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Nucleosome acetyltransferase of H4 (NuA4), one of two major histone acetyltrans-
ferase complexes in Saccharomyces cerevisiae specifically acetylates histone H2A and H4,
resulting in increased transcriptional activity. Here we present a 3.8—4.0 A resolution
structure of the NuA4 complex from cryoelectron microscopy and associated biochemical
studies. The determined structure comprises six subunits and appropriately 5,000 amino
acids, with a backbone formed by subunits Eaf1 and Eaf2 spanning from an Actin-Arp4
module to a platform subunit Tral. Seven subunits are missing from the cryo-EM map.
The locations of missing components, Yaf9, and three subunits of the Piccolo module
Esal, Yng2, and Eaf6 were determined. Biochemical studies showed that the Piccolo
module and the complete NuA4 exhibit comparable histone acetyltransferase activities,
but the Piccolo module binds to nucleosomes, whereas the complete NuA4 does not.
The interaction lifetime of NuA4 and nucleosome is evidently short, possibly because
of subunits of the NuA4 complex that diminish the affinity of the Piccolo module for
the nucleosome, enabling rapid movement from nucleosome to nucleosome.

NuA4 | histone acetyltransferase | cryo-EM

The nucleosome, the fundamental particle of the chromosome (1, 2), serves as a transcrip-
tion barrier for almost all protein-coding genes (3). Posttranslational modifications
(PTMs), which mainly occur on the histone tails, influence the chromatin context and
therefore regulate transcription (4, 5). Histone acetylation is one of the well-studied PTMs
that plays important roles in gene regulation and maintenance of genome integrity (6, 7).
The level of histone acetylation is established through the combined actions of histone
acetyltransferases (HATs) and histone deacetylases (HDAC:s) (8). The two major HATs
in S. cerevisiae are the NuA4 (nucleosome acetyltransferase of H4) and SAGA (Spt-Ada-
Gen5-acetyltransferases) complexes (9). NuA4 preferentially acetylates histones H2A and
H4 (10). In addition to histones, NuA4 also acetylates approximately 250 nonhistone
substrates, thus serving to regulate a variety of cellular processes, including DNA repair,
cell cycle progression, and chromosome stability (11-14).

NuA4, a 13-subunit complex with a molecular weight of 1.04 MDa, shares its largest
subunit, Tral, with SAGA, whose major substrate is histone H3 (15-17). NuA4 also
shares four subunits, Eaf2, Arp4, Actin, and Yaf9, with the SWR1 chromatin remodeling
complex; these four subunits correspond to DAMP1, BAF53a, Actin, and YEATS of the
mammalian TIP60 complex (13, 18). The Piccolo module of NuA4, comprising Epl1,
Eaf6, Yng2, and the catalytic subunit Esal, is responsible for HAT activity (19). The
TINNTIN module, consisting of Eaf3, Eaf5, and Eaf7, interacts with phosphorylated
RNA polymerase II and so is involved in the transcription elongation process (20).
Biochemical studies have identified Eafl as an assembly platform for the other subunits
of NuA4 (21). Structural information on NuA4 is limited to an X-ray crystal structure of
a truncated form of the Piccolo module at 2.8A (22) and a cryo-EM reconstruction of a
complex of Tral, Eafl, Eaf5, Actin, and Arp4 (so-called TEEAA module) at 4.7A (23).
Despite many years studies, the high-resolution structural information of NuA4 still
remained missing; here, we present the structure of the NuA4 complex at an overall res-
olution of 3.8-4.0 A through cryoelectron microscopy.

Results

Purification and Structure Determination of the Complete NuA4 Complex. We fused a
TAP tag to the C terminus of the Epll subunit of the Piccolo module and purified the
complete NuA4 complex to homogeneity by tandem-affinity purification and glycerol
gradient centrifugation (Fig. 14 and SI Appendix, Fig. S1A). Mass spectrometry confirmed
the presence of all subunits of the NuA4 complex (SI Appendix, Table S1). SDS-PAGE
showed that the subunits were approximately equimolar (Fig. 1A4). The catalytic activity
of the purified NuA4 complex was confirmed by the reaction of nucleosomes formed on
either 217 bp or 147 bp DNA with acetyl coenzyme A. The 217 bp nucleosomes (217-
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NCP) proved to be a better substrate for acetylation than the 147
bp nucleosomes (147-NCP) (Fig. 1A4).

Cryoelectron microscopy was used to determine the structure
of the NuA4 complex. After grid preparation, we noticed that the
NuA4 complex tends to fall apart. To get a homogenous and stable
sample for structure determination, glycerol gradient centrifugation
and crosslinking were performed. Peak glycerol gradient fractions
were pooled, concentrated, and cross-linked, followed by cryo-EM
analysis (S Appendix, Fig. S1 B and C). After multiple rounds of
data processing (S/ Appendix, Fig. S2A), a NuA4 map was obtained
at 4 A resolution (Fig. 1B). Local refinement was performed for
the core module (which lacks the “Lasso” region of Tral, Fig. 1B)
in cryoSPARC, yielding a 3.8 A map (Fig. 1B and SI Appendix,
Fig. S2 Band C). An atomic model, built by homology modeling,
assisted by AlphaFold prediction (S Appendix, Table S2), fits well
to the maps (Fig. 1 Cand D and SI Appendix, Fig. S3).

Overall Structure of NuA4. Six subunits, Fafl, Eaf2/Swc4, Actin,
Arp4, Epll, and Tral, are present in the map (Fig. 24), while
three subunits of the Piccolo module, Esal, Yng2, and Eaf6, and
the entire TINNTIN module are absent (Fig. 1C), likely due
to motion or disorder. There are differences from the previously
published 4.7 A resolution map, in which Eaf2/Swc4 and Eaf5
were apparently incorrectly assigned (23). The Actin-Arp4 module
is connected to Tral through a “Neck” region, consisting of the
C-terminal domain of Epll, the post-SANT domain of Eaf2,
and flanking sequences of the HSA domain of Eafl (Fig. 2 4 and
B). The SANT domain of Eaf2, with a conserved helical feature
(whose density was misassigned to Eafl in the previous study),

stacks against the side of Arp4 (Fig. 24).

Eaf1 and Eaf2 Act as the Backbone of the NuA4 Complex. The
structure confirms the inference from a previous biochemical study
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that Eafl serves as a backbone of the NuA4 complex (21) and
demonstrates a similar role for Eaf2/Swc4. Both Eafl and Eaf2/Swc4
exhibit extended conformations, twisting about each other, spanning
from the Actin-Arp4 module to the FAT domain of Tral (Fig. 2 4
and B). The structure indicates that all sequence features of Eafl
(Eaf1-NTD, pre-HSA, HSA, and C-terminal MyB-like domain), and
all sequence features of Eaf2 (Eaf2-NTD, SANT, and post-SANT
domains), are likely essential for their backbone roles (Fig. 2B).

The Actin-Arp4 Module is Stabilized by Both the Eaf1-HSA and by
the Eaf2-NTD. The Actin-Arp4 module is conserved and shared by
NuA4, SWR1, INO80, and mammalian PBAF complexes (23—
26). The Eaf1-HSA domain, also conserved among all complexes
(Fig. 3E), resembles a latch, stabilizing the Actin-Arp4 module
(Fig. 3A4). Glu365, Asp373, and several hydrophobic residues
of Eaf1-HSA contribute to the interaction with the Actin-Arp4
module. The N-terminal B-sheet of Eaf2 also binds the Actin-Arp4
module (only in NuA4, apparently not in the SWR1, INOS8O0,
and PBAF complexes) with several hydrogen bonds formed by
Trp94, Trp78, Asn86, Ser88, Thr90, and Tyrl1l from Eaf2,
Glul17, Glul25, and Tyr362 from Actin and Glu135, Trp469,
and Glu474 from Arp4 (Fig. 3B). Asp373 of the HSA domain
also hydrogen bonds with Arg644 of Epl1 (Fig. 3 Cand D). Extra
density in the nucleotide-binding pocket of Arp4 was observed
and eventually assigned to ATP (Fig. 3F). The binding pocket
and the ATP-interacting residues (Fig. 3F) resemble those in the
structure of Actin-Arp4 module complexed with the SWR1 HSA
(24). In both NuA4 and SWRI structures, an ATP molecule is
associated with Arp4 but not with Actin. We asked whether ATP
binding and hydrolysis might influence the HAT activity of NuA4
and found no effect of ATP, ADP, or the ATP-analog AMP-PNP

(Fig. 3G).

3.8 A Core module

4.0 ANuA4 (after local refinement)

~

Esal

1

1

- 1
1

/ 1

| TINTIN Module

1 S e
1

it Eaf3} Eaf7 'Eafsl
N
[}

_____

Invisible

Fig. 1. Biochemical and cryo-EM studies of S. cerevisioge NuA4 complex. (A) From Left to Right are the SDS-PAGE bands, crosslinked band of NuA4, and histone
acetyltransferase (HAT) assay of NuA4 against different NCP substrates. (B) Electron density map of the NuA4 complex, rotated by 90°. The right panel is an
expanded view of a 3.8 A electron density map of the core module after local refinement. (C) A scheme of the NuA4 complex. Invisible subunits are indicated
with dashed boxes. (D) Segmentation of the electron density map, rotated by 90°. Each subunit is indicated and labeled.
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Fig. 2. Overall structure of the NuA4 complex. (4) Ribbon diagrams of NuA4 subunits, rotated by 90°. Each subunit is indicated with different colors. The
“Neck” region, the FAT domain of Tra1, and the MyB-like domain of Eaf1 are indicated with dashed squares, respectively. (B) From Top to Bottom are the domain
organizations of Eaf1 and Eaf2 and the structure of Eaf1-Eaf2. Residues at domain boundaries are indicated at the Bottom.

Structure of the Neck Region and Implications for the Location of the post-SANT domain of Eaf2, and the C-terminal domain of
the Piccolo Module. Improving the resolution of the Neck region  Epl1 (Figs. 2 4 and 4A). The f-strands of Eafl and C-terminal
t0 3.0-3.2 A revealed that this region, previously attributed to Eafl B-strands of Epll form two hybrid p-sheets, in one of which
alone (23), is composed of the HSA-flanking sequences of Eafl, an Eafl strand is sandwiched between two of Epll, a different
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Fig. 3. Structures of Actin-Arp4 module in complex with HSA and Eaf2-NTD. (A) Ribbon diagrams of Actin-Arp4-HSA-Eaf2-Epl1. Each subunit is indicated with
different colors. An ATP molecule is shown as sticks and labeled. The HSA domain of Eaf1 and its N and C termini are labeled. (B) Structure of Actin-Arp4-Eaf2.
The interacting residues are shown as sticks and labeled in different colors (same as the colors of corresponding subunits they belong to). (C) and (D) are the
C-terminal and N-terminal interfaces between Eaf1-HSA and the Actin-Arp4 module. The interacting residues are shown as sticks and labeled in different colors
(same as the colors of corresponding subunits they belong to). (E) Structure comparison of the HSA domains in NuA4, SWR1, INO80, and PBAF complexes. (F)
An ATP molecule and the corresponding electron density are shown as sticks and meshes, respectively. The ATP-interacting residues of Arp4 are shown as
sticks and labeled. (G) HAT assay of NuA4 against 217-NCP performed in the presence of acetyl-CoA and in the absence or presence of ATP, ADP, and AMP-PNP.
Different reaction times are labeled on the bottom of the bands.
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mode of subunit—subunit interaction, insofar as we can determine
(Fig. 4B). The N-terminal residue of Epl1 in the map is Thr539,
and the sequence preceding this residue interacts with the Piccolo
subunit Esal (22), thereby identifying the potential location of the
Piccolo module (Fig. 4B).

Potential Location of Yaf9. Three a-helices of the post-SANT
domain of the Eaf2 subunit are denoted tethering helices 1, 2,
and 3 in view of their role in connecting the Arp4 protein to the
FAT domain of Tral (Fig. 5). The C terminus of Eaf2 is required
for interaction with Yaf9 (21), a histone-tail binding subunit of
NuA4, and the binary structure of Eaf2-Yaf9 could be predicted
by an AlphaFold-Multimer (Fig. 5B) (27). Despite slight bending
of tethering helices 1 and 2 in our structure, compared with a
single long tethering helix in the predicted structure, the overall
conformation and the location of tethering helix 3 in our structure
are similar to those in the predicted one (Fig. 5 A4 and B). In
the predicted structure, the C-terminal domain of Eaf2 (residues
324 to 476) forms a complex with Yaf9 (Fig. 5B). Taking into
account the length of the linker between tethering helix 3 and the
C-terminal domain, we could predict that the potential location
of Yaf9 is adjacent to the FAT domain of Tral rather than the
Actin-Arp4 module as previously proposed.

Influence of NuA4 Subunits upon Piccolo-Nucleosome
Interaction. NuA4 purified from yeast, and the Piccolo module
expressed in insect cells, exhibited comparable histone acetylation
activities (Fig. 6A), but they appear to differ in affinity for
nucleosomes. When NuA4 and nucleosomes were mixed and
subjected to glycerol gradient sedimentation, they separated,
failing to form a stable complex (Fig. 6B), consistent with a
previous study showing that NuA4 alone does not associate with
the nucleosome (28). By contrast, the Piccolo module formed a
complex with a nucleosome in an electrophoretic mobility shift
assay, consistent with previous studies (Fig. 6C) (22, 29). These
darta suggest that components of NuA4 diminish the affinity of
the Piccolo module for nucleosomes, limiting the lifetime of the
interaction.

i Post-SANT
of Eaf2g
)/

N
A \h Post
Y V7). ofiEaf2 A

Discussion

It is worth noting that seven components of the NuA4 complex
are missing from our cryo-EM map, likely due to motion. We
cannot rule out another possibility that these subunits dissociated
during cryo-EM grid preparation.

NuA4 and SAGA, the two major histone acetyltransferase com-
plexes in S. cerevisiae, have the same largest subunit, Tral, but
differ in all other components. The difference in subunit compo-
sition is not due to a difference in Tral conformation between the
two complexes, because the two structures are closely similar, with
an RMSD (root mean square deviation) of 1.002 A over 3,404
Co atoms. The NuA4-specific subunits are associated with a dif-
ferent surface of Tral from the SAGA-specific subunits
(SI Appendix, Fig. S4), so it may be asked why all these subunits
do not interact simultaneously. The answer is that the C-terminal
MyB-like domain of Eaf1 binds to the surface occupied by SAGA-
specific subunits (S8 Appendix, Fig. S4), ensuring the formation
of two distinct complexes.

The NuA4-specific and SAGA-specific subunits impart distinct
properties, such as affinity for the nucleosome. NuA4—nucleosome
interaction is likely transient, whereas SAGA forms a stable com-
plex, as shown elsewhere by electrophoretic mobility shift assay.
SAGA-specific subunits may contribute to nucleosome interac-
tion, whereas NuA4 subunits interfere with the interaction.
Structures of NuA4—nucleosome and SAGA—-nucleosome com-
plexes are needed to elucidate the matter. Whether the transcrip-
tional activators would enhance the NuA4’s nucleosome binding
affinity remains to be investigated.

Materials and Methods

Purification of Yeast NuA4 Complex and its Piccolo Module. First, 40 lit-
ers of S. cerevisiae cells with Epl1 bearing a C-terminal TAP tag were grown at
30°C and harvested at 0D,y = 10 by centrifugation. Cell pellets were resus-
pended in lysis buffer A(100 mM HEPES, pH 8.0, 600 mM NaCl, 6 mM DTT, and
2x EDTA-free protease inhibitor cocktail) and then homogenized to prepare the
whole-cell extraction. To get rid of contaminated nucleic acid, 0.25% (v/v) PEI
precipitation was applied. The supernatant containing the protein of interest was

-SANT

Fig.4. Structures of the “Neck” region. (A) Ribbon diagrams of NuA4. The Neck region is indicated with a salmon dashed square. (B) Expanded view of the Neck
region formed by Eaf1, Eaf2, and Epl1, rotated by 90°. Residues at the p-strand boundaries are indicated and labeled with different backgrounds. The amino
acid T539 of Epl1 is indicated with a red arrow, and the possible position of Piccolo module is indicated with a green circle.
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further precipitated using 50% (v/v) ammonium sulfate, and the precipitation
was dissolved with buffer B (50 mM HEPES, pH 8.0, 25 mM ammonium sulfate,
3 mM DTT, and 1X EDTA-free protease inhibitor cocktail). The solute was further
cleared by centrifugation (8,000 rpm, 4°C, 90 min) and the supernatant was
then pumped through 1gG Sepharose-6 Fast Flow resin (GE Healthcare) at 4°C
overnight. After extensively washing with buffer containing 50 mM HEPES, pH
8.0, 150 mM ammonium sulfate, and 3 mM DTT, overnight on-column cleavage
was performed by adding TEV protease into the IgG resin. The eluate was then
concentrated and subjected to 10 to 30% glycerol gradient centrifugation (40,000
rpm, 4°C, 10 h).The peak fractions were pooled, dialyzed against buffer C(25 mM
HEPES, pH 8.0, 200 mM NaCl, and 3 mM DTT) and concentrated to approximately
1 mg/ml before grid preparation.To protect the NuA4 complex from falling apart,
the concentrated sample was crosslinked by 0.1% (v/v) glutaraldehyde in the
presence of 0.01% NP40 (v/v) on ice for 10 min before grid freezing.

We had previously attempted to overexpress the full-length Piccolo module
through the bacteria system but failed to obtain a stoichiometric complex. We
therefore chose the baculovirus expression system. The genes encoding all the
subunits of the Piccolo module, including EsaT, Epl1, Eaf6, and Yng2, were ampli-
fied from the genomic DNA of S. cerevisiae and cloned into pFastBac-1 vector
with a 6 His tag at the N terminus of Epl1 and a Flag tag at the C terminus of
Esa. Each baculovirus was produced using the Bac-to-Bac baculovirus expression
system (Invitrogen). The Piccolo module was overexpressed in High Five cells by
coinfection of four baculovirus for 48 h at 27°C. One liter of High Five cells (2.0
x 10° cells mI™" cultured in ESF921 medium) was harvested and centrifuged.
The cell pellets were resuspended with buffer containing 25 mM HEPES, pH 8.0,
300 mM NaCl, and 3 mM DTT and lysed by sonication. The lysate was cleared by
centrifugation, purified using Ni-NTA(Qiagen) and anti-Flag columns (Genscript),
and further cleaned using Heparin and size-exclusion chromatography (Superdex
200, GE Healthcare) in buffer containing 25 mM HEPES, pH 8.0, 100 mM NaCl,
and 3 mM DTT. The peak fractions were concentrated to ~1 mg/ml before use.

Vitrobot Mark IV was used for grid plunging. Before grid freezing, 300-mesh
Quantifoil R1.2/1.3 grids were glow-discharged. Then, 3 pl of crosslinked NuA4
complex was applied to the grid. After incubation for 60 s, the grid was blotted
for 2.5 s before being plunged into liquid ethane with 100% chamber humidity
at 8°C. All grids were stored in liquid nitrogen until data collection.

PNAS 2022 Vol.119 No.48 e2214313119

The Xenopus histone octamer was overexpressed, purified, and reconstituted
with 147 bp and 217 bp Widom-601 DNAs as described previously (30). The
217 bp (ATCTGAGAATCCGGTGCCGAGGCCGC-TCAATTGGTCGTAGACAGCTCTAGCA
CCGCTTAAACGCACGTACGCGCTGTCCCCCGCGTTITAACCGCCAAGGGGATTACTCCC
TAGTCTCCAGGCACGTGTCAGATATATACATCCGATATCGGATCCTCT-AGAGTCGACCTG
CAGGCATGCAAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGIG) and 147 bp DNA
(ATCGAGAATCCCGGTGCCGAGGCCGCTC-AATTGGTCGTAGACAGCTCTAGCACCGC
TTAAACGCACGTACGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAG-
TCTCCAGGCACGTGTCAGATATATACATCCTGAT) were used to reconstitute nucle-
osomes as described previously (30).

Cryo-EM Data Collection and Image Processing. Automated data acquisitions
were performed using SerialEM (31) on a Titan Krios equipped with a Gatan
K3 Summit direct electron detector (Gatan, Inc.) and operating at 300 kV with
a nominal magnification of 18,000 x and a pixel size of 0.66 A (super-resolu-
tion mode). A total of 13,769 images were automatically recorded in the super-
resolution mode, with a defocus range from 1.3 t0 2.0 um. Each movie stack was
dose-fractionated to 40 frames with a total electron dose of ~60 e /A?and a total
exposure time of ~3.4 s. Movie stacks were motion-corrected and the defocus
value was estimated using the modules in cryoSPARC (32). The particles were first
automatically picked using Blob Picker. The picked particles were extracted with
a box size of 800 pixels (bin = 2), followed by 3 rounds of 2D classification, gen-
erating a template for subsequent template-based picking. A total of 2,742,073
particles picked from Template Picker in CryoSPARC were extracted with a box
size of 800 pixels (bin = 2) and then subjected to 5 rounds of 2D classification.
The particles assigned to the best class were reextracted with a box size of 520
pixels (bin = 1) and subjected to ab initio reconstructions (number of classes = 6),
followed by 2 rounds of heterogeneous refinement. Nonuniform (NU) refinement
was performed for the best class selected from the last round of heterogeneous
refinement, yielding a reconstruction of NuA4 at4 A. To improve the resolution of
the core module, a mask for the core module and another mask for the remaining
parts of NuA4 were generated using Chimera, and the latter mask was used for
particle subtraction in cryoSPARC (32). Afurther round of heterogeneous refine-
ment and local refinement were applied for the best class of the core module
using the former mask, resulting to a 3.8 A reconstruction of the core module.
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Fig. 6. The differences of NuA4 and its Piccolo module on nucleosome binding and acetylation. (A) Comparison of the HAT activity of NuA4 and its Piccolo
module. The HAT reactions were quenched at time points of 5's, 2 min, and 5 min, respectively. The exposure time for NuA4 and Piccolo module is 12 s. (B)
Glycerol gradient sedimentation of 217-NCP-NuA4. Gradients were fractionated in 500 pl, loaded on a 12% SDS-PAGE gel, and visualized by Coomassie blue
staining. The peak fractions of NuA4 and NCP migrated at different positions are indicated with red squares. The histone proteins are indicated with blue arrows
and labeled. (C) From top to bottom are the SDS-PAGE analysis of purified Piccolo module and the gel-shift result of the Piccolo module against the nucleosome,

visualized by Coomassie blue staining.

Model Building. All the model buildings were performed using the cryo-EM
module of Phenix package (33), Chimera (34), and COOT (35).

The 3.7 A atomic model of Tra (PDB entry: 50JS) (36) was docked into our
3.8ACryo-EM map using Chimera (34) and then manually adjusted in COOT(35).

The long and flexible linkers in AlphaFold-predicted structures of Actin and
Arp4 were first deleted using COOT(35) and then docked into the 3.8 A Cryo-EM
map of the core module using Chimera (34).

The remaining parts of the cryo-EM maps were successfully assigned to three
subunits including Epl1, Eaf1, and Eaf2, owing to the relatively higher resolu-
tion of these regions and the consistencies between the map features and the
AlphaFold-predicted structures.

All above-mentioned separate models were merged, and then subjected to
Phenix for several rounds of real-space refinement. All the structure figures were
generated by PyMOL (https://pymol.org/2/) and Chimera (34).

Histone Acetyltransferase Assay. All the reactions mentioned in the man-
uscript were performed in reaction buffer containing 25 mM HEPES (pH 8.0),
50 mM ammonium sulfate, 3 mM DTT, 100 uM acetyl-CoA, and T pM NCP (217-
NCP or 147-NCP). To test the effects of different nucleotides on the reaction,
0.1 uM NuA4 and equal molar of the corresponding nucleotides were added to
the reaction buffer and incubated at 30°C, respectively. To compare the catalytic
activity of NuA4 and the Piccolo module, 20 nM NuA4 and an equal molar of
Piccolo proteins were added to the reaction buffer, respectively, and then were
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allowed to react for 5's, 2 min, and 5 min at 30°C, respectively. All the reactions
were quenched by adding 5x SDS loading buffer and heated to 100°C for 5 min.
The reaction mixtures were loaded to a 12% SDS-PAGE gel and subsequently
analyzed using the primary antibody against acetylated-lysine of H4 (Abcam).
The signals were quantified by ChemiDoc (Bio-Rad).

Gel-shift Assay. To test the interaction, Piccolo module of NuA4 was mixed with
an equal molar of NCP for an hour on ice, and then were loaded on a 3-12%
Native-PAGE gel and detected by Coomassie blue.

Glycerol Gradient Centrifugation. Purified NuA4 and an equal molar of 217-
NCP were incubated for 1 h on ice in the buffer containing 25 mM HEPES (pH
8.0), 50 mM ammonium sulfate, 3 mM DTT,and 5 mM MgCl,. The mixture was
applied toa 10-30% glycerol gradient in the same buffer and ultracentrifuged at
40,000 rpm (SW41 rotor) for 7 hours at 4°C. The gradients were fractionated in
500 pland analyzed with SDS-PAGE. The gels were stained with Coomassie blue.

Mass-Spectrometry. The NuA4 sample was excised from SDS-PAGE gel and was
then reduced, alkylated, and treated by trypsin (Promega). After desalting and
vacuum drying, the obtained peptides were dissolved in 0.1% FAand then were
separated and analyzed by label-free quantification on an Easy-nLC 1000 system
coupled to a Q Exactive HF (Thermo Scientific). Raw data were processed using
MaxQuant (v.1.6.5.0) according to the S. cerevisiae Uniprot FASTA database. Two
missed cleavage sites of trypsin were allowed, and the other parameters were
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set as below: mass error of precursor ions: 5 ppm; fragmentions: 0.02 Da; the
selected fixed-modifications: carbamidomethylation, oxidation (M), deamidation
(NQ), and acetylation (protein N-term); false discovery rate thresholds: 1%, and
minimum peptide length allowed: 7.

Data, Materials, and Software Availability. Cryo-EM maps for the core
module of NuA4 and entire NuA4 complexes have been deposited in the
Electron Microscopy Data Bank (EMDB) under accession codes EMD-33794 and
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