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Abstract

Nucleoside 2’-O-methylation is a widespread RNA modification found across diverse RNA types in all domains of life. Although considerable
progress has been made in mapping 2’-O-methylation sites and elucidating their biological roles, the enzymatic pathways responsible for the
catabolism of 2’-O-methylated nucleosides remain largely unexplored. Here, we report a previously unidentified 2’-O-methylated nucleoside
demethylation reaction catalyzed by a metagenome-derived bacterial dioxygenase named RJS. We further show that FJS-related enzymes,
including human phytanoyl-CoA dioxygenase domain-containing protein 1 (PHYHD1), catalyze the 2-oxoglutarate-dependent demethylation of
a broad range of ribose-methylated nucleosides, but do not act on modified nucleotides or 3'-terminal 2’-O-methylated RNA substrates. To
determine whether the loss of PHYHD1 function affects 2’-O-methylation levels of RNA-incorporated or free nucleosides, we generated a
phyhd1 knockout zebrafish line. While RNA modification levels remained unchanged, the amount of free 2’-O-methylated nucleosides was
significantly elevated in both phyhd1 knockout embryos and adult zebrafish. These findings indicate that PHYHD1 does not directly demethylate
RNA but instead functions in the turnover of free 2’-O-methylated nucleosides. Together, our study identifies a previously unrecognized metabolic
pathway for 2’-O-methylated nucleosides and defines PHYHD1 as the key dioxygenase involved in their demethylation, providing new insights
into the catabolism of modified nucleosides.
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Introduction

RNA modifications play a crucial role in RNA folding, sta-
bility, and RNA-protein interactions, making them essential
for RNA function and gene expression regulation [1]. Among
these modifications, 2’-O-methylation (2’-O-Me, Nm) is one
of the most abundant, found across all major RNA classes
within all domains of life [2]. It is well established that these
modifications increase RNA resistance and frequently support
interactions with auxiliary proteins [2]. Extensive research
has explored 2’-O-Me across diverse RNA types, including
tRNA, rRNA, the 5" cap of mRNA, long non-coding and small
non-coding RNAs, such as small nuclear RNA (snRNA), mi-

croRNA (miRNA), and PIWI-interacting RNA (piRNA), as
well as its potential links to different diseases [2, 3]. Recent
advances in detection sensitivity [4] have greatly improved our
understanding of the distribution [5] and functions [6] of in-
ternal (non-cap) mRNA 2'-O-Me groups, as well as the dy-
namic regulation of rRNA and tRNA 2’-O-methylation dur-
ing development in model organisms such as zebrafish [7] and
mice [8].

Beyond its biological significance, 2’-O-methylation is
widely used in biotechnology and medicine. It enhances the
stability of aptamers [9], advances the efficiency and preci-
sion of CRISPR (clustered regularly interspaced palindromic
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repeats) RNA-based gene editing [10, 11], and plays a key role
in developing therapeutic oligonucleotides, such as small inter-
fering RNAs [12]. The addition of 2'-O-Me groups improves
the pharmacokinetics of RNA-based treatments by reducing
immunogenicity, extending half-life, and increasing binding
affinity [12]. Therefore, understanding the effects of 2'-O-
methylation on cellular function and the mechanisms govern-
ing the metabolism of these modified nucleotides remains a
critical area of research with broad implications for both ba-
sic biology and therapeutic innovation.

While the exact mechanisms by which 2’-O-Me groups in-
fluence cellular functions are known only for a subset of RNA
sites [13], it is well established that 2’-O-methylation enhances
RNA stability by protecting against chemical and enzymatic
hydrolysis [14]. One well-characterized example is the 3’-end
2’-O-methylation of small RNAs catalyzed by Henl1, which
prevents 3’5" exonucleolytic degradation and 3'-uridylation
[15]. Increased stability is also observed in RNA molecules
carrying internal 2’-O-methyl groups, such as methylated
mRNA [16]. Beyond their stabilizing role, 2’-O-Me groups
influence RNA secondary structure by shifting the ribose con-
formation toward the C3’-endo form [17], a structural feature
essential for the proper function of rRNA and tRNA [13]. Ac-
cordingly, many 2’-O-methylation sites are site specific and
guided by C/D box small nucleolar RNAs (snoRNAs; primar-
ily in rRNA [2]), small Cajal body-specific RNAs (scaRNAs; in
snRNA [18]), or dedicated stand-alone enzymes such as yeast
tRNA methyltransferases [19]. However, it remains unclear
whether non-cap mRNA riboses are methylated by small nu-
cleolar ribonucleoproteins (snoRNPs), stand-alone enzymes,
or both [2].

Although some knowledge exists on how RNA-guided
enzyme complexes and single-acting enzymes introduce 2’-
O-Me groups post-transcriptionally, there are very few
data on the catabolism, salvage pathways, or potential in
situ demethylation of 2’-O-methylated nucleosides and nu-
cleotides. Only a few studies have characterized enzymes
involved in the biodegradation of 2’-O-methylated nucle-
osides. The first reported enzyme with activity toward 2’-
O-methylribonucleosides is LbNH, a nucleoside hydrolase
from Lactobacillus buchneri [20]. LONH hydrolyses 2'-O-
methylated nucleosides, producing 2'-O-methylribose and the
corresponding nucleobase. Additionally, though with low ef-
ficiency, it can catalyze a transribosylation reaction between
2’-O-Me nucleosides and nucleobases [21]. A similar hy-
drolase, AgNH, purified from Agromyces sp. MM-1 cells
[22], catalyzes this transribosylation reaction with a slightly
higher yield. Another noteworthy enzyme is RK9NH, iden-
tified from a soil-based metagenomic library. In addition to
hydrolysing natural substrates such as 2’-O-methyluridine,
hydrolase RK9NH efficiently processes fluorinated ana-
logues, including 5-fluorouridine, S-fluoro-2’-deoxyuridine,
and 5-fluoro-2’-O-methyluridine, into S-fluorouracil [23].
The RK9INH gene was identified alongside a gene encoding
an aldolase, homologous to 2-deoxy-D-ribose 5-phosphate al-
dolase (DERA) from Escherichia coli, suggesting a potential
gene cluster involved in the degradation of 2’-O-methylated
nucleosides [23]. However, to date, RNA 2’-O-Me groups
have no known erasers, and this modification is considered
irreversible [2].

Nevertheless, other nucleoside methyl modifications have
known erasers, primarily enzymes from the 2-oxoglutarate-

and Fe(Il)-dependent oxygenase superfamily (20G oxyge-
nases, EC 1.14.11). Notable examples include the AlkB
family members FTO [24] and AIkBHS5 [25], which func-
tion as 20G/Fe(IT)-dependent demethylases targeting the N°-
methyladenosine (m®A) modification in mRNA. In addition to
RNA-incorporated substrates, 20G/Fe(Il)-dependent dioxy-
genases can also act on free nucleosides. One such exam-
ple is the recently characterized nucleoside 2’-hydroxylase
(PDN2'H) from Neurospora crassa [26]. Generally, 20G oxy-
genases couple the decarboxylation of 2-oxoglutarate to the
oxidation of C—H bonds in a wide range of substrates [27].
As a result, they are involved in numerous cellular processes,
including the synthesis and catabolism of diverse compounds,
oxygen sensing, and the regulation of transcription, transla-
tion, and protein stability [27]. Typically, 20G oxygenase-
catalyzed oxidation of the primary substrate yields a hydrox-
ylated product; however, when the target carbon is adjacent
to a heteroatom, hydroxylation can lead to demethylation
[28].

This study describes a novel enzymatic activity within
the 20G oxygenase superfamily, specifically in enzymes be-
longing to or closely related to the phytanoyl-CoA dioxy-
genase domain-containing 1 (PHYHD1) protein group. The
domain name originates from phytanoyl-CoA dioxygenase
(PHYH, also known as PAHX). Human PHYH is a peroxi-
somal enzyme that catalyzes the breakdown of phytanic acid,
which cannot undergo B-oxidation due to its 3-methyl group
[29]. The closest homolog of PHYH is the aforementioned
PHYHD1, which is present in both the nucleus and the cy-
toplasm [30]. Human PHYHD1 (hPHYHD1) exists in three
isoforms (A, B, and C), with isoform A catalysing the iron-
dependent conversion of 2-oxoglutarate to succinate and CO;
in vitro [31]. In addition, hPHYHD1 binds mRNA and inter-
acts with proteins involved in cell division and mRNA splicing
in HEK293T cells [30]. It has also been implicated in various
carcinomas [32, 33], pituitary adenomas [34], and neurode-
generative diseases, especially Alzheimer’s disease [35-37].

Homologs of human PHYHD1 are broadly conserved
across animals and have been studied in several species. For in-
stance, knockout of the PHYHD1 gene in silkworms results in
increased egg size [38], while its up-regulation in immune cells
has been associated with physiological abnormalities in Xeno-
pus tadpoles [39] and T-cell stimulation in mice [40]. More-
over, databases such as GenBank [41] contain many microbial
dioxygenase sequences annotated as phytanoyl-CoA dioxyge-
nase family proteins, referred to here as PHYH-like proteins.

Despite extensive investigation, no physiological substrate
had previously been identified for hPHYHD1 [30, 31].
Here, we demonstrate that both eukaryotic and prokaryotic
PHYHD1 and PHYH-like enzymes catalyze the oxidative
demethylation of 2’-O-methylated nucleosides, suggesting a
conserved role in the catabolism of these modified metabo-
lites. Notably, we show that PHYHD1 does not demethy-
late phosphorylated nucleosides or RNA in vitro. Further-
more, we demonstrate that loss of PHYHD1 function in ze-
brafish does not alter total RNA or mRNA 2'-O-Me levels.
Instead, zebrafish PHYHD1 knockouts display a significant
accumulation of free 2'-O-methylated nucleosides. Together
with genome-wide association data and previous biochemical
evidence, our findings indicate that non-incorporated (free) 2'-
O-methyl nucleosides serve as the primary physiological sub-
strate of PHYHD1.
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Materials and methods

Reagents

If not stated otherwise, 2’-O-methyl nucleosides and 2’-
O-methyl nucleoside triphosphates were purchased from
Jena Bioscience (Germany). N°,2'-O-dimethyladenosine, N*
,2’-O-dimethylcytidine, N* -acetyl-2'-O-methylcytidine, and
N* -benzoyl-2’-O-methylcytidine were purchased from BLD
Pharm (China); N® -methyladenosine was purchased from
Aaron Chemicals (USA); and N* -acetylcytidine was pur-
chased from Combi-Blocks (USA). Other nucleosides used
for standards were purchased from Sigma-Aldrich (Germany).
Reagents and solvents were purchased from VWR Interna-
tional (Austria) and Honeywell (Germany). Enzymes and
other reagents for standard microbiology and molecular bi-
ology procedures were obtained from Thermo Fisher Scien-
tific (Lithuania) and Carl Roth (Germany). The plasmid purifi-
cation kit (ZR Plasmid Miniprep-Classic, #D4054) was pur-
chased from Zymo Research (USA).

Biological resources

Escherichia coli DHS5 o« (Pharmacia, USA) was used for routine
DNA manipulations. The E. coli HMS174 (DE3) (Novagen,
USA) and E. coli LOBSTR (DE3) [42] strains were used for
recombinant protein synthesis. The construction of the E. coli
DH10B ApyrFEC strain was described previously [43], and
the HMS174(DE3) ApyrF strain was constructed using the
same methodology. The wild-type zebrafish (Danio rerio) AB
line was obtained from the European Zebrafish Resource Cen-
ter (EZRC).

Metagenomic library construction and screening

The methods for constructing and screening soil-based
metagenomic libraries were described previously [23, 43, 44].
Briefly, we used a uridine/cytidine auxotrophic E. coli DH10B
strain, in which three pyr operon genes (pyrF, pyrE, and pyrC)
required for de novo pyrimidine synthesis had been disrupted
(E. coli DH10BApyrFApyrEApyrC::Km, referred to as E. coli
DH10B ApyrFEC in this study). To select genes involved
in 2’-O-methylcytidine biodegradation, the E. coli DH10B
ApyrFEC strain was transformed with soil-derived metage-
nomic libraries and grown on M9 medium supplemented with
10 mg/l 2’-O-methylcytidine. The sequence of the isolated
metagenomic plasmid was identified using Nanopore sequenc-
ing (SeqVision, Lithuania).

Plasmid construction

Plasmids used in this study were constructed using aLICator
LIC Cloning and Expression Kit 3 (Thermo Fisher Scientific,
Lithuania, #K1291) or synthesized by Twist Bioscience (USA).
Detailed plasmid construction procedures are described in
the Supplementary Data. The sequences of primers used for
molecular cloning are available in Supplementary Table S1.

Recombinant protein biosynthesis and purification

Escherichia coli HMS174 or E. coli LOBSTR cells trans-
formed with the required plasmid DNA were grown overnight
in LB medium with 100 pg/ml ampicillin under aerobic con-
ditions at 30°C. Then, 0.05 or 0.2 ml of the overnight culture
was transferred into 50 or 200 ml of fresh LB medium sup-
plemented with ampicillin. The cells were then grown aerobi-
cally at 30°C to an optical density (ODggp) of 0.4-0.5; at this
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point, protein synthesis was induced with 0.5 mM isopropyl-
B-p-thiogalactopyranoside (IPTG). Following induction, cells
were incubated at 30°C for 4 h, then centrifuged at >10 000
rcf for 15 min at 4°C to pellet the cells and remove the growth
medium.

For the preparation of the cell-free extract, the pellet was
resuspended in 5-10 ml of lysis buffer [S0 mM Tris—=HCI, 300
mM KCI, 10% glycerol, and 1 mM phenylmethylsulfonyl flu-
oride (PMSF), pH 8.0] and lysed by sonication at 22 kHz in
an ice—water bath. Sonication was performed using a Branson
SFC250 sonifier with a 13 mm probe at 30% amplitude for
3 min (5 s sonication with 10 s breaks). The lysate was cen-
trifuged at >10 000 rcf for 15 min at 4°C to separate the solu-
ble and insoluble fractions. Protein purification and desalting
were performed using an AKTA pure 25 M protein purifica-
tion system (Cytiva, Sweden). The soluble fraction was ap-
plied onto a 1 ml HiTrap Chelating HP column (Cytiva, Swe-
den, #17524701) charged with Ni?>* ions and equilibrated
with buffer A (50 mM Tris—=HCI, pH 8.0, 300 mM KCl, 10%
glycerol). After washing with at least five column volumes of
buffer A, His-tagged proteins were eluted using a linear imi-
dazole gradient (0-0.35 M) in buffer A ata 1 m/min flow rate.
The fractions containing the purified proteins were pooled
and loaded onto a HiTrap Desalting column with Sephadex
G-25 resin (Cytiva, Sweden, #17 140 801), then eluted with
50 mM Tris-HCI, pH 8.0, supplemented with 10% glycerol.
If needed, the purified proteins were concentrated using Am-
icon Ultra-4 Centrifugal Filter Units with a 10 kDa molec-
ular weight cut-off (MWCO) membrane (Merck Millipore,
Ireland, #UFC801024). Protein concentrations were deter-
mined using an Implen NanoPhotometer NP80 UV/VIS spec-
trophotometer, with extinction coefficients calculated based
on amino acid composition using the ExPASy ProtParam tool
[45].

Demethylase activity screening using E. coli
HMS174(DE3) ApyrF bacterial strain

To assess demethylation activity, E. coli HMS174(DE3) ApyrF
cells were transformed with plasmids carrying genes encod-
ing selected 20G oxygenases in expression vectors (pET-21
and pLATE31). Transformed cells were first grown on LB agar
plates, and a single colony was transferred to 5 ml of liquid
LB medium and incubated at 37°C for 4 h. The culture was
then diluted to an ODgpp of 0.5. A 1 ml aliquot of the di-
luted culture was taken and washed several times with physi-
ological solution, diluted 20-fold, and plated by applying 2 pl
spots onto M9 medium supplemented with either 10 mg/l 2’-
O-methylcytidine, 10 mg/l 2’-O-methyluridine, or 10 mg/l uri-
dine (positive control), with a no-substrate medium serving as
a negative control.

Enzyme activity assay using TLC and HPLC-MS

Standard reaction mixtures (40 pl) contained 10 ul of pu-
rified enzyme (10 uM for quantitative reactions and 2-10
mg/ml for qualitative reactions), 5 mM 2’-O-methylated nu-
cleoside substrate, 10 mM 2-oxoglutarate, 0.5 mM FeSOy,
and 1 mM ascorbate in 50 mM Tris-HCI (pH 8.0) buffer.
Thin-layer chromatography (TLC) analyses were performed
using Supelco TLC Silica gel 60 F,s54 plates (Merck, Ger-
many, #105554) with chloroform:methanol mobile phases
at a 9:1 v/v or 7:3 v/v ratio. For high-performance liquid
chromatography-mass spectrometry (HPLC-MS) analysis, re-
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action mixtures were quenched by adding 40 pl of acetoni-
trile, vortexed for 1 min, and centrifuged to remove denatured
protein. HPLC-MS analyses were performed using an HPLC
system (Shimadzu, Japan) equipped with a photodiode array
(PDA) detector (Shimadzu, Japan) and a mass spectrometer
(LCMS 2020, Shimadzu, Japan). Chromatographic separation
was conducted at 40°C using a 150 x 3 mm YMC-Pack Pro
C18 column (YMC, Japan, #AS512503-1503WT). Data were
analysed using LabSolutions software version 5.42 SP6 (Shi-
madzu, Japan).

Purpald test for formaldehyde detection

The formation of formaldehyde during the demethylation of
2’-O-methylcytidine was determined spectrophotometrically
using the Purpald reagent (4-amino-3-hydrazino-5-mercapto-
1,2,4-triazole, Fluka, Switzerland, #08 095). The reaction was
initiated by adding the purified enzyme to the standard reac-
tion mixture, excluding FeSO4. All assays were incubated at
37°C for 1 h and stopped by adding 250 pul of 100 mM Pur-
pald solution in 1 M NaOH. After a 10 min incubation at
30°C, absorbance was measured at 550 nm.

2'-0-Methyl nucleoside 5-monophosphate
synthesis

2’-O-Methyl nucleoside 5’-monophosphate synthesis was per-
formed as previously described [46]. Briefly, the 2'-O-methyl
nucleoside monophosphorylation reaction was carried out in
a 1.5 ml reaction mixture containing 50 mM 2’-O-methyl nu-
cleoside, 5 mM GTP (or 5 mM ATP for 2’-O-methylguanosine
monophosphorylation), 7 mM MgCl,, 300 mM acetyl phos-
phate, 0.1 mg/ml Drosophila melanogaster deoxynucleoside
kinase, and 0.25 mg/ml E. coli acetate kinase in 50 mM potas-
sium phosphate buffer (pH 7.5). The reaction was performed
at 37°C and 500 rpm for 24 h. The formation of 2’-O-methyl
nucleoside 5'-monophosphates was qualitatively detected us-
ing TLC and HPLC-MS analyses.

Phylogenetic and sequence analysis of 20G
oxygenases

The sequence alignment for the Supplementary Tree, which
includes all reviewed protein sequences with 2-oxoglutarate-
dependent dioxygenase activity from the UniProtKB dataset
[47], was performed using the MAFFT online service [48].
The tree was constructed using the UPGMA method and vi-
sualized with iTOL [49]. For Fig. 2, the sequence alignment
and phylogenetic tree of selected FJS homologs were gener-
ated using the ClustalW algorithm [50] and the Maximum
Likelihood method in MEGA11 [51]. The evolutionary his-
tory was inferred using the Maximum Likelihood method and
JTT matrix-based model [52]. The tree with the highest log-
likelihood (—14185.86) is presented. The percentage of repli-
cate trees in which the associated taxa clustered together in the
bootstrap test (1000 replicates) is shown next to the branches
[53]. All evolutionary analyses were conducted in MEGA11
[51].

Protein structure analysis and molecular docking

Crystal structures of human PHYHD1 in complex with 2-
oxoglutarate and iron (PDB ID: 30BZ) [31], and human
PHYH (PAHX) in complex with 2-oxoglutarate and iron
(PDB ID: 2A1X) [29], along with protein structures predicted

using AlphaFold 3 [54], were used for structural compar-
isons. Molecular docking on the PHYHD1 structure (PDB ID:
30BZ) was performed using the Attracting Cavities 2.0 [55]
algorithm (box centre: -29 - 128 - -66, box size: 17 - 17 - 17,
number of random initial conditions: 4, sampling exhaustiv-
ity: medium, cavity prioritization: buried) via the Swissdock
server [56]. The docking results with the lowest SwissParam
values (AGsp) are presented. Molecular graphics and struc-
tural analyses were conducted using UCSF ChimeraX [57].
Active centre cavity volumes for the human PHYHD1 crys-
tal structure (PDB ID: 30BZ) and the predicted structure of
human PHYH were calculated using the pyKVFinder package
[58].

miR173/miR173x%H3 duplex demethylation assay
using the periodate oxidation method

Demethylation activity was assessed using the periodate
oxidation method. The enzymes were incubated with a
hemimethylated RNA duplex composed of miR173sCH3
strand (21 nt), which was 5’-phosphorylated using [y-
33P]ATP and contained a 3'-terminal 2’-O-methylguanosine
(5'-P2GAUUCUCUGUGUAAGCGAAA[2'-OmG]-3'), along
with a complementary miR173-1 (22 nt) strand (5'-
UUCGCUUGCAGAGAGAAAUCAC-3'), or 3'-terminal 2'-O-
methylcytidine. The reaction mixture (10 pl total volume)
contained 0.1 uM RNA duplex, 5 or 100 uM oxygenase, 10
mM 2-oxoglutarate, 1 mM ascorbate, and 0.25 mM FeSO4
in 50 mM Tris-HCI (pH 8.0). Incubation was carried out at
30°C for 4 h, followed by periodate treatment as previously
described [59]. The reaction products were resolved using
15% urea-polyacrylamide gel electrophoresis (PAGE) and vi-
sualized via phosphorescence using a FLA-5100 Image Reader
(Fujifilm) and MultiGauge V3.0 software.

Zebrafish husbandry

Zebrafish stocks were maintained under standard conditions
at 27-27.5°C with a 14:10 h light/dark cycle, a pH value of
7.4, and controlled salinity (Vet. Approval No. LT 59-13-002,
LT 61-13-007). All experimental procedures were approved
by the Lithuanian State Food and Veterinary Service (approval
no. G2-258). F3 mutant phyhd1-knockout (KO) and wild-type
(WT) AB zebrafish (starting # = 60; 7 = 40 at the time of eu-
thanasia) used for phenotypic and RNA 2'-O-methyl nucleo-
side level comparisons were raised in the same tank until sex-
ual maturity (3 months). The embryos were transferred to the
same tank 5 days post-fertilization (dpf) and then moved to a
larger tank at 30 dpf. The WT and phyhd1-KO fish were then
euthanized using 0.4% (w/v) tricaine (Sigma-Aldrich, Ger-
many, #£10521) solution, measured and weighed, tail-clipped,
and stored at —80°C.

Preparation of guide RNA

Guide RNAs (gRNAs) were prepared by combining 3 ul of
50 uM Alt-R tracrRNA (Integrated DNA Technologies, USA,
#1072 533) with 3 ul of custom 50 uM Alt-R crRNA (In-
tegrated DNA Technologies, USA) and 44 ul of RNAse-free
Duplex buffer (Integrated DNA Technologies, USA, #11-01-
03-01). The mixture was then incubated in a thermal cycler at
95°C for 5 min, followed by a cool down at 1°C/min for 70
min until the temperature reached 25°C. The resulting 3 uM
gRNAs were aliquoted and stored at —80°C.
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mRNA synthesis

The pT3TS-nCas9n plasmid [60] was linearized with Xbal
and transcribed using the T3 mMessage mMachine iz vitro
transcription kit (Thermo Fisher Scientific, USA, #AM1348).
The transcribed mRNA was purified using the RNeasy MinE-
lute kit (Qiagen, Germany, #74204), diluted to 150 ng/ul
(nCas9n) in RNase-free water, and separated into 2 ul por-
tions, which were then stored at —80°C.

Generation of zebrafish phyhd7-KO mutant line

CRISPR/CRISPR-associated protein 9 (Cas9) editing was
performed using synthesized nCas9n mRNA and two gR-
NAs (GTCTCTAGTGACTCCTCACC; GGCTGTCTGTG-
GTTCATCCC) flanking the PHYHD1 active site-coding re-
gion. The two 3 pM gRNAs were mixed in a 1:1 ratio,and 8 ul
of the resulting mixture was combined with 2 pl of 150 ng/ul
nCas9 mRNA. A 3 nl volume of the nCas9n mRNA/gRNA
mix was injected into the yolk of 1-cell stage AB strain ze-
brafish embryos. Fy adults capable of transmitting the dele-
tion were selected and outcrossed to generate heterozygous
F; fish. F; adult fish were tail-clipped and genotyped by PCR
and DNA sequencing of the extracted PCR bands (genotyping
primer sequences available in Supplementary Table S1). Pos-
itive mutants were incrossed to produce homozygous F, fish
(n = 5; 3 female, 2 male). F5 embryos and adult fish were used
for subsequent studies.

Zebrafish total and messenger RNA extraction

Total RNA from zebrafish embryos [24 h post-fertilization
(hpf)] and adults (3 months post-fertilization) was extracted
using TRI Reagent (Zymo Research, USA, #R2050-1-200)
and Direct-zol RNA Miniprep Plus (Zymo Research, USA,
#R2072) with an additional DNase I digestion step. Each
sample consisted of either a single adult fish or 10 em-
bryos. Zebrafish embryo (24 hpf) and adult (3 months post-
fertilization) mRNA was directly purified from cell lysate us-
ing the Dynabeads mRNA DIRECT Purification Kit (Thermo
Fisher Scientific, Lithuania, #61011), with an additional
rRNA contamination elimination step. Each sample consisted
of 30 embryos or a single adult zebrafish. The quality of pu-
rified mRNA was assessed by capillary electrophoresis using
an RNA 6000 Pico Kit on a Bioanalyzer 2100 (Agilent Tech-
nologies, USA, #NC1711873).

RNA hydrolysis

Purified mRNA was first incubated with RNA 5’ pyrophos-
phohydrolase (RppH, New England Biolabs, USA, #M0356S)
in NEB buffer 2 according to the manufacturer’s instructions.
Total RNA and decapped mRNA were first heat-denatured
for 5 min at 95°C and then subjected to digestion at 37°C
for 16 h using 250 U of Pierce Universal Nuclease for Cell
Lysis (Thermo Fisher Scientific, Lithuania, #88 702), 0.005
U of phosphodiesterase I from Crotalus adamanteus venom
(Sigma-Aldrich, USA, #P3243),and 2 U of FastAP Thermosen-
sitive Alkaline Phosphatase (Thermo Fisher Scientific, Lithua-
nia, #EF0654). After incubation, one volume of acetonitrile
was added. The resulting mixture was incubated at 37°C for
10 min and then centrifuged to remove denatured protein.

PHYHD1 demethylates 2'-O-methylated nucleosides 5

Extraction and quantification of free nucleosides
from zebrafish embryos and adults

Zebrafish embryos (24 hpf; n = 50) were resuspended in 200
ul of TE buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8.0),
heated at 95°C for 5 min, and digested by adding 20 ul of
Proteinase K (Thermo Fisher Scientific, Lithuania, #£00492).
The mixture was incubated at 55°C for 1 h, with gentle mixing
by pipetting every 20 min. Subsequently, two volumes of ice-
cold acetonitrile (440 pl) were added, and the samples were
incubated at —20°C for 1 h. Then, the soluble and insoluble
fractions were separated by centrifugation at >30 000 rpm for
15 min at 4°C, and the resulting supernatant was centrifuged
again to remove remaining debris.

Nucleosides from frozen (—80°C) adult zebrafish (eutha-
nized with tricaine 3 months post-fertilization) were extracted
using the same procedure with double the reagent volumes.
The nucleoside-containing extracts were concentrated under
vacuum using a Savant Automatic Environmental SpeedVac
System AES1010 to ~30 ul (for embryos) or 100 ul (for
adults), and then centrifuged to separate the acetonitrile and
lipid phases. The upper phase was analysed using HPLC-
tandem MS (HPLC-MS/MS) as described below.

Detection and quantification of nm/N ratios

Hydrolysed RNA supernatants and free nucleoside extracts
were analysed by HPLC-MS/MS using a Nexera X2 UH-
PLC system coupled to an LCMS-8050 mass spectrometer
(Shimadzu, Japan) equipped with an electrospray ionization
(ESI) source. Chromatographic separation was performed on
a 3 x 150 mm YMC-Triart C18 column (particle size 3 pm;
YMC, Japan, #TA12503-1503WT) maintained at 40°C. The
mobile phase consisted of 0.1% formic acid (solvent A) and
acetonitrile (solvent B), delivered in gradient elution mode at a
flow rate of 0.45 ml/min. The following program was applied:
isocratic 5% B for 1 min, 5% to 95% B over 5 min, isocratic
95% B for 2 min, 95% to 5% B over 1 min, isocratic 5% for
4 min. Modified nucleosides were detected using nucleoside-
to-base ion transitions as follows: 268 —136 (A); 282 —136
(Am); 284 —152 (G); 298 —152 (Gm); 244 —112 (C); 258
112 (Cm); 245 —113 (U); 259 —113 (Um); 282 —150
(M6A); 296 —150 (m6Am); 269 —137 (I); 283 —137 (Im);
and 247 —115 (DHU). The interface temperature was set to
300°C, and the desolvation line was set to 250°C. Nitrogen
was used as the nebulizing (3 1/min) and drying (10 l/min)
gas, and dry air was used for heating (10 I/min). Data acquisi-
tion and analysis were performed using LabSolutions LCMS
software v5.82 SP1 (Shimadzu, Japan). For relative quantifi-
cation, the peak areas of 2’-O-methylated nucleosides in RNA
hydrolysates and free nucleoside extracts were normalized to
the corresponding unmodified nucleosides. Additionally, peak
areas of all modified and unmodified nucleosides in free nucle-
oside extracts were normalized to the dihydrouridine (DHU)
to enable sample-to-sample comparison.

Statistical analysis

Statistical significance was assessed using unpaired two-tailed
t-tests with the Welch correction, with an alpha level of 0.05.
Error bars in the figures represent the standard error of the
mean (SEM), and values following the + symbol indicate the
SEM. All statistical analyses were performed using GraphPad
Prism v8.4.
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Figure 1. Discovery and characterization of RIS catalytic activity. (A) The functionality of RIS, encoded in the pUC19 vector, was identified using the E.
coliDH10B ApyrFEC strain. (B) The enzymatic activity of RIS depends on 2-oxoglutarate and is further enhanced in vitro by adding ascorbate and FeSO,.
(C) HPLC-MS analysis confirmed the loss of the methyl group during the reaction by detecting a 14 Da decrease in the mass of 2’-O-methylcytidine. (D)
The methyl group from the modified nucleoside is converted to formaldehyde, as demonstrated by the reaction with Purpald reagent. (E) Proposed
reaction scheme for the RJS-catalyzed demethylation of 2’-O-methylcytidine. Cm, 2’-O-methylcytidine; C, cytidine; 20G, 2-oxoglutarate; Asc, ascorbate.

Results

Identification of a novel 2’-O-methyl nucleoside
demethylation reaction

Our previous studies have shown that auxotrophic
complementation-based selection is an effective method
for identifying novel enzymes, including those misannotated
in various databases [43, 44, 61-63]. This study aimed to
identify novel enzymes involved in the catabolism of 2'-O-
methyl nucleosides by further screening our metagenomic
libraries. Therefore, we transformed an auxotrophic E. coli
DH10B ApyrFEC strain, which requires uridine (uracil) or
cytidine (cytosine) for growth, with various metagenomic
libraries. Positive hits were selected on a mineral medium sup-
plemented with 2’-O-methylcytidine—a compound that this
particular E. coli strain cannot naturally metabolize—as the
sole pyrimidine nucleoside source. Consequently, the trans-
formed bacteria could only grow if they carried a plasmid

encoding a protein capable of degrading 2’-O-methylcytidine
into cytidine or cytosine (Fig. 1A).

Using this approach, we isolated plasmid DNA (pUC-
19-FJS) containing an ~1200 bp insert from the soil-based
F21,23/BamHI library. Sequence analysis revealed that the in-
sert is likely to be of bacterial origin and includes an 858 bp
open reading frame (ORF) encoding a novel 2-oxoglutarate
and iron(II)-dependent dioxygenase with a predicted molec-
ular mass of 32.0 kDa, which we designated F]S. Protein se-
quence analysis using the NCBI database [64] and blastx [65]
identified the closest known sequences as a phytanoyl-CoA
dioxygenase family protein from Labrys monachus (85.05%
identity, WP_307431252.1) and an unclassified Acidisoma
(77.82% identity, WP_158801103.1). Other sequences highly
similar to FJS are also of bacterial origin, such as Don-
giaceae, Roseiarcus, Gemmatimonadota, and Candidatus
Poribacteria.
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Table 1. Substrate scope of RJS and the human PHYHD1 isoform A in vitro

PHYHD1 demethylates 2'-O-methylated nucleosides 7

FJS activity in

Human PHYHD1 isoform A

Substrate vitro activity in vitro Product
2’-O-Methylcytidine +++ ++++ Cytidine
2’-O-Methyluridine +++ ++++ Uridine
2’-O-Methyladenosine +++ ++++ Adenosine
N¢®,2’-O-Dimethyladenosine +++ ++4+ N¢-Methyladenosine
2’-O-Methylguanosine ++ ++++ Guanosine
2’-O-Methylinosine ++ +++ Inosine
2’-O-Methyl-5-methylcytidine ++++ ++ 5-Methylcytidine
N*,2’-O-Dimethylcytidine +++ ++++ N*-Methylcytidine
N*-Acetyl-2'-O-methylcytidine ++ ++ N*-Acetylcytidine
N*-Benzoyl-2'-O-methylcytidine ++ ++ N*-Benzoylcytidine
2’-O-Methyl-5-methyluridine +++ + 5-Methyluridine
2’-O-Methyl-5-fluorouridine +++ ++++ S-Fluorouridine
2'-O-Allyluridine + + Uridine

2’-O-Methyleytidine 5'-monophosphates -
2’-O-Methyluridine 5’-monophosphates -
2’-O-Methyladenosine 5’-monophosphates —
2’-O-Methylguanosine 5’-monophosphatesx -
2’-O-Methyleytidine 5'-triphosphate -
2’-O-Methyluridine 5'-triphosphate -
2’-O-Methyladenosine 5’'-triphosphate —
2’-O-Methylguanosine 5'-triphosphate -
3/-O-Methyluridine —
3/-O-Allyluridine -
2,3'-O-Isopropylideneuridine —

Reaction mixtures for qualitative assays contained 15-80 1M purified oxygenase, S mM substrate (except 1 mM Ni-benzoyl-2'-O-methylcytidine, 10 mM 2-
oxoglutarate, 0.5 mM FeSO4, and 1 mM ascorbate in 50 mM Tris—=HCI (pH 8.0). Reactions were conducted at 37°C for 1 h, or at 30°C for 2 h or overnight,
then quenched with an equal volume of acetonitrile. For quantitative analysis, reactions were performed with 10 uM enzyme (based on active sites, 0.33
mg/ul) and 1 mM substrate at 37°C for 30 min. After quenching, reaction mixtures were analysed by HPLC-MS. Demethylation efficiency is indicated as
follows: ++++ 90-100% substrate conversion, +++ 70-90%, ++ 40-70%, + 20-40%. Compounds marked with an asterisk (%) were tested as mixtures
with their corresponding nucleosides and were synthesized using D. melanogaster deoxynucleoside kinase, as described in the Materials and methods.

The gene encoding FJS was cloned into the pLATE31 vector
with a C-terminal His-tag (GHHHHHHG, protein sequence
available in Supplementary Table S2). This was followed by
overexpression in E. coli HMS174(DE3), nickel affinity chro-
matography, and desalting via size exclusion chromatography,
as overnight dialysis resulted in an inactive protein. Gel fil-
tration chromatography of FJS revealed an elution volume
corresponding to a protein with a molar mass of ~71 kDa
(Supplementary Fig. S1). This suggests that FJS may func-
tion as a dimer, as the theoretical molar mass of two His-
tagged monomers is 65.84 kDa. The observed 5 kDa discrep-
ancy could be attributed to nucleic acid fragments bound to
the purified protein, as nucleic acid contamination was de-
tected in the sample (Supplementary Fig. S2A). To investi-
gate this, nucleic acid purification was performed on recom-
binant FJS using Proteinase K treatment, followed by phenol
extraction and enzymatic analysis with DNase I and RNase A
(Supplementary Fig. S2B). The result showed that both RNA
and DNA were bound to purified FJS, suggesting that during
purification from E. coli, recombinant FJS interacts with nu-
cleic acids in a non-specific manner.

To determine the precise reaction catalyzed by FJS, we anal-
ysed the enzymatic activity of purified recombinant protein us-
ing TLC, HPLC-MS, and Purpald reagent (Fig. 1B, C, D). Our
results revealed that the enzyme catalyzes a novel biodegrada-
tion pathway for 2’-O-methylcytidine, in which FJS removes
the 2’-O-methyl group, yielding cytidine and formaldehyde.
This reaction requires 2-oxoglutarate as a co-substrate, and
the efficiency of FJS is further enhanced by Fe(Il) ions and
ascorbate, resembling the behaviour of typical 20G oxyge-
nases [66]. HPLC-MS analysis confirmed that during the re-
action, the mass of 2’-O-methylcytidine decreased by 14 Da

(from 258 to 244 Da), consistent with the loss of the methyl
group. The proposed mechanism suggests that FJS first ox-
idizes the 2’-O-methyl group with molecular oxygen, form-
ing an unstable intermediate that spontaneously degrades into
cytidine and formaldehyde. Simultaneously, 2-oxoglutarate is
converted to succinate and CO, (Fig. 1E).

We then tested FJS activity against a range of modified nu-
cleosides, nucleotides, and phytanoyl-CoA to further explore
its substrate specificity. FJS showed no catalytic activity to-
ward 2’-O-methylated nucleoside monophosphates, triphos-
phates, or nucleosides modified at the 3’-O position (Table 1),
and only produced a negligible trace quantity of hydrox-
ylated phytanoyl-CoA (Supplementary Fig. S3). The high-
est activity was observed with 2’-O-methyl-5-methylcytidine
(kear= 0.110 £ 0.008/s, K,, = 0.889 £ 0.136 mM at
30°C, 1.0 mg/ml enzyme concentration) compared with 2'-O-
methyleytidine (keoe = 0.040 £ 0.003/s, Ky, = 0.525 £ 0.101
mM, Supplementary Fig. S4). The lowest FJS activity was ob-
served with 2’-O-allyluridine. Interestingly, although the nu-
cleobase influenced demethylation efficiency to some extent,
FJS consistently targeted the 2’-O modification regardless of
base size (e.g. N* -benzoyl cytidine) or modification length
(e.g. allyl versus methyl), demonstrating broad substrate
specificity.

FJS exhibited optimal activity in HEPES-KOH (pH 7.3) and
Tris—=HCI (pH 7.5 at 37°C, equivalent to pH 8.0 at room tem-
perature), with the highest demethylation efficiency observed
at 50°C (Supplementary Fig. S5). However, similar to many
other 20G oxygenases [67], FJS rapidly loses activity over
time. After 6 h of incubation, its enzymatic activity decreased
by 14.5% at 4°C, 53.8% at 20°C, 91.3% at 30°C, and 95.0%
at 37°C (Supplementary Fig. S6).
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Figure 2. Evolutionary analysis of representative phytanoyl-CoA dioxygenase (PHYH), PHYH domain-containing 1 (PHYHD1), and other related protein

sequences. Dioxygenases marked in red exhibited in vitro 2'-O-methyl nucleoside demethylation activity when tested with 2’-O-methyluridine,
2'-O-methylcytidine, 2'-O-methyladenosine, and 2’-O-methylguanosine. The enzyme shown in purple displayed activity exclusively toward
2’-O-methylguanosine in vitro, whereas those marked in blue were tested but showed no detectable demethylation activity.

2'-0O-Methyl nucleoside demethylase FJS is related
to human PHYHD1

Phylogenetic analysis of the FJS amino acid sequence re-
vealed its close relationship to bacterial ectoine dioxyge-
nases and its significant similarity to enzymes belonging to
or resembling the phytanoyl-CoA dioxygenase family pro-
teins (Fig. 2). Furthermore, an evolutionary analysis of all
reviewed 2-oxoglutarate-dependent dioxygenase sequences
from the UniProtKB dataset [47] placed FJS within the same
clade as phytanoyl-CoA dioxygenase domain-containing 1
(PHYHD1) dioxygenases (Supplementary Tree). This finding
was particularly intriguing, as the physiological substrate for
PHYHD1 hydroxylation had not yet been identified, as noted
in the Introduction. Given its sequence similarity to FJS, we
hypothesized that dioxygenases annotated as PHYHD1, or
other proteins belonging to the phytanoyl-CoA dioxygenase
family, may function as 2’-O-Me nucleoside demethylases.

To test this hypothesis, we synthesized genes encoding se-
lected members of the phytanoyl-CoA dioxygenase family
and related 20G-Fe(Il) oxygenases, and cloned them into
the pET-21 expression vector (protein sequences available in
Supplementary Table S2). The chosen proteins included the
closest bacterial homologs as well as animal, plant, fungal,
and viral variants. In addition, two genes encoding different
isoforms of D. rerio (zebrafish) PHYHD1 were amplified from
¢DNA and cloned into pLATE31 expression vectors (isoform
X1 is longer by two amino acids, Q64 and M635).

Using these constructs, we evaluated whether in vivo
expression of the selected dioxygenases could comple-
ment the E. coli HMS174(DE3) ApyrF strain grown on
medium supplemented with 2/-O-methylcytidine (Fig. 3)
or 2/-O-methyluridine (Supplementary Fig. S7). All tested
animal (fruitfly, zebrafish, mouse, and human) and fun-
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Figure 3. Phytanoyl-CoA dioxygenase family demethylation activity was
demonstrated by complementation of the uridine/cytidine auxotrophic E.
coliHMS174(DE3) ApyrF strain after 1 week of growth at room
temperature. Tested dioxygenases were expressed from either pET-21 or
pLATE31 vectors. The abbreviated names of the oxygenases are
indicated above the respective colonies. M9 medium was supplemented
with 10 mg/l 2’-O-methyluridine.

gal (Choanephora cucurbitarum) dioxygenases, classified as
PHYHD1, exhibited 2’-O-methylcytidine demethylase activ-
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ity. Furthermore, enzymes from plants (Arabidopsis thaliana
and Nicotiana tabacum), bacteria (Sphingomonas, Poribac-
teria, and Acidisoma), and a virus (Fadolivirus algeromas-
siliense, an amoeba virus with a 1.5 Mb genome [68])—all
annotated as phytanoyl-CoA dioxygenase family members—
also complemented the HMS174(DE3) ApyrF strain. These
results indicate that demethylase activity is widespread within
this enzyme family (PF05721). Notably, no activity toward
2’-O-Me nucleosides was detected for human phytanoyl-CoA
dioxygenase, suggesting a distinct substrate specificity.

To confirm that dioxygenases complementing the
HMS174(DE3) ApyrF strain also exhibit demethylation
activity in wvitro, we first purified the corresponding His-
tagged enzymes from E. coli LOBSTR cells using nickel
affinity chromatography. After purification, the enzymes
were desalted using size exclusion chromatography, as
overnight dialysis led to enzyme inactivation, as was ob-
served for FJS (purified protein PAGE analysis is provided in
Supplementary Fig. S8). All dioxygenases that complemented
the E. coli HMS174(DE3) ApyrF strain demonstrated in vitro
activity on 2’-O-methylated nucleosides.

We also observed that E. coli HMS174(DE3) ApyrF cells
expressing human PHYHD1 isoform A (hPHYHD1) exhib-
ited reduced growth compared with those expressing FJS or
other PHYHD1 dioxygenases. However, purified hPHYHD1
isoform A showed higher in vitro activity, with greater ef-
ficiency toward purine-based nucleosides than pyrimidine-
based ones (Table 1). Specifically, the initial product formation
rates were 0.049 mM/min for 2’-O-methyladenosine, 0.038
mM/min for 2'-O-methylguanosine, 0.027 mM/min for 2’-O-
methylcytidine, and 0.016 mM/min for 2’-O-methyluridine,
with 1 mM initial substrate concentration and 10 uM purified
recombinant hPHYHD1 isoform A. Additionally, hPHYHD1
isoform C was inactive in both E. coli HMS174(DE3) ApyrF
and in vitro, as previously predicted [31].

Bioinformatics analysis indicates that all tested 2'-O-Me
nucleoside demethylases contain the conserved catalytic do-
main characteristic of 20G oxygenases (Supplementary Fig.
S9). This domain features a distorted double-stranded p-helix
(DSBH) core fold, composed of eight 3-strands arranged into
two B-sheets: a major sheet (strands I, ITI, VI, and VIII) and a
minor sheet (strands II, IV, V, and VII), which together form
a squashed barrel with an opening accommodating the Fe(II)-
and 20G-binding sites [27]. As is typical for 20G oxygenases
[27], the active site triad consists of a proximal histidine on
the B-1I strand, followed by asparagine and aspartate residues,
and a distal histidine on the B-VII strand (H-X-D...H motif).
The primary structural difference between human PHYH and
PHYHDT1 lies in the size of the active site cavity (1296.86 A3
in the hPHYH AlphaFold-predicted structure versus 627.26
A3 in the hPHYHDI1 crystal structure) and the presence of
an additional o-helix near the cavity opening (residues Q56—
L71, denoted a4 in Supplementary Fig. S9 and highlighted
in red in Supplementary Fig. S10c). This «-helical element
has previously been identified as a unique structural feature
of PHYHD1, distinguishing it from other 20G oxygenases
[31]. Interestingly, the predicted structure of FJS also con-
tains two shorter «-helices near the active site cavity opening
(Supplementary Fig. S9), but these are formed by C-terminal
residues (R264-G271, V278-Q284). Similar structural fea-
tures are observed in other PHYH-like 2’-O-Me nucleoside
demethylases, such as those from Arabidopsis and Fadolivirus
(Supplementary Fig. S9).
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Docking of 2’-O-methylated nucleosides to the
active centre of the human PHYHD1 isoform

A crystal structure [31], using the Attracting Cavities 2.0
[55] algorithm, yielded high-scoring configurations that con-
sistently positioned the nucleoside ribose moiety towards the
active site iron. In the cases where the lowest AGgp values
were achieved (Fig. 4), the 2’-O-Me group points directl
toward the active centre iron, with a distance of 4.087 A
for 2/-O-methyladenosine and a distance of 4.295 A for 2'-
O-methylcytidine between the 2'-O-Me group carbon atom
and the iron ion. The ribose ring is coordinated by hydrogen
bonds with the side chains of lysine (K102), histidine (H1035),
glutamine (Q139), and tryptophan (W277)—all conserved
among the tested non-bacterial demethylases (Supplementary
Fig. S9). The nucleobase is stabilized through m-m stack-
ing with semi-conserved phenylalanine (F161), which is re-
placed by tyrosine in bacterial demethylases. Interestingly,
purine bases are further stabilized by a hydrogen bond with
serine (S154), whereas pyrimidine bases lack this interac-
tion. This difference, together with the stronger m—7 inter-
actions between the phenylalanine ring and purines com-
pared with pyrimidines, probably underlies the higher ac-
tivity of hPHYHD1 toward 2’-O-methylated purine nucleo-
sides. Moreover, the docking results offer an explanation for
why hPHYHDL1 is inactive towards 2’-O-Me nucleoside 5'-
phosphates and 3’-O-modified nucleosides: the presence of a
5’-phosphate group probably introduces steric hindrance, and
therefore the 3'-O-methyl group is positioned too far from the
catalytic centre iron to allow efficient demethylation.

Human PHYHD1 and plant PHYH-like dioxygenases
do not demethylate miR173/miR173x"3 duplexes

To investigate whether 2’-O-methyl nucleoside demethylases
are capable of removing 2’-O-methyl groups from nucleic
acids, we first tested our bacterial demethylase FJS ac-
tivity on methylated single-stranded RNA (miR173¢H3)
and methylated RNA/RNA or RNA/DNA duplexes
(miR173“M3/miR173% or miR173“H3/DNA), but observed
no activity (Supplementary Fig. S11). After experiment op-
timization, we decided to focus on investigating whether
hPHYHD1 and other PHYH-like dioxygenases could also act
on 2’-O-methyl ribose moieties within an RNA chain. There-
fore, we tested human and plant PHYHD1 homologs on a
methylated miRNA duplex (miR173/miR173%13) with 2 nt
3’-overhangs. This duplex, naturally methylated by the small
RNA methyltransferase HEN1 in A. thaliana [69], carries a
3’-terminal 2’-O-methylguanosine on the miR173%“H3 strand
(Fig. 5B). If demethylated by an oxygenase, the RNA molecule
would become susceptible to periodate treatment, as observed
with the unmethylated miR173/miR173% control (Fig. SA).
The absence of truncated products following incubation
with the enzymes indicated that 3'-terminal 2’-O-methylated
miRNA is not a suitable substrate for the selected human
and plant demethylases iz vitro. Similar results were obtained
using methylated miR173“H3/miR173%, which carries a
3’-terminal 2’-O-methylated cytidine (data not shown). Com-
bined with the observation that FJS and human PHYHD1
were also inactive towards ribose-methylated nucleoside
monophosphates and triphosphates, our findings suggest
that these dioxygenases specifically target free nucleosides
rather than those incorporated into RNA. Nonetheless, given
that PHYHD1 dysregulation has been linked to abnormal
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K102

K102

Figure 4. Molecular docking of 2’-O-methyladenosine (A, yellow) and 2’-O-methylcytidine (B, salmon pink) on the PHYHD1 crystal structure (PDB ID:
30BZ) [31] using the Attracting Cavities 2.0 algorithm [55]. Docking results with the lowest A Gsp values (—7.0663 for 2’-O-methyladenosine and —6.9917
for 2’-O-methylcytidine) are shown. The active centre iron ion is depicted as orange, and 2-oxoglutarate is depicted as grey.
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Figure 5. miRNA 3'-terminal demethylation assay. Sodium periodate
(NalO4)-mediated oxidation followed by 3-elimination (A) shows that
human PHYHD1 and plant PHYH-like demethylases do not remove the
2’-O-methyl group from the miR173/miR173x"" duplex (B). Solid arrows
indicate full-length RNA strands. The dotted arrows point to the position
of the unmethylated strand truncated by 3-elimination. Reaction mixtures
contained 0.1 uM RNA duplex, 5 or 100 uM oxygenase, 10 mM
2-oxoglutarate, T mM ascorbate, and 0.25 mM FeSO,4 in 50 mM Tris—HCl,
pH 8.0. Incubation was performed for 4 h at 30°C, followed by periodate
treatment.

physiological states and that hPHYHD1 has been shown to
interact with RNA iz vitro [30], the possibility remains that
these demethylases require additional enzymes or specific
physiological conditions to act on RNA substrates in vivo.
Alternatively, PHYHD1 could indirectly influence RNA 2/-O-
methylation levels by playing a specific role in the catabolism
of modified nucleosides. Thus, to further investigate the in
vivo role of PHYHD1, we selected zebrafish (D. rerio) as a
model organism.

Knocking out the phyhd1 gene does not influence
RNA 2’-O-Me levels in zebrafish

To determine whether PHYHD1 influences RNA 2'-O-
methylation levels iz vivo, we generated a zebrafish phyhd1-
KO mutant line (v/n31) using CRISPR/Cas9 gene editing tech-
nology. The targeted region included the first two amino acids
of the active site triad—proximal histidine H156 and an ac-
tive site aspartate D158 (Supplementary Fig. S12)—to ensure
that the resulting gene product was inactive. Injection of the
CRISPR components into 1-cell stage AB strain WT zebrafish
embryos produced Fy mosaic mutants, which were then out-
crossed to generate Fy heterozygous mutants. Subsequent in-
crossing of F; fish yielded F, homozygous phyhd1-KO em-
bryos. Adult F, phyhd1-KO (n = 5; 3 female, 2 male) and F;
embryos exhibited no apparent differences in morphology or
viability compared with controls.

When grown in the same tank as WT fish ( = 60, 30
phyhd1-KO and 30 WT embryos) up to 100 dpf, the F;
phyhd1-KO mutant line showed a slight reduction in surviv-
ability, with 17 phyhd1-KO embryos reaching adulthood com-
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pared with 23 WT. However, no significant differences were
observed in standard length (18.4 £+ 0.4 mm for phyhd1-KO
versus 17.5 + 0.3 mm for WT males) or body weight (76.2 +
4.4 mg for phyhd1-KO versus 68.9 &+ 3.0 mg for WT males).
Nevertheless, a notable disparity in sex ratio was observed:
only one phyhd1-KO zebrafish (5.9%) developed as female,
compared with 39.1% females among WT fish raised in the
same tank. This lone phyhd1-KO was also the smallest in
the tank (13.8 mm versus 18.1 £ 0.55 mm for WT females)
and had the lowest weight (32 mg versus 91.7 £+ 8.8 mg for
WT females). A follow-up experiment with 30 combined em-
bryos (15 phyhd1-KO and 15 WT) yielded similar results: 11
phyhd1-KO and 15 WT survived until sexual maturity, and
the sex ratio again differed (18.2% female among phyhd1-
KO versus 55.6% female among WT). However, in this co-
hort, the two phyhd1-KO females did not differ significantly
from WT females in length (14.9 + 0.9 mm phyhd1-KO ver-
sus 13.9 £+ 3.7 mm WT) or weight (49.5 + 8.5 mg phyhd1-
KO versus 63.2 4+ 25.1 mg WT). These findings suggest that
PHYHD1 may play a minor role in zebrafish sex determina-
tion. Nevertheless, zebrafish are known for highly variable sex
ratios, which can shift markedly in either direction within as
few as three generations [70]. Therefore, further investigation
is needed to establish any definitive role of PHYHD1 in this
process.

As no visible phenotypic differences were observed in the F,
and Fj generations, we analysed RNA 2’-O-methylation lev-
els in WT and phyhd1-KO embryos and adult fish (Fig. 6).
However, no statistically significant changes were detected.
The most notable relative difference was observed in the Am/A
ratios (0.00251% phyhd1-KO versus 0.00149% WT).

Loss of PHYHD1 function significantly increases the
levels of free 2’-O-methylated nucleosides

With no difference found in RNA modification levels,
we next examined free 2’-O-methylated nucleosides, which
are not incorporated into the structure of RNA or other
(macro)molecules. To quantify these nucleosides, zebrafish
WT and phyhd1-KO embryos and adults were first digested
with proteinase K. Ice-cold acetonitrile was then used to pre-
cipitate unwanted macromolecules, and the resulting soluble
supernatant was analysed by HPLC-MS/MS. This analysis re-
vealed significant increases in all Nm/N ratios in mutant ze-
brafish embryos and adults compared with the WT, except
for the 2’-O-methyladenosine/adenosine ratio, which exhib-
ited only a slight elevation (Fig. 7). The minor change for 2’-
O-methyladenosine can be attributed to its rapid deamination
and accumulation as 2’-O-methylinosine.

As shown in Fig. 7, in the case of purine bases, the Im/I
ratio increased ~20-fold in mutant embryos and 35-fold in
adults, while the Gm/G ratio increased 100-fold in embryos
and 35-fold in adults. For pyrimidine bases, the Cm/C ratio
increased 45-fold in embryos and 10-fold in adults, while the
Um/U ratio increased >125-fold in embryos and 45-fold in
adults.

When normalized to the dihydrouridine (DHU) signal,
statistically significant increases were observed for 2'-O-
methylinosine (+1736% in embryos, +3364% in adults),
2’-O-methylguanosine (+6764% in embryos, +3754% in
adults), 2’-O-methylcytidine (+2302% in embryos, +800%
in adults), and 2’-O-methyluridine (+6972% in embryos,
+6330% in adults), with 2’-O-methyluridine showing the
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Figure 6. Relative levels of 2’-O-methylated nucleosides (Nm) compared
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D)purified from WT and phyhd1-KO zebrafish embryos (24 h
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represent means + SEM from at least five biological replicates.
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Figure 7. Relative levels of free 2'-O-methylated nucleosides (Nm) compared with unmodified nucleosides (N) in extracts from WT and phyhd71-KO
zebrafish embryos (A) and adult zebrafish (B). Embryos were collected 24 h post-fertilization, and adult zebrafish (five each WT and phyhd7-KO males
and three each WT and phyhd1-KO females) were collected 3 months post-fertilization. Data represent means + SEM from at least three biological
replicates. Statistical significance was determined using unpaired two-tailed t-tests with Welch correction; P-values are indicated as follows: ns, P >

0.05; *P < 0.05; *xP < 0.01; *xxP < 0.001.

largest relative increase (Table 2). A substantial but statis-
tically non-significant increase was also observed for 2’-O-
methyladenosine (+56% in embryos and +29% in adults).
These data indicate that free 2’-O-methyl nucleosides are the
primary physiological substrates of PHYHD1.

Interestingly, zebrafish embryos showed lower unmodified
N/DHU ratios, suggesting that the accumulation of 2'-O-
methyl nucleosides might also impede the turnover of unmod-
ified nucleosides. This effect could, however, be partly due to
elevated DHU levels, as it was less pronounced in adult ze-
brafish. Additionally, it may be amplified in embryos because
they have reduced metabolite exchange with the environment
and have not yet begun ingesting nucleoside- or nucleoside-
derivative-containing food.

Collectively, these findings demonstrate that, in zebrafish,
PHYHD1 primarily functions in the demethylation of free 2’-
O-methyl nucleosides, facilitating their turnover and prevent-
ing excessive accumulation.

Discussion

In this study, we demonstrate that PHYHD1 and homolo-
gous dioxygenases—found across all domains of life, includ-
ing bacteria, fungi, plants, invertebrates, vertebrates, mam-
mals, and even a virus—function as 2'-O-methylated nucle-
oside demethylases. The ubiquity of this enzymatic activity
suggests its potential biological importance in modulating
2’-O-methylated nucleosides, which are found in virtually all
classes of RNA. However, a crucial question remains: does
PHYHD1 demethylate RNA?

Our findings suggest that PHYHD1 does not act on 2'-
O-methylated nucleosides incorporated into RNA. The lack
of detectable activity on methylated miRNA, as well as on
mono- and triphosphorylated 2’-O-Me nucleosides, indicates
that PHYHD1 probably does not target structured RNA
molecules. This is further supported by our in vivo data,
which show that phyhd1-KO zebrafish embryos and adults
exhibit no significant changes in overall RNA 2’-O-Me lev-
els. These observations suggest that PHYHD1 may not be in-

volved in global RNA demethylation. However, the possibility
that PHYHD1 acts on specific RNA targets or only functions
under particular cellular conditions, such as during splicing
or RNA processing, remains. Previously, Ala-Nisula and col-
leagues reported that human PHYHD1 does not demethylate
an 18S RNA oligonucleotide containing 2'-O-methylcytidine
but binds mRNA more strongly than rRNA and interacts
with the spliceosome and proteins involved in RNA splic-
ing [30]. This suggests that PHYHD1 may play a more nu-
anced role in RNA metabolism, potentially influencing RNA
modification indirectly rather than serving as a direct RNA
demethylase.

Despite the lack of direct evidence for RNA demethy-
lation, the identification of 2’-O-methylated nucleosides as
primary substrates of PHYHD1 opens up new avenues for
further studies. Indeed, understanding the biological func-
tion of PHYHD1 is of great importance, given its impli-
cation in various human diseases. Previous studies have
shown that human PHYHD1 expression negatively corre-
lates with 2’-O-methyluridine and 2’-O-methylcytidine levels
in plasma and cerebrospinal fluid [71]. Furthermore, genome-
wide association studies of human metabolites (data available
through the NHGRI-EBI GWAS Catalog [72]) have linked
single-nucleotide polymorphisms in the PHYHD1 gene to al-
tered levels of 2’-O-methylcytidine and 2'-O-methyluridine
(Supplementary Table S3). These findings support the notion
that PHYHD1 contributes to the turnover of 2’-O-methylated
nucleosides in humans, a function analogous to its role in ze-
brafish.

Although zebrafish PHYHD1 (and probably other 2'-
O-methyl nucleoside demethylases) does not appear to
directly modulate RNA 2’-O-methylation, the accumu-
lation of free 2’-O-methylated nucleosides could have
meaningful physiological consequences. For example, 2'-O-
methylcytidine §'-triphosphate, a phosphorylated derivative
of 2/-O-methylcytidine, is a known inhibitor of viral RNA-
dependent RNA polymerases [73], illustrating the ability of
these modified nucleotides to interfere with polymerase ac-
tivity. By analogy, the absence of functional PHYHD1, re-
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Table 2. Relative levels of free 2’-O-methylated nucleosides (Nm) and unmodified nucleosides (N) normalized to DHU, in extracts from WT and phyhd1-KO

zebrafish

Sample Nucleoside WT N(m)/DHU phyhd1-KO N(m)/DHU Relative change P-value
Embryo A 53.5 £ 11.6 252 £ 6.71 —53% ns
Embryo Am 1.25 + 0.286 1.952 £ 0.782 +56% ns
Embryo I 31.6 £ 7.41 21.8 £ 1.86 —-31% ns
Embryo Im 0.997 + 0.334 18.3 £ 3.19 +1736% Hok
Embryo G 7.03 + 2.67 2.10 £ 0.144 —70% ns
Embryo Gm 0.233 + 0.0543 16.0 + 1.28 +6764% sokok
Embryo C 28.0 £ 8.37 119 £ 1.73 —58% ns
Embryo Cm 0.373 + 0.0981 8.95 + 0.824 +2302% skok
Embryo U 9.47 £ 3.00 3.74 £ 0.372 —60% ns
Embryo Um 0.0488 + 0.0132 3.45 £ 1.18 +6972% *
Adult A 538 £ 117 492 + 115 —-9% ns
Adult Am 0.620 + 0.139 0.800 £+ 0.0878 +29% ns
Adult I 777 £ 157 626 + 183 —19% ns
Adult Im 0.613 + 0.0797 21.2 £ 6.27 +3364% *
Adult G 38.6 £ 9.78 38.5 £ 13.8 —-0.3% ns
Adult Gm 0.556 + 0.0815 21.4 £ 6.44 +3754% *
Adult C 44.4 £ 10.7 59.6 £ 24.7 +34% ns
Adult Cm 0.903 + 0.111 8.13 + 0.929 +800% Hokk
Adult U 14.4 + 2.22 159 + 1.82 +10% ns
Adult Um 0.109 £+ 0.0155 7.02 £ 2.08 +6330% *

Embryos (24 hpf; WT 2 = 5 x 50, phyhd1-KO n = 5 x 50), adult zebrafish (3 months post-fertilization; WT 7 = 6, phyhd1-KO n = 6; each group comprised
three males and three females) were analyzed. Data are represented as means = SEM from at least three biological replicates. Statistical significance was
assessed using unpaired two-tailed #-tests with Welch correction; P-values are indicated as follows: ns, P > 0.05; %P < 0.05; %P < 0.01; #*+P < 0.001.
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Figure 8. A hypothetical mechanism (indicated by red dotted arrows) by which the lack of functional PHYHD1 might cause negative effects on cellular
physiology under abnormal conditions (such as hypoxia). In this model, the accumulation of 2’-O-Me nucleosides leads to the formation of 2’-O-Me
nucleoside triphosphates, resulting in the disruption of RNA transcription or metabolic pathways, such as nucleoside salvage.

sulting in elevated levels of free 2’-O-methylated nucleotides,
could affect endogenous cellular RNA polymerases and po-
tentially disrupt transcription (Fig. 8). In a less likely sce-
nario, although RNA 2’-O-methylation is typically considered
a post-transcriptional modification [2], it is conceivable that
under abnormal physiological conditions, elevated levels of 2'-
O-methyl nucleoside triphosphates could lead to their incor-
poration into nascent RNA transcripts by polymerases. This,
in turn, may result in unintended 2’-O-methyl modifications
within RNA molecules, potentially increasing their resistance
to hydrolysis, extending their half-life, and ultimately altering
translation dynamics.

Other possible mechanisms include 2’-O-methylated nucle-
osides acting as active site inhibitors or allosteric regulators
of essential enzymes such as S-adenosylmethionine-dependent
methyltransferases, S-adenosylhomocysteine hydrolases, nu-
cleoside phosphorylases, kinases, or nucleoside transporters.
Thus, an overabundance of these modified nucleosides could
disrupt nucleoside salvage pathways, which play a critical
role in cellular energy balance and can significantly contribute
to glycolysis [74, 75]. Furthermore, given that PHYHD1 is
a 20G oxygenase that requires molecular oxygen for catal-
ysis, it is plausible that hypoxic conditions, such as those
found in solid tumours [76], could impact the metabolism of
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2’-O-methylated nucleosides. This raises intriguing ques-
tions about potential roles of altered modified nucleoside
catabolism in the context of pathology.

Taken together, our findings not only shed light on the
physiological role of PHYHD1 as a 2’-O-methyl nucleoside
demethylase but also illustrate how such insights can emerge
from unbiased discovery approaches. Notably, this study be-
gan with the functional screening of metagenomic libraries
aimed at identifying enzymes involved in the degradation of
2’-O-methylcytidine. This effort led to the discovery of FJS, a
previously uncharacterized bacterial dioxygenase, which ul-
timately guided us toward recognizing a conserved activity
in the human homolog, PHYHD1. These results underscore
the power of functional screening to uncover novel enzymatic
functions that cannot be inferred solely from the sequence
data. The ability to identify enzymes whose functions have not
been previously described is valuable not only for the search
for biocatalysts with environmental, industrial, and biotech-
nological applications [77] but also for advancing fundamen-
tal research [78]. Additionally, functional screening helps to
address the limitations of automatic protein function anno-
tation. Many homologous sequences remain misclassified or
lack experimentally validated functions, leading to inaccurate
predictions of protein activity. Our study serves as a proof-of-
concept for the importance of experimental validation, pro-
viding insights that may enhance the accuracy of functional
annotation and contribute to a broader understanding of the
structure—function relationship of enzymes.
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