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Abstract

Evolutionary related multisubunit RNA polymerases from all three domains of life, Eukarya,
Archaea and Bacteria, have common structural and functional properties. We have recently shown
that two RNAP subunits, F/E (RPB4/7)—which are conserved between eukaryotes and Archaea
but have no bacterial homologues—interact with the nascent RNA chain and thereby profoundly
modulate RNAP activity. Overall F/E increases transcription processivity, but it also stimulates
transcription termination in a sequence-dependent manner. In addition to RNA-binding, these two
apparently opposed processes are likely to involve an allosteric mechanism of the RNAP clamp.
Spt4/5 is the only known RNAP-associated transcription factor that is conserved in all three
domains of life, and it stimulates elongation similar to RNAP subunits F/E. Spt4/5 enhances
processivity in a fashion that is independent of the nontemplate DNA strand, by interacting with
the RNAP clamp. Whereas the molecular mechanism of Spt4/5 is universally conserved in
evolution, the added functionality of F/E-like complexes has emerged after the split of the
bacterial and archaeo-eukaryotic lineages. Interestingly, bacteriophage-encoded antiterminator
proteins could, in theory, fulfil an analogous function in the bacterial RNAP.
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Introduction—RNAP Architecture in the Three Domains of Life

RNA polymerases (RNAPs) are among the top five most important enzymes in biology, all
cellular life depends on them, and defects in the factors that regulate their activity result in a
broad range of pathologies. All multisubunit RNAPs are evolutionary related and have a
conserved structural organization represented by the bacterial enzyme, which contains 4
distinct types of subunits. The larger RNAPs from the archaeal and eukaryotic domains
contain additional homologous subunits, which are not present in bacteria.l Two of these, F/
E (homologous to RPB4/7 in eukaryotes), form a stalk-like protrusion, which is the most
prominent structural feature that distinguishes archaeal and eukaryotic RNAPs from their
bacterial counterparts? (Fig. 1A). All known archaeal and eukaryotic RNAP, including the
plant-specific RNAPIV and V have F/E-like subunits.3 How do they contribute to RNAP
functionality? And what can we learn about the generic differences between, and the
evolution of transcription machineries in the three domains of life?
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Picking the Strands: RNAP-F/E are Involved in DNA Melting during
Transcription Initiation

During early transcription initiation RNAP is recruited to the promoter by the basal factors
TBP and TFB and the template DNA strand is loaded into the active site. The archaeal
RNAP subunits F/E facilitate DNA melting and are required for the function of a third basal
factor, TFE# 3 that increases the stability of the complex and assists DNA strand separation.
Likewise RPB4/7, the yeast homologues of archaeal RNAP subunits F/E, play an important
role during transcription initiation of S. cerevisiae RNAPII.8 The molecular mechanisms of
F/E during ‘open complex’ formation are unclear, but structural data have suggested that F/
E modulates the position of the RNAP clamp, which in turn leads to DNA strand separation.
" The tip of RPB7 forms a wedge that is inserted at the base of the RNAP clamp and thereby
might close it over the main DNA binding channel” (Fig. 1). In the yeast system it has been
argued that RPB4/7 dynamically associates with RNAP during the transcription cycle.8 This
hypothesis is mostly based on indirect evidence: RNAPII purified from exponentially
growing yeast is subsaturated with respect to RPB4/7, whereas RNAPII isolated from
stationary phase cells contain RPB4/7 in stoichiometric amounts.?,19 In order to directly
characterise the association of F/E with RNAP we monitored complex formation using
fluorescence anisotropy. Our results demonstrated that F/E is stably incorporated into RNAP
and not in a dynamic equilibrium with F/E complexes in solution.1 This result implies that
F/E is present in the elongating form of RNAP, which prompted us to investigate the
functional impact of F/E during the elongation phase of transcription.12

Stability of Elongation Complexes Facilitates Processivity

Transcription elongation complexes have a remarkable processivity; RNAPII molecules
routinely transcribe several million basepairs (e.g., the 2.4 Mb dystrophin gene) during
which they remain associated with the template DNA for as long as 16 hours.13 This
stability is crucial for the elongation process since RNAP cannot re-elongate a partial RNA
transcript after the enzyme has disengaged from the template, and consequently RNAP has
to initiate transcription from the promoter de novo. Despite the requirement of forming
stable elongation complexes, RNAP cannot bind too tightly to its template or its product,
since this would impede efficient transcription elongation. Therefore transcribing RNAPS
have to interact dynamically with the nucleic acid scaffold of the elongation complex.
Crystal structures of elongating RNAPs (e.g., pdb codes 116H, 1Y1W) have resolved the
downstream duplex DNA template and a 9-basepair (bp) DNA-RNA hybrid but have so far
failed to resolve the upstream duplex DNA or the nascent RNA.14 15 An elegant study by
the Michaelis group probed the location of the upstream DNA by using a Forster resonance
energy transfer system coined the nanopositioning system (NPS).16 However, the same
approach failed to determine the path of the nascent RNA transcript beyond 23 nt.1” The
nascent RNA emerges from the main body of the RNAP through the RNA exit channel and
is directed towards the F/E subunits (Fig. 1B). Indeed, both F/E and RPB4/7 bind RNA in
vitro and in vivo.18-20 This interaction is apparently sequence independent, of intermediate
affinity (F/E-RNA Ky = 0.34 + 0.06 1M),2! and covers approximately 15 nt of RNA
between position +26 to +41 relative to the active site.20 In order to test whether the F/E-
RNA interaction had an impact on transcription elongation we carried out transcription
assays using a recombinant archaeal RNAP system, which allowed us to assemble RNAP
variants lacking the F/E subunits.? 11,12 22 23 Since we wanted to investigate the effect of F/
E on elongation independently of events relating to transcription initiation (see above), we
carried out promoter-independent transcription elongation assays with synthetic nucleic acid
scaffolds consisting of template DNA and a 14-nucleotide (nt) RNA primer.12 Our
experiments demonstrated that RNAPs lacking F/E suffer a severe elongation failure in the
absence of the nontemplate strand (NTS), and display a marked reduction in processivity
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compared to wild type RNAPs when using the more biological relevant scaffold containing
the NTS.12 In order to test whether the RNA-binding activity of F/E was vital for its
stimulatory activity we produced F/E mutants that were defective in RNA-binding, and
assembled RNAPs carrying these mutations. Our data showed a correlation between
elongation activity and RNA-binding, which strongly suggest that interactions between F/E
and the transcript increase processivity.12 Interestingly, the most severe RNA-binding
deficient mutant variant of F/E was still able to stimulate elongation at low levels. This
effect could be due to a residual RNA-binding by F/E in the context of the elongation
complex, which could not be detected in electrophoretic mobility shift assays (EMSAs) with
the isolated F/E complex. Alternatively F/E could stimulate elongation allosterically by
inducing a conformational change in RNAP, such as the closure of the RNAP clamp.” An
inward movement of the RNAP clamp would narrow the main DNA binding channel,
stabilise the elongation complex and increase processivity (see above and Fig. 1B).

Pause and Terminate—Allostery at the Core of Transcription

Transcription termination is one of the least understood mechanisms of RNAP. In the
archaeal system transcription of short poly-U stretches (5-8 U-residues) leads to termination
in vitro and in vivo, independently of secondary structures or exogenous transcription
factors.24-26 The transcription of a poly-U stretch serves as a universal pause signal for all
RNAPs. In the bacterial RNAP additional events are required for termination, either a stable
RNA hairpin (/ntrinsic terminator) or the action of the rho termination factor triggers
conformational changes in the RNAP active site (trigger and bridge helices, Fig. 2A) and the
RNAP clamp, which result in the dissociation of the elongation complex and termination.
2128 Based on this model and two of our working hypotheses that involve F/E-induced
allostery during initiation and elongation (see above), we investigated whether F/E had any
influence on transcription termination.12 Our results showed that F/E is not strictly required
for termination, however, the termination efficiency at weak termination signals (comprised
of 5 rather than 8 U-residues) is significantly increased by F/E in a manner that is largely
dependent on F/E-RNA interactions.1?

How does F/E enhance transcription termination? In the archaeal system the pausing
induced by transcription of a poly-U tract appears to be sufficient to trigger termination,
since neither RNA hairpins nor exogenous factors are required. The efficiency of
termination correlates with the duration of the pause,?® which in turn is likely to be affected
by the stability of the elongation complex—that could be increased by F/E-RNA
interactions. In addition F/E could directly affect the conformational changes within RNAP
that lead to the dissociation of the elongation complex, possibly via the RNAP clamp or the
trigger/bridge helices (Fig. 2A). The role and distribution of termination signals at the 3" end
of archaeal transcription units, and their relative strength in vivo (mainly determined by the
number of U residues) is far from clear.23 24 The effect of F/E on termination is likely to
have an even greater impact in vivo than in vitro, since efficient and accurate transcription
termination is of crucial importance in Archaea that typically have small genomes, very
short intergenic regions and transcription-translation are coupled.24,25 30

Converging on the RNAP Clamp—Regulation of Transcription Elongation

by Spt4/5

The transcription elongation properties of RNAPs are influenced by their subunit
composition (i.e., £F/E) and regulated by exogenous transcription factors including Spt5, the
only known RNAP-associated transcription factor that is universally conserved in evolution.
We have recently solved the X-ray structure of M. jannaschii Spt4/5 and characterized its
function.3! Our results demonstrate an astonishing degree of conservation in terms of Spt4/5
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structure, its interaction with RNAP and its stimulatory properties on transcription
elongation.31 Archaeal Spt5 is, like its bacterial homologue NusG, comprised of two
domains, the NGN domain (NusG N-terminal domain) and a KOW domain (Kyrpidis,
Ouzounis and Woese domain). We carried out a deletion analysis, which revealed that Spt5-
NGN is the effector domain of Spt5 that mediates the dimerisation with Spt4, the binding to
RNAP, and is required for the elongation activity of Spt4/5. The last two features are reliant
on an interaction between a deep hydrophobic cavity in the Spt5-NGN domain and the tip of
the RNAP clamp coiled coil, a surface exposed structural feature that is conserved in all
multisubunit RNAPs (Fig. 2). A very similar interaction between the Spt5 homologue NusG
and its cognate RNAP has been proposed in the bacterial system.32 33

What are the molecular mechanisms by which Spt4/5 stimulates elongation? The Spt5-NGN
binding site on RNAP is approximately 70 A distant from the active site, which suggests an
allosteric mechanism of stimulation (Fig. 2A). We find it significant that both RNAP
subunits F/E and Spt4/5 are in close proximity of the RNAP clamp and that both affect
transcription elongation in a similar manner: by increasing the processivity in a fashion that
is not dependent on the NTS. The latter result makes it unlikely that F/E and Spt4/5 function
solely by interacting with the NTS, or act by affecting downstream DNA-strand separation,
or upstream DNA-strand joining. Rather we propose that Spt4/5 induces a conformational
change in the RNAP clamp that is translated into the RNAP interior and results in increased
translocation efficiency. This mechanism is reminiscent of NusG and its paralogue RfaH,
which have been proposed to stimulate elongation by stabilizing the forward translocated
state of the RNAP active site.32 Alternatively, Spt4/5 could bridge the gap over the main
DNA-binding channel of RNAP and ‘lock’ the RNAP clamp in a closed position, which
would result in an increased elongation complex stability and enhanced processivity (Fig.
2B).

Evolutionary Implications

The F/E [RPB4/7] complex is the most prominent structural feature that distinguishes
archaeal and eukaryotic from bacterial RNAPs. What can be learned from their function
about the generic differences between the molecular mechanisms and evolution of
transcription systems in the three domains of life? The proteins that are required for
transcription initiation in archaea/eukaryotes (TBP/TF[II] B/TF[II]E) and bacteria (sigma
factors) are not homologous, despite carrying out almost identical functions. F/E acts during
transcription initiation in concert with the basal initiation factor TFE;? they are likely to
have coevolved since F/E [RPB4/7] and TF[II]E always occur together, and bacterial
genomes encode neither. Our experiments show that F/E stimulates processivity during the
elongation phase of transcription, but also that it enhances transcription termination in a
sequence dependent manner—in effect F/E influences the elongation versus termination
decisions of RNAP.12 The increased processivity could be crucial for the transcription of
eukaryotic genes, which due to their intron-exon structure are much larger (up to Mbs) than
even the longest bacterial multicistronic mMRNASs (tens of kb). This prediction has been
validated by a systems biology approach in yeast. The whole genome occupancy of wild
type RNAPII compared to RNAPII lacking RPB4 (and possibly RPB7) showed that the
latter RNAP was significantly depleted from the 3" end of several mMRNA genes.34
However, archaeal and bacterial genes are comparable in size, which suggests that the
presence of F/E-like RNAP subunits does not strictly correlate with larger genes, even
though F/E may have “allowed’ the increase in gene size in eukaryotes. The regulation of
gene expression by elongation versus termination decisions of RNAPs is a ubiquitous moaus
operandi in Bacteria. The transcription regulation of ribosomal RNA operons as well as the
genetic programmes of bacteriophage crucially depends on antitermination mechanisms.
35,36 The switch from “early’ to ‘late’ genes in the lambda phage depends on the Q
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antiterminator, which reversibly associates with RNAP and results in a termination resistant
form of the transcription elongation complex. In the absence of Q transcription terminates in
a sequence dependent manner upstream of the ‘late’ genes, whereas in its presence RNAP
reads through the terminator signals, and the downstream ‘late’ genes are expressed. There
is no apparent homology between F/E and Q, but it is worth noting that both interact with
their cognate RNAPs on similar positions in proximity to the RNA exit channel 37 Our
results provide evidence that F/E is permanently associated with RNAP,11 which implies
that F/E alters the general properties of RNAP and not in a gene-specific manner. In
contrast, Spt4/5 is likely to reversibly interact with RNAP and thereby genuinely regulate
the elongation phase of transcription. Recently ‘promoter proximal stalling’ has been
discovered as a novel ubiquitous mode of transcription regulation of RNAPII in especially
metazoans, but possibly all eukaryotes.38,39 During this process RNAPII initiates at the
promoter but stalls approximately 30—40 bp downstream of the transcription start site.
Phosphorylation of the RNAPII C-terminal domain (CTD) and transcription factors
including Spt5 releases the paused RNAP and induces transcription. Even though the
mechanisms of promoter-proximal stalling are not completely understood, the phenomenon
critically depends on Spt4/5. The bacterial RNAP was also found enriched in positions
offset from the promoter in the direction of transcription—reminiscent of eukaryotic
promoter proximally stalled RNAPII. However, the genome distribution of RNAP and NusG
did not support the notion that NusG facilitated promoter proximal stalling in bacteria.® In
addition to the domains present in bacterial NusG, the eukaryotic complex contains multiple
KOW domains, two C-terminal heptad repeat (CTR) regions which phosphorylation has
been implicated in promoter proximal stalling, and Spt4.31 The archaeal complex contains
Spt4, but no CTRs. The whole genome distribution of RNAP and Spt4/5 in the Archaea has
not been investigated yet. Our results, which demonstrate an exigent structural and
functional conservation of the Spt4/5 “core’, raise the interesting possibility that promoter-
proximal pausing might occur in the archaeal domain, a hypothesis that awaits experimental
verification.

Future Directions

Our working hypotheses about the molecular mechanisms of RNAP subunits F/E and the
elongation factor Spt4/5 involve conformational changes of transcription complexes. Large
molecular machines such as RNAPs are dynamic and consist of rigid cores combined with
flexible elements (including the RNAP clamp) that together achieve versatile ‘induced fits’
for a plethora of molecules that functionally interact with RNAP. Conformational changes of
RNAP have been predicted by e.g., comparing the X-ray structures of RNAP with varying
subunit composition (e.g., +RPB4/7,7), nucleic acid components (e.g., DNA-RNA
scaffolds'® or RNA aptamers#1), transcription factors (e.g., TFIIB42 or TFII1S5), or small
molecular weight effectors (e.g., ppGpp*3). But the inherent limitation in theses predictions
is the fact that X-ray structural information is static, even though normal mode analysis of
B-factors provide a measure of thermal motions for each structure.*4,4%> Conformational
dynamics of RNAPs in solution have rarely been probed directly due to the complexity of
RNAPs, and the challenging nature of the techniques. However, with the advent of
recombinant forms of multisubunit RNAPs such as the archaeal RNAP, and the
development of biophysical approaches including the FRET-based NPS system#® we are
opening up new and promising avenues of research that will address these important and
hitherto unresolved questions.
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Figure 1.

Interactions between RNAP subunits F/E and the transcript RNA modulate transcription
elongation and termination. (A) shows the structures of RNAPs in Eukarya (pdb 1NT9),
Archaea (pdb 2PMZ) and Bacteria (pdb 116V). RNAP subunits F/E form a stalk-like
protrusion, which is a signature module of eukaryotic and archaeal RNAPs (highlighted with
blue circle). A model of the archaeal transcription elongation complex in top view (S.
shibatae RNAP pdb 2WAQ and DNA/RNA scaffold pdb 1Y1W). RNAP subunits, motifs
and nucleic acids are colored according to the key in the figure. The path of the RNA
transcript is sketched as a red line, and the residues in subunit E that mediate the RNA
binding are highlighted as red spheres.12 The closure of the flexible RNAP clamp over the
DNA binding channel is indicated with a green block arrow.

RNA Biol. Author manuscript; available in PMC 2010 October 28.



siduosnue Joyiny sispund DN edoin3 g

siduasnuel Joyiny sispund DA edoin3 g

Grohmann and Werner Page 10

A I T

TNA N
side view : -
8 X 7 2 4 A
J i :
{

(] Sp5-NGN
binding site

[ spi

W Spt5-NGN

[ spts-KOW

W ONA

M RNA

| Mg-A, -B
[ Bridge helix

[ RNAP-F
[ RNAP-E

Figure 2.

Stimulation of transcription elongation through the RNAP clamp coiled coil by Spt4/5. (A)
shows a side view of the RNAPII elongation complex (pdb 1Y 1W) with the RPB2 subunit
removed for clarity, and a model of archaeal Spt4/5.31 The Spt5 NGN binding site and the
active centre of RNAP are highlighted according to the key in the figure. The hydrophobic
residues (A4, Y42 and L44) in the Spt5 NGN domain that interact with the RNAP coiled
coil are highlighted as yellow sticks. (B) shows a top view of the elongation complex
including all RNAP subunits and Spt4/5 in an alternative orientation to (A). The spatial
arrangement of Spt4/5 relative to the RNAP is unknown. The Spt5 KOW domain
(highlighted in pea green) could project towards RNAP subunits F/E (A) or across the major
DNA binding channel (B).
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