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SUMMARY

The essential histone H3 lysine 79 methyltransferase
Dot1L regulates transcription and genomic stability
and is deregulated in leukemia. The activity of
Dot1L is stimulated by mono-ubiquitination of his-
tone H2B on lysine 120 (H2BK120Ub); however, the
detailed mechanism is not understood. We report
cryo-EM structures of human Dot1L bound to (1)
H2BK120Ub and (2) unmodified nucleosome sub-
strates at 3.5 Å and 4.9 Å, respectively. Comparison
of both structures, complemented with biochemical
experiments, provides critical insights into themech-
anism of Dot1L stimulation by H2BK120Ub. Both
structures showDot1L binding to the same extended
surface of the histone octamer. In yeast, this surface
is used by silencing proteins involved in heterochro-
matin formation, explaining the mechanism of their
competition with Dot1. These results provide a
strong foundation for understanding conserved
crosstalk between histone modifications found
at actively transcribed genes and offer a general
model of how ubiquitin might regulate the activity
of chromatin enzymes.

INTRODUCTION

In eukaryotes, DNA is packaged by histone proteins into chro-

matin, the physiological form of the genome. In addition to its

packaging and protective role, chromatin serves as a versatile

signaling platform for complexes that operate on DNA, such as

RNA polymerase II. The signaling role of chromatin is realized

in part by posttranslational modifications of histones. Impor-

tantly, these modifications often operate in combination to regu-

late critical steps in gene regulation (Suganuma and Workman,
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2008). While most of the modifications are found on flexible, so-

lution-exposed histone tails, methylation of histone H3 at lysine

79 (H3K79me) is located on the globular surface of the histone

octamer (Luger et al., 1997).

Disruptor of telomeric silencing (Dot1) was first discovered in

yeast and is a non-SET domain histone methyltransferase that

catalyzes mono-, di-, and trimethylation of histone H3K79 (La-

coste et al., 2002; Ng et al., 2002a; van Leeuwen et al., 2002).

Dot1 is conserved throughout evolution with homologs, among

others, in trypanosomes, yeast, flies, worms, and mammals (Ce-

cere et al., 2013; Feng et al., 2002; Janzen et al., 2006; Shanower

et al., 2005; van Leeuwen et al., 2002). Inmammals, Dot1L (Dot1-

like) is essential and is regulated during normal development

(Jones et al., 2008; McLean et al., 2014). Misregulation of

Dot1L has been found in several cancers, especially in leukemias

resulting from rearrangements in the MLL gene; therefore, Dot1L

inhibition has emerged as a promising therapeutic strategy

(Bernt et al., 2011; Chen and Armstrong, 2015; Krivtsov et al.,

2008; Okada et al., 2005). Dot1L associates with proteins

involved in transcription elongation, as well as RNA Pol II, and

transcription elongation rates are positively correlated with

H3K79 methylation (Bitoun et al., 2007; Kim et al., 2012; Kous-

kouti and Talianidis, 2005; Krogan et al., 2003; Mohan et al.,

2010; Mueller et al., 2007; Steger et al., 2008; Wood et al., 2018).

H3K79 methylation by Dot1L is a prominent example of trans-

histone crosstalk. It has been shown that catalytic activity of

Dot1L is stimulated by another modification—histone H2B lysine

120 monoubiquitination (H2BK120Ub; H2BK123Ub in yeast)

(Briggs et al., 2002; McGinty et al., 2008; Ng et al., 2002b). The

importance of this cross-talk has been demonstrated in vivo

and in vitro. In mammals, depletion of RNF20 (a component of

E3 ligase for H2BK120) in leukemia cells leading to a global

reduction in H2BK120Ub results in depletion of H3K79me2 at

some genes (Wang et al., 2013a). Another study reported that

depletion of RNF20/40 (E3 ligase for H2BK120) results in gener-

ally decreased levels of H3K79me2, while the RNF20 overex-

pression had the opposite effect (Zhu et al., 2005). Yeast strains

either lacking the ubiquitination machinery (E2 conjugating
.
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Figure 1. General Overview of the Cryo-EM

Structure of Dot1L Catalytic Domain Bound

to H2B Ubiquitinated Nucleosome

(A) Bar diagram of Dot1L and ubiquitin. The do-

mains used in this study are color-coded. The

line below the diagram shows regions visible in

the structure (solid line) and disordered (dashed

line).

(B) Cryo-EM reconstruction of Dot1L bound to

H2BK120 ubiquitinated nucleosome displayed in

two separate views related by �90�.
(C) Structural model of Dot1L-H2BK120Ub

nucleosome. The structure is color-coded (Dot1L

catalytic domain is depicted in pink, ubiquitin in

cyan, DNA in gray, histone H2A in pale yellow,

histone H2B in red salmon, histone H3 in slate

blue, and histone H4 in pale green).
enzyme Rad6 and E3 ligase Bre1) or carrying H2BK123R muta-

tion are depleted for H3K79 methylation (Briggs et al., 2002; Ng

et al., 2002b; Wood et al., 2003). The in vivo data were corrobo-

rated by in vitro HMT assays using nucleosomes bearing

H2BK120Ub. Dot1L and its catalytic domain were both shown

to be stimulated by H2BK120Ub, via an increase in the catalytic

rate without a change in Km (McGinty et al., 2008, 2009).

It was suggested that themechanisms for stimulation of meth-

yltransferase activity of Dot1L result from ubiquitin corralling the

enzyme into a specific orientation on the nucleosome that pro-

motes catalysis (Zhou et al., 2016). Dot1L requires nucleosomes

for catalysis, which pointed to multivalent interactions with nu-

cleosomes needed for its activity (Feng et al., 2002; van Leeuwen

et al., 2002). One of the prominent interfaces of yeast and human

Dot1 with nucleosomes was mapped biochemically to the basic

patch of histone H4 (Altaf et al., 2007; Fingerman et al., 2007;

McGinty et al., 2009). Interestingly, the same basic patch is

used by Sir3 in yeast to establish silent chromatin, suggesting

competition for this surface of H4 (Armache et al., 2011; Johnson

et al., 1990). The structures of active catalytic domains of yeast

and human Dot1 were determined previously; however, how

Dot1L recognizes nucleosome substrate and how it is stimulated

by ubiquitin are not understood (Min et al., 2003; Richon et al.,

2011; Sawada et al., 2004).
Molec
RESULTS

Structure Determination and
General Architecture of Dot1L-
H2BK120Ub Complex
To understand the details of Dot1L-nucle-

osome interactions and themechanism of

its stimulation by H2BK120 ubiquitination,

we used cryo-electron microscopy (cryo-

EM) to determine the structure of a

catalytic domain of human Dot1L (resi-

dues 1–420; Figure 1A) bound to nucleo-

some containing ubiquitin attached to

H2BK120C via dichloroacetone crosslink

(hereafter H2BK120Ub). Since the native
complex was not stable in cryo-conditions, we employed the

gradient fixation (GraFix) method using glutaraldehyde cross-

linking (Stark, 2010).

We collected cryo-EM data on a Titan Krios (300kV) micro-

scope and determined a structure of the complex to 3.5 Å over-

all resolution (Figures 1 and S1). It reveals Dot1L bound to the

nucleosome at a well-defined position, with clearly resolved

nucleosome-Dot1L and Ub-Dot1L interfaces at high resolution.

However, some local motion is present, limiting the resolution

of parts of Dot1L. To address this, we also collected a dataset

on Talos Arctica (200 kV) that allowed us to view additional por-

tions of Dot1L. After extensive 3D classification and refinement,

we solved the structure at 4.6 Å (Figures 2 and S2). This recon-

struction clearly shows the entire catalytic domain of Dot1L. We

were able to unambiguously fit the structures of the nucleo-

some, catalytic domain of Dot1L, and ubiquitin using both of

these maps. Models were subsequently adjusted manually in

Coot (Emsley and Cowtan, 2004) and refined in PHENIX

(Adams et al., 2010). The majority of our data showed only

one ordered copy of Dot1L (residues 5–332) interacting with

the nucleosome (Figure 1); however, we found a subset of par-

ticles that showed nucleosomes being bound by Dot1L on both

sides (Figure 2D). The interaction surface is large, with Dot1L

making direct contacts with histones H2A, H2B, and H4
ular Cell 74, 1010–1019, June 6, 2019 1011



Figure 2. Overview of Interactions in the Dot1L-H2BK120Ub Complex

(A) Cryo-EM density map focused on the interface between Dot1L and the nucleosome.

(B) Overview of interactions in the complex. Secondary structure elements are also depicted here. Dot1L catalytic domain is depicted in pink and orange, ubiquitin

in cyan, histone H4 in pale green, histone H3 in slate blue, histone H2A in pale yellow, histone H2B in red salmon, and DNA in gray.

(C) Primary and secondary structure of the catalytic domain of Dot1L. N-terminal ‘‘head’’ portion of catalytic domain of Dot1L is depicted in orange andC-terminal

‘‘tail’’ portion in pink. Loop L-EF between the two portions of Dot1L is depicted in green. Triangles below the sequence show histone and Ub interactions that are

ordered and clearly visible in the cryo-EM density. Bars below the sequence show interactions for which side-chain density is less clear. Colors of triangles and

bars represent which histone (or ubiquitin) interacts with which region of Dot1L. Dashed gray line below the sequence shows potential interactions of previously

mapped ubiquitin interaction motif and lysine-rich region of Dot1.

(D) 4.6 Å cryo-EM Arctica reconstruction showing nucleosomes that have Dot1L bound to both sides of the nucleosome. At lower contour level, this map also

reveals density at the bottom of Dot1L catalytic domain that seems to interact with ubiquitin and nucleosomal DNA. This density could correspond to the DNA

binding K-rich region and a putative ubiquitin-interacting motif (UIM) of Dot1L.

(E) Distance between the SAH and H3K79 observed in the current cryo-EM structure.
(Figure 2A). Also, the ubiquitin is clearly visible on the side of

the nucleosome that interacts with the ordered copy of Dot1L

(Figures 1 and 2).

The catalytic domain of Dot1L can be divided into two parts,

the N-terminal ‘‘head’’ and the C-terminal ‘‘tail’’ that contains

the catalytic site (Figures 2B and 2C) (Min et al., 2003). Loops

in head and tail of Dot1L contact histone H4 (Figures 2A–2C

and S3), explaining previous data showing that these regions

of Dot1 and H4 regulate interactions and catalysis (Fingerman

et al., 2007; McGinty et al., 2009). While the interaction with

histone H4 is evident (Figures 2A and S3), themap does not allow

for the detailed model building in this region. The head of

Dot1L is the least ordered portion of Dot1L in our high-resolution

reconstruction, suggesting significant mobility. Our structure

represents a ‘‘post-catalysis’’ snapshot of Dot1L on the

H2BK120Ub nucleosome, since H3K79 in our samples was

mono- and di-methylated, as evidenced by mass spectrometry
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(Figure S3), and the structure was determined in the presence

of SAH. In this conformation, the distance between active site

(as represented by SAH here) and H3K79 would be around

22 Å (Figure 2E). Moving down the interface, Dot1L establishes

several contacts with the acidic patch, hotspot for interactions

of chromatin proteins with nucleosomes (McGinty and Tan,

2016; Zhou et al., 2019). Finally, the C-terminal aK helix of

Dot1L establishes contacts with ubiquitin (Figures 2A–2C). In

addition to these well-resolved contacts that are clearly visible

in cryo-EM density, we also observed in our maps additional

density located C-terminally to helix aK and below the ubiquitin

(Figure 2D). This density cannot be fit with secondary structure

elements but can potentially be explained by a previously char-

acterized Ub-interaction motif (UIM/BAT) in Dot1L (residues

361–380; Wakeman et al., 2012) and a lysine-rich region

(residues 390–407) that was shown to interact with DNA (Min

et al., 2003).



Figure 3. Interactions of Dot1L with

Ubiquitin

(A) Cryo-EM density map showing Dot1L interact-

ing with ubiquitin.

(B) Model showing the interface and highlighting the

path of ubiquitin C terminus and H2B (the model is

color-coded as in Figure 1).

(C) Detailed view of interactions between Dot1L and

ubiquitin.

(D) Cryo-EM density of the interface between Dot1L

and ubiquitin.

(E) Multiple sequence alignment of the R anchor/

b10 region and the aK helix of Dot1L showing the

conservation of the hydrophobic residues. Resi-

dues mutated for biochemistry experiments are

indicated with a star.

(F) Endpoint methyltransferase assay for Dot1L

mutants using unmodified nucleosome (WT Nuc)

or ubiquitinated nucleosome (Ub Nuc). Numbers

above the columns represent ratios between Dot1L

activity on H2BK120Ub and unmodified nucleo-

some substrates.

(G) Binding curves of Dot1L to unmodified nucleo-

some (WT Nuc) (Kd = 52 nM) or ubiquitinated

nucleosome (Ub Nuc) (Kd = 50 nM) measured

by EMSA. Nucleosome ubiquitination does not

change the affinity of Dot1L for nucleosome

substrates.

(H) Representative HMT assaymeasuring activity of

WT Dot1L and aK mutants. HMT assays were

performed with an increasing amount of Dot1L (10,

20, or 40 nM) in the presence of unmodified or

H2BK120Ub nucleosomes and reaction products

were identified by WB.

(I) Binding curve of Dot1L mutants F326A (top) and

L322D (bottom) to unmodified nucleosome (WT

Nuc) (Kd = 57 nM and 67 nM, respectively) or

ubiquitinated nucleosome (Ub Nuc) (Kd = 46 nM

and 58 nM, respectively) measured by EMSA. Mu-

tations F326A and L322D do not change the affinity

of Dot1L for nucleosome substrates. Each data

point and error bar represent the mean ± SD from

three independent experiments. The standard

errors of dissociation constants (Kd) are indi-

cated. The apparent Kd values are summarized

in Table S4.
Interactions of Dot1L with Ubiquitin
The structure presented here clearly shows the interactions

between Dot1L and ubiquitin (Figures 1, 2, and 3). The resolu-

tion near this interface allows the unambiguous modeling of

ubiquitin and of residues important for interactions (Figures

3A–3D). The significant contacts with ubiquitin are mediated

via the C-terminal helix aK, the loop between b9-b10, and

the loop between helix J and b9 in Dot1L (Figures 2B, 2C,

and 3E). The most prominent interface is established between

the hydrophobic face of helix aK (residues 319–330) and the

hydrophobic patch on the ubiquitin surface (Figures 2C and

3C–3E). Here, Dot1L residue F326 makes contacts with ubiq-

uitin residues L71 and I36, and Dot1L residue L322 interacts

with L71 and L73 (Figures 3C and 3D). Ubiquitin residue L73

also interacts with Dot1L I290 (loop L-9/10) and is close

enough for a potential interaction with residue I287. Therefore,

our structure nicely explains previous data that implicated res-
idues L71 and L73 in ubiquitin as important for Dot1L stimula-

tion (Holt et al., 2015).

There are other possible interactions for which the electron

density was, however, more ambiguous. These include interac-

tions between Dot1L residues E262, S285, R319, and K330,

with ubiquitin residues L8, R74, L71, and D32, respectively. On

the other side of the aK helix, we can see a linkage between ubiq-

uitin and histone H2B. Studies in yeast showed some flexibility in

ubiquitin position and demonstrated that ubiquitin fused to the N

terminus of H2A is active in vitro. The proximity of the C terminus

of ubiquitin to this region on H2A (Figure 3B) explains this obser-

vation (Vlaming et al., 2014). The aK helix is conserved in many

eukaryotic organisms (Figure 3E) (excluding S. cerevisiae), with

most of the contact-making residues in our structure being

invariant. This region, while less conserved in yeast, harbors

F326, underscoring the critical nature of this residue for ubiquitin

interaction (Figure 3E). To test our structural findings, wepursued
Molecular Cell 74, 1010–1019, June 6, 2019 1013



Figure 4. Interactions of Dot1L with the Acidic Patch

(A) (Top) Overview of the interactions between Dot1L R-anchor loop and acidic patch as well as general architecture of this region (the model is color-coded as in

Figure 1). (Bottom) Multiple sequence alignment of the R-anchor loop showing the high degree of conservation (residue identity shown in green), with the

exception of yeast. Residues mutated for biochemistry experiments are indicated with a star.

(B) (Top) Detailed view of the interactions between Dot1L with the acidic patch residues in H2A/H2B. (Bottom) Cryo-EM density map of the region.

(C) (Top) Representative HMT assay measuring Dot1L and Dot1L R278E/R282E mutant activity. HMT assays were performed similarly as in Figure 3H using

ubiquitinated nucleosome (H2BK120Ub Nuc). The Dot1L mutations result in significantly reduced HMT H3K79me3 activity and lower HMT H3K79me2 activity on

Ub-nucleosome. (Bottom) Binding of Dot1L (Kd = 68 nM) or Dot1L R278E/R282Emutant (Kd = 54 nM) to ubiquitinated nucleosome (Ub Nuc) measured by EMSA.

Binding curves are presented as mean ± SD (n = 3 for each data point). The standard errors of dissociation constants (Kd) are indicated.
activity assays and binding experiments. First, we sought to

confirm that H2BK120Ub generated via dichloroacetone linkage

stimulates Dot1L (Figure 3F). We performed endpoint histone

methyltransferase (HMT) assaysusingS-adenosyl homocysteine

(SAH) production as a readout of the reaction. The results of the

assay show 10-fold stimulation of Dot1L by H2BK120Ub sub-

strate (Figure 3F). Then, we quantitatively tested whether this ef-

fect is due to an increased affinity of Dot1L for ubiquitinated

nucleosome. We performed EMSA binding assays of Dot1L

with unmodified and H2B-ubiquitinated nucleosomes (Figures

3G and S4). As shown previously (McGinty et al., 2008), there is

no difference in binding with apparent Kd of 50 nM for both types

of nucleosomes. To establish the nature of theH2BK120Ub stim-

ulation of Dot1L, we performed HMT assays using antibodies

against H3K79me3 and H3K79me2 as a readout. The results of

the assay confirm that H2BK120Ub nucleosomes stimulate

Dot1L HMT activity for dimethylation as well as trimethylation of

H3K79 (Figures 3H andS5). To evaluate the importance of hydro-

phobic residues in aK helix and loop L-9/10 for the stimulation of

Dot1Lby ubiquitin,wegenerated themutants F326A, L322D, and

I290D and performed HMT assays (Figures 3F and 3H). The

endpoint methylation assay showed that these three mutations

specifically abrogate the stimulation of Dot1L by H2BK120Ub

(Figure 3F). This resultwas confirmedby theHMTassay using an-

tibodies,where under our experimental conditionsDot1LaKhelix

mutants (F326A and L322D) are no longer subject to stimulation

by ubiquitin to catalyze H3K79me3. However, both mutants are

still able to catalyze di-methylation of K79 on both nucleosome

substrates (Figures 3H and S5), but with decreased efficiency

when compared to wild-type Dot1L. Interestingly, both mutants

present practically the same affinity for both nucleosome sub-

strates (apparent Kd �50 nM) (Figure 3I). These results confirm

that the stimulation is mediated by hydrophobic residues in the
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helix aK and that the stimulatory effects of ubiquitin are not due

to an increased affinity of Dot1L for H2BK120Ub substrate. We

also tested which regions of Dot1L contribute to its high affinity

for nucleosomes. For this,weusedashorterDot1L1-332 construct

(which ends after the aK helix and does not include UIM and

K-rich regions) and showed that it is severely compromised in

binding to both types of nucleosomesubstrates (Figure S4), high-

lighting again the importance of this portion of Dot1L (Min

et al., 2003).

Interactions of Dot1L with the Acidic Patch
Adjacent to helix aK and claspedwith the C terminus of ubiquitin,

Dot1L presents a loop that makes contacts with the acidic patch

on the nucleosome (Figure 4A). This interface is clearly visible in

the cryo-EM map, allowing modeling of side chains (Figure 4B).

Here, the primary interactions are mediated by Dot1L residues

278–282 located in the loop between strands 9 and 10 (hereafter

R-anchor loop) (Figure 4A). The best-defined interactions are salt

bridges and hydrogen bonds between Dot1L R282 and H2B res-

idues Q47 and E113, as well as with H2A E56 (Figure 4B). Addi-

tionally, Dot1L R278 interacts with H2A E64 (Figure 4B). R278 is

also in proximity of H2B H49, suggesting a potential interaction

(Figure 4B). The conformation of the loop does not change

when compared to crystal structures of the catalytic domain of

Dot1L determined previously (Min et al., 2003; Richon et al.,

2011). It could potentially be stabilized further in the context of

the current structure by interactions between S285 of Dot1L

and the C terminus of ubiquitin, but while we see a density point-

ing to such interaction, we cannot unambiguouslymodel the side

chains.

The acidic patch has emerged as a hotspot on the nucleo-

some, mediating interactions with a range of chromatin proteins

(McGinty et al., 2014; Zhou et al., 2019). The contacts seen



between Dot1L and the acidic patch are similar to those

observed for some other well-characterized proteins (Figure S6)

(Armache et al., 2011; Barbera et al., 2006; Makde et al., 2010;

McGinty et al., 2014). These proteins also use arginine ‘‘anchors’’

to establish interactionswith acidic residues in H2A andH2B, but

unlike Dot1L, a majority of them interact with H2A residues E61,

D90, and E92. To test the importance of acidic patch interactions

in the activity of Dot1L, we generated a charge swap of R278 and

R282 (Dot1L R278E/R282E) and performed HMT assays with

H2BK120Ub nucleosomes (Figure 4C, upper panel; Figure S5).

We observed a significant decrease in both di- and trimethylation

of H3K79 with this mutant (Figure 4C, upper panel; Figure S5). To

address if mutations of these acidic-patch-interacting residues

impact the affinity of Dot1L for the H2BK120Ub nucleosome,

we performed EMSA binding assay (Figure 4C, lower panel; Fig-

ure S4). We were surprised to see that there was no observed

effect of this double mutant on the interaction with ubiquitinated

nucleosome (apparent Kd of Dot1L was 68 nM and of the R278E/

R282E mutant was 54 nM).

Structure of Dot1L with Unmodified Nucleosome
One of the mechanistic hypotheses for the stimulatory effect of

H2B ubiquitination was that it induces a change in the binding

mode of Dot1L to position it in an optimal conformation for catal-

ysis (Zhou et al., 2016). To test this hypothesis and to determine

the mechanism of Ub-mediated stimulation, we determined

the structure of Dot1L bound to the unmodified nucleosome

(Figures 5A and S7). The reconstruction at 4.9 Å resolution (Fig-

ures 5A and S7) is strikingly similar to the one obtained with

H2BK120Ub nucleosome, and despite the lower overall resolu-

tion of the map, we were able to rigid body fit the structure of

nucleosome-Dot1L complex (Figure 5B). Dot1L binds to the

same surface as in the modified nucleosome but appears more

mobile, as judged by the map quality (Figures 5C and S6). The

aK helix is clearly visible in the electron density and occupies

the same overall position as in the H2BK120ub-bound structure.

Local density of the helix is not as well defined, suggesting that

motion is reduced upon ubiquitin interaction. The interaction be-

tween R282 of Dot1L and the acidic patch is visible even at this

low resolution, confirming that this is the most prominent anchor

point of Dot1L on the nucleosome (Figure 5C). The overall map

distortion indicates movement of Dot1L with rotations around

the arginine anchor. Such range of motion would offer an expla-

nation to the distortionswe observe. Comparing the structures of

Dot1L-H2BK120ub and Dot1L-Nuc clearly points to Ub playing a

stabilizing role on Dot1L surface (Figure S6).

To further map the interactions between Dot1L and the nucle-

osome and confirm our 4.9 Å model, we used BS3 to crosslink

proximal lysine residues between Dot1L and nucleosome in

solution. Using mass spectrometry, we then identified several

inter-protein crosslinks between Dot1L and the nucleosome

(Figure S3; Table S5). Most frequent crosslinking sites (five or

more identified peptides) map within the interface observed in

the cryo-EM structure and therefore confirm our model of

Dot1L bound to unmodified nucleosome (Figure 5D). We hypoth-

esize that the additional crosslinks observed, especially those

between Dot1L and the H3 tail, reflect the flexibility of both

Dot1L and the H3 tail in solution (crosslinks with flexible H3 tail
are not shown in Figure 5D but are listed in Table S5). Given

the importance of the R282-acidic patch interaction, we tested

whether mutation of R278E/R282E impacts the methyltransfer-

ase activity of Dot1L on the unmodified nucleosome (Figure 5E).

Similar to results obtained with H2BK120Ub nucleosome, the ef-

fect on unmodified nucleosomes is quite severe and results in

near-complete lack of activity. We then tested if the mutant

can still bind to unmodified nucleosomes and observed that

the mutation does not impact the nucleosome interaction

(apparent Kd Dot1L, 73 nM; and Dot1L R278E/R282E mutant,

48 nM; Figure 5F). This result suggests that the contacts estab-

lished here are either compensated by other residues at the

interface or that the acidic patch interaction does not increase

the affinity. Given its importance to catalytic activity, we were

puzzled that yeast Dot1 is missing the equivalent of R282 and

other residues found in mammals that contact the acidic patch

(Figure 4A, lower panel). We hypothesized that if this contact is

absent in yeast, then perhaps ubiquitin in this organism plays a

more prominent role in anchoring and stabilizing Dot1 on the

nucleosome surface. To examine this, we performed EMSA’s

of the full-length yeast Dot1 and the catalytic domain (residues

158–582) with the nucleosome (Figures 5G and 5H). The full-

length yeast Dot1 shows the same affinity for both substrates

(apparent Kd �20 nM) (Figure 5G). To our surprise, we observe

that, unlike the catalytic domain of human Dot1L, the catalytic

domain of yeast Dot1 interacts with H2BK120Ub nucleosomes

with slightly increased affinity when compared to unmodified

nucleosomes (apparent Kd for unmodified nucleosome of

84 nM and for H2BK12Ub nucleosome 38 nM, Figure 5H). This

observation could potentially point to a different mode of interac-

tions between yeast and mammalian Dot1 with H2B ubiquiti-

nated nucleosomes.

Our data show that there are several anchors that dock Dot1L

on the surface of nucleosomes (Figures 2A–2D). The most prom-

inent of these is the interaction with the acidic patch of the nucle-

osome (Figure 4). This contact is present in the structure of Dot1L

bound to ubiquitinated as well as unmodified nucleosomes

(Figures 4, 5C, and S6). This feature allows us to predict the

conformational changes that would be necessary for the catal-

ysis (Figures 2E and 5I). During catalysis, the enzyme would

stay attached to the nucleosome, and the interaction of R282

of Dot1L with the nucleosome acidic patch would serve as a

pivot point, with Dot1L translating �22 Å and rotating �33� to

juxtapose the active site of the enzyme and H3K79 residue (Fig-

ure 5I). The loop of Dot1L that we observe interacting with H4

(loop 10–11) is unfortunately not well resolved and cannot be reli-

ably modeled (Figure S3); it would have to move away to make

space for the conformational change. The movement of this

loop was demonstrated previously in published X-ray structures

of Dot1L bound to inhibitors and hypothesized to convey the

specificity of the enzyme for K79 methylation (Figures 5I and

S3) (Min et al., 2003; Yu et al., 2012).

DISCUSSION

Post-translational modifications can increase the catalytic activ-

ity of proteins involved in the same pathways. The structures pre-

sented here provide a first glimpse at the cross-talk between
Molecular Cell 74, 1010–1019, June 6, 2019 1015



Figure 5. Cryo-EM Structure of Dot1L Bound to Unmodified Nucleosome

(A) Cryo-EM reconstruction at 4.9 Å of Dot1L bound to unmodified nucleosome.

(B) Fitted model of Dot1L-H2BK120Ub complex (without Ub) into the map of Dot1L bound to unmodified nucleosome.

(C) Close-up of R-anchor interaction with the acidic patch that can be observed in this structure.

(D) Crosslinking mass spectrometry diagram of the complex of Dot1L with the unmodified nucleosome showing the interacting regions between Dot1L and the

histones in solution (as represented with connecting lines).

(E) Representative HMT assay measuring the activity of Dot1L and Dot1L R278E/R282E mutant (R-anchor loop mutations) on unmodified nucleosomes. HMT

assays were performed similarly as in Figure 3H.

(F) Binding of Dot1L (Kd = 73 nM) or Dot1L R278/282E (Kd = 48 nM) mutant to unmodified nucleosome, measured by EMSA.

(G) Binding of full-length yeast Dot1 to unmodified (Kd = 21 nM) and ubiquitinylated nucleosomes (Kd = 22 nM) measured by EMSA.

(H) Binding of catalytic domain (158–582) of yeast Dot1 (Dot1D) to unmodified (Kd = 84 nM) and ubiquitinylated nucleosomes (Kd = 38 nM) measured by EMSA.

For each EMSA, data points and error bars represent the mean ± SD from three independent experiments.

(I) Shift and angular rotation necessary for Dot1L to adopt conformation necessary for catalysis.
H2BK120Ub and methylation of H3K79 by Dot1L. We present

here the structure of a catalytic domain of Dot1L bound to a ubiq-

uitinated nucleosome in a post-catalysis state. Unlike the

‘‘poised state’’ structures where no contacts with histone H4

are observed (Anderson et al., 2019; Worden et al., 2019),

Dot1L maintains interactions with an H4 tail via contacts with

loop L10/11. These interactions are flexible, unlike in the struc-

ture of the catalytic state of Dot1L on the nucleosome (Worden

et al., 2019). We employed structure-based point mutagenesis

to probe residues that are critical for Ub-mediated Dot1L stimu-

lation. We show that stimulation of human Dot1L is not due to an

increased affinity for ubiquitinated nucleosomes. We also pre-

sent the structure of Dot1L bound to an unmodified nucleosome.

The structure demonstrates that Dot1L binds to the same
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surface regardless of ubiquitination status but is stabilized

when H2B120 is ubiquitinated. The mechanism described here

is likely to be more general. Ubiquitination of histone residues

was shown previously to regulate other chromatin enzymes.

These complexes include H3K4 methyltransferase complex

COMPASS, which is regulated by H2B ubiquitination (Dover

et al., 2002), andH3K27methyltransferase complex PRC2, regu-

lated by H2A ubiquitination (Kalb et al., 2014). The work pre-

sented here provides a framework for studying the detailed

mechanisms of histone crosstalk and the role of ubiquitin in

regulating those distinct histone methyltransferases.

Our data show that Dot1L establishes multivalent interactions

on the surface of the nucleosome, the most important of which

are with histone H4 tail and acidic patch. These interactions are



present regardless of the ubiquitination status of H2BK120. In

both structures, R282 of Dot1L seems to play the role of an an-

chor. The distortion of aK helix suggests that motions at this

site and near the acidic patch are reduced by ubiquitin. This

would allow Dot1L to carry monomethylation (irrespective of

H2B ubiquitination) and facilitate or even enable di- and

tri-methylation of H3K79 (Kim et al., 2005). An additional layer

of complexity was demonstrated recently: Dot1L was shown

to promote H2B ubiquitination, indicating bi-directionality of

cross-talk (van Welsem et al., 2018). Based on data presented

here as well as published earlier, we conclude that ubiquitin re-

duces the sampling space of Dot1L on the nucleosome by

conformational restriction, resulting in an increased catalytic

rate (McGinty et al., 2009). There is no change in affinity of

Dot1L for H2BK120Ub nucleosomes, presumably because the

energy from Ub binding is used on conformational changes to

bring the active site into catalytically compatible conformation.

In the recently published structure of Dot1L bound to

H2BK120Ubnucleosome in the catalytically active conformation,

Wolberger and colleagues observe a distortion in histone H3 and

speculate that the energetic cost of this distortion is paid off by

energy gained by binding to ubiquitin (Worden et al., 2019).

In yeast, mutations and deletions of Dot1 were shown to

disrupt heterochromatin formation at telomeres by directly im-

pacting H3K79 methylation and therefore the ability of SIR com-

plex to bind nucleosomes (Onishi et al., 2007; van Leeuwen et al.,

2002). Competition for nucleosome binding emerged as another

possible mechanism to restrict the spread of silent chromatin in

this organism (Figure S6) (Altaf et al., 2007). Gene silencing pro-

teins were shown to utilize several regions on the surface of

nucleosome in addition to the acidic patch; we observe Dot1L

and the nucleosome using the same interfaces (Armache et al.,

2011; McGinty et al., 2014). Sir3 is the most well-characterized

direct competitor of Dot1. Superposition of yeast Dot1 on our

structure explains the basis of this competition (Figure S6).

Dot1L interacts with the histone H4 tail (Figure S3), during catal-

ysis engages lysine 79, and interacts with the acidic patch using

arginine residues. The BAH domain of Sir3 utilizes the same

interaction surface to dock SIR complex on the nucleosome

(Armache et al., 2011; Arnaudo et al., 2013; Wang et al.,

2013b; Yang et al., 2013). In addition to this competition, the

preferred modification state of nucleosomes bound by these

two proteins differentiates their binding. H4K16 acetylation af-

fects Sir3 activity but does not impact the ability of Dot1 to

bind nucleosomes and catalyze H3K79me (Altaf et al., 2007; Op-

pikofer et al., 2011). In contrast, methylation of K79 weakens the

interactions between Sir3 and nucleosomes (Martino et al.,

2009). The competition between Dot1 and silencing proteins

seems to be a conserved phenomenon, as Dot1L was reported

to compete with SIRT1, a histone deacetylase for nucleosome

substrate that needs to access histone H4 for its enzymatic func-

tion (Chen et al., 2015). It is fascinating that the majority of the

residues in mammalian Dot1L that mediate the contacts with

the nucleosome acidic patch and ubiquitin are not conserved

in yeast Dot1 (Figures 3 and 4). It is possible that there are other

structural elements in yeast Dot1 that take over the role of R282

and R278, or I290 and L322 in acidic patch and ubiquitin interac-

tions, respectively. The different mode of binding would have to
be demonstrated by structural determination of yeast Dot1

bound to unmodified and H2BK123Ub nucleosomes.
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McGinty, R.K., Köhn, M., Chatterjee, C., Chiang, K.P., Pratt, M.R., and Muir,

T.W. (2009). Structure-activity analysis of semisynthetic nucleosomes: mech-

anistic insights into the stimulation of Dot1L by ubiquitylated histone H2B. ACS

Chem. Biol. 4, 958–968.

McGinty, R.K., Henrici, R.C., and Tan, S. (2014). Crystal structure of the PRC1

ubiquitylation module bound to the nucleosome. Nature 514, 591–596.

McLean, C.M., Karemaker, I.D., and van Leeuwen, F. (2014). The emerging

roles of DOT1L in leukemia and normal development. Leukemia 28,

2131–2138.

Min, J., Feng, Q., Li, Z., Zhang, Y., and Xu, R.M. (2003). Structure of the cata-

lytic domain of human DOT1L, a non-SET domain nucleosomal histone meth-

yltransferase. Cell 112, 711–723.

Mohan, M., Herz, H.M., Takahashi, Y.H., Lin, C., Lai, K.C., Zhang, Y.,

Washburn, M.P., Florens, L., and Shilatifard, A. (2010). Linking H3K79

trimethylation to Wnt signaling through a novel Dot1-containing complex

(DotCom). Genes Dev. 24, 574–589.

Mueller, D., Bach, C., Zeisig, D., Garcia-Cuellar, M.P., Monroe, S., Sreekumar,

A., Zhou, R., Nesvizhskii, A., Chinnaiyan, A., Hess, J.L., and Slany, R.K. (2007).

A role for the MLL fusion partner ENL in transcriptional elongation and chro-

matin modification. Blood 110, 4445–4454.

Ng, H.H., Feng, Q., Wang, H., Erdjument-Bromage, H., Tempst, P., Zhang, Y.,

and Struhl, K. (2002a). Lysinemethylation within the globular domain of histone

H3 by Dot1 is important for telomeric silencing and Sir protein association.

Genes Dev. 16, 1518–1527.

Ng, H.H., Xu, R.M., Zhang, Y., and Struhl, K. (2002b). Ubiquitination of histone

H2B by Rad6 is required for efficient Dot1-mediated methylation of histone H3

lysine 79. J. Biol. Chem. 277, 34655–34657.

Okada, Y., Feng, Q., Lin, Y., Jiang, Q., Li, Y., Coffield, V.M., Su, L., Xu, G., and

Zhang, Y. (2005). hDOT1L links histone methylation to leukemogenesis. Cell

121, 167–178.

Onishi, M., Liou, G.G., Buchberger, J.R., Walz, T., andMoazed, D. (2007). Role

of the conserved Sir3-BAH domain in nucleosome binding and silent chro-

matin assembly. Mol. Cell 28, 1015–1028.

Oppikofer, M., Kueng, S., Martino, F., Soeroes, S., Hancock, S.M., Chin, J.W.,

Fischle, W., and Gasser, S.M. (2011). A dual role of H4K16 acetylation in the

establishment of yeast silent chromatin. EMBO J. 30, 2610–2621.

Pettersen, E.F., Goddard, T.D., Huang, C.C., Couch, G.S., Greenblatt, D.M.,

Meng, E.C., and Ferrin, T.E. (2004). UCSF Chimera—a visualization system

for exploratory research and analysis. J. Comput. Chem. 25, 1605–1612.

Punjani, A., Rubinstein, J.L., Fleet, D.J., and Brubaker, M.A. (2017).

cryoSPARC: algorithms for rapid unsupervised cryo-EM structure determina-

tion. Nat. Methods 14, 290–296.

Richon, V.M., Johnston, D., Sneeringer, C.J., Jin, L., Majer, C.R., Elliston, K.,

Jerva, L.F., Scott, M.P., and Copeland, R.A. (2011). Chemogenetic analysis

of human protein methyltransferases. Chem. Biol. Drug Des. 78, 199–210.

Rosenthal, P.B., and Henderson, R. (2003). Optimal determination of particle

orientation, absolute hand, and contrast loss in single-particle electron cryomi-

croscopy. J. Mol. Biol. 333, 721–745.

Sawada, K., Yang, Z., Horton, J.R., Collins, R.E., Zhang, X., and Cheng, X.

(2004). Structure of the conserved core of the yeast Dot1p, a nucleosomal his-

tone H3 lysine 79 methyltransferase. J. Biol. Chem. 279, 43296–43306.

Shanower, G.A., Muller, M., Blanton, J.L., Honti, V., Gyurkovics, H., and

Schedl, P. (2005). Characterization of the grappa gene, the Drosophila histone

H3 lysine 79 methyltransferase. Genetics 169, 173–184.

Stark, H. (2010). GraFix: stabilization of fragile macromolecular complexes for

single particle cryo-EM. Methods Enzymol. 481, 109–126.
Steger, D.J., Lefterova, M.I., Ying, L., Stonestrom, A.J., Schupp, M., Zhuo, D.,

Vakoc, A.L., Kim, J.E., Chen, J., Lazar, M.A., et al. (2008). DOT1L/KMT4

recruitment and H3K79 methylation are ubiquitously coupled with gene tran-

scription in mammalian cells. Mol. Cell. Biol. 28, 2825–2839.

Suganuma, T., and Workman, J.L. (2008). Crosstalk among histone modifica-

tions. Cell 135, 604–607.

van Leeuwen, F., Gafken, P.R., and Gottschling, D.E. (2002). Dot1p modulates

silencing in yeast by methylation of the nucleosome core. Cell 109, 745–756.

van Welsem, T., Korthout, T., Ekkebus, R., Morais, D., Molenaar, T.M., van

Harten, K., Poramba-Liyanage, D.W., Sun, S.M., Lenstra, T.L., Srivas, R.,

et al. (2018). Dot1 promotes H2B ubiquitination by a methyltransferase-inde-

pendent mechanism. Nucleic Acids Res. 46, 11251–11261.

Vijay-Kumar, S., Bugg, C.E., and Cook, W.J. (1987). Structure of ubiquitin

refined at 1.8 A resolution. J. Mol. Biol. 194, 531–544.

Vlaming, H., van Welsem, T., de Graaf, E.L., Ontoso, D., Altelaar, A.F., San-

Segundo, P.A., Heck, A.J., and van Leeuwen, F. (2014). Flexibility in crosstalk

between H2B ubiquitination and H3 methylation in vivo. EMBO Rep. 15,

1077–1084.

Wakeman, T.P., Wang, Q., Feng, J., and Wang, X.F. (2012). Bat3 facilitates

H3K79 dimethylation by DOT1L and promotes DNA damage-induced 53BP1

foci at G1/G2 cell-cycle phases. EMBO J. 31, 2169–2181.

Wang, E., Kawaoka, S., Yu, M., Shi, J., Ni, T., Yang, W., Zhu, J., Roeder, R.G.,

and Vakoc, C.R. (2013a). Histone H2B ubiquitin ligase RNF20 is required for

MLL-rearranged leukemia. Proc. Natl. Acad. Sci. USA 110, 3901–3906.

Wang, F., Li, G., Altaf, M., Lu, C., Currie, M.A., Johnson, A., and Moazed, D.

(2013b). Heterochromatin protein Sir3 induces contacts between the amino

terminus of histone H4 and nucleosomal DNA. Proc. Natl. Acad. Sci. USA

110, 8495–8500.

Wood, A., Krogan, N.J., Dover, J., Schneider, J., Heidt, J., Boateng, M.A.,

Dean, K., Golshani, A., Zhang, Y., Greenblatt, J.F., et al. (2003). Bre1, an E3

ubiquitin ligase required for recruitment and substrate selection of Rad6 at a

promoter. Mol. Cell 11, 267–274.

Wood, K., Tellier, M., and Murphy, S. (2018). DOT1L and H3K79 methylation in

transcription and genomic stability. Biomolecules 8, E11.

Worden, E.J., Hoffmann, N.A., Hicks, C.W., and Wolberger, C. (2019).

Mechanism of cross-talk between H2B ubiquitination and H3 methylation by

Dot1L. Cell 176, 1490–1501.

Yang, D., Fang, Q.,Wang,M., Ren, R.,Wang, H., He,M., Sun, Y., Yang, N., and

Xu, R.M. (2013). Na-acetylated Sir3 stabilizes the conformation of a nucleo-

some-binding loop in the BAH domain. Nat. Struct. Mol. Biol. 20, 1116–1118.

Yu, W., Chory, E.J., Wernimont, A.K., Tempel, W., Scopton, A., Federation, A.,

Marineau, J.J., Qi, J., Barsyte-Lovejoy, D., Yi, J., et al. (2012). Catalytic site

remodelling of the DOT1L methyltransferase by selective inhibitors. Nat.

Commun. 3, 1288.

Zhang, K. (2016). Gctf: Real-time CTF determination and correction. J. Struct.

Biol. 193, 1–12.

Zheng, S.Q., Palovcak, E., Armache, J.P., Verba, K.A., Cheng, Y., and Agard,

D.A. (2017). MotionCor2: anisotropic correction of beam-induced motion for

improved cryo-electron microscopy. Nat. Methods 14, 331–332.

Zhou, L., Holt, M.T., Ohashi, N., Zhao, A., M€uller, M.M., Wang, B., and Muir,

T.W. (2016). Evidence that ubiquitylated H2B corrals hDot1L on the nucleo-

somal surface to induce H3K79 methylation. Nat. Commun. 7, 10589.

Zhou, K., Gaullier, G., and Luger, K. (2019). Nucleosome structure and dy-

namics are coming of age. Nat. Struct. Mol. Biol. 26, 3–13.

Zhu, B., Zheng, Y., Pham, A.D., Mandal, S.S., Erdjument-Bromage, H.,

Tempst, P., and Reinberg, D. (2005). Monoubiquitination of human histone

H2B: the factors involved and their roles in HOX gene regulation. Mol. Cell

20, 601–611.

Zivanov, J., Nakane, T., Forsberg, B.O., Kimanius, D., Hagen,W.J., Lindahl, E.,

and Scheres, S.H. (2018). New tools for automated high-resolution cryo-EM

structure determination in RELION-3. eLife 7, e42166.
Molecular Cell 74, 1010–1019, June 6, 2019 1019

http://refhub.elsevier.com/S1097-2765(19)30233-3/sref37
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref37
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref38
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref38
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref38
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref39
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref39
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref39
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref39
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref40
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref40
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref41
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref41
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref41
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref42
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref42
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref42
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref43
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref43
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref43
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref43
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref44
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref44
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref44
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref44
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref45
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref45
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref45
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref45
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref46
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref46
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref46
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref47
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref47
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref47
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref48
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref48
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref48
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref49
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref49
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref49
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref50
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref50
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref50
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref51
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref51
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref51
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref52
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref52
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref52
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref53
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref53
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref53
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref54
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref54
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref54
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref55
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref55
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref55
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref56
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref56
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref57
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref57
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref57
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref57
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref58
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref58
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref59
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref59
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref60
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref60
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref60
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref60
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref61
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref61
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref62
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref62
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref62
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref62
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref63
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref63
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref63
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref64
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref64
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref64
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref65
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref65
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref65
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref65
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref66
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref66
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref66
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref66
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref67
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref67
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref68
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref68
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref68
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref69
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref69
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref69
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref70
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref70
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref70
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref70
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref71
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref71
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref76
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref76
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref76
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref72
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref72
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref72
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref72
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref73
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref73
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref74
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref74
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref74
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref74
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref75
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref75
http://refhub.elsevier.com/S1097-2765(19)30233-3/sref75


STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-H3K79Me2 Abcam ab3594; RRID: AB_303937

anti-H3K79Me3 Abcam ab2621; RRID: AB_303215

anti-Histone H4 Abcam ab7311; RRID: AB_305837

Bacterial and Virus Strains

E. coli One Shot BL21(DE3) Thermofisher Cat#C6000-03

SoluBL21 Amsbio Cat#C700200

Chemicals, Peptides, and Recombinant Proteins

S-(50-Adenosyl)-L-methionine (SAM) Sigma Cat#A7007

bis(sulfosuccinimidyl)suberate (BS3) Thermo Scientific Cat#21580

S-(50-Adenosyl)-L-homocysteine (SAH) Sigma Cat#A9384

Critical Commercial Assays

MTase-Glo Methyltransferase Assay Promega Cat#V7601

Q5 Site-Directed Mutagenesis Kit NEB Cat#E0554S

Gibson Assembly Master Mix NEB Cat#E2611S

Deposited Data

Dot1L bound to the H2B-Ubiquitinated nucleosome This paper PDB: 6O96

Dot1L bound to the H2B-Ubiquitinated nucleosome,

3.5 Å map

This paper EMDB: EMD-0652

Dot1L bound to the H2B-Ubiquitinated nucleosome,

4.6 Å map

This paper EMDB: EMD-0653

Dot1L bound to the H2B-Ubiquitinated nucleosome,

5.2 Å map

This paper EMDB: EMD-0654

Dot1L bound to the unmodified nucleosome This paper EMDB: EMD-0655

Raw EMSA gels images and western blot images This paper and Mendeley

Data

DOI: 10.17632/59wbz6gbcp.1

Recombinant DNA

pET28-MHL-DOT1L (1–420) Addgene 40736

pET28-MHL-DOT1L (1–420), R278/278 This paper N/A

pET28-MHL-DOT1L (1–420), F326A This paper N/A

pET28-MHL-DOT1L (1–420), L322D This paper N/A

pET28-MHL-DOT1L (1–420), I290D This paper N/A

pET15b-His-3C-Dot1 (158–582) This paper N/A

pET3a xlH2A Luger et al., 1997 N/A

pET3a xlH2B Luger et al., 1997 N/A

pET3a xlH3 Luger et al., 1997 N/A

pET3a xlH4 Luger et al., 1997 N/A

pET3a xLH2BK120C This paper N/A

pET-His-UB G76C Long et al., 2014 N/A

pUC57-601 Armache et al., 2011 Genscript

Software and Algorithms

MotionCor2 v1.2.1 Zheng et al., 2017 http://msg.ucsf.edu/em/software/motioncor2.html

Gautomatch https://www.mrc-lmb.cam.

ac.uk/kzhang/

https://www.mrc-lmb.cam.ac.uk/kzhang/

Gautomatch/

cisTEM Grant et al., 2018 https://cistem.org/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Relion 3.0 Zivanov et al., 2018 https://github.com/3dem/relion

PHENIX Adams et al., 2010 https://www.phenix-online.org/

CryoSPARC Punjani et al., 2017 https://cryosparc.com/

pLink2 http://pfind.ict.ac.cn/

software/pLink/

http://pfind.ict.ac.cn/software/pLink/

Coot Emsley and Cowtan, 2004 https://www2.mrc-lmb.cam.ac.uk/personal/

pemsley/coot/

Chimera Pettersen et al., 2004 https://www.cgl.ucsf.edu/chimera/

Prism 7 GraphPad Software https://www.graphpad.com/scientific-software/prism/

ImageQuant 5.2v Molecular Dynamics http://www.gelifesciences.com/en/us/shop/protein-

analysis/molecular-imaging-for-proteins/imaging-

software
CONTACT FOR REAGENT AND RESOURCE SHARING

Further inquiries and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Karim-Jean

Armache (karim-jean.armache@nyulangone.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All protein-coding genes used in this work were cloned into bacterial expression vectors. E. coli cells were used to express all recom-

binant proteins and prepare DNA sequence used for nucleosome assemblies.

METHOD DETAILS

Expression and purification of Dot1L and mutants
Plasmid DNA of pET28-MHL-Dot1L (1-420) was purchased from Addgene (#40736), and respective Dot1L mutants were generated

in lab using Q5 mutagenesis kit (NEB). Expression and purification steps for Dot1L and its mutants were the same. Dot1L plasmid

DNA was transformed into One Shot BL21(DE3) (ThermoFisher) competent E. coli cells and grown in 2xYT-Kan media. Dot1L was

expressed as soluble protein by induction with 0.5 mM IPTG for 3 h at 37�C upon the culture reaching OD600 = 0.4-0.6. Cells

were harvested (Sorvall LYNX6000) and lysed (AvestinEmulsiflexC3), and the protein was purified through Ni-NTA agarose beads

(QIAGEN) (Lysis Buffer: 500 mM NaCl, 50 mM Tris pH 8.0, 5 mM Imidazole, 5% Glycerol, 2mM b-Mercaptoethanol (BME), 1x Pro-

tease Inhibitor (cOmplete EDTA free, Roche) / Elution Buffer: 500 mM NaCl, 50 mM Tris pH 8.0, 300 mM Imidazole, 5% Glycerol,

2 mM BME). Eluted Dot1L protein was digested with TEV protease (NEB) while dialyzing in digestion buffer (Digestion Buffer:

75 mM NaCl, 20 mM Tris pH 8.0, 5% Glycerol, 2 mM BME) overnight at 4�C to cleave off Polyhistidine-tag. After tag was cleaved

off, sample was purified through HiTrap SPHP (GEHealthcare) liquid chromatography column (Buffer A: 75mMNaCl, 25mMHEPES

pH 7.5, 5%glycerol, 2mMBME / Buffer B: 1MNaCl, 25mMHEPES pH 7.5, 5%glycerol, 2mMBME). Selected fractions were further

purified through HiLoad Superdex 200 16/600 (GE Healthcare) size-exclusion liquid chromatography column (S200 Buffer: 150 mM

NaCl, 10 mM HEPES pH 7.5, 2 mM DTT). Purified Dot1L protein was then concentrated, flash frozen in liquid nitrogen and stored in

�80�C for future use.

Expression and purification of yeast Dot1
Plasmid DNA of pET15b-His-3C-Dot1 (158-582) was generated using Gibson Assembly (NEB). Yeast Dot1 plasmid DNA was trans-

formed intoOneShotBL21(DE3) (ThermoFisher) competentE. coli cells andgrown in 2xYT-Ampmedia. Yeast Dot1was expressed as

soluble protein by inducingwith 0.1mM IPTG for 16 h at 18�Cupon the culture reachingOD600=0.4-0.6. Cellswere harvested (Sorvall

LYNX6000) and lysed (AvestinEmulsiflexC3), and the protein was purified through Ni-NTA agarose beads (QIAGEN) (Lysis Buffer:

500 mM NaCl, 20 mM HEPES pH 7.5, 20 mM Imidazole, 1 mM BME, 1x Protease Inhibitor / Elution Buffer: 500 mM NaCl, 20 mM

HEPESpH7.5, 300mM Imidazole, 1mMBME). Eluted yeast Dot1 proteinwas digestedwith 3CPreScission Protease (GEHealthcare)

while dialyzed in digestion buffer (Digestion Buffer: 100 mM NaCl, 20 mM HEPES pH 7.5, 1 mM DTT) overnight at 4�C. After which,

sample was purified through HiTrap SP HP (GE Healthcare) liquid chromatography column (Buffer A: 100 mM NaCl, 20 mM HEPES

pH 7.5, 1 mM DTT / Buffer B: 1 M NaCl, 20 mM HEPES pH 7.5, 1 mM DTT). Selected fractions were further purified through HiLoad

Superdex 200 (GE Healthcare) size-exclusion liquid chromatography column (S200 Buffer: 150 mM NaCl, 10 mM Tris pH 7.5, 5 mM

DTT). Purified yeast Dot1 protein was then concentrated, flash frozen in liquid nitrogen and stored in �80�C for future use.
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Expression and purification of Ubiquitin
Plasmid DNA of pET-His-UBG76Cwas a generous gift fromDr. Tingting Yao. Ubiquitin plasmid DNAwas transformed into SoluBL21

(amsbio) competent E. coli cells and grown in 2xYT-AmpMedia. Ubiquitin was expressed as soluble protein by inducing with 0.4 mM

IPTG for 4 h at 37�C upon the culture reaching OD600 = 0.4-0.6. Bacteria cells were harvested and lysed (AvestinEmulsiflexC3).

Protein was then purified through Ni-NTA agarose beads (QIAGEN) (Lysis Buffer: 300mMNaCl, 50mMTris pH 8.0, 10mM Imidazole,

5 mM BME, 1x Protease Inhibitor / Elution Buffer: 300 mM NaCl, 50 mM Tris pH 8.0, 300 mM Imidazole, 5 mM BME) followed by

HiTrap Q HP (GE Healthcare) liquid chromatography column (Buffer A: 50 mM NaCl, 20 mM Tris pH 8.0, 0.2 mM EDTA, 10 mM

BME / Buffer B: 1 M NaCl, 20 mM Tris pH 8.0, 0.2 mM EDTA, 10 mM BME). Purified ubiquitin was then dialyzed against water sup-

plemented with 1 mM acetic acid followed by flash freezing in liquid nitrogen and lyophilized using VIRTISSentry.

Purification of Widom 601 DNA
A plasmid containing 8 copies of the Widom 601 nucleosome positioning sequence, each flanked by the EcoRV restriction enzyme

cutting site (Armache et al., 2011), was transformed into DH5a (ThermoFisher) competent cells and grown in 2xYT-Amp media over-

night. The 601 DNA fragment was excised using EcoRV and purified using previously published protocols (Dyer et al., 2004).

Expression and purification of wild-type Xenopus Histones and Histone mutant H2BK120C
Plasmids containing wild-type Xenopus histones were a generous gift from Dr. Karolin Luger, and mutant histone H2B-K120C was

generated using the Q5 mutagenesis kit (NEB). Briefly, each histone was expressed in Rosetta (DE3) cells (Novagen), extracted from

inclusion bodies, and purified sequentially by size exclusion and anion chromatography using previously published protocols (Dyer

et al., 2004). Purified histones were freeze-dried using a Sentry lyophilizer (VirTis).

Ubiquitination of Histone H2BK120C
We followed previously published protocol (Long et al., 2014). Briefly, lyophilized ubiquitin and histone H2BK120C were re-sus-

pended (Re-suspension buffer: 10 mM Acetic acid, 7 M Urea-Deionized) and mixed in the ratio of 2:1. Sodium Tetraborate, Urea

and TCEP were added to achieve final concentration of 50 mM, 6 M and 5 mM, respectively. Final solution was incubated at

room-temperature for 30 min. Then, an amount of crosslinker (Di-Chloracetone diluted in Di-Methylformamide) equal to one-half

molar ratio of total sulfhydryl groups was added to the solution and incubated on ice for additional 30 min. Reaction was ended

by addition of BME to final concentration of 5 mM. Solution was then diluted 10 times with Denaturing Binding Buffer (Denaturing

Binding Buffer: 50 mM Sodium phosphate (NaPi), 50 mM Tris pH 8.0, 300 mM NaCl, 6 M Urea, 10 mM Imidazole, 5 mM BME)

and purified through Ni-NTA agarose beads (QIAGEN) (Denaturing Elution Buffer: 50 mM NaPi, 50 mM Tris pH 8.0, 300 mM NaCl,

6 M Urea, 250 mM Imidazole, 5 mM BME). Purified Ubiquitinated-H2BK120C was dialyzed into water supplemented with 1 mM

BME and lyophilized using VIRTISSentry.

Reconstitution of nucleosomes
Unmodified and H2BK120C nucleosome reconstitutions were done as described (Armache et al., 2011; Dyer et al., 2004). Briefly, to

assemble recombinant histone octamers, equimolar amounts of each of the 4 histones weremixed and dialyzed into refolding buffer.

Octamers were purified by size exclusion chromatography on a Superdex 200 column (GE healthcare) in refolding buffer. Nucleo-

somes were assembled by mixing purified Widom 601 DNA and histone octamers and dialyzing overnight with gradient salt dialysis

using a peristaltic pump (Gilson Rapid Pump). Assembled nucleosomes were purified through a Resource Q ion exchange column

(GEHealthcare). Purified nucleosomeswere dialyzed into TCS buffer (20mMTris-HCl pH 7.5, 1mMEDTA, 1mMDTT), concentrated,

and stored at 4�C until use.

Gradient Fixation (GraFix) of Dot1L with the nucleosome
To prepare GraFix sample, assembled nucleosome was mixed with purified Dot1L protein in the molar ratio of 1:10 and dialyzed into

Buffer A (Buffer A: 20 mMHEPES pH 7.9. 150mMKCl, 5%Glycerol, 1 mMDTT) for 3 h in 4�C, then supplemented with 5Xmolar ratio

of SAH (Sigma) (H2BK120Ub nucleosome) and incubated on ice for 20 min before GraFix. Buffer B and buffer C (Buffer B: 20 mM

HEPES pH 7.0, 150 mM KCl, 10% Glycerol, 1 mM DTT, 1 mMMgCl2 / Buffer C: 20 mM HEPES pH 7.0, 150 mM KCl, 30% Glycerol,

1 mM DTT, 1 mMMgCl2, 0.1% Glutaraldehyde) were mixed using gradient maker (Gradient Master, Biocomp instrument). Prepared

sample was then added on the top layer of the tube mixture, and centrifuged overnight (Beckman Coulter Optima XL-100K). Solution

in the tube was then fractionated and analyzed. Selected fractions were dialyzed into dialysis buffer (Dialysis Buffer: 20 mM HEPES

pH 7.0, 150 mM KCl, 1 mM MgCl2, 1 mM DTT) and concentrated.

Nucleosome binding assay
Increasing amounts of catalytic domains of Dot1L or yeast Dot1 proteins (50 nM to 1000 nM) were incubated with 12 nM recombinant

nucleosomes in EMSA buffer (10 mM Tris pH 7.5, 100 mM NaCl, 2.5% Glycerol and 1 mM DTT) at room temperature for 30 min. The

binding reactions were resolved on native polyacrylamide gels (6%PAGE, 0.2 X TBE), stained with SYBRGold (Thermo Fisher), visu-

alized on a Typhoon Trio+ scanner (Molecular Dynamics), and quantified using the program ImageQuant 5.2v (Molecular Dynamics).

The amount of Dot1L or yeast Dot1 bound to nucleosomes was determined by measuring the decrease in free nucleosome in each
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reaction. The background was subtracted fromDot1-free samples. The free DNAwas taken under in consideration for the calculation

of free nucleosome. The apparent KD and the Hill coefficient for each binding curve were calculated by fitting the specific binding with

Hill slope equation using the program Prism 7 (GraphPad). The final parameters were calculated from at least 3 independent exper-

iments. (n R 3/data point). Data were plotted as mean ± SD.

Endpoint methylation assay
Dot1L methyltransferase activity was determined by the monitoring the production S-adenosyl homocysteine (SAH) in presence of

SAM and nucleosomes. Briefly, 50 nM of wild-type or mutant Dot1L proteins were combined with 1 mM unmodified or H2B-K120Ub

nucleosome in methyltransferase buffer (20 mM Tris pH 8.0, 50 mMNaCl, 1 mMDTT, 0.1 mg/mL BSA, 20 mMSAM) in a total reaction

volume of 12 ml. The methyltransferase reactions were performed at 30�C for 30 min and stopped with 3 mL of 0.5% TFA. The SAH

production was determined with MTase-Glo methyltransferase kit (Promega) by transferring 8 ml of the stopped reaction to a white

384 well plate, developing and measuring luminescence using an EnSpire 2300 Multilabel plate reader (Perkin Elmer). The assays

were performed with 3 replicates.

Histone Methyl Transferase assay (HMT)
The reactions were performed by mixing the indicated amounts of recombinant human Dot1L (1 pmol at the highest concentration)

and nucleosomes (10 pmol) in the HMT assay buffer (50 mM Tris-HCl pH 8.5, 50 mM NaCl, 5 mMMgCl2 and 1 mM DTT) with 10 mM

SAM at 30�C for 1 h or 3 h, in 25 mL final volume. The reactions were stopped by the addition of 5.0 mL 5X SDS buffer. The products

were resolved in a 15%SDS-PAGE gel and transferred in to 0.2-mmpolyvinylidene difluoride PDVFmembrane (Bio-Rad). The histone

methylation level was determined by incubating the membranes with anti-H3K79Me3 (Abcam ab2621, 1:1000) or anti-H3K79Me2

(Abcam ab3594, 1:1000) for 12 h at 4�C. The western blots were developed using ECL reagent (Thermo Fisher), and imaged in

the ChemiDoc system (Bio-Rad). The loading control was determined with FastBlue staining, or blotting with anti-H4 antibody

(Abcam ab7311, 1:1000).

Cryo-EM data acquisition and processing
Cryo-EM grids of the Dot1L-H2BK120Ub (Sample 1) andDot1L-Nuc (Sample 2) complexes were prepared following established pro-

tocol (Li et al., 2013). For sample 1, 3.0 mL of the sample at 0.5mg/mL concentration was applied to a 30 s glow-discharged Quantifoil

gold grids (400 mesh, 1.2 um hole size), blotted for 3 s using Vitrobot Mark IV (FEI Company) at 4�C and 100% humidity. Sample 2,

3.0 mL of the sample at 0.5 mg/mL was applied to Quantifoil holey carbon grids (200mesh, 1.2 um hole size) glow discharged for 10 s

and blotted for 1.5 s using Vitrobot Mark III (FEI Company) at 18�C and 100% humidity. The grids were subsequently plunge-frozen in

liquid ethane cooled to liquid nitrogen temperatures. Sample 1 data were collected on two microscopes: on FEI Titan Krios 300kV

(A, Figure S1) using EPU and on FEI Arctica 200kV (B, Figure S2) with SerialEM (Mastronarde, 2005); these datasets were processed

separately. All images were recorded using Gatan K2 Summit direct electron detector camera at a nominal magnification of

(A) 130,000x and (B) 28,000x (calibrated physical pixel size of 1.035 Å/pixel and 1.45 Å/pixel, respectively). The total exposure

time was 10 s, and each image was fractioned into 50 subframes, each frame with an exposure time of 0.2 s. Per frame dose was

1.1 e/Å2 (A, B) leading to a total accumulated dose of 44 electrons per Å2 on the specimen. All Sample 1A images were recorded

with a defocus in the range from 1.7 to 3.2 mm, Sample 1B from 1.8 to 3.4. Sample 2 data were collected on a TF30 Polara (FEI) oper-

ated at 300 kV using SerialEM (Figure S7). All images were recorded using a Gatan K2 Summit direct electron detector camera at a

nominal magnification of 31,000x (calibrated physical pixel size of 1.22 Å/pixel). The total exposure time was 10 s, and each image

was fractioned into 50 subframes, each frame with an exposure time of 0.2 s. Per frame dose was 1.2 e/Å2, leading to a total accu-

mulated dose of 60 electrons per Å2 on the specimen. All images were recorded with a defocus in the range from 1.7 to 3 mm. Movie

stacks acquired in super resolutionmodewere corrected for global and local motions (in 5x5 patches) using UCSFMotionCor2 v1.2.1

(Zheng et al., 2017), resulting in dose-weighted and un-weighted sums, and binned 2x using Fourier binning. The images were manu-

ally screened to eliminate empty or icy images. We used the non-dose weighted images for CTF estimation using GCTF (Zhang,

2016); all subsequent processing was done using dose-weighted ones. We first picked a small number of particles manually

(�2500), classified them into 6 reference-free 2D classes and subsequently used them with Gautomatch (https://www.mrc-lmb.

cam.ac.uk/kzhang/) for automated particle picking. Particles were then extracted fromdose-weighted images using Relion3 (Zivanov

et al., 2018) and subjected to reference-free 2D classification into 50 classes using Cryosparc (Punjani et al., 2017) to exclude picking

artifacts.We then usedCryosparc’s ‘‘Ab initio’’ option to generate a 3D initial model from the data. This yielded a reconstructionwith a

clearly defined nucleosome density, which was then used as a template in 3D refinement. For data homogenization, we employed

3D classification using Cryosparc’s ‘‘Ab initio’’ and ‘‘Heterogeneous refinement.’’ The data were then transferred to Relion3, where

after 3D classification, 3D auto-refinement and postprocessing we employed CTF refinement and Beam tilt estimation. This led to a

small improvement in resolution for Sample 1B, but had no influence on other datasets. Reconstruction with best scoring particles led

to the best resolved Sample 1B 4.6 Å map. Subsequent final classification of Sample 1B provided us with slightly lower quality map

(5.2 Å), but with the least distorted complete catalytic domain of Dot1L. This, as well as all the final reconstructions of all the samples

were done in cisTEM (Grant et al., 2018). The detailed schemes of cleanup, classifications and refinements are shown in Figure S8. All

the information on the collected data and processing summaries are shown on Table S1. Following the gold-standard refinement, the

final resolutions were established using Fourier Shell Correlation (FSC) at 0.143 cutoff (Rosenthal and Henderson, 2003).
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Model building and refinement
Our cryo-EM reconstructions of the Dot1L-H2BK120Ub reveal that parts of Dot1L are flexible. To model the complex, we used the

final reconstruction from Titan Krios (Figures 1 and S1) filtered it to 3.5 Å to get the global architecture of the complex (overall fit); we

also filtered the same data to 3.3 Å and applied a mild sharpening to get the best quality of the interfaces with the ubiquitin and the

nucleosome. The different maps used to build each region are summarized in Table S2.

Available X-ray crystal structures were used for initial rigid body fit into our cryo-EM 3.5 Å reconstruction. For the nucleosome, we

used PDB: 3TU4 (Armache et al., 2011), PDB: 1NW3 (Min et al., 2003) for catalytic domain of Dot1L and 1UBQ (Vijay-Kumar et al.,

1987) for ubiquitin, which were first manually fit into the density and then locally optimized using UCSF Chimera’s ‘‘Fit in map’’ func-

tion (Pettersen et al., 2004). Due to noisy map in this region, we used PDB 3QOX to place the SAH and obtained the restraints using

eLBOW program in PHENIX. We then used Coot (Emsley and Cowtan, 2004) for local adjustments of secondary elements and side-

chains into densities, and subsequently, the complete model was refined using PHENIX (phenix.real_space_refine) (Adams et al.,

2010) using secondary structure, ADPs, rotamer and Ramachandran restraints in 100 iterations. It was then visually inspected,

and Ramachandran outliers and problematic regions were fixed manually in Coot (final refinement statistics are summarized in Table

S3). In addition to the catalytic domain of Dot1L that we constructed (5-332), we also see extra density at the end of the structured

C-terminal end of Dot1L that could be a part of Dot1L; however, this region is too distorted in the cryo-EM reconstruction to reliably

assign and model.

To validate our structure, we first subjected the atoms to 0.1 Å displacement, and then refined it in phenix.real_space_refine

against one of the half-maps. This refined model was then converted to a 3D density map and compared against two half-maps

and the summed map. We calculated FSC curves with half-map 1 (used for refinement, ‘‘work,’’ shown in our figures with blue),

half-map 2 (not participating in refinement, hence ‘‘free,’’ pink) and the summed map (green). Due to the dynamic nature of

Dot1L, we decided to perform two validations. First, we tested the whole model against the 4.6 Å reconstruction (Figure S2): This

map contains the most complete density of the Dot1L catalytic domain. We also compared a truncated model (157-164 (b5),

180-188 (b6), 214-332 (remaining C terminus) representing the best resolved part of Dot1L in the 3.5 Å reconstruction (Figure S1).

We see only small differences between the ‘‘work’’ and ‘‘free’’ FSC curves, which indicates lack of overfitting. Figures of the model

and cryo-EM densities were prepared using Chimera, Coot and PyMOL.

We also used the reconstruction from Talos Arctica filtered at 4.6 Å where the complete catalytic domain of Dot1L can be seen, to

evaluate some additional regions of the complex including the densities for the second site of Dot1L and the UIM/K-rich (Figures 2

and S2).

Crosslinking for mass spectrometry analysis
100 mg of nucleosomes and 550 mg of Dot1L were mixed, dialyzed into 20 mM HEPES pH 7.9. 150 mM KCl, 5% Glycerol, 1 mM DTT

buffer and crosslinked in 10-20 mL reactions containing 0.1-3 mM bis(sulfosuccinimidyl)suberate (BS3, Thermo Scientific) added

from 10-fold stock solutions prepared with dialysis buffer. Crosslinking reactions were incubated on ice for 2 h and then quenched

with Tris-HCl pH 7.5 added to 50mM final concentration from 0.5M stock. For buffer exchange, proteins were precipitated bymixing

reactions with 4 volumes of acetone (cooled at�20�C) followed by 1-hour incubation at�20�C. Proteins precipitates were collected

by 10-min centrifugation at 16000 g at room temperature. Pellets were rinsedwith 80%acetone, dried on air and dissolved in 50 mL of

buffer containing 50mM ammonium bicarbonate, 10 mMDTT and 2%SDS. After 10-min incubation at 60�C samples were cooled at

room temperature, mixed with 5 mL 0.5 M iodoacetamide and incubated for 30 min at room temperature in dark followed by second

precipitation with acetone. Pellets were dissolved in 20 mL of denaturing buffer consisting of 50 mM ammonium bicarbonate and 8 M

urea. For digestion, 5 mL of samples were dilutedwith 50 mL 50mMammonium bicarbonate containing 20 ng/ml trypsin/Lys-Cmixture

(Promega) and incubated overnight at 30�C. Digestion reactions were stopped by mixing with 5 mL 20% trifluoroacetic acid and clar-

ified by 10-min centrifugation at 16000 g. Peptides were desalted using C18 spin tips (Thermo Scientific) according tomanufacturer’s

protocol, dried under vacuum and dissolved in 10 mL 0.1% formic acid.

Mass spectrometry
Peptides were analyzed in the Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) coupled to Dionex UltiMate 3000

(Thermo Scientific) liquid chromatography system. Peptides were resolved on 50-cm long EASY-Spray PepMap RSLC C18 column

using 80 min linear gradient from 96% buffer A (0.1% formic acid in water) to 40% buffer B (0.1% formic acid in acetonitrile) followed

by 98% buffer B over 5 min with a flow rate of 300 nL/min. Each full MS scan (orbitrap analyzer, resolution 60,000) was followed by

data-dependent MS/MS scans (orbitrap, resolution 15,000) for 20 topmost abundant peptides after HCD fragmentation. Quadrupole

isolation window was set to 2m/z, precursors with charge state 4 to 6 were selected for fragmentation with collision energy set to 35.

Monoisotopic precursor selection was enabled, and a dynamic exclusion window was set to 30 s.

Data processing and analysis. Raw data were processed with pLink2 (http://pfind.ict.ac.cn/software/pLink/) using database of

concatenated sequences of proteins constituting nucleosome, Dot1 and common contaminants. For peptides identification up to

4 missed trypsin cleavages were allowed, constant modification was set to carbamidomethyl at cysteine residue, variable modifica-

tion was oxidation at methionine residue, cross-linker was set to BS3, FDR level was set to 1%. Other parameters were

left unchanged. The crosslinking mass spectrometry diagrams (Figures 5D and S3) were prepared in the xiNET server (http://

crosslinkviewer.org/).
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Analysis of H3K79 methylation.Methylation reactions were set up mixing 80 mg of Dot1L with 15 mg of Ub-nucleosome or non-Ub

nucleosome in final volume 25 ml and incubated in dialysis at 4�C for 2 h. Separately, reactions with added SAM (10uM final concen-

tration) served as positive control. After incubation reactions were mixed with 65 ml SDS buffer (50 mM ammonium bicarbonate,

10 mM DTT and 2% SDS). For negative control, Dot1 and nucleosomes were diluted with SDS buffer before mixing together.

Quenched reactions and control samples were incubated at 60�C for 10 min, then cooled at room temperature followed by

30-min incubation with 50 mM iodoacetamide in dark. Alkylated proteins were precipitated with 4 volumes of cold acetone at

�20�C for 1 h. Acetone pellets were dissolved in 20 mL of denaturing buffer (50 mM ammonium bicarbonate, 8 M urea). For digestion,

5 mL from each sample were mixed with 50 mL 50 mM ammonium bicarbonate containing 20 ng/ml trypsin/Lys-C mixture (Promega)

and incubated at 30�C overnight. Digestion reactions were quenched by mixing with 5 mL 20% trifluoroacetic acid and clarified by

10-min centrifugation at 16000 g. Peptides were desalted using C18 spin tips (Thermo Scientific) according to manufacturer’s pro-

tocol, dried under vacuum and dissolved in 10 mL 0.1% formic acid.

Peptides were analyzed in the Orbitrap Fusion Lumos mass spectrometer (Thermo Scientific) coupled to Dionex UltiMate 3000

(Thermo Scientific) liquid chromatography system. Peptides were resolved on 50-cm long EASY-Spray PepMap RSLC C18 column

using 90-min gradient from 96% buffer A (0.1% formic acid in water) to 40% buffer B (0.1% formic acid in acetonitrile) followed by

98% buffer B over 5 min with a flow rate of 300 nL/min. Data-dependent acquisition method was set up as described elsewhere

(Davis et al., 2017). Each sample was analyzed twice.

Analysis of data were done using ProteomeDiscoverer 2.1.1.21 (Thermo Fisher). Protein sequence database contained sequences

of Dot1L, histones, ubiquitin, E. coli proteins and common contaminants. Sequest HT search engine was run with default parameters

except that three missed trypsin cleavages were allowed and variable modifications were set to include phosphorylation of serine,

threonine and tyrosine, acetylation of lysine and protein N terminus, di- and trimethylation of lysine and arginine. Cysteine carbami-

domethylation was set as a static modification. MS1 quantitation of peptides was done using Precursor Ions Area Detection module

within Proteome Discoverer (Figure S3).

QUANTIFICATION AND STATISTICAL ANALYSIS

Protein quantification was done by using an A280 extinction coefficient of 60,850 M�1cm�1 for Dot1L WT or mutants;

60,975 M�1cm�1 for Dot1L 1-332, 48,875 M�1cm�1 for yeast Dot1 FL and 44,405 M�1cm�1 for yeast Dot1D on a Nanodrop spec-

trophotometer (Thermo-Fisher).

DATA AND SOFTWARE AVAILABILITY

Our cryo-EMdensitymapswere deposited in the ElectronMicroscopy Data Bank (EMDB) as EMD-0652 (Dot1L-H2BK120UbSample

1A, 3.5 Å), EMD-0653 (Dot1L-H2BK120Ub Sample 1B, 4.6 Å), EMD-0654 (Dot1L-H2BK120Ub Sample 1B, 5.2 Å) and EMD-0655

(Dot1L-Nuc Sample 2, 4.9A) (Table S1). Associated with the primary depositions were corresponding unsharpened map and both

half maps. Atomic coordinates used for data analysis in our manuscript has been deposited in the Protein Data Bank (PDB) with

accession code PDB: 6O96 (Table S1). Raw EMSA gels images and Western Blots images have been deposited in the Mendeley

Data repository: https://doi.org/10.17632/59wbz6gbcp.1. All data are available from the corresponding author upon reasonable

request.
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