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Summary

Rtt109 is a unique histone acetyltransferase acetylating histone H3 lysine 56 (H3K56), a
modification critical for DNA replication-coupled nucleosome assembly and genome stability. In
cells, histone chaperone Asf1 is essential for H3K56 acetylation, yet the mechanisms for H3K56
specificity and Asfl requirement remain unknown. We have determined the crystal structure of the
Rtt109-Asf1-H3-H4 complex, and found that unwinding of histone H3 a, where K56 is normally
located, and stabilization of the very C-terminal p-strand of histone H4 by Asf1 are prerequisites
for H3K56 acetylation. Unexpectedly, an interaction between Rtt109 and the central helix of
histone H3 is also required. The observed multiprotein, multisite substrate recognition mechanism
among histone modification enzymes provides mechanistic understandings of Rtt109 and Asfl in
H3K56 acetylation, as well as valuable insights into substrate recognition by histone modification
enzymes in general.
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Introduction

Genomic DNA in eukaryatic cells is packaged into a highly ordered chromatin structure.
The basic repeating unit of chromatin is the nucleosome, which consists of ~146bp DNA
wrapped around a histone octamer assembled from two copies of histones H2A, H2B, H3
and H4 each (Luger et al., 1997). As nucleosomes pose as barriers for cellular machineries
carrying out gene transcription and DNA replication, they need to be first disassembled and
then reassembled during these processes. This dynamic nucleosome disassembly/assembly
is important for genome integrity, epigenetic inheritance and maintenance of cell fate
commitment (Bellush and Whitehouse, 2017; MacAlpine and Almouzni, 2013; Serra-
Cardona and Zhang, 2017; Teves et al., 2014).

Histone chaperones play important roles in nucleosome assembly during DNA replication
and gene transcription (Gurard-Levin et al., 2014; Smith and Stillman, 1989; Verreault et al.,
1996). For instance, Asfl, a histone H3-H4 chaperone conserved from yeast to humans,
facilitates CAF-1-mediated DNA replication-coupled nucleosome assembly (Le et al., 1997;
Mello et al., 2002; Tyler et al., 1999; Tyler et al., 2001). Structural studies revealed that Asfl
binds to the H3 surface at the interface of the H3-H4 heterotetramer and disrupts the
formation of the H3-H4 tetramer (English et al., 2006; Natsume et al., 2007). During DNA
replication-coupled nucleosome assembly, Asfl functions by transferring H3-H4
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heterodimers to the CAF-1 complex (Liu et al., 2012b; Serra-Cardona and Zhang, 2017).
Asfl is also involved in DNA replication-independent nucleosome assembly in both yeast
and human cells. Yeast cells lacking Asfl are highly sensitive to DNA damaging agents and
exhibit increased levels of cryptic transcription (Le et al., 1997; Schwabish and Struhl, 2006;
Tyler et al., 1999). Asfla, one of the two human Asfl isoforms, interacts with histone H3.3
chaperone HIRA and hands off the H3.3-H4 heterodimer to HIRA during replication-
independent nucleosome assembly (Tagami et al., 2004). Asfla is also required for
maintenance of pluripotency of human embryonic stem (ES) cells (Gonzalez-Munoz et al.,
2014). Moreover, Asflb, another Asfl isoform in human cells, is involved in proliferation
and is overexpressed in breast cancer cells (Corpet et al., 2011). Thus, Asfl functions in both
DNA replication dependent and independent nucleosome assembly, and plays an important
role in maintaining genome integrity and cell fate determination.

Post-translational modifications of histones, including acetylation and ubiquitination, play
important roles in regulating nucleosome assembly. For instance, acetylation of lysine 56 of
histone H3 (H3K56ac), a mark on newly synthesized H3 (Das et al., 2009; Masumoto et al.,
2005; Xu et al., 2005), is crucial for nucleosome assembly following DNA replication and
DNA repair (Chen et al., 2008; Li et al., 2008). In budding yeast, H3K56ac promotes H3
ubiquitination catalyzed by Rtt101M™s1 an ortholog of mammalian Cul4/DDB1 E3
ubiquitin ligase (Han et al., 2013). The ubiquitination of H3 weakens its interaction with
Asfl and enables efficient handoff of H3-H4 to CAF-1. Furthermore, H3K56ac increases the
binding affinity of histone chaperones CAF-1 and Rtt106 with H3-H4 (L. et al., 2008; Su et
al., 2012). Yeast cells lacking H3K56ac are highly sensitive to DNA damaging agents and
exhibit a significant increase in spontaneous chromosome breaks (Han et al., 20073;
Masumoto et al., 2005; Ozdemir et al., 2005). H3K56ac also regulates histone exchange
outside of S phase in budding yeast cells (Rufiange et al., 2007), and regulates expression
homeostasis during S phase (Voichek et al., 2016). In human cells, while H3K56ac levels are
considerably lower than in yeast cells, it is crucial for DNA damage response (Das et al.,
2009), and is linked to the core transcription network involving key regulators of
pluripotency in ES cells (Tan et al., 2013; Xie et al., 2009). Therefore, H3K56ac, a rare
modification at the histone globular domain, extends its functions from chromatin integrity
to regulation of gene expression.

In budding yeast, H3K56ac is catalyzed by a unique histone acetyltransferase (HAT), Rtt109
(Driscoll et al., 2007; Han et al., 2007a; Tsubota et al., 2007). In human cells, H3K56ac is
catalyzed by p300/CBP (Das et al., 2009), which bears no sequence similarity with fungal
Rtt109 but their catalytic domains share a similar overall three-dimensional fold (Lin and
Yuan, 2008; Park et al., 2008; Stavropoulos et al., 2008; Tang et al., 2008). Besides H3K56,
Rtt109 also acetylates H3K9 and H3K27 at the N-terminal tail of H3 (Burgess et al., 2010;
Fillingham et al., 2008). A marked difference between these acetylation sites is that H3K9
and H3K27 are located in the unstructured N-terminal tail, whereas H3K56 is located in the
N-terminal helix (ap) of H3. H3K56 interacts with DNA at the entry and exit points of the
nucleosome, and also with histone chaperone DAXX (Elsasser et al., 2012; Liu et al., 20123;
Luger et al., 1997). Although numerous previous studies have revealed how HATSs bind and
acetylate lysine residues located at unstructured N-terminal tails of histones (Marmorstein
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and Zhou, 2014), it remains not understood how H3K56 located in a helical context may fit
into the catalytic site of Rtt1009.

S. cerevisiae Rtt109 forms a stable complex with Vps75, a Napl-like chaperone, in the
absence of bound histones. In yeast cells, Vps75 is important for acetylation of H3K9 and
H3K27 along with Gen5 but not required for H3K56ac (Burgess et al., 2010; Fillingham et
al., 2008). In contrast, Asf1 is essential for H3K56ac (Driscoll et al., 2007; Han et al.,
2007a; Han et al., 2007b; Tsubota et al., 2007). A prevailing view is that Rtt109 forms two
distinct complexes, an Rtt109-Asfl complex for H3K56ac, and an Rtt109-Vps75 complex
acetylates H3K9 and H3K27 (D’Arcy and Luger, 2011; Tsubota et al., 2007). Finally, since
Rtt109 is unique to fungal species, it may serve as an effective target for antifungal infection
treatments including those from Aspergillus, which causes infection, morbidity and
mortality of immune-compromised patients like organ transplant recipients and AIDS and
cancer patients (Marr et al., 2002). Indeed, genetic deletion of Rtt109 in C. albicans results
in increased sensitivity towards antifungal agents and reduced virulence in a mouse model
(Lopes da Rosa et al., 2010; Wurtele et al., 2010).

To understand the molecular mechanism of Asfl in H3K56ac, we have determined the
structures of A. fumigatus Rtt109 alone and in complex with Asf1-H3-H4 and Coenzyme A
(CoA). Our analysis reveals that ay of H3 is unwound during H3K56 acetylation.
Remarkably, Asfl does not contact Rtt109 directly. Instead, it holds the C-terminal tail of
H4 in a rigid conformation to facilitate binding to Rtt109, establishing that the Asf1-H3-H4
complex functions as an intact substrate. This rare view of a histone-modifying enzyme in
complex with a multiprotein substrate reveals intricate contacts between the enzyme and the
substrate to achieve specificity. Since many histone-modifying enzymes use macromolecular
complexes as substrates, such as the nucleosome, the multivalent enzyme-substrate
interaction features learned here should shed light on mechanisms of substrate recognition
under these settings.

Structural and biochemical properties of A. fumigatus Rtt109

Rtt109 from the pathogenic fungus A. fumigatus (AMRtt109) shares approximately 20%
sequence identity and 35% similarity with S. cerevisiae Rtt109 (ScRtt109) in the catalytic
core (Figure 1A). Noticeably missing in A/MRtt109 is a ~60-70-residue insertion between a.2
and B5 that is important for VVps75 binding in ScRtt109 (Kolonko et al., 2010; Su et al.,
2011; Tang et al., 2011). Indeed, while AMRtt109 interacts with the AfAsf1-H3-H4 complex
avidly, the uncharacterized A. fumigatus Vps75 homolog (GenBank: EDP51141.1) shows no
interaction with A/MRtt109 (Figure 1B). However, the Vps75 homolog is capable of joining
the ARtt109-AfAsf1-H3-H4 complex, presumably through interaction with histones.
Importantly, as with ScRtt109, A/MRtt109 can acetylate H3 at high concentrations (data not
shown), and its HAT activity toward H3K56 is greatly stimulated by Asf1, which,
interestingly, also stimulates A/Rtt109 to acetylate H3K27 and H3K9 (Figures 1C, 1D and
S6). The latter observation is consistent with a published report that Asf1 is required for
H3K9 acetylation in budding yeast (Adkins et al., 2007). Therefore, AMRtt109, in spite of
lacking physical interaction with an ScVps75 homolog, fully recapitulates the H3K56
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acetylation property of ScRtt109 /n vitro, and provides a simplified system for investigation
of the conserved mechanism of H3K56ac regulation.

We first solved a 2.5 A structure of AMRtt109 alone. The structure shows a globular catalytic
core principally composed of a seven-stranded p-sheet, which is packed by ten well-defined
helices, several short helical turns and a number of loops are located on both sides of the -
sheet (Figure 2A; Table S1). As expected, the structure of A/MRtt109 closely resembles that
of ScRtt109 (PDB id: 3QM0), as evidenced by a 1.94-A root-mean-squared deviation (rmsd)
between the two. Notable differences include the connection between a2 and p5, which in
ScRtt109 has a ~60-70 residue insertion important for interaction with Vps75 (Figures 1A
and 2B). A ~65 residue segment between B7 and the penultimate helix in ARtt109 is
disordered, while the corresponding region in ScRtt109 is significantly shorter and ordered
(Figures 1A and 2A). Other differences include a loop segment (~a.a. 142-149) immediately
following B5 that serves as a “lid” covering the acetyl-CoA (AcCoA) binding pocket at the
end of the acetyl group. The “lid” loop exhibits an “open” conformation in the apo A/Rtt109
structure. A glycerol molecule is found to stabilize the loop conformation by making
multiple hydrogen bonds (Figure 2A). All in all, A/Rtt109 biochemically behaves like
ScRtt109, and despite limited sequence identity, it shares a conserved catalytic core with the
yeast counterpart, with structural divergence occurring at none-conserved and surface-
located regions where regulatory proteins may bind.

Overall structure of the Rtt109-Asf1-H3-H4 complex

We have determined the crystal structures of A/MRtt109 in complex with the conserved
globular domain of AfAsfl (a.a. 1-154) and full-length histones H3 and H4 from the
budding yeast, in the absence and presence of CoA at 3.6 A and 3.5 A resolutions,
respectively (Table S1). There is one protein complex per asymmetric unit in both cases,
and, despite the medium resolutions, high quality electron density maps allowed
unambiguous building of the structure model (Figures S1 and S2A). Despite the unequivocal
electron density, however, it should be cautioned that, at this resolution range, precise
interpretation of the structural feature would benefit from additional verifications, such as a
combination of structural and functional approaches. The yeast histones used here have the
same lengths and share a high degree of sequence conservation with that of corresponding
A. fumigatus histones (Figure S3A). Residues 42-134 of histone H3 and 21-101 of histone
H4 are ordered in the structure. The unobserved portions of H3 and H4 are present but
disordered, as detected by MALDI-TOF analysis of washed crystals (Figure S3B). For
convenience of description, hereafter we shall omit specification of origins of proteins
wherever no confusions are expected.

In the complex, Rtt109 makes major contacts with both histones H3 and H4, and
inconsequential direct contact with Asfl (Figures 2C and 2D). A schematic drawing
illustrating essential features of the protein-protein interaction is depicted in Figure 2E.
Since the CoA-bound and unbound structures are virtually identical (rmsd 0.38 A), we shall
only use the CoA-bound structure for analysis hereafter. The structure of the protein
substrate-bound Rtt109 remains essentially the same as that of the apo form, with notable
exceptions at two places. First, the tip of the a8p7 loop, which directly interacts with histone
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H4, tilted toward the “lid” loop by as much as 4 A. Second, the “lid” loop adopts a different
conformation (Figure 3A). The Asf1-H3-H4 module is bound to Rtt109 as an integral unit,
in which Asf1 binds histone-fold domain (HFD) helices a., and a3 of H3 and the very C-
terminal short strand of H4 in the same manner as in stand-alone Asf1-H3-H4 complexes
(Figure 3B) (English et al., 2006; Natsume et al., 2007). However, in previously determined
Asfl-H3-H4 structures, the H3 region encompassing K56 was either not included or
disordered. H3K56 is normally located at the C-terminal end of an a-helix (a.a. 45-56) N-
terminal to the HFD, termed ay,, in all occasions H3K56 has been visualized thus far
(Figure 3C) (Arents et al., 1991; Elsasser et al., 2012; Liu et al., 2012a; Luger et al., 1997).
In the present structure, surprisingly, ey is unwound and H3K56 is found in an extended
region (Figures 2C, 2D and 3C), as evidenced by clear, continuous electron density maps
(Figure 3D). The unwinding of ay is necessary for H3K56 acetylation, as placing a helix-
located H3K56 into the substrate binding channel of Rtt109 would introduce severe steric
conflict. Stretched ap residues 45 to 51 are stabilized by interactions with histone H4
(Figure 3E), and residues Arg52 to Thr58 interact directly with Rtt109, details of which will
be described later.

Equally surprising is the revelation that, despite Asf1’s essential role in H3K56ac, there is
little contact between Asfl and Rtt109 (Figures S1, S2B, S2C). The only notable direct
interaction is a salt bridge between Arg148 of Asfl and Glu215 of Rtt109 (Figure 2D). In
contrast, the C-terminal tail of H4 makes significant interaction with Rtt109. This region of
histone H4 is stabilized by antiparallel B-pairing with the C-terminal strand of Asf1. The C-
terminal tail of H4 is normally disordered except in nucleosome/histone octamer structures
where it adopts a distinct conformation to interact with a histone H2A-H2B heterodimer
(Arents et al., 1991; Luger et al., 1997). It is also ordered in the ternary complex of H3.3-
H4-DAXX (Elsasser et al., 2012; Liu et al., 2012a), but again the conformation is different
from that in the Asfl bound structures (Figure S4). The adjacent helix a3 of histone H4 is
engaged in extensive interaction with Rtt109, but the conformation of a3 is little affected by
Asfl binding (Figures 4A and S4).

Asfl shapes histone H4 for optimal interaction with Rtt109

The observed interaction between Rtt109 and Asfl appears to be not important for
H3K56ac, as a R148E substitution in AfAsfl lowered the binding affinity by less than 2 fold
compared to the wild-type (WT) complex (Figure S5). Importantly, the corresponding
R148E mutation of ScAsf1 has little effect on H3K56ac in yeast cells (Figure 4B). The
structure suggests that Asfl functions in H3K56ac by holding the C-terminal tail of histone
H4 in a rigid conformation for optimal interaction with Rtt109 (Figure 4A). The interactions
appear to be mostly through surface complementation, van der Waals and hydrophobic
interactions, all of which are less sequence-stringent than polar interactions as those between
histone H4 and Asfl. This feature accounts for the involvement of non-strictly-conserved
residues of AMRtt109. A notable exception is the charge interaction between H4R95 and
Glu215 of AMRLtt109, although the latter is not strictly conserved either (Figures 1A and 4A).

To test our structure-based hypothesis, we substituted Val146 and Thr147, two Asfl residues
residing in the C-terminal p-strand and involved in antiparallel B-pairing with the C-terminal
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strand of H4, with a pair of prolines. The intention was to disrupt the p-pairing between
Asfl and histone H4 without changing H4 residues, thus not affecting H4-Rtt109 interaction
due to amino acid differences (Figure 4A). Significantly, the V146P T147P double mutant of
ScAsfl completely abolished H3K56ac /n7 vivo (Figure 4B). Furthermore, /n vitro HAT
activity assays show that the V146P T147P mutant AfAsf1-H3-H4 complex is a poor
substrate for AMRtt109, as evidenced by a dramatic reduction of acetylation of histone H3
and H3K56 levels in the in vitroassays (Figures 1C, 1D and S6A). This defect in H3K56ac
is not because of the AfAsf1l mutant’s inability to form a complex with histones, although
the mutant does bind H3 and H4 with a reduced affinity (Figure 4C). Budding yeast cells
lacking Asf1 are sensitive to DNA-damaging agents and display an elevated level of
spontaneous chromosome breaks, and these defects are correlated with loss of H3K56ac
(Han et al., 20073; Le et al., 1997; Tyler and Kadonaga, 1999). A cell growth assay in the
presence of DNA-damaging agents shows that yeast cells expressing the R148E mutant of
Asfl have no obvious growth defect under these conditions, whereas the ones carrying the
Asfl V146P T147P double mutation behave almost like Asf1-null cells (Figure 4D).
Furthermore, the double mutant cells have a higher rate of Rad52-YFP foci, an indication of
spontaneous chromosome breaks (Lisby et al., 2001), again at a level similar to that of asf14
cells (Figure 4E). The above in vitro and in vivo results firmly support the notion that Asfl
contributes to Rtt109-dependent acetylation of H3K56 through formation of a suitable
substrate complex by stabilizing the C-terminus of H4, not by functioning as a productive
component of an enzyme complex.

Histone H3 recognition and architecture of the active site

Besides interactions involving histone H4, interactions between the Asf1-H3-H4 complex
and Rtt109 mainly occur at two distinct regions of histone H3: an unwound ay segment
encompassing Lys56, and surprisingly also the central helix (a,) of H3 HFD (Figures 5A—
5C). In the first region, the sidechain of H3K56 is positioned in the lysine-binding channel
formed mainly by Tyr145, Arg140, Phe138 and Asp260 of ARtt109 (Figures 5A and 5B).
Connected to the lysine-binding channel is the tunnel where the pantetheine arm of CoA
binds. The Rtt109 residues involved in AcCoA binding are highly conserved, and the
structural basis for their interaction has been described in detail previously (Lin and Yuan,
2008; Stavropoulos et al., 2008; Tang et al., 2011; Tang et al., 2008). The junction of the
lysine-binding channel and the AcCoA binding tunnel where AcCoA comes in close contact
with the lysine e-amino group forms the active site of the acetyltransfer reaction. Within
~4.5A radius of the e-amino group of H3K56 and the sulfhydryl group of CoA lies Trp168,
Tyrl45, and the mainchain carbonyl groups of Ser91 and Phe138 (Figure 5A). The e-amino
group of H3K56 forms hydrogen bonds with the carbonyl groups of Ser91 and Phe138 of
ARRLt109, and is approximately 4 A away from the sulfhydryl group of CoA (Figures 5A
and 5B).

The active site of AMRtt109, as that of ScRtt109, lacks a negatively charged residue as the
general base as in well-characterized HATs. While it is clear that Trp168 and Tyr145 are
critical for catalysis by coordinating the binding of AcCoA and substrate lysine, their
positions and conformation preclude their direct participation in the transfer of acetyl group.
Our earlier study identified that Asp287 and Asp288 in ScRtt109, which correspond to
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Asp260 and Asp261 in ARLtt109, together are important for H3K56 acetylation (Han et al.,
2007a). Structural and enzymatic studies of ScRtt109 have argued against the catalytic role
of Asp287 and Asp288 (Albaugh et al., 2010; Tang et al., 2008). In our substrate bound
structure, Asp260 is located at the entry of the lysine-binding channel, making one hydrogen
bond with the hydroxyl group of Ser57 of H3, a reported phosphorylatable residue (Aslam
and Logie, 2010), and one hydrogen bond each to the amide groups of Lys56 and Ser57 of
H3. Asp261 makes one hydrogen bond with the autoacetylated Lys263, and exposes one
side of the carboxylate group to the inner surface of the lysine-binding channel (Figure 5A).
An enzymatic study with pH-rate analysis reveals that the e-amino group of H3K56 is in a
neutral form upon entering the active site (Albaugh et al., 2010). Thus, the presence of
Asp260 and Asp261 inside the lysine-binding channel may provide a negatively charged
environment energetically favorable for the dissociation of non-covalently associated proton
from the e-amino group of H3K56. Our structure supports the proposal of a direct
acetyltransfer mechanism by Rtt109 (Albaugh et al., 2010). In this scenario, AcCoA and the
substrate bind Rtt109 independently. Once the substrate lysine is in place, the e-amino group
directly attacks the scissile bond of AcCoA. Upon breakage of the scissile bond, the close
proximity between the sulfur ion and the e-amino group may allow the former to directly
“hijack” a hydrogen atom from the amino group, concomitant with the transfer of the acetyl
group to H3K56.

Determinants of H3K56 specificity

In addition to the binding of H3K56 and the hydrogen bond between Ser57 of H3 and
Asp260 of Rtt109 described above, additional interactions between the ay region of histone
H3 and Rtt109 involve a pair of hydrogen bonds between H3R52 and Asp432 and Asp434
of ARtt109, and a hydrogen bond between H3T58 and GIn307 of A/MRtt109, as well as
various hydrogen bonds involving mainchain groups (Figures 5A and 5B). However,
mutational studies of Rtt109 to be described later show that none of the above interactions
are essential for H3K56ac /n7 vivo. This observation is consistent with Rtt109 being able of
acetylating H3K9 and H3K?27, as the sequences preceding K56, K27 and K9 of histone H3
are not conserved. The only common feature for these three acetylation sites is the presence
of a serine following the acetylable lysine, namely, a consensus KS motif. A conceivable
model accounting for the above observation is shown in Figure 5D. Interestingly, a histone
H3 region far away from H3K56, namely, residues located on one side of a2, ranging from
Glu94 to Glul05, directly interact with A/Rtt109 (Figure 5C). In particular, H3E105 makes
a hydrogen bond with Arg313, and H3E94 forms hydrogen bonds with the conserved
Arg265 and Arg306 of A/Rtt109. Among the three arginines, Arg265 and Arg306 are
conserved across species but Arg313 is not. Thus, altogether three histone regions from the
Asfl-H3-H4 substrate complex are important for interaction with Rtt109: 1) C-terminal half
of a of H3, including H3K56; 2) a2 of histone H3; and 3) C-terminal tail and a3 of
histone H4.

To assess the importance of the involved histone regions for H3K56ac, we chose
representative residues from these regions for mutagenesis and functional analyses. Yeast
cells expressing H3S57 mutants showed a marked reduction in H3K56ac based on Western
blot analysis of H3K56ac levels in cell extracts (Figure 6A). Western blot analysis of the /n
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vitro HAT assay products also detected a pronounced loss of H3K56ac (Figure 6C).
However, in the in vitro HAT assay using [3H]acetyl-CoA the H3S57E mutant displayed a
significantly reduced but noticeable level of H3 acetylation (Figures 6B and S6B). The
discrepancy between the H3K56ac results detected by Western blot and autoradiography
suggests that substitution of Ser57, which is immediately next to the acetylated-Lys56
antigenic determinant, compromises immunodetection of H3K56ac. A E94R substitution of
histone H3 resulted in moderate decreases of H3K56ac in yeast cells (Figure 6A). Curiously,
the H3E94R mutant showed no detectable level of H3 acetylation in the /n vitro HAT assays
(Figures 6B and 6C). The H3E94R mutation appears to affect H3K56ac more severely /n
vitrothan in cells, but a caveat is that cells with H3E94R grow very poorly even in the
absence of any stress (Figure 6D), signaling potentially compounded effects of this mutation
besides on H3K56ac. We also substituted Arg95 of histone H4 with an aspartate or deleted
the entire segment of histone H4 from Arg95 to the C-terminus (H4A95-C). The H4R95D
mutation has only minor effect on H3K56ac in cells and in /n vitro HAT assays (Figures 6A—
C). This is perhaps because, as pointed out earlier, the Rtt109 residues involved in
interaction with the H4 region are not strictly conserved and are more tolerant to variations
in cognate histone residues. In contrast, yeast cells expressing the truncation variant of H4
were unable to grow (data not shown). The /in vitro assay also revealed that the H4A95-C
deletion jeopardized H3K56ac (Figures 6B and 6C), an observation that fully supports our
conclusion that Asfl functions to stabilize the C-terminal tail of H4 in Rtt109-catalyzed
H3K56 acetylation. Finally, we assessed the impact of these mutants on DNA damage
sensitivity and spontaneous chromosome break using Rad52-YFP. Both H3S57 mutants are
markedly more sensitive to DNA-damaging agents than WT H3 (Figure 6D). Moreover,
cells with the H3E94R mutation show an extremely high degree of spontaneous
chromosome break, at a level similar to the unacetylable H3K56R cells (Figure 6E). By
comparison, percentages of cells with Rad52-YFP foci in the H3S57E and H4R95D strains
are approximately 3 and 2 fold higher than that of WT cells, respectively. The above
observations highlight the critical importance of the C-terminal region of histone H4, which
conveys the Asfl-dependence of H3K56 acetylation, and a.2 of the HFD of H3 in the
determination of Rttt109’s specificity toward H3K56, in addition to the H3K56-containing
KS motif.

Rtt109 residues important for interaction with histones and H3K56ac

Next, we analyzed the role of Rtt109 residues in H3K56 acetylation. Near the H3K56
binding site, Arg140 and GIn144 of ARtt109 each makes one hydrogen bond to mainchain
carbonyls of H3, but mutating the corresponding ScRtt109 residues, Arg194 and GIn198, to
a pair of alanines has little effect on H3K56ac (Figure 7A). The same is true for alanine
substitution of ScRtt109 GIn319 and Glu369, which, respectively, correspond to GIn307 and
Aspd34 of ARtt109 (Figure 1A). In the structure, GIn307 makes a hydrogen bond with
H3T58 and engages a2 of H3 via van der Waals interaction, while Asp434 interacts with
H3R52 (Figures 5A-C). Proximal to the C-terminus of H4, Rtt109 residues located in this
region are sparsely conserved. Asp212 of AMRtt109 is one of the few residues in this region
that can be aligned with Asp248 of ScRtt109 (Figure 1A). However, a D248R substitution
has little effect on H3K56ac (Figure 7A). The most dramatic reduction in H3K56ac occurs
with the R292E R318E double mutant of ScRtt109, while individual single mutants only
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have minuscule effects (Figure 7A). Arg292 and Arg318 of ScRtt109 correspond to Arg265
and Arg306 of AMRtt109, respectively (Figure 1A), and the two A/Rtt109 arginines are
involved in interaction with H3E94 located in H3 HFD (Figure 5C). /n vitro HAT assays
reveal that recombinant R265E R306E mutant of A/Rtt109 has no detectable activity toward
H3 nor H3K56ac (Figures 7B, 7C and S7A). In yeast cells, while R292E or R318E single
mutation causes no evident sensitivity to DNA-damaging agents, the double mutant results
in a severe growth defect (Figure 7D). Consistently, yeast cells expressing the double mutant
display a significantly increased number of Rad52-YFP foci, at a level comparable to
rtt109A cells (Figure S7B). The above data reveal that the interaction between Arg292,
Arg318 and H3E94 is essential for H3K56 acetylation. To further validate the importance of
this H3-Rtt109 interaction for H3K56ac, we attempted to repair the interaction disrupted by
the histone or Rtt109 mutations through swapping the charged residues. Indeed, yeast cells
expressing both H3E94R and the Rtt109 R292E R318E double mutant partially restore
H3K56ac in budding yeast (Figure 7E).

Discussion

Our study addressed a long-standing puzzle in the field, namely, how histone chaperone
Asf1 controls the H3K56 acetylase activity of Rtt109. In S. cerevisiae, Rtt109 forms an
obligatory complex with another histone chaperone, Vps75. A school of thought proposes
that Asfl functions in H3K56ac through direct binding to Rtt109, perhaps via an allosteric
mechanism much like that of Vps75 (Berndsen and Denu, 2008; D’Arcy and Luger, 2011;
Kolonko et al., 2010; Tsubota et al., 2007). An alternative proposal is that Asfl functions to
present the H3-H4 complex for acetylation by Rtt109, but a precise mechanism has been
elusive (Han et al., 2007b). Our Rtt109-Asf1-H3-H4 structure clearly shows that Asfl has
inconsequential direct contacts with Rtt109. Nevertheless, the very C-terminal 12-residue
segment of ScRtt109 was reported to interact with Asfl (Lercher et al., 2017; Radovani et
al., 2013). The reported interaction affects H3K56ac by ScRtt109 /n vitroand in yeast cells
only in the absence of Vps75, suggesting a specialized role of this interaction in the budding
yeast, as VVps75 is not a conserved partner of Rtt109 in fungi. The physiological significance
of this interaction in S. cerevisiae is also not clear, as Vps75 is present together with Rtt109.
On the other hand, our in-depth biochemical and genetic analyses corroborated the structural
finding that Asf1 functions in H3K56ac through stabilization of the C-terminal region of
histone H4, which is oriented differently in the nucleosome structure. This region of H4 is
disordered in most structures of H3 and H4 bound to histone chaperones, except in the
complexes with Asfl and DAXX, but its conformation bears no similarity in the two
structures (Figure S4). In summary, the critical role of Asfl in H3K56 acetylation is
attributed to its function in specifying the unique conformation of the C-terminal tail of H4.
Thus, the discovery of Asfl’s role in reshaping the H3-H4 complex for H3K56 acetylation
unearths a dynamic function of the versatile histone chaperone in addition to its traditional
capacity as a histone escort.

A surprising finding of this work is that ay of H3 is unwound and H3K56 is located in a
loop region. ay is found in the structures of histone octamer and nucleosomes, where it
occupies the space between two gyres of DNA near the entry/exit points and is important for
nucleosome stability (Arents et al., 1991; Luger et al., 1997). However, the a, region is
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disordered in most chaperone-H3-H4 complexes including those with Asfl, Spt2 and Mcm2
(Chen et al., 2015; English et al., 2006; Huang et al., 2015; Natsume et al., 2007; Richet et
al., 2015). The only other occasion this region of H3 was visualized was in the complex of
H3.3 and H4 with DAXX (Elsasser et al., 2012; Liu et al., 2012a). There it also adopts a
helical conformation but with an entirely different orientation (Figure 3C). In all cases, a is
unstructured in the absence of interacting partners. The sole appearance of the a region in
a loop conformation thus far suggests that the binding of Rtt109 induces the unwinding of
ay, although we cannot rule out the possibility of a preexisting random coil conformation,
possibly in an equilibrial mixture with helices. In any event, the observed loop conformation
of a presumed a-helical region resolves the long-standing puzzle of how H3K56 may be
easily accessed for acetylation by Rtt109.

Once it is understood that H3K56ac occurs when it resides in a loop, it is appealing to
conjecture that a similar substrate-binding mode governs H3K27 and H3K9 acetylation. This
notion is consistent with our observation that the sequence-dependent interactions with
Rtt109 involving local H3 residues preceding K56 are not crucial for H3K56ac. Because a
serine is found next to H3K56, H3K27 and H3K9, it is possible that a common KS local
motif is important for Rtt109-mediated acetylation. If this is the case, it is interesting to
wonder whether Asfl is important for H3K27 and H3K9 acetylation. Our /n vitro HAT assay
indicates that Asf1 is also important for H3K27 and H3K9 acetylation (Figure 1D), a result
consistent with the observation of H3K9 acetylation in the budding yeast (Adkins et al.,
2007). However, more studies are needed due to the involvement of Gen5, in addition to
Rtt109, in the acetylation of H3K27 and H3K®9, and the participation of histone chaperone
Vps75. Thus, a careful analysis is needed to tease apart the contribution and roles of the
involved enzymes and chaperones. A possible model of Rtt109-catalyzed H3 acetylation
depicted in Figure 5D may guide further in-depth investigations.

It is also interesting to wonder whether the H3K56 region forms a helix following
acetylation, as this would have important implications. For example, it was shown that
histone H3-H4 with an acetylated H3K56 binds tighter to histone chaperones CAF-1 and
Rtt106, two factors important for replication-coupled nucleosome assembly (Li et al., 2008;
Su et al., 2012; Verreault et al., 1996). It will be interesting to know if an extended
conformation of the H3K56 region is favorable for such binding. Furthermore, H3K56
acetylation facilitates nucleosome “breathing”, i.e., transient opening of the nucleosomal
DNA ends, and partial unwrapping of the nucleosome (Neumann et al., 2009). The dynamic
feature of the acetylated H3K56 nucleosome has been attributed to the possibility that an
acetylated H3K56 weakens the interaction with DNA. However, nucleosome structures with
H3 K56Q, which mimics an acetylated H3K56, show that DNA is fully wrapped (Watanabe
et al., 2010). In view of our observation that a can be unwound, the stability of ay upon
H3K56 acetylation should be investigated.

To date, most, if not all, structural studies of substrate recognition by histone modification
enzymes were done with histone peptides. A lesson learned from this study is that when it
involves a complex substrate, usage of the whole substrate complex is necessary for
understanding the complete picture of substrate recognition. The involvement of histone H3
residues proximal to H3K56, H3E94 in the central histone fold domain distal to the
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acetylation site and the Asfl-stabilized C-terminal region of H4 in substrate binding by
Rtt109 indicates that components of the Asf1-H3-H4 complex function as an integral
substrate unit. This fascinating multisite, multiprotein substrate recognition mode governing
H3K56 acetylation revealed here is likely to be prevalent in various types of post-
translational modifications of histones involving multiprotein substrate and/or enzyme
complexes. Therefore, care must be taken in uncovering the complete picture in future
mechanistic studies. Finally, the structural information of the H3K56 acetyltransferase from
the pathogenic fungus A. fumigatus should also facilitate the discovery of therapeutic agents
against fungal infections.

STAR METHODS

Contact for reagent and resource sharing

Additional information and requests for resources and reagents should be directed to the
Lead Contact, Rui-Ming Xu (rmxu@ibp.ac.cn).

Experimental model and subject details

E. colistrains DH5a, BL21(DE3) and BL21(DE3) CodonPlus RIL were used for molecular
cloning, expression of AMRtt109 and the AfAsf1l-H3-H4 complex, respectively. All yeast
strains used were isogenic to W303 (leu2-3, 112 ura3-1 his3-11, trp1-1, ade2-1 canl-100),
and are listed in Table S2.

Method details

Protein expression, purification and crystallization—Full-length A. fumigatus
Rtt109 was produced as a polyhistidine and SUMO-tagged fusion protein in the BL21(DE3)
strain of £. coliusing the pET28a-Smt3 vector, with the cDNA inserted between the BamH|
and ANod sites. E. coli culture was first grown at 37°C until cell density reached ODggg ~0.6—
0.8, and then protein expression was induced with the addition of 0.25 mM IPTG at 16°C for
16-20 h. Harvested cells were ruptured by sonication and/or pressure cell in a buffer
containing 20 mM Tris-HCI, pH 8.0, 100 mM NaCl, 5% glycerol and 20 mM imidazole. The
cell lysate was cleared by centrifugation, and the supernatant was loaded onto a Ni-NTA
column (Novagen). The loaded column was washed with 10 column-volume of lysis buffer,
followed by elution of the bound proteins with 250 mM imidazole added to the lysis buffer.
Then, cleavage of the polyhistidine and SUMO tag was carried out by the addition of SUMO
protease at 4°C for 30 minutes. The cleavage products were separated using a HiTrap
Heparin column (GE Healthcare) using a 0.1-1.0 M NaCl concentration gradient in 20 mM
Tris-HCI, pH 8.0, and 5% glycerol. The eluted fractions were analyzed by coomassie blue-
stained SDS-PAGE, and the first of the two peaks enriched with A/Rtt109 was chosen for
further purification through a HiLoad Superdex 200 16/60 gel-filtration column (GE
Healthcare) in 20 mM Tris-HCI, pH 8.0, 100 mM NaCl and 5% glycerol. High purity
fractions of A/Rtt109 were pooled and concentrated to ~20 mg/ml using a 50 kD-cutoff
Amicon concentrator. The concentrated sample was flash frozen in liquid nitrogen and
stored at —80°C for later use.
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The complex of A. fumigatus Asfl fragment (a.a. 1-154) and histones H3 and H4 of S.
cerevisiae origin were produced by coexpression in the BL21(DE3) CodonPlus RIL strain of
E. coli. Because all /n vitro studies here use the 1-154 fragment of AfAsf1 except in GST-
pull down experiments described later, we shall refer to this fragment as AfAsf1 unless
otherwise specified, for convenience of description. The AfAsfl-expressing plasmid was
constructed by cloning the cDNA fragment between the BamHI and Sal sites of the pET28a
vector, and histones H3 and H4 were expressed using a bicistronic pETDuet vector
(Novagen). 35 uM of kanamycin, 100 uM of ampicillin and 35 uM of chloramphenicol were
applied to prevent plasmid loss despite utilization of the same incompatibility group of
replicons by the two pET vectors. Purification of the complex of polyhistidine-tagged
AfAsfl and full-length, authentic histones H3 and H4 was carried out following the same
procedure as that for ARtt109, except that the protease cleavage and gel-filtration column
chromatography steps were omitted, and that a 0.5-2.0 M NaCl gradient was used for
column chromatography with heparin resins. Purified AfAsf1-H3-H4 complex was
concentrated to ~10 mg/ml and stored at —80°C. Protein mutants were generated by PCR
using primers listed in Table S3, and purified following the same procedures as outlined
above.

AFRLtt109 at a concentration of 10 mg/ml was crystallized in 200 mM sodium cacodylate, pH
6.4, and 16% PEG-1500 at 16°C by hanging drop vapor diffusion. The ARtt109- AfAsf1-
H3-H4 complex was assembled by mixing purified ARtt109 and the AfAsf1-H3-H4
complex at an approximately 1:1 molar ratio first in a buffer containing 20 mM Tris-HCI,
pH 8.0, 1 M sodium chloride, 5% glycerol, followed by lowering the salt concentration to
150 mM through dialysis at 4°C. Then, the sample was loaded onto a HiLoad Superdex 200
16/60 column (GE Healthcare) pre-equilibrated with the same buffer. Eluted fractions
enriched with stoichiometric components were pooled and concentrated to ~4 mg/ml. The
best diffracting crystals were grown at 4°C in a condition with 100 mM sodium citrate, pH
5.0, 22% PEG-1500, 400 mM sodium iodide. The same crystallization condition gives rise
to cocrystals with CoA, which is added at 1 mM concentration.

Crystallographic data collection and structure determination—X-ray diffraction
data for the ARtt109 crystal were collected at beamline BL18U1 of Shanghai Synchrotron
Radiation Facility (SSRF) at a wavelength of 0.9786 A using a Pilatus 6M detector, and
processed with HKL3000 (Otwinowski and Minor, 1997). The structure was solved by
molecular replacement with PHASER (McCoy et al., 2007), using the structure of S.
cerevisiae Rtt109 (PDB code: 2ZFN) as the search model. The final model was generated by
iterative cycles of refinement and rebuilt using PHENIX (Adams et al., 2010) and COOT
(Emsley and Cowtan, 2004). The AMRtt109-Asfl-H3-H4 complex data were collected at
beamline BL17U of SSRF at a wavelength of 0.9788 A using an ADSC Quantum 315r
detector, and processed with HKL2000. The AMRtt109-Asfl-H3-H4-CoA complex data were
collected at beamline BL19U1 of SSRF at a wavelength of 0.9785 A using a Pilatus 6M
detector, and processed with HKL3000. The complex structures were solved by molecular
replacement with PHASER, using the ARtt109 structure and the structure of yeast Asfl-
H3-H4 complex (PDB code: 2HUE) as the search models. The final models were obtained
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through refinement and rebuilt with PHENIX and COOT. Detailed statistics for
crystallographic analyses are shown in Table S1.

GST-pull downs—To test the interaction between A/Rtt109 and an Aspergillus Napl-like
putative Vps75 homolog (AA/ps75, GenBank id: EDP51141.1), GST-tagged AMRtt109 was
expressed using a pPGEX-6P-1 vector in the BL21(DE3) strain of £. coli, and purified by
successive glutathione-affinity, anion-exchange and gel-filtration column chromatography
steps. N-terminal his-tagged AAN/ps75 was expressed in £. coli using a pPCDFDuet vector
(Novagen), and purified by successive Ni-NTA column (Novagen), anion-exchange and gel-
filtration column chromatography steps. GST-pull down experiments were carried out by
mixing 50 pg of GST-AMRtt109 with 50 ug of AA/ps75 or AfAsf1-H3-H4 complex or both
in a buffer containing 20 mM Tris-HCI at pH 8.0, 150 mM sodium chloride and 5%
glycerol. The mixture was incubated on ice for ~12 h, followed by the addition of 20 pl
glutathione-agarose resin and incubation for 3 h at 4°C with shaking. The glutathione resin
was then recovered by gentle centrifugation for 30 s, washed three times with the binding
buffer, and the bound proteins were analyzed by SDS-PAGE.

To assess the effect of Asf1 mutation on the binding between Rtt109 and the Asf1-H3-H4
complex, GST-fused WT and the V146P T147P mutant of full-length AfAsf1 were
expressed in E. coli using the pGEX-6P-1 vector. The fusion proteins were purified first by
glutathione-agarose resins, followed by successive chromatography steps with Q and
HiLoad Superdex 200 16/60 columns (GE Healthcare). Approximately 50 ug of purified
GST-fused WT or mutant AfAsfl was mixed with ~50 pg of histone H3-H4 in buffers
containing 20 mM Tris-HCI, pH 8.0, 50 mM potassium chloride, 5% glycerol, and 0.25, 0.5
or 1.0 M NaCl and incubated on ice for ~5 h. Then, 20 ul of glutathione-agarose resins were
added and incubated for 30 minutes at 4 °C with shaking. Afterwards, the supernatant was
removed by centrifugation, and the resins were washed with the binding buffer three times
before analysis by SDS-PAGE. As a control, GST bound beads were subjected to the same
procedure.

Yeast strains and plasmids—All yeast strains used are listed in Table S2, and standard
yeast media and manipulations were used. Mutations in 77109, ASF1, and HHTZ2and
HHF2 genes were generated by site-directed mutagenesis using plasmids pZG301 (pRS416-
RTT109), pZG557 (pRS313-ASF1), and pZ2G724 (pRS314-HHT2-HHF2). Sequences of
DNA primers used for mutagenesis are listed in Table S3.

Preparation of yeast protein extracts and immunoblotting—To prepare whole cell
protein extracts, 5 ml of exponentially growing yeast culture were harvested by
centrifugation, washed with cold water, and resuspended in 50 pl of cold TBS buffer
containing 1 mM DTT and 1 mM PMSF. An equal amount of glass beads was added to each
tube and cells were shaken in a bead beater five times for 1 minute. Lysates were transferred
to new tubes, mixed with 50 ul of 2xSDS-PAGE loading buffer, and boiled for 3 minutes.
For immunodetection of proteins, 5 pl of protein extract were resolved with 15% SDS-PAGE
and transferred onto a nitrocellulose membrane. Histone H3 and acetylation of K56, K27
and K9 of H3 were detected using specific antibodies against these modifications.
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Antibodies against Flag (F1804, Sigma-Aldrich) and Myc were used to detect Flag-tagged
Rtt109 and Myc-tagged Asfl, respectively.

In vitro HAT assays—HAT activity was determined using a filter-binding assay as
previously described, with some modifications (Han et al., 2007a; Tanner et al., 1999).
Samples were incubated at 30°C for 30 minutes in a 30 pl reaction mixture containing 50
mM Tris-HCI, pH 8.0, 5% glycerol, 0.1 mM EDTA, 50 mM KCI, 1 mM DTT, 10 mM
sodium butyrate, 250 mM NaCl, 1 mM PMSF, 1.6 pM [3H]acetyl-CoA (8.6 Ci/mmol,
PerkinElmer), and recombinant WT or mutant forms of A/Rtt109, AfAsfl and histones H3
and H4, as specified. 7.5 pl of each reaction were spotted onto P-81 phosphocellulose paper
(Whatman), air dried, and washed five times with 50 ml of buffer containing 50 mM
NaHCO3 at pH 9.0, and once with 50 ml of acetone. The amount of radioactivity of each air-
dried filter paper was measured using a liquid scintillation counter. To visualize the amount
of each protein and detect acetylated ones, each reaction mixture was resolved by 15% SDS-
PAGE and the gels were either stained with SYPRO Ruby (BioRad) or dried and exposed to
photo films after incubation with Amplify (Amersham) for 30 minutes. To detect H3K56
acetylation, HAT assays were performed as before but using unlabeled acetyl-CoA and
analyzed by Western blot using antibodies recognizing acetylated H3K56.

DNA-damaging agent sensitivity assay— Yeast strains were grown overnight at 30°C
in YPD (H3 and H4 mutants), SCM-URA (Rtt109 mutants), or SCM-TRP (Asfl mutants).
Cultures were diluted to 6x10° cells/ml followed by four ten-fold serial dilutions and spotted
onto media containing the indicated DNA-damaging agents: MMS (methylmethane sulfate,
0.005% for SCM or 0.01% for YPD), CPT (camptothecin, 1 mg/ml for SCM or 5 mg/ml for
YPD), or HU (hydroxyurea, 50 mM for SCM or 100 mM for YPD).

Determination of Rad52-YFP foci—Counting of Rad52-YFP foci was performed as
previously described (Han et al., 2007a). Briefly, indicated yeast strains expressing Rad52-
YFP were grown at 26°C, and cells in exponential phase of growth were harvested, washed
twice with SCM-TRP, and re-suspended in SCM-TRP. Live cells were deposited on glass
slides and images were acquired using a Zeiss Axio Observer Z1 inverted microscope
equipped with a Plan-Apochromat 100X/1.4 Qil lens. For each field, ten images were
obtained along the z-axis at 0.49 um intervals. All focal planes were analyzed and cells with
Rad52-YFP foci from one imaging field were counted as positive. A total of 450 cells from
two independent experiments were counted for each strain and the percentage of cells with
Rad52-YFP foci was calculated for each strain.

Quantification and statistical analysis

Quantitation of /n vitro HAT activity is represented as the mean of 3 independent
experiments (Figures S6A and 7C) or 4 independent experiments (Figure S6B). The error
bars indicate the standard error of the mean (SEM).
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Data and software availability

The Protein Data Bank (PDB) accession codes for the coordinates and structure factors of
apo AMRtt109 and the AMRtt109-Asfl-H3-H4 complex in the presence and absence of CoA
are 5ZB9, 5ZBA and 5ZBB, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
We solved the crystal structure of Rtt109 bound to Asf1-H3-H4
The N-terminal helix of histone H3 unwinds for K56 acetylation
Asfl controls H3K56 acetylation by stabilizing the C-terminal tail of H4

Distant H3 residues are crucial for K56 acetylation and chromosomal
integrity
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Figure 1. Sequence and functional conservation of Rtt109
(A) Structure-based alignment of A. fumigatusand S. cerevisiae Rtt109 catalytic core

sequences. ldentical and similar residues are highlighted yellow (boxed in red) and green,
respectively. The asterisks and crosses indicate residues interacting with H3E94 and those
lining the H3K56 entry channel, respectively. Auto-acetylated Lys263 is also labeled. Above
the sequences, secondary structural elements of A/Rtt109 are superimposed; “+” signs mark
every ten residues. (B) GST-pulldown of A/Rtt109 in the presence of the AfAsf1-H3-H4
complex or a putative AA/ps75 homolog. (C) Autoradiograph of the HAT activities of
ARLtt109 using WT or mutant AfAsfl in complex with histones H3-H4 as the substrate. (D)
Detection of H3K56ac, H3K27ac and H3K9ac in the /n vitro HAT assay by Western blot
analysis using A/Rtt109 as the enzyme and WT or mutant AfAsf1 in complex with histones
H3-H4 as the substrate. See also Figure S6; Table S3.
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Figure 2. Structures of AfRtt109 and its complex with AfAsf1-H3-H4
(A) Apo structure of AMRtt109 colored in rainbow spectrum. A glycerol molecule (magenta)

sits near the active site and is shown in a stick model. (B) Comparison of the apo A/Rtt109
structure (yellow) with the structure of ScRtt109 (magenta) from its complex with Vps75
(PDB id: 3Q66). The nonconserved a2f5 insertion in ScRtt109 (see Figure 1A) important
for Vps75 binding is indicated. (C) Front view of the structure of A/Rtt109 (green) in
complex with AfAsf1 (cyan), histones H3 (magenta), H4 (yellow) and CoA. (D) A top view
of the structure with AMRtt109 and AfAsfl shown in a semi-transparent surface
representation colored in pale blue and light green, respectively. The sidechains of H3K56,
Glu215 of AMRLtt109 and Arg148 of AfAsfl are superimposed and labeled. (E) A cartoon
drawing schematizing protein-protein interactions of the A/Rtt109 complex. See also
Figures S1-S3; Table S1.
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Figure 3. Structural changes of Rtt109 and histones
(A) Comparison of AMRtt019 structures between the apo and substrate-bound forms. Two

regions of conspicuous differences, the “lid” and the a8p7 loops are indicated. (B)
Superposition of Asf1-H3-H4 structures. The AfAsfl complex is colored the same as before,
and the yeast (PDB id: 2HUE) and human (PDB id: 2105) complexes are colored light blue
and white, respectively. (C) Conformational differences of the N-terminal region of H3 in
the structures of the ARtt109 complex (magenta), NCP (PDB id: 4KUD, green), histone
octamer (PDB id: 2HIO, goldenrod) and the DAXX complex (PDB id: 4HGA, blue). (D)
Superposition of 2Fo-Fc (blue, 1.50) and Fo-Fc (magenta, 3o) omit electron density maps
calculated from leaving out residues 43-61 of histone H3. (E) Interactions between residues
45-51 of histone H3 (magenta) and the a1-a2 region of histone H4 (yellow) in the Rtt109-
Asfl-H3-H4 complex. The involved residues are shown in a stick representation. The dashed
lines indicate hydrogen bonds.
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Figure 4. Asfl stimulates H3K56 acetylation through stabilization of the C-terminal end of H4
(A) The interface between AfAsfl (cyan), H4 (yellow) and AMRtt109 (green). Involved

residues are labeled. (B) Western blot detection of H3K56, H3K27 and H3K9 acetylation in
budding yeast cells expressing indicated Asfl mutants. (C) GST-pulldown of WT and the
V146P T147P mutant of AfAsfl in the presence of H3-H4 with at the indicated salt
concentrations detected by coomassie blue staining. (D) Cell growth analysis with ten-fold
serial dilutions of budding yeast cells expressing the indicated Asfl proteins in the absence
and presence of indicated DNA-damaging agents. (E) Live cell fluorescence images showing
that the Asfl VV146P T147P mutant budding yeast cells exhibit a higher percentage (left
panel, quantification from two independent experiments) of cells containing spontaneous
Rad52-YFP foci (right panel, representative images) than WT cells. See also Figures S4, S5;
Tables S2, S3.
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Figure 5. H3-Rtt109 interaction
(A) Interactions with Rtt109 (green) involving H3 (magenta) residues surrounding Lys56.

Involved residues are shown in a stick representation, and blue dashed lines indicate
hydrogen bonds. (B) Schematic drawing of H3-Rtt109 interactions. Thin dashed lines
represent hydrogen bonds, while thick dashed lines indicate van der Waals contacts. Rtt109
residues interacting with H3 via mainchain groups only are shown with their sidechains
labeled with “R”. (C) Interactions between H3 residues located on HFD helix a.2 and
AMRLtt109. (D) A model of how Rtt109 may accommaodate the acetylation of H3K56, H3K27
and H3K®, all of which belong to a consensus KS motif as indicated. Please note that Vps75
is also needed for H3K27 and H3K9 acetylation.
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Figure 6. Histone residues important for H3K56 acetylation
(A) Western blot analyses of impacts on H3K56, H3K27 and H3K9 acetylation by indicated

histone mutations in budding yeast cells. (B) Autoradiography detection of H3 acetylation in
an /n vitro HAT assay using purified wild-type A/Rtt109, and the indicated mutant histone-
AfAsfl complexes. The bottom panel: SYPRO Ruby staining of the histones used. (C)
H3K56 acetylation of wild-type or histone mutants by AMRtt109 /n vitro in the presence of
AfAsf1 detected by Western blot. (D) Cell growth analysis of budding yeast cells expressing
the indicated histone mutants in the absence and presence of the denoted DNA-damaging
agents. (E) Spontaneous chromosome breaks in budding yeast cells expressing indicated
histone mutants determined by the Rad52-YFP foci. Left panel: percentage of cells with
Rad52-YFP foci from two independent experiments. Right panel: representative fields of
live cell images. See also Figure S6; Tables S2, S3.
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Figure 7. Rtt109 residues important for H3K56 acetylation

(A) Western blot analysis of H3K56, H3K27 and H3K9 acetylation in budding yeast cells

expressing the indicated Rtt109 mutants. (B) /n7 vitro HAT activity assay of the

corresponding A/Rtt109 mutants detected by autoradiography. (C) Quantitation of the /n
vitro HAT activities of the WT and mutant A/Rtt109 proteins using the AfAsf1-H3-H4
complex as the substrate. (D) Budding yeast cells expressing the R292E R318E mutant of
ScRtt109 are sensitive to DNA-damaging agents like rft1093A cells. (E) Partial rescue of
H3K56ac in yeast cells by co-expressing indicated charge-swap mutants of ScRtt109 and

H3. See also Figure S7; Tables S2, S3.
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