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Abstract

Sequencing RNAs that are biologically processed or degraded to less than ~100
nucleotides typically involves multi-step, low-yield protocols with bias and information
loss inherent to ligation and/or polynucleotide tailing. We recently introduced Ordered
Two-Template Relay (OTTR), a method that captures obligatorily end-to-end sequences
of input molecules and, in the same reverse transcription step, also appends 5" and 3’
sequencing adapters of choice. OTTR has been thoroughly benchmarked for optimal
production of microRNA, tRNA and tRNA fragments, and ribosome-protected mRNA
footprint libraries. Here we sought to characterize, quantify, and ameliorate any
remaining bias or imprecision in the end-to-end capture of RNA sequences. We
introduce new metrics for the evaluation of sequence capture and use them to optimize
reaction buffers, reverse transcriptase sequence, adapter oligonucleotides, and overall
workflow. Modifications of the reverse transcriptase and adapter oligonucleotides
increased the 3’ and 5' end-precision of sequence capture and minimized overall library
bias. Improvements in recombinant expression and purification of the truncated Bombyx
mori R2 reverse transcriptase used in OTTR reduced non-productive sequencing reads
by minimizing bacterial nucleic acids that compete with low-input RNA molecules for
cDNA synthesis, such that with miRNA input of 3 picograms (less than 1 fmol), fewer
than 10% of sequencing reads are bacterial nucleic acid contaminants. We also
introduce a rapid, automation-compatible OTTR protocol that enables gel-free, length-
agnostic enrichment of cDNA duplexes from unwanted adapter-only side products.

Overall, this work informs considerations for unbiased end-to-end capture and

Ferguson, Page 2


https://doi.org/10.1101/2024.11.09.622813
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.09.622813; this version posted November 10, 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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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-ND 4.0 International license.

44  annotation of RNAs independent of their sequence, structure, or post-transcriptional

45 modifications.
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Introduction

Nearly two decades of innovations in polyadenylated messenger (m) RNA sequencing
have generated numerous methods for the bulk and single-cell sequencing of protein-
coding transcripts (Vandereyken et al. 2023). In comparison, methods that capture the
full complexity of non-coding RNAs (ncRNA) or processed small RNAs remain
underdeveloped (Tosar et al. 2024) and comprehensively profiling these RNAs at low
input, for example single-cell profiling, is an unmet challenge (Wang et al. 2019, Hicker
et al. 2021). Although mRNA sequencing is an unquestionably useful tool for assessing
cell state, profiles of microRNAs (miRNA), transfer RNAs (tRNA), tRNA-derived
fragments (tRF), vesicle-trafficked and lysosomal RNA fragments, and non-
polyadenylated pathogen-derived RNAs could be additionally or even more informative
(Muthukumar et al. 2024, Shi et al. 2022, O’Brien et al. 2020). Increasingly, ncRNAs are
recognized as important pre- and post-transcriptional regulators of gene expression,
with emerging roles in epigenetic inheritance and cell-to-cell communication (Kaikkonen
et al. 2011, Boskovic et al. 2020, van Niel et al. 2022). Without widespread adoption of
sensitive, accurate, and reproducible methods to inventory these transcripts, the
quantitative appraisal of biology is incomplete.

To fill this knowledge gap, complementary (c) DNA library preparation methods
that do not require specific RNA sequence motifs and are not impaired by RNA
structure or modified ribonucleotides are needed. Retroviral reverse transcriptases
(RTs) exclusively initiate cDNA synthesis by annealing a cognate primer to a sequence
in the RNA template, e.g., in polydeoxythymidine-primed cDNA synthesis from mRNA.

To make cDNA libraries from small RNAs, which do not possess a shared 3' sequence,
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the 3’ ends of RNAs are typically first either tailed with adenosines by enzymes such as
Escherichia coli or yeast polyadenosine polymerase (yPAP), or ligated to an RNA
adapter using specialized ligase enzymes (Lu et al. 2007, Coenen-Stass et al. 2018,
Androvic et al 2022). Both 3'-standardization methods can be inefficient and favor the
capture of specific RNAs based on sequence or structure (Yehudai-Resheff and
Schuster 2000, Fuchs et al. 2015, Tunney et al. 2018, Ferguson et al. 2023). An
approach to extend cDNA with an adapter sequence is to rely on the RT to perform
multiple non-templated nucleotide additions (NTA) to the cDNA 3’ end. As first
developed for cDNA library synthesis using the retroviral Moloney murine leukemia virus
RT, these NTA nucleotides can support base pairing with the 3' end of an
oligonucleotide adapter template and thereby prime continued cDNA synthesis (Wulf et
al. 2019, Zhu et al. 2001).

A similar but distinct “template jumping” activity has been observed using non-
retroviral RTs, which can initiate cDNA synthesis from a blunt-ended primer duplex or
one with a single-nucleotide 3' overhang. This is exploited in thermostable group Il
intron RT cDNA library synthesis, which uses a DNA/RNA primer duplex with a single,
3'-overhang, degenerate deoxyribonucleotide (dN, i.e., adenosine (A), thymidine (T),
guanosine (G), or cytidine (C)) to capture RNAs without a standardized 3' sequence (Xu
et al. 2019). Recently we exploited the particularly robust template-jumping activity of
the non-long terminal repeat (non-LTR) retrotransposon protein encoded by Bombyx
mori R2 (Bibitto and Eickbush 2002a, Bibitto and Eickbush 2002b) to establish a new
cDNA library synthesis method (Upton et al. 2021). The B. mori R2 RT can initiate

reverse transcription on RNA or DNA templates using a duplexed primer with 3' end that
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92 is blunt or has a +1 or at most a +2 3'-overhang (hereafter +1 or +2). B. mori R2 RT,
93 and enzymes engineered from it, readily synthesize cDNA concatemers from multiple
94  physically separate input templates molecules via back-to-back template jumps (Bibitto
95 etal. 2002a, Upton et al. 2021, Pimentel et al. 2022). The capacity to initiate reverse
96 transcription in this way may have evolved with the non-LTR retrotransposon insertion
97 mechanism of target-primed reverse transcription—in this process the retrotransposon-
98 protein endonuclease domain nicks the target site, liberating a 3'-hydroxyl (3'-OH)
99  primer that the RT domain uses to initiate cONA polymerization at the 3’ end of its
100  bound RNA (Eickbush and Eickbush 2015). Non-LTR retrotransposon RTs have also
101  evolved efficient strand-displacement activity to confer the high processivity needed to
102  successfully copy a long and structured retrotransposon RNA template (Bibitto et al.
103  2002b, Kurzynska-Kokorniak et al. 2007).
104 Using a truncated version of B. mori R2 protein, we established Ordered Two-
105 Template Relay (OTTR) to reverse transcribe a continuous cDNA from discontinuous
106 templates. Two types of templates are reverse transcribed in a specific order that
107  ensures each input-template cDNA is flanked on both sides by the lllumina TruSeq
108 sequencing adapters, Read1 and Read2 (Upton et al. 2021). OTTR exploits the
109 manganese-stimulated terminal-transferase (hereafter 3'-labeling) activity of a
110 truncated, endonuclease-inactivated B. mori R2 protein (hereafter BoMoC) and a
111 dideoxynucleotide triphosphate (ddNTP) substrate to extend the 3' ends of single-
112  stranded or double-stranded DNAs, RNAs, or DNA/RNA duplexes (Upton et al. 2021).
113  This 3'-labeling activity differs from NTA in that it is robust only in reactions with non-

114  physiologically high manganese concentrations and the optimal substrate is single-
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115  stranded rather than the cDNA duplex extended by NTA (Upton et al. 2021). While other
116  polymerases have also demonstrated manganese-enhanced 3'-labeling activity

117  (Pelletier et al. 1996, Kent et al. 2016, Park et al. 2022, Ohtsubo et al. 2017, Balint and
118  Unk 2024), the divalent-ion-dependent toggle of R2 protein activity from exclusively 3'
119 labeling in manganese to exclusively templated cDNA synthesis in magnesium is

120 particularly enabling (Upton et al. 2021).

121 In the first step of OTTR, BoMoC is used in 3'-labeling conditions to append a
122  single nucleotide, either ddA or ddG, collectively dideoxypurine (ddR, i.e., R is either A
123 or G), to the 3’ ends of input nucleic acids (Fig. 1, step 1; note that previous OTTR

124  conditions are in black or gray text, and improvements described below are given in red
125 text and mark-out of black text with a red line). Unincorporated ddNTPs are inactivated
126 by recombinant shrimp alkaline phosphatase (rSAP), with subsequent chelation of

127  divalent metal ions by addition of glycol-bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic
128 acid (EGTA) to minimize RNA hydrolysis during rSAP heat-inactivation (Fig. 1, step 2).
129 Then magnesium is added in excess of EGTA (EGTA preferentially chelates

130 manganese and the zinc from rSAP, sparing magnesium) and BoMoC-mediated cDNA
131 reverse transcription is primed by the formation of a single base pair between the 3’
132  ends of +1 deoxypyrimidine (Y, i.e., Y is either T or C) DNA/RNA primer duplexes and
133  the 3' ends of 3'ddR-labeled templates (Fig. 1, step 3 15t jump). Following cDNA

134  synthesis across the 3'ddR-labeled templates, BoMoC will extend the cDNA/RNA

135 duplex with a +1 G NTA, providing the specificity needed for the second template jump
136 to a 3' C oligonucleotide that encodes the cDNA 3’ adapter (hereafter adapter template)

137  rather than another RNA from the input pool (Fig. 1, step 3 2" jump). These template
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138  jumps convert the input pool into end-to-end transcribed cDNA with flanking 5" and 3'
139 adapters. Bulky dye molecules are present on the 5 end of the primer strand and the
140 adapter template to enable cDNA product detection and to inhibit template jumping from
141 the adapter template 5’ end, respectively.

142 To date, we have established OTTR as a low-bias cDNA library synthesis

143  method for the high-throughput profiling of miRNA, extracellular RNA, and ribosome-
144  protected mRNA footprint (RPF) sequences (Upton et al. 2021, Ferguson et al. 2023),
145  while others have demonstrated the utility of OTTR for detecting and quantifying the
146 relative abundance of tRNAs and tRFs and their post-transcriptional modifications

147 (Gustafsson et al. 2022, d’Almeida et al. 2023, Manning et al. 2024, Davey-Young et al.
148 2024). However, we have yet to establish metrics to assess precision of end-to-end

149  sequence capture (i.e., how frequently sequence-capture truncates or adds a terminal
150 nucleotide(s)), determine enzyme and buffer stability with storage, query the lower-input
151  limit for productive library synthesis, include a unique molecular identifier (UMI) to

152  uniquely tag each cDNA molecule, or explore the use of improvements to BoMoC

153 activities via mutagenesis (Pimentel et al. 2022). In this study, we sought to identify

154  sources of bias or information loss in the OTTR protocol and introduce solutions to

155 mitigate these and other concerns.

156

157 Results and Discussion

158 Precision of sequence capture at input RNA 3’ ends

159 In the most recently published version of OTTR (Ferguson et al. 2023; OTTR v1.2), built

160 upon the initial OTTR protocol (Upton et al. 2021; OTTR v1.1), an input RNA 3'-OH is
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161 first extended by BoMoC in the 3'-labeling step to gain a 3'ddR, with initial 3'-labeling
162  using ddATP followed by ddGTP chase, before primer duplexes with cognate, single-
163  nucleotide 3'Y overhang initiate reverse transcription (Fig. 1). To quantify the extent to
164  which the 3'-labeling step determines input RNA conversion to cDNA, we performed
165 OTTR either without the 3'-labeling step or using yPAP and ddATP for 3’ labeling

166  (Martin and Keller 1998) instead of BoMoC. To assess library bias in OTTR, we made
167 cDNA libraries from the miRXplore equimolar pool of 962 synthetic miRNAs, a reference
168 standard commonly used to benchmark small RNA library synthesis protocols (Coenen-
169 Stass et al. 2018, Shore et al. 2019, Xu et al. 2019, Giraldez et al. 2018, Herbert et al.
170 2020, Upton et al. 2021). Deviation from equimolar miRNA representation in the

171  sequencing reads was quantified by the library-wide coefficient of variation (CV), a

172  measure of the variation in number of sequencing reads per miRNA from the expected
173  equimolar representation. As a metric for 3' precision, we scored the fraction of reads
174  for each miRNA that reflected 3' priming on the added 3'ddR nucleotide instead of an
175 alternative mechanism (Fig. 2A). The significance of the ddR 3'-labeling step was

176  evident in the dramatic reduction of both library CV and 3’ precision (mean fraction of 3'-
177  precise alignments across all miRNAs) in the cDNA libraries made without the ddR 3'-
178 labeling step (“Unlabeled"), or when yPAP was used in place of BoMoC (Fig. 2B). As
179  expected, this bias was most pronounced when comparing miRNAs with the 3’

180 ribonucleotide adenosine (rA) or guanosine (rG), collectively rR (i.e., either rA or rG),
181  which were over-represented, to miRNAs with a 3’ uridine (rU) or cytidine (rC),

182  collectively rY (i.e., either rU or rC), which were under-represented (Supplemental Fig.

183  1A-B).
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184 Given the poor prognosis on library capture bias when input 3’ labeling was

185 omitted, we were surprised that all but one of the miRNA sequences were captured,
186  with only 27 miRNAs under-represented 100-fold or more from equimolar capture. To
187 investigate how miRNAs were captured into an OTTR cDNA library without 3’ labeling,
188 we compared rank-order of miRNA read abundance relative to 3' precision. Three types
189  of non-canonical 3'-end capture were detected that resulted in a miRNA 3’ truncation,
190 and we inferred a fourth type indistinguishable from precise 3'-end capture (Fig. 2A).
191  First, miRNAs with a 3'rR do not need 3’ labeling to be captured. Input miRNAs with 3'TR
192 that failed to gain a 3'ddR prior to cDNA synthesis have their 3’ ribonucleotide removed
193 by sequence trimming and appear 1 nucleotide shorter in length (Fig. 2A, ii). These
194  3'rR miRNAs became over-represented when 3' labeling was excluded, with a

195 corresponding under-representation of 3'rY miRNA (Supplemental Fig. 1A-B). For
196 example, when 3’ labeling was excluded, mmu-miR-33-5p changed in rank order from
197 763" to 117, with the trimmed reads appearing as if the miRNA ended at its

198 penultimate rC rather than 3'rA (Fig. 2C). We designated these events as imprecision
199  from “over-capture” (Fig. 2A, imprecision mechanism ii).

200 Additional classes of non-canonical 3'-end capture were inferred from analysis of
201  miRNAs with 3'rY that showed apparently precise capture despite omission of a 3'-

202 labeling step (Supplemental Fig. 1B). In these cases, 3'rY capture was facilitated due
203 to additional NTA to the +1 Y primer duplex. Because NTA by BoMoC strongly favors
204 use of dR nucleotides (Upton et al. 2021), NTA to the primer duplex thus forms a +2 YR
205 overhang (Fig. 2A, iii and iv), which BoMoC can use to initiate a template jump (Upton

206 etal. 2021, Pimentel et al. 2022). This can account for why miRNAs hsa-miR-599 (Fig.
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207 2D) and mghv-miR-M1-3-3p (Fig. 2E) appeared to be precisely captured when 3’

208 labeling was excluded. In addition to the apparently precise capture by use of +2 YR
209 primer (Fig. 2A, imprecision mechanism iii), for some miRNAs there was imprecise
210  capture from +2 YR primer corresponding to cDNA synthesis initiation on the

211 penultimate ribonucleotide (-1 from the 3’ end, see Fig. 2E; product by Fig. 2A

212  imprecision mechanism iv). The penultimate rA also appeared to be captured, albeit
213 inefficiently, by primer duplexes with the +1 T (Fig. 2A, imprecision mechanism v,

214  resulting in an apparent two-nucleotide truncation (Fig. 2D). Previous template-jumping
215  assays with full-length B. mori R2 protein detected cDNA synthesis initiation slightly
216 internal to a template 3' end when precise 3'-end capture was disfavored by skew of
217  deoxynucleotide triphosphate (dNTP) concentrations (Bibitto and Eickbush 2004).

218 We concluded that BoMoC will capture input RNA sequences with imprecision if
219 the 3'ddR is not present, resulting in detection of more RNA sequences than we

220 anticipated for use of the +1 Y primer duplex (Supplemental Fig. 1A-B). Since RNAs
221 with 3'rR can be captured efficiently without a 3'ddR label, their relative abundances
222 compared to 3Y RNAs are inflated if the 3'-labeling step is inefficient, creating a 3'-end-
223 dependent bias of template capture. Moreover, the misappropriation of the +1 Y primer
224  duplex to capture unlabeled RNAs increased the number of alignments with an

225 apparent one-nucleotide, or greater, 3' truncation due to adapter trimming, i.e., a 3’
226 imprecision. While this 3' bias and imprecision can be detected if known sequences are
227 used as input templates, we reasoned that optimization of the 3'-labeling step of OTTR
228 would reduce sequence bias and improve the interpretation of end-to-end sequence of

229 input RNAs that lack a reference standard.
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230

231 Input RNA 3’ labeling for optimal 3’ precision

232  Previous structure/function studies demonstrated that BoMoC side-chain substitutions
233 can increase manganese-stimulated 3' tailing of single-stranded RNA (Pimentel et al.
234 2022). Here we compared previously generated BoMoC variants with side-chain

235 substitutions W403A, G415A, F753A, or I770A (Pimentel et al. 2022), and a previously
236  unreported double-mutant W403AF753A, for 3' labeling of input RNA in the first step of
237 OTTR. OTTR cDNA libraries made by BoMoC W403A, I770A, F753A or W403AF753A
238 had significantly higher 3' precision (one-sided student’s t-test p-value of 2.69 x 102,
239 4.06 x 104, 4.37 x 10", and 5.52 x 10?", respectively) and lower CV compared to

240 cDNA libraries made using original BoMoC (BoMoC WT) for the 3'-labeling step (Fig.
241  3A). Libraries made using BoMoC F753A or I770A for the 3'-labeling step had the

242  lowest library-wide CV, and libraries made with BoMoC F753A or W403AF753A had the
243  highest 3' precision (Fig. 3A). Hereafter, unless specified otherwise, we used BoMoC
244  F753A or W403AF753A for the 3'-labeling step (Fig. 1, changes in red). BoMoC F753A
245 has been previously used for 3' labeling in ribosome-profiling library synthesis by OTTR
246  (Ferguson et al. 2023, Li et al. 2022, Mestre-Fos et al. 2024).

247 We also investigated how the buffer used for working-stock enzyme storage at -
248 20 °C impacted enzyme activity after prolonged periods of storage. We created working
249  stocks by 5-fold dilution of a long-term -80 °C stock into a variety of different solution
250 conditions and tested the activity of these working stocks. While many conditions did not
251 make a difference in 3'-labeling or cDNA synthesis activity when assayed immediately

252  after dilution, differences emerged after months of storage time that could be detected
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253 by assays of 3'-labeling activity directly or by production of OTTR cDNA libraries. We
254  found that the following improved stability of BoMoC 3'-labeling activity during 6 months
255  of storage at -20 °C (data not shown): mildly acidic (pH 6 — 6.5) buffers such as Bis-Tris
256 (25 mM) or arginine-HCI (0.5 M); either increasing the concentration of dithiothreitol
257 (DTT) (5 — 15 mM) or replacing DTT with a low concentration of Tris(2-

258 carboxyethyl)phosphine (TCEP) (0.2 mM); and replacing KCI (800 mM) for a mix of KCI
259 (200 mM) and (NH4)2SO4 (400 mM). A strong correlation emerged between conditions
260 that would allow oxidation of the reducing agent and poor 3'-labeling activity.

261  Maintaining the presence of reduced DTT by lowered pH or higher initial DTT

262  concentration, or using a low concentration of pH-stable TCEP instead, were all

263 effective for reducing loss of 3'-labeling activity (Fig. 3B, Table 1).

264 Given the results above, and a concern that excessively high DTT concentration
265 could inhibit the phosphatase activity of the rSAP enzyme added after 3' labeling (Fig.
266 1), we settled on an updated -20 °C storage diluent with neutral pH and low TCEP: 25
267 mM Tris-HCI pH 7.5, 200 mM KCI, 400 mM (NH4)2SQO4, 0.2 mM TCEP, 50% glycerol
268 (Fig. 1, changes in red). We also detected that over time a second OTTR buffer was
269 sensitive to prolonged storage. After multiple free-thaw cycles within a 1 — 3 month time
270 frame, the manganese in 3’ labeling Buffer 1B (Fig. 1) could form an oxidized yellow
271  precipitate, which correlated with reduced 3'-labeling activity and thus reduced 3’

272  precision. This oxidation was defeated by exploiting prior knowledge (Hem 1963) to
273  guide testing of replacement Buffer 1B, resulting in adoption of Buffer 1B2 with 10 mM
274  sodium acetate at pH 5.5, 28 mM MnClz, 28 mM (NH4)2SO4, and 3.5 mM ddATP (Fig. 1,

275 changes in red).
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276 With the 3'-labeling step optimized by BoMoC mutagenesis and improved

277 enzyme and buffer storage stabilities, we assessed whether 3’ precision still required
278  the 30-minute ddGTP 3’ labeling chase after 90 minutes of 3’ labeling with ddATP (Fig.
279 1). This ddGTP supplementation suppressed the over-capture of a small fraction of
280 RNAs that did not 3' label with ddATP under earlier OTTR conditions (Upton et al. 2021,
281  Ferguson et al. 2023). Capture of 3'ddG-labeled input RNA obliged the +1 T primer
282 duplex to be spiked with a lower concentration of +1 C primer duplex, where the 3'T
283 nucleotide was changed to 3'C, a mutation that would compromise Read2 sequencing
284 (Table 2, +T.v2.Cy5 and +C.v2.Cy5). If commercially available indexing primers that
285 included the full-length Read2 sequence were used for library PCR, the cDNAs

286 captured by the +1 C primer duplex would be under-amplified (Supplemental Fig. 2).
287  While these sequencing and amplification concerns could be readily overcome by

288 adding an extra primer-duplex base pair (Table 2, updated universal primers for +1 Y
289 duplex), we hoped to eliminate the ddGTP supplementation step entirely.

290 To reassess 3'-labeling efficiency, we conducted time-course experiments under
291  various conditions. While 30 minutes of 3' labeling with ddATP by BoMoC F753A gave
292  significantly worse 3' precision than the standard OTTR protocol of 90 minutes of 3’
293 labeling with ddATP by BoMoC F753A followed by a 30-minute ddGTP

294  supplementation, both 60 and 120 minutes of 3' labeling with ddATP by BoMoC F753A
295 were not significantly different for 3' precision (Fig. 3C; Table 1). For BoMoC

296 WA403AF753A, we noted a significant improvement for ddA-only 3’ labeling at both 60
297 and 120 minutes of labeling compared to the standard OTTR protocol (Fig. 3C, Table

298 1). Moreover, we found the use of BoMoC F753A or W403AF753A for 120 minutes of 3’
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299 labeling with only ddATP improved CV (0.568 and 0.597, respectively) compared to the
300 inclusion of a ddGTP-supplementation step (0.766) (Fig. 3C; Table 1). In fact, all

301 libraries synthesized with BoMoC F753A or W403AF753A using just ddATP showed
302 markedly improved CV (0.568 — 0.647 or 0.597 — 0.646, respectively, Table 1).

303

304 Precision of sequence capture at input RNA 5’ ends

305 Following cDNA synthesis across an input-template molecule, the cDNA is extended by
306 a+1 G due to both a deoxyguanosine triphosphate (dGTP) skew in the dNTP

307 concentrations used for the RT reaction and an inherent BoMoC preference for NTA
308 using purine nucleotides (Upton et al. 2021). The NTA +1 G directs the second template
309 jump to the 3'rC of the 3' adapter template rather than another 3'ddR-labeled input

310 template (Fig. 1). However, due to the high concentrations of adapter oligonucleotides
311 in OTTR reactions, short cDNAs can be synthesized that are adapter dimers, generated
312 by the side-reaction of a single template-jump from the +1 Y primer duplex to the 3'rC
313 adapter template. Sanger sequencing of these short cDNAs cloned into a plasmid

314  vector (Table 3) revealed that cDNAs with 3' truncations of adapter template sequence
315  were common, suggesting that the six nucleotides of RNA at the 3’ end of the original 3’
316  adapter template (Upton et al. 2021) were chemically labile and/or favored internal

317 initiation. Also, in high-throughput sequencing of miRXplore cDNA libraries generated
318 by both OTTR template-jumps, single-nucleotide miRNA 5’ truncations could be

319 detected, suggestive of 5' imprecision in sequence capture (Fig. 4A, ii).

320 To reduce 5' imprecision, we evaluated the performance of different 3' adapter-

321 template sequences with specific and degenerate ribonucleotides between the 3'rC and
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322 Read1 sequence (see Fig. 1 for schematic). In previous work (Ferguson et al. 2023),
323 we included a UMI in the adapter template, with a 3’ penultimate rY followed by five
324  degenerate nucleotides. Here, with improved understanding of capture imprecision at
325 the input molecule 5’ end (the adapter template 3' end), we hypothesized that an

326 adapter template 3' penultimate rR would discourage internal initiation whereas a 3'
327 penultimate rY would encourage it (Fig. 4A, ii versus iii). We first assessed 5' precision
328 using 3' adapter-template sequences in the same format as the original 3' adapter

329 template, comprised mostly of DNA with RNA in the 3'-most six nucleotides, and found
330 significant improvement in 5’ precision for all tested UMI-containing 3’ adapter templates
331 (Fig. 4B, Tables 4-5). As predicted, 5' precision was greatest using 3' adapter

332 templates with a purine nucleotide at the 3'-penultimate position (Fig. 4B; Tables 4-5).
333 We next tested how 5' precision was affected by the 3'-terminal content of

334 ribonucleotides versus deoxyribonucleotides in the adapter template. We replaced

335 some or all of the 3'-terminal RNA with DNA, including a DNA-only 3’ adapter template
336  with 3' dideoxycytidine (ddC) (hereafter 3'ddC adapter template). Independent of

337 adapter-template sequence, the replacement of RNA and inclusion of a 3'-terminal ddC
338 improved %' precision (Fig. 4C; Tables 4-5). Strategically, the 3'ddC also prevented an
339 adapter template from priming unwanted side-reaction synthesis. Of note, we did not
340 detect an efficiency bias in comparison of jumping to DNA-only 3’ adapter template

341  versus adapter templates with six 3' ribonucleotides when assessing OTTR cDNA

342 libraries produced using mixed populations of adapter templates, for example when
343 adapter templates with six 3' ribonucleotides and the sequence 3'rCrA were combined

344 in a 1:2 ratio with the DNA-only 3'ddCG adapter templates (data not shown). Based on
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345 these findings, we adopted the use of a 3' adapter template composed entirely of DNA
346  with the terminal sequence 3'ddCR. This updated 3' adapter template was included in
347  the replacement of Buffer 4B with Buffer 4B2 (Fig. 1, changes in red).

348

349 Lower limits for amount of input RNA

350 Optimization trials described previously (Upton et al. 2021) and above used 0.5 - 10 ng
351  of miRXplore miRNA per OTTR reaction. To investigate OTTR performance across a
352  wider range of input RNA amounts, we tested dilutions of the miRNA pool to span the
353 range of 4 — 500 pg per 20 L reaction, corresponding to 0.59 — 74 fmol input RNA. In
354  aninitial comparison, we used the previous best-practice conditions of BoMoC F753A 3'
355 labeling with ddATP for 90 minutes and a 30-minute additional 3' labeling chase

356  supplementation with ddGTP (Ferguson et al. 2023). As previously, the OTTR reaction
357  used primer duplexes with +1 Y at a 4:1 ratio of +1 T to +1 C (Table 2, +T.v2 and +C.v2
358 annealed to RNA.v2), with the primer DNA strands bearing either the previous 5’

359 Cyanineb (Cy5) or a 5" near-infrared (IRD800) dye for fluorescence detection, and the
360 previously standard c3t_ CY5N_6RNA 3'rC adapter template (Table 5).

361 Detection sensitivity for cDNA resolved by denaturing (d) urea polyacrylamide gel
362  electrophoresis (PAGE) was higher using IRD800 than Cy5 (Fig. 5A), and it was also
363 possible to distinguish 5-IRD800-labeled cDNAs from 5'-Cy5-labeled adapter template,
364  which sometimes reannealed with cDNA during dPAGE (Supplemental Fig. 3A). To
365 capture all cDNA products, cDNA size-selection encompassed an input nucleic acid
366 size range of up to 200 nucleotides (Fig. 5A, black bracket). The sequenced libraries

367  were assessed by the rank-order of their miRNA counts, which was consistent across
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368 the titration independent of what primer fluorophore was used (Spearman’s p, Fig. 5B).
369 Library-wide CV of the miRNA count varied slightly across the titrations, with higher
370 inputs yielding better (i.e., lower) CVs (Fig. 5B). At all titration points, library-wide CV
371 was below the original protocol CV of 0.86 (Upton et al., 2021).

372 While library-wide CV was consistently low across the input titration (0.572 —
373 0.686), the percentage of library with useful sequencing reads was not. Non-miRNA
374 reads increased as input decreased (Fig. 5C). Most non-miRNA reads mapped either to
375 E. coli nucleic acids or BoMoC expression plasmid (Fig. 5C, Supplemental Fig. 3B),
376  both of which would be brought to the reaction by purified BoMoC. Because the same
377  reaction conditions were used across the input titration, including a fixed amount of
378 each enzyme, the relative representation of bacterial contaminants increased with the
379 decrease in input template. We conclude that detection sensitivity can be limited by the
380 competing capture of nucleic acid impurities in the enzyme preparations, despite

381  rigorous discrimination against this in development of the original purification (Upton et
382 al. 2021).

383 To increase the productive sequencing of low-input samples, we tested changes
384 to the 3-step BoMoC purification regimen (Supplemental Fig. 4). Original purifications
385 used Rosetta2 (DE3) pLys cells, which over-express seven rare-codon E. coli tRNA
386 genes from a plasmid. BoMoC protein production was induced overnight at 16 °C,

387 followed by cell lysis in the presence of benzonase to degrade DNA and RNA, lysate
388 clarification, and chromatography using nickel, heparin, and size-exclusion

389 chromatography (SEC) in series (Supplemental Fig. 4) (Upton et al. 2021). We

390 screened an initial panel of enzyme purification changes by production of sequencing
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391 libraries using 20 pg of miRXplore as OTTR input and size-selection for cDNA inserts
392 from ~10 — 200 nucleotides as above. Comparison of two different enzyme purification
393 strategies, starting from the same bacterial cell culture, revealed a change in the

394  contaminating E. coli nucleic acids when polyethyleneimine (PEI) was used to clarify the
395 cell lysate prior to chromatography (Fig. 6A, compare prep 2 that included a PEI

396 precipitation step to prep 1 that did not). Sequencing reads that mapped to the BoMoC
397 expression plasmid were greatly reduced, as were other E. coli nucleic acids, but full-
398 length tRNAs remained (Fig. 6B-C). The level of tRNA contamination varied from

399 purification to purification (data not shown), which we speculate resulted from slight

400 differences in cell growth or lysis conditions for Rosetta2 (DE3) pLys cells.

401 To quantify the extent of nucleic acid contamination across different enzyme

402 purifications, we established an approach to estimate the minimum miRXplore input
403 needed for ~90% of mapped sequencing reads to map to miRXplore versus ~10% to E.
404  coli or BoMoC expression plasmid. OTTR libraries with inputs of 20 or 500 pg of miRNA
405 were produced, sequenced, and mapped to reference sequences in parallel.

406 Purifications compared the use of the Rosetta2 strain to an E. coli expression strain that
407 does not over-express tRNAs, T7 Express lysY/lq. Purifications also compared inclusion
408 or omission of benzonase in the cell lysis buffer, lysate clarification with PEI, and the
409 final SEC step. Comparison of read mapping using the 20 ng input samples revealed
410 that the change of expression strain and the use of PEI combined were sufficient to

411  nearly eliminate contaminating bacterial nucleic acids, with some additional benefit

412  when SEC was included (Fig. 6D). Purifications of BoMoC F753A and BoMoC WT from

413  T7 Express cells lysed in the presence of benzonase, and with cell lysate clarified by
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414  PEI precipitation (preps 8 and 9, respectively, in Fig. 6D), gave the lowest level of

415 contaminating nucleic acid reads, which showed reduced predominance of E. coli tRNA
416 relative to E. coli ribosomal RNA (rRNA) and coding- or intergenic-region of the E. coli
417  genome (Fig. 6E).

418 We used OTTR cDNA libraries produced from a range of miRXplore input

419 amounts to extrapolate the input requirement for 90% or more of reads to map to input
420 templates instead of contaminant bacterial nucleic acids. From the input RNA titration
421  series described above performed using BoMoC purified with the original protocol, the
422 input amount required for reads to be 90% miRXplore versus bacterial nucleic acids
423 was 52 pg (Fig. 6F, purple data points). In comparison, using the optimized expression
424  and purification conditions (Fig. 6D, preps 8 and 9), the input amount required for reads
425 to be 90% miRXplore versus bacterial nucleic acids was only 2.8 pg (Fig. 6F, orange
426  data points). We confirmed this extrapolated lower limit on input amount by generating
427 OTTR cDNA libraries using a titration of miRXplore input from 0.2 — 500 pg in reactions
428  using optimally purified proteins (Fig. 6G). We conclude the updated BoMoC purification
429 protocol (Supplemental Fig. 4, enzyme purification protocol changes in red)

430 substantially reduces the co-purification of bacterial nucleic acids, which is enabling for
431  particularly low-input OTTR cDNA libraires. Lowering the BoMoC enzyme amounts

432 used in low-input OTTR reactions would further decrease the minimum input for only
433 10% or less of reads to be non-productive bacterial nucleic acid sequencing.

434
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435 Enabling gel-free OTTR library synthesis

436 A remaining challenge for OTTR, as with other small RNA capture methods, is to limit
437  production or improve removal of adapter-dimer cDNAs, which are sequenced at the
438 expense of informative cDNAs. For many applications, for example ribosome profiling
439 (Ferguson et al. 2023), the presence of adapter-dimer cDNAs necessitates OTTR cDNA
440 size-selection by dPAGE (see Fig. 5A). This is a limitation for high-throughput

441  automation of OTTR library production and for laboratories that rely on commercially
442 manufactured dPAGE gels, which become less denaturing over time and therefore may
443 fail to prevent reannealing of adapter oligonucleotides to OTTR cDNA during

444  electrophoresis, compromising accurate size-selection. Approaches to reduce

445 sequencing reads from OTTR adapter-dimer products can take advantage of features
446 that distinguish a single-jump adapter-dimer from a double-jump, bona fide OTTR

447 cDNA. One obvious difference is the fact that adapter-dimer cDNA duplexes contain
448 only sequences derived from the primer duplex and adapter template, whereas desired
449 OTTR cDNA duplexes contain a 3'-labeled input RNA.

450 Conveniently, a biotinylated nucleotide can be used in the input 3' labeling

451 reaction (Fig. 7A). Subsequently, after the OTTR cDNA synthesis step, the biotinylated
452 input molecule can be used to selectively enrich the desired cDNA duplexes from

453 adapter-dimer cDNA duplexes. Streptavidin enrichment of OTTR cDNA duplexes

454  containing biotinylated ddATP was as effective as gel-based cDNA size-selection for
455 removing adapter-only cDNAs (Fig. 7B). With low-input samples, the introduction of
456 additional streptavidin washing steps would be prudent to more completely remove the

457  remaining non-specifically captured adapter-dimer cDNA duplexes (Fig. 7B). The OTTR
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protocol version with 3'-labeling using biotinylated ddATP and subsequent cDNA duplex
library enrichment by streptavidin (OTTR v2, Supplemental Fig. 5) reduces the need to
suppress adapter-dimer formation. Therefore, we examined whether changing the
cDNA synthesis conditions without concern for adapter dimer formation could reduce
bias or increase precision of sequence capture. To this end, we screened alternative
compositions for a Buffer 4A equivalent to be used in OTTR v2 (Fig. 7C, Supplemental
Fig. 5).

With the Buffer 4A used for OTTR v1.3 (Fig. 1), 3’ biotinylated templates were
captured with a bias for miRNAs with 3'rY (Fig. 7D, 15t column). The lowest bias and
highest 3' precision were attained by increasing dTTP and dCTP concentration while
reducing diaminopurine deoxynucleotide triphosphate (dADAP-TP) concentration (Fig.
7C, Buffer 4A1; Fig. 7D, 2" column). Increase in 3' precision was observed using
elevated dTTP and dCTP alone, whereas decrease in library CV required the
combination of elevated dTTP and dCTP and a reduction of dDAP-TP (Fig. 7C,
compare results for Buffer 4A1 with results for Buffer 4A4; Fig. 7D, compare 2" to 3™
column). We note that alternative 3'-labeling conditions, such as using both ddATP-11-
biotin and ddGTP-11-biotin or using a lower reaction temperature combined with longer
reaction time, did not suppress the preferential capture of 3'-rY miRNAs (Fig. 7C-D). We
adopted Buffer 4A1 in the final optimized workflow for gel-free, automation-compatible
OTTR v2 (Supplemental Fig. 5).

Using OTTR v2, we converted a pool of input RNAs to OTTR cDNAs, indexed
the cDNAs by PCR, and loaded the libraries on an lllumina MiniSeq in a single day

without any gel- or column-based clean-up or size-selection. The optimized OTTR v1.3
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481 gel-based size-selection protocol (Fig. 1) gave modestly better uniformity of miRNA
482  capture but less 3' precision than the optimized gel-free OTTR v2 protocol (Fig. 7C,
483 compare red triangles to green squares). The optimized OTTR protocols established
484  from the work described here are provided as Supplemental Method 1 and

485 Supplemental Method 2.

486

487  Future improvements and expanded applications

488 OTTR is highly amenable to bespoke tailoring. The work described above illustrates the
489 adjustable balance between more quantitative representation of input RNAs (lower
490 library CV) versus higher 3' precision of sequence capture. The former is critical to

491 reliably profile sequence diversity in a complex sample (e.g. for liquid biopsy studies),
492  while the latter serves applications in which knowledge of the precise 3’ nucleotide

493 matters (e.g. for ribosome profiling and miRNA or tRNA end-processing studies). The
494  work above also introduces the consideration of trade-off between the advantages of
495 cDNA size-selection by gel purification (e.g. for economy of sequencing only an input
496 size range of interest) versus binding to streptavidin resin (e.g. to be automation-

497  compatible).

498 Many additional OTTR protocol variations are possible. For example, to restrict
499 input nucleic acid capture to particular 3'-end nucleotide(s) (e.g., 3'rTG RNAs produced
500 by RNase T1 cleavage), a custom-designed primer duplex can be used (for 3rG RNAs,
501  primer duplex with +1 C made from annealed +C.v3 and RNA.v3, Table 6). As another
502 example, for input-template capture without an initial 3'-labeling step, a mixture of +1

503 primer duplexes can be used (Table 6, v3 +1 set). Because +1 G primer duplex with
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504 3'ddC adapter template would efficiently generate adapter dimer, splitting the OTTR
505 cDNA library synthesis reaction into successive, single template-jump reactions would
506 be prudent. The first template-jump would synthesize cDNA across the input template
507 using a BoMoC variant and/or reaction conditions that limit NTA (Upton et al. 2021,

508 Pimentel et al. 2022). The second template-jump would be initiated by providing the
509 3'ddC adapter template in reaction conditions that support +1 G NTA. As a third

510 example, different sequences of primer duplex or adapter template could be used. We
511  previously used the complete lengths of lllumina sequencing adapters (~70 nucleotides)
512 rather than only the R1 and R2 portions (~35 nucleotides) to enable sequencing-ready
513 OTTR cDNA library synthesis without PCR (Upton et al. 2021). It will be of interest to
514  test adapter sequences used in applications other than lllumina sequencing and to test
515 different UMI lengths and/or sample-identifying barcodes to support single-cell

516 applications (e.g., Table 5, c3t ddCR5N_barcoded).

517 OTTR exploits non-canonical nucleotides in both the primer duplex RNA

518 passenger-strand (Table 2, RNA.v2), which has several positions of RNA modification
519 by duplex-stabilizing 2'-O-methyl groups (Upton et al. 2021), and in the 3'ddC DNA

520 adapter template (Table 5, c3t_ ddCR5N), which replaces the chimeric RNA-DNA

521 adapter templates used in earlier versions of OTTR (Upton et al. 2021, Ferguson et al.
522 2023). One challenge in the use of these adapter oligonucleotides is that they can re-
523 anneal with cDNA during dPAGE-based size-selection, which broadens the spread of
524  adapter-dimer gel migration into the range of desired OTTR cDNAs (Supplemental Fig.
525 3A). One purpose of 2'0-Me substitutions in the primer-duplex passenger strand was to

526 increase duplex stability, and another was to preclude use of the passenger strand as a
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527 template-jump acceptor. In the experiments of Figure 7, we used a primer-duplex

528 passenger strand with ribonucleotide patches between blocks of 2'0-Me substitution to
529 enable its fragmentation by RNase H (Table 2, RNA.v2.1, and Table 6, RNA.v3.1). In
530 parallel, the 3'ddC DNA adapter template could be anchored at its 5’ end to a resin or
531 plate and cDNA eluted by denaturation. The utility of these and other OTTR protocol
532  variations would vary with the type of input RNA.

533 Of high future interest is the benchmarking of OTTR protocols optimized for use
534  of input samples other than small cellular RNAs. OTTR should be suitable for

535 production of sequencing libraries from forensic samples, ancient DNA, cell-free DNA,
536 and formalin-fixed paraffin-embedded biopsy material, given the high tolerance of

537 BoMoC for base-modified templates such as mature tRNAs (Gustafsson et al. 2022,
538 d’Almeida et al. 2023, Manning et al. 2024, Davey-Young et al. 2024) and the low input
539 requirement demonstrated above. OTTR remains to be optimized for these sample
540 types and for lengths of nucleic acid longer than tRNA. Both RNA and DNA

541  oligonucleotides can be efficiently 3' labeled by BoMoC (Upton et al. 2021), but optimal
542  accessibility of longer DNA or RNA 3’ ends, or 3’-labeling of RNA-hairpin templates like
543  miRNA precursors, may require single-stranded binding proteins or other additives to
544  suppress preferential input capture. Pre-denaturation of template structure may be

545 advantageous before the 3'-labeling step and again before cDNA synthesis.

546 Finally, automation of sub-microliter scale reactions would enable OTTR use for
547  single-cell library synthesis. A single human cell has an estimated ~1.3 fg of miRNA in
548 10 pg of total RNA, roughly ~115,000 molecules (Peltier and Latham 2008, Bissels et al.

549  2009). With OTTR reaction conditions used above, we extrapolate an input requirement
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550 of ~230 cells to have less than 10% of mappable reads produced from E. coli nucleic
551  acids in the standard 20 pl reaction. Because the enzyme amounts added to low-input
552 OTTR reactions could be scaled down from the current protocol, single-cell miRNA
553 sequencing seems feasible. Beyond miRNAs, the use of OTTR for single-cell ribosome
554  profiling is equally worth considering. From 10 pg of total RNA in a human cell,

555 assuming ~9 pg rRNA, if that rRNA was entirely assembled into translating ribosomes,
556  we calculate a theoretical maximum of 43.7 fg mMRNA RPFs, ~2,300,000 molecules,
557 from a single cell. Even with current OTTR reaction conditions, we extrapolate an input
558 requirement of only ~7 cells to have less than 10% of mappable reads produced from E.
559  colinucleic acids. With optimization, single-cell surveys of miRNAs, tRNAs, and tRFs, or
560 single-cell ribosome profiling using OTTR could be cost-effective and information-rich
561  alternatives to current protocols for single-cell profiling (Vandereyken et al. 2023).

562

563 Materials and methods

564 Protein purification, -80 °C long-term storage, and -20 °C working stocks

565 BoMoC enzymes were purified largely as described previously (Upton et al. 2021,

566 Ferguson et al. 2023) using nickel affinity chromatography, heparin chromatography,
567 and SEC, unless specified. Initial and improved protein purification conditions are

568 compared in Supplemental Figure 4. BoMoC has a C-terminal 6x-histidine tag for
569 purification, an N-terminal maltose binding protein fusion for solubility, and an

570 inactivated endonuclease activity. Strains were Rosetta2 (DE3) pLysS (Novagen,

571  71403), which possesses a plasmid to over-express rare E. coli tRNAs, or T7 Express

572  Lys/IQ (New England Biolabs, C3013l). Cells were transformed with an expression
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573 plasmid (e.g. Addgene plasmid 186461, 185710, or 185713) and cultured overnight in
574 100 mL of 2X yeast extract tryptone (YT) media supplemented with appropriate

575 antibiotics. The next day, cultured cells were diluted to ODeoo of 0.05 and incubated in a
576 37 °C orbital shaker until the ODsoo was 0.5 — 0.6. The culture flasks were then

577 transferred to a pre-chilled 16 °C orbital shaker and left to chill for 25 — 30 minutes. The
578  ODeoo was monitored until it reached 0.7 — 0.8, at which point isopropyl 3-D-1-

579 thiogalactopyranoside was added to a final concentration of 0.5 mM to induce protein
580 expression. After 12 — 16 hours, cells were harvested by centrifugation for 20 minutes at
581 3,600 x g at 4 °C. The media was aspirated from the cell culture pellet and replaced with
582 15 mL of lysis buffer (20 mM Tris-HCI pH 7.4, 1 M NaCl, 10% glycerol, 1 mM -

583 mercaptoethanol, 1 uyg/ml pepstatin A, 1 pg/ml leupeptin, 0.5 mM phenylmethylsulfonyl
584 fluoride) per L of culture. After resuspension in lysis buffer, the cell lysate was frozen in
585 liquid nitrogen and stored at -80 °C.

586 Frozen cell lysate was thawed in a room-temperature water bath before

587  supplementing with MgCl2 to 0.5 mM. If specified, a volume of benzonase (Millipore)
588 was added corresponding to a 1:1000 dilution. The thawed lysate was transferred to ice
589 and sonicated for 3.5 minutes with 10 seconds of sonication separated by 10 seconds
590 of rest. Insoluble material was pelleted by centrifugation using a SS34 rotor at 15,000
591 RPM for 30 minutes at 4 °C. Supernatant was decanted and recentrifuged at 5,000 x g
592 for 10 minutes at 4 °C to remove any additional insoluble material from the cell lysate
593 supernatant. For preps where PEI precipitation was included, the cell lysate was

594  decanted into a bottle with a stir bar and set to stir rapidly without foam. Prior to this, a

595 10% w/v PEI solution was made fresh, first by stirring 10 g PEI in 40 mL water while
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596 adding concentrated HCI dropwise until the pH was ~7.2. Once cooled, the pH was

597 adjusted to pH 7.0 — 7.4 and the volume was adjusted with additional water to to 50 mL
598 total. The neutralized 10% w/v PEI solution was added dropwise to the cell lysate until a
599 final concentration of 0.2% w/v PEI was reached. Nucleic acids were pelleted by

600 centrifugation using a SS34 rotor at 15,000 RPM for 30 minutes at 4 °C, and the

601 supernatant was decanted as clarified cell lysate.

602 All chromatography steps were at room temperature. For nickel affinity

603 chromatography, clarified lysate was loaded to two 5 mL HisTrap FF Crude columns
604 (Cytiva) connected in series. Unbound protein was removed by 5 — 10 column volumes
605 of Nickel A buffer (20 mM Tris-HCI pH 7.4, 1 M KCI, 20 mM imidazole, 10% glycerol, 1
606 mM B-mercaptoethanol). Bound protein was eluted with five column volumes of Nickel B
607  buffer (20 mM Tris-HCI pH 7.4, 1 M KCI, 400 mM imidazole, 10% glycerol, 1 mM 3-

608 mercaptoethanol). Fractions were measured for protein content a A2so, and fractions
609  with protein were pooled and filtered with a 0.22 ym polyethersulfone syringe filter.

610 Next, the pooled eluent was desalted to the equivalent of 20% (i.e., ~400 mM KCl)

611  Heparin B buffer (25 mM HEPES-KOH pH 7.5, 2 M KCI, 10% glycerol, 1 mM DTT).

612 Heparin A buffer (25 mM HEPES-KOH pH 7.5, 10% glycerol, 1 mM DTT) was used to
613 dilute Heparin B buffer. The sample was loaded on to a 5 mL Heparin HP column

614  (Cytiva) equilibrated in 20% Heparin B buffer. Unbound protein was removed with 20%
615 Heparin B buffer. Bound protein was eluted in 15 column volumes with a gradient of
616 20% — 100% Heparin B buffer. Fractions were measured for protein content at Azso, and
617 those with protein were pooled and concentrated to 4 — 4.5 mL before filtration with a

618 0.22 um polyethersulfone syringe filter. A SEC HiPrep 16/60 Sephacryl S300 column
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619 (Cytiva) equilibrated in SEC buffer (25 mM HEPES-KOH pH 7.5, 800 mM KCI, 10%
620 glycerol, 5 mM DTT) was loaded with sample followed by one column volume of SEC
621  buffer. Fractions in the size range of monomeric protein were measured for protein
622 content at A2so, and those with protein were pooled and concentrated to 8 mg/mL (50
623 uM) in SEC buffer using an Amicon centrifugal filter unit.

624 Aliquots were made at a volume no greater than 100 pL and were snap-frozen in
625 liquid nitrogen and stored long-term at -80 °C. To make a working stock, the 100 yL 50
626 pPM aliquot was rapidly thawed by directly transferring the tube from the -80 °C to a
627 beaker of pre-warmed 37 °C water for <30 seconds. Once thawed, it was diluted to 10
628 PM by combining with 400 uL pre-chilled 4 °C storage diluent buffer (optimally 25 mM
629  Tris-HCI pH 7.5, 200 mM KCI, 400 mM (NH4)2S0O4, 0.2 mM TCEP, 50% glycerol; see
630 main text for variations) and transferred to ice. The diluted enzyme stock was then
631 carefully mixed by pipetting 50% of the volume ~50 times on ice.

632

633 OTTR cDNA library synthesis, cDNA purification, and cDNA size-selection

634  All oligonucleotides used were synthesized by Integrated DNA Technologies, with
635 RNase-free high performance liquid chromatography purification included for

636 oligonucleotides used in cDNA library synthesis. As described previously (Upton et al.
637 2021, Ferguson et al. 2023), to make Buffer 4B or Buffer 4B variants, primer-duplex
638 DNA and RNA strands were first heated to denature structure at 70 °C for 5 minutes
639 before annealing by decreasing the temperature to 4 °C with a -0.2 °C/second ramp.
640 Annealed duplexes were made at 50 yM in water, diluted to 3.6 uM with additional

641 water, and combined 1:1 with 7.2 uM 3'rC adapter template or 3'ddC adapter template
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642 also in water, resulting in a final Buffer 4B with 1.8 uM primer duplex and 3.6 yM

643 adapter template.

644 All libraries in this study were synthesized using miRXplore Universal Reference
645 Standard (Miltenyi Biotech, 130-094-407) as input RNA, or with no input template.

646 OTTR v1 workflows and buffers are summarized in Figure 1. Input miRXplore miRNA
647 was diluted to 9 or 10 L in nuclease-free water. 2 uL of Buffer 1A, 1 uL of Buffer 1B or
648 1B2, and 1 pL of 10 uM working-stock BoMoC (either WT or mutant) or yPAP (Thermo
649  Scientific, 74225Z25KU) were added sequentially. After 90 minutes at 30 °C (or other
650 time, if indicated), 1 pL of Buffer 1C was added (or not, if indicated) and the reaction
651 was either incubated for an additional 30 minutes (or not, if indicated) at 30 °C. 1 uL of
652 Buffer 2 and 0.5 pL of rSAP (New England Biolabs, M0371S) pre-mixed with 0.5 pL of
653 50% glycerol were added. After 15 minutes at 37 °C, 1 uL of Buffer 3 was added,

654 followed by 5 minutes at 65 °C, after which the reaction was placed on ice. 1 yL of

655 Buffer 4A, 1 uL of Buffer 4B or Buffer 4B2, and 1 yL of the 10 yM working-stock BoMoC
656  were added sequentially, followed by incubation for 30 minutes at 37 °C.

657 After OTTR, cDNA products were recovered largely as described previously

658 (Ferguson et al. 2023). BoMoC was inactivated by incubation at 70 °C for 5 minutes,
659 followed by addition of 1 yL RNase A (Sigma, R6513) and 1 uL of Thermostable RNase
660 H (New England Biolabs, M0523S) before incubation at 55 °C for 15 minutes. Then 1 uL
661 of Protease K (New England Biolabs, P8107S) and 30 uL of stop buffer (50 mM tris-HCI
662 pH8.0,20 mM EDTA, 0.1% SDS) were added. After 15 minutes at 55 °C, the reaction
663 was incubated at 95 °C for 5 minutes. Zymo Oligo Clean and Concentrator-5 columns

664  were used for cDNA purification with elution in 6 uL nuclease-free water. 6 L of 2X
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665 formamide loading dye (FLD; 95% formamide, 5 mM ethylenediaminetetraacetic acid
666 (EDTA) pH 8.0, 0.05% (w/v) bromophenol blue, and 0.005% (w/v) xylene cyanol) was
667 added. cDNA was denatured at 98 °C for 5 minutes and snap-cooled on ice prior to
668 electrophoresis resolution on a 8% 19:1 acryl:bis-acryl 7 M urea 0.6X tris-borate-EDTA
669 (TBE) dPAGE gel pre-run and run in 0.6X TBE buffer until the xylene cyanol dye-front
670 was near the bottom of the gel. The gel was imaged to detect Cy5 and/or IRD800 using
671 an Amersham Typhoon Trio (Cytiva) and the image was printed at 100% size of the gel
672 to guide cDNA size-selection. Excised gel fragments were crushed against the sides of
673 a 1.5 mL tube and cDNA was eluted into 400 — 500 pL of DNA elution buffer (300 mM
674 NaCl, 10 mM Tris-HCI pH 8.0, and 1 mM EDTA) with a 70 °C incubation for 1 hour.
675 cDNA was ethanol precipitated and resuspended in 30 puL nuclease-free water. cDNA
676 was quantified by gPCR as described (Ferguson et al. 2023, McGlincy and Ingolia

677 2017) using iTag™ Universal SYBR® Green Supermix (Bio-Rad, 1725120).

678

679 Assays of 3’ labeling by dPAGE

680 In Figure 7A, 3'-labeling conditions which roughly matched the conditions during the 3'-
681 labeling step in OTTR were used. Briefly, 6 yL of nuclease-free water, 2 pL of Buffer 1A,
682 1 uL of Buffer 1B2B (28 mM MnClz, 28 mM (NH4)2SO4, and 10 mM sodium acetate pH
683 5.5), 1 pyL of a 25 pM fluorescently labeled single-stranded DNA oligo

684 (5IRD800/GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTNN), 1 uL of 10 uM
685  working-stock W403AF753A BoMoC, and 3.5 L of either 1.0 mM ddATP

686 (MedChemExpress, HY-128036B), 1.0 mM dATP (ThermoFisher Scientific, 10216018),

687 1.0 mM dDAP-TP (TriLink Biotechnologies, N-2004), 1.0 mM ddATP-11-biotin (Revvity,
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688 NEL548001EA), 1.0 mM dATP-11-biotin (Revvity, NEL540001EA), 1.0 mM ddGTP-11-
689  biotin (Revvity, NEL549001EA), or 1.0 mM dGTP-11-biotin (Revvity, NEL541001EA).
690 For reactions with dATP-14-biotin, 0.75 uL of nuclease-free water and 8.75 yL of 0.4
691 mM dATP-14-biotin (ThermoFisher Scientific, 19524016) was used instead. After

692 addition of the nucleotide triphosphate, the reaction was mixed by pipetting and

693 incubated at 30 °C for 2 hours. Then, 1 yL of Protease K and 34.5 L of stop buffer (50
694 mM Tris-HCI pH 8.0, 20 mM EDTA, 0.1% SDS) were added. After 15 minutes at 55 °C,
695 the reaction was incubated at 95 °C for 5 minutes. Zymo Oligo Clean and Concentrator-
696 5 columns were used for cDNA purification with elution in 6 uL nuclease-free water. 6
697 pL of 2X formamide loading dye (FLD, 95% formamide, 5 mM

698 ethylenediaminetetraacetic acid (EDTA) pH 8.0, 0.05% (w/v) bromophenol blue, and
699 0.005% (w/v) xylene cyanol) was added. cDNA was denatured at 98 °C for 5 minutes
700 and snhap-cooled on ice prior to electrophoresis resolution on a pre-run 12% 19:1

701  acryl:bis-acryl 7 M urea 0.6X TBE dPAGE gel. The gel was resolved until the

702  bromophenol blue dye-front was near the bottom of the gel. The gel was imaged to
703  detect IRD800 using an Amersham Typhoon Trio (Cytiva).

704
705 OTTR v2 cDNA library synthesis and streptavidin-based purification

706  OTTR v2 workflow and buffers are summarized in Supplemental Figure 5. Input

707  miRXplore miRNA was diluted to 9 uL in nuclease-free water. 3' labeling to extend the

708 input template with a 3’ biotinylated ddATP was performed by adding 2 uL of Buffer 1A,
709 1 yL of Buffer 1B2A (1.0 mM ddATP-11-biotin; Revvity, NEL548001EA), 1 yL of Buffer
710 1B2B, and 1 pL of 10 uM working-stock BoMoC W403AF753A, sequentially. For

711 ddRTP-11-biotin, 0.5 pL of Buffer 1B2A and 0.5 pL of ddGTP-11-biotin (Revvity,
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712  NEL549001EA) were used in place of 1 uL of Buffer 1B2A. After 120 minutes at 30 °C,
713  orif specified 16 °C for 20 hours, 1 yL of Buffer 2 and 0.5 yL of rSAP pre-mixed with 0.5
714 yuL of 50% glycerol were added. After 15 minutes at 37 °C, 1 yL of Buffer 3 was added.
715  After 5 minutes at 65 °C, the reaction was placed on ice. Next, either 1 pyL of Buffer 4A1,
716  Buffer 4A4, or Buffer 4A was added (Fig. 7C). If Buffer 1B2A alone was used in the 3’-
717  labeling step, 1 uL of Buffer 4B2 was added; for ddRTP-11-biotin, 1 pyL of a buffer

718  consisting of 3.6 yM c3t_ddCR5N adapter template, 0.9 uM of +T.v2.IR primer duplexed
719  with RNA.v2.1 and 0.9 uM +1C.v2.Cy5 primer duplexed with RNA.v2.1 was used (Table
720 2, Table 5). Next, 1 pL of the 10 yM working-stock BoMoC was added and incubated
721  for 30 minutes at 37 °C to complete cDNA synthesis.

722 Following cDNA synthesis, all cDNA purification steps were carried out at

723  temperatures of 37 °C or below to ensure that the newly synthesized cDNA duplexes
724  remained annealed. 1 uL of Protease K was added and incubated for 30 minutes at 37
725  °C. Double-stranded cDNA duplexes were purified from the 21 uL reaction by the

726  addition of 63 puL of AMPure XP (Beckman Coulter, A63880) and incubation at room
727  temperature for 10 minutes. The reaction was placed on a magnetic rack to immobilize
728 the beads. After 5 minutes on the magnetic rack, the supernatant was removed and

729 temporarily saved in case purification failed. While the tube remained on the magnetic
730 rack, 200 pL of freshly-made 80% (v/v) ethanol was added to wash the beads. After 2
731  minutes the 80% ethanol was removed. This wash step was repeated a total of three
732 times. Remaining 80% ethanol was carefully and completely removed from the beads,
733  which were then left to air dry for 10 minutes. Completely removing all traces of ethanol

734  was critical to avoid non-specific binding in a subsequent purification. 20 uL of
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735 nuclease-free water was added to the beads, the tube was removed from the magnet,
736 and the beads were resuspended by pipetting. After 10 minutes of elution, the tube was
737  returned to the magnet and the 20 pL eluent was removed and transferred to a new
738  tube.

739 30 pL of Hydrophilic Streptavidin Magnetic Beads (New England Biolabs,

740 S1421S) was added to a fresh tube on a magnetic tube rack and washed three times in
741 Binding/Washing Solution (10 mM Tris-HCI pH 7.5, 1 mM EDTA, 1 M NaCl). After the
742  final wash, 30 pL of Binding/Washing Solution and 20 yL AMPure XP eluent was added
743  to the washed Hydrophilic Streptavidin Magnetic Beads. Streptavidin binding was

744  performed by rotating the tube for 120 minutes at room temperature. After binding, the
745  tube was returned to the magnetic rack, and after 5 minutes the supernatant containing
746  unbound duplexes was transferred to a tube and temporarily saved to assess

747  purification. A single wash was performed by adding 50 pL of Binding/Washing Solution.
748  Elution was performed by adding 17 uL of nuclease-free water, 2 uL of 10X RNase H
749  Buffer (New England Biolabs, M0297S), and 1 uL of RNase H (New England Biolabs,
750 MO0297S). RNase H hydrolysis of the biotinylated RNA template was carried out at 37 °C
751  for 30 minutes. cDNA elution was completed by incubating the reaction at 95 °C for 5
752  minutes before transfer of the tube to a magnetic rack and removal of the eluent.

753

754  OTTR library PCR amplification, purification, quantification, and pooling

755  For sequencing, 1 — 30 pL of cDNA was amplified by 6 to 12 PCR cycles using lllumina
756  indexing primers and Q5 polymerase (New England Biolabs, M0491). For a typical

757  miRXplore miRNA library from 500 ng input, 4 — 6 cycles were used. For libraries from

Ferguson, Page 34


https://doi.org/10.1101/2024.11.09.622813
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.09.622813; this version posted November 10, 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-ND 4.0 International license.

758 100 ng input, 10 cycles were used. For libraries from 20 pg input, 11 — 12 cycles were
759 used. For libraries with less than 20 pg input, 12 — 14 cycles were used. PCR products
760  were purified by DNA precipitation, Zymo DNA Clean and Concentrate columns, or

761  AMPure XP (A63880, Beckman Coulter) following the recommendations of the

762  manufacturer. DNA was resolved by 8% native PAGE and eluted as described

763  (Ferguson et al. 2023). Eluted DNA libraries were quantified by gPCR using NEBNext®
764  Library Quant DNA Standards (New England Biolabs, E7642S) and iTag™ Universal
765 SYBR® Green Supermix as described (Ferguson et al. 2023). Libraries were pooled
766 based on these results. A maximum of 30 libraries were pooled at a time, with each
767 library indexed by unique i5 and unique i7 sequences.

768

769 Library sequencing and adapter trimming

770  All libraries were sequenced on an lllumina MiniSeq instrument using 75- (lllumina, FC-
771 420-1001) or 150- (lllumina, FC-420-1002) cycle single-end high-output reagents.

772  Libraries were denatured following lllumina recommendations. A final concentration of
773 1.0 —1.2 pM denatured library in 500 uL of HT1 hybridization buffer (lllumina,

774  20015892) with 5% phiX (lllumina, FC-110-3001) was loaded to the sequencer. A

775 sequential adapter trimming pipeline using cutadapt (v3.7) was used to trim FASTQ
776 reads and retain crucial information about the reads (Ferguson et al. 2023). In detail, the
777 adapter trimmed in the first step corresponds to a sequence encoded in the duplexed
778 portion of the +1 primer duplex. In the second step, X nucleotide(s) were removed from
779  the beginning of the read, with X=1 when no UMI (Table 5, c3t_NoUMI_6RNA) was

780 used, X=4 when the 3'CNNN adapter template (Table 5, c3t C3N_6RNA) was used,

Ferguson, Page 35


https://doi.org/10.1101/2024.11.09.622813
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.09.622813; this version posted November 10, 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-ND 4.0 International license.

781 and X=7 when all other UMI-encoding adapter templates were used. In the third step,
782  the final nucleotide that represents the primer-duplex +1 position was removed. In both
783 the second and third steps, the sequences removed from the read were retained in the
784  header of a FASTQ entry. In the final step, low-quality reads were trimmed and reads

785  shorter than 15 nucleotides were removed.

786 cat untrimmed.R1.fastq | cutadapt -a

787 GATCGGAAGAGCACACGTCTGAACTCCAGTCAC - | cutadapt -u X —
788 rename="{id} UMI={cut_prefix} - | cutadapt -u -1 —

789 rename="{id}_{comment} PD={cut_suffix} - | cutadapt-m 15-q 10 ->
790 trimmed.fastq

791

792 Sequence analysis

793 The miRXplore reference contains 962 synthetic equimolar miRNAs ranging from 16 —
794 28 nucleotides in length. The 943 subset of miRNAs in the 19 — 24 nucleotide range
795 were used as a reference for read mapping. Across all libraries analyzed in this work,
796  we calculated median read count for each miRNA; miRNAs with a median read count
797 less than 50 across all libraries were not used to address differences in library depth,
798 restricting the analysis to 904 miRNAs. CV was measured by dividing the standard
799  deviation of the miRNA counts by the mean of the miRNA counts. For the analyses in
800 Figures 2 and 3, during investigation of 5’ and 3' precision of end-capture, we used a
801 subset of 594 miRNAs based on their inability to misalign when the first and final three

802 nucleotides were removed before mapping. End precision was measured by averaging
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803 the fraction of reads that included the first (for &' precision) or last (for 3' precision)

804 nucleotide for each miRNA (Equation 1).

m
11
805 ?Ez by,
806 Equation 1: 5' precision was determined by dividing the number of aligned reads to the

807 first nucleotide (b, ;) of each miRNA (j) by the total number of aligned reads (T') and the

808 number of miRNAs evaluated (m = 594).

m
11
809 == by,
j=1

810 Equation 2: 3’ precision was determined by dividing the number of aligned reads to the

811 final nucleotide (bL,-,j, where L; is the length of miRNA j) of each miRNA by the total

812  number of aligned reads (T') and the number of miRNAs evaluated (m = 594).

813

814 In general, we allowed alignments as short as 15 nucleotides, but for the

815 analyses in Figures 5 and 6, alignments shorter than 17 nucleotides were excluded for
816  mapping confidence. All libraries were trimmed as described above before a sequential
817 alignment pipeline using bowtie (v1.0.0) was performed. Trimmed reads were first

818 aligned to a reference of OTTR oligonucleotide adapters. Unaligned reads were next
819 aligned to the BoMoC expression-plasmid reference then the E. coli BL21 DE3 genome
820 (NCBI AM946981.2). Filtering and sorting of alignments was performed by samtools
821  (v1.7). miRXplore miRNA single-mapping alignments to both the reliable and unreliable
822 miRNAs were converted to BED files by bedtools bamtobed (v2.25.0).

823
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824  Sanger sequencing of adapter-dimer cDNAs

825 Adapter-dimer-sized cDNAs were size-selected and eluted following 8% dPAGE as
826 described above. Eluted cDNA was amplified by PCR using lllumina indexing primers
827 as described above, but with 20 — 30 cycles and subsequent size-selection from a 2%
828 agarose gel. Products were cloned into pUC19 vector.

829

830 Assessment of E. coli nucleic acids co-purified with BoMoC

831  Size-selection used a cDNA size range of adapters plus 10 — 200 nucleotides. Eluted
832 cDNAs for the 500 pg input libraries were amplified by 6 — 8 PCR cycles, while cDNAs
833 for the 20 pg input libraries were amplified by 10 — 12 PCR cycles. Libraries were

834 enriched by native PAGE size-selection of ~160 — 350 bp duplexes. After sequencing
835 and alignment as described above, the ratio of miRNA to E. coli and expression-plasmid
836 reads was derived for all reads 18 nucleotides or longer. A line slope was computed
837 from the ratio of reads mapped to miRXplore:contaminants and pg of miRXplore input.
838

839  Statistical analysis

840 Comparisons of the fraction of precise 5’ or 3" alignments were made by either unpaired
841  one-sided or paired two-sided student’s t-tests performed only on miRNAs which had
842 230 alignments in both libraries being compared. For paired two-sided student’s t-test,
843 the p-values were adjusted by Bonferroni correction based on the number of miRNAs
844  analyzed and the results were represented as a mean difference in the fraction of

845 precise 5' or 3' alignments. A result with an adjusted p-value less than 0.05 was defined
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846  as significant. Details and results from the paired two-sided student’s t-test were

847 summarized in Table 1 and Table 5.

848

849 Dataset deposition

850 lllumina sequencing reads were deposited to the NCBI Sequence Read Archive under
851 BioProject PRINA1167688.
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1013  Figure legends

1014  Figure 1: Improvements in the OTTR library synthesis workflow.

1015 Previous OTTR conditions are in black or gray text, and improvements are given in red
1016  text and mark-out of black text with a red line. The left side explains the steps, while the
1017  right side gives buffer recipes.

1018

1019  Figure 2: Evaluating imprecision of end-to-end sequence capture at RNA 3’ ends.

1020 A, Mechanisms, numbered by Roman numeral, of 3'-end capture in OTTR. Column one
1021 illustrates five specificities for capturing an input-template 3' end, following the color
1022 legend from Figure 1. Phosphodiester bonds are represented by circles: gray for

1023 chemically synthesized bonds, concentric double circle for BoMoC-polymerized, unfilled
1024  for input template RNA. Strand 3' end symbols are a small black circle for

1025 dideoxynucleotide, a small open circle for 3'-OH, and a triangle for 3'-OH replacement
1026  with an unextendible carbon linker. The red octagon indicates the presence of a &'
1027 fluorescent dye. Column two specifies the labeling status of the input-template 3’ end.
1028 Column three identifies the primer-duplex 3' overhang supporting a template jump.
1029  Column four details the impact on 3' sequence coverage. Column five categorizes the
1030 3'-end capture mechanism.

1031 B, Library-wide CV of miRXplore miRNA counts and mean fraction of alignments with
1032 complete 3'-end coverage (3’ precision). BoMoC, yPAP (for 30 or 120 minutes), or no
1033 enzyme (Unlabeled) was used for 3’ labeling.

1034 C-E, Panel pairs depict 3'-end coverage with BoMoC (left) or no enzyme (right) for 3’

1035 labeling. The miRNA sequence and name, and relative rank-order, are indicated at top.
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1036 At bottom, position “0” is the miRNA 3’ end. Right panels have at bottom the miRNA
1037  sequence color-coded by alignment inclusion (pink) or exclusion (black). The Read2
1038 (R2) primer sequence and adjacent +1 T overhang (+T) are in blue, and reference to
1039 the capture mechanism detailed in (A) is indicated. Input RNA 3’ sequence excluded by
1040 adapter trimming is indicated in black. The miRNA mmu-miR-33-5p is miRBase:

1041  MIMAT0000667, the miRNA hsa-miR-599 is miRBase: MIMAT0003267, and the miRNA
1042 mghv-miR-M1-3-3p is miRBase: MIMAT0001566.

1043

1044  Figure 3: Optimization of 3' labeling via BoMoC sequence and reaction buffers.

1045 A, Library-wide CV and 3' precision of miRXplore miRNA as in Figure 2B, using BoMoC
1046  WT or variant enzymes. Replicate cDNA libraries have the same color.

1047 B, Comparison of 3' precision under different BoMoC working-stock enzyme storage
1048 buffer conditions. Significant differences in 3’ precision (denoted by asterisks) were
1049 determined by a paired, two-sided student’s t-test for each miRNA, with p-values

1050 adjusted by Bonferroni correction. Each library was benchmarked against a library

1051  prepared with enzyme diluted in 15 mM DTT in pH 6.0 diluent buffer.

1052 C, Comparison of 3' precision using different BoMoC proteins, incubation times, and
1053 ddNTP(s) for 3' labeling. Significant differences were measured as described in (B).
1054

1055 Figure 4: Evaluation of imprecision of end-to-end sequence capture at RNA 5’ ends.
1056 A, Mechanisms, numbered by Roman numeral, of precise and imprecise template-
1057  jumping to the 3'rC adapter template. Column one illustrates two possible and one

1058 unlikely specificity of sequence-junction formation following the color legend of Figures
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1059 1 and 2A. Phosphodiester bonds are represented by circles: gray for chemically

1060 synthesized bonds, concentric double circle for BoMoC-polymerized, unfilled for input
1061 template RNA. Strand 3' end symbols are a small black circle for dideoxynucleotide, a
1062 small open circle for 3'-OH, and a triangle for 3'-OH replacement with an unextendible
1063 carbon linker. The red octagon indicates the presence of a 5’ fluorescent dye. Column
1064 two defines the NTA that would prime 3'rC adapter-template capture. Column three
1065 defines whether the mapped template 5'-end was precise.

1066 B,C, Comparison of mean fraction of alignments with 5" precision for libraries prepared
1067  with different 3'rC adapter template designs (Table 5). Significant differences in &'
1068 precision (denoted by asterisk) were determined by a paired, two-sided student’s t-test
1069 for each miRNA, with p-values adjusted by Bonferroni correction. See complete

1070 summary statistic in Table 4.

1071

1072 Figure 5: OTTR performance across different amounts of input RNA.

1073 A, Representative replicates of OTTR cDNA resolved by 8% dPAGE and detected
1074  using the 5’ Cy5 or IRD800 primer fluorophore, with miRXplore miRNA input in pg and
1075  5' primer fluorophore denoted above. cDNA product size-selection range is denoted by
1076 the left open bracket (black). On the right, adapter-dimer and miRXplore OTTR cDNA
1077  products are indicated with schematics using the color key from Figure 1.

1078 B, Correlation matrix of miRNA read counts from cDNA libraries produced using a
1079 titration from 4 to 500 pg total miRXplore RNA. Replicate Cy5 and IRD80O libraries for

1080 each miRNA input amount were averaged by their counts per million reads (CPM) and
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1081 compared by Spearman’s correlation coefficient (p). miRXplore miRNA input in pg, 5’
1082  primer fluorophore, and library-wide CV are denoted.

1083 C, Composition bar plots of the fraction of the total library, excluding reads 17

1084 nucleotides or shorter, that mapped to miRXplore miRNA, OTTR adapter sequences,
1085 BoMoC expression plasmid, or E. coli genome, or were unmapped. Individual replicate
1086 libraries are presented in pairs.

1087

1088 Figure 6: Improvements in BoMoC protein purification.

1089 A, Composition bar plots of mapped reads, excluding reads 17 nucleotides or shorter
1090 and adapter-mapping reads, for miRXplore cDNA libraries made using 20 pg input RNA
1091  and different protein purifications (preps). Variations to protein purification

1092 (Supplemental Fig. 4) are described using filled circles to indicate the presence of a
1093 variable E. coli strain or purification step in each prep. Prep 1 and 2 were BoMoC

1094 WA403AF753A and were purified after splitting the same cell lysate in half.

1095 B, Subcategories of read mapping for the E. coli nucleic acid category in (A).

1096 C, Read length distribution plots of for the subcategories of read mappings in (B). Note
1097 that the y-axis for each plot has a different scale.

1098 D,E, Composition bar plots as described for (A-B) for cDNA libraries from 20 pg

1099 miRXplore input. In addition to 20 pg miRXplore RNA input, a 500 pg miRXplore RNA
1100 input cDNA library was produced; the pair were used to extrapolate minimum input that
1101 would recover 9:1 miRNA:E. coli and expression-plasmid reads, with that amount
1102 indicated at top. Preps 3 and 8 were BoMoC F753A; preps 4, 5, 6, and 7 were BoMoC

1103  WA403AF753A; and prep 9 was BoMoC WT.
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1104  F, Titration results for data from Figure 5 and additional results for cDNA libraries
1105  prepared using preps 8 and 9 for 3' labeling and cDNA synthesis, respectively. The y-
1106  axis shows the read count ratio of miRXplore:contaminants (i.e., E. coli and expression
1107  plasmid sequences). Both axes are on a log1o scale.

1108 G, Composition bar plots as described for (A), here for libraries constructed with 0.2, 1,
1109 4, 20, and 500 pg of miRXplore RNA and using preps 8 and 9 for 3' labeling and cDNA
1110  synthesis, respectively. One representative replicate from the data in (F) was used for
1111 the bar plot. Red horizontal dashed lines (10% and 90%) are included as visual aids.
1112

1113  Figure 7: Gel-free OTTR by capture of biotinylated-input OTTR cDNA duplexes.

1114 A, The 3' labeling activity of W403AF753A BoMoC with various d(d)RTPs resolved by
1115  12% dPAGE and detected by the 5’ IRD800 fluorophore of the 3'NN single-stranded
1116  DNA substrate. The number in the biotinylated nucleotide names refers to the carbon
1117  linker. ddATP-11-biotin, ddGTP-11-biotin, dATP-11-biotin, and dGTP-11-biotin were
1118 biotinylated from the 7-position of the purine base while dATP-14-biotin was biotinylated
1119  from 6-position of the purine base. Red circles indicate the migration of primer without
1120 elongation.

1121 B, Fractional content of the total sequenced reads for different miRXplore miRNA
1122 libraries with different input amounts, 3’ labeling nucleotide, and post-cDNA synthesis
1123  clean-up (i.e., either gel-based or streptavidin pull-down).

1124  C, Scatter plot of miRXplore miRNA library CV and 3’ precision of various biotinylated
1125 OTTR libraries. The Buffer 4A (either 4A, 4A1, or 4A4) used in each library is labeled by

1126  color of the data points. Buffer 4A recipes are specified at right. The shape of the data
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1127  points indicates the nucleotide and reaction condition used during 3' labeling. Libraries
1128 with the same 3’ labeling nucleotide and Buffer 4A are grouped together by a bounding
1129 line as a visual aid.

1130 D, Distributions of the log2 CPM of miRXplore miRNA based on miRNA 3’ nucleotide for
1131  the libraries in C, with red for purine and blue for pyrimidine as indicated by the key.
1132 Library-wide CV for each library is given in the top-left corner of the plots. Color of CV
1133 text indicates which Buffer 4A variant was used. A representative gel-based cDNA
1134  purification of OTTR cDNA library was included at right.

1135
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993

Tables

Table 1: Impact of TCEP in enzyme storage diluent on 3'-labeling activity.

Storage 3'-labeling 3' Timing Mean adjusted miRNA 3’

Fig. Diluent BoMoC label (m) CV  difference CI95% p-value (n) precision
pH 6.0, 0.2 mM (0.84% -

3B TCEP F753A ddR 90/30 0.87 1.02% 1.2%) 3.98E-24 902 0.72
pH 6.0, 0.5 mM (-0.42% -

3B TCEP F753A ddR 90/30 0.91 -0.22% -0.03%) 1.00E+00 899 0.71
pH 6.0, 1.0 mM (-1.97% -

3B TCEP F753A ddR 90/30 0.86 -1.77% -1.56%)  4.38E-53 902 0.70
pH7.5,0.2mM (1.4% -

3B TCEP F753A ddR 90/30 0.94 1.61% 1.83%) 1.26E-41 900 0.73
pH 7.5, 0.5 mM (0.96% -

3B TCEP F753A ddR 90/30 0.92 1.18% 1.39%) 3.14E-22 899 0.73
pH 7.5, 1.0 mM (0.43% -

3B TCEP F753A ddR 90/30 1.04 0.65% 0.87%) 5.85E-06 894 0.72
pH 7.5, 0.2 mM (-3.73% -

3C TCEP F753A ddA 30 0.65 -2.73% -1.72%) 1.18E-04 903 0.75
pH7.5,0.2mM (-1.51% -

3C TCEP F753A ddA 60 0.63 -0.51% 0.49%) 1.00E+00 903 0.78
pH 7.5, 0.2 mM (1.01% -

3C TCEP F753A ddA 120 0.57 1.98% 2.94%) 6.08E-02 903 0.80
pH 7.5, 0.2 mM (-0.39% -

3C TCEP W403AF753A ddA 30 0.64 0.63% 1.65%) 1.00E+00 903 0.79
pH 7.5, 0.2 mM (2.36% -

3C TCEP W403AF753A ddA 60 0.61 3.37% 4.38%) 8.18E-08 903 0.81
pH 7.5, 0.2 mM (4.48% -

3C TCEP W403AF753A ddA 120 0.59 551% 6.54%) 2.12E-21 903 0.84
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994  Notes: For 3'-labeling time, 90/30 refers to 90 minutes of 3’ labeling with ddATP followed by a 30-minute ddGTP-

995 supplementation. Mean difference in 3’ precision and a 95% confidence interval were computed from a paired, two-sided
996 student’s t-test, Bonferroni adjusted p-values. For Figure 3B, all libraries were compared to a library prepared by F753A
997 diluted in pH 6.0 15 mM DTT diluent buffer and labeled with ddRTP for 90/30 minutes. For Figure 3C, all libraries were
998 compared to a library prepared by F753A diluted in pH 7.5 0.2 mM TCEP diluent buffer and labeled with ddRTP for 90/30
999  minutes.
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1001

Table 2: Primer duplex oligonucleotides used to capture ddA +/- 3'ddG 3'-labeled input RNA.

Mix
Name Sequence ratio Notes
/5Cy5/GTGACTGGAGTTCAGAC
*TV2.CYS GTGTGCTCTTCCGATCT 4
Incomplete R2 sequence. Paired-end
+C.v2.Cy5 /ngé?/gg?é?;ggénggAGAC 1 sequencing will be inhibited. PCR
amplification can be inhibited.
;%éﬁ;%gﬁé’:ﬁféﬁ%ﬁ%%ﬂ 2'-O-methyl ribonucleotides are immune to
Previ . RNA.v2 5 RNase H, can potentially interfere with
reviously described MAMCmMUmMCmMCmAmMGmMU/3Sp cDNA migration during dPAGE
+1 Y duplex primers C3/ |
+TV3IR /5IRD800/GTGACTGGAGTTCA 4
T GACGTGTGCTCTTCCGATCTT Use updated adapter sequenced during
+CV3IR /5IRD800/GTGACTGGAGTTCA 1 read trimming in the analysis pipeline.
T GACGTGTGCTCTTCCGATCTC
U . rArGrArUrCrGrGrArArGrAmGme 2'-O-methyl ribonucleotides are immune to
pdated universal RNA.V3 MAMCMAMCMGmMUMCmUmGm 5 RNase H. can potentially interf ith
. : : potentially interfere wi
primers for +1Y AMAMCMUMCmMCmMAmMGmMU/3S cDNA migration during dPAGE
duplex pC3/ '
+TV2.IR /5IRD800/GTGACTGGAGTTCA 1 Current recommendation for ddA-only
T GACGTGTGCTCTTCCGATCT labeling.
“NA L%éﬁ;%gﬁéﬁﬁﬁéfnﬁ?ng?nﬂ 2'-O-methyl ribonucleptidgs are imm.une to
Current Buffer 4B2 V2 MAMCMUMCmMCmMAMGmMU/3S 1 |RNase H can poteqtlally interfere with
. P cDNA migration during dPAGE.
primer duplex C3/
+Tv2 IR* /5IRD800/GTGACTGGAGTTCA 1 Current recommendation for ddA-only 3’
e GACGTGTGCTCTTCCGATCT labeling.
rGrArUrCrGrGrArArGrAmGmCm : , .
RNA ribonucleotides introduced between
Updated RNase H RNA.v2.1* AmCmAMCmGMUrCrurGrArArC 1 2'-O-methyl ribonucleotides to ensure

sensitive (Buffer 4B2.1
primer duplex) *

rumCmCmAMGmMmUmMCmAMC/3S
pC3/

primer duplex sensitivity to RNase H.
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1002 Notes: Mix ratio is the molar ratio used to combine oligonucleotides before annealing. The asterisk indicates our current
1003 recommendation for both OTTR v1.3 and v2 cDNA library synthesis.

1004
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1005 Table 3: Summary of Sanger sequencing of plasmid-cloned adapter-dimer cDNAs.

Buffer Read2:cRead1
4B Junction

C|GAGATCGG
C|GAGATCGG
TIGAGATCGG

C|-AGATCGG

C|-AGATCGG

TI-AGATCGG

TI-AGATCGG

1Y T|-AGATCGG
SL'LT:; T-AGATCGG
v2 & 37C TI-AGATCGG
::a‘;t"g: T-AGATCGG
template T[-AGATCGG
T-AGATCGG

TI-AGATCGG

TI-AGATCGG

T-AGATCGG

T-AGATCGG

T|-AGATCGG

primer
duplex

+1C
+1C
+1T
+1C
+1C
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1T
+1C

No
No
No
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rC*
rG

1st
primer cDNA cDNA primer
base duplex
overhang paired otide paired dependent? dependent? sequencing?

duplex nucle

G

® > >» >»>»>» > > > > > > > > OO

1st

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No

Detectable by
Read1

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

No
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Cl------ GG +1C rG G -6 Yes No No

Cl------ GG +1C rG G -6 Yes No No

Cl------ GG +1C rG G -6 Yes No No

T|------ GG 1T rG* G -6 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No

T|------- G +1T G* G -7 No Yes No
TIGTTTTCTAGATCGG +1T No G 0 No Yes Yes
C|GCGGCCCAGATCGG +1C No G 0 No Yes Yes
T|--AGCTTAGATCGG +1T A A -2 Yes Yes Yes

p:i1mtzr T|--AACTTAGATCGG +1T A A -2 Yes Yes Yes
duplex C|--GGCTAAGATCGG +1C G G -2 Yes Yes Yes
yaa sty TI-GGGCTAGATCGG ~ +1T A G 2 Yes Yes Yes
5UMI C|--GGTACAGATCGG +1C G G -2 Yes Yes Yes
tzcrmz; T|--GTCATAGATCGG +1T A G -2 Yes Yes Yes
T|--GCGTAAGATCGG 1T A G -2 Yes Yes Yes
T|--GAGAAAGATCGG 1T A G -2 Yes Yes Yes
T|--GGGTTAGATCGG 1T A G -2 Yes Yes Yes
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1006

1007

1008

1009

1010

1011

1012

1013

T|---GGTTAGATCGG +1T N G -3 Yes Yes Yes
Notes: In sequences of Read2:cRead1 junction column, the “-*

-“ symbol was used to emphasize sequence that was
excluded from the junction. In the primer duplex paired column, the “*” symbol was used to emphasize that a mismatch
was observed. Column seven provides defines whether the adapter dimer was dependent on a correct base-pair between
the primer duplex +1 nucleotide and the 3' nucleotide of adapter template. Column eight defines whether the adapter
dimer was dependent on a NTA to the +1 primer duplex to template jump to the adapter template. Column nine defines
whether the adapter-dimer cDNA could be sequenced on an lllumina instrument, as assessed by the presence of a

complete cRead1 primer sequence.
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1014  Table 4: Impact of adapter template UMI sequence on complete 5'-end capture

3'r/ddC 3'r/ddC 3'r/ddC

adapter adapter adapter Mean

template template template differen adjusted miRNA 5’
Fig. sequence # RNA end cv ce Cl 95% p-value (n) precision
4B NNNC-3' 6 3'-OH 1.07 4.92% (4.64% - 5.21%) 8E-160 902 0.7

4B NNNNNYC-3' 6 3'-OH 0.65 3.3% (2.99% - 3.62%) 2.8E-74 903 0.68
4B NNNNNAC-3' 6 3'-OH 0.72 10.1% (9.56% - 10.65%) 8E-176 889 0.75
4B NNNNNGC-3' 6 3'-OH 0.73 10.45% (9.98% -10.91%) 2E-221 883 0.75
4B NNNNNRC-3' 6 3'-OH 0.81 11.54% (11.04% - 12.03%) 3E-232 881 0.76
4C NNNNNYC-3' 2 3'-OH 0.66 -3.4% (-3.56% - -3.23%) 4E-202 904 0.66
4C NNNNNYC-3' 2 3'-OH 0.65 -3.35% (-3.51%--3.18%) 7E-196 904 0.66
4C NNNNNDC-3' 1 3-H 0.68 2.95% (2.73% - 3.17%) 1E-112 904 0.72
4C NNNNNDC-3' 1 3-H 0.69 2.24% (2.02% - 2.46%) 1.1E-72 904 0.71
4C NNNNNDC-3'" 0 3-H 0.68 8.46% (8.21% - 8.71%) 0 904 0.78
4C NNNNNDC-3' 0 3-H 0.66 8.53% (8.3% - 8.77%) 0 904 0.78
4C NNNNNAC-3' 0 3-H 0.56 7.87% (7.37% - 8.36%) 2E-141 904 0.77
4C NNNNNGC-3' 0 3-H 0.61 8.06% (7.62% - 8.49%) 1E-175 903 0.77
4C  NNNNNRC-3' 0 3-H 0.62 10.05% (9.64% - 10.46%) 2E-249 904 0.79

1015 Notes: Figure panel and descriptions of the 3" adapter template (3’ sequence, number of RNA nucleotides, and whether
1016  the 3' end was unblocked, i.e. 3'-OH, or blocked, i.e. 3'-hydrogen (3'-H)) are described in the first four columns. See Table
1017 5 for complete adapter template sequences. The mean difference in 5’ precision and a 95% confidence interval were
1018 computed from a paired, two-sided student’s t-test, with Bonferroni adjusted p-values. For Figure 4B, all libraries were

1019 compared to a library prepared with no UMI in the 3'rC adapter template, and for Figure 4C, all libraries were compared to
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1020 a library prepared with 3'rC adapter template with 6-RNA ribonucleotides and a 3'-OH with the following 3' sequence:
1021  NNNNNYC-3'

1022
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1023 Table 5: 3' adapter template oligonucleotide sequences.

RNA
Name Sequence nucleotides  UMI trimmed

c3t_NoUMI_6RNA /5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCrGr

(Upton et al. 2021) ArUrCrUrC 6 C
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_C3N_6RNA TrCrUrNrNrNrC 6 NNNC

c3t_CY5N_6RNA /5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

(Ferguson et al. 2023) TCTNrNrNrNrNrYrC 6 NNNNNYC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_ CA5N_6RNA TCTNrNrNrNrNrArC 6 NNNNNAC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t CG5N_6RNA TCTNrNrNrNrNrGrC 6 NNNNNGC
/5CyS5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_CR5N_6RNA TCTNrNrNrNrNrRrC 6 NNNNNRC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_ CYS5N_2RNA TCTNNNNNrYrC 2 NNNNNYC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_CD5N_1RNA TCTNNNNNDrC 1 NNNNNDC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_ddCD5N TCTNNNNND/3ddC/ 0 NNNNNDC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_ddCA5N TCTNNNNNA/3ddC/ 0 NNNNNAC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

c3t_ddCG5N TCTNNNNNG/3ddC/ 0 NNNNNGC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA

* c3t_ddCR5N TCTNNNNNR/3ddC/ 0 NNNNNRC
/5Cy5/ACACTCTTTCCCTACACGACGCTCTTCCGA NNNNNXXXX

**c3t_ddCR5N_barcoded TCTNNNNNXXXXXXNNNNNR/3ddC/ 0 XXNNNNNRC

1024 Notes: Citations for previously introduced oligonucleotides are included below the names if applicable. The final column

1025 refers to the UMI sequence that will need to be trimmed from the 5' end of the Read1 sequencing reads. *:Current
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1026 recommendation for OTTR Buffer 4B2 (Fig. 1, Supplemental Fig. 5). **:Current recommendation for barcoded OTTR
1027  3'ddC adapter template, with a constant sequence (indicated by X) that defines for example, a specific well- or cell-

1028 identifier.
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1029

Table 6: Alternative primer duplexes to be used for capture of RNAs with specific 3' ends.

Duplex 3’ RNA Mix
overhang Name Sequence strand ratio Notes
+1G +GV3.IR /5IRD800/GTGACTGGAGTTCAGACGTGT RNA.v3 or 11 Excessive levels of adapter-dimer
T GCTCTTCCGATCTG RNA.v3.1 " cDNA will accumulate.
+1 A +AV3.IR /5IRD800/GTGACTGGAGTTCAGACGTGT RNA.v3 or 11
GCTCTTCCGATCTA RNA.v3.1
T +TV3IR /5IRD800/GTGACTGGAGTTCAGACGTGT RNA.v3 or 11
T GCTCTTCCGATCTT RNA.v3.1 '
+1C +CV3IR /5IRD800/GTGACTGGAGTTCAGACGTGT RNA.v3 or 11
T GCTCTTCCGATCTC RNA.v3.1 '
Blunt +TV2 IR /5IRD800/GTGACTGGAGTTCAGACGTGT RNA.v3 or 11 dG and dA are the most common
7 GCTCTTCCGATCT RNA.v3.1 " NTA using current dNTP mix.
rArGrArUrCrGrGrArArGrAmGmCmAmMCmA  2-O-methyl ribonucleotides are immune to RNase
5 RNA.v3 mCmGmUmCmUmGmAMAMCmMmUmMCmMCm H, can potentially interfere with cDNA migration
<2 AmGmU/3SpC3/ during electrophoresis.
2 9
x @ rArGrArUrCrGrGrArArGrAmGmCmAmMCmA , . . ,
g RNA V3.1 mCmGmUrCrUrGrArArCrUmMCmCmAmGm  RIVA ribonucleotides introduced between 2'-O-

UmCmAmC/3SpC3/

methyl ribonucleotides to ensure sensitivity to
RNase H.

1030

1031

RNA passenger oligonucleotides can be used interchangeably.

Notes: Mix ratio represents the molar ratio which the oligonucleotides are combined before annealing. The two listed
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