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Introduction

Changes in gene expression are central to nearly every
developmental or adaptive response that eukaryotic
cells are known to undergo. Gene regulation usually
involves changes in the rate of transcription, and this
has led to intense interest in the regulatory proteins
that control the transcription of specific genes. The past
decade has seen striking progress in the identification
and characterization of these factors.'-* It is now well
established that regulated transcription requires the
binding of one or more proteins to a set of DNA se-
quence motifs (cis-regulatory sequences) in the flanking
regions of the gene. These sequences collectively specify
a program of transcriptional activity that is elicited by
developmental, physiological, and other signals. The
factors that recognize cis-regulatory sequences usually
function positively to activate transcription, in which
case they are termed activator proteins. The DNA-bind-
ing domains of activator proteins have been studied
extensively, primarily because straightforward assays to
measure DNA :protein interactions have been available,
and they have been the subject of numerous reviews.!s

In the past few years, increased attention has been
focused on other functional domains within transcrip-
tional regulatory proteins, especially the sequences
known as activation domains or activating regions that
are required for an activator protein to stimulate tran-
scription of a target gene. In this article we review the
discovery, properties, and classification of activation
domains. We use specific examples to illustrate how
these elements are used to modulate the activity of regu-
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latory proteins, and to distinguish the regulatory func-
tions of related activator proteins that possess identical
DNA-binding specificities.

Transcriptional activation

A discussion of activation domains requires a rudimen-
tary introduction to the concept of transcriptional activa-
tion. Therefore, we begin by briefly summarizing the
principles and mechanisms of activated transcription.
These topics have been reviewed in greater detail else-
where.®’

Basal versus activated transcription

Activator proteins stimulate transcription by elevating
the initiation rate from the associated core (or basal) pro-
moter. The core promoters of most genes transcribed by
RNA polymerase II (RNAPII) consist of a TATA box
and an initiator sequence, or INR, as depicted in Figure
1. These two sequence elements serve as a scaffold on
which the transcriptional initiation complex is assembled
and thereby determine the start-site of transcription.*
The initiation complex is composed of at least seven de-
fined factors in addition to RNAPII® (Figure 1). In the
absence of additional regulatory sequences, the core pro-
moter generates relatively low (basal) levels of transcrip-
tion, both in vivo and in cell-free transcription reactions.
Basal levels of transcription can also be observed in vitro
with promoters that include upstream regulatory se-
quences, provided that the transcription extracts consist
of purified preparations of initiation factors and
RNAPII, and consequently lack activator proteins.

A significantly higher level of transcription (activated
transcription) is achieved when activator proteins and
their cognate binding sites are both present. The binding
of an activator can increase the transcription rate by as
much as several hundred fold in vivo. The stimulatory
effects of proximal regulatory sequences located near the
core promoter are apparent in vitro as well, but the de-
gree of activation is usually significantly less than that
observed in vivo. The effects of distantly located regula-
tory sequences (enhancers) are often quite dramatic in
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Mediator/

core promoter

Figure 1 Potential targets for activators in the transcriptional initiation complex. A complex of general initiation factors (TFIIA,
TFIIB, etc.) and RNA polymerase Il assembles on the core promoter, which for most mRNA genes consists of a TATA box
and an initiator (INR) element. An activator protein (shown here as a dimer) bound to a cis-regulatory site can stimulate the
transcription initiation rate from an associated core promoter by an ill-defined mechanism. Arrows indicate direct binding
interactions that have been observed between activation domains and initiation factors or accessory proteins.

vivo but are rarely evident in cell-free transcription
assays.

Mechanisms of transcriptional activation

How does an activator protein tethered to a cis-regula-
tory sequence increase the rate of transcription from its
associated core promoter? The basic underlying mecha-
nism of this process, much less the details of the reac-
tion, have not been definitively determined. However,
the prevailing view is that activators either recruit or
stabilize the assembly of basal transcription factors on
the core promoter, or possibly catalyze a rate-limiting
step in the maturation of the initiation complex to a
fully active form.” There is now evidence to suggest that
activators directly bind to components of the initiation
complex. Proteins in the basal complex that have been
implicated as targets for activators include the TATA
binding protein (TBP) subunit of TFIID,’ TBP-associ-
ated proteins (TAFs),'® and TFIIB." Other studies sug-
gest the existence of intermediary proteins that serve
as bridges between activators and initiation factors, and
which have been called co-activators, adaptors, or medi-
ators.’>-15- Co-activators are defined as proteins that are
neither tightly associated with any of the basal factors
nor required for basal transcription and do not bind
DNA directly, but are necessary for transcriptional
stimulation by certain activators or classes of activators.
At present, co-activators are defined primarily as bio-
chemical activities and only one potential co-activator,
the yeast ADA2 gene, has been cloned.!® As described
in a later section, co-activators may in some cases play
critical roles in controlling cell-specific gene activation.

An additional complication in understanding the
mechanism of activation arises from the observation
that two different effects of activator proteins are appar-
ent in cell-free transcription experiments depending on
whether the template DNA is free of histone proteins
or is assembled into a chromatin-like structure. These
processes have been called “true activation” and “‘anti-
repression.”’'? True activation refers to the enhanced
initiation rate generated by the presence of activator
proteins when naked DNA is used as the transcriptional
template. This is distinct from anti-repression, which
can be observed when the DNA template is assembled
into nucleosomes'® or complexed with histone H1."”
Without an activator present, nucleosomes and H1 re-
press transcription below the basal level that occurs with
naked DNA and initiation factors alone. However, if
chromatin assembly occurs after binding of the activator
protein, this histone-mediated repression can be allevi-
ated. Both true activation and anti-repression require
the presence of an activation domain, and therefore
involve more than the mere binding of the activator to
its binding site. It remains to be determined whether
both of these experimentally defined effects of activator
proteins operate in vivo.

Discovery and classification of activation domains
Activator proteins are bifunctional and modular

Eukaryotic activator proteins are bifunctional, being
composed of distinct domains mediating DNA binding
and transcriptional activation. The initial demonstration
of this principle came from studies of the yeast GAL4
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protein by Brent and Ptashne.” GAL4 is a sequence-
specific regulatory protein from Saccharomyces cerevis-
iae that activates genes involved in galactose catabolism.
A hybrid protein in which the DNA-binding domain of
GAL4 was replaced by that of a repressor protein from
Escherichia coli, LexA, was found to retain transcrip-
tional activation function in yeast cells. Activation was
dependent on the presence of a LexA binding site up-
stream of the target gene and could not be elicited by
the LexA protein itself. These and similar studies®
pointed to the presence of a transcriptional activation
domain that is distinct from the DNA-binding region
of the protein. Furthermore, these experiments demon-
strated that the DNA-binding and activation regions
exist as structurally autonomous domains (modules)
that can be exchanged between proteins without loss
of function. This domain-swapping approach has since
been widely exploited to characterize functional seg-
ments of eukaryotic activator proteins. These studies
have overwhelmingly supported the notion that activa-
tor proteins contain functionally independent DNA-
binding and activation domains.?

Classes of activation domains

The identification and sequence analysis of activation
domains in many activator proteins has revealed the
existence of several distinct classes of these elements.
These groupings are based primarily on similarities in
amino acid content or, to a lesser extent, amino acid
sequence. At this point, the following major groups of
activators have been classified.

Acidic domains The analysis of deletion mutants within
the GAL4 activating region revealed that most of the
protein was dispensable for activation function.”? How-
ever, two sequences designated region I (48 aa) and
region II (113 aa), were found to be required for activa-
tion. While each domain alone displayed activating po-
tential, both were necessary to generate full GAL4
activity. It was noted that these sequences are coincident
with highly acidic regions of the protein, and in this
respect were similar to the activation domain of another
yeast regulatory protein, GCN4.2 The activating region
of GCN4 contains approximately 25% acidic residues
and displays a net charge of ~10.2¢ Mutations affecting
activation region I of GAL4 showed that negative
charge was generally correlated with activation ef-
ficiency.” However, not all missense mutations that
decreased transcriptional activation affected acidic resi-
dues, and amino acid substitutions involving different
acidic residues could generate greatly differing effects
on activity.? Therefore, net negative charge is a neces-
sary, but not sufficient, feature of acidic activation do-
mains.

Acidic activators are by no means restricted to fungal
organisms. One of the most potent and best-studied
acidic activation domains is derived from the Herpes
Simplex Virus (HSV) transactivator protein, VP16.
VP16 is not a direct DNA-binding protein, but is able
to activate transcription of HSV immediate early (IE)
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genes by complexing with cellular proteins that them-
selves bind to cis-regulatory sequences in the promoters
of these genes.? Deletion mutagenesis of VP16 revealed
that transactivation function was abolished when an
acidic region at the carboxyl terminus was removed.?’
Fusion of this 78 aa C-terminal segment to the DNA-
binding domain of GAL4 creates a sequence-specific
binding protein (GAL4-VP16) that activates transcrip-
tion efficiently in both yeast and mammalian cells. This
rather unlikely chimera between yeast and HSV pro-
teins has become the prototypical acidic activator, and
has been used extensively in studies of the mechanisms
of transcriptional activation.?

A systematic mutagenesis study of the core activation
domain within VP16 (residues 427 to 451) has been
carried out by Cress and Triezenberg.? As in the case
of GAL4, net negative charge was found to be an im-
portant feature but not the sole determinant of activa-
tion function. Acidic activator domains have been
proposed to fold as amphipathic a-helical structures,
with negatively charged residues located on one face of
the helix.?* %31 However, the consequences of amino
acid substitution mutations designed to test this possibil-
ity in VP16 were not consistent with a requirement for
a-helicity.?” Whether acidic activation domains are
obligatorily a-helical remains an open question at the
present time.

The singie most critical amino acid was found to be
Phe*2, because substitution by Ala or Ser at this posi-
tion completely inactivated the protein. This residue is
imbedded in a cluster of acidic (aspartate) residues that
were also found to be important for transcriptional acti-
vation, and even conservative glutamate substitutions
for these aspartate residues reduced VP16 activity. It
was proposed that Phe*? makes a critical hydrophobic
contact, either in tertiary folding interactions or through
interactions with the target protein that mediates VP16
activation.” Other neighboring amino acids with ali-
phatic side chains might also contribute to these van
der Waals contacts.

Because physical structures of acidic activation do-
mains have not yet been reported, one is limited to
speculation about their three-dimensional folded states.
The facts that most single amino acid substitutions do
not abolish activation and that functional acidic activat-
ing elements can be readily obtained from random frag-
ments of E. coli genomic DNA in genetic selections for
activation domains? * indicate that these domains do
not have rigid conformational or sequence require-
ments. This view is supported by structural analyses of
VP16'%195 which suggest that the activation domain
exists predominantly as a random coil. It is possible
that an ordered conformation is achieved only when the
domain is associated with its target protein. If this is the
case, then a determination of the structure will probably
require studies of the activator: target protein complex
once the identity of the molecular target has been defini-
tively established.

Glutamine-rich domains A second class of activator ele-
ments became evident from the analysis of functional
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domains in the mammalian regulatory protein Spl. Spl
is a ubiquitously expressed protein that was first identi-
fied as a DNA-binding protein in HeLa cell extracts that
recognized a G:C-rich DNA motif.3? Four activation
domains were later identified in Spl, the two most po-
tent of which contain approximately 25% glutamine
residues.® The functional importance of the high Gln
content in these activation domains was suggested by
the presence of similar Gln-rich sequences in several
other regulatory proteins.? One of these sequences,
from the Drosophila Antennapedia homeobox protein,
indeed functions as an activation domain when fused
to the DNA-binding domain of Spl.2 Other Gln-rich
activating sequences have been identified in the NF-
Y A subunit of the ubiquitous CCAAT box binding pro-
tein NF-Y,* in the yeast protein MCM1,* and in the
mammalian activators Oct-1 and Oct-2 (see below).

As in the case of the acidic activators, the Gln-rich
activating elements from different proteins do not ex-
hibit obvious similarities at the primary sequence level.
However, Cress and Triezenberg?® noted subtle se-
quence similarities between the Gln-rich domains found
in Spl and the acidic activation domains in VP16 and
GALA4. Particularly evident are the similar patterns of
hydrophobic residues such as Leu, Val, Ile, and Phe
in the two kinds of domains, and the fact that these
hydrophobic amino acids are surrounded by residues
that contain carbonyl groups in their side chains (gluta-
mate or aspartate in acidic domains, and glutamine in
Gln-rich domains). These observations raise the possi-
bility that the two classes of activating sequences possess
related folded structures. In light of these putative struc-
tural similarities, it will be interesting to determine
whether the substitution of acidic amino acids for gluta-
mine residues can transform a Gln-rich domain into a
functional acidic activator, or vice versa.

Proline-rich domains Another class of activating se-
quence was discovered in the CTF/NFI protein, which
is present in nearly all cells and has been implicated in
the regulation of both transcription and DNA replica-
tion.3 Inspection of the activation domain of CTF/NFI
revealed that it contained a high frequency of proline
residues, approximately 25%.%" There are now several
other examples of proteins containing proline-rich acti-
vation domains, including the lymphoid cell-specific ac-
tivator Oct-2% (also characterized as a Ser/Thr-rich
domain; see below) and activator protein 2 (AP-2).* In
addition, regulatory proteins such as hepatocyte nuclear
factor 1 (HNF1) and the plant transcription factor GT-
2 feature regions rich in both proline and glutamine
residues that are likely to function as activator se-
quences.** Whether these Pro/Gln-rich elements rep-
resent a class distinct from the Pro-rich and Gin-rich
activators is not yet clear.

Serine/threonine-rich domains A small group of activa-
tors contain activation domains that have been charac-
terized as serine- and threonine-rich. These include the
C-terminal activation domain of Oct-2, which also pos-
sesses high proline content,* “? and the immunoglobulin

enhancer binding proteins ITF-1, ITF-2,* and TFE3.#
So far, the Ser/Thr-rich activators have not been exten-
sively characterized by mutagenesis to determine their
sequence requirements and, as is the case for all classes
of activation domains, their structural nature is un-
known. The presence of many serine and threonine
residues raises the possibility that phosphorylation
might contribute to their function or regulation. Al-
though there is no evidence that these proteins are
hyper-phosphorylated, the prospect of limited modifica-
tions within Ser/Thr-rich domains that are critical for
function cannot be ruled out.

HOB1/HOB2 domains Kouzarides’ group® recently
noted two short regions within the A1 activation domain
of the Jun oncoprotein* that share weak homology with
a segment of Fos, a member of the same basic region:
leucine zipper (bZIP)* DNA-binding protein family.
These two adjacent sequences were designated homol-
ogy box 1 and 2, or HOB1 and HOB2. HOB1 and
HOB?2 are spaced an identical distance apart in Jun and
Fos, and both sequences occur within potential a-helical
regions. The two elements function cooperatively to
activate transcription, single copies of each motif being
essentially inactive. All binary combinations of HOB1
and HOB2, including HOB1:HOB1 and HOB2:HOB?2
duplications, generate functional activation domains,
demonstrating the modularity of these elements. HOB1
and HOB?2 are unrelated at the primary sequence level,
however, and appear to be distinct types of activation
modules. A sequence related to HOB2 was identified
in an activating region of another bZIP regulatory pro-
tein, C/EBP (CCAAT/enhancer binding protein). The
C/EBP sequence can substitute for the corresponding
HOB2 elements in Jun and Fos and is therefore a func-
tional homologue.

It is likely that the activity of HOB1 is regulated by
phosphorylation. The Jun HOBI1 element contains a
serine residue (S-73) that undergoes phosphorylation
in response to H-ras, and this modification appears to
be important for H-ras-induced stimulation of the Al
activation domain.*-# S-73 is an in vitro substrate for
MAP kinase,* and therefore the HOB1/HOB?2 activa-
tion domain in Jun (and in Fos as well) may be a target
for the H-ras/MAP kinase pathway that transduces ex-
tracellular mitogenic signals.*

Many activation domains have yet to be classified on
the basis of protein sequence, amino acid content, or
functional similarities with other activators. The identi-
fication of the conserved HOB1/HOB2 structure in Jun,
Fos, and C/EBP raises the expectation that future low-
stringency and structure-based homology searches will
disclose other homologous motifs that define new
classes of activation domains.

Functional differences among classes of activators One
activator can often inhibit the activity of another in a
phenomenon known as *‘squelching,”* which has been
explained as a competition between the two activation
domains for a common target molecule that is limiting
in the cell. In principle, squelching can be used as an
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assay to define functional classes of activation domains
that interact with the same target factors. Tasset et al.*
used the transcriptional interference test to demonstrate
distinctions among the multiple activation domains
present in the estrogen and glucocorticoid receptor pro-
teins. Their data also indicate that the receptor acti-
vation domains are functionally distinguishable from
acidic activators.

A study by Seipel et al.*? tested the abilities of several
different activation domains, fused to the GAL4 DNA-
binding domain, to activate transcription in mammalian
cells when bound either to remote enhancer sites or to
proximal promoter sites. Acidic, Gln-rich, Pro-rich, and
Ser/Thr-rich domains all activated efficiently from a
location near the core promoter. However, Gln-rich
domains were unable to stimulate transcription from
a remote site, and Pro-rich sequences exhibited weak
activity in this context. In contrast, acidic domains and
Ser/Thr-rich domains were potent long-range activa-
tors. The ability to activate from a distal site was not
correlated with the strength of the activator, indicating
that different functional classes of domains are distin-
guished by qualitative and not quantitative properties.
The authors propose that activation from enhancers
may involve a fundamentally different mechanism (such
as chromatin restructuring) from that of the proximal
activators, which are believed to function by interacting
directly with transcriptional initiation factors.

Activation domains influence the biological
properties of activator proteins

Activation domains can modulate activator function
in response to extracellular signals

To initiate rapid changes in gene expression in response
to environmental stress or extracellular cues, cells fre-
quently utilize mechanisms that activate pre-existing,
“dormant” regulatory proteins. Extracellular cues may
alter either the DNA-binding activity or the activation
functions of the transcription factor that is targeted by
the incoming signal.>* Two proteins in which the activa-
tion properties are stimulated either by amino acid mod-
ification (CREB) or by the binding of a ligand (thyroid
hormone receptor) are presented below.

Modulation of CREB activation function by phosphory-
lation A number of genes are transcriptionally activated
by an increase in intracellular cAMP concentration. A
subfamily of the G-protein—coupled cell surface recep-
tors activates adenylyl cyclase as an initial step in trans-
duction of the ligand-induced signal, leading to an
elevation in cAMP concentration. A sequence motif in
the promoters of genes regulated by cAMP, termed
the cAMP response element (CRE), is responsible for
transcriptional induction by cAMP. The CRE-binding
protein (CREB) recognizes the CRE motif and can me-
diate activation of gene expression in response to
¢cAMP. CREB is a member of the CREB/ATF/CREM
family of transcriptional regulators that belong to the
basic region:leucine zipper (bZIP) class of DNA-bind-
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ing proteins. Two forms of CREB have been identified
(CREB341 and CREB327) that differ by an additional
sequence in the N-terminal portion of CREB341,
termed the alpha domain, that probably arises by an
alternative splicing mechanism* (see Figure 2A).

Both recombinant and cellular CREB proteins bind
constitutively to the CRE motif in vitro. However, in
vitro and in vivo stimulation of transcription by CREB
requires phosphorylation of the protein.* Although a
recent study suggests that phosphorylation may also
modulate the DNA-binding activity of CREB to low
affinity binding sites,*” the major effect of modification
is to regulate activation function. The critical phosphor-
ylated residue is Serl33 in CREB341 (Seril9 in
CREB327). This residue lies within a region of the pro-
tein, termed the KID domain (kinase inducibility do-
main), which is flanked by two glutamine-rich regions
(Q-regions, Figure 2A). Ser133/119 can be phosphory-
lated by the cAMP-activated Protein Kinase A (PKA),*
and also by the Ca?*/calmodulin-dependent protein ki-
nases I and II (CaMK).5%. %

To identify and characterize functional domains of
CREB, Lee et al.® fused segments of CREB327 lacking
the bZIP domain to the GAL4 DNA-binding domain
and tested these proteins in transactivation assays in
vivo. The C-terminal bZIP domain of CREB was not
required for regulated transactivation, but a 59 aa dele-
tion encompassing the KID domain (residues 92-150)
eliminated the 200-fold transcriptional activation that
is observed for the intact protein under conditions of
cAMP induction. The 59 aa segment alone, when fused
to GAL4, functions as a weak (15-fold) cAMP-regu-
lated activator. The isolated Q-domains did not function
as activation domains in this study, and deletion of the
N-terminal Q-region had no effect on regulated trans-
activation. However, when Gonzales et al.®* deleted the
N-terminal 87 amino acids from CREB341, creating
a protein with the domain composition alpha-KID-Q-
bZIP, transcriptional activation was abolished. Possi-
bly, the discrepancy in these results points to a structural
role for the N-terminal Q-domain, which can be func-
tionally substituted by the GAL4 DNA-binding domain
in a GAL4-KID-Q chimera. However, it cannot be ex-
cluded that the different results are due to the alpha
domain present in the protein used by Gonzales et al.,*!
which is absent in the CREB327 protein analyzed by
Lee et al.®

Mutational analysis showed that two deletions (DE1
and DE2; Figure 2A) within the KID domain, which
do not interfere with phosphorylation of Ser133/119
by PKA, abolish transcriptional activation.®® DE1 (aa
92-108) encompasses a region that is phosphorylated
in vivo under cAMP stimulating conditions, and in
vitro can be phosphorylated by casein kinase II. When
Ser133/119 is mutated to Ala, phosphorylations within
DE1 can no longer occur. Removal of DE2 (aa
121-131) does not affect phosphorylation of CREB.
These results show that a phosphorylation event is
apparently not required for the function of the DE2
region, and that phosphorylation of Ser133/119 and
sites within DE1 are necessary, although not sufficient,
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Figure 2 Schematic representation of the structural and functional domains within CREB and THRa. A. cAMP response element binding
protein (CREB). Q, GIn-rich regions; «, alternative exon present in CREB341; KID, kinase inducibility domain; Ser133/119, serine phosphorylation
site; DE1-3, deletion mutations; bZIP, basic region-leucine zipper domain. See text for detailed descriptions of domains and references. B.
Thyroid hormone a (THRa). DBD, DNA-binding domain; HBD, hormone binding domain. See text for additional information and references.

for activation of transcription. Gonzales et al.®! identi-
fied the sequence Asp-Leu-Ser-Ser-Asp (DLSSD)
and the first Asp within this motif as the most critical
sequence and amino acid, respectively, within the
DE2 region. Spacing changes between the DLSSD
motif and Ser133/119 also affected activation, sug-
gesting a possible structural coupling between these
elements. The authors argue that the DLSSD motif
may be involved in salt bridges important for the
active conformation of CREB.

Taken together, these data suggest that phosphoryla-
tion of CREB at Ser133/119 leads to structural changes
that expose DE1 as a target for further phosphorylation
events. Protein folding transitions that result from these
modifications, perhaps stabilized by sequences within
DE2, generate an active protein conformation in which
the transcriptional activation surface becomes accessi-
ble for interactions with its target(s) in the transcrip-
tional machinery. This model is supported by the finding
that partial proteolysis of phosphorylated and unphos-
phorylated CREB yield different patterns of proteolytic
fragments that are consistent with a conformational
change in the protein near the PKA modification site.®!
As yet, it has not been possible to dissect a constitutive
activation domain that is separate from inhibitory se-
quences that silence its function, as has been observed
for the c-Jun activator protein (see below). Thus, it
appears likely that the phosphorylated regions are either
required for the structural integrity of the activation
domain or serve as functional components of the activa-
tion domain itself.

Regulation of an activation domain in the thyroid hor-
mone receptor by ligand binding Thyroid and steroid
hormone signaling molecules can cross through cell
membranes and bind to intracellular proteins that serve
as receptor molecules. This family of structurally related
receptors, in contrast to cell surface receptors, do not

initiate a signal transduction pathway but rather exert
transcriptional regulation directly. Thus, intracellular
receptors must fulfill at least three different functions:
hormone binding, DNA binding, and transcriptional
activation. Regions that are critical for each of the re-
spective functions have been identified in these pro-
teins.

A well-conserved 70 aa domain that forms zinc finger
structures mediates sequence-specific DNA binding. A
region of approximately 200 amino acids C-terminal
to the DNA-binding domain constitutes the hormone
binding domain (HBD) and also contains a dimerization
domain (Figure 2B). These sequences show some de-
gree of conservation among the different receptors,
whereas the remaining segments of the proteins are not
related. Activation of transcription is mediated by the
HBD. However, depending on the hormone receptor,
various other regions of the protein can also contribute
to transcriptional activation.52-6

The thyroid hormone (T5) receptor-alpha (THRa or
c-erbA-a), the cellular homolog of the transforming
oncogene v-erbA of the avian erythroblastosis virus, is
localized in the nucleus and exhibits constitutive DNA-
binding activity. However, transcription is only acti-
vated in the presence of the ligand.5

The oncoprotein v-erbA cannot bind T; and acts as
a dominant negative inhibitor of transcription, as does
THRa without its ligand.%: ¢ Inhibition is not simply
the result of competition for the binding site, preventing
binding of activated THRa, because down-regulation
of even basal levels of transcription is observed. The
mechanism of this “‘active” negative regulation is not
known.

One alteration in v-erbA that is critical for its oncoge-
nicity is the deletion of the C-terminal 13 amino acids.
Introduction of the same truncation in THRa creates a
dominant negative inhibitor of wild-type THRo. How-
ever, a further deletion of 22 amino acids from the C
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terminus, including sequences implicated in receptor
dimerization, render the protein functionally inert. This
result suggests that dimerization is important in regula-
tion of THRa« activity by the ligand and is required to
exert the dominant negative phenotype of mutants.®
The C-terminal dimerization function, however, is not
required for DNA-binding or transcriptional activation
by THRa. Removing approximately half of the HBD by
C-terminal truncation of either THRa or the estrogen
receptor (ER) leads to constitutive transcriptional acti-
vation.®® This latter result shows that hormone binding
releases a negative regulatory effect conferred by the
HBD.

Thus, the structure of the THRa without its ligand
allows specific binding to DNA, but the activation do-
main may be masked such that it cannot interact with
components of the initiation complex (directly or indi-
rectly). Binding of ligand may then induce a conforma-
tional change that allows the activation domain to
function. The notion that conformational changes may
be generally involved in activating nuclear receptors is
supported by the finding that binding of progesterone
to its receptor leads to resistance of the HBD to proteol-
ysis. As detected by limited proteolysis, binding of anti-
hormone also leads to structural alterations; however,
these differ from the changes induced by binding of
hormone.®

This model for hormone-receptor regulation is com-
plicated by the findings of Privalsky et al.,” who showed
that in yeast, THRa is a transcriptional activator in
the absence of ligand, and is only modestly stimulated
further by ligand (the hormone derivative TRIAC).
Also, v-erbA expressed in yeast is almost as potent
an activator as THRa, and activation is significantly
enhanced by the ligand to levels even higher than seen
with THRa.™ These data may indicate that stabilization
of the inactive conformation of THRa requires a cellular
factor not present in yeast cells.

Recent results suggest that the DNA-binding do-
main can also influence the activity of the activation
domain of hormone receptors.®”> THRa and ER are
able to bind to each other’s response element with
high affinity. The response elements for THR and ER
are very similar, both consisting of identical consensus
palindromic half-sites. They differ in that the estrogen
response element (ERE) half-sites are separated by
a 3-nucleotide insertion. Despite the cross-recognition
of binding sites, hormone-dependent transcription is
only activated when the receptor is complexed with
its cognate response element. However, receptors that
are constitutive activators due to C-terminal deletions
(see above) function on both types of elements. Do-
main swap experiments revealed that the binding site-
specific activation function is mediated by the C-
terminal region of the proteins. The intact T;-HBD
can only activate transcription when bound to the
thyroid hormone response element (TRE), regardless
of the DNA-binding domain (ER or THR), and vice
versa. This suggests that a ligand-induced conforma-
tional change involving the HBD is not sufficient for
the receptor to activate transcription. Rather, the
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cognate DNA sequence also seems to be required,
perhaps as a second allosteric ligand that augments the
effect of hormone binding in unmasking the activation
domain.* Thus, the transcriptional activation functions
of steroid hormone receptors are regulated by a com-
plex set of intra- and intermolecular interactions that
are only beginning to be understood.

Activation domains can mediate cell-specificity or
gene-specificity of an activator protein

Many activator proteins are expressed in tissue-re-
stricted patterns, and the cell-specific expression of
these proteins is an important factor in determining the
tissue-specific regulation of subordinate sets of genes.
However, it has recently become apparent that certain
activator proteins, as a result of their activation do-
mains, also function in a cell-dependent fashion and
that this may represent another mechanism by which
tissue-specific gene expression is controlled. Moreover,
activator proteins have now been shown to exhibit selec-
tivity for different classes of core promoters, a property
that can be termed gene specificity. Gene specificity is
determined by the activation domain and appears to be
one means to differentiate the regulatory properties of
a set of related activator proteins that possess identical
DNA -binding specificities. In the following two sections
we summarize experiments that led to the discovery of
these novel properties of activation domains.

Cell-specific inhibition of an activation domain in c-Jun
c-Jun is a member of the AP-1 family of transcription
factors, which control the stimulation of a variety of
cellular genes in response to growth factors and other
mitogens.” The AP-1 family is composed of the Jun
and Fos proteins and their relatives, all of which bind
specific sequences via their bZIP DNA-binding do-
mains. Jun homodimers and Jun-Fos heterodimers bind
DNA and activate transcription from promoters con-
taining AP-1 binding sites, although with differing effi-
ciencies.”? Deletion mutagenesis of the c-Jun protein
led to the identification of two independent activation
domains in the N-terminal half of the protein.*- 7
c-Jun s the cellular homolog of v-Jun, originally iden-
tified as the transforming oncogene of the avian sarcoma
virus ASV-17.7* The c-Jun and v-Jun proteins are highly
related at the amino acid sequence level, v-Jun having
sustained a deletion of 27 amino acids and 3 amino acid
substitutions with respect to c-Jun. A comparison of the
transcriptional activation properties of c-Jun and v-Jun
in HeLa cells demonstrated that v-Jun is the more po-
tent activator. The difference in transactivation proper-
ties of the two proteins was mapped to the 27 amino acid
segment that is absent in v-Jun, called the & region.” The
d region is located immediately upstream of the more N-
terminal activation domain of c-Jun, designated A1.737
Removal of the & region from c-Jun generated a protein
that was nearly equivalent to v-Jun in transactivation
assays. In addition to its effect on transactivation, re-
moval of the 3 region from c-Jun increased its ability
to transform chicken embryo fibroblasts (CEF) to a



Transcriptional regulatory proteins: Johnson, Sterneck, and Williams

level similar to that of v-Jun. However, despite the
apparent correlation between transactivation and trans-
formation of c-Jun proteins lacking the & region, it is
not yet clear whether the increased transforming ability
of the deleted form of c-Jun is due to its increased
transactivation potential.”s-7

The observation that deletion of the & region in c-
Jun increased its transcriptional activation potential
identified an element in this region that negatively regu-
lates the biological functions of c-Jun. The mechanism
of action of this inhibitory domain was first character-
ized by Baichwal and Tjian* using an in vivo competi-
tion assay. A chimeric protein containing the activation
domains of c-Jun linked to the DNA binding domain of
GAL4 was cotransfected into HeLa cells with a reporter
gene containing GAL4 binding sites, together with in-
creasing amounts of a plasmid expressing intact c-Jun.
Expression from the reporter gene was elevated with
increasing amounts of intact c-Jun protein, indicating
that the c-Jun protein was titrating a limiting cellular
factor that inhibits the activity of the GAL4/c-Jun hy-
brid. The putative inhibitory factor was found to be cell
specific, because c-Jun dependent transactivation was
not inhibited (i.e., could not be enhanced by over ex-
pression of excess c-Jun) in HepG2 hepatocarcinoma
cells, F9 embryonal carcinoma cells, or SL2 Drosophila
Schneider cells, but was inhibited in Hela cells, mouse
fibroblast (L) cells, CEF, and NIH 3T3 cells.*-% How-
ever, the raison d’etre for an inhibitory system that
modulates c-Jun activity in a cell-specific manner is not
readily apparent.

The 3 region was shown to play a part in mediating
negative regulation, as competing proteins that lacked
the 3 region were less efficient than intact c-Jun in stimu-
lating transactivation by GAL4/c-Jun. However, inter-
action with the inhibitor also requires sequences outside
the & region. For example, although v-Jun lacks the &
region, it relieved inhibition of the GAL4/c-Jun hybrid,
although not as efficiently as c-Jun.# In addition, trans-
activation by a v-Jun/E2 hybrid protein, consisting of
the activation domains of v-Jun joined to the DNA-
binding domain of the adenovirus E2 protein, could be
enhanced by coexpression of c-Jun.” Deletion analysis
of the c-Jun protein revealed a second region of c-Jun,
termed e, which was also involved in interactions with
the inhibitor. The e region is located just C-terminal to
the A1l activation domain, such that the Al domain is
bounded by the 8 and e regions. In the latest model, the
cell-specific inhibitory factor interacts with sequences
within the 3 and e regions, thus blocking access of the
activator domain to targets in the basal transcriptional
machinery. The effect of the inhibitor is not specific to
the A1l activation domain, as replacement of the Al
region with the VP16 activation domain also leads to
inhibition of activation. However, the inhibitor does
appear to exhibit activator protein specificity, at least
within the AP-1 family, because the related JunB pro-
tein cannot compete for the inhibitor.8! Moreover, Jun/
Fos heterodimers are not susceptible to inhibition, sug-
gesting that the inhibitor must bind to both subunits in
a c-Jun homodimer to block activation.®

c-Jun, as well as other members of the AP-1 family,
participate in the regulation of a set of cellular immedi-
ate-early (IE) genes whose expression is rapidly induced
in response to mitogens. The induction of IE gene ex-
pression occurs without prior protein synthesis and
therefore must utilize regulatory factors that pre-exist
in the cell, perhaps in an inactive form.®? The c-Jun
protein could be held in an inactive form by the inhibitor
molecule, and exposure of cells to mitogens could initi-
ate signal transduction pathways that lead to the release
of c-Jun from inhibition and subsequently, the acti-
vation of IE genes. The relationship between c-Jun
phosphorylation and transactivation is somewhat con-
troversial.®> # However, it is possible that phosphoryla-
tion of the c-Jun inhibitor is also an important factor in
regulating the activity of c-jun. Baichwal et al.” showed
that coexpression of either the Ras or Src oncogenes
relieved c-Jun inhibition, suggesting that the putative
c-Jun:inhibitor interaction can be regulated by signal
transduction pathways in vivo. Future efforts to purify
and/or clone the inhibitor and to characterize the effect
of mitogens on c-Jun:inhibitor associations will un-
doubtedly reveal important insights into the regulation
of c-Jun activity.

Another family of transcription factors in which the
activity of different family members may be under cell
type control is the C/EBP related protein (CRP) fam-
ily.#- % At least two of the family members, C/EBP and
CRP2 (also called NF-IL6, 11-6DBP, AGP/EBP, LAP,
C/EBPB) transactivate a target promoter in a cell-spe-
cific fashion. Both C/EBP and CRP2 activate transcrip-
tion efficiently in HepG2 cells but are much weaker
activators in HeLa cells or L cells,®-8-8 whereas GAL4-
VP16 activates robustly in all three cell types (S. Wil-
liams and P. Johnson, unpublished results). The cell
specificity of CRP2 has been examined in some detail
and appears to involve an inhibitory mechanism, be-
cause removal of a segment adjacent to the DNA-bind-
ing domain generates a protein that activates
transcription in all cell lines tested (S. Williams and P.
Johnson, manuscript in preparation). It is not yet known
whether this cell type regulation is due to the binding
of a cell specific inhibitor, as in the case of c-Jun, or
arises from a cell-specific modification of the CRP2
protein.

Octamer binding proteins and immunoglobulin gene reg-
ulation Immunoglobulin (Ig) genes are expressed exclu-
sively in B lymphoid cells, and analysis of Ig gene
promoters revealed a sequence element known as the
octamer motif (consensus ATTTGCAT) that is critical
for high level B cell-specific transcription.® Subsequent
studies showed that insertion of an octamer element
into a heterologous, non-lymphoid promoter resulted
in efficient B cell-specific expression that could be abol-
ished by mutations that prevent factor binding to the
octamer element.*- ! Tissue-specific transcription of Ig
genes was therefore proposed to result from the binding
of a B cell-restricted factor to the octamer sequence.
This hypothesis was brought into question by the identi-
fication of a large number of non-lymphoid genes that
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contain functional octamer elements in their promoters.
These include the ubiquitously expressed small nuclear
RNA (snRNA) genes such as U2 and U6, the cell cycle
regulated histone H2B gene, and the VP16-dependent
HSV immediate early genes.”? A potential explanation
for the differential regulation of octamer-containing
promoters was provided by the identification and clon-
ing of two proteins that recognize the octamer motif,
Oct-1 and Oct-2.%% % Oct-1 is expressed ubiquitously,
whereas Oct-2 is found only in B cells. The restricted
expression of Oct-2 led to the supposition that Oct-2 in
some way selectively activates B cell-specific transcrip-
tion of Ig genes, while the other octamer-containing
promoters are controlled by Oct-1.

Oct-1 and Oct-2 are members of the POU domain
class of DNA-binding proteins®* and contact DNA via
a highly related POU domain located in the central
portion of each protein. Oct-1 purified from HeLLa or B
cells and Oct-2 from B cells exhibit essentially identical
DNA-binding properties.® *” Both proteins possess a
Gln-rich segment N-terminal to the POU domain,
whereas their C-terminal regions share little similarity
with each other. Oct-2 contains a Ser-, Thr- and Pro-
rich C-terminal sequence that, together with the Gln-
rich N-terminal element, is necessary for activation of
octamer-containing mRNA promoters. Oct-1 does not
have a similar C-terminal sequence and consequently,
is incapable of transactivating many octamer-containing
mRNA promoters that respond to Oct-2.42 Other
mRNA promoters, however, can be activated by both
Oct-1 and Oct-2, or by an Oct-2 variant that lacks the
C-terminal region.’

In contrast, Herr et al.'® showed that Oct-1 and Oct-
2 have the opposite capabilities for activation of the
U2 snRNA gene. The U2 gene is transcribed by RNA
polymerase II, and its regulatory sequences include an
octamer motif, but its core promoter lacks an identifi-
able TATA element and instead has a motif known as
the proximal sequence element (PSE) that is common
to many snRNA genes. In co-transfection experiments,
Oct-1 efficiently activates a construct containing multi-
ple octamer motifs upstream of the U2 snRNA pro-
moter, whereas Oct-2 over-expression has little or no
effect in a parallel experiment. The reciprocal result
was obtained when a TATA-containing core promoter
(from the non-lymphoid B globin gene) was used as the
target in a similar transactivation assay; that is, Oct-2
enhanced transcription but Oct-1 did not. These experi-
ments were performed using Oct derivatives in which
the POU domains were replaced by the POU region
from the Pit-1 protein, which has a different DNA-
binding specificity, to circumvent the effects of endoge-
nous Oct-1 activity in the host HeLa cells. (The octamer
sites in the target promoters were likewise replaced by
Pit-1 binding sites.) Because the Oct DNA-binding do-
mains were absent in these chimeras, the different core
promoter specificities of Oct-1 and Oct-2 must be attrib-
utable to dissimilarities in their activation domains and
not their DNA-binding domains. Additional domain
swapping and deletion mutagenesis experiments re-
vealed that Oct-1 contains several redundant U2-spe-

394 J. Nutr. Biochem., 1993, vol. 4, July

cific activating regions, most of which are located in the
C-terminal segment of the protein. Interestingly, an
alternative splicing variant of Oct-2 (Oct-2B) carries
extra sequences at the C terminus that exhibit homology
to the Oct-1 C-terminal domain and, as a result of this
addition, Oct-2B gains the capacity to activate the U2
promoter.

These results are most easily explained by a model
in which different initiation complexes are formed on
the U2 (PSE) and B globin (TATA) core promoters.
Oct-1 would then have the ability to selectively interact
with a component of the U2 initiation complex, while
Oct-2 would find a specific target among the basal fac-
tors assembled on the B globin core promoter.!® Under
this scheme, the B cell-specific activation of the TATA-
containing Ig genes would result from the ability of Oct-
2, but not Oct-1, to enhance transcription from these
core promoters. However, the activation of ubiqui-
tously expressed mRNA promoters such as histone H2B
by Oct-1 is not satisfactorily rationalized by this model.
One must propose that the core promoters of some
TATA-containing mRNA genes such as H2B can re-
spond to the Oct-1 activation domain, whereas those
of Ig genes and B globin are refractory to Oct-1.

A series of studies from Roeder’s laboratory provides
an alternative explanation for the B cell-specific activa-
tion of Ig genes.”” This group used in vitro transcription
assays to investigate the requirements for B cell-specific
transcription of the Igk gene promoter. Reconstitution
experiments were performed using partially or highly
purified preparations of Oct-1 and Oct-2 added to Oct-
depleted cell extracts.”” The results of these experiments
suggest that (1) both Oct-1 and Oct-2 are in fact capable
of activating the Igk promoter in vitro, and (2) an addi-
tional B cell factor is required for high level activation
to occur.

In a further characterization of this B cell factor, Luo
et al.'" succeeded in chromatographically separating
the B cell activity, which they designated OCA-B (oc-
tamer co-activator from B cells), from the Oct-1 and
Oct-2 proteins. This fraction, when added to HeLa cell
nuclear extracts, enhances both Oct-1- and Oct-2—stim-
ulated transcription of the IgH promoter to the level
seenin unfractionated B cell extracts. No similar activity
could be isolated from HeLa cells, demonstrating the
cell type restriction of OCA-B. OCA-B was also shown
to be promoter selective, as it enhanced transcription
of the IgH promoter but not the H2B promoter. In
addition, OCA-B was found to be activator-protein spe-
cific,'* because this factor had no effect on transcrip-
tional stimulation by the regulatory proteins Spl and
USF." Surprisingly, OCA-B was found to associate
preferentially with Oct-1, not Oct-2, both in transcrip-
tion assays and in gel mobility shift assays where the
addition of OCA-B caused a supershift of the Oct:DNA
complex.

These findings suggest that the cell-specific activation
of Ig promoters is primarily determined by the presence
of OCA-B, and may involve an Oct-1: OCA-B complex.
Presently it is difficult to reconcile this conclusion with
the in vivo studies by Herr’s group and others demon-
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strating an intrinsic capability of Oct-2 in activating Ig
promoters, even in non-lymphoid cells. However, Ann-
weiler et al.!® recently reported that Oct-2 can activate
transcription when bound to a remote enhancer site in
B cells, but not in fibroblasts or HeLa cells. Oct-1, on
the other hand, was unable to stimulate transcription
from a distantly placed binding site in any cell line,
including B cells. It is conceivable, then that OCA-
B, as well as the unique potential of Oct-2 to activate
transcription from a distal site, are essential for high
level expression of Ig genes in lymphoid cells. In this
view Oct-1, facilitated by OCA-B, would be responsible
for the effects of octamer sites that are located just
upstream of the core promoter in Ig genes, while Oct-
2 accounts for activation via octamer motifs present in
Ig gene enhancers. The long-range effects of Oct-2 also
apparently require a B cell-specific function, which
could be the presumptive OCA-B co-activator or some
other factor.

The precise roles that Oct-1 and Oct-2 play in govern-
ing B cell-specific activation of Ig genes remain contro-
versial. Nevertheless, the study of these proteins
demonstrates that activation domains with different
properties can engender functional distinctions between
otherwise related activators that, on the basis of their
DNA-binding characteristics, would be predicted to
exert similar regulatory effects.

Perspectives for the future

Despite the advances in our understanding of the nature
and regulation of activation domains in recent years,
many of the most interesting questions concerning these
elements remain unanswered. Perhaps the most im-
portant issue for the future, which has not been re-
viewed in detail here, will be to identify the molecular
targets for the various classes of activation domains.
This may prove to be a challenging task, as activator:tar-
get associations are likely to entail relatively low affinity
binding interactions. The difficulties inherent in these
experiments are emphasized by studies to define the
target of the VP16 activating region. This domain has
been reported to directly interact with three different
proteins: the TBP component of TFIID,” TFIIB,® and
co-activator/mediator factor.'> Whether one or all of
these interactions are relevant remains to be conclu-
sively determined.

One might predict that each class of activator domain
will interact specifically with a different protein, or at
least a different protein surface, in the transcriptional
apparatus. These associations may occur directly or via
a co-activator or bridging factor. The identification of
targets will not only serve to explain the functional dis-
tinctions between different classes of activation do-
mains, but will also be critical for elucidating the
mechanism(s) of transcriptional activation. For exam-
ple, it should become possible to determine whether
activator:target associations are merely binding interac-
tions that tether proteins to the promoter, or whether
the target protein is covalently or allosterically altered

by the activator so as to stimulate its activity in the
initiation pathway.

Many activating regions have only been roughly de-
lineated by deletion mutagenesis. It will be important
to define the minimal functional sequence for each ele-
ment, which in the case of HOB1/HOB2 proved to
be relatively short.*s In fact, other activation domains
appear to contain small subdomains that function effi-
ciently only when dimerized, such as an 18 aa segment
of Oct-2 and an 11 aa sequence of VP16.5 This multi-
merization approach may prove useful in defining mini-
mal functional subdomains that can then be analyzed
further using amino acid substitution mutagenesis (W.
Herr, personal communication). Such fine-structure
analysis may be particularly important for investigating
the mechanisms by which activation domains are regu-
lated by modifications or ligand binding, because this
approach should allow one to determine whether a con-
stitutive activating sequence is imbedded within a larger
regulated activation domain. This strategy will also be
useful for dissecting activation domains that are con-
trolled by masking or intrapeptide folding mechanisms
(e.g., THR«) and by interactions with inhibitory mole-
cules (e.g., c-Jun). Investigations of the structural and
mechanistic properties of regulatory domains that can
modulate the activity of an associated activation domain
also promise to be an increasingly active area of re-
search.

Another major goal will be to elucidate the physical
structures of activation domains. All crystallographic
structures of eukaryotic activator proteins that have
presently been determined were obtained with trun-
cated proteins that contained only the DNA-binding
domains, and consequently, no ultrastructural informa-
tion regarding activating regions has been reported.
With the exception of some potential a-helical regions,
most activation domains have not been predicted to
form specific secondary structures. This is due in part
to the unusual amino acid compositions of these regions,
which often contain a preponderance of one or two
specific amino acids. As was discussed earlier, it is con-
ceivable that a defined folded conformation is a conse-
quence of, or is stabilized by the interaction of the
activator with its target protein(s), in which case it may
be necessary to study the activator:target protein com-
plex. Nevertheless, we anticipate that studies to deter-
mine the structures of intact activator proteins will
represent a productive area of investigation in the fu-
ture.

The advances made thus far in investigations on the
structure, regulation, and targets of activation domains
in regulatory proteins have opened new and exciting
areas of inquiry. The continued pursuit of these prob-
lems should soon lead to a better understanding of the
mechanisms of transcriptional activation and regulated
gene expression.
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