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The Pafl complex (Pafl, Ctr9, Cdc73, Rtfl, and Leol) is normally associated with RNA polymerase II (Pol
II) throughout the transcription cycle. However, the loss of either Rtfl or Cdc73 results in the detachment of
the Pafl complex from Pol II and the chromatin form of actively transcribed genes. Using functionally tagged
forms of the Pafl complex factors, we have determined that, except for the more loosely associated Rtf1, the
remaining components stay stably associated with one another in an RNase-resistant complex after dissoci-
ation from Pol II and chromatin. The loss of Pafl, Ctr9, or to a lesser extent Cdc73 or Rtf1 results in reduced
levels of serine 2 phosphorylation of the Pol II C-terminal domain and in increased read through of the MAK21
polyadenylation site. We found that the cleavage and polyadenylation factor Cftl requires the Pol II-associated
form of the Pafl complex for full levels of interaction with the serine 5-phosphorylated form of Pol II. When
the Pafl complex is dissociated from Pol II, a direct interaction between Cftl and the Pafl complex can be
detected. These results are consistent with the Pafl complex providing a point of contact for recruitment of
3'-end processing factors at an early point in the transcription cycle. The lack of this connection helps to

explain the defects in 3'-end formation observed in the absence of Pafl.

In Saccharomyces cerevisiae, the Pafl complex (Paf1C), com-
posed of Pafl, Ctr9, Cdc73, Rtf1, and Leol, is found associated
with RNA polymerase II (Pol II) from the promoters to the
poly(A) sites of actively transcribed genes (23, 31, 32). The
homologous complex in humans is composed of human Pafl
(hPafl), hCtr9, hCdc73, and hLeol (45, 56, 60). Although
there is an hRtfl homolog, it does not appear to be part of the
hPaf1C. The yeast Pafl1C is recruited to Pol II at an as-yet-
uncharacterized early step in the transcription cycle, subse-
quent to initiation complex formation (16), which is dependent
on the Burl kinase (27). The presence of Paf1C is required for
the histone H2B monoubiquitylation activity of Rad6; the
modified histone H2B subsequently serves as the necessary
substrate for H3 lysine 4 (K4) methylation by Setl and H3 K79
methylation by Dotl (27, 33, 54, 55). Therefore, the loss of the
Paf1C ultimately results in changes in histone modifications.

Transcription by Pol II includes a cycle of phosphorylation
and dephosphorylation of the C-terminal domain (CTD) of the
largest Pol II subunit (reviewed in references 4, 7, 36, 39, 42,
and 61). The initiating form of the enzyme is unphosphoryl-
ated; initiation and promoter escape are associated with, al-
though not dependent on (21), phosphorylation of serine 5
(Ser5) of the YSPTSPS repeat of the CTD. During elongation,
there is additional phosphorylation of serine 2 (Ser2) of the
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repeat. At, or just after, termination, the CTD is dephosphor-
ylated, resetting Pol II for another transcription cycle. These
modifications create unique interaction sites for a large and
growing collection of transcriptional and posttranscriptional
factors, including the mRNA-capping enzymes, histone modi-
fication enzymes, and the factors required for mRNA 3’-end
formation and transcription termination (4, 6, 58).

With these CTD modifications in mind, it is interesting to
consider the Pafl1C, which in both its yeast and human forms
has been shown previously to associate with all of the various
forms of Pol II (32, 45) and whose association with Pol II and
chromatin in yeast is unaffected by the loss of Ser2 phosphor-
ylation (Ser2-P) caused by the loss of the major CTD Ser2
kinase Ctk1 (1, 10, 37). In contrast, loss of the Paf1C results in
a reduction of CTD Ser2-P on transcribed genes and a con-
comitant decrease in the association of a Ser2-P-dependent
factor (Pcfl1) (32) and, by extension, all factors sensitive to
CTD Ser2-P. Of particular interest in this category are the
polyadenylation factors, several of which have been shown
previously to interact directly with the Ser2-P form of the CTD
(reviewed in references 6, 8, and 43).

Yeast and humans have similar complexes involved in
mRNA 3’-end formation (reviewed in references 8, 12, 43,
48, and 59). Yeast CPF is a subcomplex of cleavage and
polyadenylation factors, including Cftl (Yhhl) and Ydhl
(Cft2), which is homologous to the human cleavage and
polyadenylation factor subcomplex CPSF. CPSF is known to
make direct contacts with RNA sequences at the poly(A)
site. The yeast CF1A complex, which includes Pcf11, is sim-
ilar to human CstF. Recently, evidence implicating human
CPSF-73, the homolog of Ydhl, as the endonuclease re-
sponsible for cleavage has accumulated (15, 46), and Pcfl1
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was found previously to be able to directly trigger termina-
tion by purified Pol IT (58). Cftl and Pcfll are among the
factors reported previously to associate directly with the
Ser2-P form of the Pol II CTD (3, 14, 26, 28), establishing
physical links between both the CPF and CF1A complexes
and Pol II. Therefore, posttranscriptional 3'-end formation
is linked to transcription both by direct interactions with the
Pol II CTD and by affinity for sequences in the nascent
mRNA.

The fact that the Paf1C is necessary for full levels of CTD
Ser2-P on actively transcribed genes (32) provides an excellent
explanation for why mutations in the PaflC factors result in
defects in posttranscriptional processing. The loss of Pafl re-
sults in shortened poly(A) tails (32) and, for a subset of genes,
changes in poly(A) site utilization and the formation of unsta-
ble transcripts (38). In addition, the PaflC is critical for the
proper formation of 3" ends of nonpolyadenylated RNAs (49).
However, there is evidence that the connection between the
Paf1C and polyadenylation factors may be more than the in-
direct consequence of reduced CTD Ser2-P. For example, the
loss of Rtfl results in only partial reduction of CTD Ser2-P
levels (32) but causes defects in the formation of 3’ ends of
nonpolyadenylated RNAs (49). In addition, the loss of either
Pafl or Rtfl is synthetically lethal in combination with the loss
of Ctkl (13), which implies that the PaflC has functions in
addition to its effects on Ser2-P. In this work, we demonstrate
that the Paf1C interacts in a Pol II-independent fashion with
the polyadenylation factor Cftl. We also found that the pres-
ence of the Paf1C on Pol II was critical for the association of
Cftl with the Ser5-P form of Pol II. We conclude that the
Paf1C helps to recruit the polyadenylation factor Cftl and that
it forms an additional early point of contact for the assembly of
an active polyadenylation complex on the elongating Pol II.

MATERIALS AND METHODS

Yeast strains. The YJJ S. cerevisiae strains used in this study were all derived
from YJJ662 (MATa leu2Al his3A200 ura3-52) (50) and its isogenic D273-11b
derivatives as listed in Table 1. Some strains from the S288c (YSB, obtained from
O. Rozenblatt-Rosen) and W303 (YN, obtained from C. Logie) backgrounds
were also utilized as noted in the text and Table 1. The CTKI gene was deleted
in diploid strain YJJ1035 through replacement with the kanamycin resistance
marker by using the kanmx4 cassette (52) as described previously (5). Haploid
strain YJJ1821 was derived from the heterozygous diploid by sporulation and
tetrad dissection (17). The construction of strains containing single protein A
(tandem affinity purification [TAP]) or hemagglutinin (HA) tags has been de-
scribed previously (31, 32). Note that all of the tags used in these studies were
encoded by completely functional gene replacements, expressed at normal levels
from their natural promoters. Additional singly tagged and all of the doubly
(TAP- and HA-) tagged strains were constructed either by the direct transfor-
mation of wild-type (WT), pafIA, cdc73A, or rtfIA strains or by the mating of
appropriate parents, the sporulation of the diploids, and the dissection of the
haploid spores (17). The identification of the correct combinations of genes and
tagged constructs used assays of selectable markers and mutant phenotypes and,
subsequently, PCR and Western blot confirmation of the presence of tagged
proteins.

Yeast co-IP and Western blot analyses. Yeast strains bearing both TAP and
HA tags in WT and mutant backgrounds were grown to mid-log phase (~1.5 X
107 cells/ml) in yeast extract-peptone-dextrose (YEPD) with 2% glucose (17).
Cells were harvested and processed for protein analysis as described previously
(31). Protein abundance was determined by the Bradford assay (Bio-Rad), and
1.5 mg of protein was used for immunoprecipitation (IP). In some cases, 50 pg
of RNase A (Sigma) was added prior to the IP. RNA digestion was confirmed by
the total loss of rRNAs from the treated samples. After preincubation with
Sepharose CL-2B beads (Sigma-Aldrich), HA-tagged proteins were precipitated
by incubation with 10 pg of anti-HA (a-HA [12CAS; Roche]), followed by the
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addition of protein A-coupled Sepharose CL-4B (Amersham); TAP-tagged pro-
teins were precipitated by incubation with rabbit immunoglobulin G agarose
(Sigma-Aldrich) essentially as described previously (32). After the separation of
the cell extracts or immunoprecipitates on 4 to 12% bis-Tris NOVEX gels
(Invitrogen), the proteins were transferred onto Immobilon P (Millipore) or
nitrocellulose (Protran, Schleicher and Schuell) membranes. Immobilized pro-
teins were detected with a-HA (12CAS5 [1:1,000; Roche]), a-TAP tag (a-protein
A [1:1,000; U.S. Biological] or a-protein A-1-Step horseradish peroxidase
[1:10,000; Abcam]), o-Pol II (8WG16 [1:500], HS [a-Ser2-P; 1:500], or H14
[a-Ser5-P; 1:500], all from Covance, or BL2894 [a-Ser2-P; 1:10,000] or BL2896
[a-Ser5-P; 1:10,000], both from Bethyl Labs), or a-G6PD (1:20,000; Sigma)
primary antibodies. Appropriate horseradish peroxidase-conjugated secondary
antibodies were used prior to detection by chemiluminescence with a Western
Lightning chemiluminescence kit (Perkin-Elmer). The linear range of exposure
for the chemiluminescent reaction was determined by dilution series, and expo-
sures were quantitated using Quantity One software (Bio-Rad).

TAP tag purifications and mass spectrometry. Two-liter cultures of yeast
strains were grown to an A4, of 1 at 30°C in YEPD, harvested, and processed for
TAP tag purification essentially as described previously (44). Cells were extracted
in buffer containing 33 mM Tris-HCI (pH 7.5), 8% glycerol, 330 mM NaCl,
0.07% Triton X-100, 0.3 mM dithiothreitol, 3.3 mM EDTA, and protease inhib-
itor cocktail (44). Aliquots of fractions eluted from calmodulin beads were
analyzed by silver staining after electrophoresis on sodium dodecyl sulfate-10%
polyacrylamide gels. Peak fractions were pooled, loaded onto sodium dodecyl
sulfate-polyacrylamide gels, and run briefly to remove detergent. The gel lane
was fixed, cut in pieces, reduced, and alkylated. Proteins were digested overnight
with trypsin, eluted from the gel with trifluoroacetic acid, and concentrated.
Peptide identification experiments were performed using a nano-high-perfor-
mance liquid chromatography Agilent 1100 nanoflow system connected online to
a 7-tesla linear quadrupole ion trap-Fourier transform mass spectrometer
(Thermo Electron, Bremen, Germany) essentially as described previously (35).

RT-PCR. RNA was isolated from cells grown in YEPD to mid-log phase (~1.5 X
107cells/ml) by the hot-phenol method (47). Reverse transcription (RT) reactions
using 5 pg of DNase I-treated total RNA were performed using a SuperScript IIT kit
(Invitrogen) and random hexamers. PCRs used 1/10 to 1/20 of the RT reaction
mixture under linear-range conditions. MAK21 primer sequences were as follows:
forward, 5'-GACGATGAACCTAAGCTGGAGGCAA-3’, and reverse, 5'-ATAG
TTGTAGCTAAAATCCGTTTCTATTTCCG-3'. PMAI primer sequences were as
follows: forward, 5'-CTATTATTGATGCTTTGAAGACCTCCAG-3', and reverse,
5'"TGCCCAAAATAATAGACATACCCCATAA-3'.

RESULTS

The loss of Rtfl or Cdc73, which reduces the association
of the Paf1C with Pol II, does not disrupt interactions between
the remaining Paf1C components. Cdc73 and Rtfl are critical
for connecting the Paf1C to transcribing Pol II, which was
determined using chromatin IP (ChIP) and the co-IP of Pafl
with a tagged Pol II Rpb3 subunit (32). To analyze the fate of
the PaflC factors in the absence of Rtfl or Cdc73 when the
complex is dissociated from Pol II, we constructed a series of
isogenic, doubly tagged strains using HA and TAP tags on
Paf1C factors in WT and rtfIA and cdc73A mutant back-
grounds (Table 1). To confirm that the tagged forms did not
disrupt Paf1C function, we observed phenotypes, including the
growth rates and sensitivities to temperature and drugs, of all
the tagged strains, comparing them to those of untagged
strains (5). None of the tagged constructs described in this
work demonstrated any defect in function in these assays (data
not shown). In addition, we used the tagged constructs to
recapitulate and extend the previous co-IP analysis of the
Pafl1C and Pol II, as shown in Fig. 1A. Using strains doubly
tagged on Pol II subunit Rpb3 (HA tag) and Ctr9 (TAP tag),
we confirmed that the full association of Pol I and the Paf1C
is dependent on the presence of Rtfl and Cdc73 (compare the
amount of TAP-tagged Ctr9 [Fig. 1A, lower panel] coimmu-
noprecipitated with Rpb3 from the WT [lane 4] to that from
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TABLE 1. Yeast strains

Strain Genotype”
YII577 MATa his3A200 ura3-52 leu2Al paflA::HIS3
Y1J662.. ..MATa his3A200 ura3-52 leu2Al
Y1J664.. ..MATa his3A200 ura3-52 leu2Al paflA::HIS3
Y1J665 .MATa his3A200 ura3-52 leu2Al cdc73A::HIS3

MATa/MATo his3A200/his3A200 ura3-52/ura3-52 leu2Al/leu2Al PAF1/paflA::HIS3

YJJ1197... .. MATa his3A200 ura3-52 leu2Al ctr9A::Kan"

YJJ1303... .. MATa his3A200 ura3-52 leu2Al rtf1A::Kan®

YJJ1329... .MATa his3A200 ura3-52 leu2Al CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3)
YJJ1330... ..MATa his3A200 ura3-52 leu2Al trplA:Kan" LEOI::(LEO1-6HA) (KITRPI)
YJJ1336 MATa his3A200 ura3-52 leu2Al leolA::Kan®

YJJ1583 MATa his3A200 ura3-52 leu2Al trplA::hisG CDC73::(CDC73-6HA) (KITRPI)
YJJ1589... .MATa his3A200 ura3-52 leu2Al trplA::hisG RTFI::(RTF1-6HA) (KITRPI)
YJJ1599... .MATa his3A200 ura3-52 leu2Al trplA::hisG CTR9::(CTR9-6HA) (KITRPI)
YJJ1782...

YJI1784

..MATa his3A200 ura3-52 leu2Al PAF1::(PAFI-CBP-TEV-ProtA) (KIURA3) CTRY::(CTR9-6HA) (KITRPI)
MATa his3A200 ura3-52 leu2Al rtf1A::Kan" PAF1::(PAF1-CBP-TEV-ProtA) (KIURA3) CTRY::(CTR9-6HA) (KITRPI)

YJJI1786... ....MATa his3A200 ura3-52 leu2Al PAFI::(PAFI-CBP-TEV-ProtA) (KIURA3) LEOI1::(LEO1-6HA) (KITRPI)

YIJ1787 MATa his3A200 ura3-52 leu2Al cdc73A::HIS3 PAFI1::(PAF1-CBP-TEV-ProtA) (KIURA3) LEOI::(LEO1-6HA)
(KITRPI)

YIJ1T789.iiii MATa his3A200 ura3-52 leu2Al PAFI::(PAF1-CBP-TEV-ProtA) (KIURA3) RTF1::(RTF1-6HA) (KITRPI)

YJJ1791... .MATa his3A200 ura3-52 leu2Al cdc73A::HIS3 PAFI1::(PAF1-CBP-TEV-ProtA) (KIURA3) RTFI::(RTF1-6HA) (KITRPI)

YJJ1803 MATa his3A200 ura3-52 leu2Al cdc73A::HIS3 PAFI::(PAF1-CBP-TEV-ProtA) (KIURA3) CTRY::(CTR9-6HA) (KITRPI)

YIT1809..oiiiiiinaee MATa his3A200 ura3-52 leu2Al rtflA::Kan® cdc73A::HIS3 PAFI1::(PAF1-CBP-TEV-ProtA) (KIURA3)

LEOI::(LEOI-6HA) (KITRPI)

YJJ1821 MATao his3A200 ura3-52 leu2Al ctklA::Kan'

YJJ1824... w.MATa his3A200 ura3-52 leu2Al trplA::hisG CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3)

YJJ1832... .MATa his3A200 ura3-52 leu2Al PAFI1::(PAF1-CBP-TEV-ProtA) (KIURA3) CDC73::(CDC73-6HA) (KITRPI)

YJJ1834 MATa his3A200 ura3-52 leu2Al rtf1A::Kan" PAFI::(PAF1-CBP-TEV-ProtA) (KIURA3) CDC73::(CDC73-6HA)
(KITRPI)

YIT1841 e MATa his3A200 ura3-52 leu2Al rtfl A::Kan™ CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) CDC73::(CDC73-6HA)
(KITRPI)

YIJ1849....vviiiinn. MATa his3A200 ura3-52 leu2Al trpl Az:hisG rtf1A::Kan™ CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) CFTI1::(CFTI-6HA)
(KITRPI)

YIJ1850....ciiiiinn. MATa his3A200 ura3-52 leu2Al trpl Az:hisG cdc73A::HIS3 CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3)
CFTI::(CFT1-6HA) (KITRPI)

YIJ185T o MATa his3A200 ura3-52 leu2Al CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) RPB3::(RPB3-6HA) (KITRPI)

YJJ1859..cuiciriicrne MATa his3A200 ura3-52 leu2Al rtf1A::Kan® CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) RPB3::(RPB3-6HA) (KITRPI)

YJJ1861... .MATa his3A200 ura3-52 leu2Al cdc73A::HIS3 CTRY::(CTR9-CBP-TEV-ProtA) (KIURA3) RPB3::(RPB3-6HA) (KITRPI)

Y1J1864... ..MATa his3A200 ura3-52 leu2Al CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) CFT1::(CFTI-6HA) (KITRPI)

YJJ1871... .MATa his3A200 ura3-52 leu2Al1 ctklA::Kan" CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) CFTI::(CFTI-6HA) (KITRPI)

YJ1J1873... . MATo his3A200 ura3-52 leu2Al CTRY::(CTR9-CBP-TEV-ProtA) (KIURA3) CTK1::(CTKI-6HA) (KITRPI)

YJJ1875 MATo his3A200 ura3-52 leu2Al rtf1A::Kan® CTR9::(CTR9-CBP-TEV-ProtA) (KIURA3) CTKI::(CTKI-6HA) (KITRPI)

YIT1882..eevcrncnnee MATa his3A200 ura3-52 leu2Al paflA::HIS3 CTRY::(CTR9-CBP-TEV-ProtA) (KIURA3) CTKI::(CTKI-6HA) (KITRPI)

YIJ189T.coiinn. MATa his3A200 ura3-52 leu2Al cdc73A::HIS3 CTRY::(CTR9-CBP-TEV-ProtA) (KIURA3) CTKI::(CTKI-6HA)
(KITRPI)

MAT his3-11-15 ura3-1 leu2-3,112 trpl-1 ADE2 LEOI::(LEOI1-CBP-TEV-ProtA)
.MATa his3A1 ura3A0 leu2A0 met15A0 trpl A::LEU2 (CFT1-CBP-TEV-ProtA)::URA3
MATa his3AI ura3A0 leu2A0 met15A0 trpl A::LEU2 (CFT1-CBP-TEV-ProtA)::URA3 pafIA::Kan"

“KIURA3 and KITRPI, Kluyveromyces lactis URA3 and TRPI genes; CBP-TEV-ProtA, TAP tag comprising CBP, tobacco etch virus protease (TEV), and

Staphylococcus aureus protein A (ProtA); 6HA, six-HA tag.

the r#fIA [lane 6] or cdc73A [lane 8] strain). As described
previously (32), we found that the effect of loss of Cdc73 is
greater than that of loss of Rtfl. Note that the background of
nonspecifically coimmunoprecipitated TAP-tagged Ctr9 was
very low for the control strain lacking an HA tag on Rpb3 (Fig.
1A, lower panel, lane 2). Similar appropriate untagged controls
were included for all of the experiments in this study.

When the Paf1C is detached from Pol II by the loss of Cdc73
or Rtfl, all of the remaining factors redistribute and are found

both in the nucleoplasm and in the nucleolus (41). To deter-
mine if the detached and redistributed factors are still in a
complex with one another, we used co-IP analyses of the
strains bearing distinguishable tags on two Paf1C components.
As shown in Fig. 1B, we found that the loss of Rtfl or Cdc73
did not affect the interaction between TAP-tagged Pafl and
HA-tagged Ctr9, consistent with Pafl1C retaining its integrity
after dissociation from Pol II and chromatin (Fig. 1B, compare
lanes 9 and 12 to lane 6). In addition, the Paf1-Ctr9 interaction
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A 1- HA-Tag: - Rpb3 Rpb3 Rpb3
2-TAP-Tag: Ctr9 Ctr9 Ctr9 Ctr9
Genotype: WT WT rtf1A cdc73A
T B T B T B T B
HA-Rpb3 = — e ——

TAP-Ctr9—>| s

1 2 3 4 5 6 7 8

B 1-TAP-Tag: - Paf1 Paf1 Paf1
2- HA-Tag: Ctr9 Ctr9 Ctr9 Ctr9
Genotype:  WT WT rtf1A cdc73A

TUBB TUBB TUBB TUB B
-RNAse

HA-Ctr9» EDED D — - ——-—

+RNAse
HA-Ctro > | e —— —— . — -

1 2 3 4 56 7 8 9 10 11 12

FIG. 1. The mutation of RTFI or CDC73 results in the dissociation
of Ctr9 from Pol II but not from Pafl. (A) The loss of Rtfl or Cdc73
reduces the co-IP of TAP-tagged Ctr9 with HA-tagged Rpb3. Protein
extracts from strains bearing the indicated combinations of tags and
deletion mutations were subjected to IP using an a-HA antibody as
described in Materials and Methods. Ten-microgram samples of total
protein (T) and the bound pellets (B) were probed for the immuno-
precipitated HA-tagged Rpb3 (upper panel) and the coimmunopre-
cipitated TAP-tagged Ctr9 (lower panel). The strains used were
YJJ1329 (lanes 1 and 2), YJJ1857 (lanes 3 and 4), YJJ1859 (lanes 5
and 6), and YJJ1861 (lanes 7 and 8). — represents the absence of
protein with the indicated tag. (B) The association of Pafl with Ctr9 is
not affected by dissociation from Pol II or by RNase treatment. TAP-
tagged Pafl was immunoprecipitated, and the presence of coimmuno-
precipitated HA-tagged Ctr9 was detected in samples incubated with-
out (—RNAse; upper panel) or with (+RNAse; lower panel) RNase A
treatment prior to the IP. Ten-microgram samples of total protein (T),
an equal volume of the unbound IP supernatant (UB), and the bound
pellets (B) were probed as indicated. The strains used were YJJ1599
(lanes 1 to 3), YJJ1782 (lanes 4 to 6), YJJ1784 (lanes 7 to 9), and
YJJ1803 (lanes 10 to 12).

was not affected by the treatment of the extract with RNase
prior to the IP (Fig. 1B, compare upper and lower panels). We
also found that the co-IP interactions between the Paf1C com-
ponents and Pol IT were not affected by treatment with RNase
(data not shown). The resistance of the Paf1C interactions to
RNase argues that the complex does not depend on RNA for
its association with Pol II or for association of the factors
within the complex.

In similar experiments using appropriate doubly tagged
strains, we found that HA-tagged Leol was still associated with
TAP-tagged Pafl in r#fIA and cdc73A strains and in an rf1A
cdc73A double mutant strain (Fig. 2A and data not shown). In
addition, the association of HA-tagged Cdc73 with TAP-
tagged Pafl was not dependent on Rtfl (Fig. 2B). The inter-
action between HA-tagged Cdc73 and TAP-tagged Ctr9 was
somewhat reduced by the loss of Rtfl in the experiment pre-
sented in Fig. 2B (lane 12), but in other experiments (data not
shown), little effect on the Cdc73-Ctr9 interaction or the in-
teraction between Cdc73 and Leol was seen. These interac-
tions were further confirmed by changing the order of the
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A 1-TAP-Tag: - Paf1 Paf1 Paf1
2-HA-Tag: Leot Leot Leot Leot
Genotype: wWT WT cdc73A _ rtf1A cdc73A

T UB B T UB B T UBB T UB B
HA—Leo1—>| - - -
1 2 3 4 5 6 7 8 9 10 11 12

B 1-TAP-Tag: - Paf1 Paft Ctr9
2- HA-Tag: Cdc73 Cdc73 Cdc73 Cdc73
Genotype:  WT WT rtf1A rtf1A

T UB B T UB B TUBB TUBB

HA-Cdc73> |-
K | —— - -— —

2 3 4 5 6 7 8 9 10 11 12

FIG. 2. There is still an association of Leol and Cdc73 with Pafl
and Ctr9 after the Pafl1C is dissociated from Pol II. Protein extracts
from strains bearing the indicated combinations of tags and mutations
were subjected to IP using an a-TAP antibody, and coimmunoprecipi-
tates were detected with an a-HA antibody as described in Materials
and Methods. Lane labeling is as described in the legend to Fig. 1B. —
represents the absence of protein with the indicated tag. (A) HA-
tagged Leol coimmunoprecipitates with TAP-tagged Pafl in the ab-
sence of Cdc73 or Rtfl. The strains used were YJJ1330 (lanes 1 to 3),
YJJ1786 (lanes 4 to 6), YJJ1787 (lanes 7 to 9), and YJJ1809 (lanes 10
to 12). (B) HA-tagged Cdc73 coimmunoprecipitates with TAP-tagged
Pafl and Ctr9 in the absence of Rtfl. The strains used were YJJ1583
(lanes 1 to 3), YJJ1832 (lanes 4 to 6), YJJ1834 (lanes 7 to 9), and
YJJ1841 (lanes 10 to 12). The asterisk denotes an HA-cross-reacting
band.

coimmunoprecipitates and probing antibodies and by using
strains bearing different combinations of tags (data not shown).
The interactions among Cdc73, Leol, Pafl, and Ctr9 were also
not sensitive to RNase treatment (data not shown).

Rtf1 association with the Paf1C is partially disrupted by the
loss of Cdc73. In contrast to the stable association of Pafl,
Ctr9, and Leol with one another in r#fl and cdc73 mutant
backgrounds and with Cdc73 in an rtfl mutant background
(Fig. 1B and 2 and data not shown), the association of Rtfl
with Pafl was reduced, although still apparent, in the absence
of Cdc73 (Fig. 3A, compare lane 6 to lane 9). This reduced
association was not further diminished by treatment with
RNase (data not shown). This result is consistent with our
previous observation that loss of Cdc73 reduces, but does not
abolish, the association of Rtfl with chromatin (32). Rtfl
therefore appears to form weak attachments to both the Paf1C
and some part of the Pol II transcription complex that together
create a stable Rtfl-chromatin complex.

To further test the idea that Rtfl may be more weakly
associated with the Paf1C than the other components of the
complex, we used strains containing TAP-tagged forms of the
Paf1C components to isolate the complexes from WT, rtfIA,
and cdc73A strains and analyzed the complexes by mass spec-
trometry. As shown in Fig. 3B, Rtfl could be detected on
silver-stained gels of the purified TAP-tagged complexes from
WT cells. In addition, peptides from Rtfl were detected in the
complexes isolated from WT cells using TAP-tagged Pafl,
Ctr9, and Leol (Fig. 3C). In contrast, when either TAP-tagged
Ctr9 or Pafl was used to isolate the Pafl1C from cdc73 mutant
cells, no Rtfl peptides were detected (Fig. 3C). Also consistent
with Rtfl being more weakly associated with the Paf1C was our
observation that reducing the salt in the buffer used for isolat-
ing proteins associated with TAP-tagged Pafl from WT cells
from 330 to 150 mM KCl increased the recovery of Rtfl pep-
tides (compare the two columns for TAP-tagged Pafl from WT
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FIG. 3. The association of Rtfl with the Paf1C is reduced in the
absence of Cdc73. (A) TAP-tagged Pafl was immunoprecipitated, and
the presence of coimmunoprecipitated HA-tagged Rtfl was detected.
The strains used were YJJ1589 (lanes 1 to 3), YJJ1789 (lanes 4 to 6),
and YJJ1791 (lanes 7 to 9). Lane labeling is as described in the legend
to Fig. 1B. — indicates the absence of TAP-tagged Pafl. (B) Large-
scale purification of TAP-tagged Ctr9 (YJJ1857) and Pafl (YJJ1782)
from WT cells was performed as described in Materials and Methods.
Copurifying proteins were separated by gel electrophoresis, silver
stained, and identified by mass spectrometry as indicated. (C) Proteins
associated with TAP-tagged Ctr9, Leol, and Pafl in strains with the
indicated genetic backgrounds were analyzed by mass spectrometry as
described in Materials and Methods. The numbers of identified pep-
tides of the indicated Paf1C components are listed. The asterisk mark-
ing the second column corresponding to Pafl-TAP and the WT geno-
type indicates a preparation done using a buffer with a lower salt
concentration (150 mM NaCl) than that in the other samples. The
lower-molecular-weight Pafl1-TAP band was the result of the proteo-
lytic degradation of the amino terminus. Shading highlights the lack of
detection of Rtfl peptides. The strains used were Ctr9-TAP-expressing
WT YJJ1873, Ctr9-TAP-expressing rtfl mutant YJJ1875, Ctr9-TAP-
expressing cdc73 mutant YJJ1861, Leol-TAP-expressing WT YN96,
Paf1-TAP-expressing WT YJJ1782, and Pafl-TAP-expressing cdc73
mutant YJJ1787.

cells in Fig. 3C). We conclude that although Rtf1 clearly is part
of the PaflC, its association with the complex is weaker than
that of other complex components, and in the absence of
Cdc73 this weak association is disrupted further. Our results
establish that the Paf1C components Pafl, Ctr9, Cdc73, Rtfl,
and Leol are still associated in a stable, RNase-resistant com-
plex when dissociated from Pol II.

The effects of PaflC mutation on Ser2-P levels correlate
with phenotypes. Using ChIP experiments, we have previously
demonstrated that the loss of Pafl and, to a lesser extent, Rtfl
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results in lower levels of chromatin-associated Pol II CTD
Ser2-P, which correlates with the reduced association of the
Ser2-P-dependent cleavage and polyadenylation factor Pcfl1
with chromatin (32). To investigate whether the total amount
of Ser2-P in yeast cells is reduced when Paf1C components are
missing, we compared extracts from isogenic strains bearing
deletions of each Paf1C component to extracts from WT cells
and from a strain lacking the major CTD Ser2 kinase Ctkl
(37). As shown in Fig. 4A (upper panel), by using the H5
monoclonal antibody, which detects primarily Ser2-P and the
double Ser2-P, Ser5-P CTD (19), the total levels of Ser2-P in
paflA and ctr9A strains were reduced to levels similar to that in
the ctkIA strain. The level of Ser2-P in the cdc73A strain was
slightly higher than that in the ctkIA strain, and that in the
rtfl1 A strain was higher yet, about one-third to one-half that in
the WT. The level of Ser2-P in the leo/A mutant was indistin-
guishable from that in the WT. None of the mutations had any
obvious effect on the abundance of the Ser5-P form of Pol II or
the unphosphorylated CTD, detected with the H14 and
8WG16 monoclonal antibodies (Fig. 4A, lower panels). We
also used another commercially available antibody specific for
the CTD Ser2-P modification, which has greater sensitivity in
immunoblotting (see Materials and Methods). As shown in
Fig. 4B, with this antibody, the Ser2-P signal from the ctklA
strain was reduced nearly 100-fold and that from an isogenic
paflA strain was reduced about 10-fold compared to that from
the WT based on quantitation as described in Materials and
Methods (compare lane 1 to lanes 2 and 5). We also confirmed
that the reduction of Ser2-P was not a strain-dependent phe-
nomenon by comparing pafI A strains to WT strains of both the
D273-11b (Fig. 4B, lanes 1 and 2) and S288c (Fig. 4B, lanes 3
and 4) backgrounds. Similar results were obtained by compar-
ing a pafIA strain to a WT strain with a W303 background
(data not shown). It is striking that the relative changes in
Ser2-P levels seen in Fig. 4A correlate perfectly with the se-
verity of each Paf1C component mutant phenotype, with pafIA
and crf9A mutants having identical and the most deleterious
phenotypes, cdc73A and rtfIA mutants having intermediate
phenotypes, and the leolA mutant being almost indistinguish-
able from the WT (5). It is therefore likely that the reduction
of Ser2-P and the concomitant loss of Ser2-P-dependent fac-
tors are the explanation for at least part of the deleterious
phenotype associated with Paf1C mutations.

We also asked if the changes in CTD Ser2-P correlated with
functions known to be associated with the loss of Pafl. We
have shown previously that in the absence of Paf1, Pol II reads
through the poly(A) site of the MAK21 gene, resulting in the
production of a longer, unstable transcript (38). As shown in
Fig. 4C, we used appropriate primers to detect the read-
through transcript in RNA isolated from the same yeast strains
used to analyze Ser2-P levels in Fig. 4A. As reported by Pen-
heiter et al. (38), we observed an increase of about twofold in
the levels of the read-through transcript from the MAK21 gene
in the absence of Pafl (Fig. 4D, compare lanes 1 and 3) when
the levels were normalized to the signal from the control from
an internal region of the PMAI gene. The loss of Ctr9 resulted
in a two- to threefold increase in read through. The loss of
Cdc73 or Rtfl resulted in slight elevations in read through,
from 20 to 40% in multiple repetitions of the RT-PCR (Fig.
4D, lanes 5 and 6), but we did not observe an increase of
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FIG. 4. (A) The loss of some PaflC components reduces Pol II CTD Ser2-P. Protein extracts prepared from isogenic strains bearing the
indicated mutations were separated by electrophoresis, blotted, and probed for the indicated antigens as described in Materials and Methods. The
strains used were YJJ662 (WT), YJJ1821 (ctkIA), YII577 (pafiA), YII1197 (ctr9A), YII665 (cdc73A), YII1303 (rtfIA), and YJJ1336 (leolA).
Antibodies used for Pol II were HS (a-Ser2-P), H14 (a-Ser5-P), and 8WG16 (a-unphosphorylated CTD [CTD unphos.]). (B) The reduction of
Pol II CTD Ser2-P by the loss of Pafl is not yeast strain dependent. Protein extracts from pairs of isogenic strains with the indicated genetic
backgrounds were analyzed for the Pol II Ser2-P CTD as described in the legend to panel A by using the BL2894 antibody. The strains used were
YJJ662 (WT; lane 1), YJJI664 (paflA; lane 2), YSB2116 (WT; lane 3), YSB2118 (pafiA; lane 4), and YJJ1871 (ctkIA; lane 5). (C) Schematic of
the MAK21 gene showing the locations of primers spanning the first poly(A) site [P(A)1] used for RT-PCRs. (D) The loss of some Paf1C factors,
but not Leo1 or Ctkl, increases the read through of the MAK21 poly(A) site. RT-PCR was used to measure the amount of the MAK21 read-through
transcript, which was normalized to the signal from the PMAI gene. Strains used for RNA isolation were the same as those listed in the legend
to panel A. (E) The loss of Rtf1 or Cdc73 does not affect the abundance of HA-tagged Ctk1. Protein extracts from isogenic HA-tagged Ctk1 strains
were analyzed as described in the legend to panel A. The strains used were YJJ1873 (WT), YJJ1875 (rtfIA), YII1897 (cdc73A), and YIJ1882
(paf1A). Extracts in the upper panel were probed with a-HA. Those in the lower panel were probed with a-G6PD. (F) The loss of Rtf1 or Cdc73
does not affect the abundance of HA-tagged Cftl. Protein extracts from isogenic HA-tagged Cft1 strains were analyzed as described in the legend
to panel A and probed with a-HA. The strains used were YJJ1864 (WT), YJJ1850 (cdc73A), and YJJ1849 (rtf1A).
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poly(A) site read though due to the loss of either Ctkl or Leol
(Fig. 4D, lanes 2 and 7). These preliminary results indicate that
the loss of the PaflC may have a greater effect on mRNA
3’-end formation than does the loss of Ctkl-dependent CTD
Ser2-P.

The reduction in Ser2-P levels may be due to a reduction in
Ctk1 abundance or activity, the association of Ctk1 with chro-
matin, or an increase in the dephosphorylation of the CTD. To
begin to address these possibilities, we constructed strains
bearing an HA-tagged form of Ctkl and TAP-tagged Ctr9 in
isogenic WT, rtflA, cdc73A, and paflA backgrounds (Table 1;
Fig. 4E). The double tags did not impair function, as deter-
mined by phenotypic testing (data not shown). As shown in
Fig. 4E, the loss of Rtfl, Cdc73, or Pafl did not reduce the

abundance of HA-tagged Ctkl. Using both co-IP and ChIP
techniques, we did not detect any significant reduction in the
interaction of HA-tagged Ctk1 with Pol II or with chromatin in
the absence of Cdc73 or Rtfl (data not shown). Although we
could detect greater interaction between HA-tagged Ctk1 and
TAP-tagged Ctr9 than between untagged controls in co-IPs,
this interaction also was not reduced by the loss of Rtfl or
Cdc73 (data not shown). It remains possible that the loss of
Pafl or Ctr9 and, to a lesser extent, the loss of Cdc73 or Rtfl
may reduce the activity of Ctkl or the stability of the CTD
Ser2-P modification.

The Paf1C interacts with polyadenylation factor Cftl and is
important for the association of Cftl with Pol II. The reduc-
tion of CTD Ser2-P levels in PaflC mutants is at best a partial
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explanation for the reduced association of cleavage and poly-
adenylation factors, especially because the loss of Rtf1 results
in only a partial reduction of Ser2-P (Fig. 4A, lane 6) but
causes a much larger decrease in Pcf11 association with chro-
matin (32) and both pafl and rtfl mutations are lethal in
combination with the loss of Ctkl (13; M. G. Hoffman, unpub-
lished results). In addition, the loss of the PaflC results in
changes in mRNA 3’-end formation that appear to be inde-
pendent of effects on Ser2-P (Fig. 4D). To further determine
the possible role of the Paf1C in recruiting cleavage and poly-
adenylation factors, we created doubly tagged strains contain-
ing TAP-tagged Ctr9 and an HA-tagged form of Cftl, a com-
ponent of the yeast CPF complex and the homolog of human
poly(A) binding factor CPSF-160 (51), in WT, rtfIA, and
cdc73A backgrounds (Table 1; Fig. 5). The tagged strains dem-
onstrated no deleterious phenotypes, and the abundance of
HA-tagged Cftl was not affected by the loss of Cdc73 or Rtfl
(Fig. 4F). Cftl is associated with the chromatin of genes ac-
tively transcribed from the 5’ to the 3’ end, with a peak of
abundance near the poly(A) site (23). In addition, Cftl has
been shown to interact with the Ser2-P form of Pol II (14).
Because the loss of Cdc73 or Rtfl causes only a partial loss of
Ser2-P, we were not surprised to find little change in the
association between HA-tagged Cftl and the Ser2-P form of
Pol IT in the mutant strains relative to that in the WT (data not
shown). We also did not observe any Rtfl- or Cdc73-depen-
dent changes in the association between Cftl and the unphos-
phorylated form of Pol II. However, as shown in the upper
panel of Fig. 5SA, we observed that the strong co-IP signal for
the association of the Ser5-P form of Pol II with HA-tagged
Cftl in WT cells (lane 4) was reduced nearly 10-fold in the
absence of Rtfl (lane 6) or Cdc73 (lane 8), to levels just over
the background found in untagged cells (lane 2). The results of
multiple repetitions of these co-IPs are quantitated in the
lower panel of Fig. SA. None of the co-IP signals were affected
by RNase treatment (data not shown). Therefore, the detach-
ment of the Paf1C from Pol II appears to have a direct effect
on the interaction of Cftl with the Ser5-P form of Pol II.
Because Cftl is part of the CPF complex, we expect that this
dependence on the Paf1C pertains to the entire complex.

We next asked if there is a direct association between the
Paf1C and Cft1 independent of their associations with Pol II by
assaying this interaction in the rtfl and cdc73 mutants, which
detach the Paf1C from Pol II. The answer to this question is
shown in the upper and lower panels of Fig. 5B, where we
analyzed the association between HA-tagged Cftl and TAP-
tagged Ctr9 in WT, rtfIA, and cdc73A cells. In WT cells, a
strong Cft1-Ctr9 co-IP signal was observed, more than 10-fold
higher than that in the untagged control (Fig. 5B, compare
lane 4 to lane 2). Although removing the Paf1C from Pol 11
reduced the level of association between Cftl and Ctr9 two- to
threefold, the level of association was still significantly above
the background in the untagged strain (quantitated in the
lower panel of Fig. 5B) and much higher than the association
seen between Cftl and the Ser5-P form of Pol II in the same
mutant strains (compare Fig. 5B to A). These intercomplex
interactions were also not sensitive to RNase (data not shown).
Therefore, in yeast there is an interaction between the Paf1C
and cleavage and polyadenylation factor Cftl and, presumably,
the CPF complex that is independent of their associations with
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FIG. 5. Dissociation of the Paf1C from Pol II reduces the associa-
tion of polyadenylation factor Cftl with Pol II and reveals a direct
association between the Paf1C and Cftl. Extracts from strains bearing
the indicated tagged proteins and mutations were immunoprecipitated
with a-HA antibody and then probed with appropriate antibodies.
Signals in the lower panels were quantitated as described in Materials
and Methods as the ratio of Pol II bound to total protein-, and the
results are expressed relative to the WT ratio, which was set at 1. T, 10
wg of total protein; B, bound IP pellet; —, absence of HA-tagged Cft1.
(A) The loss of Rtfl or Cdc73 reduces the association of Cft1 with Pol
II. HA-tagged Cftl was immunoprecipitated, and the presence of the
Ser5-P CTD form of Pol II was detected with the a-Ser5-P CTD H14
antibody (upper panel). The protein blot was stripped and reprobed
with a-HA for the presence of HA-tagged Cftl (middle panel). The
error bars in the graph in the lower panel represent the standard
deviations of data from four repetitions of the experiment. The strains
used were YJJ1824 (lanes 1 and 2), YJJ1864 (lanes 3 and 4), YJJ1849
(lanes 5 and 6), and YJJ1850 (lanes 7 and 8). (B) The Paf1C and Cftl
interact in the absence of Rtfl or Cdc73. HA-tagged Cftl was immu-
noprecipitated, and the presence of coimmunoprecipitated TAP-
tagged Ctr9 was detected with a-TAP (upper panel). The solid bars
representing quantitated data in the lower panel indicate the averages
and the error bars show the ranges of results obtained from replicate
experiments. The strains used were YJJ1824 (lanes 1 and 2), YJJ1864
(lanes 3 and 4), YJJ1849 (lanes 5 and 6), and YJJ1850 (lanes 7 and 8).

Pol I or RNA. This interaction appears to be critical for full
levels of association of Cftl with the Ser5-P form of Pol II.

DISCUSSION

In this work, we have provided an additional molecular ex-
planation for the link between the Paf1C and mRNA 3’-end
formation and polyadenylation. Our discovery that there is a
direct interaction between the Paf1C and a cleavage and poly-
adenylation factor provides one more piece of the complicated
puzzle that links transcriptional and posttranscriptional pro-
cesses. Our results can be summarized by the model shown in
Fig. 6. When Pol II is at the promoter (Fig. 6A), it is joined by
the PaflC at an early step after the dissociation from the
mediator and the phosphorylation of the CTD Ser5 (16, 23,
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FIG. 6. The PaflC provides one of several contacts to recruit polyadenylation factors to elongating Pol II. Shown is a simplified model
describing the interactions elucidated in this work within the Paf1C and between the Paf1C and Ctkl and Cftl in WT, r#fIA, and cdc73A strains

as described in Discussion.

31). Cleavage and polyadenylation factors also begin to asso-
ciate with Pol II at this early point in the transcription cycle,
based on their localization to promoter regions of chromatin
(23), their interactions with some of the general transcription
factors at the promoter (reviewed in references 8 and 43), and
our observations of robust interactions between Cftl and the
Ser5-P, initiating form of Pol II. Our data are consistent with
Paf1C helping to recruit Cftl and, by extension, the CPF com-
plex to Pol II. Because we can detect direct contacts between
the Paf1C and Cftl in the absence of Pol II, under conditions
that disrupt the interaction between Cftl and Ser5-P Pol II
(schematized in Fig. 6B), we speculate that the presence of
Cftl is more dependent on the PaflC at this early stage of
transcription than on Pol II or its modifications.

Our model shows Cftl/CPF but not CF1A at the promoter
region for two reasons. First, we have not directly measured
the association between a CF1A factor, like Pcfll, and the
Paf1C as we have for Cftl, although we have shown previously
that the lack of Rtfl reduces the association of Pcfll with
chromatin at both the 5’ and 3’ ends of a gene (32). Second,
based on the data of Kim et al. (23), there is significantly more
Cftl than Pcfl11 at the promoter. Although the abundance of
both factors peaks near the poly(A) site, the level of Cftl
increases only 3- to 4-fold from promoter to poly(A) site of
different genes, but that of Pcf11 increases from 5- to 20-fold
over this interval. It is possible that it is the connection be-
tween Cftl/CPF and the PaflC that result in the different
distribution of the two components of the cleavage and poly-
adenylation apparatus. It is also possible that the Paf1C does
help to recruit CF1A factors early in the transcription cycle.

As Pol II moves into its elongation mode, the CTD is mod-
ified by the phosphorylation of Ser2, primarily by Ctkl (37).
This modification is linked to the dissociation of the mediator
(29) and serves as an important point of contact for many Pol
II-associated factors, including Pcf11 (28, 30) and Cft1 (14). It
is interesting that although these factors have been shown to
form complexes with the Ser2-P CTD in selective assays and
structural studies, the direct interactions are relatively weak
and these factors, unlike the components of the Paf1C, have

not been identified in large-scale biochemical screens for
CTD-interacting factors (40). Therefore, it is possible that
during elongation, direct contacts with the Paf1C make con-
tributions to the association of CPFs with Pol II and chromatin
even greater than those of the Ser2-P-dependent interactions.
This scenario would help to explain the dramatic diminution of
Pcf11 association with chromatin in the absence of Rtfl under
conditions in which CTD Ser2-P levels are only modestly re-
duced (32; this work) and the apparently greater effects of the
loss of Pafl than of the loss of Ctkl on transcriptional read
through.

As schematized in Fig. 6, unlike our results for Cftl, we have
not detected a role for the Paf1C in recruiting Ctkl to Pol II.
However, the distribution of Ctkl on chromatin mirrors that of
the Pafl1C (23), and we have shown in this work that Pafl, Ctr9,
and to a lesser extent, Cdc73 and Rtfl are necessary for full levels
of CTD Ser2-P. It is therefore possible that the presence of the
Paf1C is required for the full activity of Ctkl, as it is for the
histone H2B monoubiquitylation activity of Rad6 (54, 55). This
possible reduction in activity is unlikely to be due to the loss of the
preferred Ctkl substrate, the Ser5-P form of the CTD (39), be-
cause this form of Pol II was not affected by the loss of Pafl (this
work). Another possibility is that the loss of the Paf1C somehow
destabilizes the Ser2-P modification, perhaps by increasing acces-
sibility to phosphatases.

It is interesting that the reductions in CTD Ser2-P levels that
we observed in the different PaflC mutants correlated per-
fectly with, and provide a molecular mechanism for, the reduc-
tions in histone H3 K36 trimethylation recently reported by
Chu et al. (11). There were discrepancies in earlier reports of
a link between the Paf1C and H3 K36 trimethylation, catalyzed
by the Set2 methyltransferase. Krogan et al. reported that both
Rtf1 and Cdc73 are required for Set2 recruitment and H3 K36
trimethylation (25), whereas Ng et al. found that the loss of
Rtfl has no effect on this modification (33). Chu et al. recently
reported testing mutations in all of the Paf1C components and
found that, just as demonstrated by our measurements of
Ser2-P levels, the loss of Pafl or Ctr9 has the greatest effect on
reducing H3 K36 trimethylation, with the effect of the loss of
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Cdc73 being intermediate and the loss of Rtfl or Leol having
little effect (11). Because Set2 association with Pol II is known
to be dependent on the CTD Ser2-P modification (24), it is
very likely that the effects observed by Chu et al. on H3 K36
trimethylation are the indirect consequence of the loss of
Ser2-P in the absence of Pafl or Ctr9. Therefore, most of the
currently known effects of the Paf1C on histone H3 modifica-
tions are indirect: the Setl and Dot methylation of H3 K4 and
K79, respectively, require the Paf1C-dependent Rad6 monou-
biquitylation of histone H2B (55), and the Set2 methylation of
H3 K36 requires the Paf1C-dependent phosphorylation of the
Pol II CTD Ser2 (11; this work). Rtfl appears to have some
effects on histone modifications independent of its function in
the Paf1C via interactions with the chromatin-remodeling fac-
tor Chdl (53).

As Pol II transits the poly(A) site, some dramatic and still
not fully characterized transitions occur (Fig. 6A). The appear-
ance of the poly(A) site in the RNA creates a binding site for
Cft1/CPF and leads to the highest levels of association of the
cleavage and polyadenylation factors with chromatin (23). It
may be that a three-way combination of contacts with the
RNA, the CTD, and the Paf1C results in this peak of associ-
ation. Yet another contact point may be provided by the chro-
matin protein Sinl/Spt2 (18). After passage through the
poly(A) site, the abundance of the Burl kinase decreases (22),
probably linked to the observed three- to fivefold decrease in
the abundance of the Paf1C and Ctk1 relative to those found
in the coding region (23). Clearly, beyond this point the Paf1C
is no longer a major contact point for cleavage and polyade-
nylation factors, but the defects we and others have observed in
3’-end formation in the absence of the Paf1C indicate that its
presence contributes to accurate 3'-end processing (38, 49).
Our data are consistent with both the requirement for direct
contacts between the Paf1C and cleavage and polyadenylation
factors and the more indirect effects on CTD Ser2-P levels
being important for accurate 3’-end formation. The fact that
combining mutations in the Paf1C with the loss of Ctkl (13)
leads to lethality is a strong argument that these two contact
points are independently necessary for the essential function of
cleavage and polyadenylation. In addition, our observation that
the loss of the PaflC results in greater defects in 3’-end for-
mation of the MAK2] gene than the loss of Ctk1 is preliminary
support for a significant role of the Paf1C-provided contacts.

Detaching the Paf1C from Pol II destabilizes the association
among the cleavage and polyadenylation factors, Pol II, and
chromatin but does not affect the integrity of the Paf1C (Fig.
6B). We observed essentially unchanged interactions between
Pafl, Ctr9, and Leol in the absence of Cdc73 or Rtfl and
normal interactions between Cdc73 and the other Paf1C fac-
tors in the absence of Rtfl. The integrity of the complex is
consistent with the relocalization of all of the Paf1C factors to
the nucleolus when the Paf1C is detached from Pol II, as we
observed previously (41). The interactions among Paf1C com-
ponents and those with Pol II and Cftl are also not dependent
on RNA, which indicates that it is not the nascent transcript
that holds all of these components of the elongation complex
together.

Although Rtf1 is clearly part of the Paf1C in yeast, it also has
independent functions and an independent association with
chromatin, at least in part through its direct interactions with

EUKARYOT. CELL

Chd1, which are distinct from its interactions with Pafl and
Ctr9 (53). Rtfl also differs in that its human homolog may not
be part of the hPaflC (45, 60). The PaflC in multicellular
organisms is also different in that the genes that encode it are
essential (20), as opposed to the nonessential nature of the
yeast genes demonstrated by the phenotypes of yeast Paf1C
mutants (5). We would argue, however, that the Paf1C does
perform an essential function in yeast in providing an impor-
tant contact for recruiting the cleavage and polyadenylation
factors in concert with Pol II modifications and the appearance
of the RNA substrate. Mutations in Paf1C components have
been linked to changes in gene expression in several multicel-
lular organisms (2, 34, 57), which in humans can result in
cancer (9, 45). It will be interesting to learn whether the Paf1C-
dependent changes in gene expression in more complex eu-
karyotes are the result of alterations, not of transcription ini-
tiation, but rather in the later stages of mRNA production as
in yeast.
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