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ABSTRACT 25 

Hazara nairovirus (HAZV) is a member of the Nairoviridae family within the 26 

Bunyavirales order, and closely-related to Crimean-Congo hemorrhagic fever virus 27 

that is responsible for severe and fatal human disease. The HAZV genome comprises 28 

three segments of negative sense RNA named S, M and L, with non-translated regions 29 

(NTRs) flanking a single open reading frame. NTR sequences regulate RNA 30 

synthesis, and by analogy with other segmented negative sense RNA viruses, may 31 

direct activities such as virus assembly and innate immune modulation. The terminal-32 

proximal nucleotides of 3’ and 5’ NTRs exhibit extensive terminal complementarity; 33 

the first eleven nucleotides are strictly conserved and form promoter element (PE) 1, 34 

with adjacent segment-specific nucleotides forming PE2. To explore the functionality 35 

of NTR nucleotides within the context of the nairovirus multiplication cycle, we 36 

designed infectious HAZV mutants bearing successive deletions throughout both S 37 

segment NTRs. Fitness of rescued viruses was assessed in single-step and multi-step 38 

growth, which revealed the 3’ NTR was highly tolerant to change whereas several 39 

deletions of centrally-located nucleotides within the 5’ NTR led to significantly reduced 40 

growth, indicative of functional disruption. Deletions that encroached upon PE1 and 41 

PE2 ablated virus growth, and identified additional adjacent nucleotides critical for 42 

viability. Mutational analysis of PE2 suggest its signalling ability relies solely on inter-43 

terminal base pairing, and is an independent cis-acting signalling module. This study 44 

represents the first mutagenic analysis of nairoviral NTRs in the context of the 45 

infectious cycle, and the mechanistic implications of our findings for nairovirus RNA 46 

synthesis are discussed. 47 

 48 

  49 
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IMPORTANCE 50 

Nairoviruses are a group of RNA viruses that include many serious pathogens of 51 

humans and animals, including one of the most serious human pathogens in 52 

existence, Crimean-Congo hemorrhagic fever virus. The ability of nairoviruses to 53 

multiply and cause disease is controlled in major part by nucleotides that flank the 3’ 54 

and 5’ ends of nairoviral genes, called non-translated regions (NTRs). NTR 55 

nucleotides interact with other virus components to perform critical steps of the virus 56 

multiplication cycle such as mRNA transcription and RNA replication, with other roles 57 

likely. To better understand how NTRs work, we performed the first comprehensive 58 

investigation of the importance of NTR nucleotides in the context of the entire 59 

nairovirus replication cycle. We identified both dispensable and critical NTR 60 

nucleotides, as well as highlighting the importance of 3’ and 5’ NTR interactions in 61 

virus growth, thus providing the first functional map of the nairovirus NTRs. 62 

 63 

INTRODUCTION 64 

 The Bunyavirales order encompasses a diverse collection of over 500 65 

segmented, enveloped RNA viruses that infect a broad range of hosts including 66 

humans, animals, insects and plants. The Nairoviridae family is one of 12 families 67 

within this order, which currently includes 12 distinct species (1). Nairoviruses are tick-68 

borne, being specifically-associated with hard ticks of the Ixodid family, with 69 

transmission to mammalian and avian hosts occurring through acquisition of a blood 70 

meal. Nairoviruses are the causative agents of serious or fatal disease in animals, with 71 

humans representing dead-end hosts. The family is named after Nairobi sheep 72 

disease virus (NSDV), which causes disease in susceptible goats and sheep that 73 

carries a case-fatality rate of around 80% and results in considerable economic impact 74 
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(2). Crimean-Congo hemorrhagic fever virus (CCHFV) is a nairovirus of great clinical 75 

importance, responsible for a devastating disease in humans known as Crimean-76 

Congo hemorrhagic fever (CCHF), which exhibits a case-fatality rate of around 30%, 77 

rising to 80% in specific outbreaks (3). Concerns are growing over the spread and 78 

emergence of CCHFV due to the changing habitat of the tick vector in response to 79 

climate change, a threat validated by the recent cases of CCHF in northern Spain (4). 80 

Due to the severe outcome of CCHFV infection, paired with the lack of options for 81 

treatment or prevention of CCHF, this virus is one of a select group of human 82 

pathogens classified in Hazard Group 4 by the Advisory Committee on Dangerous 83 

Pathogens. In contrast, Hazara nairovirus (HAZV) is not associated with human 84 

disease, despite being closely related to CCHFV, sharing the same CCHFV serogroup 85 

within the Nairoviridae family, as well as structural and functional properties (5–7). In 86 

view of the lack of HAZV-associated human disease, it can be handled under relatively 87 

unrestrictive biosafety level 2 (BSL-2) containment protocols. HAZV represents a 88 

valuable model system with which to gain knowledge of the nairovirus multiplication 89 

cycle. 90 

 All nairoviruses possess a tri-segmented negative stranded RNA genome and 91 

share a common genetic organisation: The three genomic segments are named small 92 

(S), medium (M) and large (L) based on their relative sizes, and each acts as the 93 

template for transcription of a single mRNA. The S segment mRNA encodes the major 94 

nucleocapsid protein (N), the M segment mRNA encodes a glycosylated polyprotein 95 

precursor (GPC) that is cleaved into envelope spike proteins Gn and Gc, and the L 96 

segment mRNA encodes the RNA-dependant RNA polymerase (RdRp) responsible 97 

for transcription and replication of the three RNA segments. An additional open 98 

reading frame (ORF) within the CCHFV S segment, accessed by ambisense 99 
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transcription of its antigenome, has been reported to express a non-structural protein 100 

NSs with a role in modulating apoptosis (8), and the cleavage of Gn and Gc moieties 101 

from the M segment-specific polyprotein is predicted to yield a polypeptide that may 102 

represent the non-structural NSm. 103 

 By analogy with other bunyaviruses, the RNA synthesis activities of the three 104 

nairovirus RNA segments is predicted to be controlled by nucleotide sequences within 105 

3’ and 5’ non-translated regions (NTRs), which flank the S, M and L ORFs. Of all the 106 

members of the Bunyavirales order, perhaps the best studied in terms of the 107 

mechanism of RNA synthesis are Bunyamwera virus (BUNV) and LaCrosse virus 108 

(LACV) of the Peribunyaviridae family, for which a combination of functional (9–18) 109 

and structural studies (19) have elucidated roles for individual nucleotides from within 110 

their respective NTRs. The terminal nucleotides of 3’ and 5’ NTRs exhibit terminal 111 

complementarily and such sequences have been shown to bind to, and influence the 112 

activity of, the viral RdRp (19), promoting primer-dependant transcription to yield a 5’ 113 

capped mRNA, as well as to perform primer-independent replication that results in the 114 

synthesis of a full-length copy of the genome template.  115 

 The first eleven nucleotides located at the extreme termini of all three LACV 116 

segments are strictly conserved and have been shown to form independent RNA 117 

secondary structures that interact with the RdRp at separate sites (19). For BUNV, 118 

segment-specific nucleotides at subsequent positions 12-15 are required to form 119 

canonical Watson-Crick base-pairing with corresponding nucleotides at the opposite 120 

end of the template (10, 20, 21), and together, these RdRp-RNA and RNA-RNA 121 

interactions are proposed to account for the pseudo-circular appearance of BUNV and 122 

LACV RNPs (22, 23). While sequence changes within the eleven strictly-conserved 123 

terminal proximal nucleotides has profound influence on promoter function, the identity 124 
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of adjacent nucleotides 12-15 is highly tolerant of nucleotide change providing their 125 

inter-terminal Watson-Crick base-pairing potential is maintained. Just 17 terminal 126 

proximal nucleotides from 3’ and 5’ NTRs are required to build up the minimal BUNV 127 

transcription and replication promoters (24), and with the exception of a transcription 128 

termination signal within the BUNV genomic 5’ NTR (12), roles of the remaining 129 

nucleotides within both NTRs is currently unclear. NTR deletion analysis in the context 130 

of infectious virus has identified functionally important sequences within the BUNV 131 

NTRs, with deletion of some regions leading to growth attenuation or lack of virus 132 

viability (13, 16) although their specific roles are currently unknown. 133 

 For the nairoviruses, little is known of the roles of the 3’ and 5’ terminal NTRs 134 

in either signalling RNA synthesis, or in the broader context of the virus multiplication 135 

cycle. As with other bunyavirales members, the NTRs of all nairoviruses comprise 136 

highly conserved terminal proximal nucleotides shared by all segments, followed by 137 

less conserved regions that are segment specific and extend for between 37-82 138 

nucleotides at the genomic 3’ end and 137-242 nucleotides at the genomic 5’ end (Fig 139 

1A). The variation in length between the 3’ and 5’ NTRs across all three segments is 140 

striking and raises the possibility that the longer NTRs may contain redundant 141 

sequences, or alternatively, may contain signals that confer additional segment-142 

specific properties within the context of the virus replication cycle. 143 

 A first and recent study to define nairovirus NTR functionality employed HAZV 144 

mini-genomes to describe promoter elements (PEs) that were involved in the 145 

signalling of reporter activity as a marker for RNA synthesis (25); PE1 comprised 146 

strictly conserved 3’ and 5’ terminal-proximal sequences, whereas PE2 comprised a 147 

GC-rich sequence that was predicted to form inter-terminal Watson-Crick pairings, 148 

similar to that described previously for BUNV (10, 20). PE1 and PE2 were found to be 149 
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separated by a ‘spacer’ region, which exhibited a critical requirement for short length 150 

and lack of base-pairing ability (Fig 1B). 151 

 We recently reported the establishment of a reverse genetics system for HAZV 152 

with the capability to efficiently generate infectious HAZV from recombinant sources 153 

(26). This system represents a valuable tool with which to better understand the HAZV 154 

multiplication cycle, and by extrapolation, that of other nairoviruses including those 155 

requiring high containment facilities for their study. Here, we describe the first 156 

mutagenic analysis of the 3’ and 5’ NTRs of the HAZV S segment in the context of 157 

infectious virus. Our intention was to identify both dispensable and also critical 158 

sequences within the NTRs in order to better understand their roles in promoting HAZV 159 

multiplication throughout the entire infectious cycle. A total of 26 recombinant HAZV 160 

variants in which successive blocks of 3’ and 5’ S segment NTR sequences were 161 

deleted, and analysis of growth of the resulting rescued viruses identified several 162 

sequences that impacted virus growth and infectivity, and confirmed the requirement 163 

of potential inter-terminal base pairing within PE2 for efficient gene expression. 164 

 165 

RESULTS 166 

 167 

Mutagenesis strategy to identify NTR sequences critical for virus viability. To 168 

assess the roles of both 3’ and 5’ NTRs in the HAZV multiplication cycle, we exploited 169 

our recently reported three-plasmid system for the rescue of infectious HAZV (strain 170 

JC280), in which expression of S, M and L anti-genomic RNAs was driven by 171 

bacteriophage T7 RNA polymerase (T7RNAP) in hamster-origin BSRT7 cells (26). 172 

Transfection of these plasmids into cells allowed transcription and translation of S, M 173 

and L anti-genomes followed by assembly of HAZV RNPs and subsequent generation 174 
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of infectious HAZV. An additional plasmid to express exogenous T7RNAP was also 175 

included, which increased rescue efficiency. 176 

 Our strategy for this study was to generate mutant infectious viruses bearing 177 

successive deletions of ten nucleotides throughout both S segment 3’ and 5’ NTRs, 178 

defined here as comprising 3’ nucleotides upstream and excluding the start codon, 179 

and 5’ nucleotides downstream and excluding the stop codon, and to examine their 180 

growth and infectivity in BSRT7 and human origin SW13 cells. We chose to perform 181 

this analysis using the HAZV S segment due to the small size of its corresponding 182 

NTRs, and consequent ease of mutagenesis. A consistent deletion size of ten 183 

nucleotides was chosen to allow both NTRs to be covered by a manageable number 184 

of mutant viruses, and to provide a sufficiently large deletion window that would 185 

increase the likelihood of ablating any critical signals. 186 

 A total of seven 3’ NTR deletions and thirteen 5’ NTR deletions were individually 187 

engineered into the corresponding S segment plasmid (Fig 1C), with the changes 188 

spanning the entire 3’ and 5’ NTRs and including previously described PE1 and PE2 189 

(25). Plasmids were named 3’D1 to 3’D7 and 5’D1 to 5’D13, accordingly (Fig 1C), and 190 

the full 3’ and 5’ NTR sequence of all corresponding mutants is shown in Figure S1A 191 

and S1B, respectively. 192 

 193 

Examining the role of 3’ NTR sequences in HAZV multiplication. The panel of 194 

seven altered plasmids expressing 3’ S segment NTR deletions 3’D1 to 3’D7 were 195 

individually transfected into BSRT7 cells along with wild-type (WT) HAZV M and L 196 

expressing plasmids to attempt virus rescue. Successful rescue was determined by 197 

observing an increase in HAZV N protein abundance in 5-day post transfection (dpt) 198 

cell lysates compared to control transfections in which the L segment expression 199 
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plasmid was omitted, measured by western blot analysis (Fig 2A). For all attempted 200 

virus rescue experiments, 5 dpt supernatants were collected and titres of all rescued 201 

viruses calculated by plaque assay on human origin SW13 cells (Fig 2B and C). This 202 

analysis provided a measure of virus fitness with supernatant titres consistently 203 

correlating with subsequent measure of virus growth. For the most severely attenuated 204 

viruses, plaque assay analysis of rescue supernatants also provided a confirmation of 205 

viability and allowed examination of plaque size and morphology as an alternative 206 

means to assess virus growth properties. 207 

 All mutants HAZV 3’D1 to 3’D7 were rescued on the first attempt, and with the 208 

exception of 3’D7, genotypes were confirmed by sequence analysis of RT-PCR 209 

products spanning the intended sequence changes. Plaque assay analysis revealed 210 

mutants 3’D1 to 3’D5 rescued and subsequently multiplied to similar post-transfection 211 

supernatant titres as WT HAZV, which was rescued concurrently (Fig 2B and C). 212 

Measurement of plaque size as an additional assessment of virus growth 213 

characteristics revealed no significant variation, and plaque morphology was 214 

consistent displaying the characteristic dark centre, previously referred to as a ‘bulls-215 

eye’ plaque (27). In contrast, for mutants 3’D6 and 3’D7, SW13 cell plaque assay of 5 216 

dpt supernatants revealed titres of around 10 viruses per ml, suggesting that while 217 

these viruses were viable, they were extremely unfit (Fig 2B and C). Repeated 218 

transfections confirmed these observations, with equivalent titres obtained on 219 

subsequent occasions. 220 

 Measurement of the growth characteristics of mutant viruses was achieved by 221 

infecting SW13 cell cultures at an MOI of 0.01, and assessing N protein production as 222 

a surrogate marker for HAZV gene expression by western blotting at both 18 and 48 223 

hpi time points (Fig 2D and E). N abundance at 18 hpi represented N production in a 224 
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single step of virus multiplication within initially-infected cells, whereas the 48 hpi time 225 

point also measured the ability of the mutant viruses to assemble and re-infect further 226 

cells within the culture. N protein abundance was quantified by densitometry from 227 

three independent infections for each mutant used (Fig 2F and G). The titres of 228 

mutants 3’D6 and 3’D7 was too low to permit infection at an MOI of 0.01, and even in 229 

infections using undiluted titred supernatants (MOI approximately 2 x10-5) N protein 230 

was not reliably detected at the 18 hpi time point of single-step growth. Comparison 231 

between N protein production of mutants 3’D1 to 3’D5 and WT revealed deletion of 232 

any of the associated nucleotides has no major impact on virus growth, with no 233 

significant differences in N protein abundance at either 18 or 48 hpi time points, with 234 

the exception of 3’D3, for which a minor significance difference was recorded. 235 

 Examination of the resulting nucleotide sequence of low-viability mutant 3’D6 236 

revealed the changes did not impinge on either PE1 or PE2 (Fig 2H; top schematic), 237 

thus revealing a critical role in HAZV viability for residues outside of the established 238 

PE1 and PE2 regions. For mutant 3’D7, in which the entire PE2 was deleted (Fig 2H, 239 

bottom schematic), its barely detectable multiplication also indicates the PE2 region is 240 

required for efficient HAZV multiplication, corroborating and extending previous work 241 

by others (25) that concluded the analogous M segment PE2 was required for mini-242 

genome reporter expression. 243 

  244 

Examining the role of 5’ NTR sequences in HAZV multiplication. The strategy 245 

used to attempt rescue of the thirteen 5’NTR mutants was identical to that used for 246 

3’NTR mutants, described above. Recombinant mutant viruses 5’D1 to 5’D11 were 247 

rescued on the first attempt, and observation of resulting plaques (Fig 3A) revealed 248 

no detectable differences in plaque size or morphology compared to WT. Titres of 249 
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rescued viruses within post-transfection supernatants were determined (Fig 3B) and 250 

all fell within one log of WT HAZV, rescued concurrently. In contrast, viruses 5’D12 251 

and 5’D13 failed to rescue on the first attempt, and following further failed attempts, 252 

rescue was deemed unattainable. 253 

 Measurement of the growth characteristics of 5’ NTR mutant viruses 5’D1 to 254 

5’D11 was achieved by infecting SW13 cell cultures at an MOI of 0.01, and assessing 255 

N protein production as a surrogate marker for HAZV gene expression by western 256 

blotting at both 18 and 48 hpi time points (Fig 3C and D). At the 18 hpi time point, 257 

representing a single infectious cycle, rescued viruses 5’D3 to 5’D7 exhibited 258 

significantly reduced N protein expression compared to WT, as quantified by 259 

densitometry of three independent infections (Fig 3E and F). This suggested these 260 

viruses possessed a deficiency in an early stage of the life cycle, up to and including 261 

S segment mRNA accumulation and subsequent N protein translation. At the 48 hpi 262 

time point, the same viruses with the exception of 5’D4 and 5’D5 still showed reduced 263 

N production compared to WT, suggesting that the influence of the deficiency was 264 

maintained through subsequent rounds of infection. 265 

 The nucleotide alterations within mutants 5’D13 and 5’D12, which failed to 266 

rescue, impinge upon PE1 and PE2, respectively, which confirms the critical role of 267 

these S segment sequences in the HAZV multiplication cycle. In addition, the 268 

significant drop in virus growth for the five viruses 5’D3 to 5’D7 revealed important 269 

roles for the corresponding 50 deleted nucleotides, which together represents almost 270 

half of the entire 5’ NTR. 271 

 Taken together, these results show that any impingement on PE1 and PE2 272 

within either 3’ or 5’ NTRs represents a severely debilitating or even lethal mutation, 273 
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and the 5’ NTR is more sensitive to alteration that the 3’ NTR, likely due to the 274 

presence of functionally-important sequences within this region. 275 

 276 

The importance of PE2 nucleotide composition for virus viability. The results of 277 

the previous section showed that mutants 3’D6 and 3’D7 were viable but extremely 278 

unfit, and mutants 5’D12 and 5’D13 could not be rescued. Interestingly, for mutants 279 

3’D7, 5’D12 and 5’D13, the altered nucleotides fall within PE2, the terminal-distal 280 

promoter region found to require, in major part, inter-terminal Watson-Crick base 281 

pairing for its promoter activity (25). The number of potential complementary inter-282 

terminal parings within these three mutants differs; for 3’D7 it is just two (Fig 2H), for 283 

5’D12 it is five (Fig 3G), and for 5’D13 it is three (Fig 3G). Taken together, these 284 

findings are consistent with the proposal that a high degree of complementary within 285 

PE2 is an important determinant of virus viability. 286 

 To further investigate the role of PE2 nucleotides during the complete HAZV 287 

infectious cycle, we designed plasmids to generate altered S segments in which the 288 

entire seven nucleotides that correspond to either 3’ or 5’ components of PE2 were 289 

cleanly deleted, yielding plasmids Delta 3’PE2 and Delta 5’PE2 respectively (Fig 4A). 290 

The alterations reduced the number of potential inter-terminal base pairs within the 291 

proposed PE2 region from seven to just two, and based on the finding that mutants 292 

3’D7, 5’D12 and 5’D13 bearing partially-deleted PE2 regions were either barely- or 293 

non-viable, we predicted viruses Delta 3’PE2 and Delta 5’PE2 would be similarly unfit, 294 

or non-viable. 295 

 The corresponding altered plasmids were transfected into cells to attempt 296 

rescue, and although rescue of Delta 3’PE2 and Delta 5’PE2 viruses was achieved 297 

(Fig 4B), their resulting titres were extremely low (Fig 4C) at less than 200 viruses per 298 
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ml in transfected cell supernatants (Fig 4D). This outcome was entirely consistent with 299 

the proposed important role of nucleotide complementarity in the functionality of PE2, 300 

but nevertheless showed extensive complementarity was not an absolute necessity 301 

for virus viability.  302 

 To further test the contribution of nucleotide sequence identity in the 303 

functionality of PE2, we next designed plasmid G/C PE2 to generate an S segment in 304 

which the overall inter-terminal complementarity of PE2 was unchanged, comprising 305 

two A-U parings and five G-C pairings, but which possessed a novel sequence that 306 

was not present in WT S, M or L segments (Fig 5A). The plasmid was transfected into 307 

cells, and corresponding virus G/C PE2 was rescued at first attempt (Fig 5B) and 308 

plaque assay of resulting supernatants revealed growth characteristics that were 309 

indistinguishable from WT rescued alongside (Fig 5C and D). Taken together, these 310 

findings are consistent with a scenario in which the base pairing potential of PE2 is 311 

important rather than absolutely necessary, and furthermore does not depend on 312 

specific sequence. 313 

  314 

PE2 represents an independent and modular cis-acting sequence signal. Our 315 

findings described above, and those of previous studies (25), highlight the importance 316 

of PE2 and also show its signalling ability can be provided by multiple different 317 

sequences. Taken together, these results suggest PE2 acts as an independent 318 

module that provides its signalling ability without interaction with PE1 or any other 319 

sequence signals elsewhere within the NTRs. 320 

 To test the independent signalling ability of PE2 in the context of the complete 321 

HAZV replication cycle, we generated an S segment plasmid in which both 3’ and 5’ 322 

portions of the M segment PE2 (Fig 6A) replaced the corresponding sequences of the 323 
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S segment (Fig 6B). This strategy allowed us to switch sequences that were entirely 324 

wild-type and thus known to be functional in their respective segment contexts. The 325 

resulting virus would thus possess an M segment PE2 surrounded by all other control 326 

sequences derived from the S segment.  327 

 The M-PE2 plasmid along with WT M and L segment-expressing plasmids were 328 

transfected into BSRT7 cells, and virus recovered at first attempt (Fig 6C), with a 329 

supernatant titre not significantly different than that of WT, indicating a high level of 330 

virus fitness (Fig 6D and E). This finding indicated that PE2 could be interchanged and 331 

still remain functional in an entirely different sequence context, thus implying the 332 

signalling ability of PE2 was independent from all other signalling nucleotides. Not 333 

surprisingly, viruses in which S segment PE2 nucleotides from either the 3’ NTR or 334 

the 5’ NTR alone were exchanged for the corresponding M segment PE2 sequences 335 

(3’M PE2 and 5’M PE2) could not be rescued, further reinforcing the dependence of 336 

inter-terminal interaction within PE2 for its function (Fig 6C-E). 337 

  338 
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DISCUSSION 339 

 By analogy with other bunyaviruses, the 3’ and 5’ NTRs of nairovirus S, M and 340 

L segments are expected to be multifunctional and perform critical functions in 341 

signalling multiple roles relating to viral RNA synthesis including transcription initiation, 342 

transcription termination, mRNA translation enhancement and RNA replication. 343 

However, it is possible that the NTRs participate in additional functions outside of RNA 344 

synthesis, for which virus fitness throughout the entire multiplication cycle must be 345 

considered.  346 

 Here, we performed for the first time a comprehensive deletion analysis of the 347 

entire nairovirus 3’ and 5’ NTRs, as well as a further dissection of the role of a discrete 348 

promoter element, PE2, all in the context of the entire nairovirus multiplication cycle. 349 

Our results revealed the 3’ genomic NTR was remarkably tolerant of deletion; we 350 

detected no significant drop in rescued virus titre when deletions were made within the 351 

terminal distal 50 nucleotides, as represented by rescued viruses 3’D1 through 3’D5. 352 

These nucleotide changes also had no significant influence over virus multiplication at 353 

either 18 hpi or 48 hpi infection time points, suggesting no detectable involvement on 354 

virus multiplication within initially infected cells, and also no influence on the assembly, 355 

egress, infectivity and subsequent multiplication of virus in further cells. Interestingly 356 

however, deletions closer to the 3’ genomic termini, as exemplified by mutant viruses 357 

3’D6 and 3’D7 exhibited profound effects on virus fitness, with both these mutants 358 

being barely viable, and rescued with post transfection titres of around 10 viruses per 359 

ml. The deletion within mutant 3’D7 was within the previously identified conserved 360 

PE2, confirming the importance of this sequence element. However, the deletion in 361 

3’D6 was outside of any previously identified promoter sequence elements, thus newly 362 

identifying critical nucleotides required for efficient virus growth. It is noteworthy that 363 
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of the ten nucleotides deleted within the 3’ NTR of 3’D6, five possess the potential to 364 

form inter-terminal Watson-Crick base pairings. Interestingly, three of these residues 365 

form a contiguous triplet of identical nucleotides, with GGG provided by the 3’ NTR 366 

and CCC provided by the corresponding positions within the 5’ NTR, and furthermore, 367 

this feature is also present in the corresponding location within M and L segments 368 

(GGG/CCC in L; AAA/UUU in M). These results show that the nucleotides that build 369 

up promoter regions are complex and comprise more than just PE1, PE2 and the 370 

intervening spacer. 371 

 In contrast to these findings, deletion analysis of the HAZV 5’ genomic NTR 372 

revealed mutant viruses 5’D3 to 5’D7 were significantly growth impaired, with the 373 

corresponding nucleotide sequences encompassing 50 nucleotides within the central 374 

region of the 5’ NTR. Growth at 18 hpi was significantly reduced compared to WT, with 375 

growth at 48 hpi following the same general trend. This suggested the influence of all 376 

the deleted residues was in virus multiplication rather than virion assembly, egress or 377 

infectivity. Mutants 5’D12 and 5’D13 could not be rescued, an outcome that was 378 

consistent with their corresponding deletions, which impinged on PE1 or PE2. 379 

 The reduced fitness and growth of mutants 5’D3 to 5’D7 suggested the 380 

corresponding deleted nucleotides play an important function in the virus multiplication 381 

cycle. Interestingly, the correlation we have determined between genome NTR 382 

deletion and virus fitness and growth are broadly similar to those observed for BUNV, 383 

for which the 3’ genomic NTR also exhibited considerable functional plasticity 384 

compared to the more-sensitive 5’ genomic NTR. Taken together, these findings 385 

suggest bunyavirus 5’ NTRs are more functionally critical than the 3’ end, a notion that 386 

is supported by the significant differences in 3’ and 5’ NTR lengths across all 387 

segments. Perhaps the most striking example of this is the HAZV L segment, for which 388 
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the 3’ NTR is 37 nucleotides long, whereas the 5’ NTR is nearly five times as long, 389 

comprising 171 nucleotides. Bunyaviruses, such as the prototypic BUNV, have been 390 

shown to eliminate nucleotides that are not beneficial to virus multiplication (28), and 391 

so it is likely that these long 5’ NTRs do possess significant benefit to certain phases 392 

of the multiplication cycle, and perhaps within certain hosts. Recent work with the 393 

related segmented negative stranded RNA virus influenza virus has uncovered 394 

additional roles of the NTRs including involvement in inter-segment interactions during 395 

virus assembly, expression of short viral RNAs involved in modulating RdRp activity, 396 

or in expressing RNAs that antagonize the host cell innate immune response (29–31). 397 

The possibility that the long nairoviral NTRs perform similar roles has yet to be 398 

investigated, and these studies provide a first step in this analysis by establishing a 399 

framework of NTR functionality. 400 

 One role described for the bunyavirus 5’ NTR is in signalling the formation of 401 

mRNA 3’ ends. For BUNV, the transcription termination signal resides within a central 402 

position of the genomic 5’ NTR, and comprises the conserved hexanucleotide 403 

sequence 3’-GUCGAC-5’ (12), and a similar motif is also proposed to act as a 404 

transcription terminator for the related Rift Valley fever phlebovirus (32, 33). In BUNV, 405 

the termination sequence is upstream of the mapped mRNA 3’ end (34), and also 406 

adjacent to nucleotides that possess the ability to form stem loop secondary structure 407 

that possesses translation-enhancing properties (14). Alignment of the HAZV S, M 408 

and L segment 5’ NTRs fails to reveal similar sequences to either these bunyavirus-409 

specific termination signals, or the common poly (U) tract motif used by non-410 

segmented negative sense RNA viruses for 3’ poly (A) addition. Thus, it is entirely 411 

possible that nairovirus 3’ mRNA end formation involves a novel mechanism, which 412 

utilizes cis-acting sequence signals unrelated to those of other related viruses. 413 
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 Our deletion analyses revealed the importance of the PE2 regions in the HAZV 414 

multiplication cycle, with complete or partial deletion of PE2 nucleotides having a 415 

significant influence on overall virus fitness and growth, in agreement with previous 416 

reporter analysis in the context of mini-genomes (25). Despite this, we showed that 417 

viruses with drastic changes to PE2 affecting both sequence and extent of 418 

complementarity were still viable and able to perform all aspects of the multiplication 419 

cycle, albeit with very poor fitness. 420 

 Our findings, along with those of others (25), strongly suggest that the role of 421 

PE2 is to drive nothing other than inter-terminal interactions mediated by canonical 422 

Watson-Crick pairings. Our finding that an alternate G/C-rich PE2 sequence, with no 423 

commonality to those within either S, M or L segments, is functionally equivalent to 424 

WT in all aspects of the multiplication cycle also agrees with this proposal (Fig 5), as 425 

does the ability of the M segment PE2 to function out of its canonical NTR context (Fig 426 

6). However, it is important to note that Matsumoto and co-workers suggested the 427 

signal provided by PE2 depended not only on duplex formation, but also on the 428 

nucleotide sequence of this double stranded region. This conclusion was based on 429 

several variations of the PE2 sequence, with some providing low or undetectable 430 

reporter activity despite possessing perfect complementarity throughout the entire 431 

PE2 length. This observation prompted the suggestion that the duplex might be 432 

recognised by an RNA binding surface that is capable of distinguishing the base-433 

composition of PE2, most likely located on the viral RdRp, perhaps to tether the RNP 434 

during transitional events required to reposition the 3’ end of the RNA template from 435 

the outer RdRp surface into the RdRp active site. While the mutagenic analysis of PE2 436 

performed here is not sufficiently extensive to definitively prove or disprove the 437 

question of PE2 sequence specificity, it is intriguing to note that the PE2 sequence we 438 
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engineered into the S segment of G/C PE2 (Fig 5) has no common sequence with the 439 

WT S segment excepting the flanking A-U pairings, previously shown to be 440 

dispensable. Therefore, if such a sequence specific dsRNA binding site exists, it must 441 

also be capable of binding to this novel PE2 sequence within rHAZV G/C PE2, and 442 

thus its nucleotide selectivity must be extremely low. 443 

 Achieving a detailed understanding of nairovirus molecular virology is very 444 

much in its infancy, in part due to the extreme pathogenicity of the constituent 445 

members of this group, and hopefully progress will accelerate with the use of both the 446 

recent HAZV mini-genome (25) and virus rescue systems (26) that are now available, 447 

and amenable to low containment level study. 448 

  449 
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MATERIALS AND METHODS 450 

 Cells and viruses. Baby hamster kidney derived BSR-T7 cells expressing T7 451 

RNAP were maintained in Dulbecco’s modified Eagle medium (DMEM) (Sigma 452 

Aldrich) supplemented with 2.5 % foetal bovine serum (FBS) (Invitrogen). Human 453 

adrenal cortex SW13 cells were maintained in DMEM containing 10% FBS. All media 454 

were supplemented with 100 U/ml penicillin and 100 g/ml streptomycin and cultures 455 

were grown at 37 C under an atmosphere of 5 % CO2.  456 

 457 

 Plasmids and virus sequences. Plasmids pMK-RQ-S, pMK-RQ-M and pMK-458 

RQ-L expressing the S, M and L segment antigenomic strands of HAZV strain JC280 459 

were generated as previously described (26). We note that the sequence of the S 460 

segment used in the recently reported HAZV mini-genome system (25) differs from 461 

our JC280 sequence by a single nucleotide, at position 25 of the 3’ NTR. Plasmid 462 

pCAG-T7pol was a gift from Ian Wickersham (Addgene plasmid #59926). Plasmids 463 

expressing altered S segments were generated using the Q5 Site Directed 464 

Mutagenesis kit (New England Biolabs) according to the manufacturer’s instructions, 465 

and all mutant plasmid sequences confirmed via sequencing (Genewiz).  466 

 467 

 Virus rescue. The procedure for rescue of wild type and mutant HAZV has 468 

been previously described. Briefly, six-well plates with 1.5x105 BSR-T7 cells/well in 2 469 

ml DMEM supplemented with 2.5 % FBS were transfected 20-24 hours later with 1.2 470 

g of pMK-RQ-S, pMK-RQ-M, pMK-RQ-L and 0.6 g pCAG-T7pol, using 2.5 l Mirus 471 

TransIT-LT1 transfection reagent (Mirus Bio) per g of DNA in 200 l OPTI-MEM (Life 472 

Technologies). For recovery of HAZV mutants, the WT S segment-specific plasmid 473 

was replaced with the corresponding mutant plasmid. For each recovery, a control 474 
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transfection was set up in which transfection of pMK-RQ-L was omitted. Culture 475 

supernatants were collected at 120-hours post transfection. A 200 l aliquot of the 476 

same supernatant was used to titre virus following transfection using a standard 477 

plaque assay protocol in duplicate. For each rescued virus, excepting 3’D7, 5’D12 and 478 

5’D13, which were severely attenuated, RT-PCR analysis was used to confirm the 479 

expected mutant genotype, alongside control PCR amplifications in which RT was 480 

omitted.   481 

 482 

 Virus infections. Cultures of SW13 cells were infected with mutant and wild 483 

type recombinant HAZV at a specified multiplicity of infection (MOI) in serum-free 484 

DMEM at 37 C. After 1 hour, the inoculum was removed and cells were washed in 485 

phosphate buffered saline (PBS) after which fresh DMEM containing 2.5 % FBS, 100 486 

U/ml penicillin and 100 g/ml streptomycin was then applied for the duration of the 487 

infection. 488 

 489 

 Western blotting. Cell lysates were prepared by washing monolayers in ice 490 

cold PBS followed by incubation in chilled RIPA buffer (150 mM sodium chloride, 1.0% 491 

NP-40 alternative, 0.1% SDS, 50 mM Tris, pH 8.0) with agitated for 2 minutes. Cell 492 

material was harvested by scraping and transferred to chilled Eppendorf tubes, after 493 

which lysates were centrifuged at 20,000 x g for 15 minutes, and the insoluble fraction 494 

discarded. SDS-gel loading buffer supplemented with DTT was added to the 495 

supernatant fraction prior to electrophoresis or storage at -20oC. Proteins were 496 

separated on 12 % SDS polyacrylamide gels by electrophoresis and transferred to 497 

fluorescence compatible PVDF (FL-PVDF) membranes. HAZV-N antiserum 498 

generated as previously described was used to detect HAZV-N in combination with 499 
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fluorescently labelled anti-sheep secondary antibodies using the LiCor Odyssey Sa 500 

Infrared imaging system. 501 

 502 

 Virus titration. Determination of virus titre for assessment of rHAZV rescue 503 

growth characteristics was achieved through plaque assay, and were performed as 504 

previously described. Briefly, SW13 cells were seeded (2x106) into 75 cm2 flasks 24 505 

hours prior and used for the infection with wild type or mutant rHAZV at an MOI of 506 

0.001. Supernatant was collected at various time points, serially-diluted, and then 507 

used to infect fresh SW13 cells in a 6-well plate. Following virus adsorption, the 508 

inoculum was removed and replaced with 1:1 2.5 % FBS DMEM and 1.6 % 509 

methylcellulose. Plates were incubated for a further 6 days prior to fixing with 510 

formaldehyde and staining with crystal violet to reveal plaques. 511 

 512 

 Extraction of viral RNA and RT-PCR. Viral RNA was first extracted from cell-513 

free supernatant using the QIamp Viral RNA kit (Qiagen) and treated with DNase to 514 

remove any contaminating DNA prior to further purification using the RNeasy kit 515 

(Qiagen). A cDNA copy was generated using ProtoScript II Reverse Transcriptase 516 

(New England Biolabs) according to manufacturer’s instructions alongside a control in 517 

which the Reverse Transcriptase was omitted. PCR amplification of an 500 bp 518 

fragment using primers specific to the HAZV S segment was achieved using the Q5 519 

High Fidelity Polymerase (New England Biolabs). PCR product was resolved on a 1 520 

% agarose gel containing 0.01 % SYBR Safe (ThermoFisher) and sequenced 521 

(Genewiz). 522 

 523 

  524 
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FIGURE LEGENDS 664 

 665 

Figure 1. Schematic showing nairovirus S, M and L segments, the proposed S 666 

segment promoter structure and deletions made within S segment NTRs for 667 

attempted rescue. A) Schematic of HAZV S, M and L genome segments with lengths 668 

of the respective NTRs shown. B) Nucleotide sequences of the first 40 terminal-669 

proximal nucleotides of 3’ and 5’ NTRs of the HAZV S segment genome, shown with 670 

termini aligned and with complementary nucleotides marked with an asterisk. 671 

Proposed promoter elements PE1 and PE2 comprising complementary nucleotides 672 

from both 3’ and 5’ NTRs are shown as shaded boxes. C) Shaded regions represent 673 

successive 10-nucleotide long blocks that were deleted within corresponding S 674 

segments, and subsequently used to attempt virus rescue with wild-type HAZV M and 675 

L segments. Position of nucleotides included within proposed PE1 and PE2 are shown 676 

for reference. 677 

 678 

Figure 2. Rescue of recombinant HAZV with S segments bearing successive 10 679 

nucleotide deletions in the 3’ NTR. A) Successful rescue of recombinant wild-type 680 

HAZV from cDNAs expressing S, M and L segments indicated by western blot analysis 681 

of transfected BSRT7 cell lysates using HAZV N protein antisera. The mock (M) lane 682 

represents un-transfected lysates, control (Ctrl) lane indicates transfected cells in 683 

which the L segment-expressing cDNA was omitted. B) Titres of rescued recombinant 684 

viruses from initial transfection cultures was determined by crystal violet stained 685 

plaque assay, with a single well of each 3’ NTR deletion mutant shown (not equivalent 686 

dilutions), with resulting titres represented graphically in C). D) Growth properties of 687 

mutant viruses bearing 3’ NTR deletions as determined by western blot analysis using 688 
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HAZV N protein antisera of SW13 cultures infected at an MOI of 0.01. Lysates were 689 

harvested at 18-hours and E), 48-hours post infection time points, with N protein 690 

abundance determined by densitometry analysis of three independent infections, 691 

shown in F) and G). One sample t-test was performed to determine statistically 692 

significant differences between mutants and WT virus. ns: not significant, *: p-693 

value<0.1. H) Nucleotide alignment of genomic 3’ and 5’ NTRs of highly-attenuated 694 

mutants 3’D6 and 3’D7, with complementary nucleotides marked with an asterisk, and 695 

PE1 and PE2 promoter elements shown as shaded boxes. Open boxes on left-hand 696 

segment schematics show deleted nucleotides, and red nucleotides on the right-hand 697 

segment schematics show subsequent alterations in the context of the terminal 698 

duplex. 699 

 700 

Figure 3. Rescue of recombinant HAZV with S segments bearing successive 10 701 

nucleotide deletions in the 5’ NTR. A) Titres of rescued recombinant viruses from 702 

initial transfection cultures were determined by crystal violet stained plaque assay, 703 

with a single well of each 5’ NTR deletion mutant shown (not equivalent dilutions), and 704 

resulting titres tabulated in B). Growth properties of mutant viruses bearing 5’ NTR 705 

deletions as determined by western blot analysis using HAZV N protein antisera of 706 

SW13 cultures infected at an MOI of 0.01. Lysates were harvested at both C), 18-707 

hours and D), 48-hours post infection, with N protein abundance determined by 708 

densitometric analysis of western blots representing three independent infections, 709 

shown in E) and F), respectively. One sample t-test was performed to determine 710 

statistically significant differences between mutants and WT virus; ns: not significant, 711 

*: p-value<0.1, **: p-value<0.01, ***: p-value<0.001. G) Nucleotide alignment of 712 

genomic 3’ and 5’ NTRs of highly-attenuated mutants 5’D12 and 5’D13, with 713 
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complementary nucleotides marked with an asterisk, and PE1 and PE2 promoter 714 

elements shown as shaded boxes. Open boxes on left-hand segment schematics 715 

show nucleotides to be deleted, and red nucleotides on the right-hand segment 716 

schematics show subsequent alterations in the context of the terminal duplex. 717 

 718 

Figure 4. The effect of deletion of S segment PE2 on HAZV viability. A) Nucleotide 719 

sequence alignment of genomic 3’ and 5’ NTRs of wild type and mutant HAZV S 720 

segments bearing changes within PE2, with complementary nucleotides marked with 721 

an asterisk, and PE1 and PE2 promoter elements shown as shaded boxes. Open 722 

boxes on left-hand segment schematics show nucleotides to be deleted, and red 723 

nucleotides on the right-hand segment schematics show subsequent alterations in the 724 

context of the terminal duplex. B) Successful rescue of recombinant HAZV indicated 725 

by western blot analysis of transfected cell lysates using HAZV N protein antisera. The 726 

mock (M) lane represents un-transfected lysates, control (Ctrl) lane indicates 727 

transfected cells in which the L segment-expressing cDNA was omitted. C) Titres of 728 

rescued recombinant Delta 3’PE2 and Delta 5’PE2 viruses from initial transfection 729 

cultures was determined by crystal violet stained plaque assay alongside wild type, 730 

with a single well of both viruses shown (not equivalent dilutions), with resulting titres 731 

represented graphically in D). 732 

 733 

Figure 5. Nucleotide complementarity of PE2 is a key determinant of HAZV 734 

viability. A) Nucleotide sequence alignment of genomic 3’ and 5’ NTRs of wild type 735 

and G/C mutant S segments, with complementary nucleotides marked with an 736 

asterisk, and PE1 and PE2 promoter elements shown as shaded boxes. Open boxes 737 

on left-hand segment schematics show nucleotides to be deleted, and red nucleotides 738 
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on the right-hand segment schematics show subsequent alterations in the context of 739 

the terminal duplex. B) Successful rescue of recombinant HAZV G/C mutant indicated 740 

by western blot analysis of transfected cell lysates using HAZV N protein antisera. The 741 

mock (M) lane represents un-transfected lysates, control (Ctrl) lane indicates 742 

transfected cells in which the L segment-expressing cDNA was omitted. C) Titres of 743 

rescued recombinant G/C HAZV from initial transfection cultures was determined by 744 

crystal violet stained plaque assay alongside wild type, with a single well of both 745 

viruses shown (equivalent dilutions), with resulting mean titres from two independent 746 

rescue experiments represented graphically in D). Paired t-test was performed to 747 

determine statistically significant differences between mutant and WT virus. ns: not 748 

significant. 749 

 750 

Figure 6. S segment PE2 sequences can be functionally-replaced with those of 751 

the M segment. A) Nucleotide sequence alignment of genomic 3’ and 5’ NTRs of 752 

HAZV S and M segments, with complementary nucleotides marked with an asterisk, 753 

and PE1 and PE2 promoter elements shown as shaded boxes. Open boxes on the 754 

left-hand S segment schematic show nucleotides to be deleted. B) Nucleotide 755 

alignment of genomic 3’ and 5’ NTRs of HAZV S segments incorporating M segment 756 

PE2 sequences, with M segment derived nucleotides shown in red. C) Successful 757 

rescue of recombinant M PE2 indicated by western blot analysis of transfected cell 758 

lysates using HAZV N protein antisera. The mock (M) lane represents un-transfected 759 

lysates, control (Ctrl) lane indicates transfected cells in which the L segment-760 

expressing cDNA was omitted. D) Titres of rescued recombinant HAZV mutants from 761 

initial transfection cultures was determined by crystal violet stained plaque assay 762 

alongside wild type, with a single well of both viruses shown (not equivalent dilutions), 763 
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with resulting titres represented graphically in E). Paired t-test was performed to 764 

determine statistically significant differences between mutant and WT virus (ns: not 765 

significant). 766 

 767 















5’WT    

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D1  

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU      

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCU----------stop

5’D2  

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGG----------AGCCGCAAUCstop

5’D3  

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGA----------CAGUGAACCUAGCCGCAAUCstop

5’D4  

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAA----------GAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D5  

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GC----------CAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D6

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGC--------

--AGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D7

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAA----------AAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D8

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGA----------GAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D9

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUACAAAACAGAA----------AUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D10

UCUCAAAGAUAUCGUUGCCGCACAGCCCCAAAUUUUA----------UAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D11

UCUCAAAGAUAUCGUUGCCGCACAGCC----------CAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D12

UCUCAAAGAUAUCGUUG----------CCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

5’D13

UCUCAAA----------CCGCACAGCCCCAAAUUUUACAAAACAGAAUAGAAUAAGAAUGAAAGUAAGAAUAGAAGCAAAGCAAU

GCAGAAGAAAAACAGCAGUAGAGAUGUGUUGGCAGUGAACCUAGCCGCAAUCstop

3’WT

AGAGUUUCUGUUUGUACGGCGUCUGCGGGGUGCAAAAGUAGGAAAACUCUCGUUUUGGCCAGCGGAGUGUUGUAGUCGCUCUstart

3’D1  

AGAGUUUCUGUUUGUACGGCGUCUGCGGGGUGCAAAAGUAGGAAAACUCUCGUUUUGGCCAGCGGAGUGUUG----------start

3’D2

AGAGUUUCUGUUUGUACGGCGUCUGCGGGGUGCAAAAGUAGGAAAACUCUCGUUUUGGCCAG----------UAGUCGCUCUstart

3’D3

AGAGUUUCUGUUUGUACGGCGUCUGCGGGGUGCAAAAGUAGGAAAACUCUCG----------CGGAGUGUUGUAGUCGCUCUstart

3’D4

AGAGUUUCUGUUUGUACGGCGUCUGCGGGGUGCAAAAGUAGG----------UUUUGGCCAGCGGAGUGUUGUAGUCGCUCUstart

3’D5

AGAGUUUCUGUUUGUACGGCGUCUGCGGGGUG----------AAAACUCUCGUUUUGGCCAGCGGAGUGUUGUAGUCGCUCUstart

3’D6

AGAGUUUCUGUUUGUACGGCGU----------CAAAAGUAGGAAAACUCUCGUUUUGGCCAGCGGAGUGUUGUAGUCGCUCUstart

3’D7

AGAGUUUCUGUU----------CUGCGGGGUGCAAAAGUAGGAAAACUCUCGUUUUGGCCAGCGGAGUGUUGUAGUCGCUCUstart

A

B


