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In transcriptional regulation, RNA polymerase II (pol II) interacts and forms complexes with a number of
protein factors. To isolate and identify the pol II-associated proteins, we constructed a Schizosaccharomyces
pombe strain carrying a FLAG tag sequence fused to the rpb3 gene encoding the pol II subunit Rpb3. By
immunoaffinity purification with anti-FLAG antibody-resin, a pol II complex containing the Rpb1 subunit with
a nonphosphorylated carboxyl-terminal domain (CTD) was isolated. In addition to the pol II subunits, the
complex was found to contain three subunits of a transcription factor TFIIF (TFIIFe, TFIIFB, and Tfg3) and
TFIIF-interacting CTD-phosphatase Fcpl. The same type of pol II complex could also be purified from an
Fcpl-tagged strain. The isolated Fcpl showed CTD-phosphatase activity in vitro. The fcpl gene is essential for
cell viability. Fcpl and pol II interacted directly in vitro. Furthermore, by chemical cross-linking, glutathione
S-transferase pulldown, and affinity chromatography, the Fcpl-interacting subunit of pol II was identified as
Rpb4, which plays regulatory roles in transcription. We also constructed an S. pombe thiamine-dependent rpb4
shut-off system. On repression of rpb4 expression, the cell produced more of the nonphosphorylated form of
Rpb1, but the pol II complex isolated with the anti-FLAG antibody contained less Fcpl and more of the
phosphorylated form of Rpb1 with a concomitant reduction in Rpb4. This result indicates the importance of

Fcp1-Rpb4 interaction for formation of the Fcp1/TFIIF/pol II complex in vivo.

RNA polymerase II (pol II), which is involved in the syn-
thesis of all mRNAs, is a highly structured complex consisting
of as many as 12 subunits, Rpb1 to Rpb12 (30, 37, 60, 67, 75),
but for accurate transcription, pol II is controlled by a number
of factors through protein-protein interactions (56). In preini-
tiation complex (PIC) formation, a general transcription factor
(GTF), TFIIF, associates with pol II to recruit it to the com-
plex on a promoter, which is formed of GTFs, including
TFIIA, TFIIB, and TFIID (19). TFIIB (22, 39, 68) and one of
the TATA binding protein (TBP)-associating factor (TAF)
subunits of TFIID (7) interacts with pol II, and the TBP sub-
unit of TFIID also binds to the nonphosphorylated carboxy-
terminal domain (CTD) of Rpbl (69). TFIIE assembles into
the complex through direct interaction with pol II (39, 46) and
then promotes association of TFIIH, which phosphorylates the
CTD (17, 43, 51). The kinase subunit of TFIIH binds to pol II
(18).

The alternative pathway of PIC formation is the prior as-
sembly of pol IT and factors to form pol IT holoenzyme (38, 50).
This large complex consists of pol II, a subset of GTFs, and a
mediator complex, and it is recruited to a promoter through
the interaction of mediators with DNA-binding activators. In
the holoenzyme, the mediator complex, which is composed of
SRBs (for suppressor of RNA pol B), mediators, and other
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subunits, is attached to the CTD (49) and possibly other parts
of pol II (3). Srb10 in the mediator complex has CTD-kinase
activity (23). Another holoenzyme-like complex, which con-
tains Pafl, Cdc73, Hprl, Ccr4, and other factors, was also
isolated from Saccharomyces cerevisiae (11, 12).

The pol II elongation process is controlled by a number of
factors. Interactions of pol II with SII (or TFIIS) (61, 65), ELL
(62), elongator (53), and DSIF (for DRB sensitivity-inducing
factor) (70, 76) have been reported, and elongin interacts with
the pol II holoenzyme (54). P-TEFb stimulates elongation by
phosphorylating the CTD (45). After transcription termina-
tion, pol IIO, containing the Ilo form of Rpbl with a phos-
phorylated CTD, is thought to be dephosphorylated into pol
ITIA, containing the nonphosphorylated Ila form of Rpbl and
to be used for reinitiation, because only pol IIA can be re-
cruited to the PIC (42).

Recently, the CTD-specific phosphatase Fcpl from S. cer-
evisiae (2, 34) and humans (1, 13) was identified. TFIIF and
TFIIB bind to Fcpl competitively (10, 35), and TFIIF stimu-
lates CTD-phosphatase activity (1, 10). CTD-phosphatase has
a docking site on pol II that is distinct from the CTD (10), but
the site has not yet been specified. Moreover, direct binding
between Fcpl and pol II has not been clearly proved, although
Fepl has been identified as a component of the pol II holoen-
zyme (1), and the eluate from a pol II affinity column showed
CTD-phosphatase activity (10).

These pol II-factor interactions were identified by various
methods. The pol II interaction of GTFs, TFIIB (22, 68),
TFIID (7, 69), TFIIE (46), TFIIH (18), and most of the elon-
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gation factors (45, 62, 76) was established by in vitro binding
assays using the purified factors. The direct interaction be-
tween mediators and the CTD was also confirmed in vitro (49).
The pol II binding of TFIIF and SII was established by the
purification method of pol II affinity chromatography (61, 65).
Besides these binding methods, copurification of native com-
plexes provides strong evidence for protein-protein interac-
tion. The elongator was copurified with pol II through columns
(53). The holoenzyme, a complex of mediators and pol II, was
also purified through several steps of conventional column
chromatography (38, 50, 66), followed by SII and elongin af-
finity methods (54). The immunoaffinity method with anti-
CTD antibody was also successfully employed for the isolation
of an alternative pol II complex, although the complex was
dissociated in the elution process (71).

In this study, we carried out the isolation of a pol II complex
from S. pombe using the FLAG-tagging method. For this pur-
pose, a DNA sequence encoding the FLAG epitope was in-
serted into the chromosomal rpb3 gene, and the cell extract
was directly applied to anti-FLAG M, monoclonal antibody
(MAD)-agarose beads.

MATERIALS AND METHODS

Plasmids. pUC-f-rpb3-ura4 was constructed by replacing a His tag sequence
between the Nhel and Apal sites in plasmid pUC-rpb3H-ura4 (31) with oligo-
nucleotides encoding the FLAG epitope. For construction of pBS-f-fcpl-ura4, an
fepl genomic DNA fragment covering nucleotides (nt) +2263 to +2913 (from
the translation initiation) was amplified by PCR and inserted into pBluescript 1I
SK+ (Clontech) between the KpnI and Xbal sites. Tandem Nhel and Apal sites
were generated by in vitro manipulation between the carboxyl terminus and the
termination codons of fcpl, and oligonucleotides for the FLAG epitope were
inserted between them. Finally, the ura4* marker fragment (21) was ligated into
a HindIII site within the 3’ noncoding region of the fcp! gene.

To create pBS-fcpl::urad, two fepl genomic DNA fragments, one covering nt
—435 to —39 with EcoRI and HindIII sites on the 5" and 3’ termini, respectively,
and the other covering nt +2356 to +2623 with HindIII and Xhol sites on the 5’
and 3’ termini, respectively, were PCR amplified and cloned tandemly into
pBluescript II SK+ between the EcoRI and Xhol sites. The ura4™ fragment was
inserted at the HindIII site. pREP41-f-fcpl was created by ligating a PCR-
amplified fcpl cDNA fragment between the Apal and BamHI sites of
pREP41XF. pREP41XF was prepared from pREP41X (20) by inserting oligo-
nucleotides containing the Xhol, Met codon, FLAG, Ndel, Apal, and BamHI
sequences between the Xhol and BamHI sites. pREP81-rpb4 was made by
inserting a PCR-amplified rpb4 ¢cDNA fragment into pREP81 (6) between the
Ndel and BamHI sites.

pET-fcpl-H was constructed by inserting a PCR-amplified fcpl ¢cDNA frag-
ment into pET21d (Novagen) between the Ncol and Xhol sites. pET-fcple-H
was constructed by inserting a PCR fragment encoding amino acids 369 to 723 of
Fcpl into pET21b between the Ndel and Xhol sites. pET-tfg3-H was made by
inserting a PCR fragment of #fg3 cDNA into pET21b between the Ndel and Xhol
sites. To construct pET-GST-fcpl, a PCR fragment encoding glutathione S-
transferase (GST) with Ndel and Apal sites at the 5’ and 3’ termini, respectively,
and an Apal-BamHI fepl fragment from the pREP-f-fcpl were ligated into
pET-21b between the Ndel and BamHI sites. pET-GST-rpb4/7 was created from
pET-rpb7 and pET-GST-rpb4. To prepare pET-rpb7, the rpb7 cDNA was cloned
into pET21b between the Ndel and BamHI sites. To prepare pET-GST-rpb4, the
GST-rpb4 fusion gene was created on a vector and transferred into pET21b
between the Xbal and BamHI sites. The shorter Sphl-BamHI fragment of pET-
GST-rpb4 was inserted between the Sphl and BglII sites of pET-Rpb7 to make
pET-GST-rpb4/7. pET-rpb4/7-H was described previously as pET-Sp4/Sp7CH
(60).

Recombinant proteins. Plasmids pET-fcpl-H, pET-fcple-H, pET-tfg3-H, and
pET-rpb4/7-H were used for expression of His-tagged proteins Fcpl-H,
Feple-H, Tfg3-H, and Rpb4/7-H, respectively, whereas pET-GST-fcpl and pET-
GST-rpb4/7 were used for GST fusion proteins GST-Fcpl and GST-Rpb4/7,
respectively. Escherichia coli BL21(DE3) was transformed with each plasmid,
and protein expression was induced as described previously (60). The harvested
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cells were lysed in five times the cell volume of 0.5 M NaCl-buffer A (50 mM
Tris-HCI [pH 8.0], 10% glycerol, 0.5 mM EDTA, 1 mM dithiothreitol [DTT], 0.5
mM phenylmethylsulfonyl fluoride [PMSF]) containing 0.3 mg of lysozyme per
ml for 20 min and centrifuged at 150,000 X g for 2 h. The supernatants were
loaded onto Ni*"-agarose (Qiagen) or glutathione (GSH)-Sepharose 4B (Phar-
macia) columns equilibrated with the 0.5 M NaCl-buffer A, and the columns
were washed with the same buffer. The Ni?* columns were washed with 0.1 M
NaCl-buffer A containing 20 mM imidazole, and the proteins were eluted with
the same buffer containing 200 mM imidazole. The GSH columns were washed
with 0.1 M NaCl-buffer A, and the proteins were eluted with the same buffer
containing 20 mM GSH. The eluted proteins were purified by high-pressure
liquid chromatography on a DEAE-5PW column (Tosoh) with 0.1 to 0.3 M NaCl
gradient elution in buffer A. GST protein for control experiments was expressed
in E. coli IM109 transformed with pGEX-5X-1 (Pharmacia) and purified on a
GSH-Sepharose column.

S. pombe strains. JY741 (h~ ade6-M216 ura4-D18 leul) and JY746 (h* ade6-
M210 ura4-D18 leul)) are the parental strains used in this work. JY741/f-rpb3 was
constructed by two-step gene replacement using pUC-f-rpb3-ura4 as described
(31). JY741/f-fcpl was constructed by one-step gene replacement in which the
sequence corresponding to nt +2263 to +2913 of fcpl in pBS-f-fcpl-ura4 was
PCR amplified and used for transformation. To generate the fcpl */fepl:ura4™
diploid strain, a fragment corresponding to nt —435 to +2623 of the fepl
sequence in pBS-fcpl::ura4 was PCR amplified and used for transformation of
the diploid strain generated by mating JY741 and JY746. To construct the
thiamine-dependent rpb4 shut-off strain JY741/f-rpb3 +rpb4, strain JY741/f-rpb3
was transformed with pREP81-rpb4, and the 7pb4 gene on the chromosome was
disrupted as described (60).

Antibodies and Western blotting. Anti-Fcpl and anti-Tfg3 antibodies were
raised in rabbits immunized with purified Fcplc-H and Tfg3-H, respectively.
Antibodies against pol II subunits have been described previously (26, 60).
Anti-phosphorylated CTD MAb H5 (8) was from Babco. Quantitative Western
blotting was carried out as described (33). For Fcpl quantitation, the GST-Fcpl
protein was used as a standard.

Purification of FLAG-tagged complex. JY741/f-rpb3 or the JY741/f-fcpl strain
was cultured in YE medium (48) containing 50 g each (of adenine and uracil)
per ml at 30°C. Cells were harvested at the exponential phase, frozen in liquid N,,
and disrupted with a Cryopress (Microtech Nichion). The cell powder was sus-
pended in one times the cell weight of buffer B (100 mM potassium acetate, 100
mM Tris-acetate [pH 7.8], 20% glycerol, 1 mM EDTA, 1 mM EGTA, 2 mM
DTT, 0.4% Nonidet P-40, 1 mM PMSF) containing a proteinase inhibitor mix-
ture (PIM) (31) and centrifuged at 15,000 X g for 10 min. The soluble fraction
was centrifuged at 100,000 X g for 2 h, and the resulting supernatant was
designated the first extract.

The pellet of the first centrifugation was suspended in one times the cell weight
of buffer C (50 mM potassium acetate, 50 mM Tris-acetate [pH 7.8], 10%
glycerol, 0.5 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 0.2% Nonidet P-40, 0.5
mM PMSF) containing the PIM and centrifuged at 15,000 X g for 10 min. The
supernatant was designated the wash fraction, while the pellet was suspended in
buffer D (50 mM potassium acetate, 50 mM Tris-acetate [pH 7.8], 10% glycerol,
10 mM MnCl,, 1 mM DTT, 0.2% Nonidet P-40, 0.5 mM PMSF) containing the
PIM and 10 pg each (of DNase I and RNase A) per ml. After incubation at 30°C
for 20 min, the digested pellet was centrifuged at 100,000 X g for 2 h, and the
supernatant and the pellet were designated the nuclease-treated extract and the
final precipitate, respectively. For 1 ml of the first extract and the nuclease-
treated extract, 20 wl of M,-agarose (Sigma) equilibrated with buffer C was
added and gently mixed for 2 h. The M,-agarose was washed four times with 1
ml of buffer C, and the bound proteins were eluted with one times the resin
volume of buffer C containing 100 pg of FLAG-peptide (Sigma) per ml.

Strain JY741/f-rpb3+rpb4 was cultured in Edinburgh minimal medium
(EMM) (48) containing 150 pg of adenine per ml. When the culture reached 10°
cells/ml, 30 pg of thiamine per ml was added, and at 0, 6, 12, and 18 h after this,
cell aliquots were harvested. FLAG-tagged complex was isolated from the first
extracts as above.

Purification of f-pol II. JY741/f-rpb3 was cultured, harvested, and disrupted as
above. The cell powder was suspended in two times the cell weight of buffer E
[0.15 M (NH,),SO,, 75 mM Tris-HCI (pH 8.0), 15% glycerol, 0.15 mM EDTA,
1.5 mM DTT, 0.75 mM PMSF] containing the PIM, sonicated, and centrifuged
at 18,000 X g for 20 min. The supernatant was diluted fourfold with buffer F [0.1
M (NH,),SO,, 50 mM Tris-HCI (pH 8.0), 10% glycerol, 0.1 mM EDTA, 1 mM
DTT, 0.5 mM PMSF], and 0.1% polyethyleneimine was added. After incubation
for 1 h, the precipitate was collected by centrifugation at 18,000 X g for 20 min
and extracted by two times the cell weight of buffer G [0.2 M (NH,),SO,, 50 mM
Tris-HCI (pH 8.0), 10% glycerol, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF].
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After centrifugation at 18,000 X g for 20 min, FLAG-pol II (f-pol IT) was isolated
from the supernatant with M,-agarose in buffer G as above.

Mass spectrometry. Proteins in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) gels were alkylated with iodoacetamide, digested
with trypsin or endoproteinase Glu-C, and extracted as described (27). Peptide
masses were measured with a matrix-assisted laser desorption/ionization time of
flight mass spectrometer Voyager (PerSeptive Biosystems) using a-cyano-4-hy-
droxycinnamic acid as the matrix and provided calibration mixture 2. The mass
spectra were fitted to databases by the program MS-Fit (University of California,
San Francisco).

Gel filtration chromatography. Proteins were loaded onto a Superose 6
PC3.2/30 column in buffer C without PMSF using Smart System (Pharmacia) at
a flow rate of 40 pl/min. Fractions of 50 pl were collected, beginning 15 min after
the injection.

CTD-phosphatase assay. Various amounts of recombinant Fcpl-H or
Fcple-H protein were incubated with approximately 50 ng of the purified pol II
preparation containing both IIO and IIA forms in buffer C with 10 mM MgCl,
for 60 min at 30°C. Dephosphorylation was analyzed by Western blotting with
anti-Rpbl N-terminal domain (NTD) antibody and anti-phosphorylated CTD
MAD HS.

Effect of Fcpl overproduction. JY741(pREP41) and JY741(pREP-f-fcpl)
were cultured at 30°C in EMM (48) containing 150 pg (each) of adenine and
uracil per ml, and cell lysates for Western blotting were prepared as described
(33).

Tetrad analysis. The diploid strain with the genotype ura4-D18/ura4-D18
fepI™ [fepI:ura4™ was grown on a malt extract plate (48) for 2 days at 27°C and
then streaked on a YE plate (48) containing 150 pg (each) of adenine and uracil
per ml. The asci formed were isolated with a manipulator, and then the plate was
incubated for several hours at 30°C. The spores that appeared were dissected,
and the plate was incubated for 3 days at 30°C.

Chemical cross-linking. Protein-protein cross-linking with 2-iminothiolane
(ITL) was carried out as described (26). The cross-linked and non-cross-linked
complexes were loaded on the same SDS-PAGE gel with two wide wells. The
proteins were electrotransferred onto a membrane. For separate immunostain-
ing, the membrane was set in an apparatus Miniblot (Immunetics), which divides
the membrane into a number of vertical slots, and each slot was immunostained
with one of the antibodies.

GST pulldown assay. For GST-Fcpl pulldown assay of pol II, 10 pmol of
nondegraded GST-Fcp1 or GST protein was mixed with 250 ng of pol II in buffer
C and incubated at 30°C for 4 h. Then, 5 pl of GSH-Sepharose equilibrated with
buffer C was added, and the mixture was incubated on ice for 1 h. The resin was
washed four times with 1 ml of buffer C, and the proteins were eluted by
SDS-PAGE loading buffer. For GST-Rpb4/7 pulldown assay of Fcpl-H, 10 g of
GST-Rpb4/7 or GST was mixed with 2 pg of Fcpl-H in buffer C and processed
as above. For GST-Fcp1 pulldown assay of Rpb4/7-H, 10 pmol of nondegraded
GST-Fepl or GST protein was mixed with 10 pmol of Rpb4/7-H and processed
similarly. The contents of nondegraded protein were measured by Sypro Orange
(Molecular Probes) staining intensities of SDS-PAGE gels with bovine serum
albumin as a standard.

Rpb4/7 affinity chromatography of whole-cell extract. The purified Rpb4/7-H
was coupled to 1 ml of a HiTrap N-hydroxysuccinimide-activated column (Phar-
macia) per the manufacturer’s instruction. JY741 whole-cell extract was pre-
pared in 0.2 M potassium acetate buffer H (50 mM HEPES-KOH [pH 7.9], 20%
glycerol, 0.5 mM EDTA, 0.5 mM EGTA, 2.5 mM DTT, 0.5 M PMSF) containing
the PIM by a similar method as employed for the first extract preparation. After
dialysis to reduce the potassium acetate concentration to 0.1 M, the extract was
loaded onto the Rpb4/7 column equilibrated with the same buffer. The column
was washed with 1 M NaCl-buffer H, and the proteins were eluted with 4 M
urea-buffer H.

RESULTS

Isolation and identification of pol II-associating proteins
from the FLAG-tagged rpb3 strain. In order to set up a simple
but effective isolation system of protein complexes containing
pol II, S. pombe strain JY741/f-rpb3, which carries the modi-
fied chromosomal rpb3 gene encoding Flag-Rpb3 (f-Rpb3),
was constructed. This strain showed no particular phenotype
other than relatively slow growth (data not shown). Low-salt
buffer was used for extraction of pol II complexes to preserve
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protein-protein interactions, although the yield of protein ex-
traction was decreased. After anti-FLAG M,-agarose affinity
chromatography of the first extract (Fig. 1A and see Materials
and Methods), a pol II complex containing f-Rpb3 was iso-
lated. SDS-PAGE in parallel with the control fraction revealed
that this complex contained all 12 pol II subunits and six
additional proteins (A to F in Fig. 1B). The non-pol II proteins
in the complex were identified by mass fingerprinting, and the
results are summarized in Table 1. Protein A was identified as
an S. pombe homologue of the TFIIF-interacting CTD-phos-
phatase Fcpl, which has been identified in S. cerevisiae (2, 34)
and humans (1, 13).

To characterize the S. pombe Fcpl in detail, we cloned the
cDNA from S. pombe. The cDNA sequence agreed completely
with the sequence of the predicted Fcpl coding region in the
database. The amino acid identity of the S. pombe Fcpl with
the S. cerevisiae and the human homologues is 36 and 27%,
respectively (Fig. 2). The His-tagged recombinant Fcpl-H pro-
tein (Fig. 3C and also 7B) expressed from the cDNA showed
almost the same mobility in SDS-PAGE as protein A (data not
shown), indicating that the cloned sequence was full length and
that Fcpl has a lower mobility in SDS-PAGE than that ex-
pected from the molecular weight (Table 1). The antibody
raised against the recombinant Fcpl reacted with protein A
(see Fig. 3B), but did not react with any protein shown in the
control lane in Fig. 1B (data not shown). Because of the high
MOWSE scores in MS-fit, proteins B and C were identified as
the homologues of o and B subunits of TFIIF, respectively,
which are known as pol Il-associating proteins RAP74 and
RAP30 (64). Again, their mobilities in SDS-PAGE were
slightly different from those estimated from the molecular
masses (Table 1).

Protein F was identified as S. pombe TFIIF small subunit
Tfg3. In S. cerevisiae, Tfg3 (25) is also known as Ancl (73),
TAF30 (24), SWI/SNF29 (9), and one of the subunits of
NuA3 (28). The human homologues, ENL and AF-9, known as
leukemogenic proteins (73), are, however, not TFIIF subunits.
The S. pombe tfg3 cDNA was cloned, and the sequence agreed
with the #g3 coding sequence in the database. The antibody
raised against the recombinant Tfg3 reacted with protein F
(see Fig. 3B), but did not react with any protein shown in the
control lane in Fig. 1B (data not shown). Mass spectrometry
indicated that proteins D and E have sequences of glyceralde-
hyde 3-phosphate dehydrogenase 1. At present we assume that
its pol II binding was fortuitous.

The pol II complex isolated as above should not have been
engaged in transcription, because it was extracted easily with
the low-salt buffer. To isolate the engaged pol II, the pellet of
first extraction was washed and then extracted after digestion
of nucleic acids with DNase I and RNase A. The pol II purified
with M,-agarose from the nuclease-treated extract contained
an Rpb1 subunit that migrated in SDS-PAGE slower than that
in the nonengaged complex (Fig. 1C). We assigned this subunit
as the phosphorylated Ilo form, because the anti-phosphory-
lated CTD MAb HS5 (8) reacted with it but not with that
isolated from the first extract (Fig. 1C). The nuclease-treated
pol II contained stoichiometric amounts of all other pol II
subunits (data not shown). Thus, we concluded that the non-
engaged Fcpl/TFIIF/pol II complex contained the CTD-non-
phosphorylated IIa form of Rpbl.
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FIG. 1. Isolation of the Fcpl/TFIIF/pol IIA complex from strain JY741/f-rpb3. (A) Scheme for extract preparation. The first extract and the
nuclease-treated extract were subjected to anti-FLAG M,-agarose affinity chromatography. (B) Proteins isolated with M,-agarose from the first
extract (see Materials and Methods) of JY741/f-rpb3 (f-Rpb3 lane) or nontagged strain JY741 (control lane) were separated by SDS-10 to 20%
PAGE. The gel was stained with Coomassie brilliant blue (CBB). Non-pol II protein bands that appeared in the f-Rpb3 lane but not in the control
lane are designated A to F. Positions of molecular weight markers are indicated on the left. (C) Proteins isolated with M,-agarose from the first
extract or the nuclease-treated extract (see Materials and Methods) of JY741/f-rpb3 were separated in SDS-6% PAGE and silver-stained or
processed for Western blotting with anti-Rpbl NTD antibody or anti-phosphorylated CTD MAb HS. Positions of the Ilo and Ila forms of Rpbl

and Rpb2 are indicated on the right.

To examine the association of these proteins with pol II, the
eluted fraction from M,-agarose was subjected to Superose-6
gel filtration (Fig. 3A). All the components identified were
coeluted with the pol II subunits in fractions 13 to 15, indicat-
ing that these components indeed formed a large complex.
However, the Fcpl peak formed a shoulder at fractions 17 to
19. To examine whether this represents the dissociated form of

Fcpl, the purified Fcpl-H protein was fractionated by the
same procedure (Fig. 3C). It was recovered in fractions 17 to
19, presumably as dimers (13). Thus, we concluded that a
fraction of Fcpl was dissociated from the Fepl/TFIIF/pol 11
complex after elution from M,-agarose. Likewise, some disso-
ciated components of TFIIF such as Tfg3 were also detected in
fractions 18 to 21.

TABLE 1. Identification of pol II-associated proteins”

Size (kDa)
Band Accession no.” Protein species MOWSE score®
SDS-PAGE Calculated
A 105 82.0 0588462 Fepl 3.63 X 10°
B 75 55.9 7493059 TFIIFa 2.62 X 10°
C 41 34.6 7493495 TFIIFB 1.01 X 10°
D 36 359 2494642 Glyceraldehyde 3-phosphate dehydrogenase 1 4.89 x 10°
E 35 35.9 2494642 Glyceraldehyde 3-phosphate dehydrogenase 1 4.04 x 10°
F 30 27.6 7493063 TFIIF small subunit (Tfg3) 2.95 X 10°

“ The protein bands are marked in Fig. 1.
® NCBI GI accession number for protein identification.
¢ MOWSE score in MS-fit peptide mass fingerprinting.
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FIG. 2. Sequence comparison of Fcpl. Protein sequences of S. pombe (accession no. CAC00553), S. cerevisiae (NP_014004), and H. sapiens
(AADA42088) Fcpl were aligned using ClustalW. Black boxes, identity; grey boxes, similarity. Domain structure is indicated according to Kobor et
al. (34, 35). Black line, catalytic Fcpl homology domain (FCPH); grey line, BRCA1 C-terminal domain (BRCT); dashed line, TFIIF- and
TFIIB-interacting region; asterisks, motif characteristic of a family of small-molecule phosphotransferases (15).

We also constructed a strain, JY741/f-fcpl, containing the
FLAG-tagged fcpl. The strain showed no particular pheno-
type. We then tried to isolate Fcpl complexes by M, affinity
purification as above. As expected, the f-Fcpl/TFIIF/pol II
complex was isolated from the first extract (Fig. 4A). The
recovery of Rpb1 and Fcpl in each step is summarized in Table
2. The pol II content in the f-Fcpl complex was estimated to be
about one pol II molecule per Fcpl dimer. The stoichiometry
of Fepl in this f-Fcpl complex was more than that in the
f-Rpb3 complex. Thus, it appears that only a fraction of pol II
is associated with Fcpl. Here we assumed that Fcpl assembles
into the complex as a dimer based on the gel filtration profile
of Fcpl-H (see Fig. 3C). In confirmation is the finding that a
heterodimer can be reconstituted from the recombinant
Fepl-H and GST-Fepl (M. Kimura, unpublished result). How-
ever, the possibility that Fcpl is present as a monomer in the

complex and a fraction of f-Fcpl isolated was not bound to pol
II cannot be ruled out.

The nuclease-treated extract of JY741/f-Fcpl was also sub-
jected to M,-agarose affinity chromatography, and the protein
composition of isolated complexes was compared with that
from JY741/f-Rpb3 (Fig. 4B). The species and content of pro-
teins were essentially identical between the f-Rpb3 and the
f-Fcpl complexes. However, the f-Rpb3 complex contained a
high level of the Ilo form of Rpbl, whereas the Rpbl in the
f-Fcpl complex was mostly in the IIa form. This indicates that
the majority of pol II in the nuclease-treated extract contained
the phosphorylated IIo form of Rpbl, but Fcpl is associated
specifically with a minor population of pol II containing the
unphosphorylated IIa form.

Functions of S. pombe Fcpl. In order to examine whether the
identified S. pombe Fcpl actually has CTD-phosphatase activ-
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FIG. 3. Gel filtration chromatography of the Fcpl/TFIIF/pol IIA
complex. (A) The proteins isolated with M,-agarose from the first
extract of JY741/f-rpb3 were loaded onto a Superose-6 PC3.2/30 col-
umn. Aliquots of the eluted fractions were analyzed by SDS-10 to 20%
PAGE, and the gel was silver stained. Components of the complex are
indicated on the left. GPDH, glyceraldehyde 3-phosphate dehydroge-
nase 1. Elution positions of molecular mass standards are indicated on
the bottom. (B) The gel was processed for Western blotting with
anti-Fepl and anti-Tfg3 antibodies. (C) The purified recombinant
Fepl-H was fractionated by gel filtration chromatography. The frac-
tions were analyzed by SDS-PAGE, and the gel was stained with CBB.

ity, both the recombinant Fcpl-H and the C-terminal frag-
ment, Fcplc-H, which consists of amino acids 369 to 723 and
lacks the phosphotransferase motif (see Fig. 2 for location),
were purified by the same procedure and tested for phospha-
tase activity. One microgram of Fcpl-H hydrolyzed 13 = 3
nmol of the artificial substrate p-nitrophenyl phosphate (41)
into p-nitrophenol per h at 30°C in buffer C containing MgCl,,
whereas Fcplc-H did not hydrolyse it at all, indicating that
Fcpl-H (but not any contaminants) had the phosphatase ac-
tivity. Next we checked the CTD-phosphatase activity. When
Fcpl-H and Feple-H were incubated under the same condi-
tions with purified pol II which contained both IIO and I1A
forms, the ITo form of Rpb1 was converted into the IIa form by
Fcpl-H in a dose-dependent manner (Fig. 5A), whereas
Feple-H did not dephosphorylate I1o. Hence, we conclude that
S. pombe Fcpl has CTD-phosphatase activity.

Next we examined possible effects in vivo of overexpression
of Fcpl. f-Fcpl was overexpressed in JY741 with plasmid
pREP41-f-fcpl, and the whole-cell lysate was analyzed by
Western blotting (Fig. 5B). The expression level of f-Fcpl was
very high (left panel), and it caused slow growth (data not
shown). Although the concentration of pol II subunits in the
overexpressed strain was not affected (center panel), the level
of the Ila form of Rpbl was higher than in the control strain

MoL. CELL. BIOL.
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FIG. 4. Isolation of f-Fcpl complexes. (A) The Fepl/TFIIF/pol ITA
complex isolated from the first extracts of JY741/f-rpb3 and JY741/f-
fepl with M,-agarose were separated in SDS-10 to 20% PAGE, and
the gel was stained with CBB. (B) The complexes isolated with M,-
agarose from the nuclease-treated extract of JY741, JY741/f-rpb3, and
JY741/f-fcpl were separated on SDS-PAGE, and the gel was pro-
cessed for Western blotting with anti-Rpb1 NTD, anti-Fcpl, and anti-
Tfg3 antibodies.

(right panel). When the cells are grown in minimal medium
and disrupted by the glass beads method, the IIb form of Rpbl,
which lacks the CTD, is generated due to proteolytic cleavage
(33). The generation of the IIb form was much less in the
Fepl-overexpressing cell lysate than in the control lysate (right
panel), suggesting that Fcpl protects Rpbl from protease ac-
cession. These observations also support the formation of the
Fepl/pol II complex.

Tetrad analysis of an S. pombe diploid strain, which carries
ura4-DI18/ura4-D18 fepl™ [fepl:ura4™, produced two viable
and two nonviable spores from each of the 10 asci dissected
(Fig. 5C). The viable progeny showed the ura™ phenotype
(data not shown). These indicated that the fcpl gene is essen-
tial for cell viability in S. pombe, as was reported for S. cerevi-
siae (2).

Fcpl-pol II direct interaction. Next we examined the direct
interaction between Fcpl and pol II from S. pombe. f-pol 11
purified through polyethyleneimine precipitation and the M,-
agarose affinity method in the presence of a high concentration
of (NH,),SO, did not contain any detectable TFIIF subunits
(Fig. 6A). The absence of Tfg3 was further confirmed by im-
munoblotting with the anti-Tfg3 antibody (data not shown).
The recombinant GST-Fcpl or GST (Fig. 6B) was incubated
with the f-pol II, and the complexes formed were isolated with
GSH-Sepharose (Fig. 6C). The result clearly indicated the
direct interaction between Fcpl and pol II.

Fcpl interacts with Rpb4. To identify the Fcpl-interacting
subunit of pol II, the isolated Fcpl/TFIIF/pol II complex was
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Fepl/TFIIF/pol IIA COMPLEX 1583
TABLE 2. Protein yield”
Yield (pmol/g [wet wt] of cells)
Fraction JY741/f-Rpb3 JY741/f-Fcepl

Rpbl Fepl Rpbl f-Fepl

Supernatant of low-speed centrifugation 37 10 33 7.6

First extract 16 9.9 16 8.0

M,-agarose-bound fraction 5.0 2.7 1.7 24
Wash fraction 5.6 1.0 3.1 0.65
Nuclease-treated extract 0.61 0.15 0.57 0.11
M,-agarose-bound fraction 0.12 0.04 0.04 0.03

Final precipitate” >22 >79 >11 >4.6

@ One gram of cells corresponds to 6 X 10° cells. The purification was repeated using different amounts of cells, and a typical result is presented.
> Rpb1 detected in the final precipitate was mostly in the ITo form (data not shown).

subjected to a chemical cross-linking experiment using ITL
(26). Both untreated complex (Fig. 7A, lanes 1 to 5) and
cross-linked complex (lanes 6 to 10) were fractionated by SDS-
PAGE, and each lane was immunostained with one of the five
species of antibody against Fcpl, Rpb2, Rpb4, Rpb7, and Tfg3.
The bands d and f of the untreated complex with mobilities of
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f-Fcpt - + -+ B
Fopl— —1-FCD1  ammanm - llo
- ==|lb
C fep1*fcp1:.urad*

1 2 3 4 56 7 8 910

FIG. 5. In vitro and in vivo functions of Fcpl. (A) Detection of
CTD-phosphatase activity in vitro. Approximately 50 ng of the pol 11
preparation containing both pol I1O and ITA was incubated at 30°C for
1 h with 0 (lanel), 0.25 (lanes 2 and 5), 0.5 (lanes 3 and 6), or 1 pg
(lanes 4 and 7) of recombinant Fcp1-H (lanes 2 to 4) or Fcplc-H (lanes
5 to 7), which is a C-terminal fragment of Fcpl lacking the catalytic
domain, and subjected to SDS-PAGE followed by Western blotting
with anti-Rpbl NTD antibody and anti-phosphorylated CTD MADb
HS5. The positions of the IIo and Ila forms of Rpbl are indicated.
(B) Effect of Fcpl overexpression on CTD phosphorylation in vivo.
Whole-cell lysates of JY741(pREP41), indicated as f-Fcpl minus (—),
and JY741(pREP-f-fcpl), indicated as plus (+), were subjected to
SDS-PAGE followed by Western blotting with anti-Fcp1, anti-Rpb5,
and anti-Rpbl NTD antibodies. (C) Tetrad analysis of the ura4-D18/
ura4-D18 fepl ™ /fepl::ura4™ diploid strain of S. pombe. Ten asci were
dissected, and spores from the same tetrad are arrayed vertically.

150 and 105 kDa (lanes 4 and 5), respectively, correspond to
Rpb2 and Fcpl. The weak signals at the same positions in
other lanes represent nonspecific cross-reaction owing to high
protein dosage.

In the analysis of the cross-linked complex (lanes 6 to 10),
the non-cross-linked Rpb2 (band d) and Fcpl (band f) mi-
grated more slowly than the corresponding proteins in the
non-cross-linked sample (lanes 1 to 5) owing to intramolecular
cross-linking and/or binding of the reagent ITL. As the molec-
ular sizes of pol II small subunits range between 7.2 and 34

A B C
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GST-Fcpt—
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FIG. 6. Direct interaction between Fcpl and pol 1I. (A) The f-pol
II isolated from strain JY741/f-rpb3 by (NH,),SO, extraction, polyeth-
yleneimine precipitation, and M, affinity chromatography was sub-
jected to SDS-10 to 20% PAGE. The gel was stained with CBB. The
pol II subunits are indicated on the left. (B) Purified GST and GST-
Fepl proteins were separated by SDS-PAGE. The gel was stained with
CBB. Migration positions of the full-length proteins are indicated.
Fast-migrating bands in the GST-Fcpl lane are degraded proteins.
(C) GST pulldown assay. f-pol II (250 ng) was incubated with 10 pmol
of GST or GST-Fcpl, and the complexes formed were isolated with
GSH-Sepharose. The resin-bound fractions were subjected to SDS-
PAGE followed by Western blotting with anti-Rpbl NTD and anti-
RpbS antibodies. The input shows 10% of the f-pol II used.
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FIG. 7. Interaction of Fcpl with Rpb4. (A) ITL cross-linking of the
Fepl/TFIIF/pol IIA complex. The complex without (lanes 1 to 5) and
with (lanes 6 to 10) ITL cross-linking was separated by SDS-6%
PAGE, and the gel was subjected to Western blotting with anti-Fcpl,
anti-Tfg3, anti-Rpb2, anti-Rpb4, and anti-Rpb7 antibodies. Each lane
was immunostained with one of these antibodies. A portion of the
membrane, including Fcpl-Rpb4 cross-link, is shown. No other Fepl
cross-link was detected with nine other species of anti-pol II subunit
antibodies. Positions of molecular size standards are indicated on the
left. The asterisks indicate the Fcpl-Rpb4 cross-link. The assignments
of other bands are: a, Rpb2-Rpb7 cross-link; b, Rpb2-Rpb4 cross-link;
¢, presumed Fcpl-TFIIFa cross-link; d, Rpb2; e, presumed Fcpl-
TFIIFB cross-link; f, Fcpl. The mobilities of Fcpl and Rpb2 corre-
spond to 105 and 150 kDa, respectively, but they shifted upward after
ITL treatment because of intramolecular cross-linking and/or binding
of ITL. Because of high protein dosages, all the antibodies and/or the
second antibody showed nonspecific cross-reaction against Fcpl and
Rpb2. (B) Interaction between GST-Rpb4/7 and Fcpl-H. (Lanes 1 to
3) SDS-PAGE of purified GST, GST-Rpb4/7, and Fcpl-H proteins
used in the GST pulldown assay. The gel was stained with CBB.
Positions of the full-length proteins are indicated on the left, and other
bands are degradation products. (Lanes 4 to 7) Fcpl-H was incubated
with GST or GST-Rpb4/7. The complexes formed were isolated with
GSH-Sepharose. The resin-bound fraction (lanes 6 and 7) and 10% of
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kDa, if Fcpl is cross-linked to one of the small subunits, the
cross-linked product should migrate between Rpb2 and Fcpl,
and it should react with both anti-Fcpl and antisubunit anti-
bodies. The band between Rpb2 and Fcpl, marked by asterisks
in lanes 6 and 8, was immunostained with both anti-Fcpl and
anti-Rpb4 antibodies. We concluded that this band represents
a cross-linked product between Fcpl and Rpb4. No other Fepl
cross-link was detected within that area, as checked with nine
species of other antisubunit antibodies (data not shown).
Cross-linking, if any, between the two large pol II subunits and
Fcpl could hardly be detected within the resolution limit em-
ployed (data not shown). Likewise, formation of cross-link
products including more than three components cannot be
expected due to low cross-linking efficiency. Assignments of
other bands are described in the figure legend.

Since ITL has a length of 14 A between the reactive sites for
cross-linking, cross-linking does not always represent a pro-
tein-protein direct interaction. In order to detect direct binding
between Fcpl and Rpb4, we carried out a GST pulldown assay
using purified recombinant proteins. The Rpb4 protein was
prepared as heterodimers with Rpb7 because of the insolubil-
ity of overexpressed Rpb4. GST-Rpb4/7 and Rpb4/7-H (60)
could be purified from the soluble fractions. The GST-Rpb4/7
preparation contained no protein immunoreactive with anti-
Fepl antibody (Fig. 7B, lane 5).

Fcpl-H was incubated with GST-Rpb4/7 or GST, and the
complexes formed were isolated with GSH-Sepharose. Fcpl-H
bound only to GST-Rpb4/7 (lanes 6 and 7), as revealed by
Western blotting of the isolated fractions. When Rpb4/7-H was
incubated with GST-Fcpl or GST (see Fig. 6B) and processed
similarly, Rpb4/7-H bound only to GST-Fcpl (Fig. 7C). The
recovery of Rpb7-H in the GSH affinity fraction was less than
that of Rpb4. This indicates partial dissociation of Rpb7-H and
specific binding of GST-Fcpl to Rpb4. Fcpl may induce the
dissociation of the Rpb4-Rpb7 complex. A stoichiometric
amount of Rpb7 was, however, contained in the f-Fcp1/TFIIF/
pol II complex, in agreement with the finding that Rpb7 binds
to pol II independently of Rpb4 (Fig. 8C). Another possibility
is that the dissociation of Rpb4/7-H was spontaneous and in-
dependent of Fcpl.

To examine binding of native Fcpl to the recombinant
Rpb4/7-H, whole-cell extract of JY741 was chromatographed
on an Rpb4/7-H-coupled column. Fcpl was detected in the
column-bound fraction (Fig. 7D), indicating that the extract
contained the unassembled form of Fcpl that can bind to
Rpb4/7-H.

Involvement of Rpb4 in Fcpl/TFIIF/pol II complex forma-
tion in vivo. To examine the role of the Fcpl-Rpb4 interaction
in the formation in vivo of the Fcpl/TFIIF/pol II complex, we

the proteins used (lanes 4 and 5) were subjected to Western blotting
with anti-Fcpl antibody. (C) Interaction between GST-Fcpl and
Rpb4/7-H. Rpb4/7-H was incubated with GST or GST-Fcpl and pro-
cessed as above. The anti-Rpb4 and anti-Rpb7 antibodies were used
for the Western blotting. Lane 1 shows 10% of the input Rpb4/7-H.
(D) Rpb4/7 affinity chromatography of the whole-cell extract. The
whole-cell extract prepared from JY741 was loaded onto an Rpb4/7-
H-coupled or a control column. After washing the columns, the pro-
teins bound were eluted with urea-buffer, and the eluted proteins were
subjected to Western blotting with anti-Fcp1 antibody.
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FIG. 8. Fcpl/TFIIF/pol II complex isolated from the rpb4 shut-off
strain. (A) Growth curve of the thiamine-dependent rpb4 shut-off
strain JY741/f-rpb3=rpb4. The strain contains the f-rpb3 gene and a
plasmid carrying the rpb4 cDNA under a thiamine-repressible pro-
moter, and the chromosomal rpb4 gene was disrupted. The cells were
cultured in EMM medium containing 150 pg of adenine per ml at
30°C. When the cell density was 10° cells/ml, 30 wg of thiamine per ml
was added. The horizontal axis indicates the time after thiamine ad-
dition. X, plus thiamine; @, without thiamine. (B) Intracellular con-
tents of Fcpl, Tfg3, and pol II subunits. The cells were harvested at the
indicated time from cultures of JY741/f-rpb3 with thiamine, JY741/f-
rpb3+rpb4 with thiamine, and JY741/f-rpb3£rpb4 without thiamine.
‘Whole-cell lysates were processed for Western blotting with anti-Rpb1
NTD, anti-Fcpl, anti-Rpb3, anti-Tfg3, anti-Rpb7, and anti-Rpb4 an-
tibodies. The same amount of total protein was loaded. An asterisk
indicates a nonspecific cross-reaction. (C) Fcpl/TFIIF/pol 11 complex
isolated from the rpb4 shut-off strain. The first extracts were prepared
from the same JY741/f-rpb3*rpb4 cells as in panel B. The f-Rpb3
complexes isolated from them were processed for Western blotting as
in panel B. Samples containing the same amount of Rpb3 were loaded.

Fepl/TFIIF/pol TIA COMPLEX 1585

constructed an S. pombe strain in which 7pb4 expression can be
shut off by the addition of thiamine. Plasmid pREP81-rpb4,
which carries the 7pb4 cDNA under a thiamine-repressible
promoter, was introduced into strain JY741/f-rpb3, and then
the chromosomal rpb4 gene was disrupted. The resultant strain
was designated JY741/f-rpb3+rpb4. Growth curves of the
strain in EMM medium with and without thiamine are shown
in Fig. 8A. Thiamine was added when the culture reached 10°
cells/ml, and cell growth stopped after three to four cycles of
cell division. This agrees with the observation that the pb4 is
essential for cell growth in S. pombe (60).

After the shut-off of Rpb4 synthesis, the intracellular con-
tents of Fcpl, Tfg3, and pol II subunits were determined by
Western blotting (Fig. 8B). The cells were harvested at various
times after thiamine addition and disrupted by the freezing
method to prevent protein degradation (see Fig. 5B). Under
the thiamine-minus condition, strain JY741/f-rpb3*+rpb4 ex-
pressed more Rpb4 (lanes 5 and 9 to 12) than the parental
strain (lanes 1 to 4). After the addition of thiamine, however,
Rpb4 was reduced gradually (lanes 6 to 8), and at 6 h, when the
cells were still growing, the Rpb4 content was reduced to
almost the same level as that of the parental strain (compare
lanes 6 and 1 to 4). In parallel with the reduction of Rpb4, both
the Ilo and IIa forms of Rpbl were increased by an unknown
mechanism. At 12 h, when the cells stopped growing, less Rpb4
was detected, and remarkably, the ITo form began to decrease
but ITa remained at a high level (lane 7). The decrease in the
ITo form might be due to inhibition of transcription initiation
because of the lack of Rpb4, or it could be due to a decreased
interaction between pol II and a CTD-kinase. The levels of
other pol II subunits and Fcpl remained constant up to 12 h.
At 18 h, when cell growth stopped, Rpb4 was hardly detected
and other proteins were also degraded (lane 8).

The Fepl/TFIIF/pol II complex containing f-Rpb3 was iso-
lated from the first extracts of JY741/f-rpb3+rpb4, and the
protein components were analyzed by Western blotting (Fig.
8C). The Rpb4 in the complex was reduced gradually after the
addition of thiamine, with concomitant reduction of Fcpl
(lanes 1 to 4). In the absence of thiamine, the Rpbl in the
complex was the Ila form (lanes 1 and 5 to 8). However, 6 h
after thiamine addition, the ITo form increased, and at 18 h, the
level of IIo was higher than that of IIa (lanes 1 to 4). The
contents of other components such as Rpb7 and Tfg3 re-
mained almost constant.

In contrast to the case with S. cerevisiae (16), the S. pombe
Rpb7 seems to be associated with pol II in the absence of
Rpb4. The complex isolated from the cells cultured without
thiamine did not show any change in the components during
this period (lanes 5 to 8). All these observations, especially the
one that both Fcpl binding to pol II and CTD-dephosphory-
lation were defective within the period when the cells were
growing normally (6 to 12 h after thiamine addition), indicate
that Rpb4 is important for the assembly in vivo of Fcpl into the
pol II complex and the dephosphorylation of CTD.

DISCUSSION

We have isolated the Fcpl/TFIIF/pol IIA complex from S.
pombe for the first time. This type of complex has not been
reported from other organisms. The successful isolation re-
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sulted from the use of low-salt buffer throughout the purifica-
tion and the simple method for complex isolation. Fepl, how-
ever, was not contained in the S. cerevisiae pol II complex
isolated with the anti-CTD antibody (71). This discrepancy
might have originated from the use of different antibodies.
Otherwise, the S. cerevisiae Fcpl does not form a complex with
pol II.

We used the fission yeast S. pombe because the transcrip-
tional mechanism is more similar to that of higher eukaryotes
(40, 55, 60), all the pol II subunit genes have been cloned (4, 5,
29, 47, 58, 59, 60, 63, 64), and the subunit-subunit interactions
have been well characterized (31, 32, 33). A large complex of
pol II holoenzyme has been isolated from S. pombe (66). A
similar holoenzyme could not be purified, at least by the
method employed. It might not be extracted, or the FLAG tag
on the N terminus of Rpb3 or C terminus of Fcpl might be
masked by other components in the holoenzyme. In fact, a
large amount of pol II remained unextracted in the final pre-
cipitates (see Table 2). Large amounts of Fcpl were also left
unsolved in the final precipitates, suggesting the existence of
other Fcpl-containing complexes.

The stoichiometry of Fepl in the Rpb3-tagged complex was
less than those of pol II subunits, indicating that Fcp1 is asso-
ciated with a portion of pol II molecules. The total number of
Fcpl molecules in strain JY741, which contains 10,000 mole-
cules/cell of pol II at exponential phase in a rich medium (33),
was measured as 3,500 = 300 molecules/cell by quantitative
Western blotting (data not shown). The amount of Fcpl-aso-
ciated pol II complex herein determined is consistent with the
intracellular level of Fcpl. This ratio supports the binding of
Fepl to pol II in a certain stage of the transcription cycle for
the processive reaction of CTD dephosphorylation.

The association of Fcpl with pol II that is not engaged in
transcription may prevent phosphorylation of the CTD by
CTD-kinases. The pol II isolated from the nuclease-treated
extract was also associated with a small amount of Fcpl. Most
of the nuclease-treated pol II was the pol IIO form, but Fcpl
was found to be associated only with pol IIA. This agrees with
the notion that elongation control includes phosphorylation
and dephosphorylation of the CTD (45, 70, 76).

Although the phosphatase activity of the recombinant
Fcpl-H was reasonably high with the artificial substrate p-
nitrophenyl phosphate (see Results), the CTD-phosphatase
activity in vitro was rather low as measured using purified pol
II substrate. Efficient dephosphorylation of CTD may require
an additional factor or condition. In the case of S. cerevisiae
and humans, TFIIF« interacts directly with Fcpl and stimu-
lates its CTD-phosphatase activity (1, 10, 35). As expected
from the function of Fcpl, the IIa form of Rpbl increased in
the Fcpl-overexpressing cells. When the cells were disrupted
by the glass beads method, Rpb1 degraded into the IIb form.
However, the degradation was less in the Fcpl-overexpressing
cells, suggesting that formation of the Fcpl/pol II complex
protects the CTD from degradation by proteinases. Since fcp!
disruptants are inviable, there seems to be no other phospha-
tase that can substitute for Fepl.

Several lines of evidence indicated direct binding between
pol IT and Fepl. From the previous results (1, 10), however, the
possibility cannot be excluded that a factor such as TFIIF
bridges pol II and Fcpl in the absence of Fepl-pol II direct
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binding. We concluded that Rpb4, which is a pol II-specific
subunit, is one of the Fcpl-interacting subunits of pol II. This
is consistent with the observation that neither recombinant
CTD nor purified Rpbl is the substrate of CTD-phosphatase
(10). The C-terminal region of S. cerevisiae Fcpl was shown to
interact with TFIIFa (35), and human TFIIFB was reported to
interact with Rpb5 (72). Taken together, the whole protein-
protein interactions among Fcpl, TFIIF, and pol II have been
elucidated.

In S. pombe, Rpb4 is a stably associated subunit of pol II,
and the rpb4 gene is essential for cell growth (60). In contrast,
it is one of the dissociable subunits in S. cerevisiae (14, 36), and
the rpb4 gene is nonessential for cell viability (74). Taking
advantage of its nonessential nature, the functions of Rpb4
were characterized in detail using S. cerevisiae. Altogether, the
results indicate the importance of Rpb4 in transcription initi-
ation (16, 52), especially at high temperature (44, 57). Here we
propose another function of Rpb4: it plays a role in assembly
of the Fcpl-pol II complex and thereby promotes CTD de-
phosphorylation for the reutilization of pol I in a new cycle of
transcription. This conclusion was strongly supported by the
result of the rpb4 shut-off experiment. After the shut-off of
Rpb4 synthesis, apparent defects were clearly observed in both
Fepl binding to pol I and CTD dephosphorylation, long be-
fore the cells showed any notable growth defect.

Another notable point in this work is the identification of S.
pombe Tfg3 in the same complex with TFIIFa and -B. This
suggested that S. pombe TFIIF, like S. cerevisiae (25) but dif-
ferent from human TFIIF, is composed of three species of
subunit, although a functional assay is needed to define the
essentiality of the Tfg3 subunit in TFIIF function. This finding
is rather unexpected, because the transcription mechanism of
S. pombe has been reported to be more similar in several
aspects to that of higher eukaryotes than to that of S. cerevisiae;
for example, the start site position (40), the functionality of
different classes of activator (55), and the structure and stoi-
chiometry of Rpb4 (60). The S. pombe transcription mecha-
nism might have in-between characteristics useful to connect
the knowledge of S. cerevisiae and higher eukaryotes.
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