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ABSTRACT
The subcomplex of Rpb4 and Rpb7 subunits of RNA
pol II in Saccharomyces cerevisiae is known to be
an important determinant of transcription under a
variety of physiological stresses. In S.cerevisiae,
RPB7 is essential for cell viability while rpb4 null
strains are temperature sensitive at low and high
temperatures. The rpb4 null strain also shows
defect in sporulation and a predisposed state of
pseudohyphal growth. We show here that, apart
from S.cerevisiae Rpb7, the Rpb7 homologs from
other lower eukaryotes like Schizosaccharomyces
pombe, Candida albicans and Dictyostelium discoideum can complement for the absence of
S.cerevisiae RPB7. This is the ®rst report where we
have shown that both the C.albicans and
D.discoideum homologs are functional orthologs of
the yeast RPB7. We also show that high expression
levels of S.cerevisiae RPB7 and its homologs rescue the sporulation defect of rpb4 homozygous null
diploids, but only some of them cause signi®cant
enhancement of the pseudohyphal phenotype.
Structural modeling of Rpb7 and its homologs show
a high degree of conservation in the overall structure. This study indicates a structural and functional
conservation of different Rpb7 across species and
also a conserved role of Rpb7 in the subcomplex
with respect to nutritional stress.
INTRODUCTION
The core RNA polymerase II (RNA pol II) in eukaryotes
comprises more than 10 different subunits. The most well
studied core RNA polymerase II from Saccharomyces
cerevisiae consists of 12 different subunits, Rpb1±Rpb12.
Five of them, namely Rpb5, Rpb6, Rpb8, Rpb10 and Rpb12,
are shared among the three RNA polymerases (1). All but

Rpb4 and Rpb9 are essential for the viability of the cell.
However, Rpb4 and Rpb9 are essential for growth at
temperature extremes (2,3) and have recently been shown to
mediate subpathways of transcription-coupled DNA repair in
S.cerevisiae (4). The Rpb4±Rpb7 subcomplex is suggested to
play an important role in stress response and stress survival
(5,6). This subcomplex is easily dissociable and fails to copurify with the core RNA polymerase II under mild denaturing
conditions (7). The subcomplex is shown to bind to singlestrand nucleic acid, most likely through a conserved domain of
Rpb7, and mediates a post-recruitment step in transcription
initiation (8). There are reports that Rpb7 can interact with
RNA polymerase II and support transcription during some
stresses independently of Rpb4 (9). The role of Rpb4 seems to
be to stabilize Rpb7 with the polymerase, but otherwise the
function of these two subunits with respect to one another is
less clear.
Among the pol II subunits Rpb7 turns out to be highly
conserved at the sequence level. There are 13 entries in the
seed alignment in the protein families (Pfam) database for
eukaryotic homologs and 10 entries for the archaeal homologs
of RPB7 that have been identi®ed through various genomesequencing projects (10). The human RPB7 ortholog can
complement the S.cerevisiae RPB7 deletion (6). The orthologs
of Rpb4 and Rpb7 from Arabidopsis thaliana form a
subcomplex tightly associated with the polymerase (11),
similar to the ones from Schizosaccharomyces pombe (12) and
humans (13). The archaeal RNA polymerase subunit RpoE1
was shown to be the bona ®de homolog of S.cerevisiae Rpb7
(14). The structure of the subcomplex in the archaeal
polymerase has been solved (15). While the human orthologs
do not appear to interact strongly with their yeast counterparts,
they can form heterodimers in vitro with archaeal orthologs
(14). On the other hand, the A.thaliana and S.pombe Rpb4
orthologs can interact with yeast Rpb7 (11,12).
Interestingly, the counterpart of Rpb7 in yeast RNA
polymerase III (pol III), called C25, was discovered some
time ago as an essential protein (16). Two recent reports have
further supported the notion that studying the complex is
important in understanding the evolution of the basic
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transcription machinery. The reports show that the paralogs of
both the subunits as components of RNA polymerase I (pol I)
and pol III exist in both S.cerevisiae and humans (17,18). In
S.cerevisiae, A43 polypeptide forms a stable heterodimer with
the A14 subunit of pol I and is required for the stabilization of
both A14 and ABC23 within pol I. The N-terminal half of A43
is clearly related to Rpb7, and although A14 is different from
Rpb4 by speci®c sequence and structure features, the A43±
A14 pair appears to be the pol I counterpart of the Rpb7±Rpb4
heterodimer. The second report describes the C17 subunit of
yeast RNA polymerase III (encoded by RPC17) that is
conserved from yeasts to humans at the sequence level. C17
forms with C25 (encoded by RPC25) a heterodimer akin to
Rpb4/Rpb7 in Pol II. That CGRP-RCP (the human ortholog of
C17) can functionally replace C17 in Drpc17 yeast cells
establishes that human CGRP-RCP is the genuine ortholog of
C17. These RNA polymerase subunits appear to have evolved
to meet the distinct requirements of the multiple forms of RNA
polymerases.
We also have recently uncovered many other phenotypes
that are affected by Rpb4 and probably by Rpb7 as part of the
subcomplex. Apart from the temperature sensitivity that rpb4
null mutant cells exhibit, we ®nd that rpb4D/rpb4D cells show
a predisposed phenotype to form pseudohyphae under limiting
nitrogen source and reduced sporulation levels under severe
carbon starvation, as compared with a wild-type strain (19).
We decided to test the conservation of the RPB7 homologs
from C.albicans, S.pombe and D.discoideum in two ways:
(i) by modeling the orthologs using the archaeal structure and
(ii) by testing complementation of the RPB7 deletion mutant
as well as rescue of the various phenotypes of RPB4 deletion
mutant. We also ®nd that, apart from S.cerevisiae Rpb7, the
conserved lower eukaryotic homologs of Rpb7 (selected in
this study) can complement for the absence of RPB7, and their
over-expression partially rescues the phenotypes associated
with S.cerevisiae rpb4D/rpb4D cells mentioned above. These
observations and the modeling results point toward a
functional as well as structural conservation of Rpb7 across
diverse eukaryotic species. A distinct two-domain structure of
the protein is obvious, and our chimeric proteins with domains
swapped between some of the homologs support this domainal
structure.

MATERIALS AND METHODS
Yeast strains
The S.cerevisiae strains used in this study were as follows.
SYD1011: Mat a/Mat a, his3D200/his3D200, ura3-52/ura352,
leu2-3,112/leu2-3,112,
lys2/lys2,
rpb4D::HIS3/
rpb4D::HIS3. SYD7: Mat a/Mat a, ade2/ade2, his3/his3,
leu2-3,112/leu2-3,112, RPB7/rpb7D::LEU2. YGD-ts22W:
MAT a ura3-1 leu2-3,112 trp1-1 can1-100 ade2-1 his311,15 [psi+], ess1H164R (20). All the plasmid constructs have
been transformed in these strains to generate the required
strains. Yeast transformations were done using a modi®ed
lithium acetate method without heat shock treatment (21).
Plasmids were transformed and ampli®ed in Escherichia coli
strain DH5a [supE44DlacU169(f80lacZDM15) hsdR17 recA1
endA1 gyrA96 thi-1relA1] as per standard protocols (22).

Assay conditions
Complementation. To check for the complementation of
S.cerevisiae rpb7D by other eukaryotic homologs, the
heterozygous RPB7/rpb7D strain (SYD7) was transformed
with plasmid harboring the homologous open reading frames
(ORFs) expressed under the S.cerevisiae TEF2 promoter. The
strains were patched on YEPD plates containing 2% agar.
Cells were re-patched on 1% potassium acetate + 2% agar
plates for sporulation. Sporulated cells were treated with
0.5 mg/ml lyticase (Sigma Aldrich Ltd, USA) for 30 min and
tetrads were dissected on YEPD plates. For random spore
analysis (RSA), a suspension of sporulated strains treated with
lyticase was made and an equal volume of mineral oil was
added to it. The mixture was vortexed for 2 min and spun at
6000 r.p.m. for 3 min. A ®xed volume (50 ml) of the mineral
oil layer was plated on synthetic dropout (SD) plates lacking
uracil and uracil + leucine.
Temperature sensitivity. All strains analyzed for temperature
sensitivity were patched on SD plates + 2% glucose + 2% agar.
Cells were spotted at equal densities onto plates containing SD
medium + 2% glucose + 2% agar. The plates were incubated at
24, 34 and 37°C and photographed after 3 days for rpb4D
rpb4D and after 5 days for the YGD-ts22W temperaturesensitive strain.
Pseudohyphal growth. Three transformants for each strain
were grown on SD plates + 2% glucose + 2% agar and spotted
on SLAD + 2% agar plates at suitable cell densities before
they were photographed at 18 h using a camera attached to
Olympus BX50 microscope. The pseudohyphal analysis with
the chimeric proteins was carried out on SD media.
Sporulation. Three transformants for each of the strains were
grown on YEPD plates and transferred to 1% potassium
acetate plates. Sporulation counts were done using a
hemocytometer 72±96 h after transfer to the sporulation
medium. The number of tetrads was counted in a minimum of
500 cells and sporulation ef®ciency expressed in comparison
with the wild-type sporulation level taken as 100%.
Construction of plasmids
The construction of S.cerevisiae RPB4 gene in a CEN plasmid
has been described previously (23). Since rpb4 null mutants
are defective for activated transcription while the constitutive
transcription is largely unaffected (24), we have used a
plasmid pPS189 containing a constitutive promoter, i.e. PTEF2
(25), to over-express all the RPB7 homologs. The C.albicans
RPB7 ORF was ampli®ed from the genomic DNA of
C.albicans CaI4 strain using the forward primer 5¢-GCG
GAT CCT CAG CAA CAA CAA CAA CAA AAT G-3¢ and
reverse primer 5¢-AAC TGC AGT TAC ATA GGA CTT GGT
CCC-3¢, and the ~500 bp PCR product was cloned in pGEMTeasy vector (Promega, USA). The ORF was further subcloned
in pPS189 at BamHI±XhoI sites. The D.discoideum RPB7
ORF was cloned as a HindIII±XhoI fragment in pPS189 from
the SalI±NotI cDNA clone in SSK501 plasmid DNA (a kind
gift from Takahiro Morio, Institute of Biological Sciences,
Japan). The S.pombe RPB7 ORF was cloned as a HindIII±SalI
insert in pPS189 from the cDNA clone in pGEMT-easy vector
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The Rpb7 sequences from S.cerevisiae, S.pombe, C.albicans
and D.discoideum were aligned using CLUSTAL W (26) with
the objective of understanding the nature of differences in
amino acid residues in close homologs. The residues that are
conserved or are conservatively substituted are marked in
Figure 1. While conserved or conservatively substituted
residues are located most often in the core of the structure,
the solvent-exposed conserved residues might play an important role in the function of the protein. Conserved or
conservatively substituted solvent-exposed residues are
mapped on the modeled structures (Fig. 4). The solventaccessible surface area has been calculated by running the
PSA program as used by Overington et al. (27) which employs
the algorithm of Lee and Richards (28).

with end-to-end distances of the structurally conserved regions
of the three anchor Ca on either side of the loop. The results so
obtained are ranked (33). The best ranking loop with no short
contact with the rest of the structure was ®tted
(F.Eisenmenger, unpublished results). Side chains are modeled on the template structure at equivalent positions as seen in
the template structure wherever appropriate or by using the
rules from analysis of known structures (34). The model so
obtained was subjected to energy minimization steps to relieve
short contacts, if any. This was done using the AMBER force
®eld (35) encoded in SYBYL software. The initial rounds of
minimization were carried out by keeping backbone atoms
®xed, and in subsequent cycles the backbone atoms were
allowed to move. The ®nal round of energy minimization was
carried out keeping the electrostatics term on and all the atoms
in the model were allowed to move. This approach ensured
that the models generated are free of short contacts and bad
geometries. Although, during the course of this work,
structures of the 12-subunit complex of RNA polymerase
from S.cerevisiae have been published (36,37), the structures
Ê ) and for Rpb7 and Rpb4
are of low resolution (4.1 and 4.2 A
the positions of Ca atoms alone are available. Hence detailed
analysis of the Rpb7 structure addressing speci®c residue
variation is not possible. So we generated a model for Rpb7
using the archaeal complex structure and we ensured that the
features of the model built are consistent with the features
observed in the low-resolution structure of yeast Rpb7 in the
complex. The models for Rpb7 sequences from other sources,
like S.pombe, C.albicans and D.discoideum, whose sequences
show signi®cant sequence identity with that from S.cerevisiae
was similarly carried out as discussed above by generating an
alignment between the modeled S.cerevisiae sequence and
sequences from other sources under consideration. All models
were energy minimized as discussed.

Comparative modeling of Saccharomyces cerevisiae Rpb7
using an archaeal homolog

RESULTS

(a gift from Akira Ishihama). The S.cerevisiae RPB7 ORF was
subcloned from pPS41 as a BamHI±XhoI insert in pPS189.
The C.albicans N-terminus was PCR ampli®ed from pVM314
using the forward primer (above) and reverse primer 5¢-GAT
TTA AAT GGT TTC CAC ACA ACA G-3¢ and cloned in
pGEMT-easy vector, digested with BamHI±SwaI and ligated
to the DraI±XhoI C-terminal fragment of the S.cerevisiae
RPB7 ORF from pSR262 to construct the CaN-ScC chimera.
The underlined A residue was substituted instead of G to
generate the SwaI site but without changing the corresponding
amino acid phenylalanine (Fig. 6A). The C.albicans
C-terminus was PCR ampli®ed from pVM314 using the
forward primer 5¢-CTT TAA AGG TGA AGT GGT AGA
TGC-3¢and reverse primer (above) and cloned in pGEMTeasy, released with DraI±SalI and ligated to the BamHI±DraI
N-terminal fragment of the S.cerevisiae RPB7 ORF to
construct the ScN-CaC chimera.
Sequence analysis of Rpb7 homologs

The RpoE1 subunit of Methanococcus jannaschii RNA
polymerase is a homolog of Rpb7 from S.cerevisiae with
known 3D structure (15). The structure of this archaeal protein
is available in the Protein Data Bank (PDB ID, 1GO3) (15).
We have used this structure as a template to model Rpb7 from
S.cerevisiae. The sequence identity between the archaeal
Rpb7 and S.cerevisiae Rpb7 is only about 25% (Table 1).
However, the archaeal sequence identi®es the S.cerevisiae
sequence in a simple iterative blast search (29) with signi®cant
E-values of 3 3 10±28 at the round of convergence, which
meant that the two proteins under consideration are remotely
related. A sequence alignment between the archaeal and
S.cerevisiae protein sequences was obtained using MALIGN
(30). A 3D model of Rpb7 has been generated using a suite of
programs encoded in COMPOSER (31,32) and incorporated
in SYBYL (Tripos Inc., St Louis, MO). The structurally
conserved regions are extrapolated to S.cerevisiae Rpb7
sequence. The rest of the regions (often loops) that show
high divergence from template structure were modeled by
identifying suitable loop regions from a database of nonhomologous protein structures. This has been done by a
template-matching approach, wherein a search is made for
loop segments with the required number of residues that match

Sequence conservation of Rpb7 homologs and their
functional complementation in S.cerevisiae
Rpb7 is essential for cell viability in S.cerevisiae (38). It is a
highly conserved protein and its conserved counterparts have
been reported in archaea and in lower and higher eukaryotes.
The sequences of the homologs from three other lower
eukaryotic model systems, namely the pathogenic yeast
C.albicans, the ®ssion yeast S.pombe and the cellular slime
mold D.discoideum were compared with the S.cerevisiae
sequence (Table 1 and Fig. 1). Besides the central stretch of
about 20 amino acid residues which has been known to be
essential for the function of RPB7, the similarity between the
sequences extends to both the N-terminal as well the Cterminal portion of the homologs (16). The high sequence
similarity of this protein from different systems prompted us
to check the extent to which other eukaryotic homologs of
S.cerevisiae Rpb7 can functionally complement the absence of
RPB7 in S.cerevisiae. The tetrad analysis as well as random
spore analysis gave comparable results with all the homologs
(Fig. 2A and B). We ®nd that these eukaryotic counterparts
can functionally complement the absence of RPB7 in
S.cerevisiae.
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Figure 1. Multiple sequence alignment of the lower eukaryotic homologs of S.cerevisiae Rpb7 obtained using CLUSTAL W. Black bars indicate identical
residues and gray bars indicate conservative substitutions. The solvent-exposed residues (shown as black bars under the alignment) between S.cerevisiae and
its homologs are conserved or conservatively substituted in all identi®ed homologs of Rpb7.

temperatures (39,40). Studies in our laboratory and by other
workers have shown that over-expression of its interacting
partner Rpb7 can rescue the growth at lower temperatures and
at 34°C (9,23). In order to test the functional conservation in
rescuing this growth defect, we over-expressed these homologs in rpb4 deletion diploid and found that they could rescue
growth up to 34°C like the S.cerevisiae counterpart (Fig. 3A).
Pseudohyphal growth. The morphogenesis of pseudohyphal
growth that S.cerevisiae diploid cells undergo under limiting
nitrogen starvation conditions is well known (41). We have
reported earlier that rpb4D/rpb4D cells mimic such a starvation response even under non-starved conditions, exhibiting a
predisposition to form pseudohyphae (19). We ®nd that overexpression of RPB7 in this background exaggerates this
phenotype of pseudohyphal growth (Fig. 3B). While the
exaggerated response is less with the homologous proteins
from S.pombe and D.discoideum, it is most impressive with
Rpb7 from C.albicans, which incidentally is known to
undergo yeast to hyphal form transition under a variety of
stress conditions (42).

Figure 2. Complementation of S.cerevisiae RPB7 by lower eukaryotic
homologs. The representative tetrads dissected from each of the heterozygous rpb7D diploid strain transformed with either the vector or the respective homolog in the same vector are shown in (A). The corresponding strains
were also analyzed by random spore analysis and the ratio of colonies
formed on leucine and uracil dropout medium to the number of colonies on
the uracil dropout medium is shown in (B). Vector transformants do not survive on the leucine/uracil dropout medium.

Saccharomyces cerevisiae Rpb7 and its homologs
partially rescue the phenotypes associated with rpb4
deletion in S.cerevisiae
Temperature sensitivity. Previous reports have shown that
S.cerevisiae Rpb4 is required for cell growth at both low and
high temperatures (2). This subunit is also required to be
associated with the core enzyme for transcription at high

Sporulation. Under extreme nitrogen starvation but in the
presence of a non-fermentable carbon source, S.cerevisiae
diploid cells undergo meiosis resulting in four ascospores that
are enclosed in an ascus. The rpb4D/rpb4D cells are defective
for sporulation suggesting a requirement for Rpb4 for ef®cient
sporulation (19). We ®nd that this defect can be partially
overridden by the over-expression of RPB7 and its homologs,
although the S.cerevisiae protein rescues the defect marginally
better than the rest (Fig. 3C).
Comparison of the modeled structures shows a high
degree of structural conservation between the lower
eukaryotic homologs of Rpb7
The archaeal structure of RpoE1 (PDB ID, 1GO3) was used as
template for modeling the structure of S.cerevisiae Rpb7. The
model generated is shown in Figure 4. The modeled structure
shows an N-terminal RNP domain and a C-terminal OB-fold
region as seen in the archaeal structure. Our analysis of the
sequences of Rpb7 shows that the residue level variation
among the homologs reported here is concentrated at the
C-terminal OB-fold region as indicated in the sequence
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Figure 3. S.cerevisiae RPB7 and its eukaryotic homologs on over-expression rescue the phenotypes associated with rpb4 homozygous diploid null strain.
(A) Cells of transformants expressing each of the homolog were spotted at equal density and plates incubated at temperatures indicated above each panel.
(B) Individual representative colonies of each of the above transformants were photographed following 18 h incubation on SLAD medium. Photographs were
taken at 4003 magni®cation. (C) Sporulation percentage was determined as described in Materials and Methods and represented in comparison to the
wild-type sporulation level taken as 100%.

alignment (Fig. 1). The aromatic residues in b-strand 3, the
loop regions connecting the b-strands 1 and 2 (L12) and the
loop between b-strands 4 and 5 (L45) present the binding site
for the oligonucleotide (43). These regions are marked in
Figure 4 in the context of the present study. In all the proteins
that have the OB fold, the L45 region is known to show large
sequence variation and is implicated in RNA binding (43,44).
Our analysis shows that most of the sequence variations are
concentrated at the L3a region and the L45 region of the OB
fold. One of the most conserved regions among the four
sequences under consideration is the b3 and L12 region of the
protein. The RNA binding property of b-strand 3 and L12 is
believed to contribute towards stabilizing the RNA through
stacking interactions (45) brought about by the aromatic
conserved Phe (Phe 99 and Phe 109) present in this region.
The other surface-exposed conserved regions map to the Rpb4
binding region and N-terminal RNP domain as shown in
Figure 4. These regions are identi®ed by aligning sequences of
the Rpb7 homologs available in public databases. Most of the
substitutions are in the surface-exposed regions of the
structure and not in the proposed Rpb4 interaction regions
(marked by the green patches on the structure). When the

extent of residue level conservation at the surface-exposed
residues is analyzed, we pick up two conserved patches, one in
the Rpb4 binding site and the other located at the `tip' of the
S1 domain. The surface-exposed nature of a residue is
extrapolated from the archaeal structure. The sequence
identity between the Rpb7 proteins across eukaryotic species
is remarkable (>60%). The Pfam database considers all the
bona ®de members of a sequence family while constructing
seed alignment. This seed alignment has 23 sequences, each
from a different species, and 43 identi®able homologs to the
bona ®de 23 members. We analyzed the residue level variation
in the sequences between these homologs, and when these
variations were mapped onto the Rpb7 fold (Fig. 5; variation
indicated as red patches) we observe that the variations are not
at the sites of interaction with Rpb4 and are concentrated in the
OB-fold region.
Rpb7 homologs show signi®cant functional differences in
the N- and C-terminal domains
As discussed above the structure modeling shows two clear
domains in the Rpb7 protein structure. In an attempt to
understand the role of the different homologs of Rpb7 and its
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Figure 4. Molecular model of S.cerevisiae Rpb7 generated based on the archaeal structure. The N-terminal RNP domain and the C-terminal OB-fold region
are indicated. The regions marked b2b3L12L3aL45 forms the RNA binding region in the OB fold. Surface-exposed patches in Rpb7 conserved across
organisms are shown in red. The ®gure was generated using SETOR (53).

Table 1. Sequence comparison of the three Rpb7 homologs with RpoE1 of M.jannaschii and S.cerevisiae Rpb7
Rpb7p homologs

Sequence length

% comparison with RpoE1
Identity
Similarity

% comparison with S.cerevisiae
Identity
Similarity

S.cerevisiae
C.albicans
S.pombe
D.discoideum

171
173
172
172

25
22
26
22

62
52
39

domainal organization, we chose to compare the domains of
S.cerevisiae and the C.albicans homologs. The choice of these
homologs was based on the fact that the C.albicans homolog
shows distinct phenotypic differences as reported above and
has also been shown to rescue temperature sensitive
phenotype of ess1 alleles (20) while the S.cerevisiae Rpb7
does not. We created the chimeric Rpb7 proteins of
S.cerevisiae with C.albicans by swapping the N-terminal
RNP domain and C-terminal OB-fold region of the protein
(Fig. 6A). We chose the invariable region PF-KGEVVD,
which links the N- and C-termini, as the demarcation for the
N- and C-terminal domains (see Materials and Methods). The
two chimeric fusion proteins (ScN-CaC and CaN-ScC) were
analyzed for all the phenotypes mentioned above.
Both the chimera can complement for the absence of
S.cerevisiae Rpb7, suggesting that the fundamental transcriptional requirement of Rpb7 can be compensated by such
chimeric proteins (data not shown). We tested if these
constructs can rescue the phenotypes associated with the
rpb4 diploid null strain. We ®nd signi®cant differences in
phenotypes contributed by either of the domains from the two
homologs (Fig. 6B). Interestingly, the chimera with the

51
47
48
43

79
75
60

C-terminal domain of the C.albicans homolog, namely ScNCaC, can rescue the temperature sensitivity and the sporulation defect of rpb4 diploid null strain, while the other chimera
CaN-ScC shows extensive exaggeration of pseudohyphal
growth (Fig. 6B). This observation suggests that the former
two phenotypes may be co-regulated while the pseudohyphal
difference might be regulated through interactions of proteins
with the N-terminal domain. Similarly, exaggeration of
pseudohyphal morphology was found to be associated with
the HsN-ScC chimera between human and the yeast homologs
(data not shown).
It was reported earlier that the Rpb7 homolog of C.albicans,
and not the S.cerevisiae homolog, can rescue temperature
sensitivity of certain alleles of Ess1, a peptidyl prolyl
isomerase, at 37°C in S.cerevisiae (20). Ess1 is known to be
involved in modi®cation of CTD of Rpb1 and regulation of
gene expression in C.albicans as well as S.cerevisiae (20,46).
We chose the Ess1H164R temperature-sensitive allele to test if
the Rpb7 homologs under study and the chimera can suppress
the temperature sensitivity. We ®nd that, besides C.albicans
Rpb7, the S.pombe and D.discoideum homologs can also
suppress temperature sensitivity at 37°C in S.cerevisiae.
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Figure 5. Molecular models of Rpb7 from the lower eukaryotic homologs studied. Residue level variations seen in each homolog when compared with
S.cerevisiae Rpb7 are shown in red. The ®gure was generated using SETOR (53).

However, only the ScN-CaC chimera can suppress the
temperature sensitivity in this background, con®rming the
functional differences in the domains of these homologs
(Fig. 6C).
DISCUSSION
RNA polymerase II is perhaps one of the most crucial
molecular assemblies that dictates various fates of the
genomic information. Almost all of the subunits of this
complex enzyme at the core of transcription show conservation from archaea to mammalian cells. We have chosen to
analyze the functional conservation of two subunits, Rpb4 and
Rpb7, of this enzyme that have been shown to form a
subcomplex in several eukaryotic species (11±13). It has also
been shown to be the case in the archaeal enzyme (14). The
fact that Rpb7, a core RNA pol II subunit, is essential for cell
viability in S.cerevisiae suggests that it plays an important role
in eukaryotic transcription (38). The requirement of the Rpb4
subunit by the cell under stress conditions like extreme
temperatures and stationary phase has been shown by various
groups (2,5,47). Apart from this requirement for Rpb4, we
have shown that diploid rpb4 null strains show considerable
reduction in sporulation levels and a predisposed state of
pseudohyphal growth, evidence of the role played by this
subunit under nutritional stress conditions (19). Ability to
monitor multiple phenotypes in S.cerevisiae allows us to carry
out more re®ned analysis of the structure and role of Rpb4.
These two RNA polymerase subunits appear to have
evolved to meet the distinct requirements of the multiple

forms of RNA polymerases. HsRPB7 interacts with the amino
terminus of the human transforming factor EWS-Fli and
enhances its transcriptional activity (48). In fact even when
hsRPB7 is fused to the Fli1 DNA binding domain it leads to
the same effect, thus establishing that it plays an important
role in promoter selectivity through protein±protein interaction, while in S.pombe and S.cerevisiae it was shown
recently that the Rpb7 protein interacts with Nrd1 and the
corresponding S.pombe homolog Seb1 in the respective
systems (49). These proteins link the RNA processing
activities to the Rpb4/7 subcomplex. Recently, HsRpb7 has
been shown to interact with the VHL protein (pVHL), a
component of the ubiquitin ligase E3 complex (50). This
interaction targets hsRpb7 for ubiquitination and subsequent
proteasomic degradation leading to altered gene expression. A
protein called Ess1, which modulates CTD structure and plays
a role in transcription elongation/termination, has also been
genetically shown to interact with Rpb7, while the RNA
binding ability of Rpb7 has been implicated in the stability of
the transcript emerging from the transcribing polymerase (20).
While yeast RNA pol III has a counterpart of the Rpb4/7
subcomplex made up of C17/C25 proteins, the pol I has
the A14/A43 subcomplex. The C17 human homolog,
CGRP-RCP, is known to be involved in the signal transduction cascade and is functionally conserved (18). A43, which is
related to Rpb7, interacts with Rrn3 which is a general
transcription factor required for transcription by RNA pol I
(51), while C17, the paralog of Rpb4, is shown to interact with
the pol III transcription factor TFIIIB (52). Thus the
subcomplex in all the three eukaryotic polymerases and in
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Figure 6. (A) Scheme showing the construction of chimeric Rpb7 proteins of S.cerevisiae with C.albicans. (B) Rescue of the phenotypes associated with
rpb4 homozygous diploid null strain by S.cerevisiae and C.albicans chimera. (C) Suppression of Ess1 temperature-sensitive allele ess1H164R at 37°C by
S.cerevisiae with C.albicans chimera (Sc.N-Ca.C), S.pombe and D.discoideum Rpb7 homologs.

transcription in general plays an important role through
interactions with proteins outside the respective core RNA
polymerases.
We have reported here how the high sequence similarity of
RPB7 from different systems allowed us to test functional
conservation between the lower eukaryotic homologs of Rpb7
in S.cerevisiae. The homologs from three other lower
eukaryotic model systems, namely the pathogenic yeast
C.albicans, the ®ssion yeast S.pombe and the cellular slime
mold D.discoideum, not only have high sequence similarity
but can also functionally complement the absence of Rpb7 in
S.cerevisiae (Figs 1 and 2).
Previous reports have shown that in S.cerevisiae the overexpression of RPB7 can partially rescue the growth defect
associated with the deletion of its interacting partner Rpb4
(9,23,40). Rescue of these defects by over-expression of the
homologs from other systems implies conservation of the
structural aspects of the protein that are not involved in
interaction with Rpb4 but with the other conserved
components of the transcription machinery. Our observation
that these homologs on over-expression can rescue the growth
defect of RPB4 deletion at 34°C (Fig. 3A) and the defect in

sporulation phenotype (Fig. 3C) supports the above speculation.
While we have reported earlier that the human homolog of
RPB7 exaggerates the pseudohyphal morphology of a strain
(S1278b) predisposed to forming pseudohyphae (6), we have
shown here that the over-expression of S.cerevisiae RPB7
causes exaggeration of the pseudohyphal phenotype of the
rpb4 null homozygous diploid. Among the lower eukaryotic
homologs, the C.albicans homolog leads to the most impressive enhancement of the pseudohyphal morphology in RPB4
deletion (Fig. 3B). Taking into account the fact that C.albicans
shows profound hyphal conversion under many stress conditions as well as the fact that signal transduction pathways
leading to pseudohyphal morphology in S.cerevisiae and
C.albicans are well conserved (42) allows us to speculate that
some of the interactions involved in regulation of this
morphogenesis may be conserved as well and may be
mediated by Rpb7 either directly or indirectly.
The solved crystal structure of the subunit E of
M.jannaschii RNA polymerase shows an N-terminal RNP
domain and a C-terminal OB-fold region (15). Since it was
observed earlier that the M.jannaschii subunit E is the bona
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®de homolog of eukaryotic Rpb7 (14), we modeled the
structures of S.cerevisiae Rpb7 and three other lower
eukaryotic homologs based on this structure. The models
generated suggest high similarity in the structural features of
the eukaryotic variants (Fig. 5). In all the proteins that have the
OB fold, the L45 region is known to show large sequence
variation and is implicated in RNA binding (43,44). However,
it has been observed that the variation does not compromise
RNA binding activity of the OB-fold-containing proteins (44).
The Rpb7 homologs in this study also reveal that most of the
sequence variation is concentrated at the L3a region and the
L45 region of the OB fold in these homologs (Fig. 5).
Rpb7 has been shown to bind to single-strand nucleic acid
in vitro by virtue of the OB-fold region, and deletion of the
region 108±113 of the Rpb7 S.cerevisiae sequence (which
corresponds to b-strand 3 of the OB fold) abrogated any
nucleic acid binding and in vitro transcriptional activity (8).
One of the most conserved regions among the four lower
eukaryotic sequences under consideration is indeed the
b-strand 3 and L12 region of the protein. That the homologs
of Rpb7 complement the absence of Rpb7 in S.cerevisiae
could be explained based on the fact that the transcriptional
activity requires RNA binding property of b-strand 3 and L12.
The other surface-exposed conserved regions that map to the
Rpb4 binding region and N-terminal RNP domain (Fig. 4) are
identi®ed by multiple alignment of a number of Rpb7
sequences from other sources. The high degree of conservation of the latter regions might support an important role such
as binding to RNA pol II. In the recently released crystal
structures of wild-type RNA pol II complex (36,37) it has been
observed that the N-terminal `tip' region extensively contacts
with the base of the clamp of the RNA pol II.
It was obvious from the above structural analysis that the
Rpb7 homologs have two distinct domains and sequence
comparison suggested that there are short patches of differences between the homologs (Fig. 5) and that maximum
variation in the residues is seen at the C-terminus in each case.
We employed one more phenotype reported earlier, namely
the temperature sensitivity of ess1 mutant, as a differential
phenotype since it was alleviated by the C.albicans Rpb7
homolog but not by the S.cerevisiae homolog. It was
interesting to see that, while the other two lower eukaryotic
homologs rescued the phenotype, observations with the
chimeras showed that the rescue was dependent on the
differences between the two homologs in the C-terminal half.
The chimeric proteins further showed that the pseudohyphae
and sporulation phenotype could easily be segregated,
supporting the notion of functionally independent domains.
We have shown that the structural conservation of the
essential subunit of RNA pol II, Rpb7, re¯ects in its functional
conservation. That the lower eukaryotic homologs showed
variations mainly in certain restricted positions suggested that
these changes are tolerated without signi®cantly disturbing the
structure. These subtle `allowed' variations in the sequence
might dictate various interactions of this subunit with other
components of the transcriptional regulatory machinery
affecting complex phenotypes like pseudohyphae formation
and sporulation. Thus our studies now suggest regions of Rpb7
that could be manipulated to understand the ®ner details of
how they mediate these complex interactions and achieve
transcriptional regulation.
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