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Characterization 
of the Extreme 5' 

Ends of RNA 
Molecules by RNA 

Ligation-PCR 

Richard Sallie 1 

The Liver Diseases Section, NIDDK, The 
National Institutes of Health, Bethesda, 

Maryland 20892 

1Permanent address: P..O. Box 677, Nedlands, West- 
ern Australia, 6009. 

Despite major recent advances in PCR- 
based methodology, characterization of 
the extreme terminal  sequences of RNA 
molecules may be difficult and time con- 
suming, particularly when  the 3' end is 
not polyadenylated.~l~ The usual approach 
to defining the 5' end involves cDNA syn- 
thesis using gene-specific downstream 
priming of the reverse transcription (RT) 
reaction, followed by the addition of a ho- 
mopolymer tail by terminal transferase 
and single-sided PCR using a homopoly- 
meric dN-based oligonucleotide to prime 
the 5' PCR reaction (the RACE protocols). 
Verification of the extreme 5' end of the 
RNA molecule requires two separate reac- 
tions in which different homopolymer 
tails are added by terminal deoxytrans- 
ferase. (2~ However, premature termination 
of the cDNA reaction cannot be excluded 
using this technique and would result in 
undetected and foreshortened cDNA 
clones, even if dual tailing reactions are 
used. Additionally, the presence or ab- 
sence of a 5'-terminal structure, such as a 
methylated cap or a covalently bound 
VpG protein, cannot be deduced by ho- 
mopolymer tailing methodology. Both 5' 
hairpin loops (3~ and terminal cap struc- 
tures ~4~ are known to exist at the 5' end of 
many  RNA viruses. Recently, head-to-tail 
ligation of viral molecules with PCR am- 
plification across the 3' to 5' junction has 
been advocated as a method of defining 
the terminal sequences and/or structure of 
RNA molecules. (s,6~ However, this method 
requires knowledge of the complete se- 
quences of one end or the other before the 
junctional sequence can be defined fully. 
Furthermore, variable-length homopoly- 
mer tails on the 3' end of many RNA mol- 
ecules prevent application of direct PCR- 
based sequence strategies to the resulting 
PCR products. ~6~ 

The 3' of nonpolyadenylated RNA 
molecules or molecules of unknown 
sequence is more problematic. Using co- 
bait-based buffers, RNA is a suitable sub- 
strate for the addition of a homopoly- 
meric tail by terminal  transferase. It is 
conceivable that a strategy based on tail- 
ing followed by 3' single-sided PCR us- 
ing a 5' gene-specific primer and an oli- 
go(dN)-based 3' primer would work. 
However, definit ion of the extreme 3' 
nucleotide would require two separate 
tailing experiments. 

MATERIALS AND METHODS 

A strategy of heminested PCR following 

end-to-end ligation of a synthetic RNA 
oligonucleotide was devised and used to 
characterize the extreme 5 '- terminal  se- 
quences of both the positive and nega- 
tive strands of hepatitis C virus (HCV). 
The overall design of the ligation ampli- 
fication experiments is described in Fig- 
ure 1. 

RNA Purification and Decapping 

HCV RNA was purified from 1 ml  of se- 
rum obtained from patients known to 
have high-titer HCV using a proprietary 
modificat ion of the method  of Chom- 
czynski, (7~ RNAzol B, according to the 
manufacturer 's  instructions. The RNA 
pellet so obtained was washed three 
times in 70% alcohol, resuspended in 
SEPC-treated water, and divided into 
aliquots. On the assumption that a 5'- 
methylated cap existed, aliquots were 
treated with tobacco acid pyrophos- 
phatase (TAP) by digestion in 20 i~l of 1 x 
TAP buffer containing 2 mM ATP, 10 
units of TAP (Epicentre Technologies, 
Madison, WI), and 40 units of cloned 
RNasin (Promega) at 37°C for 1 hr; the 
decapped RNA was then purified by re- 
peated phenol -ch loroform extraction 
and ethanol  precipitation. 

End-to-end ligation 

The HCV RNA was ligated end to end 
with a synthetic RNA molecule, 
RSHEVRNA, 5'-HO-UCUACUUCAACUU- 
CAAGCCGAAUUC-OH-3' (National Bio- 
sciences, Plymouth,  MN), designed to be 
homologous to a hepatitis E virus PCR 
primer (8~ and to contain an EcoRI site at 
the 3' end for cloning purposes. HCV 
RNA and RSHEVRNA were ligated head 
to tail with T4 RNA ligase (New England 
Biolabs), according to a modif icat ion of 
the methods of Tessier et al. (9~ Ligation 
was carried out in 25 ~l of a mixture con- 
taining 25% polyethylene glycol, 100 p.M 
ATP, 10 units of T4 RNA ligase (New En- 
gland Biolabs), 40 units of RNasin 
(Promega), 500 ng of Gp 32 gene protein 
(Boehringer Mannheim) ,  a n d  2 mM hex- 
amine  cobalt chloride incubated in a 
thermal  cycler (Biometra trioblock), cy- 
cling between 4°C (20 min)  and 37°C (20 
min) for 16 hr to promote mixing. 

Following ligation, the RNA was again 
purified by pheno l -ch lo roform extrac- 
tions, ethanol precipitated, and washed, 
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FIGURE 1 Overall design of end-to-end ligation experiment with relative positions of the primers used. 

and resuspended in 20 ~1 of DEPC- 
treated water. 

RT PCR 

RT was performed using an AMV RT sys- 
tem (Riboclone, Promega) in a 20-pA vol- 
ume reaction using 10 ng of either an 
antisense primer homologous to the 5'- 
untranslated region of the positive 
strand of HCV (HCVR1 for the 5' end), or 
a sense (antisense with respect to the 
negative strand) primer complementary  
to the negative strand (NS5-884); 4 i~l of 
the RNA solution was added as a sub- 
strate. Incubation was at 42°C for 30 
rain. 

PCR was then performed using a hem- 
inested strategy and hot-start methodol-  
ogy. ¢1°) The DNA oligonucleotide HEV2 

! (5 -TCTACCTTCAACTTCAAGCC-3 was 
used as the upstream primer, and either 
HCVR1 (HEV2 x HCVR1, outer ampli- 
con) or HCVR3 (HEV2 x HCVR3, inner  
amplicon) was used as the downstream 
pair for the 5' end and either NS5-884 
(NS5-884 x HEV2, outer amplicon) or 
NS5-881 (NS5-881 x HEV2, inner  ampli- 

con) was used as the upstream primer 
and HEV2 as the downstream primer for 
the 5' end of the negative strand. Four 
microliters of the RT reaction was used 
as substrate in a 100-1~1 first-round PCR 
reaction containing 100 ng of each of 
the primers, 2.5 units of Thermus aquat- 
icus DNA polymerase (Taq polymerase, 
Biotech International, Bentley, Western 
Australia), and dNTPs at 200 ~LM in l x  
PCR buffer. A 2-1~1 aliquot of the first- 
round reaction was the used as a sub- 
strate for the second-round reaction, 
which was identical to the first except for 
change or primers. Cycling parameters 
for both inner  and outer reactions were 
(95°C for 1 min,  55°C for 1 min,  and 
72°C for 1 min) x 30 for the 5' end of 
the positive strand while (95°C for 1 
min,  55°C for 5 rain, and 72°C for 1 
min)  x 30 was used for the negative 
strand. 

RESULTS 

Following TAP digestion, the junctional 
sequence of the synthetic RNA-HCV chi- 

meric molecule could readily be ampli- 
fied. However, mult iple  attempts at 
RNA-RNA ligation without  prior incuba- 
tion in TAP resulted in failure of ampli- 
fication of chimeric  molecules, suggest- 
ing the presence of a methylated 5' cap 
on the positive strand (TAP should not 
remove covalently bound  VpG proteins). 
Furthermore, amplif icat ion of the 5' chi- 
mera resulted in single bands that were 
readily amenable  to direct PCR-based se- 
quencing (R. Sallie, S.-C. Chia, J.H. 
Hoofnagle, A.M. DiBiseglie, and S.M. 
Fernstone, in prep.). In contrast, ampli- 
fication of the 5' negative-strand chi- 
mera was possible without  prior TAP di- 
gestion (Fig. 2). This resulted in mult iple  
(four to eight) discrete bands, suggesting 
the presence of subgenomic  transcripts. 
Again, following excision and purifica- 
t ion from the gel, these bands were suit- 
able substrates for direct sequencing pro- 
cedures. 

DISCUSSION 

In this paper we describe the use of end- 
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FIGURE 2 Gel electrophoresis (2% Nusieve, 
1% agarose composite gel). (Lane 1,9) 123-bp 
molecular weight markers; (lane 2) negative 
reagent control; (lanes 3,5) standard HCV PCR 
(F3 × R3, M. W. -250 bp; (lane 4) 5' chimeric 
PCR without prior TAP treatment; (lane 6) 
chimeric PCR with prior TAP treatment 
(HEV2 × R3, M. W. -308 bp); (lanes 7,8) 3'- 
end chimera PCR with and without prior TAP 
treatment (NS5-881 × HEV2). Note multiple 
bands ranging from -1200 to -300  bp (top to 
bottom). 

to-end l igat ion of syn the t i c  RNA to RNAs 
of interest  to def ine the  ext reme t e rmin i  
of RNA molecules .  A l though  the  specific 
use in this  ins tance  was for characteriza- 
t ion of t e rmina l  sequences  of hepat i t is  
C, the m e t h o d o l o g y  is applicable to the 
extreme 5' end  of any  RNA. It is particu- 
larly useful  for the  charac ter iza t ion  of 
the 5' sequences  of bo th  g e n o m i c  and  
an t i genomic  viral RNAs. D e t e r m i n a t i o n  
of the 3' sequences  of the  posi t ive 
strand, not  demons t r a t ed  here, would  
theoret ical ly  be possible if the  RNA oli- 
gonucleo t ide  was synthes ized  wi th  5'- 
t e rmina l  p h o s p h a t e  ra ther  t h a n  hy- 
droxyl groups. However,  as the syn the t i c  
RNA is in vast mola r  excess, synthes is  of 
the RNA wi th  p h o s p h a t e  groups on  bo th  
ends (or b locking  the  3' reactive groups 
by some o ther  means)  would  be essential  
to prevent  fo rma t ion  of syn the t i c  RNA 
concatamers  as the  preferred reaction.  
Al though  de t e rmina t i on  of the presence 
or absence of 5' caps can be deduced 
from the  abil i ty to ampl i fy  the junc- 
t ional  sequence  wi th  and  w i t h o u t  prior 
TAP digest ion,  this  represents  a negat ive 
exper iment ,  and  it is en t i re ly  possible 
tha t  u n c a p p e d  RNA is no t  head-to-tai l  li- 
gated (and therefore  no t  detected by this  
me thod)  due to the low eff ic iency of the 
s ingle-s t randed l igat ion react ion.  
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