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Abstract
Eukaryotic gene regulation has largely been evolutionary conserved. The basic
transcription machinery present in Saccharomyces cerevisiae, budding yeast, have close
homologs in higher eukaryotic organisms. The Spt-Ada-Gcn5 (SAGA) complex is the
major H3 histone acetyltransferase (HAT). While certain factor binding locations are
known on a genomic scale, there exists little data on the functional dependencies of the
transcriptional machinery during PIC assembly genome-wide. In the present study,
genome-wide occupancies of 12 gene regulatory proteins in Gcn5 deletion strains were
mapped using chromatin immunoprecipitation followed by next generation SOLiD
sequencing (ChIP-seq) to better elucidate their dependencies on the HAT activity of
SAGA. Gcn5 was deleted from strains with 12 gene regulatory proteins TAP-tagged.
Stress state occupancy was compared to non-stress state occupancy by putting the cells
through a heat shock. Evidence suggests that SAGA is involved in the stress response,
and so a better elucidation of functional dependency on Gcn5 may be assessed upon heat
shock stress. The following study focuses on analyzing the initial sequencing data from
the deletion strains. We also show different genome-wide occupancy patterns for Rsc9, a
subunit of RSC (Remodel the Structure of Chromatin) complex, and RNA polymerase II
when at stress state compared to non-stress state in the Gcn5 deletion models suggesting
a unique response to stress separate from the SAGA dependent pathway.
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Introduction
In order for the cell to perform tasks, it must generate proteins from its genes.
Transcription, converting DNA to RNA, is the first step towards this process and
provides an excellent place for regulation. Organisms at all levels of the evolutionary
strata have hundreds of proteins that are involved in regulating gene expression.
Eukaryotes wrap their DNA around nucleosomes to form chromatin, which forms a
repressive structure and plays an important role in gene regulation. Different cellular
signals and environmental conditions cause changes to gene expression by modulating
what and where transcription factors (TF), regulatory complexes, and transcription
machinery are recruited to the genome. Changes in gene regulation have been linked to
numerous diseases such as cancer and cardiovascular disease underlying the importance
in elucidating the mechanisms of the transcription machinery [1,2]. Saccharomyces
cerevisiae is a popular model organism due to the ease of manipulation and growth.
Also, its transcription machinery has been well conserved throughout evolution.
Before a gene can be transcribed, a transcription pre-initiation complex (PIC)
must assemble at the gene’s promoter. PIC assembly follows four main steps: TF
activation, chromatin remodeling, delivery of TATA binding protein (TBP), and RNA
Polymerase II (RNAP) recruitment. Different factors operate at different stages of PIC
assembly.
One of the major players in gene regulation is the repressive role of chromatin
which inhibits transcription machinery from accessing the Upstream Activating Sequence
(UAS) and promoter of the gene [3]. Chromatin remodelers are required to either
reposition or expel promoter nucleosomes to allow access for transcription. Chromatin
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remodelers such as SWI/SNF, RSC, and SWR-C contain bromodomains that are able to
bind to acetylated lysines on nucleosomes [4,5,6]. A common theme of promoter
nucleosomes is hyper-acetylation to recruit chromatin remodelers [7]. It has also been
proposed that acetylation disrupts the DNA nucleosome interaction helping facilitate
nucleosome repositioning or eviction. Acetylation at promoters has also been associated
with increasing chromatin remodeling activity as well as helping RNAP move through
the nucleosome [5].
Nucleosomes are acetylated by histone acetyltransferases (HAT) that are typically
part of a larger complex. The Spt-Ada-Gcn5 (SAGA) complex is a major HAT complex
in S. cerevisiae. Gcn5 is the HAT within SAGA. SAGA initiates PIC assembly in part
by acetylating lysines on histone H3. Studies have shown that deleting Gcn5 severely
lowers the level of H3 acetylation levels across the genome [8].
SAGA dependent delivery of TBP to promoters is one of the major PIC assembly
pathways that function in S. cerevisiae with TFIID delivery being the other. Along with
the acetylation of lysines on H3, SAGA also recruits TBP to the promoter through its
Spt8 and Spt3 subunits [9,10]. Such events are crucial to PIC assembly in addition to the
recruitment of other factors and machinery.
The SAGA pathway typically dominates at stress related genes. Genome-wide
expression studies and chromatin immunoprecipitation-microarray (ChIP-chip) studies
have shown the necessity of SAGA and the occupancy of SAGA subunits on stress
induced genes [11,12]. While many binding sites for transcription factors and machinery
have been uncovered, little is known about the dependencies of the binding events on
each other.
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In order to elucidate such dependencies, Gcn5 deletion strains were generated in
strains that had a downstream TF or transcription machinery TAP-tagged to allow for
purification through the tandem affinity purification method. The tagged proteins act at
various stages of PIC assembly including chromatin access, transcription initiation, and
transcription elongation.
Esa1, Ioc3, Itc1, Rsc9, Swi3, Swr1, and Tup1 all are involved in chromatin
access. Esa1 is a 52kDa protein that is the catalytic subunit of the NuA4 HAT complex
[13]. Esa1 acetylates lysines on the H2A.Z and H4 histones [14]. Esa1, within the NuA4
complex, helps regulate cell cycle progression and is essential for double stranded DNA
(dsDNA) repair [15,16]. NuA4 helps recruit chromatin remodelers and increases histone
eviction through the acetylation of nucleosomes especially at the promoter regions of
genes. Esa1 stabilizes transcription elongation and cooperates with Gcn5 to increase the
efficiency of the process [17]. Therefore, mapping of Esa1 provides the genome-wide
occupancy of another HAT complex.
Ioc3 and Itc1 are both subunits of ISWI chromatin remodeling complexes [18,19].
Ioc3 associates and binds to extranucleosomal DNA allowing the Isw1a complex to
remodel the chromatin into a repressive state [20]. It has also been shown that Isw1a can
repress transcription without its chromatin remodeling activity suggesting that the two
activities are not mutually dependent [21]. Itc1 is a subunit of the Isw2 complex, which
represses mating cell-type switch and invasive growth [22]. Both Ioc3 and Itc1 provide
insight into the occupancy of repressive chromatin complexes of the ISWI family.
Rsc9 is a member of the RSC (Remodel the Structure of Chromatin) Complex.
RSC is an active chromatin remodeler typically promoting the transcription of genes.
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ChIP-chip studies of Rsc9 in cells under stress show increased occupancy at the promoter
regions of many genes [23]. Furthermore, RSC contains a bromodomain which binds to
acetylated lysines. Swi3 is a subunit of a SWI/SNF chromatin remodeling complex,
which like RSC is a positive regulator of gene regulation [24]. Swi3 is required for the
assembly of its respective remodeling complex as well as displacement of nucleosomes to
establish an open chromatin structure [25]. Both Rsc9 and Swi3 provide insight into
positive chromatin remodelers that operate through the displacement of nucleosomes.
Swr1 is also a positive chromatin remodeler being part of the SWR-C/SWR-1
complex. However, it functions by exchanging the H2A histone for the H2A.Z histone,
which destabilizes nucleosomes and is associated with an open chromatin structure
[26,27].
Tup1 is a 78kDa protein that forms a complex with Cyc8 and functions as a
repressor at many genes [28]. The Tup1-Cyc8 complex interacts with histone
deacetylases (HDACs), chromatin remodelers, and directly with RNAP machinery to
repress transcription [29]. Cell type switching in yeast requires both Tup1 and Gcn5
suggesting a cooperative function [30]. Similarly, Tup1 can be altered from a repressor
to an activator due to Gcn5 acetylation of H3 at SUC2 [18]. Tup1 illustrates the
localization of a repressor across the genome. Its cooperative activity with Gcn5 suggests
some talk between the proteins and possible dependency of Tup1 on Gcn5.
Rgr1, Spt3, and Taf1 are all involved in transcription initiation. Rgr1 is a 123kDa
subunit of the RNAP mediator complex. The Rgr1 subcomplex is required for mediator
to recruit RNAP to specific gene sites [31]. SAGA works by recruiting factors to specific
stress induced genes suggesting that mediator plays a necessary role in PIC assembly at
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those genes. RNAP can be recruited to the promoter of genes by SAGA, but remain
poised and not transcribing. In order for poised RNAP to begin transcribing, both SAGA
and mediator must be present suggesting a cooperative activity between the two
complexes [32]. SAGA and mediator have been shown to work in tandem as well as
independently.
Spt3 is a 33kDa subunit of the SAGA complex [33]. Spt3 occupancy effectively
illustrates the genome binding regions for SAGA and whether SAGA is recruited to
promoters without its HAT activity. Within SAGA, Spt3 binds to TBP and delivers it to
specific genes [10]. Over expression of Spt3 helps cells resist ethanol and osmotic stress
[34]. Such action suggests a great importance for Spt3 by the cell when dealing with
environmental and cellular stresses. Furthermore, Spt3 has been shown to bind to Gcn5
in vitro providing a means to interpret SAGA binding [35]. Spt3 provides insight into the
functioning of SAGA throughout PIC assembly.
Taf1 is a subunit of TFIID. TFIID delivery of TBP usually acts independently
from SAGA delivery. TFIID dominated genes have been shown to be largely
housekeeping and lowly transcribed at non-stress levels [11]. TFIID also responds to
stress to a lesser extent and acts on a subset of different genes than SAGA [36]. Taf1
occupancy elucidates whether the recruitment of TFIID will be altered in the absence of
SAGA HAT activity.
PIC assembly concludes with the recruitment of RNAP to the gene’s promoter
region and subsequent transcription elongation. Both Rpo21 and Rpb3 are subunits of
RNAP weighing 192kDa and 35kDa, respectively [37]. Previous studies have shown the
recruitment of SAGA to stress induced, highly transcribed genes [11,12,36]. Mapping
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both Rpo21 and Rpb3 will illustrate which genes require SAGA HAT activity to recruit
RNAP. It will also illustrate at which genes RNAP recruitment is independent of SAGA
HAT activity.
While certain factor binding locations are known on a genomic scale, there exists
little data on the functional dependencies of the transcription machinery during PIC
assembly genome-wide. Previously, recruitment of machinery has been shown to be
sequential, interdependent, or independent depending on the specific gene or environment
[38,39]. The goal of this project is to better understand the dependencies of different
transcriptional regulators on Gcn5, the HAT of the SAGA complex [33].
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Materials and Methods
Genomic DNA Isolation from Gcn5::KanMX4 Strain
The Gcn5::KanMX4 strain was purchased from Invitrogen’s ResGen collection.
This strain had GCN5 replaced with a KanMX4 cassette. Isolation of genomic DNA
allowed for subsequent amplification and purification of the Gcn5::KanMX4 cassette.
The strain was inoculated in 6ml YPD media with 500g/ml Geneticin in culture tubes
and grown to an optical density (600) greater than 1. At this point, 1.5ml of culture was
pelleted in a 1.7ml eppendorf tube via centrifugation. The procedure was repeated twice
to have a total of 4.5ml of culture pelleted. Cells were washed with ddH2O and pelleted
again via centrifugation. The cells were resuspended in 500l Lysis Buffer and
transferred to a bead beater tube containing 500l of zirconia/silica beads. The bead
beater tube was placed at 95oC to lyse the cells followed by vortexing for 2 minutes. The
aqueous layer was transferred to a new 1.7ml eppendorf tube while avoiding any bead
transfer. To the new tube, 275l of 7M Ammonium Acetate was added and the tube was
inverted 20x to mix thoroughly. The tube was then incubated at 65oC for five minutes
immediately followed by a five minute incubation at 4oC. The tube was centrifuged
(14K, 4oC) for 10 minutes to pellet cellular proteins and membranes. The supernatant
was transferred to a new 1.7ml eppendorf tube. To the new tube, 1 volume of
Phenol:Chloroform: Isoamy Alcohol 25:24:1 (PCIA) was added and the tube was
inverted 20x to mix. The tube was centrifuged (14K, RT) for 5 minutes and the aqueous
layer (~600l) was transferred evenly to two new 1.7ml eppendorf tubes (~300l each).
To each tube, 1/100th volume of glycogen (20mg/ml), 1/10th volume of 3M NaOAc, and
2.5 volumes of cold 100% isopropanol were added. The tubes were vortexed to mix and
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incubated at -20oC for 10 minutes. Following the incubation, the cells were centrifuged
(14K, 4oC) for 10 minutes to pellet nucleic acids. The supernatant was discarded and the
pellet was dried at medium heat in a speed vacuum. The dried pellet was then
resuspended in 100µl RNase buffer and DNase-free RNase (50µg/ml) was added. The
mixture was incubated at 37oC for 30 minutes. After the incubation, 400µl of RNase
buffer and 500µl of PCIA was added. The tube was vortexed for 20 seconds followed by
centrifuging (14K, RT) for 5 minutes. The aqueous layer (~400µl) was transferred to a
new 1.7ml eppendorf tube. To the new tube, 1/100th volume of glycogen(20mg/ml),
1/10th volume of 3M NaOAc, and 2.5 volumes of cold 100% isopropanol was added.
The tube was vortexed and incubated at -20oC for 10 minutes then centrifuged (14K, 4oC)
for 10 minutes to pellet DNA. The supernatant was discarded and the pellet was washed
with 1ml of 70% ice cold ethanol followed by centrifugation (14K, 4oC) for 5 minutes.
The supernatant was discarded and the pellet was dried in a speed vacuum at medium
heat. The DNA pellet was resuspended in 30µl ddH2O and sat at RT for 10 minutes. The
DNA concentration was determined using a NanoDrop. The DNA was diluted to a final
concentration of 100ng/l with ddH2O.
PCR Amplification of Gcn5::KanMX4 Deletion Module
The Gcn5::KanMX4 cassette within the genomic DNA of the Gcn5::KanMX4
strain was amplified using PCR. The cassette (125ng) was amplified using the Pfu Turbo
polymerase enzyme (Stratagene, cat #600252-52), the oBV15 (5’ end) and oBV16 (3’
end) primers, and ran for 36 cycles (see Appendix II for specifications). Three reactions
were performed on the cassette in parallel along with a no template control (NTC) and a
wild-type control (BY4741). The PCR reactions were analyzed on a 1% agarose gel
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(0.5g agarose and 50ml 1x TAE buffer). Following conformation on the gel, the DNA of
the PCR reactions was purified using a commercial Qiagen kit. The DNA concentrations
were determined using the NanoDrop.
Homologous Recombination to Create a Gcn5 Deletion in a TAP-tagged Strain
Competent Cell Preparation
100ml of the desired TAP-tagged strain was grown in YPD media at 25oC to an
optical density (600) of 0.7-1.0. At this point, the culture was separated in 2-50ml
conical tubes. The cells were harvested via centrifugation (2.4K, 4oC) for 10 minutes.
The supernatant was poured off and the pellet was resuspended in 10ml ddH2O. Again,
the cells were pelleted by centrifugation (2.4K, 4oC) for 10 minutes. The supernatant was
discarded, the pellet was resuspended in 1ml ddH2O, and the cells were transferred to a
1.7ml eppendorf tube. The cells were then pelleted via centrifugation (5K, RT) for 1
minute. The supernatant was discarded and the pellet was resuspended in 1.5ml of fresh
1x TEL. Again, the cells were pelleted via centrifugation (5K, RT), the supernatant was
discarded, and the cell pellet was resuspended in 200µl of fresh 1x TEL. To two new
1.7ml eppendorf tubes, 50µl of TAP-tagged cells were added, one for the transformation
and one for a negative control.
Transformation
To the tube for the transformation, 2µg of the PCR product, Gcn5::KanMX4
cassette (brought up to 12µl with ddH2O) and 50µg of boiled/denatured salmon sperm
DNA was added and mixed by gently pipetting. The sonicated salmon sperm (Stratagene
201190-91) was previously thawed on ice and then boiled for 5 minutes. To the tube for
the negative control, 12µl of ddH2O and 50µg of boiled/denatured salmon sperm DNA
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was added and mixed by gently pipetting. To each mixture, 300µl of fresh 40%
PEG/TEL was added and mixed by gently pipetting. The mixtures were incubated at
25oC for 30 minutes at 300rpm in a shaker followed by another incubation at 42oC for 25
minutes. Following the incubations, 800µl of ddH2O was added and mixed. The cells
were pelleted via centrifugation (6K, RT) for 20 seconds. The supernatant was carefully
aspirated off and the cells were resuspended in 70µl ddH2O. The cells were plated on
YPD (500µg/ml Geneticin) plates and incubated at 25oC for 3-5 days. Three colonies
were restreaked from each plate onto YPD (500µg/ml Geneticin) plates to isolate
colonies, confirm phenotype, and confirm strain construct via colony PCR. The plates
were grown at 25oC for 2-3 days. Isolated colonies confirmed by colony PCR were
restreaked on YPD (500µg/ml Geneticin) plates and incubated at 25oC for 2-3 days.
From the confirmed plates, 30% glycerol freezer stocks were made.
Colony PCR to Verify Strain
Colony PCR was used to verify that the Gcn5::KanMX4 cassette was properly
inserted into the genome at both the upstream and downstream junction. Therefore, two
PCRs were performed. For each transformation, 3 isolated colonies were tested. From
the restreaked plates, a small scrape of an isolated colony was added to 5µl ddH2O and
resuspended. The cells were heated at 95oC for 5 minutes, spun briefly, and vortexed
briefly. For the upstream reaction, the Taq polymerase enzyme and the oBV3 and
oBV15 primers were used. For the downstream reaction, the Taq polymerase enzyme
and the oVB4 and oVB16 primers were used. For both reactions, 35 cycles were
performed (see Appendix II for specifications). There also was a NTC reaction, a
BY4741 reaction, and a Gcn5::KanMX4 gDNA reaction to compare as controls. The
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reactions were checked on a 2% agarose gel to verify that the Gcn5::KanMX4 cassette
was properly inserted into the TAP-tagged strain and therefore the deletion strain was
properly made.
Saccharomyces cerevisiae Culture Preparation and Harvest
Each transcription machinery was studied in a genetically modified TAP-tagged
strain to allow for purification using the tandem affinity purification method. One TAPtagged strain included the Gcn5 deletion module and the other TAP-tagged strain was
wild-type allowing for comparisons in occupancy when Gcn5 is present or absent within
the cell. For each strain, two cultures were grown for reference cultures and heat shock
cultures.
TAP-tagged Gcn5 deletion strains and TAP-tagged wild-type strains were grown
in YPD media. 0.5 liter cultures were grown at 25oC at 250rpm in a shaker until they
reached an OD (600) of 0.8-1.0. Test cultures were then heat shocked with 130ml of
boiling YPD media and incubated at 37oC at 250rpm for 15 minutes. Reference cultures
were mock heat shocked with 130ml of RT YPD media and incubated at 25oC at 250rpm
for 15 minutes. Both test and reference cultures were cross-linked at 1% formaldehyde
saturation by adding 630ml of ddH2O containing 34ml of 37% formaldehyde solution.
The cultures were incubated at 25oC at 250rpm for 15 minutes. Crosslinking was
quenched with 0.125M glycine by adding 63ml of 2.5M glycine. The cultures were
incubated at 25oC at 250rpm for 5 minutes. Cells were pelleted via centrifugation (4K,
4oC) for 3 minutes. The supernatant was poured off and the pellet was resuspended with
20ml of ice-cold ST buffer that contained commercial protease inhibitors (CPI) to prevent
protein degradation. The cells were transferred to 50ml conical tubes and pelleted via
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centrifugation (2.4K, 4oC) for 5 minutes. The supernatant was discarded and the pellet
was resuspended in 1ml of ice-cold ST buffer containing CPI. The cell mixture was
equally divided among 2-2ml bead beater tubes. The cells were pelleted via
centrifugation (10K, 4oC) for 10 minutes. The supernatant was carefully aspirated off
and the cell pellets were flash frozen in liquid nitrogen. The pellets were then stored at 80oC until needed.
Cell Lysis and Chromatin Fragmentation
Cell pellets for each sample (2/sample) were thawed on ice. To each thawed
pellet, ~1ml of zirconica/silica beads and 750µl of FA Lysis Buffer with 0.2% SDS and
CPI were added. The bead beater tubes were placed in the pre-chilled MBB-96
aluminum tube holder and were bead beat for nine minutes (3 minutes beating: 10
minutes on ice: 3 minutes beating: 10 minutes on ice: 3 minutes beating). The lysates
were collected in glass culture tubes by poking holes on the top and bottom of the bead
beater tubes followed by brief centrifugation. The lysates were then transferred to 1.7ml
eppendorf tubes while avoiding transferring any beads.
The chromatin was partially purified by centrifugation (14K, 4oC) for 3 minutes.
The supernatant was carefully aspirated and the chromatin pellet was washed by
resuspending with 750µl of FA Lysis Buffer with 0.2% SDS and CPI. Again, the
chromatin was pelleted via centrifugation (14K, 4oC) for 3 minutes. The supernatant was
carefully aspirated and the chromatin pelleted was washed by resuspending with 750µl of
FA Lysis Buffer with 0.2% SDS and CPI. The chromatin pellet was again pelleted via
centrifugation (14K, 4oC) for 3 minutes. The supernatant was carefully aspirated and the
pellet was resuspended in 600µl of FA Lysis Buffer with 0.2% SDS and CPI. The
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chromatin from the same sample that had been split during cell harvesting was then
combined into one 15ml polystyrene conical tube. If the final volume was less than
1.5ml, it was brought up with FA Lysis Buffer with 0.2%SDS and CPI.
To fragment the chromatin, sonication was used. The apparatus used was the
Diagenode Bioruptor. Sonication generates a significant amount of heat which can
destroy chromatin. Therefore, ice-cold water was added to the apparatus bath to protect
the samples from the heat. The reference and test samples were sonicated simultaneously
for 45 cycles on the high setting. One cycle consists of 30 seconds on and 30 seconds
off. After each 15 cycles, the samples were placed on ice and the water within the
Diagenode Bioruptor’s bath was replaced with fresh ice-cold water. After the 45 cycles
were completed, the lysates were transferred to 1.7ml eppendorf tubes and centrifuged
(14K, 4oC) for 10 minutes to clarify the chromatin. The supernatant, which contains the
chromatin, was poured to a fresh 1.7ml eppendorf tube. A 50µl sample was taken from
the lysate to perform a sonication check and check the fragment sizes of the chromatin.
The 50µl sonication check sample was stored at 4oC until needed and the lysate was
stored at -80oC until needed.
Sonication Check
To the 50µl sample for the sonication check, 175µl of TE, 225µl of Proteinase K
Buffer, and 50µg of proteinaseK (PCR grade, 20mg/ml) were added. The mixture was
incubated at 65oC overnight (6-16 hours) to reverse cross-linking.
After reverse cross-linking and protein degradation, 450µl of PCIA was added.
The mixture was vortexed for 20 seconds followed by centrifugation (14K, RT) for 6
minutes. The aqueous layer was transferred to a new 1.7ml eppendorf tube. To the
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aqueous layer, 1/10th volume of 3M NaOAC, 1/100th volume of glycogen (20mg/ml), and
1ml of cold 100% ethanol were added to precipitate DNA. The mixture was incubated at
-80oC for 20 minutes. The DNA was pelleted via centrifugation (14K, 4oC) for 15
minutes. The supernatant was gently discarded and the pellet was washed with 500µl of
ice-cold 70% ethanol while avoiding dislodging the pellet. The mixture was centrifuged
(14K, 4oC) for 5 minutes. The supernatant was carefully discarded and the pellet was
dried in a speed vacuum at medium heat. The dried pellet was resuspended in TE with
RNase. The samples were incubated at 37oC for 30 minutes. The samples were then run
on a 2% agarose gel to check chromatin fragment sizes.
ChIP-exo Procedure for SOLiD Sequencing
Purification of TAP-tagged factor with bound DNA
*all buffers were kept on ice unless otherwise noted
IgG coated Dynabeads were used to purify the protein of interest along with its
bound DNA. The Dynabeads were made into a slurry with FA Lysis Buffer where 1ml
of slurry contained 3.33x108 beads.
Sonicated samples were thawed and combined with 3ml of FA Lysis Buffer with
CPI and 100µl of Dynabead slurry in a 15ml conical tube. The mixtures were mixed
gently and placed at 4oC on a slowly rotating rotortorque for 1.5 hours. The 15ml conical
tube was briefly centrifuged and placed in a magnetic rack to collect the beads. The
supernatant was carefully poured off. The beads were washed with 800µl of FA Lysis
Buffer with CPI and were transferred to 1.5ml Lo-Bind tubes. The Lo-Bind tubes were
placed in a magnetic rack and the supernatant was carefully aspirated off. A series of
washes followed to improve the quality of the immunoprecipitation. To the beads, 1ml of
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FA Lysis Buffer with CPI was added and resuspended by gently flicking. The tubes were
gently rotated at RT for 5 minutes. The tubes were briefly spun down, placed on a
magnetic rack, and the supernatant was carefully pipetted off. Another wash with 1ml
FA Lysis Buffer with CPI was repeated in identical fashion. Two washes were
completed using the same method with 1ml FA High Salt Buffer with CPI, followed by
two more with 1ml FA Wash 2 Buffer with CPI, followed by two more with FA Wash 3
Buffer with CPI. Two final washes were performed with 1ml Tris-HCl (pH 8). After the
final pipetting of the supernatant, the beads were resuspended in 45µl of Tris-HCl (pH 8).
Enzymatic Reactions for SOLiD Sequencing
After the ChIP, different enzymatic reactions were performed to add adapters and
generate near base pair resolution for protein-DNA interactions. In order to ligate
adapters to the ends of dsDNA, blunt ends are required. Because sonication results in
randomly fragmented DNA with uneven ends, a polishing reaction was used to generate
blunt ends. T4 DNA polymerase enzyme, which has both 5’3’ polymerase and 3’5’
exonuclease activity, and 15l of Polish Mix (Appendix II) were added to the beads,
mixed by gently pipetting, and incubated at 12oC, 1400rpm for 25 minutes in a
thermomixer. After the incubation, the tubes were placed in a magnetic rack and the
supernatant was discarded using a pipette. The beads were washed with 400l TE buffer
with CPI and gently rotated for 3 minutes at RT. The tubes were again placed in the
magnetic rack and the supernatant was removed with a pipette. Washes with 400l High
Salt Wash buffer with CPI, 400l Wash 2 buffer with CPI, and twice with 400l 10mM
Tris-HCl (pH 7.5) followed using the same method. After the washes, the beads were
resuspended in 47l 10mM Tris-HCl (pH 7.5).
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The first ligation reaction placed the ICAP-3’over adaptor onto the blunted ends
of the ChIP DNA. To each tube, 5l of ICAP-3’over adaptor (15M) and 8.5l of
Ligation Mix 1 (Appendix II) was added and mixed by gently pipetting. The reactions
were incubated at 25oC at 1400rpm for 30 minutes in a thermomixer. The ICAP-3’over
adaptor created a 3’ overhang that allowed a ligation of a barcode in order to pool 16
samples per one sequencing run.
Following the ICAP-3’over adaptor ligation, 5l of bP2 oligio was added to each
sample (making sure that a different oligio, M1-M16, was added to each sample that
would be pooled). To each tube, 1.5l of Ligation Mix II (Appendix II) was added and
mixed by gently pipetting. The reaction mixtures were incubated at 25oC at 1400rpm for
1 hour in a thermomixer. Following the incubation, the tubes were placed in a magnetic
rack and the supernatant was removed using a pipette. The beads were washed with
400l of TE buffer with CPI and gently rotated at RT for 3 minutes. The tubes were
placed back into the magnetic rack and again the supernatant was removed with a pipette.
The beads were then washed with 400l High Salt Wash buffer with CPI, 400l Wash 2
buffer with CPI, and twice with 400l of 10mM Tris-HCl (pH 7.5) using the same
method. Following the washes, the beads were resuspended in 30l 10mM Tris-HCl (pH
7.5) and pooled into a new 1.5ml Lo-Bind tube (only samples with unique barcodes, bP2
oligios, were pooled together). The new Lo-Bind tube was placed in the magnetic rack
and the supernatant was removed with a pipette. The pooled beads were resuspended in
37l 10mM Tris-HCl (pH 7.5). The pooled sample was considered one sample from this
point forward. The samples could be stored at 4oC overnight at this point.
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After the ligation of the barcode, a polymerase reaction was performed to fill-in
the 3’ regions of the DNA. To the pooled sample, 23l of Fill-in Mix (Appendix II) was
added and mixed by gently pipetting. The reaction was incubated at 30oC at 1400rpm for
20 minutes in a thermomixer. Following the incubation, the tube was placed in a
magnetic rack and the supernatant was carefully removed via pipette. The beads were
washed with 400l TE buffer with CPI and gently rotated at RT for 3 minutes. The tube
was placed back into the magnetic rack and the supernatant was carefully removed via
pipette. Washes with 400l High Salt Wash buffer with CPI, 400l Wash 2 buffer with
CPI, and twice with 400l 10mM Tris-HCl (pH 7.5) followed in the same manner.
Following the washes, the beads were resuspended in 52l 10mM Tris-HCl (pH 7.5).
A kinase reaction to add a phosphate group to the 5’ end of the DNA followed. To
the tube, 8l of Kinase mix (Appendix II) was added and mixed by gently pipetting. The
reaction was incubated at 37oC at 1400rpm for 30 minutes in a thermomixer. Following
the incubation, the tube was placed in a magnetic rack and the supernatant was carefully
removed via pipette. The beads were washed with 400l TE buffer with CPI and gently
rotated at RT for 3 minutes. The tube was placed in the magnetic rack and the
supernatant was removed via pipette.

Washes with 400l High Salt Wash buffer with

CPI, 400l Wash 3 buffer with CPI, and twice with 400l ddH2O followed in the same
manner. Following the washes, the beads were resuspended in 52l ddH2O.
An exonuclease digestion followed to digest nucleotides from the 5’ end of the
DNA until inhibited by protein binding to provide near base pair DNA-protein binding
region resolution. To the tube, 8l of Exonuclease mix (Appendix II) was added and
mixed by gently pipetting. The reaction was incubated at 37oC at 1400rpm for 30

17

minutes. Following the incubation, the tube was placed in a magnetic rack and the
supernatant was removed via pipette. The beads were washed with 400l TE buffer with
CPI and gently rotated at RT for 3 minutes. The tube was placed back into the magnetic
rack and the supernatant was removed via pipette. Washes with 400l High Salt Wash
buffer with CPI, 400l Wash 2 buffer with CPI, and twice with 400l 10mM Tris-HCl
(pH 8) followed in the same manner. After the washes, the beads were resuspended in
53l 10mM Tris-HCl (pH 8).
Any remaining single stranded DNA (ssDNA) left in the mixture was digested
with RecJf exonuclease, which digests ssDNA in the 5’3’ direction. To the tube, 7l
of RecJf mix (Appendix II) was added and mixed by gently pipetting. The reaction was
incubated at 37oC at 1400rpm for 30 minutes. Following the incubation, the tube was
placed in a magnetic rack and the supernatant was removed via pipette. The beads were
washed with 400l TE buffer with CPI and gently rotated at RT for 3 minutes. The tube
was placed back in a magnetic rack and the supernatant was removed via pipette.
Washes with 400l High Salt Wash buffer with CPI, 400l Wash 2 buffer with CPI, and
twice with 400l 10mM Tris-HCl (pH 7.5) followed in the same manner.
DNA Elution and Reverse Cross-linking
Immediately after the previous washes, the beads were washed with 1ml RT TEV
Elution Buffer (Appendix II) and gently rotated at RT for 5 minutes. The tube was
placed in a magnetic rack and the supernatant was removed via pipette. A second wash
with 1ml RT TEV Elution Buffer followed in the same manner. To the beads, 500l of
TEV Elution Mix (Appendix II) was added and the sample was mixed by inverting and
flicking. The mixture was incubated while gently rotated at 25oC for 2 hours. Following

18

the incubation, the tube was placed in a magnetic rack and the supernatant was
transferred to a new 1.7ml eppendorf tube. To the new tube, 1.5l of Proteinase K
(20mg/ml) was added and mixed via vortex. The sample was incubated at 65oC
overnight (6-16 hours) to reverse cross-link.
DNA Precipitation
Following reverse cross-linking, 450l PCIA was added to the sample, vortexed
for 20 seconds, and centrifuged (14K, RT) for 10 minutes. The aqueous layer was
transferred to a new 1.7ml eppendorf tube. To the aqueous layer, 1l of glycogen
(20mg/ml) and 1ml of ice-cold 100% ethanol was added and mixed by vortexing. The
sample was incubated at -80oC for 30 minutes to precipitate DNA. Following the
incubation, DNA was pelleted via centrifugation (14K, 4oC) for 15 minutes. The
supernatant was carefully poured off and the pellet was washed with 500l ice-cold 70%
ethanol while avoiding dislodging the pellet. The mixture was centrifuged (14K, 4oC) for
5 minutes and again the supernatant was carefully poured off. The pellet was dried at
medium heat in a speed vacuum. The dried pellet was resuspended in 9.5l ddH2O and
9l was transferred to a new 0.5ml PCR tube.
Ligated-Mediated PCR (LM-PCR)
In order to generate enough ChIP DNA to be sequenced, LM-PCR was
performed. To the precipitated DNA, 10.25l of Primer Mix (Appendix II), containing
Library PCR primer 2, was added and mixed by gently pipetting. The samples were run
in a thermocycler using the Phi29 Polymerase program (Appendix II) to once again
generated dsDNA with blunt ends to allow ligation of the second adaptor. Following the
Phi29 Polymerase program, 60l of Ligation Mix III (Appendix II) was added and
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mixed. The reaction was incubated at 25oC for 1hour. The ligation reaction added the
P1-25bp adaptor to the ChIP DNA. The DNA was then purified using the commercial
AMPure system to eliminate excess nucleotides and adaptors. The DNA was eluted from
the AMPure beads with 40l ddH2O.
The ChIP DNA was now properly prepared for LM-PCR. From the previously
eluted DNA, 13l was combined with 20l ddH2O into a 0.5ml PCR tube. To the DNA,
7l of LM-PCR Mix (Appendix II) was added and mixed by gently pipetting. The
samples were run in a thermocycler for 25 cycles using the LM-PCR program (Appendix
II). The samples were electrophoresed on a 2% agarose gel at 145V. Bands from
~150bp – 300bp were excised and placed into new 1.7ml eppendorf tubes. The DNA
was purified using a commercial Qiagen kit. The DNA was quantified using a NanoDrop
and 125ng of DNA was sent to the SOLiD sequencer for sequencing.
Sequencing Alignment
The sequencing results were aligned to the S. cerevisiae genome January 2007
build using SHRiMP and peaks were called with GeneTrack.
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5’/Phos/YYYXXZZZZZ3’
3’YYXXZZZ/Phos/5’

1
5’/Phos/YYXXZZZ3’
3’YYXXZZZ/Phos/5’

2
5’/Phos/ACGGCCAAGGCGYYXXZZCGCCTTGGCCGTACAGCAG 3’
3’GACGACATGCCGGTTCCGCYYXXZZGCGGAACCGGCA/Phos/5’
ICAP 3’over adaptor
ICAP 3’over adaptor

3
5’CGGGTTCCTCATTCTCTNNNNAAGCCCCTGCTGTACGGCCAAGGCGYYXXZZCGCCTTGGCCGTACAGCAG 3’
bp2 oligo (barcode)
bp2 oligo (barcode)
3’GACGACATGCCGGTTCCGCYYXXZZGCGGAACCGGCATGTCGTCCCCGAANNNNTCTCTTACTCCTTGGGC5’

4
5’CGGGTTCCTCATTCTCTNNNNAAGCCCCTGCTGTACGGCCAAGGCGYYXXZZCGCCTTGGCCGTACAGCAGGGGCTTNNNNAGAGAATGAGGAACCCG 3’
3’GCCCAAGGAGTAAGAGANNNNTTCGGGGACGACATGCCGGTTCCGCYYXXZZGCGGAACCGGCATGTCGTCCCCGAANNNNTCTCTTACTCCTTGGGC 5’

5
5’/Phos/CGGGTTCCTCATTCTCTNNNNAAGCCCCTGCTGTACGGCCAAGGCGYYXXZZCGCCTTGGCCGTACAGCAGGGGCTTNNNNAGAGAATGAGGAACCCG 3’
3’GCCCAAGGAGTAAGAGANNNNTTCGGGGACGACATGCCGGTTCCGCYYXXZZGCGGAACCGGCATGTCGTCCCCGAANNNNTCTCTTACTCCTTGGGC 5’

6
5’/Phos/XXZZCGCCTTGGCCGTACAGCAGGGGCTTNNNNAGAGAATGAGGAACCCG 3’
3’ GCCCAAGGAGTAAGAGANNNNTTCGGGGACGACATGCCGGTTCCGCYYXX/Phos/5’

7
5’/Phos/XXZZCGCCTTGGCCGTACAGCAGGGGCTTNNNNAGAGAATGAGGAACCCGGGGCAG 3’
XXZZGCGGAACCGGCATGTCGTCCCCGAANNNNTCTCTTACTCCTTGGGCCCCGTC 5’
Anti-sense PCR Primer

8
5’TTCCTCTCTATGGGCAGTCGGTGATXXZZCGCCTTGGCCGTACAGCAGGGGCTTNNNNAGAGAATGAGGAACCCGGGGCAG 3’
3’GAAAGGAGAGATACCCGTCAGCCACTAXXZZGCGGAACCGGCATGTCGTCCCCGAANNNNTCTCTTACTCCTTGGGCCCCGTC 5’
P1-25bp Adaptor

Figure 1. A Schematic of ChIP-exo Reactions
1.Polish Reaction 2. ICAP 3’over adaptor ligation 3. Bp2 oligo (barcode) ligation
4. Fill-in Reaction 5. Kinase Reaction 6. Exonuclease digestion
7. Primer extension 8. P1-25bp adaptor ligation
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Results
Experimental Strategy and Rationale
In order to elucidate recruitment dependencies, GCN5 deletion was generated in
S. cerevisiae strains that had a TF or transcription machinery, thought to function
subsequent to Gcn5 acetylation during PIC assembly, TAP-tagged to allow for
purification through the tandem affinity purification method. The tagged proteins act at
various stages of PIC assembly including chromatin access, transcription initiation, and
transcription elongation (Figure 2). Since Gcn5 is a major HAT in S. cerevisiae, it was
expected that depletion of acetylated chromatin across the genome would significantly
decrease the recruitment of specific factors. In addition, the recruitment of factors to
genes implicated in stress response was also expected to decrease.
A total of twelve proteins, Esa1, Ioc3, Itc1, Rsc9, Swi3, Swr1, Tup1, Rgr1, Spt3,
Taf1, Rpb3, and Rpo21 were included in the study (Table 1). Esa1, Ioc3, Itc1, Rsc9,
Swi3, Swr1, and Tup1 are involved in chromatin access. Rgr1, Spt3, and Taf1 are
involved in transcription initiation. Rpb3 and Rpo21 are involved in transcription
elongation. Heat shock was used to rapidly initiate PIC assembly along stress-induced
genes that are dominated by the SAGA pathway [11,12]. Comparison between factor
recruitment in the deletion strains and the wild-type strains allows for understanding of
how Gcn5 affects factor assembly along the genome. Also, comparison between nonheat
shock reference cells and heat shock cells provides information about the differences in
recruitment of factors when cells are at non-stress or stress states. For this study, only
comparisons between reference and heat shock were made as the wild-type data is still
pending.
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Figure 2. PIC assembly and chromatin acetylation
A) Model of PIC assembly highlighting specific factors that were assayed for loss
of recruitment. Stage 1 is TF activation (not shown).
B) SAGA directed nucleosome acetylation via the Gcn5 H3 histone
acetyltransferase.
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Table 1. Strains used in this study.
Strain

Stage

TAP allele

Deletion

Reference

bjv20
bjv8
bjv54
bjv22
bjv16
bjv52
bjv5

2
2
2
2
2
2
2

Esa1
Ioc3
Itc1
Rsc9
Swi3
Swr1
Tup1

GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5

This study
This study
This study
This study
This study
This study
This study

bjv21
bjv55
bjv18

3
3
3

Rgr1
Spt3
Taf1

GCN5
GCN5
GCN5

This study
This study
This study

bjv17
bjv9

4
4

Rpb3
Rpo21

GCN5
GCN5

This study
This study

Gcn5 Deletion Strain Generation
Gcn5 deletion strains were generated by transforming TAP-tagged strains using
homologous recombination (Figure 3A). A KanMX cassette replaced GCN5 allowing for
selection with geneticin. Strains that had incorporated the cassette grew on selective
media whereas strains without the cassette did not grow (data not shown). To confirm
that the cassette was incorporated correctly, colony PCR was performed both upstream
and downstream of the GCN5 open reading frame (ORF). The reactions were analyzed
on an agarose gel. Our results show the expected PCR product lengths confirming that
the KanMX cassette was incorporated correctly and that GCN5 was deleted (Figure 3B).
Further confirmation was gained after sequencing and alignment. No reads were mapped
along GCN5 further confirming its deletion (Figure 3C).
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Figure 3. Schematic for strains construction and confirmation
A) An illustration of the strain construction strategy. The KanMX cassette was
inserted into GCN5 via homologous recombination.
B) Colony PCR verification of GCN5 deletion in Rpb3-TAP strain. Upstream
and downstream reactions were performed on NTC, wild-type strains, and
the ΔGCN5 construct for negative and positive controls respectively.
C) Sequencing screenshot confirmation of GCN5 deletion in Rpb3-TAP strain
after read alignment.
Technical Quality of ChIP
Following the generation of the deletion strains, each was harvested under
standard and heat shock conditions. The chromatin was purified and sonicated to
produce randomly fragmented chromatin with an average length of less than 500bp.
Previous ChIP-seq studies in our lab determined that such sized fragments provided the
greatest quality and resolution. Sonication quality was determined through
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electrophoresis on an agarose gel (Figure 4). The immunoprecipitated DNA was
amplified by LM-PCR, which allowed for a check of the success of the reaction through
gel electrophoresis (Figure 5). The presence of a band from the multiplexed sample
shows that the immunoprecipitated DNA was enriched. The absence of a band from the
ChIP experiment on the BY4741 (a null tag) strain shows the specificity of the ChIP.
Amplified ChIP DNA from 150-300bp was cut out and gel purified before being sent for
SOLiD sequencing.

Figure 5. LM-PCR Check
LM-PCR reactions were performed as
described in Materials and Methods.
Reactions were electrophoresed on 2%
agarose. Lane1: NTC, Lane 2: Previous gel
purified LM-PCR (positive control), Lane 3:
BY4741 (null tag), Lane 4: multiplexed
ChIP sample. Typical results are shown.

Figure 4. Sonicated Chromatin
Sonicated lysate was
electrophoresed on 2% agarose to
determine the size range of
fragmented DNA. Typical results
are shown.
SOLiD Sequencing Results

Analyzing ChIP DNA through sequencing rather than on microarrays offers
numerous advantages. One SOLiD sequencing run provides more reads than are
necessary to cover the entire genome of S. cerevisiae. Such quantity allows for samples
to be multiplexed. Multiplexing is the pooling of samples into a single sequencing unit
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decreasing library preparation, lessening sequencing and analysis time, and driving down
the cost. Multiplexing is not possible in the ChIP-chip system [40]. Furthermore, ChIPseq obtains much higher base-pair resolution compared to ChIP-chip providing more
powerful insight into the binding locations of proteins on chromatin across the genome
[41]. Finally, sequencing eliminates the hybridization artifacts that are seen on
microarrays decreasing the background noise and offering cleaner data [40,41].
Following ChIP, the immunoprecipitated DNA was sequenced on SOLiD with 16
multiplexed samples per one sequencing unit. Most samples obtained substantial reads
(>1,000,000) and were uniquely mapped to the S. cerevisiae genome (Table 2). In
addition, most factors have similar percentages of uniquely mapped reads along the
genome with regard to reference and heat shock sequences suggesting equal ChIP quality
for the reference and heat shock experiments. Interestingly, Tup1 and Spt3 had
substantially lower reads than the other factors suggesting either a possible dependency
on Gcn5 or poor ChIP quality of the factors.
Tup1 is a general repressor of transcription, but has been shown to cooperate with
Gcn5 in different functions such as cell-type switching [30,18]. It should be noted that
the total reads and uniquely mapped reads were significantly lower in the heat shock than
reference. Therefore, Tup1 may be more likely to bind chromatin at non-stress states than
stress states. However, comparison to biological replicates will need to be performed to
confirm. The low read count of Tup1 binding could be to a dependency of Tup1 on Gcn5
or because of poor ChIP quality of Tup1.
Spt3 is a subunit of the SAGA complex. Not only did Spt3 have a low read
count, but it also had the lowest uniquely mapped read percentages. While the low read
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count offers the possibility of poor ChIP quality, the low percentage of uniquely mapped
reads presents a possibility that its binding across the genome is significantly decreased
in the absence of Gcn5. Without Gcn5, SAGA subunits may lose the ability to efficiently
bind chromatin since Gcn5 is known to contain a bromodomain. Such a phenomenon
could explain the low read count of Spt3.
Table 2. SOLiD Sequencing Summary
a

Strain

Stage

TAP allele

Deletion

Growth

bjv20

2

Esa1

GCN5

Mock HS

bjv20

2

Esa1

GCN5

HS

bjv8

2

Ioc3

GCN5

Mock HS

bjv8

2

Ioc3

GCN5

bjv54

2

Itc1

bjv54

2

bjv22
bjv22

Uniquely mapped

% Unique

2,007,235

314,188

16%

1,575,715

409,461

26%

810,418

249,095

31%

HS

1,207,497

426,451

35%

GCN5

Mock HS

3,798,060

866,971

23%

Itc1

GCN5

HS

7,502,034

1,724,377

23%

2

Rsc9

GCN5

Mock HS

1,861,406

489,402

26%

2

Rsc9

GCN5

HS

2,363,340

785,897

33%

bjv16

2

Swi3

GCN5

Mock HS

955,706

225,912

24%

bjv16

2

Swi3

GCN5

HS

1,392,932

290,710

21%

bjv52

2

Swr1

GCN5

Mock HS

3,581,949

938,694

26%

bjv52

2

Swr1

GCN5

HS

1,762,360

478,149

27%

bjv5

2

Tup1

GCN5

Mock HS

122,230

41,763

34%

bjv5

2

Tup1

GCN5

HS

66,589

4,121

6%

bjv21

3

Rgr1

GCN5

Mock HS

2,365,306

572,061

24%

bjv21

3

Rgr1

GCN5

HS

3,636,568

897,530

25%

bjv55

3

Spt3

GCN5

Mock HS

88,563

8,762

10%

bjv55

3

Spt3

GCN5

HS

392,035

38,631

10%

bjv18

3

Taf1

GCN5

Mock HS

1,572,101

454,436

29%

bjv18

3

Taf1

GCN5

HS

3,041,153

896,312

29%

bjv17

4

Rpb3

GCN5

Mock HS

10,127,341

3,619,837

36%

bjv17

4

Rpb3

GCN5

HS

9,670,106

3,386,926

35%

bjv9

4

Rpo21

GCN5

Mock HS

9,935,342

3,919,723

39%

bjv9

4
Rpo21
a
:HS=Heat Shock

GCN5

HS

2,927,494

1,108,109

38%
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Total reads

Location Analysis
The uniquely mapped reads were analyzed to determine if enriched peaks
represented actual DNA-protein binding. A requirement for calls to be considered
genuine is that they must have reads on both the Crick (sense) and Watson (antisense)
strands within the boundaries of the protein-DNA binding interaction (Figure 6). The
statistical measure of the Crick-Watson (C-W) peak pair distance was used to help
determine the reliability of the sequenced data (Table 3, Figure 7).

Figure 6. Generation of C-W Peak Pairs with ChIP-exo.
TAP-tagged protein purified by ChIP. 1) Exonuclease digests DNA 5’3’. 2) DNA is eluted
from beads, and reverse cross-linked. The P2 primer (black) is annealed and phi29 polymerase
adds nucleic acids 5’3’. 3) The P1 adapter (green) is ligated to dsDNA. 4) SOLiD sequencing
(5’3’ using P1 adapter) results in Crick peaks corresponding to the left DNA-protein binding
border and the Watson peaks corresponding to the right DNA-protein binding border.
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Table 3. Crick-Watson Peak Pair Statistics.
Strain
Stage
TAP allele Deletion

a

Growtha

C-W distance (bp)b

bjv20
bjv20
bjv8
bjv8
bjv54
bjv54
bjv22
bjv22
bjv16
bjv16
bjv52
bjv52
bjv5
bjv5

2
2
2
2
2
2
2
2
2
2
2
2
2
2

Esa1
Esa1
Ioc3
Ioc3
Itc1
Itc1
Rsc9
Rsc9
Swi3
Swi3
Swr1
Swr1
Tup1
Tup1

GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5
GCN5

Mock HS
HS
Mock HS
HS
Mock HS
HS
Mock HS
HS
Mock HS
HS
Mock HS
HS
Mock HS
HS

ND
ND
21
15
25
17
10
16
18
ND
36
18
ND
ND

bjv21
bjv21
bjv55
bjv55
bjv18
bjv18

3
3
3
3
3
3

Rgr1
Rgr1
Spt3
Spt3
Taf1
Taf1

GCN5
GCN5
GCN5
GCN5
GCN5
GCN5

Mock HS
HS
Mock HS
HS
Mock HS
HS

18
22
ND
ND
19
11

bjv17
bjv17
bjv9
bjv9

4
4
4
4

Rpb3
Rpb3
Rpo21
Rpo21

GCN5
GCN5
GCN5
GCN5

Mock HS
HS
Mock HS
HS

10
13
13
15

: HS=Heat Shock
: C-W distance = statistical mode of the Crick-Watson peak pair distance

b
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Figure 7. Crick-Watson Peak Pair
Distributions of the C-W peak pair of sequencing calls along the S. cerevisiae genome.
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The absence of C-W peak pair distance for Esa1, Spt3, and Tup1 questions the
reliability of the called reads. Since the data provided was an average of the reads across
the genome, many were likely due to background noise. Establishing stricter guidelines
may help differentiate between genuine binding locations and background. Such
guidelines include filtering out calls that lack appropriate C-W peak pairs, filtering out
calls with low read counts, and filtering out calls that are not found in biological
replicates.
Tup1 and Spt3 both had low read counts as well as no consensus C-W peak pair
distance. These results suggest that the ChIP quality was low for both factors and that the
sequencing data may be unreliable. Of course, the possibility that Spt3 had very little
binding along the genome still exists since the ChIP was performed in Gcn5 deletion
strains and the binding efficiency of SAGA may decrease in the absence of Gcn5. Esa1
had much higher read counts and uniquely mapped calls suggesting that more stringent
data mining should ensue before the sequencing data is disregarded.
The factors Ioc3, Itc1, Rsc9, Swi3, Swr1, Rgr1, Taf1, Rpb3, and Rpo21 all had
well-defined mode C -W peak pair distances supporting the validity of the uniquely
mapped calls. The distribution curves show intense narrow peaks supporting true DNAprotein binding (Figure 7). Most of the factors, except for Swr1, also had very similar CW peak pair distances in both reference and heat shock experiments which was expected.
The increased C-W distance in the reference experiment for Swr1 is likely due to greater
background and false calls as the reference experiment had significantly more reads in
sequencing than the heat shock experiment. More stringent data guidelines and
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elimination of false calls will likely lessen the C-W distance differential between the two
Swr1 experiments.
In addition, occupancy of the reference factors was compared to well-defined
binding locations. Alcohol dehydrogenase (ADH) is required for the glycolytic pathway
and as such is a highly transcribed gene. Mediator (Rgr1), TFIID (Taf1), and RNAP
(Rpo21, Rpb3) occupancy was viewed at ADH1, a highly transcribed gene encoding an
isoenzyme of ADH (Figure 8). As expected, Rgr1 and Taf1 occupy the promoter region
of ADH1. Specifically, Rgr1 appeared to have two binding locations upstream of the
transcription start site (TSS), which was not surprising since mediator interacts with
RNAP as well as other upstream activating proteins. As expected, Taf1 only had one
binding location immediately upstream of the TSS. Both Rpo21 and Rpb3 occupy the
ORF of ADH1, which was expected. This further supports the reliability of the ChIP-seq
data for Rgr1, Taf1, Rpo21, and Rpb3.
Esa1, Itc1, Swi3, Rsc9, Swr1, and Tup1 occupancy was viewed at genes that were
highly occupied in previous ChIP-chip studies performed in the lab [42]. All the factors
occupied the promoter regions of the genes. Swr1 also had occupancy immediately
downstream of the TSS, which was expected. Esa1 occupied BDF2, Itc1 occupied
PYC1, Swi3 occupied MDH2, Rsc9 occupied HHF2, Swr1 occupied SWR1, and Tup1
occupied RPI1 (Figure 9). Spt3 had too few reads and did not occupy genes highly
occupied in the ChIP-chip data. This could be due to decreased binding efficiency of
SAGA in the absence of Gcn5 or due to poor ChIP-seq data of Spt3. Ioc3 also did not
occupy genes that were highly occupied in the ChIP-chip studies, which questions the
quality of the ChIP-seq data for Ioc3.
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Figure 8. Mediator, TFIID, and RNAP Occupancy of ADH1
Reference (YPD, 25oC) ChIP-seq data was used.
A) Screenshot of Rpb3 occupancy of ADH1.
B) Screenshot of Rpo21 occupancy of ADH1.
C) Screenshot of Rgr1 occupancy of ADH1.
D) Screenshot of Taf1 occupancy of ADH1.
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Figure 9. Factor Occupancy of Genes Highly Occupied in ChIP-chip Studies
For comparison, reference (YPD, 25oC) ChIP-seq and ChIP-chip data was used.
A) Screenshot of Esa1 occupancy of BDF2.
B) Screenshot of Itc1 occupancy of PYC1.
C) Screenshot of Swi3 occupancy of MDH2.
D) Screenshot of Rsc9 occupancy of HHF2.
E) Screenshot of Swr1 occupancy of SWR1.
F) Screenshot of Tup1 occupancy of RPI1.
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Consensus Binding Location and Mock versus Heat Shock Comparison
The average genome-wide binding locations of the mapped calls with respect to
the TSS were determined (Figure 10). All of the factors, except Esa1, had increased call
frequency downstream or immediately upstream of the TSS supporting those areas as true
binding locations. This was expected since the factors are involved in PIC formation,
which dominates around the TSS. Esa1 has an unconvincing distribution around the TSS
and similarly failed at C-W peak calling suggesting either high background noise or
unreliable ChIP-seq data.
In addition to elucidating the likely binding locations of the specific factors,
comparisons were made between the reference and heat shock experiments. Most of the
factors seemed to have similar occupancy with respect to the TSS in both experiments
suggesting no change in binding location pattern. Since the binding locations were
analyzed genome-wide and not at specific genes, it cannot be inferred that the occupancy
of the factors remained the same at specific genes. Also, SAGA dependent PIC assembly
is one of the major pathways S. cerevisiae use to initiate transcription when under stress.
The deletion of Gcn5 likely inhibited the pathway and possibly lessened or eliminated
any change in binding patterns that would have been seen. Comparisons to wild-type
data will need to follow.
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Figure 10. Consensus Factor Binding Location
The frequency of calls was graphed against the TSS genome-wide.
The black line corresponds to the reference experiment and the red
line to the heat shock experiment.
There does seem to be different occupancy patterns between reference and heat
shock cultures with regard to Rsc9 and RNAP (Rpo21 and Rpb3). For the reference
experiment, Rsc9 was found at equal levels throughout the promoter and ORF of the
gene. However, in the heat shock experiment, there is a large spike in occupancy
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immediately upstream of the TSS. The data suggests that Rsc9, a subunit of the RSC
complex, is actively recruited to the promoter regions of genes when the cell is under
stress. Since Gcn5 is deleted in the cells, it suggests that Rsc9 plays an important role in
stress response and can be recruited by an alternative pathway to SAGA.
In the reference experiment, RNAP occupies the TSS as well as regions further
downstream of the TSS. Its occupancy rapidly increases at the TSS and stays rather static
throughout the gene. However, in the heat shock experiment, RNAP appears to occupy
the TSS but then drastically decreases immediately downstream. Further downstream,
the occupancy starts to increase until it reaches levels comparable to its occupancy at the
TSS. One possible explanation for the high level of occupancy at the TSS and lower
occupancy immediately downstream in stress cells could be due to increased loading of
RNAP at the TSS when the cell is under stress. The increased RNAP at the TSS would
be poised for greater levels of transcription whereas at a non-stress state RNAP performs
basal level transcription. Another possible explanation is that in the absence of Gcn5,
RNAP can be loaded at the promoter, but cannot efficiently proceed with transcription.
Unexpectedly, Rpo21 and Rpb3 did not show identical occupancy patterns in stressed
cells. Such a result is likely due to background or different quality of ChIP for each
factor. Comparisons will need to be made to biological replicates for all factors to verify
the authenticity of called binding sites. In addition, comparisons will need to be made
against wild type to better understand how Gcn5 affects factor occupancy. Similarly,
wild type will illustrate whether different occupancies in non-stress cells and stress cells
is due to Gcn5 or some other phenomena.
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Discussion
S. cerevisiae provides an excellent model organism to study transcription since
many of its transcriptional regulators are conserved in higher eukaryotes. The current
study aimed to elucidate the relationships that exist between different transcription
factors, machinery, and regulators during recruitment to the PIC. Many studies have
uncovered the occupancies of transcription machinery genome-wide. However, little is
known about the dependencies of the machinery on each other during recruitment;
whether it be independent, dependent, gene specific, or genome-wide patterns.
Combining ChIP-seq with deletion strains provides a powerful tool to elucidate, in vivo,
the many relationships that exist to regulate transcription throughout the genome.
This study started generating and analyzing ChIP sequencing data from Gcn5
deletion strains to better understand the dependency of different factors and machinery on
the HAT activity of SAGA. We used ChIP-exo followed by SOLiD sequencing in order
to obtain high resolution genome-wide occupancy data on 12 different proteins that
function at different stages of PIC assembly. The number of sequencing reads,
percentage of uniquely mapped reads, C-W peak pair distance, and genome-wide
occupancy patterns were used for initial analysis on the quality of the ChIP-seq data. In
addition, the occupancy of Rgr1, Taf1, Rpo21, and Rpb3 at ADH1 was viewed. For
comparison, Esa1, Itc1, Swi3, Rsc9, Swr1, and Tup1 occupancies were viewed at specific
genes that were highly occupied in previous ChIP-chip studies. Most of the data seems
of high quality; however, references to biological replicates and wild-type data will still
need to ensue. We also noticed different genome-wide occupancy patterns of the RSC
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complex and RNAP when the cells were subjected to heat shock. While much of the data
provided is preliminary, it provides new avenues for future work to expand on.
Although the current study was not able to draw definite conclusions on the
dependency of factor recruitment on SAGA, future work is aimed to analyze both the
deletion strains and the wild-type strains. Different occupancy patterns, whether gene
specific or genome-wide, will provide a clearer picture into the relationships between
transcription machinery during recruitment. Uncovering the many workings of the
SAGA complex is extremely important to understand how a cell regulates gene
expression during times of stress. The SAGA complex homolog in humans has been
linked to numerous diseases, including cancer, and hopefully information gained from
yeast can eventually be used to benefit human health. In addition, uncovering the
regulatory mechanisms of transcription is significant since gene regulation is what allows
cells to be unique while having the same genetic code. It enables multicellular
organisms. While this study is preliminary in its findings, it provides an avenue to better
understand the complex network of proteins that function to regulate genes.
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Appendix I
Solutions for Harvesting
ST Buffer (1L)
[Final]
1M Tris-Cl pH 7.5
10
ml
(10mM)
5M NaCl
20
ml
(100mM)
ddH2O
Bring final volume to 1L with ddH2O. Filter 0.22 micron, store at 4C.
Just before use, add 100ul CPI (1tablet/ml ddH2O) to 50mls of ST buffer. This is good
for ~1 week.
2.5M Glycine (500mL)
Glycine
93.75 g
Preheated ddH2O
Heat 500mL ddH2O in microwave. Dissolve the glycine in ~375 mL of the hot water.
When it is dissolved, bring final volume to 500mL with the heated ddH2O in graduated
cylinder. Filter 0.22 micron, store at room temperature.
YPD Media (1L)
Yeast
10
g
Peptone
20
g
Dextrose
20
g
Tap-distilled water
Get 500mL of tap-distilled water spinning. Add the yeast extract, let dissolve
(will turn yellow). Add the peptone, let stir (will turn brown). Add the dextrose, let stir.
Add tap distilled water up to ~900mL and let stir for at least 5 minutes. Bring final
volume to 1L with tap distilled water in graduated cylinder. Place in autoclavable
container, autoclave 20 minutes on liquids cycle, no dry time.
Solutions for Deletion Strain Generation
DNase free RNase (1mg/ml)
Add 25ul 10ml/ml stock (Roche #11579681001) to 225 ul RNase buffer (10mM
Tris-Cl (pH7.5), 5mM CaCl2, 50% glycerol), mix by pipetting.
store at -20C
Lysis Buffer
1M Tris-Cl, pH = 8
0.5M EDTA
20% SDS
ddH2O
RNase Buffer (EDTA-free)
1M Tris-Cl, pH = 7.5
1M CaCl2

5
5
2.5
to 50

0.5
250

ml
ml
ml
ml

[Final]
(100mM)
(50mM)
(1%)
filter sterilize 0.2um, store RT

ml
ul

[Final]
(10mM)
(5mM)
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ddH2O

to 50 ml

filter sterilize 0.2um, store RT

7M Ammonium Acetate, pH =7
Ammonium acetate
5.4 g
ddH2O
to 10 ml

pH to 7, filter sterilize 0.2um, store RT

100 mg/mL Geneticin (G418)
Geneticin (G418)
ddH2O

filter sterilize 0.2um, store RT

1
g
to 10 ml

1x TEL (Tris, EDTA, Lithium acetate)
10x TE
1ml
1M Lithium acetate, pH = 7.5
1ml
sterile ddH2O
to 10ml
*make fresh

[Final]
(1X)
(100mM)
filter sterilize (0.2uM)

40% PEG/TEL
PEG 3350
10x TE
1M LiOAc, pH = 7.5
ddH2O
*make fresh

[Final]
4g
1ml
1ml
to 10ml

(1X)
(100mM)
filter sterilize (0.2uM)

Solutions for Cell Lysis and Sonication
FA Lysis Buffer + SDS (50mL)
20% SDS
FA Lysis Buffer

500
50

FA Lysis Buffer (500mL)
1M Hepes/KOH
25
5M NaCl
15
0.5M EDTA
2
25% TritonX-100
20
10% NaDeoxycholate
5
ddH2O
Bring final volume to 500mL with ddH2O.

ul
ml

ml
ml
ml
ml
ml

[Final]
(0.2%)

[Final]
(50mM)
(150mM)
(2mM)
(1%)
(1%)

Filter 0.22 micron, store at 4C.

2X ProteinaseK Buffer (50mL)
[Final]
1M Tris-Cl pH 7.5
2
ml
(40mM)
0.5M EDTA
4
ml
(40mM)
20% SDS
5
ml
(2%)
ddH2O
Bring final volume to 50mL with ddH2O. Filter 0.22 micron, store at room temperature.
TE (Tris-EDTA) (500mL)

[Final]
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1M Tris-Cl pH8
5
ml
(10mM)
0.5M EDTA
1
ml
(1mM)
ddH2O
Bring final volume to 500mL with ddH2O. Filter 0.22 micron, store at 4C.
TE+RNase
RNase (Lab stock)
TE
20C

250
ul
to 50 ml

aliquot 500ul to 1.7ml tubes, store –

Reagents for ChIP-exo
FA Lysis Buffer
*see above
FA High Salt Wash Buffer (500mL)
1M Hepes/KOH
25
NaCl
29.4
0.5M EDTA
2
25% TritonX-100
20
10% NaDeoxycholate
5
ddH2O
Bring final volume to 500mL with ddH2O.
FA Wash Buffer 2 (500mL)
1M Hepes/KOH
25
5M NaCl
50
0.5M EDTA
2
25% TritonX-100
20
10% NaDeoxycholate
5
ddH2O
Bring final volume to 500mL with ddH2O.
FA Wash Buffer 3 (500mL)
1M LiCl
12.5
10% NP-40 (IPEGAL)
50
10% NaDeoxycholate
5
0.5M EDTA
2
1M Tris-HCl pH 8
5
ddH2O
Bring final volume to 500mL with ddH2O.

ml
g
ml
ml
ml

[Final]
(50mM)
(1M)
(2mM)
(1%)
(1%)

Filter 0.22 micron, store at 4C.

ml
ml
ml
ml
ml

[Final]
(50mM)
(0.5M)
(2mM)
(1%)
(1%)

Filter 0.22 micron, store at 4C.

ml
ml
ml
ml
ml

[Final]
(0.25mM)
(1%)
(1%)
(2mM)
(0.01M)

Filter 0.22 micron, store at 4C.

10mM Tris-HCl pH 8 (500mL)
[Final]
1M Tris-Cl pH8
5
ml
(10mM)
ddH2O
Bring final volume to 50mL with ddH2O. Filter 0.22 micron, store at 4C.
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10mM Tris-HCl pH 7.5 (500mL)
[Final]
1M Tris-Cl pH 7.5
5
ml
(10mM)
ddH2O
Bring final volume to 50mL with ddH2O. Filter 0.22 micron, store at 4C.
TE Buffer (Tris-EDTA) (500ml)
*see above
TEV Buffer (500mL)
1M Tris-Cl pH 8
50
5M NaCl
10
100% Glycerol
50
10% IPEGAL
5
0.5M EDTA
500
ddH2O
Bring final volume to 500mL with ddH2O.

ml
ml
ml
ml
ul

[Final]
(100mM)
(100mM)
(10%)
(0.1%) AKA NP40
(05mM)

Filter 0.22 micron, store at 4C.

Reagents used to Make Solutions
1M Calcium Chloride
CaCl2
ddH2O

1.11 g
to 10 ml

filter sterilize 0.2um, store RT

10 mM Tris, 1 mM EDTA (10x TE)
1M TrisCl, pH 7.5
200 ul
0.5M EDTA
40 ul
ddH2O
to 20 ml

filter sterilize (0.2uM)

1M Lithium acetate, pH = 7.5
LiOAc
5.1g
ddH2O
to 40ml
Adjust pH to 8.4-8.9 with diluted glacial acetic acid
ddH2O
to 50ml
adjust to pH7.5, filter sterilize 0.2uM
CPI (EDTA-free, mini, Roche) (1mL)
Tablets CPI (resin drawer, 4C)
1
tablet
ddH2O
1
mL
Mix until dissolved. Date the tube, store 4C up to 2 weeks.
10% NaDeoxycholate (50mL)
[Final]
USE MASK—IRRITANT.
Deoxycholic acid
5
g
(10%)
Preheated ddH2O
Prepare in 50mL conical tube. Measure the powder into the tube, bring final volume to
50mL with PREHEATED ddH2O. Filter 0.22 micron, store at room temperature.
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1M Hepes/KOH pH 7.5 (50mL)
[Final]
Hepes
11.92 g
(1M)
1N KOH
25
ml
(0.5N)
ddH2O
Bring final volume to 50mL with ddH2O. Filter 0.22 micron, store at 4C.
20% SDS (500mL)
[Final]
USE MASK--IRRITANT
SDS
100
g
(10%)
Preheated ddH2O
Bring final volume to 500mL with preheated ddH2O. STIR GENTLY. A lot of foam
will form. Filter 0.22 micron, store at room temperature.
5M NaCl (500mL)
[Final]
NaCl
146.1 g
(5M)
Preheated ddH2O
Bring final volume to 500mL with preheated ddH2O. Filter 0.22 micron, store at room
temperature
25% Triton X-100 (50mL)
[Final]
Triton X-100
12.5 mL
(10%)
Preheated ddH2O
Triton is very viscous. Measure the Triton directly into a 50mL conical tube. Bring final
volume to 50mL with preheated ddH2O. Filter 0.22 micron, store at room temperature.
1M Tris-HCl, pH 7.5 (500mL)
[Final]
Trizma
60.6 g
(1M)
1N HCl
400
mL
ddH2O
Bring final volume to 500mL with ddH2O. Filter 0.22 micron, store at room
temperature.
1M Tris-HCl, pH 8 (500mL)
[Final]
Trizma
60.6 g
(1M)
1N HCl
250
mL
ddH2O
Bring final volume to 500mL with ddH2O. Filter 0.22 micron, store at room
temperature.
10% IGEPAL (50mL)
[Final]
IGEPAL
5
mL
(10%)
Preheated ddH2O
IGEPAL is very viscous. Measure the IPEGAL directly into a 50mL conical tube. Bring
final volume to 50mL with preheated ddH2O. Filter 0.22 micron, store at room
temperature.
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1M LiCl (50mL)
[Final]
LiCl
2.11 g
(1M)
ddH2O
Bring final volume to 50mL with ddH2O. Filter 0.22 micron, store at room temperature.
0.5M EDTA (500mL)
[Final]
EDTA
93.1 g
(0.5M)
NaOH (pellets)
10
g
ddH2O
Time-consuming buffer—start early. Set up a stir bar with ~375mL ddH2O. Pour in the
EDTA (will not dissolve until a certain pH is reached). Pour in about half the NaOH
pellets. Allow them to dissolve. Use the pH meter to monitor continuously, adding a few
pellets and letting them dissolve, until pH 8.0. If you get close, use the 1N NaOH
solution to bring it up slowly. Bring final volume to 500mL with ddH2O. Filter 0.22
micron, store at room temperature.
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Appendix II
PCR Amplification of Gcn5::KanMX4 Deletion Module
Primers
Oligo ID
oBV15
oBV16

Direction
5'-end
3'-end

Tm (oC)
52.4
52.1

Sequence (5’ 3’)
CAAACGCGTGTTAAACAGG
GTTGTATAACAAAGCAAGACGG

PCR Master Mix
ul/rxn
80
10
1.6
2
2
2
97.5ul

ddH2O
10x Pfu Turbo Buffer (Cloned Pfu Buffer)
25mM dNTPs
5’-end primer_oBV15 (20uM)
3’-end primer_oBV16 (20uM)
2.5U/ul Pfu Turbo Pol

[Final]
1x
0.4mM
0.4uM
0.4uM
0.05U/ul

*97.5l of PCR Master Mix is added to 2.5l Gcn5::KanMX4 gDNA template (125ng)
for a total reaction volume of 100l.
PCR Program
Cycles

Temp.
Time
95C
3min
36 cycles 95C
1min
50C
1min
Slow ramp to
5min
68C
68C
8min
4C
Hold
*Ramp 50C to 68C in 0.5C/s increments
Colony PCR_Upstream Reaction
Primers
Oligo ID
oBV3
oBV15

Direction
3'-end
5'-end

Sequence (5’ 3’)
GACTGTCAAGGAGGGTATTC
CAAACGCGTGTTAAACAGG

Tm (oC)
52.2
52.4

Upstream Colony PCR Master Mix
ddH2O
10X Taq buffer

l/rxn
37
5
47

[Final]
1X (1.5mM MgCl2)

25mM dNTPs each
5’-end primer_oBV15 (20uM)
oBV3 (20uM)
Taq (5U/ul)

0.5
0.25mM each
2.5
1uM
2.5
1uM
0.5
2.5U
48l
*48l of Upstream PCR Master Mix is added to 2l of Colony Template to provide a
final reaction volume of 50l.
Upstream Colony PCR Program
Time
HOLD
2m
1m
1m
1m
hold

Temp
48C
95C
95C
50C
72C
4C

Cycles
1
1
35

Colony PCR_Downstream Reaction
Primers
Oligo ID
oBV4
oBV16

Direction
5'-end
3'-end

Sequence (5’ 3’)
CAGTTTCATTTGATGCTCG
GTTGTATAACAAAGCAAGACGG

Tm (oC)
49.4
52.1

Downstream Colony PCR Master Mix
[Final]
l/rxn
ddH2O
37
10X Taq buffer
5
1X (1.5mM MgCl2)
25mM dNTPs each
0.5
0.25mM each
3’-end primer_oBV16 (20uM)
2.5
1uM
oBV4 (20uM)
2.5
1uM
Taq (5U/ul)
0.5
2.5U
48l
*48l of Downstream PCR Master Mix is added to 2l of Colony Template to provide a
final reaction volume of 50l.
Downstream Colony PCR Program
Time
Temp
Cycles
HOLD
48C
1
2m
95C
1
1m
95C
1m
50C
35
1m
72C
hold
4C
ChIP-exo Adaptors and Primers
48

P1-25bp adaptor (15M)
P1-25bp sense
P1-25bp antisense

5’TTCCTCTCTATGGGCAGTCGGTGAT 3’
3’GAAAGGAGAGATACCCGTCAGCCACTA 5’

Length: 25
Length: 27

ICAP-3’over adaptor (15M)
Internal CAP-3’over sense
Internal CAP-3’over antisense

5’ CGCCTTGGCCGTACAGCAG 3’
3’ GCGGAACCGGCA/Phos/5’

Length: 19
Length: 12

bP2 oligo_M1-M16 (15M)
Multi-1 bP2-GGGCTT
Multi-2 bP2-GGTGTG
Multi-3 bP2-AAGGGG
Multi-4 bP2-CCGATG
Multi-5 bP2-CAACGA
Multi-6 bP2-GTGCCC
Multi-7 bP2-GTCTGG
Multi-8 bP2-ACGGAG
Multi-9 bP2-GAAGGG
Multi-10 bP2-GACCGC
Multi-11 bP2-CTCAGG
Multi-12 bP2-AGCGTT
Multi-13 bP2-CGGGTC
Multi-14 bP2-CGTCTG
Multi-15 bP2-TAGCGT
Multi-16 bP2-GCGTTT

3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’
3’

TGTCGTCCCCGAANNNNTCTCTTACTCCTTGGGC
TGTCGTCCCACACNNNNTCTCTTACTCCTTGGGC
TGTCGTCTTCCCCNNNNTCTCTTACTCCTTGGGC
TGTCGTCGGCTACNNNNTCTCTTACTCCTTGGGC
TGTCGTCGTTGCTNNNNTCTCTTACTCCTTGGGC
TGTCGTCCACGGGNNNNTCTCTTACTCCTTGGGC
TGTCGTCCAGACCNNNNTCTCTTACTCCTTGGGC
TGTCGTCTGCCTCNNNNTCTCTTACTCCTTGGGC
TGTCGTCCTTCCCNNNNTCTCTTACTCCTTGGGC
TGTCGTCCTGGCGNNNNTCTCTTACTCCTTGGGC
TGTCGTCGAGTCCNNNNTCTCTTACTCCTTGGGC
TGTCGTCTCGCAANNNNTCTCTTACTCCTTGGGC
TGTCGTCGCCCAGNNNNTCTCTTACTCCTTGGGC
TGTCGTCGCAGACNNNNTCTCTTACTCCTTGGGC
TGTCGTCATCGCANNNNTCTCTTACTCCTTGGGC
TGTCGTCCGCAAANNNNTCTCTTACTCCTTGGGC

5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’
5’

Sense PCR primer (20 uM)
P1-41mer

5’ CCACTACGCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT 3’

Length: 41

Antisense PCR Primer (20M)
Library PCR primer 2

3’ TCTCTTACTCCTTGGGCCCCGTC 5’

ChIP-exo Enzymatic Reaction Mixtures
Polish Mix
Polish Mix
ChIP’d DNA
10x NEBuffer 2
10x BSA (1mg/ml)
3mM dNTPs

1x mix
~45ul
6ul
6ul
1.6ul

x
-
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[Final]
1X
100ug/ml
80uM

Length: 23

T4 DNA pol (3U/ul)

1.5ul
~60ul

4.5U
15ul/rxn

Ligation Mix I
1X (ul)
~47
6
2.5
~60 ul

Ligation Mix I
Polished DNA
10x T4 DNA ligase buff
T4 DNA Ligase (400U/ul)

[Final]

x
-

1x
1.25 kU
8.5ul/rxn

Ligation Mix II
1X (ul)
0.5
1
-

Ligation Mix II
10x T4 DNA ligase buff
T4 DNA Ligase (400U/ul)
-

x

1.5ul/rxn

Fill-in Mix
Fill-in Mix
Ligated DNA
10x BSA (1mg/ml)
10x phi29 rxn buffer
3mM dNTPs
phi29 pol (10U/ul)

1x mix
~37ul
12ul
6ul
3.3ul
1.5ul
~60ul

x
-

[Final]
200ug/ml
1x
165uM
15U

23ul/rxn

Kinase Mix
Kinase Mix
Filled-in DNA
10x T4 DNA ligase buffer
T4 PNK (10U/ul)

1x mix
~52ul
6ul
2ul
~60ul

x
-

[Final]
1x
20U

8ul/rxn

Exonuclease Mix
Exo Mix
Kinased DNA
10x lambda exo rxn buffer
Lambda exonuclease (5U/ul)

1x mix
~52ul
6ul
2ul
~60ul

x
-

[Final]
1x
10U

8ul/rxn

RecJf Mix
RecJf Mix
Exo Digested DNA
10x NEBuffer 2

1x mix
~53ul
6ul

x
-
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[Final]
1x

RecJf exonuclease (30U/ul)

1ul
~60ul

30U
7ul/rxn

TEV Elution Mix
1x mix
500ul
0.5ul
1.25ul

TEV Elution Mix
TEV Elution Buffer
BME
TEV Protease (400U/ul)

x

500ul/rxn

Primer Mix
Primer Mix
Precipitated DNA
ddH2O
10x phi29 rxn buffer
1x BSA (1mg/ml)
3mM dNTPs
Library PCR primer 2 (20uM)

1x
9ul
5ul
2ul
2ul
0.75ul
0.5ul
19.25ul

[Final]
1x
100 ug/ml
112.5 uM
0.5 uM

x
-

10.25ul/rxn

Ligation Mix III
Ligation Mix III
Denatured/extended DNA
ddH2O
10x T4 DNA ligase buff
P1-25bp adaptor (15uM)
T4 DNA Ligase (400U/ul)

1X (ul)
20
49
8
1
2
80

x
-

[Final]
1x
1000U

60ul/rxn

Phi29 Polymerase Program
Temp (˚C)
95
62
30
30
30
65
4

Time
5 min
5 min
10 min
Forever*
20 min
10 min
Forever

*Add 0.75l of phi29 polymerase (10U/l) at 30C ―forever‖ step and then continue with
program
ChIP-exo LM-PCR
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LM-PCR Mix
1x mix (ul)
LM-PCR Mix
DNA(13ul + 20ul ddH20)
33ul
10X PCR Buffer
4ul
25mM dNTPs each
0.5ul
P1-41mer PCR primer (20uM)
1ul
Library PCR primer 2 (20uM)
1ul
5U/ul Taq DNA Pol
0.5ul
40ul

LM-PCR Program
Temp (˚C)
72
95
95
58
72
72
4

Time
20 min
5 min
15 sec
15 sec
1 min
5 min
Forever

Cycles
1
1
25
1
Hold
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x
-

7ul/rxn

[Final]
1X (1.5mM MgCl2)
0.31mM each
0.5uM
0.5uM
2.5U
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