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Abstract 

 

A Nucleosome Bridging Mechanism for Activation of a 

Maintenance DNA Methyltransferase 

By Caitlin I. Stoddard 

 

DNA methylation and histone H3 lysine 9 methylation (H3K9me) are hallmarks of 

heterochromatin in plants and mammals and are successfully maintained across 

generations. The biochemical and structural basis for this maintenance is poorly 

understood. The maintenance DNA methyltransferase from Zea mays, ZMET2, 

recognizes H3K9me2 via a chromodomain (CD) and bromo-adjacent homology domain 

(BAH), which flank the catalytic domain. Here, we show that the H3K9me mark 

allosterically stimulates ZMET2 activity and also substantially increases the specificity of 

ZMET2 for hemimethylated versus unmethylated DNA. Interestingly, dinucleosomes are 

the preferred ZMET2 substrate, with DNA methylation targeted primarily to linker DNA.  

Further, while the CD stabilizes ZMET2 binding, the BAH domain is critical for catalysis 

and serves as an allosteric regulator of the enzyme. Negative stain electron microscopy 

shows a single ZMET2 molecule bridging two nucleosomes within a dinucleosome, 

consistent with the biochemical analyses. We propose a model in which CD-mediated 

binding and allosteric activation via BAH/H3K9me interactions coupled with nucleosome 

bridging allows ZMET2 to correctly read the chromatin context and thereby faithfully 

maintain DNA methylation and reinforce heterochromatic elements across the genome. 
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Introduction 
 

Genome control is one of the most pressing and rapidly expanding research 

areas in modern-day biology. A dramatic influx of sequencing-based methods, structural 

approaches and an expanding repertoire of biochemical analyses have allowed 

unparalleled mechanistic inquiry into the cellular systems that establish and maintain 

genome control in all kingdoms of life (Heather and Chain, 2016).  These new 

approaches have shed significant light on the molecular machines responsible for 

ensuring genome integrity and the mechanisms underlying a wide array of human 

disease. In this context, a diversified array of molecular machines are responsible for 

controlling faithful DNA replication, developmental programs, and even changes to the 

genetic makeup of both somatic and germ cells in response to environmental cues 

(Turner, 2009). Such processes are dictated by various modes of genetic control 

including DNA sequence-specific regulation, non-covalent genome modifications, and 

the covalent modification of DNA and histone proteins.  

 One of the most ancient forms of genetic control is the DNA sequence itself. DNA 

sequence provides the template for mRNA and protein synthesis, and also serves as a 

specific platform for transcriptional machinery, much of which directly reads sequence 

information. Transcription factors are the primary readers of sequence-specific 

information and work to integrate downstream signals to either promote or inhibit 

transcription (Todeschini et al., 2014).  

In addition to transcription factors, a network of chromatin modifiers helps control 

complex programs of gene expression. Such molecules carry out specific enzymatic 

and scaffolding roles to change the structure and chemical potential of both genic and 
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intergenic regions. Huge strides have been made in recent years to understand both 

non-covalent and covalent modifications made to chromatin by these molecules. Non-

covalent changes include histone variant exchange, nucleosome remodeling, and 

binding of architectural proteins such as HP1, while covalent modifications include DNA 

methylation and a laundry list of modifications to histone proteins (Canzio et al., 2014; 

Jenuwein and Allis, 2001; Jones, 2012; Zhou et al., 2016). The combination of both 

non-covalent and covalent modifications helps to define regions of the genome as 

silenced or active in part by promoting structures that are more accessible or refractory 

to transcriptional machinery. 

Methylation of both histone proteins and DNA, the subject of this thesis, is 

controlled in a feedback mechanism present in both mammals and plants. DNA 

methylation and methylation of histone 3 at lysine 9 (H3K9me) is often associated with 

silenced, heterochromatic regions of the genome. In mammals, the enzymes DNMT1, 

DNMT3a and DNMT3b catalyze C5 methylation on cytosines. The activity of these 

enzymes is often sensitive to various modifications to histone proteins. Such sensitivity 

leads to a reinforcement mechanism in which DNA methyltransferases (MTases) help to 

support specific chromatin states already defined by histone modifications. Specific 

examples of histone modification-regulated DNA methylation pathways in mammals are 

detailed in Chapter 2. 

In plants, DNA methylation is accomplished by seven MTases belonging to three 

families: CMT3, DRM and MET1 (Du et al., 2015). A feedback loop between the 

maintenance DNA MTase CMT3 and the histone MTase KRYPTONITE (KYP) was 

discovered using genetic approaches nearly two decades ago (Jackson et al., 2002; 
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Malagnac et al., 2002; Mathieu et al., 2005; Soppe et al., 2002; Tariq et al., 2003). 

Briefly, positive reinforcement of heterochromatic genome elements was found to be 

driven by the SRA domain of KYP which recognizes methylated CHG (H = A, T, C) sites 

and a SET domain which methylates H3 at lysine 9 (Du et al., 2014). Via chromo- and 

bromo-adjacent homology domains, CMT3 binds specifically to KYP-deposited H3K9me 

and specifically methylates CHG sites (Du et al., 2012). The genetic interrogation of the 

CMT3/KYP network has sparked a number of biochemical and structural studies to 

understand the mechanistic basis of heterochromatin regulation in plants. 

Extensive effort has gone into understanding the biochemical and structural basis 

of DNA methylation by mammalian DNA MTases. For example, the maintenance DNA 

MTase DNMT1 exhibits a large degree of specificity for hemimethylated DNA in vitro 

and structural evidence points to a autoinhibitory mechanism whereby methylation of 

non-hemimethylated DNA is blocked (Jeltsch, 2006; Song et al., 2011; 2012). Evidence 

for regulatory interactions between Dnmt1 and the core chromatin subunit, the 

nucleosome, are still limited, but one study has identified a requirement for linker DNA 

in methylation of mononucleosomes (Schrader et al., 2015). The mammalian de novo 

MTases Dnmt3a and Dnmt3b are stimulated by the non-catalytic accessory protein 

Dnmt3L and are able to methylate nucleosomal and linker DNA differentially (Suetake et 

al., 2004; Takeshima et al., 2006). Structurally, Dnmt3a and Dnmt3L, form a striking 

tetramer which is proposed to span across tandem nucleosomes when bound to 

chromatin (Jia et al., 2007).  

Investigation of DNA methylation in plants has been particularly powerful 

because mutations in those pathways are generally non-lethal. As a result, numerous 
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studies have detailed both the necessary players and the patterning of DNA methylation 

in various plant systems. However, detailed biochemical mechanisms for the activity of 

these DNA MTases have not reached a critical mass. Structural data is just beginning to 

emerge: a crystal structure of a truncated form of ZMET2, the maize ortholog of CMT3 

highlights a triangular architecture of the protein that appears to remain relatively static 

when bound to H3K9me tail peptides (Du et al., 2012). A structure of a dimeric form of 

the tobacco DNA MTase DRM reinforces the model initially proposed for the 

mammalian Dnmt3 enzymes that DNA methylating enzymes are capable of 

oligomerization (Zhong et al., 2014). Details of how this dimerization influences the DNA 

methylation reaction remain to be seen. Importantly, none of the crystal structures to 

date have included nucleosomes, largely due to the technical challenges associated 

with crystalizing nucleosome-bound proteins. Electron microscopy has become a 

promising alternative, but is also technically challenging, as reconstituted nucleosomes 

(and nucleosome/protein complexes) are unstable during the cryo-EM freezing process. 

To investigate the mechanism of DNA methylation on heterochromatin in plants, 

we conducted biochemical and structural analysis of ZMET2. Using recombinant 

ZMET2 and reconstituted nucleosomes in vitro, we demonstrated a significant degree of 

binding specificity for H3 peptides and nucleosomes modified using methyl lysine 

analogs (H3Kc9me nucleosomes) (Simon et al., 2007). Kinetic analysis of DNA 

methylation activity revealed an allosteric activation mechanism dependent on H3K9me. 

This allosteric regulation was found to be controlled by the bromo-adjacent homology 

domain, while the CD was found to be critical in the binding step of the reaction. 

Interestingly, H3Kc9me3 dinucleosomes were stimulating for ZMET2 activity, 
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suggesting that ZMET2 bridges across mononucleosomes in regions of 

heterochromatin. This activation was dependent on DNA linker length, supporting the 

bridging model and suggesting that ZMET2 recognizes specific chromatin structures 

and reinforces those structures by perpetuating the DNA methylation/H3K9me feedback 

loop described above.  

Chapter 3 of this dissertation focuses on the structure of components of the 

INO80 chromatin remodeling complex from budding yeast. Chromatin remodelers 

harness the energy of ATP hydrolysis to modify chromatin structures by promoting 

histone exchange, inducing histone eviction and sliding nucleosomes.  The INO80 

remodeler is a large, multi-subunit complex with nucleosome centering activity and the 

capacity to evenly space a trinucleosomal array (Zhou et al., 2016). INO80 is composed 

of 15 subunits in budding yeast and has a molar mass of 1.3 MDa. In addition to the 

ATPase subunit, Snf2, INO80 contains the AAA+ ATPases Rvb1 and Rvb2. The Rvb 

proteins are necessary for INO80 remodeling activity and are thought to form 

heterohexamers when incorporated into INO80 (Tosi et al., 2013).  

Coral Zhou dedicated a large portion of her graduate work to understanding the 

biochemical and structural properties of the Rvb proteins and discovered an insertion 

domain of the Ino80 ATPase subunit (INO80INS) that significantly stimulates 

Rvb1/Rvb2 ATPase activity. Using negative stain electron microscopy, we discovered 

that co-expression of the Rvb1/Rvb2 with INO80INS promotes dodecamerization of the 

Rvbs. This dodecamerization collapsed upon incubation with ATP, as hexamers were 

generated in a time-dependent manner when monitored by negative stain EM. The Rvb 

dodecamer had been observed in other contexts, in the absence of additional INO80 
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subunits, so we sought to obtain higher resolution structural data on the 

Rvb1/Rvb2/INO80INS complex using cryo-EM to better understand the mechanism and 

consequences of IN080INS-induced dodecamerization (Ewens et al., 2016; Silva-Martin 

et al., 2016). In combination with crosslinking mass spectrometry and integrative 

modeling, the structural analysis led us to a model in which two copies of the INO80INS 

bind to one face of the dodecamer. Interestingly, despite many visible features present 

in 2D classification of the complex, 3D classification and refinement did not produce a 

structure with high-resolution features. 2D class averages showed many degrees of 

conformational flexibility in the complexes with respect to both “tilt” and length of the full 

complex. Moving forward, techniques including non-specific or site-specific crosslinking 

to stabilize this flexibility will facilitate a higher-resolution analysis of this complex. 
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Preface 

The work presented in this chapter was born out of collaboration with the 

laboratory of Steve Jacobsen at the University of California, Los Angeles. My initial 

expression, purification and binding characterization of CMT3 (and later, ZMET2), would 

not have been possible without advice from Jiamu Du and Xuehua Zhong, as well as 

John Leonard and Daniele Canzio. Detailed acknowledgments for this work are 

summarized below, but I would like to highlight my gratitude to all individuals who had 

faith I could initiate this project from scratch. Using a variety of techniques, I was able to 

show that ZMET2 reinforces DNA methylation patterns and heterochromatic structures 

by bridging across dinucleosomes to position the catalytic site above linker DNA. The 

CD and bromo adjacent homology domain are both essential to ZMET2’s mechanism, 

but in different steps of the reaction. A longtime goal of mine was to visualize the 

complex between ZMET2 and the dinucleosome, and I was integrated into the Cheng 

lab to learn electron microscopy for this purpose. I was trained initially by Shenping Wu 

and Jean-Paul Armache, and later was assisted by Eugene Palovcak, Melody Campbell 

and David Bulkley, with additional support from Alexander Myasnikov and Michael 

Braunfeld. With the help of these individuals I was able to demonstrate singly and 

doubly bound complexes of ZMET2 and dinucleosomes at a low resolution, a finding 

which was in support of biochemical data as detailed below.  

 

Introduction  

In mammals and plants, DNA methylation is associated with silenced regions of 

the genome known as heterochromatin. In mammals, dysregulation of DNA methylation 
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is associated with various forms of developmental defects and cancers (Robertson, 

2005). In plants, disrupted DNA methylation patterns can lead to severe developmental 

phenotypes (Jacobsen and Meyerowitz, 1997; Lindroth, 2001). For DNA methylation to 

be effective, it must be maintained across multiple generations (Law and Jacobsen, 

2010). The biochemical and structural basis for how such DNA methylation is faithfully 

reproduced within the appropriate chromatin context is poorly understood. 

In mammals, three DNA methyltransferase (MTase) enzymes, DNMT1, DNMT3A 

and DNMT3B, promote silencing of repetitive and transposable elements and methylate 

CG sites in the promoters of inactive genes (Smith and Meissner, 2013). DNMT1 is 

thought to maintain DNA methylation during DNA replication, whereas DNMT3A and 

DNMT3B are primarily de novo MTase enzymes. In Arabidopsis thaliana, four active 

DNA MTase enzymes have been identified: DRM2, CMT2, CMT3 and MET1 (Du et al., 

2015). The focus of this study, ZMET2, is an ortholog of CMT3 from Zea mays and, like 

CMT3, is thought to primarily methylate CHG sites (where H = A, T, or C) (Bartee et al., 

2001; Du et al., 2012; Lindroth, 2001; Papa et al., 2001). Both DNMT1 and 

CMT3/ZMET2 are classified as maintenance MTases based on their co-localization with 

replication machinery in vivo and, in the case of DNMT1, preference for hemimethylated 

DNA in vitro. While DNMT1 has been shown to have a preference for hemimethylated 

DNA, the relative activity of ZMET2 on hemimethylated versus unmethylated DNA 

substrates has not been reported (Du et al., 2012; Jeltsch and Jurkowska, 2016).  

Numerous studies have identified direct coupling between DNA MTase enzymes 

and posttranslational modifications on histone proteins in mammals. For example, 

DNMT3A recognizes unmodified H3 through an ATRX-DNMT3-DNMT3L (ADD) domain, 
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and its activity is inhibited by methylation of H3 at K4 (Li et al., 2011; Otani et al., 2009; 

Zhang et al., 2010). Full activity requires the formation of a complex of two DNMT3A 

molecules with two accessory DNMT3L molecules. The resultant tetramer allows for 

multivalent histone recognition, in which all four subunits make contacts with the 

unmodified H3 tails on nucleosomes (Jia et al., 2007). This type of multivalent histone 

recognition likely serves to promote fidelity and specificity for DNA MTase activity, as 

DNA methylation will depend not only on the successful formation of the tetrameric 

complex, but also successful recognition of the H3 tail by each subunit. The crystal 

structure of the tetramer formed by the C-terminal domains of DNMT3A and DNMT3L 

has been determined and suggests models in which the complex bridges across 

nucleosomes to target DNA (Jia et al., 2007).  Mammalian DNMT1 also engages with 

histone modifications, but through an adaptor protein, UHRF1. UHRF1 binds specifically 

to histone H3 lysine 9 methylation (H3K9me) and histone H3 arginine 2 via a tandem 

tudor domain and PHD finger domain, respectively. UHRF1 also promotes maintenance 

DNMT1 MTase activity by specifically recognizing hemimethylated DNA through a SET 

and RING finger associated (SRA) domain. While structures of DNMT1 bound to DNA 

have provided insight into the specificity of the enzyme for hemimethylated substrates, it 

is still not clear how DNMT1 and UHRF1 engage with a nucleosomal substrate. (Arita et 

al., 2008; Avvakumov et al., 2008; Bostick et al., 2007; Hashimoto et al., 2008; Liu et al., 

2013; Qian et al., 2008; Sharif et al., 2007; Song et al., 2012).  

In plants, the first example of positive feedback between DNA methylation and 

histone methylation came from studies of CMT3 and the histone H3 MTase 

KRYPTONITE (KYP). Mutation of KYP was found to reduce CHG methylation, while 
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deletion of CMT3 led to reduced levels of H3K9me (Jackson et al., 2002; Malagnac et 

al., 2002; Mathieu et al., 2005; Soppe et al., 2002; Tariq et al., 2003). H3K9me and 

CHG methylation were also shown to be highly associated throughout the Arabidopsis 

genome (Bernatavichute et al., 2008). This positive reinforcement was found to be 

driven by the KYP SRA domain which recognizes methylated CHG sites and a SET 

domain which deposits H3K9me (Du et al., 2014). Conversely, CMT3 contains a 

chromodomain (CD) with a canonical aromatic cage that specifically binds H3K9me. In 

addition to CMT3 H3K9me recognition via its CD, it was discovered that CMT3’s BAH 

domain is also competent to bind H3K9me (Du et al., 2012). Crystal structures of an N-

terminal truncation of ZMET2 demonstrate recognition of methylated H3 tail peptides by 

either the CD or the BAH domain (Du et al., 2012). Thus CMT3 and ZMET2 appear to 

have bypassed the necessity for adaptor proteins or heterodimerization to engage in 

multivalent histone tail recognition. How CMT3 and ZMET2 harness this “all-in-one” 

architecture to methylate target sequences with fidelity and specificity while in the 

context of nucleosome-bound chromatin, remains an open question.  

To investigate the mechanism by which ZMET2 interrogates chromatin context to 

ensure specificity and to understand the implications of its dual H3K9me binding 

capabilities, we carried out biochemical and structural studies of enzyme activity and 

binding behavior. We find that ZMET2 DNA MTase activity is maximally stimulated by 

the H3K9me mark, DNA hemimethylation and, surprisingly, the presence of 

dinucleosomes. Using a modified bisulfite sequencing method, we show that ZMET2 

preferentially methylates non-nucleosomal linker DNA on dinucleosomes. Further, we 

find that the CD recognizes H3K9me in the binding step of ZMET2’s DNA methylation 
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reaction, while the BAH domain is critical for H3K9me-mediated allosteric activation. 

Finally, we use electron microscopy to observe ZMET2 bridging across a dinucleosome, 

with the catalytic center positioned on the linker DNA. Together, these results explain 

how a DNA MTase structurally and biochemically integrates multiple substrate cues 

including 3D chromatin architecture to methylate hemimethylated CHG sites and 

reinforce heterochromatic regions of the genome. 

 

Results 

ZMET2 uses the H3K9me mark and hemimethylation for binding as well as activity 

We first investigated how ZMET2 recognizes two different covalent modifications 

associated with its in vivo substrate: H3K9me and DNA hemimethylation. Previous 

experiments have demonstrated that both a truncated version of ZMET2 as well as the 

isolated ZMET2 chromo- and BAH domains have binding specificity for the H3K9me2 

mark in the context of histone tail peptides (Du et al., 2012). We sought to characterize 

the role of H3K9me2 in ZMET2 binding and catalytic activity using full-length 

recombinant ZMET2 (Figures 1A and S1A). We first measured binding constants for H3 

tail peptides with and without methylation at lysine 9 using fluorescence polarization. 

We found that ZMET2 is highly specific for the H3K9me2 mark, as it binds with a >20-

fold higher affinity to the methylated tail peptide compared to the unmethylated tail 

peptide (Figure 1B). The affinity of ZMET2 for H3K9me2 and H3K9me3 tail peptides is 

comparable (Figure S1B, 1.4 µM and 1.9 µM, respectively), suggesting similar 

specificities for di- and trimethylated states of H3K9. This finding is consistent with 
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previously published peptide array data in which CMT3 and ZMET2 both bind to mono-, 

di- and trimethylated H3 tail peptides (Du et al., 2012). 

We next asked whether ZMET2 maintained the same specificity in the context of 

reconstituted nucleosomes modified using methyl-lysine analog (MLA) technology 

(denoted as H3Kc9me3) (Simon et al., 2007). The MLA modification has been a useful 

mimic of H3K9me in previous studies (Canzio et al., 2011; 2013). ZMET2 bound an 

H3Kc9me3 tail peptide ~3.5-fold more weakly than a peptide containing the native 

H3K9me3 mark, but still substantially more strongly than an unmodified peptide (Figure 

S1B). We therefore used the MLA modification to assess ZMET2 specificity and affinity 

in the context of nucleosomes. The specificity for the methyl mark was maintained in the 

context of nucleosomes (Figure 1C). Further, ZMET2 affinity for H3Kc9me3 

nucleosomes was ~7.5-fold higher than for the corresponding H3Kc9me3 tail peptide 

(Kd ~ 0.65 µM for H3Kc9me3 nucleosomes versus 5.1 µM for the H3Kc9me3 tail 

peptide, Figure S1B), implying that ZMET2 makes additional interactions with other 

regions of the nucleosome beyond the H3 tail.  

Previous studies with mammalian DNA MTase enzymes have suggested that 

histone tails can stimulate MTase activity (Li et al., 2011; Zhang et al., 2010). Given the 

critical role for the H3K9me mark in ZMET2 binding, we wondered if ZMET2 was 

catalytically regulated by H3K9me. We assessed the ability of full-length ZMET2 to 

methylate a 157 base pair (bp) fragment of DNA in the presence and absence of the 

H3K9me2 (1-32) tail, using tritium-labeled S-adenosyl-L-methionine as a methyl donor. 

We found that the H3K9me2 tail added in trans stimulates DNA MTase activity ~90-fold. 

This dramatic stimulation suggests that the H3K9me2 peptide is an allosteric activator 
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of ZMET2 activity. The same stimulation was not observed by addition of an 

unmethylated H3 tail peptide, suggesting that the stimulation requires the H3K9me mark 

(Figures 1D and 1E). All reactions were carried out under single turnover conditions, 

and conditions in which [ZMET2] was in excess and saturating over [DNA], so all results 

are a measure of catalytic stimulation and not binding effects (Figure S1C). For this and 

following experiments, we tested for saturation by varying ZMET2 concentration 5-fold 

and checking for a fold-increase in the rate constant (kobs) of less than five.  

The activating potential of the H3K9me mark prompted us to investigate how 

hemimethylation, the other proposed feature of ZMET2’s preferred substrate as a 

maintenance DNA MTase, regulates ZMET2 activity. We compared DNA MTase activity 

on unmethylated and hemimethylated 38 bp DNA duplexes under single-turnover 

conditions in which ZMET2 was in excess and saturating over DNA (Figure S1D). In the 

presence of the H3K9me2 (1-32) tail peptide, ZMET2 methylates the hemimethylated 

DNA substrate ~80-fold faster than it methylates the unmethylated DNA substrate. 

Surprisingly, in the absence of the H3K9me2 tail peptide, the preference for the 

hemimethylated DNA substrate is only ~3-fold versus the unmethylated substrate, 

suggesting that H3K9me2 and hemimethylation cooperate to enhance ZMET2 DNA 

MTase activity (Figures 1F and S1E). Because these experiments were carried out 

under saturating conditions, the results reflect only effects on the catalytic activity after 

the binding step of the reaction. To investigate the potential for cooperative effects in 

the context of binding, we measured binding to 38mer DNA duplexes and found that 

ZMET2 affinity for both unmethylated and hemimethylated 38mers was dramatically 
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enhanced in the presence of an H3K9me2 (1-32) peptide by 32-fold and 36-fold, 

respectively (Figures 1G and S1F).  

Together, these results suggest that: (1) the H3K9me mark and hemimethylation 

of DNA cooperatively stimulate ZMET2 activity, and (2) the H3K9me mark increases the 

affinity of ZMET2 for its DNA substrate. 

 

ZMET2 bridges across H3Kc9me3 dinucleosomes and is actively stimulated by these 

structures versus H3Kc9me3 mononucleosomes 

Previous work describing ZMET2’s dual H3K9me-binding capability via the CD 

and BAH raises the possibility that ZMET2 forms a 1:1 complex with a nucleosome, 

whereby one molecule of ZMET2 engages with both H3 tails on a single nucleosome 

(Du et al., 2012). Alternatively, it is possible that ZMET2 bridges across two 

nucleosomes, engaging one tail on each adjacent mononucleosome. To distinguish 

between these two possibilities, we measured DNA MTase activity on various mono- 

and dinucleosome substrates with and without the H3Kc9me3 mark. DNA methylation 

was measured under single-turnover conditions, with saturating concentrations of 

ZMET2 in excess of nucleosomes. Using this approach we found H3Kc9me3 

dinucleosomes were methylated with a kobs of 0.0016 min-1 (Figures 2A, S2A and S3B). 

In contrast, H3Kc9me3 mononucleosomes generated with 10 bp of linker DNA to 

recapitulate half of the dinucleosome substrate showed a kobs of 0.00025 min-1, ~ 6-fold 

lower than the rate constant measured for H3Kc9me3 dinucleosomes. Additionally, 

ZMET2 demonstrated 8-fold specificity for H3Kc9me3 on dinucleosomes, while there 

was no measurable H3Kc9me3 specificity for the mononucleosomes (Figures 3A, S2A 
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and S3A). Taken together, these results suggest that dinucleosomes are the preferred 

substrate over mononucleosomes. While monononucleosomes can be methylated at a 

low level, the lack of H3Kc9me3 specificity suggests ZMET2 is bound unproductively to 

mononucleosomes, while on dinucleosomes it can engage in an optimal orientation for 

catalytic activity.  

We next asked whether DNA sequence could influence ZMET2’s preference for 

dinucleosomes. We generated dinucleosomes with the 5S rRNA nucleosome 

positioning sequence and the same 20 bp linker present in the 601 dinucleosomes and 

found that DNA methylation on the 5S sequence was about 2-fold slower, suggesting 

the absence of a large sequence-dependent effect. (Figures 3A and S2A). ZMET2 

binding to H3Kc9me3 mononucleosomes assembled with the 5S positioning sequence 

is about 1.5-fold tighter than to mononucleosomes assembled with the 601 positioning 

sequence. We reasoned that [ZMET2] was saturating over 5S dinucleosomes because 

(1) the Kd for 5S mononucleosomes was similar to that measured for 601 

mononucleosomes, and (2) [ZMET2] was more than 10-fold above the Kd for 5S 

mononucleosomes (Figure S3C). 

ZMET2’s preference for the H3Kc9me3 dinucleosome substrate suggests a 

model in which the enzyme bridges across the two substituent mononucleosomes in 

order to engage with target CHG sites. This model is also consistent with our 

observation that ZMET2 is a monomer on its own at the concentrations used in the 

assays above. (Figure S2C). An alternative model is that ZMET2 self associates on 

dinucleosomes, with one ZMET2 molecule per mononucleosome, and that this self-

assembly stimulates activity on the dinucleosome substrate. To distinguish between 
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these models, we measured DNA MTase activity on dinucleosomes under multiple 

turnover conditions such that dinucleosome concentration was in large excess over 

ZMET2 concentration, favoring a single molecule of ZMET2 binding to dinucleosomes. 

We found similar rate constants for ZMET2 DNA methylation activity under these 

conditions, consistent with a model in which a single molecule of ZMET2 engages both 

mononucleosomes within the dinucleosome to achieve maximal activity (Figures 2C and 

S2B). Further, we hypothesized that nucleosome bridging behavior would render 

ZMET2 sensitive to dinucleosome linker length. To test this hypothesis, we generated 

dinucleosomes with 10, 30 and 40 bp linker lengths. (Figures 3A and S2A). 

Dinucleosomes with a 10 bp linker were comparable to dinucleosomes with a 20 bp 

linker with respect to rate constant and specificity for H3Kc9me3, suggesting that 

ZMET2 is not sensitive to a shorter linker (Figures 2A, S2A and S3D). Dinucleosomes 

with a 30 bp linker and one CHG site positioned in the center of the linker were 

methylated modestly faster than dinucleosomes with 10 and 20 bp linkers (each with 

one center-positioned CHG site), suggesting the average nucleosome spacing in A. 

thaliana (30 bp) may support maximal DNA methylation in plant heterochromatin 

(Figures 2B and S3E) (Chodavarapu et al., 2010). We generated a variation on the 30 

bp linker by positioning CHG sites at either end of the linker to test whether a center-

positioned site is favored for ZMET2 activity and found significantly reduced activity on 

this substrate. This finding supports a model in which the catalytic domain of a bridging 

molecule of ZMET2 is more proximal to CHG sites located in the center of a 

dinucleosome linker (Figure S3E).  Interestingly, the dinucleosomes with a 40 bp linker 

were methylated ~3-fold more slowly than dinucleosomes with a 20 bp linker suggesting 
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that ZMET2 activity is inhibited when adjacent nucleosomes are more distant from 

another and supporting a model in which ZMET2 bridges the dinucleosome structure.  

Finally, given the stimulatory effect of dinucleosomes for ZMET2 activity, we 

hypothesized that ZMET2 might associate more tightly to dinucleosomes than 

mononucleosomes during the binding step of the reaction. To determine an estimate of 

the Kd for ZMET2 on dinucleosomes, we measured the Km using a standard Michaelis-

Menten approach (Figure 3D). The Km for ZMET2 on H3Kc9me3 dinucleosomes was 

340 nM, which is about 2-fold tighter than the Kd measured for mononucleosomes using 

fluorescence polarization (Figure 1C). The comparable binding constants measured for 

mono- and dinucleosomes reinforce our hypothesis that preference of ZMET2 for the 

dinucleosome structure is largely post-binding. 

 

The ZMET2 CD recognizes H3K9me in the binding step and the BAH domain 

recognizes H3K9me in the catalytic step 

Across kingdoms, C5 cytosine DNA MTases share similar Type II 

methyltransferase catalytic domains. However, the composition of accessory domains 

that influence regulatory roles and biochemical function differ widely, highlighting the 

necessity to characterize these domains with respect to binding and catalytic activity 

(Lauster et al., 1989; Law and Jacobsen, 2010). Given that both the chromo- and BAH 

domains of ZMET2 are capable of interaction with H3K9me2 tail peptides and our 

finding that H3K9me2 can allosterically activate ZMET2, we can formulate two extreme 

models for CD and BAH domain function: (1) Both the CD and BAH domain are 
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involved in H3K9me2 binding and catalytic activation or (2) one domain is a binding 

module, and the other serves as the allosteric regulatory domain.  

To distinguish between these models, we made mutations in the aromatic cages 

of either the CD (F441A, CDx) or the BAH domain (W224L, BAHx) (Figure 1A, right 

panel). We then measured the affinity of these mutants for H3K9me0 and H3K9me2 (1-

32) peptides and found that binding of the CDx mutant to H3K9me2 peptides is 

significantly decreased compared to wild type ZMET2 (Figure 2A). In contrast, the BAHx 

mutant did not show a defect, showing instead modestly tighter binding. Next, we 

measured ZMET2 affinity for unmodified and H3Kc9me3 mononucleosomes (Figure 

2B). Mutating the CD resulted in a 4-fold decrease in affinity for H3Kc9me3 

nucleosomes. In contrast, mutating the BAH domain resulted in a modestly tighter 

affinity for H3Kc9me3 nucleosomes. For all ZMET2 constructs, affinity for unmethylated 

nucleosomes was very weak, allowing us to obtain only an upper limit for the Kd. The 

decreased affinity for both H3K9me3 tail peptides and H3Kc9me3 nucleosomes 

resulting from mutation of the CD aromatic cage but not the BAH aromatic cage 

suggests that the CD is ZMET2’s primary H3K9me binding module.  

Our finding that the CD is the main contributor to H3K9me peptide and H3Kc9me 

nucleosome affinity prompted us to explore the roles of both domains in catalysis. Using 

the same aromatic cage mutants, we carried out DNA MTase assays under single-

turnover conditions in which ZMET2 was in excess and saturating over unmodified and 

H3Kc9me3 dinucleosomes (Figure S4 A-D). Remarkably, the rate constant for DNA 

methylation by the CDx mutant was only modestly decreased compared to wild type 

ZMET2, while the rate constant for DNA methylation by the BAHx mutant was 
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decreased ~8-fold compared to wild type ZMET2 (Figure 2C). Further, the same 

experiment conducted with naked 157 bp duplexed DNA and H3K9me2 (1-32) peptides 

in trans demonstrated a similar pattern whereby the DNA methylation rate constant for 

the CDx mutant was comparable to wild type ZMET2, but the BAHx mutant was 

impaired 39-fold (Figure 2D). Combined with the binding analysis, these data suggest 

that the ZMET2 CD is mainly responsible for recognizing H3K9me in the binding step, 

while the BAH domain recognizes H3K9me during catalysis and is likely the domain 

promoting H3K9me-induced allosteric activation of ZMET2. 

 

ZMET2 preferentially methylates the linker DNA in H3Kc9me3 dinucleosomes 

Our model that ZMET2 bridges across tandem nucleosomes suggests that it 

targets linker DNA between the mononucleosomes. To test this possibility, we sought to 

determine ZMET2’s preferred DNA methylation target(s) on chromatin by measuring 

DNA methylation over time on dinucleosome substrates with CHG sites present in both 

the nucleosomal DNA and the 20 bp linker region. To control for intrinsic differences in 

methylation due to DNA sequence context, we compared the distribution of DNA 

methylation on an H3Kc9me3 dinucleosomal template with that on the corresponding 

naked DNA in the presence of an H3K9me2 (1-32) tail peptide. Naked DNA with 

H3K9me2 peptide and H3Kc9me3-modified dinucleosomes were incubated with 

saturating concentrations of ZMET2 and time points were subjected to bisulfite 

conversion and Illumina sequencing (Figure S5A). The resolution of bisulfite sequencing 

allowed us to determine kinetic parameters for DNA methylation at each of the CHG 

sites on the dinucleosome (Figure S5B). 
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Our analysis revealed three categories of CHG sites: (1) CCG sites, which were 

not detectably methylated in either the naked DNA or nucleosomal context, (2) CHG 

sites that were methylated faster on naked DNA than on dinucleosomes and (3) a single 

CHG site that was methylated faster on the dinucleosome than on naked DNA (Figures 

4A and 4C). The finding that CCG sites are not methylated is consistent with shotgun 

bisulfite sequencing data in which poorly methylated sequences containing methylated 

CHG sites tended to be depleted of cytosine upstream, but also tended to have a 

cytosine downstream of the methylated cytosine (Cokus et al., 2008; Gruenbaum et al., 

1981). The most preferred site on nucleosomal DNA was CTG 159, which is located in 

the linker DNA (Figure 4A).  

Comparison of bulk DNA MTase activity on dinucleosomes generated with the 

5S rRNA positioning sequence versus the 601 positioning sequence revealed 

comparable rates of methylation (Figure 2A). Nucleosomes assembled using the 5S 

DNA sequence have been shown to exhibit higher DNA unpeeling at the entry-exit site 

compared to nucleosomes assembled on the 601 sequence (Anderson et al., 2002). We 

therefore wondered if the more breathable 5S dinucleosomes might allow some internal 

nucleosomal CHG sites to be methylated. To address this question, we repeated 

bisulfite sequencing using 5S dinucleosomes or the corresponding naked DNA with 

H3K9me2 (1-32) tail peptides. Similar to the 601 bisulfite sequencing results, (1) a site 

within the linker DNA (161) was methylated faster in the context of dinucleosomes 

compared to the naked DNA and, (2) several sites were methylated rapidly on naked 

DNA but not detectably methylated when they were nucleosomal (Figures 4B, 4D and 

S5C). However, we found that, unlike with the 601 dinucleosomes, nucleosomal sites 
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located near the DNA entry/exit sites of the 5S sequence (13 and 179) were detectably 

methylated. For comparison, sites 13 and 179 were methylated 165-fold and 56-fold 

faster than the nearest corresponding positions in the 601 dinucleosome (sites 297 and 

130), respectively (Table S1). While the position of these targets sites on the 5S and 

601 dinucleosomes are not exactly corresponding with respect to the nucleosome 

structure, the results suggest that the more breathable 5S dinucleosome promotes DNA 

methylation by ZMET2 at nucleosomal sites that are proximal to the entry/exit site 

(Figures 4B and 4D). Nonetheless, the rate of methylation for the 5S target sites was 

substantially slower than for the single linker site in the 601 dinucleosomal template 

(Table S1). As a result, the overall rate of methylation on the 5S dinucleosomes, which 

is the sum of all the individual rates, is still slower (~5-fold) than that with 601 

dinucleosomes as measured by bisulfite sequencing. This is similar to the slower 5S 

rate seen in bulk. (Figures 2A, 4E and 4F). 

 

Visualization of ZMET2 bridging the dinucleosome by negative stain electron 

microscopy 

Our findings that ZMET2 is stimulated by dinucleosome substrates and 

preferentially methylates linker DNA in dinucleosomes strongly suggests a bridging 

model for ZMET2 assembly on chromatin. To further test this model, we generated 

~512 kDa ZMET2/H3Kc9me3 dinucleosome complexes using a glutaraldehyde 

crosslinking approach (GraFix, see Methods) and subjected these complexes to single 

particle electron microscopy (Figure S6A). Two-dimensional classification rendered 

classes with clearly visible nucleosomal features, where the nucleosomal DNA and “u-
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shaped” histone octamer are apparent (Figures 5B and S6B). The majority of the 2D 

classes, corresponding to > 80% of the particles, show a single molecule of ZMET2 

bound to the dinucleosome, while a small subset of the classes corresponding to ~12% 

of the particles show two ZMET2 molecules bound. The potential heterogeneity 

observed in the 2D classes is likely attributable to different ZMET2/dinucleosome 

binding modes or potential conformational flexibility. We generated GraFix-treated 

dinucleosomes in the absence of ZMET2 and produced 2D class averages that suggest 

a more significant range of flexibility between the constituent mononucleosomes than 

we observed in the ZMET2-bound complexes (Figures 5A and 5B). These 2D class 

averages suggest ZMET2 may stabilize specific dinucleosome structures when bound. 

We proceeded by selecting all particles corresponding to classes with singly-bound 

ZMET2/dinucleosome complexes and determined a 3D reconstruction using RELION 

and an ab initio 3D map generated from a smaller data set as an initial model (Figure 

S6C).  

The map, at a resolution of ~28 Å, clearly shows a single molecule of ZMET2 

bridging across the tandem mononucleosomes of the dinucleosome (Figure 5D). 

Different rotational views of the map closely correspond with 2D class averages of the 

ZMET2/dinucleosome complex (Figure 5C). The shape of the density corresponding to 

ZMET2 is consistent with the triangular architecture seen in the unbound ZMET2 (130-

912) crystal structure, where there is a large central density and two extensions on 

either side. The two extensions make contacts with regions of the mononucleosome 

that correspond to the locations of the H3 tails. The crystal structure of a 601 

dinucleosome (PDB 1KX5) fits well into the map, highlighting the twisted orientation of 
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the constituent mononucleosomes in the dinucleosome and the positioning of the 

central ZMET2 density over the linker DNA between the mononucleosomes (Schalch et 

al., 2005). We were also able to manually fit the ZMET2 (130-912) crystal structure 

(PDB 4FSX) into the central density (Du et al., 2012). Based on our biochemical data 

suggesting that the CD makes the most ground state contacts with the H3K9me 

modification, we fit the ZMET2 (130-912) crystal structure so that the CD occupies the 

interface with more ZMET2-nucleosome contacts in the 3D reconstruction (Figure 5E).  

 

Discussion 

In this study, we sought to understand the mechanistic roles of ZMET2/H3K9me 

interactions that were uncovered previously using genetics and structural biology (Du et 

al., 2012). Our biochemical and structural results suggest that the two H3K9me 

recognition domains in ZMET2 play binding and allosteric roles allowing ZMET2 to 

couple maximal DNA methylation to recognition of the appropriate DNA methylation 

status and chromatin architecture. Below we discuss the mechanistic implications of our 

findings. 

 

A biophysical explanation of feedback between H3K9 methylation and DNA methylation 

In both mammals and plants, positive feedback between DNA methylation and 

histone methylation has been proposed as a mechanism to ensure high specificity. This 

feedback is thought to be enabled in part by the presence of specific protein domains 

that recognize the methylation state of histones. For example, the mammalian de novo 

DNMT3 DNA MTases are inhibited by H3K4me in vivo and the DNMT3 ADD domain is 
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involved in an autoinhibitory mechanism that is relieved by recognition of unmethylated 

H3K4 (Guo et al., 2015; Li et al., 2011). Furthermore, the mammalian maintenance DNA 

MTase DNMT1 depends on UHRF1/H3K9me interactions for recruitment (Du et al., 

2015). In the case of the Arabidopsis thaliana DNA methyltransferase CMT3 and its Zea 

mays ortholog ZMET2, the chromo- and BAH domains are implicated in recognition of 

the H3K9me mark on nucleosomes (Du et al., 2012). The simplest explanation would be 

that both the chromo- and BAH domains aid in the binding of ZMET2 to H3K9me-

decorated chromatin. However, we find that the CD functions primarily in the binding 

step of ZMET2’s DNA MTase reaction, and the BAH domain functions primarily in the 

allosteric activation step.  

Allosteric activation is also suggested by our observation that an H3K9me2 

peptide can stimulate DNA MTase activity when added in trans. We further find that 

ZMET2 affinity for H3Kc9me3-modified mononucleosomes is tighter than the affinity for 

the corresponding H3Kc9me3 peptide, suggesting that ZMET2 makes additional 

interactions with the nucleosome, such as with nucleosomal DNA, in the ground state 

(defined as the most stable bound state). Based on these results we suggest a model in 

which the CD stabilizes ground state binding to the nucleosomal template whereas the 

BAH domain promotes a productive catalytic orientation of ZMET2. In this way, division 

of labor between the CD and BAH domain promotes the most favorable action of 

ZMET2 on nucleosome arrays, and helps explain the strong preference for ZMET2 to 

methylate CHG sites contained within linker DNA between nucleosomes. This model 

also provides a mechanism to ensure that non-specifically bound ZMET2 does not 

cause spurious DNA methylation. 
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In vitro evidence for H3K9me-driven maintenance methyltransferase activity 

Maintenance MTases are typically characterized by their interaction with 

components of the replication machinery and their preference for hemimethylated DNA 

in vitro. CMT3 indeed is co-expressed with PCNA and CTD1 (Du et al., 2012), both 

members of the replication machinery, but a direct analysis of DNA MTase activity by 

CMT3 or ZMET2 on hemimethylated substrates has been lacking. Furthermore, it 

remains to be seen how ZMET2 coordinates other substrate cues such as H3K9me with 

hemimethylation. For this purpose, we analyzed ZMET2 DNA MTase activity on a series 

of DNA substrates containing no DNA methylation or hemimethylation, in the presence 

and absence of H3K9me2 peptides. Mammalian DNMT1 demonstrates a 10-40-fold 

specificity for hemimethylated over unmethylated DNA substrates (Jeltsch, 2006; 

Jeltsch and Jurkowska, 2014). We find in the present study that ZMET2 exhibits a 

modest (~3-fold) preference for hemimethylated substrates in the absence of H3K9me2 

peptides but a substantially larger preference (~250-fold) in the presence of the 

H3K9me2 peptide. We propose that the combinatorial effect of these two substrate cues 

serves to increase fidelity for target loci during replication. Additionally, we speculate 

that optimal ZMET2 activity can only take place once modified histones are re-deposited 

on recently replicated chromatin, or once the action of histone MTases on newly 

deposited histones is complete.  

 

A nucleosome-bridging model provides a physical explanation for linker DNA specificity 



	 32	

DNA methylation at CHG sites in plants is thought to follow a ~167 bp periodicity, 

suggesting that nucleosomes may dictate DNA methylation patterning by directing the 

activity of DNA MTases (Cokus et al., 2008). Furthermore, DNA methylation by de novo 

MTases in mammals is primarily restricted to linker DNA when mapped in vitro (Felle et 

al., 2011). In this work, we identify a strong preference for ZMET2 to methylate 

dinucleosomes over mononucleosomes, suggesting that a single ZMET2 molecule is 

able to sense higher-order chromatin architecture. Our finding that ZMET2 prefers to 

methylate DNA in the linker region of a dinucleosome is consistent with a model in 

which ZMET2 establishes contacts with both mononucleosome subunits and spans 

across linker DNA, positioning the active site over target CHG sites. Along with H3K9me 

and hemimethylation, the capacity for ZMET2 to sense chromatin architecture and 

methylate nucleosome arrays faster than mononucleosomes is an additional substrate 

cue that ZMET2 uses during target recognition and methylation on regions of 

heterochromatin. Negative stain EM provides direct visualization of the 3D architecture 

of the complex. The architecture is consistent with our biochemical data suggesting one 

ZMET2 molecule bridging across the dinucleosome. The limited resolution of the 

structure precludes analysis of detailed conformational changes. Future high-resolution 

structures of the complex will be essential to rigorously assess this possibility.  

This study demonstrates one way in which eukaryotic DNA methyltransferases 

have evolved to read a specific chromatin context, namely via the presence of 

accessory domains that tightly regulate binding and catalytic activity in response to 

chromatin marks and nucleosome architecture. Further, this study challenges the 

pervasive model in which nucleosomes serve as a barrier to DNA methylation. While 
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octamer-bound DNA may indeed be less accessible to methylation, it is the presence of 

tandem nucleosomes that is activating for ZMET2. The bridging mechanism proposed 

here implies that nucleosome spacing in heterochromatin regions exists in a feedback 

loop with DNA modifying enzymes that work to recognize, methylate, and thus preserve 

the existing nucleosome spacing by promoting downstream stabilization of silencing via 

recruitment of methyl binding domains. We anticipate that future comparably detailed 

biochemical studies on mammalian DNA methyltransferases will uncover how these 

enzymes are regulated by their specific chromatin contexts. Comparative studies 

between plant and mammalian DNA methyltransferase systems would then reveal how 

different evolutionary constraints impact specific mechanistic solutions in the context of 

genome regulation. 
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Materials and Methods 

 

Protein expression and purification 

All ZMET2 constructs were generated from a codon-optimized commercially 

synthesized version of the coding gene and cloned into a pSUMO-based bacterial 

expression vector with a TEV-cleavable N-terminal 6xHis tag and N-terminal SUMO 

solubility tag. (DNA2.0). The expression vector was a kind gift from Dr. Jiamu Du and 

Dr. Dinshaw Patel at Memorial Sloan Kettering Center. All ZMET2 constructs were 
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expressed in Rosetta (DE3) E. coli (Novagen). ZMET2 expression and purification was 

performed using a protocol provided by Jiamu Du with some modifications. Starter 

cultures were inoculated from a glycerol stock of transformed Rosetta cells and allowed 

to grow overnight at 37°C. Large cultures (1 L each, 20 g Tryptone, 10 g Yeast Extract, 

10 g NaCl) were inoculated with 12-15 mL of starter culture and allowed to reach an 

OD600 of ~0.9-1.2 at 37°C. Cultures were then transferred to 20°C for 30 minutes, 

followed by induction with 0.2 mM IPTG and subsequent expression for 16-18 h. Cells 

were then harvested by centrifugation and resuspended in Lysis Buffer (20 mM Tris-HCl 

pH 8.0, 500 mM NaCl, 20 mM imidazole, 1 µg/mL pepstatin A, 3 µg/mL leupeptin, 2 

µg/mL aprotinin, 1 mM PMSF) and lysed under high pressure with an Emulsiflex-C3 

homogenizer (Avestin). DNase1 was added during high-pressure lysis to digest DNA in 

the lysate (Roche, ~1 mg/6 L culture). Lysates were pelleted by spinning at 30,000 x g 

for 25 minutes and the cleared supernatant was incubated with TALON cobalt affinity 

resin (Clontech, 1.5 mL slurry for each 1 L of culture) for 1-3 hours with gentle rotation. 

Bound resin was pelleted by spinning at 1,000 x g for 3 minutes and was washed three 

times with Lysis Buffer. Bound resin was applied to a disposable column (1 column per 

3 L of culture; GE Lifesciences) pre-equilibrated with 20 mL H2O and 20 mL Lysis 

Buffer, and any remaining wash buffer was allowed to flow through. Purified ZMET2 

was eluted with Elution Buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 500 mM 

imidazole; 20 mL per 3 L culture) and concentrated to < 2 mL using a spin concentrator 

(EMD Millipore). TEV protease was added to a final concentration of ~0.1 mg/mL and 

the mixture was dialyzed overnight into Low Salt Buffer (20 mM Tris-HCl pH 8.0, 150 

mM NaCl, 5 mM DTT). The dialyzed sample was then subjected to centrifugation to 
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clear any precipitation (10,000 x g, 5 min.) and injected onto a Q HP anion exchange 

column (5 mL, GE Lifesciences) pre-equilibrated with two column volumes of Low Salt 

Buffer. Bound ZMET2 was eluted using an increasing gradient of NaCl (150 mM to 1 M 

over 30 column volumes). Pure fractions were determined by gel and then pooled and 

concentrated to <2 mL. The concentrated sample was then further purified by size 

exclusion chromatography on a HiLoad Superdex 200 26/60 column (320 mL bed 

volume, GE Lifesciences) equilibrated with 360 mL Low Salt Buffer. Pure fractions were 

pooled and concentrated. In preparation for storage at -80°C, 10% v/v glycerol was 

added and samples were flash frozen in liquid N2.  

ZMET2 point mutants (W224L, F441A) were generated by site-directed 

mutagenesis of the full-length ZMET2 construct and were prepared as described above. 

 

Preparation of substrate and nucleosomal DNA 

Unmethylated and hemimethylated short duplexed substrates were generated 

from 38 bp single stranded DNA oligos (IDT). Oligos were annealed by heating 

complementary strands to 100°C and cooling slowly to room temperature. Annealing 

was checked by agarose gel and DNA concentration was measured by Nanodrop.  

For all mononucleosomal DNA, PCR was used to use amplify 601 or 5S 

sequences. Amplified DNA was ethanol precipitated and then separated from template 

and excess nucleotide over a 5% acrylamide gel and the band corresponding to the 

nucleosomal DNA was excised using UV shadowing. DNA was extracted from the gel 

matrix by first passing the gel through a syringe, then rocking the gel in 1X TE overnight 

at room temperature. Samples were filter-purified, and DNA extracted using ethanol 
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precipitation. Plasmids containing dinucleosomal 601 sequences were a generous gift 

from Dr. Karim Armache (NYU). Plasmids containing dinucleosomal 5S sequences 

were custom synthesized, using the 5S positioning sequence for both nucleosomal 

portions and the same linker sequence from the 601 construct (DNA2.0). To prepare 

large quantities of dinucleosomal DNA, plasmids containing the appropriate sequence 

were transformed into dam-/dcm- E. coli (NEB) and Giga preps were performed 

following the manufacturers instructions (Qiagen). Typically, a 2-3 L Giga prep would 

yield ~10-14 mg of plasmid, and after all purification procedures, ~1-2 mg of usable 

dinucleosomal DNA.   

 

Assembly of mononucleosomes and dinucleosomes 

Mononucleosomes and dinucleosomes were assembled from purified 

nucleosomal DNA and purified histone octamer prepared from bacterially expressed 

Xenopus laevis histones. Histone H3 was either wild type or a K9C mutant to allow for 

conjugation of a methyl lysine analog (MLA) to generate H3Kc9me3 nucleosomes 

(Simon, 2010). Optimal DNA:octamer:dimer ratios for nucleosome assembly were 

determined empirically. Nucleosomes were reconstituted by salt dialysis over 36-72 

hours and purified over 10-30% glycerol gradients using ultracentrifugation.  

 

Fluorescence polarization 

For all peptide binding assays, fluorescein-labeled peptides were synthesized 

commercially (CPC Scientific). H3Kc9me3 peptides were generated using the standard 

MLA installation procedure, followed by mass spectrometry and HPLC purification. For 
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all nucleosome binding assays, fluorescein-labeled DNA was generated by polymerase 

chain reaction using fluorescein-conjugated primers. Fluorescent nucleosomes were 

prepared as described above. Wild type or mutated ZMET2 was either dialyzed 

overnight into FP buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM DTT), or was 

buffer exchanged a minimum of three times into FP buffer using spin concentrators 

(Amicon). Serial dilutions of ZMET2 were prepared in FP buffer. 10X stock solutions of 

either fluorescein-labeled peptides or nucleosomes were prepared in the presence of 

0.01% NP-40 and pre-loaded into a 384-well plate. Using a multi-channel pipette, 

serially diluted ZMET2 was added and mixed with peptide or nucleosome samples. 

Final peptide or nucleosome concentration was between 5-10 nM. Following brief 

centrifugation, binding reactions were allowed to equilibrate at room temperature for 30 

minutes. Plates were then scanned in fluorescence polarization mode (Analyst HD). 

Data were plotted using Prism software (Graphpad) and fit to the following equation to 

determine Kd: 

 

 

Size-exclusion chromatography coupled to multi angle light scattering 

A Wyatt S 050 column was attached to an HPLC system with downstream multi-

angle light scattering detection and refractive index detection (Wyatt). Filtered ZMET2 

samples were injected onto the system after overnight equilibration of the column in 

MALS buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DTT). All data were 

analyzed using ASTRA software. 
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DNA methyltransferase assay 

For all single-turnover WT and F441A ZMET2 DNA methyltransferase assays, 5 

µM ZMET2 was incubated with 50-800 nM substrate (nucleosomes or naked DNA) in 

1X DNA MTase buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 1 mM 

DTT) in a 96-well plate (Corning). For single-turnover reactions using W224L ZMET2, 

20 µM protein was incubated with substrate and the salt concentration in 1X MTase 

buffer was adjusted to account for the additional salt provided by the protein storage 

buffer. For reactions containing H3 tail peptides, at least a 4-fold excess of peptide over 

[ZMET2] was used. All reactions were initiated by transferring protein/substrate mixtures 

to wells pre-loaded with S-Adenosyl-L-Methionine (3H-SAM) containing a methyl group 

labeled with tritium for a final 3H-SAM concentration of 4 µM (Perkin Elmer). For each 

time point, 10 µL of the reaction was removed and mixed in a well pre-loaded with 10 µL 

of 10 mM cold SAM iodide to quench the reaction (Sigma). Quenched time points were 

applied to circles of DE81 anion exchanging filter paper and the paper was allowed to 

dry (Whatman). The circles were washed twice for 5 minutes in 200 mM ammonium 

bicarbonate, once for 5 minutes in water and once for 5 minutes in ethanol. After drying, 

each individual circle was combined with scintillation cocktail and the samples were 

counted (Grainger, Beckman).  

Most time courses were fit to a straight line to determine initial rates. For single-

turnover reactions fit to a straight line, initial rates were divided by [substrate] to 

determine rate constants. For experiments comparing dinucleosomes to 

mononucleosomes, [substrate] was normalized for the number of “mononucleosomes” 
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contained in the substrate. For example, 100 nM dinucleosome was considered 

equivalent to 200 nM mononucleosomes. For multiple-turnover reactions, initial rates 

were divided by [ZMET2] to determine rate constants. For single-turnover time courses 

that reached near-completion, the data were fit to a single exponential and rate 

constants were extracted directly. To test background levels of 3H-methyl in the 

methyltransferase assay, reactions were allowed to proceed without enzyme. All plotting 

and fitting was done using Prism software (Graphpad).  

 

Preparation of samples for bisulfite sequencing 

DNA methylation reactions for subsequent bisulfite conversion and sequencing 

were initiated as described above, using single-turnover conditions, with SAM iodide in 

place of 3H-SAM. Time points were removed and samples were flash frozen in liquid 

nitrogen to stop the methylation reaction and stored at -80°C. Each time point was 

rapidly thawed at room temperature and 1 µL Proteinase K (Roche) was added to digest 

ZMET2 and histone proteins for 30 minutes at 37°C. Subsequently, 10 µL 1X SDS/TE 

was added to each sample. DNA was extracted using Phenol:Chloroform:Isoamyl 

alcohol (25:25:1, v/v, ThermoFisher) and back-extracted one time with chloroform. The 

aqueous layer was transferred to a fresh tube and ethanol precipitated overnight at -

20°C. Samples were centrifuged at 4°C for 15 minutes at 10,000 rpm. The supernatant 

was pipetted away and pellets were allowed to air dry for 1 hour. Precipitated DNA was 

then resuspended in 25 µL 1X TE. DNA samples were checked by native 

polyacrylamide gel. 
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Library generation, bisulfite conversion and sequencing 

Libraries for Illumina sequencing were generated using the KAPA Hyper Prep Kit 

(Kapa Biosystems) and Illumina library adaptors. After adaptor ligation, bisulfite 

conversion was carried out on the DNA using the EZ DNA Methylation Kit (Zymo). 

Finally, adaptor-ligated, bisulfite-treated DNA was amplified for 12 cycles using MyTaq 

DNA Polymerase (Bioline) and Illumina PCR Primer Mix. 

Bisulfite PCR products were sequenced on a MiSeq (Illumina) in 250 bp paired 

end mode. Read quality was checked using FastQC (v0.11.3, 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc). Since our reference 

sequence used for these experiments was only 314 bp, overlapped 250 bp paired end 

reads were merged using PANDAseq (v2.10) (Masella et al., 2012). Merged reads with 

314 bp in length were aligned using BSseeker2 (v2.0.9) with –s 1 –e 314 options (to 

specify the start and end of reads) (Guo et al., 2013). After aligning, methylation over 

cytosines was calculated using customized R scripts. The reference sequences used 

are listed below: 

 

601 dinucleosome: 

ATCGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCG

CTTAAACGCACGTACGGATTCTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCC

TAGTCTCCAGGCACGTGTCAGATATATACATCCGATGGTTAACGGATCTGGCCGCC

ATCGAGAATCCCGGTGCCGAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCG

CTTAAACGCACGTACGGATTCTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCC

TAGTCTCCAGGCACGTGTCAGATATATACATCCGAT 
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5S dinucleosome: 

 

ATCCCCGACCCTGCTTGGCTTCCGAGATCAGACGATTTCGGGCACTTTCAGGGTG

GTATGGCCGTAGGCGAGCACAAGGCTGACTTTTCCTCCCCTTGTGCTGCCTTCTG

GGGGGGGCCCAGCCGGATCCCCGGGCGAGCTCGAATTGGTTAACGGATCTGGCC

GCCGGCCCGACCCTGCTTGGCTTCCGAGATCAGACGATTTCGGGCACTTTCAGGG

TGGTATGGCCGTAGGCGAGCACAAGGCTGACTTTTCCTCCCCTTGTGCTGCCTTCT

GGGGGGGGCCCAGCCGGATCCCCGGGCGAGCTCGAAGAT	

 

Preparation of H3Kc9me3 dinucleosome and ZMET2 complexes  

Dinucleosomes and FL-ZMET2 were separately buffer exchanged into EM buffer 

(50 mM NaCl, 10 mM HEPES pH 7.5, 1 mM DTT) using spin concentrators (Amicon). 

Dinucleosomes and FL-ZMET2 were combined at final concentrations of 5.1 µM and 15 

µM, respectively, in a final volume of 60 µL and allowed to equilibrate at room 

temperature for 15 minutes. Complexes were stabilized using the GraFix procedure 

(Kastner et al., 2008). Briefly, glycerol gradients were generated with 10% and 30% 

glycerol buffers (Upper: 50 mM NaCl, 10 mM HEPES pH 7.5, 10% glycerol, 1 mM DTT 

and Lower: 50 mM NaCl, 10 mM HEPES pH 7.5, 30% glycerol, 1 mM DTT and 0.15% 

glutaraldehyde). Samples were centrifuged at 4°C for 14.5-15.5 hours at a speed of 

35,000 rpm and fractionated. 5-10 µL of each fraction was loaded onto a 5% 

polyacrylamide/0.5X TBE gel. Similar fractions were pooled and dialyzed overnight into 

a quenching buffer (50 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM DTT). Samples were 
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then concentrated and estimated nucleosome concentration in each sample was 

calculated by measuring DNA absorbance at 260 nm.   

  

Negative Stain Electron Microscopy and Image Processing 

Pooled fractions from the GraFix procedure were screened using negative stain 

EM and the fraction with the least non-specifically cross-linked material was used for 

further data collection. To prepare grids for negative stain EM, 3 µL of 140-180 nM 

complex was applied to 400 mesh carbon-coated copper grids (Ted Pella), which were 

glow discharged for 30 seconds using the EasiGlow system (Pelco). Grids were blotted 

and stained with 3 µL of 0.75% uranyl formate solution three times with blotting in 

between each application.  

A preliminary dataset was collected using a Tecnai T12 microscope (FEI 

Company) equipped with a LaB6 filament and operated at 120 kV. Images were 

collected with an Ultrascan 4096 x 4096 pixel CCD camera (Gatan) at a nominal 

magnification of 52,000x which corresponds to a pixel size of 2.12. A total of 40 

micrographs were collected, binned by a factor of two, and 4,656 particles were 

selected manually and extracted using RELION. After removing non-particles from the 

stack using 2D alignment and classification, an ab initio 3D reconstruction was 

calculated using cryoSPARC (Punjani et al., 2017). Two classes were requested during 

3D ab initio reconstruction and the best model, corresponding to 98.6% of the particles 

was selected. 

An additional, larger dataset of 392 micrographs was collected using a Tecnai 

T20 microscope (FEI Company) equipped with a LaB6 filament and operated at 200 kV. 
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Images were collected using SerialEM (Mastronarde, 2005) and a TemCam F816 8k x 

8k (TVIPS, Germany) camera at a nominal magnification of 50,000x, which corresponds 

to a pixel size of 1.57. 21,526 particles were selected manually and extracted using 

RELION (Scheres, 2012). Micrographs were binned by a factor of two, and GCTF was 

used for CTF estimation (Zhang, 2016). All subsequent image processing was 

performed in RELION. 2D classification was performed by sorting particles into 200 2D 

classes and from those, a dataset of ~5000 particles with only one bound ZMET2 

molecule were used for 3D classification. 3D classification into four classes yielded 

structures that were very similar in conformation. The final structure presented 

corresponded to 24.6% of the data and had the least noise. 
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Figure 1: ZMET2 uses the H3K9me mark and hemimethylation for binding as well 
as activity. (A) Schematic of full-length ZMET2 domain architecture and crystal 
structure of truncated ZMET2 (130-912) in complex with SAH (PDB 4FSX). Aromatic 
cage residues mutated in this study are shown (F441 and W224). (B) Affinity of ZMET2 
for 32 residue H3 peptides with and without methylation at lysine 9 measured by 
fluorescence polarization. Measurements were done in duplicate (n=2) and the error is 
reported as SEM. (C) Affinity of ZMET2 for mononucleosomes with and without methyl 
lysine analog (MLA) modification of lysine 9 measured by fluorescence polarization. 
Measurements were done in duplicate (n=2) and the error is reported as SEM. (D) DNA 
methyltransferase activity of ZMET2 on 157 bp 601 substrates with the 601 sequence in 
the absence and presence of H3 tail peptides. All peptides contain residues 1-32 of 
histone H3 and were included at a concentration of 25 µM. Reactions were conducted 
under single-turnover conditions in which ZMET2 (5 µM) was in excess and saturating 
over DNA substrates (200 nM). (E) Rate constants derived from (D). Rate constants 
were calculated by dividing initial DNA methylation rates by the concentration of 
substrate. kobs for no peptide, H3K9me0 and H3K9me2 reactions were 0.00012 (±8.8E-
6) min-1, 0.00014 (±1.4E-5) min-1, and 0.011 (±0.0002) min-1, respectively. Experiments 
were done in duplicate (n=2) and error bars represent SEM. (F) DNA methyltransferase 
activity of ZMET2 for unmethylated or hemimethylated 38 bp duplexed DNA in the 
absence of H3K9me2 peptide (left panel) or in the presence of H3K9me2 peptide (right 
panel). Reactions were conducted under the same conditions as in (D), except with 300 
nM 38 bp duplexes. Rate constants for unmethylated, hemimethylated, unmethylated 
with H3K9me2 and hemimethylated with H3K9me2 were 5.3E-5 (±1.1E-5) min-1, 
0.00015 (±3.6E-5) min-1, 0.00049 (±0.00019) min-1, and 0.038 (±0.0095) min -1, 
respectively. Experiments were done in duplicate (n=2) and error bars represent SEM. 
(G) Affinity of ZMET2 for 38 bp duplexed DNA with and without hemimethylation and 
either H3K9me0 or H3K9me2 peptides measured by fluorescence polarization. 
Experiments with H3K9me0 peptide were done in duplicate (n=2), unme + H3K9me2 
was done in triplicate (n=3), and hemi + H3K9me2 was done in quadruplicate (n=4). 
Error bars represent SEM. 
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Figure 2: ZMET2 senses 3D chromatin architecture to methylate H3Kc9me 
dinucleosomes better than mononucleosomes. (A) DNA MTase activity of ZMET2 
for different nucleosomal substrates. All reactions were carried out under single turnover 
conditions in which [ZMET2] was in excess and saturating over nucleosomes. 601 
dinucleosome (20 bp) experiments were performed in quadruplicate (n=4). 601 
mononucleosome and 5S dinucleosome experiments were performed in duplicate 
(n=2). Error bars represent SEM. (B) Dinucleosome linker length dependence for 
ZMET2 MTase activity under single-turnover conditions in which [ZMET2] was in excess 
and saturating over dinucleosomes. For ease of comparison, kcat measurements for 
dinucleosomes with the 20 bp linker are replotted from (A). 10 bp and 30 bp 
experiments were performed in triplicate (n=3) and 40 bp linker experiments were 
performed in duplicate (n=2). Error bars represent SEM. (C) DNA MTase activity of 
ZMET2 for 601 dinucleosomes with 20 bp linker under multiple turnover conditions in 
which the concentration of H3Kc9me3 dinucleosomes is in excess and saturating over 
the concentration of ZMET2. (D) Michaelis-Menten curve for ZMET2 activity on 601 
dinucleosomes with 20 bp linker. The calculated Km for H3Kc9me3 dinucleosomes is 
340 nM. The Km for WT dinucleosomes is not reliably measurable due to the low 
activity. Experiments were done in duplicate (n=2). Error bars represent SEM. 
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Figure 3: The ZMET2 CD recognizes H3K9me in the binding step and the BAH 
domain recognizes H3K9me in the catalytic step. (A) WT, F441A and W224L 
ZMET2 affinity for fluorescein-labeled H3 tail peptides measured by fluorescence 
polarization. All experiments were done in duplicate (n=2). Error bars represent SEM. 
(B) WT, F441A and W224L ZMET2 affinity for WT and H3Kc9me3 mononucleosomes 
measured by fluorescence polarization. Experiments with WT and F441A (CDx) ZMET2 
were performed in duplicate (n=2). Experiments with W224L (BAHx) were performed in 
quadruplicate (n=4). Error bars represent SEM. (C) DNA methyltransferase activity for 
WT, F441A and W224L ZMET2 on WT and H3Kc9me3 dinucleosomes. Reactions were 
conducted under single turnover conditions in which the concentration of each ZMET2 
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protein was in excess and saturating over the dinucleosome concentration. All 
experiments were done in duplicate (n=2). Error bars represent SEM. (D) DNA 
methyltransferase activity for WT, F441A and W224L ZMET2 on 157 bp DNA with 601 
sequence in the presence of H3K9me2 (1-32) in trans. Reactions were conducted under 
the same conditions as in (C). All experiments were done in duplicate (n=2). Error bars 
represent SEM. 
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Figure 4: ZMET2 preferentially methylates the linker DNA in H3Kc9me3 
dinucleosomes. (A) Schematic of 601 dinucleosome with CHG sites that are either 
methylated (purple) or not methylated (blue) on the dinucleosome. Only non-CCG sites 
are colored. Histone H3 is colored dark blue (PDB 1ZBB).  (B) Schematic of 601 
dinucleosome, used to represent approximate structure of a dinucleosome assembled 
with the 5S positioning sequence. CHG sites that are either methylated (orange) or not 
methylated (green) are labeled. Only non-CCG sites are colored. Histone H3 is colored 
dark blue (PDB 1ZBB). (C) Upper left, bisulfite sequencing time course for ZMET2 
activity at 601 CTG 159, the CHG site in the linker region of the dinucleosome, a site 
where H3Kc9me3 dinucleosomes are methylated faster than naked DNA plus 
H3K9me2 peptide; upper right, bisulfite sequencing time course for ZMET2 activity at 
601 CAG 297, a site where naked DNA plus H3K9me2 peptide is methylated much 
faster than H3Kc9me3 dinucleosomes; lower left, bisulfite sequencing time course for 
ZMET2 activity at 601 CAG 209, a site resembling the pattern seen at CAG 297; lower 
right, bisulfite sequencing time course for ZMET2 activity at 601 CCG 11. This site is 
representative of all CCG sites in the DNA sequence, in which no DNA 
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methyltransferase activity was detectable. (D) Upper left panel, bisulfite sequencing 
time course for ZMET2 activity at 5S CAG 161, the CHG site in the linker region of the 
dinucleosome; upper right panel, bisulfite sequencing time course for ZMET2 activity at 
5S CAG 13, a CHG site located near the entry/exit site of the nucleosome; lower left 
panel, bisulfite sequencing time course for ZMET2 activity at 5S CAG 179, a CHG site 
locate near the entry/exit site of the nucleosome; lower right panel, bisulfite sequencing 
time course for ZMET2 activity at 5S CAG 110, a site in which methyltransferase activity 
was much faster on naked DNA plus H3K9me2 peptide than on the dinucleosome. (E) 
The observed rate constant (kobs) for DNA methylation on 601 dinucleosomes as 
observed by the radioactive assay (Figure 2A) is mostly dominated by the rate constant 
for methylating CHG 159 (k159) as measured using bisulfite sequencing. (F) The 
observed rate constant (kobs) for DNA methylation on 5S dinucleosomes has 
contributions from the rate constants of the three most methylated sites (k161, k13, and 
k179). 
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Figure 5: Visualization of ZMET2 bridging the dinucleosome by negative stain 
electron microscopy. (A) Two-dimensional class averages of GraFix-treated 
H3Kc9me3 dinucleosomes (2N_20) alone. (B) Two-dimensional class averages of 
Grafix-treated complex formed between H3Kc9me3 dinucleosomes (2N_20) and 
ZMET2. (C) Two-dimensional class averages depicting different views of the 
ZMET2/H3Kc9me3 dinucleosome complex. Scale bar is 10 nm. (D) Four different 90° 
rotational views of a 3D reconstruction of the ZMET2/H3Kc9me3 complex. The complex 
is represented at two different threshold levels. (E) The same views from (B), with the 
dinucleosome and ZMET2 (130-912) crystal structures manually fitted into the map. 
Red arrowheads represent location of emergence of the H3 tail from the globular portion 
of histone H3 (blue). Colors highlight different domains of ZMET2 (130-912): magenta, 
catalytic domain; blue, CD; orange, BAH. 
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Figure 6: Model for ZMET2 assembly and activity on chromatin. (A) Schematic for 
ZMET2 assembly and activity on chromatin arrays. (A) ZMET2 interrogates 
chromatin context by scanning for the correct architecture, H3K9me and 
hemimethylation. In heterochromatic regions of the genome, the ZMET2 CD recognizes 
the H3K9me mark. The ZMET2 BAH domain then recognizes the H3K9me mark and 
the enzyme is allosterically activated for DNA methylation. SAM is utilized for methyl 
transfer during product formation. (B) Free energy profile for the model depicted in (A). 
The crosshatch represents the transition state for the chemical step of the reaction. The 
dotted line represents a lower energy transition state in the presence of a 
hemimethylated DNA substrate. 
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Chapter 2: Supplementary Figures 
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Figure S1 (Related to Figure 1): Purification of FL-ZMET2, comparison of methyl 
lysine analog-modified and canonically methylated peptides in ZMET2 binding, 
saturation checks for ZMET2 on naked DNA substrates and raw DNA 
methyltransferase and fluorescence polarization curves for ZMET2. (A) Denaturing 
gel stained with Simply Blue showing purified recombinant full length ZMET2. (B) 
Fluorescence polarization binding curves for ZMET2 binding to 32mer H3 tail peptides 
with differential methylation states. Kd values for H3K9me0, H3K9me2, H3K9me3 and 
H3Kc9me3 (MLA) peptides are >17.7 µM, 1.9 µM, 1.4 µM, and 5.1 µM, respectively. (C) 
Rate constants for ZMET2 DNA MTase activity on naked 157 bp 601 DNA in the 
presence and absence of H3 tail peptides at varying ZMET2 concentrations. (D) Rate 
constants for ZMET2 DNA MTase activity on 38 bp DNA substrates in the presence and 
absence of H3 tail peptides at varying ZMET2 concentrations. 
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Figure S2 (Related to Figure 2): Raw DNA methyltransferase time courses for 
ZMET2 and Size Exclusion Chromatography/Multi-Angle Light Scattering data for 
FL-ZMET2. (A) Raw DNA methyltransferase time courses for ZMET2 and the 
substrates depicted in Figure 3A. (B) Raw DNA methyltransferase time course 
associated with Figure 3B for ZMET2 DNA methylation on WT and H3Kc9me3 
dinucleosomes under multiple turnover conditions. (C) Molar mass for full length ZMET2 
as measured by size exclusion chromatography coupled with multi angle light 
scattering. ZMET2 was injected onto the SEC-MALS system at a concentration of 19 
µM. 
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Figure S3 (Related to Figure 2): Saturation checks for ZMET2 and dinucleosome 
substrates, fluorescence polarization curves for ZMET2 binding to 601 and 5S 
mononucleosomes. (A) Rate constants calculated for ZMET2 MTase activity on 
H3Kc9me3 mononucleosomes with 40 bp overhangs (40/40) at varying [ZMET2] plotted 
for ease of comparison with rate constant for activity on H3Kc9me3 mononucleosomes 
with 10 bp overhang (10/0) as reported in Figure 2A. (B) Rate constants calculated for 
ZMET2 DNA MTase activity on dinucleosomes with a 20 bp linker at varying 
concentrations of ZMET2. (C) Fluorescence polarization curve for ZMET2 binding to 
mononucleosomes assembled with either 601 or 5S DNA. (D) Rate constants 
calculated for ZMET2 DNA MTase activity on dinucleosomes with a 10 bp linker at 
varying concentrations of ZMET2. (E) Rate constants calculated for ZMET2 DNA 
MTase activity on dinucleosomes with one CHG site (CTG) positioned in the center of 
the 30 bp linker (WT 2N_30 and H3Kc9me3 2N_30, varying concentrations of ZMET2) 
or two CHG sites (both CTG) positioned at either end of the linker (H3Kc9me3 
2N_30_off-center). (F) Rate constants calculated for ZMET2 DNA MTase activity on 
dinucleosomes with a 40 bp linker at varying concentrations of ZMET2. 
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Figure S4 (Related to Figure 3): Saturation checks for ZMET2 CD and BAH point 
mutant DNA methylation activity on dinucleosomes. (A) Rate constants for DNA 
methylation of WT dinucleosomes with a 20 bp linker (2N_20) under varying 
concentrations of F441A ZMET2.  (B) Rate constants for DNA methylation of 
H3Kc9me3 dinucleosomes with a 20 bp linker (2N_20) under varying concentrations of 
F441A ZMET2. (C) Rate constants for DNA methylation of WT dinucleosomes with a 20 
bp linker (2N_20) under varying concentrations of W224L ZMET2. (D) Rate constants 
for DNA methylation of H3Kc9me3 dinucleosomes with a 20 bp linker (2N_20) under 
varying concentrations of W224L ZMET2. 
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Figure S5 (Related to Figure 4): Kinetic analysis of bisulfite conversion and 
sequencing of nucleosomal and naked DNA substrates. (A) Experimental scheme 
for DNA methyltransferase assay followed by bisulfite conversion and sequencing. (B) 
Time courses for DNA methylation by ZMET2 on 601 dinucleosomes at all CHG sites 
on the plus strand. (C) Time courses for DNA methylation by ZMET2 on 5S 
dinucleosomes at all CHG sites on the minus strand. 
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Figure S6 (Related to Figure 5): Negative stain of ZMET2/H3Kc9me3 
dinucleosome complex. (A) Representative raw micrograph of GraFix-treated 
ZMET2/H3Kc9me3 dinucleosome complexes. (B) Two-dimensional classification of a 
small preliminary dataset shows dinucleosomes bound with a single ZMET2 molecule 
(left). Map resulting from ab initio 3D reconstruction in cryoSPARC (right). (C) 
Representative 2D classes from RELION 2D classification of a larger dataset (left). 
Later iteration of 2D classification with only selected doubly-bound classes (right, 
upper); later iteration of 2D classification with only selected singly-bound classes (right, 
middle); final 3D reconstruction generated by 3D classification with singly-bound 
particles (right, lower). 
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Table S1 (related to Figure 4 and S3): Table containing rate constants for selected 
sites mentioned in the text calculated from DNA methyltransferase/bisulfite sequencing 
time courses associated with Figures 4 and S3. ND: not detectable. 
 

 
 
 
 
 
 
 

 Naked (min-1) Naked + 
H3K9me2  
(min-1) 

WT di (min-1) H3Kc9me3 di 
(min-1) 

601/159 3.8e-005 
 

0.00058 
 

1.4e-005 
 

0.0055 
 

601/297 2.7e-005 
 

0.0028 
 

3.2e-005 
 

8.5e-007 
 

601/209 1.6e-005 
 

0.0004 
 

ND ND 

601/11 
 

ND ND ND ND 

601/130 
 

1.509e-014 
 

0.002829 
 

ND 7.199e-006 
 

5S/161 2e-015 
 

0.00034 
 

6.6e-006 
 

0.00042 
 

5S/13 ND 0.00029 
 

ND 0.00014 
 

5S/179 1.2e-015 
 

0.00057 
 

1.9e-005 
 

0.0004 
 

5S/110 ND 0.0023 
 

2.2e-005 
 

5.5e-006 
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Appendix to Chapter 2 
 

This section includes unpublished results that may be useful for future analyses, 

particularly of ZMET2’s propensity to form dimers and the consequences of such 

dimerization.   

 

Results 
 
Deletion of the ZMET2 N-terminus changes the monomer/dimer equilibrium of free 
ZMET2, but does not affect the stoichiometry of ZMET2 assembly on dinucleosomes 
 
The bulk of this dissertation has focused on ZMET2’s three primary accessory domains: 

the chromodomain, bromo-adjacent homology domain (BAH) and the catalytic domain. 

The N-terminus of ZMET2, which is not present in the most recent crystal structure of 

the enzyme, has not yet been characterized (Du et al., 2012). The N-terminus is 

comprised of 130 residues and contains multiple small basic and acidic patches. Given 

the truncation in the ZMET2 crystal structure, it is likely the N-terminus is flexible. Our 

initial studies of ZMET2 were conducted with the truncated form of the enzyme (ΔN-

ZMET2, aa.130-912). However, the role for the BAH domain in allosteric activation of 

ZMET2 described in this chapter, and the BAH domain’s proximity to the N-terminus in 

primary sequence prompted us to examine the role of the N-terminus in ZMET2 

nucleosome assembly and activity. 

 We determined the absolute molar mass of both truncated and full-length ZMET2 

using Size Exclusion Chromatography coupled to Multi Angle Light Scattering (SEC-

MALS). At a range of concentrations from 1 µM to 19 µM, ΔN-ZMET2 formed primarily 

dimers in solution. Conversely, even at concentrations as high as 19 uM, FL-ZMET2 
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was primarily monomeric in solution, suggesting that presence of the N-terminus is 

refractory to dimerization (Appendix, Figure 1A). In other words, an intact N-terminus 

promotes the monomeric form of ZMET2. Consistent with the SEC-MALS 

measurements of ΔN-ZMET2 as a dimer, negative stain electron microscopy of ΔN-

ZMET2 shows evenly-dispersed “long-distance” dimeric structures in which single 

particles in the expected size range of ΔN-ZMET2 form what look to be weak dimers 

when applied to a carbon-coated grid at concentrations as low as 25 nM (Appendix, 

Figure 1B). 2D classification of these structures did not yield any visible linker between 

the substituent monomers (not shown).  

 We next sought to measure the stoichiometry of FL- and ΔN-ZMET2 when in 

complex with dinucleosomes. Given the bridging model proposed in Chapter 2 of this 

thesis, we hypothesized that FL-ZMET2 would form a 1:1 complex with H3Kc9me3 

dinucleosomes, while ΔN-ZMET2 would form a 2:1 complex based on the SEC-MALS 

of ΔN-ZMET2 alone. Surprisingly, we measured molar masses highly consistent with 

the expected mass of a 2:1 structure using SEC-MALS (Appendix, Figures 1C and 1D). 

Together, these results suggest that FL-ZMET2 is capable of dimerizing on the 

dinucleosome template, which is supported by a minority of negative stain electron 

microscopy 2D particles bearing this structure, as seen in Chapter 2 (Figure S6) of this 

thesis. Particles used for negative stain EM were crosslinked, which may help explain 

the equilibrium shift from mostly 2:1 ZMET2:dinucleosome structures seen by SEC-

MALS to the mostly 1:1 structures seen by negative stain EM.  

 

ΔN-ZMET2 is inhibited under high-concentration (dimerization-competent) conditions 
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The tendency for ΔN-ZMET2 to form dimers, and for both ΔN- and FL-ZMET2 to form 

2:1 ZMET2:dinucleosome complexes prompted us to evaluate DNA methyltransferase 

activity on nucleosome and naked DNA substrates. Interestingly, when comparing ΔN- 

and FL-ZMET2 under single-turnover conditions in which [ZMET2] is in excess and 

saturating over [dinucleosomes], there is a ~2-fold difference in rate constant for 

H3Kc9me3 dinucleosomes with 20 bp linkers (2N_20) (Appendix, Figure 2A). However, 

under multiple-turnover conditions in which the concentration of dinucleosomes is in 

excess of ZMET2, ΔN-ZMET2 is stimulated about 6-fold when compared to FL-ZMET2 

(Appendix, Figure 2B). While it is technically challenging to determine the absolute 

oligomeric state of ZMET2 at the enzyme concentration used for multiple-turnover 

experiments (25 nM), we hypothesize that the oligomerization equilibrium for ΔN-

ZMET2 is shifted towards a monomeric state. Together, these results suggest that, 

under conditions favoring a monomeric form of ZMET2, the N-terminus is inhibitory for 

ZMET2 DNA methyltransferase activity. Our finding that rate constants for ΔN-ZMET2 

methylation of dinucleosomes were not significantly different from those measured for 

FL-ZMET2 held true in the context of mononucleosomes (Appendix, Figure 2C) and on 

naked 601 DNA in the presence of H3K9me2 peptide (Appendix, Figure 2D).  

 

Recombinant ΔN-CMT3 binds specifically to H3Kc9me3 mononucleosomes 

Much of the analysis on plant DNA methyltransferase enzymes has focused on the 

Arabidopsis thaliana ortholog of ZMET2, CMT3. Positive feedback between H3K9me 

and DNA methylation via CMT3 was originally observed using genetic approaches in A. 

thaliana and the importance of the CMT3 BAH and CD of CMT3 in vivo helped shape 
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the trajectory of this thesis (Du et al., 2012; Jackson et al., 2002; Lindroth, 2001). 

Recombinant ZMET2 eventually proved to be more consistently homogeneous by 

negative stain electron microscopy than CMT3, leading us to pursue ZMET2 for the vast 

majority of biochemical and structural studies. Later purifications of CMT3 were more 

successful and well-dispersed particles are visible by negative stain EM, with some 

evidence for the “long-distance” pairing of single particles observed for ZMET2 

(Appendix, Figure 3A). We used fluorescence polarization to measure binding of CMT3 

to fluorescein-labeled 601 mononucleosomes and found specificity for the H3Kc9me3 

mark. However, CMT3 affinity for H3Kc9me3 mononucleosomes was about 10-fold 

weaker than affinities measured for ZMET2, suggesting CMT3 binds an order of 

magnitude more weakly to mononucleosomes on its own.  

 

Challenges and progress towards a high-resolution cryo-EM reconstruction of the 

ZMET2/dinucleosome complex 

In Chapter 2 of this thesis, we used negative stain EM to reconstruct a low-resolution 

map of ZMET2 bound to an H3Kc9me3 dinucleosome. The structure supported our 

biochemical data suggesting that ZMET2 bridges across individual mononucleosomes, 

positioning the active site in proximity to linker DNA. While we can make some 

educated guesses about which blob-like densities correspond to the BAH domain and 

CD, there are still huge insights to be gleaned form an atomic-level structure. For 

example, which domains of ZMET2 make contact with nucleosomal and linker DNA, the 

extent of H3 tail interactions with both the accessory domains, the nature of a putative 

dimerization interface in 2:1 ZMET2:dinucleosome complexes, and whether there are 
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observable changes in DNA structure such as bending or kinking when ZMET2 is 

engaged with the dinucleosome are all open questions. 

To this end, I spent many years learning how to prepare samples frozen in 

vitreous ice, use electron microscopes under cryo conditions, and conduct cryo-EM 

image processing. During this time, the challenges of working with chromatin were 

reinforced many times and have been evidenced in the field by the overall dearth of 

cryo-EM structures of chromatin and its associated binding partners. Nevertheless, 

there is huge momentum to solve these structures, because they are also traditionally 

challenging to map using X-ray crystallography, and much progress has been made to 

this end even in the last year. 

 Our latest cryo-EM studies have used the GraFix approach to crosslink ZMET2 

to dinucleosomes over a gradient of glycerol and glutaraldehyde (see Chapter 2, 

Methods) (Kastner et al., 2008). This crosslinking approach has been instrumental in 

overcoming one of the most significant problems in preparing cryo-EM samples with 

chromatin: the dramatic disassembly of nucleosomes during the grid preparation step. It 

is still unclear what causes nucleosome disassembly during grid preparation, but one 

hypothesis is that nucleosomes do not survive forces at the air/water interface during 

freezing (Glaeser and Han, 2017). Using GraFix to prevent disassembly, we collected 

two separate datasets in which we could clearly see dinucleosome structures 

(Appendix, Figures 4A and 4B). Upon 2D classification of particles picked from the initial 

dataset, we did not see evidence of bound ZMET2 (Appendix, Figures 4A and 4D). This 

was affirmed during 3D classification and refinement of the dataset, in which a low-

resolution dinucleosome was visible, but no density for ZMET2 (Appendix, Figure 4G, 
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left). A second, larger dataset was collected using freshly prepared GraFix treated 

samples in the presence of 3% glycerol. Addition of glycerol dramatically improved the 

particle distribution (Appendix, Figure 4B). However, a significant level of disassembly 

was observed for this dataset as 2D classification yielded mostly mononucleosomes 

with no evidence of ZMET2 bound (Appendix, Figure 4B and 4E). We suspect the 

disassembly and absence of ZMET2 was caused by using a fraction slightly higher in 

the GraFix gradient (and thus subjected to a lower concentration of glutaraldehyde (see 

Appendix, Methods).  Nevertheless, 3D reconstruction of mononucleosome structures 

from the second dataset yielded a structure at a resolution of 3.5 Å, suggesting the data 

were of high quality. Further, a 3D reconstruction of only the sparse, hand-picked 

dinucleosome structures yielded a map similar to that of the first dataset, in which the 

resolution is quite low and no visible ZMET2 molecule is present (Appendix, Figure 4G, 

right). Grids prepared with a different, GraFix-treated sample contained holes in which 

ZMET2-bound dinucleosomes were thought to be observed, but due to handling 

difficulties, data collection using these grids was not possible (Appendix, Figure 4C). 

New approaches and next steps for this area of study are detailed in the Discussion. 

 

Discussion 
 
The propensity for ZMET2 to form dimers is an intriguing avenue for further study. DNA 

methyltransferase enzymes from both mammals and plants are thought to form dimers, 

but the consequences of dimerization to substrate binding and catalysis are unclear (Jia 

et al., 2007; Zhong et al., 2014).Here, we demonstrated that the N-terminus appears to 

inhibit dimerization of ZMET2 alone, but does not prevent the formation of a 2:1 
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ZMET2:dinucleosome complex when molar mass is evaluated by SEC-MALS. Further, 

the N-terminus does not seem to influence catalytic activity under single-turnover 

conditions in which ZMET2 is in excess of nucleosomes. One explanation is that 

substrate-templated dimerization may block any regulation by the N-terminus under 

conditions in which ZMET2 concentration is high. Under conditions in which ZMET2 is 

limiting, however, the N-terminus induces a 6-fold inhibition of DNA MTase activity. If we 

assume that ZMET2 is more likely a monomer under these conditions, these data 

suggest that monomeric ZMET2 is sensitive to autoinhibitory activity by the N-terminus. 

Additionally, the observation that FL-ZMET2 is primarily a monomer in solution, but 

forms a 2:1 stoichiometry on dinucleosomes suggests there may be a dimerization 

interface only accessible once ZMET2 is nucleosome-bound. Point mutants of ΔN-

ZMET2 generated based on sequence conservation with the tobacco DNA MTase DRM 

did not disrupt dimerization in initial studies by SEC-MALS and native polyacrylamide 

gel electrophoresis (not shown) and more analysis is needed to identify the dimerization 

interface for ΔN-ZMET2 alone. It is possible the dimerization interface changes or is no 

longer engaged when ZMET2 binds to nucleosomes. A high-resolution cryo-EM 

structure of both singly and doubly bound ZMET2 on dinucleosomes would help resolve 

these questions. 

 While recent cryo-EM analysis of the ZMET2/dinucleosome complex have not 

yielded a structure of sufficient quality, a significant amount of progress has been made. 

The GraFix approach has allowed visualization of intact nucleosomes and intact 

complexes, especially when fractions towards the bottom of the gradient are collected. 

The addition of glycerol also seems to have improved the particle stability and data 
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quality significantly, so maintaining a low concentration of cryo-protectant in the sample 

may prove to be essential moving forward. New cryo-EM structures of chromatin-

associated particles are emerging in the literature, many of which use crosslinking and 

cryo-protectant approaches, so the outlook for future cryo-EM of ZMET2 and 

dinucleosomes is highly promising (Machida et al., 2018; Poepsel et al., 2018). 

 
Methods 
 
SEC-MALS 
 
A Wyatt S 050 column was attached to an HPLC system with downstream multi-angle 

light scattering detection and refractive index detection (Wyatt). Filtered ZMET2 

samples were injected onto the system after overnight equilibration of the column in 

MALS buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM DTT). Similarly, filtered 

dinucleosome (or dinucleosome + ZMET2 samples) were injected onto the system after 

overnight equilibration. Typically, 800 nM dinucleosomes were used alone or in the 

presence of 5 µM or 19 µM ZMET2. All data were analyzed using ASTRA software. 

 
DNA methyltransferase assays 
 
For all single-turnover FL- and ΔN-ZMET2 DNA methyltransferase assays, 5 µM 

ZMET2 was incubated with 50-100 nM substrate (nucleosomes or naked DNA) in 1X 

DNA MTase buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 10% glycerol, 1 mM DTT) in 

a 96-well plate (Corning). For reactions containing H3 tail peptides, at least a 4-fold 

excess of peptide over [ZMET2] was used. All reactions were initiated by transferring 

protein/substrate mixtures to wells pre-loaded with S-Adenosyl-L-Methionine (3H-SAM) 

containing a methyl group labeled with tritium for a final 3H-SAM concentration of 4 µM 
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(Perkin Elmer). For each time point, 10 µL of the reaction was removed and mixed in a 

well pre-loaded with 10 µL of 10 mM cold SAM iodide to quench the reaction (Sigma). 

Quenched time points were applied to circles of DE81 anion exchanging filter paper and 

the paper was allowed to dry (Whatman). The circles were washed twice for 5 minutes 

in 200 mM ammonium bicarbonate, once for 5 minutes in water and once for 5 minutes 

in ethanol. After drying, each individual circle was combined with scintillation cocktail 

and the samples were counted (Grainger, Beckman).  

Most time courses were fit to a straight line to determine initial rates. For single-

turnover reactions fit to a straight line, initial rates were divided by [substrate] to 

determine rate constants. For multiple-turnover reactions, initial rates were divided by 

[ZMET2] to determine rate constants. To test background levels of 3H-methyl in the 

methyltransferase assay, reactions were allowed to proceed without enzyme. All plotting 

and fitting was done using Prism software (Graphpad). 

 

Fluorescence polarization 
 
For nucleosome binding assays, fluorescein-labeled DNA was generated by 

polymerase chain reaction using fluorescein-conjugated primers. Fluorescent 

nucleosomes were prepared as described in Chapter 2. FL- or ΔN-ZMET2 was either 

dialyzed overnight into FP buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM DTT), or 

was buffer exchanged a minimum of three times into FP buffer using spin concentrators 

(Amicon). Serial dilutions of ZMET2 were prepared in FP buffer. 10X stock solutions of 

fluorescein-labeled nucleosomes were prepared in the presence of 0.01% NP-40 and 

pre-loaded into a 384-well plate. Using a multi-channel pipette, serially diluted ZMET2 
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was added and mixed with nucleosome samples. Final nucleosome concentration was 

between 5-10 nM. Following brief centrifugation, binding reactions were allowed to 

equilibrate at room temperature for 30 minutes. Plates were then scanned in 

fluorescence polarization mode (Analyst HD). Data were plotted using Prism software 

(Graphpad) and fit to the following equation to determine Kd: 

 

 
 
Negative stain electron microscopy 
 
To prepare grids for negative stain EM, 3 µL of 25-30 nM ZMET2 or CMT3 was applied 

to 400 mesh carbon-coated copper grids (Ted Pella), which were glow discharged for 

30 seconds using the EasiGlow system (Pelco). Grids were blotted and stained with 3 

µL of 0.75% uranyl formate solution three times with blotting in between each 

application. Micrographs were collected using a Tecnai T12 microscope (FEI Company) 

equipped with a LaB6 filament and operated at 120 kV. Images were collected with an 

Ultrascan 4096 x 4096 pixel CCD camera (Gatan) at a nominal magnification of 52,000x 

which corresponds to a pixel size of 2.12. 

 

Cryo-electron microscopy and image processing 
 
Samples were prepared as described in Methods section of Chapter 2. For both cryo-

EM data sets, data were collected on a Talos Arctica microscope (FEI). All processing 

was carried out by Eugene Palovcak (Cheng Lab) as follows: anisotropic beam-induced 

motions were corrected with MotionCor2 and CTF parameters were estimated with Gctf. 
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For the early data set, 124,496 particles were picked using e2boxer.py using 2D 

reference templates projected from a 3D model of a dinucleosome. 2D class averages 

and ab initio 3D reconstructions were generated by stochastic gradient optimization in 

cryoSPARC. The later data set was initially processed like the initial data set. Most 

particles appeared to be mononucleosomes. After 2D class averaging and ab initio 3D 

reconstruction, 182,839 particles were refined in cryoSPARC to 3.5 Å resolution 

according to the gold-standard FSC criterion. To isolate the small number of 

dinucleosome particles in the second data set, 658 particles were picked manually in 

e2boxer.py and reconstructed ab initio in cryoSPARC. 
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Figure 1: Size Exclusion Chromatography/Multi-Angle Light Scattering curves for 
FL- and ΔN-ZMET2, negative stain electron micrograph of ΔN-ZMET2. (A) SEC-
MALS traces of ΔN and full-length ZMET2. Expected and observed molar masses for 
monomeric and dimeric forms of each construct are listed. (B) Negatively stained 
electron micrograph of recombinant ΔN ZMET2 highlighting the propensity for “long-
distance” dimer formation. (C) SEC-MALS traces of 2N_20 H3Kc9me3 (2_167 MLA) 
dinucleosomes in the presence and absence of full-length ZMET2. (D) SEC-MALS 
traces of 2N_20 H3Kc9me3 (2_167 MLA) dinucleosomes in the presence and absence 
of ΔN ZMET2. 
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Figure 2: Kinetic analysis of ΔN-ZMET2 and FL-ZMET2. (A) Rate constants 
measured under single-turnover conditions with full-length and ΔN-ZMET2 on WT 
or H3Kc9me3 dinucleosomes with 20 bp linkers. (B) Rate constants measured 
under multiple-turnover conditions with full-length and ΔN-ZMET2 on WT or H3Kc9me3 
dinucleosomes with 20 bp linkers. (C) Rate constants measured under single-turnover 
conditions with full-length and ΔN-ZMET2 on WT or H3Kc9me3 mononucleosomes with 
10 bp of linker DNA. (D) Rate constants measured under single-turnover conditions with 
full-length and ΔN-ZMET2 on 157 bp 601 DNA in the presence or absence of H3 tail 
peptide (H3K9me2, aa. 1-32) 
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Figure 3: Preliminary analysis of recombinant CMT3 by negative stain EM and 
fluorescence polarization. (A) Negatively stained electron micrograph of recombinant 
CMT3 (46-839). (B) Fluorescence polarization curves demonstrating CMT3 specificity 
for H3Kc9me3 mononucleosomes with no linker DNA (“core”) over WT core 
mononucleosomes. The Kd for H3Kc9me3 mononucleosomes is 2.4 ± 0.2 µM and > 
43.1 µM for WT mononucleosomes. 
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Figure 4: Cryo-EM studies of the ZMET2/H3Kc9me3 dinucleosome complex. (A) 
Negatively stained electron micrograph of recombinant CMT3 (46-839). (B) 
Fluorescence polarization curves demonstrating CMT3 specificity for H3Kc9me3 
mononucleosomes with no linker DNA (“core”) over WT core mononucleosomes. The 
Kd for H3Kc9me3 mononucleosomes is 2.4 ± 0.2 µM and > 43.1 µM for WT 
mononucleosomes. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 



	 92	

 
 
 
 
 
 
 
 
 
Chapter 3: Regulation of Rvb1/Rvb2 by a 
Domain Within the INO80 Chromatin 
Remodeling Complex Implicates the 
Yeast Rvbs as Protein Assembly 
Chaperones—A Cryo-EM Perspective 
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This chapter is the product of a collaboration with Coral Zhou from the Narlikar Lab and 

contains excerpts from Zhou et. al., 2017. 

 

Abstract 

The hexameric AAA+ ATPases Rvb1 and Rvb2 (Rvbs) are essential for diverse 

processes ranging from metabolic signaling to chromatin remodeling, but their functions 

are unknown. While originally thought to act as helicases, recent proposals suggest that 

Rvbs act as protein assembly chaperones. However, experimental evidence for 

chaperone-like behavior is lacking. Here, we identify a potent protein activator of the 

Rvbs, a domain in the Ino80 ATPase subunit of the INO80 chromatin-remodeling 

complex, termed Ino80INS. Ino80INS stimulates Rvbs’ ATPase activity by 16-fold while 

concomitantly promoting their dodecamerization. Using mass spectrometry, cryo-EM, 

and integrative modeling, we find that Ino80INS binds asymmetrically along the 

dodecamerization interface, resulting in a conformationally flexible dodecamer that 

collapses into hexamers upon ATP addition. Our results demonstrate the chaperone-

like potential of Rvb1/Rvb2 and suggest a model where binding of multiple clients such 

as Ino80 stimulates ATP-driven cycling between hexamers and dodecamers, providing 

iterative opportunities for correct subunit assembly. 

 

Introduction 

AAA+ ATPases are a highly conserved family of molecular motors that use ATP binding 

and hydrolysis to drive a diverse set of structural rearrangements in their substrates 

(Singleton et al., 2007; White and Lauring, 2007). Rvb1 and Rvb2 (Rvbs) are two AAA+ 
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ATPases from S. cerevisiae that are essential for many cellular processes, including 

transcription, cellular differentiation, cell signaling, mitosis, small nucleolar 

ribonucleoprotein (snoRNP) assembly, and DNA-damage repair (Matias et al., 2015; 

Nano and Houry, 2013). Despite their extensive involvement in biology, the role of the 

Rvbs in these processes is unknown. Even the basic enzymatic function of these 

motors is poorly defined. While the Rvbs have ATPase activity (Gribun et al., 2008), 

there are competing models for how this activity contributes to the function of the Rvbs. 

Based on the structural similarity of the Rvbs to the bacterial helicase RuvAB, it was 

initially hypothesized that the Rvbs are DNA helicases. While a few groups have been 

able to detect DNA unwinding activity (Gribun et al., 2008; Makino et al., 1999; 1998), 

other groups have reported a lack of such an activity (Ikura et al., 2000; Matias et al., 

2006; Qiu et al., 1998). Recently, it has been proposed that the Rvbs act as protein 

assembly chaperones, based on the observation that the Rvbs co-purify with several 

multi-subunit protein complexes, including the R2TP complex, telomerase, snoRNP 

complexes, and chromatin remodeling complexes (Nano and Houry, 2013). However, 

no chaperone-like properties of the Rvbs have been experimentally demonstrated. To 

investigate the possibility that the Rvbs act as assembly chaperones, we chose the 

yeast INO80 complex as a model system due to the wealth of biochemical and 

structural information available on this remodeling complex. The publication listed above 

contains detailed biochemical analysis of the Rvbs system in the presence of a portion 

of the INO80 ATPase (the INO80-NS). This region was shown to be required for 

assembly of additional subunits of the INO80 complex (Chen et al., 2013). For the 



	 95	

purposes of this thesis, the subsequent structural characterization of the Rvbs complex 

with and without the INO80INS will be addressed. 

 
Results 
 
The INO80INS domain is an activator of Rvb1/Rvb2 ATPase activity 

An early study showed that the ATP hydrolysis activity of Rvb2 is required for the 

formation of active INO80 complexes in yeast (Jónsson et al., 2001). Recently, it was 

shown that a small insertion within the Ino80 ATPase subunit (Ino80INS; Figure 1A, top) 

is required for association with the Rvbs and other subunits of the complex that are 

critical for activity (Chen et al., 2013). These results suggested that Ino80INS is used by 

the Rvbs as a scaffold for assembling an active INO80 complex. To test this possibility, 

we asked whether Ino80INS, on its own, could directly interact with the Rvb1/Rvb2 

complex and whether or not this interaction influences the ATPase activity of the Rvbs. 

We co-expressed untagged Rvb1 and Rvb2 along with a His-tagged, MBP (maltose-

binding protein)-Ino80INS fusion in Escherichia coli. These three proteins form a stable 

complex that purified as a single peak over a size exclusion column (Figure 1A). Efforts 

to purify the complex without an MBP tag on Ino80INS, or MBP-Ino80INS alone, were 

unsuccessful, suggesting that Ino80INS is inherently unstable but can be stabilized via 

interactions with Rvb1 and Rvb2. Next, we tested whether the activity of the Rvbs is 

affected by Ino80INS and found that Rvb1/Rvb2/Ino80INS has a 16-fold greater 

catalytic rate constant, kcat, for ATP hydrolysis than Rvbs alone. In contrast, an excess 

of DNA did not stimulate the Rvbs’ ATPase activity, consistent with previously published 

results with human Rvb1/ Rvb2 (Puri et al., 2007). Interestingly, the partially unfolded 

region of staphylococcal nuclease Δ131Δ, routinely used as a model substrate for the 
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chaperone Hsp90 (Street et al., 2011), modestly stimulated the ATPase activity of the 

Rvbs (2- to 3-fold; Figure 1B). This result further suggests that protein, not DNA, is the 

biologically relevant substrate for yeast Rvb1/Rvb2. 

 

The INO80INS domain promotes the dodecameric form of Rvb1/Rvb2 by negative stain 

electron microscopy, which collapses in the presence of ATP 

We initially observed Rvb1/Rvb2 hexamers when purified from budding yeast by 

negative stain electron microscopy, as previously described (Figure 1X) (Cheung et al., 

2010). When Rvb1 and Rvb2 were co-expressed with the INO80INS domain, we 

observed primarily side views of dodecameric structures composed of two stacked rings 

by negative stain (Figure 2B). This dramatic oligomeric change suggested that, along 

with stimulation of ATPase activity, the INO80INS was responsible for promoting 

dodecamerization of Rvb1/Rvb2 hexamers. We next tested whether nucleotide state 

changed the oligomerization potential by negative stain EM. We added ATP to the 

purified complex and adsorbed and stained grids at 1 minute (Figure 2C) and 5 minutes 

(Figure 2D). Addition of ATP caused time-dependent collapse of the dodecamer back to 

hexameric rings suggesting that nucleotide state is a part of the structural 

rearrangements that the INO80INS promotes when in complex with Rvb1/Rvb2. Further 

analysis of nucleotide state is published (Zhou et al., 2017). 

 

Characterization of the Rvb1/Rvb2/INO80INS complex by cryo-electron microscopy 

We were next curious about the structural basis of how Ino80INS engages the DII 

domains of Rvb1/Rvb2 to create a metastable dodecamer. Previous studies of 
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Rvb1/Rvb2 have reported a high degree of conformational flexibility within the DII 

regions (Ewens et al., 2016; Gorynia et al., 2011; Jeganathan et al., 2015; López-

Perrote et al., 2012; Petukhov et al., 2012), which appear to form the dodecameric 

interface. A crystal structure of the Rvb1/Rvb2 complex from the thermophillic fungus 

Chaetomium thermophilum  (Lakomek et al., 2015) shows one possible arrangement of 

the Rvb1 and Rvb2 DII domains: the Rvb2 DII domains fold back toward the hexameric 

ring (‘‘in’’ state), and the Rvb1 DII domains extend toward a second hexamer (‘‘out’’ 

state). Therefore, we imagined two extreme models for how Ino80INS binding may alter 

the structure of the Rvbs: (1) Ino80INS ‘‘locks’’ the conformationally flexible 

dodecameric interface into one predominant conformation, or (2) Ino80INS binds in a 

way that maintains the natural conformational flexibility of the DII domains.  

To test these hypotheses, we determined the cryo-EM map of the 

Rvb1/Rvb2/Ino80INS complex at ~12.0 Å resolution (Figures 3B, 3C and 3E). Both raw 

images and 2D class averages show a distinct barrel shape created by the two 

hexameric rings flanking the DII domains of the Rvbs (Figure 3A and 3D). We also 

observed both bent and straight conformations of the Rvb1/Rvb2/Ino80INS dodecamer 

in our 2D classes (Figure 3A). These features are similar to those reported in a recently 

published cryo-EM structure of Rvb1/Rvb2 dodecamers without an activator bound 

(Ewens et al., 2016; Silva-Martin et al., 2016), suggesting that Ino80INS binding does 

not substantially diminish the natural dynamics of the Rvbs.  

To further investigate the extent of the conformational dynamics in the 

Rvb1/Rvb2/Ino80INS complex, all particles used for 2D classification were also used for 

3D refinement to generate a consensus cryo-EM map (Figure 3B), with no imposed 
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symmetry. Interestingly, the bent feature observed in the 2D classes is retained in the 

consensus map, suggesting that it is a common feature of most of the particles. To find 

higher resolution subpopulations of the dataset, we further sub-classified particles to 

generate 12 different 3D classes (Figure 3C). Each class contained a similar number of 

particles and had resolutions that were similar to one another and to that for the 

consensus map. Despite many rounds of further subclassification, we were unable to 

achieve higher resolution, implying a high degree of conformational heterogeneity in the 

system. This conformational heterogeneity is most prominent in the densities 

surrounding the DII domains, as well as in the degree of tilt observed between the two 

hexameric rings (Figure 3C). In addition to the conformational heterogeneity, a second 

general feature of the Rvb1/Rvb2/Ino80INS system is its asymmetry at the dodecameric 

interface. In both the consensus map and each of the 12 subclasses, one face of the 

dodecamer consistently shows bulkier density than the opposite face of the dodecamer 

(Figures 3B and 3C, Face A versus Face B). All 2D and 3D data processing was 

conducted using RELION (Scheres, 2012). 

 

Discussion 

Despite the quality of the raw cryo-EM data of the Rvb1/Rvb2/INO80INS complex used 

in this analysis and the defined features visible in the 2D classification, there were 

significant resolution limitations during 3D classification and refinement. New strategies 

may be useful for stabilizing various conformations of the dodecameric structure in 

complex with INO80INS. A large degree of heterogeneity in the dodecamer seems to 
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result from the many degrees of freedom available to the DII domains. Generating a 

site-specific crosslink at the DII interfaces between the two hexameric rings is one way 

of potentially limiting conformational heterogeneity. A widespread, non-specific 

crosslinking approach may also prove useful. Further, structural analysis by cryo-EM of 

the Rvbs in complex with additional domains of the Ino80 ATPase and other accessory 

subunits of the INO80 complex may induce further stabilization or uncover new 

oligomeric and conformational states. Crosslinking mass spectrometry, integrative 

modeling and other peripheral approaches were essential to confirming the position of 

the INO80INS in this study, and will likely continue to be useful as complementary 

methods to assess which INO80 subunits are ripe for structural characterization and 

stabilization. 

Methods 

Protein expression, purification and ATPase activity assays 

See Zhou et. al., 2017. 

 
 
Negative-stain EM 

Rvb1/Rvb2/Ino80INS complexes were dialyzed into 25 mM HEPES (pH 7.5), 150 mM 

KCl. 2.5 mL 5–10 mM of Rvbs were adsorbed onto 30-s glow-discharged copper grids 

coated with carbon. Samples were blotted and stained with 3 mL 0.75% uranyl formate 

solution for five applications, with blotting in between each application. Images were 

collected on a Tecnai T12 microscope (FEI) equipped with a LaB6 filament and 

operated at 120 kV. Images were recorded with an Ultrascan 4,096 pixel x 4,096 pixel 

charge-coupled device (CCD) camera (Gatan) at a nominal magnification of 52,0003. 



	 100	

 

Cryo-EM Image Acquisition  

Rvb1/Rvb2/Ino80INS complexes were prepared as described earlier for negative stain. 

For cryo-EM grid preparation, 2.5 mL samples of 10 mM Rvb monomer were applied to 

Quantifoil holey carbon film grids (1.2/1.3 spacing) that had been glow discharged for 30 

s. Using a Mark I Vitrobot (FEI), grids were blotted for 5.5 or 6 s with -3 mm offset at 

100% humidity and were plunge frozen into liquid ethane cooled by liquid nitrogen. 

Images were collected on a Titan Krios microscope (FEI Company), operated at 300 kV 

under low-dose conditions at the Janelia Research Campus. All images were recorded 

with a K2 Summit direct electron detector camera (Gatan) using super-resolution 

counting mode, with a pixel size of 1.31 Å per pixel after 2 x 2 binning for motion 

correction and subsequent processing. The camera dose rate was set to ~1.4 e- per 

pixel per frame. Dose-fractionated stacks were collected over an exposure time of 8 s 

with a sub-frame exposure of 200 ms, for a total of 40 subframes, resulting in a total 

dose of ~32.6 e-/Å for the entire stack and 0.8 e-/Å for each subframe. 

 

Cryo-EM image processing 

All dose-fractionated image stacks were motion corrected using MotionCor2, and the 

sum of all subframes was used for subsequent image processing (Zheng et al., 2017). 

Estimation of the contrast transfer function (CTF) and defocus was conducted using 

Gctf, a GPU (graphic processing unit)-accelerated CTF estimation program (Zhang, 

2016). A set of ~1,400 particles were manually picked and extracted from corrected 

micrographs using RELION 1.4. Manually picked particles were subjected to 2D 
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classification in RELION 1.4, and good classes were selected as a template for 

reference-based automatic particle picking. Multiple rounds of 2D classification yielded 

a particle stack of ~366,000 particles that was used to generate a consensus model with 

the RELION 3D auto-refine function, using C1 symmetry. The structure of the T. 

acidophilum 20S proteasome (EMDB: 5623) filtered to 50 Å was used as an initial 

model. All subsequent 3D classification was performed using either the consensus 

model, a model generated by prior 3D classification, or the C. thermophilum Rvb1/Rvb2 

crystal structure (PDB: 4WVY), all filtered to at least 40 Å, as an initial model. Classes 

of interest were subjected to further 3D classification with C1 symmetry and refined 

using gold-standard procedures within RELION 1.4 (Scheres, 2012).  
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Figure 1: ATPase activity of purified Rvb1/Rvb2 is stimulated by the INO80INS 
domain. (A) Domain architecture of the INO80 ATPase subunit and constructs used for 
co-expression. (B) Rate constants (kcat) for ATPase activity measured from various Rvb 
complexes. 
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Figure 2: Negative stain electron microscopy of Rvb1/Rvb2 alone and in complex 
with the INO80INS domain. (A) Negatively stained micrograph showing hexameric 
Rvb1/Rvb2 rings alone. The scale bar is the same for (B), (C), and (D). (B) Negatively 
stained micrograph depicting co-expressed Rvb1/Rvb2/INO80INS. Barrel-shaped 
dodecameric side views are visible, along with a minority of hexameric rings. (C) 
Negatively stained micrograph of the complex in (B) after a one minute incubation with 
ATP. (D) Negatively stained micrograph of the complex in (B) after a five-minute 
incubation with ATP. 
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Figure 3: Cryo-EM of the Rvb1/Rvb2/INO80INS complex. (A) Left: side views of 
reference-free 2D class averages of Rvb1/Rvb2/INO80INS particles. Right: scheme 
displaying “bent” and “straight” features of the Rvb1/Rvb2/Ino80INS dodecamer. (B) 
Rvb1/Rvb2/INO80INS consensus model generated by refinement of all 366,000 
particles used for 2D classification in (A).  (C) Twelve 3D classes representing all of the 
particles used for the consensus structure in (B). The top and bottom rows of each class 
represent two opposite faces of the dodecamer. Each class contains approximately 
30,000 particles. (D) Raw cryo-EM micrograph showing Rvb1/Rvb2/INO80INS particles. 
Scale bar is equal to 50 nm. (E) Fourier shell correlation (FSC) curve generated after 
refining two separate half-maps using RELION 3D auto-refine. 
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