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Abstract: The magnitude of backbone internal motions in the small protein ubiquitin that needs to be invoked
to account for dipolar coupling data measured in multiple alignment media is investigated using an intuitively
straightforward approach. This involves simultaneous refinement of the coordinates (against NOE, torsion
angle, and dipolar coupling restraints) and optimization of the magnitudes and orientations of the alignment
tensors by means of torsion angle simulated annealing and Cartesian space minimization. We show that
N—H dipolar couplings in 11 different alignment media and N—C’, Hy—C', and Ca—C' dipolar coupling in
two alignment media can be accounted for, at approximately the level of uncertainty in the experimental
data, by a single structure representation. Extension to a two-member ensemble representation which
provides the simplest description of anisotropic motions in the form of a two-site jump model (in which the
overall calculated dipolar couplings are the averages of the calculated dipolar couplings of the individual
ensemble members), results in modest, but significant, improvements in dipolar coupling R-factors for both
the working set of couplings used in the refinement and for the free cross-validated set of Ca—Ha dipolar
couplings recorded in two alignment media. Extensions to larger ensemble sizes do not result in any R-factor
improvement for the cross-validated Ca—Ha dipolar couplings. With a few notable exceptions, the amplitudes
of the anisotropic motions are small, with S?(jump) order parameters >0.8. Moreover, the structural impact
of those few residues that do exhibit larger amplitude motions (S?(jump) ranging from 0.3 to 0.8) is minimal
and can readily be accommodated by very small backbone atomic rms shifts (<0.5 A) because of
compensatory changes in ¢ and y backbone torsion angles. In addition, evidence for correlated motions
of N—H bond vectors is observed. For most practical applications, however, refinement of NMR structures
against dipolar couplings using a single structure representation is adequate and will not adversely impact
coordinate accuracy within the limits of the NMR method.

Introduction motions can occur on slower time scales, but generally represent

Protein dynamics is crucial to protein function and has been &€ évents (such as local unfolding and solvent access for
extensively studied using a variety of experimental approaches, backbone amide exchange and aromatic ring flipping).
(NMR, fluorescence, and optlcal spectroscopy), and solid-statedilute liquid crystalline mediahas offered a simple means
NMR spectroscopy, as well as by theoretical and computational 0@ N (&) Torch
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of measuring residual dipolar couplings which afford unique protein fold as ubiquitin, the backbone dipolar couplings
long-range orientational information for structure determination. (N—Hy, N—C', and Gx—C') measured in five different media
Local motion on a time scale up tol ms results in partial could be reasonably well accounted for by a single static
averaging and reduction of the observed residual dipolar structure with minimal deviations in idealized covalent geom-
couplings which, in the case of small amplitude isotropic etry!!If such large scale concerted motions do indeed occur in
motions, scale with the order parame®fas opposed t&? in ubiquitin, it would suggest that crystallization selects only a
the case of relaxation measuremeftg).series of recent studies  single conformation which fortuitously corresponds very closely
using residual dipolar coupling measurements has proposed the¢o the average conformation observed in solufo(since
existence of ubiquitous large amplitude collective motions that backbone rms difference between the X-ray and NMR structures
are not simply present transiently but are present at all timesis only ~0.4 A).

on a time scale ranging from nanoseconds-tb ms*-8 The A number of different approaches have been suggested for
first such study, based on magnetically induced partial alignment deriving backbone motional information from dipolar couplings.
of paramagnetic myoglobin, suggested the presence of deviationsThe first makes use of a single alignment medium and a set of
in axis orientations of several helices y25° from their seven heteronuclear backbone dipolar couplings to analyze each
averaged positions to account for the observation that the peptide fragment individuall§2 While elegant in principle, the
measured N-Hy dipolar couplings were~27% smaller than method in practice is highly sensitive to coordinate errors since
those predicted from the static crystal structure and the the number of dipolar couplings measured for each peptide
magnitude of the magnetic susceptibility tensor determined from fragment analyzed is still smaf.The second approach consists
paramagnetic shifts.However, it was also noted that if the of a “model free” analysis of dipolar couplings measured in
magnetic susceptibility tensor is derived from the dipolar multiple alignment media and involves the extraction of
couplings themselves, excellent agreement between all observedgpherical harmonics and effective vector orientatioh3his

and calculated dipolar couplings is obtained on the basis of the approach appears to be susceptible to cumulative errors and also
static crystal structure without the need to invoke large amplitude depends on the accuracy of the coordinates used which can
motions? More recent work 8 has focused extensively on the  substantially impact the values of the alignment tefsmitical

small 76-residue protein ubiquitin which has long served as a to the analysis. In all the various analyses, no attempt has been
model system for the development of new NMR methodologies made to use some independent measurement to verify the
and for the NMR analysis of fundamental properties of proteins. requirement of internal motion by cross-validation.

In an extensive study based on—MN dipolar couplings In the present article, we set out to determine whether the
measured in 11 different liquid crystalline media, it was N—H dipolar couplings measured in the 11 different alignment
suggested that the single-helix of ubiquitin undergoes a  media employed by Peti et &.require one to invoke the
concerted rigid body anisotropic motion with amplitudes of presence of backbone internal motion, and if so, what is the
~=421° and~+12° along two axes mutually orthogonal to the  minimum magnitude of the motion needed to account for the
long axis of thea-helix, with the first parallel and the second experimental data. The approach we employ makes use of a
orthogonal to the underlying-sheet. However, thex-helix lies straightforward, intuitively simple approach based on the
on top of a four-stranded sheet, and its position is governed by application of Occam’s razor. Specifically, we refine the solution
interdigitation of numerous side chains involving residues of structure of ubiquitin using nuclear Overhauser enhancement
the helix and the underlying sheétThe latter interactions  (NOE) datat2 N—H dipolar couplings measured in 11 different
constitute the hydrophobic core of ubiquitin. Thus, any concerted alignment medid, and N-C', Hy—C', and Gx—C' dipolar
motion of the helix would require corresponding concerted couplings measured in two different alignment mégliay
motions of a large number of underlying side chains. It is simultaneously refining the coordinates of the protein and the
interesting to note, in this regard, that in another study on the orientation and magnitude of the alignment tensors, using a
small B3 domain of Streptococcal protein G, which has the same combination of torsion angle simulated annealing and Cartesian
space minimizatio* The results are then cross-validdted
against a number of independent measurements which include
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6514, (d) Clore, G. MProc. Natl. Acad. Sci. U.S.AL998 97, 9021~
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Ca—Ha dipolar couplings in two alignment mediaHy—Hao
dipolar couplings in one alignment medidfi-band six different
sets of three-bon#l scalar backbone couplingéWe first show

that very significant improvements in agreement between
observed and calculated dipolar couplings, approximately to the
level of experimental uncertainty, are readily obtained upon
refinement of a single model representation. Further modest
improvements in agreement, as well as improvements in the
cross-validated &—Ha dipolar coupling terms, are obtained
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using a multiple structure representation with an ensemble sizeorientation, respectively. In the definitions given here and belgw,

of two. In this representation, which provides the simplest denotes the Cartesian position of atanD, andD; are, respectively,
representation of anisotropic motion, the overall calculated the axial and rhombic tensor components, with the rhombicdgfined
dipolar couplings for the ensemble are given by the average of asD//D.. The tensor is represent(_ad using six pseudo atom_s. I_:our atoms
the calculated dipolar couplings of the individual members of (X’. Y, 2, and0) represent the orientation of the tensor principal axes
the ensemble. While some additional improvement in the fitted /11! 80mM O at the origin), and two atoms; and P, are used to
dipolar couplings can be obtained by increasing the ensembleﬁg;si;rgg ?:md 1, respectively. The representation of the tensor
size further, no improvement is obtained in the cross-validated '
terms. The analysis suggests that the order parangemp),

for a two-site jump is generally greater than 0.8 with a few

notable exceptions where larger degrees of motion seem towhereDamaxis the maximum allowed value @, and 6, is the axial
occur. These larger motions, however, are highly local and can angle between the projection of the—qo vector on theX—O—Y plane
be achieved with minimal perturbations@.5 A) in the overall ~ @nd thegx—go vector and takes values between 0 and The
backbone coordinates. rhombicity is written as:

D,=D

a amaxcosgl

©)

Methods (4)

n= %sin b,

General Computational Tools. All dynamics and minimization
calculations were carried out using the IVM Internal Variable Motlule  where¢, is the azimuthal angle between the vectgrsgo andgp,—
within the molecular structure determination package Xplor-RiH, o and takes values between 0 amd
incorporating the various new features related to ensemble averaging The associated restraint energy tefapc, is written as:
and dipolar couplings described below. Structures were displayed using
the program VMD-XPLORY? (Note that all the figures display residues
2—72, since the C-terminal four residues are disordered in solution.)

Ensemble Averaging.The simplest approach to take into account wherewgpc is a constant weighting factor for this potential term and
both molecular motions and structural heterogeneity in NMR structure 6?:,”5 is the observed dipolar coupling value. The piecewise quadratic
refinement is to model the system using an ensemble of molecular potential function is defined as:
structures. From a purely heuristic perspective, an ensemble sie of
= 2 represents the simplest description of anisotropic motion (see further
discussion of this representation in the context of a description of local
motions in the Results section).

To carry out structure refinement using ensemble averaging we have
:L‘f;oij: Eed an efficient and easy-to-use ensemble feature into Xplor- ¢ in the context of the present work and x~ are zero for

.18 Ensemble size is controlled by changing a single number in the o . . .
Erbc, and thus, the potential is a simple harmonic oscillator. The more

input file: alternate structure files for each size are not necessary, and ST .
; eneral form of the equation is used below in other energy terms.
no special care needs to be taken such that the ensemble members d . .

Each ensemble member is allowed to take its own valu@.aind

not interact. In addition, the calculation time scales approximately as ) . . .
the inverse of the number of CPUs, upNg on multiple processor 7. This allows for alignment tensors consistent with ensemble members
’ ’ having different shape®.In this work, a single tensor orientation is

shared memory computer hardware. . . .
i, - sed for all ensemble members. The orientational differences are then
Ensemble-averaged quantities are denoted inside angle brackets an ; -
represented by overall rotations of one ensemble member relative to

are calculated as: another. One expects tli® andn of ensemble members to differ by
only a small amount, and therefore, we introduce energy terms to

__ gobs
5mn’

0,0) (5)

Eroc = WrocVpouadOmn

(x—x"2 if x> 4+x"
VpQuad(X; X+7 X)) = (x+ X_)2 if x<—x"
0 otherwise

(6)

Bd= Zrixi @) restrain the spread d@, and# within =AD, and £A#, respectively:
|
E.n =W, [V D, — [D.J; AD,, AD 7
wherex; is the value of quantity in ensemble membérandT; is the 40, = Wp,VpouadPa ald ADy ADJH )
weight on theith member. In the current study; is taken as Ve,
whereN is the ensemble size. and
General Potential Terms.A number of Xplor-NIH® potential terms
b " Eny =W, Vpouad?? — G1g A, Ap) t:)

are used to maintain proper covalent geometry and to prevent atomic
overlap. The contribution of a particular Xplor energy teEnto the
overall energy is just its ensemble averaged vallg;ld. Since the
NMR experiments measure ensemble-averaged quantities, simple
averaging is not appropriate, and for these terms ensemble averagin
must be included in the calculated observables as shown below.
The Residual Dipolar Coupling Term. The dipolar couplingdm n
between a pair of atoms described by indiogandn is given by

wherewp, andw;, are weighting factors, andD, and A, denote the
allowed deviation from the ensemble averaged quantities. Viizn

and Ay are set to zero, all members of the ensemble are restrained to
$have the sam®, and# values.

This study includes dipolar coupling measurements involving pairs
of the following atom types: NH, CC, CH, and HH. For a given
orienting medium, a single tensor should be used for all experiments.
Equation 2 is used for the NH dipolar coupling experiments, and non-

3
Omn= Da(3Ur2n,n,z_ l)+§Da77(u§1,n,x_ Urzn,n,) (2 NH dipolar couplings are normalized by multiplying eq 2 by the
prefactor
whereUmnx Unny andum,are the projections of the unit vector in 3
the directiong, — gm, along thex, y, andz axes of the alignment tensor YV nlNH )
VNVHrre;m

(18) Schwieters, C. D.; Kuszewski, J.; Tjandra, N.; Clore, GIMJagn. Reson.

2003 160, 66—74.
(19) Schwieters, C. D.; Clore, G. M. Magn. Reson2001, 139, 239-244.

(20) Zwecketetter, M.; Bax, AJ. Am. Chem. So@00Q 122, 3791-3792.
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whereymis the gyromagnetic ratio of atom andrmnis the internuclear wherea™is the magnitude of the rotation of the principal axes of an
distance between atonma and n. Since the HH distance does not ensemble member from that of the ensemble average structure, and

correspond to a vector of fixed length and can thus vary, ﬂ’f_@,HH (A — A% is the difference of eigenvalue (principal valuefrom
dependence must be explicitly included in the dipolar coupling the associated value of the ensemble average struviyg.andwsize
calculationt® are weighting factors, anla™9andAA denote the allowed deviation
The NOE-Derived Interproton Distance Restraint Term. For each of the values from the mean values.
NOE assignment, we used the following two NOE energy terms: It should be noted that this shape tensor was found to be insufficient
to completely describe protein shape and orientation in this study. This
oL = WoRVpouad 08 — Mion Mok M'nod) (10) approach describes the protein shape as an ellipsoid. For ubiquitin, this
approximation was generally found to be too crude as structures with
and clearly different shapes (including apparent orientation) were assigned
nearly identical shape tensors. Thus, the RAP term (eq 14) was
ESoe = WooE WV ouad SoE™ — rios Mios Tvopd (1) necessary to study ensembles with very similar members.

3J Coupling Constant Restraint Term. The 3J coupling constant
wherewyoe is a constant weighting factor(iog is the observed NOE s defined by the empirical Karplus relationshfig2
distance restrainttnog™ denotes uncertainties in this distance, and
r and r§ie are NOE distances calculated by different averaging 3J=Acog(0 + 6*) + Bcos@ + 6*) + C (17)

methods. The definitions of these distances are: ] ] ] )
where A, B, and C are fitted parameters adis a fixed geometric

(ens)__ | 816 angular term relating the restrained torsion angl® the measured
NoE [Dzlq' 4l . (12 one (e.g., forfdyma, 0% is +60°, which is a constant relating the
backbone torsion angle©— 1)—N(i)—Ca(i)—C'(i) to the torsion angle
and Hn(i)—N(i)—Coa(i)—CaH(i) directly probed by the coupling constant).
The energy term associated with this coupling constant is then:
rhoe = I —ql 1" (13)
]

Ey = WVpouad 90 =23 0, 0) (18)
where thaj sum is over all atom pairs associated with the given NOE

restraint. (Theij sum, for example, applies to methyl groups and constant. Although this energy term was not included in the calculations,

nonstereoassigned_methylene protons.) Note ca_refully in eq_12 tha_t Mthe rms differences between observed and calculated couplings in the
ensemble average is performed before the fractional power is applled,Case of calculations using an ensemble sizBlot 2 are reported as
and that this quantity corresponds to the observed NOE distance of aNgnsemble averages

ensemble of structures. Equation 13 contains no such average and was Correlation between Ensemble Members.Once structures are

used in the annealing protocol to provide an alternate set of forces. calculated, there arises the question of how similar the ensembles are

Ihe_" Rte;:atlvte Atomlc_t_P05|_t|0n (ﬁAP) Tebrlm. ThebRAP Letrthth to one another. Restated, the question is: given two ensembles, how
restrains the atomic positions in each ensemble member such tha eyclosely do the N-Hy vectors of constituent members line up with those

do not stray too far from their respective ensemble-averaged positions:¢., . 21 other ensemble and over what range of residues?

wherew; is a weighting factor andJ©® is the observed coupling

We use an analysis which is appropriate for two-member ensembles
Erap = Wrap Z(VPQuafﬂqi ~ G Alpap, Algapld  (14) in which the structures maintain the same overall fold, but which contain

' local differences. For each ensemble, mean coordinates are calculated
wherewrap is a constant weighting factaflrap is the allowed distance ~ and fit to each other. The rigid-body rotation and translation determined
deviation, and the sum is over all atoms to be restrained. As shown in in this fitting procedure are then applied separately to the ensemble

the Results and Discussion section, when applied doa@ms, this members, such that their relative orientation (and the value of the
term limits the backbone atomic rms differences between members of c@lculated dipolar couplings) is maintained.

an ensemble, but only minimally impacts differences irHbond Now let vim be the unit vector along the NHy bond vector of
vector orientations between members of an ensemble. residuek of membem (0 or 1) in the ensemble labeled bywe assume

The Molecular Shape Term.This term was introduced to prevent ~ that each vector can be binned into one of two orientations. For two
excessive rotation and deformation of one ensemble member relativeresidues labeled and | and two ensembles denotédand j, the
to another. Molecular shape is approximately represented by a massles§nsembles are said to coincide for these residuggjk,) = 1, where
inertia tensot* analogous to the dipolar coupling alignment tensor.

. 8 : if Vot Vi > Vo Vg @ANAYy 0t Vi > Uyot Vs
The massless inertia tensor can be written as: 1 k0 “jk0 = “ik0 “jk1 o-=jio — “io "ji1

f(i,ji k1) =1 1 if vio o < Viko"¥ja @NA2io V0 > Vo' Yy
Y +7Z XY X% 0 otherwise 19
Torape= p | % X +Z ¥z (15) | o
"\—xz Yz X12 + Y.z Thus, for two residues, ensembles coincide if the bond vectors of each

member of one ensemble are approximately aligned with those of one
andz are the components of the Cartesian coordinate of member in the other ensemble, so that the ensemble members occupy
the same bins in both ensembles.
Averaging over all ensembles, the correlatiGn, between residues
Iéandl is defined as

wherex;, Vi,
atomi. The sum is over all atoms used to define molecular shape.

The associated energy is then defined in terms of the principal values
of the shape tensors of ensemble member structures and the ensembl
averaged structure:

2
mag. mag may Cy=-1+ N zf(L ik (20)
Eshape= Worienﬂ/pQua({(1 ’ Ao ’ Ao %Q + Nstruct 1
3
Wyize (VpQuac(/lk — lrknear: AL, AN (16) wherei andj are summed over all calculated ensembles lsgq: is

= the number of these ensembl€g.takes values between 0 and 1, with
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0 indicating no correlationCy = 1 indicates perfect correlation,  backbone hydrogen bonds (weighting factor of 30@nd a radius of
meaning that the two vectors coincide in all ensembles. By definition gyration restraint (target value of 11.29 A given by 2.23) taking
Cw = 1, and we expect larg€q for small |k — ||, as well as for into account residues-174 only, and a force constant of 100 kcal riol
otherwise spatially proximal portions of the structure. Note that using A~2).2 For calculations with an ensemble si¥g> 2, four additional
this definition,Ci will tend to zero when it involves bond vectors which  terms are included: the spread termsBar(eq 7) and rhombicity (eq
take very similar orientations because the bins used in the definition 8) with weighting factors of 1x 10° kcal mol* Hz"2 and 1 x 1(,
of f(i,j; k,I) become indistinguishable, and the averag&igf k,I) will respectively; the RAP term (eq 14) applied to the &oms of residues
tend to 1/2. 2—72 only (force constant of 100 kcal mdlA-2); and the shape term
Structure Refinement. Refinement made use of a combination of  (eq 16) applied to atoms outside a sphere of 12 A from the center of

torsion angle dynamics and minimization, followed by Cartesian the molecule defined by theoCatoms of residues-172 (force constants
coordinate minimization. The latter is important since it ensures that of 1 kcal molt A-2for the size component and 1000 kcal matad 2
the stereochemistry of the backbone is not held rigidly fixed (as it is for the orientation component).

in torsion angle space), and therefore small deviations from idealized  The starting coordinates for refinement are those of the previously
covalent geometry (e.g., in peptide bond planarity) are allowed to occur. determined NMR structure 1D32.The atoms describing the dipolar
The atomic masses are all set equal to 100 amu. The force constantgoupling alignment tensor are treated throughout the calculations as
for bonds and angular (angles and improper torsions) terms are set tofollows: atomsX, Y, Z, andO representing the tensor orientation are
1000 kcal mot* A2 and 500 kcal mol rad 2, respectively, with the  held rigid with respect to each other and allowed only rotational degrees
exception of the improper torsions related to the peptide bond, which of freedom centered about ato® the P, and P, atoms representing
are set to 250 kcal mol rad2 With these force constants, the  p, andy, respectively, were bonded to the O atom and were allowed
maximum observed deviation from peptide bond planarity®isahd the appropriate bending motion in addition to the tumbling of the axis
the average deviation from peptide bond planarity<i8.5*. Such atoms. The schedule for the refinement protocol is relatively simple
deviations are entirely within the range observed in high resolution and involves the following steps: 0.2 ps of simulated annealing in
(=1.75 A) crystal structure¥. The target function used in refinement  torsion angle space with cooling from 400 to 300 K and with a number

included the following experimental terms: dipolar couplitgNOE- of force constants (dipolar, NOE, torsion angle, van der Waals repulsion,
derived interproton distance (final force constan80 kcal mot* A-2), and torsion angle database) increased geometrically to their final values;
andy side-chain torsion angle (final force constan00 kcal mot* Powell minimization in torsion angle space; Powell minimization in
rad-?) restraint$®> ¢ The final force constant used for tAByw dipolar Cartesian coordinates. This entire process is repeated 16 times. This
couplings is 1 keal moft Hz"2 (with the force constants for tH®nc, protocol provides effective and gentle low-temperature refinement. The
‘Dhinc, and'Deac dipolar couplings scaled to that for tHeww couplings calculations are repeated multiple times using different random number

by factors of 25, 5, and 15, respectively). The nonbonded interactions seeds for the assignment of initial velocities, resulting in a total of 100
are described by a quartic van der Waals repulsion term (final force ensembles for each set of calculations.

constant of 4 kcal mof A~4 with a van der Waals radius scale factor
of 0.8)27 supplemented by a torsion angle database potential of mean
force (final weighting factor of 13¥ an empirical hydrogen-bonding
term incorporating both distance and angular dependencies for 36

In the case of calculations witke = 2, three main sets of conditions
were investigated: the most restricted case (2r), a partially restricted
case (2pr), and an unrestricted (2u) case. In the case of the 2r set of
calculations, the values for the total widths of the flat portion of the

(21) Berardi, R.; Fava, C.; Zannoni, Chem. Phys. Letl.995 236, 462—468. piecewise quadratic potential (general formula given by eq 6) Alie.2
(22) Karplus, M.J. Am. Chem. Sod.963 85, 2870-2871. =0. =
(23) Sass, J.; Cordier, F.; Hoffman, A.; Rogowski, M.; Cousin, A.; Omichinski, 0 S_A for the RAP t'el.’m (eq 14),D7Da = 0 for Da (g 7.)’ qnd
J. G.; Lowen, H.; Grzesiek, SI. Am. Chem. Sod.999 121, 2047-2055. 2A1n = 0 for the rhombicity (eq 8). (Note that a width of zero indicates
(24) Karplus, P. AProtein Sci.1996 5, 1406-1420. that the potential is represented by a simple harmonic oscillator.) The

(25) The NOE-derived interproton distance restraints deposited with the PDB ;
coordinate 1D3Z consist of 2872 entriésMany of the restraints are corresponding values of ADJ/Da and 2\y for the 2pr and 2u

represented by multiple entries depending on the number of times a calculations are 0.1 and 0.15, respectively; for the 2pr calculations
particular restraint was observed in the various spectra. For example, many 2A|,.p = 0.5 A; for the 2u calculations the RAP term is turned off. A

entries are present in duplicate corresponding to the two symmetrically s . . -
related cross-peaks observed in 3D-separated NOE spectra. When the  number of additional calculations were also carried out. These include

multiglaée entries are eliminated, the total number of restraints is reduced to the following combinations of values forA2qpp, 2AD/D,, and 2An:
1537161n addition, many of the restraints involve NOESs to stereospecifically . . .
assignegs-methylene protons. In keeping with our current prao{)ibwe 0.5,0.05,and 0.075 A; 0.5,0.1, and 0.15 A,.l.O, 0,and 0 A; 1_'0’, 0.05,
chose to represent pairs of restraints to both methylene protons by a singleand 0.075 A. The results of these calculations were very similar to
3(r~6)~Y6 sum restraint. This has the advantage of removing potential those for the 2r and 2pr calculations.

systematic bias in the form of underestimation in the upper bounds of

distance restraints involving one of the protons of a methylene pair as a

consequence of spin-diffusion effects. Information content, however, is not . .

lost in the process since the correspondjagside-chain torsion angle Results and Discussion

restraints are still present and the torsion angle database potential of mean

force ensures that the side chains adopt good stereochemistry within allowed

rotamers. The distance restraints in the 1D3Z entry are also classified into Alignment Tensor Orientations in the 11 Media.Figure 1

rather narrow range.We therefore chose to reclassify these into the more . . . .
conventional four distance range categories corresponding to strghg ( displays the orientations of the alignment tensors for the 11

A), medium (<3.5 A), weak 5 A), and very weak 6 A) NOEs. As in different media listed in footnote a to Table 1, relative to the
the case of the modifications involving-methylene proton restraints . L . .
described above, this has the advantage of avoiding some systematicNMR coordinates of ubiquitin (PDB accession code 1D3Z; ref

underestimates of upper distance bounds. In our experience, this more 12). The alignment tensors fall into two main groups: media
conservative treatment of the NOE-derived interproton distance restraints . . . h .
increases the accuracy of the calculated coordirfétEke final restraints 1-5 (Figure 1b) and media-611 (Figure 1c). The orientation
'(iﬁts "j‘r’fiigegggiﬁgﬁ'("l‘lllillgjfiftg’)‘cgﬁa 23%i{‘(}rﬂzrl‘fsmﬁe;g??aiegqe“e““a' of the principal components of the alignment tensors from the
distance restraints. Calculations were also performed with the original set first group is approximately orthogonal (1@28°) to those of

of 2872 interproton distance restraints, and while there are very small
quantitative differences, the conclusions remain identical: the agreement
with both the working and free set of dipolar couplings is essentially the (27
same; similarly, for the calculations with an ensemble sizBof 2, the
calculated3*(jump) order parameters are essentially unaffected by the NOE (28

Nilges, M.; Gronenborn, A. M.; Bnger, A. T.; Clore, G. MProtein Eng.
1988 2, 27—38.
Clore, G. M.; Kuszewski, . Am. Chem. SoQ002 124, 2866-2867.

_— o =

restraints list employed. (29) Lipsitz, R. S.; Sharma, Y.; Brooks, B. R.; Tjandra, NAm. Chem. Soc.
(26) They; side-chain torsion angle restraints are those deposited with the 1D3Z 2002 124, 10261-10266.

NMR  coordinates and were derived from heteronucléircoupling (30) Kuszewski, J.; Gronenborn, A. M.; Clore, G. M.Am. Chem. S0d.999

measurements. 121, 2337-2338.
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Table 1. Dipolar Coupling R-factorsa?

X-ray® NMR¢ refined structures®
(1UBQ) (1D32) Ne=1 Ne = 2(7)
NH Dipolar Couplings
medium 1 (62) 14.2 11.9 380.1 3.54+0.1
medium 2 (55) 25.3 21.1 1050.2 8.4+ 0.6
medium 3 (60) 22.8 185 940.2 6.7£ 0.3
medium 4 (48) 18.7 16.4 845 0.2 6.3+ 0.6
medium 5 (55) 17.5 14.0 440.2 3.9+ 0.3
medium 6 (54) 14.8 114 119819 12.2+1.7
medium 7 (48) 13.6 10.8 6202 6.1+ 0.2
medium 8 (65) 15.2 13.3 13:80.9 13.3+1.2
medium 9 (56) 35.6 17.4 23%7.3 19.5+ 4.3
medium 10 (63) 12.5 543 544+ 0.4 4.9+0.3
medium 11 (65) 10.7 6.4 548 0.2 3.54+0.1
N—C' Dipolar Couplings
medium 10 (61) 13.0 6% 8.9+ 05 9.1+ 04
medium 11 (63) 12.3 74 7.7+£0.4 7.1+ 0.5
HN—C' Dipolar Coupling$
medium 10 (61) 15.6 8%  10.3+0.4 9.9+ 0.3

medium 11 (63) 171 119 12.04+0.3 11.2+ 0.3
Ca—C' Dipolar Couplings

c medium 10 (58) 9.5 74 74+ 0.4 6.9+ 0.3
medium 11 (54) 14.5 8 8.2+ 05 7.2+£0.4
Co—Ha Dipolar Coupling$
medium 10 (62) 17.0 63 156+ 0.8  13.6+£0.7
medium 11 (62) 16.4 49 14.0+ 1.¢¢ 11.8+ 0.7

Hn—Ha Dipolar Coupling$
medium 10 (65) 19.9 17.2 1950.7 19.1+ 0.7

Figure 1. Orientation of the 11 alignment tensors relative to the molecular  a The 11 liquid crystalline media are as follows: 1, CHAPSO/DLPC/
coordinates of ubiquitin. (a) Stereoview of a @ace of ubiquitin. (b) Axes CTAB (10:50:1) 5% 2, CHAPSO/DLPC/SDS (10:50:1) 59.3, purple

of alignment tensors for media 1 (blue), 2 (red), 3 (gray), 4 (orange), and membrane fragments (2 mg/mL, 100 mM Na&%4, phage pfl 5 mg/mL

5 (yellow). (c) Axes of alignment tensors for media 6 (tan), 7 (silver), 8 50 mM NacCl78 5, Helfrich phases (cetylpyridinumbromide/hexarel
(green), 9 (pink), 10 (cyan), and 11 (purple). The structure and tensor 1:1.33, 26 mM NaBr, 5%}:26, CHAPSO/DLPC (1:5) 5%28 7, CHAPSO/
orientations shown correspond to those obtained after refinement using anDLPC/CTAB (10:50:1) 4%6.28, n-dodecy! penta(ethylene glycahhexanol
ensemble size dfl. = 1. The tensor orientations, however, for the NMR (- = 0.96)78 9, polyacrylamide gel (796)* 10, DMPC/DHPC (3:1) 5%?
coordinates 1D3% are essentially identical. The identity of the 11 liquid 11, DMPC/DHPC/CTAB (3:10:1) (5% ° Values are in percent. The
crystalline media is provided in footnote a to Table 1. dipolar couplingR-factor is given by the ratio of the rms difference between

observed and calculated values and the expected value of the rms difference

the second group. The pairwise difference in orientation of the if the vectors were randomly oriented. The latter is given by
principal components of the alignment tensors within the first [2D«(4 + 3y%)/5]¥22° For thetH—H dipolar couplings, the distance between

. o. the protons is not fixed. Consequently, the denominator is given by
group ranges from 6 to 2Qwith a mean value of 12 5°; for {2, 2§ Y215 ¢ Protons were added to the X-ray coordinates using Xplor-

the second group the range extends from 2 tbwith a mean NIH8 which places the backbone HN proton in its standard position on a

value of 10+ 5°. Thus, although the alignment tensors in these 'ine that bisects the '€1-Ni-Coy angle.? The NMR structure 1D3Z1is
’ ’ the result of Cartesian coordinate refinement against all the dipolar couplings

media display different rhombicities, the alignment tensors measured in media 10 and 11, with the exception of the NH dipolar coupling
within each group are not entirely independent of one another. in medium 11 and the HNHa dipolar couplings in medium 10 which

[P ; oot ; were not included in the structure determination. The positions of the H
This is also evident from an examination of the normalized backbone amide protons are therefore determined by a combination of the

scalar product between pairs of alignment tensors (see Sup-ovalent geometry restraints which seek to minimize any deviations from
porting Information):® the mean absolute values of the normal-  idealized covalent geometry (i.e., bond lengths, bond angles, and improper

. - - torsions) and the experiment@yy dipolar coupling and NOE data which
ized scalar products are 0.82 0.11 for pairs of alignment may distort these positions very slightly. Since the values for the force

tensors involving media -5 and 0.92+ 0.05 for pairs of constants employed for the covalent geometry restraints are much larger

alignment tensors involving media-.1; the normalized scalar thanlthose for the ?Xpheriflf\sgtzall\lf&graiﬂts, the deviations frI(I)rP ide_?_lia%d
. . covalent geometry in the structure are very small (see Table

products betwe_en media-b and media 6 10 range_ from 0.12 3). © The refined structures were refined against all dipolar couplings with

(between media 4 and 6) to 0.93 (between media 1 and 7). Inthe exceptions of the &Ha. dipolar couplings in media 10 and 11 and

one case, namely media 7 and 11, the overall alignment tensorghe H-Ha dipolar couplings in medium 10. Since the.€Ha. vector and

. o . . the N—H vectors are independent of each other, and since toeHex
differ by <2°, the normalized scalar product is 0.996, and the giojar coupling data are of high quality, the cross-validated (free) C
dipolar couplings in these two media are highly correlated Ha dipolar couplingR-factors provide a reliable means of assessing whether

(correlation coefficient of 0.98; see Figure 2e) the improvement in agreement against the fitted dipolar couplings upon
. NSRS . increasing the ensemble size is significant or simply a consequence of over-

_EXpe”menta| Un_Certamty _and Accura_cy of Dipolar Cou- fitting. In each case, the values and standard deviations reported are obtained
pling Data Sets.While 1Dy dipolar couplings can be measured by averaging over all 100 calculated ensemblesThe number of
with high precision, the accuracy may be considerably less experimental dipolar couplings are listed in parentheses.
depending on the exact experimental method employed. An
estimate of accuracy is helpful to prevent overfitting (i.e., to the accuracy of the primary data (derived from the Griesinger
ensure that improvements in agreement between observed anthboratory; ref 7) is to compare it to data collected from another
calculated dipolar couplings are not the result of fitting noise laboratory under as near identical conditions as possible.
in the data). The simplest way to ascertain an upper bound of Fortuitously, such data recently became available after we had
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Figure 2. Assessment of accuracy in measured dipolar couplings. Correlation pléB@fdipolar couplings measured in various media from different
laboratories. Scaling of the dipolar couplings is carried out by linear regression. Accuracy is expressedfast@nerror, given byRe(%) = 100(rmsd)/
+/2¢ where rmsd is the root-mean-square difference between the two sets of dipolar couplings (after scaling),[aBg(4 + 3572)/5]%2 is the expected
rmsd if the vectors were randomly distributedD, and# are the magnitude of the axial component of the tensor and the rhombicity, respectively; the
rhombicity is defined as the ratio of the rhombic to axial component of the alignment tensor and has a maximum value of 2/3; thel&’ﬁ]'tmm are
obtained by nonlinear least-squares optimization using the NMR coordinates of PDB entry 1D3Z.) The letters G, T, B1, and B2 given in parentheses refer
to the data from refs 7, 5c, 12, and 2a, respectively. In the case of the correlation plot between the dipolar coupling data for medium 7 (CHAPSO/DLPC/
CTAB 4%) and medium 11 (DMPC/DHPC/CTAB 5%), nonlinear least-squares optimization against the NMR (1D3Z) coordinates indicates that the orientatio
of the two alignment tensors differ by only 2.6nd the rhombicity by only 0.1 (0.6 versus 0.5). The equivalent media in refs 6 and 7 are not necessarily
absolutely identical; thus, the concentration of salt used for medium 3 (purple membrane fragments) is slightly different (100 mM NaCl in re86 versus
mM NacCl in ref 7), the phage and salt concentrations are slightly different for medium 4 (5 mg/mL pfl and 50 mM NacCl in ref 7 versus 3.5 mg/mL pfl
and 20 mM NacCl in ref 5c), and the concentrations of cetylpyridinumbromide/hexanol and NaBr are slightly different for medium 5 (5% and 25 mM NaBr
in ref 7 versus 3.4% and 75 mM NaBr in ref 5¢). These differences, however, are expected to minimally impact either the orientation of the aligmment tens
or the rhombicity. These slight media differences, however, do affect the vaDEHofand this is accounted for in the comparisons by appropriate linear
scaling.

completed our calculations. Correlation plots between data from R0, @and the correlation coefficient range from 5 to 11% and
the Griesingerand Tolma#f* laboratories for media-35 and 0.97 to 0.99, respectively. As noted above, the dipolar coupling
8 are shown in Figures 2al. After linear scaling to take into  data recorded by the Griesinger laborafdigr medium 7 and
account differences i, (arising from small differences in by the Bax laboratoif for medium 11 are also highly correlated
media concentration), there is no evidence of any systematicwith anRerorvalue and correlation coefficient of 7.5% and 0.98,
deviation from a linear fit with a slope of 1 and a random respectively. This is perhaps not too surprising because both
distribution of residuals. The dipolar couplirigfactor error, media consist of lipid bicelles (CHAPSO/DLPC in one case
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Table 2. D)" and Rhombicity for the Different Alignment Tensors?

X-ray NMR refined structures
(1UBQ) (1D32) Ne=1 Ne = 2(r)
medium 1 28.5/0.36 28.4/0.32 29420.2/0.29+ 0.01 30.0+ 0.2/0.29+ 0.01
medium 2 15.8/0.40 16.0/0.39 1730.1/0.38+ 0.01 18.14+ 0.3/0.39+ 0.02
medium 3 —16.6/0.00 —17.1/0.05 —18.24+0.1/0.06+ 0.02 —19.34+ 0.3/0.09+ 0.02
medium 4 12.7/0.42 12.9/0.49 14410.1/0.40+ 0.01 14.6+ 0.3/0.43+ 0.03
medium 5 20.9/0.22 20.4/0.25 22440.2/0.22+ 0.01 22.8+ 0.4/0.21+ 0.02
medium 6 —5.9/0.22 —5.8/0.21 —5.94+ 0.1/0.18+ 0.06 —6.04+0.1/0.21+ 0.02
medium 7 —13.8/0.59 —13.4/0.61 —13.440.1/0.64+ 0.07 —13.74+0.2/0.63+ 0.01
medium 8 —7.3/0.30 —7.1/0.30 —7.04+0.1/0.29+ 0.02 —7.3+0.1/0.28+ 0.02
medium 9 2.4/0.38 —2.5/0.65 —2.6+0.1/0.47£ 0.10 —2.74+0.1/0.51+ 0.04
medium 10 —9.6/0.16 —9.8/0.16 —9.54+0.1/0.16+ 0.01 —9.84+0.1/0.16+ 0.01
medium 11 —15.4/0.49 —15.6/0.50 —15.04+0.1/0.52+ 0.01 —15.54+0.1/0.52+ 0.01
medium 10*® —9.9/0.19 —9.9/0.16 —9.9+4+ 0.1/0.15+ 0.01 —10.1+ 0.1/0.15+ 0.01

a The first number listed iﬁ)’;‘H in Hz, and the second is the rhombicity. The values and standard deviations reported are obtained by averaging over all

100 calculated ensembles. There is a small but significant increase in the vamlﬁqujon increasing the ensemble size frbig= 1 to 2. This is expected

as a consequence of the fact that a set of dipolar couplings arising from any distribution of the corresponding interatomic vectors will be etter fit b
representation in which each dipolar coupling is represented by the average of two interatomic vectors rather than by a singjl&teeldon. 10* (ref 2a)

is nominally the same as medium 10 (ref 12), but the measuremédyg &nd Dyn) were carried out on a different sample using a different batch of

DMPC/DHPC bicelles. Consequently the vaIuesD@‘f" andy are slightly different. The data collected in medium 10* were not included in the refinement
calculations.

and DMPC/DHPC in the other) doped by CTAB. At the other Refinement against Dipolar Couplings from Multiple

end of the spectrum, data collected in the Bax laboratory for Media Using a Single Structure RepresentationTo address

two different samples of media 4®'2are probably as close as  the question posed in the previous paragraph, we carried out a
one can expect separate measurements to be witkanof set of refinement calculations against tbgy dipolar couplings
~3% and a correlation coefficient of 0.998. One can therefore in media 11 and the'Dnc, ?Dune, and!Degc couplings in
conclude that the expected uncertainties in thgy dipolar media 10 and 11. The results are displayed in Tabte® Which
coupling data are consistent with dipolar coupliReactors summarize the calculated dipolar couplirfigfactors, the
(Raip) in the 5-10% range. There is one exception to this: optimized values of the magnitude (i.é)Q‘H and rhombicity)
namely, the data recorded in medium 9 where the valug,of  of the different alignment tensors, and the agreement with other
is only ~—2.5 Hz resulting in a small range of dipolar coupling experimental NMR data, respectively. A key aspect of these

values; assuming a typical measurement error0f5—1 Hz, calculations is that both the orientation and magnitude of the
the expectedReror would be predicted to lie in the ¥530% alignment tensors are refined simultaneously with the coordi-
range. nates (cf. eqs 24). In addition to the dipolar couplings, the
Agreement of X-ray and NMR Structures with the structures were also subject to the same interproton distance
Measured Dipolar Couplings.Dipolar couplingR-factors Ruip) and torsion angle restraints employed to generate the 1D3Z

for the X-ray (1UBQ) and NMR (1D3Z) coordinates of NMR coordinated?2526The D¢y, dipolar couplings in media
ubiquitin, obtained by optimization of the magnitude and 10 and 11, as well as the{R-n dipolar couplings and various
orientation of the individual alignment tensors, are summarized 3J scalar backbone couplings, were not included in the refine-
in Table 1. For the crystal structdfethe weighted, overall ment and provide an independent means of cross-validation. In
average value N,'; for the 1Dy dipolar couplings measured  this regard, the'Dcono dipolar couplings provide the most

in the 11 media is 18.1%. ClearlR} in many of the mediais ~ sensitive data set for cross-validation since the orientation of
larger than the expected experimental error (Table 1), reflecting the Gu(i) —Ha(i) and N(i)—H(i) bond vectors are uncorrelatétl.
uncertainties and errors in the coordinates, as well as possibleThe Dun—nq dipolar couplings andJd couplings, on the other
differences between the solution and crystal states. The NMR hand, only provide a qualitative measure of cross-validation
coordinates, which were refined against a range of backbonesince the former are limited in their accuracy and the latter are

dipolar couplings recorded in media 10 and'4 it the Dyy calculated from an empirical relationship which was derived
dipolar couplings in media-48 systematically better than the by best-fitting the observed couplings to the crystal coordi-
crystal structure (with a weighted, overall averaBj of natest’

15%). However NIE' for five (media 2-5 and 8) of these eight Refinement using a single structure representation results in
media are still significantly larger than one would expect from very significant improvements in t Ni',;' values for all*Dyn

the anticipated experimental errors (Table 1). dipolar couplings with the exception of those in medium 9

The comparison of th&Dyy dipolar couplings with the X-ray ~ (which is not unexpected because of the larger experimental
and NMR coordinates suggests that in this instance the highly errors), as well as excellent agreement with the other backbone
refined NMR coordinates provide a better representation of the dipolar couplings (Table 1). The weighted, overall average value
true solution structure than the X-ray coordinates. The question of ng is 9.3%, which represents 30 and 50% reductions
then arises as to whether the discrepancies between the NMRrelative to the NMR (1D3Z) and X-ray (LUBQ) coordinates,
coordinates and .thHDNH dIPOIa,r couplings ,from medila—18 (31) The covalent geometry restraints ensure that deviations from tetrahedral
are the result of inaccuracies in the coordinates which can be  ~ geometry about the €atom are extremely small in accordance with recent

; ; experimental results that indicate that the average angular deviations of
_removed by_ further refinement or Whether thgy arise from the Gu—Ha vectors from their idealized covalent geometry are less than
internal motions that modulate the dipolar couplings. 1°.1
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Table 3. Agreement with NOE-Derived Interproton Distance Restraints, 3J Couplings, and Idealized Covalent Geometry

X-ray NMR refined structures
(1UBQ) (1D32) Ne=1 Ne=2(r)
rms from NOE-Derived Interproton Distance Restraints (11193¢A)
I NoglSruet) 0.093 0.000 0.0040 0.003+ 0.002
rNog®s) 0.000+ 0
rms from3J Couplings (Hz)¢
SJhNHo (63) 0.71 0.63 0.6% 0.04 0.74+ 0.03
%Jhncs (60) 0.31 0.26 0.34-0.01 0.32+0.01
3June (61) 0.46 0.49 0.54 0.02 0.55+ 0.01
3JcHo (65) 0.29 0.28 0.31# 0.01 0.32+0.01
3Jccp (57) 0.18 0.14 0.2& 0.01 0.20+ 0.01
3Jcc (56) 0.25 0.21 0.26: 0.01 0.24+ 0.01
rms fromy; Side-Chain Torsion Angle Restraints (35) (d&)
0.10 0 0.28+0.34 0.07+0.11
Deviations from Idealized Covalent Geometry

bonds (A) 0.017 0.006 0.0040 0.004+ 0
angles (deg) 3.07 0.81 0.7430.02 0.75+ 0.03
improper torsions (deg) 3.26 0.68 1.290.06 1.304+ 0.07

a The number of experimental terms are listed in parenth&s&he NOE-derived interproton distance restréhésdy side-chain torsion angle restraitfts
are included in the target function used for refinement. There are no NOE violati®2sA or torsion angle violations greater thahfér either the 1D3Z
NMR coordinates or the refined structures. For the X-ray coordinates (LUBQ) there are 10 interproton distance violations greater thas=6"8 #&nd
rnoeed are defined in eqs 12 and 13, respectivélyThe 3J couplings arenot included in the target function for refinement and therefore serve as an
independent check on the results. Note that the coefficients for the Karplus equations Pdlaitaysion angles were derived by initially best-fitting to the
X-ray (1UBQ) coordinated’ For the ensemble sizse = 2 calculations, the reported values represent the ensemble averaged values.

Table 4. Backbone Atomic rms Differences (A) representation of the experimental data and that there is little

need to invoke large-scale internal motions.

ensemble size

No=1 N, = 2(1) Refinement against Dipolar Couplings from Multiple
intra-ensemble 0.43 0.07 Media Using an Ensemble Representation withNe = 2.
mean coordinates of each ensemble Although a single structure representation, after refinement, fits
versus overall refined mean 0.#70.04  0.12+0.02 the experimentalDyy dipolar coupling data well, one can ask
xgzﬂz )'\('_'\g ((113%2(3) gigi 8:82 gjggi 8:83 the follpwing quest.ion.:' cana multiple structyre representation
average intra-ensemble rigid body 0.3 result in further significant improvements in the agreement

between observed and calculat&gy dipolar couplings? While
simple librations may result in isotropic motion of an-MN
respectively. Moreover, thR, values for all dipolar couplings ~ vector (i.e., wobbling in a cone), any motion that arises from
included in the refinement are, to a first approximation at changes in backbone torsion angles will result in anisotropic
least, comparable to their expected experimental error. Themotion. The simplest representation of anisotropic motion is a

ci‘;H(free)32 values for the cross-validatetDcon, dipolar two-structure ensemble, which corresponds to hopping between
couplings are better than the correSpond-‘aﬁgH values for the two equally populated states at a rate that is fast on the chemical
X-ray coordinates (Table 1), and no significant degradation in shift time scale (since only a single set of resonances is
the agreement with either thesQ4, couplings (Table 1) orthe  observed). The overall calculated dipolar couplings for the
3J backbone couplings (Table 3) is observed. Moreover, there ensemble are given by the average of the calculated dipolar
is no evidence for any deviation from a slope of 1 for the couplings of the individual members of the ensemble. It is
correlation between observed and calculategyly dipolar important to stress that in this formulation averaging occurs at
couplings, using the alignment tensor derived from thgy the level of the dipolar couplings and not the coordinates; thus,
dipolar couplings recorded in the same medium (i.e., medium the dipolar couplings computed in this manner are not the same
10%; see Supporting Information). Further, both the NOE-derived as those computed from the average coordinates of the ensemble
interproton distance restraints and the side-chain torsion anglemembers which would be physically meaningless and obviously
restraints are satisfied within experimental error (Table 4). We not agree with the experimental data.

rotational difference (deg)

also note that the planarity of the peptide bond (including the
position of the N-H vector in the peptide plane) is maintained
close to ideality and that the deviations from planarity (maxi-
mum 5 with an average of 2% are well within the range
observed in high-resolution (1.75 A or better) protein crystal
structure$?

To obtain insight into the physical meaning of the two-
structure ensemble representation to model the amplitudes of
local motions, consider the following simple example in which
the N—H vectors of two residues andl, each exist in two
distinct orientationds; andk-, |+ andl -, respectively. The same
calculated values of the averag®ny dipolar couplings for

These results would suggest that a single model representationesjquesk and | will be obtained for two distinct pairs of

provides, to a first approximation at least, a rather good

(32) The notatiorRy;y(free) refers to the dipolar couplirigfactors for the cross-
validated (i.e., free) set of dipolar couplings that are excluded from tl
refinement. Ryip(work) refers to the dipolar coupling-factors for the
working set ofdipolar couplings; that is, those dipolar couplings that are
included in the target function employed for refinement.

he

structures:k.l4/k-1- andk;l_/k-I+. (Note that the other energy
terms in the target function can be different for the two pairs of
structures.) A single two-structure ensemble can therefore only
represent a snapshot of the system. By calculating a large
number of two-structure ensembles, however, the equilibrium
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Figure 3. Agreement between observed and calculated working and cross-validated dipolar couplings as a function of residue number for structures refined
with ensemble sizes dfe = 1 (blue) and 2 (red). The working set of dipolar couplings comprises the NH dipolar couplings measured in all 11 media, and
the agreement is expressed as a residue-bRgadtor, ERQ'i;'(work)L",J averaged over all media; the cross-validated (free) set of dipolar couplings comprise

the GaH dipolar couplings measured in media 10 and 11, with the agreement expressed as a residue-b%sﬁed@e@ﬁ‘,ﬁ”(free)] averaged over the two

media. (The angle brackef&ldenote averaging over all 100 calculated ensembles.) The results for the ensembleNsize ®fconstitute those obtained

from the restricted 2r set of calculations (see Methods). The location of secondary structure elements is shown at the top of the figure.

distribution between the two combinations, and hence the extentalignment tensor. The alignment tensor is very sensitive to
of correlation between theNH vector orientations of residues  molecular shap& and the partially restricted (2pr) and un-
kandl, is obtained. If the two distinct combinations are equally restricted (2u) set of calculations correspond to cases where
populated, no correlation exists; if only one combination is increasing degrees of shape changes in the molecule occur as a
observed, the orientations of the two-N vectors are fully  consequence of the internal motions. This would be the case,
correlated; an intermediate situation between these two extremesor example, in a situation where there was a correlated motion
indicates partial correlation. In the context of a protein structure of the singlea-helix of ubiquitin on a time scale slower than
refinement, the degree to which local motions are correlated or ; as postulated in ref 9. The results of these various calculations
uncorrelated is therefore obtained by examining the distribution 5| point to the same conclusions so that only the results for the
of N=H vectors within a large collection of calculated en- inimajistic 2r set of calculations are displayed in Table1
sembles (in this instance 100). In general, the correlations 4.4 Figures 38. (Comparisons of the results of the 2pr and
involving the majority of local motions are expected to extend ,,; sat of calculations with those of the 2r set of calculations
only to adjacent neighbors. This is manifested by compensatory . provided in the Supporting Information.)
changes in backbone torsion angles such that the fold of the ) . .
protein molecule remains unperturbed. This is discussed in detail The effect of increasing the ensemble size fisgr= 1 to 2

is illustrated by the comparison of the overall average dipolar

below. : ) ) g
Calculations with an ensemble siki = 2 were carried out couplingR-factors for the working set 3Dy dipolar couplings,

using a variety of conditions permitting different ranges for Raip(WOrK).32 and the free cross-validated set'®fcq dipolar
differences in relative atomic positions, values@}”, and  couplings, Rg;(free)32 displayed as a function of residue
rhombicity among members of an ensemble (see Methodsnhumber in Figure 3. The weighted, overall average value of
section). The restricted (2r) set of calculations corresponds to F{;‘i';(work) is reduced from 9.3 to 8.0% as the ensemble size is
the case where the shape of the molecule remains unchangedéhcreased from 1 to 2 (Figure 3, top panel). This represents an
on a time scale longer than the overall rotational correlation overall 14% improvement in agreement with tizyy dipolar

time (z¢), and thus the ensemble can be described by a singlecouplings. Moreover, there is a statistically signifiédmeduc-
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tion in Ni;'(work) for seven of the 11 media (Table 1). Since The average intraensemble backbone atomic rms difference
increasing the ensemble size frola = 1 to 2 involves an between two members of each ensemble in the 2r set of
increase in the number of degrees of freedom, the possibility calculations is only~0.4 A (Table 4). Although this value is
exists that the improvement i;'(work) is a consequence of increased substantially for the 2pr@.7 A) and 2u set of
overfitting the data (e.g., fitting noise). This is readily tested calculations (2.3 A and-1.0 A before and after least-squares
by cross-validation. Thus, if the agreement with cross-validated optimal superposition of the backbone Nk GC' coordinates),
observable® that are not correlated to those used in the the differences in NH bond vector orientations and the
refinement is improved upon increasing the ensemble size from calculated S(jump) order parameters for the three sets of
Ne. = 1 to 2, one can conclude unambiguously that an ensemblecalculations remain very similar (see Supporting Information).
size of Ne = 2 provides a better representation of @y Hence, the conclusions regarding the variation in the differences
dipolar coupling data from the multiple media than the single in N—H bond vector orientations and corresponding order
structure representatioNl{= 1). This is indeed the case. There parameters between structure pairs within an ensemble (dis-
is a statistically significas? decrease in the free cross-validated played in Figure 4 for the 2r set of calculations) are unaffected
(i.e., not included in the refinemenB-factors,R5"(free), for by the details of the calculations.

the IDcqn dipolar couplings recorded in both media 10 and 11 It is also worth noting that the backbone rms difference
(Figure 3, bottom panel; Table 1). The overall reduction in between the ensemble means and the overall mean (averaged

Ci%H(free) upon increasing the ensemble size fildg= 1 to 2 over 100 calculated ensembles) is very smald (5 A) and
is ~15%. The agreement with the other cross-validated terms, that the overall mean coordinates from the 2r, 2pr, and 2u
specifically the Pin-nq couplings and théJ couplings, is not calculations are almost identical (see Supporting Information).
affected by changing the ensemble size. This does not detractin addition, the pattern of atomic rms differences to the NMR
in any way from the conclusions drawn from the reduction in (1D3Z) and X-ray (LUBQ) backbone coordinates is very similar

ci‘;H(free) and largely reflects the greater uncertainties in the for both theNe = 1 and 2 calculations, although the magnitude
Dun-He @and3J coupling data (in terms of either measurement of the average differences is reduced a little for the ensemble
error in the case of the former or in limitations in the empirical means from théNe = 2 calculations relative to the structures
relationship between dihedral angles addcouplings in the from theNe = 1 calculations (Figure 5 and Table 4).
case of the latter). Validity of Results for Residues with Small S2(Jump)

We also note that there is no significant difference in the Order Parameters. There are three residues with especially
agreement between observed and calculated dipolar couplingssmall (<0.6) values of(jump): A28, E51, and L69. (In the
(both free and working sets) for the restricted (2r), partially 2r set of calculations, these three residues I&jamp) values
restricted (2pr), or unrestricted (2u) sets of calculations with an of 0.59, 0.34, and 0.31, respectively.) The question therefore
ensemble size oN. = 2 (see Supporting Information). The arises as to whether the magnitude of the amplitudes of the
weighted, overall avera i;' for these three sets of calcula- anisotropic motions for the NH bond vectors of these three
tions is 8.0, 8.0, and 7.8%, respectively. This is important residues are real or whether they are simply an artifact of
because it indicates that allowing larger differences between experimental measurement error. To assess this, we carried out
ensemble members in terms of either atomic rms shifts or the a series of additional calculations.
magnitude of the individual alignment tensors does not afford  First, we repeated the 2r set of calculations omitting all NH
any additional improvements. Thus, one can conclude that thedipolar coupling data pertinent to A28, E51, and L69. Not
minimalistic 2r set of calculations is sufficient to describe the surprisingly, theS(jump) values for these three residues are
experimental data. increased ta=0.96. In this calculation, however, the values of

The differences in the calculated dipolar couplings between S(jump) for the NH bond vectors for the remainder of the
the members of an ensemble vary from less than 1% up to protein are essentially unperturbed, and in addition, the reduction
~18% in the case of the restricted 2r set of calculations (Figure in the overall cross-validate®{;"(free) relative to theNe = 1
4). The bond vector angles made by equivalentHNvectors calculations is unaffected. This result is important for two
of the two members of an ensemble exhibit quite a large degreereasons. First, it highlights the very local nature, in structural
of variation, but are less than 3for all but nine residues (Figure  terms, of the anisotropic motions which is discussed in detail
4, middle panel). Since foNe = 2 the different N-H vector later on. Second, it shows unequivocally that the improvement
orientations between ensemble members is equivalent to a two-in the agreement with the cross-validatéDcyn, dipolar
site jump model, the inter NH bond vector anglé can be couplings is not affected by the presence or absenc®gf
conveniently expressed as an order parameter giveA(jump) dipolar coupling data for these three outlying residues.
= (3 cog 6 + 1)/43%3 S(jump) has a maximum value of We next examined the agreement between observed and
1 and a minimum value of 0.25 wheh= 90°. All but nine calculated!Dyy dipolar couplings for A28, E51, and L69 in
residues have values 8f(jump) = 0.8 (Figure 4, bottom panel).  the N, = 1 calculations. In each case, the residue-speBf
values in two of the 11 media are greater than 20%: media 2

(33) For the purposes of this paper, we consider a reduction in the dipolar : ;
couplingR-factor, Ry, upon increasing the ensemble size frblg= 1 to and 8 for AZ8, media 3 and 9 for E51, and media 2 and 11 for

2 to be saatisticalllcs)fosigr|1ifi<|:antdwhen thte)I decrease in thﬁ mﬁwaluesf he E69. We therefore carried out a series of calculations omitting
@veraged over 100 calculated ensembles) is greater than the sum of theify, o 1y |\ jata for these media individually and in pairs for each
(34) Lipari G.; Szabo, AJ. Am. Chem. S0d.982 104, 4559-4570. of the three residues.
(35) S(jump) is strictly a calculated quantity derived from the-N vector 1 .
orientations in the structure ensembles. This term shoatde confused In the case of A28'Dyy data are only available for seven of

with the generalized order parameSsor small isotropic internal motions i i i
which is the order parameter that linearly scales the magnitude of the dipolar the 11 media (specifically media 2, 4, 6, andHl). The low

couplings. F(jump) value (as well as the’50% decrease in the residue-
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Figure 4. Structural and dynamic characteristics of the ensembleNize 2 structures (restricted set 2r). Displayed as a function of residue number are

the average intraensemble deviation in calculd®gy dipolar couplings, the average interstructure il bond vector angles between the members of an
ensemble, and the average order param&gump)ifor the N—H bond vectors within an ensemble. The deviation in calculated dipolar couplings about

the mean calculated value for each ensemble is expressed as a percentage of the total excursion in dipolar couplin@DdeHyl.Sﬁm. [F(ump)d

is given by[(3 cog 6 + 1)/40) whered is the angle between the-NH bond vectors in the two members of an ensemblEhe angle bracket8ldenote

averaging over all 100 calculated ensembles. The error bars are the standard deviations derived from the 100 calculated ensembles. Thehasterisks in t
figure denote the three residues (A28, E51, and K69) with especially large amplitude anisotrapibdwd vector motions (i.e., large inter-Nd bond

vector angles and sma#(jump)). As discussed in the text, it is quite likely that the motion associated with A28 is an artifact as a consequence of a potential
erroneous value for thDny dipolar coupling in medium 2; in addition, the motions associated with E51 and K69, while real, are likely to be overestimated,
and a more realistic estimate 8fjump) is probably in the 0.50.6 range with a corresponding interi bond vector angle of-45—55°.

specific i'; upon increasing the ensemble sizeNip= 2; cf. data in medium 2 are insufficiently correlated to that in the other
Figure 3, top panel) is entirely attributable to the measured value six media to ascertain whether the reported vaaféDyy for

of Dyy in medium 2: omitting this single dipolar coupling A28 in medium 2 is incorrect. However, we note that the
increases the value &(jump) for A28 to 0.98, while omitting average residue-based cross-validdRSQH(free) for A28 is
that for medium 8 has no effect @(jump). This suggests the increased by~20% on increasing the ensemble size friNg=
possibility that the measured dipolar coupling for A28 in 1 to 2 (Figure 3, bottom panel), which further suggests that the
medium 2 is erroneous. Unfortunately, #i# dipolar coupling N—H bond vector of A28 does not in fact exhibit any large
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magnitude anisotropic motion. Given that A28 is located inthe  Refinement against Dipolar Couplings from Multiple
middle of an 11-residue-helix (residues 2333), it would Media Using an Ensemble Representation witiNe > 2. If
hardly be surprising if A28 were indeed rather rigid. an ensemble representation with= 2 improves the agreement
For E51, thelDyy data for medium 5 make a significant between calculated and observed dipolar couplings for both the
contribution to the magnitude of(jump). If the data for working and cross-validated free sets, it is natural to ask whether
medium 5 are omitted?(jump) for E51 is increased from 0.34  further increases in ensemble size afford yet additional improve-
to 0.46 and increased slightly further to 0.49 upon the additional ments? While increasing the ensemble size beyNpe= 2
omission of the data from medium 9. For K69, the data from results in a small reduction in the overall aver&jg(work), it
both media 2 and media 11 contribute: omitting the data from has no statistically significant effect on the overgff."(free)
either medium 2 or medium 11 increas&§ump) from 0.31 (see Supporting Information). Although increasing the ensemble
to 0.42 and 0.35, respectively; omitting the data from both media Size beyond\e = 2 reduces the average pairwise difference in
2 and 11 increaseZ(jump) still further to 0.54. Thus, in contrast N—H bond vector orientations between members of an en-
to the situation with A28, substantial anisotropic motion of the semble,S¥jump), which in the (equally populated) multisite
N—H bond vectors still remains for both E51 and K69 when case is given bi;(1/Ne)?P, (cos6j) (which includes = j),*
the relevantDyy data for media with the largest deviations in  Where P, (cos ¢;) is the second-order Legendre polynomial
the N = 1 calculations are omitted. This therefore suggests (3 co$ 6; — 1)/2, remains essentially unchanged (see Supporting
that all the'Dyy dipolar coupling data pertinent to E51 and Information). Thus, the interpretation of the data in terms of
K69 contribute to the observed result and that while the molecular motions remains the same upon increasing the
magnitude of the anisotropic motions for the-N bond vectors ~ e€nsemble size beyord: = 2. One can therefore conclude that
of E51 and K69 may be overestimated, substantial anisotropic the jump model affords an appropriate representation of aniso-
motions are in fact present (with an interN bond vector tropic motions and that two sites are sufficient to describe the
angle of~45—-55° between the two members of an ensemble). amplitude of these motions.
This is further supported by the observation that the average Structural Implications of Ensemble Averaging.From the
residue-based cross-validatﬁ&i“pH(free) values are reduced calculations summarized above one can conclude that (a)
(by ~45 and ~20% for E51 and K69, respectively) upon anisotropic motion as represented by an ensemble sikig of
increasing the ensemble size frddp= 1 to 2 (Figure 3, bottom 2 accounts for the experimental dipolar couplings better than a
panel). single model representation, (b) increasing the ensemble size
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Figure 6. Stereoviews illustrating the overall structural impact of refinement
using an ensemble size bk = 2. (a) Gu trace of ubiquitin color coded

according to[$(jump)J(where the angle brackets denote averaging over
all 100 calculated ensembles¥(jump)Cvaries linearly through the color
spectrum from red for a value of 0.3 to blue for a value of 1.0, with green
corresponding to a value 0f0.6. (b) Two members (shown in red and

blue) of a typical ensemble from the 2r set of calculations. The backbone

Figure 7. Stereoviews illustrating details of structural differences between
two members of a typical ensemble from the 2r set of calculations for regions
displaying the lowest order parameters. The backbone (&, atoms)

coordinates have been optimally translated relative to one another but noand N~H bonds are shown in blue and green, respectively, for one member

best-fit rotation has been carried out.

beyond Ne = 2 does not improve the description of the
anisotropic motions, (c) even large anisotropie My motions,
typified by differences in bond vector orientatiors80° and
S(jump) order parameters0.8 can be accommodated by very
small backbone atomic rms displacements:6f5 A (cf. Figure
6b), and (d) calculations in which larger atomic rms displace-
ments are allowed to occur have minimal impact on thetHN
bond vector orientations (cf. Supporting Information).

A Ca backbone trace of ubiquitin colored according to the
value of S(jump) is shown in Figure 6a. There are six main
regions characterized by residues with low0(8) S(jump)
order parameters: the loop connecting strgfitisndfs2 (L8,

T9, G10) and the first two residues of strgf@l(K11 and T12);

the first residue (E16) of the loop connecting strgi#dto the

o helix; A28 in the middle of the-helix; the first (K48) residue

of strands4 and the residue (E51) immediately following strand
pB4; two residues (D58 and Q62) in the long loop connecting
strands 4 and 5; and finally, L69 located close to the
C-terminal end of strand5. Thus, with only a single exception
(A28 in the middle of the helix), these regions are located either

in loops and turns or at the ends of secondary structure elements

Detailed views of some of these regions are shown in Figure 7
which provides a direct structural comparison of the two
members of a typical ensemble of sidg= 2. The key feature

to notice is that the consequences of even large differences in

the N—H bond vector orientations=(60° with S(jump) < 0.6)

of a given residue between ensemble members are highly local
and can be readily accommodated with minimal changes in the

backbone (N, @, C' atomic positions) by appropriate correlated
changes in backborgandy torsion angles. Thus, for example,
the large difference in the NH bond vector orientations for
A28 does not perturb the helix (Figure 7a), and similarly for
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of the ensemble, and in red and magenta, respectively, for the other.

K69, only minimally impacts stran@s (Figure 7b). These local
correlated changes i1y torsion angles occur within allowed
regions of the Ramachandrafy map (see Supporting Infor-
mation), and in this regard it is worth noting that 9352.0%

of all residues lie in the most favored region of the map, with
the remaining residues lying in the additionally allowed
regions®® Concerted changes ig/y torsion angles without
significantly perturbing the backbone NoCand C atomic
positions are particularly easy to accomplish withinghegion

of the Ramachandran map, which spans an extensive region of
torsion angle space in both tilgeandy dimensions.

To assess how correlated-¥ bond vector orientations are
to one another, we calculated a correlation function (given by
eq 20) as a function of residue for the eight residues ®ith
(jump) =< 0.7 (Figure 8). In general, correlation between i
bond vector orientations is limited to sequentially neighboring
residues, reflecting the local nature of the motion. Thus, for
example, the N-H bond vector orientations of L8 and G10 in
the turn connecting strangil andf$2 are correlated to those
of the C-terminal residue of strarftl (residue 7) and residues
in strandB2 (residues 1214). The N-H bond vector orientation

' of T9, on the other hand, appears to be uncorrelated to that of

others. Also observed is evidence for long-range correlations
between residues in close spatial proximity that are distant in
the linear sequence. For example, there is some correlation
between the NH bond vector orientations of L69 (at the
C-terminal end of stran@5) and those of residues in close
spatial proximity located in strangil (residues 3 and 5), in the

(36) Laskowski, R. A.; MacArthur, M. W.; Moss, D. S.; Thornton, J. M.
Appl. Crystallogr.1993 26, 283-291.

(37) Fushman, D.; Tjandra, N.; Cowburn, D. Am. Chem. Sod999 121,
8577-8522.
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p1 p2 o B3 B4 85 \ for A28 in medium 2 is removed from the calculations &#d
— - T .- ., S — A (jump) is increased to 0.98, not surprisingly the correlations
involving the N—H vector of A28 only extend to its immediately
adjacent neighbors.

1.0—””

05

e " The anisotropic motions probed by the dipolar coupling data
tofTe eI T R can potentially extend from the picosecond to the millisecond
05 - time scale. In this regard, it is interesting to note that of the

0.0 [-oneed™ o v0g0000002*%00tessegeses 4--- five regions with lowS(jump) values, one has been clearly

T
m
!
T
m. e identifed by'®N relaxation measurements as mol§fieesidues
PRI n 1 i 1 n n
|

Hor in the turn between stan@d andp2 are characterized by model

oS ] free generalized order paramet&%less than 0.8 with local
R h correlation times in the 4660 ps range.
< 1.0_'1_1'2"[""I""l""I""l""I""l"_
S I ] .
£ 05f 7 Conclusion
g oor®® | N
5 10 g In this paper, we have shown that the experimefaly
g os ] dipol_ar coupling data recorded on ubiquitin in 11 a.lignment
8 ool 1 media, as well as thfdyc, 2Dhne, and!Deqc recorded in two
Tl alignment media can be accounted for, at approximately the
1.0 - level of uncertainty in the experimental measurement, by a single
05 - model representation using restrained refinement of the coor-
ook ] dinates and optimization of both the magnitudes and orientations
- of the alignment tensors. Extension to a two-member ensemble
e ] representation not only improves the agreement between
05y ] observed and calculated dipolar couplings included in the
00 N refinement (i.e., the working set), but also results in a significant
1ofiee T T T T T T T e improvement in the agreement for the cross-validd®e,y.
05 ] dipolar couplings which were not included in the refinement.
00 'W“M"‘“ R e o A _ In this representation, which provides the simplest description
0 10 20 30 40 50 60 70 of anisotropic motions, the overall calculated dipolar couplings

Residue

) ) . ) ) for an ensemble are given by the average of the calculated
Figure 8. Correlated motions of NH bond vectors for residues displaying . . o
the lowest order parameter§®(jump)l] derived from the structures d'p_OIar couplings for the individual memb?rs of t_he ensemble'
calculated with an ensemble size § = 2 (2r set of calculations). The ~ This suggests that a small degree of anisotropic motion may
correlation functiorCy is plotted as a function of residue number and varies  contribute to the measured dipolar couplings. In general, the

from 1.0, indicating 100% correlation, to 0, indicating 0% correlation. Since differences in N-H bond vector orientations between ensemble
the total number of ensembles calculated is 100 and since the correlation

function (egs 19 and 20) is binary in nature, the approximate error in the Members is small, \_’Vith & (jump) _ O_rder parameteEQ.B. _
correlation plots is~10%. The values for the order paramef(jump)d However, some residues do exhibit substantial anisotropic

L8, 0.67 for T9, 0.68 for T12, 0.71 for G10, and 0.71 for K48. For all . .
other residues®(jump)dis greater than 0.75 (see Figure 4). As discussed Nevertheless, the impact of these motions on the backbone

in the text and noted in the legend to Figuresjump) for A28, E51, and  Structure is minimal and, as a consequence of compensatory
K69 may be overestimated as a consequence of possible errors in thechanges inp and vy backbone torsion angles, can be readily

measuredDyy dipolar coupling data for these residues in a few media. ; hifs
When thelDny coupling for A28 in medium 2 is removed from the accommodated by very small backbone atomic rms s 5

calculations andS(jump) is increased to 0.98, not surprisingly the A) without introducing any distortions in coval_ent geometry.
correlations involving the NH vector of A28 only extend to its immediately ~ One can therefore conclude that, for most practical applications,
?dJacentantllgfg)bng- In the case IOf fthl and F6géé]owfe[|l’mp) is Olf_"y refinement of NMR structures against dipolar couplings using
Increased to~0.5 upon removal o e pertineAbDny dipolar coupling . . P e .

data (see text), and the pattern of correlations displayed in the figure is _asmgle model representation is JUStIfI_ed and W'I_I not adversely
retained. impact the accuracy of the resulting coordinates to any

significant extent.

B1—p2 turn (residues 7, 8, and 10), at the N-terminal end of ~ As in any analysis of this nature, one can only ascertain the
S[randﬁz (residue 12), and in StrarﬁB (residues 44 and 45) minimum amplitude of the backbone motions required to
Similarly, the N—H bond vector orientations of residues L8, account for the dipolar coupling data. Thus, it is clear that the
G10, and T12 are weakly correlated to those of the spatially residual dipolar coupling data in the 11 alignment media can

close residues 6872 at the C-terminal end of stranf5. be accounted for by much smaller amplitude motions than those
It is interesting to note that the correlation for A28 encom- Previously proposedThis, however, does not mean to say that
passes the full length of the helix (residues-23). However, the data cannot also be fitted to models with large-scale

these correlations involve small atomic rms displacements concerted motions. Rather, applying Occam’s razor would

(Figure 7a), resulting in finely balanced compensatory changessuggest that the current experimental data provide no basis for
such that the overall position and orientation of the helix remain invoking such large-scale concerted motions.

unchanged between the two members of an ensemble (Figure Finally, we note that the methodology of ensemble refinement

6b). It should be noted, however, that when tBgy coupling introduced here provides a simple approach for detecting and

J. AM. CHEM. SOC. = VOL. 126, NO. 9, 2004 2937



ARTICLES Clore and Schwieters

interpreting anisotropic motions (including large-scale motions) AIDS Targeted Antiviral Program of the Office of the Director

derived from residual dipolar coupling (or other appropriate) of the National Institutes of Health (to G.M.C.).

data. Supporting Information Available: Additional data, includ-
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