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ABSTRACT

Foot and mouth disease v i ru s RNA has been t r e a t e d with RNase H in the
presence of oligo(dG) s p e c i f i c a l l y to diges t the poly(c) t r a c t which l i e s
near the 5 ' end of the molecule (10 ) . The shor t (s) fragment containing
the 5' end of the RNA was separated from the remainder of the RNA (L f rag-
ment) by gel e l ec t rophores i s . RHA l igaae mediated l a b e l l i n g of the 3 ' end
of S fragment showed tha t the RNase H diges t ion gave r i s e to molecules t ha t
differed only in the number of cy t i dy l i c acid res idues remaining a t t h e i r
3 ' ends and did not leave the unique 3 ' end necessary for fas t sequence
a n a l y s i s . As the 51 end of S fragment prepared from v i rus RNA is blocked
by VPg, S fragment was prepared from virus spec i f i c messenger RNA which does
not contain t h i s p r o t e i n . This RNA was l abe l l ed a t the 5' end using poly-
nucleot ide kinase and the sequence of 70 nucleot ides a t the 5' end d e t e r -
mined by p a r t i a l enzyme diges t ion sequencing on polyacrylaaide g e l s . Some
of t h i s sequence was confirmed from an ana lys i s of the ol igonucleot ides
derived by RNaae T^ diges t ion of S fragment. The sequence obtained ind ica tes
tha t there i s a s t ab le ha i rp in loop a t the 51 terminus of the RNA before an
i n i t i a t i o n codon 33 nucleot ides from the 5' end. In add i t ion , the RNaae T-j
ana lys i s suggests tha t there a r e shor t repeated sequences in S fragment and
that an eleven nucleot ide inverted complementary repeat of a sequence near
the 3 ' end of the RNA i s present a t the junct ion of S fragment and the
poly(c) tract.

INTRODUCTION

Foot and mouth disease v i rus (FKDV), l i k e po l iov i rus and encephalomyo—

c a r d i t i s v i rus (EKCV), i s a member of the family P ico rnav i r idae . These

v i ruses contain a s ing le stranded 35 S RNA molecule of about 800C nucleo t ides

which ia of p o s i t i v e po l a r i t y and can a c t d i r e c t l y as a messenger RNA (mHIJA).

Pro te in syn thes i s occurs by the p o s t - t r a n s l a t i o n a l cleavage of a po lypro te in ,

the syn thes i s of which i s i n i t i a t e d near the 5' end of the RNA (for a review

see reference 1 ) . The 3 ' ends of picornavirus RNAs a re polyadenylated and

the nucleot ide sequence adjacent to the poly(A) has recen t ly been determined

for severa l p icornavirus RNAs including tha t of FHDV ( 2 , 3 ) . The 51 ends of

picornavirus genomes are covalen t ly l inked to a small v i rus spec i f i c p ro te in
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termed VPg (4-10). Poliovirua mRNA, however, extracted from infected cell

polyribosomes is not linked to VPg but has pUp at the 51 terminus (11 ,12) and

it is likely that all picornavirus mRNAs have a nucleotide diphosphate at the

5' terminus rather than VPg. The presence of the protein on the virus RNA

precludes direct polynucleotide kinase mediated labelling of the 5' end with

F (13) and this probably explains why there is only limited sequence data

so far available at the 5' end of picornavirus RHAs (6,7).

PHDV and Q!CV RNAs, in contrast to poliovirus RNA, contain a poly(c)

tract in addition to the poly(A) (14,15)- The poly(c) has been located near

the 5' end of the RHAs (10,16,17). Ribonuclease H (RHase H) treatment of

FKEV RNA in the presence of oligo(dG) specifically digests the poly(c) and

produces two fragments of RNA; the small fragment (s) contains the 5' end of

the RNA and the large fragment (L) contains the remainder of the RNA includ-

ing the poly(A) at the 3' end - see Pig.1 (10). The S fragment of FHBV RNA

has been estimated to be about 400 nucleotides long (10) whereas the S frag-

ment of EMCV R1IA, produced in the same way, is considerably shorter (c 150

nucleotides, ref.18 and T.J.R.H. unpublished results).

A comparison has been made of the polypeptides synthesised _in vitro in a

reticulocyte lysate in response to FMDV RNA and fragments L and S (19).

Similar proteins are produced when L and full length RNA are translated and

no specific protein seems to be made when S fragment is translated. This
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Figure 1 . Diagrammatic r e p r e s e n t a t i o n of the d i g e s t i o n of FKDV RNA by
RNase H i n t h e p resence of o l i g o ( d G . 2 _ . g ) .
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result and the small size of the S fragment from EHCV RNA suggests that the

poly(c) tract and adjacent 51 sequences are not translated (19). although i t

is possible that this region is translated in vivo but not, under the

conditions used, in vitro. This would make the 51 untranslated region of

PMDV RHA much longer than that found so far for other eukaryotic and virus

mRNAs (20-21), emphasising the need to obtain the nucleotide sequence of the

S fragment iriri the poly(c) tract .

In this paper the purification and preliminary analysis of S fragment is

described and the sequence of the 70 nucleotides at the 51 end presented.

Some of the structural features that have become evident at this end of the

RHA are discussed.

MATERIALS AND METHODS

Prepa ra t ion of v i rus RNA.

PMDV type A. n ( s t r a i n A , . ) was grown in monolayers of 10 BHK c e l l s in

Roux b o t t l e s . Large amounts of v i ru s conta in ing undegraded RNA were prepared
q

from about 4 x 10 c e l l s .

The v i r u s was pur i f i ed from the medium by (NH.)pSO p r e c i p i t a t i o n and

c e n t r i f u g a t i o n through 15—45?? sucrose g rad ien t s in NTE buffer (0.14M HaCl,

0.02M Tris-HCl , 0.005M EDTA pH 7.6) (10) . The RNA was ex t r ac t ed as previously

descr ibed (10) and pur i f i ed fu r t he r by c e n t r i f u g a t i o n on 5-29^- sucrose

g r a d i e n t s in NTE buffer conta in ing O.V/, SDS (60,000g, 20°C, I6h, Beckman

SV42.1 r o t o r ) . The peak f r ac t i ons of RNA sedimenting a t 35S were pooled and

p r e c i p i t a t e d a t -20°C with 2 volumes e thano l . Using t h i s growth and p u r i f i -

ca t ion procedure a t l e a s t 75/. of the v i rus RNA was recovered i n the 35S peak.

Y l abe l l ed v i r u s was prepared from 10 in fec ted c e l l s incubated with

20 mCi c a r r i e r f ree Y orthophosphate and v i r u s RNA a t a s p e c i f i c a c t i v i t y

of 10 cpm/ug, pu r i f i ed as descr ibed above. Labe l l ing of v i r u s RNA with \ -

ur id ine was as descr ibed ( 1 0 ) .

P repara t ion of 35S in fec ted c e l l RNA.

Ten Houx of BHK c e l l s were infected a t high m u l t i p l i c i t y with JTOV and

at 1.25h af te r infection the c e l l s labelled with ^H-uridine (2 uCi/ml) in

20ml Eagle 's medium. At 2.5h af te r infection the ce l l sheet was washed with

isotonic buffer (0.14H NaCl, 0.01H HgCl2> 0.01M Tris-HCl, pH 7.6) and the RNA

extracted from the ce l l sheets d i rec t ly by shaking with 10ml phenol and 10ml

isotonic buffer. The aqueous phase from these extract ions was made 0.5V- SDS,

extracted twice with an equal volume phenol:chloroform (2:1) and the RNA
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precipitated with 2 vol of ethanol overnight at -20 C. RHA sedimenting at

35S, was obtained by sucrose gradient centrifugation and polyadenylated RHA

selected by chromatography on 2ml columns of oligo(dT)-cellulose (Boehringer-

Hannheim) run as described (22).

Preparation of S fragment.

Ribonuclease H from Ê . coli was obtained from Enzobiochem (ERN-H) at a

specific activity of 2000 u/ml and also as a gift from Dr. J.L. Darlix,

Department de Biologie Hole"culaire, 30 Quai Ernest-Ansermet, 1211 Geneve,

Switzerland at a specific activity of 500 U/ml. The standard incubation

mixture was developed from that used previously (10) and from the experiment

shown in Pig.2. I t consisted of 30 ug RNA, 1 ug oligo(dG12 .„) (Collabora-

tive Research) and 2-4 units of enzyme added in that order, in 30 ^il RNase H

buffer (0.01M HgCl2, 0.001H EDTA, 0.01H dithioethreitol, 10^ glycerol, 0.05M

Tris-HCl pH 7.9). Larger amounts of RNA were digested at the same ratio in

proportionately larger volumes. The reaction mixtures were incubated at 30 C

for 45 min and stopped by the addition of an equal volume of 0.04H EDTA con-

taining 1?t SDS and the RNA precipitated by the addition of 3 vols of ethanol

at -20°C overnight. The RNA was dissolved in 25-30 ul of 0.05H Tris-HCl

pH 6.8, 0.002H EDTA, 0.2J? SDS, 10# glycerol containing 0.02# xylene cyanol

FP and bromophenol blue, and heated at 56 C for 5 min before gel electro—

phoresis.

For protease treatment the RHase H digest was treated with 2.5 pi

Proteinase K (Boehringer, 10 mg/ml) for 30' at 37°C before heating at 56°C.

The low percentage agarose-acrylamide and the 3—20; gradient slab gels were

run and processed as described (23,24). For the preparation of T'-labelled

S fragment or RNA for In vitro labelling, 10;'- gels were run under the same

buffer conditions as the gradient gels. Unlabelled RNA was located by

staining with ethidium bromide (24) and eluted from the gel by crushing and

soaking in 0.5*1 Nil .-acetate, 0.001H KDT.ii, 0.1^ GDC. Gel pieces were removed

by f i l ter ing through s ter i le nylon wool and RhA precipitated with 3 vols of

ethanol. P-labelled RNA was detected in gels by autoradiography and eluted

in the presence of 25 ug phenol-extracted carrier _b. coli tRNA (BDH).

Hibonuclease T-| fingerprinting.

S fragment prepared from i'-labelled RHA, or labelled in vitro at the
32

3' end with pCp (see below) was digested with 5 units Rtiaae ?i (Sankyo) in

10 ul 0.01K Tris-HCl pH 7.6, 0.001H EDTA (TE buffer) at 37°C for 1h in the

presence of 25 ug carrier tRKA. 5' end T'-labelled RHase T, oligonucleo-

tides were prepared by polynucleotide kinase labelling. About 1—5 ug of 3
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fragment in 5 pi TE buffer was digested with 5 ul RKase T1 (500 units/ml in

TE buffer) for 1h at 37°C, 12.5 ul HgO and 2.5 ul denaturation buffer added,

and kinase labelling carried out as described below. Oligonucleotides were

separated by two dimensional gel electrophoresis (25) and fingerprints

obtained by exposing Fuji RX film to the wet gels. For further analysis,

oligonucleotides were eluted from the gels in the presence of carrier RNA and

RNase A (Worthington) digestions and DEAE-paper (Whatman) electrophoresis at

pH 5.5 done as described before (25). Nucleotide sequence analysis of end

labelled oligonucleotides was done as described below, omitting the RNase T1

digestions.

In vitro labelling.

S fragment was dephoaphorylated by incubating with calf intestine alka-

line phosphataae (Boenringer) for 30' at 37°C in 0.1H Tria-HCl pH 7.9, 0.01M

HgClp at an enzyme substrate rat io of 1:20. Ammonium sulphate was removed

from the enzyme by Sephadex G100 gel f i l t rat ion in 0.1M Tris-HCl pH 7.9,

0.01H HgClp before use. The phosphatase was removed by phenol-chloroform

eitraction and the RHA precipitated with 3 vol ethanol at -70°C for 15 ' .

The RNA was reprecipitated from 0.3M Na-acetate pH 5.0 by the addition of

3 vol ethanol (15 min at -70°C) before kinase labelling. For th is , about

1-5 pg RHA was dissolved in 10 ul TE buffer and 2.5 ul denaturation buffer

(0.05M Tris-HCl, 0.001M spermidine pH 7.9) and 12.5 ul H20 added. After

boiling for 1 min the mixture was quick-cooled and added to 100-O50 uCi of

dryV P-ATP in an Eppendorf microfuge tube. Ten ul of kinase buffer (0.25H

Tris-HCl pH 8.5, 0.05H MgClj, O.O25M dithioethreitol, 25% glycerol), 10 ul

H20 and 5 ul polynucleotide kinase (1000 U/ml Mew England Biolabs) were added

and the mixture incubated for 20 min at 37°C. The reaction was stopped with

120 ul of 2.0M NH -acetate containing 1£ SDS and 0.02M EDTA. Carrier tRNA

(25 ug) was added and the solution extracted once with phenol-chloroform

before precipitation of the RNA with 2 vol of ethanol at -20°C.

S fragment (1-5 ug) was labelled at the 3' end with 52pCp using RHA

ligase (p-L Biochemlcals) by overnight incubation at 4 C (27). The enzyme

was removed by phenol-chloroform extraction before the addition of 25 ug

carrier tRHA and 3 vol ethanol. All radiolabelled chemicals were purchased

from the Radiochemical Centre, Amersham.

Purification of end labelled S fragments was achieved by electrophoreais

on 35 cm 10£ or 12.5f polyacrylamide slab gels (14) and RNA eluted in the

presence of 50 ug tRNA.

For 1 2 5I end-labelling, FBDV RNA (100 ug) was treated with 100 ug
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Proteinase K in NTE buffer containing 0 .1^ SDS, phenol-chloroform extracted

and repur i f ied by sucrose gradient centr i fugat ion. This RNA was t reated with

Bolton and Hunter reagent as described for poliovirus RHA (24) except that

0.1$ n- lauryl sarcosine was used in place of l i thium dodecyl sulphate.

Hucleotide sequence analys is .

End-labelled RHA was sequenced by the pa r t i a l enzyme digestion procedure

(28). RHA was digested with RHase T , Rliase U2 (Sankyo) and RHase Phy 1 in

10 u l 0.02H Na-c i t ra te pH 5.0, 7M urea, 0.001H EDTA, O.O25f xylene cyanol and

bromophenol blue, a t 50 C for 10-15 ' . The pyrimidine specif ic j). cereus

enzyme (30) digest ions were done in 5 ul TE buffer for 10 min at 50 C and

5 Jil 10H urea containing the dye markers added a f t e r d igest ion. Limited

alkaline hydrolysis was achieved by incubating the RNA in 10 ul 0.1M Na,,COy

NaHCO,, 0.001M EDTA pH 9.0 in a sealed cap i l l a ry tube a t 90°C for 10-15 min

(29). The digest ion products were analysed on 2Cfc 0.35 mm "sequencing" gels

(31) run warm at 1500 v o l t s . Autoradiographs were prepared at -70 C using

Dupont Lightning-plus intensifying screens and preflashed Fuji RX film.

Wandering spot analyses (30) were done by separating pa r t i a l a lka l i d iges ts

on two dimensional gels (25). Huclease P. digest ions were done in 10 ul of

0.05M Na-acetate pH 6.0 at an enzyme:substrate r a t i o of 1:10 for 1h a t 37°C

and the 5' mononucleotides separated, byyj3HH paper electrophoresis at pH 3 .5 .

RESULTS

Digestion of RIi'A with Rllaae H.

I t was shown previously that digest ion of FKDV riKA with £. co l i Mtase H

in the presence of oligo(dc) produced two fragments of PJHA, S and L, which

were subsequently separated by sucrose density gradient centrifugation (10) .

Ribonuclease T oligonucleotide maps of S fragment prepared in th i s way

showed, however, tha t there were a number of low molarity oligonucleotides

present in addit ion to the major long oligonucleotides (10) . This was pro-

bably due to contamination of the S fragment with other small RHAs ar i s ing

by non specif ic degradation of the RHA. I t was important, therefore, to

check the enzyme digest ion conditions and to use a different method to follow

the production of S fragment. Consequently, T- labe l led FHLiV RNA was

digested with IUJase H undor different conditions and the digests analysed by

electrophoresis on e i t h e r 2f- agarose-polyacrylamide or 3-2QI gradient poly-

acrylamide gels (23,24) . Pig.2 shows that as found before (10), the presence

of olifio(dfi) and KKase H i s an absolute requirement for the production of S
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Figure 2. RHase H digestions of '^"-labelled FMDV RNA analysed by 2j£ (top)
and 3-20/! (bottom) gel electrophoresis followed by autoradio-
graphy. The standard digestion mixture (lanes 3 and 4) consisted
of 5 ug RHA, 0.17 ug oligo(dC|2 10) a*"1 °-5 units RNase H in 50 ul
buffer, incubated for 30 min a? 3O°C. Lanes 1 and 2 are controls,
no oligo(dc) and no enzyme respectively. Other lanes are modifi-
cations to the standard digestion mixture. Lane 5, 0.03 ug
oligo(dG); lane 6, 1 ug oligo(dC); lane 7, 0.1 units RHase H;
lane 8, 2.5 units RHase H; lane 9, 15 min incubation; lane 10,
60 min incubation. P shows the position of full length RHA and
L and S the positions of the long and short RNA fragments.
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fragment. Both gel systems readily resolve the small S fragment but L frag-

ment is only distinguishable from full length RNA on 2p agarose-acrylamide

gels (Fig.2,top,lanes 2 & 3). When the concentration of either the oligo(dc)

or the enzyme is reduced (Pig.2, lanes 5 * 7 ) no S fragment is produced.

Increasing the amount of enzyme in the mixture increases the amount of S

fragment formed (Pig.2, lane 8) to about the same level as that produced by

extending the incubation time (lane 10). Increasing the amount of oligo(dG)

(lane 6) does not affect the production of S.

Characterisation of the RNaae Ti oligonucleotidea in S fragment.

S fragment was prepared by RNase H digestion of P-labelled FKDV RNA

and purified by 10£ gel electrophoreais (23,24). The RNA was eluted from the

gel, treated with RHase T. and the oligonucleotides separated by two dimen-

sional gel electrophoresis. Fig.3(A) shows that this fingerprint ia consid-

erably clearer than the fingerprint of sucrose gradient purified S fragment

(10). Several of the shorter T. oligonucleotides which are well resolved in

Figure 3. Two dimensional gel fingerprints of the RNase T-| oligonucleotides
of S fragment. (>), oligonucleotides from RNA labelled by growing
virus in the presence of '^P; (B), oligonucleotides from RNA
labelled _in vitro at the 51 end with Ẑp using polynucleotide
kinase. Oligonucleotides 1-9 from (A) were analysed further by
RKase A digestion, and the same oligonucleotides from (B) by
partial enzyme digestion sequencing. X and B are the positions
of the xylene cyanol and bromophenol blue dye markers. The origin
of the eels is top lef t .
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Pig.3(A) were not clearly identified before, but the three longest oligo-

nucleotides (numbered 1-3 in Fig.3A) have the same mobility as those numbered

7, 4 and 8 respectively in the previous analysis (10). Oligonucleotides 3

and 5i which were of low molarity in the fingerprint obtained before, are not

present in Fig.3A indicating that the S fragment analysed previously was

contaminated by non-specific RNA fragments. Some of the long T. oligonucleo-

tides present in P-labelled gel purified S fragment (Pig.3A) were charact-

erised further by RNase A digestion and DEAE paper electrophoresis. The

products obtained for each of the oligonucleotides are shown in Table 1.

Analysis of the sequence of the Ti oligonucleotides.

S fragment, prepared from 50 ug of FKDV RNA, was digested with RNase T.

and the 5' end of the oligonucleotides labelled with V using polynucleotide

kinase and the _in vitro labelled oligonucleotides separated by two dimensional

gel electrophoresis. The fingerprint obtained (Fig.3B) is very similar to

that of internally I'-labelled RNA (Fig.3A). The 5' terminal oligonucleo-

tide which is protein linked should not be apparent in Fig.3B but should be

present in the fingerprint of internally T>-labelled RNA (Pig.3A). A com-

parison of the two fingerprints shows, however, that there is no long oligo-

nucleotide present in Pig.3A that is not present in Pig.3B. As VPg is

positively charged at pH 3.5 (A.K.Q. King, personal communication) it is

possible that the 5' terminal T. oligonucleotide does not migrate towards

the cathode in the first dimension (although this depends on the number of

nucleotides attached to the protein). At present the absence of the 5'

terminal T. oligonucleotide from Pig.3A remains unexplained. However,

proteir.ase K treatment of the RNA after RNase T digestion does not alter

the fingerprint suggesting that it is not simply due to the presence of VPg.

The longer end-labelled T oligonucleotides (Fig.3B) were sequanced by

the partial enzyme digestion method (28). The autoradiographs of the

sequencing gel3 of the four longest T oligonucleotides are shown in Fig.4

and the sequences determined for these and the other T oligonucleotides

analysed are shown in Table 1. The sequences shown for oligonucleotides 1

and 2 have been confirmed by 'wandering spot' analyses of partial alkali

digests. Moreover, the identity of the 5' terminal base which was difficult

to read from the gels was confirmed for each end-labelled oligonucleotide by

digestion with nuclease P, and identification of the labelled 5' nucleotide

monophosphate by paper electrophoresis (not shown). It was noticed from the

sequencing gels of oligonucleotides 3 and 4 (Fig.4, Table 1) that RNase U_

did not cut after Ap when this nucleotide was next to the 3' terminal Gp.
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u, u, » r • • A c

• - •
^ c

Figure 4. Autoradiographa of 2C# polyacrylamide sequencing gels of 5' end-
labelled RNase T« oligonucleotidea 1-4. The partial enzyme
digestions were done as described in Methods (28) and the enzymes
used indicated above each lane; U2, RNaae Uj; P, RNase Phy 1;
B, B. cereua RHaee; A, alkali ladder; Ct control, no enzyme.
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However, Ap is clearly the penultimate base in these two oligonucleotidea as

ApGp is present in their RNase A products (Table i) and there is no cleavage

at this position by the pyrimidine specific JB. cereus enzyme (30) (Fig.4).

This effect has been noticed before (29). Otherwise the RHase A digestion

products were entirely consistent with the sequences obtained (Table 1).

There is some evidence from Table 1 that there are short repeated sequences

within the T. oligonucleotides. The sequence CACUUAC is present in oligo-

nucleotidea 2 and 3. the sequence ACCACUUU in oligonucleotides 1 and 8 and

UUUCACCCC in oligonucleotides 4 and 5,6,7. The sequences obtained for

oligonucleotides 5t 6 and 7 demonstrated that they were related oligonucleo-

tides differing only in the number of cytidylic acid residues at their 3'

ends. The fact that they did not terminate in Gp at the 31 end was derived

from their RNase A digestion products (Table 1). The sequence obtained for

these oligonucleotides is exactly the same as that found at the 5' end of

the large oligonucleotide containing the poly(c) tract produced by RNase T^

treatment of virus RNA ( TJKH unpublished results). This shows that

oligonucleotides 5, 6 and 7 are derived from the 31 end of S fragment and

demonstrates that the S fragment preparation is heterogeneous at the 3' end,

molecules differing in the number of cytidylic acid residues remaining at

their 3' ends after RNase H digestion.

3' end labelling using RNA ligaae.

To check this result directly, S fragment was prepared and the 3'

terminus labelled with pCp using RNA ligase (27). An apparently homogen-

eous band of undegraded S fragment was found when the labelled RNA was

purified by electrophoresis on a 1 2 . % polyacrylamide, 6H urea gel (not

shown). Complete digestion of this RNA with RNase T 1, however, produced a

series of products rather than a single product when analysed by two dimen-

sional gel electrophoresis (not shown). The smaller of these products

migrated to the same position in the gels as oligonucleotides 5,6,7 obtained

from RNase T digestion of internal or 5' T'-labelled S fragment (Fig.3).

This result confirmed that there was heterogeneity in the number of cytidylic

acid residues remaining on the S fragment.

Attempts were made to generate molecules with a unique 3' terminus by

altering the RNase H digestion conditions. However, neither increasing the

concentration of RNaae H nor altering the poly(C)/oligo(dG) hybrid formed

(for example, by replacing oligo(dC12 .Q) with oligo(dGg)) led to the

production of S fragment with a unique 3' end. The reason for this is not

clear but is probably due to the fact that the complementary oligo(dG) is
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not a complete copy of the poly(c) t r ac t which allows d i f fe ren t ia l hybrid

formation and digest ion by RHase H. The effect i s not apparent when short

hetero—oligodeoxynucleotides are used as "complementers" to form hybrid

substra tes for RHase H (32).

I t should be possible to obtain v i r tua l ly the whole sequence of an RNA

molecule the size of S fragment by label l ing the ends of the RHA and subject-

ing each label led RNA to par t i a l enzyme sequence ana lys i s . As i t was not

possible to obtain a discrete 3' end on S fragment, attempts were made to

obtain RHA uniquely label led a t the 5' end.

Preparation of label led S fragment from mRHA.

Poliovirus mRNA isolated from infected c e l l polyribosomes does not have

VPg at the 5' end but terminates in pUp (11,12). The nucleotide sequence at

the 51 end of poliovirus mRNA, however, i s ident ical to that a t the 5' end of

poliovirus RHA (38,39). This suggested the poss ib i l i ty of using mRNA from

FHDV infected ce l l3 as a source of S fragment without a blocked 51 end.

Cytoplasmic polyadenylated RNA of about 35S was isolated from infected c e l l s ,

digested with Rllase H in the presence of oligo(dG „ „) and the products

analysed by electrophoresis on 1C^ polyacrylamide gels in the presence of

SDS. Fig.5 (lane 1) shows that three RHA fragments were produced from 35S

RHA. The slower migrating fragments (A 4 B) were found to comigrate with S

fragment prepared from virus RNA which was resolved into two bands under

these conditions (F ig .5 , lane 2 ) . The other fragment from the 35S RNA (c)

comigrated with S fragment from virus RNA which had been t reated with

Proteinase K (lane 3 ) . As th is protease removes most of the protein from

the 5' end of V'MA ('fJRH and D.V. Sangar, unpublished resu l t s ) i t is probable

that band C is derived from mRNA and is not protein linked. Bands A and B

which are produced from both 35S RHA and virus RNA probably differ only in

the protein attached to the i r ends as i t has recently been found by i soe lec-

t r i c focusing tha t there are two forms of VPg on virus OTA (TJRII, D.V.Sangar

and A.H.Q. King, in preparation,). I f there i s no protein a t the 51 end of

band C then i t should be possible to label S fragment preparations from

infected ce l l RHA with P using polynucleotide kinase. Fig.6(A) demon-

s t r a t e s that S fragment derived from mRf.'A is labelled with V _in v i t ro

whereas that from virus RNA treated ident ica l ly is not l abe l led .

Sequencing the 5' end of S fragment.

Labelled S fragment prepared from mRHA, as described above, was eluted

from the ge l , subjected to complete nuclease P digestion and the 5' nucleo-

t ide monophosphatea separated by paper e lectrophoresis . A3 can be seen from
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m

Figure 5. Fluorograph of an SDS polyacrylamide gel (24) of RNase H digests
of ^H-uridtne labelled 35S infected ce l l RNA (lane 1) and virus
RHA (lane 2 ) . The effect of Proteinase K treatment on the
mobility of S fragment from virus RHA i s shown in lane 3 .

Fig.6(B) only one labelled mononucleotide (pi') was obtained indicat ing that

label l ing had occurred at a unique 5' OH s i t e on the FtNA. The end label led

RHA was then sequenced by the p a r t i a l enzyme procedure (28). Autoradiographs

of two 2Cf gels of digests run for various times a re shown in Fig.7 and the

sequence derived from them in F ig .8 . The sequence of about 60 nucleotides

can be ascertained from these ge l s , and the sequence of a further 10-20

r.ucleotides has been obtained from gels run for a longer time (not shown).

The position of the G residues found from the RNase T. lanes indicated that

two of the long T oligonucleotides that were sequenced before (Fig.4) were

present at the 5' end of the S fragment, (oligonucleotides 4 and 2 ) . This
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8 r B

Pu

pC

MARKER

Figure 6. (A) Autoradiograph of a 35 cm 1Q» polyacrylamide 6H urea slab
gel of 5' end labelled S fragment from infected ce l l RNA (lane 1)
or virus RNA (lane 2 ) .

(B) Autoradiograph of a 3Wi paper electrophoreaia of the S1

mononucleotides obtained by nucleaae P-| digest ion of 5' P-
label led S fragment (lane 1) . The marker (lane 2) showing the
posit ion of a l l four 5' monophosphates i s a nuclease P^ digest
of 7MDV RHA labelled in vivo with 52p>
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Figure 7. Autoradiographa of 20^ polyacrylamide sequencing gels of partial
enzyme digests of 5' labelled S fragment. The enzymes used,
indicated at the top of each lane are as in the legend to Fig.4.
Ti is the partial digest with RHase Tj. The gel on the left was
run for 4h and that on the right for 8h, one batch of digests
being loaded 2h before the other.

provided a valuable check on the sequence at positions 19-31 (4) and 52-70

(2) and confirmed the identity of some nucleotides that were difficult to

read from the gels. A good example is provided by nucleotides at positions

25-28; these were not cut by any of the enzymes but were cleaved by alkali .

The nucleotides were identified as four C residues however, by the earlier

unequivocal sequencing of oligonucleotide 4 (see Fig.4). The most difficult

bases to distinguish were undoubtedly the pyrimidines. There must remain

some doubt about whether nucleotides 36, 39 and 46-48 are C or U residues,

owing to poor cutting by the B. cereus enzyme at these positions. However,

as these nucleotides were cut weakly by the B. cereua enzyme and not at a l l

by any of the other enzymes, they were designated C residues.

Correlation of mHKA and virus RKA 5' sequences.

I t is possible that the 5' end sequence of 3 fragment derived from

RHase H digestion of 35S infected cell mRNA does not correspond to the

sequence at the 5' end of virus RNA. A number of observations, however,
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make this possibility unlikely. From Fig.8 it is clear that the RNase T

oligonucleotide from virus RNA bearing the 5' protein is VPgpUpUpGp; the 5'

terminal T. product from virus RNA after protease treatment, therefore, would

have only 3 nucleotides. This probably explains the apparent absence of a

5' RHase T. product from the two dimensional gels (Fig.5). Also, gel iso-

electric focusing studies with ribonuclease digests of FHDV RNA labelled in

VPg have shown that the RNaae T. product has only 2-3 additional negative

charges compared to VPg prepared by using a mixture of ribonucleaaes, a

result compatible with a sequence VPgpUpUpCp at the 5' end of virus RNA.

More direct evidence that the 51 sequence of mRNA and virus R1IA are the same

is provided by the observation that two of the RNase T. oligonucleotides

found in S fragment from virus RNA (Fig.3) are represented in the sequence

derived from mRIJA (Fig.8). furthermore, preliminary sequencing of FMDV RNA

labelled with I at the 5' end in VPg using Bolton and Hunter reagent has

shown the presence of a run of 4-5 G residues about 6-10 bases from the 51

end (TJRH unpublished results) .

DISCUSSION

From our studies on the _in vitro translation of the L and S fragments

of FHDV RNA prepared by RNase H digestion, we concluded that the major

20 25 30

p U U G A A A G G G G G C G C U A G G G U U U C A C C C C U A G C A U G
met

40 45 50 55 40 65 70

C C A C U G C A G U C C C U G C G A U A C A C U C C A C A C U U A C G
pro leu gin ser leu arg tyr thr pro his leu arg

G
G

C C C U A G C A U G

Figure 8. t'ucleotide sequence at the 51 end of cVBV RNA determined from
the sequencing gels of 51 end labelled S fragment and the RUase
T1 oligonucleotide sequencing. The potential stable secondary
structure that this sequence could form is also shown.

*It is possible that nucleotides 36, 39 and 46-48 are U residues,
not C residues. This would make the beginning of the potential
amino acid sequence met - ser - leu - gin - phe - leu -
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initiation site for protein synthesis is on the 3' aide of the poly(c) tract,

because L fragment coded for the same products aa untreated RHA «"d S frag-

ment did not code for any recognisable product (19). The sequence at the 5'

end of S fragment, however, shows that there is a AUC codon 33 nucleotides

from the 51 end of the RHA followed by an open reading frame of at least 12

codona. There is, therefore, the possibility that S fragment does code for

a protein despite failing to be translated .in vitro.

It ia interesting to note that two initiation sites for protein synthe-

sis have been found on poliovirus RNA when translated ija vitro in extractB

from HeLa cells, one of which predominates when RNA is translated in rabbit

reticulocytes (26,37). Whether the poly(c) ia translated as part of this

separate cistron or whether there is a stop codon before this sequence begins,

remains unanswered. There are two observations, however, that have a bearing

on this point. Recent studies have shown that although the 3' end of the

poly(c) tract, as well as the 5' end, contains bases other than C ( TJRH,

unpublished results), there is still an uninterrupted run of at least 100 C

residues in the tract which means that any protein product would have to

contain polyproline, a possibility considered unlikely. Nevertheless,

oligonucleotides 5,6,7 which come from the 5' end of the poly(c) tract show

no potential stop codon.

The 3ize of the S fragment is also of importance in this regard. It

was originally estimated to be about 400 nucleotides long from gel electro—

phore3ia under non denaturing conditions (10). The HUase T. fingerprints of

purified S fragment (Fig.3) and the sequencing gels (Fig.7) indicate that

the size ia probably nearer 250-300 nucleotidea. No attempt was made to

estimate the exact size of 3 fragment, however, because the complete nucleo-

tide sequence waa expected to come from a combination of the 5' and 3' end

labelling. However, as haa been ahown, no long 3' end sequence was obtained

owing to size heterogeneity in the S fragment arising from the RNaae H

digestion. If the S fragment is about 250 nucleotides long it could code

for a protein of about 7000 mol. wt. It is interesting to recall our initial

speculation (10) that 3 fragment might code for VPg, a protein of about this

size. Experiments are in progress to teat this idea more directly by deter-

mining the aminc— acid sequence at the H terminus of VPg. However, there are

3ome other obaervationa which do not appear to fit this hypothesis. Firstly,

S fragment from EKC virus RNA is only about 150 nucleotides long (18,

l.W. Chumakov, personal communication) whereas 3KCV VPg ia apparently larger

than Fh.DV VPg (8). Secondly, a comparison of the RHase T. fingerprints of
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S fragments prepared from RHA of two different serotypes of FMDV (A and 0)

(TJKH and KJH Robson, unpublished results) has shown that the sequence at

this end of the RNA is not conserved, as might be expected for a virus

specific protein with a projected role in RNA synthesis.

As picornavirus RNAs are uncapped mRHAs it is interesting to compare

the sequence at the 5' end of FMDV RNA with that of other mRHAs.. The most

striking feature of the 5' sequence of FMDV RHA is the potential to form a

stable secondary structure hairpin loop (Fig.8, AG° = -11.2 KCal/mol; 33)

ending three bases before the AUG. Although the 5' terminal base is not

included in the base paired region, the structure is similar to that recently

found at the 5' end of satellite tobacco necrosis virus (STHV) RHA which is

also uncapped (34). The fact that C residues 25-28 were not cut by any

enzyme in the partial digestions of end labelled S fragment (Pig.7) but were

cut by the B. cereus enzyme when sequenced in oligonucleotide 4 (Fi£.4) could

be explained if they were involved in secondary base pairing. The importance

of this hairpin structure as far as ribosome binding is concerned is not yet

clear, although it is difficult to reconcile such a stable hairpin loop so

close to the AUG with the scanning mechanism of eukaryotic ribosome binding

aite recognition proposed by Kozak (21). It has been suggested that the

hairpin loop in STHV RNA may have an analogous role to the cap structure in

other mRKAs and also serve to bring the 5' end and the AUC closer together

(35). 3xperiments are being done to see if S fragment from iflDV RHA will

bind to ribosomes in an attempt to answer this question.

Apart from the hexanucleotide UUCACC (positions 21-26) which is present

at the 5' end of avian sarcoma virus RNA and ovalbumin mRHA there are no

other obvious similarities in the 5' sequence presented here with those of

other mRNAs (see 20,21). Although this hexanucleotide is complementary to

nucleotides 19-24 at the 3' end of mammalian 18S rENA (35) it is in a

different position in each of the RHAs relative to the AUC and is of doubtful

significance.

The other important feature that has become evident from this study is

the presence of short repeated regions in S fragment. For example, (Table 1)

the octanucleotide ACCACUUU is present in oligonucleotides 1 and 8 and the

nonanucleotide UUUCACCCC is present in oligonucleotides 4 and 5,6,7. This

latter sequence is present at the 51 end (nucleotides 20-28) and at the 31

end of the S fragment. Sequence reiteration has also been found at the 5'

end of tobacco mosaic virus RNA (36), and it may be an element in the

evolution of RNA viruses. It is possible, for example, that the poly(c)
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Table 1 Sequence analysis of the long RMaoo T. oligonucleotidea In S fragment

Spot
No.

1

2

3
4

5
6 t
7 )

8

9

1 AAU,

3 AC,

2 - 3 AC,

1 AC,

1 AC,

2 AC,

2 AD,

RHaae

2-3 AC,

1 AU,

1 AO,

1 AG,

+6 C,

10,

1 0 ,

A products

10, 2 -3C , >3D

1G, 2C, 2U

2-3C, h i g h U

3-4C, 3-4 U

2-3 D

1C, aome U

1C, scae C

*Sequance

(G)UUAAUACUCDDACCACUUUCUG

(G)APACACUC CACAC UUACO

( G ) WTOACCCACUPACAO

(Q)UUUCACCCCDAG

(G)CTJPUPCACCCCCCC

(G)CTJUPDCACCCCCC

(G)CDPUPCACCCCC

(C)ACCACUUDG

(C)AUCAUUUO

Length (bases)

(22)
(18)

(15)

(1<O

( H )

(15)

(12)

(9)

(8 )

X For RNase A digestion oligonucleotides The underlining indicates those sequancee
5,6 and 7 were taken together.

ollgonucleotlde.

tract was formed originally by sequence repetition.

The sequence GCUUUUCACCC which lies at the 3' end of S fragment and

forma the junction between S fragment HTVJ the poly(c) tract is also of

importance for another reason. It is an inverted complementary repeat (with

one mismatched base) of a sequence near the 3' end of PKDV RNA (GAGUGAAAAGC

positions 42-31, Ref.2). These sequences could be involved in secondary

structure interactions or have some importance in polymerase binding during

replication of positive and negative strands. It is unlikely that an

inverted complementary repeat of this length at the ends of the RHA is

present by chance.

The extent of these interesting structural features at the 5' end of

PHDV RNA will only become clear when the complete nucleotide sequence of S

fragment is known.
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Note: Further 5' terminal sequence has been obtained by electrophoresis of

the 20;' gels for longer times. (Autoradiographs of these gels are available

on request.) The additional sequence is as follows:

71 75 80

U/UCU/UGU/GUC/CGX

-ser-cys-val-arg
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