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Abstract
15N-1H 1J couplings were measured at 500 MHz and 800 MHz for15N enriched oxidized cytochromeb562 from
E. coli. The magnetic field dependence of 701J values, which could be measured without signal overlap, shows that
there is a molecular magnetic anisotropy which provides partial molecular orientation in the magnetic field and,
consequently, residual dipolar couplings (rdc). The rdc were used as further constraints to improve the existing
structure [Arnesano et al. (1999)Biochemistry, 38, 8657–8670] with a protocol which uses the rhombic anisotropy
[Banci et al. (1998)J. Am. Chem. Soc., 120, 12903–12909]. The overall large molecular magnetic anisotropy
has been found to be determined by both the low spin iron (III) and the four helix bundle structure magnetic
susceptibility anisotropy contributions.

Abbreviations:cyt b562, cytochromeb562; rdc, residual dipolar couplings; pcs, pseudocontact shifts; RMSD: root
mean square deviation.

Introduction

Residual dipolar couplings (rdc hereafter), which re-
sult from partial orientation of the molecule in solution
when located in high magnetic fields (Lohman and
Maclean, 1978,a,b, 1981; Domaille, 1980; Bothner-
By et al., 1981, 1984, 1985; Gayathri et al., 1982; van
Zijl et al., 1984; Bothner-By, 1996), are a precious
source of structural constraints (Tolman et al., 1995;
Tjandra et al., 1996, 1997; Banci et al., 1998; Clore
et al., 1998; Clore and Gronenborn, 1998; Bayer et al.,
1999; Biekofsky et al., 1999; Bolon et al., 1999; Fis-
cher et al., 1999). The partial orientation is caused by
the molecular magnetic anisotropy which, in case of
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diamagnetic proteins, depends on the folding and the
shape of the protein itself.

In the case of paramagnetic metalloproteins, with
sizeable magnetic susceptibility anisotropy originat-
ing from the metal ion, a sizeable partial orientation
is expected. Up to now, oxidized cytochromeb5 has
been investigated (Banci et al., 1998), where the con-
tribution to the molecular magnetic anisotropy was
mainly determined by the paramagnetic anisotropy of
the metal ion itself. The latter was decreased by the
diamagnetic contribution of the heme ring, whose ax-
ial anisotropy has opposite direction with respect to
that of the metal ion.

The oxidized cytochromeb562 (cyt b562 hereafter)
from E. coli contains a heme with an unpaired elec-
tron, like cytb5, and has a particular structure which
is known as four-helix bundle. Its solution structure
is already available (Arnesano et al., 1999). The iron
ion cycles between the 3+ and 2+ oxidation states,
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always in the low spin state. The iron ion is six co-
ordinated to ab-type heme and to a histidine and a
methionine as axial ligands. Helices constitute 80%
of the total protein, the rest of the residues being in-
volved in loops. We show that the protein undergoes
significant residual orientation, which can be used as a
source of structural constraints and, indeed, rdc’s have
been here introduced to refine the solution structure.
Furthermore, the relative contributions to the overall
magnetic anisotropy of the molecule have been ad-
dressed, i.e. (i) the diamagnetic protein contribution,
which is determined by the particular protein struc-
ture, the typical four-helix bundle folding (Hamada
et al., 1995), (ii) the paramagnetic contribution of the
Fe3+ ion, which was previously determined through
the analysis of pseudocontact shifts (pcs) and (iii) the
diamagnetic contribution of the heme.

Materials and methods

Sample preparation
The 15N labeledEscherichia colicyt b562 was pre-
pared as described before (Arnesano et al., 1999). The
samples used for NMR spectroscopy are 3 mM in pro-
tein, in 500 mM phosphate buffer at pH 4.8 in 90%
H2O and 10% D2O.

The reduced form of cytb562 was obtained by
adding 75µL of a degassed 0.086 M solution of
sodium dithionite to a degassed 2 mM sample of oxi-
dized cytb562. Both solutions were in a 500 mM phos-
phate buffer at pH 4.8. Degassing was performed by
putting the solutions under argon for at least 45 min.
After reducing, the sample was kept under argon for
another 15 min, after which the NMR tube was closed
airtight.

NMR spectroscopy
NMR experiments were carried out at 25.0◦C on a
Bruker AVANCE 800 operating at 800.13 MHz, and
Bruker AVANCE 500 and VARIAN 500 spectrome-
ters (the latter one was used for the oxidized form),
operating at 500.13 MHz. The temperature was cali-
brated by measuring the difference in chemical shift
between hydroxyl and methylene peaks of a sample of
80% ethyleneglycol in DMSO.

The intensities of cross peaks in a15N-1H 1J-
modulated HSQC as a function of the 21 delay in the
pulse sequence (I(21)) are related to the experimental
parameters and the N-H J couplings by the equation

(Tjandra et al., 1996):

I (21) = I0 [−A+ cos(2πJNH1)] exp

(
−21

T ∗2

)
(1)

where I0 is the intensity of the cross peak when1 is
null, A is a term which accounts for the unmodulated
fraction of magnetization due to pulse imperfection
and 1/T∗2 is the effective decay rate of the transverse
15N magnetization. To account for the dephasing an-
gle during the 180◦ 15N pulse (Tjandra et al., 1996),
the delay (21 in Equation 1) should be corrected by
addition of a fraction (2/π) of the refocusing 180◦ 15N
pulse duration.

As suggested (Tjandra et al., 1996), 21 values
should be chosen as two sets of symmetric values
around (2n+1)/2J, where n is an integer, in order to
optimize the accuracy of the measurement of J. For
this purpose three spectra were recorded with 21 de-
lays of 47, 54 and 62 ms. The best values of n, that
depend on the value of T∗2, were found to be 4 and 5.

One set of 10 experiments at 800 MHz, each con-
sisting of 48 scans for the oxidized and 16 scans for
the reduced form, was performed with dephasing de-
lays, 21, of 45.2, 46.0, 47.6, 48.8, 50.2, 56.4, 57.8,
58.4, 60.0 and 61.0 ms and a control experiment was
run with a dephasing delay of 45.2 ms. With the same
21 values two identical sets of 10 experiments, each
consisting of 32 scans, were performed for both the
oxidized and the reduced form at 500 MHz. In addition
to the above 10 experiments, a further experiment was
performed for the reduced protein at 500 MHz with
a dephasing delay of 62.6 ms. The 180◦ 15N pulse
ranged from 60 to 70µs on all three spectrometers.

After multiplication by a 90◦-shifted sine-bell,
the 2D spectra were baseline corrected. Cross peaks
were integrated defining rectangular boxes at the noise
level, except for overlapping cross peaks, for which
smaller boxes were chosen in order to keep non-
biased data. For the integration of the spectra that
were recorded on the VARIAN 500 spectrometer, the
NMRView program (Johnson and Blevins, 1994) was
used. For the spectra that were recorded on the Bruker
AVANCE 800 and AVANCE 500, the standard Bruker
software was used.

Determination of the molecular magnetic
susceptibility anisotropy
The 1rdc values are given by the difference of the
1JNH values measured at two different magnetic fields.
To extract the dipolar coupling contribution, the1rdc
must be corrected for the contribution due to the
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dynamic frequency shift (δDFS), which constitutes a
non-negligible magnetic field-dependent contribution
to apparent1H-15N 1J (Tjandra et al., 1996).1rdc
values are therefore given by the following relation:

1rdc = − [(J800 MHz− J500 MHz)

+ (δDFS 800 MHz− δDFS 500 MHz)] (2)

The negative sign in Equation 2 takes into account that
the1H-15N 1J is negative (Tolman et al., 1995).

δDFS values depend on the rotational regime of the
molecule (Tjandra et al., 1996; Werbelow, 1996). In
the case of axially symmetric rotational diffusion, the
value ofδDFS depends on the relative orientations of
the diffusion and CSA tensors and on the orientation
of the NH bond vector with respect to the two ten-
sors (Tjandra et al., 1996; Werbelow, 1996). Each NH
moiety will thus have a different value ofδDFS. The
equation forδDFS is:

δDFS(B0) = S2

40π3
h(σ‖ − σ⊥)

γNγH

r3NH{
(3 cos2 ηD − 1)(3 cos2 ηC − 1)

1+ (γNB0τ1)
−2

+ 12 cosηD cosηC sinηD sinηC cos(φD − φC)

1+ (γNB0τ2)
−2

+ 3 sin2 ηD sin2 ηC cos(2φD − 2φC)

1+ (γNB0τ3)
−2

}
(3)

where τ1 = (6D⊥)−1, τ2 = (D‖ + 5D⊥)−1, τ3 =
(4D‖ + 2D⊥)−1. The angle between the1H-15N vec-
tor and the unique axes of the diffusion tensor isηD,
and that between the axially symmetric CSA tensor
and the diffusion tensor isηC. The differenceφD−φC
refers to the angle between projections of the unique
axes of the dipolar and CSA tensors on the plane per-
pendicular to the unique axis of the diffusion tensor; h
is Planck’s constant,γN andγH are the gyromagnetic
ratios for15N and1H, rNH is the N-H internuclear dis-
tance (1.02 Å), B0 is the external magnetic field and
S2 is the generalized order parameter.
1rdc are given by the following equation (cf. van

Zijl et al., 1984):

1rdc = − 1

4π

1B2
0

15kT

γHγNh

4π2r3
HN

[
1χmol

ax (3 cos2 θ− 1)

+ 3

2
1χmol

rh (sin2 θ cos 2φ)

]
(4)

where1χmol
ax and1χmol

rh are, respectively, the axial
and rhombic components of the molecular magnetic

susceptibility anisotropy tensor,χmol, andθ andφ are
polar coordinates describing the orientation of the N-H
bond vector in the (axis) frame of theχmol tensor. The
structural constraints, used in the present calculations,
are the differences in rdc values (referred to as1rdc)
measured at two different fields (18.7 T and 11.7 T in
this work).

The magnetic susceptibility tensor parameters are
obtained by best fitting the experimental1rdc values,
corrected by theδDFS, to Equation 4 and by using
as input the structural model calculated without their
inclusion (Banci et al., 1998). The adjustable parame-
ters are the1χmol

ax and1χmol
rh values, and the three

independent direction cosines needed to define the
orientation of theχmol tensor within the laboratory
frame. When dealing with a family of conformers as
obtained from solution structure calculations, a tensor
for each member of the family can be obtained. Al-
ternatively, all conformers are superimposed, by best
fitting the coordinates of the backbone heavy atoms of
the well-defined regions of the protein, and a single
averageχmol tensor is determined. In the fitting proce-
dure, we followed the same approach already tested in
the case of cytochromeb5 (Banci et al., 1998), eval-
uating a single average tensor for the superimposed
structure. In full analogy to the determination of the
paramagnetic susceptibility tensor from pseudocontact
shifts (Bertini et al., 1996; Banci et al., 1997; Bentrop
et al., 1997; Arnesano et al., 1998, 1999), the mini-
mized quantity is the square of the difference between
calculated and experimental1rdc values, introducing
a tolerance of 0.1 Hz for the oxidized and 0.2 Hz for
the reduced protein, which roughly corresponds to the
mean value of the experimental error.

Introduction of residual dipolar coupling constraints
in structure calculations
A routine implemented in PSEUDYANA has been
used to include1rdc constraints in the structure cal-
culations of the oxidized form, as already done for
cytochromeb5 (Banci et al., 1998). The program
needs only the1χmol

ax and1χmol
rh values as input para-

meters for the structure calculations, as the orientation
of theχmol tensor in the molecular frame is adjusted
by the program in order to minimize the target func-
tion. In addition to1rdc, the structure of the oxidized
form was calculated with 1653 non-redundant NOEs,
33 3JHNHα values and 357 pcs. The relative weights of
all constraints were taken equal to 1 and the tolerance
values Ti for1rdc were equal to 0.1 Hz. The new fam-
ily of conformers was used as input structural model to
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Table 1. Parameters characterizing theχmol
ox and theχmol

red tensors of the oxidized and the reduced protein, respectively,

and theχmetal
ox tensor of cytb562

χmol
red tensora,b χmetal

ox tensora,c χmol
ox tensora,d Calculatedχmol

ox tensore

1χax (/10−32 m3) 1.6± 0.1 1.8± 0.2 −2.0± 0.4 −2.2± 0.3

1χrh (/10−32 m3) −0.4± 0.3 −0.4± 0.2 0.5± 0.3 0.7± 0.1

Deviation of the z axis from 88± 5 19 ± 7 98 ± 8 96 ± 9

the normal to the heme plane (◦)
Deviation of the y axis from the 98± 15 25 ± 8 74 ± 15 58 ± 21

heme pyrrole Nβ-Nδ axis (◦)
aThe reported error on the1χ parameters is the standard deviation from the mean of the 20 values obtained by fitting each
conformer individually. The uncertainty on the angles was taken equal to the largest deviation from the optimal solution,
yielding a sum of the squared differences between calculated and experimental1rdc (or pcs) values smaller than twice
the sum evaluated for the optimal solution itself.
bObtained by fitting the 471rdc’s to Equation 4 using as input the refined PSEUDYANA family.
cObtained from the fit of the 357 pseudocontact shifts to the refined PSEUDYANA family. The present values are calcu-
lated for comparison purposes, and are slightly different from those already reported, calculated on an energy-minimized
family (Arnesano et al., 1999).
dObtained by fitting the 701rdc’s to Equation 4 using as input the refined PSEUDYANA family.
eThese parameters were obtained by summing the experimentalχmol

red and theχmetal
ox tensors.

re-estimate the tensor parameters, as described above,
for a new refinement step. It is worth to remember that
in the present system, the contribution to the resid-
ual dipolar coupling due to the rhombic anisotropy is
not negligible, and thus we cannot assume an axially
symmetric magnetic susceptibility anisotropy tensor
(Tjandra et al., 1997; Banci et al., 1998).

Results and discussion

Determination of dipolar contribution to1JNH values
The protein exists in solution as two species, in which
the orientation of the heme group differs by a 180◦
rotation around theα-γ axis, in the ratio of 2:1 (Wu
et al., 1991) and which are referred to as forms A
and B, respectively.1H and 15N assignments of the
oxidized form had been previously performed (Arne-
sano et al., 1999) and the peaks were easily located
in the maps. Only cross peaks arising from form A
and cross peaks unresolved for both forms were used.
Neglecting15N-1H cross peaks which are degenerate,
70 1H-15N 1J couplings were measured at 800 and
500 MHz. Their values are available as Supplementary
material, Table 1.

Peak volumes were fitted with the four parameters
I0, A, JNH and T∗2 of Equation 1. The root-mean square
difference between the results of the two sets of exper-
iments recorded at 500 MHz was 0.06 Hz. This value
is comparable to those previously reported for other
systems (Tjandra et al., 1996; Tolman and Prestegard,

1996) and is an estimate of the random error. Further-
more, a systematic error between the experiments at
800 MHz and 500 MHz may also be present.

The orientation of the rotational diffusion tensor
(D) in the protein frame is assumed to be similar to that
of the inertia tensor (Tjandra et al., 1995). The relative
values of the principal moments of the inertia tensor
of oxidized cytb562 can be calculated from structural
data and are 1:0.96:0.37. The D tensor of cytb562
is thus expected to be non-isotropic and essentially
axially symmetric with a D‖/D⊥ ratio of 2.7. In the
present case, by assuming an angle of 24◦ between the
1H-15N vector and the principal axis of the15N CSA
tensor (Hiyama et al., 1988), a difference between
parallel and orthogonal chemical shift for the CSA
tensor of15N of −160 ppm, and a uniform S2 value
of 0.85, these differences were found to be at most
0.1 Hz. Thus, although the above parameters used to
calculate theδDFS are only reasonable estimates rather
than experimental values, only a minor error is intro-
duced in the estimate of1rdc. The observed values
of 1J(800 MHz− 500 MHz) are plotted in Figure 1
and the resulting1rdc are available as Supplementary
material (Table 3).

Structure calculation results
Initial values for the1χmol tensor parameters of
cytochromeb562 were obtained by fitting the1rdc
values, using as input models the 20 conformers of
the PSEUDYANA family previously obtained with-
out 1rdc constraints (Arnesano et al., 1999). These
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Figure 1. Experimental values of1JNH (800−500) per residue for the oxidized (solid circles) and reduced form (open circles). The bold lines
at the bottom indicate the location of theα helices in the protein sequence. The thinner line indicates the location of the 310 helix.

Table 2. Statistical analysis of structure calculations for oxidized cytb562 run with NOE, pcs
and3JHNHα only and with NOE, pcs,3JHNHα and1rdc. All values are averaged over the best
20 conformers, unless otherwise indicated

NOE,3JHNHα, and pcs NOE,3JHNHα, pcs and1rdc

Backbone RMSDa (residues 0.42± 0.06 0.50± 0.10

3–50 and 62–105) (Å)

NOE,3JHNHα, pcs and van der 0.76± 0.06 1.15± 0.11

Waals target function (Å2)

Total target function (Å2) 0.76± 0.06 1.34± 0.13

Average violation per NOE 0.0054± 0.0003 0.012± 0.002

constraint (Å)

Average number of NOE 0± 1 1± 1

violations> 0.2 Å per

structure

Largest NOE violation (Å)b 0.31 0.46

Average violation per pcs 0.04± 0.01 0.04± 0.02

constraint (ppm)

Average number of pcs 15± 2 16± 3

violations> 0.5 ppm per

structure

Largest pcs violation (ppm)b 0.9 1.1

Average violation per1rdc 0.10± 0.06 0.03± 0.05

constraint (Hz)

Average number of1rdc 35± 3 20± 3

violations> 0.1 Hz per

structure

Largest1rdc violation (Hz)b 1.3 0.6

aThese values have been recalculated by using the present DYANA structures, as discussed in
the experimental part, for comparison purposes.
bLargest violation among all 20 conformers.
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Figure 2. Experimental versus calculated1rdc values for the ox-
idized form using the family of conformers of cytb562 calculated
without1rdc (Arnesano et al., 1999) (panel A, r= 0.74) and using
the family calculated with the inclusion of1rdc (panel B, r= 0.93).
The solid lines represent the best fit of the points.

1χmol values are needed for the solution structure
calculations (see Materials and methods). For the oxi-
dized cytb562 the initial1χmol values were1χmol

ax =
−0.98× 10−32 m3,1χmol

rh = 1.08× 10−32 m3.
When the1rdc constraints were used together with

all the other constraints in structural calculations from
the beginning of simulated annealing, convergence
was reached after two cycles of calculations and the
program yielded a family of conformers satisfying all
the experimental constraints. The output is consistent
with the new1rdc constraints and substantially of the
same quality, in terms of RMSD, as for the struc-
tures obtained with NOEs, pcs and3JHNHα. The mean
deviation between calculated and experimental1rdc
values is much smaller for the families obtained in-
cluding the new1rdc constraints than for the initial
families obtained without these constraints, indicating

Figure 3. Comparison between calculated (A) and experimental (B)
χmol

ox tensors in cytb562. The axes of theχmol
ox tensor are shown

as thick lines colored in red; the axes of theχmetal
ox tensor and the

χmol
red tensor are shown as thin lines colored in yellow and blue,

respectively.

that there have been small structural changes which
better satisfy the1rdc constraints. The correlation co-
efficient r between the calculated and measured1rdc
values is much higher with the inclusion of1rdc (r=
0.93) than for the family obtained without the rdc con-
straints (r= 0.74) (Figure 2). However, already after
the first structural refinement using these constraints,
this correlation has improved significantly.

The final χmol tensor parameters are reported in
Table 1, together with the values relative to theχmetal

tensor of the metal ion, obtained from the fitting of pcs.
The χmetal tensor parameters were already obtained
from pcs (Arnesano et al., 1999). Here, the finalχmetal

tensor has been recalculated by fitting pcs values to the
final family of conformers obtained using rdc.
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The backbone RMSD values of the family of con-
formers of oxidized cytb562 (with NOE, 3JHNHα and
pcs constraints) without and with1rdc constraints are
the same within the experimental error (0.42± 0.06 Å
and 0.50± 0.10 Å, respectively), whereas the aver-
age NOE and van der Waals target function is slightly
higher for the latter family (0.76± 0.06 Å2 and 1.15
± 0.11 Å2, respectively). The overall folding of the
protein obtained with1rdc constraints is essentially
identical to that obtained without such constraints. The
large number of NOE and pcs constraints used in the
previous structure calculations reduces the improve-
ment in structure resolution produced by the use of
1rdc but, even in the present example, the new fam-
ily, which satisfies all sets of constraints, is more
accurate than the family obtained without the1rdc
constraints. The family obtained without1rdc back
calculates1rdc values rather different from the actual
ones. This is reflected by the error and by the initial
1χmol values.

The structure, which has been calculated with
all the sets of constraints, despite having an RMSD
similar to that previously available, has minimized
to a quite satisfactory level the initial disagreements
between experimental and calculated constraints, as
shown in Table 2, by the negligible increase of the tar-
get function. The R-factors (Clore and Garret, 1999)
are 0.08 for the family obtained including the new
1rdc constraints and 0.18 for the initial family ob-
tained without these constraints.

The analysis of both structures (with and without
1rdc) through the program PROCHECK (Laskowski
et al., 1993, 1996) has shown that the structure refined
with1rdc has a better geometrical quality. Indeed, the
family of conformers, calculated without the use of
the1rdc constraints, has 78.0% of the residues in the
most favored regions, 19.3% in the allowed regions,
1.8% in the generously allowed regions and 0.9% in
the disallowed regions. For the family of conformers,
calculated with the inclusion of the1rdc constraints,
these values are 80.1% for the most favored regions,
18.0% for the allowed regions, 1.3% for the gener-
ously allowed regions and 0.6% for the disallowed
regions. In addition, in the latter case the number
of residues belonging to helical structures increases
for helicesα3 andα4 and there is an extra 310 helix
(from residue 45 to 49), reported in the X-ray structure
(Hamada et al., 1995) but not detected in the structure
family obtained without rdc.

χmolred tensor of the reduced form
The1rdc values have also been determined for the re-
duced form, in order to obtain theχmol

red tensor for this
diamagnetic species. The assignment of NMR spectra
of the reduced form has been presently completed in
our laboratory and deposited in the BioMagResBank.
For this form, 47 non-degenerate resonances were as-
signed at the time of the experiments and for these,
1H-15N 1J couplings have been measured. Their values
are available as Supplementary material (Table 2). In
deriving the1rdc values from Equation 2, the same
values ofδDFS as for the oxidized form were used.
The 1H-15N 1J values (see Figure 1) were corrected
by these values and the resulting1rdc are available as
Supplementary material (Table 4).

Because the solution structure of the reduced form
is not available, the1rdc values of the reduced species
were not used in structural calculations, but only for
obtaining theχmol

red tensor parameters. The1rdc val-
ues were fitted, according to Equation 4, using the
structure of the oxidized form. This assumes that only
small structural rearrangements occur upon introduc-
tion of one electron. The validity of this assumption
can be checked through the analysis of the quality of
the fitting. Sample calculations have been performed
using different sub-sets of data, which all provided the
same tensor parameters, within the experimental error.
The 471rdc values are enough, in number, to deter-
mine theχmol

red tensor parameters which are reported in
Table 1.

Comparison of theχmol tensors of oxidized and
reduced cytochrome b562 with theχmetal tensor of the
metal ion
The magnetic anisotropy of the oxidized paramagnetic
molecule,χmol

ox , is the sum of two contributions: that
arising from the protein matrix plus the reduced heme,
which is the magnetic anisotropy of the diamagnetic
state, and that produced by the magnetic anisotropy of
the paramagnetic metal ion. The latter has a large mag-
netic anisotropy arising from spin-orbit coupling and
has been already estimated from the pcs (Arnesano
et al., 1999).

The sum of theχmol
red tensor obtained from rdc data

on the reduced species and theχmetal
ox tensor of the

metal ion (Arnesano et al., 1999) provides the calcu-
lated χmol

ox tensor (see Table 1 and Figure 3), which
is in satisfactory agreement with the experimental val-
ues, especially if it is considered that the structure of
the reduced species is not minimized with1rdc. The
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Figure 4. The diamagnetic susceptibility tensorχmol
red in the protein frame. The helical secondary structure elements are shown as cylinders:

theα helices in blue and the 310 helix in light blue.

Figure 5. The z axis directions of the tensorsχmol
ox (colored in red),χmol

red andχmetal
ox (colored in blue) of cytb562, shown in the protein frame.

The directions of the NH bonds are also depicted with a thick red line.
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above conclusion gives us confidence for the further
analysis of the magnetic properties of the system.

In the reduced diamagnetic state of the protein,
partial orientation derives from the magnetic sus-
ceptibility anisotropy due to peptide bonds (Tigelaar
and Flygare, 1972; Williamson and Asakura, 1993),
aromatic side chains (Giessner-Prettre and Pullman,
1987) and the heme moiety (Bothner-By et al., 1985).
The contribution of the aromatic side chains is small
(Giessner-Prettre and Pullman, 1987) and, as all the
aromatic rings in this protein flip rapidly in solu-
tion and therefore span multiple conformations, their
contribution partially averages out. Therefore, it is
neglected in this analysis. The1χax value for the
heme contribution is about−1.3×10−32 m3 (Bothner-
By et al., 1985). It should be noted that the axial
anisotropy is negative, i.e., the component of the ten-
sor perpendicular to the heme plane is smaller than
those in the heme plane. The magnetic anisotropy of
each peptide group is axially symmetric and is ori-
ented perpendicular to the peptide plane, and with a
magnetic anisotropy1χax= −2×10−34 m3 (Tigelaar
and Flygare, 1972; Williamson and Asakura, 1993).
Their contribution can be estimated from the struc-
ture of the molecule. Considering that in a helical
structure the peptide planes are roughly parallel to
the helix axis direction, the diamagnetic susceptibil-
ity anisotropies for each peptide bond sum up in this
direction. As a consequence, the helix has the z axis
of the magnetic susceptibility along its direction and
therefore tends to orient parallel to the magnetic field,
as experimentally found. The contribution of the four-
helix bundle to the magnetic anisotropy is the tensorial
sum of the contributions of each helix. By summing
the 1χ contribution of each peptide bond and by
taking into account their orientation in the protein
frame, a contribution of 0.7× 10−32 m3 is obtained.
The tensorial sum of the contribution of all peptide
bonds and of the heme provides an axial anisotropy
1χax = 1.4 × 10−32 m3 and a rhombic anisotropy
1χrh = −1.2× 10−32 m3. Taking into account the
simplicity of the model, the agreement with the ex-
perimental values can be considered quite satisfactory.
The z axis of the magnetic susceptibility tensor is coin-
cident, within 10◦, with the experimental one. A larger
error (30◦) is found for the rhombic axes. Figure 4
shows the orientation of the experimental diamagnetic
susceptibility anisotropy tensor in the protein frame
with the z axis almost coincident with the four-helix
bundle axis and parallel to a vector connecting theβ

andδ heme pyrrole nitrogens.

The z axis of the magnetic susceptibility tensor of
the paramagnetic metal ion,χmetal

ox , is perpendicular
to the heme plane and, therefore, is almost orthogonal
to the z axis of the diamagnetic susceptibility tensor,
χmol

red (see Table 1). The resulting molecular magnetic
anisotropy tensorχmol

ox has, therefore, the z axis per-
pendicular to the above two directions and a negative
1χax value. Thus, in a magnetic field the molecule is
preferentially oriented orthogonal to the z axis, which
is shown in red in Figure 5.

The above analysis indicates that the magnitude
and the directions of the resultingχmol

ox tensor of the
oxidized form are determined by both the diamagnetic
and the metal ion contributions to magnetic suscep-
tibility anisotropy. Therefore, the four-helix bundle
folding plays a large effect in the magnetic orientation
of cyt b562 and probably of proteins characterized by
the same folding motif. This effect is comparable with
that of a paramagnetic metal ion. This is at variance
to what has been observed for oxidized cytb5 (Banci
et al., 1998), which also contains ab-type heme with
a low spin iron (III) and which has an almost spherical
shape. In this case the orientation of the molecule in-
duced by the magnetic field was essentially dominated
by the paramagnetic contribution, the diamagnetic one
being very small.

Conclusions

In this research it has been shown that the use of1rdc
of the 1H-15N dipole in cyt b562 as structural con-
straints since the early steps of calculations, through a
general equation, represents a reliable general strategy.
The resulting structure is only slightly different com-
pared to that previously obtained with NOEs,3JHNHα

values and pcs. However, the use of1rdc has allowed
the determination of a more accurate structure and
of higher quality in terms of the Ramachandran plot.
The whole approach has allowed to separate the var-
ious contributions to the overall molecular magnetic
anisotropy,1χmol.

The four-helix bundle folding by itself causes a
relatively large molecular orientation in high magnetic
fields and therefore is suitable for the exploitation of
rdc in structural calculations and refinement.
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