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Abstract

The reversible acetylation of specific lysine residues on core histones regulates gene transcription
in eukaryotes. Since the discovery of GCN5 as the first transcription-regulating histone
acetyltransferase (HAT), a variety of HATs have now been identified and shown to acetylate
different sites on histones as well as on non-histone proteins, including transcription regulators. In
general, purified recombinant HATSs expressed in bacteria or in insect cells are able to acetylate
free histones and sometimes other substrates in vitro. However, such activity is often restricted to
certain substrates and/or is very weak on physiological substrates, such as nucleosomes.
Moreover, it does not reflect the actual scenario inside the cell, where HATSs generally associate
with other proteins to form stable multisubunit complexes. Importantly, these peripheral proteins
significantly influence the functions of the catalytic HAT subunit by regulating its intrinsic
catalytic activity and/or by modulating its target substrate selectivity. In this chapter, we describe
detailed methods for the rapid (two step) and efficient purification of large, multiprotein HAT
complexes from nuclear extracts of mammalian epitope-tagged cell lines, including protocols for
the generation and large-scale suspension culture of these cell lines. These methods have been
used to purify and characterize different human GCN5 HAT complexes that retain activity toward
their physiological substrates in vitro.

Keywords

Transcription; Histone acetyltransferase; Protein complexes; GCN5; Affinity purification; FLAG
tag; S-Sepharose; Cell line

1. Introduction

RNA polymerase Il-mediated transcription in eukaryotes is a tightly regulated multistep
process involving many types of regulatory proteins, such as transcriptional activators and
repressors, different cofactors, and general transcription factors (1). The picture is further
complicated as nuclear genomic DNA is packed into chromatin by both histone and non-
histone proteins, rendering DNA inaccessible to transcription regulators (2). To overcome
this barrier, eukaryotes have evolved to use either ATP-dependent enzymes to move/evict
the nucleosomes or chromatin-modifying enzymes to modify DNA or histone proteins (3).
Indeed, posttranslational modifications of nucleosomal histones have been correlated with
changes in chromatin structure and transcription regulation (4, 5). Although several different
histone modifications have now been identified and shown to play a role in transcription,
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lysine acetylation was the first to be correlated with transcription activation (6) and is the
best characterized.

Mechanistically, histone tail acetylation was first shown to facilitate binding of
transcriptional activators to nucleosomal DNA (7), consistent with findings that active
chromosomal domains are generally associated with hyperacetylated histones (8) while
inactive or heterochromatin domains are associated with hypoacetylated histones (9, 10).
However, a more direct link between histone acetylation and transcription came originally
from the identification of the first histone acetyltransferase (HAT) Gen5 and the first histone
deacetylase (HDAC) Rpd3, two factors that were previously genetically defined as a
coactivator and a corepressor of gene transcription, respectively (11, 12). Thus, the steady-
state acetylation level of histone proteins is accomplished by an intricate balance between
HATSs and HDACs that is important for proper cellular function (13, 14). Acetylation affects
high-order folding of chromatin fibers, loosens the contacts between the DNA and the
nucleosomes, and alters the interactions between histones and non-histone proteins.
Acetylated lysine residues on histone tails are also “marks” that are recognized by
bromodomain-containing proteins, which include components of the transcription machinery
and ATP-dependent nucleosome-remodeling enzymes that displace modified nucleosomes
from promoters (15, 16). Not surprisingly, histone acetylation has been connected with
changes in chromatin that occur not only during transcription, but also during DNA
replication and repair in vivo (17-20). Although histone proteins are the primary targets of
HAT activity, HAT enzymes also acetylate a growing number of non-histone substrates,
including many transcription regulators (21, 22). In this respect, a direct proof that histone
tail acetylation (rather than other non-histone substrate acetylation) is causally linked to
gene activation was provided only relatively recently. This was achieved via reconstitution
of transcription activation on chromatin in vitro with purified components, including a
recombinant coactivator-HAT (p300) and recombinant nucleosomal templates bearing
substitutions of the acetylated lysine residues on the tails of core histones (23, 24).

Based on their catalytic domains, HATSs have been grouped into several families, including
the Genb-related N-acetyltransferases (GNATS) family and the MYST (MOZ, Ybf2/Sas3,
Sas2, and Tip60)-related family (25). As the prototypical HAT, Genb has been the focus of
intense study over the last decade. Although purified, recombinant Gen5 displays HAT
activity on free histones, it fails to acetylate the more physiological, nucleosomal histone
substrates in vitro. This led to the discovery that Genb exists as multisubunit complexes
inside the cell —e.g., SAGA/STAGA [Spt3-Taf-Ada-Gen5 Acetylase] complexes that (1)
can acetylate nucleosomes, (2) are recruited to promoters by DNA-binding activators, and
(3) have HAT activity-dependent transcription coactivator functions on nucleosomal genes/
promoters in vitro and in vivo (26—-33). Importantly, the functions and specificity of the
GCN5 HAT - and most other HATs — depend largely on the context of other subunits within
those complexes (15, 26). Moreover, HAT-associated subunits within these complexes have
additional roles in transcription coactivation, as shown, for instance, for specific GCN5-
associated subunits within SAGA/STAGA complexes, which directly interact with
components of the general/basal transcription machinery (34) or have additional catalytic
activities targeting non-histone proteins (35).
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Several multiprotein HAT complexes have now been identified and characterized in
different model systems and shown to be evolutionarily conserved from yeast to human
(15). However, depending on the organism and the experimental design, different
laboratories utilize different strategies to purify these multiprotein complexes. A successful
purification scheme to purify multisubunit HAT complexes generally contains at least one
highly specific and stringent Affinity separation step that retains only the target protein and
the stably associated subunits, but not proteins that interact only weakly or nonspecifically.
Among all the purification strategies, immunoprecipitation/co-immunoprecipitation (IP/co-
IP) with specific antibodies and Affinity chromatography using epitope tags are the most
commonly used methods (31, 33, 36, 37). In some cases, protein complexes can also be
purified via their Affinity for specific peptides/substrates, such as histone tails. For example,
peptide pull-down assay has been shown to purify histone methyltransferase complexes
(38). Conventional biochemical purification (gel filtration and ion-exchange
chromatography) is, per se, generally not the method of choice, although it can be used as
one additional step to complement the Affinity step (as described below). A summary of
these individual methods with their strengths and weaknesses is given in Table 1.

IP/co-IP experiments are most frequently used to test endogenous association of two or more
proteins. Therefore, they are also suitable techniques to capture endogenous protein
complexes. Typically, an antibody recognizing a particular component of the complex is
incubated with cell lysates followed by immobilization on protein A or protein G resins. The
bound protein complex is then washed extensively to remove the contaminants for
downstream applications. However, there are some limitations with these methods. First, the
antibody of interest may not be commercially available or may not work in IP. Second, the
antibody has to be highly specific with minimal cross-reactivity against other nonspecific
proteins, which might give rise to false-positive results. Therefore, re-1P against another
component of the complex is sometimes performed to validate the interaction.

Another powerful method is immunoAffinity purification with specific monoclonal
antibodies recognizing an epitope tag carried by one of the subunits of the complex (39, 40).
Typically, the protein of interest (bait) is fused to an epitope tag (e.g., FLAG, HA) and then
overexpressed in the cell. To retrieve the bait protein and its cognate protein complexes, an
antibody directed against the tag is used. As a result, many different subunits of the same
complex can be tagged and purified by the same procedure. A variety of expression vectors
containing the tags and the corresponding antibody-immobilized resins are commercially
available. The complexes can be further eluted (in an active form) from the antibody resin
by competition with an excess of epitope peptides.

Often a highly pure protein complex is derived from more than one purification step. This is
because no matter how stringent the purification condition is, it always carries trace amount
of contaminants that are specific to that particular method. A second purification helps
remove the contaminants and also concentrates the sample for downstream applications.
Besides the aforementioned antibody-based purification methods, conventional size-
exclusion and ion-exchange chromatography are also used to fractionate protein complexes
and are most useful in conjunction with an Affinity method (31, 33, 39-41).
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Technically, there are a number of parameters involving protein complex purification. These
include binding affinities between components of the complex, cellular expression level of
each subunit, wash stringency, etc. Therefore, it is important to validate the complex of
interest by a combination of methods. In this chapter, we describe a straightforward, two-
step purification method that has been successful in purifying different human GCN5 HAT-
containing complexes (STAGA and ATAC) for their subunit characterization and for
analysis of their catalytic activities on physiological, nucleosomal histone and non-histone
substrates (31, 33, 42).

2. Materials
2.1. Cell Culture

2.1.1. Equipment and Supplies

1.
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18.

Tissue culture incubators (both a humidified incubator with 5% CO, and a
nonhumidified/non-CO», “reach-in” incubator for large spinner flasks).

Carbon dioxide (CO») gas.

Dulbecco’s modified Eagle’s medium (DMEM; Cellgro).
Minimum essential medium (S-MEM; Gibco).
Penicillin—streptomycin solution (Cellgro).

Fetal bovine serum (FBS).

Bovine calf serum (BCS).

Trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA) solution.
Phosphate-buffer saline (PBS).

Plastic tissue culture dish.

. LipoD293™ DNA In Vitro Transfection Reagent (SignaGen Laboratories).

Geneticin/G418 (Gibco).
Conical tubes (15 and 50 ml).
pIRES vector (Clontech).
FLAG antibody (Sigma).

Spinner flasks and magnetic stirrers for cell suspension culture (many different
types/providers work well).

Trypan blue stain 0.4% (Gibco).

Dounce homogenizer.

2.1.2. Buffers

1

Lysis buffer: 50 mM HEPES, pH 7.9, 250 mM NaCl, 0.1% (v/v) IGEPAL CA-630,
0.2 mM EDTA, 0.2 mM PMSF, 2 mM B-mercaptoethanol.
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2.2. Nuclear Extracts’ Preparation from Mammalian Cells
2.2.1. Buffers

1

Hypotonic buffer: 10 mM Tris—HCI, pH 7.9, 10 mM KClI, 1.5 mM MgCl,.
Autoclave and store at 4°C. To complete the buffer before use, take the required
amount and add to final concentration 10 mM B-mercaptoethanol and 0.2 mM
PMSF.

2x BC-O: 40 mM Tris—HCI, pH 7.9, 40% (v/v) glycerol, 0.4 mM EDTA.
Autoclave and store at 4°C. This is used to make all 1x BC buffers.

BC-500: 20 mM Tris—HCI, pH 7.9, 20% (v/v) glycerol, 0.2 mM EDTA, 500 mM
KCI. To complete the buffer before use, take the required amount and add to final
concentration 10 mM B-mercaptoethanol and 0.2 mM PMSF. (Working BC buffers
are made fresh by diluting 2x BC-O with autoclaved deionized water and
appropriate salt).

2.3. Purification of Multisubunit HAT Complexes
2.3.1. Buffers

1.

BC-330: 20 mM Tris—HCI, pH 7.9, 20% glycerol, 0.2 mM EDTA, 330 mM KCI.
To complete the buffer before use, take the required amount and add to final
concentration 10 mM B-mercaptoethanol, 0.2 mM PMSF, and 0.05% (v/v) IGEPAL
(CA-630).

BC-100: 20 mM Tris—HCI, pH 7.9, 20% glycerol, 0.2 mM EDTA, 100 mM KCI.
To complete the buffer before use, take the required amount and add to final
concentration 10 mM B-mercaptoethanol, 0.2 mM PMSF, and 0.05% IGEPAL
(CA-630).

BC-400: 20 mM Tris—HCI, pH 7.9, 20% glycerol, 0.2 mM EDTA, 400 mM NaCl.
To complete the buffer before use, take the required amount and add to final
concentration 10 mM B-mercaptoethanol, 0.2 MM PMSF, and 0.05% IGEPAL
(CA-630).

1x SDS loading buffer: 60 mM Tris—HCI, pH 6.8, 10% glycerol, 2% (w/v) SDS,
0.1% (w/v) bromophenol blue.

2.3.2. Other Materials and Reagents

1

2
3
4,
5

Thin, round gel-loading tips.

Protein A—Agarose (Pierce).

Anti-FLAG® M2 Affinity Gel/Resin (Sigma).
FLAG® peptide (Sigma).

S-Sepharose Fast Flow (Pharmacia).
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3.1. Cell Culture and Cell Line Generation

1

10.

11.

Culture HEK293 cells (or other mammalian cell line of interest) in a 6-cm culture
dish in DMEM supplemented with 10% FBS and penicillin-streptomycin solution
at 37°C with 5% CO,.

When the cells reach ~95% confluence, decant the medium from the dish and wash
the cells three times with PBS. After the last wash, decant the PBS completely and
add 0.3 ml trypsin-EDTA into the dish. Leave the cells in the incubator for 1 min to
allow detaching (from the dish and from each other). Resuspend the cells in 6 ml
prewarmed DMEM supplemented with 10% FBS and penicillin—streptomycin.

Distribute the cells into two 6-cm culture dishes evenly (each with a total volume
~3 ml). Wait overnight for the cells to attach (see Note 1).

Transfect one dish with 1 ug pFH-GeneX-IRESneo vector containing your gene X
of interest with a FLAG (F) and/or HA (H) epitopes in frame at the N or C terminus
(31). Gene X can be the catalytic HAT subunit (e.g., GCN5) or another subunit of
the multisubunit HAT complex. Transfect the other dish with control empty vector
(pFH-IRESNeo) and handle the control cells in parallel afterward (see Note 2).

Change medium 24 h after transfection.

24 h later, trypsinize the cells from the dish and transfer them into a 50-ml conical
tube containing 45 ml prewarmed DMEM supplemented with 10% FBS and
penicillin-streptomycin. Gently resuspend the cells by pipetting up and down.
Distribute the cells evenly into two 15-cm dishes (~23 ml per dish).

24 h later, add geneticin/G418 to a concentration of 500 pg/ml to select for stably
transfected clones. Select for 2—-3 weeks by changing medium every other day to
refresh the selection drug and remove the dead cells.

Pick single geneticin/G418-resistent colony and subculture in 3.5-cm culture dish
for expansion. Choose several colonies.

Duplicate each clone into two dishes. Use one dish to check for the expression of
your FLAG-tagged protein and the other dish for expansion.

To check for expression, when the cells reach 95-100% confluence, decant the
medium and wash the cells three times with 1-2 ml of PBS. After the last wash, use
a pipettman to remove all the remaining PBS completely.

Add 150 pl of ice-cold lysis buffer to the dish and keep it on ice for 10 min.

1Mammalian cells double approximately every 24 h. Therefore, by the next day, the cells should reach ~95% confluence again.

It is important to select appropriate transfection reagent and perform transfection according to manufacturer’s protocol. To transfect
HEK?293 cells, we use LipoD293™ at 1:3 ratio (DNA [ug]:transfection reagent [ul]). To obtain good transfection efficiency and low
cytotoxicity, transfection conditions should be tested by varying DNA and transfection reagent ratios. Optimal DNA (ug):transfection
reagent (ul) ratio generally lies between 1:0.5-1:5. It may be optimal to transfect the cells again the next day if transfection efficiency

is not good.
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Use a policeman to scrap the cells off the dish and pipet the lysate into a
microcentrifuge tube.

Spin the lysate on a countertop microcentrifuge at 13,000 rpm/10 min/4°C. Take an
aliquot of the supernatant and check for positive clones by SDS-PAGE and western
blotting with the FLAG antibody.

Choose a cell clone that expresses your FLAG -tagged protein and adapt the cells
from monolayer to suspension. To adapt the cells, trypsinize the cells from the dish
and resuspend them gently in SMEM supplemented with 20% FBS in a spinner
flask (see Note 3). The density of suspended cells should be 3-4 x 105 cells/ml (see
Note 4).

24 h later, check the viability of the cells by staining an aliquot (2-3 ml) of the cells
with trypan blue and examine under a microscope (see Note 5).

When the cells reach 7-8 x 10° cells/ml, remove half of the culture medium (i.e.,
half of the cells) and replace with the same amount of fresh SMEM plus 10% FBS
(see Note 6).

Repeat steps 13 and 14 by replacing the medium with different amounts of serum.
In repeat 1, replace the medium with SMEM plus 5% FBS and 5% BCS; in repeat
2, replace with SMEM plus 20% BCS; in repeat 3, replace with SMEM plus 10%
BCS; in repeat 4, replace with SMEM plus 5% BCS. The cells are ready for
expansion after they are adapted to 5% BCS.

Expand the cells to the desired amount (~16 1) for nuclear extracts (NE)’s
preparation. Grow the cells to a density of 1 x 10° cells/ml before harvest (see Note
7).

3.2. Preparation of Nuclear Extracts

All procedures should be performed on ice or in the cold room and finished within the same

day.

Pour the suspended cells into 1-I bottles. Use a Beckman Coulter J6-HC centrifuge
to spin down the cells at 3,000 rpm/10 min/4°C with a JS-4.2 rotor and swinging
buckets. Decant the medium carefully. Repeat the process until all the cells in the
spinner are collected (see Note 8).

3itis important not to use geneticin/G418 during the adaptation process; otherwise, the cells may die.

Depending on the cell type, one 10-cm dish generally equals to 1-2 x 107 cells. Assuming that one 10-cm dish contains 1 x 107
cells, three 10-cm dishes would be 3 x 107 cells. Therefore, cells from three confluent 10-cm dishes can be resuspended into 100 ml of
SMEM plus serum at the density of 3 x 10° cells/ml.

Trypan blue goes inside the dead cells and stains them blue. On the contrary, the live ones are not stained and therefore have a shiny

contour.

6The cell density should be reduced in half but no less than 3 x 105 cells/ml. The cells do not grow if density drops below 3 x 109

cells/ml.

Depending on the cell type, serum concentration, and medium, the density of cells may vary. 16 | of HEK293 cells at a density of 1 x
108 cells/ml typically generate about 30-40 ml nuclear extracts.
Do not decant the medium completely, as this may result in cell loss. Leave approximately 200 ml of medium each time.
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Transfer cells into six 50-ml conical tubes. Use a Beckman Coulter J6-HC
centrifuge to spin down the cells at 2,000 rpm/5 min/4°C (JS-4.2 rotor with
swinging buckets).

Remove the medium and resuspend the cells gently with ice-cold PBS. Transfer the
cell pellet into four 50-ml conical tubes.

Spin down the cells at 2,000 rpm/3 min/4°C, as above.

Remove the supernatant and wash the cells again with ice-cold PBS. Transfer the
cell pellet into two 50-ml conical tubes.

Spin down the cells at 2,000 rpm/3 min/4°C.
Measure packed cell volume (PCV).

Remaove the supernatant and resuspend the cells with 30-40 ml of ice-cold,
complete hypotonic buffer by gently inverting the cells until completely
resuspended.

Spin down the cells at 2,000 rpm/3 min/4°C. Use a pipette to remove the
supernatant carefully (see Note 9).

Add 1/3 PCV ice-cold, complete hypotonic buffer and resuspend cells carefully by
gently inverting the tube.

Swell cells on ice for 10 min.
Pour the cells into a 40 ml ice-cold Dounce homogenizer.

Homogenize the cells on ice using a “B” pestle. To homogenize the cells, slowly
and carefully twist the pestle up and down for 15 strokes (see Note 10).

Use a microscope to check the cell breakage and release of nuclei by staining ~5 pl
of the homogenate with 10-20 ul of trypan blue on a petri dish (see Note 11).

If there is less than 90% cell breakage, give two more strokes and check again.
Repeat this process until more than 90% of the cells have released their nuclei (see
Note 12).

Pour the nuclei from the Dounce homogenizer into a 50-ml conical tube and spin
the nuclei at 3,500 rpm/20 min/4°C (Beckman JS-4.2 rotor with swinging buckets);
measure nuclear pellet volume (NPV) (see Note 13).

Transfer the supernatant (cytoplasmic fraction) to another 50-ml conical tube and
measure the volume (cytoplasmic fraction volume (CFV) (see Note 14).

9The cells swell and increase volume after adding hypotonic buffer.
The time to complete 1 stroke should be ~30 s. Homogenizing the cells too quickly may shear the nuclei. In addition, if the pestle is
not twisted well, the cell membrane may not break.
Intact cells appear large and shiny while released nuclei are intensely stained by Trypan blue and tend to aggregate.
Avoid excessive homogenization, which leads to nuclei breakage and release of DNA/chromatin.
13Typica||y, NPV is 15-18 ml for 16 | of HEK293 cell culture.
14Typically, CFV is 10-12 ml for 16 | of HEK293 cell culture.
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Add 1/4 CFV of 100% glycerol, 1/29 CFV of 3 M KClI, and 1/1,000 CFV of 250
mM EDTA to the cytoplasmic fraction. Gently mix by inverting the tube. Keep it
on ice.

Extract the nuclei by adding 2 NPV of ice-cold, complete BC-500 to the nuclear
pellet (NP). Resuspend the pellet by pipetting up and down several times with a
pipette aid (see Note 15).

Rotate for 1 h at 4°C (see Note 16).

Transfer the nuclei/nuclear extracts mixture and the cytoplasmic fraction into
different centrifuge tubes for Sorvall SS-34 rotor.

Use a Sorvall RC-5B centrifuge (or equivalent) to spin at 14,000 rpm/30 min/4°C.

Transfer the supernatant from the nuclei/nuclear extracts mixture tube into a 50-ml
conical tube and label nuclear extracts.

Scrap off the nuclear pellet into a 50-ml conical tube and label nuclear pellet.

Transfer the supernatant from the cytoplasmic fraction tube into a 50-ml conical
tube and label cytoplasmic extracts (CEs). Discard the pellet.

Keep a small aliquot of NE, NP, and CE.

Snap freeze all these fractions by liquid nitrogen and store at —80°C (see Note 17).

3.3. Purification of FLAG-Tagged Complexes from Nuclear Extracts
3.3.1. First-Step Purification with Anti-FLAG® M2 Affinity Resin

1.

Thaw nuclear extracts on ice (from both control parental cells and cell line
expressing your FLAG-tagged protein).

Transfer 15 ml nuclear extracts into a centrifuge tube for Sorvall SS-34 rotor. Add
10% (v/v) of NP-40 (IGEPAL CA-630) to a final concentration of 0.05%. Mix
gently by inverting.

Spin at 14,000 rpm/20 min/4°C.

Transfer ~14 ml of nuclear extracts into a 15-ml conical tube. Avoid lipid on the
top and pellet at the bottom.

Aliquot 30 ul M2 resin (60 pl 50% slurry) and protein A resin for each 14 ml
nuclear extracts (see Note 18).

Wash the resin three times with ice-cold/complete BC-330. After last wash, keep
the resin as 50% slurry in BC-330 (see Note 19).

L5Nuclear pellet is very dense and viscous. Pipetting up and down for several minutes may be required. It is important to dissociate
the clumps as much as possible to increase the surface area for optimal nuclear extraction.
16Final salt/KCI concentration should be ~333 mM, which should be verified with a conductivity meter.
The protein concentration of the nuclear extracts and the cytoplasmic extracts should be 7-8 mg/ml by using the Bradford protein
guantification method with BSA as a standard.
8Optimal resin/NE volume ratio is ~1/500 for our FLAG-tagged GCN5 complex cell lines, but varies depending on specific tagged
proteins and complexes and must be determined empirically. Avoid the use of too much resin, which increases the “sticking” of

nonspecific contaminants.
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7. Preclear nuclear extracts by adding 30 ul of preequilibrated protein A resin into
each tube. Rotate for 30 min/4°C.

8. Use a Beckman Coulter J6-HC centrifuge to spin down the resin at 2,000 rpm/1
min/4°C (JS-4.2 rotor with swinging buckets).

9. Transfer the nuclear extracts into a new 15-ml conical tube. Avoid taking the
protein A resin at the bottom.

10. Add 30 pl of preequilibrated M2 resin into the precleared nuclear extracts (see Note
20).

11. Rotate for 3 h/4°C (see Note 21).
12. Spin down the resin at 2,000 rpm/1 min/4°C.

13. Transfer the supernatant (unbound) into a new 15-ml conical tube and label M2-1x.
Snap freeze in liquid nitrogen and store at —80°C (see Note 22).

14. Wash the resin with 15 ml of ice-cold/complete BC-330 by gently inverting the
tube.

15. Spin down the resin at 2,000 rpm/1 min/4°C. Carefully remove the wash without
disturbing the resin.

16. Repeat the wash step twice.

17. After the third wash, add 1 ml of ice-cold/complete BC-330 to the 15-ml conical
tube. Gently pipet up and down to resuspend the resin.

18. Transfer the resin into a microcentrifuge tube.

19. Use a countertop microcentrifuge (Eppendorf or equivalent) to spin down the resin
at 2,000 rpm/1 min/4°C. Carefully remove the wash without disturbing the resin.

20. Repeat the wash step twice.

21. Adjust salt concentration to 100 mM by washing the resin twice with 1 ml ice-cold/
complete BC-100.

22. Remove the final wash completely (see Note 23).

23. To elute, add 35 pl of 0.3 mg/ml FLAG peptide solution to the resin and shake it at
900 rpm/30 min/20°C (see Note 24).

24. Spin down the resin at 3,000 rpm/10 s/4°C.

19330 mM s the salt concentration of the nuclear extracts.

Resin may stick to the wall of the tip and microcentrifuge tube. Use the nuclear extracts to pipet up and down several times to wash
the remaining resin into the 15-ml conical tube.

If incubation time is too short, FLAG-tagged complexes may not bind efficiently to the M2 resin; if incubation time is too long,
nonspecific binding and protein degradation may occur.

The unbound fraction may be used up to three times to purify the remaining FLAG-tagged complexes. However, the yield decreases

roportionally.

83To completely remove the final wash, place a gel-loading tip against the bottom of the tube and carefully remove all remaining
buffer. A small amount of resin may stick to the tip. Carefully circle the tip against the wall of the microcentrifuge tube to collect the
tip-bound resin.
24Djlute FLAG peptide in ice-cold/complete BC-100 at a concentration of 0.3 mg/ml.
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25. Use a gel-loading tip to transfer the eluent into a new microcentrifuge tube and
label “Eluate 1.” Be careful not to take the resin. Keep eluate 1 on ice.

26. Repeat the elution step twice. Label the eluates as “Eluate 2” and “Eluate 3.”
27. Snap freeze all the eluates in liquid nitrogen and store at —80°C (see Note 25).

28. Analyze 5-8 pl of each eluate (including the control eluates of mock purifications
from parental untagged cells) by SDS-PAGE and silver staining.

3.3.2. Second-Step Concentration and Purification on S-Sepharose Resin—
Generally, single-step FLAG/M2-purified HAT complexes are suitable for downstream
applications, such as acetylation of histone and non-histone substrates. However, except for
the first eluates of the initial M2 Affinity round of purification, subsequent eluates may be
too diluted; in addition, proteins that bind nonspecifically to the anti-FLAG/M2 resin (e.g.,
Hsp70) are still present. These contaminants can be detected by SDS-PAGE and silver
staining in the control lane containing the mock purification sample from parental cells that
do not express any tagged protein (step 28 above). A simple way to concentrate the pool of
diluted complexes and to remove most of the contaminants (including the excess FLAG
peptide) is to batch adsorb FLAG-tagged complexes onto a small amount of the negatively
charged S-Sepharose (or SP-Sepharose) ion-exchange resin. Most contaminants do not bind
tightly to S-Sepharose as illustrated in Fig. 1, which shows a representative S-Sepharose
purification of GCN5 HAT-containing ATAC complexes isolated from cells expressing the
FLAG-tagged YEATS2 subunit (33).

1. Thaw M2-purified FLAG-tagged HAT complexes on ice (process the control/
mock-purified eluates in parallel).

Pool M2 eluates together (~1 ml total) into one microcentrifuge tube (see Note 26).
Spin on a countertop centrifuge at 13,000 rpm/10 min/4°C.

Transfer 800 pl of the supernatant into a new microcentrifuge tube (see Note 27).

a c D

Adjust final salt concentration to 60 mM KCI by adding 533 ul of ice-cold/
complete 1x BC-0 to a total of 1,333 pl. Gently mix by inverting the tube.

IS

Keep 20 pl as “input.”

7. Aliquot 20 pl of S-Sepharose resin (40 ul of 50% slurry) into a microcentrifuge
tube and wash three times with ice-cold/complete BC-60. After last wash, keep the
resin as 50% slurry in BC-60.

8. Add 20 pl of preequilibrated S-Sepharose resin (40 pl slurry) to the pooled M2
eluates.

9. Rotate for 3 h/4°C.
10. Spin down the resin at 2,000 rpm/1 min/4°C.

25Optional: Repeat the purification (steps 10 — 27) with the unbound protein extracts (step 13) up to twice more.
It is important to check each elution of FLAG-purified complexes by silver staining to decide which eluates are worth pooling.
Minor M2 resin carryover may be at the bottom. Be careful not to take the resin.
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11. Transfer the supernatant into a new microcentrifuge tube and label “S-Sepharose
flow through.”
12. Wash the resin with 1 ml of ice-cold/complete BC-100 by gently inverting the tube.
13. Spin down the resin at 2,000 rpm/1 min/4°C. Keep the wash and label “wash 1.”
14. Repeat the wash step three times and label “wash 2, wash 3, wash 4.”
15. Remove the final wash completely.

16. To elute, add 25 ul of ice-cold/complete BC-400 to the resin (see Note 28). Gently
flick the microcentrifuge tube several times with a finger.

17. Spin down the resin at 3,000 rpm/10 s/4°C.

18. Use a gel-loading tip to transfer the eluate into a new microcentrifuge tube and
label “S-Sepharose eluate 1.”

19. Repeat the elution step up to four times and label accordingly.
20. Add 20 pl of 1x SDS loading buffer to the resin.

21. Analyze 2-4 pl of each eluate by SDS-PAGE and silver staining. Snap freeze the
remaining eluates in liquid nitrogen and store at —80°C.
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Fig. 1.
S-Sepharose fractionation of anti-FLAG/M2-purified ATAC complexes. Shown is a silver-

stained, SDS-PAGE gel containing different S-Sepharose elution fractions. M2-purified,
FLAG-tagged ATAC complexes (M2 input, lane 1) were adsorbed onto S-Sepharose resin
in BC-60, washed with BC-100 (Wash, lane 3), and eluted successively with three resin
volumes (E1-E3) of the indicated BC buffers containing from 200 mM NaCl (BC-200) to
1,000 mM NaCl (BC-1000) and finally with SDS loading buffer (SDSLB). FT unbound
“flow through” fraction. Proteins that bind nonspecifically to M2 agarose (arrow-heads) and
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contaminate the M2-purified complexes (M2 input) do not bind to S-Sepharose (i.e., present
in FT fraction, lane 2). Excess, “free,” FLAG-tagged YEATS2 subunit (asterisks) does not
bind to S-Sepharose either (lane 2).
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Commonly used strategies for protein complex purification
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Approach Strength Weakness
Anti-epitope tag immunoaffinity 1 Highly specific monoclonal 1 Cloning required
antibodies against tag . . .
commercially available 2 Overexpression of ectopic-tagged subunit
2 Standardized and reproducible 3 Potential unnatural interactions
assays introduced by tag
3 No disruption of protein complexes 4 Tag needs to be exposed in the complex
4 Resistant to stringent washing Residual antibody cross-reactivity
conditions
5  Gentle elution of active complexes
by competition with epitope
peptides
Regular IP/Co-I1P 1 No cloning required 1 Specific antibody required
2 Endogenous factors — No 2 Possible disruption of complexes
pleiotropic effect from depending on location of the antigenic
overexpression loci recognized by the antibody.
3 Difficult to eluate the protein complex
without denaturing agents
4 Antibody cross-reactivity
Peptide affinity pull down 1 No cloning required 1 Not generically applicable
2 Endogenous factors — No 2 Requires knowledge of target substrates/
pleiotropic effect from peptides
overexpression L i
3 Complex—peptide interaction may be
weak
4 Nonspecific peptide interactions possible
lon-exchange and gel filtration 1 No cloning required 1 Slow/long procedures
chromatography . .
2 Endogenous factors — No 2 Heterogeneity of complexes complicates
pleiotropic effect from purification
overexpression or tags . . .
3 Complex subunits often dissociate during
3 Purification based on different multiple steps — loss of activity
physical/chemical properties of L i . i
4 Difficult to achieve high purity

distinct complexes
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