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It has recently been shown that the degree of alignment of
macromolecules in an aqueous dilute liquid crystalline medium of
bicelles is sufficient to permit accurate values of residual **N-'H,
3C-H, and **C*-C’ dipolar couplings to be obtained on a routine
basis, thereby providing potentially unique long-range structural
information. To make use of this information in macromolecular
structure determination, the magnitude of the axial and rhombic
components of the molecular alignment tensor must be deter-
mined. This can be achieved by taking advantage of the fact that
different, fixed-distance internuclear vector types are differently
distributed relative to the alignment tensor. A histogram of the
ensemble of normalized residual dipolar couplings for several such
vector types approximates a powder pattern from which the mag-
nitude of the axial and rhombic components are readily extracted
in the absence of any prior structural information. The applica-
bility of this method is demonstrated using synthetic data derived
from four proteins representative of different sizes, topologies, and
secondary structures, and experimental data measured on the
small protein ubiquitin.

Key Words: dipolar couplings; molecular alignment; liquid crys-
tal; rhombicity; solution NMR structure determination; long-range
restraints; powder pattern.

Recently, it has been shown that moderate degrees of alig
ment, while retaining the resolution, sensitivity, and simplicity
obtained in the isotropic phase, can be obtained by dissolvin
macromolecules in a very dilute liquid crystalline phase
(17, 18 of so-called bicelles19), comprising a~5% wt/vol,
3:1 molar ratio of DMPC:DHPC in water. This permits accu-
rate measurement of residual dipolar couplings for a variety @
different fixed-distance internuclear vector types, including
one-bond">N-*H, 3c*-He, ¥c*-13C’ vectors (8). In order
to make use of residual dipolar couplings for macromolecula
structure refinement, the magnitude of the axial and rhombi
components of the alignment tensor must be known. Knowl
edge of the orientation of the alignment tensor, however, is nc
required since it is treated as a freely floating variable during
the structure calculatiori( 20).

In a recent paper, we showed that it was possible, providin
a reliable estimate of the minimum value of the residual dipola
couplings could be obtained, to simultaneously refine the struc
tures and ascertain the values of the axial and rhombic con
ponents by a grid search procedure in which a series of stru
tures were calculated for different rhombiciti€z0). Such an
approach, however, can only be employed in the final stages
a structure determination and is only suitable when a sufficier

Residual dipolar couplings in high-resolution NMR spectrajumber of NOE restraints is available to generate a well

arising from small degrees of alignment of molecules in thgefined polypeptide fold20). In this paper, we outline a simple
magnetic field, provide unique long-range structural restrairaad robust procedure for reliably estimating the values of th
that can significantly improve the quality of NMR structuresxial and rhombic components of the alignment tensor in th
(2). Alignment can be induced in a number of ways, includingbsence of any prior structural information by examining the
the magnetic field itselfZ—6), an electric field 7-9), or the use distribution of dipolar couplings.

of a liquid crystalline medium 20-13. Alignment arising In principle, the problem of finding the magnitude of the
from anisotropy of the molecular magnetic susceptibility tensgenerally asymmetric alignment tensor is the same as th
scales with the square of the magnetic field, but is generaipcountered in determining the Saupe ordering matrix fo
very small even at the highest magnetic field strengths avaall molecules in a liquid crystalline environmefh0¢19.
able (1, 14-16. Consequently, degrees of alignment sufficieror globular proteins, however, one may safely assume
to obtain accurate dipolar couplings for macromolecular strushape which is not distorted by transient interactions witt
ture determination are only attained for a limited number d¢he liquid crystalline medium and a negligible effect of
systems (e.g., paramagnetic proteins, nucleic acids, and pgrdernal motions on the alignment tensor, so that finding the
teins complexed to nucleic acids). Saupe ordering matrix or alignment tensor is far simpler
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FIG. 1. Histograms of normalized residual dipolar couplings calculatedft = 10.0 andR = 0.2 for interleukin-. Plots are shown for the individual
normalized'D"", 2DC*"*(NH), and*D®*“'(NH) dipolar couplings, for the pairwise ensemble of the normalized dipolar coupfibd$' @nd*D°*"~(NH), *D""
and!DCC'(NH), and'D®*H*(NH) and D> (NH), and for the ensemble of all three normalized dipolar couplifip8't, :DCH*(NH) and'D®*“'(NH)). The
residual dipolar couplings, normalized relative to the one-bond NH dipolar coupling, are calculated from the structures using the coordinate frame to re
the alignment tensor. The coordinates employed for interleuRiar® taken from Ref.28).

Moreover, assignment of dipolar interactions to specifibe internuclear vector2() which provides a first-order cor-
pairs of atoms is trivial in the macromolecular case of vemection for the effect of rapid internal motion oB”?
weak ordering, where they are simply obtained from th@, 16, 23. In the liquid crystal bicelle mediunD4® =
change in the correspondinsplitting relative to the iso- —(u h1673)Sy,ve(rag)A, Where A, is the unitless axial
tropic case. component of the molecular alignment tenAof12). Note that
The general expression for the residual dipolar couplifgr the bicelle medium, where the liquid crystal director is
D"%(6, ¢) between two directly coupled nuclei A and B can bgrthogonal to the magnetic field differs from the Saupe
simplified to the form 20) ordering matrix by a factor of-%. In the case of align-
ment induced by magnetic susceptibility anisotrdp§® =
—(B2/60kT72) Sy ve(r as) X WhereB, is the magnetic field
strength andy, the axial component of the magnetic suscepti-
bility tensor x in units of nf/molecule 6). Since S values

whereD2® andD?® in units of hertz are the axial and rhombicObta'ned from heteronuclear relaxation measurements typical

components of the traceless second rank diagonal teBsof2n9€ from 0.7 to 0.9 for the structured regions in protesis,
given by %[DQ\ZB — (DB + D@f)/Z] and %[DQXB _ D)/;\YB , fall_s in the 0.85 to 0.95 range so that the assumption of
respectively, withDAB| > |DyAyB| > |D”B[: Ris the rhombicity uniform Svalue introduces a neghglble_error of at most a few
defined byD2B/DAB and is always positiveg is the angle Percentin the calculated dipolar couplings. (

between the A-B interatomic vector and theaxis of the ~ Foragiven type of fixed distance,g) A-B interaction, the
tensor; andp is the angle which describes the position of thextremeD"® values measured correspond to orientations o
projection of the A-B interatomic vector on the-y plane, A—B vectors closest to the(6 = 0°) andy (6 = 90°%; ¢ = 90°)
relative to thex axis. D4 subsumes various constants, includerincipal axes of the alignment tensor. If the A—B vectors are
ing the gyromagnetic ratios of the two nuctgi and yg, the distributed uniformly and isotropically, a histogram describing
inverse cube of the distance between the two nuglgs), the probability of finding values ob”E between these two
where the( ) brackets indicate vibrational averaging, and thextremes will have the same shape as a chemical shift anisc
generalized order paramet8ifor fast angular fluctuations of ropy (CSA) powder pattern2@). The highest probability di-

3 .
D*B(0, ¢) = DQB{(3 cog—1) + ER(SII’IZO cos 2;5)}, [1]
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FIG. 2. Histograms of the ensemble of the normaliz&d", 2D H*(NH), and'D®*“'(NH) dipolar couplings for enzyme | calculated @E" = 10.0. (A)
and (C) are calculated f&® = 0 andR = 0.4, respectively, with no random added error. (B) and (D) are calculated 00 andR = 0.4, respectively, with
a random added rms error afl Hz, to simulate experimental uncertainty. The residual dipolar couplings, normalized relative to the one-bond NH dif
coupling, are calculated from the structure using the coordinate frame to represent the alignment tensor. The coordinates employed for enzyme | (which
of 259 residues) are taken from Re29].

polar coupling value, therefore, coincides with the magnitud®mnd vectors and between th&-&* and C'—C’ bond vectors
of a bond vector aligned along theaxis of the alignment are 120° and 109°, respectively. Such an ensemble is obtaini
tensor ¢ = 90°, ¢ = 0°). SinceDyy + Djy’ + D55 = 0, it by normalizing the different residual dipolar couplings. Thus,
follows from Eq. [1] that the residual dipolar couplind)”®(NH), between atoms A and
B, normalized relative tdD"", is given by
D?ZB N ZDQB AB AB 3 3
D™ (NH) =D rain! as)) - 3
D;\yB — _D,aAB(l + 1.5R) ( ) (7NVH< NH> (YAYB< AB>) [ ]

D5 = —DA8(1 — 1.5R). [2] (The distances we employ are 1.02, 1.08, 1.341, and 1.525 A f
the N-H, C—H* N-C, and C—C' bonds, respectively25).)

In practice, the number of dipolar couplings measured will Experimentally, the normalized values Df, and D, are
be limited and the assumption of a uniform isotropic distribwebtained by taking the average of the high and low extrem
tion of orientations need not necessarily apply. Thus, for exalues of the normalized residual dipolar couplings, respec
ample, N-H vectors in a helix are roughly parallel to the helitively, such that the standard deviations in the estimated value
axis so that in largely helical proteins clustering of N-H vectaf D,, andD,, are equal to the measurement error. The valu
orientations may occur. In the case of residual dipolar coaf D,, corresponds to the most populated value in the histo
plings there are at least three backbone one-bond interactigneam of the observed normalized residual dipolar couplings
per residue that can be accurately measuted"!, *D"*,  With two unknowns and three observabl&s. D,,, andD,)),
and D', In addition,'D°N can also be measured, albeithe values oD, andR are then calculated by nonlinear least-
with slightly less relative accuracy than the other three dipolaquares optimization of Eq. [2].
couplings. As the orientation of these vectors with regard to theTo test how well this approach performs in practice, we have
alignment tensor will be different for any given residue, italculated normalized residual dipolar couplings (using the
follows that the distribution for the ensemble of the differentoordinate frame to represent the alignment tensor) for th
vector types will be more uniform than for any of the individN-H, C*-H, and C-C’ vectors of four proteins covering
ual vector types alone2d). The distribution is further en- different sizes, topologies, and secondary structures: namel
hanced by the fact that the angles between the N-H dnabll C the GB1 domain of protein G (56 residues, mixedielix and
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TABLE 1
Estimated Values of D" and R Obtained by Analysis of Histograms of Normalized Residual Dipolar Couplings for a Target Value
of DNYP = 10 Hz, Rhombicities of 0.1 to 0.6, and a Random Added rms Error of 1 Hz

Estimated values ddY"(Hz) andR

[*DNH, 1DCeHe(NH) and *DC“C(NH)] [*DNH and tDCH(NH)]
100% data 50% data 100% data 50% data
D, D, D, D,

Protein TargeR (Hz) R (Hz) R (Hz) R (Hz) R
Enzyme | 0.1 10.0 0.11 9.9 0.11 9.9 0.11 9.9 0.09
IL-18 0.1 9.9 0.10 9.9 0.09 10.0 0.09 9.8 0.06
IL-4 0.1 10.0 0.11 10.1 0.07 9.8 0.11 9.7 0.11
GB1 0.1 9.9 0.12 10.0 0.09 10.1 0.1 9.9 0*
Enzyme | 0.2 10.1 0.19 10.0 0.19 9.9 0.17 9.4 0.20
IL-18 0.2 9.9 0.19 9.7 0.19 9.6 0.16 9.6 0.12
IL-4 0.2 9.9 0.18 9.8 0.19 9.9 0.19 9.7 0.23
GB1 0.2 9.9 0.17 9.4 0.23 160 0.1 10.2 0.1
Enzyme | 0.4 10.2 0.37 9.8 0.42 9.9 0.38 9.5 0.3#
IL-18 0.4 9.9 0.35 9.7 0.36 9.6 0.36 9.5 0.37
IL-4 0.4 9.9 0.37 9.9 0.39 10.0 0.40 9.7 0.36
GB1 0.4 9.6 0.44 9.5 0.44 16.0 0.34 10.0 0.23
Enzyme | 0.6 9.7 0.66 9.5 0.66 9.6 0.57 9.6 0.50%
IL-18 0.6 9.6 0.64 9.6 0.60 9.5 0.58 9.3 0.54
IL-4 0.6 9.7 0.63 9.6 0.60 9.6 0.63 9.6 0.63
GB1 0.6 9.4 0.63 9.4 0.63 9.7 0.62 9.9 0.38

Note.Estimated values ddy" andR are obtained by nonlinear least-squares optimization of Eq. [2] using the valigs @,,, andD,, measured from the
histograms of normalized residual dipolar couplings. Results are given for the ensemble of the nortmAlized“H*(NH), and*D““(NH) couplings, as
well as for the ensemble of only tH®N" and *D*"*(NH) couplings. The residual dipolar couplings, normalized relative to the one-bond NH coupling, a
calculated from the structures using the coordinate frame to represent the alignment tensor. The coordinates for the B1 domain of protein G (GB1), inter
(IL-4), interleukin-18 (IL-1b), and enzyme | are taken from Ref26(29, respectively.

ap,, was ill-defined from the histogram, €' andR were calculated fronD,, and Dy, only.

B-sheet 26)), interleukin-4 (123 residues, fourhelix bundle protein is large enough (259 residues) to ensure that the N—}
(27)), interleukin-18 (153 residuesB-sheet 28)), and enzyme C“-H, and C-C' vectors are approximately uniformly and
| (259 residues, mixed-helix andB-sheet 29)). The normal- isotropically distributed in space. Analogous to the effect of
ized residual dipolar couplings were calculated for a value bifie broadening on the CSA powder pattern, the principa
DY" = 10.0, which corresponds to values typically obtainedalues of the dipolar coupling tensor become less well detel
using dilute bicelle liquid crystald{, 18, and different values mined in the presence of added random error (Fig. 2B,D)
of the rhombicityR. However, provided that the measurement uncertainty is muc
Figure 1 illustrates a series of histograms obtained from thenaller thanD), ], the extracted values remain fully adequate
individual normalized*DNY, D*"*(NH), and *D“““(NH) for the required purpose.
couplings, from the pairwise ensembles of the three types ofTable 1 summarizes the results of a series of calculations fc
couplings, and for the ensemble of all three couplings calctine four proteins in which the values Bf'* andR have been
lated for interleukin-B, usingDY" = 10.0 andR = 0.2. Itis calculated by nonlinear least-squares optimization of Eq. [2]
readily apparent that the resemblance of the histograms taisang the values ob,,, D,,, andD,, obtained from the histo-
CSA powder pattern improves as more internuclear vectgrams of normalized residual dipolar couplingsD}",
types are employed, thereby permitting more accurate vald@&S*"*(NH) and *D“““'(NH); and *D"" and D°*"*(NH)]
of Dy, Dy,, andD,,to be obtained. The effects of introducingcalculated with a random added rms errortof Hz, a target
a random added rms error afl Hz, which corresponds to thevalue ofDY™ = 10 Hz, and target values &ranging from 0.1
typical error obtained experimentally for a protein in the 20- tto 0.6. In general, values @5 " andR are obtained within an
40-kDa range, are illustrated in Fig. 2 for enzyme |, both fagrror of =5% and=< *0.1, respectively, even when only 50%
the case of axial symmetrR(= 0) and a rhombicityR, of 0.4. of the residual dipolar couplings are employed. These unce
In the absence of added random errors (Fig. 2A,C), the histainties are sufficiently small to have little or no effect on the
grams look like almost perfect powder patterns, since thmesults of simulated annealing refinemenk (
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To further test the robustness of the approach we have By, High resolution NMR of liquids and gases: effects of magnetic-
ot : NH 1NCaHa field-induced molecular alignment. Ann. Rep. NMR Spectrosc. 9,
analyzed the distribution of the 59", 42D , and 54 3577 (1087
1D dipolar couplings measured for the 76-residue protein >~ (1987). o _
ubiquitin by taking the difference in the one-boadplittings & A+ A- Bothner-By, Magnetic field induced alignment of mole-
. . % wi/vol bicelle (2.9:1 DMPC:DHPC) liquid cules. In “Encyclopedia of Nuclear Magnetic Resonance” (D. M.
Obta'ne‘_d in the .5 0 VO_ Ce'e ( - s ) qu Grant and R. K. Harris, Eds.), pp. 2932-2938. Wiley, Chichester
crystalline medium and in an isotropic mediudB). A non- (1996).
linear least-squares procedure to determine the magnitude andk. g. J. Sears and E. L. Hahn, Upper limits to electric-field-induced
orientation of the alignment tensor (five adjustable parameters) nuclear magnetic dipole-dipole couplings in polar liquids, J. Chem.
on the basis of the measuré®™" couplings and the N—H  Phys. 45, 2753-2769 (1966).
vector orientations obtained from the 1.8 A resolution crysta. J. D. Macomber, N. S. Ham, and J. S. Waugh. Upper limit to the
structure 29) yielded values oD"" andR of —9.6 Hz and electric-field effect on the NMR spectrum of nitromethane.
7 a .
0.17, respectively1(8). This compares to values 6f10.0 Hz J. Chem. E_hy‘:‘]' 46, 2?:’5_2856 (19671'1' h resoluti |
and 0.14, respectively, obtained from an analysis of the histd: A P- Buckingham and K. A. McLaughlan, High resolution nuclear

. . NH magnetic resonance in partially oriented molecules. Progr. NMR
gram of the combined ensemble of normalizé®"", Spectrosc. 2, 63-109 (1967).

1CaHa 1nCaC’ H _
D (NH), _and D (NH) coupl!ngs, and _9'6 Hz and 10. A. Saupe and G. Englert, High-resolution nuclear magnetic reso-
0.10, respectively, from an analysis of the histogram of the nance spectra of orientated molecules. Phys. Rev. Lett. 11, 462-

ensemble of normalizedD™" and *D*"'*(NH) couplings. 465 (1963).

Even if the histogram is generated with only tHe""' cou- 11. J. W. Emsley and J. C. Lindon, “NMR spectroscopy using Liquid
plings, reasonable estimatesif* (—9.3 Hz) andR (0.10) are Crystal Solvents,” Pergamon Press, New York (1975).

still obtained. 12. J. W. Emsley, Liquid crystals: general considerations. In “Encyclo-

In conclusion, we have shown that the magnitude of the Pedia of Nuclear Magnetic Resonance™ (D. M. Grant and R. K.
generally asymmetric alignment tensor can be obtained in a Has: Eds). pp. 2788-2799. Wiley, Chichester (1996).
reliable manner from the distribution of normalized residudf B; A; Salvatore, R. Ghose, and J. H. Prestegard, NMR studies of a
dipolar couplings in the absence of any structural information €. “N-labeled Gy,-lactam glycolipid at an oriented model-mem-

IPo pling y * brane interface. J. Am. Chem. Soc. 118, 40014008 (1996).

In the final stages of structure refinement, the present approggh; o - Flanagan, M. A. Kennedy, and J. H. Prestegard

may b_e combined with that described in ReZ0), t_ha"t ?51 Nuclear magnetic dipolar interactions in field-oriented proteins:
searching over a small range bBf, andR values to minimize information for structure determination in solution. Proc. Natl.

the difference between the measured dipolar couplings and Acad. Sci. USA 92, 9279-9283 (1995).

those predicted from the structures calculated with the dipol: H. C. King, K. Y. Wang, I. Goljer, and P. H. Bolton, Magnetic
couplings included. Thus, we anticipate that residual dipolar alignment of duplex and quadruplex DNAs. J. Magn. Reson. Ser. B
couplings can be employed on a routine basis for macromo- 109’_ 323-325 (1995).' o

lecular structure determination, thereby providing long-rang@ N: Tiandra, S. Grzesiek, and A. Bax, Magnetic field dependence of

. L b nitrogen-proton J splittings in **N-enriched human ubiquitin result-
structural restraints that may significantly increase the accuracy ing from relaxation interference and residual dipolar coupling.

of NMR structures. J. Am. Chem. Soc. 118, 62646272 (1996).
17. A. Bax and N. Tjandra, High resolution NMR of human ubiquitin in
ACKNOWLEDGMENTS an aqueous liquid crystalline medium, J. Biomol. NMR 10, 289-292
(1997).
We thank A. Szabo and N. Tjandra for useful discussions. 18. N. Tjandra and A. Bax, Direct measurement of distances and
angles in biomolecules by NMR in a dilute liquid crystalline me-
REFERENCES dium. Science 278, 1111-1114 (1997).
19. C. R. Sanders, J. P. Schwonek, Characterization of magnetically

1. N. Tjandra, J. G. Omichinski, A. M. Gronenborn, G. M. Clore, and A. orientable bilayers in mixtures of dihexanoylphosphatidylcholine
Bax, Use of dipolar *H-*5N and *H-*3C couplings in the structure and dimyristoylphosphatidylcholine by solid-state NMR. Biochem-
determination of magnetically oriented macromolecules in solution. istry 31, 8898-8905 (1992).

Nature Struct. Biol. 4, 732-738 (1997). 20. G. M. Clore, A. M. Gronenborn, and N. Tjandra, Direct structure

2. J. Lohman and C. MacLean, Magnetic field induced alignment refinement against residual dipolar couplings in the presence of
effects in 2H NMR spectra. Chem. Phys. Lett. 58, 483-486 rhombicity of unknown magnitude. J. Magn. Reson. 131, 159-162
(1978). (1998).

3. C. Gayathri, A. A. Bothner-By, P. C. M. van Zijl, and C. MacLean, 21. G. Lipari and A. Szabo, Model-free approach to the interpretation
Dipolar magnetic field effects in NMR spectra of liquids. Chem. of nuclear magnetic resonance relaxation in macromolecules. 1.
Phys. Lett. 87, 192-196 (1982). Theory and range of validity. J. Am. Chem. Soc. 104, 4546-4559

4. A. A. Bothner-By, C. Gayathri, P. C. M. van Zijl, C. MacLean, J.-J. (1982).

Lai, and K. M. Smith, High field orientation effects in the high 22. J.R. Tolman, J. M. Flanagan, M. A. Kennedy, and J. H. Prestegard,
resolution proton NMR spectra of diverse porphyrins. Magn. NMR evidence for slow collective motions in cyanometmyoglobin.
Reson. Chem. 23, 935-938 (1985). Nature Struct. Biol. 4, 292-297 (1997).

5. E. W. Bastiaan, C. MacLean, P. C. M. van Zijl, and A. A. Bothner-  23. D. M. Grant, Chemical shift tensors. In “Encyclopedia of Nuclear



24.

25.

26.

27.

COMMUNICATIONS

Magnetic Resonance” (D. M. Grant and R. K. Harris, Eds.), Vol. 2,
pp. 1320-1321. Wiley, Chichester (1996).

L. K. Lee, M. Rance, W. J. Chazin, and A. G. Palmer, Rotational
diffusion anisotropy of proteins from simultaneous analysis of °N
and 3C* nuclear spin relaxation. J. Biomol. NMR 9, 287-298
(1997).

R. A. Engh and R. Huber, Accurate bond and angle parameters for
X-ray protein structure refinement. Acta Cryst. Sect. A 47, 392-400
(1991).

A. M. Gronenborn, D. R. Filpula, N. Z. Essig, A. Acharia, M. Whit-
low, P. T. Windfield, and G. M. Clore, A novel highly stable fold of
the immunoglobulin binding domain of Streptococcal protein G.
Science 253, 657-661 (1991).

R. Powers, D. S. Garrett, C. J. March, E. A. Frieden, A. M. Gronen-
born, and G. M. Clore, The high-resolution three-dimensional

28.

29.

30.

221

structure of human interleukin-4 determined by multi-dimensional
heteronuclear magnetic resonance spectroscopy. Biochemistry 32,
6744-6762 (1993).

G. M. Clore, P. T. Wingdfield, and A. M. Gronenborn, High resolution
three-dimensional structure of interleukin-13 in solution by three
and four dimensional nuclear magnetic resonance spectroscopy.
Biochemistry 30, 2315-2323.

D. S. Garrett, Y.-J. Seok, D.-I. Liao, A. Peterkofsky, A. M. Gronen-
born, and G. M. Clore, Solution structure of the 30 kDa N-terminal
domain of enzyme | of the Escherichia coli phosphoenolpyruvate:
sugar phosphotransferase system by multidimensional NMR. Bio-
chemistry 36, 2517-2530 (1996).

S. Vijay-Kumar, C. E. Bugg, and W. J. Cook, Structure of ubig-
uitin refined at 1.8 A resolution. J. Mol. Biol. 194, 531-544
(1987).



