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Abstract

Histone acetylation, including acetylated H3K14 (H3K14ac), is generally linked to gene 

activation. Monomethylated histone H3 lysine 4 (H3K4me1), together with other gene-activating 

marks, denotes active genes. In contrast to usual gene-activating can function of H3K14ac and 

H3K4me1, we here show that the dual histone modification mark H3K4me1-H3K14ac is 

recognized by ZMYND8 (also called RACK7) and can function to counteract gene expression. We 

identified ZMYND8 as a transcriptional corepressor of the H3K4 demethylase JARID1D. 

ZMYND8 antagonized the expression of metastasis-linked genes, and its knockdown increased the 

cellular invasiveness in vitro and in vivo. The plant homeodomain (PHD) and Bromodomain 

cassette in ZMYND8 mediated the combinatorial recognition of H3K4me1-H3K14ac and 

H3K4me0-H3K14ac by ZMYND8. These findings uncover an unexpected role for the signature 

H3K4me1-H3K14ac in attenuating gene expression and reveal a previously unknown metastasis-

suppressive epigenetic mechanism in which ZMYND8’s PHD-Bromo cassette couples H3K4me1-

H3K14ac with downregulation of metastasis-linked genes.

Graphical abstract
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Introduction

Covalent modifications of histones play a central role in epigenetically and transcriptionally 

regulating gene expression (Jenuwein and Allis, 2001; Strahl and Allis, 2000). One of the 

well-studied histone modifications is histone acetylation, which is catalyzed by histone 

acetyltransferases and can be reversed by histone deacetylases (Berger, 2002). Histone 

acetylation affects chromatin architecture by neutralizing the positive charge of lysine 

residues and serving as a docking site for binding proteins, and it is generally associated 

with gene activation (Wang et al., 2008). For instance, acetylated histone H3 lysine 9 

(H3K9ac) and H3K14ac are highly correlated with gene activation (Pokholok et al., 2005; 

Wang et al., 2008).

In addition to acetylation, histone lysine methylation is a key mark for the epigenetic and 

transcriptional regulation of gene expression. Unlike histone acetylation, this modification is 

associated with either gene activation or silencing, dependent on the sites of methylation 

(Barski et al., 2007). For example, methylated H3K4 is commonly linked to gene activation 

(Barski et al., 2007; Pokholok et al., 2005; Ruthenburg et al., 2007), whereas methylated 

H3K27 represents a repressive mark. In addition to the methylation sites, methylation states 

are important for different modes of gene regulation (Barski et al., 2007; Gu and Lee, 2013). 

For instance, the distribution profiles of monomethylated H3K4 (H3K4me1), H3K4me2, and 

H3K4me3 highly overlap but are often distinct (Wang et al., 2009). H3K4me3 is generally 

located at the transcription start sites (TSSs) (Bernstein et al., 2002) and is positively 

correlated with the transcription frequency of active genes (Barski et al., 2007; Pokholok et 

al., 2005). Strikingly, this mark occupies as much as 75% of all human gene-regulatory 

regions, spanning the TSSs in several cell types, including embryonic stem cells, primary 

hepatocytes, and B cells (Guenther et al., 2007). Of interest, H3K4me3 and H3K27me3 can 

form bivalent domains, which are known to keep the genes poised (activatable but repressed) 

(Bernstein et al., 2006). Most H3K4me2, along with H3K4me3, co-occupies around TSSs 

(Schneider et al., 2004), but its subset can be found in enhancers and the bodies of active 
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genes. H3K4me1, together with acetylated H3K27 (H3K27ac), signifies enhancers, which 

modulate the temporal and spatial expression of genes (Heintzman et al., 2009; Visel et al., 

2009).

It has been well documented that the effects of histone acetylation and methylation on gene 

expression can be mediated by specific binding proteins called “readers” (Kutateladze, 2011; 

Musselman et al., 2012; Yun et al., 2011). Acetylation marks can be recognized by 

Bromodomain (Bromo), Pleckstrin homology domain, and plant homeodomains (PHDs). 

Recently, it has been shown that Yeats domains read this mark (Li et al., 2014; Shanle et al., 

2015). Lysine methylation interacts with multiple domains, including PHDs, 

chromodomains, tudor domains, and PWWP domains (Kutateladze, 2011; Musselman et al., 

2012; Yun et al., 2011). In particular, PHDs contain the Cys4-His-Cys3 motif with dual zinc 

finger structures. The PHDs, including those in BHC80, TRIM24, TRIM33, and KDM5B, 

interact with unmethylated H3K4 (Klein et al., 2014; Lan et al., 2007; Tsai et al., 2010; Xi et 

al., 2011). Other PHDs read methylated lysines, methylated arginines, or acetyl lysines in 

histones (Dhar et al., 2012; Musselman and Kutateladze, 2011; Yun et al., 2011). PHDs are 

linked to several biological processes, including H3K4 trimethylation, IgG class switching, 

and hematopoietic malignancies (Musselman and Kutateladze, 2011).

We have previously showed that JARID1D (also known as KDM5D and SMCY), a male-

specific protein expressed on the Y chromosome, represses its target gene by demethylating 

H3K4me3 and H3K4me2 (Lee et al., 2007). Our recent study has demonstrated that the 

H3K4 demethylase JARID1D is an anti-invasive factor that acts against prostate cancer 

metastasis (Li et al., 2016). In the present study, we sought to gain new insight into 

JARID1D-mediated gene regulation. We identified ZMYND8 (also called RACK7) as a 

transcriptional corepressor for the JARID1D-mediated downregulation of metastasis-linked 

genes. We also found that the PHD/Bromo domain cassette of ZMYND8 is a reader for the 

dual histone mark H3K4me1-H3K14ac and that the signature H3K4me1-H3K14ac can act 

as a gene-repressive signature for metastasis-linked genes.

Results

ZMYND8 is a JARID1D-interacting protein

To better understand how JARID1D regulates gene expression, we searched for new 

JARID1D-interacting proteins. Affinity purification and a mass spectrometric analysis of 

JARID1D-associated proteins led us to identify the previously unknown JARID1D-

interacting proteins, such as ZMYND8, Mga, and DBC1, in addition to the already reported 

Ring6a (Lee et al., 2007) (Figure 1A). In particular, ZMYND8 contains a PHD, a Bromo, a 

PWWP, and a zinc finger-harboring MYND domain (Figure 1B). We have recently reported 

that Bromo-PWWP in the ZMYND8-homologous protein ZMYND11 interacts with 

H3K36me3 in H3.3 but not in H3.1 (Wen et al., 2014). Because of a putative chromatin-

binding function of ZMYND8, we focused on understanding the role of ZMYND8 in 

JARID1D-mediated gene repression. Our cell fractionation experiment demonstrated that 

ZMYND8 was localized exclusively in the nucleus in DU145 prostate cancer cells (Figure 
1C).
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To validate the association between ZMYND8 and JARID1D, we ectopically expressed 

FLAG-JARID1D and immunoprecipitated it using anti-FLAG beads. This co-

immunoprecipitation (Co-IP) experiment showed that JARID1D interacted with ZMYND8 

(Figure 1D). In addition, our additional Co-IP experiments confirmed the endogenous 

association between JARID1D and ZMYND8 (Figure 1E). In contrast, the interaction of 

ZMYND8 with other JARID1 family members was undetectable in our assay condition 

(Figures S1A and S1B). Consistent with the previous report (Gong et al., 2015), ZMYND8 

interacted with LSD1 (Figures S1A and S1B). To map which region is accountable for the 

interaction between ZMYND8 and JARID1D, we generated different deletion constructs of 

ZMYND8 and JARID1D. Our results demonstrated that the PHD2 domain in JARID1D and 

a middle region (410–730aa) in ZMYND8 were required for their interaction (Figures 1B 
and 1F–1H).

Chromatin locations of ZMYND8 highly overlap those of JARID1D

To assess the chromatin co-occupancy of ZMYND8 and JARID1D, we determined their 

chromatin landscapes using chromatin immunoprecipitation (ChIP) coupled with high 

throughput sequencing (ChIP-Seq). ZMYND8 peaks were located at the promoter (51.36%), 

intron (21.95%) and intergenic (23.74%) regions, and JARID1D peaks were localized at the 

promoter (32.48%), intron (26.46%), and intergenic (38.37%) regions (Figure 2A). In genic 

regions, average signals of ZMYND8 and JARID1D peaks were highly enriched near the 

TSSs (Figure 2B). Consistent with the physical interaction between ZMYND8 and 

JARID1D, peak locations and target genes of ZMYND8 greatly overlapped those of 

JARID1D (Figures 2C–2E). Gene expression programs that were co-occupied by ZMYND8 

and JARID1D were associated with diverse cellular processes, including signaling 

transduction, transcription, cell adhesion, cell-matrix adhesion, and cell junction assembly 

(Figure 2F).

ZMYND8 suppresses the invasiveness of prostate cancer cells in vitro and in vivo

Because our recent study has showed that JARID1D is an anti-invasive factor that acts 

against prostate cancer metastasis (Li et al., 2016), we determined whether ZMYND8 

regulates cellular invasion using two androgen-independent and moderately invasive human 

prostate cancer cell lines DU145 and CWR22Rv1 (Nemeth et al., 1999; Sramkoski et al., 

1999). ZMYND8 depletion using two independent shRNAs had a negligible effect on cell 

proliferation and migration abilities (Figures 3A–3C). Because the cell migration assay 

measures only the migratory abilities of cells, we additionally examined the invasive abilities 

of cells using cell invasion assay in which cells digest and invade a Matrigel matrix that 

mimics the in vivo extracellular matrix. Similar to JARID1D knockdown (Figures S1C and 
S1D) (Li et al., 2016), ZMYND8 knockdown increased the invasiveness of DU145 and 

CWR22Rv1 cells (Figures 3D, S1E, and S1F).

To determine the effect of ZMYND8 knockdown on the invasiveness of prostate cancer cells 

in vivo, we treated luciferase-expressing DU145 cells using control shRNA (shScramble) or 

shZMYND8 and injected cells into mice via tail veins. We then monitored the in vivo 
abilities of cancer cells that invade into a distant organ (e.g., the lung as a primary site) from 

the blood system and form tumors using a luciferase imaging system. Our results 
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demonstrated that the 8th week after injection, luciferase signals were about 5-fold higher in 

the shZMYND8 group (n = 6) than in the control shRNA group (n = 6) (Figures 3E and 
3F). Our hematoxylin and eosin staining confirmed tumor development in shZMYND8 

group (Figure 3G). These results indicate that ZMYND8 suppresses the in vivo invasiveness 

of prostate cancer cells.

ZMYND8 acts as a transcriptional corepressor of JARID1D at metastasis-linked genes

To assess how ZMYND8 regulates cellular invasiveness, we first determined the effect of 

ZMYND8 knockdown on whole genome mRNA expression using RNA-Seq. We then 

compared ZMYND8-regulated genes with JARID1D-regulated genes, because JARID1D 

also impedes cellular invasiveness (Li et al., 2016). Interestingly, 45.8% of shJARID1D-

upregulated genes (889/1,940) overlapped 33.0% of shZMYND8-upregulated genes 

(889/2,696) (Figure 4A). In contrast, relatively fewer genes were coincidentally 

downregulated by JARID1D and ZMYND8 knockdown (Figure 4B). Consistent with the 

increased cellular invasiveness by ZMYND8 knockdown, gene expression programs that 

were co-upregulated by shZMYND8 and shJARID1D included metastasis-linked processes, 

such as cell adhesion (Figure 4C). In contrast, gene expression programs that were co-

downregulated by ZMYND8 knockdown and JARID1D knockdown did not include 

metastasis-linked processes (Figure 4D). Some co-upregulated genes (190) were co-

occupied by ZMYND8 and JARID1D (Figures S2A and S2B).

Because JARID1D and ZMYND8 suppress cellular invasiveness, we focused on determining 

the role of JARID1D and ZMYND8 on regulating metastasis-linked genes. Our analysis of 

ChIP-Seq data, including manual examination, indicate that ZMYND8 and JARID1D co-

occupied multiple metastasis-linked genes, including Slug, CD44, vascular endothelial 

growth factor A (VEGFA), and epidermal growth factor receptor (EGFR) (as listed in 

Figures S2C and S2D). We examined the effects of ZMYND8 and JARID1D knockdown 

on expression of these genes using quantitative RT-PCR. Our results showed that most of 

these metastasis-linked genes were upregulated by ZMYND8 or JARID1D knockdown 

(Figures 4E, S2C, and S2D). Our quantitative ChIP experiments confirmed that ZMYND8 

and JARID1D were co-localized at Slug, CD44, VEGFA, and EGFR genes (Figures 4F–4I). 

Our ChIP results also showed that ZMYND8 repressed and occupied other JARID1D target 

genes, such as the matrix metalloproteinase 1 (MMP1) and MMP3, that we previously 

reported (Li et al., 2016) (Figures 4E, S2E, and S2F). CD44, a single-chain transmembrane 

glycoprotein, promotes metastasis (Hiraga et al., 2013), and Slug induces epithelial-

mesenchymal transition to facilitate metastasis (Shih and Yang, 2011; Yang and Weinberg, 

2008). EGFR overexpression is linked to invasion and metastasis of multiple types of cancer 

(Lu et al., 2001). VEGFA facilitates tumor metastasis (Liu et al., 2011). MMPs enhance cell 

invasion and metastasis by digesting extracellular matrix (Kessenbrock et al., 2010).

To determine whether ZMYND8 plays a role in regulating JARID1D occupancy and 

H3K4me3 levels, we determined the effect of ZMYND8 knockdown on JARID1D and 

H3K4me3 levels at Slug, CD44, VEGFA, EGFR, MMP1, and MMP3 genes. Our 

quantitative ChIP experiments demonstrated that ZMYND8 knockdown downregulated 

JARID1D levels while increasing H3K4me3 levels at these genes (Figures 4F–4I, S2E, and 
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S2F). These results indicate that ZMYND8 acts as a transcriptional corepressor of 

JARID1D.

PHD-Bromo in ZMYND8 reads H3K4me0-H3K14ac and H3K4me1-H3K14ac

To further understand the role of ZMYND8 in gene regulation, we assessed the molecular 

characteristics of its chromatin-binding modules, such as PHD and Bromo. Our in vitro 
peptide pull-down assays showed that ZMYND8-PHD/Bromo (ZMYND8-PB) interacted 

with unmethylated H3K4 (H3 [1-21aa]; referred to as “H3K4me0”) and to a lesser extent 

H3K4me1 (Figures 5A and 5B). In contrast, the interaction of ZMYND8-PB with other 

methyl marks was insignificant in the same washing condition (300 mM NaCl), although the 

association of ZMYND8-PB with H3K36me1 and H3K4me2 was weakly detectable in a 

low salt (150 mM NaCl) wash (Figures 5B and S3A). Our additional assays showed that 

ZMYND8-PHD alone did not interact with H3K4me0 and that the H3-binding activity of 

PHD/Bromo was abolished by partial deletions of Bromo in ZMYND8-PB (Figures 5A, 5C, 
and S3B). These results indicate that both PHD and Bromo are required for the recognition 

of H3K4me0 and H3K4me1 by ZMYND8.

Because a PWWP domain is located adjacent to Bromo, we examined the effect of PWWP 

on the interaction between H3K4me0 and ZMYND8-PB. H3K4me0 peptide interacted more 

strongly with ZMYND8-PHD/Bromo/PWWP (ZMYND8-PBP; KD ≈ 7.2 μM) than with 

ZMYND8-PB (KD ≈ 15 μM) (Figures 5D and 5E). Interestingly, the binding activities of 

ZMYND8-PB and ZMYND8-PBP to H3K4me3 were negligible (Figures 5B and 5E). 

Because many Bromo domains are known to bind to acetylated lysines, we also determined 

whether ZMYND8-Bromo recognizes a specific acetylated lysine. Our assays using H2Aac, 

H2Bac, H3ac, and H4ac peptides showed that ZMYND8-PBP specifically interacted with 

H3K14ac (Figures 5F and S3C). Our Isothermal titration calorimetry (ITC) assay 

demonstrated that ZMYND8-PBP interacted with H3K4me0K14ac peptide at a high affinity 

(KD ≈ 1.0 μM) (Figure 5G). In contrast, ZMYND8-PBP did not have any significant KD 

values for H3K36me2 and H4K16ac (Figures S3D and S3E), although it was reported that 

ZMYND8 interacted with these modifications (Adhikary et al., 2016; Gong et al., 2015). 

However, it is possible that ZMYND8 may recognize these modifications during DNA 

damage response and retinoic acid response (Adhikary et al., 2016; Gong et al., 2015). 

Interestingly, we observed that ZMYND8-PBP bound to H3K4me1K14ac peptide at a 

considerably high affinity (KD ≈ 5.4 μM) (Figure 5G).

Molecular basis for the recognition of H3K4me1-H3K14ac and H3K4me0-H3K14ac by the 
ZMYND8-PHD/Bromo

To understand the molecular basis by which ZMYND8 recognizes H3K4me0-H3K14ac (and 

H3K4me1-H3K14ac), we solved the crystal structure of ZMYND8-PBP (93-426aa) at 1.8 Å 

(Table 1). However, the electron densities of the histone peptide were not detected, although 

the peptide had been added for crystallization. Interestingly, ZMYND8’s PHD shared 

considerable sequence homology with H3K4me0-interacting PHDs in TRIM24, TRIM33, 

and BHC80 and was superimposed well with PHDs in TRIM24 and TRIM33 (Tsai et al., 

2010; Xi et al., 2011) (Figures S4A and S4B). We performed structural modelling for 

H3K4me0-H3K14ac recognition by ZMYND8 by aligning our free ZMYND8-PBP 
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structure with the reported H3 peptide-bound TRIM33-PB structures (Xi et al., 2011) 

(Figure S4C). The modelled H3(1-14)K4me0K14ac peptide fitted nicely to the conserved H3 

binding surface of ZMYND8-PHD/Bromo with no discernible steric clash (Figure 6A). The 

H3 binding surface of ZMYND8 is electrostatically negative (Figure 6A), which is 

favorable for its interaction with the positive H3 tail. Aside from anti-parallel β–sheet 

formation between the H3 backbone and PHD finger, H3 binding to PHD/Bromo may be 

facilitated by several charge-stabilized hydrogen bonds (i.e., H3R2, ZMYND8-E124; H3K9, 

ZMYND8-E117; and H3K14ac, ZMYND8-N248) (Figures 6B–6D). Because ZMYND8-

PBP interacted with H3K4me1K14ac peptide, we also performed structural modeling for 

H3K4me1-H3K14ac recognition by ZMYND8-PHD/Bromo. As shown in Figures 6E, 6F, 
and S4D, ZMYND8-PHD/Bromo may read H3K4me1K14ac in an almost identical manner 

to H3K4me0K14ac peptide.

To support our structure model, we performed ITC assays using several ZMYND8-PBP 

mutants and H3 peptide. Alanine mutations of D96, D99, D104, D108, and E124 as well as 

an N-terminal truncated version of ZMYND8-PBP (residue 103-426) resulted in significant 

losses in the H3K4me0-binding activity of ZMYND8-PBP, suggesting the importance of 

these residues in mediating electrostatic interactions (Figure 6G). The acidic residue D108, 

which is conserved as glutamic acid (E) among TRIM24, TRIM33, and BHC80 (Figure 
S4A), is located at the PHD-Bromo interface and may contribute to PHD-Bromo association 

rather than to direct H3-binding (Figures 6B and S4E). Thus, D108A likely destabilized the 

PHD-Bromo interaction, compromising its histone binding activity. F109D dramatically 

enhanced PBP’s binding activity by ~11-fold (Figure 6G). The enhanced binding activity of 

ZMYND8-PBP by F109D suggests that F109 spatially overlaps the acidic residues that 

participate in unmodified H3K4 recognition in other H3K4me0-binding PHD fingers 

(Figures S4A and S4B), in line with our structural model (Figures 6B and 6C). We also 

performed ITC assays using K14ac pocket mutants of ZMYND8-Bromo (i.e., N248A and 

Y247A/N248A) (Figure 6C). In support of our structural analysis, these mutations 

decreased the binding activities of ZMYND8-PBP (Figure 6H).

ZMYND8 antagonizes the expression of metastasis-linked genes by recognizing the dual 
histone mark H3K4me1-H3K14ac

Because the above in vitro results showed that H3K4me1-H3K14ac was recognized by the 

JARID1D corepressor ZMYND8, we tested the possibility that the chromatin locations of 

ZMYND8 and JARID1D are associated with those of H3K4me1 and H3K14ac. We 

performed ChIP-Seq for H3K4me1 and H3K14ac and compared their ChIP-Seq profiles 

with those of ZMYND8 and JARID1D. The heatmap of ChIP-Seq profiles showed that 

genomic location profiles of ZMYND8 and JARID1D near the TSSs might be associated, at 

least in part, with those of H3K4me1 and H3K14ac but not with those of H3K27me3 

(Figure S5A). In line with the possibility that ZMYND8 acts as a JARID1D corepressor by 

recognizing H3K4me1 and H3K14ac at metastasis-linked genes, ZMYND8 and JARID1D 

peaks were co-localized with H3K4me1 and H3K14ac peaks (albeit less extensively with 

H3K14ac peaks) at multiple metastasis-linked genes, including Slug, CD44, EGFR, and 

VEGFA (Figures 7A–7D and S5B–S5I). H3K4me3 peaks at these genes were largely 

located at positions that were different from co-localized sites of H3K4me1, H3K14ac, 
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ZMYND8, and JARID1D peaks (Figures 7A–7D and S5B–S5I). These findings are 

consistent with the previous report showing that H3K4me1 pattern near the TSSs is different 

from H3K4me3 pattern (Cheng et al., 2014).

We determined the effect of JARID1D knockdown on ZMYND8 occupancy using ChIP. 

Consistent with the notion that the interaction of H3K4me1-H3K14ac with ZMYND8-PBP 

is inhibited by H3K4me3, our ChIP data showed that ZMYND8 occupancy at Slug, CD44, 

EGFR, and VEGFA genes was decreased by JARID1D knockdown (Figures 7E– 7H). In 

addition, our ChIP-Seq results showed that JARID1D knockdown resulted in slightly 

increased H3K4me3 levels and moderately decreased H3K4me1 levels at these genes and 

other metastasis-linked genes (Figures S6A–S6H). Similarly, JARID1D knockdown 

upregulated average H3K4me3 level and downregulated average H3K4me1 level at genes 

that were co-occupied and co-repressed by JARID1D and ZMYND8 (Figures S6I and S6J). 

It should be noted that small increases in H3K4me3 levels are correlated with large increases 

in gene expression (Pokholok et al., 2005). Nevertheless, these results are consistent with the 

notion that JARID1D primarily demethylates H3K4me3 and H3K4me2 (Lee et al., 2007) 

and may thus establish a steady-state level of H3K4me1 that can be recognized by 

ZMYND8.

We also determined the effect of ZMYND8 knockdown on H3K4me3 and H3K4me1 levels 

using ChIP-Seq. Similar to JARID1D knockdown, ZMYND8 knockdown increased 

H3K4me3 levels and decreased H3K4me1 levels at multiple metastasis-linked genes, 

including Slug, CD44, EGFR, and VEGFA (Figures S6A–S6H). In addition, ZMYND8 

knockdown slightly upregulated average H3K4me3 level and moderately downregulated 

average H3K4me1 level at genes that were co-occupied and co-repressed by JARID1D and 

ZMYND8 (Figures S6I and S6J). Average levels of H3K4me3 and H3K4me1 at co-target 

genes of ZMYND8 and JARID1D were less changed by ZMYND8 knockdown than by 

JARID1D knockdown. This may be because of the following possible reasons: JARID1D’s 

chromatin levels are likely reduced more by JARID1D knockdown than by ZMYND8 

knockdown; and JARID1D directly regulates H3K4me3 and H3K4me1 levels at co-target 

genes of ZMYND8 and JARID1D, whereas ZMYND8 may indirectly modulate their levels 

by recruiting JARID1D.

To further examine whether the interaction of ZMYND8-PHD/Bromo with H3K4me1-

H3K14ac plays a role in downregulating gene expression, we examined the effect of the 

expression of FLAG-ZMYND8, its PHD mutants, and its Bromo mutant on co-target genes 

of JARID1D and ZMYND8 in ZMYND8-depleted DU145 cells. Ectopic expression of 

FLAG-ZMYND8 significantly downregulated the expression levels of Slug, CD44, EGFR, 

and VEGFA genes (Figures 7I and 7J). F109D mutation, which enhanced the binding 

activity of ZMYND8-PHD, also repressed the expression of these genes (Figures 7I and 
7J). In contrast, D108A and Y247A/N248A mutations, which decreased the binding activity 

of ZMYND8-PHD and ZMYND8-Bromo, respectively, did not repress gene expression 

(Figures 7I and 7J). Moreover, the effects of ectopic expression of these mutants on the 

invasion of ZMYND8-depleted DU145 cells were consistent with their effects on gene 

expression (Figures 7K and 7L). These results suggest that the binding activity of 
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ZMYND8 PHD-Bromo to H3K4me1-H3K14ac is required for the ZMYND8-mediated 

transcriptional downregulation of Slug, CD44, EGFR, and VEGFA genes.

Discussion

Both H3K4me1 and H3K14ac are usually associated with gene activation, although a subset 

of H3K4me1 mark, along with H3K27me3 and H4K20me1, may be linked to gene 

repression (Cheng et al., 2014). In the present study, our results revealed that the dual 

histone mark H3K4me1-H3K14ac is recognized by the PHD-Bromo cassette in ZMYND8. 

In addition, we demonstrated that a combinatorial reading of H3K4me1-H3K14ac by 

ZMYND8 antagonizes the expression of metastasis-linked genes. Therefore, our findings 

indicate that H3K4me1-H3K14ac that associates with ZMYND8 acts as a gene-repressive 

histone signature to counteract the expression of metastasis-linked genes.

There are multiple dual module cassettes that can read two histone marks (Wang and Patel, 

2011). The PHD-Bromo cassette in TRIM24 binds to the dual mark H3K4me0-H3K23ac to 

activate ERα target genes (Tsai et al., 2010). The PHD-Bromo cassette in TRIM33 interacts 

with the dual mark H3K9me3-H3K18ac, which may denote a poised chromatin state of 

TGF-β-responsive genes (Xi et al., 2011). The PHD-Bromo cassette in BPTF reads 

H3K4me3 and H4K16ac marks on different tails in a single nucleosome and is associated 

with gene activation (Ruthenburg et al., 2011). In addition to PHD-Bromo cassettes, there 

are other dual module cassettes, including PHD-PHD (Wang and Patel, 2011). For example, 

PHD-PHD in DPF3b recognizes the dual mark H3K4me0-H3K23ac on a single H3 tail to 

activate gene expression (Zeng et al., 2010). In the current study, we demonstrated that 

ZMYND8-PHD/Bromo recognizes the dual marks H3K4me1-H3K14ac and H3K4me0-

H3K14ac in vitro. Our ChIP-Seq analysis showed that ZMYND8 peaks, along with 

JARID1D peaks, were aligned with H3K4me1 and H3K14ac peaks, indicating that 

ZMYND8 interacts with H3K4me1-H3K14ac in vivo. Intriguingly, the in vivo recognition 

of H3K4me1-H3K14ac by ZMYND8 may be dependent on JARID1D, because JARID1D 

knockdown decreased ZMYND8 occupancy at metastasis-linked genes (Figures 7E–7H). 

This recognition may also rely on JARID1D’s demethylation activity, because decreased 

levels of ZMYND8 occupancy by JARID1D knockdown coincide with increased H3K4me3 

levels (Figures 7E–7H and S6A–S6H). In this respect, ZMYND8-PHD/Bromo is an 

unprecedented dual module cassette whose binding activity to H3K4me1-H3K14ac may be 

dependent on the demethylation of H3K4me3 and H3K4me2 by JARID1D.

The present study indicates that ZMYND8 acts as JARID1D’s transcriptional corepressor. 

This is supported by our following findings: 1) ZMYND8 directly interacted with JARID1D; 

2) ZMYND8’s target genes highly overlapped JARID1D’s target genes; 3) knockdown of 

ZMYND8 or JARID1D upregulated the expression of their co-target genes; and 4) 

knockdown of ZMYND8 or JARID1D decreased the chromatin occupancy of each other in 

metastasis-linked genes, suggesting that ZMYND8 and JARID1D are, to some extent, inter-

dependent for their association with chromatin. Interestingly, ZMYND8 can also interact 

with estrogen receptor (ER), a transcriptional activator (Malovannaya et al., 2011). The 

ZMYND8-ER interaction is hormone-dependent, as transcriptional activation by ZMYND8-

ER is enhanced by the estrogen (Malovannaya et al., 2011). ZMYND8-JARID1D 
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interaction, albeit male-specific, may not be dependent on androgen, because it occurs in the 

androgen-independent cell line DU145 (Chlenski et al., 2001). The interaction between 

ZMYND8 and ER results in gene activation (Malovannaya et al., 2011), whereas ZMYND8 

and JARID1D cooperate for gene repression. For these reasons, ZMYND8 may be a Ying-

Yang factor that activates or represses gene expression in a hormone-specific, partner-

dependent manner.

Knockdown of ZMYND8 or JARID1D upregulated multiple co-target genes of ZMYND8 

and JARID1D (Figures 4E, S2C and S2D), indicating their gene-repressive functions. 

Interestingly, the chromatin profiles of the transcriptional corepressors ZMYND8 and 

JARID1D near the TSSs are somewhat associated with many active genes with H3K4me3 in 

the absence of H3K27me3 (Figures 7A–7D and S5A-S5I). This is not surprising, because 

transcriptional corepressors often occupy active genes to antagonize transcriptional 

coactivators. For example, the transcriptional co-repressor EZH2 counteracts the 

transcriptional coactivator ARID1A, a component of SWI/SNF2 chromatin remodeling 

complex, at active genes (Bitler et al., 2015). Polycomb proteins also antagonize Trithorax 

proteins (Schuettengruber et al., 2007). Then, how are JARID1D and ZMYND8 recruited to 

active genes? There are at least two mutually non-exclusive possibilities: 1) ZMYND8 

recognizes pre-existing H3K4me1-H3K14ac peaks and may bridge JARID1D to co-target 

genes of JARID1D and ZMYND8; and 2) JARID1D and ZMYND8 may be recruited to 

their target genes via the DNA-binding transcription factors; In this regard, anti-FLAG 

affinity purification and mass spectrometric analysis of FLAG-JARID1D eluates resulted in 

the identification of the transcription factor Mga.

Cancer metastasis is devastating and clinically challenging. Metastasis is a complicated 

process in which cancer cells penetrate into blood systems and depart the blood vessels to 

colonize in distant organs (Chaffer and Weinberg, 2011). For metastasis, cancer cells acquire 

increased migratory and invasive abilities, which are in principle subject to epigenetic 

control. Our recent study showed that JARID1D loss (about 25%–30%) as well as decreased 

JARID1D levels frequently occur in metastatic prostate cancer (Li et al., 2016). JARID1D 

knockdown increased H3K4me3 levels at metastasis-linked genes and decreased ZMYND8 

levels at the same genes, resulting in increased gene expression (Figures 7E–7H, S2C, and 
S6A–S6H) (Li et al., 2016). Our in vitro results showed that the interaction between 

ZMYND8 and H3K4me3 was undetectable. These findings suggest that transcriptional 

downregulation of metastasis-linked genes by JARID1D and ZMYND8 is released by 

increased H3K4me3 levels that result from the downregulation or loss of JARID1D in 

metastatic prostate cancer. Therefore, our results provide epigenetic insights into how the 

downregulation or loss of JARID1D may increase expression of metastasis-linked genes to 

enhance the invasive ability of cancer cells.

The epigenetic switch plays a critical role in regulating gene expression. Many key 

differentiation-associated genes undergo an epigenetic switch during cellular differentiation. 

For example, differentiation-associated genes are poised and marked by bivalency 

comprising H3K4me3 and H3K27me3 in stem cells but can be activated during 

differentiation via bivalency resolution to H3K4me3-containing monovalency (Bernstein et 

al., 2006; Dhar et al., 2016). In this regard, it is tempting to speculate that H3K4me1-
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H3K14ac acts as a poised epigenetic signature that is converted to the active dual mark 

H3K4me3-H3K14ac during cancer metastasis. Taken together, our work uncovers a 

previously unknown invasion-suppressive mechanism in which the PHD/Bromo-containing 

H3K4me1-H3K14ac reader ZMYND8, together with a histone H3K4 demethylase, 

epigenetically suppresses cellular invasiveness by antagonizing the expression of metastasis-

linked genes.

Experimental Procedures

Antibodies, plasmids, and cell lines

DU145 and CWR22Rv1 prostate cancer cells were purchased from ATCC. Cell culture 

reagents were obtained from Invitrogen/Gibco. The anti-JARID1D antibodies were 

purchased from Bethyl (A310-624A, A301-751A) and Santa Cruz (sc-83944). Anti-

ZMYND8 antibodies were from Bethyl (A310-739A) and Santa Cruz (sc-100824). Anti-

H3K4me3 (07-473), anti-H3K27me3 (07-449) and anti-H3K14ac (MABE351) antibodies 

were from Millipore. Anti-H3K4me1 (ab8895) antibody was from Abcam. Anti-GST was 

from Santa Cruz. Anti-HA was from Covance. Anti-JARID1A, JARID1B, JARID1C 

antibodies were from Bethyl. Anti-LSD1 antibody was from Novus. Anti-p84 antibody was 

from GeneTex. Anti- FLAG mouse monoclonal M2 (F3165), anti-β-Actin (A5441), 

shZMYND8-95 (TRCN0000037995) shZMYND8-97 (= shZMYND8) 

(TRCN0000037997), and control shRNA (shLuciferase) were from Sigma Aldrich. 

shJARID1D-4 (= shJARID1D, GCCAACCATGTGCAATGTAAC) and shScramble were 

cloned into the PLKO.1 vector

The cDNAs encoding ZMYND8-PHD/Bromo/PWWP, its point mutants, its deletion mutants 

were cloned to the bacterial expression vector pGEX6P-1 (Amersham Biosciences). To 

express JARID1D, ZMYND8 and ZMYND8 mutants in mammalian cell lines, their cDNAs 

were cloned into the pFLAG -CMV2 vector (Sigma). HA-ZMYND8 and its truncated 

mutants were generated by replacing the FLAG tag with the HA tag in the pFLAG-CMV2 

vector. All point mutations were generated by site-directed mutagenesis according to the 

manufacturer’s instructions (Stratagene).

ChIP and ChIP-Seq assays

ChIP assays were carried out as previously described (Dhar et al., 2016; Dhar et al., 2012). 

To compare H3K4me1 and H3K4me3 levels between shLuciferase-, shJARID1D-, and 

shZMYND8-treated DU145, ChIP with reference exogenous genome (ChIP-Rx) was 

performed as previously described (Orlando et al., 2014). In brief, two biological replicates 

for each group were used for ChIP-Rx experiments. Drosophila melanogaster chromatin and 

Drosophila-specific H2Av antibody were spiked-in to each ChIP reaction as a minor 

fraction. The spike-in chromatin (53083), Drosophila-specific H2Av antibody (61686), 

spike-in ChIP positive control primer set (71037), and negative control primer set (71028) 

were purchased from Active Motif. The immunoprecipitated DNA were analyzed by Next-

Generation Sequencing (NGS) (UCI GHTF).
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Mouse xenograft experiments

DU145 cells were transfected with pGL4.51[luc2/CMV/Neo] plasmid (Promega) and 

selected with 500 μg/ml G418. Two weeks later, single cell colonies that stably expressed 

luciferase and showed chemiluminescence signals upon luciferin treatment were selected 

using the IVIS 100 Imaging System (Xenogen). The clone DU145-Luc2 #9 was used in 

mouse xenograft studies. Male nu/nu mice (6-8 weeks old) were purchased from The 

University of Texas MD Anderson Cancer Center (Houston, Texas). DU145-Luc2 #9 cells 

were infected with viruses containing shScramble or shZMYND8-97. Cells were selected 

for at least 3 days using puromycin. Cells (1 × 106 per mouse) were injected via the tail 

veins. Mice were monitored using the IVIS 100 System after implantation. Eight weeks 

later, they were euthanized, and lung tissues were collected for standard histological 

examination. All animals used and studied were approved by the Institutional Animal Care 

and Use Committee (IACUC) of the University of Texas MD Anderson Cancer Center.

Statistical analyses

The statistical significance was analyzed by Student’s t-test. p < 0.05 (*), p < 0.01 (**), and 

p < 0.001 (***) indicate statistically significant changes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

▶ ZMYND8 acts as a JARID1D corepressor for JARID1D-mediated gene 

repression

▶ PHD-Bromo in ZMYND8 reads H3K4me1-H3K14ac and H3K4me0-

H3K14ac

▶ ZMYND8 has an anti-metastasis function

▶ H3K4me1-H3K14ac is associated with repression of metastasis-linked 

genes
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eTOC Blurb

Li et al. reveal that ZMYND8 recognizes the dual histone mark H3K4me1-H3K14ac and 

acts as a transcriptional corepressor of the H3K4 demethylase JARID1D. ZMYND8-

mediated recognition of H3K4me1-H3K14ac and JARID1D-catalyzed H3K4 

demethylation cooperate to antagonize the expression of metastasis-linked genes.
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Figure 1. ZMYND8 is a JARID1D-associated protein
(A) Immunoaffinity purification and mass spectrometric analysis of JARID1D-associated 

proteins. JARID1D-associated proteins from nuclear extracts from FLAG-JARID1D-

expressing stable H1299 cells were immunopurified with anti-FLAG (α-FLAG) affinity 

resins. The proteins bands were analyzed by mass spectrometry. Asterisks indicate 

breakdowns or non-specific polypeptides. (B) Schematic representation of human JARID1D, 

ZMYND8, and ZMYND8 deletion mutants. (C) Nuclear localization of JARID1D and 

ZMYND8 in DU145 cells. Nuclear and cytoplasmic fractions of DU145 cells were blotted 

with the indicated antibodies. p84 and β-actin were used as a nuclear marker and a 

cytoplasmic marker, respectively. WCE, whole cell extracts. (D) Co-immunoprecipitation 

between ectopically expressed FLAG-tagged JARID1D and endogenous ZMYND8 protein. 

Anti-FLAG-immunoprecipitated samples were blotted with anti-FLAG and anti-ZMYND8 

(α-ZMYND8) antibodies. (E) Coimmunoprecipitation between endogenous JARID1D and 

ZMYND8 in DU145 cells. Anti-JARID1D (α-JARID1D)-immunoprecipitated samples were 

blotted with anti-JARID1D and anti-ZMYND8 antibodies. (F) Mapping of the ZMYND8 

region responsible for the interaction with JARID1D. FLAG-JARID1D and HA-ZMYND8 

(or its truncated mutants) were ectopically expressed in 293T cells. Expression levels were 

examined using anti-HA and anti-FLAG antibodies (Left panel). Following co-

immunoprecipitation (IP), the eluates were examined by western blot analysis using anti-HA 

(α-HA) and anti-FLAG antibodies (Right panel). Open rectangular triangles denote specific 
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bands, and asterisks indicate nonspecific polypeptides. (G and H) Mapping of the JARID1D 

region responsible for the interaction with ZMYND8. Recombinant full-length JARID1D 

and its deletion mutants were analyzed using anti-JARID1D antibody (G). A Co-IP assay 

was performed using recombinant JARID1D, JARID1D mutants, and ZMYND8 that were 

isolated from Sf9 or Sf21 insect cells (H). See also Figure S1.
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Figure 2. The chromatin landscape of ZMYND8 greatly overlaps that of JARID1D.
(A) The genomic distribution of ChIP-seq peaks of JARID1D and ZMYND8. ChIP-Seq was 

performed using DU145 prostate cancer cells. (B) Average enrichment of JARID1D and 

ZMYND8 in the genic regions, including TSS and TTS. TSS, transcriptional start site; TTS, 

transcriptional termination site. (C) Heat maps of genomic co-localization of JARID1D and 

ZMYND8 in DU145 cells. (D) Venn diagram of the overlap between JARID1D and 

ZMYND8 peaks. (E) Venn diagram of genes co-occupied by JARID1D and ZMYND8. (F) 

Gene ontology analysis of genes co-occupied by JARID1D and ZMYND8.
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Figure 3. ZMYND8 knockdown increases the invasive abilities of prostate cancer cells in vitro 
and in vivo
(A) Western blot and quantitative RT-PCR analysis of ZMYND8 levels following the 

treatment of DU145 cells with shZMYND8s (shZMYND8-95 and shZMYND8-97). (B–D) 

Effects of ZMYND8 knockdown on the proliferation (B), migration (C) and invasion (D) of 

DU145 cells. Following the cell migration and invasion assays, cells were stained with 

crystal violet and counted in at least five fields. (E–G) The effect of ZMYND8 knockdown 

on the in vivo metastatic abilities of DU145 cells in an intravenous mouse xenograft model. 

DU145 cells with stably expressing firefly luciferase were infected with lentiviruses 

containing scramble shRNA (shScramble) or shZMYND8-97. The representative 

bioluminescent images of mice (shScramble, n=6; shZMYND8, n=6) 8-10 weeks after tail 

vein injection are shown (E), and their quantified bioluminescent signals were individually 

plotted (F). Representative images of hematoxylin and eosin–stained lung tissues (G). Data 

are presented as the mean ± SEM (error bars). See also Figure S1.
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Figure 4. ZMYND8 is required for the JARID1D-mediated downregulation of metastasis-linked 
genes.
(A and C) Venn diagrams (A) and gene ontology analysis (C) of genes upregulated by 

JARID1D and ZMYND8 knockdown. Whole genome expression levels were measured by 

the RNA-seq. (B and D) Venn diagrams (B) and gene ontology analysis (D) of genes 

downregulated by JARID1D and ZMYND8 knockdown. (E) The effect of JARID1D or 

ZMYND8 knockdown on expression levels of multiple metastasis-linked genes in DU145 

cells. A quantitative RT-PCR analysis was performed using samples from at least three 

independent experiments (i.e., n ≥ 3). (F–I) The effect of ZMYND8 knockdown on 

JARID1D and H3K4me3 levels at Slug (F), CD44 (G), VEGFA (H), and EGFR (I) genes in 

DU145 cells. Chromatin levels of ZMYND8, JARID1D, and H3K4me3 were measured by 

quantitative ChIP that was performed using samples from at least three independent 

experiments (i.e., three biological replicates). IgG was used as a negative control. Data are 

presented as the mean ± SEM (error bars). ChIP PCR amplicons are indicated by the small 

blue lines in Figures 7A-7D. See also Figure S2.

Li et al. Page 23

Mol Cell. Author manuscript; available in PMC 2017 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. ZMYND8 recognizes H3K4me0-H3K14ac and H3K4me1-H3K14ac via the PHD/
Bromo cassette
(A) Schematic representation of ZMYND8-PHD/Bromo/PWWP (ZMYND8-PBP), 

ZMYND8-PHD/Bromo (ZMYND8-PB), and ZMYND8-PB deletion mutants. (B) Peptide 

pull-down assays using the indicated biotinylated peptides and the GST-tagged ZMYND8-

PB. (C) Peptide pull-down assays using H3 (1-21) peptide and either the recombinant GST-

ZMYND8-PB or its deletion mutants. (D and E) Isothermal titration calorimetry (ITC) 

assays to measure the interaction of the indicated peptides with ZMYND8-PB (D) or 

ZMYND8-PBP (E). (F) Peptide pull-down assays using the indicated biotinylated peptides 

and recombinant GST-ZMYND8-PBP. (G) ITC assays to measure the interaction of the 

indicated peptides with the recombinant ZMYND8-PBP. See also Figure S3.
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Figure 6. Molecular basis for the interaction of ZMYND8-PHD/Bromo with H3K4me0-H3K14ac 
and H3K4me1-H3K14ac
(A) Electrostatic surface view of the ZMYND8-PBP in complex with modeled 

H3K4me0K14ac peptide. Electrostatic potential is shown as a spectrum ranging from red 

(negative charge) to blue (positive charge). (B) Structural modelling of ZMYND8-PBP 

bound to unmodified H3 (1-6aa) peptides. ZMYND8-PBP is in ribbon view. The invisible 

N-terminal fragment (D96-G105) of ZMYND8-PHD is shown as a dotted line. Close-up 

view shows recognition of H3 peptide by ZMYND8-PHD (blue). Znf (pink), zinc finger 

motif between Bromo (green) and PWWP (orange); Magenta dashes, hydrogen bonds. (C) 

Structural modeling of ZMYND8-PBP bound to H3K4me0K14ac (1-14aa) peptides. Blue 

spheres, Zinc atoms; Magenta dashes, hydrogen bonds. (D) Close-up view of structural 

modeling for the recognition of H3K14ac by ZMYND8 Bromo (green). The side chains of 

two residues, Y247 and N248, are shown in magenta sticks, with blue for nitrogen and red 

for oxygen. Cyan dashes, hydrogen bonds. (E) Electrostatic surface view of the ZMYND8-

PBP in complex with modelled H3K4me1K14ac peptide. Electrostatic potential is shown as 

a spectrum ranging from red (negative charge) to blue (positive charge). (F) Structural 

modelling of ZMYND8-PBP bound to H3K4me1 (1-6aa) peptides. ZMYND8-PBP is in 

ribbon view. The invisible N-terminal fragment (D96-G105) of ZMYND8-PHD is shown as 

dotted line. Close-up view shows recognition of H3 peptide by ZMYND8-PHD (blue). Znf 

(pink), zinc finger motif between Bromo (green) and PWWP (orange); Magenta dashes, 
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hydrogen bonds. (G) ITC assays to measure the interaction of H3K4me0 (1-25aa) with 

ZMYND8-PBP or its PHD mutants. (H) ITC assays to measure the interaction of H3K14ac 

(1-15aa) with ZMYND8-PBP or its Bromo mutants (N248A or Y247A/N248A). For A–F, 

the modeled H3 peptide is depicted as sticks with yellow for carbon, blue for nitrogen, and 

red for oxygen. See also Figure S4.

Li et al. Page 26

Mol Cell. Author manuscript; available in PMC 2017 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. ZMYND8 downregulates metastasis-linked genes by reading the signature H3K4me1-
H3K14ac
(A-D) Genome browser view of ChIP-Seq peaks for input (a negative control), ZMYND8, 

JARID1D, H3K14ac, H3K4me1, H3K4me3, and H3K27me3 at CD44 (A), Slug (B), 

VEGFA (C), and EGFR (D) genes in DU145 cells. The blue lines indicate ChIP PCR 

amplicons for E-H. ChIP-Seq signals of JARID1D, ZMYND8, H3K4me1, H3K14ac, 

H3K4me3, and H3K27me3 in the tracks represent their remainder signals after input signals 

were subtracted from their original signals. (E-H) The effect of JARID1D knockdown on 

ZMYND8 occupancy at CD44 (E), Slug (F), VEGFA (G), and EGFR (H) genes in DU145 

cells. Chromatin levels of ZMYND8 and JARID1D were measured by quantitative ChIP (n 

≥ 3). PCR values were normalized to input. (I) Western blot analysis of ectopic expression 

of WT FLAG-ZMYND8, its PHD mutants (D108A, F109D), and its Bromo mutant (YN/

AA). DU145 cells infected with shZMYND8-97 virus were transfected with control vector, 

WT FLAG-ZMYND8 or its point mutants. shLuc-treated DU145 cells that were transfected 

with control vector were used as a control. (J) The effects of ectopic expression of WT 

FLAG-ZMYND8, its PHD mutants (D108A, F109D), and its Bromo mutant (YN/AA) on 

expression levels of CD44, Slug, VEGFA, and EGFR genes in ZMYND8-depleted DU145 

cells (n = 5). (K and L) The effects of ectopic expression of WT FLAG-ZMYND8, its PHD 

mutants (D108A, F109D), and its Bromo mutant (YN/AA) on invasive ability in ZMYND8-

Li et al. Page 27

Mol Cell. Author manuscript; available in PMC 2017 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



depleted DU145 cells. Cells were stained with crystal violet (K) and counted in at least five 

different fields (L). Data are presented as the mean ± SEM (error bars). See also Figures S5 

and S6.
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Table 1

Data collection and refinement statistics (Related to Figure 6)

Crystal ZMYND893-426-ZN* ZMYND893-426-Native

Data collection

 Space group P212121 P212121

 Cell dimensions

  a, b, c (Å) 67.1, 68.5, 70.5 67.1, 68.0, 70.3

  α, β, γ (°) 90, 90, 90 90, 90, 90

 Wavelength (Å) 1.2821 0.9790

 Resolution (Å)
39.6-2.00 (2.03-2.00)

†
39.5-1.80 (1.87-1.80)

†

 Unique reflections 42958 (2171) 30158 (2901)

 Rsym (%) 9.0 (67.2) 7.9 (67.3)

 I/σ(I) 29.1 (2.1) 22.4 (2.6)

 Completeness (%) 99.8 (98.3) 99.3 (97.7)

 Redundancy 4.5 (3.4) 4.7

Refinement (F>0)

 Resolution (Å) 39.5-1.80

 No. of reflections 28650

 Rwork/Rfree (%) 18.7/22.4

 No. atoms

  Protein 2530

  Ion 3

  Water 179

 B factors (Å2)

  Protein 37.3

  Ion 31.1

  Water 42.1

 r.m.s. deviations

  Bond lengths (Å) 0.013

  Bond angles (°) 1.34

 Ramachandran plot

  Most favored (%) 97

  Allowed (%) 3

*
Values in this column are based on anomalous scaling.

†
Values in parentheses refer to the highest resolution shell.
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