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ABSTRACT Plasmids containing the VA RNA genes of ad-
enovirus are faithfully transcribed by a crude cytoplasmic extract
containing DNA-dependent RNApolymerase II [Wu, G.-J. (1978)
Proc. NatI. Acad. Sci. USA 75, 2175-2179]. By subjecting these
DNA templates to in vitro site-directed mutagenesis with a novel
enzyme of Pseudomonas and recloning in pBR322, we have con-
structed an ordered series of deletions which affect the in vitro
transcription of the major RNA polymerase III viral product, VA,
RNA. Three regions that are required for specific synthesis ofVA,
RNA can be defined. One, inside the gene at nucleotides + 10 to
+76, affects the transcription in an all-or-none fashion. Tran-
scription is initiated on plasmid sequences that replace up to 10
nucleotides downstream from the 5' end ofthe gene. Variants with
deletions past nucleotide + 15 do not support the transcription of
VA, RNA. Removal of 3'-end sequences downstream from +76
allows correct initiation. A second region, upstream from the ini-
tiation site, affects the exact alignment of the first nucleotide of
the transcript [Thimmapaya, B., Jones, N. & Shenk, T. (1979) Cell
18, 947-959]. A third region, downstream from +76, encodes sig-
nals for termination of transcription, and new signals were
brought in with other viral DNA sequences. Transcription com-
petition experiments indicate that the primary site for binding of
a transcriptional regulation factor is located between nucleotides
+55 and +70 and suggest that the control region is bifunctional.
An internal control region for VA, RNA, approximately 60 bases
long and 11 bases downstream from the 5' end of the gene, can
be defined.

The development of soluble cell-free extracts in which specific
genes are selectively and accurately transcribed has greatly fa-
cilitated our understanding of the molecular basis of control in
prokaryotes (1) and eukaryotes (2-6). Faithful in vitro transcrip-
tion systems were first developed for RNA polymerase III prod-
ucts, like the adenovirus encoded 5.5S RNA (VA RNA) by Wu
(2) and later modified (4) or the Xenopus 5S genes (3, 7). Ap-
propriate templates in large amounts and with high purity can
now be obtained by recombinant DNA techniques. These tem-
plates can be manipulated to determine the DNA signals re-
quired for control of accurate initiation or termination of
transcription.

Recently it was shown that, for the 5S genes ofXenopus lae-
vis, a region internal to the gene was required for specific ini-
tiation of transcription mediated by oocyte cell extracts (8, 9).
A purified factor required for accurate initiation strongly bound
to this region of the gene (10) and might participate in the tem-
poral control of 5S transcription in vivo because it also binds to
the 5S RNA gene product (10, 11). A different set of factors
seems to be required for adenovirus VA transcription (10) and
it was therefore ofinterest to establish whether a similar internal
control region could be identified for this RNA polymerase III
transcribed gene (12).

The adenovirus VA gene region contains at least two different
VA genes, with different nucleotide sequences (13-16), called
VA, and VA,,. In the VA, region (where RNA is produced in
largest amounts) there are two initiation sites, the major G start
(17, 18) and a minor A start three nucleotides upstream (18-20).
The VA, RNAs arising from these start sites are 156 (VAIG) and
159 (VAIA) nucleotides in length, respectively. In addition, a
class of longer molecules (VA200), resulting from read-through
at the first VA, RNA termination site, can be detected in vitro
and in vivo (16). The VA,, gene is located about 98 nucleotides
downstream from the VA, gene, has a different although related
DNA sequence, and is also transcribed by RNA polymerase III
(15, 16, 21).

Using the DNA sequence data from this region ofthe genome
(17, 18, 21-23) and appropriate restriction enzymes, we have
constructed plasmids that allow us to define the DNA signals
required for initiation and termination of VA, RNA transcrip-
tion. We have found an internal control region for VA, tran-
scription initiation located close to the 5' end of the respective
gene, as determined by an ordered set of deletions constructed
by using the nuclease BAL 31.

MATERIALS AND METHODS
DNA Templates. Restriction enzyme fragments were pre-

pared from whole adenovirus 2 (Ad2) DNA purified on CsCl
density gradients as described (16) and inserted into plasmid
pBR322. We constructed a wild-type clone containing the Ad2
sequences from the Sal I site (coordinate 26.9) to the HindIII
site (coordinate 31.5) on the physical Ad2 map which goes from
0 to 100. dl 5' +70 (deletion of all sequences upstream from
nucleotide +70) was created by partial-BamHI digestion and
religation of a recombinant containing the Ad2 Sal fragment C
(coordinates 26.9-45.9). The 3'-end deletion in dl 3' +76 was
generated by BamHI cleavage and religation of a plasmid car-
rying the Ad2 Bgl II fragment A (coordinates 24.8-45.3) in the
BamHI site of the vector.

Digestions with nuclease BAL 31 (Bethesda Research Lab-
oratories, Gaithersburg, MD) (24) were at 20°C in 100 ,ul con-
taining 20 ,ug of DNA and 10 units of BAL 31. Sal I linkers
(Collaborative Research, Waltham, MA) were phosphorylated
with T4 polynucleotide kinase (P-L Biochemicals) (25) and
added to BAL 31-treated termini with T4 DNA ligase (20 units/
ml; P-L Biochemicals) in a 5- to 10-Al reaction mixture con-
taining 0.25 and 10 ,uM 5' ends of plasmid DNA and phos-
phorylated Sal I octamer, respectively. Incubations were at
12.5°C for at least 16 hr in 50 mM Tris, pH 7.6/10 mM MgCl2/
10 mM dithiothreitol/0. 1 mM ATP. The DNA fragment ob-
tained after HindIII and Sal I digestions was eluted from an 8%
polyacrylamide gel and inserted into Sal I/HindIll-digested
pBR322 plasmid. Transfections of competent HB101 Esche-
richia coli with the ligated DNAs were performed as described
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weight of a DNA fragment (results now shown), was approxi-
mately 22 base pairs per min per end. The smaller deletions
were generated by 1- to 2-min BAL 31 digestions; the larger
ones were from 2- to 4-min digestions. Flush ends that are left
on the DNA after BAL 31 treatment do not religate by them-
selves efficiently under conditions normally required for the
construction ofrecombinant plasmids (unpublished data). How-
ever, synthetic DNA linkers can be joined to these ends with
almost 100% efficiency.

For the experiments described, the Sal I linker was joined
directly to the BAL 31-treated termini by using T4 DNA ligase.
Cleavage with Sal I at the attached linker and at another re-
striction enzyme site flanking the VA genes, HindIII in this
case, generated "sticky-ended" deleted DNA fragments that
were easily inserted in pBR322 in only one orientation. These
recombinants were then used to transform the HB101 strain of
E. coli. We have been able to obtain more than 2000 colonies
of 5'-end-deleted VA, DNA in a single experiment using this
procedure. Individual variant DNAswere then purifiedon CsCl/
ethidium bromide density gradients.

Taking advantage ofthe strategically located Sal I andBamHI
sites in any given clone, it was possible to screen rapidly for a
set of variant clones which represented the desired range of
deletions. The Sal I/BamHI-cut DNA fragments were analyzed
on a sequencing gel with appropriate size markers, and the ex-
tent of BAL 31-generated deletions could be estimated. Alter-
natively, the BamHI fragments were cleaved at an Hha I site
located in the 5'-flanking pBR322 DNA and the resulting vi-
rus-pBR322 fragment was subjected to sequence analysis as
described (25, 27). The endpoints of several deletions and their
DNA sequence are indicated in Fig. 1. In some cases the first
or second nucleotide brought in by the linker matches the se-
quence of the parental viral DNA, in which case the deletion

(26). Sequence analysis was performed by two methods as de-
scribed (25, 27).

Transcription. Cytoplasmic extracts from exponentially
growing suspensions of HeLa cells were prepared as described
(2, 4). DNAs were incubated at 15-60 ,ug/ml with 600 AM un-
labled ATP, CTP, and UTP and 25 AuM [a-32P] GTP (ICN; 15-25
Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) and 20 A.l of extract
at 30'C for 1 hr. After extractions with phenoVCHClJisoamyl
alcohol, 25:24:1 (vol/vol), and ethanol precipitation, the sam-
ples were dissolved in 90% formamide/5% glycerol and run on
0.4-mm-thick 6-8% Tris borate/urea sequencing gels (25) at 800
V. Autoradiography of the gels was at -70'C in the presence
of Lightning-Plus DuPont screens with Kodak RP-1 film. RNA-
containing bands were excised, eluted at 370C in 0.5 M am-
monium acetate containing 10 ,ug oftRNA per ml, and subjected
to nucleotide pattern analysis (28). Analysis of 5'-end triphos-
phate was on polyethyleneimine-cellulose of either T2 or P1
nuclease-digested RNA eluted from gels as described (21, 29)
followed by autoradiography. In this case, the transcription re-
actions contained all four ribonucleotide [a-32P]triphosphates
at 50 AuM.

RESULTS
The strategy for the preparation ofthe 5'-end-deleted VA, genes
required a VA-containing plasmid with single Xba I and BamHI
sites (Fig. 1). These are located 30 nucleotides upstream and
70 downstream, respectively, from the initiation site for VA,
RNA transcription. An Ad2 Sal I/HindIII recombinant plasmid
was linearized by cleavage with Xba I followed by controlled
digestion with BAL 31. This nuclease from Pseudomonas digests
single-stranded DNA rapidly but digests double-stranded DNA
at a much slower and controllable rate (24). The constant diges-
tion rate at 200C, as monitored by the changes in molecular
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FIG. 1. Deletion mutants at the VA, gene. The region of the viral genome with its restriction enzyme sites is diagrammed above the DNA se-

quence ofthe region between theBamHI andXba I sites ofthe noncoding strand (18). The underlined sequences indicate those portions corresponding
to the Sal I linker; to the left are the sequences of pBR322 that agree with those published by Sutcliffe (30) and to the right are the sequences of
Ad2 that agree with those in the literature (18, 21, 22). Asterisks and vertical lines indicate initiation sites.
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CGCTCTAGACCGTGCMAAGGAGAG'CCTGTAAGCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC
GGCATCGGTCGACCCAAAAGGAGAGC CTGTAAGCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC

GGGCATCGGTCGACCAAAGGAGAGCCTGTAAGCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC
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GCTCTCAAGGGCATCGGTCGACCAGCCTGTAAGCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGrACGACCGGGGTTCGAACCCCGGATCC

GTTGAAGGCTCTCAAGGGCATCGGTCGACCAAGCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC

GGGTTGAAGGCTCTCAAGGGCATCGGTCGACCGCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC

TGGGTTGAAAGGCTCTCAAGGGCATCGGTCGACCCGGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAAACCCCGGATCC

ACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGACCGGCACTCTTCCGTGGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC

CTGACTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGACCCGTGGTCTGGTGGATAAATTCGCAAGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC

CTGACTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGACCGTCTGGTGGATAAATTCGCAAGGGTATCATGGCGGACGACCGGGGTTCGAACCCCGGATCC

LIbAT~iALlbGbI IbPJGAAILGGCTCTAbIL#CACGGILCALLbCGITIlAITLAGAAGbICATlIbbATGLbGACLX ubb IGbGCAAL GbGALL

CTGACTGACTGGGTTGAAGGCTCTCAAGGGCATCGGTCGACCCGGGGTTCGAACCCCGGATCC
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has been named starting from the first base pair that differs from
the virus parental sequence.

This procedure for the in vitro generation of deleted DNA
molecules offers several advantages over other protocols: (a) the
size of the deletions can be regulated by the extent of BAL 31
digestion; (b) a gaussian distribution of deletion termini is gen-
erated for each incubation time point (these are so closely
spaced around the expected median that they can be obtained
for each base pair around the region of interest); (c) the sizing
step allows preliminary selection ofthe desired deletions, which
reduces the screening effort; and (d) the use of DNA linkers
provides precise mileposts for the deletion analysis, the extent
of which can be accurately determined. The estimates of the
deletions obtained by sizing (dl 5', -27; dl 5', -21; dl 5', -15;
dl 5', -14; dl 5', -12; dl 5', -5; dl 5', -3; dl 5', -2; dl 5',
+55) agreed very well with the values obtained by direct DNA
sequencing (dl 5', -20; dl 5', + 1; dl 5', + 10; dl 5', + 15; dl 5',
+20, and wild type).
The purified plasmids were incubated with the crude cell

extract prepared as described (2, 4). The in vitro transcripts
were analyzed in an 8% polyacrylamide/urea gel (25) run at
room temperature to allow separation of VA, from VA,, RNAs
(Fig. 2) (these two RNAs comigrate if the electrophoresis tem-
perature is above the melting point of VA,, RNA). The VA, and
VA,, RNAs synthesized in this system have the same electro-
phoretic mobilities as the products synthesized in vivo. Fur-
thermore, the sequence of the VA, RNA synthesized in vitro
is identical to that of the in vivo product (4) (Fig. 3A). Not only
do deletions upstream from the initiation site at + 1 allow VA,
and VA,, transcription to occur, but deletions inside the gene
up to position + 10 also support transcription of a product that
comigrates with VA, RNA (Fig. 2). Because, in the dl 5', + 10
template, some of the viral sequences are replaced by plasmid
and linker sequences, the VA RNA made from this template
should differ in its sequence from the wild-type VA, RNA.

Fig. 3D shows the pattern ofgel-purified VA, RNA made with
the dl 5', + 10 plasmid as template. The spot corresponding to
nucleotides 4-13 [C-A-C-U-C-U-U-C-C-G (Fig. 1)] is not pres-
ent; the spot corresponding to nucleotides 25-33 remains un-
altered. The dl 5', + 10 DNA sequence, which agrees with pub-
lished reports (18, 21, 22, 30), predicts the replacement of this
9-nucleotide RNase T1 product by a new 5-nucleotide product,
A-C-C-C-G, probably the one indicated by the arrow in Fig.
3D. Therefore, transcription ofVA1 dl 5', + 10 is in fact initiated
on the plasmid DNA template. In contrast, alterations upstream
from the inititation site [dl 5', -12 (Fig. 3C)] do not affect the
mobility of the 5'-end-related oligonucleotide located between
+4 and +13.
To establish the exact site of initiation of the VA, RNA tran-

scripts on the plasmid sequences, we determined the 5' nu-
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FIG. 2. In vitro transcription of deletion-substitution DNAs. RNA
extracted from in vitro transcription reactions performed in the pres-
ence of the different DNA deletion templates described in Fig. 1 was

analyzed on 8% polyacrylamide/8 M urea gels. Positions of VA, and
VA,, RNAs are indicated.
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FIG. 3. Nucleotide digestion pattern analysis of VA, RNA made
by deletion-substitution mutants. The VA. RNAs were made in tran-
scription reactions using [a-32P]GTP purified, concentrated, digested
with RNase T1, and subjected to two-dimensional analysis as described
(28). Cellulose acetate electrophoresis was from left to right; and homo-
chromatography on DEAE-cellulose plates was from bottom to top. (A)
In vitro transcribed parental plasmid. (B) Schematic tracing of spots
in A. The numbering of the spots corresponds to their position in the
DNA sequence in Fig. 1. (C) VA, RNA made from dl 5', -12. (D) VA,
RNA made from dl 5', + 10. (E and F) Pattern and tracing of the two
pooled major bands made from dl 3', +76 (see Fig. 4). The spots that
correspond to those of wild-type VA, (major oligonucleotides only) are
solid in E.

cleotide. The VA, RNA made in the presence of all four ribonu-
cleotide [a-32P]triphosphates was purified on polyacrylamide
gels, digested with the nuclease P1, and run on thin-layer poly-
ethyleneimine plates with appropriate markers (results not
shown). Transcription of the wild-type VA, plasmid gave 95%
of the triphosphate as GTP. Initiation also occurred with GTP
for most of the mutants as indicated by a vertical bar and an
asterisk in Fig. 1. The minor bands below VA, analyzed for dl
5', -15 and dl 5', -3 were initiated with GTP, suggesting that
either other Gs are used or the RNAs differ at their 3' ends. In
the case of dl 5', + 1, the G used is displaced one nucleotide
with reference to the parental sequence, indicating that the
purine preference prevails over exact nucleotide alignment.
Thin-layer analysis of the nuclease Pl-digested RNA tran-
scribed from dl 5', + 10 showed initiation with A (Fig. 1), as
predicted from the electrophoretic migration (Fig. 2).

Fig. 2 illustrates that deletions dl 5', + 15, dl 5', +20, dl 5',
+55, and dl 5', +70 do not support the transcription of VA,
RNA, although increased levels of VA,, RNA can be detected.
This demonstrates that the 5' limit for the signal necessary for
correct initiation of transcription is located one to four nucleo-
tides to the right of + 10.

Similarly, we tried to determine the limit of the control re-
gion at its 3' end. Replacement of sequences downstream from
the BamHI site with sequences of Ad2 starting at 42 map units
was performed by direct digestion at the BamHI site of a Sal
I fragment C Ad2 plasmid and confirmed by appropriate re-
striction enzyme analysis. This purified plasmid, when analyzed
in the in vitro system, resulted in transcripts roughly 400 and
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650 nucleotides long (Fig. 4). Although the pattern was consid-
erably more complex than in the case of VA, RNA (Fig. 3A),
oligonucleotides corresponding to the 5' half of the wild-type
VA, RNA-such as 4-14, 26-35, 40-47, and 65-71-were pres-
ent in their normal positions whereas oligonucleotides 91-97,
118-124, and 139-144 were absent or showed altered mobilities
(Fig. 3 E and F). The spot marked X in Fig. 3F coincides with
the VA, RNA spot at position 101-105 but the lack of sequence
data for the substituted region ofthe Ad2 genome does not allow
us to exclude that a similar Ti RNase product arises from the
new sequences downstream from the BamHI site. This suggests
that the DNA sequences downstream from nucleotide +76 play
no role in determining the site for initiation of VA, RNA tran-
scription, although a DNA signal required for correct termi-
nation is encoded in this region of the DNA. The replacement
of the viral DNA with novel sequences provides new termi-
nation signals which explain the longer transcripts.
To establish whether areas inside the control region could

participate in some phase of transcription initiation, we per-
formed the experiment summarized in Table 1. We analyzed
the efficiency oftranscription ofdl 3', +76, which gives distinct
VA, RNA products (see Fig. 4), in the presence of increasing
amounts of each of our 5' deletion mutants. We expect that, in
the case shown in Table 1, with a molar DNA ratio of dl 5' to
dl 3', +76 of 4:1, the level of the 400- and 650-nucleotide-long
transcripts should be decreased to 20% of the value in the ab-
sence ofcompetition. All deletions up to dl 5', +55 could com-
pete as efficiently as wild-type DNA for VA, dl 3', +76 tran-
scription, although dl 5', +70 did not. This means that,
although the mutants dl 5', +15, dl 5', +20, and dl 5', +55 are
unable to be used as templates for transcription, some se-
quences that can bind a factor present in limiting amounts are
retained in these deletions. These sequences are located be-
tween nucleotide +55 and +70.

DISCUSSION
The method described here is useful for generating deletions
at unique restriction enzyme sites and therefore for manipu-
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.FIG. 4. Transcription of a 3-end
-I-194 deletion. Autoradiogram from a tran-

scription reaction with a deletion from
the3 endofthe gene. Lanes: WT, wild-
type plasmid; 3'A, deletion-substitu-
tion from the 3' end, starting at the
BamHI site at +76 (Fig. 1); OX, size
markers from a Hae m digest of end-
-labeled OX DNA (lengths, in base__ - 118t pairs, are indicated).

Table 1. Competition of VA, gene deletions for transcription of dl
3', +76 DNA

Competing Transcription obtained, %
DNA Exp. I Exp. II Exp. III Exp. IV Exp. V

Wild type 31 9.8 8.3
dl 5', -15 30.3 -

dl 5', +1 21.8 - -

dl 5', +10 32.1 27.8 32.4
dl 5', +15 44.9 41.3 33.7
dl 5', +20 32.3 28.5 28.5
dl 5', +55 19.3 - 22.7 30.9
dl 5', +70 75.1 90.7 80.9

Reaction mixtures contained 0.3 ug of dl 3', +76 DNA and 4 times
the molar equivalent of the respective deletion DNA. Final DNA con-
centrations of 40 pg/ml were attained by adding appropriate amounts
of pBR322. Incubations in volumes of 50 Al contained 10 /ACi of
[5PPIGTP. RNAs were extracted and analyzed as described for Fig. 2.
Individual bands were excised from the gel and assayed by Cerenkov
radiation. Values from five experiments are expressed as percentage
of the value for the 400- and 650-nucleotide long transcripts obtained
in the absence of competition (12,300 cpm in Exp. I, 5400 in II and Ill,
30,300 in IV, and 2800 in V). The level of VAr, RNA in these experi-
ments was similar for deletions + 10 through +55 (800-1000 cpm in
II) and dl 5', +70 (700 cpm in II) which essentially did not show de-
tectable levels of competition.

lating the genetic structure of any gene. Analysis of a collection
of these deletions and subsequent transcription revealed that,
as with other RNA polymerase III-transcribed genes, a region
internal to the gene is required for initiation of transcription.
The RNA transcripts produced are initiated (dl 5', + 10) on plas-
mid sequences and a colinear plasmid-viral VA RNA is made,
as demonstrated by 5'-end-triphosphate analysis and nucleotide
pattern analysis. The boundaries of this internal control region
are +11 and +75 nucleotides inside the transcribed region of
the gene.

Recent analyses of the 5S RNA gene (8, 9) and tRNA genes
(31, 32) have demonstrated that not only are the 5'- and 3'-flank-
ing regions of the gene unnecessary for proper initiation oftran-
scription but also that the DNA sequences required are prob-
ably internal to the gene. In the case of 5S RNA, a region from
+46 to +80 is required for initiation. A protein, which functions
as an essential cofactor, binds to an overlapping region of the
gene between nucleotides +50 and +90 (10). In the case of
tRNAs, the 3' and 5' halves ofthe genes were unable to function
independently (32). A point mutation affecting transcription has
been located at position +63 for yeast sup 4-tyr tRNA (33). It
therefore seems that all genes transcribed by DNA-dependent
RNA polymerase III contain internal control regions.
The novel feature of the VA, RNA gene is the proximity of

the control region to the 5' side ofthe gene. The control region
of Ad2 is located downstream from nucleotide +11 and up-
stream from +76. Similar results were recently obtained by
Fowlkes and Shenk (34), who defined an adenovirus control
region located between +6 and +69 (our numbering system).
The control signals encoding termination are located down-

stream from nucleotide +76 and probably consist of a string of
adenosines which results in the 3' stretch of uridines of the VA
RNA. In the case of our 3' deletion shown in Fig. 2 and others
in which plasmid DNA sequence was replacing the normal 3'
sequences (results not shown), transcripts of abnormal sizes
were generated.

With regard to the regions upstream from the gene and the
control of transcription, a deletion located at -27 (22) affected
the A initiations ofVA, RNA. Modifications oftRNA 5'-flanking
sequences also affect the initiation site (31). In the case of the
mutants described here, abnormal initiations were more fre-
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quent for some of the 5' deletions but the purine preference
was conserved. For an alanine-tRNA gene of Bombyx morii, it
has been shown that, although heterologous systems allowed
ready transcription of a dl 5', -11, a homologous RNA poly-
merase III system was unable to respond to the deleted gene
(35). We tried a similar approach by comparing the ability of
extracts from uninfected and infected cells to transcribe the VA,
gene in some of our. deletions. We tested dl 5', -12 and dl 5',
+ 1 and obtained identical levels of VA, RNA with infected or
uninfected RNA polymerase III-containing extracts (unpub-
lished data). It thus seems unlikely that a similar regulatory
mechanism is operating in VA transcription. However, as shown
in several cases for tRNA genes (31, 32, 35, 36) modifications
in the 5' region upstream from the initiation site do affect the
rate of in vitro transcription (see also Fig. 2). The lower rate of
transcription observed with dl 5', -3, dl 5', -5, and dl 5',
+1 was also observed in kinetic experiments (results not
shown). Therefore, some control, probably of alignment of the
initiation site and of transcription rate, is effective at the 5'-
flanking region of the gene.

It has been shown that the transcriptional protein factor bind-
ing to the 5S control region can be separated chromatograph-
ically from the one required for VA, RNA transcription (10).
However, the same protein is required for initiation by VA, and
VA,, RNAs (34). A model can be proposed in which the factor
is just bound to a selective region of DNA template, followed
by binding ofRNA polymerase III which recognizes both a pro-
tein site on the factor and a DNA site at the 5' side ofthe control
region. It is this second site that is affected by dl 5', + 15. After
recognition of the second site, the RNA polymerase III extends
to the initiation site, lines up with a purine at approximately the
correct distance from the factor binding site, and initiates tran-
scription. Support for this model comes from: (i) binding of 5S
factor is slightly downstream of the internal control region as
defined by deletion analysis; and (ii) the deletions + 15j, +20,
and +55 which do not allow VA, transcription still compete as
efficiently as VA, for this factor, but +70 does not (Table 1). This
experiment defines the limits ofthe initial factor-binding region
between nucleotides +55 and +70. It is not clear whether the
nucleic acid sequences between the two regions are important
for transcription initiation, but insertion of a 21-base-pair lac
repressor (37) between the two regions ofa tRNA gene does not
affect transcription significantly.
The transcription ofVA genes by uninfected cell extracts (2,

4), the sequence similarity between VA and tRNA for this region
of the genome (34, 38), and the ability of VA and tRNA genes
to compete for transcriptional factors (39) suggest some rela-
tionship between them. Whether this relationship is limited to
common transcriptional factors or is a phylogenetic one has to
be analyzed more carefully.
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