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Yeast Mot1p, a member of the Snf2 ATPase family of
proteins, is a transcriptional regulator that has the un-
usual ability to both repress and activate mRNA gene
transcription. To identify interactions with other proteins
that may assist Mot1p in its regulatory processes, Mot1p
was purified from replicate yeast cell extracts, and Mot1p-
associated proteins were identified by coupled multidi-
mensional liquid chromatography and tandem mass
spectrometry. Using this approach we generated a cata-
log of Mot1p-interacting proteins. Mot1p interacts with a
range of transcriptional co-regulators as well as proteins
involved in chromatin remodeling. We propose that inter-
action with such a wide range of proteins may be one
mechanism through which Mot1p subserves its roles as a
transcriptional activator and repressor. Molecular &
Cellular Proteomics 7:2090–2106, 2008.

The TATA-binding protein (TBP)1 is required for expression
of nearly every eukaryotic gene (1). Once recruited to the
promoter by transcriptional activators (2), TBP, along with
TBP-associated factors (TAFs), facilitates the nucleation of
the preinitiation complex (PIC), which consists of an RNA
polymerase and its associated initiation factors (for a review,
see Ref. 3). Polymerase-specific subsets of TAFs associate

with TBP, forming the SL1 (RNA polymerase I), TFIID (RNA
polymerase II), and TFIIIB (RNA polymerase III) TBP�TAF com-
plexes (4). Given the central importance of TBP to nuclear
gene transcription, it is not surprising that other regulatory
proteins also associate with TBP to modulate its activity (5).
One of these TBP-binding proteins is modifier of transcription
1 (Mot1p), a member of the highly conserved Snf2p/Swi2p
ATPase family of proteins (6, 7).

Yeast Mot1p is highly evolutionarily conserved, displaying
significant sequence homology to orthologs in humans
(BTAF1 (8)), Drosophila melanogaster (HEL89B (9)), and Cae-
norhabditis elegans (BTF1 (10)) especially within the C-termi-
nal ATPase and N-terminal TBP-binding domains (11–13).
Multiple HEAT motifs within its N terminus (14) are believed to
be responsible for mediating the regulatory protein-protein
interactions of Mot1p (12).

MOT1 was initially defined through a genetics screen de-
signed to identify global repressors of transcription. Cells
containing the recessive, temperature-sensitive mot1-1 allele
expressed a reporter gene in the absence of the required
enhancer/transactivator, a result that provided evidence that
Mot1p likely functioned as a transcriptional repressor (6).
Shortly thereafter, while characterizing the DNA binding be-
havior of TBP, Auble and Hahn (15) identified an activity,
which they termed ATP-dependent inhibitor of TBP binding
(ADI), that was capable of dissociating TBP from TATA DNA in
the presence of ATP. Upon subsequent purification, they then
demonstrated that ADI was encoded by MOT1 (16). At the
same time, we identified a 170-kDa protein, which we termed
Taf170p, that co-purified with TBP (17); sequence analysis
revealed it to be Mot1p. Further we demonstrated that Mot1p
forms a complex with TBP distinct from the TFIID TBP�TAF
complex (18, 19). Additional genetics evidence suggesting a
repressive function of Mot1p was provided by the finding that
both Mot1p and the Leu3p repressor are required to effect
complete repression of the LEU2 promoter (20). In addition,
overexpression of wild-type Mot1p or several mutants confers
a dominant negative growth phenotype that can be rescued
by co-overexpression of TBP, indicating that Mot1p performs
its repressive function, at least in part, by targeting TBP (11,
16, 21).

Although initial evidence pointed to a primarily repressive
role for Mot1p, more recent data have indicated that Mot1p

From the Departments of ‡Molecular Physiology and Biophysics
and §Microbiology and Immunology and the ¶Mass Spectrometry
Research Center/Departments of Biomedical Informatics and
Biochemistry, Vanderbilt University School of Medicine, Nashvil-
le, Tennessee 37232-0615

Received, May 19, 2008, and in revised form, June 25, 2008
Published, MCP Papers in Press, July 2, 2008, DOI 10.1074/

mcp.M800221-MCP200
1 The abbreviations used are: TBP, TATA-binding protein; ADI,

ATP-dependent inhibitor; ChIP, chromatin immunoprecipitation; co-
IP, co-immunoprecipitation; ESR, environmental stress response;
FACT, facilitates chromatin transcription; FDR, false discovery rate;
HA, hemagglutinin; HAT, histone acetyltransferase; HDAC, histone
deacetylase; HIR, histone regulatory; HRP, horseradish peroxidase;
IP, immunoprecipitation; ISW, imitation switch; MudPIT, multidimen-
sional protein identification technology; NC2, negative cofactor 2; NuA,
nucleosome acetyltransferase; PIC, preinitiation complex; RFA, replica-
tion factor A; RSC, remodel the structure of chromatin; SAGA,
Spt�Ada�Gcn5�acetyltransferase; SAM, significance analysis of microar-
rays; TAF, TBP-associated factor; WCE, whole cell extract; TF, tran-
scription factor; GFP, green fluorescent protein; Mot1p, modifier of
transcription 1; rMot1p, recombinant Mot1p; BA, Buffer A.

Research

© 2008 by The American Society for Biochemistry and Molecular Biology, Inc.2090 Molecular & Cellular Proteomics 7.11
This paper is available on line at http://www.mcponline.org



also activates gene transcription. Microarray analyses using
yeast strains carrying mot1 temperature-sensitive alleles have
shown that 10–15% of yeast genes are Mot1p-dependent,
and a subset of these require Mot1p for activation of tran-
scription. Chromatin immunoprecipitation (ChIP) assays have
localized Mot1p at the promoters of several of these genes
during gene transcription activation (22–24). Under conditions
inducing the environmental stress response (ESR), such as
exposure of yeast cells to heat shock, excess copper, or high
salt, sequential ChIP experiments have shown that Mot1p
occupies transcriptionally active promoters along with TFIIB
and RNA polymerase II, apparently excluding TFIIA. These
data led Geisberg and Struhl (25) to hypothesize that Mot1p
may replace TFIIA during PIC formation under environmental
stress conditions. Subsequent ChIP analyses revealed alter-
ations in TBP binding to promoters in mot1 mutants. This find-
ing suggests that Mot1p may effect both its positive and neg-
ative regulatory actions via its TBP displacement activity, either
repressing transcription by removing TBP from a transcription-
ally competent promoter or activating transcription by removing
TBP from “dead-end” complexes thereby freeing it to bind to
competent promoters (26, 27). All of these findings are consist-
ent with previous gene-by-gene genetics and ChIP studies (2,
28–30). Alternatively Mot1p has been demonstrated to play a
role in chromatin remodeling. Topalidou et al. (31) have demon-
strated that Mot1p, working in concert with the Spt�Ada�

Gcn5�acetyltransferase (SAGA) complex, remodeled nucleo-
somes at the GAL1 promoter. Thus, by creating an environment
suitable for TBP binding, such remodeling may indirectly lead to
recruitment of TBP and activation of gene transcription.

To gain insights into how Mot1p can both activate and
repress gene transcription, we directly analyzed Mot1p pro-
tein-protein interactions by utilizing multidimensional protein
identification technology (MudPIT) (32, 33). We reasoned that
by determining the collection of proteins that interact with
Mot1p we could gain insights into how it functions. These
proteomics analyses indicated that in addition to subunits of
the negative cofactor 2 (NC2) and SAGA complexes, both of
which had been shown by either genetics or biochemical
means to interact with Mot1p (29, 34, 35), Mot1p interacted
with components of multiple transcriptional regulatory com-
plexes, many of which modulate chromatin structure and
activity. The significance of these data is discussed in terms of
possible mechanisms of action of Mot1p during gene tran-
scription regulation.

EXPERIMENTAL PROCEDURES

Plasmids—Plasmid pDA5, which expresses Stb1p-FLAG3 under
the control of the yeast ADH1 promoter, was constructed to allow
expression of an epitope-tagged Stb1p. First oligos (FLAG3 Forward,
5�-CTA GTA TGG ATT ATA AAG ATG ATG ATG ATA AAG GTG GTG
ATT ATA AAG ATG ATG ATG ATA AAG GTG GTG AAT ATA AAG ATG
ATG ATG ATA AAG, and FLAG3 Reverse, 5�-GGA TCC TTT ATC ATC
ATC ATC TTT ATA TTC ACC ACC TTT ATC ATC ATC ATC TTT ATA
ATC ACC ACC TTT ATC ATC ATC ATC TTT ATA ATC CAT A) were

gel-purified and annealed to create an SpeI-BamHI oligo duplex that
was cloned into SpeI-BamHI-digested p413ADH (36) to create
p413ADH-FLAG3. The STB1 coding sequence was PCR-amplified
from genomic DNA (Invitrogen) using oligos that generated BglII and
SalI restriction sites (forward, 5�-GCG GCG AGA TCT TCT CAA CCC
CAG ATG TCC CCT GAA AAA G, and reverse, 5�-CGC CGC TGC
GAC TCA TTC AGT GAG TTT GTC ATC AAT GGA C). The resulting
PCR product was digested with BglII and SalI and cloned into BamHI-
SalI-digested p413ADH-FLAG3 to create pDA5.

Yeast Methods—Yeast strains are listed in Table I. Whole cell
extracts (WCEs) prepared (37) from YPH252, DPY107, W303, Z1318,
YDA106, and YDA136 were used for MudPIT analysis. For confirma-
tory co-immunoprecipitations (co-IPs), GFP-tagged strains were ob-
tained from the Research Genetics library (38), and MOT1 in these
strains was tagged with the HA3 epitope as described previously (19).
Strains expressing either Myc13-tagged Itc1p (39) or FLAG3-tagged
Dls1p (40) were generously provided by Toshio Tsukiyama, and
MOT1 in these strains was tagged with the HA3 epitope (19). pDA5
was transformed into a strain also bearing an HA3-tagged Mot1p
(YDA14) to generate YDA76. Alternatively potential target proteins
were tagged with the Myc13 (41) and/or the FLAG5 epitope (42) in
YDA14. Standard procedures for yeast cell growth and manipulation
were utilized (43).

Purification of Mot1p—Mot1p was overexpressed and purified
from yeast cells as described by Adamkewicz et al. (44) with the
following modifications. Binding to nickel-nitrilotriacetic acid-agarose
(Qiagen) was performed in batch with mixing on a tiltboard for 5 h at
4 °C. Following imidazole elution, fractions containing Mot1p were
dialyzed against saturated ammonium sulfate, the precipitate was
collected by centrifugation (15 min at 17,000 � g), and pellets were
resuspended in 20 mM HEPES (pH 7.9) and dialyzed against several
changes of the same buffer. Dialyzed Mot1p was centrifuged for 2 min
in a microcentrifuge to remove insoluble material and fractionated by
chromatography on a Sephacryl S-300 HR column (16 � 600 mm;
Amersham Biosciences). Mot1p was localized by SDS-PAGE, frac-
tions containing Mot1p were pooled and concentrated on an Amicon
Ultra 15 Ultracel 30,000 membrane (Millipore), and the buffer was
exchanged for BA/300 (20 mM HEPES-KOH (pH 7.6), 10% (v/v) glyc-
erol, 300 mM potassium acetate). Purified Mot1p was aliquoted and
stored at �80 °C. The yield was �5 mg from 300 g of cells.

Superose 6 Fractionation of WCE—Yeast strain DPY107 was
grown in yeast extract peptone dextrose media supplemented with
0.004% adenine (43) to midlog phase (�2 � 107 cells/ml), and cells
were lysed using 0.5-mm glass beads and a Mini-BeadBeater (Bio-
Spec) in BA/300 plus protease inhibitors (1 mM DTT, 1 mM benzami-
dine, 10 �g/ml leupeptin, 10 �g/ml aprotinin, 0.5 �g/ml pepstatin A,
60 �g/ml N�-tosyl-L-lysine chloromethyl ketone, 60 �g/ml N-p-tosyl-
L-phenylalanine chloromethyl ketone, 0.1 mM PMSF). Following clar-
ification by repeated centrifugation (3 � 20 min in a microcentrifuge),
200 �l (�4 mg of total protein) of lysate was incubated for 10 min in
the presence or absence of 10 �g/ml ethidium bromide (Bio-Rad) and
fractionated on a molecular weight-calibrated Superose 6 column
(high molecular weight and low molecular weight gel filtration calibra-
tion kits, Amersham Biosciences) at 0.2 ml/min, collecting 500-�l
fractions. Purified Mot1p (50 �g) was also run across the same
column. 20% of each column fraction from WCE or 1% of each
recombinant Mot1p (rMot1p) column fraction was separated on
4–12% polyacrylamide gradient Criterion XT gels (Bio-Rad) and
transferred to Immobilon-P (Millipore), and Mot1p was detected by
immunoblotting with either affinity-purified rabbit anti-Mot1p IgG (30)
or mouse monoclonal anti-hemagglutinin (HA)-horseradish peroxi-
dase (HRP) IgG (Roche Applied Science).

Immunoprecipitations (IPs)—Preparation of WCEs and immunopu-
rifications were performed as described previously (45) except Buffer
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A/0 (20 mM HEPES-KOH (pH 7.9), 10% (v/v) glycerol) was added to 1
ml of yeast WCE (protein concentration, �100 mg/ml) to give a final
conductivity equivalent to BA containing 150 mM potassium acetate
(BA/150), and Nonidet P-40 (SurfactAmps grade, Pierce) was added
to a final concentration of 0.2% (v/v). Immunopurifications were per-
formed using either Sepharose bead-bound affinity-purified rabbit
polyclonal anti-Mot1p IgG (30), mouse monoclonal anti-HA IgG
(12CA5, Vanderbilt Monoclonal Antibody Core), or nonimmune rabbit
IgG (Sigma). Immunopurifications of Mot1p-interacting proteins were
performed as above using Sepharose bead-bound mouse mono-
clonal anti-HA IgG, anti-Myc IgG (Roche Applied Science), or anti-
FLAG IgG (IBI Scientific). Proteins were eluted with a 50-fold mole
excess of HA (YPYDVPDYA, SynBioSci), c-myc epitope (EQKLI-
SEEDL, Roche Applied Science), or FLAG peptide (DYKDDDDK,
SynBioSci).

MudPIT—All digested samples were analyzed using MudPIT (32,
33). Briefly a fritless, microcapillary 100-�m-inner diameter column
was packed with 9 cm of 5-�m C18 reverse-phase material (Synergi
4� Hydro RP80a, Phenomenex) followed by 3 cm of 5-�m strong
cation exchange material (Partisphere SCX, Whatman) and finally 2
cm of C18 reverse-phase material (Synergi 4� Hydro RP80a, Phe-
nomenex). Trypsin-digested samples were loaded directly onto
triphasic columns equilibrated in 0.1% formic acid, 2% acetonitrile.
The triphasic column was placed in line with an LCQ-Deca-XP-Plus
ion trap mass spectrometry (Thermo, Inc.). An automated six-cycle
multidimensional chromatographic separation was performed using
buffer A (0.1% formic acid, 5% acetonitrile), buffer B (0.1% formic
acid, 80% acetonitrile), and buffer C (0.1% formic acid, 5% acetoni-
trile, 500 mM ammonium acetate) at a flow rate of 0.3 �l/min. The first
cycle was a 20-min isocratic flow of buffer B. Cycles 2–6 consisted of
3 min of buffer A, 2 min of x% buffer C, 5 min of buffer A, and a 60-min
linear gradient to 60% buffer B. Cycles 2–6 used 15, 30, 50, 70, and
100% buffer C, respectively. During the linear gradient, eluting pep-
tides were analyzed by one full MS scan (400–2000 m/z) followed by
five MS/MS scans on the five most abundant ions in the full MS scan
while operating under dynamic exclusion. Original MS data are avail-
able on request.

Data Analysis—Centroided MS/MS scans from Thermo RAW files
were exported to mzData 1.05 extensible markup language (XML) files
by a modified version of ReAdW. The MyriMatch database search
algorithm version 0.2 (46) identified peptides that matched to these
files. The software was configured to allow for variable oxidations of
methionine (�16 Da), and fragment ions were required to appear
within 0.5 m/z of their monoisotopic m/z values. To be compared with
a spectrum, a candidate peptide average mass was required to fall
within 1.25 m/z of the observed precursor m/z. Only fully tryptic
peptides were considered as candidates, but any number of missed
cleavages was allowed within each candidate peptide. The or-
f_trans_all.fasta database from the Saccharomyces Genome Data-
base (downloaded December 5, 2005) was used for the search with
each protein included in both normal and reversed orientation for a
total of 13,428 sequences.

Raw peptide identifications were assembled to proteins by the
IDPicker algorithm (47). First identifications from each reverse-phase
LC separation were read, and IDPicker determined the MyriMatch
score thresholds for each charge state that would produce no higher
than a 5% false discovery rate (FDR) in the passing peptide identifi-
cations. The formula used was FDR � (2r)/(f � r) where r is the number
of reversed peptides passing the threshold and f is the number of
forward peptides passing the threshold. The IDPicker hierarchy
divided into experimental and control cohorts with each of these
divided into hemagglutinin and immunoglobulin sets. Each MudPIT
was kept as a separate column within the appropriate cohort and
set. Proteins were required to be supported by two different peptide

sequences to be included in the report, although those peptides
could come from different MudPITs in the analysis. IDPicker output
is available as part of the supplemental information (supplemental
Table 1).

Significance analysis of microarrays (SAM; version 2.23A in Mi-
crosoft Excel 2003) was utilized to determine peptide count differ-
ences between the control and experimental groups of samples (48).
The Wilcoxon two-class unpaired test was performed using the de-
fault random seed of 1234567 and filtered at a delta of 0.287. Proteins
were deemed significant if they had a q value of 10% or less and at
least a 2-fold average enrichment. To verify the significance of these
proteins, the Mann-Whitney U test was performed for each individual
protein, yielding p values �0.05 (95% significance).

Co-IPs/Immunoblots—For authentication of the interactions ob-
served by mass spectrometry, mouse monoclonal anti-HA-Sepha-
rose beads (12CA5, Vanderbilt Monoclonal Antibody Core) were
mixed overnight at 4 °C with either a 50-fold mole excess of HA or
FLAG peptide in BA/150. Immunopurifications were performed as
described previously (49) with the following modifications. WCE (10
mg of protein) was added to the peptide-blocked, bead-bound anti-
bodies. Ethidium bromide (Bio-Rad) was added to a final concentra-
tion of 10 �g/ml, and samples were mixed on a tiltboard for 2 h at
4 °C, washed, and eluted by a 50-fold mole excess of HA peptide.
Eluates were analyzed by immunoblotting, utilizing affinity-purified
rabbit polyclonal antibodies described previously (45, 49–54) as well
as four antibodies we prepared in the same manner (anti-Sgf73p,
anti-Spt3p, anti-Ncb1p, and anti-Msn2p) and two (anti-Pob3p and
anti-Spt16p) prepared by the University of Texas Southwestern Anti-
body Production Core. Alternatively mouse monoclonal anti-HA-HRP
IgG (Roche Applied Science), mouse monoclonal anti-FLAG-HRP IgG
(Sigma), affinity-purified goat polyclonal anti-Esa1p (Santa Cruz Bio-
technology), mouse monoclonal anti-Myc-HRP or anti-GFP-HRP IgG
(Santa Cruz Biotechnology), or affinity-purified rabbit polyclonal anti-
GFP (Abcam) was used.

RESULTS

Mot1p Exists in High Molecular Weight Complexes

We reasoned that if Mot1p worked through stable associ-
ations with transcriptional activators and repressors then
WCE Mot1p would size fractionate as heterodisperse, high
molecular weight complexes. We tested this hypothesis by
fractionating WCE by Superose 6 gel filtration chromatogra-
phy, monitoring the elution of Mot1p by immunoblotting (Fig.
1). WCE and purified rMot1p were chromatographed sequen-
tially on the same column. rMot1p chromatographed as an
asymmetric monomer, molecular mass �280 kDa (Fig. 1, top
panel), in agreement with previous findings (44). By contrast,
the majority of WCE Mot1p chromatographed much more
heterogeneously, ranging in size from �700 kDa to �3 MDa
(void volume of the column); �70% of Mot1p was present in
column fractions 15–17 and exhibited apparent masses in the
MDa size range (Fig. 1, middle panel). No change in chro-
matographic behavior was observed when an aliquot of the
same WCE was fractionated in the presence of ethidium
bromide (Fig. 1, bottom panel, WCE � EtBr), indicating that
the observed fractionation patterns were not mediated by
DNA (see Ref. 55); rMot1p fractionated identically in the pres-
ence or absence of ethidium bromide (data not shown). Note
that rMot1p did not oligomerize even when run at a signifi-
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cantly higher concentration than WCE Mot1p (Fig. 1, compare
top panel with middle and lower panels, �3,000-fold more
rMot1p than WCE Mot1p). We concluded from these data that
a large fraction of cellular Mot1p was associated with other
proteins in high molecular weight complexes.

Identification of Mot1p-associated Proteins

To rigorously test that Mot1p is indeed associated with
other proteins, we performed replicate MudPIT analyses of

Mot1p immunopurified from yeast WCE. To comprehen-
sively address this question, we performed seven independ-
ent Mot1p immunopurification experiments using WCEs
prepared from four yeast strains listed in Table I: YPH252,
DPY107, W303, and Z1318. This large number of replicates
was performed to maximize our ability to identify Mot1p-
interacting proteins, including those protein-protein associ-
ations that might be of somewhat lower affinity and/or dy-
namic. The W303 and Z1318 strains were chosen to
examine Mot1p protein-protein interactions in a strain back-
ground distinct from YPH252. Mot1p and associated pro-
teins were immunopurified from all four strains using rMot1p
affinity-purified, rabbit polyclonal anti-Mot1p IgG, whereas
WCE from DPY107, which expresses HA3-tagged Mot1p,
was also subjected to affinity purification using mouse
monoclonal anti-HA 12CA5 IgG. As controls, either nonim-
mune rabbit IgG (all strains) or anti-HA 12CA5 IgG (YPH252,
W303, and Z1318) was used for mock affinity purification; a
total of 12 control immunopurification experiments were
performed (Table II). All immunopurifications were con-
ducted in the presence of ethidium bromide to ensure that
observed interactions were not DNA-mediated (45, 55).

Acquired MS/MS spectra were matched against tryptic pep-
tides derived from the Saccharomyces Genome Database
(6714 sequences) using the MyriMatch search algorithm (46).
IDPicker (47) assembled lists of peptides identified at a 5% false
discovery rate, and the software generated lists showing the
number of sequences observed for each protein. Proteins were
only considered to be present if represented by at least two

FIG. 1. Yeast Mot1p exists in heterodisperse high molecular
weight complexes. Yeast WCE protein (4 mg), prepared from
DPY107 cells, was fractionated by fast protein LC on a Superose 6
HR 10/30 column in the absence (middle panel) or presence (lower
panel) of ethidium bromide (EtBr). Purified rMot1p (50 �g; top panel)
and molecular mass standards (thyroglobulin (669 kDa), ferritin (440
kDa), and Catalase (232 kDa)) were fractionated in parallel. The col-
umn void volume (V0) was measured using plasmid pRS305 (molec-
ular mass � 3.4 MDa). Fractions were collected, and aliquots of
fractions and WCE were precipitated, separated by SDS-PAGE, and
electroblotted to PVDF membranes, and Mot1p was detected with
polyclonal anti-Mot1p IgG (rMot1p) or monoclonal anti-HA-HRP IgG
(WCE).

TABLE I
Yeast strains

Strain Genotype Ref.

SC295 MATa ura3–52 leu2–3,112 reg1–501 gal1 pep4–3 93
YPH252 MAT� ura3–52 trp1-�1 his3-�200 leu2-�1 lys2–801amber ade2–101ochre 19
DPY107 YPH252 � HA3-MOT1 19
W303 MATa ura3-1 his3–11,15 ade2-1 leu2–3,112 trp1-1 can1–100 94
Z1318 W303 � RAP1-Myc13::TRP1 95
BY4741 MATa his3�1 leu2�0 met15�0 ura3�0 96
YDA20 BY4741 � HIS3-RFA3-GFP � MOT1-HA3 This study
YDA23 BY4741 � HIS3-YGR130C-GFP � MOT1-HA3 This study
YDA34 BY4741 � HIS3-ISW1-GFP � MOT1-HA3 This study
YDA36 BY4741 � HIS3-HHF1-GFP � MOT1-HA3 This study
YDA14 W303 � MOT1-HA3 This study
YDA39 YDA14 � IOC2-Myc13::KANMx6 This study
YDA47 YDA14 � RCO1-Myc13::KANMx6 This study
YDA48 YDA14 � SDS3-Myc13::KANMx6 This study
YTT2200 MATa ade2-1 can1–100 his3–11,15 leu2–3,112 trp1-1 ura3-1 RAD5� DLS1-FLAGx3::HYG 40
YDA53 YTT2200 � MOT1-HA3 This study
Z1608 W303 � HIR2-Myc9::TRP1 95
YDA57 Z1608 � MOT1-HA3 This study
YTT648 MATa ade2-1 can1–100 his3–11,15 leu2–3,112 trp1-1 ura3-1 RAD5� ITC1-Myc13::KANMx6 39
YDA58 YTT648 � MOT1-HA3 This study
YDA76 YDA14 � pDA5 (p413ADH-FLAGx3-STB1) This study
YDA106 YDA14 � MED6-FLAG5::KANMx6 � EAF6-Myc13::TRP1 This study
YDA122 YDA14 � NHP10-FLAG5::KANMx6 � POB3-Myc13::TRP1 This study
YDA136 YDA14 � NHP10-FLAG5::KANMx6 � MED6-Myc13::TRP1 This study
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independent peptide sequences. To measure the FDR, each
database protein sequence was included in both forward and
reverse orientations, and the FDR was calculated by dividing
twice the number of reverse sequences identified by the total
number of sequences identified; the per run FDRs are included
in Table II. The aggregate FDR for all 19 runs was 2.0%. The
complete data set (1192 proteins, including false positives) is
presented in supplemental Table 1.

The data set was analyzed by the SAM method (48) using the
parameters described under “Experimental Procedures.” The
analysis yielded a list of proteins significantly enriched in
the experimental samples as compared with the control sam-
ples. The 67 proteins with a SAM-derived q value of 10% or
less, a greater than 2-fold average-fold enrichment in the
experimental samples as compared with the controls, and a p
value of less than 0.05 by Mann-Whitney U test were consid-
ered to be significant. Proteins that met these criteria were
sorted into complexes or categories using the Munich Infor-
mation Center for Protein Sequences (MIPS) functional clas-
sifications (56).

To validate a subset of the protein-protein interactions ob-
served by MudPIT, confirmatory co-IP reactions were per-
formed. Mot1p was immunopurified from strains expressing
an epitope-tagged form of the protein, HA3-Mot1p, using
mouse monoclonal anti-HA IgG, and co-purifying proteins
were identified by immunoblot using specific, affinity-purified,
rabbit polyclonal antibodies where possible (see Figs. 2–6).
Alternatively MOT1 was tagged with the HA3 epitope in strains
expressing a GFP-, Myc13-, or FLAG3-tagged allele of the
putative interacting proteins, and HA3-Mot1p co-purifying
proteins were detected by co-IP with monoclonal anti-HA IgG
followed by immunoblotting using anti-GFP, anti-Myc, or anti-
FLAG IgG. For proteins where the cognate genes were refrac-
tory to GFP tagging, Myc13-tagged alleles of the gene of
interest were generated in a strain bearing HA3-Mot1p. Co-
purifying proteins were then detected by co-IP followed by

immunoblotting with mouse monoclonal anti-Myc IgG as de-
scribed above.

Identification of Known Mot1p-associated Proteins:
Authentication of MS-identified Mot1p-associated

Proteins

Mot1p was identified in all seven experimental samples;
peptide counts (nonredundant peptides identifying a cog-
nate protein) ranged from 1 to as high as 40 with an average
of 15 Mot1p peptide counts per run (Fig. 2A). Note that the
conditions used for elution of immunopurified Mot1p (4 M

urea) typically were not sufficient to fully disrupt the
antibody�antigen complex, which resulted in a reduction of
the amount of Mot1p in the eluted fraction (45).

To validate our experimental approach, we first looked for
the presence of proteins that have been shown previously,
either by genetics or biochemical means, to interact with
Mot1p. First, we looked for TBP, also known as Spt15p, a
defining biochemical marker of Mot1p (1). TBP was identified
in five of seven experimental samples (Fig. 2A). Note that we
have shown previously (19) that only a fraction of Mot1p
(approximately 50%) is TBP-associated. Similarly both the
Ncb1p and Ncb2p subunits of the NC2 complex were de-
tected in all seven experimental samples (Fig. 2C). Although
each of the 20 currently described subunits of SAGA were in
fact identified in our analyses, only 10 subunits met the sta-
tistical cutoff (q � 10%, p � 0.05) and are listed in Fig. 2E (see
also supplemental Table 2).

To authenticate the interactions between Mot1p and TBP,
NC2, and SAGA, co-IP studies were performed using WCE
derived from strain DPY107, which expresses HA3-Mot1p.
WCE was incubated with bead-bound anti-HA antibody that
had been blocked by incubation with either HA or FLAG
peptide prior to and throughout incubation with WCE. IPs
were then eluted with HA peptide, and a portion of the

TABLE II
False discovery rate of peptide identification

Control Experimental

Samplea Strain Abb FDRc Sample Strain Ab FDR

% %

HA/1 W303 �-HA 2.6 HA/1 DPY107 �-HA 1.5
HA/2 Z1318 �-HA 1.7 HA/2 DPY107 �-HA 1.8
HA/3 YPH252 �-HA 3.6 Ig/1 W303 �-Mot1p 2.6
HA/4 Z1318 �-HA 1.5 Ig/2 Z1318 �-Mot1p 1.6
HA/5 W303 �-HA 1.8 Ig/3 DPY107 �-Mot1p 1.3
HA/6 W303 �-HA 2.4 Ig/4 YPH252 �-Mot1p 2.0
Ig/1 W303 Nonimmune IgG 2.2 Ig/5 DPY107 �-Mot1p 2.1
Ig/2 Z1318 Nonimmune IgG 2.3
Ig/3 DPY107 Nonimmune IgG 2.2
Ig/4 YPH252 Nonimmune IgG 2.4
Ig/5 W303 Nonimmune IgG 2.1
Ig/6 DPY107 Nonimmune IgG 2.0

a Sample numbers correspond to supplemental Tables 1 and 2.
b Ab, antibody; indicates the IgG used for immunopurification.
c FDR � 2r/(f � r) where r � number of reverse peptide sequence identifications and f � number of forward peptide sequence identifications.
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FIG. 2. MudPIT identification of previously characterized Mot1p-associated proteins. A, results of MudPIT analysis for Mot1p and
TBP/Spt15p. Top, control (Group 1 (G1)) � average number of peptide counts over the 12 control reactions. Experimental (Exp) (Group 2
(G2)) � average number of peptide counts over the seven experimental reactions. Group 2/Group 1 � experimental average/control average.
q value, expressed as a percentage, measures the significance of the difference between Group 1 and Group 2 as calculated by SAM. p value
was calculated by Mann-Whitney U test. Bottom, also shown are peptide counts, color-coded (see legend, right), for each independent MudPIT
run: the first 12 columns are control runs; the last seven columns experimental runs. B, authentication of MS-identified Mot1p protein-protein
interactions by co-IP analysis. WCE from DPY107 cells, which express HA3-Mot1p, was immunoprecipitated with bead-bound anti-HA IgG that
had been blocked overnight with a 50-fold mole excess of either HA or FLAG peptide. The protein content of the resulting IPs was analyzed
by immunoblotting with affinity-purified rabbit polyclonal anti-TBP antibody or anti-HA-HRP IgG in the case of Mot1p. C, results of MudPIT
analysis for NC2 ordered by descending molecular weight. D, authentication of Mot1p-NC2 subunit interactions by co-IP. Ncb1p/2p in IPs was
scored by immunoblotting with affinity-purified rabbit polyclonal anti-Ncb1p and anti-Ncb2p antibodies. E, SAGA subunits identified by
MudPIT analysis. F, authentication of Mot1p-SAGA subunit interactions by co-IP. SAGA subunits in the IPs were identified by immunoblotting
with the indicated affinity-purified rabbit polyclonal antibodies.
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eluate was SDS-PAGE-fractionated, blotted, and probed
with our affinity-purified anti-TBP, anti-NC2, or anti-SAGA
subunit rabbit polyclonal antibodies. The efficiency of im-
munoprecipitation was scored by probing with mouse
monoclonal anti-HA IgG to assess HA3-Mot1p in the IP as
compared with the non-bead-bound fraction (data not
shown); IP efficiency was 	90%. Immunoprecipitation of
Mot1p coprecipitated TBP (Fig. 2B) and NC2 (Fig. 2D) as
well as all eight subunits tested from the 20-subunit SAGA

complex: Ada2p, Gcn5p, Sgf73p, Spt3p, Taf5p, Taf6p,
Taf9p, and Taf12p (Fig. 2F). Note that although not deemed
statistically significant in the proteomics analysis, Gcn5p
and Spt3p (only one peptide sequence identified for each)
and Ada2p (q � 36%, p � 0.06) did indeed co-purify with
Mot1p as scored by co-IP. The identification of multiple
proteins and protein complexes previously shown to inter-
act with Mot1p demonstrated the ability of our proteomics
analyses to detect Mot1p-associated proteins.

FIG. 3. Association of Mot1p with chromatin-remodeling complexes. A, results of MudPIT analysis for RSC. B, authentication of Mot1p-RSC
subunit interactions by co-IP performed as in Fig. 2B. C, INO80 subunits identified by MudPIT analysis. D, authentication of Mot1p-INO80 subunit
interactions by co-IP. E, ISW1 and ISW2 complex subunits identified by MudPIT analysis. F, authentication of Mot1p-ISW subunit interactions by
co-IP. G, NuA4, Sin3, and FACT subunits identified by MudPIT analysis. H, authentication of Mot1p protein-protein interactions by co-IP analysis.
Exp, experimental; G1, Group 1; G2, Group 2.
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Identification of Novel Mot1p-associated Proteins

Association of Mot1p with Chromatin-remodeling Com-
plexes: ATP-dependent Remodelers—Our proteomics analy-
sis revealed interactions between Mot1p and several chroma-
tin-remodeling complexes (Fig. 3). Subunits of the RSC
(remodel the structure of chromatin) complex were highly and
specifically enriched in the immunopurifications analyzed by
MudPIT (Fig. 3A). Of the 17 subunits defining the complex, 14
were identified in the affinity-purified samples; nine were
above our statistical cutoff (i.e. q � 10%, p � 0.05). Both
Rsc6p, which was identified in our proteomics data, and
Sth1p, which fell outside of the statistical cutoff (q � 36%,
p � 0.06), were demonstrated to co-purify with Mot1p by
co-IP analysis (Fig. 3B). A recent high throughput proteomics
analysis also identified interactions between Mot1p and the
Rsc3p and Sth1p subunits of RSC (57); although these sub-
units were present in our samples as well, they fell outside of
our statistical cutoff (Rsc3p: q � 24%, p � 0.08; Sth1p: q �

36%, p � 0.06).
The INO80 chromatin-remodeling complex was also well

represented in the MudPIT analysis (Fig. 3C). Seven of the 13
known subunits of INO80 were identified (58, 59). By co-IP
analysis we demonstrated that both Arp4p, a subunit shared
with the NuA4 (nucleosome acetyltransferase of H4) complex,
as well as the INO80-specific subunit Nhp10p, which was not
identified during our proteomics analysis, co-purified with
Mot1p (Fig. 3D).

Additionally two of the four subunits of the Isw1a and Isw1b
(imitation switch) remodeling complexes, Isw1p and Ioc2p,
were detected (Fig. 3E), a finding consistent with the identifi-
cation of Isw1p and Ioc3p in the high throughput proteomics
analyses noted above (57). Isw1p-GFP and Ioc2p-Myc13 were
shown to co-purify with Mot1p by co-IP (Fig. 3F). Another
member of the highly conserved ISW1 family, Isw2p, a subunit
of the ISW2 remodeling complex that acts in concert with the
Rpd3�Sin3 complex to effect repression of early meiotic genes
(39), was also detected (Fig. 3E). Two of the four subunits of
the ISW2 complex, Itc1p-Myc13 and Dls1p-FLAG3, were suc-

cessfully co-purified with Mot1p by co-IP (Fig. 3F). Unlike
Dls1p, which was not present in our proteomics analysis,
Itc1p was identified in our samples; however, it did not meet
the statistical cutoff (q � 36%, p � 0.06).

Association of Mot1p with Chromatin-remodeling Com-
plexes: Chromatin Covalent Modifiers—In addition to the ATP-
dependent RSC, ISW1 and ISW2, and INO80 chromatin re-
modelers, our analysis also revealed the presence of
complexes that covalently modify chromatin. As mentioned
above, the histone acetyltransferase (HAT) activity-containing
SAGA complex was well represented (Fig. 2E). The presence
of a second complex with HAT activity, NuA4, was indicated
by the identification of Eaf6p (Fig. 3G). Although Eaf6p is itself
present in both the NuA3 and NuA4 complexes, further anal-
ysis by co-IP revealed an association between Mot1p and
Esa1p (Fig. 3H), the essential catalytic subunit of the NuA4
complex. Other NuA4 subunits identified include Tra1p
(shared with SAGA) and Arp4p (shared with INO80; Fig. 3D).

Mot1p also interacts with chromatin modifiers with histone
deacetylase (HDAC) activity. Sin3p, resident in several differ-
ent chromatin-active complexes with HDAC activity, namely
the Rpd3L, Rpd3S, and Sin3 complexes, was also identified
(Fig. 3G). Co-IP analyses demonstrated that Mot1p interacts
with all three Sin3p-containing complexes. Although not pres-
ent in our proteomics analysis, the complex-specific subunits
Rco1p-Myc13 (Rpd3S), Sds3p-Myc13 (Rpd3L), and Stb1p-
FLAG3 (Sin3) all co-purified with Mot1p (Fig. 3H).

Association of Mot1p with Chromatin-remodeling Com-
plexes: Other Chromatin Modifiers—Although not a chromatin
modifier in the sense of RSC/INO80 and SAGA, the het-
erodimeric Spt16p�Pob3p chromatin-modulating FACT (facil-
itates chromatin transcription) complex was first identified as
a factor required for efficient transcription elongation on a
nucleosomal template (60) by a mechanism later shown to
result in destabilization of the nucleosome (61). More recently,
FACT has also been shown to play a role in the initiation of
transcription both by directly facilitating PIC formation (62)
and by suppressing initiation from cryptic promoters (63). In

FIG. 4. Association of Mot1p with DNA-binding transfactors and the general coactivator, Mediator. A, DNA-binding transfactors
identified by MudPIT analysis. B, authentication of Mot1p-Msn2p interaction by co-IP analysis. C, Mediator subunit identified by MudPIT
analysis. D, authentication of Mot1p-Srb4p interaction by co-IP analysis. Exp, experimental; G1, Group 1; G2, Group 2.
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our proteomics analysis, the Spt16p subunit of the FACT
complex was identified (Fig. 3G). However, the Pob3p sub-
unit, although present in these samples and successfully au-
thenticated by co-IP (Fig. 3H), did not meet the statistical
cutoff (q � 23%, p � 0.1).

Association of Mot1p with DNA-binding Transfactors and
the General Coactivator, Mediator—Our data revealed that
five known RNA polymerase II-specific DNA binding transfac-
tors were Mot1p-associated: Gat1p, Hsf1p, Msn2p, Msn4p,
and Swi6p (Fig. 4A). Interestingly four of these, Gat1p, Hsf1p,
Msn2p, and Msn4p, are involved in activation of transcription
supporting the environmental stress response. As noted ear-
lier, Mot1p has been implicated as playing a key role in
mediating aspects of the ESR. The interaction between Mot1p
and Msn2p was validated by co-IP (Fig. 4B).

Also identified as a potential Mot1p-interacting complex
was the general coactivator, Mediator. By mass spectrometry,
we demonstrated the presence of Med6p (Fig. 4C), a subunit
of the head module of Mediator. To authenticate an interac-
tion between Mot1p and the Mediator head module, HA3-
Mot1p was immunoprecipitated from DPY107 WCE, and im-
munoblots were performed utilizing affinity-purified rabbit
polyclonal anti-Srb4p IgG (Fig. 4D).

Interaction of Mot1p with Proteins Involved in DNA Pack-
aging and Maintenance—Mot1p was also found to be asso-
ciated with several proteins involved in aspects of the pack-
aging and maintenance of DNA (Fig. 5A). Most significantly, all
three subunits of replication factor A (RFA), a complex re-
quired for DNA replication, repair, and recombination (64),
were associated with Mot1p. This finding was authenticated
by co-IP, which showed that Rfa3p-GFP co-purified with
Mot1p (Fig. 5B). Ctf4p, which is involved in mitotic DNA
replication (65), was also identified as a putative interacting
protein. Finally three proteins involved in replication and repair
of mitochondrial DNA, Abf2p, Rim1p, and Mgm101p, were
identified (66).

Interaction of Mot1p with Other Classes of Proteins—Mud-
PIT identified five proteins with unknown or poorly character-
ized functions (Fig. 6A), including Yta7p, a protein with an
ATPase motif; Bug1p, which is believed to be involved in
trafficking to the Golgi (67); and the putative proteins encoded
by YHR097C, YGR130C (authenticated by co-IP; Fig. 6B), and
YMR111C.

Finally we also identified several proteins that fall outside
easily definable groups (Fig. 6C). Of these, four play roles in
regulating transcription. Psh1p, a putative transcription elon-
gation factor, has been reported in a high throughput pro-
teomics analysis to associate with the two subunits of the
FACT complex, Pob3p and Spt16p (68). Lre1p, which con-
tributes to laminase resistance, is also involved in heat stress
resistance via inhibition of the protein kinase Cbk1p (69),
whereas a silencing protein, Sir3p, represses gene transcrip-
tion by modulating chromatin structure (70). Lastly Hpc2p, a
subunit of the recently characterized HIR complex, a core-
pressor that represses transcription of histone genes by pro-
moting histone deposition (71), was observed as Mot1p-as-
sociated. Additionally although not itself identified in our
proteomics analysis, Hir2p, a subunit of the HIR complex, did
co-purify with Mot1p by co-IP (Fig. 6D).

As with the recent high throughput MS analyses (57), our
data also demonstrated the presence of histone proteins in
the immunopurified fractions, namely Hhf1p and Hhf2p, which
was authenticated by co-IP (Fig. 6D). Of the remaining pro-
teins (Fig. 6C), Utp14p, a component of the pre-18 S rRNA
processing small subunit processome (72), is also Mot1p-
associated, a finding made more interesting in light of recent
evidence demonstrating a role for Mot1p in the regulation of
transcription of rRNA (73). Finally Gly1p is involved in threo-
nine and glycine metabolism (74), Sec28p is part of the
coatomer complex (75), Mam33p is a mitochondrial matrix
protein involved in oxidative phosphorylation (76), Lsb1p is
involved in the actin cytoskeleton functions (77), Rpo26p is a
subunit common to all three RNA polymerases (78), and
Fpr1p is a putative regulator of the nonhistone chromatin-
binding protein Hmo1p (79).

Mot1p Is Present in Multiple, Discrete Subcomplexes in
Yeast WCE

The large numbers of transcriptionally related proteins
identified in association with Mot1p could be explained in
two ways. One possible explanation could be that nuclear
proteins aggregate into a single, massive complex and that
Mot1p serves to nucleate the formation of this “megacom-
plex” of transcriptionally active proteins. Alternatively
Mot1p could be interacting with discrete subsets of protein

FIG. 5. Interaction of Mot1p with proteins involved in DNA packaging and maintenance. A, proteins involved in DNA replication, repair,
and recombination identified by MudPIT analysis. B, authentication of Mot1p-Rfa3p-GFP interaction by co-IP analysis. Exp, experimental; G1,
Group 1; G2, Group 2.
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complexes, resulting in multiple, physically distinct, Mot1p-
containing complexes.

To distinguish between these possibilities, we performed
MudPIT analyses of three protein complexes we had identi-
fied previously as being Mot1p-associated: Mediator (using
Med6p as bait), Ino80 (Nhp10p as bait), and NuA4/3 (Eaf6p as
bait). We constructed two yeast strains bearing multiple
tagged proteins (YDA106 (HA3-Mot1p, Med6p-FLAG5, and
Eaf6p-Myc13) or YDA136 (HA3-Mot1p, Nhp10p-FLAG5, and
Med6p-Myc13)). WCEs were prepared as before, and immu-
nopurifications were performed using Sepharose bead-bound
monoclonal anti-HA, anti-Myc, or anti-FLAG IgGs. The immu-
nopurified proteins were specifically eluted with the appropri-
ate epitope peptide, trypsinized, and analyzed by MudPIT as
described above. As controls, the same purifications were
performed on the untagged cognate strain (W303). Data proc-
essing was performed by an approach similar to that used
previously. We reasoned that, in the case of a Mot1p-nucle-
ated megacomplex (Fig. 7A), each of the protein complexes
identified as Mot1p-interacting would be linked to one another
via association with Mot1p. In this case, the purification of any
one of these complexes should also result in purification of
the other complexes, assuming co-purification of Mot1p.
However, if Mot1p is present in multiple, discrete functional
complexes, purification of any one Mot1p-interacting com-
plex could instead result in the purification of at most a subset
of these complexes.

The resulting protein lists obtained from these analyses (the
complete data set listing non-redundant peptides is pre-
sented in supplemental Table 3) were analyzed using the
Clusterer application of the Bioinformatic Graphical Compar-
ative Analysis Tools (BIGCAT) analysis software suite (80, 81).
Data were normalized by subtracting the appropriate back-

ground from the number of non-redundant peptides identify-
ing each protein. These results were then clustered by super-
vised clustering using the Enrichment clustering algorithm
(Clusterer output included in supplemental Table 3). Lists of
known protein complexes were compiled, and subunits of a
given complex were classified as being unique if they were not
present in another protein complex as defined by the Saccha-
romyces Genome Database (accessed May 9, 2008). To as-
sess the efficacy of a given immunopurification, we verified
that 100% of the subunits unique to the bait complex(es) were
present. A protein complex was identified as interacting with
the immunopurified complex if both of the following criteria
were met: (a) at least 30% of the subunits unique to that
complex were identified, and (b) where the reverse IP was
performed (e.g. Mediator-NuA4 and NuA4-Mediator), the
complexes were identified in both directions.

As indicated in Fig. 7 (B–G), Mot1p co-purified with each of
the three complexes examined. Fig. 7B schematically illus-
trates the protein complexes found to interact with NuA4/3
when the Eaf6p subunit was used as bait: namely the RSC,
ISW1, Rpd3L, and SAGA complexes in addition to Mot1p. As
indicated by the red connecting lines, with the exception of
the interaction between NuA4 and Mot1p, shown in black,
each of these protein complex interactions has been de-
scribed previously in the literature either through a high
throughput MS screen (82) or a large scale genetics assay
(83, 84). MudPIT results are shown (Fig. 7C), indicating both
that the efficacy of immunopurification was high, revealing
all of the complex-specific subunits of both the NuA3 and
NuA4 complexes, and also that the interacting complexes
were well represented, ranging from 33% of the Rpd3L-
specific subunits to 100% of ISW1 subunits being identified
in our sample.

FIG. 6. Interaction of Mot1p with other classes of proteins. A, proteins of unknown function identified by MudPIT. B, authentication of
Mot1p-YGR130C-GFP interaction by co-IP analysis. C, other Mot1p-interacting proteins identified by MudPIT. D, authentication of Mot1p
protein-protein interactions by co-IP analysis. Exp, experimental; G1, Group 1; G2, Group 2.
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FIG. 7. Mot1p participates in multiple, distinct functional complexes. A, schematic illustration of a hypothetical, Mot1p-nucleated
megacomplex. In A, B, D, and F, the protein (complex) used as bait in the immunopurification experiment is indicated by a rectangle, associated
proteins are indicated by ovals, red lines are used throughout to indicate protein-protein interactions that have been described previously either
via genetics or high throughput MS analyses, and black lines demarcate novel interactions observed in our analyses. B, schematic of identified
interactions between protein complexes revealed by MudPIT analysis of NuA4/3 (via Eaf6p). C, MudPIT results for NuA4/3 immunopurification.
TS, total spectra; UP, unique peptides; N, non-redundant peptides normalized to the control immunopurification. Results for the bait
complexes are shown first followed by those for the identified interacting complexes. D, schematic representation of protein complexes found
to interact with Mediator. E, MudPIT results for Mediator (Med6p) immunopurification. F, schematic representation of Ino80-associated protein
complexes. G, MudPIT results for Ino80 (Nhp10p) immunopurification.
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Similarly when the Mediator immunopurification was ana-
lyzed (Fig. 7, D and E), it was found to contain 100% of the
Mediator-specific subunits as well as the majority of subunits
specific to the ISW1 and RSC complexes. Again the interac-
tions between Mediator and components of the ISW1 and
RSC complexes are consistent with the literature (84, 85).
Immunopurification of the Ino80 complex via the Nhp10p
subunit (Fig. 7, F and G) resulted in co-purification of all 10
Ino80-specific subunits. In addition to Mot1p, 36% of the
subunits specific to the RSC complex were also identified.
Interactions between the RSC and Ino80 complexes have

been shown via both genetics (84) and high throughput MS
(57, 86) approaches.

Of the potential interacting complexes, only RSC was iden-
tified in all three immunopurifications, although Mot1p was
also present in each sample. If a Mot1p-nucleated megacom-
plex existed, it would have been predicted that immunopuri-
fication of any one of these complexes should co-purify a very
similar, if not identical, group of interacting proteins. As our
data show, this is not the case. Rather immunopurification of
each of these complexes co-purified Mot1p as well as differ-
ent subsets of protein complexes. Thus we conclude that

FIG. 7—continued
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Mot1p likely exists in many different functional complexes; of
course, ultimately this question can only be answered by the
purification and characterization of the many Mot1p-contain-
ing complexes described here.

DISCUSSION

In an effort to more fully understand the mechanism of
action of the transcriptional regulator Mot1p, we utilized Mud-
PIT proteomics analysis to assemble a comprehensive list of
Mot1p-interacting proteins. In addition to identifying several
proteins that had been shown previously by genetics or bio-
chemical means to interact with Mot1p, including TBP and the
NC2 and SAGA complexes, our data also revealed many
interactions that had not yet been described, such as inter-
actions between Mot1p and the chromatin-active INO80,
ISW2, NuA4, Rpd3L�Rpd3S�Sin3, and FACT complexes.

High throughput proteomics analyses have been performed
by two other groups (57, 82, 86), and Mot1p was one of the
many proteins studied by these investigators. However, be-
cause of the large number of distinct proteins studied in
their proteomics analyses, neither group has undertaken
extensive analysis of a single protein target with as many
replicate samples as we have performed. Thus, Krogan
et al. (82) reported very few Mot1p protein-protein interac-
tions (Rpn6p, Rpn12p, Met6p, Dug1p, and Ctf3p), and in
fact, there is no overlap between either our data set or that
of Gavin et al. (57, 86).

In addition to the large number of samples analyzed in our
study, our use of affinity-purified polyclonal anti-Mot1p IgG to
perform the purifications for mass spectrometric analysis
should enable identification of a larger number of interacting
proteins. The previously published high throughput analyses
utilized only tandem affinity purification with a C-terminal tan-
dem affinity purification tag, leading to possible problems of
epitope accessibility should the tag be hidden within a par-
ticular protein complex and of interference of such a large tag
with the formation of some protein complexes.

Mot1p May Be Recruited to Promoters via Direct or Indirect
Protein-Protein Interactions with DNA-binding Transfac-
tors—If in fact Mot1p is required to be present at the promoter
of specific genes to regulate transcription, one question that
remains to be answered is how can Mot1p be recruited to the
correct target promoters? One possible means of achieving
gene-specific targeting would be for a DNA-binding transfac-
tor to bind an enhancer and, either directly or indirectly,
interact with Mot1p to bring it to the correct promoter; such
transfactors could be activators or repressors of transcription
(Fig. 8). With this in mind, we scanned our proteomics data for
the presence of possible DNA-binding transcription factors.

Of the five transcription factors that met our statistical
cutoff, four (Gat1p, Hsf1p, Msn2p, and Msn4p) are involved
in activation of the ESR with both Msn2p and Msn4p playing
important, rather general roles in ESR activation. This find-
ing is especially interesting in light of previous data sug-

gesting a role for Mot1p in the response to stress (25).
Association with known DNA-binding transfactors could
provide an avenue for direct recruitment of Mot1p to spe-
cific target promoters (Fig. 8A).

Mot1p could also be recruited to a target promoter by
interaction with a co-regulator protein or protein complex(es).
The co-regulators RSC, SAGA, and Mediator (as documented
in our work) have all been shown to be recruited to target
promoters by enhancer-bound DNA-binding transfactors.
Thus, in the case of transcriptional activation involving coac-
tivators, Mot1p could be recruited (as a monomer or in the
form of a Mot1p-TBP heterodimer) following interactions with
enhancer-bound coactivators (Fig. 8B). Similarly Mot1p could
be recruited by transcriptional repressors or corepressors via
specific Mot1p-corepressor interactions (Fig. 8C). Such inter-
actions could lead to chromatin remodeling, modulation of
histone post-translational modification status, or TBP removal
at the target gene(s). It is also important to note that TBP
ejection from the PIC could indirectly lead to activation of
other genes when TBP levels are limiting.

Transcriptional Outcome of the Interaction of Mot1p with
Chromatin-modulating Proteins—The finding that Mot1p can
interact with many different co-regulatory proteins, most of
which are known to have chromatin-modifying activities, pro-
vides one possible mechanism by which a single protein
could play such disparate roles in transcription, functioning on
certain genes as a repressor while on other genes as an
activator. The accessibility of promoters to the transcriptional
machinery is largely dependent on the structure of chromatin,
which is altered by two general classes of chromatin remod-
elers: proteins that covalently modify histones and other tran-
scription proteins and ATP-dependent nucleosome-remodel-
ing factors (87). As such, chromatin modulators play an
important role in regulating gene transcription both in terms of
activation and repression (88).

Our analysis revealed that Mot1p interacts with members of
both classes of chromatin remodelers. ATP-dependent nu-
cleosome-remodeling factors, such as RSC, ISW1 and ISW2,
and INO80, can effect either repression or activation of tran-
scription of certain target genes. Additionally members of
both classes of covalent histone modifiers, HATs and HDACs,
are Mot1p-associated. The SAGA and NuA4 complexes ex-
hibit HAT activity and generally contribute critically to acti-
vation of gene transcription, whereas complexes with HDAC
activity, such as the Rpd3L�Rpd3S�Sin3 complex(es), gen-
erally repress transcription by deacetylating histones. By
interacting with complexes with opposing biochemical ac-
tivities and thus differing transcriptional regulatory func-
tions, Mot1p could itself participate in repression or activa-
tion of transcription at individual promoters.

A Possible Role for Mot1p in DNA Replication?—Our dis-
covery of several proteins involved in the packaging and
maintenance of DNA was unexpected. Although high through-
put proteomics analyses had also revealed Abf2p as possibly
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Mot1p-associated (57), the physiological significance of this
finding was uncertain: Abf2p is involved in mitochondrial DNA
replication, and there is currently no evidence that Mot1p is
located in mitochondria. However, in addition to Abf2p and
two other mitochondrial proteins, our studies also revealed
interactions between Mot1p and several other nuclear pro-
teins involved in DNA maintenance, notably the members of
the RFA complex.

Besides its well established function in repair, recombina-
tion, and replication of DNA, yeast RFA has been shown to
play a possible role in regulating gene transcription. RFA
binds to the upstream repressing sequence of several genes,
including genes involved in DNA metabolism as well as glu-
cose-regulated genes (for a review, see Ref. 89). Thus, the
finding that Mot1p interacts with proteins important in the
maintenance of DNA could indicate either a role for Mot1p in
DNA replication, an activity that has been ascribed to a grow-
ing number of chromatin modifiers, including Rpd3p and the
RSC complex (90, 91), or may provide further evidence sug-
gestive of a role in transcription regulation for these replication
proteins.

Summary—Based on the results of our proteomics analysis
of Mot1p-associated proteins, we propose that interaction of

Mot1p with a wide range of proteins and protein complexes
involved in the regulation of transcription, both at the level of
chromatin remodeling and of recruitment of transcription ma-
chinery to the DNA, represents a likely mechanism through
which Mot1p performs the seemingly incongruous task of
acting both as an activator and repressor of transcription.
Future work will examine the mechanisms through which
interaction of Mot1p with these many regulatory proteins
turns gene transcription on and off.
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FIG. 8. Models for the involvement of Mot1p-associated proteins in transcriptional activation and repression. A, direct recruitment of
Mot1p by DNA-bound transactivator proteins. Either Mot1p (blue) or Mot1p complexed with TBP (orange) may be recruited to a target promoter
by direct interaction with a DNA-bound transactivator (green; DBD, DNA-binding domain; AD, activation domain). Recruitment of a Mot1p-TBP
heterodimer is a mechanism by which TBP could be delivered to a target promoter, thereby leading to PIC formation and transcription
activation (92). B, indirect recruitment of Mot1p by enhancer-bound coactivators. Mot1p or Mot1p-TBP could be recruited by a coactivator
protein or protein complex (tan) that has itself been recruited to the enhancer by interaction with a DNA-bound transactivator. Subsequently
Mot1p-TBP recruitment could again result in delivery of TBP to the promoter, or Mot1p may act in concert with coactivators to modulate
chromatin structure, thus allowing stable binding of TBP to the promoter, PIC formation, and activation of transcription. C, indirect recruitment
of Mot1p by repressor element-bound corepressors. To effect repression of transcription, Mot1p could be recruited by a corepressor protein
or protein complex (yellow) that is bound to repressor cis-elements via interaction with a DNA-bound transcription repressor (green/red; SD,
silencing domain), leading to alterations in the post-translational modification status of chromatin and/or the removal of TBP from the targeted
promoter.
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