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ABSTRACT

In attenuated Sabin strains, point mutations within
stem—loop V of the 5 '-non-coding region (NCR) reduce
neurovirulence and cell-specific cap-independent
translation. The stem—loop V attenuation determinants
lie within the highly structured internal ribosome entry
site. Although stem—loop V Sabin mutations have been
proposed to alter RNA secondary structure, efforts to
identify such conformational changes have been
unsuccessful. A previously described linker-scanning
mutation (X472) modified five nucleotides adjacent to
the attenuation determinant at nt 480 [for poliovirus
(PV) type 1]. Transfection of X472 RNA generated only
pseudo-revertants in HelLa (cervical carcinoma) or
SK-N-SH (neuroblastoma) cells. Pseudo-revertants
from both cell types contained nucleotide changes
within the X472 linker. In addition, some neuroblastoma-
isolated revertants revealed second site mutations
within the pyrimidine-rich region located (100 nt distal
to the original lesion. Enzymatic RNA structure probing
determined that the X472 linker substitution did not
disrupt the overall conformation of stem-loop V but
abolished base pairing adjacent to the attenuation
determinant. Our analyses correlated increased base
pairing proximal to the stem—loop V attenuation
determinant with growth of X472 revertant RNAs
(measured by northern blot analysis). Potential roles of
second site mutations in the pyrimidine-rich region are
discussed. In addition, our enzymatic structure probing
results are shown on a consensus secondary structure
model for stem—loop V of the PV 5 '-NCR.

INTRODUCTION

in non-nervous tissue compromised their ability to grow in the
nervous system, as demonstrated by the decreased neurowrulenga 0
these strains in monkeyg)(

Previous studies sought to identify which nucleotide changes%
the attenuated Sabin genomes contributed to the transformat®n
from neurovirulent to attenuated growth phenotypes in primatgs
(reviewed irB). One approach was to look at the reverse situatiof:
which nucleotide reversions could restore neurovirulence to thie
attenuated strains? Sequence analysis of strains isolated f@m
vaccine-associated poliomyelitis cases identified a critical reS|dueoat
position 472 in the 'Bnon-coding region (NCR) of Sabin type 30
(4). Inthe 12 cases investigated, all of the PV3 sequences sho»ged
reversion from a uridine to the wild-type cytidine. The importancg
of this nucleotide was further established by neurovirulence tests
in monkeys, which showed that the nt 472-(Q) transition é
correlated with an increase in neurovirulend® Eollowing
vaccination of human infants with Sabin types 1-3, RNA isolategl
from excreted virus showed a strong selection for reversionsgt
similar positions in Sabin type 1 (nt 480), Sabin type 2 (nt 48@
(5) and Sabin type 3 (nt 472))(

How do nucleotide changes in the Sabin strains redu@a
neurovirulence and, in particular, how do point mutations in thg
5-NCR at nt 480 (PV1), nt 481 (PV2) and nt 472 (PV3E
contribute to defective growth in the nervous system?
elucidate the stage of the PV life cycle affected by genetg
alterations in the Sabin genomes, Krebs-2 and rabbit retlculocge
lysates were used to measurevitro translation levels of »
wild-type and mutated PV RNAs6)( Cell-free translation €
reactions programmed with virion RNAs from attenuated PVi‘
and PV3 translated less efficienitiyitro than the Correspondmg
neurovirulent strains. Each of the 10 mutations in Sabin typeEQ
were investigated in the context of the wild-type PV3 genome for
a potential contribution to the translation defedt Only the
(C - U) mutation at nt 472 reduceédvitro translation in Krebs-2
extracts, thus drawing a connection between the mutations that

Poliovirus (PV) primarily infects the primate alimentary tractaffected PV neurovirulence (discussed above) and translation.
and, therefore, is classified as an enterovirus. Howevet%n Additional evidence for the role of nt 472 in neurotropism and
of humans infected with PV, the neurovirulent phenotype of P¥anslation came from cell culture studies with a virus harboring
is expressed, resulting in paralytic poliomyelitiy. (Repeated a genomic change only at nt 48).(PV3 containing the nt 472
passage of the three PV strains in animals and cultured cetisitation showed a 10-fold reduction in growth in SH-SY5Y
generated the corresponding attenuated vaccine strains (Safpieuroblastoma) cells, but replicated to near wild-type levels in
types 1-3)%). The improved ability of these PV variants to growHeLa (cervical carcinoma) cells. This reduction in growth was
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Figure 1.Predicted RNA secondary structure of the PX6R. Stem—loops II-VI have been shown to form the internal ribosome entry site (IRES, boxed regi
Sequences important for translation include the pyrimidine-rich region (box A) and AUG(586) (box B); AUG(743) initiate®iraridghee PV polyprotein. The
attenuation determinant in stem—loop V is indicated by a star. Numbering refers to PV type 1 sequences.
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due, at least in part, to a translation defect. Collectively, these aslucture. Chemical and enzymatic methods of RNA struct
other studies indicate that the mutation at nt 472 in PV3 (anutobing were unable to identify any significant change in ba
corresponding nucleotides in PV1 and PV2) has a function airing at, or adjacent to, nt 472 (Sabin type 3) compared wi
neurotropism and translation of PV. wild-type PV3 RNA (L4).

The lack of a 7-methylguanosine c8p11) and long length of In light of the above f|nd|ngs we were mtngued by a prewously
the PV B-NCR (12) indicated that the genomic RNA was notdescribed linker-scanning mutation (X472) in whictkXlad 3
translated using cap-dependent translation. Using a bicistromestriction site replaced wild-type sequences adjacent to the magor
construct in which the second cistron was preceded by the R¥tenuation determinant (nt 480) in stem—loop V of PV1 RN
5'-NCR, Pelletier and Sonenbertf3] demonstrated that the PV (17,18). RNA harboring the X472 mutation was quasi—infectioug
5'-NCR initiated internal ribosome entry to the mRNA. It wasbecause transfection @f vitro transcribed X472 RNA never &
possible, therefore, that point mutations in the SabMCRs  yielded virus with RNA that retained the original stem—loop
could alter a protein binding site(s) and/or could disrupt highdesion. However, two pseudo-revertants (PVX472-R1H ang
order RNA-RNA interactions important for recruiting ribosomesPVX472-R2H) were recovered from Hela cells transfected with
to PV mRNA. Evanst al. (9 suggested that the nucleotide X472 RNA and, following sequencing of the viral RNAs,
change at 472 in Sabin type 3 RNA altered the computer predictezl/ealed nucleotide changes within tked linker sequence
secondary structure of the wild-type PVaNECR. However, the (18). Translation of PVX472-R1H and PVX472-R2H was more
structure predictions in Evaesal. @) are in disagreement with defective than Sabin type 1 in in vitrabbit reticulocyte lysate
more comprehensive studies which take into consideratidranslation reactions supplemented with neuroblastoma cell
phylogenetic base pairing conservation and physical RNAxtracts and in neuroblastoma cell infectiohs).( However,
secondary structure analyseki«{16). Based on these more PVX472-R1H, PVX472-R2H and Sabin type 1 showed translation
recent RNA structure studies, th#50 nt 5-NCRs of PV1-3 levels similar to wild-type PV1 iim vitro translation reactions in
were predicted to form six stem—loop structures (I-VI; Ejg. the presence of HelLa cell extract or in HeLa cells infected with
The strongly attenuating mutations in tHeN&Rs of the Sabin the viruses 18). One interpretation of these findings is that the
strains lie in stem—loop V at positions predicted to base pair iesions in R1IH and R2H RNAs exacerbate the defective
wild-type sequences. Pilipenket al (14) investigated the interaction caused by the stem-loop V point mutation in Sabin
possibility that the change from a C-G base pair to a weaker U#pe 1 RNA. Results described here indicate that different
interaction at nt 472 in Sabin type 3 RNA altered RNA secondanyucleotide changes compensated for the X472 lesion when
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revertants were isolated from SK-N-SH (neuroblastoma) celBNA sequence analysis
compared with reversions originating from HelLa cell selectio .
Two X472 revertants from SK-N-SH cells (X472-R4N anSTOtal cellular RNA was isolated2() from SK-N-SH cells

X472-R5N) contained seven nucleotide changes in the conser/Bffcted with revertant viruses. Aliquots of 3 pmol of L164-
pyrimidine-rich region, which lies1100 nt from the original Primer (3-TCAGAGTGAAAGTGGCCT-3), Sug of RNA and

stem—-loop V lesion. DEPC-treated water (to bring the volume up tp)@ere boiled

RNA structure probing was used to investigate potential RNAPY 2 min. The samples were allowed to cool to room temperature,
structure changes that may have been introduced by the x4g@ntrifuged and placed on ice. cDNAs were generated using
lesion and compensatory mutations. Results from this analy4iMV reverse transcriptase (US Biochemical) at®G0to
indicated that the X472 linker-scanning mutation decreased bd@¥limize RNA secondary structure. Extension reactions were

pairing adjacent to the attenuation determinant in stem—loop Rerformed for 5 min in the presence of AMV reverse

RNAs isolated from pseudo-revertants derived from both Helﬁnscriptase buffer (50 mM Tris-HCI, pH 8.3, 8 mM MgCl
and SK-N-SH cells showed increased base pairing within thed MM NaCl, 1 mM DTT), labeling mix (7.6M dGTP, dCTP

m :
X472 lesion, indicating the importance of RNA structure near th@"d dTTP), 31Ci [ SSJdATP and DEPC-treated water (to bring

attenuation determinant for viability in both cell types. RNAWE final volume up to 20). Aliquots of 4ul of each ddNTP
structure changes in the revertant RNAs correlated with grmination mix (for each NTP, 50 mM NaCl, gM ddNTP,

restoration of virus growth, as measured by northern blot analysi .OL‘M d'(\leP' 200Lf1|\/| eacr_l Og tPe Oth(i;. t.hree deITPfs)hwere
Taken together, these findings indicate that the structure arfjheated to S@ for 1 min before addition of 4l of the
nsion reaction. Incubation was continued &C5@r 10 min

perhaps, sequences near the attenuation determinant in stem— o . X
V of the 8-NCR affect PV viability. Possible mechanisms byfollowed by the add:)tlon of gl of stop solution (95’% formamide,
which nucleotide changes in the pyrimidine-rich region coul@® MM EDTA, 0.05% bromophenol blue, 0.05% xylene cyanol
compensate for the X472 lesion are discussed amples were boiled for 3 min, cooled on ice, centrifuged argd

' separated on a pre-warmed 8.5% polyacrylamide gel containigg
7 M urea.

pepeojumod

MATERIALS AND METHODS

Cloning X472 reversion mutations into plasmids for
expression of stem—loops V and VI of the'SNCR or

Full-length RNAs used for transfection experiments werdull-length PV1 genomic sequences

generated using MAXIscript (Ambion) starting witll ug of — pn\A was isolated as described) from SK-N-SH cells infected

EcoRl-linearized plasmid/reaction. Since larger quantities % : : :
. X ith wild-type or revertant viruses. One microgram of total RNAS
RNA were needed for RNA structure probing analysis, MEGAq, a5 ysed for reverse transcription (RT) and amplification usi

shortscript (Ambion) was used for vitro transcription of jug PCR in a Perkin-Elmer DNA Thermo c
. X . - ycler 480. RT-PC
of pGS-FG (or mutated constructs) linearized vlaBl (at nt  o5c6ions also contained 0.2 mM dNTPs, 24 pmol of primegs
605). RNAs generated for use in structure probing assays We{g 414 (5-GGTGTGAAGAGCCTATTG Ab-3) and L392- 2
phenol/chloroform extracted, ethanol precipitated, resuspend@dl ~1ccGCCCACTTTCTGTG AT-3, 1 U of DeepVent DNA =
! Q

In vitro RNA synthesis

feuino pioxo reu//:dn

in DEPC-treated water and stored at><0 polymerase (NE Biolabs)xIThermoPol buffer, 10 U of AMV 5
reverse transcriptase, 20 U of RNasin RNase inhibitor (Promegg)

Isolation of X472 revertants from SK-N-SH and DEPC-treated water to bring the reaction volume upjib 50 S

(neuroblastoma) cells Prior to the addition of DNA polymerase, reverse transcriptage

and RNasin, the reactions were boiled for 2 min and cooled on i€e.
In vitro transcription of the plasmid pT7PVX4727 generated  The remaining reaction components were added and the mixtuges
genomic-length PV1 RNA harboring a linker-scanning mutatiovere incubated in the thermocycler for 30 min &tGllowed N
at nt 472. SK-N-SH monolayers were transfected with the X478y 25 cycles of 1 min at 9€, 1 min at58C and 2 minat 7. &
RNA using DEAE—dextran as describéd) exceptthatthe cells Bsm andMscl digests were performed on the above RT-PCR
were overlaid with DME plus 20% fetal calf serum (FCS)products, pT7-PV1 (a plasmid containing the full-length PVE
Transfected cells were incubated at 37 ofG%or 1 day and, genome under a T7 RNA polymerase promotér)) (and 8
following incubation, each plate was scraped with a sterilGS-FG (a plasmid containing PV1 nt 445627 preceeded by %6
scraper. Cells and medium from each plate were placed ion-viral nucleotides and a T7 RNA polymerase promoter).
cryovials and freeze-thawed five times to release intracellul&-Terminal phosphate groups were removed from vector fragments
viruses. The lysates generated as such were used to infaging calf intestinal alkaline phosphatase (Promega). T4 DNA
SK-N-SH monolayers at 18-10 dilutions. Viruses were ligase (US Biochemical) was used to ligate each of the
adsorbed to SK-N-SH cells at room temperature for 30 min witBsni-Mscl fragments into the phosphatase-treated vectors. The
occasional rocking. DME supplemented with 20% FCS wagesulting clones were verified by DNA sequencing with Sequenase
added to the cells and incubated at 37 6iCG3@nder semi-solid v.1.0 (US Biochemical). Note that X472-R1H, X472-R4N, etc.
agarose until plaques were visible on the monolayers (2 daysggfer to viruses and R1H, R4N, etc. designate RNAs harboring the
Plaques were isolated using a Pasteur pipette, placed irfem—loop V and/or VI lesions.
Eppendorf tubes containing 1 ml of PBS and freeze—thawed.
Virus clones were expanded into passage one (P1) or passage ; ;
(P2) stocks by infecting SK-N-SH monolayers with virus from&/}l&’vth analysis of revertants using northern blot assay
the plague isolate or P1 stock, respectively. Following incubatidn vitro transcribed RNAs were quantitated on a 1% agarose gel
at 37 or 39C for (112 h, lysates were freeze—thawed five timesand Ol pg of each RNA was transfected into HelLa cell
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Figure 2. Sequences of wild-type, X472 and X472 revertant RNAs f#frHéLa cells andg) SK-N-SH (neuroblastoma) cells. Stem—loop outlines depict the region®
of stem-loops V and VI that are shown in greater detail for sequence analysibdTt@ssette in X472 RNA extends between nt 472 and 479 and is indicated @
upper case. Upper case letters are also used to highlight second site reversions at nt 515 (R5N) and in the pyrimidine-rich region (R4N and R5N). Nucle%ides
differ from wild-type residues are indicated by stars. s

monolayers 19). Cells were overlaid with 5 ml of DME labeled primer[(2 pmol) SS601- (SCTGTGATTGTCACCA-
supplemented with 10% NCS and incubated for the indicateBAAGC-3'), which is complementary to PV nt 582—601.
times at 37C. RNA harvests were generated using RNA

STAT-60 (Leedo Medical Laboratories). Aliquots ofd qf total RESULTS

RNA were glyoxal-treated?(l) for each time point. Hybridization
and washing conditions were as descrilde). (

102 ‘Tz BNy uo o

Secondary structure probing of revertant RNAs isolated
from Hela cells

RNA secondary structure probing using primer extension . n
Stem—loop V RNA sequences from wild-type PV1, the original

Structure probing was performed essentially as descriti®d ( linker-scanning mutation (X472) and the two revertants isolated
Approximately 0.5ug of RNA was incubated with RNase for from Hela cells (X472-R1H and X472-R2H) are shown in
10 min at room temperature in 8. TMK buffer (30 mM Tris,  Figure2A. Within the 8 ntXhd linker in X472, 5 nt differ from

pH 7.4, 10 mM MgC], 270 mM KCI) or in the presence of wild-type sequences and would be expected to disrupt base
varying concentrations of KCI (as described in Results) plugairing in the stem adjacent to the attenuation determinant at nt
40ug of tRNA and 18 mM3-mercaptoethanol. RNases were480. Reversion mutations in R1 and R2 RNAs are located within
used in two dilutions as follows: RNase, V or 0.7 U; RNase1]  the linker-scanning mutation beginning at nt 472. These pseudo-
20 or 2 U; RNase &) 2 or 0.4 U; RNase Bc, 10 or 2 U. Extensionreversions could partially restore wild-type base pairing in the
reactions were performed witiLCP c.p.m. |-32PJATP 5end-  stem region with the exception of the-@ reversion at nt 472
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Figure 3. Structure probing near the stem-loop V attenuation determinant of RNAs from wild-type, X472 and revertants from HelLa cells. Enzymes were usealn t
dilutions (Materials and Methods) to ensure partial digestion conditions. Note that the full-length undigested RNAs eneatdhsHop of the autoradiogram. RNase &
T1-sensitive guanosines (in X472 and R2H) are indicated by boxes in the structure probing results and in the diagram af'gtantH@ the left. The specificities
and concentrations of enzymes used to derive data shown in Figures 3-5 and 7 are as followg; BSRISAV7 or 0.7 U; RNase,TGpl N, 20 or 2 U; RNase %)
Ap!iN, 2 or 0.4 U; an RNase isolated fréhcereugRNase Br; Upt N and Cp N, 10 or 2 U.

%Jospumo[pjo;
@

in R2; this reversion is located in a predicted single-stranded loduncated within stem—loop VI because the high degree of b
in wild-type stem—loop V. pairing in stem—loop VI severely inhibited the primer extensioﬁ
Enzymatic structure probing was employed to determingeaction (data not shown). Primer extension was performed wigh
stem-loop V secondary structures of X472, R1H, R2H and 3-32P-end-labeled deoxyoligonucleotide complementary t8
X527R RNAs in comparison with wild-type RNA (Fi§and4).  sequences internal to stem—loop VI. Products of the pnmgr
X527R RNA (Fig.2A) was included as a control because itextension reactions are 1 nt shorter than the correspondmg
contains a reversion from a linker-scanning mutation that wasosition in the sequencing ladder due to the removal of tke
predicted to be on the opposite side of the stem from the X4B*proximal ribonucleotide during enzymatic cleavage. °
mutation. RNases MdsRNA), T; (Gp! N) and U (ApiN) and Figure 3 shows the pattern of enzymatic digestion for the
an RNase isolated fromacillus cereugherein referred to as 5'-side of stem—loop V of wild-type, X472 and revertant RNAS
RNaseBc) (Upt N and Cp N) were used for partial digestion of isolated from HeLa cells. The boxed regions in the autoradiographs
wild-type or mutated RNAs. Cleavage assays were performed denote the guanosine residues with increased RNasen3itivity )%
in vitro transcribed RNAs generated from plasmids containingn the X472 RNA (Fig3, lanes 13 and 14) compared with theg
reconstructed cDNA sequences of stem—loops IV-VI (R1H, R2korresponding nucleotides in wild-type RNA (Fglanes 4 and &
and X527R) or stem—loops V and VI (wild-type and all othei5). Cleavage at the guanosine residues in X472 RNA indicatd
mutated constructs). Since salt concentrations can influent®at the presence of the linker-scanning mutation from nt 472 %
higher order RNA conformations, enzymatic cleavage wa479 resulted in a decrease in base pairing at nt 478, 479 and 381
conducted in TMK buffer (Materials and Methods) containingn the X472 RNA. Note that G478, G479 and G481 were present
final concentrations of 0, 50, 100 and 200 mM KCI. Changes iim all of the RNA constructs shown (FRA); hence, differences
KCI concentrations did not alter the pattern of enzymatiin sensitivity to RNasejwere not due to sequence changes at the
cleavage; however, cleavage by RNasewas enhanced at sites of enzymatic cleavage. R1H RNA (Fglanes 22 and 23)
higher concentrations of KCI, denoting the stabilization of helicadhowed RNase 1Tsensitivity intermediate to that observed for
structures in the presence of salt (data not shown). A finalild-type and X472 sequences. RNasgeligestion of R2H RNA
concentration of 180 mM KCI, which is within the range of(lanes 31 and 32) more closely resembled the cleavage pattern of
intracellular salt concentrations, was used in the seconda¥472 RNA. Guanosine residues in the same position in X527R
structure probing shown here. Wild-type RNAs containingRNA showed limited cleavage by RNasgdiosely matching the
stem—-loops IV=VI, V and VI or V and thé&balf of VI produced digestion pattern observed for wild-type sequences.
nearly identical digestion patterns (data not shown), indicating RNase digestion of the-8ide of stem-loop V is shown in
that stem-loop V was capable of folding independently oFigure4. There was a slight increase in the sensitivity of nt 528,
surrounding sequences. RNAs containing stem—loops IV-\830 and 531 to RNase Tigestion in X472, R1 and R2 RNAs
(R1H, R2H and 527R RNAs) or V and VI (all other RNAs) werecompared with the corresponding sequences in wild-type and
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PV1 X472 X472-R1H X472-R2H X527R

Figure 4. Secondary structure analysis of RNAs from wild-type, X472 and revertants from HelLa cells at positions predicted to lidisegopiences near the
stem—loop V attenuation determinant. Boxed regions in the structure probing autoradiograms and the stem-loop V illustetRiNadeni-hypersensitive
guanosines (in X472, R1H and R2H). Arrowheads indicate RNaske&vage at nt 537. Note that positions cleaved by RNases migrate 1 nt further in the strucaare
probing data compared with the sequencing ladder; this is due to RNase-mediated removdboftmaBnucleotide, which is then not present in the template RNAsg
used for primer extension. The full-length undigested RNAs are not shown at the top of the autoradiogram.

/:dny woJy papeojumod

X527R sequences (compare the intensity of the RNaseriBitive  cells. To generate potential revertaints;jtro transcribed full-length
sites in the boxed region with those sites above and below the lgenomic PV RNA containing the X472 linker-scanning rtiote
for each RNA). Increased RNasq dleavage of the (boxed) (Fig. 2B) was transfected into 12 SK-N-SH (neuroblastomag
guanosines in X472, R1H and R2H RNAs (Ff. was in  monolayers; six were incubated at'87and the other six were
accordance with the predicted location of these nucleotides on tineubated at 38C. Revertant viruses were isolated as descrlbegj
opposite side of the stem structure from nt 478, 479 and 481 Materials and Methods. Following direct sequencing of
(Fig. 2A). Results from structure probing of theé fFig. 3) and  stem-loops V and VI of the viral RNAs, the revertant viruseg
3'-sides (Fig4) of stem—loop V suggested that sequences adjacertuld be divided into four groups, which are represented

to the two (boxed) RNase;-Bensitive regions in X472 RNA X472-R3N, X472-R4N, X472-R5N and X472-R6N. Stem—loop \&
were base paired in wild-type RNA and that the mutations iand pyr|m|d|ne rich region sequences of these revertants @e
X472, R1H and R2H RNAs resulted in a partial unfolding of thishown in Figure2B. RNAs isolated from X472-R3N and &
domain. In addition, a slight increase in RNageclavage of X472-R6N viruses contained pseudo-reversions within the
X472, R1H and R2H RNAs was observed at C537 compared willnker-scanning mutation in stem-loop V. A complete reversiod
the same nucleotide in wild-type or X527R sequences 4Fig. from the X472 linker-scanning mutation to wild-type stem—loop \8
Increased RNase \¢leavage at C537 in the mutated RNAs doesequences was observed in R4N and R5N RNAs; however, b§th
not suggest that a different conformation is formed in this regioisolates contained seven nucleotide changes in the conserfzed
of stem—loop V, but that the double-stranded character presentgyrimidine-rich region located 00 nt distal to the original lesion X
the wild-type and X527R RNAs is further stabilized in the X472n stem—loop V. The seven pyrimidine-rich region mutations weie
mutated and revertant stem—loop V. With the exception of thieund in one plaque isolate from the’&7incubation and in eight =
boxed guanosine residues (Fyand 4 and C537 (Fig. 4 the isolates generated from four different transfected monolayers
sensitivities of wild-type and mutated RNAs to RNasesTY, incubated at 39C. In addition, R5N RNA harbored an

U, andBcwere very similar. Therefore, it appeared that the X472515-. G515 transition (located in stem—loop V; FR). The
mutation did not result in misfolding of stem—loop V; rather, itpoint mutation at nt 515 in R5N was found in only one of the
affected the RNA structure by decreasing base pairing in thgaque isolates containing the pyrimidine-rich region mutations

0°S[eulnopiojxo’

A

vicinity of the Xhd linker. and, therefore, may be a non-deleterious random mutation or may
play a role in the growth phenotype of X472-R5N.

Secondary structure probing of revertant RNAs isolated Secondary structure probing was performed on stem-loop V

from neuroblastoma cells RNA from wild-type PV1, X472 and revertants isolated from

neuroblastoma cells (Fifj). As observed in Figu@& X472 RNA
Since the attenuation determinant in stem—loop V of PV RNAFig.5, lanes 13-14) showed an increased sensitivity to RNase T
influences virus growth in the mammalian nervous system, it waligestion at nt 478, 479 and 481 compared with the very low level
of interest to determine whether different X472 reversionf cleavage in PV1 RNA (Fid, lanes 4-5). R3N was the only
mutations would be generated during an infection of neuroblastorRiNA containing revertant sequences which showed RNase T
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X472 X472-R3N X472-R4N X472-R5N X472-R6N
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Figure 5. Stem—loop V secondary structure probing of RNAs from wild-type, X472 and X472 revertants isolated from SK-N-SH cells,-Bfesitd/€& guanylate
residues at nt 478, 479 and 481 (X472 and R3N) are indicated by boxes in the stem—loop V diagram and data shown dmetteprigfithd autoradiogram shows
the full-length undigested RNAs.

cleavage comparable with the digestion pattern of X472 RN&Sequence analysis of pyrimidine-rich region reversions in

(Fig. 5, lanes 22-23). In enzymatic digests performed on thR4N and R5N

opposite side of the helix, X472 and R3N showed higher IeveB : : o .

of RNase T scission at G528, G530 and G531 than wild-type op©_the seven nucleotide changes in the pyrimidine-rich regidh

the other revertant RNAs (data not shown). Thus, X472 and R3teract with the original X472 lesion? Since the second Sife

RNAs demonstrated increased single-stranded character adjaceraE ations fromnt 564 to 571 generatatha site, itwas possible g
t

the stem—loop V attenuation determinant, whereas wild-type, Rafiat the pyrimidine-rich mutations could have base paired wifh
R5N and R6N RNAs exhibited base pairing within this region. eth sequence atnt472. In o_rderforth}s base pairing to ocedr,
the original X472 linker-scanning mutation would need to bg

present on the same RNA as the pyrimidine-rich region mutatiors.
) . To investigate whether the stem—loop V and pyrimidine-rich regi
Northern blot analysis of reconstructed RNAs containing mutations coexisted, RNA was isolated from the original X478
stem-loop V and pyrimidine-rich region reversion RNA transfection harvests, the plaque isolates and the passade 2
mutations (P2) virus stocks for X472-R4N and X472-R5N. RNA from thes

) » ) . ) lague isolates was directly sequenced, whereas RNA from the
To ensure that the identified reversion mutations in X472'R3’\ﬁ'ansfecti0n and P2 harvests was too low in concentration EO
X472-RAN, X472-R5N and X472-R6N were responsible foiirectly sequence, so this RNA was reverse transcribed agd
restoring growth to the X472 mutated RNA, stem—loops V and MbCR-amplified prior to DNA sequencing of the PCR products;
from the revertant RNAs were reverse transcribed and amplifigdesults from these analyses indicated that the two sequenges
using PCR (Materials and Methods). The resulting DNAgould not have base paired; in particular, uridines at nt 570 afid
fragments were cloned into a plasmid containing the full-lengt§71 were mutated to guanosines in viruses isolated from the
PV ¢DNA (pT7-PV1)In vitro transcribed RNAs generated from transfection harvests. Concurrently, the predicted base pairiig
these reconstructed plasmids, therefore, contained mutations opb,fmers of residues 570 and 571 (C472 and C473) reverted™to
in stem—loops V and VI. As a measure of viability, northern blojdenosines, abolishing potential C472-G571 and C473-G570
analysis was performed on RNA isolated from Hela cellpase pairing. Thus, it remains to be determined whether the
transfected with wild-type, X472 mutated or revertant RNAgyrimidine-rich region mutations interact with a protein or RNA
(Fig. 6). Transfections were performed in HeLa cells due to theequence of cellular or viral origin. Experiments in our laboratory
increased RNA yields obtained from this cell type compared withre currently underway to elucidate how the second site mutations
SK-N-SH cells. X472 RNA did not replicate (lanes 6-9);in the pyrimidine-rich region augment the growth of X472-R4N
however, wild-type and all of the revertant RNAs replicated t@nd X472-R5N and whether the nature of the interaction differs

detectable levels by the 18 htime point. R6N appeared to replicifgtween the intracellular environments of neuroblastoma and
more efficiently than wild-type RNA, as indicated by theHela cells.

appearance of viral RNA at the 14 h time point. Results from the

northern blot analysis demonstrated that the reversion mutatiogsscssioN

in stem—loop V and the pyrimidine-rich region were responsible

for restoring viability to the X472 mutated RNA and that theMutations that significantly contribute to PV neurotropism were
neuroblastoma-isolated revertants were also viable in HeLa celtgeviously localized to what is now referred to as stem—loop V in

PIOJX0" Feu//:dny Wouy papeo jlumoQ

[
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N e lack of viability of this construct was that the X472 lesion resulted
PR '\qf“ ﬂﬁ;"*“ in the misfolding of stem—loop V and that the deleterious effects
R R L on viability were not due to primary and secondary structure
pomranatnction: " Twmat s mE IHWE TnmRIAND TUNE changes specifically at théad linker at nt 472. Alternatively, the
X472 lesion may have affected only sequences and structures
near the attenuation determinant in stem—loop V, allowing for the
use of X472 and revertants in elucidating RNA sequence and
- “h B we N « +sense structure determinants participating in translation and neurotropism
™ . PV RNA of PV. Our results from enzymatic structure probing demonstrated
that the X472 linker-scanning mutation opened up the helical
conformation of stem—loop V at nt 478, 479 and 481 (surrounding
! the attenuation determinant at nt 480) and on the opposite side of
the stem at nt 528, 530 and 531 (Fig.green arrows). The
nucleotide changes in X472 and the reversion mutations in
i stem—loop V lie between nt 472 and 477 (Kiggreen stars);
therefore, differences in cleavage at G478, G479 and G481 were
. . not due to sequence changes that would abolish RNase T
SRR SR RRR RN IO < -actin recognition. Although nt 537 was slightly sensitive to RNage V&
in wild-type RNA, all of the mutated RNAs showed higher RNas&
VBN B E T 6 804NN T T Eaa Rk V1 cleavage at this position (Figand data not shown). Perhapsg
opening up the neighboring helix at G528, G530 and G5:§_5h1

1 mock

san | P stabilized the base pairing at C537. RNase cleavage eventgin

Z 0 // —=— wild-type other regions of stem-loop V demonstrated that the X4

5wk )y —— X472 linker-scanning mutation did not result in global misfolding oﬁ

E T R stem-loop V (compare hypersensitive nucleotides in wild-typg
& —a— RAN . . b

2 m / %f;;:‘ = REN and mutated RNAs outside the boxed sequences iiBFaysin &

3 i ——REN particular, RNase YV cleavage sites conserved between X47%

o = : revertant and wild-type stem—loop V RNAs (Figred arrows) ‘o

2 1 6 22 indicated that the higher order stem—loop V conformation wes

hours retained in mutated constructs. 2

If secondary structure is the only determinant for viability of the.

X472 mutated RNA, then we would predict that second si

_ , , __mutations would also be observed on the opposite side of the
Figure 6. Northern blot analysis of wild-type or muta‘teq R_NAs transfected into Pe”X. In fact, all of the stem—loop V reversion mutations Wer%
Hela cells. Thél.5 kb message-sense PV genome is indicated in the top panel, tricted to the X472 lesi thesid f st | v &

B-Actin mRNA levels were probed on the same blot (lower) to measure I‘QS “_C e, 0 e. esion on . € oI stem-— OOp ' .‘2

differences in gel loading. Positive-sense PV RNA levels were normalized tohighlighting the importance of primary sequence within this:

B-actin mRNA levels and a graph representing the results is shown at the bottomegion. Furthermore, R3N displayed single-stranded charactergn
e s e ek o e e o ppgiem-oop V simiar to X472 (FG) yet cisplayed an RNA
Packard chnJet llcx scanner ugng SigmaScan/image measgurement software.Ft(—:‘pIICatlon _phenotype similar tO. wild-type RNA (Fi§). R3N i
may contain sequence determinants that allowed for restorgd
replication in the presence of decreased stem—loop V bage
pairing. U477 in R3N may be an example of such a sequer@e
the B3-NCR (Fig. 1) of the Sabin strains4(5,23,24). The determinant. However, the uridine residue at nt 477 has not b%n
stem—-loop V point mutation in each of the Sabin strains not onfxamined by itself for a contribution to PV growth. At least twg
decreased neurotropism of viruses containing the mutated RNwnctions for sequence-specific determinants could explain these
sequence, but also reduced translation levels of the RN#Ag  phenomena: (i) concomitant primary and secondary structuse
(6,7). Thus, PV neurotropism and translation appear to beould form a protein-binding site that includes nt 472—-481; (ii) if»
interrelated, perhaps due to the involvement of a neuronal-specifiddition to interactions with nt 525-531 on the opposite side of
factor in cap-independent translation of the PV genome. Furthdhe helix, nt 472—-481 could interact with other viral or cellular
more, since nucleotide changes involved in neurovirulence resi@NA sequences. We do not have evidence to discriminate
in similar locations in stem-loop V of the Sabin strains 1-3petween these possibilities. Additional evidence supporting the
attenuated growth of these PV variants in the primate nervoireportance of primary structure within the X472 lesion comes
system appears to be influenced by a common defectiftcom nucleotide reversions that do not appear to participate in
mechanism. The work presented here was aimed at testing th&se pairing interactions. Two examples are A472 and A473
hypothesis that RNA sequences and structures adjacent to (Rég. 2B). Both of these nucleotides reverted from cytidine
attenuation determinant in stem—loop V of th&élBR influence  residues in X472 mutated RNA to the wild-type adenosine
PV viability in mammalian cells. residues in R4N and R5N sequences, perhaps restoring the potentia
Previous studies with the linker-scanning mutation X47ZRNA-protein or RNA-RNA interactions just mentioned. Contrary
indicated that the sequence changes introduced adjacent to tine¢he other nucleotide changes introduced byXth@ linker,
attenuation determinant at nt 480 (PV1) resulted in a pseud@476 introduces a G-U base pair where bulged U residues are
infectious RNA, X472 (Fig2A; 17,18). One explanation for the predicted to reside in wild-type RNA at nt 476 and 529 @FAJ).

‘elulo}
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Figure 7. Secondary structure prediction of stem—loop V of the PNGR.

Red arrows (RNase j{\cleavage of dsRNA) and blue arrows (RNases that
recognize single-stranded residues) represent stem—loop V structure probingd Evans,D.M., Dunn,G., Minor,P.D., Schild,G.C., Cann,A.J., Stanway,G.,
data derived from enzymatic digestion of wild-type PV1 RNAs containing
either stem—loops V and VI or full-length genomic sequences (Figs 3-5 and 5 Minor,P.D. and Dunn,G. (1988) Gen. Viral, 69, 1091-1096.

data not shown). Longer arrows indicate increased RNA scission at the 6 Svitkin,Y.V., Maslova,S.V. and Agol,V.I. (198%jrology, 147, 243-252.
indicated nucleotide. The stem—loop V attenuation determinant is highlighted 7 Svitkin,Y.V., Cammack,N., Minor,P.D. and Almond,J.W. (1991logy;
in purple. Nucleotides altered by the X472 linker-scanning mutation are 175 103-109.

indicated by green stars, and green arrows show RNasengitive residues

in X472 and some of the revertant RNAs.

Note that all of the revertants that retain cytidine residues at nt 472 Nomoto,A., Lee,Y.F. and Wimmer,E. (19pc. Natl Acad. Sci. USA
and 473 have sequences capable of forming G-U or A-U basg 73: 375-380.

pairs at the predicted bulged U476. One possible explanation
this is that the presence of C472 and C473 allows base pairing anderson,C.W. and Wimmer,E. (1984xture 291, 547-553.

with G530 and G531, and that this altered base pairing can b& Pelletier,J. and Sonenberg,N. (198&}ure 334 320-325.

abolished by strengthening the interactions between adjacentlﬁt Pilipenko,E.V., Blinov,V.M., Romanova,L.l., Sinyakov,A.N., Maslova,S.V.
476 and 529. In the context of wild-type RNA sequences, t
potentially single-stranded U476 and U529 may be structural’ amond.J.w. (1989). Mol. Biol, 207, 379-392.

elements of the stem—loop V attenuation determinant.

Previous efforts to correlate RNA conformational changes with7 Haller,A.A. and Semler,B.L. (1992) Virol., 66, 5075-5086.
the attenuation mutations in stem—loop V were unsuccesgjul ( 18 HallerA.A, Stewart,S.R. and Semler,B.L. (1936yirol, 70, 1467-1474.
However, RNA structure analyses presented here indicate tHat 65. 2655-2665
primary and secondary structures adjacent to the attenuatigf Ca{mpos,R. and Villarreal,L.P. (1988jology, 119 1-11.

alterations in the X472 linker-scanning mutation that were too
subtle to measure in Sabin RNAs. Although it is not known if
RNA from Sabin strains exhibits a stem—loop V conformational
change, it does appear that structural alterations adjacent to the
attenuation determinant within stem—loop V affect PV growth.
Whether the stem—loop V defect that contributes to the attenuation
of Sabin strains is affecting the same mechanism modified by the
X472 linker-scanning mutation remains to be determined.
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