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Abstract
The transcription apparatus in Archaea can be described as a simplified version of its eukaryotic
RNA polymerase (RNAP) II counterpart, comprising a RNAPII-like enzyme as well as two general
transcription factors, the TATA-binding protein (TBP) and the eukaryotic TFIIB ortholog TFB1,2.
It has been widely understood that precise comparisons among cellular RNAP crystal structures could
reveal structural elements common to all enzymes and that these insights would be useful to analyze
components of each enzyme that enable it to perform domain-specific gene expression. However,
the structure of archaeal RNAP has been limited to individual subunits3,4. Here, we report the first
crystal structure of the archaeal RNAP from Sulfolobus solfataricus at 3.4 Å resolution, completing
the suite of multi-subunit RNAP structures from all three domains of life. We also report the high
resolution (at 1.76 Å) crystal structure of the D/L subcomplex of archaeal RNAP and provide the
first experimental evidence of any RNAP possessing an iron-sulfur (Fe-S) cluster, which may play
a structural role in a key subunit of RNAP assembly. The striking structural similarity between
archaeal RNAP and eukaryotic RNAPII highlights the simpler archaeal RNAP as an ideal model
system for dissecting the molecular basis of eukaryotic transcription.

RNAP is the central enzyme of gene expression, and all life forms have RNAPs that function
as multi-subunit protein complexes (multi-subunit RNAP) with subunit compositions that vary
depending on the domain of life5. The common core of the multi-subunit RNAPs comprises 5
subunits that are conserved from bacteria to humans. Bacterial RNAP is the simplest form of
this family (composed of the minimum β'βαIαIIω subunits) while in Eukarya, RNAPII
possesses additional polypeptides to form a 12 subunit complex, which is responsible for
synthesizing all mRNAs in the cell. Previous crystal structures of bacterial core6 and
holoenzymes7, as well as RNAPII8–14, have provided insight into structural and functional
aspects of RNAPs, but the archaeal RNAP structure remains to be elucidated. Based on subunit
composition, sequence similarity and the requirement of general transcription factors for
promoter recognition and transcription, archaeal and eukaryotic RNAPs have been proposed
to be structurally similar. A crystal structure of the archaeal RNAP, however, has been needed
in order to allow a precise comparison of the transcriptional machineries from all three domains
of life, and generate new insights about structural domains and motifs of cellular RNAPs that
participate in the assembly of these multi-component molecular machines and in transcription
processes.

Author information Correspondence and requests for materials should be addressed to K.S.M. (kum14@psu.edu)..
Author contributions A.H. crystallized and solved the structures of the S. solfataricus RNAP and D/L subcomplex. B.J.K. supported the
RNAP purification and its structure determination. K.S.M. and A.H. wrote the manuscript and all authors discussed the results and
commented on the manuscript.
Supplementary Information is linked to the online version of the paper at www.nature.com/nature.
Coordinates and structure factors have been deposited to the Protein Data Bank (accession codes 2PMZ and 2PA8 for the S.
solfataricus RNAP and D/L subcomplex structures, respectively). Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.

NIH Public Access
Author Manuscript
Nature. Author manuscript; available in PMC 2010 January 13.

Published in final edited form as:
Nature. 2008 February 14; 451(7180): 851–854. doi:10.1038/nature06530.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.nature.com/nature
http://www.nature.com/reprints


We have purified native RNAP from S. solfataricus for crystallization and structure
determination (see Methods). Because of the high sequence conservation among RNAPs from
all species in Archaea15, insights derived from the S. solfataricus RNAP can be generalized
to the transcription apparatus from this entire domain. The overall structure of the RNAP
resembles a “crab claw” with a protruding “stalk” formed by the E'/F subcomplex (Fig. 1a).
The relative positioning of the RNAP core and stalk are highly conserved between archaeal
RNAP and the three classes of eukaryotic RNAPs (Fig. 2)16. In the crystal structure of archaeal
RNAP, the clamp is in its closed conformation (Supplementary Fig. 1), most likely due to the
presence of the E'/F subcomplex. Structural studies of RNAPII have proposed that the function
of the stalk (Rpb7/Rpb4 subcomplex) is to modulate the clamp conformation: in the absence
of the subcomplex, the RNAPII clamp is in the open conformation, while in the presence of
the subcomplex, the clamp is closed8,11,12. In archaeal RNAP, another function of the E'/F
subcomplex has been proposed from in vitro archaeal RNAP reconstitution studies: it facilitates
transcription bubble formation of the RNAP-promoter DNA complex under certain
conditions17–19.

The archaeal RNAP structure enables a direct comparison of RNAPs from Bacteria,
Archaea and Eukarya (Fig. 2). Conserved structures are found around the vicinity of the active
center and DNA binding channel (Supplementary Figs. 2 and 3) that reflect the fact that the
fundamental transcription mechanism is conserved among cellular RNAPs. The structures of
the surfaces vary between the bacterial and the eukaryotic enzymes (Supplementary Fig. 2b);
in contrast, there is striking structural conservation between archaeal and eukaryotic enzymes
distributed throughout the entire structure (Supplementary Fig. 2a). For the largest subunit, the
entire architecture of Rpb1 (RNAPII) can be superimposed on the A'/A” subunits (archaeal
RNAP) with small deviations around the foot domain (Figs. 3a and 3b, Supplementary Fig.
4b; structural similarity is 68.9 %, Supplementary Table 1). Counterparts for the Rpb1 jaw and
clamp head domains are disordered in the archaeal RNAP crystal structure, making their
structural similarities uncertain. In contrast, the structural similarity between Rpb1 and the
bacterial β' subunit is only 50 % (Supplementary Table 1); there are substantial differences in
the foot (Fig. 3c), pore1, cleft and dock domains, and there are no Rpb1 jaw and clamp head
counterparts in the β' subunit (Supplementary Fig. 4c). In addition, T. aquaticus β' contains a
lineage-specific insertion (Taq β' NCD, 283 residues) between conserved regions A and B6,
20.

In Archaea, the largest subunit is split into two polypeptides, A' and A”, which are encoded
by separate genes in an operon1,2,15. Sequence alignments reveal that archaeal A' and A”
correspond to the N-terminal two-thirds and the C-terminal one-third of the RNAPII Rpb1
subunit, respectively, and that the junction between A' and A” is positioned at the Rpb1 “foot”
domain8 (Fig. 3a and Supplementary Fig. 4). The archaeal RNAP foot domain consists of four
α helices (Supplementary Fig. 5a), composed of the C-terminal of A' (15 residues) and the N-
terminal of A” (62 residues). The corresponding RNAPII foot has a more complex architecture
formed by a continuous polypeptide including 8 α-helices and 2 anti-parallel β-strands (Fig.
3b and Supplementary Fig. 5b), but the same four α-helix architecture, which is found in the
archaeal RNAP, is conserved in the center of the RNAPII foot domain. In contrast, the bacterial
foot domain has a completely different architecture (Fig. 3c).

Compared to the largest subunit, the structural similarity between RNAPII Rpb2 and the
archaeal B subunit is higher (90 %, Supplementary Fig. 6b, Supplementary Table 1). In
contrast, the structural similarity between RNAPII and bacterial β subunit is only 64.9 %, and
there are deviations in the external domains 1 and 2, the hybrid binding, and clamp domains
as well as the flap loop/flap-tip helix region (Supplementary Fig. 6c).
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Although the two largest conserved subunits provide most of the catalytic functions, their
assembly is dependent on the presence of two other conserved subunits which form a platform
for assembly (the D/L15, Rpb3/Rpb118 and αI/αII

6,21,22 in the archaeal, eukaryotic, and
bacterial enzymes, respectively, Fig. 2). Interestingly, phylogenetic analyses23 and UV-visible
spectra (Supplementary Fig. 7a) suggested that S. solfataricus RNAPs may contain an Fe-S
cluster in the D subunit. In order to obtain direct evidence of an Fe-S cluster within RNAP as
well as determine its chemical structure and chelation to the protein, we solved the crystal
structure of the S. solfataricus D/L subcomplex at 1.76 Å resolution. The D subunit forms a
heterodimer with the L subunit (D/L subcomplex), which has an architecture that is almost
identical to the eukaryotic (Rpb3/Rpb11 heterodimer) and bacterial (α homodimer)
counterparts (Supplementary Fig. 8). The D subunit consists of three domains: 4Fe-4S cluster
binding domain, domain 2, and dimerization domain (Fig. 1b). The folding of domain 2 in the
D subunit is highly conserved in Rpb3 and α; however, the 4 Cys residues in the D subunit
form two disulfide bonds whereas the 4 Cys residues in Rpb3 chelate a Zn2+ ion. The α subunit
has neither a disulfide bond nor a Zn2+ ion binding motif in domain 2. The 4Fe-4S cluster
binding domain is unique to S. solfataricus RNAP since the corresponding region in Rpb3
forms a loosely packed domain (called the “loop”8) and there is no corresponding domain in
the bacterial α subunit. In the 4Fe-4S cluster binding domain, three Cys residues (C183, C203
and C209) provide ligands for the 3Fe-4S cluster (Fig. 1c) while one additional C206 is
positioned nearby suggesting that the cluster may exist in a 4Fe-4S in vivo (Supplementary
Fig. 7c). Two other C176 and C213 in the 4Fe-4S cluster binding domain form a disulfide
bond. Moreover, a strong Fe anomalous signal was detected in the RNAP crystal within the
4Fe-4S cluster binding domain (Supplementary Fig. 9b), which further verifies that the RNAP
does indeed carry an Fe-S cluster. Although there are many instances where Fe-S clusters
provide redox potential for an enzymatic reaction, the Fe-S cluster in the RNAP is located 45
Å from its catalytic center (Fig. 1a) and therefore unlikely to be involved in RNAP catalysis.
To examine the role of the Fe-S cluster, we constructed a mutant D subunit where the four Cys
residues that coordinate the cluster were all replaced with Ser. The four-Ser variant protein
does not chelate the Fe-S cluster, and it forms aggregates even when the D and L subunits are
co-expressed in E. coli (Fig. 4). We also obtained the same results from D subunit variants
having C183 or C203 substituted with Ala (data not shown). Interestingly, the 4Fe-4S cluster
binding domain is not directly involved in heterodimer formation between the D and L subunits
(Fig. 1b), but the absence of an Fe-S cluster causes the D subunit to aggregate and prevent the
functional D/L subcomplex from being formed. These observations suggest that the cluster
may play a role in supporting the structural integrity of the D subunit. When the Fe-S cluster
is present within the S. solfataricus D subunit, it is not oxygen-sensitive since we observed a
complete 3Fe-4S cluster in the D/L subcomplex crystal structure, which was purified and
crystallized under aerobic conditions. Although the Fe-S cluster can be removed from the D/
L subcomplex using the Fe chelator 2, 2'-dipyridyl, it is stable within the assembled RNAP
and protected from 2, 2'-dipyridyl treatment (data not shown).

S. solfataricus is not the only archaeon possessing the Fe-S cluster in RNAP (Supplementary
Fig. 10). The 4Fe-4S cluster binding motif has been identified in the RNAP sequence of 16
out of 28 sequenced archaeal genomes including almost all methanogens (except
Methanocaldococcus jannaschii and Methanosarcina maripaludis). In addition, the 4Fe-4S
cluster binding motif is not limited to archaeal RNAPs. Twelve eukaryotic genomes, including
those of plants (Arabidopsis thaliana) and protozoa (Tetrahymena thermophila) encode the
4Fe-4S cluster binding motif within AC40, the D subunit ortholog of RNAPI and RNAPIII.
Furthermore, UV-visible absorption spectra as well as iron and acid-labile sulfide analyses
have shown that Arabidopsis thaliana AC40 contains an Fe-S cluster (A. H. and K.S.M.,
unpublished data). Our studies show that certain cellular RNAPs are Fe-S proteins. This result
raises other intriguing questions including why do only certain cellular RNAPs posses Fe-S
cluster and what is the relationship between the presence of Fe-S cluster in the RNAPs and
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their living environments. The archaeal RNAP structure provides a framework for addressing
the interesting question of what functional roles do Fe-S clusters play within the transcription
machinery of Archaea and Eukarya.

The archaeal K subunit is an ortholog of eukaryotic Rpb6 and bacterial ω subunits, and their
folds are highly conserved in the central regions. In archaeal RNAP, subunit K, along with the
E' subunit tip loop, participates in protecting the C-terminal tail of the largest subunit (Fig. 3a),
and the arrangement of these subunits is conserved in the RNAPII (Fig. 3b). The C-terminal
tail (residues 78–95) of ω subunit, however, has a different trajectory compared to K and Rpb6
(Fig. 3c). The ω tail wraps around and completely covers the C-terminal end of β'. Intriguingly,
this bacteria-specific protein fold may have the similar function of the corresponding tip loops
of E' of archaeal RNAP and Rpb7 of RNAPII.

Precise structural comparisons between archaeal and eukaryotic RNAPs reveal structural
elements common to both systems; these insights will be useful to elucidate components unique
to RNAPII that may enable it to perform highly regulated gene expression24. The distinct
structural differences between these RNAPs are limited to the side of the face (Fig. 2,
Supplementary Fig. 11) that faces downstream DNA in the transcription elongation complex.
From a structural perspective, it is interesting that almost all these differences can be classified
as simple additions of RNAPII-specific polypeptides, including class III subunits (Rpb8 and
Rpb9) and domains (Rpb1 CTD and Rpb5 jaw) to the archaeal RNAP, rather than changes to
the core structure (Supplementary Figs. 11 and 12).

The key to understanding the mechanism of an enzymatic reaction is to have a simple and
robust system that can be probed in vitro. Studies on bacterial transcription are the most
advanced because the RNAP can be assembled from recombinant25 subunits with full activity.
This system allows one to use straightforward molecular biology techniques, as well as site-
specific incorporation of chemical probes26,27. The latter has led to a number of successful
biophysical and biochemical studies on RNAP. Currently, these tools are not applicable to
eukaryotic RNAPII since this enzyme cannot be reconstituted in vitro. Furthermore, because
of substantial structural differences in key regions including downstream DNA configuration
and RNA exit channel28, bacterial RNAP may not serve as a complete and accurate model
system for the transcription in eukaryotes. Many biochemical studies, as well as this current
crystallographic study, have established that the structural and functional similarities between
archaeal RNAP and eukaryotic RNAPII exist on many levels. Furthermore, active archaeal
RNAP can be conveniently reconstituted from its individual subunits in vitro18,29 17, and
studies of promoter-dependent transcription can easily be established with fully purified
general transcription factors and in vitro reconstituted RNAP. The crystal structure presented
here reveals that archaeal RNAP is not only a simplified version of its eukaryotic RNAPII
counterpart but also an excellent model system for dissecting the molecular basis of eukaryotic
transcription.

Methods Summary
S. solfataricus RNA polymerase purification, crystallization and structure determination

Native RNAP was purified from S. solfataricus P2 cells for crystallization and structure
determination studies. Primitive monoclinic P21 crystal contained two 377 kDa RNAP
molecules per asymmetric unit. The final R-work and R-free factors are 27.0 % and 34.3 %,
respectively. Figures are prepared by Pymol.
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Purification, crystallization and structure determination of the S. solfataricus subcomplex D/
L

An electron density map at 1.76 Å resolution (Supplementary Fig. 9c) was obtained by a
combination of molecular replacement by using the yeast Rpb3/Rpb11 structure8 as a search
model and density modification. The final R-work and R-free factors are 21.0 % and 24.7 %,
respectively.

Methods
Sulfolobus solfataricus P2 RNA polymerase purification

Native RNAP was purified from S. solfataricus P2 cells for crystallization. Cell paste was
mixed with TGEMD buffer (10 mM Tris-HCl (pH 8), 5% glycerol, 1 mM EDTA, 10 mM 2-
Mercaptoethanol and 2 mM DTT) in the presence of a protease inhibitor cocktail and lysed by
sonication. Ammonium sulfate was added to the soluble fraction of the cell lysate (30 %
saturation), and the precipitated proteins were removed by centrifugation. The soluble fraction
was added to a Phenyl-Sepharose High Performance resin (GE Healthcare) equilibrated with
TGEDM + 30 % ammonium sulfate. The RNAP was eluted from the resin with TGEMD buffer
and further purified by three consecutive chromatography columns including Heparin-
Sepharose, Superdex-200, and Mono-Q columns (GE Healthcare). The RNAP was
concentrated to 5 mg/mL in buffer containing 10 mM Tris-HCl (pH 8.0), 50 mM NaCl, 1 mM
EDTA and 2 mM DTT for crystallization. According to the S. solfataricus sequence in the
database, the B subunit is also split into two separate polypeptides, B' and B”. However, the
RNAP we purified contains a single polypeptide which represents the B subunit. In order to
resolve this discrepancy, we cloned and sequenced the DNA covering the B subunit and found
differences between our sequence results and the genomic database. Our sequencing data is
consistent with a single polypeptide B subunit. According to other genomic studies, B subunits
from closely related Sulfolobus genera also encode a single B subunit polypeptide. Therefore,
we believe that the DNA sequence coding for the B' and B” genes in the S. solfataricus database
may be in error.

Crystallization and structure determination of the RNAP
RNAP was crystallized by sitting drops at 22 °C against a reservoir containing 0.1 M Hepes
(pH 7.5), 0.1 M K2CO3, 0.1 M sodium thiosulfate, 12 % (w/v) polyethylene glycol (PEG)
10,000 and 2 mM spermine tetrahydrochloride. For cryocrystallography, the crystals were
presoaked in stabilization solution (same as the crystallization solution except with 15 % PEG
10,000), and then transferred to a cryo-solution that contained stabilization solution plus 25 %
glycerol, followed by flash-freezing by immersion in liquid nitrogen. A complete data set was
collected at 3.4 Å resolution (Supplementary Table 3), and processed by the HKL2000 software
package31. Primitive monoclinic P21 crystals (a=125.8 Å, b=201.2 Å, c=196.1 Å, β=100.9°)
contained two 377 kDa RNAP molecules per asymmetric unit, with a solvent content of 61.9
%. Electron density maps were calculated using a combination of molecular replacement
(Phaser32) and density modification (Supplementary Fig. 5a). The search model was derived
from 10 subunits of the yeast RNAPII transcribing complex14 (PDB code: 1R9T) with the
following regions removed that were specific for RNAPII: subunits Rpb8 and Rpb9; domains
Rpb1 foot (residues 871–1058), Rpb1 jaw (residues 1141–1274), Rpb5 jaw (residues 1–144).
The molecular replacement solution used included two RNAP molecules per asymmetric unit.
The electron density map calculated using phases from the molecular replacement was further
improved using the density modification program Resolve33. The resulting electron density
map has several deviations from the molecular replacement solution indicating that model bias
was effectively removed by density modification. Rigid body refinements were performed with
four mobile modules8 and further adjustments to the model were carried out manually. The
resulting model phases allowed us to position a M. jannaschii subcomplex E'/F structure3 in
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the electron density map. The Rpb3/Rpb11 in the search model was replaced with the S.
solfataricus subcomplex D/L that we determined in this study and the position of the Fe-S
cluster in the D subunit was confirmed by Fe-anomalous difference Fourier map of the RNAP
crystal (Supplementary Fig. 9b). Next, we replaced the amino acid sequence of the model with
the S. solfataricus RNAP. Positional refinement incorporating tight geometry and NCS
restraints was carried out by programs CNS34 and Refmac535 by carefully monitoring the R-
free factor. The final R-work and R-free factors are 27.0 % and 34.3 %, respectively. The
resulting map allowed segments that were not present in the search model to be built manually
including the foot domain of A'/A”, solvent exposed loops of the B subunit, and an N-terminal
α-helix of K subunit.

Purification, crystallization and structure determination of the S. solfataricus subcomplex D/
L

The genes encoding S. solfataricus D and L subunits were cloned from genomic DNA by PCR,
and the D/L co-expression vector was constructed using a pET21a (Novagen). D/L subunits
were over-expressed in BL21-CodonPlus(DE3)-RIPL (Stratagene) in TB media supplemented
with 100 μg/mL of ferric ammonium citrate. After the cells were lysed by sonication, most of
the E. coli proteins were removed by heat treatment (65 °C for 30 min). The recombinant
subcomplex D/L was further purified by Q-sepharose anion-exchange and Superdex-75 gel
filtration column chromatography (GE Healthcare). The protein was concentrated to 10 mg/
mL with buffer containing 10 mM Tris-HCl (pH 8), 50 mM NaCl, 1 mM EDTA and 2 mM
DTT for crystallization. Crystals were prepared by vapor diffusion in hanging drops at 22 °C
against reservoir containing 0.1 M sodium citrate (pH 5), 22 % saturated ammonium sulfate
and 12 % (w/v) PEG 4000. Cryo-protection of the crystals was achieved by 20 % glycerol, and
the crystals were flash-frozen in liquid nitrogen. A complete data set out to 1.76 Å resolution
was collected at a wavelength of 0.97 Å at synchrotron beamline X25 at National Synchrotron
Light Source, NY (Supplementary Table 4). I-centered orthorhombic I212121 crystals (a=69.7
Å, b=93.3 Å, c=128.3 Å) contained one D/L subcomplex per asymmetric unit. An excellent
electron density map at 1.76 Å resolution was obtained by a combination of molecular
replacement by using the Rpb3/Rpb11 structure8 as a search model and density
modification33. The initial model was refined by simulated annealing, energy minimization
and individual B-factor refinement by CNS34. The presence of a 3F-4S cluster in the D subunit
was confirmed by an Fe anomalous Fourier map obtained from a data collected at wavelength
of 1.2818 Å (Fig. 1c and Supplementary Figs. 9c and 9d, Supplementary Table 4).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Three-dimensional structure of the archaeal RNAP. a, 3.4 Å resolution crystal structure of the
S. solfataricus RNAP. Each subunit is denoted by a unique color (see surface representations
in Fig. 2 for color-code and subunit-subunit interaction). The disordered clamp head domain
is indicated as a dotted line. b, 1.76 Å resolution crystal structure of the D/L subcomplex (red,
D subunit; yellow, L subunit). Domain organization is shown. c, Close-up view of the 4Fe-4S
cluster binding domain (residues 167–222 of the D subunit). Electron density calculated using
the Fe anomalous signal is shown in black mesh (sigma cutoff =5).
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Figure 2.
Cellular RNAP structures from three domains of life. Surface representation of multi-subunit
cellular RNAP structures from Bacteria (left, Thermus aquaticus core enzyme30), Archaea
(center, S. solfataricus) and Eukarya (right, S. cerevisiae RNAPII13). Each subunit is denoted
by a unique color and labeled. Orthologous subunits are depicted by the same color.
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Figure 3.
Structures around the foot domains from three domains of life. a, Ribbon model of the archaeal
RNAP (color coding of each subunits are indicated). Various domains and motifs are labeled.
The junction between A' and A” is positioned at foot domain. Subunits H and K associate
around the base of the foot. b, Ribbon model of the eukaryotic RNAPII13. The same four α-
helix architecture, which is found in the archaeal RNAP, is conserved in the center of the
RNAPII foot domain. Rpb5 and Rpb6 of also associate around the foot domain. c, Ribbon
model of the bacterial RNAP30. The bacterial foot domain has a completely different
architecture. The right side of the bacterial foot domain associates with the bacterial specific
insertion of the β' subunit. In addition, the ω tail wraps around the C-terminus of the β' subunit.
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Figure 4.
The Fe-S cluster may play a structural role in D subunit folding. a, Wild-type or variant D
subunits were overexpressed in E. coli with the L subunit. Partially purified proteins were
analyzed by gel-filtration column chromatography (top: wild-type, bottom: variant). Elution
of marker proteins are also shown (1: γ-globulin/158 kDa; 2: ovalbumin/44 kDa; 3: myoglobin/
17 kDa). The wild-type D and L subunits formed an heterodimer, and it was eluted ~62 ml (a,
top panel: peak I, mean MW: ~30 kDa, MW of the subcomplex is 40.6 kDa), which was
confirmed by Coomassie stained SDS-PAGE (b). The D subunit variant was eluted ~43 ml (a,
bottom panel: peak II, mean MW: ~150 kDa) without L subunit that was verified by Western
blot analysis using antibody against S. solfataricus subcomplex D/L (c).
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