they should be. It became evident that
there were interactions between the vari-
ous sections of the process that had not
been recognized previously. This prob-
lem was. investigated through studies in
the smaller pilot plants. It was found that
the solvent could be overhydrogenated
to the point where saturates are pro-
duced faster than they are removed by
cracking and distillatioh. High concen-
trations of saturates reduce solvent qual-
ity by diluting the active donor mole-
cules. This showed that both liquefaction
and solvent hydrogenation must be care-
fully balanced to generate the desired
quantity and quality of solvent. This was
another of the program’s key findings
and has subsequently been confirmed in
ECLP. As a result, process control has
been significantly improved.

Coal conversion has been 5 to 10 per-
cent lower in ECLP than was expected
from results in the smaller pilot plants.
Radioactive tracer studies have shown
that the residence time distributions of
the reactants change significantly as the
reactor diameter is increased to ECLP’s
60 cm. Modeling studies are under way
to correlate the data and provide a basis
for scale-up to commercial size.

Status and Outlook

Our efforts in the last 15 years have
demonstrated the advantages of the do-
nor solvent approach to coal liquefac-

tion. The EDS liquefaction process pro-
vides feed flexibility, product flexibility,
high product yields, and process opera-
bility. In addition, it appears that the
operability of the commercial equipment
will be good, so that there will be reason-
able mechanical reliability. Currently we
are working on resolving the remaining
issues identified in ECLP, developing a
process for the liquefaction residue, and
maximizing heat utilization and recovery
in the preferred plant configuration. Ef-
forts by others to complete the develop-
ment of coal partial oxidation should
provide technology for efficient hydro-
gen generation.

Note added in proof: A significant
technical milestone was reached while
this article was in press. It was an-
nounced at a Sponsors Management
Committee meeting on 27 January 1982
that the EDS coal liquefaction technolo-
gy has been successfully demonstrated
and that the tests have convinced project
management that the liquefaction section
of a 20,000 to 30,000 ton per day, com-
mercial-size plant operating on Illinois
No. 6 coal could be designed when com-
mercially justified. Testing on Illinois
coal in the 250 ton per day pilot plant will
continue at more severe conditions, in-
cluding lower solvent-to-coal ratios and
higher liquefaction reactor temperatures,
aimed at lowering the cost of the coal
liquids produced. Demonstration of the
technology on Wyoming subbituminous
and Texas lignite coals and development

Transcriptional Control Signals of a
Eukaryotic Protein-Coding Gene

Steven L. McKnight and Robert Kingsbury

Transcription of bacterial genes can be
regulated by mechanisms operative at
two distinct levels. One level of regula-
tion occurs at the initiation step of RNA
synthesis whereby RNA polymerase en-
gages a bacterial gehe and begins tran-
scription. This process is governed by
the interaction of specific proteins with
regulatory DNA sequences located close
to the site where transcription starts.

Such regulatory DNA sequences can be
acted on either to repress or to activate
gene expression (I). A second level of
transcriptional control in prokaryotes in-
volves premature termination of an elon-
gating RNA chain. This regulatory
mechanism, referred to as attenuation, is
mediated by a process involving intra-
strand ribonucleotide sequence comple-
mentarity (2).
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of a special boiler utilizing liquefaction
bottoms are expected to be completed in
1983.
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The basic physical mechanisms opera-
tive in the regulation of bacterial gene
expression are likely to be used in the
regulation of eukaryotic genes. It will
come as no surprise, however, to find
protein-DNA interaction and nucleotide
sequence complementarity used in novel
ways by higher organisms. For example,
the phenotypic potential of different cell
lineages in developing metazoan orga-
nisms become increasingly restricted as
a function of embryogenesis. This phe-
nomenon, known as embryonic determi-
nation, probably results from a mecha-
nism that affects the implementation of
semipermanent patterns of gene expres-
sion. It is not clear what specific bacteri-
al regulatory mechanism could account
for this phenomenon.

Initial studies of eukaryotic protein-
coding genes, the class of genes most

The authors are employed at the Fred Hutchinson
Cancer Research Center, 1124 Columbia Street,
Seattle, Washington 98104.
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responsible for cellular phenotype, have
focused on DNA sequences close to the
site where RNA synthesis starts. While
there is good evidence indicating that the
DNA sequence signals which ultimately
provide for the regulation of structural
gene expression can lie far removed from
the site where transcription begins (3),
signals immediately upstream from the

transcription start site on most eukaryot-
ic protein-coding genes. Correct in vitro
expression of such genes by RNA poly-
merase I requires the TATA homology
(9, 10). As has been noted (/0), the
nucleotide sequence of the TATA ho-
mology resembles the sequence of bacte-
rial genes that is specifically recognized
by RNA polymerase (//).

Summary. Transcriptional control signals of a model eukaryotic protein-coding
gene have been identified by a new procedure of in vitro mutagenesis. This method
allows small clusters of nucleotide residues to be substituted in a site-directed manner
without causing the addition or deletion of other sequences. Transcription assays of a
systematic series of these clustered point mutants have led to the identification of
three distinct control signals located within the 105-nucleotide residues immediately
upstream from the point where transcription begins.

initiation sites of eukaryotic protein-cod-
ing genes at least play a role in the
mechanism of gene expression (4).

The DNA sequences close to the start
point of transcription on eukaryotic pro-
tein-coding genes probably contain at
least two signals that function to facili-
tate transcription initiation. One signal
must specify the position where RNA
synthesis is to begin, and probably also
determines which strand of the DNA
duplex is to be transcribed, thus estab-
lishing the polarity of RNA polymerase
elongation. The second signal we expect
to find is one that governs the efficiency
of transcription initiation. This second
signal, which may well be independent of
the molecular system that dictates
whether a gene is transcriptionally active
or not, modulates the frequency at which
RNA polymerase molecules engage a
gene once it has been activated. Our
expectation of heritable signals that dic-
tate discrete transcription initiation sites
derives from biochemical characteriza-
tions of primary transcription products
(5). That eukaryotic genes also contain
signals which establish transcription effi-
ciency is evidenced by visual analyses of
active genes (6) and by biochemical mea-
surements of the RNA synthesis rates of
specific genes (7). .

Both of these classes of transcriptional
control signals have tentatively been
identified in regions surrounding the
transcription initiation points of eukary-
otic protein-coding genes. A signal that
appears to mediate a qualitative effect on
gene expression by controlling the accu-
racy of transcription through site-specif-
ic initiation is represented by an evolu-
tionarily conserved sequence (8). This
signal, an A-T-rich sequence (A, ade-
nine; T, thymine) referred to as the
“TATA homology,” is found between
20 and 30 nucleotides upstream from the
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The second class of control sequences
that appear to be required for proper
expression of eukaryotic structural
genes occur upstream from the TATA
homology. Such upstream control se-
quences appear to be required for the
maintenance of transcription efficiency,
but tend not to affect the site specificity
of transcription initiation (/2-/8). Unlike
the control sequences that designate the
transcription start site and have been
identified as the TATA homology, the
sequences that make up the second class
of signals do not clearly exhibit evolu-
tionary conservation, nor have they been
precisely defined.

In an attempt to resolve the identity
and functional role of transcriptional
control signals closely associated with
protein-coding genes, we performed a
systematic mutagenesis study on a sim-
ple eukaryotic gene. The model structur-
al gene we have analyzed is the thymi-
dine kinase (tk) gene of herpes simplex
virus. While there are a number of as-
pects of the tk gene that render it suitable
for study, its most important qualifica-
tion is that functional expression of the
gene can be demonstrated unambig-
uously in a variety of in vivo assays (/9,
20).

In order to study the transcriptional
control signals of the tk gene we devel-
oped a method of introducing clusters of
point mutations at discrete locations.
These clustered point mutants have been
constructed to systematically scan
across a region of DNA known to harbor
the transcriptional control components
of the tk gene. Individual mutants were
tested for the retention of transcriptional
competence by a microinjection assay in
living cells. These experiments identify
three spatially distinct signals upstream
from the tk gene that are required for in
vivo expression. One such signal lies

close to the 5’ terminus of the tk gene,
contains the TATA homology, and mi-
mics the function of the promoter ele-
ment of bacterial genes. The other two
signals of the tk gene that are crucial for
expression occur ~ 50 and ~ 100 nucle-
otides upstream from the gene. We be-
lieve that these two distal signals repre-
sent the component ultimately responsi-
ble for governing the efficiency of tk
gene expression.

Assembly of ‘‘Linker Scanning”’
Mutants

In order to refine our understanding of
the function of the transcriptional con-
trol signals of the tk gene we sought to
construct and analyze an extensive se-
ries of point mutations. Since it was
unrealistic to mutate each of the 50 to
100 nucleotides thought to compose the
tk transcriptional control sequences, we
developed a method of mutagenesis that
introduces clustered sets of point muta-
tions at desired locations.

This method of mutagenesis requires
two opposing libraries of deletion mu-
tants that terminate deletion with the
same synthetic restriction endonuclease
recognition sequence in the same general
region of DNA. A conventional muta-
genesis method consisting of sequential
treatment of linearized DN A with exonu-
clease III and S1 nuclease (2/) was used
to construct sets of 5' and 3' deletion
mutants of the tk gene (22). The end
points of 43 different 5' deletion mutants
and 42 different 3’ deletions, terminating
within a 140-nucleotide segment sur-
rounding the 5' terminus of the tk struc-
tural] gene, were identified by DNA se-
quencing (23). The end points of all §'
and 3’ deletion mutants terminate with a
synthetic Bam HI restriction site.

By recombining ‘*matching’ 5" and 3’
deletion mutants, clustered point muta-
tions were introduced into the tk gene.
Matching, in this context, refers to two
opposing deletion mutants whose dele-
tion termini are separated by ten nucleo-
tides. When two such mutants are re-
combined at the synthetic Bam HI re-
striction site, the ten-nucleotide residues
of the linker replace the ten nucleotides
that formerly separated the two deletion
termini. Recombination of matching 5’
and 3’ deletion mutants does not result in
either a net increase or decrease in the
number of nucleotide residues in the
DNA sequence,

An example of clustered point muta-
tions introduced into the tk gene by the
recombination of two matching deletion
mutants is shown in Fig. 1. In this case,
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eight of the ten residues between 85 and
95 nucleotides upstream from the tk
structural gene are changed. Of the eight
altered nucleotides, six represent trans-
version events, and two represent transi-
tions. Two of the ten nucleotides (resi-
dues —95 and —90) are not changed from
the ‘‘wild-type’” sequence by this ma-
nipulation (Fig. 1).

A set of 18 different mutants was pre-
pared as described above. This set was
designed to systematically mutate the
transcriptional control sequences of the
tk gene previously localized by deletion
mutagenesis (/8). We refer to these mu-
tants as ‘‘linker scanning’’ or LS mu-
tants of the tk gene. The predicted geno-
type of each LS mutant was confirmed
by nucleotide sequencing (Fig. 2). Of the
18 LS mutants, 15 were prepared from
matching 5’ and 3’ deletions mutants. Of
the three nonmatching mutants, two
were prepared from parental 5’ and 3’
deletion mutants that were separated by
only nine nucleotides. These LS mutants
(LS —70/-61 and LS —21/—-12) contain
one extra nucleotide pair. The other LS
mutant prepared from nonmatching pa-
rental deletions (LS —29/—18) is missing
a single nucleotide pair.

This linker scanning method of muta-
genesis should be applicable to essential-
ly any purified DNA molecule. If greater
or lesser mutagenic change is desired,
either larger or smaller oligonucleotide
linkers could be used to replace existing
sequences. The major advantage of this
method relative to a linker insertion
method (24) is that, at most, it causes

a

=110 -100 -90
[ | 1

minimal change in the spacing between
sequences. This is an important consid-
eration in that changes in distance be-
tween transcriptional regulatory se-
quences will likely affect their function.
Using the linker scanning method of mu-
tagenesis we can, therefore, more direct-
ly correlate the phenotypic effects of a
particular mutation with the specific nu-
cleatide substitutions created by the
linker implacement event. A certain de-
gree of reservation should accompany
such a correlation since the oligonucleo-
tide linker might, by acting in a quasi-
independent manner, spuriously affect
DNA function. It is possible, for exam-
ple, that the palindromic structure or
unusually high concentration of CpG (C,
cytosine; G, guanosine) dinucleotides of
the Bam HI linker might contribute to
the phenotype of different LS mutants in
an inconsistent and uninterpretable man-
ner. While such potential artifacts can
not be excluded at present, our interpre-
tations of the data will rely solely on the
transition and tranversion events intro-
duced by each LS mutant.

Development of a Pseudo-Type tk Gene

When comparing the transcriptional
properties of two different DNA mole-
cules by oocyte microinjection (25), we
must contend with variations in the vol-
ume of DNA solution delivered into'indi-
vidual oocytes and the frequency at
which the DNA solution is deposited
into the oocyte nucleus. We assumed

-80 =70 -60

ACAAACCCCGCCCAGCGTCTTGTCATTGGCGAATTCGAACACGCAGATGE Wild type

ACAAACCCCGCCCAGCCGGATCCGG- - -

Bam HI linker

~pBR-322-

Bam HI linker

CCGGATCCGGTTGGCGAATTCGAACACGCAGATGC

EcoRI

-pBR-322----- 3'-85

5'-86
Eco RI

Bam HI restriction and
recombination with DNA ligase

ACAAACCCCGCCCAGCCGGATCCGGTTGGCGAATTCGAACACGCAGATGE LS ~95/

Bam HI linker

/-85
EcoRI

ACAAACCCCGCCCAGCGTCTTGTCATTGGCGAATTCGAACACGCAGATGC Wild type

EcoRl

Fig. 1. Construction of an LS mutant. (a) The nucleotide sequence of the normal HSV tk gene
between 60 and 110 residues upstream from the transcription initiation site is shown on the top
and bottom lines. This sequence is referred to as wild type. The nucleotide sequences of two

matching deletion mutants, 3'-95 and 5'-85, are also shown. The LS mutant —95/-

85 was

constructed by recombining 3’-95 with 5'-85 at the Bam HI restriction enzyme recognition site
(35). The nucleotide residues of the tk gene that are substituted by this procedure are
represented in bold face type. The exact genotype of LS —95/—85 was confirmed by nucleotide
sequencing and is compared with the wild-type tk sequence as shown in (b). Both DNA samples
were end-labeled at the Eco RI restriction enzyme recognition site natural to tk 5° flanking
DNA (a) and sequenced by the chemical method (23).
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that the alteration in transcription effi-
ciency affected by some LS mutants
might be too subtle to be distinguished
by our existing oocyte microinjection
assay (/8, 20). In order to improve the
quantitative nature of the oocyte injec-
tion assay, we constructed a ‘‘marked”’
tk gene that is coinjected as an internal
control for transcription efficiency.

" A deletion mutant of the tk structural
gene missing nucleotides +21 through
+31 was prepared by recombining a 3’
deletion mutant that terminates at nucle-
otide +16 and a 5’ deletion that termi-
nates at nucleotide +36. In addition to
removing ten nucleotides coding for tk
messenger RNA (mRNA) 5’ untranslat-
ed sequences, this mutant replaces an
additional ten nucleotides of tk structural
sequence (nucleotides +16 to +21, and
+31 to +36) with that of the Bam HI
linker sequence (5'-CCGGATCCGG-3').
The purpose of constructing this intra-
genic, +21/+31, deletion was to estab-
lish a gene that would produce an altered
transcriptional product at a normal effi-
ciency. We expected this deletion to
direct the synthesis of normal levels of tk
mRNA in microinjected oocytes because
its mutational lesion resides in a region
of DNA that is not required for transcrip-
tional expression of the tk gene (/8). We
also expected this synthesis to be distin-
guishable from that of an unaltered tk
gene because of the absence of ten ribo-
nucleotide residues from the 5’ untrans-
lated portion of the mRNA.

The method used to identify the ten-
ribonucleotide deletion in mRNA de-
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rived from the ~21/+31 deletion mutant
is a primer extension assay (Fig. 3). A

single-stranded, isotopically labeled,
primer DNA fragment is hybridized to tk
mRNA; avian myoblastosis virus re-
verse transcriptase is then used to ex-
tend the primer to the 5’ terminus of the
mRNA. Extension of the 40-nucleotide
Bgl II-Hha I primer on tk mRNA de-
rived from HSV-infected mammalian
cells results in the synthesis of a 90-
nucleotide extension product (Fig. 4). A
reverse transcriptase pause site near the
5" terminus of the authentic tk mRNA
causes roughly 30 percent of the exten-
sion product to terminate four or five
residues short of the 5’ terminus of the
mRNA. Primer extension on tk mRNA
synthesized in oocytes from a normal tk
gene results in the production of exactly
the same set of 85- and 90-nucleotide
extension products. However, primer
extension on RNA derived from oocytes
injected with the +21/+31 deletion mu-
tant of the tk gene results in the produc-
tion of two extension products that mea-
sure ten nucleotides shorter than the
normal set (Fig. 4). We conclude that
this is a direct result of the ten-nucleo-
tide deletion in the +21/+31 deleted tk
gene.

When the normal (wild-type) tk gene
and the +21/+31 deletion mutant are
independently injected into frog oocytes
at equivalent concentrations, they ap-
pear to be transcribed at an equivalent
efficiency as evidenced by transcript
mapping (Fig. 4). Coinjection of the +21/
+31 deletion mutant at 50 micrograms
per milliliter with wild-type DNA at 50
pg/ml also results in equivalent amounts
of transcription from the two templates
(Fig. 4). Since the ~21/+31 deletion mu-
tant is transcribed at an efficiency equiv-
alent to the normal tk gene, yet makes a
physically distinguishable product, we
refer to it as a ‘‘pseudo wild-type’ tk
gene.

In order to investigate the quantitative
parameters of the oocyte transcription
assay, titration experiments were carried

Fig. 2. Nucleotide sequences of .S mutants
of the HSV tk gene. The nucleotide sequence
of the wild-type thymidine kinase gene is
displayed on the top line. Sequences between
120 residues upstream from the putative tran-
scription start site (cap), and 20 nucleotides
internal to the tk structural gene, are shown.
The nucleotide sequences of 18 LS mutants

-20

-40

-680

-80

-100
i

[=}
N_.
-

1

WILD TYPE

CTATGATGAC ACAAACCCCG CCCAGCGTICYT TGTCATIGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTICCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC

119

LS

m"@ﬂcuxnccccc CCCAGCGTCT TGTICATTIGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GIGGCCTCGA ACACCGAGCG ACCCTIGCAGE

15

LS

Cftv@ﬁmnc@cccco CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGE AGTICGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGE

LS

crarcatcac Y3 cfX)c ccCcaGCGTCT TGTCATIGGE GAATTCGAAC ACGCAGATGE AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATIAL GGTGACGCGT GIGGCCTCGA ACACCGAGCG ACCCTGCAGE

95

LS

cravcarcac acarscclIPBccfIccorer TGTCATTIGGE GAATICGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTICCG AGGTCCACTT CGCATATIAR GGTGACGCGT GIGGCCTCGA ACACCGAGCG ACCCTGCAGE

-95 -85

LS

CTATGATGAC acaaacccce cccacclTTR TN 1GGC GAATTCGAAC ACGCAGATGE AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GIGGCCTCGA ACACCGAGCG ACCCTGCAGE

-84 -74

LS

Cratcatcac acaaacccces cccaceorcr 1orca TR EIITTIcA4C ACGCAGATGE AGTCGGGGCG GCGCGGICCG AGGICCACTT CGCATATIAA GGTGACGCGT GTGGCCICGA ACACCGAGCG ACCCTGCAGT

-80 -T70

LS

ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTICCACTT CGCATATTAA GGTGACGCG! GTGGCCTCGA ACACCGAGCG ACCCTGCAGC

CTATGATGAC ACAAACCCCG CCCAGCGTICT TGICATIGGC

-79 -69

LS

CTATGATGAC Acaracccee cccacegrer 1orcartoce SIIINIXII BcccacaToe AGTCGGGGEG GECGCOGTCCG AGGTCCACTT CGCATATTIAA GGTGACGCGT GIGGCCTCGA ACACCGAGEG ACCCTGCAGE

CTATGATGAC ACAAACCCCG CCCAGCGTICT TGTCATTGGC c“nccucﬂccaéc AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATIAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGE LS -70 -61

-59 -49

LS

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC @Gmco GCGCGGTCCG AGGTCCACTT CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC

-56 -46

LS

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGE GAATTCGAAC ACGCAGATCG Acrcmcgmactﬂocvccc AGGTCCACTT CGCATATTAA GGTIGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC

-47 -37

LS

CYATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG ccacﬁcmGGG'CCAC" CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGE

-32

LS

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGG'C(}GQ@C@T' CGCATATTAA GGTGACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGC

-29 -18

LS

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCGAGGTCCACTT {cToa T GG1GACGCGT GTGGCCTCGA ACACCGAGCG ACCCTGCAGE

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGE GAATIGCAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT cccnnug:mcc,am GTGGCCTCGA ACACCGAGCG ACCCTGCAGE LS -21 -12

~16 -8

LS

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGEG GCGCGGTCCG AGGTCCACTT CGEATATTAA 66T TN (M3 GCCTCGA ACACCGAGCG ACCCTGCAGE

3

[

CTATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT SGCATATTAL 6GTGACGEGT 6T GIIXEI @Y CGAGCG ACCCTGCAGE

LS ¢35 +18

CYATGATGAC ACAAACCCCG CCCAGCGTCT TGTCATTGGC GAATTCGAAC ACGCAGATGC AGTCGGGGCG GCGCGGTCCG AGGTCCACTT CGCATATIAA GGTGACGEGT GTaaccTcaa acacclIXe affccfocacc

are shown below the wild-type sequence. The nomenclature of each LS mutant is derived from the parental 5" and 3’ deletion mutants that were
recombined for its construction. Mutated nucleotide residues are displayed in the negative format. In the cases where the two parental deletions
do not match (LS —70/~61, LS —29/—18, and LS —21/—12) the added or deleted residue is positioned so that the remaining residues of the
Bam HI linker sequence create the minimal sum of substitutions. Each LS mutant was sequenced by the chemical method (23) in a region that en-
compassed the synthetic Bam HI linker. Nucleotide sequencing was carried out with molecules that were end-labeled at the natural Eco Rl
restriction enzyme recognition site at nucleotide —80. In the case of mutants that disrupt the Eco Rl site (LS —84/—74, LS —80/—70, and LS —79/
—69). sequencing was carried out with molecules that were end-labeled at a particular Bgl II restriction enzyme recognition site that is located 56

nucleotides internal to the tk structural gene.
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Bglll Hhal

5 -~ Wild-type transcript —— pApApApA 3'OH
5'—————— Primer extension assay pApApPApPA 3'OH
90 nucleo-
tides
Bglll Hhal
Pseudo wild-type genc JNNER—

A+21/+31

5-~¥ - Ppseudo wild-type transcript

§' —ooo———— Primer extension assay

80 nucleo—|.
tides %

out by injecting progressively greater
amounts of psuedo wild-type tk DNA
while leaving the wild-type tk gene at the
original 50 pg/ml concentration. Inclu-
sion of progressively greater concentra-
tions of the pseudo wild-type tk gene
does not result in a proportional increase
in the synthesis of the pseudo wild-type
transcript (Fig. 4). Although there is no
more than a minimal increase in expres-
sion of the pseudo wild-type transcript as
its concentration is increased, a marked
reduction in the expression of the wild-
type template occurs. The same result is
observed in the reciprocal experiment;
that is, inclusion of progressively greater
amounts of wild-type template, with the
pseudo wild-type gene left at a 50 pg/ml
concentration, results in a reduction in
pseudo wild-type transcription without a
concomitant increase in wild-type tran-
scription.

We interpret these resuits in the fol-
lowing way. Injection of 20 to 40 nano-
liters of tk plasmid DNA at 50 pg/ml
saturates the capacity of the oocyte to
express authentic tk mRNA. No detect-
able increase in the synthesis of tk
mRNA occurs when the number of input
genes is increased. If two distinguish-
able, yet transcriptionally competent, tk
genes are injected at an equimolar ratio,
they are expressed at an equivalent effi-
ciency. Moreover, if the ratio of the two
genes is varied, the level of expression
observed in the oocyte will reflect the
concentration ratio of injected genes. It
appears, therefore, that under our assay
conditions any two microinjected tk
genes compete for transcriptional ex-
pression. It is our assumption that a
genotypic change in the tk gene that
cither increases or decreases its tran-
scriptional competence will be reflected
by its ability to compete for transcrip-
tional expression with an unaltered tk
gene in the Xenopus oocyte. We note,
however, that since the transcriptional
apparatus of the oocyte is placed under
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Fig. 3. Diagram of primer extension mRNA mapping assay that

distinguishes between wild-type and pseudo wild-type gene products.

The primer DNA molecule is prepared by double cutting tk DN A with

Bgl IT and Hha I restriction enzymes. The Bgl II-Hha I molecule is

labeled with *?P and the tk mRNA-coding strand is isolated by strand-

separation gel electrophoresis (27). When the Bgl II-Hha I primer is
hybridized to authentic tk mRNA and extended to the 5’ terminus of
the mRNA with the use of avian myeloblastosis virus reverse tran-
scriptase, a 90-nucleotide extension product is generated (upper
diagram). A pseudo wild-type tk gene was prepared by deleting ten

nucleotides of mRNA-coding DNA from a region of the tk gene

between the Bgl II restriction enzyme recognition site and the 5'

- PAPApApA 3'OH

terminus of the structural gene. When the primer extension assay is

carried out on mRNA synthesized from the pseudo wild-type tk gene,

PApPAPApPA 3'0OH

saturating conditions in this assay (Fig.
4), the phenotypic results observed for
mutated tk genes may be accentuated
because of internal competition by the
pseudo wild-type gene.

Transcriptional Assays of

Linker Scanning Mutants

Individual LS mutants were coinjected
with an equimolar ratio of the pseudo
wild-type tk gene into X. laevis oocytes.
The microinjected oocytes were incubat-
ed for 24 hours, total RNA was then
purified (26), and tk mRNA was mapped
by primer extension (27). Since the LS
mutants maintain intact structural gene
sequences between the 5’ terminus of the
gene and the Bgl II restriction site 56
nucleotides internal to the gene, their
transcriptional products generate the
full-length primer extension products (85
and 90 nucleotides). The relative tran-
scriptional efficiency of each of the 18
LS mutants was assessed by comparing
the ratio of pseudo wild-type primer ex-
tension signal to LS signal (Fig. 5). The
observations presented in the form of an
autoradiographic exposure (Fig. 5) were
quantified by densitometric scanning
(Table 1). The data obtained reveal three
physically distinct regions critical to
the synthesis of authentic tk mRNA in
vivo.

Proximal Transcription Signals

The DNA sequences that immediately
surround the putative transcription start
site of the tk gene are extensively substi-
tuted by LS mutant —7/4+3. This LS
mutant can be expressed in amphibian
oocytes in the form of a tk mRNA that is
close in size to the normal gene product.
Our results also suggest that transcrip-
tion of LS —7/+3 can initiate at several
sites upstream from the normal start

an extension product ten nucleotides shorter than the normal product
is generated (lower diagram).

point (Fig. 5). However, since the se-
quence of RNA made from LS —7/+3
must differ from the normal transcript,
and since we have not rigorously charac-
terized the 5' termini of transcripts syn-
thesized from this mutant, the role of
sequences in the immediate vicinity of
the transcription start site remains unre-
solved.

Linker scanning mutants —21/—12 and
—29/—18 reveal a bona fide transcrip-
tional control signal. This signal appears
to be distinct from the start-site associat-
ed element since a LS mutant located
between the two regions (LS —16/-6),
which introduces five nucleotide substi-
tutions into tk 5’ flanking DNA, exerts
no detectable effect on either the accura-
cy or efficiency of transcription initia-
tion. In the frog oocyte assay LS —21/
—12 is capable of directing the synthesis
of authentic tk mRNA, yet at a 15-fold
reduced rate (Fig. 5 and Table 1). LS
—28/—19 does not direct the synthesis of
any detectable authentic tk mRNA when
microinjected into frog oocytes. The
only discernible transcriptional product
derived from LS —29/—18 is a rare tran-
script that is roughly four nucleotides
larger than the authentic mRNA (Fig. 5).

The sequences of LS —21/—12 and LS
—29/—18 show alterations in the TATA
homology (Fig. 2); LS —21/—12 changes
the sequence from TATTAA to TAT-
TAC, and LS —29/—18 effects multiple
base substitutions in the sequence (Fig.
2). We point out that LS —21/—12 adds a
single nucleotide to tk 5’ flanking DNA,
and that LS —29/—18 deletes a single
nucleotide. The effects of these alter-
ations in sequence spacing cannot at
present be distinguished from that of the
nucleotide substitutions of these mu-
tants. It is likely, however, that the re-
ductions in transcription efficiency char-
acteristic of LS —21/—12 and LS —29/
—18 emphasize the involvement of the
TATA homology in proper transcription
initiation in vivo.
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Distal Transcription Signals

Two separate DNA segments up-
stream from the TATA homology of the
tk gene appear to play a role in maintain-
ing quantitatively significant levels of tk
mRNA synthesis in vivo. One such seg-
ment is located between 47 and 61 nucle-
otides upstream from the tk structural
gene, the other resides between 80 and
105 nucleotides from the putative tran-
scription start site (Fig. 5 and Table 1).

The upstream signal at —47 to —61 is
distinct from the TATA control compo-
nent. This is demonstrated by the fact
that two mutants that lie between-the
two components, LS —42/-32 and LS
—47/—37, show no substantial alteration
in either the accuracy or efficiency of
transcription despite the introduction of
five- and six-nucleotide substitutions, re-
spectively (Fig. 5 and Table 1). More-
over, the upstream signal at —47 to —61
appears to be distinct from the compo-
nent at —80 to —105. This, again, is
evidenced by the existence of transcrip-
tionally competent mutants that fall be-
tween the two signals. The mutants LS
—70/-61, LS —-79/-69, and LS —80/
—70, which substitute six, ten, and ten
residues, respectively, are all accurately
transcribed in microinjected frog oocytes
at or near the normal efficiency (Fig. S
and Table 1).

The two LS mutants that reveal the
—47 to —61 control component are LS
—59/-49 and LS —56/—46. The genotyp-
ic alterations effected by both of these
LS mutants fall predominantly in a gua-
nosine-rich segment of DNA. The two
mutants are very similar in phenotype:
they reduce transcriptional efficiency
roughly tenfold (Table 1), yet they do not
affect the accuracy of the residual tran-
scriptional initiation events (Fig. 5).

Four LS mutations mark the —80 to
—105 control component (LS —84/-74,
LS -95/-85, LS —105/-95, and LS
—111/—-101). These four mutants are
similar in phenotype to the LS mutants
that mark the —47 to —61 control ele-
ment in that they reduce the efficiency of
transcriptional expression in vivo with-
out affecting the position at which tran-
scription initiates (Table 1 and Fig. 5).
Mutants LS —84/—74 and LS —95/—85
reduce transcriptional efficiency to ap-
proximately 10 percent of the wild-type
level, whereas mutants LS —105/—95
and LS —111/-101 effect a 20-fold re-
duction in transcription efficiency (Table
1). Linker scanning mutants that fall
upstream from nucleotide —105 (LS
~115/—-105 and LS —110/—109) affect
neither the efficiency nor the accuracy of
in vivo expression of tk mRNA.
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The genotypic alterations of LS mu-
tants that define the —80 to — 105 control
component can be divided into two cate-
gories. Mutants LS -111/-101 and
—105/-95, which reduce the efficiency
of tk mRNA expression most dramatical-
ly, alter a cytosine (C)-rich component
that reaches from nucleotide —105 to
nucleotide —97 (Fig. 2). The slightly less
marked reduction in transcription effi-
ciency effected by LS —95/—85 and LS
—84/—74 does not correlate with changes
in this C-rich DNA segment. Instead
these two mutants create multiple nucle-
otide substitutions in a segment of tk 5’
flanking DNA that is neither G-C nor AT
rich. The LS mutant —84/—74 alters the
sequence 5'-GGCGAATT-3’, which has

" been identified as a conserved element of

eukaryotic structural genes (28). It is
improbable, however, that the alteration
of this conserved sequence is responsi-
ble for the phenotype of LS —84/—74.
This conclusion is drawn from the obser-
vation that both LS —80/-70 and LS
—79/—69 alter the canonical, ‘‘CCAAT-
box’’ sequence at a number of residues
(Fig. 2) without resulting in any substan-
tial effect on transcriptional accuracy or
efficiency (Fig. 5 and Table 1).

Pseudo wild type 50 ug/wild type 50 ug
Pseudo wild type 100 pg/wild type 50 ug
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Implications of Mutants That
Fail to Alter Transcription

Of the 18 mutants tested, nine showed
no substantial phenotypic alteration.
This class included one mutant that was
immediately internal to the tk structural
gene (LS +5/+15). Since this mutant, a
deletion mutant removing nucleotides
+11 to +21 (29), and another deletion
mutant removing nucleotides +21 to +31
(the pseudo wild-type tk gene) all func-
tion normally with respect to the accura-
cy and efficiency of transcription initia-
tion, it appears that the mRNA coding
sequences of the tk gene do not play a
significant role in regulating transcrip-
tion initiation in vivo. This conclusion is
consistent with interpretations drawn
from deletion mapping experiments on
the tk gene (I8).

Linker scanning mutants upstream
from nucleotide — 105 exhibit no discern-
ible phenotypic change. Again we recall
the results of deletion mapping experi-
ments which show that sequences more
than 105 nucleotides upstream from the
transcription start site are not required

Fig. 4. Primer extension assays used to detect
mRNA derived from wild-type and pseudo
wild-type tk genes. An autoradiographic ex-
posure of a polyacrylamide electrophoresis
gel that was used to size labeled DNA frag-
ments is shown. A 40-nucleotide Bgl [I-Hha I
primer fragment was hybridized to various tk
mRNA samples then extended to the 5' termi-
nus of the mRNA with the use of avian
myeloblastosis virus reverse transcriptase
(27). From left to right, lane 1 shows the
transcript map of authentic tk mRNA derived
from HSV-infected mammalian cells. Lane 2
shows the transcript map derived from RNA
isolated from Xenopus laevis oocytes that
were microinjected with a recombinant plas-
mid carrying the wild-type tk gene. Individual
oocytes were injected with 20 to 40 nl of a
solution of covalently closed plasmid DNA
(100 pg/ml). Lanes 1 and 2 exhibit a diagnostic
set of 85 to 90 nucleotide extension products
indicative of authentic tk mRNA. When the
pseudo wild-type tk gene is injected into oo-
cytes at a concentration of 100 pg/ml, the
mRNA that was synthesized produced the
transcript map shown in lane 3. The diagnos-
tic set of extension products persists, but at a
position ten nucleotides shorter than the nor-
mal set. When the pseudo wild-type tk gene is
coinjected into oocyte nuclei with an equiva-
lent concentration of the wild-type tk gene (50
wg/ml each), an equivalent amount of tran-
scription occurs from each template (lane 4).
When the concentration of pseudo wild-type
gene in the injection medium is sequentially
doubled, no substantial increase in its tran-
scription occurs (lanes 5 to 7). The increased
ratio of pseudo wild-type to wild-type tem-
plate instead results in a proportional reduc-
tion in the expression of wild-type tk mRNA
(lanes 5 to 7). Numbers to left depict positions
of molecular weight marker fragments derived
from digestion of pBR322 with Msp I restric-
tion enzyme.
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for proper in vivo expression of the tk
gene (I8, 29, 30). It is not surprising,
therefore, that LS —119/—-109 and LS
—115/-105 exhibit no effect on tk
expression. Since sequences upstream
from residue —105, and downstream
from residue +5, are not required for
appropriate tk gene expression in vivo,
we conclude that all of the crucial tran-
scriptional signals involved in the consti-
tutive expression of tk mRNA occur
within a segment of DNA no more than
110 nucleotides in length.

Linker scanning mutants that fail to
affect transcription substantially were
found in three separate regions within
this 110-nucleotide segment of DNA: (i)
between the putative site of transcription
initiation and the TATA homology; (ii)
between the TATA homology and a G-
rich sequence located approximately 50
nucleotides upstream from the transcrip-
tion start site; and (iii) between the —50,
G-rich sequence and a C-rich sequence
located roughly 100 nucleotides up-
stream from the start site.

The existence of three ‘‘mutation in-
sensitive’’ segments between the most 5’
distal border of the transcription control
region and the transcription start site of
the tk gene is somewhat surprising. In-
deed, one such region, located between
61 and 80 nucleotides upstream from the
tk structural gene, harbors the conserved
“CCAAT-box” homology (28). It may
be that the regions we find between
functionally critical elements are in-
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volved in subtle regulatory events that
are not detected in the frog oocyte tran-
scription assay. Alternatively, the evolu-
tionary design of this particular structur-
al gene may include the use of functjon-
ally inert segments between crucial tran-
scriptional control signals. It will be of
interest to assess the effects that conden-
sation and expansion of these interstitial
segments exert on the expression of tk
mRNA in vivo.

Implications of Mutants That
Alter Transcription

Three separate segments of DNA up-
stream from the 5’ terminus of the tk
gene are sensitive to the introduction of
clustered point mutations. The pheno-
types of LS mutants that demark these
‘“‘mutation-sensitive’’ segments can be
divided into two classes. The first class
of phenotypes is characterized by mu-
tants that exhibit reduced transcription
efficiency that occurs without a concom-
itant change in the specificity of tran-
scription initiation. Mutants of this cate-
gory have been found in three separate
regions upstream from the tk structural
gene: (i) a segment of DNA between 16
and 32 nucleotides upstream from the
putative transcription start site; (i) a
segment between 47 and 61 nucleotides
from the start site; and (iii) a segment
between 80 and 105 nucleotides from the
start site. A second phenotype, exhibited

by LS mutant LS —29/—18, is character-
ized by a substantial reduction in tran-
scription efficiency that is accompanied
by an apparent alteration in the tran-
scription initiation site.

These results support those of a dele-
tion mutagenesis study of the tk gene
(18); the data of that study revealed a
‘‘quantitative transcriptional control re-
gion”’ located between 37 and 109 nucle-
otides upstream from the tk structural
gene and a ‘‘qualitative transcriptional
control region’’ located between 16 and
32 nucleotides upstream from the tk
gene. Our new results confirm the exis-
tence of these transcriptional control re-
gions, and reveal several new aspects
relevant to the nature of the DNA se-
quence signals within these control re-
gions.

The phenotypic behavior of LS mu-
tants —29/—18 and —21/—12 underscores
the role of the sequences located be-
tween 16 and 32 nucleotides upstream
from the transcription. start site. This
segment of tk 5’ flanking DNA, which
harbors the TATA homology, appeared
not to play a crucial role in transcription
efficiency when assayed by deletion
mapping (/8). Although it was found that
5’ deletion mutants missing the —16 to
—32 region fully lacked transcriptional
function, and that one 3’ deletion mutant
which terminated within the TATA ho-
mology exhibited a substantial reduction
in transcriptional efficiency, two other 3’
deletions that terminated within, or up-

Fig. 5. Primer extension assays used to detect mRNA derived from
LS mutants of the tk gene. An autoradiographic exposure of an
electrophoresis gel used to size primer extension products is shown.
Different samples of tk mRNA derived from microinjected oocytes
were hybridized to the 40-nucleotide Bgl II-Hha I primer, then ex-
" posed to avian myeloblastosis virus reverse transcriptase (27). Each
trial was carried out by injecting 64 oocytes with plasmid DNA at 100
png/ml. All trials included an equimolar ratio of pseudo wild-type tk

Linker
scanning

| signal

| Pseudo

- wild-type
signal

gene (50 pg/ml as injected) and LS gene (50 pg/ml as injected).
Injected oocytes were incubated for 24 hours before total RNA was
isolated. Primer extension assays included 10 ug of oocyte RNA (the
equivalent of two oocytes) and 2 x 10° count/min of 3?P-labeled
Bgl II-Hha I single-stranded primer DNA. Extension products mi-
grating at 75 to 80 nucleotides reflect éxpression of the pseudo wild-
type tk gene used as an internal control. Extension products migrating
at 85 to 95 nucleotides reflect expression of the different LS mutants
of the tk gene. Lanes are marked according to the identity of the LS

mutant used in each injection trial. Numbers to léft denote sizes in
nucleotides of molecular weight marker DNA fragments.

— ——

e -

Bgl Il/Hha |
primer
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stream from, the —16 to —32 region
appeared to function at or near the nor-
mal efficiency (/8). This discrepancy has
not been resolved.

In vitro transcriptional assays clearly
require an intact TATA homology for
accurate transcription by RNA polymer-
ase II (9, 10). In contrast, several in vivo
transcriptional studies raise questions
concerning the quantitative function of
the TATA homology ({2, 13, 15, 18). The
results of our study indicate that both the
accuracy and efficiency of in vivo tran-
scription of the tk gene are deleteriously
affected by mutations in the sequences
between 16 and 32 nucleotides upstream
from the putative transcription start site.
We therefore conclude that the TATA
homology of the tk gene and, possibly,
the sequences in its immediate vicinity,
represent a critical transcriptional con-
trol signal.

The TATA homology is similar in se-
quence (5'-TATAAA-3’) to its prokary-
otic counterpart, the **Pribnow box’’ (5'-
TATAAT-3"); and its position, compared
with the Pribnow box, is located only
slightly farther upstream from the tran-
scription start site (8, 9-11). The Esche-
richia coli RNA polymerase directly
contacts the bacterial promoter (3/), of
which the Pribnow box is an integral
component. The sequence similarity and
apparent functional equivalence between
the —16 to —32 transcriptional signal of
the tk gene and the prokaryotic promoter
element lead us to believe that the site of
contact between eukaryotic RNA poly-
merase 11 and the DNA of this structural
gene may occur at or near to the TATA
homology. We assume that such contact
occurs in a manner that results in accu-
rate transcription initiation at a discrete
location.

A feature that may be peculiar to the
process of transcription initiation on eu-
karyotic structural genes is the involve-
ment of 5’ flanking DNA upstream from
the putative RN A polymerase II contact
site. In vivo assays of protein-coding
eukaryotic genes have consistently dem-
onstratéd the existence of quantitatively
determinative elements located at a con-
siderable distance upstream from the
TATA homology and start-site associat-
ed sequences (12, 13, 15-18). All of these
heretofore ill-defined upstream tran-
scriptional control signals map to regions
between 50 and 400 nucleotides 5’ from
the position where transcription initia-
tion occurs. It is in this same region that
the chromatin of transcriptionally active
genes tends to display extreme sensitiv-
ity to various deoxyribonucleases (32).
Although the nature of deoxyribonucle-
ase-hypersensitive sites is not well un-
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derstood, it has been proposed that these
regions may be protein-depleted relative
to the normal nucleosomal coverage of
chromatin (33). If these two indepen-
dently defined components, deoxyribo-
nuclease-hypersensitive sites and quanti-
tative control sequences, are indeed re-
lated, it may be that the primary function
of quantitative control sequences is to
dictate the formation of an open chroma-
tin configuration near the initiation ter-
minus of structural genes.

Our results delineate two critical se-
quence components within the upstream
transcriptional control region of the tk
gene. One such component is located
between 47 and 61 nucleotides upstream
from the putative start site, and is char-
acterized by the guanosine-rich se-
quence 5'-GGGGCGGCGCGG-3'. Mu-
tation of this sequence reduces transcrip-
tion efficiency roughly tenfold. The other
component of the upstream control re-
gion lies between 80 and 105 nucleotides
upstream from the transcription start
site. Linker scanning mutants —84/—74
and —95/—-85, which mark the 3’ side of
this second component, reduce tran-
scription roughly tenfold by altering se-
quences that do not exhibit particularly
G-C- or A-T-rich properties. On the other

Table 1. Transcription efficiencies of LS mu-
tants. The relative transcription efficiency of
each linker scanning mutant was quantified by
densitometric scanning of an autoradiograph-
ic exposure shown in Fig. 5. Each lane of the
exposure was scanned by means of a soft
laser densitometric scanner. The dual optical
density peaks derived from the pseudo wild-
type transcription signal were compared for
each experiment, with the peaks assumed to
derive from the LS transcription signal.
Expression efficiency refers to the ratio of LS
transcription signal to pseudo wild-type sig-
nal, with 1.0 reflecting equivalence.

Mutant Expression
efficiency
LS —119/-109 1.20
LS —115/-105 1.36
LS —111/-101 0.04
LS —105/-95 0.03
LS —95/-85 0.12
LS -84/-74 0.09
LS -80/-70 0.87
LS -79/-69 0.70
LS -59/-49 0.08
LS -56/—-46 011
LS —47/-37 1.27
LS —42/-32 0.68
LS -29/-18 0.06*
LS -21/-12 0.07
LS -16/-6 0.96
LS -7/+3 1.04%
LS +5/+15 1.18*

*Samples where the linker scanning transcript map-
ping signal was derived from a region of the electro-
phoresis gel that did not perfectly match the position
of the wild-type transcript map.

hand, mutants LS —105/-95 and LS
—111/—101, which mark the 5’ side of
this most distal transcriptional control
component, reduce transcription effi-
ciency roughly 20-fold by disrupting the
C-rich sequence 5'-CCCCGCCC-3’ (Fig.
2).

There is strong evidence that the C-
rich sequence located between 105 and
97 nucleotides upstream from the tk gene
is critical to transcription. For example,
we know from deletion mutagenesis that
nucleotide sequences upstream from res-
idue —105 are not required for efficient
transcription in vivo (18, 30). Since the
only mutational lesions of LS —111/-101
that occur downstream from residue
—105 are the two C to G transversions at
residues —102 and —103 (Fig. 2), we
believe that they alone elicit the 20-fold
reduction in transcription efficiency
characteristic of this mutant.

It is interesting that mutants in the
guanosine-rich segment of tk 5’ flanking
DNA (LS —59/-49 and LS —56/—46)
lead to a phenotype similar to that of
mutants thHat alter the C-rich component
(LS —111/-101 and LS —105/-95). We
have noted that a perfectly complement-
ing, six base pair inverted repeat occurs
within these components. Were this in-
verted repeat to bring about an intra-
strand interaction between the G-rich
element at —50 and the C-rich element at
—100, a 42-nucleotide loop would extend
from both DNA strands in the region
separating the two elements.

The four LS mutants that are most
deleterious to the function of the up-
stream control region of the tk gene all
substitute nucleotide residues within the
six complementing pairs of this inverted
repeat. Moreover, no LS mutant or dele-
tion mutant of the tk gene has been found
that alters this inverted repeat without
concomitantly reducing transcriptional
efficiency. While we speculate that an
intrastrand interaction between these in-
verted repeats may be required for effi-
cient in vivo tk gene expression, we
stress that we have made no direct ob-
servations to support this hypothesis.
We also recall that the sequences be-
tween 84 and 95 nucleotides upstream
from the tk structural gene, which would
not complement other tk sequences in
this hypothetical stem-loop structure,
are clearly crucial to the function of the
upstream transcriptional control region
(Fig. 2 and Table 1).

We propose the following model. The
upstream control region of the tk gene
facilitates initial entry of RNA polymer-
ase Il onto the tk gene. This event allows
contact to be made between RNA poly-
merase 27d TATA. Such contact results
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in transcription initiation at a specific
site. The ethiciency of the RNA polymer-
ase entry step is dictated by the genotype
of the upstream control region. This
component of a structural gene would,
therefore, be assumed to constitute an
inherent modulatory signal that plays an
important role in governing the ultimate
abundance of the gene product within
the cell.

There are several schemes that can be
proposed to account for the initial entry
of RNA polymerase. First, the event
could result from the recognition of an
open chromatin compléex somehow dic-
tated by the upstream control sequences.
Such a model would not strictly require
that RNA polymerase recognize the up-
stream control element in a sequence-
specific manner. The open complex
might simply serve ds an entry point for
the RNA polymerase to begin a scan for
a sequence-specific recognition site such
as TATA. Alternatively, RNA polymer-
ase entry might result from specific rec-
ognition of upstream control sequences.
A variation on this second scheme would
involve the function of a transcription
factor that maintains specific affinity for
both the upstream control sequences and
the RNA polymerase molecule.

Finally, we think that the upstream
control region of the tk gene might func-
tion as a consequence of a change in its
conformation from the normal B-form
duplex to, for example, an intrastrand
stem-loop configuration. In this regard
we make special note of the recent re-
sults of Larsen and Weintraub (34) which
suggest that the deoxyribonuclease-hy-
persensitive sites of active structural
genes contain  single-stranded DNA.
Resolution of these fundamental ques-
tions with the use of a simple, constitu-
tively expressed eukaryotic structural
gene may lead to a strategy for studying
other questions of temporal and tissue-
specific gene regulation in higher orga-
nisms.
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