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Abstract

More than 50% of RNA secondary structure is estimated to be A-form helices, which are linked
together by various junctions. Here we describe a protocol for computing three interhelical Euler
angles describing the relative orientation of helices across RNA junctions. 5 and 3" helices, H1
and H2, respectively, are assigned based on the junction topology. a reference canonical helix is
constructed using an appropriate molecular builder software consisting of two continuous
idealized A-form helices (iH1 and iH2) with helix axis oriented along the molecular Z-direction
running toward the positive direction from iH1 to iH2. the phosphate groups and the carbon and
oxygen atoms of the sugars are used to superimpose helix H1 of a target interhelical junction onto
the corresponding iH1 of the reference helix. A copy of iH2 is then superimposed onto the
resulting H2 helix to generate iH2”. A rotation matrix /is computed, which rotates iH2” into iH2
and expresses the rotation parameters in terms of three Euler angles a, Br and yh. The angles are
processed to resolve a twofold degeneracy and to select an overall rotation around the axis of the
reference helix. The three interhelical Euler angles define clockwise rotations around the 5" (—yp)
and 3" (ap) helices and an interhelical bend angle (By,). The angles can be depicted graphically to
provide a ‘Ramachandran’-type view of RNA global structure that can be used to identify unusual
conformations as well as to understand variations due to changes in sequence, junction topology
and other parameters.

INTRODUCTION

Geometric descriptors of conformation are indispensable for analyzing the complex
structures of biomolecules. For example, the description of polypeptide backbones in terms
of ¢ and  torsion angles and their visualization using Ramachandran maps have become
the common ways to analyze protein structure, have helped to uncover many of the guiding
principles of protein architecture and they are now routinely used to assess newly
determined protein structures'—. Local descriptors of nucleic acid structure, including
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helical and base pair parameters as well as sugar and phosphodiester torsions and other
parameterizations thereof, have also been invaluable in the analysis of RNA and DNA
structures’~10, At much larger length scales, radius of gyration and the distance distribution
function, A7), provide a coarse description of global conformation, which can be measured
relatively easily using a variety of biophysical techniques without the need for high-
resolution structure determination1-14,

For both proteins and nucleic acids, there exists a gap between atomic-level descriptors of
local structure and the much coarser description of global shape. A natural link between
these two scales is the relative orientation and translation of secondary structure building
block elements. More than 50% of RNA secondary structure is estimated to be A-form
helices'®, which are linked together by various junctions, including internal loops, bulges
and high-order junctions1®-18, To a very large extent, RNA’s global shape is defined by the
relative orientation of A-form helices. Moreover, surveys of the growing database of RNA
structures reveal that the A-form helix assumes a similar local conformation in a variety of
contexts1®. This makes it possible to use an idealized A-form helix geometry to approximate
helical stems in RNA. In other words, unlike secondary structural elements in proteins that
can have sequence-specific variations in shape, the A-form helix reoccurs in similar form,
making it a fundamental building block of RNA global structure.

A standardized approach for describing the orientation (and translation) of RNA A-form
helices can bridge the divide between atomic- and coarser-level descriptions of structure,
providing a Ramachandran-type view of RNA global structure that can be used to identify
unusual conformations, as well as to understand variations due to changes in sequence,
junction topology and other parameters of interest. Because helices are chiral objects, three
angles are required to specify the orientation of one helix relative to another. Traditionally,
studies have focused on the interhelical bend angle, which proves easier to measure/estimate
without having to determine a high-resolution structure20-35, The advent of weak alignment
NMR and the measurement of residual dipolar couplings in partially aligned RNA
molecules36-38 provided a route for determining two, and, in favorable cases, all three
interhelical angles without the need for determining a high-resolution structure30.32.39-41,
This spurred the development and standardization of three interhelical angles (ap, Bn and
vn) that can be used to describe the orientation of helices across any junction; ap and -yy,
specify a twist around the axis of each of the two helices and By, specifies an interhelical
bend angle (Fig. 1). Computation of these interhelical angles comprehensively for all RNA
helices linked by two-way junctions in the protein data bank (PDB) led to the discovery of
fundamental principles of junction architecture1®42, In analogy to Ramachandran plots,
these studies revealed that simple steric and connectivity constraints (collectively referred to
as topological constraints) severely restrict the allowed interhelical orientations to a small
fraction (~10%) of the total (o, Bh, Yh) Space and that the space sampled can be
programmatically varied by changing the junction topology942,

Here we describe a protocol for computing, mapping and analyzing interhelical angles ay,
Bh and yn. The procedure can be used to compute angles for any structural model that shows
the 3D orientation of helices. Although we focus on the description of angles across two-

Nat Protoc. Author manuscript; available in PMC 2020 December 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bailor et al.

Page 3

way junctions, this basic framework can be extended to describe all A-1 sets of angles
needed to describe the orientation of A/helices linked by an A-way junction.

Design: definitions and nomenclature

Idealized A-form helices as building block elements of RNA interhelical structure.

Surveys of X-ray and NMR structures of A-form helices in the PDB show that Watson-Crick
(WC) base pairs that are surrounded by other WC base pairs adopt local conformations that
to a very good approximation can be modeled as a canonical A-form helix8-1943, The
observed variations in base pair and base-pair step parameters across high-resolution X-ray
structures are comparable to the variations in structure expected due to thermal
motions#4~46. This makes it possible to use the canonical A-form helix as a common
building block for computing interhelical angles. In this protocol, idealized A-form helices
are superimposed onto helices of interest in an RNA target, and their relative orientation
defined relative to a common reference frame*2 (Fig. 2). WC base pairs adjacent to junctions
and ends of helices are known to contain more structural noise and should be excluded from
superposition of helices. For the most accurate results, a root-mean-square deviation
(RMSD) superposition should be <2 A or the computed interhelical angles will be
unreliable. In general, an RMSD < 2 A will yield a,, B and v, errors on the order of ~5°.

Reference frame.

The establishment of a universal frame of reference is often key in the development and
standardization of geometric descriptor of structure’. In our protocol, the orientation of two
helices, H1 and H2, in a given junction, is defined relative to a reference helix in which the
two helices are perfectly coaxially stacked*? (Fig. 2). We choose a frame in which our
idealized reference helix, containing helices iH1 and iH2, is aligned with helix axis oriented
along the positive Zdirection from iH1 to iH2 (Fig. 1). This reference frame allows us to
define the interhelical orientation in terms of three Euler angles (see below), which
conveniently specifies rotations around each of the two helical axes and a direction normal
to the helical axes*? (Fig. 2). These interhelical Euler angles provide an intuitive geometric
description of interhelical orientation that captures the pseudo-cylindrical symmetry
properties of A-form helices*2.

Two-way junctions.

Two-way junctions consist of two helical stems that are adjoined by one or two strands
containing noncanonical residues, such as lone nucleotide(s) and/or non-WC base pair(s). In
this protocol, we consider a “helix’ to be three or more consecutive WC base pairs and two-
way junctions to be non-WC base pairs that adjoin two helices. Note that with this
definition, G-U base pairs, which occur frequently in RNA, would be considered to be
junction residues if they are separated by two sufficiently long WC helices. However, in
practice, a G-U base pair or other noncanonical base pair could be considered as a part of a
helix if its backbone conforms to the idealized A-form geometry.
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Strand and helix assignments.

In two-way junctions, helices, H, are linked by one or two strands, S. The longer ‘X’ and
shorter “Y” strand contain Xand Y'residues, respectively (X= Y/ Fig. 1). We define a
reference helix, H1, as the helix that is linked to the 5" end of the X'strand (Fig. 1). Helix H2
is linked to the 3" end of the X strand. Building on a previous convention by Lilley and co-
workers#’, we designate two-way junctions using the ‘bar code’ HSxH;.Sy, in which 7and /
specify the length (number of base pairs) of the 5" and 3" helices, respectively (Fig. 1a). The
reference H1 helix can be assigned unambiguously except for symmetrical internal loops (X
= Y). Here the reference helix is assigned arbitrarily, though one could also use other criteria
to make a unique assignment, such as the sequence of closing base pairs. Note that the
improper assignment of helices will result in the calculation of alternate interhelical Euler
angles, ay, Bn and yp, given by equation (1) (Table 1) where ag(7,°) is obtained from the
rotation that superimposes helix iH1 onto iH2 and is dependent on the overall twist angle 7;
° (defined below).

Design: interhelical Euler angles

Definition of Euler angles.

In this protocol, the interhelical angles are computed by determining the rotation matrix
R(a, Bh vn) that transforms H2” in a given target junction to an orientation that is coaxial
with H1 (Fig. 2)*2. We work in our reference frame, in which two idealized helices (iH1 and
iH2) are perfectly coaxially stacked and oriented along the positive Z-direction from iH1 to
iH2 (Fig. 2)*2. An overall twist angle 7;,° defines a rotation around the reference helix axis
(Fig. 2). We define 7;° as the rotation angle about the helix axis between the closing-
junction base pair yaxis of iH1, as defined by Westhof and co-workers*8, projected onto the
x-y plane of the molecular frame, and the y axis of the molecular frame. A common 7;°
angle has to be used when comparing interhelical angles for a set of junctions. Changing the
value of 7,° results in a uniform shift in Euler angles (ap = 74°, B = 0° or 180°, yh F 71°).
We do not specify a single 7;° value, as in practice the value that minimizes the spread of
orientations for a given distribution is selected (see below).

In our protocol, we determine AR(ay, Br yn) by first superimposing sugar and backbone atoms
of H1 in a target junction onto iH1 of the reference helix (Fig. 2)#2. Next, we superimpose a
copy of iH2 onto the resulting H2 to generate iH2” (Fig. 2)*2. Ris then computed from the
coordinates of iH2” and iH2 and parameterized in terms of Euler angles ay, B, and vy, (Fig.
3)42. The parameterization of the rotation matrix in terms of Euler angles can be a great
source of confusion and it is therefore important that we rigorously define our specific
convention. We compute /R and deduce (ap, B, yn) directly from the rotation matrix,
equation (2) (Table 1).

This Euler rotation is implemented in the program EULER-RNA (http://
hashimi.biop.lsa.umich.edu/index.php?q=node/6)*! and uses the Z¥.Z convention. Note that
use of the ZXZ or other conventions leads to conceptually analogous but different angles.
The above rotation matrix and the angles a, B, and yh can be defined in several different
yet equivalent ways (Fig. 3). In the ‘local axis’ definition, R rotates the object (i.e., the helix)
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through a succession of Euler rotations ay, B, and -y, around the local axes Z, Yand Z,
respectively, from H2" to H2 (Fig. 3a). Here positive angles correspond to anticlockwise
rotation of the object (i.e., helix). The same transformation from H2” to H2 can be viewed as
rotation of the frame through a succession of ay, By, and vy, Euler rotations around Z, Y and
Z (Fig. 3b). Here positive angles correspond to clockwise rotation of the frame. Finally, in
the ‘global axis’ definition, the rotations are applied to the object in the reverse order yp, Bh
and a, about the fixed global frame axes of Z, Y'and Z, respectively*® (Fig. 3c). Here
positive angles correspond to anticlockwise rotation of the object.

It proves useful to consider the inverse rotation, /71, that transforms the helix from the
reference frame (H2) to a given orientation (H2"; Fig. 3d). This can help better
conceptualize the angles a, Bn and yp, as well as allow generation of a given junction with
specified ay, By and yy, interhelical angles starting from the reference helix. The inverse
rotation is given by:

R™ Y appprn) = R(=vn— Bn — ap)

Here —yn, —Bn and —a, correspond to anticlockwise rotations of the helix or equivalently,
the angles yp, Bn and a, denote clockwise rotations of the helix from H2 to H2”. As defined,
all rotations are applied to H2. However, it is convenient to view the angle -y, as rotation of
H1 around its own axis by an angle —yy, (the minus sign is introduced here, as the relative
interhelical orientation obtained by rotation of H2 in a coaxial helix by yp is equivalent to
that obtained when rotating H1 by —yp,). In this manner, the angles —yn and ay, denote
clockwise rotations of H1 and H2 about their respective helical axes.

An interhelical twist angle (C) can be defined C = ay, + vy, in which over- and under-twisting
of the two helices correspond to negative and positive C values, respectively®2. In principle,
the twist angle between two helices can assume any arbitrary value. For example, a helix
could be over-twisted by a quarter turn, a full turn or multiple turns. Note that in the absence
of other information, —180° < € < 180°, as for ¢ = 180° and < —180°, it is impossible to
distinguish between over-twisting by C versus undertwisting by 360° - C and likewise
between € and ¢ + 1 x + 360°, where 7is an integer. Also note that both the interhelical
bend and twist angles are independent of 7,°.

Euler degeneracy.

The interhelical Euler angles (ap, Bh, 'yn) are two old degenerate when limiting ay, By, yn to
+ 180°. A second solution is obtained because a given set of Euler angles ay, B, yh are
degenerate with respect to a, = 180°, —Bp, ynh = 180° and a, = 180°, —Bp, yh + 180°. For the
special case of having perfectly parallel or antiparallel helices, there is a continuous coaxial
degeneracy defined by (an = D, B = 0° or 180°, -y, ¥ D), where Dis a constant. In our

protocol, we lift this degeneracy by choosing the angles that minimize s = 1/(1% + ﬁ% + y% (ref.

42). The latter serves to bias solutions to the pole (0, 0, 0), thus resulting in a compact
distribution of Euler angles. Solutions can also be limited to values of p between 0° and
180°. Note, however, that this can lead to multimodal distributions that can complicate
analysis of how the three angles covary with one another. For example, the two closely
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related orientations (45°, 10°, 45°) and (45°, —10°, 45°) would be represented as (45°, 10°,
45°) and (-135°, 10°, —135°), resulting in large disparities between the a, and -y, and
appearance of two apparent ‘populations’ when plotted in the 3D maps.

Design: mapping and interpreting interhelical Euler angles

Following selection of one among two degenerate interhelical Euler angles, the three angles
(an, Bh, —yn) for a set of junctions can be plotted in a single 3D cube (Fig. 4a) or
alternatively, as a set of 3 x 2D plots (Fig. 4b). These types of plots make it possible to
directly visualize how the three angles covary with one another. The interpretation of these
maps must, however, take into account the intricacies and often nonintuitive aspects of the
Euler space. In particular, the distance between any two junctions, n and m, in Euler space

(i.e., \/(an — am)? + (B — Bm)* + (7 — 7m)?) is generally not the shortest angular path between

two junctions. Rather, the shortest path is given by the single-axis rotation about an arbitrary
unit vector that transforms one helix into the other. Thus, the ‘distance’ separating two
interhelical junctions, n and m, in Euler space does not provide an accurate measure of the
orientation similarity between the two interhelical junctions and will generally overestimate
the real differences. The difference in the orientation in two junctions n and m can be
rigorously quantified by computing the amplitude, 8 n, of the single-axis rotation that
transforms H2(n) into H2(m) following superposition of H1 (refs. 50, 51). The relevant
rotation, R,m, Which rotates H2(n) into iH2(m), can be calculated using

-1
Rym = Ry X Ry = R(=ym — Pm — @m) X R(anfnin)

in which R, and R, are the Euler rotations that define the helix orientation in junctions n
and m, respectively. R,y can then reparameterized in terms of a single-axis rotation,
equation (3) (Table 1), where v, = (vx, vy, v 2 is the unit vector defining the rotation
axis and 6y, is the rotation angle. Alternatively, 6,y can be obtained through the relation

cos(Opm) = %[Tr(an) — 1], where Ry, is defined as above.

In general, the distance in Euler space will increasingly overestimate the real difference in
orientation between two interhelical junctions as the helices approach near perfect parallel or
antiparallel orientations. For example, the interhelical orientations (e, Bh, yn) = (10°, 10°,
-10°) and (40°, 10°, —40°) differ by 42.4° in Euler space but are related by a single-axis
rotation of amplitude 5.2°. By contrast, (10°, 90°, —10°) and (40°, 90°, —40°) differ in Euler
space by 42.4° and by a single-axis rotation of amplitude 42.2°. 1t is also noteworthy that
any error associated with the computation of an interhelical orientation will not propagate
uniformly across the three angles. For example, larger deviations are expected for the angles
ap and yp when |Bp| < 10° or |Bp| > 170°. Simulations using a total of 18 nonidealized A-
form helices obtained from the PDB containing eight WC and G-U base pairs indicate that
local deviations from the assumed idealized A-form helix structure leads to uncertainty in
(ah, By yn) that is on the order of ~5°. However, as |Bp| nears 0° or 180° different
combinations of ay and vy, can yield very similar orientations and, correspondingly, the
associated alignment error increases dramatically, sometimes to > 25° in ay, and yy,.
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Therefore, large differences in ay, and yy, between two junctions with near perfectly parallel
or anti-parallel orientations can be misleading and should be interpreted with caution.

An alternative approach for depicting the interhelical Euler angles is to use Sanson-
Flamsteed (SF) projection maps®? (e.g., Fig. 4c). SF maps have widely been used to depict
the relative orientation of chiral fragments determined with the use of NMR residual dipolar
couplings®3. In an SF map, the orientation of an object (i.e., H2") defined by local
coordinate XY Z relative to a reference (XY.2)frame (i.e., H2) is depicted by plotting the
orientation of the three XY Z unit vectors on the surface of a globe. In other words, one uses
the rotation /1 that transforms iH2 to iH2” to transform three unit vectors from XYZto
XY 7 and the latter is depicted on the globe. The SF projection maps the surface of a unit
sphere into a plane by converting latitude (¢) and longitude (A) to Cartesian coordinates
(x,)) via y= ¢ and x = Acos¢ The horizontal lines of latitude run from —90° to 90° in 10°
increments, whereas vertical curved lines of longitude run from —180° to 180° in 20°
increments. Any point in this plot represents the orientation of the local iH2” axis (XYZ)
relative to the reference coaxial iH2 (X'Y.2). The SF maps provide a convenient approach for
visualizing the shape of the interhelical distribution devoid of some of the above-mentioned
complications accompanied by 3D Euler maps. However, they are less useful in obtaining
insights into how the three interhelical Euler angles covary with one another.

MATERIALS

EQUIPMENT

. Computer equipped with Perl version 5.0 or higher

. Structural data available in PDB format that have been generated by the user or
obtained from the protein data bank or nucleic acid database

. Insight 11 or equivalent molecular builder programs, like ASSEMBLE®* and
other proprietary or open-access software

. Software to calculate helix parameters. Appropriate programs include Curves 5.1
(ref. 55), FreeHelix98 (ref. 56), 3DNA’:57, SCHNAaP>8, NUPARM and
NUCGEN?®?, which can be used to compute the relevant helix parameters

. Software to superimpose structures (e.g., INSIGHT 11 2000.1; Molecular
Simulations and TINKERSO (http://dasher.wustl.edu/tinker), as well as other
similar packages).

PROCEDURE

Build reference A-form helix

1. Build a reference two-way junction consisting of two idealized and continuous
A-form helices (iH1 and iH2) of length equal to helices 1 and 2 (H1 and H2) in a
given target junction. The reference helix can be constructed with any sequence,
as superpositions are done using the backbone phosphates, carbon and oxygen
sugar atoms.
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1 CAUTION If you are building helices using INSIGHT 11 2000.1, care needs to
be taken to correct the propeller twist angles to the proper value of —14.50.
Programs such as Curves 5.1 (ref. 55), FreeHelix98 (ref. 56), 3DNA’:>7,
SCHNAaP>8, NUPARM and NUCGEN?®? can be used to compute relevant helix
parameters.

Rotate the reference helix so that its axis is oriented along the molecular Z-
direction running toward the positive direction from iH1 to iH2.

I CAUTION Failure to properly orient the reference helix will lead to incorrect
measurement of interhelical Euler angles. Care should be taken to ensure that
this step is done correctly. You can easily determine whether the helix axis has
been correctly aligned with respect to the molecular axis by determining the
helical rise between subsequent phosphates, or between any set of identical
atoms from neighboring base pairs, as it relates to the molecular frame (e.g., the
difference in the z-component between sets of sequential phosphates, P;. and
P;+1). For a correctly aligned helix, this z-component difference should be equal
to the helical rise of an idealized A-form base-pair step (~2.8 A).

Superimposing RNA helices

1.

Identify WC base pairs in helices H1 and H2 of the target junction, J, to be used
in measurement of interhelical Euler angles that are adjacent to other WC base
pairs (Step 1 in Fig. 1).

I CAUTION Terminal base pairs and base pairs that immediately neighbor
junctions or other noncanonical base pairs can significantly deviate from
idealized A-form geometry and may result in unreliable superposition; exercise
caution if using such base pairs. The use of > 5 base pairs may also result in
inaccurate interhelical angles if there are significant helix bending or over/under-
twisting deviations. The user may also choose to align with non-WC base pairs
in circumstances where the non-WC base pair possesses backbone conformations
highly similar to that of WC A-form helices. In all special cases, take careful
note of the final superposition RMSD (Step 4).

Use backbone (phosphate) and sugar heavy atoms (i.e., carbon and oxygen) to
superimpose identified base pairs in H1 in a target junction onto the
corresponding base pairs and iH1 in the reference junction, applying the
necessary translations and rotations to the entire junction, to obtain the new
coordinates for the junction, J (Fig. 2).

I CAUTION RMSD superposition should be <2 A, otherwise computed
interhelical angles will be unreliable. An RMSD < 2 A will typically yield errors
in (ap, Ph, yh) that are on the order of ~5°.

CRITICAL STEP Base atoms are not used in superposition to avoid potential
distortions arising from sequence-directed variations in base and base-step
parameters.

? TROUBLESHOOTING
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Superimpose a copy of iH2 onto H2” in J using the same procedure described in
Step 4. Save the coordinates of resulting iH2” (Fig. 2).

Measure interhelical Euler angles using EULER-RNA (http://
hashimi.biop.lsa.umich.edu/index.php?q=node/6). The program uses the
coordinates of iH2 and iH2” to compute a rotation matrix R, which rotates iH2”
into iH2 (see Fig. 3). The R matrix is then parameterized in terms of the three
Euler angles ay, B and -y, (see Fig. 3).

CRITICAL STEP Make sure to input iH2 and iH2” in the correct order;
otherwise, inconsistent angles will be obtained.

I CAUTION See section on ‘Definition of Euler Angles‘ for a rigorous
definition.

? TROUBLESHOOTING

Select a single set of Euler angles from two degenerate sets by choosing the
angles that minimize 6 = y/af + f2 + »¢ (note that —180° < ay, Bp, yh < 180°).

I CAUTION For the special case of perfectly parallel or antiparallel helices,
there is a continuous coaxial degeneracy defined by (ap = D, B = 0° or 180°, yp,
+ D), where Dis a constant.

? TROUBLESHOOTING

Find the value of 7y, °that minimizes Z 6, when applying the filters for lifting the
twofold degeneracy, where 7represents the various junctions in a particular
ensemble or collection. Update interhelical Euler angles a, and -y, to ap + 7y
and yp — 7.

CRITICAL STEP Use the same 7j° value when comparing angles for a set of
junctions.

Mapping and interpreting interhelical Euler angles

1.

Plot selected interhelical angles using the approaches described in Figure 3 and
as detailed under the section ‘Mapping and interpreting interhelical Euler
angles’.

Measure similarity between interhelical junctions. The orientation similarity
between two interhelical junctions, n and m, can be determined by computing the
rotation matrix (Rnm), which rotates H2(n) into H2(m), as described under the
section “Mapping and interpreting interhelical Euler angles’.

Compute fraction of space sampled by a set of interhelical junctions. To calculate
the fraction of total (ap, Br, yh) Space sampled by a set of junctions, round each
(ath, Bhs yn) angle into the nearest binned degree increment (e.g., 1°, 5° or 10°,
etc.). As an example, the angle (-95.5°, 13.12°, —=2.0°) is rounded to (-95°, 15°,
0°) for increments of 5°. Count all unique rounded a, Bn and -y angles and
divide by the total unique permutations of a,, B, and -y, on a grid of the same-
degree increment, given the previously discussed degeneracies.
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? TROUBLESHOOTING

Troubleshooting advice can be found in Table 2.

ANTICIPATED RESULTS

The computed interhelical angles for a given junction are expected to fall within a relatively
narrow range of conformations that are allowed based on simple steric and connectivity
constraints—collectively referred to as ‘topological constraints’1042, In Figure 5, we use 3D
maps to show the interhelical angles computed for a variety of RNA junctions from the PDB
(in color) along with the computed topologically allowed space (in gray). Note that the
accessible conformations will vary with the junction topology. For example, the accessible
interhelical angles for bulge junctions gradually increase from 4% to 14% in going one to
three nucleotide bulges (gray angles, Fig. 5). Note also the existence of correlations between
the angles a, and -y, which increase with the shortening of the bulge length (Fig. 5). These
correlations are evident even when considering junctions with By, > 10° and arise naturally
due to the topology of nucleic-acid two-way junctions. The allowed space also varies with
the asymmetry of the junction“2. In particular, a survey of the PDB reveals that residues
within two-way junction have a high propensity to loop inside and maximize the number of
pseudo-base pairs?2. With this assumption, one expects a systematic interhelical over-
twisting, resulting in an increase of ay, + yn by Y% ~(=34°), in which Y corresponds to the
number of residues in the shorter junction single strand (Fig. 5). Note that deviations from
maximum pseudo-base-pairing states can arise*2.

We have made the set of topologically allowed angles calculated on a five-degree grid for
S1S0, S2S0, S3S0, SaSo, S1S1, S2S1, S3S1, S4S1, S2So, S3So S4S), S3 S3, S4.S3, and S4,S4,
junction motifs with 7;,. =51.1°, which is available for download in .txt file format at http://
hashimi.biop.lsa.umich.edu/index.php?g=node/6. With the applicable topologically allowed
space, you can measure the extent to which a set of angles falls within this space. Here you
can iterate through the list of allowed angles and compute the Euclidean distance

d= \/((xA’,- - (xh)2 +(Pa.i- ﬂh)2 +(rai— yh)z, where (ap, B, Yh) is the angle of interest and
(a4 Ba i 74 is the topologically allowed angle with index / If the minimum distance
over all topologically allowed angles is <10° then the conformation is allowed. The large
majority of two-way junctions should fall within this allowed space. Note that for this
comparison to be effective, the angle must have been computed using a reference helix with
the same 7;° as that of the nature_frmhlx.pdb helix used to compute the space, as provided
at http://hashimi.biop.lsa.umich.edu/index.php?g=node/6. Otherwise, as discussed above, the
measured angle and its corresponding angle within the topologically allowed space will be
off by (ap £ 75°, B = 0° or 180°, yp ¥ 7°).
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Figure 1|.

In?erhelil:al Euler angles. Angles (an, By ) specify the orientation of 5" and 3" helices (H;
and H)) across two-way junctions with 7and jnumber of base pairs, respectively, and
topology defined by the length of two junction strands (Sx and Sy) for idealized helices
whose helical axes are oriented coaxial to the molecular zaxis.
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1. Assign helices 2. Superimpose helices 3. Compute R(x,f,7p)
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Figure 2 |.

ngeral !scheme for computing interhelical Euler angles. (1) helices within a target junction
(H1 and H2 shown in blue and green, respectively) that is adjacent to a two-way junction
(yellow) are identified and assigned. Reference idealized A-form helices (iH1 and iH2
shown in blue and green, respectively) are constructed and oriented along the molecular 2
direction. (2) Superposition of H1 transforms J into the reference frame of iH1. A following
superposition places iH2 into the observed orientation of H2. (3) The interhelical Euler
angles are calculated using EULER-RNA, and represent the transformation of iH2” back to
its original orientation (iH 2).
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Figure 3 |.

Dgfinitioln of Euler rotation matrix and angles. (a—c) The Euler rotation matrix and angles
can be conceptualized as: object rotation around a local axis (a), frame rotation around a
local axis (b), or object rotation around a global axis (c). (d) The inverse rotation can be
used to generate an interhelical structure and provides an intuitive description of the Euler
angles. Note that different rotations (clockwise versus anticlockwise) are applied in different
cases.
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Figure 4.

Agproaclhes for mapping interhelical Euler angles. (a—c) 3D map (a), three 2D maps (b) and
Sanson-Flamsteed (SF) projection maps (c). A single RNA conformation is highlighted by a
blue sphere and circle in Euler space (a,b) and the triangle and square in SF projection maps
(c). The green spheres and circles in the Euler space (a,b) represent the topologically
available space for an SoSg RNA junction. In the SF projection (c), red, green, and yellow
circles represent the topologically available space for the x, z, and overlaps between the x
and zaxes, respectively. The molecular yaxis is marked as a reference, although the allowed
space for the y axis has been excluded for clarity.
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Figure 5.

Togpologilcal confinement and distribution of RNA interhelical orientations; 3D interhelical
orientation maps showing the individual 2D projections along each plane. The PDB-derived
(gray) and topologically computed interhelical distributions for different types of bulges
(green) and internal loops (blue) are shown. Increasing junction length of the X 'strand leads
to increased breadth of the conformational distribution, as shown for 1-0, 2-0 and 3-0
junctions; however, increasing Y strand length results in changes to the relative distribution
of orientations between two helices, as shown by 3-1, 3-2 and 3-3 junctions, that shifts the
ensemble of conformers within ap-yp space. The percentage of interhelical orientations
sampled by the PDB-derived and topologically computed distributions is indicated (Qppg
and Qcomp, respectively) along with the fraction of the PDB-derived orientations that falls
within 10° of the topologically allowed distribution (Qgy).
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