Bacterial RNA polymerase
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The recently determined crystal structure of a bacterial core
RNA polymerase (RNAP) provides the first glimpse of this
family of evolutionarily conserved cellular RNAPs. Using the
structure as a framework, a consistent picture of
protein—nucleic acid interactions in transcription complexes
has been accumulated from cross-linking experiments. The
molecule can be viewed as a molecular machine, with distinct
structural features hypothesized to perform specific functions.
Comparison with the a-carbon backbone of a eukaryotic
RNAP reveals close structural similarity.
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Abbreviations

bp base pairs
EM electron microscopy
nt nucleotides

NTD N-terminal domain
RNAP  RNA polymerase
TEC ternary elongation complex

Introduction

RNA in all cellular organisms is synthesized by a complex
molecular machine, the DNA-dependent RNA poly-
merase (RNAP). In its simplest bacterial form, the enzyme
comprises at least four subunits, with a total molecular
mass of around 400 kDa. The eukaryotic enzymes com-
prise upwards of a dozen subunits, with a total molecular
mass of around 500 kDa. The catalytically competent bac-
terial core RNAP (subunit composition o,BB'w) is
evolutionarily conserved in sequence, structure and func-
tion from bacteria to man [1,2°,3,4°°]. Sequence
conservation points to structural and functional homolo-
gies, making the simpler bacterial RNAPs excellent model
systems for understanding the cellular RNAPs in general.

The basic elements of the transcription cycle were eluci-
dated through study of the prokaryotic system. In both
prokaryotes and eukaryotes, promoter-specific initiation of
transcription requires protein factors in addition to the cat-
alytic core RNAP [5]. In bacteria, specific transcription
initiation by RNAP requires a single polypeptide, the
o factor, which binds to the core RNAP to form the holo-
enzyme [6]. The holoenzyme locates specific DNA
sequences called promoters within the double-stranded
DNA, forms the open complex by melting the DNA sur-
rounding the transcription start site and initiates the
synthesis of an RNA chain. Once the RNA chain becomes
10 nucleotides (nt) or so, O is released [7] and the core
RNAP elongates the RNA processively while translocating
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itself and the melted transcription bubble along the DNA
template. RNAP finally releases itself and the completed
transcript after encountering a specific termination signal.

Since the initial isolation of the bacterial enzyme [8], a
wealth of biochemical, biophysical and genetic information
has accumulated on RNAP and its complexes with nucleic
acids and accessory factors [9—12]. An essential step to aid
incorporation of this information into a complete under-
standing of the transcription mechanism and its regulation
is to determine three-dimensional structures of RNAP and
its complexes with DNA, RNA and regulatory factors at
different stages of the transcription cycle.

Low-resolution structures (in the 25-12 A range) of cellu-
lar RNAPs, provided by electron microscopy (EM) and
image processing, reveal a molecule shaped like a crab
claw, with a groove or channel that is an appropriate size for
accommodating double-helical DNA [13-18,19°,20]. The
first steps towards high-resolution structures of cellular
RNAPs have recently been taken, providing a 3.3 A reso-
lution structure of a bacterial core RNAP [4°°,21°]
(Figure 1) and an a-carbon backbone of a eukaryotic
RNAP from X-ray analysis at 3 A resolution [22°°].

The new structural information promises to have a major
impact on the transcription field, guiding functional and
structural investigations at a level of unprecedented detail.
For instance, cross-linking approaches have been used to
generate detailed models of complexes between RNAP
and nucleic acids [23°°-25°°]. The new structures also
reveal similarities between the prokaryotic and eukaryotic
polymerases that, although predicted from sequence
analyses [1] and previously revealed at low resolution [16],
extend to a much greater degree than expected.

Structure of the bacterial RNA polymerase

By far the best-characterized cellular RNAP is that from
Escherichia coli. But, despite years of effort by many groups,
three-dimensional crystals of £. co/i RNAP suitable for
X-ray analysis have never been obtained. We expanded our
investigations to thermophilic eubacteria, focusing on
Thermus aquaticus (1ag) because of the relative ease with
which large amounts of biomass could be obtained.

The core RNAP isolated from 7zg comprised four distinct
polypeptides of about 170, 125, 35 and 11 kDa. There was
no sequence information available for the 7z¢ RNAP sub-
units, so the three largest subunits were cloned and
sequenced, identifying them as ', B and a [4**]. The
smallest polypeptide was tentatively identified as w [4°°]
and this was confirmed by subsequent cloning and
sequencing [2°]. The 7zg RNAP subunits contain all of the
expected conserved regions (Figure 2a).
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Figure 1
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The Taq core RNAP structure. The a-carbon
backbone is shown as worms, along with the
transparent molecular surface. Various
structural features discussed in the text are
labeled and highlighted in yellow. The
individual subunits are color-coded as
indicated in the key. The Mg2+ ion chelated at
the active center is indicated by a yellow
sphere. The Zn2* jon bound in B' is indicated
by a light green sphere. (a) View looking into
the active site channel, perpendicular to the
axis of the main channel. This view is rotated
(b) 57° clockwise about the vertical axis and
(c) 95° counter-clockwise about the vertical
axis (this view looks directly down the axis of
the secondary channel).
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With the pure active enzyme [21°,26], crystals of 7ag core
RNAP were obtained relatively rapidly. The asymmetric
unit contained one 380 kDa RNAP molecule. Even the
frozen crystals were radiation sensitive and the diffraction
was anisotropic. Useful diffraction typically extended to 3.2
A x 3.4 A at undulator beamlines. The structure was solved
by the method of multiple isomorphous replacement, using
a combination of metal clusters and conventional deriva-
tives [4°°]. There were four important milestones in
determining the structure. First, the recognition within the
experimental maps of the fold of the o subunit N-terminal
domain (N'TD) dimer (the structure from F. co/i was previ-
ously solved in my laboratory [3]), which allowed the
objective assessment of further attempts to improve the
maps. Second, the use of SOLOMON [27] for density modifi-
cation, which dramatically improved the experimental map.
Third, the preparation and crystallization of selenome-
thionyl 7zg core RNAP, which allowed the localization of
methionine residues from the resulting Fourier difference
peaks. Finally, the identification of the active site Mg+
chelated by the three aspartic acid residues of an absolute-
ly conserved NADFDGD motif in B' conserved region D
(B'D; see Figure 2a) from a single-site Pb2+ derivative (it
was shown that Pb2+ binds with high affinity in the same
site as Mg2+; A Mustaeyv, personal communication).

The current model (Figure 1) [21°] contains essentially
complete [ and w subunits, about 75% of the B’ subunit,

the a N'T'D dimer, one Mg2+ ion (chelated at the active
center) and one Zn2+* ion, important for the folding of B'
[28]. Regions lacking electron density that are presumably
disordered in the crystal include both a C-terminal
domains [29], as well as a 38-residue segment of ' that
includes a second ZnZ+-binding motif near B'A. In addi-
tion, a nonconserved domain of 300 residues inserted
between B'A and B'B (Figure 2a) is currently not modeled.
"The structure brings into focus a wide range of indepen-
dent biochemical, biophysical and genetic data that is
available in the literature (summarized in [4°°]).

The shape and size of the 7zg core RNAP X-ray structure
(Figure 1) correspond extremely well with the structure of
the E. coli core RNAP obtained using cryo-EM [18]. The
shape is reminiscent of a crab claw, with an internal chan-
nel running along its full length (between the claws). One
arm of the claw is primarily B, the other primarily f'. The
molecule is about 150 A long (from the back to the tips of
the claws), 115 A tall and 110 A wide (parallel with the
channel). The channel has many internal features, but the
overall width is approximately 27 A.

Evolutionary relationships for each of the bacterial core
subunits have been identified among all organisms from
bacteria to man [2°,3,30-32]. These relationships are par-
ticularly strong between the large ' and B subunits, which
contain colinearly arranged segments of conserved
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Evolutionarily conserved segments of the @
RNAP large subunits form the structural core.
(a) The bars schematically represent the
primary sequences of the Tag ' (top, pink) B
and B (bottom, blue) subunits, with amino acid
numbering directly above the bars [4*]. The
split sites of the large subunits, which occur
as two separate peptides in chloroplast and
archaebacterial RNAPs, are also indicated. B
Evolutionarily conserved regions among
prokaryotes, chloroplasts, archaebacteria and
eukaryotes [4**], originally defined for ' by
Jokerst et al. [31] and for by Sweetser et al.
[32], are denoted as light green boxes and are (b)
labeled (A—H for B', A—I for ) directly below.
(b) Backbone worm diagram of Taq core
RNAP (same view as Figure 1b). The two o
monomers and w are colored white. The large
subunits are colored pink (') and blue (B),
except for the evolutionarily conserved
segments shown in (a), which are colored
light green. The active site Mg2+* ion is shown
as a magenta sphere.
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sequence (Figure 2a). Although these segments are dis-
tributed throughout the primary sequences, they all
converge around the active center Mg?* in the folded
assembly (Figure 2b). Thus, we expect this central ‘core’
of the molecule (defined by a roughly 80 A diameter
sphere surrounding the active center Mg2+) to have an
identical fold in RNAPs from all other organisms and antic-
ipate that the additional subunits unique to the archaeal
and eukaryotic RNAPs would decorate the outer, relative-
ly nonconserved, rim of the molecule (see below).

Considering the RNAP as a molecular machine, distinct
structural features or ‘parts’ that appear to be important for
function can be described (denoted in Figure 1). One
feature, which includes BG, forms a flap-like structure that
appears to be flexibly connected to the rest of the RNAP
(the BG flap). Region F of B' is most remarkable; it begins
in the upper domain of B', where it interacts with 3, and
then forms a helical segment that traverses the middle of

the main channel, bridging the top and bottom of the main
channel (the B'F bridging helix). The active center Mg2+ is
positioned on the back wall of the main channel, directly
opposite the bridging helix. The B'F bridging helix con-
spires with B'G, which extends into the main channel, to
form a structure that bifurcates the main RNAP channel
into two separate channels. The smaller of these channels
(the secondary channel) is roughly 12 A in diameter, not
large enough to accommodate double-stranded nucleic
acid. Finally, a coiled-coil-like structure extends from the
main channel and supports a loop-like structure (comprising
part of B'C) that protrudes into the main channel, reminis-
cent of an upside-down rudder.

Models of the ternary elongation complex

Decades of functional studies [33-36] and more recent
structural evidence [4°®,22°%,25°*,37] indicate that cellular
RNAPs operate as complex molecular machines, with
extensive and dynamic interactions with the template
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Figure 3
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The TEC model and RNAP charge distribution. (a) Nucleic acids
within the TEC are schematically illustrated, with transcription going
from right to left. Solid circles represent the DNA (red: template strand,
t; yellow: nontemplate strand, nt) and RNA (orange) chains. The
incoming nucleotide substrate is green. Open circles show the
segment of single-stranded downstream RNA in the backtracked TEC.
The positions of nucleotide residues are numbered relative to the
position of the incoming nucleotide substrate, which is denoted +1.
The 12—-14 base transcription bubble is shown [50-53]. Regions of
the DNA and RNA protected by the RNAP in chemical and enzymatic
footprinting studies are indicated by gray shading [52—57]. The black
triangles indicate that the RNAP itself actively controls the length of
the transcription bubble and the RNA—-DNA hybrid. (b) Three views of
the TEC model. The model consists of three components: the Tag core
RNAP crystal structure [4*], shown as color-coded molecular
surfaces (B, cyan; B, pink; o and w, white; catalytic Mg2+, magenta
sphere); the DNA template (template strand, red; nontemplate strand,
yellow); and the RNA transcript (gold) plus incoming nucleotide
substrate (green). The nucleic acid backbones are shown as worms
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with CPK phosphate atoms. For base-paired sections of the nucleic
acids, the bases are also shown. The directions of the entering
downstream DNA and exiting upstream DNA are indicated (large
arrows). The middle structure shows a view perpendicular to the main
active site channel, which runs roughly horizontal. Parts of the protein
structure discussed in the text are colored (BG flap in green, 'C
rudder in magenta). The structure on the left shows a view down the
secondary channel, showing the path for diffusion of the incoming
nucleotide substrate (green) into the active site. The catalytic Mg2* ion
(magenta sphere) is just visible to the left of the substrate nucleotide.
The structure on the right shows a view roughly along the axis of the
exiting upstream duplex DNA. For clarity, parts of the ' subunit nearest
the viewer are shown as a backbone worm without the corresponding
molecular surface (the B'C rudder in magenta and its coiled-coil
platform in pink) and the upstream duplex DNA has been removed.
Parts of the protein structure discussed in the text are colored (BG flap
in green). (c) Same three views of the RNAP, but with the surface
shaded according to the electrostatic potential (red, acidic; white,
neutral; blue, basic [48]).

DNA, product RNA [25°°] and regulatory molecules. Using
the 7aq core RNAP structure as a framework, several
groups have used systematic protein—nucleic acid cross-

linking and mapping techniques to begin defining these
interactions in detail. These studies have led to a consis-
tent picture of the topography of the prokaryotic open



promoter complex [23°°], the trajectory of the DNA in an
archaeal pre-initiation complex [24°*] and the disposition
of the DNA and RNA in the ternary elongation complex
(TEC) containing DNA template and RNA transcript
(Figure 3) [25°°].

In the TEC model, about 12 bp of downstream duplex
DNA is nestled in a trough formed by ' and enclosed on top
by B. In the main RNAP channel, a 9 bp RNA-DNA hybrid
(from +1 to —8; the register of the incoming nucleotide sub-
strate is denoted ‘+1’; upstream positions, where RNAP has
been, are denoted -1, -2, etc.; and downstream positions,
where RNAP is going, are denoted +2, +3, etc.) forms a
remarkable complementary fit with the protein structure.
The hybrid extends from the enzyme active site and the B'F
bridging helix at +1, along a region of the 3 subunit harbor-
ing rifampicin-resistance mutations [21°], to the BG flap and
the B'C rudder. The single-stranded upstream RNA (from
—9 to —14) is then extruded through the channel underneath
the BG flap domain.

The RNA-DNA hybrid is 8-9 bp [38], but the transcrip-
tion bubble spans 12-14 nt, leaving 3-6 nt of
single-stranded template DNA upstream of the hybrid to
reach the upstream side of the rudder and re-anneal with
the nontemplate DNA. The nontemplate strand DNA
within the bubble is held apart from the template DNA
in a groove between two structural domains of the 3 sub-
unit. The incoming downstream duplex DNA and the
exiting upstream duplex DNA form a bend angle of
about 90°, arising mainly from a kink between the down-
stream duplex and the RNA-DNA hybrid. A bend angle
of 92° was experimentally determined by atomic-force
microscopy of active TECs [39].

The transcription complex models are strongly supported
by an examination of the electrostatic charge distribution
around the RNAP molecule (Figure 3c). The cellular
RNAPs tend to be very acidic overall, with pls near 5, and
the 7z2q RNAP is acidic (red) over most of its surface. The
exceptions to this rule, where the surface of the molecule
is neutral (white) or basic (blue), correspond exactly to the
proposed locations of the nucleic acid elements within the
TEC. This includes the underside of the flap domain,
where the upstream single-stranded RNA is placed. These
results probably rule out an alternative path proposed for
the upstream RNA (path 1 of [22°*]) as the protein surface
of this path is very acidic.

Comparison between archaeal and eukaryotic
RNA polymerases

Comparison of the 7zg core RNAP structure [4°°,21°] with
the a-carbon backbone determined for yeast RNAP II
[22°°] reveals that the overall shape similarity known from
low-resolution EM studies [16] extends to the overall
architecture of the conserved subunits (Figure 4a). As pre-
dicted [4°°], the six subunits unique to the crystallized
yeast RNAP II (white in Figure 4a) are arranged around
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Figure 4
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Tag RNAP versus yeast RNAP II. (a) Analogous views of the Taq core
RNAP structure (left) [4*] and yeast RNAP Il (right) [22**], but with
reassignment of 40 C-terminal residues of Rpb1 based on refined
atomic coordinates (P Cramer, D Bushnell, RD Kornberg, personal
communication). Color coding for the Taq core RNAP is the same as in
Figure 1. Yeast RNAP Il homologs of the bacterial core subunits are
color-coded similarly. Subunits unique to the crystallized yeast RNAP ||
(Rpb5, Rpb8, Rpb9, Rpb10 and Rpb12) are shown in white. The
mobile ‘clamp’ domain [22*] is outlined. (b) The region around the
RNAP active site, surrounding the Mg2+ ion (shown as a magenta
sphere), is depicted. The backbone of B' is shown in pale pink and that
of 3 is shown in blue. The backbone of yeast RNAP Il is shown in
yellow and is aligned with the bacterial structure. The locations of
some selected evolutionarily conserved segments are labeled.

the outer rim of the conserved core. The highly conserved
segments of the largest subunits converge around the
active site of the enzymes (Figure 2); immediately sur-
rounding the active site, the sequence homology
approaches 100% [4°*]. As a consequence, the folds of the
two enzymes in this region are essentially identical
(Figure 4b).

Conclusions

From the close similarities between the bacterial core
RNAP and RNAPs from higher organisms, we expect that
most, if not all, of the basic functional mechanisms are
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conserved. The new structural information and the result-
ing transcription complex models invite hypotheses as to
how these functions are realized in terms of specific
structural elements of the RNAP. Some of these proposed
structure/function relationships are briefly described below.

The transcription bubble, the RNA-DNA hybrid and the
B'C rudder

The lengths of the transcription bubble and of the
RNA-DNA hybrid are controlled by the RNAP during
transcript elongation [34]. The TEC model suggests that
the rudder may participate in these functions, maintaining
the upstream edge of the RNA-DNA hybrid by removing
the RNA transcript from the DNA template strand, while
also maintaining the upstream edge of the bubble.

Secondary channel function

It has been proposed that the secondary channel provides
access to the active center for the N'TP substrates, which
cannot enter through the main channel as it is blocked by
the DNA and RNA in the transcription complex
[4¢°,22°°,25°°,40]. The structural basis for this hypothesis is
illustrated in Figure 3b, showing a clear path for the incom-
ing nucleotide (green) through the secondary channel.

RNAP can transiently move backward during transcrip-
tion, which is important for proofreading and for traversing
obstacles on the DNA. During backtracking, the RNAP
and associated transcription bubble move backward along
the DNA, while the RNA reverse threads through the
complex. Another role for the secondary channel, to
accommodate the 3' proximal single-stranded RNA frag-
ment generated by RNAP backtracking [38,41-43], has
therefore been proposed [22°°,25°%,44]. The backtracked
TEC is an obligate intermediate in factor-induced tran-
script cleavage [43] and transcript cleavage factors — GreA
and GreB of prokaryotes and SII of eukaryotes, which are
functional but not structural homologs — all bind at the
outer entrance to the secondary channel, where the 3" end
of the RNA would emerge in a backtracked complex
(Figure 3b) [22°°,25°°,45].

Conformational changes, the clamp and the

bridging helix

Comparison of the TEC model with available footprinting
data, as well as other considerations, suggested that there is
a conformational change in the RNAP in the TEC com-
pared with the crystal structure, namely more complete
closure of the RNAP around the nucleic acids occupying
the main channel and possible movements of the B'F
bridging helix to better accommodate the RNA-DNA
hybrid [25°¢]. Structural evidence points to conformational
changes in the RNAPs and the similarities between the
bacterial and eukaryotic enzymes may extend to conforma-
tional dynamics. From a comparison of the yeast RNAP 11
crystal structure with low-resolution maps derived from
EM and image processing [14], a large conformational
change in the enzyme was noted, involving the opening or

closing of the active site channel through a mobile element
(termed the clamp; Figure 4a) comprising an N-terminal
segment of Rpbl, the most C-terminal domain of Rpb2
and Rpb6 [22°°,40]. Similar flexibility of the bacterial
RNAP (comprising the N-terminal segment of [, the
C-terminal domain of 3 and w) is observed when compar-
ing the X-ray crystal structure of 7zg core RNAP with the
low-resolution map of E. co/i core RNAP derived from
EM and image processing ([18]; SA Darst, N Opalka,
A Polyakov, C Richter, G Zhang, personal communication).

Imagine a simple mechanical model consisting of a set of
jaws hinged on one side, but bridged in the middle by a
post attached to the top and bottom jaws. It is apparent
that opening or closing of the jaws requires tilting of the
bridging post, just as opening and closing of the RNAP
around the main channel (via movements that include
the clamp) would effect movement (such as tilting) of the
bridging helix, suggesting that the conformational
changes are linked. The B'F bridging helix may interact
with the downstream end of the RNA-DNA hybrid
[25°°] and is highly conserved in sequence, especially
where it passes near the active site Mg2+. Conformational
changes of this helix are likely to have profound conse-
quences for the catalytic and translocation functions of

the RNAP.

The BG flap and transcription termination

The ‘canonical’ bacterial intrinsic termination signal in
DNA comprises a GC-rich dyad symmetry element fol-
lowed by a run of thymine residues [46]. The resulting
RNA transcript forms a hairpin, which is essential for ter-
mination. The region of the transcript that forms the
hairpin (upstream of —7) is precisely the same region that
interacts with the rudder and then passes under the BG
flap. The formation of the bulky hairpin could initiate the
breakdown of the TEC by altering the position of the BG
flap and disrupting nucleic acid interactions with the rudder.

In summary, in the past year, long-awaited high-resolution
structural information on cellular RNAPs has finally
appeared. These structures are having a major impact on
the transcription field by guiding the design and imple-
mentation of ever more incisive genetic, biochemical and
biophysical experiments to probe the RNAP functional
mechanism. Functional insights into transcription com-
plexes of the RNAP and nucleic acids have come from
structural models developed using extensive cross-link
mapping data, leading to specific and testable predictions
for structure/function relationships. Even more exciting
are the prospects of solving structures of the transcription
complexes at various stages of the transcription cycle [47].
In the end, a complete understanding of the transcription
cycle will come from a combination of structural studies of
trapped states, providing snapshots of the polymerase at
various stages of its function, and functional studies using
genetic, biochemical and biophysical probes informed by
the accumulating structural data.
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