










This suggested that Fcp1p interacts with the first cyclin-related
repeat of TFIIB.

Similar regions of Fcp1p bind TFIIB and RAP74. We used
the TFIIB core domain as an affinity chromatography ligand to
test which regions of yeast Fcp1p are involved in the Fcp1p-
TFIIB interaction. Versions of Fcp1p with carboxy-terminal
and amino-terminal deletions were tested for the ability to
bind immobilized GST-TFIIB (amino acids 100 to 345). We
had previously shown that two adjacent regions of yeast Fcp1p
containing amino acid residues 457 to 666 and 667 to 732 can
each bind yeast RAP74 independently (3) (see also Fig. 4B).
These two regions were also able to bind to GST-TFIIB (ami-
no acids 100 to 345) (Fig. 4A). In this case, a thioredoxin
(TRX) fusion protein containing amino acid residues 457 to
666 of Fcp1p bound GST-TFIIB (amino acids 100 to 345)
more strongly than a TRX-Fcp1 (amino acids 667 to 732)
fusion protein. We were unable to detect binding when we
tried to further subdivide these regions of Fcp1p, suggesting
that more extensive deletions influence the proper folding of
these regions (Kobor and Greenblatt, unpublished data). Of
the proteins with carboxy-terminal deletions that we tested, the
protein lacking amino acid residues 667 to 732 of Fcp1p was
only slightly compromised in TFIIB binding whereas removal
of amino acids 627 to 732 completely abolished the interaction

(Fig. 4A). We next used these same constructs to perform a
more detailed mapping of the binding regions for RAP74 in
Fcp1p in order to compare them to the binding regions for
TFIIB and also to the regions dispensable for viability. Similar
to what was observed with TFIIB, Fcp1p (amino acids 1 to 626)
had no detectable binding to RAP74 (Fig. 4B). The TRX-Fcp1
(amino acids 457 to 666) fusion protein bound somewhat less
strongly to RAP74 than did the TRX-Fcp1 (amino acids 667 to
732) fusion protein or the full-length protein. It appeared that
Fcp1p (amino acids 1 to 666) bound much less strongly to
RAP74 than to TFIIB compared to the full-length protein.
Therefore, we concluded that two adjacent regions in Fcp1p
can interact with both TFIIB and RAP74 and that the inter-
action with both factors is abolished when amino acid residues
distal to amino acid 627 of Fcp1p are deleted. One of the
binding sites in Fcp1p, namely, amino acids 457 to 666, binds
TFIIB about 4 times as strongly as it binds RAP74, whereas the
other binding site in Fcp1p, namely, amino acids 667 to 732,
binds RAP74 at least 10 times as strongly as it binds TFIIB.

An amino acid sequence motif common to TFIIB and RAP74
mediates their binding to Fcp1p. The similar patterns of yeast
TFIIB and RAP74 binding to Fcp1p prompted us to search for
similar amino acid sequences in these two general transcription
factors. The sequence KEFGK is present in both yeast proteins
TFIIB and RAP74 (Fig. 5A). The amino acid sequences in
these regions are also similar in the TFIIB and RAP74 proteins
found in humans, Xenopus laevis, Drosophila melanogaster, and
Caenorhabditis elegans.

In the structure of human TFIIB, this amino acid sequence
(amino acids 186 to 196) maps to part of helix E1 at the end of
the first cyclin-like repeat (6, 44). Previous studies have sug-
gested that this region within yeast TFIIB is important for the
formation of the TFIIB-TBP-DNA complex, and it has also
been shown to participate in binding to acidic activators in
vitro (7, 20). To test whether this same region in yeast TFIIB
(amino acids 198 to 208) was involved in the binding of Fcp1p,
we constructed a K201E point mutation in the context of a
GST-TFIIB (amino acids 100 to 345) fusion protein. This mu-
tation was previously shown to cause a temperature-sensitive
phenotype in yeast, whereas TFIIB with a K201E-K205E dou-
ble mutation was unable to support yeast growth (7, 20). The
K201E derivative of GST-TFIIB (amino acids 100 to 345)
bound Fcp1p much less strongly than did the wild-type protein
(Fig. 5B).

We next made a series of mutations within this same motif in
the CTD of yeast RAP74 (amino acids 649 to 735). Four
mutant GST-RAP74 (amino acids 649 to 735) fusion proteins
were expressed, purified, and tested for the ability to bind
Fcp1p in affinity chromatography experiments. Mutating one
or both of the conserved lysine residues at positions 695 and
699 to glutamate had a strong effect on the ability of the
resulting GST-RAP74 fusion proteins to bind Fcp1p (Fig. 5C).
This effect was stronger for the double mutation (yRAP74-2)
than for the single mutation (yRAP74-1). We also changed
both of these basic residues to the neutral amino acid alanine
(yRAP-3) and tested for the binding of Fcp1p. Again, the
mutated protein was not as efficient as the wild-type protein in
binding Fcp1p. In order to determine whether the binding was
purely dependent on the basic charge of this region, we also
tested an E696K mutation (yRAP74-4) which increased the
basic charge of this region. This altered protein also bound
Fcp1p more weakly than did wild-type RAP74. These data
suggested that both the charge and the sequence of this region
are important for binding to Fcp1p.

It was possible, however, that the mutations we created in
the Fcp1p-binding motif of RAP74 disturbed the proper fold-

FIG. 4. TFIIB and RAP74 bind in similar ways to Fcp1p. Various 35S-labeled
portions of Fcp1p or thioredoxin (TRX)-Fcp1 fusion proteins made by transcrip-
tion and translation in vitro were chromatographed over affinity columns con-
taining the indicated concentrations of either GST-yTFIIB (amino acids 100 to
345) (A) or GST-yRAP74 (amino acids 649 to 735) (B). GST was used as a
control in all binding experiments. The columns were washed, and bound pro-
teins were eluted with reduced glutathione, analyzed by SDS-PAGE, and visu-
alized by autoradiography. Panel C summarizes the relative strengths with which
various portions of Fcp1p bind to GST-yTFIIB (amino acids 100 to 345) and
GST-yRAP74 (amino acids 649 to 735) presented in panels A and B.
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ing of the C-terminal region of RAP74 that we were using in
our binding assays. Therefore, we prepared a 15N-labeled sam-
ple of the carboxy-terminal domain of the RAP74 K695E-
K699E protein and compared its 2D 1H, 15N HSQC NMR
spectrum with that of the same portion of the wild-type protein
(Fig. 6). Excellent spectra were obtained for both the mutant
and wild-type proteins, and almost all of the 80 expected 1H-
15N amide peaks could be counted. The substantial dispersion
of the chemical shifts suggested that the wild-type domain had
a stable three-dimensional fold. This result therefore indicated
for the first time that the carboxy terminus of RAP74 can form
an independently folded domain. Importantly, the spectrum of
the double mutant looked very similar with only a few excep-
tions that probably came from the altered amino acids or their
immediate vicinity. This indicated that the overall folding of
the protein was not affected by the amino acid changes. Fur-
ther evidence for proper folding of this domain and the integ-
rity of the mutant protein was obtained by circular-dichroism
experiments (M. S. Kobor, A. R. Davidson, and J. Greenblatt,

unpublished data). Therefore, the two important lysine resi-
dues of the Fcp1p-binding motif might interact directly with
acidic residues in the CTD of Fcp1p to define the molecular
interface.

Effect of mutations in the Fcp1p-binding motif of RAP74 in
vivo. The gene encoding the yeast homologue of the RAP74
subunit of human TFIIF is called TFG1 (30). To test the
importance for yeast cell growth of the Fcp1p-binding motif of
RAP74, a tfg1-2/TFG1 diploid yeast strain was constructed.
The tfg1-2 allele encodes RAP74 (K695E, K699E), which fails
to bind Fcp1p in vitro (Fig. 5C). After sporulation, we obtained
a viable haploid tfg1-2 strain. Growth of this strain was normal
under all of the conditions that we tested, with the exception
that growth was somewhat impaired in the presence of the
DNA-damaging agent methanosulfonic methyl ester (MMS)
(Fig. 7A). This phenotype was also observed in fcp1 mutant
strains (Kobor and Greenblatt, unpublished data), therefore
providing a phenotypic link between Fcp1p and RAP74.

We also tested the effects of various fcp1 alleles on the
growth of the tfg1-2 strain. Plasmids carrying the FCP1, fcp1-3,
fcp1-4, and fcp1-5 alleles described above, as well as plasmids
carrying previously described fcp1-1 and fcp1-2 alleles with
viable point mutations in the FCPH domain (36), were intro-

FIG. 5. A conserved amino acid sequence motif is involved in the binding of
TFIIB and RAP74 to Fcp1p. (A) Comparison of sequences from the first cyclin-
related repeat of yeast TFIIB and the CTD of yeast RAP74. The alignment can
be extended to TFIIB and RAP74 from other species (not shown). Mutations
(mut) that were created are indicated below (RAP74) or above (TFIIB) the
alignment. s.c., S. cerevisiae. (B) A K201E amino acid change in TFIIB reduces
binding to Fcp1p. Wild-type GST-TFIIB and a K201E derivative (amino acids
100 to 345) were bound to glutathione-Sepharose at the indicated concentra-
tions, and affinity chromatography with 35S-labeled Fcp1p was performed as
described in the legend to Fig. 3. (C) Amino acid residues within the KEFGK
motif of RAP74 are important for binding to Fcp1p. A series of amino acid
changes were introduced into GST-RAP74 (amino acids 649 to 735) as indicated
in panel A, and the resulting proteins were tested for binding to 35S-labeled
Fcp1p in affinity chromatography experiments. All of the mutations that were
tested reduced the binding of Fcp1p to GST-RAP74 (amino acids 649 to 735).

FIG. 6. RAP74 (amino acids 649 to 735) and RAP74 (amino acids 649 to
735) K695E-K699E are properly folded protein domains. The double mutation
of K695E and K699E does not affect the overall folding of the RAP74 carboxy-
terminal region, as shown by 2D 1H-15N HSQC NMR spectra of the wild-type
(WT) (A) and K695E-K699E mutant (MT) (B) proteins.
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duced into cells of an fcp1D tfg1-2 mutant strain harboring a
plasmid containing URA3 and FCP1. Plasmid shuffling exper-
iments showed that none of the fcp1 mutant alleles affected the
viability of the tfg1-2 strain at 22°C. We then tested these
double-mutant strains for growth at various temperatures (Fig.
7B). The results showed that strains with the fcp1-1, fcp1-2, and
fcp1-4 alleles containing mutations in the catalytic and BRCT
domains, as well as the amino-terminal deletion allele fcp1-3,
were more temperature sensitive in the tfg1-2 background than
in the TFG1 background. Importantly, the C-terminal deletion
allele fcp1-5, which creates a truncated protein lacking amino
acids 595 to 732 and is unable to bind RAP74 in vitro (M.S.K.
and J.G., unpublished data), was not affected by the tfg1-2
mutation that prevents RAP74 from binding to Fcp1p. These
observations are consistent with our binding data, supported
the hypothesis that RAP74 interacts with the carboxy-terminal

portion of Fcp1p in vivo, and suggested that this interaction
becomes more important when the function of Fcp1p is weak-
ened by particular physiological conditions or by mutations in
Fcp1p.

These conclusions were further supported by Western blot
analysis of Rpb1p in extracts prepared from single-mutant
strains and fcp1 tfg1 double-mutant strains grown at the per-
missive temperature. In most cases, there was a larger amount
of Rpb1p, as well as a larger proportion of intermediately
phosphorylated and hyperphosphorylated Rpb1p in the dou-
ble-mutant strains than in strains with mutations only in Fcp1p
(Fig. 7C). The CTD phosphorylation status of Rpb1p was
essentially identical in the single- and double-mutant strains
only in the case of strains with the fcp1-5 allele that encodes
Fcp1p which lacks the RAP74-binding site.

RAP74 can be a target for transcriptional activation in vivo.
A number of components of the RNAPII holoenzyme complex
have been shown to be able to activate transcription when
artificially tethered to a promoter via a fusion to a heterolo-
gous DNA-binding domain (17, 25). This activation is thought
to be due to enhanced recruitment of the RNAPII holoenzyme
(50). Since human Fcp1p is a component of a human RNAPII
holoenzyme complex and since Fcp1p interacts with TFIIB and
RAP74, which are components of the yeast RNAPII holoen-
zyme (37), we tested whether yeast Fcp1p, when fused to the
DNA-binding domain of LexA, could activate the transcription
of a lacZ reporter gene containing eight upstream LexA-bind-
ing sites in vivo. As shown in Fig. 8A, a LexA-Fcp1p fusion
strongly activated transcription. Removing an increasing num-
ber of amino acid residues from the carboxy terminus of the
LexA-Fcp1 fusion protein resulted in a sharp drop in transcrip-
tional activation. LexA-yFcp1 (amino acids 1 to 666) had only
about 5% of the activation potential of the full-length fusion
protein, and the shorter fusion protein LexA-yFcp1 (amino
acids 1 to 626), which does not bind RAP74 or TFIIB (Fig. 4),
failed to activate transcription above the levels of the LexA
DNA-binding domain alone. All of these fusion proteins were
expressed to comparable levels in the yeast cells (M. S. Kobor,
L. D. Simon, and J. Greenblatt, unpublished data). Therefore,
these results revealed a good correlation between the ability of
Fcp1p to activate transcription in vivo when brought into the
vicinity of a promoter and its ability to bind to RAP74 and
TFIIB in vitro.

We also tested smaller portions of Fcp1p for the ability to
activate the reporter gene as LexA fusions (Fig. 8A). The
LexA-yFcp1 (amino acids 457 to 732) fusion protein containing
both TFIIF and TFIIB interaction sites strongly activated the
reporter gene, whereas LexA-Fcp1p (amino acids 457 to 666)
and LexA-Fcp1p (amino acids 627 to 732), each of which likely
contains only a simple RAP74-TFIIB interaction site, activated
transcription less strongly. Interestingly, the LexA-Fcp1p (ami-
no acids 457 to 732) and LexA-Fcp1p (amino acids 457 to 666)
constructs contained the BRCT domain previously shown to
mediate transcriptional activation by BRCA1 (16). The small-
est portion of Fcp1p that was able to activate transcription
when fused to LexA contained amino acid residues 627 to 732.
Smaller portions of Fcp1p, although able to bind to both
RAP74 and TFIIB in vitro (Fig. 4), were not stably expressed
in yeast cells as judged by Western blot analysis with anti-LexA
antibodies (Kobor, Simon, and Greenblatt, unpublished data).

Evidence for the importance of the Fcp1p-RAP74 interac-
tion in the process of transcriptional activation by LexA-Fcp1p
was obtained by performing the activation assays with tfg1-2
mutant cells. In this experiment, we examined the effect of the
number of LexA-binding sites on transcriptional activation by
LexA-Fcp1 (amino acids 1 to 732) fusion proteins in TFG1 and

FIG. 7. Effects in vivo of mutations in the Fcp1p-binding domain of RAP74.
(A) The K695E-K699E mutation in the CTD of RAP74 causes sensitivity to the
DNA-damaging drug MMS. TFG1 wild-type and tfg1-2 mutant strains were
plated at 2,000 cells per plate on SC plates lacking His and containing 0.01%
MMS and grown at 30°C for 3 days. Control plates did not contain any MMS. (B)
Synthetic phenotypes of fcp1 tfg1-2 double-mutant yeast strains. Tenfold serial
dilutions of TFG1 and tfg1-2 mutant strains that also had a chromosomal deletion
of FCP1 and carried the indicated FCP1 alleles on TRP1 CEN/ARS plasmids
were grown for 3 days at various temperatures on SC plates lacking His, Trp, and
Leu. All of the strains with mutant fcp1 alleles are more temperature sensitive in
the tfg1-2 background than in the TFG1 background, except for the strain
carrying the fcp1-5 allele, which encodes a protein that lacks the RAP74-binding
site. The diagram shows the positions of the mutations in Fcp1p. (C) Western
blot analysis of fcp1 tfg1 double-mutant strains. Whole-cell extracts prepared
from strains carrying the FCP1, fcp1-1, and fcp1-4 alleles in the TFG1 and tfg1-2
background were grown at 22°C, subjected to SDS-PAGE, and Western blotted
with monoclonal antibody G2 to estimate the relative amounts of the hyperphos-
phorylated and hypophosphorylated forms of the Rpb1p subunit. A similar
experiment was also performed with strains carrying the FCP1, fcp1-3, and fcp1-5
alleles that were grown at 30°C. The blots were underexposed to visualize the dif-
ference in phosphorylation status of the CTD of Rpb1p in the double-mutant
strains. The same blots were also probed with antibodies against VMA. wt, wild type.

VOL. 20, 2000 FCP1 INTERACTION WITH TFIIF AND TFIIB 7445

 on M
ay 6, 2021 by guest

http://m
cb.asm

.org/
D

ow
nloaded from

 

http://mcb.asm.org/


tfg1-2 mutant strains. As shown in Fig. 8B, LexA-Fcp1p could
significantly activate transcription from a reporter construct
with only one binding site. Transcriptional activation increased
synergistically with the number of LexA-binding sites, similar
to the situation with classical activators. Importantly, transcrip-
tional activation by LexA-Fcp1p was reduced in tfg1-2 mutant
strains. This reduction became more pronounced with an in-
crease in the number LexA-binding sites that led to a higher
level of activation by the LexA-Fcp1 fusion protein. Western
blot analysis showed that the LexA-Fcp1p fusion proteins were
expressed to similar levels in the TFG1 and tfg1-2 mutant
strains (Kobor and Greenblatt, unpublished data). The differ-
ence in activation of the same reporter genes with either one or
eight LexA-binding sites by a LexA-Gal4 fusion protein was
less then 10% in TFG1 versus tfg1-2 mutant strains (Kobor and
Greenblatt, unpublished data). These results indicated both
that the KEFGK motif in RAP74 is a major target for tran-
scription activation by LexA-Fcp1p and that there are other
targets for Fcp1p (e.g., TFIIB) in the transcription apparatus.
These results also provided further evidence that Fcp1p and
RAP74 interact in vivo.

DISCUSSION

Fcp1p is an RNAPII CTD phosphatase required for most or
all mRNA synthesis in yeast. A characteristic feature of Fcp1p
is the presence of a BRCT domain, which is commonly found
in proteins that are involved in checkpoint control in response
to DNA damage. We demonstrated that the integrity of this
domain is essential for Fcp1p to function in S. cerevisiae. Even
at the permissive temperature, a strain with a point mutation in
the BRCT domain of Fcp1p accumulates an excessive propor-
tion of hyperphosphorylated RNAPII. Upon a shift to the
nonpermissive temperature, the hypophosphorylated form of
RNAPII disappears and mRNA production is shut down. This
further supports our earlier finding, obtained by using yeast
strains carrying the fcp1-1 and fcp1-2 alleles, that Fcp1p is
responsible for dephosphorylating the CTD in vivo and that
failure to do so can result in a shutdown of RNAPII transcrip-
tion (36). A recent X-ray structure analysis of the BRCT do-
main of the human DNA repair protein XRCC1 showed that
its two predicted subdomains form one compact domain con-
sisting of a four-stranded parallel beta sheet surrounded by
three alpha helixes with extensive intramolecular contacts (58).
Based on this structure, it is very likely that our partial deletion
of the BRCT domain of Fcp1p, which was not able to comple-
ment a chromosomal FCP1 deletion, profoundly affected the
overall fold and structure of the domain. The conserved tryp-
tophan residue that we altered to create a temperature-sensi-
tive mutant forms part of the highly conserved hydrophobic
pocket and makes contacts with a number of other important
residues. Our mutation might create a version of the BRCT
domain that is partly unfolded and quickly unfolds upon a shift
to the nonpermissive temperature, leading to degradation of
the mutant protein. BRCT domains have been shown to be
dimerization domains involved in the formation of either ho-
modimers (55) or heterodimers (56) and can also interact with
proteins like RNA helicase A that do not contain BRCT do-
mains (2). Interestingly, mutating the conserved Trp residue in
XRCC1 to Asp did not affect the interaction with DNA ligase
III (56). It will be very important to identify the interacting
protein partner(s) of this essential domain of Fcp1p. No other
protein within the general transcription machinery is known to
have a BRCT domain.

In addition to the known interaction between Fcp1p and
RAP74 (3), our studies revealed a direct interaction with the
general transcription factor TFIIB, which had been shown
previously to inhibit RAP74-stimulated CTD phosphatase ac-
tivity (15). We discovered that helix E1 within the first cyclin-
like repeat in the core domain of yeast TFIIB mediates the
interaction with Fcp1p. This region was implicated previously
in the formation of the TFIIB-TBP-DNA complex and binding
to the acidic activation domain of VP16. Mutations within this
region cause a temperature-sensitive phenotype and have an
effect on basal transcription in vitro (7, 20). However, these
mutated TFIIB proteins retained the ability to respond to the
acidic activator Gal4-VP16 in vitro and in vivo, suggesting that
this region is important for basal but not activated transcrip-
tion (7, 20). The additional interaction of this region with CTD
phosphatase is intriguing, and more work is necessary to dis-
tinguish between effects caused by the inability to form the
TFIIB-TBP-DNA complex and failure to interact with Fcp1p.

Although we did not further address the function of TFIIB
in the regulation of CTD phosphatase activity, we showed that
there are two independent binding sites for TFIIB within the
carboxy-terminal region of Fcp1p. These binding sites are very
similar to the binding sites for RAP74, although the stronger
binding site for RAP74 lies within amino acids 667 to 732

FIG. 8. Transcriptional activation by LexA-Fcp1 fusion proteins. (A) A full-
length LexA-Fcp1 fusion protein and a series of carboxy-terminal and amino-
terminal deletion constructs were tested for the ability to activate the lacZ
reporter construct pSH18-34, which has eight LexA-binding sites upstream of the
promoter. The ability to activate transcription is correlated with ability to bind
RAP74 and TFIIB. b-Gal, b-galactosidase; MU, Miller units. (B) The interaction
between Fcp1p and RAP74 is important for transcriptional activation by LexA-
Fcp1p. LexA or a LexA-Fcp1 fusion protein was expressed in a TFG1 or tfg1-2
strain, and transcriptional activation of reporter constructs having one, two, or
eight LexA-binding sites was measured. Transcriptional activation by LexA-
Fcp1p is synergistic and is dependent on the interaction with RAP74. This
dependence is more pronounced at higher levels of activation. For simplicity, the
values for LexAp alone were omitted but they were always below 2 Miller units.
All measurements were done in triplicate, and the averages are given. Standard
deviations were below 20% for all points. AD, activation domain.
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whereas the stronger binding site for TFIIB lies within amino
acids 457 to 666. A truncated version of Fcp1p that ends at
amino acid 626 and lacks binding sites for TFIIB and RAP74
is still active in a CTD phosphatase assay in vitro (3).

Nevertheless, our in vivo deletion analysis demonstrated
that a protein that fails to interact with both TFIIB and RAP74
is able to support growth. CTD phosphatase interacts directly
with RNAPII (15; Kobor and Greenblatt, unpublished data),
and there might be additional interactions with components of
the RNAPII holoenzyme which might suffice in vivo to bring
CTD phosphatase into the vicinity of its substrate and com-
pensate for the lack of strong RAP74-Fcp1p and TFIIB-Fcp1p
interactions under most circumstances. Another explanation
for this finding is the possibility that an unidentified CTD
phosphatase distinct from Fcp1p can compensate for the loss
of Fcp1p interaction with TFIIB and RAP74. TFIIH, SRB10,
and CTDK-1 are distinct CTD kinases which might phosphor-
ylate the CTD on different residues during the transcription
cycle. Therefore, the possible existence of distinct CTD phos-
phatases specific for different phosphorylated residues cannot
be excluded.

We identified a previously unrecognized short amino acid
sequence of high similarity between TFIIB and RAP74 that
maps to a CTD of RAP74 and helix E1 in at the carboxy-
terminal end of the first cyclin repeat of TFIIB (6, 44). The
degree of amino acid conservation within this motif is partic-
ularly high among the TFIIB and RAP74 proteins of S. cerevi-
siae, humans, and X. laevis, although less so for D. melanogaster
and C. elegans, suggesting that it has an important biological
function. We showed that this motif mediates the interactions
of TFIIB and RAP74 with Fcp1p. Our data suggest that the
charge distribution of this region is a major component of
the interactions and are consistent with earlier findings that
RAP74 can stimulate CTD phosphatase activity and that this
stimulation can be inhibited by TFIIB (15). Our data imply
that TFIIB may compete with RAP74 for binding to Fcp1p.
However, we have not been able so far to determine whether
the interactions between RAP74 and TFIIB with the carboxy-
terminal half of Fcp1p are mutually exclusive or whether the
three proteins can form a ternary complex.

Just as deletion of the portion of Fcp1p that binds TFIIB
and RAP74 in strains that carry the fcp1-5 allele has little effect
on cell growth, so does the tfg1-2 mutation in RAP74 that
prevents it from binding to Fcp1p. However, the sensitivity of
the tfg1-2 mutant to the DNA-damaging agent MMS provides
an indirect phenotypic link to FCP1. The failure of CTD phos-
phatase to interact with RAP74 may lead to loss of viability
when there is severe DNA damage or other stresses which we
have not yet discovered. Importantly, double-mutant analysis
strongly supports a functional interaction between RAP74 and
the carboxy-terminal region of Fcp1p in vivo. Strains carrying
a mutant fcp1 allele are more temperature sensitive in the
tfg1-2 background than in the TFG1 background, except in the
case of fcp1-5, which lacks the RAP74-binding sites. These
results are consistent with the hypothesis that stimulation of
CTD phosphatase activity by RAP74 occurs in vivo and be-
comes more important when CTD phosphatase activity is
weakened by mutations in Fcp1p outside its RAP74-binding
region. These results also imply that the KEFGK motif in
RAP74 mediates its interaction with Fcp1p in vivo. Consistent
with this, we found a larger proportion of intermediately phos-
phorylated and hyperphosphorylated Rpb1p in double-mutant
strains, except when the RAP74-binding carboxy-terminal re-
gion of Fcp1p was deleted.

Our studies also revealed that the amino-terminal region of
Fcp1p has some function in vivo. Deletion of both the amino-

terminal region and CTD of Fcp1p is lethal. Although we do
not know whether the resulting protein is unstable or nonfunc-
tional, an fcp1-3 tfg1-2 mutant strain carrying an amino-termi-
nal deletion of Fcp1p is temperature sensitive. Taken together,
these data suggest that the amino-terminal region of Fcp1p has
an important function that is revealed only when Fcp1p cannot
interact with RAP74. Strains that lack either the carboxy ter-
minus or the amino terminus of Fcp1p have a larger propor-
tion of intermediately phosphorylated Rpb1p.

Our observation that transcriptional activation by LexA-
Fcp1p is strongly reduced in the tfg1-2 mutant strain provided
further evidence that RAP74 interacts with Fcp1p in vivo. The
artificial recruitment of the RNAPII holoenzyme by a LexA-
Fcp1p fusion protein and subsequent activation of the reporter
construct transcription may occur because Fcp1p can associate
with RNAPII holoenzyme complexes (4). We have observed
that a LexA-Fcp1p fusion is able to complement a chromo-
somal fcp1 deletion, suggesting that it can perform the normal
cellular functions of Fcp1p (Kobor, Simon, and Greenblatt,
unpublished data). The substantial effect of the tfg1-2 mutation
on activation by LexA-Fcp1p indicated that this activation
probably involves a direct interaction with RAP74. The fact
that portions of Fcp1p that do not contain the phosphatase
catalytic domain are able to activate transcription indicates
that activation by LexA-Fcp1p is independent of CTD phos-
phatase activity and suggests that recruitment of the RNAPII
holoenzyme is the most likely mechanism for this activation
process. The acidic carboxy-terminal region of Fcp1p could
also act as a bona fide transcriptional activator. Interestingly,
previous studies have shown an important role for human
RAP74 in transcriptional activation by serum response factor
(33), and an interaction between the activation domain of the
model activator Gal4-VP16 and RAP74 has been reported
(60). Although the interaction sites for the serum response
factor, VP16, and Fcp1p on RAP74 do not overlap, it is tempt-
ing to speculate that some endogenous yeast activators act at
least partially through interaction with RAP74 in vivo. The fact
that the effect of the tfg1-2 mutation on activation by LexA-
Fcp1p decreases when fewer LexA-binding sites are present
suggests that LexA-Fcp1p also interacts with some protein
other than RAP74. This protein could be TFIIB or some
other component of the RNAPII holoenzyme.

CTD phosphatase activity may be regulated partly at the
level of transcriptional initiation, as is suggested by its physical
and functional interactions with TFIIF and TFIIB. It has been
reported that CTD phosphatase activity is necessary to recycle
RNAPII after a round of transcription is completed in vitro
(19), and it is possible that both TFIIF and TFIIB play a role
in the temporal regulation of this process. Alternatively, it is
also possible that CTD phosphatase is active at a different step
during the transcription cycle. Although TFIIF binds directly
to RNAPII and helps to assemble RNAPII into the preinitia-
tion complex, it can also interact with elongating RNAPII and
stimulate its rate of chain elongation (28, 32, 49). A role for
TFIIB in steps after holoenzyme recruitment to the promoter
has also been proposed (51). One or more factors in HeLa
nuclear extract affect the ability of Fcp1p to dephosphorylate
the CTD in transcription elongation complexes in vitro (19,
39), and the human immunodeficiency virus (HIV) Tat pro-
tein, which stimulates chain elongation by RNAPII, binds to
human Fcp1p and inhibits its CTD phosphatase activity (41).
In light of our studies reported here, it may be important that
the interaction between the HIV Tat protein and human FCP1
involves the BRCT domain of human FCP1 (J. Archambault
and J. Greenblatt, unpublished data). It is conceivable, there-
fore, that CTD phosphatase activity is differentially regulated
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at more than one stage of the transcription cycle. As well, the
possibility cannot be excluded that Fcp1p has relevant sub-
strates other than the CTD in vivo. In this regard, it is inter-
esting that a number of the general transcription factors, in-
cluding RAP74, have been reported to be phosphoproteins
(46, 54), and phosphorylation of RAP74 has been suggested to
be important for HIV Tat-mediated stimulation of transcrip-
tional elongation (59). In addition, it is possible that Fcp1 has
functions that are not related to its phosphatase activity, as
suggested by the finding that human FCP1 can act as an elonga-
tion factor in vitro independently of its catalytic function (19).
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