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Abstract

Four different approaches for determining the electron relaxation rates in paramagnetic metallo-proteins are investigated, using a

paramagnetic Ni2þ complex of a protein as an example. All four approaches rely on the determination of the longitudinal para-

magnetic relaxation enhancements, R1p, of the
1H nuclei and the backbone 15N nuclei. Three of the methods utilize the field de-

pendence of the R1p rates. It is found that the applicability of each of these methods depends on whether the fast-motion condition,

x2
Ss

2 � 1, applies to the electron relaxation, xS being the Larmor frequency of the electron spin S and s the correlation time of the

electron relaxation. If the fast-motion condition is fulfilled, the electron relaxation rate can be obtained from the ratio of the R1p

rates of one or more protons at two magnetic field strengths (method A). On the other hand, if the fast-motion condition does not

apply, more elaborate methods must be used that, in general, require a determination of the R1p rates over a larger range of magnetic

field strengths (method C). However, in the case of paramagnetic metal ions with relatively slow electron relaxation rates only two

magnetic field strengths suffice, if the R1p rates of a hetero nucleus are included in the analysis (method B). In the fourth method

(method D), the electron relaxation is estimated as a parameter in a structure calculation, using distance constraints derived from

proton R1p rates at only one magnetic field strength. In general, only methods B and C give unambiguous electron relaxation rates.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Paramagnetic metal ions are potential sources of in-

formation about the structure and function of metallo-

proteins. The unpaired electrons of a paramagnetic

metal ion located in a protein highly influence the

chemical shift and the relaxation rates of the protein
nuclei [1]. Indeed, nuclei located more than 20�A from

the metal can be affected by the paramagnetic ion, al-

lowing structural information to be derived from the

paramagnetic relaxation rates and the pseudo contact

shifts. This in turn can be used to refine the solution

structures of native metallo-proteins and nucleic acids

[2–5]. Similar long-range structural information can be

obtained by artificially incorporating a paramagnetic
metal ion in a protein using metal binding tags [6–8].
* Corresponding author. Fax: +45-35350609.

E-mail address: led@kiku.dk (J.J. Led).

1090-7807/$ - see front matter � 2003 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2003.12.009
Moreover, the paramagnetic relaxation and the pseudo

contact shifts can give information about intermolecular

interactions [9–11] and the biological function of me-

tallo-proteins [12,13].

To obtain the protein structure information from the

experimental paramagnetic relaxation enhancements,

the relaxation rate of the unpaired electron(s) of the
paramagnetic metal ion must be known. Here, we in-

vestigate four different NMR approaches for determin-

ing this relaxation rate. The metal ion used in the

investigation is the paramagnetic Ni2þ ion, while the

protein is Escherichia coli thioredoxin (Trx) extended at

the N-terminus with a metal binding tag. The tag con-

sists of two histidine residues and one proline residue

(HHP). The metal ion binds to the imidazole rings of the
two histidine residues, while the tag is attached to the

protein by the proline residue. Previously, it was shown

that this tag forms a well-defined complex with the Ni2þ

ion, where each Ni2þ ion binds two protein molecules

forming an asymmetric dimer [8].
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2. Theory

In all four approaches investigated here, the longi-

tudinal relaxation of the nuclei of the metallo-protein is

used as the source of information about the electron

relaxation. Unlike the transverse nuclear relaxation the

longitudinal relaxation is in most cases unaffected by

the internal mobility and the exchange processes in the

proteins [14], making the interpretation of the experi-
mental relaxation data more straightforward.

The longitudinal relaxation rate, R1, of the ligand

nuclei in a complex containing a paramagnetic metal ion

is given by:

R1 ¼ R1d þ R1p: ð1Þ
Here, R1d is the relaxation rate in an analogue dia-

magnetic compound and R1p is the paramagnetic re-
laxation enhancement. The paramagnetic relaxation

enhancement may contain contributions from the Fermi

contact relaxation [15–17], the Curie spin relaxation

[18,19], and the dipolar relaxation [20]. The Fermi

contact relaxation is caused by the modulation of the

electron–nucleus scalar coupling and is, therefore, im-

portant only for nuclei relatively close to the paramag-

netic ion. The Curie spin relaxation arises from the
dipolar interaction of the nuclear spin with the static

magnetic moment of the electron spin. The Curie spin

relaxation is modulated only by the rotational correla-

tion time of the protein [18,19] and can, therefore, easily

be taken into account if necessary. However, for small

proteins like thioredoxin, the longitudinal relaxation is

unaffected by this relaxation mechanism [1]. In such

cases, only the relaxation arising from the dipolar in-
teraction between the electron spin and the nuclear spin

contributes to the longitudinal paramagnetic relaxation

enhancement of the protein nuclei.

If the point dipole approximation applies, i.e., the

unpaired electrons are located at the metal ion, the

longitudinal paramagnetic relaxation enhancement is

given by [20]:

R1p ¼
2

15

l0

4p

� �2

SðS þ 1Þg2el2
Bc

2
I r

�6 3sc;1
1þ x2

I s
2
c;1

"

þ 7sc;2
1þ x2

Ss
2
c;2

#
: ð2Þ

Eq. (2) also assumes that the g-tensor is isotropic, and
that the zero field splitting (only for SP 1) is small

compared to the electron Zeeman energy [1]. In Eq. (2),

xI and xS are the Larmor frequencies of the nuclear

spin I and the electron spin S, respectively. Further-
more, cI is the gyromagnetic ratio of the nuclear spin I ,
ge is the electron g-factor, S is the electron spin quantum

number, lB is the Bohr magneton, and l0 is the per-

meability of free space. Finally, r is the distance between
the metal ion and the nucleus. In the absence of chemical
exchange, the correlation times, sc;1 and sc;2, can be
written as

sc;1 ¼ ðs�1
r þ R1eÞ�1

; ð3Þ

sc;2 ¼ ðs�1
r þ R2eÞ�1

: ð4Þ
Here, R1e and R2e are the longitudinal and the

transverse electron relaxation rates, respectively, while

sr is the correlation time for the rotational reorientation

of the complex. In Eq. (2), the term involving the

electron Larmor frequency, xS , is negligible, if x2
Ss

2
c;2

� 1. Since the electron Larmor frequency is

2� 1012 s�1 at a magnetic field strength of 11.74 T, this

condition holds for most paramagnetic metal ions.
Therefore, the term involving xS in Eq. (2) is important

only for very fast transverse electron relaxation rates

(R2e � 1012 s�1).

If the relaxation of the unpaired electrons of the

paramagnetic metal ion is governed by a modulation of

the zero field splitting in solution (only for SP 1), the

longitudinal and the transverse electron relaxation rates

take the form [21,22]:

R1e ¼
2D2

50
ð4SðS þ 1Þ � 3Þ sv

1þ x2
Ss2v

�
þ 4sv
1þ 4x2

Ss2v

�
; ð5Þ

R2e ¼
D2

50
ð4SðS þ 1Þ � 3Þ 3sv

�
þ 5sv
1þ x2

Ss2v

þ 2sv
1þ 4x2

Ss2v

�
: ð6Þ

Here, D2 is the mean squared fluctuation of the zero

field splitting and sv is the correlation time for the

modulation of the zero field splitting. For the para-

magnetic Ni2þ ion, the zero field splitting is the domi-

nant electron relaxation mechanism [1].

If the chemical exchange between the metal-free

(diamagnetic) and the metal-bound (paramagnetic) form
of the protein is fast, the observed nuclear relaxation,

R1o, is given by [23]:

R1o ¼ R1d þ fpR1p: ð7Þ
Here, fp is the fraction of the metal-bound protein

molecules. Thus, the paramagnetic relaxation enhance-

ment, R1p, can be obtained from the variation of the

observed longitudinal relaxation rates with the concen-

tration of the paramagnetic metal ion. The paramag-

netic relaxation enhancement can also be calculated

using Eq. (1), that is, as the difference between the re-

laxation in the paramagnetic complex and the relaxation
in an analogue diamagnetic complex.
3. Experimental

Uniformly 15N-labeled HHP-tagged thioredoxin

was prepared and purified as described previously [8].
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The protein was dissolved in 90% H2O/10% D2O with
50mM sodium chloride. The protein concentration

was 1.0mM in all NMR samples and 5 lL of 50mM

H2O2 was added to each sample (500 lL) to obtain

the pure oxidized form of HHP-Trx. The pH was

adjusted to 7.0 (meter reading) and the samples were

sealed off under nitrogen. Coordination of the Ni2þ

and the Zn2þ ions used as the paramagnetic probe

and the diamagnetic reference, respectively, was
achieved by addition of the appropriate amounts of

NiCl2 � 6H2O and ZnCl2 to the protein samples. The

concentration of the paramagnetic Ni2þ ion was var-

ied in the range from 0.0 to 1.0mM, while the con-

centration of the diamagnetic Zn2þ ion was either 0.35

or 1.0mM.

All NMR experiments were carried out at 298K and

at magnetic field strengths of 9.39, 11.74, 14.09, and
18.79 T using Varian Mercury 400 and Varian Unity

Inova 500, 600, and 800 spectrometers. In all experi-

ments, the 1H carrier was placed on the HDO residual

resonance located at 4.774 ppm at 298K [24]. The

longitudinal 1H relaxation rates of the amide protons

in the HHP-tagged thioredoxin were obtained from a

series of two-dimensional partially relaxed spectra ac-

quired using the inversion recovery (IR) 1H–15N
HSQC pulse sequence. The applied relaxation delays

were in the range from 0.01 to 8 s. The partly relaxed

spectra were recorded in a random order and a re-

current manner to eliminate systematic errors [25]. The

spectra were collected with t2 data points between 1680

and 2560, and the number of t1 slices was between 120

and 180. The sweep widths were between 7.0 and

12.5 kHz in the 1H dimension and between 1.8 and
3.2 kHz in the 15N dimension. The longitudinal relax-

ation rates were extracted from the spectra by an ex-

ponential three-parameter fit using peak intensity

versus the delay times.

The 15N longitudinal relaxation rates were measured

at 11.74T using the gradient sensitivity-enhanced

pulse sequences [26]. The R1 experiment was col-

lected with 2048 t2 data points, 160 t1 slices, and 12
relaxation delays in the range from 0.010 to 1.911 s.

The sweep widths were 10 and 2 kHz in the 1H and 15N

dimensions, respectively. The 15N R1 relaxation rates

were extracted from the spectra by an exponential

two-parameter fit of the signal intensities versus the

delay times.
Fig. 1. The ratio of the paramagnetic relaxation enhancements at two

different magnetic field strengths (11.74 and 18.79T) calculated from

Eq. (2). It is assumed that the electron relaxation rates are field inde-

pendent and that R1e ¼ R2e.
4. Results and discussion

Four different methods (methods A–D) for de-

termining the electron relaxation rates of paramag-
netic metal ions were investigated, using the Ni2þ

complex of HHP-tagged thioredoxin as the model

compound.
4.1. Method A: determination of R1e from the ratio of

proton R1p rates at two magnetic field strengths

The simplest method for determining the longitudinal

electron relaxation rate, R1e, uses the nuclear paramag-

netic relaxation enhancements, R1p, at two different

magnetic field strengths [6,27]. This method is applicable

when the electron relaxation rate is in the fast-motion

regime, that is x2
Ss

2 � 1, s being the correlation time of
the electron relaxation. In that case, the following con-

ditions apply according to Eqs. (5) and (6):

1. The electron relaxation rates are field independent.

2. The longitudinal and the transverse electron relaxa-

tion rates are identical.

The conditions 1 and 2 ensure that sc;1 and sc;2 are

field independent and that sc;1 ¼ sc;2 (see Eqs. (3) and

(4)). Therefore, the ratio of the R1p rates of a given
nucleus at two magnetic field strengths depends on only

one unknown parameter, sc;1, according to Eq. (2).

However, the determination of the electron relaxation

rate might still be ambiguous. This is illustrated in

Fig. 1, which shows the variation of the ratio

R11:74T
1p =R18:79 T

1p with the correlation time sc;1 under these
conditions. Thus, a field dependence corresponding to a

ratio smaller than approximately 1.3 results in three
possible values of the correlation time sc;1. This ambi-

guity stems from the fact that the two terms within the

brackets in Eq. (2) dominate at different correlation

times, i.e., the solutions around sc;1 � 10�12 s arise from

the xS-dependent term, while the solutions above

sc;1 � 10�10 s arise from the xI -dependent term.

To investigate the applicability of method A to the

Ni2þ complex of HHP-Trx, the R1p rates of the amide
protons in HHP-Trx were determined at 11.74 and

18.79 T. The R1p rates were calculated using Eq. (7). The

R1d rates were obtained from a 1.0mM sample of HHP-

Trx containing 0.35mM Zn2þ, while the R1o rates were
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obtained from a 1.0mM sample of HHP-Trx containing
0.35mM Ni2þ. Since each Ni2þ ion binds two protein

molecules [8], this corresponds to a fraction of Ni2þ-
bound HHP-Trx, fp, of 0.7.

The experimental data show that the ratios of the R1p

rates at 11.74 and 18.79 T of the individual amide pro-

tons in HHP-Trx are approximately constant through-

out the entire protein sequence with a weighted average

of 1.23� 0.02. According to Fig. 1 this ratio corre-
sponds to three possible values of the correlation time

sc;1 and, thus, three values of the longitudinal electron

relaxation rate, R1e. Using Eq. (3) and the rotational

correlation time sr ¼ 8:76 ns obtained previously for the

Zn2þ complex of HHP-Trx [8], the following values of

the longitudinal electron relaxation rates were obtained:

R1e ¼
ð7:0� 0:3Þ � 109 s�1;
ð2:8� 0:3Þ � 1012 s�1;
ð1:4� 0:2Þ � 1012 s�1:

8<
: ð8Þ

Usually, the electron relaxation rate of the Ni2þ ion is

in the range from 1010 to 1012 s�1 [1]. Therefore, none of

the three solutions in Eq. (8) can be ruled out in the case

investigated here.

For metal ions with slower electron relaxation rates,

such as the Mn2þ and Cu2þ ions, the xS-dependent term

in Eq. (2) is negligible, and only the solution corre-
sponding to the sc;1 value above approximately 10�10 s

(Fig. 1) applies. In such cases unambiguous and reliable

R1e rates can be obtained from the field dependence of

the nuclear R1p rates [6]. Only if the field dependence of

R1p corresponds to sc;1 values larger than approximately

10�9 s�1, the R1p ratio becomes increasingly unaffected

by variations in sc;1, as shown in Fig. 1.

Finally, it should be noted that even if x2
Ss

2 � 1, the
field dependence of R1p is independent of the correlation

time, sc;1, if either x2
Ss

2
c;2 � 1 or x2

I s
2
c;1 � 1. In the first

limit, the ratio of the paramagnetic relaxation en-

hancements is equal to 1 according to Eq. (2), while in

the second limit it is given by the square of the magnetic

field ratio. Only a lower or an upper bound of the cor-

relation time, sc;1, can be obtained in these limits.

Unfortunately, it is normally unknown whether
x2

Ss
2 � 1 and, thereby, whether the electron relaxation

rates are field independent. Therefore, in general, other

methods that are described below must be used.

4.2. Method B: determination of R1e from the ratio of the

R1p rates of protons and hetero nuclei at two magnetic

field strengths

If the condition x2
Ss

2 � 1 does not apply, the electron

relaxation rates are field dependent and will, by them-

selves, give rise to a field dependence of R1p, in addition

to the field dependence of the Larmor frequency terms

in Eq. (2). Therefore, R1p rates at more than two mag-

netic field strengths must, in general, be used to deter-
mine all the involved parameters. However, if the xS-
dependent term in Eq. (2) is negligible, the necessary

field dispersion can be achieved with only two magnetic

field strengths, by combining the R1p rates of nuclei with

different gyromagnetic ratios. Thus, it was shown pre-

viously [28] that a combination of R1p rates of 1H and
13C nuclei at 11.74 and 17.61 T allows a determination

of the R1e rate of the Cu
2þ ion in plastocyanin, as well as

a determination of the field dependence of this rate.
Since the xS-dependent term in Eq. (2) is negligible for

this copper protein at the applied magnetic field

strengths, R1p will depend on only one correlation time,

sc;1, according to Eq. (2). Thus, for each kind of nucleus,

i.e., 1H and 13C, the ratio R11:74T
1p =R17:61T

1p depends on two

unknowns, s11:74Tc;1 and s17:61Tc;1 . However, the ratios for

the 1H and 13C nuclei are different because of the dif-

ferent Larmor frequencies. Therefore, two equations in
the two unknowns, s11:74Tc;1 and s17:61Tc;1 , were obtained

from the experimental R11:74 T
1p =R17:61T

1p ratios of the two

kinds of nuclei, allowing the correlation times at the two

field strengths to be determined.

Here, this approach was considered for the determi-

nation of the R1e rate of the Ni2þ ion in HHP-Trx, using

the R11:74 T
1p =R18:79T

1p ratios of the 1H and 15N nuclei in the

protein. However, the approach is not applicable to this
particular case for three reasons. First, the xS-depen-

dent term in Eq. (2) may not be neglected for the Ni2þ

complex of HHP-Trx because of a possible fast electron

relaxation rate of the Ni2þ ion (R1e � 1012 s�1, see Eq.

(8)). Second, R1e 6¼ R2e since the electron relaxation is

not in the fast-motion regime (x2
Ss

2
v � 1 does not ap-

ply). Consequently, four unknowns, s11:74Tc;1 , s18:79Tc;1 ,

s11:74Tc;2 , and s18:79Tc;2 , are involved. Third, the R1p rates of
the 15N nuclei are considerably smaller than those of the
13C and 1H nuclei for the same distance from the Ni2þ

ion, because of the smaller 15N gyromagnetic ratio. This

is illustrated in Fig. 2 for a metal nucleus distance of

10�A. Thus, the R1p rate of the
15N nuclei at this distance

nearly vanishes for correlation times shorter than

10�10 s�1, while the R1p rate of 13C is still measurable,

and the R1p rate of 1H is significant.
In accordance with this, the experimental 15N R1 re-

laxation rates (data not shown) in a sample containing

an equivalent amount of Ni2þ are comparable to the R1

relaxation rates of the 15N nuclei in a sample with an

equivalent amount of Zn2þ. Therefore, the backbone

nitrogens of HHP-Trx are located too far from the Ni2þ

ion to be affected by the unpaired electrons. In fact,

slightly negative R1p rates were obtained for some of the
15N nuclei, indicating a difference between the rotational

correlation times of the Ni2þ and the Zn2þ HHP-Trx

dimer complexes.

Thus, method B might be the method of choice in

cases of metal ions with relatively slow electron relaxa-

tion rates, such as Cu2þ and Mn2þ, where the xS-de-

pendent term in Eq. (2) can be neglected. This holds in



Fig. 3. The field dependence of the proton R1p rates for different values

of sv and D, assuming that the mechanism of the electron relaxation is

a modulation of the zero field splitting. The R1e and R2e rates were

calculated using Eqs. (5) and (6), the metal–nucleus distance r ¼ 15�A,

and the electron spin S ¼ 1. The R1p curves were calculated using Eqs.

(2)–(4). (A) The field dependence of R1p for three different values of the

correlation time, sv, assuming a constant zero field splitting

D ¼ 1:3 cm�1; continuous curve, sv ¼ 1� 10�13 s; dashed curve,

sv ¼ 5� 10�13 s; dotted curve, sv ¼ 1� 10�12 s. (B) The field depen-

dence of R1p for three different values of the zero field splitting pa-

rameter, D, assuming a constant correlation time sv ¼ 1:7� 10�13 s;

continuous curve, D ¼ 0:5 cm�1; dashed curve, D ¼ 0:9 cm�1; and

dotted curve, D ¼ 1:3 cm�1.

Fig. 2. The paramagnetic relaxation enhancement, R1p, for
1H, 13C,

and 15N nuclei as a function of the correlation time, sc;1. The curves

were calculated using Eq. (2) and S ¼ 1, B0 ¼ 11:74T, and r ¼ 10�A. It

was assumed that R1e ¼ R2e.
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particular if 13C is used as the hetero nucleus. However,
in the case of metal ions with relatively fast electron

relaxation rates, where the xS-dependent term in Eq. (2)

cannot be neglected, the methods discussed below are

more applicable.

4.3. Method C: determination of R1e and R2e from proton

R1p rates over a wide range of magnetic field strengths

If neither the condition x2
Ss

2 � 1 applies nor can the

xS-dependent term in Eq. (2) be neglected, a more rig-

orous method for determining the electron relaxation

rates must be applied, where all the unknown parame-

ters that affect the electron relaxation are determined.

This, in turn, requires that the mechanism for the elec-

tron relaxation is known. In the case of paramagnetic

Ni2þ complexes in solution, the dominant mechanism
for the electron relaxation is a modulation of the zero

field splitting [29]. Therefore, the R1e and R2e rates of the

Ni2þ ion are given by Eqs. (5) and (6), where the un-

known parameters are sv and D.
In most paramagnetic Ni2þ complexes, the electron

relaxation rates, R1e and R2e, dominate the correlation

times, sc;1 and sc;2, for the nuclear relaxation, R1p. Thus,

using Eqs. (2)–(6), the electron relaxation parameters, sv
and D, can in principle be determined from the field

dependence of the R1p rates, together with the corre-

sponding metal–nucleus distance, r.
To investigate the dependence of the nuclear relaxa-

tion on sv and D, the field dependence of the proton R1p

rates was plotted for different values of the two pa-

rameters, as shown in Fig. 3. The R1e and R2e rates were

calculated using Eqs. (5) and (6) and values of sv and D
normally observed in paramagnetic Ni2þ complexes [30].

The metal–nucleus distance was r ¼ 15�A and the elec-

tron spin was S ¼ 1. As illustrated in Figs. 3A and B, the

field dependence of R1p varies considerably with the
correlation time, sv, and the zero field splitting, D. This
clearly suggests that the field dependence of R1p can
provide information about sv and D.

Therefore, the R1p rates of the amide protons in

HHP-Trx were measured at four different magnetic field

strengths, 9.39, 11.74, 14.09, and 18.79 T. The para-

magnetic relaxation enhancements were obtained from

Eq. (1) using samples of 1.0mM HHP-Trx containing

equivalent amounts of Ni2þ and Zn2þ, respectively. A
total of 20 amide protons with well-resolved NMR sig-
nals were included in the least squares analysis of the

field dependence of the R1p rates. Fig. 4 shows the field

dependence of the paramagnetic relaxation enhance-

ments for three representative amide protons. The

solid curves correspond to the least squares fit of the



Fig. 4. The field dependence of the paramagnetic relaxation enhance-

ment for three selected nuclei, V16NH, L17NH, and V91NH. The curves

correspond to the least squares fit of Eqs. (2)–(6).
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Eqs. (2)–(6). Although the field dependence of the re-

laxation enhancements is only minor, the experimental

data is sufficiently versatile to determine all the involved

electron relaxation parameters. Thus, the parameters sv,
D, and a distance r for each nucleus included in the
calculation, were derived from the experimental data.

Table 1 shows the parameters obtained in the fit to-

gether with the calculated electron relaxation rates at

11.74 and 18.79 T. The obtained zero field splitting,

D ¼ 1:33� 0:07 cm�1, is in good agreement with the

value of 1.07� 0.04 cm�1 found previously for the

Ni(His)2þ2 complex in water solution [30,31]. Moreover,

x2
Ss

2
v ¼ 0:12 at 11.74 T, while x2

Ss
2
v ¼ 0:32 at 18.79 T.

Accordingly, the electron relaxation rates are field de-

pendent in the observed field range although only to a

minor degree, while R1e and R2e are only slightly differ-

ent. The R1e values of (7.6� 0.9)�109 s�1 and

(5.4� 0.6)�109 s�1 at 11.74 and 18.79 T, respectively,

should be compared with the value of

(7.0� 0.3)�109 s�1 obtained by method A. The fact that

a reasonable value is obtained by the latter method can
be ascribed to the relatively weak field dependence

of R1e.

The analysis here assumes that the electron relaxation

mechanism is known. However, it is applicable also for

mechanisms different from the zero field splitting mod-

ulation, e.g., a modulation of the anisotropy of the

g-tensor [32]. In that case Eqs. (5) and (6) must be
Table 1

The electron relaxation parameters, D and sva ;b, and the values of the longi

D (cm�1) sv � 1013 (s) R1e
c�10�9 (s�1)

1.33� 0.07 1.70� 0.25 7.6� 0.9

aObtained in the least squares fit of the field dependence of the R1p rates
bAt 298K and pH 7.0.
cAt a magnetic field strength of 11.74T.
dAt a magnetic field strength of 18.79T.
substituted by other similar equations that model the
specific mechanism. Only if more than one mechanism

contribute to the electron relaxation, will the method fail

because of the large number of parameters involved in

the analysis.

4.4. Method D: determination of R1e from structure

calculations using distances from the proton R1p rates as

constraints

The electron relaxation rate can also be determined as

a parameter in a conventional structure calculation,

where distances derived from R1p rates are included as

constraints [7]. This method requires only one magnetic

field strength.

According to Eqs. (2)–(4), the electron–nucleus dis-

tances derived from the experimental R1p rates depend
on the electron relaxation rates. By including these dis-

tances as constraints in the calculation of the protein

structure, also the energy, EPARA, associated with the

paramagnetic distance constraints will depend on the

electron relaxation rates. Consequently, if R1e ¼ R2e,

that is if the fast-motion condition (x2
Ss

2 � 1) applies,

or if the xS-dependent term in Eq. (2) is negligible, the

electron relaxation rate, R1e, can be estimated from the
minimum of the EPARA energy obtained in a series of

structure calculations, where the size of the correlation

time, sc;1, is varied [7].

To obtain accurate values of the distance constraints,

a Ni2þ titration of a 1.0mM sample of HHP-Trx was

performed, using 10 Ni2þ concentrations in the range

from 0.0 to 2.0mM. Thus, the variation of the longitu-

dinal relaxation rates of the amide protons with in-
creasing Ni2þ concentration was measured at 11.74 T,

and the R1p rates were obtained from the slope of the

variations according to Eq. (7). Previously, it was found

that each Ni2þ ion binds two protein molecules in an

asymmetric dimer [8]. Also it was found that the side

chain carboxylate groups of the aspartic and glutamic

acid residues are weak binding sites for the Ni2þ ion as

compared to the HHP-tag. This results in additional
paramagnetic relaxation of the amide protons spatially

close to these sites. However, numerous amide protons

are still affected only by the HHP-bound Ni2þ.
Here, the structure of the asymmetric dimer complex

of HHP-Trx was refined using 26 paramagnetic distance
tudinal and the transverse electron relaxation rates

R2e
c�10�9 (s�1) R1e

d�10�9 (s�1) R2e
d�10�9 (s�1)

9.4� 1.5 5.4� 0.6 8.2� 1.2

(method C, see text).
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constraints from amide protons that are affected only by
the HHP-bound Ni2þ. The constraints were derived

from the R1p rates using Eq. (2). All structure calcula-

tions were carried out using the program XPLOR [33],

as described previously [8]. The paramagnetic distance

constraints were included in the structural refinement

using the NOE square well energy function. The struc-

ture of the monomer was determined from published

NOE and dihedral angle constraints [34] and fixed
during the dimer refinement with the paramagnetic

constraints. Initially, a value of sc;1 was selected. An

estimated uncertainty of 10% of the selected sc;1 value

and the experimental uncertainties of the R1p rates were

used in the calculation of the uncertainty of the para-

magnetic distance constraints. Structural refinements of

60 structures were carried out and the 20 structures with

the lowest total energy were selected. Subsequently, the
10 structures with the lowest energy of the paramagnetic

distance constraints were selected for further investiga-

tion. The energy, EPARA, was then calculated as the

average of the energy of the paramagnetic distance

constraints in these 10 structures. This procedure was

repeated for a series of correlation times in the range

from sc;1 ¼ 10�10:4 s to sc;1 ¼ 10�8:6 s.

Fig. 5 shows the energy of the paramagnetic distance
constraints, EPARA, as a function of sc;1. Two local en-

ergy minima are obtained, located symmetrically around

a sc;1 value of 10�9:5 s. The two minima are obtained

since each R1p rate and thus each paramagnetic con-

straint corresponds to two correlation times, according

to Eq. (2) and Fig. 2.

For the rotational correlation time sr ¼ 8:76 ns, ob-
tained previously for the Zn2þ complex of HHP-Trx [8],
Fig. 5. The energy contribution, EPARA, from the paramagnetic dis-

tance constraints to the total energy of the structure as a function of

the correlation time sc;1. Structural refinement of a total of 60 struc-

tures were performed for each value of the correlation time sc;1. Ini-
tially, 20 structures with the lowest total energy were selected for

further investigation. Subsequently, the energy, EPARA, was calculated

as the average of the energies in the 10 structures with the lowest en-

ergy of the paramagnetic distance constraints.
the minima in Fig. 5 correspond to the longitudinal
electron relaxation rates:

R1e ¼
ð7:8� 0:5Þ � 109 s�1;
ð1:2� 0:5Þ � 109 s�1:

�
ð9Þ

The R1e rate of (7.8� 0.5)�109 s�1 is in good agree-

ment with the value obtained by method C. However, as
in the case of method A, more than one solution are

obtained. Therefore, method D provides a unique elec-

tron relaxation rate only if one of the two solutions can

be excluded on the basis of alternative information.

Thus, for instance, if the R2p rate corresponding to one

of the obtained R1e values exceeds the observed line

width, the solution can be excluded. However, this ap-

proach does not remove the ambiguity of the solution
obtained here.
5. Conclusions

The study shows that the choice of NMR method

for determining the electron relaxation rates, depends

on whether the fast-motion condition, x2
Ss

2 � 1, ap-
plies. If the condition applies, the simpler method A

can be used, that is, only the ratio of the longitudinal

paramagnetic relaxation of a nucleus at two magnetic

field strengths is required. If the fast-motion condition

does not apply, method B can be used if, furthermore,

the xS-dependent term in Eq. (2) is negligible. The

latter condition holds for metal ions with relatively

slow relaxing electrons, in particular at the high mag-
netic field strengths used nowadays. In that case, the

R1e rate can be derived from the ratios of the para-

magnetic relaxation rates of two different kinds of nu-

clei obtained at two magnetic field strengths. On the

other hand, if the xS-dependent term in Eq. (2) con-

tributes significantly to the R1p rate, the more elaborate

method C must be used, where the paramagnetic re-

laxation rates of a nucleus or a number of nuclei are
measured at a series of magnetic fields strengths. Unlike

method A, methods B and C give unambiguous elec-

tron relaxation rates. Finally, the electron relaxation

rate can be obtained from a conventional structure

calculation that includes distance constraints derived

from the R1p rates obtained at only one magnetic field

strength (method D). This method requires that the xS-

dependent term in Eq. (2) is negligible or that the fast-
motion condition applies. However, as with method A

the result is ambiguous.

It should be noted, however, that irrespective of the

limitations of method A and method D, it is found that

both methods give rather accurate values of the electron

relaxation rate of the specific Ni2þ protein complex in-

vestigated here, despite the fact that the electron relax-

ation of the unpaired electrons is somewhere between
the fast-motion and the slow-motion regimes.
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