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Abstract The availability of NOE constraints and of
the relative solution structure of a paramagnetic pro-
tein permits the use of pseudocontact shifts as further
structural constraints. We have developed a strategy
based on: (1) determination of the y tensor anisotropy
parameters from the starting structure; (2) recalculation
of a new structure by using NOE and pseudocontact
shift constraints simultaneously; (3) redetermination of
the y tensor anisotropy parameters from the new struc-
ture, and so on until self-consistency. The system inves-
tigated is the cyanide derivative of a variant of the ox-
idized Saccharomyces cerevisiae iso-1-cytochrome c
containing the Met80Ala mutation. The structure has
been substantially refined. It is shown that the analysis
of the deviation of the experimental pseudocontact
shifts from those calculated using the starting structure
may be unsound, as may the simple structure refine-
ment based on the pseudocontact shift constraints
only.
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Introduction

It is now possible to obtain dipolar connectivities
through NMR in solution for paramagnetic metallopro-
teins [1-5]. Indeed, it has been recently shown that
when the electron relaxation times are short enough, it
is possible to detect NMR connectivities in the vicinity
of a paramagnetic center and therefore to collect a suf-
ficient number of NOE constraints to solve solution
structures [6—12]. However, the presence of a paramag-
netic center raises the threshold of detectability of
NOE connectivities, and therefore the resolution of the
structure around the metal ion may be lower than in
other parts of the protein that are farther from the me-
tal ion.

The pseudocontact part of the hyperfine coupling
between unpaired electrons and resonating nuclei has
long been utilized to obtain structural information in
solution [13-17]. We show here that such structural
constraints can be successfully employed in the deter-
mination of solution structures via NMR. Such con-
straints are particularly meaningful in the vicinity of the
paramagnetic center and therefore may transform the
disadvantage incurred by its presence into an advan-
tage for a better solution structure.

The hyperfine coupling has a contact and a pseudo-
contact contribution [18-20]. The contact coupling is
due to the presence of unpaired spin density on the re-
sonating nucleus and vanishes a few chemical bonds
away from the metal, unless 7 bonds are involved. The
pseudocontact shifts arise from magnetic susceptibility
anisotropy and depend on the nuclear position with re-
spect to the principal axes of the magnetic susceptibility
tensor:
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where Ay,, and Ay,, are the axial and the rhombic ani-
sotropy of the magnetic susceptibility induced by the
paramagnetic ion, r; is the distance from the ion of an
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Fig.1 The position of proton H; with respect to the principal
axes of the magnetic susceptibility tensor (X.x, Xyy» Xzz) Can be ex-
pressed by the metal-proton distance, r;, and by the direction co-
sines n;, I;, m; of the vector r; (Eq. 1). In a generic molecular ref-
erence frame Xneme, Yhemes Zheme, the same direction cosines can be
expressed by the scalar products of r; with the unit vectors ry, ry, r,
along Xue, Xyys Xzz (EQ.2). Axar and Ay, in Eq. 2 are defined as:
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atom i, and /;, m;, and n; are the direction cosines of the
position vector of atom i (r;) with respect to the ortho-
gonal reference system formed by the principal axes of
the magnetic susceptibility tensor (Fig. 1).

If we know the hyperfine shifts, i.e. the differences
in shift between the actual paramagnetic system and
the analogous diamagnetic system, and if we can as-
sume that the contact shift is zero, as is the case for all
nuclei separated from the metal center by several
chemical bonds, then we have the pseudocontact shift
values, 67°. At this point, we may rely on a structure,
e.g. that obtained through NOE constraints, to extract
the polar coordinates for each proton with respect to an
arbitrary internal axes frame and then find Ay,., Ax.s,
and the three independent direction cosines which de-
fine the principal directions of the y tensor with respect
to the above internal axes. This is the usual procedure
to extract the magnetic susceptibility tensor anisotropy
from the pseudocontact shifts and from a structural
model [17, 21-25]. Recently, it has been proposed that
an X-ray structure could be refined by varying the
atomic coordinates in such a way as to minimize the de-
viation between experimental and calculated pseudo-
contact shifts [26].

Here we pursue the above idea by developing an al-
gorithm to refine solution structures using all NMR
constraints, including pseudocontact shifts, in a self-
consistent fashion. Indeed, it is desirable to seek self-
consistency among all experimental constraints (i.e.
pseudocontact shifts and NOEs). If a structure is re-
fined by using only pseudocontact shifts as constraints,
larger disagreements with the experimental NOEs will
be found and the refinement will not be reliable.

Materials and methods

The five parameters defining the magnetic susceptibility tensor
anisotropy can be obtained by finding the best fit of Eq. 1 to a set
of experimental 7€ values. Iterative search or minimization pro-
cedures for this purpose have been reported by several authors
[17,21-23, 25, 27, 29]. We have written a program which relies on
the well-known SIMPLEX [30] minimization algorithm [the pro-
gram, called FANTASIA (Finding ANisotropy Tensors: A SIm-
plex Approach) is available from the authors (m.a.cremon-
ini@nmrlab.ciam.unibo.it) upon request]. The proton coordinates
of an initial structure are then expressed in a Cartesian axes sys-
tem centered on the paramagnetic center (the iron atom in this
case) and defined with respect to a few atoms which are consid-
ered fixed in the structure. In the present case the z axis was de-
fined as being perpendicular to the mean plane of the four heme
nitrogens and positive on the histidine side; the x axis was taken
along the projection on the mean plane of the metal-pyrrole 111
nitrogen bond; and the y axis, perpendicular to the former two in
the direction of the pyrrole IV nitrogen.

The five parameters which define the y tensor anisotropy with
respect to any metal-centered axis system can then be determined
by finding the best fit, to a set of 67 values, of Eq.2, which is
Eq. 1 rewritten in a more general form:
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where r; are the position vectors of the protons relative to the
chosen axis system and r, r,, and r; are unit vectors along the
principal directions of the y tensor (Fig. 1). The five parameters
are Ax.., Ax,» and three independent direction cosines out of the
nine direction cosines defining r, r,, and r; in the chosen axis sys-
tem.

As a family of N NMR structures is usually available, an aver-
age tensor can be straightforwardly obtained by best-fitting, using
the five y tensor anisotropy parameters, an extended set of Egs. 2
with N slightly different r; vectors to the same experimental
67¢ values. In the case of methyl protons or fast-rotating ring pro-
tons, an average calculated 67 value is compared with the ex-
perimental one. The obtained y tensor anisotropy parameters are
then used in a modified version of the program DIANA [31, 32]
(hereafter called PSEUDIANA) to recalculate §7¢ values after
each change of structure, in order to add a contribution due to the
pseudocontact shifts to the whole target function.

The program DIANA is based on the conjugate gradient algo-
rithm [33, 34], which, in turn, relies (in this case) on the calcula-
tion of the gradient of the target function in the space of the dihe-
dral angles [31, 32]. To implement the PSEUDIANA version, the
contribution to the total target function, ¢, introduced by the
pseudocontact shift constraints, 7, has been defined as:

7 = k3 [max (|85, — &5, |~ T.0)] ®)

where the operator “max” yields the larger of the two values in
parentheses separated by the comma, and 7 is the chosen toler-
ance (0.05 ppm in the present case). The k value that provides a
proper weight of the &/° constraints with respect to the NOE
constraints was estimated to be around 1 nm?. In the present pa-
per we used k=1nm?.

The contribution to the gradient was calculated as the first
derivative of the pseudocontact target function, #7¢, with respect
to the dihedral angles ¢; which affect an atom i:
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where the operator “sign” yields the first term in parentheses with
the sign of the second term and Q,, Q,, Q., and Q, are given
by:
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and where — is the partial derivative of the vector r; with re-

f)
spect to the dihedral angle ¢; which moves either atom i with re-
spect to the metal or vice versa (in the latter case the derivative
simply changes sign). Further details on the practical implementa-
tion of PSEUDIANA are given in Appendix 1.

The common usage of the program DIANA, when solving
structures from computer-generated random coil initial struc-
tures, is to introduce the constraints in a stepwise fashion accord-
ing to how far apart in the sequence the residues in question are
[31, 32]. In this case, it was possible to run the program PSEU-
DIANA on the already existing structures [11] by applying all
constraints simultaneously. Accordingly, only the last three min-
imization steps were performed following the standard procedure
whereby the total target function is successively evaluated by
weighting the atomic Van der Waals radii 0.2, 0.6 and 2.

As already reported [11], the prosthetic group was modeled
by constructing a new amino acid, called HES, constituted by a
histidine (the axial histidine) and the ferriheme. The residue HES
was anchored to the protein by the proximal histidine peptide
bonds and by two other links to the thioether sulfurs.

Results and discussion

The chemical shifts of the cyanide derivative of a var-
iant of the oxidized Saccharomyces cerevisiae iso-1-cy-
tochrome ¢ containing the Met80Ala mutation
(Met80Ala cyano-cyt ¢) [11] were compared with the
published [35] chemical shifts of the reduced anion-free
wild-type species in the same experimental conditions.
Protons more than =1.5 nm from the iron experience
the same chemical shifts in the two species within

Table 1 Values of the NOE, pseudocontact shift and total tar-
get function ranges in the families of the 17 best structures during
the various steps of the refinement procedure. The RMSDs for
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0.05 ppm. This value was thus taken as the tolerance for
the following best-fitting treatment. About 330 signals
had a difference in shift larger than 0.05 ppm. Among
them, 280 could be used for structural refinement be-
cause a safe assignment was available for both oxidized
and reduced forms. Thirty-five signals had 67 values
smaller than 0.05 ppm, but nevertheless their shifts
were used as further constraints. Indeed, experimental
7€ values close to zero bear the same information con-
tent as large &7¢ values, in that they impose either a
large distance from the paramagnetic center or close-
ness to the magic angle (6=54.74°).

As the goal was that of a safe estimate of the hyper-
fine pseudocontact shifts, the problem arose of finding
an ideal diamagnetic reference. No such ideal reference
diamagnetic protein exists, because any diamagnetic
reference must be in the reduced state and may well be
structurally and electronically different, in some details,
from the actual oxidized compound. The difference
may be even larger in the present case, due to the addi-
tional difference in one axial ligand between the two
proteins. However, relaxing the conditions of accept-
ance of a diamagnetic reference makes the approach
described even more general. In this respect, the pres-
ent 67° uncertainty of 0.05 ppm (30 Hz at 600 MHz)
may be considered satisfactory with respect to the goal
of refining an available solution structure. In the wild-
type protein, the structural differences between oxid-
ized and reduced forms have been proposed to be
mainly due to slight movements of the heme and
changes in a few hydrogen bonds. This proposal was
based on differences — as large as 5 ppm — between cal-
culated and observed pseudocontact shifts [36]. While it
is unlikely that these differences are due to variation of
the diamagnetic contribution to the observed shift be-
tween the reduced and the oxidized proteins, we de-

backbone (BB) and all heavy atoms (HA) are also reported, to-
gether with the average y tensor anisotropy parameters, for the
structures obtained at each step

Step tNOE [ et RMSD BB RMSDHA Axmxt30? Axnx30? n,. b L, b
(nm?) (nm?) (nm?) (pm) (pm) (m*x10%) (m*x10%)

0° 0.001-0.002 0.234-0.202 0.235-0.217 70 132 2.779+0.020 0.585+0.022 0.9997 0.6803
1 0.008-0.009 0.030-0.037 0.048-0.058 63 126 2.879+0.002 0.585+0.004 0.9999 0.7084
2 0.007-0.009  0.026-0.031 0.043-0.053 63 127 2957+£0.002 0.586+0.004  0.9999  0.7320
3 0.009-0.009 0.026-0.030 0.042-0.049 63 129 3.017£0.003 0.592 £0.003 0.9999 0.7424
4 0.008-0.008 0.024-0.027 0.040-0.049 61 126 3.102+0.002 0.599 +£0.003 1.0000 0.7629

17 0.008-0.009 0.022-0.024 0.036-0.042 58 123 3.306+0.001 0.711 +£0.001 0.9992 0.8088

18 0.008-0.010  0.022-0.024  0.036-0.042 58 124 3.309+£0.002 0.705£0.002  0.9993  0.8073
1b¢ 1.392-4.636 0.009-0.023 1.426-4.666 79 137 2.864+0.001 0.596 £0.003 0.9999 0.6896

# The 3 o values are obtained from the individual y tensor aniso-
tropy parameters calculated for each of the 17 best structures.
They reflect the decrease in RMSD

®Only two of the three independent direction cosines are re-
ported, as the almost perfect alignment of r, along the molecular
z axis permits the definition of the r, and r, positions in the xy
plane using only one positive direction cosine

¢ Calculated after a minimization performed without inclusion of
the pseudocontact shift constraints

4 Calculated after a minimization performed without inclusion of
the NOE constraints
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Fig. 2 Comparison between A the 17 best structures of the origi-
nal DIANA family [11] (RMSD®® = 70 pm) and B the 17 best
structures of the final PSEUDIANA family (RMSD®® = 58 pm).
The A family corresponds to step 0 in Table 1, while the B family
corresponds to step 18 in Table 1. The modest atomic displace-
ments from A to B cause quite significant variations in the Ay,
Ay, and [, parameters of the y tensor (Table 1)

cided to address this point by checking the final agree-
ment between calculated and experimental pseudocon-
tact shifts.

Structure refinement

The starting structural model was that corresponding to
a family of 17 structures with RMSD for residues 1-102
of 70 pm and 132 pm for the backbone (BB) and all the
heavy atoms (HA), respectively, available in the PDB
(entry 1FHB) [11] (Fig.2A). As it is possible from a
single structure to determine the five parameters (A x,.,
Ay, and three independent direction cosines) that de-
fine the magnetic susceptibility tensor anisotropy, the
same parameters for an average tensor can also be ob-

tained by finding the best fit using a family of struc-
tures. We calculated the average tensor anisotropy
from the original extended family of 39 structures [11],
from which the 17 best structures had been selected.
We chose to use the extended family with the sole aim
of having a broader basis set. This holds for the whole
procedure to be described. The values of the y tensor
anisotropy parameters are reported as the values at
step 0 in Table 1.

The distance geometry (DG) program [31, 32] mod-
ified to accept the pseudocontact shifts as further struc-
tural constraints as reported in Materials and methods
(PSEUDIANA) was used at this point by simulta-
neously applying the already existing 1426 NOE con-
straints with the addition of 315 differences in chemical
shifts between protons assigned in both the oxidized
paramagnetic and in the reduced diamagnetic proteins.
Only the final three minimization steps of PSEUDIA-
NA were performed on each member of the original
family, with all constraints (NOEs + pseudocontact
shifts) included. The availability of starting structures
permits this shortcut, which makes the minimization
noticeably quicker than the whole DIANA procedure.
The latter is used when starting from random structures
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Fig. 3 Flow chart showing the refinement strategy. The coordi-
nates of the starting family of structures are first expressed in the
heme-based reference system. The best average y tensor anisotro-
py parameters are then calculated from the experimental §”¢ val-
ues. The disagreement between calculated and experimental §°¢
values, expressed by the target function ¥, is then minimized, to-
gether with all other contributions to the total target function, us-
ing the program PSEUDIANA, thereby producing a new set of
structures. From the coordinates of the latter, expressed again in
the heme-based reference system, new average y tensor anisotro-
py parameters are calculated. The procedure is repeated until the
x parameters do not vary by more than 1% from the previous
step

and introduces NOE constraints in a stepwise fashion
[31, 32] (see Materials and methods).

The 17 structures which had the lowest #** after min-
imization had an RMSD of 63 pm for the BB atoms and
of 126 pm for all HA (step 1, Table 1). On the other
hand, the highest target function had a somewhat high-
er value than that of the starting family. It increased
from 0.002 to 0.009 nm? for the NOEs, while the pseu-
docontact shift component was 0.037 nm?. The increase
in the NOEs’ target function was due to the introduc-
tion of new constraints and suggested that the calcu-
lated structures were not completely consistent with the
average y tensor anisotropy. At this stage, a new aver-
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Fig. 4 Progressive variation A of Ay,, (as the most representative
of the five parameters defining the y tensor) and B of the
RMSDPBE values within the 17 best structures along the various
minimization steps. The figure illustrates the relatively slow con-
vergence of both Ay,, and RMSD®® to their self-consistent val-
ues, as well as the importance of the self-consistent procedure in
achieving a reliable set of y tensor anisotropy parameters (A) and
reliable structural refinement (B)

age tensor was calculated by fitting to the experimental
6;”¢ values the pseudocontact shifts calculated from the
new family of structures using the y tensor anisotropy
parameters. The y parameters at step 1 were somewhat
different from those at step 0, indicating that self-con-
sistency had not been achieved.

The whole procedure, summarized in the flow chart
of Fig. 3, was then repeated (18 times), until no varia-
tion (within 1%) in the values of both Ay, and Ay,
parameters was obtained (Fig. 4, Table 1). The target
function maintained a maximum value of 0.010 nm? for
the NOE constraints, with a maximum contribution due
to the pseudocontact shifts of 0.024 nm? (step 18, Table
1), while the RMSD values for the 17 best structures
decreased to 58 pm for the backbone (Fig. 4, Table 1)
and 124 pm for all heavy atoms. The resulting family
with improved resolution is shown in Fig. 2B. Compari-
son of Fig. 5A and Fig. 5B shows the corresponding im-
provement in the agreement between calculated and
experimental 67¢ values. It can be noted that the uncer-
tainty in the Ay, and Ay,, parameters, estimated from
the spreading of the individual tensor parameters for
each structure (Table 1), is already very low at step 1,
although the parameters themselves keep drifting.
Likewise, the agreement between calculated and ex-
perimental 67¢ values is already almost as good as in
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Fig. SA-C Comparison of 8.,.”¢ vs 8,5"¢ plots performed at
step 0 (A) and step 18 (B). The visually dramatic improvement in
the overall agreement reflects the decrease in the #*¢ from
0.234 nm? at step 0 to 0.022 nm? at step 18 (Table 1). C The
equally dramatic improvement obtained in a single minimization
step without NOE constraints. However, the high target value for
the latter (Table 1, last line) demonstrates that this non-self-con-
sistent procedure is unreliable

Fig. 5B (not shown). This behavior will be discussed
further below.

The novelty of the present approach is that the ten-
sor calculated from the pseudocontact shifts and used
for structure calculations was refined, together with the
atomic coordinates, in the presence of the original NOE

constraints used for calculating the structure. This is the
reason why relatively slow convergence to the final val-
ues was observed (Fig. 4 and Table 1). It is instructive
to note that when the original structure was refined in
the absence of the original NOE constraints (step 1b,
Table 1), convergence was achieved immediately, ¢
dropped to a very low value, and the agreement be-
tween calculated and experimental 67¢ values was very
good (Fig. 5C). However, the tN°F value became ex-
ceedingly high, the Ay parameters remained rather sim-
ilar to those of step 1 in Table 1, and the RMSD values
increased with respect to the starting structures. In the
light of the present results obtained after self-consistent
convergence, this means that neither the structure nor
the y tensor anisotropy parameters obtained without
the NOE constraints can be considered to constitute
adequate refinements of the starting values. As noted
above for step 1, the small uncertainty of the y tensor
anisotropy parameters and the good correlation be-
tween calculated and experimental 67¢ values were
not, in themselves, reliable indicators of the goodness
of the y anisotropy parameters.

The determinations of y tensor anisotropy paramet-
ers reported in the literature using pseudocontact shifts
and a structural model (often represented by the solid
state X-ray structure) [17, 21-25] have not included a
self-consistent approach and may therefore suffer from
relatively large error. Disagreements between calcu-
lated and observed pseudocontact shifts can still be,
and have been, pinpointed to possible structural differ-
ences between the paramagnetic and diamagnetic
forms [28, 36] or to inaccuracies of the starting struc-
ture [26]. In the latter case [26], the achievement of a
refined structure was claimed, but it merely corre-
sponds to our step 1b.

The present self-consistent approach therefore rep-
resents a significant step forward in the refinement of a
solution structure of a paramagnetic protein. In sum-
mary, notable features of this procedure are: (1) The
significant decrease in backbone atom RMSD. It is pos-
sible that this improvement is due more to the nature
than to the number of the new constraints which, due
to the r~ rather than the r° dependence of the NOEs,
are long-range constraints with respect to the metal
center. This is illustrated in Fig. 6, where the protein
residues are color-coded according to the experimental
6%¢ values of their protons, showing how far from the
metal center the paramagnetic effect is still observable.
(2) The rather uniform distribution of the improvement
in the RMSD values per residue (Fig.7), with some
peak values also showing a significant decrease. The
use of a large number of almost uniformly distributed
pseudocontact shifts, even below the threshold of toler-
ance, accounts for the uniform distribution of the
RMSD improvement. (3) The sizable increase in the
values of Ay, and Ay,, (>20%) and the change in
orientation of the x and y axes (>10°) from the begin-
ning to the end of the self-consistent refinement (Table



Fig. 6 The most representative refined structure (chosen as the
one with the lowest RMSD from the average of the best 17 struc-
tures) color-coded to show how far from the metal center sizable
67 values are observed. Residues having at least one proton with
67¢>0.05 ppm are colored orange, those with at least one proton
with 67°<-0.05 ppm are colored violet, and those unassigned or
with no proton with | 57| >0.05 ppm are colored white. Residues
with protons experiencing both upfield and downfield shifts are
colored accordingly. The heme, axial histidine and heme-bound
cysteines are colored cyan: the hyperfine shifts of protons in these
groups experience a contact shift contribution and could not be
used as constraints. The color coding clearly delineates the dipo-
lar field from the metal, with its familiar d,- shape. The axial
orange lobes are regions of downfield shift, and the equatorial
violet toroid is the region of upfield shifts

1). These changes again point to the low reliability of
the estimates of the tensor parameters, if the starting
structure differs somewhat from the true one. At this
point, a careful analysis of the violations in NOEs and
pseudocontact shifts for each residue showed that,
within the final family of structures (step 18), there
were no consistent NOE violations larger than 4 pm
and no consistent pseudocontact shift violations larger
than 0.45 ppm. Furthermore, there were no regions of
the structure with appreciable clustering of consistent
violations. This analysis gives us confidence that the
quality of the results is good and that errors in the eval-
uation of the diamagnetic reference are overcome by
the self-consistent procedure.

The final family of structures was narrower than the
original set but still within its range of uncertainty. The
RMSD between the average structures of the original
set of structures and of the refined family was 67 pm for
the backbone.

x tensor and contact shifts

The determination of the y tensor anisotropy and of its
principal axes allowed us to determine the contact
shifts of the hyperfine-coupled protons by factoring out
the pseudo-contact contributions. This was possible un-
der the assumption that the unpaired electron was lo-
cated on the metal ion. This assumption was reasonable
for protons that do not bear any spin density capable of
dipolar interactions. The results are reported in Table
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Fig. 7A, B Plot of the RMSD per residue for the 17 original (O)
and final (O) best structures. The backbone atom values are
shown in A, the all heavy atoms values in B. It appears that there
is a homogeneous decrease in RMSD for most residues, especial-
ly for backbone atoms, as well as some improvement in the disor-
dered regions centered around residues 23 and 44

2. The contact shift patterns of the porphyrin ring me-
thyl protons, which, at variance with the a propionate
and thioether protons, were not affected by their dihe-
dral angle with the heme carbon p_ orbital, are in qual-
itative agreement with theoretical predictions [43]. In
fact, for the present histidine orientation, the histidine
nitrogen p, orbital lies approximately parallel to the
B meso—6 meso direction, and the smallest spin density
is expected on 3-CHj;. The present example joins other
cyanide adducts of heme proteins (Table 2) showing a
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Fig. 8 Orientation of the y tensor axes with respect to the heme-
based coordinate system (pink) at steps 0 (green) and 18 (orange)
(Table 1). The x., green and orange axes point outward, approx-
imately in the direction of the y meso carbon. The y,, axis of step
18 is almost coincident with the projection of the axial histidine
ring on the heme plane

variety of His p, orientations and all in qualitative
agreement with predictions.

The contact shifts of the axial histidine ortho-like
protons were negative, the H 1 being much larger in
absolute value than H62. Negative contact shifts, in the
same order, were also observed for the axial histidine
ortho-like protons in the other cases reported in Table
2, the present system showing the largest difference.

As to the principal directions of the y tensor, the z
axis is perpendicular to the average heme plane within
the experimental error (Fig. 8). This appears also to be
the case in the cyanide adduct of lignin peroxidase
(LiP) but not in those of myoglobin (Mb) and horsera-
dish peroxidase (HRP). The x and y directions in
Met80Ala cyano-cyt ¢ were almost exactly along and
perpendicular to the projection of the histidine ring
plane on the xy plane. This is similar to what has been
found in HRP and Mb, in spite of the fact that in the
latter two cases the His Np . is essentially along the pyr-
role nitrogens direction (pyrroles II/IV in HRP and
pyrroles I/III in Mb). In contrast, in LiP the y tensor
axes do not show any obvious relation with the His ring
projection on the heme plane, although the histidine
ring has an orientation at approximately 90° from that
in Met80Ala cyano-cyt ¢ and therefore can be consid-
ered homologous to the latter except for an interchange
of the x and y axes. It has been recently suggested that
I3C-NMR data may be capable of shedding further
light on this problem [44].

Conclusions

While it was already known that the §° values can be
used to obtain structural information in solution, they
were used here for the first time in conjunction with
NOE constraints to obtain a family of structures or to

refine a structure already available from NOE con-
straints. This procedure showed that the evaluation of
the anisotropy and direction of the magnetic suscepti-
bility tensor can be affected by significant errors if the
starting solution structure is not accurate. Whereas
here self-consistency with the NOE:s is sought, and rep-
resents a check, no evaluation of the error is possible
when the starting structure is that of the solid state
structure of the same protein or, worse, of a homolo-
gous one. In other words, the best procedure to obtain
the magnetic susceptibility tensor anisotropy and to
factor out the hyperfine shifts is the present one, based
on the simultaneous analysis of solution NMR con-
straints and pseudocontact shifts. The precise determi-
nation of the y anisotropies and of their directions is a
source of fruitful information on the electronic struc-
ture of the metal ion and the coordination polyhe-
dron.

The refined structure had a resolution substantially
higher than that based only on NOEs, although the vio-
lations of the NOE constraints increased somewhat.

This was not a serious problem as long as t"°F re-

Table 2 Calculated contact shifts for heme methyl and proximal
histidine resonances in the cyanide adducts of some heme pro-
teins. The angle o between the histidine p, and the heme-based x
axis is also reported

Signal Met80Ala 3" (ppm)
cyano-cyt ¢

Lip? HRP® Mb©
Heme
1-CH; 16.9 2.7 2.8 18.4
3-CH; 10.5 30.5 249 6.7
5-CH; 20.8 5.5 6.6 27.8
8-CH; 24.6 17.7 28.7 15.8
Proximal His
H32 - 18 —-10.5 —16 - 62
H1 —31.4 —342 -20 —158
a (deg) 139 53 75¢ 8

2 Taken from [37]

® Estimated from [38, 39] as reported in [37]

¢ Taken from [22]

4 Measured using the cytochrome ¢ peroxidase X-ray structure as
a model [40-42]



mained <0.010 nm? [31, 32]; in any case, our approach
based on DIANA used only a semiquantitative calibra-
tion procedure [31, 32].

In the present research the pseudocontact shifts
were used to refine an existing structure. If one had an
idea of the tensor from independent methods, e.g. from
I3C-NMR data of the heme methyls [44, 45], this very
same approach could be used right from the beginning
of the structure determination. Use of the program
from scratch is possible and may be appropriate when
the system provides a low number of NOEs.

A general problem which requires further comment
is the choice of the diamagnetic reference for the deter-
mination of the pseudocontact shifts. The use of the
shifts of the diamagnetic analogue relies on the assump-
tion that it is structurally equal to the paramagnetic sys-
tem. This assumption may be verified a posteriori. If
some input data are not consistent with the final out-
put, they can be omitted and their inconsistency should
be analyzed. Alternatively, one could use only the
larger pseudocontact shifts with a larger tolerance. In
this case the diamagnetic reference could be calculated
from available statistics and equations [46-48]. Indeed,
the procedure is rather flexible and can be varied ac-
cording to personal taste and the specific goals of the
research.

Finally, one should reflect on the = nature of the
pseudocontact shifts as compared to the r° nature of
the NOEs. The two contributions average differently in
the presence of mobility, and the comparison of NOE
or shift violations could be informative.
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Appendix 1

The practical implementation of Eq.2 in the DIANA
program requires several steps. To the HES amino
acid, six pseudoatoms, named PX, PY, PZ and AX,
AY, AZ and located at unit distance from the iron, are
added. They represent, respectively, the x, y and z axis
of the heme-based reference system defined above and
the axes of the y tensor expressed by the unit vectors r,,
ry, and r, (Fig. 1). The latter were provided by the pro-
gram FANTASIA as a set of nine direction cosines of
AX, AY and AZ in the PX, PY, PZ system. This al-
lowed us to obtain the positions of the AX, AY, AZ
pseudoatoms in the DIANA coordinate frame whatev-
er the position of the PX, PY, PZ pseudoatoms in this
system. In this way, the algorithm could be imple-
mented by exploiting the DIANA arrays CX(), CY(),
and CZ() which, after each call to the DIANA subrou-
tine GENER [31, 32], contained the new atomic coordi-
nates at that stage of the calculation.
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The evaluation of the contributions to the gra-

]
dient in Eq. 4 was performed, in the coordinate frame

of DIANA, indicated by primes, as follows:

on _dlrizri) _ Oy o) (AD)
6(15, ad)] ad)]

where e; is a unit vector lying on the central bond of
the dihedral angle ¢; and oriented toward the moving
part of the molecule [49, 50] and r/ is the position vec-
tor of the third atom involved in the dihedral angle.
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