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Abstract

Ten years after the determination of the RNA polymerase II
structure, the basic mechanism of mRNA synthesis during
gene transcription is known. In the future, the initiation and
regulation of transcription must be studied with a combina-
tion of structural biology, biochemistry, functional genomics,
and computational methods. In this article, the efforts of our
laboratory to move from an integrated structural biology of
gene transcription towards molecular systems biology of
gene regulation are reviewed.
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Introduction

Transcription is the first step in gene expression and is highly
regulated in living cells. During transcription, the enzyme
RNA polymerase II (Pol II) synthesizes messenger-RNA
(mRNA). Pol II is at the heart of a large multiprotein machin-
ery that changes composition during the transcription cycle.
To recognize promoters at the beginning of genes, initiation
factors assemble with Pol II into the initiation complex. A
large multiprotein complex, the Mediator, integrates regula-
tory signals from activators and repressors bound to adjacent
DNA sites, and stimulates the initiation of transcription. Oth-
er protein complexes bind Pol II during elongation and proc-
essing of the RNA chain, and induce changes in chromatin
modification and structure.

Transcription elongation is well understood

A detailed structure-function analysis of transcription was
initiated ten years ago, when the crystal structure of the Pol

II core enzyme from yeast was reported (Cramer et al., 2000,
2001). The Pol II core enzyme comprises ten subunits and
has a molecular weight of approximately 0.5 MDa. The first
structure of an elongation complex of Pol II with a minimal
DNA template and RNA product was also obtained (Gnatt
et al., 2001). These structures revealed the architecture of
Pol II. At the floor of a central cleft resides the active center
of the enzyme, which holds a DNA-RNA hybrid duplex
(Figure 1). These breakthrough discoveries were decisive for
awarding the Nobel Prize for Chemistry to Roger Kornberg
in 2006. In the following years, many structures of functional
complexes of Pol II were determined (Gnatt et al., 2001;
Kettenberger et al., 2004; Wang et al., 2006; Vassylyev et
al., 2007; Brueckner and Cramer, 2008) that together with
functional data led to the first video of the nucleotide addi-
tion cycle during transcription elongation (Brueckner et al.,
2009). The video facilitates teaching and can be downloaded
from the internet at www.LMB.uni-muenchen.de/cramer/PR-
materials/.

During elongation, the nucleotide addition cycle is repeat-
ed over and over again. The cycle begins with binding of a
nucleoside triphosphate (NTP) substrate at the active center.
The subsequent catalytic addition of the nucleotide to the
growing 39-end of the mRNA chain is followed by release
of a pyrophosphate ion. DNA and RNA are then translocated
over the Pol II surface. Translocation generates a free NTP-
binding site and the cycle is repeated. An important role is
played by the so-called trigger loop, which closes over the
active center to establish a catalytically competent confor-
mation (see Figure 1; Wang et al., 2006). The NTP binds
two catalytic metal ions, A and B. Metal A is persistently
bound to the enzyme and metal B enters with the NTP. The
mechanism of translocation remains poorly understood, but
unexpected insights were obtained from the structure of the
Pol II elongation complex bound to a-amanitin, the toxin of
the amanita mushroom (Figure 1). Amanitin forms a cyclic
peptide that stabilizes Pol II in a state that can be described
as an intermediate of translocation (Brueckner and Cramer,
2008). In this state, the next DNA template base resides
above the so-called bridge helix, a conserved element of the
active center. This helix is shifted such that it blocks entry
of the template base into the active site. A wedge-like con-
formation of the trigger loop stabilizes the bridge helix in
this state and is part of a Brownian ratchet that is thought to
underlie the translocation mechanism.

Over the past few years the mechanisms of RNA proof-
reading and the detection of DNA lesions were also eluci-
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Figure 1 Structures elucidate transcription elongation.
In the elongation complex structure, Pol II is shown as a ribbon model in silver, the DNA template and non-template strands are in blue
and cyan, respectively, and RNA is in red. The active site metal ion A is in pink, the bridge helix is green. During elongation, Pol II adds
a nucleotide to the growing RNA 39-end. For catalysis, the trigger loop (dark red) closes over the NTP substrate (Wang et al., 2006). Trigger
loop closure is prevented by the mushroom toxin a-amanitin (orange) that inhibits transcription (Brueckner and Cramer, 2008). Misincor-
porations can be corrected with the help of the RNA cleavage stimulatory factor TFIIS (orange) (Kettenberger et al., 2003, 2004). Proof-
reading begins with pausing of Pol II, mediated by fraying of the 39-terminal RNA nucleotide (Sydow et al., 2009). DNA lesions such as
a cyclobutan pyrimidine dimer (CPD, orange) or a cisplatinum crosslink (orange) can stall transcription and trigger DNA repair (Brueckner
et al., 2007; Damsma et al., 2007). In the case of the small 8-oxoguanine lesion (8oxoG) the lesion remains unrepaired and the RNA can
undergo mutagenesis (Damsma and Cramer, 2009).

dated. Pol II has an intrinsic RNA cleavage activity that is
strongly stimulated by the transcription factor IIS (TFIIS),
which approaches the active site through a pore (Figure 1)
(Kettenberger et al., 2003, 2004). In the case of nucleotide
misincorporation, Pol II can remove the erroneous nucleo-
tide. During such proofreading, the polymerase first pauses,
and then translocates backwards by one step to induce cleav-
age of a 39-terminal RNA dinucleotide that comprises the
erroneous nucleotide. The high fidelity of Pol II for the
incorporation of the correct nucleotide is required to avoid
the production of erroneous mRNA chains. Pol II uses dif-
ferent strategies to recognize and remove misincorporated
nucleotides (Sydow et al., 2009). One reason for nucleotide
misincorporation into the growing RNA chain can be the
presence of DNA lesions within the template strand. DNA
gets damaged by ultraviolet light, chemical agents, or oxi-
dative stress. The resulting lesions can block transcription

and induce DNA repair. Structure-function studies of elon-
gation complexes with big lesions were able to resolve the
first step in such transcription-coupled repair (Figure 1)
(Brueckner et al., 2007; Damsma et al., 2007). Small lesions
such as 8-oxoguanin can trigger transcriptional mutagenesis
(Figure 1) (Damsma and Cramer, 2009). Mutagenesis occurs
because a misincorporated adenine forms a stable Hoogsteen
base pair with the lesion and escapes proofreading.

Transcription initiation has recently been

elucidated

Transcription starts with recognition of the promoter region
by initiation factors, which assemble with Pol II into the
initiation complex near the transcription start site. Transcrip-
tion initiation is a very complex and highly regulated event.
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Figure 2 Model of transcription initiation.
Initiation begins with formation of a closed promoter complex that minimally contains TBP, TFIIB, and Pol II on promoter DNA (left).
The DNA duplex is then melted with the help of the B-linker and the template strand is positioned at the polymerase active center to form
the open promoter complex (middle). Then the DNA template strand is scanned with the help of the B-reader for an Initiator sequence
motif. Models are based on details in Kostrewa et al. (2009). Synthesis of the RNA leads to a clash with TFIIB, release of TFIIB, and
escape of Pol II from the promoter, and formation of the elongation complex (Andrecka et al., 2009) (right).

The following model of initiation (Figure 2) is based on
superposition of two crystal structures, one comprising the
TATA box-binding protein (TBP), transcription factor IIB
(TFIIB), DNA, and one recent structure that contains Pol II
and TFIIB (Nikolov et al., 1995; Kostrewa et al., 2009).
Many promoters contain a so-called TATA box approxi-
mately 30 base pairs upstream of the transcription start site.
The TATA box is bound by TFIID, which comprises TBP.
TBP bends the DNA by 90 degrees. The initiation factor
TFIIB binds with its C-terminal domain to TBP and to DNA
regions flanking TBP, and with its N-terminal domain to Pol
II, thereby recruiting Pol II to promoter DNA near the tran-
scription start site. The resulting complex of Pol II, TFIIB,
TBP, and promoter DNA is called a minimal closed promoter
complex (Figure 2). An independent structure of the Pol II-
TFIIB complex arrived at a similar model of the closed com-
plex (Liu et al., 2010). In archaeal cells, this minimal
complex suffices to promote transcription, whereas the addi-
tional initiation factors TFIIE, -F, and -H are required in
eukaryotic cells.

Pol II alone is unable to locate the transcription start site.
Instead, it requires continued help from TFIIB. First, the two
DNA strands must be unwound. A structural element of
TFIIB, the B-linker, is apparently involved in DNA opening
before the transcription start site (Kostrewa et al., 2009). Sec-
ond, the template single strand must be threaded into the
active center and the transcription start site must be detected.
TFIIB is again required at this step and helps to recognize
the so-called Initiator element in the DNA. For this task,
TFIIB uses the so-called B-reader, another structural element
that consists of a helix followed by a mobile loop. Now the
polymerase synthesizes short RNA products, which often
dissociate again from the DNA template. The growing RNA
strand interferes with TFIIB and helps to release TFIIB from
Pol II. Now the polymerase can escape the promoter and
enter the elongation phase of transcription (Andrecka et al.,
2009; Kostrewa et al., 2009).

Understanding transcription regulation

remains a major challenge

It is the initiation phase and the initiation-elongation transi-
tion that are highly regulated in cells. Therefore it is very
important to obtain a mechanistic view of this process. The
initiation-elongation transition requires co-activator com-
plexes such as the Mediator, which integrate signals from
regulatory factors. Mediator transmits signals to the Pol II
machinery, but it is unknown how this is achieved. Mediator
consists of 25 proteins and has a molecular weight of over
1 MDa. A combination of structural analysis and differential
gene expression analysis revealed that Mediator contains
functional submodules that are involved in the regulation of
subsets of genes (Figure 3). For example, yeast mutations
that destroy the integrity of certain Mediator submodules
lead to submodule-specific changes in the transcriptome
(Lariviere et al., 2006; Koschubs et al., 2009).

The goal of transcription research is to unravel the regu-
latory principles not only on a molecular level but genome-
wide and in a quantitative manner. It will not be sufficient
to measure mRNA abundance. Instead, the rates of synthesis
and decay for each mRNA in the cell must be determined.
In addition, the underlying DNA-protein interactions must
be mapped genome-wide at high resolution. With the use of
chromatin immunoprecipitation and high-resolution tiling
microarray analysis, which cover the genome with short
DNA probes, occupancy profiles of factors can be obtained
(Jasiak et al., 2008). If the response of a cell to a change in
external conditions is followed with kinetic data, primary and
secondary target genes can be distinguished. The evaluation
of such genome-wide data is often based on a correlation
analysis that can lead to testable hypotheses on the structure
and behavior of a system.

In the future, continued structure-function analysis in vitro
will allow us to unravel further details of the mechanisms of
transcription and its regulation. Structure-based mutations
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Figure 3 Towards molecular systems biology of gene regulation.
Structural subcomplexes of the Mediator complex are identified and
characterized by structural biology methods (Lariviere et al., 2006;
Larivière et al., 2008; Koschubs et al., 2009) (top left). Target genes
of these subcomplexes are identified by differential transcriptome
analysis, identifying the subcomplexes as functional submodules
(Larivière et al., 2008; Koschubs et al., 2009) (top right). Chromatin
immunoprecipitation coupled to high-resolution tiling microarrays
is used to map Pol II or transcription factors genome-wide (Jasiak
et al., 2008) (bottom left). Correlation analysis allows for generation
of testable hypotheses (bottom right).

will then be used to establish the relevance of regulatory
mechanisms in vivo. Such analysis could be extended from
individual genes to the cellular system. With the help of
functional genomics, in particular the determination of
mRNA synthesis rates and the genome-wide mapping of
transcription factors, regulatory networks might be uncov-
ered. Comparative studies of various mutants might lead to
a detailed understanding of transcriptional networks on the
mechanistic and cellular level. For such research on molec-
ular biosystems, structural and molecular biology must be
combined with functional genomics and computational biol-
ogy in interactive institutions that host experts in various
disciplines.
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