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The Tral protein is a direct transcription activator target that is essential for coactivator function of both
the SAGA and NuA4 histone acetyltransferase (HAT) complexes. The ~400-kDa Saccharomyces cerevisiae Tral
polypeptide and its human counterpart TRRAP contain 67 or 68 tandem «-helical HEAT and TPR protein
repeats that extend from the N terminus to the conserved yet catalytically inactive phosphatidylinositol
3-kinase (PI3K) domain. We generated a series of mutations spanning the length of the protein and assayed
for defects in transcription, coactivator recruitment, and histone acetylation at SAGA- and NuA4-dependent
genes. Inviable TRA1 mutants all showed defects in SAGA and NuA4 complex stability, suggesting that similar
surfaces of Tral mediate assembly of these two very different coactivator complexes. Nearly all of the viable
Tral mutants showed transcription defects that fell into one of three classes: (i) defective recruitment to
promoters, (ii) reduced stability of the SAGA and NuA4 HAT modules, or (iii) normal recruitment of
Tral-associated subunits but reduced HAT activity in vivo. Our results show that Tral recruitment at
Gcen4-dependent and Rapl-dependent promoters requires the same regions of Tral and that separate regions

of Tral contribute to the HAT activity and stability of the SAGA and NuA4 HAT modules.

Transcription activation of eukaryotic protein coding genes
requires one or more sequence-specific DNA binding activa-
tors that function in part by recruiting coactivators, chromatin-
remodeling factors, and general transcription factors to pro-
moters. In Saccharomyces cerevisiae, activators such as Gal4
and Gcen4 target a relatively small number of polypeptides that
belong to six coactivator complexes: Spt-Ada-GcenS-acetyl-
transferase (SAGA), SAGA-like (SLIK), the histone H4 nu-
cleosomal acetyltransferase (NuA4) complex, TFIID, SWI/
SNF, and Mediator (8, 17, 25, 33, 72). One of these direct
activator targets is Tral, an essential 400-kDa protein that is a
common subunit of three coactivator complexes: SAGA, SLIK,
and NuA4 (3, 32, 70, 76). These Tral-containing complexes are
evolutionarily conserved, and the Tral human homolog trans-
formation/transactivation domain-associated protein (TRRAP) is
a component of four different coactivator complexes (56), includ-
ing STAGA (Spt3-TaflI31-Gen5SL acetylase), TFTC (TATA-
binding protein free), PCAF (p300/CBP-associated factor),
and TIP60 (HIV Tat-interacting protein 60). STAGA, TFTC,
and PCAF are the mammalian equivalents of SAGA, and the
TIP60 complex is the mammalian equivalent of NuA4 (3, 15,
39, 55).

Tral is a member of the phosphatidylinositol 3-kinase
(PI3K)-related protein kinase (PIKK) protein family, which
regulates a diverse set of signaling pathways by serine/threo-
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nine phosphorylation (1, 2, 38). Tral and its human homolog
TRRAP are catalytically inactive since they lack several critical
residues necessary for protein phosphorylation, but they
retain the structural fold of the PI3K domain (61, 76).
TRRAP is a functional target of oncogenic transcription
factors that include myc, E2F, and Ela (13, 22, 46, 48). Like
Tral, TRRAP is an essential protein (56, 57, 66), as embryos
lacking TRRAP die before implantation, consistent with the
results of TRRAP depletion in mammalian cells (19, 34, 35,
89). These studies implicate TRRAP in a broad spectrum of
gene regulatory functions that include roles in developmental
gene expression and stem cell identity.

Coactivators such as SAGA, TFIID, and Mediator act as
intermediates between activators and the general transcription
machinery by performing essential functions that facilitate
transcription. SAGA is a 1.8-MDa complex composed of 20
subunits that affects the transcription of at least 10% of yeast
genes (50). Genome-wide studies in yeast showed that SAGA-
dependent promoters are typically highly regulated TATA-
containing promoters that are induced by environmental stress
(37). SAGA is a multifunctional coactivator complex that con-
tains five different functional modules with roles in nucleosome
modification, complex integrity, TATA binding protein (TBP)
interaction, deubiquitylation, and activator interaction. Upon
gene activation, SAGA is rapidly recruited to promoters where
its histone acetyltransferase (HAT) subunit GenS acetylates
several lysines of histone H3. Previous studies demonstrated
that SAGA has important coactivator functions apart from its
HAT activity, since elimination of Gen5 affects the expression
of only a small subset of SAGA-dependent genes (50). One of
these critical coactivator functions is to interact with the gen-
eral transcription machinery. Genetic and cross-linking studies
showed that at least two subunits of SAGA directly interact
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with TBP (49, 54, 60, 79). Interaction of the SAGA subunit
Spt3 with TBP is important for transcription activation and
leads to recruitment of the transcription machinery to SAGA-
regulated promoters. SAGA also contains a ubiquitin protease
module that regulates the level of H2B-ubiquitin, a key deter-
minant of histone methylation levels in transcribed regions and
transcription elongation (75, 87, 90).

Another Tral-containing coactivator complex is the SAGA-
related complex SLIK, which regulates a distinct set of genes.
SLIK is similar to SAGA but contains a truncated version of
the Spt7 subunit and has replaced one of the TBP-interacting
subunits, Spt8, with Rtg2 (70). Rtg2 is essential for SLIK com-
plex integrity and is one of three RTG genes important for the
retrograde response pathway leading to expression of genes in
times of metabolic dysfunction (11, 45). The third Tral-con-
taining coactivator is the 12-subunit NuA4 complex, which
contains the essential HAT subunit Esal. NuA4 preferentially
acetylates lysines within histone H4 and, to a lesser extent,
histone H2A. Unlike SAGA and SLIK, NuA4 lacks subunits
that interact with TBP or other components of the transcrip-
tion machinery. Therefore, NuA4 functions in gene regulation
as an activator-targeted HAT, similarly to mammalian coacti-
vators p300/CBP. Targeted recruitment of NuA4 to gene pro-
moters has been observed for ribosomal protein genes, TATA-
less TFIID-regulated genes, and a subset of SAGA-dependent
genes (24, 27, 58, 64, 73, 74). NuA4 has also been shown to
have an important role in DNA repair and is recruited to
double-stranded DNA breaks, where it acetylates histones
around damaged sites to promote DNA end joining and repair
(10, 23, 85). Recent reports also suggest that NuA4 and SAGA
are targeted to coding regions of active genes, where they
modify histones in the coding sequence, stimulating transcrip-
tion elongation (28, 29, 68).

Here we investigate the role of Tral in activated transcrip-
tion. The large size of Tral and its strict requirement for cell
viability have complicated previous studies of this protein in
yeast and human systems. Using a new strategy to detect pro-
tein repeats, we predict that Tral and TRRAP contain a large
tandem array of HEAT and TPR repeats extending from the N
terminus to the PI3K domain. We used this prediction to
identify regions of Tral important for cell viability, SAGA and
NuA4 complex integrity, and targeted recruitment by activator.
We show that Tral acts as an important scaffold for SAGA and
NuA4 complexes and that it is also important for a step in-
volving histone acetylation subsequent to Tral recruitment.

MATERIALS AND METHODS

Protein repeat and domain analysis and 3D modeling. Protein repeat and
domain predictions were conducted as previously described (43). Briefly, struc-
ture similarity searches between homologous proteins were performed by
HHpred (http://toolkit.tuebingen.mpg.de/hhpred) (81) using the database of
HMM domains of known structure from the Protein Data Bank (PDB) database
(http://www.pdb.org/pdb/home/home.do) (7). All searches were conducted with
the program’s default settings and thresholds, and known structural repeat units
were located from the three-dimensional (3D) structures deposited in the PDB
database. HMM alignment between yeast Tral and TRRAP proteins was gen-
erated by HHpred using the Tral protein sequence as the query and the human
genome as the HMM database source. The 3D model of the PI3K domain of
Tral was created by HHpred and SWISS-MODEL workspace (http://swissmodel
.expasy.org/workspace) (78). Structural templates for the PI3K domain were
identified by searching the PDB database with HHpred using default parameters.
PIR alignments were created from the template structure of human phosphati-
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dylinositol 3-kinase catalytic subunit type 3 (3ihy), which resulted in the highest
probability score. Next, PIR alignments were manually converted to FASTA
alignments, and 3D models were built with the SWISS-MODEL workspace using
the alignment mode. Surface representations of the PI3K domain were created
in PyMOL (21).

Plasmid construction. TRAI containing 577 bp upstream and 436 bp down-
stream of the open reading frame (ORF) was cloned between the Sacl and Sall
sites of vector pRS316 to create pSH689 (ars cen URA3 TRAI). TRAI was triple
Flag tagged at the N terminus using site-directed mutagenesis and cloned via
Sacl and Sall to vector PRS314 lacking a Kpnl site to create plasmid pSH690
(ARS CEN TRPI 3XFlag-TRAI), and this plasmid was used as the wild-type
(WT) TRAI plasmid for all studies in this paper. TRAI deletions were created in
plasmids pSH680 [N-terminal half of TRAI in pBluescript SK(+)] or pSH693
[C-terminal half of TRAI in pBluescript SK(+)] using site-directed mutagenesis.
A glycine-serine-glycine linker was inserted at the junction of all deletions. TRA1
deletions were then transferred to pSH690 to generate the ars cen TRP1 3XFlag-
TRAI deletion derivatives used for analysis of TRAI mutant phenotypes and
summarized in Table S1 in the supplemental material.

Yeast strains. All TRAI deletion yeast strains used in this study were derived
from BY4705 (MATo Aade2::hisG his3A200 leu2A0) (14). The TRAI gene was
disrupted in this yeast strain by PCR amplifying the kanMX gene locus from the
pFA6-KanMX4 vector with primers flanking the TRAI open reading frame
(ORF) to create the following yeast strain: SHY785 [MAToa Aade2::hisG
his3A200 leu2A0 lys2A0 met15A0 trpl A63 ura3A0 TRAIA:kanMX(ARS CEN
URA3 TRAI)]. Additional yeast strains used in this study are as follows: BKYS5
(SHY785, EAFI-TAP:hphB), BKY6 (SHY785, SPT7-TAP:hphB), BKY7
(SHY785, GCN5-13myc::HIS3), BKY8 (SHY785, ESAI-3HA::HIS3) (SHYS555,
MATo  Aade2:hisG  his3A200 leu2A0 lys2A0 metl1SA0  trplA63  ura3A0
SPT7-3XFlag:kanMX), BKY9 (SHYS5S, spt20A::hphB), W1588-4C (MATa
ade2-1 canl-100 his3-11,15 leu2-3,112 trpI-1 ura3-1 RAD5™), YTT2256 (W1588-
4C, YNG2A::natMX) (53), YTT2329 (W1588-4C, EAF1A::natMX) (53), SHY787
(BY4705, GCN5A::hphB), and MSY2431 (MATa ade2-1 leu2-3 his3-11 trpl-11
ura3-1 ESAI-1851::ura3) (51).

Growth conditions. For induction of the Gal4-dependent genes, cells were
grown in glucose complete (GC) medium lacking tryptophan with 2% raffinose
as a carbon source and induced with 2% galactose for 1 h. For induction of
Gen4-dependent genes, cells were grown in GC lacking tryptophan, isoleucine,
and valine with 2% glucose as a carbon source and induced with 0.5 pg/ml
sulfometuron methyl (SMM) in dimethyl sulfoxide (DMSO) for 1 h before
samples were taken. To analyze ribosomal protein gene expression, cells were
grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose) supple-
mented with 0.004% adenine sulfate. Yeast cell viability assays were performed
on glucose complete plates containing 1 g/liter 5-fluoroorotic acid (5-FOA). Spot
test assays were used to examine growth under different stress conditions. SMM
phenotypes were monitored by 5-fold serial dilutions of the isogenic wild type
and TRAI deletion mutants spotted on GC medium lacking isoleucine, valine,
leucine, and tryptophan without drug or with 3.0 wg/ml SMM. Plates without
drug were grown for 2 days at 30°C, and SMM-containing plates were grown for
6 days at 30°C. To examine temperature-sensitive phenotypes, serial dilutions
were spotted on glucose complete medium lacking tryptophan and grown for 2
days at 24°C, 30°C, and 37°C. To examine galactose-sensitive phenotypes, the
wild type and the indicted Tral deletion mutants were first grown in complete
medium containing 2% raffinose as a carbon source and lacking tryptophan.
These cells were washed in water, and then 5-fold serial dilutions were spotted
onto complete medium containing 2% galactose and lacking tryptophan and
grown for 3 days at 30°C. Yeast growth was assessed by colony size relative to the
wild type (WT) (++++).

Immunoprecipitations. Flag-tagged Tral was purified from 200-ml mid-log-
phase cultures grown in GC lacking tryptophan and uracil. Cells were collected
by centrifugation and lysed by bead beating in lysis buffer (100 mM Tris-HCI, pH
7.9, 250 mM AmSO,, 1 mM EDTA, 10% glycerol) supplemented with 0.5 mM
dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and
EDTA-free complete protease inhibitor cocktail (Roche), and lysates were
cleared by centrifugation. Approximately 2 mg of the whole-cell extract diluted
with 2 volumes of dilution buffer (25 mM HEPES, pH 7.5, 50 mM NaCl, 1 mM
EDTA) was incubated overnight at 4°C with either 30 wl of M2 affinity agarose
(Sigma) or 30 wl of anti-c-Myc affinity agarose (Sigma) for Flag or Myc immu-
noprecipitations, respectively. Beads were washed 3 times in 1 ml 1X Tris-
buffered saline (TBS) with 0.1% Tween and 2 times with 1X TBS, and proteins
were eluted twice with 2 bead volumes of 1X TBS containing either 350 pg/ml
Flag peptide (Sigma), Myc peptide (Sigma), or HA peptide (Sigma). Samples
were resolved on 4 to 12% polyacrylamide gradient gels (Invitrogen) in 1X
MOPs buffer (50 mM morpholinepropanesulfonic acid [MOPS], 50 mM Tris



820 KNUTSON AND HAHN

base, pH 7.7, 3.5 mM SDS, 1 mM EDTA) for 50 min at 200 V. Proteins were
transferred to polyvinylidene difluoride (PVDF) and probed with rabbit poly-
clonal antibodies against Spt3, Adal, Taf12, and Esal; mouse monoclonal anti-
bodies against Yaf9 (Abcam; ab4468), Flag (Sigma), and Myc (Covance; MMS-
150R); and goat polyclonal antibodies against Ada2 (SCBT; sc-6651), Ada3
(SCBT; sc-6652), or Gen5 (SCBT; sc-6305).

ChIP. Chromatin immunoprecipitation (ChIP) assays were conducted as pre-
viously described (33, 62, 63) with a few modifications. Briefly, cell cultures were
grown to an optical density at 600 nm of 0.5 to 0.8 in GC medium lacking
isoleucine, valine, and tryptophan with 2% glucose or GC medium lacking
tryptophan with 2% raffinose at 30°C. Cells were induced with 0.5 wg/ml SM or
2% galactose for 1 h and cross-linked with 1% formaldehyde (Sigma) for 15 min
at room temperature. After cross-linking, cells were harvested and washed twice
with cold 1X TBS buffer. Cells were resuspended in ChIP buffer (150 mM NacCl,
50 mM Tris-HCL, pH 7.5, 5 mM EDTA, 0.5% NP-40, 1.0% Triton X-100)
supplemented with 0.5 mM DTT, 0.5 mM PMSF, and EDTA-free complete
protease inhibitor cocktail (Roche). Cells were lysed with 0.5-mm zirconia beads
(Biospec) using a Mini-Beadbeater-96 (Biospec) at 3-min intervals until greater
than 95% cell breakage was achieved. Lysates were sonicated four times for 10
min each on a high setting with the Bioruptor UCD-200 (Diagencode). Sonicated
lysates were cleared by centrifugation, and protein concentrations were deter-
mined by the Bradford assay. For immunoprecipitations, 1 mg of sheared chro-
matin was incubated overnight at 4°C with either 2 pg of HA antibody (SCBT;
5¢-7392), 2 g of Flag M2 antibody (Sigma; F1804), 2 pg of 9E10 C-Myc antibody
(Covance; MMS-150), 2 pg of Rapl antibody (SCBT; sc-6663), 4 pg of Gen4
antibody and 2 pg of Gal4 antibody (Abcam; ab1396), 2 ng of Rpbl antibody
(Abcam; 8WG16), 1 pg of H4K8Ac antibody (Millipore; 07-328), 1 pg of
H3K9Ac antibody (Millipore; 07-352), or 1 g of histone H3 antibody (Cell
Signaling Technologies; 9712). For ChIPs of C-terminally TAP-tagged Eafl and
Spt7 proteins, 20 pl of IgG-conjugated Sepharose 6 Fast Flow beads (GE
Healthcare) and 2 mg of chromatin were used. Antibody-protein complexes were
recovered with 15 pl protein G Dynabeads (Dynal), and beads were washed four
times in ChIP buffer containing 500 mM NaCl and once with standard ChIP
buffer. Next, 100 pl of 10% Chelex-100 (Bio-Rad) was added to beads and boiled
for 10 min. The suspension was centrifuged, and supernatant containing the
eluted DNA was collected. The beads were washed with 100 pl water and
centrifuged, and the supernatants were combined. Eluted DNA was used directly
in PCR. To determine percent wild-type immunoprecipitated ChIP signal, values
were calculated as the ratio of the percent precipitated at a specific locus to the
percent precipitated at the POLI reference locus. All values are expressed
relative to the wild-type value, set at 1.0. Experiments were performed in bio-
logical triplicate.

GST pulldown assay. Recombinant glutathione S-transferase (GST) and GST-
Gcend4 1-134 fusion proteins were expressed by autoinduction in ZY5052 medium
(25 mM Na,HPO,, 25 mM KH,PO4, 50 mM NH,CIl, 5 mM Na,SO,, 2 mM
MgSO,, 0.5% glycerol, 0.05% glucose, 0. 2% a-lactose, 0.01% tryptone, 0.005%
yeast extract) for 16 h at 37°C (84). Cells were harvested by centrifugation and
washed with 1X phosphate-buffered saline (PBS) buffer (150 mM NaCl, 15 mM
NaPO,, pH 7.4) supplemented with 5 mM DTT, 0.5 mM PMSF, and EDTA-free
complete protease inhibitor cocktail (Roche). Cells were lysed with 1 mg/ml
lysozyme (Sigma) for 30 min on ice followed by sonication. To aid protein
solubility and purification, 0.25% Sarkosyl and 2% Triton X-100 were added to
the lysates (26). Lysates were cleared by centrifugation, and clear lysates were
added to glutathione beads (GE Healthcare) and mixed for 4 h at 4°C. Beads
were washed three times with 1X PBS, twice with 1X PBS with 3 M NaCl, and
three times with 1X TBS buffer. GST fusion protein was eluted with 3 bead
volumes of GST elution buffer (50 mM Tris-HCI, pH 8.0, 10 mM glutathione).
Eluted protein was dialyzed in GST pulldown buffer (25 mM Tris-HCI, pH 7.5,
50 mM KCI, 5 mM MgCl,, 0.1% Triton X-100, 2 mM DTT, 10% glycerol)
supplemented with protease inhibitor cocktail (Roche). Equivalent amounts of
GST fusion protein were bound to magnetic GST beads (Pierce) and blocked
with 1% bovine serum albumin (BSA) in GST pulldown buffer. Flag-Tral-
containing SAGA and NuA4 complexes were purified as described above, and
equivalent amounts of Flag-Tral were added to the blocked GST beads for 2 h
at 4°C. Beads were washed five times in GST pulldown buffer, and precipitated
proteins were eluted in 1X lithium dodecyl sulfate (LDS) sample buffer and
resolved on 4 to 12% polyacrylamide gradient gels (Invitrogen) in 1X MOPs
buffer. Proteins were transferred to PVDF and probed with Flag M2 antibody
(Sigma) and GST antibody (SCBT; sc-459).

In vitro HAT assay. Histone acetyltransferase (HAT) assays were adapted
from references 31 and 47. Equivalent amounts of Flag-Tral complexes purified
as described above were added to 50-ul reaction mixtures containing 2.5 ug of
recombinant histone H3 and 10 uM acetyl coenzyme A (acetyl-CoA) (Sigma) in
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HAT assay buffer (50 mM Tris-Cl, pH 8.0, 50 mM KClI, 5% glycerol, 0.2 mM
EDTA, 2 mM DTT, 20 mM sodium butyrate, 2 mM PMSF). Reaction mixtures
were incubated at 30°C for 30 min followed by addition of 1X LDS sample buffer
and separation on a 4 to 12% polyacrylamide gradient gel (Invitrogen) in 1X
MOPS buffer. Proteins were transferred to PVDF, and acetylated histone H3 was
detected using an antibody against H3K9Ac. Total histone H3 levels in each
reaction mixture were detected by Coomassie blue staining.

Total RNA isolation. Approximately 10 ml of yeast cells grown to an optical
density at 600 nm of 0.6 to 0.8 was pelleted by centrifugation and washed in cold
nuclease-free water (Ambion). Cells were resuspended in TES buffer (10 mM
Tris, pH 7.5, 10 mM EDTA, 0.5% SDS) and an equal volume of acid phenol
(Ambion). The suspension was incubated at 65°C for 1 h, followed by a second
acid phenol extraction and a single chloroform (Sigma) extraction. Extracted
RNA was ethanol precipitated with sodium acetate and pelleted by centrifuga-
tion. RNA pellets were washed with 80% ethanol, air dried, and resuspended in
RNase-free water. Next, 15 pg of RNA was treated with the Turbo DNase kit
(Ambion) and 1 pg of DNA-free RNA was synthesized into cDNA using Su-
perscript III (Invitrogen) using oligo(dT),, primer according to the manufactur-
er’s instructions. cDNA was diluted 1:100 before quantitative PCR (qPCR) was
performed.

Quantitative PCR. Gene-specific qPCR was performed in triplicate using
primers near the 3’ end of the gene. Promoter-specific qPCR was also performed
in triplicate using primers spanning the upstream activating sequence (UAS) or
near the transcription start site (ATG). UAS primer sets were used for activator
and Flag-Tral ChIPs, and ATG primer sets were used for all other ChIPs.
Reverse transcription-qPCR (RT-qPCR) and ChIP primer sequences used in
this study are listed in Table S4 in the supplemental material. Primers were
designed with either PrimerQuest (IDT) or Primer Express 3 (ABI) software
using default parameters. qPCRs were assembled in 5-pl reaction mixtures in a
384-well plate format using an ABI 7900HT sequence detection system for
real-time PCR (ABI) and Power SYBR green master mix (ABI). Relative
amounts of DNA were calculated using a standard curve generated from a
10-fold serial dilution series of purified yeast genomic DNA ranging from 10 to
0.001 ng DNA. Relative amounts were normalized to ACT] for RNA expression
analysis and were normalized to POLI for ChIP analysis. All values are ex-
pressed relative to the wild-type value, set at 1, and error bars denote standard
deviations of triplicate and duplicate experiments where indicated.

RESULTS

Sequence analysis of Tral and TRRAP. A major obstacle
that has impeded structural and functional studies of Tral and
its human homolog TRRAP is their large size (~430 kDa).
The predicted domain structure of Tral is well conserved and
is similar to those of other members of the PIKK protein
family (Fig. 1A) (1, 43, 86). PIKK family members consist of
five distinct domains, including a C-terminal PI3K catalytic
domain that is inactive in Tral/TRRAP. Four different o-he-
lical domains flank the PI3K domain. Immediately adjacent to
the PI3K domain is a four-helix bundle called the FRB domain
(FKBP12 rapamycin binding) and an extended helical region
called the FAT domain (FRAP, ATM, and TRRAP) (12, 52).
The FAT domain is predicted to form both HEAT (Hunting-
tin, elongation factor 3, PR65/A, and TOR) and TPR (tetra-
tricopeptide) repeats (4, 16, 42, 69). The C terminus of PIKK
proteins contains a FATC domain (FAT C-terminal) com-
posed of one short and one long helix that are joined by a
disulfide bond (20). However, one or both of these cysteines
are missing in Tral/TRRAP (36). Finally, the HEAT domain
folds into a number of a-helical HEAT repeats that extend
from the N terminus to the FAT domain, representing more
than half the length of the protein.

Web-based repeat and domain prediction methods, includ-
ing Pfam, Prosite, SMART, REP, ARD, TPRpred, and
HHrepID (5, 9, 42, 65, 77, 80, 82), predicted few or no HEAT
and TPR repeats in Tral/TRRAP. To identify these repeats,
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FIG. 1. Comparison of Tral and TRRAP domains. (A) Modular structure of the Tral/TRRAP protein. A representative three-dimensional
protein structure for each of the five domains is depicted below each arrow with the corresponding Protein Data Bank code. (B) Alignment of
predicted domain and repeat architectures of Tral and TRRAP. Individual rectangles in the HEAT and FAT domains represent single HEAT and
TPR repeats, respectively. Dark gray rectangles represent predicted disordered regions, and light gray rectangles denote a non-repeat-containing

segment. Gaps in the alignment are indicated by a line. ID, identity.

we used a prediction strategy recently developed to detect
divergent HEAT and TPR motifs that are missed by conven-
tional methods (43). This approach uses profile-HMM (hidden
Markov model) comparisons from the HHpred program to
find structural relationships between a protein of interest and
proteins with known tertiary structures and has been particu-
larly useful for predicting protein repeats in PIKK protein
family members (43, 81). Using the HHpred approach, we
detected 67 or 68 protein repeats in Tral and TRRAP (Fig.
1B). For Tral, we predicted a nearly tandem array of 53 HEAT
repeats extending from the N terminus up to the boundary of
the FAT domain. A nearly identical configuration of 54 HEAT
repeats was predicted for TRRAP, with the exception of one
additional HEAT repeat. Repeat predictions in the FAT do-
main of Tral/TRRAP suggest that this domain is composed of
14 TPR repeats, consistent with previous reports for other
PIKK protein family members (16, 43).

Although Tral and TRRAP share a modest 27% amino acid
sequence identity, their predicted secondary structures are re-
markably similar, and repeat analysis revealed that approxi-
mately 98% of the predicted helical repeats aligned well be-
tween the two proteins when their protein sequences were
compared (see Fig. S1 in the supplemental material) (18). The
Tral HEAT domain contains a tandem array of repeats that
are interrupted by two predicted disordered regions between
HEAT repeats 9 and 10 and HEAT repeats 40 and 41. Disor-
dered regions are also predicted in nearly identical positions of
TRRAP, the first between HEAT repeats 9 and 10, which
corresponds to a repeated proline stretch, and the second
between HEAT repeats 41 and 42. The FRB, PI3K, and FATC
domains of Tral and TRRAP are also conserved at the se-
quence level and are predicted to have nearly identical tertiary
structures. These observations suggest that Tral and TRRAP
have similar structures and provide a framework to test the
importance of these conserved domains.

Regions of Tral important for cell viability. To identify
functional domains within Tral, we constructed a series of 44
internal deletions spanning the entire length of the protein
using the above repeat and domain prediction as a guide. Each
deletion removed ~100 amino acid residues (Fig. 2A). Dele-

tions in the HEAT and TPR domains were specifically de-
signed to remove 1 to 3 repeat units. Since Tral is essential for
viability, we transformed these mutant constructs into a tralA
strain carrying the wild-type TRAI locus on a URA3-marked
plasmid, and transformants were plated on 5-fluoroorotic acid
(5-FOA). Approximately two-thirds of the TRAI mutants were
inviable, and many of the remaining viable mutants exhibited
slow- and/or temperature-sensitive-growth phenotypes (see
Table S1 in the supplemental material).

Lethal TRAI mutants were found in each of the five domains
(Fig. 2A, red). The FRB, PI3K, and FATC domains were all
essential for viability. A single deletion at the junction of the
PI3K C-terminal lobe and FATC domain gave rise to viable
yeast, whereas a complete deletion of the FATC domain was
inviable, possibly due to poor protein stability, since this dele-
tion resulted in a truncation in the C terminus (see below).
This is consistent with a previous study suggesting that the
FATC domain is important for integrity of complexes contain-
ing members of the PIKK protein family (36, 41). We also
found that Tral regions spanning HEAT repeats 8 and 9, 10 to
25, 20 to 35, and 46 to 53 and TPR repeats 1 to 6 and 10 to 14
were essential for viability. The remaining Tral HEAT and
TPR repeats, as well as the two aforementioned disordered
regions between HEAT repeats 9 and 10 and repeats 40 and
41, were not essential for growth.

A subset of the viable mutants exhibited growth sensitivities
consistent with defects in transcription activation (Fig. 3; see
also Table S2 in the supplemental material). We examined the
effects of three stress conditions on growth of these mutant
strains including growth on galactose, sensitivity to tempera-
ture (37°C), or sulfometuron methyl (SMM). Of the 15 viable
mutants, 12 were moderately sensitive to growth at 37°C.
These mutants contained deletions in either the HEAT or
FAT domains or at the junction between the PI3K C-terminal
lobe and FATC domain. Cell growth in the presence of SMM,
an inhibitor of amino acid biosynthesis that requires the acti-
vation of Gen4-dependent genes, was impaired for 12 of 14
mutants. Nearly all of these strains also displayed temperature-
sensitive phenotypes, suggesting that these Tral mutants may
cause a defect in heat stress-induced transcription. We ob-
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FIG. 2. Summary of TRAI deletions and single-amino-acid substi-
tutions in the PI3K domain and their roles in SAGA and NuA4
coactivator function. (A) Schematic of the repeat and domain archi-
tecture of Tral. The color scheme and structural features are the same
as in Fig. 1. The deletion name and location are indicated to the left of
each bracket. Inviable Tral deletions (all causing both SAGA and
NuA4 complex integrity defects) are indicated by red lettering, and
viable deletions are indicated by blue lettering. Every fifth repeat is
denoted by an asterisk or dot in the HEAT and FAT domains, respec-
tively. (B) Surface representation of the PI3K domain of Tral based on
the crystal structure of 3ihy. The N-terminal and C-terminal lobes of
the Tral PI3K domain model are colored in white and gray, respec-
tively. Inviable amino acid substitutions are colored red, and viable
substitutions are blue.

served poor growth on galactose for only 2 out of the 14 viable
mutants (e.g., A24 and A32), suggesting that the Gal4 and
Gcen4 activators may interact differently with Tral. Finally, we
tested the dominance of the TRA! deletion mutants when
coexpressed with wild-type TRAI and observed no significant
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FIG. 3. Growth phenotypes of selected TRA! deletion mutants.
(Left panels) Viable TRAI mutants from Table S1 in the supplemental
material were compared with a wild-type strain for growth on glucose
complete (GC) medium lacking tryptophan, isoleucine, and valine
incubated at 30°C with or without 3 pg/ml SMM. (Right panels) The
indicated Tral mutations were incubated on GC medium and grown at
the indicated temperatures. Fivefold serial dilutions of cells were spot-
ted onto plates.

growth phenotypes under the any of the conditions tested (see
Fig. S2 and Table S1).

We also analyzed the function of the PI3K domain by mod-
eling the structure of this domain and mutating predicted sur-
face residues (Fig. 2B). A total of 16 single glutamate substi-
tutions were created, 4 in the N-terminal lobe and 12 in the
C-terminal lobe of the PI3K domain. Only two of these muta-
tions, R3432E and R3650E, gave rise to inviable yeast, while
the remaining 7RA! PI3K mutants were viable and grew at or
near wild-type levels (see Table S3 in the supplemental mate-
rial). The two inviable substitutions lie very close together
when mapped onto a 3D homology model of the PI3K domain,
indicating that these residues form an important interaction
interface in this region (Fig. 2B, red). None of the viable PI3K
domain mutants displayed sensitivity to temperature, SMM, or
galactose (Table S2). From this analysis, we conclude that the
PI3K domain is essential but contains few regions participating
in functional protein contacts.

Regions of Tral important for coactivator complex associ-
ation. Previous biochemical and genetic studies suggest that
Tral acts as a molecular scaffold for SAGA and NuA4 com-
plexes (3, 32). To probe this function of Tral, we tested the
panel of Tral deletions for association with SAGA and NuA4
subunits. Yeast strains containing both untagged wild-type
TRAI and Flag-tagged mutant TRAI were used to test the
ability of the viable and inviable Tral mutants to associate with
other SAGA and NuA4 subunits by coimmunoprecipitation
assays. Western analysis of immunoprecipitated Flag-Tral re-
vealed that all Tral mutants were expressed at levels ranging
from 25% to 100% of wild-type levels. Three inviable TRAI
deletion mutants gave rise to truncations at or near the site of
the deletion (deletions A8, A39, and A42) (Fig. 4; A8 is much
smaller than wild-type Tral and is not shown in the figure).
Probing the Western blots for factors coprecipitating with Tral
surprisingly revealed that all of the inviable Tral mutants
failed to associate with SAGA subunits Adal, Spt3, Taf12, and
Gen5 or with NuA4 subunits Esal and Yaf9 (Fig. 4). Adal and
Tafl2 are important for SAGA integrity, while the other
SAGA subunits assayed (GenS and Spt3) are peripheral sub-
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FIG. 4. Effect of TRAI mutations on SAGA and NuA4 complex integrity. Western analysis of immunopurified Flag-Tral. Flag-Tral complexes
were purified from whole-cell extract and analyzed by Western blotting using the following antibodies: Flag, Adal, Spt3, GenS, Taf12, Esal, and
Yaf9. Tral deletions that give rise to a truncated protein are indicted by an asterisk (A8 is significantly smaller than wild-type Tral and is not visible

on this blot).

units (83, 88). The Esal and Yaf9 subunits are components of
separate functional modules of NuA4 (6, 59). Even though the
bulk of Tral is composed of multiple repeat units, these re-
peats are not functionally equivalent, as deletion of only some
repeats results in complex instability. It is clear from these
results that yeast cell viability is closely linked to the ability of
Tral to associate with SAGA and NuA4 and that identical
regions of Tral are required for association with both com-
plexes.

Regions of Tral important for transcription activation. Sev-
eral of the viable TRAI mutants form relatively normal levels
of SAGA and NuA4 complexes but display strong growth phe-
notypes, suggesting that they may be defective in coactivator
function. To test this, we used quantitative RT-PCR to mea-
sure the mRNA levels of three different classes of genes that
are activated by activators Rapl, Gen4, and Gal4 and coacti-
vators SAGA and NuA4. Examining the different activator and
coactivator dependencies is necessary to differentiate between
activator-specific, coactivator-specific, and general defects in
interaction with the transcription machinery subsequent to
Tral recruitment.

To study defects in Rap1/NuA4-dependent transcription, we
measured transcription levels of three ribosomal protein genes,
RPS5, RPL2B, and RPLI11B. Each of these promoters is de-
pendent on NuA4, as shown by their sensitivities to deletions
of NuA4 components but not to disruption of SAGA. For
example, deletion of NuA4 subunit EAFI or YNG2 reduced
RNA levels by 60 to 70% for each of the ribosomal protein
genes examined (Fig. SA). In contrast, these mRNA levels

remain relatively unchanged when the SAGA core subunit
SPT20 is deleted. Our results are consistent with previous
findings that transcription of these ribosomal protein genes is
dependent on NuA4 but relatively independent of SAGA (58,
73). Seven of the viable TRAI mutants showed decreased ri-
bosomal protein transcription levels ranging from 20 to 75% of
the wild-type value (deletions A2, A5, A17, A23, A24, A32, and
A41) (Fig. 6A to C). Tral deletion mutants Al7 and A32
showed the most severe reduction in ribosomal protein gene
transcription, evidenced by a more than 75% reduction in
mRNA levels.

Failure of some Tral mutants to stimulate activated tran-
scription could reflect an impaired step downstream of coac-
tivator recruitment or a defect in interaction with activator. To
examine the basis for the transcription defects, we used ChIP
to measure the recruitment of polymerase II (Pol II) and the
Rapl activator to the RPL2B promoter. For all seven of the
TRAI deletion mutants tested, Rapl cross-linking levels were
relatively unaffected, and Pol II cross-linking correlated well
with transcription levels, suggesting that transcription defects
were not the result of reduced activator binding or postinitia-
tion defects (Fig. 7A and B). These results suggested that
either coactivator recruitment or postcoactivator recruitment
steps are defective in these TRAI mutants. To differentiate
between these models, we measured the levels of the NuA4
subunits Tral and Eaf1 cross-linked to the RPL2B promoter in
these strains (Fig. 7C and D). Three TRA! mutants showed
decreased cross-linking of Eafl and Tral at the promoter (A2,
A5, and A17), while three other TRA1 mutants showed near-
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FIG. 5. Effect of SAGA and NuA4 mutations on transcription.
Strains containing either wild type (WT) or the indicated SAGA or
NuA4 subunit deletions were grown under conditions that induce
Rapl-dependent genes (A), Gend-dependent genes (B), or Gal4-de-
pendent genes (C). Total cellular RNA was prepared and quantitated
by RT-qPCR, and results are represented relative to the wild-type
value set at 1.0. UL, not induced. Experiments were performed in
biological duplicate, and error bars represent standard deviations.

wild-type cross-linking (A24, A32, and A41). Taken together,
these results suggest that transcription defects caused by TRA1
deletion mutants A2, A5, and A17 are due to reduced recruit-
ment of NuA4 by activator, possibly due to impaired Tral
interaction. In contrast, transcription defects in TRAI mutants
A24, A32, and A41 are likely due to postrecruitment defects.

We next tested three Gen4-activated genes: HIS4, ARGI,
and ARG4. Each of these genes is SAGA dependent, as re-
vealed by reduced levels of induced transcription in the SPT20
deletion strain (Fig. 5B). Although transcription of ARG4 is
unaffected by mutations in NuA4 subunits, both HIS4 and
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ARG] transcription are NuA4 dependent, showing that NuA4
functions in a gene-specific manner at Gen4-dependent genes.
Reduced transcription was observed for six TRAI mutants (A2,
A5, A17, A24, A32, and A41) ranging from 40 to 60% of wild-
type levels (Fig. 6D to F). Interestingly, the transcription re-
sults for the Gen4- and Rapl-dependent genes were very sim-
ilar, suggesting that these TRAI mutations cause similar
transcriptional activation defects at both SAGA and NuA4-
dependent genes.

To determine the cause of these defects, we used ChIP to
measure cross-linking of Gen4 and Pol II at HIS4. Under
activated conditions, Gen4 cross-linking to the HIS4 promoter
was unaltered in any of the TRAI mutant strains, and Pol II
cross-linking correlated well with mRNA levels (Fig. 7E and
F). Next, we measured the levels of SAGA recruited to the
activated HIS4 promoter by ChIP of Tral and the SAGA core
subunit Spt7. Four TRAI mutants showed significant defects in
SAGA recruitment at HIS4 (deletions A2, AS, A17, and A41)
(Fig. 7G and H). Three of these TRAI mutants also showed
reduced NuA4 recruitment in Rapl-dependent transcription
(A2, A5, and A17), suggesting that Rapl (and/or other activa-
tors of ribosomal protein gene transcription) and Gen4 target
overlapping regions of Tral to recruit SAGA and NuA4 (Fig.
7C and G).

The final group tested included the Gal4- and SAGA-de-
pendent genes GALI, GAL7, and GAL3. Deletion of SPT20
severely reduced activated mRNA levels of all these Gal4-
dependent genes, consistent with several studies that showed
that SAGA is an essential coactivator for these genes (Fig. 5C).
In contrast, deletions of NuA4 subunits EAFI! and YNG2 re-
duced GAL3 transcription by more than 2-fold, while GALI
and GAL?7 transcription remained relatively unchanged. Thus,
like the Gen4-dependent genes, Gal4-activated genes are de-
pendent on SAGA and differentially dependent on NuA4 for
their transcription.

The strongest transcription defects among the Gal4-depen-
dent genes were observed for TRAI mutants A24, A32, and
A41, while the remaining Tral mutants showed near-wild-type
or only slightly reduced mRNA levels (Fig. 6G to I). Pol II
cross-linking at the GALI promoter correlated well with tran-
scription levels for all mutants tested, while Gal4 cross-linking
remained relatively unchanged, indicating that transcription
defects occur after activation but before transcription initiation
(Fig. 71 and J). Cross-linking of the SAGA subunits Tral and
Spt7 at GALI remained within 25% of the wild-type level for
each of the Tral mutants, with the exception of Tral mutant
A24, where cross-linking was reduced by 40% (Fig. 7K and L).
Thus, A24 may disrupt a region of Tral that is important for
recruitment of SAGA that is unique to the Gal4 activator.
Furthermore, these results are consistent with a model where
Gal4 and Gen4 target different regions of Tral, since the Tral
mutants defective in recruitment by Gen4d (A2, AS, and Al7)
show little or no defect in SAGA recruitment to the GALI
promoter.

To complement the ChIP assays, we used GST pulldown
assays to test whether TRAI deletion mutations with recruit-
ment defects are defective in activator binding. A GST-tagged
fusion protein containing the two Gcen4 activation domains
(residues 1 to 134) was mixed with Flag-Tral, partially purified
from whole-cell extracts, and the amount of Flag-Tral that
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FIG. 6. Effect of TRAI mutations on transcription. Strains containing either wild-type TRA! or the indicted TRAI deletions were grown under
conditions that induce Rapl-dependent genes (A to C), Gend-dependent genes (D to F), or Gal4-dependent genes (G to I). Total cellular RNA
was prepared from these cells and quantitated by RT-qPCR, and results are represented relative to the wild-type value set at 1.0. Brackets below
the TRAI mutant labels indicate the domain(s) disrupted by the deletion. P/Fc, junction between PI3K C-terminal lobe and FATC domains.

Experiments were performed in biological triplicate, and errors bars represent standard deviations.

coprecipitates with GST-Gcen4 was determined. Compared to
binding GST alone, each of the TRAI deletion mutants copu-
rified with GST-Gcen4 to various degrees (Fig. 8A and B).
TRA1I deletion mutant A32 bound to GST-Gcen4 at near-wild-
type levels, consistent with little or no defect in SAGA and
NuA4 recruitment. The remaining TRA1 deletion mutants re-
duced activator binding activity, ranging from 50 to 25% of
wild-type levels. These results are consistent with the coacti-
vator recruitment defects detected in these mutants, indicating
that the reductions in SAGA and NuA4 recruitment in vivo are
the direct result of a defect in activator binding.

Regions of Tral important for coactivator-mediated histone
acetylation. TRA1 deletions A24, A32, and A41 showed near-
wild-type coactivator cross-linking at some promoters but low
levels of activated transcription, suggesting a defect down-
stream of coactivator recruitment. Tral deletion mutant A32

exhibits the clearest postrecruitment defect that is neither ac-
tivator nor coactivator specific, as it is observed at RPL2B,
HIS4, and GAL1. A common postrecruitment function shared
by SAGA and NuAd4 is histone acetylation, an important step
in the transcription activation process. H3 lysine 9 (H3K9Ac)
and H4 lysine 8 (H4K8Ac) acetylation levels, which correlate
well with transcription activation, were examined at the
RPL2B, HIS4, and GALI promoters in five TRAI deletion
mutants: A5, A17, A24, A32, and A41.

We monitored NuA4-dependent H4 acetylation levels at the
RPL2B promoter and SAGA-dependent H3 acetylation levels
at the HIS4 and GALI promoters. At the RPL2B promoter, H4
acetylation levels were reduced by 50 to 70% in all mutants
tested (Fig. 9A, dark gray bars). Similarly, H3 acetylation levels
at the HIS4 promoter showed decreased acetylation in each of
the TRA1I deletion mutants (Fig. 9B, dark gray bars). In con-
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FIG. 7. Effect of TRAI mutations on recruitment of SAGA and NuA4 to promoters. Strains were grown as described for Fig. 6, cross-linked,
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FATc domains. Experiments were performed in biological triplicate, and error bars represent standard deviations.

trast, at the GALI promoter, TRAI mutants A5 and A17 re-
tained near-wild-type H3 acetylation levels, while TRA1 mu-
tants A24, A32, and A41 were decreased by between 40 and
60%, respectively (Fig. 9C, dark gray bars). These acetylation
defects could be caused either by reduced activity of the HAT
modules or by destabilization of the association of the HAT

modules with SAGA and NuA4. RPL2B, HIS4, and GALI
transcription are all sensitive to loss of Gen5, with transcrip-
tion reduced by 50% or more when GCNS is deleted (Fig.
9D). Likewise, RPL2B and HIS4 transcription is reduced by
50% or more in a conditional ESA/ mutant when grown at
37°C (Fig. 9E).
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FIG. 8. TRAI mutations affect the binding of SAGA and NuA4
complexes to GST-Gen4 fusion protein. Equivalent amounts of puri-
fied Flag-Tral coactivator complex were mixed and incubated with
glutathione beads bound to GST-Gcn4 1-134 (A) or GST alone (B).
Bound fractions were analyzed by Western blotting with antibodies
against Flag and GST. Relative binding values (RB) represent the
percentage of the Flag-Tral mutant retained relative to wild-type
Flag-Tral.

ChIP was used to measure recruitment of the HAT subunits
GenS and Esal to the RPL2B, HIS4, and GAL1 promoters. For
most TRA1 mutants, defects in H3 and H4 acetylation corre-
lated well with defects in HAT recruitment (Fig. 9A to C). A
striking exception to this trend was TRA1 mutant A32, in which
Esal or GenS cross-linking was near the wild-type level at
RPL2B, HIS4, and GALI, while H3 and H4 acetylation was
reduced to 30 to 40% of the wild-type level. This suggests that
deletion A32, located within the FAT domain, disrupts the
HAT activity of both SAGA and NuA4. In contrast, the re-
duced HAT cross-linking in TRAI mutants A24 and A41 does
not correlate well with the near-normal Tral levels detected at
RPL2B and HIS4, suggesting that these Tral mutations desta-
bilize association of the HAT modules.

The HAT module of SAGA consists of three subunits:
Ada2, Ada3, and GenS (6, 31). To determine whether SAGA
HAT module integrity is disrupted for TRAI mutants A24,
A32, and A41, we immunoprecipitated Flag-Tral and assessed
the levels of the HAT components that coprecipitate with
Flag-Tral by Western blotting (Fig. 9F). TRAI mutant A24
showed clear reductions in Gen5, Ada3, and Ada2 association
(20%, 30%, and 50% of wild-type levels, respectively), while
HAT module subunits remained at or near wild-type levels for
TRAI mutants A32 and A41. To further examine HAT module
stability, we immunoprecipitated GenS and quantitated copre-
cipitation of the various Tral derivatives (Fig. 9G). In this
experiment, equivalent amounts of Gen5 were loaded to more
easily compare the amounts of coprecipitating Tral. A 2-fold
reduction was observed in the amount of Tral A24 coprecipi-
tating with GenS (lanes 2 and 3). In contrast, Tral A41 showed
only a slight decrease in coprecipitating Tral (75% of wild-type
level) while Tral A32 showed no defect in Tral-Gen5 associ-
ation. As expected, Ada2 and Ada3 associated normally with
GenS in all strains tested, as these three proteins interact
independently of Tral.

Finally, we tested HAT activity of the Flag-Tral purified
complexes. Immunoprecipitates of Tral from wild-type or mu-
tant strains were assayed for acetylation of recombinant H3 at
residue K9 as a measure of intrinsic HAT activity (Fig. 9H).
These assays used Flag-Tral immunoprecipitates similar to
those in Fig. 9F and were normalized to utilize the same
amounts of Flag-Tral in each HAT assay. As expected, we
detected less H3K9 acetylation with TRAI mutant A24, con-
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sistent with a HAT module association defect (Fig. 9H, lane 3).
However, HAT assays using Flag-Tral A32 and A41 complexes
showed activity similar to that of wild-type Flag-Tral com-
plexes. Our combined results show that TRAI mutant A24
affects association with the GenS HAT module while the phe-
notypes of TRAI mutant A32 are clearly caused by a postre-
cruitment defect.

DISCUSSION

Tral and its human homolog TRRAP are key subunits of
several conserved HAT complexes that are targeted to gene
regulatory regions by transcription activators. In yeast, Tral is
a component of the HAT complexes NuA4 and SAGA, which
share no subunits other than Tral. Although Tral and TRRAP
directly contact activators, little is known of the additional
roles of Tral within SAGA and NuA4 complexes. Here we
identified other important and surprising functions for Tral
within these coactivators that are listed in Table 1. In summary,
we analyzed the sequence of Tral and identified regions im-
portant for cell viability, integrity of SAGA and NuA4 com-
plexes, transcription activation, activator interaction, coactiva-
tor recruitment, and in vivo HAT activity. These findings
suggest that the majority of the Tral acts as a protein scaffold
for association with other SAGA and NuA4 subunits and that
other distinct regions contribute to activator interaction and
HAT activity.

Sequence analysis showed that Tral can be divided into five
separate domains. Two of these domains (HEAT and FAT),
comprising 86% of Tral, are composed of short helical re-
peats. Tandem HEAT repeats are present in a wide variety of
proteins involved in signaling and are a common protein-pro-
tein interaction motif (4). Structural studies showed that these
arrays form an elongated superhelix and that, in some cases,
proteins interact with these repeats by binding within the
groove of the superhelix (30). Our analysis found that Tral and
TRRAP have a remarkably similar repeat configuration de-
spite their low sequence identity.

Based on this analysis, a series of TRAI mutations that
eliminate 1 to 3 repeat motifs or disrupt other conserved do-
mains were generated to identify the functional regions of
Tral. For such a large protein, much of which consists of
repeated motifs, it was surprising that about two-thirds of the
protein was essential for cell viability. We found that all of the
lethal Tral mutations had the same biochemical phenotype:
complete dissociation of Tral from other subunits of both
NuA4 and SAGA. These assembly-defective mutations were
found over wide regions of Tral and were located in all five
conserved domains. Since no SAGA subunit other than Tral is
essential for viability, it is likely that the lethality of these
mutations is due to disruption of NuA4 function, since the
NuA4 subunit Esal is essential. Mutagenesis of putative sur-
face residues within this domain suggested that only a small
surface of the PI3K-like domain is critical for function, and it
may play a structural role in coactivator assembly.

It was remarkable that all of the lethal TRAI mutations
disrupted interactions with both NuA4 and SAGA subunits,
suggesting that overlapping regions of Tral interact with sub-
units of both SAGA and NuA4 that have no apparent se-
quence similarity. Some of these mutations likely eliminated
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FIG. 9. Effect of TRAI deletions on HAT subunit recruitment, histone acetylation levels, and HAT module integrity. (A to C) Strains were
grown as described for Fig. 4 and analyzed by ChIP at the indicated genes. Shown are the ChIP results obtained with Esal-6HA and H4K8Ac
(A) or Gen5-13Myc and H3K9Ac (B and C). Histone ChIP results are shown as the ratio of acetylated to total H3 or H4 relative to the wild-type
value, set at 1.0. HAT ChIP results are shown relative to the wild-type value, set at 1.0. UL, not induced. Brackets below the TRA1 mutant labels
indicate the domain(s) disrupted by the deletion. P/Fc, junction between PI3K C-terminal lobe and FATc domains. (D) Relative mRNA levels
from a gen5A strain grown at 30°C. (E) Relative mRNA levels from an esal temperature-sensitive mutant strain grown at 30°C or shifted to 37°C
for the indicated times before gene induction. Experiments were performed in biological duplicate, and errors bars represent standard deviations.
(F and G) Western analysis of immunoprecipitated Flag-Tral (F) and GenS-13myc (G) complexes. Amounts of the immunoprecipitate (IP) loaded
were normalized to load equivalent amounts of Tral and GcenS, respectively. Purified complexes were analyzed by Western blotting using the
following antibodies: Flag, Myc, Ada2, and Ada3. (H) Histone H3 HAT activity of Flag-Tral purified complexes. Equivalent amounts of Flag-Tral
purified complexes were incubated with free histone H3 and analyzed by Western blotting using antibodies against H3K9Ac. Coomassie blue
staining was used as a loading control to assess total H3 levels in each reaction mixture. Relative HAT activity levels (HA) represent the
percentages of the H3K9Ac acetylation levels relative to wild-type Flag-Tral.
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regions of Tral that directly interact with other coactivator
subunits, although others may have disrupted coactivator in-
tegrity because of an indirect structural defect. Solenoid pro-
teins such as Tral are very flexible compared to more rigid
globular proteins, possibly allowing Tral to adapt distinct co-
activator-specific conformations (44).

About one-third of the targeted TRAI mutations were not
lethal, allowing us to probe the role of Tral in gene expression.

We examined transcriptional defects at three types of genes:
NuA4-dependent genes, SAGA-dependent genes, and genes
dependent on both coactivators. We found that the nonlethal
Tral mutations fell into three general classes: (i) defective
recruitment to promoters, (ii) reduced stability of the SAGA
and NuA4 HAT module, and (iii) normal recruitment of Tral-
associated subunits but reduced HAT activity in vivo.

We found that the TRAI mutations with reduced recruit-
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TABLE 1. Summary of the biochemical phenotypes observed for
the TRA1 deletion mutants generated from this study

TRAI deletion mutant(s)

Biochemical phenotype

Coactivator complex assembly defect........... A6, A8-16, A19-20, A26-31,
A33-40, A42

A2, A5* A17,% A24, A32, A4l

LA29 A5 A1T A24.° A4

LA24, A4l

LA32

A24.7 A32, A41P

Transcription activation defect
Coactivator recruitment defect...
HAT module association defect.
HAT module acetylation defect....
Post-coactivator recruitment defect

“ Specific for Rapl- and Gen4-dependent genes.
b Specific for Rap1- and Gal4-dependent genes.
¢ Specific for Gal4-dependent genes.
@ Specific for Gend-dependent genes.

ment at Rapl- and Gen4-dependent genes largely overlapped
(A2, AS, and A17), lying within the N-terminal region of the
HEAT domain. These results suggest that Gen4 and Rapl
(and/or other activators of ribosomal protein gene transcrip-
tion) target identical regions of Tral. These recruitment-de-
fective TRAI mutations caused identical defects in both SAGA
and NuAd4, showing that these repeat regions play similar roles
in activator recruitment of both complexes. Direct binding
assays using whole-cell extracts showed that Tral containing
these mutations bound less well to immobilized Gen4 activator,
confirming the in vivo phenotype. In contrast, none of these
TRA1 mutations was significantly defective for recruitment of
SAGA or NuA4 to Gal4-regulated genes. This suggests that
Gal4 targets distinct or additional regions of Tral. For exam-
ple, Gal4 could target more regions of Tral than could Gen4,
so that deletion of only one or two activator binding sites has
little phenotype. A previously reported temperature-sensitive
Tral allele with multiple mutations in the FAT domain was
also defective in Gen4 activator interaction (17). This result,
combined with our new findings, suggests that activators target
multiple regions of Tral. Multiple contacts of activators with
coactivator complexes may be a general mechanism for acti-
vator recruitment. For example, the Mediator subunit Galll/
Med15 contains at least three relatively low affinity Gen4 ac-
tivator binding domains that function additively (33, 40, 67),
while SWI/SNF contains two activator binding domains with
one on each of two subunits (71).

The second class of nonlethal TRA1 mutations showed near-
normal Tral cross-linking in ChIP assays but lower levels of
acetylated H3/H4 at SAGA- and NuA4-dependent genes. The
most striking example is mutation A32, located within the FAT
domain, which shows a strong difference between cross-linking
of the HAT subunits and the level of acetylated H3/H4 in vivo.
This mutation shows that Tral somehow influences either
specificity or catalytic activity of the HAT subunit without
disrupting the association of HAT module components Ada2
and Ada3. It was previously found that several mutations
within the PI3K-like domain of Tral showed in vivo defects in
histone acetylation but no defect in Tral recruitment (61). Our
initial experiments show that SAGA containing TRA1 A32 has
normal activity in acetylating recombinant H3 at residue KO.
Future studies will be required to determine whether the in
vivo acetylation defect is direct or indirect and, if direct,
whether it is the result of reduced acetylation activity with
nucleosomal substrates.
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The final class of TRAI mutations shows near-normal Tral
recruitment but reduced promoter-cross-linking of Esal and
GenS. An example of this phenotype is TRAI mutant A24,
which shows reduced HAT cross-linking at both the RPL2B
and HIS4 promoters and acts by specifically destabilizing the
SAGA HAT module. TRAI mutant A41 has a related but more
complex phenotype with reduced in vivo HAT cross-linking but
no apparent defect in association of Gen5 HAT module com-
ponents. Determining the biochemical defect in this mutant
must await further study. However, from our combined stud-
ies, it is clear that Tral plays an important role in HAT module
association and in vivo HAT activity.

Since the overall domain and repeat architectures of Tral
and TRRAP are nearly identical, our findings on the functional
regions of Tral will likely correspond to similar biochemical
properties of TRRAP within its coactivator complexes. This
similarity appears to be a common characteristic of PIKK
protein family members when homologs in different organisms
are compared (43). For example, the domain architectures of
human and yeast TOR, a PIKK protein family member, differ
only by the absence or presence of two HEAT repeats in the
HEAT domain, whereas the remaining repeat and domain
architectures are the same (43). Future studies to examine the
role of each Tral domain in protein-protein interactions with
SAGA and NuA4 components as well as with activators should
reveal how these two divergent coactivator complexes use a
common subunit for similar biochemical functions.
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