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Abstract

INTRODUCTION: Nucleosomes—the primary, repeating unit of chromatin—package and
protect the genome while also transmitting various regulatory signals through, in part,
posttranslational modifications of histones. These histone modifications (for example, acetylation,
ubiquitination, or methylation) affect critical processes such as transcription, replication,
recombination, and repair, often forming complicated networks to ensure finely tuned signaling for
chromatin enzymes. One such enzyme—evolutionarily conserved disruptor of telomeric silencing
(Dotl)—catalyzes mono-, di-, and trimethylation of histone H3 lysine 79 (H3K79). H3K79
methylation by Dot1 is a prominent example of trans-histone cross-talk, a process in which one
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histone and its modification affects the modification of another histone. In mammals, the human
homolog Dot1L plays critical roles in embryogenesis and hematopoiesis. Although recent
advances have provided insights into Dot1L stimulation through histone H2B ubiquitination, how
other modifications mechanistically regulate Dot1 activity is not known. We were particularly
interested in how histone lysine acetylation contributes to the regulation of chromatin enzymes.
Lysine acetylation plays pivotal roles in chromatin decondensation, transcriptional activation, and
maintenance of euchromatin, serving as a general antisilencing mark in eukaryotes. Here, we
present mechanistic studies that show how histone acetylation regulates the activity of Dot1.

RATIONALE: Histone H4 acetylation, histone H2B ubiquitination, and H3 methylation are
conserved cotranscriptional histone modifications that work together to ensure the appropriate
regulation of chromatin structure during transcription. The mechanisms of cross-talk between
these modifications and enzymes that deposit them are crucial for understanding transcription.
Advances in cryo—electron microscopy (cryo-EM), the ability to make specifically acetylated and
ubiquitinated nucleosomes, and established in vitro and in vivo assays allowed us to determine the
detailed mechanisms of yeast Dot1 regulation through histone acetylation and ubiquitination.

RESULTS: We tested nucleosomes with different acetylation states of histone H4 in vitro, and we
show that Dot1 is allosterically stimulated by acetylation of H4 and that this effect is specific to
lysine 16 (H4K16ac). The other known acetylation targets on histone H4 (H4K5ac, H4K8ac, and
H4K12ac) do not stimulate the activity of Dot1, which highlights the distinctive role of H4K16
acetylation in regulating chromatin structure. We also show that the effect of H4K16 acetylation is
direct and further enhanced by H2B ubiquitination (H2BUb), resulting in an optimal catalytic rate
for Dot1. To gain mechanistic insights into stimulation by H4K16ac and its coordination with
H2BUDb, we determined two cryo-EM structures: one of Dotl in complex, with nucleosomes
bearing both H4K16ac and H2Bub, and the second of Dot1, with a nucleosome bearing only
H2BUb. Upon examining our cryo-EM dataset of Dot1 bound to the nucleosome containing
unacetylated H4, the particles classified into two main three-dimensional (3D) classes. In the first
class, Dotl is bound to the nucleosome in a catalytic conformation. In the second class, it is bound
in a noncatalytic conformation. This is different from the dataset in which Dot1 is bound to an
H4K16 acetylated nucleosome. When H4K16ac is present, the cryo-EM data is more
homogeneous, and Dotl is bound to the nucleosome predominantly in a catalytic conformation.
This suggests a model in which acetylation of the H4 tail restricts the sampling space of Dot1,
resulting in an active conformation leading to increased activity. We therefore propose that H2BUb
partially restricts the conformation of yeast Dot1 on the nucleosome and that H4K16ac further
restricts and stabilizes the active conformation. Comparing both of these cryo-EM structures
allowed us to identify residues that are critical for Dot1 stimulation by H4K16ac and H2BUD. Site-
directed mutagenesis of Dot1 coupled with enzymatic assays on nucleosomes revealed the details
of these interfaces. These results show that the allosteric stimulation of Dotl by H4K16ac and
H2BUD plays a crucial role in H3K79 di- and trimethylation.

CONCLUSION: This work demonstrates how Dot1 is regulated by histone acetylation and how
H4K16ac coordinates with H2BUDb to regulate Dotl. H4K16ac plays a critical role in opening
chromatin structure by counteracting the binding of silencing proteins, while simultaneously
stimulating an enzyme that is important for transcription. We provide an example in which the
activity of the fundamental methyltransferase Dotl is modulated through cross-talk between
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distinct histone modifications to ensure optimal maintenance and propagation of an epigenetic
state. Cross-talk such as this may represent a general property of chromatin enzymes.

Graphical Abstract

H4K16ac and H2BK123Ub allosterically stimulate
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H3K 79 methylation by Dotl isallosterically stimulated by H4K 16 acetylation and by
H2BK 123 ubiquitination. Cross-talk between different histone posttranslational modifications
can orchestrate distinct chromatin states to regulate transcription and gene silencing.

Abstract

Dot1 (disruptor of telomeric silencing-1), the histone H3 lysine 79 (H3K79) methyltransferase, is
conserved throughout evolution, and its deregulation is found in human leukemias. Here, we
provide evidence that acetylation of histone H4 allosterically stimulates yeast Dotl in a manner
distinct from but coordinating with histone H2B ubiquitination (H2BUb). We further demonstrate
that this stimulatory effect is specific to acetylation of lysine 16 (H4K16ac), a modification central
to chromatin structure. We provide a mechanism of this histone cross-talk and show that H4K16ac
and H2BUb play crucial roles in H3K79 di- and trimethylation in vitro and in vivo. These data
reveal mechanisms that control H3K79 methylation and demonstrate how H4K16ac, H3K79me,
and H2BUb function together to regulate gene transcription and gene silencing to ensure optimal
maintenance and propagation of an epigenetic state.

Histones are subject to a vast array of posttranslational modifications (PTMSs) that influence
chromatin structure and function by altering interactions between nucleosomes or acting as
docking sites for recruitment of effector proteins (1). Modifications such as acetylation of
histones H3 and H4 (H3ac and H4ac), methylation of H3K79 (H3K79me), or
monoubiquitination of histone H2B (H2BUDb) are associated with active transcription (2-4).
Regulation of these modifications and the enzymes that deposit them is critical to
transcription, and disruption of their deposition leads to aberrant gene expression and
disease (5).
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Histone acetylation is perhaps the most extensively studied PTM (6-8). There are many
lysines that can be acetylated, and they play critical roles in gene regulation (8-10).
Acetylation of lysines in H3 and H4 N-terminal tails correlates positively with gene
transcription, peaking sharply at active promoters and present in gene bodies, with the levels
of acetylation being proportional to the transcription rates (7, 11, 12). Acetylation
neutralizes positive charges of lysines, which results in the opening of the chromatin,
allowing greater access to transcription factors, and facilitating passage of the RNA
polymerase 11 (13, 14). Acetylated histones are easier to displace from DNA both in vivo
(15) and in vitro (16). In particular, acetylation of histone H4 lysine 16 (H4K16ac) inhibits
the formation of compact 30-nm fibers (17).

The conserved factor Dot1 (disruptor of telomeric silencing-1) is the only known
methyltransferase that catalyzes mono-, di-, and trimethylation of H3K79 (H3K79mel, -
me2, and -me3) (18-20). Genome-wide analyses of H3K79me in yeast, fly, mouse, and
human have demonstrated a high correlation between this modification and transcriptional
activity (21-25). In Saccharomyces cerevisiae, for example, ~90% of the genome is
methylated at H3K79 (20). In mammals, the homologous Dot1L (Dot1-like) is essential for
embryogenesis, hematopoiesis, and cardiac function (26, 27). Aberrant transcriptional
activation through Dot1L is found in leukemias that result from oncogenic chromosomal
translocations involving the MLL gene (28-31). A prerequisite for efficient H3K79me2 and
-me3 by Dotl and Dot1L is monoubiquitination of histone H2B lysine K123 in yeast and
K120 in humans (hereafter H2BUb) (32-36). Recent structural studies by us and other
groups found that interaction of Dot1L with a hydrophobic patch on ubiquitin (Ub) reduces
sampling space of Dot1L on the nucleosome, resulting in higher methylation states (37-41).

The activity of Dot1 has also been linked to histone acetylation. For example, the activity of
the histone deacetylase Rpd3L restricts H3K79me3 at its euchromatic targets in budding
yeast, and inactivation of the Rpd3 homolog HDAC1 in mouse thymocytes leads to an
increase in H3K79me (42). H4K16ac regulates the Dot1-mediated distribution of H3K79me
on euchromatin (43). H4K16A and H4K16R mutations decrease the global level of
H3K79me3 (43). Genome-wide H3K79me2 and -me3 were decreased in a null mutant of the
H4K16-specific acetyltransferase Sas2p (sas2h) (43). These observations suggest a possible
existence of evolutionarily conserved cross-talk between histone acetylation and H3K79me
by Dot1 and Dot1L. It is unknown whether histone acetylation stimulates Dot1 and Dot1L
directly, and the mechanism of such putative cross-talk is unknown.

Dotl was originally implicated in the silencing of genes in yeast telomeres (44). Telomeric
silencing is established through the recruitment and binding of SIR (silent information
regulator) complex (Sir2, -3, and —4) to chromatin (45, 46). Activity of Sir2, nicotinamide
adenine dinucleotide (NAD*)-dependent H4K16 deacetylase, is essential to create a
nucleosomal binding site for Sir3 (47-49). Nucleosome-Sir3 binding is maximally perturbed
when H4K16 is acetylated and H3K79 is methylated (50, 51). Overexpression of Dotl
spreads H3K79me into silent chromatin, displacing Sir proteins, and mutation of H3K79 or
deletion of Dotl compromises telomeric silencing by mislocalizing the Sir complex (20).
Furthermore, it has been shown that a basic patch on the histone H4 tail is critical for Dot1
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Results

binding and H3K79 methylation (52, 53) and that Sir3 competes with Dot1 for this site (53,
54).

Given the strong correlation between H4 acetylation, H2B ubiquitination, and H3K79
methylation and the critical role of Dot1, we sought to determine the nature of this putative
cross-talk. The cross-talk between H4K16ac and Dotl could involve (i) an indirect effect,
through structural changes to the nucleosome caused by acetylation; (ii) an interaction
between Dot1 and H4K16ac mediated by another accessory protein; or (iii) direct interaction
and stimulation of Dot1 by H4K16ac. To distinguish among these different mechanisms, we
used a combination of biochemical, structural, and functional approaches. We demonstrate
that direct interaction of H4K16ac with Dot1 stimulates its catalytic activity. We also show
that Dotl H3K79me activity on the doubly modified substrate (H4K16ac-H2Bub
nucleosome) is higher when compared with that on the singly modified nucleosome. We
define the structural basis of H4K16ac recognition by Dot1 that results in stimulation of its
H3K79me activity and propose a molecular mechanism for this trans-histone cross-talk.
Last, we assess the biological impact of our proposed biochemical mechanism for Dot1
stimulation by H4K16ac and H2BUb. On the basis of our structural, biochemical, and in
vivo functional data, we propose a direct interaction model that describes the rules of Dotl
stimulation by the combined action of histone acetylation and ubiquitination. An extended
view of the implications of our data suggests a scheme for how H3K79me by Dot1 regulates
the kinetics of gene silencing in yeast.

Acetylation of H4K16 directly stimulates the catalytic activity of Dotl on nucleosomes

Four invariant lysine residues in the histone H4 N terminus (K5, K8, K12, and K16) can be
acetylated in eukaryotes (Fig. 1A, top). To test whether global acetylation of histone H4
stimulates Dot1, we measured activity of the catalytic domain of yeast Dot1 (residues 158 to
582) using semisynthetic tetraacetylated (H4K5acK8acK12acK16ac) “designer”
nucleosomes as substrates (Fig. 1A, bottom). We observed a twofold stimulation of Dot1
activity by tetraacetylated H4 nucleosomes as compared with unmodified nucleosomes
(“Unmod nuc”). To understand whether any specific H4 residue underlies stimulation, we
performed the enzymatic reactions using designer nucleosomes acetylated at individual sites
(H4K5ac, H4K8ac, H4K12ac, or H4K16ac) (Fig. 1A, bottom). Of all individually acetylated
tested residues, only acetylated lysine 16 showed a substantial (sevenfold) stimulation of
Dotl catalytic activity (Fig. 1A, bottom). This observation established that acetylation of
H4K16 directly stimulates catalytic activity of Dot1 and suggested that the modification of
either K5, K8, or K12 may inhibit this stimulatory effect in the context of nucleosome
tetraacetylated on H4 tail. This result is in line with the biological roles of K5, K8, and K12,
which are acetylated during chromatin assembly, and K16 acetylation, which regulates
chromatin opening and gene activation (17).

H2BUDb stimulates both yeast and human Dotl activity (32, 34, 55-57). To understand how
this well-described stimulation compares with that of H4K16 acetylation, we reconstituted
singly modified H4K16ac and H2BUb nucleosome substrates (fig. S1) and measured
methyltransferase activity of Dotl (Fig. 1B). Dotl stimulation by singly modified H4K16ac
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nucleosomes is higher (roughly twofold) than that by control H2BUb-only nucleosomes
(Fig. 1B). We asked whether the combination of these two histone modifications on a single
nucleosome results in further stimulation of Dot1 activity. We reconstituted H4K16ac/
H2BUDb (“doubly modified”; ac/Ub) nucleosomes and used them as a substrate (Fig. 1B and
fig. S1). We observed that the doubly modified substrate increased the stimulation effect on
Dotl compared with single modifications (Fig. 1B). Then, we performed enzymatic assays
probing levels of H3K79 methylation (mel, me2, and me3) on Unmod nuc, H4K16ac
(H4K16ac nuc), H2BUb (Ub nuc), and doubly modified (ac/Ub nuc) nucleosomes by using
immunoblot (Fig. 1C). Although unmodified nucleosomes can be monomethylated, the
higher-level methylation states (me2 and me3) can only be achieved when stimulatory
histone modifications, such as H4K16ac or H2BUb or both, coreside on nucleosomes (Fig.
1C). We further confirmed these results using full-length yeast Dot1 (fig. S2).

Then, we tested whether stimulation by H4K16ac is due to higher binding affinity of Dot1
by using electrophoretic mobility shift assays (EMSAs) with unmodified and H4K16ac
nucleosomes (Fig. 1D and fig. S3). We did not observe any difference in affinity as a
function of H4K16ac [Dissociation constant (K3) on unmod nuc, 70.8 nM; on H4K16ac nuc,
83.3 nM]. To further understand the mechanism, we performed enzyme kinetics using
unmodified, H4K16ac, H2BUb, and doubly modified nucleosomes (Fig. 1E). We observed
that both acetylated and ubiquitinated nucleosomes result in a higher apparent uni-molecular
rate constant (Az,t) compared with that of unmodified nucleosomes and that this effect is
even stronger on doubly modified nucleosomes, whereas the Michaelis constant (K}y,) for
methyl transfer is similar for all assayed substrates (average Ky, = ~375 nM) (Fig. 1E).
Binding and kinetic data for H4K16ac suggest an allosteric role of this modification in
stimulating Dot1.

Structural basis for Dotl stimulation by H4K16 acetylation

To gain mechanistic insight of Dot1 stimulation by the combined action of H4K16ac and
H2BUb moadifications, we determined the cryo—electron microscopy (cryo-EM) structure of
the catalytic domain of yeast Dot1 (residues 158 to 582) bound to the H4K16ac/H2BUb/
H3K79M nucleosome (hereafter “Dot1-H4K16ac structure”) (Fig. 1F). We used the
H3K79M mutation because it was shown to increase the affinity of methyltransferases for
nucleosomes (58, 59). We reconstituted the complex, cross-linked it with glutaraldehyde
using the GraFix method (60), froze grids, and collected cryo-EM data (fig. S4 and S6) on a
Titan Krios (300 kV). This resulted in a 3.1 A-resolution map of the complex, which we
used to unambiguously model the structures of the nucleosome, catalytic domain of yeast
Dotl, and ubiquitin (Fig. 1, F and G). The structure revealed Dot1 (residues 176 to 580)
bound to the nucleosome in a catalytic conformation, with clearly resolved nucleosome-
Dotl, Ub-Dotl, and H4-Dotl interfaces (Fig. 1, F and G, and fig. S7). The cryo-EM map is
of high quality and allows unambiguous interpretation of key interactions (Fig. 1F and figs.
S7, S8, and S9). The understanding of the mechanism of stimulation by H4K16ac and
H4K16ac/H2BUb nucleosomes required a control structure of Dot1 bound to nucleosomes
with unacetylated histone H4K16 (hereafter “Dot1-unacetylated H4 structure”) (fig. S5) and
followed the same experimental procedures to determine the cryo-EM structure of this
complex at a comparable resolution of 3.2 A (figs. S5, S6, and S9). These structures allowed
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us to make detailed comparisons to understand the structural changes underlying Dot1
stimulation by H4K16ac.

Upon careful examination of cryo-EM data, we found that in the Dot1-unacetylated H4
dataset, most of the particles classified into two main three-dimensional (3D) classes (fig.
S6). In the first class, Dot1 is bound to the nucleosome in a catalytic conformation, and in
the second class, it is bound in a noncatalytic conformation, resembling the “poised state”
previously described for Dot1L (figs. S6 and S10) (38, 40). By contrast, in the Dot1-
H4K16ac dataset, only the catalytic conformation can be observed, leading us to propose a
model in which acetylation of the H4 tail restricts the sampling space of Dot1, resulting in
an active conformation and leading to increased activity. To investigate the mechanisms of
this stabilization, we compared the Dotl-unacetylated H4 and Dot1-H4K16ac structures in
catalytically competent conformations. Overall, both structures are very similar (Fig. 2, A
and B, and fig. S7), but with two major differences in histone H4 and in the Acetyl-Gate
loop (“AcG loop”; residues 252 to 264) of Dotl. These differences imply a stabilization of
the Dot1-H4 tail interface when K16 is acetylated. In the Dot1-H4K16ac structure, the H4
tail is ordered starting from the backbone of residue K12 (Fig. 2A and figs. S11 and S12),
whereas in the Dot1-unacetylated H4 structure, the tail density is only visible from the
backbone of residue K16 (Fig. 2B and figs. S11 and S12). Similarly, in the Dot1-H4K16ac
structure, residues 255 to 262 of the AcG loop of Dot1 are ordered, whereas the density for
this region is spurious in the Dot1-unacetylated H4 structure (figs. S11 and S12). In both
structures, histidine H355 in Dot1 makes potential H-bonds between main-chain carbonyls
of H4R17 and H4K16 and between H347 in Dot1 and the main-chain carbonyl of H4K16
(Fig. 2, A and B, and fig. S11). In the Dot1-H4K16ac structure, we observed an additional
potential H-bond between the main chain carbonyl of A15 of H4 and Dotl H347 (Fig. 2A).
In the Dot1-H4K16ac structure, a clear density of the H4K16ac side chain allowed us to
analyze the key interactions (fig. S11). The carbonyl component of the acetyl group is within
H-bonding distance (~3.5 A) of the imidazole group of H355 (Fig. 2A). Additionally, the
methyl component of the acetyl group establishes van der Waals interactions with the side
chain of Dotl 1261, stabilizing its backbone. The 1261 main chain carbonyl forms a H-bond
with Dotl H355, resulting in overall stabilization of the AcG loop of Dotl (Fig. 2A). By
contrast, the side chain of H4K16 is not visible in the structure of the Dot1-unacetylated H4
nucleosome (Fig. 2B and figs. S11 and S12). On the basis of this, we hypothesize that in the
unacetylated nucleosome, the imidazole of H347 and H355 of Dot1 may repel the positively
charged, protonated amino group of the lysine H4K16, preventing stabilization of 1216,
which in turn results in destabilization of the AcG loop in Dotl and H4 N terminus (residues
12 to 16). Acetylation of H4K16 would neutralize its charge, thereby favoring stabilizing
interactions.

We examined whether stabilization of H4 and Dot1 as a function of H4K16 acetylation
affects the Dot1 active site (Fig. 2C, blue arrow). The active site of Dot1 consists of
hydrophobic and aromatic residues of Dotl, cofactor S-adenosyl methionine (SAM), and
residues of the H4 amino tail (Fig. 2C). H3K79 is inserted into the hydrophaobic active site
and anchored through van der Waals interactions of residues including W543, F481, V371,
and L482 of Dotl. Furthermore, W543, F481, and F367 are present in loops that are
stabilized upon binding of H3 substrate and critical for activity (40). In particular, W543
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Interactions

might be involved in establishing cation-r interactions with K79 and its different methyl
states (61, 62). Dotl binding induces a conformational change in loop L1 of histone H3
residues Q76, F78, K79, T80, and D81, reorienting the side chain of K79 (mutated in this
work to methionine) ~95° and directing it ~10 A away of the nucleosome, which moves it
closer to the SAM cofactor and into the Dot1 active site (Fig. 2C and fig. S13). The position
of hydrophobic residues in the Dot1 active site and the contacts of this region with
nucleosome are similar in the Dot1-unacetylated H4 and Dot1-H4K16ac structures and are
conserved in human DotlL (fig. S13). W543 and F367 of Dotl and the H4 tail residues R17,
H18, and R19 play critical roles in the remodeling of H3 (40). H4R19 can make contacts
with the backbone of H3 residues T80, K79, and Q76 and is also in proximity to contact the
carbonyl of the main chain of the W543 that is part of the hydrophobic pocket (Fig. 2C and
fig. S13). H4H18 contacts S542 of Dot1, probably helping to stabilize the loop of W543,
and is also close in distance to establish a stacking interaction with Dotl Y372 that is part of
the SAM binding site. H4R17 is well defined in the Dot1-H4K16ac structure. It establishes
several contacts with Dot1, including interactions with E374 and N404. Previous studies
established a critical role of H4 tail overall and for residues 17 to 19 in particular in
regulating Dot1 in vivo and in vitro (52, 53). Substitution of R17 or R19 for neutral or
negative charges retained only wild-type levels of monomethylation, abolishing higher
methylation states (53). Our structures suggest that because of direct contacts of R17, H18,
and R19 of H4 in the active site, any conformational change in H4 such as that resulting
from the stabilization by H4K16ac would directly affect the structure at the active site in a
manner that increases catalysis (Fig. 2, A to C).

To further characterize Dotl stimulation by H4K16ac, we mutated the residues at the Dot1:
H4K16ac interface and measured Dotl enzymatic activity (Fig. 2D and fig. S14). Double
mutation of H347E-H355E and point mutation of H355E resulted in almost complete loss of
Dot1 activity on unmodified and H4K16ac nucleosomes and a decreased activity on H2BUb
and doubly modified nucleosomes (Fig. 2D and fig. S14, alanine mutants). Mutation of AcG
loop residue 1261 resulted in decreased stimulation by H4K16ac, whereas stimulation by
H2BUb was not affected (Fig. 2D and fig. S14, alanine mutant). Immunoblot analysis is
consistent with the essential role of H347 and H355 in histone H4 binding, in which their
mutations resulted in loss of all methylation states on unmodified and H4K16ac
nucleosomes (Fig. 2E and fig. S14, alanine mutants). The analysis of methylation patterns in
the 1261E mutant confirmed that this mutant is active, whereas stimulation by H4K16ac is
reduced (Fig. 2E and fig. S14, alanine mutant). These results support our structural data,
showing that interaction between 1261 with acetylated H4K16 leads to stabilization of the
H4-Dot1 interface.

of Dotl with H2BUb and the acidic patch

Yeast Dotl uses a different general mode of interaction with ubiquitin, resulting in a distinct
interface from that observed with human Dot1L (Fig. 3, A and B, and fig. S15). Unlike
human Dotl1L, which interacts with a non-canonical “136 patch” on ubiquitin, we observed
interactions of the canonical “144 patch” on ubiquitin (residues L8, 144, H68, and VV70), as
defined in (63) with hydrophobic residues in yeast Dotl (Fig. 3C and fig. S15). Specifically,
the conserved F564 of Dotl interacts with ubiquitin residues H68, L8, and V70, and Dotl
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V559 and V522 interact with ubiquitin residue 144 (Fig. 3C). Dot1 1517 establishes potential
interactions with ubiquitin residues V70 and L8 (Fig. 3C). In addition to the canonical 144
patch, Dotl F519 establishes a cation-m interaction with ubiquitin residue R72. We tested
the relevance of the Dot1-Ub interface using site-directed mutagenesis coupled with
enzymatic assays. We showed that this surface is indeed critical for the observed stimulatory
role of H2BUD, and its mutation mainly disrupts effects by Ub (with only a marginal effect
on H4K16ac stimulation) (Fig. 3, D and E). The Dot1 point mutant V522D is active and
shows a decrease in stimulation on H2BUb nucleosomes, with only small effects on
stimulation by H4K16ac (Fig. 3, D and E, and fig. S14, alanine mutant). The analysis of
methylation by using immunoblot confirmed that V522 mutations reduce the stimulation by
H2BUDb, as evidenced by loss of di- and trimethylation of H3K79, whereas monomethylation
was not affected (Fig. 3E and fig. S14, alanine mutant).

There is an unconventional, extended, bipartite interface between Dot1 and H2A-H2B dimer
in the nucleosome (fig. S15). One part of this interface is formed by interactions between
Dot1 residues E485 and T514 with residues in the a.C helix of H2B (fig. S15). Other
canonical interactions are established through salt bridges between positively charged
residues in Dot1 and the nucleosome acidic patch (Fig. 3F). Interactions with the acidic
patch involve two arginines: a stable one between R571 and H2A residues E92, D90, and
E61 and a more flexible one between R572 and H2A E61 and possibly E64 (Fig. 3F and fig.
S15). The relevance of these residues is highlighted by a loss of activity of the R571E-
R572E double mutant in enzymatic assays on unmodified and singly modified nucleosomes
(Fig. 3G). This mutant is active only on doubly modified (H4K16ac/H2BUb) nucleosomes
(Fig. 3G), where it is able to perform mono-, di-, and trimethylation of H3K79 (Fig. 3H).
Both in yeast and in human Dotl, regions that interact with ubiquitin and with the acidic
patch are in close spatial proximity (Fig. 3, A and B). In the main interface with Ub, Dot1
residues V559 and F564 are inside and flank the acidic motif 557-561 EDVDE (fig. S15).
On the basis of our structure, we predict that deletion of this motif would affect the
interaction of Dot1 with Ub and/or with the acidic patch, which explains previous data that
show that deletion of these residues limits catalysis by Dot1 to only monomethylation (52).

Regulation of H3K79 methyltransferase activity of Dotl by extended cross-talk in vivo.

Having provided the structural and biochemical mechanism for Dot1 stimulation by
H4K16ac and H2BUDb, we decided to test the effects of our mutants in vivo (Fig. 4, A and
B). We used an established approach for assessing the biological impact of Dotl mutants in
S. cerevisiae (64). We introduced single-copy plasmids containing Dotl mutants to dotIA
cells containing a telomeric URA3reporter gene. Loss of H3K79 methylation affects URA3
silencing and leads to growth toxicity on 5—-fluoroorotic acid (5-FOA) (64), although the
exact mechanism is not well understood (65, 66). As a control, we included Dotl mutants
known to reduce H3K79 methylation (G401A and G401R) (Fig. 4A). The mutants affected
URAZ3silencing by two to four orders of magnitude (Fig. 4A). To confirm these genetic
observations by examining in vivo methylation status, we assessed with immunoblotting
global H3K79 mono-, di-, and trimethylation (Fig. 4B). Consistent with the growth assays,
the mutants disrupted di- and trimethylation of H3K79 (Fig. 4B). Dot1 mutants H355E and
V522D, which retain residual methylation activity, lead to URA3Zsilencing similar to that by
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the catalytically dead G401R mutant. This echoes previous work that showed that
catalytically reduced Dotl G401A also affects in vivo URAJ3silencing similarly to that by
G401R (64). These results suggest that acetylation of lysine 16 and ubiquitination of histone
H2B are both required for efficient methylation of H3K79 in yeast.

On the basis of our structural, biochemical, and in vivo functional data, we propose a model
that describes the rules of Dot1 stimulation by histone acetylation and ubiquitination (Fig.
4C). The outcome of enzymatic reaction by Dot1 is directly linked to its ability to interact
with the nucleosome using several “anchors” that stabilize its conformation for optimal
activity. The most relevant intrinsic anchor is established through the interaction of Dotl
with the acidic patch. This anchor, together with the Dot1-histone H4 interaction, suffices to
allow Dotl-mediated monomethylation of H3K79. H4K16ac and H2BUb individually
provide critical regulatory anchors that allow Dotl to perform di- and trimethylation (Fig.
4C). Nucleosomes that are both H4K16 acetylated and H2B ubiquitinated allow optimal
positioning of Dot1 on the nucleosome, restricting its orientation and allowing mostly
productive conformations, resulting in increased trimethylation (Fig. 4C).

Discussion

Our findings suggest a possible mechanism for how H3K79 methylation by Dot1 regulates
the Kinetics of gene silencing in yeast. In this process, SIR complex binds to nucleosomes to
form a repressive chromatin structure. Specifically, the NAD*—dependent deacetylase Sir2
removes the acetyl group from H4K16ac, allowing binding of Sir3 and thus promotion of
chromatin silencing (67, 68). There are data that show that methylation of lysine 79 by Dotl
slows down kinetics of establishment of silent chromatin in yeast (69). Competition for
access to H4K16ac between deacetylase Sir2 and Dot could be central to this mechanism,
especially at regions distal to SIR recruitment sites. Acetylated H4K16 stimulates H3K79
methylation, and once this happens, nucleosomes that harbor both H4K16ac and H3K79me3
could prevent SIR complex from binding to chromatin. Because H2BUb has also been
shown to reduce silencing in yeast (24, 70), nucleosomes modified at multiple sites would be
predicted to have an even stronger effect. Additionally, Dot binds to the acidic patch, a
nucleosome region with key functions in chromatin structure (71). It has been shown that the
H4 tail interacts with the acidic patch of another nucleosome through charge
complementarity (72). Acetylation of H4K16 neutralizes the charge and prevents the
formation of chromatin fiber (17, 73). Therefore, acetylation of H4K16 would (i) obstruct
contacts of this tail with the acidic patch, (ii) block contacts of this tail with Sir3, and (iii)
allow Dot1 to bind and (iv) stimulate its catalytic activity, and (v) Dotl binding would
further occlude the acidic patch from the binding of silencing proteins such as Sir3.

What could be the mechanism of Dot1 stimulation by H4K16ac? Our data point to H4K16ac
playing a role in restricting the conformation of Dotl. This is based on the comparison of
Dotl-unacetylated H4 and Dot1-H4K16ac structures where in the latter, stabilization of
Dotl and histone H4 is observed. Conformational restriction has been proposed as a
mechanism for stimulation of human Dot1L by H2Bub (33, 40). On the basis of our data,
H2BUDb acts in the similar way, but perhaps less efficiently in yeast. The presence of a 3D
class in which Dotl is in the noncatalytic position exclusively in the Dot1-unacetylated H4
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dataset supports the role of H4K16 acetylation in further restricting Dotl in the productive
configuration, which results in the increased catalytic rate. Given the substantial structural
differences between Dot1-H4K16ac and Dot1-unacetylated H4 datasets, and the functional
experiments that support our structures, it is unlikely that the presence of H3K79M masked
the mechanisms of stimulation by H4K16ac. There is no major change of Ky or Ky, for Dotl
on H4K16ac nucleosomes. This is also in line with the stimulation of human Dot1L by the
H2BK120Ub nucleosome, for which it was postulated that the energy from Ub binding is
used on conformational changes to bring the active site into catalytically compatible
conformation (33, 40). In the structure of Dot1L bound to the H2BK120Ub nucleosome in
the catalytically active conformation, it was speculated in (40) that the energetic cost of the
H3 distortion is paid off by energy gained by binding to ubiquitin. This is supported in our
structure, in which the distortion around H3K79 was also observed, and there are
additionally changes in the AcG loop of Dotl and histone H4.

How can the PTMs change the outcome of methylation by Dot1? A recent review raised the
possibility that perhaps histone modifications render human Dotl1L processive through
multivalent interactions with chromatin, such as was shown for other chromatin enzymes
(74). In this Dotl binding scenario, stimulatory histone modifications would facilitate a
search for Dot1’s lysine substrate, and Dotl would methylate H3K79 in a processive
manner, after which it would dissociate. If Dotl is a distributive enzyme, as has been shown
before (75), at each round of methylation there would be costs associated with the
conformational sampling of the different positions on the nucleosome. In such a case, at
each round of methylation Dot1 would bind nucleosome, and H4K16ac and H2BUb would
help Dotl reach the active conformation. Because there is no substantial increase in affinity
in the presence of H2BUb and H4K16ac, the reduction of the conformational sampling
space would still be predicted to be the most relevant contribution of these histone
modifications. These PTMs would together optimally position Dot1 to allow a more robust
deposition of higher-order methyl marks.

As stated, our current structure is different in terms of ubiquitin recognition from that by
DotlL but similar to that by MLL1/3 subcomplexes. Dot1L uses the 136 patch on ubiquitin,
and Dot1 and MLL1/3 use the 144 patch (fig. S15) (40, 76). The recognition of ubiquitin by
the COMPASS subcomplex shares both patches of recognition 136 and 144 (fig. S15) (77).
These findings highlight the plasticity of ubiquitin recognition, as summarized before (74,
77). Why ubiquitin is differently recognized by these proteins and complexes remains an
unresolved question that will require further work.

There are several examples of trans-histone cross-talk described in chromatin biology (78,
79). The concept of positive- and negative-feedback loops is also quite well established. We
hypothesize that during transcription, histone modifications—as well as enzymes that
catalyze their deposition—are tightly regulated through trans-histone cross-talk to provide
positive feed-forward loops that result in an optimal chromatin environment. There are many
examples in which this happens. H2BUb regulates both MLL complex deposition of H3K4
methylation and Dot1 deposition of H3K79 methylation. In turn, Dot1 helps to catalyze
histone H2B ubiquitination (80). In this work, we show that acetylation of lysine 16, perhaps
the most critical modification on histone H4, provides the means to stimulate K79
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methylation. It would be interesting to see whether H3K79 methylation in turn stimulates
histone acetylation, providing a self-sustaining chromatin state maintenance circuit.

Methods summary

Yeast Dot1 (158 to 582) and its mutants were expressed in Escherichia colif ONESHOT
BL21(DE3) and purified by using nickel affinity chromatography, ion exchange, and size-
exclusion liquid chromatography. Ubiquitin (Ub) G76C was expressed as soluble protein in
E. coli SoluBL21 and purified by using nickel affinity chromatography (81). Wild-type and
H2BK120C Xenopus histones were expressed in £. coli BL21(DE3) pLysS cells, extracted
from inclusion bodies (82), purified by size exclusion chromatography, and lyophilized.
Ubiquitination of histone H2BK120C was performed by using a previously published
protocol (81). Ub G76C and histone H2BK120C were mixed at the ratio of 2:1 and cross-
linked by using 1,3-dichloroacetone. The ubiquitinated histone H2BK120C (H2BK120Ub)
was purified by using nickel affinity chromatography and lyophilized. The genetically
encoded histone H4 acetyl K16 (H4K16ac) was produced according to Wilkins et a/. (83).
Plasmid pASB567_9 g7 (amber codon expression vector) for expression of the histone
H3(A93-98)-H4 K16ac fusion and pAcKRS-3 plasmid containing acetyl-lysyl-tRNA
synthetase/tRNAcya pair were transformed into £. coli C321.A A.exp cells (Addgene), and
protein expression was induced by the addition of 0.2% arabinose in presence of Ne-Acetyl-
L-lysine. The histone 6xHis-H3(A93-98)-H4K16ac fusion was purified from inclusion
bodies by nickel affinity purification and H4 peptide was excised with TEV protease and
lyophilized.

Nucleosome substrates were assembled as described (54, 82). Octamers were reconstituted
by mixing equimolar amounts of each lyophilized histone and dialysis into refolding buffer.
Nucleosomes were assembled by combining equimolar ratios of purified Widom 601 DNA
and histone octamers and dialyzing the mix overnight with gradient salt dialysis. Designer,
individually acetylated (H4K5ac, H4K8ac, H4K12ac, or H4K16ac), or tetraacetylated
nucleosomes were purchased from EpiCypher.

For the nucleosome binding assay, a twofold serial dilution of Dot1 (50 to 1000 nM) was
incubated with 12 nM recombinant nucleosomes at room temperature for 30 min and
analyzed by using native polyacrylamide gels [6% polyacrylamide gel electrophoresis
(PAGE), 0.2x tris-boric acid-EDTA buffer], stained with SYBR Gold (Thermo Fisher),
imaged in a Typhoon Trio+ scanner, and quantified with the program ImageQuant 5.2v
(Molecular Dynamics).

The Dot1 global methyltransferase activity and Michaelis-Menten kinetic analysis were
determined by monitoring the production of S-(5"-adenosyl)-L-homocysteine (SAH) with
MTase-Glo methyltransferase kit (Promega) on nucleosome substrates. The Dot1 global
methyltransferase activity (Endpoint methylation assay) reactions were performed by mixing
50 or 100 nM of wild-type or mutant Dot1 proteins with 1 uM unmodified or modified
nucleosomes [in the presence of 20 uM S-(5"-adenosyl)-L-methionine (SAM)] at 30°C for
30 min and stopped with 5 pl of 0.5% TFA (trifluoroacetic acid). The Michaelis-Menten
kinetic analysis of Dotl methyltransferase activity on nucleosome was performed by mixing
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10 nM Dot1 containing 20 pM SAM with a twofold dilution series of nucleosomes (4 to
4000 nM). The reaction was incubated for 5 min at 30°C and stopped on ice by the addition
of 4 pl of 0.5% TFA. The kinetic parameters K, and Ag5: of Dotl methyltransferase activity
were determined by fitting the initial velocities into the Michaelis-Menten equation using the
enzymatic Kinetics analysis (Azat analysis) in Prism 8 (GraphPad).

For the histone methyltransferase assay (HMT) by use of Western blot, reactions of Dotl
(0.250 pmol at the highest concentration) and nucleosomes (10 pmol) in presence of 20 UM
SAM were incubated at 30°C for 1 hour and stopped by the addition of 5 ul of 5x SDS
buffer. The products were resolved in a 15% SDS-PAGE gel and transferred to
polyvinylidene difluoride membrane. The histone methylation level was determined by
incubating the membranes with anti-H3K79Me3 (Abcam Ab2621), anti-H3K79Me2
(Abcam Ab3594), or anti-H3K79Mel (sera 58) antibody. The Western blots were developed
by using the ECL reagent (ThermoFisher).

Gradient Fixation (GraFix) of Dot1 with the nucleosome for structural studies was
performed according to (60). Nucleosomes were mixed with purified Dot protein and
supplemented with 5x molar ratio of SAM. The sample was applied to a 10 to 30% glycerol
and 0 to 0.1% glutaraldehyde gradient and centrifuged for 16 hours at 30,000 revolutions per
minute (rpm) (Beckman Coulter Optima XL-100K). Selected fractions were quenched,
dialyzed into dialysis buffer (20 mM Tris 7.0, 50 mM KCI, 1 mM MgCI2, 1 mM
dithiothreitol), and concentrated.

Cryo-EM grids of the Dot1-H4K16ac complex and Dot1-unacetylated H4 complex were
prepared following an established protocol (84): 3.0 ul of the samples at 0.45 mg/ml were
applied to glow-discharged Quantifoil gold grids (400 mesh, 1.2-um hole size). The grids
were then blotted for 3 s at 4°C and 100% humidity and plunge-frozen by using Vitrobot
Mark 1V (FEI Company). All sample images were recorded on FEI Titan Krios operated at
300 kV by using a Gatan K2 Summit direct electron detector camera in counting mode at a
nominal magnification of 130,000x (calibrated pixel size of 1.035 A per pixel). Total
accumulated electron exposure was 74.5 electrons per A2 for the Dot1-H4K16ac complex
and 52 electrons per AZ for the Dot1-unacetylated H4 complex.

Images were motion corrected by using UCSF MotionCor2 v1.2.1 (85); GCTF (86) was
used to calculate CTF, Gautomatch (www.mrc-Imb.cam.ac.uk/kzhang) for particle picking,
Relion3 (87) for particle extraction, cryoSPARC (88) for Ab Initio reconstruction and 3D
refinement, and cisTEM (89) for the final reconstruction. This procedure led to obtaining
reconstructions of the Dot1-H4K16ac complex at 3.1 A and Dot1-unacetylated H4 complex
at 3.2 A (Fourier shell correlation = 0.143). To validate that the cryo-EM reconstructions and
our interpretation were not distorted by an overrepresentation of certain views in the particle
datasets, we conducted additional distribution analysis and normalization that is described in
the supplementary materials.

For the model building of the Dot1-H4K16ac complex, we used the following available x-
ray crystal structures for rigid body fit into the 3.1 A reconstruction: for the nucleosome,
PDB IDs 3TU4 (54) and 5AV5 (90); for catalytic domain of Dot1, 1U2Z (91); and for
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ubiquitin, 1UBQ (92). We used 1INW3 (93) to inform the placement of SAM. We then used
Coot (94) for local adjustments of secondary elements and side chains, and the complete
model was refined by using real-space refinement implemented in PHENIX (95). For the
Dot1-unacetylated H4 complex, we used the cryo-EM reconstruction at 3.2 A and the PDB
of the Dot1-H4K16ac structure as a starting point, removing the missing atoms and applying
the same protocol of refinement.

For in vivo experiments, we used yeast spot assays performed with Dot1 deletion yeast
strain (UCC7183), as described in (64). Yeast strains were cultured in synthetic complete
medium (SC). UCC7183 was transformed with Dot1 wild-type and mutant plasmids
containing pRS315 and selected for 2 days at 30°C on SC-Leu plates. Spot assays were
performed by preparing 10-fold dilutions of overnight cultures (Aggg of ~10) and then
spotted on both SC-Leu and SC-Leu+5-FOA plates.

Histone H3K79 moadification in yeast was tested with protein Western blotting. Histone
protein fractions were prepared by growing Dot1 yeast strains in SC-Leu to an Aggg of ~1 to
1.2. Cells were disrupted in presence of 0.25 M HCI, histones were solubilized in 0.25 M
HCL/97.5% ethanol and precipitated with acidified acetone. Solubilized protein pellet in 1X
NuPAGE LDS loading buffer (Invitrogen) was electrophoresed on 12% Bis-Tris NUPAGE
gels. Immunoblots were performed as described (96) by using the Licor Odyssey system.
Commercial primary antibodies used were mouse anti H3 (Abcam) and mouse anti
H3K4me3 (Abcam). H3K79 and yeast Dot1 primary antibodies were a gift from F. Van
Leeuwen (64): rabbit anti H3K79mel (sera #58), rabbit anti H3K79me2 (sera #30), rabbit
anti H3K79me3 (sera #34), and rabbit anti Dot1 (affinity purified). Secondary antibodies
were IRDye 800 goat anti mouse and IRDye 680 goat anti rabbit (LiCor).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Acetylation of H4K 16 directly stimulatesthe catalytic activity of Dot1 on nucleosome
substrates.

(A) (Top) Multiple sequence alignment of the H4 tail showing the conservation of the N-
terminal region. Residues acetylated for biochemistry experiments are indicated with
numbers. (Bottom) Endpoint methyltransferase assay for yeast Dot1 using Unmod nuc,
tetraacetylated (K5acK8acK12acK16ac), or monoacetylated (H4Kxac) nucleosomes.
Numbers above the columns are ratios between Dot1 activity on acetylated H4 and
unmodified nucleosome substrates. (B) Representative endpoint methyltransferase assay for
Dotl by using Unmod nuc, H4K16ac nuc, Ub nuc, or ac/Ub nuc substrates. Each data point
and error bar indicate the mean + SD from three independent experiments. (C)
Representative HMT (histone methyltransferase) assay measuring activity of Dotl on
different nucleosome substrates. HMT assays were performed with an increasing amount of
Dotl in the presence of Unmod nuc, H4K16ac nuc, Ub nuc, or ac/Ub nuc substrates, and
reaction products were identified by using Western blot. (D) Binding curves of Dot1 to
Unmod nuc (Ky = 70.8 nM) or H4K16ac nuc (Ky = 83.3 nM) measured with EMSA. Each
data point and error bar indicate the mean + SD from three independent experiments. The
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standard errors of dissociation constants (Kj) are indicated. (E) Michaelis—Menten
saturation curves for Dotl on Unmod nuc or modified nucleosomes. The Ky, and A4t values
of the fitted data are reported in the graph. Each data point and error bar represent the mean
+ SD from three independent experiments. The reported errors of the fitted A5 and Ky,
correspond to the standard error. (F) 3.1-A cryo-EM reconstruction of Dot1-H4K16ac
structure displayed in two separate views related by 90°. (G) Structural model of Dot1-
H4K16ac complex. The Dotl catalytic domain is depicted in purple, ubiquitin in cyan, DNA
in gray, histone H2A in pale yellow, histone H2B in red salmon, histone H3 in marine blue,
and histone H4 in lime green.
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Fig. 2. Structural basisfor Dot1 stimulation by H4K 16 acetylation.
(A and B) Side-by-side overview and close-up of interactions of Dot1 with the H4 tail in the

(A) Dotl-H4K16ac structure and (B) Dotl-unacetylated H4 structure. The structure is color-
coded as in Fig. 1. The yellow dashed lines show distances of <3.5 A. (C) Close-up of
interactions of Dotl with H3K79M at the catalytic site (blue arrow), the position of residues
in H4 tail, and SAM. The red square indicates the region of Dotl and H4 that is stabilized by
H4K16 acetylation as shown in (A). (D) Representative endpoint methyltransferase assay for
Dotl and mutants (H347E-H355E, H335E, and 1261E) in the presence of Unmod nuc or
H4K16ac nuc or Ub nuc or ac/Ub nuc substrates. Reactions were performed with 0.125 and
0.250 pmol of Dotl. Each data point and error bar indicate the mean + SD from three
independent experiments. (E) Representative HMT assay measuring activity of Dotl and its
mutants on different nucleosome substrates. HMT assays were performed with an increasing
amount of Dotl mutants (H347E-H355E, H335E, and 1261E) in the presence of Unmod nuc
or H4K16ac nuc or Ub nuc or ac/Ub nuc substrates, and reaction products were identified by
using Western blot.

| Blue-51
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Fig. 3. Interactions of Dot1 with H2BUb and the acidic patch.
(A) Sequence alignment of budding yeast Dot1 (purple) and human Dot1L (red) showing

primary and secondary structure of the catalytic domain and residues interacting with the
ubiquitin (cyan) and the acidic patch (red). (B) Superposition of yeast Dotl (purple) and
DotlL (red) [PDB ID 6NJ9 (40)] nucleosome structures showing the different surface of
interaction with ubiquitin (shown in cyan in the yeast Dot structure and in green in the
DotlL structure). (C) Detailed view of interactions between Dot (purple) and ubiquitin
(cyan). (D) Representative endpoint methyltransferase assay for Dotl and V522D mutant in
the presence of Unmod nuc or H4K16ac nuc or Ub nuc or ac/Ub nuc substrates. Reactions
were performed with 0.125 and 0.250 pmol of Dot1. Each data point and error bar indicate
the mean £ SD from three independent experiments. (E) Representative HMT assay
measuring activity of Dotl and V522D mutant on different nucleosome substrates. HMT
were performed with an increasing amount of Dotl mutant (V522D) in the presence of
Unmod nuc or H4K16ac nuc or Ub nuc or ac/Ub nuc substrates, and reaction products were
identified by using Western blot. (F) Detailed view of interactions between Dot1 (purple)
and nucleosome acidic patch (H2A, yellow; H2B, red). (G) Representative endpoint
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methyltransferase assay for Dotl and (R571E-R572E) mutant in the presence of Unmod nuc
or H4K16ac nuc or Ub nuc or ac/Ub nuc substrates. Reactions were performed with 0.125
pmol and 0.250 pmol of Dotl. Each data point and error bar indicate the mean + SD from
three independent experiments. (H) Representative HMT assay measuring activity of Dotl
and mutant on different nucleosome substrates. HMT assays were performed with an
increasing amount of Dotl mutant (R571E-R572E) in the presence of Unmod nuc, H4K16ac
nuc, Ub nuc, or ac/Ub nuc substrates, and reaction products were identified by using
Western blot.
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Fig. 4. Regulation of H3K 79 methyltransfer ase activity of Dot1 through extended cross-talk in
Vvivo.

(A) Tenfold serial dilutions of UCC1783 yeast containing Dot1l mutants on media with or
without 5-FOA (n = 3 experiments). Proper silencing of a URA3 gene on telomere VIIIL
confers resistance to 5-FOA. (B) (Top) Representative Western blot showing H3K79
methylation by Dot1 mutants. (Bottom) Quantitative image analysis of Western blot in (B)
based on 1= 2 blots. Errors bars show standard deviation. (C) General model of how Dot1
activity is regulated by histone posttranslational modifications. Intrinsic anchors represent
interactions between Dot1 and histone H4 and acidic patch. These anchors allow Dot1 to
monomethylate H3K79. Regulatory anchors are provided when histone H4K16 is acetylated
or when H2B is ubiquitinated. The expression anchor is used here to denominate an
interaction that stabilizes a productive conformation of Dot1 on the nucleosome. The
illustration is color-coded as in Fig. 1.
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