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A basic property of all living cells is
the ability to switch the expression of
their genes on and off, for example, in
response to extracellular signals. In pro-
karyotes this switching is mostly con-
trolled at the level of RNA transcription.
In complex eukaryotic organisms, al-
though the expression of many different
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tubular gland cells of the magnum por-
tion of the chick oviduct, the transcrip-
tion of the ovalbumin and conalbumin
(ovotransferrin) genes is turned on by
the steroid hormones estradiol and pro-
gesterone. Like the genes coding for the
other egg white proteins, these genes are
not transcribed in the absence of estra-

Summary. In vitro genetic techniques were used to study the sequence require-
ments for the initiation of specific transcription. Deletion mutants were constructed
around the putative promoter of the adenovirus-2 major late and chicken conalbumin
genes. Specific transcription in vitro by RNA polymerase B together with a HeLa cell
cytoplasmic extract was used as the test for promoter function. With this approach
sequences which are essential for the initiation of specific transcription in vitro, were
shown to be located between 12 and 32 base pairs upstream from the 5’ end of these

genes.

genes is turned on and off during devel-
opment from the egg, and although this
switching continues in the differentiated
cells, the importance of control of gene
expression at the transcriptional as op-
posed to posttranscriptional level is still
a matter of controversy. In higher cu-
karyotes, however, there is unequivocal
evidence that the expression of at least
some genes is controlled at the level of
RNA transcription. For example, in the
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diol or progesterone [see (/) and refer-
ences therein].

During the past 20 years some of the
basic mechanisms involved in regulation
of transcription in prokaryotes and their
viruses have been elucidated in molecu-
lar terms. It has been learned that tran-
scription is regulated by modulation of
the efficiency with which RN A polymer-
ase can recognize and interact with spe-
cific DNA signal sequences (promoters
and terminators) that specify starting or
stopping sites and are involved in the
promotion and termination of RNA tran-
scription [see (2) and references therein].
The genetic approach has been in-
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valuable in these studies. For instance, it
is primarily on genetic evidence that Ja-
cob et al. (3) first defined the promoter as
an initiating element indispensable for
the expression of bacterial structural
genes. Further progress was made pos-
sible by the availability in vitro of cell-
free systems, reconstructed from puri-
fied components, in which the selective
in vivo transcription events could be ac-
curately duplicated.

In addition to requiring purified RNA
polymerase and well-defined templates,
such studies in vitro also require a de-
tailed knowledge of the transcription unit
in vivo to determine whether correct ini-
tiation and termination of transcription
are occurring. The use of such in vitro
systems, the possibility of purifying spe-
cific wild-type and mutant prokaryotic
genes and their RNA products, and the
availability of DNA and RNA sequenc-
ing methods have enabled investigators
to analyze the structure and function
of certain genes in great detail and to
show that prokaryotic promoters are
regions of DNA S’ to the structural
genes (2, 4).

The messenger RNA (mRNA) start
points (the position on a DNA sequence
which codes for the first nucleotide of an
RNA) of many prokaryotic transcription
units have been precisely located by ge-
netic analysis and transcription in vitro,
and the DNA sequences of these regions
have been determined. Pribnow (5) and
Schaller (6) first noted a sequence ho-
mology, related to 5'-TATAATG-3' (T,
thymine; A, adenine; G, guanine), lo-
cated about 10 base pairs (bp) upstream
from mRNA start points (7). A second
region of homology, the ‘‘recognition re-
gion,”’ has also been noted in some pro-
moters in a region centered about 35 bp
upstream from the mRNA start point
(2). Deoxyribonuclease protection and
chemical modification experiments have
been used to show that RN A polymerase
binds to these regions (2). Furthermore,
several promoter mutants have been se-
quenced, and their locations within the
homologous sequences have established
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that these regions fit the original defini-
tion of a promoter.

In contrast to prokaryotic cells, the
molecular mechanisms that underlie the
regulation of transcription in eukaryotic
cells are still largely unknown, notably
because the classical genetic approach is
for the most part not possible in these
cells. That the mechanisms in eu-
karyotes may not be identical to those in
prokaryotes was first suggested 10 years
ago by the discovery of the multiplicity
of eukaryotic RNA polymerases by our
group and Roeder and Rutter [for re-
views, see (8, 9)]. It was subsequently
established that cells of both higher and
lower eukaryotes contain three structur-
ally and functionally distinct classes of
RNA polymerase which are localized in
different subcellular fractions. Class A or
I catalyzes the synthesis of ribosomal
RNA, class B or II that of mRNA, and
class C or III that of transfer RNA
(tRNA) and 5§ RNA [for reviews, see (8,
9.

Although highly purified preparations
of these enzymes, particularly RNA
polymerase B, were available shortly af-
ter their discovery, progress has been
extremely slow in analyzing their role in
the control of transcription. The lack of
meaningful cell-free transcription sys-
tems in vitro mostly accounts for this
failure. Indeed, because of the com-

plexity of the eukaryotic genome, there
was no means to study the transcription
of a given gene in vitro by incubating the
total cellular DNA with purified RNA
polymerase. Even when well-defined vi-
ral DNA templates such as the Simian vi-
rus 40 (SV40) and adenovirus-2 genomes
were available, the primary transcription
products were unknown, precluding any
valid analysis of the factors involved in
the control of transcription. Further-
more, intact viral DNA’s proved to be
very poor templates in vitro for the puri-
fied RNA polymerase B, which was
known to transcribe SV40 and adeno-
virus genomes in vivo (8). Several tech-
nical breakthroughs were clearly re-
quired.

The discovery of restriction enzymes
and reverse transcriptase, followed by
the advent of molecular cloning and of
methods for separating, visualizing, and
rapidly sequencing DNA and RNA mole-
cules, have made it possible to study, at
the nucleotide level, the anatomy of eu-
karyotic cellular and viral genes and of
their primary RNA transcripts (10, 11). It
has now been shown in several instances
[for example, see (/2) and (/3) for the
adenovirus major late transcription unit
and for the ovalbumin transcription unit,
respectively] that the 5’ ends of the RNA
primary transcripts and of the mature
mRNA’s coincide and therefore that the
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start point of transcription corresponds
to the base coding for the 5’ terminal nu-
cleotide of the mRNA’s. By analogy to
the situation in bacteria, we would ex-
pect eukaryotic promoters to be located
in the region adjacent to the 5’ end of the
transcription unit. Indeed, the com-
parison of several cellular and viral genes
has revealed the existence of an AT-rich
region of homology centered about 25 bp
upstream from the mRNA start points
(I14-16). This sequence, which is known
as the ““TATA”’ box, was first noticed by
Goldberg and Hogness and bears some
sequence resemblance to the Pribnow
box in prokaryotlc promoters. (I4) (see
below).

However, this homologous sequence
is not found upstream from the start point
of genes transcribed by RNA polymer-
ases A (I7) and C (I8, 19), indicating that
the specific transcription of different
classes of genes by the distinct classes of
eukaryotic RNA polymerases could be
due to the specific recognition of se-
quences characteristic of a class of genes.

Although the recognition of sequence
homologies is important in suggesting
the location of control regions, it is obvi-
ous that the actual role of homologous
sequences cannot be established without
a functional assay, for instance, a cell-
free system capable of accurate in vitro
transcription. A technical breakthrough

¢ % 40 -30 -20 -10

CCGEGT6TTCCTGANGEGOGCTATARAAGGBGTG6666CCH
(-21) CLLOOCARACGRICTCACATTLLA 6T66666C6C6
(29 G6LCGTTCaGRATARAABGGGGTGEG6EC6C
(-32) § CAGACGOTCTATARAAGBGGGTGB666C6C6
(-41) CAGGCCCCRCAGOAAGGGBECTATARAAGGGGGTGOO6ECGCE
(-43) GGCCAGTGAGE T6AAGGOGBECTATAAAAGGGGGTGEG06CECG
-4 § CTGARGGBGGGCTATAAAAGGG6TGOBGCGCE
(-45) GICTCGCATCCT6AAGGGBGGCTATARAAGGGGTGOG66CGC
(-47) (CCCGUOTTCCT6AAGGGBECTATARAAGGGGTGEG65C6C

Fig. 1. Construction in vitro of mutants with
deletions upstream from the 5 end of the
adenovirus-2 major late transcription unit.
The plasmid pMLA was constructed by in-

serting the Bal I fragment E of adenovirus-2 DNA (map units 14.7 to 21.5, line a) into the Eco RI site of pBR322. The pMLA DNA (20 ug) was
linearized with Xho I and incubated with 10 units of exonuclease III (Bethesda Research Laboratories, BRL) in 250 ul of 30 mM tris-HCI, pH 8.0,
10 mM B-mercaptoethanol, and 2 mM MgCl,, which had been warmed at 37°C. Portions (60 ul) were removed at 45, 120, 180, and 300 seconds into
tubes containing 1 ul of 200 mM EDTA, pH 8.0, and then incubated at 65°C for 5 minutes. The samples were then diluted to 600 ul with (final
concentrations) 50 mM sodium acetate, pH 4.5, 1 mM ZnSQ,, and 0.2M NaCl and digested with 600 units of S1 nuclease (BRL) for 30 minutes at
20°C. Digestion was stopped by adjusting the samples to 100 mM tris-HCI, pH 8.0, 10 mM EDTA, and 0.1 percent sodium dodecyl sulfate. The
samples were extracted first with phenol and then with ether, and were then precipitated with ethanol and resuspended in 10 mM tris-HCl, pH
8.0, and 1 mM EDTA. One microgram of the DNA was then incubated in 25 ul of 50 mM tris-HCI, pH 8.0, 6 mM MgCl,, 6 mM B-mercaptoetha-
nol, 20 uM EDTA, 50 ug of bovine serum albumin per milliliter, and all four deoxyribonucleoside triphosphates (each at 50 M), with 1.5 units of
T4 DNA polymerase (BRL) for 20 minutes at 14°C and then for 5§ minutes at 65°C. Five microliters of the blunt-end DNA were circularized (16
hours at 14°C) with 1 unit of T4 DNA ligase (BRL) after dilution to 20 ul and adjusting the concentrations to 20 mM tris-HCl, pH 8.0, 10 mM
MgCl,, 10 mM B-mercaptoethanol and 50 uM adenosine triphosphate (ATP). The ligase reaction was diluted with 0.1M tris-HCI, pH 8.0, and used

to transfect E. coli

C600 (39). Approximately 20 colonies per nanogram of DNA were obtained. Colonies were selected at random from plates

representing the different times of exonuclease III digestion and grown as small cultures. DNA from clear lysates was analyzed by digestion with
restriction endonucleases Hpa II and Pvu II. From 180 colonies analyzed we selected for further study 32 colonies that had lost the Hpa II site at
position — 50, but retained the Pvu II site at position +33 (line b; 31 of these came from the 180-second exonuclease III digestion and one from the
300-second digestion). The DNA of some of these in vitro deletion mutants was sequenced from the Pvu II site at position +33 (line b) according
to the Maxam and Gilbert technique @0). The sequences of eight of these mutants are aligned in part ¢ below the wild-type adenovirus-2 DNA
sequence between position —10 and —53 upstream from the mRNA start point (+1 in lines a and b) of the major late transcription unit (/2).
Numbers in parentheses at the left correspond to the position of the last base pair before the deletion which is indicated by a vertical line. The
sequence replacing the wild-type sequence is underlined by a dotted line.
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was the establishment in 1978 by Wu (20)
and by Birkenmeier et al. (21) of accu-
rate cell-free transcription systems for
viral and cloned cellular genes tran-
scribed in vivo by RNA polymerase C.
In these systems the necessary factor, or
factors, lacking in the purified RNA
polymerase C, are supplied by a cyto-
plasmic fraction of KB cells (20) or by a
nuclear extract of Xenopus oocytes (21).
Unexpectedly, the groups of Brown (/8,
21), Roeder 21a), and Birnstiel (/9) found
that the essential information for 5§ RNA
and tRNA transcription by RNA poly-
merase C is contained in an intragenic
control region, in a position strikingly
different from that of promoter regions
in prokaryotes.

These observations raised the ques-
tion whether all eukaryotic promoters
are similarly located or whether this lo-
cation is particular to genes transcribed
by RNA polymerase C. Subsequently,
Weil et al. (22) found that a system simi-

Fig. 2. (A) Electrophoretic analysis of RNA
synthesized on deletion mutant DNA tem-
plates. RNA was synthesized essentially as
described in Wasylyk et al. (13), for 60 min-
utes at 25°C in a standard reaction mixture (50
ul) containing (final concentrations) 25 uM a-
32P-labeled cytidine triphosphate (CTP) (8000
count/min-pmole), 500 uM ATP, 500 uM
guanosine triphosphate (GTP), 500 uM uri-
dine triphosphate (UTP), 10 mM tris-HCI, pH
7.9, 7.5 mM MgCl;, 50 mM KCl, 10 percent
glycerol, 0.25 mM dithiothreitol, 0.120 unit of
calf thymus RNA polymerase B fraction PCI
@1), 25 ul of HeLa cell S100 extract, and 1 ug
of deletion mutant DNA or wild-type DNA
(pPMLA) linearized with restriction endo-
nuclease Sma I (see Fig. 1). After synthesis
the reaction mixture was processed and the
RNA was analyzed on a § percent acrylamide-
urea gel as described (/3). The DNA template
used for RNA synthesis is indicated by the
numbers below each track. These numbers re-
fer to the final remaining nucleotide before the
deletion end point (Fig. 1, part c). RNA sizes
were calculated relative to 5’ end *2P-labeled
Hpa II fragments of pBR322. The arrowheads
point to the position of the 560-nucleotide-
long RNA species. (B) Reverse transcriptase
mapping of the 5' end of RNA synthesized in
vitro on deletion mutant DNA’s. RNA was
synthesized as above in a twofold standard re-
action and, after phenol extraction, the final
ethanol pellet (/3) was resuspended in 10 ul of

lar to that of Wu can also be used as a
source of factors to promote accurate
initiation of transcription by purified
RNA polymerase B at the major late
adenovirus-2 promoter. Briefly, these
workers used a ‘‘truncated template’’ as-
say which contains, in addition to a cyto-
plasmic KB cell extract (S100) and RNA
polymerase B, a restriction enzyme-cut
DNA fragment containing, at a well-
mapped position, the promoter region of
the major late adenovirus-2 transcription
unit. The RNA’s synthesized in vitro are
labeled with radioactive nucleoside tri-
phosphates and then separated by gel
electrophoresis. RNA products of dis-
crete sizes are produced by ‘‘runoff”’ ter-
mination whenever specific initiation oc-
curs. From the length of the ‘‘runoff’’
transcripts the position of the region cod-
ing for the 5’ end of the in vitro synthe-
sized RNA’s can be deduced and com-
pared with the position of the 5’ end of
the in vivo transcription unit. Sequence

A
o

-32 -29 -21 pMLA

=560

-41

B

i i “‘197

-41 -32 -29 -21 pMLA

H,0, and 5 ul was used to verify RNA synthesis on a 5 percent acrylamide-urea gel. The re-
maining S ul was used as the template in a reverse transcriptase reaction (26). The primer for the
reaction was the Hha I-Hind III fragment from +80 to +197 (Fig. 1a) labeled at the Hind III end
with y-32P-labeled ATP and T4 polynucleotide kinase (BRL). Approximately 0.6 pmole (100,000
count/min) of the primer was boiled in a volume of 1 ul in a tightly closed tube for 90 seconds
and then immediately plunged into liquid nitrogen. Five microliters of the in vitro synthesized
RNA and 2 ul of 0.25M tris-HCl,pH 7.9, 0.7M KCl, and 30 mM MgCl, were added to the frozen
primer. After incubation for 10 minutes at 68°C, 1 ul of a solution containing the four deoxyri-
bonucleoside triphosphates (each at 5 uM) and 0.25M B-mercaptoethanol, and 1 ul of reverse
transcriptase (8 units) were added. The reaction was stopped after 1 hour at 37°C by the addition
of 1 ul of IM NaOH, incubated at 22°C for 30 minutes, made 5M in urea, boiled for 1 minute,
quickly chilled on ice and electrophoresed on an 8 percent acrylamide-urea gel (40). Numbers
below each track and size markers to calibrate the gel were as described in (A). The arrow-
heads point to the extended DNA primer which is 197 nucleotides long. Sizes were calculated
from comparison with Hpa II pBR322 fragments run on the same gel.
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analysis of the capped in vitro synthe-
sized 5’ terminus has verified the accu-
racy of initiation in vitro (22). Manley
et al. 22a) have recently described a
second system which will direct specific
transcription in vitro. This system con-
sists of a whole cell extract that does
not require exogenous RNA polymerase
B.

We have recently completed a study
of the anatomy of the cloned chicken
ovalbumin and conalbumin genes and
of their transcription units (/4-16), and
have used the S100 system to demon-
strate specific in vitro initiation of
transcription of these cellular genes
at the sites corresponding to the 5’
terminal nucleotide of the in vivo pri-
mary transcripts (/3). Furthermore, we
showed by specific fragmentation of
the conalbumin gene DNA that a short
segment, situated between positions —8
to —44 upstream from the initiation site
and containing the ‘“TATA” region of
homology, was required for specific in
vitro transcription. These results sug-
gested to us that, in contrast to the case
of RNA polymerase C, the promoter se-
quences for RNA polymerase B are lo-
cated upstream from the mRNA start
points, as in prokaryotes. (Although we
have no evidence that RNA polymerase
actually binds to these sequences, for the
sake of convenience we use the term
‘“‘promoter’’ in this article to designate
these upstream sequences that direct
specific initiation of transcription in vi-
tro.)

Additional support for the promoter
role of these sequences was provided by
comparison of the transcriptional effi-
ciencies of conalbumin and ovalbumin
genes with adenovirus-2 early (EIA) and
major late genes. It is noteworthy that
the conalbumin and adenovirus-2 major
late genes, which share an extensive 12-
bp homology in their TATA box regions
(15), are transcribed in vitro with the
same efficiency. These genes were more
strongly transcribed than those of adeno-
virus ElA and ovalbumin, which differ in
the sequence of their TATA box (/6).
These observations suggest the exis-
tence of promoter sequences with dif-
ferent strengths (/3). In this respect it is
interesting to recall that base changes in
the Pribnow box (including A — T and
T — A) have marked effects on the effi-
ciency of prokaryotic promoters.

In this article we describe in vitro ge-
netic experiments designed to define the
minimum sequence necessary to pro-
mote specific transcription in vitro by
RNA polymerase B. To this end, dele-
tion mutants of either conalbumin or
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adenovirus major late genes [because of
their 5’ end upstream sequence homol-
ogies (I5), we have used these two genes
interchangeably] have been constructed
in vitro, propagated as plasmid DNA,
and used as templates for in vitro tran-
scription reactions. Our studies demon-
strate that a region between positions
—12 and —32 upstream from the mRNA
start points is essential to promote spe-
cific transcription in vitro.

Mapping of the Promoter 5' Boundary

To determine the promoter 5’ bound-
ary we constructed a series of deletion
mutants approaching the 5’ end of the
adenovirus major late transcription unit.
Plasmid pMLA (Fig. la), which con-
tains the major late promoter, was
cleaved at the unique Xho I site at posi-
tion —250 and the ends of the linear
DNA were trimmed back with a combi-
nation of exonuclease III and S1 nucle-

ase (/8). The resulting family of short-
ened linear DNA molecules was circula-
rized with DNA ligase and used to
transform Escherichia coli. Plasmids
containing deletions centered on the
Xho I site were first screened by restric-
tion enyzme analysis. Because we knew
(23) that pMLA digested by Hpa II is an
efficient template for transcription in vi-
tro we chose to analyze only those dele-
tions which extended in the 3’ direction
beyond the Hpa II site at —50, but not as
far as the Pvu II site at +33 (Fig. 1b).
The sequences of eight deletion mutants
selected for further study are shown in
Fig. 1c. The dotted lines underline se-
quences which originate upstream from
the Xho I site and which replace the se-
quences deleted between the Xho I site
and the mRNA start point. These se-
quences come from the 3’ end of the
adenovirus /Va, gene which is immedi-
ately 5’ to the major late promoter and
has the opposite polarity (24).

To determine whether the deletions

containing recombinants are specifically
transcribed, we used each mutant as a
template for transcription in vitro (Fig.
2A). Using Smal linearized DNA as
template (Fig. 1A), S100 extract from un-
infected HeLa cells, and purified calf
thymus polymerase B we obtained the
RNA transcripts shown in Fig. 2A. The
band at 560 nucleotides represents the
runoff product of specific transcription in
vitro. Bands below 560 are due to pre-
mature termination (22, 25) while the
smear at the top of the gel is due to non-
specific initiation by both RN A polymer-
ase B and the endogenous RNA poly-
merase C present in the S100 extract.
Plasmids with deletions ending 5’ to po-
sition —32 are specifically transcribed
with efficiencies similar to that of pMLA
(only those corresponding to positions
—41 and —32 are shown in Fig. 2). The
plasmid with a deletion to position —29
gives a very faint band of the correct
size, but at most 1/100 the intensity of
the parental pMLA. We have not been
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Fig. 3. Construction and transcription of major late adenovirus and
conalbumin mutants lacking the mRNA start point. The 90-bp adeno-
virus-2 Hae III restriction fragment from +30 to —60 [(A, line a),
thick line; see also Fig. 1b] was purified from a total Hae III digest of
pMLA DNA by polyacrylamide-gel electrophoresis, and cloned in the
DNA polymerase I-repaired Eco RI site of pBR322 (dashed line). One
of the two Eco RI sites was lost in cloning (shown in parentheses), but
the number of nucleotides lost is small as judged by size analysis of
the restriction fragment that spans this junction. The Fnu DII frag-
ment (—170 to — 12, line a) was purified from a total Fnu DII digest of
the plasmid shown in line a and cloned in the DNA polymerase I-
repaired Bam HI site of pBR322 (lines b and c, thin line). Clones con-
taining the adenovirus DNA sequences in both orientations were ob-
tained (A, lines b and c¢). The 260-bp Pst I-Mbo II conalbumin DNA
fragment, extending from —10 to —270 (B, line a), was isolated from
the conalbumin Pst5-Pst6 plasmid (/5), made blunt ended by trimming
with DNA polymerase I, and cloned in the DNA polymerase I-re-
paired Bam HI site of pBR322 (lines b and c, thin-line section). Both

D
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orientations of the inserted fragment were obtained (B, lines b and ¢) and, as expected, the Bam HI sites were not recovered (sites in parenthe-
ses). The deletion mutants in lines b and ¢ of (A) and (B) are called (in the text) deletion mutants (IT) and (I), respectively. In (C), plasmids
containing the adenovirus or conalbumin sequences in the orientations shown in line ¢ were opened at the unique pBR322 Hind III or Eco RI
sites and used as templates for in vitro RN A synthesis as described in the legend to Fig. 2. Each standard reaction contained 0.5 ug of DNA. Lane
1, conalbumin mutant (B, line ¢) cut with Eco RI; lane 2, adenovirus mutant (A, line ¢) cut with Eco RI; lane 3, wild-type pBR322 cut with
Eco RI; lane 4, conalbumin mutant cut with Hind I1II; lane 5, adenovirus mutant cut with Hind III. In (D), plasmids containing the adenovirus or
conalbumin sequences in the orientation shown in line b were opened with Sal I and RNA was synthesized in vitro as above. Lane 1, wild-type
pBR322 cut with Sal I; lane 2, conalbumin mutant (B, line b) cut with Sal I; lane 3, adenovirus mutant (A, line b) cut with Sal I; lane 4,
conalbumin Pst5-Pst6 plasmid (B, line a) cut with Pst I; lane 5, adenovirus wild-type plasmid pMLA cut with Hind I1I (see Fig. 1A). Reactions for
lanes 2 and 3 contained 0.5 pg of DNA and for lanes 4 and 5, 1.0 pug of DNA. Arrows point to bands discussed in the text. DNA size markers

shown in lanes M were as described in legend to Fig. 2.
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able to detect a runoff transcript of the
correct size from the plasmid with a dele-
tion to position —21.

To verify that the transcripts shown in
Fig. 2A actually start at the previously
mapped adenovirus major late start
point, we used reverse transcriptase
primer extension mapping (26) to locate
the 5' end of RNA synthesized in vitro.
A primer consisting of the Hha I-Hind I1I
fragment (+80 to +197, Fig. 1b) labeled
with 32P at the Hind III site was annealed
to the RNA synthesized in vitro and ex-
tended with reverse transcriptase. The
size of the 197-base DNA band (Fig. 2B)
is in excellent agreement with the size
expected for a reverse transcript synthe-
sized on an RNA template with a 5’ end
corresponding to the sequenced start
point (Fig. 1a) (/2). The relative in-
tensity of the 197-base band also agrees
with the intensity of the runoff transcript
for each template. Together, these re-

can be replaced without affecting specif-
ic transcription in vitro. Removal of the
three nucleotides —32, —31, and —30
dramatically reduces transcription, thus
locating the 5’ boundary of an indispens-
able part of the major late adenovirus
promoter to the base pairs —32, —31, or
—30 from the mRNA start point.

Mapping of the Promoter 3’ Boundary

To determine whether sequences lo-
cated around position —30 can promote
specific transcription in vitro even when
separated from the natural mRNA start
point, we constructed recombinant plas-
mids containing pBR322 sequences in
place of the adenovirus and conalbumin
mRNA start points. An adenovirus re-
combinant lacking the mRNA start point
was prepared by cloning a 90-bp adeno-
virus Hae III restriction fragment (from

pBR322 (Fig. 3A, line a). From this re-
combinant a 158-bp Fnu DII fragment,
extending from nucleotide —12 in adeno-
virus DNA (Fig. 3A, line a), was isolated
and cloned in the Bam HI site of
pBR322. Recombinants containing the
adenovirus DNA sequences in both ori-
entations were isolated (Fig. 3A, lines b
and c¢). Similar recombinants were con-
structed (Fig. 3B, lines ¢ and d) for the
conalbumin gene by using a 260-bp con-
albumin DNA fragment, extending from
the Pst I site (PstS) at —270 to the Mbo 11
site at —10 (Fig. 3B, line a). Recombi-
nants corresponding to the orientation
shown in lines b and ¢ were called dele-
tion mutants (II) and (I) (Fig. 4), respec-
tively. These adenovirus and con-
albumin recombinants contain the
pBR322 sequences adjacent to the
Bam HI site in the place of the se-
quences downstream from position —12
of the adenovirus gene, and —10 of the

sults show that DNA 5’ to position —32 position —60 to +30, Fig. 1b) into conalbumin gene. The junctions of these
375 401 4?6 A Conalbumin (-10) +1) c
EcoRI BamHI Hae Il Sau3A Sall Wild type --GAGGCTCCOCAGCCATCAC----
/L | | | T B Deletion mutant (1)  --GAGGUGATCCACAGGACGG----
" H H : il Deletion mutant (II) --GAGGCGATCCTCTACGLCE----
: s DNA primer ; i ‘b)(c)(d)
é_ Si-nuclease DNA probe g § Adenovirus (-10) (+1)
Wild type --GCECATTCGTCCTCACTCT----
atg : 2 3 o S 6 B  Deletion mutant ()  --GCGRATCCACAGGACGGET -~~~
A p— Deletion mutant (1) --GCQ ATEETCTACGCCGGA————
G ’ (b) | (d)
b ? e - (a) | - g1 ey
g . _Ab) Fig. 4. Localization by S1-nucl i
d—C\— ; £~ (c) ig. 4. Localization by Sl-nuclease mapping
G—— of the 5’ ends of RNA's synthesized in vitro
G/—'— Wd) on adenovirus and conalbumin deletion mu-
p tants lacking the mRNA starts. (A) pBR322

restriction map [the positions of the sizes are
as given in (27)] showing the location of
the DNA probe used in S1 nuclease map-
ping and of the DNA primer used for
preparing the sequencing ladder shown in (B). The Bam HI site was used for constructing the deletion mutants described in Fig. 3,
A and B. (B) RNA was synthesized in vitro (twofold standard reactions) on the Sal I linearized DNA from the adenovirus and conalbumin
deletion mutants (see Fig. 3, A and B, line b) processed as described in the legend to Fig. 2, dissolved in 100 gl of 50 mM tris-HCI, pH 7.9, 2 mM
CaCl,, and 10 mM MgCl,, and digested with 50 pg/ml ribonuclease-free deoxyribonuclease ¢2) for 10 minutes at 37°C. Sodium-EDTA and
proteinase K were added to 15 mM and 50 ug/ml, respectively, and after 30 minutes at 37°C the reaction was extracted with phenol (pH 8.0) and
then by chloroform. The RNA was ethanol precipitated with about 0.5 pmole of single-stranded Bam HI-Sau 3A probe [see part (A)], 5’ end
labeled with 32P (specific activity, 500,000 count/min-pmole, 5’ end) at the Sau 3A site (position 466). The pellet was redissolved in 35 ul of 50
percent formamide, 40 mM PIPES, pH 6.5, 0.4M NaCl, and 1 mM sodium-EDTA, heated to 85°C for 5 minutes and incubated for 12 hours, at
42°C. After rapid cooling the mixture was diluted tenfold, adjusted to 30 mM sodium acetate (pH 4.3), 3 mM ZnSO,, 0.4 mM NaCl, and, per
milliliter, 7 ug of sonicated calf thymus DNA; the mixture was then incubated with 4000 units of S1 nuclease (Miles) at 25°C. After 4 hours (lanes
3 and 4) and 8 hours (lanes 2 and 5) the reactions were stopped and electrophoresed on an 8 percent acrylamide-urea sequencing gel, as described
previously (/3). Lanes 2 and 3: RNA synthesized on conalbumin DNA template. Lanes 4 and 5: RNA synthesized on adenovirus DNA template.
Lane 1. One of the DNA sequencing ladders used for positioning the S1 nuclease-resistant bands. This sequencing ladder (which corresponds to
the coding strand) was obtained by using the chain termination method (43) with dideoxyguanosine triphosphate; the template was the con-
albumin deletion mutant (II) (Fig. 3B, line b), linearized with Eco RI and limit-digested with exonuclease III, and the primer was the Hae I1I-Sau
3A fragment [see (A)] 5' end labeled with *?P at the Sau 3A site. Lane 6. Same as lane 5 but a-amanitin (1 ug/ml) was present during the in vitro
RNA synthesis. (C) Sequences (noncoding strand) of the wild type, and the conalbumin and adenovirus deletion mutants lacking the mRNA start
point. Deletion mutants (I) and (IT) correspond to the mutants shown in lines c and b, respectively, of Fig. 3A (adenovirus) and 3B (conalbumin).
The wild-type conalbumin sequence (noncoding strand) is from Cochet er al. (15). The wild-type adenovirus major late sequence was taken from
Ziff and Evans (/2) and has been confirmed for the adenovirus-2 used in our laboratory. The DN A sequences of the conalbumin mutants I and 11
were verified by sequencing. The DNA sequences of the adenovirus mutants I and II were deduced from the regeneration of the Bam HI sites
(Fig. 3A, lines b and ¢). The nucleotides are numbered relative to the position of the mRNA start point (+1) in the wild-type and mutant DNA’s.
The G marked by an asterisk in the coding strand sequence ladder shown in (B) is complementary to the C's marked by asterisks in the noncoding
DNA strands of the deletion mutants (IT) shown in (C) (see text). The 3’ terminal nucleotide of the DNA bands marked a to d in (B), lanes 2 to 5,
are those marked a, b, ¢, and d in lane 1 and are complementary to the nucleotides indicated by the arrows (a to d) in (C).
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plasmids (vertical lines in Fig. 4C) were
verified by sequence analysis for the
conalbumin recombinants and deduced
from regeneration of the Bam HI sites
for the adenovirus recombinants (see
legend to Fig. 4).

The conalbumin and adenovirus re-
combinants lacking the natural mRNA
start points were transcribed in vitro.
Adenovirus and conalbumin deletion
mutants (I) (Fig. 3, A and B, line c¢) were
linearized with either Hind III or
Eco RI, and after transcription in vitro
the runoff RNA products were analyzed
by gel electrophoresis. RNA’s of about
365 (Fig. 3C, lanes 1 and 2) and 335 (Fig.
3C, lanes 4 and 5) nucleotides were ob-
served for the Hind III and Eco RI lin-
earized recombinants, corresponding to
the sizes expected if transcription initi-
ates in pBR322 DNA close to the
““Bam HI junction’’ and terminates at
the end of the DNA fragments. No RNA
of equivalent size was observed when
“wild-type’” pBR322 DNA linearized
with Eco RI was used as template (Fig.
3C, lane 3). Deletion mutants (II) con-
taining adenovirus or conalbumin se-
quences in the opposite orientation (Fig.
3, A and B, line b) and linearized with
Sal I gave runoff transcripts of about 265
nucleotides (Fig. 3D, lanes 2 and 3),
again as expected if transcription starts
in pBR322 sequences and terminates at
the end of the DNA fragment. No RNA'’s
of similar size were observed with a Sal I
linearized wild-type pBR322 template
(Fig. 3D, lane 1). To compare the tem-
plate efficiencies of the mRNA start
point deletion mutants with the intact pa-
rental sequences, the optimal DNA con-
centrations for specific transcription
were determined for each different tem-
plate by varying their concentration in
the incubation medium from 10 to 100
micrograms per milliliter. Under optimal
conditions for wild-type adenovirus
pMLA DNA. linearized with Hind III
(Fig. 1, line b) and conalbumin Pst5-Pst6
plasmid linearized with Pst I (Fig. 3B,
line a) specific runoff transcripts were
observed (arrowheads in Fig. 3D, lanes 4
and 5). At optimal DNA concentrations
the intensity of the specific transcript
bands for the deletion mutants is about
10 percent of the wild type (arrowheads
in Fig. 3D, lanes 2 and 3).

These results indicate that the se-
quences located upstream from positions
—10 and —12 in the conalbumin and ma-
jor adenovirus late transcription units
can direct specific initiation of transcrip-
tion when fused to pBR322 sequences.
To determine where in the pBR322 se-
quences these transcripts originate, the
S’ ends of the RN A’s made in vitro were
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Fig. 5. Consensus se-
quences around the §’
end of protein-coding
genes. (A) The DNA
sequences (noncoding
strand) of 41 genes
[for references, see
(11)] have been com-
pared upstream from
the mRNA  start
points and aligned to

(=27 to—21)
Az Ty Agg

Tig Ty Ay 6pp

Consensus
sequence

yield maximum ho-
T mology in the —32 to
—21 region. The num-
bers in parentheses

and the arrows in-
dicate the position of
the first and last bases
of the TATA box with
respect to the mRNA
start points. The sub-
scripts to the bases
correspond to the fre-
quency of a particular
residue at each posi-
tion. Bases marked
with an asterisk are
present in some his-

Consensus

sequence spy v C A Py Py

7

P PY  PY-3 tone genes (44). (B)

The DNA sequence

(noncoding strand) of 20 genes for which the mRNA start point has been established [for
references, see (11)] were aligned with respect to the base corresponding to the 5’ end of the

mRNA (+1 and arrow). Subscripted numbers

located by S1 nuclease mapping. A
single-stranded DNA probe labeled with
32P at the pBR322 Sau 3A site (Fig. 4A)
[see (27) for map coordinates] was pre-
pared (see legend to Fig. 4B). RNA was
synthesized in vitro on the DNA of
adenovirus and conalbumin mRNA start
point deletion mutants (II) which had
been linearized with Sal I (Fig. 3, A and
B, line b). This RNA was hybridized to
the labeled DNA probe and, after S1 nu-
clease digestion, the S1 resistant DNA
was analyzed by electrophoresis along-
side DNA sequence ladders (see legend
to Fig. 4, A and B).

Four major S1 resistant products (la-
beled a to d in Fig. 4B) were obtained
with RNA synthesized on the deletion
mutant (II) templates. We observed little
change in the relative intensities of the
four bands after either 4 or 8 hours of S1
nuclease digestion for the conalbumin
(Fig. 4B, lanes 3 and 2) or adenovirus
DNA templates (Fig. 4B, lanes 4 and 5).
Furthermore, the same four bands were
observed when the resistant RNA-DNA
hybrids were purified and redigested for
a further 4 hours with freshly added S1
nuclease (not shown).

From the position of the S1 nuclease
resistant bands (b, ¢, and d) present in
lanes 2 to S, one can infer the position of
the 5’ end of the corresponding RNA
species (assuming that S1 nuclease
makes blunt-end cuts at the ends of the
DNA : RNA hybrid molecules). Bands
b, c, and d, migrate, as shown in the se-

are as in (A) (PY, pyrimidine).

quencing ladder (lane 1), at the positions
corresponding to the bases T, G, and C.
Since the sequencing ladder corresponds
to the coding strand, the 5’ terminal nu-
cleotides of the RN A species responsible
for bands b, c, and d, are A, C, and G,
respectively. This is illustrated in Fig.
4C, where arrows b, ¢, and d indicate, in
the noncoding DNA strand, the bases
which correspond to the 5’ terminal nu-
cleotides of the RNA species synthe-
sized in vitro on the conalbumin and
adenovirus deletion mutants (II). Band a
present in lanes 2 to 5 migrates at the po-
sition corresponding to the undigested
DNA probe and is also observed when
RNA is synthesized in the presence of a-
amanitin (1 ug/ml), which inhibits RNA
polymerase B (Fig. 4B, lane 6). Hence,
this band may result from RNA tran-
scripts made with RNA polymerase C
or, less likely, could be due to an in-
complete separation of the probe DNA
from its complementary DNA strand
during its preparation. In any case, since
band a is not the major product when ei-
ther RNA synthesized on conalbumin
(Fig. 4B, lanes 2 and 3) or adeno-
virus (Fig. 4B, lanes 4 and 5) mutant
DNA was used for S1 nuclease mapping,
and since there are no bands visible on
the autoradiogram below band d, we
conclude that most of the RNA’s synthe-
sized in vitro by RNA polymerase B
have their 5’ ends as indicated by arrows
b, c, and d in Fig. 4C. The lengths of the
in vitro runoff transcripts observed in
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Fig. 3 are entirely consistent with start
points at these positions.

From the S1 nuclease mapping results
it appears that the sequences located up-
stream from positions —10 and —12 for
conalbumin and adenovirus, respective-
ly, can direct RNA polymerase B to initi-
ate in pBR322 sequences close to the po-
sitions corresponding to the wild-type
start points (position +1 in Fig. 4C).
From the relative intensity of bands b, c,
and d in Fig. 4B, it appears that RNA
synthesis may start preferentially in vitro
at the position corresponding to the A lo-
cated at —1 and —3 in the conalbumin
and adenovirus deletion mutant (II), re-
spectively. This preference might reflect
some sequence requirement at the start
point. In this respect, it is interesting that
both conalbumin and adenovirus major
late in vitro transcripts are initiated with
A and, more generally, mRNA’s are
preferentially initiated with an A which
is surrounded in the noncoding DNA
strand by pyrimidines (Fig. 5B).

In vitro, however, initiating with an A
may not be an absolute requirement,
since the presence of the fainter S1 nu-
clease bands (c) and (d) suggests that ini-
tiation of transcription may also be tak-
ing place at the positions corresponding
to the neighboring C and G (arrows ¢ and
d in Fig. 4C). This is particularly notice-
able in the case of adenovirus where the
initiating A in vitro is three nucleotides
upstream from the position correspond-
ing to the wild-type start point (position
+1 in Fig. 4C). However, it should be
stressed that the present identification of
the in vitro start points on the deletion
mutants (II) is based on the assumption
that S1 nuclease makes blunt-end cuts at
the ends of the DNA : RNA hybrids. Al-
though our results demonstrate clearly
that initiation of RN A synthesis is taking
place on the deletion mutants (II) at sites
very close to the wild-type start points,
direct sequencing of the 5’ ends of the in
vitro synthesized RNA’s is required to
establish definitely multiplicity and exact
locations of the in vitro start points.

Role of TATA Box and Start Point in

Specific Initiation in vitro

Taken together, the results of the ex-
periments described in this article sug-
gest that the sequences from —10 to —44
for the conalbumin gene and —12 to —32
for the adenovirus major late transcrip-
tion unit play an essential role in the spe-
cific transcription of these genes in vitro
by RNA polymerase B. Within this re-
gion adenovirus and conalbumin share
the sequence: 5'-CTATAAAAGGGG-3',
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where the 5’'-C is at position —32 and the
3’'-G is at position —21 in both genes (15).
This region contains the TATA box ho-
mology (/14) which has been found up-
stream from the mRNA start points of all
sequenced eukaryotic genes transcribed
by RNA polymerase B with the ex-
ception of the papovavirus late genes
and the adenovirus early region 2 (28).
The consensus TATA box sequence
which is shown in Fig. 5A is compiled
from sequences at the 5’ end of 41 eu-
karyotic genes and shows a striking simi-
larity to the bacterial Pribnow box.
Among the individual eukaryotic genes,
adherence to the consensus sequence is
not absolute. While positions 1to 4 and 6
have a single predominant nucleotide,
positions 5 and 7 are represented equally
by A and T (see Fig. SA). No position in
the TATA box is invariant, although in
39 of 41 cases A is found in position 2.
The exact location of the TATA box var-
ies from gene to gene with the T in posi-
tion 1 falling between positions —33 and
—27 from the mRNA start point (how-
ever, for 30 of the 41 genes the T in posi-
tion 1 falls within one base of position
—31). Comparison of the sequences
flanking the TATA box within 10 bp does
not reveal any obvious additional homol-
ogies, although these regions tend to be
purine-rich on the noncoding strand.
Furthermore, it is not possible to form
secondary structures common to all
genes in the sequences surrounding the
TATA box.

Several lines of evidence suggest that
the TATA box is the element present in
the —32 to —12 region which is indis-
pensable for the initiation of specific
transcription in vitro. First, deletion to
position —29 of the adenovirus upstream
sequence (Fig. 1c) which removes the
TA in positions 1 and 2 of the TATA box
(Fig. SA, consensus sequence) results in
at least a 100-fold decrease in the effi-
ciency of specific transcription. In con-
trast, when the deletion end point is
three bases upstream, at position —32,
no significant change in the efficiency of
specific in vitro transcription is ob-
served. This result, however, must be in-
terpreted with some caution. Indeed, in
deletion mutants, the DNA upstream
from the deletion end points is different
from the original DNA. Therefore, we
cannot rule out the possibility that the ef-
fects we observe are due to the se-
quences drawn close to the promoter
through the process of deletion. More re-
cently we have obtained unequivocal
evidence that the TATA box is impli-
cated in the promotion of transcription.
A single base change which converts to a
G the T in position 3 of the conalbumin

TATA box has been obtained through in
vitro site-directed mutagenesis. When
this conalbumin mutant gene is trans-
cribed in vitro the efficiency is at most 10
percent of wild type (29). This down mu-
tation points to the TATA box as being
essential for specific initiation in vitro.
Furthermore, we have shown that a
cloned —12 to —32 fragment of the
adenovirus major late gene is sufficient
to promote specific initiation of tran-
scription in vitro (29a).

Is, in fact, the TATA box part of a pro-
moter region—that is, a region of the
DNA that participates in initiation of
transcription and to which RNA poly-
merase binds? From the evidence we
have obtained in vitro this region seems
to be indispensable for the initiation of
transcription and thus fits the original ge-
netic definition of a promoter. However,
our results do not indicate whether or
not RNA polymerase B binds to the
TATA box region. Studies of the inter-
action of RNA polymerase and factors
present in the S100 extract with the DNA
in this region will be necessary to answer
this question.

The situation for initiation of tran-
scription by RNA polymerase B is in
marked contrast with what has been ob-
served for genes transcribed by RNA
polymerase C, where an essential se-
quence component directing initiation of
transcription is located within the
genes—that is, downstream from the
start points. However, the reduced tem-
plate efficiency of the deletion mutants
which lack the mRNA start points sug-
gests the involvement of sequences other
than the TATA box in specific in vitro
initiation of transcription by RNA poly-
merase B. That the role of the se-
quences downstream from position —10
in conalbumin and —21 in adenovirus is
different from the role of the TATA box
is clearly seen from the inability of these
regions themselves to direct specific ini-
tiation [see (/3) and Fig. 2]. From the re-
cent work of Hu and Manley 30) we
conclude that the downstream sequences
important for efficient transcription in
vitro seem to be located between posi-
tions —12 and +3, since these authors
found that an adenovirus major late gene
mutant, lacking the sequence down-
stream from position +3, is transcribed
in vitro as efficiently as the wild-type
DNA. The sequences surrounding the
mRNA start points of 20 RNA polymer-
ase B genes for which the 5’ end of the
mRNA is accurately known were used to
derive the consensus sequence shown in
Fig. SB. The striking characteristic of
this sequence is that only the A at the
mRNA start point and the preceding C
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seem to be conserved (this consensus is
certainly biased, however, since up to
now only A-containing mRNA 5’ ends
have been accurately mapped). Rather
than having a particular sequence the
mRNA start point consists of an A resi-
due surrounded by pyrimidines and situ-
ated at 27 to 33 bp from the TATA box,
about three turns of the DNA helix.

It is striking that the preferential start
points used in the deletion mutants ana-
lyzed in this article appear also to be an
A residue surrounded by pyrimidines.
From our present results we cannot de-
cide whether the decrease in efficiency of
transcription of these deletion mutants is
due to the change in distance between
the TATA box and the new start points
or to the particular sequence surround-
ing these start points, or to both. It is
likely that a set of rules comprised of
both these features as well as sequence
considerations in the TATA region de-
termines the overall promoter efficiency.
That we see transcription at all on our
start-point deletion mutants indicates
that a degree of flexibility exists in the
mechanism of start-point selection.

Is There More to the RNA

Polymerase B Promoter?

In the in vitro specific transcription
system, we have clearly established that
the TATA box and the mRNA start point
play an important role, possibly as a

promoter sequence, in directing the

specificity and efficiency of transcrip-
tion. Whether these sequences play a
similar role in vivo has not been de-
finitively answered. It is possible that
other sequences which may lie upstream
from the TATA box or downstream from
the mRNA start point play an important
role in vivo. That the present in vitro
system is very inefficient in promoting
specific transcription (I13) could be due
to a lack of important factors in the ex-
tracts which may interact with sequences
other than the TATA and mRNA start-
point sequences.

There are several reasons for believing
that other sequences could be part of the
in vivo promoter. In the upstream se-
quences of RNA polymerase B genes,
there are homologies apart from the
TATA box and the mRNA start point.
A model eukaryotic sequence 5'-
GCE{CAATCT-3' can be drawn for the
—70 to —80 positions for a variety of eu-
karyotic gene sequences, and other
homologies have been noted (15, 16, 31).
Further evidence comes from two exper-
iments in which deletion mutants in up-
stream sequences were prepared and the
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expression of the DNA was studied in
vivo. First, Grosschedl and Birnstiel (32)
found that, for the sea urchin histone
H2A gene injected into Xenopus oo-
cytes, deletion of the TATA sequence
did not abolish transcription. Instead, a
number of new start points of lower effi-
ciency were generated. Deleting the
mRNA start point, but not the TATA
box, created a new mRNA §’ terminus
(32). Second, Benoist and Chambon (33)
showed that a recombinant plasmid, con-
structed by inserting SV40 early genes
into pBR322, expressed the early genes
when introduced into eukaryotic cells. A
recombinant with a 60-bp deletion,
which removes the mRNA start point
and the TATA box, still expressed the
SV40 genes, while more distal deletion
of all upstream sequences led to in-
activation of the early genes. Along the
same lines it should be recalled that there
are two notable exceptions to the univer-
sal presence of a TATA box upstream
from the mRNA start point: the papova-
virus late genes and the adenovirus-2 E2
gene (28). These exceptions, which are
accompanied by the occurrence of mul-
tiple start points in the transcription
units, suggest that there might be more
than one class of promoters for RNA
polymerase B.

Although the experiments described
here suggest that some upstream se-
quences could also be important to the
initiation of transcription, they do not
exclude the possibility that the TATA
box plays an essential role in vivo
as a promoter. In the experiments of
Benoist and Chambon (33) it is possi-
ble that, in the mutant lacking the TATA
box, minor promoters (initiating up-
stream from the major start points)
were responsible for the transcription of
the early genes. In the experiments of
Grosschedl and Birnstiel (32), a deletion
mutant lacking the H2A gene-specific
conserved DNA sequence but retaining
the TATA box and the mRNA start
point sequences functions better than
the wild-type gene. It is also worth
noting that in the deletion mutant of
Grosschedl and Birnstiel (32), which
lacks the natural mRNA start point, the
5" end of the novel mRNA maps about 24
nucleotides downstream from the TATA
box, in good agreement with our experi-
ments in vitro with the adenovirus and
conalbumin deletion mutants lacking the
natural sequences downstream from — 12
and —10. Similar results have been ob-
tained in vivo by Benoist and Chambon
(data in preparation) with SV40 early
gene deletion mutants lacking the mRNA
start points, but not the TATA box. Fi-
nally, two points should be emphasized.

First, the use of deletion mutants, al-
though useful for detecting the functional
sequences, could lead to artifactual re-
sults because the deleted sequences are
replaced by other sequences that are not
necessarily neutral with respect to initia-
tion of transcription. Second, in vivo the
transcribed DNA is probably organized
into some -form of chromatin structure
[for a review, see (34)] not present in the
in vitro system but may be important in
the functioning of some control regions.

Several lines of evidence indicate that
other important components involved in
the in vivo regulation of transcription are
missing in the present cell-free system
and even in a semi-in vivo system such
as Xenopus oocytes. In the in vitro cell-
free system both the ovalbumin and the
related X gene are equally poorly tran-
scribed compared to the conalbumin
gene (/3). In contrast, the in vivo rate of
ovalbumin gene transcription, under hor-
monal stimulation, is higher than that of
the conalbumin gene (/) and at least 30
times that of the X gene (35). When the
complete ovalbumin gene (/4) including
0.7 kb of 5’ flanking sequences is in-
jected into Xenopus oocytes, no specific
transcription can be detected (36). It
has also been found that, of the inject-
ed histone genes, only H2A4, H2B, and
H3, but not H4, are efficiently tran-
scribed (32, 37), although these genes in
vivo are probably expressed coordinate-
ly. It is clear that not all of the necessary
components required for specific initia-
tion of transcription are present in all
cells, since Breathnach ef al. (38) found
that initiation of transcription takes place
from an aberrant start point when the
ovalbumin gene is introduced into mouse
L cells. '

The availability of the cell-free system
in vitro, which can be dissected into its
essential components and used to identi-
fy by complementation further important
factors, and the possibility of obtaining
large quantities of isolated genes that can
be mutated in vitro, represent a large step
toward the identification of the com-
ponents involved in initiation of tran-
scription. It is clear, however, that the in
vitro approach must be complemented
by studies in which genes altered by site-
directed mutagenesis are introduced into
cells (38a).
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Altering Genotype and Phenotype
by DNA-Mediated Gene Transfer

Angel Pellicer, Diane Robins, Barbara Wold, Ray Sweet

James Jackson, Israel Lowy, James Michael Roberts
Gek Kee Sim, Saul Silverstein, Richard Axel

When cultured mammalian cells are
exposed to DNA, a small subpopulation
stably integrate exogenous genes into
their chromosomes in a form which is
recognized by the replicative and tran-
scriptional apparatus of the host cell.
This process is known as transformation
(1). The transforming elements can be
maintained within the host genome for
hundreds of generations and frequently
express products which alter the pheno-
types of the recipient cell. Since trans-
formation in most cell populations is
a rare event, identification of transfor-
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mants requires the use of genes coding
for either selectable or readily identi-
fiable functions. Thus, DNA from virus-
es or eukaryotic cells has been used to
transfer genes coding for growth trans-
formation (2), thymidine kinase (TK) (3-
7), adenine phosphoribosyltransferase
(APRT) (8), and hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) (9,
10) to mutant cells deficient in these
functions.

Transformation therefore provides an
opportunity to alter the genotype of a
cell by the stable introduction of new ge-
netic information and to examine the ex-
pression of exogenous DNA sequences
in the transformed host. We will discuss
the application of transformation to four
basic areas of eukaryotic genetics. (i)
The integration of transforming elements
into the chromosome, as well as their ex-
cision from the chromosome, may in-
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volve recombinational systems which re-
flect the capacity of a somatic cell to re-
organize its genome. (ii) The ability to in-
troduce specific wild-type and mutant
genes into new cellular environments
provides a system in which the function-
al significance of various features of
DNA sequence organization can be stud-
ied in vivo. (iii) Transformation has facil-
itated the isolation of cellular genes cod-
ing for APRT and TK; for these two
genes classical methods of molecular
cloning dependent on messenger RNA
(mRNA) enrichment are exceedingly dif-
ficult (11, 12). (iv) Transformation can be
used to analyze the molecular nature of
mutation and phenotypic variation in so-
matic cells.

Viral Thymidine Kinase as a
Model System

The development of a successful
transformation system for the transfer of
eukaryotic genes was initially dependent
on the appropriate choice of three basic
components: a source of DNA coding for
a readily selectable biochemical func-
tion, a competent recipient cell deficient
in this function, and a selection schema
permitting the identification of the rare
transformant. In our initial studies, we
developed a model system to effect the
isolation and transfer of a specific DNA
fragment containing the thymidine ki-
nase gene from the herpes simplex virus
(HSV-1) genome (¢). The choice of this
system was dictated by several consid-
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