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Our knowledge of the mechanisms that regulate tran-
scription in higher eukaryotic cells has increased enor-
mously during the past 2 years. Earlier studies, using a
combination of in vitro mutagenesis and DNA-mediated
gene transfer, identified two distinct types of cis-acting
regulatory sequences: promoters, which are located
close to the initiation site and act in a position-depen-
dent fashion, and enhancers, which can be located far
from the initiation site and act in a position- and orien-
tation-independent fashion. Promoters can be subdi-
vided into proximal elements, including the cap site it-
self and the TATA box, which is involved in fixing the
site of initiation, and distal elements, which can be
spread over several hundred base pairs. It is now clear
that many promoters, particularly those of ’house-
keeping’ genes, lack TATA boxes and are instead com-
posed of GC-rich elements that are often located within
methylation-free islands {Bird 1986). Transcription con-
trolled by this latter class of promoters often initiates at
multiple sites. Many enhancer elements, for example,
those of the immunoglobulin, insulin, and elastase
genes, impose tissue-specific expression on adjacent pro-
moters.

These cis-acting elements operate by interacting with
protein factors, many of which have now been identified
by gel retardation and footprinting assays and some of
which have been purified to homogeneity. In a few cases
the corresponding genes have been cloned. In many of
these studies well-characterized cis-acting elements of
viruses, particularly of the DNA tumor viruses, have
played a major role. At the recent ICRF-sponsored
meeting on the Molecular Biology of SV40, Polyoma,
and Adenoviruses (held in Cambridge, England, July 27—
August 1, 1987) there was a major emphasis on such
trans-acting factors. The results reported both identified
new factors and considerably clarified the relationships
amongst previously described factors.

In this review we will discuss data reported at the
meeting and, where appropriate, refer to recently pub-
lished work. We will concentrate almost exclusively on

work with DNA tumor viruses, referring to other
systems only when there are direct connections to our
major topic. Table 1 lists the factors of relevance, giving
the DNA sequences they recognize, their synonyms, and
the regulatory systems in which they are known to be
involved.

S$V40 enhancer

The SV40 enhancer, the first such element to be de-
scribed, remains the best characterized and is thus often
used as the prototype (for reviews and references, see
Serfling et al. 1985; Maniatis et al. 1987). It is active in a
wide range of cell types and over the last few years has
been studied extensively by mutagenesis techniques;
the sequences important for full activity have been de-
termined. These studies have defined short DNA seg-
ments, or motifs, the integrity of which is required for
activity and which have subsequently been shown to
bind specific trans-acting nuclear factors. These motifs
reside in functional domains or modules which by
themselves have no or weak enhancing activity but
which act synergistically to give high levels of activity.
Zenke et al. (1986) have identified two such functional
domains. Another study, involving the characterization
of viral revertants of mutants containing mutations
within the enhancer sequence, identified three separate
domains A, B, and C which are 21, 22, and 15 bp, respec-
tively {Herr and Clarke 1986; Clarke and Herr 1987).
The location of these domains is shown in Figure 1.
The enhancer has a modular arrangement, each
module containing the binding site for a transcription
factor(s). Different modules can replace each other func-
tionally such that the removal of one module can be
compensated for by the duplication of another (Herr and
Clarke 1986). Individual modules are found associated
with other viral and cellular enhancers and promoters.
The host range of enhancer activity may depend on the
particular modules present, since the corresponding
transcription factors may be tissue specific.
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Table 1.
Factor Binding site Size Promoter/enhancer
AP1 T(T/GJAGTCA 47 kD SV40/Py enhancers
PEA1 BLE of hMTIIA
collagenase
stromolysin
a,-anti-trypsin
transthyretin
MHC-H24
AdE3
CREB {T/G)[T/A)CGTCA 43 kD Somatostatin (CREB)
ATF E1A/E2A/E3/E4 Ad early
genes (ATF), c-fos,
hsp70,
tyrosine hydroxylase,
a-gonadotropin,
VIP, fibronectin,
HTLV-II LTR, HTLV-I LTR,
BLV LTR
MLTF/USF GGCCACGTGACC 46 kD MLP of adenovirus
a-fibrinogen
mouse Mtl
CTE/NFI TGGCT(N,JAGCCAA 52-66 kD a-, B-globin, hsp70,
HSV tk, ras,
Ad2/5 origin
AdE3
¢c-myc, albumin
SP1 GGGCGG 105, 95 kD SV40 early promoter,
hMTIIA human ADA, type
II procollagen, E1B,
HSVIE-3, DHFR, HIV LTR
AdITR
Octamer ATTTGCAT heavy/light Ig
binding histone H2B
proteins: snRNA genes
Ubiquitous SV40 enhancer
OTF1 90 kD
OBP100 100 kD
NF111/0ctB1A
1gNFAl
octB3
B-cell specific
OTF11 62-58.5 kD
1gNFA2/octB2
octB1B
E2F TTTCGCGC 54 kD adenovirus E2A
ElA enhancer
AP3 GGGTGTGGAAAG® ? SV40 enhancer
Py enhancer
EBP20 TGTGG(A/THA/T)A/T)G MSV enhancer
CCAAT SV40 enhancer
Py enhancer
TFIID TATA box ?
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Comments

References

AP1 and PEA1 are possibly the same factor (see text).

PEA1 activity is low in undifferentiated cells.
Binding site is the TPA-responsive element (TRE|.
API or a very close relative is encoded by the c-
jun proto-oncogene (see text).

ATF and CREB are probably the same factor—they
are the same size and have identical binding sites;

binding site is the cAMP responsive element (CRE).

Probably a family of factors (see text). Required for
transcriptional stimulation and stimulation of
adenovirus DNA replication in vitro. Gene has
been cloned and recognizes multiple mRNA
species (Tjian, pers. comm.) A half-site is
sufficient for binding.

Human Spl ¢cDNA cloned

The relationship of these factors described by
different laboratories is not yet known. Wang et al.
(1986) have also described a 74-kD ubiquitous
protein that binds to the octamer sequence.
Rosales et al. (1987) suggest that NFA1 is a
combination of oct B and oct B1B.

Binding activity detected in infected but not
uninfected HeLa cells; also detected in
undifferentiated F9 cells.

Overlaps the core motif of SV40. Induced by TPA.

This protein originally purified by virtue of its
ability to bind to the SV40 enhancer, also binds to
the CCAAT sequence. It has recently been
demonstrated that both EBP20 (enhancer binding
activity) and CBP (CCAAT binding activity) reside
on one polypeptide encoded by a single gene (S.
McKnight, pers. comm.).

Factors binding to the TATA box region not yet
purified.

Lee et al. (1987a); Lee et al. (1987b); Angel et al.
(1987); Piette and Yaniv (1987); Bohmann et al.
(1987)

Montminy et al. (1986); Montminy and Bilezikjian
(1987); Lee et al. (1987d); Hurst and Jones (1987)

Carthew et al. (1985); Sawadago and Roeder (1985);
Chodosh et al. (1986); Chodosh et al. {1987;
Carthew et al. {1987)

Jones et al. (1987}; Lichsteiner et al. {1987)

Briggs et al. {1986); Kadonaga et al. {1987)

Sen and Baltimore (1986); Singh et al. {1986); Staudt
et al. (1986); Pruijn et al. {1986); Sive et al. (1987);
Margin et al. (1987); Sturm et al. {1987); Rosales et
al. {1987); Rosenfield et al. (1987); Fletcher et al.
(1987); Scheidereit et al. {1987)

Kovesdi et al. {1986); Reichel et al. (1987);
SivaRaman and Thimmappaya {1987)

Tjian et al. (pers. comm.); Chiu et al. {1987)

Johnsen et al. (1987)
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Table 1—Continued

Factor Binding site Size Promoter/enhancer

AP2 CCCCAGGC 52 kD SV40 promoter/enhancer
Py enhancer/origin
pre-proenkephalin
collagenase, mouse H2KP
Ad MLP, human hsp70
hMTI11A

AP4 CAGCTGTGG ? SV40 enhancer
Py enhancer

GT11-1B pre-proenkephalin

AP5 CTGTGGAATG ? S$V40 enhancer

EFE F441 Py enhancer

GTII-C

PEA2 GACCGCA ? Py enhancer

EF.C GTTGCN,GGCAAC ? Py enhancer
hepatitis B enhancer

E2aE-CB TGGGAATT ? E2A (E2aE-CB)

E4EF2 E4 (E4F2)

E4TFI GGAAGTG ? E4

2 This is the SV40 binding site and not a consensus.

GTII motif

This motif lies just upstream of the 72-bp repeat and has
been shown by mutagenesis studies to be important
(Herr and Clarke 1986; Zenke et al. 1986). Nuclear
factors that bind to this motif have been identified and
characterized in the laboratories of R. Tjian and M.
Karin and were described by T. Williams {(University of
California, Berkeley) and R. Chiu (University of Cali-
fornia, San Diego). The factors bind to similar sequences
but appear to be different. The AP5 factor described by
Chiu protects the sequence 5-TGTGGAATGT-3' from
DNase I digestion. Williams reported that some of these
same sequences are protected by AP4, but the extent of
protection is extended at the 5’ end to include the Pvull
restriction site {Fig. 1); consequently, restricting SV40
DNA with Pvull abolishes AP4 binding. Recent evi-
dence from Chambon's laboratory (Xiao et al. 1987) sug-
gests that this region is even more complex; four dif-
ferent factors capable of binding to sequences that con-
tain part or all of the GTII motif have been identified.
The factors are distinguished from each other by their
cell specificity, their exact binding site as defined by
DNase I protection, methylation protection and site-di-
rected mutagenesis, and by their chromatographic be-
havior. One factor, GT-IIC, is present in HeLa but not
lymphoid cells and is likely to be the same as or very
similar to AP5. This factor appears to be the most im-
portant for enhancer activity in HeLa cells. Mutants
PA4, pA5, and pA6 contain alterations that severely af-
fect GT-IIC binding and, as shown in Figure 1, these
mutations affect enhancer activity significantly. In con-
trast, pA2 and pA3, which alter the Pvull restriction site,
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have very little effect. There are two other points of in-
terest with respect to the proteins that interact with this
motif. The first is that mutations in this region have
very little effect on enhancer activity in lymphoid cells,
in contrast to the situation in Hela cells (Nomiyama et
al. 1987). This would be consistent with the importance
of the GT-IIC protein which is not found in lymphoid
cells. Second, this factor can bind to a mutant Py en-
hancer that, unlike its wild-type counterpart, can func-
tion efficiently in undifferentiated F9 cells (see below).

GTI motif

This motif is highly homologous to GTII {10/12 bases)
and yet the nuclear factors that bind to it are very dif-
ferent. Williams described the purification of a HeLa nu-
clear factor, AP3, which binds to this motif but not to
GTII (Chiu et al. 1987; Mitchell et al. 1987). AP3 appears
to be important for enhancer function in HeLa cells
since mutations that prevent its binding, e.g., pA12 {Fig.
1), significantly decrease activity.

A factor has been isolated from rat liver that also binds
to this motif (Johnson et al. 1987). Whether AP3 is the
human homolog of EBP20 is not known at present. How-
ever, some relationship between the two is indicated by
the finding that antibodies raised against EBP20 show
some cross-reactivity with partially pure preparations of
AP3 (S. McKnight, pers. comm.; R. Tjian, pers. comm.).

TCI, TCII motifs

Williams discussed a HeLa cell factor, AP2, that binds to
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Comments

References

Overlaps the core motif of SV40. AP2 and AP3
together cover the SV40 enhancer core domain.
Binds to SV40 TAg. Induced by TPA and cAMP.

Exact relationship of these two proteins not known.

Exact relationship not known.

Low in undifferentiated F9 cells. Not induced by
TPA.

Mitchell et al. (1987); Imagawa et al. (1987)

Tjian et al. (pers. comm.}; Xiao et al. {1987)

Kovesdi et al. {1987); Xiao et al. (1987); Karin et al.
(pers. comm.)

Piette and Yaniv (1987)
Ostapchuk et al. (1986)
Jalinot (pers. comm.)}; Lee (pers. comm,

Watanabe [pers. comm.)

the TC motifs (Imagawa et al. 1987, Mitchell et al.
1987|. The mutant pA15 has an altered TCI site and, as a
result binding of AP2 to TCI, is lost; activity of this mu-
tant enhancer is approximately 2.5-fold lower in HeLa
cells. Mutations in TCII have very little effect. Together
the AP3 and AP2 binding sites constitute the functional
enhancer core domain (C element) described by Herr and
Gluzman (1985). The AP2 protein also binds to the 21-bp
repeat region of the early promoter but with a lower af-
finity (Mitchell et al. 1987). Multimers of the core do-
main, when inserted downstream from a B-globin test
gene, can act as an enhancer element with broad cell-
type specificity {Ondek et al. 1987; Schirm et al. 1987).
Interestingly, it has been shown recently that AP2 can
complex with the SV40 large T-antigen protein and, in-
deed, in the presence of an excess of T antigen, binding
of AP2 to the TC motifs is inhibited (Mitchell et al.
1987). In contrast, binding of other factors, such as Spl,
to the 21-bp repeat region, is unaffected. T antigen re-
presses SV40 early gene expression, and therefore it is
possible that this repression is at least partially due to its
ability to prevent binding of AP2.

Sph/octamer motifs

The enhancer contains a direct repeat of the Sph motif
that consists of the 9-bp sequence 5'-AAG{T/
CJATGCA-3'. The motifs appear to be essential for full
enhancer activity in HeLa cells {Fig. 1) and bind factors
from HeLa cell extracts, the nature of which has not
been described fully. The junction of the direct repeat
creates a second motif that is very similar to the octamer

motif found in immunoglobulin promoter and enhancer
elements as well as the promoters of the snRNA and
H2B histone genes. This motif has been shown to bind a
variety of factors, some of which are ubiquitous and
some specific to lymphoid cells. A HeLa cell nuclear
factor of molecular weight 100 kD {OBP100), described
by Sturm {Cold Spring Harbor Laboratory, laboratory of
W. Herr), binds to the SV40 octanucleotide sequence as
well as to a previously unrecognized octanucleotide-re-
lated sequence that is immediately adjacent to the clas-
sical octanucleotide (Sturm et al. 1987). Interference
assays, using modification by both dimethyl sulfate and
diethyl pyrocarbonate, imply that the protein makes
quite distinct contacts with its two binding sequences.
The ability of a single protein to recognize two distinct
DNA sequences previously has been documented for the
yeast activator protein HAP1 (Pfeifer et al. 1987). These
observations suggest that some transcription factors ex-
hibit remarkable flexibility in their DNA sequence rec-
ognition. It will not be surprising if OBP100 is identical,
or closely related, to the ubiquitous octamer binding
protein, which has been designated OTF1 (see Table 1);
this, in turn, may be related to the factor NF-III, which is
required for adenovirus DNA replication. The octamer
sequence in the immunoglobulin control elements con-
tributes to the tissue-specific activity of these genes.
Similarily, it appears that the SV40 octamer is important
for enhancer activity in lymphoid cells but not in HeLa
cells. The mutant p24 (Fig. 1) causes only a slight de-
crease in enhancer activity in HeLa cells but a 75% de-
crease in lymphoid cells {Davidson et al. 1986). The
complexity of proteins that can bind to this motif is
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Figure 1. The sequence of the enhancer region of wild-type SV40 containing the distal 72-bp element and its 5'-flanking region is
shown. Also shown are the location of sequence motifs that have been identified in the enhancer region and are organized into
domains A and B (Zenke et al. 1986) or A, B, and C (Herr and Clarke 1986), the multimerization of which generates enhancer activity.
The enhancer—protein interactions of nuclear factors from HeLa cells are indicated diagramatically and explained in detail in the text.
The top part of the figure shows the effect of point mutations within the enhancer region on transcription from the EES of the SV40
early promoter; these data are taken from the work of Zenke et al. (1986). The results are expressed relative to the wild-type enhancer

region, taken as 100%. The relative transcriptional activity of mutants pAl-pA34 following transient expression in HeLa cells is
indicated.

reinforced by the recent work of Rosales et al. {1987)
who describe four different factors that bind to this se-
quence.

P motif

This motif of the enhancer binds the transcription factor
AP1, which has been purified by Angel et al. (1987} and
Lee et al. (1987b). Mutations that alter this motif have
only a modest affect on enhancer activity in both HeLa
and lymphoid cells. However, it has recently been
shown that the AP1 binding site can confer inducibility
by phorbol esters {Angel et al. 1987; Lee et al. 1987b). A
number of genes that are induced by TPA contain AP1
sites within their promoter regions and an oligonucleo-
tide containing this site can confer inducibility to a het-
erologous promoter. It appears, therefore, that AP1 ac-
tivity can be modulated by TPA-induced cellular
changes, possibly related to TPA’s role in the activation
of protein kinase C. Not all TPA-inducible promoters
contain AP1 binding sites, which suggests that the ac-
tivity of other factors can be affected similarly. Indeed,
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Chiu reported that the binding sites for the factors AP2,
AP3, and AP5 can also confer TPA responsiveness (Chiu
et al. 1987; Imagawa et al. 1987).

Polyoma enhancer

This enhancer was first localized to a 246-bp fragment
extending from the Bcll site at nucleotide position 5021
to the Pvull site at position 5262 (Fig. 2]. Subsequently,
it was shown to consist of a number of domains that can
replace each other functionally and interact with nu-
clear proteins from a variety of cell types. The protein
binding sites found in some of the domains resemble
those found in other enhancer and promoter elements.
A number of reports at the meeting described the
factors that initeract with the various domain sequences.
Much of this work has centered on the A domain, a
22-bp sequence that, when oligomerized, can function as
an independent enhancer element {Veldman et al. 1985).
At least three different nuclear proteins have been found
to bind to this element ({Fig. 2}, two of which were first
described and have since been characterized extensively
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in the laboratory of M. Yaniv (Institut Pasteur, Paris).
These factors, which bind to immediately adjacent sites,
have been termed PEA1 and PEA2. From the nature of
the binding sequence and the characteristics of the
factor, PEA1 is almost certainly closely related to AP1
and may be the murine equivalent. Both Hirai (Paris) and
Satake (Kyoto University), from the laboratory of Y. Ito,
reported that the activity of PEA1 was induced by TPA
but that it was undetectable in undifferentiated F9 cells
(Kryszke et al. 1987). Upon differentiation of these cells
into parietal endoderm, PEA1 activity appeared, sug-
gesting the interesting possibility that this factor is im-
portant in the control of gene expression during early
embryonic development. PEA1 is certainly important
for in vivo enhancer activity, since a mutant, Bl, de-
scribed by Martin {University of Texas, Austin, W.
Folk’s laboratory), which is defective for viral replication
and transcription, contains several point mutations, one
of which, at position 5115, destroys binding of PEAL.
Reversion of this mutation not only restores PEAI
binding but also enhancer function. The PEA1 factor,
which binds to a very similar sequence but which has
been shown by competition experiments to be distinct,
was also reported by Hirai and Satake to be virtually un-
detectable in undifferentiated F9 cells. Williams re-
ported that AP4 also binds in this region over the Pvull
restriction site.

A factor that binds to the adjacent C element, called
EF-C, has been characterized in P. Hearing’s laboratory
and was described by Ostapchuk {State University of
New York, Stony Brook). This factor is present in a wide
range of cells (Ostapchuk et al. 1986) and the region of
DNase I protection conferred by binding corresponds al-
most exactly to the C element defined genetically by

EF-E CTF

F9 EC Mutant
A-G at 5230

Bcll Pvu 1

Eukaryotic transcription factors

Veldman et al. (1985). Integrity of this region is impor-
tant for enhancer function in vivo. A sequence homolo-
gous to the EF-C binding site is found in a region of the
hepatitis B virus genome shown to behave as an en-
hancer element in liver cells and to bind a specific nu-
clear factor. Binding of EF-C to the polyoma enhancer
was efficiently competed by the hepatitis virus enhancer
sequences.

The B enhancer element contains a sequence similar
to the SV40 core sequence described earlier. In SV40 this
sequence was found to bind AP3 and AP2, and Williams
reported that these same two factors specifically bound
over the core homology present in the B element.

The polyoma enhancer functions very poorly in undif-
ferentiated cells. This can be explained, at least par-
tially, by the absence of the factors that interact with the
A element (PEA1[AP1], PEA2). Mutant viruses have
been isolated that replicate in such undifferentiated
cells, and these viruses were found to contain altered
enhancer elements whose activity did not depend upon
the differentiated state of the cell. The mutant en-
hancers were of two types: those that have duplicated
sequences (e.g., EC PCC4 mutants that have duplicated
A domains) and those that have single point mutations
{e.g., EC F9 mutants).

The polyoma virus mutant F441 contains an A—G
mutation at nucleotide 5230 which enables the en-
hancer to function efficiently in a variety of undifferen-
tiated EC cells. It has now been shown that this single
change creates binding sites for two different transcrip-
tion factors: Williams reported that pure NFI/CTF can
bind to this region of the mutant much more efficiently
than to the wild-type enhancer and Ostapchuk reported
the acquisition of a binding site for the factor they term

Figure 2. Schematic of the polyoma en-
hancer region. The DNA-protein interac-
tions within this region are summarized
and described in detail in the text. Homol-
ogies to other viral enhancer regions are

5100 5200
; -
7

PEA1

| I 7\ |
AP4 \ EF-C AP2 AP3 AP4
(AP1)

PEA2 CTF

AD v BPV BPV

5108 5130 5179 5214

| | L
51I48 C 51|79 B
' I i |

1 2 3

5098 A

indicated: (Ad) adenovirus E1A enhancer
homology (Hearing and Shenk 1983); {SV)
SV40 core enhancer element homology
{(Weiher et al. 1983); (BPV) bovine papil-
loma virus enhancer homology {Lusky et
al. 1983). Also shown are the positions of
the functional elements of the enhancer as
defined by Veldman et al. (1985) and
Hassel et al. (1986). At the top of the
figure, the protein—DNA interactions spe-
cific to the F9.EC mutant, F441, capable of
efficient replication in undifferentiated F9
cells and containing a nucleotide substi-
tution at nucleotide 5230, are indicated.

HOMOLOGIES

ENHANCER ELEMENTS

(Veldman et. al.)

(Hassel et.al.)
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EF-E. Other recent reports also describe the binding of
this latter factor to the mutant F9 enhancer (Kovesdi et
al. 1987; Xiao et al. 1987). The binding site for EF-E is
identical to the GTII motif of the SV40 enhancer; there-
fore, this factor is likely to be identical or related to AP5.

Adenovirus early genes

Adenovirus E1A gene products stimulate transcription
from a number of viral and cellular genes, including the
early adenovirus genes E1B, E2A, E3, and E4 (for review,
see Berk 1986). The mechanism by which E1A protein
transactivates remains unclear. It is very unlikely to act
directly since purified E1A protein does not bind specifi-
cally to DNA. In addition, mutagenesis studies on the
early promoters have failed to detect sequences specific
for E1A stimulation. Rather, it appears that the same
promoter sequences are necessary both for uninduced
and E1A-induced expression. These functionally impor-
tant sequences bind nuclear factors that must then me-
diate the E1A effect. How this is accomplished is un-
known, but it could involve either an increase in the
amount of a particular factor or modification of a preex-
isting factor. Such modification could alter the DNA
binding properties of the factor or some other activity.
Clearly, there is a need to characterize in detail the
factors that interact with the early promoters. A great
deal of effort in a number of laboratories has been de-
voted to this goal.

The early gene promoters have been found to interact
with multiple nuclear proteins (Fig. 3). However, the
pattern of interactions is very different from one pro-
moter to the next and only one or possibly two factors
have been found to interact with more than one of the
carly genes. A brief description of the protein—DNA in-
teractions follows:

E1B

The E1B promoter directs rightward transcription from
base pair 1699 in the Ad2 sequence. A series of deletion
and linker-scanning mutations have defined two major
elements critical for efficient transcription (Wu et al.
1987). One element, extending from —49 to —38, is a
high-affinity binding site for the transcription factor Spl
that binds to a number of other promoters, including the
SV40 early gene promoter. The second element contains
the TATA-box sequence and presumably interacts with
a TATA-box binding protein(s). Interestingly, mutations
in this sequence decrease uninduced expression and
obliterate stimulation by E1A. Parks {Pennsylvania State
University College of Medicine, laboratory of D.
Spector} also reported binding of four other factors, up-
stream of the Spl site, although the removal of se-
quences upstream of —49 has little affect on E1B tran-
scription.

E2A

A number of laboratories have concentrated their efforts
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on the E2A gene which is transcribed from an initiation
site at roughly 75 map units on the adenovirus genome.
The promoter has been investigated extensively by dele-
tion and linker-scanning mutagenesis (for references, see
Berk 1986). Analysis of these mutants demonstrated that
79 bp of 5’ sequence were sufficient for full activity;
however, deletion to —70 severely impaired activity.
Binding of a factor between positions —70 and —79 has
been demonstrated. This factor, found in uninfected and
infected cells, is almost certainly identical to a factor
that also interacts with the E3 and E4 promoters. The
factor, originally named E2A.EF, has been renamed acti-
vating transcription factor or ATF (Lee et al. 1987d). The
ATF binding site (T/G){A/T)JCGTCA, is identical to a se-
quence found in promoters that are induced by raising
cAMP levels, such as that of the somatostatin gene. Ad-
ditionally, this sequence has been shown to mediate
c¢AMP inducibility and to bind a 43-kD phosphoprotein
(CREB) (Montminy and Bilezikjian 1987). The ATF pro-
tein is also a 43-kD phosphoprotein, and ATF binding
can be competed efficiently by sequences from the so-
matostatin promoter (Hurst and Jones 1987|. It seems
very likely, therefore, that CREB and ATF are the same
factor. Indeed, a report by Leza (State University of New
York, Stony Brook, laboratory of P. Hearing) demon-
strated that expression of the E4 promoter was induced
by raising cAMP levels dependent, at least partly, on the
ATF binding site at —50 (see below).

The mutagenesis studies also indicated that important
elements were present in the region between —69 and
—33. Initially identified and characterized in the labora-
tory of J. Nevins, this region contains two binding sites
for the factor E2F, whose activity appears to increase
dramatically upon adenovirus infection. Undifferen-
tiated F9 cells were also found to contain this factor, a
result consistent with the ability of these cells to tran-
scribe from the E2A promoter in the absence of E1A.
Upon differentiation this ability is lost and so too is E2F
activity. An update on E2F characterization was pre-
sented by Yee (Rockefeller University) who reported that
the protein has now been purified from infected cells
and has a molecular weight of 54 kD. There is an addi-
tional E2F binding site further upstream in the E2A pro-
moter and two binding sites within the E1A enhancer
region; these sites were described by Jalinot {Strasbourg)
and Hardy (Princeton University) from the Kedinger and
Shenk laboratories, respectively. However, these
workers could find no evidence of E2F inducibility and
readily detected the factor in extracts from uninfected
cells. The reason for this major discrepancy is unknown.

Finally, the E2A promoter contains a binding site for a
third factor described by Jalinot and termed E2aE-CB.
This factor may be related or identical to E4F2, which
binds to the E4 promoter (see below).

E3

Three regions of the E3 promoter, centered approxi-
mately over the TATA box, position —55 and position
—91, have been shown by mutagenesis studies to be
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critical both for uninduced and E1A-induced transcrip-
tion. Factors binding to each of these regions were de-
scribed by Hurst (ICRF) from the laboratory of N. Jones,
Weinmann (Wistar), and Garcia (University of Cali-
fornia, Los Angeles, laboratory of R. Gaynor). The factor

Eukaryotic transcription factors

that binds to the sequences between —44 and —68 is
ATF. The region between —81 and — 103 contains a se-
quence that is very similar to the ATF consensus and is
bound specifically by a nuclear protein. However, com-
petition experiments described by Hurst showed that
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ete —O—0O0—0C *—
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Figure 3. (A) Summary of the DNA-protein interactions within the upstream promoter region of the adenovirus early genes. The
position of the binding sites and names of the factors are indicated. The arrowhead denotes the direction of transcription. Footnotes:
'Footprints protected by factors I-IV are as follows: I is TGGGCGTCGC, which may bind Sp1; Il is GCTGTGGAATGT, which is
identical to the GTII motif of the SV40 enhancer; IIl is CCCCAGGC, which may bind AP2; IV is TGTGGTTA. 2This factor contains
the same binding site as the E4F2 factor that binds at about — 150 on the E4 promoter. 3The factors EJA-EF (SivaRaman et al. 1986),
E3.F2 (Hurst and Jones 1987), and E4F1 (Lee et al. 1987¢) have been renamed ATF (Lee et al. 1987d). The conclusion that these factors
are probably identical is based on identical binding sites, size, and chromatographic behavior. 4L1 and L2 are lymphoid cell specific.
SE4F binds the same sequences as ATF, but its activity is induced upon infection and it is only seen in whole-cell extracts. $See note 2.
’Binds in the same regions as E4F2 but the binding site is different. (B) Summary of the DNA~protein interactions within the

upstream region of the E1A gene. The factors that bind to sequences centered at around positions 310 and 440 are referred to as y and
delta in the text.
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this protein is not ATF but more likely AP1 (Hurst and
Jones  1987). The consensus for APl is
T(G/T)AGTCA(G/C), the difference between this and
the ATF consensus being an A residue instead of C at
the third position. The findings illustrate how such a
minor difference can change the pattern of factor
binding. Further upstream, between positions — 154 and
— 183, there is a binding site for NF1/CTF, a factor that
acts not only on transcription but is also required for
efficient initiation of adenovirus DNA replication. Re-
moval of this site, however, has only a minor detri-
mental effect on E3 transcription, whereas removal of
the AP1 or ATF sites has significant effect. Garcia also
reported two other factors that bound to specific se-
quences in the E3 promoter (L1 and L2) but which are
lymphoid cell specific. These factors also interact with
the LTR sequences of the HIV genome.

E4q

A number of talks were presented on the factors that
interact with this promoter, and the picture emerging is
very complex. Within the promoter region there are
three binding sites for the ATF factor, one between posi-
tions —45 and —50 and the other two in a region be-
tween — 140 and — 170. This latter region can act as an
E1A-inducible enhancer element. Two additional factors
were reported to bind to the —50 region. Reinberg (Uni-
versity of Medicine and Dentistry of New Jersey} de-
scribed a factor active in the in vitro transcription of the
E4 promoter that has been purified to near homogeneity
and has a molecular weight of 94—107 kD. The relation-
ship of this factor to ATF is not clear. Raychaudhuri
{Rockefeller University, laboratory of J. Nevins] de-
scribed a factor that appears to be distinct from ATF by
virtue of its methylation interference pattern, its chro-
matographic behavior, and competition studies. Inter-
estingly, this factor, E4F, is only readily detected in
whole-cell extracts and its activity is increased 10- to
20-fold by infection with wild-type virus. E4F also ap-
pears to bind to the E4 enhancer region which is very
complex since two other factors were reported to bind
here, in addition to ATF and E4F. E4F2 binding was re-
ported by Lee (Harvard University, M. Green’s labora-
tory); the binding site is identical to that of the E2AE-CB
factor found to interact with the E2A promoter (see
above). In addition binding of yet another distinct pro-
tein, E4TFI, was reported by Watanabe (University of
Tokyo, laboratory of H. Handa). So at least four different
factors can bind within this small DNA sequence. Very
careful mutagenesis studies will be required to unravel
the importance of each individual factor to the tran-
scriptional activity of this promoter.

E1A

The special regulatory role of the E1A products in the
viral life cycle, in particular the requirement for the
289-amino-acid protein to trans-activate other early pro-
moters, is reflected by E1A’s expression from the earliest
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stages of infection. Indeed, the E1A promoter is active by
virtue of a cis-acting, enhancer-dependent mechanism
and functions in the absence of viral protein synthesis.
Unlike the other adenoviral early promoters, it does not
require E1A for its activity. Nevertheless, E1A promoter
activity is induced to yet higher levels by the E1A trans-
activation function and therefore E1A is autostimula-
tory.

The 5'-flanking region of the E1A gene (see Fig. 3B)
extends from the left terminus of the genome (nucleo-
tide 1) to the E1A cap site (nucleotide 499). This region
contains, in addition to E1A’s transcription regulatory
elements, one of two copies of the adenovirus inverted
terminal repeat (ITR). The ITR [nucleotides 1-102] is
the viral DNA replication origin and is exactly repeated
at the right end of the genome in inverted orientation.

The location of the ITR upstream from the E1A pro-
moter juxtaposes viral replication and transcription ele-
ments. Indeed, the ITR itself contains binding sites for
both bona fide DNA replication factors and proteins that
serve as transcription factors for other viral and cellular
genes. The DNA 5’ terminal residue at the extreme left
end of the genome is covalently linked to the adenovirus
‘terminal protein’ (TP), which serves as a primer for
DNA synthesis. Just adjacent to this linkage site are a
site for binding the virus-encoded DNA polymerase and
a binding site for NF1/CTF. Adjacent lies a site for a
third protein, nuclear factor LI (NFII), which is a
member of the octamer binding family of transcription
factors.

The major E1A enhancer elements lie outside the ITR.
As we proceed from the ITR toward the E1A cap site, we
encounter a region {nucleotides 155—178) that contains
a TGTGG motif and was defined previously by deletion
mutagenesis as an enhancer (Hen et al. 1983). L. Clark
(St. Andrews, laboratory of R. Hay) reported purification
of a 60-kD protein from uninfected HeLa cells, the
binding site of which overlaps this motif. The protein
also binds with high affinity to enhancer elements in
SV40, polyoma, and Rous sarcoma virus. Binding to the
SV40 enhancer is over the GTI motif; however, this pro-
tein is distinct from AP3 and EBP20 (R. Hay, pers.
comm.). Additional E1A enhancer elements lie down-
stream. Hearing and Shenk (1986) have described a se-
quence, AGGAAAGTGA(C/A)A(A/T), called element I,
which is present twice within the E1A flanking region
downstream from the element identified by Hen et al.
Although dispensable for replication, retention of at
least one copy of element I is essential for E1A expres-
sion. Nested between the two copies of element I lie
copies of a second sequence motif, element II. Both ele-
ment I repeats are adjacent to binding sites for the factor
E2F, which also binds to the E2A promoter region. Inter-
estingly, as with the E2A promoter, the E2F sites that
precede the E1A gene are phased helically and for E1A
lie 63 bp apart. Whether this helical phasing is impor-
tant for activity is not yet known. At least one factor
appears to interact both with element I and with a neigh-
boring E2F site. Bruder (State University of New York,
Stony Brook, laboratory of P. Hearing) described the
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factor EFA, which binds tightly to the upstream copy of
element I, at a position that overlaps the adjacent (up-
stream) E2A binding site. A factor described by Hardy
{Princeton, laboratory of T. Shenk) designated y and de-
tected through its bandshift activity and footprint pat-
tern, binds to a region that overlaps (but does not coin-
cide with) the downstream copy of element L.

Yet closer to the E1A cap site, Hardy has also de-
scribed a binding site for an additional factor, §, which
thus far is also known only through its footprint pattern
and ability to induce a bandshift. No phenotype has yet
been described for mutations in the 3 binding site. Still
closer to the cap site is an additional ATF binding site.
Finally, I. Kruczek (Munich) used mobility shift assays
and transfection competition to demonstrate a protein
that binds to an inverted terminal repeat sequence of
Ad12 at residue 443 (corresponding to residues 488—506
of Ad5), which directly overlaps the Ad12 E1A cap site,
and which may stimulate E1A promoter activity.

How does E1A trans-activate?

Most current theories focus on the possibility that E1A
acts to increase the concentration or activity of a set of
transcription factors. The best example of a factor being
modulated during adenovirus infection is the factor E2F.
The increase in activity of this factor could be due to an
increase in the amount of the factor or the modification
of a preexisting form that cannot bind efficiently to
DNA. Preliminary evidence presented by Yee suggests
the latter possibility. In the cases of other factors that
bind to the inducible promoters but can be readily de-
tected in uninfected cells, E1A-induced modification is
also suspected; but, as a result of the modification some
activity of the factor other than DNA binding may be
affected. This other activity could involve interactions
with other transcription factors (e.g., the TATA-box
factor) or even the polymerase itself. What kind of modi-
fication could be induced? A distinct possibility is phos-
phorylation, suggested by observations made with the
AP1 and CREB factors. AP1 is induced by TPA, which is
well known to activate protein kinase C. This suggests
that AP1 activation could involve direct phosphoryla-
tion by PKC or, more likely, a PKC-initiated phosphory-
lation cascade. The CREB protein appears to mediate the
transcriptional response of some promoters to increasing
cAMP levels. Recently, it was shown that in response to
rising cAMP levels the phosphorylation state of the
CREB factor was increased (Montminy and Bilezikjian
1987). Within the next year the materials necessary to
answer such questions (cDNA sequences that encode
the factors, antibodies) should become available; a better
understanding of E1A action may ensue.

Another possible mode of E1A action would be a di-
rect interaction between the E1A protein and some or all
of the factors that bind to the early promoters. The
bound E1A may then facilitate interactions with other
proteins that may constitute the transcriptional com-
plex. It was reported by Weinmann (Wistar) and Hurst
(ICRF) that indeed some interaction between E1A and
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the factors APl and ATF could be demonstrated; the
factors are removed from a nuclear extract following
passage over an E1A affinity column. The significance of
these interactions is very unclear at present, but future
studies will be awaited with interest.

Another advance that will undoubtedly facilitate the
study of E1A action is the development of an in vitro
transcription system that faithfully mimicks E1A acti-
vation. Such in vitro activation was reported recently
from Harter’s laboratory and was described at the
meeting by Datta (New Jersey Medical School, Newark).
They have shown that E1 A protein synthesized and pu-
rified from E. coli can increase transcription of both the
E2A and maijor late promoters when added to HeLa cell
transcription extracts {Spangler et al. 1987). This stimu-
lation was blocked by adding antibodies specific for the
E1A protein. These results suggest that E1A action does
not involve the synthesis of new protein but rather the
modification of preexisting proteins.

Although the details of how ElA trans-activates re-
mains largely unknown, a great deal more progress has
been made regarding the critical regions or domains of
the E1A protein necessary for this activation. Extensive
mutagenesis studies, in a number of different laborato-
ries, have identified only one essential region that is pre-
dominantly encoded by the unique portion of the 13S
mRNA. This region, which is 46 amino acids in size, is
highly conserved amongst different adenovirus sero-
types and contains an arrangement of four Cys residues
similar to the repetitive sequences found in TFIIIA.
These residues are thought to form a metal binding core,
and Culp (Smith Kline and French, M. Rosenberg’s labo-
ratory) showed that the product of the 13S E1IA mRNA
but not the 12S mRNA was capable of binding zinc. Mu-
tations that affect any one of the four Cys residues re-
sulted in loss of binding as well as loss of trans-activa-
tion. The critical involvement of this 46-amino-acid re-
gion in trans-activation was demonstrated most clearly
by a series of experiments described by Green (St. Louis
University Medical Center). He showed that a synthetic
49-amino-acid peptide containing these residues can ac-
tivate the E2A early gene in microinjected HeLa cells.
Peptides comprised of other E1A residues failed to acti-
vate (Lillie et al. 1987).

Discussion

The results reported at the meeting illuminated a
number of general principles and defined technical
problems that will have to be faced in future studies. We
shall now comment on these wider issues.

In early work, factors were defined generally by the
DNA sequence to which they bound, because even the
size of the protein was not known. However, it is now
clear that in several cases multiple factors can recognize
the same consensus sequence, and so this feature alone
is not sufficient for factor classification. One of the
clearest examples of such a factor family involves the
proteins that bind to the octamer sequence described
earlier; multiple factors that interact with this con-
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sensus can be found, some of which are cell-type spe-
cific. Another example involves the consensus CCAAT
sequence, which is critical for the transcription of nu-
merous cellular and viral genes, e.g., the B-globin gene,
herpes simplex tk gene, and human heat shock gene. A
multiplicity of factors that recognize this consensus
have been described. Nuclear factor I (NFI) was origi-
nally defined by its activity in the adenovirus in vitro
DNA replication system but was subsequently shown
also bind to the CCAAT consensus (Jones et al. 1987).
This NFI/CTF factor was purified to apparent homoge-
neity by sequence-specific DNA affinity chromatog-
raphy and was found to consist of a set of proteins with
apparent molecular weights of 52—66 kD. The exact re-
lationship of these proteins to each other is not entirely
clear, but recently several cDNAs encoding NFI/CTF
have been cloned and appear to recognize a single gene
but multiple transcripts (R. Tjian, pers. comm.). The
heterogeneity of polypeptides could therefore be ex-
plained by alternative splicing of a primary transcript.
Gander (University of Munich, laboratory of E. Win-
nacker) described studies that identified several proteins
possessing NFI activity, not all of which, however, could
bind CCAAT. Moreover, Graves et al. {1986} described
the purification of a liver protein, CBP, that binds to the
CCAAT sequence of the HSV tk promoter; this protein
is identical to EBP20 (see Table 1). Recent work has
identified proteins that bind to the CCAAT boxes of
major histocompatibility complex genes and the adeno-
virus E2L promoters (Dorn et al. 1987; Goding et al.
1987). These proteins are by many criteria distinct from
NEFI/CTF. It remains to be seen whether each of these
polypeptides recognizes a particular variant of the con-
sensus sequence or whether binding is controlled by se-
quences flanking the CCAAT motif. Moreover, the pos-
sibility that the various CCAAT binding factors are de-
rived from heterotypic interactions between multiple
subunits must also be entertained. It will also be of great
interest to ascertain whether the various members of the
family are subject to tissue-specific, developmental, or
cell-cycle regulation. Not all proteins that bind to se-
quences overlapping the CCAAT motif need to be acti-
vation proteins. A protein found in sea urchin embryos
binds over a CCAAT motif present in the sperm histone
H2B-1 gene promoter and in so doing prevents interac-
tion with a positive-acting CCAAT-binding factor, re-
sulting in a block to transcription {Barberis et al. 1987).
This CCAAT-displacement factor is not present in the
testis, where the gene is expressed. This interesting re-
sult suggests the possibility that the CCAAT region of
other vertebrate genes may also mediate negative as well
as positive regulation. These examples of multiple pro-
teins that can bind to what we presently perceive as the
same sequence means that more discriminatory assays
will have to be applied to distinguish between factors
that may themselves be closely related. Methylation in-
terference footprinting may be useful in this regard, par-
ticularly when combined with the UV cross-linking pro-
cedure which allows determination of the size of the
binding polypeptide.
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Yet another possible factor family are the proteins
that interact with the TATA box. Subfractionation of in
vitro transcription extracts has resulted in the descrip-
tion of a fraction, TFIID, that is absolutely required for
transcription and contains a protein(s) that binds to the
TATA-box region of the adenovirus major late promoter.
So far, however, this factor has resisted all attempts at
purification. Data presented at the meeting showed that
two viral transactivators, E1A (Simon, Rockefeller, labo-
ratories of J. Nevins and N. Heintz; Wu, University of
California, Los Angeles, laboratory of A. Berk| and the
immediate-early gene product of pseudorabies virus (Ab-
mayr, Rockefeller, laboratory of R. Roeder) may act via
the TATA-box region. Moreover, Leong {University of
California, Los Angeles, A. Berk’s laboratory) showed
that there are higher levels of TFIID activity in extracts
prepared from adenovirus-infected cells than in those
prepared from uninfected cells. However, not all TATA
boxes respond to trans-activation, and Simon defined a
consensus sequence TATAA for trans-activator respon-
sive TATA boxes. In contrast, the TATA box of the early
control region of SV40, sequence TATTTA, does not re-
spond. A clear implication of these data is that there are,
at the least, functional subsets of TFIID and that there
may be a family, or families, of proteins interacting with
the TATA-like sequence motifs. The TATAA motif is
found in the adenovirus early E3 promoter. However,
mutagenesis studies on this promoter have demon-
strated that removal of this motif decreases the effi-
ciency of transcription but that activation by E1A can
still take place. Additionally, sequences upstream of the
TATAA can confer E1A inducibility to other promoters
that are not activated efficiently. These results reinforce
the possibility that E1A can activate via a variety of dif-
ferent transcription factors and, in the case of a promoter
such as the E3 promoter, full activation may involve
modulation of the TATA-binding factor as well as
factors that bind to the upstream elements.

It is also clear that the precise assay conditions
adopted can significantly affect the results obtained. The
laboratories of Thimmappaya and Nevins have pre-
viously reported two distinct factors that bind to the
E2A promoter. Data reported at this meeting make it
clear that the apparent discrepancy is due to the exact
conditions employed in the assays used. The use of syn-
thetic polymers such as poly(dl : dC) as a nonspecific
competitor favors identification of the ATF factor,
whereas the use of salmon sperm DNA favors the iden-
tification of E2F (SivaRaman and Thimmappaya 1987;
Yee et al. 1987). In addition, two factors binding to a
similar sequence of the E4 promoter have been described
(see earlier), the different results apparently arising from
the use of nuclear extracts by one group and whole-cell
extracts by the other.

Most assays depend on the interaction of naked DNA
with either cell extracts or purified factors. However,
there is now clear evidence that such assays need not
reflect the in vivo situation. A recently published study
(Becker et al. 1987) serves to highlight this type of
problem. These workers have studied factors that in-
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teract with the upstream region of the tyrosine amino-
transferase gene in expressing and nonexpressing cells.
Extracts of both cell types produce exactly the same
footprinting pattern on naked DNA, yet an elegant in
vivo footprinting procedure using whole cells reveals the
expected differences in interactions between cells in
which the gene is expressed and those in which it is not.
So in this case the factors that presumably mediate regu-
lation are present in equal quantities in both cell types
and one is led to the conclusion that their ability to bind
is controlled either by accessory proteins not detectable
by footprinting assays or by long-range chromatin struc-
ture. Jalinot described studies in which in vivo foot-
printing was used to analyze proteins interacting with
the adenovirus E2 promoter. Both in vivo footprints and
in vitro gel retardation assays show the same interac-
tions with this promoter in cells infected with wild-type
adenovirus and the E1A deletion mutant dI312, despite
the fact that some interaction between E1A products
and the E2 promoter is required for efficient transcrip-
tion. Gralla (University of California, Los Angeles) re-
ported primer-extension footprinting experiments de-
signed to probe in vivo interactions with SV40 DNA. He
has been able to detect changes in binding, presumably
of Spl, to the GC-rich sequences as the infection pro-
ceeds. However, his results highlight one problem that
will necessarily bedevil many studies in viral systems,
namely, that the cells contain large numbers of copies of
the viral genome, only a small proportion of which are
transcriptionally active, and that proportion may not be
detectable against the large excess of inactive templates.

AP1, originally defined as a factor binding to the SV40
enhancer (see earlier), is turning out to be a molecule of
considerable interest. It binds to a consensus sequence
identified in genes that respond to TPA (Angel et al.
1987; Lee et al. 1987b), and the binding activity of this
factor is increased in TPA-treated cells. The sequence
recognized by AP1 is identical to that recognized by the
Saccharomyces cerevisiae factor GCN4, and Struhl
(1987) has shown that the DNA-binding domain of
GCN4 is functionally interchangeable with that of the
avian oncogene v-jun, recently isolated from a new sar-
coma virus. Anti-peptide antisera against v-jun recog-
nize purified human API, and peptide sequences from
AP1 match perfectly with the nucleotide sequence of
human c-jun. Moreover, a B-galactosidase—human c-jun
fusion protein is recognized by the anti-peptide sera and
has a DNA binding activity indistinguishable from that
of AP1 {Bohmann et al. 1987). More recently, Angel et al.
(1988) have reported similar data. Thus, it is extremely
likely that AP1 is encoded by the c-jun proto-oncogene.
However, for the reasons discussed above this identity is
not yet absolutely certain. It is possible that c-jun en-
codes a family of proteins, one of which is AP1, and in
this context it is important to note that the most puri-
fied preparations of AP1 currently available contain sev-
eral polypeptides, only one of which has been shown to
have the DNA binding properties which define AP1.
Moreover, there may be other genes related to c-jun
which encode proteins with the same DNA binding
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properties as AP1 but different functions and, indeed,
Ryder et al. (1988} have identified a c-jun-related gene
whose transcription is induced by serum stimulation of
quiescent fibroblasts. It has long been clear on theoret-
ical grounds that one class of oncogene should encode
transcription factors, and there is circumstantial evi-
dence that the c-myc and c-fos gene products have such
activities. However, the work with AP1/GCN4/v-jun is
the first clear demonstration that a gene encoding a de-
fined transcription factor can act as an oncogene.

As described earlier, the PEA1 factor which binds to
the polyoma enhancer recognizes a sequence indistin-
guishable from the AP1 consensus. Hirai reported that
SV40-transformed mouse cells, grown in low serum,
contain fivefold higher levels of this factor than their
untransformed parents, grown under the same condi-
tions, raising the possibility that increased activity of
the murine c-jun gene product plays a role in SV40
transformation. However, the identity of AP1 and PEA1
is not yet proven. Hirai showed that the TPA or serum
induction of PEA1 activity in NIH-3T3 cells requires de
novo protein synthesis, as judged by experiments using
the inhibitors anisomycin and cycloheximide, whereas
the TPA induction of AP1 in HeLa cells is insensitive to
such protein synthesis inhibitors {Angel et al. 1987).
Hirai also observed an increase in PEAIl activity in
NIH-3T3 cells treated with forskolin, and other cAMP-
phosphodiesterase inhibitors, suggesting that the factor
can also be activated by a pathway involving a cAMP-de-
pendent protein kinase. However, it is not yet clear that
TPA and cAMP activate exactly the same polypeptide
(M. Yaniv, pers. comm.). It is not known if de novo syn-
thesis is required in this case. Thus, while it is clear that
PEA1 and API recognize the same DNA sequence, the
data discussed above clearly admit the possibility that
PEAL1 is either another product of c-jun or that it is en-
coded by a related gene such as that described by
Nathans.

The issues discussed in the context of AP1 will also
apply to studies of other factors. The clear demonstra-
tions that multiple proteins can bind to the same DNA
sequence and the strong suggestions that the genes en-
coding transcription factors can give rise to multiple
polypeptides mean that precise definitions of the regula-
tory roles and biochemical activities of these factors can
only be achieved when the corresponding cDNAs have
been cloned and expressed, thereby allowing access to
large quantities of defined polypeptide. Such develop-
ments will also allow the generation of high-quality an-
tibodies with which to probe the functional interactions
between factors. We can look forward confidently to a
period of rapid progress in this field and expect that the
first complete description of the regulation of a eukary-
otic transcriptional control element will come from
studies of DNA tumor viruses.
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