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An understanding of the regulatory 
events controlling gene expression in 
higher eukaryotes is important in the 
study of such complex phenomena as 
differentiation, transformation, and ma- 
lignancy. The substantial progress made 
on this subject has been aided by 
achievements in molecular biology such 
as molecular cloning and site directed 
mutagenesis. Much of this information is 
derived from studies with animal virus- 
es. Because of their limited genetic ca- 
pacity, the viruses rely on cellular en- 

trolling elements for transcriptional initi- 
ation do not appear to require virally 
coded gene products. 

Several eukaryotic promoters have 
been examined both by DNA sequencing 
and by in vitro and in vivo analysis of 
mutants. These studies have led to the 
identification of the so-called Goldberg- 
Hogness or TATA box (T, thymine; A, 
adenine), a signal that is involved in the 
precise positioning of 5' RNA ends (5, 
6). Other sequences upstream of the 
TATA box, which are absolutely re- 

Summary. Enhancers, or activators, dramatically increase the transcriptional 
activity of certain eukaryotic genes. A series of multiple point mutations affecting the 
simian virus 40 (SV40) enhancer-activator region were generated in order to define 
the nucleotide sequence required for this function. Three independent assays 
provided information leading to the identification of nucleotides essential for enhancer 
function. One class leads to a decrease in gene expression, while the second 
completely abolishes functional activity. One critical replacement appears to be the 
first G (guanine) in a sequence TGGAAAG (T, thymine, A, adenine) located in the 5' 
region of the 72 base-pair repeat of SV40. Comparison of this sequence with 
nucleotide sequences in other known enhancers leads to the identification of potential 
related core elements. 

zymes, and thus provide a useful model 
system to study the basic mechanisms of 
cellular gene control. 

One of the best studied animal virus 
systems is simian virus 40 (SV40) (Fig. 1) 
(1). Its genome is a double-stranded co- 
valently closed circular DNA molecule 
of 5243 nucleotides (2-4). In permissive 
monkey kidney cells, an early and a late 
phase characterize its life cycle. The 
early and late coding sequences are situ- 
ated on opposite halves of the genome 
and are transcribed in opposite direc- 
tions (Fig. 1). Early gene expression has 
been extensively studied, and the con- 

quired for promoter activity, have been 
identified in various promoter sequences 
(7). Recently, a detailed analysis of the 
promoter of the herpes simplex thymi- 
dine kinase (TK) gene (8) resulted in an 
identification of three essential regions 
within 105 base pairs (bp) upstream of 
the RNA initiation site. 

In SV40 a 72-bp repeated unit located 
approximately 100 to 175 bp upstream of 
the early cap (initiation site) position 
appeared to be essential in cis for the 
expression of the SV40 early genes (9). 
The repeated nature of this element is 
not essential, as indicated by naturally 
occurring variants of SV40 containing 
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SV40 sequences to the herpes TK gene 
enhanced the frequency of transforma- 
tion of TK- to TK' cells. Similarly, a 
dramatic increase in rabbit globin gene 
transcription mediated by the SV40 72- 
bp repeats was demonstrated (13). These 
experiments showed that this region of 
the SV40 genome can stimulate tran- 
scription from heterologous promoters. 
The terms "enhancer" (13) and "activa- 
tor" (14) have been proposed to describe 
elements of this kind. Analogous ele- 
ments have also been found in other 
animal viruses such as Moloney sarcoma 
virus (MSV), Rous sarcoma virus (RSV), 
bovine papilloma virus (BPV), polyoma 
virus, and in the human genome (11, 14- 
16). 

Several of the described activator ele- 
ments have been tested for their ability 
to substitute for one another in function- 
al assays. The MSV (14) and the BPV 
(11) enhancers can both replace the 
SV40 72-bp repeats to some extent as 
assayed by replication in monkey cells. 
However, quantitative measurements of 
gene expression from the SV40 early 
promoter with either the SV40 or MSV 
enhancer has indicated that these ele- 
ments may have different host cell speci- 
ficity (17). In addition, alterations within 
a region of the polyoma virus genome 
which contains the enhancer function 
(16) enables the mutated virus to grow in 
nondifferentiated teratocarcinoma stem 
cells (18). These data not only point to 
the central role of enhancers as cis- 
acting signal sequences, but also indicate 
their possible regulatory function. Al- 
though activator elements often seem to 
reside within repeated sequences, very 
little information is available concerning 
the critical sequences necessary for en- 
hancer function. Identification of these 
sequences could help in the elucidation 
of the mechanism of enhancement. One 
problem in studying deletion mutants is 
that the removal of essential sequences 
brings other sequences into an abnormal 
juxtaposition. In an effort to define criti- 
cal nucleotides within the SV40 en- 
hancer region, we have constructed and 
analyzed mutants containing multiple 
base pair changes within the 72-bp re- 
peat. 

Strategy of Generating Mutants 

in the 72-bp Repeat Region 

The approach we selected is based on 
a base-specific chemical treatment in 
which sodium bisulfite is used in vitro to 
convert cytosine residues in single- 
stranded DNA to uracil, without doing 
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significant damage to other bases (19). 
Thus, the resulting change will eventual- 
ly be a transition from C (cytosine) to T. 
This agent has been successfully used to 
introduce mutations within the SV40 ori- 
gin of replication (20). Recently, a very 
efficient modification of this method has 
been reported (21); its major advantage 
is the cloning of the desired DNA frag- 
ment into a single-stranded bacteri- 
ophage, which renders the DNA readily 
accessible to the chemical agent (Fig. 2). 
In brief, SV40 fragments were trans- 
ferred into a suitable single-stranded 
vector such as fd 106 (22). Single-strand- 
ed DNA from two clones (fd-SV4O-El 
and fd-SV4O-Ed) carrying SV40 inserts in 
opposite orientations (23) was treated in 
vitro with sodium bisulfite. This modi- 
fied DNA was hybridized with fd-specif- 
ic fragments, which subsequently served 
as primers for the repair synthesis of the 
second strand, creating U A base pairs 
(U, uracil) in all positions originally af- 
fected by the chemical treatment. After 
the repair synthesis, the molecules were 
digested with Sph I and Kpn I, which 
excised a fragment containing approxi- 
mately 50 nucleotides of the 5' end of the 
72-bp sequence plus 47 nucleotides of 
the SV40 late (L) leader (see Fig. 1) (2- 
4). The excised fragments, which con- 
sisted of a mixture of mutagenized DNA 
segments, were ligated to Sph I and 
Kpn I digested pSVTR 1-3. This plasmid 
contains the viable SV40 genome insert- 
ed at its only Taq I site into the Cla I site 
of the plasmid pAd 190 (Fig. 2). The 
SV40 insert in pSVTR 1-3 is a viable 
mutant which has been altered at the 
Hpa ][I position by insertion of a Bam HI 
restriction enzyme linker (24), and car- 
ries only one copy of the 72-bp repeated 
in wild-type SV40. The plasmids result- 
ing from this cloning procedure also con- 
tain a single copy of the SV40 72-bp 
repeat and carry base changes exclusive- 
ly within the Kpn I-Sph I fragment. In 
order to confirm the physical structure 
and to determine the individual point 
mutat~ons, the nucleotide sequence of 
several mutants in the critical region was 
determined. 

Both strands were sequenced (25) be- 
gintling at position 346. A compilation of 
the resulting nucleotide sequence data of 
seven cloned mutants compared to the 
SV40 wild-type sequence is presented in 
Fig. 3 A .  It is obvious that all mutants 
carry the expected nucleotide exchanges 
only between Kpn I and Sph I. Depend- 
ing on the orientation of the SV40 insert 
within the fd vector used for initial muta- 
genesis (Fig. 2), the expected C --t T or 
G --t A (G, guanine) transitions were ob- 
served. 

Fig. 1. Schematic rep- 
resentation of a func- 
tional map of SV40. 
SV40 has a circular co- 
valently closed dou- 
ble-stranded DNA of 
5243 bp (14). Taking 
the origin of replica- 
tion (ori) as a start 
point, the early gene 
products (small t anti- 
gen and lane  T anti- / 

Hind Ill 

gen) are transcribed 
counterclockwise. Af- 
ter the onset of DNA .,,-TATA ATG 

replication mediated 
bv the origin of reoli- 251 179 107 015243 E 

cation, abundant iate - Activator 

gene products, VP-1, 
VP-2, and VP-3, are produced. The origin region is enlarged, demonstrating the presence of a 72-bp 
repeat and a 21-bp repeat. The filled square boxes within the 21-bp repeat represent a CCOCCC 
unit present at least six times. TATA is representing the Goldberg-Hogness box for early 
transcripts. The nucleotide numbers used are those of Van Heuverswyn and Fiers (4). 

Generation of Fig. 2. Construction of SV40 point mutants in 
multiple point 

exchanges the enhancer or activator region. Escherichiu 
coli C600 and fd recombinant phages (fd- 
SV40-E, and fd-SV40-E4) were used (23). 
Phage fd-SV40-E4 contains the entire late 

Id-SV4c-El a strand of SV40; fd-SV40-E, is the early strand 
Recloning in with a 1500-bp deletion within the early region 

plasmid vector (42). Plasmid pSVTR 1-3 consists of a 2.3-kb 1 N a H S 0 3  plasmid (pAd 190) (43) conferring an ampicil- 

0-"-0 
lin resistance marker and the plasmid origin of 
replication and of a complete SV40 genome. 

fd-SV40-E 1 0 Repair KpnlQ Sph I \Taq I The fused vector. tion. SV40 The to SV40 the is SV40 opened only can be portion Cla at released its 1 site only of by of pSVTK Taq Taq the I site plasmid I diges- 1-3 and is 

1 aynthis different from wild-type SV40 in two regions. 

,/ 0+6~, It contains only a single 72-bp unit and an 
additional Bam HI site, which has been intro- 

fd -SV4Mt  C.) oelete duced at the Hpa I1 site of SV40 in position 
Kpn I-sph I 346 (24). The point mutants described are 

fragment derivatives of pSVTR 1-3. For mutagenesis, 
Kpn l single-stranded DNA (5 pg and I pmole) from 

phage fd-SV40-E4 or fd-SV40-El was dis- 
solved in 17 p1 of TE buffer ( I0  mM tris-HCI, 
pH 8 , 0 .  1 mM EDTA) and 80 p1 of 4M sodium 
bisulfite reaction mixture (156 mg of 
NaHS03, 64 mg of Na2S0,, and 0.43 ml of 
H2O) and 3 p1 of 50 mM hydroquinone were 
added. After 3 hours at 37'C in the dark, the 
samples were chromatographed on Sephadex 

Reclone G-100 columns (2 ml) previously equilibrated 
modified 

Kpn 1-Sph I 
with IO'mM potassium phosphate buffer, pH 

fragment 6, to remove bisulfite. The void volume con- 
taining the DNA was collected and adjusted 
to 0.2M tris-HCI, pH 9.2, 50 mM NaCI, 2 mM 
EDTA. After 12 hours at 37"C, the samples 
were desalted by filtration through Sephadex 

Kpn l G-100 and lyophilized. The treated phage 
DNA was then hybridized for 10 minutes at 
45°C with 0.1 kg of a mixture of fd phage- 
specific oligonucleotides (44) in 20 p1 of DS 
buffer (40 mM tris-HCl, pH 7.2, 10 mM 
MgCI2, 0.2 mM dithioerythritol, and 100 mM 
KC1). Subsequently, a-3'P-labeled deoxynu- 

cleotides dNTP (40 mCiIpmole) were added to a final concentration of 0.2 mM each in a final 
volume of 30 kI. DNA polymerase I (10 units) was added, and the sample was incubated for 25 
minutes at 20°C and 10 minutes at 37'C. The reaction was stopped by ethanol precipitation of 
the DNA. After cleavage with Sph I and Kpn I,  a 94-bp mutagenized DNA fragment was 
isolated after separation on a 6 percent polyacrylamide gel. This fragment was subsequently 
recloned after ligation to the Kpn I and Sph I site of pSVTK 1-3. From the mutagenesis of fd- 
SV40-Ed, four mutant clones were further analyzed and from fd-SV40-El mutagenesis, three 
clones were analyzed. 
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Biological Activity of Point Mutants 

in the Activator-Enhancer Region 

In an attempt to determine the biologi- 
cal effect of the multiple point mutations 
in individually cloned mutants, we first 
tested their ability to form plaques. This 
analysis was greatly facilitated by the 
available constructs, since cleavage with 
Taq I releases a functional SV40 genome 
(Fig. 2). These data are summarized in 
Table 1. 

We found that two of the seven mu- 
tants (5 and l l )  were unable to yield 
plaques, suggesting that these mutants 
must have nucleotide exchanges at cru- 
cial positions. It was further noted that 
mutants 18, 44, 45, and 47 seemed to 
produce plaques observable 1 to 2 days 
later than the wild-type control, and that 
mutant 43 gave rise to very small plaques 
3 to 4 days later than did wild-type SV40. 
Since the region approximately 47 nucle- 
otides toward the late side of the 72-bp 

repeat was also a target for mutagenesis, 
it was possible that the defect in mutants 
5 and 11 were either in the enhancer 
element or in some late function (for 
example, promoter). In order to discern 
between these possibilities, we attempt- 
ed to measure directly the amount of 
early gene product. 

Replication of Mutant Viral DNA in 

Monkey Kidney Cells 

The early gene product T antigen is 
essential for the replication of the SV40 
genome (20, 26). We therefore used an 
assay in which we indirectly determined 
the amount of SV40 T antigen by mea- 
suring the amount of DNA replication in 
permissive monkey kidney (CV-1) cells 
(27, 28). This assay should enable us to 
determine the relative strength of the 
early promoter of individual mutants. It 
has been shown (11) with this assay that 

A Kpn I Pvu I1 
S1:40 Late Leader 1TA~TTCTGAGGCGCAAAGAAC~TGGAATGTGTGTCAGTTAG 

5 A A A  A A A A 
11 A A A A A 
18 A A A 

4 3 T 
44 T T 
4 5 
4 7 R I1 T T Sph I 

SV4O-repeats (72bpl [GGTGTGCAAE.GTC~GCTCCCCAGCAGGCAGAAGTATGCGCATGCATCTCAATTACTCAGCAACCA] 

A A 
A A A A  

TTT TTTT 
T T T T 
T T T  T T  T T T 
TTTT T T T T 

sequences to the late side of the Sph I 
site are not required for efficient early 
gene expression if an intact enhancer is 
present elsewhere in the molecule. In 
our experiments, parallel samples of CV- 
1 cells were lransfected with individually 
cloned mutant DNA's released from 
plasmid sequences with the restriction 
endonuclease Taq I in the presence of 
DEAE-Dextran. At various times after 
transfection, cells were harvested and 
DNA was extracted (29). The appear- 
ance of supercoiled DNA was taken as 
an indication that replication had oc- 
curred. The first time point (6 hours after 
transfection) (Fig. 4), demonstrates that 
approximately the same amount of linear 
DNA from each mutant DNA prepara- 
tion was taken up by CV-1 cells. 

Subsequent time points (24, 48, 72, 
and 120 hours) show differences among 
the mutant DNA preparations. Wild- 
type controls (pAl l-2352 canying two 
72-bp tandem repeats, and pSVTR 1-3, 

Fig. 3. Sequence analysis of multiple point mutants of SV40. (A) The positions and base changes found in the seven mutants are shown below the 
wild-type SV40 sequence. (B) A summary of the data obtained with the mutants in three different assays is shown. For plaque formation see 
Table 1, for DNA replication see Fig. 4, and for CAT assay see Fig. 6. The CAT assay calculation was done with the use of the data from the 30- 
minute time point in Fig. 6. The amount of acetylated chloramphenicol seen with plasmid 1-3 was assigned 100 arbitrary units. 
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t 

-5--- lllr-lR- -l Fig. 4. Replication assay. Parallel dishes (60 
7, 9 6 1 r n 6 . ~  7 i % l ? C . l 6 W 7 7 W l 7 @ $ b  mm) of a continuous line of African green 

monkey kidney cells (CV-I) were incubated 
for 70 minutes with 0.2 ml of minimal essential 
medium containing linear mutant DNA (prevl- 

- - m m - ~ ~ m -  .I -r,114 ously cleaved with Taq 1) (150 ngtml) and 
FUI  - , & - , DEAE-Dextran as facilitating agent. Low mo- 

lecular welaht DNA was isolated as  described 
by Hirt ( 2 6 ,  at 6, 48, 72, 96, and 120 hours 
after DNA transfection. A reflection of the 
linear input DNA was obtained by harvesting 

7- 43- - - 4.--, -45- 

- - 1 
DNA prior to the onset of replication at 6 

s v  6 d~ n 9 i 1 r n l r 6  a 72 5 1 3 1  S V /  6 48 7?%120116 4H R % ,111 hours after transfection. Samples of each mu- 
tant at each time point were taken and sub- 
jected to electrophoresis in a 1.4 percent 
agarose gel. The DNA was transferred to a 

--.l)- -a -Fo t t l -  
Fn111- 0- #e **- - rn - Fnlll 

nitrocellulose filter (Schleicher and Schuell, 
- - FI I  ._. 

F O I -  a . a h - 6 0 1  
0.45 km) basically as described (451, except 
that the gel was treated before denaturing the 

DNA 
Rep l ica t ion  

t 
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t 

DNA with 0.25M HCI for 15 minutes. ?his 
transferred DNA was hybridized to a nick-translated SV40 DNA with a specific activity of approximately 2 x IOX cpmlkg. "P-Labeled bands 
were detected after exposure to  an SB-5 x-ray film (Kodak). The numbers in the top lane indicate the mutants used (see Fig. 3). Plasmid 1-3 
represents a wild type canying only a single 72-bp repeat; pAll-2352 represents a 72-bp tandem repeat wild type. The bottom lane indicates the 
time of DNA harvest. SV stands for SV40 superhelical DNA (FOIL FollI symbolizes linearized SV40 DNA. 

CAT Assay 
( a r b i t r a r y  u n i t s )  

100.0 
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15.4 
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carrying only a single 72-bp copy) and 
mutants 18,44,45, and 47 seem to gener- 
ate increasing amounts of superhelical 
DNA, although to various extents. Mu- 
tant 43 produces only a minor amount of 
superhelical DNA and mutants 5 and 11 
do not generate detectable circular du- 
plex DNA. These data confirm the re- 
sults of the plaque analysis. Although 
these experiments suggest that the muta- 
tions affect early gene expression, muta- 
tions interfering with the ability of the 
DNA molecule to replicate for other 

Fig. 5. Construction of mutants with Tn 9 
(CAT) as indicator gene. The prokaryotic 
gene coding for the enzyme CAT has been 
cloned in a pSV-2 background (30) and was 
utilized for expression in different eukaryotic 
cells (17). A plasmid construct lacking only 
the eukaryotic promoter element carrying a 
suitable Hind 111 cloning site was also report- 
ed (17, 30). This plasmid (46) was used as a 
recipient for a Hind I11 fragment isolated from 
each SV40 point mutant (see also Fig. 2). 
Each Hind I11 fragment carried the mutated 
72-bp region plus unaltered 21-bp repeats and 
Goldberg-Hogness box from SV40. After the 
individual fragments were cloned, their orien- 
tation was determined with the use of the 
restriction enzyme Bgl I, and only the sense 
orientation relative to the CAT coding region 
was selected. 

Table 1. Infectious center-plaque assay of 
SV40 wild-type and point-mutant DNA. A 
continuous line of African green monkey kid- 
ney cells (CV-1) (4 x lo4) was transfected 
with approximately 50 ng of viral specific 
DNA released from plasmid sequences by 
cutting each recombinant DNA with Taq I. 
The assay was performed as an infectious 
center assay (48). Cells were stained with 
neutral red 14 days after DNA transfection. 
Each (+) represents an average of approxi- 
mately five to ten plaques per dish. The 
numbers used describe individual mutants 
(see Fig. 3). Number 1-3 represents a SV40 
equivalent carrying a single 72-bp unit as 
control. 

Plaques after transfection 
DNA on day 
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reasons could lead to spurious conclu- 
sions. We therefore wanted to determine 
directly the relative enhancer strength of 
each individual mutant independent of 
viral DNA replication. For this purpose, 
we have used a sensitive and quantita- 
tive assay to measure the effect of the 
various mutants on gene expression. 

Quantitative Assay Measuring 

Gene Expression 

The assay we selected has been de- 
scribed (30). In this assay, a bacterial 
gene from the transposable element Tn9 
was cloned between the SV40 early pro- 
moter, and the SV40 small t intron and 
transcriptional termination signal. With 
these eukaryotic regulatory signals, this 
gene can be expressed in eukaryotic 
cells. It encodes the bacterial enzyme 
chloramphenicol- 3 - 0-acetyltransferase 
(CAT) (E.C. 2.3.1.28), which can be sen- 
sitively and accurately quantified (30, 
31). The functional analysis of the en- 
zyme is based on the conversion of 
chloramphenicol to an acetylated form. 
Since the enzyme is, normally absent 
from eukaryotes, the amount of enzyme 
produced after transfection of an appro- 
priate plasmid construct into eukaryotic 
cells reflects the strength of a particular 
promoter or enhancer. It has also been 
shown that the extent of CAT activity in 
cell extracts correlates with gene activity 
at the level of RNA production. There- 
fore, the amount of enzyme produced 
should be proportional to the strength of 
an enhancer. With the use of this assay, 
it was recently demonstrated that full 
enhancer activity is exhibited by a per- 
muted 72-bp repeat (32). Thus, in this 
assay no detectable activity is added by 
sequences upstream (5') of the 72-bp 
repeat. 

In order to determine the strength of 
the mutated enhancer elements, we 
transferred the SV40 Hind 111-C frag- 
ment of individual mutants (5, 11, 18,43, 
44, 45) and of a control carrying a single 
copy of the 72-bp repeat into a pSVO 
recipient (see Fig. 5). The pSVO plasmid 
(17,30,33) effectively lacks all promoter 
elements, but provides the CAT coding 
region, the SV40 t intron, and the SV40 
transcriptional termination signal. The 
cloning of the individual Hind I11 frag- 
ments in the sense orientation restores 
promoter elements, such as the TATA 
box and the 21-bp repeats in an unaltered 
form. Thus, a possible defect in the 72- 
bp repeat will be directly reflected by a 
reduction of CAT activity. In our experi- 
ment, each plasmid was transfected with 

Ca2+ as a facilitating agent onto semi- 
confluent CV-1 cells. Approximately 44 
to 48 hours after transfection, the cells 
were harvested and the extract was pre- 
pared (30). A portion (50 microliters) of 
the extract was used for conversion of 
I4C-labeled chloramphenicol to [14C]ace- 
tylchloramphenicol in the presence of 
acetyl-coenzyme A as the acetyl donor, 
and the resulting products were separat- 
ed by chromatography. In Fig. 6A, the 
exposed autoradiograms are presented. 
Depending on the mutant used, varying 
levels of enzyme activity were detected, 
as indicated by the amount of acetyl- 

A 
4c-Cm 

@ * I ) @ *  @ C m  

pAlO1-3 i 11  18 43 44 45  
CAT-? 

B 30 : 
1-3 /' 

Time (mtnutes) 

Fig. 6. Determination of CAT activities of 
individual point mutants. Each mutant plas- 
mid and plasmid 1-3 canying a single unmu- 
tated 72-bp unit was transfected onto CV-1 
cells (70 percent confluent) by a modification 
of a Cat' precipitation method (30, 47). For 
each 100 mm dish, 25 pg of plasmid DNA was 
used. After incubation for 44 to 46 hours, cells 
were harvested and cell extracts were pre- 
pared (17, 30). The enzyme reactions were 
performed with 50 pl out of a total of 180 pl 
extract per dish and incubated with I4C-la- 
beled chloramphenicol in presence of 4 rnM 
acetyl-coenzyme A in 250 mM tris, pH 7.8. 
The reactions were terminated by extraction 
with ethyl acetate either at 60 minutes (A), or 
portions were taken and extracted at the 
indicated time (B). The '4C-labeled chloram- 
phenicol was subsequently separated from the 
acetylated I4C-labeled chloramphenicol by as- 
cending thin-layer c h o r m a t ~ ~ ~ ~ h ~  (silica gel 
lB, Baker-flex) with a chlorofonn:methanol 
solvent (955 by volume). (A) An autoradio- 
gram of the amount of CAT present in 50 p1 
extract, incubated for 60 minutes. In (B), 
portions of the enzyme reaction mixture were 
removed at intervals, and the percentage of 
acetylated chlorarnphenicol was determined 
by scraping the spots from the thin-layer 
plates and measuring the amount of radioac- 
tivity by liquid-scintillation counting. 
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DNA Nucleotide sequences 
shown that the 23 nucleotides at the 3' 

MSV- AACAGAGAGlACAGCTGAATATGGGCCAAACAGGATATCTGTGGTAAGCAGTTCCTGCCCCGCTCAGGGCCAAGAACAGATGGI2TCCC 
repeats 

73bw 

SV40- TGTCAGTTAGlGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGAAAGCATGCATCTCAATTAGTCACAACCAl2TAGT 
repeats 

72bp 

BK- AACATGTCTlGTCATGCACTTTCCTTCCTGAGGACTGGTTGCTGCATTCCAGGGAAGCAGGCTCCTCCCTGTGAI2GCCTTTTTT 
repeats 
68bp 

MSV: T G T G G T A A G  

S V 4 0 : G T G T G G A A A G  

6K: T G G T T T G  

Py: G T G T G G T T T  

Potential core 
nucleotides: IG' ? : : IGi 

Fig. 7. Comparison of nucleotides carrying enhancer activity. Nucleotides with known 
enhancer or activator function were compared. The crucial core nucleotide in the SV40 is 
printed in boldface. The sequence in the vicinity of this essential G was compared to MSV, BK, 
and Py enhancer sequences. We found related sets of nucleotides (underlined and emphasized 
at the bottom of the figure). References to the sequences are as follows: MSV (17, 49); SV40 (I ,  
9); BK (50); and Py (F101) (16, 18). 

chloramphenicol present. In order to en- 
sure that excess substrate was present in 
the reaction mixture, we subsequently 
repeated the enzyme assay and removed 
portions of the reaction mixture at fixed 
intervals. The percent of 14C-labeled 
chloramphenicol converted to the acety- 
lated form was determined by scraping 
the spots from the thin-layer plates and 
measuring the amount of radioactivity 
by liquid scintillation counting (Fig. 
6B). 

As expected, the positive control (un- 
mutated enhancer) was positive, where- 
as the negative control, missing 50 nucle- 
otides of the enhancer 5' end (pAlO- 
CAT-2) (17) yielded the predicted low 
conversion rates. It is interesting that 
neither of the mutants that were negative 
in plaque and replication assays (5 and 
11) convert significantly more chloram- 
phenicol to acetylchloramphenico1 than 
does the repeat minus construct pAlO- 
CAT-2. Thus, we conclude that both 
mutants have a defect in a vital function, 
most likely within the SV40 activator. 
Mutants 18, 43, 44, and 45 all yield CAT 
activity, although to a variable extent. It 
should be noted that the low activity of 
mutant 43 is also reflected in the plaque 
assay and in the replication assay. 

We subsequently compared the data 
from the replication and the CAT assays. 
The amount of superhelical DNA pre- 
sent in CV-1 cells 120 hours after trans- 
fection with each mutant DNA was 
quantified by densitometry (see Fig. 4). 
We assigned 100 arbitrary units to the 
amount of superhelical DNA (form I, 
FoI) present in CV-1 cells transfected 

with the single-repeat control viral DNA 
and calculated the amount of mutant FoI 
DNA accordingly. 

Similarly, 100 arbitrary units were as- 
signed to the amount of conversion of 
chloramphenicol to acetylchlorampheni- 
col with the single-repeat plasmid 1-3 
(Fig. 5, right), and again the relative 
CAT conversion rate of each mutant was 
calculated. We found an excellent corre- 
lation between the amount of superheli- 
cal DNA and the amount of CAT en- 
zyme (data not presented; Fig. 3B) in 
these assays. 

Identification of Critical Nucleotides 

It is of obvious interest to define the 
role of individual nucleotides that appear 
to be involved in the function of the 
SV40 enhancer. Close inspection of the 
exchanged nucleotides (see Fig. 3) of 
mutants 43, 44, 45, and 47 indicates that 
most C + T transitions occurred around 
the Eco RII site and downstream to- 
wards the Sph I site. None of these 
mutants completely abolished the func- 
tional activity of the 72-bp repeat. How- 
ever, to varying degrees, all mutants 
showed a decrease in overall gene 
expression. We therefore conclude that 
the region containing most of the C -+ T 
transitions seems to contribute to the 
total activity, although none of the ex- 
changed nucleotides completely elimi- 
nates the function. A number of recent 
studies are significant in relation to this 
observation. Using the pA10-CAT-2 
construct as a control (Fig. 6A), we have 

terminus of the repeat do not provide 
enhancer function. Even the 56 nucleo- 
tides from the 3' end of the 72-bp repeat 
do not mediate functional enhancer ac- 
tivity (13). In contrast, Contreras and co- 
workers (34) found that deletion mutants 
(dependent on the mutant) containing 
only 13 to 26 nucleotides at the 5' end of 
the 72-bp repeat still retain viability, 
although it is greatly reduced. Thus, the 
region between the Eco RII site and the 
Sph I site probably does not include an 
absolutely essential element of the en- 
hancer. 

Close inspection, however, of the nu- 
cleotide sequence exchanges of the re- 
maining mutants 5, l I ,  and 18 can help to 
define essential nucleotides. Mutants 5 
and 11 are completely defective in gene 
expression, indicating that in these cas- 
es, the enhancer function is abolished. If 
the deletion mutants (34, 35) are taken 
into consideration, only three nucleo- 
tides within the 72-bp repeat to the left of 
the Eco RII site (see Fig. 3A) are ex- 
changed in the case of 5 and only one 
nucleotide in the case of 11. The G -+ A 
transition in mutant 11 is identical to one 
exchange in mutant 5. As demonstrated 
by mutant 18, the first three G nucleo- 
tides within the 72-bp repeat may add to 
the overall activity but are not absolutely 
essential. Therefore, a crucial core ele- 
ment could include the nucleotides 
TGGAAAGT, where the first G (italics) 
seems to be absolutely required. 

In an attempt to find similar sets of 
nucleotides in known enhancer ele- 
ments, we compared this core sequence 
with other activator sequences (Fig. 7). 
The comparison revealed that each en- 
hancer element harbors certain nucleo- 
tides also characteristic of the SV40 core 
element (see Fig. 7). The underlined nu- 
cleotides demonstrate short stretches of 
sequences which could potentially be 
shown to have similar properties. A sum- 
mary of the related sequences is shown 
at the bottom of Fig. 7. The fact that no 
extensive homologies have been detect- 
ed (36) may indicate that the sequence 
requirements for enhancer function are 
different in different cells (1 1,  17). 

Conclusion 

Enhancer or activator sequences are 
transcriptional controlling elements that 
exhibit some remarkable features. They 
seem to be absolutely essential for the 
expression of some viral genes (9, 16) 
and furthermore drastically increase the 
transcriptional activity of certain cellular 
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genes (11-13). They mediate their activi- 
ty relatively independent of distance and 
orientation with respect to a given pro- 
moter (10, 11) and in a host-specific 
manner (17). These elements provide an 
extremely active promoter function that 
can be utilized for the expression of 
interesting genes in eukaryotes and can 
help to decipher central questions con- 
cerning the control of transcriptional ini- 
tiation. We constructed a series of multi- 
ple point mutants in an attempt to define 
the core nucleotides required for the 
functional activity. This led to  a spec- 
trum of mutants with nucleotide transi- 
tions in different regions of the 72-bp 
repeat. We were able to correlate the 
particular functional change with 
changes of specific nucleotides. From 
the analysis of seven independently iso- 
lated mutants, we arrived at the follow- 
ing conclusions: All mutants carrying 
either C -t T or G -+ A transitions are, 
to different degrees, "down mutations." 
No "up mutation" was isolated when 
the nonselective mutagenesis procedure 
was followed (21). Two groups of mu- 
tants can be distinguished. The first class 
has major exchanges around the Eco RII 
site and toward the Sph I site (see Fig. 
3). This group includes only viable mu- 
tants, suggesting that an element essen- 
tial for gene expression does not reside 
in this region. Interestingly, the second 
group with major exchanges at the 5' end 
of the 72-bp repeat completely abolishes 
enhancer activity. The essential nucleo- 
tide (italics) is most likely located within 
a TGGAAAGT sequence. This block of 
nucleotides is flanked at the 5' end by 
mostly guanosines (GGTG) and at the 3' 
end by four cytidines, which can be 
exchanged without complete elimination 
of functional activity (Fig. 3). The com- 
parison of this stretch of nucleotide se- 
quences to other known enhancer ele- 
ments reveals a certain degree of homol- 
ogy (see Fig. 7). In addition, sequences 
comprising a bovine papilloma enhancer 
region (37). and a potential enhancer 
located within the human genome (38) 
also show homology with these core 
nucleotides. 

Speculation on the process by which 
the individual mutants decrease func- 
tional activity is limited by our lack of 
understanding of the mechanism of en- 
hancement. However, we recently dem- 
onstrated an involvement of host-specif- 
ic factors in the functional activity of 
individual enhancers (17). Thus, one 

possible hypothesis is that the activator 
provides binding sites for cell specific 
regulatory proteins (for example, u-fac- 
tor-like). If crucial core sequences, such 
as the ones in mutants 5 and 11, are 
altered, no binding of this putative pro- 
tein would occur, whereas interaction to 
a lesser extent could still be  possible if 
nonessential nucleotides are replaced. 
Alternatively, specific secondary or ter- 
tiary structures could be required for the 
interaction of the enhancer with cellular 
factors; this alteration of nucleotides es- 
sential for the formation of a particular 
structure may eliminate both the struc- 
ture and its function. 

It is remarkable that sequences around 
-60 to -70 in the major late promoter of 
adenovirus 2 (39) and at  -75 to -85 in 
the promoter of rabbit p-globin (40) show 
some surprising sequence similarity to 
the SV40 enhancer core region. In case 
of rabbit p-globin, it has been shown that 
certain nucleotide exchanges in this re- 
gion drastically reduces the in vivo tran- 
scriptional activity (41). It remains to be 
determined whether these critical up- 
stream regions of both genes carry a 
functional activity similar to the SV40 
enhancer sequence. 
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