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The small subunit (SSU) processome is a ribosome biogenesis intermediate that assembles from its subcomplexes
onto the pre-18S rRNA with yet unknown order and structure. Here, we investigate the architecture of the UtpB
subcomplex of the SSU processome, focusing on the interaction between the half-a-tetratricopeptide repeat (HAT)
domain of Utp6 and a specific peptide in Utp21. We present a comprehensive map of the interactions within the
UtpB subcomplex and further show that the N-terminal domain of Utp6 interacts with Utp18 while the HAT domain
interacts with Utp21. Using a panel of point and deletion mutants of Utp6, we show that an intact HAT domain is
essential for efficient pre-rRNA processing and cell growth. Further investigation of the Utp6-Utp21 interaction
using both genetic and biophysical methods shows that the HAT domain binds a specific peptide ligand in Utp21,
the first example of a HAT domain peptide ligand, with a dissociation constant of 10 pM.

In eukaryotes, ribosome biogenesis requires the coordinated
processing and assembly of four ribosomal RNAs (rRNAs)
and about 78 ribosomal proteins (49). In Saccharomyces cer-
evisiae, the 35S pre-rRNA is transcribed by RNA polymerase I
in the nucleolus and is cleaved in several places to produce the
mature 188, 5.8S, and 25S rRNAs (Fig. 1). This process utilizes
over 180 trans-acting factors and yet occurs fast enough to
allow 2,000 ribosomes to be made each minute (for reviews,
see references 16, 17, 22, 24, and 51). In this highly coordinated
process, many factors assemble onto the nascent pre-rRNA as
it is transcribed, forming large ribonucleoproteins (RNPs) that
mature the small subunit (SSU) or large subunit (LSU) of the
ribosome. Despite the identification of such frans-acting fac-
tors, the details of ribosome biogenesis remain elusive, as the
complexity of ribosome biogenesis lies in the folding of pre-
rRNAs and ribosomal proteins into functional ribosomes. In-
deed, the frontier of ribosome synthesis investigation is to
delineate the role(s) of each frans-acting factor in the produc-
tion of the rRNA as it is modified, processed, and folded to
become the mature ribosome (22).

Ribosome biogenesis is a dynamic process in which trans-
acting factors associate with and dissociate from the evolving
pre-TRNA throughout its maturation. The initial assembly of
factors involved in both SSU and LSU biogenesis with the 35S
pre-TRNA has been termed the 90S preribosome, which is
separated by cleavage in ITS1 into the SSU processome (re-
quired for SSU maturation) and the 66S preribosome (re-
quired for LSU maturation) (22). An RNP forming around the
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pre-18S rRNA has long been visualized in Miller chromatin
spreads as a packed structure (35) in which the terminal knobs
are thought to correspond to the SSU processome (37). The
processome has been purified, and some of its components
have been found in independent subcomplexes when the com-
plete SSU processome has been pelleted and removed using
high-speed ultracentrifugation (5, 13, 14, 21, 29, 40). As a first
step to understanding the roles of various SSU processome
proteins, several groups have undertaken the task of identify-
ing the architecture of the subcomplexes and describing the
order of their assembly into the SSU processome (19, 41). Yet
much remains unknown about the pre-rRNA processing sub-
complexes, notably, the order and manner by which the sub-
complexes themselves assemble and how they assemble to
form the preribosome.

To date, three subcomplexes have been identified as part of
the SSU processome. The UtpA subcomplex is the first to
assemble onto the pre-rRNA as it has been found to be asso-
ciated with the rDNA and is required for its transcription (19).
The UtpB subcomplex contains six proteins, each character-
ized by protein-protein interaction domains (Table 1): Utpl
(Pwp2), Utpl2 (Dip2), Utpl3, Utpl8, and Utp2l contain
WD40 repeats; Utp6 uniquely contains a half-a-TPR ([HAT]
where TPR is tetratricopeptide repeat) domain (42), also re-
ferred to as a cl-TPR (crooked neck-like TPR) (9), crnTPR
(crn-like TPR) (53), or RTPR (RNA-TPR) (4). Each of these
proteins and their domains are conserved through eukaryotes,
suggesting that the insight we gain by studying the assembly
and function of this subcomplex in yeast is likely to extend to
humans. Moreover, as genetic research in humans progresses,
mutations in ribosomal proteins and ribosome biogenesis pro-
teins are increasingly implicated in a variety of diseases. A
testament to this relevance is the recent finding that a subset of
neurofibromatosis patients bears a heterozygous deletion of
HCAG66, the human homolog of UTP6 (28). Such a loss could
lead to haploinsufficiency of the protein and inefficient ribo-
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FIG. 1. Pre-rRNA processing in S. cerevisiae. The 35S primary transcript is cleaved in ITS1 to separate the pre-18S SSU rRNA from the pre-25S
LSU rRNA. This may occur before (left) or after (right) cleavages A0, Al, and A2. If cleavage A3 occurs first, the resulting 23S rRNA is then
cleaved at positions A0, Al, and A2 to produce the 20S pre-rRNA (left). If A0 cleavage occurs first, the resulting 33S pre-rRNA is then cleaved
at Al and A2, separating the 20S pre-rRNA from the 27SA2 pre-rRNA. In both schemes, the 20S pre-rRNA is exported from the nucleolus and
cleaved at site D in the cytosol to produce the mature 18S rRNA, while the 27SA3/27SA2 undergoes further cleavages in the nucleolus to produce
the mature 5.8S and 25S rRNAs, which are then exported to the cytosol. Locations of oligonucleotide probes used in northern analysis are shown

(a, b, ¢, e, and y) (6).

some biogenesis, which may account for the increased disease
severity these patients experience (12, 48).

In addition to its possible role in human disease, Utp6 is
interesting because it contains the rare HAT motif, whose
structure and function are only beginning to be understood.
The HAT motif was discovered by its repeating pattern in the
Drosophila crooked neck protein and was named by its se-
quence similarity to the TPR motif (53). In contrast to TPRs,
the HAT motif is found only in proteins involved in RNA
metabolism: in yeast Prp6, Prp39, Prp42, CIf1, and Syfl par-
ticipate in pre-mRNA splicing (4, 31, 34, 50); Utp6 and Rrp5
are required for pre-rRNA processing (14, 47); and Rnal4 is
involved in polyadenylation (3, 36). Each of these yeast pro-
teins is essential, and each except Prp42 is conserved to hu-

TABLE 1. Proteins in the SSU processome UtpB subcomplex”

Accession no. of
human homolog
(mass [kDa])

Conserved structural
element(s)

Yeast protein
(mass [kDa])

Utpl/Pwp2 (103.9)  NP_005040.2 (102.5)  WD40, Pwp2 domain
Utp6 (52.3) NP_060898.2 (70.2)  HAT
Utp12/Dip2 (106.3)  NP_006775.1 (106.3)  WD40, Dip2 domain

Utp13 (91.0)
Utp18 (66.4)
Utp21 (104.8)

NP_006444.2 (91.2)
NP_057085.2 (62.0)
NP_644810.1 (105.3)

WD40, Utp13 domain
WD40
WD40, Utp21 domain

“The UtpB subcomplex of the SSU processome in yeast consists of six pro-
teins, each of which has a human homolog (based on sequence similarity).
Structural elements found in the yeast proteins are conserved in the human
homologs.

mans. In addition to the conserved proteins listed above, there
are two additional human HAT-containing proteins, SART3
and XAB2, both involved in pre-mRNA processing (1, 46).
Each HAT-containing protein is thus a member of a protein
complex involved in RNA metabolism, and in some cases the
HAT-containing protein has been hypothesized to act as a
keystone for other proteins in the complex or even as a link to
RNA (Prp6 [31], CIf1 [50], and CstF-77 [3, 30]).

Such hypotheses about the function of the HAT domain are
mostly based on the more extensive studies done on its cousin,
the TPR domain (11). The TPR is a ubiquitous protein-protein
interaction domain found in proteins with diverse functions.
Several TPRs have been crystallized, and some have been
cocrystallized with their ligands, which are typically peptides of
5 to 7 amino acids that bind in an extended conformation (7,
45). In contrast, though a structure of the CstF-77 HAT do-
main was solved (3, 30), little is known about the function of
the HAT domain in RNP assembly. Several proteins have been
found to interact with HAT-containing proteins using both
two-hybrid and in vitro pull-downs, but no specific ligand for a
HAT domain has been identified (3, 4, 31, 50).

In this study, we have sought to delineate the function of the
HAT domain in Utp6 and its role in the assembly of the UtpB
subcomplex of the SSU processome. We have analyzed the effects
of point mutations and deletion mutations in the Utp6 HAT
domain on pre-rRNA processing and cell growth and found that
the HAT domain is essential for both. We have also used a yeast
two-hybrid approach to determine the overall architecture of the
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FIG. 2. Utp6 contains three HAT repeats. The TPR consensus (33)
is aligned with the HAT consensus and the three HAT repeats in Utp6.
Boxes surround residues in Utp6 that are predicted to form alpha
helices based on the TPR structure (11). Note that in TPRs, the
conserved W is at position 4, and the conserved P is at position 32,
resulting in a repeat that encodes helix A followed by helix B. In HATS,
helix B is followed by helix A; this alignment reflects the HAT con-
sensus. Dark shading indicates residues in Utp6 that are identical to
the HAT consensus sequence; light shading indicates residues in Utp6
that are similar to the HAT consensus.

UtpB subcomplex, as well as to identify a peptide ligand within
Utp21 for the Utp6 HAT domain, an interaction that has been
confirmed by our biophysical approach. We propose that the
mutations we have created in the HAT domain abrogate binding
to Utp2l and that the disruption of this interaction causes a
barrier to SSU processome assembly.

MATERIALS AND METHODS

Bioinformatics and genetic screen for cold sensitivity. The HAT consensus
sequence was determined using an alignment of 745 HAT sequences down-
loaded from the SMART database (http://smart.embl-heidelberg.de/) and iden-
tifying amino acids that are conserved in at least 40% of the sequences at a given
position (Fig. 2).

To generate random point mutations in UTP6 for the genetic screen, UTP6
was amplified using disproportionate amounts of deoxynucleoside triphosphates
(at a ratio of 5:1 for CT to GA or GA to CT) and primers that add restriction
sites and 50 nucleotides homologous to the p415GPD vector (39) to each end of
the PCR product to facilitate gap repair (38). The PCR product was cotrans-
formed with the cut p415GPD vector into YPH499 (MATa ura3-52 lys2-801
ade2-101 trpl-A63 his3-A200 leu2-Al) GAL::3HA-UTP6 (which includes three
copies of a hemagglutinin tag [HA]) and plated on medium with glucose and
lacking leucine. Colonies were restruck onto new plates and then replica plated
to test for growth at 17°C and 30°C. Plasmids were extracted from cold-sensitive
colonies by Hirt lysate, passed through Escherichia coli DH5a, and retrans-
formed into yeast to test for plasmid dependence of the cold sensitivity. Plasmids
carrying utp6 that conferred a cold-sensitive growth defect were sequenced; all
sequencing described was performed by the W. M. Keck Foundation facility at
the Yale School of Medicine (see Table S1 in the supplemental material).

Site-directed mutagenesis was performed on wild-type UTP6 cloned into
p415GPD using a Stratagene QuikChange Kit and mutagenic oligonucleotides
(see Table S3 in the supplemental material). All inserts were fully sequenced (see
Table S2 in the supplemental material).

Growth assays and Western blotting. YPH499 GAL::3HA-UTP6 containing
the appropriate utp6 gene in p415GPD was grown to stationary phase in syn-
thetic medium lacking leucine and containing 2% galactose and 2% raffinose.
For serial dilutions, 0.2 ml of cells at an optical density at 600 nm (ODgq) of 1
was resuspended in 1 ml of water, and 1/10 serial dilutions were plated on
medium with glucose and lacking leucine. Cells were grown at 21°C, 30°C, or
37°C for 3 days or at 17°C for 6 days.

For Western blotting, starter cultures were depleted of endogenous Utp6 by
growth in glucose medium lacking leucine for 24 h at 21°C, 30°C, or 37°C. For
each culture, 10 ml of cells at an ODg of ~0.5 was collected, washed with water,
resuspended in 200 pl of NET-2 (20 mM Tris-Cl, pH 7.5, 150 mM NaCl, 0.05%
Nonidet P-40) with protease inhibitors (Roche mix), and lysed with 0.45- to
0.5-mm glass beads. The lysate was cleared by centrifugation for 10 min at 13,200
rpm at 4°C. Total protein (15 pl) was separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto a nitro-
cellulose membrane. Utp6 expression was tested by Western blot analysis using
an antihemagglutinin (anti-HA) antibody (12CAS5 at 1:200 dilution in culture
supernatant). Mppl0 expression was tested by Western blot analysis using an
anti-Mpp10 antibody (15).

Northern analysis. Cells were grown as described for Western blot analysis,
and then RNA was extracted from 10 to 20 ml of cells at an ODj of ~0.5 using

HAT DOMAIN BINDING IN PRE-rRNA PROCESSING 6549

the acid phenol method (2). Twenty micrograms of RNA was run on a 1.25%
formaldehyde-agarose gel, transferred to Amersham Hybond-N+ membrane,
and probed as described previously (6).

Coimmunoprecipitations. Cells were grown and lysed as described for West-
ern blot analysis except that 20 ml of cells at an ODg, of ~0.5 was lysed in 600
pl of NET-2. Anti-HA antibody (400 pl per sample) was coupled to 5 mg of
protein A-Sepharose CL-4B beads by incubation overnight at 4°C on a nutator.
Beads were washed three times with 1 ml of NET-2 and then incubated with cell
lysate for 1 h at 4°C. Beads were then washed five times with 0.5 ml of NET-2 to
clear unbound protein and then resuspended in 10 pl of SDS loading dye. Both
total protein (5%) and immunoprecipitates were separated by 10% SDS-PAGE
and transferred onto a nitrocellulose membrane. Western blot analysis of im-
munoprecipitates used the previously mentioned anti-Mpp10 antibody.

Yeast two-hybrid analysis. Genes encoding UtpB subcomplex members (Utpl1,
Utp6, Utpl2, Utpl3, Utpl8, and Utp2l) and deletion mutants of Utp6 were
cloned into the pAS2-1 (bait, TRPI marker) and pACT2 (prey, LEU2 marker)
vectors using PCR primers (see Table S3 in the supplemental material). utp6
constructs containing point mutations were subcloned from p415GPD. Deletion
mutants of Utp21 were constructed by QuikChange (Stratagene) mutagenesis of
a given codon to a stop codon (for residues 1 to 938, 1 to 689, 1 to 327, and 1 to
207), by PCR using the oligonucleotides listed in Table S3 in the supplemental
material (for residues 1 to 273, 1 to 279, 1 to 283, and 1 to 299), or for fragment
1 to 242 by digestion at a serendipitous BamHI site, which allows the encoding
from the vector of nine additional amino acids following residue 242 (IRAREI
YE). All inserts were fully sequenced.

Vectors were transformed sequentially into the yeast strain pJ69-4a (27),
which contains HIS3 under a GAL4 promoter. Cells were serially diluted as
described above but using 0.4 ml of cells at an ODg, of 1 or struck out on double
selection medium (lacking leucine and tryptophan) to select for both vectors or
triple selection medium (lacking leucine, tryptophan, and histidine) to assess
whether a given pair of proteins interacts.

Recombinant protein preparation. The UTP6 gene (wild-type or containing
the G99E mutation) was cloned into a derivative of the maltose binding protein
(MBP) fusion vector pMAL-c2x (New England Biolabs) containing a target site
for the tobacco etch virus protease in place of the Factor X protease site (43).
MBP, MBP-Utp6-6HIS, and MBP-Utp6-G99E-6HIS were expressed as recom-
binant proteins in E. coli BL21(DE23) cells using standard methods. Purifications
were either single step (amylose resin; New England Biolabs) or two step (amy-
lose resin followed by nickel charged resin, Ni>*-nitriloacetic acid agarose;
Qiagen Inc.).

Surface plasmon resonance binding (SPR) assays. The Utp21 peptide ligand
(biotin-GGG-GTSSGDLIFYDLD-CONH?2) was synthesized by the W. M. Keck
Foundation (Yale School of Medicine). A biotin moiety and a three-glycine
residue spacer were appended at the N terminus as indicated above. The C
terminus was amidated to better mimic an internal peptide.

SPR analysis was carried out using a CMS sensor chip in a Biacore 3000 system
(Biacore). The chip was derivatized using standard amine-coupling chemistry to
immobilize NeutrAvidin (Pierce), yielding a final response unit total of 2,880.
Biotinylated peptide was dissolved in HBS-EP (150 mM NaCl, 5 mM EDTA,
0.005% [vol/vol] polysorbate 20, 10 mM HEPES, treated to pH 7.4) buffer, and
this solution was injected over one channel, resulting in an increase of 220
response units, corresponding to NeutrAvidin-bound peptide. A separate chan-
nel to be used for background correction was similarly prepared with immobi-
lized NeutrAvidin but without injection of biotinylated peptide. Excess free
biotin was injected in both channels to block any unbound NeutrAvidin sites.

Binding experiments were carried out using solutions of proteins prepared in
buffer T (25 mM Tris-HCI, 150 mM NaCl, 0.01% Igepal, 1 mM EDTA, pH 7.4
at 25°C). Protein (200 pl) was injected in the Kinject mode (40 pl/min flow rate),
followed by a 250-s dissociation period. Between injections, the chip surface was
regenerated by two 40-pl injections of 1 M NaCl. In all cases, injections occurred
in both the peptide-bound and background channels.

A steady-state one-site binding model was used for curve-fitting of average
response values at steady-state equilibrium versus concentration according to the
following equation: R.q = Ryax[P1/(K, + [P]), where R, is the average response
value at steady-state equilibrium, R,,,,, is the response value at saturation, [P] is
the protein concentration, and K, is the dissociation constant. Curve fitting
reported the value of the dissociation constant.

RESULTS

Derivation of mutations in Utp6. We hypothesized that the
HAT domain of Utp6 participates in a protein-protein inter-
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action that is essential for the assembly of the SSU proces-
some. Further, we expected that if we could identify mutations
that disrupt only the HAT-mediated protein-protein interac-
tion, we could identify the peptide ligand for the HAT domain.
This would lend insight to the structure and function of HAT
domains, for which no ligand had yet been found. Because
Utp6 is essential and because we aimed to disrupt only the
function of the HAT domain, we used random and directed
mutagenesis to generate a pool of mutations in the HAT do-
main of Utp6 with the potential of disrupting HAT function
and ribosome assembly.

Previously, a genome-wide screen for cold sensitivity in bac-
teria found a high proportion of genes involved in ribosome
assembly, illustrating that cold-sensitive mutations are a hall-
mark of defects in macromolecular assembly (23). Based on
this study and our aim to identify mutations that cause defects
in ribosome assembly rather than mutations that disrupt pro-
tein folding (typically temperature sensitive [20]), we searched
for mutations in Utp6 that confer cold sensitivity.

First, we created a library of randomly mutagenized UTP6
(38) genes. Colonies expressing randomly mutated Utp6 pro-
teins were tested for growth at different temperatures. Colo-
nies that grew the same as wild type at 30°C but not at 17°C
were identified as cold sensitive. Though the screen was not
exhaustive, we identified 13 cold-sensitive strains containing a
mutated Utp6, most of which contained several mutations (see
Table S1 in the supplemental material). Four strains included
mutations that encode a premature stop (stops at positions
Q211 and Q219 and frameshifts at positions 232 and 238),
producing in each case a Utp6 protein that is truncated by
about half, just C-terminal to the HAT3 motif. Remarkably,
these truncated Utp6 proteins were sufficient to support
growth at 30°C. The remaining nine strains contained mutated
Utp6 proteins with several amino acid changes, some of which
were tested further to determine which were singularly causing
the cold-sensitive phenotype. Of these mutations (see Table S1
in the supplemental material), two were chosen for further
study. Q219Z is the only mutation found in strain cs-16, which
causes a truncation of 28 amino acids C-terminal to the HAT3
motif. G99E, in cs-2, is found in a conserved, small aliphatic
position of the HAT1 motif and confers a strong cold-sensitive
phenotype.

Our second approach to identify mutations in Utp6 used
bioinformatics to predict which amino acid residues in the
HAT domain might, when mutated, confer a cold-sensitive
growth defect. Residues conserved among HAT proteins are
likely to be involved in the structure of the HAT domain, and
residues conserved among only Utp6 homologs are likely to be
involved in the particular function of the Utp6 protein (Fig. 2)
(32). Representative amino acids were mutated and tested for
cold sensitivity (see Table S2 in the supplemental material).
Three of these mutations were chosen for further study. L114D
is found in an aliphatic position of the HAT1 motif and confers
a strong cold-sensitive phenotype. W147A is found in the most
highly conserved position 4 of the HAT2 motif and confers a
weak cold-sensitive phenotype. A third mutation, K180Z, was
created to test a gross disruption of the HAT domain. This
mutation truncates Utp6 within the HAT3 motif, eliminating
the final predicted alpha helix, and does not complement Utp6
depletion at any temperature tested.

MoL. CELL. BIOL.

Mutations in the HAT domain of Utp6 confer growth de-
fects. Strains carrying each of the five mutations in Utp6
(K180Z, Q219Z, G99E, L114D, and W147A) were further
tested for growth defects. In these strains the endogenous
UTP6 was placed under a galactose-inducible, glucose-repress-
ible promoter. The mutated utp6 genes were expressed from a
plasmid using a constitutive promoter. To ensure that the mu-
tated Utp6 proteins were being expressed, we used 3HA tags
and Western blotting to identify the mutated proteins after
24 h of growth in glucose (Fig. 3A). The levels of endogenous
Utp6 were greatly reduced after 3 h of growth in glucose (data
not shown). Each mutated protein was expressed at compara-
ble levels, with the exception of Utp6 carrying a G99E muta-
tion (Utp6-G99E), which was expressed at lower levels when
cells were grown at higher temperatures (30°C and 37°C). As is
the case with temperature-sensitive mutations in general (20),
this is likely to be caused by misfolding of the protein, followed
by degradation at higher temperatures.

We assayed for temperature-dependent growth defects us-
ing growth on solid medium with glucose (Fig. 3B). Compared
to the wild type, each of the mutations conferred growth
defects to various extents at nonpermissive temperatures.
Utp6-K180Z was unable to support growth at any temperature.
Another strong defect was observed in the strain carrying
Utp6-G99E, at least in part due to the reduced protein levels
observed in Fig. 3A. At lower temperatures (21°C and 17°C),
however, when Utp6-G99E was stably expressed, a defect was
still observed. The three other mutations (Q219Z, L114D, and
W147A) also conferred temperature sensitivity and cold sen-
sitivity, with the weakest cold-sensitive phenotype in the strain
carrying Utp6-W147A. These phenotypes are likely due to a
defect in macromolecular assembly, based on the previous
findings in E. coli that assembly-defective mutants of ribosome
biogenesis proteins confer a cold-sensitive phenotype (23).

Mutations in the HAT domain of Utp6 confer defects in
pre-rRNA processing. While the cold-sensitive phenotype of
mutations in Utp6 implies that these mutations render steps in
ribosome assembly less efficient, it is possible that the HAT
domain of Utp6 has an alternate essential role separate from
ribosome biogenesis. To determine whether the mutations in
the HAT domain cause a defect in ribosome biogenesis, we
examined steady-state levels of pre-rRNA species in strains
expressing only mutated Utp6 proteins. Total RNA was
probed using Northern blotting with radiolabeled oligonu-
cleotides specific to pre-rRNA sequences (Fig. 1 and 4).

Depletion of Utp6 (Fig. 4, vector lanes 2, 9, and 16 in
glucose panels) resulted in a decrease in the 27SA2 and 20S
pre-rRNAs and in the mature 18S rRNA. We also observed an
accumulation of the 23S pre-rRNA. This is typical for deple-
tion of an SSU processome protein, which causes defects at
cleavages A0, Al, and A2 (Fig. 1) (19). Deletion mutants
Utp6-K180Z and Utp6-Q219Z mimic the Utp6 depletion at all
three temperatures (Fig. 4, lanes 3, 4, 10, 11, 17, and 18 in
glucose panels), suggesting that these are reduced in cleavage
at all three sites. This finding is surprising because we previ-
ously found that Utp6-Q219Z confers minimal growth defects
at 30°C. As expected, the point mutations confer intermediate
defects, with the strongest pre-rRNA processing defects cor-
responding to the strongest growth defects (Fig. 4, lanes 5, 6, 7,
12, 13, 14, 19, 20, and 21 in glucose panels). The LSU 27SB
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FIG. 3. Mutations in Utp6 confer growth defects. (A) Yeast expressing wild-type Utp6 (WT), no Utp6 (vector), or a mutated Utp6 (K180Z,
Q219Z, GY9E, L114D, or W147A) was grown for 24 h in medium containing glucose at 30°C, 37°C, or 21°C. Utp6 expression was assayed by
Western blotting with anti-HA antibody. Truncation mutant bands are marked by an asterisk. A cross-reacting band, present in all lanes, is marked
by X. Western blotting for Mpp10 was used as a loading control. (B) Yeast expressing wild-type Utp6 (WT), no Utp6 (vector), or a mutated Utp6
(K180Z, Q219Z, G99E, L114D, or W147A) was serially diluted and spotted onto medium containing galactose (GAL) and grown at 30°C or onto
medium containing glucose (GLU) and grown at 30°C, 37°C, 21°C, or 17°C.

pre-rRNA and 25S rRNA were not affected by mutations in
Utp6. Interestingly, neither 21S nor 228 pre-rRNAs accumu-
lated in Northern analysis of Utp6 point mutants (Fig. 4, lanes
5,6,7,12, 13, 14, 19, 20, and 21 in glucose panels), as previ-
ously observed with mutations in other SSU processome pro-
teins, Imp4, Mpp10, and Utp24 (6, 18, 52). This suggests that
even single point mutations in Utp6 affect processing at all
three sites, A0, Al, and A2. Taken together, these data indi-
cate that mutations in the HAT domain of Utp6 have a specific
effect on pre-rRNA processing.

The effect of mutations in the HAT domain of Utp6 on its
association with the SSU processome. Our hypothesis is that
the HAT domain in Utp6 mediates a protein-protein interac-
tion required for assembly of the SSU processome. Thus far,
we have shown that mutations in the HAT domain cause de-
fects in pre-rRNA processing with concomitant growth defects.
We therefore reasoned that the mutations in the HAT domain
of Utp6 are causing these defects by preventing the HAT-
mediated protein-protein interaction. Specifically, we expected
that the K180Z, Q219Z, and G99E mutations, which exhibit
the strongest growth and pre-rRNA processing defects, would
also exhibit a lesser ability to associate with the SSU proces-
some. To test this, we performed immunoprecipitations of
3HA-tagged, mutated Utp6 and investigated whether Mpp10,
another SSU processome protein used as a marker for the
complete SSU processome, would coprecipitate (Fig. 5).

Unexpectedly, none of the mutations in Utp6 had a delete-
rious effect on its ability to associate with Mpp10 in the immu-
noprecipitations (Fig. 5, IP lanes). Only the strain containing
Utp6-G99E grown at 37°C, which was previously shown to be
expressed at very low levels (Fig. 3A), did not considerably

associate with Mpp10. Other point mutants, Utp6-L114D and
Utp6-W147A, were found to associate with Mpp10 at all tem-
peratures tested, though perhaps to a lesser extent than the
wild type. Deletion mutants Utp6-K180Z and Utp6-Q219Z,
which confer severe growth defects (Fig. 3B) and pre-rRNA
processing defects (Fig. 4) immunoprecipitate slightly reduced
amounts of Mpp10 at all temperatures. This suggests that the
pre-TRNA processing defect observed due to mutations in
the HAT domain of Utp6 is not caused by a simple inability of the
protein to associate with the SSU processome in the steady-
state.

Subunit architecture of the UtpB subcomplex. Because no
identified HAT domain has yet been linked to a specific ligand,
we set out to identify a ligand for the HAT domain in Utp6. If
the HAT domain is indeed a protein-protein interaction motif,
it is likely that the HAT domain in Utp6 mediates an interac-
tion with one of the other five UtpB subcomplex proteins. We
therefore started by using a directed yeast two-hybrid approach
to evaluate pairwise interactions between proteins in the UtpB
subcomplex.

Each UtpB subcomplex protein (Utpl, Utp6, Utp12, Utpl3,
Utpl8, and Utp2l) was cloned into each two-hybrid vector,
bait and prey, and expressed in the two-hybrid host strain,
pJ69-4a, which contains the HIS3 gene under a GAL4 pro-
moter, so that interaction between bait and prey fusion pro-
teins could be determined by growth on medium lacking his-
tidine. Cells were spotted onto permissive or selective medium,
and interactions were evaluated (Fig. 6A).

The results indicate that Utp21 and Utp18 interact with each
other and that each interacts with Utp6 and Utpl. Utpl3
interacts only with Utp12, which also interacts with Utp21. The
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FIG. 4. Mutations in Utp6 confer defects in pre-rRNA processing. Yeast expressing wild-type Utp6 (WT), no Utp6 (vector), or a mutated Utp6 (K180Z,
Q219Z, G99E, L114D, or W147A) was shifted from medium containing galactose (GAL) at 30°C to medium containing glucose (GLU) and grown for 24 h at
30°C, 37°C, or 21°C. Total RNA was extracted, and equal amounts of RNA were separated on an agarose-formaldehyde gel, then transferred to a Hybond-N+
membrane, and probed using radiolabeled oligonucleotides (oligos) that hybridize to pre-rRNA as shown in Fig. 1.

network of the protein-protein interactions is depicted in Fig.
6D. The Utpl18-bait fusion protein activated transcription of
the HIS3 reporter even in the presence of a null-prey fusion
(empty prey vector), so we were unable to assess interactions
with Utp18 as the bait. Interestingly, Utp6 is the only protein
found to interact with itself.

The HAT domain of Utp6 is necessary for interaction with
Utp21 but not Utp18. Because Utp6 interacts with both Utp21
and Utp18 in the two-hybrid system, we tested whether either
of these proteins binds to Utp6 via the HAT domain using
deletion mutants of Utp6 in the two-hybrid system (Fig. 6B).
The Utp6 protein sequence can be divided into three domains:
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FIG. 5. Mutations in Utp6 do not disrupt association with the SSU
processome. Yeast expressing wild-type Utp6 (WT), no Utp6 (vector),
or a mutated Utp6 (K180Z, Q219Z, G99E, L114D, or W147A) was
grown in medium containing galactose at 30°C, then shifted to medium
containing glucose, and grown for 24 h at 30°C, 37°C, or 21°C. Total
protein was extracted and 3HA-tagged Utp6 was immunoprecipitated.
The immunoprecipitate (IP) and 5% of the total protein (T) extract
were separated by SDS-PAGE and transferred to a nitrocellulose
membrane. The presence of Mppl0, a marker for the SSU proces-
some, was assayed by Western blotting.

the N terminus (amino acids 1 to 84), the HAT domain (84 to
194), and the C terminus (194 to 440). We cloned several
combinations of these domains into the two-hybrid bait vector
and tested them for interaction with Utp18 and Utp21. Both
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Utpl8 and Utp2l interact with full-length Utp6 and Utp6
truncated at Q219. Utp21 does not interact with Utp6 trun-
cated at K180, in which the HAT domain is disrupted. In
contrast, Utp18 interacts with both the Utp6 K180 truncation
and with the Utp6 N terminus alone, indicating that the HAT
domain is not essential for interaction with Utp18 but that an
intact HAT domain is necessary for interaction with Utp21. As
expected, an empty prey vector shows no interaction with any
Utp6 bait.

We hypothesized that a mutation in the HAT domain would
disrupt a protein-protein interaction, thereby inhibiting pre-
rRNA processing. We earlier identified three point mutations
in the HAT domain that confer defects in pre-rRNA process-
ing and could potentially disrupt a protein-protein interaction.
To test this hypothesis, we created the point mutations (G99E,
L114D, and W147A) in Utp6 in the two-hybrid bait vector and
tested the mutated Utp6 for interaction with both Utpl8
and Utp21 (Fig. 6C). While the weaker mutations L114D and
W147A did not disrupt the interaction of Utp6 with either
Utp18 or Utp21, the G99E mutation disrupted the interaction
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FIG. 6. Subunit architecture of the UtpB subcomplex. (A) Yeast was transformed with a given bait (left) and a given prey (top) and tested for
its ability to grow on medium containing histidine (permissive) or lacking histidine (selective). Positive protein-protein interactions are indicated

, negative interaction. (B) Yeast was transformed with a vector encoding a Utp6-bait

fusion using wild-type Utp6 or Utp6 deletion mutants, diagrammed as shown below the plates, and with a prey vector with no insert (+empty
vector), a Utp18-prey fusion (+Utp18), or a Utp21-prey fusion (+Utp21). Protein-protein interaction was tested by growth on medium lacking
histidine. (C) Yeast was transformed with a vector encoding a Utp6 mutant-bait fusion as shown and with a prey vector with no insert (vector),
a Utp18-prey fusion (Utp18), or a Utp21-prey fusion (Utp21), and protein-protein interaction was tested by growth on medium lacking histidine.
(D) Positive interactions from panels A to C are summarized. Arrows point from bait to prey.
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FIG. 7. Utp6 binds to a specific short peptide in Utp21. (A) Schematic of domain organization in wild-type Utp21 and Utp21 truncation
mutants. Arrowheads and a shaded box represent WD40 repeats and the Utp21 domain, respectively. The sequence and location of the Utp21
peptide ligand are illustrated. (B) Two-hybrid analysis of Utp21 truncation mutants. Yeast containing Utp6 in bait vector and the indicated Utp21
truncation in prey vector was spotted onto medium containing (permissive [perm]) or lacking (selective [sel]) histidine and tested for growth.
(C) MBP prepared by amylose affinity purification and MBP-Utp6-6HIS prepared by purification with both amylose and nickel affinity steps were
analyzed by SDS-PAGE (left). MBP-Utp6-6HIS and MBP-Utp6-G99E-6HIS were analyzed by SDS-PAGE; both were prepared by amylose affinity
purification (right). (D) Sensorgrams showing protein interactions with the Utp21 peptide. MBP-Utp6-6HIS was tested in increasing concentra-
tions; from bottom to top, as indicated by the arrow, these concentrations were 0.50, 0.61, 1.00, 1.22, 2, 2.44, 4, 4.88, 8, 9.75, 16, and 19.5 uM. The
sensorgrams of MBP-Utp6-G99E-6HIS at a concentration of 18.9 uM (open arrowhead) and MBP at 91.2 uM (filled arrowhead) are indicated.
All sensorgrams were corrected for nonspecific binding. (E) Dependence of average equilibrium response (R.,) on protein concentration. MBP
(filled triangles) or MBP-Utp6-G99E-6HIS (open triangles) does not show significant interaction; the dissociation constant calculated by fitting the
data from MBP-Utp6-6HIS (filled squares) to a steady-state one-site binding model is 10 uM.

with Utp21 but not with Utp18. This was confirmed using the
mutated Utp6 as the prey and Utp2l as the bait (data not
shown). These findings support the hypothesis that Utp21 in-
teracts with Utp6 via its HAT domain.

Identification of a HAT domain ligand. We have shown that
an intact Utp6 HAT domain is required for binding Utp21. We
next set out to identify the specific peptide within Utp21 that
binds to the HAT domain. Because known ligands for TPRs
are short sequences, we hypothesized that the portion of Utp21
required for binding the Utp6 HAT domain would also be a
short sequence. We therefore constructed progressive carboxyl
truncated fragments of Utp21 for use in the two-hybrid system
(Fig. 7A). We found that a Utp21 fragment ending at residue
279 bound Utp6, but any Utp21 fragment ending at or prior to
residue 273 did not. Because it is possible that the truncation
at 273 interrupts the binding peptide, we conservatively con-
cluded that the sequence necessary for binding the Utp6 HAT

domain lies between amino acids 267 and 279 (GTSSGDLIF
YDLD), as shown in Fig. 7A.

To test whether residues 267 to 279 are sufficient for binding
Utp6, we monitored binding by SPR. MBP-Utp6-6HIS, MBP-
Utp6-G99E-6HIS, and MBP alone were expressed and puri-
fied from E. coli (Fig. 7C). We immobilized a synthetic peptide
(biotin-GGG-GTSSGDLIFYDLD-CONH?2) on the surface of
a NeutrAvidin-coated chip and flowed MBP-Utp6-6HIS or
MBP over the chip. MBP-Utp6-6HIS binds to the Utp21 pep-
tide but not to biotin alone (Fig. 7D). Importantly, MBP ex-
hibits no significant binding to the peptide (Fig. 7D). We es-
timate the dissociation constant for the Utp6-peptide
interaction to be approximately 10 pM (Fig. 7E). A dissocia-
tion constant of this magnitude is consistent with that reported
for TPR-peptide interactions (10, 45).

Because the two-hybrid results showed that the G99E mu-
tation in the Utp6 HAT domain abrogated binding to Utp21,
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we tested the effect of this mutation on binding in vitro. MBP-
Utp6-G99E-6HIS shows minimal detectable binding to the
Utp21 peptide, even at concentrations comparable to those
tested for MBP-Utp6-6HIS, in which significant binding was
observed (Fig. 7D and E). Thus, the G99E point mutation
abrogates interaction with the Utp21 peptide. Collectively,
these results show that a short peptide sequence in Utp21 is
both necessary and sufficient for binding the Utp6 HAT
domain.

DISCUSSION

The SSU processome is a large ribonucleoprotein particle of
which most of the members have been identified, but the struc-
ture and assembly of this macromolecule remain largely un-
known. We have constructed an interaction map for the UtpB
subcomplex of the SSU processome and defined further the
interaction between Utp6 and Utp21. We have identified the
specific peptide within Utp21 that binds to the HAT domain in
Utpb, the first known HAT domain-peptide ligand interaction.
Additionally, we have shown that a mutation in Utp6 (G99E)
that disrupts Utp21 binding, as shown by both two-hybrid and
by SPR, also causes a defect in pre-rRNA processing and cell
growth, the latter effect being exacerbated by lowered temper-
ature.

We propose that disruption of the Utp6-Utp21 interaction
causes a defect in the efficiency of SSU processome assembly
that results in an inhibition of ribosome biogenesis. Early stud-
ies in E. coli have shown that, due to the large amount of
energy required for structural rearrangements of the ribosomal
intermediate particle, the production rate is dependent on
temperature (23). To attest to this, a genome-wide genetic
screen for mutations that confer cold sensitivity yielded defects
in ribosome assembly (23). Likewise, we have shown that mu-
tations in Utp6 that confer cold sensitivity also produce defects
in pre-rTRNA processing and slowed growth at lowered tem-
peratures (Fig. 3 and 4). Interestingly, the G99E mutation,
which abolishes the interaction between Utp6 and Utp21, does
not completely prohibit Utp6 from associating with Mpp10, a
non-UtpB subcomplex member of the SSU processome that
we use as a surrogate for assembly of the SSU processome
(Fig. 5). However, because the immunoprecipitation assay
measures the steady-state association of these proteins, this
assay would not report the efficiency of assembly. In addition,
Utp6 can be recruited into the UtpB subcomplex by its asso-
ciation with Utp18, which is not disrupted by the G99E muta-
tion (Fig. 6). Utp6 may also make additional contacts with
other proteins or rRNA. These other contacts may aid in SSU
processome assembly. Therefore, disruption of the Utp6-
Utp21 interaction likely causes a structural instability that
slows SSU processome assembly and renders pre-rRNA pro-
cessing inefficient.

The UtpB subcomplex proteins were identified based on
their copurification in a large-scale study (Table 1) (29), but
the architecture and organization of the complex and direct
interactions among the proteins remained largely unknown:
only the interaction between Utp18 and Utp21 had been iden-
tified by a large-scale yeast two-hybrid (26). Here, we have
defined six additional interactions via a two-hybrid screen, pro-
viding a comprehensive structural map of the subcomplex net-
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work (Fig. 6). Though it is a concern that the two-hybrid
approach may not accurately reflect direct interactions be-
tween yeast proteins, we believe that the interactions we have
observed presently are indeed direct. If indirect interactions
were to yield a positive result, we would expect each pair tested
to be positive because we already know that these six proteins
form a subcomplex. However, relatively few interactions are
actually observed. Previous use of the two-hybrid system in
determining the architecture of a multiprotein complex has
indicated that, because the two-hybrid fusion proteins are
overexpressed, the endogenous expression of a potential linker
protein would not be sufficient to activate expression of the
reporter (25).

Curiously, we were not able to determine an essential role for
the C-terminal half of Utp6. We identified several serendipitous
mutations that truncate the protein shortly C-terminal to the
HAT domain, deleting the C-terminal half of the protein, but
these truncated proteins support growth more or less normally at
the permissive temperature. We therefore concluded that the
C-terminal half of the protein is not essential for viability. Addi-
tionally, we did not identify a binding partner for this portion of
the protein. What is its role? It is likely that many SSU proces-
some proteins bind the pre-rRNA in order to aid in proper pre-
rRNA folding, so the C terminus of Utp6 may have an RNA-
binding function. Alternatively, it may mediate self-dimerization
similar to that found in the C-terminal portion of CstF-77, an-
other HAT-containing protein (3, 30). Though we found via the
two-hybrid assay that Utp6 self-associates (Fig. 6), we have not
further investigated these possibilities.

Speculations about the structure and function of the HAT
domain have been made based on its sequence similarities to
the TPR domain. The recent crystal structure of the HAT
protein CstF-77 has shown that, as in TPRs, each HAT repeat
folds into two alpha helices that pack in an antiparallel man-
ner, a structure that is very similar to that of the TPR domain
(3, 30). However, while the TPR domain is found in proteins of
various functions, the HAT domain is found only in proteins in
RNA processing complexes, leading to the notion that the
HAT domain may bind RNA instead of protein (8, 42, 44). We
have shown here that the Utp6 HAT domain binds to a short,
unstructured peptide in Utp21. This suggests that the restric-
tion of HAT domains to proteins in RNA processing com-
plexes is likely a consequence of their shared evolutionary
history rather than because the HAT domains bind RNA.
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