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The use of murine dihydrofolate reductase (dhfr) gene amplification mutants enabled us to identify important
structural and functional features of the dhfr promoter region. We found another transcription unit, at least
14 kilobases in size, which initiates within 130 base pairs of the major dhfr transcript and is transcribed
divergently. The 5’ ends of both transcripts were analyzed and found to have multiple initiation sites. The
major dhfr transcript and the divergent transcript appear to share the same promoter region; the longer
transcripts of the dhfr gene overlap with the divergent transcripts and use a different promoter region. The
divergent transcript appears to code for a protein; an homologous sequence to its first exon is found in the

corresponding location near the human dhfr gene.

Most cellular gene regulation studies have been concerned
with genes that code for proteins produced in large quantities
in specific types of terminally differentiated cells. A large
body of evidence indicates that the expression of such genes
is controlled transcriptionally (10). However, many cellular
genes, perhaps most, code for enzymes which are present at
low levels in virtually all types of cells. Studies concerning
the expression of housekeeping enzymes or proteins such as
dihydrofolate reductase (dhfr; 17, 20, 21), thymidine kinase
(15), tubulin (7, 16), and glyceraldehyde-3-phosphate dehy-
drogenase (29) indicate that the differential expression of
these genes seen as a function of cell growth or seen in
different tissues is controlled posttranscriptionally. Thus,
the factors controlling the expression of these genes differ
significantly from those controlling genes whose transcrip-
tional activity is restricted to a single type of terminally
differentiated cell. In this regard, it is important to realize
that our current understanding of RNA polymerase II pro-
moters is based almost exclusively on the structural and
functional analyses of a limited number of strong viral and
cellular promoters (5, 26). This is a very restricted set of
highly efficient and transcriptionally regulated promoters
that may have certain features not associated with the
promoters of cellular genes constitutively expressed at low
levels in all cells. To obtain a more balanced view of
promoter structure and function, it is necessary to study
more promoters that fall within the latter category. For this
reason, we focused our attention on the mouse dhfr gene,
one of the best characterized genes of this category.

The coding sequence of the dhfr gene consists of 558
nucleotides, distributed among six exons spanning a distance
of 35 kilobases (kb) (9, 27). The gene produces seven
mRNAs ranging in size from 0.75 to 5.6 kb, which differ
primarily in the length of 3’ untranslated region that they
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possess (34, 35). The 3’ ends of these mRNAs correspond to
the utilization of seven polyadenylation sites distributed
over a 5-kb region of genomic DNA at the 3’ end of the dhfr
structural gene. The use of dhfr gene amplification mutants
(2, 33) made it possible for us to detect labeled primary
transcripts from whole cells and thus determine what regions
of the dhfr gene are transcribed, even if those transcripts are
not stable. It recently was shown that transcription proceeds
at a constant level throughout the gene, including the seven
polyadenylation sites, and terminates approximately 1 kb
beyond the last polyadenylation site near a region of re-
peated DNA (12).

Although many features of dhfr gene structure and expres-
sion are well understood, the transcription initiation site has
not been accurately identified or adequately characterized.
Our studies of the dhfr promoter region revealed unexpected
structural features and functional properties. In this paper
we present evidence that the four highly conserved 48-base-
pair (bp) repeats identified earlier to be at the 5’ end of the
dhfr gene (9) function not only as a promoter for the primary
dhfr transcript but also as a promoter for a divergently
transcribed gene, despite the absence of any canonical
TATA or CAAT sequence (5). In addition, there appear to
be minor dhfr promoters further upstream which yield mul-
tiple RNA initiations and which overlap with the divergent
transcript. This divergent gene appears to code for a protein,
and the first exon has strong homology with a region present
in the same position relative to the human dhfr gene. These
results combined with previous results (20, 21) show that
transcription of the mouse dhfr gene is strikingly different
from most of the genes studied to date: the promoter region
lacks consensus promoter sequences and functions
bidirectionally, there are minor dhfr promoters which over-
lap with divergent transcripts, and variations in mRNA
levels are not due to transcriptional regulation.

MATERIALS AND METHODS

DNA probes. The isolation and characterization of A\Ch4A
phage containing portions of the mouse dhfr gene was de-
scribed previously (9), as were some of the subclones used
here (9, 12). To prepare the probes, fragments were cloned
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FIG. 1. Transcriptional activity measurements of sequences in the dhfr gene region. S180-M500 cells were pulse-labeled with [*H]uridine
for 5 min, and total RNA was isolated. The [P HJRNA was hybridized to filters containing DNA corresponding to the regions of the dhfr gene
as depicted at the bottom of the figure. The thin line represents genomic DNA, and the thick line represents the genomic DNA within the dhfr
structural gene. The wide bars designate the six exons of the dhfr gene, and the open boxes on either end indicate the untranslated regions
in the mRNA. The hatched bars indicate the amount of hybridization detected by each probe (shown in parts per million per kb). There was
no detectable hybridization of pulse-labeled RNA from the parent (S180) cell line to any of these probes, indicating that the signal detected

was coming from the amplified DNA.

directly from low-melting-point agarose gels into the indi-
cated vector (8). pDRS6 is the 0.6-kb EcoRI-Stul fragment of
the 2.9-kb EcoRI fragment of \Ch4 ADHFR121 cloned into
the EcoRI-HindlII site of pEMBLS. pDPR13 is the 1.3-kb
Pvull-EcoRI fragment of the same 2.9-kb EcoRI fragment as
that of pDRS6 cloned into the Pvull-EcoRlI sites of pPEMBLS9.
pDRR29 is the 2.9-kb EcoRI-EcoRV fragment of the 6.4-kb
fragment of \Ch4 ADHFR121 cloned into the EcoRI-EcoRV
sites of pBR327. pDRR9 is the 0.9-kb EcoRV-EcoRI frag-
ment of the same 6.4-kb EcoRI fragment cloned into the
EcoRI-EcoRV sites of pPBR327. pDHHS is the 0.8-kb HindIII-
HindIl fragment of the 3.4-kb HindIIl fragment of
ACh4ADHFRI121 cloned into the HindIII-HindII sites of
pUCS8. mDRR9 and mDHHS are the cloned inserts of pPDRR9
and pDHHS inserted into the equivalent sites of both mp10
and mpll. mDRT10 is the 1.0-kb EcoRI-Tagl fragment of the
3.4-kb EcoRI fragment of \Ch4 ADHFR121 cloned into the
EcoRI-Accl sites of mp8 and mpl1.

Transcription level measurements. The level of transcrip-
tion of the dhfr gene region was performed by labeling
S180-M500 cells for 5 min with [*H]uridine and hybridizing
to DNA probes on filters as previously described (21).

UV transcription mapping. One day before irradiation,
S180-M500 cells were split at a ratio of 1:2 into 100-mm
tissue culture dishes. The next day, the medium was de-
canted and saved, and the dishes were rinsed twice with
Dulbecco phosphate-buffered saline without calcium or mag-
nesium (PBS) and exposed in S ml of PBS to measured
dosages of UV light from a germicidal lamp. Three dishes
were exposed at one time. The PBS was decanted, and the
cells were incubated for 30 min in the dark in the reserved
medium. The medium was then decanted, and the cells were
rinsed with PBS and labeled for 6 min in 1.5 ml of Eagle
minimal essential medium with 225 pCi of [*Hluridine as
previously described (21). Cells were harvested, and RNA
was isolated as described previously (21).

S1 nuclease mapping. Uniformly labeled probes for S1
nuclease mapping were made from mDRT10 in a modifica-
tion of the method described by Ley et al. (19). mDRT10
(4pg) with the insert in the desired orientation was mixed
with 30 ng of M13 sequencing primer pentadecamer (New
England BioLabs, Inc.) and 2 ul of Poll buffer (70 mM Tris
[pH 7.5], 120 mM MgCl,, 500 mM NaCl) in a final volume of
25 ul and incubated in a boiling water bath for S min. Then
it was allowed to anneal at room temperature for 45 min.
After the annealing step, the following reagents were added:
20 pl of nucleotide mix (0.25-strength Poll buffer, 125 pM
dGTP and dATP, 62.5 uM dCTP and dTTP), 2 ul of 0.1 M
dithiothreitol, 4 ul (40 wCi) of [*?P}dCTP, 4 ul of [>*2P]dTTP,
and 1 pl of Klenow fragment of DNA polymerase I (1 U).
After incubation for 30 min at 37°C, the reaction was
terminated, and the DN A was precipitated by the addition of
a solution consisting of 5 pl of 0.1 M EDTA, 34 pl of 7.5 M
ammonium acetate, and 200 pl of ethanol. After precipita-
tion, the DNA was redissolved and restricted as desired. A
full-length probe was generated by restriction with EcoRI
and HindIII; smaller probes were made by further restriction
digestion of this fragment. Probes were purified by prepara-
tive gel electrophoresis in agarose, followed by extraction
with phenol (36), or electroluted from acrylamide urea
sequencing gels.

A 5’-end-labeled probe corresponding to the above probe
was made by labeling the Tagl sites of pdhfr2.9 with T4
polynucleotide kinase (22), followed by restriction with
EcoRI and purification of the desired fragment.

For hybridization and S1 nuclease treatment (11), DNA
and RNA were mixed together and ethanol precipitated.
They were redissolved in 16 pl of deionized formamide,
incubated for 12 min at 85°C, and quick-chilled on ice. A 4-pl
volume of buffer was added to bring the solution to a final
concentration of 80% formamide—40 mM PIPES [piperazine-
N,N'-bis(2-ethanesulfonic acid; pH 6.4}-400 mM NaCl. Af-
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FIG. 2. Effects of UV irradiation on transcriptional activity in the dhfr gene region. S180-M500 cells were irradiated with UV at the doses
indicated and 30 min later were pulse-labeled with [*H]uridine for 6 min. Total RNA was prepared and hybridized to filters containing probes
5’ of the dhfr gene (A) or in the dhfr gene (B). For each probe the amount of [PHJRNA hybridized is expressed as a percentage of control values
(non-UV treated) and plotted as a function of increasing UV dosage. In each case the RNA was partially broken with alkali before
hybridization.

ter incubation at 54°C overnight, 300 ul of cold S1 solution by the addition of 85 ul of stop solution (2.4 M ammonium
was added (50 mM sodium acetate [pH 4.6], 150 mM NaCl, acetate, 60 mM EDTA, 120 pg of glycogen per ml) and 410
1 mM ZnCl,, 300 U of nuclease S1 per ml), followed by wl of isopropanol. Pellets were washed with 70% ethanol,
incubation at 37°C for 30 min. The samples were precipitated dissolved in 8 M urea, and electrophoresed on 6% acryl-
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FIG. 3. Sensitivity to UV irradiation as a function of genomic
distance. The slopes of the UV inactivation graphs of Fig. 2 are

plotted as a function of the genomic map position of each probe
used.

amide urea sequencing gels (22). Hybridizations were done
in DNA excess; the incubation conditions effectively pre-
vented probe renaturation (see Fig. 6b, lanes 2, S, 8, and 11).

Primer extension. The desired labeled primer was hybrid-
ized to RNA as above and then ethanol precipitated. cDNA
was synthesized in a reaction containing 100 mM
Tris - hydrochloride (pH 8.3), 100 mM KCIl, 8 mM MgCl,,
0.5 mM dithiothreitol, 500 pM each of the four deoxynucleo-
side triphosphates, and 5 U of avian myeloblastosis virus
reverse transcriptase (Life Sciences, Inc.) for 1 h at 42°C (3).
The DNA was ethanol precipitated and then electrophoresed
as described above.

RESULTS

Transcription occurs for at least 14 kb 5’ of the dhfr gene.
The mouse S180-M500 cell line contains approximately 1,000
copies of the dhfr gene, and due to this gene amplification, it
is possible to isolate enough pulse-labeled RNA to measure
transcriptional activity throughout the dhfr gene region. We
used this technique, which had been used previously to
define the 3’ boundary of the dhfr transcription unit (12), in
an effort to identify the 5’ end of the dhfr transcription unit.
Pulse-labeled total RNA from the S180-MS500 cells was
hybridized to unique sequences throughout the dhfr struc-
tural gene and 5’'-flanking region (Fig. 1). Contrary to our
expectation, approximately equal levels of transcription
were found up to at least 14 kb 5’ of the dhfr ATG.

The dhfr 5'-flanking region contains transcription initiation
sites for two genes that are transcribed in opposite directions.
UV transcription mapping (32) was performed to determine
how many transcription units were present in this region.
This technique relies on the apparent inability of RNA
polymerase to transcribe through DNA damaged by UV
irradiation. Therefore, the greater the distance of a region of
DNA from the promoter, the greater the sensitivity to UV
irradiation due to an increasing target size. The experiments
were done by irradiating cells with various doses of short-
wave UV light, incubating to allow all previously initiated
polymerases to run off, and then pulse-labeling cells as
above (Fig. 2).

The slopes of the semi-log plots in Fig. 2 are linearly
related to the distance from the promoter of a given segment
of DNA (32). A graph of the slope versus distance along the
DNA is given in Fig. 3. From the graph, one can see that
with increasing distance from pDSa7 through the dhfr gene
there was increasing sensitivity to UV light, as expected for
one transcription unit. The same was also true with increas-
ing distance upstream of pDSa7, from pDHHS to pDRS6. It
is clear that these sequences are not part of the dhfr
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FIG. 4. S1 nuclease analysis of the dhfr S’ end with uniformly
labeled and 5’-end-labeled probes. (A) A uniformly labeled, 1-kb
probe from mDRT10 was hybridized to S180-M500 RNA, treated
with S1 nuclease, and electrophoresed as described in the text. The
size markers are 5'-end-labeled ®X-Haelll fragments. Lanes: 1, 9
ng of total RNA; 2, 10 pg of cytoplasmic RNA. (B) Lane 1, A
uniformly labeled probe was hybridized to 9 g of total S180-M500
RNA; lane 2, the same 1-kb fragment of DNA as in lane 1 was 5’ end
labeled at the Tagl site (see Fig. 6B) and hybridized as above to 9 pg
of S180-M500 total RNA; lane 3, the end-labeled probe was hybrid-
ized to 1.2 pg of S180-M500 polyadenylated RNA; lane 4, the
end-labeled probe was hybridized to 10 pg of S180-MS00 cytoplas-
mic RNA.

transcription unit; instead, they appear to form part of a
separate transcription unit, transcribed in the opposite direc-
tion from dhfr.

The two transcripts are transcribed from different strands
of DNA. The UV transcription mapping results indicated that
the separate transcription units were transcribed in opposite
directions and thus must utilize different strands of DNA as
templates for transcription. To confirm this result, various
segments of the region were cloned into M13 phage in both
orientations, and each strand was hybridized with pulse-
labeled RNA as in Fig. 1. The results (Table 1) show that
essentially all of the dhfr cDNA hybridization was to one
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TABLE 1. Strand-specific measurement of transcriptional activity
flanking the 5’ end of the dhfr gene®

Activity in:
Genomic DNA - - -
strand (relative 5'-flanking region dhfr gene
to DHFR) mDRR9  mDHH8  mDRTI0  (mDHFR1)
+ 0 10 4 200
- 230 350 100 7

2 S180-MS00 cells were pulse-labeled for 5 min with [*H]uridine, and total
RNA was extracted. The amount of radioactive RNA complementary to each
single-stranded probe was determined and expressed as parts per million
hybridized per kb of DNA.

strand. Two clones of segments which are further 5’ of the
dhfr gene, mDHH8 and mDRR9 (see Fig. 1 for locations),
showed hybridization only to the strand opposite that of the
dhfr gene, confirming the UV transcription mapping results.
There was significant hybridization to both strands of
mDRT]10, a probe with a 1-kb insert spanning the presump-
tive initiation sites of the two divergent transcription units.

Both transcription units are sensitive to a-amanitin. To
determine whether the divergent transcripts were tran-
scribed by RNA polymerase II, the a-amanitin sensitivity of
pDHHS8 and pDRR9 was determined. Transcription from
each of these regions was as sensitive to a-amanitin as was
transcription from the dhfr gene (Table 2). Note that all the
transcription from pDHHS8, which was anomalously high
(Fig. 1), was inhibited by a-amanitin.

The dhfr transcripts have multiple 5’ ends. The experi-
ments shown above indicated that there were no sequences
5’ of mDRT10 which were part of the dhfr gene and therefore
implied that sequences from the 5’ end of the dhfr RNA must
be in this region. Consequently, sequences from mDRT10
were used to map the 5’ end of the dhfr mRN A by hybridiza-
tion and treatment with S1 nuclease. To detect any RNA in
this region, whether or not it extended to the dhfr coding
sequences, uniformly labeled DNA was used as a probe.
These probes were made, as described in detail above, by
cloning the desired sequence into an M13 vector, replicating
across the cloned sequence, and excising the double-
stranded labeled fragment. The isolated fragment, labeled in
only one strand, was hybridized to RNA and then treated
with S1 nuclease as described above. The clone used to map
the dhfr DNA, mDRTI10, contains an insert in M13mp8
covering the regions from a Tagl site just inside the dhfr
coding sequence to an EcoRlI site located 1 kb upstream. The
result of hybridization of this probe to RNA from S180-M500
cells is shown in Fig. 4A. There was a major band of 122
nucleotides, a series of bands from 270 to 310 nucleotides,
with the most prominent being at 310 nucleotides, and a

TABLE 2. Transcript sensitivity to a-amanitin
[>*P]RNA hybridized (ppm/kb)

a-Amanitin
pDHFR21 pDHHS8 pDRR9Y
- 230 440 270
+ 10 S 0

2 S180-M500 nuclei were incubated in vitro with [*?PJUTP in the presence
or absence of 1 ug of a-amanitin per ml as described previously (20).
[>?PIRNA was prepared and hybridized to the probes indicated. Hybridiza-
tions were done in triplicate with an increasing amount of input [>P]RNA,
ranging from 1 X 10° to 5 x 10° cpm. Fifty parts per million were bound to
background filters. The results of one experiment are shown.
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FIG. 5. Primer extension analysis of the dhfr 5’ end. A DNA
fragment uniformly labeled by T4 DNA polymerase extending from
a Ddel site 73 bp upstream of the dhfr AUG to the Tagql site just
downstream of the AUG was hybridized to S180-M500 RNA as for
S1 analysis. (Because of the particular clone used, the primer
contained an additional 2 bp beyond the Tagl site.) After hybridiza-
tion, the DNA was ethanol precipitated, redissolved, and extended
with reverse transcriptase as described in the text. After ethanol
precipitation, the products were electrophoresed on a urea
acrylamide gel. Lane 1, Primer before reaction; lane 2, primer
extension products. The band slightly above the primer is the primer
with the Ddel site filled in by the reverse transcriptase. Both lanes
are from a 1-h exposure. Lanes 3 and 4 are 16-h exposures of lanes
1 and 2. The bands below the primer are degradation products of the
primer.

triplet from 500 to 560 nucleotides. The middle series of
bands is markedly reduced in cytoplasmic RNA. Because
the probe was uniformly labeled, it was not possible, without
additional information (see below), to assign the position of
the nuclease-protected fragments within mDRT10.

To determine which of the RNA species continued
through to the Tagl end of the probe, near the start of dhfr
translation, the dhfr fragment present in mDRT10 was end
labeled at the Tagql site with T4 polynucleotide kinase. This
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FIG. 6. S1 nuclease analysis of the divergent transcript with uniformly labeled probes. (a) A uniformly labeled, 1-kb probe from mDRT10
in the opposite orientation to that in Fig. 4 was hybridized to 9 ug of total RNA (lane 1) and to 10 pg of cytoplasmic RNA (lane 2) and treated
with S1 nuclease as before. (b) The probe used in Fig. 6a was further restricted with Aval, and the resulting four fragments were isolated and
individually hybridized to total RNA. Lanes 1, 4, 7, and 10 are the isolated fragments before hybridization; lanes 2, S, 8, and 11 are hybridized
and treated with S1 nuclease without added RNA; and lanes 3, 6, 9, and 12 are hybridizations of the indicated fragment with 27 pg of
S180-M500 total RNA. Below the lanes is a diagram of the mDRT10 probe. The parentheses indicate the location of the fourfold 48-bp repeat.
(c) Lanes 1, Full-length mDRT10 probe; 2, hybridization of the probe in lane 1 to 9 pg of S180-M500 RNA; 3, 378-bp internal Bg/I fragment
of the probe in lane 1; 4, Bgll fragment hybridized to 9 g of S180-M500 RNA.

fragment was then hybridized under the same conditions as
above (Fig. 4B). The size distribution of nuclease-protected
fragments was virtually the same for the end-labeled and
uniformly labeled probes. The small difference in size be-
tween the lower bands in lanes 1 and 2, 3, and 4 was due to
the additional nucleotides that the uniformly labeled probe
had on the Tagl end which were complementary to the RNA
and which were not present in the end-labeled probe. Be-
cause the same bands were present with the end-labeled
probe as with the uniformly labeled probe, it can be con-
cluded that all of the observed RNA species were colinear
with the genomic DNA from the ATG upstream to the 5’ end
of the RNA. There is one band of approximately 100
nucleotides seen with the uniformly labeled probe which is
not observed with the end-labeled probe, and we are not sure

whether this represents a breakdown product of the probe or
a minor RNA species which does not extend to the ATG.
Both cytoplasmic RNA and polyadenylic acid-containing
RNA were greatly depleted in the RNA responsible for the
270- to 310-nucleotide fragments.

As another method of analyzing the 5’ end of the dhfr
RNA, an 85-bp fragment of DNA from the 5’ end of exon I
was labeled, hybridized to total RNA, and incubated with
reverse transcriptase and deoxynucleoside triphosphates
(see above) (Fig. 5). A short exposure of the primer-
extended product (lane 2) revealed only a single band, other
than that of the primer, at 122 nucleotides. Thus the reverse
transcriptase extended the primer to the same position as
that protected by S1 nuclease and corresponded to a major 5’
end at approximately —115 nucleotides from the ATG. A
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longer exposure of the primer extension product (Fig. 5, lane
4) showed bands extending up to 250 nucleotides, and an
even longer exposure (not shown) revealed products more
than 500 nucleotides in length. The bands corresponding to
products longer than 122 nucleotides were clearly present in
much lower concentration than those observed in the S1
analysis. We attribute the weakness of the upper bands in
the primer extension to the relatively long transcripts that
must be made and in particular to the highly GC-rich region
beyond the 122 nucleotide length (see Fig. 9), which could be
difficult for the reverse transcriptase to transcribe.

The divergent transcript also has multiple 5’ ends. The
results presented above (Fig. 1, 2, and 3 and Table 1)
suggested that the promoter for the divergent transcript
should be found within the region cloned in mDRT10.
Although only a small part of this transcript might be stable,
it was likely that part of the stable transcript should be at the
very 5’ end of the transcription unit, as the first exon.
Therefore, a uniformly labeled hybridization probe was used
a® before, with the same sequence as in mDRT10 cloned in
the opposite orientation of M13 so that the opposite strand
from above would be labeled. The result of hybridizing this
probe to the same total RNA as before is shown in Fig. 6a.
There were clearly substantial amounts of complementary
RNA present. In fact, when probes of equal specific activity
were hybridized to equivalent amounts of RNA, the sum of
the intensity of the bands produced by the probe hybridizing
to the upstream transcript was equal to, if not greater than,
the sum of the intensities of the dhfr bands (results not
shown). The pattern of bands was complex, with a minor
band of more than 700 nucleotides and an array of major
bands ranging in size from 190 to 250 nucleotides. All but the
band at 700 nucleotides were found in cytoplasmic RNA
(lane 2).

In an effort to determine which parts of the uniformly
labeled probe were responsible for the observed hybridiza-
tion, the double-stranded, labeled insert was further re-
stricted with Aval, to give the four fragments indicated at the
bottom of Fig. 6b. Each of these fragments was isolated by
gel electrophoresis and individually hybridized to S180-
MS00 total RNA. The results (Fig. 6b) indicated that none of
the fragments showed any hybridization without RNA but
that each of the four fragments hybridized to the RNA. Only
part of fragment A hybridized to the RNA, and the RNA
which hybridized gave multiple-sized bands, with a length
distribution of approximately 100 to 155 bp, whose range of
55 bp is similar to that shown by the bands in the full-length
probe. The next fragment 5’, D, showed two discrete bands
of hybridization: a full-length band and a band ap-
proximately 84 nucleotides in length. Fragments B and C
showed only full-length hybridization, although there is an
indication of a band slightly smaller than full length in
fragment C.

To check the positioning of the nuclease-protected frag-
ments within mDRT10, S180-M500 RNA was hybridized
with both a full-length probe and an internal 378-bp Bgll
fragment, whose location is indicated at the bottom of Fig.
6b (Fig. 6¢). Both probes showed nearly identical multiple
bands of 190 to 250 nucleotides in length. The only difference
was that the top band of this series, at approximately 250
nucleotides, was missing in lane 4 and the next lower band
was correspondingly more intense. Also, the band in lane 2
of approximately 700 nucleotides was replaced in lane 4 with
a series of bands ranging in size from 330 to 380 bp.

The results of these experiments can be explained as
follows. The 378-nucleotide Bgll fragment when hybridized
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to total RN A yielded nearly the same pattern of bands of 190
to 250 nucleotides as that given by the full-length probe. The
only exception is that the top band in this group was
shortened. Therefore, most of the hybridizing RNA that
yields this series of bands must have come from the Bgll
fragment. The 84-nucleotide band observed with fragment D
when added to the sizes of the bands observed with fragment
A gives the sizes of bands seen with the full-length probe.
Therefore, the RNA of this series must have started from
various points in fragment A and have a unique termination
site in fragment D, 84 nucleotides from the Aval site. On the
basis of sequence analysis, we believe this apparent termina-
tion site is actually the result of a splice to downstream
sequences (see below). The size of the top band of this series
would extend just beyond the Bgll site in fragment A,
accounting for the shortened size observed when the internal
Bgll fragment was used for the hybridization. The bands
corresponding to higher-molecular-weight species observed
in Fig. 6a and ¢ were due to another population of RNA
which begins in the same region of fragment A as the shorter
RNA molecules but extends throughout the rest of the probe
to the EcoRlI site. As these RNA molecules were not present
in cytoplasmic RNA, we believe they represent unspliced
transcripts (see below). This longer RNA appeared homo-
geneous in Fig. 6a, lane 1, and Fig. 6¢, lane 2, but the use of
the shorter Bgll fragment in Fig. 6c, lane 4, revealed the
heterogeneity in this longer RNA, with the bands ranging in
size from 330 to 380 nucleotides.

A summary of the transcripts from both strands is given in
Fig. 7. It can be seen that although the major dhfr transcript
and the divergent transcripts are separated by more than 100
bp, the minor upstream dhfr transcripts actually overlap with
the divergent transcript.

DISCUSSION

The dhfr transcription unit is approximately 36 kb. The
work presented here combined with our previous results (12)
serve to define the boundaries of the dhfr transcription unit.
Hybridization of pulse-labeled RNA to filter-bound DNA
showed that there was no transcription on the dhfr strand
further than 1 kb 5’ of the dhfr ATG, and the level of
hybridization to the probe mDRT10 suggested that transcrip-
tion initiated within several hundred nucleotides of the ATG.
The results of the S1 nuclease analysis were consistent with
this result, as there were no detectable transcripts further
than 600 bp from the ATG. Previous work has shown that
transcription terminates approximately 6 kb from 3’ of the
dhfr termination codon (12). The data from the UV mapping
experiments suggested that all of the transcribed RNA was
due to initiation in the same region and that there was no
significant transcription initiation within the transcribed
DNA. Therefore, the entire dhfr transcription unit, from
initiation to termination, is approximately 36 kb.

It is clear from the results presented in Fig. 4 that dhfr
mRNA has multiple 5’ ends. We do not believe they repre-
sent artifactual degradation products, as the same pattern
has been observed from different RN A preparations, includ-
ing total RNA preparations isolated by a guanidinium thi-
ocyanate procedure. Several lines of evidence suggest that
these multiple ends are the result of multiple initiations,
rather than the result of posttranscriptional processing. The
5’ ends do not appear to be due to normal splicing events, as
there is no evidence for sequences on the 5’ end of the RNA
which are noncontiguous in the DNA; none of the 5’ ends are
near sequences which resemble consensus splice acceptor
sites; and all of the ends, except the major one at —115, are
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dhfr Transcripts

A\ial Bgi | Aval A\ial Bgll ATG
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Divergent Transcripts

FIG. 7. Map of the RNA transcripts near the 5’ end of the dhfr gene. The central line represents the sequence contained in mDRT10, as
shown in Fig. 6b. The dhfr transcripts are indicated above the lines, and the divergent transcripts are indicated below the line. The 48-bp
repeats are indicated, as are the ATG for dhfr and the presumed ATG and splice junction for the divergent transcript. Portions of the
transcripts not seen in cytoplasmic RNA are indicated by a dotted line.

part of a staggered series. Likewise, there is no evidence in
the literature for processing steps which remove sequences
from the 5' end of RNA polymerase II transcripts. In
addition, if all transcripts initiated at the site of the longest
transcript, we would expect the hybridization observed with
mDRT10 in Table 1 to be approximately 2.5-fold greater than
that actually observed.

Simonsen et al. (37) and McGrogan et al. (23), who first
discovered the multiple 5’ ends of dhfr mRNA, also con-
cluded that these ends were the result of multiple initiations,
and McGrogan et al. (23) showed that at least two different
regions could serve as promoters in transfection experi-
ments. The transcripts with 5’ ends at —115 nucleotides and
between —500 and —560 nucleotides have the same relative
abundance in total, polyadenylated, and cytoplasmic RNA
(Fig. 4) as would be expected for independent transcripts. In
contrast, the transcripts with 5’ ends from —270 to —310
nucleotides are present at a much lower concentration in
polyadenylated and cytoplasmic RNA than in total RNA
(Fig. 4). Although it is possible that these transcripts do
represent a precursor to the —115 nucleotide transcript, we
favor the view that either they are unstable out of the
nucleus or they fail to be transported from the nucleus.
Either case would be interesting. One would expect, unless
the site of initiation influences transcription termination and
processing in some fashion, that the 3’ portions of the dhfr
transcripts would be established independently of the 5’ end.
This would suggest that the lack of mRNA sequences with 5’
ends from —270 to —310 nucleotides in the cytoplasm would
be due to sequences in the 5’ untranslated region of the
RNA.

Multiple initiation sites for transcription of a gene have

been observed in other systems: a zein gene in maize (18),
the e-globin gene of humans (1), the ADH gene of
Drosophila melanogaster (4), and the a-amylase gene of
mice (38). In the last two cases, the 5’ ends are correlated
with tissue specificity, but the reason for the existence of
multiple 5’ ends is less clear in the first two examples. The
situation is more complex in the dhfr gene, for there are
multiple 5’ ends within each of the longer classes of tran-
scripts. In addition, there are seven different size classes of
dhfr mRNA, based on variations in the 3’ untranslated
region content of the mRNA. We do not know how the 5’
and 3’ heterogeneity fit together. The simplest hypothesis
would be that 5’ and 3’ lengths are independent, so that
every transcript would have a certain probability of contain-
ing a given 5’ and 3’ end.

The divergent transcript appears to code for a spliced
mRNA. We identified the 5’ ends and the first exon of the
divergent transcript. The results of single-strand hybridiza-
tion measurements (Table 1) showed that hybridization to
the negative strand of mDRT10 (relative to dhfr) was lower
than would be expected if the entire fragment were tran-
scribed, suggesting that transcription initiated within this
fragment. (In fact, the level of transcription was lower than
expected for the observed transcript; the expected measure-
ment would be about 1.5-fold higher, if we assume that the
level of transcription in mDRT10 should be equal to that of
the probes further 5’, such as pDRRY). Both the longer set of
protected fragments, which gave a band of approximately
700 nucleotides, and the shorter set of protected fragments,
which gave bands of 190 to 250 nucleotides (Fig. 6a),
appeared to result from initiation over a 60-bp region of
DNA from approximately —245 to —305 nucleotides relative
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FIG. 8. Comparison of the region surrounding —490 and a con-
sensus splice donor sequence. Shown in the top line is the sequence
of the putative splice site in the divergent gene from nucleotides
—486 to —497, numbered from the ATG of the dhfr gene (23). Below
is given the consensus donor splice sequence from Breathnach and
Chambon (5).

to the dhfr AUG. The longer set of transcripts were continu-
ous throughout the rest of the probe to the EcoRI site,
whereas the shorter transcripts terminated at —490
nucleotides. Inspection of the DNA sequence in this region
(23) reveals an ATG at —357 nucleotides, followed by an
in-frame open reading frame which extends to —528
nucleotides. Furthermore, the sequences around —490
nucleotides are an almost perfect consensus splice donor
sequence (Fig. 8). Therefore, it appears that the shorter
series of transcripts represent a spliced transcript and that
the first exon of this RNA extends from the site of initiation
to —490 nucleotides. Although this RNA is transcribed by
RNA polymerase II, appears to be spliced, is polyadenylated
and cytoplasmic, and has an open reading frame, we cannot
be sure that it is translated until we find the corresponding
protein product. This RNA appears to be amplified to the
same extent as the dhfr mRNA. Various attempts have been
made to look for amplified proteins other than dhfr in these
and similar cells, without success. It may be that the protein
made from this RNA is translated inefficiently, is unstable,
or is obscured by more abundant proteins in various gel
electrophoresis systems.

It is interesting to note that the minor transcripts yielding
the longer set of fragments are unspliced and are found only
in the nucleus and not in the cytoplasm (Fig. 6a). For a
presumptive intermediate, their abundance in total RNA is
relatively high (we estimate approximately 5%).

We cannot yet explain the high level of transcription
observed with the pDHHS8 probe. This probe, in either
double-stranded form (Fig. 1) or single-stranded form (Table
1), gave up to twofold more hybridization than expected on
the basis of other surrounding probes. pPDHHS has 260 bp of
overlap with the mDRT10 probe and extends approximately
500 bp further 5’. This probe appears to be unique. It is
possible that the high level of transcription was due to an

TGCGGEGACCGEGCCTT
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undetected repeated sequence (although no hybridization
was detected to RNA from the unamplified parental cell line)
or to an additional transcript which does not extend as far as
pDRRY, 3 kb from pDHHS. It is interesting to note that an in
vitro promoter was mapped in the human dhfr gene region to
a location analagous to the position of pPDHHS in the mouse
(6; see below). Another puzzle is the result of the UV
transcription mapping shown in Fig. 3. It is clear from this
result that there are divergent transcripts in this region, but
the different slopes for the two transcripts observed in Fig. 3
are unexpected. We are unsure whether the different slopes
are the result of experimental variables or whether they are
an indication of some biological differences in the tran-
scripts, such as significant differences in the T content of the
genes.

The two divergently transcribed genes share the same
promoter region. As explained above, we believe that the 5’
ends of the transcripts that we identified correspond to sites
of transcription initiation. Therefore, we would expect to
find the promoters for transcription just upstream of these 5’
ends. The 5’ end of the most prominent dhfr transcript, at
—115 nucleotides, is found in the fourth copy of a striking
48-bp repeat (Fig. 9). There is no classical TATA box
upstream; there is a CACAATA sequence 20 bp upstream of
the transcript start, but there is no evidence that this
sequence has any effect on dhfr transcription.

The longest transcripts of the divergently transcribed gene
initiate within the first copy of the 48-bp repeat (Fig. 7).
Because the four copies of the repeats are so similar (Fig. 9),
the same sequences are apparently able to serve as promot-
ers for both transcripts. One question which remains un-
answered is why only the copy of the repeated sequence
closest to the gene is used to initiate transcription. The few
differences between repeats may be significant, or an addi-
tion effect of the repeats may be necessary for initiation.
There is no sequence in the negative strand of these repeats
which has any semblance to a TATA box, so we hypothesize
that: (i) a TATA box is not a necessary part of all eucaryotic
promoters, and (ii) the same region of DNA can serve as a
promoter for divergent transcripts.

Both of the above statements may be true for a number of
eucaryotic genes and not just dhfr. For example, none of the
multiple initiations 5’ of the major cap site of the human
e-globin gene have identifiable TATA boxes (1). We specu-
late that many genes which are expressed at relatively low
levels will be found to have promoter regions different from
those found on genes expressed at high levels, which in-
cludes most of the genes which have been analyzed closely.
Another gene of the same type as dhfr, the hypoxanthine

GGGGGCGGAGCCTTAGCTACACAAATAGAA

|-228

T6C6CG6GCGGGCCTTGGTGGGGGCGGGGCCTTAGCTGCACAAATAGGA

|-180

TGCGCGGCGGGCCTTGGTAGGGGCGGAGCCTTAGCTGCACAAATAGGA

|-132

T6CGCGGCGGGCCTTGGTGGG6G6G6CG66G6G6CCTAAGCTGCGCAAGTGGTA
a2 2 R Y

FIG. .9. Sequence of the major promoter region for the dhfr gene and. the divergent transcript. Shown is the sequence from —84 to —272
nucleotides upstream of the dhfr ATG, with each line representing a copy of the 48-bp repeat. The bases underlined differ in sequence from
the second copy of the repeat. A gap has been introduced into the first copy of the repeat to better align the sequence. The arrows denote

the approximate locations of RNA 5’ ends. The BglI site is underlined .
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FIG. 10. Matrix homology analysis of the mouse and human d/ifr genes. The 5’-flanking sequences of the human dhfr gene (6) and mouse
dhfr gene (23) were compared by using the program of Pustell and .Kafatos (30) as supplied by International Biotechnologies Inc. Some minor
changes in the mouse sequence, detected in a partial resequencing of the region, were incorporated into the comparison. The ATG of dhfr
is assigned base no. 1. The parameters used for this plot were a range of 20, a scale factor of 0.95, and a minimum value plotted of 60%. The
letters represent the minimum value of the match, with A = 100% to Z = 50 to 51% (see reference 30 for a more complete description).

phosphoribosyltransferase gene, also is lacking a TATA box
and has a 5’ region which is highly rich in GC (25). We also
note that there is a homology between the distal signals of
the herpesvirus thymidine kinase gene (24) and sequences
within each copy of the 48-bp repeat. The 5'-GGGCGG-3’
sequence of the first distal signal is found in each copy of the
repeat, and three of the four copies of the repeat have a
longer homology with the inverted version of this sequence

found in the second distal signal, 5'-CCCCGCCC-3'. It is
interesting that the second distal signal has been found to
function in both orientations. This region also shares homol-
ogy with corresponding sequences in the 21-bp repeats of the
simian virus 40 promoter, which are important for both early
and late transcription (13, 14). We also find five copies of the
sequence CCGCCC within 50 bp of the dhfr 5’ ends at —500
to —560 nucleotides.
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One of the most interesting comparisons of this region is
with the putative promoter region of 3-hydroxy-3-methylglu-
taryl coenzyme A reductase (HMG CoA reductase) (31). In
HMG CoA reductase, there are three blocks of CCGCCC
imbedded in a GC-rich region and there is no identifiable
TATA box. The HMG CoA reductase mRNA also has
multiple 5’ ends, although these are present within a region
of only 90 nucleotides. In this respect, it is important to note
that the major dhfr transcript at —115 nucleotides appears to
have a precise start. It may be that there are elements within
the 48-bp repeat, missing in the HMG CoA reductase gene,
which serve to position accurately the start of this transcript.
This most logically would be the CACAAATA sequence in
the 48-bp repeats which bears some resemblance to the
TATA box, which appears to position the start site of
transcription (5, 26). The CACAAATA sequence is not
present in the complementary strand of DNA, and so the
divergent transcript has heterogeneous starts. Other than
transcripts within certain gene families, we are unaware of
any other chromosomal genes in higher eucaryotes that have
divergent mRNA transcripts. If such divergent transcripts
were to be found chiefly among housekeeping genes, the
failure to find divergently transcribed genes could be ex-
plained by the relatively few genes examined to date and by
the failure to look for such transcripts. Padgett et al. (28)
found a presumptive mRNA transcript in a restriction frag-
ment immediately 5’ of a fragment hybridizing to the CAD
gene. This transcript was not further characterized, and it is
not clear from which strand it came, but it may be another
example of a divergent transcript.

The mouse and human dhfr promoter regions share many
features. The sequences of the 5’ region of the mouse dhfr
gene (23) were compared by matrix homology analysis (30)
with the equivalent region of the human dhfr gene (6), the
only other eucaryotic dhfr gene sequenced in this region. A
similar comparison was made by Chen et al. (6), but the use
of the Pustell program (Fig. 10) gave a lower background
than that of Chen et al. There are several regions of
homology throughout the 1 kb of mouse dhfr plotted, which
corresponds to the sequences in mDRT10. As one proceeds
5’ from the ATG in the mouse dhfr sequence, the first
striking homology is a match of 21 of 22 bases in the 5§’
untranslated region of the mRNA. We do not know what the
significance of the sequence might be. The next homology is
with the fourfold 48-bp repeat in mice. There is only one
copy of this repeat in humans, resulting in the four parallel
lines in the matrix analysis. There is then only scattered
homology up to approximately —360 from the mouse ATG.
There is quite significant homology between —360 and
approximately —490. These endpoints correspond to the
ATG at —357 and the splice junction at —490 of the upstream
transcript. Therefore, it looks as though the same gene that
is just upstream of the mouse dhfr gene is in the equivalent
position in the human genome and might also share the same
promoter region. We do not know whether this gene is
transcribed in humans.

There is another region of homology just beyond the
putative first exon of the upstream transcript in mice, at
—550 to —580. We do not know the significance of this
homology but note that it is the probable promoter region for
the longest dhfr 5’ ends. A final intriguing region of homol-
ogy is that at —860 to —900 nucleotides and at —950 to
—1,000 nucleotides in the mouse sequence. An examination
of the mouse sequence in this region reveals an ATG at
—868, followed by an open reading frame extending to the
end of the sequenced fragment. No transcript has been
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identified as starting in this region, although it is interesting
to note the increased transcriptional activity observed with
this region in Fig. 1 (see pDHHS) and to note that Chen et al.
(6) mapped an in vitro promoter to the equivalent region in
human DNA, transcribed from the strand opposite dhfr. It is
possible that this region could represent the second exon of
the upstream transcript, although the S1 analysis gave no
evidence of such a product, and such an explanation would
not account for the higher transcriptional activity in this
region. It is also possible, as we suggested above, that there
is an additional transcript from this region which extends
less than 3 kb to the region cloned in pDRR9. If such a
transcript existed, it would be within the first intervening
sequence of the divergently transcribed gene.
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