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In order to determine precise three-dimensional structures of pro-
teins by residual dipolar coupling constants as the major or even
exclusive structural constraints, it is essential to use two anisotropic
media. In doing so, a reliable and versatile method for estimating
the relative orientation of the alignment tensors for the molecules
dissolved in different anisotropic media is required. In this com-
munication, we present a new graphical approach for this pur-
pose, which does not require structural information of the target
molecules. The correlation map for the two independent data sets
of residual dipolar coupling constants, which can be obtained for
the molecules in different anisotropic media, strongly depends on
the relative orientation of the alignment tensors. We have simu-
lated the correlation maps for all possible combinations of the Eu-
ler angles, which transform one alignment tensor to the other, and
compared them to the experimental data sets reported for labeled
human ubiquitin. This simple graphical method affords a useful
starting point for the structural determinations using residual dipo-
lar couplings. © 2002 Elsevier Science

Key Words: residual dipolar coupling; anisotropic media; rela-
tive orientation of alignment tensors; correlation map; structural
determination by NMR.

INTRODUCTION

uncertainty due to the taco-shaped cone nature of the unique a
of the alignment tensoi6}. This problem can be alleviated by
using an additional orientation of the alignment tensor. Howevelr
the relative orientation is not knowanpriori, and so the degrees
of freedom are optimized using a least-squares-based sear
procedureT). In this paper, we propose a hew method for esti-
mating the relative orientation between two different moleculal
alignment tensors in the absence of any prior structural infor
mation. This method is demonstrated using labeled ubiquitir
(76 residues) as a model system.

The residual dipolar couplin”E (6, ¢) between two directly
coupled nuclei A and B can be expresseds s\

2
D*®(0, ¢) = D5 > Dok(@. 0, 0)(Dio(€2(1)))
kz‘z ; 1
= D2B{(3cogH — 1)+ 5 R(sir? 6 cos )},

where the transformation from the principal axis frame (PAS)
of the dipolar interaction to the molecular alignment tensor anc
further into the laboratory frame is accomplished using seconc

Direct measurements of the relative orientations of interngank Wigner rotation matrices with elemerg(x). DAB rep-
clear dipolar vectors, internuclear distances, and angles fesents the axial component of the molecular alignment tensc
biomacromolecules through residual dipolar couplings have lfer the dipolar pair A-B, andR is the rhombicity of this tensor.
come possible by developments in the applications of variogsand ¢ are the polar and azimuthal angles that describe th
anisotropic media to partially align the macromolecules in serientation of the A—B interatomic vector with respect to the
lution (1, 2). These parameters are then used as additional camelecular alignment frame(t) is the time-dependent Euler
straints to more precisely determine the three-dimensional stragigles which transform the molecular alignment tensor fron
tures of proteins and nucleic acids in conjunction with neartj)e PAS of the dipolar interaction to the laboratory frame. The
complete sets of NOE, coupling constant, and chemical shifine dependence of these angles arises from the molecular r
data 3-5. However, the orientations of the dipolar vectors imrientation. The angled brackets denote that a time average h
the alignment tensor cannot be uniquely determined from a sheen performed to account for this reorientation. Although there
gle setofresidual dipolar coupling measurements, because ofithenly one value oD4® andR for each tensor, there exists one

pair of @ ande for each dipolar pair. When the molecular align-
1To whom correspondence should be addressed. Fax: +81-42-677-29%Nt tensor is transformed into a second molecular alignmer
E-mail: kainosho@nmr.chem.metro-u.ac.jp. tensor by the Euler angles,(8, y) as shown in Fig. 1, the
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FIG. 1. A schematic representation of the two molecular alignment frames in which the téhs@xsy, z) andD; (X', y', Z) for a dipolar pair A-B are
defined# and¢ are the polar and azimuthal angles, respectii@jyis transformed into alignment tensor frame 2 using the Euler rotation nfafwixg, y). The
transformed; in frame 2 is denoted by the dashed hemisphere (i.e., for clarity onlpthe Dyy plane is shown). The axiaD{) and rhombic Dr) components
of the alignment tensoB, are defined a%[DZZ — (Dxx + Dyy)/2] and%(D><X — Dyy), respectively. The rhombicityR) is defined ad;/Da. The principal axis
values (i.e.Dxx, Dyy, andDz,) of alignment tensor 1 (i.eD;) are indicated in alignment frame 1.

dipolar coupling can be rewritten as space that must be searched fromr < 360°, 0° < 8 < 180,
and 0 <y <360 to <o <180, 0°<B <180, and 0 <
DB, ¢, a, B, y) y <90° so that only the orientatiorx( 8, y) is found. If the
) A-B vectors are distributed isotropically, this correlation will
_ pPAS ) ) have a similar shape to a two-dimensional (2D) separated loc
Do k;2 Dok(¢, 6, 0)Dik (e, B, v) (Dro(S2(t) ) field (SLF) spectrum of a polycrystalline powd8éy.(In practice,
however, the number of dipolar couplings that can be measure
a1 3 . ) . . ; ) . )
=D} [_(3 cogh —1)(3cog B —1)— —sinVsin2B in anisotropic solution compared to the polycrystalline state i
2 2 limited, and thus the sensitivity of this method is inferior to the

3 . i 2D SLF spectrum method. After determining the Euler angle:

x oS +¢) + 5 sir’ ¢ sir? § cos(2x + 2¢) linking the two alignment tensor8,and¢ or each dipolar pair
3 (1 1 [2]  can then be determined from Egs. [1] and [2].
+ ER{§(3CO§9 —1)sifBcos? + Esin29

, _ RESULTS AND DISCUSSION
x {sinB(cosB + 1) cos@ + 2y + ¢) + sinp(cosB — 1)
4
2

Simulations of the dependence of the correlation pattern c
)COS(ZX +2y+2¢) two sets of residudPN-*H dipolar couplings on the two Euler
anglesoe and 8 (y setto 0) are shown in Fig. 2 and on
a (P andy (B8 setto 60) in Fig. 3. In the simulations the values of
+sin <_> cos(@ — 2y + 2¢)} H ' D4B and R for the two tensors were obtained from previous
measurements on human ubiquitD)" = 15.85 Hz andR =
Hence, by comparing the correlation pattern of two sets of e848 for D; (measured in charged bicelle solution) aDi” =
perimentally determined residual dipolar couplings from twB.42 Hz andR = 0.163 forD, (measured in uncharged bicelle
alignment tensors (i.eD; and Dy) with theoretical simula- solution)) (L0). The interpretation of these correlation plots is
tions, the possibilities for the relative orientation between tretraightforward. For the first set of residual dipolar couplings
two tensors can be reduced because the correlation patwontained inD1, the dipolar couplings in the vertical axis lead
is strongly dependent on the alignment. From the symmettiza maximum value oDN" whenrNH is parallel to thez axis
character and trigonometric relationships in Eq. [2], it can 4é = 0°) of D1. If r\ is parallel to they axis ¢ = 90°; ¢ = 90°)
shown that the residual dipolar coupling has same value for amfyD;, there are pronounced ridges. Similar relationships occt
of the eight following orientationss( ¢, «, 8, y), (6, ¢, «, 8, for the horizontal axis which corresponds to the second set ¢
y+n),0,r—¢p, 7 —a,B,7—y),0, 7 —¢,m—a,B,—y), residualdipolarcouplingscontainedia. By comparing Figs. 2
@, ¢, r+a,m—B,7—y),0,¢6, 1 +a, 7t —B,—y), (0, r — and3,itcanbe seenthatthis correlationis particularly depende
¢,—a, t—B,y), and 0,7 —¢, —a, 7 — B, +y). Hence, ong. This is because the rotation of teangle corresponds to
due to this symmetry, we can reduce the “volume” of Eulgotation of thez axis of the molecular alignment tensor.

X COSf — 2y + ¢)}+ Sirf @ {coé‘(
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FIG. 2. Thea andp angle dependence of the correlation plots of simulated dipolar couplings: &negle is fixed to zeron*3 and DQB are the residual
dipolar couplings calculated fdp, = 15.85, R = 0.48, andD, = 9.42, R = 0.16, respectively. These correlations are calculated attérvals foro ande.

A series of dipolar coupling correlation plots obtained frorsombinations of Euler angles at°1dtervals. Then each cor-
the individual normalized (with respect to NH dipolar couplingjelation plot is divided into a mesh with 5-Hz intervals along
IDNH 1DCHe(NH), L DEN(NH), 1 D%C (NH), and®?DCHN(NH)  both residual dipolar coupling axes. Then, the number of the
couplings and the ensemble of all five couplings for humaints per mesh square for the simulated and experiment:
ubiquitin from the data sets reported in ReflO are plots are counted and normalized to the total number of point
shown in Fig. 4. The normalization of the dipolar couplings each case. Matching of the simulated to the experimente
was performed as described in ReLO) (i.e., D”B(NH)= data then proceeds by defining a merit function as follows: i
DAB (yNyH(rﬁf,)/(yAyB(rgg)))), and taking the internuclear dis-both the normalized experimental and the simulated data ha
tances to be 1.02, 1.08, 1.34, 1.52, and 200fr the N-H, more than one point per square or both have less than or equ
C.,—H., N-C, C,—C, and C-HN bond lengths, respectively. to one point per square, the square takes the value of 1 me

The most probable Euler angles are estimated in the fgeint (O otherwise). Finally, the values of all the squares are
lowing way. Correlation plots are initially calculated for allsummed. This total provides a measure of the fit between th
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FIG.3. Thea andy angle dependence of the correlation plots of simulated dipolar couplings: @hgle is fixed to 60

simulated and experimental data for each particular Euler an@le 8, y) = (47°, 6°, 177) with the other seven maxima being
combination. The resulting three-dimensional data matrix (eaah listed after Eq. [2].

Euler angle constitutes one dimension) is then searched to findo confirm that the orientations determined using our patter
the global maximum, which corresponds to the best fit betwegratching procedure were valid, we compared our findings witl
the simulated and experimental data. This Euler angle searchingse determined from X-ray data. From the X-ray structure
procedure is then repeated with smaller angular incrementg(polb code 1ubq)12) for the 3D structure of human ubiquitin,
provide a more accurate estimate of the Euler angles that defiogr possible relative orientations of the principal axis frame
the relative orientation. As an example, a two-dimensional slioé alignment tensor to the X-ray coordinate frame were ob
(i.e., contour plot) of the three-dimensional data matrix wittained according to the best-fit method, using order matri
y =160 is shown in Fig. 5. The sensitivity of the total meritanalysis of residual dipolar couplings via singular value de
function to thex and especially thg angle is clearly shown{ composition 13), for each of the two sets of residual dipolar
is the least sensitive). The results of the search procedure gewaplings. This gave 16 (i.e., the product of the four possi
eight global maxima (i.e., orientations of equal likelihood) to bkle orientations foD; to the X-ray coordinate frame times the
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FIG.4. Aseries of correlation plots obtained from the individual normalized&y, (b) DC«H« (NH), (c) DSN(NH), (d)1 D€ (NH), and (€2 DS HN(NH)
couplings and (f) the sum of all five couplings for human ubiquitin.

four possible orientations fd; to the X-ray coordinate frame) 7.2°, 160.2), (303.6, 7.2, 19.8), (56.4, 172.8, 19.8), and
candidates for the relative orientatian (8, ) between the two (303.6, 172.8, 160.2). Figure 6 shows the correlation plots
alignment tensors. From the symmetric character of Eq. [2}f the simulated dipolar couplings of these four orientations
the residual dipolar coupling has same value for any of the fdy comparing Figs. 6a and 6d with Fig. 4f, it can be seen tha
lowing orientations:d, 8, ), (@, 8,y + ), (x —«, B, 7 —y), thereisgood agreementbetween the experimental and simulat
and - —a, B, —y). Hence, the correlation plots of these 18esults. It is emphasized that the Euler angles used in calculs
candidates can be represented by four orientations as°(56idg Fig. 6a are very close to those determined by our fitting
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dimensional” extension of the histogram method for determinin
the axial and rhombic components from the normalized residui:
dipolar couplings11). Although the resolution of determined
by this new method is low, the resolution is betterdaand the
more importanB angle. Besides, it is important to note that the
precision of the Euler angles determined depend on the diffe
ence in orientation betwedn; andD,, and in the respective

3004

240 4 rhombicities.
Though other approaches can be used to determine the re

tive orientation of the molecular alignmenttensorsin the absenc
of any structural information7), our method does not require
sophisticated software and allows the solution to be visuall
verified. Further, although preferable, the new method doe
not require all four types of residual dipolar coupling (i.e.,
IpNH 1pCN1DCG.C | and2DCHN) data. Thus, by using this
new approach the relative orientation of the molecular alignmer
tensors can be easily estimated and consequently the inform
tion content of measured residual dipolar coupling data sets c:
be checked before starting (lengthy) structure calculations.

o / degree
2

1201

60+

Supplementary material. A complete set of the simulated
data in the Euler space,” &« <360, 0° <8 <180, and
' 0°<y <360 to <a<180, *<B <180, and O <y
0 30 60 5% 120 150 180 <90, at 30 intervals, and all in thi
, , programs used in this study are
B / degree available, together with instructions, upon request to kainosho¢
nmr.chem.metro-u.ac.jp.
FIG. 5. A two-dimensional slice ay = 160° of the three-dimensional
data matrix which shows the degree of matching of the simulated data set to
the experimental data set for different combinations of the Euler angles. The
contours reflect the degree of matching as a percentage of the best match (i.e.,
each of the eight most likely orientations scores 100%).

(b)

20 20

o

procedure (i.e., (47 6°, 177)). This close agreement clearly g
indicates the usefulness and validity of the present approach.g“-'
The theoretical dependence of the correlation plot of the resit g
ual dipolar coupling on the rhombicitiR is shown in Fig. 7.
Although the plots were dependent Bnthe axial components, Y -40
D248, of the molecular alignment tensor served only to scale th e Cs
correlation patterns. The scaling by the axial component can |
removed by normalizing the magnitudes of the measured dipol
couplings. The scaling factor is the ratio of the square root of th
sum of the squares of all dipolar couplings in alignment tensor 20
divided by the square root of the same sum for alignment tens: _
2. For the two data sets of human ubiquitin, this ratio is 1.63 an =
it is almost the same a8,1/Da> = 1.68. Hence, it is better to =~
use this ratio foDA8 and use a histogram {) to determineR. ~ Q 20
Thus, this method only needs two sets of residual dipolar cot
pling data and does not require the three-dimensional structu "3~ 707 0 10 30 W 5 0 o
of the molecule. e o

In conclusion, we have shown that the relative orientation b (Hz) b (Hz)
of the molecular alignment tensors determined in different _ _ _ ) ) )

. . . . . FIG. 6. Correlation plots of simulated dipolar couplings using the relative
amSOtrOplc_ medla‘_ can be Obt,amec_] from the correlation of tV\S?lentation determined using the order tensor approach for four different orier
sets of residual dipolar couplings in the absence of any strygions: (a) (56¢°, 7.2°, 1602°), (b) (3036°, 7.2°, 19.8°), (c) (564°, 1728°,
tural information. It can be realized that this method is a “twat9.8°), and (d) (30%°, 1728°, 1602°).
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FIG.7. The rhombicity dependence of the correlation plots of the simulated dipolar couplingd. .48, R, = 0.16; (b) Ry = 0.16, R, = 0.16; and (c)
Ry =0.163,R, = 0.48.
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