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SUnnARY. The three sites of selective dinucleotide-primed “in vitro” transcription initiation 
on a cloned cauliflower mosaic virus DNA fragment have been locallsed by Sl nuclease mapping. 
Two of these sites lie within a region which has been shown to be essential for transcription 
complex formation on the viral sequences, one corresponding to a nuclease Sl hypersensitive 
site and the other to an imperfect repeat 1OObp downstream. These sequences show striking 
homolo(p/ with known transcription control sequences. These observations and the effect of the 
sequences on “in vitro” transcription raise the possibility that they may be involved in control 
of transcription of the viral genome. 0 1986 Academic Press, Inc. 

While it has been demonstrated that purified RNA polymerase II is incapable of 

reproducing specific “in vivo” transcription initiation on homologous templates, several authors 

have shown that, under certain conditions, the enzyme is capable of a highly selective 

interaction with particular sequences on these templates ( l-6). The similarity of certain of 

these sequences to known transcription control signals poses the interesting question as to 

whether the purified polymerase is capable of carrying out certain steps of the transcription 

process in the absence of other factors. We have previously shown that plant RNA polymerase I I 

shows a highly selective initiation in the presence of a dinucleotide primer within a limited 

region of a cloned fragment of cauliflower mosaic virus (CaMV) DNA which contains the 

promoter sequences of the viral inclusion body protein gene (7). This preferential initiation 

occurs at a small number of sites several hundred base pairs upstream from the “in vivo” 

initiation site (7). Studies carried out using a deleted plasmid, pCa 4.2, show that this 

selectivity is dependent on sequences within a 205 bp region (8) located in the reverse 

transcriptase gene (9, 10). Using Sl nuclease as a probe we have shown the presence within 

this region of an Sl -hypersensitive homopurine-homopyrlmidine sequence capable of adopting 

an alternative, non-B conformation on a supercoiled plasmid and which we tentatively identified 

as the site of polymerase/DNA interaction (8). We show here that dinucleotide-primed 

transcription is effectively initiated at the level of these sequences and at similar sequences 

about 100 bp downstream. These two sites show remarkable similarities to sequences on other 

viral genomes which are involved in the control of transcription, suggesting that they rnw play 

a role in the expression of the CaMV genome. 
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Restriction enzymes were obtai3qj 
and used according to the suppliers.& 

from Boehringer Mannheim or Amersham (France) 
P] -ATP was from Amersham. Purification of plasmid 

pCa 8 and soybean RNA polymerase I I was as described (7). RNA was synthesised in the presence 
of the (ApG+ATP) primer (71, except that reactions were scaled up SO-fold, and purified as 
described by WASYLYK et al. ( 11). Restriction fragments were labelled by successive 
treatment with bacterial alkaline phosphatase and T4 polynucleotide kinase (BRL) as described 
by the suppliers. Strand separation was carried out on polyacrylamide gels ( 12) and Sl 
mapping by the method of Berk and Sharp ( 13). Sl -resistant products were analysed on 
polyacrylamide-urea gels ( 14). 

RESULTS. 
Plasmid pCa 8 (Fig. 1) contains the Bgl II B fragment of the DNA of the cabbage B-JI 

isolate of CaMV. In the presence of the combination (ApG+ATP), RNA polymerase II 

preferentially initiates transcription within a region delimited by the Hind II and Hind III 

restriction sites at 4838 and 5 15 1 base pairs (bp) respectively (71, while the deletion which 

eliminates selective transcription covers 4915-51 19 bp (8). “In vitro“ initiation sites were 

mapped by hybridising RNA to separated strands of the 3 13 bp fragment delimited by the above 

Hind sites, 5’-labelled at the Hind III site, to detect transcription of the alpha-strand towards 

the “in vivo” initiation site, or at the Hind I I site, to identify transcripts from the G-strand. 

Only transcription of the alpha-strand has been detected “in vivo” ( 15). 
I I 

Fig. 2a shows that, at a low nuclease Sl concentration, five major bands are detected 

which correspond to transcription of the alpha-strand (lane 11, two doublets at 192 and 198 

nucleotides (nt) and 93 and 98 nt and one band at 1 17 nt. At higher Sl concentrations (lanes 2 

m.- Physical map of plasmid pCa 8. The structural features of the CaMV DNA Bgl II insert 
are shown, with the positions of the coding reglons and restriction enzyme sites for Bgl 
II 01, Htnd II (V) and Hind III (v).Fragments Hind II D and Hind III B, to which “ln 
vitro” syntheslsed RNAs hybridise are shown, as is the extent of the deletion in pCa 4.2 
(- ) which 1s described in the text. The arrow at 5764 bp shows the transcription 
initiation site for gene VI. 
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E&T-~.- Sl nuclease mapping of (ApG+ATP)-primed Initiation sites. RNA was synthesised as 
described (7) in reactions scaled up 50-fold and were hybridlsed to separated strands of 
the Hind Ii-Hind III fragment between 4838 and 5151 bp on the CaMV genome (see fig. 
11, labelled at the 5’-extremity as described. Hybrlds were treated wlth 5,000 (lanes 
1,6), 10.000 (lanes 2,7) or 20.000 (lanes 3,8) units of nuclease Sl for 5h at 23% 
resistant fragments recovered by phenol extraction and ethanol precipitation in the 
presence of 8ug carrier tRNA and fragments analysed on 8% polyacrylamlde-urea 
denaturing gels with A+G (lanes 4,9) and G (LANES 5, 10) sequencing lanes of the 
fragment used for hybrldlsation. Figures show the sizes of marker fragments. (a) 
Hybridlsation to the alpha-strand, labelled at the Hind III site at 5151 bp. Radioactive 
material to the right of lane 3 is drying artefact. (b) Hybrldlsatlon to the D-strand, 
labelled at the Hind II site at 4838 bp. Resistant fragments are lndlcated by arrows and 
the sequence of the transcribed strand at the initiation sites is shown. Underlined TCT 
sequences correspond to the (ApG+ATP) primer. 

and 3) the upper band of the doublets disappears progressively, suggesting that it may be due to 

incomplete dlgestion of the last few nucleotides of the single-stranded regions of the DNA probe 

( 16). The band at 1 17 nt is no longer vlslble at higher enzyme concentrations and may be 

artefactual. Hybrldlsatlon to the G-strand (Fig. 2b) shows only one protected fragment of 62 nt 

at hlgher St concentrations (Fig. 2b). 

A comparison of the protected fragments wlth the sequence ladders of the strands used for 

hybrldlsatlon (Fig. 2, lanes 4, 5, 9, 10) allows us to Identify the three AGA sequences, 

corresponding to the (ApG+ATP) prlmer, on the viral genome (Fig. 3). All three lle wlthln a 

175 bp region which we have shown to contain a remarkable concentration of symmetrical or 

repeating elements (8). More particularly, the 192 nt fragment corresponds to an initiation 

site (alpha- 1) within the Sl nuclease hypersensitive sequence previously described (81, whlle 

alpha-2 lies wlthln an imperfect direct repeat of these sequences situated #me 100 bp 

downstream. The beta- 1 she corresponds to the first AGA sequence upstream from alpha- 1. Fig. 

3b shows the localisatlon of the “in vitro” lnltlatlon sites on the CaMV genome, within the 

reverse transcrlptase gene (9, 1 O>, some 800 bp upstream from one of the two known “ln vivo” 

promoters. 

A possible for the swump in CdlV em 

We were intrigued by the presence within a coding region of the CaMV genome of sequences 

showlng such unusual structural characterlstlcs and which serve as sites of preferentlal 
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t 

Hind II 
6850 6860 4870 6880 6890 6900 

TC ACCACATfCTCCTATTCAC.TA:~CAACCMCAACA’~CATCTACTTCACCTACCIL\~:ATC~IhCAAAACTCTMT 

6920 6930 6560 6950 
CATCCAATTATCCTTTCCMClACAMCCACAAC 
C’I.ACCTTAATACC~CCTTCl”[C.ITTC~;TCTTCACAACT’TCTTCTTCTATTTCAA(;L:AACCA(;ATCTTTATCTACTTCC 

5uou 5010 Xl20 5031) SO60 5050 
.~&Z AACACATllACCCTCMGCACATATCTTGGAACACATClUCAAGTTCCCCGATACCCTTCMGAC 

TTCTCTAt?‘CCC~rCCTCTATAGMCCTTGTCTAGTTGTTCM~~;CTATG~~CTTCTC~C~rCGTTG~TCT 

5130 5160 S150 
C?‘AC~C’~CAMTCAtiAAACCCI’l:‘r~CMCCCMCCT1 
CATCCA~TTAGfiTTTCCGffiA~C~C~ 

Hind III t 

b 

aI?----- 19s 
GENE V at- - GENE VI 

&J.- Localisstion of “in vitro” initlatlon sites on the CaMV genome. (a) sequence of the region 
between the Hind sites at 4838 and 5151 bp. The alpha- 1 and alpha-2 transcripts 
correspond respectively to the 192 and 93 nt protected fragments of fig. 2a, the beta- 1 
transcript to the unique fragment of fig. 2b. AGA sequences corresponding to the prlmsr 
are boxed and the Sl -hypersensitive sequences indicated by a solid line (-1. Restriction 
enzyme sites are shown, as are the limits of the deletion in plasmid pCa 4.2 (see text) . 
(b) Lodalisstion of the initiation siteson the viral genome. Bgl II (+I, Hind II (V) and Hind 
Ill (v) restriction sites are shown, as is the “in vivo” initiation site of 19 S RNA 
(transcript of gene VI) and the sequences deleted in pCa 4.2 f-1. 

Interaction with RNA polymerase II in the presence of a dlnucleotlde/purlne nucleoslds 

trlphosphate comblnatlon (7). We do not observe selective interaction in the absence of the 

dlnucleotlde (our unpublished results), suggesting that the primer may allow the polymerase to 

initiate transcription at sites which do not normally serve as inltlatlon sites but for which the 

enzyme has a certain affinity. In this respect, it Is interesting to note that WILKINSON et al. 

( 16) have observed that dinucleotlde primers appear to circumvent the need for certain factors 

present in cell-free transcription systems, Further, ZHU et al. ( 19) have shown that sequences 

in the 5’-flanking region of a globin gene and which show similar nuclease hypersensitivity rn@’ 

serve as minor transcriptional starts “In viva”. The observation by these authors ( 19) and 

others (20) that similar patterns of hypersensitlvtty may be observed In chromatln and on 

supercoiled plasmfds indicates that the torsional strain in the latter induces structures similar 

to those existing in chromatln and suggests that the hypersensitive structures adopted by the 

CaMV sequences on pCa 8 may also be present on viral minichromosomes ( 2 1). 
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c&Iv (a) TCTTCAACAACAACATAAACTT 

a 
Polyma (a) T  ‘T T  TgC A A G A C (; A A Ccl\ A A A AR*: C T  

Ad5 Ela (a) - - --TAACAGCAAC-TCAAA--- 

BKV - - -CACGAAGC-AAA--- 

Cd%’ (b) --CAACAACAAAGC--- 

Polyoma (b) - - - - T  A A CcA G G A A C - ‘I- C A C - - 

Ad5 Ela (b) --ACACCAAG-TCAC--- 

CCXLSC2llSUS 
c 
CARGAAC-TKA; 

Hearing and Shenk 
(consensus) 

b 

m.- Homo&r+ between (ApG+ATP) primed “in vitro” transcription initiation sites on CaMV 
DNA and known viral and cellular enhancer sequences. (a) Under the CaMV sequences, 
containing the Sl-hypersensitive region and the alpha-l inttiatlon, site are shown 
homologous sequences contained In enhancer regions of the adenovirus type 5 Ela gene 
(25) and the polyoma (23) and BKV (29) genomss. Dashes indicate missing nucleotides, 
supplementary nucleotides are indicated as subscripts. The consensus sequence derived 
from this alignment 1s compared with that of HEARING and SHENK (25). (b) Structural 
homology between the alpha-l region of CaMV DNA and a polyoma enhancer region. 
Pyrimidlne-rtch sequences are shown in capital letters. CaMV coordinates from 4921 , 
polyoma from 5166. 

Nuclease hypersensitive sites, often within homopurine-homopyrlmidine sequences, 

associated with an increasing number of viral and cellular genes have been described (22, and 

references therein) and have been proposed to play a role in the control of gene expression. We 

thus carried out a computer-assisted search for homologous sequences to those which we have 

detected in the CaMV genome on known viral and cellular gene sequences, Fig. 4a shows that the 

hypersensitive region shows a striking homology with a 25 bp region of the polyoma virus 

genome whtch shows the same structure of a purlne-rich region between two blocks of 

pyrimidines and in which 19 bases are identical to the CaMV sequence and at three other 

positions the purlne or pyrimidine nature of the base is conserved. Interestingly, the polyoma 

sequences lle within one of the two enhancer elements described by HERBOMEL et al. (231, 

overlapping the “SV40 enhancer” homologous region, and correspond to one of the 

nuclease-hypersensitive sites wlthln this region of polyoma chromatln (24). Moreover, in 

addition to the strict sequence homology, the corresponding regions of the two viral genomes 

show a remarkable structure of alternatlng pyrlmlde-rich regions on the two DNA strands over 

a 50 bp stretch of the genome (Fig. 4b). 

In addltlon to the extended regton of homolw between the CaMV and polyoma sequences, we 

detect a more llmlted homology between the two alpha-strand “in vitro” lnltlatlon sites and 
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known enhancer elements on other viral genomes (fig. 4a). These homologies cover an 1 l- 12 

base pair purine-rich sequence and correspond closely to the canonical adenovirus E 1 a enhancer 

consensus sequence first cited by HEARING and SHENK (25). It is interesting to note that the 

spatlal separation (about 100 bp) between the repeated motifs of the polyma and adenovirus 

genomes ls also observed between the lnftlatlon sltes on Cal% DNA, 

The above observations raise the interesting question as to whether the particular 

sequences which we have detected on the CaMV genome play a role in the expression of the viral 

genome. The possibility that a protein-coding sequence may play such a double role appears 

plausible in the.llght of the observation that a transcriptional enhancer sequence is located 

within the reverse transcriptase gene of the hepatitis B virus (26), a virus which shows 

certain structural and functional similarities to CaMV (27). While the lack of a suitable 

experimental system has so far prevented a direct test of the effect of the CaMV sequences on 

transcription, certain of our observations tend to suggest that they may influence gene 

expression. Firstly, we hare previously observed that, in the absence of the CaMV sequences, no 

transcription complexes are detected on the vector plasmid, pKC 7, under conditions in which 

both vector and insertion sequences of pCa 8 are efficiently transcribed (7) while, under the 

same conditions, transcription of a plasmid in which these sequences have been deleted is 

drastically reduced (8). These observations suggest the presence within the deleted region of 

sequences capable of increasing the level of transcription of the plasmids. Secondly, our results 

show a direct and selective interaction of RNA polymerase II with the CaMV sequences, an 

observatlon In agreement with the hypothesis that similar sequences on other genomes may play 

the role of RNA polymerase “entry sites” (28). The current availability of suitable vectors 

should allow us to test directly the effect of these sequences on gene expression. 
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