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It has become clear that in Saccharomyces cerevisiae the transcription of ribosomal protein genes, which
makes up a major proportion of the total transcription by RNA polymerase I, is controlled by the interaction
of three transcription factors, Rapl, Fhll, and Ifh1. Of these, only Rap1 binds directly to DNA and only Ifh1l
is absent when transcription is repressed. We have examined further the nature of this interaction and find
that Ifh1 is actually associated with at least two complexes. In addition to its association with Rap1 and Fhl1,
Ifh1 forms a complex (CURI) with casein kinase 2 (CK2), Utp22, and Rrp7. Fhll is loosely associated with the
CURI complex; its absence partially destabilizes the complex. The CK2 within the complex phosphorylates Ifh1
in vitro but no other members of the complex. Two major components of this complex, Utp22 and Rrp7, are
essential participants in the processing of pre-rRNA. Depletion of either protein, but not of other proteins in
the early processing steps, brings about a substantial increase in ribosomal protein mRNA. We propose a
model in which the CURI complex is a key mediator between the two parallel pathways necessary for ribosome
synthesis: the transcription and processing of pre-rRNA and the transcription of ribosomal protein genes.

The biosynthesis of ribosomes plays a substantial role in the
economy of the yeast cell, being responsible for more than
70% of the total transcription and more than 25% of the total
translation of rapidly growing cells (39). Transcription of the
138 genes encoding ribosomal proteins (RP) forms one of the
tightest clusters in almost all transcriptome experiments (4, 9),
with rapid repression in response to stress and rapid derepres-
sion in response to improved conditions. Although much
progress has been made in recent years, the molecular basis for
the tight coordination of transcription of RP genes and its
coupling to rRNA transcription has remained elusive.

It has long been known that the DNA binding protein Rapl
is involved in the transcription of many RP genes (32, 36, 40)
and that most but not all RP genes carry a pair of Rapl-
binding sites in their promoters (22). However, Rap1 binds to
many sites in the yeast genome, acting as an activator at some
and as a repressor at others, and indeed is a structural element
at the telomeres (25). With the identification of Fhll as binding
almost exclusively to RP promoters (23), recent work has es-
tablished that transcription of RP genes is controlled, at least
in part, by the interplay of three factors, Rap1, Fhll, and Ifhl,
that are found at most RP promoters when transcription is
occurring (27, 33, 35, 38). The association of Ifhl appears to
depend on its interaction with the forkhead-associated (FHA)
domain of Fhll. Repression of transcription leads to the loss of
Ith1, but not of Rapl and Fhll, from the RP promoters. Al-
though this has been attributed to competition from Crfl en-
tering the nucleus as a result of inhibition of TOR, we have
found that this is not the case for the W303 strain that is our
wild type (42). As this paper was being completed, yet another

* Corresponding author. Mailing address: Department of Cell Biol-
ogy, Albert Einstein College of Medicine, Bronx, NY 10461. Phone:
(718) 430-3022. Fax: (718) 430-8574. E-mail: warner@aecom.yu.edu.

+ Present address: Department of Immunology, University of Wash-
ington, Seattle, WA 98195.

¥ Published ahead of print on 23 April 2007.

4815

protein, Hmol, was identified at the Fhll/Ithl1/RP-promoter
interaction site and was suggested to coordinate rRNA and RP
gene transcription (14).

On investigating more thoroughly the basis for the interac-
tion of Rapl, Fhll, and Ifh1, we have found that most of the
cell’s Ifh1 is in a complex with three quite different proteins,
casein kinase 2 (CK2), Utp22, and Rrp7. Ifh1 can be phosphor-
ylated by CK2 in vitro. Fhll, but not Rap1, is weakly associated
with this complex. An intriguing feature is that both Utp22 and
Rrp7 are implicated in the processing of pre-TRNA (2, 3). We
present evidence to suggest that this complex is a link between
the two parallel pathways leading to ribosome biosynthesis: the
transcription and processing of rRNA and the transcription of
RP genes leading to the production of ribosomal proteins.

MATERIALS AND METHODS

Strains. The strains used are listed in Table 1. Strain YZ73 was constructed by
introducing the RAPI open reading frame into plasmid pBS1761 (31) and sub-
sequently replacing the GALI promoter with a 300-bp fragment upstream of the
RAPI gene before introducing this into W303. Thus, N-terminally tandem affinity
purification (TAP)-tagged RAP1 is under its own promoter. Other tagged strains
were constructed as described previously (11, 26). Cultures were grown in YPD
(1% yeast extract, 2% Bacto peptone, 2% dextrose) except when, where indi-
cated, dextrose was replaced with galactose (YP-Gal) or raffinose (YP-raffinose).

Preparation of yeast cell lysates, immunoprecipitation, and Western blotting.
A 50-ml yeast culture was grown to an optical density at 600 nm (ODyy) of~1.0.
Cells were harvested, washed with IP150 buffer (50 mM Tris-HCI [pH 7.4], 150
mM NaCl, 2 mM MgCl,, 0.1% NP40), and lysed by vortexing with glass beads in
300 pl ice-cold IP150 buffer supplemented with Complete Mini protease inhib-
itor cocktail tablet (Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF).
Lysates were centrifuged at 13,000 X g for 1 min at 4°C to remove debris. For the
coimmunoprecipitation (Co-IP) experiments performed in the presence of
ethidium bromide, the extract was incubated with 200 pg/ml of ethidium bromide
on ice for 30 min followed by centrifugation at 13,000 X g for 1 min. The
supernatant was used for immunoprecipitation. The extracts thus prepared were
incubated at 4°C with anti-Myc mouse monoclonal antibody (9E10), anti-FLAG
polyclonal antibody, anti-Rap]1 rabbit polyclonal antibody (a kind gift from D.
Shore), preimmune serum, or anti-Nhp2 rabbit polyclonal antibody coupled with
protein A-agarose beads (Pierce). To immunoprecipitate TAP-tagged proteins,
immunoglobulin G (IgG)-Sepharose beads were used. For the immunoprecipi-
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TABLE 1. Strains used in this study

Strain Genotype Source or reference
W303 ade2-1 leu2-3,112 ura3-1 his3-11,15 trpI-1 canl-100 ssdl-1 37
YZ73 W303 o TAP-RAPI::TRPI 33
YZ146 W303 a kanMX4::IFHI-HA; This study
DR12 W303 a FHL1-TAP::G418" 33
DR13 W303 a FHLI-HA;::G418" 33
DR14 W303 o IFH1-TAP::TRP1 33
DR23 W303 a IFHI-TAP::G418" FHLI-HA;::G418" This study
DR34 W303 o FHLIA:HIS3 33
DR36 W303 a IFHI-MYC9::TRP1 FHLI-HA;::G418" 33
DR47 W303 FHLIA::HIS3 IFHI-MYC9::TRP1 with pRS316 (CEN URA3 FHLI-HA;) 33
DR48 As DR47, with pRS316 (CEN URA3 AFH-HA[FHL1A440-567]) 33
DR57 W303 a/o FHLIA:HIS3/FHLI IFHI-MYC9::TRP1/IFH1 33
DR49 As DR47, with pRS316 (CEN URA3 AFHA-HA;[FHLI1A300-374]) 33
DR65 As DR47, with pRS316 (CEN URA3 FHLI-HA; [S325R]) 33
DR113 DR47, UTP22-TAP::G418" This study
DR114 DR47, RRP7-FLAG::G418" This study
DR115 DR47, CKB2-FLAG::G418" This study
DR116 DR34, UTP22-TAP::G418" This study
DR117 DR34, RRP7-FLAG::G418" This study
DR118 DR34, CKB2-FLAG::G418" This study
DR127 W303 a,UTP22-FLAG::G418" This study
JDO001 W303 ofa Fhll-HA;::G418/Fhll Ifhl-Mycl3 UTP22-FLAG This study
JDO007 W303 a kanMX4::IFHI-HA; GAL-HA-UTP7 This study
JDO009 W303 a kanMX4::IFHI-HA; GAL-HA-UTPI11 This study
JDO010 W303 a kanMX4::IFHI-HA; GAL-HA-UTP14 This study

YSC1178-7500641 UTP22-TAP
YSC1178-7499458 RRP7-TAP
YSC1178-7502757 CKB2-TAP

Open Biosystems
Open Biosystems
Open Biosystems

tations done with hemagglutinin (HA) antibody, anti-HA affinity matrix (Roche)
was used. Following incubation, beads were washed three times with IP150
buffer. The washed beads containing bound proteins were suspended in 50 wl of
1% sodium dodecyl sulfate (SDS) gel loading buffer and heated at 95°C for 5
min. The released polypeptides in 20 wl of heated sample were resolved in 0.1%
SDS-5% polyacrylamide gels. The separated polypeptides were transferred onto
a nitrocellulose membrane and analyzed by Western blotting using anti-HA
(3F10), anti-c-Myc (9E10), anti-FLAG, or anti-Rapl polyclonal antibodies
wherever applicable.

ChIP. For chromatin immunoprecipitation (ChIP), a 200-ml culture was
grown to early log phase (~1 X 107 cells/ml) at 30°C. Formaldehyde was added
to a final concentration of 1%, and cells were incubated at room temperature for
30 min with occasional swirling. Glycine was added to a final concentration of 360
mM. Cells were washed in 1X Tris-buffered saline and lysed with glass beads in
breaking buffer (0.1 M Tris [pH 8.0], 20% glycerol, 1 mM PMSF) using a Mini
bead beater (Biospec Products). Cross-linked chromatin was collected by cen-
trifugation at 13,000 rpm for 10 min, and pellets were resuspended in 1 ml FA
buffer (50 mM HEPES-KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 0.1% deoxycholate).

Cells were sonicated until DNA was of an average size of 400 to 600 bp.
Soluble chromatin was separated from insoluble material by centrifugation at
13,000 rpm for 10 min and adjusted to 3.5 ml with FA buffer. Chromatin was
stored in 800-pl aliquots at —80°C.

Immunoprecipitations of TAP-tagged proteins were performed using IgG-
Sepharose beads for 5 h at 4°C. Chromatin was eluted, cross-links were reversed,
and DNA was prepared and subjected to quantitative PCR analyses performed
in real time using an Applied Biosystems 7700 sequence detector. To calculate
the enrichment (fold) of occupancy at an individual promoter, the apparent
cross-linking efficiency was determined by dividing the amount of PCR product
from the immunoprecipitated sample by the amount of PCR product in the input
sample prior to immunoprecipitation and subtracting the apparent cross-linking
efficiency of a control promoter of the CYCI gene that was shown not to be
occupied by Fhll in a genomewide study (23).

Glycerol gradient analysis and mass spectrometry. Saccharomyces cerevisiae
extracts were loaded onto 10 to 30% glycerol gradients in IP150 buffer and
centrifuged at 49,000 rpm for 5 h at 4°C in an SW50.1 rotor. For the experiments
in which the first step of TAP purification was followed by glycerol gradient
centrifugation, the purification was performed as follows. Two liters of culture

from the untagged or TAP-tagged Ifh1 strains (DR13 and DR23, respectively)
was grown to an ODyg, of ~1.0. Cells were pelleted, washed first with 500 ml
water, and then washed with 50 ml IP150 buffer. Then the cells were resuspended
in 10 ml IP150 buffer containing 10% glycerol and 2 mM PMSF and frozen in
liquid nitrogen. Extracts were prepared by grinding the frozen cells with a mortar
and pestle in the presence of liquid nitrogen. The thawed extracts were centri-
fuged for 5 min at 7,000 rpm to remove the unbroken cells, and then the
supernatant was centrifuged again at 10,000 rpm for 15 min to remove cell debris.
Lysates thus prepared were incubated with IgG-Sepharose beads for 2 h at 4°C
with tumbling. Beads were washed three times in IP150 and once with TEV
cleavage buffer (31) for 5 min each. The beads were resuspended in 400 pl of
TEV cleavage buffer and incubated overnight with 100 U of recombinant TEV
enzyme (Invitrogen). Three hundred microliters of the TEV eluate was loaded
on glycerol gradient for centrifugation described above. Coomassie-stained
bands from lanes corresponding to gradient fraction 11 were cut out from the gel
and sent for matrix-assisted laser desorption ionization—mass spectrometry pep-
tide mass mapping to the Protein Chemistry core facility, Columbia University,
New York.

In vitro phosphorylation studies. One hundred fifty microliters of fractions 11
and 13 from the glycerol gradients of lysates from the various strains was mixed
with an equal volume of 20 mM MgCl, and incubated with y-[**P]ATP or
¥-[**P]GTP (6,000 Ci/mmol) for 45 min at 30°C and then incubated either with
IgG-Sepharose beads or with HA-conjugated affinity matrix for 2 h at 4°C. The
beads were centrifuged at 4000 rpm for a minute and washed three times with
IP150 buffer. The washed beads with bound proteins were suspended in 50 pl of
1% SDS gel loading buffer and heated at 95°C for 5 min. The released polypep-
tides were resolved in two 0.1% SDS-5 to 15% gradient polyacrylamide gels.
One was dried and subjected to autoradiography. The other was blotted to a
nitrocellulose membrane and subjected to Western analysis using anti-HA
(3F10) or horseradish peroxidase (HRP)-conjugated anti-protein A antibodies as
specified.

RESULTS

Rapl interacts with Fhll and with Ifhl. Although ChIP
experiments clearly demonstrate that Fhll is associated with
RP gene promoters, we have been unable to detect a direct
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FIG. 1. Rapl interacts with both Fhll and Ifhl. (A) Co-IP was
carried out using rabbit polyclonal anti-Rapl («aRap1) antibody with
extracts prepared from strain DR36 (FHLI1-HA; IFHI-Myc9 double
tagged). The immunoprecipitated protein complex was resuspended in
SDS loading buffer, boiled, and analyzed by SDS-polyacrylamide gel
electrophoresis followed by Western blotting using anti-HA, anti-Myc,
or anti-Rapl antibodies (lane 3). Whole-cell extract was loaded in a
separate lane as a loading control (lane 1; Input). Immunoprecipita-
tion with a rabbit polyclonal antibody raised against the yeast protein
Nhp2 (aNhp2) was used as a negative control (lane 2). In the right-
hand panel, Co-IP was carried out using anti-Rapl antibody on ex-
tracts prepared from DR36 in the presence of 200 pg/ml ethidium
bromide (lane 6). In this case, preimmune serum was used as a nega-
tive control (lane 5). (B) Co-IP was carried out using rabbit polyclonal
anti-Rapl antibody on extracts prepared from strains harboring HA ;-
tagged full-length Fhll (WT FHLI), with the FH domain deleted
(AFH), with the FHA domain deleted (AFHA), or with the S325R
mutant version of Fhll (lanes 6, 7, 8, and 9, strains DR47, DR48,
DR49, and DR65, respectively). The endogenous copy of FHLI in
these strains is deleted, and Ifhl is tagged C terminally with Myc9.
Rabbit polyclonal antibody against Nhp2 was used as a negative con-
trol (lane 5).

é‘é‘

interaction of Fhll with DNA of the RP gene promoter, as
measured by gel shift in vitro. Furthermore, deletion of the
putative DNA binding domain of Fhll does not cause a sig-
nificant growth defect (33). These results prompted us to ask if
Fhll is brought to RP genes, not by its FH domain, but by
interacting with Rapl. Indeed, Co-IP analysis using anti-Rap1
antibody shows that Rap1 can associate not only with Fhll but
with Ifh1 as well (Fig. 1A, left). The interaction is unaffected by
the presence of ethidium bromide, known to dissociate pro-
teins from DNA (21) (Fig. 1A, right), suggesting that Rap1 can
associate with Fhll and Ifhl in a DNA-independent manner.
The FHA domain, found in many “forkhead”-type proteins, is
known to bind to phosphopeptides (6) and is essential for Fhll
function and for its interaction with Ifh1. Even a point muta-
tion in the FHA domain (S325R) has a serious impact on its
function (33). Interestingly, mutation of neither the FH nor the
FHA domains of Fhll affects the Co-IP of either Fhll or Ithl
by Rapl (Fig. 1B, lanes 7, 8, and 9). This observation leads to
the unexpected conclusion that Ifhl can interact with Rapl
independently of Fhll.

Ifhl is found as a high-MW complex. To clarify the rela-
tionship between Rap1, Fhll, and Ifh1, we asked whether these
three proteins could be found in a stable complex. Glycerol
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FIG. 2. Ifhl is found as a high-MW complex. (A) Extract prepared
from strain DR36 (FHLI-HA; IFHI-Myc9) was loaded onto a 10 to
30% glycerol gradient and centrifuged for 5 h at 49 krpm using an
SW50.1 rotor. Two hundred-microliter fractions were collected. Ali-
quots (15 wl) from the indicated fractions as well as the whole-cell
extract (Input) were analyzed by SDS-polyacrylamide gel electro-
phoresis followed by Western blotting using anti-HA, anti-Myc, or
anti-Rap1 antibodies. The positions of the MW markers bovine serum
albumin (66 kDa), B-amylase (200 kDa), and apoferritin (443 kDa),
centrifuged in a parallel gradient, are indicated above. Pel, pellet at the
bottom of the glycerol gradient. (B) Co-IP was performed on a pool of
fractions (Frax) 10 and 12 using anti-Myc (a-Myc) antibody or mouse
1gG (a-IgG). This was followed by Western blot analysis of the immu-
noprecipitated protein complex and probing with anti-HA and anti-
Myc antibodies. (C) Co-IP using rabbit polyclonal anti-Rap1 (a«-Rap1)
antibody or rabbit IgG was performed on a pool of fractions 3 and 5 or
9 and 11 of the glycerol gradient shown in Fig. 2A. Western blotting
was performed on the immunoprecipitated protein complex and
probed with anti-HA, anti-Myc, or anti-Rap1 antibodies.

gradient analysis of an extract of wild-type cells is shown in Fig.
2A. Strikingly, Ifh1l sediments as a complex (or complexes)
with an apparent molecular mass of about 350 to 400 kDa,
significantly larger than expected for a 122-kDa protein. Both
Rap1 and Fhll sediment primarily as free proteins near the top
of the gradient but with a pronounced tail down the gradient.
(The significance of the small amount of Rapl that migrates
slightly faster in the gel than most of the Rapl, in fractions 13
and 15, is under investigation.) Since some of the Rapl and
Fhll cosediments with Ifh1 in fractions 9 and 11, we asked if
they were associated. In the higher-molecular-weight (MW)
gradient fractions, not only does Ifhl coimmunoprecipitate
Fhll, but Rapl can also coimmunoprecipitate both Fhll and
Ithl (Fig. 2B and C). The efficiency with which Rapl can
coimmunoprecipitate Fhll is much greater in the high-MW
fractions (fractions 9 and 11) than at the top of the gradient
(fractions 3 and 5). Thus, in these fractions Rap1 and Fhll are
complexed with at least a part of Ifhl.

Ifh1 is in a complex with rRNA processing factors. Extracts
of cells carrying Fhll-TAP, Ifh1-TAP, and TAP-Rapl (the
latter tagged at the N terminus [see Materials and Methods)]
because a C-terminal tag interferes with function) (Fig. 3A)
were used to estimate the relative amounts of the three pro-
teins using a slot blot (Fig. 3B) The results suggest that Fhll
and Ifhl are approximately equimolar but only 10 to 20% the
level of Rapl, in confirmation of the genomewide analysis (12),
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FIG. 3. Ifhl is in a complex with rRNA processing factors.
(A) Western blot analysis performed on whole-cell extracts prepared
from the indicated wild-type or TAP-tagged strains, each under its own
promoter (see Materials and Methods). HRP-conjugated chicken anti-
protein A was used to probe for the TAP-tagged proteins. (B) Slot blot
analysis performed on serially diluted amounts of whole-cell extracts
prepared from the indicated strains. WT, wild type. (C) The first step
of TAP purification (i.e., the eluate derived from an IgG-Sepharose
column after cleavage with the TEV protease) was performed using
untagged or Ifh1-TAP strains (DR13 and DR23, respectively) as de-
scribed in Materials and Methods. This was then applied on a glycerol
gradient as described in the legend to Fig. 2A, and fractions were
analyzed by SDS-polyacrylamide gel electrophoresis and silver stain-
ing. Ifh1 and its associated proteins were visualized largely in fractions
9 and 11 as shown. Proteins identified by mass spectrometry are indi-
cated.

which is not surprising because Rap1 is found at many sites in
the genome. However, since any complex with Fhll could
account for only a small fraction of the Ifhl, it seemed likely
that most of the Ifhl was associated with something else. To
identify other proteins that are complexed with Ithl, we car-
ried a TAP-tagged Ifhl through the first step of purification
(31), followed by a glycerol gradient, with the hope that most
of the proteins that are associated with Ifh1 in fractions 9 to 11
can be detected by silver staining. As is apparent from Fig. 3C,
several proteins copurified with Ifh1 on the gradient (fractions
9 and 11). The most prominent of these was identified by mass
spectrometry as Utp22, at 140 kDa, consistent with its migra-
tion in the denaturing gel. Note that Ifhl, also identified by
mass spectrometry, migrates anomalously slowly. In addition,
the lower bands contained Rrp7 and the a subunit of CK2.
These results are consistent with a recent analysis of TAP-
tagged Utp22 in a quite different strain (31) that identified a
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complex termed UTP-C. This complex contained Rrp7, the
four subunits of CK2, and Ifhl (see supplemental data in
reference 19). However, Ifh1 was not visible on the accompa-
nying gel (see Fig. 3C of reference 19), presumably because we
find it to be highly labile to proteolytic digestion. Utp22 has
also been identified as part of a much larger, 2.2-MDa, com-
plex of proteins associated with U3 snoRNA (the “SSU pro-
cessome”) and implicated in the early cleavage steps of 35S
pre-TRNA (3). Rrp7 has been implicated in a later step in the
assembly of 40S ribosomal subunits (2). The absence of either
Utp22 or Rrp7 leads to a deficiency in the formation of 40S
ribosomal subunits.

To validate the above results and to determine the glycerol
gradient pattern of Utp22, Rrp7, and the  subunit of the CK2
protein (Ckb2), we C-terminally FLAG tagged Rrp7 and Ckb2
and TAP tagged Utp22 in a strain carrying Fhl1-HA and Ifh1-
Myc (strains DR114, DR115, and DR113, respectively [see
Table 1]). A summary of the glycerol gradient patterns from
the three strains is shown in Fig. 4A. Both Rrp7-FLAG and
Utp22-TAP peak at fractions 9, 11, and 13. A considerable
portion of the Ckb2-FLAG protein is also detected in those
fractions. It is noteworthy that substantial fractions of Utp22
and Rrp7 are present in the pellet, consistent with the finding
that Utp22 is a member of a large nucleolar U3 ribonucleo-
protein complex (3) and that both Utp22 and Rrp7 have been
identified in a 90S preribosome particle (8). In order to dem-
onstrate that the complex with Ifh1 was distinct from the U3-
containing processome, we carried out Co-IP analysis of an
extract of strain JD0O01, carrying Ifth1-Myc9 and Utp22-FLAG.
As is apparent from Fig. 4B, Ifth-Myc can coimmunoprecipitate
Utp22-FLAG but not U3 RNA (lane 3), while Utp22-FLAG
can coimmunoprecipitate both Ifh1 and U3 RNA (lane 4). The
results shown in Fig. 4 strongly suggest that much of the Ifh1 in
fractions 9 to 13 of the glycerol gradient is present in a complex
with CK2, Utp22, and Rrp7. We term this the CURI complex
(CK2-Utp22-Rrp7-Ithl).

Fhll is loosely associated with the CURI complex. Although
the purified CURI complex in Fig. 3C showed no silver-stained
band corresponding to Fhll, Western blotting revealed a
minute amount of Fhll but no Rapl (data not shown). This
suggested that Fhll might be loosely associated with the CURI
complex. To determine if this is the case, we performed Co-IP
experiments on peak fractions containing the CURI complex
with the respective FLAG-tagged or TAP-tagged proteins. As
expected, Ifth1-Myc9 could be coimmunoprecipitated along
with Utp22-TAP by IgG-Sepharose from a strain carrying
Utp22-TAP strain (DR113) and not from a strain where Utp22
is untagged (Fig. 5A). Similarly, rabbit anti-FLAG antibody
could efficiently coimmunoprecipitate Ifh1-Myc9 from strains
DR114 (Rrp7-FLAG) and DR115 (Ckb2-FLAG) (Fig. 5B and
C). Furthermore, in all of these cases, a small but reproducible
amount of Fhll could be coimmunoprecipitated from these
fractions with Utp22, Rrp7, and Ckb2 (Fig. 5A to C, middle
rows). Note that although the anti-FLAG antibody can immu-
noprecipitate the small amount of the FLAG-tagged Rrp7 or
Ckb2 that is present in the fractions near the top of the gra-
dient, it was unable to coimmunoprecipitate (Fig. 5B and C)
any of the relatively large amount of Fhll from these fractions
(Fig. 4), suggesting that the association of Fhll with the CURI
complex is authentic. From none of the fractions was Rapl
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FIG. 4. Portions of Ckb2, Rrp7, and Utp22 cosediment with Ifhl.
(A) Glycerol gradient analysis was performed on extracts prepared
from cultures of strains DR113, DR114, and DR115. Aliquots (15 wl)
from the indicated fractions were analyzed by SDS-polyacrylamide gel
electrophoresis followed by Western blotting using anti-HA, anti-Myc,
anti-Rapl, or anti-FLAG antibodies for strains DR114 and DR115.
For strain DR113, Western blotting was performed using HRP-conju-
gated chicken IgG to detect Utp22-TAP. A summary of the glycerol
gradient pattern from the three strains is shown. Pel, pellet at the
bottom of the glycerol gradient. (B) Whole-cell extract was prepared
from strains JD001 (Ith1-Myc9 Utp22-FLAG) (lanes 1, 3, and 4) and
W303 (untagged) (lanes 2, 5, and 6) and subjected to immunoprecipi-
tation with anti-myc (e Myc) or anti-FLAG (a-FLAG) antibody, and
the bound fraction was subjected to Western (upper two panels) and
Northern (lower panel) analyses. « Utp22:FLAG, anti-Utp22-FLAG.
Lanes 1 and 2, input (6.5%); lanes 3 and 5, IP with anti-Myc; lanes 4
and 6, IP with anti-FLAG.

U3 probe

immunoprecipitated by Utp22, Rrp7, or Ckb2 (data not
shown).

To confirm that Fhll indeed associates with the CURI com-
plex within the cell, we performed Co-IP analysis on a whole-
cell extract. As shown in Fig. 6A, Fhl1-HA3 can coimmuno-
precipitate Rrp7-FLAG (lane 5) or Ckb2-FLAG (lane 6).
Conversely, Utp22-TAP or Ckb2-FLAG can coimmunopre-
cipitate Fhll-HA; (Fig. 6B, lane 4, and 6C, lane 3, respec-
tively). It is noteworthy that immunoprecipitation of Utp22 or
Ckb2 does not coimmunoprecipitate Rapl (Fig. 6B and C).
Conversely, anti-Rap1 does not detectably coimmunoprecipi-
tate Rrp7 (Fig. 6D, lane 2) or Utp22 (Fig. 6D, lane 5) under
conditions where it does coimmunoprecipitate Fhll and Ifthl
(lane 2). Taken together, the results shown thus far suggest
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FIG. 5. The CURI complex interacts with Fhll. (A) Co-IP using
IgG-Sepharose was performed on a pool of fractions 9 and 11 of the
glycerol gradients from extracts prepared from strains DR113 (UTP22-
TAP) and DR47 (as a negative control). Western blotting was per-
formed on the immunoprecipitated proteins using anti-Myc, anti-HA,
and HRP-conjugated chicken IgG. (B and C) Co-IP using anti-FLAG
rabbit polyclonal antibody was performed on a pool of indicated frac-
tions of the glycerol gradients from extracts prepared from strains
DR114 (RRP7-FLAG) and DR115 (CKB2-FLAG). This was followed
by Western blotting of the immunoprecipitated protein complexes
using the indicated antibodies.

Fractions 24 10,12

Fhi1-HA3

B 7 }

that (i) a small proportion of Fhll and Ifh1 is associated with
Rapl, (ii) Ifhl is mostly associated with the CURI complex,
(iif) Fhl1 is weakly associated with the CURI complex, and (iv)
Rapl is not associated with the CURI complex.

Fhll influences the stability of the CURI complex. Cells in
which the interaction of Ifh1 with Fhll is prevented, either by
ablation of Fhll (16) or by deletion of the FHA domain of Fhll
(33), are alive but grow exceedingly slowly. In light of these
earlier findings and of the observation that Fhll interacts with
the CURI complex, we wished to determine the fate of the
CURI complex in the AFHLI and AFHA strains. As shown in
Fig. 7, the deletion of Fhll (upper panel) or of the FHA
domain (lower panel) has at least three effects on the pattern
of migration (compare Fig. 7 with Fig. 4). First, a substantial
amount of the Ifhl now sediments more slowly, although a
fraction of the Ifhl still sediments at its previous location in
fractions 9 to 13. Second, most of the Rrp7 sediments towards
the top of the gradient. This is in marked contrast to the
wild-type cells, where Rrp7 comigrates with Ifh1 in fractions 9
to 13. Third, Rapl no longer streaks down the gradient. The
altered sedimentation patterns of Ifhl and of Rapl are re-
markably similar in the strain from which the FHA domain has
been deleted from Fhll (Fig. 7, lower panel). Taken together,
these results suggest that Fhll not only interacts with the
CURI complex but also plays some role in maintaining the
stability of the complex. On the other hand, we cannot rule out
the possibility that these effects are secondary to the very slow
growth and very low ribosome content of AFHLI and AFHA
cells (33).

Ifh1 can be phosphorylated by CK2. The presence of CK2 in
the CURI complex is intriguing because CK2 has been impli-
cated in the regulation of transcription by RNA polymerase I
(Pol T) (34), RNA Pol II (24), and RNA Pol III (13). To
investigate whether CK2 phosphorylates members of the
CURI complex, we incubated y-[**P]JATP with CURI-contain-
ing fractions extracted from strains YZ146 and DR23, carrying
Ith1-HA, and Fhl1-HA,, respectively. The samples were im-
munoprecipitated with anti-HA antibody, and the result was
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FIG. 6. Fhll but not Rapl1 interacts with components of the CURI
complex in whole-cell extracts. (A) Co-IP was performed using anti-
HA (a-HA) antibody or anti-mouse IgG (a-IgG) on strains DR114
(Rrp7-FLAG) and DR115 (Ckb2-FLAG), respectively. This was fol-
lowed by Western blot analysis and probing with anti-HA and anti-
FLAG antibodies to detect the indicated proteins. (B and C) Co-IP
followed by Western blot analysis was performed using IgG-Sepharose
on strains DR113 (Utp22-TAP) (B) and DR115 (C), respectively. In
panel B, immunoprecipitation with IgG-Sepharose performed on
strain DR47 was used as a negative control. In panel C, immunopre-
cipitation with mouse IgG was performed as a negative control.
(D) Co-IP was performed using anti-rabbit Rap1 (a-Rap1) antibody or
rabbit IgG on whole-cell extracts prepared from DR114 (Rrp7-FLAG)
(lanes 1 to 3) or DR127 (Utp22-FLAG) (lanes 4 to 6) strains. The
indicated input and immunoprecipitated proteins were detected by
Western blot analysis.

displayed on two SDS gels (Fig. 8): one subjected to autora-
diography (upper) and the other probed with anti-HA anti-
body after Western blotting (lower). It is evident that Ifhl is
phosphorylated (lane 1), while Fhll is not (lane 5). To confirm
that CK2 is the kinase responsible, we showed that heparin, a
specific inhibitor of CK2 (15), abolishes labeling of Ifh1 (lane
2). Furthermore, the kinase is just as effective using labeled
GTP in place of ATP, another diagnostic for CK2 (28) (Fig. §,
lanes 3 and 4). No phosphorylation of other members of CURI
was detected in analogous experiments (data not shown).

CURI complex and transcription. To ask if the CURI com-
plex is involved in the activation of transcription of RP genes
by Ifh1, we performed ChIP analysis with each of the compo-
nents of the CURI complex. As seen in Fig. 9, the data show
that while Ifhl is found at the RP genes, the other three
components, Ckb2, Rrp7, and Utp22, are not. Thus, Ifh1 seems
to appear in two alternative forms: as either a member of the
CURI complex or resident at the promoter of an RP gene,
presumably in the company of Fhll and Rapl.

The CURI complex as coordinator of rRNA and RP produc-
tion. The presence of both Ifhl and Utp22 and Rrp7 in the
CURI complex led us to hypothesize that CURI might connect
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FIG. 7. Fhll influences the stability of the CURI complex. Glycerol
gradient analysis was performed on extracts prepared from DR116,
DR117, and DR118 strains. In each, FHL1 is deleted and Utp22, Rrp7,
and Ckb2 are tagged as indicated. Aliquots (15 pl) from the indicated
fractions as well as the whole-cell extract (Input) were analyzed by
SDS-polyacrylamide gel electrophoresis followed by Western blotting
using anti-HA, anti-Myc, anti-Rapl, or anti-FLAG antibodies for
strains DR117 and DR118. For strain DR116, Western blotting was
performed using HRP-conjugated chicken IgG to detect Utp22-TAP.
A summary of the glycerol gradient patterns from the three strains is
shown. In the lower panel, a glycerol gradient was performed on
extracts from strain DR49 (AFHA), followed by Western blotting using
anti-HA, anti-Myc, or anti-Rap1 antibodies. Pel, pellet at the bottom
of the glycerol gradient.

Pol I transcription of rRNA genes with Pol II transcription of
RP genes. The simplest formulation is shown in Fig. 10. When
rRNA transcription is active, much of the Utp22 and Rrp7 is
tied up in processing the pre-rRNA, thus freeing Ifth1 to asso-
ciate with Fhll and Rapl1 to activate transcription of RP genes.

Strain IFH1-HA3 FHL1-HA3
Heparin + + +
GTP + o+
ATP + + +
250 _
7% g
b=
50 — -
37 — -
25 |

1 2 3 4 5 6
e -

FIG. 8. Phosphorylation of Ithl by CK2. Fractions of the glycerol
gradient containing the CURI complex from strain YZ146 (Ifh1-HA;)
were incubated with y->*P-labeled ATP (lanes 1 and 2) or GTP (lanes
3 and 4), in the absence (lanes 1 and 3) or presence (lanes 2 and 4) of
heparin, followed by immunoprecipitation with anti-HA and analysis
on two parallel SDS gels. Lanes 5 and 6 are identical to lanes 1 and 2,
except that the strain used was DR23 (Fhl1-HA3). One SDS gel (upper
panel) was subjected to autoradiography, and the other (lower panel)
was Western blotted and probed with anti-HA. MW markers are
indicated.
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FIG. 9. Utp22, Rrp7, and Ckb2 are not present on the promoters of
RP genes. ChIP was performed on strains harboring TAP-tagged IFH1
(DR14) and strains from Open Biosystems, Inc., carrying TAP-tagged
versions of CKB2, RRP7, and UTP22 (see Materials and Methods.)
Following immunoprecipitation, real-time PCR was performed on
the samples using primers for the promoters of the indicated genes.
Primers specific for the promoters of PGKI and ACT1 were used as
negative controls.

Utp22-TAP

Conversely, when rRNA transcription is reduced, Utp22 and
Rrp7 are free to bind more Ifthl, thereby reducing transcrip-
tion of RP genes.

As a test of this hypothesis, we generated strains in which
either UTP22 or RRP7, and as a control, UTP7, UTP11, or
UTPI14, were put under GAL control. In galactose medium,
these strains grow as wild type. On being shifted to a nonin-
ducing, nonrepressive carbon source such as raffinose, growth
slows substantially after 12 h and is limited for the protein in
question. Analysis of the RNA from such strains under those
conditions (Fig. 11A) shows that the level of 20S pre-rRNA is
greatly reduced, as described previously for Rrp7 (2) and for
many of the Utp proteins (5). For strains limited for Utp22 or
Rrp7, the mRNA level of the five RP genes tested was sub-
stantially elevated (Fig. 11B), just as we would predict from the
hypothesis described above. In contrast, the levels of RP
mRNAs in strains limited for Utp7, -11, or -14 showed only a
small increase, about 50%. While this result suggests that there
may be some feedback from the deprivation of ribosomes, this
50% increase is far less than the three- to fourfold increase in
the level of RP mRNAs when the cells are limited for members
of the CURI complex, Utp22 or Rrp7. It is noteworthy that
limiting either Utp22 or Rrp7 leads to an apparent decrease in
the mRNA from ACT1, as well as those from TEFI or PGKI,
whose transcription is also dependent on Rapl.

An additional prediction of the model in Fig. 10 is that
restoring Rrp7 or Utp22 would then reduce the level of RP
mRNA. As shown in Fig. 11C, this is indeed the case. When
galactose was added to restore Rrp7 or Utp22, the level of RP
mRNA was reduced in spite of the fact that the growth rate
rapidly increased. This experiment is entirely consistent with
the model shown in Fig. 10.
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FIG. 10. Model of CURI coupling rRNA and RP production. Ith1
participates in (at least) two interactions. To the left is an RP promoter
to which two molecules of Rapl bind, simultaneously bending the
DNA and clearing it of nucleosomes. Fhll and Ifh1 bind (not neces-
sarily directly to the DNA) to promote transcription (Tx). When there
is active TRNA transcription, Utp22 and Rrp7 are busy processing
pre-rRNA. Ithl is free to interact with Fhll (and Rapl) to facilitate
transcription of RP genes. However, when rRNA transcription slows,
Utp22 and Rrp7 become available to bind CK2 and Ifh1 in the CURI
complex, preventing Ifh1l from associating with RP genes and slowing
their transcription. The role of CK2 is thus far unspecified. The ar-
rangement within the CURI complex remains arbitrary pending fur-
ther experiments. As described more thoroughly in the Discussion
section, the association of Fhll with CURI and its role in facilitating
the exchange of Ifth1 between CURI and the RP genes remain unclear.

The results in Fig. 11B and C are quite remarkable for the
following two reasons. (i) The mRNA level of RP genes is
usually proportional to growth; in this case, it is the opposite.
(ii) The mRNA level of RP genes in normal cells is already
very high (17). To increase that level by severalfold means that
the RP mRNAs will be crowding out the other mRNAs of the
cell. Indeed, the raw data of Fig. 11C suggest that this is the
case.

DISCUSSION

Ith1 has been identified as the major transcription factor
responsible for the transcription of RP genes (27, 33, 35, 38,
42). The data presented above demonstrate that Ifh1 is never
found as a solo protein but is in a complex with two other sets
of proteins, either with Rap1 and Fhll, presumably at the RP
genes, or with CK2, Utp22, and Rrp7 (and perhaps Fhll) as
part of the CURI complex.

CURI complex. The eclectic set of proteins that make up the
CURI complex pose a variety of questions and raise a variety
of possibilities. CK2, with hundreds of potential substrates, has
been increasingly implicated in numerous gene regulatory
functions (reviewed in reference 29). It has been identified in
a number of complexes in yeast (10, 18). It has been implicated
in the regulation of Pol I transcription (34) and Pol III tran-
scription (13), in the transcription by Pol II of genes employing
downstream enhancers (24), and in widespread chromatin re-
modeling (1). Although potential sites for CK2 phosphoryla-
tion exist in several of the proteins in the CURI complex, only
Ith1 appears to be a substrate in vitro (Fig. 8). It will be of
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FIG. 11. Depletion of Utp22 or Rrp7 leads to overexpression of RP mRNAs. Cells of the indicated genotype (where G-UTP22 means that
transcription of UTP22 mRNA was under GAL control, etc.) were grown in YP-Gal, collected by filtration, and then grown in YP-raffinose for
16 h, by which time growth had slowed significantly, limited for Utp7, -11, -14, or -22 or Rrp7. Cultures were harvested, and RNA was prepared
and subjected to Northern analysis using 1 pg/lane for the rRNA probes and 7.5 pg/lane for the mRNA probes. (A) 20S and 27S pre-rRNAs.
(B) The PhosphorImager data from the mRNAs of the indicated proteins were compared to the level of U3 RNA and then to the wild-type strain
(YZ146). (C) Cells of the indicated genotype were grown in YP-raffinose as in panel B. At time zero, a sample was taken and galactose was added
to the remainder of the cultures. Samples were taken at the indicated times, and RNA was prepared and subjected to Northern analysis as in panel
B. The Phosphorlmager data were normalized to the ACT! signal and then to the wild type.

interest to determine whether any of the other proteins are
substrates in vivo and whether the presence and function of
CK2 affect the availability of Ifh1 to drive transcription of RP
genes. It is intriguing that the interaction of Ifh1 with Fhll,
necessary for transcription of the RP genes, requires the FHA
domain of Fhll, which usually binds a phosphopeptide (7).
Unfortunately, the apparent promiscuity of CK2 makes it dif-
ficult experimentally to distinguish primary from secondary
effects of manipulating CK2 function.

Utp22 also has been identified in a number of complexes.
The predominant one is the very large “SSU processome”
containing U3 snoRNA as well as numerous factors explicitly
or implicitly implicated in the processing of rRNA and its
assembly with RPs (3). In addition, it was found as a complex
with Rrp7, CK2, and fragments of Ifhl in the genomewide
analysis of smaller complexes (19). Rrp7 has been found in
some but not all of the complexes that contain Utp22. Overall,
it seems to have a much more limited repertoire of interactions
than Utp22 (http://www.thebiogrid.org). Depletion of either
Rrp7 or Utp22 leads to disappearance of the 20S pre-rRNA
and to little synthesis of mature 18S rRNA, while synthesis of
25S rRNA appears relatively unperturbed (2, 3). Whether
Rrp7 and Utp22 participate in the same reaction is not known,
although some evidence suggests that Rrp7 might be a later
player in the process. Indeed, we do not even know if the lack

of 20S pre-rRNA (Fig. 11A) is due to its lack of synthesis or to
its rapid degradation due to improper processing.

Fhll and CURI. As indicated in Fig. 10, the protein whose
position remains most ambiguous is Fhll, a key protein be-
cause it seems to be the one whose association with RP genes,
by ChIP analysis, is most specific and most comprehensive
(23). Glycerol gradient centrifugation shows that most of the
Fhll remains in monomeric form towards the top of the gra-
dient. However, a substantial amount of it is associated with
Ifh1 in a higher-MW complex (Fig. 2A). Subsequent experi-
ments suggest that Fhll not only associates with Rap1 and Ifth1l
on the RP genes but also appears to be “loosely” associated
with CURI (Fig. 5 and 6). Yet the relationship of these exper-
iments is difficult to interpret. The ChIP experiments were
carried out with extracts of formaldehyde-fixed cells, while the
gradient and Co-IP experiments were carried out on extracts
that have suffered from the enormous dilution brought about
by opening the cell, as well as from harsh treatments involved
in the purification of multiprotein complexes. Thus, although
most of the Fhll appears not to be associated with anything
(Fig. 2A), we have observed it to coimmunoprecipitate with
Rapl, Ifh1l, Ckb2, Rrp7, and Utp22 (Fig. 6). The interaction
between Fhll and Ifh1l depends on a functional FHA domain
(33) (Fig. 7), which implies that it depends on a specifically
phosphorylated residue on Ifhl (7). CK2 could be the kinase
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responsible. Since at least a fraction of the Ifh1 in CURI is not
phosphorylated, as evident from its availability as a substrate in
vitro, perhaps the modulation of its phosphorylation state
could affect the interaction with Fhll. The puzzling observa-
tion is that lack of Fhll leads to the loss from CURI only of
Rrp7 (Fig. 7). This could be due to the severe reduction of
rRNA transcription in such a strain, but sirolimus (formerly
rapamycin), whose effect on the TOR pathway causes an
equally severe reduction of rRNA transcription (30), has no
such effect (data not shown).

A second complex, composed of Ifh1, Fhll, and Rapl, ap-
pears to sediment at nearly the same place in a glycerol gra-
dient. We presume that this has been eluted from the RP genes
during breakage of the cell since we find little of these proteins
in the low-speed pellet that contains nuclei/chromatin. That
this complex differs from the CURI complex is apparent from
the observation that anti-Rapl can coimmunoprecipitate Ifhl
and Fhll but not Utp22, Rrp7, or Ckb2 (Fig. 2 and 6). Fur-
thermore, the absence of Fhll drives the Rapl molecules to
the top of the gradient (compare Fig. 7 with Fig. 4), with an
effect on only a small fraction of the Ifh1 molecules and hardly
any effect on Utp22 (Fig. 7). Thus, we conclude that Ifhl
participates in two complexes: one with CK2, Utp22, and Rrp7,
with Fhll loosely associated, and the other with Rapl and
Fhl1, which may have been released from the RP genes during
opening of the cell. Unfortunately, the two complexes run
together on a glycerol gradient and thus far we have been
unsuccessful in separating them by chromatographic means.

The recent comprehensive analyses of interacting factors in
yeast (10, 18) has provided a wealth of information, but de-
tailed examination of individual proteins and their complexes
shows that the story is often richer. Thus, while the CURI
complex was identified in a specific search for relatively small
complexes (19), it is not apparent in either of the two global
studies. Furthermore, none of the studies identified the inter-
action of Fhll with the CURI complex nor the interaction
between Fhll, Ifh1, and Rap1, which is not sufficiently stable to
survive the TAP.

CURI complex coupling rRNA and RP production. The
CURI complex is intriguing not only because it potentially
connects RP gene transcription, dependent on Ifhl, with
rRNA processing, dependent on Utp22 and Rrp7, but also
because CK2 is the potential connector! At least three hypoth-
eses present themselves: CURI could sequester Ifh1 to repress
RP gene transcription (Fig. 10). A second model is that Ifthl
must pass through the CURI complex to be activated, perhaps
through phosphorylation by CK2. A third is that, through
CURI, Ifh1 controls the availability of Utp22 and Rrp7 to carry
out pre-rRNA processing. In any case, CK2 could provide
either the glue to keep them together or the charge to disperse
them. The results in Fig. 11 would argue against the second
model. The third remains to be tested.

As shown in Fig. 9, CURI as such is not found at the RP
genes. Therefore, its effect as a repressor of transcription oc-
curs elsewhere. We suggest that it acts as a repressor of RP
transcription by preventing Ifh1 from interacting with the RP
genes. In this view, active rRNA transcription would tie up
Utp22 and Rrp7 in processing the new pre-rRNA, freeing Ifh1l
to direct more RP mRNA transcription. The recent observa-
tion that forced constitutive transcription of rRNA leads to
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coordinate transcription of RP genes (20) would support this
idea. Reduced rRNA transcription would release Utp22 and
Rrp7 to sequester Ifh1. In a partial test of the latter, we found
that inhibiting rRNA transcription using a ts allele of RRN3
(41) led to substantially lower RP mRNA levels (data not
shown). While this is consistent with the model in Fig. 10, it
does not implicate Utp22 and Rrp7 directly.

Specific tests of the model of Fig. 10 were carried out by
depleting Utp22 or Rrp7. When that is done, the cells show
substantially increased levels of RP mRNA, presumably re-
flecting increased transcription (Fig. 11B and C). Since under
normal growing conditions transcripts of RP genes represent
25% of the total mRNA (17), this represents a remarkable
amplification of transcription! On the other hand, similar ex-
periments using any of three other members of the proces-
some, Utp7, -11, or -14, do not show such an increase in RP
mRNA, suggesting that the effect appears to be specific for
these two rRNA processing factors, namely Utp22 and Rrp7.
When the synthesis of Utp22 or Rrp7 is restored, the RP
mRNA levels decline towards normal. The converse experi-
ment of overproducing Utp22 was unsuccessful because excess
Utp22 is rapidly degraded, perhaps due to its need to be
complexed with other proteins (data not shown).

A very recent paper, published while the manuscript for this
article was being completed, identified Hmo1 as a major player
in ribosome synthesis, as it is found at both rRNA and RP
genes and its presence is necessary for Fhll and Ifh1 to asso-
ciate with RP genes. It was suggested that Hmol is the key
player in the coordination of rRNA and RP gene transcription
(14). It will be interesting to determine if Hmol is associated
with any of the complexes we have found and whether its
absence has any effect on the CURI complex or on the inter-
action of Fhll with Ifhl.

In summary, the CURI complex, associated with Fhll in a
yet hazy way, appears to play a role in the coordination of
rRNA transcription with RP gene transcription. This is, how-
ever, but a first step in our understanding of this critical ele-
ment in the effective utilization of the cell’s resources. What is
the role of CK2? Is there two-way communication, as would be
suggested by the phenotype of AFHLI/AIFH]I strains, in which
reduced levels of RPs lead to reduced transcription of rRNA
(33)? Is Hmol involved in some way as a participant in this
interaction or as part of a parallel pathway of coordination?
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