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ABSTRACT

In clinical uses, RNA must maintain its integrity in serum that contains ribonucleases (RNases), especially RNase 1, which is a
human homolog of RNase A. These omnipresent enzymes catalyze the cleavage of the P-O>" bond on the 3’ side of pyrim-
idine residues. Pseudouridine (W) is the most abundant modified nucleoside in natural RNA. The substitution of uridine (U)
with ¥ or N'-methylpseudouridine (m'¥) reduces the immunogenicity of mRNA and increases ribosomal translation, and
these modified nucleosides are key components of RNA-based vaccines. Here, we assessed the ability of RNase A and
RNase 1 to catalyze the cleavage of the P-O°" bond on the 3’ side of ¥ and m"¥. We find that these enzymes catalyze
the cleavage of UpA up to 10-fold more efficiently than the cleavage of WpA or m'W¥pA. X-ray crystallography of en-
zyme-bound nucleoside 2’,3’-cyclic vanadate complexes and molecular dynamics simulations of enzyme-dinucleotide com-
plexes show that U, ¥, and m"¥ bind to RNase A and RNase 1 in a similar manner. Quantum chemistry calculations
suggested that the higher reactivity of UpA is intrinsic, arising from an inductive effect that decreases the pK, of the
2’-hydroxy group of U and enhances its nucleophilicity toward the P-O°>" bond. Experimentally, we found that UpA
does indeed undergo spontaneous hydrolysis faster than does m'¥pA. Our findings reveal a new role for natural pseu-
douridine residues and inform the continuing development of RNA-based vaccines and therapeutic agents.

Keywords: X-ray crystallography; enzymology; inductive effect; molecular dynamics simulations; nucleoside 2’,3’-cyclic
vanadate

INTRODUCTION (Kariké et al. 2005, 2008, 2011; Anderson et al. 2010;
Morais et al. 2021).

U and ¥ residues form similar hydrogen bonds with
adenosine residues in canonical Watson—Crick—Franklin
base pairs (Fig. 1). In addition, ¥ can donate an additional
hydrogen bond in the major groove, enabling enhanced
local RNA nucleobase stacking, which is amplified by
neighboring nucleosides (Charette and Gray 2000;
Hudson et al. 2013; Kierzek et al. 2013; Spenkuch et al.
2014). The methylation of ¥ at N' to provide N'-methyl-
pseudouridine (m"P) obviates the additional hydrogen
bond but elicits more protein production than ¥ and fur-
ther diminishes the immunogenicity (Andries et al. 2015;
Svitkin et al. 2017; Parr et al. 2020). Ultimately, m'¥ was
used in most of the 14 billion administered doses of the

Katalin Kariké and Drew Weissman were awarded the 2023
Nobel Prize in Physiology or Medicine for their discovery of
nucleobase modifications that led to effective messenger
RNA (mRNA) vaccines against COVID-19 (Krammer and
Palese 2024). These modifications overcome an immune
response elicited by unmodified mRNA (Weissman et al.
2000; Sahin et al. 2014; Damase et al. 2021) that could
have evolved as a defense mechanism against viral RNA
(Chen et al. 2021). Endosomal Toll-like receptors are re-
sponsible for this response (Kariké et al. 2004, 2005), and
Kariké and Weissman discovered that replacing uridine (U)
with pseudouridine (¥) enabled synthetic MRNAs to evade
the receptors while enhancing ribosomal translation
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Pseudouridines as substrates for ribonucleases
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are of utmost concern for the integrity
of extracellular RNA (Wang et al.
2021). In ptRNases, a conserved resi-
due, Thrd5 (Fig. 1), forms hydrogen
bonds with pyrimidine residues in
an RNA substrate and precludes
the binding of purine residues
(delCardayré and Raines 1994, 1995;
Kelemen et al. 2000).

Here, we report on ¥ and m"¥ as
substrates for ptRNases. We focus
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FIGURE 1. Structure of U, ¥, and m"¥, their base-pairing with adenine (Ade), and the inter-

action of U with Thr45 of ptRNases.

COVID-19 vaccine (Nance and Meier 2021; Vogel et al.
2021; Demongeot and Fougére 2022).

¥, which is the C>-glycoside isomer of U, was discovered
in 1951 as the first post-transcriptional modification in RNA
(Cohn and Volkin 1951). Today, ¥ is known to be the most
abundant modified nucleoside and is found in RNA from
all domains of life (Spenkuch et al. 2014). ¥ is enriched
in the coding sequence and 3'-untranslated regions of
mRNAs (Carlile et al. 2014; Schwartz et al. 2014;
Karijolich et al. 2015; Li et al. 2015; Cerneckis et al.
2022). In nearly all transfer RNAs (tRNAs), ¥ is found in
the T¥C stem-loop (and elsewhere) and can stabilize
tRNA conformation (Charette and Gray 2000; Motorin
and Helm 2010; Guzzi et al. 2018). ¥ accounts for 1.4%
of all nucleosides in human ribosomal RNA (rRNA) and
modulates its conformational dynamics (Jiang et al.
2015; Penzo and Montanaro 2018; Cerneckis et al.
2022). m"¥ is also a natural nucleoside but is much less
common than ¥ (Wurm et al. 2012).

Surprisingly little is known about ¥ or m"¥ as substrates
for ribonucleases (RNases). ¥ does impede the ability of
human RNase L (Anderson et al. 2011) and bacterial
RNase E (Islam et al. 2021) to degrade RNA. Yet, no anal-
yses have been performed with pancreatic-type RNases
(ptRNases). These secretory enzymes are by far the most
abundant and active RNases in humans and other verte-
brates (Green and Sambrook 2019; Sun et al. 2022), and

o
H3C\NJ\N,H' Ade

(o) and (2

N'-methylpseudouridine (m'W)

our analyses on two homologs:
(1) bovine pancreatic ribonuclease
(RNase A), which served as a model
protein for seminal studies in biologi-
N cal chemistry during the twentieth

century (D'Alessio and Riordan 1997;

Raines 1998; Marshall et al. 2008),
human ribonuclease 1
(RNase 1), which is the most abundant
ribonuclease in human serum and has
especially high catalytic activity
(Lomax et al. 2017; Garnett and
Raines 2022). We investigate the
kinetics of the enzyme-catalyzed and
uncatalyzed cleavage of synthetic
dinucleotide  substrates:  uridylyl
(3’ >5"adenosine (UpA), pseudouri-
dylyl(3’>5")adenosine (¥pA), and N1-methylpseudouri-
dylyl(3'>5"adenosine (m“PpA). To correlate structure and
function, we deploy X-ray crystallography to obtain high-
resolution structures of RNase A complexed with the 2/,3'-
cyclic vanadyl diesters of U, ¥, and m'¥. To gain structural
insight into substrate binding, we carried out molecular
dynamics (MD) simulations of RNase 1 complexes with
UpA, ¥pA, and m“lr’pA. Finally, we examined the intrinsic
stability of UpA, ¥pA, and m"¥PpA. The ensuing data pro-
vide guidance for the development of RNA-based vaccines
and therapeutic agents, along with new insight about the
most common post-transcriptional modification.

-N

</

RESULTS

Synthesis of dinucleotide substrates

ptRNases catalyze the cleavage of the P-O°" bond in RNA
between a pyrimidine residue and (preferentially) a purine
residue (Fontecilla-Camps et al. 1994; Zegers et al. 1994).
UpA has been the most often used dinucleotide substrate,
and its cleavage forms uridine 2/,3'-cyclic phosphate and
adenosine (Cuchillo et al. 1993; Thompson et al. 1994).
An ensuing change in UV absorption enables the facile de-
termination of steady-state kinetic parameters (Witzel and
Barnard 1962). Reasoning that WpA and m"¥pA would
also be amenable to this assay, we synthesized UpA,
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SCHEME 1. Synthetic route to UpA, WpA, and mw‘{‘pA. P* = a pseudouracil nucleobase.

¥pA, and m"PpA from their component nucleosides
by using the phosphoramidite method (Scheme 1;
Caruthers 2011).

Briefly, AgNO3-mediated silylation allowed for the syn-
thesis of the three 5'- and 2'-silyl-protected nucleosides
1a—c (Stowell et al. 1995). The reaction of the 3’-hydroxy
group with 2-cyanoethyl tetraisopropylphosphorodiami-
dite and tetrazole gave phosphoramidites 2a—c. 2/,3'-
Silyl-protected adenosine 4 was accessed by the protec-
tion of the three hydroxy groups of adenosine with TBS
to provide 3, followed by selective 5 deprotection in
aqueous acetic acid (Ogilvie et al. 1978).

Activating phosphoramidites 2a—c with tetrazole and
coupling with 4, followed by oxidation with iodine, gave
protected dinucleotides 5a—c. B-Elimination of the cya-
noethyl groups with ammonium hydroxide, followed by
silyl ether deprotection with tetrabutylammonium fluoride
and purification by anion-exchange chromatography, gave
UpA, ¥pA, and m"¥pA as triethylammonium salts.

Heterologous production of RNase 1

Human RNase 1 was produced in Escherichia coli by re-
combinant DNA technology as described previously
(Ressler et al. 2019). Both purified RNase 1 (Supplemental
Fig. S1) and RNase A (which was obtained from a com-
mercial vendor) catalyzed the cleavage of a model sub-
strate, FAM-dArUdAdA-6-TAMRA (Supplemental Fig.
S2), with k../Ky values similar to those in the literature
(Supplemental Table S1).

UpA, ¥pA, and m"WpA as substrates for RNase A
and RNase 1

Catalysis of UpA, ¥pA, and m"PpA was assayed by using
UV spectroscopy. The UV spectra of UpA, ¥pA, and
m"WpA are similar, though that of m"¥pA is shifted slightly
to higher wavelengths (Supplemental Fig. S3). To assess
the three dinucleotides as substrates for ptRNases, we
sought changes in absorbance near 280 nm that accompa-
ny dinucleotide cleavage (Witzel and Barnard 1962). Those
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changes were apparent, albeit small (Supplemental Fig.
S4), and we chose an optimal wavelength for monitoring
each cleavage reaction (Supplemental Table S2). We per-
formed assays at the optimal pH for catalysis by RNase A
(pH 6.0) and RNase 1 (pH 7.5), which reflects their physio-
logical environments (Lomax et al. 2017).

We found that all three dinucleotides are substrates for
both RNase A and RNase 1 (Supplemental Fig. S5). Plots
of the initial rates are shown in Figure 2, and steady-state
kinetic parameters are listed in Table 1. In general, UpA
is a better substrate than either YpA or m"¥pA. The differ-
ences, which are more significant for RNase A, are due
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FIGURE 2. Initial rates for catalysis of the cleavage of dinucleotide
substrates by RNase A (pH 6.0) and RNase 1 (pH 7.5) at 25°C.
Values are the mean = SD of four replicates. The resultant steady-state
kinetic parameters are listed in Table 1.
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TABLE 1. Steady-state kinetic parameters for the cleavage of
UpA, ¥pA, and m"¥pA by RNase A and RNase 1

Keat keat/ K (10°

Enzyme pH Substrate (sec™ Kwv (M) M~ sec”™
RNase A 6.0 UpA 313+25 143+39 21.8+6.2
6.0 ¥YpA 65+7 305+84 2.1+0.6
60 m'"PpA 70x7 30082 2307

RNase 1 7.5 UpA 17+2  253%77 0.67 +0.22
7.5 YpA 14+2  254+88 0.58+0.21

7.5 m“I‘pA 9+1 328%116 0.30+0.12

primarily to decreases in the value of ke, rather than
changes in the value of Ky. The largest differences are
nearly 10-fold, which are for the k./Ky values of
RNase A. UpA is also a better substrate than either YpA
or m"¥pA at the pH optimum of the other enzyme, that
is, RNase A at pH 7.5 and RNase 1 at pH 6.0
(Supplemental Table S3; Supplemental Fig. Sé).

Structural interactions of U, ¥, and m'¥ with
RNase A

Next, we sought to understand the basis for the decrease
in catalytic efficiency for the cleavage of Up¥ and Upm'¥
versus UpA. To do so, we focused initially on structure.
Uridine 2/,3'-cyclic vanadate (U >v) is a potent inhibitor
of RNase A, superior to uridine or inorganic vanadate
alone (Lindquist et al. 1973). This complex is thought to
be a mimic of the enzymic transition state, albeit an impre-
cise one (Krauss and Basch 1992; Messmore and Raines
2000b). Given that precedent, we sought and obtained
crystal structures of RNase A bound to U>v, ¥ >v, and
m'¥ > v, which we solved at resolutions of 1.83, 1.70,
and 1.71 A, respectively. The data and refinement statistics
for each structure are listed in Supplemental Table S4. In
these structures, we found that each vanadyl group is in
a tetrahedral geometry (Supplemental Fig. S7), instead
of the previously reported trigonal bipyramidal geometry
(Wlodawer et al. 1983; Ladner et al. 1997). Thus, the crystal
structures mimic the enzymic complex with the 2’,3'-cyclic
phosphodiester product of the reaction rather than the
transition state. That lower valency, however, did not alter
the location of the uridine moiety. In addition, we ob-
served decavanadates in each crystal lattice (Supple-
mental Fig. S8). This byproduct of the nucleoside plus
vanadate complexation reaction is likewise known to be
an inhibitor of catalysis by RNase A (Messmore and Raines
2000a), though its structural interaction with the enzyme
had not been described previously.

An overlay of the U>v, ¥ >v, and m"¥ > v moieties
bound to RNase A is shown in Figure 3. The binding of

the ligand is virtually identical in the three structures.
Specifically, each uridine ring is in the anti conformation
and interacts with Thr45 in a similar manner. The near-
identity of these three structures suggests that the ob-
served differences in steady-state kinetic parameters
(Table 1) do not arise primarily from structural differences.

Simulation of RNase 1 binding to UpA, ¥pA,
and m'"WpA

We were unable to obtain the crystal structure of RNase 1
bound to a nucleoside vanadate. That is not surprising, as
RNase 1 has been crystallized in a complex with its inhibi-
tor protein (Johnson et al. 2007) but not alone or in a com-
plex with a small-molecule ligand. Accordingly, we sought
insight about RNase 1 from molecular docking studies and
MD simulations with the three dinucleotide substrates. The
structures of UpA, WpA, and m"¥pA were optimized at the
MO06-2X/6-31 + G(d,p) level of theory (Zhao and Truhlar
2008a,b) and docked into the active site of RNase A
(Supplemental Fig. S9) and RNase 1 (Supplemental Fig.
S10). MD simulations for each substrate were initiated
from the enzyme-substrate complexes resulting from the
docking studies and were performed for 1500 nsec of sim-
ulation time. For each simulation, an average structure was
generated using 7500 frames from the last 750 nsec.
Overlays of the structures of the dinucleotide substrates
bound to RNase 1 obtained from the MD simulations
with the crystal structures of the nucleoside vanadates
bound to RNase A are in accord (Fig. 4), suggesting
that each substrate binds in a similar manner. We
also performed MD simulations of the dinucleotide sub-
strates bound to RNase A and observed highly similar

FIGURE 3. Overlay of the crystal structures of RNase Abound to U >v
(pink), ¥ >v (green), and m'¥>y (orange). The protein representation
(white) is from the ¥ > v crystal structure, and key residues for binding
and catalysis are indicated explicitly. The nucleobase:-Thr45 distanc-
es are RNase A-U>v: N3--O"', 2.72 A; O%N, 2.78 A; RNase AW > v,
N3--0"",2.80 A; O*-N, 2.83 A; and RNase Am"¥>v, N*--O"", 2.81
A; 0*N,2.80A. Alignment was performed in Chimera X (Meng et al.
2023) using Matchmaker. The average ligand RMSD values are 0.509
Aand0.439 Afor¥ >vand m'¥ > v with respect to U > v as calculated
using only isologous heteroatoms and the coordinating vanadyl

group.
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FIGURE 4. Overlay of UpA (A, pink), ¥pA (B, green), and m“I—’pA (C, orange) bound to RNase 1 (blue) obtained from the MD simulations with the
respective crystal structures of U>v (A, white), ¥ >v (B, white), and m'W¥ > v (C, white) bound to RNase A (white).

binding modes, consistent with the crystal structures
(Supplemental Fig. S11).

A major challenge in computational chemistry is the
development of methods to reliably predict the binding
free energy (AGping) of a ligand to its receptor in a com-
plex. Various methods have been developed, ranging
from simple and fast scoring functions (Rajamani and
Good 2007) to more rigorous but time-intensive ap-
proaches such as free energy perturbation (Michel and
Essex 2010; Cournia et al. 2021). In between are the
so-called end-point methods that use MD simulations,
which take into account the dynamic nature of the bimo-
lecular interaction, along with a molecular mechanics
(MM) potential (Wang et al. 2019). MMGBSA (molecular
mechanics-generalized Born surface area) is one of the
widely used end-point methods for estimating the ener-
getics of substrate binding (Kollman et al. 2000; Tsui
and Case 2000; Rastelli et al. 2010; VYlilauri and
Pentikdinen 2013; Mikulskis et al. 2014; Genheden and
Ryde 2015). Here, binding free energies from the MD
simulations were sampled from the last 750 nsec (using
7500 equally spaced frames).

The three dinucleotides share a similar binding pattern
to RNase 1, with UpA generally showing the highest affin-
ity and m"WpA generally showing the lowest affinity in ac-
cord with the experimental data. The decomposition of
binding energies into gas-phase energy contributions
(electrostatic and van der Waals) and solvation free energy
components (polar and nonpolar) shows that electrostatics
dominate the overall binding of each substrate (Table 2).
Similar nonpolar contributions imply that each substrate
has a similar exposure to solvent and comparable hydro-
phobic properties. To further assess the energetic contri-
butions of the important residues within the active site of
RNase 1, we decomposed the binding energies on a
per-residue basis. Once again, we observed similar contri-
butions from four key residues, His12, Thr45, Asp83, and
Phe120, to the overall binding free energies (Fig. 5).
Lys41 makes a stronger contribution to binding the pseu-
douridines, and His119 makes a weaker contribution.
The variability can be attributed to the proximity of Lys41
and His119 to the phosphoryl group and, for His119, the
extent of aromatic donor-acceptor interactions with the
adenine nucleobase.

TABLE 2. Decomposition of average MMGBSA binding energies (AGp,nq, kcal/mol) of RNase 1 for dinucleotide substrates into gas-phase
energy contributions (AEyan der Waals aNd AEgjectrostatics) and solvation free energy components (Gpolar and Gronpolar)

Energy component UpA YpA m"¥pA

AE an der waals —48.75 —44.57 —45.75

WNE | eeiesisies —275.43 —263.43 —286.11

AGpolar 283.16 268.15 294.64

AGhonpolar -6.28 —5.67 —5.59

AGping —47.29 —45.52 —42.81
1546 RNA (2025) Vol. 31, No. 11
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FIGURE 5. Average per-residue MMGBSA binding energy contributions of the key residues of RNase 1 to dinucleotide substrates. Values are the

average = SD for each residue over 7500 frames.

Basis for the differential catalysis of UpA, ¥pA,
and m'¥pA cleavage

The diminished ability of the ptRNases to turn over the
pseudouridine substrates was manifested in ke rather
than Ky (Table 1). In accord, MD simulations of the binding
of the three substrates to RNase 1 did not reveal differen-
tial interactions. Likewise, crystal structures of the three
nucleoside vanadates bound to RNase A were indistin-
guishable. Having ruled out binding to the substrates or
products as the primary contributor to differential kinetics,
we focused on the transition states. Specifically, we won-
dered whether an unappreciated electronic effect could
explain the lower ket and kear/ Ky values for the pseudour-
idine substrates.

In uridine, the pyrimidine nucleobase is linked to the ri-
bose by a B-N-glycosidic bond, whereas in the pseudour-
idines, that linkage is a B-C-glycosidic bond (Fig. 1). On
the Pauling scale, the electronegativity of nitrogen (x =
3.0) is greater than that of carbon (y = 2.5) (Pauling 1939).
Moreover, N' of uridine is conjugated to functional groups
in the nucleobase (Fig. 1) that further increase its ability to

TABLE 3. Relative free energies for the deprotonation of the
2-hydroxy group of nucleoside 3'-methylphosphates by
4-methylimidazole with respect to the sum of the reactant
energies at infinite separation ((SMD-H,0] M06-2X/6-31+G(d,p))

HO. R HO R
:O: :O:
AG
= N
0 OH N>NH €= 0 O HN\7ONH
0=P-OH \=k 0=P-OH \=Q

SN ~
Nucleobase (R) AG (kcal/mol)
Uracil 18.4
Pseudouracil 21.3
N'-methylpseudouracil 21.0

withdraw electron density. We reasoned that the en-
hanced inductive effect of N' in uridine decreases the
pK, of its 2’-hydroxy group relative to that in pseudouri-
dines. The deprotonation of that 2’-hydroxy group is nec-
essary for cleavage by ptRNases (Findlay et al. 1961;
Cuchillo et al. 2011), and a lower pK, should decrease
the energy of the transition state and thereby increase re-
activity (Dantzman and Kiessling 1996).

To provide insight into the relative acidities of the 2'-hy-
droxy groups of the substrates, we modeled the first step
in the catalysis of RNA cleavage. In that step, the imidazolyl
group in His12 acts as a base that abstracts a proton from
the 2'-hydroxy group (Jackson et al. 1994; Thompson and
Raines 1994). In UpA, the pK, of the uridylyl 2’-hydroxy
group is 12.54 (Jarvinen et al. 1991). We used density func-
tional theory with the SMD solvation model to calculate
the free energy change associated with a proton transfer
between three nucleoside 3’-methylphosphates and 4-
methylimidazole. We selected this approach to circumvent
issues with accurately predicting the solvation energy of a
proton (Ho and Coote 2010; Prasad and Tantillo 2021).
The resulting free energies suggest that the pK, of the
2'-hydroxy group of uridine 3’-phosphate is lower than
those of pseudouridine 3'-methylphosphate and N'-meth-
ylpseudouridine 3'-methylphosphate, which are similar
(Table 3).

We reasoned that the differential pK, for uridine versus a
pseudouridine would be manifested in their intrinsic reac-
tivity. To test this hypothesis, we assessed the uncatalyzed
cleavage of UpA and m"¥pA. At pH 6.0 and 25°C, the rate
constant for the uncatalyzed cleavage of UpAis kyncat = 5 *
107 sec™", which corresponds to t,, = 4 years (Thompson
et al. 1995). To accelerate the time course, we chose to
monitor the cleavage reactions at a higher pH (10.0) and
temperature (90°C), using a buffer (2-(cyclohexylamino)
ethanesulfonic acid [CHES]) with a pK, of known tempera-
ture-dependence (Roy et al. 1997). We note that the pK, of
the N°~H imido group of uridine and N'-methylpseudour-
idine are similar (Jones et al. 2022), and both will be mostly
unprotonated at pH 10.0.

www.rnajournal.org 1547



Gutierrez et al.

In([dihucleotide]/M)

_75 T T T T I T T T T I T T T T ] T T T T |
50 100 150 200
Time (h)

o

FIGURE 6. Nonenzymatic cleavage rate of UpAand m"¥pAin 0.10 M
CHES-NaOH buffer, pH 10.0, containing NaCl (0.10 M) at 90°C as
monitored with *'P NMR spectroscopy.

We used 3'P nuclear magnetic resonance (NMR) spec-
troscopy to monitor the nonenzymatic cleavage of UpA
and m“PpA (Supplemental Figs. S18, S19). We found
that UpA (kuncat=4.7£0.1x 107 sec™’; t1,=41 h) is
more vulnerable to spontaneous cleavage than is m'¥pA
(Kuncat=2.5+0.1x 107 sec™"; ;=77 h) (Fig. 6). These
experimental data are consistent with the inductive effect
of the uracil nucleobase on the pK, of the 2'-hydroxy group
in uridine (Table 3) and with the higher k.,; and k../ K val-
ues for catalysis of UpA cleavage by ptRNases (Table 1).

DISCUSSION

ptRNases degrade RNA in a largely nonspecific manner,
governed only by the requirement that cleavage of the
P-O°" bond occurs directly after a pyrimidine residue.
We discovered that nucleotides containing ¥ and m"¥
are accommodated in the active site of both RNase A
and RNase 1 and allow for catalysis, though at a lower level
than U. Additionally, we found that the binding of ¥ and
m"¥ occurs in a similar manner to that of U and obtained,
to the extent of our knowledge, the first crystal structure of
a protein bound to m"¥ and one of few crystal structures of
a protein bound to ¥ (Hoang and Ferré-D’Amaré 2001).

Catalysis by RNase 1 had not been examined previously
with a dinucleotide substrate. ptRNases have multiple sub-
sites that bind to phosphoryl groups in RNA substrates
(Fisher et al. 1998; Nogués et al. 1998). With a tetranucleo-
tide substrate (Supplemental Fig. S2), catalysis by RNase A
is only fourfold more efficient than by RNase 1 under opti-
mal conditions (Supplemental Table S1). This difference in-
creases, however, to 33-fold with a dinucleotide substrate.
Although RNase A and RNase 1 are homologous and share
68% of their amino acid residues, the two enzymes evolved
in distinct niches and have different physiological roles
(Eller et al. 2014). For example, RNase A could serve as
an important scavenger of inorganic phosphate for rumi-
nants (Barnard 1969), a role that benefits from the turnover
of even the smallest RNA substrates.
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Along these lines, we found that RNase A is more sensi-
tive than RNase 1 to uracil modifications. This drop-off
could be related to the more specific function of
RNase A in the ruminant gut, where RNase A might have
evolved to turn over RNA containing canonical nucleo-
tides. Unlike RNase A, human RNase 1 can turn over a
large diversity of RNA substrates, including double-strand-
ed RNA (Lomax et al. 2017), the RNA strand of RNA:DNA
hybrids (Potenza et al. 2006), and even poly(A), albeit at a
low level (Sorrentino 1998). These enzymatic activities are
consistent with RNase 1 being expressed at significant lev-
els in many tissues and having functions that require a
broader substrate scope that modulates the innate im-
mune response, vascular homeostasis, and scavenging of
extracellular RNA (Sorrentino 2010; Koczera et al. 2016;
Gamett et al. 2019). Apparently, RNase 1 can accommo-
date pyrimidine variations better than RNase A. In living
systems, RNA occurs in diverse sizes, structures, composi-
tions, and sequences, and the trends reported here might
be amplified or reduced, depending on the context as well
as the biochemical environment.

Structurally, we observed little difference in the binding
of the three phosphodiester product analogs to RNase A.
Nor did MD simulations reveal significant overall differenc-
es in substrate binding to either RNase A or RNase 1.
We calculated, however, that the differential glycosidic
connectivity of the nucleobase in uridine and the pseu-
douridines alters the pK, of the 2'-hydroxy group, decreas-
ing the intrinsic reactivity of pseudouridine nucleotides. In
accord, we found a lesser difference in the enzymatic turn-
over of UpA, ¥pA, and m“PpA at pH 7.5 than at pH 6.0.
This discovery expands our fundamental understanding
of the most abundant modified nucleoside in natural
RNA and has implications for RNA biology. For example,
we are intrigued by the possibility that a role of pseudour-
idine is to stabilize natural RNA structures with a relatively
linear O?---P-O°" alignment, which would otherwise be
more vulnerable to spontaneous cleavage. Likewise, the
chemical stability conferred by N'-methylpseudouridine
has evident benefits for the ongoing development of
RNA-based vaccines and therapeutic agents.

MATERIALS AND METHODS

Production and purification of RNase 1

Human RNase 1 was produced in E. coliwithout its signal peptide
and with an N-terminal methionine residue as described previ-
ously (Ressler et al. 2019), with minor modifications. The expres-
sion plasmid was transformed into BL21(DE3) cells. A starter
culture (50 mL) was inoculated from a single colony and grown
overnight at 37°C in TB containing ampicillin (200 pg mL™") with
constant shaking at 250 rpm. Cultures (1.0 L) were initiated at
ODgoo nm=0.05 from the starter culture and grown at 37°C in
TB containing ampicillin (200 ug mL™") with constant shaking at
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250 rpm. Gene expression was induced with isopropyl-p-D-1-thi-
ogalactopyranoside (IPTG) (final concentration: 1.0 mM) when the
cultures reached ODgoo nm = 1.8-2.2 and were grown for an addi-
tional 3 h at 37°C. Cells were pelleted by centrifugation at 6000g
for 15 min at 4°C, and cell pellets were stored at —80°C until re-
suspension and lysis.

Cell pellets containing RNase 1 were resuspended in 20 mM
Tris-HCl buffer, pH 7.6, containing 10 mM EDTA (1 g of wet pellet
per 10 mL of buffer). Cells were lysed at 19.0 kpsi at 4°C using a
benchtop cell disruptor from Constant Systems. Inclusion bodies
were isolated by centrifugation at 30,000g for 1.5 h at 4°C. The
resultant inclusion bodies were resuspended in 20 mM Tris-HCI
buffer, pH 8.0, containing guanidine-HCI (7 M), dithiothreitol
(DTT) (0.10 M), and EDTA (10 mM) for 2 h at room temperature
(4 mL of buffer per 1 L of expression culture). The solution was
then diluted 10-fold with 20 mM acetic acid, and the insoluble
material was removed by centrifugation at 16,500g for 30 min
at 4°C. The clarified supernatant was dialyzed against 16 L of
20 mM acetic acid overnight at 4°C using a 3.5k MWCO bag.
The dialysate was then subjected to centrifugation at 30,000g
for 1 h at 4°C to remove additional insoluble material. To fold
the RNase 1, the clarified superatant was added dropwise with
gentle stirring to 100 mM Tris-HCI| buffer, pH 7.8, containing
NaCl (0.10 M), reduced glutathione (1.0 mM), and oxidized gluta-
thione (0.2 mM). This incubation was continued at 4°C without
stirring for at least 2 days. The pH of the solution was then adjust-
ed to 5.0 by adding 3 M sodium acetate buffer, pH 5.0, and the
resulting solution was passed through a 0.45 um filter. The steril-
ized solution was concentrated using an Amicon Stirred Cell con-
centrator from EMD Millipore with 10 kDa filters. Further
purification was done with an AKTA pure FPLC system from
Cytiva. Gelfiltration chromatography was performed with a
Superdex HiLoad 26/600 75 pg gel filtration column and 50
mM sodium acetate buffer, pH 5.0, containing NaCl (0.10 M)
and sodium azide (0.05% w/v). Fractions containing the ribonucle-
ase were pooled and purified further by chromatography with a
HiTrap SP cation-exchange column and 50 mM sodium acetate
buffer, pH 5.0, containing a linear gradient of NaCl (0.35-0.70
M) over 35 column volumes. Fractions containing RNase 1 were
pooled, concentrated, and buffer-exchanged into 50 mM Tris-
HCI, pH 7.5, containing NaCl (50 mM) using an Amicon 15 mL
10 kDa MWCO spin concentrator. The identity of the protein
was validated with QTOF mass spectrometry and SDS-PAGE.
Aliquots were flash-frozen in Ny(l) and stored at —70°C.
Typically, ~2 mg of RNase 1 was obtained per liter of culture.

Kinetic measurements of dinucleotide cleavage

UpA, ¥pA, and m"PpA were synthesized from their component
nucleosides by using the phosphoramidite method (Scheme 1;
Caruthers 2011). (For experimental details, see the Supplemental
Material.) The cleavage of UpA, ¥pA, and m"¥pA by RNase A
and RNase 1 was assayed by monitoring the change in absor-
bance of the substrate near 280 nm (Witzel and Barnard 1962).
(Note: A coupled assay using adenosine deaminase [lpata and
Felicioli 1968] was not feasible because commercial sources of
adenosine deaminase catalyze the hydrolysis of adenine nucleo-
base in the substrate as well as the product.) For each substrate,
the exact wavelength was chosen by analyzing UV spectra before

and after cleavage and choosing the wavelength with the maxi-
mal difference (Supplemental Table S2; Supplemental Fig. S4).
Assays were performed with a Spark plate reader from Tecan in
96-well half-area UV star microplates with a final volume of 50
pL. For RNase A, reactions were performed in 0.10 M DEPC-treat-
ed OVS-free MES-NaOH buffer, pH 6.0, containing NaCl (0.10
M), which is the pH at which RNase A is most active (Lomax
et al. 2017). RNase 1 reactions were performed in 0.10 M Tris-
HCl buffer, pH 7.5, containing NaCl (0.10 M), which is the pH at
which RNase 1 is most active (Lomax et al. 2017). This buffer
was made from DEPC-treated water and a DEPC-treated stock
solution of NaCl (1.0 M). Assays were conducted at 25°C with a
substrate concentration of 50-1000 uM. Due to the lack of sensi-
tivity of this assay, the concentration of ribonuclease in each reac-
tion was optimized to have a high dynamic range while
maintaining linearity in the initial region. For RNase A, concentra-
tions of 1, 4, and 10 nM were used; for RNase 1, concentrations of
10, 20, and 20 nM were used for UpA, WpA, and m“PpA, respec-
tively. To obtain the baseline absorbance of a well and ensure no
contamination from exogenous ribonucleases, 25 pL of a 2x sol-
ution of substrate in the appropriate buffer was added to each
well, and the absorbance was measured over 2 min. Then, a 2x
solution of RNase A or RNase 1 was added to the substrate,
and the absorbance was measured over 20 min. To obtain the ab-
sorbance of fully cleaved substrate, 25 pL of a solution of RNase A
(4 uM) was added to 25 pL of the 2x solution of substrate in a sep-
arate well, and the absorbance was measured over 10 min. The
measurements were performed at wavelengths optimized for
each enzyme-substrate pair as listed in Supplemental Table S2.
Initial rates were plotted against substrate concentration and fit-
ted to the Michaelis-Menten equation to determine values of
keat and Ky. (See the Supplemental Material for additional
details.)

For the pH-dependent experiments, assays were performed as
above, except in the buffer corresponding to the desired pH.
Values of kc./ Ky were determined by performing linear fits in re-
gions of low [S]. (See the Supplemental Material for additional
details.)

For the nonenzymatic cleavage experiments, a solution of UpA
(4.0 mM) and a solution of m1‘~PpA (4.0 mM) were prepared in 0.10
M CHES-NaOH buffer, pH 10.0, containing NaCl (0.10 M) under
ribonuclease-free conditions. The solutions were added to NMR
tubes. Sealed capillaries containing phenylphosphonic acid (50
mM) in D,O containing NaCl (0.10 M) were placed into the tubes
as a reference. Both tubes were kept under identical conditions at
all times. The tubes were incubated at 90°C for the specified
amount of time. Before acquiring 3'P NMR spectra, the samples
were cooled to room temperature. Undecoupled *'P NMR spec-
tra (scans: 64, relaxation delay: 12 sec, center: 10 ppm, spectral
width: 50 ppm) were obtained at each time point. To calculate
the concentration of UpA or m"¥pA at a particular time point,
the integral of the signal from UpA (=0.69 ppm) or m'¥pA
(—0.48 ppm) was normalized to the integral of the signal from phe-
nylphosphonic acid (15.99 ppm). Signals from each 2’,3'-cyclic
phosphate (~20 ppm) and 2'- and 3'-phosphates (~3-4 ppm) ap-
peared during the time course of the reaction (Supplemental Figs.
S18, S19). Integrals of sufficient accuracy could be obtained only
to a dinucleotide concentration of >0.8 mM. Spectra were pro-
cessed with MestReNova software (version 14.1.1-24571) using
automatic baseline and phase correction tools. Rate constants
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were obtained with linear least-squares regression analyses using
Origin 2021 software (version: 9.8.0.200).

Crystallization of RNase A with nucleoside
vanadates

RNase A was crystallized as described previously with some mi-
nor modifications. RNase A was dissolved in water to a 20 mg/
mL stock concentration. Crystals were initially grown via the
hanging drop method using a reservoir of 20 mM sodium citrate
buffer, pH 5.5, containing 20% PEG 4000 (20% w/v) and a drop
that was a 1:1 solution of reservoir:RNase A stock solution. The
drops were incubated at 16°C. Crystals appeared in ~7-10 days.
Additional crystals were obtained by seeding small or fragment-
ed crystals from the initial growth via a seeding tool into various
solutions via the hanging drop method. In general, the seeded
crystals grew larger at 16°C with reservoir solutions of 20 mM
sodium citrate buffer, pH 5.5, or 50 mM imidazole-HCI buffer,
pH 5.5, containing PEG 4000 (20%-25% w/v) and tert-butanol
(0%-10% w/v) and drops that were 1:1 solutions of reservoir:
RNase A stock solution. Seeded crystals grew in ~3-7 days.
After crystals formed, they were stable at 16°C-25°C for at least
a month in the dark. The highest quality crystals grew in 20 mM
sodium citrate buffer, pH 5.5, containing PEG 4000 (25% w/v)
and were used for subsequent soaking experiments with ¥ >v
and m"¥>v. For the U>v experiments, crystals were formed
via seeding into 50 mM imidazole-HCI, pH 5.5, containing
PEG 4000 (20% w/v).

To obtain ligand-bound structures, nucleoside vanadates were
soaked into RNase A crystals. The nucleoside vanadate solutions
were prepared as described previously with minor modifications
(Ladner et al. 1997). Briefly, uridine or a pseudouridine (45 mg)
was mixed with ammonium vanadate (NH;VO3; 105 mg) in 6.1
mL of 50 mM imidazole-HCI buffer, pH 5.2, and the resulting
solution was heated to 60°C for 20 min on a hotplate with stir-
ring. The resulting solutions were yellow and, after cooling to
room temperature, constituted the stock solution for each li-
gand. For U>v, crystals were transferred into hanging drops
containing a 2:1 mixture of U>v stock solution:25 mM imidaz-
ole-HClI buffer, pH 5.5, containing PEG 4000 (30% w/v) over a
reservoir of the same composition. These hanging drops were
incubated at room temperature for 2 days. Prior to freezing
and data collection, the crystals were dipped into cryoprotectant
conditions, which were 16.7 mM imidazole-HCI buffer, pH 5.5,
containing U >v stock solution (33% v/v), PEG 4000 (30% w/v),
and glycerol (5% v/v), before they were flash-cooled in a stream
of cryogenic Ny(g) for data collection. For ¥ >v, crystals were
transferred into hanging drops of 16.7 mM imidazole-HCI buff-
er, pH 5.5, containing ¥ >v stock solution (33% v/v), PEG 4000
(30% w/v), and glycerol (5% v/v). These hanging drops were in-
cubated at room temperature for 2 days before being directly
frozen in cryogenic Nx(g) and then data collection. For m'y >
v, crystals were transferred into hanging drops of 16.7 mM imid-
azole-HC| buffer, pH 5.5, containing m"¥>v stock solution
(33% v/v), PEG 4000 (30% w/v), and glycerol (5% v/v). These
hanging drops were incubated at room temperature for 1 day
before being directly frozen in cryogenic Ny(g) and subsequent
data collection.
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Data collection, processing, and structural
determination

Data were collected on a Rigaku Micromax-007 rotating anode
with Osmic VariMax-HF mirrors and a Rigaku Saturn 944 detec-
tor. The obtained data were processed with XDS (Kabsch
2010). Phaser (McCoy et al. 2007), as implemented in PHENIX
(Liebschner et al. 2019), was used to solve the structures by mo-
lecular replacement, using the protein coordinates from the
structure of RNase A in a complex with cytidine 3'-phosphate
(PDB entry 5ogh [Prats-Ejarque et al. 2019]). Ligand structures
were modeled and optimized with Gaussian 16 at the M06-2X/
6-31+G(d,p) level (Zhao and Truhlar 2008a,b; Frisch et al.
2016) using restraints conforming to the configuration of the
vanadyl group in the structure of RNase A in complex with U >
v (PDB entry Truv [Ladner et al. 1997]). Structures were refined us-
ing PHENIX (Liebschner et al. 2019) with manual fitting in COOT
(Emsley et al. 2010) and geometry improvement with Rosetta
(DiMaio et al. 2013). Data and refinement statistics are listed in
Supplemental Tables S4-S7.

Molecular docking

The structures of UpA, ¥pA, and m"¥pA were optimized at the
MO06-2X/6-31 + G(d,p) level of theory using Gaussian 16 (Zhao
and Truhlar 2008a,b; Frisch et al. 2016) and docked into the active
site of RNase A and RNase 1 using AutoDock Vina (Trott and
Olson 2010). During docking, the side chains of catalytic residues
His12, His119, and Lys41 were treated as flexible, while the rest of
the enzyme was treated as rigid. The resulting docked poses were
scored, and poses were selected in which (1) the pyrimidine and
Thrd5, (2) the 2" hydroxy group and His12, (3) the phosphoryl
group and Lys41, and (4) the 5”-oxygen and His119 were within
the interaction distances (Supplemental Figs. S9, S10).

Molecular dynamics simulations setup

MD simulations were based on the complexes that resulted from
the docking of UpA, WpA, and m"PpA into the active site of
RNase A and RNase 1. The structure of RNase Awas from PDB en-
try Truv (Ladner et al. 1997). The protonation states of RNase A
residues were adjusted to those at pH 6.0. The structure of
RNase 1 was based on chain X of PDB entry 2g4g (Johnson
etal. 2007). Missing residues (i.e., the N-terminal lysine and C-ter-
minal threonine) were modeled with MODELER software (Webb
and Sali 2016). The protonation states of RNase 1 residues were
adjusted to those at pH 7.5.

Molecular dynamics simulation protocol

MD simulations were performed on cuda-enabled gpus of parti-
cle mesh Ewald molecular dynamics (pmemd) in Amber 2022
(Case et al. 2023). We used the ff14SB and GAFF parameter
sets for the protein and ligands, respectively (Wang et al. 2004;
Maier et al. 2015). We also performed the simulations using the
RNA force field OL3 (Zgarbova et al. 2011) and modma08
(Aduri et al. 2007) for canonical and modified dinucleotide li-
gands, respectively (Supplemental Fig. S12). Restrained electro-
static potential charges (RESPs) were calculated with the R.E.D.
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server (Bayly et al. 1993; Vanquelef et al. 2011). Each system was
solvated in the TIP3P water model and neutralized in 0.10 M NaCl
(Jorgensen etal. 1983). Each system was minimized and heated to
300 K using Langevin dynamics with a collisional frequency of 1
psec in the NVT ensemble over 100 psec with harmonic restraints
of 10.0 kcal mol™" A=2 on protein and ligand. Further equilibration
was performed in the NPT ensemble using isotropic position scal-
ing and a pressure relaxation time of 2 psec at 300 K with harmon-
ic restraints on the protein and ligand starting at 5.0 kcal mol™"
A2 and lifted slowly, giving a total of 12 nsec of restrained equil-
ibration and 20 nsec of unrestrained equilibration time. The non-
bonded cutoff was 9 A. Each system was subjected to a 1500 nsec
production run in the NPT ensemble using time steps of 2 fsec
with Langevin dynamics and a Monte Carlo barostat at 300
K. The long-range electrostatic interactions were calculated using
the particle mesh Ewald (PME) method.

Analysis protocols for molecular dynamics
simulations

The binding free energies (AGg;ng in kcal/mol) were computed by
using the molecular mechanics-generalized Born surface area
(MMGBSA) method implemented in Amber 2022 using the last
750 nsec (using 7500 equally spaced simulation frames) and de-
composed on a per-residue basis (Kollman et al. 2000; Tsui and
Case 2000; Rastelli et al. 2010; Ylilauri and Pentikdinen 2013;
Mikulskis et al. 2014; Genheden and Ryde 2015).

In the MMGBSA method, the free energy for binding is ex-
pressed as:

AGbind = Gcomplex - Gprotein - G\igand7

where AGying is the binding free energy and AGcompiex AGproteins
and AGjigand are the free energies of complex, protein, and ligand,
respectively. AGpng can be decomposed into

AGping =AEpnd+AEciectrostatic T AEvan der Waa|s+AGpo| +Aan —TAS,

where the first three terms are MM energy components in gas
phase from bonded (bond, angle, dihedral), electrostatic, and
van der Waals interactions. AG,, is the polar contribution to the
solvation free energy, which can be obtained by using the gener-
alized Born (GB) model. The nonpolar contribution to the solva-
tion free energy, AG, is estimated using the solvent-accessible
surface area (SASA). Finally, TAS is the change in conformational
entropy, which is often neglected when ranking binding free en-
ergies of similar ligands (Gohlke and Case 2004; Zhou and
Madura 2004). In this study, the binding free energies were calcu-
lated using the single trajectory approach, resulting in the cancel-
lation of bonded energy terms, and the entropy contribution was
omitted to reduce computational cost. The GB calculations were
performed using parameters developed previously (igb =5 [o.=
1.0, B=0.8, y=4.85]) (Onufriev et al. 2004).

An average structure from each simulation was generated by k-
means cluster analysis, and root mean square deviation (RMSD)
analysis was performed to assess the stabilization of the protein
structure (Supplemental Figs. S13-515), using the CPPTRAJ mod-
ule implemented in AmberTools23 (Roe and Cheatham 2013;
Case et al. 2023). Likewise, a root mean square fluctuation
(RMSF) analysis was performed to assess residue mobility
(Supplemental Figs. S16, S17).

Quantum chemistry calculations for relative acidity
predictions

Density functional theory calculations were performed using
Gaussian 16 (Frisch et al. 2016) to provide insight into the relative
acidity of the 2’-hydroxy groups of the substrates. The free energy
that accompanies a proton transfer between three nucleoside 3'-
methylphosphates and 4-methylimidazole was calculated at the
[SMD-H,0] MO06-2X/6-31+ G(d,p) level of theory (Zhao and
Truhlar 2008a,b).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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Meet the First Author(s) is an editorial feature within RNA, in
which the first author(s) of research-based papers in each issue
have the opportunity to introduce themselves and their work
to readers of RNA and the RNA research community. Clair
S. Gutierrez, Bjarne Silkenath, and Volga Kojasoy are co-first
authors of this paper, “Pseudouridine residues as substrates
for serum ribonucleases.” Clair is a PhD student at MIT in the
lab of Professor Ron Raines, working on the biochemistry of ri-
bonucleases. Bjarne and Volga are postdoctoral fellows work-
ing with Professor Raines.

What are the major results described in your paper, and how do
they impact this branch of the field?

We investigated pseudouridine (¥) and N'-methylpseudouridine
(m"W) as substrates for pancreatic-type ribonucleases (ptRNases).
We found that RNase 1 (human) and RNase A (bovine) catalyze
the cleavage of UpA up to 10-fold more efficiently than the cleav-
age of WpA or m"¥pA. X-ray crystallography and molecular dy-

GS. Proteins 57: 493-503. doi:10.1002/prot.20223

namics simulations of enzyme-dinucleotide complexes showed
that U, ¥, and m"¥ bind to both ptRNases in a similar manner.
Quantum chemistry calculations suggested that the higher reactiv-
ity of UpA is intrinsic, arising from an inductive effect that decreas-
es the pK, of the 2-hydroxy group of U and enhances its
nucleophilicity toward the P-O®" bond. This study expands our un-
derstanding of the most common post-transcriptional modifica-
tion in natural RNA and informs the development of RNA-based
vaccines and therapeutic agents.

What led you to study RNA or this aspect of RNA science?

CSG: | was primarily interested in protein chemistry, for which
ptRNases are a great model system. It was a natural step for me
to look at how RNA modifications impact binding and catalysis
of these proteins.

BS: My background is in carbohydrate chemistry, so when the op-
portunity presented itself to utilize this background in the synthesis
and study of oligonucleotides, | was naturally intrigued. This inter-
section of disciplines allowed me to explore the intricate relation-
ships between carbohydrates and RNA, particularly in how
modifications to oligonucleotides can impact their stability and
functionality.

VK: | was intrigued by the chemical diversity of RNA modifications
and how they represent a significant breakthrough in advancing
our understanding of RNA biology.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

We found that pseudouridines are at some level resistant to cleav-
age by ptRNases, which wasn't surprising, but that this was due to
achange in catalysis rate rather than binding was surprising. To an-
swer this, we developed and tested a hypothesis about how the
B-C-glycosidic bond in pseudouridines impacts the pK, of the 2’
OH, which made this story more interesting.

What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

CSG: In my high school biology course, the section on biochemis-
try, which built an understanding of life from the molecular level,

had me hooked.

BS: The rapid advancements in RNA research over the past few
years have captivated my attention. Witnessing breakthroughs in
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RNA-based therapies and their potential to revolutionize medicine
has reinforced my fascination with this field.

VK: During my studies, collaborative projects with scientists from
diverse backgrounds significantly helped deepen my curiosity
and appreciation for innovation in research.

If you were able to give one piece of advice to your younger
self, what would that be?

CSG: Read the literature deeply and broadly. Deeply to be the ex-
pert in your problem space and broadly to find creative approach-
es and new relationships.

BS: If you don’t know something, just ask! There are so many amaz-
ing scientists around you who are more than willing to help and
grow with you. Embracing curiosity and seeking guidance can
open doors to new opportunities and insights that you might not
have considered.

VK: Always keep learning, stay adaptable, and view challenges as
opportunities for growth.

Are there specific individuals or groups who have influenced
your philosophy or approach to science?

CSG: My family always fostered my curiosity and exploration as
long as | didn‘t use my younger sister as a test subject. My mentors
Dr. Jake Brunkard and Dr. George Chao taught me not only how to
be a careful and methodical scientist but also the importance of
mentorship.

BS: Here, | must name parents and chemistry school teachers who
allowed me to develop into a curious and creative chemist. Both
nurtured my inquisitive nature and instilled confidence in me,
which has been crucial throughout my scientific journey.

VK: The encouragement of my family has built a deep passion for
lifelong learning, and my mentors and advisors throughout my ac-
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ademic journey have nurtured my curiosity and creativity, pro-
foundly shaping my scientific path.

What are your subsequent near- or long-term career plans?

CSG: | am planning to focus on more computational approaches to
biochemistry in a postdoc.

BS: | recently made the transition from academia to industry and
will focus on drug discovery

VK: | will focus on drug discovery, which | am passionate about.

What were the strongest aspects of your collaboration as
co-first authors?

This collaboration was in our opinion a perfect one. We all brought
very different skill sets (biological, synthetic, and computational
chemistry) to the table and advanced a project that none of us
could have done alone.

How did you decide to work together as co-first authors?

CSG: On my first day back in the lab from parental leave, our PI,
Ron, asked me to meet with two new postdocs in the lab for a pro-
ject looking at pseudouridines as substrates for ptRNases. I'm so
fortunate he did, as Bjarne and Volga are amazing scientists who
have taught me so much in this project and beyond!

BS: Again, it was the different backgrounds that brought us to-
gether, and | am very thankful that | was able to work with and learn
from these great scientists.

VK: Our advisor brought us together for this project, and | feel so
lucky to have worked with such incredibly talented scientists from
diverse backgrounds. | truly enjoyed discussing science and learn-
ing from them.
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