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Piccolo NuA4-Catalyzed Acetylation of Nucleosomal Histones: Critical
Roles of an Esal Tudor/Chromo Barrel Loop and an Epll Enhancer of

Polycomb A (EPcA) Basic Region
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Piccolo NuA4 is an essential yeast histone acetyltransferase (HAT) complex that targets histones H4 and H2A in nucleosome
substrates. While Piccolo NuA4’s catalytic subunit Esal alone is unable to acetylate nucleosomal histones, its accessory subunits,
Yng?2 and Epll, enable Esal to bind to and to act on nucleosomes. We previously determined that the Tudor domain of Esal and
the EPcA homology domain of Epl1 play critical roles in Piccolo NuA4’s ability to act on the nucleosome. In this work, we pin-
point a loop within the Esal Tudor domain and a short basic region at the N terminus of the Epl1 EPcA domain as necessary for
this nucleosomal HAT activity. We also show that this Esal Tudor domain loop region is positioned close to nucleosomal DNA
and that the Epl1 EPcA basic region is in proximity to the N-terminal histone H2A tail, the globular region of histone H4, and
also to nucleosomal DNA when Piccolo NuA4 interacts with the nucleosome. Since neither region identified is required for Pic-
colo NuA4 to bind to nucleosomes and yet both are needed to acetylate nucleosomes, these regions may function after the en-
zyme binds nucleosomes to disengage substrate histone tails from nucleosomal DNA.

he regulation of gene expression in eukaryotic cells involves a

complex orchestration of chromatin enzymes that modify or
remodel the chromatin assembly of histone proteins and DNA (1,
2). Much has been learned about the identity and activities of
chromatin modification and remodeling enzymes, and we are also
beginning to appreciate the different genetic pathways through
which these enzymes work. However, despite these significant ad-
vances, the precise mechanism by which chromatin enzymes
function is largely not understood. In particular, we have a rela-
tively poor understanding of how chromatin enzymes recognize
and interact with their nucleosome substrate.

The discovery that the yeast Gen5 protein possessed histone
acetyltransferase (HAT) activity and was also a subunit of the
SAGA transcriptional coactivator complex provided a critical link
between histone acetylation and gene regulation (3, 4). Biochem-
ical and structural studies of the catalytic domains of HAT en-
zymes equip us with insights into how the catalytic domain pro-
vides the structural environment to allow the acetyl-coenzyme A
cofactor to react with the appropriate histone tail peptide sub-
strates (5—8) and the mechanistic basis for how one histone mod-
ification can enhance or prevent a different modification on the
same histone peptide, also known as cross talk (9, 10). Neverthe-
less, major fundamental issues, including how the histone modi-
fication enzymes function on their nucleosome substrates, remain
unresolved. The catalytic subunit of histone modification en-
zymes often possess little or no activity on their physiologically
relevant substrates of histone assembled into nucleosomes (4, 11—
13). Many such enzyme catalytic subunits are components of mul-
tisubunit protein complexes that act on nucleosomes. For exam-
ple, while the Gen5 subunit possesses very poor HAT activity
when assayed on a nucleosome substrate, the megadalton SAGA
complex is able to acetylate both histone and nucleosome sub-
strates (4). Similarly, the yeast Esal HAT fails to acetylate nucleo-
somal histones, but its parent multisubunit NuA4 complex will
acetylate nucleosomes (11). In our previous studies, we identified
minimal catalytic subcomplexes of SAGA (Ada2/Ada3/Gen5) and
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NuA4 (Epl1/Yng2/Esal, also known as the Piccolo NuA4 com-
plex) with activities on nucleosome substrates similar to or even
elevated compared to those of their parent megadalton complexes
(11, 14).

The ability of chromatin modification enzymes like SAGA or
NuA4 to act on nucleosome and not just naked histone substrates
has important implications for their molecular mechanisms. Al-
though the histone tails are the targets of SAGA- and NuA4-di-
rected acetylation, it is unlikely that the tails are sufficient to en-
gage these enzymes. The fact that the Gen5 and Esal catalytic
subunits require accessory subunits to modify nucleosomal his-
tones suggests that these accessory proteins assist the catalytic
subunit in interacting with the nucleosome and in acting on the
histone tails. Parallels can be drawn for other chromatin modifi-
cation enzymes, including the human histone demethylase LSD1,
which requires CoREST to act on the nucleosome, and the yeast
Setl and human MLL1 histone methyltransferases, which require
other components of the COMPASS or MLL complex to meth-
ylate nucleosomal histones (13, 15, 16). Some of the key unre-
solved issues include precisely how the surface of the nucleosome
protein-DNA complex is recognized by these chromatin modifi-
cation enzymes and the role of the accessory subunits in nucleo-
somal binding or catalytic activity.

In our previous studies of the Piccolo NuA4 catalytic subcom-
plex of the NuA4 complex, we identified regions of the component
Epll, Yng2, and Esal subunits necessary for the three proteins to
form a complex and for nucleosomal HAT activity of the complex
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(17). We found that the Esal Tudor/chromo barrel domain found
N-terminal to the catalytic HAT domain and a 20-residue region
at the N terminus of the conserved EPcA domain of the Epll
subunit were necessary for Piccolo NuA4 to acetylate nucleo-
somes. The Tudor domain found in Esal is part of the Tudor
domain family, which includes the chromo, PWWP, MBT, and
Tudor domains (18). Unlike the case of the chromodomain,
which contains a peptide binding site often used to bind to meth-
ylated or unmodified histone tails, structural determination of the
yeast Esal and related human MOF Tudor/chromo barrel do-
mains shows that an N-terminal extension to the chromodomain
occupies the chromodomain histone peptide binding site (19-21).
Thus, the Tudor/chromo barrel domain is unlikely to bind to
methylated histone peptides despite its structural similarity to the
chromodomain. The exact function of the Tudor/chromo barrel
domain in Esal and MOF is not clear, although RNA binding has
been proposed as one possible function (20-22). In contrast to the
Tudor/chromo barrel domain, no experimental structural infor-
mation is available for the Epll EPcA domain.

In this study, we identify key residues within the Esal Tudor/
chromo barrel domain and the Epll EPcA domains necessary for
the Piccolo NuA4 complex to acetylate nucleosomal histones. The
Esal Tudor/chromo barrel domain residues highlight a particular
loop region that we show is in close proximity to nucleosomal
DNA. We also provide evidence that a positively charged region of
the Epll EPcA domain is close both to the N-terminal tail of his-
tone H2A and to nucleosomal DNA. These results suggest new
insights into how the Piccolo NuA4 enzyme interacts with its
nucleosome substrate and catalyzes acetylation of nucleosomal
histones.

MATERIALS AND METHODS

Protein expression and purification. Wild-type Esal, Yng2(2-18), and
hexahistidine-tagged Epl1(51-380) subunits of Piccolo NuA4 and ap-
propriate mutational variants were expressed using the pST44 polycis-
tronic expression vector in BL21(DE3)pLysS cells as described previ-
ously (17, 23). The coexpressed complexes were purified by Talon
(Clontech) cobalt affinity and SourceQ anion-exchange chromatogra-
phy (24), and the engineered mutations did not adversely affect Pic-
colo NuA4 complex stability.

Recombinant Xenopus core histones and nucleosome core particles
were prepared as described previously (25). Briefly, the four core histones
were expressed individually in Escherichia coli and purified from inclusion
bodies under denaturing conditions. The histone octamer was refolded
from the individual core histones and then purified over a Superdex 200
16/60 size exclusion column. Nucleosome core particles were reconsti-
tuted from the purified histone octamer and recombinant Widom 601
DNA positioning sequence by gradient dialysis before purification by
SourceQ anion-exchange high-performance liquid chromatography
(HPLC).

HAT assay. HAT assays were performed at least three times each on
both recombinant histones and nucleosome core particles in 50 mM Tris-
HC1 at pH 8.0, 50 mM KC1, 5% glycerol, 0.1 mM EDTA, 1 mM dithio-
threitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 10
mM sodium butyrate using procedures described previously (4, 17). The
HAT activity nucleosome preference was calculated by dividing the HAT
activity on nucleosomes substrates by the HAT activity on free histone
substrates.

Strep-Tactin pulldown assay. One hundred picomoles of recombi-
nant nucleosome core particles were immobilized on Strep-Tactin resin
via histone H2B tagged with Strep-tag in H50 pulldown buffer (20 mM
HEPES [pH 7.5], 50 mM NaCl, 100 pg/ml BSA [bovine serum albumin],
1% Triton X-100, and 0.1% sodium deoxycholate). After washing with
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H50 pulldown buffer twice, the same buffer or equivalent buffer contain-
ing 70 or 90 mM NaCl was used to wash the resin twice. After the resins
were resuspended in 300 .l of desired binding buffer, 120 pmol of Piccolo
NuA4 complexes were added. Proteins were eluted by heating the resin in
40 pl SDS-PAGE sample loading buffer and separating on an 18% acryl-
amide SDS-PAGE gel.

Preparation of Piccolo NuA4 containing Bpa and post->*P labeling
assay. Piccolo NuA4 complexes with p-benzoyl-1-phenylalanine (Bpa)
incorporated at specific Esal positions were expressed using the pSup-
BpaRS-6TRN suppression plasmid, kindly provided by Peter Schultz (26,
27), and pST44-yEsal-Yng2(1-218)-HISNyEpl1(51-380) coexpression
plasmids with the TAG amber codon introduced at appropriate Esal po-
sitions by site-directed mutagenesis. Expression of Piccolo NuA4 com-
plexes containing Bpa were performed in 2X tryptone-yeast extract (2 X
TY) growth medium supplemented with 1 mM Bpa (Bachem). Additional
SourcelSO hydrophobic chromatography was used to further purify Pic-
colo NuA4 complexes containing Bpa.

In the post->*P labeling assay, 32 pmol of Piccolo NuA4 incorporating
Bpa at Esal K61 was incubated with 63 pmol recombinant nucleosome
core particles in 40 pl cross-linking buffer (20 mM HEPES [pH 7.5], 50
mM KCl, 0.1 mM EDTA, and 5% glycerol) for 10 min at room tempera-
ture in the dark. Samples were irradiated with UV light at a distance of 5
cm using a Spectroline XX-15A lamp (365 nm) in a cold room for 20 min.
After adding 40 pl of T2400 (20 mM Tris-Cl [pH 8.0] and 2.4 M NaCl)
and 20 pl of Talon metal affinity resin in 200 wl T1200 (20 mM Tris-Cl
[pH 8.0] and 1.2 M NaCl), the mixture was mixed with rotation at room
temperature for 20 min before washing twice with T1200 and once with
DNase I buffer (10 mM Tris-HCI [pH 7.6], 2.5 mM MgCl,, and 0.5 mM
CaCl,). The sample was then digested using 3 U DNase I (Roche) in 40 pl
DNase I buffer at 37°C for 1 h. After washing with T1200 twice and NEB
buffer 3 (50 mM Tris-HCI [pH 7.9], 100 mM NaCl, and 10 mM MgCl,)
once, the sample was treated with 10 U calf intestinal phosphatase (NEB)
in 40 Wl NEB buffer 3 at 37°C for 1 h. The resin was then washed twice with
T1200 and once with T4 PNK buffer (70 mM Tris-HCI [pH 7.6] and 10
mM MgCl,) before incubation with 5 U T4 polynucleotide kinase (NEB)
and 0.5 pl [y-**P]ATP (3,000 Ci/mmol, 10 Ci/ml; MP Biomedical) in 40
wl T4 PNK buffer for 1 h. After this labeling step, the resin was washed 6
times with T4 PNK buffer plus 0.1 mM ATP. The Piccolo NuA4 com-
plexes were eluted from the resin by adding 20 pl of SDS-PAGE sample
loading buffer and heating the resin at 95°C for 5 min. The eluted proteins
were separated by SDS-PAGE and visualized first by staining the gel with
Coomassie blue and then by phosphorimaging after drying down the gel.

Yeast strains and viability tests. Hemagglutinin (HA)-tagged ESAI
was subcloned into the yeast integrative vector pRS403 HIS marker plas-
mid. Site-directed mutagenesis was performed to create point mutations.
pRS403 plasmids with HA-tagged wild-type or mutant ESAI were lin-
earized with Pstl and transformed into QY118 MATa his3A1 leu2A0
met15A0 ura3A0 esal A:KanMX pLP795 (ESA1 ARS/CEN URA3) using
standard methods (28). Desired clones were selected on synthetic com-
plete (SC) plates lacking histidine and uracil. Viability tests were per-
formed as follows. Yeast strains integrated with HA-tagged ESAI con-
structs as well as wild-type ESAI on a URA3 plasmid were grown
overnight in yeast extract, peptone, adenine, and dextrose (YPAD) me-
dium at 30°C and then diluted to an optical density of 1.5. Tenfold serial
dilutions in water were spotted on both YPAD plates with or without 0.1%
5'-fluoroorotic acid (5-FOA). The plates were grown at 30°C for 2 to 5
days. Yeast strains integrated with HA-tagged esal-D64A were selected
from the 5-FOA plates.

Chromatin immunoprecipitation and qPCR. One hundred millili-
ters of yeast culture (optical density at 600 nm [ODg,] = 0.8 to 1.0) was
cross-linked with formaldehyde (1% [vol/vol]) for 15 min at room tem-
perature and quenched by adding glycine to 125 mM for 5 min at room
temperature (29). Whole-cell extracts were prepared by zirconia bead
disruption, and chromatin was sheared into fragments averaging 150 to
500 bp in size by using a Bioruptor instrument (Diagenode, Philadelphia
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PA). One hundred microliters of whole-cell extract was incubated with 2
to 4 ul of antibody overnight (anti-hyperacetylated histone H4 [06-866;
Upstate] and anti-histone H3 [ab1791; Abcam). The immunoprecipitated
DNA and input DNA were analyzed by quantitative PCR (qPCR) using
primers covering the following regions: PYKI promoter, —275 to —161;
PYKI ORF, +580 to +661; PMAI promoter, —299 to —121; PMAI open
reading frame (ORF), +1138 to +1219 [numbers refer to distance in
bases from the transcription start site]. Levels of histone H4 acetylation
were normalized by measuring changes in nucleosome density in parallel
using anti-H3 antibody. The results are presented as the means and stan-
dard deviations from at least three independent experiments.

Photo-cross-linking label transfer assay. Piccolo NuA4 complexes
with cysteines introduced into the Epl1 EPcA region were reduced in 10
mM DTT at room temperature for 30 min, before dialyzing twice against
H200 buffer (20 mM HEPES [pH 7.5] and 200 mM NaCl) to remove the
DTT. Forty-eight nanomoles of reduced Piccolo NuA4 complex was
mixed with 48 nmol Mts-Atf-Biotin (dissolved in dimethyl sulfoxide
[DMSO]) in a total reaction volume of 800 .l for 1 h at room temperature
in the dark and removal of the nonreacted Mts-Atf-biotin by dialysis
against H200 buffer. Sixty-four picomoles Mts-Atf-biotin-labeled Piccolo
NuA4 complex was mixed with 80 pmol nucleosome core particles in 40
wl H50 buffer, incubated at room temperature in the dark for 10 min,
irradiated with UV light for 5 min at a distance of 5 cm using a Spectroline
XX-15B lamp (300 nm), and then reduced in 50 mM DTT at 70°C for 5
min. To detect protein-protein interactions, SDS-PAGE sample loading
buffer was added to the samples. Samples were separated on an 18%
acrylamide SDS-PAGE gel and blotted to nitrocellulose membranes. To
ensure efficient transfer of histone proteins, Towbin buffer with 0.8% SDS
was used. Horseradish peroxidase-conjugated streptavidin was used with
chemiluminescent reagents to detect the proteins labeled with biotin. To
detect protein-DNA interactions, samples were extracted four times with
phenol-chloroform and once with chloroform. The DNA was then etha-
nol precipitated and spotted onto a Hybond-N+ blotting membrane (GE
Healthcare). The DNA was then cross-linked to the membrane via UV
265-nm irradiation in a Stratalinker UV cross-linker (Stratagene), and the
biotin-labeled DNA was detected using horseradish peroxidase-conju-
gated streptavidin and chemiluminescent reagents.

RESULTS

A conserved Esal Tudor loop region is critical for Piccolo NuA4
to acetylate nucleosomes. Our previous studies of the Piccolo
NuA4 complex demonstrated that the Tudor domain of the cata-
lytic Esal subunit is critical for Piccolo NuA4 to acetylate nucleo-
somes but not for Esal or Piccolo NuA4 to acetylate histones (17).
To better understand the role of the Esal Tudor domain in
nucleosome acetylation, we analyzed the effect of mutating resi-
dues on the surface of the Tudor domain. Given the structural
similarity of the Esal Tudor domain and MOF chromo barrel
domain to the archaeal Sso7 chromosomal protein, which binds
to DNA (30), we designed alanine mutations to probe the Esal
surface equivalent to the Sso7 DNA-binding surface. We had pre-
viously established that the His-tagged Epl1(51-380)/Yng2(1—
218)/Esal Piccolo NuA4 complex v55 possesses robust nucleo-
somal HAT activity (17). To produce recombinant Piccolo NuA4
complexes, we coexpressed these full-length Esal proteins with
the Yng2(1-218) and His-tagged Epl1(51-380) truncations using
polycistronic expression in E. coli. As expected, the Esal Tudor
domain mutations, which are outside the HAT domain sufficient
to act on histones, did not significantly affect the ability of Piccolo
NuA4 to acetylate histone substrates. Since none of the mutations
examined in this work had a major effect on histone HAT activity
(Table 1), comparing the nucleosome preference (the ratio of
nucleosome HAT activity to histone HAT activity) allows us to
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TABLE 1 HAT activities of Piccolo NuA4 complexes containing point
mutations in Esal Tudor domain®

Esal Tudor HAT activity (cpm) Preference for nucleosomes
mutation(s) Histone Nucleosome  relative to wild type
None 918 = 53 5,351 * 206 1.00 £ 0.07

W66A 746 * 47 2,690 £ 135 0.63 = 0.09

K61A, R62A 551 = 85 215+ 49 0.04 = 0.01

N44A, K51A 793 £ 70 2,441 * 349 0.53 £ 0.11
N32A,R71A 834 + 59 2,829 * 431 0.58 = 0.12

R46A 1,106 = 102 4,878 * 865 0.70 £ 0.11

K47A 1,043 = 36 5,324 = 850 0.83 = 0.20

K61A 1,071 £ 66 5,273 = 811 0.81 = 0.11

R62A 699 = 58 330 =70 0.05 = 0.03

K31A 843 = 175 5,550 * 691 1.03 £ 0.13

H55A 884 = 57 1,134 = 326 0.21 = 0.11

N58A 879 = 33 3,863 * 284 0.79 = 0.05

N60A 650 = 20 549 = 11 0.12 = 0.02

L63A 776 = 59 1,750 = 212 0.39 = 0.07

D64A 782 + 56 558 + 45 0.14 = 0.03

“ Means * SD are given.

correct for minor concentration differences between Piccolo
NuA4 preparations (17). The Piccolo NuA4 complexes bearing
the Esal W66A, N44A/K51A, or N32A/K71A mutations produced
only relatively minor effects on nucleosomal HAT activity, but the
K61A/R62A double mutation was severely compromised in its
ability to acetylate a nucleosome substrate (Fig. 1a and Table 1).
Specifically, the K61A/R62A mutant’s nucleosomal preference
was reduced to 4% relative to the unmutated v55 complex.

We next designed single point mutations in the vicinity of this
double mutation, including the individual K61A and R62A muta-
tions. Piccolo NuA4 complex bearing the K61A mutation pos-
sessed a near-wild-type ability to acetylate nucleosomes, but the
R62A mutation alone was sufficient to reduce the nucleosome
preference to 5%, similar to the case of the K61A/R62A double
mutation. Examination of the remaining mutants identified
H55A,N60A, and D64A as reducing the nucleosome preference to
less than 25% of that of the reference unmutated complex (Fig. 1a
and Table 1). The L63A mutation had a modest effect (39% activ-
ity), and the K31A and N58A mutants possessed a near-wild-type
nucleosomal preference. When mapped onto the nuclear mag-
netic resonance (NMR) structure of the Esal Tudor domain, the
most severe mutations identified here (H55A, N60A, R62A, and
D64A) and from our previous study (Y56A and E65L) (17) iden-
tify a loop between Esal Tudor domain strands S3 and S4 (Fig.
1b). The sequence of this loop is particularly well conserved
among Esal from different species and is also conserved in the
MOF protein, another member of the MYST family of histone
acetyltransferases (20, 21). Removing positive charges on the sur-
face of the Tudor domain is apparently not sufficient to reduce
nucleosomal HAT activity, since the R46, K47, K51, K61, and R71
residues outside the loop region can be mutated to alanine with-
out severely affecting the nucleosomal preference, suggesting spe-
cific electrostatic contacts with a defined orientation (Fig. laand b
and Table 1).

The Esal Tudor loop region can cross-link to nucleosomal
DNA. A possible mechanism by which the Esal Tudor loop could
affect acetylation of nucleosomal tails is if the loop region medi-
ates interactions with the nucleosome. To examine if the Esal
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FIG 1 Mutations in an Esal Tudor domain loop region affect Piccolo NuA4’s ability to acetylate nucleosomal histones. (a) HAT activity nucleosome preference
(ratio of HAT activity on nucleosome substrates to HAT activity on histone substrates) for Piccolo NuA4 wild-type and Esal Tudor domain loop mutant enzyme
complexes based on at least three measurements. Results are color coded as follows: green for 50 to 100%, orange for 25 to 50%, and red for 0 to 25% of wild-type
nucleosome preference. (b) HAT activity results mapped onto Esal Tudor domain NMR structure (21). The loop region identified by the mutational studies is
highlighted in pink. Molecular graphics were produced using the PYMOL software program.

Tudor loop might interact with the nucleosome, we first analyzed
if this loop region is proximal to the nucleosome in the Piccolo
NuA4/nucleosome complex. We employed unnatural amino acid
incorporation via amber STOP codon suppression (27) to site-
specifically introduce a UV-dependent cross-linker amino acid
analog into recombinant Piccolo NuA4 complex coexpressed in E.
coli. In particular, the Bpa (p-benzoyl-L-phenylalanine) amino
acid analog was introduced into several positions within or near
the Esal Tudor loop region. Expression of Esal containing the
amber TAG codon engineered into the Tudor loop was dependent
on the presence of Bpa provided in the expression growth medium
(data not shown). We prepared Piccolo NuA4 containing Bpa
incorporated at Esal Tudor residues K31, Y56, Y59, and K61.
Attempts to detect UV-dependent cross-linking of Piccolo NuA4
to the histone components of the nucleosome were unsuccessful:
we did not observe any new bands corresponding to Esal cross-
linked to histone proteins on Coomassie or silver-stained SDS-
PAGE gels or in anti-Esal Western blots (data not shown).

To investigate whether the Esal Tudor loop region is close to
nucleosomal DNA, we developed a post->*P labeling procedure to
detect cross-linking of Esal to DNA (Fig. 2a). Piccolo NuA4 com-
plexes containing Bpa were incubated with recombinant nucleo-
some core particles and exposed to UV light. The nucleosomes but
not the Piccolo NuA4 complex were then dissociated by high-salt
treatment, and Piccolo NuA4 complexes were isolated by metal
affinity chromatography via the His-tagged Epl1 subunit. DNase I
was then used to trim nucleosomal DNA cross-linked to the Esal
subunit. The small DNA fragment remaining was labeled by treat-
ment with calfintestinal phosphatase to provide a free 5'-hydroxyl
end and then T4 polynucleotide kinase and [**P]JATP to phos-
phorylate this 5" end. No cross-linking to DNA was observed
when Piccolo NuA4 complexes containing Bpa incorporated at
Esal Tudor residue K31, Y56, or Y59 were incubated with nucleo-
somes. However, a band comigrating with Esal was observed
when Piccolo NuA4 complexes with Bpa incorporated at Tudor
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residue K61 was bound to nucleosomes (Fig. 2b, lanes 5 to 8). This
cross-linking was specific since it was UV dose dependent and was
not present when wild-type Piccolo NuA4 enzyme without Bpa
incorporated was used (Fig. 2b, lanes 1 to 4). The cross-linking
was not due to direct labeling of Esal by polynucleotide kinase,
since the band was absent if either the DNase I or phosphatase
treatment was omitted, suggesting a requirement for a free DNA
5" hydroxyl group (data not shown). We also considered the pos-
sibility that the signal resulted from Piccolo NuA4 binding to free
DNA that might have dissociated from or contaminated our re-
combinant nucleosome preparation. We determined that the
HPLC-purified recombinant nucleosome core particles used in
these assays contained less than 1% free DNA (Fig. 2¢) and thus
performed the cross-linking/postlabeling procedure using free
DNA present at 1% of the nucleosome concentration used in the
nucleosome cross-linking experiment. In contrast to the case
when Piccolo NuA4 is incubated with nucleosomes, we observed
no cross-linking signal when free DNA was used (Fig. 2d), indi-
cating that the cross-link to DNA results from Piccolo NuA4 in-
teracting with nucleosomes and not free DNA. Thus, we conclude
that the Esal Tudor loop residue K61 can be cross-linked to
nucleosomal DNA in the Piccolo NuA4/nucleosome complex.
The Esal Tudor domain contributes to nucleosome binding
by Piccolo NuA4. We have previously demonstrated through size
exclusion chromatography and pulldown assays that the Esal Tu-
dor domain was not necessary for Piccolo NuA4 to bind to the
nucleosome (17). However, the assays used would not necessarily
detect weaker binding due to reducing or eliminating one of the
multiple contacts between the Piccolo NuA4 enzyme and the
nucleosome. To analyze the role of the Esal Tudor domain in
Piccolo NuA4 binding to the nucleosome, we used salt titration in
apulldown assay to examine interactions under increasingly strin-
gent binding conditions (Fig. 3a). We immobilized nucleosomes
via an N-terminal Strep-tag on histone H2B to Strep-Tactin resin
and incubated Piccolo NuA4 with these immobilized nucleo-
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FIG 2 Esal Tudor domain loop region cross-links to nucleosomal DNA. (a) Chemical structure of p-benzoyl-L-phenylalanine (Bpa) and experimental scheme
for Bpa-based cross-linking to nucleosomal DNA. (b) UV dose-dependent Bpa-based cross-linking to nucleosomal DNA for wild-type and Esal(K61Bpa)
Piccolo NuA4 (the latter was produced by unnatural amino acid incorporation via amber codon suppression). The band was identified as Esal by comparing its
mobility to the mobility of Piccolo NuA4 components Epl1, Yng2, and Esal. (c) Nucleosome core particles used in cross-linking studies contain less than 1% free
DNA. Ethidium bromide-stained native polyacrylamide gel of 0.9 pmol free DNA (same DNA fragment used to reconstitute nucleosome core particles) (lane 1),
0.3 pmol free DNA (lane 2), and 30 pmol recombinant nucleosome core particles (2 separate preparations, lanes 3 and 4) are shown. (d) Piccolo NuA4 with Bpa
incorporated at Esal residue K31, Y56, Y59, or K61 (lanes 1 to 4, respectively) fails to cross-link to free DNA (1% of the nucleosome concentration used in the

experiment shown in panel b) upon 20 min of UV exposure.

somes in different salt concentrations. The components bound to
the resin after extensive washing were released by heating the resin
in SDS-PAGE sample loading buffer and fractionated by SDS-
PAGE. We found that significantly less Piccolo NuA4 complex
containing Esal Tudor R62A (which severely reduced nucleo-
some acetylation) bound to nucleosomes even at 50 mM NaCl
than was the case with wild-type Piccolo NuA4 (Fig. 3a, lanes 2
and 6). Similar reductions were observed when binding was per-
formed in 70 and 90 mM NaCl (Fig. 3a, lanes 3, 4, 7, and 8).
Interestingly, comparable effects on binding were observed when
the entire Esal Tudor domain was deleted from the Piccolo NuA4
complex (Fig. 3a, lanes 9 to 12). Thus, although the Esal Tudor
domain is not necessary for Piccolo NuA4 to bind to the nucleo-
some, consistent with our prior size exclusion chromatography-
based result, this domain and in particular the Tudor domain R62
residue appear to mediate some interaction with the nucleosome,
presumably through nucleosomal DNA.

Esal Tudor domain mutations affect viability, growth rate,
and global acetylation in yeast. The effects of the Tudor domain
mutations in yeast were examined using a URA3-based plasmid
shuffle assay. Yeast strains bearing esal-R62A on a URA3 plasmid
were essentially unable to grow on 5-FOA plates, whereas strains
expressing Esal(L63A) or Esal(D64A) displayed significant
growth defects (Fig. 4a). The magnitude of these growth defects
was largely consistent with the decreased nucleosome HAT activ-
ity of corresponding Piccolo NuA4 complexes in vitro. Yeast
strains containing chromosomal integrations of esal-D64A were
analyzed further by growing them on plates and in liquid cultures
and were found to grow at half the rate of the corresponding
wild-type strain (4-h doubling time for the esal-D64A strain ver-
sus 2 h for the wild-type strain). The global acetylation level of the
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esal-D64A strain was then analyzed by Western blotting using an
anti-hyperacetylated histone H4 antibody that recognizes acetyla-
tion of multiple histone H4 tail residues. Surprisingly, acetylated
histone H4 not only was reduced but was actually not detectable in
the esal-D64A strain (Fig. 4b). The effect of the Esal(D64A) mu-
tation at the constitutively expressed PYKI and PMAI genes was
also analyzed by chromatin immunoprecipitation (Fig. 4c). We
found that histone H4 acetylation was substantially reduced at the
promoters and within the open reading frames of both genes in
the esal-D64A strain compared to results for the wild-type strain.
These results are consistent with previous findings that Esal Tu-
dor domain loop mutations adversely affect yeast viability and
growth rate (17, 21) and further show that global acetylation of
histone H4 requires the Esal D64 side chain.

Identification of residues in the Epl1 EPcA domain N-termi-
nal basic region important for nucleosomal HAT activity. Our
previous studies had shown that the Epl1 residues 51 to 72 at the N
terminus of its conserved EPcA domain are important for Piccolo
NuA4 to acetylate nucleosomes and to bind to nucleosomes (17).
To determine which residues within this relatively basic (posi-
tively charged) region were important for Piccolo NuA4’s nucleo-
some acetylation activity, we constructed alanine mutations at
individual residues, coexpressed these mutant Epl1(51-380) pro-
teins with Yng2(1-218) and Esal in E. coli, purified the mutant
Piccolo NuA4 complexes, and assayed HAT activity of these com-
plexes using histone and nucleosome substrates (Fig. 5 and Table
2). Mutations at R58 and K59 had the largest effect, reducing
nucleosome preference to 5% and 19% of wild-type activity, while
the F55A and H65A mutants were reduced to approximately 45%
wild-type activity. The other mutations examined, R54A, R56A,
H57A, K63A, Q64A, and K67A, were associated with at least 60%
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FIG 3 Effect of Esal or Epll deletion or mutations on nucleosome binding by
Piccolo NuA4. (a) Esal Tudor domain deletion or loop region mutations. The
binding of Piccolo NuA4 to recombinant nucleosomes tagged on histone H2B
with Strep-tag and immobilized on Strep-Tactin resin was examined in a pull-
down assay (Coomassie blue-stained SDS-PAGE gel). Piccolo NuA4 input
(30%) and contents of resin after washing with buffer containing 50, 70, and 90
mM NaCl are shown in lanes 1 to 4 for the wild-type enzyme, lanes 5 to 8 for
the Piccolo NuA4 Esal (R62A) point mutation variant, and lanes 9 to 12 for the
Piccolo NuA4 enzyme with the Esal Tudor domain deleted. Duplicate exper-
iments produced similar results, but the larger amount of Strep-Tactin in lanes
2 to 4 is not reproducible (not shown). Mobility of molecular weight markers
is shown on the right. (b) Epl1 EPcA basic region deletion or point mutations.
Piccolo NuA4 input (30%) and contents of resin after washing with buffer
containing 50, 70, and 90 mM NaCl are shown in lanes 1 to 4 for wild-type
enzyme (with a hexahistidine and TEV protease site [HISN] left on the Epl1A3
subunit) and in lanes 13 to 16 for wild-type enzyme (with a hexahistidine and
TEV protease site [HISN] removed on the Epl1A3 subunit), lanes 5 to 8 for the
Piccolo NuA4 Epl1(K63A) point mutation variant, lanes 9 to 12 for the Piccolo
NuA4 enzyme with the Epl1 EPcA basic region residues 51 to 70 deleted, lanes
17 to 20 for the Piccolo NuA4 Epl1(R58A) point mutation variant, and lanes 21
to 24 for the Piccolo NuA4 Epl1(K59A) point mutation variant. The HISN tag
on the N terminus of Epl1(51-380) does not appear to affect nucleosome
interactions by Piccolo NuA4 (lanes 1 to 4 versus 13 to 16).
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of wild-type activity. Thus, just as with the Esal Tudor domain,
mutations of specific Epl1 EPcA domain residues significantly com-
promise Piccolo NuA4’s nucleosome HAT activity, but removing
positive charges was not sufficient to affect nucleosome HAT activity.
The Epll EPcA domain basic region can cross-link to the N-
terminal tail of histone H2A and the globular domain of histone
H4 in nucleosomes. We were interested in utilizing a wider range
of cross-linking or fluorescent agents than might be possible by
unnatural amino acid incorporation via amber suppression. Such
modifications are usually introduced into proteins by conjugating
reactive side chains, such as cysteines, but the size and complexity
of multisubunit complexes, such as Piccolo NuA4, often compli-
cates conjugation to the desired specific residues. In particular,
our reference Piccolo NuA4 v55 complex contains about 1,000
residues, including 13 cysteines. Fortunately, we discovered that
these native cysteines in Piccolo NuA4 v55 are minimally chemi-
cally reactive, since relatively little conjugation of the fluorescent
Alexa Fluor 647 maleimide dye to the native complex could be
detected. However, a cysteine engineered into the Piccolo NuA4
Epll subunit could be specifically conjugated to the same dye
(data not shown). Some background conjugation was detected
even for the wild-type enzyme, possibly due to lower-efficiency
reactivity between the maleimide and lysine residues (32, 33).
Having established that we could regioselectively label the Pic-
colo NuA4 complex with engineered cysteines, we pursued a label
transfer cross-linking approach to determine what components of
the nucleosome were proximal to the Epll EPcA domain basic
region covering residues 51 to 72. We chose not to target residues
in the basic region with the most severe effect on nucleosomal
HAT activity, R58 and K59, to avoid possible complications if
these residues were required for binding to the nucleosome. In-
stead, we selected the V62 and K63 residues, close to R58 and K59
(Piccolo NuA4 bearing the K63A mutation retained more than
60% of wild-type nucleosomal preference, suggesting that K63
was not required for interacting with the nucleosome or for HAT
activity). We conjugated Piccolo NuA4 containing the Epll V62C
and K63C point mutations with Mts-Atf-biotin, a trifunctional
label transfer reagent (34-36). The sulthydryl-reactive methane-
sulfonate (Mts) group allows conjugation to a reactive cysteine via
a cleavable disulfide bond, the Atf (perfluorophenylazide) group
allows UV-activated cross-linking within 11 A to both protein and
DNA, and the biotin moiety provides for sensitive detection. The
Mts-Atf-biotin-conjugated Piccolo NuA4 complexes were incu-
bated with recombinant nucleosome core particles, exposed to
UV light, and treated with DTT to reduce the disulfide bond link-
ing the cross-linking reagent to the Epll V62C or K63C residue
(control experiments confirm that Mts-Atf-biotin-conjugated
Piccolo NuA4 binds to nucleosome core particle similarly to bind-
ing of wild-type Piccolo NuA4 in a band shift gel; data not shown).
The sample was then separated by SDS-PAGE and blotted, and the
biotin group was probed using horseradish peroxidase-linked
streptavidin (Fig. 6a and b). Our results show that a band corre-
sponding to either histone H2A or H2B and a weaker band corre-
sponding to histone H4 are detected when Piccolo NuA4 complex
containing Epll K63C is used (Fig. 6b, lane 1). The absence of
these bands when the Mts-Atf-biotin reagent is conjugated to the
Piccolo NuA4 Epll V62C mutant indicates that the label transfer
is specific, as does the finding that the bands are detected only in
the presence of both nucleosomes and UV light (data not shown).
The possibility that the Piccolo NuA4 cross-linked to dissociated
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FIG 4 The Esal Tudor domain loop region plays a critical role for yeast viability and for global H4 acetylation in yeast cells. (a) Serial dilution of yeast containing
wild-type or Esal Tudor domain point mutants on YPAD or 5-FOA plates shows that the E65L and R62A mutants are more severely affected than the L63A and
D64A mutants. (b) Slowed-growth phenotype of the Esal (D64A) mutant on YPAD rich medium (left panel) and severe effect of the Esal(D64A) point mutation
on global H4 acetylation (right panel). (¢) Chromatin immunoprecipitation analysis of histone H4 acetylation on the PYKI and PMAI promoter and open
reading frame (ORF) in wild-type and Esal(D64A) yeast cells (three experiments). Acetylated H4 occupancy at the promoter (normalized to H3) was set to 1.0.

histone dimer or free histones was examined by repeating the label
transfer cross-linking using these substrates. Since we detected less
than 1% of free DNA in our nucleosome preparation, we believe
that less than 1% of our nucleosomes were dissociated into his-

1.4

HAT activity nucleosome preference

WT R54A F55A R56A H57A R58A K59A K63A Q64A H65A K67A
Epl1 EpcA basic region mutations

FIG 5 Specific mutations in the Epll1 EPcA N-terminal region affect nucleo-
somal HAT activity of Piccolo NuA4. HAT activity nucleosome preference for
Piccolo NuA4 wild-type and Epll EPcA basic region mutant enzyme com-
plexes based on at least three measurements. The same color code as in Fig. 1a
is used.
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tones and DNA. Nevertheless, we performed the label transfer
cross-linking assay using a 5% molar equivalence of core histones
or histone H2A/H2B dimer, and we did not detect any biotin
labeling of histones in these control experiments (data not
shown). These results indicate that the cross-linking to the histone
proteins we observed occurred between Piccolo NuA4 and
nucleosomal histones.

Because the Xenopus histones H2A and H2B present in our
recombinant nucleosome core particles comigrate in an SDS-

TABLE 2 HAT activities of Piccolo NuA4 complexes containing point
mutations in Esal Tudor domain®

Epll EPcA HAT activity (cpm) Preference for nucleosomes
mutation Histone Nucleosome  relative to wild type
None 1,051 = 134 6,206 * 268 1.00 = 0.11

R54A 569 = 16 2,996 * 430 0.88 = 0.14

F55A 690 = 65 1,581 * 236 0.42 £ 0.04

R56A 763 =22 3,012 * 650 0.66 = 0.18

H57A 535 * 56 2,877 * 382 0.97 = 0.32

R58A 800 * 38 246 = 12 0.05 = 0.01

K59A 502 = 107 509 * 147 0.19 = 0.10

K63A 618 * 126 2,370 £ 679 0.63 £ 0.17

Q64A 556 £ 53 2,067 * 225 0.65 £ 0.11

H65A 728 = 81 2,071 £ 301 0.47 = 0.13

K67A 909 *+ 108 4,570 = 100 0.81 = 0.12

“ Means * SD are given.

mcb.asm.org 165


http://mcb.asm.org

Huang and Tan

Ponceau Red

tail-less
XNCP xNCP yNCP

<« YH3
<« yH2B
<« yH2A

XH3 =
XxH2A/xH2B =

tail-less xH3 =
XH4 =

tail-less xH2A/xH2B =*>

tail-less xH4 =

<« yH4

1 2 3
C Streptavidin-HRP
AN-term AC-term
wWT H2A H2A tail-less
H3— [ s
H2A/H2B = “ ERCERE s .
H2A(1-119)

-y ~ & . S
.
8« H2A(13-119)
S | < H4(20-102)

H2A(13-130)
H4 =

1 2 3 4

Streptavidin-HRP
tail-less

XxNCP xNCP yNCP

<« YH3
<« yH2B
F < yH2A

<—yH4

XH3 =

xH2A/xH2B =
tail-less xH3 =»

XH4 =
tail-less xH2A/xH2B =*>

tail-less xH4 =

1

Piccolo Streptavidin-HRP
NuA4

WT V62C K63C

+ UV

-Uuv

1 2 3
DNA dot blot
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with nucleosomes and analyzed on a DNA dot blot.

PAGE gel, our initial label transfer experiment was not able to
identify which histone or whether possibly both histones were
conjugated with biotin. To determine if Piccolo NuA4 K63C
cross-linked to histone H2A or H2B, we prepared recombinant
yeast nucleosome core particles and used these in the label transfer
assay. Unlike Xenopus histones H2A and H2B, the corresponding
yeast proteins were resolved from each other on SDS-PAGE. The
results showed that only yeast H2A and not H2B was labeled,
suggesting that histone H2A cross-linked to the Piccolo NuA4
(Fig. 6b, lane 3). A weaker labeling signal was again observed for
histone H4, and a new fainter signal was seen for yeast histone H3.
We have previously shown that Piccolo NuA4 binds to nucleo-
some core particles with each of the core histone tails removed,
and so we also examined such tailless nucleosomes in the label
transfer experiment. We found that much weaker labeling on
H2A/H2B was present when tailless nucleosomes were used (Fig.
6b, lane 2 and ¢, lane 4), indicating that the cross-link was made to
an H2A tail and not to the globular domain. In contrast, the signal
for histone H4 was still present even when its N-terminal tail was
removed, suggesting that the biotin label was transferred to the
globular domain of histone H4.

Since histone H2A contains tail extensions on both the N- and
C-terminal sides of its histone fold motif, we prepared recombi-
nant nucleosome core particles containing histone H2A with ei-
ther the N-terminal or C-terminal tail removed. When the H2A
N-terminal tail was removed, the cross-linking signal to H2A was
greatly reduced, indicating that the Piccolo NuA4 K63 cross-
linked to the N-terminal tail of nucleosomal histone H2A (Fig. 6c,
lane 2). In contrast, H2A lacking its C-terminal tail was still la-
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beled with biotin (Fig. 6¢, lane 3). We also observed significantly
more labeling of H3 in nucleosomes lacking the C-terminal tail of
H2A compared to results for wild-type or H2A N-terminally trun-
cated nucleosomes.

The Epll EPcA domain basic region can cross-link to DNA in
nucleosomes. We also used Piccolo NuA4 Epll V62C and K63C
variants in label transfer experiments to examine if the EPcA basic
region could cross-link to nucleosomal DNA. After incubating
Mts-Atf-biotin-conjugated Piccolo NuA4 with nucleosomes, UV-
activated cross-linking, and reducing with DTT to transfer the
biotin group to the cross-linked nucleosome subunit, the samples
were phenol extracted to remove all proteins. Nucleic acids in the
phenol extraction aqueous phase were then ethanol precipitated
and detected on a dot blot using horseradish peroxidase-linked
streptavidin. The results showed that nucleosomal DNA was la-
beled for Piccolo NuA4 conjugated at either V62C or K63C in a
UV-dependent manner (Fig. 6d). This biotin label transfer to
DNA likely occurs when Piccolo NuA4 binds to nucleosomes and
not to free DNA, since control experiments using 1% equivalent
concentrations of free DNA failed to detect any label transfer to
DNA (data not shown). Thus, we conclude that the Epll EPcA
basic region can also cross-link to nucleosomal DNA when Pic-
colo NuA4 interacts with nucleosomes.

We next examined the effect of point mutations in or deletion
of the Epll EPcA basic region on the interaction between Piccolo
NuA4 complexes and nucleosomes using the salt titration pull-
down assay. We found that Piccolo NuA4 containing the Epll
EPcA K63A point mutation or a deletion of the EPcA basic region
was significantly compromised in its interaction with nucleo-
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somes in 90 mM NaCl (Fig. 3b). Both Piccolo NuA4 variants still
interacted with nucleosomes in 50 mM NaCl, albeit less strongly
than wild-type Piccolo NuA4. The Epll EPcA R68A and K59A
point mutations that had the strongest effects on Piccolo NuA4’s
ability to acetylate nucleosomes have apparently milder effects on
nucleosome binding: both mutants show reduced binding in 50
mM NaCl compared to the wild-type enzyme, but weak interac-
tions with the nucleosomes were detected even in 90 mM NaCl.
These results suggest that, as with the Esal Tudor domain loop
mutations, mutations in the EPcA basic region affect nucleosomal
HAT activity more strongly than they appear to affect nucleo-
somal binding.

DISCUSSION

Our studies of the yeast Piccolo NuA4 histone acetyltransferase
complex have pinpointed sequences within two conserved do-
mains of a catalytic (Esal) and noncatalytic (Epll) subunit that, in
addition to the HAT domain, play a critical role in the enzyme’s
ability to act on a nucleosomal substrate. We have identified a loop
region of the Esal Tudor domain, which is required for nucleo-
somal HAT activity, and have shown that this region is in close
proximity to nucleosomal DNA when Piccolo NuA4 binds to the
nucleosome. This Esal Tudor domain loop region is also impor-
tant for yeast viability and for global acetylation of histone H4, the
major target of Piccolo NuA4’s acetylation activity. Our studies
also highlight residues in a basic region of the Epll conserved
EPcA domain, which we find to be proximal to the N-terminal tail
of histone H2A, the globular domain of histone H4 and nucleo-
somal DNA.

The Tudor/chromo barrel domain of Esal and related MYST
family proteins has been proposed to bind to RNA (20-22). The
isolated Esal Tudor domain was found to bind to poly(U) RNA in
a pulldown assay and less tightly to double-stranded DNA (21).
Mutations in the same Esal Tudor domain loop region that we
independently identified decreased binding to RNA. In a separate
study, the related MOF chromo barrel domain interacted with
RNA or double-stranded DNA (dsDNA) on a native polyacryl-
amide gel, and this interaction was disrupted by point mutations
in the corresponding chromo barrel loop region (37). Our exper-
iments show that the Esal Tudor domain loop region plays a
critical role in Piccolo NuA4’s acetylation of nucleosomal histones
in vitro and in vivo. It appears unlikely that RNA binding by the
Esal Tudor domain is involved in nucleosome acetylation in our
in vitro experiments, since RNA was not included in our HAT
assays using recombinant Piccolo NuA4 purified through multi-
ple chromatography steps. Furthermore, including RNase A in the
histone acetyltransferase assays had no effect on the HAT activity
of Piccolo NuA4 (data not shown).

Our experiments using unnatural amino acid incorporation to
substitute the photoreactive Bpa amino acid at specific Esal posi-
tions indicate that the Esal Tudor domain loop region is within 7
A of nucleosomal DNA in the Piccolo NuA4/nucleosome com-
plex. Unfortunately, we are not able to specify the location along
the nucleosomal DNA where this cross-link occurs, since our at-
tempts to map the cross-link were not successful. Together with
our finding that mutations in this loop region adversely affect
binding to nucleosomes, the cross-linking results suggest that one
role of the Esal Tudor domain may be to interact with nucleo-
somal DNA. It is possible that the major role of the Esal Tudor
domain is to contribute incrementally to nucleosome binding by
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contacting nucleosomal DNA. However, it is worth noting that
deleting the Esal Tudor domain or mutating the Tudor domain at
position R62 (17) (Fig. 1) had more severe effects on nucleosomal
HAT activity than might have been anticipated based on their
modest effects on nucleosome binding (Fig. 3). This suggests that
the Esal Tudor domain role in nucleosomal HAT activity extends
beyond simply interacting with the nucleosome.

Consistent with the effect of the loop region mutations on
nucleosomal HAT activity in vitro, the Esal Tudor domain plays a
critical role in vivo, as our experiments examining the effect of
Tudor domain point mutations, such as Esal D64A, show. A sin-
gle mutation in the Esal Tudor domain loop region is sufficient to
kill yeast cells. In contrast, mutations in the Esal HAT domain,
which render the enzyme catalytically inactive in vitro, allow slow
growth in vivo (38). Thus, for reasons that are not apparent, mu-
tations in the Esal Tudor domain cause a more severe phenotype
in yeast than mutations in the Esal catalytic domain.

Our investigations of the N terminus of the Epl1 subunit EPcA
domain suggest that particular residues in this approximately 20-
residue region are important for Piccolo NuA4’s nucleosomal
HAT activity. Mutations of the Epll1 EPcA R58 and K59 residues
substantially decreased Piccolo NuA4’s ability to acetylate nucleo-
somes in vitro, but equivalent mutations of several other basic
residues (R54, R56, K63, and K67) in this region had much milder
effects. Our label transfer cross-linking studies indicate that this
Epll EPcA basic region is in proximity (within 11 A for the cross-
linking agent used) to the N-terminal tail of histone H2A and to
nucleosomal DNA. Since the histone H2A N-terminal tail exits
from within the nucleosome core particle by making contact with
DNA, it is perhaps not so surprising that cross-links to both this
histone tail and nucleosomal DNA were detected in our experi-
ments. These results provide new insight into where the Epl1 sub-
unit and the N terminus of its EPcA domain in particular are
located when bound to the nucleosome as part of the Piccolo
NuA4 complex. The recent low-resolution structure of the Piccolo
NuA4/nucleosome complex determined by cryo-electron micros-
copy (cryo-EM) offers a structural framework to interpret this
finding (39). The structural model shows electron density on the
surface of the histone octamer portion of the nucleosome and
proximal to the H2A N-terminal tail, which could correspond to
the Epl1 EPcA domain (Fig. 7). Furthermore, we detect cross-links
between the Epll EPcA N-terminal region and the globular do-
main of histone H4. Interestingly, we had previously observed
direct interaction between Esal and part of the histone fold glob-
ular region of histone H4 (40). The Epll cross-linking results
could provide an explanation for why Esal requires Epl1 to inter-
act with the nucleosome: significant contacts are contributed by
the Epll EPcA domain. However, the Epll EPcA domain is un-
likely to account for all the interactions between Piccolo NuA4
and the nucleosome, since the cryo-EM structural model for Pic-
colo NuA4/nucleosome complex shows extensive interactions
across a broad surface of the nucleosome. Perhaps consistent with
this multivalent interaction, we find that although the Piccolo
NuA4 complexes containing the Epll EPcA R58A, R59A, and
K63A mutations have reduced nucleosome binding activity in
pulldown assays (Fig. 3b), these modest reductions do not appear
to be sufficient to account for the significantly lowered nucleo-
somal HAT activity of the R58A or K63A mutant complex (Fig. 5).

The cryo-electron microscopy structure of the Piccolo NuA4/
nucleosome complex and our biochemical studies highlight two
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FIG 7 Low-resolution cryo-electron microscopy structure of the Piccolo
NuA4/nucleosome complex (two orthogonal views) provides a structural
model to interpret Piccolo NuA4 label transfer cross-linking results. The crys-
tal structure of the nucleosome core particle (42) has been docked into the
cryo-electron microscopy reconstruction of the Piccolo NuA4/nucleosome
core particle complex (39). The N-terminal tails of histone H2A and H4 are
highlighted in red and pink, respectively. A possible location for the EPcA
domain based on our cross-linking data is indicated.

aspects that should be considered when assessing any mechanism
for Piccolo NuA4’s acetylation function. The first is that Piccolo
NuA4 recognizes the histone tail residues in the structural context
of the nucleosome. To do so, Piccolo NuA4 presumably either (i)
interacts first with the body of the nucleosome and then binds to
the histone H4 or H2A tail before catalyzing acetylation of these
tail lysine residues, (ii) interacts first with the histone H4 or H2A
tail before it contacts the body of the nucleosome, or (iii) engages
histone tails and the nucleosome body simultaneously. Since Pic-
colo NuA4 can bind to the nucleosome in the absence of any
histone tails (17) and since possibility iii seems unlikely, we favor
possibility i. Given that neither the Esal Tudor domain loop nor
the Epll EPcA basic region is required for binding to nucleosomes,
this suggests either or both domains act post-nucleosome binding.
We have proposed that the Esal Tudor domain in Piccolo NuA4
competes with the histone tails for nucleosomal DNA and in so
doing releases histone tails to enter the Esal catalyticssite (17). Our
acetylation, cross-linking, and binding results provide additional
data consistent with this hypothesis for the Epll EPcA domain in
addition to the Esal Tudor domain. This hypothesis could explain
why the Esal Tudor domain and EPcA basic region are not re-
quired for Piccolo NuA4 to bind nucleosomes and yet are impor-
tant for the enzyme to acetylate histone tails in nucleosomes but
not naked histones. Second, Piccolo NuA4 makes multiple inter-
actions with the nucleosome that involve both protein-protein
and protein-DNA contacts. It is perhaps not surprising that bind-
ing of a large and complicated macromolecular assembly like the
nucleosome would involve multivalent contacts. Our crystallo-
graphic studies of the RCC1/nucleosome complex provide a prec-
edent for how a single chromatin factor can make intricate pro-
tein-protein and protein-DNA contacts with different surfaces of
the nucleosome (41). The interactions of the three-subunit Pic-
colo NuA4 complex with the nucleosome are likely to be at least as
complicated.
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