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 2 

Abstract 29 

Coronavirus nonstructural protein (nsp) 8 has been suggested to have diverse activities, 30 

including ‘noncanonical’ template-dependent polymerase activities. Here, we characterized a 31 

recombinant form of the human coronavirus 229E (HCoV-229E) nsp8 and found that the 32 

protein has metal ion-dependent RNA 3'-terminal adenylyltransferase (TATase) activity, while 33 

other nucleotides were not (or very inefficiently) transferred to the 3' ends of single-stranded 34 

and (fully) double-stranded acceptor RNAs, respectively. Using partially double-stranded 35 

RNAs, very efficient TATase activity was observed if the opposite (template) strand 36 

contained a short 5' oligo(U) sequence while very little (if any) activity was detected for 37 

substrates with other homopolymeric or heteropolymeric sequences in the 5' overhang. The 38 

oligo(U)-assisted/templated TATase activity on partial-duplex RNAs was confirmed for two 39 

other coronavirus nsp8 proteins, suggesting that the activity is conserved among 40 

coronaviruses. Substitution of a conserved Lys residue with Ala abolished the in vitro RNA-41 

binding and TATase activities of nsp8 and caused a non-viable phenotype when the 42 

corresponding mutation was introduced into the HCoV-229E genome, confirming that these 43 

activities are mediated by nsp8 and critical for viral replication. In additional experiments, we 44 

obtained evidence that nsp8 has a pronounced specificity for adenylate and is unable to 45 

incorporate guanylate into RNA products, which strongly argues against the previously 46 

proposed template-dependent RNA polymerase activity of this protein. Given the presence of 47 

an oligo(U) stretch at the 5' end of coronavirus minus-strand RNAs, it is tempting to 48 

speculate (but remains to be confirmed) that the nsp8-mediated TATase activity is involved in 49 

the 3'-polyadenylation of viral plus-strand RNAs. 50 

 51 

Importance 52 

Previously, coronavirus nsp8 proteins were suggested to have template-dependent RNA 53 

polymerase activities resembling those of RNA primases or even canonical RNA-dependent 54 

RNA polymerases, while more recent studies suggest an essential cofactor function of nsp8 55 

(plus nsp7) for nsp12-mediated RNA-dependent RNA polymerase activity. In an effort to 56 
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reconcile conflicting data from earlier studies, the study revisits coronavirus nsp8-associated 57 

activities using additional controls and proteins. The data obtained for three coronavirus nsp8 58 

proteins provide evidence that the proteins share metal ion-dependent RNA 3' 59 

polyadenylation activities that are greatly stimulated by a short oligo(U) stretch in the 60 

template strand. In contrast, nsp8 was found to be unable to select and incorporate 61 

appropriate (matching) nucleotides to produce complementary RNA products from 62 

heteropolymeric and other homooligomeric templates. While confirming the critical role of 63 

nsp8 in coronavirus replication, the study amends the list of activities mediated by 64 

coronavirus nsp8 proteins in the absence of other proteins. 65 

  66 
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Introduction 67 

Coronaviruses include important human and animal pathogens (1, 2). They have very large 68 

plus-strand (+) RNA genomes of approximately 30 kilobases (kb) and, compared to most 69 

other +RNA viruses, employ strategies of unusual complexity to express and replicate their 70 

genomes (3-5). Over the past two decades, significant progress has been in the 71 

characterization of key mechanisms and factors involved in the replication and transcription 72 

of the coronavirus genome RNA (for a recent review, see (6)). Although it is now widely 73 

accepted that viral RNA synthesis (and modification) is mediated by a large multi-subunit 74 

protein complex (called replication-transcription complex (RTC)), our understanding of the 75 

proteins involved in individual steps of viral RNA synthesis remains limited. For example, 76 

there is little or no information on (i) viral (or cellular?) factors involved in 5' capping and 3' 77 

polyadenylation of viral plus-strand RNAs (6, 7) and (ii) proteins that control the 78 

discontinuous RNA synthesis required to produce subgenome-length negative-strand RNAs 79 

carrying a 3' antileader sequence, which are subsequently used to produce mRNAs with a 80 

common 5'-leader sequence that is identical to the 5' end of the genome (8, 9). It has been 81 

proposed that nonstructural protein (nsp) 12, a ~105-kDa protein comprised of N-terminal 82 

nucleotidyl transferase (NiRAN) (10) and C-terminal RNA-dependent RNA polymerase 83 

(RdRp) (11) domains, forms a complex with nsp7 and nsp8 (12, 13) and this complex is 84 

required and sufficient for template-dependent RNA synthesis in vitro (14). There is also 85 

evidence that the fidelity of this polymerase complex is enhanced by a 5'-to-3' 86 

exoribonuclease (ExoN) activity associated with the N-terminal domain of nsp14 (15, 16). 87 

The proposed role of ExoN in ensuring superior RNA replication fidelity has been supported 88 

by reverse genetic studies using a range of coronavirus ExoN knock-out mutants for which 89 

mutator or nonviable phenotypes have been reported (16-22). 90 

 91 

The functional characterization of individual replicase gene-encoded proteins revealed that 92 

the severe acute respiratory syndrome coronavirus (SARS-CoV) nsp8 has a second 93 

‘noncanonical’ RNA polymerase activity in vitro that catalyzes the production of short (≤6-nt) 94 
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oligonucleotides in a Mn2+ ion- and template-dependent manner, reminiscent of cellular RNA 95 

primase activities (23). The short oligonucleotides synthesized by nsp8 were proposed to 96 

serve as primers for the canonical RNA polymerase (nsp12). The study also provided data to 97 

suggest that nsp8 synthesizes these oligonucleotides de novo and lacks the ability to extend 98 

primer/template substrates. In contrast, a subsequent study using a C-terminally His6-tagged 99 

form of SARS-CoV nsp8 suggested that nsp8 (alone or in complex with nsp7) is able to 100 

extend primed RNA templates in the presence of Mg2+, thus questioning the ‘primase 101 

hypothesis’ proposed earlier (23, 24). The study also postulated that the nsp(7+8) complex is 102 

capable of synthesizing substantially longer RNA products, in both de novo RNA polymerase 103 

and primer extension reactions (24). Similarly, de novo RNA polymerase activities resulting in 104 

longer ‘transcripts’ were suggested to be produced by different N-terminally tagged forms of 105 

the feline infectious peritonitis virus (FIPV) nsp8, based on the identification of slowly 106 

migrating [32P]-labeled products generated in reactions supplemented with nsp8 and metal 107 

ions (12). To our knowledge, the latter two studies did not use 3'-blocked template RNAs to 108 

exclude that the radiolabeled template-length RNA products (‘transcripts’) observed in de 109 

novo polymerase assays represented 3'-extended forms of the template(s) used in these 110 

assays. 111 

 112 

This brief overview of nsp8 in vitro studies performed by different laboratories with different 113 

protein constructs shows that our understanding nsp8-associated polymerase (and, possibly, 114 

other) activities is incomplete. Based on its conservation among corona- and toroviruses as 115 

well as reverse genetics and biochemical data obtained for SARS-CoV nsp8, this small 116 

protein is thought to have an important function in coronavirus and, most probably, torovirus 117 

replication. However, some of the main conclusions obtained in earlier studies remained 118 

controversial and deserve further investigation. We therefore decided to produce three 119 

coronavirus nsp8 proteins with their authentic amino termini using previously established 120 

protocols. C-terminally His6-tagged wildtype and mutant forms of HCoV-229E nsp8 (the latter 121 

containing Lys-to-Ala substitutions corresponding to previously characterized replacements 122 
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in SARS-CoV nsp8) as well as C-terminally His6-tagged wildtype forms of SARS-CoV and 123 

FIPV nsp8 were purified to apparent homogeneity. The characterization of (putative) HCoV-124 

229E nsp8 polymerase activities, RNA substrate and nucleotide preferences, RNA-binding 125 

activities, and metal ion requirements leads us to conclude that the wildtype protein (but not 126 

the nsp8_K3711A mutant) has RNA 3'-terminal adenylyltransferase (TATase) activity if 127 

incubated with single-stranded and completely double-stranded substrates. This activity can 128 

be significantly stimulated by providing a short oligo(U) stretch as a template. Unlike previous 129 

studies, we failed to obtain evidence for a canonical (i.e., high-fidelity and template-130 

dependent) RNA-dependent RNA polymerase activity for this HCoV-229E homolog, which is 131 

in line with the protein's pronounced specificity for adenylate. Using a substrate described in 132 

a previous study, HCoV-229E nsp8 was found to generate products that corresponded to 133 

those obtained previously with SARS-CoV-nsp8 (24). However, based on additional data 134 

obtained for 3'-blocked versions of the test substrate, we arrived at different conclusions 135 

regarding the identities of some of the products. Taken together, our data lead us to suggest 136 

that nsp8 acts as an oligo(U)-templated polyadenylyltransferase but also has robust 137 

(mono/oligo)adenylate transferase activities when incubated with single-stranded and blunt-138 

ended double-stranded RNAs. We think that this activity explains most of the data published 139 

previously on coronavirus nsp8 homologs, even though additional experiments and controls 140 

would be desirable to further substantiate this hypothesis. 141 

 142 

  143 
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Results 144 

Expression and purification of recombinant HCoV-229E nsp8. To produce a recombinant 145 

form of HCoV-229E nsp8 with its authentic N-terminus, an expression strategy introduced by 146 

Gohara et al. was used (25) (see Materials and Methods). Briefly, the HCoV-229E nsp8 147 

coding sequence (fused to an N-terminal Ub tag and a C-terminal hexahistidine tag, Ub-148 

nsp8-CHis6) was inserted into a pASK3-derived plasmid (26) downstream of a tetracycline-149 

inducible promoter. Coexpression of Ub-nsp8-CHis6 and Ubp1 resulted in proteolytic 150 

cleavage at the ...LRGG↓SVAS... site between the Ub-moiety and the nsp8 sequence in the 151 

Ub-nsp8-CHis6 fusion protein, resulting in the release of a C-terminally His6-tagged form of 152 

nsp8 with its correct N-terminus (NH2-SVAS...) (Fig. 1A). The protein was purified by Ni-NTA 153 

affinity and anion exchange chromatography as described in Materials and Methods. As 154 

shown in Fig. 1B, induction of expression in E. coli-TB1 pCG1 cells with AHT gave rise to an 155 

extra protein of approximately 22 kDa which corresponded well with the molecular mass of 156 

22 kDa calculated for the nsp8-CHis6 protein (Fig. 1B, lanes 1 and 2). Using a two-step 157 

protocol, HCoV-229E nsp8 and the (mutant) nsp8_K3687A and nsp8_K3711 proteins, 158 

respectively, could be purified in sufficient amounts for biochemical studies and proved to be 159 

stable upon storage at -20°C (Fig. 1A, Fig. 1B, lanes 3 to 5). 160 

 161 

Terminal adenylyltransferase (TATase) activity of HCoV-229E nsp8. Preliminary 162 

experiments using HCoV-229E nsp8 (Fig. 2 and data not shown) revealed the production of 163 

radiolabeled products when the protein was incubated with synthetic oligoribonucleotide 164 

substrates in the presence of -[32P]-ATP, confirming that the purified protein was active. To 165 

optimize reaction conditions for subsequent studies, we used U18 as a test substrate and 166 

incubated the reaction mixtures at 30°C for 60 minutes under varying conditions with respect 167 

to (i) nsp8 concentration, (ii) NaCl concentration, (iii) identities and concentrations of metal 168 

ions, (iv) pH, and (v) ribonucleotide concentrations. Based on these experiments (Fig. 2 and 169 

data not shown), we decided to use the following optimized (‘standard’) reaction buffer in 170 

subsequent experiments: 50 mM Tris-Cl, pH 8.0, 50 mM NaCl, 1 MgCl2, 1% Triton X-100, 1 171 
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mM DTT, 4.5 % glycerol, 1 µM substrate RNA, 100 µM of the indicated NTP(s), 0.17 µM of 172 

the indicated [-32P] NTP(s) (3000 Ci/mmol), and 2 µM nsp8. Consistent with previous 173 

studies of the SARS-CoV nsp8 (23, 24), the data revealed that HCoV-229E nsp8 activity 174 

required the presence (of moderate concentrations) of Mg2+ or Mn2+ ions (Fig. 2B). High 175 

concentrations of these ions inhibited activity, while other metal ions failed to support nsp8 176 

activity (Fig. 2C). HCoV-229E nsp8 activity proved to be sensitive to salt concentrations 177 

above 50 mM (Fig. 2A).  178 

 179 

In the presence of -[32P]-ATP (only), radiolabeled products with sizes that exceeded those 180 

of the substrate RNAs were found to be generated. These larger-than-expected products 181 

were obtained with both the homopolymeric U18 and the heteropolymeric substrate RNA 182 

KR07 (5'-UAAUGGAACGGUUUCGAUAUGGAUACAC-3', representing the 3' end of the 183 

HCoV-229E genome RNA) (Fig. 2C), suggesting that (i) the protein has adenylyltransferase 184 

activity and (ii) the products likely represent 3'-polyadenylated forms (rather than 185 

complementary copies) of the substrate RNAs used. 186 

 187 

To corroborate the idea of HCoV-229E nsp8 acting as an RNA 3'-terminal ribonucleotidyl 188 

transferase (TNTase), we decided to include 3'-biotinylated RNA substrates that lacked a 189 

free 3'-hydroxyl group as controls and performed reactions containing just a single 190 

nucleotide, i.e., (i) ATP and [-32P] ATP, (ii) CTP and [-32P]-CTP, (iii) UTP and [-32P]-UTP, 191 

and (iv) GTP and [-32P]-GTP, respectively. As shown in Fig. 3, radiolabeled AMP was 192 

efficiently incorporated into products by HCoV-229E nsp8 if the reactions were performed 193 

with substrate RNAs carrying unmodified 3' ends, while no radiolabeled products were 194 

generated from 3'-biotinylated substrate RNAs in the presence of 100 µM ATP and 0.17 µM 195 

[α-32P] ATP (Fig. 3A and B, lanes 2 and 8). With some (but not all) substrate RNAs, a rather 196 

inefficient incorporation of CMP was observed (Fig. 3A, lanes 4 and 10; Fig. 3B, lane 4), 197 

while there was (nearly) no incorporation of GMP and UMP into any of the test substrates 198 

used (Fig. 3). Taken together, these data provide strong support for the proposed RNA 3'-199 
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ribonucleotidyl transferase activity of HCoV-229E nsp8 and reveal a pronounced preference 200 

for ATP in the transfer reaction, irrespective of the type of substrate RNA used 201 

(homopolymeric or heteropolymeric). In an additional set of experiments using dATP instead 202 

of ATP, we found that [-32P]-dAMP was not incorporated into any of the substrate RNAs 203 

used (data not shown), confirming that the nsp8-mediated RNA 3' polyadenylation reaction 204 

requires the presence of a ribose-2' hydroxyl group. 205 

 206 

Next, we explored possible preferences of the nsp8 TATase activity for specific substrates 207 

and asked the question of whether the presence of specific 3'-terminal nucleotides affects the 208 

nsp8 TATase activity. The nucleotide sequence of one of the substrates corresponded to that 209 

of the 3' end of the HCoV-229E genome (KR07). In addition, we used a range of KR07 210 

derivatives carrying replacements of the 3' cytidylate with adenylate, uridylate, and 211 

guanylate, respectively (Fig. 4A). Reactions were performed under the optimized conditions 212 

described above and in the presence of 100 µM ATP and 0.17 µM [α-32P] ATP. Compared to 213 

the TATase activity obtained with KR07, nucleotide replacements of the 3'-terminal cytidylate 214 

resulted in increased TATase activities, with KR07_C28A and KR07_C28G representing the 215 

best substrates. Similarly, using another substrate, JZR3, replacements of the 3'-cytidylate 216 

with adenylate or guanylate resulted in superior activities (Fig. 4C, lanes 2 and 5). These 217 

data suggest that, at least in vitro, substrates with a 3'-terminal purine (with A being preferred 218 

over G) are polyadenylated more efficiently than substrates carrying a 3'-terminal pyrimidine. 219 

 220 

Activity of HCoV-229E nsp8 on partial-duplex RNA substrates. The data presented 221 

above suggest that HCoV-229E nsp8 is able to 3'-polyadenylate ssRNA substrates with 222 

diverse sequences/structures if these substrates contain a free 3'-hydroxyl group. 223 

Apparently, the protein did not require a primer/template hybrid (or a template) to generate 224 

radiolabeled RNA products, unlike what was suggested in earlier studies in which SARS-CoV 225 

nsp8 appeared to produce radiolabeled RNA products in a template-dependent manner 226 

indicative of both de novo and primer-dependent RNA polymerase activities (23, 24). In an 227 
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effort to reconcile the previously published SARS-CoV nsp8 data with data obtained for 228 

HCoV-229E nsp8, a series of in vitro activity assays was performed using substrate and 229 

reaction conditions corresponding to those described by te Velthuis et al. (24). Of note, the 230 

nucleotide sequences of the partially double-stranded RNA substrate (named KR01/JTR1 in 231 

the present study) were identical to those of the SAV556/SAV557 substrate used in the 232 

previous study. In the presence of 50 µM ATP and 0.17 µM [-32P] ATP, HCoV-229E nsp8 233 

was revealed to produce multiple radioactively labeled products of ≥40 nts, suggesting 234 

efficient 3' polyadenylation of one or both strands of KR01/JTR1 (Fig. 5B, lane 4). Similar 235 

products were obtained in the presence of 50 µM ATP, 50 µM GTP, and 0.17 µM [-32P] ATP 236 

(Fig. 5B, lane 2). In striking contrast, no radiolabeled products were detected if the reaction 237 

was performed in the presence of 50 µM ATP, 50 µM GTP and 0.17 µM [-32P] GTP (Fig. 238 

5B, lane 3). These data show that nsp8 is unable to incorporate GMP into reaction products, 239 

which strongly argues against a ‘true’ copy process of the C/U sequence present in the 240 

‘primed’ RNA substrate KR01/JTR1 to generate a G/A sequence. This conclusion is further 241 

supported by data obtained in a reaction containing 50 µM ATP and 0.17 µM [α-32P] ATP in 242 

which prominent products of ≥40 nts that comigrated with the products seen in lane 2 were 243 

observed while no labeled product was detected in a reaction containing 50 µM GTP and 244 

0.17 µM [α-32P] GTP, even though the template contained a C at the first position (Fig. 5B, 245 

compare lanes 4 and 5). Interestingly, the protein failed to produce radiolabeled products 246 

when KR01/JTR1-b hybrid RNA was used as a substrate (Fig. 5B, lanes 6 to 9). The fact that 247 

3' biotinylation of the bottom strand JTR1-b nearly completely abolished TATase activity led 248 

us to conclude that the labeled products seen in lanes 2 and 4 represent 3'-polyadenylated 249 

forms of the bottom (JTR1) rather than the top strand (KR01). Also, the data obtained in this 250 

and subsequent experiments (Fig. 6 and data not shown) suggest that, unlike suggested 251 

previously by others (24), radiolabeled products of the nsp8 activity do not represent 3'-252 

extended primers resulting from an ATP- and GTP-dependent copy process of the (CU)10-253 

containing template sequence. Instead, they represent 3' mono-, oligo- and polyadenylated 254 

variants of the bottom strand of the partially double-stranded RNA hybrid used in the 255 
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respective experiment. The data also suggest that, with one important exception (see below), 256 

nsp8 TATase activity prefers ’blunt’ over ‘recessive’ 3' ends in partially double-stranded 257 

substrate RNAs. 258 

 259 

HCoV-229E nsp8 has oligo(U)-assisted TATase activity. Although we failed to obtain 260 

evidence for ‘generic’ RNA template-dependent RNA polymerase activities, a number of 261 

preliminary experiments (Fig. 5 and data not shown) indicated that the 3'-adenylation activity 262 

of nsp8 on double-stranded RNA may be affected by the presence or absence of specific 5' 263 

single-stranded regions in the bottom strand. To explore more directly the role of single-264 

stranded RNA regions with varying sequences located opposite the strand with ongoing 3' 265 

adenylation, partially double-stranded RNAs were designed in which the ‘top’ strand (KR07) 266 

was hybridized to a complementary RNA called KR07comp-b. In this case, the ‘bottom’ 267 

strand was 3'-biotinylated to block any potential nsp8-mediated 3'-adenylation of this strand. 268 

In addition to this basic construct, a range of 3'-biotinylated bottom strands with different 5' 269 

overhangs including U10, C5U5, U5C5, C10, and A10, respectively, were synthesized and 270 

hybridized to KR07 (Fig. 6A). As controls, a number of dsRNAs in which both the top and the 271 

bottom strand were 3'-biotinylated were included in these experiments (Fig. 6A). 272 

 273 

In line with previous experiments, HCoV-229E nsp8 was found to have robust TATase 274 

activity using the single-stranded RNA KR07 as a substrate (Fig. 6B, lane 3). A similar 275 

TATase activity was observed for the KR07/KR07comp-b RNA hybrid, suggesting that (fully) 276 

double-stranded RNA can be equally efficiently 3'-polyadenylated by nsp8 (Figure 6B, lane 277 

4). As shown before, 3'-biotinylated forms of single- or double-straded RNA substrates were 278 

not polyadenylated (Fig. 6B, lanes 2, 5, and 6). Maximum 3'-polyadenylation of the top strand 279 

was observed for an RNA hybrid in which the bottom strand had an unpaired 5' U10 overhang 280 

(Figure 6B, lane 8), and only slightly lower activities were observed for 5' overhangs with 281 

U5C5 and C5U5 sequences, respectively (Fig. 6B, lanes 7 and 9). In contrast, we failed to 282 

detect TATase activity for dsRNA substrates containing 5' A10 and C10 overhang regions, 283 
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respectively (KR07/A10KR07comp-b, KR07/C10KR07comp-b) (Fig. 6B, lanes 10 and 11). For 284 

the latter two substrates, labeled products could also not be detected if the ‘matching’ 285 

nucleotides, UTP and GTP, respectively, were included in the reaction (Fig. 6C). Taken 286 

together, the data show that HCoV-229E nsp8 TATase activity is strongly stimulated by the 287 

presence of a short (≥5-nt) oligo(U) stretch in the opposite strand, suggesting that nsp8 uses 288 

the oligo(U) stretch (or a part of it) as a template. To corroborate this hypothesis, we modified 289 

the KR01-containing substrates used in the previous experiment (Fig. 6) to include longer 5' 290 

single-stranded regions in the bottom strand, (i) a mixed (UC)10 sequence and (ii) a 291 

homooligomeric U20 sequence (Figure 7A). If the KR01 3' end was blocked with biotin, no 292 

radiolabeled product was generated, while TATase activity was readily detectable for KR01 293 

with a free 3'-hydroxyl group (Fig. 7B, compare lanes 2 and 3). There was no detectable 294 

activity using a substrate containing a mixed (CU)10 sequence in the 5' single-stranded region 295 

of the bottom strand (Fig. 7B, lane 4), while very efficient TATase activity was observed for 296 

an RNA hybrid containing an unpaired 5' U20 sequence in the bottom strand (Fig. 7B, 297 

compare lanes 4 and 7), providing additional evidence for the proposed poly(U)-templated 298 

TATase activity of nsp8. In line with previous experiments (see above), we failed to detect 299 

radiolabeled products in reactions using 3'-biotinylated dsRNA substrates (KR01-b/JTR1-b, 300 

KR01-b/U20JTR1comp-b), confirming the requirement of a free 3' hydroxyl group for nsp8 301 

TATase activity (Fig. 7B, lanes 4 and 5; Fig. 6). 302 

 303 

Next, we tested if SARS-CoV nsp8 and FIPV nsp8 display the same poly(U) template-304 

assisted TATase activity described above for the HCoV-229E homolog. To this end, 305 

recombinant forms of SARS-CoV and FIPV nsp8 were produced in E. coli (see Materials and 306 

Methods) and used in reactions supplemented with 2 µM of the appropriate nsp8, 50 mM 307 

NaCl, 1 mM MgCl2, 100 µM ATP and 0.17 µM [-32P] ATP and 1 µM substrate RNA (Fig. 308 

8A). Using a partially double-stranded RNA substrate with an unpaired 5' U20 sequence in the 309 

bottom strand, we found that all three nsp8s displayed robust TATase activity resulting in a 310 

product of ≥40 nt (Figure 8B, lane 3, 5, and 7). Among the three coronavirus nsp8s used in 311 
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this experiment, SARS-CoV nsp8 displayed the most efficient TATase activity with this 312 

particular substrate (Fig. 8B, lane 7). Together, these data suggest that oligo(U) template-313 

assisted TATase activity is a conserved feature of coronavirus nsp8 proteins. 314 

 315 

Role of conserved Lys residues in HCoV-229E nsp8-mediated RNA-binding and 316 

TATase activities, and viral replication. Previous structural and biochemical studies 317 

identified a number of residues to be essential for nsp8 ‘polymerase/primase’ activity, 318 

protein-protein and protein-RNA interactions, respectively (12-14, 23, 24). To assess the 319 

potential role in TATase activity of two HCoV-229E nsp8 residues equivalent to conserved 320 

Lys residues shown previously to be important for SARS-CoV nsp8 primase activity and 321 

SARS-CoV replication (14, 23), we produced mutant forms of HCoV-229E nsp8 in which 322 

pp1a residues Lys-3687 and Lys-3711, respectively, were replaced with Ala (Fig. 1). The 323 

proteins were produced in E. coli and purified to apparent homogeneity using metal-ion 324 

affinity and anion-exchange chromatography (Fig. 1B). TATase activities of the mutant 325 

proteins were determined using the reaction conditions established for the wildtype enzyme; 326 

and KR07 and U18 were used as test substrates in these assays. As shown in Fig. 9, no 327 

TATase activity was detected for the nsp8_K3711A protein while nsp8_K3687A retained its 328 

TATase activity on the two RNA substrates used in this experiment (Fig. 9A and B). Next, we 329 

determined the RNA-binding activities of the wildtype and mutant nsp8 proteins using a 330 

range of RNAs (A18, U18, C18 and KR07) (see Materials and Methods). As shown in Fig. 9 (C 331 

and D), nsp8_K3687A bound RNA less efficiently than the wildtype protein. The reduced 332 

RNA-binding activity of nsp8_K3687A was particularly evident using A18 and C18 (Fig. 9C), 333 

while the protein retained RNA-binding activity to U18 and KR07 (Fig. 9C and D). In contrast, 334 

the K3711A substitution abolished the RNA-binding activity of the protein completely (Fig. 9C 335 

and D), suggesting that the lack of TATase activity was probably caused by insufficient RNA-336 

binding capacity of this protein. 337 

 338 
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In a final set of experiments, we examined possible effects of the pp1a/pp1ab K3687A and 339 

K3711A substitutions in the context of viral replication in cell culture. Full-length HCoV-229E 340 

genome RNAs containing the desired mutations were generated using the reverse genetics 341 

system developed by Thiel et al. (27). Following cotransfection of Huh-7 cells with 1.25 µg of 342 

in vitro-transcribed 5'-capped full-length HCoV-229E RNA (wildtype and nsp8 mutants, 343 

respectively) along with 0.75 µg N mRNA, the cells were incubated at 33°C. Determination of 344 

virus titers in the cell culture supernatants collected at 72 h p.t. revealed that wt HCoV-229E 345 

was readily recovered with titers of >106 pfu/ml while no viable viruses could be rescued after 346 

transfection of mutant RNAs (HCoV-229E_K3687A and _K3711A, respectively), suggesting 347 

critical roles of nsp8-mediated activities in viral replication. 348 

  349 
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Discussion 350 

Although previous studies on coronavirus nsp8 proteins (including their complexes with nsp7) 351 

were focused on recombinant forms of nsp8 of only two viruses, SARS-CoV and FIPV, partly 352 

inconsistent or controversial information was obtained in several instances (6, 12, 14, 23, 353 

24). With regard to enzymatic activities and possible roles in viral RNA synthesis, at least 354 

four functions have been suggested for nsp8. The protein was shown to be an essential 355 

cofactor (together with nsp7) for RdRp activity in vitro. Additional functions were suggested to 356 

include (i) processivity factor for the viral RdRp (in a hexadecameric complex with nsp7), (ii) 357 

‘noncanonical’ RdRp (primase) activity, and (iii) primer-dependent and de novo RdRp 358 

activities (alone or in complex with nsp7) (12-14, 23, 24). Possibly, some of the discrepant 359 

findings of these studies may be explained by the presence of a few extra residues in the 360 

respective protein constructs (6). And indeed, there is evidence that the presence and 361 

identities of N-terminal tags may affect the activities of SARS-CoV and FIPV nsp8 (12, 24). In 362 

an effort to revisit the diverse polymerase activities reported previously for two coronavirus 363 

nsp8 proteins, we decided to focus on the isolated nsp8 protein by characterizing the 364 

activities of the HCoV-229E nsp8 (representing the genus Alphacoronavirus) and, 365 

subsequently, extended major findings arising from this work to previously characterized 366 

nsp8 homologs from SARS-CoV (genus Betacoronavirus) and FIPV (genus 367 

Alphacoronavirus). To produce and purify these proteins in an active form, we took 368 

advantage of a previously established system suitable to generate C-terminally His6-tagged 369 

forms of nsp8 with their authentic N-terminal residues in a T7 polymerase-free system, 370 

thereby eliminating the risk of T7 RNA polymerase contamination which may interfere with 371 

subsequent analyses of viral RdRp activities produced in E. coli (24, 25). The proteins were 372 

purified from E. coli by metal-ion affinity and anion-exchange chromatography and 373 

characterized in vitro using protocols optimized in this study.  374 

 375 

Using SARS-CoV and HCoV-229E nsp8, respectively, we failed to obtain evidence for 376 

primase activity for these proteins (that is, template-dependent de novo polymerase activity 377 
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resulting in short oligonucleotides) on any of the substrates used, which is in agreement with 378 

a study by Subissi et al. (14) but contradicts an earlier report (23). We however found that 379 

HCoV-229E nsp8 transfers (ribo)nucleotides to the 3' end of substrate RNAs, with ATP being 380 

the clearly preferred nucleotide. Importantly, this activity was not detectable if substrates 381 

were used in which the 3'-hydroxyl group was blocked, thus essentially excluding template-382 

dependent de novo polymerase activities being involved in the production of the radiolabeled 383 

products obtained in our assays. Also, the vast majority of products was larger than the 384 

substrates used, and virtually identical products were generated from a partially double-385 

stranded RNA containing a single-stranded heteropolymeric (C/U) sequence in reactions 386 

containing either ATP alone or ATP in combination with GTP, arguing against a template-387 

dependent copy process being involved in the production of the labeled RNAs seen in the 388 

autoradiograms (Fig. 5). The latter hypothesis is supported by the lack of radiolabeled RNAs 389 

being produced if the 3' end of the bottom strand was blocked with biotin (KR01/JTR1-b), 390 

indicating that essentially all radiolabeled products seen for KR01/JTR1 in Fig. 5 (lanes 2 and 391 

4) were produced by 3' polyadenylation of the bottom strand JTR1 (i.e., at the substrate's 392 

blunt end) rather than a copy process of the template, resulting in the 3' extension of the top 393 

strand KR01 (to fill up the 3' recessive end of the substrate). 394 

 395 

A very weak 3' extension of single-stranded substrate RNAs was also observed in the 396 

presence of CTP and UTP, respectively, while there was no detectable incorporation of GTP 397 

in any of the substrates used (Figs. 3 and 5). The nucleotide selectivity of the nsp8-mediated 398 

terminal transferase activity resembles that of eukaryotic poly(A) polymerases (PAPs), which 399 

are known to be highly specific for ATP (28, 29). The efficient 3'-terminal polynucleotidylation 400 

of RNA substrates by PAPs in the presence of ATP (but not CTP, UTP, and GTP, 401 

respectively) has been suggested to involve nucleotide base stacking (see below). PAPs 402 

have been reported to exhibit 800-fold higher catalytic efficiencies with ATP compared to 403 

GTP (30). Both the different electrostatic properties and shapes of the two purine nucleotides 404 

were suggested to be involved in the distinct binding and use of ATP by PAPs (31, 32). 405 
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Based on the data obtained in this study, it seems reasonable to suggest that coronavirus 406 

nsp8 homologs are RNA-specific TATases that probably act in a distributive manner. 407 

 408 

Similar to cellular PAPs, many viral RNA polymerases, including picornavirus, calicivirus, 409 

flavivirus, nodavirus, alphavirus, and bacteriophage 6 polymerases, have been reported to 410 

add nontemplated nucleotides to the 3' ends of RNA products and it has been suggested that 411 

the addition of a few extra nucleotides reflects an intrinsic terminal transferase activity of 412 

(some of) these RdRps (33-41). These studies also showed that the TNTase activity requires 413 

the presence of a 3'-hydroxyl group, as confirmed by experiments using blocked 3' ends, 414 

which abolished this activity (40-42). Similarly and although not apparently related to viral 415 

RdRp, the HCoV-229E nsp8 was shown to have TATase activity on homopolymeric and 416 

heteropolymeric RNA substrates unless their 3' ends were blocked by 3' biotinylation (Fig. 3, 417 

6, 7, 8). The nsp8-associated RNA 3' nucleotidyl terminal transferase activity displayed a 418 

strong preference for ATP (over CTP and UTP), while GTP and dATP were not incorporated. 419 

 420 

In previous studies, metal ions were demonstrated to affect nucleotide selectivity of poliovirus 421 

3Dpol in vitro (33). The use of Mn2+ was found to relax nucleotide selectivity, resulting in 422 

decreased RdRp fidelity (33, 43, 44). Nucleotide misincorporations and pronounced primer 423 

cleavage occurred in the presence of Mn2+ but not (or much less so) in the presence of Mg2+ 424 

ions (33). Mn2+ ions were also reported to affect alphavirus nsP4 (RdRp) TATase activity 425 

(39). Because of these special effects of Mn2+ ions when used at (nonphysiologically) high 426 

concentrations, we decided to use Mg2+ ions in (almost all) the HCoV-229E nsp8 activity 427 

assays included in this study, even though Mn2+ was confirmed to be equally effective in 428 

supporting HCoV-229E nsp8-mediated TATase activity (Fig. 2B). Our decision to use of Mg2+ 429 

instead of Mn2+ ions was also prompted by data obtained in a previous study in which a 430 

sequence-specific (yet low-fidelity) RdRp activity mediated by SARS-CoV nsp8 was 431 

observed in reactions containing Mn2+  ions (23), while this particular nsp8-associated activity 432 
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was no longer observed in a more recent study using Mg2+ ions as metal ion cofactor in 433 

RdRp assays including nsp8 (14). 434 

 435 

Although this remains to be formally proven, it is tempting to suggest that the TATase activity 436 

established in this study for HCoV-229E nsp8 may have a role in the 3'-polyadenylation of 437 

viral RNAs. It has been confirmed for bovine coronavirus (BCoV) that viral plus-strand RNAs 438 

are 3'-polyadenylated, while the 5' ends of negative strands contain a poly(U) track of 9-26 439 

nts (45). The efficient nsp8-mediated 3'-polyadenylation of substrate RNAs in the presence of 440 

a 5'-oligouridylated template supports the idea that nsp8 may have functions that resemble 441 

those of cellular PAPs (see below). Even though crystal structures of SARS-CoV and FIPV 442 

nsp8 have been reported (12, 13), the structural basis for the selective use of ATP for the 443 

nsp8-associated terminal transferase activity remains to be established, for example, by 444 

further structural studies of nsp8 in the presence of ATP analogs. Based on previous studies 445 

on cellular PAPs (which, however, are not evidently related to coronavirus nsp8 proteins), it 446 

seems safe to predict that multiple interactions are required for NTP selectivity, RNA 447 

substrate binding and catalysis (30). 448 

 449 

With respect to substrate specificity, we were interested to examine if (and to what extent) 450 

the identities of the 3'-terminal nucleotides affect the HCoV-229E nsp8-mediated TATase 451 

activity. We found that substitution of the 3'-terminal cytidylate present in KR07 and JZR3, 452 

respectively, with adenylate resulted in increased nsp8 TATase activities (Fig. 4B and C). 453 

Also in the presence of a 3'-terminal guanylate the nsp8 TATase activity was enhanced, 454 

suggesting that purines are preferred over pyrimidines at the 3'-terminal position. Similar 455 

observations were previously made for the TNTase activity of the HCV RdRp (35), where a 456 

C-to-G substitution at the 3'-terminal position resulted in enhanced 3' adenylation. Early 457 

studies performed in the 1960s proposed differential stacking interactions between different 458 

types of nucleobases to be responsible for this preference: purine-purine > purine-pyrimidine 459 

> pyrimidine-pyrimidine (46-48). Theoretical studies indicated that A-A stacking (purine-460 
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purine) is more favorable than A-C stacking (purine-pyrimidine) (49, 50). As mentioned 461 

above, nsp8 TATase activity was found to be increased if the 3'-terminal pyrimidine 462 

(cytidylate) present in two oligonucleotide substrates was substituted with purine (A or G) 463 

(Fig. 4B and C) while a moderate (or no) stimulation of activity was observed when the 464 

cytidylate was replaced with another pyrimidine (uridylate). The effects observed for 3'-465 

terminal nucleotide substitutions support the idea that differential base-stacking interaction 466 

may have a role in the initiation of 3' polyadenylation. Similar to the observations made in our 467 

study, a 10-fold lower catalytic efficiency was reported for a cellular PAP using an A18 468 

substrate in which the 3'-terminal A was substituted with C (A17C) (51). In line with this 469 

interpretation, we found that replacements of the penultimate nucleotide had no detectable 470 

effect on nsp8 TATase activity (data not shown). 471 

 472 

In the context of an earlier study addressing possible primer-dependent and de novo RdRp 473 

activities of the SARS-CoV nsp8 and an nsp7-nsp8 complex, evidence was presented that (if 474 

a primer/template complex is provided) nsp8 is able to generate radiolabeled RNAs with 475 

sizes that exceed those of the template, suggesting nontemplated 3'-TNTase activity (24). 476 

This observation is consistent with what we propose here for the HCoV-229E nsp8 homolog. 477 

In contrast, however, our data do not support the template-dependent copy process 478 

described in that earlier study. Our data rather suggest that the near-substrate-length labeled 479 

products observed in these experiments represent 3'-mono- or oligoadenylated forms of the 480 

template strand. To test this hypothesis, we used the primed template described previously 481 

(24) and analyzed the radiolabeled products generated by nsp8 in the presence of different 482 

(combinations of) nucleotides. Labeled products could only be detected if [32P]-ATP was 483 

included in the reaction while [32P]-GTP was not incorporated into any of the products, 484 

thereby ruling out the possibility that the labeled RNA product represented a copy of the 485 

(CU)10 template (Fig. 5, 6, and data not shown). We also observed that, at low ATP 486 

concentrations, only one major product (of approximately substrate length and probably 487 

representing a 3'-monoadenylated RNA) was produced, while higher ATP concentrations 488 
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(50-100 µM) resulted in polyadenylated products. Importantly, no such products were 489 

observed in the presence of [-32P] GTP (Fig. 5 and data not shown), once again supporting 490 

the adenylate-specific 3'-terminal ribonucleotidyl transferase activity established in this study. 491 

 492 

To address possible roles of specific RNA structures and sequences in supporting the 493 

TNTase activity of nsp8, a series of partial-duplex RNAs with one strand representing the 3'-494 

end of the HCoV-229E genome and the other representing the complementary 5' end of the 495 

viral antigenome (with and without 5' single-stranded tails) were used in activity assays (Fig. 496 

6A). Using an RNA hybrid containing a 5' overhang with a short oligo(U) stretch (U10, U5C5, 497 

and C5U5, respectively), a very efficient polyadenylation of KR07 was observed, while nearly 498 

no TATase activity was observed if the partially double-strand RNAs contained 5'-tails with 499 

A10 or C10 sequences in the bottom strand (Fig. 6B). The same result was obtained in 500 

reactions in which the appropriate complimentary nucleotides (UTP and GTP, respectively) 501 

were included in the respective reactions (Fig. 6C), again confirming the nucleotide selectivity 502 

of nsp8. Furthermore, the data show that HCoV-229E nsp8 TATase is equally active on 503 

single-stranded and (the blunt ends of) double-stranded RNA substrates (Fig. 6B, lanes 3 504 

and 4), whereas recessive 3' ends in partially double-stranded RNAs are clearly disfavored 505 

(Fig. 5 and 6), unless the bottom strand contains a stretch of uridylates. While it is clear that 506 

the nsp8 TATase does not strictly require an oligo(U) template, the activity was greatly 507 

stimulated by the presence of a single-stranded oligo(U) sequence opposite the 3'-508 

polyadenylation site, with U5-10 stretches stimulating polyadenylation activity most efficiently. 509 

Interestingly, the position of the U5 sequence in the mixed sequence (C5U5 or U5C5) was not 510 

critical, possibly indicating low processivity and repeated use of the oligo(U) template. The 511 

situation appeared to be different if the 5' oligo(U) tail was extended up to 20 nucleotides. In 512 

this case, a rather defined product was observed which was not efficiently extended beyond 513 

template length (42 nts), possibly caused by the lack of a suitable oligo(U) template once an 514 

extended (and thus stable) A-U base-paired structure had been formed by the 3'-515 

polyadenylation reaction.  516 
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 517 

Based on the data presented in this study, it seems reasonable to suggest a model in which 518 

the nsp8-mediated TATase (in conjunction with other RTC components) acts to 3' 519 

polyadenylate genomic RNA and sg mRNAs in an oligo(U)-assisted manner. If confirmed, 520 

this mechanism would resemble the mechanisms (including polyadenylation signals) 521 

employed by negative-strand RNA viruses to produce polyadenylated mRNAs (52-55) and 522 

mechanisms proposed for the poliovirus polymerase (56-58), while cellular PAPs generally 523 

add poly(A) tails in a template-independent manner and depend on specific polyadenylation 524 

signals (59). The factors and mechanisms that drive and regulate 3'-poly(A)-tailing of 525 

coronavirus plus-strand RNAs are currently unclear and deserve further investigation. 526 

 527 

In a previous study, the SARS-CoV nsp8 Lys-58 residue was implicated in the dsRNA-528 

binding activity of the nsp7-nsp8 complex (13). We replaced the homologous Lys residue in 529 

the HCoV-229E nsp8 (K3687A) and examined the RNA-binding and TATase activities of this 530 

protein. Consistent with data obtained for the corresponding SARS-CoV nsp8 mutant 531 

nsp8_K58A (13, 14, 24), RNA-binding activity of HCoV-229E nsp8_K3687A was found to be 532 

reduced by approximately 50% (Fig. 9C and D). Despite this reduced RNA-binding affinity, 533 

the TATase activity of nsp8_K3687A was not affected or even higher than that of the 534 

wildtype protein (Fig. 7A and B). Earlier studies reported a complete abolishment of nsp8 535 

primase and polymerase activities for the equivalent substitution in the SARS-CoV nsp8 536 

(K58A) (23, 24). Subsequently, the same replacement was shown to abolish de novo 537 

initiation while it retained significant primer extension activity in polymerase assays of the 538 

nsp7/nsp8/nsp12 complex (14). Although the basis of these differential effects are currently 539 

unclear, the data obtained in these different virus systems and assays lead us to suggest 540 

that this particular substitution retains (some) in vitro activities. The remaining ~50% RNA-541 

binding affinity of HCoV-229E nsp8_K3687A was probably sufficient to retain TATase 542 

activity, while the SARS-CoV equivalent retained some of its capacity to support the 543 

polymerase activity of the nsp7/8/12 complex (14). However, these functional defects 544 
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resulted in non-viable viruses in both cases (no RNA accumulation and virus reproduction) 545 

(14), reinforcing the important role of a fully functional nsp8 in viral replication. 546 

 547 

Substitution of another highly conserved lysine residue in nsp8, HCoV-229E pp1a Lys-3711, 548 

with Ala resulted in a >90% reduction of RNA-binding activity (Fig. 9B and D), while the 549 

TATase activity of this protein was completely abolished using two different substrates (Fig. 550 

7A and C). A mutant HCoV-229E full-length RNA containing this particular mutation did not 551 

give rise to viable virus following transfection into Huh-7 cells. The HCoV-229E nsp8 552 

mutagenesis data are thus in agreement with biochemical data reported for the equivalent 553 

substitution in SARS-CoV nsp8 (23) as well as reverse genetics data for this virus. A SARS-554 

CoV mutant containing the equivalent mutation in nsp8 was shown to be crippled and rapidly 555 

evolved compensatory mutations to restore near-wildtype growth kinetics in cell culture (14). 556 

It should also be mentioned that the complete loss of TATase activity in the HCoV-557 

229E_K3711A protein represents an important control because it excludes potential 558 

contaminations with bacterial RNA 3' polyadenylation activities being responsible for the 559 

TATase shown in reactions using the recombinant HCoV-229E nsp8 wildtype protein 560 

produced and purified under identical conditions. 561 

 562 

In summary, our study is in line with previous reports (12, 23, 24) by showing that 563 

coronavirus nsp8 proteins act as nucleotidylyl transferases. However, it does not support 564 

previous suggestions on nsp8-associated primase and RdRp activities. Based on our 565 

findings, we consider it possible that, in those earlier studies, coronavirus nsp8 polymerase 566 

activity data were overinterpreted because two important controls were omitted: (i) there was 567 

no proof to show that [-32P] GMP (in addition to [-32P] AMP) was actually incorporated into 568 

product during primed RNA synthesis from a CU template and (ii) no 3'-blocked template 569 

RNA was used in de novo RdRp assays to exclude the possibility that the presumed full-570 

length transcripts identified in these assays represented 3'-mono- or oligonucleotidylated 571 

forms of the template RNA (12, 24). Despite these considerations, we think that the 572 
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combined data from this and earlier studies provide sufficient evidence to suggest divalent 573 

metal ion-dependent RNA 3' TATase activities for coronavirus nsp8 proteins. This activity is 574 

strongly enhanced by the presence of an oligo(U) template strand and can be blocked by 575 

substituting a single conserved Lys residue with Ala. While it is clear from this and a previous 576 

study that nsp8 is critically involved in coronavirus replication and acts as a cofactor for 577 

nsp12-mediated RdRp activity in vitro (14), the diverse functions of nsp8 (both alone and in 578 

complex with other replicase subunits) remain to be investigated in more detail, including a 579 

possible involvement of the TATase activity in the production of 3'-polyadenylated plus-580 

strand RNAs. 581 

  582 
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Materials and methods 583 

Cloning, mutagenesis and protein production. To produce HCoV-229E nsp8 in 584 

Escherichia coli, the coding sequence of HCoV-229E pp1a residues 3630-3824 was 585 

amplified by reverse transcription-polymerase chain reaction (RT-PCR) from viral RNA 586 

isolated from HCoV-229E-infected Huh-7 cells and inserted into pASK3-Ub-CHis6 using 587 

restriction- and ligation-free cloning methods (60, 61). The resulting plasmid encoded the full-588 

length HCoV-229E nsp8 fused to an N-terminal ubiquitin tag and a C-terminal His6-tag (25, 589 

26). Similarly, the coding sequence of FIPV nsp8 (strain 79/1146; GenBank accession 590 

number DQ010921; pp1a residues 3506 to 3700) was inserted into pASK3-Ub-CHis6 plasmid 591 

DNA and used to produce an N-terminally ubiquitin-tagged and C-terminally hexahistidine-592 

tagged form of FIPV nsp8. For the production of SARS-CoV nsp8, plasmid pASK3-Ub-nsp8-593 

CHis was used (24). The protein expressed from this plasmid comprised the pp1a residues 594 

3920 to 4117 of SARS-CoV (strain Frankfurt-1, Genbank accession number AY291315) 595 

fused to an N-terminal ubiquitin tag and a short C-terminal sequence, GSSGHHHHHH, 596 

including a hexahistidine tag. For all plasmid constructs, expression was under control of a 597 

tet-promoter. Site-specific mutagenesis of plasmid constructs was done using a PCR-based 598 

approach (60, 61). Primers used for cloning and mutagenesis are available upon request. 599 

 600 

Heterologous expression of nsp8 in E. coli and protein purification. For the production 601 

of wildtype and mutant coronavirus nsp8 proteins, E. coli TB1 cells were used. Bacteria were 602 

co-transformed with the appropriate pASK3-Ub expression construct and pCGI plasmid DNA, 603 

the latter encoding the ubiquitin-specific carboxyl-terminal hydrolase 1 (Ubp1) (25). LB 604 

medium containing ampicillin (100 µg/ml) and chloramphenicol (34 µg/ml) was inoculated 605 

with an overnight culture of E. coli TB1 cells carrying the appropriate plasmids and the 606 

culture was incubated in a shaking incubator at 37°C. At an OD600 of 0.4, protein production 607 

was induced with anhydrotetracycline (AHT; 200 ng/ml, IBA Lifesciences) and cells were 608 

incubated for another 17 hours at 17°C under vigorous shaking. Next, cells were harvested 609 

by centrifugation (3000 × g for 10 min) and resuspended in ice-cold NP7a buffer (20 mM 610 
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Tris-Cl, pH 8.0, 250 mM NaCl, 10 mM imidazole and 15 mM β-mercaptoethanol). After 611 

addition of lysozyme (1.5 mg/ml), and EDTA-free protease inhibitor cocktail (Roche) and 612 

incubation for 30 min on ice, the cells were sonicated (20 x 10 sec pulses) and insoluble 613 

material was removed by centrifugation for 30 min at 40,000 × g at 4°C. The supernatant 614 

was incubated with preequilibrated Ni-NTA agarose beads (Macherey-Nagel) for 2 hrs at 4°C 615 

under gentle agitation. The suspension was then loaded onto a disposable filter column and, 616 

after washing with 20 ml NP7a buffer and 20 ml buffer NP8a (20 mM Tris-HCl pH 8.0, 250 617 

mM NaCl, 20 mM imidazole and 15 mM β-mercaptoethanol), the protein was eluted with 618 

NP9a buffer (20 mM Tris-Cl/pH 8.0, 250 mM NaCl, 200 mM imidazole and 15 mM β-619 

mercaptoethanol). Eluate fractions were analyzed by SDS-PAGE and fractions containing 620 

nsp8 were pooled and subjected to anion-exchange chromatography using an ÄKTAprime 621 

plus instrument (GE Healthcare). To this end, eluate fractions from the Ni-NTA 622 

chromatography were diluted tenfold with buffer A (20 mM Tris-Cl/pH 8.0, 5 % v/v glycerol 623 

and 10 mM β-mercaptoethanol) and loaded onto a HiTrap Q column (1 ml; GE Healthcare). 624 

Nonspecifically bound proteins were removed by washing with 30 ml of A30 buffer (20 mM 625 

Tris-Cl/pH 8.0, 30 mM NaCl, 5 % glycerol and 10 mM β-mercaptoethanol) and the 626 

recombinant protein was eluted using a continuous NaCl gradient (30 mM to 1 M) in buffer 627 

containing 20 mM Tris-Cl/pH 8.0, 5 % glycerol and 10 mM β-mercaptoethanol. Peak fractions 628 

containing the desired protein were identified by SDS-PAGE, pooled and dialyzed against 629 

storage buffer (50 mM Tris-Cl/pH 8.0, 150 mM NaCl, 45 % glycerol and 15 mM β-630 

mercaptoethanol) and stored at -20°C until further use. 631 

 632 

Nsp8 activity assay. For in vitro activity assays, the various forms of coronavirus nsp8 633 

produced in this study were incubated with single-stranded (ss), double-stranded (ds) and 634 

partial-duplex substrate RNAs, respectively. In addition, a range of 3'-biotinylated substrate 635 

RNAs were used. Unless stated otherwise in the text, reaction mixtures contained 50 mM 636 

Tris-Cl, pH 8.0, 50 mM NaCl, 1 MgCl2, 1% Triton X-100, 1 mM DTT, 1.5 mM β-637 

mercaptoethanol, 4.5% glycerol, 1 µM substrate RNA, 100 µM of the indicated NTP(s),  0.17 638 
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µM of the indicated [-32P] NTP(s) and 2 µM nsp8. Reactions were incubated for 60 min at 639 

30°C and terminated by the addition of sodium acetate (pH 5.2, 300 mM final concentration) 640 

and 10 volumes of ice-cold ethanol. Following centrifugation, the air-dried pellets were 641 

resuspended in PCR-grade Proteinase K solution (1 mg/ml final concentration, Invitrogen) 642 

and incubated at 55°C for 15 min. Reactions were stopped by adding Fu-mix (6 M urea, 80% 643 

deionized formamide, 1x TBE, 0.1% [w/v] bromophenol blue, and 0.1% (w/v) xylene cyanol). 644 

Following denaturation for 10 min at 65°C, reaction products were separated in 1x TBE-645 

buffered 12 % polyacrylamide gels containing 7 M urea and analyzed by phosphorimaging 646 

using a Typhoon 9200 imager (GE Healthcare) and Quantity One software (BioRad). 647 

 648 

Electrophoretic mobility shift assay (EMSA). For RNA-binding assays, 649 

denatured/renatured RNAs were used. First, 5'-[32P]-labeled RNAs (600 nM) were denatured 650 

in STE buffer (10 mM Tris-HCl/pH 8.0, 100 mM NaCl, 1 mM EDTA) at 95°C for 2 min and 651 

then put on ice for 3 min. RNA refolding was done at room temperature for 10 min in buffer  652 

containing 50 mM Tris-HCl/pH 8.0, 7,5 mM NaCl, 1 mM MgCl2, 1% Triton X-100, 1 mM DTT. 653 

Next, the refolded RNA was mixed with nsp8 and incubated on ice for 1 hour. As a control, a 654 

reaction was performed in the absence of nsp8. Typical reaction mixtures (10 µl total volume) 655 

contained 60 nM RNA, 2 µM nsp8, 55 mM Tris-HCl/pH 8.0, 50 mM NaCl, 1 mM MgCl2, 1% 656 

Triton X-100, 1 mM DTT, 1.5 mM β-mercaptoethanol, 4.5% glycerol and 0.1 mM EDTA. After 657 

1 hour, the reaction mixtures were loaded onto 0.5× TBE-buffered, non-denaturing 10% 658 

polyacrylamide gels containing 5% glycerol and separated at 4°C by electrophoresis at 659 

constant voltage (200 V) for 6 hrs. The dried gels were exposed to phosphorimaging screens 660 

and products were analyzed using a Typhoon 9200 imager and Quantity One software 661 

(BioRad). 662 

  663 

Substrate RNAs. Synthetic RNAs used in this study were purchased from Integrated DNA 664 

Technologies (IDT).  RNA hybrids (10 µM) were prepared by annealing two RNA 665 

oligonucleotides with (fully or partially) complementary sequences in STE buffer in a final 666 
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volume of 100 µl. The mixture was incubated at 95°C for 5 min and then cooled down slowly 667 

to room temperature. Annealed RNA hybrids were stored at -20°C until further use. For 668 

sequences of the ribooligonucleotides used in this study, see Figures 4, 5, 6, 8, and 9, 669 

respectively. In addition, the following RNAs were used: KR12, 5'-ACUUAAGUACCUUAUC-670 

UAUCUACAGAUA-3'; KR12Bio, 5'-ACUUAAGUACCUUAUCUAUCUACAGAUA-3'-Biotin; 671 

KR05, 5'-UAUCUGUAGAUAGAUAAGGUACUUAAGU-3; KR13, 5'-CUUCCGUCUUAUGGC-672 

CAGUCCAAAUAGU-3'. 673 
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Figure legends 860 

 861 

Fig. 1. Production of HCoV-229E nsp8 in E. coli. A, Multiple sequence alignment of the N-862 

terminal regions of coronavirus nsp8 proteins representing the genera Alpha-, Beta-, 863 

Gamma-, and Deltacoronavirus, respectively. Sequences were aligned using Clustal Omega 864 

(62) and converted using ESPript (63). Black background color indicates invariant residues. 865 

Alanine substitutions in HCoV-229E nsp8 generated in this study are indicated by arrows. 866 

Numbers indicate positions in the HCoV-229E polyprotein 1a/1ab sequence. SARS-CoV, 867 

Severe acute respiratory syndrome coronavirus (AY291315); MERS-CoV, Middle East 868 

respiratory syndrome coronavirus (JX869059.2); MHV, Mouse hepatitis virus A59 869 

(NC_001846.1); IBV, Avian infectious bronchitis virus (NC_001451.1); BW-CoV, Beluga 870 

whale coronavirus SW1 (NC_010646); WiCoV, Wigeon coronavirus HKU20 (JQ065048); 871 

WECoV, White-eye coronavirus HKU16 (JQ065044); FIPV, Feline infectious peritonitis virus 872 

(NC_002306); HCoV-NL63, Human coronavirus NL63 (NC_005831); HCoV-229E, Human 873 

coronavirus 229E (NC_002645). Secondary structure elements determined by crystal 874 

structure analysis of SARS-CoV nsp8 (pdb 2AHM, chain H) (13) are shown above the 875 

alignment. B, Coomassie brilliant blue-stained 12% SDS-polyacrylamide gel showing the 876 

production and purification of HCoV-229E nsp8-CHis6. Lanes 1 and 2, total lysates of E. coli 877 

TB1 [pCG1] cells transformed with pASK-Ub-nsp8-CHis6 plasmid DNA and grown in the 878 

absence (–) or presence (+) of anhydrotetracycline (AHT); lanes 3-5, purified nsp8-CHis6 879 

proteins (wildtype [WT] or variants containing the indicated alanine substitutions of 880 

conserved residues). Molecular masses (in kDa) of marker proteins are indicated to the left. 881 

 882 

Fig. 2. RNA 3'-terminal nucleotidyl transferase (TNTase) activity of HCoV-229E nsp8. 883 

Effects of increasing salt concentrations and the presence of metal ions on TNTase activity. 884 

A, Nsp8 activity assays were performed in reaction buffer supplemented with 2 µM nsp8, 1 885 

M U18 (substrate RNA), 100 µM ATP, 0.17 µM [-32P] ATP, 1 mM MgCl2, and varying 886 

concentrations of NaCl (36 to 150 mM). B, Activity assays were performed in reaction buffer 887 
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supplemented with 2 µM nsp8, 50 mM NaCl, 100 µM ATP, 0.17 µM [-32P] ATP, 1 µM U18 888 

(substrate RNA), and the indicated concentrations of MgCl2 and MnCl2, respectively (0 to 20 889 

mM). C, Activity assays were performed in reaction buffer supplemented with 2 µM nsp8, 50 890 

mM NaCl, 100 µM ATP, 0.17 µM [-32P] ATP, and 1 µM U18 (left panel) or KR07 RNA (right 891 

panel), and the indicated divalent metal ions (each at 1 mM). 5'-[32P]-labeled RNAs (U18, 892 

KR07), respectively, were used as 18-nt and 28-nt markers as indicated to the left. Reactions 893 

were incubated at 30°C for 60 min. Products were resolved in a TBE-buffered 12% 894 

polyacrylamide-7 M urea gel and visualized by phosphorimaging. 895 

 896 

Fig. 3. TATase activity of HCoV-229E nsp8. A, Reactions in which A18 and U18, 897 

respectively, were used as substrate RNAs. The suffix ‘b’ indicates 3'-biotinylation of the 898 

respective oligoribonucleotide. B, Reactions in which oligoribonucleotides KR07, KR07-b, 899 

KR12, KR12-b, KR05, and KR13, respectively, were used as substrate RNAs. Nucleotides 900 

used in the respective reactions are indicated above the autoradiogram. M, 5'-[32P]-labeled 901 

RNA markers, with size(s) in nucleotides indicated to the left. –, Reactions performed in the 902 

absence of nsp8. Reactions were performed in reaction buffer supplemented with 50 mM 903 

NaCl, 1 mM MgCl2, 2 µM nsp8, 100 µM of the indicated NTP (along with 0.17 µM of the 904 

respective 5’-[-32P]-labeled NTP), and 1 µM of the indicated oligoribonucleotide. Reactions 905 

were incubated at 30°C for 60 min. RNA products were resolved in TBE-buffered 12% 906 

polyacrylamide-7M urea gels and visualized by phosphorimaging. 907 

 908 

Fig. 4. Effects of varying 3'-terminal nucleotides on HCoV-229E nsp8 TATase activity. 909 

A, RNA substrates used in the TATase assays shown in panels B and C. B, TATase assay 910 

using 1 µM of KR07, KR07_C28A, KR07_C28U, and KR07_C28G, respectively. C, TATase 911 

assay using 1 µM of JZR3, JZR_C22A, JZR3_C22U, and JZR_C22G, respectively, as 912 

indicated. 5'-[32P]-labeled RNAs loaded in lane M were used as markers. Sizes in nucleotides 913 

are indicated to the left. –, Reactions performed with RNA KR07 and JZR3, respectively, in 914 
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the absence of nsp8. Reactions were incubated at 30°C for 60 min. Products were resolved 915 

in TBE-buffered 12% polyacrylamide-7 M urea gels and visualized by phosphorimaging. 916 

 917 

Fig. 5. Primer extension assay. Nsp8 activity assays were performed using a 918 

primer/template substrate (KR01/JTR1) described in an earlier study (24) and a derivative of 919 

this substrate in which the bottom strand was 3'-biotinylated (KR01/JTR1-b). A, 920 

Primer/template RNA hybrids used in this experiment. ‘Bio’ indicates RNA 3'-biotinylation. B, 921 

Assays were performed in reaction buffer supplemented with 2 µM nsp8, 50 mM NaCl, 4 mM 922 

of MgCl2, 50 µM ATP and/or GTP, 0.17 µM [-32P] ATP (*ATP) or [-32P] GTP (*GTP) as 923 

indicated, and 1 µM of the indicated RNA substrate. Reactions were incubated at 30°C for 60 924 

min. Products were resolved in a TBE-buffered 12% polyacrylamide-7 M urea gel and 925 

visualized by phosphorimaging. Sizes (in nucleotides) of 5'-[32P]-labeled marker RNAs (lane 926 

M) are indicated to the left. –, Activity assay performed with KR01/JTR1 in the absence of 927 

nsp8. 928 

 929 

Fig. 6. HCoV-229E nsp8 TATase activities on partially double-stranded substrate RNAs 930 

with different 10-nt 5' overhangs. A, RNA substrates used in this experiment. ‘Bio’ 931 

indicates RNA 3'-biotinylation. B, Nsp8 activity assays were performed in standard reaction 932 

buffer in the presence of 100 µM ATP and 0.17 µM [-32P] ATP using the RNA substrates 933 

indicated above. C, Nsp8 activity assays were performed in standard reaction buffer using 934 

the RNA substrates indicated above the autoradiograms. Reactions were performed in the 935 

presence of 100 µM ATP and 0.17 µM [-32P] ATP (lanes 1 to 4), 100 µM UTP and 0.17 µM 936 

[-32P] UTP (lane 5), and 100 µM GTP and 0.17 µM [-32P] GTP (lane 6), respectively. 937 

Reactions were incubated at 30°C for 60 min. Products were resolved in a TBE-buffered 938 

12% polyacrylamide-7 M urea gel and visualized by phosphorimaging. In lane M, 5'-[32P]-939 

labeled oligoribonucleotides were loaded as markers. Sizes (in nucleotides) are indicated. 940 

 941 
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Fig. 7. HCoV-229E nsp8 TATase activity on partially double-stranded substrate RNAs 942 

with different 20-nt 5' overhangs. A, RNA substrates used in this experiment. ‘Bio’ 943 

indicates RNA 3'-biotinylation. B, Nsp8 activity assays were performed in standard reaction 944 

buffer in the presence of 100 µM ATP and 0.17 µM [-32P] ATP using the RNA substrates 945 

shown in panel A. Reactions were incubated at 30°C for 60 min. Products were resolved in a 946 

TBE-buffered 12% polyacrylamide-7 M urea gel and visualized by phosphorimaging. In lane 947 

M, 5'-[32P]-labeled ribooligonucleotides were loaded as markers. Sizes (in nucleotides) are 948 

indicated to the left. 949 

 950 

Fig. 8. Oligo(U)-templated TATase activities of representative coronavirus nsp8 951 

proteins. A, RNA substrates used in this experiment. ‘Bio’ indicates RNA 3'-biotinylation. B, 952 

Activity assays were performed in standard reaction buffer with the indicated recombinant 953 

proteins in the presence of 100 µM ATP and 0.17 µM [-32P] ATP using the substrate RNAs 954 

shown in panel A. Reactions were incubated at 30°C for 60 min. Products were resolved in a 955 

TBE-buffered 12% polyacrylamide-7 M urea gel and visualized by phosphorimaging 956 

(selected lanes from the same autoradiogram are shown). 5'-[32P]-labeled oligonucleotides 957 

were loaded as markers (lane M). Sizes (in nucleotides) are indicated to the left. 958 

 959 

Fig. 9. TATase and RNA-binding activities of wildtype and mutant forms of HCoV-960 

229E nsp8. A and B, TATase assays performed in standard reaction buffer using the 961 

indicated wildtype and mutant HCoV-229E nsp8 proteins and substrate RNAs (U18 and 962 

KR07, respectively). Products were resolved in TBE-buffered 12% polyacrylamide-7 M 963 

urea gels and visualized by phosphorimaging. C and D, RNA-binding activities of wildtype 964 

and mutant HCoV-229E nsp8 proteins with the indicated 5'-[32P]-labeled homopolymeric 965 

substrate RNAs (C) and the heteropolymeric substrate RNA KR07 (D), respectively. 966 

Products were separated in non-denaturing 10% polyacrylamide gels and visualized by 967 

phosphorimaging. The positions of free and protein-bound [32P]-labeled RNAs are 968 

indicated to the right. 969 
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