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Within the frame of a research aimed at characterizing para-
magnetic metal ions capable of inducing self-orientation of met-
alloproteins in solution, we have studied the complex of the 75-
amino-acid calcium-binding protein calbindin Dg, with one
Ce(111) ion (CaCeCh). Backbone *N-'H 'J values have been
determined for CaCeCb at two different magnetic fields. The
above values showed a distinct dependence on the magnetic field,
which is caused by the partial orientation of the molecule in
solution. The difference in the values at the two magnetic fields
provides structural constraints, which have been used to refine the
structure of CaCeChb. The refined structure showed an improve-
ment in terms of the number of residues falling in favored regions
of the Ramachandran plot. The comparison of the molecular
magnetic susceptibility tensor, obtained from the *N-'H 'J values,
with the magnetic susceptibility tensor of the metal, obtained from
pseudocontact shifts, showed that the orientation of the molecule
in solution is mainly determined by the Ce(lll) ion. This paper
shows that Ce(lll), like low-spin Fe(Ill) in hemoproteins, is suf-
ficiently magnetically anisotropic to induce self-orientation to an
extent which can be exploited for solution structure
determination. © 2001 Academic Press

Key Words: partial orientation; paramagnetism; magnetic sus-
ceptibility; lanthanides; solution structure.

INTRODUCTION

helps determine the backbone structure. These constraints
conceptually straightforward and can also be used to determ
the quality of a structure through a disagreement factor k
tween calculated and observ&tvalues (0). The first use of
these observables to characterize the molecular orientat
tensor of a protein was reported by Bax and colleagues
ubiquitin (11). These early studies were followed by structur
determinations of DNA—protein complexe$2j. In order to
induce large orientation effects, strategies have been sugge:
which use orienting aggregates like discotic nematic liqu
crystals (also called bicelles] ), membrane fragmentd4),
or viruses 15). Depending on the orienting agent used, the:
may yield an axially symmetric or rhombic orientation tenso
Our laboratory had explored the possibilities of using ma
netically anisotropic metal ions as orienting devices, followin
the earlier suggestion by Prestegard and co-work®rsQxi-
dized cytochromé; has a moleculad y., of 2.20X 10"* and
Ax of —1.34 X 107* m?®, and measurable residual dipola
couplings could be obtained, which were used for solutic
structure refinementl@). Owing to the rhombic properties of
the magnetic tensor, a rhombic orientation tensor had to
assumed for the solution structure determinati@6).( This
implied introducing a rhombic term in the dynamic frequenc
shift (DFS) correction, as described by Tjanetaal. (11).
. This treatment allowed us to determine the anisotropy of t

_ Ithas been known for more than 20 years that high magnefityiecylar magnetic tensor, whereas the pseudocontact s
fields may induce partial orientation of molecules experiencing . ided the metal magnetic anisotropy. The diamagnetic rr

significant magnetic susceptibility anisotropy,
which are observable by high-resolution NMR—@). As a

consequence, any dipolar coupling does not average zero

the observable is called residual dipolar coupling (rd€yp-
ically, **N—"H dipolar couplings, which would average zero
the absence of partial orientation, can be measwgdThis

yielding effectq 5 anisotropy was determined through measurements

the reduced cytochrome, and it was proven that the molect
netic susceptibility is the sum of the paramagnetic and 1
diamagnetic contributionslg). Similar studies are available

%or other cytochromes1(—19.

Here we want to explore the possibility of using the lar

effect can be exploited for solution structure determinatio[hanide ion Ce(lll). For this purpose the calcium-binding pre

since the knowledge of the orientation of, e.g., the NH Vectorsin calbindin D,

* Abbreviations used: G&b, calcium-loaded form of calbindin
CaCeCb, complex of calbindin Owith a single C&" ion and a C& ion;

NMR, nuclear magnetic resonance; HSQC, heteronuclear single-quantum

(Ca,Ch) was used. The protein binds twc
calcium ions but permits the selective substitution of only or
calcium with a lanthanide ion (CaCeCI2Q, 2]). Lanthanides

are known to provide large magnetic susceptibility anisotroy

herence; pcs, pseudocontact shift; rdc, residual dipolar coupling; DFS, d@ecause of the large spin-orbit coupling constant and the la

namic frequency shift.
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orbital magnetic moment off orbitals £2). Among the lan-
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thanides with a paramagnetic ground state, Ce(lll) has the mapplied in thef, dimension. Resonance intensities were -inte
favorable ratio between orienting capability and paramagneticated using the Bruker standard software. Rectangular bo:
line broadening and can be conveniently used for the presanthe noise level were used to define the integration regic

purpose. except for overlapping cross-peaks, for which smaller box
were chosen to minimize the contribution from the unwante
MATERIALS AND METHODS peak. A fraction of 24 of the duration of the 180%*N pulse
was added to the dephasing delay @ior to calculating'Jy
Sample Preparation to account for the much shorter pulse duration of the 180°

Protein expression2@) and purification 24) of both the pulse 01, 26.
Ca" and the apo form of bovine calbindingDwas performed
as reported. The Pro43 Met43 (P43M) mutant representing
the minor A form was prepared to avoid any conformational The rdc contribution to thedy, splitting can be expressed
heterogeneity due tois—transisomerization as found for the by Eq. [2] (7),
wild type (23, 25. The expression system was a generous gift
of Prof. S. Forée. Uniformly **N-labeled P43M was obtained 1 B2 yymh
from M9 minimal medium containing®NH,Cl as the sole  rdc(6, ¢) = ~ 2 15KT Amr . [AX§X°'(3 coso — 1)
nitrogen source. NMR samples were prepared by dissolving HN

Determination of rdc Values frorly, Splittings

the lyophilized protein in 55Ql of either 99% DO or 90% I
H,0/10% D,O to finally obtain 2.0 mM protein solutions. The +5 Axm’(sin“6 cos 2p) |, [2]
Ca" form of calbindin D, was prepared by adding CaGb

thg apo protein solution in a 2:1 molar ratio. The pH Waghere Ay and Ay are the axial and rhombic component
adjusted to 6.0 by means of 0.1 M NaOH or 0.1 M HCL.  4f the molecular susceptibility tenso¢?, andé and¢ are the
Ce(lll) containing P43M calbindin | (CaCeCb) samples cyjindric coordinates describing the orientation of the N—
were obta_uned by titrating the €aform with Q.l M_solutlons bond vector within the principal axis system of &' tensor.
of analytical grade CeGl(prepared by dissolving G®; | s the length of the N—H bond. All other symbols have the
(Fluka) in concentrated HCI). Titrations for thé&N-labeled usual meaning. The totdl,, splitting at a given field is the

samples were followed by 2BH **N HSQC spectroscopy. The gm of different individual component& 1),
samples were kept at 4°C in between measurements.

NMR Spectroscopy 1JNH(BO) = 1‘JNH(O) + rdc(ei d)) + 8DFS(BO)i [3]

NMR spgctra for both the CaCeCb and the,Cla sample whereJu,(0) is the true"dy, scalar coupling, rde( ¢) is the
were acquired at 300 K on Bruker AVANCE 800 and DRX.ontribytion from the dipolar coupling, andbes(Bo) is the
500 spectrometers operating at 800.13 and 500.13 MHz, ggiamic frequency shift, which is due to cross correlatic
spectlvely. A series of 15Jy,,-modulated HSQC spectrd 1) between thé®N CSA and®N—'H dipolar coupling relaxation
with dephasmg delaysA’Zof 44.0, 46.2, 47.4, 48.0, 48.6, 49'8'mechanism32(7, 28 While the rdc andys values are field

51.6,53.4, 55.2, 57.0, 58.2, 58.8, 59.4, 60.6, and 62.4 ms Wge endent, theéJ,,(0) term is removed by measuring the

: ;
recorded. One-bond®N—"H coupling constants were subsegpjittings at two different magnetic fields (18.7 and 11.7 T |

quently determined by fitting the cross peak intensities 10 Eghe present work) and taking their difference. The difference

[1] (12), rdc values at the two fields\¢dc) can then be expressed by
1(24) = A COiZﬂJNHA)qu_(ZA/T’E))’ [1] Arda(6, ¢) = —[(Js00 mHz = Js00 mr2)

where 17% is the effective decay rate 6N magnetization due + (Sorsgoomrz— Oorssoommd . [4]

to transverse relaxation and unresolved long-rafipe-"H

couplings.A is the intensity of the cross peak foA2= 0. The negative sign in Eq. [4] takes into account that thg,

Spectral widths of 14 and 32 ppm in thid and°N dimen  scalar coupling is negativé), while it is customary to report
sion, respectively, were used. The measurements for CaCe@perimental J,, values with positive sign. Equation [2] still
at 500 MHz were repeated twice to obtain an estimate of thelds for theArdc values, provided th&s; is replaced byABg.
random error. For all experiments, 256 increments with 1024 The 8,5 at a given field depends on the correlation time
complex data points each and 32 transients were collectadd the diffusion properties of the molecule. The princip:
Raw data were multiplied by a squared cosine window functi@m@mponents of the inertia tensor of b are 1:0.8:0.8, as
and Fourier transformed to obtain a final matrix of 1024 calculated from the X-ray structur@9), suggesting an isotro-
1024 real data points. A polynominal baseline correction wasc or at least axially symmetric rotational diffusion behavic
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in solution. Available™N relaxation data were used to testensor,x*? are obtained by fitting the available pseudoconta
whether the rotational diffusion of the protein in solution washift (pcs) values to the following Equatio3)

best approximated by an anisotropic, axial, or isotropic rota-

tional diffusion model 80). The axial model was found to best

fit the experimental data. THg/D , ratio was calculated to be oPe=
1.2 and ther, value to be 4.2 ns. In the axial case thgg

values depend on the relative orientation of the principal axes .
of the diffusion and CSA tensors and on the orientation of the ts AxFqsin?g cos 2p) |, [6]
NH bond vector with respect to the two tensotd,(31). The
Sors Value for each®N nucleus is given by

1273 [Axg';"a(s cosh — 1)

whereAy,, andAy,, are the axial and the rhombic anisotropie
of the magnetic susceptibility tensar, is the distance of the

CSA-Diole _ s? YNYH nucleusi from the metal ion, and and ¢ are the cylindric
doFs 4078 h(o) —o.) T3y coordinates describing the position vector of atbmvith re-
spect to the orthogonal reference system formed by the pr
(3 cosmp — 1)(3 cosne — 1) cipal axes of the magnetic susceptibility tensor. Again, a fami
1+ (y\Bory) 2 of superimposed conformers calculated without pcs was us

as the input structural model. Analogous to the casArdt,

+ 12 cosnpCoSneSin 1oSin 7cCo dp — dc) the adjustable parameters akg’:™, Ax%' and the three in

1+ (vaBom2) dependent direction cosines needed to define the orientatiot
3 SiMnLSin®cCos 2dp — 2d0) the x™* tensor within the laboratory frame. The minimizec
1+ (y\Bora) 2 ) [5] quantity is the sum of the square of the differences between

calculated and experimental pcs values. Tolerances were se

previously described3d).
wherer, = (6D,) ", 7, = (Dj + 5D,) ', 73 = (4D + With the above procedures, averag® and " tensor
2D,)". The angle between the NH bond vector and thgarameters for the whole family are determing8, (3. The
unique axis of the diffusion tensor ig,, and that between the Ax.c and Ay, values obtained are then used for solutio
axially symmetric CSA tensor and the diffusion tensomis  structure calculations together withrdc, or Ardc and pcs
The differencep, — ¢ refers to the angle between projectiongonstraints, as described in the next section. The result
of the unique axes of the dipolar and CSA tensors on the pla@gnily of the best 30 conformers was used as the new iny
perpendicular to the unique axis of the diffusion tendois  structure for the determination of tensor parameters. The wh

Planck’s constantyy and y, are the gyromagnetic ratios forprocedure was repeated until convergence of the tensor par.
N and'H, r, is the N-H internuclear distance (1.02 B; eters.

is the external magnetic field, argi is the generalized order

parameter. An angle of 24° between tie-"N vector and the Structure Calculations Introducingrdc Values

principal axis of the™N CSA tensor was assumed and a _ _

difference between parallel and orthogonal chemical shift for Calculations were performed using the PSEUDYANSY)(
the CSA tensor of*N of —160 ppm was used@). Residue- Module of the DYANA program package38) employing
specific S? values were taken from the literatur80f. The torsion angle dynamics combined with a simulated anneali

average contribution from Eq. [5] was found to be 0.09 Hglgorithm. Resonance assignments and structural constra
(from 0.03 to 0.12 Hz). other thanArdc have been taken from previous work withou

modifications 84). This corresponds to 1539 meaningfu
NOEs, 6T,, and 39°J values plus 589 pcs. A new term has
been added to the target function of PSEUDYANA in order t
incorporateArdc constraints, as was previously reported fc
The parameters for the molecular susceptibility teng8¥, oxidized cytochromés (16). With the present implementation,
are obtained by fitting thArdc values to Eq. [2]. As the initial in order to use residual dipolar couplings as structural co
input structural model, a family of 30 superimposed confornstraints, it is necessary to input to the progrardc values and
ers calculated withouArdc constraints was used. The adjustthe Ayo and Ay parameters. The relative weights of al
able parameters ar&yL’, Axn, and the three independentconstraints were taken equal to 1. A family of 200 conforme
direction cosines needed to define the orientation of the tensas calculated from randomly generated conformers in 10,0
within the laboratory frame. The minimized quantity is the sursteps of simulated annealing by using all the available cc
of the square of the differences between the calculated astchints, with the exception of pcs constraints larger than 5 py
experimentalArdc values. A tolerance of 0.10 Hz was appliedn absolute value. The latter pcs were introduced in a sub:
Analogously, the parameters for the metal susceptibiliguent refinement procedure which consisted of a conjug:

Determination of the Molecular and Metal Magnetic
Susceptibility Anisotropy
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gradient minimization with PSEUDYANA using all con-factor 80G/(800°~500°)) would yield the pure Curie—dipole
straints. The 30 conformers with the lowest target functiacross correlation at 800 MHz, if the Ca rdcs at 800 MHz wel
were subsequently used to recalculate ¢fi& and xy***tensor negligibly small. Although this is not the case, for the above
parameters, as mentioned above. These new parameters werstioned five residues the presence of the Curie—dipole cr
used in a new calculation cycle, and the whole procedure wamrelation effect should be clearly qualitatively observabl
repeated until convergence of the tensor parameters wastead, in the present case, there is no evidence for an in
reached. For comparison, calculations were also performeace of Curie—dipole cross correlation effects on the measu
according to the above procedure, but using only NOEand splittings. Indeed, the differences between the 800-MHz spl

T, constraints plus eithekrdc or pcs constraints. tings of the CaCeCb and @ab systems and the CaCeCb rd
values at the same field agree quite well. The deviations
RESULTS AND DISCUSSION these two sets of data for the five mentioned residues

comparable with that observed for the other residues of t

For the present 75-amino-acid protein a total number of @Botein and do not exceed 0.6 Hz. In particular, for residue €
AJ values in the case of the €ederivative (CaCeCb) and 69 for which the calculated contribution from Curie—dipole cros
AJ values for the C& form (Ca.Cb) could be determined. Thecorrelation to theJy,, splitting at 800 MHz is 7 Hz, the present
smaller number ofAJ values measured for CaCeCb originateanalysis is consistent with a contribution of the order of 0.1 H
from broadening of signals of NH groups close to the parén summary, it appears that the present measurements are
magnetic center. Th&J values roughly cover a range af0.5 significantly affected by Curie—dipole cross correlation. Ney
Hz and of —1.5 to 0.5 Hz for the diamagnetic (&2b) and ertheless, to ensure that all possible biases are avoided,
paramagnetic (CaCeCb) systems, respectively. A list of thedc value of Val 61, which was the only residue for which .
values for CaCeCb is given in the supplementary material. Significant such contribution was predicted, was not includs
total of 63 Ardc for CaCeCb and 6@rdc for CaCb were in calculations.
determined from theé\J values, as described under Materials The above-mentionedrdc values were used to calculate
and Methods. The largedirdc (in absolute value) measuredamily of conformers of calbindin B, as described under
for CaCeCb was 1.26 Hz, which compares to 0.62 Hz fddaterials and Methods. Table 1 reports some statistics on
Ca,Ch. In the case of oxidized cytochrorhg the largesi\rdc  various families of conformers obtained upon inclusion i
value was 1.42 Hz1(). calculations of different sets of additional constraints, i.€

Besides those mentioned under Materials and Methods, amelc, pcs (taken from our previous worB4)), and pcs to-
other phenomenon can contribute to thlesplitting, namely gether withArdc. It can be immediately noted that the increas
the dynamic frequency shift caused by cross-correlation ka-the target function value upon introduction of the ne\
tween Curie—dipole and dipole—dipole relaxatid®B)( The constraints is quite small. Calculations with pcs constrair
latter phenomenon, similar to the dynamic frequency shifisplay a larger increase of the target function with respect
caused by cross correlation between CSA and dipole—dipai@culations withArdc constraints. This is probably due to the
relaxation and at variance with rdcs, is field independent in theger number of the former constraints. In all cases the avi
slow motion limit and thus should largely cancel out by takingge target function values of the various families of conforme
the difference between the splittings measured at two differeare in the range of those typically reported for good solutic
fields (as described by Eqg. [4]). In the present case, a sizabtauctures. The RMSD values of the NOE-only family ar
contribution (of the order of 1.5 Hz) is expected only for onessentially the same of those of the family calculated wi
residue (Val 61), whose backbone NH is very close to thrdc, which instead are somewhat higher than that for ti
metal and favorably oriented. A contribution smaller than 0f2amily calculated with pcs. The combined use of pcs Andc
Hz is expected for all the other residues. However, correctioonstraints does not improve further the precision of the fami
of the Ardc of Val 61 obtained from Eq. [4] for this effectwith respect to calculations with pcs only, but it leads to &
yields a value which does not fit to either the X-ray or the NMRnmprovement in the accuracy, as judged from fhfactor (L0)
structure obtained with only NOEs. To better understand thisee below). The behavior of the RMSD values as a function
problem, the differences betweeh splittings recorded at 800 the various constraints used can be rationalized on the basi:
MHz for CaCb and CaCeCb were inspected. These diffethe small number ofArdc constraints with respect to the
ences should equal the sum of tvbole Curie—dipole cross number of both NOE and pcs constraints. As expected, t
correlation at 800 MHz, plus the difference of Ce and Ca rdesimber and magnitude of deviations between experimental |
at the same field. The first contribution is calculatdg) (o be andArdc values and those calculated from the various famili
(in absolute value) as large as 7 Hz for Val 61; in additioare smaller in the structures obtained using the above date
residues 24, 51, 54, and 68 should have a contribution @onstraints. This is also evident from Fig. 1, which shows
absolute value) between 0.5 and 1 Hz. The subtraction from tt@mparison of calculated and experimertadic values before
above differences of the Ce rdcs values at 800 MHz (obtainadd after refinement. The plot obtained using the X-ray stru
by rescaling theArdc values obtained from Eq. [4] by theture as input model is also reported, showing that the agre
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TABLE 1
Constraints Used for Structure Calculations Together with the Final Target Functions and the Root-Mean-Square Deviations
of Atomic Coordinates from the Mean for Ce®" Substituted Calbindin Dy,

Backbone All heavy atoms Average deviation Average deviation
Additional constraints Average target RMSD"® RMSD"® of pcs constraints of Ardc constraints
included in calculatiorfs functior? A) A (ppm) (Hz)
— 0.10 0.74+ 0.13 1.10+ 0.10 05 *15 0.25* 0.20
63 Ardc 0.53 0.75+ 0.12 1.13+ 0.11 05 *+15 0.10* 0.07
589 pcs 1.15 0.5Z2 0.13 0.97+£ 0.13 0.16*+ 0.48 0.23+ 0.18
63 Ardc and 589 pcs 1.81 0.560.13 1.01+ 0.12 0.16+ 0.47 0.10+ 0.07

2 All calculations have been run using 1539 NOEST 6 and 39°J-derived constraints in addition to those indicated.
® For 30 structures.
° Residues 2 to 75.

ment of this structure with thérdc values is intermediate the structure calculated only with NOEs displaysafactor of
between that of the NMR structures obtained with and withoabout 0.65. For comparison, the factor calculated on the
Ardc constraints. X-ray structure is roughly 0.5. Refinement yields a dramat

It has been proposed that, by quantifying the agreemeémtprovement of theR factor, in that the refined structure has a
between experimental and calculatedlc values, it is possible R value as low as 0.25. The refinement of the structure of t
to define arR factor for NMR structures in analogy with tlie  protein cyanovirinN with more than 300 rdc constraints
factor of crystal structuresl(). The R factor of NMR struc- vyielded a value for th& factor of around 0.161(0), which is
tures scales between 0 and 1, where a value of O indicasémilar to that obtained in this work. Finally, the inclusion o
perfect agreement between calculated and experimental datalc constraints resulted in an increase of the percentage
and a random structure yields a value of 1. In the present cassidues in the structure belonging to the most favored regic
of the Ramachandran plot. The family calculated with pcs on
had ca. 77% of the residues in the most favored regions, wt
this figure increased to 82% upon inclusion\séic constraints.
The impact ofArdc constraints in defining the conformation o
the protein backbone, and thus in determining the number
residues falling in favored regions of the Ramachandran pl
had been discussed beforg2). Remarkably, the family of
conformers obtained with NOE data alone had only 72% of tl
residues in favored regions of the Ramachandran plot, sugg:
ing that the introduction of pcs is also important for properl
defining the conformation of the backbone of the protein.

The smallArdc values measured for the diamagnetic@a
system were not used to attempt a refinement of the solut
structure, due to their relatively large indetermination. Withi
their indetermination, these values are indeed consistent w
both the X-ray and the NMR structure. Nearly all of thedc
values measured for @ab are negative, indicating that the
orientation of the molecule is determined by the helices. Tt
situation is analogous to that of reduced cytochrdmg, a
four-helix bundle, whose orientation is largely due to the fol
parallel longa-helices (9).

A s’
0.0+
-0.5 -

) Calculated ardc (/Hz) TO

T T T T T T T !
15 10 05 0.0 05 The Magnetic Susceptibility Tensors
Experimental Ardc (/Hz)
Table 2 reports the parameters describing the magnetic s
FIG. 1. Comparison of observed versus calculated residual dipolar Cot‘éptibility tensor of the metal and of the whole molecul

plings before (A) and after (B) structure refinement with frec constraints. lculated aft t t fi t with th d l
Data relative to all the thirty conformers of the family are shown. C reports, fgi'a Culated aftér structure refinement wi € rac coupling

comparison, the same plot usintydc values calculated from the X-ray FTOm the data in Table 2 it can be observed that the magnitt
structure. In all panels, to guide the eye, the diagonal is also shown. of the magnetic susceptibility tensor of cerium is similar to th:
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TABLE 2 should keep in mind that particular protein fold topologie
Comparison of the Molecular and Metal Magnetic Susceptibility might make the contribution of the polypeptide chain to th
Tensors of Ce®*-Substituted Calbindin Dy, Obtained after Calcu-  molecular magnetic susceptibility quite large, e.g., in the ca

lations with Different Sets of Constraints of four-helix bundles 19).
Rdc only' Pcs only Rdc and pcs
CONCLUDING REMARKS
AxD(/10"2m?) 1.60+ 0.08 na 1.75 0.10
Axa’(/10 #m’) 0.04+0.06 na 0.04- 0.07 In this work, the solution structure calculation of the parz
AxP /10 #m®) na 1.86+ 0.06 2.03+0.06 Magnetic complex of calbindin § with one Ce(lll) and one
AxE/107m?) na 0.54+ 0.05 0.88+0.08  Ca(ll) ion (CaCeCb), using simultaneouslydc and pcs con-

straints, has been reported. As in the case of the paramagr
oxidized cytochromés, which contains a low-spin Fe(lll) ion,
there is good consistency between these two sets of nonste
of the magnetic susceptibility tensor of the whole molecule. liyd constraints, as well as with all other classical constrair
addition, it is apparent from Fig. 2, which shows the orientatiog/NOEs;, °J values). Both metal ions have only one unpaire
of the x"™* and x™' tensors within the protein frame, that theslectron, and their magnetic anisotropy is of the same order
orientation of the two tensors is also quite similar. There isfaagnitude. Indeed, the magnetic anisotropy of the Fe(lll) ic
relatively large difference in the orientation of tk@ndy axes js somewhat larger (ca. 40%) than that of Ce(lll). Howeve
of the two tensors, while the twpaxes are nearly coincident.due to the partial cancellation between the “orienting force”
However, as they™ tensor is essentially axially symmetricthe Fe(lll) ion and the heme moiety, the molecular magnet
(i.e., Axm is nearly zero), thex andy directions are not well anjsotropy of CaCeCb is only roughly 20-25% smaller thz
determined. that of oxidized cytochrom®s.

This difference in the magnitude of the metal and molecular The present results show that, by exploiting the self-orie
tensors is partly due to the diamagnetic contribution of thgtion of complexes of proteins with paramagnetic metal iol
molecular magnetic susceptibility of the polypeptide chaifn the presence of high magnetic fields, it is possible to obte
From the smallArdc values measured in @ab it is possible to rdc which are easily and accurately measurable. These car
evaluate the latter contribution. Indeed, the direction with thﬁen used for structure calculation purposes, improving t
largest magnetic susceptibility for the diamagnetic molecuijality of the structure (e.g., as indicated by the number
lies essentially in thexy plane of the magnetic susceptibilityresidues falling in favorable regions of the Ramachandran p
tensor of the metal, oriented such as to cancel partially $ by the recently propose® factor (10)).
in-plane anisotropy. On the other hand, the diamagnetic con-a small, but appreciable, difference (ca. 15%) has be:

tribution to the Ay, component of the molecular tensor isshserved between the magnetic susceptibility tensor of
small and cannot account for the observed difference betwegRrole molecule and the sum of those of the metal ion and
the latter and th& y,, component of the metal tensor. From the

mol

present data, it thus appears thag;,” is about 15% smaller
than Ax%™ The smaller magnitude of thayr® component
does not allow us to make a reliable estimate of the deviation
of the in-plane anisotropy, as it would be somewhat affected by
the experimental error. A similar phenomenon had already
been reported for the case of the cyanide adduct of myoglobin
(40), whereas it was not observed in analogous studies on two
different b-type cytochromes16, 19. The reasons for the
difference betweerxy™ and Ax"*in the present system are
being investigated.

As mentioned above, the contribution of the diamagnetic
part of the molecule (i.e., of the polypeptide chain) to the
molecular magnetic susceptibility is relatively small. This is in
gualitative agreement with the fact that the absolute values of
the Ardc measured for G&b span a range which is apprexi
mately a factor of 2 smaller than for CaCeCb. This behavior is
largely different from the case of paramagnetic hemoproteins',:'G' 2. Display of the orientation of the magnetic susceptibility tensor ¢

. . . . he Ce(lll) ion (dark gray) and of the whole molecule (light gray) within the
where the diamagnetic contribution to the molecular magneh\%lecular frame. The labeling refers to the axes of the magnetic susceptibi

susceptibility, due to the presence of the heme, is alwaggsor of the Ce(lll) ion. The axes of the two tensors are nearly coincident
comparable to that of the metad,(16, 4Q. Of course, one This figure was prepared with the program MOLMOA3].

?na, not applicable.
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the polypeptide chain. Other, more paramagnetic, lanthanides Omichinski, and S. Grzesiek, Purple membrane induced alignment
can be used instead of cerium to induce a larger orientation of ©f biological macromolecules in the magnetic field, J. Am. Chem.

the system in solutio(l, 42). The investigation of the occur-

rence of the discrepancy observed here for cerium in thee

Soc. 121, 2047-2055 (1999).

G. M. Clore, M. R. Starich, and A. M. Gronenborn, Measurement of
residual dipolar couplings of macromolecules aligned in the

systems, and of its determinants at the atomic level, will be the ematic phase of a colloidal suspension of rod-shaped viruses,

subject of further studies.

16.
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