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ABSTRACT

We have directly compared the ability of four promoters
and three polyadenylation (poly(A)) signals to direct
heterologous gene expression in stably transfected
Drosophila melanogaster S2 cells. We compared two
constitutive Drosophila promoters, the actin 5C distal
promoter and the a1-tubulin promoter, with the tightly
regulated Drosophila metallothionein (Mtn) promoter
and the Bombyx mori fibroin promoter. We find that the
actin 5C and induced Mtn promoters generate
comparable high levels of RNA and protein in this
system. The a1-tubulin promoter generates about four-
fold lower levels, and the fibroin promoter shows no
detectable activity in S2 cells. Interestingly, genes
expressed from the constitutive actin 5C and o 1-tubulin
promoters are consistently present at three- to four-fold
lower copy numbers than genes expressed from the
inducible Mtn promoter or the inactive fibroin promoter.
Poly(A) signals of both mammalian (SV40) and
Drosophila (Mtn) origin efficiently directed stable RNA
synthesis in S2 cells, and, as in mammalian cells, the
SV40 late poly(A) signal was more efficient than the
SV40 early poly(A) signal. Thus the process of
polyadenylation appears to be conserved between
mammalian and Drosophila cells.

INTRODUCTION

Drosophila melanogaster Schneider line 2 (S2) cells have become
increasingly utilized over the past few years for the expression
of heterologous proteins. High levels of protein expression can
easily be achieved using a recently developed procedure whereby
a plasmid encoding a gene of interest is cotransfected with a
plasmid encoding resistance to hygromycin B. After three weeks
of selection, a stable polyclonal cell line can be generated
possessing an average of up to 1000 gene copies per cell (1) and
expressing as high as 35 mg/1 of protein using the Drosophila
M promoter (2). Proteins of prokaryotic, eukaryotic and viral
origin have been expressed in this system and shown to be
biologically and biochemically active and processed appropriately

(1—4). Drosophila S2 cells have been valuable not only for the
expression of large amounts of protein for biochemical studies
(2, 5) but also for studies of regulation of gene expression in
vivo. They have particularly been useful as a null background
for in vivo studies of the activities of regulatory proteins whose
functions are not normally expressed in S2 cells, e.g., the HIV-1
Rev protein, mammalian transcription factor Sp1, and Drosophila
homeodomain proteins (3, 6, 7).

Although there is wide use of Drosophila S2 cells in the
literature, there are few reports comparing or optimizing
transcriptional regulatory signals that can be used to control
expression. Mammalian promoters which have been studied in
S2 cells function poorly, presumably due to the lack of
appropriate mammalian transcription factor homologs (6, 8, 9).
However, a few Drosophila promoters have been identified which
work quite well in S2 cells. It has been stated that the Drosophila
actin 5C distal promoter (10) is the strongest promoter among
certain (unspecified) constitutive promoters in transient expression
assays in S2 cells (11). In addition, the inducible Drosophila
metallothionein (Mtn) promoter (12) has also been shown to
produce high levels of protein expression in stably transfected
S2 cells (2). The Mtn promoter allows tightly regulated
expression, even at very high copy number, and is thus useful
for expression of lethal gene products (4) or when an inducible
system is desired for studying the regulation or kinetics of gene
expression.

To expand our information about transcriptional regulatory
signals that are useful for heterologous gene expression in
Drosophila S2 cells, we have directly compared expression from
four promoters of insect origin: the Drosophila actin 5C distal,
Mitn, and ol-tubulin (13, 14) promoters, and the fibroin gene
promoter from the silkworm Bombyx mori (15, 16). Since the
al-tubulin and fibroin genes, like actin 5C, encode abundant
structural proteins (14, 15), the promoters for these genes, if they
function in S2 cells, may be useful for the efficient synthesis of
heterologous proteins. We also have investigated the effects of
different polyadenylation (poly(A)) signals on heterologous gene
expression since these signals are known to affect steady state
RNA levels through their role in RNA 3’ end formation (17,
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18). We have directly compared the SV40 early poly(A) signal,
the SV40 late poly(A) signal, and the Drosophila Mm poly(A)
signal to determine if there are significant differences in the use
of mammalian and insect poly(A) signals in S2 cells.

MATERIALS AND METHODS
Plasmid Construction

Plasmid constructions were generated by standard cloning
techniques (19). All constructs were analyzed for correct junction
sequences by dideoxy sequencing, and PCR-generated fragments
were sequenced in their entirety (Sequenase Version 2.0, U.S.
Biochemical Corp.). Plasmids pM-tPA-E, pF-tPA-E, and pT-
tPA-E were derived from pHsptPA. Plasmid pHsptPA contains
an AatlI-HindIII fragment containing a Drosophila heat shock
promoter, a HindIII-Sall fragment from pBPVneotPA encoding
human tissue plasminogen activator (tPA) and the SV40 early
poly(A) signal (20), and a Sall-AatIl fragment derived from
pBR322 which confers ampicillin resistance. For the construction
of pM-tPA-E, pHsptPA was digested with HindIII, treated with
the Klenow fragment of DNA polymerase, and digested with
Aatll to remove the hsp promoter. An AatlI-EcoRI synthetic
linker and an EcoRI-Stul fragment from pDM131 (a kind gift
of G. Maroni, [21]) containing the Mtn promoter (from —380
to +55 relative to the mRNA start site) were inserted. The
plasmid pF-tPA-E was derived from pHsptPA by replacing the
AatlI-HindIII promoter fragment with a 259 bp AatII-HindIII
fragment containing the B.mori fibroin promoter (position —238
to +16, relative to the mRNA start site, [22]). The Aatll and
HindIIl sites were introduced upstream and downstream,
respectively, of the fibroin promoter sequences in pfb5’'A238
(a kind gift of Yoshiaki Suzuki, [22]) using synthetic
oligonucleotides and PCR amplification. Plasmid pT-tPA-E was
derived from pHsptPA in the same manner as pM-tPA-E except
that an AatII-PstI linker and a 1.6 kb PstI-Xmnl fragment from
pDMtal (a kind gift of Pieter Wensink, [14]) containing the
tubulin promoter (from —1300 to + 120 relative to the mRNA
start site, [13]) were inserted. Plasmid pM-tPA-M was
constructed by first digesting pM-tPA-E with Xhol, treating with
the Klenow fragment of DNA polymerase, and digesting with
Sall, to remove the SV40 early poly(A) signal. The vector
fragment was then ligated with a DrallI-Sall synthetic linker and
a 231 bp fragment encoding the Mm poly(A) signal which was
isolated from pDM131 (a kind gift of G. Maroni [21]) by
digesting with BglII, treating with the Klenow fragment of DNA
polymerase, and digesting with Dralll. Plasmid pM-tPA-L was
derived from pM-tPA-E by replacing a 170 bp Xhol-Sall
fragment containing the SV40 early poly(A) signal with a 240
bp Xhol-Sall fragment containing the SV40 late poly(A) signal
which was generated by PCR amplification from pDPSV (23).
The Xhol and Sall sites were introduced 5’ to the unique BamHI
site and 3’ to the unique Bcll site, respectively, which flank the
SV40 late poly(A) signal in SV40 DNA.

The construction of pM-120L-E was previously described
(pMtBaL, [2]). This pBR322-based plasmid contains the M
promoter, the signal sequence from human tPA gene fused in
frame with the coding region for the HIV-1 BaL external envelope
glycoprotein gp120, and the SV40 early poly(A) signal. Plasmid
pT-120L-E was derived by replacing an AatII-BglII fragment
containing the Min promoter and tPA signal sequence, with a
1.6 kb AatlI-BglII fragment containing the tubulin promoter and
tPA signal sequence from pT-tPA-E. Plasmid pF-120L-E was

also derived by replacing the Aatll-Bglll fragment from
pM-120L-E with a 470 bp AatlI-Bglll fragment containing the
fibroin promoter and the tPA signal sequence from pF-tPA-E.
Plasmid pM-120L-L was derived from pM-120L-E by replacing
an Xhol-Sall fragment containing the SV40 early poly(A) signal
with the 240 bp Xhol-Sall fragment containing the SV40 late
poly(A) signal described above. The construction of pM-120H-
E was previously described (pMtBH10, [2]). This plasmid is
essentially identical to pM-120L-E except that the gp120 coding
region is from the HIV-1 isolate BH10 instead of BaL. BH10
sequences are 93% identical to BaL sequences in the gp120
coding region. The BH10 gp120 sequence was used instead of
BaL to compare the Mtn and actin 5C promoters due to the greater
ease of constructing the actin promoter expression unit with BH10
gp120 sequences (pA-120H-E). Plasmid pA-120H-E is essentially
identical to pM-120H-E except that the Mn promoter is replaced
with a synthetic AatII-EcoRI linker and a 2.5 kb EcoRI-BamHI
fragment from the clone pA29 (a kind gift of B. Bond-Matthews,
[24]), containing the actin SC distal promoter (from —2500 to
+88 relative to the mRNA start site).

DNA Transfection and Cell Culture

D. melanogaster Schneider 2 cell culture and generation of stably
transfected cell lines by a hygromycin B selection method have
been described (4). Each plasmid (19 ug) was cotransfected using
calcium phosphate co-precipitation (25) with 1 ug of pCOhygro
(6), a plasmid containing the hygromycin B selectable marker.
For analysis of expression, cells were seeded in fresh medium
at 1.5x10° cells/ml in a T-flask and allowed to grow for 10
days. Expression from the Mn promoter was induced on day
4 by the addition of 0.5 mM CuSO, to the medium. These
conditions are optimal for expression from the Mn promoter in
our system (unpublished data).

Protein Analysis

Samples (4 pl and 12 ul of each culture supernatant) were
denatured in Laemmli sample buffer (26) at 90°C for 2 minutes
prior to separation on a 10% polyacrylamide-SDS gel and transfer
onto nitrocellulose for Western immunoblot analysis (27).
Proteins were detected using rabbit antiserum to purified
recombinant human tPA (kindly supplied by Zdenka Jonak) or
rabbit antisera to purified, Drosophila-produced, HIV-1 BH10
gp120 and '»I-labeled protein A (New England Nuclear).
Molecular weight markers were prestained protein high molecular
weight standards from Bethesda Research Laboratories.

Northern Blot Analysis

Total RNA was prepared as previously described (3). RNA from
1X 108 cells was separated on a 1% formaldehyde-agarose gel
along with RNA size standards (Bethesda Research Laboratories).
Hybridization (19) was carried out with tPA or gp120-specific
restriction fragments labeled using the Pharmacia Oligolabeling
Kit. To compare the amount of RNA loaded in each lane, these
probes were removed from the nitrocellulose membranes by
treatment in 0.1 X SSPE, 0.1% SDS at 90°C, and the membranes
were incubated with a 1 kb HindIll fragment encoding the
Drosophila sgs-5 gene to detect endogenous glue gene RNA. This
fragment was derived from pDM384 (a kind gift of Greg Guild,
[28]).

Southern Blot Analysis of Integrated DNA

Total DNA was prepared by direct lysis of cells as previously
described (4). The DNA was quantitated by measuring



absorbance at 260 nm. The tPA coding sequence was excised
from 1 ug of DNA on a 1.2 kb BglII-Sacl fragment. The gp120
coding sequence was excised on a 917 bp Stul-Sacl fragment.
The digested DNA was separated on a 1% agarose gel and
transferred to nitrocellulose for hybridization (19). Probes for
tPA and gpl20 sequences were the same as those used for
Northern blot analysis. To compare the amounts of DNA loaded
in each lane, the tPA and gp120 probes were removed from the
nitrocellulose as described above and the filter was incubated with
a 2.5 kb EcoRI-BamHI fragment encoding the actin 5C promoter
to detect endogenous actin gene sequences.

Laser Densitometry

Autoradiograms were scanned with a LKB Ultrascan XL laser
densitometer.

RESULTS

Expression vectors for comparison of promoters and poly(A)
signals

We wished to directly compare the effects of four different
promoters and three different poly(A) signals on the expression
of heterologous genes in stably transfected Drosophila S2 cells.
The promoters are the Drosophila metallothionein (Mtn), actin
5C distal, and al-tubulin promoters, and the B.mori fibroin

Plasmid name Promoter Reporter Gene Poly(A)
A
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Figure 1. Diagram of transcription units for comparison of different promoters
and poly(A) signals. Each of the expression units shown is present on a
pBR322-based plasmid. Plasmid names (left) consist of three designations: a letter
designating the promoter (M = M, T = al-tubulin, F = fibroin, A = actin
5C distal); the identity of the reporter gene (tPA = tissue plasminogen activator,
120L = HIV-1 BaL gp120, 120H = HIV-1 BH10 gp120); and a letter designating
the poly(A) signal (E = SV40 early, L = SV40 late, M = Min). Plasmids are
grouped into three classes, A, B, and C, based on the reporter gene present.
Sequences that are different from the prototype constructs shown at the top of
each group are indicated by shading.
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promoter (Fig. 1). The three poly(A) signals derive from the
SV40 early region, the SV40 late region, and the Drosophila
metallothionein (M) gene. The boundaries of the DNA
fragments used for the promoters and poly(A) signals were chosen
so as to include all of the regulatory sequences known to be
involved in the function of each (See Materials & Methods). We
have chosen the Mn promoter used in conjunction with the SV40
early poly(A) signal as the standard for our comparisons since
all previous expression work using this system employs this
combination of signals (2, 3).

We examined the effects of these signals on more than one
reporter gene in independent cell lines in order to establish the
reproducibility of any differences observed. The use of two
different reporter genes also serves to distinguish differences in
expression levels which might be gene specific from those which
are inherent properties of the expression signals. The reporter
genes used encode human tissue plasminogen activator (tPA) or
one of two similar human immunodeficiency virus (HIV-1)
external envelope glycoproteins (gp120). As shown in Figure 1,
five constructs encoding tPA and six constructs encoding gp120
were made. Plasmid constructs are named according to the
promoter, reporter gene, and poly(A) region present. Constructs
containing the same reporter gene were transfected in parallel
experiments using the same amount of plasmid DNA to generate
stable polyclonal cell lines. We chose to analyze polyclonal cell
lines so that any differences in expression caused by specific
chromosomal position effects from one cell to another would be
averaged out.

M M M T F
E L M E E
4 12 4 124 12 4 12 4 12
210 —
107 —
69 — - e e - -
46 —
B M M T F C M A
- L E _E E - _E E
12 412412 412412 124124 12
210— 210—
107— - 107 — SE———
69 — 69 —
46 —

Figure 2. Detection of tPA and gp120 proteins by Western blot analysis. Two
different volumes of each culture supernatant were loaded on the gels, as indicated
by the numbers above each lane (4 ul and 12 ul). Apparent molecular masses
(in kilodaltons) are shown to the left of each panel. A. Culture supernatants from
cells transfected with pM-tPA-E (ME), pM-tPA-L (ML), pM-tPA-M (MM), pT-
tPA-E (TE), or pF-tPA-E (FE) were analyzed using rabbit polyclonal antiserum
to recombinant human tPA. Alternating unlabeled lanes contain 12 l of culture
supernatant from nontransfected cells. B. Culture supernatants from nontransfected
cells (—) or cells transfected with pM-120L-L (ML), pM-120L-E (ME), pT-120L-
E (TE), or pF-120L-E (FE) were analyzed using rabbit polyclonal antiserum to
recombinant HIV-1 gp120. A longer exposure of the same blot is shown at the
bottom for better visualization of the gp120 from the pT-120L-E construct. C.
Culture supernatants from nontransfected cells (—) or cells transfected with
pM-120H-E(ME) or pA-120H-E(AE) analyzed as in B.
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Comparison of promoters

Expression of the secreted tPA and gp120 proteins from the cell
lines transfected with the different promoter constructs was
assayed by Western blot analysis of culture supernatants (Fig.
2), and the data is summarized in Table 1. The results show that
The cell line expressing tPA from the Mt promoter produced
approximately three-fold more tPA than the cell line employing
the a1-tubulin promoter. Similarly, the cell line expressing gp120
from the Min promoter produced five-fold more gp120 than the
cell line using the o 1-tubulin promoter. The cell line using the
actin 5C distal promoter produced approximately the same level
of gp120 as the one using the Mtn promoter. No tPA or gp120
protein was observed from the cell lines transfected with the
fibroin promoter constructs. Thus regardless of the reporter gene
used, the relative levels of protein production follow the same
pattern with the different promoter constructs: Mtn = actin 5C
distal > «l-tubulin > fibroin. These relative protein levels were
reproducible not only with different reporter genes in independent
cell lines but also with repeated harvests from the cell lines from
one week to the next (See legend to Table 1).

TABLE 1. Comparison of Promoters and Polyadenylation Signals

Relative Relative Relative Relative protein

protein levels! RNA levels? copv numbex3 level pex gene copyé
tPA gpl20 tPA gpl20 tPA gpl20 tPA gpl20
Prom. Polv(A)
M E 1.0 1.0 1 1 1.0 1.0 1.0 1.0
T E 0.37 0.19 0.2 <0.1 0.23 0.23 1.6 0.83
F E N.D. N.D. N.D. N.D 1.3 1.2 N.D N.D.
A E - 0.93 0.8 - 0.34 - 2.7
M L 1.9 3.2 3 5 0.71 0.75 2.7 4.3
M M 1.3 - 1 0.91 - 1.4 -

N.D., none detected.

Each construct is represented with the promoter and poly(A) signal shown on the
left (designations as in Figure 1) and the reporter gene shown at the top.

1. Protein production from the cell lines was compared by western blot analysis
as shown in Fig. 2. This analysis was performed twice using two independent
harvests of the cell lines, and the autoradiograms were scanned by laser
densitometry. The relative protein levels determined from the two sets of harvests
were averaged for each cell line, and the mean of the two values is reported. The
standard deviation of the two values was routinely 10-20% of the mean value.

2. Estimated by laser densitometry of the Northern blot autoradiograms in Fig. 3
and other appropriate exposures of the blots. Due to background in the lanes
values are estimated to only one significant figure. The relative RNA levels have
been normalized to the endogenous glue gene RNA signal.

3. Estimated by laser densitometry of the Southern blot autoradiograms in Fig. 4
and other appropriate exposures of the blots. The relative copy numbers have been
normalized to the endogenous actin gene signal.

4. Relative protein levels divided by the relative copy number.

A B
M MM T F
E L MEE

— 4.4

2.4

If the different levels of protein observed reflect the differential
abilities of the promoters to direct stable RNA synthesis, then
these same relative differences should be observed at the level
of RNA. To examine steady state RNA levels, total RNA was
prepared from cells that were harvested at the same time that
protein production was analyzed, and the RNA was examined
by Northern blot analysis (Fig. 3). The relative amounts of gp120-
and tPA-specific RNA, normalized to the amount of endogenous
glue gene mRNA, are shown in Table 1. For both tPA and gp120
reporters, the cell lines with the M promoter clearly produced
higher levels of RNA than the cell lines with the ol-tubulin
promoter. Similar levels of gp120 RNA are observed from the
M and actin 5C promoters. However, no RNA was detected
from the fibroin promoter for either tPA or gpl20 constructs.
It is clear from the data summarized in Table 1 that in all cases,
relative RNA levels at the time of cell harvest correlate very well
with the corresponding protein levels.

Finally, to determine to what extent the RNA and protein levels
in these cell lines reflect the differential abilities of the promoters
to direct stable RNA synthesis, the copy numbers for the reporter
genes were compared by Southern blot analysis (Fig. 4). With
the transfection procedure used to generate these cell lines,
multiple copies of the gene usually integrate into the chromosome
in a head-to-tail array (1). For the genes from the prototype
plasmids, copy numbers were approximately 700 for pM-tPA-E,
1000 for pM-120L-E, and 700 for pM-120H-E. Since each cell
line represents a polyclonal population in which a range of copy
numbers are present, these numbers represent an average copy
number over the population. The relative gene copy numbers for
all of the cell lines, normalized to the endogenous actin 5C gene
signal, are shown in Table 1. Interestingly, the gene copy
numbers in both of the cell lines transfected with the «1-tubulin
promoter constructs are about four-fold lower than those in cell
lines transfected with Mtn promoter constructs. Thus, this lower
copy number for «l-tubulin promoter constructs appears
reproducible regardless of the reporter gene. Similarly, the gp120
gene from the actin SC promoter construct was present at
approximately three-fold lower copy number than the gene from
the corresponding Mm promoter construct. In contrast, cell lines
transfected with fibroin promoter constructs possessed gene copy
numbers very similar to those with the Mtn promoter constructs

C

r FMM M A

E E E L E E
E —24-—

ﬁ - W
7W4,

Figure 3. Detection of tPA and gpl120 mRNAs by Northern blot analysis. In the top panels, tPA- or gp120-specific probes were used. To compare the amount
of RNA loaded in each lane, all three blots were incubated a second time with a probe specific for endogenous glue gene RNA, as shown in the bottom panels.
Sizes of RNA markers are given in kb. A. RNA from nontransfected cells (—) or cells transfected with pM-tPA-E (ME), pM-tPA-L (ML), pM-tPA-M (MM),
pT-tPA-E (TE) or pF-tPA-E (FE) was analyzed using a 2.0 kb BgllI-Sall fragment from pF-tPA-E containing the entire tPA coding region. The predicted size of
the tPA RNA (excluding the poly(A) tail) is 2.3 kb. B. RNA from nontransfected cells (=) or cells transfected with pT-120L-E (TE), pF-120L-E (FE), pM-120L-E
(ME) or pM-120L-L (ML) was analyzed using a 1.3 kb BglII-Styl fragment from pM-120L-E containing the BaL gp120 coding sequences. The predicted size of
the gp120 RNA (excluding the poly(A) tail) is 1.7 kb. C. RNA from nontransfected cells (—) or cells transfected with pM- 120H-E (ME) or pA-120H-E (AE)
were analyzed using a 1.3 kb Ndel-Styl fragment from pM-120H-E containing the BH10 gp120 coding region.



for both tPA and gp120. Thus, gene copy number is consistently
three- to four-fold lower when a constitutive promoter is used
than when an inducible (Mtn) or apparently nonfunctional
(fibroin) promoter is used.

Comparison of poly(A) signals

The same series of analyses that was used to compare the
promoters was used to compare the poly(A) signals. Protein
production from the cell lines transfected with the different
poly(A) constructs was assessed by Western blot analysis (Fig.
2, Table 1). The cell line using the Mtn poly(A) signal produced
approximately the same level of tPA as the corresponding cell
line using the SV40 early poly(A) signal. However, the cell lines
using the SV40 late poly(A) signal produced approximately two-
fold more tPA and three-fold more gp120 than the analogous
cell lines using the SV40 early poly(A) signal.

These relative differences were also seen in the steady state
levels of RNA from these cell lines as detected by Northern blot
analysis (Fig. 3, Table 1). Both tPA and gp120 RNA levels in
the cell lines with the SV40 late poly(A) constructs were
significantly higher (three to five fold) than those in the cell lines
with the SV40 early poly(A) constructs. RNA levels from the
M poly(A) and SV40 early poly(A) cell lines were
approximately the same, as were the protein levels.

With regard to gene copy number in these cell lines (Fig. 4,
Table 1), there is less variation than was seen with the different
promoter constructs. Cell lines transfected with the SV40 late
poly(A) constructs show a slightly lower copy number than with
the SV40 early poly(A) constructs with both the tPA and the
gp120 series. There is little difference in the gene copy number
between the Mtn and SV40 early poly(A) constructs. Thus for
these cell lines, the differences in RNA and protein levels
observed reflect primarily differences in the relative abilities of
the poly(A) signals to direct stable RNA synthesis.

DISCUSSION

We have directly compared the usefulness of several promoters
and poly(A) signals for expression of heterologous gene products
in stably transfected Drosophila S2 cells. Among the
combinations of functional promoters and poly(A) signals tested,
up to ten-fold differences in the level of protein production were
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observed. Two lines of evidence indicate that these different
protein levels reflect differences in the inherent abilities of the
expression signals to direct stable RNA synthesis. First, in every
case examined, we found that the relative effects of the different
promoter and poly(A) signals were the same regardless of
whether tPA or gpl20 was used as the reporter gene.
Furthermore, in independent experiments using other reporter
genes, we have also seen equivalent production from the actin
5C distal and Mn promoters, and from the SV40 early and Mtn
poly(A) signals. Thus, the effects of the expression signals on
production are reproducible. Second, there was a very good
correlation between the relative protein levels and relative RNA
levels in every case. This data suggests that the different protein
and RNA levels observed likely stem in large part from
differential efficiencies with which the promoters and poly(A)
signals are used for transcription initiation and RNA 3’ end
formation, respectively. However, we note that the various
promoter and poly(A) fragments used do contribute different 5’
and 3’ untranslated sequences at the ends of the mRNAs which
could potentially affect mRNA stability differently. Thus our
steady state RNA and protein levels me- ~ure the overall effects
of the different promoter and poly(A)-encoding fragments on
RNA production. Differences in gene copy number also likely
play a role in the different RNA and protein levels observed in
some cases, as discussed below.

Promoters

Among the promoters examined, we find that overall production
was highest in the cell lines transfected with the actin 5C distal
and Min promoter constructs, which generated comparable levels
of RNA and protein in our system. However, since fewer copies
of the actin SC promoter construct were integrated relative to
the Mtn construct, the actin promoter may be inherently stronger
(Compare relative protein level per gene copy in Table 1.). The
use of these two efficient promoters together in a single cell line
would provide an attractive system to study the regulation of an
RNA or protein (expressed constitutively from the actin 5C
promoter) by another protein whose expression could be induced
from the M promoter (3).

Our results also show that the promoter from the «1-tubulin
gene of Drosophila can be used for constitutive heterologous gene
expression in S2 cells. The overall production from the cell lines
transfected with the a1-tubulin promoter constructs is three- to

120L 120H
M MTF AM
— L E E E E E 2001000

— 1078

D = @ - o — W

— 603

Figure 4. Southern blot analysis of tPA and gp120 gene copy number. Genomic DNA was isolated from nontransfected cells (—) and transfected cell lines (designated
as in Figs. 2 and 3), and 1 pg was digested to excise a 1.2 kb tPA-encoding fragment (panel A) or a 917 bp gp120-encoding fragment (panel B). The samples
were electrophoresed and blotted to nitrocellulose for analysis with either a tPA-specific probe (top panel A) or a mixture of BaL gp120- and BH10 gp120-specific
probes (top panel B). The probes were the same as those used in Fig. 3. The standard lanes contain digested pM-tPA-E (panel A) or pM-120L-E (panel B) plasmid
DNA loaded in amounts equivalent to 200 and 1000 gene copies per cell. To compare the amount of DNA loaded in each lane, the blots were also incubated with
an actin promoter-specific probe to detect endogenous actin 5C gene sequences, as shown in the bottom panels. The band appearing below the endogenous actin
gene band in the pA-120H-E cell line originates from integrated pA-120H-E DNA which contains actin 5C promoter sequences. Sizes of DNA markers (in base
pairs) are shown to the right of each panel.
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five-fold lower than that from cell lines using the Min or actin
5C distal promoters. As with the actin 5C distal promoter, the
a1-tubulin promoter constructs emerge after selection at lower
copy numbers than the analogous Mn promoter constructs. If
considered on a per copy basis (Table 1), the o1-tubulin promoter
is only two- to three-fold less productive than the actin 5SC distal
promoter and is comparable to the induced Mm promoter.

In contrast to the Drosophila promoters examined, the fibroin
promoter from the silkworm B.mori failed to show any detectable
activity in S2 cells, even though the gene copy numbers for
analogous fibroin and Mtn promoter constructs were similar. It
is known from in vivo studies and in vitro studies using a variety
of cell extracts that fibroin promoter activity is restricted to the
silk gland of B.mori (16, 29). This tissue specificity correlates
with the presence or absence of certain proteins in these extracts
which bind to the fibroin promoter in vitro. It has been suggested
that these factors may be homeodomain proteins analogous to
the Drosophila EVE and ZEN proteins, and indeed EVE and
ZEN are able to bind to sequences in the fibroin promoter which
are homologous to their consensus binding site sequences (16).
Since homeodomain proteins including EVE and ZEN are known
to be absent in Drosophila S2 cells (7), the failure of the fibroin
promoter to function detectably in these cells likely results from
the absence of appropriate transcription factors. The Drosophila
S2 cell line therefore provides a convenient null background in
which to coexpress these and other factors along with a fibroin
promoter-reporter gene construct to assess the role of the factors
in fibroin promoter function in vivo. The usefulness of S2 cells
as a null background for transfection assays to study transcription
factors whose functions are absent from S2 cells is well
established, not only for Drosophila factors such as homeodomain
proteins (reviewed in 7), but also for factors from other species
such as mammalian factor Spl (6).

It is interesting that all three of the constructs in our study which
utilized a constitutive promoter (actin 5C distal or «1-tubulin)
were present at significantly lower copy numbers than the
analogous constructs with the M promoter, which is inactive
during the growth of the culture (in the absence of copper) and
the fibroin promoter, which is nonfunctional in our system. This
effect was reproducible in the independent cell lines regardless
of the reporter gene used. One explanation for this consistent
pattern is that high copy numbers of certain constitutively active
promoters may be disadvantageous for the cell. A vast excess
of these constitutive promoters may compete for limited
transcription factors that are required for function of the
endogenous actin and tubulin promoters or other constitutive
promoters. Since the products of these genes are major structural
proteins involved in cytoskeleton and microtubule formation (14,
30), such a competition for limited transcription factors could
conceivably slow cell growth. Thus cells with fewer copies of
the transfected actin or tubulin promoters may outgrow those with
higher copy numbers during selection. An alternative explanation
for the lower copy numbers observed with the constitutive
promoters is that overproduction of tPA or gp120 on a constitutive
basis may be detrimental to the cells to the extent that cells with
lower copy number would outgrow the higher copy number
population. However this is clearly not the explanation for the
lower copy number of the tubulin promoter constructs, since cells
producing five times more protein (from the actin 5C distal
promoter) grow quite well. These two explanations can be
distinguished experimentally by analyzing copy number in S2
cells transfected with constructs encoding the different promoters
but lacking a reporter gene.

Poly(A) signals

From our comparison of the different poly(A) signals, we have
been able to improve the levels of protein production in our
Drosophila expression system two- to three-fold by replacing the
SV40 early poly(A) signal with the SV40 late poly(A) signal.
In addition, two aspects of our comparison reveal that the process
of polyadenylation is conserved between mammalian and
Drosophila cells. First, both types of poly(A) signals are utilized
with comparable efficiencies in S2 cells. We observe no
significant difference in RNA or protein production between the
use of the SV40 early poly(A) signal and the Drosophila Mtn
poly(A) signal, and the SV40 late poly (A) signal was actually
utilized approximately three-fold more efficiently than the others.
Second, the relative strengths of the two SV40 poly(A) signals
is the same in Drosophila S2 cells as it is in human and monkey
cells where the SV40 late poly(A) signal has also been shown
to generate higher levels (five-fold) of steady state mRNA than
the SV40 early poly(A) (18). Thus the factors and nucleic acid
signals involved in polyadenylation appear to be conserved in
Drosophila and mammalian cells to a large extent.

CONCLUSIONS

In summary, we find significant differences in the level of RNA
and protein produced from different promoter and poly(A)
sequences in stably transfected Drosophila S2 cells. In addition
to identifying promoters (actin SC distal and M) and poly(A)
signals (SV40 late) that are the most productive for heterologous
gene expression in a high copy number stable transfection system,
our results also reveal more general information about expression
in S2 cells. Our results suggest that the copy number at which
a population of cells maintains a particular gene can vary
considerably depending on the active or inactive nature of the
promoter during cell growth. In addition our data provide
evidence that the nucleic acid signals and factors involved in the
process of polyadenylation are conserved in insect and
mammalian cells.
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