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ABSTRACT

The specific recognition of genomic positive strand
RNAs as templates for the synthesis of intermediate
negative strands by the picornavirus replication ma-
chinery is presumably mediated by cis-acting se-
guences within the genomic RNA3 ' non-coding region
(NCR). A structure—infectivity analysis was conducted

on the 44 nt human rhinovirus 14 (HRV14) 3 ' NCR to
identify the primary sequence and/or secondary struc-
ture determinants required for viral replication. Using
biochemical RNA secondary structure probing tech-
niques, we have demonstrated the existence of a
single stem-loop structure contained entirely within
the 3' NCR, which appears to be phylogenetically
conserved within the rhinovirus genus. We also report
the in vivo analysis of a number of 3 ' NCR deletion
mutations engineered into infectious cDNA clones
which were designed to disrupt the stem—loop second-

ary structure to varying degrees. Large deletions (up to

37 nt) resulted in defective growth phenotypes, al-
though they were not lethal. We propose that the
absolute requirements for initiation of negative strand
synthesis are less stringent than previously postu-
lated, even though defined RNA secondary structure
determinants may have evolved to facilitate and/or
regulate the process of viral RNA replication.

INTRODUCTION

(3 NCR) of positive strand genomic RNA. Primary sequence
determinants and/or secondary structure motifs in this region, in the
context of the polyadenylated RNA molecule, are presumably
recognized by the viral RNA replication complex to initiate the
synthesis of negative strand RNA intermediate?).(

The prototypic member of th&cornaviridag poliovirus type
1 (PV1), has a'NCR of 72 nt immediately downstream of the
two stop codons at the end of the polyprotein coding regién (
Computer-generated RNA secondary structure predictions
suggest the existence of a pseudoknot structure in theé RZR3
(5), which has been partially biochemically confirméf The
genomic RNA of human rhinovirus type 14 (HRV14), a closely
related picornavirus, contains'e@N&CR that is 44 ntin length and
follows a single stop codon at the end of the polyprotein coding
sequence?). The small size of the HRV14 BICR makes it a
particularly attractive target for genetic manipulation in order to
identify the molecular features of this region of RNA required for
replication complex recognition to initiate the synthesis of viral
negative strand RNAs. In addition, an understanding of these
features may ultimately aid in the design of antiviral strategies
against HRV, a major causitive agent of the common cold.

In the following study, we have investigated the RNA secondary
structure of the HRV14'3NCR and attempted to identify the
primary sequence and/or secondary structure determinants in the
region required for viral RNA replication. Using biochemical RNA
secondary structure probing techniques, we have demonstrated the
existence of a single stem-loop structure, similar to that predicted by
Pilipenko and colleagueS)( This single stem—loop structural motif
appears to be conserved among different members of the rhinovirus
genus based on phylogenetic comparison (A.C.Palmenberg, per-

RNA—protein interactions are ubiquitous in nature and diresbnal communication) and computer-predicted RNA secondary
numerous cellular processes intimately involved in the regulati@tructure determinatio); We also report thie vivo analysis of a

of gene expression. The ultimate expression of a eukaryotic gamember of 3NCR deletion mutations engineered into infectious
product requires not only ribosome recognition and utilization afDNA clones. Surprisingly, large deletions are tolerated within this
a suitable mMRNA template, but also pre-mRNA splicing as well asgion of RNA, although they result in defective growth phenotypes.
MRNA capping, transport, stabilization and eventual degradatidrine largest engineered deletion eliminates 37 nt of the HRV14 44 nt
in a cell. Positive strand (MRNA sense) RNA viruses utilize mucB NCR, eliminating the possibility of formation of any higher order
of the host cell machinery to express viral-encoded gene produBiSA structure resembling the wild-type stem—loop. These findings
required to complete the virus life cycle. In addition to some of thauggest that while the rhinoviruses have evolved a highly conserved,
RNA~—protein interactions characteristic of cellular messages, mgsedicted stem—loop in thé RCR of their genomic RNAs which
RNA viruses must also maintain a mechanism for the specifinay affect the efficiency of template utilization by the viral
replication of the virus genome in the presence of an abundanceaylication complex, the absolute requirements for viral RNA
cellular cytoplasmic RNAs. In the case of picornaviruses, amplication are much less stringent than previously proposed. Our
importantcis-acting molecular genetic determinant for this recdata support a mechanism for picornavirus negative strand RNA
ognition process is believed to reside in thedh-coding region replication initiation which utilizes functions that do not absolutely
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require a highly specifidis-acting RNA recognition determinant at RNA secondary structure to form. Enzymatic treatment with

the 3-end of virus genomic positive strand RNAs. RNase \{, T1, A, Uo or an RNase isolated fraBaccillus cereus
was performed at room temperature for 5 min or on ice as detailed
MATERIALS AND METHODS in Results. The enzyme reactions were stopped by the addition of
) ) 155ul enzyme stop solution (0.3 M NaOAc, 10 mM EDTA, 0.3%
Mutagenesis of HRV14 viral cDNA constructs SDS) followed by phenol/chloroform extraction and precipita-

The construction of a nested series’af@terminal, subgenomic, 0N with 2.5 vol. ethanol. Primer extension was performed
T7-based transcription vectors using the full-length HRV14 cDNASSEntially as described in Eisenbergl. (13) using 2—-4 pmol
construct pT7RV(F.L.) has been described, as well as the constrifgl® ¢-p.m.) -end-labeled oligonucleotide RVoligoT+9(-) and
tion of an 8 nt deletion mutation in the cDNA corresponding to thk0 U AMV reverse transcriptase (Life Sciences) atCor
HRV14 3 NCR (). Transcription vectors containing larger 20-30 min in primer extension buffer (20 mM Tris—HCI, pH 7.4,
deletions in the cDNA sequence corresponding to the HRvV14 RN MM MgCh, 6 mM DTT, 300uM each dNTP, 8Qug/ml

3' NCR (i.e. 18 and 21 nt) were constructed in a similar madner (actlnomycm D). The extension reactions were phgnol/chlorofor_m
using the previously described synthetic oligonucleotide, R0  €xtracted, ethanol precipitated, resuspended in a formamide
(5-TGTTAACCTAAAAGAGGTCC-3) and an additional oligo- loading buffer 'and resolved on 8% polyacrylamide—7 M urea
nucleotide, RV1A(+) (5-GAGTAGAAGTAGGAGTTTAT-3). A gels. Sequencing Iadt_ders were ge_:nerated from the appropriate
mutagenesis cassette was engineered into the HRVNCR transcription vector using th_e modlflgd T7 DNA polyme_rase with
cDNA sequence by site-directed mutagenesis at nt 7196 using #i&nd-labeled oligonucleotide RVoligoT+9(-) as a primer. The
heteroduplex methodL() with the mutagenesis oligonucleotide 9€!S were then dried and exposed to Kodak AR or MR X-ray film.
RVU7196A/G (3-CACTTAATTTGAGRAGAAGTAGG-3, ) )

where R is A or G). The existing sequenc&AGTAG-3, inthe  Direct RNA secondary structure probing

wild-type cDNA was changed td-BAGGAG-3 to create the pjrect RNA secondary structure probing was performed irsing
recognition sequence of the restriction endonucldBs®l  yitro transcribed RNA which was dephosphorylated with intesti-
(5-GAGGAG(N)o/g3). Digestion of the resulting plasmid with 1,5 gikaline phosphatase ariebBd-labeled with T4 polynucleo-
Hpal (7169)_ancheRI (7193), foIIowr—;d by repa|r_W|§h the.KIenow tide kinase in the presence of 50-100i 6000 Ci/mmol
enzyme, religation and transformation iischerichia coliC600 [y-32P]ATP. Unincorporated radiolabeled nucleotides were re-
cells resulted in the elimination of a 37 bp fragment romMtNER  13gved using a Sephadex G-50 spin column in TE8 buffer (10
cDNA sequence. Muta_ttions in subgenomic cDNA constructs Wefgm Tris, 1 mM EDTA, pH 8.0) with 0.1% SDS followed by a
subsequently cloned into pT7-HRV14(ST), a reconstructed fullina| ethanol precipitation in 2.5 M ammonium acetate. Enzyma-
length HRV14 cDNA clone (S. Todd and B. L. Semler, unpublishegt: treatment ofD.5pg RNA was performed as described above,
result;). The resulting cDNA sequences of these mutations gfi8g in the presence of #i@/reactionE.coli tRNA and 18 mM
described in Results. All plasmids were sequenced using tﬁemercaptoethanol. Reactions were stopped with enzyme stop

modified T7 DNA polymerase. buffer, phenol/chloroform extracted, ethanol precipitated, resus-
. _ pended in formamide or 8 M urea loading dye and analyzed as
In vitro RNA synthesis described above.

Synthesis of non-radiolabeled RNAs was performed using the . . . .
MEGAshortscript kit (Ambion) withi# pg of the appropriate RIVA transfection, virus propagation and sequencing of
Pst- or Clal-linearized plasmid DNA templates. The RNA wasViral RNA

phenol/chloroform extracted and ethanol precipitated. Aliquots vitro transcription of full-length virus-specific RNAs from

(0.5ug/ul) were then stored at —70. wild-type and mutatedPst-linearized pT7-HRV14(ST)-based
cDNA constructs was performed as described previolsg)y (
5'-End-labeling of oligonucleotides DEAE-mediated RNA transfection of R19 Hela cells and

rhinovirus propagation in tissue culture have also been described
(2,14). Asymmetric RT-PCR sequencing of viral RNAs from
total cytoplasmic RNA harvested from infected monolayiss (
was performed as described in Tedal. (2) using oligonucleo-
tide primer RV7035(+) (5GCATGTTAGCATGGCACT-
CAGG-3), which is identical to nt 7035-7056 within the
polymerase coding sequence of HRV14, along with either
. . . RVoligoT+9(-) (B-TTTTTTTTATAAACTCC-3) or R\woli-
RNA secondary structure probing by primer extension goT+2(=) (STTTTTTTTTTTTTTTAT-3), which are comple-
RNA secondary structure probing was performed using condientary to the'dend of virus positive strand RNAs.

tions modified from published methodsl(1,12). Briefly, 0.5ug

HRV14 3 NCR-specific RNA was incubated in the presence oRESULTS

40 pg E.colitRNA in 0.7 TMK buffer (30 mM Tris—HCI, pH I

7.4, 10 mM MgGh, 270 mM KCI) or in TM(-K) buffer sCt?L?;tpuljrteer predictions of the HRV14 3NCR secondary
supplemented with different amounts of KCI or NaCl under

reducing conditions (18 mM 2-mercaptoethanol), in a totalhe computer-predicted RNA secondary structures of two
volume of 40ul. The RNA was then incubated successively aHRV14 3-end-specific RNA sequences using the Zuker Fold-
68°C and 37C and room temperature for 5 min each to allonRNA algorithm (L6) are shown in Figurg. In order to allow the

Approximately 120 pmol of oligonucleotide RVoligoT+9(-) were
incubated in the presence of 1@ 6000 Ci/mmol y-32P]ATP and
60-100 U T4 polynucleotide kinase in 3@0or 45 min at 37C.
Unincorporated radiolabeled nucleotides were removed using
Sephadex G-50 spin column. The resultirgril-labeled oligo-
nucleotides had a specific activity[d x 1P c.p.m./pmol.
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Figure 1. Computer-predicted RNA secondary structures ofAh&{66A+ RNA andB) 7076A+ RNA using the University of Wisconsin FoldRNA package and
Squiggles output with no additional constraints. The sequences included a 20 nf, pig{Ad simulate authentic viral RNA molecules.

direct comparison of secondary structures predicted using tBecondary structure probing of HRV14 3

computer algorithms with subsequent biochemical probing datdCR-containing RNAs by primer extension

the sequence of the RNAs initially folded by computer were similar

to those which could be synthesized from available transcriptiorhe 3 NCR of HRV14 was subjected to biochemical analysis by
vectorsin vitro. Pst-linearized, T7-based plasmids pT7RV7168A+,enzymatic treatment followed by primer extension analysis of the
PT7RV7136A+, pT7RV7076A+ and pT7RV6338A+ served asesulting RNA cleavage products. The enzymes (and their
transcription templates to generate RNAs which contain the HRV&pecificities) used in this study included RNag¢déRNA), T

3 NCR with poly(Apo-goand 0, 32, 98 or 831 nt ofproximal  (GpiN), A (Cpt N, UpL N), U, (Api N) and an RNase isolated
(3DP) RNA sequence, respective)(RNAs with no sequences from B.cereugherein refered to a&c) (Cpt N, Upt N). Figure
upstream of the CR or 36 nt of 3P°! coding sequence give rise 2A shows the results of secondary structure probing with all the
to the type of secondary structure shown in Figéewhich  above listed enzymes on 7076A+ RNA generated from the
contains a single predominant stem-loop structure within'the BT7RV7076A+ transcription vector. The reactions were per-
NCR. The stop codon lies outside the stem structure (fdrmed either at room temperature for 5 min (odd numbered
7166-7168). Larger RNAs, with 98 or 831 nt ofpfoximal  lanes) or on ice for 20 min (even numbered lanes). The
sequence, give rise to a different computer-predicted secondaryend-labeled '3 NCR-specific deoxyoligonucleotide primer
structure, in which the stop codon lies outside a different helicR\oligoT+9(-) was used for both primer extension analysis of the
region, as shown in Figufd. The predicted free energy changeresulting RNA fragments as well as for generating the accom-
(AG) for the formation of the RNA secondary structure shown ipanying sequencing ladder by dideoxy sequencing of the
Figure 1A is —4.7 kcal/mol. The computer-predicta@ value pT7RV7076A+ plasmid DNA (lanes 1-4). As a result of the
using longer RNAs is more favorable (-10.4 kcal/mol for thelifferent mechanisms of cDNA termination (the incorporation of
7136A+ RNA), although the'3NCR stem-loop structure is a dideoxynucleotide nucleotide analog compared with template
unchanged. These modesAG- values made the computer scission), the reverse transcribed primer extension products are 1
predictions for RNA secondary structure unconvincing by thennt shorter than the corresponding cDNA product of the sequenc-
selves, prompting the biochemical investigation of the RNA highéng ladder [e.g. the primer extension product resulting from
order structure. The Zuker MFold algorith@), (vhich is used for cleavage after G(7193) by RNasgcb-migrates with position
subsequent computer-generated RNA secondary predictions, pré94 of the sequencing ladder].

dicts an RNA secondary structure for the 7076A+ RNA which An RNase \{-sensitive region of the 7076A+ RNA was
contains a helical region corresponding to the stem-loop showndatected between nucleotides 7184 and 7192 (inclusive). The
FigurelA. sequences immediately upstream of nucleotide 7184 (also
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Figure 2. Enzymatic secondary structure probing of the wild-type HRVNECR by primer extension analysi&) (Approximately 0.51g 7076A+ RNA and 4Qg

tRNA were either mock incubated (lanes 5 and 6) or incubated in the presence of 0.7 U RNams V and 8), 20 U RNasg (Tanes 9 and 10), ig RNase A

(lanes 11 and 12), 10 U RNasg (lhnes 13 and 14) or 10 U RN&eereuglanes 15 and 16) at room temperature for 5 min (lanes 5, 7, 9, 11, 13 and 15) or on
ice (lanes 6, 8, 10, 12, 14 and 16) for 15 min ik OCKIK buffer (30 mM Tris—HCI, 10 mM MgG| 270 mM KCI, pH 7.4) supplemented with 18 mM
2-mercaptoethanol. Total reaction volumes wengl ABrimer extension was performed usitig® c.p.m. §-32P]ATP B-end-labeled oligonucleotide RVoligoT+9(-)
(5-TTTTTTTTATAAACTCC-3') in the presence of AMV reverse transcriptase. The reactions were then phenol/chloroform extracted, ethanol precipitate
resuspended in formamide loading buffer and analyzed on an 8% polyacrylamide—7 M urea gel. The sequencing ladder (lanes 1-4) was generated frol
pT7RV7076A+ plasmid using-&nd-labeled oligonucleotide RVoligoT+9(-) with the modified T7 DNA polymer@3&NAs 7168A+ (lanes 1-4), 7136A+ (lanes

5-8), 7076A+ (lanes 9-12) and 6338A+ (lanes 13—16) (containing 0, 32, 98 or 83'tproairbal 30P°! coding sequence, respectively) were either mock treated
(lanes 1, 5, 9 and 13) or treated with 0.7 U RNasgavies 2, 6, 10 and 14), 20 U RNagédlanes 3, 7, 11 and 15) opd) RNase A (lanes 4, 8, 12 and 16) at room
temperature for 5 min as described in (A) above.

predicted to be involved in base pairing) were not sensitive &iranded structure or also contains a non-paired nucleotide.
RNase \{ (lanes 7 and 8). Efficient RNasej-hediated Guanylate residues at 7168 and 7169 were only slightly RNase T
cleavages at G(7193) and G(7195) were consistent with tkensitive, suggesting that they are involved in base pairing, while
existence of the computer-predicted distal stem—loop structuB{7152), G(7153), G(7156) and G(7157) are apparently in an
(lanes 9 and 10); there was even nuclease sensitivity at A(71940paired region of the structure.

The G at the base of the predicted loop region (7198) was alsdfficient cleavage by RNase A at U(7196) (lanes 11, 12) and
RNase T sensitive, consistent with limited duplex breathingRNase Y at A(7194) (lanes 13, 14) further supported the
(note that cleavage at this site was reduced at the lowexistence of a single-stranded loop in this region of thCR.
temperature; lane 10). The bulge G(7201) computer-predicted Other less pronounced RNase A-sensitive nucleotides were
the 7166A+ RNA (Fig1A) was also cleaved by RNase, T clustered at the base of the computer-predictd @B stem—loop
although this nucleotide is in close proximity to the primer andnd the single-stranded region immediately downstream of the
may be over-represented among the various primer extensigtop codon [U(7171), C(7174), U(7177) and U(7179)]. An
products (see below). Although computer-predicted to lie withimtense signal resulting from RNase tleavage at A(7189),

a helical region, G(7181) was clearly RNassdnsitive at either within the RNase Ysensitive helical region, supported the
temperature, suggesting that the lower portion of the steaomputer prediction of a bulge A at that position (). Under
structure either does not form, is in equilibrium with a singleeonditions of partial digestion, RNase A cleaves efficiently only
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after the ultimate 'ahucleotide of a pyrimidine string sequenceprimer extension (Fi@A, lanes 13 and 14). Neither A(7184) nor
(17). This fact was illustrated by cleavage at U(7166), which i&(7206) are RNase JJhypersensitive, although no obvious
the last pyrimidine in a string'(@CUCUUUU-3, nt 7159-7166; possibility exists for base pairing either of these nucleotides
lanes 11 and 12). RNa8e (which shares sequence specificitywithin the stem structure.
with RNase A) also cleaves efficiently within pyrimidine tracts There were no remarkable differences in the pattern of
(17) and revealed the predominantly single-stranded nature of ttigyestion for the 7136 A— RNA compared with the 7136A+ RNA,
pyrimidine tract in the proximal computer-predicted stem-loopuggesting that the poly(fjract is not involved in the RNA
structure (Fig2A, lanes 15 and 16; refer to Figj.below). secondary structure with theNCR. The direct probing method

In order to demonstrate that the RNA secondary structuedso reveals the existence of a RNages&hsitive region at
observed for the’ NCR contained within the 7076 A+ RNA was positions 7208—-7210, a string of three urydylate residues
not an artifact of the particular 7076A+ RNA sequence, 3eparated by two nucleotides (AU) from the poly(#act (see
NCR-containing RNAs of various lengths were used for secontioxed region of Fig3A, lanes 2 and 9). As this\ensitive
ary structure probing. FiguRB shows the use of RNAs 7168A+ region also exists in the 7136A— RNA, it cannot represent a
(lanes 1-4), 7136A+ (lanes 5-8), 7076A+ (lanes 9-12) armhap-back structure involving the poly{Adact. Direct second-
6338A+ (lanes 13-16), which contain 0, 36, 98 or 831 nt airy probing of 5end-labeled 7168A+ and 7168A— RNA (which
5'-proximal 30*° coding sequence, respectively, for RNAcontain no Sproximal 30°°! coding sequence) revealed similar
secondary structure probing using RNasesT{ and A. The patterns of RNase sensitivity, further indicating that nucleotides
same overall secondary structure was observed downstrean7208—7210 do not interact with sequencégaéximal to the stop
the stop codon (nt 7166-7168) regardless of the length obdon (data not shown).
5'-proximal sequence present in the RNA. The RNassevisi- The results of primer extension secondary structure analysis
tive nucleotides (7184-7192) in the helical region (lanes 2, 6, 18ing the 7136A+ and 7136A— RNAs with-énd-labeled
and 14) and RNasei-hypersensitive nucleotides [G(7193), oligonucleotide RVoligoT+9(—) are shown in Fig@& Only 9
G(7195) and G(7198)] in the unpaired loop region (lanes 3, 7, ht of the RVoligoT+9(-) primer hybridize to thé&ehd of the
and 15) were readily apparent. These results indicated th&t36A+ RNA leaving a 2 bp mismatch (non-viral sequence from
formation of the 3NCR stem-loop is not dependent uponthe engineerend restriction endonuclease site in the transcription
upstream RNA sequences and justify the use of various lengtactor) and overhanging @jract; consequently, the exposure
RNA templates for the experiments described below. time for the autoradiogram showing the primer extension
products of the 7136A— digestioriik0 times longer than for the
7136A+ digestion products. These RNA secondary structure

Direct RNA secondary structure probing and primer probing results are consistent with the results obtained using

lextE_nsion Ianzlysis of HRV14'NCR-containing RNAs radiolabeled RNAs and further suggest that the pajytrart
acking poly(A), tracts does not interact with sequences within or upstream of'the 3
NCR.

Direct RNA secondary structure probing usypgfP-5-end-la-
beled HRV14 3NCR-specific RNA was employed to confirm
the results obtained using the primer extension method as wellgfects of salt concentration on the NCR RNA
to assess the role of thet8rminal 9 nt of the 'SNCR and the Secondary structure
poly(A), tract in the formation of RNA secondary structure.
Since the relative distance of the RNA sequence of interest froks described in Materials and Methods, most partial RNase
the radiolabeled 'S8erminal nucleotide of the template RNA digests were carried out in 200 mM KCI (final concentration)
determines the number of nucleotides to be resolved Ilsypplied by TMK buffer. To determine the effect of salt
polyacrylamide gel electrophoresis, shorter RNAs were used fooncentration on RNA secondary structure, enzymatic probing
direct structure probing than those employed in the primavas carried out in TM(—K) buffer, which lacked KCI, either with
extension experiments shown in Fig@rd-igure3A shows the no additional salt or supplemented with 75, 150 or 300 mM NacCl
results of such probing usingénd-labeled 7136A+ and 7136A— or KCI (final concentration). Increasing NaCl concentration
RNAs. The 7136A— RNA lacks a poly(A) tract but contains theesulted in increased helical secondary structure, as demonstratec
intact HRV14 3 NCR and terminates with two non-viral by RNase Y sensitivity between nucleotides 7184 and 7192 and
nucleotides (-CG-‘3acquired from th€lal restriction site used 7208 and 7210, inclusive (data not shown). Numerous nucleo-
to linearize the pT7RV7136A- transcription vector. tides between positions 7166 and 7192, most notably U(7177),
The susceptibilities of specific nucleotide positions to cleavadd(7179) and U(7187), became less susceptible to single strand-
by RNases V, T1, A, U andBc are fundamentally consistent specific nuclease attack with increased salt concentration, while
with results obtained using the primer extension method. Th#&(7196), in the proposed distal loop region, remained RNase
direct probing method confirms the existence of a helical regiok-sensitive regardless of the salt concentration. The bulged
from nt 7184 to 7192 (FigBA, lanes 2 and 9, boxed). The G G(7181) was consistently RNasgsEnsitive even at higher NaCl
residues at 7193 and 7195 are RNasdypersensitive (also concentrations. Similar results were obtained when the reactions
boxed), while G(7198) and G(7201) are less susceptible to Were supplemented with KCI instead of NaCl (data not shown).
cleavage (lanes 3, 4, 10 and 11). In some experiments (sBe FidRNA secondary structure probing ¢fehd-labeled 7168A+ and
lanes 3 and 4, below), G(7201) is more susceptible to RNase M68A— (which contain no'$roximal 30°°! coding sequence)
cleavage than G(7198) and G(7204/5), consistent with a secomutider the identical range of NaCl and KCI concentrations showed
ary structure model in which G(7201) is bulged oppositthe same RNase sensitivity pattern (data not shown), indicating
A(7189). RNase bltreatment of 5end-labeled 7136A+ clearly that 3-proximal nucleotides were not interacting with the distal
shows bulged A(7189) (lane 6 and 13), as was also shown sigm-loop under high salt conditions to alter the observed RNA
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Figure 3. RNAs 7136A+ and 7136A— were used for enzymatic secondary structure probing either by primer extension or by direct structure anal¥BIATBINg [
5'-end-labeled RNA. Enzymatic probing 6feéhd-labeled RNAs was carried out at room temperature for 5 min essentially as described for the primer extension methc
(see legend to Fig. 2A) except that $10p.m. of {-32P]ATP 5-end-labeled RNA was used per reaction. Following enzymatic treatment, the reaction was
phenol/chloroform extracted, ethanol precipitated, resuspended in 8 M urea loading dye and analyzed on a 6% polyacrylamide—7 A) (yeaRJALR
5'-end-labeled 7136(A)+ RNA (lanes 1-7) or 7136(A)— RNA (lanes 8-14) was mock incubated (lanes 1 and 8) or incubated in the presence of §.{ldnédNase V

2 and 9), 2 U RNasejTlanes 3 and 10), 20 U RNasg(fanes 4 and 11),|ig RNase A (lanes 5 and 12), 10 U RNagdlahes 6 and 13) or 10 U RN&eereus

(lanes 7 and 14). The atserisk (*) next to position 7212 denotes that the 7136A— RNA terminates with two non-viral nue@Gt@es¢sived from the engineered

Clal restriction site in the pT7RV7136A~ transcription vecByNon-radiolabeled 7136A+ RNA (lanes 1-5) or 7136A— RNA (lanes 6—-10) was mock incubated (lanes
1 and 6) or incubated in the presence of 0.7 U RNagkives 2 and 7), 20 U RNasg (lanes 3 and 8), ig RNase A (lanes 4 and 9) or 10 U RNasdlghes 5

and 10). Extension reactions were performed as described in the legend to Figure 2 and the products were analyzed on an 8% polyacrylamide—7 M urea gel. The e:
time for lanes 6—10 wadl0 times that for lanes 1-5 as a result of the reduced primer complementarity of RVoligoT+9(-) for the non-polyadenylated 7136A— RN/

secondary structure. The predominant stem—loop structure in thigtained with RNAs lacking’ 3NCR flanking sequence, and

3' NCR was thus detected reproducibly under moderate to higihesumably do not affect the architecture of the 44 NCR.

salt conditions (bracketing physiological intracellular conditions) The diagram in Figuré shows the RNase susceptibility data

and was disturbed by extremely low salt conditions. for the wild-type HRV14 3NCR from the above experiments
Primer extension analysis of partially ribonuclease digestexliperimposed on a computer-generated (MFold) RNA secondary

7076A+ RNA was also performed to examine long rangstructure modeld). Large arrows indicate consistently strong

intramolecular RNA sequence interactions under different sadignals on secondary structure probing autoradiograms, while

conditions (data not shown). An increased helical character sifnall arrows indicate significant but weaker signals. This model

RNA sequences upstream of théN&R was observed at higher will be described in greater detail in the Discussion.

salt consentrations (based upon RNasseVisitivity), which was

consistent with some computer-predicted RNA secondary strugna secondary structure probing of RNAs harboring

ture models using longer RNA sequences. However, the stefgietions in the 3NCR

loops formed appear to be independent structures containe

entirely within the 3B°! coding region. These short helical RNA A series of deletion mutations was generated in the HRV14 3

structures did not appear to interact with the@GR, as indicated NCR. An 8 nt deletion/8) in the 3NCR of HRV14 has been

by the consistent RNA secondary structure probing pattedescribed previously?2). This sequence was selected for
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Figure 4. Summary of RNA secondary structure probing results. The results obtained from biochemical RNA secondary probing using primer extension &
5'-end-labeled RNA are shown superimposed on the MFold-generated RNA secondary model of thegRN8(A) 34 C with no constraints. The output was
generated using PlotFold with the Squiggles representation. Large arrows denote positions which were highly sensitive to scission, while smaller arrows indicat
sensitive (but consistently noted) positions for RNase cleavage. This model is discussed in detail in the Discussion.

site-directed mutagenesis based on its conservation in' the7385 and 7189 and after G(7207), followed by a region which

NCRs of other rhinovirus genomes (A.C.Palmenberg, personahs hypersensitive to RNases A andriimediately upstream of

communication) and its disruptive effect on the computer-préhe poly(A), tract. While biochemical evidence for a stem—loop

dicted secondary structure of tHeNECR. TheA8 virus showed structure in theA8 RNA is unconvincing, it is somewhat

delayed onset of RNA replication and reduced accumulation obnsistent with a suboptimal secondary structure predicted using

viral RNA in infected cells, based on RNA slot blot analysis usinlylFold (data not shown).

virus derived from the pT7RV(F.L.)-based cDNA transcription RNA sequences also demonstrated region-specific uniform

vector @). In order to further investigate the requirement for aisensitivity to single strand-specific RNases inAh8 andA21

intact stem—loop structure in the HRVIANER to support viral RNAs. For example, the G residues which were protected from

replication, larger deletion mutations were engineered whidRNase T attack in the wild-type’NCR (7201, 7204, 7205 and

were designed to abolish formation of the distal stem—loop207), were all susceptible to cleavage in the RNAs harboring

structure. An 18 nt deletioA{8; nt 7175-7192) results in the A18 orA21 lesions (FighB, lanes 9 and 10 and lanes 15 and 16,

deletion of half the’3NCR stem sequence, while a 21 nt deletiocompared with lanes 3 and 4), arguing against the existence of

(A21) results in the additional deletion of most of the loop regiodistinct secondary structure. TA2l RNA was generally more

(nt 7193-7196). A 37 nt deletioA37; nt 7172—7209) results in sensitive to RNase (Vthan theA18 RNA (lanes 8 and 14),

the removal of all but 7 nt of the HRV14' ANCR suggesting the possible existence of some helical character in the

(5-GTTTTAT-3), excluding the possibility that any elaboratepopulation of RNAs, although closer examination did not identify

RNA secondary structure can be assumed by the remaining RINinificant base pairing potential in th21l 3 NCR. Secondary

sequence. structure probing on 7136A¥37 RNA was not performed, since
Direct RNA secondary structure probing usingid-labeled no secondary structure of consequence was expected from the

7136A+ in vitro transcribed wild-type and8 RNA clearly remaining primary sequence of the HRVIAER.

demonstrated the loss of the wild-type stem—loop structure in the

A8 RNA (Fig. 5A). Probing of the wild-type RNA revealed rnctional in vivo analysis of RNAs harboring

RNase T sensitivity in the loop region [G(7193) and G(7195)]yeletions in the 3NCR

and relative insensitivity in the stem region [G(7201), G(7204),

G(7205) and G(7207)] (lanes 3 and 4). In contrast, the correspadriie A18, A21 andA37 mutations were constructed into the

ding G residues were uniformly sensitive to RNasmTheA8  pT7-HRV14(ST) plasmid background to generate RNAs for

RNA, demonstrating the loss or instability of the stem-loogransfection into tissue culture cells to examine their abilities to

structure in thé\8 3 NCR (lanes 9 and 10). Uniform digestion produce infectious rhinovirus. ThA8 mutation, originally

patterns for RNases A ang Were also consistent with this loss studied in a different infectious cDNA plasmid backgroud (

of a defined RNA secondary structure (lanes 11 and 12A8he was also cloned into a pT7-HRV14(ST)-based transcription

RNA showed RNase Msensitive regions between nucleotidesvector. Surprisingly, genome-length RNAs bearing these larger



2140 Nucleic Acids Research, 1996, Vol. 24, No. 11

A FUEE Al {wl)  TEREIGD {NE) H_ TiHG & (W) TiMa{As (W78)  TIBEA)s (231
i=1 "l'.l'l:. T, & U {1} "'ll.;l T, & L,

T, T AL, YT T AL, YT T AL,

7207
ToBaE S
T200 =
TIBE=
7 — THaN=
Hi = — T3 —
36 — ' = oM
g = . - T
MBS = ol o
T — - Brad
= T
FIL ==
FiF —
. T
T — - T168—

T
rln:i“'

fird
= TiTl

b ]

12456 T B BiD1162 13 1415181718

1234 5 67T 8 3101112

Figure 5. Secondary structure determination of RNAs harboring deletions ihK@R3 Enzymatic probing of wild-typA8, A18 andA37 5-end-labeled 7136A+
RNAs was carried out using the same partial RNase digestion conditions as described in the legend tAFigdie: type andA8; (B) wild-type,A18 andA21

deletions gave rise to viral progeny with impaired growthmonolayers (arguing against the possibility of virus stock
characteristics similar to those of the origiA8l virus. While  contamination; data not shown). Wild-type &3 RNAs were
DEAE-mediated transfection of wild-type HRV14 RNA resultedthen  sequenced following amplification using the
in complete destruction of a HeLa R19 monolayer in <48 RV7035(+)/RVoligoT+2(-) primer set, which confirmed the
mutant HRV14 viruses required 10-11 days to effect completxistence of thA37 lesion in the transfection-derived virus. The
cell lysis of a monolayer following separate transfectionsA@th  demonstration of' NCR deletions in virus harvested from cells
A18 or A37 RNAs. Wild-type A8, A18 andA37 virus isolates showing CPE, which correspond to the deletions engineered into
obtained from liquid overlays were used to infect additional HeLtine pT7-HTV14(ST)-based transcription vectors, is compelling
R19 cell monolayers and total cytoplasmic RNA was harvesteVidence that the mutated RNAs are capable of being auton-
from monolayers beginning to show cytopathic effects (CPE)mously replicated by the viral RNA replication machinery.
following infection (8, 16, 15 and 13.5 h, respectively). The

resulting RNA was then subjected to asymmetric RT-PCRscussiON

sequencing as described previoush?) (using the

RV7035(+)/RVoligoT+9(-) or the RV7035(+)/RvoligoT+2(-) We have used RNA secondary structure probing techniques to
primer set. The'3end of RVoligoT+9(-) contains 9 nt which are examine the structure of the wild-type and mutated HRV14 RNA
complementary to the wild-type HRV14 RCR and should 3 NCRs in solution. A diagrammatic representation of the
therefore anneal to wild-typ&8 andA18 (orA21) RNAs but not  wild-type HRV14 3NCR secondary structure, based on the data
to A37 RNAs, which harbor a deletion extending into this regiopresented here, is shown in Figdr&he 3 NCR appears to fold

of complementarity. RVoligoT+2(—) will amplify any RNA into a single stem-loop structure which does not involve
sequence terminating with’-BT(A),-3, including theA37  5'-proximal 30°°! coding sequence or them@ly(A) tract. There
RNAs. The identities of the wild-typA8 andA18 viruses were are several bulged (i.e. non-paired) nucleotides along the length
confirmed using the RV7035(+)/RVoligoT+9(-) primer set, whileof the stem between a7176 and 7192, notably G(7181) and
no sequence was obtained from RNA isolated &8iftinfected  A(7189). G(7201) was slightly more sensitive than neighboring
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G(7198) and G(7204/5), supporting the model in which it i®f the stem—loop structure results in a severely debilitated RNA
bulged opposite A(7189). The inability to detect the computereplication phenotypia vivowhich we previously postulated was
predicted bulge A(7184) or A(7206) by biochemical probing ishe result of the abrogation of an RNA—protein interaction
noteworthy. Despite the inability to detect RNageckavage between the HRV14' ]NCR and a 34-36 kDa host cell protein
between nucleotidésr176 and 7182, we believe this region is(2). Investigation of this RNA—protein interaction usingAis,
base paired because of the absence of cleavage by sinyfd andA37 RNAs suggests that the extremer®d of the 3
strand-specific RNases and the series of RNassensitive U NCR may be a major molecular determinant in this interaction,
nucleotides at the'-@nd of the 3NCR (nt 7208-7210)1(¢).  although an intact stem—loop may be the preferred binding site for
Secondary structure probing using shorter RNAs, including thiee host proteins (unpublished data). Further deletion muta-
3 NCR with only two non-viral nucleotides at th&éeBd genesis clearly demonstrates that maintenance of tNER
(7168A-) indicates that any secondary structure model mustem—loop structure is not absolutely essential for virus infectivity
account for the base pairing within the stem structure withoaind, hence, replication complex recognition and utilization of the
involving nucleotides outside thé[8CR (data not shown). The mutated RNA template. The infectivity of RNAs harboring the
residues at positions A(7184) and/or A(7206) are not sensitiveA37 mutation was most remarkable. Approximately 84% of the
single strand-specific RNases, although there is no obviodd nt 3 NCR was deleted in ths37 3 NCR, leaving only the
means of base pairing these nucleotides without generatipgmary sequence' & TTTTAT-3' between the stop codon and
extremely unlikely RNA secondary structure conformationshe poly(A) tract. Nonetheless, virus recovered fra3da RNA
(based upon MFold predictions). It is more plausible that thiansfection displayed a growth phenotype similar to that of the
opposing bulged nucleotides are not susceptible to RNeag U A8, A18 andA21 viruses.
a result of their orientation within the flanking helical structure or Several models have been proposed to explain the initiation of
that the nucleotides are non-canonically paired within the helrus negative strand synthesis from a genomic positive strand
(18). DMS methylation followed by primer extension did showRNA template (for a review se€i¢. One model suggests that a
A(7184) to be methylation sensitive (data not shown), howevarridylylated VPg molecule (VPg-pU-pU), perhaps in the context
no DMS data are available for A(7206) due to the limitations aff a larger protein precursor (i.e. 3AB) serves as a primer for the
the primer extension method. The ability to detect G(7181) withiral RNA-dependent RNA polymerase @) (20,21). Uridy-
RNase T treatment is probably due to: (i) breathing of the wealylation, polymerase priming and proteolytic maturation of viral
G(7181)-U(7209) base pair flanked by A-U base pairs; (ii) theeplication proteins could occur as concerted events within a
existence of a repeating dinucleotide sequence between nucle®mbrane bound replication complex. A second model proposes
tides 7176 and 7179 '(BUAU-3') which could allow an that negative strand synthesis is initiated upon the formation of a
alternative stem structure to form displacing G(7181); (iii) thenap-back hairpin loop structure involving the®d of positive
overall weak duplex structure predicted to exist at the base of thigand RNAs following the addition of Gridylate residues to the
3' NCR stem—loop (for a review s&8). poly(A), tract by a cellular enzyme such as terminal uridylyl
The RNA secondary structure outside theN@R was less transferase2,23). The proposed role of the positive strahd 3
striking than in the '3NCR itself, although there were clearly NCR in these models is to direct the replication initiation complex
distinct helical and single-stranded segments of RNA. W the authentic template RNA through as yet unidentified
propose the existence of a short stem-loop structure immediatB}A—protein contacts (possibly involving cellular factors).
upstream of the stop codon with a stretch of pyrimidine®hile our results do not disprove either of these models, they
(5'-UCUUUU-3) in the loop region, however, this structure isargue that specific sequence and/or secondary structure determi-
probably a fortuitous result of the Bbcoding sequence. Our nants within the '3NCR are not required to facilitate the basic
preliminary data suggest that the formation of this upstreamechanism of polymerase recognition of the positive strand
stem—loop structure is not required for viral infectivity (unpubtemplate, even though these sequences may have evolved to
lished observations). The genomic RNA sequences of HRVs 18nhance or otherwise regulate the initiation of negative strand
1B, 2,9, 16, 85 and 89 are distinctly different from HRV14 in thisynthesis. The correct subcellular localization of viral genomic
region of the genome in that they lack the 8 nt pyrimidine trad®NAs to membrane bound replication centérs-26) and the
(HRV14 nt 7159-7166) and instead have a string of fowsuggested requirement for concurrent translation of an RNA
adenosines preceding a UUU codon (UUC in the case of HRV1@@stined for use as a replication template may be additional
for phenyalanine, which is highly conserved as the C-terminabnsiderations which lend efficiency and fidelity to the initiation
amino acid of picornavirus 39 polypeptides (A.C.Palmenberg, of negative strand RNA synthesis in an infected 2&|2g).
personal communication). Although an attractive possibility and Previous studies using poliovirus have described mutagenesis
consistent with secondary structure models for tHdCR of of the PV1 3 NCR which interfered with RNA replication,
EMCV (19), we have found no experimental evidence that thpresumably as the result of disruption of the proposed pseudoknot
four uridylate residues (nt 7163—7166) interact with the polyadstructure in this regior5(29). Characterization of large deletions
nosine tract of the HRV14 genomic RNA. In addition, we havén the poliovirus 3 NCR has recently been describ&)(
found no evidence for the existence of any long range RNA-RNH#owever, these studies may not have detected poorly replicating
interactions or pseudoknot structures involving the HRV14 3nutant viruses due to the use of inefficient DNA transfection
NCR, as have been described for the prototypic picornavirusiethodologies. Other than the previous sta@)lyid the results
poliovirus 6,6). reported here, mutagenesis of the HRVIMGR has only been
The data obtained from mutagenesis of the HRVIMCR  described in the context of a HRVIANER/poliovirus chimeric
suggest that while a stem—loop structure is phylogeneticaltgplicon in a CAT reporter assay. While these results also
conserved among the rhinoviruses, it is not absolutely requirsdggested the tolerance of extensive primary sequence variation
for initiation of RNA replication. The deletion of 8 nt at the basen this region, the mutations were not studedvoin the context
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