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Abstract

RNA tertiary structures from experiments or computational predictions often contain missing atoms, which
prevent analyses requiring full atomic structures. Current programs for RNA reconstruction can be slow,
inaccurate, and/or require specific atoms to be present in the input. We present Arena (Atomic Recon-
struction of RNA), which reconstructs a full atomic RNA structure from residues that can have as few
as one atom. Arena first fills in missing atoms and then iteratively refines their placement to reduce non-
ideal geometries. We benchmarked Arena on a dataset of 361 RNA structures, where Arena achieves
high accuracy and speed compared to other structure reconstruction programs. For example, Arena
was used to reconstruct full atomic structures from a single phosphorus atom per nucleotide to, on aver-
age, within 3.63 A RMSD of the experimental structure, while virtually removing all clashes and running in
<3 s, which is 353x and 46 x faster than state-of-the-art programs PDBFixer and C2A, respectively. The
Arena source code is available at https://github.com/pylelab/Arena and the webserver at https://zhang-
group.org/Arena/.

© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecom-
mons.org/licenses/by/4.0/).

Introduction performing more  accurate = computational
simulations.”
Elaborate three-dimensional (3D) structures Experimental and computational studies,

enable RNA to participate in diverse cellular
processes. Developments in high-resolution cryo-
electron microscopy (cryo-EM) for RNA 3D
structure determination make this an exciting tlme
for studying RNA structure-based mechanisms.’

Full atomic structures provide the most insight into
structure—function relationships of RNA molecules,
such as better understanding RNA foldln% and
catalysis,” designing small molecule drugs,® and

however, often generate partially or fully coarse-
grained models, which lack full atomic information.
In RNA crystallography and cryo-EM, often the
phosphate and base atoms are the most well-
resolved, but much of the structure lacks sufficient
resolutlon to determine the positions of all the
atoms.® Computational programs for RNA 3D struc-
ture prediction, such as NAST® and SimRNA,’
improve simulation speed using coarse-grained
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representations, which require other post-
processing methods to reconstruct a full atomic
model. The challenge of full atomic reconstruction
from coarse-grained models has largely been
solved for proteins with PULCHRA,® which recon-
structs full atomic structures quickly and accurately.
The programs available for RNA full atomic recon-
struction have begun to address this challenge,
but improvements in accuracy, speed, and ease of
use are needed.

State-of-the-art programs that most directly solve
this challenge for RNA are PDBFixer? and C2A."°
PDBFixer adds missing atoms to a target structure
using a standard template PDB for each residue
and superimposes the template atoms onto the tar-
get atoms. PDBFixer then runs a set of short Lange-
vin dynamics simulations to reduce clashes. C2A
requires a coarse-grained target, a definition of
RNA secondary structure segments, and a refer-
ence full atomic 3D structure (the default is PDB
1N32) from which full atomic structure fragments
are derived. C2A chooses fragments in the refer-
ence structure that match the target on a coarse-
grained level using a Monte Carlo simulation to
reduce collisions and then builds the reference frag-
ment’s atomic detail into the target.

Two other programs reconstruct a subset of
atoms. Rosetta rna_thread,'" originally created for
homology modeling, can reconstruct side chains
given the sugar-phosphate backbone. RCrane,’
originally created for RNA crystallography refine-
ment, reconstructs the sugar-phosphate backbone
given the base, phosphorus (P), and C1’ atoms.
RCrane performs backbone reconstruction by
matching a library of empirically determined back-
bone conformers'? with the backbone pseudo-
torsion angles derived from the base, P, and C1’
atom positions. The sugar conformation is further
refined by downhill simplex minimization. We
benchmarked RCrane.CLI, which is a fully auto-
mated version of RCrane that builds the structure
from the given atom positions without the need to
locate them in an electron density map.

Here, we introduce Arena (Atomic Reconstruction
of RNA), which is highly accurate, fast, and easy to
use. Notably, Arena generates a full atomic
structure for any coarse-grained RNA which has
at least one atom present per nucleotide,
regardless of its identity. Arena first superimposes
atoms from an ideal RNA helix'® onto the target
and iteratively refines the atom positions by correct-
ing bond lengths, bond angles, base and base pair
conformations, and steric clashes. Arena, written in
C++, is fully automated, and does not require the
user to install third-party packages or libraries nor
provide additional inputs, such as sequences, struc-
tural templates, or experimental data. The program
is freely available at https:/github.com/pylelab/
Arena and as a webserver at https://zhanggroup.
org/Arena/.

Results

Overview of Arena

Arena (Atomic Reconstruction of RNA) takes an
RNA structure with missing atoms and produces a
full atomic, refined structure (Figure 1). As input,
Arena takes an RNA in PDB format, which can be
of any length and must contain at least one atom
per nucleotide of any identity (Figure 1(A)). Arena
first fills in all the missing atoms for each
nucleotide by superimposing fragments from an
ideal A-form RNA helix'® onto the input structure
(Figure 1(B)). Meanwhile, the secondary structure
is assigned with CSSR'* prior to refinement (Fig-
ure 1(C)). The structure then undergoes multiple
steps of refinement to correct nonideal bond lengths
and angles (Figure 1(D)), correct base and base
pair conformations (Figure 1(E)), and remove clash-
ing atom pairs (Figure 1(F)). Arena iterates through
the refinement steps according to the length of the
RNA (between 100 and 1,000 iterations) and
updates the secondary structure assignment every
10th iteration (Figure 1(C)). This results in a refined,
full atomic structure in <3.5 s on average (Figure 1

(@)

Benchmarking datasets

Arena and other programs were benchmarked on
a dataset of 361 non-redundant RNA structures
curated from the PDB according to previous
studies.'*'® Briefly, the RNAs, which include
rBRNAs, tRNAs, snRNAs, introns, riboswitches,
etc., are single chains between 30 and 692 nucleo-
tides, have >10 canonical base pairs, have resolu-
tion <4 A, and share <80% sequence identity.

From this PDB dataset, we generated 5 datasets
to evaluate the ability of Arena and other programs
to rebuild RNAs from different starting structures
and/or due to the input requirements of other
programs. Each dataset contains a different
subset of atoms, including 1) the backbone atoms
(P, OP1, OP2, O5, C5, C4, 04, C3, 03, C2,
02, C1'), 2) the P, C1’, and side chain atoms (N9,
C8, N7, C5, C6, N6, N1, C4, C2, 02, N3, N4, O6,
N2, O4), 3) the P atoms, 4) the C3' atoms, and 5)
the N atoms involved in the N-glycosidic bond (N1
for nucleotides C and U; N9 for nucleotides A and
G). Additionally, we generated 2 computationally
predicted coarse-grained datasets from NAST
(C3 atoms) and SImRNA (P, C4/, N9, C2 and C6
for nucleotides G and A; P, C4' N1, C2 and C4 for
nucleotides C1 and U) (Text S1). All PDB files and
source code for benchmarking are available at
https://doi.org/10.5281/zenodo.7897374.

We evaluated each program’s performance with
four metrics, the heavy atom root-mean-square-
deviation (RMSD) from the experimental structure,
interaction network fidelity (INF), number of atom
pairs that clash with each other, and
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Figure 1. Computational workflow of Arena. Starting from a coarse-grained RNA structure, shown here
containing only phosphorus (P) atoms (A), Arena fills in any missing non-hydrogen atoms (B) and assigns secondary
structure (C). Arena then iterates through several stages of refinement to correct bond lengths and bond angles (D),
correct base and base pair conformations (E), and remove clashing atom pairs (F) to generate a full atomic and

refined RNA structure (G).

computational runtime. INF quantifies the
consistency of base-base interactions between
two structures, where an INF score of 1 indicates
perfect agreement (Text S2).'° While Arena,
PDBFixer, rna_thread, and RCrane keep the coor-
dinates of the original input atoms unchanged in
the output structure, C2A may shift the coordinates
of the input atoms. Since this coordinate shift is
caused by superimposition of local fragments onto
the input structure, the C2A output is in the same
frame as the input structure. Therefore, there is no
need to perform global superimposition of the out-
put structure onto the native structure before the
RMSD calculation. To obtain consistent runtime
statistics, all benchmarks were performed single-
threaded on Intel Xeon E5-2660 v3 CPUs.

Optimization of Arena

We first optimized the number of iterations that
Arena performs to correct bond lengths and
angles, base and base pair conformations, and
clashes (Figure 1(D-F)). We tested between 1 and
10,000 iterations and used these results to inform
a linear function where the number of iterations is
proportional to the length of the input RNA, with a
minimum of 100 iterations (Figure S1). This

function provides a good balance between
accuracy (RMSD of 3.63 A, 0.29 clashes) and
runtime (2.80 s). Performing 10,000 iterations
sharply increases the average runtime (38.09 s),
most severely for longer sequences, while the
accuracy is not significantly improved (RMSD of
3.63 A, 0.21 clashes). Thus, between 100 and
1,000 iterations is satisfactory for all input RNAs
tested.

Performance of Arena

We evaluated the performance of Arena on the
datasets described above. First, we evaluated
reconstruction of the side chains from structures
containing the backbone atoms (Table 1,
Figure 2(A-D)). Arena outperformed the other
programs with an RMSD of 0.81 A, INF of 0.83,
30.66 clashes, and runtime of 3.21 s. Rosetta
rna_thread had the next best RMSD (0.98 A), INF
(0.81), and runtime (4.43 s) after Arena but had
on average 12x more clashes (374.21 clashes).

Next, we evaluated reconstruction of the
backbone from structures containing the P, C1/,
and base atoms (Table S1, Figure S2(A-D)).
While Arena is 70x faster and contains 77%
fewer clashes than the next best program
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Table 1 Performance of programs on reconstruction from backbone atoms.

Arena PDBFixer C2A rna_thread
RMSD (i\) 0.81 = 0.01* 2.25 = 0.02 (4.42E-221) 4.70 + 0.16 (1.21E-82) 0.98 + 0.01 (1.89E-67)
INF 0.83 + 0.00* 0.09 + 0.00 (0) 0.56 + 0.01 (6.24E-193) 0.81 = 0.00 (5.70E-21)
Clashes 30.66 + 2.10* 221.93 + 10.86 (3.65E-61) 586.81 + 37.14 (6.34E-42) 374.21 + 18.98 (1.68E-59)
Runtime (s) 3.21 £ 0.23* 485.11 + 76.20 (6.81E-10) 222.22 + 59.76 (2.75E-4) 4.43 + 0.08 (1.15E-11)
MAE (/_"\) 0.17 + 0.00* 0.59 = 0.01 (1.26E-209) 1.66 + 0.06 (2.87E-84) 0.19 + 0.00 (1.70E-28)

Average values are reported with standard error of the mean.

*p-value between Arena and each program was calculated using a paired, two-tailed t-test.
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Figure 2. Performance of programs on reconstruction from backbone atoms and P atoms. Arena, PDBFixer,
C2A, and rna_thread were used to reconstruct the side chains from input containing the backbone atoms, for which
RMSD (A), INF (B), clashes (C), and runtime (D) were calculated. Arena, PDBFixer, and C2A were then used to
reconstruct the full structure from input only containing the P atoms, for which RMSD (E), INF (F), clashes (G), and
runtime (H) were calculated. The violin plots show the median (solid line) and quartiles (dotted lines) and were created

in GraphPad Prism.

(RCrane), the RMSD of RCrane is on average 0.11
A lower than that of Arena. Since all the base atoms
were defined by the input, the INF score is 1.00
except for C2A, which moves the input atom
positions. Whereas Arena does not consider
backbone torsion angles, RCrane uses a
pseudotorsional system that is aided by a Iibrarg
of empirically determined backbone conformers.’

Although Arena allows flexibility of the phosphate
and ribose groups, the final structure may be biased
by the initial backbone conformation used by Arena,
which is fixed by the ideal RNA helix template. Con-
versely, RCrane adjusts the initial conformation
based on the coordinates of the P and base atoms,
which explains why RCrane has a slightly better
RMSD for backbone reconstruction than Arena.
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We next tested the more challenging tasks of
reconstruction from input models of only one atom
per nucleotide. We started with models containing
only the P atom, which is the most relevant usage
case of Arena for experimental biologists, as
~5.6% of RNA chains in the PDB database only
contain P atoms.'* Arena significantly outperformed
PDBFixer and C2A with an RMSD of 3.63 A, INF of
0.60, 0.28 clashes, and runtime of 2.70 s (Table 2,
Figure 2(E-H)). We then evaluated reconstruction
from input containing only the C3' atoms, which is
a representation used by the NAST and NASTI pro-
grams for RNA structures'” (Table S2, Figure S2(E-
H)). Arena outperformed PDBFixer and C2A with an
RMSD of 2.98 A, INF of 0.69, 0.23 clashes, and run-
time of 2.93 s. Lastly, we used structures with only
the glycosidic N atoms to evaluate Arena’s recon-
struction from a single side chain atom and com-
pletely undefined backbone. Arena again
outperformed PDBFixer with a 60% lower RMSD
(2.74 A), 19x higher INF (0.74), 99.6% fewer
clashes (2.24 clashes), and a 275x faster runtime
(3.48 s) (Table S3, Figure S2(I-L)).

Next, we tested each program’s ability to rebuild
structures from computationally predicted coarse-
grained structures using NAST and SimRNA (Text
S1). Both programs predict the RNA’s 3D
structure from sequence and generate a coarse-
grained structure of C3' atoms (NAST) or the P,
C4', glycosidic N, C2 and C4 atoms (SimRNA).
We then compared Arena’s performance to
PDBFixer and the corresponding full atomic
reconstruction program written for NAST (C2A) or
SimRNA. Arena outperformed both PDBFixer and
C2A for the NAST-generated inputs (Figure S3(A-
D), Table S4) and outperformed or was on par
with PDBFixer and SimRNA for the SimRNA-
generated inputs (Figure S3(E-G), Table S5).
However, the initial model accuracy will affect the
final reconstruction. For example, reconstruction
from the experimentally determined C3' positions
(Table S2) results in a lower RMSD, higher INF,
and lower clashes compared to reconstruction
from the computationally determined C3' positions
(Table S4). Moreover, for 11.1% of SimRNA
structures, Arena-reconstructed models have at
least one backbone discontinuity, which was
mainly caused by unusual local conformations of
the SIimRNA coarse-grained models (See

Figure S4 and Table S6 for an example on PDB
6Q9A, chain 4). To address this issue, we
benchmarked Arena (extended) on the SimRNA
dataset, which performs an additional simulation
after the default run where all atoms are allowed
to move. This fixes any discontinuous structures
and removes 99.9% of clashes for a slight
increase in runtime by approximately 0.2 s
(Figure  S3(E-H), Table S5). We also
benchmarked Arena (extended) on the NAST
dataset, which removes 92.5% of clashes for an
approximately 0.9 s increase in runtime
(Figure S3(A-D), Table S4). Overall, for the
coarse-grained predictions from NAST and
SimRNA, Arena can generate a full atomic
structure at least as good as, if not better than, the
full atomic reconstruction program developed
specifically for each coarse-grained prediction
program.

Arena can also be used to rebuild RNA models of
NMR structures, and we have provided an
additional script for this use case. We tested
Arena on two NMR structures (2N3Q and 2KOC)
using only the P atoms as input (Table S7) and
find that Arena’s performance is similar to that on
single-model structures (Table 2). Finally, we
compared Arena’s performance on different
classes of RNA, including tRNAs, rRNAs,
snRNAs, ribozymes, and riboswitches (Figure S5,
Table S8). Compared to the full benchmarking
dataset, Arena performs slightly better on
ribozymes and riboswitches and slightly worse on
rRNAs and snRNAs, while there is no difference in
performance on tRNAs (significance threshold of
p < 0.05). While Arena can satisfactorily
reconstruct any input RNA, it may perform better
on shorter and/or more structurally defined RNAs,
such as some ribozymes and riboswitches, which
may have more accurate initial atom positions.

We report the Pearson correlation coefficients
between performance metrics  for  the
reconstruction from P atoms by Arena
(Figure S6). As expected, the runtime increases
linearly with the length (r = 0.94) (S6D). Although
the absolute number of clashes increases with the
length (r = 0.45) (S6C), larger structures do not
necessarily have more clashes when clashes are
normalized by the length (r = 0.14) (S6E). A lower
RMSD generally tracks with a higher INF

Table 2 Performance of programs on reconstruction from P atoms.

Arena PDBFixer C2A
RMSD (A) 3.63 + 0.03* 6.77 + 0.03 (7.10E-228) 5.15 + 0.11 (4.32E-37)
INF 0.60 = 0.01* 0.01 + 0.00 (2.93E-285) 0.52 + 0.00 (7.21E-49)
Clashes 0.28 = 0.06* 186.73 + 9.27 (4.13E-61) 635.04 + 42.50 (1.22E-39)
Runtime (s) 2.70 £ 0.23* 953.50 + 145.46 (2.04E-10) 122.93 + 24.33 (9.98E-7)
MAE ([\) 1.13 £ 0.01* 2.66 = 0.01 (3.62E-283) 1.85 + 0.05 (3.70E-49)

Average values are reported with standard error of the mean.

*p-value between Arena and each program was calculated using a paired, two-tailed t-test.
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(r = —0.66) (S6F), although the two metrics are
independently valuable.

There are several reasons why Arena is much
faster than the other programs tested. Firstly,
Arena does not perform any stochastic Monte
Carlo or molecular dynamics simulations but
instead uses an ultra-fast deterministic simulation
that performs distance-based calculations. Arena
thus has fewer degrees of freedom when
searching through conformational space, so it
more quickly generates a final structure. More
importantly, since all movements in the
deterministic simulation are based on ideal RNA
geometries, the simulation effectively avoids
sampling of suboptimal conformations, thereby
producing more accurate conformations than
stochastic simulations. Arena also performs a
defined number of iterations regardless of
performance. By contrast, PDBFixer performs
clash removal using the OpenMM package,’ whose
simulation may become locally trapped if clashes
cannot be readily removed. Finally, Arena is written
in highly compact C++ code, which is much faster
than the scripting languages used by the other pro-
grams, such as PDBFixer (Python 3), C2A (Python
2.5), and RCrane (Perl).

Case studies on two RNA structures

Notably, Arena is able to reduce or completely
remove all clashing atom pairs. We demonstrate
this with the reconstruction of an 88-nt 18S rRNA
fragment (PDB 50SG, chain 2) from an input
containing only the P atoms (Figure 3, Table 3).
Compared to PDBFixer and C2A, Arena achieves
a lower-BRMSD structure with INF of 0.54 in less
than 6% of the runtime (Figure 3(A)). The
PDBFixer-generated structure fails to generate
any base—base interactions (Figure 3(B,E)), while
the C2A-generated structure, although
reproducing base—base interactions like Arena
(INF of 0.55), has large structural shifts in the
backbone compared to the experimental structure
(Figure 3(C)). PDBFixer and C2A leave 209 and
592 clashes, respectively, while Arena removes all
clashes in the final structure. The number of
clashes for each structure is consistent with the
average number of clashes from the full-scale
benchmarking on P atom structures (averages of
0.28, 186.73, and 635.04 clashes for Arena,
PDBFixer, and C2A, respectively). An example
region with clashes is shown with residues 2—4
and 11-13 for Arena (Figure 3(D)), PDBFixer

Figure 3. Arena generates a structure close to native with no clashes. The native structure (orange) of the 88-
nt 18S rRNA fragment (PDB 50SG, chain 2) is overlaid with the output structure (blue) generated from an input
containing only the P atoms by the programs Arena (A, D), PDBFixer (B, E), and C2A (C, F). The red oval
approximately indicates residues shown in D-F (res 2—-4, 11—13). Atoms that are part of one or more clashing atom
pairs are shown as red spheres. The nonbiological ribose ring of residue G12 that was generated by PDBFixer (blue)
is shown compared to the native ring (orange) (E, inset). Structures were visualized in PyMOL.
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Table 3 Performance of programs on reconstruction of
50SG from P atoms.

Arena PDBFixer C2A
RMSD (A) 415 7.72 9.52
INF 0.54 - 0.55
Clashes 0 209 592
Runtime (s) 1.64 289.71 28.92
MAE (A) 1.40 2.82 3.39

(Figure 3(E)), and C2A (Figure 3(F)). We also
noticed that PDBFixer sometimes creates
nonbiological bonds, such as in the ribose ring of
residue G12 (Figure 3(E) inset).

A user may commonly encounter experimental
structures that are partially or fully coarse-grained,
which accounts for at least 5.6% of RNAs
deposited in the PDB."* In such cases, users may
still need the corresponding full atomic models,
which are required for many downstream analyses
such as detection of non-canonical base pairs or
discovery of atomic contacts between ligands and
RNAs. Therefore, we tested Arena’s ability to
reconstruct a partially coarse-grained structure out-
side the benchmarking dataset. We chose the cryo-
EM structure of the 146-nt 9S rRNA fragment (PDB
6SG9, chain CA) (Figure 4, Table 4). Part of the
structure is full atomic, but there are large stretches
of residues missing side chains. We used each pro-
gram to generate a full atomic structure, which we
compared to the experimental electron density
map. We calculated the average (Table 4) and
per-residue (Figure S7) Q-scores between each
output and the electron density map, wherea higher
Q-score means a greater agreement between the
atomic positions and the density map.'® Arena
results in the same Q-score as the original structure
(0.34) (Figure 4(A)), compared to 0.33 for PDBFixer
(Figure 4(B)), 0.04 for C2A due to large shifts in the

backbone (Figure 4(C)), and 0.33 for rna_thread
(Figure 4(D)). This shows that Arena successfully
adds more atomic details without ruining the original
structure.

Discussion

We developed the Arena program to build full
atomic, refined structures of any coarse-grained
RNA. On a benchmark of 361 experimental RNA
structures, we found that Arena is fast (<40 s for
all RNAs tested, with average runtimes <3.5 s),
achieves low RMSDs (<5.6 A for all RNAs tested,
with average RMSDs < 3.7 A), has high INF
(average 0.60-1), and reduces or completely
removes all clashes compared to other programs
(removes on average >77% of clashing atom
pairs). Due to its fast runtime, Arena does not
require a high-performance computing cluster and
can be run locally. Arena is amenable to a range
of RNA sizes, and we tested RNAs between 30
and 692 nt in the benchmarking dataset. Arena
can be wused to reconstruct low-resolution
experimental structures from cryo-EM, X-ray
crystallography, and NMR or computationally
predicted coarse-grained structures and is
applicable for all types of RNAs.

A major reason for the high speed of Arena is that
it performs  superimposition followed by
deterministic refinement based on ideal RNA
geometries. This proves to be a more effective
and accurate way to rebuild a full atomic structure
compared to the other tested programs that
perform stochastic simulations. At the same time,
Arena has some limitations that could be
addressed in future versions of the program.
While the current runtime of Arena is sufficiently
fast for most applications, the clash removal step
is one of the slowest and could be improved bg
using a lattice coordinate system for the atoms.’

Figure 4. Arena generates a structure from a semi-coarse-grained model that fits its experimental electron
density. The native structure (orange) of the 146-nt 9S rRNA fragment (PDB 6SG9, chain CA) is overlaid with the
resulting structure (blue) from Arena (A), PDBFixer (B), C2A (C), and rna_thread (D). The outputs were generated
from the original semi-coarse-grained structure in the PDB. The electron density map (gray) is shown with contour

level 3.0. Structures were visualized in PyMOL.
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Table 4 Performance of programs on reconstruction of 6SG9.

Arena PDBFixer C2A rna_thread 6SG9
Q-score 0.34 = 0.02 (0.59) 0.33 = 0.02 (0.03) 0.04 = 0.01 (8.68E-26) 0.33 = 0.02 (0.30) 0.34 = 0.02*
RMSD (A) 0.00 0.00 10.39 0.00 -
INF 0.76 0.88 0.77 0.29 -
Clashes 63 181 635 352 -
Runtime (s) 2.99 15.65 79.38 9.14 -
MAE (A) 0.00 0.00 3.79 0.00 -

*p-value between the per-residue Q-scores for the original structure (6SG9) and the output generated by each respective program

was calculated using a paired, two-tailed t-test.

To further increase the accuracy of the final struc-
ture, Arena could implement a check to fix improper
ribose pucker conformations.

Materials and Methods

Arena first generates a full atomic structure from
the coarse-grained input and then iteratively
refines the placement of those atoms by
correcting bond lengths and bond angles, base
and base pair conformations, and pairwise atomic
clashes. For the default Arena option, only the
missing atoms added to the input structure are
movable and fixed during the subsequent
refinement steps. For the extended Arena option,
the default Arena run is first performed; if the
structure is discontinuous or atoms are still
movable (because the performance metrics do not
meet the specified thresholds), Arena performs an
identical refinement but with all atoms allowed to
move. Additional running options are described at
https://github.com/pylelab/Arena#usage.

Step 1: Generate full atomic structure via
superimposition. The program first fills in all
missing atoms via superimposition of fragments
from an ideal RNA helix onto the input atoms. The
ideal RNA is from the A-form 3DNA fiber model°)
for RNA with twist 32.7° and rise 2.548 A."® Frag-
ments chosen from the ideal RNA match the
nucleotide identities of the input, such that inconsis-
tent base atoms are automatically excluded (for
example, N6 for nucleotide U would be excluded).
The fragments are superimposed onto the input tar-
get, so that the pre-existing atoms in the target are
not moved. The superimposition algorithm uses
three-dimensional least squares minimization to
find the rotation matrix and translation vector that
minimize the RMSD between the target and ideal
RNA atoms, which is an extension of the Kabsch
algorithm.?" Arena performs four levels of superim-
position: residue-level, base pair-level, base pair
stack-level, and local fragment-level. To perform
superimposition, there must be at least three pre-
existing atoms from the input structure in the level
of consideration. Ideally, we want to include the
minimum number of residues that together have a
total of three atoms. For example, if every residue
in the input has three atoms, then only residue-

level superimposition is necessary, in which the cor-
responding 1-nt fragment from the ideal RNA is
superimposed onto each residue in the target. For
residues with <2 atoms, the program proceeds to
base pair-level filling based on the assigned sec-
ondary structure from CSSR.'* There must be at
least three atoms between the bases in the pair
for superimposition to occur. If each residue in a pair
only has one atom, the program checks a base pair
stack, which includes the two residues adjacent to
the current residue. If both adjacent residues are
base-paired, the program uses a 3-nt helix (base-
paired) fragment for the superimposition; if only
one is base paired, the program used a 2-nt helix
fragment corresponding to the base-paired resi-
dues. Finally, if the current residue is not base-
paired and has <2 atoms, the program uses local
fragment-level superimposition based on the cur-
rent residue and its two adjacent residues without
considering base pairs. Residues without even a
single atom are skipped.

Step 2: Refine bond lengths and bond angles.
Arena checks every covalent bond connection
(intra-residue and the inter-residue O3'-P bonds)
and computes the bond length in 3D space. Arena
implements a check to ensure residues are
connected (in case of missing residues);
sequentially adjacent residue pairs with at least

one atom pair within 8 A are considered
connected. Arena calculates the fractional
difference between the computed bond length and
the ideal bond length taken from the Amber
forcefield parameters in QRNAS.?? If this is greater
than the allowable 10% tolerance, then each atom
is moved half of the difference between the calcu-
lated and ideal bond length. If one of the atoms is
not movable because it was present in the input
structure, then the movable atom is moved the full
distance. Only bonds for which at least one atom
is movable are checked. Refining bond angles hap-
pens by defining pseudobonds between the previ-
ous and subsequent atoms of the current atom.
This distance is adjusted identically to bond lengths
by comparing to an ideal pseudobond length ¢ cal-

culated as ¢ = \/a2 + b? — 2ab « cos(f), where a

and b are the ideal bond lengths between the previ-
ous atom and subsequent atom to the current atom,
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respectively, and 6 is the ideal bond angle taken
from the Amber forcefield parameters in QRNAS.**
Inter-nucleotide pseudobonds are also considered
(C3-P, O3-0OP1, O3-0P2, and 0O3-05). Arena
increases or decreases the pseudobond length to
indirectly adjust the angle.

Step 3: Refine base and base pair conformations.
First, each base’s conformation is checked
individually by computing the RMSD between the
coordinates of the current residue’s base atoms
(including the C1’ atom) and an ideal 1-nt
fragment from the ideal RNA. To compute the
RMSD, the ideal base is suEerimposed onto the
target by a least squares fit. " If the RMSD >0.1
A, then the coordinates of the target are moved to
match those from the superimposed ideal base.
Second, each Watson-Crick base pair assigned
from CSSR'* is checked (A:U and G:C). The ideal
base pair from the ideal RNA helix is superimposed
onto the target, and the RMSD is calculated in the
same way. If the RMSD >0.28 A, the coordinates
of the target base pair are moved to match those
from the superimposed ideal base pair. The RMSD
thresholds were chosen from those used in
DSSR.?® To reduce running time, the CSSR sec-
ondary structure assignment, which is required in
base pair conformation correction, is updated every
tenth iteration.

Step 4: Remove clashing atom pairs. Arena first
iterates  through every possible residue
combination, calculating the 3D distance between
the C1’ atoms. If the C1’-C1’ distance is >18.16 A
for the nucleotide pair, it is not physically possible
for the constituent atoms to clash (Text S3). If this
condition is not met, Arena proceeds to iterate
through all inter-residue atom pairs and calculates
their 3D distance. The distance threshold that
defines a clash is calculated as the sum of the van
der Waals radii of the two atoms minus 0.4 A.** If
the atom—atom distance is less than the threshold,
they are considered to sterically clash, and the
atoms are moved apart as described in Step 2.

The program iterates through Steps 2-4 to
generate a refined structure. The number of
iterations increases with the length of the RNA
according to a linear function, where the maximum
number of iterations is 0.4"L + 100, where L is the
length of the RNA in nucleotides. The program
finishes after reaching the maximum number of
iterations or until no more atoms are moved,
whichever comes first.
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