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ARTICLE INFO ABSTRACT

Keywords: The Nepl protein is essential for the formation of eukaryotic and archaeal small ribosomal subunits, and it

Nepl catalyzes the site-directed SAM-dependent methylation of pseudouridine (¥) during pre-rRNA processing. It

Trefoil knot possesses a non-trivial topology, namely, a 3, knot in the active site. Here, we address the issue of seemingly

;ﬁig{;‘;zflng unfeasible deprotonation of ¥ in Nep1 active site by a distant aspartate residue (D101 in S. cerevisiae), using a

Proton transfer combination of bioinformatics, computational, and experimental methods. We identified a conserved hydroxyl-

Enzymatic catalysis containing amino acid (S233 in S. cerevisiae, T198 in A. fulgidus) that may act as a proton-transfer mediator.
Molecular dynamics simulations, based on the crystal structure of S. cerevisiae, and on a complex generated
by molecular docking in A. fulgidus, confirmed that this amino acid can shuttle protons, however, a water
molecule in the active site may also serve this role. Quantum-chemical calculations based on density functional
theory and the cluster approach showed that the water-mediated pathway is the most favorable for catalysis.
Experimental kinetic and mutational studies reinforce the requirement for the aspartate D101, but not S233.
These findings provide insight into the catalytic mechanisms underlying proton transfer over extended distances
and comprehensively elucidate the mode of action of Nepl.

1. Introduction in all SPOUT members, the protein backbone forms a non-trivial topol-
ogy, a so—called trefoil knot (Fig. 1) [6].

In SPOUT proteins, the role of the knot is generally not well known.
However, given that the knot is strictly structurally conserved and nec-

essary for function, it is likely a vital part of their active site [7,8]. In

Methylation is one of the most common post-synthetic modifica-
tions of DNA and RNA. It plays an important role in the regulation of

crucial processes, such as gene expression, cell cycle, tumor progression,
or genome repair. A large group of enzymes is dedicated to synthesis of
methylated nucleic acids, each typically showing specificity for a given
target site. Accordingly, they represent multiple distinct folds and use
different binding modes to their substrates [1,2]. Conversely, the great
majority of methyltransferases utilize a common methyl donor, S-
adenosyl-methionine (SAM). Methyltransferases are divided into five
distinct superfamilies, among which the second largest is the SPOUT
(SpoU-TrmD) [3,4]. SPOUT proteins modify mainly RNA, especially
rRNA and tRNA [5]. Most of the SPOUT proteins are homodimers and

* Corresponding authors.

particular, the knot residues are involved in the binding of both the nu-
cleic acid substrate and the methyl donor, as well as in the interactions
between the two subunits of the homodimeric protein. Moreover, a mu-
tation in the knot can break the intricate signaling within the protein
and decrease or even completely shut down the enzymatic activity [9].
Given that the knot is a crucial region of a SPOUT protein, its potential
role has been discussed in several studies [5,10,11].

In this work, we focus on a knotted SPOUT methyltransferase, the
Nucleolar Essential Protein 1 (Nepl, also known as EMG1). Although
the majority of SPOUT family members are bacterial proteins, Nepl is
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Fig. 1. Crystal structure of S. cerevisiae Nepl (gray) in complex with 18S rRNA
(red); PDB code: 3oin. The 3, knot is colored blue. The inset shows the details of
the active site with the key residues indicated (in the crystal SAM was replaced
by inhibitor, S-adenosylhomocysteine (SAH), and ¥1191 was replaced by U).
The C5 of U, corresponding to the N1 of ¥ (the position of methylation) is
indicated with an arrow.

only present in Eukarya and Archaea [12]. It exhibits a typical SPOUT
quaternary and tertiary structure, including being a homodimer and
having a 3, knot in the active site (Fig. 1) [13]. Nepl plays an impor-
tant role in the ribosomal biogenesis and is necessary for the formation
of the small ribosomal subunit [14]. Specifically, Nep1 is responsible for
the site-specific N1-methylation of pseudouridine (¥) in archaeal 16S
rRNA and eukaryotic 18S rRNA (¥1191; all residues numbers in the
text are given for Saccharomyces cerevisiae, unless specified otherwise)
[12,15]. It recognizes a highly conserved 5’-(C/U)¥CAAC-3’ consensus
motif [12]. While this sequence appears three times in the eukaryotic
and twice in the archaeal rRNA, the motif located in helix 35 was ex-
perimentally confirmed as the exclusive Nepl methylation target [12].
Importantly, the D86G mutation in the human Nep1 (equivalent to D90
in S. cerevisiae) was identified as the cause of Bowen-Conradi syndrome
- a severe ribosomopathic disease, in most cases lethal in early child-
hood [16,17].

As for all SPOUT proteins, the methylation catalyzed by Nepl is
assumed to occur in two chemical steps: (1) a deprotonation of the
nitrogen atom in the nucleobase (the N1 of ¥) and (2) a methyl trans-
fer from SAM [12]. The binding of SAM and rRNA to Nepl and the
methyl transfer mechanism have been explored through structural and
sequential comparisons with other SPOUT family members, as well as
by in vitro enzymatic activity studies. Four highly conserved arginine
residues: R88, R129, R132, and R136, were found to be engaged in
rRNA binding. Alteration of any of these residues results in a loss of the
enzymatic function of Nepl in vitro [5,13,12,18]. Among them, R88
was proposed to form hydrogen bonds to the O4 oxygen of ¥ [19]. This
interaction would not only be responsible for substrate recognition and
binding, but it would also promote the enzymatic reaction by facilitat-
ing the deprotonation of N1 and stabilizing the negative charge in the
intermediate (Fig. 2) [19]. Mutations D214R, L232S, and A237D were
found to weaken SAM binding [13]. Importantly, based on partial con-
servation analysis and structural data, aspartate D101 was suggested to
be the most probable proton acceptor during the deprotonation step.
However, in the only available crystal structure of Nepl complex with
rRNA (from S. cerevisiae, PDB code: 3oin; Fig. 1), the residue is located
as much as 6.8 A away from the supposed position of the N1 atom
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Fig. 2. Overview of the proposed mechanism for the N1-methylation of pseu-
douridine catalyzed by Nepl.

of ¥ (corresponding to the C5 of U in the crystal structure) [18]. An
additional complication arises from a considerable variability of the
amino-acid sequences within the active sites of Nepl homologs orig-
inating from different organisms, which may have implications for the
methylation mechanism and even lead to divergent pathways. Overall,
the current understanding of the catalysis by Nepl is only superficial
and its fundamental details remain unclear.

Due to the biological importance of Nepl, herein, we use an array
of computational methods, corroborated by experimental validation,
to study its structure and to elucidate the mechanism of enzymatic
catalysis. In particular, through a sequence alignment analysis of Nepl
homologs from multiple organisms, we identify potential proton trans-
fer mediators that could allow for the deprotonation of pseudouridine
by the distant base in all eukaryotic and some archaeal homologs of
Nepl. To gain insight into the mechanism of methyl transfer, two rep-
resentative proteins, from S. cerevisiae and A. fulgidus, are subjected to
workflow that includes: molecular docking of the rRNA fragment (only
for A. fulgidus Nepl), molecular dynamics (MD) simulations of the full
enzyme-substrate complex, and quantum chemical (QM) modeling of
the methyl transfer reaction in the active site. A similar sequential MD
and QM approach has enabled us recently to uncover the mechanism
of action for another SPOUT methyltransferase, an Mg?* —dependent
TrmD [20]. This methodology is particularly suited for situations when
available crystal structures are incomplete, such as in the case of TrmD,
wherein the position of the catalytic Mg?* ion is unknown [21]. For
the A. fulgidus Nepl homolog, we take it even a step further, assem-
bling first the enzyme—-substrate complex by the computational docking
of an rRNA strand. This comprehensive in silico characterization of
both the structure and dynamics of the enzyme-substrate complexes
of Nepl proteins and their catalytic mechanisms establishes that the
proton-transfer step indeed requires a mediator, whose role may be as-
sumed either by a suitable amino acid residue or, preferably, by a water
molecule present in the active site. Thus, the current results not only
provide new and significant insights into understanding the important
Nepl enzyme, but they also advance the protein modeling methodology
and showcase its potential.

2. Materials and methods
2.1. Topology analysis

The Topoly package was used to identify the location of the knot in
all Nepl structures [22]. In the case of Nepl from S. cerevisiae (ScNepl),
the knot core consists of 47 amino acids and involves residues from
T179 to V225 in both chains. The N- and C-tails are between residues
28-178 and 226-252, respectively [7].

2.2. Sequence alignment analysis

PSI-BLAST was used to find ScNepl homologs in the UniPro-
tKB/Swiss—Prot database [23,24]. For Nepl sequences from eukaryotic
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organisms, the Reference Sequence Database was additionally used.
Multiple sequence alignments were carried out with Clustal Omega with
default parameters [25].

2.3. Docking of rRNA to A. fulgidus Nepl (AfNepl)

Full rRNA fragment, 5-GGG-CUU-CAA-CGC-CC-3’, was cut out
from the crystal structure of the complex with ScNep1 (PDB code: 3oin).
From the crystal structure of AfNepl holoenzyme (PDB code: 307b),
water molecules and ligands (tyrosine and SAH molecules) were re-
moved and any atoms missing from the crystal structure were added
using the Maestro Schrédinger software [26]. The docking was per-
formed using the NPDock server [27]. Obtained conformations were
screened and selected according to their RMSD after alignment with the
30in crystal structure (RMSD below 4 A), and the remaining complexes
were analyzed for distances suitable to form key hydrogen bonds be-
tween the protein (specifically, with arginines R88*, R129, R132, and
R136; the asterisk indicates residues from the second chain of Nepl)
and the rRNA (cutoff 4 A, Table S2 lists the specific hydrogen bonds
that were evaluated). The resulting structures were then checked for
any heavy-atom overlaps, and a single complex was chosen to proceed
to the next stage. The SAH ligands were added back to the protein struc-
ture. A single backbone atom was missing, which was fixed using the
PDB2PQR server (the hydrogen atoms were then removed) [28]. Fi-
nally, SAH was modified to SAM, by the addition of the methyl group
at sulfur and U6 was modified to P.

2.4. Molecular dynamics simulations

The reconstructed complexes were protonated in pH 7.0 using
PDB2PQR server [28] and neutralized by adding sodium cations and
chloride anions. The explicit water TIP3P model was used. The MD sim-
ulations were performed in GROMACS 2018.1 software package with
the CHARMMBS36 force field [29]. This force field contains parameter
and topology files for the SAM ligand molecule. All performed pro-
duction runs shared common first steps of the system preparations,
including the energy minimization and the relaxation.

The equilibration prior to the production runs included an NVT en-
semble and two (for ScNepl) or three (for AfNepl) phases of NPT
ensemble (Table S3). For the temperature equilibration, a V-rescale
temperature coupling was used, at 310 K for the yeast protein and
at 338 K for the archeal protein. The choice of temperature aimed to
provide the best possible accordance with the existing experimenta-
lal data [15,30]. A higher temperature was used for A. fulgidus, since
it is a thermophilic organism. A study by Klenk et al. reports that A.
fulgidus growth occurs between 60 and 95°C [30]. In particular, in a
recent work by Wang et al. the authors successfully conducted enzy-
matic studies of another protein from A. fulgidus at 65 °C (338 K) [31].
For the pressure equilibration, we employed Berendsen barostat [32].
The restraints on the positions of atoms were gradually loosened to pro-
vide better relaxation. Specifically, in the respective equilibration steps,
a position restraining force was applied on the heavy atoms of the com-
plex (NVT and NPT1), then on the main—chain atoms of the protein and
selected heavy atoms of the rRNA (NPT2), and finally on the C, atoms
of the protein and the P atoms of the rRNA (NPT3).

All-atom MD production stages were performed independently (Ta-
ble S4). All trajectories were evaluated by a standard stability analysis
including: RMSD (root-mean-square deviation) for monitoring the C,
(Fig. S2), the side chains of protein, as well as the movements of SAM
and rRNA; RMSF (root-mean-square fluctuation) to identify most mo-
bile residues in the protein and the nucleic acid chain; hydrogen bond
number to check the stability of the complex (Fig. S3). The cutoffs used
for hydrogen bond calculations were 3.5 A for donor-acceptor distance
and 30° for the angle.

To select snapshots for the construction of the active site models for
the QM calculations, first, the MD trajectories were screened using a
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Python script, evaluating the distances between the atoms supposed to
participate in the proton and methyl transfers (Fig. S5): (1) between the
OH group of $233*/T198* and the N1 of ¥; (2) between the carboxylate
oxygens of D101/D74 and the OH group of S233*/T198*; (3) between
the carboxylate oxygens of D101/D74 and the N1 of ¥ (for the water—
mediated proton transfer); (4) between the methyl group of SAM and
the N1 of ¥. Additionally, for AfNepl, the dihedral angle around the
bond between C, and Cj; of T198* was also evaluated, so that the OH
was in a proper orientation (Fig. S10). Next, the snapshots with the
distances and the dihedral angle meeting the assigned cutoff criteria
were inspected and a representative one was selected manually for each
of the distinct arrangements of the active site.

2.5. Quantum chemical calculations

All calculations were carried out using Gaussian 16 package [33].
The active site models were constructed based on the snapshots from
MD simulations (see Table S6 for the list of residues incorporated in
each of the investigated cluster models). Geometry optimizations were
performed with B3LYP functional [34-38] including DFT-D3 dispersion
correction with BJ dumping [39], using Def2-SVP basis set [40]. Coor-
dinates of selected atoms were fixed during geometry optimizations to
prevent unrealistic movements of residues (Figs. S12-19). The transi-
tion states were located using the linear transient approach. It consisted
of, first, performing a relaxed scan of the electronic energy surface along
the reaction coordinate (the length of the forming bond), followed by a
full optimization of the transition state geometry from the highest en-
ergy point. At the same level of theory, frequency calculations were
performed to obtain ZPE corrections and single-point CPCM solvation
[41,42] energies were calculated (with e = 4) to model the effects of the
rest of the enzyme. For optimized geometries of the stationary points,
single—point calculations with the Def2-QZVP basis set were carried out
to obtain more accurate energies. The final reported energy values are
those for the large basis set corrected for ZPE and solvation effects.

2.6. Expression and purification of proteins

Five proteins were prepared: AfNepl and ScNepl along with its
three mutants (D101A, S233A, S233M). The appropriate mutants were
prepared by PCR reaction through mutagenesis. Each protein was sub-
cloned into E. coli BL21 DE3 RiL and grown in LB medium under the
control of 1 mM IPTG. Proteins were purified by ion affinity chromatog-
raphy and size exclusion chromatography. The details are given in the
Supporting Information.

2.7. Kinetic measurements

Steady-state conditions were achieved for Nepl at 75 nM and RNA
from 1 to 30 uM. AlL S. cerevisiae protein assays were performed at 30 °C
and A. fulgidus Nep1l was assayed at 55 °C.

3. Results and discussion

3.1. Identification and diversity of potential catalytic residues in the active
site of Nep1 from different organisms

First, we performed a bioinformatics analysis to explore the con-
servation of amino acids in the active site of Nepl across organisms.
We conducted a multiple sequence local alignment using the Clustal
Omega algorithm [25] for selected species (Fig. 3). The sequence data
was mapped to the crystal structure of the active site of Nepl from S.
cerevisiae containing the rRNA substrate and the SAH analog (Fig. 1)
to identify the residues that may be relevant for promoting the methyl
transfer reaction.

To this end, aspartate D90, mutated in the Bowen—Conradi syn-
drome, remains present in all the examined sequences, along with the
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Fig. 3. Fragment of the alignment of Nepl proteins from Eukarya and Archaea.
The numbering is based on Nepl from S. cerevisiae. Arrows point to the residues
we propose as catalytically important (the proton acceptor and the proton-
transfer mediator). The sequences in Archaea are grouped based on the identity
of amino acids in these two positions. Black boxes indicate S. cerevisiae and A.
fulgidus, whose Nep1 proteins were further investigated with MD and QM.

nearby arginine R88. Although it may be tempting to assume that D90
could be the acceptor during the proton-transfer step, it is positioned
in the active site on the opposite side of the pseudouracil ring from
the supposed position of the N1 proton, precluding its involvement as
the general base in the mechanism. Based on the crystal structure, D90
may work together with R88 to create a binding pocket for the ¥ nu-
cleobase. In contrast, the supposed N1 of ¥ is directed toward aspartate
D101, making the latter a viable candidate as the proton acceptor, as
previously suggested [18]. Due to the considerable distance separat-
ing these two moieties, we focused on the region of the active site in
between them. Interestingly, there is a serine moiety (5223) located
midway, whose OH group could possibly act as a proton shuttle, en-
abling deprotonation over the extended distance. Moreover, aspartate
D101, proposed as the proton acceptor, and serine $233, proposed here
as the proton-transfer mediator, remain conserved throughout the ex-
amined eukaryotic species (Fig. 3), supporting their involvement in the
enzymatic mechanism.

Despite the overall high conservation of the protein sequence, con-
trary to eukaryotes, the archaeal species exhibit a considerable diversity
among the amino acids occupying these two important sites. Specifi-
cally, we can distinguish three classes within the Archaea domain. The
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first class closely resembles the eukaryotic sequence with either aspar-
tate or glutamate as the putative proton acceptor and either serine or
threonine as the putative proton transfer mediator. In the second class,
a methionine is present (or a lysine, in the single case of A. pernix) in
place of serine or threonine as the proton transfer mediator. The third
class differs even more - the proposed proton acceptor site is occupied
by a threonine or tyrosine, aspartate or glutamate occupies the putative
mediator site (Fig. 3). Here, a proton-transfer mediator is deemed un-
necessary, as the carboxylate group of these residues is close to the N1
of ¥ and could likely directly contribute to the deprotonation.

The variability of the proposed catalytic residues implies that the
hypothesized hydroxyl-mediated deprotonation cannot be a universal
pathway for all the archaeal Nepl homologs. Nevertheless, without
considering two latter classes, we decided to investigate in detail the
mechanism of the methylation for two representative enzymes: Nepl
of S. cerevisiae (eukaryotic, containing a serine as the supposed proton—
transfer mediator) and Nepl of A. fulgidus (archaeal, containing a thre-
onine, instead). The respective proteins will be referred to as ScNepl
and AfNepl in the following text.

3.2. Docking of rRNA to AfNep1

As mentioned above, the only available crystal structure of the Nep1
complex with rRNA is the one for ScNepl (PDB code: 3oin). Therefore,
in the case of AfNepl, we first carried out molecular docking between
the protein and the RNA substrate using the NPDock server [27].

A survey of the available crystal structures of SPOUT methyltrans-
ferases reveals that the protein surface in contact with RNA is very
much alike across the family, suggesting a similar binding mode to
the nucleic acid substrate. In the specific case of ScNepl, four argi-
nine residues engaged in rRNA binding (R88, R129, R132, and R136)
are highly conserved throughout almost all organisms that contain this
enzyme [12,13,18]. Moreover, the C, superposition of the AfNepl and
the ScNepl crystal structures reveals small root-mean-square devia-
tion (RMSD) values, confirming structural similarity of the two proteins
(Table S1). Finally, the target rRNA of Nepl is relatively similar in both
Eukarya and Archaea. In particular, the secondary structure of 18S (S.
cerevisiae) and 16S (A. fulgidus) rRNA exhibits high resemblance within
the loop that contains the ¥ for methylation (Fig. S1) [43]. Therefore,
considering the high degree of homology between the eukaryotic and
archaeal proteins, as well as between the respective rRNA substrates,
we decided to dock the nucleic acid fragment cropped from the crys-
tal structure of the enzyme-substrate complex with ScNep1 (PDB code:
3oin) onto the holoenzyme AfNepl (PDB code: 307b).

Five clusters of structures were generated by the server, in two of
which the rRNA was docked at the correct site. The homology between
yeast and archaeal proteins was used for the evaluation and selection
of obtained docked complexes. First, we superimposed the output struc-
tures from these two clusters with the crystal structure of ScNepl (by
the C, atoms) and rejected the complexes in which the RMSD calcu-
lated for the phosphorus atoms of rRNA was over 4 A. At this point,
eight structures from a single cluster remained. Next, we examined the
surroundings of the four conserved arginine residues that are crucial for
the rRNA binding [19] and selected four complexes with the distances
to the rRNA suitable for forming hydrogen bonds (the full list of exam-
ined hydrogen bonds can be found in Table S2). Finally, we discarded
any structures containing heavy atom clashes, which could disturb the
stability of the complex during the subsequent step of the workflow —
the full-atom MD simulations. From the remaining two structures, a sin-
gle one was selected and used as a starting point for the MD simulations.

Following the docking, the uracil moiety present in the crystal struc-
ture was manually replaced with pseudouracil in the appropriate posi-
tion. Analogously, SAH from the crystal of AfNepl was modified to the
actual methyl donor SAM.
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3.3. Structure and dynamics of the active site by MD simulations

We conducted multiple all-atom molecular dynamics simulations for
each of the enzyme-substrate complexes in order to investigate the dy-
namics of each structure, especially within the active site region. Unlike
crystal structural analysis, MD simulations allow for probing and analy-
sis of the conformational landscape of a protein, giving insight into the
conformational state that most likely represents the one in physiological
condition and providing implications for catalysis. This issue becomes
even more vital for the enzyme-substrate complex of AfNepl, which
was obtained through molecular docking. As its structure was generated
by fitting together two rigid fragments taken from separate crystals, it is
clearly far from optimal at this stage. Therefore, the MD simulations will
not only explore the conformational details of the AfNepl-RNA com-
plex, but will also enable the complex to adopt a more relaxed structure.

Overall 1.2 ps and 2.3 ps of independent trajectories were run for
ScNepl and AfNepl, respectively (Table S4 presents specific times for
each trajectory). Chosen times were a reasonable compromise between
extensive sampling and computational time. For S. cerevisiae one trajec-
tory was prolonged to 800 ns and for A. fulgidus we extended multiple
trajectories to 500 ns. The extended trajectories confirmed that there
are no significant changes in system structure, for example, no large
movements of the nucleic acid were observed. For S. cerevisiae, the start-
ing structure for MD simulations was the known crystal structure (PDB
code: 3oin, with the uracil moiety manually replaced with pseudouracil
in the appropriate position and SAH changed to SAM). For A. fulgidus,
the enzyme-substrate complex obtained by the docking was used.

The RMSD for C, atoms in all the simulations was below 4 A and the
enzyme-substrate complexes were stable throughout the simulation pe-
riods (Fig. S2). Hydrogen bonds between the rRNA and protein chains
A and B were generally preserved throughout the trajectories. More-
over, the number of these bonds was similar for both studied organisms
(Figs. S3—-4). The cutoffs used for these hydrogen bond calculations were
3.5 A for donor-acceptor distance and 30° for the angle. Furthermore,
we performed a quantitative occurrence analysis for the most important
protein—-RNA hydrogen bonds, confirming that the interactions with the
four conserved RNA-binding arginines are preserved in the MD simula-
tions (Table S5). The stability testing in multiple trajectories for AfNepl
also provides a solid validation of successful docking.

Regarding the active sites themselves, the distances between the key
moieties, such as ¥ and SAM, ¥ and S233, and ¥ and D101 (Figs. S6-9),
remained stable throughout the MD simulations. Nevertheless, the ac-
tive sites experienced slight fluctuations, resulting in a range of con-
formations. Importantly, these included the arrangements that aligned
the proposed proton-transfer mediators (the OH groups of $233* and
T198* for ScNepl and AfNepl, respectively) in between the N1 of ¥
and the carboxylic group of D101 (D74 in AfNepl). This alignment
connects them with two contiguous hydrogen bonds (Fig. 4A-B). It is
worth noting that in the crystal structure of ScNepl, although S233*
is positioned in between the nucleobase and D101, its OH group does
not directly interact with either of these moieties (Fig. 1). This may
be in part caused by the presence of a regular uridine in the RNA in
the crystal, instead of the actual pseudouridine substrate. Thus, the MD
simulations identified a conformational state of the active site that is
putatively better suited for catalysis, which is indeed confirmed by the
following QM calculations (see below).

Very interestingly, in addition to the conformation that bridges the
N1 of ¥ and the proton acceptor by the OH group of serine or threo-
nine, we also identified, for both ScNep1 and AfNep1, the MD snapshots
wherein the proton donor and acceptor are each hydrogen-bonded by
a water molecule instead (Fig. 4C-D). Although the abundance of such
geometries was rather low (below 1% of the simulation time), their
spontaneous and repeated occurrence during the nanosecond simula-
tions makes the water-mediated proton transfer a valid possibility dur-
ing the methyl transfer mechanism (the chemical reaction occurs within
the order of seconds).
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Fig. 4. The snapshots of each active site from the MD simulations. In A and B,
the N1 of ¥ and the proton acceptor are bridged by the OH group of the putative
proton-transfer mediator residue (§233* and T198* for ScNepl and AfNepl, re-
spectively). In C and D, these moieties are bridged by a water molecule instead,
indicating a water-mediated proton transfer as an alternative mechanistic path-
way.

Finally, in any of the MD simulations, the N1 of ¥ and the carboxylic
group of D101 did not come into a close contact (Fig. S8). This precludes
the possibility of a direct proton transfer, without the intervention of a
mediator.

In summary, the MD simulations have confirmed that the active
site of ScNepl and AfNepl can adopt a conformation that bridges the
OH group of the putative proton-transfer mediator residue (5233* and
T198*, respectively) with both the N1 of ¥ and the carboxylic group of
the proton acceptor (D101 and D74, respectively) with hydrogen bonds.
Such an arrangement renders the active site primed for the first step of
the methylation reaction, i.e. deprotonation of N1, despite the large
distance separating it from the proton acceptor. Furthermore, the sim-
ulations have revealed conformations of the active site that can bridge
a water molecule with the proton donor and the proton acceptor, indi-
cating hat a water-mediated proton transfer may be possible.

3.4. Comparison of the mechanistic pathways by QM calculations

To characterize the methylation mechanism and evaluate the two
alternative reaction pathways, we conducted QM calculations based on
the density functional theory using the cluster approach [44-47]. In this
method, an enzyme-substrate complex is truncated to leave only the
active site region. The steric effects of the remainder of the structure
are modeled by fixing the positions of selected atoms (typically at the
truncation points), while the electrostatic effects are represented by the
implicit continuous solvent. The cluster approach has been successfully
applied to study several methyl transfer reactions in SAM-dependent
enzymes, employing both crystallographic and MD data to construct
the active site models [20,48-50].

The computations were carried out at B3LYP-D3BJ(CPCM)/Def2—
QZVP//B3LYP-D3BJ/Def2-SVP level of theory. Energy profiles for the
methylation of ¥ for the following cases were calculated: Model 1:
ScNepl with S233* as the proton-transfer mediator, the arrangement
of the active site based on the crystal structure; Model 2: ScNep1 with
S233* as the proton-transfer mediator, the arrangement of the ac-
tive site based on the MD simulations; Model 3: ScNepl with a water
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Fig. 5. Overview of the evaluated mechanisms of the methylation of ¥ by Nepl, consisting of two chemical steps: the proton transfer (TS1) from N1 to aspartate
(D101/D74), mediated by either (A) the hydroxyl-containing amino acids (S233*/T198*) or (B) the molecule of water, and the methyl transfer (TS2) from SAM to

N1.

molecule as the proton-transfer mediator (MD arrangement); Model 4:
AfNepl with T198* as the proton-transfer mediator (MD arrangement);
Model 5: AfNepl with a water molecule as the proton-transfer medi-
ator (MD arrangement). A general two-step mechanism was assumed,
as depicted in Figs. 5A-B, for the pathways engaging serine/threonine
and water in the proton transfer step, respectively.

3.4.1. Model 1: ScNep1, S233* as the proton-transfer mediator (crystal
structure arrangement)

The first cluster model was built based on the crystal structure of
the complex of ScNepl with RNA (PDB code: 3oin). After cropping the
active side region (see Table S6 for the list of residues incorporated
in each of the investigated cluster models), the uracil nucleobase was
replaced with pseudouracil and a methyl group was added at the sulfur
atom of SAH to generate SAM. Additionally, the side chain of $233*
was manually rotated around the C,~C,; bond, so that the OH group is
located between the carboxylate of D101 and the N1 of V.

The prepared model was subjected to a geometry optimization with
constraints imposed on the positions of appropriate atoms. In the re-
sulting initial state, the N1 of ¥, the OH group of S233%, and the
carboxylate of D101 form a continuous chain of two hydrogen bonds,
aligned properly for proton transfer. Indeed, the transition state for the
concerted movement of the two protons, mediated by the OH of S233*
as the proton shuttle, is found to have a barrier of only 2.1 kcal/mol
(TS1; see Fig. 6 for the energy profiles and Fig. 7 for the structures of
the proton-transfer transition states). It furnishes an intermediate that
is 1.0 kcal/mol higher in energy relative to the initial state. The subse-
quent methyl transfer from the sulfur atom of SAM to the N1 of ¥ takes
place via a transition state having a barrier of 29.1 kcal/mol (TS2). This
is by far too high for an enzymatic reaction, suggesting that the arrange-
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ment of the active site present in the crystal structure is not catalytically
competent.

3.4.2. Model 2: ScNep1, S233* as the proton—transfer mediator (MD
arrangement)

During the MD simulations, the OH group of S233* spontaneously
comes into interaction via hydrogen bonds with the N1 proton of ¥ and
the carboxylic group of D101 (Fig. 4A). We constructed an active site
model based on an MD snapshot containing such an arrangement.

Upon geometry optimization, the hydrogen bond bridge is main-
tained. Interestingly, the computations established that for this model
the proton transfer occurs in a stepwise fashion (not explicitly shown
in Fig. 5). First, the OH of S233* is deprotonated by D101, providing
an anionic alkoxide intermediate (Inter. 1). Next, the N1 proton of ¥
is abstracted by the anionic form of S233*. The transition states for
the consecutive proton transfers (TS11 and TS12) are proper first-order
saddle points on the electronic energy surface, but upon inclusion of
the zero—point energy correction their relative energies fall below those
of the respective flanking intermediates. Thus, the barrier for the over-
all proton transfer can be estimated through the energy of Intermediate
1, i.e., it is very low (0.9 kcal/mol). The resulting deprotonated ¥ is
stabilized by interactions with R88*, $233*, and A234*, rendering the
deprotonation slightly exothermic (by 2.1 kcal/mol). The subsequent
methyl transfer step has the energy barrier of 21.9 kcal/mol, a lower
value than that calculated above for the same pathway, employing the
crystal structure arrangement. This demonstrates that the MD simula-
tions allow for the active site to adopt a structure that is better suited
for catalysis than the structure present in the crystal. The insufficiency
of the crystal structure may in part originate from the application of
substrate and cofactor analogs to grow the crystal (U, instead of ¥ and
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Fig. 6. Energy profiles for the methylation of ¥ in the active site of Nepl proceeding via different evaluated pathways.

SAH, instead of SAM, respectively). In contrast, the actual reactive com-
pounds were used in the simulations.

3.4.3. Model 3: ScNep1, water as the proton—transfer mediator

The MD simulations showed that a water molecule can enter the
active site and create a hydrogen-bond bridge between the N1 proton
of ¥ and the carboxylate of D101, replacing the OH group of S233*
as the mediator (Fig. 4C). Notably, the active site in this model has
displayed some extra conformational flexibility in the simulations. In
particular, the water molecule (contrary to the OH of $233*) could form
a hydrogen bond with either of the two oxygen atoms of the carboxy-
late anion of D101. In order to account for this structural flexibility,
we constructed models for QM calculations from the MD snapshots
representing both of these arrangements of the active site. For one of
the arrangements, there was an additional divergence due to different
orientations of arginine R132, raising the total number of evaluated
models to three. We computed the energy profiles of the methyl trans-
fer for each of the models. Below we describe only the results for the
model showing the lowest calculated energy barrier, while the others
are presented in Supporting Information (Table S7 and Fig. S11).

The results showed that, in the most favorable model, the protons
are transferred through a concerted transition state that involves a wa-
ter molecule as the proton shuttle (TS1). The energy barrier for the
proton transfer is calculated to be 4.0 kcal/mol. After the proton trans-
fer, D101 forms hydrogen bonds with the water molecule and R132.
The negatively charged V¥ is stabilized by S233* and R88*, which inter-
act with the carbonyl groups of ¥ via hydrogen bonding.

In the subsequent transition state (TS2), the methyl group is located
between the sulfur of SAM and the N1 nitrogen of ¥, approaching
nearly in the plane of the nucleobase (S-CH;-N1 angle equals 172°).
As noted in previous studies, methyl transfer is the rate-determining
step of the mechanism, constituting here the upper bound of the overall
barrier of 18.5 kcal/mol. This is the lowest barrier established among
the different pathways for the ScNepl enzyme.
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3.4.4. Model 4: AfNepl1, T198* as the proton—transfer mediator

In the second set of QM calculations, we aimed to investigate the
methylation mechanism for the archaeal homolog AfNepl. The first
cluster model was built based on the MD snapshot, wherein the OH
group of T198* is positioned to serve as the proton-transfer mediator
in active site of AfNepl (Fig. 4B), analogous to S233* in ScNepl (Model
2).

The proton transfer step (TS1) was found to be concerted, with
a relatively high, but still permissible, barrier of 20.5 kcal/mol. This
is nonetheless not critical for the overall reaction rate, as the methyl
transfer proceeds through a transition state having a 24.2 kcal/mol bar-
rier (TS2), which will thus determine the kinetics. Hence, the calculated
barrier height is somewhat larger, but comparable to that obtained for
the equivalent mechanism in ScNepl (21.9 kcal/mol, Model 2).

3.4.5. Model 5: AfNep1, water as the proton-transfer mediator

Similar to ScNep1l, a water molecule was observed to enter the active
site of AfNepl during the MD simulations and position itself between
the proton donor and acceptor (Fig. 4D). Two cluster models were con-
structed to account for the possibility of transferring the proton to either
of the oxygen atoms of the carboxylate group of the acceptor aspartate
D74. The more energetically favorable model is described here, while
the other is presented in the SI.

The proton transfer takes place in a concerted fashion via the water
molecule through a 15.8 kcal/mol barrier (TS1). The subsequent trans-
fer of the methyl group requires crossing a relatively low energy barrier
of 19.1 kcal/mol (TS2).

In summary, alternative reaction pathways for N1 methylation of
pseudouridine by Nepl enzymes were evaluated by QM modeling. In
all cases, the first step of the reaction, i.e., the proton transfer to the
distant aspartate acceptor, turned out to be perfectly feasible, provided
that the process is mediated by either the OH group of serine or thre-
onine, or by a molecule of water. In the case of ScNepl, the calculated
energy barriers for the proton transfer are exceedingly low, comparable
to the expected error of the applied computational methodology (3-
5 kcal/mol). This demonstrates that the proton transfer is very facile,
although the actual barriers’ heights may be somewhat different. For
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Fig. 7. Optimized structures of the transition states for the proton-transfer step (TS1) during the different evaluated pathways.

AfNepl, the proton transfer barrier is higher, but it can still be easily
overcome. In turn, the calculations establish that the second step of the
mechanism, the methyl transfer, constitutes the kinetic bottleneck of
the overall reaction, discerning the two alternative pathways.

The computations clearly indicate that the arrangement of the active
site present in the available crystal structure of the enzyme-substrate
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complex is not catalytically competent (Model 1). Conversely, the struc-
ture of the active site derived from the MD simulations is much better—
suited for promoting the reaction. Interestingly, for both enzymes,
the methyl transfer step was found to be noticeably easier (by 3-5
kcal/mol), when the preceding proton transfer had been mediated by
a water molecule (Models 3 and 5), rather than by the hydroxyl group
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Table 1
Experimental kinetic parameters for ScNepl, its three mutated
variants (all measured at 30°C), and AfNepl (measured at

55°C).
Ko 571 K,, (mM) Relative

Koo

ScNepl

WT 0.88 + 0.05 16.3 = 1.90 1.0

D101A 0.050 + 0.001 1.40 = 0.16 0.06

S233A 0.61 + 0.04 13.3 = 2.10 0.69

S233M 0.23 = 0.02 7.03 = 1.20 0.26

AfNepl

WT 0.20 = 0.01 2.82 + 0.20 -

of the adjacent serine or threonine (Models 2 and 4). Such an outcome
can be explained by a slightly different arrangement of the active site
when the water molecule is present, which seems to be suited slightly
better for promoting the methyl transfer step. However, the energy dif-
ference of 3-5 kcal/mol is within the error of the applied computational
methodology, therefore, the two alternatives cannot be definitively dis-
criminated based on the results of the QM calculations alone.

3.5. Experimental kinetics of the enzymatic reactions

To validate the computational results and gain additional in-
sights, we measured the kinetic parameters for the methylation of ¥
in 5-AAU-UUG-ACY-CAA-CAC-GGG-GA-3’ oligonucleotide by both
ScNepl and AfNepl, as well as by variants of ScNepl having mutated
amino acids in the relevant key positions (Table 1). The measured rate
constants for the chemical step (k,,) in the case of wild-type ScNepl
and AfNepl are 0.88 s~! at 30°C and 0.20 s~! at 55°C, respectively.
These values correspond to the energy barriers of approximately 18
kcal/mol for ScNepl and 20 kcal/mol for AfNepl. Therefore, there is
a very good agreement between the computed and experimental data,
especially for the models wherein the water molecule plays the role of
the proton-transfer mediator (Fig. 6, Models 3 and 5 for ScNepl and
AfNepl, respectively).

The mutational studies provide very interesting results. First, the
mutation of aspartate D101 to alanine causes an almost 20—fold drop
in the reaction rate constant (k.,), confirming the importance of this
residue for catalysis and substantiating its role as the proton acceptor.
The concurrent increase in the affinity of the enzyme toward RNA sub-
strate (over 10-fold decrease in K,,) most likely originates from render-
ing the active site less negatively charged, thus lowering the repulsion
with the RNA phosphate backbone. Secondly, regarding the supposed
proton-transfer mediator, the k_,, value shows an insignificant decrease
upon the mutation of S233 to alanine, whereas it decreases only mod-
erately when methionine is introduced into this position. Therefore, the
hydroxyl-containing amino acid does not seem to be critical for main-
taining the catalytic efficiency of the enzyme, implying that it likely
does not act as the proton-transfer mediator. The results thus lend sup-
port to the water-mediated pathway, in which a water molecule serves
as the mediator between proton donor and acceptor, corroborating the
QM data (Models 3 and 5).

Importantly, a similar water-mediated proton transfer mode can be
applied to rationalize the mechanism of catalysis in the archaeal Nepl
homologs, which do not have a hydroxyl-containing amino acid located
in the active site in between ¥ and the proton acceptor (the second class
of archaeal proteins in Fig. 3). This hypothesis is also supported by the
retention of the catalytic activity of the ScNepl S233M mutant or S233A
mutant of the yeast enzyme (Table 1).

4. Conclusions

In summary, using workflow encompassing bioinformatics analy-
sis, molecular docking, MD simulations, and QM calculations we have
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established the mechanism of catalysis by methyltransferase Nepl, re-
sponsible for the N1 methylation of pseudouridine during the process-
ing of rRNA.

Our initial hypothesis, based on the alignment of Nepl sequences
from different organisms and crystallographic data, that the first,
proton-transfer, step of the reaction is mediated by a hydroxyl-
containing amino acid residue, has proven to be incorrect. Namely,
the MD simulations, consistent in both examined Nepl homologs, iden-
tified the active site arrangements with a water molecule bridging the
N1 of ¥ and the putative aspartate proton acceptor through two con-
tiguous hydrogen bonds. In turn, the QM calculations established that
the methylation reactions proceed via lower energy barriers when the
water is mediating the proton transfer compared to the pathways in-
volving the OH group of serine/threonine being the proton-shuttle.

The results of QM computations were confirmed by experimental
kinetics and mutational analysis, which also validated the identity of
the above mentioned aspartate as the proton acceptor. Interestingly, it
is not the proton transfer that distinguishes between the mechanistic
alternatives, but rather the barrier for the subsequent methyl trans-
fer, instead. The water molecule not only mediates the proton transfer,
but its presence also introduces conformational changes of the active
site that facilitate the overall methylation reaction. Importantly, the
uncovered water-mediated proton transfer may be a general pathway
implicated in the catalytic mechanisms of other enzymes, which require
a translocation of protons across extended distances in the active site.

From the methodological perspective, current work clearly demon-
strates the strengths and advantages of a comprehensive approach
employing multiple complementary computational techniques, supple-
mented by experimental verification of the key conclusions. In particu-
lar, the combination of MD simulations and QM modeling has proven to
be exceptionally powerful, allowing for the discovery of the unexpected
water—mediated proton transfer pathway, which would not be possible
to detect using separate methods and isolated pieces of data.

5. Supplementary information

The raw data (output files from MD simulations and QM calcula-
tions) are available from the corresponding author on request.
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