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Abstract

The landmark 1969 discovery of nuclear RNA polymerases I, Il and 111 in diverse eukaryotes
represented a major turning point in the field that, with subsequent elucidation of the distinct
structures and functions of these enzymes, catalyzed an avalanche of further studies. In this
Review, written from a personal and historical perspective, I highlight foundational biochemical
studies that led to the discovery of an expanding universe of the components of the transcriptional
and regulatory machineries, and a parallel complexity in gene-specific mechanisms that continue
to be explored to the present day.

The cell-specific expression of protein-coding genes (~20,000 in humans) is central to many
biological processes and is regulated primarily at the level of transcription. The earliest
insights into the mechanism and regulation of transcription came from studies of bacteria

and bacteriophages, and most of these had their origins in genetic studies, exemplified by the

landmark Jacob and Monod publication on the lac operon in 19611. Complementary genetic
and biochemical studies then led to the biochemical identification and characterization of
both negative and positive gene-specific regulatory factors that included the classic lac
repressor, lambda repressor, araC and CAP proteins. Given the rapid pace of bacterial
transcription studies relative to eukaryotic transcription in the 1960s, it is relevant to note
that the first true RNA polymerase activity, showing incorporation of all four nucleotides
from nucleoside triphosphates, was discovered by Sam Weiss in rat liver nuclei in 1959 (ref.
2) and later characterized as a derived aggregate (likely chromatin)3. However, most of the
immediately following studies were focused on newly reported bacterial RNA polymerase
preparations that, unlike the liver enzyme, were soluble, far more abundant and showed a
clear DNA dependence?. Remarkably, despite the importance and relative abundance of the
single bacterial RNA polymerase, it was not until 1969 that it was finally purified to
homogeneity by Richard Burgess and then shown to execute specific transcription initiation
dependent on the dissociable sigma subunit®.
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In contrast to the progress in understanding bacterial transcription, we had only a primitive
understanding of eukaryotic transcription by the late 1960s, with a basic appreciation of
three general classes of RNA (rRNA, tRNA and mRNA), as in bacteria, but little else.
Having gotten interested in transcription in animal cells as a graduate student with Bill
Rutter, whose lab was focused on problems other than transcription, the big question to me
was whether eukaryotic transcription would be fundamentally different from prokaryotic
transcription with respect to the enzymology and regulatory factors. An initial and surprising
answer came in 1969, with my discovery of three chromatographically distinct nuclear RNA
polymerases that later proved to have distinct subunit structures and functions in the
synthesis of the major classes of RNAS. This was, at least to me, the ‘big bang’ that
immediately generated a broad surge of interest in eukaryatic transcription mechanisms. In
the following sections, | provide a historical perspective on subsequent transcription studies
that, at least in my laboratory, emphasized a reductionist biochemical approach based on the
Feynman philosophy of “what I cannot create [build], | cannot understand,” and revealed an
unexpected, ever-increasing complexity of the basic transcriptional machinery and of the
associated regulatory proteins and mechanisms. These biochemical approaches were
instrumental in setting the stage for the large number of later (for example, genomic,
genetic, biophysical/structural and imaging) approaches by identifying the major
components of the transcriptional and regulatory machineries used as key reagents in these
analyses and by providing initial insights and concepts regarding their mechanisms.

RNA polymerases: diversity, structure and general functions

After the seminal Weiss discovery of the rat liver RNA polymerase activity, and despite
several reports of a soluble DNA-dependent mammalian polymerase activity, most studies of
eukaryotic RNA polymerase focused on RNA synthesis from endogenous templates in
isolated nuclei (nuclear ‘run-on’ assays). In this regard, Widnell and Tata’ reported two
enzyme ‘activities” based on the levels and base compositions of the RNAs synthesized by
endogenous RNA polymerase in isolated nuclei at drastically different salt and metal ion
conditions. However, these analyses did not distinguish the function of distinct enzymes on
different chromosomal templates from the function of a common enzyme on distinct
chromosomal templates that were differentially sensitive to salt and metal ion affects. In my
early graduate studies, | too had been using isolated nuclei to study levels of RNA synthesis
during hormonal responses in rat liver and during sea urchin development. However, an
inability in that pre-cloning era to adequately study the synthesis of specific RNAs, in
particular mRNAsS, led me to think about getting to the heart of the matter—the RNA
polymerase. Careful consideration of the 1960 Weiss paper, as well as other mammalian
RNA polymerase studies that reported only trace amounts of soluble enzyme following the
standard low-salt extraction procedures used for bacteria, led me to suspect (correctly) that
most of the mammalian polymerase was chromatin-bound. After the systematic development
of methods for the complete high-salt solubilization of the nuclear RNA polymerase activity,
and separation from DNA and histones, | was able to identify three chromatographically
distinct RNA polymerases (in sea urchin embryos, rat liver and yeast®) that exhibited
different metal ion and DNA template preferences. This was a truly ‘eureka’ moment for me
—Dboth assuring me a respectable thesis and swelling my mind with many future
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experiments. We reported this exciting discovery at an international meeting in April 1969
(ref.9) and later in a 1969 Nature article® that, remarkably and memorably, was originally
rejected on the grounds that it was not of general interest! In subsequent studies further
indicative of distinct enzymes, the laboratory of Pierre Chambon reported two forms of RNA
polymerase that, respectively, were insensitive (Pol A) and sensitive (Pol B) to a low
concentration of the mushroom toxin a-amanitin®. and the Rutter lab similarly showed that
Pols I and 111 were resistant, while Pol Il was sensitive, to low concentrations of a-
amanitin®. The discovery of three nuclear RNA polymerases was the first of many clues
that the logistics of transcriptional regulation might be fundamentally different in
prokaryotes and eukaryotes.

The identification of the three nuclear RNA polymerases clearly set the stage for further
studies of structure and function, and the Rutter!2 and Chambon?3 labs provided initial
evidence for distinct (but grossly incomplete) multisubunit structures for mammalian Pol |
and Pol I1. Although I, too, appreciated the importance of understanding the structures of the
enzymes, | nonetheless felt that an exciting next step would be to show that a specific
polymerase could selectively transcribe a specific gene in vitro—a seemingly reasonable
possibility in light of the recent success with the bacterial RNA polymerase®. Having
established that Pol | was localized to the nucleolus and thus likely responsible for ribosomal
RNA synthesis!?, | proceeded to the laboratory of Don Brown for postdoctoral studies,
anticipating that | would soon have purified Pol | accurately transcribing the large ribosomal
RNA genes (the exclusive Pol | targets) that had been purified in his laboratory. Surprisingly
—and disappointingly—these analyses revealed only a low level of random symmetric
transcription by both Pol I and the control Pol 111, leading me to suspect requirements for
still other factors and providing an early foreboding of the difficult task that lay ahead.
Consequently, I thought it imperative to better define both the structures and, especially, the
functions of the three enzymes; and subsequent studies in my own lab at Washington
University were directed toward these objectives. By 1974 we had purified the complete trio
of Pols I, Il and I11 to homogeneity for the first time and had shown that they contain distinct
subunit structures, but with some apparently common subunits based on sizel®. In parallel
studies—and with our discovery that mammalian Pol Il showed an a-amanitin sensitivity
between that of Pol Il (highly sensitive) and Pol | (completely insensitive)—we rigorously
(with titration curves) compared sensitivities of the synthesis of specific classes of RNA in
isolated nuclei with sensitivities of the purified enzymes, and established distinct functions
for Pol I, Pol 11, and Pol 111 in the synthesis, respectively, of large ribosomal RNAs, pre-
mRNA and 5S and tRNAs7+18, These critical results immediately confirmed my earlier
rationale for the evolution of three structurally and functionally distinct RNA polymerases,
namely to provide a mechanism to independently control synthesis levels of the major
classes of RNA (for example, in growth-state changes). Of more immediate importance,
these results provided clear direction for further attempts, in my own and other labs, to
establish specific transcription initiation by focusing on specific polymerase-gene
combinations.

With the advent of advances in biochemistry, molecular biology, cloning and genome
sequencing, the polypeptide sequences of the Pol I, 11 and 111 subunits were revealed—
initially for yeast in the early 1990s in the laboratories of Rick Young and Andre Sentenec,
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and later for higher organisms (including mammals)1%-21, Notably, these studies revealed a
strong evolutionary conservation of the subunits of the individual enzymes, including both
common subunits and enzyme-specific subunits that account for the diverse functions in
transcription. Moreover, some of the enzyme-specific subunits were found to be related to
each other and also to be counterparts of bacterial polymerase subunits, reflecting conserved
catalytic mechanisms. A particularly pleasing development, especially with my longstanding
commitment to the eukaryotic RNA polymerases, was the solution of high-resolution
structures of the enzymes—nbeginning with the groundbreaking studies of Roger Kornberg
and colleagues on Pol 112223 and continuing with related studies of Pol 12425 and Pol 11125,
Apart from revealing fundamental principles of structure and catalysis similar to those
established earlier for the bacterial RNA polymerase?’, these studies have provided
important insights into similarities and differences between the three enzymes.

RNA polymerase accessory factors: diversity, structure and function

Given the enormous complexity of Pols I, Il and 111 (14, 12 and 17 subunits, respectively)
relative to the initiation-competent five-subunit bacterial RNA polymerase, an early surprise
to me was the inability of these enzymes to accurately initiate transcription on defined core
promoter elements, especially in the case of Pol | with only one target gene. However, a
major breakthrough was our 1976 demonstration that the highly reiterated oocyte-specific 5S
RNA genes (20,000 genomic copies) in purified Xenopus oocyte chromatin (but not in the
histone-free DNA) could be accurately and selectively transcribed by purified Pol 111 (but
not by Pols I and Il)—clearly indicating the existence of essential accessory factors stably
associated with active chromatin and the feasibility of successful in vitro transcription assays
with purified polymerases?8.29, These gratifying and highly stimulating studies were soon
followed by our demonstration that purified or cloned DNA templates could be accurately
transcribed by purified Pol 11139 and Pol 1131 in conjunction with RNA-polymerase-free
subcellular extracts, again indicating the involvement of essential undefined factors that |
was convinced could be identified through further biochemistry. Contemporaneous studies
by others also reported accurate transcription of purified or cloned genes in crude cellular
extracts, although they provided no indication that any factors other than the endogenous Pol
1113233 or Pol 1134 were necessary for the observed transcription. Slightly later studies by
Ingrid Grummt, after a sojourn in my laboratory, also reported the ability of our purified Pol
| to specifically transcribe large ribosomal RNA genes (rDNA) in the presence of a cellular
extract3,

These studies provided systems for many labs to begin mapping corresponding core
promoter elements in vitro, in parallel to other promoter mapping studies using cell-based
assays with transfected or microinjected genes. However, they immediately raised the
question of the nature of the essential factors, and | wondered whether those factors might be
similar or different for the three polymerases and possibly something so simple as a missing
sigma-like factor as in the case of the bacterial enzyme. This was the next most interesting
question for me, and immediate studies were focused on Pol I11 and Pol II. In further
seminal studies, the biochemical fractionation of mammalian cell extracts in my laboratory
led to the first identification of general initiation factors specific for individual RNA
polymerases, including TFI11B and TFIIIC for Pol 11136, and several factors (including
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TFIID) for Pol 1137, And confirming predictions from my 1970 studies!®, but still somewnhat
surprising in view of the dedication of Pol | to the large rRNA genes, a later study from the
lab of Masami Muramatsu also reported multiple accessory factors for Pol | transcription38,
Notably, these pioneering studies, with their foundations in my laboratory, opened the
floodgates for further studies of the Pol I, Il and 111 factors in organisms from yeast to man,
and contributions from many laboratories led to their complete resolution, purification and
(in yeast and human) cognate cDNA cloning. It deserves emphasis that, with few exceptions,
the identification of these factors was based on functional in vitro complementation assays
with purified polymerases and chromatographic fractions and that the ultimate (and crucial)
validation of the functional relevance of the identified polypeptides involved cognate cDNA
cloning, expression and functional analyses.

A surprising finding from these studies, again emphasizing divergence from the bacterial
paradigm, was the large number and subunit complexity of the general initiation factors:
TFHIC and TFIHIB (9 polypeptides) for Pol 1113941, TFIIA, TFIIB, TFIID, TFIIE, TFIIF
and TFIIH (32 polypeptides) for Pol 114244, and SL1/TIF1B/core factor, TIF1A/rRn3 and
UBF/UAF (~6 polypeptides) for Pol 14546, The availability of these factors, even before
complete purification, led to elucidation of pathways for the assembly of functional
preinitiation complexes (PICs), initially for Pol 111 in my lab4748 (reviewed in refs.3%-41) and
later for Pol 1149-51 (reviewed in refs.#2-44) and Pol | (reviewed in refs.4%:46). Pathways for
PIC formation on a Pol IlI-transcribed tRNA gene promoter and on a Pol Il-transcribed
TATA-containing promoter are shown, respectively, in Fig. 1 (left) and Fig. 2 (right).
Consistent with the elucidation of critical core promoter elements, key factors within each
group were found to bind independently to these elements to nucleate PIC formation: TFIIC
for Pol 11147, TFIID for Pol 1152:53 and SL1/TIF-1B for Pol 15455, Noteworthy is the fact that
for both Pol 111 and Pol 11 (Figs. 1 and 2), and also for Pol 146, recruitment of the RNA
polymerase to the core promoter is mediated through interactions with specific initiation
factors. This reflects another major divergence from the simple bacterial paradigm of direct
RNA polymerase-promoter interactions. Beyond their necessity for elucidating the PIC
assembly pathways, biochemical studies also provided key insights into the fate of the
initiation factors during the transcription cycle. This is exemplified by a seminal paper, from
the lab of Danny Reinberg, that demonstrated the sequential release of initiation factors from
the PIC during the initiation to elongation transition, as well as recycling to a stable TFIID-
promoter complex®®. Biochemical studies have also provided key insights into the complete
Pol 11 transcription cycle of initiation, elongation and termination, which is readily observed
in vitro, with indications that the Pol 111 PIC is much more stable than the Pol Il PIC and
may thus facilitate robust transcription and Pol 111 recycling®*!. As discussed below, these
fundamental biochemical studies, providing well-characterized initiation factors and
initiation mechanisms, set the stage for high resolution structural studies.

Following establishment of these basic principles, several other features of transcription by
the three polymerases were discovered, largely through biochemical studies, and deserve
mention. First, in yet another surprise, given its preeminent and early defined role in TFIID
binding to TATA elements in Pol Il-transcribed genes, TATA-binding polypeptide (TBP) was
found to reside not only in TFIID (with ~14 TBP-associated factors; TAFs), but also in SL1
(with 3 TAFs) and in TFIIIB (with BDP1, and either of the two TFIIB-related factors BRF1
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and BRF2). Notably, like the TFIID TAFs implicated in TFIID binding to variant core
promoters in Pol Il-transcribed genes (below), the SL1 TAFs were found to bind promoter
sequences and also to constrain TBP-TATA interactions to facilitate promoter
selectivity®7:58, Second, variations in core promoter elements, necessitating variations in
essential initiation factors, were described for both Pol I11-transcribed3%:40 and Pol I1-
transcribed*4:59 genes. Particularly noteworthy is the absence of consensus TATA elements,
directly recognized by the TBP component of TFIID, in the majority of mammalian and
Drosophila Pol Il-transcribed genes; this led to the discovery of modified pathways
involving different core promoter elements (for example, initiator, DPE and MTE) and novel
factor interactions for TFIID recruitment—including direct TAF interactions not only with
core promoter elements#4:59.60 byt also with acetylated®? and methylated®2:63 nucleosomes.
The alternate forms of TFIIIB likewise function on different classes of Pol IlI-transcribed
genes, namely tRNA and 5S RNA genes versus 7SK and U6 RNA genes, and provide an
example of the evolutionary repurposing of a factor (TFIIB) for different transcription
specificities3®40, Third, an unanticipated finding that helps explain the surprising subunit
complexity of Pol | and Pol 111 relative to that of Pol Il, with its far greater diversity of target
genes, is that counterparts to some of the Pol Il initiation factors are found as stably
integrated subunits of Pol | and Pol 111, where they may potentially perform similar
functions2L. Fourth, in our early Pol Il transcription studies, a surprise was our discovery
that cell-specific genes, including the adenovirus ML3! and B-globin64 genes, could be
accurately and robustly transcribed (as histone-free DNA templates) by the basal
(ubiquitous) transcription machinery. But on careful reflection, it appeared to me that these
genes simply had common, widely used core promoter elements and, most importantly, that
there must be both a general repression mechanism to suppress the promiscuous
transcription machinery and gene- and cell-specific transcription factors to reverse this
repression—both of which were ultimately demonstrated (see below). Fifth, relative to my
earlier rationale for the evolution of structurally and functionally distinct RNA polymerases,
biochemical and genetic analyses have revealed general regulatory factors and
modifications, as well as underlying mechanisms, for the different transcription systems.
Examples include: (i) for Pol I, the growth state-related regulation of SL1/TIF-1B and the
tumor-suppressor-mediated repression of UBF55:66; for Pol 111, the nutrient-regulated
regulation of the MAF1 repressor that acts through inhibitory interactions with TFIIIB and
Pol 11157, as well as tumor-suppressor-mediated repression through interactions with
TF1BSE: for Pol I1, the Pol I1-binding repressor Gdown1 that we demonstrated to act by
occlusion of TFIIB and TFIIF binding sites on Pol Il and to elicit a strong Mediator
requirement for transcription®8-:69 and factors (MOT1, NC2) that show context-dependent
repression (or activation) through interactions with basal initiation factors (TBP, TFIIA) that
alter PIC assembly#470 (Fig. 2).

Recent years have seen an explosion of structural studies revealing remarkable structural and
mechanistic detail related to the function of macromolecular assemblies, and nowhere has
this been more apparent than in the transcription field. With respect to Pol 11 transcription,
early (1992-1996) crystallographic studies in the labs of Stephen Burley (in collaboration
with my lab) and Paul Sigler revealed intriguing structures for the TATA-binding TFIID
subunit TBP, the TBP-TATA DNA complex (with TBP binding in the minor groove and
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inducing a 90° bend in the DNA), the TBP-TATA-TFIIB complex and the TBP-TATA-TFIIA
complex (reviewed in ref.”1), all of which confirmed interactions established in the
biochemical analyses and revealed further insights into the initial steps of PIC assembly.
Building on these initial studies, various crosslinking studies to map positions of PIC
components’2 and the RNA Pol 11 structural studies mentioned above, several groups have
provided high resolution cryo-EM structures for the complete TBP-containing yeast’3-7>
and human’®77 Pol 11 PICs. While confirming the biochemically established interactions
and PIC assembly pathways, these analyses have provided additional insights into core
promoter recognition, transcription initiation and interactions (notably those of TFIIB)
involved in the initiation-to-elongation transition. Highly informative cryo-EM structures for
the yeast Pol 17879 and Pol 11189 PICs have also been reported. More recently, single-
molecule approaches are being applied to the study of transcription factors both in vivo and
in vitro, of special importance for an understanding of the dynamics of transcription factor
interactions and functions. With respect to Pol Il-related PICs, one interesting in vitro
analysis confirmed the stability of promoter-TFIID-TFIIA complexes but showed a
surprising and highly dynamic interaction of TFIIB, a key regulator of Pol Il functions
whose stable association with the early stage complex was found to depend on interactions
with the Pol II-TFIIF complex8L. Future emphasis on such studies, coupled with structural
information, should provide profound new insights into the dynamics of PIC formation and
function in conjunction with transcriptional activators and coactivators.

Gene- and cell-specific transcriptional regulatory factors: key determinants

of gene control

Identification and characterization of site-specific DNA-binding regulatory factors in
bacteria and bacteriophages in the late 1960s and 1970s raised the obvious possibility that
eukaryotic genes might be similarly regulated. However, the presence and rapid turnover of
heterogeneous nuclear RNAS82 and the discovery of RNA splicing raised the possibility that
cell-specific RNAs may be derived largely from global transcription followed by selective
splicing and stabilization of specific RNAs rather than gene-specific transcription. Although
this possibility seemed unlikely8? and indeed was unappealing to me, it was something | did
think about in the absence of any identified gene- or cell-specific factors. But fortunately,
biochemical studies in 1979 led to our discovery of the 5S RNA gene-specific TFIIIA, the
first-established gene-specific transcriptional activator in eukaryotes®3. Mechanistically,
TFIIA was shown to bind specifically to the gene-internal promoter83 that had just been
defined®* and to facilitate recruitment of general initiation factors (TFIIIC and TFI1IB) that
in turn recruit Pol 1114748 (Fig. 1, right). This again indicated a paradigm shift from the
bacterial mechanism in which transcriptional activators interact directly with the
polymerase. Notably, these studies were the first to establish the fundamentally important
paradigm of gene-specific transcription through a gene-specific activator in eukaryotes, and
also the first to establish the mechanism of action of a eukaryotic transcriptional regulatory
factor (enhanced recruitment of an initiation factor that in turn recruits RNA polymerase).
Our cognate cDNA cloning of TFIIIA in 1984 (ref.85) also represents the first cloning and
sequence identification of an established eukaryotic transcription factor and led to the
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deduction by Aaron Klug of the zinc-finger motif8¢, the most common DNA-binding motif
in eukaryotic transcription factors’.

These seminal observations on TFIIIA gave me confidence that there must also be gene- and
cell-specific factors for Pol 11-transcribed genes and prompted subsequent studies in many
laboratories that led to identification of gene-specific promoter/enhancer-binding factors for
the more numerous Pol li-transcribed genes. The earliest-described Pol 11 activators that
were shown to bind and/or act through specific promoter sites include glucocorticoid
receptor88, Spi (ref.89), HSF, USF/MLTF®3.91 and Gal4 (ref.%2); and all were eventually
cloned and shown to function as recombinant proteins. Our studies of USF, showing
cooperative interactions with promoter-bound TFIID3, also provided the earliest example of
a target and mechanism of action of an activator for Pol Il target genes, again reinforcing the
paradigm of activator function through a general transcription factor rather than through the
RNA polymerase. Our later studies of other activators extended these results implicating
TFIID as an activator target, and indicated a mechanism (validated later by other groups)
involving an activator-induced TFIID isomerization on the promoter3. Although more
recent studies have focused on coactivators as primary targets of transcriptional activators
(discussed below), it seemed to me perfectly logical, in view of the complexity of the Pol 1l
initiation factors and the precedent established for TFIIIA interactions with Pol Il initiation
factors, that some activators would directly target Pol Il initiation factors. Indeed, there are
many early reports of activator-initiation factor interactions that in some cases (for example,
refs.94.95) have been strongly implicated in activator function. My expectation is that many
more examples will be uncovered as the actual mechanisms of action of the many Pol Il
transcription factors are established. Although not emphasized here, site-specific DNA-
binding repressors are also an integral part of eukaryotic transcriptional regulation, and an
early biochemical analysis of the viral SV40 T antigen in the laboratory of Bob Tjian
established a direct repression of active SV40 promoters that was dependent on site-specific
binding®.

Notably, beyond the early identification of transcription factors based largely on in vitro
binding/transcription assays and subsequent biochemical purification and cloning, many
approaches have been used to identify the large number (~1,600 in human) of established or
predicted transcription factors (activators and repressors)8”. It remains a major challenge to
understand both the biological functions of many of these factors as well as the mechanistic
details of how they function on their respective target genes. In this regard, some of the
exciting developments since the original discovery of eukaryotic transcription factors
include: (i) the discovery that many of these factors are master regulators of development
and cell differentiation®”-98, emphasizing their profound powers as well as their
physiological importance; (ii) the early discovery of conventional enhancers acting at both
short and long distances®®, and the more recent recognition of ‘super-enhancers’ with very
high densities of transcription factors and associated coactivators!; (iii) the discovery of
enhanceosomes as clusters of interacting enhancer-bound transcription factors92, allowing
not only cooperative binding but potential cooperativity through recognition of different
coactivator and general initiation factor targets; (iv) the discovery of topological-associated
domains (TADs) that constrain the target gene functions of contained enhancers102.103,
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Transcriptional cofactors: bridges between enhancer-bound regulatory

factors and the basic transcription machinery

Given their function in diverse gene regulatory pathways, transcription factors that activate
genes transcribed by Pol 11 have been of broad interest over the last three to four decades,
and a key question has been their mechanism of action. Studies over the last three decades
have shown that despite the complexity of the general transcription machinery and several
documented interactions of activators with this machinery (their ultimate targets), activator
function requires diverse coactivators that include chromatin-modifying factors as well as
factors that interact more directly with the general transcription machinery. In relation to the
latter, early DNA-templated in vitro transcription assays with highly purified basal
transcription factors revealed requirements for additional factors that included the 20-30-
subunit Mediator complex104.105 and the TAFs within the 15-subunit TFIID complex#4:106,

The Mediator was first identified in yeast through genetic and biochemical approaches in the
Kornberg and Young labs107:108 and ultimately purified and shown to interact directly with
Pol 11199, The mammalian counterpart was first evidenced in my lab as the human USA
coactivator activity10, the principal component (PC2) of which proved to be the
Mediator!1!, The human Mediator was first purified in my lab as the thyroid hormone
receptor-associated protein (TRAP) complex!12 and subsequently shown to interact with
several nuclear hormone receptors through the MED1/TRAP220 subunit!13. The
physiological relevance and gene/activator specificity of MED1 was established by genetic
analyses that demonstrated its necessity for PPARy-mediated adipogenesis but not for
MyoD-mediated myogenesis or precursor cell (fibroblast) viabilityl14. Collectively, the
independent discoveries of yeast Mediator-Pol 11 interactions by the Kornberg and Young
labs, and of physical and functional mammalian Mediator-activator interactions by my lab,
clearly indicated a mechanism in which the Mediator serves as a bridge to facilitate physical
and functional interactions between enhancer-bound activators and the general transcription
machinery (principally Pol I1) at the core promoter (Fig. 2). More recent studies have
confirmed the critical role for the Mediator in facilitating enhancer-promoter interactions1®.
Moreover, the Mediator, and especially the MED1 subunit, has proved to be an important
diagnostic in chromatin immunoprecipitation and sequencing (ChlP-seq) analyses for the
identification of candidate enhancers'9°, Structural studies have identified head, middle, tail
and kinase modules!16, with the tail module serving as the principal site of activator
interactions104105_ Supporting the view that the tail module serves primarily to anchor the
Mediator to enhancer-bound activators and establishing the basic functional components of
the Mediator, our biochemical studies with reconstituted Mediator complexes identified a
minimal 15-subunit mammalian core Mediator complex, comprising subsets of head and
middle subunits, that is necessary and sufficient for carrying out the effector function in
stimulating the basal transcription machinery1’. Ongoing biochemical and genetic analyses
in many labs continue to elucidate the multiple cellular functions and mechanisms of the
Mediator, whereas cryo-EM studies have provided high-resolution structures of the Mediator
alonel1® and in association with Pol 11118 and the basal PIC74119.120 These remarkable
studies have provided key insights into Mediator-PIC interactions important for assembly
and function.

Nat Struct Mol Biol. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Roeder

Page 10

TFIID, now known to be comprised of TBP and ~14 TAFs*4106 was first identified as an
essential initiation factor in our original discovery of Pol 11 accessory factors3” and was
always of special interest to me in view of its direct interactions with TATA-containing core
promoters®3. Ultimately, its complete purification and characterization was greatly
facilitated by (i) the identification in yeast of a single polypeptide (TBP) that could
substitute for human TFIID in the basal (activator-independent) transcription assays that we
had developed!21.122 and (ii) the subsequent cloning of yeast, fly and human TBPs and the
exploitation of affinity methods for TFIID purificationl%6. In initial comparative studies of
TBP and native TFIID with Drosophila factors in the Tjian lab and human factors in my lab,
TFIID displayed both basal and activator-enhanced activities, whereas TBP manifested only
basal activityl23:124. These seminal studies indicated the presence of coactivators in the
natural TFIID preparations that were later identified as the tightly associated TAFs in
homogeneous (affinity-purified) TFIID complexes (Fig. 2). Following the cloning and
characterization of the Drosophilaand human TAFs (primarily in the Tjian, Roeder and
Yoshihiro Nakatani labs), and as an extension of our earlier demonstration of promoter-
associated activator-TFIID interactions®3:93, several studies reported specific activator-TAF
interactions that were implicated in activator function4108, As a clear example, a more
recent study from my laboratory provided compelling evidence, from both biochemical and
cell-based assays, for the role of TAF4 in mediating, through direct interactions, the activator
function of E2A and provided the first clear evidence for a specific TAF coactivator
mechanism that, in this case, involved direct E2A-enhanced TFIID binding as well as a
reciprocal stabilizing effect of TFIID on E2A binding'2®. To date, and as expected from their
complexity, in vitro and in vivo studies have clearly implicated TAFs in many gene
activation pathways, not only as conventional transcriptional coactivators but also (as
mentioned above) as core promoter recognition factors that may be especially important on
TATA-less promoters®®:61, Of special significance toward a mechanistic understanding of the
multiple functions of TFIID, recent cryo-EM studies of human TFIID have provided
important structural details regarding overall organization of component subunits within
distinct lobes, specific DNA interactions and dynamic conformational changes associated
with core promoter recognition and stable TFIID binding®0:126,

Although some individual subunits of the Mediator and TFIID clearly function as activator/
gene-specific cofactors, these large multisubunit complexes are generally ubiquitous—the
main exception being some cell-specific TAFs and TBP-related factors that allow for the
assembly of variant forms of TFIID*61, In contrast, there also exist more dedicated cell-
specific coactivators. The prototype, OCA-B, was discovered in my lab as a B-cell-specific,
OCT1/2-interacting factor that mediated activation of B-cell-specific genes by promoter/
enhancer-bound OCT1/2 in biochemical assays'?’, and then was shown by genetic analyses
to be critical for germinal-center formation and immune responses'28. Another prime
example is the nuclear receptor-interacting PGC-1 that was discovered by Bruce Spiegelman
and shown to have a key role in many metabolic processes that include brown fat
thermogenesis!2?, These types of cofactors, which do not directly bind DNA regulatory
sequences, offer additional mechanisms for gene- or cell-specific regulation.
Mechanistically, PGC-1 (ref.13%) and OCA-B (unpublished observations) have been shown
to act through interactions with Mediator and other general cofactors (Fig. 2). Our
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biochemical analyses also identified other general coactivators such as PC4 (ref.131) and
p75/PSIP/LEDGF132, the latter of particluar importance because of its role in MLL1
leukemic fusion protein function and in directing HIV integrase to transcribed regions. In
considering the discovery, importance and mechanisms of these cellular cofactors, it may be
noted that general precedent was established from studies of the viral E1A and VP16
proteins that act as potent transcriptional (co) activators through interactions with cellular
proteins33,

Extensions of biochemical transcription studies from DNA to chromatin

templates

Although much has been learned from biochemical studies of transcription with DNA
templates, it was logical to extend our studies to more physiological chromatin templates,
especially in light of the discoveries indicating transcriptional regulation through chromatin
structurel34, As this topic is covered in an accompanying article by Jim Kadonaga, |
highlight primarily key, and unique, biochemical experiments from my laboratory. The in
vitro biochemical studies were facilitated by the development of methods for chromatin
assembly, first with crude extracts and subsequently with defined systems established by
Kadonaga®®®. An initial and seminal group of experiments in the Luse, Kornberg and
Roeder labs demonstrated chromatin-structure-mediated repression of the otherwise
promiscuous activity of the general transcription machinery136-138 These results confirmed
my earlier prediction, based on the promiscuity of the general transcription machinery on
DNA templates31:84, of the presence of a general repression mechanism, and were later
confirmed by genetic analyses in vivo39. Our own in vitro studies further indicated the
ability of pre-bound initiation factors (notably TFIID) to preclude chromatin-assembly-
mediated repression?38, as well as the ability of activators to facilitate PIC assembly to
escape this repression in competitive chromatin assembly transcription assays!49, thereby
indicating mechanisms to induce/maintain active promoters.

Given many reports of diverse histone-modifying factors as transcriptional cofactors and
correlations of histone modifications (acetylation/methylation) with changes in transcription
in cells, and following biochemical studies by Kadonaga4! and Jerry Workman142
demonstrating histone acetyl transferase (HAT)-dependent transcription of chromatin
templates in response to various activators, we used recombinant chromatin-templated
assays to assess fundamental questions regarding underlying mechanisms. First, through the
use of templates assembled with mutant or pre-modified histones, we demonstrated both a
core nucleosome block to transcription that is independent of the histone tails43 and an
absolute requirement of the tails for transcriptional activation through histone
acetylation143144 and methylation63.145, Notably, these results provided the first formal
proof that histone modifications (acetylation and methylation) can indeed be causal for
transcription. This was important in light of our seminal 1997 discovery146, and many other
reports sincel4?, that transcription factors can be functionally modified by histone-modifying
enzymes, such that the loss of transcription with the loss of catalytic activity of an acetyl- or
methyl-transferase (in vitro or in vivo) does not necessarily prove a mechanism involving
histone modifications. Second, through rigorous biochemical analyses, including the
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elucidation of key protein-protein interactions, we established mechanisms underlying the
cooperative functions of different histone-modifying cofactors in transcription45:148, This
included elucidation of the mechanism underlying a previously reported catalytic-activity-
independent function of an important MLL4-associated histone demethylase (UTX) in gene
activation in embryonic stem cells, and provides a prime example of how biochemical
analyses can establish mechanisms not readily elucidated in cellular assays!8. Third,
following the recent identification of many novel histone acylation modifications49, our
cell-free systems provided clear proof of principle of a direct effect of activator-dependent,
p300-mediated novel acylation events on transcription1>0, Fourth, using totally defined
transcription initiation-dependent assays, we demonstrated direct functions of TFIIS and the
PAF1 complex, acting either independently or synergistically through cooperative Pol Il
interactions, in Pol 11 transcription elongation through long nucleosomal arrays11:152_ Fifth,
in a recent extension to higher-order, linker histone H1-compacted/repressed chromatin, and
complementing an earlier study implicating SWI/SNF and p300 in activation of histone H1-
chromatin®3, our biochemical analyses established a novel gene-specific mechanism for
reactivation involving an activator—p300—NAP1—H1 pathway1%4. The use of these in
vitro systems by us and others has provided important mechanistic insights into chromatin-
related regulatory mechanisms that cannot easily be established from cell-based studies.
Notably, they provide new opportunities for continued biochemical/mechanistic studies,
especially with the application of chemical biology approaches for synthesis of specifically
modified (‘designer’) histones, and assembly and functional analysis of derived chromatin
templates.

Next frontiers: new macromolecules, pathways, concepts and experimental

approaches in transcriptional regulation

It is apparent that the 1969 discovery of three nuclear RNA polymerases represented only
the tip of the iceberg, with ensuing decades of studies revealing an expanding universe of
factors and mechanisms that are important for the execution and regulation of transcription
and that were completely unanticipated five decades ago®®®. Beginning with foundational
biochemical studies, we have proceeded from multiple enzymes, to cognate initiation
factors, to diverse cofactors for effecting the functions of the hundreds of documented
transcriptional regulatory factors. But beyond the diverse proteins and protein complexes
discussed here, and based in large part on more recent genomic technologies%?, we also
have witnessed the emergence of other demonstrated or candidate transcriptional regulatory
macromolecules that include enhancer RNAs and long noncoding RNAs®6, whose no doubt
varied functions and mechanisms remain to be fully elucidated both genetically and
biochemically. Genomic analyses based on earlier biochemically defined transcription
factors and cofactors have also given us insights into increasingly complex genetic
regulatory elements, in particular the locus control regions/super-enhancers that may be
located kilobases to megabases from target promoters®9-100  as well as the three-dimensional
organization of the genome into active and inactive compartments and associated TADs, and
various proteins and processes important for their formation and maintenancel93.157, Key
related questions are cause versus effect relationships between these domains and
transcription factors/processes, and especially the factors and the processes that are most
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critical for productive enhancer-promoter interactions leading to transcription. In this regard,
it clearly will be important not only to continue to apply advanced genomic techniques!02
but also, and perhaps most importantly, to deploy advanced single-molecule imaging
technologies!®8 to follow the interactions of enhancers and promoters (and associated
factors) for individual genes in time and space. The complementary use of CRISPR-Cas9-
based technologies®® to modify specific proteins and DNA regulatory elements will
likewise contribute to an understanding of the relevant macromolecular interactions. Another
new frontier relates to the possible role and mechanism of action of intrinsically disordered
regions, common to many transcription factors, in gene activation and repression through the
formation of biomolecular condensates (phase separation)160:161,

Although it is unlikely that some of the above-mentioned higher-order phenomena would
have been revealed by the standard biochemical studies that did set the stage for the study of
transcription at many levels, I remain confident that biochemistry will continue to play a key
role in unraveling underlying mechanisms. Superficially, it may appear that the ‘emergent
properties’ of some of these structures may simply not be amenable to the reductionist
approaches that are typical of biochemistry. However, experience over the last several
decades that biochemical and structural approaches continue to be refined to meet the most
daunting of challenges gives me hope that some of the most complex phenomena, such as
super-enhancer-mediated transcription regulation, will soon be reconstituted in vitro and
thereby clearly understood with respect to the essential factors and their mechanisms of
action.
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Fig. 1 |. General initiation factors and PIC assembly pathways for Pol I11-transcribed genes with
internal promoter elements, and activation by a gene-specific activator.

On the tRNA gene (left), assembly of a functional PIC containing Pol 11l and general
initiation factors (yellow) is nucleated by stable binding of TFIIIC to the Box A and Box B
elements. In contrast, assembly of a PIC on the divergent promoter of the 5S RNA gene is
more highly regulated and requires prior binding to Box A and Box C of the 5S RNA gene-
specific transcriptional activator TFIIIA, which interacts with and stabilizes TFIIC binding.
For both genes, TFIIIB is recruited by TFINIC and Pol Il is recruited by TFIIIB and TFIIIC.
Solid black bars indicate interactions between Pol 111 and the various factors, NTP,
ribonucleoside triphosphates. Adapted from ref.155,
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Fig. 2 |. General initiation factors and PIC assembly pathway for a Pol II-transcribed gene with a
strong TATA-containing core promoter, and regulation by gene-specific factors and interacting
cofactors.

Assembly of a PIC containing Pol Il and general initiation factors (yellow) is nucleated by
binding of TFIID to the TATA element of the core promoter. A model for the regulation of
PIC assembly and function involves, sequentially: (i) binding of regulatory factors to distal
control elements; (ii) regulatory factor interactions with cofactors that modify chromatin
structure to facilitate additional factor interactions; and (iii) regulatory factor interactions
with cofactors that act after chromatin remodeling to facilitate, through direct interactions,
recruitment or function of components the general transcription machinery. Solid black bars
indicate direct interactions between the indicated factors. TAFs, TBP-associated factors. AD,
activation domain. DBD, DNA binding domain. TSS, transcription start site. Adapted from
ref.195,
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