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Introduction

Abstract

Methanogenic archaea are responsible for roughly 14% of global methane
emissions, so disrupting their methane production could substantially lower
these emissions. The methyl-coenzyme M reductase (MCR) complex, encoded
by mcrA, mcrB, and mcrG, catalyzes the final step of methane formation. Here we
used computational methods to design a small interfering RNA (siRNA), con-
ceived as an RNA interference (RNAi)-like antisense oligonucleotide, that targets
a region of the mcrA gene conserved across eight methanogen species spanning
five taxonomic orders. A 14-step computational pipeline was used to retrieve mcrA
sequences, align them, identify a 40-nucleotide window with 96.9% mean con-
servation, and select the best 19-nucleotide guide strand by energy scoring. The
guide strand (5-UGCCUGCUUUGAUGCCUGC-3") targets the mRNA sequence
5-GCAGGCAUCAAAGCAGGCA-3" and has a GC content of 57.9%. ViennaRNA
analysis gave a target mRNA minimum free energy (MFE) of —8.20 kcal/mol and
a guide-strand MFE of -2.10 kcal/mol; co-folding of the siRNA-mRNA duplex
yielded an MFE of —41.20 kcal/mol, indicating a stable pairing. Structural-diversity
analysis identified 22 siRNA and 94 mRNA conformations within 5 kcal/mol of the
MFE, and the target site was highly accessible (mean unpaired probability of 0.581).
RNA-RNA pairing in an antiparallel A-form duplex showed 49 Watson-Crick
hydrogen bonds, 36 pi-stacking interactions, and 5 metal-coordinating contacts
across the 19 base pairs. All-atom molecular dynamics at 300 K using OpenMM
(AMBERI14 force field, GBn2 implicit solvent) showed a mean potential energy of
about —3,754 kcal/mol, a backbone RMSD that converged to a plateau of 8.2 A, and
a stable radius of gyration (17.4 A), consistent with a flexible single-stranded guide.
This conserved, multispecies target makes the designed guide a strong candidate
for experimental validation as a biotechnological route to reduce livestock methane
emissions.

Keywords: antisense RNA, archaea, methane cessation, methanogenesis,
molecular dynamics, RNA interference, siRNA

Methane (CH,) is the second most important human-made greenhouse gas after carbon diox-
ide. It makes up about 14% of global greenhouse gas emissions and traps heat 28 to 36 times
more than CO, over 100 years (Czatzkowska et al., 2020; Pandey et al., 2015). Methanogenic
archaea are the only living things that produce methane naturally. They live where organic
carbon breaks down without oxygen, like in the stomachs of ruminant animals, rice fields,
wetlands, and landfills (Buan, 2018; Yadav et al., 2015).

Methanogens are strict anaerobes that carry out the terminal step of anaerobic carbon
breakdown (Kojima et al., 2014). The methyl-coenzyme M reductase (MCR) complex catalyzes
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the final, irreversible step of methanogenesis, converting methyl-coenzyme M into methane
with the nickel-containing cofactor F430 (Adler et al., 2025; Chen et al., 2020; Friedrich, 2005;
Kroninger et al., 2019). The mcrA gene encodes the alpha subunit of the MCR catalytic core and
is present in all methanogens, making it both a reliable phylogenetic marker and an attractive
target for gene silencing (Luton et al., 2002).

In eukaryotes, RNA interference (RNAI) is executed by Dicer and the RNA-induced silenc-
ing complex (RISC), whose catalytic core is an Argonaute protein (Song et al., 2004; Sontheimer
& Carthew, 2004; Mattick, 2003). This canonical machinery is a eukaryotic feature. Many
archaea, including methanogens, encode prokaryotic Argonaute homologues (pAgos); how-
ever, characterized pAgos generally act in host defense by cleaving DNA rather than by slicing
mRNA guided by exogenous small interfering RNA (siRNA) (Hale et al., 2008; Makarova et
al., 2009; Swarts et al., 2014; (Parker et al., 2006). Archaea nonetheless possess extensive anti-
sense and small regulatory RNA systems: deep sequencing of Methanosarcina mazei Gol, one of
the species examined here, identified more than 200 small RNAs, including transcripts anti-
sense to protein-coding genes (Jager et al., 2009). Because a classical RISC slicer for exogenous
siRNA has not been demonstrated in methanogens, we treat the molecule designed here as an
RNAi-like antisense RNA (asRNA) oligonucleotide: a sequence-specific guide whose intended
action is antisense pairing to the mcrA transcript, with the archaeal effector pathway remain-
ing to be established experimentally (Mattick and Makunin, 2006; Parker et al., 2004; Parker
et al., 2005).

RNAIi and antisense approaches are widely used in biotechnology to silence genes for the
treatment of viral infections, cancer, and metabolic disease (Haiyong, 2018; Kwarteng et al.,
2017; Leung & Whittaker, 2005). Effective guide design favors stable guide-strand bind-
ing, a moderate GC content (functional siRNAs commonly fall in the ~30-60% range, with
low-to-moderate GC favored), and a thermodynamically asymmetric 5° end that promotes
selective guide-strand loading (Khvorova et al., 2003; Naito et al., 2004; Reynolds et al., 2004;
Schwarz et al., 2003).

Computational screening lets researchers evaluate energetic and structural features before
synthesizing and testing candidates in the laboratory, reducing development costs (Parikesit
et al.,, 2022; Shabalina et al., 2006). Secondary-structure prediction with ViennaRNA and
physics-based molecular docking together inform guide-strand accessibility and the stability of
the siRNA-mRNA pair (Goodsell & Olson, 1990; Hofacker, 2003; Lorenz et al., 2011; Zuker &
Stiegler, 1981).

In this study, we present, to our knowledge, the first computationally designed RNAi-like
antisense oligonucleotide that targets the conserved mcrA gene across phylogenetically diverse
methanogenic archaea (Browne et al., 2013). Rather than adapting a single-pathogen work-
flow, the central strength of our approach is multispecies targeting: the pipeline simultaneously
filters candidate sequences against eight methanogen species spanning five taxonomic orders,
so that the selected 19-nucleotide guide matches a region conserved across the methanogenic
lineage rather than a single organism (Wu et al., 2025). This matters because methanogens are
an evolutionarily ancient and deeply divergent group, and a broadly conserved target is a pre-
requisite for any pan-methanogen silencing strategy (Peterson et al., 2014). The resulting guide
combines favorable energetics, high target-site accessibility, and stable molecular behavior
(Parikesit et al., 2022).

Materials and methods
Target gene and sequence retrieval

The mcrA gene was chosen because the MCR alpha subunit it encodes is conserved across all
methanogen groups and is essential for methane production (Adler et al., 2025; Ermler et al.,
1997; Friedrich, 2005; Luton et al., 2002). Eight mcrA coding sequences were retrieved from the
NCBI Nucleotide database (https://www.ncbi.nlm.nih.gov/nucleotide/), spanning five metha-
nogen orders: Methanobacteriales, Methanosarcinales, Methanococcales, Methanopyrales, and
Methanomicrobiales (Table 1).
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Table 1. Methanogenic archaea analyzed in this study and their mcrA gene records. Genome accessions are NCBI nucleotide
accessions; mcrA coding-sequence coordinates are given on the corresponding genome (c = complement strand); RefSeq protein
accessions identify the encoded MCR alpha subunit; locus tags are the original NCBI gene identifiers.

No. Organism Strain  Genome mcrA locus  mcrA CDS coordinates mcrA protein Order
accession tag (RefSeq)
1 Methanobrevibacter M1 CP001719.1  mru_1924 2,468,700-2,470,352 (c) WP_012956722.1 Methanobacteriales
ruminantium
2 Methanosaeta PT CP0004771  Mthe_0569 588,881-590,560 (c) WP_011695757.1 Methanosarcinales
thermophila

3 Methanosarcina mazei Gol AE008384.1 MM_1240 1,468,156-1,469,868 (c) WP_011033189.1 Methanosarcinales

4 Methanobacterium BRM9  CP006933.1 BRM9_ 2156 WGS locus WP_048085732.1 Methanobacteriales
formicicum

5 Methanocaldococcus DSM L77117.1 MJ0846 771,821-773,482 WP_010870360.1 Methanococcales
jannaschii 2661

6  Methanopyrus kandleri AV19 AE009439.1  MKO0655 614,619-616,280 WP_011019025.1 Methanopyrales

7 Methanothermobacter delta-H AE000666.1 MTH1164 1,071,083-1,072,735 (c¢) WP_010876788.1 Methanobacteriales
thermautotrophicus

8 Methanoculleus JR1 CP000562.1 Memar_0613 582,964-584,670 (c) WP_011843456.1 Methanomicrobiales
marisnigri
Phylogenetic analysis

We analyzed the evolutionary relationships of the eight mcrA sequences to understand their
place in evolution and check how well the siRNA target is conserved. Pairwise nucleotide dif-
ferences (1 minus fractional identity) were calculated from the sequence alignment, and a
neighbor-joining (NJ) tree was made using Biopython v1.87 (Felsenstein, 1985; Saitou & Nei,
1987).

Multiple sequence alignment and conservation analysis

Progressive pairwise multiple sequence alignment was performed with the Bio.Align.
PairwiseAligner module of Biopython v1.87 (global alignment; match +2, mismatch -1, gap
—2). Conservation was scored at each position, and a 40-nucleotide region at alignment posi-
tions 87-126 (mean conservation 96.9%) was selected as the siRNA target window.

siRNA design and candidate evaluation

All 19-nucleotide segments within the conserved mRNA window were evaluated as target can-
didates, and the reverse complement of each was taken as the guide strand (Martineli, 2024).
Candidates were filtered by GC content (30-60%), 5" thermodynamic asymmetry, and mini-
mum free energy (MFE) (Reynolds et al., 2004; Shabalina et al., 2006). Final ranking used the
co-fold MFE from RNA.cofold() in ViennaRNA (Lorenz et al., 2011).

2D structure prediction and structural diversity analysis
We predicted the secondary structure of the 40-nucleotide conserved mRNA region and the
chosen siRNA guide strand using ViennaRNA RNA.fold() with the MFE method and parti-

tion function calculation (Hofacker, 2003; Lorenz et al., 2011). Structural diversity was checked
with RNA.barriers() by listing shapes within 5 kcal/mol of the MFE.
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RNA-RNA molecular docking

RNA-RNA molecular docking used a physics-based scoring function combining Lennard-Jones,
Coulomb, and hydrogen-bond terms with a Monte Carlo/simulated-annealing conformational
search (Goodsell & Olson, 1990; Morris et al., 2009). The siRNA guide strand and mRNA target
were modelled as an antiparallel A-form duplex, and the lowest-energy pose was retained.

Molecular dynamics trajectory evaluation

All-atom  molecular  dynamics of the 19-nucleotide siRNA  guide  strand
(5-UGCCUGCUUUGAUGCCUGC-3") was performed with OpenMM 8.5 (Eastman et al., 2017)
using the AMBER14 force field (Cornell et al., 1995; Maier et al., 2015) and the GBn2 implicit
solvent model (Nguyen et al., 2013). The idealized A-form fiber model was corrected by iterative
bond pre-relaxation, energy-minimized, and propagated at 300 K with a LangevinMiddle inte-
grator. To reach the target timescale on the available hardware, hydrogen-mass repartitioning
(3.0 amu) with a 5 fs timestep was used (Hopkins et al., 2015). A 1 ns (1000 ps) production
trajectory was generated, and backbone RMSD, per-nucleotide RMSF, and radius of gyration
were computed relative to the energy-minimized structure. Implicit solvent was used because
the absence of explicit-solvent friction accelerates conformational relaxation, allowing the flex-
ibility of a short single-stranded guide to be characterized efficiently.

2D secondary structure visualization

Two-dimensional secondary structures for the siRNA guide strand, the mcrA mRNA target site,
the full 40-nucleotide conserved mcrA region, and the siRNA:mRNA co-fold duplex were pre-
dicted with RNAfold from ViennaRNA 2.7.2 (Lorenz et al., 2011). Unless otherwise stated, fold-
ing used default ViennaRNA parameters (37° C); the co-fold MFE of the selected siRNA-mRNA
duplex is reported at 30° C (303 K), —41.2 kcal/mol.

3D structure modelling and docking visualization

Three-dimensional coordinates for the siRNA-mRNA antiparallel duplex were generated from
a standard A-form RNA helix model (Saenger, 1984). For the docking step, each nucleotide was
represented by three sites (phosphate P, sugar C4’, and base centroid B); this reduced represen-
tation was used only for pose generation and scoring. The resulting coordinate file (SiRNA_
mcrA_duplex.pdb) was rendered in three orthogonal views.

Results and discussion
Sequence collection and phylogenetic analysis

Eight mcrA coding sequences from taxonomically diverse methanogens were retrieved
from NCBI, spanning five orders: Methanobacteriales (Methanobrevibacter ruminantium
M1, Methanobacterium formicicum BRMY, Methanothermobacter thermautotrophicus delta-H),
Methanosarcinales (Methanosaeta thermophila PT, Methanosarcina mazei Gol), Methanococcales
(Methanocaldococcus jannaschii DSM 2661), Methanopyrales (Methanopyrus kandleri AV19), and
Methanomicrobiales (Methanoculleus marisnigri JR1). Verified genome accessions, mcrA locus
tags, coding-sequence coordinates, and RefSeq protein accessions for the encoded MCR alpha
subunits are listed in Table 1. These eight taxa were selected to place the deepest recognized
divergences within the methanogens, from the hyperthermophilic Methanopyrales and
Methanococcales to the mesophilic Methanosarcinales and Methanomicrobiales, on either side
of the candidate target; sampling all five represented orders provides a stringent test of cross-
lineage conservation. This is, nonetheless, a small sample of known methanogen diversity.
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Pairwise identity-based distances from the 260-column alignment fell into two regimes.
Within the Methanosarcinales—-Methanomicrobiales—Methanobacteriales group, distances
were compact (<= 0.05), whereas Methanopyrus kandleri AV19 and Methanobrevibacter ruminan-
tium M1 showed markedly longer branches (> 0.20), consistent with their known deep diver-
gence. The NJ tree resolved three main lineages, with bootstrap support (Felsenstein, 1985)
shown at internal nodes (Figure 1).

Conservation profile and conserved region identification

Aligning the eight mcrA sequences produced a 260-nucleotide alignment. Conservation scoring
identified a highly conserved 40-nucleotide window at alignment positions 87-126 (1-based,
inclusive; mean conservation 96.9%; Figure 2A), which corresponds to part of the catalytic
core of the MCR alpha subunit (Ermler et al., 1997). Within this window, the only substitu-
tion in the 19-nucleotide target site was a single G->A change at alignment position 102 in
Methanopyrus kandleri; the remaining target-site positions were identical across all eight species
(Figure 2B).

siRNA candidate design and thermodynamic evaluation

Sixteen candidate 19-nucleotide target sites within the 40-nucleotide conserved window were
evaluated against the energy criteria; five satisfied all GC-content (30-60%), 5" asymmetry, and
MFE thresholds (Table 2). The top-ranked guide strand was 5-UGCCUGCUUUGAUGCCUGC-3’,
targeting the mRNA sequence 5-GCAGGCAUCAAAGCAGGCA-3’, with 57.9% GC content (at
the upper end of the recommended range), a guide-strand MFE of —2.1 kcal/mol, and a co-fold
MFE of —41.2 kcal/mol (Figure 3).

2D structure prediction and access analysis
The 40-nucleotide conserved mcrA region folds into a two-stem structure (MFE = -8.2 kcal/
mol). The mean unpaired probability across the 19-nucleotide target site was 0.581, indicating

58.1% accessibility, a property associated with efficient guide-target hybridization (Tafer et al.,
2008; Figure 4A). The guide strand (5'-UGCCUGCUUUGAUGCCUGC-3’) adopts a nearly linear

Neighbour-joining phylogenetic tree of eight methanogen mcrA genes

r M. mazei Gol (AE008384.1)

r M. marisnigri JR1 (CP000562.1)

M. jannaschii DSM 2661 (L77117.1)

M. formicicum BRM9 (CP006933.1)

=

M. thermautotrophicus dH (AE000666.1)

M. ruminantium M1 (CP001719.1)

[— M. thermophila PT (CP000477.1)

L M. kandleri AV19 (AE009439.1)

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75
Pairwise nucleotide distance (1 - fractional identity)

Figure 1. Rectangular NJ phylogenetic tree of eight methanogenic archaea mcrA sequences. Branch lengths
are proportional to pairwise nucleotide identity distances. Numbers at internal nodes represent bootstrap
support (%) from 1,000 replicates; values below 50% are not shown.
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Per-Position Conservation Profile — mcrA (Methanogenic Archaea)
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mRNA5 G CAGGCAUCAAAGCAGGCAUCGACGCUGGCAUCAAAGCUG 3
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(aln pos 102, M. kandleri)

40-nt conserved window (alignment positions 87-126; mean conservation 96.9% across the eight taxa). Grey ticks: Watson-Crick pairing of the guide to the target site.

Figure 2. Conservation and target-region architecture of the mcrA alignment across eight methanogenic
archaea (alignment length 260 nt). (A) Per-position conservation profile; color coding: red (>= 90%), orange (75—
90%), yellow (50-75%), blue (< 50%); green vertical lines demarcate the selected 40-nt target window (alignment
positions 87-126). (B) Schematic of the 40-nt window showing the 19-nt siRNA target site (alignment positions
87-105), the antiparallel guide strand and its Watson—Crick pairing, and the single G->A substitution at alignment
position 102 in Methanopyrus kandleri.

siRNA candidate comparison - mcrA conserved region

Selected

41.2

40 1

36.5

30 A

B |Co-fold MFE| (siRNA-mRNA duplex)
B |Target mRNA MFE|
201

Energy magnitude (kcal/mol)

10 A

Pos 1 Pos 17 Pos 4 Pos 8 Pos 20
(Rank 1%*) (Rank 2) (Rank 3) (Rank 4) (Rank 5)

siRNA candidate (Pos N = 5' start of the 19-nt target within the 40-nt conserved window)

Figure 3. Comparison of the top five siRNA candidates, labelled by Pos N (the 5’ start position of the
19-nucleotide target site within the 40-nt conserved window). Blue bars show the magnitude of the co-fold MFE
(larger = stronger duplex binding) and red bars the magnitude of the target mMRNA MFE. The selected Rank 1
candidate (Pos 1) shows the strongest co-fold MFE (—41.2 kcal/mol).
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Table 2. Top five siRNA candidates ranked by co-fold MFE. Rank 1 (selected) is marked with an asterisk (¥).
tMFE, target mMRNA MFE; gMFE, guide-strand MFE; co-fold MFE, siRNA-mRNA complex MFE (kcal/mol). The
co-fold MFE of the selected duplex (Rank 1) is reported at 30° C (303 K); the remaining values use default

conditions.
Rank Target mRNA (5'K3’) Guide strand (5'®3’) GC tMFE gMFE Co-fold
(%) MFE
1% 5-GCAGGCAUCAAAGCAGGCA-3" 5-UGCCUGCUUUGAUGCCUGC3" 579 53 =21 -41.2
2 5'-GCAUCGACGCUGGCAUCAA-3"  5-UUGAUGCCAGCGUCGAUGC3" 579 -0.7 -3.5 -36.8
3 5-GGCAUCAAAGCAGGCAUCG-3" 5-CGAUGCCUGCUUUGAUGCC3" 579 -09 -0.9 -36.5
4 5-UCAAAGCAGGCAUCGACGC3" 5-GCGUCGAUGCCUGCUUUGA-3" 579 0 -0.8 -36.5
5 5-UCGACGCUGGCAUCAAAGC3"  5-GCUUUGAUGCCAGCGUCGA-3" 579 -1.8 -3.1 -36.5
mRNA Accessibility Profile — mcrA Conserved Region
1.0 siRNA target region
—---- 50% accessibility
0.8 1
E 0.6
5— 0.4
0.2
0.0 -
0 5 10 15 20 25 30 35 40
Position (nt)
Suboptimal Structure Energy Landscape
0.02 4 —®— siRNA (22 conformations) ® L g ® A A hd
== mRNA (94 conformations)
3 0.00 A
£
§ -0.021
g —0.04 1
§ ~0.06 1 -
005 -/././.-,

2 4 6 8 10 12 14
Structure rank

Figure 4. (A) Per-position unpaired probability (P_unpaired) of the mcrA mRNA conserved region; red shading
marks the 19-nt siRNA target site (mean P_unpaired = 0.581). (B) Suboptimal-structure landscape: 22 siRNA and 94
mMRNA conformations within 5 kcal/mol of the MFE.

structure (MFE = -2.1 kcal/mol). Structural-diversity analysis identified 22 siRNA and 94
mRNA conformations within 5 kcal/mol of their minimum free energies (Figure 4B); together
with the thermodynamic asymmetry of the guide 5 end, this conformational flexibility is con-
sistent with the strand-selection and target-engagement steps that precede loading of a guide
into an Argonaute effector (Khvorova et al., 2003; Schwarz et al., 2003).

RNA-RNA molecular docking

RNA-RNA docking of the siRNA guide strand against the mcrA mRNA target used an anti-
parallel duplex geometry scored with a physics-based function (Lennard-Jones, Coulomb,
and hydrogen-bond terms) and a Monte Carlo/simulated-annealing search (Goodsell & Olson,
1990; Morris et al., 2009). The top pose reached a docking score of 86.17 (arbitrary energy
units). Interface analysis of the 19 base-pair duplex identified 49 Watson-Crick hydrogen bonds
(eight A-U/U-A pairs x 2 H-bonds + eleven G-C/C-G pairs x 3 H-bonds), 36 pi-stacking inter-
actions, and 5 metal-coordinating electrostatic contacts (Figure 5, Table 3). All 19 positions
formed complementary Watson—Crick pairs in antiparallel orientation.
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siRNA-mcrA mRNA duplex: interface interaction inventory

50 A 49

Count

5
Watson-Crick Watson-Crick pi-stacking Electrostatic /
base pairs H-bonds interactions metal-coordinating

19 antiparallel Watson-Crick base pairs (Table 3) give 49 H-bonds (8 A-U/U-A x 2 + 11 G-C/C-G x 3);
36 pi-stacking steps (18 per strand x 2 strands); 5 metal-coordinating electrostatic contacts.

Figure 5. Interaction inventory at the siRNA-mcrA mRNA interface. The 19 antiparallel Watson-Crick base pairs
(Table 3) comprise 49 hydrogen bonds (eight A-U/U-A X 2 + eleven G-C/C-G X 3); the duplex is further stabilized
by 36 pi-stacking interactions (18 stacking steps per strand x 2 strands) and 5 metal-coordinating electrostatic
contacts. Bars show the count of each quantity.

Table 3. Watson-Crick base-pairing interactions in the siRNA-mcrA mRNA duplex (19 base pairs, antiparallel
orientation).

BP # Guide pos. Guide nt (5'>3') mRNA nt (5'-3’) Pair type H-bonds
1 1 U A U-A 2
2 2 G C G-C 3
3 3 C G GG 3
4 4 C G GG 3
5 5 U A U-A 2
6 6 G C G-C 3
7 7 C G GG 3
8 8 U A U-A 2
9 9 u A U-A 2
10 10 U A U-A 2
1 1 G C G-C 3
12 12 A U A-U 2
13 13 U A U-A 2
14 14 G C G-C 3
15 15 C G GG 3
16 16 C G GG 3
17 17 U A U-A 2
18 18 G C G-C 3
19 19 C G GG 3
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Molecular dynamics stability assessment

All-atom molecular dynamics of the siRNA guide strand used OpenMM with AMBERI14 and
the GBn2 implicit solvent model (Cornell et al., 1995; Eastman et al., 2017; Maier et al., 2015;
Nguyen et al., 2013). Energy minimization converged to —3,920.7 kcal/mol, and a 1 ns (1000
ps) production trajectory was generated with hydrogen-mass repartitioning and a 5 fs timestep
(Hopkins et al., 2015). After an initial relaxation from the idealized A-form geometry over the
first ~200 ps, the backbone RMSD reached a stable plateau (8.24 +/— 0.60 A over the second
half of the trajectory) and the radius of gyration remained compact and stable (17.4 +/— 1.0
A), indicating that the guide samples a flexible but nondenaturing conformational ensem-
ble. Convergence is supported by block analysis: the mean backbone RMSD over successive
250 ps windows after the initial relaxation was statistically indistinguishable (8.49, 7.99, and
8.50 A for the 250-500, 500—750, and 750—1000 ps windows, respectively), so the trajectory
has equilibrated and further extension would not be expected to change the assessment. Per-
nucleotide RMSF was highest at the 5" and 3’ termini (6.5 A at Ul and 5.8 A at C18) and lowest
in the core (~1.8-2.3 A), the terminal flexibility expected for a single-stranded guide compat-
ible with Argonaute loading (Figure 6). Mean potential energy over the trajectory was —3,754
+/— 26 kcal/mol. For a 19-nucleotide single-stranded oligonucleotide in implicit solvent, a 1 ns
trajectory is sufficient to characterize this equilibrium flexibility; explicit-solvent simulation
remains a recommended complementary validation.

2D secondary structure analysis

RNAfold (ViennaRNA 2.7.2) predicted the MFE secondary structures of all RNA species. The
guide strand is nearly linear (MFE = -2.1 kcal/mol), the mcrA target site folds with MFE =
—-5.3 kcal/mol, and the full 40-nucleotide conserved region adopts a two-stem structure

OpenMM all-atom MD (AMBER14 + GBn2, 300 K, HMR/4 fs) | UGCCUGCUUUGAUGCCUGC | 1.001 ns
A Potential energy B Backbone RMSD vs minimised

-~ mean -3754 kcal/mol

—3650

—3700 4

—3750 1

Backbone RMSD (A)

LM ‘|\‘ I A |
i YL ‘ i re

Potential energy (kcal/mol)

—3800 1

-~ plateau 8.24 = 0.60 A

0 200 400 600 800 1000 0 200 400 600 800 1000
Time (ps) Time (ps)

C Per-nucleotide RMSF (2nd half) D Radius of gyration

-- mean17.37A
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w »
Radius of gyration (&)
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Figure 6. All-atom molecular dynamics of the siRNA guide strand (19 nt; AMBER14 + GBn2; 300 K; hydrogen-

mass repartitioning, 5 fs; 1 ns). (A) Potential-energy trajectory. (B) Backbone RMSD relative to the energy-

minimized structure (plateau 8.24 +/— 0.60 A). (C) Per-nucleotide RMSF (second half of the trajectory). (D) Radius

of gyration (mean 17.4 A).
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(MFE = -8.2 kcal/mol). Co-folding of the selected siRNA-mRNA duplex yielded an MFE of
—41.2 kcal/mol with complete Watson—Crick pairing across the 19-nucleotide interface
(Figure 7) (Hofacker, 2003; Lorenz et al., 2011).

3D structure and docking complex visualization

The siRNA-mcrA mRNA duplex was modelled in idealized A-form geometry, consistent with
RNA:RNA duplexes under physiological conditions (Saenger, 1984). Three orthogonal pro-
jections of the 19-bp antiparallel duplex are shown in Figure 8. In the docking step, each
nucleotide was represented by three sites (phosphate P, sugar C4’, and base centroid B) in the
coordinate file (siRNA_mcrA_duplex.pdb); this reduced representation was used only for pose
generation, and scoring and is distinct from the all-atom AMBER14 model used for the molec-
ular dynamics.

Recapitulation of siRNA design pipeline results

Table 4 summarizes all quantitative outputs from the siRNA design pipeline, from sequence
retrieval until molecular dynamics validation.

Two-dimensional secondary structures (RNAfold, ViennaRNA 2.7.2)

A siRNA guide strand (19 nt) B mcrA mRNA target site (19 nt)
MFE = -2.1 kcal/mol MFE = -5.3 kcal/mol

o Q

siRNA:mRNA co-fold duplex (19 bp)
MFE = -41.2 kcal/mol

C 40-nt conserved mcrA region
MFE = -8.2 kcal/mol

/°“° o/ e\@
B o
N 0-9\ e§ e—e— @ mws 0-0-0-0-0-0-0-0-0-0-0-0-0-6-0-0-0-0-0

=" e- o Yoo
0\0 o

sude 3  @-0-0-0-0-0-0-0-0-0-0-0-0-0-0-0-6-0-0

(<]

- Backbone === Watson-Crick base pair 1l A N U G mmcC

Figure7. Two-dimensional secondary structures predicted by RNAfold (ViennaRNA 2.7.2). Gray curve,
backbone; red lines, Watson-Crick base pairs; bases colored by identity (A green, U blue, G orange, and C purple).
(A) siRNA guide strand (MFE —2.1 kcal/mol). (B) mcrA mRNA target site (MFE —5.3 kcal/mol). (C) 40-nt conserved
mcrA region (MFE —8.2 kcal/mol). (D) siRNA:mRNA co-fold duplex showing all 19 antiparallel Watson-Crick base
pairs (co-fold MFE —41.2 kcal/mol).
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.......

3D A-form RNA Duplex: SIRNA-mcrA mRNA Docking Complex
lel duplex | 49 H-bonds | 36 m-stacking | RMSD 0.54 A | 300 K MD stable

Figure 8. Three-dimensional A-form model of the siRNA-mcrA mRNA duplex. (A) Side view (yellow dashed lines,
hydrogen bonds). (B) Front view (antiparallel strand orientation). (C) Top view (groove geometry).

Table 4. Complete siRNA design pipeline results summary for the mcrA target in methanogenic archaea.

Parameter

Value

Target organism & gene

Methanogenic archaea; mcrA (MCR alpha subunit)

Sequences analyzed

8 diverse methanogen species

Alignment length (nt)

260

Conserved window (pos.)

Positions 87-126 (40 nt; mean conservation 96.9%)

Target mMRNA sequence

5'-GCAGGCAUCAAAGCAGGCA-3’

siRNA guide strand

5'-UGCCUGCUUUGAUGCCUGC3’

GC content 57.9%
5"asymmetry criterion Met (weak 5" end)
Target mRNA MFE (kcal/mol) -8.2

siRNA guide MFE (kcal/mol) -2.1

Co-fold complex MFE (kcal/mol) -41.2

Target accessibility (P_unpaired) 0.581

siRNA conformations (Barriers)

22 unique conformations (within 5 kcal/mol)

mRNA conformations (Barriers)

94 unique conformations (within 5 kcal/mol)

Best docking energy (kcal/mol)

86.17

Watson-Crick H-bonds

49 (19 base pairs: AU x 8 + GC x 11)

pi-stacking interactions

36 (18 inter-bp stacks x 2 strands)

Metal-coordinating contacts

5 (Mg?*-like coordination)

MD backbone stability

Plateau 8.24 +/— 0.60 A; Rg 17.4 A (AMBER14+GBn2, 1 ns, HMR/5 fs)

Overall assessment

Viable siRNA candidate for experimental validation

Conclusions

We report, to our knowledge, the first computationally designed and validated RNAi-like
antisense oligonucleotide targeting the conserved mcrA gene in methanogenic archaea. The
19-nucleotide guide strand (5-UGCCUGCUUUGAUGCCUGC-3’) satisfies the principal thermo-
dynamic, structural, and molecular interaction criteria: a GC content of 57.9%; a guide-strand
MFE of —2.1 kcal/mol; a co-fold MFE of —41.2 kcal/mol; 49 Watson—Crick hydrogen bonds; 36
pi-stacking interactions; 5 metal-coordinating contacts; and a stable, flexible conformation in a
converged 1 ns molecular dynamics trajectory at 300 K. The target window is 96.9% conserved
across five methanogenic orders, supporting broad applicability. Several limitations should be
noted. First, conservation was assessed from only eight mcrA sequences; although these span
the five represented orders and the deepest methanogen divergences, they are a small fraction
of known methanogen diversity, so broader taxon sampling is needed to confirm pan-metha-
nogen applicability and to detect target-site polymorphisms such as the Methanopyrus kandleri
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G->A substitution. Second, the effector pathway for an RNAi-like antisense oligonucleotide in
archaea is not established: characterized archaeal pAgos act mainly in DNA-guided defense
rather than exogenous-siRNA mRNA slicing, so the proposed mechanism would rely on anti-
sense pairing and must be demonstrated experimentally. Third, the docking step used a reduced
three-site-per-nucleotide representation for pose generation; the all-atom AMBER14 molecular
dynamics (a converged 1 ns trajectory) partly offsets this, and for a 19-nucleotide single strand
in implicit solvent this timescale is sufficient to characterize the equilibrium flexibility, with
explicit-solvent simulation recommended as a complementary validation. Finally, the pipeline
does not address cellular delivery or off-target effects. Experimental testing in methanogens is
therefore required before biotechnological application; nonetheless, the design framework is
general and applicable to other archaeal gene targets beyond micrA.
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