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ABSTRACT

We have constructed a plasmid encoding a mouse dihydrofolate reductase (dhfr) mini-
gene which produces dhfr transcripts with all of the 5" and 3’ ends observed from the chromoso-
mal mouse dhfr gene. The minigene contains 5’ flanking regions, all dhfr coding sequences, one
intervening sequence, 11.5 kb of 3’ flanking regions beyond the termination codon, an E. coli
plasmid origin of replication and antibiotic resistance, and an SV40 minimal origin of replica-
tion; the total size is 17.2 kb. When transfected into cells constitutively producing a temperature
sensitive SV40 T antigen, the plasmid minigene replicates at the permissive temperature, but
fails to replicate at the nonpermissive temperature. Therefore, transcription can be observed in
the presence or absence of minigene replication. In addition, a stable divergently transcribed
RNA is produced from the dhfr minigene promoter region, with the same 5’ ends that are seen in
the chromosomal divergently transcribed gene. We show that deletion of the sole remaining in-
tron of the dhfr minigene significantly lowers the amount of dhfr transcript produced but does
not affect the amount of divergent transcript. The promoter region for these transcripts contains
four 48 bp repeats; reducing the number of these repeats lowers the amount of both dhfr and di-
vergent transcripts produced from the minigene.

TROD ION

In the past few years, transcription of the mouse dihydrofolate reductase (dhfr) gene has
been extensively characterized (1-7). The dhfr coding sequence consists of 558 nucleotides,
spanning 6 exons spread over a distance of 35 kilobases (kb) (8). The promoter region is quite
complex, with major starts at -55 and -115 nucleotides from the ATG, and more minor starts in
the vicinity of -300 and -500 nucleotides from the ATG (1,4,5). A distinctive feature of the
promoter region is the presence of four 48 bp repeats, from -84 to -272 nucleotides from the
ATG. These repeats are very GC-rich and similar sequences are present in 2 1/2 copies in CHO
and 1 copy in human (8-10). In addition, from this same promoter region another gene is tran-
scribed in the opposite orientation (1). Although there is a report to the contrary (2), the weight
of evidence, both in mouse ((1), Crouse, Linton, and Selby, unpublished; Yen and Kellems, see
(11)) and in CHO cells (10), suggests that the transcript codes for a cytoplasmic, polyadenylated
mRNA, approximately 4 kb in size. The 3’ ends of dhfr mRNA are also complex, with at least 6
different mRNA sizes, due to 3’ untranslated regions ranging in size from 80 to nearly 5000 nu-
cleotides (6,7,11). Transcription termination appears to occur approximately 1 kb beyond the
last polyadenylation site (3).

Although the basic features of dhfr transcription are now clear, delineation of the tran-
scripts cannot reveal the sequences governing transcription initiation and processing. In order to
understand how dhfr transcription is regulated, one needs to be able to construct mutant genes
and assay transcription of those mutants. Because we are interested both in transcription of dhfr
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and the divergent gene, and in 3 processing and termination, and because regulation of some
other housekeeping genes has been found to involve coding sequences (12-14), a simple pro-
moter assay using any sort of fusion gene is inappropriate. The large size of the dhfr gene poses
severe technical obstacles to the use of a full length gene and its subsequent mutagenesis. We
showed earlier that a minigene containing 5” flanking sequences, all of the coding sequences,
and either no, or one, intervening sequence, produced dihydrofolate reductase upon transfection
into tissue culture cells and could be amplified by selection with a dhfr inhibitor, methotrexate
(15). Several disadvantages of that system were the need to use stable transfection, the poor ef-
ficiency of transcription, the lack of 3’ flanking sequences in the minigene which are normally
transcribed in the gene, and the inability of those constructs to express a stable transcript from
the divergent promoter. In addition, as with most stable transfection systems which depend upon
integration of the transfected DNA into the genome, the chromosomal location of the transfected
DNA and its structure were uncontrollable. Another major difficulty with studying transcription
of the dhfr gene is that the promoter appears to be very weak. One can estimate that the dhfr
gene is normally transcribed approximately once every 50 min (16). That low level of transcrip-
tion, less than 1/100 the level of the B-globin gene (16), is too low to make feasible the use of
non-replicating transient assay systems. With any type of replicating system, the additional se-
quences which must be added to the plasmid containing the gene can potentially influence the
transcription of the gene. For example, enhancer sequences and promoters are associated with
the origin regions of SV40, bovine papilloma virus, and Epstein-Barr Virus (17-19).

We describe here enlarged dhfr minigenes which overcome the difficulties mentioned
above. These minigenes have 106 bp of SV40 DNA containing a minimal origin of replication
with no enhancer sequences and only minimal promoter activity. The host for these minigenes is
a cell line producing a temperature sensitive T antigen so that the replication of the minigenes
can be controlled. The resulting minigenes produce enough RNA to be assayed from one 100
cm dish of transfected cells, can be assayed in the absence of minigene replication by shifting
transfected cells to the non-permissive temperature, produce correct 5° énds of both dhfr and di-
vergent transcripts, and produce all of the proper 3’ polyadenylated species assayed thus far. We
show, in addition, the importance of the sole remaining intervening sequence on dhfr mRNA
formation, and the quantitative effects of the 48 bp repeats on transcription in both directions
from the promoter region.

MATERIALS AND METHODS

Cell culture and DNA transfection,

The S180-M500 cell line used as our standard for comparison in these studies is a mouse
sarcoma cell line that contains approximately 1000 times more dhfr genes than the parent S180
cells (6). S180-M500 cells were grown in Eagles minimal essential medium containing Hank’s
balanced salt solution, 9% fetal calf serum, and 500 uM MTX. The other mouse cell line with
amplified dhfr genes, used as a standard, 3T3-R500 (20) was grown in Dulbecco’s modified
Eagle medium (4.5g glucose/L) with 9% fetal calf serum and 500 uM MTX.

The cells used as recipients for most of the transfection experiments were COSts2 and
were provided by R. Tjian. These cells constitutively produce a temperature sensitive SV40 T
antigen (21). COS1 cells were used for some experiments (22). Both the COSts2 and COS1
cells were maintained in Dulbecco’s modified Eagle medium (4.5g glucose/L) with 9% fetal calf
serum.

Cells were transfected with calcium phosphate precipitates of cesium chloride-gradient
purified DNA (23,24). One day prior to transfection, cells were seeded at 15-20% confluence in
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100mm dishes. On the day of transfection, cells were treated with a calcium phosphate precipi-
tate of 15-20 pg DNA for 4 hours, glycerol shocked at 37°C, and harvested 2-3 days later.
Construction of replicating minigenes.

The original dhfr minigene plasmid, pdhfr3.2, was constructed as previously (15); subse-
quently, 10.7 kb of 3’ flanking genomic sequences were incorporated by means of plasmid/phage
recombination (Crouse, G.F. and McEwan, R.N., in preparation). In brief, this final recombina-
tion consisted of selecting for a recombination of pdhfr3.2 on a plasmid containing a supF gene
with the 3’ end of the dhfr gene contained in a Charon 4A lambdaphage. pBR327 (25) was used
as the backbone of the plasmid vector in the minigene, as it is devoid of poison sequences, but
was extensively modified in order to increase the number of cloning sites and to provide a screen
for inserts. The resulting plasmid vector, pPGC667, was 2.3 kb in size and contained a lacZo. re-
gion with a polylinker. The 5’ flanking region in the dhfr minigene was modified by adding se-
quences containing the SV40 polyadenylation signal and small t splice site at the Hincll site
downstream of the first divergent exon, at -750 bp relative to the dhfr ATG. These sequences
were derived from the 1.6 kb EcoRI-BglII fragment of pRSVP globin (26). The SV40 minimal
replication origin sequences (SVori) were obtained from K. Subramanian and contain 106 bp of
SV40, from sequence number 5171 to 34 (27). The SVori fragment was cloned into the con-
struct in both orientations. Figure 1 illustrates the relative location of the parts of the minigene.
In pdhfridori, the SV40 small t splice and polyadenylation sites are replaced by 500 bp of addi-
tional flanking genomic DNA. All cloning procedures were as described previously (28).

The first intron of the dhfr gene was removed by replacing the NotI-Sstl fragment of
pdhfr15ori with the equivalent fragment of pdhfr2.9 (15) which lacks that intron. The variable
numbers of copies of the 48 bp repeats in the promoter region were constructed by cloning the
Notl-Sstl fragment of pdhfr15ori into TAN7 and then excising various restriction fragments from
the promoter region. TAN7 was chosen due to its small size and consequent lack of restriction
sites. Constructs with 3 repeats were made by excision of unwanted sequences with FokI; con-
structs with 2 repeats by excision with Eco0109, and 1 repeat by excision with Styl. The resul-
ting promoter regions were then cloned back into pdhfr15ori.

RNA analyses: protection assays.

RNA and DNA were isolated by harvesting and homogenizing cells in guanidinium thio-
cyanate and purified by centrifugation on CsCl block gradients as previously described (15).
RNA pellets were dissolved in 10 mM Tris pH 7.5, 1% SDS, 5 mM EDTA, extracted with one
volume 4:1 chloroform: butanol, precipitated with ethanol, dissolved in water and measured by
OD 260. DNA was quantitated by a fluorescence assay with a Hoeffer TKO-100 mini-fluorom-
eter (29).

RNA probes used in protection assays were uniformly labeled with 32P-o-CTP by in
vitro transcription of linearized templates with the appropriate RNA polymerase (30). Reaction
mixtures were treated with DNase, then phenol chloroform extracted, and the RNA was sepa-
rated from unincorporated nucleotides by 2 successive precipitations in 2M ammonium acetate.

3’ end labeled DNA probes were prepared as follows (31): 1 ug DNA (restricted to ex-
cise the probe fragment) was incubated with 1 unit (New England Biolabs) T4 DNA polymerase
for 2 min (37°C) in 33 mM Tris-acetate pH 7.9, 66 mM potassium acetate, 10 mM magnesium
acetate, 0.5 mM DTT and 100 pg/ml BSA in a total volume of 20 pl. The recessed 3’ strand was
then resynthesized by adding 1 pl of 2 mM dATP, 2 mM dGTP, 2 mM dTTP and 50 uCi (5 pl)
of 32P-0-dCTP, and incubating for 15 min at 37°C; 1 pl of 2 mM dCTP was added and incuba-
tion continued for 10 min longer. Unincorporated nucleotides were separated on a Bio-Gel P60
(Bio-Rad) column. The eluate was precipitated with ethanol and run on a 0.8% Seaplaque
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(FMC) agarose gel to separate the probe from the vector, and the probe was extracted from the
gel by freezing in phenol and phenol-chloroform extracting (32).

Total cellular RNA was hybridized overnight, at the appropriate temperature, to either
RNA (200,000 cpm/reaction) or DNA (50,000 cpm/reaction) probes, exactly as described earlier
(1). 11 pg rat RNA was added to the hybridization reaction when less than 10 pug of total RNA
were used. After hybridization, RNA probes were digested by adding 300 pl cold RNase buffer
(10 mM Tris pH 7.5, 5 mM EDTA, 300 mM NaCl, 40 pg/ml RNase A, 600 units/ml RNase T1)
and incubating at either 30°C or 37°C for 1 h, followed by treatment with 20 ul 10% SDS and 50
pg proteinase K for 15 min at 37°C. The samples were then phenol-chloroform extracted, 10 pg
of glycogen added, and precipitated with ethanol. Pellets were dissolved in 8M urea, boiled 3
min, and electrophoresed on 6% acrylamide-urea gels. Hybridizations with DNA probes were
treated with S1-nuclease as described previously (1). Quantitative estimates of differences be-
tween bands on the same gel were made by comparing exposures of different lengths, making
the assumption that the length of time required to produce a given level of density on the film is
linearly related to the relative amount of radioactivity in the band.

DNA analyses.
0.8% agarose gels for Southern analyses were depurinated, denatured and neutralized

prior to horizontal electroblotting to a nylon filter (33,34). Filters were baked for 2 h in an 80°C
vacuum oven, washed for 30 min at 65°C in 0.1xSSC, 0.5% SDS, and prehybridized in 10 ml
hybridization buffer (50% formamide, 0.72 M NaCl, 0.04 M sodium phosphate pH 7.0, 0.04 M
EDTA, 1% SDS, 0.5% Carnation non-fat powdered milk) at 42°C for several hours (35). DNA
probes were uniformly labeled with 32P-a-dCTP (36). 5x106 cpm probe was then added to
10 ml fresh hybridization buffer and incubated at 42°C for 24 h. Hybridized filters were washed
twice with 2xSSC, 0.1% SDS at room temperature, and once in 0.1xSSC, 0.1% SDS for 30 min
at 50°C.

RESULTS
Construction of a replicating dhfr minigene.

The structure of pdhfr1Sori is shown in Fig.1 and its construction outlined in Materials
and Methods. There are a number of important features in its construction. Most significant is
the presence of 10,700 bp of 3’ flanking sequences which were not present in earlier minigene
constructions (15). This material was added using plasmid/phage homologous recombination
(Crouse, G.F. and McEwan, R.N.,, in preparation) and was incorporated into the construct in or-
der to have all the poly(A) sites and the previously mapped transcription termination site (3), as
well as other potentially important 3 flanking sequences.

Because of the existence of a divergently transcribed gene originating from the dhfr pro-
moter region, the 5’ flanking sequences in the minigene were also modified. The 5’ flanking re-
gion containing the initiation points for all of the identified dhfr transcripts and the entire pre-
sumptive first exon of the divergent transcript was kept intact. The DNA 5’ (relative to dhfr)toa
Hincll site within the first intron of the divergent transcript was replaced with the SV40 small t
splice site and polyadenylation site present in the pSV expression constructions (26). The design
of the construction was such that if there was transcription through the first divergent exon, the
product could be polyadenylated at the SV40 site and spliced using either the small t splice sites
or the first exon donor and small t accepter splice sites.

In order that the plasmid could be replicated in mammalian cells, it was essential that the
bacterial plasmid vector have no sequences poisonous to replication in mammalian cells (37).
This was accomplished by using a derivative of pBR327, which lacks all known "poison" se-
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Figure 1. Structure of the dhfr minigene pdhfrl5ori. Dhfr cDNA coding sequences are rep-
resented by black boxes separated by the first intervening sequence. The added dhfr 3 flanking
region extends to the Xhol site at the junction of the E. coli plasmid sequences, 10.7 kb past the
dhfr translation termination site. The plasmid sequences, containing a ColE1 origin of replica-
tion and a B-lactamase gene, are indicated by an open box. The dotted box represents the first
exon of the divergent gene, which is followed by a small t splice and polyadenylation sequence
derived from SV40. The arrows indicate direction of transcription, and pA designates a
polyadenylation site. The previously identified dhfr termination region (3) is designated with an
arrow. The minimal SV40 origin is designated with the hatched box, and the orientation of the
fragment is indicated by the arrow. BamHI sites are denoted by a B. Details of the construction
are given in Materials and Methods. Below pdhfrl5ori is shown a portion of the minigene,
lacking exon I of dhfr, in more detail. The four small open boxes between the dhfr and divergent
exons represent the four 48 bp repeats. The location of various probe fragments are given at the
bottom of the figure. The horizontal arrows represent transcript initiations. The numbers above
the polyadenylation sites give the expected length of that mRNA protected by the pdAH18
probe.

quences. In addition, a mammalian origin of replication was needed and this was supplied by in-
serting an SV40 origin of replication. However, the complete SV40 origin region contains an
enhancer region, promoters in both directions, and in COS cells can produce extremely high
copy numbers of plasmid DNA. In order to reduce the copy number of the vector as well as
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Figure 2. Southern analysis of minigene replication in COSts cells. COSts cells were trans-
fected as described with 20 ug pdhfr15ori DNA per dish and maintained at either 33°C, 37°C, or
40°C for 2 days. For each sample, 2 dishes were pooled to harvest cells and isolate DNA. 8 pug
of DNA were restricted with Dpnl and BamH], after which the DNA concentration was mea-
sured, and 5 pg of digested DNA run per lane on a 0.8% agarose gel. The gel was treated and
electroblotted as described in Materials and Methods, and hybridized to a uniformly labeled
DNA plasmid containing dhfr coding sequences. Lanes 1 and 2 represent DNA from cells trans-
fected with pdhfr15ori and lanes 3 and 4 transfected with pdhfr1Soric, at each temperature. The
bands of 5.4 kb and either 6.7 or 7.5 kb were the only BamHI fragments of the plasmids with
homology to the probe. The small bands at the bottom of the gel are due to Dpnl cleavage of
non-replicated DNA.

eliminate the enhancer region and at least most of the promoter region, a minimal origin of repli-
cation, containing approximately 100 bp, obtained from K. Subramanian was used (27).

Replication of the minigene in cells.

COS cells constitutively produce T antigen, which drives the replication of a plasmid
containing an SV40 origin of replication. COSts cells (21) produce a temperature-sensitive T
antigen which is active at 33°C and inactive at 40°C. To measure the replication of pdhfr15ori
and its temperature dependence in COSts cells, we transfected pdhfr15ori into COSts cells at
33°C, 37°C, and 40°C and allowed the transfected cells to grow for 2 days, after which the DNA

7030



Nucleic Acids Research

A M500 Transfected
1 2 3 4

-N5— i
S 55-—-

™

B

Figure 3. Protection analysis of dhfr 5’ ends. A. Protection of dhfr RNA from transfected
COSts cells. COSts cells were transfected at 33°C with 15 pg pdhfriSori per dish and main-
tained at 33°C for 2 days after transfection, then either kept at 33°C or shifted to 37°C or 40°C
for 24 hrs. and harvested. RNA from approximately 30 dishes at each temperature was isolated
and measured by absorbance at 260nm. Total RNA was hybridized at 54°C to a uniformly la-
beled RNA probe of the pGDSS9 Stul-SstI 0.9kb fragment. This fragment, from an intronless
minigene, extends from 657 bp 5’ to the difr ATG to 261 bp 3 of the ATG. Samples were then
treated with RNase and run on a urea polyacrylamide gel as described, and sizes indicate bp po-
sition relative to dhfr ATG. These, and all other protection experiments, were measured relative
to a 123 bp ladder (BRL). Lane 1 represents 0.1 pg of S180-M500 total RNA hybridized, lanes
2, 3, and 4, 80 ug of RNA from cells transfected and shifted to either 33°C, 37°C, or 40°C re-
spectively. Lanes (not shown) with RNA from nontransfected COSts cells or rat RNA showed
no significant hybridization. B. Protection of dhfr RNA from transfected COSI cells. COSI
cells were transfected with 20 ug of DNA per dish at 33°. After 3 days, RNA was harvested and
25 pg hybridized as above. Lane 1 is RNA from untransfected COSI cells; Lane 2 is RNA from
cells transfected with pdhfr15ori; Lane 3 is RNA from cells tranfected with pdhfr15ori and incu-
bated for 2 days at 33° and for the final day at 40°; Lane 4 is RNA from cells transfected with
pdhfr15, which lacks the SV40 ori.
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was harvested and purified. To determine if the replication was at a lower level than would be
obtained with a complete SV40 origin fragment, we constructed a modified pdhfrlSori,
pdhfrlSoric, containing a complete origin fragment (but lacking the 72 bp repeats), and trans-
fected this construct as above. Southern blot analysis was used to differentiate between the non-
replicated transfected DNA and DNA replicated within the cell. DNA was restricted with Dpnl
and BamHI; Dpnl cleaves only DNA replicated (and modified) in E. coli and therefore does not
cleave DNA replicated in the COSts cells. The results of this experiment are shown in Figure 2.
Note that the band hybridizing at 6.7 kb in pdhfr15ori corresponds to the 7.5 kb band in
pdhfr1Soric, due to a deletion of one of the BamHI sites during the insertion of the complete
SV40 origin. pdhfr1Sori replicates to a copy number approximately 8 fold lower than
pdhfrlSoric at 33°C, assuming equal efficiencies of transfection of the two plasmids. We be-
lieve the transfection efficiencies to be equivalent, given the similarity of the duplicate samples,
the essentially equivalent sizes of the plasmids (pdhfr15oric is approximately 150 bp larger than
pdhfrl5ori), and the identical methods for preparations of the plasmids. Further evidence of
equal efficiencies is given by the Dpnl digested bands (from non-replicated plasmids) at the
bottom of the gel, which have similar intensities in all of the 33°C samples. At 37°C there is
much less replication for both plasmids, with approximately the same relative differences in
replication, and very little replication at 40°C. We are not sure why there is much less Dpnl di-
gested DNA in the cells transfected at the higher temperatures.

Measurement of dhfr 5’ ends.

To measure the specificity of transcription initiation in pdhfr15ori, the plasmid was trans-
fected into cells at 33°C, and two days after transfection the cells were either kept at 33°C,
shifted to 37°C, or shifted to 40°C for 24 h and then harvested and RNA isolated. The purpose
of the temperature shift was to build up initially a population of plasmids within the cells at the
permissive temperature, and then obtain transcription in the presence of continued plasmid repli-
cation, or in the absence of replication of the plasmid at the higher temperatures. The 5’ ends of
the resulting dhfr transcripts were measured using a RNA probe as described in Materials and
Methods. As can be seen in Fig. 3A, RNA derived from the amplified cell line S180-M500
shows bands at approximately -55 and -115, measured from the dhfr ATG, which represent the
major dhfr transcripts previously reported, as well as a number of smaller bands. RNA derived
from the transfected minigene shows the same pattern with 2 additional bands observed, at -180
and -300, which are not seen in the S180-M500 RNA. (The intense bands at the bottom of the
transfected lanes are due to endogenous COS cell RNA; we do not know if the bands smaller
than -55 represent real initiations, or artifactual cleavage in the probe). In addition, there is
much less dhfr RNA observed at the higher temperatures. In order to determine if there might be
differential dhfr RNA stability at the two temperatures, COS1 cells, which constitutively produce
a normal T antigen in the same cellular background as COSts cells, were transfected with
pdhfr1Sori. As shown in Fig. 3B, there is no less dhfr RNA at 40°C than at 33°C; in fact there
appears to be somewhat more dhfr RNA at 40°C. Also shown in Fig. 3B is the fact that if the
SV40 origin sequence is removed from pdhfr15ori, there is very little dhfr RNA produced in
COS cells.

To determine whether the addition of the small t splice site and SV40 polyadenylation
site upstream of the dhfr promoter region had contributed to the presence of the extra bands at
-180 and -300, a plasmid lacking this region, pdhfrl4ori, was transfected into COSts cells and
the resulting 5" ends compared to those from pdhfr15ori. The pattern of the 5" ends produced
was the same from both minigenes (results not shown).

Effect of temperature shifts on plasmid content and transcription.
The results of the experiment shown in Fig. 3 were somewhat surprising, as they showed
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Figure 4. Effect of temperature shift on plasmid content and transcription. COSts cells
were transfected with 15 yug pdhfr15ori per dish and maintained at 33°C. After 2 days, one set of
dishes was kept at 33°C (not shifted [NS]) while the remaining dishes were shifted to 40°C for
15 hrs. At this point (Ohr., 40°C), 4 dishes were harvested, and half of the remaining dishes of
cells were shifted back to 33°C. 4 dishes of cells from each temperature (33°C and 40°C) were
harvested 6 hrs. and 12 hrs. later. A. DNA analysis. Southern analysis of the DNA was per-
formed exactly as described in Fig. 2. B. RNA analysis. Protection analysis of transfected RNA
hybridized to the 5 RNA probe was as described in Fig. 3. Lane M represents 0.1 pg S180-
M500 RNA; 80 pug of RNA from transfected cells was hybridized for each time point. Sizes in-
dicate bp from the dhfr ATG.

a large difference in dhfr transcripts between cells held at 33°C for the final 24 h compared to
cells shifted to 40°C for the final 24 h of transfection. Those results suggested that there was
either a large increase in plasmid copy number during the third day of transfection, that there
was a large loss of plasmids upon a shift to 40°C, or that there was a correlation between repli-
cation and transcription of the dhfr gene. We tested these possibilities by performing the ex-
periment shown in Fig. 4. Cells were transfected and grown at 33°C (the permissive tempera-
ture) for 48 h and then shifted to 40°C for 12 h. Some cells were then shifted back to the permis-
sive temperature and harvested either 6 h or 12 h later. DNA and RNA were prepared from each
set of cells and analyzed as in Fig. 2 and Fig. 3. In Fig. 4A is shown the result of the DNA anal-
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e “ Figure 5. S1 nuclease analysis of dhfr 3’ ends. COSts cells were
transfected with 15 pug pdhfr15ori per dish, maintained at 33°C and

harvested 3 days after transfection. Total RNA was hybridized at 42°C.
to a 3’ end labeled DNA probe of the 1.8 kb insert in pd AH18. This
fragment extends from gZ bp 5" to approximately 1.75 kb 3’ of the dhfr
stop codon. Samples were then treated with S1 nuclease and run on a
urea polyacrylamide gel; sizes indicate the length of fragments in nucleo-
tides. Lane 1 represents 0.1 pug of S180-M500 total RNA hybridized,
lane 2 is 80 pg of RNA from transfected cells.

ysis. Itis clear that there is a large increase in plasmid copy number during the last 24 h of trans-
fection, as the copy number of pdhfrl5ori is much greater in the cells kept at 33°C (NS 33°)
compared to the cells kept the last 24 h at 40°C (12 h 40°). The copy number is essentially un-
changed in the cells kept at 40°C, whereas there is a noticeable increase in copy number in cells
shifted back to 33°C for even 6 h. The dhfr transcripts are related to the amount of pdhfr15ori
present, as shown in Fig. 4B. At least most of the difference in amount of dhfr 5’ ends appears to
be due to changes in copy number of the pdhfr15ori plasmid.

Measurement of dhfr 3’ ends.

The utilization of the first four polyadenylation sites was determined by S1 nuclease
protection analysis using a 3’ end labelled DNA probe as described in Materials and Methods.
As can be seen in Fig. 5, all the species observed in $180-M500 RNA are observed in the RNA
from transfected cells, and with one exception, at approximately the same ratios. The major ex-
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Figure 6. Protection analysis of divergent transcripts. COSts cells
were transfected with 20 ug pdhfrl5ori per dish at 33°C and harvested
2 days after transfection. Total RNA was hybridized at 54°C to a
uniformly labelled RNA grobe of the pgDBg4 insert, which contains se-
quences from -255 to -637 bp, relative to the dhfr ATG, treated with
RNase and run on a urea polyacrylamide gel. Sizes indicate length in
nucleotides. Lane 1 represents 1.0 ug of S180- M500 total RNA
hybridized, lane 2 is the RNA isolated from 2 dishes of transfected cells.
Rat RNA (not shown) displays no hybridization to the probe.

ception is the band at 134 nt, which is barely present in RNA from transfected cells. Possible
reasons for this discrepancy are discussed below. The bands at 134, 334 & 347, 582, and 937 nt
correspond to mRNAs previously mapped (6). The band at 268 nt does not correspond to a
previously mapped mRNA. We are not sure whether this band represents an additional mRNA,
or is the product of an artifactual cleavage, as there is a stretch of 20 bp near the cleavage site
which is 90% AT. The other point of note is that there appears to be somewhat more RNA in the
transfected sample extending up to, or beyond, the end of the probe compared to the S180-M500
RNA, as evidenced by a greater amount of fully protected probe.

Transcription of the divergent exon.

In order to determine if a stable transcription product were being transcribed divergently
from the dhfr promoter region, a RNA probe spanning the region of the putative first divergent
exon was used in a nuclease protection experiment. The results are shown in Fig. 6. The bands
from 170 to 230 nt represent RNA transcripts which have different 5” ends, but an identical
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Figure 7. Quantitation of pdhfr1Sori and pdhfrld.7ori transcripts. COSts cells were trans-
fected with 15 pg of either pdhfr15ori or pdhfr14.7ori (lacking precisely the dhfr first intron) per
dish at 33°C, and harvested 3 days after transfection. The RNA was hybridized to the probe
pGDSS9, as described for Fig. 3. Lane M represents 0.5 ug of 3T3-R500 total RNA hybridized,
the next two lanes are 80 pug RNA of two different preparations of pdhfr15ori, and the last two
lanes are 80 pg RNA of two different preparations of pdhfr14.7ori.

splice point at the 3’ end of exon 1, as previously demonstrated (1). The strong bands at ap-
proximately 325, 354, and 392 nt in the transfected RNA are only faintly seen in S180-M500
RNA. These bands in S180-M500 RNA, as previously shown (1), represent RNA with 5’ ends
identical to the set of lower bands, but which is unspliced. Thus we believe that the higher
molecular weight bands in the transfected RNA also represent RNA that does not use the first
exon splice site. This RNA could either be unspliced, or could use both the donor and accepter
small t splice sites.
Effect of intron I on tr ripti

In earlier experiments performed with much smaller dhfr minigenes, there seemed to be
no reproducible differences with the presence or absence of the first intervening sequence on
production of Dhfr+ colonies (15). In order to test the effect of intron I on transcription of dhfr
from the enlarged minigene, we deleted the intron as described in Materials and Methods to
produce pdhfr14.7ori. The only difference between pdhfrlSori and pdhfrl4.7ori is the precise
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Figure 8. Diagram of promoter repeat constructions. Shown are the compositions of the re-
peat regions of minigenes with 1,2,3 or 4 copies of the 48 bp repeat of the promoter. Each copy
of the repeat differs slightly from the others, and is shown by a different pattern in the diagram.

deletion of intron I in pdhfr14.7ori. Various preparations of both minigenes were transfected and
measured as described above, with the results shown in Fig.7. There is a reproducible
difference in the two minigenes of 7-8 fold in dhfr mRNA production. The minigene copy
number was measured in the transfected cells and was not affected by the absence of intron I
(results not shown). The divergent transcripts were also measured in the transfected cells and
were quantitatively the same from both minigenes (results not shown).

Effect of variable num f n ription

Although the 48 bp repeats of the promoter region are extremely similar, they are not
identical. We took advantage of the sequence differences to construct minigene derivatives
containing 1, 2, and 3 copies of the 48 bp repeat. A diagram of the resulting repeats in shown in
Fig. 8. The resulting minigenes were identical with the exception of the promoter region.

Each of the minigenes was transfected into COSts cells and the resulting RNA analyzed
by nuclease protection analysis for dhfr and 5" ends. The effect of variable number of repeats is
for the most part quantitative rather than qualitative. As can be seen in Fig. 9A, the 1-repeat
minigene has only 20-25% of the dhfr RNA present in pdhfr1Sori whereas the 2 and 3-repeat
minigenes have approximately equal and intermediate levels of transcripts. The result is repro-
ducible and is not a function of the copy number of the minigenes (results not shown). The ra-
tios of the -55 and -115 transcripts varies between the constructs; the minigene with 2 repeats
produces more than 1 band at approximately -115. In all cases the homology of the probe ex-
tends beyond the bands produced. Transcription of the divergent gene gives similar results, as
shown in Fig. 9B. There is little transcription from the minigene with one repeat but, unlike

7037



Nucleic Acids Research

B 4R 1R 2R 3R

A

R500 376 COS

-115— ” w

Figure 9. Protection analysis of dhfr and divergent 5’ ends from minigenes with variable
numbers of 48 bp repeats. COSts cells were transfected with 20 pg per dish of the indicated
minigene constructs at 33°C and RNA harvested 2 days after transfection. dhfr and divergent 5’
ends were analyzed as in Fig. 3 and 7 respectively. A. Analysis of dhfr. The lanes represent
protection of 4 pug of 3T3-R500 RNA, 40 ug of 3T6 RNA, and 80 pug of COSts RNA or RNA
from cells transfected with minigenes with 1,2,3 or 4 copies of the 48 bp repeat in the promoter
region (1R, 2R, 3R, and 4R respectively). B. Analysis of the divergent transcript. The lanes
represent protection of 50 ug of RNA from cells transfected with the same minigenes as in A.

dhfr, there is a noticeable difference in the quantity of transcripts produced by the 2 and 3-repeat
minigenes. There appears to be no significant qualitative differences in the transcripts produced
by the various minigenes.

D ON

pdhfr15ori contains a dhfr minigene much enlarged over the previous constructs (15).
Except for introns 2-5, all dhfr sequences known to be transcribed or to have an effect on tran-
scription are present. These sequences are in a plasmid which replicates both in E. coli and in
mammalian cells supplying T antigen. The SV40 origin of replication used in the plasmid is a
minimal origin sequence, lacking all of the 21 bp repeats and the 72 bp enhancer sequences. In
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addition, it lacks early promoter activity, and has only a minor late promoter activity (15,3%).
Therefore, we expect little, if any, effect on dhfr transcription due to the SV40 origin sequences.
For example, we know that the orientation of the SV40 origin sequences makes no difference on
transcription in the minigene (results not shown). The situation with other replicating systems is
quite different, for it has apparently not been possible to design systems making use of replicons
such as Bovine Papilloma Virus (18) or Epstein Barr Virus (19) which lack added promoters or
enhancer elements. In COSts host cells, the copy number and replication of the plasmid can be
controlled by the full or partial temperature inactivation of the T antigen. In addition, the repli-
cated plasmid appears in a Hirt supernatant (39) (results not shown). Any size limit on the plas-
mid to be replicated must be greater than 17 kb, as there is no evidence of rearrangement or
deletion in the replicated plasmids reported here.

Transcription from the dhfr promoter region is quite complex, having multiple 5’ ends,
multiple 3’ ends, and multiple 5 ends of a divergently transcribed RNA. We were able to detect
in the RNA from transfected cells all of the transcripts which we analyzed in RNA from dhfr
amplified cell lines, usually in the same relative amounts, although the total level of dhfr tran-
scripts is much lower in the transfected cells than in the amplified cell lines. In most cases no
extra transcripts are evident. However, extra transcripts are usually observed in the dhfr 5’ tran-
scripts; these extra transcripts are clearly seen in Fig. 3 and only faintly seen in Fig. 7. The extra
bands at -180 and -300 in the transfected RNA are not visible in $180-M500 RNA. We are not
sure why these extra bands are present. The extra DNA inserted upstream in pdhfr15ori appar-
ently did not affect their presence. The -180 band would start transcription at the end of the sec-
ond copy of the 48 bp repeat, and the -300 band would start approximately 50 bp upstream of the
first repeat. Other preparations of S180-M500 RNA, using slightly different probes, earlier
showed a series of bands near the -300 position (1). The band we see at -300 may be related to
those species. Other than these two bands, the patterns of 5’ ends from amplified cell lines and
the minigene appear identical.

By making use of the temperature sensitivity of the T antigen, we were able to examine
dhfr transcription in the presence and absence of pdhfr15ori replication. Assuming that the half-
life of the dhfr mRNA is 6 to 7 h, as it is in amplified cell lines (16), RNA 5’ ends measured in
samples held for 12 to 24 h at 40°C would reflect transcription from the plasmids after replica-
tion had ceased. It appears, from transfection experiments in COS1 cells, that there are not large
differences in dhfr RNA stability at 40°C compared to 33°C. Therefore, the results shown in
Fig. 4 suggest that there is little effect of replication on the amount or characteristics of the 5
ends of dhfr, as the difference in amount of RNA seems to be a function of the amount of repli-
cated plasmid. However, it should be noted that the majority of the minigene DNA extracted
from transiently transfected cells has not replicated. This is true both for DNA isolated as in
Materials and Methods, and for DNA isolated according to Hirt (39). It doesn’t appear that the
unreplicated DNA makes a substantial contribution to the dhfr RNA produced, both because of
the evidence cited above, and due to the fact that plasmids which do not have an origin (as in
Fig. 4B) or which have never replicated produce very small amounts of dhfr RNA. We do not
know whether the unreplicated minigenes do not transcribe dhfr because they have never repli-
cated, or whether they are somehow compartmentalized in the cell such that they neither repli-
cate nor transcribe.

The one noticeable difference in the transcripts from the replicating and the temperature-
shifted non-replicating minigenes in the COSts cells is the enhancement of the -55 transcript
compared to the -115 transcript in RNA transcribed from replicating plasmids compared to RNA
from non-replicating plasmids. It is interesting to note that Farnham and Schimke (40) found
that the -55 and -115 start sites were used at similar efficiencies in in vitro transcription
experiments using a linear template, but that the -55 start site was used at a greatly enhanced
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frequency from a supercoiled template. The promoter region of dhfr is very GC rich, and
replication could help to open up this region for transcription, as could supercoiling.

We also assayed for the presence of the 4 most abundant polyadenylated 3" ends. (The
remaining 2 are present at a much lower level, and we have not yet developed assays for those
ends.) Previous results with stably integrated mouse dhfr minigenes have demonstrated poor
utilization of the normal polyadenylation sites. Kaufman and Sharp found that a SV40
polyadenylation site was necessary in their modular mouse dhfr minigenes (41), and Gasser and
Schimke found substantial aberrant polyadenylation in various minigenes (42). Recently, CHO
dhfr minigenes have been found to use the proper polyadenylation sites, but various novel sites
were also frequently found (43). In contrast to these results, the pattern of bands of polyadeny-
lated species is identical between amplified RNA and transfected RNA. It may be that 3’ flank-
ing sequences present in pdhfr15ori but absent in the other minigenes have some influence on
choice of polyadenylation sites. In addition, the relative ratios of all the bands are the same with
one major exception. Whereas the smallest mRNA from amplified RNA, giving a band of
134 nt, is one of the most abundant species, this mRNA is barely observed in the transfected
RNA. Itis surprising that this species is so abundant in the amplified cell, as the polyadenyla-
tion signal appears to be UAUAAG, which is a poor match for the canonical AAUAAA signal
(44). Itis as if cleavage at that position is enhanced in RNA from the chromosomal gene, as op-
posed to being suppressed in the transfected cells. This polyadenylation site is just 158 bp
downstream from the last intron. The last intron is the largest in the gene, approximately
16,500 bp, and in order to splice properly, probably has extensive secondary structure. This sec-
ondary structure could create a more favorable environment for cleavage at the first polyadeny-
lation site. The large intron is lacking in the minigene. Another possibility would be a coordi-
nation of splicing and polyadenylation. It now seems that snRNPs are involved in the
polyadenylation process (44,45). It may be that there is some link between the poly(A) site clos-
est to the 3’ splice site and splicing at that site. Such a linkage might also account for the utiliza-
tion of what appears to be a poor site. A more minor difference observed is that of RNA with
long 3’ ends. Any transcript containing sequences more than 900 nucleotides beyond the fourth
poly(A) site hybridizes to the full length of the probe. This band is relatively more intense in the
transfected RNA than in the RNA from the amplified cell line; we have not yet identified what 3’
ends are contained on any of the longer RNAs, or how much of that RNA fails to be polyadeny-
lated. We are curious to know whether any of this longer RNA is due to RNA which failed to be
polyadenylated at the first polyadenylation site.

Previously, no transfected dhfr minigenes have been shown to make any RNA product
from the divergent promoter; a stable product would not have been expected, as no polyadenyla-
tion site for a divergent transcript was provided in other constructs. It is surprising that divergent
promoter activity has not been found in in vitro transcription experiments whereas dhfr promoter
activity is observed. Although one would expect to find a similarly placed divergent promoter in
the human gene based on homology (1), no in vitro promoter in that region was found (9).
Similarly, no divergent promoter activity was found from the mouse promoter region in vitro
(40). We find that pdhfrlSori makes transcripts with the same 5’ ends from the divergent pro-
moter as RNA from a dhfr amplified cell line. The majority of the transfected RNA species have
a size (from 178 to 232 nt) which suggests that they use the splice site at the end of the first
exon. A substantial fraction of the RNA fails to splice at this point as evidenced by its longer
length (325 to 393 nt). pdhfr15ori has a small t splice from SV40 downstream of the first diver-
gent exon. Therefore we believe that the bands from 178-232 nt result from utilization of the di-
vergent exon splice donor site and the small t splice accepter site, whereas the bands from 325-
393 nt are either from unspliced RNA or, more likely, RNA in which the small t splice was used
to the exclusion of the divergent exon splice donor site. The important result from this experi-
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ment is that the divergent promoter is used, producing stable RNA with the correct 5’ ends.

There has been controversy about the necessity of intervening sequences for mRNA pro-
duction (46). We have been able to compare directly 2 minigene constructs which differ only in
the presence or absence of the first intron, which is only 300 bp in size; there are no other introns
in the dhfr minigene. It is clear that there is a substantial (7-8 fold) effect of the first intron on
dhfr mRNA production. Gasser et al. (47) reported a difference in transfection efficiency with
mouse dhfr minigenes with and without introns. Although in their case the two sets of mini-
genes were in different vector backgrounds, and contained a subset of sequences used here, they
also found that the presence of the first and at least part of the second intron enhanced dhfr pro-
duction. One possible conclusion from our results, that there are enhancer-like sequences in the
intron affecting transcription, is less likely because of the lack of any effect of the intron on tran-
scription of the divergent gene. Therefore it appears that the presence of the intron itself is im-
portant in the processing of the dhfr transcript into stable RNA.

One of the striking differences in the dhfr promoter regions of mouse, hamster, and hu-
man is the different number of 48 bp repeats, ranging from 4 in mouse to 1 in human. The work
reported here suggests that the number of repeats has a quantitative effect on transcription in
both directions from the promoter region. It will be interesting to compare the promoter
strengths of the various mammalian dhfr promoters to determine if there are different relative
strengths or if compensating changes in the promoters have been made to balance the lower
number of repeats. Given the differences between the 48 bp repeats in the mouse promoter,
there are many possible arrangements of the repeats, and we plan to test what sequence differ-
ences in the various repeats are important.

It appears that the present dhfr minigene contains all the necessary DNA to specify dhfr
transcripts with the proper 5’ and 3’ ends and to initiate correctly the divergent transcript. Many
of the disadvantages of a replicating system have been minimized by the use of a minimal origin
sequence deleted for promoter and enhancer sequences and a host cell which permits the inacti-
vation of the protein necessary for replication, thereby allowing transcription in the absence of
replication. The assayed plasmids appear to be unrearranged. Whereas in transfection experi-
ments analyzing stably integrated genes there seems to be little correlation with amount of tran-
script and copy number of the transfected gene (15), we see a direct relation of copy number of
replicated plasmid and amount of transcript. There are some differences between RNA from the
minigene and from amplified cell lines, particularly with respect to the utilization of the first
poly(A) site of dhfr and the extra 5" dhfr ends seen in the transfected RNA. We are in the
process of testing to see if these differences might be modulated by the addition of selected
intervening sequences.
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