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ABSTRACT Multimeric AAGTGA and GAAAGT, when
inserted before a minimal promoter, mediate virus-inducible
transcription. We have determined that the active sequence
within these multimers is TGAAAGTGAAAGT, which is
structurally similar to GAGAAGTGAAAGT, a positive re-
sponse element delineated in the B-interferon gene promoter.
Both sequences behave like protoenhancers and are similar as
regards induction by virus or interferon regulatory factor 1
when supported by a simian virus 40 enhancer.

Viral inducibility of promoters of human genes encoding a
and B interferons (IFN-a and IFN-B) is mediated by DNA
segments of about 100 base pairs (bp) upstream of the cap site
(Fig. 1;refs. 1,2, 5, 7, 16-18). Inspection of the human IFN-B
gene promoter led to the suggestion that repeats of
AARKGA, where R is G or A and K is T or G, were unusually
frequent and might represent the basic element of a virus-
inducible enhancer (1). Indeed, tetramers of AAGGGA,
AAGTGA, and AAATGA fused to a minimal promoter (16)
efficiently mediated virus inducibility. In the case of the
IFN-a gene promoter, we considered that the basic inducible
element was more likely GAAANN and showed that the
tetramer of GAAAGT [a permutation of AAGTGA (16)] and
tetramers of several other hexanucleotides of this type confer
virus inducibility when linked to a construct comprising a
TATA box and a cap site followed by the coding region of the
B-globin gene (7, 15).

Maniatis and his colleagues (3, 19, 20) delineated within the
IFN-B promoter two positively regulated sequence elements,
PRDI and PRDII (for positive regulatory domains I and II)
and proposed a negatively regulated element, NRDI (for
negative regulatory domain I). PRDII binds NF-«B, a factor
that is activated and translocated to the nucleus after virus
infection (4, 10-13) as well as other proteins such as PRDII
binding factor 1 (PRDII-BF1) (21). PRDI binds several fac-
tors (8, 9, 22-25), one of which, IFN regulatory factor 1
(IRF-1), when overexpressed, activates IFN genes in COS
cells or embryonal carcinoma cells (6, 26) and elicits
(GAAAGT)s-mediated expression. Another PRDI-binding
factor, IFN regulatory factor 2 (IRF-2), is believed to inhibit
IRF-1-mediated expression in the absence of viral induction
(6, 8). Additional PRDI-like sequences, upstream of PRDI,
are required for maximal inducibility (1, 4).

Why does tetramerization of certain hexanucleotides gen-
erate virus-inducible sequences? Juxtaposition ofhexanucleo-
tides may give rise to sequences that are more or less
fortuitously similar to longer natural promoter elements (27).
Alternatively, a hexanucleotide may represent an ‘‘enhan-
son’’—i.e., a basic promoter element that gains activity upon
multimerization (28, 29). To approach this question, we
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determined the shortest sequence within (GAAAGT), and
(AAGTGA), still able efficiently to mediate induced tran-
script levels. We synthesized oligonucleotides representing
various sequences occurring in these two tetramers and
tested them for their capacity to mediate virus- and IRF-1-
induced transcription. The shortest, still-efficient sequence
was TGAAAGTGAAAGT, which closely resembles PRDI.
If this sequence consists of enhansons, then the enhanson is
more similar to GAAAGT than to AAGTGA.

MATERIALS AND METHODS

Constructions. Constructions were made by standard pro-
cedures (30) and verified by sequencing. Double-stranded
oligonucleotides were synthesized chemically with 5’ CG and
3’ TCGA overhangs and inserted between the Cla I and
HindIII sites of plasmid 42P (no enhancer; ref. 7). Construc-
tions with the simian virus 40 (SV40) enhancer 1291 base
pairs (bp) upstream of the insert were prepared as described
(15). The reference plasmid was pSTC407-556 (31). The
IRF-1 expression plasmid pIRF-L (9) was from T. Taniguchi.

Transient Transformation. 1.929 cells were transfected
with test and reference plasmid and either pIRF-L or the
corresponding ‘‘empty’’ vector CDM8 and were induced
with Newcastle disease virus (NDV) or were mock-induced
48 hr later (15). RNA was prepared by a slight modification
of the procedure of Auffrey and Rougeon (32) 8 hr after
induction.

Nuclease S1 Mapping. Nuclease S1 mapping has been
described (15). Rabbit globin standard RNA (BRL) was
assumed to contain 50% p-globin RNA (33). The internal
reference sequence was under the control of the virus-
inducible cytomegalovirus promoter (31), which allowed
correction for RNA recovery and efficiency of induction.
Nuclease S1 mapping yields test and reference signals of 353
nucleotides and 148 nucleotides, respectively. After autora-
diography (0.5-5 days), radioactivities were determined.
Test signals were expressed relative to normalized reference
signals, and strands per cell were calculated (7, 15). Induc-
ibility is the ratio of induced to uninduced transcript levels.

RESULTS

The Assay System. To measure the transcriptional effects of
an oligonucleotide, it was inserted 31 bp upstream of the
B-globin gene TATA box, and an SV40 enhancer was placed
1291 bp upstream of it to increase the transcriptional re-
sponse (figure 1B in ref. 15). In this setting the enhancer by

Abbreviations: IFN, interferon; SV40, simian virus 40; IRF, IFN

regulatory factor; PRDI and -II, positive regulatory domains I and II;

NDV, Newcastle disease virus.
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FiG. 1. Sequence of the IFN-al (Lower) and IFN-8 (Upper) gene promoters. Established and putative factor binding sites within the IFN-al
and IFN-B gene promoters. Numbering is from the cap site of the human gene encoding IFN-g (1) and IFN-al (2). PRDI, PRDII, and NRDI
are delineated as described by Fan and Maniatis (3), and PRDIII is shown as described by Leblanc et al. (4). Viral response elements, VRES
and VREB'' are the minimal inducible sequences determined by Goodbourn et al. (5) and Harada er al. (6), respectively. VREa1 was described
by Kuhl et al. (7). Solid frames enclose regions believed to be functionally important for induction; dashed frames enclose sequence similarities
to binding sites. (Upper) IFN-B gene promoter. Binding to the sites designated ‘‘IRF-1" is supported by experiments with recombinant IRF-1
(4, 8, 9). The NF-«B binding site has been characterized (10-13). The short sequences within the ‘‘IRF’’ boxes indicate the match to a
(GAAANN), oligonucleotide known to respond to IRF-1. The italicized sequence in the *NF-xB’’ box represents a typical NF-xB element (14);
mismatches to the IFN sequences are indicated in small letters. (Lower) IFN-al gene promoter. The binding of the ““TG”’ factor to the “TG”’
sequence is based on ref. 15. There is no evidence that IRF-1 binds to either of the ‘‘PRDI-like”’ sequences.

itself does not promote transcription from a minimal pro-
moter but can potentiate activation by upstream elements
close to the TATA box (7, 15).

Murine 1929 cells were transiently transformed with the
test plasmid, a reference plasmid, and, where indicated, with
the constitutive IRF-1 expression plasmid pIRF-L (9). Tran-
script levels were determined 8 hr after induction with NDV
or mock induction. A representative autoradiogram is shown
in Fig. 2 Upper.

Determination of the Sequence in (GAAAGT), and
(AAGTGA), Capable of Mediating Maximal Virus-Induced
Transcript Levels. We first determined that (GAAAGT),
(construct C; see Fig. 2 Lower and Table 1 for constructs) was
36% and T(GAAAGT), (construct B) was 70% as active in
promoting virus-induced transcript levels as the reference
sequence (GAAAGT),; (construct A), while the value for
(AAGTGA); (construct I) was only 6% (Fig. 2 and Table 1).
Therefore, further variations were carried out with
T(GAAAGT),: Replacement of the 5’-proximal G by C
(construct F) or removal of the 3’ terminal GT (construct G)
diminished induced transcript levels to 12% and 6%, respec-
tively, so that the active sequence is described as
TGAAAGTGAAAGT. The resemblance to the PRDI se-
quence, GAGAAGTGAAAGT (identities italic) is obvious.
Virus-induced transcript levels mediated by the (slightly
extended) authentic PRDI sequence GGAGAAGTGAAAG-
TGG (construct K) were marginally less than those by
(GAAAGT), (construct A) but about 20% greater than by
T(GAAAGT), (construct B).

The constitutive transcript level given by (GAAAGT), was
lower than that of most other constructions, so that its
inducibility appeared substantially higher than that of PRDI
or T(GAAAGT),. Also, as regards inducibility, GAAAGT-
GAAAG (construct E) was as effective as the oligonucleo-
tides B, C, and D, which have T residues at either or both
termini; however, removal of a G residue from the 3’ end of
T(GAAAGT), or from both ends to give constructs G and H,
respectively, caused decreased inducibility. It is not clear
why most oligonucleotides give a higher constitutive tran-

script level than (GAAAGT),; either (GAAAGT), silences
some residual effect of the enhancer at a distance (7) or some
combination of nucleotides around the shorter oligonucleo-
tides mediates a low level of constitutive activity.

IRF-1 Overexpression Activates Transcription Mediated by
Various Oligonucleotides. Tetrameric hexanucleotides of the
type (GAAANN),, where NN is GT, GC, CT, or CC (so-
called type I oligonucleotides; ref. 15) mediate efficient
transcriptional activation by IRF-1 (generated intracellularly
by the expression plasmid pIRF-L), ranging from 20% to 30%
of the virus-induced values. In contrast, (GAAATG), (con-
struct O, a type II oligonucleotide), while responding about
half as well as (GAAAGT), to virus induction, does not
mediate activation by IRF-1 (ref. 15; Table 1). Also
T(GAAAGT), (construct B) and the derivatives lacking one
or the other terminal T residues (constructs C and D) re-
sponded about 20-30% as well to IRF-1 as to virus induction;
the corresponding values for (GAAAGT), and the PRDI
sequence (construct K) were 34% and 14%, respectively
(Table 1).

The so-called TG sequence, AGAAATGGAAAGTG (con-
struct N), delineated within the IFN-a gene promoter (15) is
similar both to the sequence GAAATGGAAA. . . ., within
the type II oligonucleotide (GAAATG)4, and to
. . .GAAAGTG, within the type I oligonucleotide
(GAAAGT), or within PRDI. Table 1 shows that its response
to IRF-1is 7% of that to virus; inasmuch as this weak activity
is significant, it may be due to its partial similarity to PRDI.

Two sequences within the IFN-a gene promoter somewhat
resemble a type I sequence: GAAAGCAAAAAC (construct
L; position —97 to —86) and GAAAGTGGAAAT (construct
M; position —56 to —45) (15); however, neither of them
mediated virus inducibility (Table 1).

Insertion of Nucleotides Between Hexanucleotide Elements.
The introduction of one or more nucleotides between enhan-
sons abolishes transcriptional activation (28). We inserted a
varying number of residues between the two GAAAGT
elements of TGAAAGTGAAAGT. Table 2 shows that intro-
ducing a single residue reduced NDV-induced transcript
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FiG. 2. Determination of transcript levels of various promoter constructions by nuclease S1 analysis. All constructions contained the SV40
enhancer 1291 bp upstream of the oligonucleotide to be tested (see figure 1B in ref. 15). Transient transfection of mouse L.929 cells and induction
by NDV or mock induction were as described. Total RNA was recovered 8 hr after initiation of viral or mock induction, and 40 ug were subjected
to nuclease S1 mapping (15). (Upper) Autoradiogram after 12 hr at —70°C with an intensifying screen. Lanes: 0, mock induction; V, NDV
induction; I, IRF-1 induction; P, probes; M, pBR327 digested with Msp I and 5'-32P-labeled. Is, aberrantly spliced read-through transcripts; Pg,
undigested reference probe; Pr, undigested test probe; R, reference signal; T, test signal; U, read-through g-globin transcripts (see figure 1D
in ref. 7). The capital letters above the lanes correspond to the sequences given in Lower. (Lower) Summary of results with oligonucleotides

derived from (GAAAGT),. The numerical data are reported in Table 1.

levels to 13% of the unmodified sequence; and insertion of
two or more residues, to 3.6% or less.

These findings are compatible with the idea that GAAAGT
represents an enhanson, because separation of two enhan-
sons by only one nucleotide might still allow neighboring
monomeric proteins to interact. On the other hand, if
GAAAGTGAAAGT were the enhanson, then insertions
would be in the midst of the recognition sequence, yielding
the formal equivalent of four point mutations, as can be seen
by comparing GAAAGTGAAAGT and GAAAGTCGAAAG.
However, even these several base changes might not com-
pletely abolish activity. Therefore, on the basis of this
experiment, it is not possible to decide whether GAAAGT or
the dimer represents the enhanson.

Effect of the SV40 Enhancer on the Transcript Levels
Mediated by Dimeric GAAAGT and Tetrameric GAAAGT.
All experiments described above were performed with an
SV40 enhancer upstream to obtain high transcript levels. In
Table 3 we compare the activities of (GAAAGT), and
(GAAAGT), with and without enhancer. The enhancer in-
creased virus-induced transcript levels 10-fold in the case of
(GAAAGT), and 20-fold in the case of (GAAAGT), but,
remarkably, only 2- to 4-fold in the case of IRF-1-induced
stimulation. Perhaps factors mediating the SV40 enhancer
effect are activated or become more plentiful after virus
infection; a possible candidate would be NF-«B, which
could bind to the TC-II/xkB motif in the 72-bp repeat
(34, 395).
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Enhansons have been defined as the shortest DNA se-
quences capable of fulfilling a function, such as binding a
trans-acting factor. The conjunction of two similar or dis-
similar enhansons forms a protoenhancer, which is defined as
the minimum enhancer element whose oligomerization or
association with other enhancer elements synergistically
generates enhancer function (28, 29, 34). By this definition
(GAAAGT), behaves like a protoenhancer because it shows
low IRF-1 or virus-induced activity as a single unit in
conjunction with a minimal promoter, and the activity is
synergistically increased by duplication or by insertion of the
SV40 72-bp repeat at a distance where the enhancer is
mactive by itself. However, it has not yet been shown that
GAAAGT by itself has any functional properties, as would be
required of an enhanson.

"3 4 DISCUSSION
b= — 5 Our experiments show that the sequence (T)GAAAGT-
2 2128 ~8an~33 88 Py GAAAG(T) occurring in tetramerized GAAAGT and
3 2 15555 P 53 $ AAGTGA is responsible for the virus-induced transcription by
EElsan AP “l=eg these elements observed first by Fujita et al. (16) and by Kuhl
s=lagsaddagddzsIaze 7 et al. (7) and for the response to overexpressed IRF-1 (15). The
'% & T residues in parentheses increase the levels of both consti-
~ 8 tutive and induced expression but not inducibility—i.e., the
- = ratio of induced to uninduced transcript levels. (T)GA4AGT-
AT scaenae < @ § GAAAG(T) has 10 nucleotides (italic) in common with
gl|ReS"e~ece~ S <|E8 GAGAAGTGAAAGTG, the sequence of PRDI proposed by
I HHHHHHHH A HHZ|3§ Goodbourn and Maniatis (20). These authors have shown that
B emtma~omeRls o 2 replacement of the first A residue of PRDI by G or the second
3 RPewwXI—Adaomno o~ = G residue by A does not affect or slightly increases inducibil-
g NN Bo <o < § ity, so that the sequence mediating inducibility by IRF-1 and
2 gwrocSdmA~rSSrgS|8ey virus is best described as RRAAGTGAAAG(T), where R is a
TRl M |55 purine. Because (GAAAGC),, (GAAACC), and (GAAACT),
% MmN M®e o < g § behave similarly to (GAAAGT), (15), we surmise that various
§ QIRAQQ{eenve~~an~ 2 g nucleotide exchanges are tolerated in the IRF-1-binding se-
Sz quence, in particular those affecting the G and T residues
© 6 < e cnn|EEE italicized in the sequence above. DNase protection experi-
ormcsS3SS ™ SS S ﬁ: E ments Il’lla;\I')eIshownnthat IRﬁ-IIE)Ii{nlgIS ltl(])( the region ogmg-
) ing to as well as to the -like sequence -
g E AP E AN TGAAAGG (designated PRDIII) in the IFN-B gene promoter
i ]9 seggagcngaze 3 _éﬂ (9); tetrameric PRDIII was also shown to confer inducibility by
% ~ - So IRF-1 and virus (4).
k] - g Fan and Maniatis (3) have reported that neither PRDI nor
® -5 3L 3 1 B §'§ PRDII by itself was inducible, but that a dimer of each or a
A>|~822 — — E3 combination of the two mediated virus inducibility. Leblanc
gle|H A ARV B - et al. (4) confirmed that a combination of PRDI and PRDII
g' e8RS Hnadag S % = was virus-inducible but found that (PRDI), was not. This
B - o 8 discrepancy might be due to the fact that, in the experiments
g - o3 = by Fan and Maniatis (3), the sequence designated PRDI was
Elylazez82z2080809 g3 g in reality (AAGTGA),, and (PRDI), was (AAGTGA)s. Al-
Elununnnnnnnnnnnn§8ss though (AAGTGA), contains a single copy of TGAAAGT-
P RSPV 38 8 GAAAGT, which we consider functionally equivalent to
emrHodoHoN SO o 2 Bo PRDI, dimerization of PRDI as performed by Leblanc et al
§§ gﬂ (4) might lead to a different spacing between the active
39 § sequences than in (AAGTGA)s.
<
=]

No insert
In ali cases, the SV40 enhancer was present 1291 bp upstream from the oligonucleotide insert (see figure 1B in ref. 15). Boldface letters indicate the nucleotide sequence of interest, and other letters

Oligonucleotide insert
represent flanking nucleotides up to the Cie I and HindIII sites. Transcript levels were

atcgaGAAAGTGAAAGTGAAAGTGAAAGTaagctt
atcgaTGAAAGTGAAAGTaagctt
atcgaaGARAGTGAAAGTaagctt
atcgaTGARAAGTGAAAGaagctt
atcgaaGAAAGTGAAAGaagctt
atcgaTcARAAGTGAAAGTaagctt
atcgaTGAAAGTGAARaaagctt
atcgaTcAAAGTGAAAaagctt
atcgatAAGTGAAAGTGAagctt
atcgatGGAGAAGTGARAGTGGaagctt
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Table 2. Effect on transcript levels of inserting one or more nucleotides between the GAAAGT repeats in

TGAAAGTGAAAGT
Transcript levels,
% of control

Spacing Oligonucleotide insert Mock NDV Inducibility*
None atcgaTGAAAGTGAAAGTaagctt 5006 100 20 +2
+1 bp atcgaTGAAAGTcGAAAGTaagctt 19 0.8 13 =3 73+13
+2 bp atcgaTGAAAGTcaGARAAGTaagctt 1.6 £ 0.2 3.6 0.5 2.3 = 0.05
+4 bp atcgaTGAAAGTcagtGAAAGTaagctt 19 +1.1 31 £ 1.1 2.0 = 0.6
+8 bp atcgaTGAAAGTcagtcgatGAAAGTaagctt 1.7 £ 0.4 2.8 £0.1 1.8 £0.5

<0.6t <0.6% NA

Empty vector No insert

All constructs contained the SV40 enhancer 1291 bp upstream of the oligonucleotide to be tested (see figure 1B in ref.
15). Values are averages from two independent experiments with expression levels normalized relative to NDV-induced
TGAAAGTGAAAGT, which was set to 100% [corresponding to an average of 525 (range, 330-720) strands per cell]. NA,

not applicable.

*Inducibilities were calculated for each individual experiment and averaged thereafter.
TNo bands were visible on autoradiographs of both experiments.

*A weak band was visible in one experiment.

Table 3. Response of (GAAAGT), and (GAAAGT); to the SV40 enhancer
Transcript levels, % of control Inducibility*
Construction Enhancer Mock NDV IRF NDV IRF
atcga(GAAAGT) aagctt Without 0.6 + 0.08 10 =18 9.6 = 0.7 17 =18 16 =0.7
With 0.6 = 0.08 100 =3 21 +0.2 167 =3 35 £0.2
atcgaa(GAAAGT)zaagctt Without 0.5 = 0.04 1.3 £ 0.01 1.3 + 0.04 2.6 + 0.04 2.6 £ 0.04
With 1.5+0.2 27 %22 6.0 = 0.08 18 2.2 4 *0.2

When present, the SV40 enhancer was 1291 bp upstream of the oligonucleotide to be tested (see figure 1B in ref. 15). Boldface letters indicate

nucleotides pertaining to the sequence of interest, and other letters represent flanking nucleotides up to the Cla I and HindlII sites. Values are
averages from duplicate transfections with expression levels normalized relative to NDV-induced (GAAAGT),4, which was set to 100%

(corresponding to 1300 strands per cell).
*Inducibilities are ratios of average transcript levels.
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