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Background: The Pafl complex associates with RNA polymerase II during elongation.
Results: The Cdc73 C-domain adopts a Ras-like fold that contributes to histone methylation and Paf1C recruitment to active

genes.

Conclusion: Cdc73 C-domain is important for Pafl complex recruitment to genes.
Significance: Rtfl and Cdc73 C-domain combine to couple Pafl complex to elongating polymerase.

The conserved Pafl complex localizes to the coding regions of
genes and facilitates multiple processes during transcription
elongation, including the regulation of histone modifications.
However, the mechanisms that govern Pafl complex recruit-
ment to active genes are undefined. Here we describe a previ-
ously unrecognized domain within the Cdc73 subunit of the
Pafl complex, the Cdc73 C-domain, and demonstrate its impor-
tance for Pafl complex occupancy on transcribed chromatin.
Deletion of the C-domain causes phenotypes associated with
elongation defects without an apparent loss of complex integ-
rity. Simultaneous mutation of the C-domain and another sub-
unit of the Pafl complex, Rtfl, causes enhanced mutant pheno-
types and loss of histone H3 lysine 36 trimethylation. The crystal
structure of the C-domain reveals unexpected similarity to the
Ras family of small GTPases. Instead of a deep nucleotide-bind-
ing pocket, the C-domain contains a large but comparatively flat
surface of highly conserved residues, devoid of ligand. Deletion
of the C-domain results in reduced chromatin association for
multiple Pafl complex subunits. We conclude that the Cdc73
C-domain probably constitutes a protein interaction surface
that functions with Rtfl in coupling the Pafl complex to the
RNA polymerase II elongation machinery.

Eukaryotic gene expression is facilitated by a large number of
accessory factors that function at various steps in RNA synthe-
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sis and maturation, including the recruitment of RNA poly-
merase (pol)*II to gene promoters, the modification or remod-
eling of chromatin, and the processing of nascent transcripts.
Transcription can be loosely divided into three stages, initia-
tion, elongation, and termination, with each stage utilizing dif-
ferent accessory factors. Many of these proteins bind chromatin
directly, whereas others associate with the polymerase or rec-
ognize the RNA transcript (reviewed in Ref. 1). Although the
recruitment and assembly of transcription factors within the
initiation stage have been intensely studied, less is known about
how proteins involved in transcription elongation associate
with RNA pol IL

The Pafl complex (Paf1C), which in Saccharomyces cerevi-
siae is composed of the five subunits Pafl, Ctr9, Cdc73, Rtfl,
and Leol, was originally identified as a protein complex that
co-purifies with RNA pol II (2, 3). Although initially implicated
in transcription initiation (2—4), PaflC now has established
roles in post initiation events, including the transcription-cou-
pled modification of histones (5-9), the recruitment of RNA
3’-end processing factors (10 —12), the modulation of RNA pol
II C-terminal domain phosphorylation (10, 13), and the recruit-
ment of the chromatin remodeling factor Chd1 to open reading
frames (ORFs) (14).

PaflC is required for the establishment of several histone
modifications during transcription elongation. No intrinsic
enzymatic activity has been attributed to either PaflC as a
whole or any of its subunits. Rather, it is thought that Paf1C may
regulate the activity or localization of enzyme complexes
responsible for histone modifications. Mutational studies indi-
cate that the Rtfl subunit plays a prominent role in promoting
monoubiquitylation of histone H2B lysine 123 by the Rad6-
Brel ubiquitin conjugase-ligase complex (6, 8, 15, 16), a modi-
fication that is required for subsequent di- and trimethylation

“The abbreviations used are: pol, polymerase; 6-AU, 6-azauracil; MPA, myco-
phenolic acid; HPT-JT, hyperparathyroidism-jaw tumor syndrome; TEV,
tobacco etch virus; Bicine, N,N-bis(2-hydroxyethyl)glycine; me2 and me3,
di- and trimethyl, respectively; TAP, tandem affinity purification.
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of histone H3 Lys-4 and Lys-79 by the Set1l/COMPASS and
Dot1 methyltransferases, respectively (7,9, 17-19). In addition,
the Pafl and Ctr9 subunits are required for proper levels of H3
Lys-36 trimethylation on the coding regions of active genes and
downstream effects on H3 and H4 acetylation (5). The impor-
tance of Paf1C-mediated histone modifications is highlighted
by their broad impact on gene expression patterns, both in yeast
and human cells, and their connections to human cancers and
stem cell pluripotency (20-25).

Paf1C associates with RNA pol II throughout the coding
regions of genes (26, 27) and engages in physical interactions
with the elongation factors Spt16-Pob3/FACT and Spt4-Spt5/
DSIF as well as RNA pol II (10, 13, 28 —30). Consistent with its
important functions during elongation, mutations in genes
encoding PaflC subunits cause sensitivity to 6-azauracil
(6-AU) and mycophenolic acid (MPA), phenotypes associated
with defects in transcription elongation (28). Last, transcription
elongation efficiency is reduced in pafIA or cdc73A cell extracts
in vitro and in Paf1C mutant strains in vivo (31, 32).

Despite the importance of its roles in directing elongation-
coupled processes, the mechanisms underlying Paf1C recruit-
ment to the transcriptional machinery remain unclear. Current
data implicate several different elongation factors in recruiting
the Paf1C to RNA pol II. These include Spt4-Spt5/DSIF, Spt16-
Pob3/FACT, Spt6, the Ccr4-NOT complex, and the Burl-Bur2
kinase complex (30, 33—39). In addition, Pafl1C recruitment is
facilitated by phosphorylation of serine-5 residues on the C-ter-
minal domain of RNA pol II (30). Of these factors, the involve-
ment of Spt4-Spt5 in Paf1C recruitment is the best character-
ized. Studies in yeast have shown that the Burl-Bur2 kinase
phosphorylates the C-terminal repeat domain of Spt5, and this
domain is important for the association of Paf1C with ORFs
(35, 39).

Little is known about regions within Paf1C that govern its
interactions with RNA pol II and/or elongation factors and
thereby restrict its localization to active genes. However, chro-
matin immunoprecipitation (ChIP) and co-immunoprecipita-
tion assays have revealed prominent roles for both the Rtf1 and
Cdc73 subunits in mediating Paf1C-RNA pol II interactions.
Deletion of either of these subunits reduces the levels of Paf1C
that immunoprecipitate with RNA pol II or localize to tran-
scribed genes (10, 13). Mutational studies have identified the
Plus-3 domain of Rtfl as being required for Paf1C occupancy
on active genes (16), and interestingly, biochemical experi-
ments have revealed binding of the Rtfl Plus-3 domain to DNA
substrates that mimic the transcription bubble (40).

The domains of Cdc73 important for promoting association
of Paf1C with chromatin have not been investigated. Cdc73
(parafibromin in humans) is the smallest subunit within Paf1C,
and like other PaflC subunits, it is conserved throughout
eukaryotes. The gene encoding parafibromin/hCdc73 has long
been recognized as a tumor suppressor gene in humans. Inac-
tivating germ line mutations account for ~50% of patients with
hyperparathyroidism-jaw tumor syndrome (HPT-JT) (41) and
are associated with a variety of related cancers, including para-
thyroid carcinomas and ossifying fibromas (42, 43). Interest-
ingly, parafibromin can function as a tumor suppressor by
recruiting histone methyltransferases to inhibit cyclin D1
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expression (44, 45) and as an oncogenic factor by activating
Wnt signaling (46). These apparently antagonistic functions of
parafibromin utilize sequences not found within the yeast pro-
tein (47). Based on the high degree of overall sequence identity
between parafibromin and Cdc73 from yeast, we reasoned that
there might be a previously unrecognized region or domain
within Cdc73 that is playing a conserved function in
transcription.

Here we describe the identification of a domain within the
highly conserved C terminus of S. cerevisiae Cdc73, which we
call the C-domain. We show that deletion of the C-domain
causes phenotypes associated with defects in transcription
elongation while having little impact on the ability of Paf1C to
assemble. We also demonstrate that deletion of the C-domain
or a single amino acid substitution within the C-domain
enhances the mutant phenotypes and histone modification
defects of an rtfIA strain, revealing functional redundancy
between these components of the complex. We have deter-
mined the structure of the C-domain and unexpectedly found
that it adopts a fold that is highly similar to GTPases of the Ras
superfamily. The canonical nucleotide binding pocket is altered
in Cdc73, and we do not observe a nucleotide ligand. Finally, we
show that the C-domain is important for the association of
Paf1C with chromatin. Together, our data indicate that this
newly identified Ras-like domain within Cdc73 functions
together with the Plus-3 domain of Rtfl to facilitate association
of Paf1C with active genes.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The coding sequence
for the S. cerevisiae Cdc73 C-domain (residues 230-393) was
amplified by PCR and cloned into the bacterial expression vec-
tor pET151-D/TOPO (Invitrogen). Upon induction, the result-
ing protein contains an N-terminal His,-tag as well as a TEV
cleavage site. BL21-DE3 Codon-Plus Escherichia coli cells were
grown in ZY Autoinduction medium (48) at room temperature
for 24—30 h, harvested by centrifugation, and lysed via homog-
enization in 25 mM Tris, pH 8.0, 500 mm NaCl, 10% glycerol, 5
mM imidazole, 1 mm -mercaptoethanol. Lysate was cleared by
centrifugation at 100,000 X g, and Cdc73 C-domain was puri-
fied by nickel affinity chromatography. Following overnight
digestion with TEV protease, a second round of nickel affinity
purification was performed to remove the cleaved His-tag, TEV
protease, and nonspecific contaminants. Cation exchange
chromatography (HiTrap-SP) was used to remove contaminat-
ing nucleic acids, and any aggregates were removed by gel fil-
tration using a Sephacryl S-200 column (GE Healthcare). Peak
fractions were concentrated to 20 mg/ml in 15 mm Tris, pH 7.0,
25 mMm NacCl, 0.0% glycerol, and 1 mm B-mercaptoethanol using
a Vivaspin concentrator (Millipore) prior to crystallization. The
purity was >99% as verified by SDS-PAGE. Selenomethionine
substituted Cdc73 C-domain was expressed using PASM
medium (48). Purification was the same as the native protein.

Crystallization of S. cerevisiae Cdc73 C-domain—Initial
poorly formed crystals were obtained by the sitting drop vapor
diffusion method at 20 °C against a reservoir solution contain-
ing 0.1 M Bicine, pH 8.5, and 20% PEG 6000. Extensive optimi-
zation of the crystallization conditions combined with micro-
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TABLE 1
S. cerevisiae strains used in this study
Strain Genotype
GHY1185* MATa his4-9126 lys2-1288 leu2A (0 or 1) trpl1A63 CTR9-6 X MYC::LEU2 LEO1-3XHA:HIS3 SPT5-FLAG
KY703 MATa his4-9126 lys2-1288 leu2A1 (0 or 1) rtfIA101:LEU2 cdc73A:KanMX
KY1021 MATa his4-9128 lys2-1288 leu2A1 trp1A63
KY1789 MATa his4-9126 lys2-1288 leu2A1 trpl1A63 rtfIA101:LEU2 cdc73AC-TAP:: TRP1
KY1791 MATa his4-9126 lys2-1286 leu2A1 trplA63 cdc73AC-TAP::TRP1
KY1797 MATa his4-9128 lys2-1288 leu2A1 trp1A63 rtfIA101:LEU2 CDC73-TAP:TRPI1
KY1799 MATo his4-9128 lys2-1286 leu2A1 trpl1A63 CDC73-TAP:: TRPI
KY1802 MATa his4-9128 lys2-1288 leu2A1 trplA63 rtfIA101:LEU2
KY1857 MATa his4-9128 cdc73A:KanMX
KY1858 MATa his4-9128 trp1A63 cdc73A:KanMX
KY1978 MAT«a his3A200 his4-9126 lys2-1286 leu2A (0 or 1) trp1A63 CDC73-TAP::TRP1 CTR9-6 X MYC::LEU2 LEO1-3XHA::HIS3 SPT5-FLAG
KY1979 MATa his3A200 his4-9126 lys2-1286 leu2A (0 or 1) trp1A63 cdc73AC-TAP::TRP1 CTRI-6 XMYC:LEU2 LEO1-3XHA::HIS3 SPT5-FLAG
KY2191 MATa his3A200 lys2-1288 leu2A (0 or 1) trp1A63 cdc73A:KanMX CTR9-6 X MYC::LEU2
KY2195 MATa rtfIA10I:LEU2 cdc73A:KanMX his4-9126 leu2A1 trpl1A63

“ From G. Hartzog.

seeding eventually resulted in the formation of small single
crystals grown at 4 °C overnight against a reservoir solution
containing 0.1 m HEPES at pH 8.0 and 15% PEG 8000. The
crystals were cryoprotected by transition of the crystal into res-
ervoir solution supplemented with increasing concentrations
of PEG 8000 and glycerol to final concentrations of 30% PEG
8000 and 15% glycerol. The cryoprotected crystals were flash
frozen under liquid nitrogen prior to data collection. Crystals of
selenomethionine-containing Cdc73 C-domain were grown in
the same initial conditions as the native crystals, and were
microseeded and cryoprotected using the same technique.

Structure Determination—The quality of Cdc73 crystals was
high, with most crystals having low mosaicity and diffracting to
high resolution (1.7-1.5 A). The crystals belong to space group
P4,2,2 witha = b = 53.3 A, ¢ = 130.2 A. Diffraction data from
all Cdc73 C-domain crystals were collected at beamline X25 at
the National Synchrotron Light Source. Integration, scaling,
and merging of diffraction data were performed using
HKL2000 (49). Experimental phasing was performed by the sin-
gle wavelength anomalous dispersion technique using a sel-
enomethionine-containing C-domain crystal collected at peak
wavelength. Phases were calculated using AutoSol within PHE-
NIX (50), and an initial model was built using the Autobuild
routine. This initial model was then refined against native data
at 1.55 A using positional refinement and anisotropic B-factor
refinement. The final model has no Ramachandran outliers and
good geometry. Analysis of model quality was monitored using
MolProbity (51).

Yeast Strains, Media, and Growth Assays—S. cerevisiae
strains (Table 1) are isogenic to FY2 (52) and were constructed
by standard methods of transformation and tetrad dissection
(53, 54). Rich (YPD), synthetic complete (SC), and minimal
(SD) media were as described (54). 6-AU and MPA were added
to SC—Ura medium at final concentrations of 50 ug/ml or 20
pg/ml, respectively. For dilution growth assays, strains were
grown to saturation in appropriate media and washed, sus-
pended, and serially diluted in sterile water, prior to being
pipetted onto solid media.

Plasmids—Plasmids were constructed by standard tech-
niques (53). To generate a plasmid expressing Cdc73, a Pcil-
EcoRYV fragment of PCR-amplified genomic DNA (550 bp 5’ to
the ATG to 538 bp 3’ of the stop codon) was subcloned into
pRS314 (55), yielding pBTB4. A plasmid expressing Cdc73 with
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an N-terminal triple HA tag (3XHA-Cdc73) was created by
firstintroducing an Ndel site in pBTB4 at the ATG of CDC73 by
site-directed mutagenesis (Stratagene) to create pCD3. A frag-
ment encoding the 3XHA tag was amplified from pMR2307
(56) with primers incorporating Ndel sites and ligated to pCD3
cut with Ndel to create pWR4. To generate pCD8, a plasmid
expressing a C-terminally truncated form of 3XHA-Cdc73,
amino acids 230-393 were deleted from pBTB4 using the
QuikChange protocol (Stratagene) to create pWR5. Then a
Sall-MscI fragment from pWR4 containing the N-terminal
3XHA tag was inserted into pWR5 cut with the same enzymes
to create pCD8. To create amino acid substitutions within
Cdc73, pWR4 was subjected to site-directed mutagenesis using
the QuikChange protocol. All plasmids created through PCR or
site-directed mutagenesis were verified by DNA sequencing.
Western Analysis—Strains were grown to a density of ~3 X
107 cells/ml, and extracts were prepared by glass bead lysis in
radioimmune precipitation buffer or by a rapid boiling method
(15, 16). Samples were resolved by SDS-PAGE, transferred to
nitrocellulose or PVDF, exposed to primary and secondary
antibodies, and visualized by chemiluminescent detection. Pri-
mary antibodies detected H3 Lys-36 trimethyl (me3) (Abcam),
H3 Lys-36 dimethyl (me2) (Millipore), H3 Lys-4 me3 (Abcam),
H3 Lys-4 me2 (Millipore), H3 Lys-79 me2 and me3 (Abcam), and
total H3 (a gift of LeAnn Howe). Membranes were also probed
with antibody specific for glucose-6-phosphate dehydrogenase
(Sigma). Levels of HA-Rtfl or HA-Cdc73, both tagged at their
N termini with a triple HA sequence, were measured using anti-
body specific for the HA tag (Roche Applied Science). For some
experiments, polyclonal antiserum against Rtf1 was used (28).
ChIP Assays—Plasmid transformants of strains KY1858 and
KY2191 were grown in SC—Trp medium to a density of ~1 X
107 cells/ml. Cross-linking and chromatin preparation were
performed essentially as described (57). Sonicated chromatin
was incubated with antibodies specific for Rtf1 (28), Rpb3 (Neo-
clone), HA-agarose (Santa Cruz Biotechnology, Inc.), or Myc-
agarose (Santa Cruz Biotechnology, Inc.). Samples were incu-
bated with protein A- or protein G-conjugated agarose (GE
Healthcare) to immunoprecipitate Rtfl or Rpb3, respectively.
Dilutions of purified input DNA and immunoprecipitated
DNA were analyzed by quantitative real-time PCR with SYBR
Green detection (Fermentas) using primers to indicated loci.
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Values represent the mean and S.D. of at least three biological
replicates.

One-step TAP and Mass Spectrometry—Affinity purifica-
tions were performed using a protocol adapted from Ref. 58.
Whole-cell extracts were incubated with rabbit IgG-coated
Dynabeads (Invitrogen). Bound proteins, isolated by a magnet,
were incubated with TEV protease for 3 h at 16 °C. Proteins
released by TEV cleavage were analyzed by Western blotting or
mass spectrometry. For the latter, proteins were run 1 cm into
an 8% SDS-polyacrylamide gel, and excised gel slices were
treated with trypsin. Peptides were identified by tandem MS
using an Orbitrap mass spectrometer (Fred Hutchinson Cancer
Research Center Proteomics Facility). Peptide Prophet (59) was
used to evaluate the validity of peptide identifications, eliminat-
ing peptides with a score of <0.85 (<2.5% false discovery rate).
Values represent the sum of identified peptides for bound frac-
tions prepared from three biological replicates.

RESULTS

C-terminal Domain within Cdc73 Plays Role in Transcription
Elongation—Genetic and biochemical data point to an impor-
tant role for Cdc73 in transcription elongation. However, there
are no currently recognized domains that could account for the
roles of Cdc73 in transcription, despite apparent sequence con-
versation among Cdc73 proteins. Therefore, we sought to
determine whether there was a stably folded domain within
Cdc73 that could account for its activities by performing lim-
ited proteolysis on full-length, 393-amino acid S. cerevisiae
Cdc73 and analyzing the resulting fragments by N-terminal
sequencing. Using this approach, we noted the presence of two
stable fragments beginning at residues 236 and 286 and likely
extending to the end of the protein (data not shown). Interest-
ingly, the fragment beginning at amino acid 236 contains the
entirety of a region of high sequence conservation (Fig. 14) that
is predicted to contain numerous elements of secondary struc-
ture. Integration of a TAP tag to replace residues 231-393 of
chromosomally expressed Cdc73 did not affect the stability of
the remaining Cdc73 protein in vivo (Fig. 1B), indicating that
residues 1-230 may fold and function independently of the rest
of Cdc73. Based on these data, we hypothesized that Cdc73 is
composed of two regions, an N-terminal protease-sensitive
region containing residues 1-235 and a C-terminal protease-
resistant domain composed of residues 236393, which we
refer to as the C-domain.

To investigate the functional importance of the Cdc73 C-do-
main, we tested whether deletion of amino acids 231-393 from
chromosomally expressed Cdc73 caused phenotypes previ-
ously described for a cdc73 null mutation. Compared with a
control strain expressing C-terminally TAP-tagged full-length
Cdc73 (CDC73-TAP), the C-domain deletion strain (cdc73AC-
TAP) exhibited two mutant phenotypes commonly ascribed to
defects in transcription and/or chromatin structure. As indi-
cated by growth on plates lacking histidine, the C-domain dele-
tion suppressed the effects of a Ty §-element insertion muta-
tion within the promoter of the HIS4 gene, the his4-9126 allele,
nearly as well as a complete deletion of CDC73 (Fig. 1C). This
level of growth indicates that the C-domain deletion confers a
moderate Spt™ (suppressor of Ty) phenotype (60).
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We also asked if deletion of the C-domain affected growth on
medium containing 6-AU or MPA. 6-AU is a base analog,
which inhibits enzymes in the ribonucleotide synthesis path-
way (61), and MPA alters expression of IJMD2, a gene encoding
IMP dehydrogenase, thereby reducing synthesis of GMP (62,
63). The reduction in ribonucleotide levels caused by these
compounds has been proposed to impair RNA pol II transcrip-
tion elongation and elevate the requirement for elongation fac-
tors, although more recent studies have revealed that MPA sen-
sitivity correlates with altered transcription start site selection
within the IJMD2 promoter (63). Our analysis indicates that
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deletion of the C-domain caused increased sensitivity to 6-AU,
although not to the level observed for the cdc73 null mutation
(Fig. 1D). In contrast, deletion of the C-domain did not signifi-
cantly impair growth on MPA-containing media at the concen-
trations tested (Fig. 1D). Taken together, these results identify a
domain at the C terminus of Cdc73 whose deletion causes phe-
notypes associated with defects in transcription.

Cdc73 C-domain Is Not Required for PaflC Assembly—One
possible interpretation of the genetic data is that the Cdc73
C-domain is required for either Cdc73 incorporation into
Paf1C or for assembly of a complete Paf1C. To address this
possibility, we performed one-step purifications (58) of TAP-
tagged Cdc73AC truncation and TAP-tagged full-length Cdc73
proteins from yeast lysates and analyzed the co-purifying mate-
rial for the presence of other Paf1C subunits by Western blot-
ting (Fig. 24). The results show that both full-length Cdc73-
TAP and Cdc73AC-TAP could effectively pull-down PaflC
subunits, whereas an untagged Cdc73 control protein could not
(Fig. 2A4). To confirm these results by a complementary
approach and avoid the use of strains in which multiple Paf1C
subunits are tagged, a situation that could influence complex
stability, we purified Cdc73-TAP and Cdc73AC-TAP from
yeast lysates in which the only tagged Paf1C subunit was Cdc73.
Mass spectrometry analysis of Cdc73-associated proteins from
these lysates revealed similar numbers of peptides for the vari-
ous Paf1C subunits, independent of the presence of the C-do-
main (Fig. 2B). In addition, Western analysis of these lysates
confirmed that the levels of Rtfl associated with Cdc73 are
unaffected by deletion of the C-domain (Fig. 2C). Therefore,
although we cannot rule out the possibility that the C-domain
truncation may cause subtle defects in Pafl1C stability, these
results indicate that the C-domain of Cdc73 is not required for
Paf1C assembly.

Cdc73 C-domain Adopts a Ras-like Fold—To investigate the
molecular basis behind the role of the Cdc73 C-domain in tran-
scription, we crystallized and determined the structure of the
C-domain from S. cerevisiae Cdc73 using x-ray crystallography.
Phases were determined using the single wavelength anoma-
lous dispersion method, and the final model was refined against
1.55 A native data to R, and Ry, values of 17.3 and 21.0%,
respectively (see Table 2 and “Experimental Procedures” for a
complete description of the crystallization and structure deter-
mination process). Cdc73 crystals contained one molecule in
the asymmetric unit. As shown in Fig. 34, the C-domain is a
tightly packed mixed -8 fold. Central to the fold of the protein
is a six-stranded B sheet with short stretches of « helix con-
tained within the loops that connect the strands. Finally, there
is a long helical segment at the very C terminus of the protein.

Remarkably, alignments of the Cdc73 C-domain against the
structural data base using DALI (64) revealed significant struc-
tural similarity with small GTPases of the Ras superfamily.
Hundreds of Ras-related structural homologs were identified in
this search; however, sequence identity was typically less than
12%, explaining why primary sequence searches failed to recog-
nize this domain. For clarity, we will focus our analysis on a
comparison with H-Ras (65), the founding member of the fam-
ily, as well as Rab33 (66), which displays the highest structural
identity to the Cdc73 C-domain. The structural overlap is quite
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ies to detect the presence of Paf1C subunits. *, nonspecific band. B, summary
of mass spectrometry data. The numbers represent the sums of peptides
detected in three independent affinity purifications of untagged Cdc73,
Cdc73-TAP, or Cdc73AC-TAP from strains KY1021, KY1799, and KY1791. C,
Western analysis of Rtf1 levels in bound fractions from one-step affinity puri-
fications using the same strains as in the mass spectrometry analysis.

strong, with a root mean square deviation of 3.2 A over 120 Ca
atoms for Rab33 (Fig. 34, right) and 3.3 A over 112 Ca atoms for
H-Ras.

The Ras superfamily can be subdivided into eight subfamilies
based on sequence, structure, and function. These include the
Ras, Rab, Ran, Rho, Rap, and Arf families with functions ranging
from cell proliferation, membrane trafficking, and cytoskeletal
dynamics to nuclear import. Despite the diversity in biological
function, there are common features beyond their structural
fold that unite this group (reviewed in Ref. 67). They are
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TABLE 2
Data collection and refinement statistics for the yeast Cdc73 C-domain
Selenomethionine Native
Data collection
Space group P4,212 P41212
Cell dimensions
a(h) 53.3 53.3
b(A) 53.3 53.3
c(A) ) 130.0 130.2
Resolution (A) 50-1.96 37.7-1.55
(1.99-1.96)* (1.58-1.55)
Unique reflections 26,002 52,612
erse 5.7 (38.0.5) 5.4 (38.2)
ol 31.1(8.3) 58.0 (5.9)
Completeness (%) 100 (100) 99.3 (97.8)
Redundancy 8.3(8.4) 7.1(6.9)
Refinement
Resolution (A) 37.7-1.55
(1.60-1.55)
Ryon/Reee” (%) 17.3/21.0
(15.4/23.6)
No. of atoms
Protein 2879
Water 145
Root mean square deviations
Bond lengths (A) 0.007
Bond angles (degrees) 1.068
Average isotropic B values (A?)
Protein 29.3
Solvent 39.5
Ramachandran (%)
Outliers 0.00
Allowed 0.00
Favored 100

“Values in parentheses correspond to those in the outer resolution shell.
"R = (|[(SI = ())/(ED), where (I) is the average intensity of multiple

merge
measurements.

¢ Ryorke = Sl Eo (k)| = F. (hKD|/2 14| F(HKD).
9 Riee represents the cross-validation R factor for 5% of the reflections against
which the model was not refined.

small nucleotide-binding proteins, most using a guanine nucle-
otide. GTP hydrolysis is typically stimulated by activating pro-
teins, whereas nucleotide exchange factors remove the GDP
and facilitate GTP binding. These additional activating and
exchange factors allow Ras proteins to toggle between GDP-
and GTP-bound states. These two states are correlated with
binding to additional effector proteins, thus allowing nucleo-
tide binding to serve as a molecular switch that modulates pro-
tein-protein interactions.

A number of interesting features distinguish the C-domain
structure from the structures of canonical small GTPases, such
as Ras. Ras family proteins utilize a series of loops to recognize
nucleotide, aid in hydrolysis, and communicate information to
the effector-binding region via a loaded spring mechanism (68).
The most important of these regions are the P-loop, which
makes extensive contacts with the y-phosphate; Switch I, which
interacts with both phosphate and the coordinated Mg>* ion;
and Switch II, which also interacts with the y-phosphate. Struc-
tural superposition of the Cdc73 C-domain with Rab33 high-
lights these differences (Fig. 34, right). First, the C-domain loop
corresponding to the P-loop projects away from the position of
the Rab33 bound nucleotide. The Switch I loop is different as
well; in this case, the equivalent C-domain loop initially extends
in toward the binding pocket and then projects away near the
connection with 82 (Fig. 44). Switch I is dramatically different
in Cdc73 and bears little resemblance to Rab33 (Fig. 4B). The
cumulative effect of these differences in loop conformation is to
alter the surface where nucleotide would bind in canonical Ras
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proteins such that there is no discernible binding pocket in the
C-domain. In addition to the differences in conformation,
important sequence motifs within the P-loop, Switch I, and
Switch II as well as important guanine recognition motifs are
not conserved within the Cdc73 C-domain (Fig. 3B). We
observe no evidence of a nucleotide or other ligand within our
C-domain crystals. Attempts to co-crystallize the C-domain
with a variety of nucleotides or to affinity-purify the C-domain
with GTP-agarose both failed to demonstrate an interaction.
Together, these observations suggest that the C-domain is
probably functioning as a modulator of a protein-protein inter-
action and is unlikely to be sensing a guanine nucleotide in a
manner analogous to the Ras family GTPases.

Conserved Surfaces within Cdc73 C-domain—We next
mapped evolutionary conservation onto the surface of the
Cdc73 C-domain structure. To do this, we performed a multi-
ple-sequence alignment on a collection of 14 Cdc73 sequences
from model organisms using ClustalW (69). The conservation
was scored at each amino acid position using the RISLER
matrix within ESPRIPT (70, 71) and mapped onto the surface of
the C-domain structure (Fig. 54). Unlike similar maps for small
GTPases, which are highly conserved within the nucleotide
binding pocket, we find that the Cdc73 surface has several dis-
persed patches with significant sequence conservation. The
most prominent of these is an extended surface adjacent to the
site where nucleotide would bind in Ras proteins (Fig. 54, left).
There is also a second prominent patch of conserved residues
on the opposite face of the protein (Fig. 54, right).

Despite being physically separated on the surface, the con-
served regions may all contribute toward a common function of
Cdc73, and therefore mutations that alter these regions might
lead to common mutant phenotypes. To address this possibil-
ity, we introduced a series of single and multisite amino acid
substitutions within the C-domain to disturb patches of
sequence conservation found on the surface. Several additional
mutants were designed to disrupt regions of sequence impor-
tant within Ras family members (Figs. 3B and 5A, bottom).
These substitutions were generated within the context of
N-terminally HA-tagged, full-length Cdc73 and expressed
from yeast CEN/ARS plasmids. The ability of the mutations to
complement the 6-AU sensitivity of a cdc73A strain was then
examined (Fig. 5B). Unexpectedly, of the nine site-directed
mutants tested, we found that only a single substitution
(W321A) on the C-domain surface caused modest sensitivity to
6-AU (Fig. 5, A and B). Trp-321 is surprisingly exposed for a
tryptophan residue and is located at the periphery of the large
conserved region (Fig. 5A, left). The position of the Trp-321
side chain is stabilized by interactions with the neighboring
residue Asn-324 but is otherwise exposed and accessible for
potential binding interactions. Importantly, all of our mutant
proteins are similarly expressed and are stable, implying that
our results are only due to the substitution in question (Fig. 5C).
Although our assay may not be sensitive enough to reveal more
subtle effects of the other substitutions, the fact that the
W321A substitution does not fully complement the cdc73A
mutation suggests that this residue may be involved in a molec-
ular interaction, the loss of which results in 6-AU sensitivity.
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FIGURE 3. Structure of the yeast Cdc73 C-domain. A, schematic representation of the yeast Cdc73 C-domain. Elements of secondary structure are indicated
and named using the Ras nomenclature. Structural overlap of Cdc73 C-domain (green) and Rab33 (gray) is shown. Bound GTP analog from the Rab33 structure
is shown as sticks. The positions of the P-loop (magenta) and the Switch | and Il loops (red) important for Ras function are shown. B, primary sequence alignment
of S. cerevisiae Cdc73, H-Ras, and Rab33. Above are the secondary structure elements, as determined from the Cdc73 structure. Sequence motifs that are

important for Ras function are indicated.
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FIGURE 4. Loops important for nucleotide binding in Ras adopt nonca-
nonical conformations in the Cdc73 C-domain. Structural superposition of
the Cdc73 C-domain (green) with Rab33 bound to a GTP analog (Protein Data
Bank entry 1Z06). Within the Rab33 structure, the P-loop (magenta), and
Switch I and Il (red) are indicated, and the position of the GTP analog is shown
in sticks. A, loops corresponding to P-loop and Switch | are altered in Cdc73.
Residues making important hydrogen bonding interactions with nucleotide
and/or Mg ion in Rab33 are indicated as are equivalent residues in Cdc73. B,
the Switch Il loop region is shifted within Cdc73. Switch Il from Rab33 (red)
and its interaction with the terminal phosphate is indicated, whereas the
position of the equivalent loop in the C-domain is shown in green.

Role of the Cdc73 C-domain in Histone Modifications—Sev-
eral subunits within Paf1C, including Cdc73, are required for
the proper modification of histones during transcription.
Among deletions of Paf1C subunits, pafiA and ctr9A mutations
cause the most severe defects in H3 Lys-36 trimethylation;
however, deletion of CDC73 also leads to a significant reduc-
tion in this modification (5). In addition, Cdc73 is required for
normal levels of H3 Lys-4 trimethylation in yeast cells (34). We
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therefore asked whether the Cdc73 C-domain is important for
H3 Lys-36 trimethylation, H3 Lys-4 di- or trimethylation, or H3
Lys-79 di- or trimethylation, using Western analysis of strains
that expressed untagged Cdc73, Cdc73-TAP, or Cdc73AC-
TAP from the endogenous CDC73 locus (Fig. 6A). Antibody
specificities were confirmed by probing levels of histone mod-
ifications in set1A, set2A, and dot1A control extracts (data not
shown). Our results show that H3 Lys-4 dimethylation and H3
Lys-79 di-/trimethylation levels were essentially unaffected by
deletion of the full CDC73 gene or by deletion of the C-domain.
In addition, deletion of the C-domain did not reduce H3 Lys-4
trimethylation or H3 Lys-36 trimethylation levels significantly,
although both of these modifications were decreased by the
complete deletion of CDC73. These results suggest that the
Cdc73 C-domain either lacks an important role in promoting
Paf1C-dependent histone modifications or functions redun-
dantly with other members of PaflC. To address the latter
hypothesis, we tested the effect of the cdc73AC mutation on
histone modifications in strains deleted for RTFI. As expected
from previous studies (7, 8, 16), the r¢fIA mutation caused a
complete loss of the H3 Lys-4 and Lys-79 methyl marks irre-
spective of the CDC73 genotype, demonstrating that these
modifications are primarily controlled by Rtfl. In contrast, H3
Lys-36 trimethylation levels were only partially reduced in
rtfIA strains that express full-length CDC73. Interestingly,
deletion of either the full CDC73 gene or the region encoding
the C-domain strongly enhanced the H3 Lys-36 trimethylation
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FIGURE 5. A conserved surface within the Cdc73 C-domain. A, sequence
conservation from a multiple sequence alignment of Cdc73 sequences was
scored and displayed on the C-domain surface with low conservation in white
and invariant residues in red. The residues indicated were mutated and sub-
jected to phenotypic analysis. Residues mutated in HPT-JT patients are indi-
cated by the substitution in Homo sapiens. B, analysis of the 6-AU sensitivity of
strains expressing HA-tagged Cdc73 mutant proteins with the indicated
amino acid substitutions in the C-domain. Media contained 6-AU and lacked
tryptophan for the selection of CEN/ARS plasmid-encoded CDC73 derivatives
in strain KY1858. Strains were incubated at 30 °C for 3 days. C, Western anal-
ysis of HA-tagged wild-type and mutant Cdc73 proteins. Extracts from the
strains analyzed in B were prepared, and Western blots were probed with
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defect of the r¢f1A strain. The synthetic effect of the C-domain
deletion was not due to reduced Cdc73 protein levels in the
rtfIA genetic background (Fig. 1B). Therefore, our results sug-
gest that the Cdc73 C-domain functions redundantly with Rtfl
in promoting H3 Lys-36 trimethylation.

To further address the possibility that Rtfl and the Cdc73
C-domain have overlapping functions, we asked if deletion of
the C-domain could enhance the 6-AU and MPA sensitivity
phenotypes of an r¢fIA strain. Deletion of RTFI leads to a par-
tial sensitivity to both compounds, and this sensitivity was
noticeably enhanced by deletion of the C-domain or the full
CDC73 gene (Fig. 6B).

To investigate further the importance of amino acid Trp-321
in the C-domain, we tested whether the W321A substitution
conferred defects in H3 Lys-36 methylation either alone or in
combination with r¢fIA. Like the C-domain deletion, the
W321A substitution resulted in wild type levels of H3 Lys-36
trimethylation in an RTFI background but an enhanced reduc-
tion in H3 Lys-36 trimethylation levels in an r¢fIA background.
Cdc73 protein levels were unaffected in this genetic back-
ground (Fig. 6C). Additionally, the W321A substitution did not
affect H3 Lys-36 dimethylation levels in the presence or
absence of RTF1I (Fig. 6C). In agreement with the histone mod-
ification data, cdc73-W321A rtfIA double mutant strains were
more sensitive to 6-AU and MPA than either single mutant
strain (Fig. 6D). These data are consistent with the idea that
Trp-321 is a functionally important residue within the C-do-
main. Taken together, our findings suggest that the C-domain
has important functions in transcription elongation and that
the deletion of RTF1 exacerbates the effects of losing these
functions.

C-domain Is Important for PaflC Localization to Active
Genes—Previous studies have shown that deletion of either
CDC73 or RTFI greatly reduces the occupancy of other Paf1C
subunits on active genes (13). The functional region within Rtf1
thatis important for recruiting Paf1C to RNA pol II-transcribed
genes has been mapped to the central Plus3 domain (16). How-
ever, the role of Cdc73 in directing the localization of Paf1C to
active genes remains largely undefined. Given the genetic
redundancy between RTFI and CDC73, we asked whether the
Cdc73 C-domain played a role in promoting the association of
Paf1C with chromatin by performing ChIP assays. Using HA-
tagged Cdc73 or an HA-tagged Cdc73 derivative lacking the
C-domain, we found that the levels of Cdc73 associated with
the active genes PYKI and PMA1 were significantly reduced in
the absence of the C-domain (Fig. 7A). The reduction in Cdc73
occupancy was not due to decreased levels of the HA-Cdc73AC
protein compared with the HA-tagged full-length protein (Fig.
7B) or to reduced levels of RNA pol II on the genes (Fig. 7C). To
ask if the C-domain is required for full recruitment of other
Paf1C subunits, we measured the occupancy of Rtfl and Ctr9-
Myc at the PYKI and PMAI genes in strains lacking the full
Cdc73 protein or just the C-domain. Consistent with previous
studies (13), the occupancies of Rtfl and Ctr9-Myc were

antibodies specific to the HA tag and glucose-6-phosphate dehydrogenase
(G6PDH), which served as a loading control.
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FIGURE 6. Deletion of both the Cdc73 C-domain and Rtf1 leads to
enhanced mutant phenotypes and defects in histone modifications. A
and C, Western analysis on extracts from strains with the indicated genotypes
(KY1021, KY1857, KY1799, KY1791, KY1802, KY703, KY1797, and KY1789) to
detect levels of Paf1C-dependent H3 modifications. The arrows indicate the
band of interest, and nonspecific bands are marked by an asterisk. B and D,
dilution analyses assessing 6-AU and MPA sensitivity of the indicated strains
(KY1021, KY1857, KY1802, KY703, KY1797, and KY1789). 10-Fold dilutions
starting from 1.0 X 108 cells/ml were spotted to medium containing 6-AU or
MPA and incubated at 30 °C for 2 days (D, SC—Ura—Trp), 4 days (B and D,
6-AU), or 8 days (D, MPA). For C and D, cdc73A (KY1858) or cdc73A rtf1A
(KY2195) strains were transformed with TRPT-marked CEN/ARS plasmids that
express either HA-tagged Cdc73 or HA-tagged Cdc73-W321A. Transformants
were grown on media lacking tryptophan.
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reduced in the cdc73A strain (Fig. 7, D and E). Importantly, a
similar reduction in occupancy for these proteins was observed
in the cdc73AC strain. Our TAP results indicate that the
decreased chromatin association of Rtfl and Ctr9 in the
cdc73AC strain is not due to reduced protein levels or severe
defects in Paf1C assembly (Fig. 2). Collectively, our results sug-
gest that the Ras-like fold in Cdc73 plays a role in recruiting
Paf1C to RNA pol II and/or stabilizing this association.

DISCUSSION

Proper gene expression requires a large number of accessory
factors, which must be appropriately recruited and localized to
the transcription complex. Paf1C is a transcription regulatory
complex with multiple important functions; however, our
understanding of how it is recruited to RNA pol II is limited.
Previous work has demonstrated that two subunits of yeast
Paf1C, Cdc73 and Rtfl, play prominent roles in directing the
complex to active genes (10, 13). Deletion analysis indicates
that the Plus-3 domain of Rtf1 is important for localizing Paf1C
to chromatin; however, the role of Cdc73 in Paf1C recruitment
is unclear. Here we describe the identification of a previously
unrecognized domain at the C terminus of Cdc73, which we call
the C-domain. We have crystallized and determined the struc-
ture of the Cdc73 C-domain and, despite a lack of sequence
conservation, found that the C-domain adopts a fold that is
highly similar to the small GTPase Ras. We found that deletion
of the C-domain confers an Spt~ phenotype and sensitivity to
6-AU, consistent with a role for this domain in transcription
elongation. However, we found only moderate effects of a
C-domain deletion on histone modifications, suggesting that
the main role of the C-domain lies outside of modifications to
chromatin.

Given the propensity for Ras family members to mediate pro-
tein-protein interactions, it seemed reasonable to consider that
the C-domain could be functioning as a scaffold for interactions
with other Paf1C subunits. TAP purifications of PaflC per-
formed from extracts lacking various Paf1C subunits indicate
that Rtf1 levels within the purified complexes are reduced in the
absence of Cdc73 (10). Because r¢fIA strains are 6-AU sensitive
(16), one could explain the 6-AU sensitivity of a Cdc73 C-do-
main deletion mutant if the C-domain was required for incor-
poration of Rtf1 into Paf1C. Our data, however, show that all of
the subunits of Paf1C can still assemble in the absence of the
C-domain, suggesting a role for the C-domain outside of main-
taining overall Paf1C architecture. This is in general agreement
with data on parafibromin in which residues within the central
portion of the protein have been implicated in the assembly of
human Paf1C (23). The central region of parafibromin has also
been shown to mediate binding to Gli and B-catenin, further
supporting a role for this region of the protein as a recognition
module in higher eukaryotes (46, 72). Our data demonstrate
that yeast Paf1C is capable of assembling in the absence of the
Cdc73 C-domain; however, given the proximity of the C-do-
main to sequences required for Paf1C assembly, we cannot dis-
count the possibility that the C-domain has a more subtle effect
on Paf1C stability or the conformation of the complex.

Importantly, we find that deletion of the Cdc73 C-domain
significantly reduces PaflC occupancy on active genes. We
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breakdown product.

interpret this result to mean that the Cdc73 C-domain is play-
ing a role in promoting association of PaflC with chromatin
just like the Rtfl Plus-3 domain. This is in agreement with
coimmunoprecipitation experiments (10) and suggests that
Paf1C uses two independent domains for chromatin associa-
tion and possibly recognizes two independent protein or ligand
binding partners. The discovery that the Cdc73 C-domain has a
Ras-like fold is an intriguing result in light of this finding; this
domain has long been recognized as a protein-protein and pro-
tein-ligand interaction partner. In the case of the yeast C-do-
main, however, the canonical ligand binding pocket has been
altered, and it seems unlikely that it would bind a nucleotide
ligand. However, sequence conservation of residues near the
canonical ligand binding surface is high, indicating that this
surface is probably important for an evolutionarily conserved
interaction. Two possible explanations seem most probable.
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First, that Paf1C uses a different small molecule ligand as a
regulatory signal to modulate a protein-protein interaction, just
as Ras does with GTP. As mentioned before, GTP binding
seems unlikely, given differences in important nucleotide rec-
ognition sequences within the C-domain; however, this does
not preclude binding to another yet to be determined ligand. It
would seem, however, that a significant structural rearrange-
ment would be needed to facilitate binding. The second possi-
bility is that in Cdc73, the Ras fold has been repurposed to bind
a protein. The surface of the Cdc73 C-domain that is equivalent
to the canonical GTP-binding pocket is relatively flat. Using
this surface to interact with another protein would bypass the
need for a deep binding pocket.

Any of the proteins involved in the transcription complex
could be potential binding partners for the Cdc73 C-domain;
however, the FACT, RNA pol II, and Spt4-Spt5 complexes
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seem most likely because they are already known to interact
with Paf1C. RNA pol II and the Spt4-Spt5 complex are partic-
ularly interesting candidates for this interaction because both
contain C-terminal repeating sequences. Such sequences are
likely to be highly flexible and could adapt to fit the extended
conserved surface found on the yeast Cdc73 C-domain. Our
finding that, with the exception of W321A, substitutions of
individual, exposed amino acids or small clusters of amino acids
failed to yield an observable mutant phenotype is consistent
with the idea that the C-domain comprises an extensive, mul-
tivalent interaction surface. Interestingly, Rtfl uses a different
and unrelated domain to direct Paf1C to chromatin. One pos-
sibility is that the Cdc73 C-domain and the Rtf1 Plus-3 domain
bind the same protein ligand. The extended repeat domains
within Spt5 or RNA pol II could facilitate simultaneous binding
of the C-domain and the Plus-3 domain to either protein.
Another possibility is that the Cdc73 C-domain functions in
conjunction with the Plus-3 domain of Rtfl to form a bivalent
recruitment module with two distinct attachment points on the
RNA pol II elongation machinery.

Mutations within the gene for human Cdc73, parafibromin,
are found in patients with HPT-JT as well as other cancers.
Most are frameshift mutations near the 5" end of the parafibro-
min gene, which would be predicted to produce severely trun-
cated, unstable, or nonfunctional proteins. Although these
mutations are most likely functioning as null alleles, the discov-
ery of point mutations from HPT-JT patients that alter specific
amino acids within the C-domain emphasizes the importance
of this domain in human disease (20). These mutations would
substitute asparagines at residue Thr-369 or Ser-379 within
parafibromin. Interestingly, the equivalent residues within the
yeast protein are located on the large conserved surface near the
Ras nucleotide binding site and would not be predicted to affect
protein stability. The Cdc73 proteins of humans and other
higher eukaryotes contain conserved sequences not found
within the S. cerevisiae protein. These sequences interact with
transcription regulatory proteins, including Gli and 3-catenin.
The physical proximity between the binding sites for regulatory
factors and the C-domain could mean that, in higher organisms,
binding of those factors influences the function of the C-domain.
Additionally, the C-domain could direct the recruitment of regu-
latory factors to the core transcription elongation machinery. An
informative area of future study will be the identification of poten-
tial binding partners for the yeast Cdc73 protein.
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