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Abstract

The NuA4 lysine acetyltransferase complex acetylates histone and nonhistone proteins and functions in transcription regulation, cell cycle
progression, and DNA repair. NuA4 harbors an interesting duality in that its catalytic module can function independently and distinctly as
picNuA4. At the molecular level, picNuA4 anchors to its bigger brother via physical interactions between the C-terminus of Epl1 and the
HSA domain of Eaf1, the NuA4 central scaffolding subunit. This is reflected at the regulatory level, as picNuA4 can be liberated genetically
from NuA4 by disrupting the Epl1�Eaf1 interaction. As such, removal of either Eaf1 or the Epl1 C-terminus offers a unique opportunity to
elucidate the contributions of Eaf1 and Epl1 to NuA4 biology and in turn their roles in balancing picNuA4 and NuA4 activities. Using high-
throughput genetic and gene expression profiling, and targeted functional assays to compare eaf1D and epl1-CD mutants, we found that
EAF1 and EPL1 had both overlapping and distinct roles. Strikingly, loss of EAF1 or its HSA domain led to a significant decrease in the
amount of picNuA4, while loss of the Epl1 C-terminus increased picNuA4 levels, suggesting starkly opposing effects on picNuA4 regula-
tion. The eaf1D epl1-CD double mutants resembled the epl1-CD single mutants, indicating that Eaf1’s role in picNuA4 regulation
depended on the Epl1 C-terminus. Key aspects of this regulation were evolutionarily conserved, as truncating an Epl1 homolog in human
cells increased the levels of other picNuA4 subunits. Our findings suggested a model in which distinct aspects of the Epl1�Eaf1 interaction
regulated picNuA4 amount and activity.
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Introduction
Chromatin structure facilitates DNA compaction inside the cell nu-
cleus and contributes to the regulation of nuclear processes like
transcription, DNA repair, and DNA replication (Ehrenhofer-Murray

2004; Rando and Chang 2009). The basic building block of chroma-
tin is the nucleosome, which consists of 146 bp of DNA, wrapped
around a histone protein octamer (Luger et al. 1997). Chromatin

structure is dynamic, modulated by a variety of mechanisms in-
cluding histone variants, ATP-dependent chromatin remodeling,
and the posttranslational addition of chemical groups on to the his-

tones. An astounding number of diverse chemical modifications
have been detected on histone proteins to date, of which acetyla-
tion, methylation, and phosphorylation are among the best charac-

terized (Bannister and Kouzarides 2011; Huang et al. 2014).

Histone acetylation is most commonly associated with active
transcription and is regulated by the combined activity of lysine
acetyltransferases (KATs) that deposit the modification, and ly-
sine deacetylases that remove it (Shahbazian and Grunstein
2007; Steunou et al. 2014). Several of these KAT complexes exist
in the budding yeast Saccharomyces cerevisiae, but only one is re-
quired for viability under normal growth conditions, the NuA4
(nucleosome acetyltransferase of H4) complex (Smith et al. 1998;
Clarke et al. 1999). Among histones, NuA4 acetylates the N-termi-
nal tails of H4, H2A, and the H2A variant H2A.Z (Doyon and Côté
2004; Babiarz et al. 2006; Keogh et al. 2006). NuA4 can also acety-
late nonhistone proteins, including, but not limited to, several of
its resident subunits (Lin et al. 2008; 2009; Lu et al. 2011; Mitchell
et al. 2011, 2013; Downey et al. 2015). Functionally, while NuA4
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has a major role in regulating the expression of ribosomal protein
(RP) genes (Reid et al. 2000; Rossetto et al. 2014), it is also closely
linked to cell cycle progression, DNA damage tolerance and re-
pair, and the establishment of heterochromatin–euchromatin
boundaries at subtelomeric regions (Doyon and Côté 2004; Zhang
et al. 2004; Downs et al. 2004; Babiarz et al. 2006; Zhou et al. 2011;
Renaud-Young et al. 2015; Cheng et al. 2018).

In its entirety, the NuA4 complex consists of 13 subunits,
encoded by a mixture of essential and nonessential genes, and
structurally arranged in a modular fashion (Auger et al. 2008).
Several subunits are key to NuA4’s core biochemical function
and composition. Chief among them is Esa1/Kat5, the catalytic
subunit encoded by an essential gene (Smith et al. 1998). Esa1/
Kat5 partners with Epl1, Yng2, and Eaf6 to form the catalytic sub-
module of NuA4. An important feature of the catalytic submod-
ule is the evolutionarily conserved EpcA (Enhancer of Polycomb
A) domain found at the N-terminus of Epl1, which interacts with
Esa1/Kat5 and the other subunits to coordinate submodule as-
sembly (Boudreault et al. 2003; Selleck et al. 2005; Xu et al. 2016).
More broadly, the components of the NuA4 catalytic submodule
collectively support Esa1/Kat5 activity, providing structural sta-
bility, orienting Esa1/Kat5, and mediating its interaction with the
nucleosome substrate (Boudreault et al. 2003; Selleck et al. 2005;
Chittuluru et al. 2011; Xu et al. 2016; Steunou et al. 2016; Searle
et al. 2017). In addition to being integral to NuA4 catalytic sub-
module composition, Epl1 anchors this entity to the rest of NuA4.
Specifically, through residues located in its C-terminal half, Epl1
interacts with Eaf1, a protein that serves as the scaffold for NuA4
assembly. This interaction involves regions located in the Eaf1 N-
terminus, including its HSA domain and a highly charged region
adjacent to it (Boudreault et al. 2003; Auger et al. 2008; Setiaputra
et al. 2018; Wang et al. 2018). Beyond the catalytic module, the
remaining NuA4 subunits form 3 additional submodules that are
also anchored to the Eaf1 scaffold (Auger et al. 2008; Szerlong
et al. 2008; Rossetto et al. 2014; Setiaputra et al. 2018; Wang et al.
2018). The function of each of these submodules in the context of
NuA4 biology is less well understood but include auxiliary roles
in chromatin binding and recruitment of NuA4 to specific geno-
mic locations (Brown et al. 2001; Lu et al. 2009; Zhou et al. 2010;
Rossetto et al. 2014; Sathianathan et al. 2016; Steunou et al. 2016;
Klein et al. 2018; Gómez-Zambrano et al. 2018).

The established role of Eaf1 as a central scaffold for NuA4 sub-
modules presents an interesting conundrum. Specifically, con-
trary to Esa1/Kat5, Eaf1 is encoded by a nonessential gene (Auger
et al. 2008). At the same time, cells lacking EAF1 have reduced
tetra-acetylated H4 levels and are sensitive to a wide range of
genotoxic agents, much like strains defective in Esa1/Kat5 func-
tion (Kobor et al. 2004; Krogan et al. 2004). In its most basic inter-
pretation, this suggests that some level of Esa1/Kat5 activity
must remain in eaf1D mutants despite the integrity of the entire
NuA4 complex being greatly compromised (Auger et al. 2008;
Mitchell et al. 2008). One explanation for this seemingly counter-
intuitive finding is the fact that the NuA4 catalytic submodule
can actually exist and function on its own as a smaller complex
called piccolo NuA4 (picNuA4) (Boudreault et al. 2003). It is in-
triguing that at the subunit composition level, picNuA4 is identi-
cal to the catalytic submodule of NuA4. At the same time, these
complexes have distinct roles within the cell. For instance,
picNuA4 catalyzes nontargeted global histone acetylation in vivo,
while NuA4 performs locus-specific histone acetylation.
Furthermore, picNuA4 preferentially acetylates nucleosomes
over free histones in vitro, while NuA4 acetylates both to the

same extent (Reid et al. 2000; Boudreault et al. 2003; Nourani et al.
2004; Selleck et al. 2005; Friis et al. 2009; Uprety et al. 2015).

Adding to the complexity of the relationship between NuA4
and its smaller cousin, removal of either Eaf1 or the Epl1 C-termi-
nus via genetic means liberates picNuA4 from the rest of the
NuA4 complex (Boudreault et al. 2003; Auger et al. 2008; Mitchell
et al. 2008). While this has been clearly established, a remaining
key question is whether these perturbations result in similar lev-
els of picNuA4 activity and NuA4-related defects, respectively.
Here, we address this question by directly comparing the effects
of losing the entire Eaf1 protein vs. the Epl1 C-terminus using a
variety of approaches. While large-scale genetic and gene expres-
sion analyses revealed commonalities between the eaf1D and
epl1-CD mutants, these also highlighted clear differences, indicat-
ing unique contributions to picNuA4 and NuA4 function. In addi-
tion, both the eaf1D and eaf1 HSAD mutant had more severe
defects than the epl1-CD mutants across a spectrum of analyses.
Perhaps most strikingly, several Eaf1 associated defects were par-
tially rescued by removal of the Epl1 C-terminus. These included
growth phenotypes and bulk H4 and H2A.Z acetylation, as well
as substantial effects relating to the abundance of picNuA4,
which were decreased in the eaf1D mutant but robustly increased
upon truncation of the Epl1 C-terminus, regardless of EAF1 sta-
tus. This activity was likely evolutionarily conserved in humans,
as truncating a known Epl1 homolog resulted in similar increases
to the levels of other picNuA4 subunits. Taken together, this
work suggested distinct roles for Eaf1 and Epl1 in regulating the
assembly, function, and most likely the balance of NuA4 and
picNuA4 levels in the cell, an effect mediated at least in part
through an intricate interplay between the Epl1 C-terminus and
the HSA domain of Eaf1.

Materials and methods
Yeast strains, plasmids, and yeast techniques
All strains used in this study were generated using standard ge-
netic techniques (Ausubel 1987) and are listed in Table 1. Strains
for Epistatic Mini-Array Profiling (E-MAP) and mRNA expression
profiling were derived from BY4741 as per standard procedure for
those methods, while all other experiments used strains created
in the W303 background. Complete gene deletions, EPL1 trunca-
tions, and 30 end integration of in-frame epitope tags [HA, tandem
affinity purification (TAP), 3xFLAG, or eGFP] were achieved using
the 1-step gene integration of PCR-amplified modules method
(Longtine et al. 1998; Gelbart et al. 2001). Integrated modules were
generated using the KAPA HiFi HotStart DNA Polymerase follow-
ing manufacturer protocol (Roche). All double mutant strains
were generated by mating, sporulation, and tetrad dissection.

The EPL1 and EAF1 genes were PCR amplified from genomic
DNA using the KAPA HiFi HotStart DNA Polymerase (Roche) and
cloned into the pRS315 (LEU2) and pRS316 (URA3) centromeric
vectors, respectively. The epl1-K648R point mutant and internal
deletions of EAF1 were made by adapting the QuikChange site-
directed mutagenesis method (Agilent). For recombinant expres-
sion in Escherichia coli, pET15-HIS-eaf1-(1-538) was subcloned into
pET28a using NdeI and HindIII restriction sites to generate
pET28a-HIS-eaf1-(1-538). All plasmids were confirmed by DNA se-
quencing and are listed in Table 2, and primer sequences used
for cloning can be found in Supplementary Table 1.

Immunoblotting
To determine bulk protein and histone acetylation levels, whole
cell extracts were prepared using glass bead lysis in the presence
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of trichloroacetic acid (Foiani et al. 1994) and analyzed by immu-
noblotting. Antibodies against H4 (Abcam), tetra-acetylated H4
(Upstate), H4K5ac (Millipore), H4K8ac (Abcam), H4K12ac (Active
Motif), H4K16ac (Millipore), H2A.Z (Active Motif), H2A.Z K14ac
(Upstate), rabbit IgG (Millipore), FLAG (Sigma), and Pgk1 (Life
Technologies) were purchased from the indicated vendors while

antibodies against Esa1/Kat5 and Eaf1 were described previously

(Allard et al. 1999; Auger et al. 2008). Immunoblots were scanned

with the Odyssey Infrared Imaging System (Licor) and quantified

using Image Studio (Licor).

E-MAP
E-MAP assays were performed as described previously

(Schuldiner et al. 2006). Using a Singer robot, EAF1 and EPL1

alleles were crossed to a library of 1,536 mutants representing

genes involved in transcription, RNA processing, and chromatin

biology. All strains were screened in triplicate and scores were

calculated as previously described (Collins et al. 2006; Schuldiner

et al. 2006). The full E-MAP profiles generated and used for our

specific analyses can be found in Supplementary File 1. Genetic

interactions with S scores greater than 2 or less than �2.5 were

deemed significant.

mRNA expression profiling
Gene expression profiling was performed as described previously

(van de Peppel et al. 2003). EAF1 and EPL1 alleles were processed

4 times from 2 independently inoculated cultures. Dual-channel

70-mer oligonucleotide arrays were used with a common refer-

ence wild-type RNA. After RNA isolation, all steps were operated

using robotic liquid handlers. Scores were calculated as previ-

ously described (van de Peppel et al. 2003; van Bakel and Holstege

2004). Differentially expressed genes were determined using a

P-value of <0.01 and a minimum fold change of >1.7 compared

to wild type (van Wageningen et al. 2010). Database for

Annotation, Visualization, and Integrated Discovery (DAVID) was

used for Gene Ontology (GO) enrichment analysis using the list of

genes present in the array as the background, and the Benjamini–

Hochberg method for multiple testing correction (Huang et al.

2009a,b).

Growth and genotoxic sensitivity assays
Overnight cultures grown in YPD were diluted to OD600 0.5. Cells

were 10-fold serially diluted and spotted onto solid YPD plates or

plates with 0.005% methyl-methanesulfonate (MMS), 50 mM hy-

droxyurea (HU), or 1% formamide. For strains containing URA3

plasmids, the cultures were grown in SC-URA media overnight

and spotted onto SC-URA plates with or without the indicated

genotoxic agents. Plates were incubated at the indicated temper-

ature for 3 days.

Table 1. Yeast strains used in this study.

Strain number Relevant genotype

MKY583 BY4741, MATa, his3D1 leu2D0 LYS2
met15D0 ura3D0 Dcan1::MATaPr-HIS3
Dlyp1::MATaPr-LEU2

MKY1419 MKY583, eaf1 1-982-3xHA::NAT
MKY1428 MKY583, eaf1D-3xHA::NAT
MKY1429 MKY583, EPL1-3xFLAG::KAN
MKY1430 MKY583, epl1(1-485)-3xFLAG::KAN
MKY1431 MKY583, epl1(1-380)-3xFLAG::KAN
MKY1432 BY4742, MATa his3D1, leu2D0, lys2D0,

ura3D0
MKY1433 MKY1432, eaf1 1-982-3xHA::NAT
MKY1442 MKY1432, eaf1D-3xHA::NAT
MKY1443 MKY1432, EPL1-3xFLAG::KAN
MKY1444 MKY1432, epl1(1-485)-3xFLAG::KAN
MKY1445 MKY1432, epl1(1-380)-3xFLAG::KAN
MKY6 W303, MATA, ADE2, can1-100 his3-11

leu2-3,112 trp1-1 ura3-1 lys2D
MKY1762 MKY6, EPL1-TAP::TRP
MKY1763 MKY6, EPL1-TAP::TRP, eaf1::HIS
MKY1764 MKY6, epl1(1-485)-TAP::TRP
MKY1765 MKY6, epl1(1-485)-TAP::TRP, eaf1::HIS
MKY1766 MKY6, epl1(1-380)-TAP::TRP
MKY1767 MKY6, epl1(1-380)-TAP::TRP, eaf1::HIS
MKY1768 MKY6, pRS316
MKY1769 MKY6, EPL1-TAP::TRP, [pRS316]
MKY1770 MKY6, EPL1-TAP::TRP, eaf1::HIS [pRS316]
MKY1771 MKY6, EPL1-TAP::TRP, eaf1::HIS [pRS316,

EAF1]
MKY1772 MKY6, EPL1-TAP::TRP, eaf1::HIS [pRS316,

eaf1-HSAD]
MKY1773 MKY6, EPL1-TAP::TRP, eaf1::HIS [pRS316,

eaf1-SANTD]
MKY1774 MKY6, EPL1-TAP::TRP, eaf1::HIS [pRS316,

eaf1-HSADSANTD]
MKY1775 MKY6, epl1(1-485)-TAP::TRP, eaf1::HIS

[pRS316]
MKY1776 MKY6, epl1(1-485)-TAP::TRP, eaf1::HIS

[pRS316, EAF1]
MKY1777 MKY6, epl1(1-485)-TAP::TRP, eaf1::HIS

[pRS316, eaf1-HSAD]
MKY1778 MKY6, epl1(1-485)-TAP::TRP, eaf1::HIS

[pRS316, eaf1-SANTD]
MKY1779 MKY6, epl1(1-485)-TAP::TRP, eaf1::HIS

[pRS316, eaf1-HSADSANTD]
MKY2048 MKY6, EPL1-3xFLAG::KAN
MKY2049 MKY6, EPL1-3xFLAG::KAN, eaf1::HIS
MKY2050 MKY6, epl1(1-485)-3xFLAG::KAN
MKY2051 MKY6, epl1(1-380)-3xFLAG::KAN
MKY7 W303, MATA, ade2-1, can1-100 his3-11

leu2-3,112 trp1-1 ura3-1
DSY191 MKY7, epl1(1-380)-GFP::URA
DSY192 MKY7, epl1(1-485)-GFP::URA
DSY197 MKY7, EPL1-GFP::URA
MKY399 W303, MATa, ADE2, can1-100 his3-11

leu2-3,112 trp1-1 ura3-1
MKY2097 MKY399, epl1::HIS [pRS315, 3xFLAG-EPL1]
MKY2098 MKY399, epl1::HIS [pRS315, 3xFLAG-

epl1K648R]
MKY2099 MKY399, epl1::HIS, eaf1::KAN [pRS315,

3xFLAG-EPL1]
MKY2100 MKY399, epl1::HIS, eaf1::KAN [pRS315,

3xFLAG-epl1K648R]

Table 2. Yeast plasmids used in this study.

Name Description Source

pRS316 URA3 ARS-CEN
pMK570 URA3 ARS-CEN EAF1, expressed using

endogenous promoter
This study

pMK571 URA3 ARS-CEN eaf1-HSAD (D1042–1254) This study
pMK572 URA3 ARS-CEN eaf1-SANTD (D1936–2121) This study
pMK573 URA3 ARS-CEN eaf1-HSADSANTD

(D1042–1254, 1936–2121)
This study

pMK664 pET28a HIS-eaf1-(1-538) This study
pRS315 LEU2 ARS-CEN
pMK701 LEU2 ARS-CEN 3xFLAG-EPL1 This study
pMK702 LEU2 ARS-CEN 3xFLAG-epl1-K648R This study
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RT-quantitative PCR
Yeast cultures were grown in YPD to an OD600 of 0.5. RNA was

extracted and purified using the Qiagen Rneasy Mini Kit as per

manufacturer protocol. cDNA was synthesized using the

QuantiTect Reverse Transcription Kit (Qiagen). cDNA was ana-

lyzed using a Rotor-Gene 6000 (Qiagen) and PerfeCTa SYBR green

FastMix (Quanta Biosciences). mRNA levels were normalized to

TUB1 mRNA levels. Samples were analyzed in triplicates from 3

independent RNA preparations. Primer sequences are listed in

Supplementary Table 1.

Chromatin immunoprecipitation-quantitative
PCR
Chromatin immunoprecipitation (ChIP) experiments were per-

formed as described previously (Schulze et al. 2009). Briefly, yeast

cells (500 ml for histone ChIP and 250 ml for Epl1-FLAG ChIP)

were grown in YPD to an OD600 of 0.5–0.6 and crosslinked with 1%

formaldehyde for 20 min before chromatin extraction. Chromatin

was sonicated (Bioruptor, Diagenode; 10 cycles, 30 s on/off, high

setting) to yield an average DNA fragment of 500 bp. Anti-tetra-

acetylated H4 (Upstate), or anti-FLAG (Sigma) antibodies coupled

to 60 ll of protein A magnetic beads (Invitrogen) were incubated

with each sample. After reversal of crosslinking and DNA purifi-

cation, the immunoprecipitated and input DNA were analyzed by

quantitative PCR (qPCR). Samples were analyzed in triplicate

from 3 independent ChIP experiments. H4 acetylation was nor-

malized to % input (0.7%), while Epl1-FLAG occupancy was nor-

malized to an intergenic region of Chromosome V (Keogh and

Buratowski 2004). Primers used are listed in Supplementary

Table 1.

Chromatin association assay
Chromatin association assays were performed as previously de-

scribed (Wang et al. 2009). Cells were diluted to OD600 0.15 and

collected at logarithmic phase. Cells were resuspended in pre-

spheroplast buffer [100 mM PIPES/KOH (pH 9.4), 10 mM DTT, 0.1%

sodium azide] and incubated with rotation for 10 min at room

temperature, followed by incubation with 20 mg/ml Zymoylase-

100T (Seikagaku Corporation) for 20 min at 37�C. The resulting

spheroplasts were washed with wash buffer [50 mM HEPES/KOH

(pH 7.5), 100 mM KCl, 2.5 mM MgCl2, 0.4 M sorbitol] and resus-

pended in an equal volume of EB [50 mM HEPES/KOH (pH 7.5),

100 mM KCl, 2.5 mM MgCl2, 1 mM DTT, 1 mM PMSF, and

Complete Protease Inhibitor cocktail; Roche]. Spheroplasts were

lysed with 1% Triton X-100. Whole cell extract samples were

saved, and the remaining lysate was centrifuged through a su-

crose gradient (EB þ 0.25% Triton X-100 and 30% sucrose) sepa-

rating the chromatin bound proteins from the rest (supernatant

fraction). All 3 fractions were analyzed by SDS–PAGE and immu-

noblotting. Rabbit IgG (Millipore) was used to detect Epl1-TAP,

and antibodies against Pgk1 (Life Technologies) and H4 (Abcam)

were used as controls for the supernatant and chromatin frac-

tions, respectively.

Fluorescence microscopy
eGFP-tagged strains were grown to mid-log phase in SC-URA

media. 2.5 lg/ml of DAPI was added to the culture and incubated

for 30 min. Live cells were applied to glass slides and visualized

using an Olympus Fluoview FV1000 laser scanning confocal

microscope.

TAP of yeast NuA4 and picNuA4 complexes
Immunoprecipitation of native protein complexes was performed
from 1 l of cultures that were harvested at an OD600 of 1.00.
Large-scale purification was adapted from a previously described
protocol with minor modifications (Mitchell et al. 2008). Cells
were lysed using a KRUPS coffee grinder with dry ice pellets and
subsequently resuspended in TAP buffer [20 mM HEPES (pH 8),
350 mM NaCl, 10% glycerol, 0.1% Tween-20, 1� phosphatase in-
hibitor mix, and Complete Protease Inhibitor cocktail]. NP-40 was
added to a final concentration of 1% prior to centrifugation at
3,000� g for 10 min at 4�C. Crude extracts were incubated for 3 h
at 4�C with 200 ml of IgG (Millipore) crosslinked to M-270 Epoxy
beads (Invitrogen). Beads were washed 3 times with 4 ml of TAP
buffer. Protein complexes were eluted in 30 ml of 0.1 M citrate (pH
3.1), loaded into a 4–20% gradient gel (Bio-Rad), and silver stained
or used for immunoblotting as described above.

In vitro Epl1 and Eaf1 small-scale interaction
assays
Binary interaction assays using recombinant proteins were done
using 0.7 g of T7 Express E. coli (NEB) coexpressing His-Eaf1(1-538)
and either GST, GST-Epl1(1-485), or GST-Epl1(486-833). Cells were
lysed by sonication in lysis buffer [50 mM Tris (pH 7.0), 150 mM
NaCl, 0.1% Triton X-100, 5% glycerol, 0.5 mM DTT, and 2 mM
PMSF]. Lysates were cleared by centrifugation at 23,600 � g for
30 min and the supernatant was incubated with 150 ll of gluta-
thione agarose resin (Thermo Fisher) for 1 h. The resin was
washed with 1 ml of wash buffer (Lysis buffer without PMSF and
DTT). Protein was eluted from the beads through boiling in SDS
sample buffer.

Purification of human picNuA4 complexes
pRevCMV-3FLAG and pCDNA3-HA-based vectors for expression
in mammalian cells were constructed using standard procedures.
Purification of human picNuA4 complexes from transient trans-
fections was performed in HEK293T cells. Cells were transfected
near confluency by the calcium phosphate method with 5 mg of
each plasmid (pRevCMV for 3FLAG-EPC1 constructs/truncations
and pCDNA3 for HA-Tip60/Kat5, HA-ING3, and HA-MEAF6) per
150-mm plate. Transfection efficiency was monitored with a
GFP-expressing vector. Cells were harvested 48 h posttransfec-
tion, and whole cell extracts were prepared followed by anti-
FLAG immunoprecipitation and elution as previously described
(Avvakumov et al. 2012; Lalonde et al. 2013). Proteins representing
various NuA4 subunits were detected via immunoblotting using
the following antibodies: anti-Tip60 (Santa Cruz), anti-ING3
(Abcam), anti-MEAF6 (Abcam), anti-FLAG M2-HRP (Sigma), and
anti-Brd8 (Bethyl).

Results
High-throughput genetic interaction and gene
expression analysis of eaf1D and epl1-CD mutants
revealed functional differences
The interaction between Eaf1 and the Epl1 C-terminus anchors
picNuA4 to the rest of the NuA4 complex (Boudreault et al. 2003;
Auger et al. 2008; Mitchell et al. 2008). As such, genetic manipula-
tions that remove either Eaf1 or the Epl1 C-terminus and thus de-
couple picNuA4 from NuA4 have been widely used to examine
the function and regulation of picNuA4. However, whether these
manipulations result in similar consequences to NuA4 and
picNuA4 activity remains unclear. Thus, to understand how Eaf1
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and Epl1 contribute to cellular function and the biology of NuA4,
we first analyzed eaf1D and EPL1 C-terminal truncation mutants
using a combination of E-MAP and gene expression microarrays.
Here, we included 2 previously described epl1-CD mutants
(Boudreault et al. 2003): epl1(1-485) and epl1(1-380), which remove
various portions of the Epl1 C-terminus without disrupting the N-
terminal region and the conserved EpcA domain important for
picNuA4 assembly (Boudreault et al. 2003; Selleck et al. 2005;
Fig. 1a). Reassuringly, both Epl1 truncations also recapitulated
the cellular localization of the full length Epl1 protein, being
found primarily in the cell nucleus (Supplementary Fig. 1).

We used E-MAP to generate high-throughput genetic interac-
tion profiles for the eaf1D and epl1-CD mutants to compare the
roles of EAF1 and EPL1 in cellular function. Consistent with both
Eaf1 and Epl1 being components of the NuA4 complex, their over-
all genetic interaction profiles were positively correlated, al-
though we note that the 2 epl1-CD mutants had stronger
correlations to one another than to the eaf1D mutant (Fig. 1b). At
a more granular level, focusing on genes and complexes broadly
related to NuA4 biology, at least 3 different categories of genetic
interactions could be clearly visualized (Fig. 1c). First, we identi-
fied genes that had the same general patterns of genetic interac-
tions between the eaf1D and the 2 epl1-CD mutants, whether they
were positive or negative. This category included the osmotic
stress response genes BRE5, UBP3, and HOG1 (Solé et al. 2011),
genes encoding subunits of the CCR4-NOT transcription regula-
tory complex, and genes involved in the DNA damage response.
A second set of genes had distinct patterns between the mutants,
especially when we compared eaf1D to the 2 epl1-CD mutants.
The most obvious examples of this set included genes encoding
subunits of the COMPASS histone methyltransferase complex
and subunits of various histone deacetylases (HOS2, HDA1), while
genes encoding the SAS, HAT2 and SAGA complexes showed a
similar, but more nuanced trend. The third, and perhaps most
ambiguous category were complexes where the type of interac-
tion with our specific mutants varied depending on individual
genes of a complex or process. This latter category included
NuA4 itself, as well genes involved in ribosome biogenesis. A
more quantitative analysis of our genetic interaction profiles con-
firmed these general gene and complex-focused trends (Fig. 1d).
Specifically, while there were a substantial number of shared
positive and negative interactions between eaf1D, and the 2 epl1-
CD mutants, there were also at least as many unique interactions
especially when we contrasted eaf1D to the 2 epl1-CD mutants
combined. We do note that despite encoding different versions of
the same gene, the 2 epl1-CD mutants each had a fair number of
allele-specific genetic interactions, both when compared to the
eaf1D mutant but also among themselves (Fig. 1d).

Consistent with the genetic interaction findings, the gene ex-
pression profiles of the eaf1D and epl1-CD mutants were also
highly correlated, while at the same time displaying clear differ-
ences. Again, we found that the 2 epl1-CD mutants were more
similar to one another than to the eaf1D mutant (Fig. 2, a and b)
even though the shorter epl1(1-380) mutant had more significant
(fold change �1.7 and P � 0.01) gene expression alterations com-
pared to the longer epl1(1-485) mutant (Fig. 2c). Overall, a total of
118 genes showed significantly decreased mRNA levels in the
eaf1D and epl1-CD mutants compared to wild type, an effect con-
sistent with NuA4 being involved in gene activation (Doyon and
Côté 2004) (Fig. 2c). However, we note that a total of 180 genes
showed significantly increased mRNA levels in the mutants, indi-
cating possible repressive or indirect functions for NuA4.
Collectively, 18 downregulated and 61 upregulated genes

changed significantly in all 3 mutants (Fig. 2c). The latter were in-
volved in “response to temperature stimulus” (P-
value¼ 3.00E�19) and metabolic processes like “carbohydrate
catabolic process” (P-value¼ 7.30E�05), “glycoside metabolic
process” (P-value¼ 1.60E�04), and “protein catabolic process” (P-
value¼ 2.7E�04), while the former had no significantly enriched
terms via GO enrichment analysis. However, we also identified
unique enrichments for the eaf1D and epl1-CD mutants; genes
upregulated in the eaf1D mutant only were enriched for pathways
involved in “transposition” (P-value¼ 4.40E�03) and “cell death”
(P-value¼ 3.50E�03), while genes uniquely downregulated had
no significantly enriched pathways. Although several genes were
uniquely affected in the epl1-CD mutants, these were not
enriched for any GO categories. Taken together, the high-
throughput genetic and gene expression profiling data suggested
both shared and unique roles for EAF1 and EPL1 in cellular pro-
cesses and in the biology of NuA4.

The eaf1D and epl1-CD mutants differed in their
impact on cell growth and bulk histone H4 and
H2A.Z acetylation
Given the differences observed at the level of genetic interaction
and gene expression profiles, we next sought to determine how the
eaf1D and epl1-CD mutants related to one another in the context of
previously described NuA4-associated phenotypes. To this end, we
generated eaf1D epl1(1-380) and eaf1D epl1(1-485) double mutants
via mating and tetrad dissection and examined the effect of the
eaf1D and epl1-CD single and double mutants on cell growth, bulk
H4 and H2A.Z acetylation, and promoter H4 acetylation and ex-
pression of representative RP genes. Consistent with previous
reports (Boudreault et al. 2003; Auger et al. 2008), the eaf1D and epl1-
CD mutants had severe growth defects when exposed to MMS, HU,
and formamide (Fig. 3a). While the eaf1D and epl1(1-380) mutants
had similar growth defects, the longer epl1(1-485) mutant had less
severe phenotypes compared to both the eaf1D and epl1(1-380)
mutants, most clearly seen upon MMS exposure. We note that un-
der these conditions, the eaf1D epl1(1-485) double mutant mirrored
the epl1(1-485) mutant phenotype, suggesting that the effect of
EAF1 was dependent on the presence of the Epl1 C-terminus.

We next examined the effects of the eaf1D and epl1-CD single
and double mutants on bulk H4 and H2A.Z acetylation. As
reported previously (Kobor et al. 2004; Krogan et al. 2004; Babiarz
et al. 2006), the eaf1D mutant had decreased tetra-acetylated H4
and H2A.Z K14ac levels compared to wild type (Fig. 3, b and c). In
contrast, the epl1(1-380) mutant had no appreciable effect on
tetra-acetylated H4 but did have decreased H2A.Z K14ac levels,
while the longer epl1(1-485) mutant had no effect on either H4
acetylation or H2A.Z K14ac levels. These data thus revealed not
only differences to the eaf1D mutant but also some nuanced ones
between the 2 epl1-CD mutants. Perhaps more interestingly, the
H2A.Z and H4 acetylation levels in the eaf1D epl1-CD double
mutants resembled those observed in the respective epl1-CD sin-
gle mutants. Specifically, the H4 acetylation defect present in the
eaf1D single mutant was normalized in both double mutants,
while the epl1(1-485) mutant also normalized the H2A.Z acetyla-
tion defects. Since previous reports also examined lysine-specific
H4 acetylation in eaf1D mutants and arrived at contrasting find-
ings (Kobor et al. 2004; Auger et al. 2008), we also measured the
levels of H4K5ac, K8ac, K12ac, and K16ac individually
(Supplementary Fig. 2). Compared to wild type, the eaf1D mutant
had very modest decreases in H4K5ac and K12ac and no decrease
in K16ac, while wild type levels of acetylation were observed in
the epl1-CD single and corresponding double mutants across all 3
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lysine sites. In the case of H4K8ac, however, we observed a sur-
prising increase in acetylation in the epl1-CD mutants, while the
eaf1D single mutant had wild-type levels.

Given that NuA4 recruitment and subsequent H4 acetylation
plays a key role in RP gene regulation (Reid et al. 2000), we next ex-
plored whether the differences in bulk H4 tetra-acetylation

Fig. 1. Genetic interaction analysis revealed similarities and distinctions between eaf1 and epl1 mutants. a) Schematic representation of the epl1-CD
mutations. The conserved EpcA domain is shown, along with the alanine and glutamine rich regions. b) Spearman’s rho correlation of genetic
interaction profiles of wild type and the indicated mutant strains. Yellow and blue indicate positive and negative correlations respectively.
c) Representative genetic interactions for the eaf1D and epl1-CD mutants with genes encoding subunits of the indicated complexes. Blue indicates
aggravating interactions, yellow represents alleviating interactions, and gray denotes missing data. d) Venn diagrams showing significant negative and
positive genetic interactions between eaf1D, epl1(1-485), and epl1(1-380).
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observed between the eaf1D and epl1-CD mutants were also associ-
ated with specific RP gene promoter acetylation and gene expres-
sion patterns. In contrast to the bulk findings, the eaf1D and epl1-
CD mutants had decreased promoter H4 acetylation at 3 represen-
tative RP genes: RPL19B, RPS11B, and RPS3 (Fig. 3d), an effect also
seen in the eaf1D epl1-CD double mutants. In addition, the mRNA
levels of all 3 genes decreased for the eaf1D, epl1(1-380), and eaf1D

epl1-CD mutants in comparison to wild type. In contrast, the epl1(1-
485) mutant showed no decrease in mRNA levels. As such, our
results indicated that, while loss of the Epl1 C-terminus was suffi-
cient to overcome the global H4 tetra-acetylation defects in an
eaf1D background, the suppression did not extend to gene loci spe-
cifically targeted by the full NuA4 complex.

In addition to the RP genes, we examined promoter acetylation
and mRNA levels from 4 additional genes (BIO5, AQR1, PES4,

INH1) which showed altered expression in the microarray data in
either the eaf1D or epl1-CD mutants (Fig. 2a). In comparison to
wild type, the mRNA levels increased for both PES4 in the epl1-CD

and eaf1D epl1-CD mutants, and for INH1 in the epl1(1-380) and
eaf1D epl1-CD mutants (Supplementary Fig. 3a). In contrast to the
RP genes, none of the mutants showed differences in H4 acetyla-
tion at the promoters of tested loci (BIO5, AQR1, PES4, INH1)
(Supplementary Fig. 3b).

The Epl1 C-terminus was required for its
association with chromatin
To understand the molecular underpinnings of the functional
differences between the eaf1D and epl1-CD mutants on NuA4 phe-
notypes, we first tested whether the genetic manipulations af-
fected the association of Epl1 with chromatin. This was a

Fig. 2. Gene expression profiles supported shared and unique roles for EAF1 and EPL1. a) Heat map showing the log2 fold changes for 298 genes with
significant changes in expression in at least one of the eaf1D or epl1-CD mutants. Absolute fold changes greater than 1.7 (corresponding to values
greater than 0.77 or less than �0.77 on the heatmap) were considered significant. Yellow indicates upregulated genes, and blue represents
downregulated genes. b) Spearman’s rho correlation of the gene expression profile of wild type and mutant strains. c) Venn diagrams showing
significantly upregulated and downregulated genes in eaf1D, epl1(1-485), and epl1(1-380).
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Fig. 3. Epl1 C-terminus truncation masked some of the effects of deleting EAF1. a) Logarithmic serial dilutions of the indicated strains were plated on
YPD media, with or without genotoxic agents, and incubated for 3 days at the indicated temperature. The eaf1D and epl1-CD mutants showed decreased
growth in the presence of the genotoxic agents. The eaf1D epl1(1-485) mutant showed milder growth defects under MMS compared to the eaf1D single
mutant. Bulk histone acetylation was examined from whole cell extracts of the indicated strains, analyzed by protein blotting with (b) anti-tetra-
acetylated H4 and (c) anti-H2A.Z K14ac antibodies. Antibodies against H4 and H2A.Z were used as loading controls. * denotes a background band in the
H2A.Z K14ac immunoblot; we note that it fluctuates for unknown reasons in the epl1-CD mutants. The tetra-acetylated H4 and H2A.Z K14ac signals
were quantified relative to the H4 and H2A.Z signals, respectively, and normalized to the wild-type strain. Averages were taken across 3 replicates, with
error bars indicating the standard deviation. d) Disruption of NuA4 function in the eaf1D and epl1-CD single and double mutants resulted in both
decreased mRNA levels and H4 promoter acetylation at RP candidate genes: RPL19B, RPS11B, and RPS3. Enrichment of tetra-acetylated H4 was
normalized to % input. mRNA levels were measured by RT-qPCR and normalized to TUB1 mRNA levels. Error bars represent standard deviation of the
means for 3 independent experiments.
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particularly attractive possibility, given that Eaf1 is the nexus be-
tween Epl1 and the various NuA4 submodules that contribute to

chromatin recruitment and binding (Auger et al. 2008). Consistent
with previous studies (Searle et al. 2017), chromatin association of

Epl1 was strong in wild-type cells but weak in the epl1-CD mutants,
an effect that perplexedly was somewhat more pronounced in the
epl1(1-485) mutant compared to the epl1(1-380) mutant (Fig. 4a).

Unexpectedly, Epl1 chromatin association was unaffected by loss
of Eaf1, suggesting that the Epl1 C-terminus likely contributed to

Epl1’s anchoring to chromatin, either directly by itself or indirectly
through interactions with other NuA4 subunits.

Given that we observed decreased promoter acetylation and

mRNA expression defects at RP genes in both the eaf1D and epl1-CD

single mutants, we next tested whether these bulk chromatin asso-

ciation findings were reflective of localization at specific NuA4-
regulated loci. Since NuA4 was previously shown to be recruited to

the promoters of RP genes (Reid et al. 2000; Rossetto et al. 2014), we

performed chromatin immunoprecipitation followed by qPCR

(ChIP-qPCR) at several representative RP gene promoters, including

the 3 that were examined above. As expected, wild-type Epl1 was

enriched at the promoters of all 6 tested RP genes (Fig. 4b).

However, and in contrast to the bulk chromatin association assay,

Epl1 enrichment at the RP genes was dependent upon Eaf1, as it

was lost in the eaf1D mutant. Epl1 enrichment was also lost in both

epl1-CD mutants, findings that collectively suggested that the locus-

specific recruitment of picNuA4, as well as RP gene expression and

promoter H4 acetylation, required the entire NuA4 complex.

The eaf1D and epl1-CD mutants had differential
effects on the amount of picNuA4 in the cell
Careful examination of the chromatin association assays described

above hinted that the eaf1D and epl1-CD mutants might result in

Fig. 4. The Epl1 C-terminus was required for its interaction with chromatin, independent of EAF1 status. a) Epl1’s association with chromatin was
assessed by western blot analysis of cellular fractions generated by centrifugation of whole cell extract over a sucrose gradient. W, whole cell extract; S,
soluble nonchromatin fraction; C, chromatin pellet. In each case, the fractionation efficiency was judged by the levels of H4 and Pgk1, found in the
chromatin and the supernatant fraction, respectively. b) Epl1 enrichment at the promoters of RP genes was lost in the epl1-CD mutants, based on
ChIP-qPCR analysis of the representative genes RPL21A, RPL39, RPL17B, RPL19B, RPS11B, and RPS3. Results are depicted as box plots overlaid with the
individual measurements from each replicate.
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different amounts of Epl1 levels in the cell [compare whole cell ex-
tract fractions (W) in Fig. 4a]. To examine this further, Epl1 protein
levels were measured from total protein extracts prepared from
eaf1D and epl1-CD single and double mutants (Fig. 5a). Confirming
the results described above, the eaf1D mutant indeed had decreased
levels of Epl1, while the 2 epl1-CD mutants resulted in robustly in-
creased Epl1 levels relative to wild type. Again, the eaf1D epl1-CD

double mutants mirrored the respective epl1-CD mutant phenotype,
suggesting that the effect of EAF1 on Epl1 protein levels was depen-
dent on the Epl1 C-terminus. We note that the changes in Epl1 pro-
tein levels likely resulted from posttranscriptional events, as RT-
qPCR analysis of EPL1 mRNA levels revealed little difference be-
tween the strains (Fig. 5b). In fact, the eaf1D mutant showed a slight
increase in EPL1 mRNA levels relative to wild type, a somewhat un-
expected finding given that the eaf1D mutant on its own showed a
decrease in Epl1 protein levels.

Having documented differences in Epl1 protein levels, we next
tested if they resulted in changes to the amount of NuA4 or
picNuA4 in the cell. To this end, TAP-tagged versions of Epl1,
Epl1(1-485) or Epl1(1-380) were purified from strains with or with-
out deletion of EAF1 and analyzed using SDS-PAGE followed by
silver staining. As expected, purification of wild-type Epl1 cap-
tured most known subunits of NuA4 (Fig. 5c). Furthermore, and
in agreement with previous reports (Auger et al. 2008; Mitchell
et al. 2008), loss of EAF1 resulted in a decreased ability to purify
NuA4 subunits via Epl1, with many subunits being absent or be-
low the visual detection level employed here. However, we note
that the other picNuA4 subunits including Yng2 and Esa1/Kat5
were present in the purification, albeit at much lower levels. In
contrast, but still consistent with previous findings (Auger et al.
2008), purification of Epl1(1-485) or Epl1(1-380) resulted in high
amounts of copurifying Yng2 and Esa1/Kat5 without significant

Fig. 5. Truncating Epl1 stabilized picNuA4 and increased Epl1 protein levels independent of Eaf1 status. a) Epl1 protein levels were strongly decreased
in the eaf1D mutant but increased in the epl1-CD mutants. A cross-reactive band was used as a loading control. b) EPL1 expression was similar across all
strains. The mRNA levels of EPL1 was measured by RT-qPCR and normalized to levels of TUB1 mRNA. Error bars represent the standard error of 3
independent biological replicates. c) Immunopurification of NuA4 using Epl1-TAP demonstrated a decrease in the amount of Epl1-associated NuA4
subunits in the eaf1D mutant, while only subunits found in picNuA4 were observed in the epl1-CD mutants. Purified fractions from indicated strains
were loaded onto a 4–20% gradient SDS-PAGE gel and visualized by silver staining. Bands corresponding to NuA4 subunits are indicated on the left.
Untagged Epl1 was used as a negative control. d) The Epl1 K648R point mutation did not restore Epl1 protein levels in the eaf1D mutant, as measured in
whole cell extracts from strains expressing the indicated plasmid-derived FLAG-Epl1 constructs. PGK1 was used as a loading control.
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levels of other NuA4 subunits, indicating the presence of high
levels of picNuA4 in the epl1-CD mutants. Perhaps most surpris-
ingly given the eaf1D mutant phenotypes, removal of Eaf1 had no
effect on the biochemical purification of picNuA4 liberated
through shortened versions of Epl1, as similar amounts of
picNuA4 were obtained from both eaf1D epl1-CD double mutants
as the respective epl1-CD single mutants.

These data suggested a role for the Epl1 C-terminus in the reg-
ulation of picNuA4, likely coordinated through its interaction
with Eaf1. Building upon previously published findings which in-
dicate that Eaf1 binds to Epl1 somewhere between amino acids
381–832 (Setiaputra et al. 2018), we generated recombinant Epl1
proteins based on the epl1(1-485) mutant for directed small scale
in vitro binding assays. Using this binary and somewhat reduc-
tionist approach, we found that Epl1(1-485) interacted with Eaf1
in vitro, while Epl1(486-832) did not (Supplementary Fig. 4).

We were intrigued by the possibility that Eaf1 might contrib-
ute to picNuA4 stability through an indirect mechanism, perhaps
by preventing other factors from interacting with the Epl1 C-ter-
minus. As our E-MAP findings suggested a functional connection
to the Ubp3/Bre5 ubiquitin protease, we hypothesized that a
ubiquitin-mediated degradation pathway could be involved.
Consistent with this idea, high-throughput mass spectrometry
data indicate that K648 of Epl1, which was removed in both of
our epl1-CD mutants, might be a site of ubiquitination (Swaney
et al. 2013) and is found in close proximity to Eaf1 (Setiaputra
et al. 2018). To test whether the ubiquitination of Epl1 K648 was a
factor in regulating Epl1 protein abundance, we generated plas-
mids carrying N-terminally FLAG tagged wild type or Epl1 K648R
and introduced them into epl1D and epl1D eaf1D backgrounds.
Perhaps not surprising given the exploratory nature of high-
throughput mass spectrometry data and the current lack of exist-
ing functional data about this potential ubiquitination site of
Epl1, the Epl1 K648R mutant did not change the amount of Epl1
in the cell compared to wild type in the absence of Eaf1 (Fig. 5d).

Moving beyond budding yeast, we hypothesized that the evo-
lutionary conservation and functional importance of the Epl1 C-
terminus might be reflective of a broader role in NuA4 biology. To
begin testing this hypothesis, we expressed truncated forms of
EPC1, one of the 2 human homologs of Epl1, in HEK293T cells and
measured their effect on NuA4 composition and subunit levels.
Immunopurification of EPC1(2-280), which is analogous to Epl1(1-
380) (Supplementary Fig. 5), resulted in the separation of human
picNuA4 from the rest of the hNuA4/TIP60 complex as well as
higher levels of all 4 picNuA4 subunits compared to when wild
type or shorter versions of EPC1 were present, effects reminiscent
of our findings in yeast (Fig. 6a). Given that the effects of truncat-
ing Epl1 appeared conserved across species, we wondered if the
functional importance of this interaction might be reflected in
human disease. Examining existing large-scale genomic and
disease-related data of both human homologs of EPL1, EPC1 and
EPC2, we found that truncating mutations in EPC1 and EPC2 have
been observed in cancer patients (Fig. 6b) (Cerami et al. 2012; Gao
et al. 2013).

The Eaf1 HSA domain was required for NuA4
stability and function
Given the profound impact of losing Eaf1 on NuA4 and picNuA4
integrity when the Epl1 C-terminus was intact, we attempted to
determine which specific domains of Eaf1 mediated these effects.
Internal deletions of untagged EAF1 lacking the HSA and/or
SANT domains were created and tested for their ability to reca-
pitulate the eaf1D mutant phenotypes across a range of the

assays used previously to assess NuA4 function (Fig. 7a). Overall,
we found that loss of the SANT domain had no effect on H4 and
H2A.Z acetylation levels, cell growth under genotoxic stress, Epl1
protein levels, and the ability to purify NuA4 and picNuA4 subu-
nits via Epl1 affinity purification (Fig. 7, b–e and Supplementary
Fig. 6a). In contrast, loss of the HSA domain closely mirrored the
complete loss of EAF1, as previously hinted at in an earlier study
(Wang et al. 2018). We note, however, that the levels of Eaf1
appeared to decrease in the eaf1 HSAD and eaf1 HSADSANTD

mutants (Supplementary Fig. 6a), suggesting that our findings
could in part be due decreased Eaf1 protein levels in addition to
the loss of the HSA domain specifically. Combining the EAF1 do-
main mutants with the epl1(1-485) or epl1(1-380) alleles led to
growth phenotypes that mirrored the epl1(1-485) or epl1(1-380)
single mutants (Supplementary Fig. 6b), further suggesting that
eaf1 HSAD phenocopied the eaf1D mutant. Collectively, these
results pointed specifically to the HSA domain of Eaf1 as having a
key role in regulating NuA4 and picNuA4 function.

Discussion
This work explored the functional and structural connection be-
tween 2 key regulatory subunits of the NuA4 and picNuA4 HAT
complexes in S. cerevisiae. As such, our experiments illuminated
the circuitry between of the Eaf1 protein and the Epl1 C-terminus
in regulating NuA4 and picNuA4 function and composition.
Genome-wide expression and genetic interaction data from eaf1D

and epl1-CD mutants revealed not only an expected set of com-
mon requirements, but more surprisingly, remarkably different
phenotypic and functional consequences. Detailed biochemical
examination revealed that EAF1 was needed for detectable
picNuA4 formation, a requirement that could be overcome when
the Epl1 C-terminus was removed. Despite being sufficient to re-
store global H4 acetylation levels in an eaf1D background, the
picNuA4 released in epl1-CD mutants displayed reduced interac-
tion with chromatin and occupancy at NuA4-targeted loci,
highlighting its distinct function from NuA4. Collectively, our
work revealed unexpected differences between epl1-CD and eaf1D

in NuA4 and picNuA4 activity and suggested that the interaction
between the Epl1 C-terminus and Eaf1, either directly or indi-
rectly, was necessary for picNuA4 complex stability and the bal-
ance between NuA4 and its small cousin in cellular function. In
support of an evolutionary conserved function, key biochemical
features of this interplay were recapitulated in human cells and
in turn might be associated with cancer.

The data presented here provide functional genomics and bio-
chemical data to clarify 2 existing and somewhat conflicting
models of NuA4 structural integrity (Auger et al. 2008; Mitchell
et al. 2008). The first model suggests that upon deletion of the
scaffolding Eaf1 protein, the various submodules of the NuA4
complex remain intact, leaving behind a functional and stoichio-
metric picNuA4 complex sufficient for un-targeted chromatin
acetylation (Auger et al. 2008). The alternative model suggests
that Eaf1 is essential for NuA4 complex integrity and that upon
deletion of EAF1, there is a significant reduction in the level of
NuA4 in the cell (Mitchell et al. 2008). Both models place Eaf1 at
the center of NuA4 function through a combination of biochemi-
cal and genetic means. However, the defining difference between
the 2 scenarios centers on the importance of Eaf1 in regulating
the quantitative balance between the various submodules, and in
particular picNuA4. In principle, the data presented here sup-
ported the coexistence of both models. The strong decrease of H4
acetylation in the eaf1D mutant suggested that the released
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picNuA4 had compromised HAT activity. As evidenced by the

NuA4 purification experiments, we indeed observed a reduction

in the levels of picNuA4 subunits that copurified with Epl1-TAP

when EAF1 was deleted. However, and perhaps most importantly,

in contrast to the eaf1D mutant, the eaf1D epl1-CD mutants had a

fully active minimal picNuA4 capable of maintaining basal H4

acetylation levels, suggesting that the catalytic module of NuA4

existed as a functional and independent entity. In addition, the

differences in promoter H4 acetylation and mRNA levels at repre-

sentative RP genes we found in the epl1-CD mutants, combined

with the loss of Epl1 enrichment at several of these RP promoters,

was consistent with this version of picNuA4 having lost the tar-

geting functions present in NuA4. Furthermore, these RP locus-

specific effects in both the epl1-CD and eaf1D single mutants were

in agreement with previously proposed models suggesting

picNuA4 is diffused over the genome and is responsible for basal,

untargeted chromatin acetylation (Boudreault et al. 2003; Auger

et al. 2008; Friis et al. 2009). This was also supported by our find-

ings at non-RP loci, which did not show altered promoter H4 acet-

ylation, suggesting picNuA4 was sufficient to appropriately

acetylate other loci in the cell.
Our comprehensive analysis of the functional consequences

of loss of Eaf1 or the Epl1 C-terminus, either alone or in combina-

tion, might further consolidate these 2 prevailing models. While

both models suggest that loss of Eaf1 or loss of the Epl1 C-termi-

nus liberate picNuA4, the biochemical data presented here sug-

gested that they result in dramatically different levels of this

moiety, at least as judged by our analytical methods. At the same

time, our functional genomics data identified both overlapping

and divergent gene expression clusters between the mutants, as

Fig. 6. The effect of truncating Epl1 on picNuA4 levels was conserved from yeast to humans. a) The EPC1(2-280) mutant that is homologous to Epl1(1-
380) led to increased picNuA4 levels. A series of C-terminal truncation mutants of 3FLAG-EPC1 were immunopurified after cotransfection with HA-
Tip60/Kat5, HA-ING3, and HA-MEAF6 and analyzed by SDS-PAGE followed by immunoblotting using antibodies against FLAG and the indicated hNuA4/
TIP60 subunits. b) The human homologs of EPL1, EPC1, and EPC2 were truncated in cancer patients. Lollipop plots of the EPC1 and EPC2 proteins show
the location of previously identified truncating mutations, along with annotated protein domains. Analysis and images were generated using the cBio
Cancer Genomics Portal (Cerami et al. 2012; Gao et al. 2013).
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well as common but also unique genes required to support
growth of eaf1D and epl1-CD mutants, respectively. Taken to-
gether with the biochemical examination, our data suggested
that these 2 genetic manipulations, while sharing important
functional consequences, also led to some unexpected and dis-
tinct outcomes for NuA4 and picNuA4. The double mutant analy-
sis of cells lacking Eaf1 and the Epl1 C-terminus further pointed

toward a complex relationship between these 2 NuA4 HAT com-
plex subunits. In line with previous reports, cells lacking EAF1
displayed decreased fitness under genotoxic stress and reduced
global H4 acetylation, most likely as a result of the dissociation of
the NuA4 complex into its submodules (Boudreault et al. 2003;
Kobor et al. 2004; Babiarz et al. 2006; Auger et al. 2008; Mitchell
et al. 2008). However, this effect was in large part due to the

Fig. 7. The Eaf1 HSA domain was required for NuA4 stability and function. a) Schematic representation of Eaf1 internal deletion alleles: HSAD, SANTD,
and HSAD/SANTD. b) The loss of the HSA domain led to a similar defect in bulk histone acetylation as the complete loss of EAF1. Whole cell extracts of
the indicated strains were analyzed by protein blotting with anti-tetra-acetylated H4 or anti-H2A.Z K14ac antibodies. Antibodies against H4 and H2A.Z
were used as a loading controls. * indicates a background band. c) Logarithmic serial dilutions of the indicated strains were plated onto SC-URA media
containing the indicated genotoxic agents and incubated for 3 days at the indicated temperature. Strains lacking the Eaf1 HSA domain recapitulated
the eaf1D mutant phenotype. d) Purification of Epl1 revealed decreased association of NuA4 subunits in the eaf1 HSAD strain. Purified fractions from the
indicated strains were loaded onto a 4–20% gradient SDS–PAGE gel and visualized by silver staining. Bands corresponding to NuA4 subunits are
indicated on the left. Untagged Epl1 was used as a negative control. e) Epl1 purifications of the indicated strains were visualized by immunoblotting to
verify Epl1-immunoprecipitation and Esa1/Kat5 association. IgG and anti-Esa1/Kat5 antibodies were used to detect Epl1-TAP and Esa1/Kat5,
respectively.

P. Y. T. Lu et al. | 13



presence of the Epl1 C-terminus, given that removal of the C-ter-
minal domain was sufficient to restore the bulk H4 acetylation
defect and to a lesser degree, the growth defects of the eaf1D mu-
tant. It is tempting to speculate that the mechanism underlying
the suppression of eaf1D mutant phenotypes by introduction of
the epl1-CD mutation was due to the increased Epl1 protein levels
and the stable assembly of picNuA4 seen in our analytical-scale
purification experiments.

The decreased cellular levels of at least 2 picNuA4 subunits,
Epl1 and Esa1/Kat5, observed in the absence of wild-type Eaf1
strongly complemented the notion that this scaffold protein had
a central role in NuA4 assembly and stability, as established pre-
viously by both functional and cryo-EM structural studies (Auger
et al. 2008; Mitchell et al. 2008; Setiaputra et al. 2018; Wang et al.
2018). However, adding a surprising—and we believe very impor-
tant—mechanistic twist to the existing model, we found that
Eaf1 was only required for picNuA4 submodule function and sta-
bility in the presence of full length Epl1 protein. Specifically, our
functional and biochemical findings established a key regulatory
role for the Epl1 C-terminus in overcoming the defects caused by
the loss of Eaf1. In the broader context of the role of Eaf1 in NuA4
biology, it is interesting to note that the Eaf1 protein might also
play an as of yet poorly defined role in regulating the levels of the
Eaf3/5/7 (TINTIN) NuA4 submodule, as these are slightly de-
creased in the absence of EAF1 (Rossetto et al. 2014; Setiaputra
et al. 2018; Wang et al. 2018). More specifically related to our work,
detailed domain deletion analysis of Eaf1 identified its HSA do-
main as an important factor in regulating the stability of
picNuA4, as eaf1 HSAD cells exhibited reduced picNuA4 levels
akin to the eaf1D mutant. Taken together, our data suggested
that the interface between the Eaf1 HSA domain and the Epl1 C-
terminus was required for maintaining the equilibrium of NuA4
and picNuA4 in the cell, either directly or indirectly. However, we
acknowledge an apparent conflict between our NuA4 protein
complex purifications from cells and the in vitro protein–protein
interactions presented here as to the exact delineation of the
Eaf1 interaction region on Epl1. This is perhaps reflective of the
reduced complexity of binary in vitro protein–protein interaction
assays compared to the more native protein complex purifica-
tions from cells. Here, the latter likely reflects the role of other
NuA4 subunits present in vivo that may affect the Eaf1–Epl1 in-
teraction. Specifically, Arp4 and Act1 have been shown to inter-
act with the same region of Eaf1 and to stabilize its interaction
with Epl1 (Szerlong et al. 2008; Wang et al. 2018).

Consolidating these results, our findings expand upon previ-
ous work suggesting that picNuA4 docks onto Eaf1 through the
Epl1 C-terminus (Auger et al. 2008; Szerlong et al. 2008; Setiaputra
et al. 2018; Wang et al. 2018) (Fig. 8a) and show that beyond this
physical interaction, the Eaf1 HSA domain and Epl1 C-terminus
are key regulators of the protein levels and perhaps the balance
of NuA4 and picNuA4 in the cell. We found that Eaf1, particularly
its HSA domain, was required for Epl1 and picNuA4 stability
(Fig. 8b). Our data also demonstrated that upon truncation of the
Epl1 C-terminus, Epl1 protein levels were increased and picNuA4
function and stability were restored in an eaf1D background
(Fig. 8c). Our identification of ubiquitin-mediated degradation
pathway genes being genetically linked to NuA4, in combination
with high-throughput mass spectrometry data suggesting ubiqui-
tination of K648 of Epl1, raised the possibility of ubiquitin depen-
dent degradation of Epl1 being, in part, responsible for its
decrease in the eaf1D background. However, our data suggested
that under conditions tested, mutation of K648 to a

nonmodifiable arginine had no effect on Epl1 protein levels in the
absence of Eaf1. We do not know whether this was reflective of
the documented redundancy in the biology of ubiquitin modifica-
tions (Trulsson and Vertegaal 2021), or perhaps hinted at nonubi-
quitination pathways playing a role in regulating Epl1 protein
levels. Regardless of the exact mechanisms underlying this cir-
cuitry, our work illuminated the importance of the relationship
between Eaf1 and the Epl1 C-terminus in picNuA4 formation and
supported a model where the stability and levels of picNuA4
were regulated by the Epl1 C-terminus in concert with the central
scaffold protein, Eaf1. This provided a means by which the loss of
Eaf1 could indeed have a significant impact on NuA4 and
picNuA4 levels, while also allowing mechanisms for picNuA4 to
stably exist independently of NuA4, unifying the 2 previous mod-
els (Auger et al. 2008; Mitchell et al. 2008).

While we feel this model is compelling and inclusive of the
existing data, we note that there are several questions that re-
main to be explored. First while overall similar, the 2 epl1-CD

mutants had important differences that are hard to reconcile
with this model and the existing data. For instance, while the
epl1(1-380) mutant had more severe growth phenotypes than the
epl1(1-485) mutant, both mutants led to similar levels and com-
position of picNuA4. As the 105 amino acid region that comprises
the differences between the 2 epl1 truncations lacks any anno-
tated protein domain and is predicted to be unstructured (Xu
et al. 2016), it is unclear what caused the nuanced variance in
phenotype between the epl1(1-380) and epl1(1-485) mutants.
Second, we note that while our model is consistent with the ob-
served levels of H4 tetra-acetylation, it does not easily explain
the levels of acetylation of H2A.Z, an important target of NuA4,
which actually differed between the epl1-CD mutants. This differ-
ence suggested H2A.Z acetylation did not simply require ade-
quate levels of picNuA4. However, the epl1-CD mutants did
alleviate the more severe defect seen in the eaf1D mutant, indi-
cating that picNuA4 at least partially contributed to H2A.Z acety-
lation. Finally, it remains to be understood why the robust
increase in picNuA4 levels observed in the epl1-CD mutants did
not result in an increase in bulk histone acetylation levels.
Related, it is unclear whether any of our manipulations affected
the acetylation of any nonchromatin substrates that NuA4 acety-
lates (Lin et al. 2008, 2009; Lu et al. 2011; Mitchell et al. 2011, 2013;
Downey et al. 2015).

Putting our findings on the role of the Epl1 C-terminus in regu-
lating NuA4 and picNuA4 in the context of the human EPL1
homologs, EPC1 and EPC2, might also provide some intriguing in-
sight into the biology of NuA4/TIP60 across species. In support of
a possible evolutionary conservation for the role of Epl1 and Eaf1
in NuA4/TIP60 biology identified here, we found that truncating
one of the 2 human EPL1 homologs (EPC1) also increased the lev-
els of picNuA4 subunits in a human cell line. It is also interesting
to note that the C-terminus of EPC1 interacts with the methyl-
histone binding protein MBTD1, which is a nonconserved
peripheral subunit of hNuA4/TIP60 (Jacquet et al. 2016). This is
consistent with our finding that Epl1 had an Eaf1-independent
chromatin association mechanism that depended on its own C-
terminus, although the exact nature of this anchoring, and the
molecular interactions involved, has yet to be determined.
Moving forward, the evolutionarily conserved role of EPC1 trunca-
tions on picNuA4 subunit amounts and composition in human
cells raises the intriguing possibility that additional functional
consequences of the circuitry between Epl1 and Eaf1 are also con-
served, including the regulation of H4 and H2A.Z acetylation
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levels. To that end, the identification of truncating mutations in

cancer patients in both EPC1 and EPC2 might point to some rele-

vant processes, as Tip60/Kat5 can act as either a tumor suppres-

sor or an oncogene depending on the type of cancer (Gorrini et al.

2007; Coffey et al. 2012).
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N, Kron SJ, Jackson SP, Côté J. Binding of chromatin-modifying ac-

tivities to phosphorylated histone H2A at DNA damage sites. Mol

Cell. 2004;16(6):979–990.
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