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FCP1, a phosphatase specific for the carboxy-terminal domain of RNA polymerase II (RNAP II), was found
to stimulate transcript elongation by RNAP II in vitro and in vivo. This activity is independent of and distinct
from the elongation-stimulatory activity associated with transcription factor IIF (TFIIF), and the elongation
effects of TFIIF and FCP1 were found to be additive. Genetic experiments resulted in the isolation of several
distinct fcpl alleles. One of these alleles was found to suppress the slow-growth phenotype associated with
either the reduction of intracellular nucleotide concentrations or the inhibition of other transcription elon-
gation factors. Importantly, this allele of fcpl was found to be lethal when combined individually with two
mutations in the second-largest subunit of RNAP II, which had been shown previously to affect transcription

elongation.

The engine at the heart of the transcriptional apparatus is
RNA polymerase II (RNAP II), a protein complex comprising
12 subunits that are remarkably conserved throughout eu-
karyotes. Crystallographic studies with Saccharomyces cerevi-
siae RNAP II have given us the first detailed insights, at the
atomic level, of the molecular mechanism by which eukaryotic
RNA polymerases transcribe DNA (14, 16). RNA polymerases
cannot recognize the promoters of their target genes but rather
rely on accessory proteins, known in eukaryotes as general
transcription factors (GTFs) (37, 46). These factors recognize
conserved core promoter elements present in most protein-
coding genes and also interact directly with RNAP II, resulting
in the recruitment of RNAP II to the start site of transcription.

At least two forms of RNAP II have been detected in cells.
These isoforms result from the presence of a unique domain in
the C-terminal region of the largest subunit of RNAP II,
known as the carboxyl-terminal domain (CTD). In mammals,
this domain consists of 52 repeats of the consensus heptapep-
tide Tyr-Ser-Pro-Thr-Ser-Pro-Ser and appears from crystallo-
graphic studies to be unstructured (14). The precise function of
the CTD has been elusive, although it was speculated almost a
decade ago that it constitutes a binding site for protein factors
involved in transcriptional regulation and RNA processing (17,
18).

The initiation of transcription by RNAP II is a multistep
process that involves separation of the DNA strands at the
initiation site (promoter melting), formation of the first phos-
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phodiester bond of the transcript, and disruption of the inter-
actions between RNAP II and the promoter (promoter clear-
ance). The isoform of RNAP II that associates with
transcription initiation complexes contains an unphosphory-
lated CTD, whereas the isoform involved in transcription elon-
gation contains a phosphorylated CTD (4, 27, 36, 62). Thus,
the transition from initiation of transcription to elongation of
the transcript is accompanied by extensive phosphorylation of
the CTD of RNAP II.

A number of protein kinases have been implicated in the
phosphorylation of the CTD during the transition from tran-
scription initiation to elongation. Among these are the Cdk7
subunit of the GTF IIH (TFIIH) and the Cdk9 subunit of
P-TEFb, a factor that regulates transcription elongation (32,
35). The Cdk7 kinase phosphorylates serine 5 of the CTD
heptapeptide motif (32). And, while the specificity of human
P-TEFDb remains controversial, a close yeast homologue of its
Cdk9 subunit, Ctk1, modifies the serine residue at position 2 of
the CTD heptapeptide repeat (9).

The identification of FCP1, a protein phosphatase that ap-
pears to be dedicated to the CTD of RNAP II, supports the
notion that RNAP II toggles between nonphosphorylated and
phosphorylated forms during the transcription cycle. FCP1 de-
phosphorylates RNAP II in ternary elongation complexes (10)
as well as in solution (2, 3, 6-8, 10) and, therefore, is thought
to function in the recycling of RNAP II during the transcrip-
tion cycle (10).

The phosphorylation pattern of the CTD undergoes precise
changes during transcription; specifically, the phosphorylation
of serine 5 in the CTD motif occurs between transcription
initiation and promoter clearance and modification of serine 2
is found only when RNAP II is associated with the coding
region of the gene (9). Biochemical experiments suggest that
human FCP1 targets, with apparently similar affinities, CTDs
that are phosphorylated at serine 2 (CTD-serine 2) and/or
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CTD-serine 5. However, studies of yeast suggest that FCP1
targets CTD-serine 2 and does not dephosphorylate CTD-
serine 5 (9). Interestingly, chromatin immunoprecipitation
(ChIP) experiments performed with yeast show that FCP1
remains associated with RNAP II during transcription elonga-
tion.

In the present study, we demonstrate that human FCP1
functions as an elongation factor and stimulates the rate of
elongation by RNAP II. This effect is independent of the cat-
alytic activity of FCP1. Moreover, we have isolated yeast fcpl
mutants that display synthetic phenotypes in combination with
specific alleles of genes encoding other elongation factors or
elongation-defective forms of RNAP II.

MATERIALS AND METHODS

Purification of FCP1 and TFIIF and its derivatives. Recombinant FCP1 was
purified by using the baculovirus expression system. SF9 cells were infected with
recombinant baculovirus carrying the cDNA encoding human FCP1. Infected
cells were maintained at a cell density of 10° cells/ml for 60 h at 30°C. Recom-
binant proteins were purified by Ni-nitrilotriacetic acid—agarose chromatogra-
phy, followed by chromatography on a DEAE-cellulose column as previously
described (10).

TFIIF consists of two subunits, RAP74 and RAP30. Recombinant wild-type
RAP74, mutant forms of RAP74 (1-172, 1-217, and A137-356), wild-type RAP30,
and mutant forms of RAP30 (A91-105 and A106-120) were expressed individu-
ally in Escherichia coli and purified by Ni-nitrilotriacetic acid—agarose chroma-
tography under conditions of denaturation with 8 M urea. The individually
purified polypeptides (RAP30 and RAP74) were mixed at an approximately 1:1
molar ratio under denaturing conditions (8 M urea, 0.1 M Na,HPO,, 0.01 M
Tris-HCI [pH 7.9]), and the mixture was slowly dialyzed against 0.5 M urea-
containing buffer. Finally, samples were dialyzed against BC500 (20 mM Tris-
HC], 0.2 mM EDTA, 10 mM B-mercaptoethanol, 10% glycerol, 500 mM KCl
[pH 7.9]) and purified by gel filtration (Superdex200 fast protein liquid chroma-
tography column; in buffer BC500). The TFIIF heterodimers were then assayed
for transcription activity.

Transcription elongation assays. In vitro transcription assays were reconsti-
tuted with highly purified, E. coli-expressed TATA-binding protein, TFIIB,
TFIIE, and TFIIF, as well as highly purified, native RNAP II (18 ng) and TFITH
isolated from HeLa cells. Preinitiation complexes (PIC) were assembled on
biotinylated linear DNA that contained the adenovirus major late promoter,
which had been bound to streptavidin-coated Dynal beads. Specifically, the
EcoRI/Scal fragment of the plasmid pML20-47 (48) was biotinylated at the end
of the EcoRI site and bound to the streptavidin beads.

PIC were formed by incubating, for 20 min at 30°C, the GTFs, RNAP II, and
the DNA template (100 ng, bound to streptavidin beads) in transcription buffer
(13 mM HEPES, 5.2 mM MgCl,, 2% polyethylene glycol, 500 ng of poly[dG-dC],
45 g of bovine serum albumin [BSA; DNase and RNase free], 10 mM dithio-
threitol, 10 mM [NH,],SO,, 0.12 mM phenylmethylsulfonyl fluoride, 0.06 mM
EDTA) that contained 60 mM KCI (Txn60). Active PIC were selected by wash-
ing the beads with 0.05% Sarkosyl (in Txn60 buffer), and the resulting prepara-
tion was equilibrated with Txn60 buffer. The PIC were then incubated with
RNasin (16 U) and a mixture of nucleoside triphosphates (NTPs) (NTP,;.;: 0.9
mM adenylyl-(3’'—5")-cytidine (ApC), 20 uM dATP, 0.165 uM CTP, and 0.3 pM
[«->*P]UTP) for 5 min at 30°C and chased with 1 uM UTP for 5 min to produce
the +20 complex (see Fig. 1A). These stalled +20 complexes were washed with
0.05% Sarkosyl (in Txn60 buffer), equilibrated with Txn60 buffer, and then
incubated with 2.5 pM ATP, GTP, and CTP for 5 min to produce the +42
complex (see Fig. 1A). The +42 complexes were washed with 0.05% Sarkosyl (in
either Txn500 [as described above, but containing 500 mM KCI] or Txn100, as
indicated in the figure legends) and equilibrated with Txn60. This +42 complex
was used as starting material for the transcription elongation assays.

Elongation reactions were performed for 10 min at 30°C by incubating the +42
complexes with FCP1 and/or TFIIF (as indicated in the figure legends). The
complexes were then chased with a mixture of all four XTPs (at a concentration
of 30 uM each) for various periods of time, as indicated in the figure legends.
Reactions were stopped with stop buffer (0.3 M sodium acetate, 1 mM EDTA,
0.1% sodium dodecyl sulfate, 200 wg of glycogen/ml), and the reaction products
were subjected to phenol-CHCI; extraction and ethanol precipitation. Transcrip-
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tion elongation products were analyzed by electrophoresis on 7% acrylamide-8
M urea gels, and the gels were subjected to autoradiography.

Media and genetic manipulations. Yeast strain constructions and other ge-
netic manipulations were performed by standard methods (51). All yeast media
were prepared as described previously (22).

Isolation of fcpl alleles that confer sensitivity to 6-AU (6-AU®) and/or tem-
perature (ts™). fcpl alleles were generated by error-prone-PCR-mediated mu-
tagenesis. The DNA fragment encoding amino acids (aa) 29 to 445 was mu-
tagenized in the presence of 10 pM Mn>* with one of the deoxynucleotides
under limiting conditions (30 pM). The resulting PCR products were trans-
formed into the yeast strain YKCO001 with a linear centromeric plasmid that
contains the TRP1 marker and a gapped form of the FCP1 gene that lacks the
region encoding aa 29 to 445. TRP* transformants were isolated, purified, and
replica plated to 5-fluoroorotic acid (5-FOA) plates to cure the plasmid-borne
wild-type FCP1 allele. To identify colonies defective for growth at 38°C, the
5-FOA-resistant colonies were replica plated to SC plates lacking Trp (SC—Trp
plates) and incubated at 30 and 38°C, and temperature-sensitive (ts) colonies
were isolated. To determine whether the ts phenotype was linked to the fcp!
allele, plasmid DNA from fcp! ts mutants was isolated and rescored by using the
plasmid shuffle system described above. Strains that are defective for growth in
the presence of 6-AU were scored on SC medium containing 300 g of 6-azau-
racil (6-AU)/ml at 30°C.

Mutations that conferred 6-AU® or ts phenotypes were defined by sequencing
the fepl gene. Sequencing the mutant fcpl-As42 allele revealed that the isoleu-
cine at position 17 was mutated to valine and that the leucine at position 125 was
changed to proline. Allele fcpl-8-13 encodes a valine-to-alanine change at aa
399, allele fcpl-9-11 encodes a glycine-to-aspartic acid change at aa 232, and
fep1-9-19 encodes a proline-to-leucine change at aa 60, a glycine-to-valine
change at aa 162, and a serine-to-leucine change at aa 308.

Assay for 6-AU sensitivity. Test strains containing an fcp! allele that conferred
6-AU sensitivity were transformed with p186, a centromeric vector plasmid with
a URA3 marker gene, and selected colonies were grown overnight by using a
synthetic medium that lacked tryptophan and uracil (SC—Trp—Ura). Cultures
were diluted to an optical density at 600 nm of approximately 0.2, followed by
fivefold serial dilutions. The diluted cultures were spotted onto agar plates that
contained SC—Trp—Ura without or with 6-AU (50 pg/ml). The plates were
incubated for 3 days at 30°C and monitored for growth.

Yeast strains. Genotypes of yeast strains are shown in Table 1. Yeast strain
YKCO001 is a meiotic segregant of strain JA830 (2). The viability of YKC001 was
maintained by the centromeric plasmid p186 FCP1, which contains FCPI and
URA3. Transformation of YKCO001 with the centromeric plasmids p185 FCP1
(FCP1-TRP1), p185 fcplAs42, p185 fcpl-8-13, p185 fepl-9-11, and p185 fepl-
9-19, followed by counter selection of the URA3 marker with 5-FOA plates
(SC—Trp containing 5-FOA) generated strains YKC002 (FCPI), YKCO003 (fcp1-
As42), YKC004 (fcpl-8-13), YKCO05 (fcp1-9-11), and YKCO06 (fcpl-9-19), re-
spectively.

To generate an fcpIA spt4A double-knockout strain, strain YKC262, a MATa
fepI:LEU2 [FCP1-URA3] segregant derived from a cross between strains
YMH200 and YKCO001, was mated with strain FY114. This second cross yielded
a segregant that grew on SC plates lacking histidine, uracil, and leucine and that
was sensitive to 5-FOA (YKC262). Transformation of YKC262 with plasmids
p185 FCP1, p185 fcpl1As42, p185 fepl-8-13, p185 fep1-9-11, and p185 fepl-9-19,
followed by counter-selection of the URA3 marker on 5-FOA plates, generated
strains  YKC263 (FCPI), YKC264 (fcpl-As42), YKC265 (fepl-8-13),
YKC267(fcp1-9-11), and YKC268 (fcpl-9-19), respectively. To determine
whether the 6-AU sensitivity of YKC264 was dependent on the genomic deletion
of spt4, yeast strains YKC263 to YKC268 were transformed with pBM25, a
URA3-centromeric plasmid that contains the wild-type SPT4 gene (33). To gen-
erate a strain that carries an rpb2 mutation encoding an altered form of the
second-largest subunit of RNAP II with an fepl knockout, YKC200 was mated
with either strain Z103 or Z106 (26, 49, 50). From this cross, we isolated haploid
progeny that were either 5-FOA sensitive (strain FR7) or that grew on SC
medium containing Trp (strain FR10). Transformation of FR7 with plasmids
p185 FCP1, p185 feplAs42, p185 fepl-8-13, p185 fepl-9-11, and p185 fep1-9-19,
followed by counter-selection of the URA3 marker with 5-FOA, generated
strains FR71 (FCPI), FR72 (fcpl-As42), FR73 (fcp1-8-13), FR74 (fcpl-9-11),
and FR75 (fcpI-9-19), respectively. Transformation of FR10 with plasmids p185
FCP1, p185 fcplAs42, p185 fepl-8-13, p185 fepl-9-11, and p185 fepl-9-19, fol-
lowed by counter-selection of the URA3 marker on 5-FOA plates generated
strains FR101 (FCPI), FR102 (fcpl-As42), FR103 (fcpl-8-13), FR104 (fepl-9-
11), and FR105 (fcp1-9-19), respectively.
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TABLE 1. Genotypes of the strains used
Strain Genotype
JAB30 e MATa/MATo canl-100/cani-100 his3-11,15/his3-11,15 leu2-3,112/leu2-3,112 trpl11/trpl-1 ura3jura3
ade2-1/ade2-1 FCPI|fcpl::leu2
YEKCOOT .t MATo canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ade2-1 fcpl::LEU2 [FCP1 URA3 CEN]
YKC002... . MATo canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ade2-1 fcpl::LEU2 [FCP1 TRPI CEN]
YKCO003... . MATo canl-100 his3-11,15 leu2-3,112 trpI-1 ura3 ade2-1 fepl::LEU2 [fcpl-As42 TRPI CEN)]

YKC004 ...
YKCO005 ...
YKCO006...
YMH200..
YKC200...
YKC262...
YKC263...
YKC264 ...
YKC265 ...
YKC267 ...
FY1114 ...

. MATo canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ade2-1 fepl::LEU2 [fcpl-8-13, TRPI CEN)]
. MATo canl-100 his3-11,15 leu2-3,112 trpI-1 ura3 ade2-1 fepl::LEU2 [fcpl1-9-11 TRP1, CEN]
. MATo canl-100 his3-11,15 leu2-3,112 trpl1-1 ura3 ade2-1 fcpl::LEU2 [fcpl-9-19 TRP1 CEN)]
.. MATa ura3-52 leu2-3,112 his3 trpI-1 ade2-1 ydrl::HIS3 [CEN URA3 YDRI]

.. MATa his3-11,15 leu2-3,112 trpI-1 ura3 ade2-1 fcpl::LEU2 [FCP1 URA CEN)]

. his3 leu2-3,112 trpl-1 ura3 fepl::LEU2 spt4::HIS3 [fcpl1-9-19 TRP CEN]

. MATo his4-9123 lys2-1283 leu2-3,112 trpl-1 ura3-52 his3 spt4::HIS3

. MATo ura3-52 his3A200 leu2-3,112 rpb2A297::HIS3 [pRP2-7TL(LEU2 CEN rpb2-7)]

. MATo ura3-52 his3A200 leu2-3,112 rpb2A297::HIS3 [pRP2-10L(LEU2, CEN, 1pb2-10)],

RESULTS

FCP1 affects elongation by RNAP II in a reconstituted tran-
scription system. To expand our previous observations, which
suggested that FCP1 affects the efficiency of elongation by
RNAP II independent of its catalytic activity (10), we recon-
stituted transcription assays in vitro with purified factors.
These assays are designed so that RNAP II could be “walked”
to specific sites on the DNA template. The approach used is
described in the legend for Fig. 1A and is similar to the ap-
proach used previously to analyze the fate of transcription
factors during the transcription cycle (61). In brief, transcrip-
tion initiation complexes were formed on a bead-bound DNA
template that contained the adenovirus major late promoter.
Sequences downstream of the transcription start site were
modified to allow the stalling of RNAP II by nucleotide star-
vation at defined sites. Stalled complexes were washed to re-
move nucleotides and free transcription factors, and then a
new mixture of nucleotides was added to resume elongation in
the presence or absence of transcription elongation factors.
Aliquots of the reaction mixture were withdrawn at various
time points, and the rate of elongation was measured by ana-
lyzing the sizes of the RNAs on denaturing polyacrylamide
gels.

RNAP II elongation complexes were stalled 42 nucleotides
downstream of the transcription start site (+42; Fig. 1B, lane
1). These stalled complexes were washed as described in the
legend for Fig. 1A and then chased in the presence of FCP1.
Under these conditions approximately 70% of the complexes
stalled at +42 were able to be chased to larger products in a
time-dependent manner (Fig. 1B, lanes 2 to 4). When stalled
complexes were supplemented with recombinant, highly puri-
fied FCP1, two effects were observed. First, the amount of
complex released from stalling was increased modestly, from
70 to approximately 90% (Fig. 1B, compare lanes 2 to 4 with
lanes 6 to 8). Second, and most importantly, the rate of elon-
gation was stimulated. For example, after 20 s of elongation,
the RNA products produced in the presence of FCP1 were
larger than those observed in the absence of FCPI1. In fact,

these longer transcripts appeared to be similar in length to
those observed after 1 min of elongation in the absence of
FCP1 (compare lane 6 with lanes 2 and 3). Moreover, after 1
min of chase, the elongation products formed in the presence
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FIG. 1. Effect of FCP1 on transcription elongation by RNAP II in
a reconstituted system. (A) Template DNA sequence and experimen-
tal scheme for the isolation of stalled +42 complexes (see Materials
and Methods for details). (B) Ternary +42 complexes (washed with
Txn100 and equilibrated with Txn60) were incubated alone (lanes 1 to
4) or in the presence of FCP1 (60 ng; lanes 5 to 8) for 10 min at 30°C
and then chased with 30 wM concentrations of each of the four XTPs
(ATP, GTP, CTP, and UTP). Reactions were stopped at various time
points (0, 20, 60, and 180 s, respectively), and then reaction products
were subjected to phenol-chloroform extraction and ethanol precipi-
tation, after which were analyzed by electrophoresis on polyacrylam-
ide-urea gels followed by autoradiography.
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FIG. 2. Transcription elongation by FCP1 in the presence and absence of TFIIF. (A) Ternary +42 complexes were isolated as described in the
legend to Fig. 1, washed with Txn100, equilibrated with Txn60, and incubated for 10 min at 30°C alone (lanes 1 to 5), with FCP1 (60 ng; lanes 9
to 13), with TFIIF (1.5 ng; lanes 15 to 18), or with FCP1 and TFIIF (lanes 19 to 23). Reaction mixtures were chased with 30 wM concentrations
of each of the four XTPs, and reactions were stopped at various time points (0, 20, 60, 180, and 540 s, respectively). BSA (60 ng) was used as a
control protein (lanes 6 to 8). (B) Ternary +42 complexes (washed with Txn500 and equilibrated with Txn60) were incubated with various
concentrations of TFIIF (0.38, 0.75, and 1.5 ng in lanes 3, 4, and 5, respectively) alone or in the presence of an additional 60 ng of FCP1 (lanes
6 to 8) for 10 min at 30°C. The reaction mixtures were then chased with 30 wM concentrations of each of the four XTPs, and reactions were stopped

after 1 min.

of FCP1 were similar in size to those observed after 3 min of
elongation in the absence of FCP1 (compare lane 7 with lane
4). Full-length products were observed only in the presence of
FCP1 after 3 min of chase. Taken together, these results show
an approximately threefold stimulation in the rate of transcrip-
tion elongation upon addition of FCP1. The effects observed
were specific for FCP1, as the addition of an equivalent
amount of BSA was without effect (Fig. 2).

We next compared the effect of FCP1 on elongation with
that of TFIIF, a known elongation factor that interacts with
FCP1 (2, 8, 10). As in the above experiments, RNAP II com-
plexes that had been stalled at +42 were supplemented with
FCP1 or TFIIF or both. FCP1 and TFIIF were both able to
stimulate elongation rates on their own (Fig. 2A, compare
lanes 2 to 5 with lanes 10 to 13 and 15 to 18); however, the
patterns of paused complexes at early elongation time points
for the two factors differed. For example, TFIIF appeared to
be more efficient at stimulating elongation at early time points.
After 20 and 60 s of elongation, although the lengths of the

growing RNAs appeared relatively similar with both TFIIF and
FCP1, the number of paused complexes proximal to the pro-
moter was decreased in the presence of TFIIF (compare lanes
15 and 16 with lanes 10 and 11). At later time points (3 and 9
min), we again observed that the lengths of the elongation
products produced in the presence of either FCP1 or TFIIF
appeared to be similar; however, the intermediate elongation
complexes were modestly decreased in the presence of TFIIF
(compare lanes 12 and 13 with lanes 17 and 18). In addition,
TFIIF failed to increase the number of stalled complexes re-
leased from the +42 site upon nucleotide addition (compare
lanes 15 to 18 with lanes 10 to 13 and 2 to 5). The addition of
both FCP1 and TFIIF to the stalled complexes resulted in an
increase in the elongation rates observed when each of the
factors was added individually; moreover, the efficiency of
elongation was clearly enhanced. For example, after 20 s of
elongation in the presence of FCP1 and TFIIF, the number of
paused intermediates was quite small compared to the num-
bers observed when each factor was added individually. In
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addition, the bulk of the RNA appeared to be in relatively
homogeneous elongation complexes. After 1 min of elongation
in the presence of FCP1 and TFIIF, although the elongation
complexes appeared to be heterogeneous, the bulk of the RNA
was larger than the RNA species observed when TFIIF and
FCP1 were added separately (compare lane 21 with lanes 11
and 16).

To expand these elongation studies, we analyzed the effect
of adding various amounts of TFIIF in the presence and ab-
sence of saturating amounts of FCP1. Reaction mixtures were
chased for 1 min. The results of this experiment demonstrate
that, in the presence of excess FCP1, TFIIF is most efficient at
stimulating elongation (Fig. 2B).

FCP1 can affect transcription elongation in the absence of
TFIIF. To further characterize the function of FCP1 during
elongation by RNAP II and to study the dependence of FCP1
on TFIIF, a series of TFIIF mutant proteins were used in
elongation studies.

TFIIF has diverse functions in the transcription cycle. This
multifaceted factor participates in (i) the delivery of RNAP II
to promoter sequences (47, 57), (ii) promoter clearance (13,
55), (iii) elongation (5, 15), and (iv) the recycling of RNAP II.
The recycling function is thought to be accomplished through
TFIIF-mediated stimulation of the FCP1-CTD phosphatase
activity (10). Distinct domains in the RAP30 and RAP74 sub-
units of TFIIF perform these diverse functions. Our goal was
to isolate TFIIF mutants that are defective in the stimulation
of elongation but that retain the other functions required for
transcription. To this end, we obtained a variety of RAP30 (55)
and RAP74 (28, 29, 57) deletion mutants that had been pre-
viously characterized by others, expressed the mutant polypep-
tides in bacteria, and purified the recombinant proteins and
used them to reconstitute TFIIF activities in in vitro transcrip-
tion assays (Fig. 3A and B). The mutant versions of TFIIF
were analyzed for their ability to function during transcription
initiation, promoter clearance, and elongation. All but one of
the mutants analyzed were capable of mediating transcription
initiation, as measured in an abortive-initiation assay; the one
mutant that was impaired in this function had a large internal
deletion in RAP74 (A137-356) (Fig. 3C). In the same assay, we
analyzed the ability of the mutant TFIIF proteins to mediate
promoter clearance by generating a 20-nucleotide transcript.
This assay revealed that the two RAP30 mutants with internal
deletions, A91-105 and A106-120, were severely impaired, as
reported previously (55). It is interesting that one TFIIF mu-
tant that contained a RAP74 subunit with a deletion of 300
COOH-terminal amino acids was able to function in promoter
clearance (Fig. 3C); however, the removal of an additional 45
aa from the C-terminal end impaired this activity (Fig. 3C). To
analyze the functions of the mutant TFIIF proteins during
elongation, transcription initiation complexes were formed by
using wild-type TFIIF and elongation complexes stalled at the
+42 site were produced. The complexes were washed exten-
sively with transcription buffer containing 0.5 M KCI and Sar-
kosyl so that any wild-type TFIIF associated with the stalled
elongation complex was removed (data not shown). The com-
plexes were then washed with transcription buffer and allowed
to reinitiate elongation in the presence of the various TFIIF
mutants. The efficiency of elongation was analyzed as de-
scribed above. This analysis revealed that TFIIF mutants de-
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fective in promoter clearance were also defective in stimulating
elongation (Fig. 3D).

The ability of FCP1 to stimulate transcription elongation in
the presence of the various TFIIF mutants was analyzed as
described in the legend for Fig. 3D, except that elongation was
allowed to proceed for 30 and 60 s (Fig. 4). Consistent with the
results presented above, FCP1 was able to stimulate elongation
whether or not TFIIF was present in the reaction mixture and
addition of the TFIIF mutant proteins did not affect the ability
of FCP1 to stimulate elongation. Moreover, the TFIIF mutant
that lacked the RAP74 C-terminal sequences, which include
the previously mapped FCP1 binding site (RAP74 A218-517),
was able to stimulate elongation. More importantly, in the
presence of FCP1, the elongation-stimulating activity of the
TFIIF C-terminal mutant was also further activated and was
similar to activities observed with wild-type TFIIF and FCP1.
Thus, we conclude that TFIIF and FCP1 have independent
functions during elongation by RNAP II. In agreement with
our previous findings, we also observed that the elongation-
stimulatory activity of FCP1 is independent of FCP1-associ-
ated phosphatase activity (data not shown) (10).

Isolation of fcpl alleles that implicate the FCP1 protein in
RNAP II elongation in vivo. In an attempt to study the FCP1
elongation effect in vivo, we used error-prone PCR to generate
altered forms of yeast Fcpl. To avoid the TFIIF interaction
domain, which was previously mapped to the COOH-terminal
region of FCP1 (2, 3), the mutation sites were limited to the
NH, terminus of Fcpl. We first used a plasmid-shuffling tech-
nique to test the mutant fcp! alleles for their ability to com-
plement growth in the absence of the essential wild-type FCPI
gene. The viable strains that contained fcp! alleles were then
tested for several phenotypes, including heat and cold sensi-
tivity and 6-AU sensitivity. The nucleotide analog 6-AU causes
the depletion of the cellular nucleotide pool and diminishes
the growth of a yeast strain when transcription elongation is
compromised (30, 41).

The fcp1-As42 mutant exhibited a tight ts phenotype at 38°C
and grew slower than the wild-type strain at 30°C (Fig. SA and
B). When yeast cells were grown at 38°C, 6-AU was generally
toxic, even in the wild-type strain. However, growth at 30°C
was restored when the fcpl-As42 mutant was grown in the
presence of 6-AU (Fig. 5B). In fact, the fcpl-As42 mutant grew
better in 6-AU than did yeasts that carry the wild-type allele
(data not shown). Thus, 6-AU suppresses the slow-growth phe-
notype associated with the fepl-As42 allele.

DNA sequence analyses of the fcpl alleles revealed two
encoded amino acid substitutions. One of the replacements
(I125P) lies in the putative zinc binding region, whereas the
other is an I17V replacement (Fig. 5C).

Synthetic phenotypes associated with certain alleles of fcp1
and spt4 or rpb2. To further analyze the effect of FCP1 in
elongation, we sought to identify putative synthetic phenotypes
associated with the fcpl-As42 allele and alleles of genes that
encode proteins known to affect elongation. We began the
analysis by monitoring changes in the growth of strains that
carry previously characterized mutations in elongation factors
that confer 6-AU sensitivity. We first analyzed SPT4. SPT4 and
SPT5 were initially characterized as genes that encode
polypeptides that affect chromatin structure (54, 60). More
recently, genetic studies have shown that certain alleles of
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FIG. 3. Characterization TFIIF mutants used for FCP1 interaction and elongation assays. (A) Schematic diagram of the TFIIF mutants used
in these experiments. Wt, wild type. (B) Silver stain of the various TFIIF mutant proteins (heterodimers), which had been purified through the
gel filtration step. (C) Functions of the various TFIIF mutants in transcription initiation. PIC were assembled as described for Fig. 1 with all of
the GTFs and with two different amounts of either wild-type TFIIF or mutant versions of TFIIFs (0.2 and 0.8 nmol) in transcription buffer (as
described in Materials and Methods) and incubated at 30°C for 30 min. NTP_;, (0.9 mM ApC, 20 uM dATP, 0.165 pM CTP, and 0.3 puM
[a-**P]UTP) was added, and the reaction mixture was incubated for 5 min at 30°C and chased with cold UTP for an additional 5 min (see Materials
and Methods) as described for Fig. 1. Reactions were stopped by adding stop buffer, and the reaction products were subjected to phenol-
chloroform extraction and ethanol precipitation and then were separated by electrophoresis on a polyacrylamide-urea gel and visualized by
autoradiography. (D) Functions of the various TFIIF mutants in elongation. Stalled ternary +42 complexes were isolated as described for Fig. 1
(by using wild-type TFIIF in the PIC), washed with 0.05% Sarkosyl, washed twice with Txn500, and equilibrated with Txn60. Isolated +42
complexes were then incubated alone (lane 1) or with two different concentrations (0.2 and 0.8 nmol) of either wild-type (lanes 2 and 3,
respectively) or mutant (lanes 4 to 13) TFIIFs for 10 min at 30°C. The reaction mixtures were then chased with 30 pM concentrations of each of
the four XTPs for 1 min. Products were analyzed as described for panel C.

these genes confer phenotypes that suggest defects in tran-
scription elongation (19, 56). In human cells, the products of
homologues of SPT4 and SPT5 are subunits of DSIF, a protein
complex that regulates transcription elongation (56). In yeast,
SPT5 is essential for viability, whereas SPT4 is not (19, 31, 54).
However, upon deletion of SPT4, yeast becomes 6-AU sensi-
tive (31).

A yeast strain that lacks both SPT4 and FCPI was con-
structed in the presence of a plasmid bearing the wild-type
FCP1I allele on a URA3 plasmid. When fcp1-As42 replaced the
wild-type FCPI allele in an spt4 knockout background, the

slow-growth phenotype associated with the fcpl-As42 allele
was suppressed and the 6-AU sensitivity associated with the
spt4 deletion was dampened (Fig. 6A). The 6-AU resistance
phenotype did not depend on the presence of SPT4 (Fig. 6A).
Similar results were obtained with PPR2, a gene that encodes
the well-characterized transcription elongation factor TFIIS,
which stimulates the intrinsic 3'-to-5" RNase activity associated
with RNAP II. This activity allows RNAP II to pass through
“roadblocks” in the DNA template (59). Taken together, these
genetic experiments suggest that FCP1 affects elongation in
vivo; however, its function in elongation is different from the
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FIG. 4. Kinetics of transcription elongation with FCP1 in the presence and absence of various TFIIF mutants. Ternary +42 complexes were
isolated as described for Fig. 3D and incubated for 10 min at 30°C under the following conditions: alone (lanes 1 to 3), with FCP1 alone (60 ng;
lanes 4 to 6), with wild-type (Wt) TFIIF (8 pmol) in the absence of FCP1 (lanes 7 to 9), with wild-type TFIIF in the presence of FCP1 (lanes 10
to 12), with mutant TFIIFs (40 pmol) in the absence of FCP1, and with mutant TFIIFs in the presence of FCP1 (60 ng) (lanes 13 to 41). The
reactions were then chased with 30 WM concentrations of each of the four XTPs and stopped at various time points. The reaction products were

analyzed as described for Fig. 3C.

functions of DSIF and TFIIS. Coupling the in vivo results with
the biochemical results described above, we conclude that
FCP1 affects the rate of transcription elongation.

To further decipher the function of FCP1 during elongation,

WTp

Asd2
fopi-As42
7V N25P

CNHDIVYGGLCTQCKE S.cerevisiae

FIG. 5. Isolation of FCPI alleles that implicate FCP1 in elongation by
RNAP II in vivo. Mutant fepl alleles were generated by error-prone PCR
and tested for their ability to complement growth in the absence of
wild-type (Wt) genomic FCP1 by using a plasmid-shuffling technique.
Viable strains containing fcp! alleles were then tested for various pheno-
types, including heat and cold sensitivity (A) and 6-AU sensitivity (B).
WTp, plasmid bearing the wild-type gene. (C) Precise mutation in the
fepl-As42 allele. The sequence represents the putative Zn binding do-
main, and the replacement is within this domain. Red, catalytic conserved
domain; blue, RAP74 interaction domain in C terminus of FCP1.

we attempted to identify synthetic phenotypes caused by the
fep1-As42 allele and alleles of rpb2, the gene that encodes the
second-largest subunit of RNAP II. Two alleles of RPB2 have
been relatively well characterized; a single amino acid replace-

A FCP1
WTp
As42
WTp
As42

WTp
As42

-6AU

FIG. 6. Synthetic phenotypes associated with various mutant alleles of
fepl and either spt4 or rpb2. (A) 6-AU sensitivity assay of the fepl-As42
allele in the absence of SPT4. Isogenic yeast strains that contained either
wild-type (WT) FCPI or mutant fcpl-As42 were analyzed for 6-AU sen-
sitivity in the background of a genomic knockout (KO) of SPT4. Versions
of the FCPI and SPT4 alleles carried by the strains that were assayed are
indicated at the left. WTp, plasmid bearing the wild-type gene. (B) fepI-
As42 is synthetically lethal when elongation is compromised, as it is when
certain rpb2 alleles are present. The viability of yeast strains that contained
mutant rpb2 alleles with either mutant fep! alleles (fepl-As42, fepl-9-19,
fep1-9-11, or fepl-8-13) or wild-type FCPI is shown. The fcp! plasmids
were shuffled into strains that contained either rpb2-7 (top) or rpb2-10
alleles (bottom), and the newly created strains were then streaked on agar
plates with (+FOA; to counter-select the wild-type FCPI) or without
(—FOA; control) FOA.
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ment of Pro with Ser at residue 1018 (rpb2-10) results in 6-AU
sensitivity and compromises the RNAP II elongation rate in
vitro (30, 41), and the substitution of a Cys residue for an Arg
at position 122 (rpb2-7) results in 6-AU sensitivity but does not
affect the elongation rate in vitro (41). Accordingly, fepl-As42
was shuffled into strains that bear either the rpb2-10 or rpb2-7
alleles. Strains that contained either rpb2-10 or rpb2-7 were not
viable when these alleles were combined with the fcpl-As42
allele (Fig. 6B). This “synthetic lethal” phenotype observed
with the 7pb2 mutant alleles and fcpl-4s42 was allele specific,
as three other fcpl mutant alleles did not affect viability (Fig.
6B); indeed, these three fcpl alleles actually suppressed the
slow-growth phenotype associated with rpb2-7 and rpb2-10
(data not shown). In addition, these three alleles of fep! (fepl-
8-13,-9-11, and -9-19) rescued the 6-AU sensitivity associated
with rpb2-7 (data not shown). Finally, these alleles did not alter
the 6-AU sensitivity associated with rpb2-10 (data not shown).

DISCUSSION

Over the last several years, researchers have begun to ap-
preciate the complexity of elongation by RNAP II (for reviews
see references 11, 38, 42, and 52). Taken together, the results
of various studies have established that transcription elonga-
tion by RNAP II is a highly regulated process (38, 42). This
regulation is mediated by a number of factors that operate at
different steps in the elongation process.

Some of these factors, such as NELF, inhibit elongation
(56), most likely during promoter clearance. This inhibition is
thought to be connected with a checkpoint that couples 5’
capping of nascent RNAs with the establishment of an elon-
gation-competent form of RNAP II (for details see references
34 and 38). Other factors, such as P-TEFb, overcome the
negative effect of NELF and also positively stimulate transcrip-
tion elongation by phosphorylating the CTD of RNAP II at a
step subsequent to transcription initiation (1). P-TEFb is a
multifunctional factor, as it is also required for the establish-
ment of an RNAP II elongation-competent complex (9, 38).
Other factors function to stimulate transcription elongation by
increasing the rate of elongation or by preventing the pausing
and/or arrest of the elongation complex (43, 44, 52, 53). TFIIF,
SIII, and ELL (52, 53) are among the factors known to stim-
ulate the elongation rate directly. TFIIS stimulates a 3'-to-5’
RNase activity present in RNAP II and is required to over-
come arrest (20, 21, 45).

In this study, we showed that FCP1, a phosphatase that is
highly specific for the CTD of RNAP II (10), stimulates tran-
scription elongation. The FCP1 elongation-stimulatory activity
was demonstrated by using a reconstituted transcription sys-
tem. All of the components of this system were defined bio-
chemically as well as in vivo. The in vivo characterization
involved analyses of the phenotypes associated with various
fepl alleles in combination with distinct alleles of other factors
previously shown to have a function in elongation. The FCP1
elongation-stimulatory activity is independent of the CTD
phosphatase activity (10) (data not shown).

The in vitro transcription experiments allowed us to analyze
the effect of FCP1 on elongation at a mechanistic level and to
study the relation between FCP1 and TFIIF. TFIIF was shown
previously to affect elongation rates (5, 15), to interact with
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FCP1 (8, 10), and to regulate the phosphatase activity of FCP1
(10). Here, FCP1 was shown to stimulate elongation rates
independent of TFIIF. However, we also observed that the
elongation-stimulatory effects of TFIIF and FCP1 are additive.
Although the precise mechanism by which TFIIF and FCP1
stimulate elongation rates is unknown, we speculate that the
effect is mediated through interactions with RNAP II and/or
the nascent RNA which result in the alteration of the structure
of the RNAP II elongation complex. Interactions with the
nascent RNA could be mediated through the BRCT domain
present at the C terminus of FCP1 (25, 63). It was recently
suggested that the BRCT domain serves as an RNA binding
domain.

Because the elongation-stimulatory effects of TFIIF and
FCP1 are additive, it is likely that the two proteins stimulate
elongation rates by distinct mechanisms (for example, they
may induce different conformational changes in the elongation
complex). Recent studies have demonstrated that FCP1 di-
rectly interacts with the Rpb4 subunit of RNAP II (24), and
previous studies demonstrated that the small subunit of TFIIF,
RAP30, interacts with the Rpb5 subunit of RNAP II (58).
Although it is not known which subunit of RNAP II interacts
with RAP74 (the largest subunit of TFIIF), DNA-protein
cross-linking studies with transcriptionally competent initiation
complexes indicate that RAP74 is in close proximity to RNAP
IT subunits Rpbl and Rpb2 (23). Therefore, it is likely that
FCP1 and TFIIF each interact directly with a distinct subunit
of RNAP IL

It is also possible that TFIIF interacts with nascent RNA
indirectly by binding to FCP1. However, even though TFIIF
and FCP1 interact directly, this interaction appears not to be
required for the elongation-stimulatory activity of these fac-
tors. This notion is supported by our experiments with a TFIIF
derivative that contained a version of RAP74 from which aa
218 to 517 (which include the FCP1 binding site) had been
deleted (RAP74 1-217). RAP74 1-217 was shown to interact
functionally with FCP1 and RNAP II; that is, TFIIF derivatives
that contained this mutant version of RAP74 increased elon-
gation rates to levels above those observed with FCP1 alone
(Fig. 4).

The biochemical observations that demonstrate a role for
FCP1 during the elongation phase of the transcription cycle
are further supported by experiments performed in vivo. Re-
cent studies have established a genetic interaction between
FCP1 and the elongation factor TFIIS (12). And our own
results described herein, derived from the isolation of a variety
of fepl alleles, established a genetic relationship between
FCP1 and various other factors that affect elongation. For
example, the fcpl-As42 allele was found to cause lethality in
combination with alleles of rpb2 that confer sensitivity to
6-AU, a drug that diminishes intracellular concentrations of
GTP and UTP and that is thought to slow elongation in vivo.
Under wild-type conditions, elongation is an efficient process;
however, reductions in the concentrations of the nucleotide
pools result in an imbalance of elongation, which is reflected
phenotypically as slow growth in the presence of 6-AU. Muta-
tions in elongation factors such as DSIF and TFIIS can en-
hance the sensitivity of a strain to 6-AU; interestingly, 6-AU
sensitivity can also be decreased when elongation factors with
diminished capacity are present. Indeed, the fcpl-As42 allele
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was found to suppress 6-AU sensitivity. Similar results have
been observed with certain alleles encoding other transcription
factors, such as the chromatin-specific elongation factor FACT
(39). We speculate that, because the products of these alleles
impair the function of elongation factors that are required
constantly to maintain efficient elongation rates, the moving
RNAP II complex proceeds at a slower rate and can then
tolerate a decrease in the concentration of the nucleotide pool.
This “recovered balance” between the efficiency of the elon-
gating machinery and the nucleotide pool results, phenotypi-
cally, in better growth in the presence of 6-AU.

Our biochemical analyses established that, although TFIIF
and FCP1 both stimulate elongation rates, the mechanisms by
which they accomplish this feat are apparently different. The
concentration of TFIIF that is required for optimal stimulation
of elongation is catalytic with respect to RNAP II elongation
complexes. This finding is supported by previous biochemical
studies that showed that TFIIF is transiently required to stim-
ulate elongation rates and that TFIIF is released from mature
elongation complexes (61). These early biochemical observa-
tions are supported by recent ChIP experiments that revealed
that TFIIF is not associated with active elongation complexes
(40). On the other hand, stoichiometric concentrations of
FCP1, with respect to RNAP II elongation complexes, are
required for optimal stimulation of elongation, and recent
ChIP experiments suggest that FCP1 remains associated with
the elongation complexes as the transcription reaction pro-
ceeds (9). Therefore, these results collectively imply that that
there is a constant requirement for FCP1 during elongation
and that the mode of action of FCP1 is different from those of
TFIIF and TFIIS.
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