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The dangers of ‘splicing and dicing’: on the use ¥
of chimeric transcriptional activators in vitro * .~
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Chimeric transcription factors composed of heterologous DNA-binding and activation
domains are often used to study the regulation of gene expression. The fact that
such preparations also contain molecules in which only one of the two
domains is functional is often overlooked, but a surprisingly small
proportion of inactive domains could cause serious problems
in the interpretation of quantitative data.
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Understanding the molecular mechanisms involved in
the regulation of eukaryotic gene expression is a central
problem in molecular biology. In most cases, regulation
occurs at the level of transcription. Not only is the
proper reguladon of RNA biosynthesis central to
development and the appropriate response of cells to
metabolic signals, but it is now clear that many human
cancers involve aberrant gene regulation. The transcrip-
tion of almost all genes is controlled, at least in part, by
gene-specific activators. This ubiquitous class of proteins
can stimulate the transcription of target genes by
1000~fold or more in response to the appropriate signal.
No one knows exactly how activators bring about this
huge increase in the frequency of transcript synthesis,
but some commonalities between the hundreds of acti-
vators characterized to date have become clear. Most
importantly, activators must both contact specific DNA
sequences in the target promoter and bind other trans-
cription factors, including one or more proteins in the
general transcription complex. Several years ago it was
demonstrated that these activities reside on domains that
are separable and functionally independent [1—4]. A par-
ticularly striking demonstration of this was the finding
that chimeric transcription factors composed of DNA-
binding domains from one protein and protein-interac-
tion (activation) domains from another could activate
transcription in vitro and to some extent in vivo [5,6].
Because the functions of the two domains are separable,
however, they can also be inactivated separately. This can
pose problems when mixtures of fully and partially
active chimeric activators are used to study activator
function in vitro.

Activators bind to DNA sites far from the transcription

start site

The binding sites for activators and for the general trans-
cription machinery are usually separated by hundreds or
thousands of base pairs in natural promoters. Therefore,
interactions between activators and the proteins respon-
sible for transcription require ‘looping’ of the intervening
DNA (Fig. 1) to bring the proteins close enough to bind.
Although there is a general consensus in the transcription

community that the looping model [7] is basically
correct, it is now appreciated that the events involved are
far more complex than this simple picture would suggest.
For example, the stability of this looped complex may be
affected by DNA-bending or wrapping proteins such as
histones, providing yet another layer of control [8]. Even
more problematic is that proteins known as coactivators
are required to generate a response to activators in vitio
[9-13]. One well characterized coactivator, the SUGI
protein of Saccharomyces cerevisiae [14,15], resides in a large
(~1000 kD) complex that includes about 19 other pro-
teins and has an ATPase activity that is required for high-
level transcription [16] (R. Kornberg and colleagues,
personal communication). Despite the complexity of the
phenomenon, a central near-term goal in this area is rela-
tively simple: it is to identify the protein—protein contacts
between activators and other transcription factors, and
the order in which they occur, so as to build up a picture
of how a functional complex assemnbles.
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Fig. 1. Activation of transcription requires DNA looping. The acti-
vator binds to a specific DNA sequence (the enhancer) upstream
of the transcription start site. For activation of transcription to
occur, the DNA must form a ‘loop’ so that the activator is close
enough to the transcription start site to form specific
protein—protein contacts with the transcription complex bound
there. After binding, DNA melting occurs and the transcription
complex can initiate synthesis of mRNA.
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Fig. 2. Several steps in the formation of an active transcription
complex might be accelerated by activator binding. The first step
in complex formation may be binding of the transcription factor
TFIID to the TATA region of the promoter, followed by formation
of the pre-initiation complex (PIC) and ATP-dependent melting of
the DNA helix, after which transcription can begin. Activators
might also enhance release of the polymerase from the promoter,
a step which results in phosphorylation of the polymerase.

Studying activator function

It is generally assumed that activators (in concert with
the appropriate coactivators) accelerate an otherwise
rate-limiting step in the transcription cycle. The rate-
limiting step has not been identified, but possible target
steps include association of RINA polymerase and
various general transcription factors [17] with the pro-
moter to form a pre-initiation complex (PIC), melting of
the double helix in the promoter region to allow associa-
tion of the polymerase with the coding strand, and

release of the polymerase from the promoter to allow
elongation of the transcript (Fig. 2). The most straightfor-
ward way to test these possibilities is to set up an in vitro
systemn that will allow the rate or equilibrium constant of
any particular step to be measured 1n the presence and
absence of an activator. In practice, this biochemical
approach is fraught with technical problems, not the least
of which 1s that native activators tend to be large, poorly
behaved proteins that are very difficult to purify in rea-
sonable quantities. This unfortunate property has led to
the almost exclusive use of artificial chimeric activators
for detailed in vitro investigations. Particularly popular are
species composed of the dimeric GAL4 DNA-binding
domain (consisting of the amino-terminal ~100 residues
of this 881 amino acid protein) [18,19] fused to activa-
tion domains from other transcription factors, such as the
herpes simplex virus VP16 transactivator [20]. These
chimeras are generally highly soluble and can be easily
purified in milligram quantities.

When used appropriately, chimeric activators are useful
tools. But as they are artificial constructs composed of
completely unrelated domains, they represent extreme
examples of multifunctional proteins. A central charac-
teristic that distinguishes such chimeras from simple
monofunctional proteins with a single globular domain
is that purified preparations of chimeric activators are
likely to contain significant quantities of partially active
molecules, proteins that bind DNA but do not activate
and vice versa. The consequences of this simple fact are
potentially quite profound, vet are often ignored.

Composition of chimeric activator preparations

Proteins can suffer any number of debilitating reactions
during the course of purification and storage, including
denaturation and/or chemical modification of various
amino-acid side chains [21]. Many of these processes can
abolish activity without obviously changing the chro-
matographic properties of the protein or its elec-
trophoretic behavior in denaturing gels. Thus, even
preparations that appear as a single band on a gel may be
composed of a heterogeneous collection of species, only
some of which are active. Before the advent of recombi-
nant-DNA technology, most proteins were purified on
the basis of some biochemical activity, so that prepara-
tions could reasonably be assumed to have a high ratio of
active to inactive proteins. Nowadays, however, many
recombinant proteins are expressed at high levels in
Escherichia coli and their purification is monitored by gel
electrophoresis. These preparations may well contain a
significant fraction of inactive molecules. This may not
be a problem, even in some quantitative studies, so long
as the fraction of active protein is known and the nactive
protein does not interfere with the active species. This is
often the case with monofunctional globular proteins.

Unfortunately, the situation is not so simple for multi-
domain proteins. Since the heterologous DNA-binding
and activation domains do not interact with one another
in a functional or structural sense, it is reasonable to
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Fig. 3. The sixteen possible dimeric
species present in a purified prepara-
tion of a dimeric activator of the type
DBD-AD, divided into functional
classes. The dark shaded domains are
those that have been inactivated. We
have calculated the relative representa-
tion of each species, using x and y to
represent the fraction of active DNA-
binding and activation domains,
respectively. We have assumed that
there is no resolution of the various
species during purification, that both
DNA-binding domains need to be
active for the protein to bind to DNA,
and that both activation domains are
required for high-level transcriptional
activation. The fraction of the total
population that falls into each func-
tional class, using these assumptions, is
given. If only one of either type of
domain is required for the function in
question, the argument elaborated in
the remainder of this article is quantita-
tively different, but the conclusions are
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DNA hinlﬁllg: non-functional DBD — AD DBD AD DBD AD

essentially the same.

assunie that a purified preparation of chimeric activator
could contain, in addition to the completely active and
mactive spectes, molecules that are competent for DNA
binding but not activation, and molecules that cannot
bind DNA, but contain a functional activation domain.

To understand the consequences of this potential hetero-
geneity, let us consider the possible composition of
chimeric activator preparations. Figure 3 illustrates the
sixteen dimeric species that may be contained in a prepa-
ration of a chimeric activator such as GAL4-VP16, which
contains a DNA-binding domain (DBD) fused to an acti-
vation domain (AD). In our model, we have made the
simplifying assumption that all of the molecules in the
preparation are dimeric. If a third variable for dimerization
acavity were included it would alter the details of our dis-
cussion, but would not affect the fundamental conclusions.

The equations derived in Figure 3 can be used to calculate
the relative amounts of the fully functional, DNA-
binding and activation-competent species. In Figure 4, the
expected representation of each species is shown for
several values of the fraction of active DNA-binding (x)
and activation (y) domains.

As can be seen from Figure 4, even modest levels of inacti-
vation of the DINA-binding or activation domains can lead
to a preparation in which the completely active species
comprises a minority of the population; the curve in
Figure 4a 15 very steep. More importantly, it is clear that for

'\”’r"["‘:'l‘l’_"i’\“”l‘ o ,\1) m AD | DBD —AD
1-x)4(y)*
(x)(1-x)(y)* (1-x)*(y)* (x)(1-x)(y)*
db~/act
DNA Ifiml_ing: non-func Mum.:: DBD DBD Al DED
/¢ HI nctions
e T Ol - s R
+2(1-x)2(y)N1-y - , L A
F200(1-x)(1-y)2  ((A-x)(y)(1-y) (1-x)*(y)(1-y) (x)(1-x)(1-y)* (1-x)*(1-y)*
#(1-x)2(1-y
pep —AD {pBp}—AD |peo —@D
(oo}~ [pe0}—0
)1-x)y)(1-y)  (1-x)*(y)(1-y) () (1-x)(1-y)?
DBD AD DBD I
o @) (om0}
)(1=-x)(y)(1-y)  (x)(1=-x)(y)(1-y) Chemistry & Biology, 1995

certain values of x and vy, the two partially active species,
DB*/act™ and db/ACT™, are present in excess over the
fully functional chimera. For example, if x =y = 0.5, the
ratio of DB*/act™ dimers to DBT/ACT™ molecules 1s 3:1.
Obviously, this can have important consequences for the
number of productive complexes formed, because of com-
petition. This reduction of signal to noise would not be
serious if the unproductive complexes were functionally
silent. But, as we illustrate below, the presence of such
spectes may well distort our whole picture of the
activation process.

The assembly of the general transcription complex

One popular model for the mechanism of action of activa-
tors 1s that they bind stably to the enhancer and accelerate
the assembly of, and/or increase the stability of, the PIC.
Since many biochemical pathways are regulated at an early
step, it s particularly appealing to imagine that the activa-
tor facilitates binding of the general transcription factor
TFHD to the TATA region found in most promoters, as
this sequence-specific DNA-binding event is thought to
be the first step n the formation of the PIC. This model is
consistent with the observation that the ADs of several
activators bind the TATA-binding protein (TBP) compo-
nent of TFIID i vitro [22-24]. Therefore, there has been
considerable interest in probing the effect of activators on
the promoter-binding properties of TBP [25,206].

In theory, this question can be explored in vitro in a
straightforward manner. A DNA fragment containing
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both an enhancer and a TATA box would be saturated
with a purified chimeric activator. The thermodynamic
and/or kinetic parameters of formation of the complex
of TBP with this activator-bound DNA would then be
compared to those observed in a control experiment
lacking the activator. Alternatively, the effect on some
downstream event dependent on TBP-TATA associa-
tion, such as promoter unwinding or promoter-specific
transcription, might be monitored in more complex
assays that include other transcription factors.

Data from such experiments are interpreted as if the
only relevant equilibria that occur in solution are those
shown in the shaded section of Figure 5. The problem is
that both of the partially active chimeric molecules are
potential competitors. Thus, unless the chimera prepara-
tion has a very low level of partially active molecules
(x =y = 1, or nearly s0), several other binding equilibria
must be taken into account. Some examples are shown
outside the box in Figure 5. For instance, if the prepara-
tion contains a significant fraction of db™/ACT? protein
(x 1s small, y is large), then saturation of the enhancer
will result in an excess of active ADs free in solution,
which will compete with the enhancer-bound chimeras
tfor TBP, forming species F (Fig. 5). Unless this complex
can readily dissociate, which is by no means clear, these
TBP molecules will be trapped in a form that cannot
respond to DNA-bound activator. For example,
complex F might first encounter the DB+/ACT+
chimera-DNA complex B to form complex G. This
complex would be non-productive, and for this pro-
moter to become functional one of two dissociation
events would be necessary. Dissociation of TBP from the
db~/ACT™ chimera might occur, giving complex C;
alternatively, TBP could dissociate from the TATA box,
returning to complex B. Since many TBP-TATA com-
plexes have very long half-lives [27], this exchange
might not occur on the time scale of the experiment.

On the other hand, consider the situation in which a
preparation containing a large amount of DB*/act”
protein is employed (x is large, y is small). In this case,
much of the DNA will be bound by an activator that
cannot interact with TBP (complex E in Fig. 5). For
example, if x = 0.8 and y = 0.3, then only 5.8 % of the
DNAs will be occupied with chimeras capable of inter-
acting with TBP. If the investigator assumes that the solu-
tion contains a homogeneous population of DNA
complexes, all of which are occupied by fully functional
activators, even a large effect of the presence of the acti-
vator on the properties of the TBP-TATA complex D
could be missed. Because of these interfering side reac-
tions it would be almost impossible to accurately
measure the effect of the bound activator on the kinetic
association and dissociation rates of the TBP-TATA
complex or its effect on thermodynamic equilibria.

Chimeric activators in transcription reactions in vitro
When probing for effects on TBP-TATA interactions, one
1s asking that the chimeric activator have two specific
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Fig. 4. Percentages of fully and partially active dimeric molecules
in a dimeric activator population. (a) Fully active; (b) DB*/act;
(c) db/ACT*. We have assumed for the purposes of these graphs
that x and y are less than 0.9.

activities, DNA binding and TBP binding. Thus the frac-
tion of partially active molecules can in theory be deter-
mined experimentally, and by using the appropriate
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Fig. 5. Some of the equilibria that will
occur when TATA-binding protein (TBP)
is mixed with an excess of a chimeric

activator and DNA containing an @ @

enhancer and a TATA region. The shaded DBD | DBD
box contains the binding events that are
ideally the subject of the experiment.
However, the events outside the box, as
well as other equilibria not shown, must
be taken into account if using an activa-
tor preparation that contains partially
active species. DB*/act™ proteins would
compete for the DNA, forming complex
E. Proteins that are db/ACT* would
compete for TBP, forming complex F, &0 e
which could then compete for complex ' |
B to form complex G. Dark shaded e

. . . LRI ]
domains are inactive.

afhinity-purification protocols it may be possible to obtain
a very high fraction of completely active molecules (see
below). A far more difficult situation arises when chimeric
activators are emploved in transcription reactions in vitro.
Since it 1s unknown how an A activates transcription, it
is impossible to rigorously assay the fraction of ACT*
species in a purified chimera preparation. Even if a prepa-
ration is 90 % active for TBP binding (or binding to any
particular transcription factor), it is not clear that this
mieans that 90 % of the molecules are ACT". The inability
to know the fraction of ACT™ molecules in a preparation
has significant practical consequences in the interpretation
of in vitro transcription experiments.

The in vitro experiments used to probe the molecular
basis of the phenomenon of ‘synergistic activation” are a
case in point. The observation is that genes containing, for
example, two activator binding sites in the promoter are
often expressed at a level much more than two-fold
higher than a gene with a single enhancer [28-33]. The
molecular basis of this phenomenon is a very important
issue in eukaryotic gene regulation, since most of the pro-
moters contain binding sites for more than one activator.
One model that is frequently invoked (the ‘multiple-
contact’ model) 1s that many specific interactions between
the activator and the general transcription apparatus must
be fulfilled in order to achieve high-level transcription,
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and that these cannot be saturated by a single activator
dimer [29,34]. An alternative explanation would be that
the activator does not saturate a single upstream site, but
when more than one site 1s present cooperative DNA
binding results in efficient occupation of the enhancer. In
this view, only a single activator dimer would be required
for high-level transcription [35], but binding is enhanced
by the presence of other dimers.

One mmaginative in vitro experiment designed to distin-
guish between these possibilities employed chimeric
GAL4—-VP16 activators that contained either one, two or

tour ADs fused to a single DBD [36]. The number of

ADs delivered to the target promoter could thus be
varied without changing the number of activator
binding sites. In this system, if synergistic effects were
observed they could not be ascribed to cooperative
DNA binding. It was found that a GAL4-VP16 dimer
containing a total of four ADs activated transcription
about five times as well as the standard dimeric
GAL4-VP16 chimera (two ADs) when an excess of the
activator was added to an in vitro transcription system —
a synergistic effect, apparently giving strong support to
the multiple-contact model. But consideration of the
potential effects of partially active chimeras in such an
experiment suggests that another interpretation of these
data 1s possible.
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Using logic identical to that presented tor the simple
DBD-AD chimera, the frequency of the active and
partially active DBD—(AD), dimers expected to be
present in a purified prepara{ion can be calculated (Fig,.
6). We again assume that the fate of each domain is
independent of the others and that all molecules are
dimeric. Only the dimers that are active for DNA
binding are depicted in this case.

One can use these equations, and the equations derived
in Figure 3, to calculate the proportion of enhancer sites
that are occupied with fully functional chimeras for
each of the two populations (Fig. 7). Clearly, the propor-
tion of sites productively occupied is higher for the
DBD—(AD), population than for the DBD—AD popula-
tion for identical values of y. This is a simple conse-
quence of the fact that, all other things being equal,
there is a much better chance that two out of four ADs
per dimer will survive the purification protocol in active
form than there is that two of two ADs will retain activ-
ity. The two species have the same number of DNA-
binding domains, however, so the chances that the
proteins will suffer loss of enhancer-binding activity are
identical. Thus, the DBD—AD population should have a
greater percentage of DBY/act™ molecules than the
DBD—(AD), population. This is of central importance if
an excess of activator over DNA is employed, which is
almost always the case.

To compare the numbers more directly, we have plotted
the ratio of DBD—(AD), DB'/ACT" molecules to
DBD-AD DB*'/ACT™ molecules for various values of y
(Fig. 8). It is clear that DBD—(AD), chimeras can produce
a much higher content of productively occupied tem-
plates for some values of y. For example, if y = 0.2, there
s a 4.5-fold difference between DBD—(AD), and
DBD-AD, close to the experimental result of 5-fold
increased activation.

It is, indeed, quite possible chat the conclusions originally
drawn from this experiment are correct. If the DB*/act”
species comprises a small fraction of both the DBD-AD
and DBD—(AD), preparations (the value of y is high in
each case), then the published interpretation is correct.
The important point, however, 1s that the value of y is
unknowable, since there is no assay to distinguish active
from inactive ADs. Therefore, it is impossible to com-
pletely rule out ‘trivial’ interpretations of assays using

DBD @ AD DBD @ @

Fig. 6. The five possible species compe-

tent for DNA-binding present in a puri-
pED —AD—AD fied preparation of a dimeric
DBD —AD—AD DBD-(AD),-type activator, divided into
functional classes. The dark shaded
domains are those that have been inac-
tivated. The relative representation of
each species is shown below the
chimera, using x and y to represent the
fraction of active DNA-binding and acti-
vation domains, respectively. We have
assumed that there is no resolution of
the various species during purification.

6[(x)*(y)*(1-y)]

novel chimeric activators. This experiment alone should
not convince us that the multiple-contact model 15 valid.

Solutions for the real world

Although we cannot tell, at present, whether the use of
chimeric activators has Jed to significant misunderstand-
ings of the molecular interactions involved in transcrip-
tion, the problem is well worth worrying about. Only two
specific examples have been discussed here, but in general
all quantitative experiments will suffer from the sort of
problems described above. The composition of purified
preparations of chimeric activators is almost never
reported, leading one to assume that most investigators are
unaware of the potential severity of the problem.
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Fig. 7. Percentage of enhancer sites occupied by DB*/ACT*
species for DBD~(AD), populations (solid line) compared to
DBD-AD populations (dotted line). The graphs are calculated
by dividing the term for DB*/ACT* by the total number of
DNA-binding species (DB*/ACT* + DB*/act™). The value of x
(the proportion of molecules that can bind DNA) does not
affect the graph, since molecules that do not bind DNA are
irrelevant to this calculation. If we make the reasonable
assumption that the activation-deficient and activation-compe-
tent chimeras bind the enhancer with the same affinity, the
ratio of DNA substrates occupied with DB*/ACT* molecules to
those with DB*/act™ chimeras will directly reflect their repre-
sentation in the protein population.
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Fig. 8. Ratio of the fully active fraction of the DBD-(AD), popula-
tion to the fully active fraction of the DBD-AD population over a
range of values for y (0.01 to 1.0). The dotted line shows the level
above which activation is considered ‘synergistic’.

How likely 1s it that these problems are real? It is, after
all. concevable that preparations of chimeric activators
have exceedingly low levels of partially active species. We
consider this unlikely. In our hands only 3-20 % of the
molecules in a preparation of the commonly employed
GAL4-VP16 chimera are active for both DNA and TBP
binding, depending on the conditions employed and the
age of the preparation (D. Fancy and T.K., unpublished
observations). These values may or may not prove to be
typical for other chimeric activators. It is generally
straightforward to measure the fraction of DBDT mole-
cules by tirating the appropriate labeled DNA with a
limiting amount of chimera at a concentration well
above the K|y of the complex. Determining the fraction
of active ADs is harder, and sometimes impossible. If the
assay in which the chimera 1s to be employed requires a
discrete, measurable activity for the AD, such as TBP
binding, then the fraction of active molecules can be
determined by some assay that accurately reflects the
protein—protein interaction, for example a supershift of
the chimera-DNA complex upon addition of TBP in
the presence of a large excess of competitor proteins. But
1t 1s not clear to us how one would measure the fraction
of ADs truly competent to activate transcription.

It it 1s found that partially active molecules constitute a
large enough fraction ot the chimera population to
complicate the planned experiment, then the com-
pletely active species must be purified. The most obvious
way to do this would be to incorporate the appropriate
aftinity chromatography steps in the purification proto-
col, such as sequence specific DNA affinity chromato-
graphy. The problem with this approach is that it would
limit the amount of chimeric activator that could be

purified conveniently. Another possibility is to employ in
virro transcription/translation to produce small amounts
of protein directly. We have found that certain GAL4
derivatives produced in this manner have much higher
activities than the corresponding species purified from
E. coli (K. Melchers and S.AJ., unpublished observa-
tions). The disadvantage of this method 15 that the acti-
vator s contaminated with many other proteins and,
again, only modest quantities can be obtained. It 1s our
hope that, once the significance of this problem is
appreciated, more imaginative and practical solutions
will be invented.

Acknowledgements: We thank our coworkers, particularly David
Fancy and Karsten Melchers, for providing unpublished data
and tor many fruittul discussions. The work in our laboratories
is supported by grants from the NIH (GM47140 to T.K. and
GM40700 to S.AL). the Perot Family Foundation and the
Moss Heart Trust.

References

1. Johnston, S.A., Salmeron, J.M., Jr. & Dincher, S.S. ({1987). Interaction
of positive and negative regulatory proteins in the galactose
regulation of yeast. Cell 50, 143-146.

2. Corton, {.C. & Johnston, S.A. (1989). Altering DNA-binding speci-
ficity of GAL4 requires sequences adjacent to the zinc finger. Nature
340, 724-727.

3. Ma, J. & Ptashne, M. (1987). Deletion analysis of GAL4 defines two
transcriptional activating segments. Cell 48, 847-853.

4. Ma, ). & Plashne, M. (1987). The carboxy-terminal 30 amino acids

of GAL4 are recognized by GAL80. Cell 50, 137-142.

Brent, R. & Ptashne, M. (1985). A eukaryotic transcriptional activa-

tor bearing the DNA binding specificity of a prokaryotic repressor.

Cell 43, 729-736.

6. Sadowski, 1., Ma, |, Triezenberg, S. & Ptashne, M. (1988).

GAL4-VP16 is an unusually potent activator. Nature 335, 563-564.

Ptashne, M. (1988). How eukarvotic transcriptional activators work.

Nature 335, 683-689.

8. Tijan, R. & Maniatis, T. {1994). Transcription activation: A complex
puzzle with few casy pieces. Cell 77, 5-8.

9. Dynlacht, B.D,, Hoey, T. & Tijan, R. {1991). Isolation of coactivators
associated  with  the  TATA  binding protein  that  mediate
transcriptional activation. Cell 66, 563-576.

10, Gill, G. & Tjian, R. (1992). Eukaryotic coactivators associated with
the TATA box binding protein. Curr. Opin. Genet. Dev. 2, 236-242.

11. Pugh, BF. & Tjian, R. (1990). Mechanism of transcriptional
activation by Sp1: evidence for coactivators. Cell 61, 1187-1197.

12, Thut, C.J., Chen, ).-L., Klemm, R. & Tijan, R. {19951, p33 transcrip-
tional activation mediated by coactivators TAFII40 and TAFII60.
Science 267, 100 104,

13. Berger, S.L., ¢t al., & Guarente, L. (1992). Genetic isolation of
ADAZ2: a potential transcriptional adaptor required for function of
certain acidic actviation domains. Cell 70, 251-265.

14, Swafiield, ].C., Bromberg, J. & Johnston, S.A. (1992). Alterations in a
yeast protein resembling HIV Tat-binding protein relieve the require-
ment for an acidic activation domain of GAL4. Nature 357,
698--700.

15. Swaifield, [.C., Melcher, K. & Johnston, S.A. (19951, A highly con-
served ATPase protein as a mediator between acidic activation
domains and the TATA-binding protein. Nature, 374, 88-91.

16, Kim, Y.-L., Bjorklund, S., Li, Y., Sayre, M.H. & Kornberg, R.D. {1994

A multiprotein mediator of transcriptional activation and its interac-

tion with the C-terminal repeat domain of RNA polymerase I, Celf

77, 599-608.

Conaway, R.C. & Conaway, |.W. (1993). General initiation factors

for RNA polymerase Il. Annu. Rev. Biochem. 62, 161-190.

18. Carey, M., Kakidani, H., Leatherwood, ., Mostashari, F. & Ptashne,
M. (1989). An amino-terminal fragment of GAL4 hinds DNA as a
dimer. J. Mol. Biol. 209, 423-432.

19. Marmorstein, R., Carey, M., Ptashne, M. & Harrison, S.C. (1992},
DNA recognition by GAL4: Structure of a protein-DNA complex.
Nature 356, 408—414.

20. Triezenberg, S.T., Kingshury, R.C. & McKnight, S.1. (1988).
Functional dissection of VP16, the transactivator of herpes simplex
virus immediate early gene expression. Genes Dev. 2, 718-729.

U1

~

193



194

Chemistry & Biology 1995, Vol 2 No 4

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Deutscher, M. (1990). Maintaining protein stability. Methods
Enzymol. 182, 83-92.

Melchers, K. & Johnston, S. (1995). GAL4 interacts with TBP and
coactivators. Mol. Cell. Biol., In press.

Stringer, K.F., Ingles, C.J. & Greenblatt, J. {1990). Direct and selec-
tive binding of an acidic transcriptional activation domain to the
TATA-box factor TFID. Nature 345, 783-786.

Truant, R, Xiao, H., Ingles, C.J. & Greenblatt, J. (1993). Direct inter-
action between the transcriptional activation domain of human p53
and the TATA box-binding protein. /. Biol. Chem. 268, 2284-2287.
Lieberman, P.M. & Berk, A.J. (1991). The Zta trans-activator protein
stabilizes TFIID association with promoter DNA by direct
protein—protein interaction. Genes Dev. 5, 2441-2454.

Chen, X., Farmer, G., Zhu, H., Prywes, R. & Prives, C. (1993).
Cooperative DNA binding of p53 with TFIID (TBP): a possible
mechanism for transcriptional activation. Genes Dev. 7,
1837-1849.

Hoopes, B.C., LeBlanc, J.F. & Hawley, D. (1992). Kinetic analysis of
yeast TFIID-TATA box complex formation suggests a multi-step
pathway. J. Biol. Chem. 267, 11539-11547.

Allan, G.F, et al, & O'Malley, B.W. (1991). Synergism between
steroid response elements during cell-free transcription. /. Biol.
Chem. 266, 5905-5910.

Carey, M., Lin, Y.S., Green, M.R. & Ptashne, M. (1990). A mecha-
nism for synergistic activation of a mammalian gene by GAL4
derivatives. Nature 345, 361-364.

Courey, AJ., Holtzman, D.A., Jackson, S.P. & Tijan, R. (1989).
Synergistic activation by the glutamine-rich domains of human
transcription factor Sp1. Cell 59, 827-836.

32.

33.

34.

36.

Du, W., Thanos, D. & Maniatis, T. (1993). Mechanisms of transcrip-
tional synergism between distinct virus-inducible enhancer
elements. Cell 74, 887-898.

Martinez, E., Dusserre, Y., Wahli, W. & Mermod, N. {1991).
Synergistic transcriptional activation by CTF/NF-I and the estrogen
receptor involves stabilized interactions with a limiting target factor.
Mol. Cell Biol. 11, 2937-2945.

Schule, R.M., Muller, M., Kaltschmidt, C. & Renkawitz, R. (1988).
Many transcription factors interact synergistically with steroid
receptors. Science 242, 1418-1420.

Lin, Y.S., Carey, M., Ptashne, M. & Green, M.R. (1990). How differ-
ent eukaryotic transcriptional activators can  cooperate
promiscuously. Nature 345, 359-36T.

Oliviero, S. & Struhl, K. (1991). Synergistic transcriptional enhance-
ment does not depend on the number of acidic activation domains
hound to the promoter. Proc. Natl. Acad. Sci. USA 88, 224-228.
Emami, K.H. & Carey, M. (1992). A synergistic increase in potency
of a multimerized VP16 transcriptional activation domain. EMBO J.
13, 5005-5012.

Thomas Kodadek, Department of Chemistry and
Biochemistry, University of Texas at Austin, Austin, TX
78712, USA and Stephen A Johnston, Departments of
Internal Medicine and Biochemistry, University of Texas
Southwestern Medical School, 5323 Harry Hines
Boulevard, Dallas, TX 78235-8573, USA.



