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formation of 1 pmol of tetrahydrofolate per 15
,19SRNAS mm per ,ug of protein), respectively, whereas

mock-infected CV1 cells had only 12.5 U of
kPROBE enzyme activity and SV40-infected cells con-

tained 19 U of DHFR activity under similar
conditions. Comparable results were obtained
when the conversion of [3H]folate to [3H]tetra-

ER
hydrofolate was assayed.
These results indicate that substantial quan-

tities of functional mouse DHFR are made whentOM SVGT5-dhfr or SVGT7-dhfr infects monkey
Ihfr cells.

40 Expression ofdhfr from plasmid vectors.
The viral vectors described above produce sub-
stantial quantities of DHFR protein because
they are amplified more than 105-fold during the
vegetative growth phase, but this mode of trans-

INAs duction is limited to cells permissive for SV40
replication and results in the death of the in-
fected cells.
To overcome these disadvantages the dhfr

cDNA was introduced into a set of plasmid
vectors (Fig. 8), several of which can be stably
maintained in mammalian cells. The structure
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FIG. 4. Analysis ofthe spliced structure ofthe dhfr
mRNA's. The DNA probes and the fragments ex-
pected on alkaline gels after Sl nuclease digestion
are shown schematically (see Fig. 2). The uniformly
labeled DNA probes from (A) SVGT5-dhfr and (B)
SVGT7-dhfr span the region from the BglI site on
SV40 to the TaqI site about 90 nucleotides into the
dhfr cDNA. The open segments of the DNA probes
represent SV40 sequences, whereas the shaded por-
tions represent dhfr. The map positions and cleavage
sites for restriction endonucleases of interest are
shown above and below the DNA probes, respectively.
Gaps in the mRNA's above theprobe represent splices
and the numbers above the mRNA's denote the length
of each segment in nucleotides.

clearly, the 22,000-molecular-weight protein
made in SVGT5-dhfr- and SVGT7-dhfr-infected
cells shared antigenic determinants with mouse
DHFR.

Extracts of SVGT5-dhfr- and SVGT7-dhfr-
infected CV1 cells also had at least 20-fold more
DHFR enzyme activity than did mock-infected
cells. Measurements of the conversion of
[3H]dihydrofolate to [3H]tetrahydrofolate indi-
cate that SVGT5-dhfr and SVGT7-dhfr had 275
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FIG. 5. Berk-Sharp analysis of dhfr mRNA's.
RNAs made by SV40, SVGT5-dhfr, and SVGT7-dhfr
were hybridized (in DNA excess) to uniformly labeled
DNA probes (from the BglI site in SV40 to a TaqI
sitejustpast theATG in the dhfr cDNA) from SVGT5-
dhfr and SVGT7-dhfr. The hybrids were treated with
Sl nuclease, and the protected DNAs were analyzed
on alkaline agarose gels. The figure shows the pro-
tected DNA fragments. The track on the left shows
size markers.
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860 SUBRAMANI, MULLIGAN, AND BERG

FIG. 6. Proteins made in SVGT5-dhfr- and
SVGT7-dhfr-infected CVJ cells. Cells were either
mock infected or infected with SV40, SVGT5-dhfr, or
SVGT7-dhfr recombinants. Cell extracts obtained 48
to 60 h postinfection were electrophoresed on sodium
dodecyl sulfate-polyacrylamide gels and stained with
Coomassie blue. Molecular weight markers for the
proteins are at the left. The positions of VPJ and
mouse DHFR (arrow) are shown at the right.

and properties of these vectors have been de-
scribed elsewhere (23; Howard et al., in prepa-
ration; Mulligan et al., in preparation). Briefly,
with pSV2-dhfr, pSV3-dhfr, and pSV5-dhfr
DNAs, the dhfr-coding region is expressed from
the early region promoter of SV40, and the
resulting transcript can be spliced by using the
small t antigen intervening sequence and poly-
adenylated at the SV40 early region polyad-
enylation site. With pSVlGT5-dhfr and
pSVlGT7-dhfr the dhfr segment is transcribed
from the SV40 late promoter by using the SV40
late region splicing and polyadenylation signals.
To determine whether these plasmid dhfr

DNAs could transform mammalian cells for the
dhfr function, we determined whether they
could complement DHFR-negative CHO cells.
DHFR-negative CHO cells can not synthesize
tetrahydrofolate and, therefore, require thymi-
dine, glycine, and purines to grow. Consequently,
after infection of the mutant CHO cells with the
dhfr plasmids, transformation for the dhfr
marker can be scored by the growth of cells into
colonies in the absence of thymidine, glycine,
and purines (Table 1). No colonies were detected
on mock-infected plates, indicating that rever-
sion of the mutant CHO cells to a wild-type
phenotype is rare. pSV2-dhfr and pSV5-dhfr

MOL. CELL. BIOL.

DNAs gave the same transformation frequency
(1 X 1o-4). pSV3-dhfr, pSVlGT5-dhfr, and
pSVlGT7-dhfr had 5- to 10-fold-lower frequen-
cies (2 x 10-5).
The mutant CHO cells were devoid of mea-

surable DHFR activity (less than 0.5% of that of
the wild type) by several different assays (5). By
contrast, the pSV2-dhfr-transformed CHO
clones had twice the level of DHFR activity of
wild-type (CHO-KI) cells (13 versus 6 U of ac-
tivity, respectively). Thus, expression of the
newly introduced dhfr genes yields functional
DHFR activity and complements the DHFR-
negative phenotype of these cells.

Studies to ascertain the stability of the trans-
formed dhfr marker and associated DNA seg-
ments in selective and nonselective culture con-
ditions as well as characterizations of the copy
number, physical state, and associations of the
transduced DNA are still in progress.

DISCUSSION
Expression of dhfr in SVGT5 and SVGT7

vectors. The present work demonstrates that
SV40 recombinant genomes containing a mouse
dhfr cDNA segment in place of portions of the
late region of SV40 can be propagated faithfully
as virions with an appropriate helper and, more-
over, that the exogenous genetic information is

-_

FIG. 7. Immunological relatedness ofDHFR made
by SVGT5-dhfr and SVGT7-dhfr with mouse DHFR.
Cell extracts from mock-, SV40-, SVGT5-dhfr-, and
SVGT7-dhfr-infected CVi cells were electrophoresed
on sodium dodecyl sulfate-polyacrylamide gels con-
taining a cleavable cross-linker, and the proteins
were transferred from the gel to DBMpaper (31). The
DBM paper-containing the putative DHFR was re-
acted with antibody (directed against mouse DHFR)
and 125I-labeled Staphylococcus aureusproteinA (15)
and then autoradiographed.
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FIG. 8. Structures of the plasmid vectors containing the HindIII-BgIII dhfr cDNA fragment. The dhfr
cDNA is denoted by the hatched regions. Solid black segments are pBR322 sequences which contain the
pBR322 origin ofDNA replication and the ampicillinase gene. In the pSV1 vectors the lightly stippled areas
are SV40 sequences (map positions 0.325 through 0.14) present in the pBR322-SV40 recombinant used to
construct the pSV1 derivatives (see the text), and the clear regions indicate the SV40 DNA segments present
in SVGT5-dhfr and SVGT7-dhfr. SV40 sequences in pSV2, pSV3, and pSV5 are shown as lightly stippled
regions.

TABLE 1. Transformation ofDHFR-nregative CHO
cells to a DHFR-positive phenotype with various

vector dhfr DNAs
Transfor-

Recombinant mation fre-
quencya

pSVlGT5-dhfr ............ 2 x 1O-5
pSVlGT7-dhfr ................. 2 x 10-5
pSV2-dhfr..... 1 X 1O-4
pSV3-dhfr... 2 x 10-5
pSV5-dhfr... 2 x 10-4

a Transformation frequency is expressed as the frac-
tion of cells plated in selective medium that give rise
to a colony after transfection with saturating levels of
DNA.

expressed as mRNA's and DHFR protein. As
was the case with recombinant genomes contain-
ing a rabbit,tf-globin cDNA (25, 26) or an E. coli
gene (Ecogpt or gpt) coding for xanthine-gua-
nine phosphoribosyl transferase (23, 24), the
dhfr mRNA's and DHFR protein are produced
at rates comparable to those of the correspond-
ing SV40 gene products. This permits a compar-
ison of several aspects of the expression of the
three exogenous DNA segments placed at iden-

tical locations in the SV40 DNA.
The major hybrid mRNA's produced by

SVGT5 and SVGT7 recombinants with fl-glo-
bin-, gpt-, or dhfr-coding segments contain
spliced 5' leaders characteristic of SV40 16S or
19S late mRNA's (or both); hence, we surmise
that transcription initiates at the SV40 late pro-
moter. The SVGT5-dhfi recombinant, which re-
tains the SV40 sequences involved in late mRNA
splicing (7) and polyadenylation (6, 30), gener-
ates the expected structural analogs of the SV40
168 and 19S late mRNA's. Similarly, SVGT7-
dhfr, which lacks the splice junction for 16S
mRNA formation, but retains the 19S mRNA
splice boundaries (Fig. 2), generates substantial
quantities of the correctly spliced 19S dhfr
mRNA analog; small amounts (<10%) of other
mRNA's were also detected, but their structures
were not analyzed.
The results summarized above contrast with

findings made with comparable recombinants in
which the fl-globin cDNA (25, 26) or gpt seg-
ments (23, 24) were inserted into SVGT5 and
SVGT7 vectors. In SVGT5-,B-globin the ex-
pected 16S and 19S analog mRNA's were pre-
dominant (>95% of ,B-globin mRNA), but
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SVGT7-,B-globin yielded, in addition to the ex-
pected 19S type f,-globin mRNA, aberrantly
spliced species. These RNAs contained a SV40
late leader segment spliced to nucleotides in the
5' untranslated portion of the ,B-globin cDNA
sequence (J. Sklar and P. Berg, unpublished
results). Aberrant splicing has also been noted
with SVGT5-gpt and SVGT7-gpt recombinants.
Each of these recombinant genomes generates,
in addition to the expected 16S and 19S gpt
mRNA's, novelmRNA species in which an SV40
leader segment is spliced to nucleotide(s) within
the gpt-coding region (26). Thus, whereas aber-
rant splicing from SV40 leaders to "foreign"
DNA sequences occurred with ,8-globin and gpt
segments, no comparable missplicing with dhfr
sequences was noted.
There are several notable features regarding

the formation of DHFR protein in cells infected
with SVGT5-dhfr or SVGT7-dhfr. Figure 6
shows that DHFR, like the SV40 virion protein
VP1, is detectable in infected cell extracts by
protein staining ofthe electrophoresed gels. This
suggests that there is substantial expression of
the dhfr segment, perhaps as efficient as the
viral segment it replaces. Moreover, DHFR pro-
tein appears to be more stable in the infected
monkey cells than is fi-globin; the latter, al-
though synthesized at rates comparable to VP1,
does not accumulate and was detected only by
pulse-labeling because the half-life is less than
30 min (25).
A surprising aspect of dhfr expression con-

cerns the production of DHFR protein in
SVGT7-dhfr-infected cells. As mentioned above,
the 19S dhfr mRNA was the predominant spe-
cies produced in the infection. This 19S mRNA
contains an SV40 leader segment spliced to a
nucleotide just upstream of the initiator AUG
for VP2 (7). Consequently, the 19S dhfr mRNA
analog has two AUG codons upstream of the
dhfr initiator AUG: one coding for initiation of
VP2 and the other coding for VP3 (6, 30). If the
large quantity ofDHFR is being translated from
the major 19S spliced mRNA, it appears that
translation of the dhfr coding sequence occurs
from an "intemal" AUG codon. A similar finding
was made by Mulligan and Berg (24), who ob-
served that in the recombinant SVGT7-gpt the
initiatorAUG coding for xanthine-guanine phos-
phoribosyl transferase is the third AUG in the
gpt segment and, therefore, the fifth one in the
sequence downstream from the leader in the 19S
mRNA produced by that recombinant. Equally
perplexing translations from internal AUGs of
pseudo dicistronic mRNA's (M. Fromm, P. J.
Southern, and P. Berg, unpublished results) will
be reported in forthcoming papers.

The problem of translation initiation in eucar-
yote mRNA's has been considered extensively
by Kozak (16). To account for the supposed
specificity of translation initiation at the first
AUG downstream from the 5'-cap sequence (17),
she proposed a "scanning" mechanism in which
a ribosomal subunit binds at or near the 5' end
ofmRNA's, moves to the first AUG downstream
from the cap structure, and initiates translation
at that site. A possibility raised by the results
with SVGT7-dhfr and with the gpt recombi-
nants (24) is that ribosomes that can terminate
translation from the first AUG can reinitiate
translation at a nearby AUG; or ribosomes may,
in certain circumstances, pass over the first or
subsequent AUGs and initiate translation at a
downstream AUG. It is interesting to note that
the dhfr cDNA segment contains four termina-
tor codons upstream of the initiator AUG codon,
of which three are in the same reading frame, A,
and the fourth is in another translation frame,
B. An examination of the sequence at the SV40-
dhfr cDNA join at map position 0.86 (Fig. 9)
indicates that translation of VP2 or VP3 (or
both) from their respective initiator codons on
the 19S type dhfr mRNA would be terminated
at the UGA in frame B of the dhfr cDNA.
Whether terminator codons upstream of an in-
ternal AUG permit translation to initiate at
those sites is presently under investigation. In
this regard, we note that recombinants contain-
ing a f3-globin cDNA segment that lacks termi-
nator codons in the 5' untranslated region,
within the VP1 coding sequence (26) or within
the large T antigen-coding sequence (P. South-
ern and P. Berg, unpublished) of SV40 DNA,
fail to produce fl-globin protein, although they
make the expected hybrid mRNA's.
Expression from plasmid vectors. The

ability of pSVlGT5-dhfr and pSVlGT7-dhfr to

- SV40 dhfr- FRAME A

AAGCUUGG ACAGCUCAGG GCUGCGAUUU CGCGCCAAAC 1U4CGGCAA

FRAME A FRAME B FRAME A

UCCd1UCGEAGGCUGG&EGAUUUUAUC CCCGCUGCCA

DHFR
START FRAME C

UCAUGGUUCG ACCAU4UbAC UGCAUCGUCG CCGUGUCCCA

AAAUAUGGGG-

FIG. 9. mRNA sequence corresponding to the 5'
noncoding region of the dhfr cDNA in SVGT7-dhfr.
Shown is the base sequence across the SV40-dhfr
cDNA joint and through the 5' end ofthe dhfr coding
region. The AUG corresponding to the start of the
DHFR protein and the four termination codons pre-
ceding it are indicated.

MOL. CELL. BIOL.

 on A
pril 21, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


EXPRESSION OF A DHFR CDNA IN SV40 VECTORS 863

transform DHFR-negative CHO cells to DHFR
positive (Table 1) was unanticipated since we
expected that the dhfr segment would not be
expressed from the late promoter in those semi-
permissive cells. Quite possibly, the transform-
ing activity of these recombinants is due to low-
level expression of the late region; this could
explain why the frequency of transformation is
lower than with dhfr plasmids transcribed from
the SV40 early promoter (see below); or integra-
tion ofthese recombinants into the cellularDNA
could occur in such a way as to permit or activate
expression of the late region. It is also conceiv-
able that SV40 late region expression is ordinar-
ily lethal, and that by substituting the dhfr
segment for normal SV40 late genes, expression
of the late region is innocuous.
The transformation frequencies observed for

pSV2-dhfr, pSV3-dhfr, and pSV5-dhfr DNAs
are comparable to those obtained with the gpt
gene in these vectors (24a). pSV3-dhfr trans-
forms cells at a 5- to 10-fold-lower frequency
than do the other two, possibly because the
SV40 T antigen (35) made by pSV3-dhfr re-
presses transcription of the dhfr segment from
the SV40 early promoter.
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