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Eukaryotic nuclei contain three different types of RNA polymerases
(RNAPs), each consisting of 12-18 different subunits. The evolu-
tionarily highly conserved RNAP subunit RPB5 is shared by all three
enzymes and therefore represents a key structural/functional
component of all eukaryotic RNAPs. Here we present the crystal
structure of the RPB5 subunit from Saccharomyces cerevisiae. The
bipartite structure includes a eukaryote-specific N-terminal domain
and a C-terminal domain resembling the archaeal RNAP subunit H.
RPB5 has been implicated in direct protein-protein contacts with
transcription factor 11B, one of the components of the RNAP;, basal
transcriptional machinery, and gene-specific activator proteins,
such as the hepatitis B virus transactivator protein X. The experi-
mentally mapped regions of RPB5 involved in these interactions
correspond to distinct and surface-exposed a-helical structures.

NA polymerases (RNAPs) are key enzymes responsible for
the regulated expression of all genes within the eukaryotic
nucleus. Despite their central role in all transcription processes,
many functional aspects of multisubunit RNAPs are still only
poorly understood. By obtaining more detailed insights into the
structure of individual RNAP subunits and their quaternary
arrangement within intact enzymes it should, however, be pos-
sible to understand in greater detail how RNAPs are recruited
to promoters and interact with other components of the various
transcriptional machineries to control the steps involved in
specific transcript initiation, elongation, and termination.
Although prokaryotic cells contain only a single RNAP that
is responsible for the transcription of all genes, eukaryotes have
evolved three different enzymes (RNAP;, RNAPy;, RNAPy)
that carry out type-specific transcription programs in conjunc-
tion with a number of biochemically distinct accessory factors
(1). RNAP; transcribes the 18S-5.8S-28S ribosomal RNA pre-
cursor, RNAPy; transcribes all pre-mRNAs, and RNAPyy; is
involved in the production of tRNAs and a variety of other small
RNAs. The subunit composition of the three nuclear RNAPs has
been most extensively investigated in Saccharomyces cerevisiae.
These studies have revealed the presence of two large subunits
(RPA1/RPB1/RPC1 and RPA2/RPB2/RPC2, respectively)
that are homologous to the B’ and B in the bacterial enzymes and
contain the main catalytic center (2). In addition, eukaryotic
RNAPs contain 10-16 additional smaller polypeptides whose
contributions to overall RNAP function are currently not well
understood (1, 3). None of these subunits displays any substan-
tial degree of primary sequence homology to other proteins of
known function. The presence of closely related homologues of
genes encoding these yeast polypeptides in all higher eukaryotes
(including man) shows that many of the fundamental aspects of
RNA polymerase architecture are essentially invariant and have
been highly conserved throughout evolution of the eukaryotic
domain. This view has been directly confirmed by experimental
evidence showing that many human RNAP subunits can fully
complement the functions of their yeast counterparts in vivo
4, 5).
During the last decade, it has also become obvious that
archaea, a prokaryotic life form distinct from the eukaryotic as
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well as the bacterial domains (6), contain an extensive array of
eukaryote-like RNAP subunits. Many of these subunits display
a clear sequence homology to their eukaryotic counterparts (7,
8) and, in those cases analyzed, interact with each other in a
comparable manner (9). These results indicate that the main
structural features of the archaeal/eukaryotic RNAPs became
firmly established more than 1.8 billion years ago (10) and have
remained remarkably unchanged ever since.

Although the RNAP present in the common ancestor of the
archaeal/eukaryotic evolutionary lineage would presumably
have been capable of transcribing every gene in the genome,
subsequent evolution of eukaryotic cells led to the emergence of
specialized RNAPs containing type-specific subunits. Such
subunits are likely to play important roles in ensuring the
type-specific assembly of the different RNAPs in vivo and in
facilitating their communication with a range of specialized
transcription factors. Nevertheless, five subunits have remained
universal and are present in all three enzymes (11). They are not
thought to make any direct contribution to the catalytic RNAP
activity but are likely to play a pivotal role by providing a
structural scaffold for assembling and maintaining a common
quaternary structure.

To gain further insights into the function of RNA polymerases,
a number of structural studies of individual recombinant sub-
units have been carried out, including NMR structures of human
RPB6 (12), yeast RPB8 (13), archaeal RPBS (14), and the
C-terminal domain of archaeal RPB9 (15). This detailed infor-
mation on individual subunits has recently been complemented
by comprehensive x-ray structures of intact RNAPs, such as a
bacterial core RNAP (16) and a low resolution electron density
map of yeast RNAPy (17).

Here we describe the 1.9 A structure of S. cerevisiae RPBS
(yRPBS), which is the largest of the universal RNAP subunits.
This subunit is particularly intriguing because of the relative
wealth of information available about its possible functional role.
Previous studies have shown that RPBS5 is in close contact to
promoter DNA when RNAPy; is recruited into the preinitiation
complex (18). Furthermore, RPB5 has been shown to interact
with the basal RNAPy; transcription factor IIB (TFIIB) and has
been implicated as a potential interaction target for transcrip-
tional activators (19-21). There is conflicting evidence on the
stoichiometry of RPBS5 in the RNAP core. Various experimental
observations suggested that RPB5 might be present as a ho-
modimer in endogenous RNAPy (21, 22). The structure of
yRPBS presented here sheds light on these findings by providing
a structural basis for the interpretation of the experimental data.

Abbreviations: RNAP, RNA polymerase; TFIIB, transcription factor IIB.
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Table 1. Data collection, phasing, and refinement statistics

Native White line, A1 Inflection point, A2 Remote, A3
Data collection
Wavelength, A 0.87 0.9790 0.9792 0.935
Resolution, A 15-1.9 20-2.3 20-2.3 20-2.3
Unique reflections 19,245 10,977 10,990 11,006
Multiplicity, % 4.7 4.2 3.9 4.0
Completeness, %* 96.9 (98.2) 99.2 (98.5) 99.3 (99.3) 99.6 (99.6)
Rmerges %0*1 5.4 (22.6) 4.1(17.8) 3.9 (20.0) 4.2 (25.6)
Intensity/o* 8.1(2.9) 12.1 (3.9) 13 (3.5) 10.3 (2.7)
Phasing, 10-2.5 A
Rcunis, centric/acentric* 0.80/0.79 0.62/0.67
Rcutiiss anomalous$ 0.49 0.61 0.68
Phasing power, centric/acentricT 0.78/1.12 1.18/1.71
Mean figure of merit 0.69
Refinement, 15-1.9 A
R factor, %! 21.7
Rfree, %!l 27.1
rmsd bond lengths, A 0.009
rmsd bond angles, ° 1.363
rmsd B factors, A2 1.901

*Values in parentheses refer to the highest resolution bin.
TRmerge = Ehzilli(h) -

of I(h).

(h)/EpZili(h), where [i(h) is the ith measurement of reflection h and (/(h)) is the weighted mean of all measurements

*Reulis is defined as the isomorphous lack-of-closure over the isomorphous difference.
SRculiis (@nomalous) is calculated as the anomalous lack-of-closure over the anomalous difference.
The phasing power is defined as (rms Fp/rms lack-of-closure) summed over all reflections used in the heavy atom refinement.

IR factor =

Methods

Expression, Purification, and Crystallization of yRPB5. Recombinant
full-length yRPBS5 was expressed as a fusion with glutathione
S-transferase in Escherichia coli BL21 (DE3) cells and was
purified as described (23). Crystals were grown at 4°C by using
the vapor diffusion hanging-drop method with a protein con-
centration of 15-20 mg/ml. Initially, monoclinic crystals were
obtained from a solution containing 20-24% polyethylene glycol
8000, 15% glycerol, 0.2 M ammonium sulfate, and 0.1 M sodium
cacodylate (pH 6.5). These crystals were very temperature-
sensitive but could be stabilized in a solution containing 30%
polyethylene glycol 8000, 15% glycerol, and 0.1 M sodium
cacodylate (pH 6.5) and used for data collection at cryogenic
temperatures. On harvesting, a slight rearrangement of the
lattice caused a change in space group, and the crystals showed
a diffraction pattern consistent with the orthorhombic space
group C222; with cell dimensions of approximately a = 44 Ab=
82 A, and ¢ = 135 A. Attempts to find heavy atoms derivatives
were unsuccessful because of lack of isomorphism between
native crystals, with Rqeriv up to 20% between different data sets.
The structure was therefore solved by the multiple anomalous
dispersion method using selenomethionyl-substituted protein,
which was expressed in the E. coli Met auxotroph B834 (DE3)
strain and was purified by using the same protocol.

Data Collection. All data were collected at 100 K in a stream of
cold nitrogen produced by a Cryostream Cooler (Oxford Cryo-
systems, Oxford, U.K.). A native diffraction data set to 1.9 A
resolution was obtained on station 9.6 at the Synchrotron
Radiation Source (Daresbury, U.K.), on an ADSC Quantum-4
CCD detector. Multiple wavelength anomalous dispersion data
to 2.3 A were recorded from a single SeMet crystal at beam line
5.2R at ELETTRA (Trieste, Italy) on a Mar345 imaging plate
system. Three wavelengths were collected: A1 at the maximum of
the selenium absorption edge, A2 at the inflection point, and A3
on the high energy side remote from the absorption edge. The
images were processed and integrated by using the program
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Sh|Fobs — Feald/EhFobs, Where Fops and Feaic are the observed and calculated structure factors.

MOSFLM (A. G. W. Leslie, personal communication), and all data
handling leading to electron density maps was done by using the
CCP4 program package (24). Data collection statistics are
summarized in Table 1.

Structure Determination and Refinement. The structure was solved
by using the multiple anomalous dispersion method with a
MIR-like approach using the data set collected at the inflection
point wavelength (A2) as pseudonative. Five of the nine selenium
atoms were initially located by direct methods using SHELX (25)
and were refined with the program MLPHARE (26). An additional
selenium site was located by using difference Fourier techniques.
The calculated phases at 2.5 A had a mean figure of merit of 0.69.
The initial density map, further improved by density modifica-
tion, was of excellent quality and allowed the trace of an almost
complete initial model with the interactive graphics program O
(27). The model was subsequently refined against the high
resolution native data set (between 15 and 1.9 A) by using the
program XPLOR (28). Low resolution data to 15 A were included,
and a bulk solvent correction was applied throughout the
refinement procedure. A random sample containing 5% of the
data was excluded from the refinement, and the agreement
between calculated and observed structure factors for those
reflections (Rgrec) Was used to monitor the course of the refine-
ment (29). The final model, comprising residues 5-215 (1,728
protein atoms) and 169 water molecules, has a crystallographic
R factor of 21.7% (Rgree = 27.1%). The loop between strands C3
and C4 in the C-terminal domain (residues 203-208) is not well
ordered. Analysis of the model with PROCHECK (30) shows good
geometry, with 92.6% of the residues in the most favored region
of the Ramachandran plot and 7.4% in the allowed region.
Phasing and refinement statistics are shown in Table 1.

Results and Discussion

Overall Structure. Inspection of the available primary sequences
of RPB5 homologues from archaeal and eukaryotic organisms
suggests that the origins of RPBS, similar to those of many other
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al a2 a3
—-——i‘f\ﬂ\JL‘L‘L‘E\J\ ‘L‘l ‘L‘L‘C\l
RPB5 (Yeast) MDQENERNISRLWRAFRTVKEMVKDRGYFITQEEVELPLEDFKAKYCD——SMGRPQRKM 57
RPB5 (Human) MDDEEETYRLWKIRKTIMOLCHDRGYLVTQDELDQTLEEFKAQFGDKPSEGRPRRTD 57
—-—\\\ ‘ H\\\\\ —‘—Q
RPB5 (Yeast) MSFQANPTEESISKFPDMGSLWVEFCDEPSVGVKTMKTFVIHIQEKNFQTGIFVYQNNI 116
RPB5 (Human) LTVLVAHNDDPTDQ--—---- MFVFFPEEPKVGIKTIKVYCORMOQEENITRALIVVQQGM 110
—\\—‘-\\ -—\\\\\—
RPB5 (Yeast) TPSBMK LVPSIPPATIETFNEAALVVNITHHELVPKHIRLSSDEKRELLKRYRLKESQ 174
RPB5 (Human) TPSAKQSLVDMAPKYILEQFLEQELLINITEHELVPEHVVMTKEEVTELLARYKLRENQ 169
RPOH (Metja) MKVTDHILVPKHEIVPKEEVEEILKRYNIKIQQO 33
G3 C4
—H\\ — -—
RPB5 (Yeast) LPRIQRADPVALYLGLKRGEVVKIIRKSETSGRYASYRICM 215
RPB5 (Human) LPRIQAGDPVARYFGIKRGOVVKIIRPSETAGRYITYRLVQ 210
RPOH (Metja) LPKIYEDDPVIQEIGAKEGDVVRVIRKSPTAGVSIAYRLVIKRII 78
Fig. 1. Amino acid sequence alignment of the eukaryotic S. cerevisiae and human RPB5 subunits with the archaeal M. jannaschii RpoH subunit. Highlighted

in blue are the amino acid residues that are strictly conserved in the six available eukaryotic sequences whereas the residues that are conserved in 15 of 17
homologues of the C-terminal domain, including both eukaryotic and archaeal sequences, are shown in green. The position of secondary structure elements
determined by using the algorithm of Kabsch and Sander (40) is indicated above the sequence. The secondary structure elements are colored in blue when
belonging to the N-terminal domain and in green when belonging to the C-terminal domain. A dashed line indicates residues omitted from the final model.

RNAP subunits, can be traced back to a time preceding the
divergence of the archaeal and eukaryotic evolutionary domains.
All archaeal RPB5 homologues are compact proteins with a size
of approximately 7 kDa. Sequences highly similar to the archaeal
RPBS subunits are also present in all eukaryotic RPB5 subunits
identified so far, but all eukaryotic RPBS proteins feature an
additional large N-terminal domain (Fig. 1). The aligned pri-
mary sequence data supports the idea of a bipartite organization
of all members of the eukaryotic family of RPB5 proteins,
containing both an evolutionary ancient C-terminal domain and
a more recently evolved N-terminal domain displaying a lower
degree of primary sequence conservation.

The 1.9 A resolution structure of yRPB5 confirms this
interpretation by revealing two structurally distinct domains
(Fig. 2). The larger N-terminal domain includes residues 1-144

Fig. 2.

and folds into a four-stranded mixed B-sheet (A1-A4), sur-
rounded by a number of helices (al-a7). Two short 8 strands
(B1 and B2) form an additional small parallel B-sheet that lies
perpendicular to the central strands of the A sheet. The
C-terminal domain (residues 145-215) is formed by a twisted
four-stranded mixed B-sheet (C1-C4) flanked by two helices
(a8 and a9).

An automated search of the structures deposited in the
Protein Data Bank was performed for the two domains sepa-
rately by using the program DALI (31). The closest match to the
yRPB5 N-terminal domain is the catalytic domain of the restric-
tion endonuclease FokI (32), with 99 residues of 137 giving a rms
separation of 4 A. The common fold includes B-sheet A and the
surrounding helices but lacks the three initial helices present in

Stereo diagram showing a ribbon representation of the overall structure of RPB5. The eukaryote-specific N-terminal domain is shown in blue whereas

the C-terminal domain, also present in archaea, is shown in green. Selected secondary structure elements are labeled as in Fig. 1.
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Fig. 3. (a) The C-terminal domain contains a number of residues that are
highly conserved from archaea to humans. A cluster of invariant polar amino
acids (mostly positively charged) are located on one surface of the domain. (b)
The subunit interface contains few hydrophobic residues and is instead sta-
bilized by polar interactions between a number of invariant residues in the
N-terminal domain and Tyr 187 in the C-terminal domain. The figure shows the
conserved residues at the interface and the hydrogen-bonding interactions.
The secondary structure elements are colored as in Fig. 2.

yRPBS5. The C-terminal domain of yRPBS5 lacks any significant
structural similarity with any other protein in the database.

The Conserved C-Terminal Domain. The previously determined
solution structure of RNAP subunit H from Methanococcus
Jannaschii showed similar secondary structure elements to the
C-terminal domain of yRPBS, as expected from the high degree
of sequence conservation (47% identity), but suggested that both
a-helices were positioned on the same side of the B-sheet (14).
It is very unlikely that the archaeal subunit has a different
arrangement of secondary structure elements to that seen in
yRPBS. The discrepancy is probably attributable to the short-
age of long-range nuclear Overhauser distance measurements
in the NMR data. The placement of helix a8 on the opposite
side of the B-sheet is compatible with an alternative interpre-
tation of the NMR distance data (S. Matthews, personal
communication).

The majority of the polar amino acid residues that are
invariant in the archaeal H subunits and the C-terminal domain
of eukaryotic RPBS polypeptides (Fig. 1) are clustered on one
side of the domain (Fig. 3a). The cluster consists of hydrophilic
and mostly positively charged amino acid residues (His 147, His
153, Asp 182, Arg 200, Ser 202, and Arg 212). This invariant
surface is likely to be involved in interactions with other RNAP
subunits and/or nucleic acid substrates. A number of experi-
ments, including Far-Western blot analysis of Schizosaccharo-
myces pombe RNAPy; (33) and two-hybrid studies in S. cerevisiae
systems (34), indicate that RPBS interacts with the conserved
region H of RPB1. Moreover, protein-DNA photo-crosslinking
experiments have identified RPBS as the only small subunit to
be located near the template DNA in the RNAPy; preinitiation
complex, making contact between position +5 and +15 on a
single face of the DNA helix (18). This is the same side to which
RPBI crosslinks.

The Domain Interface. There are relatively few direct contacts
between residues located in the two domains, and many of the
interactions are mediated by water molecules. The interface
region close to the connecting peptide is stabilized by hydrogen
bonds between residues that are invariant in the six available

Todone et al.
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Fig. 4. Location of regions that have been proposed to interact with TFIIB
and hepatitis B virus protein X (HBx). (a) Ribbon diagram representation of
yRPB5 (in the same orientation asin Fig. 2). The fragment corresponding to the
homologous sequence in hRPB5 that has been shown to interact with hTFIIB
is shown in cyan whereas the region that is responsible for HBx interaction is
shown inred. (b) Representation of the molecular surface of yRPB5 in the same
orientation as Fig. 2 (Left) and rotated by 180° around the vertical axis (Right),
showing the exposed surfaces of the above regions.

eukaryotic sequences (Figs. 1 and 3b). Tyr 187 on helix a9 in the
C-terminal domain plays a key role in these polar interactions.
The side-chain hydroxyl group is hydrogen-bonded to both the
carboxylate of Asp 25 and the side-chain amide of Asn 143 on
the connecting peptide whereas the main-chain carbonyl oxygen
forms a hydrogen bond with the side chain of Arg 26. Asp 25 and
Arg 26 form part of the conserved DRGY motif and lie on a loop
at the end of helix al. Although Tyr 187 is invariant in
eukaryotes, it is not conserved in archaea (Fig. 1) in which the
N-terminal domain is absent. The fact that the interface inter-
actions are mostly polar and often mediated by water molecules
suggests that some interdomain movements may occur. In fact,
optimal fitting of our model to a 3.2 A resolution map of yeast
RNAPy; requires a small relative movement of the two domains
to match the conformation of the yRPBS5 subunit present in the
endogenous enzyme (R. Kornberg, personal communication).

The Eukaryote-Specific N-Terminal Domain. The N-terminal domain
in eukaryotes may have specifically evolved to adopt novel and
additional functions. Intriguingly, evidence for such functions
has been found during the last few years in several independent
studies.

A mutant of yRPBS5 has been described (19) in which the
substitution of Val 111 with a glycine led to defects in transcrip-

PNAS | June6,2000 | vol.97 | no.12 | 6309

BIOCHEMISTRY



tional activation with no changes in the level of basal transcrip-
tion, similarly to what has been seen in mutants of the C-terminal
domain of RPB1. Our structure reveals that this residue is not
solvent exposed, being located on the face of strand A3 that
packs against helix a1 (Fig. 2), and therefore is unlikely to be
directly involved in any specific interaction with activators. The
observed effect on transcriptional activation is likely to be caused
by destabilization of the hydrophobic core of this region.

More direct evidence for the role of RPBS in activated
transcription has been presented in hepatitis B virus infected
cells. This virus transactivates a variety of promoters through the
action of the virally encoded transcriptional activator protein X
(HBx). The human homologue of RPB5 (hRPBS5) specifically
associates in vitro and in vivo with HBx, and this interaction
appears to be stabilized through additional contacts with the
basal RNAP-specific transcription factor TFIIB (20, 21).
Deletion mutant studies have narrowed down the regions of
RPBS interaction with both HBx and TFIIB to specific frag-
ments of the N-terminal domain. The high sequence homology
between the human and yeast RPBS (41% identity) suggests that
the structure of the two proteins is directly comparable, and thus
the yRPBS structure can be used as a framework to interpret the
available biochemical data. The HBx-binding site maps to the
region including amino acid residues 73-120, which folds into
B-strands A2 and A3 and helix «5. The TFIIB binding site has
been located in the region between residues 21 and 47, which
includes two solvent-exposed helices (a2 and «3) in addition to
the strictly conserved loop DRGY (Fig. 4). Both regions remain
solvent-exposed when RPBS is placed in the RNAP complex (R.
Kornberg, personal communication).

An additional transcriptional modulator facilitating the re-
cruitment of RNAPs to the preinitiation complex, TIP120, has
been shown to specifically interact with RPBS5 and the TATA-
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box binding protein TPB (35). Taken together, all of these results
emphasize the role of RPBS5 in facilitating communication
between the RNAP core and a variety of basal and gene-specific
transcription factors.

No Evidence for RPB5 Homodimerization. /1 vivo labeling studies of
endogenous yeast RNAPy with [33S]methionine suggested the
presence of two copies of yRPBS in each RNAPy; molecule (22).
Subsequent far Western blotting studies identified a putative
“homodimerization” domain within the N-terminal part of
hRPBS5 (21), leading to the overall conclusion that hRPBS5 could
be present as a homodimer within eukaryotic RNAPs. Archaeal
RPB5 homologues, on the other hand, lack this particular
domain, and no evidence for homodimerization of subunit H
from M. jannaschii has been found (14). Size exclusion column
chromatography of the recombinant yRPBS5 used for our crys-
tallization trials similarly failed to provide support for any
detectable tendency for yRPBS5 to homodimerize under a num-
ber of different experimental conditions (R.O.J.W., unpublished
observations). The intrinsically monomeric nature of yRPBS is
clearly confirmed by the arrangement of the molecules in the
crystal lattice. Within the orthorhombic lattice, a crystallo-
graphic dyad axis relates two RPB5 molecules, but the only
dimer interface, involving helix o3 and strand A1, is rather small
(600 A2) and does not include highly conserved residues. It is
therefore likely that the evidence for RPB5 homodimerization is
artefactual, and we favor a model in which RPB5 occurs as a
monomer in both archaeal and eukaryotic RNAPs.
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