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Abstract: Deoxymyoglobin has been
investigated by NMR spectroscopy to
determine the magnetic anisotropy
through pseudocontact shifts and the
total magnetic susceptibility through
Evans measurements. The magnetic an-
isotropy values were found to be ��ax�
�2.03� 0.08� 10�32 m3 and ��rh�
�1.02� 0.09� 10�32 m3. The negative
value of the axial susceptibility anisot-
ropy originates from the z tensor axis
lying in the heme plane, unlike all other
heme systems investigated so far. This
magnetic axis is almost exactly orthog-
onal to the axial histidine plane. The
other two axes lie essentially in the
histidine plane, the closest to the heme

normal being tilted by about 36� from it,
towards pyrrole A on the side of the
proximal histidine. From the compari-
son with cytochrome c� it clearly appears
that the position of the one axis lying in
the heme plane is related to the axial
histidine orientation. Irrespective of the
directions, the magnetic anisotropy is
smaller than that of the analogous
reduced cytochrome c� and of the order
of that of low-spin iron(���). The mag-
netic anisotropy of the system permits

the measurement of residual dipolar
couplings, which, together with pseudo-
contact shifts, prove that the solution
structure is very similar to that in the
crystalline state. Magnetic measure-
ments, at variance with previous data,
demonstrate that there is an orbital
contribution to the magnetic moment,
�eff� 5.5 �B. Finally, from the magnetic
anisotropy data, the hyperfine shifts of
iron ligands could be separated in pseu-
docontact and contact components, and
hints are provided to understand the
spin-delocalisation mechanism in S� 2
systems by keeping in mind the delocal-
isation patterns in low-spin S� 1³2 and
high-spin S� 5³2 iron(���) systems.
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Introduction

NMR spectroscopy is a unique tool to estimate the magnetic
susceptibility anisotropy and the principal directions of the
magnetic susceptibility tensor axes in paramagnetic mole-
cules. This is particularly true for metalloproteins that are
folded around the metal ion, and as a consequence many
nuclei experience an extra shift, dipolar in nature, that is
related to the magnetic anisotropy tensor. Such a shift, which

is called a pseudocontact shift (pcs hereafter), is given by
Equation (1):[1, 2]
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in which ��para
ax and ��para

rh are the axial and rhombic
anisotropies of the magnetic susceptibility tensor, respective-
ly, li, mi, and ni are the direction cosines of the position vector
of atom i with respect to the magnetic susceptibility tensor
coordinate system, and ri is the distance between the para-
magnetic center and the proton i. Therefore the measurement
of the pcs for tens of nuclei provides an accurate estimate of
the magnetic anisotropy and of the directions of the magnetic
susceptibility tensor axes within the protein frame. Nuclei
close to the metal ion and connected through few chemical
bonds also experience a contact shift. They should not be
included at this stage of the analysis.

The case of low-spin iron(���)-containing heme proteins is a
pertinent example of a successful analysis with the present
approach.[3±8] A relationship was found between the magnetic
axes within the porphyrin plane and the orientation of the
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axial histidine(s).[9±12] Furthermore the overall behavior was
understood on the basis of a ligand-field model with a single
unpaired electron being in one of the eg orbitals (dxz, dyz).[13]

If several unpaired electrons are present, as in high-spin
iron(��) and iron(���) heme systems, the description may be
quite complex. We address here the problem of myoglobin,
which contains high-spin iron(��) and is of paramount impor-
tance in biology.[14] Some pioneering studies are available on
the system,[15] but the lack of 15N-labeled protein prevented an
extensive assignment; this is necessary to provide accurate
values for the parameters of Equation (1). A recent thorough
investigation of the analogous reduced cytochrome c� pro-
vides another set of data, which should also be understood
within the same frame as for myoglobin.[16]

Results

NMR assignment : The analysis of the sequential and medium
range connectivities of the NOESY-HSQC spectrum of
deoxymyoglobin provided the univocal assignment of
128 backbone amide protons and nitrogen atoms, and of 56
�-protons. The assigned nuclei (reported in the Supporting
Information) are well distributed around the iron all over the
protein, as shown in Figure 1, and, therefore, represent a good

Figure 1. Representation of the myoglobin backbone highlighting the
distribution of the obtained experimental constraints: residues for which
pseudo contact shifts (a) and residual dipolar couplings (b) could be
measured are represented as spheres throughout the protein backbone. The
heme cofactor is represented as sticks.

sampling of the whole structure for the calculation of the
magnetic susceptibility tensor. In order to evaluate the
pseudocontact contribution to the shift of these nuclei, the
assignment of the corresponding resonances in the diamag-
netic carbonmonoxide adduct was obtained by taking advant-
age of available data.[17]

Pseudocontact shifts : Pseudocontact shifts arise from the
magnetic susceptibility anisotropy and depend on the nuclear
position with respect to the principal axes of the magnetic
susceptibility tensor. They are determined from the hyperfine
shifts of nuclei that do not reasonably experience contact
shifts, because they are relatively far (in terms of chemical
bonds) from the paramagnetic center, by subtracting the
diamagnetic contribution of the analogous carbonmonoxy
myoglobin derivative. The differences between the chemical
shifts measured on Mb and Mb±CO for 56 H�, 128 HN, and
128 N nuclei are reported as Supporting Information. The
tensor parameters have been calculated by using the highest
resolution X-ray structure 1A6N[18] as a reference structure
and are reported in Table 1.

Residual dipolar couplings : Magnetic anisotropy of the
protein leads to partial orientation in high magnetic
fields.[19±23] In turn, molecular orientation induces residual
dipolar couplings (rdc) measurable, for example, through
amide NH nuclei 1J values.[24] The values of rdcpara for
deoxymyoglobin were determined by subtracting from the
coupling constant measured for the backbone amide moiety
of each residue at 800 MHz the coupling constant measured
for the same residue and at the same magnetic field in the
carbonmonoxy adduct. With this procedure only the para-
magnetic contribution to the rdc is retained, while the scalar
coupling constant and the contribution to the partial orienta-
tion of the diamagnetic matrix cancel out. In addition, the
contribution to the coupling due to the diamagnetic dynamic
frequency shift is also cancelled.[+] The above described rdcpara

quantities depend on the paramagnetic susceptibility tensor
parameters as given by Equation (2):
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in which ��para
ax and ��para

rh are the axial and rhombic
components, respectively, of the metal-based paramagnetic
susceptibility tensor, that is, the same quantities that appear in
Equation (1), and � and � are polar coordinates that describe
the orientation of the N�H bond vector in the (axis) frame of
the �para tensor. The tensor parameters were obtained from
pseudocontact shifts, as described in the previous paragraph.
This is a new approach in which rdc depend on two

Table 1. The five tensor parameters obtained from the fitting for proton pseudocontact shift data to Equation (1) by using the highest resolution X-ray
crystal structure and the family of structures calculated in the present work on deoxymyoglobin. The orientations of the magnetic susceptibility tensor axes
are referred to a reference system with the z axis perpendicular to the heme plane, the x axis aligned along the NA±NC pyrrole direction, and the y axis along
the other pair of pyrrole nitrogens. The uncertainty for each parameter value, evaluated with a Montecarlo procedure, is also provided.

PDB code ��ax [m3� 1032] ��rh [m3� 1032] x [�] y [�] z [�] Experimental details

1A6N � 2.04� 0.10 � 1.04� 0.09 126.14� 2.68 91.92� 1.22 92.66� 1.26 pH 7
resolution 1.15 ä

family � 2.03� 0.08 � 1.02� 0.09 129.63� 2.62 89.25� 1.21 95.13� 1.07 pH 6.2
RMSD 0.39� 0.1 ä

[+] There is also a paramagnetic dynamic frequency shift contribution to
the residual dipolar couplings which is expected to be at most marginally
significant.[44])
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parameters only, the two �� values being accurately and
conveniently taken from pcs measurements.

The backbone 15N ± 1H 1J values have been measured for
88 well-resolved amides of the deoxymyoglobin for which the
paramagnetic broadening was modest or absent. As shown in
Figure 1, the number and spatial distribution of these amide
groups was considered high enough for the present purposes.
The J values for the corresponding NH groups in the Mb ±CO
were also measured at the same field under the same
experimental conditions. The rdcpara are reported in the
Supporting Information. They are in the range �2.3 to
1.7 Hz, consistent with the presence of a significant metal
magnetic anisotropy, that is, of the order of that found for low-
spin iron(���) heme proteins.[25]

Structure validation : Rdc and pcs can be used to check
whether the resulting magnetic parameters are affected by a
variation in the atomic coordinates on passing from solid state
to solution. With this in mind, we generated 17724 interpro-
ton distances (among those below 6 ä) from the best-resolved
X-ray structure of deoxymyoglobin,[18] and used these dis-
tances as constraints together with 182 pcs and 88 rdc. The
interproton upper distance limits were increased by 1 ä with
respect to the distances measured in the X-ray structure. The
resulting structure, taken as the energy-minimized average
among the 20 conformers with the lowest target function and
with an intrafamily backbone RMSD (RMSD� root mean
square deviation) of 0.39� 0.10 ä, has a backbone RMSD
from the X-ray structure of 0.28� 0.12 ä and does not violate
any of the imposed distance constraints within 0.1 ä2. More-
over, the agreement with the experimental NMR constraints
improves. The overall RMSD between experimental and
calculated pcs from the X-ray structure as such is 0.15 and the
corresponding value for rdc is 0.55. After refinement, the
RMSD values between experimental and calculated pcs and
rdc from the average energy minimized structure decrease to
0.12 and 0.21, respectively. These calculations make us
confident that the solution structure is equal to the X-ray
structure at least for the groups monitored, and that therefore
the tensor parameters are absolutely reliable. The magnetic
susceptibility anisotropies calculated from the validated
solution structure are also reported in Table 1.

Evans measurements : Evans measurements were performed
at three different temperatures (283, 293, and 303 K) and
repeated twice at the three temperatures by measuring the
shifts differences for 1,4-dioxane and tert-butyl alcohol in two
different samples. Table 2 reports the shifts together with the
resulting average paramagnetic molar susceptibility and
effective magnetic moment. The fact that essentially identical
bulk susceptibility shifts are found for both 1,4-dioxane and
tert-butyl alcohol ensures that these molecules do not interact
with the protein and that the measurements are quite reliable.

Discussion

Magnetic properties : The 1H pcs and the atomic coordinates
provide a well-defined magnetic anisotropy tensor (see

Table 1). The RMSD between experimental and recalculated
pcs is 0.16 ppm for amide protons and 0.10 ppm for H�

protons. 15N chemical shift differences between Mb and Mb±
CO are also consistent with Equation (1), but with a much
larger RMSD (0.45 ppm). As found in the analogous reduced
cytochrome c�[26] and in other redox proteins[26, 26±29] the 15N
shifts of the diamagnetic protein do not correspond exactly to
the diamagnetic contribution of the paramagnetic species. The
average magnetic anisotropy values are similar to those of
low-spin iron(���) heme proteins and larger than previously
guessed,[15] although smaller than those of reduced cyto-
chrome c�.[16] The magnetic susceptibility is sensibly higher
than the spin only value. This is in contrast with the previous
data,[30] but is consistent with data on reduced cyto-
chrome c�.[16] Such values indicates the presence of orbital
contributions, which are also responsible of the magnetic
anisotropy.

The pcs data provide the principal directions of the
magnetic susceptibility tensor, as reported in Table 1. Figure 2
shows the orientation of the principal axes of magnetic
susceptibility tensor framed within the heme binding region as

Figure 2. Active site of myoglobin from the solution structure showing the
relative position of the proximal and distal histidines, and the out-of-plane
magnetic susceptibility tensor axes (Table 1).

Table 2. Bulk susceptibility shifts (��) measured against 1,4-dioxane and
tert-butyl alcohol by the Evans method at 283, 293, and 303 K and
700.13 MHz. The resulting paramagnetic contribution to the molar
susceptibility (�para

M � and the effective magnetic moment (�eff) of the
paramagnetic center are also reported.

T [K] Probe substance �� [Hz] �para
M [m3mol�1� 107] �eff [�B]

283 1,4-dioxane 60.00 1.71 5.56
60.12 1.72 5.56

tert-butyl alcohol 59.95 1.71 5.55
60.12 1.72 5.56

293 1,4-dioxane 57.05 1.62 5.50
57.56 1.64 5.53

tert-butyl alcohol 57.39 1.63 5.51
57.56 1.64 5.53

303 1,4-dioxane 54.84 1.57 5.50
54.84 1.57 5.50

tert-butyl alcohol 55.01 1.57 5.50
55.01 1.57 5.50
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it results from the present solution structure. It appears that in
myoglobin one axis lies on the average heme plane, perpen-
dicular to the axial histidine plane, that is, along the direction
of the � bond between the axial ligand and the dxz, dyz metal
orbitals. In cytochrome c� one axis also lies on the average
heme plane, although it is parallel rather than perpendicular
to the axial histidine plane, that is, perpendicular to the �

bond plane.[16] In both cases the position of this axis appears
related to the orientation of the axial-ligand ±� interaction.
Ligand-field calculations suggest that in high-spin iron(��)
hemes the magnetic axes in the heme plane do have a
relationship with the axial ligand plane, namely they are
predicted to rotate counterclockwise with respect to a clock-
wise rotation of the axial-ligand ±� bond.[31] A similar
dependence of the magnetic axes lying in the heme plane on
the orientation of the axial-ligand ±� interaction was found in
low-spin iron(���) systems, and ascribed to one unpaired
electron residing in one of the two dxz, dyz metal orbitals,
which are degenerate in tetragonal symmetry.[13] The orienta-
tion of the histidine plane determines which orbital (or
combination of the two) is involved in the � interaction with
the histidine nitrogen, thus determining both the spin density
pattern and at least one magnetic axis. It is possible that the
same holds for high-spin iron(��) hemes, thus suggesting a 5E
ground state for both myoglobin and cytochrome c�. In
myoglobin a second axis deviates of about 36� from the
normal to the heme plane, but remains essentially within the
proximal histidine plane. This axis points away from the distal
histidine (Figure 2), in a direction that has been suggested to
be that of incoming ligand molecules.[32, 33] The third axis is
then univocally determined to lie also within the histidine
plane. In cytochrome c� the second axis also deviates sizably
(about 30�) from the normal to the heme plane, lying in the
plane of the axial histidine � interaction.[16] These large
deviations from the normal to the heme plane are reproduced
by simple ligand-field calculations with the introduction of a
modest (�10�) bending of the Fe�N(His) bond or by
assuming different ligand field parameters for the heme
nitrogens. In low-spin iron(���) heme proteins one suscepti-
bility axis is always close to the axis orthogonal to the heme
plane. Such strong tilt of two of three magnetic axes in high-
spin iron(���) can be ascribed to the difference in number of
unpaired electrons.

As for the values of the three magnetic susceptibility
components, both in myoglobin and cytochrome c� the small-
est value (�min) is found along the axis that lies in the heme
plane and the largest along the axis that deviates by 36� or 30�
from the heme normal, as shown in Table 3 and Figure 3 (to
ease the comparison between the two proteins in both cases,
the directions of the principal susceptibility values in Table 3
are labelled zz for the axes closest to the heme normal and yy
for the axes lying in the heme plane). When a clockwise
rotation of the axial-histidine ±� interaction is started from
the NB±ND pyrrole direction (labeling as in Scheme 1),
which in myoglobin is collinear with the axis lying in the heme
plane and identifying the smallest susceptibility value, to-
wards the 5 ± 15-meso direction, it appears as if this axis begins
a counterclockwise rotation. In this way, when the axial-
histidine ±� interaction has rotated by 45�, that is, it points

Figure 3. Schematic representation of the direction of the magnetic axes
with respect to the heme plane and the histidine ligand in myoglobin and
cytochrome c�. The heme ± histidine moiety is shown upside down for
cytochrome c� to allow for better comparison with myoglobin. The labeling
of the principal � values is as in Table 3, consistent with the cytochrome c�
labeling. Accordingly, the y and z axes for myoglobin are interchanged with
respect to Table 1.

Scheme 1. Schematic drawing of the heme present in myoglobin.

along the 5 ± 15-meso direction as in cytochrome c�, the axis
lying in the heme plane points along the 10 ± 20 direction, as
experimentally observed. In low-spin iron(���) systems this
behavior is shown by the axis of intermediate rather than by
that of smallest magnetic susceptibility.[34, 35] Both features can
be reproduced by ligand-field calculations. The fact that the �
interaction with the axial ligand is the major link between
magnetic axes and heme pseudosymmetry elements is strik-

Table 3. Principal � values for myoglobin and cytochrome c�.

�yy [m3� 1032] �xx [m3� 1032] �zz [m3� 1032]

myoglobin[a] 26.84 28.37 29.39
cytochrome c�[b] 23.07 24.47 28.57

[a] The � values for myoglobin are reported after exchanging the x and z
magnetic axes with respect to Table 1, to allow direct comparison with the
corresponding values of cytochrome c�. Note that for cytochrome c� the
principal � value that is most different from the other two is defined as �zz,
following an established practice; after this permutation the principal �
value of myoglobin that is most different from the others two turns out to
be �yy. The susceptibility anisotropy values reported in Table 1 can be
obtained by ��ax� �yy� 1³2(�xx� �zz) and ��rh� �xx - �zz. [b] The cytochrome
c� data have been calculated using the 300 K magnetic anisotropies of
reference[16] (in m3) and by estrapolating the reported �eff at 300 K
(estimated value 5.4 �B).
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ingly evident in the case of myoglobin. Indeed, in this case the
value of �min is the one that differs most from �iso.

Contact shifts of heme and axial histidine protons : The
availability of reliable magnetic susceptibility tensor param-
eters allows us to address the issue of the contact shifts
experienced by nuclei belonging to the iron ligands. In turn,
this issue is relevant to the understanding of the fine details of
the spin-density distribution on the ligands in heme proteins.
Table 4 reports the observed hyperfine shifts for such protons,
together with their pcs, calculated from the solution structure
and the present tensor parameters, and the resulting contact
shifts obtained as the differences between the former two
values. It appears that the proton contact shifts of the heme
substituents are small and downfield. In the case of cyto-
chrome c� contact shifts are also small, but both positive and
negative.[16] This is in contrast with the observation that the
pyrrole � protons of iron(��) porphyrin complexes are about
60 ppm downfield.[36] The contact shift is the sum of the
electronic distribution of four unpaired electrons and their
spin polarization. It is striking that in high-spin iron(���), which
differs from high-spin iron(��) by one more unpaired electron
in dxy, dxz, or dyz, the methyl proton shifts are about 70�
10 ppm downfield.[36] Apparently, and contrary to what
generally believed, the unpaired electron in the dx2�y2 orbital,
which is common to both metal ions, cannot contribute much
for a nucleus five chemical bonds from the metal ion,
otherwise large downfield shifts would be observed in the
high-spin iron(��) systems. The same reasoning applies for the

dz2 orbital. The other contributing orbitals are dxz and dyz.
They contain the single unpaired electron in low-spin iron(���)
and contribute up to 35 ppm downfield. In iron(��) systems, we
think that the coordination bond strength is reduced and so
the contact shift contributions may also be reduced with
respect to the iron(���) systems. If in the present case the dxz

and dyz orbitals contain three electrons, this would substan-
tially account for the dependence of the � direction in the
heme plane on the histidine orientation, and for the small
contact shift, which may become alternate for polarization
effects. Small contact shifts may be the result of cancellation
of different mechanisms and they are difficult to be accounted
for in detail. The contact shifts on the histidine ring are larger
for the NH than for H�2 and H	1. A similar pattern has been
observed in cytochrome c�. Again, this cannot be due to � spin
transfer, as the NH proton would be shifted the least.
Probably the dxz orbital has a role that couples to strong spin
polarization effects. The large downfield shift for the NH
proton is common in high-spin iron(���) systems as well.[37, 38]

Conclusion

The direct measurement of the metal magnetic susceptibility
in myoglobin has led to the principal � values and their
directions. Contrary to a previous report, the �eff is 0.6 �B

above the spin only value. The comparison with available data
on reduced cytochrome c�, in which the proximal histidine
plane is rotated by 45�, has allowed us to establish that the axis
of smallest susceptibility is on the heme plane and perpen-
dicular to the histidine ring plane. The �min value is the one
that differs most from �iso, and is therefore labeled �zz. A
second axis is tilted from the normal to the heme plane by 36�,
but remains essentially within the histidine plane. The
magnetic anisotropy is sizeable and leads to significant partial
orientation. The separation of the hyperfine shift in contact
and pseudocontact contributions provides hints for a unified
picture of spin delocalization on hemes.

Experimental Section

Sample preparation : Sperm whale myoglobin was expressed in E. Coli,
BL21(DE3) PLysS, from the plasmid pET15-b, in which a totally synthetic
gene was inserted. The uniformly 15N-labeled protein was produced in
M9 minimal media containing 15N ammonium sulfate (2.2 g l�1) and vitamin
supplements. The synthesis of the heme moiety was stimulated by addition
of �-ALA (�-aminolevulinic acid, 0.8m�) and MESNA (2-mercaptoeth-
anesulfonic acid sodium salt, 0.8m�) to the media. The cells were grown at
37 �C to an OD600 of 1, then induced with IPTG at a final concentration of
0.8m�. The culture was grown for an additional 15 h, then the cells were
harvested by low-speed centrifugation. The dark brown bacterial pellet
containing the protein was resuspended in Tris (20m�, pH 8), containing
EDTA (1m�), DTT (0.5m�), PMSF (1m�), DNAaseI (40 unitsmL�1),
and RNAaseI (20 unitsmL�1). The cells were lysed by sonication. The
crude lysate was filtered and purified through a DEAE CL-6B anion-
exchange column. The fractions containing myoglobin were collected,
loaded onto a gel filtration FPLC column (Superdex 75) and eluted with
phosphate buffer (0.05�, pH 7.0, 0.15� NaCl). The purity of the protein
was determined by examining the ratio of the absorbance at 410 nm to that
at 280 nm (�3). The myoglobin fraction was collected, concentrated, and
equilibrated anaerobically with potassium phosphate buffer (0.05�,

Table 4. 1H NMR chemical shifts [ppm] in deoxymyoglobin for the heme
and axial His93 protons. The diamagnetic, pseudocontact, and contact shift
contributions to the total shifts are given.

Diamagnetic Pseudocontact Contact Observed

Heme
2-CH3 7.94 3.63[b] � 3.83 8.14
7-CH3 11.61 3.79[b] 2.09 5.73
12-CH3 16.05 2.53[b] � 3.37 16.89
18-CH3 8.88 3.59[b] 1.03 4.26
3-H� 12.46[a] 8.43[b] � 3.23 7.27
3-H�trans � 2.84[a] 5.73[b] � 1.93 � 6.64
3-H�cis 2.70[a] 5.69[b] � 3.23 0.24
8-H� 51.34[a] 8.62[b] 1.57 41.15
8-H�trans 10.42[a] 6.29[b] 1.10 3.02
8-H�cis 14.25[a] 6.61[b] 1.79 5.85
13-H� 13.77[a] 4.21[b] � 3.52 13.08
13-H�� 6.41[a] 4.21[b] � 3.26 5.46
13-H� 1.17[a] ± � 1.79 ±
13-H�� 13.54[a] ± � 2.05 ±
14-H� 11.23[a] 4.21[b] 1.39 5.63
14-H�� 7.42[a] 4.21[b] 1.17 2.04
14-H� 5.31[a] ± 2.40 ±
14-H�� 12.46[a] ± 1.28 ±
His93
NH 9.26 7.50 1.47 0.29
H� 1.95 2.55 � 0.38 � 0.22
H� 14.07[a] 1.77[b] 1.76 10.54
H�� 5.24[a] 1.77[b] 0.94 2.53
H�1 81.6 9.4[b] 5.33 66.87
H�2 45.1[a] 1.1[b] 2.52 41.48
H	1 45.1[a] 1.6[b] 26.71 16.79

[a] The reported shifts are obtained from ref. [15], using the Curie
dependence there reported. [b] From ref. [15].
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pH 6.2). After several washings under an argon atmosphere, the protein
was reduced with solid sodium dithionite (slight excess). The samples for
NMR spectroscopy were prepared by addition of 5% D2O and stored
under argon in sealed tubes. The carbon monoxide derivative was prepared
according to the previously described procedure.[39] The purified sample of
Mb, kept in an ice bath, was bubbled with CO for 1 h. The CO-saturated
solution was then reduced with sodium dithionite, and the excess of
reductant was removed on a Sephadex G-15 column. Recombinant
myoglobin differs from the native sperm whale protein in that it retains
the initiator methionine at the N terminus. In order to avoid the slow time-
dependent spectral changes associated to the oxidation ± reduction equi-
librium of the engineered residue,[17] all the experiments were recorded at
283 K. At this temperature the samples remained stable during the whole
time of the acquisitions.

NMR spectroscopy: All NMR experiments were acquired at 283 K, unless
when stated otherwise, on Bruker Avance spectrometers operating at
proton Larmor frequencies of 600.13 and 800.13 MHz, or on a Bruker
AMX500 spectrometer operating at a proton Larmor frequency of
500.13 MHz.

Three-dimensional NOE-heteronuclear single quantum correlation spectra
(NOESY-HSQC)[40, 41] were recorded for the purpose of spectral assign-
ment at 600 MHz (deoxymyoglobin) and 800 MHz (carbonmonoxymyo-
globin). The choice of using different magnetic fields for the same
experiment in the two protein forms was based on the consideration that,
although the highest magnetic field ensures a better resolution and is,
therefore, ideal for a relatively large protein as myoglobin, it will also
induce extensive broadening, owing to Curie relaxation, of the NMR lines
of the deoxy paramagnetic form. The 600 MHz represents the best
compromise between resolution and Curie line broadening (proportional
to the square of the magnetic field) for deoxymyoglobin. NOESY-15N
HSQC experiments were recorded in H2O with 2048 (1H)� 48 (15N)� 300
(1H) data points. In these experiments, the delay between the 1H 90� pulse
following the mixing time period and the first subsequent 15N 90� pulse was
set to 5 ms (�1/2JNH), the mixing time was 100 ms. Spectral windows of 40,
14, and 14 ppm were used for 15N, direct 1H dimension, and indirect 1H
dimension, respectively. Quadrature detection was performed in the TPPI
mode for F1, and in the echo-antiecho/TPPI mode for F2. The latter mode
allowed also the water signal suppression.

A series of 30 1JNH-modulated 2D 1H-15N HSQC spectra were recorded for
deoxy- and carbonmonoxymyoglobin at 800 MHz. Dephasing delays, 2�,
varied between 5.3 and 21.3 ms. These delays included the duration of the
pulsed field gradients, G4, but not the duration of the 15N 180� pulse. The
intensities of cross-peaks were then given by Equation (3):[42]

I(2�)� I0[�A� cos(2�JNH�)]exp
�
� 2�

T*2

�
(3)

in which I0 is the intensity of the cross peak when � is zero, 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. As previously suggested,[42] 2� values should be chosen as
two sets of symmetric values around (2n� 1)/2J, whereby n is an integer, to
take into account effects of 180� 15N pulse imperfections and to optimize
the accuracy of the measurement of J. The best value of n, which depends
on the value of T*2 , was chosen after measuring T*2 of some cross peaks from
the 1JNH-modulated HSQC spectra acquired with � delays of 5.3, 10.6, and
21.2 ms. These delays correspond to 1/2J, 1/J, and 2/J, respectively, and
yielded almost completely refocused intensity for all NH moieties. There-
fore, for these � delays the HSQC cross-peak intensities were only
dependent on the transverse relaxation of 15N spins. An average T*2 value
of 40 ms was found; n was thus set as 4 and 5.

Spectra analysis : Data processing was performed on a Silicon Graphics
workstation with the Bruker software package. Integration of cross peaks
for all 1JNH-modulated 2D 1H± 15N HSQC spectra was performed by using
the standard routine of the Bruker XWINNMR program on a Silicon
Graphics workstation. Rectangular boxes at the noise level were used to
define the integration region, except for overlapping cross-peaks, for which
smaller boxes were chosen in order to minimize the contribution from the
unwanted peak. The obtained values were fitted to Equation (2) with a
Levenburg ±Marquardt algorithm to obtain the 1JHN values. Experimental
errors were estimated with the Monte Carlo approach.

The magnetic susceptibility anisotropy tensor parameters were evaluated
from the experimental pseudocontact shift values, as described in the
literature. This calculation was performed with the program FANTASIAN
(available at www.postgenomicnmr.net).[5] Magnetic susceptibility tensor
parameters were also obtained from rdc with the program FANTAOR-
IENT[43] (also available at www.postgenomicnmr.net). Experimental errors
were estimated with the Monte Carlo approach.

Structure validation in solution : The solution structure calculations were
performed with the PARAMAGNETIC-DYANA program[44] (available at
www.postgenomicnmr.net). A total of 17724 upper distance limits were
generated from the high resolution X-ray structure 1A6N;[18] the structure
was protonated with the MOLMOL program and for all the proton ± pro-
ton pairs closer than 6.0 ä an upper distance constraint was imposed with
values that were 1 ä larger than that measured from the crystal structure.
Initial values for the paramagnetic tensor parameters were obtained with
the program FANTASIAN and FANTAORIENT by using the same X-ray
structure, as described above. For each protein, 500 random structures were
annealed in 10000 steps by introducing the above described upper distance
limits, pseudocontact shifts, and rdc constraints. The relative weights of all
experimental NMR constraints (pcs and rdc) were taken to equal ten, to
compensate for their lower values with respect to the structure-based
distance limits. The 20 best structures (i.e., those with the lowest target
function value for the experimental NMR constraints, which also corre-
sponds to the lowest total target function) of the new family of conformers
were used to re-estimate the tensor parameters.

Magnetic susceptibility measurements : The magnetic susceptibility of the
sample was measured by the modified Evans method.[45, 46] Coaxial NMR
tubes were used with tert-butyl alcohol and 1,4-dioxane as internal
references. The paramagnetic and diamagnetic solutions were prepared
from the same protein stock (1.5m�, phosphate buffer 50m�, pH 6.2), in
the met form. The metmyoglobin solution for susceptibility measurements
was carefully degassed and transferred in the glove box. Then, twofold
excess sodium dithionite was added, and after 30 min the excess of
reductant was removed upon centriconing with a degassed phosphate
buffer solution containing the standards in equal amounts (tert-butyl
alcohol and 1,4-dioxane, 10m�) and D2O (5% of the volume). The solution
was split in two aliquots and one of them saturated with CO and transferred
into the NMR tube. A high-resolution NMR spectrum was recorded on the
reduced CO sample before and after the Evans measurements to check for
the absence of S� 5/2 met and S� 2 deoxy species. Two different sets of
measurements were conducted, one in which the paramagnetic protein was
placed in the inner tube and another in which it was placed in the outer one.
Both inner and outer tubes were always carefully capped under inert
athmosphere. No appreciable difference was noticed upon swapping the
diamagnetic with the paramagnetic solution. The shifts of the tert-butyl
alcohol and 1,4-dioxane proton signals were recorded at 700 MHz at 283,
293, and 303 K in a Bruker Avance spectrometer; the inner ± outer tube
peak separation (��) was measured and assigned to the bulk susceptibility
shift. The measured shifts of both standards resulted identical in all the
experiments. The paramagnetic contribution to the molar susceptibility of
the solute (�Mpara) was related to the bulk susceptibility shift �� as indicated
in Equation (4):[47]

��� 1000M�para
M /3 (4)

in which M is the concentration of the protein solution in molL�1 and �� is
the shift expressed in ppm. �para

M is obtained in m3mol�1. The magnetic
moment in solution (�eff) was then obtained from �para

M data by means of
Equation (5):[47]

�2
eff � �para

M 3kT/NA�0 (5)

The protein concentrations used for the calculations were double-checked
immediately after the NMR experiments by UV-visible and atomic
absorption, and were confirmed by both techniques to be 1.50� 0.02m�
without appreciable differences between the diamagnetic and the para-
magnetic samples. The reliability of our measurement method was further
tested by using standard solutions of Cu(NO3)2 and Mn(NO3)2 (atomic
absorption grade). The susceptibility and �eff values obtained were in full
agreement with literature values.[48, 49]
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