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Gene looping, defined as the interaction of the promoter and
the terminator regions of a gene during transcription, requires
transcription factor IIB (TFIIB). We have earlier demonstrated
association of TFIIB with the distal ends of a gene in an activa-
tor-dependent manner (El Kaderi, B., Medler, S., Raghunay-
akula, S., and Ansari, A. (2009) J. Biol. Chem. 284, 25015—
25025). The presence of TFIIB at the 3’ end of a gene required its
interaction with cleavage factor 1 (CF1) 3’ end processing com-
plex subunit Rnal5. Here, employing affinity chromatography
and glycerol gradient centrifugation, we show that TFIIB asso-
ciates with poly(A) polymerase and the entire CF1 complex in
yeast cells. The factors required for general transcription such as
TATA-binding protein, RNA polymerase II, and TFIIH are not a
component of the TFIIB complex. This holo-TFIIB complex was
resistant to MNase digestion. The complex was observed only in
the looping-competent strains, but not in the looping-defective
sua7-1 strain. The requirement of Rnal5 in gene looping has
been demonstrated earlier. Here we provide evidence that
poly(A) polymerase (Papl) as well as CF1 subunits Rnal4 and
Pcf11 are also required for loop formation of MET16 and INO1
genes. Accordingly, cross-linking of TFIIB to the 3’ end of genes
was abolished in the mutants of Papl, Rnal4, and Pcf11l. We
further show that in sua7-1 cells, where holo-TFIIB complex is
not formed, the kinetics of activated transcription is altered.
These results suggest that a complex of TFIIB, CF1 subunits,
and Papl exists in yeast cells. Furthermore, TFIIB interaction
with the CF1 complex and Papl is crucial for gene looping and
transcriptional regulation.

Transcription is regulated at multiple steps by a rich diversity
of mechanisms. One such mechanism involves formation of a
looped architecture due to the interaction of transcription reg-
ulatory DNA elements that are not adjacent on the linear chro-
mosome (2, 3). Loops formed by the interaction of the enhancer
with the promoter contribute, at least in part, to the transcrip-
tional activation of genes in eukaryotes (4). Although enhancer-
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promoter interaction and its role in transcriptional regulation
are well established, recent studies suggest that the promoter
and terminator regions of a gene also cross-talk during tran-
scription (5, 6). The interaction of 5" and 3’ ends of a gene in a
transcription-dependent manner resulting in the formation of a
looped conformation is referred to as gene looping. First
reported in yeast, gene looping has now been shown to occur
during transcription in higher eukaryotes as well (7-9).
Although the exact biological role of gene looping is not clear
yet, it has been implicated in a variety of cellular functions.
Transcriptional activation of genes in yeast and HIV provirus
coincides with the gene assuming a looped configuration (1, 5,
6, 8, 10—12). In contrast, looping of mammalian BRCA1 gene
was accompanied by its transcriptional repression in breast
cancer cell lines (9), whereas human monocyte immunohisto-
logical marker gene CD68 exhibited efficient transcription-
coupled splicing of its precursor mRNA upon loop formation
(7). Recently, gene looping was identified as the molecular basis
of transcriptional memory (10, 12). Thus, gene looping may
have different regulatory roles in different cellular contexts.
The emerging ubiquity of gene looping and its potential as an
important transcription regulatory mechanism necessitates
understanding the mechanism of loop formation. Recent stud-
ies have implicated TFIIB* as a major player in gene looping.
TFIIB was found occupying the distal ends of a gene only when
it was in looped configuration (1, 11). TFIIB has also been
shown to interact with Ssu72 and Rnal5 subunits of CPF and
CF1 3’ end processing complexes in budding yeast (1, 11). A
similar interaction of TFIIB with cleavage and polyadenylation
specific factor (CPSF) and cleavage stimulatory factor (CstF)
cleavage and polyadenylation complexes has recently been
reported in mammalian cells (13). The overall conclusion of
these results is that gene looping is primarily facilitated by the
interaction of promoter-bound TFIIB with 3’ end processing/
termination factors operating at the terminator region of a gene
(1,5,10,11). In such ascenario, Ssu72 and Rnal5 may not be the
only termination factors that interact with TFIIB to facilitate
loop formation. Other subunits of CF1 and CPF complexes may
also contribute to the protein-protein interactions that bring
the promoter and the terminator together during gene looping.
A thorough understanding of gene loop formation requires

“The abbreviations used are: TFIIB, transcription factor IIB; rTFIIB, recombi-
nant TFIIB; CPSF, cleavage and polyadenylation specific factor; CstF, cleav-
age stimulatory factor; CCC, capture chromosome conformation; Pab1,
poly(A)-binding protein; Pap1, poly(A) polymerase; RNAP, RNA polymer-
ase; TBP, TATA-binding protein; CPF, cleavage and polyadenylation factor.
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characterization of the macromolecular complex that serves as
a bridge between the promoter and the terminator regions of a
gene in looped configuration.

Here we demonstrate the existence of a complex of TFIIB,
CF1 subunits, and poly(A) polymerase (Pap1) in yeast cells. The
holo-TFIIB complex was observed exclusively in the looping-
competent strains. In addition to Rnal5, two more subunits of
the complex, Rnal4 and Pcf11, are required for gene looping.
Papl, which adds a poly(A) tail at the 3" end of precursor
mRNA, also physically interacts with TFIIB and is an essential
looping factor. In the looping-defective sua7-1 strain, where a
holo-TFIIB complex is not formed, activated transcription
exhibits a kinetic lag. These results emphasize the crucial role of
TFIIB interactions with the CF1 complex and Papl in gene
looping and transcription in budding yeast.

EXPERIMENTAL PROCEDURES

Yeast Strains—The yeast strains used in this study are listed
in supplemental Table S1. Strains AAl, AA2, NAH12, and
NAH13, which contain a tandem affinity purification-tagged
TFIIB, were constructed by transforming the temperature-sen-
sitive mutants (rnal4-1, papl-1, pcfl1-2, and hrp1-5, respec-
tively) with DNA that was PCR-amplified from plasmid
pBS1479 (TRP marker). The tandem affinity purification tags
were inserted at the C terminus of TFIIB. The HA-tagged TFIIB
strain (SAM56) and the HA-tagged TBP (SAM68) strain were
constructed by transforming BY4733 (wild type (WT)) with
DNA that was PCR-amplified from pFA6-3HA-His3MX6 (HIS
marker). Strains SRR7 and SRRS8, which contain C-terminal
tandem affinity purification-tagged Rnal4 and Pcf11, respec-
tively, were constructed with DNA that was PCR-amplified
from plasmid pBS1539.

The C-terminal Myc tagging of CF1 subunits (Rnal4, Rnal5,
Pcfl1, Hrpl, and Clp1) and poly(A) polymerase was carried out
by transforming the parental strains with the PCR product
amplified from pFA6-13Myc-TRP1 (TRP marker). Strains
SAM50 (Myc-tagged Rnal4), SAM51 (Myc-tagged Rnal5),
SAM52 (Myc-tagged Pcfll), SAM53 (Myc-tagged Hrpl),
SAM54 (Myc-tagged Clpl), and SAM55 (Myc-tagged Papl)
were derived from a parental BY4733 (WT). Strains SAM58
(Myc-tagged Rnal4), SAM59 (Myc-tagged Rnal5), SAM60
(Myc-tagged Pcfll), SAM61 (Myc-tagged Hrpl), SAM62
(Myc-tagged Clpl), and SAM63 (Myc-tagged Papl) were
derived from a parental SAM56 (HA-tagged TFIIB). The loop-
ing-defective HA-tagged TFIIB strain (SAM64) was con-
structed by transforming YMH124 (sua7-1 mutant) with DNA
that was PCR-amplified from pFA6-3HA-kanMX6 (kanamycin
marker).

Cell Culture—Cultures were started from freshly streaked
plates and grown overnight in 5 ml of YPD at 25 °C with shak-
ing. The next day, the cells were diluted 0.010 into 100 ml of
fresh YP-dextrose. For INOI analysis by capture chromosome
conformation (CCC) and ChIP, the wild type cells were grown
to an Agyo of 0.4, and the temperature-sensitive cells were
grown to an Agy, of 0.5 prior to induction. Cells were then
transferred to 100 ml of inositol plus and inositol-depleted syn-
thetic media and grown to an Agy, of 0.7 (3 h) at 25 °C with
shaking. For MET16 analysis by CCC and ChIP, the wild type
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cells were grown to an A, of 0.3, and the temperature-sensi-
tive cells were grown to an A, of 0.45 prior to induction. Cells
were transferred to 100 ml of methionine plus and methionine-
depleted synthetic media and grown to an Ay, of 0.7 (2 h) at
25 °C with shaking. The cells were heat-inactivated for 2 h at
37 °C and then processed for ChIP or CCC.

Primers—Primers used for CCC and ChiP experiments are
listed in supplemental Table S2.

CCC—CCC experiments were performed as described pre-
viously (1).

ChIP—ChIP experiments were performed as described pre-
viously (1).

Transcription Analysis—Transcription analysis of INOI and
MET16 in wild type and sua7-1 cells was performed by the
RT-PCR approach as described previously (1).

Affinity Purification—For affinity purification of HA-tagged
TFIIB, TBP and Kin28 cells were grown in 1 liter of YP-dextrose
toan Ay, 0f 1.5. The cell pellet obtained from the 1-liter culture
was washed with 50 ml of ice-cold 1X TBS followed by a wash
with 50 ml of ice-cold double-distilled water. The pellet was
resuspended in 10 ml of lysis buffer (20 mm Tris-HCI, pH 8.0,
150 mm KCl, 0.5 mm EDTA, 1 mm MgCl,, 0.1% Triton X-100, 1
mwm PMSEF, and 10% glycerol (v/v)). The cell suspension was
flash-frozen in liquid nitrogen as described in Ansari and
Schwer (14). The frozen cells were homogenized into a fine
powder in a chilled mortar. The powder was then transferred to
an ice-cold beaker and allowed to thaw slowly. The resulting
cell lysate was then centrifuged at 16,400 rpm for 20 min in a
Sorvall SS-34 rotor. The supernatant (about 10 ml) was allowed
to bind to 40 ul of anti-HA-agarose beads (Sigma) in a 15-ml
tube for 4 h at 4 °C with gentle shaking. The beads were washed
three times with 1 ml each of ice-cold lysis buffer. Elution was
performed with 100 wg of HA oligopeptides resuspended in 200
wl of lysis buffer at 25 °C for 30 min. The resulting eluate was
then used for either Western blotting or glycerol gradient
sedimentation.

For the MNase controls, the cell lysate was incubated with
300 units of MNase at 37 °C for 30 min prior to binding to
anti-HA-agarose beads. For the high salt controls, the lysis
buffer was prepared as described above using a 500 mm KCl
concentration.

Glycerol Gradient Sedimentation— Affinity-purified samples
were diluted with an equal volume of ice-cold lysis buffer with-
out glycerol and incubated for 20 min on ice. The samples were
then centrifuged at 30,000 rpm for 18 h at 4 °C in a 39.6-ml
linear 5-30% (v/v) glycerol gradient in a Sorvall SureSpin 360
rotor. Linear gradients were prepared using a BioComp gradi-
ent master, mixing equal volumes of a 5% glycerol lysis buffer
with a 30% glycerol lysis buffer. Fractions of 1.8 ml each were
collected using a Beckman fraction recovery system, and 40 ul
of each fraction was used for Western blotting.

Cloning and Purification of Recombinant TFIIB—The gene
coding for yeast TFIIB, SUA7, was cloned into the Ndel-EcoRI
sites of pET24a. Recombinant plasmid was transformed into
the BL21 strain of Escherichia coli. Induction of recombinant
TFIIB and preparation of cell lysate were performed as
described by Ansari and Schwer (14). His-tagged TFIIB was
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affinity-purified on a Cobalt resin (Pierce Scientific) following
the manufacturer’s guidelines.

Western Blot Analysis—Anti-HA antibodies were purchased
from Neomarkers. Anti-Myc antibodies were purchased from
Upstate Biotech Millipore. Anti-Papl and Anti-Rnal5 were
generous gifts from Claire Moore. Anti-TFIIB antibodies were
a generous gift from Michael Hampsey. Anti-TBP and anti-
Rpb1 antibodies were purchased from Santa Cruz Biotechnol-
ogy. Western blotting protocol was performed as described
previously (1).

RESULTS

TFIIB Forms a Complex with CF1 Subunits and Pap1—TFIIB
is an essential general transcription factor (15-17). Recombi-
nant TFIIB, with a molecular mass in the range of 32-38 kDa,
could complement all functions of native, biochemically puri-
fied TFIIB in an in vitro transcription assay (16—19). These
results suggested that TFIIB is a single polypeptide protein that
exists as a monomer in solution. There was no evidence of
TFIIB being a part of a macromolecular complex containing
initiation factors or termination factors or any other protein.
To find proteins associated with TFIIB under physiological
conditions, proteomic analysis was performed employing the
tandem affinity purification approach (20-22). Neither a pro-
moter nor a terminator-bound factor was detected in the affin-
ity-purified TFIIB preparation in the first proteomic analysis
carried out by Gavin et al. (21). However, in the second analysis,
poly(A)-binding protein (Pabl), which interacts with the
poly(A) tail of mRNA, was identified as the only 3" end process-
ing factor associated with TFIIB (20). The study carried out by
Krogan et al. (22) found RNAP II subunits and two terminator-
bound factors, CPF subunit Fipl and Pabl-interacting factor
Pan2, copurifying with TFIIB. The absolute requirement of
TFIIB in gene looping, cross-linking of TFIIB to both the pro-
moter and the terminator regions of alooped gene, and its func-
tional interaction with several 3’ end processing/termination
factors including CF1 subunit Rnal5 (1, 11) suggested that a
complex of TFIIB and termination factors exists in the cell.
Apart from Rnal5, the CF1 complex is composed of four more
subunits namely Rnal4, Pcf11, Clp1, and Hrpl. It is involved in
3’ end processing of precursor mRNA as well as termination of
transcription in budding yeast (23).

We therefore investigated whether TFIIB forms a macromo-
lecular complex with CF1 subunits and Pap1 in yeast cells. Our
experimental approach involved affinity purification of TFIIB
followed by detection of CF1 subunits and Pap1 in the purified
preparation by Western blot. To facilitate affinity purification
of TFIIB, a triple hemagglutinin (3XHA) tag was inserted at the
carboxyl terminus of TFIIB. Insertion of the HA tag did not
interfere with the biological activity of TFIIB as both the tran-
scription and the gene looping of MET16 and INOI remained
unaffected in the tagged strain (data not presented). Addition-
ally, a Myc tag was integrated at the carboxyl terminus of each
of the five subunits of CF1 complex and Pap1 for their detection
by Western blot. Thus, six strains were constructed, each car-
rying HA-tagged TFIIB and a Myc-tagged version of one of the
subunits of CF1 complex and Papl.
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Cell lysates from each of the six strains described above were
purified over anti-HA-agarose beads. Proteins bound to the
beads were eluted with HA oligopeptides. Western blot analysis
of eluates revealed the presence of Rnal4, Rnal5, Pcfl1, Hrpl,
Clpl, and Papl (Fig. 1A, lanes 3—8) in the affinity-purified
TFIIB preparation. As a control, coimmunoprecipitation was
performed from a strain carrying untagged TFIIB. Our results
show that the association of CF1 subunits Rnal4 and Pcf11 with
TFIIB was not dependent on HA tag (supplemental Fig. S1,
lanes 3 and 6). To rule out the possibility of the Myc tag of CF1
subunits and Papl directly interacting with anti-HA beads, we
carried out purifications from strains with an untagged TFIIB.
No binding of Myc-tagged CF1 subunits and Pap1 to anti-HA
beads was observed in the absence of HA-tagged TFIIB (sup-
plemental Fig. S2, lanes 3—8). MNase digestion of cell lysate
prior to affinity purification did not disrupt the association of
CF1 subunits and Pap1 with TFIIB (supplemental Fig. S3, lanes
3-38). These results indicate that the interaction of terminator-
bound factors with TFIIB may not be mediated by DNA or
RNA. To rule out the possibility that copurification of Myc-
tagged CF1 subunits and Papl with TFIIB is not due to the
interaction of the Myc tag with TFIIB, the affinity purification
was performed in a strain without a Myc tag on any of the CF1
subunits or Papl. Western blot analysis of affinity-purified
TFIIB, in this case using antibodies specifically directed against
Papl and CF1 subunit Rnal5, revealed that the interaction of
these factors with TFIIB is not dependent on the Myc tag (Fig.
1B, lane 1). The affinity purification of a holo-TFIIB complex
described above was performed at a KCI concentration of 150
mM. To check the stability of the complex, we repeated the
purification at 500 mm KCI in the lysis buffer. High ionic
strength did not affect the association of TFIIB with CF1 sub-
units and Papl during affinity purification (supplemental Fig.
S4).

Holo-TFIIB Complex Does Not Contain General Transcrip-
tion Factors—TFIIB has been shown to interact, both geneti-
cally as well as physically, with TBP and RNAP II (24-31). We
therefore checked for the presence of these proteins in the
affinity-purified TFIIB preparation using antibodies directed
against TBP and Rpbl subunit of polymerase. No signal for
either TBP (Fig. 1C, lane 2) or Rpbl (Fig. 1C, lane 4) was
detected in the TFIIB preparation. We also did not find any
evidence for the presence of another general transcription fac-
tor TFIIH in the affinity-purified TFIIB preparation. Western
blot analysis using antibodies against TFIIH subunit Kin28 con-
firmed the absence of the factor in the TFIIB preparation (Fig.
1C, lane 6). These results suggest that the holo-TFIIB complex
does not contain the factors that transiently interact with it
during the transcription cycle.

Holo-TFIIB Complex Is Not Observed in Looping-defective
Cells—To determine the physiological significance of TFIIB-
CF1-Papl complex in the context of gene looping, affinity puri-
fication of TFIIB was performed in a looping-deficient mutant
strain of TFIIB called sua7-1. Affinity-purified TFIIB prepara-
tion from sua?7-1 cells was subjected to SDS-PAGE analysis fol-
lowed by Western blotting using antibodies against Papl and
CF1 subunit Rnal5. Our results show that neither Papl nor
Rnal5 was found associated with TFIIB in sua7-1 strain (Fig.
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FIGURE 1. CF1 subunits and poly(A) polymerase copurify with TFIIB on an anti-HA affinity column. A, HA-tagged TFIIB was affinity-purified from cells
harboring Myc-tagged CF1 subunits or poly(A) polymerase as described under “Experimental Procedures.” Purified samples were subjected to SDS-PAGE
followed by Western blot analysis using anti-HA and anti-Myc antibodies. Lane 1 displays molecular weight (MW) marker proteins, and lane 2 represents
Imperial Coomassie Blue staining of the eluate from an anti-HA affinity column. B, affinity purifications were performed for HA-tagged TFIIB in the wild type and
the looping-defective mutant sua7-1 strain. The eluates from the affinity columns were subjected to SDS-PAGE, and Western blotting was performed with
antibodies against TFIIB, Rna15, and poly(A) polymerase. C, affinity-purified HA-tagged TFIIB was subjected to SDS-PAGE followed by Western blot analysis
using anti-HA, anti-TBP, anti-Kin28, and anti-Rpb1 antibodies. IP, immunoprecipitation.

1B, lane 2). Thus, TFIIB association with the terminator-bound
factors occurred in a looping-dependent manner. These results
argue in favor of a TFIIB-CF1-Papl complex playing a crucial
role in loop formation.

Glycerol Gradient Analysis of Holo-TFIIB Complex—To fur-
ther confirm that a holo-TFIIB complex exists in yeast cells,
affinity-purified TFIIB was subjected to sedimentation analysis
on a linear 5-30% (v/v) glycerol gradient in the presence of 150
mwm KCl. Western blot analysis revealed that TFIIB fractionated
as a single peak spanning fractions 12—19 (Fig. 24). Pap1, as well
as CF1 subunits Rnal4, Rnal5, Pcf11, Hrpl, and Clp1, cosedi-
mented with TFIIB (Fig. 2A). The peak of CF1 subunits and
Pap1 coincided with the TFIIB peak in fraction number 16 (Fig.
2A). To conclusively prove that TFIIB cosedimenting with CF1
subunits and Papl is not free TFIIB, but TFIIB in a complex
with 3’ end processing/termination factors, it was important to
determine the sedimentation behavior of free TFIIB. For this,
we purified recombinant TFIIB from bacteria and carried out
sedimentation analysis under identical conditions. Recombi-
nant TFIIB (rTFIIB) sedimented in fractions 18 —22 with the
peak centered on fraction number 20 (Fig. 2B). To further con-
firm that TFIIB is in a complex with termination factors, we
carried out sedimentation analysis of TFIIB from looping-de-
fective sua?7-1 cells that do not harbor a holo-TFIIB complex.
Under identical conditions, affinity-purified TFIIB from sua7-1
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cells cosedimented with rTFIIB with a peak in fraction number
20 (Fig. 2B). These results suggest that almost all TFIIB in the
affinity-purified preparation is in a complex with 3" end proc-
essing/termination factors.

However, when sedimentation analysis of affinity-purified
TFIIB was carried out in the glycerol gradient made in 500 mm
KCI, TFIIB was separated from CF1 complex and sedimented at
a lower rate in fractions 18 —22 with the peak in fraction num-
ber 20 (Fig. 3A). This correlates with the sedimentation profile
of purified TFIIB from sua?7-1 cells that lack a holo-TFIIB com-
plexin the 150 mm KCl glycerol gradient (Fig. 2B) as well as with
that of recombinant TFIIB in the 500 mm KCl glycerol gradient
(Fig. 3A). Because the sedimentation pattern of rTFIIB was
identical in 150 and 500 mMm KCl glycerol gradients (Figs. 2B and
3A), these results suggest that the reduced mobility of native
affinity-purified TFIIB in the 500 mm KCl glycerol gradient is
not the consequence of high ionic strength but due to the sep-
aration of TFIIB from poly(A) polymerase and CF1 subunits (as
indicated by a shift in Clp1 peak in Fig. 34). Thus, holo-TFIIB
complex is not stable upon prolonged exposure to high saltin a
centrifugal field, although it is able to withstand high ionic
strength for a short period of time during affinity purification.

We then compared the sedimentation profile of the holo-
TFIIB complex with the sedimentation profiles of the TFIID
and TFIIH complexes. The affinity-purified TFIIB, TFIID, and
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FIGURE 3. Holo-TFIIB complex is susceptible to high ionic strength and sediments between TFIID and TFIIH complexes. A, affinity-purified HA-tagged
TFIIB and rTFIIB were subjected to sedimentation analysis in 5-30% (v/v) glycerol gradient in 500 mm KCI. Fractions were collected and processed as in Fig. 2.
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in 150 mm KCl as described previously. Fractions were collected, processed as above, and probed for TFIIB and TBP or TFIIB and Kin28.

TFIIH were subjected to sedimentation analysis under identical
conditions (Fig. 3B). The presence of TFIID and TFIIH in the
gradient fractions was detected by Western blot analysis using
antibodies against the TBP and Kin28 subunits of TFIID and
TFIIH, respectively. TFIID, which has a molecular mass of
about 750 kDa (32), sedimented in fractions 7—15 with the peak
in fraction number 11 (Fig. 3B, panel ii), whereas TFIIH with an
approximate molecular mass of 500 kDa (33) sedimented in
fractions 13-20 (Fig. 3B, panel iii). Thus, the sedimentation
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coefficient of the holo-TFIIB complex is intermediate between
that of the TFIID and TFIIH complexes. We also looked for the
presence of TFIIB in the gradient-purified TFIID and TFIIH
preparations. No signal for TFIIB was detected in either the
TFIID (Fig. 3B, panel ii) or the TFIIH (Fig. 3B, panel iii) glycerol
gradient fractions. This corroborated our earlier results that
TFIIB is not in a complex with general transcription factors.
Papl, Rnal4, and Pcf11 Are Required for Gene Looping—The
presence of a TFIIB-CF1-Papl complex exclusively in the loop-

JOURNAL OF BIOLOGICAL CHEMISTRY 33713



TFIIB Forms a Complex with CF1 Subunits and Pap1

A »Fl R
[=l—> T
— L mEre
-—
P1 R1
B P1T1IPCR  Control PCR
T 10 |
Temp (°C) 25 37
wr o oo
mai4-1
PRefiE -
‘
hip1-5 [ ——
pap1-1 ..
1 2 3 4
C
3
=}
a
=
23
-
=}
a
E
o

WT  mai14-1 pcf1i1-1

hep1-5  pap1-1

L L S
[ mwor }—
—
Pl
P1 R

P1T1PCR Control PCR
I 1T 1

Temp (°C) 25 37 25 37
rmai4-1 I- ““
hipT-5 | S — .. e
pap1-1 - - --
5 6 7 8
0.45
m 25°C
04 m 37°C
§ 0.35
= 0.3
£ 025 1
-
S° o2 |
S 015
a
= 0.1
& 0.05
0

WT  rma14-1 pcf1i1-1 hep1-5 papi1-1

FIGURE 4. Gene looping requires the CF1 complex and poly(A) polymerase. A, schematic representation of MET16 and INOT indicating the positions of Alul
restriction sites (vertical lines) and PCR primers (arrows) used in CCC analysis. B, CCC analysis of MET16 and INO1 to detect gene looping in W303-1a (wild type)
and mutant strains of Rna14 (rna14-1), Pcf11 (pcf11-2), Hrp1 (hrp1-5), and poly(A) polymerase (pap1-1) following 120 min of induction followed by incubation
at either permissive (25 °C) or non-permissive (37 °C) temperatures. P1T1 PCR reflects the looping signal, whereas Control PCR represents the loading control
indicating that equal amount of template DNA was present in each of the CCC reactions. C, quantification of the CCC results shown in B, representing ChIP

signal/Input signal. Error bars indicate one standard deviation.

ing-competent strain supports the notion that the interaction
of TFIIB with the terminator-bound factors is critical for gene
looping. In such a scenario, TFIIB-associated termination fac-
tors are also expected to be required for loop formation. We
therefore examined the role of components of a holo-TFIIB
complex in gene looping employing the CCC approach. We
have previously demonstrated the interaction of the promoter
region of MET16 and INO1 with their terminator site using this
approach (1). A PCR product obtained using divergent primers
P1 and T1 was taken as a measure of gene looping in these
experiments (Fig. 44) (34). Using this protocol, we demon-
strated the requirement of the Rnal5 component of CF1 com-
plex in gene looping (1). Here we examine the role of TFIIB-
associated CF1 subunits other than Rnal5, namely Rnal4,
Pcf11, and Hrpl as well as poly(A) polymerase in gene looping.
CCC analysis was therefore carried out for MET16 and INO1
under transcriptionally inductive conditions in the mutant
strain of the factor under investigation. As a CCC control, com-
plete digestion of chromatin by restriction enzyme and ligation
dependence of P1-T1 PCR products was routinely monitored.

During termination of transcription, Rnal4 and Pcf11 play a
role analogous to that of Rnal5 (35). To determine whether
these subunits also have a role in loop formation, we performed
CCC analysis in rnal4-1 and pcfl1-2 mutant strains under
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induced conditions. A distinct P1-T1 PCR signal was obtained
for both MET16 and INO1 when the mutants were grown at
permissive temperature (25 °C) (Fig. 4B, lanes 1 and 5, and 4C).
However, upon shifting to non-permissive temperature (37 °C),
P1-T1 looping signal decreased by about 6 —8-fold for both
METI16 and INOI (Fig. 4B, lanes 2 and 6, and 4C). No such
diminution in looping signal was detected in the isogenic wild
type strain following the temperature shift (Fig. 4B, lanes 2 and
6, and 4C). Thus, both Rnal4 and Pcf11, like Rnal5, are essen-
tial for gene looping in yeast.

Hrp1 is another subunit of CF1 complex, which has been
implicated in maintaining the length of poly(A) tail (36). We
next asked whether Hrpl, like other components of CF1 com-
plex, is required for loop formation. CCC analysis was carried
out in the hrp1-5 strain as described above. We did not observe
any decrease in P1-T1 PCR signal for either MET16 or INOI in
hrp1-5 cells following the temperature shift to 37 °C (Fig. 4B,
lanes 2 and 6, and 4C). Like Hrpl, poly(A) polymerase is
required at the polyadenylation step of 3" end processing. It is,
however, not a CF1 subunit but is a component of CPF complex
(37). A marked diminution (3—5-fold) of the P1-T1 PCR prod-
uct for MET16 and INO1 was observed in pap1-1 strain follow-
ing the temperature shift from 25 to 37 °C (Fig. 4B, lanes 2 and
6,and 4C). Thus, of the two factors operating at the polyadenyl-
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ation step of 3’ end processing, our results show that only Pap1
is essential for gene looping.

In conclusion, CF1 components Rnal4, Rnal5, and Pcf11 are
required for gene looping. In addition, polyadenylating enzyme,
poly(A) polymerase, is also essential for loop formation.
Although we did not observe any decrease in looping signal of
genes in sirpI-5 strain at elevated temperature, we cannot make
a conclusion regarding the role of Hrpl in loop formation. To
confirm the role of Hrpl in gene looping, we need to check
other temperature-sensitive mutant alleles of Hrpl. We could
not examine the role of the remaining CF1 subunit Clp1 in gene
looping due to non-availability of a good conditional mutant
allele of the factor. Thus, gene looping exhibits an obligate
requirement for CF1 complex and poly(A) polymerase.

TFIIB Localization on the Terminator Region Requires Pap1l,
Rnal4, and Pcfl1—Our hypothesis is that gene looping is facil-
itated by the interaction of promoter-bound TFIIB with the
terminator-bound factors including CF1 complex subunits and
Papl (5). Cross-linking of TFIIB to the promoter and the ter-
minator regions of a looped gene (1, 11), the presence of a
TFIIB-CF1-Papl complex in looping-competent strains, and
loss of gene looping in the mutants of TFIIB, CF1 subunits, and
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Papl provide support to our hypothesis. Accordingly, in a pre-
vious study, we have demonstrated that cross-linking of TFIIB
tothe 3" end of a gene is compromised in a mutant of Rnal5 that
is deficient in gene looping (1). We therefore asked whether
TFIIB association with the 3’ end of genes is also dependent on
other components of holo-TFIIB complex such as Rnal4,
Pcfl1, Hrpl, and Papl. TFIIB ChIP was therefore performed for
MET16 and INOI genes in the mutants of Rnal4 (rnal4-1),
Pcfl1 (pcf11-2), Hrpl (hrpI-5), and Papl (papI-1) and isogenic
wild type strains grown under transcriptionally inductive con-
ditions at the permissive (25 °C) and non-permissive (37 °C)
temperatures. TFIIB cross-links to the 3’ end of INOI, in the
wild type strain, at 25 and 37 °C during induced conditions (Fig.
5B, lanes 4 and 8, and 5C). In contrast, TFIIB cross-linking to
the terminator was abolished in rnai4-1, pcfl1-2, and papl-1
strains at restrictive temperature (37 °C) (Fig. 5B, lane 8, and
5C), whereas the cross-linking to the promoter remained intact
(Fig. 5B, lane 5, and 5C). TFIIB occupancy of the terminator
region of INOI remained unaffected in /rpI-5 strain following
a temperature shift to 37 °C (Fig. 5B, lanes 4 and 8, and 5C).
Identical results were obtained with MET16 (supplemental Fig.
S5). This is in accordance with CCC results where no decrease
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in looping signal was observed in /rp1-5 strain at non-permis-
sive temperature.

Thus, Rnal4, Pcfll, and Papl, like Rnal5, are required for
interaction of TFIIB with the 3’ end of MET16 and INO1. To
comment on the role of Hrpl in TFIIB cross-linking to the 3’
end of genes, we need to perform TFIIB-ChIP in other temper-
ature-sensitive mutants of srp1.

TFIIB-interacting Termination Factors Occupy the Distal
Ends of a Gene in Looped Configuration—If the presence of
TFIIB on the terminator region is due to its interaction with
components of CF1 subunits and Papl, we expected TFIIB-
interacting termination factors to be present on both the termi-
nator and the promoter regions of a transcriptionally activated
gene. ChIP analysis was therefore performed to determine the
presence of CF1 subunits on different regions of MET16 and
INO1 during the repressed and activated transcriptional state
of genes. Our results show that CF1 subunits Rnal4, Pcf11, and
Hrpl as well as poly(A) polymerase indeed cross-link to both
the terminator and the promoter regions of MET16 during acti-
vated transcription (Fig. 6C, gray bars). Identical results were
obtained with INO1 (Fig. 6D, gray bars). These results provide
support for the existence of a complex of TFIIB-CF1 subunits
and Papl at the promoter-terminator junction. A similar
TFIIB-dependentlocalization of CPSF and CstF 3’ end process-
ing complexes on the distal ends of a gene was recently demon-
strated in mammalian cells as well (13).

Kinetics of Activated Transcription Is Compromised in the
Absence of Gene Looping—We have earlier demonstrated that
gene looping is conferred by the activator-dependent interac-
tion of the promoter-bound proteins with the terminator-
bound factors (1). Here we provide evidence for the existence of
a complex of promoter-bound TFIIB with the terminator-asso-
ciated factors in yeast cells. This complex could be the molec-
ular basis of gene looping as it exists only in the looping-com-
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petent strains, but not in the looping-defective strain. Gene
looping has been proposed to enhance transcription efficiency
of a gene by coupling termination to reinitiation (5). In such a
scenario, efficiency of transcription is expected to decrease in
the absence of gene looping. We therefore compared kinetics of
activated transcription of MET16 and INOI in wild type cells
that harbor the holo-TFIIB complex and in the looping-defec-
tive sua7-1 strain. Our results suggest that although both
METI16 and INOI exhibited induced transcription in the
sua?7-1 strain, activated transcription exhibited a kinetic lag in
the looping-defective strain (Fig. 7). The level of MET16 RNA
in sua7-1 cells was about 1.5 times less than in isogenic wild
type strain following 90 min after transfer of cells to inducing
conditions (Fig. 7B, lanes 3 and 6, and 7C). Similarly, the INO1
RNA level in sua7-1 cells was ~2.5 times less than in wild type
cells at 120 min after induction of transcription (Fig. 7E, lanes 3
and 6, and 7F). A possible interpretation of these results is that
looped configuration helps a gene to achieve higher transcrip-
tion efficiency within a short period of time following exposure
of the cells to induction signal.

DISCUSSION

The results presented here indicate that TFIIB associates
with Pap1 and the CF1 3’ end processing complex in yeast cells.
We provide several lines of evidence in support of the existence
of a complex of TFIIB and termination factors. First, affinity
purification of HA-tagged TFIIB yielded a complex composed
of Pap1 as well as CF1 subunits Rnal4, Rnal5, Pcf11, Clp1, and
Hrpl. Second, holo-TFIIB complex is devoid of known TFIIB-
interacting proteins such as RNAP II and TFIID. Thus, a TFIIB
complex is not formed by transiently interacting proteins.
Third, a glycerol gradient sedimentation profile of affinity-pu-
rified TFIIB showed a TFIIB peak cosedimenting with CF1 sub-
units and Papl. Fourth, the sedimentation rate of affinity-puri-
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fied TFIIB is more than that of free TFIIB, thereby suggesting
that it is in a complex. These results provide strong support in
favor of the existence of a macromolecular complex composed
of TFIIB and 3’ end processing/termination factors in yeast
cells.

Our results indicate that the association of TFIIB with Papl
and the CF1 complex occurs only when the conditions are
favorable for gene looping. First, Pap1 and CF1 subunit, Rnal5,
associate with TFIIB in a looping-competent strain. No such
association was observed in looping-deficient sua7-1 strain.
Second, cross-linking of TFIIB to the 3’ end of the gene, which
is essential for loop formation, was abolished in looping-defec-
tive temperature-sensitive mutants of Papl and the CF1 sub-
units Rnal4 and Pcfl1 at non-permissive temperatures. Third,
CF1 subunits and Pap1l were found localized to the 5" end of a
gene only when it was in a looped configuration. These results
suggest that a complex of TFIIB, Papl, and CF1 is formed at the
promoter-terminator junction to facilitate loop formation.

We expected at least two populations of TFIIB in a cell: 1)
free TFIIB that is not engaged in transcription; 2) TFIIB in asso-
ciation with the terminator-bound factors on genes that are in
looped configuration. Contrary to our expectation, we did not
find any low sedimentation coefficient peak of free TFIIB in the
glycerol gradient. One possible reason for this could be that our
affinity purification step is selectively purifying the holo-TFIIB
complex. Following elution of TFIIB from affinity beads with
oligopeptides, there was still a substantial amount of TFIIB
bound to the beads that could be eluted with 0.5% SDS (data not
presented). This tightly bound TFIIB could be free TFIIB that
cannot be eluted with anti-HA oligopeptides. The earlier
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attempt to purify native TFIIB from yeast did not observe a
holo-TFIIB complex (17). A possible explanation for this is that
the holo-TFIIB complex is not stable upon prolonged exposure
to high ionic strength. When we performed sedimentation
analysis of affinity-purified TFIIB at 500 mm KCI, TFIIB disso-
ciated from the complex and sedimented at the position of free
TFIIB. During the purification of native TFIIB from budding
yeast by Tschochner et al. (17), at several steps in the purifica-
tion protocol, ionic strength equivalent to or higher than 500
mM potassium acetate was used. This may have resulted in sep-
aration of TFIIB from the termination factors, and conse-
quently, a holo-TFIIB complex was not observed.

Holo-TFIIB complex may also include factors other than
CF1 subunits and Papl. It is likely that some components of
CPF complex are present in the TFIIB macromolecular assem-
bly. Ssu72, which is a subunit of CPF complex (21, 38), exhibits
a genetic as well as a physical interaction with TFIIB, and is a
strong constituent candidate of the TFIIB complex (39-41).
The presence of Pabl, Pabl-binding protein Panl, and CPF
subunit Fipl in the tandem affinity-purified preparation of
TFIIB makes them likely components of the TFIIB complex.
The presence of some promoter-bound factors in TFIIB prep-
aration also cannot be ruled out.

A similar interaction of mammalian TFIIB with CPSF and
CstF, which are homologues of yeast CPF and CF1 cleavage and
polyadenylation complexes, has been observed recently (13).
TFIIB exhibited a physical interaction with CstF-64 and
mSsu72 subunits of CstF and CPSF complexes, respectively.
CstF-64 and mSsu72 were also found cross-linked to the distal
ends of a gene in a manner analogous to their yeast counter-
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parts. Furthermore, TFIIB phosphorylation was required for
recruitment of CstF-64 and mSsu72 to the promoter region of a
gene. Whether association of TFIIB with CstF and CPSF com-
plexes facilitates juxtaposition of the promoter and terminator
regions to form a gene loop in higher eukaryotes remains to be
elucidated.

TFIIB is absolutely required for initiation of transcription.
The interactions of TFIIB with the promoter-bound factors are
well established. The essential role of TFIIB in gene looping, its
interaction with the terminator-bound factors, and the kinetic
delay in induced transcription in the strain lacking a holo-
TFIIB complex suggests a novel role of TFIIB in looping-medi-
ated transcriptional regulation. It has been proposed that gene
looping, which juxtaposes the terminator with the promoter,
brings about transcriptional activation by coupling termination
with reinitiation (4, 5). Although such a termination-reinitia-
tion link is yet to be demonstrated for RNAP II-transcribed
genes, it has been demonstrated for RNAP III and mitochon-
drial RNA polymerase-transcribed genes (42, 43). If RNAP II-
transcribed genes also exhibit a similar termination-reinitiation
coupling, the TFIIB-termination factor complex is likely to play
a key role in the process.
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