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Abstract

Rtt109 is a fungal-specific histone acetyltransferase required for modification of histone H3 K9,
K27 and K56. These acetylations are associated with nascent H3 and play an integral role in
replication- and repair-coupled nucleosome assembly. Rtt109 is unique among acetyltransferases
as it is activated by a histone chaperone; either Vps75 or Asfl. Recent biochemical, structural and
genetic studies have shed light on the intricacies of this activation. It is now clear that Rtt109-Asf1
acetylates K56, while Rtt109-Vps75 acetylates K9 and K27. This reinforces that Asfl and Vps75
activate Rtt109 via distinct molecular mechanisms. Structures of Rtt109-Vps75 further imply that
Vps75 positions histone H3 in the Rtt109 active site. These structures however raise questions
regarding the stoichiometry of the Rtt109-Vps75 complex. This has ramifications for determining
the physiological Rtt109 substrate.

Introduction

Histone acetylation is a critical regulatory mechanism of DNA-dependent processes such as
transcription, replication and repair. It involves histone acetyl-transferase enzymes (HATS)
that transfer an acetyl moiety from acetyl-CoA to the e-amine group of a histone lysine
residue. The cell contains several HATS, for example Gen5 (KAT2), p300/CBP (KAT3A/B)
and Tip60 (KAT5), which between them acetylate different residues on the four core histone
proteins [1,2]. A recurrent feature of HATS is their presence in protein complexes with
constituents that regulate their activity and substrate selectivity. Regulation prevents
uncontrolled histone acetylation causing aberrant DNA metabolic events. The molecular
underpinning of such regulation is challenging to decipher as it requires genetic,
biochemical and structural approaches. This review will focus on recent developments
relating to the HAT, Rtt109 (KAT11), particularly the molecular details of its interaction
with and regulation by histone chaperone, Vps75.
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Rtt109 Substrates

Rtt109 is a fungal-specific HAT historically associated with acetylation of histone H3 K56
(H3 K56Ac) [3-5]. Recent data, however, also establishes H3 K9 and K27 as bona fide
Rtt109 targets in yeast [6,7]. Rtt109-dependent KQAc and K27Ac eluded detection as unlike
K56, these residues are also acetylated by Gen5 [8]. Residues K9 and K27 are in the H3
disordered tail, while residue K56 is in the H3 histone-fold domain (Figure 1a) [9]. As such,
Rtt109 cannot acetylate K56 on H3 that is a constituent of the nucleosome [10]. In fact, all
Rtt109-dependent acetylations are associated with non-nucleosomal, nascent H3 in yeast
[8,11], with K56 acetylation also occurring in multi-cellular eukaryotes [12]. In flies and
humans, K56Ac is executed by p300/CBP [12], whose catalytic domain is structurally
similar to that of Rtt109 [13]. Rtt109 acetylation of nascent H3 is consistent with a recent
study showing Rtt109 activity in the cytoplasm [14]. The genomic instability and sensitivity
to genotoxic stress of an Rtt109 knock-out strain, demonstrates the integral role of H3 K9,
K27 and K56 acetylation [3-5]. This is reinforced by the more pronounced phenotype of a
double Gen5-Rtt109 knock-out, which completely lacks K9, K27 and K56 acetylation [7].
Rtt109 is thus responsible for H3 acetylations that play an important role in replication- and
repair-associated nucleosome assembly. Delineation of HAT-substrate relationships
facilitates the dissection of the biological context and mechanistic basis of histone
acetylation.

Rtt109 Activation - Vps75 versus Asfl

A well-established and intriguing feature of Rtt109 is its stimulation by binding partners
Vps75 and Asfl [4,10]. Vps75 and Asfl are structurally unrelated histone chaperones that
interact with histone (H3-H4), tetramer and H3-H4 dimer, respectively [15,16]. The
interactions between Vps75/Asfl and H3-H4 have nanomolar affinity, ten times stronger
than that between Rtt109 and H3-H4 [17,18]. However, both VVps75 and Asfl enhance the
catalytic activity of Rtt109, while having little effect on Rtt109 histone binding. They
individually increase kq4t 100-fold, but don’t drastically affect Ky, for acetyl-coA or H3
substrate [10,19,20]. This 100-fold increase transforms Rtt109 activity from negligible to
comparable with that of other HATSs [2]. Despite this similarity, Vps75 and Asf1 likely
induce Rtt109 activity differently. This assertion is based on several key differences between
Rtt109-Vps75 and Rtt109-Asfl. Rtt109-Vps75 can acetylate H3-H4, H3 alone or a H3 tail
peptide [19], while Rtt109-Asf1 is only active towards H3-H4 [10]. This is consistent with
the Asf1-H3-H4 crystal structure, which reveals direct contacts between Asfl and H3, and
Asfl and H4 [16]. Vps75 forms a tight complex with Rtt109 [21], while Asfl interacts
transiently [10]. A tight Rtt109-Vps75 complex is indicated by co-purification of Rtt109 and
Vps75 from yeast and bacteria, as well as the Vps75 concentration used to reach maximum
Rtt109 catalytic efficiency [21]. Rtt109 mutants that abolish the Rtt109-Vps75 interaction
can also have no effect on Rtt109-Asf1 activity [20,22].

Distinct Vps75 and Asfl stimulation of Rtt109 is further evidenced by recent acetylation
profiles of deletion strains. These profiles are based on western blots, as well as mass
spectrometry data [14,22]. In particular, Asfl deletion abolishes K56Ac, slightly reduces
K9Ac and maintains K27Ac [4-6], while Vps75 deletion maintains K56Ac, but reduces
K9Ac and K27Ac [14,22]. Concomitant deletion of Vps75 and Gen5 completely abolishes
both K9ACc and K27Ac [14,22]. These data suggest that Rtt109-Asf1 is responsible for
K56Ac, while Rtt109-Vps75 and Genb are responsible for K9Ac and K27Ac (Figure 1a).
Unlike the substrate selectivity of Rtt109-Asf1, which has been established for several years
[10], that of Rtt109-Vps75 is a recent hypothesis. Further support for this hypothesis comes
from a series of well-designed kinetic assays using Rtt109-Vps75 and H3 mutants [22].
These assays reveal that Rtt109-Vps75 exhibits wild-type catalytic efficiency toward H3-
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K27R/K56R (only K9 available for acetylation), and reduced catalytic efficiency toward any
H3-K9R-containing mutant [22]. Quantitative mass spectrometry of products obtained with
a wild-type H3-H4 substrate, also confirms Rtt109-Vps75 preference for K9Ac [20,22]. In
vivo, Vps75 mutants with weakened but not abolished Rtt109 binding show a greater
reduction in K27Ac than K9Ac [14]. Why a preference for K27Ac is not observed, and why
K56Ac has frequently been observed in vitro [10,20], remain to be determined. The varied
influence of Vps75 and Asfl on Rtt109 substrate selectivity reinforces their differential
modes of Rtt109 activation.

Rtt109 Catalytic Mechanism

Determining how histone chaperones activate Rtt109 ultimately requires insight into Rtt109
catalytic mechanism. Such insight has been gleaned from biochemical analyses [20,21,23]
performed in the wake of the three Rtt109 crystal structures (Figure 1b) [19,24,25]. The
structures of Rtt109 revealed an overall fold similar to the p300/CBP HAT domain, albeit
with a non-conserved active site [19,24,26]. The structures also uncovered an acetylated
lysine residue (K290) in the vicinity of the acetyl-CoA binding pocket [19,24,26]. An
outstanding question related to the role of D287 or D288 as the active site base, as in other
HATS the active site base is typically a glutamate [2]. For catalysis to occur in the context of
Rtt109-Vps75, the active site base is required to deprotonate a group with a pKa of 8.5, most
likely the e-amine of the substrate lysine [21]. Contrary to predictions, recent data suggests
that neither D287 or D288 are the active site base and that the decreased activity of D287/
D288 mutants results from reduced acetyl-CoA binding, possibly due to the absence of
K290Ac (see next paragraph) [21]. The possibility that VVps75 contributes the active site
base has also been entertained, although this is not likely as Rtt109 alone and Rtt109-Vps75
have similar ko pH profiles [20]. The intricacies of the Rtt109 active site thus continue to
evade elucidation.

Another question raised by the Rtt109 structures was if Rtt109 K290Ac was an enzyme-acyl
intermediate indicative of a ping-pong mechanism [24]. This is not the case as
simultaneously published data established K290Ac as the product of Rtt109 auto-acetylation
[19,26]. Enzymatic studies have since verified that Rtt109-Vps75 adopts a sequential
mechanism whereby the binding of acetyl-CoA and histone H3 substrate can occur in any
order, and do not influence each other [21]. Moreover, the rate-limiting step of Rtt109 and
Rtt109-Vps75 has been identified as the transfer of the acetyl group [20,21]. Further analysis
of Rtt109 K290 auto-acetylation has also revealed it to be essential for Rtt109 activity in
vitro and in vivo [23,25], and that it acts to increase the binding affinity of acetyl-CoA [23].
Consistent with K290 being near the putative substrate-binding pocket (Figure 1b) [26],
K290Ac occurs intra-molecularly and is not influenced by the presence of Vps75 [23]. The
latter implies that Vps75 is involved in histone H3 presentation to Rtt109, and reinforces
that the potential for Rtt109 activation is a direct read-out of cellular acetyl-CoA
concentration. Acetyl-CoA concentration is an indicator of the cells overall metabolic state.
The catalytic mechanism of Rtt109-Asf1 has not been as closely examined, potentially
because of the low affinity between Rtt109 and Asfl.

Rtt109-Vps75 Structures

Insight into Rtt109 has also emerged from recent crystallographic analysis with Vps75
[20,22,27]. Three independent groups have reported a total of five Rtt109-Vps75 structures,
with only two of the structures being from the same crystal form (Table 1). Notably, the data
obtained by Kolonko et al. is of poor resolution, limiting structural detail and preventing
refinement [20]. Collectively the remaining structures reveal three potential interfaces
between Rtt109 and Vps75 (interface I, Il, 111) (Figure 2). These interfaces account for the
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high affinity between Rtt109 and Vps75, with interface | and 11 together burying 3725 A2
SAS [22]. These interfaces are both hydrophobic and electrostatic in nature, and occur in
context of the constitutive Vps75 homo-dimer [17,19,28]. The Vps75 homo-dimer is formed
through an anti-parallel arrangement of the VVps75 dimerization helix, located upstream of
the so-called earmuff domain (Figure 3a). The Vps75 homo-dimer is either present in the
asymmetric unit (Figure 2a) [20,27], or generated through a crystallographic 2-fold
symmetry axis (Figure 2b) [22]. Vps75 dimerization is essential for Rtt109 binding [22],
with interface I and Il involving different Vps75 chains (Figure 2c). The relevance of these
interfaces in solution has been verified through enzymatic assays with Rtt109 mutants [22].

A notable feature of interface | is the involvement of Rtt109 residues 130-175. Limited
proteolysis indicates that these residues undergo a disorder-to-order transition upon Vps75
binding [22]. These residues were disordered or removed from the Rtt109 alone structures
(Figure 1b). This is consistent with the instability of Rtt109 observed in a VVps75 deletion
strain [6,14]. Further comparison of free- and Vps75-bound Rtt109, however, fails to
identify differences in the putative active or substrate-binding site (Figure 1b). Thus, while
Vps75 is important for Rtt109 stability, it does not appear to induce an ‘active’ Rtt109
conformation.

The major difference between the structures is the stoichiometry of the Rtt109-Vps75
complex. Structures by Tang et al. have one Rtt109 per Vps75 monomer (Figure 2b) [22],
while those by Su et al. have one Rtt109 per Vps75 dimer (Figure 2a) [20,27]. This
difference arises as the Tang et al. structures do not contain interface 111 such that the Rtt109
is tilted outward compared to the Su et al. structures (Figures 2b and 3b). Interface 11 is
missing as Tang et al. used truncated Vps75, and/or because it might not be physiologically
relevant (see next paragraph). The Tang et al. structures also contain a kink in the
dimerization helix of Vps75 such that the region involved in interface | is tilted upwards
(Figure 3a). This contrasts the Su et al. structures, where this region arcs downward. The
outward shift of Rtt109 and kink in Vps75 facilitate binding of a second Rtt109 in the Tang
et al. structures. Importantly, this different stoichiometry is not a result of mixing different
Rtt109-Vps75 ratios as in all cases the proteins were co-expressed and co-purified (Table 1).
It may however, be a result of different purification protocols. Interestingly, unlike the Tang
et al. structures, the Su et al. structures don’t contain acetyl-coA (Table 1). Resolving the
issue of stoichiometry is important as it influences the size of the cavity between Vps75 and
Rtt109. Based on the orientation of Rtt109, sequence conservation and mutagenesis, this
cavity is most likely the histone-binding site [20,22,27]. The size of the cavity will
determine if Rtt109-Vps75 binds H3-H4 dimer and/or tetramer and if acetylation occurs on a
single or both H3 chains. In vitro Rtt109-Vps75 can acetylate a H3-H4 dimer [20] but, like
Vps75 alone, it does not split a H3-H4 tetramer [15,27].

A possible explanation for the different stoichiometries is that both exist, depending on the
relative concentrations of Rtt109 and Vps75. This is supported by native gels with Vps75
shifting at 2:1 (Vps75:Rtt109), and super-shifting at 2:2 [17]; or native gels where free
Vps75 is only detected in greater than 2:2 mixtures [20]. A 2:2 complex has also been
observed by analytical gel filtration [28]. Such an explanation implies that the protocol
employed by Su et al. enriched for Vps75. This is feasible as the proteins were expressed
from separate plasmids, possibly in different copy number, as well as because Vps75 is a
constitutive homo-dimer and Rtt109 is notorious for aggregation and degradation [21]. As
such, compared to Vps75, Rtt109 could easily have been depleted during purification. A 2:2
complex is also incompatible with interface Il1. Interface 111 may be an artifact as it is small,
involves few sequence-specific contacts and occurs near the Vps75 nuclear localization
sequence that is bound by proteins which import Rtt109-Vps75 [14]. It is difficult to
visualize how Rtt109 and import proteins could simultaneously bind Vps75. The Tang et al.
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structure clearly reveals that a 2:2 complex can form, albeit in the absence of the Vps75 N-
terminal tail. While the Vps75 N-terminal tail is not involved in the VVps75 interaction with
H3-H4, it is required for maximal Rtt109-Vps75 activity in vitro [17,22]. A 2:2 complex
with equal affinity sites however, conflicts with difficult to interpret analytical
ultracentrifugation data [17,28] and the near maximal Rtt109 activity observed at 2:1 [20].
The question is; does Rtt109-Vps75 have maximal activity in the cell? To truly resolve the
Rtt109-Vps75 stoichiometry conundrum, more experiments are required. In particular, the
stoichiometry of the complex and the influence of the Vps75 N-terminal tail can easily be
quantified using relatively straightforward in vitro fluorescence-based techniques.

Future Directions

Regardless of the outstanding issues relating to the Rtt109-Vps75 structures, they imply that
Vps75 stimulates Rtt109 activity through positioning the histone H3 substrate. As such,
there is a clear demand for a more molecular view of VVps75-histone complexes. Initial work
with Vps75 homolog Set, clearly paves the way [29]. It will be interesting to see if Vps75
physically blocks K56. It will also be intriguing to determine why Vps75 paralogue Napl
can bind to but not activate Rtt109 [17], and to determine how Rtt109 enhances histone
deposition by Vps75 [19]. Perhaps the most interesting questions however are those relating
to cross-talk or histone hand-offs between Asfl and Vps75, as well as the fate of the
histones acetylated by Rtt109. On a broader level, the identification of other HAT-histone
chaperone pairs in both yeast and higher eukaryotes will undoubtedly be informative.
Studies have indicated interactions between Vps75 orthologs and p300/CBP [30,31].
Continued characterization seems to uncover more non-canonical functions of the histone
chaperone family. Understanding these functions, as well as the regulation and activity of
HATS, is of paramount importance if we are to completely decipher the dynamics of
chromatin in the cell.
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Acetyl
Asfl Anti-silencing Function 1
CBP CREB-binding protein
Gcenbs General control nonderepressible 5
HAT Histone acetyl-transferase
KAT Lysine acetyl-transferase
Napl Nucleosome assembly protein 1
Rtt109 Regulator of Tyl Transposition 109
Tip60 Tat interactive protein 60
Vps75 Vacuolar Protein Sorting 75
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Figure 1. Rtt109 acetylates histone H3 at K9, K27 and K56

(a) Rtt109-Vps75 acetylates K9 and K27 in the H3 tail (dotted line), while Rtt109-Asfl
acetylates K56 (shown as sticks) in the H3 histone-fold domain. Yeast H3 (blue) and H4
(green) are shown in cartoon (taken from nucleosome PDB 11D3). (b) Rtt109 adopts a
similar conformation when free (apo) or bound by Vps75. Shown is a cartoon superposition
of free (PDB 3CZ7) and Vps75-bound Rtt109 (PDB 3Q66 and 3Q33) colored according to
secondary structure. The acetyl-CoA and residues K290Ac, D287 and D288 are shown as
sticks. Abbreviations: Res. — residues.
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Figure 2. Interfaces observed in Vps75-Rtt109 at a 2:1 [Su et al.] (a) and 2:2 [Tang et al.] (b)

stoichiometry

(a), (b) Cartoon representation of the Rtt109 (red or pink) and Vps75 (blue or pale blue)
complex [PDB 3Q66 in (a) and 3Q33 in (b)]. Bottom views are 90° rotations of top views
and key interfaces are boxed. The asymmetric unit is shown in (a), while the asymmetric
unit and a Rtt109-Vps75 pair related by a crystallographic 2-fold symmetry axis are shown
in (b). Interface 111 is not found in the 2:2 complex (broken box). (c) Description of the

Rtt109 and Vps75 regions involved in interfaces I, Il and I11.
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Figure 3. Conformational differences between Vps75-Rtt109 at a 2:1 and 2:2 stoichiometry
Cartoon superposition (via a single Vps75 chain) of Vps75 alone (PDB 3DM7 chain a —
yellow) and Rtt109-Vps75 (PDB 3Q66 chains a and ¢ — blue and 3Q33 - orange). (a)
Compared to free Vps75, the Vps75 dimerization helix is kinked in the 2:2 complex and arcs
downwards in the 2:1 complex. Rtt109 chains are shown in white. (b) Rtt109 is shifted
‘outward’ in the 2:2 complex compared to the 2:1 complex. Arrows indicate example
secondary structure shifts, and Vps75 chains are shown in white. Interface I and Il remain
intact.
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