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Histones are the basic protein components of nucleosomes. They are among the most conserved proteins and are subject to
a plethora of post-translational modifications. Specific histone residues are important in establishing chromatin structure,
regulating gene expression and silencing, and responding to DNA damage. Here we present HistoneHits, a database of phe-
notypes for systematic collections of histone mutants. This database combines assay results (phenotypes) with information
about sequences, structures, post-translational modifications, and evolutionary conservation. The web interface presents the
information through dynamic tables and figures. It calculates the availability of data for specific mutants and for nucleosome
surfaces. The database currently includes 42 assays on 677 mutants multiply covering 405 of the 498 residues across yeast
histones H3, H4, H2A, and H2B. We also provide an interface with an extensible controlled vocabulary for research groups to
submit new data. Preliminary analyses confirm that mutations at highly conserved residues and modifiable residues are more
likely to generate phenotypes. Buried residues and residues on the lateral surface tend to generate more phenotypes, while tail
residues generate significantly fewer phenotypes than other residues. Yeast mutants are cross referenced with known human
histone variants, identifying a position where a yeast mutant causes loss of ribosomal silencing and a human variant increases
breast cancer susceptibility. All data sets are freely available for download.

[Supplemental material is available online at www.genome.org. HistoneHits is freely available at http:/ / histonehits.org.]

In eukaryotic cells, nucleic acids are packaged with proteins to
form a condensed structure. The basic unit of packing is the DNA-
protein complex known as nucleosome, comprising a core protein
complex wrapped by ~146 nucleic acid base pairs. The major
components of the nucleosome complex are consistent among
eukaryotic species, consisting of two copies each of histones H2A,
H2B, H3, and H4. This structure plays a key function in DNA
packing and gene expression regulation (Smith 1991).

Histone proteins are among the most conserved proteins in
eukaryotic cells. Amino acid sequence identities between yeast
(Saccharomyces cerevisiae) and human (Homo sapiens) histones are
92% (H4), 90% (H3), 71% (H2A), and 63% (H2B). Residues in the
core domains of histones are more highly conserved. This degree
of sequence conservation reflects the important roles of histone
residues in the nucleosome.

Histone genes other than H4 have had family expansions in
higher organisms. Histones H1 and H2A have the largest families,
while histones H2B and H3 have only limited numbers of variants.
These histone variants provide functional heterogeneity (Brown
2001), such as transcriptional activation/repression, and hetero-
chromatin barriers (Kamakaka and Biggins 2005). For example,
ayeast H2A variant, H2A.Z, antagonizes silencing at telomeres and
prevents the spread of heterochromatin (Meneghini et al. 2003;
Raisner et al. 2005). An H3-like variant, CENPA, replaces the or-
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dinary H3 subunit in the histone octomers in the centromere of
eukaryotes (Smith 2002).

Histone residues are heavily modified by post-translational
modifications such as acetylation, methylation, and phosphory-
lation. These modifications enable many functions of the chro-
mosome and mark specific regions of DNA (lizuka and Smith
2003; Millar and Grunstein 2006). For example, H3 K56 acetyla-
tions facilitate gene expression in yeast by recruiting the SWI/SNF
nucleosome remodeling complex (Xu et al. 2005) and hypo-
acetylation of H4 tails mark the silenced heterochromatin by
allowing H4 to interact with Sir3 (Grunstein 1998).

The vital and dynamic roles of histones have motivated
studies that mutate specific histone residues and determine their
phenotypes, as can be done quite easily in Saccharomyces cerevisiae
(Smith and Santisteban 1998). Assays have identified H3 and H4
residues that affect rDNA, telomeric, transcriptional, and HM (si-
lent mating locus) silencing (Park et al. 2002; Smith et al. 2002;
Thompson et al. 2003; Duina and Winston 2004; Tompa and
Madhani 2007). Certain modifiable residues in H3 and H4 have
important roles in transcriptional silencing and DNA damage re-
sponse (Hyland et al. 2005). Studies of the nucleosome SIN and
LRS domains have found residues that affect Sin™ phenotypes, ri-
bosomal silencing, chromatin folding, and heterochromatin for-
mation (Fry et al. 2006). Systematic screens using a collection of
320 point mutants of histone core residues have identified resi-
dues responsible for suppression of Ty (Spt™ phenotypes), tran-
scription elongation defects due to 6-azauracil (6AU) sensitivity,
and sensitivity to DNA damage agents hydroxyurea (HU) and
methyl methanesulfonate (MMS) (Matsubara et al. 2007). Screens
using alanine substitutions of all histone core residues have
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identified essential residues and residues required for H3K4
methylation (Nakanishi et al. 2008).

A recent systematic screen used a systematic library of syn-
thetic histone H3 and H4 mutants consisting of 486 alleles (Dai
et al. 2008). Each H3 and H4 residue was mutated to alanine, with
existing alanines mutated to serine. Charged residues were also
mutated to neutral amino acids and amino acids with opposite
charge. Modifiable residues were replaced with amino acids
mimicking both modified and unmodified states. Additional
mutants included N-terminal tail deletions and multiple muta-
tions. All mutants were tested in 14 assays grouped into six phe-
notype categories, including lethality, temperature sensitivity,
DNA damage response, transcriptional elongation, transcriptional
silencing, and response to microtubule disruption.

These studies together provide valuable insights into the
functional roles of histone residues, but joint analysis has been
difficult due to disparate data formats and the lack of a combined
data collection. Here we present a database, HistoneHits (http://
histonehits.org), as a resource that integrates sequence, structure,
post-translational modification, and phenotypic data for genetic
screens of histone mutants. We have deposited data from pub-
lished systematic screens (Park et al. 2002; Hyland et al. 2005; Fry
et al. 2006; Matsubara et al. 2007; Dai et al. 2008; Nakanishi et al.
2008). In addition to on-line analysis tools, database contents may
also be downloaded for independent analysis. We provide tem-
plates for groups to submit new data sets, including both high-
throughput screens of global mutant collections and smaller, more
focused data sets. This database is being maintained as a resource
for the chromatin community.

Results

Data sources

Currently, our database is focused on yeast histones because the
power of yeast genetics makes it is easy to connect genotype to

Table 1. Phenotypic classes and assays

phenotype; currently this is more difficult in other organisms,
especially those with extensive histone gene duplications. We have
deposited data from publications on yeast histone mutagenesis
(Park et al. 2002; Hyland et al. 2005; Fry et al. 2006; Matsubara
et al. 2007; Dai et al. 2008; Nakanishi et al. 2008) that include
several large-scale screens of mutations within yeast histone pro-
teins H2A, H2B, H3, and H4. The database currently has 43 assays
grouped in nine phenotypic classes (Table 1).

Histones H3 and H4 have the greatest number of phenotypes
available for analysis (Table 2). Each residue of histones H3 and H4
has been mutated and tested, with at least one phenotype reported
for 83% of H3 and 87.2% of H4 residues. Residues of histones H2A
and H2B have been mutated to alanine (Matsubara et al. 2007;
Nakanishi et al. 2008). The viable mutants have been tested in
several assays. Phenotypes for 26% of H2A and 23% of H2B resi-
dues have been reported in at least one assay.

Templates for uploading new data sets can be prepared
through an on-line wizard. This template is designed to eliminate
errors in data entry and to accurately capture standardized meta-
data, including information about strains and plasmids. To ensure
data quality, all submissions are reviewed before being added to
the database.

Five-point grading system for assay results

To assist comparison between qualitative, semi-quantitative, and
quantitative phenotypes, the database includes an internal repre-
sentation of each assay result using a five-point semi-quantitative
scale: -2, -1, 0, 1, and 2. In this scheme zero is defined as in-
distinguishable from the wild-type phenotype (Supplemental Fig.
1). Assay results can be restricted to only the positive or negative side
or extreme values of the scale when appropriate. The database also
records whether the direction of an assay matches the phenotypic
category, or whether it is reversed as in a counterscreen.
Appropriate conversion of assay results into this five-point
scale is required for data integrity. The data submission wizard and

Independent
Phenotypic class Assay assays Histones
Ribosomal silencing Synthetic complete media lacking uracil (SC-Ura) 2 H3, H4
Synthetic complete media with 1% 5-fluoro-orotic 2 H3, H4
acid (SC+0.1%5FOA)
Lead plates 3 H3, H4
Telomeric silencing TELV::ADE2 4 H3, H4
Mating efficiency Mating efficiency 2 H3, H4
Growth rate Lethality 6 H2A, H2B, H3, H4
Temperature sensitivity (39°C) 1 H3, H4
Cold sensitivity (16°C) 1 H3, H4
Temperature sensitivity (37°C) 1 H3, H4
DNA damage Camptothecin sensitivity 2 H3, H4
Methyl methanesulfonate (MMS) sensitivity 4 H2A, H2B, H3, H4
Hydroxyurea (HU) sensitivity 4 H2A, H2B, H3, H4
Benomyl 1 H3, H4
Ultraviolet (UV) irradiation 1 H3, H4
Spt™ phenotype Spt™ phenotype 2 H2A, H2B, H3, H4
Transcription elongation defect 6-Azauracil (6AU) sensitivity 3 H2A, H2B, H3, H4
K56 hyperacetylation suppression Temperature sensitivity 1 H3, H4
Methyl methanesulfonate (MMS) sensitivity 1 H3, H4
Hydroxyurea (HU) sensitivity 1 H3, H4
Mating cassette silencing Hidden MAT right (HMR) silencing 1 H3, H4

High-level phenotypic classes and constituent assays are summarized. Classes are a controlled vocabulary that will be expanded as additional phenotypes
are probed using histone mutant collections. Assays are considered independent if performed by different groups or with different protocols.
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Table 2. Current data coverage for point mutants

elongation defect assays. Buried residues

No. of residues No. of mutants

No. of assays per mutant

are overrepresented in the growth rate
and mating cassette silencing assays.

Protein (with phenotype/tested/all) (with phenotype/all) (with phenotype/all)

Geographical domain analysis is pro-
H3 112/135/135 183/247 2.3/17.5 vided automatically on-line as part of the
H4 89/102/102 137/176 2.2/18.1 search results.
H2A 29/112/131 29/112 0.5/4.7
H2B 26/112/130 26/112 0.3/4.6

Mutations affecting post-translational

The database coverage is reported for point substitutions normalized according to residues mutated at
least once and total number of mutants tested. Additional coverage is provided by multiresidue
deletions and multiple simultaneous mutations, which are not counted here.

online tutorial provide examples to help users score assays on the
five-point scale, essentially converting traditional scores such as
“+” and “++” to +1 and +2, and “~” and “~ -"” to -1 and -2 (Sup-
plemental Fig. 1). For assays generating numeric values, users may
submit the original assay results and appropriate break points for
the different categories. All conversions are reviewed carefully
before incorporation in the database. The database also saves the
original assay results as real numbers and/or text descriptions to
ensure data integrity and permit recalculation (database schema,
Supplemental Fig. 2).

Global analysis

Global analyses show the current progress in assessing histone
function by mutagenesis. Residues required for function are
expected to be evolutionarily conserved (Fig. 1A), and conserva-
tion scores are taken from ConSurf (Landau et al. 2005). Con-
served regions can be compared with the depth of coverage of
assays for mutants at each position (Fig. 1B) and the fraction of
mutants yielding a non-wild-type phenotype (Fig. 1C).

As expected, residues that are involved in nucleosome func-
tions are usually more conserved than other residues. Mutations of
the most conserved residues are 2.8 = 0.5-fold more likely to give
phenotypes than mutations of the least conserved residues. The
probability that a mutation at a position generates a phenotype
increases significantly with evolutionary conservation (Fig. 1A,C;
logistic regression P-value < 3 X 10719),

Geographical domain enrichment

The residues of histone proteins can be roughly partitioned into
four major geographical domains: buried, disk surface (protein
surface that does not contact DNA), lateral (protein surface that
contacts DNA), and tail (unstructured in the crystal) (Dai et al.
2008). Residues in different geographical domains have signifi-
cantly different probabilities of generating phenotypes (P-value <
107'%; see Methods). Buried and lateral residues generate more
phenotypes than residues in the other domains (P-values = 0.0066
and 1.1 X 10~° after multiple-testing correction, odds ratios = 1.3
and 1.4; see Methods); and tail residues generate significantly
fewer phenotypes (P-value = 1.6 X 107", odds ratio = 0.48; see
Methods). Residues on the disk surface do not show significant
differences relative to other residues.

In terms of phenotypic classes, we find that tail residues are
significantly underrepresented in the telomeric silencing, growth
rate, DNA damage response, transcriptional elongation defect and
mating cassette silencing assays. Lateral residues are over-
represented in the rDNA silencing, telomeric silencing, growth
rate, DNA damage response, Spt™ phenotype, and transcriptional

modifications

Many histone residues are targets of post-
translational  modifications  (PTMs).
These modifications directly affect nu-
cleosome dynamics or recruit enzyme
complexes required for various functions (Kouzarides 2007). Post-
translational modifications may provide kinetic proofreading to
reduce the error rate of gene activation (Blossey and Schiessel
2008). We searched for methylation, acetylation, phosphoryla-
tion, and other histone PTMs using UniProt (Wu et al. 2006) and
using Textpresso with the spatial relationship ontological category
followed by manual curation (Muller et al. 2004). The database
currently reports 50 modifications on 31 histone residues.

Modification sites have been specifically targeted by muta-
tion studies. The database contains 40 mutants on 13 methylation
sites, 51 mutants on 21 acetylation sites, and 14 mutants on 7
phosphorylation sites. Modifiable residues are more likely to have
phenotypes than other residues (P-value = 10~'°, odds ratio = 1.7).
Residues that are subject to methylation and acetylation have
significantly more phenotypes (P-values =3 X 10 '®and 1 X 107%,
odds ratios = 1.6 and 1.4) than other residues.

When assays are grouped into phenotypic classes, modifiable
residues are more likely to have rDNA silencing phenotypes (P-
value = 8 X 10~° after multiple-testing correction, odds ratio = 3.3).
Modifiable residues overall are less likely to have growth defects,
including lethality, slow growth, and temperature sensitivities
(P-value = 0.02, odds ratio = 0.28). This may be because the PTM sites
are enriched in tail regions (22 out of 34 PTM sites are in histone
tails), which do not alter the structure of the histone core and do
not cause serious nucleosome defects. Thus, we restricted atten-
tion to the tail and then compared PTM sites with non-PTM sites.
In the tail region, the PTM sites are 3.9 times more likely to
have phenotypes than the non-PTM sites (P-value = 3.7 X 10~'%),
especially rDNA silencing phenotypes (P-value = 0.017 cor-
rected for multiple testing, odds ratio = 3.1). Histone modifica-
tions are known to regulate rRNA expression (Chen and Pikaard
1997).

Comparison with human sequence variations

Phenotypes of yeast mutants are relevant to understanding the
function of human disease-related variants at homologous sites.
We cross-referenced yeast mutants with non-synonymous human
sequence substitution variants from dbSNP (Sherry et al. 2001)
and UniProt (Supplemental Table 1; Wu et al. 2006). Wild-type
sequences of human histone proteins were aligned with yeast
orthologs using ClustalW (Larkin et al. 2007), providing addi-
tional information about geographical domains (Dai et al. 2008)
and PTMs for each residue. No domains or PTMs are over-
represented in the coding single nucleotide polymorphism (SNP)
residues (multinomial x® test for domains; binomial test for PTMs).

Two human histone variants are associated with breast can-
cer, VAR_036206 on H4 (E63Q) and VAR_035802 on H2A (A52T)
(Sjoblom et al. 2006). While the yeast mutant corresponding to
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VAR_036206 (yeast H4 E63Q) does not have any phenotype in the
assays, the E63A mutant at the same position exhibits loss of silenc-
ingin aribosomal silencing assay (lead plate). Disruption of ribosomal
synthesis affects cell growth and may increase cancer susceptibility
(Ruggero and Pandolfi 2003). Yeast mutants corresponding to
VAR_035802 (H2A T53) have not yet been tested. The H4 E63 variant
is on the disk surface and H2A T53 is buried (Supplemental Fig. 3).

Ten histone SNPs have been genotyped for frequencies in
human populations (Supplemental Table 1). Seven of the corre-
sponding positions have been tested in at least one yeast assay,
and three of these show at least one phenotype. While allele fre-
quencies are available for some histone SNPs, the data are so far
too limited to test for a correlation between human allele fre-
quency and yeast mutant phenotypes.

Searching the database

The database is searchable by histone proteins, mutated positions,
mutated residue types, mutated PTM sites, phenotypic classes, and
constituent assays (Fig. 2). The search results provide links to vi-
sualize each mutation on the histone nucleosome crystal struc-
ture, or a representation of the tail for mutations in this
unstructured region (Fig. 3; see Visualization section below). The
results table includes the protein name, the mutated position and
geographical domain, and the original and mutated residues.

Histone Systematic Mutation Database

- [ Selectall
+ [ Histone H2A.1 | P04911
+  [Histone H2B.1 | P02294
Proteins +  [Histone H3 | P61830
= #Histone H4 | P02309
R17 &
H18 F
R19
K20
121
= [any
+ [ DNA Damage
+ [ Growth Rate
+  [1K56 Hyperacetylation Supression
+  [OMating Cassette Silencing
= [ Mating Efficiency
1 Mating Efficiency|no_plasmid|Junbiao Dai
) Mating Efficiency|pDMS|Jeong-Hyun Park
+ [ Ribosomal Silencing
+ [ Spt- phenotype
+ [ Telomeric Silencing
+ [ Transcription elongation defect
any X
N-acetyl-L-serine
N6,N6,N6-trimethyl-L-lysine F

N6,N6-dimethyl-L-lysine

Phenotypes
Assays

Mutated PTM sites

N6-acetyl-L-lysine v

any ol
Original residues * End (Terminator) 0

A Ala (Alanine)

B Asx (Apartic/Asparagine) | |

C Cys (Cysteine) v

Figure 2. The database can be searched through a web interface with a flexible combination of keys,
including proteins, mutated positions, mutated PTM sites, original amino acids, assays, and phenotypic

classes.

Known PTMs and SNPs, linked to literature references, are pro-
vided when these are available. Each column is sortable.

Results are provided for each assay, together with a summary
score for each phenotypic class. Each assay name is linked to its
metadata: a description of the assay, a summary of the assay result
distribution, and an interface to visualize all the mutants in the assay.
A “view structure” link for each phenotype category generates an
interface to visualize all mutants for assays within the category. Res-
idues may be color coded by assay results, or according to the con-
cordance and discordance across multiple assays. The bottom row of
the table summarizes enrichment or depletion of non-wild-type
phenotypes according to geographical domain (see Geographical
Domain Enrichment section).

Visualization

The nucleosome is represented by a yeast crystal structure (White
et al. 2001), downloaded as 1ID3 from PDB (Berman et al. 2000).
Two views of the structure, multiview (the default) and largeview,
are provided. Multiview (Fig. 1; Supplemental Fig. 4) shows a small
structure in the center and four side structures from the top, bot-
tom, left and right. The largeview lacks the side views, but has
a much larger en face view of the structure.

Multiview and largeview share the same toolbox. Users can
spin the structure, zoom in and out,
switch between spacefill and ribbon
views and select specific histone chains
to display. The visualization is imple-
mented using Jmol (http://www.jmol.
org/), and Jmol commands are available
through the Jmol menu and console by
clicking on the word “Jmol” in the lower
right corner of the structure display area.

For each assay, a combined view shows
all the tested deletions and multiple muta-
tions (Supplemental Fig. 5). This view can be
found in the assay description page.
Mutants are colored green, light green, gray,
pink, and red for 2, 1, 0, -1, and -2, re-
spectively. Multiple mutations to different
amino acids are represented with different
symbols.

guest sign out

Analysis of phenotypic discrepancies
and assay concordance

Assays may have conflicting results for
the same histone mutant. Phenotypic
discordance may be due to differences in
the strain background, differences in the
use of plasmids or DNA integration to
introduce the mutant sequence, or dif-
ferences in the assay protocol. The data-
base provides a fast method to identify
and visualize discordant assay results. As
an example, two recent lethality assays
(Dai et al. 2008; Nakanishi et al. 2008)
tested 215 overlapping mutants for
growth defects and lethality. Of the 215
mutants tested, 186 are viable in both
assays, and 14 mutants are lethal in both.
The remaining 18 mutants are lethal in
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Download search results in plain  Assay information includes
text, html table, or xls format. reporter, media, readout,
genotype, and reference.

View all assays in phenotypic
class, or view phenotypic
discordance.

Histone Systematic Mulgtion Database View mutant using Jmol

home search submil analysis

AR AT Y A

st Elwe e

- 050 My pprlicw
Sort table by assay values.

Summary columns colored

based on summary scores.

red: negative.

green: positive.

Post-translational
modification info.

Make custom color structure
of mutant combinations.

Data submission

Users are encouraged to submit their data
directly to our database. The data can be
as complex as multiple large scale screens
done with a systematic collection of
mutants or as simple as a single list of
mutants isolated by traditional means.
The database includes a web interface
that generates a spreadsheet template
that can be filled and uploaded (Supple-
mental Fig. 7). This template has the de-
scription of the assay and several
examples of how to enter assay results.
In order to generate this template, the
web interface collects reference in-
formation (PubMed ID or prepublication
information), protein name, strain, plas-
mid, and assay description. The assay de-
scription includes the name, phenotypic
class, readout, format, and reporter. The
direction, indicating whether an assay is
ascreen or a counterscreen, is also recorded.
Most of these fields are selected from con-
trolled vocabularies provided to a user. New

000 Mubiview Larpeview . . .
= T terms are readily added following a review.
o Makiviex Lugview Research groups can either submit
poe i Lo their assay results in five-point scale, or
0.00 Muliview Largevicw . h lt d
- - submit the raw assay results and com-
municate with database staff to effect the
conversion. The database saves the orig-
T B D L T B D L . .
1+ 00 00 30 ot aa ol 30 00 inal assay results for consistency checks
e e o ne and possible recalculations.
SRR [ e o e
Cyan depletion, 19 1.2 Y. CHFEE P .7 02 13 13 1.0j= 02 13 12 1)
from the null hypothess of no earichment (fold-rtio = 1) i 1] g 02 13 14 10& 02 12 13 12|
according 1o Fisher's exact test, corrocted for mukiplc wsting. D' .
Iscussion
e — N We presented a histone systematic muta-
Created by the High-Throughput (FIT) Ceatcr t The Jobas Hopins School inc. ' . .
Supporsdin panby n NIk Techaclogy Cenker e e Y Wt Mo i, Y tion database as a resource for histone mu-

Summary table showing geographical domain enrichment of mutants.
Ratios > 1 indicate enrichment and < 1 indicate depletion.

Significant ratios are colored cyan.

Figure 3. The search result page integrates assay results with sequence, structural, PTM, and SNP

information.

only one of the two assays (Supplemental Table 2). These dis-
crepancies can be visualized using the “visualize structure” link in
the phenotype class header of the results (Fig. 3). The discrepant
mutants are primarily located on the lateral surface, which inter-
acts with DNA molecules (Supplemental Fig. 4, top view).

The same method can be adapted to identify residues that
give concordant or discordant phenotypes for related assays. Si-
lencing is a relevant example because the mechanisms for silenc-
ing can depend on the transcript. Some silencing mutants either
enhance or suppress silencing for all transcripts, possibly by af-
fecting histone-DNA interactions. Other mutants are specific to
certain classes of transcripts, or even affect silencing in opposite
directions. Visualization permits identification of histone surface
patches responsible for generic and specific silencing phenotypes
(Supplemental Fig. 6).

tagenesis analyses (http://histonehits.org).
This database provides a controlled but yet
extensible vocabulary to describe the assays
on histone mutants. Assays are described in
terms of name, reporter, format, readout,
and strain. Mutations can be integrated
into genomic DNA or expressed from
a plasmid. Point mutations, multiple
mutations, and deletions can all be de-
posited in the database. Assays are grouped by phenotypic classes that
they are designed to probe. Because the assay readouts are all scaled to
the five-point grade system, assay results can be easily compared
across studies. Researchers have used this database to deposit their
data and perform global data analyses (Dai et al. 2008).

We confirmed that the number of phenotypes for a mutant
increases with the residue conservation score (Landau et al. 2005).
Mutations on modifiable residues are more likely to have pheno-
types, namely rDNA silencing phenotype and low mating effi-
ciencies. Analysis by geographical domains indicates that buried
and lateral residues have significantly more phenotypes and tail
residues have significantly fewer phenotypes.

The database will expand to include more extensive curation
of small-scale experiments, mutations in histone variants and in
histones from other species such as Xenopus laevis (Ferreira et al.
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2007). Mapping mutagenesis studies across histone families may
provide valuable insights into histone residue functions.

A second planned enhancement is to include residue-level
physical interactions between histones and other proteins. For
example, histone chaperone ASF1A (also known as CCGl-inter-
acting factor A [CIA-I]) disrupts the histone H3-H4 tetramer to
form a protein complex (Natsume et al. 2007). These physical
interactions between histone residues and other proteins are
highly relevant to protein function. We will curate such inter-
actions from sources such as the PDB database (Berman et al.
2000). Connecting individual histone residues with other com-
plexes through physical and genetic interactions will be a power-
ful method for mapping chromatin modification networks.

Methods

Statistical tests for residue geographical domain enrichments

To test whether residues in different geographical domains have
different probabilities to generate phenotypes, we fit a logistic
regression model with the number of phenotypes and the number
of assays on each mutant as response variables and the geo-
graphical domains of the mutants as the covariates. The difference
of deviance between this model and the null model is identical to
the likelihood-ratio test statistic (McCullagh and Nelder 1989),
which approximately follows a x? distribution with three degrees
of freedom (due to the three additional parameters from the four
geographical domains). To test whether a specific domain gen-
erates more or fewer phenotypes, we fit four logistic regression
models, one for each domain versus the rest of the protein, using
the same response variables. These P-values were calculated for
two-sided sets and corrected for fourfold multiple testing.

To investigate assay-specific domain enrichment, we calcu-
lated the fraction of the tested residues for each domain as the
number of the tested residues in the domain divided by the total
number of the tested residues. We then calculated the fraction of
the tested residues in a domain having a certain assay score. The
ratio of these reveals the overrepresentation (>1) or underrepre-
sentation (<1) of certain domains having an assay score. We per-
form this analysis for assay scores from -2 to 2, positive, negative
and nonzero scores. To assess the significance of the ratio, we used
Fisher’s exact test on a 2 by 2 contingency table, corrected for
multiple testing.

Assay description

Assay results can depend on factors such as strain and integration
method. The metadata for each assay is captured in attributes in-
cluding the assay name, reporter, format, readout, and strain
(Supplemental Table 3). Different assays may share some attri-
butes.

This design also provides a controlled vocabulary for the data
submission. Research groups can choose from the existing entries
in each attribute to describe their assays. They may, of course,
propose new entries if necessary. We will review each new entry
before depositing it into the database.

Phenotypic classes

Some assays are designed to probe related phenotypes, such as
temperature sensitivity at different temperatures, and DNA dam-
age sensitivity to different drugs. We group these assays through
the phenotypic classes that they are designed to probe. For each
mutant, we summarize the assay results for each phenotypic class

by calculating its mean value. The mutants under each phenotypic
class can be visualized on a nucleosome crystal structure based on
their assay results, or based on their accordance and discordance
across assays.

Web interface and database implementation

The web interface is implemented using AJAX (Asynchronous
JavaScript and XML) compiled using the Google Web Toolkit
version 1.4. The database uses MySQL (Supplemental Fig. 2). This
interface communicates with the database through server side
scripts, which are implemented in Perl as CGI programs with Perl
DBI module and CGI modules. Data sets are exchanged between
the web interface and the server side scripts using the JSON format
and the Perl JSON module. The Jmol applet provides structural
visualizations and the Perl GD module generates images of dele-
tions and multiple mutations.
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