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Abstract: Weak alignment of solute macromolecules with the magnetic field can be achieved in a dilute,
aqueous liquid crystalline phase of planar phospholipid micelles, consisting of mixtures of dimyristoylphos-
phatidylcholine (DMPC) and dihexanoylphosphatidylcholine (DHPC). Alignment of proteins in such a medium
is sufficiently weak to retain the simplicity of the isotropic solution NMR spectrum but strong enough to
permit accurate measurement of residual one-bond dipolar couplings. Highly accurate one-dehdIN—

He, C*—C', and C—N and two-bond G-HN dipolar couplings were measuredC/*5N-enriched ubiquitin.
Together with knowledge of the protein’s three-dimensional structure, the dipolar couplings permit calculation
of the relative, vibrationally corrected average bond lengths for these interactions. Assuniinfl&ahd

length of 1.329 A (Engh, R. A.; Huber, Rcta Crystallogr.1992 A47, 392—400), the relative &C' distance

of 1.526 A is found to be in excellent agreement with results from Engh and Huber (1.525 A). UsirdNa C
bond length of 1.329 A as a reference; NN (1.041+ 0.006 A) and @—H (1.1174+ 0.007 A) are considerably
longer than equilibrium or average internuclear distances derived from ab initio calculations, electron diffraction,
neutron diffraction, or microwave spectroscopy. The increase in effectiid™and C—H® bond lengths is
attributed to a decrease in the corresponding dipolar couplings resulting from fast librations, which must be of
considerably larger amplitude than thé-€C' and C—N angular fluctuations. Accurate knowledge of the
relative effective N-HN, C*—H2, C*~C', C—N, and two-bond C-HN effective internuclear distances is
essential for determining the magnitude of the molecular alignment tensor, for using the dipolar couplings in
macromolecular structure determination, and for extracting angular information from recently described cross
correlation experiments.

Introduction containing more than a dozen hydrogen atoms. One successful
approach to scale down the degree of order, and thereby decrease
the magnitude of the dipolar couplings and the spectral
complexity, uses spinning of the liquid crystalline NMR sample
at an angle relative to the magnetic fiéldAlthough this
approach is intrinsically very powerful, no application to
biological macromolecules has been reported to date.

For proteins, with inherently very complex NMR spectra, only
minute degrees of molecular alignment can be tolerated before
the NMR spectra become intractable. Such weak alignment
can be obtained either from the protein’s own magnetic

susceptibility anisotrogy® or from using a very dilute aqueous
Iyotroplc liguid crystalline mediud?1! consisting of planar

Liquid crystal NMR is a well-established technique for
obtaining highly accurate structures of small rigid molecdles.
In favorable cases, detailed structural information can even be
obtained if the solute undergoes conformational averagjife
extremely sensitive relation between dipolar coupling and
internuclear distance and orientation relative to the magnetic
field, together with the large number of internuclear couplings
that can be determined in such small, strongly oriented
molecules, indeed provides an enormous amount of valuable
structural informatiod: 2 The high degree of order often results
in observable dipolar couplings between spins at opposite ends
of the molecule. Unfortunately, the resulting multitude of

couplings leads to intractabf4 NMR spectra in molecules (4) Fung, B. M. InEncyclopedia of Nuclear Magnetic Resonarigeant
M., Harris, R. K., Eds.; Wlley Chichester, 1996; pp 274%51.
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Determination of Bond Lengths in a Protein

phospholipid micelles, often referred to as biceliedMixtures

of dimyristoylphosphatidylcholine (DMPC) or ditridecanoylphos-
phatidylcholine (DTPC) and dihexanoylphosphatidylcholine
(DHPC) in water form a particularly stable nematic liquid
crystalline phase over a large range of conditi&hd* The
thickness of the bicelles corresponds to that of the DMPC or
DTPC bilayer (-40 A), and the diameter is a function of the
DMPC:DHPC or DTPC:DHPC ratio, and of the bicelle con-
centration and temperatute!4with typical values in the 400

800 A range.
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Which N—HN bond length to use itPN relaxation studies is
the subject of ongoing debate, with neutron diffraction yielding
larger values than ab initio calculatioffs N—HN bond lengths
obtained from neutron diffraction range from 1.02 to 1.02AL
Solid-state NMR on model peptides yields distances of .06
1.07 A for the N-HN bond?223 and slightly shorter distances
(1.04-1.05 A) for N—DN bonds?* These distances are derived
from the corresponding dipolar couplings observed in solid-
state NMR spectra. However, as the dipolar couplings are
attenuated by fast angular fluctuations (librations) of theHV

The bicelles themselves, and molecules anchored in thesebond vector, the apparent internuclear distances derived in this

phospholipid bilayers, are both highly ordeféd.However,

manner are expected to be larger than the equilibrium distances.

proteins in the aqueous phase, which separates the bicelles by Typical ab initio values for the equilibrium-€H bond length,
many hundreds of angstroms, are on average only very weaklyre, of sp-hybridized carbons are 1.0850.005 A2° Electron

aligned. Changing the interbicelle distance by altering their
concentration can be used to “tune” the degree of protein
alignment? such that one-bond dipolar couplings in the protein

diffraction and microwave spectroscopy yield bond lengths
which are approximately 0.01 A long&ras expected on the
basis of the anharmonicity of the bond stretching®. Similarly,

are sufficiently large to permit their accurate measurement, but values of 1.09-1.10 A are obtained from high-resolution neutron

small enough to avoid increased complexity of the NMR
spectrunmt!

diffraction structureg?
Here we present optimized measurements of one-bond and

One-bond dipolar couplings have recently been included as two-bond dipolar couplings in the protein ubiquitin, dissolved

constraints in the NMR structure determination of several in dilute liquid crystalline media. We demonstrate that even
proteins?16:17 Provided that the effective internuclear distances the small dipolar couplings betweefC and 15N can be
are accurately known, the dipolar couplings translate directly measured with high accuracy and that the dipolar couplings
into angular constraints for the corresponding bond vectors correlate well with the X-ray structure of this protein. Knowl-
relative to the molecular alignment tensor. These constraintsedge of the crystal structure permits us to calculate relative
are therefore fundamentally different from the strictly local NOE effective lengths for the NHN, C*—H®, C*—C’, and C—N
andJ coupling parameters, which constrain atom positions only bonds and the ‘G-HN distance. These parameters are essential
relative to those in their immediate vicinity. Inclusion of such for determining the relative ratios of the magnitudes of the
dipolar constraints has been shown to improve considerably thedifferent dipolar coupling tensors and also provide information

accuracy of NMR structures, as indicated by a reductiop/gf

on the amplitude of the fluctuations ofNHN and &—H® bond

pairs outside of the most-favored region of the Ramachandranvectors relative to those of NC' and &—C'. Cross-correlation
may? and improved agreement between predicted and measuredetween dipoledipole and either dipoledipole or chemical

changes in'>N and 13C' shifts as a function of protein
alignment!”.18

Dipolar couplings between two atoms A and B are related to
the inverse cube of the internuclear distaritg —°[]where the
brackets indicate vibrational averaging. When different types
of one-bond dipolar couplings are measured for a given protein,
accurate knowledge of their relativéas ~3Cvalues is needed
to incorporate such couplings simultaneously in the structure
calculation protocol. For a protein of unknown structure, the
magnitude of the alignment tensor is derived from the distribu-
tions of dipolar couplings observed for the various types of
interactions, normalized relative to the dipolar couplings
observed for, for example, backbone amideHi interactions-®
Besides scaling for the magnetogyric ratios of the nuclei
involved, this normalization also requires multiplication by
Mag3Ung3Ovalues.

shift anisotropy relaxation mechanisms contains quantitative
information on the relative orientation of the two tensors, which
provides a method to derive dihedral angle informa#on.
Accurate knowledge of the one-boriti—5N and H—13C
dipolar couplings is also needed for this approach.

Experimental Section

Two samples of uniformly3C/*N-enriched ubiquitin (VLI Research,
Southeastern, PA) in liquid crystalline medium were prepared as
described previoushi# For one sample, the liquid crystal consisted of
50 mg/mL (5% w/v) DMPC/DHPC, with a molar ratio af= 3.0, in
10 mM phosphate buffer, pH 6.6, 93%®, 7% D,O. The second
sample was identical to the first, except that a small amount of
cetyltrimethylammonium bromide (CTAB) was added to yield a molar
ratio of DMPC:DHPC:CTAB= 30:10:1. Addition of CTAB can
stabilize dilute liquid crystalline samplé&put more importantly for
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the present application it can also significantly change the orientation ¥ 04 y

and magnitude of the protein alignment ter@orFinal protein wo_ ol | e | =l %

concentrations were 0.7 mM in 24@L volumes, using thin-wall | %2 3 | i |

Shigemi microcells (Shigemi Inc., Allison Park, PA). O B ] CURNGE VI N A Blwy:racw
All NMR spectra were recorded on a Bruker DMX600 spectrometer ‘ 1 I ‘

operating at &H resonance frequency of 600 MHz equipped with a C 1 i

triple-resonance, three-axis pulsed field gradient probehead. Data sets Lz %72, 7Ly y

in the aligned state were recorded at°85 and isotropic spectra were fad 21 ﬁz G‘3G4 (‘;4

recorded at 25C. Special precautions were taken to ensure that the
temperatures and the degree of protein alignment remained unchange
during each entire set of measurements (see below). Spectra wer
processed using the NMRPipe software packdgad peak positions
were determined by contour averaging using the program BIB®,
described previousl§?

Dipolar couplings were derived from the difference in splittings in
the aligned and the isotropic state¥Dy—pn dipolar couplings were
extracted from 2D IPAPYN,'H]-HSQC spectr& which were recorded
as data matrices of 2 256* x 1024* complex pointsr* denotesn
complex points), with acquisition times of 128 nts, ¢°N) and 57.0
ms (2, 'H). For measurement dDceqe, 3D constant-time (HA)CA-
(CO)NH spectré without *H-decoupling during3C* evolution were
recorded as data matrices of 64*42* x 1024* complex points, with
acquisition times of 25.3 mg;( 13C%), 29.4 ms (;, **N), and 57.0 ms
(t3, *H). Dce_c values were obtained from 2D H(N)CO experiménts
which were recorded without decoupling &iC* during carbonyl
evolution and as data matrices of 308*1024* complex points, with
acquisition times of 153 mgy( *C') and 57.0 mstg, H). BothDc—y
(measured along;) and?Dc-wy (along F,) were obtained from 2D
[**N,*H]-HSQC spectra, recorded withotfC' decoupling during®N
evolution and as data matrixes of 512*1024* complex points, with
acquisition times of 282 mg;(**N) and 57.0 mstg, *H). To increase
15N resolution, composite pulse decoupling of in-pha%®¢—{*HN}
magnetization was uséfl. The actual pulse scheme (Figure 1) uses
mixed-constant-time evolutiéhin thet; dimension and therefore yields
an additional 5-20% narrowefN line widths compared to the earlier
experiment® and 406-50% better resolution than a conventional
[*N,H]-HSQC spectruni®3® To reducet;-noise-like artifacts and
signal overlap resulting from the side chain N$ignals, an additional,

phase-cycledH filtering pulse is added immediately prior to 'H to obtain orientation and magnitude of the rhombic alignment tensor

decoupling. were made with in-house written software, using a Powell minimization
Acquired data were apodized with a squared sine-bell in the directly procedure as described previoulyProton positions were added to

detected dimension and a sine-bell in the indirectly detected dimension-the crystal structure with the program MOLMGL.

(s), both shifted by 72and truncated at 176 Data were extensively The following nomenclature convention is used: the two coupled

zero-filled prior to Fourier transformation to yield high digital resolution.  n,clei are listed in sequential order, such that the first atom is always
Even though the magnitude of the alignment is not very sensitive to closer to the N-terminus; for interresidue couplings the residue

small temperature changes (ca. 0.3% f@rat 35°C),!* special care assignment is based on the NH group (eDg: is the residual dipolar

was taken to ensure constant sample conditions during acquisition of coupling between ©; and N, wherei is the residue number).

the experiments in the aligned state: All four experiments were

recorded in one series without interruption, and the average applied Results

radio frequency power per scan within each experiment and between . .
the four experiments was kept constant by insertion of dummy Theoretical Background. In a suitably chosen reference

decoupling periods prior to the relaxation defyRecycling periods frame, the dipolar COUP””Q between two nuclei, A and B, in a
solute macromolecule of fixed shape can be written as

&:igure 1. Pulse scheme of the semi-CT HSQC experiment for
measurement dDcn and?Deyn. Narrow and wide pulses correspond
eto 90 and 180 flip angles, respectively. Unless indicated, pulses are
applied with phasg. The3C* 180° pulse applied during thig evolution
period to decoupl&C® from N has a duration 0f/3/(2A0) s (where

Ad is the frequency difference between the centers of'#3& and

13C' regions). For optimal®C® decoupling, this pulse is applied at time
/2 prior to the last 901N pulse. In practice, it may be simpler to
program this pulse to be located at the midpoint of tHecomposite
pulse decoupling period, particularly when using gradient-enhanced
coherence pathway selection by inserting an encoding gradient in the
secondd delay and changing the back-INEPT accordirfjlfhe low
power 90— pulses surrounding the findH 180 pulse are part of the
WATERGATE schemé? needed for solvent suppression if no coher-
ence pathway selection is used. Delay durations: 2.25 ms;6 =

5.3 ms. The value oft equalsd/timax Phase cyclingp: =y, —V; ¢2
=2(x), 2(=X); ¢ = 4(X), 40), 4(—X). 4(-Y); ¢4 = 8(y), 8(~Y); Receiver
=X, 2(—X), X, =%, 2(X), —x. All gradients are sine-bell shaped with 25
G/cm at their center. Gradient durationSi »34=5, 1.1, 2.0, 0.5 ms.
Quadrature detection in thg dimension is obtained by altering in

the usual States-TPPI manner.

were kept relatively long (about 1.8 s). Each series of experiments in
the liquid crystalline state was started i 4 hdummy experiment
to allow complete equilibration of the sample in the magnet, and several
short *H-coupled [N,'H]-HSQC experiments were recorded within
each series of experiments. Dipolar couplings measured from these
HSQC spectra were used to check that the degree of protein alignment
had remained constant during the whole series of measurements.
Fits of the dipolar coupling data to the X-ray structure of ubig€fitin

(28) Losonczi, J. A.; Prestegard, J. H.Biomol. NMRin press.

(29) Ramirez, B. E.; Bax, Al. Am. Chem. S04998 120, 9106-9107. AB _  AB _ :

(30) Delaglio, F.; Grzesiek, S.; Vuister, G. W.; Zhu, G.; Pfeifer, J.; Bax, D (9,¢) - Da {(3 CO§ 0 1) + (3/2)R(S|n2 6 cos 215)(}
A. J. Biomol. NMR1995 6, 277—293. 1)

(31) Garrett, D. S.; Powers, R.; Gronenborn, A. M.; Clore, GJMJagn.

Re(son).’l.99l 95, 214-220. A whereR is the rhombicity defined b*8/D 8; DB andD/"®
32) Wang, A. C.; Bax, AJ. Am. Chem. Sod 996 118 2483-2494. i i i i
(33) Ottiger, M.. Delaglio. F.. Bax, AJ. Magn. Resori998 131, 373 (in units of hertz) are the.aX|aI and rhomblc componentsAE?f the
378, traceless second rank diagonal tenBogiven by (1/3)P,/
(34) Tjandra, N.; Bax, AJ. Am. Chem. Sod.997, 119, 9576-9577. — (Dx*® + DyB)/2] and (1/3)Dx*® — Dyy"®], respectively,
(35) Grzesiek, S.; Bax, AJ. Magn. Reson.1992 96, 432-440. with [D.£B| > |Dy"B| = |Dx/B|; 0 is the angle between the

Cavanagh, J.; Fairbrother, W. J.; Palmer, A. G., lll; Skelton, NPrdtein

NMR Spectroscopy. Principles and Practiéeademic Press: San Diego, A—B interatomic vector and theaxis of the tensor; and is

1995; pp 499-500. the angle which describes the position of the projection of the
(36) Bax, A.; lkura, M.; Kay, L. E.; Torchia, D. A.; Tschudin, R. A—B interatomic vector on the—y plane, relative to th& axis.
Magn. Reson199Q 86, 304-318.
(37) Grzesiek, S.; Bax, Al. Biomol. NMR1993 3, 185-204. Logan, (39) Wang, A. C.; Bax, AJ. Biomol. NMR1993 3, 715-720.
T. M,; Olejniczak, E. T.; Xu, R. X.; Fesik, S. W.. Biomol. NMR1993 3, (40) Vijay-Kumar, S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1987 194,
225-231. 531-544.
(38) Bodenhausen, G.; Ruben, D.Chem. Phys. Letfl98Q 69, 185— (41) Koradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graphics1996 14,

189. 52-55.
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D4/'B subsumes various constants, including the gyromagnetic A)  n-+" B) coHe C) crc D) c-Nic-HN
ratios of the two nucleiya and yg, the inverse cube of the FIoN 59 e N
distance between the two nucléiag 30 where the brackets @ F127

indicate vibrational averaging, the generalized order parameter
Sfor fast angular fluctuations of the internuclear vettavhich
provides a first-order correction for the effect of rapid internal
motion onDAB 843 and the unitless axial component, of the \
molecular alignment tensak: e — NN N ——
9.5 9.5 ppm 8.7 8.7 ppm 8.7 8.7 ppm 9.5 9.5 ppm
AB _ 3 -3
DJ® = —(uo/167°)Syavelae By @ | " R
Figure 2. Small regions of the aligned (left strip) and isotropic (right

A has the same meaning as the diagonalized Saupe orderingtrip) of (A) the 2D IPAP PN,*H]-HSQC, (B) the 3D constant-time
matrix; the symbolA is used because in protein NMB,is  (HACACOINH, (C) the 2D H(N)CO, and (D) the 2D, 'H]-HSQC
the symbol for the LiparSzabo generalized order parameter SPectra, for measurement @y, ‘Deatia, ‘Deac, @nd Den/"Desn,
describing the effect of internal angular fluctuatidhsDescrib- respectively. All doublets shown correspond tddlef ubiquitin, and

ina the effect of int | i b imol i t the J + D splittings are indicated in Hz. In (A), the sum and the
Ing the eftect of internal motions by a simple scaling constant difference of the in-phase and antiphase spectra are overlaid and

S assumes that the alignment tensor is not influenced by the represented by thick and thin contours, respectively. In (B), positive
internal motions. For a globular protein this assumption is and negative contours are drawn with thick and thin lines, respectively.
reasonable because (a) the internal motions occur on a muchall spectra were recorded with the uncharged liquid crystal sample at
faster time scale than the overall rotational diffusion and (b) 35°C (aligned) and 25C (isotropic). The strips each have a width of
the internal motions have a negligible effect on the overall shape 0.2 ppm in the'H dimension.

of the protein.

Measurement of Dipolar Couplings. Experiments were  13C*—{'H%} doublet of IIé2 in the isotropic and aligned state.
carried out for ubiquitin dissolved in two similar liquid The increase in splitting upon alignment corresponds to a 17.5
crystalline phases which yield different alignment tensor Hz dipolar coupling.
orientations and magnitudes. For the bicelles consisting of a  Previously,'3C®—13C' dipolar couplings were also obtained
pure DMPC/DHPC mixture, the alignment tensor is nearly from a [F%C*'H%-CT-HSQC experiment, in that case without
axially symmetric and its orientation approximately coincides 3C' decoupling in the; dimensiont! As the dispersion of such
with those of the inertia and rotational diffusion tensBraihen a 2D spectrum is relatively poor, and the resolution in tthe
a small amount of positive charge is deposited on the bicelle dimension is limited by the duration of the constant-tiff@*
surface by adding a small mole fraction of CTAB, weak evolution period {28 ms), a better way to measure these
electrostatic interaction between the bicelle and the protein couplings uses the HNCO experiméhtBy removing the-*C*
results in an increase in protein ordering for ubiquitin and an decoupling pulse, normally applied at the midpoint of tf@
alignment tensor orientation which is no longer dominated by evolution period,'3C'—{!3C%} doublets are obtained. The
the shape of the protef. Dipolar couplings measured in this  resolution in this dimension is now determined by the favorable
second liquid crystalline sample are in equally good agreementtransverse relaxation properties of #8€’ resonance, permitting
with the X-ray structure of the protein as those measured in the more accurate measurement of this coupling. Note thadf@ie
uncharged bicelle sample, indicating that the structure of the line width rapidly increases with magnetic field strength and
protein is not significantly affected by the very weak electrostatic that such measurements therefore are best carried out at 500
interaction with the membrane. As the alignment tensor MHz 'H frequency or lower. In our case, where all experiments
orientation and rhombicity differ substantially for the two needed to be recorded under identical conditions, experiments
samples, the dipolar couplings measured for ubiquitin are alsowere carried out at 600 MHz, however. For ubiquitin, resonance
quite different?® Availability of the two data sets therefore overlap in the 600 MHz 2D H(N)CO version of the experiment
improves the accuracy of the relative effective bond lengths. is relatively limited, and this 2D version was used to rapidly

I5N—1HN dipolar couplings were measured using the IPAP measure thé3C*—13C' couplings with high accuracy. Figure
[**N,H]-HSQC experiment, which yields’8N—{HN} doublet 2C compares th&C'—{13C*} doublets of 11&3 in the isotropic
in the F; dimension in which the upfield and downfield doublet and aligned states. A decrease from 52.3 to 49.7 Hz upon
components can be separated into different spectra in order toalignment corresponds to a dipolar contribution-¢%.6 Hz.
minimize spectral overlaf?. Figure 2A shows the superimposed Owing to the low gyromagnetic ratio 6N, 13C' —15N dipolar
spectra containing the downfield and upfield fledoublet interactions are quite small (eq 2). However, at 600 MHz
components and indicates an increase in splitting from 93.3 to frequency,’™N also has the longest transverse relaxation time
100.2 Hz when going from the isotropic to the liquid crystalline and therefore offers the best resolution of all NMR observable
state, corresponding to a dipolar contribution of 6.9 Hz. nuclei in a protein. >N resolution is increased by 4®0% on

13Ca—1H« dipolar couplings were previously measured from average by conducting the semiconstant time experiment in the
a'H-coupled [3C*,H%-CT-HSQC experiment: Because even  “in-phase” mode of Figure 1, over what is obtained in the regular
the decoupled CT-HSQC experiment typically already shows HSQC experiment®:38 For proteins much larger than ubiquitin,
considerable overlap, it is advantageous to record such couplingsand particularly for perdeuterated proteins, it becomes advanta-
from a 3D experiment. The (HA)CA(CO)NH triple resonance geous to use the effect of relaxation interference between the
experiment, previously used for measuring relaxation interfer- 15N CSA and the!>N—H dipolar interaction, so that accurate
ence between th&C* CSA and the!3C*—!H dipolar cou- Dcn couplings can be measured in proteins of 30 kDa and
pling 3*is ideally suited for this purpose and yields well-resolved possibly largef*4> As 13C' decoupling is omitted in the pulse
13Ca—{1H%} doublets. As an example, Figure 2B compares the scheme of Figure 1, théN—H correlation shows an E.COSY

(42) Lipari, G Szabo, AJ. Am. Chem. Sod982 104 45a6-4550,  Patterrt® (Figure 2D), where the vertical splitting is tl—

Tar . ) ) .
(43) Tolman, J. R.; Flanagan, J. M.; Kennedy, M. A.; Prestegard, J. H. 3C CO}JplIng and the horizontal displacement n thie
Nat. Struct. Biol.1997, 4, 292-297. dimension corresponds to the two-botd' —1HN coupling®’
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Table 1. D, Values for Five Internuclear Interactions in
Ubiquitin, Measured in Two Liquid Crystalline Phases

N—HN C¢—H* C*—-C C-N C-—HN
Uncharged LC
number ofD couplings
measured 68 66 64 67 67
used for fit 58 58 55 59 58
D, values from fit (Hz)
X-RAY1be 9.42 -—18.87 —1.87 1.14 —-2.99
X-RAY2¢e 9.47 -1898 -1.88 1.15 —294
X-RAY3de 9.71 -19.11 -1.87 1.16 —2.94
error analysis
i’ (%) 1.9 1.9 1.6 2.2 3.3
RMSD¥ (%) 1.5 1.7 14 2.3 2.7
Charged LC
number ofD couplings
measured 69 66 59 69 67
used for fit 58 58 50 59 57
D, values from fit (Hz)
X-RAY1be 15.85 —32.08 —-3.14 192 -521
X-RAY2¢# 15.79 —32.21 -—-3.17 1.93 —-5.17
X-RAY3¢de 16.03 —32.45 -3.20 194 -522
error analysis
oiit' (%) 2.0 25 1.9 1.7 3.0
RMSD® (%) 2.2 2.1 1.4 1.8 2.6

aExcluding Gly CH,. ® X-ray coordinates of Vijay-Kumar et al.
(PDB code 1UBQY? Alignment tensor orientation 8 = 35.54 0.4°,
¢ =43.9+ 0.8, p = 51.9+ 1.8 with R = 0.163+ 0.009 for the
uncharged liquid crysta) = 34.0+ 0.4°, ¢ = 32.0+ 0.7°, 9 = 20.9
+ 0.8 with R = 0.480+ 0.010 for the charged liquid crystal. Error
estimates were determined as described in the t&oordinates
obtained after refinement of the structure factors of 1UBQ using Engh
and Huber paramete?. ¢ X-ray coordinates of Alexeev et al. (PDB
code 1UBI)** ¢Protons were added with the program MOLM®L
using default parameter settingStandard error obtained by linear
regression of predicted versus measured data, as in FigtiNuBnbers
represent one-half of the pairwise RMS difference of Ehevalues
obtained from 25 independent pairs of half the number of dipolar
couplings for each of the five classes (see text for further explanations).

1Dcon and2Deyn couplings for 1183 are relatively small (0.7
and —2 Hz, respectively), but duplicate experiments indicate
they can be measured with high reproducibility (see below).

For the neutral liquid crystalline sample, a total of 333 dipolar
couplings could be measured accurately (Supporting Informa-
tion), without significant interference from resonance overlap
(Table 1). For the sample containing charged bicelles, the
degree of alignment was approximately 1.5 times larger. As a
result,'H multiplet widths are increased due to larger homo-
nuclear dipolar couplings, and a slightly smaller number (330)
of dipolar couplings could be measured reliably (Supporting
Information).

Fitting of Dipolar Couplings to Ubiquitin Structure. Data
for the C-terminal residues 7176, which have very low
generalized order parametéfsyere excluded from all analyses.
The orientation and magnitudes of tBé8 tensors (eq 1) are
then obtained from best fitting of eq 1 to the observed dipolar

(44) Wang, Y.-X.; Marquardt, J. L.; Wingfield, P.; Stahl, S. J.; Lee-
Huang, S.; Torchia, D. A.; Bax, Al. Am. Chem. S0d.998 120, 7385~
7386.

(45) Pervushin, K.; Wider, G.; Whrich, K. Proc. Natl. Acad. Sci. U.S.A.
1997 94, 12366-12371.

(46) Griesinger, C.; Sgrensen, O. W.; Ernst, RJRAmM. Chem. Soc.
1985 107, 6394-6396. Biamonti, C.; Rios, C. B.; Lyons, B. A.; Montelione,
G. T. Adv. Biophys. Cheml994 4, 51-120. Eberstadt, M.; Gemmecker,
G.; Mierke, D. F.; Kessler, H\ngew. Chem., Int. Ed. Endl995 34, 1671~
1695.

(47) Delaglio, F.; Torchia, D. A.; Bax, Al. Biomol. NMR1991, 1, 439—
446.

(48) Schneider, D. M.; Dellwo, M. J.; Wand, A. Biochemistry1992
31, 3645-3652. Tjandra, N.; Feller, S. E.; Pastor, R. W.; Bax,JAAmM.
Chem. Soc1995 117, 12562-12566.

Ottiger and Bax

couplings. Variables in this search are the three Euler angles
describing the orientation of the diagonalized alignment tensor
(diagonalized Saupe matrix) relative to the frame of the X-ray
coordinates, the rhombicitR, and for each type of dipolar
coupling the magnitude d,*8. In the first round of this fitting,
values for two residues (Glhand Ly<$®) and several dipolar
interactions in other residues were identified which yielded
particularly poor fits between measured and “best-fit” dipolar
couplings (open circles in Figure 3). These interactions all
correspond to loop regions with high temperature factors and
substantial conformational variability between X-ray structures
of different crystal formg24° These couplings were therefore
omitted in a second round of fitting, and the results of this
second round are graphically represented in Figure 3. For the
neutral liquid crystal data (Figure 3), the final fit was performed
with a total of 288 residual dipolar couplings (Table 1). The
orientation of the alignment tensor obtained in this manner is
described by the Euler rotation anglés= 35.5, ¢ = 43.9,
andy = 51.9 with respect to the frame of the Brookhaven
Protein Data Bank coordinates of ubiquitfh.The D, values

are listed in Table 1 and the rhombiciEis 0.163. Fits of
comparable quality were obtained for 282 dipolar couplings
measured in the sample containing positively charged bicelles
(Table 1). The orientation of the alignment tensor for this
second sample is quite differeret € 34.C°, ¢ = 32.C°, andy

= 20.9) and it is also much more rhombi® & 0.48) (Table

1).

Error Analysis. Before discussing the relation between the
variousD, values and the corresponding bond lengths we first
discuss the sources of error and uncertainty in these parameters.
The standard errors of the linear regressions of predicted versus
measured data (Figure 3, Table 1) indicate uncertainties in the
D4 values ranging from 1.6% fdp,°*C to 3.3% forD,.CHN in
the neutral liquid crystal sample and 1.7% 5N to 3.0%
for D,°HN in the charged liquid crystal sample. As the errors
may not be randomly distributed we performed a second test
as well: For each of the five classes the data were split into
two nonoverlapping, equalized groups of residues. Individual
fits of these groups were performed as described above. This
procedure was repeated 25 times, each time generating two
independenb, values. Using only half of the available dipolar
couplings is expected to increase the intrinsic uncertainty in a
derivedD, value byv/2. The pairwise rms difference between
the 25 pairs oD, values isv/2 larger than thé, uncertainty
in a half data set, and therefore equals twice the uncertainty in
theD,of the full set. The uncertainties obtained in this manner
for the D, values are listed in Table 1 and they agree well with
the results from the linear regression analysis.

On average, the random error in th®, values is ap-
proximately 2% (Table 1). In the calculation of relative
effective bond lengths (see below) this error propagates to 2%
times+/2 for the ratio of twoD, values. WithDAB proportion-
ate toag 30 this translates into a 0.95% error in the relative
internuclear distanceas/ron Or rag/fcac. After averaging the
rag values obtained using '€EN and C—C' as reference
distances, and using the data from both the neutral and charged
liquid crystal samples, the error is further reduced to about 0.6%.

The goodness of the correlations in Figure 3, and thereby
the accuracy of the derivdd, values, are primarily limited by
small differences between the average orientation of the
internuclear vectors in the crystal structure and in solution, and
by the fact that the assumption of a unifoi®value is not

(49) Cook, W. J.; Jeffrey, L. C.; Carson, M.; Chen, Z.; Pickart, CJM.
Biol. Chem.1992 267, 16467 16471.
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Figure 3. Plots of measured versus predicted residual dipolar couplings in ubiquitin, dissolved in the uncharged liquid crystalline ptiage. (A)
(B) *Dcatas (C) 'Deacs (D) Den, and (E)?Deun. The data represented by open circles are outliers which are due to structural differences between
the solution and crystalline state, and they were not used for further analysis (see text).

strictly valid. The first includes uncertainties in the positions deposited by Vijay-Kumar et &P.in the Protein Brookhaven
of the carbon and nitrogen atoms in the X-ray structure, the Databank using Engh and Huber (E&H) paramet@esstructure
way the protons were added to the X-ray structure —dast is obtained which differs by an rmsd of 0.07 A for the backbone
but not least-real structural differences between the protein in atoms N, G, and C of residues +70. The E&H refined
the crystal form and in solution. As we discuss below, the structure gives an equally good fit to the experimental dipolar
random measurement errors in the dipolar coupling are relatively couplings. HoweverD, values differ by 0.51.7% (Table 1).
small and therefore do not significantly limit the accuracy at Moreover, the rmsd between the predicted dipolar couplings
which the varioud, values can be determined. using the original and the E&H refined structures amounts to
Reproducibility of the NMR Data. The average pairwise ~ 50—70% of the rmsd between measured and predicted couplings
rmsd betweehlyy + Dy values extracted from two successive Using the original structure. This indicates that at least half of
spectra recorded with the charged liquid crystal sample at 35 the observed scatter in Figure 3 results from structural uncer-
°C indicates random errors of 0.17, 0.75, 0.17, 0.07, and 0.67 tainties in the coordinates used. Further indication of such
Hz for Dnm, Dcatis Deacy Dens and Dewn, respectively. differences is obtained by directly comparing bond vectors of
However, the rms deviations of measured versus predictedthe two X-ray structures after best-fitting of the backbone atoms
dipolar couplings is 2.46, 5.76, 0.60, 0.31, and 1.00 Hz, of residues +70: The corresponding NHN, C*—H®, C*—
respectively. The random measurement errors are even smalle€', C'—N, and C—HN vectors of residues-170 differ by a
in the isotropic phase which, owing to the absencétbf1H root-mean-square angle of 2.8Between the two ubiquitin 1.8
and other dipoledipole splittings, offers better resolution and A X-ray structures of Vijay-Kumar et & and Alexeev et &t
sensitivity. Except for the two-bon®cyy interaction, this the corresponding rmsd is 3.2These uncertainties are expected
indicates that the random measurement errors contribute onlyto be even larger if the X-ray structure does not exactly represent
a very minor fraction to the total uncertainty ipg. In the the structure in solution, i.e., if there are real conformational
neutral liquid crystalline medium, the random measurement error differences between crystal and solution structures (see above).
is also somewhat smaller than in the charged liquid crystalline In addition, these comparisons do not take into account that
phase, but this is offset by the smaller range covered by thethe hydrogens are added to these structures using identical
dipolar couplings in this medium. The possible presence of procedures. For example, it is assumed thét sl located
systematic errors in the measurements, which could potentially €xactly in the N-C*—C' plane, whereas there is evidence that
result from cross-correlation effed®51is difficult to evaluate, ~ the N—HN vector may make a rms angle of up to cé.véith
but such errors are expected to be very small. For example, athis plane®> Similarly, the exact location of Hrelative to the
second measurement &y + Dcp splittings was made using heavy atoms is not exactly known and will vary depending on
the very different,J-modulated 3D CT-HSQC experimetit. the backbone and side chain torsion an§fesA reasonable
Comparison of the two data sets yields a very small random estimate for the rms angl&i[] between the internuclear vectors
uncertainty of 0.75 Hz for th®cqHa couplings, which cover a in the X-ray structure and the average solution orientation is
range of almost 120 Hz. In addition, from linear regression a about 8.
slope of 1.00 is obtained and &factor of 0.9992, confirming This random difference between the X-ray structure and the
that any systematic errors are negligibly small. average bond vector orientations in solution not only increases
Uncertainties in the X-ray Structure. When the X-ray  the uncertainty in th®, values but also reduces the magnitude

structure of ubiquitin is calculated from the structure factors ©f Da by a factor ofPy(cos o)) wherea is again the angle
(53) Engh, R. A.; Huber, RActa Crystallogr.1991, A47, 392—400.

(50) Tolman, J. R.; Prestegard, J. HMagn. Reson. Ser. B99§6 112, (54) Alexeev, D.; Bury, S. M.; Turner, M. A.; Ogunjobi, O. M.; Muir,
245-252. T. W.; Ramage, R.; Sawyer, [Biochem. J1994 299, 159-163.

(51) Tjandra, N.; Bax, AJ. Magn. Reson1997, 124, 512-515. (55) MacArthur, M. W.; Thornton, J. Ml. Mol. Biol. 1996 264, 1180~

(52) Ottiger, M.; Delaglio, F.; Marquardt, J. L.; Tjandra, N.; Bax,JA. 1195.

Magn. Reson1998 134, 365-369. (56) Karplus, P. AProtein Sci 1996 5, 1406-1420.
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between the solution and the model bond vectors. For small gy ef~=3= (O8I0 v aye)lren™ 0 (3a)
angleso, [P,(cosa)~ Py(coslal). Therefore we can expect
that for [&0= 5° all D, values will be reduced by about 1.2%.
If we assume thafdJdoes not differ very much among the
five dipolar coupling groups, then this uniform reductiorDaf
values has no significant effect on the (relative) interatomic

Alternatively, one can assign different order parameters to the
different types of interactions:

distances, calculated below. However, if the uncertainty in the S = SN pp™) Y pg) 0 (3b)
N—HN bond vector orientation is larger than, for example, for

the C—N bond the calculated (relative)NN bond length will From a statistical analysis of atomic resolution X-ray
be slightly overestimated. structures of small compounds, Engh and Hébaerivedfcn

A statistical analysis using a set of 1000 randomly distributed = 1.329 A and@c.c0= 1.525 A. These distances represent
vectors was used to confirm the above considerations. Assum-averages over a large set of very high resolution crystal
ing the samé, andR values experimentally measured for the structures, and are now widely accepted and used in default
neutral liquid crystalline ubiquitin sample, a reference set of parameter sets for X-ray and NMR macromolecular structure
dipolar couplings was calculated for these vectors. Subse-determination. Forcyn andreqc the averaging over vibrational
quently, the vectors were “randomized” by addition of random stretching results in a small increaselin3Crelative to3 if
errors withla[= 5.0°. The reference couplings were then fitted the potential is harmonic, but this effect is largely offset by a
to the “randomized” vectors. The average reduction Bgr decrease ii—3Crelative to[M32 as a result of anharmonicity
obtained over 20 such fits is 1.2%, as predicted above. To of the bond stretching. In either case, for pairs of heavy atoms
assess the influence of the structure itself, where the bondthese effects are extremely small and fer€and C-N bonds
vectors are not randomly distributétiwe also performed a  we may safely assum@ 0= 73,
similar analysis using the X-ray structure instead of a set of  Using the@cnO= 1.329 A reference value, eq 3a yields
randomly distributed vectors. Based on this structure, with [q,cC= 1.5264+ 0.014 A for the data set acquired in the neutral
protons added by MOLMOE; a reference set of dipolarfH" liquid crystalline phase, anlc,c= 1.5274+ 0.014 A for the
couplings was calculated for the same residues as used in thejata set acquired in the charged liquid crystalline phase. The
data analysis described above, and using the same alignmenglose similarity between the$g:,c [values and the value from
tensor values as obtained from the final fit of the neutral liquid the Engh and Huber parameter set (1.5253A)dicates that
crystalline ubiquitin sample. Randomly changing the orienta- SCN equalsS©eC, i.e., that the amplitude of the librations are
tions of the N-HN bond vectors of the X-ray structure by an essentially identical for the’€N and &—C' bonds.
average of 5 and refitting the reference couplings yields an Relative effective internuclear distances faf, rcaro, and
average reduction (over 100 trials) Dy from 9.42 to 9.38+ romn, obtained using eq 3a witlion= 1.329 A andicec 0=

0.14. This corresponds to a reduction of the avetagef only 1.525 A as reference values, are listed in Table 2. On average,
about 0.42%. This smaller-than-expected reductidDimust e = 1.041+ 0.006 A, regne®™ = 1.117+ 0.007 A, and

be attributed to the fact that the distribution of-NN bond reme® = 2.055+ 0.016 A. Alternatively, using reference
vectors is not completely random but a disproportionally high gistances of 1.02 A foryu,2° eq 3b indicates that, on average,
number of N-HY vectors are close to perpendicular to the g\H — (0.94 + 0.02)5CN. Similarly, if a 1.095 A reference
principal alignment axis (points in the upper right quarter of gistance? is used forlcy 333, eq 3b yieldsSCeHe = (0.94 +
Figure 3A). On the other hand, the spread in the calculted  0.02)5CN. A direct comparison of NHN and C:—H® order
values is as high as 1.5%, again indicating that a large part of parameters give§*He = (1.00+ 0.03)8VH, i.e., the average
the remaining uncertainty in tha, values listed in Table 1is <2 yalues differ by less than 6%. This indicates that N
caused by uncertainties in the atom positions in the crystal gnd G—H® vectors undergo a similar degree of increased

structure. “wagging” motions relative to the backboné-eN and G—C'
bonds. However, the 6% uncertainty in the ratio of the average
Discussion N—HN and G—H* S values is rather large, and therefore does

not contradict experimental and molecular dynamics results

Relative Effective Bond Lengths. Although a rigorous which suggests that, on averagé-&* <2 values are somewhat
guantitative analysis of the effect of internal motions is not higher than N-HN S? valuess®

possible on the basis of the limited data available from the above
experiments, a number of interesting semiquantitative conclu-
sions can be drawr!, as d'SCU.SSEd below. ValueDfpare standard covalent geometry with a-N—HN angle of 120,
proportional to the inverse ratio of the cubed bond lengths, = 1.02 A, andren =1.329 A yieldsremy = 2.041 A
scaled by the corresponding gyromagnetic ratios and the OrderEquatioﬁ 3b then sugges@'HN = (0.98+ 0 04)SC'N' Thus.
parameters (eq 2). If S were accurately known, this would — geun i larger thar8HN, which presurﬁably re;‘lects tHe fact t,hat
permit strmghtforward calculation of the rat.|os Of. the |nt¢r- wagging motions of the NH bond vector have less of an effect
nuclear distances for a_lll types of measured dipolar interactions. /b U rientation of the longer' €HN bond vector. It must
However, there are indications from NMR relaxation and be pointed out, however, that this derivEAHN/SCN ratio is
molecular dynamics studies that the aver&gealues are not quite sensitive'to the 'ei\l—HN angle which is not known
the same for different types of internuclear vecf§rsAnalo-
gously, we find that the relative magnitudes of different types —(5g) paimer, A. G.; Case, D. Al. Am. Chem. S0d.992 114, 9059-
of A—B dipolar couplings,D"8, do not simply scale with  9067. Biischweiler, R.; Wright, P. E1. Am. Chem. So994 116, 8426~

-3 i ; 8427. Bremi, T. Ph.D. Thesis, ETH Aah, 1997. Fadel A. R.; Jin, D. Q.;
yaysliag 0 However, one can define an effective bond length Montelione. G. T.. Levy, R. M.J. Biomol. NMR1995 6, 221226,

Although the uncertainty incpne is considerably larger than
for the other internuclear distances, it is interesting to note that

for the interaction between nuclei A and B according to LeMaster, D. M., Kushlan, D. MJ. Am. Chem. Sod996 118 9255
9264. Nicholson, L. K.; Kay, L. E., Torchia, D. A. INMR Spectroscopy
(57) Lee, L. K.; Rance, M.; Chazin, W. J.; Palmer, A. &.Biomol. and its Application to Biomedical ResearcBarkar, S. S., Ed.; Elsevier:

NMR 1997, 9, 287—298. Amsterdam; pp 241276.
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Table 2. Relative Effective Bond Lengths in Ubiquitin
Determined in Two Different Liquid Crystalline Pha3es

ren (A Teara B) reac B) ren (B)  rem (A)

uncharged LC 1.041 1.118 1.526 1.329 2.067
1.042 1.119 1.525 1.329 2.069

charged LC 1.042 1.115 1.527 1.329 2.043
1.040 1.113 1.525 1.327 2.040

J. Am. Chem. Soc., Vol. 120, No. 47, 12381

=1.117+ 0.007 A. The dipolar couplings for these latter two
interactions are, on average, 6% smaller than expected for a
static structure, resulting in a 2% increase in the effective bond
length over the average bond length, derived from non-NMR
techniques. This corresponds3gHy/SCN = SNH/SEN = (0.94,
Assuming a model where the-NHN or C*—H* bond vector
freely diffuses in a cone, superimposed on the fluctuations of

aThe individual values are calculated using the boldface values as POsitions of the heavy backbone atoms, this corresponds to a

reference distances which were taken from Engh and Hib®ee

section on error analysis for uncertainties in the distances listed.

accurately. A C-N—HN angle of 119 yields SCHN =
0.965°N; a C—N—HN angle of 121 yields SCHN = 0.996°N,

Concluding Remarks

relatively large semi-anglg of 16°.42 As discussed in the
section on error analysis, the fact that the random error in the
coordinates of the protons (which are added to the crystal
structure assuming idealized geometry) is presumably larger than
the uncertainties in the carbon and nitrogen atom positions may
to some extent be responsible for the small valu&WiSCN,
However, the presence of extensive wagging motions of the

All measurements of dipolar couplings assumed that the N—HN bond vectors is compatible with solid-state NMR
change in splitting upon aligning the protein is entirely caused experiments which yield dipolar couplings corresponding to ca.
by the dipolar coupling and that anisotropy of theoupling 1.06 A2223 or SNH = (1.02/1.06j = 0.89.
itself is negligible. Recent ab initio calculations and experi-  The accuracy at which the relative magnitudes of the various
mental studies of formamide indicate that the anisotropy@f types of D, values can be determined is limited by small
is relatively small and nearly axially symmetric, with its unique uncertainties in the crystal structure coordinates of ubiquitin and
axis parallel to the C-N bond, and a magnitude ef14 Hz>® small true differences between the structures in solution and in
This is about 200 times smaller than the dipolar coupling and the crystalline state. However, the accuracy@% at which
therefore has an effect which, after scaling by the alignment we were able to determine these relative magnitudes is more
tensor, is about four times smaller than the random error in the than sufficient to permit simultaneous use of multiple types of
measured magnitude of tH&C'—1N dipolar coupling. Ani-  dipolar couplings in protein structure determination by NMR.
sotropy of the one-bon#C—*3C J coupling in benzene is of  Our data also suggest that the ultimate accuracy at which

comparable absolute magnitude to that found ¥dgy in
formamideS® but asDcc is about 1.65 times larger thddey,
the effect ofJcc anisotropy is even smaller fdC—13C than

macromolecular structures can be determined by NMR when
including dipolar couplings measured in the liquid crystalline
state generally will be limited by the effect of internal motions

for 3C'—1N. J couplings involving'H are dominated by the  on the measured dipolar couplings, and not by uncertainties in
Fermi-contact contribution and anisotropy is entirely negligible the measurements themselves. Alternatively, if the structure is
relative to the large dipolar couplings. accurately known on the basis of other information, the dipolar
The data shown for ubiquitin demonstrate that dipolar couplings contain unique information on both the amplitude and
couplings can be measured with high relative accuracy when direction of internal motions.
the protein is dissolved in a dilute liquid crystalline phase.
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the dipolar couplings measured for human ubiquitin in two
different liquid crystalline phases; one figure with plots of
measured versus predicted residual dipolar couplings in the
charged liquid crystalline sample, analogous to Figure 3 (7
pages, print/PDF). See any current masthead page for ordering
information and Web access instructions.

JA9826791



