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Abstract Standard procedures for using nuclear Over-
hauser enhancements (NOE) between protons to generate
structures for diamagnetic proteins in solution from NMR
datamay be supplemented by using dipolar shiftsif the pro-
tein is paramagnetic. This is advantageous since the elec-
tron-nuclear dipolar coupling provides relatively long-
range geometric information with respect to the paramag-
netic centre which complements the short-range distance
constraints from NOEs. Several different strategies have
been devel oped to date, but none of these attempts to com-
bine datafrom NOEs and dipolar shiftsin theinitial stages
of structure calculation or to determine three dimensional
protein structures together with their magnetic properties.
This work shows that the magnetic and atomic structures
are highly correlated and that it is important to have addi-
tional constraints both to provide starting parameters for
the magnetic properties and to improve the definition of the
best fit. Useful parameters can be obtained for haem pro-
teins from Fermi contact shifts; this approach is compared
with a new method based on the analysis of dipolar shifts
in haem methyl groups with respect to data from horse and
tuna ferricytochromes c. The methods devel oped for using
data from NOEs and dipolar shifts have been incorporated
in anew computer program, PARADYANA, which isdem-
onstrated in application to amodel dataset for the sequence
of the haem octapeptide known as microperoxidase-8.
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Introduction

One of the main bottlenecks in the area of structural biol-
ogy is the development of techniques for obtaining high
resolution structuresin solution, so that structural modifi-
cations can be followed as physical and chemical condi-
tions are changed (e.g. temperature, redox potential, and
added substrates or inhibitors). In many cases, X-ray crys-
tallography gives excellent results, but conditions within
the crystal are not easy to control. The solution structures
of a variety of diamagnetic proteins have been obtained
from NMR data, predominantly from measurements of
proton-proton dipolar cross relaxation in the form of nu-
clear Overhauser enhancements (NOE) (Wdthrich 1989;
Gintert et al. 1991). The NOE intensities are related ap-
proximately to interproton distances, and, hence, may be
converted into distance constraints through empirical cal-
ibration. Such NMR studies are best suited to diamagnetic
globular proteinssincethe assignment of the spectraof par-
amagnetic proteins and the interpretation of NOEs are
complicated by paramagnetic contributions to the chemi-
cal shifts, which may alter the usual patterns drastically,
and the rel axation rates, which are dominated by electron-
protoninteractionsin thevicinity of prosthetic groups. The
competing relaxation pathwaysreduce NOE intensities, in-
creasing the apparent interproton distances and making
lower-limit distance constraints unreliable and upper lim-
itsexcessively loose. Inthe presence of large paramagnetic
effects, the number of constraints obtained around the
metal (active) centre may be small. In less extreme cases,
the additional spread of resonances induced by paramag-
netic shifts generally resultsin an increase of spectral res-
olution and is also a valuable aid to assignment in larger
proteins. Furthermore, the paramagnetic effects are gov-
erned by geometric functions, thus containing valuable
structural information (Xavier et al. 1993). Some compen-
sation for the reduction in NOE intensities may also be
achieved by using the initial structures as input to relaxa-
tion matrix cal culationswith termsfor electron-nuclear di-
polar relaxation which are proportional to theinverse sixth
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power of the distance between each proton and the para-
magnetic centre (Bertini et al. 1996).

In addition to reducing NOE intensities, the dipolar
interaction between nuclei and rapidly relaxing electrons
induces hyperfine shiftswhich areapproximated quitewell
by the so-called metal centred pseudocontact shift (Bertini
and Luchinat 1986):
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in which the metal is at the origin of the principal axes of
the magnetic susceptibility tensor, with axial and equato-
rial anisotropies Ax,, and Ax,, and the nucleus has spher-
ical polar coordinatesr, 6, @ Proton dipolar shifts are not
sufficient to define atomic coordinates since each particu-
lar value corresponds to a complete surface. However,
structures may be determined from dipolar shifts together
with someother property which hasadifferent dependence
on geometry, such as paramagnetic relaxation (Barry et al.
1971) or nuclear Overhauser enhancements (Barry et al.
1974). Alternatively, the dipolar shifts of protonsin apre-
determined structure may be used to characterise the mag-
netic susceptibility tensor of the compound. This is
straightforward in low-spin haem proteins because the po-
sition of the metal isrigidly defined and the reduced pro-
tein can be used to provide diamagnetic reference shifts
(Keller et a. 1972). Then, by measuring the shift differ-
ence of protons in the oxidised and reduced protein, it is
possible to test the accuracy of a structure or to detect
redox-state-related changes in structure (Williams et al.
1985).

Such procedures have been applied with increasing re-
finement to horse cytochrome c, which has also been the
subject of several X-ray studies. A simple analysis of the
absolute difference between dipolar shifts observed in the
ferricytochrome and shifts calculated using anisotropies
extrapolated from EPR data with an optimised orientation
for the magnetic susceptibility tensor showed that thereis
little difference between the structure of the proteinsin so-
lution and in the crystal, or between the oxidised and re-
duced forms (Williamset al. 1985). Subsequently, the pro-
cedure was improved by fitting all five parameters of the
magnetic susceptibility tensor and evaluating deviations
between observed and calculated shifts with respect to the
local gradient of thedipolar field (Feng et al. 1990). Inlater
work, the tensor was fitted after excluding anomalous
shifts on a statistical basis (Turner and Williams 1993).
Thiswork also used information from 13C shifts, which are
much more sensitiveto alterationsto the diamagnetic shifts
which may result from changes in structure, to show that
there are indeed slight redox-state-related movements in
horse cytochrome c in the region of Trp 59.

Most recently, Qi et al. attempted to determine redox-
state-related structural changes in horse cytochrome c di-
rectly in solution and they concluded that the effects are
remarkably large (Qi et a. 1996). The dipolar shifts of the

5.0

4.0 1

3.0 1

calculated shift (ppm)

-2.0 1

-3.0 T T T
-1.5 -0.5 0.5 1.5 2.5

observed shift (ppm)

Fig. 1 Comparison of observed and cal culated alpha CH proton di-
polar shifts in horse cytochrome c fitted to the X-ray structure 1crc
(Sanishvili et a. 1995), filled symbols, or the solution structure 1ocd
(Qi et al. 1997), empty symbols

alpha CH protons were calculated in order to validate the
structure obtained for the ferricytochrome but these results
were not compared with cal cul ations based on X -ray struc-
tures. The coordinates of the solution structure, 1ocd, were
not made available until July of thisyear but they now pro-
vide an excellent exampl e of the value of dipolar shift cal-
culationsintesting structures. Theatomic coordinates used
in this work were obtained from the Protein Data Bank at
Brookhaven and the four-character PDB identification
code is given in each case. We fitted the 87 unambiguous
alpha CH dipolar shifts according to the method described
by Turner et al. (1993) with an assumed error of £0.05 ppm
in each shift and varied the positional uncertainty of the
protons, instead of rejecting data, until the RMSD wasre-
duced to unity. This showed that the structural model ob-
tained by NM R would becompatiblewith theshiftsof these
backbone protons only if the coordinates had an uncer-
tainty of £2.01 A. Furthermore, the iron to Met80 sul phur
bond is tilted by 40° from the perpendicular to the haem.
For comparison, the X-ray structures 1hrc (Bushnell et al.
1990) and lcrc (Sanishvili et al. 1995) yielded positional
uncertainties of +0.29 A and +0.28 A, respectively, with
the same input data. Observed and calculated shifts are
shownin Fig. 1. It isclear, therefore, that the X-ray struc-
ture of the ferricytochromeisafar better approximation to
the structure in solution than the NMR structure. The so-
lution structure, 2frc, of the ferrocytochrome (Qi et al.
1996) givesslightly better agreement, with apositional un-
certainty of +1.92 A, but reveals a change in chirality of
thioether 3'CH and anear-planar Met80 sulphur. However,
the characteristic distortion of the haem planefound in the
crystal structures is reproduced with extraordinary preci-



sion in each case, having an RM SD for the macrocycle of
just 0.1 A with respect to 1crc. This deviation is smaller
than that found among X-ray structures of similar cyto-
chromes and may be compared with an RMSD of 0.2 A for
arange of crystal structures with respect to a flat haem.
Thus, it appears that the oxidised and reduced solution
structures are both of very low resolution and that the dis-
torted haem must originate from X-ray data, modified only
slightly by the forcefield. The simpletest of the quality of
the solution structure of horse ferricytochrome c provided
by thismetal centred dipolar shift cal culation demonstrates
clearly that it would be unwise to useit as the basis of any
discussion of redox-state-related structure changes.

Dipolar shiftshave al so been used to provide additional
constraintsin structure refinement (Barry et al. 1971; Go-
chin and Roder 1995; Banci et al. 1996). As Banci et al.
(1996) have argued, it is unsatisfactory to refine a struc-
ture in the absence of the constraints, such as NOE data,
which were used to generate the initial structure. Never-
theless, Gochin and Roder (1995) have demonstrated are-
finement procedure based on dipolar shifts and a force
field, using a crystal structure of horse ferricytochrome ¢
as astarting point. Thiswork reveals anumber of difficul-
ties. First, theinclusion of dipolar shiftswasfound to have
relatively little effect on the structure compared with min-
imisation using only the force field. In part, this may re-
sult from neglecting the rapid rotation of methyl groups
since a significant reduction in the deviation between ob-
served and calculated shifts may be achieved by a spuri-
ous reorientation of the methyl protons, which changesthe
calculated dipolar shifts by up to 15% in this particular
structure. More importantly, the minimisation was per-
formed with respect to afixed and predetermined magnetic
susceptibility tensor and the claimed precision, based on
the gradient of the dipolar field, of up to 0.1 A in the co-
ordinates of the refined structure took no account of pos-
sible errorsin the parameters of the tensor itself. Since the
global minimum in fitting magnetic parametersistypically
broad and the parameters are quite strongly coupled, small
changes in the atomic coordinates or in the set of dipolar
shifts can produce significant changes in the values.

The procedure introduced by Banci et a. (1996) and
demonstrated in application to the cyanide complex of the
Met80Ala mutant of Saccharomyces cerevisiae iso-1-fer-
ricytochrome ¢ was improved by the simultaneous use of
constraints from NOE data and dipolar shifts. Each struc-
ture was minimised with respect to a predetermined mag-
netic susceptibility tensor, as in the earlier example, and
inevitably reduced the RMSD across a family of starting
structures derived from NOE data because each structure
isrequired to conformto the samedipolar field. Sincefam-
ilies of computed structures are analysed for the purpose
of evaluating uncertainties in the structural parameters, it
would be more satisfactory to compute the magnetic prop-
erties of each structure independently.

In thisarticle, we demonstrate how structural and mag-
netic properties may be obtained simultaneously by a
straightforward extension of structure calculations in tor-
sion angle space. Such calculations commonly take ran-
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dom structures as starting points and it isimpractical to fit
amagnetic susceptibility tensor to the set of dipolar shifts
until the approximate folding of the protein has been es-
tablished by the application of short-range distance con-
straints derived from NOE data. Thus, it is convenient to
adopt the variable target function approach (Braun et a.
1985) and introduce the magnetic parameters and con-
straints based on dipolar shifts at alate stage in the cal cu-
lation of each structure. Alternatively, starting values for
the parameters of the magnetic susceptibility tensor in
haem proteins may be obtained from independent
13C NMR and EPR measurements, with therel atively long-
range dipolar shift constraints being given very little
weight initially in order to avoid being trapped in local
minima. However, if independent experimental datafor the
tensor orientation is available, then it can be included as
an additional constraint throughout the calculation, which
should improve the eventual resolution of the structure.

Whilethisarticlewasin preparation, Banci et al. (1997)
published another NMR structure of horse ferricyto-
chrome ¢ based on NOE data and dipolar shifts, improv-
ing the methodology which they had demonstrated earlier
(Banci et a. 1996). Theresulting structure is significantly
better than that of Qi et al. (1996), with an uncertainty of
+1.06 A for the alpha CH coordinates, calculated as de-
scribed above. The similarity of the haem macrocycle to
that in the X-ray structure 1crc is still more remarkable,
with an RMSD of just 0.08 A, and so it would appear that
the method used is still not capable of resolving haem dis-
tortionswithout input from X-ray data. The major advance
in methodology lay in including the axes of the magnetic
susceptibility tensor as parameters for each individual
structure calculation. However, the anisotropies were pre-
determined and fixed, asin their earlier work.

The present work demonstrates that the anisotropy of
the magnetic susceptibility tensor ishighly correlated both
with its orientation and with the calculated three dimen-
sional structure but that it is straightforward to avoid bias
by calculating all of the magnetic parameterstogether with
each structure. It isalso apparent that thereisstill room for
considerableimprovement in the methodol ogy used for de-
termining the structures of paramagnetic proteinsin solu-
tionfrom NMR data. Thisisessential if solution structures
are to become sufficiently accurate to provide amore use-
ful basisfor understanding the behaviour of proteinsin so-
[ution than structures obtained from crystals.

Computational methodology

Since force field parameters are not well optimised for
haems and the use of force fields is inappropriate unless
all of the structural water molecules have been located, our
computational procedure, PARADYANA, is based on the
DYANA program of Guntert et al. (1997) which uses only
repulsive van der Waal sinteractions. Protein structuresare
defined by a set of torsion angles, with standardised bond
lengths and bond angles for the amino acids, and the tor-



370

sion angles are adjusted to fit the NMR data either by di-
rect minimisation or by simulated annealing.

Mathematical expressions for the derivatives with re-
spect to torsion angles of atarget function based on dipo-
lar shifts have been presented by Banci et al. (1996) and
these equations must be supplemented by derivatives with
respect to torsion angles which define the orientation of
the magnetic susceptibility tensor and with respect to its
anisotropies. The contribution to the target function made
by the dipolar shifts may be written:
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where the function @isasdefined by Gintert et al. (1991)
and here gives the maximum of the difference between the
calculated and observed shifts, in ppm, and a cutoff, t, set
to 0.05 ppm as used by Banci et al. (1996). The overal
weighting of the dipolar contribution, wy, may be used to
control the influence of dipolar shiftsin a variable target
function and the weighting of each individua value, w;,
may be used to reflect different experimental errorsand to
average over the shifts of methyl protons. The vector r;
givesthe position of protoni, whiler,, r,, r,, are unit vec-
tors representing the principal axes of the magnetic sus-
ceptibility tensor and the Ay terms represent its axial and
equatorial anisotropy. These vectors are all defined with
the same origin as the tensor, which is normally the coor-
dinate of ametal atom. The dipolar shifts contribute to the
partial differentials of the target function with respect to
all torsion angles which affect the position of aproton rel-
ative to the origin of the tensor:
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which isequivalent to the expression given by Banci et al.
(1996) but expressed in a form which is more readily
computed. The composite vector Q;, together with the vec-
tor r{, which gives the position of proton i with respect to
whatever origin isbeing used for the structure calculation,
contain all of the necessary information about the proton.
The information about each torsion angle, ¢, is given by
the direction of aunit vector along the bond, €, and the co-
ordinate of the atom at the immobile end of the torsion, as
explained by Guntert et a. (1991). The expression for tor-

sion angles which move the metal centre with respect to a
stationary proton simply takes the opposite sign.

The simultaneous calculation of the three dimensional
atomic structure and the magnetic properties requires par-
tial differentialsfor the target function also with respect to
the anisotropies of the magnetic susceptibility tensor.
These have asimilar form to those for torsion angles, with
simple expressions for the partial differentials of the cal-
culated dipolar shifts:
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Finally, a series or torsion angles, ¢, alows the orienta-
tion of the principal axesof the magnetic susceptibility ten-
sor to be optimised with respect to the molecular axis
system; these torsions do not affect the distance, r;,
between the protons and the metal centre. The method of
computation is similar to that adopted for the other torsion
angles, as set out in Eq. (3), but it can also be formulated
as
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where the primed vectors, ry, Iy, r;, are the sum of unit vec-
torswhich represent the principal axes of the magnetic sus-
ceptibility tensor and the coordinate of the metal centrein
the molecular axis system.

I'n application to haem proteins, since porphyrins show
considerable flexibility, the distance between the pyrrole
nitrogens and theiron are variable and so it is not conven-
ient to include the magnetic axis system in the haem frag-
ment. Instead, we attach the axesto one of the axial ligands
suchthat only theligand-iron bond lengthisimplicitly pre-
determined. The construction of suitable fragmentsfor the
DYANA library isillustrated in Fig. 2.

Although empirical determination of the magnetic sus-
ceptibility tensor normally requiresthat alarge number of
dipolar shifts should be available for nuclei with known
coordinates, coordinates for atoms in the semi-rigid por-
phyrin can always be approximated for haem proteins of
unknown structure. Itisalsorelatively simpleto assign the
resonances of oxidised and reduced haems, but the para-
magnetic shifts include large contributions from Fermi
contact interactions with the delocalised electron. This
problem can be circumvented by using *3C shifts, which
are dominated by the Fermi contact interaction, and ne-
glecting the dipolar shift in order to characterise the par-
tially filled haem molecular orbitals. Sincetheligand field
of theiron is approximately cubic with the z axis close to
the perpendicular to the haem plane, the in-plane orienta-



Fig. 2 Flexible haem fragment used for structure determination
with the programs DYANA and PARADYANA. The haem planeis
allowed some flexibility by rotation of therigid pyrrole rings about
bonds to the meso carbons. The additional variable torsion angles
are indicated by arrows and constrained links by zig zags. The His
fragment carries a set of pseudoatoms which represent the principal
axes of the magnetic susceptibility tensor. Ligation to the haem is
ensured by upper-limit distance constraints between the pyrrole ni-
trogens and the tensor origin and to the imidazole nitrogen, which
are indicated by dashed lines with respect to the N-o portion of the
His fragment. These constraints are sufficiently loose to accommo-
date the flexibility of the haem as well as atilt of the His ligand or
movement of the tensor origin out of the haem plane

tion of the rhombic perturbation may be used to obtain the
approximate x and y axes of the tensor (Oosterhuis and
Lang 1969). The anisotropies may then be extrapolated
from EPR measurements (Horrocks and Greenberg 1973)
to complete the description of the tensor.

An alternative method has been proposed which relies
on the assumption that the Fermi contact shifts of the haem
methyl protons are directly proportional to those of the
methyl carbons (Yamamoto et al. 1989; 1990). Thisis a
poor approximation since ratios for 85/ between —2.0
and —3.1 have been reported (Banci et al. 1994), but, in
principle, it allows the Fermi contact contributions to be
cancelled so that the dipolar shifts of the methyl groups
can be extracted for fitting. This procedure is applicable
only to the methyl substituents because the propionate and
thioether or vinyl groups have proton shifts which depend
strongly on their geometry, which is generally unknown.
Also, the 2'CH; and 12*CH; groups have inversion sym-
metry and, hence, the method yields only three indepen-
dent values. The original description of the method stated
that the magnetic susceptibility tensor could be obtained
without reference to a crystal structure or to EPR, which
may have been an illusion created by finding alocal mini-
mum in the region of published values for the five param-
eters of the tensor by simple grid searching since it is
plainly not possible to extract five parameters from three
experimental values. Furthermore, the dipolar shiftsrelate
to points in a plane which contains the origin and so they
cannot be used to define the anisotropies or the orientation
of the z axis. Instead, we propose to adapt the procedure
used with haem molecular orbitals and approximate the z
axis with the haem perpendicul ar and cal culate the anisot-
ropy from EPR data. Only two parameters then remain to
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be fitted: the ratio of the *C and *H Fermi contact shifts,
k, and the in-plane rotation of the magnetic axes, 6. Thus,
for each methyl group, we have

(6)

where the observed paramagnetic shifts, AGP?, are sim-
ply the difference between shifts in the oxidised and dia-
magnetic reduced formsand the dipolar shifts, %P, arecal -
culated using the anisotropies fixed by EPR data and the
variable, 6. The accuracy of the calculation of the *H di-
polar shiftsis maximised as usual by using twelve coordi-
nates to allow for three rotation of the methyl group.

208" - 8P (9)) - K[ adF - o3P (6)] = 0

Results
Empirical tensor determination

The available data on mitochondrial cytochromes ¢ pro-
vide some convenient examples for testing the relation-
ship between atomic structure and magnetic properties.
First, we shall consider empirical fitting of the magnetic
susceptibility tensorsin the proteins from horse and tuna.
As noted in the introduction, dipolar shifts for 87 unam-
biguous alpha CH protons are available for horse cyto-
chrome c (Feng et al. 1989; Wand et al. 1989), but only
60 shifts are available for tuna ferricytochrome ¢ (Gao
et al. 1989) and the corresponding diamagnetic shifts for
horse ferrocytochrome ¢ were used. Results of fitting
these data, with RM SD values and standard errors based
on an assumed uncertainty of +0.05 ppm for each chem-
ical shift and +0.5 A for each coordinate, are listed in
Table 1.

We note that the quality of the fit for the data from the
tunacytochromeissignificantly worsethan that fromhorse
and that this is entirely attributable to the quality of the
NMR data, both the smaller number of shifts and the ap-
proximate diamagnetic references, since fitting the shifts
of the first to the coordinates of the second or vice versa
gives virtually identical x? values. Even so, the orienta-
tions found for the tensors in each case are quite similar,
though the anisotropies differ by more than would be ex-
pected on the grounds of the different temperatures at
which the spectra were acquired (293 K for horse and
313 K for tunaferricytochromec). Themost surprising fea-
ture of these dataiis an apparently significant differencein
the tilt of the magnetic z axis with respect to a molecular
axis system based on the pyrrole nitrogens (Williamset al.
1985), asis commonly used, despite the fact that the dis-
tortions of the haem planes in crystal structures for horse
and tuna cytochromes c are closely similar, with RMSD’s
between the macrocycles of ca. 0.1 A. This difference is
eliminated by fixing the molecular z axis perpendicular to
the best plane through the porphyrin (see Table 1) and,
since haems displays a wide range of distortions, we con-
sider that this stricter definition of the molecular axis
system is essential for a detailed analysis of the factors
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Table1l Parametersobtainedfor magnetic susceptibility tensorsfit-
ted empirically to alpha CH paramagnetic shifts. Results are given
for NMR data from horse cytochrome ¢ with coordinates from two
different crystal structures, and for tuna cytochrome c using the co-
ordinates of the‘outer’ 3cyt molecule (Takano and Dickerson 1981).

In each case, standard errors for the Euler angles and anisotropies
aregivenin parenthesisfor an assumed +0.05 ppm error in the shifts
and 0.5 A in the atomic coordinates, and the first line employs a
molecular axis system based on the pyrrole nitrogens whereas the
second employs the best plane and centre of gravity of the haem

Data set RMSD a (deg) B (deg) y (deg) a+ y (deg) DX x10%2 (m®) DY eg*10% (M)
Horse/1crc 0.85 ~110.2(5.8)  -115(0.9) -241.9(59)  7.9(2.4) 3.30 (0.12) -1.43(0.11)
0.85 ~114.2(45) -143(09) -237.8(48)  7.9(2.4) 3.30 (0.11) -1.43(0.11)
Horse/1hrc 0.87 _106.4(5.2) -12.9(0.8) -2452(54)  8.4(2.3) 3.35 (0.12) ~1.48 (0.11)
0.87 _112.4(45)  -145(09) -2390(48)  86(23) 3.35(0.11) ~1.47 (0.11)
Tunal3cyt 2.01 ~1100(5.6)  -157(12) -2450(6.6) 5.1(4.5) 2.69 (0.13) -0.92 (0.12)
2.00 ~114.6(5.6) -155(1.2) -240.3(6.6)  5.2(4.5) 2.68 (0.13) -0.91 (0.12)

Table2 Thein-plane rotation of the rhombic perturbation (6) and
energy splittings (AE) of the haem rrmolecular orbitals obtained by
fitting paramagnetic shifts of *3C or *H nuclei in haem substituents
in horse and tuna ferricytochrome c. Dipolar shifts calculated from
anisotropies extrapolated from EPR data are included in the first set
of results (A) and neglected in the second (B). Nuclei positioned o

to the haem in all eight substituents are included except where it is
noted that the data set isrestricted to the four methyl groups. There-
sults obtained by the method of cancelling Fermi contact shifts are
shown for comparison (C). The standard errors in parenthesis are
based on an assumed experimental error of +0.5 ppm for 3C shifts
and +0.2 ppm for the H shifts

Temperature (K) Horse Tuna
DX 10% (M)
DYeqx10% (M?) 303.00 298.00
3.33 3.44
-1.92 -1.90
0 (deg) AE (k¥mol) 0 (deg) AE (kJmol)
A. including dipolar shifts:
B¢ -5.11 (0.16) —6.56 (0.14) -5.12 (0.15) —6.04 (0.12)
13C methyls only —4.50 (0.25) -8.16 (0.52) —4.66 (0.25) —7.56 (0.41)
IH methyls only —4.81 (0.30) —7.07 (0.32) —4.67 (0.29) —7.26 (0.35)
B. neglecting dipolar shifts:
B3¢ —6.60 (0.20) —4.03 (0.05) —6.56 (0.19) -3.85 (0.05)
13C methyls only -5.59 (0.30) —4.60 (0.14) -5.73(0.29) —4.45 (0.13)
C. cancellation
1H and 13C methyls only +2.12 (1.60) +5,15 (1.81)

which control the orientation of the magnetic z axis (see
e.g. Brennan and Turner 1997).

The in-plane rotation of the magnetic axes, approxi-
mated by the sum of the Euler angles a and y when thetilt
of the zaxisis small, is far less sensitive to the definition
of the molecular axes; this is what we seek to determine
by using chemical shifts solely from the haem. A full set
of *H and *3C assignments for the haem substituents in
horse cytochrome ¢ has been available for sometime (San-
tos and Turner 1987, 1992; Wand et al. 1989; Feng et al.
1989; Gao et al. 1989) and, recently, similar data has been
obtained for the protein from tuna (Sukits and Satterlee
1997). Thus, we may compare the results of various meth-
ods for analysing the data in each case. First, we take the
full calculation of molecular orbitals based on eight
13C shifts, with and without the inclusion of dipolar shifts
calculated from EPR data (Mailer and Taylor 1972; Hori
and Morimoto 1970), then restrict the input to the four
methyl groups and, finally, compare the results obtained
from the method of cancelling the Fermi contact shift con-
tributions to the *H and *3C shifts of the methyl substitu-

ents which was described in the previous section. The re-
sultsare listed in Table 2 with standard errors based on an
assumed experimental error of +0.5 ppm for 13C shiftsand
+0.2 ppm for the *H shifts.

Comparisonwiththeresult of empirical fitting (Table 1)
shows that the magnitude of the equatorial anisotropy is
overestimated by extrapolation from EPR data and, hence,
the orientation of the rhombic perturbation obtained from
13C shifts with neglect of the dipolar contribution may be
no less accurate than that obtained with the dipolar shift
included.

The method of cancelling the Fermi contact contribu-
tion necessarily involves calculation of the dipolar shifts
and yields the orientation of the magnetic axis directly,
which is of opposite sign to that of the rhombic perturba-
tion, as expected (Oosterhuis and Lang 1969). However,
the precision and the accuracy both appear to be reduced
and, since experiments required to obtain the input data
also provide the information necessary for analysing the
haem molecular orbitals, this method might be useful sim-
ply to cross check results from *C Fermi contact shifts.



The calculations based on haem molecular orbitals aso
have the advantage of providing some information about
the relative orientation of the axial ligands, which appears
to be the most important factor in determining the orbital
energy splitting parameter, though the value clearly de-
pends on the model used (Turner 1993, 1995).

The most surprising result is that reasonable values are
obtained from haem molecular orbitals fitted to the para-
magnetic shifts of the methyl protons. Dipolar shifts can-
not be neglected for the *H paramagnetic shifts of the haem
methyl groups becausethey are comparablewith the Fermi
contact contributions (Turner 1993). The success of fitting
the H shiftsin this case may be fortuitous: the rotation of
the rhombic perturbation issmall in these cytochromesand
so thereislittle difference between the ma%netic and per-
turbation axes. The results of analysing *C shifts have
been tested in a wide variety of haem proteins and found
to be agood predictor of the magnetic axes but it would be
more convenient to use *H shifts of the haem methyl groups
since they are more readily available. Although the vari-
ability of the'H hyperfine coupling constants (Bolton et al.
1962; Eaton and Phillips 1965; LaMar et al. 1978) may dis-
tort the result in some situations, which will be tested in
future, the method may prove useful at least for obtaining
rough estimates of the orientation of the magnetic axes.

The paramagnetic shifts of *C nuclei positioned o to
the haem do not depend on the geometry of the substitu-
ent and the analysis is, therefore, not restricted to methyl
groups. This has a further advantage insofar as the shifts
of nuclei in the B positions may be predicted and used as
atest of the consistency of assignments (Pierattelli et al.
1996; Salgueiro et al. 1997). Thus, for example, the table
of 13C shifts of the haem and adjacent amino acidsin tuna
ferricytochrome c presented by Sukitsand Satterlee (1996)
isstrikingly similar to that presented earlier for the protein
from horse (Turner 1995), though there are significant dif-
ferencesin the *3C chemical shifts of 10CH (3-meso) and
aso of 17°CH, (propionate 7 3CH,). This suggests that
there are errorsin the assignments: the 10CH shift in horse
ferricytochrome ¢ has already been shown to agree with
the molecular orbitals deduced from the *3C shifts of the
haem substituents (Turner 1995) and the strong correlation
found between the 13C shifts of propionate a and BCH.,
groups(Salgueiroet al. 1997) indicatesthat the assignment
made for tuna ferricytochrome c¢ should be revised in this
case also.

Structure calculations

Having examined the utility of dipolar shift calculations
for testing the quality of structures and resonance assign-
ments, we shall now demonstrate the simultaneous cal cu-
lation of the three dimensional structure and the magnetic
properties of a haem complex using the program PARA-
DYANA. These calculations are based on a model dataset
derived from the structure of horse cytochrome c¢ (Bush-
nell et al. 1990) for a sequence of eight residues whichin-
cludes the haem binding site. For each casg, the six struc-
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Fig. 3 Models of ahaem octapeptide structure calculated using the
programs DYANA and PARADYANA. The dataset is described in
the text: all calculations include upper distance limits for the back-
bone protons, dipolar shiftsare then included for the amino acid pro-
tons and the magnetic axes are shown, then the in-plane orientation
of the axesis constrained aswell on the basis of the analysis of haem
molecular orbitals. The six structures with the lowest target func-
tions are shown in each case with the haems superimposed and the
original fragment from the structure 1lhrc (Bushnell et al. 1990) is
shown for comparison

tures with the smallest target functions out of 400 random
starting structures are illustrated in Fig. 3. The first fam-
ily of structures is based on 23 upper-limit distance con-
straints of lessthan 4.0 A between backbone protons only.
This restricted set of constraints leaves enough flexibility
toreveal the effect of the dipolar shiftsclearly, but it is suf-
ficient to establish the face of the haem to which the ligand
is attached. The haem macrocycleis constrained to be flat
for clarity of illustration sincetheinput datachosenfor this
model calculation are not sensitive to any distortion. Sec-
ondly, the dipolar shifts of 29 protons obtained from the
empirical fit, excluding the Cys and His BCH, and the
imidazole protons, are fitted simultaneously with the dis-
tance constraints, with five additional structural parame-
ters to describe the magnetic susceptibility tensor. In the
final example, these data are fitted with the in-plane rota-
tion of the magnetic axes constrained to 5+5°, determined
as described above.

Each additional constraint naturally reduces the spread
of the family of structures (backbone RMSD 1.15, 1.01,
and 0.85 A for the three families, respectively) but the tar-
get functions are not altered significantly by constraining
the magnetic axes (the range for the six best structuresis
0.72-0.98 without axisconstraint and 0.68-0.97 with). The
variations in the anisotropy of the magnetic susceptibility
clearly reflect the variability of the structures; Ax,, and
AXeq have average values (with the standard deviation
over six structures given in parenthesis) of 3.35 (0.24) and
—1.71 (0.40) x10~3* m® without constraints on the axes but
3.49(0.16) and —1.59 (0.29) x 1032 m®when the constraint
isintroduced. The C-terminal residues, which have small
dipolar shifts and relatively few distance constraints, are
poorly defined in each case. However, the residues of the
haem binding sequence havetheir definition improved sig-
nificantly by the inclusion of dipolar shifts and this beha-
viour should bemorerepresentative of residuesintheinter-
ior of afull-sized protein. Finally, although thisis amodel
data set, the sequence used corresponds to the haem octa-
peptide known as microperoxidase-8. It has already been
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shown that the orientation of the Hisligand inthereal haem
octapeptide-cyanide complex issimilar to that found in the
native protein (Brennan and Turner 1997) and so this cal-
culation is indicative of the resolution which may be
achieved once acomprehensive set of experimental NOESs
and paramagnetic shifts becomes available for the com-
plex.

Conclusion

The approximate theories which describe dipolar shiftsin
paramagnetic proteinsand Fermi contact shiftsinlow-spin
oxidised haems provide a valuable framework for testing
the quality of NMR data as well as that of three dimen-
sional protein structures. We have shown that the *H data
availablefor tunaferricytochrome c is compatiblewith the
crystal structure, though it is more limited than that avail -
ablefor horseferricytochromec, but the **C datapublished
recently (Sukits and Satterlee 1996) requiresrevision. Itis
also clear that the structures obtained for horse cyto-
chromecinsolution (Qi et al. 1996; Banci et al. 1997) have
too little resolution to be used to identify differences
between the oxidised and reduced forms.

M easured dipolar shifts may also be used to provide ad-
ditional constraints for structure determination. Since
atomic coordinatesareaprerequisitefor optimising the pa-
rametersof the magnetic susceptibility tensor and these pa-
rameters are sensitive to small changesin the coordinates,
it is necessary to calculate the three dimensional structure
in conjunction with the magnetic properties. This can be
achieved by the straightforward extension of the distance
geometry algorithm of Gintert et al. (1991, 1997), asdem-
onstrated here using the program PARADYANA. Theim-
position of asingle susceptibility tensor obtained from the
average of several structures cal culated from distance con-
straints alone (Banci et al. 1996) may well bias the out-
come. Nor isit sufficient to optimise the tensor orientation
for individual structureswhile using predetermined aniso-
tropies (Banci et al. 1997) since the magnetic parameters
are highly correlated.

However, it is possible to use Fermi contact shifts to
provide an independent measure of the orientation of the
principal axes of the tensor in haem proteins and this can
be used as an additional constraint. The method described
by Yamamoto et al. (1989, 1990) for separating and using
the dipolar shifts of haem substituents appears to be un-
workable: the calculations which we have presented here
required extensive modifications to the principle in order
to obtain any results and those results are | ess precise than
those from molecular orbital calculations based on the
same data.

The analysis of *H datain terms of haem molecular or-
bitals, which is derived ultimately from the work of Shul-
man et a. (1971), givessurprisingly good results when ap-
plied to the paramagnetic shifts of haem methyl protons.
Although it is reasonable to neglect dipolar shifts in the
analysis of *3C resonances from the haem, their accurate

calculation is crucial in the analysis of *H shifts. Includ-
ing the effects of thermal population and orbital mixingin
the magnetic field (Horrocks and Greenberg 1973) allows
amore realistic anisotropy to be obtained from EPR g-val-
ues, and it is also essential to take account of the opposite
sense of rotation of the magnetic axes and of the rhombic
perturbation to the ligand field (Oosterhuis and Lang
1969). Nonetheless, the small angle of rotation observed
in horse and tunaferricytochrome c makes these examples
particularly favourable and it remains to be seen whether
reliable parameters may be obtained from *H data or if
analysis of 3C shifts will be necessary in general.
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