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The products of the yeast CDC73 and PAF1 genes were originally identified as RNA polymerase II-associated
proteins. Paf1p is a nuclear protein important for cell growth and transcriptional regulation of a subset of yeast
genes. In this study we demonstrate that the product of CDC73 is a nuclear protein that interacts directly with
purified RNA polymerase II in vitro. Deletion of CDC73 confers a temperature-sensitive phenotype. Combi-
nation of the cdc73 mutation with the more severe paf1 mutation does not result in an enhanced phenotype,
indicating that the two proteins may function in the same cellular processes. To determine the relationship
between Cdc73p and Paf1p and the recently described holoenzyme form of RNA polymerase II, we created yeast
strains containing glutathione S-transferase (GST)-tagged forms of CDC73, PAF1, and TFG2 functionally
replacing the chromosomal copies of the genes. Isolation of GST-tagged Cdc73p and Paf1p complexes has
revealed a unique form of RNA polymerase II that contains both Cdc73p and Paf1p but lacks the Srbps found
in the holoenzyme. The Cdc73p-Paf1p-RNA polymerase II-containing complex also includes Gal11p, and the
general initiation factors TFIIB and TFIIF, but lacks TBP, TFIIH, and transcription elongation factor TFIIS
as well as the Srbps. The Srbp-containing holoenzyme does not include either Paf1p or Cdc73p, demonstrating
that these two forms of RNA polymerase II are distinct. In confirmation of the hypothesis that the two forms
coexist in yeast cells, we found that a TFIIF-containing complex isolated via the GST-tagged Tfg2p construct
contains both (i) the Srbps and (ii) Cdc73p and Paf1p. The Srbps and Cdc73p-Paf1p therefore appear to define
two complexes with partially redundant, essential functions in the yeast cell. Using the technique of differential
display, we have identified several genes whose transcripts require Cdc73p and/or Paf1p for normal levels of
expression. Our analysis suggests that there are multiple RNA polymerase II-containing complexes involved in
the expression of different classes of protein-coding genes.

A minimal set of transcription factors (RNA polymerase II
plus TATA-binding protein [TBP], TFIIB, TFIIE, TFIIF, and
TFIIH) are necessary for mRNA promoter-specific transcrip-
tion initiation in vitro (for reviews, see references 7 and 12).
Regulated transcription requires, in addition to these basal
factors, many accessory proteins responsible for conveying reg-
ulatory signals to the general transcriptional machinery (68).
There are at least two different classes of accessory factors that
have been well characterized. One class includes the TBP-
associated factors (TAFs) (for a review, see reference 58). In
vitro reconstitution experiments strongly implicate the TAFs in
the process of transcriptional activation (10). Another class of
accessory factors exists in the mediator complex associated
with the C-terminal repeat domain (CTD) of the largest sub-
unit of RNA polymerase II (for a review, see reference 33). In
the yeast Saccharomyces cerevisiae, the mediator can associate
with RNA polymerase II and several general initiation factors
to form a large protein complex termed the holoenzyme (30,

32). Most components of the holoenzyme, including the Srbps,
Gal11p, Sin4p, Rgr1p, and Swi/Snfps, were originally identified
by mutations that caused transcriptional alterations in yeast
(24, 27, 34, 39, 43, 53, 64). Although mutations in some of these
gene products affect the expression of only subsets of yeast
genes, an analysis of temperature-sensitive mutations of SRB4
and SRB6 revealed transcription defects at all class II promot-
ers assayed (57). Mammalian RNA polymerase II-containing
complexes that include Srbp homologs, and many of the gen-
eral transcription factors as well as DNA-repair factors, have
recently been described (36, 42).

The reported complex forms of RNA polymerase II vary
widely in terms of composition. In particular, some of the
general initiation factors (TBP, TFIIE, and TFIIH) are present
in some complexes but not others (30, 32, 36, 42). In addition,
some of the factors, including the Srbps and Gal11p, can be
found in dissociable subcomplexes (30, 34). Although it is
probable that some of these differences reflect the different
purification protocols used to isolate these extremely large
complexes from widely differing cell types, it is also possible
that RNA polymerase II exists in multiple functional forms in
vivo. We have recently described the isolation of a collection 20
or more RNA polymerase II-associated proteins (RAPs) from
a transcriptionally active yeast whole-cell extract (62). Our
isolation technique required immunoaffinity interactions with
the CTD of RNA polymerase II; the Srbps, which are known to
interact directly with the CTD, were not found in this collec-
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tion of RAPs. Factors TBP and TFIIH were also absent; how-
ever, some of the general factors were identified: TFIIB, all
three subunits of TFIIF, and elongation factor TFIIS. Two
novel factors, Paf1p and Cdc73p, were also identified in the
RNA polymerase-associated fraction. We have recently re-
ported the initial characterization of Paf1p (polymerase-asso-
ciated factor 1 [50]). Paf1p is a low-abundance nuclear protein
required for normal growth and morphology of yeast cells.
Consistent with a function in RNA polymerase II transcription,
expression of some yeast mRNAs, including those from the
galactose-inducible genes, is altered in a paf1D mutant strain.
We have also found a dramatic enhancement of the paf1D
mutant phenotype when it is combined with a gal11D mutation
(50), demonstrating a genetic interaction between Paf1p and at
least one component of the RNA polymerase II holoenzyme.
CDC73 was previously identified as a gene involved in the

pheromone response pathway (45), but the function of Cdc73p
has not been determined. The identification of Cdc73p as an
RNA polymerase II-associated factor prompted us to investi-
gate its potential involvement in transcriptional regulation. We
present both biochemical and genetic evidence in support of
the idea that Cdc73p and Paf1p define a novel form of RNA
polymerase II, distinct from the Srbp containing holoenzyme,
and important for expression of a subset of yeast genes.

MATERIALS AND METHODS

Strains and media. The S. cerevisiae strains used in this study were YJJ453
(MATa/a leu2D1/leu2D1 his3D200 /his3D200 ura3-52/ura3-52), YJJ564 (MATa
leu2D1 his3D200 ura3-52 gal11D::LEU2), YJJ577 (MATa leu2D1 his3D200
ura3-52 paf1D::HIS3), YJJ662 (MATa leu2D1 his3D200 ura3-52), YJJ663 (MATa
leu2D1 his3D200 ura3-52 cdc73::LEU2), YJJ664 (MATa leu2D1 ura3-52 his3D200
paf1D::HIS3), YJJ665 (MATa leu2D1 ura3-52 his3D200 cdc73D::HIS3), YJJ674
(MATa leu2D1 ura3-52 his3D200 paf1D::HIS3 with pEGST), YJJ676 (MATa
leu2D1 ura3-52 his3D200 paf1D::HIS3 with pEGST-PAF1), YJJ691 (MATa
leu2D1 ura3-52 his3D200 cdc73D::HIS3 with pEGST-CDC73), YJJ693 (MATa
leu2D1 ura3-52 his3D200 cdc73D::HIS3 with pEGST), YJJ854 (MATa leu2D1
ura3-52 his3D200 tfg2D::HIS3 with pEGST-TFG2), and YJJ855 (MATa leu2D1
ura3-52 his3D200 with pEGST). These strains were all derived from the homozy-
gous diploid YJJ453 (59) and are therefore isogenic. Yeast strains were grown in
YPD or synthetic medium prepared according to standard methods (20).
Identification of Cdc73p. Isolation of Cdc73p and peptide sequencing were

done as described previously (62). The following peptide sequence was obtained:
KDPIILIPSAASSIL. Initial identification of the gene encoding this peptide as
CDC73 (45) was through a private database maintained by M. Goebl with
confirmation from S. Reed (44). The CDC73 gene was subsequently sequenced
in the yeast genome project (28). The GenBank accession number for CDC73 is
U20162 (gene 9931.10).
Disruption of CDC73. A PCR-based strategy was used to entirely delete one

copy of CDC73 in the diploid YJJ453. Four PCR primers were used (from 59 to
39): P1 (ATTAATGAAAGCAATTGCGATG), P2 (ATCGCGGATCCTTTTC
ACCAGTTTCTTGCTC), P3 (CATACCCGCTCGAGGATGTGGAAGTCGT
GCG), and P4 (GTAATAAATGCATGGTTTGATTACC. BamHI and XhoI
sites (underlined) were added to the 59 ends of P2 and P3, respectively. After
amplification of 310 bp of the 59 flanking sequence of CDC73 with P1 and P2, and
260 bp of 39 flanking sequence with P3 and P4, the PCR products were gel
purified and digested with BamHI (59 flanking sequence) and XhoI (39 flanking
sequence), purified, and ligated to the BamHI-XhoIHIS3 fragment (1.4 kb) from
Sc2676 (52). The ligation product was amplified by PCR using P1 and P4, and the
2-kb product was used to transform YJJ453 (46). The disruption was confirmed
by Southern analysis, the disruptant was sporulated, and tetrads were dissected
(20). To make a truncation disruption, CDC73 was amplified by PCR from yeast
genomic DNA, using primers 59CGCGGATCCATGGCGAACTCATTAGAC
AG39 and 59CGGAATTCGGATCCTTATGGAGGTATTAC39. Introduced re-
striction sites of BamHI, NcoI, EcoRI, and BamHI are underlined. The PCR
fragment was cloned into the pGEM-T vector (Promega). The BamHI-CDC73
fragment was then released and ligated to pJJ536. The resulting plasmid was
linearized at the unique SalI site, and a SalI-XhoI LEU2 fragment from pJJ606
was ligated to the linearized plasmid. The BamHI CDC73::LEU2 fragment
(truncated at amino acid [aa] 143 in a total of 393 aa) was used to transform yeast
YJJ662. The disruption was confirmed by Southern analysis.
Production of recombinant Cdc73p and anti-Cdc73p antibody. Recombinant

Cdc73p and the anti-Cdc73p antibody were produced as follows. Full-length,
recombinant Cdc73p was produced in Escherichia coli. The CDC73 gene was
amplified from yeast genomic DNA by using the following primers in a standard

PCR reaction: 59CATATGGCGAACTCATTAGACAGACTGAGAG39 and
59GCGGCCGCACGGTATCCTCTTGAAATAAGTTCC39. This primer set in-
troduces an NdeI site at the 59 end (concurrent with the initiator methionine
residue; underlined in the primer sequence) and an NotI site at the 39 end
(underlined). The resulting NdeI-NotI fragment was cloned into pET21a (40).
The Cdc73p-producing plasmid was introduced into E. coli BL21(DE3). Growth,
induction with isopropylthiogalactopyranoside (IPTG), lysis, and purification by
Ni21-nitrilotriacetic acid chromatography were performed as described previ-
ously (40). Antibodies were raised against Cdc73p in rabbits as follows. Initial
immunization was accomplished by subcutaneous injection of 350 mg of Cdc73p
(full-length recombinant protein) emulsified in 0.5 ml of Titer-Max adjuvant
(Vaxcel, Inc.). Boosts were at 4, 6, and 8 weeks following immunization with 1 mg
of Cdc73p (inclusion bodies) emulsified in 1 ml of phosphate-buffered saline.
Immune serum was collected at 9 weeks.
Subcellular localization of Cdc73p. Cellular fractionation of S. cerevisiae

whole-cell extracts was described previously (50). Proteins from fractions (total,
cytoplasmic, and nuclear) were separated by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis (PAGE) and transferred to Immobilon P
membranes (Millipore) as instructed by the manufacturer.
Cdc73p and RNA polymerase II interaction assay. For assessing interaction

with RNA polymerase II, a threefold molar excess of Cdc73p was mixed with
purified RNA polymerase II in buffer A (20 mM HEPES [pH 7.9], 20% glycerol,
0.2 mM EDTA, 2 mM dithiothreitol [DTT]) containing 0.5 M KCl. Samples were
then concentrated to a volume less than 200 ml and dialyzed overnight versus
buffer A containing 0.1 M KCl at 48C. The dialyzed samples were then briefly
centrifuged and chromatographed on a Superdex 200 HR 10/30 gel filtration
column (Pharmacia) equilibrated in buffer A containing 0.1 M KCl. Absorbance
peaks (280 nm) corresponding to RNA polymerase II and bound proteins were
collected, concentrated, and analyzed by SDS-PAGE followed by Coomassie
blue staining.
Construction of CDC73 wild-type and mutant plasmids. To prepare a con-

struct expressing the C terminus of Cdc73p (aa 143 to 393), the SalI-BamHI
fragment from a CDC73 clone (pJJ702) was ligated in frame to the pYES2HISC
vector (Invitrogen). To prepare the GST-CDC73 yeast expression plasmid, the
BamHI-CDC73 fragment was ligated into the pEGST vector to make an in-frame
glutathione S-transferase (GST)–Cdc73p fusion under the control of the GAL
promoter. The vector is a 2mm plasmid. Similarly, the PAF1 coding sequence was
amplified by PCR from yeast genomic DNA by using the following primers:
59ATCGCGGATCCATGTCCAAAAAACAGGAATATATTGC39 and 59ATC
GCGGATCCCTATTCTTCTTGTAAAGTTTCC39. Both primers are flanked
by BamHI sites (underlined). The PCR product was digested with BamHI and
ligated in frame to pEGST. The ligation product was found to be toxic to E. coli
and could not be cloned. Thus, the ligation mix was directly used to transform
YJJ664 (paf1D::HIS3), and the transformants were tested for complementation
of the paf1 mutant phenotypic traits. The expression of GST-Cdc73p and GST-
Paf1p in yeast was confirmed by Western blot analysis using both anti-Cdc73p or
anti-Paf1p and anti-GST antibodies.
Construction of the paf1 cdc73 double mutant. To construct the paf1 cdc73

mutant, strain YJJ577 (a paf1D::HIS3 mutant) was crossed to strain YJJ663 (a
cdc73::LEU2 truncation mutant). The resultant diploid was sporulated, and
tetrads were dissected. The spores were then tested for their corresponding paf1
or cdc73 genotypes by checking HIS3 and LEU2 markers. In some cases, the
double and single mutants were also confirmed by PCR analysis, using the same
sets of primers as used to disrupt PAF1 (50) and CDC73.
Protein-protein interaction assays. Transcriptionally active whole-cell extracts

were prepared from yeast strains YJJ674, YJJ676, YJJ691, and YJJ693 as de-
scribed previously (65). The protein concentrations of the whole-cell extracts
were measured by using reagents from Bio-Rad. Equal amounts of the extracts
were mixed with glutathione-agarose beads in SK(20) (20 mM HEPES [pH 7.9],
20% glycerol, 10 mM MgSO4, 10 mM EGTA, 5 mM DTT, 20 mM potassium
acetate, 1 mM phenylmethylsulfonyl fluoride, 0.5 mg of leupeptin per ml, 0.4 mg
of bestatin per ml, 0.35 mg of pepstatin A per ml), incubated at 48C for 2 to 4 h,
and washed once with SK(20) and several times with SK(200) (30 mM HEPES
[pH 7.9], 10% glycerol, 1 mM EDTA, 1 mM DTT, 200 mM potassium acetate,
protease inhibitors as specified above). The glutathione-agarose beads were spun
down briefly and eluted with the sample buffer. The samples were resolved on an
SDS–10% polyacrylamide gel (21). Western blot analysis was performed as
described elsewhere (21).
Differential display and yeast mRNA analysis. Total yeast RNA was isolated

as described previously (15). RNA was used for reverse transcription (RT)-PCR
differential display (35), using a kit from Display Systems. Differentially ex-
pressed bands were reamplified by PCR, cloned, and sequenced by standard
methods (47). RNA samples for Northern blots were quantitated by measuring
the optical density at 260 nm, equal amounts of RNA were run on 1% agarose-
formaldehyde gels, and RNA blots were prepared according to standard methods
(47). [a-32P]dATP-labeled probes were prepared by PCR (47). An ACT1 probe
was prepared by random priming (47) an EcoRI-BamHI fragment from pJJ157
(59). Northern blots were quantitated by PhosphorImager analysis.
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RESULTS

Identification of Cdc73p as a nuclear, RNA polymerase II-
associated factor. RAPs were isolated from a transcriptionally
active yeast whole cell extract by anti-CTD affinity chromatog-
raphy as described previously (62). The RAPs eluted from the
column under moderate salt conditions where RNA polymer-
ase II remained associated with the anti-CTD monoclonal an-
tibody but were not present in fractions eluted from control
columns containing monoclonal antibodies directed against the
s70 or b subunit of E. coli RNA polymerase. The peptide
sequence -KDPIILIPSAASSI- identified the RAP of 50 kDa as
the product of the CDC73 gene (44), originally identified in a
suppressor screen for mutations that would allow cells bearing
a defective STE2-encoded a-factor receptor to mate (45). The
complete sequence of CDC73 has been determined in the yeast
genome sequencing project (accession number U20162, gene
9931.10. [28]). The predicted amino acid sequence of Cdc73p
has no obvious similarities to those of any other genes in the
current database. A relatively high percentage (24%) of the
amino acids are charged, which may explain the discrepancy
between the observed (50 kDa) and predicted (43 kDa) mo-
lecular masses. The low codon bias of 0.049 for Cdc73p would
predict that this is a low-abundance protein, which is consistent
with our observation that the CDC73 mRNA is very low abun-
dance (49).

Identification of Cdc73p as a RAP suggested that it might
function as a transcription factor. To begin to analyze the role
of Cdc73p in transcription, we produced a recombinant form
of the protein and used it to elicit antibodies (Materials and
Methods). The antibodies were used to confirm the presence
of Cdc73p in the RNA polymerase-associated fraction and its
absence from the fraction eluted from the control column (Fig.
1A). The antibodies were also used to determine the localiza-
tion of Cdc73p within the cell. Figure 1B demonstrates that
Cdc73p is localized to the soluble nuclear fraction, with very
little signal seen in the cytoplasm (Fig. 1B; compare lanes 1
and 2), consistent with a role in transcription. As controls, the
general initiation factor TBP was detected only in the nuclear
fraction, and Sup35p, a ribosome-associated protein (55), was
found only in the cytoplasm.
Cdc73p interacts directly with purified RNA polymerase II.

Given that Cdc73p and Paf1p were isolated as RNA polymer-
ase II-associated factors, we investigated the possibility that
Cdc73p and Paf1p can bind directly to RNA polymerase II.
Recombinant proteins were mixed with purified RNA poly-
merase II, and association was analyzed by gel filtration chro-
matography. RNA polymerase II alone elutes from the column
in the high-molecular-weight fractions with a peak at 16 to 17
min (data not shown). When recombinant Cdc73p was frac-
tionated alone, it was found exclusively in low-molecular-
weight fractions at around 40 min, consistent with it behaving
as a monomer in solution (Fig. 2A). In contrast, when excess
Cdc73p was first mixed with RNA polymerase II, a significant
portion shifted into the high-molecular-weight fractions with
RNA polymerase II (Fig. 2B). As shown in Fig. 2C, Cdc73p is
recovered from these high-molecular-weight fractions in ap-
proximately stoichiometric amounts with RNA polymerase II
subunits (Fig. 2C, lane 2). Similar experiments performed with
recombinant Paf1p did not reveal any selective interaction with
RNA polymerase II (data not shown). Cdc73p therefore ap-
pears to interact directly with RNA polymerase II, explaining
its presence in the original RAP fraction. Paf1p may require
interactions with another of the RAPs for its association with
RNA polymerase II.

Disruption-deletion analysis of CDC73. It was previously
reported that a truncation of CDC73 led to a temperature-
sensitive phenotype, and a complete disruption of the CDC73
gene was lethal (45). We have repeated these experiments with
different results. To create isogenic mutants in our strain back-
ground, we first created a truncation mutation of cdc73 iden-
tical to that previously described (truncated at aa 143 [45])
(Fig. 3A) and found the mutant strain to be temperature sen-
sitive (Fig. 3B). We also created a total deletion of CDC73 as
described in Materials and Methods (Fig. 3A). When a het-
erozygous diploid carrying the deletion was sporulated, all of
the tetrads contained four viable spores, and the HIS3 gene
used for the disruption segregated 2:2 in the 23 tetrads dis-
sected (49). We confirmed that the CDC73 gene was absent
from the His1 spores by PCR and Southern blotting (49).
Spores from the dissection of the deletion strain were mated to
strains from other commonly used genetic backgrounds
(SC288c and D273-10B), and all spores from the resulting
diploids were viable (49). Although we cannot rule out a tightly
linked suppressor of the cdc73 null mutant, our results indicate
that CDC73 is not an essential gene in several common labo-
ratory strains.

Deletion of CDC73 conveys a modest but measurable
growth defect at 308C (a doubling time of 2 h, compared with
1.6 h for an isogenic wild-type strain) and a temperature-

FIG. 1. Cdc73p is found in the RAP fraction and in yeast cell nuclei. (A)
Cdc73p is present in the RAP fraction but not in the control fraction. The RAP
and control fractions were obtained as described previously (62). The 0.5 M KCl
eluates from the anti-CTD column (a-CTD) and the negative control column
(a-b9) (80 ml of each) were analyzed by SDS-PAGE (10% gel) and Western
blotting using the anti-Cdc73p antibody. Recombinant His6-tagged Cdc73p (100
ng) was used as a reference standard. (B) Nuclear localization of Cdc73p.
Subcellular fractions were prepared and analyzed as described in Materials and
Methods. Protein fractions were resolved by SDS-PAGE (10% gel), blotted, and
probed with the appropriate antibodies. The following amounts of each fraction
were used: cytoplasm, 200 mg of protein (lane 1); nuclei, 50 mg of protein (lane
2); and spheroplasts, 300 mg of protein (lane 3). Blots were probed with anti-
Cdc73p antibody (1:300), anti-TBP antibody (1:1,000), and anti-Sup35p antibody
(1:1,000).
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sensitive phenotype at 388C (Fig. 3B). There are no obvious
morphological changes associated with the mutation (Fig. 3C).
The cdc73 truncation mutation was found to have a growth
phenotype indistinguishable from that of the deletion mutant
under the growth conditions tested (Fig. 3B). Both mutations
can be rescued by a low-copy-number plasmid bearing a wild-
type copy of CDC73 (49). Since CDC73 was originally identi-
fied genetically as a gene involved in the mating response
pathway, we assessed whether the cdc73 mutations conferred a
mating defect. In a quantitative mating assay, we did not detect
significant differences in mating efficiency between the cdc73
mutants and an isogenic wild-type strain (49). This result in-
dicates that CDC73 itself does not directly contribute to the
mating response. The differences between these results and
those reported earlier (45) for the phenotype of CDC73 mu-
tations may be due to the presence of other mutations in the
original mutagenized strain.

We expressed the C terminus (aa 143 to 393) of Cdc73p to
test whether it could rescue the cdc73 truncation or null mu-
tations. This portion of Cdc73p was able to fully rescue both
the truncation mutation and the total deletion mutation of
CDC73 at 308C (49). Although the C terminus can rescue the
temperature-sensitive phenotype of a cdc73 deletion, at 388C,
based on growth rates, it does not function as well as the
full-length protein. The N-terminal 143-aa segment, when ex-
pressed from a plasmid vector, has no effect on the growth of
the cdc73 null mutant (49). These results indicate that al-
though the N-terminal portion is dispensable for growth at
308C, it is required for full activity of Cdc73p at 388C.
Cdc73p and Paf1p may function in the same cellular pro-

cesses. Both Cdc73p and Paf1p were recovered as proteins that
specifically associate with RNA polymerase II in the RAP
fraction. Although neither gene is essential, null mutations of
either gene give rise to pleiotropic phenotypes, including slow
growth and temperature-sensitive lethality. The paf1 mutant
phenotype is more severe, with a slower growth rate than the
cdc73 mutation and an enlarged cell morphology (Fig. 3C)
(50). To determine the potential functional relationship be-
tween Paf1p and Cdc73p, we constructed a paf1 cdc73 double
mutant. If the products of these two genes function in the same
processes, a double mutant should not exhibit phenotypes
more severe than those of either of the single mutants. This
was shown to be the case. The paf1 cdc73 cells had about the
same growth rate as the paf1 mutant (49), and the morphology
of the double mutant was comparable to that of the paf1

mutant (Fig. 3C). This result suggests that Paf1p and Cdc73p
are functionally related and that they function in similar cel-
lular processes. The fact that the cdc73pmutation is less severe
indicates that it may affect only a subset of the processes
controlled by Paf1p.
Paf1p and Cdc73p associate with each other and with RNA

polymerase II in vivo. To explore the possibility that Cdc73p
and Paf1p may reside in the same complex, and to determine
the relationship of this complex to the previously described
holoenzyme (30, 32), we created recombinant constructs to
express GST-tagged Cdc73p and Paf1p and used these to
transform the strains deleted for the CDC73 and PAF1 genes.
Both the GST-Cdc73p and GST-Paf1p fusion proteins com-
plemented their respective null mutations, restoring growth at
388C (Fig. 4A) and correcting the slow growth and abnormal
morphology of the paf1 mutant (Fig. 4B) (49). We also created
a GST-tagged form of Tfg2p, the second subunit of yeast
general initiation factor TFIIF (23). This construct was used to
transform a heterozygous diploid with one copy of the essential
TFG2 gene deleted. The diploid was sporulated, and a haploid
strain bearing the chromosomal TFG2 deletion fully comple-
mented by the GST-tagged construct was isolated (Materials
and Methods). These results demonstrate that the Cdc73p,
Paf1p, and Tfg2p tagged constructs participate in the normal
spectrum of protein-protein interactions.

To begin to identify some of these interactions, GST-tagged
Cdc73p, Paf1p, and Tfg2p and their associated proteins were
isolated from whole-cell transcription extracts by glutathione-
agarose chromatography (Materials and Methods). In a large-
scale version of this isolation, the GST-tagged Cdc73p complex
was further subjected to gel filtration chromatography, where a
significant percentage of the tagged Cdc73p was found in a
high-molecular-weight complex which also contained RNA
polymerase II, Paf1p, TFIIB, and subunits of TFIIF (8). Small-
er-scale isolations were used to prepare complexes for multiple
analyses by Western blotting using a variety of antibodies di-
rected against known transcription factors (Fig. 5). All of the
results for complex composition were compared to results for
unfused GST vectors in the same (cdc73D paf1D) or compa-
rable (TFG2) strains. As shown in Fig. 5A (lane 5), the GST-
Cdc73p complex contained Rpb1p, the largest subunit of RNA
polymerase II (also known as Rpo21p [2]), and TFIIB, but not
TBP, elongation factor TFIIS, or Ssl1p, a subunit of TFIIH
(63). The complex also included Anc1p (8), the smallest sub-
unit of TFIIF (23). The GST-Paf1p complex contained RNA

FIG. 2. Cdc73p associates directly with RNA polymerase II. (A and B) Gel filtration chromatography of RNA polymerase II and Cdc73p. Free Cdc73p (225 pmol)
(A) and a mixture of Cdc73p and RNA polymerase (pol) II (72 pmol of RNA polymerase II plus 225 pmol of Cdc73p) (B) were resolved by gel filtration
chromatography as described in Materials and Methods. (C) Coelution of RNA polymerase II and Cdc73p. The high-molecular-weight protein peak from the mixture
of RNA polymerase II and Cdc73p (B) was analyzed by SDS-PAGE (lane 2). Purified RNA polymerase II (lane 3, 2.5 mg) and recombinant Cdc73p (lane 1, 2 mg) were
included as markers. The standards for the gel filtration experiment were thyroglobulin (670 kDa), 25 min; bovine gamma globulin (158 kDa), 31 min; chicken
ovalbumin (44 kDa), 37 min; equine myoglobin (17 kDa), 41 min; and vitamin B12 (1.35 kDa), 48 min.
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polymerase II (Fig. 5B, lane 2) and Anc1p (49), but not TBP
(Fig. 5B, lane 2). The association between TFIIF, Cdc73p, and
Paf1p is further confirmed in Fig. 5C (lane 5) and Fig. 5D (lane
4), where Cdc73p and Paf1p are readily apparent in the GST-
Tfg2p complex. These results are consistent with the original
composition of the RAP fraction isolated by affinity chroma-
tography of RNA polymerase II from similar transcription
extracts (62).

In addition to RNA polymerase II and a subset of the gen-
eral transcription factors, we found that a large fraction of

Paf1p was found in the GST-Cdc73p complex (Fig. 5C, lane 9)
and that nearly all of the cellular Cdc73p was found associated
with GST-Paf1p (Fig. 5B, lane 2). Therefore, based on the
genetic interactions described above and the coisolation of
Cdc73p and Paf1p, these factors appear to exist in the same
complex with RNA polymerase II. In several repetitions of
these experiments, and in direct analyses of extracts prepared
from a variety of strains, we have found that while overexpres-
sion of either Cdc73p or Paf1p did not result in any obvious
deleterious phenotypes, it did lead to increased levels of the
other polymerase-associated factor (compare the abundance
of Paf1p and Cdc73p in the control GST lanes to the abun-
dance in the GST-Cdc73p and GST-Paf1p lanes in Fig. 5B and
C). This effect was not due to alterations of the respective
mRNAs (8) but instead was probably due to stabilization of the
proteins within the complex. Only a small fraction of RNA
polymerase II was found in the GST-Cdc73p and Paf1p com-
plexes (Fig. 5A and B). Although we have not been able to
accurately quantitate the number of RNA polymerase II and
general transcription factor molecules in this complex, it was
significantly lower than those found associated with TFIIF
(compare the abundance of Rpb1p in the GST-Cdc73p and
GST-Tfg2p complexes in Fig. 5A, lanes 5 and 9). This result is
consistent with the predicted low abundance of the Cdc73p
and Paf1p proteins and the fact that expression of only a small

FIG. 3. Deletion or truncation of CDC73 results in a temperature-sensitive
phenotype which neither suppresses nor enhances a paf1D mutation. (A) Sche-
matic representation of CDC73 truncation and disruption constructs. CDC73 was
either truncated at a unique SalI site (aa 143 of CDC73 coding sequence) by
insertion of LEU2 or entirely deleted and replaced with a HIS3 marker. The
disruptions were confirmed by Southern blot analysis (49). (B) The phenotypes
of the cdc73 truncation and deletion are indistinguishable. Isogenic CDC73
(YJJ662), cdc73::LEU2 (YJJ663), and cdc73D::HIS3 (YJJ665) strains were
streaked onto YPD plates and grown at 30 or 388C for 3 days. (C) The mor-
phology of paf1 cdc73 cells is similar to that of paf1 cells. The pictures were taken
at the same magnification.

FIG. 4. The cdc73D and paf1D mutations can be rescued by Cdc73p and
Paf1p GST-fusion constructs. (A) The GST constructs allow growth at high
temperature. Isogenic cdc73D::HIS3 (YJJ665) and paf1D::HIS3 (YJJ664) strains
were transformed with a vector expressing GST-Cdc73p (pJJ692) and the liga-
tion product of pEGST and PAF1 (the GST-PAF1 plasmid is toxic to E. coli, and
it cannot be propagated through E. coli cells), or the corresponding vectors,
respectively. Cells were then grown on synthetic dropout plates at 30 and 388C.
(B) The GST-Paf1p construct corrects the abnormal morphology of the paf1
mutant. Pictures were taken at the same magnification.
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fraction of yeast genes is affected by mutations in CDC73 and
PAF1 (50; see also below).
Cdc73p and Paf1p define a novel form of RNA polymerase II

distinct from the holoenzyme. Is the complex containing
Cdc73p and Paf1p the same as the recently identified holoen-
zyme? To answer this question, we probed the GST-tagged
complexes with antibodies directed against components of the
holoenzyme, including Gal11p and Srb5p. We previously re-
ported that Gal11p and the Srbps were not found in the initial
RAP fraction (62); however, using a different anti-Gal11p an-
tibody and comparing it to an extract from gal11D cells, we
have been able to detect Gal11p in the RAP fraction (8). The
fact that the Srbps were not present in the RAP fraction was
consistent with their known association with the RNA poly-
merase II CTD, because the CTD had to be accessible to
antibody for the affinity isolation of the RAPs. Did the affinity
isolation of the RAPs disrupt the interactions between RNA
polymerase II and the Srbps, or did it identify a unique form of
RNA polymerase II? Based on the results shown in Fig. 5, it
appears that the RAPs define forms of RNA polymerase II
distinct from the holoenzyme. We compared the composition

of a sample of holoenzyme (obtained from R. Young) to that
of the GST-Cdc73p and Tfg2p complexes. Using an amount of
the holoenzyme that gave comparable signals for RNA poly-
merase II, we found that all three complexes contained Gal11p
(Fig. 5A, lanes 1, 5, and 9). The observed ratios of Rpb1p to
Gal11p suggest that the holoenzyme contains relatively more
Gal11p than does the GST-Cdc73p complex.

TFIIH was clearly present in the GST-Tfg2p complex but
not in the GST-Cdc73p complex (Fig. 5A; compare lanes 5 and
9). Some preparations of the holoenzyme from yeast are re-
ported to contain TFIIH (32), while others apparently do not
(30); we did not directly measure the abundance of TFIIH in
the holoenzyme sample. TBP was not present in any of the
three samples, consistent with previous reports (30, 32), and
TFIIS, which has not been previously analyzed in the holoen-
zyme, was not present in any complex including the GST-Tfg2p
complex (Fig. 5A).

In contrast to the similarities between complexes revealed in
Fig. 5A, the results in Fig. 5C and D clearly demonstrate that
these complexes have different compositions. Although
Cdc73p and Paf1p were found in the GST-Tfg2p complex, they

FIG. 5. Cdc73p and Paf1p are found in a novel complex with RNA polymerase II. GST-tagged complexes were isolated from yeast whole-cell transcription extracts
and analyzed for protein content as described in Materials and Methods. For all panels, I indicates input and B indicates fraction bound to the glutathione-agarose
beads. The antibodies used were anti-Cdc73p (1:300 dilution), anti-Rpb1p, -TBP, and -TFIIB (61) (1:1,000 dilution), anti-TFIIS (62) (1:1,000), anti-Gal11p (from T.
Fukasawa) (1:1,000), anti-Ssl1p (from K. Gulyas) (1:1,000), anti-Srb5p (from R. Young) (1:1,000), and anti-Paf1p (50) (1:1,000). (A) The GST-Cdc73p complex includes
RNA polymerase II, Gal11p, and TFIIB, but not TFIIH, TFIIS, or TBP. The GST-Cdc73p and GST control fractions were isolated from whole-cell extracts of cells
deleted for the CDC73 gene (YJJ691 and YJJ693); the GST-Tfg2p complex was isolated from cells deleted for the TFG2 gene (YJJ854); the GST control was from
a strain with the chromosomal copy of this essential gene (YJJ855). Five milligrams of whole-cell extract protein for each sample was subjected to glutathione-agarose
chromatography. One-tenth of the input protein and one-fourth of the eluate were separated by SDS-PAGE and processed for Western blotting as described in
Materials and Methods. The yeast “holoenzyme” sample was obtained from R. Young; a sufficient quantity was loaded to result in a similar signal intensity for the large
subunit of RNA polymerase II (Rpb1p). Strips from the blotted gel were probed with antibodies directed against the indicated proteins. Strips that include lanes 1 to
9 (Rpb1p, Gal11p, TFIIS, and TBP) are from the same gel for direct comparison. The strips probed with antibodies against TFIIB and Ssl1p are from separate
experiments using similar amounts of the GST-tagged complexes. (B) The GST-Paf1p complex includes RNA polymerase II and Cdc73p but not TBP. The GST-Paf1p
and GST control fractions were isolated from whole-cell extracts of YJJ676 and YJJ674. One-fiftieth of the input and 1/10 of the eluate were resolved by SDS-PAGE.
All strips shown are from the same gel for direct comparison. (C) The GST-Cdc73p complex includes Paf1p but not Srb5p. Complexes were isolated and analyzed as
described for panel A. The strips probed for Paf1p and Cdc73p as well as the strip probed with Srb5p are from the same gel, using the same amounts of materials as
the strips in panel A for direct comparison. The double bands seen in the strips probed for Paf1p are due to posttranslational processing of the protein (8). (D) The
GST-Tfg2p complex includes both Paf1p and Cdc73p. The experiment shown is a repetition of the experiment shown in panel B, using similar amounts of material.

VOL. 17, 1997 RNA POLYMERASE II COMPLEX CONTAINING Cdc73p AND Paf1p 1165



were not present in the holoenzyme sample (Fig. 5C; compare
lanes 1 and 5). These results have been confirmed by Young,
using anti-Paf1p and Cdc73p antibodies to probe holoenzyme
samples (66). Srb5p is present in the holoenzyme and the
GST-Tfg2p complex but not in the GST-Cdc73p complex (Fig.
5C; compare lanes 1, 5, and 9). Srb5p was also not detected in
a sample of the GST-Paf1p complex, and we did not detect
signals for Srb2p or Srb6p in the GST-Cdc73p complex (8).
Based on the lack of Srbps in the Cdc73p-Paf1p complex and
the fact that no Cdc73p or Paf1p could be detected in the
holoenzyme, these two complexes appear to represent distinct
forms of RNA polymerase II.
Mutations in CDC73 or PAF1 lead to altered expression of

some yeast genes. We have previously shown that the paf1D
mutation leads to a five- to eightfold reduction in expression of
the galactose-regulated genes (50). In contrast, we found that
the cdc73D mutation has no effect on galactose induction (49).
If Paf1p and Cdc73p do function in the same processes, we
would predict that expression of at least a subset of yeast genes
would be similarly affected in paf1D and cdc73D strains. Since
the paf1D mutation results in a more severe phenotype, we
would also expect that some genes dependent on Paf1p would
not require Cdc73p. It is also possible that some genes could be
affected by mutations in CDC73 but not by mutations in PAF1.
We have screened transcripts for a large number of yeast
genes, including SPT13 (TBP), ACT1, and 17 genes on chro-
mosome I (50), and found that the expression of most genes is
not affected in the paf1D or cdc73D mutant strains. This is in
marked contrast to the phenotype of mutants in the SRB genes,
where transcription of the majority of genes is affected (57). To
more rapidly identify the small subset of affected transcripts,
we have used the technique of differential display (35) to iso-
late genes with altered expression patterns in cdc73D, paf1D,
and gal11D strains.

In Fig. 6, the expression patterns of five genes identified by
differential display are presented. In the left-hand panel of Fig.
6A is a sample of the output of the differential display analysis.
Total RNA isolated from isogenic wild-type, paf1D, and
cdc73D strains was subjected to RT-PCR using one set of
primer pairs (Materials and Methods). In the small section of
the gel shown, it is clear that most transcripts had unaltered
abundance, but in this example one transcript (marked with
the double-headed arrow) was dramatically increased in abun-
dance in the paf1D strain relative to the wild type and to the
cdc73D strain. The center panel of Fig. 6A shows that the same
pattern of altered expression was observed when the differen-
tially displayed DNA fragment was cloned and used to probe
total yeast RNA. Sequence analysis of the clone revealed that
it encodes an uncharacterized open reading frame (ORF)
(O5492) on yeast chromosome XV (14). Quantitation of the
O5492 transcript relative to ACT1 (Fig. 6B) showed that ex-
pression was more than fourfold higher in the paf1D strain
relative to the wild type.

In the right panel of Fig. 6A, the RNA expression patterns
of four additional genes identified by differential display are
shown; the normalized abundance of each transcript is pre-
sented in Fig. 6B. The expression of each gene was analyzed in
RNA isolated from isogenic wild-type, paf1D, cdc73D, and
gal11D strains. Two of these genes, YHB1, encoding a putative
flavohemoglobin (69), and CMK2, encoding a calmodulin-de-
pendent protein kinase (41), have been previously identified.
Two other genes, L8083.14 and YIL094C, were identified as
ORFs of unknown function in the yeast genome sequencing
project (29). In some cases, as for O5492, only a single muta-
tion affected transcript abundance. This is true for the tran-
script from YIL094C, which was elevated twofold in the gal11D

strain but is relatively unaffected by the paf1D and cdc73D
mutations. In another case, all three mutations have similar
effects, reducing expression of the CMK2 transcript two- to
threefold. Consistent with previous reports (18, 50), we ob-
served that deletion of either PAF1 or GAL11 could lead to
both increased and decreased transcript abundance of different
genes (e.g., expression of O5492 was increased whereas CMK2
expression was decreased in the paf1D strain, and L8083.14
expression was increased and CMK2 expression was decreased
in the gal11D strain).

The data in Fig. 6 include examples where the cdc73D mu-
tation resulted in lowered expression (L8083.14 and CMK2).
Although we have not yet observed an example in which ex-
pression in this strain is increased, we think it likely that
Cdc73p is also involved in both positive and negative regula-
tion. Although mutations in each of the genes encoding the
RNA polymerase-associated factors affect the expression of
some of the genes analyzed in Fig. 6, none of the patterns are

FIG. 6. Identification of genes whose expression is altered in paf1, cdc73, and
gal11 mutant strains. (A) Differential display detects genes altered in expression
between the isogenic yeast strains. Equal amounts of total RNA isolated from
strains YJJ662 (wild type [WT]), YJJ664 (paf1), and YJJ665 (cdc73) were ana-
lyzed by differential display as described in Materials and Methods. Lanes 1 to 3
show an example of a portion of a gel displaying the products of an RT-PCR
amplification. The double-headed arrow indicates the position of an RNA dif-
ferentially expressed in the paf1 strain relative to the wild-type and cdc73 strains.
The band indicated by the double-headed arrow was PCR amplified, tested for
differential expression by Northern analysis, cloned, retested for differential
expression, and sequenced. The sequenced clone encoding part of ORF O5492
from chromosome XII was used to probe RNA isolated from isogenic strains
YJJ662 (wild type [WT]), YJJ664 (paf1), YJJ665 (cdc73), and YJJ564 (gal11)
(lanes 4 to 7). In lanes 8 to 11, total RNA isolated from isogenic strains YJJ662
(wild type [WT]), YJJ664 (paf1), YJJ665 (cdc73), and YJJ564 (gal11) was probed
with the cloned differentially displayed fragments encoding parts of L8083.14,
YHB1, YIL094C, and CMK2 as described in Materials and Methods. (B) Nor-
malization of differentially expressed transcripts. The abundance of the RNA
shown in the blots in panel A was measured with a PhosphorImager and nor-
malized to the abundance of ACT1 from the same blots. For each gene probed,
the abundance in the wild-type strain (WT) was set to 1. The numbers reflect
data from a single experiment; similar numbers were obtained with several
repetitions of the Northern analysis with different RNA samples.
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identical. These results are consistent with these RAPs playing
individually unique but in some cases overlapping roles in
transcription of subsets of yeast genes.

DISCUSSION

The general transcription factors required for initiation by
RNA polymerase II were originally characterized by biochem-
ical fractionation and reconstitution experiments. Careful or-
der-of-addition experiments using purified components led to
a view of sequential assembly of factors at the promoter (re-
viewed in references 12 and 68). With the knowledge of the
complete complement of essential factors has come the ability
to analyze the spectrum of interactions between these factors
in vitro and in vivo. This has led to the recent identification of
very large complexes containing RNA polymerase II, subsets
of the general initiation factors, and many cofactors with pre-
dicted roles in transcriptional regulation (9, 30, 32, 36, 42). A
hallmark of the complexes identified in yeast and in mamma-
lian cells has been the presence of the Srbp family of proteins.
The genes encoding these proteins were originally identified in
yeast by using a screen for suppression of mutations in the
CTD of RNA polymerase II (39). Mutations in the yeast SRB
genes clearly affect the expression of the majority of transcrip-
tion units (57). However, some of the SRB genes are not
essential (56), indicating that there may be some functional
redundancy in the yeast cell. In this work, we have identified a
novel RNA polymerase II-containing complex that, like the
holoenzyme, contains general initiation factors TFIIF and
TFIIB but, unlike the previously characterized complexes,
lacks the Srbps. Instead of the Srbps, we find that this complex
contains at least two unique proteins encoded by the CDC73
and PAF1 genes. Because the products of these genes are not
found in the holoenzyme, these two complexes appear to be
physically distinct (model in Fig. 7). The different compositions
of the two complexes are not the result of different isolation
procedures based on the fact that using the same isolation
procedure (glutathione-agarose chromatography) to isolate
RNA polymerase II complexes via a tagged form of TFIIF, we
can detect both the Srbps and Cdc73p-Paf1p. These complexes
are therefore present simultaneously in yeast cells, where they
apparently carry out different functions.

The composition of the Cdc73p-Paf1p-RNA polymerase II
complex is similar to that of the yeast holoenzyme in that it
lacks TBP and TFIIH (30). Although Young and coworkers
did detect some TFIIH and variable but low amounts of TBP
in their holoenzyme sample, the addition of TFIIH as well as
TBP is required for optimal transcription with the complex in
vitro, indicating that TFIIH is substoichiometric (32, 56). In
contrast, a recently described human holoenzyme complex
contains TFIIH, again in apparently substoichiometric
amounts, but requires the addition of both TBP and TFIIB for
transcription in vitro (36), while Ossipow et al. (42) have re-
ported a fully functional mammalian holoenzyme containing

all of the required general factors. Although we have carried
out transcription reconstitution reactions with the Cdc73p-
Paf1p complex by adding back the general factors not found in
the complex, we have not yet determined the requirements for
promoter selective in vitro transcription. Based on the fact that
only a small fraction of yeast promoters appear to require this
complex in vivo, and the fact that the model promoter con-
structs that we have tested in vitro are unaffected by the paf1D
mutation (50), it is probable that we first need to identify the
unique features of Cdc73p-Paf1p-dependent promoters before
we can define the full complement of general factors required
for initiation by this complex.

Is it possible that the Cdc73p-Paf1p complex is involved in
elongation rather than initiation of transcription? Neither the
holoenzyme nor the Cdc73p-Paf1p complex appears to contain
the transcription elongation factor TFIIS. Somewhat surpris-
ingly, the tagged TFIIF complex also lacks TFIIS. Both TFIIF
and TFIIS were originally identified as RAPs (51), and both
appear to play roles in elongation (5, 19); therefore, it is pos-
sible that the two could be associated with the same RNA
polymerase molecules. Zawel et al. have shown that TFIIF
appears to dissociate from RNA polymerase II shortly after
initiation but can reassociate with polymerase stalled at inter-
nal pause sites (67). It may be that TFIIF and TFIIS define
different elongating forms of the RNA polymerase, or it may
be that the interactions between TFIIS and RNA polymerase,
reported to be weaker than those with TFIIF (5), have been
disrupted by our isolation procedures. This second possibility
seems unlikely since we have found abundant amounts of
TFIIS in the RNA polymerase II-associated fraction of RAPs
isolated by a similar affinity technique from the same whole-
cell transcription extracts (62). The lack of TFIIS in the
Cdc73p-Paf1p complex implies that this complex is involved in
the initiation rather than the elongation stage of transcription.
This idea is consistent with our previous observation that the
paf1D mutation affects expression of a reporter construct con-
taining a GAL upstream activation sequence element to the
same extent that it does a natural galactose-induced transcrip-
tion unit (50).

Gal11p is found both in the holoenzyme mediator complex
(30) and in the Cdc73p-Paf1p complex (Fig. 7). The role of
Gal11p in transcription has been difficult to define. Mutations
in this gene lead to little or no overt effect on yeast cell growth
in many laboratory strains but do result in significant increases
and decreases in the expression of a subset of genes; a gal11
mutation does affect cell growth in some yeast strains (18, 38,
53). Although Gal11p has not been shown to directly contact
activators and repressors, the artificial creation of a protein-
protein contact between a DNA binding protein and a mutant
form of Gal11p is sufficient to establish activation (3, 24). We
have previously shown that the phenotype of paf1D mutant
cells is dramatically enhanced by a mutation in GAL11 (50).
The enhanced phenotype includes very slow growth (a dou-
bling time of greater than 8 h on rich medium) and extreme
morphological changes. This could be interpreted as the addi-
tive effect of creating mutations in two distinct RNA polymer-
ase complexes or as the result of inactivating two distinct func-
tions of the complex that contains Cdc73p, Paf1p, and Gal11p.
Our identification of genes whose transcription patterns are
altered by mutations in these three RNA polymerase-associ-
ated factors does not immediately distinguish between these
two models. We have found complex expression patterns with
some genes affected in similar ways by all three mutations,
while other genes are affected by only one or two of the mu-
tations. These differences clearly establish that each of these
RNA polymerase-associated factors is involved in the expres-

FIG. 7. Multiple RNA polymerase II-containing complexes may transcribe
overlapping subsets of yeast genes. Details of the model are described in the text.
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sion of different but overlapping subsets of yeast genes but do
not elucidate whether the differences are due to altered prop-
erties of one or multiple RNA polymerase II-containing com-
plexes.

Many genes encoding mediator components of the RNA
polymerase II holoenzyme, including some of the SRB genes
(56), GAL11 (18, 53), SIN4 (27), and the SWI/SNF genes (43),
are not essential for yeast cell growth. However, mutations in
these genes often have global effects on transcription and can
give rise to slow growth, sensitivity to high and low tempera-
tures, and other defects. Mutations in CDC73 and PAF1 have
very similar properties. We interpret the pleiotropic but non-
essential character of these mutations to reflect functional re-
dundancy that has been built into this important aspect of
transcriptional regulation. We have recently found that a mu-
tation in SRB5 is synthetically lethal with a mutation in PAF1
and that the phenotype of a cdc73D mutant strain is dramati-
cally enhanced by the loss of functional Srb5p (8). This is
additional compelling evidence for functional redundancy of
these two biochemically distinct complexes. As shown in the
model in Fig. 7, the Srbp-containing holoenzyme and the
Cdc73p-Paf1p form of RNA polymerase appear to represent
major and minor subforms involved in expression of partially
overlapping subsets of genes.

It is likely that other RNA polymerase II complexes distinct
from these two also exist and participate in the expression of
large or small fractions of yeast genes (Fig. 7). The Ccr4p-
containing complex described by Denis et al. (13), the
Ada2,3p-Gcn5p complex described by Berger and Guarente
and coworkers (4, 25, 37), the Not1,2,3,4p complex described
by Collart and Struhl (11), and the Spt4,5,6p complex identi-
fied by Swanson and Winston (54) may represent other exam-
ples of specialized complexes. Since the holoenzyme has been
compared to the sigma factor-containing, initiation-competent
form of the prokaryotic RNA polymerase (42), perhaps these
other, more minor forms of RNA polymerase II will be shown
to play roles similar to those of the minor sigma factors (22).
Finding multiple forms of RNA polymerase II potentially re-
sponsive to different classes of activators and repressors is
consistent with the discovery that the TAFs of TFIID also
appear to exist in different forms. Novel forms of both activa-
tor- and repressor-responsive TFIID complexes which appear
to carry out different functional roles have recently been de-
scribed (6, 26, 60).

Without a more global analysis of gene expression patterns
in yeast, it is not yet possible to identify the nature of the
subsets of genes that these different RNA polymerase II com-
plexes may transcribe. Promoter structure is critical for respon-
siveness to Gal11p, but the precise DNA sequence elements
have not been identified (38). The different RNA polymerase-
associated factors may communicate with different classes of
activators and repressors as described for the different complex
forms of TBP, or they may be involved in interactions with
promoter-specific factors like proteins bound to the TATA
box, the start site of transcription, or the unique elements
present in the snRNA genes. Another possible role for differ-
ent RNA polymerase II complexes is in coupling of transcrip-
tion to other cellular processes. The essential transcription
factor TFIIH also plays a role in the complex process of DNA
repair (48), and very large forms of RNA polymerase II that
contain many factors involved in DNA repair as well as the
general transcription factors have been identified (36). A link
between transcription and recombination was recently estab-
lished with the genetic identification of interactions between
general transcription factors, including a subunit of RNA poly-
merase II, TFIIB, and HPR1, a gene involved in the regulation

of recombination (1, 16, 17). Mutations in the general tran-
scription factor genes were identified as suppressors of the
hyperrecombination phenotype of an hpr1 mutation. In this
regard, it is very interesting that overexpression of Cdc73p
suppresses a mutation in SOH7, one of the genes discovered in
this screen, and that a mutation in CDC73 has an enhanced
phenotype in combination with a mutation in HPR1 (31). Per-
haps one of the functions of the Cdc73p-Paf1p complex is in
regulating the expression of genes involved in recombination.
Further biochemical and genetic analysis of this interesting
complex will be required to define its role in the yeast cell.

ACKNOWLEDGMENTS

The first two authors contributed equally to this work.
We thank M. Woontner for his interest in these studies and a critical

reading of the manuscript, and we thank J. Sherman for participation
in the differential display analysis. We also thank K. Gulyas and T.
Fukasawa for antibodies; R. Young for antibodies, strains, and a sam-
ple of the yeast holoenzyme and for communicating confirming results
about the lack of Paf1p and Cdc73p in the holoenzyme; and H. Klein
for testing CDC73 and PAF1 constructs for suppression of soh mu-
tants, communicating results about the phenotype of a cdc73 hpr1
double mutant, and providing comments on the manuscript. We are
grateful to M. Goebl and S. Reed for the initial identification of
CDC73 and to S. Reed for sharing unpublished information about the
sequence of the gene. We also thank the yeast community at large for
completion of the DNA sequence of the entire yeast genome and J.
Garrels for compiling the YPD database of yeast proteins. Access to
these databases has been invaluable for these studies.

These studies were supported by NIH RO1 GM38101 (J.A.J.) and
by Michigan State University and the Michigan State University Ag-
ricultural Experiment Station (Z.F.B.).

REFERENCES

1. Aguilera, A., and H. L. Klein. 1990. HPR1, a novel yeast gene that prevents
intrachromosomal excision recombination, shows carboxyl-terminal homol-
ogy to the Saccharomyces cerevisiae TOP1 gene. Mol. Cell. Biol. 10:1439–
1451.

2. Allison, L. A., M. Moyle, M. Shales, and C. J. Ingles. 1985. Extensive
homology among the largest subunits of eukaryotic and prokaryotic RNA
polymerases. Cell 42:599–610.

3. Barberis, A., J. Pearlberg, N. Simkovich, S. Farrell, P. Reinagel, C. Bamdad,
G. Sigal, and M. Ptashne. 1995. Contact with a component of the polymerase
II holoenzyme suffices for gene activation. Cell 81:359–368.

4. Barlev, N. A., R. Candau, L. Wang, P. Darpino, N. Silverman, and S. L.
Berger. 1995. Characterization of physical interactions of the putative tran-
scriptional adaptor, ADA2, with acidic activation domains and TATA-bind-
ing protein. J. Biol. Chem. 270:19337–19344.

5. Bengal, E., O. Flores, A. Krauskopf, D. Reinberg, and Y. Aloni. 1991. Role
of the mammalian transcription factors IIF, IIS and IIX during elongation by
RNA polymerase II. Mol. Cell. Biol. 11:1195–1206.

6. Brou, C., S. Chaudhary, I. Davidson, Y. Lutz, J. Wu, J.-M. Egly, L. Tora, and
P. Chambon. 1993. Distinct TFIID complexes mediate the effect of different
transcriptional activators. EMBO J. 12:489–499.

7. Buratowski, S. 1994. The basics of basal transcription by RNA polymerase II.
Cell 77:1–3.

8. Chang, M., and J. A. Jaehning. Unpublished data.
9. Chao, D. M., E. L. Gadbois, P. J. Murray, S. F. Anderson, M. S. Sonu, J. D.
Parvin, and R. A. Young. 1996. A mammalian SRB protein associated with
an RNA polymerase II holoenzyme. Nature 380:82–85.

10. Chen, J.-L., L. D. Attardi, C. P. Verrijzer, K. Yokomori, and R. Tjian. 1994.
Assembly of recombinant TFIID reveals differential coactivator require-
ments for distinct transcriptional activators. Cell 79:93–105.

11. Collart, M. A., and K. Struhl. 1994. NOT1/CDC39, NOT2/CDC36, NOT3
and NOT4 encode a global-negative regulator of transcription that differen-
tially affect TATA-element utilization. Genes Dev. 8:525–537.

12. Conaway, R. C., and J. W. Conaway. 1993. General initiation factors for
RNA polymerase II. Annu. Rev. Biochem. 62:161–190.

13. Denis, C. L., M. P. Draper, H. Y. Liu, T. Malvar, R. C. Vallari, and W. J.
Cook. 1994. The yeast CCR4 protein is neither regulated by nor associated
with the SPT6 and SPT10 proteins and forms a functionally distinct complex
from that of the SNF/SWI transcription factors. Genetics 138:1005–1013.

14. Dujon, B., et al. Unpublished data.
15. Elder, R. T., E. Y. Loh, and R. W. Davis. 1983. RNA from the yeast trans-

posable element Ty1 has both ends in the direct repeats, a structure similar

1168 SHI ET AL. MOL. CELL. BIOL.



to retrovirus RNA. Proc. Natl. Acad. Sci. USA 80:2432–2436.
16. Fan, H.-Y., and H. L. Klein. 1994. Characterization of mutations that sup-

press the temperature-sensitive growth of the hpr1D mutant of Saccharomy-
ces cerevisiae. Genetics 137:945–956.

17. Fan, H.-Y., K. K. Cheng, and H. L. Klein. 1996. Mutations in the RNA
polymerase II transcription machinery suppress the hyperrecombination mu-
tant hpr1D of Saccharomyces cerevisiae. Genetics 142:749–759.

18. Fassler, J. S., and F. Winston. 1989. The Saccharomyces cerevisiae SPT13/
GAL11 gene has both positive and negative regulatory roles in transcription.
Mol. Cell. Biol. 9:5602–5609.

19. Flores, O., E. Maldonado, and D. Reinberg. 1989. Factors involved in specific
transcription by mammalian RNA polymerase II. Factors IIE and IIF inde-
pendently interact with RNA polymerase II. J. Biol. Chem. 264:8913–8921.

20. Guthrie, C., and G. R. Fink. 1991. Guide to yeast genetics and molecular
biology. Methods Enzymol. 194:3–37.

21. Harlow, E., and D. Lane. 1988. Antibodies: a laboratory manual. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

22. Helmann, J. D. 1994. Bacterial sigma factors, p. 1–17. In R. C. Conaway and
J. W. Conaway (ed.), Transcription: Mechanisms and regulation. Raven
Press, New York, N.Y.

23. Henry, N. L., A. M. Campbell, W. J. Feaver, D. Poon, P. A. Weil, and R. D.
Kornberg. 1994. TFIIF-TAF-RNA polymerase II connection. Genes Dev.
8:2868–2878.

24. Himmelfarb, H. J., J. Pearlberg, D. H. Last, and M. Ptashne. 1990. GAL11P:
a yeast mutation that potentiate the effect of weak GAL4-derived activators.
Cell 63:1299–1309.

25. Horiuchi, J., N. Silverman, G. A. Marcus, and L. Guarente. 1995. ADA3, a
putative transcriptional adapter, consists of two separable domains and in-
teracts with ADA2 and GCN5 in a trimeric complex. Mol. Cell. Biol. 15:
1203–1209.

26. Jacq, X., C. Brou, Y. Lutz, I. Davidson, P. Chambon, and L. Tora. 1994.
Human TAFII30 is present in a distinct TFIID complex and is required for
transcriptional activation by the estrogen receptor. Cell 79:107–117.

27. Jiang, Y. W., P. R. Dohrmann, and D. J. Stillman. 1995. Genetic and physical
interaction between yeast RGR1 and SIN4 in chromatin organization and
transcriptional regulation. Genetics 140:47–54.

28. Johnston, M., et al. 1995. Unpublished GenBank submission.
29. Johnston, M., et al. Unpublished data.
30. Kim, Y.-J., S. Bjorklund, Y. Li, M. H. Sayre, and R. D. Kornberg. 1994. A

multiprotein mediator of transcriptional activation and its interaction with
the C-terminal domain of RNA polymerase II. Cell 77:599–608.

31. Klein, H. L. Personal communication.
32. Koleske, A. J., and R. A. Young. 1994. An RNA polymerase II holoenzyme

responsive to activators. Nature 368:466–469.
33. Koleske, A. J., and R. A. Young. 1995. The RNA polymerase II holoenzyme

and its implications for gene regulation. Trends Biochem. Sci. 20:113–116.
34. Li, Y., S. Bjorklund, Y. W. Jiang, Y. J. Kim, W. S. Lane, D. J. Stillman, and

R. D. Kornberg. 1995. Yeast global transcriptional regulators Sin4 and Rgr1
are components of mediator complex/RNA polymerase II holoenzyme. Proc.
Natl. Acad. Sci. USA 92:10864–10868.

35. Liang, P., and A. B. Pardee. 1992. Differential display of eukaryotic messen-
ger RNA by means of the polymerase chain reaction. Science 257:967–971.

36. Maldonado, E., R. Shiekhatter, M. Shelton, H. Cho, R. Drapkin, P. Rickert,
E. Lees, C. W. Anderson, S. Linn, and D. Reinberg. 1996. A human RNA
polymerase II complex associated with SRB and DNA-repair proteins. Na-
ture 381:86–89.

37. Marcus, G. A., N. Silverman, S. L. Berger, J. Horiuchi, and L. Guarente.
1994. Functional similarity and physical association between GCN5 and
ADA2: putative transcriptional adaptors. EMBO J. 13:4807–4815.

38. Nishizawa, M., S. Taga, and A. Matsubara. 1994. Positive and negative
transcriptional regulation by the yeast GAL11 protein depends on the struc-
ture of the promoter and a combination of cis elements. Mol. Gen. Genet.
245:301–312.

39. Nonet, M. L., and R. A. Young. 1989. Intragenic and extragenic suppressors
of mutations in the heptapeptide repeat domain of Saccharomyces cerevisiae
RNA polymerase II. Genetics 123:715–724.

40. Novagen, Inc. 1992. pET system manual. Novagen, Inc., Madison, Wis.
41. Ohya, Y., H. Kawasaki, K. Suzuki, J. Londesborough, and Y. Anraku. 1991.

Two yeast genes encoding calmodulin-dependent protein kinases. Isolation,
sequencing, and bacterial expression of CMK1 and CMK2. J. Biol. Chem.
266:12784–12794.

42. Ossipow, V., J. P. Tassan, E. A. Nigg, and U. Schibler. 1995. A mammalian
RNA polymerase II holoenzyme containing all components required for
promoter-specific transcription initiation. Cell 83:137–146.

43. Peterson, C. L., and J. W. Tamkun. 1995. The SWI-SNF complex: a chro-
matin remodeling machine? Trends Biochem. Sci. 20:143–146.

44. Reed, S. I. Personal communication.
45. Reed, S. I., J. Ferguson, and K. Y. Jahng. 1988. Isolation and characteriza-

tion of two genes encoding yeast mating pheromone signalling elements:
CDC72 and CDC73. Cold Spring Harbor Symp. Quant. Biol. 53:621–627.

46. Rothstein, R. J. 1983. One-step gene disruption in yeast. Methods Enzymol.
101:202–209.

47. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory, Cold Spring
Harbor, N.Y.

48. Seroz, T., J. R. Hwang, V. Moncollin, and J. M. Egly. 1995. TFIIH: a link
between transcription, DNA repair and cell cycle regulation. Curr. Biol.
5:217–221.

49. Shi, X. 1996. Molecular genetic analysis of RNA polymerase II-associated
factors in Saccharomyces cerevisiae. Ph.D. thesis. University of Colorado
Health Sciences Center, Denver.

50. Shi, X., A. Finkelstein, A. J. Wolf, P. A. Wade, Z. F. Burton, and J. A.
Jaehning. 1996. Paf1p, an RNA polymerase II-associated factor in Saccha-
romyces cerevisiae, may have both positive and negative roles in transcription.
Mol. Cell. Biol. 16:669–676.

51. Sopta, M., R. W. Carthew, and J. Greenblatt. 1985. Isolation of three pro-
teins that bind to mammalian RNA polymerase II. J. Biol. Chem. 260:10353–
10360.

52. Struhl, K. 1985. Nucleotide sequence and transcriptional mapping of the
yeast pet56-his3-ded1 gene region. Nucleic Acids Res. 13:8587–8601.

53. Suzuki, Y., Y. Nogi, A. Abe, and T. Fukasawa. 1988. GAL11 protein, an
auxiliary transcription activator for genes encoding galactose-metabolizing
enzymes in Saccharomyces cerevisiae. Mol. Cell. Biol. 8:4991–4999.

54. Swanson, M. S., and F. Winston. 1992. SPT4, SPT5 and SPT6 interactions:
effects on transcription and viability in Saccharomyces cerevisiae. Genetics
132:325–336.

55. Ter-Avanesyan, M. D., A. R. Dagkesamanskaya, V. V. Kushnirov, and V. N.
Smirnov. 1994. The SUP35 omnipotent suppressor gene is involved in the
maintenance of the non-Mendelian determinant [psi1] in the yeast Saccha-
romyces cerevisiae. Genetics 137:671–676.

56. Thompson, C. M., A. J. Koleske, D. M. Chao, and R. A. Young. 1993. A
multisubunit complex associated with the RNA polymerase II CTD and
TATA-binding protein. Cell 73:1361–1375.

57. Thompson, C. M., and R. A. Young. 1995. General requirement for RNA
polymerase II holoenzymes in vivo. Proc. Natl. Acad. Sci. USA 92:4587–
4590.

58. Tjian, R., and T. Maniatis. 1994. Transcriptional activation: a complex puz-
zle with few easy pieces. Cell 77:5–8.

59. Ulery, T. L., S.-H. Jang, and J. A. Jaehning. 1994. Glucose repression of
yeast mitochondrial transcription: kinetics of derepression and role of nu-
clear genes. Mol. Cell. Biol. 14:1160–1170.

60. Wade, P. A., and J. A. Jaehning. 1996. Transcriptional corepression in vitro:
a Mot1p-associated form of TATA-binding protein is required for repression
by Leu3p. Mol. Cell. Biol. 16:1641–1648.

61. Wade, P. A., S. D. Shaffer, and J. A. Jaehning. 1993. Resolution of tran-
scription factors from a transcriptionally active whole-cell extract from yeast:
purification of TFIIB, TBP and RNA polymerase IIa. Protein Expr. Purif.
4:290–297.

62. Wade, P. A., W. Werel, R. C. Fentzke, N. E. Thompson, J. F. Leykam, R. R.
Burgess, J. A. Jaehning, and Z. F. Burton. 1996. A novel collection of
accessory factors associated with yeast RNA polymerase II. Protein Expr.
Purif. 8:85–90.

63. Wang, Z., S. Buratowski, J. Q. Svestrup, W. J. Feaver, X. Wu, R. D. Korn-
berg, T. F. Donahue, and E. C. Freidberg. 1995. The yeast TFB1 and SSL1
genes, which encode subunits of transcription factor IIH, are required for
nucleotide excision repair and RNA polymerase II transcription. Mol. Cell.
Biol. 15:2288–2293.

64. Wilson, C. J., D. M. Chao, A. N. Imbalzano, G. R. Schnitzler, R. E. Kingston,
and R. A. Young. 1996. RNA polymerase II holoenzyme contains SWI/SNF
regulators involved in chromatin remodeling. Cell 84:235–244.

65. Woontner, M., P. A. Wade, J. J. Bonner, and J. A. Jaehning. 1991. Tran-
scriptional activation in an improved whole-cell extract from Saccharomyces
cerevisiae. Mol. Cell. Biol. 11:4555–4560.

66. Young, R. A. Personal communication.
67. Zawel, L., P. Kumar, and D. Reinberg. 1995. Recycling of the general

transcription factors during RNA polymerase II transcription. Genes Dev.
9:1479–1490.

68. Zawel, L., and D. Reinberg. 1995. Common themes in assembly of eukaryotic
transcription complexes. Annu. Rev. Biochem. 64:533–561.

69. Zhu, H., and A. F. Riggs. 1992. Yeast flavohemoglobin is an ancient protein
related to globins and a reductase family. Proc. Natl. Acad. Sci. USA 89:
5015–5019.

VOL. 17, 1997 RNA POLYMERASE II COMPLEX CONTAINING Cdc73p AND Paf1p 1169


