Model-Free Approach to the Dynamic Interpretation of Residual
Dipolar Couplings in Globular Proteins

Jens Meiler,' Jeanine J. Promperst Wolfgang Peti," Christian Griesinger,* ™8 and
Rafael Bruschweiler**

Contribution from the Institut fluOrganische Chemie, Upérsita Frankfurt, Marie-Curie-Strasse 11,
D-60439 Frankfurt am Main, Germany, Gustaf H. Carlson School of Chemistry and Biochemistry,
Clark University, 950 Main Street, Worcester, Massachusetts 01610-1477, and Max-Planck Institute for
Biophysical Chemistry, Am Fassberg 11, D-3707#ti@gen, Germany

Receied January 2, 2001. Resed Manuscript Receéd March 28, 2001

Abstract: The effects of internal motions on residual dipolar NMR couplings of proteins partially aligned in

a liquid-crystalline environment are analyzed using a 10 ns molecular dynamics (MD) computer simulation of
ubiquitin. For a set of alignment tensors with different orientations and rhombicities, MD-averaged dipolar
couplings are determined and subsequently interpreted for different scenarios in terms of effective alignment
tensors, average orientations of dipolar vectors, and intramolecular reorientational vector distributions. Analytical
relationships are derived that reflect similarities and differences between motional scaling of dipolar couplings
and scaling of dipolar relaxation data (NMR order parameters). Application of the self-consistent procedure
presented here to dipolar coupling measurements of biomolecules aligned in different liquid-crystalline media
should allow one to extract in a “model-free” way average orientations of dipolar vectors and specific aspects
of their motions.

1. Introduction proteins and complex sugars, differences in alignment tensors
determined for individual domains were attributed to differential
motions between the domaits.t?

In the context of biomolecular structure determination, dipolar
ouplings are used to refine structures by optimizing agreement
etween experimental couplingS;®*?, and dipolar couplings

predicted from the structural moddd;@c. A commonly used
measure for the agreement is tQevalue, defined bi?

Since the first measurements of nuclear dipolar sgjpin
couplings in proteins caused by the partial alignment of the
proteins with respect to the external magnetic fiellthese
parameters have become widely used for the determination an
refinement of structures of biomolecules in solutfoi! While
in most applications residual dipolar couplings (rdc) are
interpreted in the context of a static structure, it has been
suggested from early on that these couplings also probe protein (D — D caIL)Z
dynamicst? In multimodular systems, such as multidomain JZ i i
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effects, and errors in the 3D structures, for example due to with eigenvalue®,y, Dyy, andD,, where|D,] = |Dyy| = |Dy.??

crystal packing in X-ray structures. NMR structures that are In the eigenframe of this tensor, the dipolar coupling between
refined using dipolar couplings typically exhib® values two nuclei connected by an internuclear vector with orientation
between 0.05 and 0.3, depending also on the quality of the Q = (6,¢), wheref,¢ denote the polar angles in the eigenframe

experimental dat&20 of D, is given byDs;??

In this work we investigate the effects of motions@walues
of backbone dipolar couplings using a 10 ns molecular dynamics D..=D {3 cofH—1+ §R sir? 6 cos gp} (3)
(MD) simulation of ubiquitin and discuss several different stat 4 2

scenarios for the structural and dynamic interpretation of dipolar
couplings that explicitly take dynamics contributions into
account. A practical procedure for including certain aspects of
dynamics is the division of each dipolar coupling value by the
corresponding Lipari Szabo order paramet&s, obtained from
NMR relaxation experiment8. This procedure is valid only to

a first-order approximatiof? The quality of this approximation . .
bp d y PP In the presence of intramolecular molecular dynamics, the

'S guantitatively assessed here using the MD simulation as aexperimental dipolar coupling corresponds to a conformational
reference from which averaged dipolar couplings as wefi as . .
g P Piing eis average, denoted by angular brackets, relative to the alignment

order parameters are computed and compared with each otherfensor frame:
The inverse problem is then addressed to directly extract )

information on biomolecular structure and motions from dipolar 3 .

couplings measured in multiple liquid-crystalline environments (IDU= Da{ B cos 0 — 1H ERE'”Z 6 cos 2;0[} (4)

that give rise to different alignments. The proposed treatment

is based on the assumptions that the structure and intramoleculagquation 4 assumes that intramolecular motion does not interfere
motion are not significantly altered by the liquid-crystalline with the alignment process, i.e., that the alignment process is
environment and that the alignment process is not affected by not significantly affected by internal motions. In the case of an
intramolecular motions. The treatment allows the determination alignment process due to steric effettsthis condition is

of residual dipolar coupling order parameteSg, that probe  fulfilled for motions that do not much alter the shape of the
motion up to the millisecond range and thus are complementary molecule. For small-amplitude, short-range motions, which can
to the relaxation-derived LipafiSzabo order parametes. have a local or a concerted charadteeg 4 is expected to be
We do not discuss here larger scale dynamics of (partially) more accurate than for larger amplitude motions of loops and
unfolded proteins or interdomain dynamics of multidomain termini, for example.

proteins. In the following section, the theoretical background |t is useful to express eq 4 in terms of normalized second-
of motional averaging effects on dipolar couplings is developed. order spherical harmonic functioieu(6,q):1°

In subsequent sections the theory is applied to the MD trajectory.

whereD, = D,42 is the axial component arfd = 4/3(Dyx —
Dyy)/D,; is the rhombicity ofD with 0 < R < 23 If D is
symmetric,D,, corresponds to the principal axis value along
the symmetry axis ob. For a given alignment tens@, D, is
the largest coupling possible for the considered type eHX
spin pairs.

2. Motional Averaging of Dipolar Couplings D

7z
The residual dipolar couplings, which give rise to resonance - 3
splittings, result from the secular part of the magnetic dipole Nas Y, (0,¢) H \/éR(sz(G@)D"' Y 5.(0.9)0| (5)
dipole interactions between nuclear spins of molecules that are
partially aligned in an anisotropic liquid. The dipolar splitting \\hare Y.(0 = J5/(160)(3 co€ 6 — 1). Youo(6 —
D(in units of hertz) between directly bonded heteronuclei X 15/(322;))( gf;w sire (525 )I£1 what followi’ Y&z((elzj)) _
. y 12+1\U, -

and H can be expressed in the laboratory frame as ,
P Y F4/15/(87) ¢ cos O sin 6 will also be used.
In analogy to eq 3Dsia:can be defined for reference purposes

(4n/5)1’2mXH*3DDPZ(cosX)D 2 as the dipolar coupling expected from a static internuclear vector
pointing along the average orientatiofu@a,) = ([OLLPD:

u

0 h
D= — el

21

where Py(cos y) = (3 cog y — 1)/2, x is the angle of the Dstal_
internuclear vector to the externgy field, uo/dr = 1077 V-s/ D..
A-m, yx, yu are the gyromagnetic ratios, ang is the distance a 3
gsg:en the two spins. The angylar brackets denote an ensemble \/%T(yzo(gaw%v) + \/éR(YZZ(Haw(pav) + yzz(gav,(pav)))
ge over orientationsand distancesxy or, assuming that

the system is ergodic, a time average over a single molecule. (6)
In eq 2, it is assumed that radial and angular averaging are
statistically separable, as is the case for directly bonde¢iN
and C-H atom pairs. Furthermore, the radial p&ity—3Ccan
often be considered to be identical for nuclearBX pairs of 2. = [DID @)
the same kind. rde stat

For an internally static molecule, the dipolar couplings can | the apsence of motior,e. = 1, and in the presence of
alternatively be expressed in a molecular fixed frame in terms mgtion, —c0 < e < oo.
of a traceless reduced alignment tenBofin units of hertz),

zz

The effect of intramolecular reorientational motion on the dipolar
coupling can be expressed by thpolar scaling factor Arqc:

(23) Zweckstetter, M.; Bax, AJ. Am. Chem. SoQ00Q 122 3791

(20) Ottiger, M.; Bax, AJ. Am. Chem. S0d.998 120, 12334-12341. 3792.
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A benefit of eq 5 is that it can be easily transformed into a

new reference frame related to the old reference frame by a

three-dimensional rotatioR(a,5,y) using the well-known
transformation properties of the spherical harmonigs0,¢)

under a three-dimensional rotation specified by the Euler angles

a, B, andy:?>

2
R@BYa0.0) = 3 e "diu(B) e ™ Yau(0:9)
M'==2 (8)

J. Am. Chem. S6c.

(S~ P,(cos0)B)"?
N S

(11)

where the generalize® order parameter has been introduced,
which plays a key role in the “model-free” interpretation of
heteronuclear NMR spin relaxation data by Lipari and SZ&bo,

4r 2
S=1 3 Tal09)I¥5(0.0)0 (12)
M=—2

The & order parameter extracted from spin relaxation data is

Provided that the average protein structure and the dynamicssensitive to motions faster than the overall tumbling correlation

do not vary with different alignment media, it follows that the
dipolar couplingDCimeasured in a new alignment fraineith
axial componenD_#) and rhombicityR() that is related to the
old frame by the rotatioiR(a.®,50,y®) can be expressed as

47[( 2
V 5 MZ—Z
47 |3 2 —iM'o®) (2) /i)y 427
AL D e ) e Y
M=2

& 4 (50) ewﬂ) ©

mY0

o g M’ dﬁ')o(ﬂ(i)) WZM’[) +
DZZ

Note that eq 9 is linear in the five motionally averaged spherical
harmonics[Yaw(6,¢)0 If the couplingsD®0belonging to a
certain dipolar interaction are measured for five (or more) known
alignments tensorsD,), RD, a®), B0, yO} | the five quantities
YoM = —2,—1, 0, 1, 2 belonging to this dipolar interaction

can be determined by solving the linear system of equations of

eq 9 using, for example, singular-value decomposition or
Moore—Penrose inversioff. The average vector orientation
(Pavay) Can be approximated by the effective orientation
(Berr,@etr) that is found by minimizing the sum

2
z (WZM(0!¢)D_ YZM(eeﬁ!¢eﬁ))2

M=-=2

(10)

To discuss the effects of symmetry in the motional distribu-
tions of an internuclear vector, it is useful to describe the
distribution in a frame with the axis pointing along the average

orientation of the vector. In this new frame the instantaneous

orientation of a vector is denoted by (p"). If [&H¢' = [&+2¢'[
=0, as is the case for axially symmetric reorientational motion,
it follows [Yow[O= 0 except forlY,o[] To calculate the dipolar
coupling, a coordinate transformation into the alignment frame
is necessary, which is achieved by the rotai®d(' = 0,5’ =
—0Oay, y' = _(Pav)-

The extent ofnonaxial symmetryof the motion can be
quantified by themotional asymmetry parameterfulfilling O
=n=1L

£ 1 T 1/2
Yom(0',¢" ) Y (6, ") O
M=TT 42

; Yom(0 ") Y 514(0",90")
M=0.F1+2

77:

(26) Press, W. H.; Flannery, B. P.; Teukolsky, S. A.; Vetterling, W. T.
Numerical Recipes in QCambridge University Press: Cambridge, 1988.

time and is denoted here ﬁs. In contrast, an$* order
parameter can be determined from residual dipolar couplings
using eqgs 9 and 12, which probes the much wider submillisecond
time scale range and which is denoted$3s Therefore S is
an upper limit forS,,, S,. < §. Note that when using the 10
ns MD trajectory for calculating’s and S, the two param-
eters probe the same time scales and are therefore identical.
For axially symmetric motiorwith respect to the average
orientation Qay,@ay), for which [&+¢'Oand [&+2¢' Ovanish, the
average dipolar couplingDOcan be expressed in a more
compact way. Using eq 9 withow(6',¢")O= 0 for M" = £1,
+2 it follows

D 4
—Dg““= \/%wzo(g:@')[ﬁdgzo)(ﬂ') +

o4
3 N i N iy
\/;;R(dé?(ﬂ ) €2 +d2,(8) e%)

- @(3 cod ¢ — 1)&%(3 codf — 1)+
%R sin? 8’ cos a/') (13)

wheref’ = —0,, ¥’ = —@a. Consequently, the dipolar coupling

of an internuclear vector is scaled under axially symmetric
motion as compared to a static vector pointing along the average
direction by

(DL
rdcsym — Tt::n = [PZ(COSH')D

A (14)

where @' is the angle between an instantaneous internuclear
vector and the average vector orientatiéh(a,). Note that
Ardesymdoes not depend on the relative orientatiég, (ay) with
respect to the alignment frame. In the case of axially symmetric
motion, S, simplifies to Sy.qm = (@1/5)Y2o(0',¢)2 =
[P,(cos #')@ and thus

j'rd(;sym = Srdqsym (15)
From eq 14 follows that-0.5 < Ardcsym Sdesym < 1.

Knowledge of A, is useful for the determination of an
average 3D protein structure using residual dipolar couplings.
Dsiatvalues, which are directly related t@.(,¢a) by €q 6, could
then be obtained by dividing experimental couplifiB§by Aqc
according to eq 7. Since in practi¢g values are not readily
available, they sometimes are approximated by their respective
S s values extracted from spin relaxation experiméftgg. =
Ss holds if (i) internal reorientational motion is axially
symmetric and (i) all relevant motions take place on nanosecond
and subnanosecond time scales. Condition (i) can be tested by
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Figure 1. Time dependence dfN—HN residual dipolar coupling values for selected amino acids of ubiquitin extracted from a 10 ns molecular
dynamics (MD) simulation. Ala 28 belongs to tiehelix, lle 44 to af strand, and Lys 11, lle 36, Asp 52 to loop regions. In the middle, the
distributions of the couplings are plotted vertically, with the horizontal arrows indicating average dipolar coupling values that would bé observe
experimentally. The dots plotted on the surface of the spheres (right) correspond te tedxientations sampled during the MD trajectory (500
snapshots).

using a molecular dynamics (MD) simulation, which is done time of 11 ns, snapshots were stored every 500 fs. From a 10
in the following section. Presently, condition (ii) can be assessed ns section of the trajectory, covering the range between 1 and
only by comparison with experimental data. If condition (i) is 11 ns, 500 snapshots were selected with an increment of 20 ps
fulfilled but (i) is not fulfilled, S_ssym represents an upper limit, ~ for calculating dipolar couplings.
Ardesym = Sdesym < Sssym The 500 snapshots were reoriented and translated with respect
In addition, it was assumed here that the alignment teDsor  to the snapshot at 6 ns by a least-squares superposition of their
is a priori known. In practice, howevdb, is iteratively adjusted  backbone atoms belonging to regular secondary structures. An
during structure refinement based on residual dipolar couplings.average structure was constructed from the 500 reoriented
Thus, the best fitting alignment tensBr implicitly includes snapshots by averaging over the Cartesian coordinates of all
certain motional contributions. In the following, a 10 ns MD heavy atoms. The average positions of hydrogen atoms were
simulation of ubiquitin is used to elucidate the influence of determined by adding averaged-X vectors (X= N or C
molecular motion on the interpretation of residual dipolar atoms), which were rescaled to their standard lengths (1.02 A

couplings. for N—H and 1.09 A for G-H), to the position of the
_ _ _ corresponding X atom.
3. Dipolar Couplings Calculated from MD Trajectory The shape of ubiquitin undergoes only small changes during

A MD simulation of native ubiquitin was carried out under the trajectory, as was assessed by computing inertia tensors for

periodic boundary conditions using the program CHARMM the 500 snapshots. The standard deviations of the moments of
242728 An energy-minimized all-atom representation of the inertia tensor lie between 1% and 2%, which supports the

X-ray structure of ubiquitit was embedded in a cubic box with ~ Validity of the assumptions underlying eq 4. It is assumed in
a side length of 46.65 A, containing a total of 2909 explicit the following that the MD trajectory represents a realistic
water molecules. The simulation was performed at a temperaturedescription of the internal dynamics of ubiquitin, and thus slower
of 300 K with an integration time step of 1 fs. Details of this time scale motions, which are not represented by the 10 ns
simulation have been reported elsewh®Buring a simulation ~ Simulation, are ignored.

To characterize the effect of dynamics, dipolar couplings were

(27) Brooks, R. B.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; lcul from th n h for a fix lionment tensor
Swaminathan, S.; Karplus, M. Comput. Chenil983 4, 187-217. calculated from the 500 snapshots for a fixed alignment tenso

. - . N 1IN > -
(28) MacKerell, A. D., Jr.; Bashford, D.; Bellott, M.; Dunbrack, R. L., D with Dz;= 20 Hz (with respect t8°N—HN couplings) R =

Jr.; Evanseck, J. D.; Field, M. J.; Fischer, S.; Gao, J.; Guo, H.; Ha, S.; 0, & = # = y = 0. The time dependence of backbotisl—

Joseph-McCarthy, D.; Kuchnir, L.; Kuczera, K.; Lau, F. T. K.; Mattos, C.; 14N couplings is depicted in Figure 1 for a selection of five

Michnick, S.; Ngo, T.; Nguyen, D. T.; Prodhom, B.; Reiher, W. E., llI; ; ; ; ; P
Roux, B.. Schienkrich. M.: Smith, J. C.: Stote, R.: Straub, J.: Watanabe, amino acids that experience variable amounts of motion: Ala

M.; Wiérkiewicz-Kuczera, J.; Yin, D.; Karplus, M. Phys. Chem. B99§ 28 (a helix), lle 44 (3 sheet), Lys 11 (loop), lle 36 (loop), and

102, 3586-3616. ' Asp 52 (loop). Also given in Figure 1 are the distributions of

533524\‘/1'1”‘*(“”““1 S.; Bugg, C. E.; Cook, W. J. Mol. Biol. 1987, 194 the dipolar couplings over the trajectory. Most of the displayed
(30) Lienin, S. F.; Bremi, T.; Brutscher, B.; Bsohweiler, R.; Emst, R, distributions, which also depend on the size and orientation of

R.J. Am. Chem. S0d.998 120, 9870-9879. the alignment tensor, show quasi-singularities and are unimodal
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Table 1. Back-Calculated Alignment Tensors aqudValues for structure described in the previous section using the same
Ubiquitin According to Scenario | (No Scaling) alignment tensor.
CLd e f

Dzzt/) . i Il. In this scenario, for a given alignment tensor, dipolar
nucle? D:;)° R (deg) (deg) (deg) Qa® Qsec’ Quoop couplings were averaged over the 500 MD snapshots and

true 1.00 000 © 0 0 0.00 0.00 0.00 compared withthe dipolar couplings calculated from the average
ga :: 1-88 8-88 8 8 8 8-1(5) 8-83 8-%3 structure using an optimized alignment tensor that was varied
N He 100 000 O 0 0 007 004 o009 Insize ano_l orlentatlgn to mmw_mz@. _ _
true 1.00 0.33 0 0 0O 0.00 0.00 0.00 Ill. In this scenario, for a given alignment tensor, dipolar
N HY 100 033 O 0 0 016 0.08 0.22 couplings were averaged over the 500 MD snapshots and
¢ H* 100 033 0 0 0 009 007 011  gypsequently divided by their respectiSg; order parameters
H® H* 100 033 0 0 0 0.07 004 009 calculated from the same snapshots. These rescaled dipolar
true 1.00 0.67 0 0 0 0.00 0.00 0.00 . . - .
N HM 100 067 0 0 0 016 009 0.23 couplings were then compared with the dipolar couplings
Ce H* 1.00 067 O 0 0 010 008 0.11 calculated from the average structure using an optimized
HN H* 1.00 0.67 O 0 0 0.07 0.04 0.09 alignment tensor that was varied in size and orientation to
N HNY 1.00 0.00 0 0 0 0.15 0.08 0.24 minimize Q.
1.00 0.00 0 45 0 0.14 0.07 0.1 s io I ds t ituati h the “true”
100 000 O 45 90 012 009 015 Scenario | corresponds to a situation where the “true
1.00 000 O 45 180 0.10 0.07 0.13 alignment tensor is known from external sources, for example
1.00 000 O 45 270 0.14 0.08 0.18 theoretical calculatiod3! or paramagnetic alignment. In this
1.00 0.00 O 90 0 012 006 024 caseQ valuesbecome largest and motional effects are strongest,
1-88 8-88 8 38 gg 8-22 8-82 8-%3 since they are not included in the form of a scaled alignment
: ) : : : tensor. For scenario I, which is equivalent to overall scaling
1.00 0.00 0 90 135 0.16 0.08 0.2 . - . . . .
_ _ — : : of all dipolar couplings combined with reorientation of the
f:hpagfs ;)I_tfg_uc'e' f(?;hWthhddlpr%rtCOUpllngDS ?:fez g?*mF;Ut@'\?_x’ﬂg alignment tensor, readjustment of the alignment tensor can
O € pestitting an € preaefined tensor si2g Z 1or : : : :
couplings).©c Rhombicities and"¢forientations of the predefined and partlally absorb |n.ternal motional (?ffects. For'example, olf
back-calculated tensors™ Qu, Qseo andQuoop are theQ values (eq 1) intramolecular motion reduces all dipolar couplings by 10%
for the whole protein, the secondary structural elements, and the loops,(compared to the couplings of the average structure), a new
respectively. alignment tensor for the average structure that is 10% smaller

~would still yield Q = 0. This approach is equivalent to scaling

except for Asp 52, where larger scale backbone modulations of 4| couplings by a uniforni.qc value. Since the amplitudes
lead to a bimodal distribution. of intramolecular motion generally vary between different
protein sites, there will be no uniform scaling of dipolar
couplings. Instead, individual motional scaling of dipolar

In practice, experimental dipolar couplings are commonly couplings must be explicitly taken into account, which is the
refined toward a single static structure. It is investigated here approach followed in scenario lll. In the absence of any other
what level of agreement can be expected between experimentalnformation, a commonly used guess for the scaling factors are
couplings and couplings calculated from the average structurethe S s order parameters of eq 12 obtained from spin relaxation
in the presence of molecular motion occurring during the 10 ns measurements. As was shown in section 2 (eq 15), the scaling
MD trajectory of ubiquitin. by S s values is adequate if all intramolecular motions are axially

For the following analyses, sets of dipolar couplings belonging symmetric and take place on nanosecond and subnanosecond
to 11 alignment tensors with different orientations and rhom- time scales that are accessed by spin relaxation experiments.

bicities were constructed from the 500 snapshots taken from Al three scenarios were analyzed for all 11 alignment tensors,
the trajectory (see Table 1). Here and in the following, it is and the results are compiled in Tables3L For scenarios II
assumed that changes in the alignment tensor leave intramoand IiI, which involve fitting of the alignment tenors, the
lecular motions unaffected. For three alignment tensors with program DipoCouf? was used, performing a MoordPenrose
22= 20 Hz (for N—HN dipolar couplings) an® values setto  inversion, also known as singular-value decomposife®,
0, Y3, and %3, respectively, dipolar couplings were computed previously used for the analysis of NMR relaxation data for
for N—HN, C*—H®, and H'—H® spin pairs. In addition, eight  anisotropic tumbling® Since the results significantly differ
more alignment tensors witR = 0 andDz, = 20 Hz were between protein backbone parts with a well-defined secondary
defined by reorienting the original tensor using rotation matrixes structure and loop regiong values were calculated for these
R(a,8,y) with the following Euler angles to sample a repre- djfferent parts as well as for the whole protein backbone. Amino
sentative distribution of tensor orientations: acids that belong to either a helix orfasheet have residue
I oo ) numbers 27, 12-17, 23-34, 41-45, 49-50, and 65-72.
(0fy) ={(0°,45°,0°), (0°,45°,90°), (0°,45°,180), For scenario |, th€) values vary between 0.04 and 0.26 (see
(0°,45°,270), (0°,90°,0°), (0°,90°,45°), (0°,90°,90°), Table 1). They clearly depend on the type of vectors:H¥
(0°,90°,135")} vectors showQ values that are larger than those of-€H*
vectors, which in turn hav@® values that are larger than those
For these eight alignment tensors, only-NN couplings were of HN—H> vectors. This is not surprising since thé\-HH
computed. distances are longer than the one-bond distances, and thus a
On the basis of the MD simulation of ubiquitin, the effect of displacement of the Mor H* atom causes only a minor change
motion onQ was analyzed for three scenarios, 1, Il, and lll,
that involve different treatments of the data: (g%) Eerrarini,_ AJ.; AMon dG. J; ’\Zloszd_io,hp. wl\lﬂol.vllnh'):/s:lljggzt77, 1(;1;.H
I. In this scenario, for a given alignment tensor, dipolar Ma(gn.)Rgzggcgg'léaléJ—éicz'. - Fischer, VLW ., Prestegard, LA
couplings were averaged over the 500 MD snapshots and " (33) grischweiler, R.; Liao, X.; Wright, P. ESciencel995 268 886—
compared with the dipolar couplings calculated from the average 889.

4. Influence of Motion on Q Values
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Figure 2. Differences between dipolar-NHN couplings averaged over the 500 MD snapshots of ubiquitin and the back-calculated couplings
determined for the (static) NHN vectors of the average structure as a function of residue number. The alignment tensor was optimized according
to scenario Il (see text). The calculation was done for each of the nine axially symmetric alignment Brs@ydiven in Table 2. The light gray

bars on top of this figure (and also of Figures 3 and 6) indicateg thigands and the dark bar tleehelix.

Table 2. Back-Calculated Alignment Tensors a@iValues for tensors by as much as a factor of 2. In Figure 2, the differences
Ubiquitin According to Scenario Il (Uniform Scaling) in back-calculated and “true” NHN dipolar couplings are

(D4 ol B yf plotted as a function of the residue number for the nine

nucle? Dz)* R (deg) (deg) (deg) Qa® Qsel Qoop S alignment tensors with different orientations defined in the lower
true  1.00 0.00 0 0 0.00 0.00 0.00 part of Table 2. For individual NHN couplings, the motional

N HN 0.90 0.04 0 0 010 0.05 0.17 091 influences characteristically depend on the directions sampled

C* H* 0.92 0.01
HN H* 0.95 0.01
true 1.00 0.33
N HVY 0.89 0.33
C* H* 0.92 0.35
HN H* 0.95 0.33
true 1.00 0.67
N HY 091 0.64
C* H* 0.95 0.65
HN H>* 0.97 0.65

1 0 0.06 0.04 007 0.94 py the N-HN vector relative to the alignment tensor. In the
-1 0 0.04 0.03 0.05 0.95 P . -
absence of rhombicityg = 0, motion has the strongest influence
0 0 0.00 0.00 0.00 . . o .
—2 011 0.06 015 091 for the average directions,, = 0°,£90°,18C, for which
1 0 0.05 0.04 0.06 094 Py(cos6)has maximal curvature. The differences between back-
0 0.04 0.03 0.05 0.95 calculated and “true” couplings, which are distributed around
0-80 8-00 0.00 zero, are largest for the loop regions that do not belong to regular
0.08 004 0.14 091 secondary structure. NHN vectors of these regions have

0
1
89 0 0.06 0.03 0.07 0.94 .
0 0 004 002 007 095 Ccalculateds order parameters lower than 0.8 (see Supporting
0

0O0O00O000O000ORCOO0O0OO0O0o

N HN 090 0.04 0 0.10 0.05 0.17 0.91 Information). For some but not all of these vectors, the

0.91 0.03 45 0 0.09 0.05 0.13 0.91 orientational distributions have not converged during the 10 ns

0.90 0.02 45 91 006 005 0.07 091 \D trajectory, which can also be seen for some of the examples

88% 8'81 jg %gg 8'88 8'82 8'(1)2 8'81 shown in Figure 1. Figure 2 illustrates that the effect of dynamics

091 0.02 90 1 008 004 016 001 on the observable dipolar coupling value depends on the

0.93 0.01 90 45 0.05 0.03 0.09 0.91 orientation of the alignment tensor. The alignment tensor defines

0.90 0.02 90 90 0.10 0.06 0.13 0.91 the projection along which motion is observable. The possibility

0.89 0.02 90 135 0.11 005 0.18 091 o reconstruct characteristic motional features from dipolar

a pairs of nuclei for which dipolar couplings are computéRatio couplings collected for different alignment tensors is discussed
of the best fitting and the predefined tensor sRg & 20 Hz for N—HN below.

couplings).© Rhombicities and"®forientations of the predefined and : ; ;
back-calculated tensors! Qa, Qseo andQpop are theQ values (eq 1) For scenario Ill (Table 3), where the average dipolar couplings

for the whole protein, the seconday structural elements, and the loops, @€ individually divided by theirSs, Sqc values, the fitted
respectivelyl S s is the average order parameter for these vectors alignment tensors almost identically reproduce the *“true”

calculated from the MD trajectory according to eq 12. alignment tensors with changesRsmaller than 0.03 and,,
values lying within 1% oD, All Q values are further decreased
in the vector orientation. The values depend on the orientation as compared to the values in scenario Il, with the largest
of the alignment tensor but they are nearly independe® of ~ reductions found for the mobile loop regions, whéedrops
Significant differences inQ are observed between regular between 0.02 and 0.10. Figure 3 demonstrates the improved
secondary structures and loop regions. agreement for the individual NHN pairs as compared to the
The results of scenario Il, which are summarized in Table 2, case in Figure 2. However, ti@ values can still significantly
demonstrate the effect d@ values if the alignment tensor is  differ from zero (see Table 3): for NHN dipolar couplings
allowed to vary. As compared to Table 1, fQevalues drop by they vary between 0.04 and 0.07. This behavior is indicative of
about 30%. The motional effects are contained in modified non-axially symmetric reorientational local motions of these
alignment tensorB. The directions of the principal axes change internuclear vectors. Thus, the order paramé&sy Sqc does
typically by less than 9, and the rhombicity changes by 0.04 not always accurately represent the motional scafipg of
or less. The largest effects are seen in the Bewalues, which dipolar couplings during the MD simulation. The residual
are scaled relative to the origin@l, values by factors between  discrepancies shown in Figure 3 are smallest fetHl vectors
0.89 and 0.95. Table 2 contains also aver&geandSqc order belonging to regular secondary structures, where dynamics is
parameters calculated from the 500 snapshots according to egmaller and more closely matches axial symmetry than in the
12. TheS s andSqc values vary between 0.91 and 0.95, which loop regions, where more complicated motion occurs that is
is comparable to the scaling factor variatioBs/D,» The Q generally more asymmetric. Analogous analyses carried out for
values depend on the details of the motional distributions and alignment tensors with increasing rhombicitiesndicate that
average orientations of the internuclear vectors relative to the changes irR can also have non-negligible effects on dipolar
alignment tensors. Th@ values vary for the chosen alignment couplings.
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Figure 3. Differences between scaled dipolar-NN couplings averaged over the 500 MD snapshots of ubiquitin and the back-calculated couplings
determined for the (static) NHN vectors of the average structure as a function of residue number. The dipolar couplings determined by averaging
over the MD snapshots were scaled with their Lip@zabo order paramet&s according to scenario lll. The calculation was done for each of

the nine axially symmetric alignment tensoR$ <€ 0) given in Table 3.

Table 3. Back-Calculated Alignment Tensors a@dValues for 52 exhibits a less regular behavior, indicative of a multimodal
Ubiquitin According to Scenario Ill (Individual Scaling) distribution. Dipolar couplings are sensitive to reorientations
(B4 ad Be yf related to fluctuations of nearby dihedral angles as well as to
nucle? D) R (deg) (deg) (deg) Qa® Qsel' Qioop longer range motions related to fluctuations of dihedral angles
true  1.00 0.00 O 0 0 0.00 0.00 000 thatare farther away.
N HMY 099 0.03 0 0 0 007 004 011 In the left and middle panels of Figure 4, the orientations of
(H3Z :Z i-oo 0-02 0 10 0 002 0-32 0-32 the above-mentioned NHN vectors are displayed for the 500
true 1‘%% %%3 % 0 00 0&?80 Oi())oo Ot())oo MD snapshots indicated as dots as a function of the polar angles
N HV 100 035 0O 1 2 008 005 011 (0.9). The orientational distributions of the 500 snapshots are
C* H* 1.00 0.34 0 0 0 0.03 0.03 0.03 in all cases elongated (approximately elliptical for Ala 28 and
HY He 1.00 0.34 0 1 0 0.03 0.02 0.04 |lle44);i.e., theydo not exhibit axial symmetry. The large filled
tue =~ 1.00 0.67 0 0 0 000 000 0.00 circle in the center of each panel represents the orientation of
N H" 101 0.65 0 0 0 004 002 007 the N-HN vector in the average structure. The superimposed
C* H* 1.01 0.66 0 0 0 0.04 0.02 0.04 o . . .
HN He 101 066 -1 0 0 004 002 007 solid lines represent NHN vector orientations that are consistent
N HN 099 0.03 0 0 0 007 004 011 with the dipolar couplings averaged over the 500 snapshots for
1.00 0.00 0 45 1 0.07 003 0.10 the nine different alignment tensors with= 0 described in
1.00 0.01 0 46 90 0.05 0.03 0.07 the previous section (see Tables 2 and 3). Thus, any statid\N
i-gg 8-82 8 ig %gg 8-82 8-83 8-83 vector that points along #(g) direction belonging to a certain
099 001 0 %2 1 004 002 008 line could accurately reproduce the (scaled) dipolar coupling
1.01 0.01 0 90 45 004 002 o0.06 averaged overthe trajectory for the alignment tensor associated
1.01 0.01 0 90 90 0.06 0.04 0.08 with this line.
0.99 0.01 0 9 135 0.05 0.03 0.08 The panels in the left column correspond to scenario Il, with
aPairs of nuclei for which dipolar couplings are computeRatio the fitted alignment tensors given in the lower part of Table 2,
of the best fitting and the predefined tensor sRg € 20 Hz for N—HN while the panels in the middle column correspond to scenario
couplings).c Rhombicities and'*forientations of the predefined and  |Il, where the couplings were divided by their individu@ls

fboarctﬁﬁﬁﬂé'@tﬁfoﬁ?fofg's%é':'agéirﬁgﬁfl?fﬂ geefgren%xgugﬁﬁﬂell)oops order parameter. If all nine lines intersect at a single point, then
respectively. ’ ' 'a static N-HN vector pointing along the intersection can
simultaneously reproduce all MD-averaged couplings for the
nine alignments. For the regular secondary structural residues
Ala 28 and lle 44, this behavior is approximately found for
scenario Il (left column of Figure 4), while it is not fulfilled
From the previous analysis, it becomes clear that static andfor the three other residues, Lys 11, lle 36, and Asp 52. For the
motional contributions to a dipolar coupling measured for a latter residues, MD-averaged dipolar couplings measured for
single alignment cannot readily be separated. The questions arenultiple alignments cannot be quantitatively reproduced by a
addressed here of how this task can be accomplished bystatic structural model.
combining dipolar couplings measured for different alignment  Individual Ss scaling of dipolar couplings (scenario I,
tensors and what aspects of the motional distributions of the middle column of Figure 4) improves the situation, in particular
internuclear vectors can be reconstructed. for Ala 28 and lle 44, which belong to regular secondary
For this purpose, five NHN pairs were selected in ubiquitin  structures although the reorientational distributions of these
that show differential motional properties: Ala 28H§elix) and vectors are not axially symmetric. For these vectors, the
lle 44 (5 sheet), which are part of regular secondary structures, intersections coincide with the dipolar coupling predicted from
and Lys 11, lle 36, and Asp 52, which belong to the more mobile the average structure (filled circle). Thus, the MD-averaged
loop regions. The distinct motional behavior of these residues dipolar couplings obtained in multiple alignment media scaled
in the MD trajectory is reflected in theip, dihedral angle by their respectiveS s values allow for these residues the

5. Reconstructing Motional Distributions from Multiple
Alignment Data

fluctuations. The right column in Figure 4 shows they reconstruction of highly accurate average orientations. For a
distributions for the 500 MD snapshots: Ala 28 and lle 44 show set of dipolar coupling measurements performed for a suf-
quite narrowg,y distributions characteristic af helix andg ficiently large number of different alignments (five or more), it

sheet structures, while Lys 11 and lle 36 exhibit significantly is conceivable to use an effective dipolar scaling fadtgfes
wider distributions, in particular in theip dihedral angle. Asp as a fitting parameter. Sindgycer covers besides the relaxation-
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Figure 4. Determination of average-\HN directions from dipolar couplings measured for nine different alignment tensors exemplified for residues

Ala 28, lle 44, Lys 11, lle 36, and Asp 52. The dots in the panels in the left and the middle columns correspond to the orientations g the N
vectors of 500 snapshots in the selected angular ranges. The full distributions are displayed on the spheres of Figure 1. The solid lines represent
all static orientations that reproduce the MD-averaged couplings for the corresponding alignment tensors. The left panel corresponds to scenario |
(no individual scaling of couplings), while the middle panel corresponds to scenario Ill (each coupling is scaled by itsSziglaoi order parameter

Ss). The panels in the right column show they dihedral angle distributions for these residues.

active motional time scales also slower time scales, comparison Model-Free Extraction of YowOand (Berr,@etr) Quantities.

of Argcerr With experimentally determinefl s parameters should ~ The following two-step procedure is proposed using experi-

allow one to gain important insight into intramolecular motions mental dipolar couplings anfl s order parameters:

occurring between nanosecond and millisecond time scales. It 1. Absolute alignment tensoBsfor multiple liquid-crystalline

is expected that generallifgcerr < S.s. media are determined from experimental dipolar couplings using
In contrast, for the mobile residues Lys 11, lle 36, and Asp S.s order parameters obtained from relaxation experiments for

52, none of the scenarios yields satisfactory results for the residues belonging to well-defined secondary structures.

average orientations (left and middle columns of Figure 4). For 2. The average orientation of a dipolar vector belonging to a

scenario Il (middle column), scaling I§s somewhat narrows ~ more mobile region is extracted by fitting the averaged spherical

down the range of possible average orientations, but obviously harmonicsYy[JM = —2, -1, 0, 1, 2, to the dipolar couplings

simple scaling remains insufficient for a quantitative determi- collected in all available alignment media using eq 9 viitof

nation of the average orientations because of the mathematicall and by determining the orientatiorts{,¢er) by a least-squares

inequivalence of.s andAq. for non-axially symmetric orien-  fit according to eq 10.

tational distributions (cf. eqs 7, 9, and 12). Since according to  The averaged spherical harmoni&syJguantities provide a

eqs 7 and 9.4 directly depends on the average orientation of “model-free” representation of motional effects on dipolar

the dipolar vector, extraction of the average orientation and of couplings in analogy té‘{s order parameters in spin relaxation

the motional averaging effects becomes more complicated. studies?! In fact, the[Yoy[quantities contain information about
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Figure 5. Comparison between average-NN directions Qay,¢ay)
determined from the MD trajectory and estimat@s:{pe«) determined
by solving the linear system of equations (eq 9) followed by the
minimization of the sum of eq 10. The figure shows that the estimate
is generally within 2 of the exact average.

motional asymmetry, which has become los&fg. The above
procedure was applied to the MD-averaged dipolar couplings,
with results shown in Figures 5 and 6. Comparison between
average N-HN directions @av¢a) computed from the MD
trajectory and estimate®ds,@err) determined by solving the

overdetermined linear system of equations (eq 9), including the

residual dipolar couplings determined for all nine alignment
media, followed by the minimization of the sum of eq 10, yields
differences that are less thar? for residues in secondary
structural elements (Figure 5). Although the deviation can be
larger for loop regions (up to°}, the @es,err) Values provide,

on average, a much better and more reliable estimate for

(Pav@ay) than the @,¢) values that are consistent with a single
dipolar coupling value. From the extractﬁtfmEbluantitiessfdc

J. Am. Chem. Sbc.

assuming an optimal set of different alignment tensors. The
proposed self-consistent analysis of dipolar couplings should
allow the extraction of accurate structural information in terms

of average orientations also when applied to experimental data.

Alignment tensors that are fitted to dipolar couplings tend to
absorb a significant amount of intramolecular motional effects.
If no information onS s order parameters is available, refine-
ment of a static structural model should be “stopped) aalues
of about 0.05 for secondary structural parts and of about 0.1
for more mobile loop regions. I§s values are available,
refinement to smalle@ values is conceivable, provided that
no slower time scale motions are present.

Information on such slower time scale motions that are not
reflected in spin relaxation data can be obtained from dipolar
couplings measured in different liquid-crystalline media. The
results presented here suggest that the combined use of dipolar
coupling data sets measured in five or more different environ-
ments allows the accurate reconstruction of average positions
and the retrieval of unique information on motional averaging
of spherical harmonic functions of rank Xyl that is not
readily accessible bﬁfs order parameters obtained from spin
relaxation measurements. Besides the longer time scales probed
by dipolar couplings, also direct information about motional
asymmetry of individual internuclear vectors, expressed by the
parameter, is available. For rapid axially symmetric reorien-
tational motion of an internuclear vectdggc becomes equal to
Sde. The[YauOquantities have a “model-free” character similar
to the model-free order parametess, extracted from NMR
spin relaxation experiment$In analogy to the NMR relaxation
field, interpretation of th&Y,yOquantities in terms of concrete
motional models, such as the 3D GAF motfels possible as
a subsequent step of data interpretation.

values were determined according toeq 12. As expected, they The basic assumption made here is that the quuid-crysta”ine

turn out to be identical with th&’ values determined directly
from the trajectory.

Furthermore, asymmetry parameters which reflect the
amount of asymmetry in reorientational motion (eq 11), were
determined from the extractdd,vJquantities, and they are
shown in Figure 6 as a function of the amino acid number. The
largest asymmetry is found in ubiquitin for residues in mobile
loop regions withy values exceeding 10% (see Figure 6), while
in secondary structural elements the asymmetry is typically well
below 5%.

6. Conclusion

Intramolecular motions affect residual dipolar couplings in
the form of a scaling by a factot,y, which generally also

environment does not affect biomolecular structure and dynam-
ics. This assumption can be experimentally tested to some extent
by verifying that chemical shifts, line widths, and homo- and
heteronuclear relaxation parameters do not significantly change
with the liquid-crystalline environment. In the case that the
average protein structure varies for different alignment media,
such variations would be reflected also in f¥gyquantities.

At present, the requirement of five different liquid-crystalline
environments may seem demanding. Moreover, the different
alignment tensors should significantly differ with respect to each
other in order to minimize the influence of experimental
uncertainties in the residual dipolar couplings. Rapid progress
in the development and understanding of aligning tools,
however, makes it likely that soon a sufficient number of

depends on the average orientation of the internuclear vectordifferent alignment media will become available that lead to

with respect to the alignment frame. Using a MD simulation as

different alignment tensors>34-52 Application of the presented

a reference, motional averaging effects of dipolar couplings have Protocol to experimental data is currently under way.
been described in detail, and a solution to the inverse problem After submission of this work, a paper by Tolman efal.
has been presented that used theoretical dipolar couplingsappeared, in which the effects of protein motions on dipolar

10% A

5% +

n [%]

0% -

residue number

Figure 6. Motional asymmetry parameterdefined in eq 11 for N-HN vectors as a function of the residue number. In regular secondary structure,
n varies between 1% and 6%, while in more mobile loop regions the asymmetry can exceed 10%.
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were discussed. It differs from the one presented here in thea recipient of a Human Frontier Science Program postdoctoral
following way. In the paper by Tolman et al., experimental fellowship. This work was supported by the DFG, MPG, the
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analytical motional models, whereas in the present work MD-
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