Journal of Magnetic Resonand88, 334-342 (1999)

®
Article ID jmre.1999.1754, available online at http://www.idealibrary.conl EE »’AI.
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The measurement of anisotropic spin interactions, such as re-
sidual dipolar couplings, in partially ordered solutions can provide
valuable information on biomolecular structure. While the infor-
mation can be used to refine local structure, it can make a unique
contribution in determining the relative orientation of remote
parts of molecules, which are locally well structured, but poorly
connected based on NOE data. Analysis of dipolar couplings in
terms of Saupe order matrices provides a concise description of
both orientation and motional properties of locally structured
fragments in these cases. This paper demonstrates that by using
singular value decomposition as a method for calculating the order
matrices, principal frames and order parameters can be deter-
mined efficiently, even when a very limited set of experimental
data is available. Analysis of "H-"N dipolar couplings, measured
in a two-domain fragment of the barley lectin protein, is used to
illustrate the computational method. © 1999 Academic Press

Key Words: anisotropic spin interactions; Saupe order matrix;
singular value decomposition; domain—domain orientation; barley
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INTRODUCTION

systems under stud@) has been extended to macromoleculs
systems including proteins, first by using the interaction of
high static magnetic field with molecules having large anis
tropic paramagnetic susceptibilitie3)(then by using similar
interactions with molecules having large diamagnetic susce
tibilities (4, 5), and recently by using magnetically orientec
liquid crystalline media as a solvent for the molecules und
study 6-9.

The success of these techniques has led to a growing num
of applications 10—-14. Most applications to proteins have
been directed toward structure refinement. It is possible
directly refine a structure against residual dipolar coupling
using a simulated annealing protocdl5) if sufficient other
sources of structural constraints (such as NOES) are availat
if the order parameters can be estimated by alternate meth
(16), and if it can be assumed that the whole molecule is rig
enough to have a uniform alignment tensor.

This paper demonstrates a method of direct utilization «
anisotropic spin interaction data that is based on the deterr
nation of the Saupe order matrid®) for structurally well-
defined fragments within a biomolecule. It can be used |

Traditional NMR structure determination of biomolecules i€Stablish the relative orientation of rigid units of the molecule

based mainly on distance constraints derived from relaxatifd it can help to determine the order parameters (axial a
processes such as NOEB.(This approach is limited, how- rhombic components of the alignment tensor) needed for ott
ever, by the short distances over which NOE interactions at@lculations even when only a small number of dipolar cot
effective. This is a particularly severe limitation when th@lings are measured. Use of the numerical method of singu
relationship of remote parts of elongated or loosely connectédlue decomposition to solve for the order matrix elemen
molecules is at issue. Spin interactions such as residual dipdrakes this approach fast, reliable, and easy to carry out. T
couplings that have an inherent orientational dependence, ia@plication of the proposed method is demonstrated usi
anisotropic spin interactions, can, in principle, complemeftN—"H dipolar couplings measured in'&N-labeled two-do-
NOE data in these situations. However, these interactiofgin fragment of the barley lectin protein (BLBC) that ha:
normally average to near zero in solution and cannot easily been oriented in a dilute bicell&,(18, 19 solution.

measured. Recently, the idea of making these spin interactions

measurable by introducing a higher degree of order in the THEORY

. . , The most commonly measured anisotropic spin interaction
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where vy, and vy,, are the gyromagnetic ratios for the sgin
nuclei, h is Plank’s constant; ,, is the internuclear distance,
and O is the angle between the internuclear vector and the
external magnetic field. In the above-mentioned systems, the
value ofD""is radically scaled down from its maximum static
value,D %, by rapid internal motions and overall motions as
restricted by the anisotropic interaction of the molecule with
the bicelles. The angle brackets denote a time average over the
motions with time scales short compared to the reciprocal of
the splitting.

It is also possible to obtain information on the orienta- - .
. . . . ...,FIG. 1. Definition of angles with respect to the molecular frame.
tional properties of molecules by measuring chemical shi « by, ¢,: angles of an internuclear vector with respect to the molecular axi
anisotropy effects. The chemical shift observed in an orientgd ¢, o,: angles defining the instantaneous orientation of the magnetic fie
system differs from the isotropic chemical shif,, = (8., +  (Bo) with respect to the molecular axis.
d,, + 833), by an anisotropic contribution that can be ex-

pressed as:
independent elements. By diagonalizing the order matrix, it
2 3 cosO; -1 possible to reduce the order parameter description to a prin
dan = 3 > <f> i pal order parametefs,,, and an asymmetry parameter,=
b (Syy = Sw)/Szz, Where[S,,| > |S,y| > [S|. The

. . . rincipal order parameter angare straightforwardly related to
whered, are the elements of the dlagon'al chemical Sh'.ﬁ tensﬁ{e axial and rhombic components of the alignment tensor tt
and O; are the angles between the axis of the chemical Shg'[

o . . e used if the dipolar coupling is expressed using a pol
principal frame and the external magnetic field. Once again, t & rdinate systentlp, 22. The coordinate frame in which the
angle brackets denote a time average over motions. '

. e order matrix is diagonal is often referred to as the princip:
It is clear from Eqs. [1] and [2] thdd™ and5,, are sources averaging frame or the principal order frame. The transform

of dynamic and structural |nformat|qn through thelr depeqlron matrix that accomplishes this diagonalization relates th
dence upo® andO; and upon the motional averaging of thes rincipal frame to the initial molecular frame.

quantities. Further, this information is unique in being not onl If the principal order frame happens to coincide with th

distance dependent, but angle dependent, which makes 'tavtﬁ%ction of the dipolar interaction vector, or the frame of th

Important tool for obtaining long-range structural mformatlor.]chemical shift tensor, it is clear that the order tensor elemer

Although the dynamic information available is highly useful, il e identical to the angular function in the expressiondgr
also makes the analysis of these anisotropic interactions cq d D™ In the more general case where we choose :

phcate_d. A S'”?p'e approach to obtalnlng.structural and m%’rbitrary molecular frame, the following expressions result:
tional information from such parameters is to represent their
anisotropic averaging by an order matrik7( 20, 2). For a

mn mn nm nm
molecule with coordinates defined in an arbitrary Cartesian D= DmaX__iz S;C0S P 7COS P [4]
system, the elements of this>3 3 order matrix are i =txy.2)
2
dan=73 85 5
3 cosf,cosb; — k; an = 3 __72 S8 [3]
P = . 3] ii=(xy.2
) 2 1

Here¢{" is the angle of the internuclear vector connecting nucl
where 6; denotes the instantaneous orientation of ttie n and m relative to theith molecular axis and théj are the
molecular axis with respect to the director (which in the studieglements of the chemical shift tensor in an arbitrary molecul
case is the direction of the external magnetic field, Fig. 1), afrdme of nucleus. Equation [4] suggests that if the direction
k; is the Kronecker delta. The order matrix is symmet8¢ € cosines of the internuclear vectors in an arbitrary molecular frar
S;) and traceless§,, + S,, + S,, = 0), so it has only five are known, it is possible to determine the order parameters, &
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hence the molecular orientational properties, from just five inde-If a sufficient number of interactions can be measured f
pendent measurements. Equation [5] suggests that if the orieetaeh of the two fragments with well-defined structures, ar
tion of the chemical shift principal axis frame and the principaf an order tensor in the molecular frame can be determine
values are known, chemical shift anisotropy (CSA) daéfa,can for each, then the allowed possibilities for relative orienta
be substituted for some of these measurements. CSA datations of these two fragments can be dramatically reduce
certain functional groups are readily available from literatuiBecause the interactions we measure are insensitive to

(23, 29. Knowledge of direction cosines of a sufficient number ofersion of the director, there will, in general, be four pos
internuclear vectors or chemical shift tensors in a particular mgible orientations for each fragment. However, other col
lecular frame is only available if the local structure of a fragmestraints such as molecular bonding, help to further redu
is known and assumed to be rigid. Of course there is alwayse possibilities 25, 26.

motion, but provided that, within a fragment, all internuclear Carrying out an order matrix determination in practice
vector motion is axially symmetric about its mean position anteans setting up and solving a system of linear equatio
uniform for all vectors, the fragment can be treated as rigid and the formA x = b. In our caseA is a matrix composed

this motion can be taken into account by a simple scaling factof. the direction cosines of the internuclear vectors an
This is approximately the case for local N-H bond librations, fd¥;’s. The matrixA and thex andb vectors are defined in

example. Eq. [6]:
coS’p, — COS'P, COS’p; — COS'P; 2 COSPH,COSP,; 2 COSP,COSP; 2 COSh,COSc, DLg
COSPh; — coSPp: CcoSPh’ — coSdh; 2 cospicosp; 2 cospicosd: 2 cospicosd: D2,
. . . . . S/y .
. . . . . SZZ .
CoS’py — COS'py COS’h; — COS'P} 2 COSPycoShy 2 coSdpicosd) 2 cosdycosd)| | Sy| =| Drea|, [6]
_511"' 5%2 _811"' 8%3 - %2"’ 5%1 - %3"' 8%1 _8%3"‘ 8%2 S, aén
_Sil"’ 3%% _8§1+ 8%3 _8§2+ 8%1 _Sis"‘ 8%1 _6§3+ 8%2 Syz Bin
_821"' 822 _821"' 8g3 - 22"' 521 - 22"' 821 _823"' 822 Sgn

In the case at hand, we will assume that the central conekere rows containing a reduced dipolar couplibg,,, are
of each of the two domains in the small protein, BLBCobtained from Eq. [4], and rows witd,, are obtained from Eqg.
represent an appropriate a rigid fragment. There are numfg}after division byD ., and 2/3, respectively. The number of
ous noncollinear®N-"H dipolar interactions in each of equations depends on the number of measured angular par
these cores. In other proteins, secondary structure eégers, but the number of unknowns is always five.
ments such as helices or beta sheets may constitutén the past, solutions to the above equation have be
appropriate fragments. In the more general case ofohtained by a simple grid search7j or a random searct28)
polypeptide chain, the peptide plane can be consideredfas allowed values of the five independent order tensor el
such a rigid structural element. It is possible to measure fimgents. It is also possible to use a fitting program that min
independent angular parameters from this unit by expandimizes the differences between measured and observed c
the type of the anisotropic interactions we measure, fpltings 6). Although these approaches are sufficient for simpl
example,'Dyy, ‘Dye, ‘Dee, ands,, for the carbonyl carbon cases, they are quite slow if the linear equation system is lar
and the amide nitrogen. The principal frames of the cherthat is, if the number of measured angular parameters is lar
ical shift anisotropy tensors and the internuclear vectors forSingular value decomposition (SVD) is a powerful numeri
these interactions each have a different orientation witlal technique for solving systems of linear equations, such
respect to the averaging frame, making them nonredundathit given in Eq. [6], and is easy to implement for order matri
It is useful to note that well-defined segments exist in othealculations. It also has the advantage that it can deal with s
types of macromolecules. In the case of oligosaccharides,equations that are close to singular, which would happen
many sugar rings can be assumed rigid and five or mate measured angular data were redundant because of
‘D, 'Dec, O "Dy couplings can be measured. linearity of vectors.
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It is well known from linear algebra2Q) that any matrixA IMPLEMENTATION
with M rows andN columns can be written in terms of its
singular value decomposition, i.e., as the product dflar N~ The order matrix calculations performed by both randor
column-orthogonal matrixJ, and anN X N diagonal matrix search and SVD were coded using the C programming la

W, with nonnegative diagonal elements, and the transposedsfage. Output visualization was performed using the Xm:
anN X N orthogonal matrixV. That is, software package (P.J. Turner, v. 3.01). The random numt

generator and the SVD algorithm were modified from puk
lished subroutines (LAPACK, v. 2.0). After each set of orde

W 0 parameters was determined and a symmetric tensor form
_ (OF) T from them, the tensor was diagonalized to obtain the princip
(A) = (U) (Vh. [7]
order tensor components, or order parameters, and a trans
0 wy mation matrix that relates the principal order frame to th

initial molecular frame.

Performing the above operation yields a distribution of orde
parameters and a collection of vectors defining the possit
directions of the principal order paramete&,,, S,,, and
S, ,, all of which are consistent with the experimental data. T
A~ = V[diag l/w)]U". [8] facilitate the visualization of these distributions of vectors,

mapping techniqgue was employed. The equal area pseudo

lindrical Sauson—Flamsteed projectiad0) is well suited for
The matrixA is ill-conditioned with respect to inversion if anythjs purpose 8, 3J).

one of thew,’s is zero or very small. In this case, we can set
1/w; to zero, which is equivalent to throwing away the part of
the solution space that is most susceptible to roundoff errors.

For our matrix equatios x = b, x can be determined using  appjication of the proposed method is illustrated using
the above decomposition as 5N-labeled protein, BLBC, a two-domain fragment of barley
lectin. The 89-residue BLBC fragment shares approximate
x = V[diag(1/w;)]U . 9] 95% sequence homology with wheat germ agglutinin, WG/
which has been the subject of numerous crystal structure st
ies 32). Previous NOE-based studies of BLBC were not su
If the set of equations has no exact solution, as in an overdieient to determine a high-resolution structure, but they di
termined linear systeniM > N), the SVD will still produce a show the domains to have folds very similar to those seen
solution that will not exactly solve the linear system, but wilthe crystal structure of WGA, and they did indicate that th
be the best solution in the least squares sense. Also, SVD canter part of each domain was well structur&®)( More
be used for underdeterminedll (> M) systems. In this case significantly for our purposes, the relative orientation of the |
one can isolate the subspace about which we have no infand C domains of BLBC could not be determined because
mation (also called the nullspace). The columnsvotorre- the lack of long-range restraints. Thus, BLBC is an ides
sponding to zeraw;’s then form an orthonormal basis thatandidate for the determination of domain—domain orientatic
spans the nullspace. using residual dipolar couplings.

One difficulty encountered in the calculations described To use the order matrix approach, we need a very we
above is that experimental uncertainties have to be considerdefined structure within the core of each domain. The NO
One way to take this into account is to calcul8iefor several derived structures are not, in themselves, adequate, since t
sets of dipole couplings and chemical shift anisotropies that arave RMSDs of 1.8 and 1.5 A, respectively, even for th
sampled from Gaussian distributions centered at the measunel-structured regions. Instead, since it has been shown tl
values with standard deviations depending on the experimerBaBC and WGA have very similar backbone fold33f, we
precisions. The calculate8; values are then multiplied with used the X-ray structure of WGA3®) as the rigid structure
the A matrix and are only accepted if the predicted" or 57, from which we calculated the direction cosines in matix
values are within the estimated experimental error. This step isTo obtain residual dipolar coupling data, an approximatel
necessary since the SVD method will produce a least squa@e® mM protein sample was oriented in a 5% 2.9:1 DMPC
solution for any set of input data. The width of the resultin@HPC (dimyristoylphosphatidylcholine/dihexanoylphosphat
distribution ofS; values gives a representation of errors in théylcholine) bicelle solution that has been stabilized by th
derived parameters. Figure 2 shows a flow chart of ordaddition of a positively charged lipid, CTAB (hexadecyl(cetyl)-
matrix calculations done using SVD. trimethylammonium bromide)34). ‘D, scalar and dipolar

This decomposition ofA allows one to write the inverse
of A as

RESULTS
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input

- Construct matrix A

coordinates of rigid
segment l

perform SVD for the matrix A

|

input construct the b vector, which contains
» | the normalized dipolar couplings

by choosing normal deviates from
experimental Djjand | the gaussian error distribution

uncertainties

calculate the x vector for
which IA x-bl is minimal

!

check if the elements of the x vector
(Sjjs) are physically meaningful
-0.5<85;i£1.0
-0.75 < §;;<0.75

l yes

construct the order matrix S from
the vector x and diagonalize it

!

check if the digonal elements yes

are physically meaningful and ™ oupput

if | A x-bl is acceptable vector coordinates of the principal
averaging frame

order parameters S’z and 1

no

FIG. 2. Flow chart of the program that solves for the elements of the Saupe order matrix from experimental dipolar coupling data using the me
singular value decomposition.

couplings were measured using a quantitatlveorrelation *H—""N HSQC spectrum in all three cases is comparable, it
experiment Jyy-HSQC) @5) designed for the accurate meareasonable to assume that the presence of the lipid does
surement of one-bond amideN—"H couplings in proteins. In change the tertiary fold of the protein. For the well-structure
this experiment the couplings are encoded in the resonamegion of domain B, 16 dipolar couplings were measured. F
intensity, reducing the need for high resolution in the indirethe well-structured region of domain C, 24 dipolar coupling
dimension. Couplings were measured using this experimentwere measured. These data are presented in Tables 1a anc
a bicelle medium at 25°C where the medium is isotropic arithe measured dipolar couplings range from 0 to 7.5 Hz |
only scalar couplings contribute and at 34°C where the mabsolute value. Experimental precision is estimated to be
dium is oriented and both dipolar and scalar couplings contrithe order of 0.2—0.5 Hz.
ute. The dipolar contribution was extracted by taking differ- Order matrix calculations were performed on the data pr
ences of splittings measured in these two experiments.  sented in Table 1 using the SVD method with an estimats
Normal HSQC spectra were also collected for the protein imcertainty of 2—3 Hz. These increased uncertainty estima
pure water, in the bicelle medium at 25°C where the systemgartially account for the fact that in addition to experimente
nearly isotropic, and in the bicelle medium at 34°C where theror, uncertainty in our rigid core structures will contribute tc
system has undergone the transition to a liquid crystalline stéite precision of our calculations. Since the singular valt
and the protein is partially aligned. Since the appearance of tiecomposition method solves the exact system of linear eq



COMMUNICATIONS 339

TABLE 1la that differ between BLBC and WGA (Table 1). The 10,00(
Residual "H-""N Dipolar Couplings from the B Domain cycles required to fully account for uncertainties in the accer
of the BLBC Protein able order matrices (see Theory section) consumed less tl
Secondary Measured dipolar Used in final 60 s of CPU time on a 150-MHz Silicon Graphics Indy R440
structuré Residue # coupling (Hzj solutiorf
*His59 7.3 yes TABLE 1b
gzgg _2553 y:; Residual *H-*N Dipolar Couplings from the C Domain
Ser62 40 ves of the BLBC Protein
B-Sheet G*I.Ir_]f:z.)él 751 neos Secondary Measured dipolar Used in final
P : y structuré Residue # coupling (Hzj solutiorf
Gly65 4.3 yes
Eyfeﬁ? i;:; e Asn100 44 yes
Y ; Y Asn101 4.8 yes
Gly68 -1.0 no
Phe69 —34 yes Leu102 —01 yes
Cys103 2.7 yes
Gly70 NIA N/A Cys104 N/A N/A
Ala71 N/A N/A ZT?SZ ’%i no
Glu72 —-2.2 yes n ) yes
. B-Sheet Trpl07 6.7 yes
a-Helix Tyr73 —2.2 yes Gly108 N/A no
oer N ves *Tyr109 -2.7 yes
y7s N/A A Cys110 —4.5 yes
Ala76 1.2 yes Glyl111 —5.1 yes
Gly77 N/A N/A Leull2 -3.1 yes
Cysr8 53 yes Gly113 N/A N/A
@ Secondary structure as determined by high-resolution NMR spectroscopy. Seriia 30 s
For domain B the well structured residues are 59-81 and for domain C they Glulls _3é y);s
are 100-126. . )
®* indicates residues that differ between BLBC and WGA. a-Helix (F;hzi-:lls gf y:ss
¢ The data was collected using a quantitativeorrelation experiment (see G?/ 118 5 7 yes
text). NMR spectroscopy was carried out on a 500-MHz Varian INOVA Y ) Y
spectrometer. In the direct dimension, 1024 complex points were collected “Glu119 45 yes
with a spectral width of 6000 Hz; 70, increments with a corresponding Gly120 _2'9 yes
spectral width of 2000 Hz were collected in the indirect dimension. For each Cys121 6 0 no

t, increment, 32 transients were collected per FID, and four FIDs were stored
per t; increment. The constant time delay was set to 64.516 ms, which is GIn122 _48 yes
optimized forJ = 93 Hz. A 2-s recycle delay and an acquisition time of 170 *Gly123 7'0

no
ms were used.
-Sheet Glyl24 2.9 es
“No indicates residues from which the measured residual dipolar coupling Ala)izs 6.0 ygs
was not consistent with rest of the data (see text). i
Cys126 4.2 yes

tions, 1t is pO_SSI_ble to q_UICkIy Identlfy d|p0|ar co_uplmgs that @ Secondary structure as determined by high-resolution NMR spectrosco
have uncertainties outside of these bounds. This was accq®-domain B the well structured residues are 59—81 and for domain C th
plished here by counting the number of times that particulate 100-126.
data could not be back-calculated to within estimated uncer- * indicates residues that differ between BLBC and WGA.
tainty by the common solution and eliminating them if this The data was collected using a guantltam/eorrelatlon expenment (see
happens for more than 50% of the cveles. Thirteen out of tltgeXt)' NMR spectroscopy was carried out on a 500-MHz Varian INOV/
pp . Yy : ~spectrometer. In the direct dimension, 1024 complex points were collect
16_5 measqn_?d values for domain B were found to be compatiRigh a spectral width of 6000 Hz; 76, increments with a corresponding
with the rigid structure, and 21 out of the 24 measured valugsectral width of 2000 Hz were collected in the indirect dimension. For ea
for domain C were found to be compatible with the rigid: incrgment, 32 transients were (_:ollected per FID, and four FIDs were ;tor
structural model. The inconsistencies most likely result frof§" t: incrément. The constant time delay was set to 64.516 ms, which
. . . . . optimized forJ = 93 Hz. A 2-s recycle delay and an acquisition time of 17C
imperfections in the assumed structure or additional motlor}ﬂ were used
effects at those sites. It is worth pointing out that most of the« ng ingicates residues from which the measured residual dipolar coupli

poorly fit data result from sites that are at or close to residu@ss not consistent with rest of the data (see text).
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FIG. 3. (a) Possible orientations of the axis of the principal averaging frame that correspdds(tirector). The mapping frame for both domains is the
molecular frame of the X-ray structure. If the relative orientation of the two domains determined from the residual dipolar couplings was the Haene-eeyi
structure, the possible director orientation for the two domains should overlap. For domain B, there are two possible orientations of théndeetisrnst
possible to distinguish betweenz and —z. For domain C, there are four possible orientations of the director, which shows that this domain is highly rhor

(b) Distributions ofS,, andn for both domains.
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frames of the two domains provides a test for consistency wi
domain orientation as found in the crystal structure. In Figul
3A the representations of director orientations do not overla
even given the degenerate representations for domain C.
other words, the director orientations appear quite differe
when viewed from the perspective of each domain. It is ther
fore obvious that the relative orientation of the two domains «
BLBC must be different from that determined by X-ray crys
tallography of WGA. One can, in principle, generate a struc
ture consistent with the experimental data by rotating tt
domains to achieve a common ordering frame (Fig. 4). Th
common frame should be determined in such a way that ax
with order parameters of the same sign and similar magnitu
coincide. An allowed structure is depicted in Fig. 4B.

The picture in Fig. 4B is, however, a significant oversimpli
fication of the situation. In addition to determining the princi
pal averaging frame, the above calculations return values of 1
principal order parameters that are consistent with the da
Figure 3B shows that whil§&,, is similar for domains B and
C (0.00025),m is broadly distributed about 0.6 in domain B
and it is near 1.0 in domain C. The distributions of calculate
order parameters shown in Fig. 3B do overlap to some exte
allowing for the possibility that the two domains are ordered b
the same forces and behave as a single rigid entity. Howev
additional experiments show that even small variations |
ordering conditions force a more severe divergence of princig
order parameters, suggesting that the two domains of BLE
FIG. 4. (A) Domain—domain orientation of the domains B and C in thé:Ii1Lflee independently. This complex behavior is the subject

barley lectin protein fragment BLBC based on the crystal structure of WGA forthcoming detailed study of the structure and dynam
Representative principal averaging frames for both domains are also shopr‘operties of BLBC.

(B) A possible domain—domain orientation of the domains B and C, based on

orientational constraints derived from residdé—"H dipolar couplings. The

structure was obtained by selecting a principal averaging frame for both

domains so that the correspondingalues were comparable (~ 0.7). After CONCLUSION

this, the molecular frames of the two domains were reoriented in such a way

that the principal averaging frames coincided.

In this work, we have shown that using singular valu
ter. Th lculati ina th q h decomposition as a method for determining the Saupe orc
computer. The same caicuiation using the random search gpy. is g fast and easy way to interpret anisotropic sp

proach 28) required several hours of CPU time. . . . ; .
) . . interactions, such as residual dipolar couplings. Although loc
The above calculation resulted in approximately 2000 ac- . S . ;
ructural information is required for the described method,

ceptable order matrices for domain B and 1500 for domain 8 _ . )
Figure 3A illustrates the direction for that axis of the principallIserI calculation can be performed using as few as five, and
averaging frame that corresponds3g., for both domains, in some cases even fewer, measur'ed coupllr'lgs.' When the Ic
the molecular frame of the crystal structure. Figure 3B preserfigucture of amolecular fragment is known, it might also be tr
the distributions o, andn for each domain. Note that thereMéthod of choice for determining the alignment parameteys,
are two sets of solutions for domain C. This occurs becaudad R, required for further structural refinement using simu
n = 1.0, and the choice of orientation of tizeandy axes lated annealinglg). Other methods that have been propose
becomes arbitrary. It is clear from Fig. 3A that the clusters arf® the determination of these order parametéEs (§ depend
in fact, 90° apart. on observing a large number of couplings to discern the di

Since the domain structures were constrained to the domttibution of couplings. In cases of limited data, especiall
structures of WGA, and since a common coordinate frame waith high rhombicity ¢; near 1.0), these methods can becom
used for both domains, coincidence of the principal orderingapplicable.
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Availability
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. G. M. Clore, A. M. Gronenborn, and N. Tjandra, J. Magn. Reson.
131, 159-162 (1998).

Information on obtaining the software described in thigs . m. Clore, A. M. Gronenborn, and A. Bax, J. Magn. Reson. 133,
paper can be found on our Web page accessed through http://216-221 (1998).
www.ccrc.uga.edu.
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