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Abstract Long-range orientational restraints derived
from alignment or rotational diffusion tensors have greatly
contributed to the expansion of applications in biomolec-
ular NMR. The orientation of the principal axis system of
these tensors is usually described by the so-called Euler
angles. However, no clear consensus has emerged con-
cerning the convention of the associated orthogonal rota-
tions. As a result, the different programs that derive or
predict them have adopted different conventions, which
make comparison between their results difficult. Moreover,
the rotation schemes are seldom completely described.
Here, we summarize the different conventions, determine
which ones are adopted by commonly used software
packages, and establish the formal equivalencies between
the different calculated Euler angles.
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Introduction

During the past decades, one of the principal advances in
theoretical and computational biomolecular NMR spec-
troscopy concerned the introduction of long-range orien-
tational restraints. One can cite residual dipolar couplings
(RDCs) (Tjandra and Bax 1997; Tjandra et al. 1997b),
heteronuclear relaxation rates (Tjandra et al. 1997a), and
residual chemical shift anisotropies (RCSAs) (Cornilescu
and Bax 2000). Among others things, these restraints are
particularly useful for the structural analysis of multi-
domain proteins, as long-range distances enable the
determination of the relative orientation of two domains
when the number of short inter-proton distances (<5 A)
between the domains is limited. The study of protein
complexes could also benefit from long-range distance
information, when it is difficult to observe intermolecular
NOE:s. This phenomenon is due to the intrinsic sensitivity
of experiments used to measure heteronuclear separated/
filtered NOEs, which fall off rapidly when the molecular
weight increases. Alternatively, lack of NOE signals could
be due to unfavorable side chain dynamics at the interface,
resulting in the broadening of interfacial side chain reso-
nances and subsequent NOEs quenching.

RDCs can be measured if the molecule is partly aligned
with the magnetic field, so that its alignment tensor A is not
null and is anisotropic. In the case of diamagnetic mole-
cules, this is generally achieved by the introduction of
anisotropic alignment media, such as filamentous bacte-
riophage Pfl (Hansen et al. 1998), phospholipid bicelles
(Tjandra and Bax 1997) or ether/alcohol bilayers (Ruckert
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and Otting 2000). Likewise, the relaxation rates can be
translated into long-range restraints if the molecule tumbles
anisotropically in solution, reflecting that the eigenvalues
of its rotational diffusion tensor D are not equal. Both
tensors are fully characterized by the orientation of their
principal axes, as reported by the Euler angles, and by their
eigenvalues. It is well known that if the nature of the
alignment process is steric, the orientation of both tensors
is similar and their comparison can thus serve as cross-
validation. For example, the similarity of Euler angles
between the A and D tensors demonstrated that the RNA-
binding module of the modular LicT protein was mono-
meric in its inactive form (Déméné et al. 2008), contrary to
what observed for structures of RNA-binding domains
from proteins of this family (Manival et al. 1997; van
Tilbeurgh et al. 1997; Yang et al. 2002). Likewise, the
comparison between the steric alignment tensor and the
rotational diffusion tensor confirmed that the B-cyclodex-
trin-loaded maltose binding protein experienced a confor-
mational rearrangement of its two domains in solution
when compared to the X-Ray structure (Hwang et al. 2001;
Skrynnikov et al. 2000). The comparison between the
predicted alignment tensor (Almond and Axelsen 2002;
Azurmendi and Bush 2002; Fernandes et al. 2001; Ferrarini
2003; Wu et al. 2006; Zweckstetter and Bax 2000;
Zweckstetter et al. 2004) and the alignment tensor esti-
mated from experimental dipolar couplings is also of
interest whether the interactions between the macromo-
lecular solute and the nematogenic particles are purely
steric or contain an electrostatic contribution. Hence, the
measurement of Dy RDCs in phospholipid bicelles and
their simulation with the PALES software (Zweckstetter
and Bax 2000) established that the orientation of the two
sub-units of the dimeric cyanovirin-N was different in the
crystal and in the solution structures (Bewley and Clore
2000). Likewise, comparison between RDCs measured in
Pfl phage solution and RDCs calculated with the PALES
software package enabled the determination of the packing
mode (parallel vs. antiparallel) of the coiled-coil domain of
cGMP protein kinase (Zweckstetter et al. 2005). Recent
studies have also established the possibility to validate the
protein orientation within a complex by comparison of
predicted and experimentally-determined alignment (Ber-
lin et al. 2010) or diffusion (Ryabov and Fushman 2007,
Ryabov et al. 2009) tensors. Finally, there is a general
tendency to validate the solution structure of high molec-
ular weight proteins with predicted versus experimental
NMR-derived tensors (Vincent et al. 2012).

A characteristic of these long-range restraints is that
they provide direct geometric information on the orienta-
tion of interatomic vector(s) with respect to the principal
axis system (PAS) of the related tensor. PAS orientations
are reported by the so-called Euler angles. The software
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packages commonly used to calculate or predict Euler
angles have been developed by different research teams
who have adopted different conventions, often with little, if
any, documentation, thus precluding direct comparison
between them. In addition, no laboratory has developed a
complete set of programs which both predict (from a
structure) and derive (from experimental data) the diffusion
and alignment tensors, making difficult any cross-valida-
tion. Blackledge’s team has developed two widely used
software packages, MODULE and TENSOR?2 to derive the
alignment and the diffusion tensors, respectively, from
NMR experimental data, but no program to predict them
from the structure of the molecule. Hence, other software
packages, developed in other groups with other rotation
conventions, must be used to achieve that prediction, with
the risk of misinterpreting data.

In the present manuscript, we have established the rotation
conventions adopted in commonly used programs: r2r1 (http://
www.palmer.hs.columbia.edu/software/r2r1_diffusion.html),
ROTDIF (Blake-Hall et al. 2004; Fushman et al. 1999; Ghose
et al. 2001; Walker et al. 2004), (http://gandalf.umd.edu/
FushmanLab/pdsw.html), TENSOR2 (Dosset et al. 2000)
(http://www.ibs.fr/science-213/scientific-output/software/
tensor/), REDCAT (Valafar and Prestegard 2004) (http://
ifestos.cse.sc.edu/software), MODULE (Dosset et al.
2001)  (http://www.ibs.fr/science-213/scientific-output/
software/module/), Xplor-NIH (Schwieters et al. 2003)
(http://nmr.cit.nih.gov/xplor-nih/), PALES (Zweckstetter
and Bax 2000; Zweckstetter et al. 2004) (http://www3.
mpibpc.mpg.de/groups/zweckstetter/_links/software_pales.
htm) and DCserver (http://spin.niddk.nih.gov/bax/nmr
server/dc), as well as their formal equivalencies. These
conventions were verified on experimental data collected on
the extracellular PASTA domains of the PknB protein which
NMR structure was previously solved in the laboratory
(Barthe et al. 2010).

Theory

The diffusion and alignment tensors are defined by their
PAS, where the matrix adopts a diagonal form. There are
infinite ways to combine rotations to move a reference
frame, here the molecule-fixed frame, to the PAS. Usually,
the orientation of the PAS is described by the 3 Euler
angles (o, B, y) which define the three rotations succes-
sively performed about three orthogonal axes so that the
molecule-fixed frame (x, y, z) is transformed into three
successive (X, Y, Z), (X', Y, Z") and (X", Y, Z") frames.
The fourfold degeneracy of the Euler angles defining the
orientation of the diffusion and alignment tensors that
fulfills the experimental data has been largely documented.
It corresponds to the different ways to orient the PAS axes,
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while keeping the frame direct (X", Y”, Z"), (X", =Y",
7N, X", =Y", =7, and (=X",Y", —Z") and the second
rank spherical harmonics, which describe the orientations
of the vectors in the PAS, invariant. Less documented is the
fact that to this fourfold degeneracy correspond numeri-
cally 8 Euler angles triplets: (o, B, v) (1), (o, B, v + 7 (2),
(a+m n—=Pp —y) B), (a+mn n—-Pp -7y 4,
(o0 +m =B, 7) 5), (0 + 1, =P, v + 1) (6), (o, T + B, —=7)
(7), (o, T 4+ B, © — ) (8), and not four as usually listed. In
this list, which we will call set A thereafter, the four last
numerical solutions correspond physically to the first four
(not necessarily in that order, depending on the rotation
scheme described below), contrary to the eight solutions
listed for planar motifs (Hus et al. 2008; Mueller et al.
2000), which represent eight different physical solutions.
Another ambiguity comes from the fact that the convention
defining the rotation axes themselves varies among authors
andis notalways detailed. Some have adopted the convention
used in classical mechanics, where the rotations are per-
formed successively around the (Z, X', Z") axes, whereas
others have adopted the convention of quantum mechanics
where the rotations are performed around the (Z, Y’, Z") axes.
Another ambiguity derives from the difference between
passive and active rotations, which can be roughly thought
of as the difference between bringing the reference system
into coincidence with the PAS or bringing the PAS into
coincidence with the reference system by applying the
Euler rotations (Schmidt-Rohr and Spiess 1994). In a
passive rotation, the reference frame of the biomolecule is
rotated until it coincides with the PAS, while in an active
rotation, the PAS is rotated until it matches the biomole-
cule reference frame. From a mathematical point of view,
the corresponding matrices are the inverse of each other. A
detailed description of passive/active rotations, and of the
confusion about Wigner matrices associated with them in
the literature, has been recently published (Mueller 2011).
Another discrepancy between the different programs
derives from the choice of either mobile or fixed rotation axes.
The mathematical or graphical description of the transfor-
mation establishes that performing the rotations around the
successively rotated axes o(Z), B(Y") or B(X’), and y(Z"), a
transformation that we will call rotation about mobile axes
thereafter, is equivalent to performing the successive rotations
v(z), B(y) or B(x), a(z) around the fixed axes of the original
reference frame, here the (x, y, z) molecular frame (Rose
1955). As a consequence, the nomenclature used to define the
angles should be reversed between the mobile and fixed axes
conventions. If not, assuming passive rotations, the position of
the tensor axis associated with the axial component is defined
by the (o, B) doublet in the mobile convention and by the (7, B)
doublet in the fixed convention. Similarly, the planar position
of the rhombic component is defined by the y and o angles in
the mobile and fixed conventions, respectively. For active

rotations, it is the inverse: the axial component position is
defined by the (y, B) and (o, B) doublet in the mobile and fixed
conventions, respectively, whereas the v and o angles define
the planar position of the rhombic components. The set A of
equations mentioned above applies to the passive rotations
about mobile axes as well as to the active rotations about fixed
axes. For passive rotations about fixed axes and active rota-
tions about mobile axes, the set of the eight degenerate solu-
tions is (set B): (o, B, v), (0 + 7, B, V), (—o, ® — B, v + ),
(—o+m n—P, y+mn, (0, =B, y+n), (0 +m —B,
Y+, (=, T+ B, y), (—o+ w4 B, y).

Finally, the tensor orientation is sometimes described by
successive rotations about three different orthogonal axes,
once about the x axis, once about the y axis, and once about
the z axis. These angles, improperly referred as Euler
angles, are known as the Tait—Bryan angles. Assuming
passive rotations about mobile axes, the eight degenerate
solutions can be constructed using Set C of equations: (a,
B, v, (o, By +m), (o, m+ B, =), (o, m+ B, —y + ),
@+mr—By,+nn—By+n),0@+mn—B -y,
(o + m, —B, —y + m).

All the foregoing assumes positive rotations, where a m/
2 rotation about the z axis rotates the x axis counter-
clockwise to the y axis. A negative rotation will rotate it
onto the—y axis.

Materials and methods

The extracellular construct comprising the four PASTA
domains (residue 355-626) was purified as described in the
original paper (Barthe et al. 2010). All NMR experiments
were recorded at 310 K on a 700 MHz Bruker AVANCE

Table 1 Euler angles calculated® with different software packages
for alignment tensor (measured in Pin 3 % C;,Es/hexanol) and dif-
fusion tensors of the PASTA12 bi-domain from PknB extracellular
domain

Software Euler angles® Tensor nature”
MODULE —58.1, 83.9, 77.0 A
Xplor-NIH 77.0, 83.9, 121.9 A
REDCAT 167.0, 96.1, —31.8 A
PALES (fit) 148.1, 84.0, 193.0 A
DCserver —64.7, =75.7, 33.4 A
PALES (prediction) 125.7, 88.3, 187.4 A
TENSOR2 —23.6, 70.4,77.3 D
ROTDIF 167.0, 109.2, 113.1 D

* As given by the software programm. The optimization of the ten-
sors was performed against the first NMR model taken from the
2KUD PDB file. The prediction of the tensor with PALES was based
on the 25th NMR model taken from the 2KUI PBD file, and oriented
as the KUD structure

® A stands for alignment tensor, D for diffusion tensor
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Table 2 Definition of Euler rotations for different software packages

Software programm  Tensor ~ Documented type  Effective rotation found  Documented axes found  Effective axis  Passive/active
Module A None Z, X, Z None Fixed Passive
Xplor-NIH A None 7, X', 7 None Mobile Passive
RedCat A None Z.Y,Z” None Mobile Passive
Pales A 7Y, 7" 7. Y,Z” Mobile Mobile Active
DCserver A X, Y, Z X, Y, Z Fixed Fixed Active
2r1?* D None 7Y None Mobile Passive
Tensor D None Z, X, Z None Fixed Passive
Rotdif D 7Y, 7 7Y, 7" Mobile Mobile Passive

a

A z B
ZH

)

y

2 o+1/2
X y—1/2
~) B X"

Fig. 1 Equivalence of Euler angles between the (Z, Y', Z”) and the
(Z, X', Z”) rotation schemes (passive positive rotation, mobile axes).
For clarity, only the initial (X, Y, Z) and the final (X, Y”, Z”) frames
are represented

IIT spectrometer equipped with a cryoprobe optimized for
proton detection. Dy dipolar couplings were measured as
differences between Jyy splittings along the @1 dimension
in [IPAP-HSQC experiments recorded in the original buffer
(25 mM sodium acetate, pH 4.6) and in this buffer sup-
plemented with 3 % C;;Es/hexanol (Ruckert and Otting
2000). R1, R2, and NOE relaxation experiments were
measured in the same experimental conditions. To ascer-
tain the convention used in the different software packages,
alignment and rotational tensors were derived from
experimental data with in-house programs using the vari-
ous rotation schemes described in the theory section
(Déméné et al. 2000, 2002, 2008).
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r2rl determines the rotational diffusion tensor with an axially symmetric model

Results and discussion

R1, R2, NOE relaxation parameters and Dyy dipolar cou-
plings were measured on the extracellular part of the PknB
protein, which consists of four structurally homologous
PASTA domains (PASTA1-PASTA4) (Barthe et al. 2010)
ranging from residue 351 to 626. The experimental profiles
are presented in supplementary material (Figs. S1, S2). Even
if experimental data were recorded on the full 4-domain
protein, the diffusion and alignment tensors were optimized
on the better defined NMR structure of the bi-domain con-
struct (PASTA12, residue 354-492). RDC predictions were
obtained using the NMR structure of the full-length construct
(PASTA1234), giving to the two first domains the same
orientation as in the PASTA12 structure. Table 1 lists the
Euler angles for the alignment and diffusion tensors calcu-
lated from experimental data: all the software packages
tested yield different values for both tensors. For example,
the B angle for the alignment tensor calculated by MODULE,
Xplor-NIH, and PALES is the same (83.9, 83.9, 84.0), but the
values of the o and 7y angles are different, and cannot be
deduced from each other from the eight relationships listed in
the Theory section. The  value reported by REDCAT (96°)
could be the complement to 180° of the 84° value given by
Xplor-NIH, and PALES, but the o and y values appear to
have no correlation with the values calculated with the other
programs. No obvious relation can be found between align-
ment tensors calculated with DCserver and the other soft-
ware packages. DCserver is peculiar, as it reports the tensor
orientation with Tait-Bryan angles (although called Euler
angles) deduced from successive rotations about the X, y, z
axes. Likewise, the Euler angles estimated for rotational
diffusion tensors by ROTDIF and TENSOR?2 cannot be
deduced from each other with the eight expressions listed in
the theory section to describe the Euler angle degeneracy.

The quasi identity between the Dyy values back-calcu-
lated by the different software packages stems from the fact
that the derived tensors must be identical (Fig. S3, Sup-
plementary Material).
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Table 3 Correspondence between Euler angles (o, By, vp) as calculated by each software program and Euler angles (Oter, Brer, Yrer) calculated
with the convention of passive positive rotations about mobile axes with successive rotations around z, Y, Z'*

Set of equations to construct
the 8 degenerate solutions
from the (o, By, vp) values

(uref, Brefa Yref) as a
function of (o, Bps Vp)

(otp, Bps yp)b Euler angles as
calculated by the software program
as a function of (O(rcfa Brcfv Yrcf)

Software package

MODULE Yeef — T/2, Brefs Oyer + T/2 Yp — W2, By, op + 12 B
Xplor-NIH Oror + T2, Prefs Yeet — /2 o — 2, By, Yp + W2 A
REDCAT Orefs Brefs Yret s Bps Vp A
PALES ~Yref> _ﬁrefs — Olref —Yp _Bps —%p B
DCserver —atan2[(Sintler SinPyer)/cosPrel®, atan2[(—sinat, cosPp,)/sinfp]°, C
—arcsin[CosOer SinPrefl, arccos[cosa, cosf,],
—arctan [cosa,y/cusﬁ,d SIY o +SN e COSY ] —arctan [(coso(,, sin f,siny, —sina, cos",',,}
€081y COSPofCOSY g —Sinttyey iy, sina,siny, +cosa,sinf,cosy,
TENSOR2 Veet — T2, Prets Ot + /2 Yp — T2, By, oy + T2 B
ROTDIF Orets Brefs Yref % Bps Yp A
r2rl Olrefs Pref %, By A

 In this convention, the unit vectors defining the tensor axes have the following coordinates: (COSOer COSPrer COSYrer —SINOlef SINYpe, —COSOer
COSBrer SINYrer —SiNOer COSYrer, COSOer SINPrer), (SiNAUrer COSPrer COSYrer + COSUrer SINYrer, —SiNOer COSPrer SINYrer + COSOer COSYrer SiNAUer SINPrer),
(_COSBref COSYref, SinBref Sin’\/ref’ COSBrcf)

" The eightfold numerical degeneracy of Euler angles mentioned in the text still holds, irrespective of the second rotation axis. However, since
the eightfold degeneracy of Euler angles was detailed assuming that the rotation axes are mobile, care must be taken to reverse the angles o and 7y
if the software uses the convention of fixed axes. If one takes the case of the Euler angles reported by Module, the eight corresponding Euler
triplets for the passive rotation about mobile axes are (Y rotation): (y, — /2, By, o, + /2) (1), (v, — w2, By, oy + 37/2) (2), (v, + /2, @
= Bp» —0p — 1/2) (3), (vp + W2, w— By, W2 — 0p) (4), (vp + W2, —Pp, op + 1/2) (5), (vp + W2, —Bp, op + 37/2) (6), (v, — W2, T+ By,
—o, — 7/2) (7), (o, T+ Bp, W2 — o) (8)

¢ The atan2 function of a quotient (a/b) takes into account the signs of a and b and returns the computed angle in the appropriate quadrant
(modulo 2m)

from the molecule-fixed frame to the diffusion frame (Ghose
et al. 2001), and can be thus considered as giving the full
description of its Euler angle convention: Y’ convention,
mobile axis, and passive rotation. PALES provides details
only for the second rotation axis (Y’), and no documentation

Table 4 Euler angles calculated” with different software packages
for the alignment tensor (measured in Pin 3 % C,,Es/hexanol) and the
rotational diffusion tensor of the PASTAI2 bi-domain from PknB
extracellular domain

Software package Calculated Euler Harmonized Euler

angles” angles” is available for the other programs, with the exception of

MODULE —58.1, 83.9, 77.0 167.0, 96.1, —31.9 (3) DCserver. As listed in Table 2, we find that most software
Xplor-NIH 77.0, 83.9, 121.9 167.0, 96.1, —31.9 (4) packages have adopted different conventions, thus explain-
REDCAT 167.0, 96.1, —31.8 167.0, 96.1, —31.8 (1) ing the discrepancies seen in Table 1. A special case is
PALES (fit) 148.1, 84.0, 193.0 167.0, 96.0, —31.9 (8) DCserver, which uses successive rotations about three
DCserver —64.7, —75.7, 33.2 167.0, 96.1, —32.0 (3) orthogonal different axes x, y, z. As documented, we found
PALES 125.7, 88.3, 187.4 172.6, 91.7, —54.3 (8) rotations about mobile axes, but with the active convention.
(prediction) Alternately, DCserver could be considered as performing
TENSOR2 —23.6,70.4, 77.3 167.3, 109.6, —66.4 (3) passive negative rotations about fixed axes. TENSOR2,
ROTDIF 167.0, 109.2, 113.1 167.0, 109.2, —66.9 (2) MODULE, Xplor-NiH (subroutine CalcTensor), do define

their transformations as Z, X', Z" successive rotations, but
TENSOR2 and MODULE reason in terms of fixed axes
while Xplor-NIH does so in terms of the mobile convention.
PALES and REDCAT use the Y rotation axis, but with the
active and passive conventions, respectively. Finally, we
found that all software packages investigated in this study,
except PALES and DCserver, have adopted the active rota-
tion convention.

% As given by the software package. The optimization of the tensors
was performed against the first NMR model taken from the 2KUD
PDB file. The prediction of the tensor with PALES was based on the
first NMR model taken from the 2KUI PBD file

® The number into brackets refers to one of the 8 Euler angles triplets
listed in the text (set A) that was used to establish the equivalence
after application of transformations according to Table 3

We attempted next to find the Euler convention used by

these different programs. The results are listed in Table 2, as
well as the documentation found. Only ROTDIF gives
explicitly the rotation matrix to transform the coordinates

To be able to compare the Euler angles between the
different rotation schemes, the equivalence between X’ and
Y’ rotation was investigated. Fig. 1 depicts Euler angles
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Y’- and X'-based Euler transformations yielding the same
final orientation. From this graph, one can see that per-
forming a a(Z), B(Y’), y(Z") rotation is equivalent to per-
forming a o + w/2(Z), B(Y'), ¥ — m/2(Z") rotation. There
is not such a simple equivalence between Euler angles and
Tait-Bryan angles, and the conversion formula was derived
from the transformation matrices. Taking these results into
account, Table 3 lists the equivalences between the dif-
ferent conventions used by the different programs. From a
formal point of view, according to the terminology adopted
by Wolf (1969), performing a positive passive rotation
about mobile axes is equivalent to performing an active
negative rotation about fixed axes. This feature explains the
reverse order and negative sign of the Euler angles calcu-
lated with PALES compared to other programs based on
the Y’ and mobile convention.

Finally, we have translated all numerical results given in
Table 1 for the data collected on the extracellular domain
of the PknB protein according to the new equivalencies
listed in Table 3. Table 4 lists the Euler angles values
calculated by all programs, and their values harmonized
according to Table 3. The comparison of the harmonized
Euler angle values shows that the orientations calculated
either for the alignment tensor (MODULE, REDCAT,
PALES, DCserver) or for the rotational diffusion tensor
(TENSOR2, ROTDIF) are quasi identical, regardless of
which program was used. Moreover, the harmonization
enables the straightforward comparison of the relative
orientation of the alignment and the rotational diffusion
tensors. It appears that they are very similar, with the ori-
entation of axial axes differing by only 13°. Not surpris-
ingly, the discrepancy between the positions of the rhombic
components is higher (35°).

Conclusion

We have established the equivalencies between the Euler
angles calculated with commonly used software packages
that derive or predict tensorial interactions in liquid NMR.
In particular, we have established the numerical corre-
spondence between Euler angles of the X' and Y’ rotation
schemes. The equivalencies listed in this report should
facilitate the study of biomolecules, in particular in the case
of high molecular weight proteins or protein complexes
where oriental long-range restraints are widely used. Back
in 1955, Robert Mulliken stated “It has been suggested by
several people that it would be desirable, in the theoretical
discussion of rigid rotor functions, to agree on a single
standard way of choosing Eulerian angles. However, since
any such standardization should have the agreement of
other groups in addition to the spectroscopists, it iS pro-
posed that such a cooperative agreement be sought at a

@ Springer

later date.” (Mulliken 1955). Sixty years later, we obvi-
ously still are in the waiting period before a decision is
made and the present work should help with these notions
in the field of biomolecular NMR. Conversion tables have
been made accessible at the following address: http://www.
cbs.cnrs.fr/SP/Demene/Conversion-Euler-Tensors.htm.
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