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Abstract (250 words)

RNA-binding proteins shape biology through their widespread functions in RNA biochemistry.
Their function requires the recognition of specific RNA motifs for targeted binding. These RNA
binding elements can be composed of both unmodified and chemically modified RNAs, of which
over 170 chemical modifications have been identified in biology. Unmodified RNA sequence
preferences for RNA-binding proteins have been widely studied, with numerous methods
available to identify their preferred sequence motifs. However, only a few techniques can detect
preferred RNA modifications, and no current method can comprehensively screen the vast array
of hundreds of natural RNA modifications. Prior work demonstrated that A-dynamics is an
accurate in silico method to predict RNA base binding preferences of an RNA-binding antibody.
This work extends that effort by using A-dynamics to predict unmodified and modified RNA binding
preferences of human Pumilio, a prototypical RNA binding protein. A library of RNA modifications
was screened at eight nucleotide positions along the RNA to identify modifications predicted to
affect Pumilio binding. Computed binding affinities were compared with experimental data to
reveal high predictive accuracy. In silico force field accuracies were also evaluated between
CHARMM and Amber RNA force fields to determine the best parameter set to use in binding
calculations. This work demonstrates that A-dynamics can predict RNA interactions to a bona fide
RNA-binding protein without the requirements of chemical reagents or new methods to
experimentally test binding at the bench. Advancing in silico methods like A-dynamics will unlock
new frontiers in understanding how RNA modifications shape RNA biochemistry.

Introduction

Modified RNAs have far-reaching impacts on disease and cellular functions. Over 170 RNA
modifications have been identified in biology (1). Many modifications are proposed to be
necessary for proper folding of RNA, but some modifications function directly in gene regulation.
A classic example is N®-methyladenosine (mPA). A single methyl group added to the adenosine
N® nitrogen leads to the recruitment of the YTH family of RNA-binding proteins, promoting RNA
destabilization and turnover (2,3). As a result, the m°A modification is proposed to be the single
largest determinant of mRNA stability (4) and has disease implications in many types of human
cancer and viral pathogenesis (5,6). Thus, RNA modifications can play key roles in biology and
pathology through changing how RNA binding proteins interact with RNAs.

RNA-binding proteins interact with mRNA targets to affect mRNA stability and expression. They
can bind to any region of an mRNA (7), but RNA binding is critical to exert their functions in
transcript regulation (8-10). For example, Pumilio is a prototypical RNA-binding protein and a
member of the Pumilio and FBF (PUF) protein family required for embryonic and germ cell
development, neuronal differentiation, some human cancers, and other biological functions
(11,12). Binding of mRNA by Pumilio is required to recruit other proteins for transcript repression
via turnover (11,12). Pumilio binds a conserved UGUAHAUA 8-mer RNA sequence motif typically
found in mRNA 3’ UTRs, where H represents A, C, or U (13-18). RNA targets are recognized by
a conserved RNA-binding domain consisting of helical PUF repeats (15,19-21). Each PUF repeat
discerns a specific RNA base through a three amino acid code (12,22-25). Hence, RNA sequence
variations would be expected to affect Pumilio binding, subsequently affecting transcript stability.
More recently, two RNA modifications were also noted to change Pumilio-RNA binding affinity in
vitro (26), demonstrating that non-canonical modifications can also affect RNA-protein
interactions. The impact of the many other known RNA modifications on the binding profiles of
RNA binding proteins is still an unresolved question.

Many in vitro and in vivo methods have been developed to identify the preferred binding motifs of
RNA-binding proteins. In vitro methods like RNA systematic evolution of ligands by exponential
enrichment (SELEX) use recombinant RNA-binding proteins and in vitro selection to identify
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91 preferred RNA substrates of a target protein (27). In vivo methods like cross-linking and
92 immunoprecipitation and sequencing (CLIP-seq) enrich for RNA-binding proteins from cell culture
93 orin vivo sources and sequence the associated RNAs to determine the binding protein’s RNA
94  target and footprint (28). Many other strategies and variations of these methods have been
95 reported and are successful in identifying preferred, unmodified RNA sequence motifs. However,
96 none to date can fully identify the effects of the numerous RNA modifications on protein binding.
97 SELEX can screen for preferred interactions with specific RNA modifications (26), but this strategy
98 cannot currently differentiate between modified and unmodified RNA. Mass spectrometry can
99 identify a diversity of RNA modifications (29), but it still relies on RNA sequencing to determine
100 their precise locations within the sequence. Of most concern, a majority of RNA modifications
101  cannot currently be synthesized in vitro. There are a lack of reagents for solid phase chemical
102  RNA synthesis, an inability to incorporate RNA modifications via in vitro transcription, and a lack
103  of methods to add the RNA modifications post synthesis (30). Due to these limitations, current
104  experimental methodologies can study the RNA-protein binding profiles for only a small subset of
105 the 170+ known modifications (30).
106
107  Molecular dynamics and free energy calculations are accurate computational methods to model
108  structural complexes and predict the binding affinities of nucleic acid to protein (31-33). Molecular
109 dynamics-based simulations, though time consuming, can illustrate how chemical perturbations
110  affect molecular interactions on an atomistic scale. A-Dynamics (AD) is an efficient, high-
111 throughput free energy method that can calculate free energy differences corresponding to
112 changes in chemical structure (34,35). As an alchemical free energy method, it uses a sliding A
113  variable to investigate several structural and chemical modifications simultaneously during a
114  single simulation. After ensuring that all chemical states are sampled equally, AD can calculate
115 changes in binding free energy (AAGying) relative to an original reference molecule. The sign and
116  magnitude of the AAGying results indicate if a structural modification is favorable or not and by how
117  much. Prior work established AD as an accurate method for predicting relative binding affinities of
118 a library of RNA modifications to modified RNA-targeting antibodies (36). The antibodies in that
119  work were designed to bind singly modified purine RNA bases, and AD accurately predicted off-
120 target antibody binding of other modified bases. Thus, AD demonstrated promise as a practical
121 way to predict the effect of chemical modifications on RNA-protein interactions. That work was
122 limited, however, in that it did not test the accuracy of AD predictions with biologically relevant
123  RNA-binding proteins that bind larger nucleic acid. Establishing such accuracy will be critical to
124  enable comprehensive predictions of RNA-binding protein interactions with AD.
125
126  The following study extends prior work testing AD as a viable method to study modified RNA-
127  protein interactions. Pumilio is used as a prototypical RNA binding protein due to its biological
128 and medical relevance, the wide breath of structural and binding studies published, and its large
129 RNA binding footprint. The work further establishes A-dynamics as a capable method for
130 predicting RNA-protein binding to modified RNAs and identifies computational practices for
131  improved accuracy.
132
133  Results
134  The goal of this study was to evaluate the accuracy of AD as an in silico strategy for exploring
135 canonical and modified RNA binding to RNA-binding proteins. Pumilio (PUM) was chosen as a
136  prototypical model RNA-binding protein because of its human medical relevance, available high-
137  resolution structures of PUM bound to RNA targets (12,22-25), and extensive studies of its RNA
138  binding specificity (13-18). Like all Pumilio and FBF (PUF) family proteins, human PUM1 (hPUM1)
139 and PUM2 (hPUM2) have a modular architecture of 8 conserved a-helical PUF repeats that
140 facilitates targeting specific RNA sequences (12,22-25) (Fig. 1A). Each repeat binds a single
141  base of its RNA target sequence, with a preferred RNA sequence motif of UGUAHAUA, where H
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142 is A, C, or U (13-18) (Fig. 1). Prior work determined in vitro protein-RNA binding affinities for a
143  majority of the 42 possible canonical RNA base sequences (18) and for several modified RNAs
144  (26). Thus, hPUM served as an excellent benchmark system for gauging AD’s ability to model
145  protein interactions with both modified and unmodified RNA.

146

147  A-Dynamics accurately modeled Pumilio binding to canonical RNA mutants. AD was first
148 used to explore how canonical base mutations were predicted to affect RNA binding to Pumilio.
149  Each of the eight nucleobase sites along the RNA bound to hPUM1 and hPUM2 were mutated to
150 a different canonical base, effectively modeling all possible single nucleotide polymorphisms of
151 the PUM consensus motif. AD calculations were performed with the CHARMM molecular
152  modeling package and the BLaDE GPU accelerated engine in the isothermal-isobaric ensemble
153  (37-39) (see Methods). This work expanded upon the procedure used previously to establish
154  AD'’s efficacy for modeling antibody binding to ribonucleosides (36). That system used a CHARMM
155 (40) RNA base library for the force fields parameters, the descriptions of the interatom force
156  potentials of a modeled molecule. Other force fields for RNA, like Amber (41), have been used in
157  molecular dynamic simulations but had not been tested with AD. To evaluate the effect of force
158 field accuracy, both CHARMM and Amber-based nucleic acid parameters (39-42) were used in
159  parallel with AD in this work. Computed binding results were then compared to in vitro binding
160 affinities (AGbing) from existing literature (18) (Fig 2).

161

162  All AD results exhibited strong agreement with in vitro measurements (Fig. 2). Mean unsigned
163  errors (MUE) and root mean square errors (RMSE) between the AD predicted free energies
164  differences (AGoing) results and previously published experiments (18) were within or below the
165 accepted gold standard of approximately 1.0 kcal/mol agreement (43-46) (Fig. 2, Table S1). As
166  acontrol, each native RNA base was perturbed to an identical but physically distinct copy of itself.
167  These relative binding free energies differences (AAGuing) Were near zero, as expected of a base
168 replacing itself, indicating that the AD calculations were functioning properly (Table S1). Pearson
169 R values indicated strong predictive trends for CHARMM (R = 0.69) and Amber (R = 0.85) force
170 fields (Fig. 2). An improvement in accuracy was noted with the Amber ff14sb force field. Relative
171  to CHARMM, MUEs improved by 0.38 kcal/mol, RMSE by 0.37 kcal/mol, and the Pearson R by
172 0.16 (Fig. 2). Terminal RNA bases represented the greatest challenge for AD, with sites 1, 7, and
173 8 containing predictive outliers exceeding + 1.0 kcal/mol in each screening (Table $1). This may
174  be due to the terminal RNA bases’ ability to rotate out of the PUF pocket and therefore unbind
175  mid-AD simulation. The relatively weaker predictions of the CHARMM versus Amber force field
176  suggested an area of future parameter refinement for modeling RNA interactions with CHARMM.
177  Other factors like slow conformational changes may also have important energetic contributions
178 (see Discussion). Regardless, AD was able to accurately estimate hPUM1 and hPUM2 binding
179 trends to canonical RNA. These results also suggest that AD had the potential to predict protein—
180 RNA interactions of expanded chemical complexity.

181

182  A-Dynamics predicted Pumilio binding to modified RNA. The efficacy of AD was further tested
183 by probing how a library of RNA modifications affected hPUM1 binding. Of the 170 plus RNA
184  modifications currently identified, many do not have commercially available reagents or lack
185  protocols for in vitro syntheses. Following previous work (36), a library of 44 modified nucleobases
186  was selected for AD screening based on the availability of commercial reagents and force field
187  parameters. Using CHARMM force fields (47), AD screened 352 single-site mutants created by
188  applying these 44 modifications at each position along the hPUM1 8-mer RNA consensus motif
189 (see Methods, Fig. 3). Examples of the results obtained are shown (Fig. 4), with full results
190 reported in the Supplement (Table S2). Relative binding AAGying Of the modified RNAs ranged
191 from positive to negative, designating worsened to enhanced binding, respectively, relative to the
192  wildtype RNA sequence. The AD predictions suggested that most modifications negatively impact
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193 RNA binding, some have little effect, while others enhance it (Fig. 4, Table S3). Using a
194  conservative cutoff of AAGuwing < —1.0 kcal/mol, approximately a 5-fold or greater enhancement of
195 binding, a total of six modifications markedly enhanced binding to hPUM1 at 3 separate RNA sites
196 (Fig. 4, Table S2).

197

198 To investigate force field contributions to AD predictions, modified RNAs with worsened, neutral,
199 and enhanced affinities were selected for extended follow-up 50 ns simulations with both
2000  CHARMM and Amber force fields (47,48) (see Methods, Fig. 4, Table S3). Modified RNA
201  selection was also based on the availability of commercial reagents or published in vitro data (26).
202  The extended CHARMM simulations displayed good agreement with the initial, shorter screening.
203  However, the Amber simulations were noticeably different from CHARMM for some of the data
204  points (Fig. 4). Three of the Amber predictions differed from their CHARMM counterparts by more
205 than 1.0 kcal/mol (Fig. 4). At site 4, 2-methylthio-N6-methyladenosine (ms?m°A) was predicted to
206  have moderately worsened binding with Amber rather than strongly favorable binding affinity with
207 CHARMM. The Amber vs CHARMM AAGrging differed by more than 3.0 kcal/mol. At site 5, 4-thio-
208 uridine (s*U) worsened binding with Amber rather than having no significant change with
209 CHARMM. The Amber vs CHARMM AAGrying differed by approximately 1.3 kcal/mol. These
210 energetic discrepancies between sulfur-containing bases may reflect differences in how each
211  force field treats sulfur-containing moieties, a traditionally difficult element to parameterize
212  accurately with molecular mechanic force fields (49,50). Finally, at site 6, N°-
213  isopentenyladenosine (i°A) saw an Amber vs CHARMM AAGyina of approximately 2.4 kcal/mol
214  (Fig. 4). In summary, AD predicted that several RNA modifications would site-specifically alter
215 hPUM1 RNA binding affinity. Moreover, different RNA force fields yielded different predictions,
216  and thus alternative methods were warranted to determine which computational strategy was
217  more accurate.

218

219  A-dynamics’ predictions with Amber force fields closely matched Pumilio binding to
220 modified RNA in vitro. To evaluate the accuracy of the AD predictions, computed AAGping Were
221  compared to experimentally determined modified RNA binding by Pumilio, measured here and in
222 prior publications. First, Electrophoretic Mobility Shift Assays (EMSAs) were used to measure the
223 in vitro binding affinity of select modified RNA to hPUM1 and hPUM2. Seven RNA modifications
224  were selected based on commercial availability and the extended screening results (Fig. 4).
225 These RNA modifications and paired, unmodified RNA controls were synthesized as 5'-
226  fluorescein-capped RNA oligos through solid-state chemistry (see Methods). The modified RNA
227  oligos changed a single site in the UGUACAAU hPUM recognition motif, with unmodified RNA
228 serving as a control (Fig. 5). The 5-hydroxymethylcytidine (hm®C) building block was only
229  available as DNA and therefore compared to an equivalent DNA-RNA chimera control (Fig 5).
230  Fluorescein-labeled RNAs were incubated with increasing concentrations of hPUM1 or hPUM2,
231  then run on a non-denaturing PAGE gel under low voltage to separate unbound versus PUM-
232 bound RNA. The lower and upper bands, corresponding to unbound and bound RNA,
233 respectively, were quantified and dissociation constants (Kq) were estimated based on the final
234 curve results (see Methods, Fig. 5B, statistics in Fig. S1).

235

236  The in vitro findings supported the AD predictions and demonstrated that the tested RNA
237  modifications all had unfavorable effects on hPUM1 or hPUM2 binding (Fig. 5 and Fig. $2). With
238  hPUMH1, three of the seven modified RNA oligos (hm°C and m°C at site 5, along with i°A at site 7)
239  showed affinities comparable to their respective wildtype. The remaining four (ms?m°A and ms?A
240 at site 4, s*U at site 5, and i°A at site 6) significantly weakened binding (Fig. 5B). Similar results
241  were also observed with hPUM2 (Fig. S2). Next, the AD screening results were compared to a
242 prior study measuring Pumilio binding to select RNA modifications. Vaidyanathan, et al. measured
243  in vitro binding affinites of hPUM2 to RNA containing pseudouridine (¥) or m°fA RNA
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244  modifications (26). That study noted that both modifications weakened RNA binding to Pumilio in
245  vitro as more RNA sites incorporated the modifications. Thus, in vitro binding data supports the
246  binding trends predicted by AD (Fig. 6). While no distinctly favorable RNA modifications were
247  identified in this study, several promising candidates remain untested due to lack of chemical
248  reagents, underscoring opportunities for future exploration (see Discussion).

249

250 The in silico predictions and binding results were analyzed further to gauge the accuracy of the
251 CHARMM versus Amber force fields (Fig. 6). Overall MUEs and RMSEs between AD and
252  experiment were 0.95 and 1.48 kcal/mol for CHARMM and 0.43 and 0.54 kcal/mol for Amber,
253  respectively (Fig. 6, Table S3). While both force fields demonstrated relatively good predictive
254  accuracy, the CHARMM predictions included three large outliers, resulting in higher average
255  errors (Fig. 6). The CHARMM AGsing for ms’m°A at site 4 and i°A at site 6 deviated from
256  experiment by over 3.0 kcal/mol (Table S3). When comparing the binding results of
257  Vaidyanathan, et al. (26), one oligo from the m°A subset deviated from experiment by almost 2
258  kcal/mol. The CHARMM predictions achieved a Pearson R of 0.67, indicating moderate predictive
259  capability, but the Amber predictions had a significantly improved Pearson R of 0.93, indicating
260 very strong correlation (Fig. 6). The visibly tighter fit of the Amber force field results reflect the
261 improved RMSE compared to CHARMM. Thus, Amber RNA force fields performed more
262  accurately than CHARMM RNA force fields for this prototypical protein-RNA complex. These
263  results collectively demonstrate that the AD in silico method can accurately predict in vitro RNA
264  binding protein interactions with both unmodified and modified RNAs.

265

266 Discussion

267  Nearly two hundred RNA modifications have been identified in biology, yet there are only a small
268 number of methods to determine how they affect RNA-protein interactions. In vitro methods are
269 limited by the lack of reagents for modified RNA synthesis, and in vivo methods are limited by
270 theirinability to detect all modifications within RNA. This work utilized AD free energy calculations
271  to test how a library of RNA modifications could affect single-stranded RNA-protein interactions.
272 Using human Pumilio as a prototypical RNA binding protein, these results demonstrated that AD
273  could accurately predict both unmodified and modified RNA binding without the dependence of in
274  vitro chemical reagents to probe such interactions.

275

276  Simulation of biological macromolecules requires an accurate description of their physical
277  properties, such as the force required to stretch or rotate a phosphodiester bond or nonbonded
278 electrostatic and van der Waals interactions. These terms are collectively encoded as force field
279  parameters in molecular mechanics simulations, such as molecular dynamics. Both Amber and
280 CHARMM RNA force fields have been developed to include modified RNA parameters, which
281 have been optimized to accurately model RNA stability and conformational dynamics (39-
282  42,47,48). However, pairing current modified RNA force fields with Amber or CHARMM protein
283  force field counterparts has not been thoroughly investigated. In this work, protein and nucleic
284  acid force fields from Amber and CHARMM were paired to predict changes in binding free
285  energies associated with nucleobase perturbations to canonical and modified RNAs. Notable
286 improvements in predictive accuracy were observed with Amber compared to CHARMM, despite
287 using a slightly older protein force field with Amber (Amber ff14SB) (41,42,48) than with
288 CHARMM36 (39,40,47). Their performance differences further highlight the critical influence of
289 force field selection for free energy calculations. The RNA-PUM results herein suggest that either
290 Amber alone or a CHARMM with Amber consensus approach should be used to maximize
291  predictive accuracy for prospective analysis of RNA-protein binding interactions. Work is ongoing
292  toidentify if inaccuracies also exist in Amber RNA force fields for specific chemical moieties not
293  explicitly evaluated in this work. This additional work will be valuable for minimizing false negative
294  and false positive binding predictions with AD.
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295

296  Understanding how modified RNAs interact with RNA-binding proteins is an active area of
297 investigation. This includes investigating sequence preferences of modified RNA binding proteins
298 and how different RNA modifications affect canonical RNA-binding protein interactions. For
299  example, in vitro SELEX and in vivo CLIP-seq methods have determined that the YTH family of
300 RNA binding proteins have a sequence preference for G(m°A)CH (51-53), while a wide variety of
301 methods have determined RNA sequence preferences for human PUM (e.g.,(17,26,54,55)). In
302 vitro RNA binding assays showed how W and m°A modifications have a cumulative, negative
303 affect on human PUM-RNA binding (26). In this study, in silico AD correctly predicted many RNA
304 modifications to have negligible or modest effects on binding, consistent with trends observed in
305 vitro. The findings underscore the potentially nuanced and site-dependent effects of RNA
306 modifications on protein binding, a conclusion reached in prior studies (26). Comprehensive
307 screening across all RNA sequence positions and with various RNA modifications is needed to
308 fully understand how RNA modifications influence RNA-protein interactions.

309

310 In silico methodologies enable new opportunities to study molecular interactions without the
311 limitations that chemical synthesis or molecular biology requirements place on in vitro or in vivo
312  strategies. This work demonstrates how AD can be used to accurately screen preferred sequence
313  binding motifs for unmodified RNA. More excitingly, the results also support that RNA-binding
314  protein interactions with non-canonical RNAs can be predicted in silico (Fig. 7). While most RNA
315 modifications will likely disrupt RNA-protein interactions, a few may enhance binding, leading to
316  breakthroughs in epitranscriptomics and towards the rational design of unnatural, RNA-based
317 therapeutics. With AD and other in silico strategies, probing any RNA-protein interaction is
318 possible.

319

320 Materials and Methods

321 Recombinant protein expression. Human PUM1 (hPUM1) and PUM2 (hPUM2) RNA binding
322  homology domain (HD) coding regions were codon optimized for E. coli, synthesized, and cloned
323 into pET21a or pET28b expression vectors with a His6::V5::PrecissionC protease cleavage site
324  or a His6::SUMO tag, respectively. The plasmids were expressed in LOBSTR cells (Kerafast
325 EC1002), grown in Luria Broth (LB) media until 0.6 — 0.8 OD (600 nm absorbance), then induced
326  with 0.1 mM IPTG and cultured at 16°C and 160 rpm overnight. Bacteria were pelleted and frozen
327  until use. Pellets were resuspended in 50 mL lysis buffer (20 mM Tris pH 8.0, 300 mM NaCl, 14.3
328 mM B-mercaptoethanol (BME), 1 mM EDTA pH 8.0, 5% (v/v) glycerol, 0.1% (v/v) Tween-20, 20
329 mM Imidazole pH 8.0) with a Pierce protease inhibitor tablet (Fisher PIA32955). The cells were
330 lysed at 14,500 PSI by high-pressure homogenization with a microfluidizer (LM20 microfluidizer,
331  Microfluidics). Phenylmethylsulfonyl fluoride (PMSF) at a final concentration of 1 uM was added
332 immediately after lysis. Tagged hPUM1-HD and hPUM2-HD were isolated from the soluble
333  fraction using NiNTA resin (Fisher P188222). The collected resin was subsequently washed with
334 100 ml lysis buffer at a flow rate of 1 ml/min. Resin with tagged protein was reconstituted in 10 ml
335 lysis buffer, then cleaved using 0.04% (v/v) 3C protease (Neta GSCRPT-Z03092-500) or ULP1
336 protease overnight. Recombinant protein was eluted by flow-through and then dialyzed into
337  storage buffer (20 mM Tris pH 8.0, 100 mM NaCl, 1 mM DTT, 1 mM EDTA pH 8.0, 5% (v/v)
338 glycerol, 0.1% (v/v) Tween-20). hPUM1-HD and hPUM2-HD were further purified on a Unosphere
339 S column (BioRad) followed by a SEC70 column (BioRad) pre-equilibrated with storage buffer.
340 Purified protein was then concentrated to 2-3 mg/ml.

341

342  Molecular modeling system setup. In silico simulations were performed on published RNA-
343  protein complex structures selected to match the in vitro screens performed: a) hPUM1-HD bound
344 to UGUACAUC RNA for the canonical hPUM1-HD and RNA modification library screening (PDB
345 ID: 3QO0P, (15)); b) hPUM1-HD bound to UGUAUAUA RNA for the canonical hPUM1-HD


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

346  screening at site 8 (PDB ID: 3QON, (15)); ¢) hPUM2-HD bound to UGUAUAUA RNA for m°A
347  screening (PDB ID: 3Q0Q, (15)). For the y screening, the 3Q0Q RNA structure was mutated from
348 U to A atsite 5 using Chimera (56) and energy minimized to acquire a structural model of hPUM2-
349  HD bound to UGUAAAUA. A similar strategy was applied to 3QOP to acquire a structural model
350 of hPUM1-HD bound to UGUACAAU for the extended AD modified RNA screening. All hPUM1-
351  HD and hPUM2-HD structures were optimized by PDB-REDO prior to use (57). Each system was
352  setup similarly as in previous works (36). Briefly, the protein-nucleotide complexes were solvated
353 in cubic boxes of explicit TIP3P water (58) using the CHARMM-GUI solution builder (59). Solvent
354 padding of 10 A was performed and a final ionic strength of 150 mM NaCl or KCI and 0-5 mM
355 MgCl; was used to match experimental conditions. Protonation states were applied based on
356 PROPKA predictions at a pH of 7.0 (60). As mentioned in the results, both CHARMMS36 and
357 Amber force fields were used to represent protein and nucleic acid components
358 (29,36,39,42,47,48). All systems were energy minimized prior to molecule dynamics to remove
359 potential steric clashes.

360

361 A-dynamics calculations. A library of 48 bases, comprising 44 modified and 4 unmodified RNA
362 candidates, were selected for screening with AD (36). Simulations were conducted using the
363 CHARMM molecular simulation package (version c48b2) with the Basic A-Dynamics Engine
364 (BLaDE) for GPU accelerated modeling (37,38,61). Simulations were run at 25 °C and 1 atm, in
365 the isothermal-isobaric ensemble. Long-range electrostatic interactions were modeled with
366 particle mesh Ewald and Lennard-Jones interactions were truncated with force switching, with a
367 cutoff of 10 A and force switching beginning at 9 A (62-64). SHAKE was used to constrain all
368 bonds to hydrogen, facilitating the use of a 2 fs MD timestep (65). For purine-to-purine or
369 pyrimidine-to-pyrimidine mutations, analogous atoms in the shared core were harmonically
370 restrained to one another using the scaling of constrained atoms (scat) utility, developed for
371  restraining alchemical substituents and protein backbones with AD (66,67).

372

373  Prior to production AD sampling, the Adaptive Landscape Flattening (ALF) algorithm (68,69) was
374  used to identify optimal biasing potentials, which help facilitate frequent and even alchemical
375 transitions between all perturbed molecules. For the initial modified RNA base screen with
376  CHARMM force fields, 4 mutations per simulation per RNA site were performed, and mutations
377  were grouped based on structural similarity. Optimal biases were identified after sampling ALF
378 for a cumulative 48-55 ns, after which five independent production simulations were conducted
379  for each group of modified RNA bases. Canonical base production simulations of hPUM1-HD and
380 hPUM2-HD were run for 25-100 ns each. Convergence was confirmed by ensuring AD predictions
381 remained unchanged within statistical noise as simulation times increased. For computing free
382  energy differences, an initial 20% of the production data was excluded as equilibration. Additional
383  extended modified RNA screenings were conducted in a pairwise manner with both CHARMM36
384 (39) and Amber force fields. In these head-to-head comparison simulations, production
385 simulations were run for 50 ns each. Final AAGying values were then calculated by Boltzmann
386 reweighting end state populations with WHAM (70) and computing statistical uncertainties with
387  bootstrapping. The Amber ff14SB (41), OL3 (42), and modRNAO8 (71) force fields were ported
388 into the CHARMM simulation package using an open-source script developed in-house
389  (https://github.com/murfalo/chamberr). This work was largely made possible by the open-source
390 community’s work on the ParmEd parameter and topology editor
391  (https://github.com/ParmEd/ParmEd). Previous work, which manually converted Amber ff14SB
392 topologies and parameters into CHARMM-formatted files (41), was used as an initial test suite to
393 validate the script-converted force fields.

394

395 RNA oligonucleotide preparation. RNA oligonucleotides used for binding affinity experiments
396 were synthesized on an ABI 394 DNA/RNA synthesizer (Applied Biosystems (ABI); Waltham, MA)
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397 as performed previously (36). m®A (10-3005-90; Glen Research; Sterling, VA), i°A (ANP-8615,
398 Chemgene; Wilmington, MA), dhm°C (10-1510-95, Glen Research; Sterling, VA), m°C (10-3064-
399 90, Glen Research; Sterling, VA), and s*U (10-3052-90, Glen Research; Sterling, VA) (ANP-8626,
400 Chemgene, Wilmington, MA) modified RNA phosphoramidites; fluorescein phosphoramidite
401 (F5160, Lumiprobe; Cockeysville, MD); canonical DNA C phosphoramidite (ANP-5560,
402 Chemgene; Wilmington, MA); and canonical RNA (A, ANP-5671; U, ANP-5674; C, ANP-6676;
403 Chemgene, Wilmington, MA) phosphoramidites were purchased from commercial sources.
404 Lacking commercial phosphoramidite reagents, ms’mPA-containing oligonucleotides were
405  synthesized following previously established protocols (72-74). All synthesized oligos were gel
406 extracted, lyophilized, and re-dissolved in water for downstream experiments. Concentrations of
407 the aqueous RNA samples were determined by 260 nm UV absorption, using a Thermo Scientific
408 Nanodrop One Spectrophotometer and theoretical 260 nm molar extinction coefficients provided
409 by Integrated DNA Technologies.

410

411 Electrophoretic mobility shift assay (EMSA). Binding affinities of the synthesized RNA oligos
412  to hPUM1-HD and hPUM2-HD were determined using EMSAs. Fluorescein-labeled RNA oligos
413  were diluted in 1x EMSA binding buffer (10 mM HEPES pH 7.5, 50 mM KCI, 1 mM EDTA, 0.1%
414  (v/v) Tween-20, 1 mM DTT, 0.01 mg/ml BSA (BP9706100; Fisher Scientific; Hampton NH)), to a
415 10x concentration of 20 and 50 nM for hPUM1 and hPUM2 experiments, respectively. Serial
416  protein dilutions were prepared for a final volume of 10 uL as follows. In 1x EMSA binding buffer,
417  proteins were diluted to an initial 1.1x concentration of 1111 nM and three-fold serial diluted. In
418 tubes, 9 ul protein and 1 ul RNA were mixed together for final protein concentrations of 1000 nM,
419 333 nM, 111 nM, 37 nM, 12.3 nM, 4.1 nM, 1.4 nM with 2 and 5 nM RNA for hPUM1 and hPUM2
420 experiments, respectively. An eighth lane with no protein was prepared using EMSA binding
421  buffer alone. After incubating the protein-RNA sample at 4°C for 30 minutes, 2 uL of 6x EMSA
422  loading buffer (15% (w/v) Ficoll 400, 0.01% (w/v) Bromophenol Blue) was added to each 10 uL
423  dilution for gel loading. Non-denaturing, polyacrylamide gels (0.5x TBE (Tris/Borate/EDTA buffer;
424 45 mM Tris, 45 mM boric acid, 1 mM EDTA), 5% (v/v) Acrylamide/Bis 19:1; catalyzed with 0.1%
425  (w/v) ammonium persulfate (APS) and 0.1% (v/v) N,N,N’,N-Tetramethylethylenediamine
426 (TEMED)) were pre-equilibrated in 0.5x TBE using a Mini-PROTEAN® vertical electrophoresis
427  cell (Bio Rad; 1658005) for 30 minutes at 4°C. Samples were loaded and run at 75 volts for 45
428 minutes at 4°C. The gels were imaged with a Bio Rad ChemiDoc imager on a U/V tray capable
429  of measuring Flourescein 528/532 nm absorption. Flourescein absorption intensities of the lower
430  (unbound) and upper (bound) RNA bands were quantified using Fiji Imaged (75). Kq values were
431  calculated with a non-linear fitin GraphPad Prism version 10.1.1 for MacOS (GraphPad Software,
432  Boston, MA). Averages, standard deviations, and graphs were also performed and made in
433  GraphPad Prism. All EMSA experiments were performed in a minimum of three replicates, with
434  additional replicates conducted as necessary to ensure that the standard error of the mean (SEM)
435  for all estimated Ky values remained below 10. Statistical significance of differences in Kq between
436  oligos were obtained using one-way ANOVA.

437

438 Data collection & analysis. To complement experimental EMSA binding data, additional hPUM1
439  and hPUM2 RNA in vitro binding data was collected from the literature (18,26). For unmodified
440 RNAs, matching sequences and their variations to this study’s binding data were selected from
441  previously published data (18). Duplicate entries were averaged into a single experimental AG for
442  each sequence. In total, experimental AGs were obtained for 21 of 24 possible single-site mutants
443  of UGUAUAUA bound to hPUM2. For hPUM1, experimental AGs were obtained for 8 mutants of
444  UGUACAUC. Binding data for 6 ¥ and m°A mutants to hPUM2 were obtained from (26).

445

446  For comparison of AD predictions with experimental values, experimental Kqs were first converted
447  to absolute AGs using the relationship AG = —RT In K; at the experimental temperature. Next, AD
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448  predicted AAGs were converted to absolute AGs following established methods (76). Briefly, the
449  data was first divided into groups based on the consensus oligo and protein target. For each
450  dataset, the mean experimental AG (AG,yp:) and predicted in silico AAG (AAGpreq) Were
451  calculated. Finally, the in silico AAG,,.., Were converted to absolute AG,,.q by recentering values
452  relative to the experimental mean AGgyp;. In sUM, AGpreq = AAGpreq — (AAGpreq — AGeyye) for
453  each AAGy,.q4 in the dataset (76). The AD predicted AGS (AGp.q) and experimental AGs (AGexpt)
454  were then directly compared.

455
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468 Figures:

469  Fig 1. The structure of RNA bound to human Pumilio, a prototypical RNA-binding protein. (A)
470  Crystal structure of human Pumilio 1 (PDB ID: 3Q0P) bound to a consensus RNA sequence. The
471  Pumilio RNA binding domain consists of eight helical PUF repeats forming a comma-shaped
472  structure that binds RNA on its interior. Each PUF repeat (R1-R8) interacts with a single
473  nucleobase. Binding is anti-parallel, with the C-terminus of Pumilio interacting with the 5’ end of
474  the RNA sequence motif. Human Pumilio consensus motif presented, with letter size indicating in
475  vivo sequence preference. Dashed box region enlarged. A, Adenine; G, Guanine; C, cytidine; U,
476  uridine. (B) Molecular detail of a single PUF repeat (R6) binding to a single nucleobase (uridine).
477 A PUF repeat amino acid triplet binds to preferred bases through hydrogen bonding and stacking.
478 Images by PyMOL.

479

480 Fig 2. Pumilio-RNA sequence preferences predicted with A-dynamics. Comparison of in silico A-
481 dynamics and in vitro measurements of Pumilio binding to a variety of RNA sequences with
482  canonical RNA. Experimental binding affinity results (x-axis) from a previous publication (18).
483  These results were compared against the predicted A-dynamics AGuing (y-axis) generated in this
484  study. Both variables reported as kcal/mol. See Methods for details regarding the calculations
485 and RNAs selected. Shaded area, root mean square error (RMSE) of 1.0 kcal/mol. Error bars
486 report standard deviation from both data sets. Mean unsigned errors (MUEs) and RMSEs
487  reported for human Pumilio 1 (hPUM1) and human Pumilio 2 (hPUM2) results computed with
488 CHARMM (CHARMMS3G6, blue) and Amber (Amber ff14SB, gold) force fields.

489

490 Fig 3. Strategy to test the predictive value of A-dynamics for modified RNA and RNA binding
491 protein interactions. (1) A-Dynamics and a modified RNA library were used with high-resolution
492  crystal structures of human Pumilio 1 (hPUM1) and human Pumilio 2 (hPUM2) to predict modified
493  RNA-protein binding. (2) Each RNA position in hPUM1 or hPUM2 were changed to a different
494  RNA and the change in free energy binding was calculated compared to the original RNA-protein
495  structure. See Methods for more details. Some of the modified RNA modifications tested in silico
496  could be synthesized in vitro. (3) These modified RNAs were tested for RNA binding to probe A-
497  dynamics prediction accuracy.

498

499  Fig 4. Example A-dynamics predictions of how RNA modifications may affect binding to human
500 Pumilio 1. The original RNA base is reported, along with the base change (*, RNA name and
501 chemical structure above) and noted relative free energy binding change measured (AAGping,
502  kcal/mol) with CHARMM (CHARMM36) and Amber (modRNAO08) force fields. Predicted decrease
503 in binding affinity, positive AAGying, in red. Predicted increase in binding affinity, negative AAGping,
504 in green. Results highlight modifications tested in vitro. Sites refer to RNA positions described in
505 Fig 1. See Table S2 for complete results.

506

507 Fig 5. Human Pumilio 1 binding to modified RNAs in vitro was consistent to A-dynamics
508 predictions. (A) Electrophoretic Mobility Shift Assays (EMSAs) were used to estimate the binding
509 affinity in vitro. RNA oligos without or with the designated RNA modifications were incubated with
510 increasing concentrations (0-1000 nM) of recombinant human Pumilio 1 (hPUM1) RNA binding
511 domain, run on a polyacrylamide gel, and imaged for carboxyfluorescein (FAM) fluorescence. A
512 sample without protein served as an unbound RNA control. The lower band corresponds to
513 unbound RNA. The upper band corresponds to RNA bound to the recombinant protein. The
514  binding affinity can be estimated by calculating the protein concentration at the binding inflection
515 point. Shown are representative gels from hPUM1 EMSA binding experiments. (B) EMSAs were
516 performed at least three times, and calculated binding dissociation constants (Kq4) reported with
517 their mean and standard deviation. *, p <0.05; **, p <0.01. See Fig S1 for full statistical analyses
518 and the methods for more experimental details.
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519

520 Fig 6. Pumilio-modified RNA interactions can be predicted with A-dynamics and Amber force
521 fields. Comparison between A-dynamics and in vitro AGpina measurements of human Pumilio 2
522  (hPUM2) binding to pseudouridine (W) or N6-methyladenosine (m°®A) modified RNA sequences
523  performed previously (26), or of binding data generated in this study (“PUM Library”). The
524  experimental binding data (x-axis) is plotted against the extended 50 ns A-dynamics simulation
525  results (y-axis) in kcal/mol. See Methods for details regarding the calculations performed. Shaded
526 area, root mean square error (RMSE) of 1.0 kcal/mol. Error bars report the standard deviation
527  from both experimental sets. Mean unsigned errors (MUEs) and RMSEs reported for hPUM2
528  results computed with CHARMM (CHARMMS36, blue) and Amber (Amber modRNAO8, gold) force
529 fields.

530

531 Fig 7. Strategy pairing in silico A-dynamics with in vitro binding studies to elucidate modified RNA-
532  protein interactions.

533
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534  Supplemental Figure captions

535 Table 1. Human Pumilio 1 and 2 A-dynamics results to unmodified RNA.

536

537  Table 2. Human Pumilio 1 A-dynamics results to modified RNA.

538

539  Table 3. Human Pumilio 2 A-dynamics and in vitro binding results to modified RNA.

540

541  Fig S1. ANOVA binding statistics. Binding statistics of (A) human Pumilio 1 (hPUM1) and (B)
542 human Pumilio 2 (hPUM2) in vitro binding results to wild type or modified RNA. All results were
543  compared to wild type RNA. See methods for further details.

544

545  Fig S2. Human Pumilio 2 binding to modified RNAs in vitro was also consistent to A-dynamics
546  predictions in silico. (A) Electrophoretic Mobility Shift Assays (EMSAs) were used to estimate the
547  binding affinity in vitro. Synthetic RNA oligos without or with the designated RNA modifications
548  were incubated with increasing concentrations (0-1000 nM) of recombinant human Pumilio 2
549  (hPUM2) RNA binding domain, run on a polyacrylamide gel, and imaged for carboxyfluorescein
550 (FAM) fluorescence. A sample without protein served as an unbound RNA control. The lower
551 band corresponds to unbound RNA. The upper band corresponds to RNA bound to the
552  recombinant protein. The binding affinity can be estimated by calculating the protein concentration
553 at the binding inflection point. Shown are representative gels from hPUM2 EMSA binding
554  experiments. (B) EMSAs were performed at least three times, and calculated binding dissociation
555  constants (Kq) reported with their mean and standard deviation. *, p <0.05; **, p <0.01; ***, p
556 <0.001. See Fig S1 for full statistical analyses and the methods for more experimental details.
557


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

558 References

559 1. McCown, P.J., Ruszkowska, A., Kunkler, C.N., Breger, K., Hulewicz, J.P., Wang, M.C.,
560 Springer, N.A. and Brown, J.A. (2020) Naturally occurring modified ribonucleosides. Wiley
561 Interdiscip Rev RNA, 11, e1595.

562 2. Roundtree, I.A., Evans, M.E., Pan, T. and He, C. (2017) Dynamic RNA Modifications in
563 Gene Expression Regulation. Cell, 169, 1187-1200.

564 3. Patil, D.P., Pickering, B.F. and Jaffrey, S.R. (2018) Reading m(6)A in the Transcriptome:
565 m(6)A-Binding Proteins. Trends Cell Biol, 28, 113-127.

566 4. Uzonyi, A., Dierks, D., Nir, R., Kwon, O.S., Toth, U., Barbosa, I., Burel, C., Brandis, A.,
567 Rossmanith, W., Le Hir, H. et al. (2023) Exclusion of m6A from splice-site proximal regions
568 by the exon junction complex dictates m6A topologies and mRNA stability. Mol Cell, 83,
569 237-251 e237.

570 5. Koch, J. and Lyko, F. (2024) Refining the role of N(6)-methyladenosine in cancer. Curr
571 Opin Genet Dev, 88, 102242.
572 6. Horner, S.M. and Reaves, J.V. (2024) Recent insights into N(6)-methyladenosine during

573 viral infection. Curr Opin Genet Dev, 87, 102213.

574 7. Singh, G., Pratt, G., Yeo, G.W. and Moore, M.J. (2015) The Clothes Make the mRNA:
575 Past and Present Trends in mRNP Fashion. Annu Rev Biochem, 84, 325-354.

576 8. Coller, J.M., Gray, N.K. and Wickens, M.P. (1998) mRNA stabilization by poly(A) binding
577 protein is independent of poly(A) and requires translation. Genes Dev, 12, 3226-3235.
578 9. De Gregorio, E., Baron, J., Preiss, T. and Hentze, M.W. (2001) Tethered-function analysis
579 reveals that elF4E can recruit ribosomes independent of its binding to the cap structure.
580 RNA, 7, 106-113.

581 10. Coller, J. and Wickens, M. (2007) Tethered function assays: an adaptable approach to
582 study RNA regulatory proteins. Methods Enzymol, 429, 299-321.

583 11. Wickens, M., Bernstein, D.S., Kimble, J. and Parker, R. (2002) A PUF family portrait:
584 3'UTR regulation as a way of life. Trends Genet, 18, 150-157.

585 12. Goldstrohm, A.C., Hall, T.M.T. and McKenney, K.M. (2018) Post-transcriptional
586 Regulatory Functions of Mammalian Pumilio Proteins. Trends Genet, 34, 972-990.

587 13. Galgano, A., Forrer, M., Jaskiewicz, L., Kanitz, A., Zavolan, M. and Gerber, A.P. (2008)
588 Comparative analysis of MRNA targets for human PUF-family proteins suggests extensive
589 interaction with the miRNA regulatory system. PLoS One, 3, e3164.

500 14. Morris, A.R., Mukherjee, N. and Keene, J.D. (2008) Ribonomic analysis of human Pum1
591 reveals cis-trans conservation across species despite evolution of diverse mRNA target
592 sets. Mol Cell Biol, 28, 4093-4103.

593 15. Lu, G. and Hall, T.M. (2011) Alternate modes of cognate RNA recognition by human
594 PUMILIO proteins. Structure, 19, 361-367.

595 16. Bohn, J.A., Van Etten, J.L., Schagat, T.L., Bowman, B.M., McEachin, R.C., Freddolino,
596 P.L. and Goldstrohm, A.C. (2018) Identification of diverse target RNAs that are functionally
597 regulated by human Pumilio proteins. Nucleic Acids Res, 46, 362-386.

598 17. White, E.K., Moore-Jarrett, T. and Ruley, H.E. (2001) PUM2, a novel murine puf protein,
599 and its consensus RNA-binding site. RNA, 7, 1855-1866.

600 18. Jarmoskaite, I., Denny, S.K., Vaidyanathan, P.P., Becker, W.R., Andreasson, J.O.L.,
601 Layton, C.J., Kappel, K., Shivashankar, V., Sreenivasan, R., Das, R. et al. (2019) A
602 Quantitative and Predictive Model for RNA Binding by Human Pumilio Proteins. Mol Cell,
603 74, 966-981 €918.

604 19. Dong, S., Wang, Y., Cassidy-Amstutz, C., Lu, G., Bigler, R., Jezyk, M.R., Li, C., Hall, T.M.
605 and Wang, Z. (2011) Specific and modular binding code for cytosine recognition in
606 Pumilio/FBF (PUF) RNA-binding domains. J Biol Chem, 286, 26732-26742.

607  20. Wang, X., McLachlan, J., Zamore, P.D. and Hall, T.M. (2002) Modular recognition of RNA
608 by a human pumilio-homology domain. Cell, 110, 501-512.


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

609  21. Gupta, Y.K., Nair, D.T., Wharton, R.P. and Aggarwal, A.K. (2008) Structures of human

610 Pumilio with noncognate RNAs reveal molecular mechanisms for binding promiscuity.
611 Structure, 16, 549-557.

612 22 Opperman, L., Hook, B., DeFino, M., Bernstein, D.S. and Wickens, M. (2005) A single
613 spacer nucleotide determines the specificities of two mRNA regulatory proteins. Nat Struct
614 Mol Biol, 12, 945-951.

615 23. Cheong, C.G. and Hall, T.M. (2006) Engineering RNA sequence specificity of Pumilio
616 repeats. Proc Natl Acad Sci U S A, 103, 13635-13639.

617 24. Lu, G., Dolgner, S.J. and Hall, T.M. (2009) Understanding and engineering RNA sequence
618 specificity of PUF proteins. Curr Opin Struct Biol, 19, 110-115.

619 25. Zhou, W., Melamed, D., Banyai, G., Meyer, C., Tuschl, T., Wickens, M., Cao, J. and Fields,
620 S. (2021) Expanding the binding specificity for RNA recognition by a PUF domain. Nat
621 Commun, 12, 5107.

622 26. Vaidyanathan, P.P., AlSadhan, |., Merriman, D.K., Al-Hashimi, H.M. and Herschlag, D.
623 (2017) Pseudouridine and N(6)-methyladenosine modifications weaken PUF protein/RNA
624 interactions. RNA, 23, 611-618.

625 27. Dasti, A., Cid-Samper, F., Bechara, E. and Tartaglia, G.G. (2020) RNA-centric approaches
626 to study RNA-protein interactions in vitro and in silico. Methods, 178, 11-18.

627 28. Xiang, J.S., Schafer, D.M., Rothamel, K.L. and Yeo, G.W. (2024) Decoding protein-RNA
628 interactions using CLIP-based methodologies. Nat Rev Genet.

629  29. Herbert, C., Valesyan, S., Kist, J. and Limbach, P.A. (2024) Analysis of RNA and lIts
630 Modifications. Annu Rev Anal Chem (Palo Alto Calif), 17, 47-68.

631  30. (2024), Charting a Future for Sequencing RNA and Its Modifications: A New Era for
632 Biology and Medicine, Washington (DC).

633  31. Reyes, C.M. and Kollman, P.A. (2000) Investigating the binding specificity of U1A-RNA by
634 computational mutagenesis. J Mol Biol, 295, 1-6.

635 32 Kappel, K., Jarmoskaite, I., Vaidyanathan, P.P., Greenleaf, W.J., Herschlag, D. and Das,
636 R. (2019) Blind tests of RNA-protein binding affinity prediction. Proc Natl Acad Sci U S A,
637 116, 8336-8341.

638  33. Gapsys, V. and de Groot, B.L. (2017) Alchemical Free Energy Calculations for Nucleotide
639 Mutations in Protein-DNA Complexes. J Chem Theory Comput, 13, 6275-6289.

640 34. Kong, X.J. and Brooks, C.L. (1996) lambda-Dynamics: A new approach to free energy
641 calculations. J Chem Phys, 105, 2414-2423.

642  35. Knight, J.L. and Brooks, C.L., 3rd. (2011) Multi-Site lambda-dynamics for simulated
643 Structure-Activity Relationship studies. J Chem Theory Comput, 7, 2728-2739.

644  36. Angelo, M., Zhang, W., Vilseck, J.Z. and Aoki, S.T. (2024) In silico lambda-dynamics
645 predicts protein binding specificities to modified RNAs. bioRXxiv.

646 37. Brooks, B.R., Brooks, C.L., 3rd, Mackerell, A.D., Jr., Nilsson, L., Petrella, R.J., Roux, B.,
647 Won, Y., Archontis, G., Bartels, C., Boresch, S. et al. (2009) CHARMM: the biomolecular
648 simulation program. J Comput Chem, 30, 1545-1614.

649  38. Hayes, R.L., Buckner, J. and Brooks, C.L., 3rd. (2021) BLaDE: A Basic Lambda Dynamics
650 Engine for GPU-Accelerated Molecular Dynamics Free Energy Calculations. J Chem
651 Theory Comput, 17, 6799-6807.

652  39. Denning, E.J., Priyakumar, U.D., Nilsson, L. and Mackerell, A.D., Jr. (2011) Impact of 2'-
653 hydroxyl sampling on the conformational properties of RNA: update of the CHARMM all-
654 atom additive force field for RNA. J Comput Chem, 32, 1929-1943.

655  40. Huang, J., Rauscher, S., Nawrocki, G., Ran, T., Feig, M., de Groot, B.L., Grubmuller, H.
656 and MacKerell, A.D., Jr. (2017) CHARMM36m: an improved force field for folded and

657 intrinsically disordered proteins. Nat Methods, 14, 71-73.


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

658 41. Maier, J.A., Martinez, C., Kasavajhala, K., Wickstrom, L., Hauser, K.E. and Simmerling,

659 C. (2015) ff14SB: Improving the Accuracy of Protein Side Chain and Backbone
660 Parameters from ff99SB. J Chem Theory Comput, 11, 3696-3713.

661 42 Zgarbova, M., Otyepka, M., Sponer, J., Mladek, A., Banas, P., Cheatham, T.E., 3rd and
662 Jurecka, P. (2011) Refinement of the Cornell et al. Nucleic Acids Force Field Based on
663 Reference Quantum Chemical Calculations of Glycosidic Torsion Profiles. J Chem Theory
664 Comput, 7, 2886-2902.

665  43. Schindler, C.E.M., Baumann, H., Blum, A., Bose, D., Buchstaller, H.P., Burgdorf, L.,
666 Cappel, D., Chekler, E., Czodrowski, P., Dorsch, D. et al. (2020) Large-Scale Assessment
667 of Binding Free Energy Calculations in Active Drug Discovery Projects. J Chem Inf Model,
668 60, 5457-5474.

669 44, Wang, L., Wu, Y., Deng, Y., Kim, B., Pierce, L., Krilov, G., Lupyan, D., Robinson, S.,
670 Dahigren, M.K., Greenwood, J. et al. (2015) Accurate and reliable prediction of relative
671 ligand binding potency in prospective drug discovery by way of a modern free-energy
672 calculation protocol and force field. J Am Chem Soc, 137, 2695-2703.

673  45. Gapsys, V., Perez-Benito, L., Aldeghi, M., Seeliger, D., van Vlijmen, H., Tresadern, G. and
674 de Groot, B.L. (2019) Large scale relative protein ligand binding affinities using non-
675 equilibrium alchemy. Chem Sci, 11, 1140-1152.

676  46. Ross, G.A., Lu, C., Scarabelli, G., Albanese, S.K., Houang, E., Abel, R., Harder, E.D. and
677 Wang, L. (2023) The maximal and current accuracy of rigorous protein-ligand binding free
678 energy calculations. Commun Chem, 6, 222.

679 47. Xu, Y., Vanommeslaeghe, K., Aleksandrov, A., MacKerell, A.D., Jr. and Nilsson, L. (2016)
680 Additive CHARMM force field for naturally occurring modified ribonucleotides. J Comput
681 Chem, 37, 896-912.

682 48.  Aduri, R, Psciuk, B.T., Saro, P., Taniga, H., Schlegel, H.B. and SantaLucia, J. (2007)
683 AMBER Force Field Parameters for the Naturally Occurring Modified Nucleosides in RNA.
684 J Chem Theory Comput, 3, 1464-1475.

685  49. Mobley, D.L., Bayly, C.l., Cooper, M.D., Shirts, M.R. and Dill, K.A. (2009) Small molecule
686 hydration free energies in explicit solvent: An extensive test of fixed-charge atomistic
687 simulations. J Chem Theory Comput, 5, 350-358.

688 50. Vilseck, J.Z., Tirado-Rives, J. and Jorgensen, W.L. (2014) Evaluation of CM5 Charges for
689 Condensed-Phase Modeling. J Chem Theory Comput, 10, 2802-2812.

690 51. Zhang, Z., Theler, D., Kaminska, K.H., Hiller, M., de la Grange, P., Pudimat, R., Rafalska,
691 ., Heinrich, B., Bujnicki, J.M., Allain, F.H. et al. (2010) The YTH domain is a novel RNA
692 binding domain. J Biol Chem, 285, 14701-14710.

693 52. Wang, X., Lu, Z., Gomez, A., Hon, G.C., Yue, Y., Han, D., Fu, Y., Parisien, M., Dai, Q.,
694 Jia, G. et al. (2014) N6-methyladenosine-dependent regulation of messenger RNA
695 stability. Nature, 505, 117-120.

696  53. Wang, X., Zhao, B.S., Roundtree, I.A., Lu, Z., Han, D., Ma, H., Weng, X., Chen, K., Shi,
697 H. and He, C. (2015) N(6)-methyladenosine Modulates Messenger RNA Translation
698 Efficiency. Cell, 161, 1388-1399.

699 54, Campbell, Z.T., Bhimsaria, D., Valley, C.T., Rodriguez-Martinez, J.A., Menichelli, E.,
700 Williamson, J.R., Ansari, A.Z. and Wickens, M. (2012) Cooperativity in RNA-protein
701 interactions: global analysis of RNA binding specificity. Cell Rep, 1, 570-581.

702  55. Van Nostrand, E.L., Freese, P., Pratt, G.A., Wang, X., Wei, X., Xiao, R., Blue, S.M., Chen,
703 J.Y., Cody, N.A.L., Dominguez, D. et al. (2020) A large-scale binding and functional map
704 of human RNA-binding proteins. Nature, 583, 711-719.

705  56. Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M., Meng, E.C.
706 and Ferrin, T.E. (2004) UCSF Chimera--a visualization system for exploratory research

707 and analysis. J Comput Chem, 25, 1605-1612.


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

708  57. Joosten, R.P., Long, F., Murshudov, G.N. and Perrakis, A. (2014) The PDB_REDO server

709 for macromolecular structure model optimization. /UCrJ, 1, 213-220.

710 58. Jorgensen, W.L., Chandrasekhar, J., Madura, J.D., Impey, R.W. and Klein, M.L. (1983)
711 Comparison of simple potential functions for simulating liquid water. The Journal of
712 Chemical Physics, 79, 926-935.

713  59. Jo, S., Kim, T., lyer, V.G. and Im, W. (2008) CHARMM-GUI: a web-based graphical user
714 interface for CHARMM. J Comput Chem, 29, 1859-1865.

715  60. Sondergaard, C.R., Olsson, M.H., Rostkowski, M. and Jensen, J.H. (2011) Improved
716 Treatment of Ligands and Coupling Effects in Empirical Calculation and Rationalization of
717 pKa Values. J Chem Theory Comput, 7, 2284-2295.

718 61. Brooks, B.R., Bruccoleri, R.E., Olafson, B.D., States, D.J., Swaminathan, S. and Karplus,
719 M. (1983) CHARMM: A program for macromolecular energy, minimization, and dynamics
720 calculations. Journal of Computational Chemistry, 4, 187-217.

721  62. Huang, Y., Chen, W., Wallace, J.A. and Shen, J. (2016) All-Atom Continuous Constant
722 pH Molecular Dynamics With Particle Mesh Ewald and Titratable Water. J Chem Theory
723 Comput, 12, 5411-5421.

724  63. Darden, T., York, D. and Pedersen, L. (1993) Particle mesh Ewald: An N-log(N) method
725 for Ewald sums in large systems. The Journal of Chemical Physics, 98, 10089-10092.
726  64. Steinbach, P.J. and Brooks, B.R. (1994) New spherical-cutoff methods for long-range
727 forces in macromolecular simulation. Journal of Computational Chemistry, 15, 667-683.
728  65. Ryckaert, J.-P., Ciccotti, G. and Berendsen, H.J.C. (1977) Numerical integration of the
729 cartesian equations of motion of a system with constraints: molecular dynamics of n-
730 alkanes. Journal of Computational Physics, 23, 327-341.

731  66. Hayes, R.L. and Brooks, C.L., 3rd. (2021) A strategy for proline and glycine mutations to
732 proteins with alchemical free energy calculations. J Comput Chem, 42, 1088-1094.

733  67. Liesen, M.P. and Vilseck, J.Z. (2024) Superimposing Ligands with a Ligand Overlay as an
734 Alternate Topology Model for A-Dynamics-Based Calculations. The Journal of Physical
735 Chemistry B, 128, 11359-11368.

736  68. Hayes, R.L., Armacost, K.A., Vilseck, J.Z. and Brooks, C.L., 3rd. (2017) Adaptive
737 Landscape Flattening Accelerates Sampling of Alchemical Space in Multisite lambda
738 Dynamics. J Phys Chem B, 121, 3626-3635.

739  69. Hayes, R.L., Vilseck, J.Z. and Brooks, C.L., 3rd. (2018) Approaching protein design with
740 multisite lambda dynamics: Accurate and scalable mutational folding free energies in T4
741 lysozyme. Protein Sci, 27, 1910-1922.

742 70. Kumar, S., Rosenberg, J.M., Bouzida, D., Swendsen, R.H. and Kollman, P.A. (1992) THE
743 weighted histogram analysis method for free-energy calculations on biomolecules. |. The
744 method. Journal of Computational Chemistry, 13, 1011-1021.

745  71. Aduri, R., Psciuk, B.T., Saro, P., Taniga, H., Schlegel, H.B. and SantalLucia, J. (2007)
746 AMBER Force Field Parameters for the Naturally Occurring Modified Nucleosides in RNA.
747 Journal of Chemical Theory and Computation, 3, 1464-1475.

748  T72. Kierzek, E. and Kierzek, R. (2003) The thermodynamic stability of RNA duplexes and
749 hairpins containing N6-alkyladenosines and 2-methylthio-N6-alkyladenosines. Nucleic
750 Acids Res, 31, 4472-4480.

751  73. Kierzek, E. and Kierzek, R. (2003) The synthesis of oligoribonucleotides containing N6-
752 alkyladenosines and 2-methylthio-N6-alkyladenosines via post-synthetic modification of
753 precursor oligomers. Nucleic Acids Res, 31, 4461-4471.

754  74. Kierzek, E., Zhang, X., Watson, R.M., Kennedy, S.D., Szabat, M., Kierzek, R. and
755 Mathews, D.H. (2022) Secondary structure prediction for RNA sequences including N(6)-

756 methyladenosine. Nat Commun, 13, 1271.


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

757 75. Schindelin, J., Arganda-Carreras, |., Frise, E., Kaynig, V., Longair, M., Pietzsch, T.,

758 Preibisch, S., Rueden, C., Saalfeld, S., Schmid, B. et al. (2012) Fiji: an open-source
759 platform for biological-image analysis. Nat Methods, 9, 676-682.

760 76. Keranen, H., Perez-Benito, L., Ciordia, M., Delgado, F., Steinbrecher, T.B., Oehlrich, D.,
761 van Vlijmen, HW., Trabanco, A.A. and Tresadern, G. (2017) Acylguanidine Beta
762 Secretase 1 Inhibitors: A Combined Experimental and Free Energy Perturbation Study. J
763 Chem Theory Comput, 13, 1439-1453.

764


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure 1

EEEEEEEEEEEEEEEEEEE—


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A—dynamics AGhing (kcal/mol)

-10

-124

_14_

-16 1

® hPUM1/CHARMM36
® hPUM2/CHARMM36
© hPUM1/Amber ff14SB —(g—
& hPUM2/Amber ff14SB hiﬁ—
O
)_é_‘ * O
: -
24
& SN Yen 0
O D~
MUE RMSE R
hPUM1/CHARMM36  1.028 1.110  0.69
hPUM2/CHARMM36  0.924 1.082 0.39
i All CHARMM36  0.956 1.090 0.69
-16 -14 -12 -10 -8

Experimental AGying (kcal/mol)

Figure 2


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

hPUM1 & 2
Structures

ModRNA
Library

In Silico

Screening

In Vitro
Synthesis

Figure 3



https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

Figure 4

ms’m°fA sU ms

(L, UL 0 o

FA ICLCL X
5"-|(A)-AHU)-U-C(CH- A (AT [U)-(AT]-3°
Ambor modma0s Tossoe 13 s0te Thonr

Site 4 Site 5 Site 6 Site 7



https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

Figure 5

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

fmeaas > ! I
o
LA L L eows -owe
UGUACAAU UGU-ms?mSA-CAAU UGU-ms?A-CAAU
B L L “ssae immw
“‘  eew. L
UGUA-s*U-AAU UGUA-m®C-AAU UGUAC-I*A-AU
~wasaan o .k k] “-aas
T “TLL “TT 1]
UGUACA-I*A-U UGUA-dC-AAU UGUAC-dhm’C-AU

R R— R T

hPUM1-HD Ks

£
. skk
E_ 100 .
c
2 804 °
© °
€ 60 ° °
g ¥
5
O 40+ P ) %
(=]
I o
T 20- oo o % o
z e -t
2
% 0 T T T T T T T T T
N IO IO IR\ IR RS TS RO RN
\?OVZOV? Tt %":?v&'?ioy?
D oF o o [CHROIRS,
0@ %&0 ,6\6 00?.00?:&00? 00?“\)@0?‘?:80&
& NN
ST VY &

&


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

A—dynamics (50 ns) AGying (kcal/mol)

available under aCC-BY-NC 4.0 International license.

|
~
L

|
o]
L

|
©

A
o
"

1
-
ey

L

|
=N
N
N

I
=y
w

\

N
>

A
3

Y/CHARMM36
mSA/CHARMM36

PUM Library/CHARMM?36
Y/Amber modrna08
mSA/Amber modrna08

PUM Library/Amber modrna08

oo ome e

<& MUE RMSE R
AllCHARMM36 0946 1481 0.67
-15 -14 -13 -12 -1 -10 -9 -8 -7

Experimental AGy;ng (kcal/mol)

Figure 6


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

RNA-Protein
Complex
structural model

—

A-Dynamics,
Amber
force fields

Figure 7

Predicted
modified
RNA-protein
interactions for
biology and
beyond


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

Figure S1

bioRxiv preprint doi: https://doi.org/10.1101/2024.12.10.627848; this version posted December 11, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

A
Summary Statistics of hPUM1 modified RNA binding vs. Control
Modified Base Sequence Kd SEM P value
SMA control UGUACAAU 12.7 1.28
SMA v1 UGU-ms’m°A-CAAU 54.6 7.086 0.0066
SMA v2 UGU-ms°A-CAAU 44.87 10.550 0.0498
4SU UGUA-s*U-AAU 31.03 5.99 0.4591
5MC UGUA-m°C-AAU 13.86 0.8021 0.9999
6lA site 6 UGUAC-i°A-AU 25.54 3.101 0.8862
6lA site 7 UGUACA-i6A-U 13.480 1.362 0.9999
dhm5C control UGUA-dhm5C-AAU 22.16 0.9615
dhm5C UGUA-dC-AAU 18.220 2.958 0.2741
B
Summary Statistics of hPUM2 modified RNA binding vs. Control
Modified Base Sequence Kd SEM P value
SMA control UGUACAAU 6.691 0.9001
SMA v1 UGU-ms’m°A-CAAU 15.11 1.328 0.017
SMA v2 UGU-ms°A-CAAU 20.17 1.448 0.0002
4sU UGUA-s“U-AAU 10.79 1.003 0.4427
5MC UGUA-m°C-AAU 9.768 0.4845 0.7204
BIA site 6 UGUAC-i°A-AU 16.01 2.804 0.0077
6lA site 7 UGUACA-i6A-U 9.721 1.408 0.7331
dhm5C control UGUA-dhm5C-AAU 10.23 2.012

dhm5C UGUA-dC-AAU 10.320 2.621 0.9807
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hPUM1

hPUM2

CHARMM36m (kcal/mol) Amber ff14SB (kcal/mol)

Experiment (kcal/mol)

Sequence Abs. AG o Abs. AG o Abs. AG o

UGUACAUC -11.573 0.654 -10.971 0.651 -10.675 0.269
UGUAAAUC -11.333 0.178 -10.989 0.206 -10.800 0.369
UGUAUAUC -11.170 0.179 -11.078 0.165 -10.931 0.270
UGUACCUC -8.139 0.282 -7.602 0.297 -9.132 0.472
UGUACGUC -7.814 0.166 -9.707 0.264 -8.882 0.826
UGUACUUC -7.536 0.394 -7.290 0.338 -9.027 0.601
UGUACAAC -10.484 0.178 -9.808 0.159 -9.485 0.339
UGUACACC -10.885 0.202 -10.545 0.237 -9.325 0.446
UGUACAGC -9.948 0.173 -10.885 0.264 -11.421 0.269
UGUAUAUA -13.550 0.953 -13.415 0.991 -13.233 0.358
AGUAUAUA -12.458 0.120 -11.100 0.154 -10.484 0.407
CGUAUAUA -12.651 0.102 -10.689 0.255 -10.960 0.238
GGUAUAUA -11.930 0.233 -10.402 0.456 -10.160 0.254
UAUAUAUA -10.375 0.147 -11.224 0.166 -11.627 0.461
UCUAUAUA -9.640 0.215 -10.880 0.193 -10.456 0.200
UUUAUAUA -10.570 0.182 -10.805 0.237 -10.717 0.312
UGCAUAUA -13.009 0.115 -10.729 0.094 -11.041 0.253
UGUCUAUA -11.122 0.438 -12.115 0.138 -11.731 0.198
UGUGUAUA -11.454 0.307 -11.572 0.119 -12.193 0.222
UGUUUAUA -10.831 0.136 -11.486 0.249 -11.830 0.197
UGUAAAUA -13.528 0.208 -13.699 0.281 -13.510 0.157
UGUACAUA -12.605 0.160 -12.799 0.127 -13.287 0.198
UGUAUCUA -10.913 0.091 -10.993 0.071 -11.550 0.206
UGUAUGUA -10.772 0.141 -12.323 0.164 -11.702 0.203
UGUAUUUA -11.415 0.235 -11.247 0.139 -11.778 0.215
UGUAUAAA -12.601 0.107 -13.026 0.178 -12.113 0.195
UGUAUACA -12.588 0.115 -12.993 0.067 -11.105 0.195
UGUAUAUC -11.108 0.139 -11.896 0.174 -11.936 0.206
UGUAUAUG -11.437 0.189 -11.015 0.220 -12.062 0.205
UGUAUAUU -11.468 0.155 -11.608 0.133 -12.545 0.211

MUE
RMSE
PearsonR

Table S1
Error (kcal/mol)
CHARMM AMBER
-0.898 -0.296
-0.533 -0.189
-0.239 -0.147
0.993 1.530
1.068 -0.825
1.491 1.737
-0.999 -0.323
-1.560 -1.220
1.473 0.536
-0.316 -0.182
-1.974 -0.616
-1.691 0.271
-1.770 -0.242
1.252 0.403
0.816 -0.424
0.147 -0.088
-1.968 0.312
0.609 -0.384
0.739 0.621
0.999 0.344
-0.018 -0.189
0.682 0.488
0.637 0.557
0.930 -0.621
0.363 0.531
-0.488 -0.913
-1.483 -1.888
0.828 0.040
0.625 1.047
1.077 0.937
CHARMM Amber
0.956 0.597
1.090 0.760
0.686 0.837
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Table S2-1

Table S2: Relative binding free energies (AAG kcal/mol) for hi

Modification Patch Name Site 1 (U) Site 2 (G) Site 3 (U) Site 4 (A)

A ADE 0.440 = 0.196 1.598 + 0.378 1.572 + 0.300 0.095 +0.210
m?A 2MA 1.632 + 0.159 n.s. £ n.s. 2.782 + 0.233 0.910 £ 0.133
m°A 6MA n.s. £ n.s. n.s. = n.s. n.s. = n.s. 1.628 + 0.198
mP2A M6A n.s. = n.s. n.s. £n.s. n.s. £n.s. n.s. £n.s.
méA 8MA 1.469 + 0.343 n.s. £ n.s. 1.428 + 0.230 -0.328 + 0.284
m'l Ml 0.052 = 0.211 4,224 + 0.307 1.868 +0.213 1.346 + 0.257

I INO 0.392 + 0.076 n.s. = n.s. 0.370 = 0.650 1.375 £ 0.293

ms?mPA SMA 0.595 +0.113 2.072 +0.325 n.s. =n.s. -2.946 + 0.243
ac®A 6AA -0.262 = 0.214 5.934 + 0.577 1.559 +0.188 0.236 + 0.308
i°A 6lA n.s. = 0.109 3.582 + 0.180 n.s. £n.s. 0.741 £ 0.308
ms2iA MIA n.s. +0.154 0.928 + 0.266 5.283 + 0.478 -3.108 = 0.234
msZio®A SIA n.s. £n.s. n.s. £n.s. n.s. = n.s. -3.167 + 0.276
io%A HIA n.s. +0.119 4,327 + 0.310 0.802 + 2.624 0.699 + 0.466

G GUA 1.985 + 0.182 -0.162 + 0.444 1.996 + 0.334 3.270 + 0.126
m'G 1MG 1.197 £ 0.162 4,207 + 0.083 3.076 = 0.286 -0.067 = 0.200
m?G 2MG 1.443 £ 0.170 -0.303 £ 0.213 4,199 + 0.126 0.402 + 0.305
m?:G M2G 1.313 £ 0.138 2.691 +0.213 3.505 = 0.204 0.068 = 0.329

preQO DCG 1.492 + 0.136 0.526 + 0.653 3.044 + 0.245 0.773 + 0.263
imG-14 DWG 1.495 + 0.451 7.847 +2.012 1.322 + 0.348 1.754 + 0.263
imG IMG 1.328 + 0.400 9.875 + 0.295 3.301 £ 0.330 0.204 + 0.262
imG2 IWG 1.745 £ 0.185 8.200 = 2.351 1.173 £ 0.312 1.758 + 0.244
mimG MWG 2.371 + 0.351 n.s. £n.s. 3.461 + 0.258 1.031 +0.238

U URA 0.081 + 0.335 1.400 =+ 0.129 0.021 + 0.373 2.052 +0.192

D H2U 1.425 + 0.136 n.s. £ n.s. 0.196 + 0.218 3.069 + 0.145
mo®U MOU -0.822 + 0.940 n.s. £ n.s. 0.229 + 0.194 1.195 + 0.241

m°s?U 52U 0.530 + 0.637 n.s. £ n.s. 1.708 + 0.383 1.458 + 0.298
m°D MDU 1.8352 £ 0.270 n.s. £ n.s. 0.158 + 0.240 3.130 = 0.217

W PSU 0.559 + 0.327 4.499 + 0.226 0.674 + 0.154 2.542 + 0.180
m3w 3MP 1.401 £ 0.056 4,920 +0.119 1.305 £ 0.157 2.169 = 0.141
m3U 3MU 0.868 = 0.044 3.642 + 0.153 0.740 + 0.061 0.525 +0.126
s‘U 48U 0.933 + 0.239 2.848 + 0.554 1.436 + 0.299 1.795 +0.168
m°U 5MU -0.213 £ 0.153 2.703 = 0.131 0.499 + 0.260 1.897 £ 0.171
ho°U 5HU -0.712 £ 0.140 2.683 + 0.239 0.316 £ 0.177 1.023 + 0.270
s2U 25U 0.356 = 0.460 2.359 £ 0.213 1.448 + 0.266 1.643 + 0.292
m'y 1MP 0.509 = 0.166 3.165 + 0.340 2.582 + 0.359 2.089 = 0.150

cnm®U Cyu -0.457 =+ 0.166 n.s. £ n.s. -0.358 + 0.381 0.227 +0.175
mem®s2U 70U 0.769 + 0.190 n.s. £n.s. 1.160 + 0.205 -0.238 + 0.503
mchm®U CMU -1.053 £ 0.126 3.857 £ 0.278 -0.013 £ 0.139 0.586 +0.167
ncm®U BCU -0.767 £ 0.129 3.668 + 0.203 0.040 = 0.100 0.470 +0.128
mem°U ocu -0.694 £ 0.164 3.637 = 0.252 -0.641 + 0.281 1.363 + 0.359
memo®U OEU -0.758 £ 0.142 2.427 + 0.271 0.246 + 0.358 1.789 + 0.697

C CYT 1.139 £ 0.125 2.194 + 0.192 1.002 +0.186 1.595 + 0.205

m°C 5MC -0.045 £ 0.073 4,564 + 0.082 1.693 + 0.075 -0.202 + 0.095
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Table S2-2
ac‘cC 4AC n.s. +n.s. n.s. £n.s. n.s. =n.s. n.s. =n.s.
m*C 4MC 0.041 = 0.094 4,703 = 0.187 1.645 + 0.200 0.296 + 0.121
f°c 5FC 0.147 + 0.077 3.654 + 0.204 1.904 £ 0.151 -0.647 £ 0.157
hm®C HMC -0.210 + 0.088 4.588 + 0.083 1.999 + 0.171 1.336 + 0.217
s’C 28C 1.527 £ 0.301 2.593 + 0.310 1.057 £ 0.247 2.074 £ 0.088

"Patch Name" = 3-letter name assigned by Xu et al. (2016), n.s.
Modifications with AAG < -0.7 kcal/mol ir
* The Site 8 screen used a UGUAUAUA oligo (PDB ID: 3q0n) whereas
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Table S2-3
2UM1 RNA modification screening.

Site 5 (C) Site 6 (A) Site 7 (U) Site 8 (A*)
0.240 £ 0.178 0.055 + 0.187 1.089 +0.178 0.029 = 0.211
1.108 + 0.215 1.361 + 0.263 2.541 £ 0.522 0.660 + 0.207
0.997 £ 0.182 2.440 £ 0.175 n.s. £ n.s. 2.307 £ 0.217

n.s. £n.s. n.s. = n.s. n.s. = n.s. n.s. £ n.s.
2.029 + 0.141 2.420 £ 0.328 0.280 £ 0.125 2.284 £ 0.324
1.520 + 0.148 2.597 +0.385 1.460 + 0.421 2.921 £ 0.154
1.170 + 0.204 3.165 + 0.229 1.614 + 0.251 3.055 + 0.251
0.626 + 0.252 -0.452 + 0.663 1.811 £ 0.237 0.123 + 0.320
1.077 £ 0.240 2.676 + 0.350 2.075 £ 0.115 2.351 £ 0.226
0.437 £ 0.138 3.225 + 0.169 0.761 £ 0.197 n.s. = n.s.
1.318 + 0.223 1.076 + 0.265 1.339 + 0.306 n.s. £ n.s.
1.414 £ 0.477 0.580 + 0.247 n.s. £n.s. n.s. = n.s.
0.616 £ 0.192 3.512 + 0.195 0.498 £ 0.184 n.s. £ n.s.
1.458 + 0.150 3.759 + 0.166 1.625 + 0.173 4.162 + 0.250
0.604 + 0.107 3.638 + 0.181 1.271 £ 0.215 2.620 + 0.362
0.720 + 0.229 n.s. = n.s. 2.068 + 0.242 3.030 +0.198
0.603 +£0.184 4.197 + 0.305 1.675 £ 0.314 2.141 £ 0.382
1.080 + 0.183 3.268 + 0.752 1.371 £ 0.279 2.859 + 0.240
1.386 + 0.752 2.924 +1.677 1.268 + 0.422 2.774 £ 0.232
0.503 + 0.306 3.440 + 0.344 0.075 £ 0.293 1.975 + 0.417
1.630 + 0.596 2.881 £ 1.294 1.274 + 0.397 2.709 £ 0.170
0.817 £ 0.590 n.s. = n.s. 2.630 + 0.685 0.756 + 0.654
0.403 £ 0.179 3.521 + 0.387 -0.015 + 0.146 2.993 + 0.274
0.726 + 0.331 3.700 + 0.161 2.304 + 0.226 2.720 + 0.181
0.473 £ 0.138 2.733 £ 0.272 0.267 £ 0.177 2.778 £ 0.203
0.544 + 0.159 1.696 + 0.803 1.120 + 0.358 2.599 + 0.314
0.781 +£0.182 3.819 £ 0.196 2.511 £ 0.225 2.898 + 0.217
0.283 + 0.152 4.233 +0.215 0.899 + 0.284 1.969 + 0.219
0.496 + 0.162 2.523 £ 0.223 0.727 + 0.201 1.556 + 0.113
-0.254 + 0.103 1.617 + 0.169 0.987 +0.148 0.923 + 0.274
0.248 + 0.074 4.095 + 0.159 0.419 £ 0.254 0.947 £ 0.249
-0.117 + 0.087 2.623 + 0.192 -0.278 + 0.194 3.089 + 0.080
-0.550 + 0.253 2.711 £ 0.099 0.400 = 0.094 3.305 + 0.071
-0.290 + 0.246 3.439 + 0.501 0.532 £ 0.118 2.479 £ 0.112
0.302 + 0.247 3.141 £ 0.174 1.239 + 0.197 3.422 £ 0.164
0.419 £ 0.124 2.566 + 0.266 0.288 +0.118 2.183 + 0.207
0.091 £0.138 1.951 + 0.676 0.979 + 0.398 2.296 + 0.225
0.454 +0.118 2.556 +0.188 1.569 + 0.095 2.760 + 0.160
-1.669 + 0.210 1.958 + 0.224 0.883 +0.113 2.566 + 0.153
-0.273 + 0.110 n.s. = n.s. 0.459 + 0.099 2.383 + 0.252
1.108 + 0.351 n.s. £ n.s. 1.282 + 0.272 2.074 £ 0.510
-0.036 + 0.097 3.434 + 0.282 0.688 + 0.202 3.453 + 0.295
-0.038 + 0.088 2.701 £ 0.149 1.837 £ 0.099 2.298 + 0.100
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n.s. £ n.s. n.s. £n.s. n.s. £n.s. n.s. £n.s. Table 82_4
0.001 £0.110 2.747 £ 0.103 2.059 £+ 0.294 2.429 £ 0.145
-0.067 = 0.271 2.616 £ 0.338 2.370 £ 0.140 2.025 + 0.094
-1.054 = 0.187 2.757 £ 0.076 2.299 £ 0.134 2.431 £0.142
-0.779 = 0.121 3.259 + 0.194 0.168 + 0.197 2.934 + 0.160

= not specified due to poor sampling
1 bold italics.
sites 1-7 used UGUACAUC (PDB ID: 3q0p)
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méA

PUM modRNAs

CHARMM36m (kcal/mol) Amber modrna08 (kcal/mol) Experiment (kcal/mol)

Sequence AG (4] AG o AG o
CCUGUAAAUA -13.402 0.235 -12.204 0.319 -12.510 0.045
CCYGUAAAUA -12.976 0.094 -12.005 0.033 -12.181 0.026
CCUGYAAAUA -12.223 0.132 -13.137 0.270 -12.024 0.118
CCUGUAAAYA -11.923 0.170 -11.978 0.166 -11.916 0.066
CCUGUAUAUA -15.094 0.215 -14.022 0.291 -13.160 0.000
CCUGUAUAUA -13.337 0.166 -13.303 0.151 -13.061 0.046
CCUGUAUAUA -13.204 0.082 -12.436 0.231 -12.597 0.031
CCUGUAUAUA -12.651 0.110 -13.455 0.093 -12.547 0.258
UGUACAAU -10.621 0.383 -11.356 0.360 -10.691 0.116
UGU-SMA-CAAU -13.142 0.228 -10.296 0.162 -9.897 0.203
UGUA-4SU-AAU -10.562 0.128 -10.011 0.160 -10.231 0.302
UGUA-5MC-AAU -10.891 0.074 -10.706 0.134 -10.631 0.130
UGUA-dHMC-AAU -11.125 0.197 -10.608 0.094 -10.248 0.134
UGUAC-6IA-AU -6.767 0.099 -9.951 0.168 -10.653 0.112
UGUACA-6IA-U -9.801 0.155 -10.715 0.151 -10.469 0.137

MUE
RMSE
Pearson R

Table S3

Error (kcal/mol)

CHARMM AMBER
-0.892 -0.306
-0.794 -0.176
-0.199 1.113
-0.007 0.062
-1.934 0.862
-0.276 0.242
-0.608 -0.161
-0.105 0.908
0.070 0.665
-3.245 0.400
-0.331 -0.220
-0.260 0.075
-0.877 0.360
3.886 -0.701
0.668 0.246

CHARMM Amber
0.943 0.433
1.476 0.539
0.669 0.929


https://doi.org/10.1101/2024.12.10.627848
http://creativecommons.org/licenses/by-nc/4.0/

	241206 Pumilio mod base manuscript
	Angelo, et al. Fig comb
	Fig_1
	Fig_2
	Fig 3
	Fig_4
	Fig 5
	Fig_6
	Fig 7
	Fig_S1
	Fig S2

	table_s1_canonical_predictions
	table_s2_modified_predictions_full
	table_s3_modified_predictions_tested

