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ABSTRACT 35 

 36 

Antisense RNAII is a replication control element encoded by 37 

promiscuous plasmid pMV158. RNAII binds to its complementary sequence in 38 

the copG-repB mRNA, thus inhibiting translation of the replication initiator repB 39 

gene. In order to initiate the biochemical characterization of the pMV158 40 

antisense RNA-mediated control system, conditions for in vitro transcription by 41 

T7RNA polymerase were set up that yielded large amounts of antisense and 42 

target run-off products able to bind to each other. The run-off antisense 43 

transcript was expected, and confirmed, to span the entire RNAII as 44 

synthesized by the bacterial RNA polymerase, including the intrinsic 45 

transcription terminator at its 3’-terminus. On the other hand, two different target 46 

transcripts, mRNA60 and mRNA80, were produced, characterized and tested for 47 

efficient binding to the antisense product. The mRNA60 and mRNA80 run-off 48 

transcripts supposedly spanned 60 and 80 nucleotides, respectively, on the 49 

copG-repB mRNA and lacked terminator-like structures at their 3’-termini. 50 

Probing of the sequence and conformation of the main products, along with 51 

modeling of their secondary structures, showed that both target transcripts were 52 

actually longer-than-expected, and contained a 3’-terminal hairpin wherein the 53 

extra nucleotides base-paired to the expected 3’-terminus of the corresponding 54 

run-off transcript. These longer products were proposed to arise from the RNA-55 

dependent polymerizing activity of T7RNA polymerase on correct run-off 56 

transcripts primed by extremely short 3’-selfcomplementarity. Seizing of the 57 

target mRNA sequence complementary to the 5’-terminus of RNAII in a stable 58 

3’-terminal hairpin generated by this activity seemed to cause a 3-fold decrease 59 

in the efficiency of binding to the antisense RNA.  60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 



1. Introduction 69 

 70 

Understanding the mechanistic basis that underlie inter- or intra- 71 

molecular RNA interactions requires precise information on the actual sequence 72 

and dynamic secondary structure of the interacting RNA molecules or regions. 73 

Chemical or enzymatic probing of paired and unpaired RNA regions provides 74 

useful partial information on the most populated structural configurations, 75 

although fails to reveal the actual base pairing patterns. Therefore, the 76 

establishment of accurate RNA secondary structure models requires the 77 

combination of probing experiments and computational predictions (Washietl et 78 

al., 2012). In vitro transcription by the RNA polymerase (RNAP) of the 79 

bacteriophage T7 (T7RNAP) is a general choice method to produce large 80 

amounts of RNA for biochemical and functional analysis, structural studies and 81 

therapeutic applications (Beckert and Masquida, 2011; Kao et al., 1999; Moll et 82 

al., 2004). RNAs synthesized by T7RNAP during in vitro run-off transcription 83 

consist of the expected full-length (N, N+1 and N+2) RNA species accompanied 84 

by variable percentages of abortive transcripts as well as longer-than-expected 85 

products. These longer products have been reported to arise from the enzyme’s 86 

RNA-dependent RNA polymerase activity elongating correct transcripts that 87 

have a self-complementary 3’-end and, therefore, can form inter- or 88 

intramolecular primed RNA templates (Cazenave and Uhlenbeck, 1994; Triana-89 

Alonso et al., 1995). Longer-than-expected transcripts may represent even 90 

more than 70% of the total products of in vitro run-off transcription with T7RNAP 91 

(Triana-Alonso et al., 1995), hence compromising the identification and 92 

purification of the desired RNA. Summarizing, two main sources of uncertainty 93 

may arise when studying RNA-RNA interactions based on the predicted 94 

structure of transcripts synthesized in vitro by T7RNAP. One is the accuracy of 95 

the prediction itself, the other being the sequence (and hence, the structure) of 96 

the 3’-end of the transcripts.   97 

Control of the replication, and hence of the copy number, of rolling-circle-98 

replicating (RCR) plasmids is exerted by countertranscribed RNAs (ctRNAs) 99 

that, upon binding to the rep mRNA, inhibit expression of the replication initiator 100 

rep gene by different mechanisms (Alonso and Tailor, 1987; Kumar and Novick, 101 

1985; Novick et al., 1989). Promiscuous RCR plasmid pMV158, and by 102 



extension the members of the pMV158 replicon family, are singular in having a 103 

dual mechanism of replication control consisting of a transcriptional repressor 104 

protein and a ctRNA, both of which inhibit expression of the rep gene (del Solar 105 

et al., 1995; del Solar and Espinosa, 1992; del Solar et al., 1993). The ctRNA 106 

RNAII encoded by pMV158 binds to its complementary sequence in the copG-107 

repB mRNA, therefore preventing translation of the replication initiator repB 108 

gene (del Solar et al., 1997; del Solar and Espinosa, 1992). The RNAII 5’-end 109 

has been determined by primer extension of total RNA isolated from 110 

Streptococcus pneumoniae cells, whereas the 3’-end has been mapped by 111 

Escherichia coli RNAP-mediated in vitro transcription experiments (del Solar et 112 

al., 1995; del Solar and Espinosa, 2001). The predicted structure of inferred 48-113 

nt-long RNAII consists of single-stranded 5’ and 3’ tails and a hairpin (del Solar 114 

and Espinosa, 1992). The single hairpin together with the adjacent U-rich 3’ tail 115 

compose a very efficient intrinsic transcription terminator (del Solar and 116 

Espinosa, 2001). We aim to characterize binding of antisense RNAII to its target 117 

in the copG-repB mRNA. To this end, we have set-up the experimental 118 

conditions that yielded sufficient amounts of the antisense RNA and of the 119 

target segments of the mRNA by T7RNAP-mediated in vitro transcription, and 120 

we have checked whether the sequence and structure of the obtained 121 

transcripts matched those expected. We have found that full-length run-off 122 

transcripts were obtained when synthesizing the antisense RNAs, a case where 123 

the 5’-end of the template DNA encodes an intrinsic terminator. In contrast, 124 

longer-than-expected products were obtained for the target RNA species, 125 

whose expected 3’-terminal regions were predicted to be either unpaired or 126 

forming non-terminator-like structures. In all cases, provided that the actual 127 

sequence of the transcript 3’-end was known, the in silico predicted structure 128 

matched quite well that observed.   129 

 130 

2. Materials and methods  131 

 132 

2.1. DNA templates  133 

 134 

Oligonucleotides (oligos) used to produce DNA templates for in vitro 135 

transcription were chemically synthesized and then purified from 12% 136 



polyacrylamide (PAA) sequencing gels. DNA templates were generated by 137 

annealing and extension of oligos P-RNAII (5’-138 

GGAGGCCGGAGAATTGTAATACG-3’) and RNAII (5’-139 

ATAAAAAAAGCCGTGCTGGCAGGCACTGGCTAAAGTCAAACATTTCTTCCT140 

ATAGTGAGTCGTATTACAATTCTCCGGCCTCC-3’) for the sequence 141 

encoding the antisense RNA, oligos mRNA (5’-142 

GGAGGCCGGAGAATTGTAATACGACTCACTATAGGATAAAAAAAGCCGTG143 

CTGGCAGGCAC-3’) and mRNA-60 (5’-144 

TATAATATACCCAAGAAATGTTTGACTTTAGCCAGTGCCTGCCAGCACGGC145 

-3’) for the DNA encoding mRNA60, and oligos mRNA and mRNA-80 (5’-146 

CTTTTTCTTTAGCCATAAAGTATAATATACCCAAGAAATGTTTGACTTTAGC147 

CAGTGCCTGCCAGCACGGC-3’) for the DNA encoding mRNA80. Then, the 148 

template DNAs were PCR-amplified using the primer pairs P-RNAII and P2-149 

RNAII (5’-ATAAAAAAAGCCGTGCTGGCA-3’) for the RNAII template, P-RNAII 150 

and mRNA-60R (5’-TATAATATACCCAAGAAATGTTTGAC-3’) for the mRNA60 151 

template, and P-RNAII and mRNA-80R (5’-CTTTTTCTTTAGCCATAAAGTAT-152 

3’) as the primer pair for the mRNA80 template. The PCR primer sets were 153 

chosen to generate DNA fragments harboring a functional T7RNAP promoter 154 

upstream of the sequences that encode the respective RNAs. To increase the 155 

yield of transcripts, two G residues were encoded at the transcription start sites 156 

(Moll et al., 2004). All amplified DNA fragments were purified from PAA gels 157 

before being used as templates for synthesis of the RNA molecules.  158 

 159 

2.2. RNA synthesis 160 

 161 

 The in vitro run-off transcription assays were performed using T7RNAP 162 

(Roche) according to the manufacturer’s protocol. Various concentrations of 163 

template DNA in the range of 2 to 30 ng/μl were tested. Optimal yield of the 164 

transcripts was obtained when ~4 ng/μl of template was used. After 165 

transcription, the template DNAs were removed by digestion with RNase-free 166 

DNase I (Boehringer). Samples were cleaned by filtration through Sephadex G-167 

25 columns (GE-Healthcare) and successive extraction with phenol/chloroform 168 

and chloroform, followed by ethanol precipitation. RNAs were quantified from 169 

their absorbance at 260 nm in a NanoDrop™ spectrophotometer. 170 



 171 

2.3. 5´-end labeling of RNA 172 

 173 

 RNAs (15 pmol) were dephosphorylated using calf intestinal alkaline 174 

phosphatase (Promega) following the manufacturer’s indications. Then, the 175 

longest main RNA species were isolated from 12% PAA sequencing gels, 176 

extracted with phenol/chloroform and chloroform, and ethanol-precipitated, 177 

previous to the labeling of their 5´end with T4 polynucleotide kinase (PNK) (New 178 

England Biolabs) and [-32P]ATP according to the enzyme protocol. Labeled 179 

RNAs were re-isolated from 12% PAA sequencing gels as above.  180 

 181 

2.4. RNA-RNA interaction assays 182 

 183 

2.4.1. RNA-RNA binding  184 

 Previous to the binding reaction, the antisense and target RNAs were 185 

incubated separately at 65ºC for 10 min and then at 37ºC for 10 min, in order to 186 

obtain their native conformation. The binding mixtures (10 μl) contained 0.2 nM 187 

of the 5´-end-labeled antisense RNA and various concentrations (0 to 150 nM) 188 

of the unlabeled target RNA (mRNA60 or mRNA80) in TMN buffer (100 mM 189 

NaCl, 20 mM Tris-OAc, 10 mM Mg(OAc)2; (Persson et al., 1988). Binding was 190 

allowed for 30 min at 37ºC, and terminated by adding an equal volume of 191 

loading buffer (glycerol 30%, tRNA 4%, xylene cyanol 0.4% and bromophenol 192 

blue 0.4%, in TMN buffer) and placing the mixture on ice. The samples were 193 

loaded on native 10% PAA gels. Electrophoresis was performed at 300 V for 2 194 

h. Radioactive bands were visualized and quantified from fixed and dried gels 195 

using the storage phosphor technology, with the aid of a FLA-3000 (FUJIFILM) 196 

imaging system and the Quantity One software (Bio-Rad). 197 

 198 

2.4.2. Time-course analysis of the RNA-RNA binding 199 

Standard binding mixtures containing 0.2 nM of the 5´-end-labeled 200 

antisense RNA and 150 nM of the unlabeled target RNA in TMN buffer were 201 

prepared as above, and incubated at 37ºC. Samples were withdrawn at 202 

different times within the first min of incubation, and the reaction was stopped 203 

by diluting the samples into an equal volume of gel application buffer (94% 204 



formamide, 17 mM EDTA, 0,025% xylene cyanol and 0,025% bromophenol 205 

blue) on ethanol-dry ice. Samples were applied to polyacrylamide gels and 206 

analyzed as described above. 207 

 208 

2.5. Partial enzymatic digests and chemical cleavage for structure analysis 209 

 210 

Previous to any chemical or enzymatic treatment, RNAII, mRNA60 and 211 

mRNA80 were incubated separately at 65ºC for 10 min and then at 37ºC for 10 212 

more min, in order to obtain their native conformation. The cleavage mixtures 213 

(10 μl) contained 1 g of tRNA as carrier, and 25 femtomoles of any of the 5´-214 

end-labeled RNA in TMN buffer.  215 

Partial digestion reactions were performed with RNA-Grade RNases 216 

(including RNase A, T1 and V1) from Ambion. Incubations were carried out in 217 

TMN buffer at 37ºC for 5 min with 0.01 pg/µl RNase A or 0.00014 U/µl RNase 218 

T1, or for 30 min with 0.01 U/µl RNase V1. To obtain the T1 ladder, incubation 219 

with 0.01 U/µl of this enzyme was carried out at 55ºC in RNA-Sequencing buffer 220 

(provided by Ambion). In order to produce the V1 ladder, the 3’-phosphate of 221 

the T1 ladder products was removed by treatment with T4 PNK as described 222 

(Brown and Bevilacqua, 2005).  223 

Alkaline ladders were generated by incubation of 25 femtomoles of each 224 

RNA at 95ºC for 5 min in 5 l of Alkaline-Hydrolysis buffer (supplemented with 1 225 

g of tRNA) according to the Ambion’s protocol.  226 

All reactions were stopped by the addition of 20 l 227 

Inactivation/Precipitation buffer (Ambion) (as described by the manufacturers). 228 

The RNA samples were precipitated and dissolved in 2 l of sterile water plus 5 229 

l of loading buffer (95% formamide, 18 mM EDTA, 0.025% each of SDS, 230 

xylene cyanol and bromophenol blue).  231 

When cleavage was induced by Pb2+ ions, 3 mM lead acetate (Sigma 232 

Aldrich) was used at 37ºC for 1 min. Reactions were stopped by adding 100 233 

mM EDTA, and the RNA samples were precipitated and treated as described 234 

previously for enzymatic digestions. A control of untreated RNA was always 235 

included to detect unspecific cuts on the RNA samples.    236 



To detect the cleavage positions, the samples were denatured at 90ºC 237 

for 3 min, and products were separated on high resolution denaturing 15% PAA 238 

gels. Electrophoresis was carried out in TBE buffer at a constant 45 W for 2 h. 239 

To determine the structure near the 3’-end of RNA, 8% PAA gels were used 240 

and the running time was extended to 4-5 h. Cleavage positions were identified 241 

by running in parallel RNase T1, RNase V1 and alkaline ladders. Chemical and 242 

enzymatic cleavage products other than those arising from digestion with 243 

RNase V1 contain 3’-phosphate ends, and hence their electrophoretic mobility 244 

was referred to the T1 ladder. On the other hand, the V1 ladder was used as 245 

reference for migration of the 3’-OH products arising from RNase V1 digestion. 246 

After electrophoresis, gels were dried and images of radioactive bands were 247 

visualized and quantified using the storage phosphor technology, with the aid of 248 

a FLA-3000 (FUJIFILM) imaging system and the Quantity One software (Bio-249 

Rad).  250 

The results of the chemical and enzymatic cleavage of the RNAs were 251 

interpreted according to the reported sequence- and configuration-specificities 252 

of the probing agents. Pb2+ cleaves preferentially after pyrimidine residues 253 

within single-stranded regions, loops and bulges (Chevalier et al., 2009; 254 

Gornicki et al., 1989; Sobczak et al., 2010). RNase V1 is known to cut double-255 

stranded and stacked single-stranded regions of the RNA molecules (Chevalier 256 

et al., 2009; Lockard and Kumar, 1981), although recently it has been reported 257 

to recognize mainly U residues in both single- and double-stranded RNAs 258 

(Sobczak et al., 2010). Finally, single-strand-specific RNases T1 and A cleave 259 

after unpaired G and pyrimidine residues, respectively (Chevalier et al., 2009).  260 

 261 

2.6. Construction of mRNA60 and mRNA80 cDNA libraries 262 

 263 

2.6.1. 3’-RACE-PCR 264 

To analyze the frequency of the different 3’-extended mRNA60 and 265 

mRNA80 species, a rapid amplification of cDNA ends was performed. The first 266 

stage was the production of cDNAs with a known “anchor primer” sequence 267 

incorporated at the 3’-end. For this purpose, dephosphorilated RNAs molecules 268 

(see above) were relaxed at 65ºC for 5 min, and then ligation was performed in 269 

a final volume of 20 l by incubation with T4 RNA ligase (Promega) at 4ºC 270 



overnight. The 5’-adenylated oligo (rApp-CTGTAGGCACCATCAAT-idT) 271 

(Integrated DNA technologies) was used as 3´-adapter to avoid circularization 272 

or multimerization of the RNAs in the pool (Donaire et al., 2009). Ligation 273 

products were purified by phenol-chloroform extraction and then cDNAs were 274 

obtained by reverse transcription with SuperScript II RT (Invitrogen) according 275 

to the manufacturer’s protocol. The second stage is a PCR step with AmpliTaq-276 

Gold polymerase (applied Biosystems) to amplify specific sequences from the 277 

pool of cDNAs using the gene specific primer 3’-RACE mRNA-F (5’-278 

GGATAAAAAAAGCCGTGCT-3’) and the anchor primer 3’-RACE mRNA-R (5’-279 

ATTGATGGTGCTACAG-3’) that anneals at the 3’-end incorporated in the first 280 

stage. The PCR products were re-amplified using the same PCR conditions. 281 

Gene-specific 3’-RACE products were purified from 10% PAA gels as described 282 

previously for RNA. 283 

 284 

2.6.2. Cloning of 3’-RACE products 285 

Purified DNA molecules were cloned into pGEM-T Easy Vector 286 

(Promega) under conditions described by the manufacturers. A blue-white 287 

screen in the presence of X-gal plates allowed the detection of successful 288 

ligations. Recombinant plasmid DNA was obtained from individual transformant 289 

colonies and automated sequenced using M13F and M13R commercialized 290 

primers.  291 

 292 

2.7. RNA secondary structure prediction 293 

 294 

RNA structures were predicted by using the Mfold (3.2) software 295 

(http://mfold.bioinfo.rpi.edu; (Zuker, 2003)). 296 

 297 

3. Results and discussion 298 

 299 

3.1. Designing and production of antisense and target transcripts 300 

 301 

 Run-off transcripts mimicking pMV158-encoded antisense RNAII as well 302 

as two target RNAs that include its complementary sequence on the copG-repB 303 

mRNA (Fig. 1) were synthesized in vitro using T7RNAP and double-stranded 304 

http://mfold.bioinfo.rpi.edu/


DNA templates (see Materials and methods). To obtain high yields of the 305 

transcripts, two extra G residues were encoded at the 5’-end of the RNA 306 

products (Figs. 2, 3 and 4). In vitro synthesized RNAII was expected to consist 307 

otherwise of the presumed nucleotide sequence of the antisense RNA, from the 308 

5’-end determined for pneumococcal RNAII (del Solar et al., 1995) to the 3’-end 309 

mapped by E. coli RNAP-mediated transcription (del Solar and Espinosa, 2001) 310 

(Figs. 1 and 2A). In turn, the in vitro synthesized mRNA60 and mRNA80 targets 311 

supposedly spanned 60 and 80 nucleotides, respectively, on the copG-repB 312 

mRNA, starting at the position 5’-adjacent to the copG gene stop codon (Fig. 1). 313 

The theoretical 3’-end of mRNA60 was located 5 nt upstream from the start 314 

codon of the repB gene, whereas that of mRNA80 corresponded to the first 315 

position of codon 6 of repB. Therefore, both mRNA60 and mRNA80 comprised 316 

the entire sequence complementary to antisense RNAII (Figs. 1, 3A and 4A). 317 

We chose to produce transcripts of the copG-repB intergenic region as targets 318 

of RNAII because their structure might best resemble that of the actual target in 319 

vivo, where the absence of translation through this region would allow the local 320 

secondary structures to persist in the growing mRNA.  321 

  322 

3.2. In silico prediction of the secondary structure of the expected antisense and 323 

target run-off transcripts    324 

  325 

The predicted structure of the expected antisense RNA synthesized in 326 

vitro matched that previously reported for biological RNAII (del Solar and 327 

Espinosa, 1992; del Solar and Espinosa, 2001). It consisted of a 5’ AU-rich tail 328 

followed by a GC-rich stable hairpin and a 3’ poly(U) tail, the latter two elements 329 

constituting the intrinsic transcription terminator (Fig. 2A).  330 

On the other hand, the run-off target transcripts, mRNA60 and mRNA80, 331 

were predicted to share the structure of their common 5’-moieties and to differ 332 

in their 3’-termini (Figs. 3A and 4A). The predicted structure of both mRNA 333 

targets consisted of a hairpin complementary to the single one in RNAII 334 

preceded by an A-rich 5’ tail. Whereas the 3’-terminus of mRNA60 was predicted 335 

to be exclusively single-stranded, that of mRNA80 theoretically contained a 336 

rather long although weakly base-paired hairpin (ΔG = -6.0) involving the 337 

sequence complementary to the 5’-terminus of RNAII (Figs. 3A and 4A).  338 



 339 

3.3. Chemical and enzymatic probing of the structure of in vitro synthesized 340 

antisense and target RNAs  341 

   342 

The structure in solution of in vitro synthesized antisense and target 343 

RNAs was mapped by chemical and enzymatic partial cleavage of the 344 

corresponding 5’-end-labeled transcripts. The main RNA product of each 345 

transcription reaction, which in all cases comprised more than 80% of the total 346 

transcripts, was gel-purified both before and after 5’-end labeling. The purified 347 

RNA species were treated with Pb2+ ions, or with RNase T1, A or V1, under 348 

experimental conditions that yielded an average of one cut per RNA molecule.   349 

Taking into account the RNA sequence- and configuration-specificities of 350 

the chemical and enzymatic probing agents (see Materials and methods), the 351 

results obtained allowed us to confirm that an antisense RNA of the expected 352 

sequence and the predicted structure was the main product of in vitro 353 

transcription (Fig. 2). Thus, the structure in solution of pMV158-encoded 354 

antisense RNAII consists of a single hairpin with a 6-nt terminal loop and a 355 

small bulge, which is flanked by an AU-rich 5´ tail and a U-rich 3’ tail. Given the 356 

small size of RNAII, verification of the secondary structure model predicted with 357 

the Mfold program (Zuker, 2003) was strongly expected. 358 

Probing of the sequence and structure of in vitro synthesized mRNA60 359 

and mRNA80 revealed that the purified products were populated with 3’-360 

overextended transcripts that were up to 10 and 8 nucleotides longer than 361 

expected, respectively (Figs. 3B and 4B). The structure probed for the 5’-moiety 362 

of either target RNA fitted quite well the predicted model, and confirmed the 363 

formation of a hairpin complementary to that of the antisense RNA, which was 364 

preceded by an A-rich single-stranded 5’ tail that was the counterpart of the U-365 

tract of the RNAII intrinsic terminator. In contrast, the structure inferred for the 366 

3’-region of either target transcript diverged substantially from the predicted 367 

one, and showed a double-stranded 3’-terminus that involved all the extra 368 

nucleotides of each actual RNA (Figs. 3B and 4B). Notably, nucleotides 45 to 369 

57 of mRNA80, which were located in the 5’-arm of a hypothetical hairpin in the 370 

expected transcript (Fig. 4A), appeared as single-stranded in the actual RNA 371 

product (Fig. 4B and C). The contrary was seen in mRNA60, wherein 372 



nucleotides 45 to 50, which were expected to be unpaired (Fig. 3A), proved to 373 

be double-stranded (Fig. 3B and C). It is worth noting that the sequence 374 

between residues 45 and 50, whose conformation in either of the actual target 375 

transcripts differed from that expected, is complementary to the 5’-end of 376 

antisense RNAII (Figs. 3 and 4).  377 

 378 

3.4. Analysis of the self-priming mechanism for longer-than-expected product 379 

synthesis and structure of the actual target transcripts 380 

 381 

 To gain information on the variety and relative abundance of the target 382 

RNA species arising from in vitro transcription, the purified main products were 383 

characterized by cloning and sequencing of the 3’-RACE products (see 384 

Materials and methods).  385 

 Nucleotide sequence analysis of the 3’-RACE products cloned in 10 386 

individual transformants of the mRNA80 cDNA library indicated that the vast 387 

majority of the transcripts would contain the 3’-extra sequence 5’-CCAUAAA-3’, 388 

which could be inferred from every colony. Moreover, about 50% of the 389 

transcripts would also contain an additional G at the 3’-end, as inferred from the 390 

sequence of 5 out of the 10 colonies analyzed (Table 1). The length of this extra 391 

sequence (7-8 nucleotides) was consistent with the 3’-extension found by 392 

chemical and enzymatic probing of the mRNA80 main products (Fig. 4B). These 393 

longer-than-expected products resulted most likely from the known RNA-394 

dependent RNA polymerase activity of T7RNAP on inter- or intramolecular self-395 

primed run-off transcripts of the correct size (Cazenave and Uhlenbeck, 1994; 396 

Triana-Alonso et al., 1995). Taking into account the sequence of the expected 397 

mRNA80 transcript, we propose two alternative self-priming processes, either by 398 

intramolecular hairpin or by intermolecular dimer formation, leading to the 3’-399 

overextended sequence found in the actual in vitro transcription products (Table 400 

1).                                           401 

 The nucleotide sequence of the 3’-RACE products derived from mRNA60 402 

was analyzed in 25 individual clones of the corresponding cDNA library (Table 403 

1). About 30% (8 out of 25) of the colonies arose from the correct run-off 404 

transcript without any 3’-extra sequence. The rest of the colonies arose from 405 

transcripts harboring one (13 out of 25) or two (4 out of 25) extra C at their 3’-406 



end (Table 1). These results contrasted with those obtained in the experiments 407 

of direct sequence and structure probing of the mRNA60 transcripts, where the 408 

main products were populated with 10-11-nt longer-than-expected RNA species 409 

(Fig. 3B). These differences are unlikely to arise from discarding of the shortest 410 

RNA species during the purification that followed labeling of the transcription 411 

products (a missing step when performing RACE and subsequent cloning), 412 

since the purified transcripts represented the vast majority of the total products. 413 

It rather seems that non- or barely-extended mRNA60 transcripts might be 414 

overrepresented among the templates for 3’-RACE, most likely due to the 415 

previously reported RNA ligase-dependent bias in small RNA representation in 416 

cDNA libraries (Hafner et al., 2011). Be that as it may, alternative inter- or 417 

intramolecular self-primed mRNA60 template molecules can be proposed based 418 

on both the sequence of the 3’-end of the correct run-off transcript (Fig. 3A) and 419 

the first two extra residues suggested to be added according to the cDNA library 420 

sequencing (Table 1). Elongation by T7RNAP of either self-primed mRNA60 421 

template for 10-11 extra nucleotides would give rise to a longer-than-expected 422 

transcript of the observed size having a G residue in position 68, as supported 423 

by enzymatic probing of its sequence (see T1 ladder in Fig. 3B).  424 

 Computer predictions of the secondary structure of the inferred actual 425 

mRNA60 and mRNA80 transcripts were supported by chemical and enzymatic 426 

probing; that is, all the predicted single- and double-stranded sequences of 427 

either target mRNA were actually confirmed by structure probing (Figs. 3B, 3C, 428 

4B and 4C). Hence, mRNA60 and mRNA80 main species were each shown to 429 

finish in a hairpin generated by pairing between the extra nucleotides and those 430 

located in the expected 3’-terminus of the correct run-off transcript (Figs. 3C 431 

and 4C).   432 

 The results obtained throughout this work from in vitro transcription 433 

experiments aimed to yield significant amounts of the antisense and target 434 

RNAs of the pMV158 replication control system, show that run-off transcripts of 435 

the expected size were only synthesized when the 5’-terminus of the template 436 

DNA included an intrinsic terminator, as was the case with antisense RNAII. 437 

The expected transcripts were also obtained when synthesizing antisense-RNA 438 

mutants that, in spite of having sequence changes in either the stem or the loop 439 

of the terminator hairpin, maintained a stable secondary structure (not shown). 440 



Contrarily, transcripts lacking an intrinsic terminator structure at their 3’-end 441 

were over-elongated by the RNA-dependent RNA polymerase activity of 442 

T7RNAP upon self-priming of the correct run-off products. The presence of a 443 

long although weakly paired hairpin in the 3’-terminal region of the correct 444 

mRNA80 transcript (Fig. 4A) did not prevent generation of the longer-than-445 

expected products. These results agree with previous observations showing 446 

that only primed RNA templates that cannot form stable secondary structures at 447 

the 3’-end are converted into longer-than-expected products, whereas those 448 

forming stable hairpins are not (Triana-Alonso et al., 1995).  449 

Although longer-than-expected transcripts have been reported to be 450 

especially abundant when transcribing short DNA templates (Nacheva and 451 

Berzal-Herranz, 2003), in vitro synthesis of the medium-size mRNA60 and 452 

mRNA80 transcripts is shown here to yield mainly 8-10-nt longer-than-expected 453 

products. The experimental conditions for T7RNAP-catalyzed synthesis of 454 

antisense RNA, mRNA60 and mRNA80 were those recommended by the 455 

enzyme manufacturer, which included the use of 1 mM final concentration of 456 

each NTP. This is also the NTP concentration recommended for preparing 457 

RNAs aimed at a variety of applications, including biochemical analysis (Beckert 458 

and Masquida, 2011). Therefore, the concentration of UTP in all these 459 

transcription assays was within the 0.2 to 1.0 mM range found by Triana-Alonso 460 

and coworkers to produce the highest yield and fraction of correct products, at 461 

least in the presence of 3.5-4 mM of the other NTP (Triana-Alonso et al., 1995). 462 

Decreasing the concentration of T7RNAP used in the transcription assays 463 

resulted in a drastic reduction in the total yield of products, which were not 464 

characterized further (not shown).  465 

Two alternative mechanisms have been invoked to produce the 3’-self-466 

complementary primed RNA templates that lead to over-elongated products: 467 

intermolecular dimer or intramolecular hairpin formation, and the results of 468 

different reports favored either hypothesis (Cazenave and Uhlenbeck, 1994; 469 

Nacheva and Berzal-Herranz, 2003; Triana-Alonso et al., 1995). Very little self-470 

complementarity (2-4 base pairs) between residues located at the 3’-end and 1-471 

8 nts apart from it seems to suffice for the mRNA60 and mRNA80 transcripts to 472 

form primed templates that will be elongated by T7RNAP (Table 1). 473 

Interestingly, the 3’-terminal AG of the correct mRNA80 run-off transcript is 474 



complementary to two additional CU dinucleotides that are farther from the 3’-475 

end than the one used to generate the primed template (Fig. 4C). However, 476 

mRNA80 priming by these alternative base-pairings, if occurs, does not succeed 477 

in yielding the longer-than-expected products. The fact that, in both mRNA60 478 

and mRNA80, priming is achieved by as few as 2-4 base pairs between residues 479 

at the very 3´-end and a few nucleotides away rather suggests that the process 480 

occurs via intramolecular hairpin, so that complementary regions spaced by a 481 

small 'loop' cause the transcript to fold back on itself forming a short hairpin. 482 

Elongation of the primed RNA templates by T7RNAP would convert these short 483 

hairpins into longer stable secondary structures with GC-rich upper stem 484 

regions and AU-rich lower stems (Figs. 3C and 4C). These terminator-like 485 

structures would promote disruption of the elongation complexes (Triana-Alonso 486 

et al., 1995), hence leading to the release of the longer-than-expected target 487 

transcripts. 488 

 We have found that generation of the longer-than-expected mRNA60 and 489 

mRNA80 products was the main source of unpredictability in assigning the 490 

actual sequence and structure of the run-off transcripts synthesized in vitro by 491 

T7RNAP. In fact, once the sequence of the actual transcripts was provided, the 492 

Mfold program accurately predicted their structure (Figs. 3C and 4C).   493 

 494 

3.5. Binding of in vitro synthesized antisense and target RNAs of the pMV158 495 

replication control system 496 

 497 

Due to the presence of the extra sequence, the region complementary to 498 

the 5’ tail of RNAII at the 3’-moiety of the actual mRNA80 transcript was free of 499 

intramolecular pairing (Fig. 4C), whereas that of actual mRNA60 was partially 500 

base-paired to the extra nucleotides, forming the AU-rich lower stem of a rather 501 

stable hairpin (ΔG= -15.6; Fig. 3C). As it has been previously mentioned, this 502 

contrasted with the structure predicted for the respective expected target 503 

transcripts (Figs. 3 and 4). 504 

Since the accessibility of the mRNA target regions complementary to the 505 

single-stranded sequences of RNAII might be critical for binding of both RNAs, 506 

it was interesting to test the efficiency of binding of the antisense RNA to each 507 

target transcript. This was performed by determining both the rate of RNA-RNA 508 



complex formation and the target concentration that yields half-maximal binding 509 

of antisense RNAII under the experimental conditions employed (see Materials 510 

and methods). The results (Fig. 5) showed that both mRNA targets could bind 511 

efficiently to the antisense RNA, irrespective of whether the sequence 512 

complementary to the 5’ tail of RNAII was totally or partially single-stranded. 513 

Therefore, the presence in mRNA60 of the 3’-terminal hairpin generated by the 514 

over-extension of the run-off transcript is shown here not to preclude RNAII 515 

binding. It should be noted, however, that mRNA80 is about three times more 516 

efficient than mRNA60 in binding to RNAII, as shown by the lower concentration 517 

of free mRNA80 required to reach half-maximal binding of the antisense RNA, 518 

and by the higher association rate constant obtained when this target is used 519 

(Fig. 5C). This moderate difference in binding efficiency suggests that seizing of 520 

the sequence complementary to the 5’-terminus of RNAII in a stable structure of 521 

the target RNA (Fig. 3C) may impair to some degree the RNA-RNA interaction. 522 

Be it as it may, the copG-repB mRNA sequence complementary to the 5’-moiety 523 

of RNAII is not predicted to be involved in such a stable hairpin either in the 524 

growing or in the complete mRNA molecule (not shown), and the less stable 525 

stem-loop formed temporarily in the theoretical mRNA80 would be unfolded by 526 

the ribosomes reading repB.   527 

 528 

4. Conclusions 529 

 530 

 Folding models for antisense RNAII and its mRNA60 and mRNA80 targets 531 

were established by combining computational predictions of thermodynamically 532 

stable RNA secondary structures, sequence and structure probing of the 533 

transcripts, and cDNA library sequencing analyses. 534 

 In vitro synthesis of large amounts of these medium-size RNAs by 535 

T7RNAP-mediated run-off transcription resulted in full-length or longer-than-536 

expected products depending on whether the expected transcripts harbored, or 537 

not, intrinsic terminator-like structures, respectively. Longer-than-expected 538 

products finished at a 3’-terminal quite stable hairpin, which was generated 539 

during extension of self-primed run-off transcripts by T7RNAP, and resembled 540 

intrinsic transcription terminators. Providing that the actual sequence of the 541 

transcript products was known, the Mfold program successfully predicted the 542 



secondary structure of the RNAs. Seizing of target RNA sequences 543 

complementary to the 5’-terminus of RNAII in stable hairpins generated by over-544 

extension of the transcripts seemed to impair binding to the antisense RNA to 545 

some extent, although did not prevent the interaction between both RNAs. 546 

 547 
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FIGURE LEGENDS 632 

 633 

Figure 1. Replication control region of pMV158. Schematic representation of 634 

the copG-repB operon transcribed from promoter Pcr. The nucleotide sequence 635 

of the region encompassing the end of copG, the entire rnaII and the beginning 636 

of repB, is shown amplified below. The relevant features of this region, namely 637 

the copG termination codon, the repB initiation codon, and the -35 and -10 638 

boxes of promoter PctII are underlined. The coding sequence of rnaII is shown in 639 

italics. Initiation site of antisense RNAII is indicated by an arrow pointing in the 640 

direction of the transcription. The palindrome sequence corresponding to the 641 

transcription terminator (TII) hairpin of RNAII is indicated by opposite arrows 642 

below the sequence.  643 

 644 

Figure 2. Structure of in vitro synthesized RNAII. (A) Sequence and RNA 645 

folding prediction of the expected antisense run-off transcript by the Mfold 646 

program. The different regions are color-coded, and the RNA configuration is 647 

displayed as follows: continuous line, single-stranded sequence (ss); dotted 648 

line, double-stranded sequence (ds). Two Gs (labeled with +) were added at the 649 

5´-end of the RNA sequence for efficient in vitro transcription. (B) Structure 650 

probing of antisense RNA by enzymatic and chemical cleavage. C: untreated 651 

RNA; OHL: alkaline hydrolysis ladder; Pb2+: chemical cleavage; T1L: RNase T1 652 

ladder; T1: RNase T1; A: RNase A; V1: RNase V1; V1L: dephosphorilated T1 653 

ladder. The sequence of RNAII is shown on the left side of the gel. To facilitate 654 

the interpretation of the structure, the G residue positions are indicated on the 655 

right of V1L. As a summary of the probing (observed) results, a black line 656 

indicating the unpaired (continuous line) and paired (dashed line) sequences is 657 

shown on the left. For comparison, the predicted ss or ds conformation in the 658 

different regions of the expected transcript is also displayed on the left, 659 

maintaining the same color and line-style code as in A. (C) Antisense transcript 660 

folding model. The probed ss and ds sequences of the RNA (black line with the 661 

same line-style code as in A and B) are shown aligned with the predicted 662 

secondary structure of the transcript. Perfect match between the predicted and 663 

observed configuration of the RNA was observed. The ΔG value of the single 664 

hairpin is shown.  665 
 666 

Figure 3. Structure of the in vitro synthesized mRNA60 target transcript. (A) 667 

Sequence and predicted secondary structure of the mRNA60 run-off transcript. 668 

The two extra Gs (+) are indicated. The mRNA60 sequence complementary to 669 

antisense RNAII is shown. The different regions are color-coded, and the RNA 670 

configuration is displayed as in Fig. 2. (B) Structure probing of mRNA60 by 671 

enzymatic and chemical cleavage. The different lanes are labeled as in Fig. 2. 672 

The sequence of mRNA60 is indicated on the left side of the gel. The G residue 673 

positions are displayed on the right of V1L. The predicted and observed 674 

conformations of the different regions of the transcript are shown on the left with 675 

the same color and line-style code as in Fig. 2. The indicated portion of the gel 676 

is augmented to improve the observation of the cleavage pattern at the 3´-end 677 

of the RNA. G and U residue positions are shown on the right. A horizontal red 678 

line displays the 3’-end position of the expected 62-nt-long mRNA60 run-off 679 

transcript. An extra G residue at position 68 is observed in the longer-than-680 

expected product. (C) Folding model of the actual mRNA60 run-off transcript. 681 



The predicted secondary structure of the main longer transcript, as hinted from 682 

sequence probing in B and from the analysis of the mRNA60 cDNA library, is 683 

displayed. The last base of the expected mRNA60 transcript is shown in a green 684 

circle. The probed ss and ds sequences of the RNA (black line with the same 685 

line-style code as in A and B) match the predicted structure. The ΔG values of 686 

the hairpins in the mRNA60 folding model are indicated. 687 
 688 

Figure 4. Structure of the in vitro synthesized mRNA80 target transcript. 689 

(A) Sequence and predicted secondary structure of the mRNA80 run-off 690 

transcript. The two extra Gs (+) are indicated. The mRNA80 sequence 691 

complementary to antisense RNAII is shown. The different regions are color-692 

coded, and the RNA configuration is displayed as in Fig. 2. (B) Structure 693 

probing of mRNA80 by enzymatic and chemical cleavage. The different lanes 694 

are labeled as in Fig. 2. The sequence of mRNA80 and the G residue positions 695 

are displayed on the left and right sides of the gel, respectively. The predicted 696 

and observed conformations of the different regions of the transcript are shown 697 

on the left with the same color and line-style code as in Fig. 2. The indicated 698 

portion of the gel is augmented, and G and U residue positions are shown on 699 

the right. A horizontal red line displays the 3’-end position of the expected 82-nt-700 

long mRNA80 run-off transcript. (C) Folding model of the actual mRNA80 run-off 701 

transcript. The predicted secondary structure of the main longer-than-expected 702 

transcript, as inferred from the analysis of the mRNA80 cDNA library, is 703 

displayed. The last base of the expected mRNA80 transcript is shown in a green 704 

circle. The two additional CU dinucleotides that might base-pair with the 3’-705 

terminal AG of the expected transcript are shadowed. The probed ss and ds 706 

sequences of the RNA (black line with the same line-style code as in A and B) 707 

match the predicted structure. The ΔG values of the hairpins in the predicted 708 

structures of expected and actual mRNA80 are shown. 709 
  710 

Figure 5. Efficiency of binding of the antisense RNA to the mRNA60 and 711 

mRNA80 target transcripts. 5’-end-labeled antisense RNA (0.2 nM) was 712 

incubated in the absence (-) or in the presence of unlabeled mRNA60 (A) or 713 

mRNA80 (B). Binding reactions shown on the left side of panels A and B 714 

contained increasing concentrations (50 to 150 nM) of the corresponding target 715 

mRNA, and were carried out at 37ºC for 30 min. Time-course experiments 716 

displayed on the right side of panels A and B were performed in the presence of 717 

150 nM of either target mRNA; samples were analyzed at various times within 718 

the first minute of incubation at 37ºC. (C) The table shows the values of the 719 

association rate constant and the concentration of target mRNA for half-720 

maximal binding obtained in the experiments of formation of complexes 721 

between antisense RNA and mRNA60 (panel A) or mRNA80 (panel B). Values 722 

are the mean of at least three independent assays. 723 
 724 

 725 



Table 1 

 

 

Nucleotide sequence in the expected run-off transcripts is indicated by upper-case letters. The extra nucleotides, 
inferred from the cDNA libraries, are in lower-case letters. The extra sequence found in all individual colonies is shown 
in bold. Base-pairs proposed for self-priming are indicated with a dash. New base-pairs formed by the extra sequence 
are indicated with a dot.  
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