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ABSTRACT 
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A potential pseudoknot was found in the 3' untranslated region of the bovine 
coronavirus genome beginning 63 nt downstream from the stop codon of the N gene. 
Mutation analysis of the pseudoknot in a cloned defective interfering RNA indicated that 
this structural element is necessary for defective interfering RNA replication. 

INTRODUCTION 

The 291 nt 3' untranslated region (UTR) of the bovine coronavirus (BCV) likely 
contains sequences that serve as a promoter for minus-strand synthesis during RNA replication. 
To explore the structural features that might be important for this function, a computer program 
was used to predict thermodynamically stable secondary structural elements. This analysis 
identified a potential pseudoknot beginning 63 nt downstream from the termination codon of 
the N gene having two stems with a high negative free energy. A phylogenetic comparison with 
other coronaviruses indicated conservation at the secondary and tertiary levels. 

To investigate the functional significance of the proposed pseudoknot in viral RNA 
replication, site-directed mutagenesis of a cloned 2.2 kb reporter containing defective 
interfering RNA (pDrep I) was undertaken to disrupt and restore base pairing in the first stem 
of the pseudoknot. Mutants were then tested for replication. These experiments strongly 
suggest a role for the pseudoknotted structure in viral RNA synthesis. 

MATERIALS AND METHODS 

Cloning and construction of the bovine coronavirus defective-interfering RNA which 
carries a reporter sequence of 30 nt (pDrep I) have been described I. Synthesis of pDrep 1 
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RNA transcripts and assay for pDrepl replication using Northern analysis were done as 
previously described). Site-directed mutations of pDrepl 3' UTR were done with a pre
viOusly published PCR-based mutagenesis procedure2• For these, oligodeoxynucleotides 
UCUAAAC and AGAUUUG were used. For computer analysis, the Microgenie program 
(Beckman Instruments) which employs the Tinoco algorithm for analysis of RNA secondary 
structure3 was used. 

RESULTS 

A computer-assisted analysis of RNA secondary structures in the BCV 3' UTR 
showed the existence of two stem regions between nucleotides -173 and -226 from the base 
of the poly(A) tail. The downstream stem, stem 2, has a predicted stability of -10.2 kcallmole, 
and the upstream stem, stem I, which involves base-pairing between upstream sequences 
and the loop of stem 2, has a predicted stability of -8.6 kcallmole (Fig. I). The potential 
structure formed would be considered an H(hairpm)-type pseudoknot in which stems I and 
2 of the folded structure would become adjacent to each other to cause coaxial stacking of 
the two stems and formation of a quasi-continuous double helix4• 
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Figure 1. Proposed pseudoknot m the bovme coronavlrus 3' UTR and the mutatIOns used to test Its role m 
RNA replicatIOn A Wild-type pseudoknot m the genome 3' UTR It IS shown here as part of the 3' UTR m 
the 22 kb reporter-contammg defective mterfenng RNA of BCV (pDrepl) B Mutant pSlA m which 
nucleotldes CUAU m stem 1 were changed to UGUA C Mutant pSIB m which AUAGnnA m stem 1 were 
changed to UACAnnC D Mutant pSlC, the double mutant, m which the changes m pSlA and pSlB were 
combmed to refonn stem 1 which now has a stability of -5 6 kcallmole 
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Figure 2. Companson ofthe phylogenetlcally conserved pseudoknots between the bovme coronavlrus and the 
porcme transmIssIble gastroententls coronavlrus Stem lIS shown on the left, and loop lIS shown on the nght 
Note the sequence dIvergence m the two stem regIOns 

To detemllne whether the pseudoknotted structure IS phylogenetic ally conserved 
among coronavlruses, the 3' VTR of the porcille transmissible gastroententls ViruS (TGEV) 
and ten other mammalian coronavlruses was likeWise examilled Despite differences III 

nucleotide sequences, a pseudoknoted structure was found III the same relative pOSitIOn III 

TGEV (Fig 2) and the other coronavlruses examilled (data not shown) Between BCV and 
TGEV, nucleotide slmilantles were 44% for stem 1 and 55% for stem 2 Yet III each case 
compensatory changes were found III TGEV that mailltailled stable stem structures These 
were predicted to be -5 8 and -10 kcallmole for stems 1 and 2, respectively A Similar picture 
was found for the other coronavlruses 

These observatIOns led to the hypotheSIS that the pseudo knot must have evolved to serve 
a bIOlogical functIOn To test the Idea that It plays a role m RNA replicatIOn, mutatIOns were 
made to disrupt the pseudoknot III pDrep 1, and the effect of the mutations on replicatIOn of the 
DI RNA were tested pS 1 A and pS 1 B are constructs that have mutations on one Side of stem 1 
Pomt mutatIOns were chosen to create mismatches predicted to destroy the thermodyaamlc 
stability of the stem The double mutant pS 1 C mcorporates both sets of mutations and mimics 
the analogous stem m TGEV The three mutants were tested III a replicatIOn assay (Fig 3) 

A Northern analYSIS showed that pDrepl With the Wild-type pseudoknot replicated as 
eVidenced by an Illcrease III abundance and by havlllg been passaged III Vlflons (Fig 3, lanes 5, 
6 and 7) DisruptIOn of the stem III the slllgie mutants pS 1 A and pS 1B abolished replicatIOn 
when assessed by the same analYSIS (Fig 3, lanes 10, 11 and 12, and 15, 16 and 17) On the 
other hand, the double mutant pS 1 C With the compensated stem replicated at or near Wild-type 
levels and became packaged IlltO Vlflons (Fig 3, lanes 20, 21 and 22) These expenments 
demonstrate the functIOnal Importance of this stem and the pseudoknot III RNA rephcatlOn 

DISCUSSION 

To date, few phylogenetlcally conserved structural elements have been descnbed III 
the 3' untranslated regIOn of coronavlruses that would suggest functIOnal elements Illvolved 
III RNA replicatIOn In addition to the pseudoknot reported here, an octamenc consensus 
sequence GGAAGAGC IS found approXimately 70 nt upstream from the poly (A) tail ThiS 
conserved element, however, has not yet been shown to playa role III RNA syntheSIS 

How the disrupted pseudoknot IS preventlllg RNA rephcatlOn III our studies IS not 
known Sillce the pseudoknot and the octamenc consensus sequence are III the 3' VTR of 
genomIC RNA, they might functIOn as polymerase recogmtlOn or promoter sites for mlllus
strand RNA syntheSIS ThiS, however, remallls to be shown Both pnmary and secondary 
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Figure 3. Importance of stem 1 in Dr RNA replication. Synthetic transcripts of pDrep 1 and ofthe three mutants 
pSIA, pSlB, and pSIC were transfected into BCV helper virus-infected cells, and cytoplasmic RNA was 
extracted at various times posttransfection, or at 48h after the first virus passage (VPI). Extracted RNA was 
separated by electrophoresis on a formaldehyde-agarose gel and probed in a Northern blot with radio labeled 
probe for detection of the plus strand of the reporter sequence. Note the presence of the Dr RNA in lanes 
identified pDrepl and pSIC, but not in lanes identified as pSIA and pSlB. 

structures have been shown to be important for RNA-dependent RNA polymerase promoter 
activity5. Another mechanistic possibility is that the disrupted pseudoknot may be preventing 
translation of the pDrepl open reading frame and secondarily preventing replication. A 
dependency on the open reading frame for pDrep I replication has been shown I, and a strong 
preference for maintenance of the open reading frame in the replication ofMHV DI RNAs 
has been demonstrated6,7, Precedent for a pseudoknot in the 3' UTR of a plant virus being 
important for translation of the positive stranded genome has recently been reported8. 

Further studies are needed to determine the mechanistic role of the pseudoknot in 
corona virus RNA replication, 
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