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Eukaryotic RNA polymerase II (RNAPII) is a 12-subunit
enzyme that is responsible for the transcription of mes-
senger RNA. Two of the subunits of RNA polymerase II,
Rpb4 and Rpb7, have been shown to dissociate from the
enzyme under a number of specific laboratory conditions.
However, a biological context for the dissociation of Rpb4
and Rpb7 has not been identified. We have found that
Rpb4/7 dissociate from RNAPII upon interaction with spe-
cific transcriptional elongation-associated proteins that
are recruited to the hyperphosphorylated form of the
C-terminal domain. However, the dissociation of Rpb4/7
is likely short lived because a significant level of free
Rpb4/7 was not detected by quantitative proteomic
analyses. In addition, we have found that RNAPII that is
isolated through Rpb7 is depleted in serine 2 C-terminal
domain phosphorylation. In contrast to previous reports,
these data indicate that Rpb4/7 are dispensable during
specific stages of transcriptional elongation in Saccharo-
myces cerevisiae. Molecular & Cellular Proteomics 12:
10.1074/mcp.M112.024034, 1530–1538, 2013.

The eukaryotic RNA polymerases are multisubunit enzymes
that transcribe DNA to produce a wide variety of RNAs. RNA
polymerase II (RNAPII)1 is responsible for the production of
messenger RNA, which occurs through an elaborate and
highly regulated transcription cycle (1). During each phase of
the RNAPII transcription cycle, accessory proteins are re-
cruited to carry out key co-transcriptional processes. These

co-transcriptional processes include chromatin modification,
chromatin remodeling, and mRNA processing. It has been
well established that the individual subunits of RNAPII can
alter the recruitment of accessory factors during transcription.
This is especially true for the largest subunit of RNAPII re-
ferred to as Rpb1. Rpb1 contains a specialized C-terminal
domain (CTD) that is the target of multiple post-translational
modifications such as phosphorylation and proline isomer-
ization. Specifically, the CTD is phosphorylated at serine 2,
serine 5, and serine 7 in the hepta-peptide repeat
1YSPTSPS7, which is present as tandem repeats (2–5). It
has been postulated that dynamic changes in the modifica-
tion of the CTD dictate recruitment of accessory factors
during all phases of transcription (6). However, the other
subunits of RNAPII also play a role in the recruitment of
accessory factors during transcription, increasing the po-
tential diversity of protein-protein interactions that occur
during each round of transcription.

Many of the other 11 subunits of RNAPII, termed Rpb2–12,
have been shown to mediate RNAPII interactions with regu-
latory proteins. Rpb9, for instance, has been shown to medi-
ate interactions between RNAPII and the largest subunit of
initiation factor TFIIE (Tfa1) (7). Rpb9 is also required for the
interaction between RNAPII and the initiation/elongation fac-
tor TFIIF (7, 8). Rpb5 interacts with the Rsc4 subunit of the
chromatin remodeling complex RSC (9). Disruption of the
Rpb5-Rsc4 interaction has been shown to cause decreases in
RNAPII transcription, illustrating the importance of this inter-
action in the regulation of RNAPII function perhaps through
the regulation of chromatin structure (9, 10). Rpb2 interacts
with Ssu72, a CTD phosphatase that dephosphorylates a
population of serine 5-phosphorylated RNAPII (11, 12). The
well described heterodimer of Rpb4 and Rpb7 (Rpb4/7) has
also been shown to interact with a number of accessory
proteins. This includes interactions between Rpb4/7 and the
head of the Mediator complex suggesting a potential role for
the heterodimer during transcriptional initiation (13). The C
terminus of Rpb4 has been shown to be required for the
interaction between the serine 2-specific CTD phosphatase
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Fcp1 and RNAPII in Saccharomyces cerevisiae, Schizosac-
charomyces pombe, and Drosophila melanogaster (14–16).
Both S. pombe and S. cerevisiae Rpb7 have been shown to
interact with the termination factor Nrd1, which also binds
to the serine 2-phosphorylated RNAPII CTD (17).

Previous studies have shown that Rpb4/7 dissociates from
S. cerevisiae RNAPII when RPB4 is deleted or when isolated
RNAPII is subjected to mild denaturing conditions or nonde-
naturing gel electrophoresis (18–21). However, a biological
role for the dissociation of Rpb4/7 has not been discovered.
To address the role of Rpb4/7 during the transcription cycle,
multiple groups have used chromatin immunoprecipitation
(ChIP) experiments to determine whether Rpb4/7 dissociates
from RNAPII during transcription in both yeast and human
cells (22–25). Each study concluded that Rpb4/7 associates
with promoters and throughout coding regions during RNAPII
transcription. However, because ChIP experiments measure
the average occupancy of DNA interacting proteins from a
large population of cells, these data do not conclusively show
that a small percentage of RNAPII complexes lacking Rpb4/7
do not exist in S. cerevisiae.

Our current work has identified a group of known RNAPII-
interacting proteins that associate with a 10-subunit form of
RNAPII lacking the Rpb4/7 heterodimer. In agreement with
previous studies, analysis of isolated RNAPII using quantita-
tive proteomics revealed consistent association of Rpb4/7
with the majority of cellular RNAPII. However, we have found
that the levels of Rpb4/7 are decreased in RNAPII complexes
isolated using a subset of tagged elongation factors for puri-
fication. Upon further characterization of these isolated com-
plexes, we have found that the loss of Rpb4/7 correlates with
increased phosphorylation of the Rpb1 CTD at both serine 2
and serine 5. These data suggest that Rpb4/7 can dissociate
from RNAPII as a consequence of specific elongation factor
interactions during transcription.

EXPERIMENTAL PROCEDURES

Yeast Strains—The genotype and source of all strains used in this
study are provided in the supplemental material. Note that all epitope
tags (TAP and FLAG) were integrated at the C terminus of the endog-
enous chromosomal locus for each tagged protein as described
previously (26, 27). Insertion of the epitope tag at the chromosomal
copy of each gene results in endogenous level expression of each
tagged protein from its own promoter.

TAP Purification—Tandem affinity purifications were performed as
described previously (26, 27). In brief, TAP strains were grown to
A600 � 3–4 and then pelleted by centrifugation. Yeast cell pellets were
resuspended in TAP lysis buffer and frozen in liquid nitrogen followed
by grinding in a Waring blender. The resulting lysate was thawed and
then subjected to DNase I and heparin sulfate treatment to solubilize
chromatin-associated complexes. As a result, our TAP purifications
contain both soluble and chromatin-associated RNAPII. After solubi-
lization, the lysate was cleared by centrifugation and then incubated
overnight with IgG-Sepharose. After extensive washing, IgG-Sephar-
ose resin was resuspended in TEV cleavage buffer, and AcTEV pro-
tease was added, and the slurry was allowed to incubate at 4°C
overnight to facilitate site-specific cleavage of the protein A portion of

the TAP tag resulting in elution of the protein complexes from IgG-
Sepharose. The slurry was then pipetted into an empty 30-ml Econo-
prep column, and the proteins were separated from the IgG-Sephar-
ose by gravity flow. The elutions were then diluted in calmodulin
binding buffer, and additional CaCl2 was added to a final concentra-
tion of 2 mM CaCl2. The samples were subsequently incubated with
calmodulin-Sepharose resin to allow for binding of the protein com-
plexes followed by elution with calmodulin elution buffer containing 2
mM EGTA.

Mass Spectrometry—Mass spectrometry analysis of isolated pro-
tein complexes was performed as described previously (26, 27). For
this study, TAP elutions were subjected to TCA precipitation followed
by digestion with endoproteinase Lys-C and trypsin. The digested
peptides were pressure-loaded onto a three-phase MudPIT column
containing Aqua C18 and Luna SCX resins (Phenomenex) as de-
scribed previously. Twelve-step MudPIT was performed with increas-
ing concentrations of ammonium acetate pulsed at the beginning of
the step followed by a 100-min acetonitrile gradient. All data were
acquired on an LTQ with the exception of the Cdc73-TAP data, which
was acquired on an LTQ-Velos.

Quantitative Proteomics Analyses—Peptide sequences were
matched to the obtained spectra using Proteome Discoverer 1.3
(Thermo) using SEQUEST (proteomicsresource.washington.edu/
sequest.php) version 1.3.0.339 as the matching algorithm. The fol-
lowing parameters were used: (i) enzyme/trypsin; (ii) two missed
cleavages allowed; (iii) peptide tolerance, 2.0 daltons; (iv) MS/MS
tolerance, 0.8 daltons; (v) fixed modification, �57 daltons on cysteine;
(vi) variable modifications, �16 daltons on methionine. Spectra were
searched against a FASTA database containing 5819 S. cerevisiae
protein sequences (downloaded from NCBI build from April 26, 2011)
and 281 common contaminant proteins, including human keratins,
immunoglobins, and proteolytic enzymes. The resulting peptide spec-
tral matches (PSMs) were then subjected to false discovery rate
calculation using Scaffold 3 (www.proteomesoftware.com/products/
scaffold/) with the retained matches having a false discovery rate of
less than or equal to 1%. Individual peptides were also required to
have a peptide identification probability of 95% and a protein identi-
fication probability of 95% such that peptides/proteins with lower
probabilities were excluded from the final dataset. Proteins were also
required to be detected by at least two peptides so proteins that were
identified by only one peptide were not included in the final dataset.
All peptide matching information including XCorr values and peptide
sequence information are available upon request as a Scaffold viewer
file and are provided in text format as supplemental Tables 1–3.
Peptides that could be assigned to multiple proteins were attributed
to the protein identified with the most evidence (such as unique
matching peptides). In addition, all peptides that could be assigned to
multiple proteins contain the accession numbers for the other poten-
tial matching proteins in supplemental Tables 1–3, in the column
“Other Proteins.” Using the PSMs that passed all filtering criteria, the
NSAF value of proteins in each individual TAP were calculated as
described previously (28, 29). NSAF values from each purification
were then compared with a mock TAP, which was performed in the
parental untagged strain BY4741. Proteins that had NSAF values at
least 2-fold higher than the mock purification were considered as
enriched in the TAP purification and were used for further analyses
(supplemental Table 5). Hierarchical clustering was performed as
described previously using either the raw number of PSMs or the
NSAF value for each identified protein of interest (27, 30, 31).

Comparison of the Relative Abundance of Each RNA Polymerase II
Subunit—To allow for the direct comparison of the subunit compo-
sition of RNA polymerase II complexes isolated through different
tagged subunits, we performed complex normalized spectral abun-
dance calculations by only considering the PSM values for the 12
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subunits of RNA polymerase II (cNSAFRPB). Equation 1 is given for this
calculation,

cNSAFRpb �

PSMs
LengthRpb

�i�1
N

PSMs
Lengthi

Western Blot Analyses—Three to six liters of TAP-tagged and
Rpb7–3�FLAG-containing strains were grown to A600 �4.0 and then
pelleted by centrifugation. Cell pellets were lysed as described for the
TAP purifications, and protein complexes were isolated by incubation
with IgG-Sepharose followed by TEV cleavage. At this point, SDS-
PAGE loading buffer was added to the TEV cleavage products, and
the protein samples were boiled for 5 min. The loading volume of each
TAP-isolated complex was adjusted to allow for equivalent levels of
Rpb3 to be loaded in all samples for comparison purposes. Three
5-fold varying concentrations of Rpb3-TAP Rpb7–3�FLAG and
Rpb7–3�FLAG samples were loaded for reference. Samples were
separated on 10–20% gradient Tris-glycine precast CriterionTM gels
(Bio-Rad) and transferred onto nitrocellulose for blotting. The anti-
bodies used for Western blotting have been described previously (26).
Protein quantity from replicate Western blots was determined by
densitometry using ImageQuant software.

RESULTS

Analysis of RNAPII Dynamics Using Quantitative Proteo-
mics—To determine whether Rpb4/7 interact with RNAPII

during all phases of transcription, we purified RNAPII and a
number of known RNAPII-associated proteins that function
during specific steps in the transcription cycle. The tagged
proteins (baits) used for purification are indicated on the top of
the heat maps shown in Fig. 1. To purify both soluble and
DNA-associated RNA polymerase complexes, yeast extracts
were treated with heparin and DNase I to solubilize the chro-
matin-associated complexes prior to purification. Following
purification, the protein mixtures were analyzed using MudPIT
and quantitative proteomics where the NSAF of the proteins
within each sample was calculated allowing for the compari-
son of the relative enrichment of proteins across various prep-
arations (27, 28, 32). The data from each of these analysis
steps are provided as supplemental Tables 1–5. Hierarchical
clustering was performed using a Ward algorithm and Pear-
son correlation as described previously, using the raw number
of PSMs or the NSAF values of the 25 most enriched proteins
(Fig. 1, A and B, respectively) (27, 33). The cluster analysis
revealed separation in the dendrogram between the specific
subunits of RNAPII and known RNAPII-associated proteins
using either the number of PSMs or the NSAF values (Fig. 1).

All 12 subunits of RNAPII were identified when using any of
the RNAPII-specific subunits as bait (Rpb3, Rpb11, and Rpb7;
see Fig. 1). As reported previously, the most enriched RNAPII-
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FIG. 1. Multiple RNAPII-associated proteins interact with an RNAPII that lacks Rpb4 and Rpb7. The protein that was TAP-tagged and
used as the bait for protein purification is shown at the top of A and B. Proteins identified by mass spectrometry are shown down the right side
of A and B. A, hierarchical cluster performed using the total number of PSMs identified. PSM values for each protein in each purification are
shown in a yellow to black color scale according to the legend shown to the right of the figure. B, hierarchical cluster performed using the NSAF
value for each protein of interest. NSAF values for each protein in each purification are shown in a yellow to black color scale according to the
NSAF legend shown to the right of the figure. The order of the proteins shown was determined by hierarchical clustering using the Ward
algorithm as described previously (27, 31). The relationship between each protein to the right is shown in a dendrogram shown to the left of
the figure. The identified proteins separate into two major branches within the dendrogram that represent RNAPII subunits (top branch) and
RNAPII-associated proteins (bottom branch).
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interacting proteins were Spt4/Spt5 (also known as DSIF) and
Tfg1/Tfg2/Taf14 (the known subunits of TFIIF) (27). All 12
subunits of RNAPII were also observed when Spt4-, Tfg1-, or
Cdc73-TAP were used for purification. These proteins are part
of the DSIF, TFIIF, and PAF complexes, respectively, and
have previously been shown to interact with RNAPII at multi-
ple phases of the transcription cycle (34–39). The dendrogram
to the left of Fig. 1, A and B, clearly delineate the known
subunits of DSIF, TFIIF, and PAF. DSIF and TFIIF, which were
reproducibly identified using RNAPII-specific baits for purifi-
cation, have been shown to interact with the globular domain
of RNAPII and interact with RNAPII regardless of the phos-
phorylation state of the CTD (7, 8, 40, 41). DSIF was also
identified in TFIIF purifications (Tfg1-TAP), implying that
Spt4/5 and TFIIF can interact with RNAPII simultaneously.

Surprisingly, purifications of RNAPII using Rtr1- or Set2-
TAP as the bait protein resulted in the isolation of a 10-subunit
RNAPII lacking the Rpb4/7 heterodimer (Fig. 1). This obser-
vation is intriguing because Rtr1 and Set2 are both known to
be involved in the regulation of transcriptional elongation and
both interact with hyperphosphorylated forms of RNAPII (3,
26, 42–45). The GTPase Npa3 was also found by MudPIT
using Rtr1-TAP as the bait. It has previously been shown that
the human homolog of Npa3 (known as GPN1) also co-puri-
fies with the human homolog of Rtr1 (RPAP2) (46). Yeast Npa3
has been implicated in the regulation of RNAPII transcription
and nuclear import of RNAPII (47). However, in previously

published Npa3 purifications only the RNAPII subunits Rpb1,
Rpb2, Rpb3, and Rpb5 were detected by mass spectrometry
(47, 48). To determine whether Npa3 associates with a 10-
subunit or 12-subunit RNAPII, we performed MudPIT analysis
of Npa3-TAP purifications. As shown in Fig. 1, Npa3-TAP
purification resulted in the identification of a 10-subunit RNA-
PII lacking Rpb4/7. Intriguingly, although Npa3 has been im-
plicated in the nuclear import of RNAPII from the cytoplasm,
Npa3-TAP purifications also contained Spt5, the two largest
subunits of TFIIF, and the CTD phosphatase Rtr1 (Fig. 1) (46,
49–51). Co-purification of Npa3 and proteins that play a role
in RNAPII transcription indicates that Npa3 may also play a
role in the regulation of RNAPII function in the nucleus.

Multiple purifications of Set2-TAP resulted in the identifica-
tion of the recently described ubiquitin E3 ligase Asr1 (Fig. 1
and data not shown). Asr1 has been proposed to regulate the
subunit composition of RNAPII through ubiquitination of Rpb1
or Rpb2 that causes dissociation of the Rpb4/7 heterodimer
(52). To confirm the finding that Asr1 interacts with RNAPII
lacking Rpb4/7 and to further investigate the interaction be-
tween Asr1 and Set2, we performed Asr1-TAP purifications
and analyzed them by MudPIT. As shown in Fig. 1, Asr1
purifications contain Set2, and the two proteins cluster to-
gether on the dendrogram indicating that the E3 ligase may
interact with Set2 in vivo (Fig. 1). In addition, we confirmed
that Asr1-TAP purifications do not contain Rpb4/7 as shown
previously (52). Surprisingly, analysis of Asr1-TAP also iden-
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FIG. 2. Analysis of biological replicate Rpb3-, Rpb7-, Rpb11-, and Rtr1-TAP samples indicates that there is not a significant level of
non-RNAPII associated Rpb4/7 in total yeast lysate. A, average plus or minus one standard deviation of cNSAF values obtained from
MudPIT analyses of three biological replicates of each purification as indicated. B, summary of p values obtained from Student’s t test analysis
of the cNSAF values are shown from comparing the levels of the RNAPII subunits Rpb3, Rpb4, and Rpb7 across each purification as indicated.
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tified Rtr1 and Npa3 indicating that Asr1, Rtr1, Npa3, and
Set2 could be recruited during a specific stage of RNAPII
elongation.

Understanding the biological role of Rpb4/7 dissociation
from RNAPII is of great interest. Although multiple studies
concluded that the majority of Rpb4/7 remains associated
with RNAPII during all phases of the transcription cycle using
ChIP-based experiments, recent studies have concluded that
a free Rpb4/7 heterodimer may play an important role in
coupling RNAPII transcription to translation of the RNA in the
cytoplasm (53–55). To quantitate the relative abundance of
the free Rpb4/7 heterodimer and to further characterize Rtr1-
associated RNAPII, we performed additional quantitative pro-
teomic analysis of Rpb3-, Rpb7-, Rpb11-, and Rtr1-TAP sam-
ples. As shown in Fig. 2 and supplemental Table 6, Rpb7-TAP
purifications do not show a significant increase in the amount
of Rpb4 or Rpb7 when compared with Rpb3- and Rpb11-TAP
samples. These data indicate there may not be a significant
amount of free Rpb4/7 heterodimer present in log-phase
yeast. The only reproducibly significant difference in spectral
abundance identified between these TAP purifications is the
decrease in the association of Rpb4 and Rpb7 in Rtr1-TAP

purifications, which showed a significant decrease when
compared with the amount of Rpb4/7 detected in the Rpb3-,
Rpb11-, and Rpb7-TAP purifications (Fig. 2B).

RNAPII Lacking Rpb4/7 Is Enriched in Hyperphosphory-
lated CTD—To confirm that the Rpb4/7 heterodimer is de-
pleted in specific purified complexes, we performed Western
blot analysis of the indicated TAP-purified samples (Fig. 3).
Because we were unable to find a suitable Rpb7 antibody,
endogenous RPB7 was FLAG-tagged via homologous recom-
bination in all the strains for comparison. As shown in Fig. 3A,
Rtr1-, Asr1-, and Set2-TAP samples were depleted in Rpb4
and Rpb7 in agreement with the MudPIT results (Fig. 3, lanes
6–8). Quantitation of replicate Western blots revealed that
Rpb4/7 were depleted by �50% (Fig. 3B). To monitor the
modification state of the CTD, we also performed Western
blots using monoclonal antibodies against serine 5 and serine
2 CTD phosphorylation. Using this approach, we found that
Rtr1-, Asr1-, and Set2-TAP samples contained increased lev-
els of serine 5- and serine 2-phosphorylated CTD when com-
pared with all other samples tested (Fig. 3A, compare lanes
6–8 to lanes 1–5 and 9–11). These data support previous
work that has established that Rtr1, Asr1, and Set2 are re-
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cruited at a specific stage of RNAPII elongation in a manner
dependent on the phosphorylation state of the CTD (26, 42,
44, 52, 56, 57). Interestingly, we also observed a lack of serine
2-phosphorylated CTD in the Rpb7-FLAG-isolated RNAPII as
compared with Rpb3-TAP-isolated samples (Fig. 3A, com-
pare lanes 9–11 to lanes 1–3).

To determine whether there is a mutually exclusive relation-
ship between serine 2 phosphorylation and the presence of
Rpb4/7, we performed Western blot analysis on RNAPII iso-
lated through either Rpb7 or Rpb3. To improve quantitation by
Western blotting, we loaded 5-fold decreasing concentrations
of each immunoprecipitant as shown in Fig. 4A. We observed
a decreased amount of both serine 5- and serine 2-phosphor-
ylated CTD in Rpb7-FLAG immunoprecipitants as compared
with the levels of Rpb3 (Fig. 4A, compare lanes 1–5 against
lanes 7–11). Replicate Western blots were quantitated by
densitometry and revealed a 50% decrease in serine 5-phos-
phorylated CTD and a 70% decrease in serine 2-phosphory-

lated CTD in Rpb7-FLAG immunoprecipitants. These data
clearly show that Rpb4/7 dissociate from the other 10 sub-
units of RNAPII in a manner that is dependent on the phos-
phorylation state of the CTD.

DISCUSSION

In addition to modification of the CTD, alterations in the
subunit composition or modification state of the 12 RNAPII
subunits have the potential to act as a specific regulatory
signal during the regulation of transcription. The known het-
erodimer of Rpb4 and Rpb7 has been suggested to dissociate
from the core of RNAPII; however, multiple studies using
ChIP-based analyses have not been able to discover an ex-
ample of Rpb4/7 dissociation during the RNAPII transcription
cycle (22–25). In an effort to study the dynamics of RNAPII
during transcriptional elongation, we have characterized mul-
tiple RNAPII-containing purifications using quantitative pro-
teomics and found that Rtr1, Npa3, Set2, and Asr1 interact

FIG. 4. Rpb7-FLAG immunoprecipi-
tants are depleted in serine 2- and
serine 5-phosphorylated RNAPII. A,
Western blot analysis of decreasing con-
centrations of the Rpb7-FLAG (lanes
1–6) and Rpb3-TAP (lanes 7–11) immu-
noprecipitants varied by 5-fold steps be-
tween wells. The antibody used for visu-
alization of each row of Western blots is
indicated to the right of the figure. Lane
numbers are given below the figure for
comparison purposes. B, quantitation by
densitometry of the levels of serine 5-
(S5-P CTD) or serine 2 (S2-P CTD)-phos-
phorylated Rpb1 in each purification
normalized to the levels of Rpb3 (n � 3).

Rpb4/7 Dissociate during RNAPII Elongation

Molecular & Cellular Proteomics 12.6 1535



with hyperphosphorylated RNAPII that lacks the Rpb4/7 het-
erodimer. These studies clearly show that changes in the
subunit composition of RNAPII may serve as an additional
regulatory step during transcriptional elongation.

Although we have identified multiple RNAPII-containing pu-
rifications that are depleted specifically in Rpb4/7, we did not
observe a significant amount of free Rpb4/7 using quantitative
proteomics analyses. If a population of free Rpb4/7 did exist
in the cell in significant amounts, we would expect to observe
a statistically significant increase in the levels of Rpb4/7 in
Rpb7-TAP purifications (Fig. 2). We did, however, observe a
slight increase in the standard deviation of Rpb4 and Rpb7
levels in Rpb7-TAP as compared with Rpb3- and Rpb11-TAP
purifications. It is possible that this increase in variability is
observed specifically in Rpb7-TAP samples as a result of
Rpb4/7 dissociation from RNAPII. Even after considering this
possibility, our data clearly show that there is not a large
population of free Rpb4/7 heterodimers suggesting that the
dissociation of Rpb4/7 from RNAPII is short lived. Another
possibility is that a ubiquitin ligase like Asr1 (52) may mark
Rp4 and Rpb7 for degradation by the proteasome.

Previous studies have clearly shown that Set2, Rtr1, and
Asr1 are enriched within the gene body using ChIP in yeast
(26, 43, 52). The human homolog of Rtr1, RPAP2, has also
been shown to localize to actively transcribed genes and to
bind to hyperphosphorylated RNAPII (45). Human Set2 has
also been shown to bind to hyperphosphorylated RNAPII
specifically indicating that these interactions are conserved
from yeast to humans (57). Our findings suggest that as serine
2 CTD phosphorylation increases, the association of Rpb4/7
decreases, and it is well established that serine 2 CTD phos-
phorylation increases within the coding region of RNAPII tar-
get genes in S. cerevisiae (1, 2, 58). However, it is not currently
known if the dissociation of Rpb4/7 or serine 2 CTD phos-
phorylation is a prerequisite to the recruitment of Rtr1, Npa3,
and/or Set2. Previous work by Daulny et al. (52) has shown
that the E3 ligase Asr1 is capable of binding to RNAPII that
either contains or lacks Rpb4/7. In our studies, Western blot
analysis of Rtr1-, Asr1-, and Set2-isolated RNAPII complexes
revealed that each complex was capable of interacting with
Rpb4/7 to some extent, although at reduced levels relative to
those seen in Spt4- or Tfg1-TAP (Fig. 3). These data suggest
that even in the context of these elongation-specific protein
interactions, Rpb4/7 dissociation may occur rapidly or in a
gene-specific manner.

The observation that Rpb7-FLAG-isolated complexes are
depleted in serine 2-phosphorylated RNAPII suggests that
this CTD modification may play a role in the dissociation of
Rpb4/7. Previously characterized functions of Rpb4/7 have
implicated the heterodimer in additional regulation of tran-
scriptional initiation and termination (14–16) (17). An addi-
tional explanation for the lack of serine 2 CTD phosphorylation
in Rpb7-isolated RNAPII may be explained by the observation
that the C terminus of Rpb4 is required for the interaction

between the serine 2-specific CTD phosphatase Fcp1 and
RNAPII (14–16). Under this circumstance, it is possible that
the dissociation of Rpb4/7 is necessary to maintain the level
of serine 2 phosphorylation through the 3� end of specific
genes. This could occur through prevention or reduction of
Fcp1 recruitment until a specific stage in transcriptional elon-
gation or termination during which Rpb4/7 is able to reasso-
ciate with RNAPII.

Acknowledgments—We thank the members of the Mosley, Wash-
burn, and Workman laboratories for critical feedback during this
project and during the preparation of this manuscript.

* This work was supported, in whole or in part, by National Insti-
tutes of Health Grant R01GM099714 (to A.L.M.). This work was also
supported by the Stowers Institute for Medical Research (to M.P.W.
and J.L.W.).

□S This article contains supplemental material.
¶ To whom correspondence may be addressed: Dept. of Biochem-

istry and Molecular Biology, University of Indiana School of Medicine,
635 Barnhill Dr., MS1021H, Indianapolis, IN 46202. Tel.: 317-278-
2350; Fax: 317-274-4686; E-mail: almosley@iupui.edu.

** To whom correspondence may be addressed: Stowers Institute
for Medical Research, 1000 E. 50th Street, Kansas City, MO 64110.
Tel.: 816-925-4457; Fax: 816-926-4694, E-mail: mpw@stowers.org.

REFERENCES

1. Buratowski, S. (2009) Progression through the RNA polymerase II CTD
cycle. Mol. Cell 36, 541–546

2. Komarnitsky, P., Cho, E. J., and Buratowski, S. (2000) Different phosphor-
ylated forms of RNA polymerase II and associated mRNA processing
factors during transcription. Genes Dev. 14, 2452–2460

3. Kim, M., Suh, H., Cho, E. J., and Buratowski, S. (2009) Phosphorylation of
the yeast Rpb1 C-terminal domain at serines 2, 5, and 7. J. Biol. Chem.
284, 26421–26426

4. Chapman, R. D., Heidemann, M., Albert, T. K., Mailhammer, R., Flatley, A.,
Meisterernst, M., Kremmer, E., and Eick, D. (2007) Transcribing RNA
polymerase II is phosphorylated at CTD residue serine 7. Science 318,
1780–1782

5. Egloff, S., O’Reilly, D., Chapman, R. D., Taylor, A., Tanzhaus, K., Pitts, L.,
Eick, D., and Murphy, S. (2007) Serine 7 of the RNA polymerase II CTD
is specifically required for snRNA gene expression. Science 318,
1777–1779

6. Buratowski, S. (2003) The CTD code. Nat. Struct. Biol. 10, 679–680
7. Van Mullem, V., Wery, M., Werner, M., Vandenhaute, J., and Thuriaux, P.

(2002) The Rpb9 subunit of RNA polymerase II binds transcription factor
TFIIE and interferes with the SAGA and elongator histone acetyltrans-
ferases. J. Biol. Chem. 277, 10220–10225

8. Ziegler, L. M., Khaperskyy, D. A., Ammerman, M. L., and Ponticelli, A. S.
(2003) Yeast RNA polymerase II lacking the Rpb9 subunit is impaired for
interaction with transcription factor IIF. J. Biol. Chem. 278, 48950–48956

9. Soutourina, J., Bordas-Le Floch, V., Gendrel, G., Flores, A., Ducrot, C.,
Dumay-Odelot, H., Soularue, P., Navarro, F., Cairns, B. R., Lefebvre, O.,
and Werner, M. (2006) Rsc4 connects the chromatin remodeler RSC to
RNA polymerases. Mol. Cell. Biol. 26, 4920–4933

10. Parnell, T. J., Huff, J. T., and Cairns, B. R. (2008) RSC regulates nucleo-
some positioning at pol II genes and density at pol III genes. EMBO J. 27,
100–110

11. Dichtl, B., Blank, D., Ohnacker, M., Friedlein, A., Roeder, D., Langen, H.,
and Keller, W. (2002) A role for SSU72 in balancing RNA polymerase II
transcription elongation and termination. Mol. Cell 10, 1139–1150

12. Krishnamurthy, S., He, X., Reyes-Reyes, M., Moore, C., and Hampsey, M.
(2004) Ssu72 Is an RNA polymerase II CTD phosphatase. Mol. Cell 14,
387–394

13. Cai, G., Imasaki, T., Yamada, K., Cardelli, F., Takagi, Y., and Asturias, F. J.
(2010) Mediator head module structure and functional interactions. Nat.
Struct. Mol. Biol. 17, 273–279

Rpb4/7 Dissociate during RNAPII Elongation

1536 Molecular & Cellular Proteomics 12.6

http://www.mcponline.org/cgi/content/full/M112.024034/DC1


14. Kimura, M., Suzuki, H., and Ishihama, A. (2002) Formation of a carboxyl-
terminal domain phosphatase (Fcp1)/TFIIF/RNA polymerase II (pol II)
complex in Schizosaccharomyces pombe involves direct interaction be-
tween Fcp1 and the Rpb4 subunit of pol II. Mol. Cell. Biol. 22, 1577–1588
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