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The transformation of the DNA template in RNA polymerase Il
transcription: a historical perspective

James T. Kadonaga
Section of Molecular Biology, University of California, San Diego, La Jolla, CA, USA.

Abstract

The discovery of RNA polymerases I, 11, and 111 opened up a new era in gene expression. Here |
provide a personal retrospective account of the transformation of the DNA template, as it evolved
from naked DNA to chromatin, in the biochemical analysis of transcription by RNA polymerase
I1. These studies have revealed new insights into the mechanisms by which transcription factors
function with chromatin to regulate gene expression.

Fortunately science, like that nature to which it belongs, is neither limited by time
nor by space. It belongs to the world, and is of no country and of no age. The more
we know, the more we feel our ignorance; the more we feel how much remains
unknown; and in philosophy, the sentiment of the Macedonian hero can never
apply, — there are always new worlds to conquer.

—Sir Humphry Davy
Discourse delivered before the Royal Society (30 November 1825)

It is difficult not to be inspired by those words of Sir Humphry Davy, whose remarkable
scientific contributions include the first isolation and identification of potassium, sodium,
calcium, magnesium, and other elements, as well as the discovery of the curious effect that
results from the inhalation of nitrous oxide (which he called “laughing gas™). In this brief
personal Perspective, | describe the stages of a small but instructive journey that follows the
sense of Davy’s quote. This work was about the nature of the DNA template that was used
for the biochemical analysis of transcription by RNA polymerase Il. In the course of these
studies, the more we knew, the more we realized how much more we had yet to learn.

Stage 1: naked DNA templates and early studies with chromatin

After the discovery of RNA polymerases I, 11, and 11112, a critical advance was the
development of biochemical systems that were able to mediate promoter-directed initiation
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of transcription (examples for RNA polymerase 11, refs.3-7). These systems were used in
conjunction with purified ‘naked” DNA templates, which worked well in the assays.

The exploration of the transcriptional properties of chromatin templates began soon
thereafter (examples, refs.8-18), These studies demonstrated transcriptional repression by
nucleosomes. In experiments involving promoter-directed transcription initiation, the pre-
binding of one (or more) transcription factor(s) to the template before nucleosome assembly
was required for transcription. The inactivity of the preassembled chromatin was probably
due to immobility of the nucleosomes under the conditions of the transcription reactions
(chromatin dynamics is an important issue that is addressed below). In the same time frame,
genetic studies of Saccharomyces cerevisiae independently led to the conclusion that
chromatin inhibits transcription. For instance, depletion or mutation of histone H4 was found
to result in derepression of gene activityl9-21. Thus, the early biochemical and genetic
studies provided strong evidence that chromatin represses transcription, but it was also
apparent that there was much to be learned. In the following stages, | describe a journey that
my laboratory has taken through the world of chromatin and transcription.

Stage 2: true activation versus antirepression by sequence-specific

transcription factors

In the early 1980s, the discovery of sequence-specific transcription factors (ssTFs) that bind
to promoter and enhancer elements led to their extensive analysis in cells and in vitro
(example, ref.22). In the biochemical studies, it appeared that many ssTFs were able to
activate transcription with the existing systems that consisted of crude cell extracts (but note
that this point is clarified below) and naked DNA templates. These findings led to the
paradigm that ssTFs increase the rate and/or efficiency of the intrinsic transcription process
(“true activation’; Fig. 1) and that chromatin is not important for transcriptional regulation.

In contrast to that model, experiments in my laboratory indicated that the GAGA factor (a
Drosophila ssTF; also known as ‘GAF’) does not increase the amount of transcription but
instead counteracts a general repressive activity23. We purified this repressor and found that
it is histone H124, a non-sequence-specific nucleosome- and DNA-binding protein that is
generally associated with transcriptional repression. We further observed that transcription
factor Sp1, as well as GAL4-VP162° (a synthetic activator with the yeast GAL4 DNA-
binding domain fused to the herpes simplex virus VP16 activation region), function both to
counteract histone H1-mediated repression and to increase the rate and/or efficiency of
transcription. We used the term “antirepression’ to describe the relief of chromatin- or
histone H1-mediated repression by ssTFs (Fig. 1).

We additionally found that most in vitro transcription extracts, including a widely used
nuclear extract’, contain high levels of histone H1. Hence, the previous studies with crude
transcription extracts and DNA templates were actually examining the properties of ssTFs
with histone H1-bound DNA templates rather than with naked DNA templates. In the
absence of histone H1, we saw little or no activation by ssTFs in vitro23.24,
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Those findings were controversial. First, the antirepression hypothesis suggested that
chromatin is a key component in the regulation of transcription. That notion was in contrast
to the prevailing model that considered chromatin to be unimportant. Second, natural
chromatin consists of nucleosomes and histone H1. Thus, the antirepression model needed
to be tested properly with nucleosomal templates rather than with histone HI-DNA
complexes.

We therefore proceeded to test the antirepression model by using nucleosomal templates that
were reconstituted with purified native core histones and polyglutamate, which functions
like a core histone chaperone8. This method yields randomly distributed nucleosomes that
are immobile under transcription reaction conditions. Histone H1 was then incorporated into
the chromatin by salt dialysis. (At that time, a purified enzymatic system for the ATP-
dependent assembly of periodic nucleosome arrays had not yet been developed, and ATP-
driven chromatin remodeling had not yet been discovered.)

The transcriptional analysis of those nucleosomal templates revealed that Sp1 and GAL4-
VP16 are each able to counteract histone H1-mediated transcriptional repression in
chromatin?’. Notably, the magnitude of transcriptional activation that was seen with histone
H1-containing chromatin templates (90-fold and 200-fold with Sp1 and GAL4-VP16,
respectively) was much higher than that seen with naked DNA templates (3-fold and 8-fold
with Spl and GAL4-VP16, respectively). Moreover, threshold phenomena and long-distance
(~1,300-base pair) activation of transcription were observed with histone H1-containing
chromatin templates but not with naked DNA templates28. These findings supported the
model that transcriptional activators function by a combination of antirepression and true
activation (Fig. 1).

Overall, these early studies provided valuable information, but there was much room for
improvement of the chromatin template. The next step was to incorporate nucleosome
mobility and dynamics.

Interlude: resistance to chromatin

Before proceeding to Stage 3, | should mention that chromatin was not a popular subject in
the late 1980s and early 1990s. In this period, highly regarded scientists told me things like
“Doesn’t “‘chromatin’ mean ‘artifact’?” and “You’re wasting your time!” It was clearly a low
point for the chromatin field. When | gave talks, | would frequently receive comments on the
futility of studying the role of chromatin in transcription. | would respond by saying that we
study chromatin because it is the natural state of the template in cells, and then | would ask
“Is that a bad thing to do?” In response, no one would say that it was bad, but they still
clearly retained their disdain for chromatin. Some of the issues raised in these debates are
described in the summary at the end of a published review by Paranjape et al.2°.

Eventually, to address such criticism preemptively in a somewhat lighthearted manner, |
made two slides for the introductory part of my lectures (Fig. 2). The first shows a plot over
time of pro-chromatin sentiment versus anti-chromatin sentiment (Fig. 2a). In the early
1990s, we were at the low point. Optimistically, this graph was drawn as a damped harmonic
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oscillator that converges on the truth. The second slide imagines an alternative scenario in
which scientists exhibit an amplifying love or hatred of chromatin (Fig. 2b). After all,
scientists are only human.

Stage 3: periodic arrays of dynamic nucleosomes assembled with the S-190

extract

Although the preceding experiments had yielded promising results, it was nevertheless
evident that the chromatin generated in vitro was an imperfect model for chromatin in cells.
One obvious difference between reconstituted chromatin and natural chromatin was that
bulk native chromatin consists of periodic arrays of nucleosomes, whereas chromatin
reconstituted from purified components contained randomly distributed nucleosomes. We
and others had therefore sought to develop a method for the ATP-dependent assembly of
periodic nucleosome arrays. At that time, the best method for ATP-dependent chromatin
assembly used a Xenopus oocyte extract3 developed in the laboratory of Abraham Worcel.
This extract was, however, somewhat frustrating to use on a routine basis, as it requires
maintenance of the frogs and exhibits variability over the different seasons of the year. To
surmount these problems, Becker and Wu developed an excellent chromatin-assembly
extract from pre-blastoderm Drosophila embryos3L. We had also developed a larger-scale
chromatin assembly extract, called the ‘S-190’, from mostly post-blastoderm Drosophila
embryos32. Both Drosophila embryo extracts yield periodic arrays of nucleosomes.

Importantly, in the same time frame, the activity of ATP-dependent nucleosome-remodeling
factors had been discovered (examples, refs.33-3%) and both of the Drosophila chromatin
assembly extracts31-32 were found to contain ATP-driven chromatin-remodeling
enzymes33:36, Thus, with the S-190 chromatin-assembly extract, we were able to assemble
periodic arrays of nucleosomes that were mobilized by ATP-dependent chromatin-
remodeling factors. This enabled the combined analysis of transcriptional activation and
chromatin dynamics.

With the S-190 assembly system, we initially analyzed the properties of the model
transcription factors GAL4(1-147) (the GAL4 DNA-binding domain lacking an activation
region) and GAL4-VP16 (GAL4(1-147) fused to the VP16 transcriptional activation
region)36. With chromatin templates, we observed strong transcriptional activation with
GAL4-VP16 but not with GAL4(1-147). In contrast, both GAL4(1-147) and GAL4-VP16
were able to activate transcription with naked DNA templates or histone H1-repressed DNA
templates. Hence, transcription that is dependent upon the VP16 activation region was
observed only with the dynamic nucleosomal template. We also examined the structure of
the chromatin template and found that both GAL4(1-147) and GAL4-VP16 were able to
direct the ATP-dependent reorganization of nucleosomes in the promoter region. These
findings indicated that the DNA-binding domain is sufficient for the initial remodeling of the
chromatin structure of the promoter region and that the activation region is required for
transcription (Fig. 3).

A notable feature of the S-190-based system is that approximately the same amount of
transcriptional activation was observed when the GAL4-VP16 activator was added to
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preassembled chromatin as when it was added to naked DNA before chromatin assembly36.
This is consistent with the dynamic nature of the chromatin. We also observed qualitatively
similar results in the absence or presence of histone H1, with the major difference being
lower levels of transcription in the presence of histone H1. These findings suggested that
transcriptional regulation is mediated primarily by dynamic nucleosomes and secondarily by
histone H1.

We further tested the S-190 chromatin transcription system with different transcription
factors and promoters. In collaboration with the laboratory of Katherine A. Jones, we
analyzed the human immunodeficiency virus type 1 long terminal repeat promoter and were
able to observe transcriptional activation with Sp1 and NF-xB p65, which has an activation
region, but not with Sp1 and NF-xB p50, which lacks an activation region3’. Moreover, with
Sp1 and either NF-xB p65 or NF-xB p50, we observed a chromatin structure that resembles
that of the integrated human immunodeficiency virus type 1 provirus. Thus, by using the
S-190 system with a natural promoter and its cognate transcription factors, we were able to
recreate the chromatin structure and transcriptional regulation that is seen in cells.

We additionally examined the transcriptional properties of the human estrogen receptor ERa
with the S-190 system38. With the dynamic chromatin templates, we observed ligand-
dependent transcriptional activation by ERa. Specifically, we observed activation with the
estrogen 17p-estradiol but not with the anti-estrogens frans-hydroxytamoxifen or ICI
164,384. These studies further revealed that ERa and histone acetyltransferase p300
function cooperatively to increase the efficiency of transcription initiation, whereas ERa. can
also promote transcription reinitiation.

The assembly of dynamic chromatin with the S-190 extract substantially advanced our
ability to study the role of chromatin in the regulation of transcription by RNA polymerase
I1. These experiments showed how chromatin functions as an integral component of the
transcription process. When it is considered that chromatin has existed for perhaps about a
billion years, this finding should perhaps not be a surprise! It is also useful to note that
chromatin represses basal transcription in the absence of activators but allows the ssTFs to
activate transcription. In this manner, the genome is maintained in a transcriptionally
repressed state but can be activated at specific loci by the action of the ssTFs.

Stage 4: dynamic chromatin assembled with purified assembly factors and

customized histones

In spite of the success of the S-190 system, there remained many improvements to be made
to the chromatin transcription system. For instance, it would be better to assemble the
chromatin with purified and defined components than with the crude S-190 extract, which
contains many unknown components. With this point in mind, we devoted approximately 7
years to the biochemical fractionation of the S-190 and the purification and cloning of the
assembly factors. This endeavor resulted in a purified recombinant chromatin-assembly
system. Today, periodic nucleosome arrays can be assembled with an ATP-driven motor
protein (such as ACF, Chd1, or RSF), a core histone chaperone (such as NAP1 or dNLP),
core histones, DNA, and ATP (examples, refs.3%-42). Most commonly, ACF and NAP1 are
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used to assemble chromatin onto circular plasmid DNA with native or recombinant histones.
Because this system uses purified components, the resulting chromatin consists of only the
specifically added histones.

Importantly, in the same time frame as the purification and cloning of the assembly factors,
there was a large expansion in research on the covalent modifications of the histones. These
modifications, which function at least in part as signals#344, added another dimension to the
study of chromatin. There was also, in this same time period, an emerging appreciation of
the histone variants (i.e., S-phase independent histones). Thus, with the innumerable
possible functions of the multifarious histone modifications and histone variants, the
analysis of chromatin and transcription had become extremely complicated. In this context,
it was fortunate that the purified assembly system could be used for the generation and
characterization of chromatin with specific histone modifications and variants.

With the purified assembly factors, we and others embarked on the transcriptional analysis
of dynamic chromatin. In some cases, the experiments were carried out with native
histones?>46, The general trend, however, has been to study the transcriptional properties of
chromatin that is assembled with defined recombinant histones (examples, refs.47-59). In a
particularly notable study, chromatin containing an analog of H3K4me3 (histone H3
trimethylated at lysine 4) was used to show that H3K4me3 facilitates assembly of the
transcription preinitiation complex via interaction with the TAF3 subunit of the TFIID
complex®L. Thus, we can now make customized chromatin for the study of transcription and
other nuclear processes.

Stage X — 1: the future

Over the 50 years since the discovery of RNA polymerases I, 11, and 111, a substantial
fraction of our understanding of eukaryotic transcription has emerged from biochemical
experiments. In such studies, the use of chromatin templates has provided new insights into
the mechanisms by which transcription factors function with chromatin to regulate gene
expression. In the course of this work, new discoveries frequently opened up new and
unexplored areas of investigation — that is, “new worlds to conquer,” as stated by Sir
Humphry Davy. With regard to my personal experiences in transcription, it has been a fun
and exciting journey with wonderful people as colleagues.

What lies ahead? When | think about how to design a project, | sometimes ask myself “How
would scientists do these experiments 50 years from now?” When considering that question,
one could also look backward and think about the state of the field 50 years ago. For
eukaryotic transcription, that was, of course, when RNA polymerases I, 11, and 111 were first
discovered. How much further will we advance in the next 50 years?

Rather than leave the reader unsatisfied without an attempt to answer that question, | suggest
one possible future direction: the generation and use of synthetic chromatin. After
researchers have gained a moderate understanding of natural chromatin (i.e., have become
bored with studying normal chromatin), they will explore and develop unnatural molecules
that form a ‘synthetic chromatin’ with specialized functions that do not exist in natural
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chromatin. This synthetic chromatin would be generated at specific desired locations in the
genome, and its varied and powerful activities would be easily regulated. For instance, the
synthetic chromatin would enable the activity of any particular gene to be increased or
decreased as simply as turning a dial. OK, let’s get started! It’s another world to conquer!
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Fig. 1|. A model for transcriptional activation in which sequence-specific DNA-binding
transcription factors function to counteract chromatin-mediated repression (anti-repression).

In biochemical experiments, the unrepressed (derepressed) state corresponds to transcription
with naked DNA (histone-free) templates, whereas the repressed (inactive) state corresponds
to chromatin- or histone H1-repressed templates. In true activation (top), the ssTFs increase
the rate and/or efficiency of the intrinsic transcription process. In ‘antirepression’ (bottom),
the ssTFs function to relieve chromatin- or histone H1-mediated repression. The roles of
ssTFs in antirepression and, in some cases, true activation are discussed in the text. Figure
adapted from ref.2%, Reproduced with permission of Annual Reviews.
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Fig. 2 |. Perspectives on the perceived importance of chromatin in transcriptional regulation.
These lecture slides were used by the author in the early 1990s. The vertical axes show

differing degrees of love of chromatin (‘Pro-chromatin’; blue line above horizontal axis) or
hatred of chromatin (‘Anti-chromatin’; red line below horizontal axis). The horizontal axis
represents the ‘truth’. a, Is chromatin important for the regulation of transcription? This slide
optimistically imagines that the sentiment toward chromatin would converge at the truth.
The position of the early 1990s was added to the original slide (far left). b, Another
scenario? This slide considers the possibility that the love or hatred of chromatin could
become amplified in the future.
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Fig. 3 |. The 1994 version of the steps that lead to the activation of transcription.
First (top), sequence-specific DNA-binding factors bind to chromatin in a manner that does

not require a transcriptional activation region. Next, a ‘preactivated’ or ‘competent’
promoter state is achieved by the reconfiguration of chromatin structure by ATP-dependent
nucleosome-remodeling factors. Then, transcription is activated in a process that requires a
transcriptional activation region in the sequence-specific DNA-binding factor (bottom).
Figure adapted from ref.36, Reprinted with permission from AAAS.
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