1 slices. The sweep width was 10 kHz in both
dimensions. In all experiments, the1H carrier was placed
on the residual HDO resonance.

RESULTS AND DISCUSSION

Locating Potential Binding Sites in Thioredoxin. Potential
metal binding sites on the surface of a protein can be located
using the paramagnetic Cu2+ ion. Thus, if Cu2+ binds
with an appreciable affinity to the protein surface, the
signals of nuclei spatially close to the binding site will
undergo substantial line broadening due to the long electron
relaxation time of Cu2+ and the dipole-dipole interaction
between the nuclei and the unpaired electron of Cu2+. This
approach was used here for locating a binding site on the
surface of Trx. Upon addition of an equivalent amount of
Cu2+ to a sample of metal-free Trx, several amide signals
in the 1H-15N HSQC spectrum of the Cu2+ containing
protein are broadened beyond detection due to the interaction
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with the unpaired electron (see Figure 1). As shown in
Figure 2, all protons with unobservable signals are spatially
close to the N-terminus, indicating the presence of a binding
site near the N-terminus of Trx. This binding site is also
found in the crystal structure of Trx (17). Thus, Trx
crystallized in the presence of cupric acetate reveals a Cu2+

ion bound to the N-terminal nitrogen atom of S1, the amide
nitrogen of residue D2, and the side chain atom OD1 of
residue D2.

As seen in Figure 1, the amide protons that are observed
in the HSQC spectrum of the Cu2+-containing protein only
give rise to single signals, indicating fast exchange between
the metal-free and the metal-bound forms of the protein.
Moreover, some of the signals are shifted relative to those
of the metal-free sample, indicating significant Cu2+-induced
pseudocontact shifts. To determine these shifts, the fraction
of metal-bound protein must be estimated. Although this can
be done on the basis of the longitudinal paramagnetic
relaxation of the1H nuclei (18), the reduced number of
observable signals makes Cu2+ less suitable here for gaining
information about the protein structure. Yet, the Cu2+-

protein interaction is valuable for identifying potential metal
binding sites.

The Interaction between Ni2+ and Thioredoxin.The
paramagnetic Ni2+ ion binds at the N-terminus of Trx in a
similar way as the Cu2+ ion, and with an apparent dissocia-
tion constant of 607µM (16). However, unlike the Cu2+ ion,
the exchange of the Ni2+ ion is slow (kex ) 13.5 s-1 for a
1.0 mM sample of Trx at pH 7.0 with 1.0 mM Ni2+), leading
to separate NMR signals from the metal-free and the metal-
bound form for several of the amide groups (see Figure 3).
Furthermore, the short electron relaxation time of the Ni2+

ion allows the observation of almost all the proton signals
of the metal-bound form. The chemical shift,δ, of a nucleus
in the metal-bound form is given by

where δdia is the chemical shift in the metal-free protein,
δstruct and δcharge are the chemical shift contributions from
the changes in structure and charge at the N-terminus caused
by the Ni2+ binding,δpcs is the pseudocontact shift, andδcon

is the contact shift caused by the scalar coupling between
the nucleus and the unpaired electrons. Here, the contact shift
is negligible, since only nuclei outside the first coordination
sphere are considered.

The changes in the overall structure of the protein upon
binding of the metal ion are only minor, as indicated by the
small difference between the crystal (metal-bound) structure
(17) (PDB: 2TRX) and the solution (metal-free) structure
(19) (PDB: 1XOA) of Trx. Furthermore, the1H chemical
shifts of the nuclei of the metal-bound form are unaffected
by the change in the charge at the N-terminus upon binding
of Ni2+. Thus, addition (equivalent amounts and excess) of
the diamagnetic Zn2+ and Cd2+ ions to the metal-free protein
solution has no significant effect on the HSQC spectrum.
This could reflect a substantially smaller binding affinity of
Zn2+ and Cd2+ as compared to Cu2+ and Ni2+. However,
also protonation of the N-terminus of Trx leaves the chemical
shifts of the1H nuclei beyond residue S1 unaffected (20).
Therefore, all taken together, the1H chemical shift changes
shown in Figure 3 must be dominated by Ni2+-induced
pseudocontact shifts. This is further supported by the
observation that the corresponding Cu2+- and Ni2+-induced
shifts for several residues (Figure 1 and Figure 3, respec-
tively) have opposite sign. These opposite shifts are incom-
patible with both charge- and structure-induced shifts and
can only be explained by differences in the size and/or
orientation of the magnetic susceptibility tensor of the Ni2+

and the Cu2+ ion. A similar observation has been made for
the blue copper protein azurin, where the Cu2+-induced
pseudocontact shifts have the opposite sign of the corre-
sponding shifts in the Ni2+-substituted protein (21).

It should be noted that accurate pseudocontact shifts are
obtained only if the slow exchange condition applies; that
is, the rate of exchange between the metal-free and the
Ni2+-bound protein is small compared to the chemical shift
difference between the two forms. For the rate constant,kex

) 13.5 s-1, estimated for this exchange process in a 1.0 mM
sample of Trx at pH 7.0 with 1.0 mM Ni2+ (16), the slow
exchange condition is fulfilled even for very small pseudo-
contact shifts (δpcs ) 0.03 ppm).

FIGURE 1: Superposition of the1H-15N HSQC spectrum of a 1.0
mM sample of metal-free Trx at pH 7.0 (blue peaks) and the1H-
15N HSQC spectrum of a 0.5 mM sample of Trx containing an
equivalent amount of the paramagnetic Cu2+ ion (red peaks).

FIGURE 2: Ribbon model of the solution structure of Trx. The red
spheres indicate the amide protons, the signals of which disappear
in the 1H-15N HSQC spectrum upon addition of the paramagnetic
Cu2+ ion to a sample of Trx.

δ ) δdia + δstruct+ δcharge+ δpcs+ δcon (1)
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The pseudocontact shift,δpcs, is given by (22)

Here,∆øax and∆øeq are the axial and the rhombic part of
the magnetic susceptibility tensor, respectively, andr, θ, and
φ are the spherical coordinates of the nucleus in the principal
coordinate system of the magnetic susceptibility tensor.

Experimental1H and15N Pseudocontact Shifts.According
to eq 2, the pseudocontact shifts are independent of the
specific type of nucleus. Therefore, comparable pseudocon-
tact shifts are expected for the1H and15N nuclei of the same
amide group. Yet, the observed Ni2+-induced pseudocontact
shifts are rather different for the two nuclei for a number of
residues in Trx, as shown by the comparison in Figure 4.
Similar differences in1H and 15N pseudocontact shifts
observed previously in iron-sulfur proteins and blue copper
proteins (23-27) were ascribed to minor differences in
structure and charge between the paramagnetic and diamag-
netic protein that cause (minor) changes of the15N chemical
shifts and not the1H chemical shifts. The latter conclusion
is supported by the fact that the15N chemical shifts are in
general more sensitive to small changes in the structure and
charge than are the1H chemical shifts (28, 29). Similar minor
changes in the15N chemical shifts upon Ni2+ binding could

explain the differences between the1H and15N pseudocontact
shifts shown in Figure 4. Furthermore, if delocalization of
the unpaired electron spin onto the 2pz orbitals of the15N
nuclei is present (30), an additional contribution to the15N
pseudocontact shifts is expected.

Here, only the1H pseudocontact shifts were used in the
structural refinement in order to minimize errors caused by
theδstructandδchargecontributions. Experimentally, the Ni2+-
induced1H pseudocontact shifts were obtained from either
the HSQC spectrum (amide protons) or the TOCSY spectrum
(R- and someâ-protons) of Trx containing an equivalent
amount of Ni2+. The assignment of the metal-bound form
was obtained by identifying the spin systems of the metal-
bound signals in the TOCSY spectrum. Nonzero pseudo-
contact shifts were obtained for the nuclei between 9 and
25 Å from the N-terminus of the protein, the size of the
pseudocontact shifts being dependent on the position of the
nuclei within the principal coordinate system of theø-tensor.

Contributions from other Metal Binding Sites on the
Protein Surface.Four additional metal binding sites, that is,
the side chain carboxylate groups of the residues D10, D20,
D47, and E85, are present on the surface of Trx. These are
weak Ni2+ binding sites (D10, 2.4 mM; D20, 4.6 mM; D47,
13.6 mM; and E85, 20 mM) with fast exchange of the Ni2+

ion (16) and no Ni2+-induced pseudocontact shifts. Thus,
for instance, no pseudocontact shifts are observed for T8,
D9, D10, S11, and F12 that all are close to the D10 site (see
Supporting Information).

The Reliability and Applicability of the Obtained Ni2+-
Induced1H Pseudocontact Shifts.Primarily, the agreement
of the obtained1H pseudocontact shifts with the solution
structure of Trx was investigated by including the pseudo-
contact shifts as restraints in a structural refinement, using
the Xplor-NIH program (31) and the module PARArestraints
(32). The structure refinement was carried out as described
previously (25). An initial structure of the metal-protein
complex was obtained from the solution structure ofE. coli
Trx (19) by including a Ni2+ ion at the N-terminal end of
the protein. The orientation and the size of the magnetic
susceptibility tensor were obtained during the refinement
protocol, where NOEs, dihedral angles, and the experimental
pseudocontact shifts were included as restraints. The initial

FIGURE 3: Part of the1H-15N HSQC spectrum of a 1.0 mM sample of Trx at pH 7.0 without (left) and with (right) 1.0 mM Ni2+. The labels
indicate the assignments of the different amide groups. Additional signals, corresponding to the metal-bound form of the protein, appear in
the spectrum of the protein sample containing the paramagnetic Ni2+ ion.

FIGURE 4: Comparison of the experimental Ni2+-induced pseudo-
contact shifts of the amide protons and the amide15N nuclei in
Trx.

δpcs)
1

12πr3[∆øax(3 cos2 θ - 1) + 3
2
∆ørh sin2 θ cos(2φ)]

(2)
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parameters chosen for the axial and the rhombic part of the
susceptibility tensor were∆øax ) 2.3 × 10-32 m3 and
∆ørh ) 0.0 × 10-32 m3, and 50 structures were calculated
for each of the 10 iterations of the tensor parameters. A
relatively small force constant of 7 kcal mol-1 ppm-2

was used for the paramagnetic restraints in order to inves-
tigate the agreement between the protein structure and the
observed pseudocontact shifts. A tolerance of 0.05 ppm
was used for all the experimental pseudocontact shifts.
During the refinement protocol, the tensor parameters
converge to∆øax ) 1.29× 10-32 m3 and∆ørh ) -0.59×
10-32 m3.

Figure 5 shows the distribution of the pseudocontact shifts
in the structure of Trx as well as the obtained orientation of
the magnetic susceptibility tensor within the molecular frame.
As it appears from the figure, the majority of the experi-
mental pseudocontact shifts are negative, in agreement with
the obtained orientation of the magnetic susceptibility tensor.
As shown in Figure 6, the experimental pseudocontact shifts
are in good agreement with the shifts calculated from the
protein structure and the susceptibility tensor. Further evalu-
ation of the agreement between the experimental and the
calculated pseudocontact shifts was made by omitting a small
portion (15 %) of the experimental pseudocontact shifts, and
back-calculating the shifts from the subsequent analysis. The
omitted pseudocontact shifts were randomly selected among
the 137 observables, and the procedure was repeated 10

times. The agreement between the omitted pseudocontact
shifts and the back-calculated shifts was evaluated through
theQ-parameter (33). An averageQ-parameter of 31( 3%
was obtained.

The structure of Trx is slightly improved upon refinement
with the experimental pseudocontact shifts. Thus, the back-
bone root-mean-square deviation (rmsd) of the 10 structures
with lowest total energy is 0.41 Å before the refinement and
0.34 Å after the refinement. However, the NMR solution
structure of Trx is based on a total of 2700 NOEs, which
makes it difficult to improve the structure further, and thereby
to evaluate the significance of the pseudocontact shifts.

Therefore, the usefulness of the experimental pseudocon-
tact shift as a replacement for the long-range NOE was
examined by using a reduced set of NOEs in the structure
calculation. The pseudocontact shifts are expected to be most
important in regions where the NOEs are difficult to obtain,
as for instance in flexible regions of the molecule or in
crowded spectral regions. However, the two kinds of
restraints are rather different in nature, the pseudocontact
shift being genuinely long-range in space, while the NOEs
are short-range in space and only long-range in the primary
structure. Therefore, it is not immediately apparent to what
extent such a replacement is possible or useful. To investigate
this, an increasing number of long-range NOEs were
randomly removed from the structure calculations, while the
experimental pseudocontact shifts, the short-range NOEs, and
the dihedral angles were retained as restraints. The total
number of long-range NOEs in Trx is 810. The calculations
were carried out using the following numbers of long-range
NOEs: 600, 400, 200, 100, 50, and 25. Within each group,
the calculation was repeated five times with different
randomly selected NOEs, and 50 structures were calculated
each time. The tensor parameters were kept fixed at∆øax )
1.29× 10-32 m3 and∆ørh ) -0.59× 10-32 m3 (see above),
and a force constant of 100 kcal mol-1 ppm-2 was used for
the paramagnetic restraints. For comparison, similar calcula-
tions were performed with the experimental pseudocontact
shifts excluded. The calculations show that the paramagnetic
restraints improve both the precision of the structure, defined
as the backbone rmsd of the ensemble of the 10 structures
with lowest energy, and the accuracy defined as the rmsd
between the lowest energy structure and the protein solution

FIGURE 5: The orientation of the magnetic susceptibility tensor within the molecular frame of the refined solution structure of Trx with the
experimental pseudocontact shifts. The green spheres indicate the paramagnetic Ni2+ ion. Amide protons with positive experimental
pseudocontact shifts are shown in red, while amide protons with negative pseudocontact shifts are shown in blue. Left panel: the view of
the molecule is identical to that in Figure 2. Right panel: different view of the molecule showing the agreement between the orientation
of the magnetic susceptibility tensor and the distribution of positive and negative pseudocontact shifts.

FIGURE 6: Comparison of the observed and calculated1H pseudo-
contact shifts. The calculated pseudocontact shifts were obtained
using the module PARArestraints available for Xplor-NIH (see text).
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structure (PDB: 1XOA). Thus, for example, if only 50 out
of the 810 long-range NOEs are included, the precision is
improved from 0.95 to 0.89 Å when the experimental
pseudocontact shifts are included as restraints, while the
accuracy is improved from 2.66 to 2.22 Å. If the number of
long-range NOEs are reduced to only 25, the precision is
improved from 1.75 to 1.54 Å, while the accuracy is
improved from 4.96 to 4.02 Å. It should be mentioned that
only a small improvement is seen, if the number of included
long-range NOEs exceeds 200. Furthermore, the Ramachan-
dran statistics are very similar with and without the para-
magnetic restraints included. Nevertheless, the study clearly
shows that the experimental pseudocontact shifts contain a
significant amount of structure information.

CONCLUSION

In conclusion, it is demonstrated that pseudocontact shifts
induced by the paramagnetic Ni2+ ion bound to the protein
surface can provide valuable structure information, even if
the metal binding affinity is modest. Also, it is shown that
potential metal binding sites on the surface of a native
nonmetalloprotein can be identified using the paramagnetic
Cu2+ ion as a probe. In general, the approach requires that
the bound metal ion gives rise to pseudocontact shifts that
can be measured. This in turn requires that a substantial
fraction of the protein is metal-bound, either because of a
sufficiently large binding constant or because of a sufficiently
large surplus of the metal ion. Preferably, the metal ion
should be Ni2+ or another paramagnetic metal ion with a
relatively fast electron relaxation rate to avoid excessive line
broadening. Potential candidates among metal binding
proteins are insulin, where the Zn2+ ion in the native Zn2+-
hexamer can be substituted by Ni2+ (34), human growth
hormone (35), andR-synuclein (36).
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