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A significant challenge in biology is to functionally anno-
tate novel and uncharacterized proteins. Several ap-
proaches are available for deducing the function of pro-
teins in silico based upon sequence homology and
physical or genetic interaction, yet this approach is lim-
ited to proteins with well-characterized domains, paral-
ogs and/or orthologs in other species, as well as on the
availability of suitable large-scale data sets. Here, we
present a quantitative proteomics approach extending the
protein network of core histones H2A, H2B, H3, and H4 in
Saccharomyces cerevisiae, among which a novel associ-
ated protein, the previously uncharacterized YdI156w,
was identified. In order to predict the role of YdI156w, we
designed and applied integrative bioinformatics, quanti-
tative proteomics and biochemistry approaches aiming to
infer its function. Reciprocal analysis of YdI156w protein
interactions demonstrated a strong association with all
four histones and also to proteins strongly associated
with histones including Rim1, Rfa2 and 3, Yku70, and
Yku80. Through a subsequent combination of the focused
quantitative proteomics experiments with available large-
scale genetic interaction data and Gene Ontology func-
tional associations, we provided sufficient evidence to
associate YdI156w with multiple processes including
chromatin remodeling, transcription and DNA repair/rep-
lication. To gain deeper insights into the role of YdI156w in
histone biology we investigated the effect of the genetic
deletion of ydl156w on H4 associated proteins, which lead
to a dramatic decrease in the association of H4 with RNA
polymerase lll proteins. The implication of a role for
YdI156w in RNA Polymerase Ill mediated transcription
was consequently verified by RNA-Seq experiments. Fi-
nally, using these approaches we generated a refined
network of YdI156w-associated proteins. Molecular &
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The packaging of DNA in the nucleus of eukaryotic cells is
achieved through the formation of nucleosomes, which pre-
dominantly consist of the core histones H2A, H2B, H3, and H4
(1, 2). Nucleosomes are highly dynamic structures, which are
responsible for the state of chromatin, and may be found in
either an extended (accessible = euchromatin) or condensed,
(tightly packed = heterochromatin) state (3). The chromatin
state is highly regulated and therefore dynamically changed
during all cellular processes involving genomic DNA like tran-
scription, DNA replication, and DNA repair; each of these
changes are accompanied by modifications of the four his-
tones such as acetylation, methylation, or ubiquitination (re-
viewed in (4-6)). These events are critical cellular processes
and will clearly remain under study in the future. Therefore,
identifying new associations with histone proteins that partic-
ipate in these processes is valuable.

Many years of research have established specific interac-
tions between corresponding protein complexes and histones
(reviewed in (6, 7). However, it is believed that these interac-
tions are gene or locus specific, for example are only present
when a gene is actively transcribed or at the site of DNA repair
(8). In contrast, less is known about proteins that constitutively
or predominantly interact with histones independent of the
chromatin state. We therefore took the opposing approach
and used affinity purification experiments followed by mass
spectrometry using the Tandem Affinity Purification (TAP)'
tagged histones in order to extend the core histone protein
network, thereby identifying novel associations within core
nucleosomes. One of the novel associations was with a pre-

" The abbreviations used are: TAP, tandem affinity purification;
MudPIT, multidimensional protein identification technology; FDR,
false discovery rate; dNSAF, distributed normalized spectral abun-
dance factors; SVD, Singular Value Decomposition; ChIP, chromatin
immunoprecipitation.
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viously poorly characterized protein, YdI156w, which was ini-
tially identified in large scale analyses (9, 10). YdI156w con-
tains a WD40 repeat domain and has been shown to interact
(directly or indirectly) with the histone H4-tail (11). Importantly,
its human sequence homolog WDR76 (WD repeat protein 76)
has a BLAST homology relation between sequences with an
E-value of 5e-23 of their respective alignment (supple-
mental Fig. S1). WDR76 is also lacking any functional anno-
tation and very limited information is available on its interac-
tion partners as identified by STRING (http://string-db.org/).
The study of YdI156w could therefore also be a starting point
for the future analysis of its human ortholog and might provide
important information for the study of histone function.
Through focused quantitative proteomics experiments com-
bined with a bioinformatics approach utilizing genetic inter-
action data, gene deletions, and functional associations pro-
vided through the Gene Ontology consortium, we propose
that the histone-associated protein YdI156w is necessary for
proper chromatin remodeling, transcription through RNA po-
lymerase lll, and DNA replication and repair. Follow-up stud-
ies using RNA-Seq further strengthened the importance of
YdI156w in RNA Polymerase |ll mediated transcription. Fi-
nally, using the information gained by the different ap-
proaches we also refined the network of YdI156w-interacting
proteins.

EXPERIMENTAL PROCEDURES

Tandem Affinity Purification (TAP)—AIll TAP-tagged strains were
obtained from Open Biosystems (Huntsville, AL). Cells were grown in
YPD to an absorbance of ODgy, 1.5-2.0. TAP was performed as
previously described (12, 13). The ydlI156w gene was deleted from a
H4-TAP tag strain by homologous recombination using a kanamycin
gene cassette flanked by 200 base pairs of gene specific sequence.

MudPIT Mass Spectrometry and Data Analysis—In order to analyze
the purified protein complexes, TCA-precipitation, LysC/Trypsin di-
gestion, and multidimensional protein identification technology (Mud-
PIT) analyses were performed as previously described (13, 14).
Briefly, peptide mixtures were pressure-loaded onto a three-phase
100 um fused silica microcapillary column packed with 2.0 centime-
ters 5-um C18 reverse phase particles (Aqua, Phenomenex) followed
by 4.0 centimeters strong cation exchange resin (Partisphere SCX,
Whatman) followed by 8.0 centimeters of a reverse phase resin tip.
Loaded columns were washed with buffer A (water/acetonitrile/formic
acid (95:5:0.1, v/v/v), pH 2.6) for 5 min. After desalting, the triphasic
column was placed in-line with a Quaternary Agilent 1100 series
HPLC pump and a LTQ linear ion trap MS equipped with a nano-LC
electrospray ionization source (ThermoFisher). A fully automated 12-
step MudPIT run was performed as previously described (14). Each
full MS scan (from 400 to 1600 m/z range) was followed by five
MS/MS events using data-dependent acquisition, with the five most
intense ions from each MS scan subjected to Collision Induced Dis-
sociation (CID). The RAW files for each mass spectrometry run are
publicly available for download through Tranche at https://proteome-
commons.org under the following hash: eD+17An5/vYZyfDwc-
R+qvMNi/Mfs47s5KIH7p4T6Ltrs5rw0BIli426 CJANKkur2FN+TIZM/H/-
uO9DN8+EvIb2bDh2IVcAAAAAAAACVA = = .

RAW files were converted to the ms2 format using RAWDistiller v.
1.0, an in-house developed software. The ms2 files were subjected to
database searching using SEQUEST (version 27 (rev.9) (15). No en-

zyme specificity was imposed during searches and the mass toler-
ance for precursor ions was set at 3 amu, whereas the mass tolerance
for fragment ions was 0 amu. Tandem mass spectra were compared
with 11,677 amino acid sequences consisting of 5880 nonredundant
S. cerevisiae protein sequences obtained from the National Center for
Biotechnology (2009-10-27 release). The database also included 176
common contaminant proteins including human keratins, IgGs, and
proteolytic enzymes. The protein sequences for ubiquitin were pre-
processed in order to reflect the mature processed form of ubiquitin
expressed in the cell because the UBI4 gene contains multiple tan-
dem repeats of the same sequence. The database also included
randomized versions of each nonredundant protein entry to estimate
the false discovery rates (FDR) (13). All SEQUEST searches were
performed with a static modification of +57 Daltons added to cys-
teine residues to account for carboxamidomethylation, and dynamic
searches of +16 Daltons for oxidized methionine; +14 Daltons for
methylation of arginine and lysine residues; +28 Daltons for dimeth-
ylation of arginine and lysine residues; +42 Daltons for acetylation of
alanine, lysine, serine and threonine residues; +80 Daltons for phos-
phorylation of serine, threonine and tyrosine; and +114 Daltons for
ubiquitination of lysines. The process of performing post-translational
modification searches on these purifications was not to identify new
post-translational modifications, but to acquire additional spectra of
the histone proteins because they are heavily modified.

Spectra/peptide matches were filtered using DTASelect/CON-
TRAST (16). In this data set, spectrum/peptide matches only passed
filtering if they were at least seven amino acids in length and fully
tryptic. The DeltCn was required to be at least 0.08, with minimum
XCorr values of 1.8 for singly, 2.0 for doubly, and 3.0 for triply charged
spectra, and a maximum Sp rank of 10. Proteins that were subsets of
others were removed using the parsimony option in DTASelect (16) on
the proteins detected after merging all runs. Proteins that were iden-
tified by the same set of peptides (including at least one peptide
unique to such protein group to distinguish between isoforms) were
grouped together, and one accession humber was arbitrarily consid-
ered as representative of each protein group.

Quantitation was performed using label-free spectral counting. The
number of spectra identified for each protein was used for calculating
the distributed Normalized Spectral Abundance Factors (ANSAF) (17).
NSAF v7 (an in-house developed software) was used to create the
final report on all non-redundant proteins detected across the differ-
ent runs, estimate FDR, and calculate their respective dNSAF values.
supplemental Tables S2, S4, S6, and S8 contain the dNSAF values,
and estimated FDRs. Information on the identified peptides and pro-
tein assignment is given in supplemental Tables S1, S3, S6, and S7
and the total number of proteins with their corresponding sequence
coverage, unique peptides, and spectral counts passing criteria is
given for each purification in supplemental Tables S2, S4, S6, and S8.
Across the histone TAP preparations, the spectral FDR ranged from
0.00 to 0.33%, the unique peptide FDR ranged from 0.00 to 3.25%
and the protein FDR ranged from 0.00 to 7.44%. Across the YdI156w
replicates, the spectral FDR ranged from 0.00 to 0.28%, the unique
peptide FDR ranged from 0.00 to 0.56% and the protein FDR ranged
from 0.00 to 1.64%.

Contaminant Extraction—The contaminant proteins were extracted
from the data set as described in Mosley et al. (13). Basically, the
nonspecific binding proteins were extracted from the data set by
comparing the dNSAF value in each of the individual purifications with
the dNSAF value from the mock controls. Seven mock control data
sets were generated in which the mock controls consisted of yeast
cell lysates from untagged BY4741 strains passed through the TAP
purification to determine the background proteins in the data set that
are a result of the purification protocol alone (supplemental Table S2).
If the dNSAF value in the purification is less than twofold higher than
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the dNSAF in the mock control, the protein was considered nonspe-
cific to that particular purification and the dNSAF was replaced by 0,
otherwise the dNSAF value remained unchanged. The proteins that
were shown to be nonspecific to all purifications were extracted from
the data set. In addition, we also removed previously identified pro-
teins that nonspecifically bind to the TAP tag (18). Proteins from the
data set that were considered as contaminants in the large scale TAP
purification studies performed by Krogan et al. (18). We chose this
contaminant list because the strains used in the study were from the
same S. cerevisiae strain library that we used.

Replicates Measure—The similarity between the biological repli-
cates was assessed by calculating the Pearson correlation using the
R environment function cor(valuel, value2, method = c(“pearson”)) .

Singular Vector Decomposition—Singular vector decomposition
was used to identify the most enriched proteins in our data set (19).
The input matrix that was subjected to SVD consisted of 17 biological
purifications corresponding to all known histone subunits and 556
pulled-down proteins. In principle, the proteins were sorted based on
their coefficient values corresponding to the first singular vector and
plotted in the linear-log and log-log scale (supplemental Fig. S2). The
top proteins (located at the top of the distribution and separated by
a dash line) with the highest coefficient values, which delimited from
the remaining proteins were considered as forming a separate
subnetwork. The SVD was performed using R environment function
svd(matrix).

Size Exclusion Chromatography—Size exclusion chromatography
was used to separate and identify large macromolecular complexes
containing YdI156w. The YdI156w-TAP elution was concentrated,
loaded onto a molecular weight calibrated Superose 6 10/300 GL
column (high and low molecular weight calibration kit, GE Healthcare)
at 0.2 ml/min, collecting 500 ul fractions. The YdI156w protein was
identified using an anti-TAP polyclonal antibody. After identifying
fractions containing YdI156w, selected fractions (fractions 5, 12, 17,
and 23) were chosen for mass spectrometry analysis.

Gene Ontologies (GO) Analysis for Functional/Function Categories/
Identification— GOstat (20) is a program that obtains the GO annota-
tions for an analyzed list of genes and generates statistics on over-
represented genes found in a data set. GOstat was used to identify
statistically overrepresented genes in the biological processes found
in MudPIT data. GO terms were considered statistically significant if
the p value was less than 0.01. In addition to the GOstat analysis, we
also used Go Slim (http://www.yeastgenome.org/cgi-bin/GO/goSlim-
Mapper.pl) to separate the proteins into different complexes. Like
GOstat, Go Slim Mapper maps the GO annotations to a list of genes.
The Slim set “Macromolecular complex Terms: Component” was
used for determining whether the proteins in our data set are mem-
bers of a particular complex. For the purpose of graphical represen-
tation we listed the top 20 mostly significant biological processes. In
order to measure the similarity between the GO terms obtained from
the GOstat analysis we used the function mgoSim (21) from the R
environment. This function is generally used to compute the semantic
similarity among sets of GO terms using the topology of the GO
structure graph. The output value of the basic function mgoSim is
between 0 and 1, with a higher value indicating higher similarity
between the GO terms.

Transcriptional Profiling Analysis of Ydl156w Mutants Using RNA-
Seq—To better understand the cellular role of YdI156w, the transcrip-
tome in deletion mutants was compared with wild-type using RNA-
Seq. Three biological replicates of wild-type and YdlI156w deletion
mutants were grown in YPD and total RNA was extracted and purified
using the MasterPure™ Yeast RNA Purification Kit (http://www.
epibio.com/item.asp?id = 426). Total RNA from wild-type and mutant
strains was generated in triplicate and used to prepare individually
barcoded libraries with the TruSeq RNA Sample Preparation Kit (lllu-

mina, cat# FC-122-1001) according to manufacturer specifications.
Briefly, 1250 ng Total RNA was enriched for poly(A)+ RNA by oli-
go(dT) selection. The Poly(A)+ RNA was then fragmented, and first-
strand cDNA synthesis performed using random hexamer priming.
Following second-strand synthesis, the ends were cleaned up, a
nontemplated 3’ A was added, and lllumina indexed adapters were
ligated to the ends. The libraries were enriched by 15 rounds of PCR.
Purified libraries were quantified using the High Sensitivity DNA assay
on an Agilent 2100 Bioanalyzer. All six libraries were pooled at equal
molarities for multiplex sequencing. Pooled libraries were run single
read with a 40 nt read length on two lanes of an lllumina GAllx
instrument  (http://www.illumina.com/systems/genome_analyzer_iix.
ilmn). The resulting fastq files were mapped to the yeast genome
(UCSC, sacCer2) using tophat aligner version 1.3.1 (22). The align-
ments for sample pairs split across two lanes were merged. Cuffdiff
version 1.0.3 was used to quantify gene expression for yeast genes
using Ensembl version 63 in which the ratios between samples were
quantified using the cuffdiff tool from the cufflinks suite (23). The
results of the RNA level comparison between ydl156w deletion mu-
tant and wild-type were visually represented using a MA plot (i.e.
intensity versus average intensity). We subsequently subjected the
up- and down-regulated transcripts to a GOstat analysis, from which
the significantly enriched functional classes were determined.

Determination of Potential RNA Polymerase Ill Targets—In order to
determine the functional role of YdI156w in transcription, in particular
with RNA-Polymerase Ill mediated transcription, we made use of the
data set generated by Roberts et al. (24). To define the RNA Polym-
erase Il targets in yeast, Roberts et al. performed genome-wide
chromatin immunoprecipitation using subuits of RNA Polymerase lII,
TFIIB and TFIIC. For each segment (i.e. transcriptional unit), a ratio
between Cy5 (for ChIP enriched) and Cy3 (for input) was recorded and
normalized. Based on this ratio, which reflected the relative enrich-
ment of the corresponding segment, a percentile rank (0-100%) was
assigned. In order to obtain the segments occupied by RNA Polym-
erase lll, we merely employed the data derived from its two subunits,
Rpc40 and Rpc82 (i.e. left out TFIIB and TFIIC subunits). To ensure
that the segments of changing RNA expression are indeed occupied
by RNA Polymerase Ill, we required that the average percentile for
each of the Rpc40 or Rpc82 occupied segments was at least 50%
(i.e. medium to high percentage) greater than the average percentile
obtained from the control (i.e. untagged strain).

Statistical Enrichment of Ydl156w Targets and Chromosome Oc-
cupancy by RNA Polymerase Ill—The hypergeometric distribution
(equivalent to Fisher’s one tailed exact test) was used to determine
the degree of enrichment between transcriptional units occupied by
RNA Polymerase Il (i.e. genes occupied by RNA Polymerase llI ac-
cording to Roberts et al.) and those identified in our RNA-Seq study
as being up- or down-regulated. The hypergeometric probability dis-

tribution is defined as follows:
M\ (N —-M
k s—k

N

(5)

where k is the number of overlapping genes (i.e. genes that were up
or down regulated and identified as occupied by Pol Ill with a partic-
ular average percentile cutoff), s is the sample size (i.e. number of
genes that were up- (335 genes) or down-regulated (109 genes). M is
the number of genes that were occupied by Pol Ill as determined by
Roberts et al. (i.e. 2626 with an average percentile greater than 50%,
2122 with a 60% or more percentile, 1549 having 70% or higher
average percentile, and 927 with an average greater than 80%), N is
the population size (the total number of 3207 ORFs in the list of
Robert et al.), and the brackets indicate the binomial coefficient:

P(x, N, n, k) =
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The hypergeometric distribution was calculated in the R environ-
ment using the function dhyper(k, M, N-M, s). Note that, the hy-

pergeometric distribution was calculated applying different average
percentile cutoffs between 50 and 80%.

RESULTS

Data Generation for the Wild-Type Histone Complex—All
histones of the core nucleosome, i.e. H2A, H2B, H3, and H4
were TAP-tagged (hereafter referred to as “baits”), expressed
and purified by affinity purification (supplemental Table
S1 and S2). The proteins specifically binding to the respective
histones (i.e. prey protein) were analyzed by MudPIT (14) and
quantified using the distributed normalized spectral abun-
dance factors (dNSAF) (17). Histone proteins are known to
dynamically interact with many proteins, which often are low
abundant and consequently are difficult to capture in single
affinity purification experiments. We therefore performed at
least four biological replicates to maximize our ability to cap-
ture as many dynamic and/or low abundant protein-protein
associations as possible. A total of 17 biological purifications
(4 X H4-TAP, 4 X H3-TAP, 4 X H2A-TAP, and 5 X H2B-TAP)
were carried out for the 4 histone baits, which lead to the
identification of a total of 1024 potential interacting proteins
(supplemental Table S2, worksheet 1).

To distinguish truly associating preys from experimental
noise, the dNSAF of each prey in every purification was com-
pared with the corresponding dNSAF value in the negative
control experiment as described in Mosley et al. (13). We
retained only the proteins with dNSAF values in the purifica-
tion at least twice the values measured in the mock experi-
ments and also controlled for proteins that nonspecifically
bind to the TAP tag by removing those proteins from the data
set that were regarded as contaminants in the large scale TAP
purification studies performed by Krogan et al. (18). After the
contaminants extraction, a total of 556 proteins remained in
the 17 purifications (supplemental Table S2, worksheet 2).

We next aimed to identify the most enriched proteins in the
remaining data set because they are reflecting a high associ-
ation with the baits. Therefore, Singular Value Decomposition
(SVD) was applied on the matrix (556 X 17) based on the first
singular vector (19). Next, all proteins were sorted according
to the coefficients of the first eigenvector and then plotted in
alog-log and linear-log scale (supplemental Fig. S2). Thereby,
we focused our attention only on the 31 proteins located at
the top of the distributions that were clearly separated from
the rest of the proteins (supplemental Fig. S2). Out of this
group we observed that 15 proteins were also among the 25
proteins shared between the four histone purifications, as
represented by the intersection in the Venn diagram in Fig. 1A,
therefore forming a distinct sub-network in the data set.

We have previously demonstrated the highly reproducible
nature of the system used on RNA Polymerase complexes

(13). However, the reproducibility will be affected by the dy-
namics of the biological system being studied. Here, before
further analysis, we first addressed the reproducibility of the
distinct biological replicates for each bait using Pearson cor-
relation on the quantitative dNSAF values of all proteins in the
entire data set after contaminant extraction (supple-
mental Table S2, worksheet 3). The Pearson correlation anal-
ysis between biological replicates resulted in p values ranging
from 0.70-0.97 between H4 replicates, 0.93-0.96 between
H3 replicates, 0.97-0.98 between H2A replicates, and 0.75-
0.92 between H2B replicates, thus indicating the high level of
reproducibility between biological replicates (supplemen-
tal Fig. S3A and supplemental Table S2, worksheet 3). We
previously also demonstrated that biological variance ex-
ceeds that of technical variance (13). Here we analyzed two
technical replicates for three biological replicate analyses of
histone H3-TAP purifications (supplemental Fig. S3B). Among
all histone H3-TAP technical replicates the Pearson correla-
tion analysis p values ranged from 0.54 to 0.98. If the one
relatively weak technical replicate is removed (supple-
mental Fig. S3B), the p values range from 0.82 to 0.98 again
demonstrating the high degree of reproducibility of the
approach.

Next, we generated a 25 X 4 matrix with the average values
of the 25 preys found in all histone purifications (Fig. 1A) and
represented these proteins in Fig. 1B. This sub-network in-
cluded the histone core and additional interactors such as the
Yku complex (Yku70 and Yku80) (25, 26), Rim1, Abf2, Gfal,
Dem1, Sub2, Smc3, Yta7, Cse4, Cka2, Tif34, the heteromeric
replication protein A (RPA) complex (Rfa2 and Rfa3) (27), the
RNA polymerase lll complex (Rpo31, Ret1, Rpc17, Rpc37,
Rpc40 and Rpc82) (reviewed in (28)), and a previously poorly
characterized protein with unknown function, YdI156w (Figs.
1B and 1C). Among the proteins identified in this sub-network,
we were most intrigued by YdI156w and therefore sought to
characterize the role of this novel component of the histone
core complex in the remainder of this study.

Identification of Novel Ydl156w-associated Proteins and
Their Associated Functions—In order to test that YdI156w is
indeed associated with all the histone proteins we next per-
formed a reciprocal purification with a TAP tagged YdI156w
protein (Fig. 2A-2C and supplemental Tables S3 and S4). Six
biological replicate analyses of YdI156w were carried out to
ensure a high-quality data set and to maximize our ability to
capture as many dynamic and/or low abundant protein-pro-
tein associations as possible (13). Interestingly, besides all of
the histones that were detected in the YdI156w-TAP (Fig. 2B),
many of the proteins that were determined for the histone
sub-network were also identified in the YdI156w-TAP (Fig. 2C),
indicating a stable association between these proteins. This
included Rim1, Rfa2, Rfa3, Yta7, Yku70, and Yku80 (Fig. 2C).
More importantly, in addition to the members of the histone
network, a large number of additional proteins could be identi-
fied as interacting partners of YdI156w of which the majority had
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Fic. 1. The identification of histone associated proteins. A, Venn diagram illustrating the shared nature of the histone core. Subunits
common to all four baits are indicated by a black box. B, The relative abundance of the prey proteins in the core histones represented by
dNSAF. Average dNSAF values for 25 preys that were shared by all histones and scored highly in the first singular vector of the SVD analysis.
The blue color intensity is indicative of the dNSAF value according to the scale shown at the right side of the heat map. High dNSAFs are
represented by the light blue whereas low dNSAF values correspond to dark blue. C, Relative protein abundance determined for the core
histones as obtained from the H4 (n = 4 biological replicates), H3 (n = 4 biological replicates), H2A (n = 4 biological replicates), and H2B (n =
5 biological replicates) TAP purifications. Data in (C) is expressed as average dNSAF values + standard deviations.

not yet been described. This observation leads us to the ques- Gene Ontology (GO) resource. As expected, no direct func-
tion of whether YdI156w interacts with multiple subcomplexes tional association was available for YdI156w through Gene
as they could provide insights into the function of the YdI156w. Ontology. We therefore instead tried to infer its function by

Because YdI156w was a previously uncharacterized pro- evaluating its binding partners by performing a GOstat (20)
tein, we tried to get insight into its putative function using the  analysis on all proteins pulled down by YdI156w-TAP. Using
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Fic. 2. dNSAF analyses of the histones and YdI156w. A, Silver
stained gel for the YdI156w-TAP purification. The histone proteins
along with YdI156w are indicated on the right side of the gel. B,
Relative protein abundance for the core histones and YdI156w ob-
tained from the YdI156w-TAP (n = 6). C, The relative abundance of
additional prey proteins (that are also identified in the four histone
purifications) in the YdI156w-TAP (n = 6 biological replicates), repre-
sented by dNSAF. Data in (B) and (C) are expressed as average
dNSAF values + standard deviations.

Rfa2

the gene IDs for the proteins identified in the corresponding
MudPIT data set, we next determined the overrepresented
GO terms (biological process) within the group of proteins
pulled-down by YdI156w-TAP. GO terms were considered as
statistically significant if the p value was less than 0.01 (see
supplemental Table S5, worksheet 1). Fig. 3A contains a
graphic representation of the 20 most significantly enriched
biological processes. General predominant categories were
“transcription” (by RNA polymerase Il and Ill), “chromatin
remodeling,” “chromatin assembly and disassembly,” “DNA
recombination,” “DNA replication” and “DNA repair.” An anal-
ysis using Go Slim gave similar results (supplemental
Table S5, worksheet 2).

Our results obtained from the proteomics analyses revealed
associations between YdI156w and several chromatin-re-
modeling complexes, in particular with proteins from the ATP-
dependent chromatin remodeling complexes SWI/SNF and
RSC (29, 30). In contrast to other chromatin remodeling com-
plexes (such as SAGA), SWI/SNF does not covalently modify
histones but rather is implicated in positioning the histone
core on DNA in order to create nucleosome-free regions (31),
and 58% of all known SWI/SNF components were detected in
the YdI156w pull-downs (Swp82, Rtt102, Swi3, Arp9, Snf12,
Swil, and Taf14). The RSC complex remodels the structure of
chromatin, and 45% of its subunits (Rsc8, Rtt102, Rsc6,
Rsc58, Rsc2, Arp9, Npl6, and Taf14) showed an association
with YdI156w. Besides the ATP-dependent chromatin com-
plexes, our results also revealed an enrichment in the histone
deacetylase complexes RPD3L (Umel, Ume6, Sin3, and
Rpd3), RPD3S (Rco1) and the facilitates chromatin transcrip-
tion complex, FACT (Spt16 and Pob3).

Strikingly, the MudPIT analyses revealed a large number of
RNA polymerase lll subunits (Rpb5, Rpc53, Rpc11, Rpc10,
Rpc37, Rpc34, Rpo31, Retl, Rpb8, Rpc40, Rpo26, and
Rpc82) (reviewed in (28, 32)) associating with YdI156w, five of
which were detected in at least two replicates. In contrast,
none of the RNA polymerase |l subunits were observed, with
the exception of the proteins shared with RNA polymerase llI
(Rpb5, Rpb8, Rpc10, and Rpo26). However, in addition to the
previously mentioned chromatin remodeling complexes facil-
itating transcription by RNA polymerase |l, other RNA poly-
merase |l specific general transcription factors were ob-
served, such as a subunit of the PAF complex Leo1. The
MudPIT results also indicated a role of YdI156w during sev-
eral modes of double-stranded break (DSB) DNA repair, be-
cause we detected all three subunits of the heteromeric rep-
lication protein A (RPA) complex (Rfal, Rfa2, and Rfa3 (33)),
as well as both subunits of the teleomeric Ku complex (Yku70-
Yku80), which participate in nonhomologous end-joining
(NHEJ) DSB DNA repair by promoting the rejoining (34).

Using the information gained from the YdI156w-TAPs, we
were able to refine the network of YdI156w-interacting pro-
teins (Fig. 3B). It should be noted that multiple components of
these reviewed complexes were present in at least two bio-
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logical replicates, however several proteins were found in a
single replicate with a strict filtering criteria. Therefore in order
to increase the confidence of the YdI156w associating pro-
teins, we have only included proteins that were identified in at
least three biological replicates in the network (Fig. 3B). Fi-
nally, for all proteins bound to YdI156w, the represented Gene
Ontology categories together with their associated proteins
and p values, according to GOstat and GO Slim (including
several categories/proteins not discussed in this section), are
reported in supplemental Table S5 (worksheet 1 and 2) and
discussed in more detail in the Supplemental file.
Separation by Size Exclusion Chromatography—In order to
validate some of the identified associations with YdI156w, we
next separated the complexes based on their size using
Size Exclusion Chromatography. We first fractionated the

Tep1 chaperone

YdI156w-TAP elution by Superose 6 size exclusion chroma-
tography and then monitored the elution by Western blotting
and MS (Fig. 4). Western blotting was used to identify the
YdI156w protein through the use of an Anti-TAP antibody
(Rabbit polyclonal) (Fig. 4A). YdI156w was identified as two
bands detected in multiple fractions with varying intensities
correlating to its monomeric molecular weight of 60 kDa as
well as higher order complexes with a molecular weight
greater than 1.5 MDa (Fig. 4A). Next, mass spectrometry was
used to identify proteins present in several of the Superose 6
fractions (Fig. 4B). The majority of YdI156w was found in
Fractions 5 and 23, with lower levels detected in fractions 12
and 17. MS results revealed that fraction 5 contains YdI156w
and components of the histone complex (H4, H3, H2B, and
Htz1), the telomeric Ku complex (Yku80), the histone acetyl-

Molecular & Cellular Proteomics 11.4

10.1074/mcp.M111.011544-7


http://www.mcponline.org/cgi/content/full/M111.011544/DC1

Characterization of a Novel Histone Interacting Protein

A

YDL156w > &=

Fic. 4. YdI156w exists in high molec-
ular weight complexes. The yeast pro-
tein YdI156w was purified from S. cerevi-
siae and fractionated by size exclusion

chromatography on a superose 6 HR B

10/30 column. A, Fractions were col-
lected and aliquots were TCA precipi-
tated, separated using SDS-PAGE and
transferred to nitrocellulose membranes
for Western blotting. The TAP-tagged
YdI156w was detected with polyclonal
anti-TAP IgG. B, MudPIT analyses were
carried out on superpose six fractions
and dNSAF values of the 17 proteins
identified in fraction 5, as well as their
relative abundance levels in fraction 23
are shown.

transferase complex (Hat1, Hat2 and Hif1), components of the
RSC chromatin remodeling complex (Rsc8, Rsc2, and Sth1),
and Rim1 indicating that indeed YdI156w associates with the
histone core and other proteins from different multi-subunit
complexes (Fig. 4B). The relative abundance of proteins iden-
tified in fraction 5, as well as their relative abundance levels in
fraction 23, which form high molecular weight complexes with
YdI156w are shown in Fig. 4B. The rest of the proteins iden-
tified in fractions 5, 12, 17, and 23 are listed in the
supplemental Table S6, worksheets 1 and 2.

Absent Proteins from HA4-YdI156wA: Feature and Func-
tions—Because our data showed a clear association between
the YdI156w and the core histone complex, we next tried to
address the effect of YdI156w on the biological processes as-
sociated with the histone core. Our focus was on histone H4
because it is the bait that pulled down the largest amount of
YdI156w when comparing dNSAF values for YdI156w among all
the histone TAP purifications (Fig. 1A and supplemen-
tal Table S2, worksheet 2). In addition, the tail of histone H4 has
been shown to interact with proteins containing a WD40-repeat
(11), and YdI156w has several predicted WD40 domains.

We have previously demonstrated that the analysis of pro-
tein complexes in gene deletion backgrounds is a valuable
approach to determine protein complex modularity in well
characterized complexes (35, 36). Here we sought to deter-
mine if YdI156w was important for any of the protein interac-
tions found in H4-TAP purifications. Therefore, we compared
the H4-TAP results to the H4-TAP results in a ydl156w
deletion background. We analyzed three biological replicates
of the H4-TAP ydI156wA purification (supplemental Tables S7
and S8). The lack of YdI156w had dramatic effects on H4
interactions with components of RNA Polymerase lll, in which

>1.5 MDa
v TAP Ab
n2 34567 891011121314 1516 171819 202122232425 262728 29
Macromolecular Monomeric
Complexes
0.40
_ [ Fraction 5
0.30
I 0.254
<
% 0.20
T 0.151
0.10 -
0.05 -
"0 b:;f';\'m'ﬂx'f";%? S
DL ALY oV LD IS
R e e O T E N Y
A,Q\) W

the majority of its specific proteins were no longer detected
and identified (Fig. 5A). Surprisingly, the interaction of H4 with
RNAP Il specific proteins appeared to increase in the H4-TAP
ydI156wA purification (Fig. 5A). Lastly, the major H4 interac-
tions seen were not affected by the loss of ydI156w (Fig. 5B).

To gain deeper insight we used the same GOstat approach,
as used previously for YdI156w, to the histone H4 purification
(H4-TAP). Two predominant categories observed in YdI156w-
TAP were also enriched in the H4-TAP, which are “chromatin
remodeling” and “transcription” (both by RNA polymerase I
and Ill) (supplemental Table S9; worksheets 1 and 2). Strik-
ingly, the category “transcription from RNA polymerase Il
promoter” was, like for YdI156w, highly enriched, with 26 out
of 38 proteins present in the whole yeast genome (p value
equal to 3.58E-25). Several other classes were similarly en-
riched both in H4-TAP as well as in YdI156w-TAP (correlation
coefficient of 0.863 as determined by mgoSim (see Materials
and Methods)). Because of this overlap, we reasoned that
YdI156w might be functionally required (or involved) for the
histone complex to facilitate these shared functions. In ad-
dition, this overlap could also provide a basis for elucidating
the links between YdI156w and its functional association
classes. We therefore tried to address the functional con-
sequences of deleting ydI156w on those histone associated
functions by comparing the wild-type H4-TAP GOstat re-
sults with H4-TAP strains in which ydI156w was genetically
deleted (Fig. 5C).

Our proteomic results from H4-TAP in ydI156wA revealed
that a number of proteins from the ATP dependent chromatin
complexes were absent when compared with the H4-TAP
purification. In particular, for the RSC complex a total of 7
proteins (Rsc30, Rsc4, Rsc58, Sth1, Rsc2, Rsc9, and Arp9)
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as determined by GOstat. Gray color corresponds to the overrepresented classes in “biological process” in the H4-TAP whereas the red color
illustrates the enriched categories in “biological processes” of the H4-TAP in the ydI156wA.

were no longer observed after deletion of ydl156w (sup-
plemental Table S10). Because three of the missing proteins
(Rsc58, Rsc2, and Arp9) were also observed in one of the
YdI156w-TAP purifications, we can suggest that YdI156w
recruits those subunits to histone H4/chromatin, in which the
RSC complex is otherwise only partially assembled. It should
be noted that Arp9 is also a shared component of the SWI/
SNF complex. In addition to the Arp9 protein, two additional
proteins (Swp82 and Swi1) were also absent when compared
with H4-TAP (supplemental Table S8). All three of these pro-
teins could be the direct link between the SWI/SNF complex
and the histone H4/chromatin, because these proteins were
also observed in YdI156w-TAP. Within the Rpd3 complex,
Ume1 and Ume6 were the only two proteins missing from the
purification.

Our GO analysis showed a clear decrease in the number of
proteins involved in transcription. A major effect of ydl156wA
was observed for the RNA polymerase |ll complex, because
its eight unique subunits (out of 17) were no longer observed
to associate with H4 (Fig. 5A and supplemental
Tables S9 and S10, worksheets 1 and 2). In addition, several
subunits of the RNA polymerase Ill associated TFIIIC complex
(Tfc3, Tfc6, and Tfc8) were also absent. Other proteins in-
volved in transcription were also absent in H4-TAP ydI156wA:
shared subunits of the PAF1 transcription elongation factor
(Cdc73, Pob3, and Leo1) (37) and the entire protein kinase
CK2 complex (Ckb1, Ckb2, Ckal, and Cka2) (38) whose
substrates include the transcription factor (TF) complexes and
all RNA polymerases, thereby promoting the formation of
transcriptional pre-initiation complexes on DNA. Finally, fur-
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ther proteins absent from H4-TAP ydI156wA that were not
assigned by GO Slim to any of the identified groups are
reported in the supplemental Table S10 (worksheet 2) and
discussed in more detail in the Supplemental file.

The Role of YdI156w in Gene Expression and Transcrip-
tion—We next sought to further investigate the potential role
of YdI156w in gene expression and transcription, in particular
transcription mediated by RNA polymerase Ill, which was one
of the most prominent functional groups enriched in our GOs-
tat analysis (i.e. in the H4-TAP ydI156A, specific proteins of
the Pol lll complex are absent). To provide further evidence
using an additional independent methodology, we inspected
the function of YdI156w during the transcription of RNA spe-
cies using RNA-Seq. We performed three biological replicates
using wild-type and ydlI156w mutants, respectively, and re-
corded the log2 ratio of the changes (See supple-
mental Table S11, worksheet 1). For an initial visualization of
the changes between the ydI156w deletion mutant and wild-
type, we used a MA plot, which allows examining the ratio of
difference, as well as the components that give rise to the
ratio in separated axes. After plotting the log2 ratio of ydl156w
mutant/wild-type versus the magnitude of the signal coming
from both samples represented by the expression log2(sqrt
(wild-type'YdI145w)) (Fig. 6A), we identified 351 up-regulated
genes and 116 down-regulated transcripts with an adjusted p
value of less than 0.05 (See Fig. 6A and supple-
mental Table S11, worksheet 1). In total, the regulation of 467
genes was affected by the deletion of ydl156w clearly dem-
onstrating that YdI156w plays a key role in gene expression.

Next, a Gene Ontology enrichment analysis was performed
on the two sets of genes. As defined by GO Slim and GOstat,
most genes considered to be up- or down-regulated were
characterized as “housekeeping” genes. The two largest in-
creases in gene expression seen in the ydl156w deletion
strain were for HSP30 and PHO84, both integral membrane
proteins involved in transport (supplemental Table S11).
Among the top categories of genes that were increased in the
ydl156w deletion were catabolic processes and electron
transport (Fig. 6B and supplemental Table S11, worksheets
1-5). Two of the largest decreases in gene expression seen in
the ydI156w deletion strain, other than ydl156w itself, in-
cluded DAN1 and FIT1, both cell wall mannoprotein (sup-
plemental Table S11). Among the top categories of genes that
were decreased in the ydl156w deletion were assimilation
and transport processes (Fig. 6B and supplemental
Table S11, worksheets 1-5).

In order to examined whether YdI156 is implicated in re-
cruiting RNA Polymerase lll to the chromatin, we integrated
the Chromatin Immunoprecipitation (ChIP) - microarray (ChIP-
chip) data generated by Roberts et al. (24) in our analysis. In
short, Roberts et al. performed Chromatin Immunoprecipita-
tion followed by microarray (ChlP-chip) using subunits of Po-
lymerase lll (Rpc40, also a member of Pol I, and Rpc82) to
define Polymerase lll targets in S. cerevisiae (24). To identify

the enriched segments (i.e. transcriptional units), Roberts et
al. first determined Cy3 (i.e. label for input) and Cy5 (i.e. label
for ChIP enriched DNA) intensities for every segment, fol-
lowed by a normalization. A percentile rank (0-100%) was
assigned to the Cy5/Cy3 ratio for each segment, with seg-
ments of high Cy5/Cy83 ratios, which correspond to enriched
segments, giving rise to high percentile ranks. We used these
percentile rank cutoffs (between 50 and 80%) to determine
the segments occupied by RNA Polymerase Il (i.e. Rpc40 or
Rpc82), and assayed whether the corresponding RNAs were
significantly up- or down-regulated in ydl156w mutants ac-
cording to our RNA-Seq data set (using the same 351 and 116
transcripts, respectively). Using a hypergeometric distribution
for assessing its significance (see Experimental Procedures),
we observed a significant enrichment of RNA Polymerase Il
occupancy on the transcriptional units that, according to our
RNA-Seq data set, were affected by the loss of ydl156w with
the majority of p values being less than 0.01. For example, a
highly significant p value of 2.09E-08 was obtained for the
genes up-regulated in the ydl156w deletion strain that had at
least an 0.8 average percentile for RPC82, which is an RNA
Polymerase Ill specific subunit (See supplemental Tables S12
(worksheets 1 and 2), and Fig. 6C). These results provide
further evidence that YdI156w plays an important role in gene
expression and RNA Polymerase Il function.

DISCUSSION

Using an affinity purification approach followed by quanti-
tative proteomics we were able to extend the protein network
of core nucleosomes. Our data shows that the four histones,
i.e. H2A, H2B, H3, and H4, strongly associate with additional
15 proteins, which were found in affinity purifications of all
four histones and were also among the 31 proteins enriched in
the entire data set as determined by Singular Value Decom-
position (SVD). This suggests that the core histones are pres-
ent in a large complex or several subcomplexes (which always
contain H2A, H2B, H3, and H4). Among these were proteins of
the replication factor A (RPA) complex, which is involved in
DNA replication, but also proteins involved in DNA recombi-
nation and repair (reviewed in (39, 40)): the Yku complex,
which also functions in nonhomologous end joining (NHEJ),
DNA repair (34) and Rim1, the homolog of SSB (single-
stranded DNA binding protein) in E. coli (41), and subunits of
RNA polymerase |ll.

Surprisingly, also in this group of novel associations was
the poorly characterized yet highly conserved protein,
YdI156w, which, except for a WD40 domain, has no known
function. In order to gain insights into its potential functions,
we applied a strategy combining experimental and bioinfor-
matics approaches, incorporating information from several
different sources, i.e. quantitative proteomics generated in
this study, large-scale genetic interaction data and the ontol-
ogies provided through the Gene Ontology consortium. The
results provide evidence for an important function of Ydl156w
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Fic. 6. RNA-Seq analysis of gene expression in a ydl156w deletion strain. A, The results of comparing gene expression between wild type
and ydI156w deletion cells are shown in the MA plot. The y axis represents the log, ratio of expression values for ydl156w/wt, whereas the x
axis represents the overall magnitude of the signal coming from both samples, calculated by the expression log,(sqrt(wt*ydl156w)). Values
highlighted in color represent genes with an adjusted p value of less than 0.05. The number of genes enriched in ydI156w or wild-type by
this criteria is indicated. The dash gray line represents a twofold difference in expression up or down. B, 10 most significant functional classes
as determined by GOstat analysis in the group of up- and down-regulated transcripts. The x axis depicts the percentage relative to all
transcripts of the functional class. C, Results of the hypergeometric test comparing the RNA-Seq data to the RNA Polymerase Ill ChIP-chip
data performed by Roberts et al. (24). The p values indicating the statistical significance of enrichment of RNA Polymerase Ill occupied
transcripts in the RNA-Seq data are reported for different average percentiles.
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in chromatin remodeling, transcription, DNA replication and
DNA repair and also revealed novel proteins that are in close
association with YdI156w. Our analysis links YdI156w to chro-
matin remodeling, in particular to the SWI/SNF, RSC, and the
RPD3 complexes, which all have the capability of specifically
being recruited to RNA polymerase Il promoters by transcrip-
tional activators or repressors/corepressors, thereby activat-
ing or repressing expression (reviewed in (42—-44)). Strikingly,
these associations to histone H4 are at least partially lost (i.e.
part of the respective complexes are missing) in the absence
of ydl156w. Therefore it is intriguing to speculate that
YdI156w might be involved in the recruitment of the respec-
tive complexes to the chromatin or functions as a linker be-
tween the complexes and the core nucleosomes. In agree-
ment with the involvement of YdI156w associated factors in
the regulation of transcription by changing the chromatin
status, several subunits of complexes influencing transcrip-
tion by RNA polymerase Il were also linked to YdI156w. In-
terestingly, based upon a publication of Lenstra et al. (45) who
generated and analyzed 165 mutants of chromatin machinery
components in S. cerevisiae, the expression of YdI156w is
strongly changed in Gen5 mutants (with a p value equal to
4.00E-06), suggesting that the interaction between YdI156w
and the Gcn5 containing chromatin remodeling complexes is
additionally autoregulated at the transcriptional level. Con-
cerning the predicted role of YdI156w in chromatin remodel-
ing and transcription, we located among the novel YdI156w
associated proteins one well characterized protein that is
involved in the regulation of transcription, named Mot1. Strik-
ingly, in a previous study (46) purifying TAP tagged Mot1, a
large number of similar protein associations as for Ydl156w
were identified, indicating that both proteins might function
cooperatively in regulating transcription. YdI156w playing a
key role in gene expression was further supported by RNA-
Seq analysis of wild-type versus a ydl156w deletion strain in
which the regulation of 467 genes was affected by the dele-
tion of ydI156w.

Our bioinformatics analysis also provided a connection of
YdI156w with DNA repair, which was especially evident from
the large-scale genetic interaction data (supplemental
Fig. S4), in which several associations to major players of the
DNA repair machinery were scored (47). Strikingly, YdI156w
shares a significant PDB structure homology (p value 9.4e-05,
with 21% identity, 33% amino acid similarity on a region
covering more than half of its protein length) to the crystal
structure of the human UV DNA-damage recognition complex
DDB1-DDB2, which is involved in the initial detection of UV
lesions in vivo (48) (supplemental Fig. S5; it should be noted
that the predicted structure homolog differs from WDR76, the
human protein with the highest sequence homology). There-
fore, it is possible that the function of YdI156w for the different
modes of DSB DNA repair is analogously in the recognition of
the damaged nucleotides. In agreement with this idea is the
fact that YdI156w was previously shown to be specifically

expressed during the cell cycle (49, 50), showing a peak at
late G1 phase as well as encompassing late G1 phase specific
regulatory elements (like Pol2 and Pol32), which would sug-
gest that YdI156w plays a role during the G1/S checkpoint of
DNA repair (49, 50). Accordingly, Brohee et al. identified
YdI156w in an in silico screen as a probable Mbf1p target
gene, which associates with Swi6p to form the MBF complex
involved in transcriptional control of several genes during the
G1/S transition (51).

One of the most striking findings was the association of
YdI156w with the majority of the proteins belonging to the
RNA polymerase Ill complex, which mostly fail to purify with
histone H4 in the ydl156w deletion strain. This observation is
in agreement with the fact that YdI156w co-occurs (e.g. in
APMS experiments using Bob1 and Las17 as baits) according
to the pSTIING (Protein, Signaling, Transcriptional Interac-
tions & Inflammation Networks Gateway) database (http://
pstiing.licr.org) (52) with the subunits of RNA polymerase llI
thus strengthening our result. The role of YdI156w in RNA
polymerase lll biology was further supported by the com-
parison of the genes whose expression was changed by
deletion of ydI156w and RNA polymerase Il localization as
determined by ChIP-Chip (24). In this computational analy-
sis a statistically significant subset of the genes affected by
ydI156w deletion have also been shown to be enriched for
RNA polymerase lll. Finally, recent evidence has demon-
strated the role of the FACT and RSC complexes in RNA
Polymerase Il transcription (53-55), and both the FACT and
RSC complexes were found in YdI156w-TAP purifications
and the association of the RSC complex with histone H4
was disrupted in the H4-TAP ydI156w deletion strain. These
results strongly suggest that YdI156w plays a role in RNA
polymerase lll biology.

Taken together, the novel, previously uncharacterized
member of the core histone network, YdI156w, is suggested
to be implicated in several major cellular processes related to
core nucleosomes. Based upon its amino acid composition it
is unlikely that YdI156w is directly catalyzing the correspond-
ing processes, but the absence of the respective proteins or
whole protein complexes in ydl156w mutants strongly sug-
gests its requirement for recruiting the necessary factors to
histone H4 on specific sites of the chromosomes that are
being rearranged or replicated, that are sites of transcription
or that require the attention of the DNA repair machinery. The
presence of a WD40 domain which, despite its low level of
sequence conservation and functional diversity is present in
several scaffold proteins, further strengthens this notion. Al-
though the exact mode of action for YdI156w remains to be
elucidated, its broad spectrum of functional involvement sug-
gests a pivotal role in nucleosome associated processes.
Follow up biochemical, molecular, and genomic studies are
required to further elucidate the function of YdI156w, but this
study provides the first information regarding the role of this
highly conserved protein in histone biology. Finally, all our
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observations were in vast agreement with the limited func-
tional associations from the literature. We demonstrated that
our approach combining quantitative proteomics with a bioin-
formatics strategy incorporating large-scale genetic interac-
tion data and the ontologies provided through the Gene On-
tology consortium is capable of inferring the function of
uncharacterized or poorly characterized proteins.
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