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"The interaction of enhancers with different promoters was studied by measuring the influence of two
enhancers (from simian virus 40 and from Harvey sarcoma virus) on the activity of expression vectors that are
identical except for their promoter region. The promoters examined were from the simian virus 40 early region,
with or without its own 72-base-pair repeat, and the mouse ™% -giobin gene. It is clear that the promoter
acted upon strongly influences the level of activity of an enhancer.

It is known that DNA sequences called enhancers can
activate certain cloned genes (1, 2, 7, 9, 15-17, 21, 26). A
number of enhancers have been identified, both of viral and
cellular origin (1, 7, 12, 185, 21, 22, 24-26). Enhancers act in
cis in an orientation-independent manner (10, 26, 30). Fac-
tors known to influence enhancer activity include the cell
line the enhancer is in and, in some cases, its position
relative to the promoter being tested (1, 4, 6, 10, 20, 26). It is
not known what role, if any, the promoter plays in this
process, i.e., are enhancer effects the same on different
promoters? To test this question, we examined the effect of
two well-characterized enhancers, the simian virus 40
(SV40) 72-base-pair (bp) repeat and the Harvey sarcoma
virus (HaSV) 73-bp repeat, on the SV40 early promoter with
its own enhancer deleted (SV40d) and the mouse p™¥°'-
globin promoter by using constructions identical except for
the promoter being tested. The promoter in each case was
fused to an easily assayable gene, Escherichia coli galK, so
that galactokinase activity could be used to measure promot-
er function.

The basic plasmid used for these constructions was
pSVK100, described in detail elsewhere (27). It contains the
SV40 early promoter driving the E. coli galK gene (Fig. 1).
The 72-bp repeat (enhancer) was cleaved from pSVK100 by
digestion with Pvull and Sphl, which deletes 142 bp, leaving
the terminal 21 bp of one enhancer (26). This deletion is
sufficient to eliminate detectable enhancer activity (11, 14,
26). The resultant DNA was ligated to give pZP1 (Fig. 1).
The exact deletion size was confirmed by DNA sequencing
(data not shown). pZPl, then, contains the SV40 early
promoter with no enhancer (SV40d). The HaSV enhancer
was added to give pZP2, whereas the SV40 enhancer was
added to pZP1 at the BamHI site, ca. 2 kilobase pairs from
its location in pSVK100, giving pZP1-gpt. The final plasmid,
pZP2-gpt, contains both enhancers and was constructed by
inserting the BamHI fragment just described into pZP2,
which already has the HaSV enhancer. A schematic of these
plasmids is shown in Fig. 2A. Figure 2B shows the parallel
constructions with the mouse B™¥°-globin promoter. The
following plasmids are identical except for their promoter:
pZP1 and pPB12; pZP2 and pPB12H; pZP1-gpt and pPB22;
pZP2-gpt and pPB22H. Details of the construction of pPB12,
pPB12H, pPB22, and pPB22H have been reported (4).
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Do enhancers have the same relative effect on different
promoters? This question was approached by comparing
galactokinase levels in the plasmids containing the SV40 or
HaSV enhancer in combination with the SV40d or B-globin
promoter in CV-1 (monkey) cells, L (mouse) cells, and
Chinese hamster cells (Tables 1 and 2). Transfections and
galactokinase assays were as described previously (3, 4). A
comparison of the ratios of the galactokinase observed in the
SV40-enhanced plasmid to that in the unenhanced plasmid in
CV-1 cells for the two promoters indicated a large difference
in enhancement, i.e., the SV40 enhancer activates the B-
globin promoter much more than the SV40d promoter (a
ratio of 13 for the B-globin promoter and 1.3 for the SV40d
promoter). The SV40 enhancer was 60% stronger with the 8-
globin promoter than with the SV40d promoter in L cells,
whereas in R1610 cells, the SV40 enhancer was fivefold
stronger with the B-globin promoter. The situation was
similar for the HaSV enhancer; in all cases it was more

‘effective on the B-globin promoter than onh the SV40d
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promoter. Thus, the B-globin promoter was able to be
enhanced 9.3-fold more than the SV40d promoter. The
SV40d promoter has been shown by others to be enhance-
able (13, 19, 20, 29), so the lack of activation we observed is
significant.

The effect of deleting the SV40 enhancer and replacing it
in a different position is shown in Table 3. The pZPl/
pSVK100 galactokinase ratio indicates the effect of deleting
the enhancer (pZP1) compared with having it in its natural
position adjacent to the promoter (pSVK100). The pZP1-gpt/
pSVK100 galactokinase ratio indicated the activity of the
two enhancer positions since pZP1-gpt contains the SV40
enhancer 2 kb from the promoter. In CV-1 cells, the pZP1/
pSVK100 galactokinase ratio was 0.10, meaning that dele-
tion of the enhancer caused a 90% loss of galactokinase
activity. Replacing it 2 kb from the promoter (pZP1l-gpt/
pSVK100) gave a ratio of 0.13 or 13% activity. Therefore,
adding the enhancer, but at a distance from the promoter,
only increased galactokinase by 30%. Similar calculations
were performed for L cells and R1610 cells. Deletion of the
enhancer caused a 31% loss of activity in L cells and a 77%
loss in R1610 cells, and replacing it downstream did not
result in a significant increase in promoter function in rodent
cells. From these experiments and others (26), it is clear that
the SV40 early promoter is very sensitive to enhancer
position. Perhaps position effects are not as significant for
the B-globin promoter; this could explain why this promoter
was more readily activated in our constructions.

The relative strengths of the SV40d and mouse B-globin
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FIG. 1. Construction of plasmids containing enhancers. Step 1, pSVK100 was cleaved with Sphl and Pvull to delete the SV40 enhancer,
giving pZP1. Step 2, The SV40 enhancer, which is on a 2.2-kb BamHI fragment containing the SV40 early promoter fused to the E. coli gpt
gene, was inserted into the single BamHI site of pZP1 to make pZP1-gpt. Step 3, The 750-base-pair EcoRI-BamHI DNA in pZP1 was replaced
with the 550-base-pair EcoRI-BamHI fragment containing the HaSV enhancer (the adjacent promoter of the HaSV long terminal repeat is not
on this fragment). This plasmid is pZP2. Step 4, pZP2-gpt was constructed by adding the 2.2-kb BamHI fragment with the SV40 enhancers to
pZP2.
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TABLE 2. Enhancer effects on the SV40d and mouse B-globin

promoters*
Galactokinase ratio”
Promoter Cell line Svao HaSV
enhanced/ enhanced/
unenhanced unenhanced

Sv40d CV-1 1.3 0.29

L 1.0 1.4

R1610 1.0 1.4
B-Globin CVv-1 13 3.3

L 1.6 1.7

R1610 5.0 6.1

“ Calculated from the data in Table 1.

TABLE 3. Effect of enhancer position on SV40 promoter activity

Galactokinase activity ratio

gal K gal K
N\ N Harve
Y
Svao Svao Sarcoma
Virus
gal K pZP1gpt 3 gal K pZP2-gpt T
apt gpt
\N \\ Harvey
SV40 Sv40 Sarcoma
Virus
gal K pPB12 gal K pPB12H
RN RN Harvey
B-Globin B-Globin Sarcoma
Virus
SV40 SV40
gal K ppB22  J galK| pPB2H T
gpt gpt
R W Harve
B-Globin f-Globin Sarcoma
Virus

FIG. 2. Schematic diagram of plasmids. Open boxes indicate
promoters and closed boxes indicate enhancers. (A) SV40 promot-
ers. (B) B-Globin promoters.

TABLE 1. Galactokinase activities

Galactokinase activity in:

Promoter Plasmid
CV-1 L R1610
SV40 pSVK100 171 12,600 10,500
pZP1 18.9 8,670 2,350
pZP1-gpt 22.7 8.830 2,410
pZP2 5.3 12,050 3.250
pZP2-gpt 23.0 11,900 4,580
B-Globin pPB12 3.6 3,490 625
pPB12H 12.0 5,890 3,840
pPB22 '47.9 5,630 3,150
pPB22H 77.7 10,050 3,410

% Galactokinase activities are in arbitrary units for CV-1 cells and in counts
per minute per microgram of protein for L and R1610 cells. A portion of the
data for the mouse B™**"-globin promoter are from Berg et al. (3, 4). Each
value is the average of four or more independent assays.

Cell line pZPl/ pZPl-gpt/ % Change
pSVK100 pSVK100
CVv-1 0.10 0.13 30
L 0.69 0.70 1
R1610 0.23 0.23 0

promoters were compared by using two plasmids with no
enhancers, pPB12 (B-globin promoter) and pZPl1 (SV40d
promoter). The SV40d promoter was 5.0-fold stronger than
the B-globin promoter (18.9 versus 3.6) in CV-1 cells, 2.5-
fold stronger in L cells (8,670 versus 3,490), and 3.8-fold
stronger in R1610 cells (2,350 versus 625) (see Table 1). One
could speculate that this may reflect the biological roles of
these two promoters: the SV40 early promoter is competing
with other cellular promoters for RNA polymerase II after
viral infection, whereas the B-globin promoter is active in an
erythroid differentiated cell that is specialized for hemoglo-
bin production. However, there is no way at present to know
the in vivo activity of the B-globin promoter since it may be
further activated by enhancers.

Species specificity of enhancers observed by us (4) and
others (6, 20) was confirmed for both promoters. The
relative enhancer effects were indicated by galactokinase
ratios in CV-1, L, and R1610 cells (Table 4). It was clear that
the SV40 enhancer is more active than the HaSV enhancer in
CV-1 cells for both promoters, and the HaSV enhancer is
more effective than the SV40 enhancer in rodent cells (L and

TABLE 4. Cell type dependence of enhancer effects

Svao/
Promoter Cell line er:-liz?lZer

ratio”

SV40 (primate) CV-1 (monkey) 4.3
L (mouse) 0.73
R1610 (Chinese hamster) 0.74

B-Globin (mouse) CV-1 (monkey) 4.0
L (mouse) 0.81
R1610 (Chinese hamster) 0.92

¢ Calculated from the data in Table 1.
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TABLE 5. Transformation frequency in R1610 cells

No. of colonies

Promoter Plasmid

per 10° cells
Sv40 pZP1 320
pSVK100 2.105
pZP1-gpt 697
B-Globin“ pPB12 51
pPB12H 460
pPB22 571

¢ Data are from Berg and Anderson (3).

TABLE 6. Transformation frequency and galactokinase activity
ratios

Galactokinase
activity ratio

Transformation

Ratio of plasmids: frequency ratio

pPB12H/pPB12 9.0 6.1
pPB22/pPB12 11.2 5.0
pSVK100/pZP1 6.6 4.4
pZP1-gpt/pZP1 2.2 1.0

R1610 cells). Therefore, species specificity of enhancer
activity appears to be promoter independent. In addition,
there was no detectable difference between these ratios in L
and R1610 cells, even though the galactokinase levels were
different in these cell lines (Table 1). It would be interesting
to compare this enhancer ratio in other cell lines to deter-
mine whether it is consistently either near 4.0 for cells in
which the SV40 enhancer is more active or between 0.70 and
0.90 for cells in which the HaSV enhancer is more active.

The presence of an enhancer on a plasmid can increase
transformation frequency by as much as 100-fold (S, 8, 18,
23, 31), probably due to an increase in enzyme activity (3,
22). In particular, there is a direct correlation between the
galactokinase level and the frequency of GalK™ stable
transformants in R1610 (3). Three of the plasmids described
here, pSVK100, pZP1 and pZP1-gpt, were used to transform
R1610, which is galK™, with selection for stable transform-
ants as described (3, 28) (Table 5). Data from previous
experiments with pPB12, pPB12H, and pPB22 are included
for comparison (3). The transformation assay is compared
with the galactokinase enzyme assay for R1610 cells in Table
6. The effect of an enhancer is shown by comparing either
the number of colonies (transformation assay) or the galacto-
kinase level of a plasmid containing an enhancer to that in a
plasmid with no enhancer. In each case the transformation
frequency appeared to be a more sensitive indicator of
enhancer activity than enzyme activity. There could be a
number of explanations for this observation. Although
Luciw et al. (22) showed that the number of cells which
integrated plasmid DNA after microinjection is independent
of the presence of an enhancer, the factors determining
integration after calcium phosphate-mediated DNA transfer
may not be enhancer independent. Another possibility is that
enhancers may allow earlier expression of the galK gene so
that more cells are able to survive the challenge with
galactose.

We thank Jian-Kang Yu. Rebecca King, Steve Miller. and Lauren
Chang for valuable assistance.
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