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Abstract

We demonstrate — using the data base of all deposited DNA and RNA structures aligned in Pfl-medium
and RDC refined — that for nucleic acids in a Pfl-medium the electrostatic alignment tensor can be
predicted reliably and accurately via a simple and fast calculation based on the gyration tensor spanned
out by the phosphodiester atoms. The rhombicity is well predicted over its full range from 0 to 0.66, while
the alignment tensor orientation is predicted correctly for rhombicities up to ca. 0.4, for larger rhomb-
icities it appears to deviate somewhat more than expected based on structural noise and measurement
error. This simple analytical approach is based on the Debye—Huckel approximation for the electrostatic
interaction potential, valid at distances sufficiently far away from a poly-ionic charged surface, a con-
dition naturally enforced when the charge of alignment medium and solute are of equal sign, as for
nucleic acids in a Pfl-phage medium. For the usual salt strengths and nucleic acid sizes, the Debye—
Huckel screening length is smaller than the nucleic acid size, but large enough for the collective of Debye—
Huckel spheres to encompass the whole molecule. The molecular alignment is then purely electrostatic,
but it’s functional form is under these conditions similar to that for steric alignment. The proposed
analytical expression allows for very fast calculation of the alignment tensor and hence RDCs from the
conformation of the nucleic acid molecule. This information provides opportunities for improved struc-
ture determination of nucleic acids, including better assessment of dynamics in (multi-domain) nucleic
acids and the possibility to incorporate alignment tensor prediction from shape directly into the structure
calculation process. The procedures are incorporated into MATLAB scripts, which are available on
request.

Introduction

Residual dipolar couplings (RDCs) have come to
play an increasingly important role in the study of
structure and dynamics of proteins, nucleic acids,
and oligosaccharides by NMR (Mollova & Pardi,
2000; Prestegard et al., 2000; Tolman, 2001; Ber-
tini et al., 2002; de Alba & Tjandra, 2002; Bax,
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2003; Lipsitz & Tjandra, 2004; Al-Hashimi, 2005;
Blackledge, 2005; Latham et al., 2005) — after their
initial applications (Tolman et al., 1995; Tjandra
& Bax, 1997; Tjandra et al., 1997) — RDCs stem
from partial alignment (107> to 10™*) of the bio-
molecules. They can be induced by employing an
increasing number of different liquid crystalline
aligning media (Tjandra & Bax, 1997; Mollova &
Pardi, 2000; Blackledge, 2005) with Pfl-phage
medium being most popular for nucleic acids
(Hansen et al., 1998; Mollova & Pardi, 2000).
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Alternatively, for instance for large nucleic acids,
the cumulative effect of the large magnetic
susceptibilities of the nucleotide bases, can induce
sufficient order directly in the magnetic field as
shown first by Kung et al. (Kung et al., 1995) and
subsequently used to determine structures of e.g. a
DNA quadruplex (Al-Hashimi et al., 2001), and a
Holliday junction (van Buuren et al., 2004), to
derive the stoichiometry in homo-multimeric
nucleic-acid complexes (Al-Hashimi et al., 2001),
and to study the dynamics of RNA domains
(Zhang et al., 2003; Al-Hashimi 2005; Latham
et al., 2005). To take full advantage of RDCs
knowledge of the molecular alignment tensor (A)
is important, that is knowledge of its magnitude
(A.x), thombicity (R), and orientation \y — e.g.
defined by the three Euler angles, o, and y. The
common approach is to extract the five parameters
that define A, from a combination of RDCs and
structure knowledge either via simulated annealing
(Clore et al., 1998; Sass et al., 1999; Meiler et al.,
2000) or singular-value decomposition (SVD)
(Losonczi et al., 1999; Sass et al., 1999). However,
to function reliably, this requires a reasonably
correct structure and a sufficient number of RDCs
(>5) (Zweckstetter & Bax, 2002). In the absence
of structure knowledge, A, and R can be
extracted from the RDCs alone via the (extended)
histogram method (Clore et al., 1998; Bryce &
Bax, 2004), but this requires that the RDCs suffi-
ciently sample all orientations. Predicted align-
ment tensors for a given structure have been used
to differentiate between monomeric and homodi-
meric states (Zweckstetter & Bax, 2000), analysis
of dynamics in oligosaccharides (Azurmendi &
Bush, 2002), refinement of nucleic acid structures
(Warren & Moore, 2001), determination of global
structure of branched nucleic acids (van Buuren
et al., 2004), assessment of domain dynamics in
RNA (Zhang et al., 2003), and determination of
the relative orientation of protein domains (Bew-
ley & Clore, 2000). The ability to predict dipolar
couplings for a given protein structure also pro-
vides unique opportunities to classify protein fold
families on the basis of unassigned NMR data,
potentially increasing data throughput in struc-
tural genomics (Valafar & Prestegard, 2003).
Moreover, accurate prediction of the alignment
tensor from the biomolecular structure paves the
way for new global structure optimization of
(multi-domain) biomolecules, in which the align-

ment tensor is continuously calculated for each
test structure during the structure derivation pro-
cess. Such an approach has the advantage, that the
number of free parameters is reduced by five,
thereby improving the reliability of the structure
derivation. In such a protocol the alignment tensor
(and RDCs) have to be calculated many times
during the structure calculation process, which
requires the development of fast (and accurate)
prediction methods (Fernandes et al.,, 2001;
Almond & Axelsen, 2002; Azurmendi & Bush,
2002). The Holliday junction structure has been
derived from magnetic-field induced RDCs
(mRDCs) via such a protocol, because prediction
of magnetic field induced alignment is already
reliable and fast (van Buuren et al. 2004).

Prediction of the molecular alignment tensor
from structure has been demonstrated for steric
alignment of proteins, nucleic acids, and carbo-
hydrates — either via simulation or via fast and
simple analytical expressions (Zweckstetter & Bax,
2000; Fernandes et al., 2001; Almond & Axelsen,
2002; Azurmendi & Bush, 2002). The advantages
of the latter fast prediction over computationally
time consuming simulation (Almond & Axelsen,
2002) is the potential of incorporating prediction
directly into restrained dynamics calculations to
derive structure and to assess (domain) dynamics.
Most recently, prediction of mixed steric and
electrostatic alignment has been investigated via
simulation and experiment for a number of pro-
teins (Ferrarini, 2003; Zweckstetter et al., 2004)
and the DNA Dickerson dodecamer (Zweckstetter
et al., 2004). For electrostatic alignment, no fast
analytical alignment prediction approaches have
been proposed and tested so far.

Here, we present simple analytical expressions
for predicting electrostatic alignment. We demon-
strate the applicability of the analytical expression
on nucleic acids structures derived from RDCs
measured in the commonly employed Pfl-phage
medium. Specifically, we show that for nucleic
acids in a Pfl-phage aligning medium the molec-
ular alignment tensor A can be predicted reliably
and accurately via a simple and fast calculation
based on the gyration tensor spanned out by the
phosphodiester atoms. Thanks to the recent
increase in such nucleic acid RDC-derived struc-
tures (see e.g., Mollova & Pardi, 2000) a statisti-
cally relevant validation of the proposed
prediction method can be carried out.



Materials and methods

To predict the (electrostatic) alignment of nucleic
acids in Pfl-medium we employ the following
approach. The predicted alignment tensor is
derived from the gyration tensor (Ri,) using the
atoms spanned out by the phosphate charges
(P and O-atoms of the phosphodiesters) building
on the approach of Almond and Axelson (Almond
& Axelsen, 2002). The gyration tensor is defined as,

R ;=N IZX (1)

Here x} (i, j = x, y, z) are the coordinates of the N
atoms r (P and O-atoms of the phosphodiesters) in
the pdb file, relative to the center of mass. The
alignment tensor A is then taken to have the same
orientation as R2 It’s eigenvalues are set equal to
the square root of the eigenvalues of Rf, denoted
as Ryi(= (R3, )/%), and it is made traceless,

—1/3) Rei (2)

The eigenvalues of A (in A) are ordered as usual,
|Ayy||4yy|<|A4:-|. The rhombicity R(= Ay—A4,,/
A,y) is then definite positive. The axial component
A, may change sign (= A.._1/2(Ayx+ A4,,))
depending on whether A derives from a prolate or
oblate probability tensor P, defined by Kramer
et al. (Kramer et al., 2004) as the probability dis-
tribution of the direction of the external field in the
molecular fixed frame of reference.

The dipolar couplings between spin-1/2 nuclei
P and Q can be calculated from (see e.g., Kramer
et al., 2004),

u = Rg i

Dpq = dPQ[Pﬂ]F(‘TITJQ - A - Vieq) 3)

Here, dpqg is —(o/4m)ypyoh/2n* <rpq > where
is magnetic permeability of vacuum, 7y is the
gyromagnetic ratio, / is Planck’s constant, and vpq
is the dimensionless unit vector pointing from spin
P to Q, separated by the average distance <rpg>.
The phage concentration, [Pfl] (in mg/ml), is
introduced because Dpg depends linearly on it, at
least in dilute crystalline media (Fernandes et al.,
2001). The factor F is a scaling factor (in (ml/
mg) A™') obtained by optimizing the predicted
and measured RDC. Finally, one can define the
magnitude of the residual dipolar coupling tensor D,
(Bax et al., 2001) (here D, =dpq [Pf1] F' A,,/2).
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Note that normalizing A (Equation 2) by its
trace of its eigenvalues (=Tr(R)) yields a dimen-
sionless tensor Agq(=A[Tr(Ry)) and Ag+1/
3E(=Rg/Tr(Rgy)) equals the shape-dependent part
of the probability tensor P. The factor ([Pfl] F)
scales the probability tensor P and depends on a
number of factors. It depends on the Pfl-phage
concentration, via the integration volume. It also
relates to the solute size and Debye—Huckel
screening length via the distance dependence of
interaction potential. Finally, it includes a scaling
factor, which accounts for incomplete Pf1-medium
alignment relative to the magnetic field.

Fernandes et al. (Fernandes et al., 2001) have
derived simple analytical expressions for the steric
alignment of axially symmetric solute particles in a
liquid crystalline medium with planar obstruction.
Almond and Axelson (Almond & Axelsen, 2002)
have expanded on this and shown via simulation
that for steric alignment in a liquid crystalline
medium with planar obstruction, the alignment
tensor is correctly derived from the gyration tensor
calculated from all atoms of the solute. For nucleic
acids the phosphate charges follow the shape of
the molecule. We therefore initially simply postu-
late that for nucleic acids in Pfl medium the
(electrostatic) alignment tensor can correctly be
predicted when derived from the gyration tensor
spanned out by the phosphodiester atoms. We
then test this by comparison with experimental
data. In the theory (see Supplementary material)
and results and discussion sections we subse-
quently show — using the Debye—Huckel approxi-
mation to the electrostatic interaction potential —
that the electrostatic alignment indeed can be
derived from the gyration tensor.

The procedures are incorporated into MAT-
LAB scripts, which are available on request.

Results and discussion

We intend to demonstrate here that for nucleic
acids in a Pfl-phage aligning medium the molec-
ular alignment tensor A can reliably and accu-
rately be predicted via a simple and fast
calculation based on the gyration tensor spanned
out by the phosphate charges (P and O-atoms of
the phosphodiesters). At present ca. 26 DNA/
RNA structures have been derived from RDCs
induced in Pfl-phage medium (Table 1). We
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restrict our analysis to the data in one medium (the
Pfl-phage), because this limits the number of
additional factors that can influence the alignment.
This number of structures may seem surprisingly
small, our analysis set, nevertheless, includes every
nucleic acid structure refined with Pfl-phage
RDCs deposited at the PDB, subject to availability
of RDC data. This set of ca. 26 structures should
be large enough to provide sufficient statistics to
validate the proposed alignment prediction ap-
proach. In addition, the Pfl-phage set includes
RNA and DNA molecules of different sizes. It
consists of helical stems of different lengths of both
A-helix (RNA) and B-helix (DNA) geometries.
The helices are straight or bent and/or capped with
a hairpin-loop or interrupted via an internal bulge.
Also, a pseudoknotted RNA structure, a dimeric
GAAA-receptor RNA complex, and a DNA
three-way junction is included in the set. Conse-
quently, the shape and the related charge distri-
bution vary considerably within the test set,
leading to, for instance, experimental Rhombici-
ties (Reyp) that essentially cover the whole range of
allowed values, from 0 to 0.66.

To assess the quality of the alignment tensor
prediction, we compare for the set of structures the
five parameters that define predicted and experi-
mental alignment tensors, i.e. the alignment tensor
magnitudes (D,) and rhombicities (R), and the
relative orientation of their principal axes (V).
In addition, the predicted and experimental RDCs
are compared as an overall indication of the
quality of the prediction. If the experimental
RDCs and the structure refinement and thus the
experimental alignment tensors were error free, the
deviations of the predicted parameters from the
experimental parameters would directly indicate
the quality of the prediction. However, the exper-
imental alignment tensor is not error free and
deviations between predicted and experimental
values are expected. If they are less or of the same
size as the experimental error, one can at least
conclude that the deviations do not contradict a
perfectly correct prediction. It is therefore impor-
tant to establish some estimate of the error in the
experimental alignment tensor.

The experimental alignment tensors (Acp) are
derived from the experimental RDCs via SVD on

Table 1. Validation of prediction of Pfl-mediated alignment for nucleic acids based on gyration tensor spanned out by the

phosphodiester atoms®

PDB™code Shape® Size (nt)° RDC? RMSDsyp® RMSDpyreg’ Rexp?

Rpred” F (x107) <A,>() 7 <Ay, ,>(") ¥ Reor'

Helical extended

Inaj DNA 24 18.6  2.9(0) 3.0(1)
1fzx DNA 24 3.9  2.0(0) 5.9(6)
1gl4 DNA 24 3.7 1.4(0) 5(2)
Irvh DNA 24 3.0 0.8(0) 1.9(8)
1rvi DNA 24 3.3 2.000) 3.5(4)
1ss7 DNA 32 3.2 1.6(0) 2.7(8)
1231 RNA 32 2.0 6.0(2) 11(1)
Ixhp RNA 32 24 2.7(1) 4.7(5)
Imnx RNA 42 - - -
1n8x RNA 36 - - -
1r2p RNA 34 0.7 2.0(2) 9(2)
Inbr RNA 29 7.3 5.3(3) 7.4(7)
Inc0 RNA 20 - - -
Isy4 RNA 24 - - -
Inzl RNA 24 - - -
Ipjy RNA 22 - - -
Ip5n RNA 34 3.1 22(1) 4.3(7)
Dimeric complex

2adt RNA 86 0.3  1.4(2) 8.9(7)
Pseudo knot

lyg3" RNA 28 33 1.2(1) 5.2(4)

0.09(0) 0.12(1) 1.3(1) 2(1) 1(1) 0.93((0)
0.01(0) 0.05(2) 3.2(2) 9(1) 35(11) 0.92(1)
0.01(0) 0.03(2) 3.2(4) 8(3) 23(14) 0,94(3)
0.12(1) 0.09(1) 1.8(1) 4(3) 7(4) 0.97(2)
0.06(1) 0.05(1) 1.2(1) 9(1) 75) 0.86(2)
0.01(0) 0.02(0) 1.4(2) 202) 7(5) 0.95(3)
0.25(0) 0.09(3) 3.1(4) 4(2) 10(6) 0.91(2)
0.13(0) 0.05(1) 1.7(1) 3(1) 18(2) 0.98(1)
0.08  0.072) - - - -
0.10  0.08(2) — - - -
0.24(2) 0.05(2) 1.02) 12(5) 17(9) 0.75(6)
0.15(2) 0.19(5) 1.0(2) 10(4) 17(4) 0.80(4)
0.15  0.092) - - - -
021  0.113) - - - -
022 0.1403) - - - -
028  0.17(4) - - - -
0.16(1) 0.04(2) 1.0(2) 8(3) 21(12) 0.88(4)
0.57(1) 0.25(1) 2.3(1) 32) 32) 0.83(4)
0.33(1) 0.59%(7) 1.6(2) 23(4) 26(4) 0.63(7)
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Table 1. Continued

PDB™code Shape® Size (nt)° RDC! RMSDsyp® RMSDpred’ Rexp®  Rpred”  F (X107 <AYz>(") T <Al ;>(°) ¥ Reoy!

lyg3" RNA 25 3.5 1.3(1) 5.5(4) 0.34(1) 0.42(7) 0.8(1) 23(3) 33(7) 0.62(7)
Hooked curved

1s34 RNA 23 5.1 3.4(1) 7.1(3) 0.45(2) 0.54(9) 0.6(1) 17(3) 24(3) 0.63(5)
IpSm RNA 55 2.5 2.5(1) 4(1) 0.45(1) 0.32(8) 0.7(2) 9(5) 12(4) 0.90(5)
IpSo RNA 77 0.8 2.0(1) 9(2) 0.28(2) 0.32(6) 1.0(1) 16(3) 13(5) 0.89(4)
1p5p RNA 77 0.8 1.9 6.7 0.28  0.31 1.0 14 13 0.95
Three-way junction

Isnj DNA 36 1.2 1.8(3) 12(1) 0.62(2) 0.53(16) 0.6(2) 32(3) 24(5) 0.57(1)
Near spherical

1kr8 DNA 7 5.4 0.2(0) 3.7(1)  0.61(3) 0.64(2) 0.5(1) 23(3) 49(6) 0.91(1)
Ipqt DNA 7 5.4 - - 0.67 0.642) - - - -

“Structures refined against Pf1-mediated RDC data and deposited in the pdb bank. Values in bracket are standard deviations (e.g.
3.7(1) means 3.740.1). — stand for unavailable experimental RDCs.?Shape indication of the molecule. Helical Extended: structures
with an extended helical appearance, they include molecules with helical segments, which may contain internal bulge and/or be topped
with an apical loop and/or be slightly bent (e.g 1z31, 1xhp, etc). Hooked/Curved: structures that have a strong curved appearance, e.g.
1534 consists of short 6 bp stem with a folded 11 nt loop, or hockey stick appearance, e.g. 1pSm/o/p the HCV IRES element consist of
a helical stem with a helical segment at the top strongly bent away. Near Spherical: DNA stem-loop structures with a very short stem
giving a nearly spherical appearance, so that high rhombicity is combined with small anisotropy and errors could relatively easily occur
due to slight deviations from the near spherical appearance. The other categories are self-explanatory.“Size of molecule in nucleotides
(nt).“Number of RDCs per residue. RMSDsvp (see text) is the RMSD between the measured RDCs and RDCs calculated via SVD
using Pales."RMSDp,q is the RMSD of the measured RDCs and RDCs predicted using gyration tensor based on phosphodiester
atoms.®R.y;, is the experimental rhombicity calculated via SVD using Pales (Zweckstetter & Bax, 2000); when RDC data were not
available, Rey;, is taken from the paper.thmd is the predicted rhombicity calculated from the gyration tensor based on phosphodiester
atoms.'F is the scaling factor that optimizes experimental and predicted RDCs (see text) ¥ Ay, is the angular difference between the
principal z-axes of predicted and experimental alignment tensor; the latter are derived via SVD using Pales and calculated as the inverse
cosine of the in product of the two vectors; Ay, and A\, the corresponding angular deviations of the x- and y-axes, with <Ay, >
equal to 0.5 (AV,, -‘rA\IJ‘.).l Reor, Pearson correlation coefficient between predicted and experimental RDCs.References of the PDB
codes are: 1naj (Wu et al., 2003), 1fzx and 1g14 (MacDonald et al., 2001), 1rvh and 1rvi (Stefl et al., 2004), 1ss7 (McAteer et al., 2004),
1z31 (Leeper & Varani, 2005), 1xhp(Sashital et al., 2004; Sashital et al., 2005), Imnx (Vallurupalli & Moore, 2003), 1n8x (Lawrence
et al., 2003), 1r2p (Sigel et al., 2004), Inbr (McCallum & Pardi, 2003), IncO (Sashital et al., 2003), 1sy4 and Inzl (Reiter et al., 2003),
1pjy (Staple & Butcher, 2003), 2adt (Davis et al., 2005), 1yg3 (Cornish et al., 2005), 1s34(Cabello-Villegas et al., 2004), Ip5m, 1p5n,
Ip50 and 1p5p (Lukavsky et al., 2003), 1pqt and 1kr8 (Padrta et al., 2002), 1snj (Wu et al., 2004). "For 1yg3 two entries are included,
one with all residues included and one with three extra-helical residues excluded (G9, A13 and C25). See further discussion in text.

the basis of the known RDC-refined structures. Zweckstetter and Bax (Zweckstetter & Bax, 2002)
The error in the experimental alignment tensor is simulated the effect of (local) structural uncer-
therefore determined not only by the accuracy of tainty by slightly reorienting the RDC vector ori-
the measured couplings, but also by errors in the entations with a  Gaussian cone-shaped
given structure (Zweckstetter & Bax, 2002). These distribution. The deviations between the original
structure errors can be local (structural noise), e.g. and final vectors were described by a Gaussian
errors in sugar pucker, base twist and inclination, cone-shaped distribution, with a standard devia-
as well as overall, i.e. they can represent errors in tion Ogone, and a relative probability of sin (B) exp
relative domain orientations, for instance, in the (—B?/ 62,,.) for an angle B between the original
relative orientation of the two parts that constitute and modified orientation. A quantitative estimate
bent or kinked helices. As a first indication of such of the effect of structure noise on D,, R, and tensor
experimental errors we have averaged all param- orientation is thus obtained. As a second estimate
eters defining A over the ensembles of deposited we therefore employ these Monte-Carlo results
structures. The corresponding RMSD (given in presented by Zweckstetter et al. to assess the error
parentheses in Table 1 behind relevant values) in the experimental alignment tensor and from
provides then some indication of the uncertainty in that the significance of the observed deviations
the parameter. Alternatively, the effect of struc- between predicted and experimental alignment

tural uncertainty can be obtained via simulation. tensor.
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The rhombicity (R) and the alignment tensor
orientation are direct indicators of the quality of
the prediction of the alignment tensor. The
rhombicity is defined as the ratio of (A« — A4,,)
and A... Consequently, aspects such as Pfl-phage
order, Pfl-phage concentration, and small-scale
uniform dynamics etc., which simply scale the
overall degree of alignment, do not affect
rhombicity. Thus, the deviations between pre-
dicted and experimental values of the rhombicity
can directly be related to molecular aspects. The
same applies to the alignment tensor orientation.
It should be noted however, that the relative er-
ror in the rhombicity equals the sum of relative
errors in Ay, — A, and A.. and is therefore larger
than the error in the axial component, A4,
(=1.54,,). The magnitudes of the predicted and
experimental dipolar coupling tensor, defined as
D, (= dpg [Pfl] F A,/2; see Material and
methods) and D3P (= dpoDSYP /2, with 45YP,
the zz-eigenvalue of the SVD-derived alignment
tensor), respectively, are also compared (see
Supplementary material, Table S1). As pointed
out above, several scaling factors can affect DVP
(and D,) that are difficult to assess accurately,
which would make such a comparison less accu-
rate. Therefore, in D, the optimization factor F
was introduced, obtained by minimizing the
RMSD between experimental and predicted RDC
as explained in Materials and methods. Thus, F
incorporates the affect of the scaling factors.
Consequently, when D, and D,°YP are equal,
prediction and experiment correspond perfectly,
except possibly for simple scaling. A deviation
between D, and D,5YP indicates that prediction
and experiment differ by more than just simple
scaling. Finally, the overall RDC correspondence
is well established by the RMSD (RMSD,.q)
between experimental and predicted RDC. This
RMSD should be compared with the RMSD
between experimental and SVD-derived RDCs
(RMSDgyp). The RMSDgyp is the best obtain-
able correspondence. The residual deviation stems
then from RDC measurement error and/or errors
in local structure (Zweckstetter & Bax, 2002) as
discussed above, as well as error in overall
structure and errors due to the neglect of certain
types of dynamics (Al-Hashimi, 2005; Blackledge,
2005). For instance, differences in small-scale
dynamics of different dipolar vectors may affect
their RDCs differently (Blackledge, 2005). In

addition, domain dynamics may affect the align-
ment tensor and thereby affect the RDCs (van
Buuren et al., 2004; Al-Hashimi 2005; Blackledge,
2005). Note that uniform small-scale dynamics
will simply scale down the RDCs and is
accounted for by the scaling factor. Hence, the
optimal obtainable experimental RMSD, in the
absence of errors in structure and/or dynamics, is
the RDC measurement error, which is under
normal circumstances about 2 Hz. When only a
small number of RDCs is employed, structure
refinement is usually underdetermined and the
RMSDgyp may become smaller than experimen-
tal error in the RDCs. The RMSD,,.q should
per definition be larger than RMSDgyp. Finally,
we also present the correlation coefficient
between predicted and experimental RDCs when
applicable.

As can be seen from Figure 1 (and Table 1),
the predicted and experimental R correlate quite
satisfactory with an overall correlation coefficient
of 0.85 and an RMSD (Rcq, Rexp) of 0.08. The
good quality of the prediction is further demon-
strated by the good correspondence between pre-
dicted and experimental RDCs as shown for four
representative examples in Figure 2 (a complete set
of correlation plots for all molecules is available in
the Supplementary material).

0.8
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Figure 1. Tllustration of the quality of the prediction of the
molecular alignment of Pfl-phage aligned RNAs/DNAs,
showing predicted rhombicity (Rp.eq) Vs. experimental rhomb-
icity (Rexp). The data for all 26 Pfl-mediated structures
(Table 1) presently deposited in the PDB bank are shown.
When experimental RDC data were deposited in the pdb bank,
the SVD-derived Ry, was used or otherwise as listed in the
paper (see also Table 1, column 7). For 2adt R is marked with a
different symbol (filled square) to indicate the probable bias in
the experimental value (see text). Rp.q stems from the
alignment tensor using the phosphodiester atoms (see also
Table 1,column 8).
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Figure 2. Correlation between experimental and predicated
residual dipolar couplings for four representative examples with
PDB codes: (A) IpSm (Reor = 0.95), (B) 1p5n (Reor = 0.94),
(C) 1gl4 (Reor = 0.98) and (D) Irvh (Reor = 0.99). Here R,
represents the Pearson correlation coefficient. The literature
references to the PDB codes of the corresponding molecules are
given in Table 1.

The orientation of the predicted alignment
tensor agrees generally quite well with that of the
one derived from experimental data via SVD. The
z-axes are on average quite close (= 11+ 8°).
Within the X/Y plane the deviation is somewhat
larger, is 18 & 13°. On average the optimization
factor F equals 1.2 + 0.6 (excluding outliers 1fzx
and 1gl4). Overall, F is relatively well defined,
despite the fact it can be influenced by several
experimental factors, e.g. phage orientation, vari-
ation in salt strength, temperature, and dynamics.
As can be gleaned from Table 1, RMSD,;.q4 is on
average (<RMSD,..q>) 5.9 Hz, which is about
2.6 times the error in the experimental RDC data
(<RMSDgyp> =2.3 Hz). That <RMSD,,;oq > is
larger than <RMSDgyp > is expected even for
perfect prediction as discussed above. When
comparing individual RMSD,,..q and RMSDgyp
values, it should be kept in mind that the best
experimental RMSD, even in the absence of any
residual error in structure or dynamics, is the RDC
measurement error (ca. 2 Hz). Moreover, during
structure refinement, which is underdetermined, in
particular with a small number of RDCs, the
RMSDgyp can become smaller than this value.
Taking 2.9 Hz — the RMSDgyp for 1naj with over
18 RDC:s per residue — as a reasonable estimate for
the real minimum experimental RMSD, one finds
that RMSD,,q varies between 1 to 3.0 times this
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RMSDgyp for all structures (Isnj, 4.1, being an
exception). In conclusion, the alignment of nucleic
acids in Pfl-phage medium appears to be reliably
predicted from their structure based on an align-
ment tensor derived from the radius of gyration
spanned out by the phosphate charges.

In the Mechanism Section and in Supplemen-
tary material it is shown that nucleic acid align-
ment in Pfl-medium, although fully electrostatic,
is functionally identical to steric alignment for the
usual salt conditions. Because ‘steric’ alignment
prediction is implemented in Pales via simulation
of all potential solute orientations, a comparison
was made with our prediction method. The results
of the comparison are presented in Supplementary
material (Table S2a and Figures Sla, S2a). The
scaled RMSDs (= RMSD/DSYP) of the two
methods are quite similar (Figure Sla). The same
holds for the alignment tensor orientations, with
the average Ay, , - between the two methods equal
to ca. 10 £ 10° with a maximum deviation of ca.
20°. Interestingly, the R calculated via our method
yields a somewhat better correlation with experi-
mental (SVD-derived) rhombicity (Rex,, Figure
S2a). In particular for structures with small R our
method appears to give better prediction. It should
be pointed out that the ‘steric’ method imple-
mented in Pales is not very robust with regard to
exact position of single atoms (for example rota-
tion of terminal hydroxy groups could change R).

Finally, to more fully verify the correctness of
the proposed method, we compared it also with
prediction of the electrostatic alignment tensor from
structure, implemented in Pales (Zweckstetteret al.,
2004). Note that (see also Mechanism Section and in
Supplementary material) our proposed method
follows from the (approximate) analytical Debye—
Huckel solutions of the Poisson—Boltzmann equa-
tion for electrostatic potential. In Pales the full
Poisson—Boltzmann equation is numerically evalu-
ated to derive the electrostatic potential and sub-
sequent prediction of the ‘electrostatic’ Pales
alignment is done via simulation of all potential
solute orientations in this potential. The results of
the comparison are presented in Supplementary
material (Table S2b and Figures S1b, S2b). The
scaled RMSDs (= RMSD/D, swo) of the two
methods are quite similar (Figure S1b). The R’s of
the two methods show a very close correlation
(Figure S2b). Also the alignment tensor orienta-
tions correlate quite closely (Table S2b). Direct
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comparison of the two methods yields (Table S2b,
last 3 columns) z-axis angular deviations (|Ay.|) of
only 2 + 2° on average, while the x- and y-axes the
angular deviations, Ay, ,, are onaverage 4 + 4° and
5 3°, respectively; the AV, data points with
Rgyp <0.02 (1fzx and 1gl4) are excluded in the
average because tensor orientation in the X, Y-plane
becomes ill defined for very small or zero R. In
conclusion, the two methods yield essentially simi-
lar ‘electrostatic’ alignment predictions, which fur-
ther validates our analytical approach.

It is of interest to examine some specific
examples and aspects in more detail. For the
Dickerson dodecamer (lnaj), which has by far
the largest number of RDCs per residue (ca. 18),
the predicted alignment is extremely close to the
experimental one as evidenced by the different
parameters (Table 1). First, the experimental and
predicted RDC correlate quite well (correlation
coefficient is 0.93). Second, the experimental and
predicted Rhombicities are quite close. Third, the
RMSDy,eq and RMSDgyp are essentially equal,
and fourth, the F factor is quite close to the
average. Most strikingly, the principal axes orien-
tations of the predicted alignment tensor deviate
less than 2° (and within 2o of the ensemble; G is
standard deviation of the ensemble averaged
paremeter) from the principal axes orientation of
the experimental (SVD) alignment tensor. It is
generally accepted that the accuracy of structure
determination improves with increasing number of
experimental constraints per residue. Thus, given a
correct prediction method, the deviation of pre-
dicted alignment from the SVD derived tensor
should be zero, when a sufficient number of RDCs
per residue have been measured. We indeed ob-
serve essentially zero deviation for 1naj. This
shows that at least for 1naj the prediction method
is correct, i.e. precise and accurate within 2° in as
far as the orientation is concerned, within 0.03 in
as far as the Rhombicity is concerned, and within
ca. 1 Hz in as far as the RMSD is concerned. The
question that arises now is whether the 1naj pre-
cision and accuracy also applies to the whole range
of structures.

We consider first some specific examples of
large RNA molecules with complex structure. The
30 kDa (86 nt) dimeric complex of the GAAA-
receptor RNA is such an example (2adt). The
alignment tensor orientation comes out quite cor-
rectly ([AV. /[~ 3°). The rhombicity, R, is

somewhat off (0.57 experimentally vs. 0.25 pre-
dicted), but this may well be due to the small
number and anisotropic distribution of the RDCs
measured. They are mostly from imino resonances
and all cluster between 5 Hz and 55 Hz. Even with
R = 2/3, an isotropic RDC vector distribution
would yield values between —55 Hz and 55 Hz and
even more negative values for a smaller R. Our
experience is that with few RDCs one tends to
overestimate R (and underestimate D,) using SVD
with Pales. We indeed find an increase of the Rgyp
when only aromatic and imino RDCs are used for
molecules with small R, e.g. Rgyp of 1rvi increases
from 0.06 to 0.18, and of 1fzx from 0.01 to 0.08.
Thus, the anisotropic distribution of measured
RDCs could well explain the discrepancy in R be-
tween the gyration tensor method and the SVD.

Another set of examples of large RNAs (55—
77 nt) with complex structures, are the entries of
the HCV-IRES element, 1p5m, 1pSp, and 1p5So.
They all have a hockey stick like shape. Their R’s
are well predicted (experimental: 0.45/0.28/0.28 vs.
predicted: 0.32/0.31/0.32, respectively). Also, the
|AV.| are reasonably small (9, 16, and 14°,
respectively) and the Pearson correlation coeffi-
cients also stay high (>0.9).

A further molecule for special consideration is
the pseudoknot from the sugar-cane yellow leaf
virus mRNA (1yg3) (Cornish et al., 2005). This
molecule contains three extra-helical nucleotides,
which are poorly defined in the structure. We
found that the exact position of these nucleotides
influences the shape of the molecule in a striking
manner. When protruding from the core of the
molecule, they change the shape of the molecule
and the gyration tensor becomes oblate D, >0 and
R = 0.59, while if these nucleotides are excluded
from the calculation, the gyration tensor is prolate
with D,<0 and R = 0.43 (both entries are
included in Table 1). Although the correlation
between predicted and experimental rhombicity is
substantially improved upon exclusion of the
extra-helical residues, the orientation of the tensor
is hardly improved (|AW,| = 23°). This is in com-
mon with other molecules with large rhombicity
(see below).

Generally, the residual orientation deviations
remain quite small, e.g. |A\.| 15° (excluding, 1snj,
lyg3, and 1kr8) and it seems that the deviations
could easily be accommodated by small structural
changes or experimental error. With regard to the



|Ay. | values of these structures, it should be no-
ted that a rhombicity smaller than 0.66 scales
down the effect of rotations in the X, Y-plane on
the calculated RDC compared to rotations away
from the z-axis. Consequently, the error in the
experimental ., is expected to be larger than in
V.. ie. o(AV,,) ~20(A}.)/3R as given by
Zweckstetter and Bax (Zweckstetter & Bax, 2002).
Most of the |AV, | values follow this relationship
and remain relatively small (ca. <20°). Structural
noise of up to ca. 5° or measurements error in
RDCs of 1.8 Hz could easily explain these angular
deviations between predicted and experimental
alignment tensor orientations, as can be gleaned
from Figure 5 of Zweckstetter and Bax (Zweck-
stetter & Bax, 2002). For Isnj, 1kr8 (and possibly
lyg3), entries with the largest R, the deviations of
the predicted tensor orientation fall just outside
the 5°/1.8 Hz range, but still within the 10°/1.8 Hz
range. It is potentially possible that due to the
higher complexity of molecules with high R
structural noise increases, i.e. the chance of con-
formational deviations becomes larger. Note also
that the type of structural noise considered here is
local and does not involve global fluctuations. It is
important to stress that R is reasonably well pre-
dicted for all entries in Table 1, including Isnj,
1kr8, and lyg3. We further note that these some-
what larger residual orientation deviations for
Isnj, 1kr8 and 1yg3 are essentially reproduced with
‘steric’ and ‘electrostatic’ Pales and therefore not
the result of the simplified procedure. It is tempt-
ing to discern a trend, i.e. larger R leads to larger
|AV. /|- However, a correlation plot of different
estimates of |AV.| vs. different estimates of R, e.g.
of |AV,| of our method and of ‘steric’ Pales vs.
Rexp and Rpeq, shows no discernable correlation
(Supplementary material) except that at larger R
the angular deviations are larger. Finally, we note
that no correlation exists between worse orienta-
tion and complexity of the structure, e.g. |AV.| of
the dimeric GAAA-receptor (2adt) and of the
HCV-IRES element (1p5p/o) is well predicted, but
of the pseudoknot (1yg3) it is worse. Taken to-
gether the comparison with experimental data
strongly suggests that the prediction of the align-
ment tensor is correct; not only for Inaj, but also
for the other structures investigated and that the
deviations seen are due to small structural noise
(5°/10°) and/or experimental RDC error (1.8 Hz).
It appears that for larger R the orientation devi-
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ations become somewhat larger. For practical
purposes, we conservatively conclude that because
the statistical set is relatively small it cannot be
excluded that for larger R the predicted tensor
orientations may be somewhat off. Taking
R, |Ay.| and |AV, | as guidelines, one observes
from Table 1, that for R <~0.4, our method
predicts both R and orientation correctly and for
R > ~0.4, R is right but the orientation may have a
somewhat larger deviation.

Mechanism of electrostatic alignment
and derivation of analytical expressions

Until now the mechanism of the alignment has not
been addressed and below we consider this aspect.
The studies of Zweckstetter and Bax (Zweckstetter
& Bax, 2001; Zweckstetter et al., 2004) strongly
suggest that in the charged Pfl1 medium the align-
ment of a charged biomolecule is at least in part
electrostatic for salt strengths below 100 mM.
Interestingly, the experimental data and simula-
tions show that for the Dickerson dodecamer the
salt-strength dependence of the alignment is weak
(Zweckstetter et al., 2004). In the numerical simu-
lation of electrostatic alignment by Zweckstetter
et al. (Zweckstetter et al., 2004) and Ferrarini
(Ferrarini, 2003), the full Poisson—Boltzman
equation was employed to numerically calculate
the electrostatic interaction potential between
alignment medium and charged solute. The Pois-
son—Boltzman approach is considered highly reli-
able, but breaks down (and thus its numerical
evaluations) at distances very close to the medium’s
surface, i.e. at distances of the ion-size (Israelach-
vili, 1995). It also breaks down when association or
binding occurs, which may occur when medium
and solute charges are of unequal sign (Israelach-
vili, 1995). Alternatively, the analytical Debye—
Huckel expressions for the electrostatic potential
emanating from a negatively charged wall and/or
rod exist. They are valid and equal to the full
Poisson—Boltzman result at distances sufficiently
far away from a poly-ionic charged surface (Bren-
ner & Parsegian, 1974; Manning, 1978; Fixman,
1979; Le Bret & Zimm, 1984; Stroobants et al.,
1986; Israclachvili, 1995). This condition is natu-
rally enforced when the charge of alignment med-
ium and solute are of equal sign, because of the
mutual repulsion between medium and solute. This
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repulsion also circumvents the potential problem
of counter-ion association. Consequently, the
analytical Debye—Huckel expressions should be
valid for nucleic acids aligned in the negatively
charged Pfl-medium.

We have employed these well-established ana-
lytical Debye—Huckel expressions for the electro-
static potential emanating from a negatively
charged wall and/or rod (Brenner & Parsegian,
1974; Manning, 1978; Fixman, 1979; Le Bret &
Zimm, 1984; Stroobants et al. 1986; Israelachvili,
1995), and can derive analytical expressions for the
interaction potential between charged alignment
medium and charged solute and subsequently
expressions for the alignment tensor. The details of
these derivations are given in Supplementary
Material. Here we qualitatively highlight the main
aspects of these derivations, which theoretically
validate the proposed prediction approach. We
also indicate the ranges of validity of the approach
and discuss thereby the alignment mechanism. In
this way, more insight into the physical parameters
determining electrostatic alignment and thus the
mechanism is obtained.

It is of value to first briefly summarize the most
important parameters that are crucial for the
electrostatic alignment as follows from the Debye—
Huckel approach we employ. (a) The Debye-
Huckel screening length k! determines the range
of the electrostatic interaction and relates to the
salt strength. (b) The size and shape of the mole-
cule. For a simple axially symmetric solute, the
length ¢ and axial ratio, p, play an important role
(p = d/f where d is the diameter). When the solute
is of arbitrary shape the gyration tensor, Rgz, well
describes the shape. Its eigenvalues or the square
root of the eigenvalues describe the smoothed
solute  shape. The radius of gyration
R,(=1/3Tr R, ;) is then a good parameter for
describing the size of the arbitrary shaped solute (it
replaces ¢, which is proportional to R,). (c) A
further important aspect is the charge distribution
and its relation to the shape of the molecule. For
nucleic acids the charge distribution follows
essentially the shape of the molecule. (d) A final
aspect is the medium. When the medium is a
charged rod, also the rod radius, rpp, plays a
crucial role. When x~! > rpp the potential ema-
nating from the rod surface is that of a rod
(Brenner & Parsegian, 1974), while a smooth
transition occurs to a wall-like potential when 1!

decreases and becomes smaller than rpp (Israe-
lachvili, 1995). When ¢<rpy the interaction
potential and thus the electrostatic alignment is
like that of a charged wall, whereas for £ > rps rod
like conditions apply. In summary, three parame-
ters play a crucial role, namely k!, £, and rpg;. For
the phage Pf1 the rod radius rp is ca. 34 A. The
usual salt strengths range from ca. 30 to 300 mM,
so that k¥~ '< rpy and the potential becomes wall
like. For most DNA/RNA molecules considered ¢
ranges up to ca. 100 A. In other words, £ <2.5 rpg
and consequently wall like behavior usually ap-
plies in as far as the integration over the volume is
concerned.

Figure 3 shows the orientation order parameter
S(r) (x Aax) of a negatively charged rod-like solute
(R = 0) as a function of the distance r of the center
of mass of the solute to the surface of the negatively
charged rod-like aligning medium. Three situations
are displayed, viz. «f=~ 5.4 (Debye—Huckel
screening length k! is of the order of the solutes’
length /), k¢ ~ 11.2, and «/ =~ 38 (x~! much smal-
ler than £). Two opposing effects contribute to S(r).
On the one hand, the solute’s alignment due to
electrostatic interaction is strongest near the med-
ium’s surface and decreases exponentially away
from it. On the other hand, electrostatic repulsion
is strongest near the medium’s surface and expels
the solute molecules away from it up to kr =~ 1, i.e.
up to a distance large enough for the electrostatic
interaction energy to be of the order of kT. Con-
sequently, although their degree of alignment is
large near the surface, they collectively contribute
little to S(r), and S(r) is nearly zero near the med-
ium’s surface. Further away from the surface,
many solute molecules are present, but their degree
of alignment becomes increasingly limited. The net
effect is that S(r) shows a maximum (Figure 3).
Note the analogy of this description with the one
used by Fernandes et al. (Fernandes et al., 2001),
who derived analytical expression for steric align-
ment. They divided the volume into a forbidden,
restricted, and free region. These regions have
similar connotations as the ones described here for
the electrostatic interaction, except that the tran-
sitions are here less abrupt.

Two crucially different regimes should be
considered, viz. k! larger than ¢ and x~' smaller
than /. In the limit of ¥~' much larger than ¢, the
width at half height of S(r) is proportional to k!
and the height proportional to (x/)* (Figure 3).
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Figure 3. lllustration of the electrostatic alignment mechanism
for nucleic acids in a negatively charged medium. S(r) is the
orientation order of a negatively charged rod-like molecule of
size ¢ of 20 nm (linear charge density 2e per 0.36 nm). S(r) is
shown as a function of the distance r away from a negatively
charged rod for three salt concentrations, c;: 350 mM
(k1 =0.53 nm, k¢ =38), 30 mM (k! =1.8 nm, x/ = 11.2);
and 6.8 mM (k! = 3.7 nm, x¢ = 5.4). To calculate S(r) (see
Supporting material) the medium charge density was set equal
to that of a Pfl-phage. The electrostatic alignment is due to
the repulsive interaction — with the charged Pfl rod — of the
individual Debye-Huckel spheres of radius k! located at the
phosphate charges. This is shown for two molecules on the right
(the Debye—Huckel spheres are indicated in blue). The top-right
molecule has a Debye-Huckel screening corresponding to high
salt (ca. 350 mM), and the bottom-right molecule correspond-
ing to low salt (ca. 7 mM). One can distinguish, a forbidden
region (small r, » k™1 ), a restricted region and a free region, as
for steric alignment (Fernandes et al., 2001). For high enough
salt conditions (c; between 350 mM and ca. 50 mM), the
Debye—Huckel spheres have radii smaller than the overall size
of solute (top-right figure) and act like the atoms with a given
van der Waals radius in case of steric alignment. Consequently,
the electrostatic alignment depends on the distribution of
Debye—Huckel spheres in a manner, analogous to the way the
steric alignment depends on the distribution of van der Waals
spheres. Note that the alignment remains completely electro-
static as long as the collective radii encompass the molecule.
Note also that under these high salt conditions S(r) approaches
1 as long r </. Consequently, S becomes proportional to ¢ and
independent of salt strength. At lower salt (e.g. c; equal to
6.8 mM) x~! is much larger than ¢ and this saturation
disappears, i.e. S(r) is always smaller than 1. Under these
conditions the overall order parameters S from electrostatic
alignment becomes salt dependent and proportional to 2. Note
that the corresponding curves for smaller values of ¢ can be
obtained by interpolation from the given curves by correspond-
ing scaling by «~ .

The overall order S is the integral of S(r) over the
complete volume with size L, where L, is half the
distance between rods, so that S oc k! (kf)?/L; in
the limit of wall-like behavior. A more extensive
derivation is shown in supplementary material,
where it is also shown that for an arbitrary-
shaped molecule, S x KRi,/Ll. However, under
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the usual salt conditions (ca. >30 mM), this ‘low
salt limit’ limit is never reached. Instead, k! is
usually smaller than ¢ and the electrostatic inter-
actions are short range. The individual charges
bump into the charged medium’s surface and
experience strong (electrostatic) hindrance, like
the individual surface atoms of the solute in the
case of steric hindrance. Consequently, under
these conditions the electrostatic alignment be-
haves essentially as steric alignment, and could be
called steric-like alignment. When the charge dis-
tribution follows the shape of the molecule, steric
and electrostatic alignment are indistinguishable
in their functional dependences on the shape of
the molecule. The order parameter S(r) is — in this
limit — essentially constant within a layer of
thickness ¢/2 off the surface medium and equal to
zero further away (see e.g. left-hand curve in
Figure 3). Consequently, the functional form for
this steric-like electrostatic alignment is S o ¢/L,
as for pure steric alignment. A more extensive
derivation is given in supplementary material,
where it is also shown that for an arbitrary-
shaped molecule, S o R,/L;. Note the absence of
salt dependence under these (usual) conditions.
The absence of a salt dependence also followed
from the simulation of electrostatic alignment on
the Dickerson dodecamer by Zweckstetter et al.
(Zweckstetter et al.,, 2004). It is important to
further note that for nucleic acids and under the
usual (high) salt conditions, ¥~' remains large
enough for the collection of individual spheres
with radius k!, to encompass the whole molecule
and to prevent true steric interaction (Figure 3).
In conclusion, for the usual (high salt) conditions,
k~'>¢, the dependence on parameters as size and
shape of solute is the same for electrostatic and
steric alignment, but the underlying mechanisms
are different.

Finally, note that it can readily be shown that
the above analysis also applies for solutes of
arbitrary shape. Almond and Axelsen (Almond &
Axelsen, 2002) have previously shown — consider-
ing steric alignment — that when the alignment
tensor A is proportional to size, it has the same
orientation as the gyration tensor Rg, and its ei-
genvalues are equal to the square root of those of
RZ” ire. A x (Rgz)m:Rg. This proportionality
holds thus also true for electrostatic alignment as
considered here in the limit when electrostatic
interactions are short range.
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Concluding remarks

In summary, we have demonstrated using a data
base of 26 RDC-based nucleic acid structures that
the molecular alignment tensor of Pfl aligned
nucleic acids can accurately be predicted from
their structure via a simple and fast calculation
based on the gyration tensor spanned out by the
phosphate charges. For practical purposes we can
conclude the following, for rhombicity R <~0.4,
our method predicts both R and orientation cor-
rectly, while for R>~0.4, R is right but the
orientation may be somewhat off. We have also
shown that for the usual salt strengths and nucleic
acid sizes the alignment is completely electrostatic
but its functional behavior is like for steric
alignment.

The prediction method presented provides
opportunities for improved structure calculation
of Pfl-aligned (multi-domain) nucleic acids and
better assessment of their dynamics. Several (lit-
erature) examples of usage of alignment prediction
have already been mentioned in the introduction.
Here, we highlight and/or elaborate on some
(additional) examples. The prediction method
could be used to check and thereby validate the
refined structures obtained via simulated anneal-
ing. The fast prediction method could also be very
useful in structure determinations where relatively
few RDCs are at hand as it can put R and D, (and
tensor orientation) in the correct range. For in-
stance, an iterative approach could be applied,
where R and D, (and/or alignment tensor orien-
tation), obtained from the gyration tensor, are
used in and updated during the simulated
annealing structure refinement. Furthermore, it
opens the way for new global structure optimiza-
tion of (multi-domain) nucleic acids, in which the
alignment tensor and RDCs are continuously
calculated for each test structure during the
structure derivation process, similar to the proto-
col implemented to derive the Holliday junction
structure using magnetic-field induced RDCs (van
Buuren et al., 2004). As for degenerate solutions,
in multi-domain molecules degenerate solutions
can be resolved via a combination of prediction of
the alignment tensor from structure and geometric
constraints (see e.g. (van Buuren et al., 2004)). For
assessment of flexibility/dynamics, it is useful for
back-calculation of RDCs in molecular dynamics
simulations. Most interesting is the possibility to

directly simulate the effect of domain dynamics in
multi-domain nucleic acids. This ensemble aver-
aging could be incorporated into the structure
calculation protocol mentioned above and imple-
mented as for magnetic-field induced RDCs.

Supporting information available:

Table showing comparison of predicted and
experimental magnitude of alignment tensor and
two Tables and Figures showing comparison of
alignment tensor prediction via method presented
here with prediction via ‘steric’ Pales and ‘elec-
trostatic’ Pales. Complete set of correlation plots
of displaying predicted vs. experimental RDCs of
RNAs/DNAs in Table 1. Derivation of analytical
expressions for the electrostatic alignment pre-
sented here based on the Debye—Huckel approxi-
mation of the electrostatic potential.

The supporting information is available in elec-
tronic format at http://dx.doi.org/10.1007/s10858-
006-9008-y.
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