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Abstract

The ability of cells to perceive and translate versatile cues into differential chromatin and 

transcriptional states is critical for many biological processes1–5. In plants, timely transition to a 

flowering state is crucial for successful reproduction6–9. EARLY BOLTING IN SHORT DAY 

(EBS) is a negative transcriptional regulator that prevents premature flowering in Arabidopsis 
thaliana10,11. We found that EBS contains bivalent bromo-adjacent homology (BAH)-plant 

homeodomain (PHD) reader modules that bind H3K27me3 and H3K4me3, respectively. We 

observed co-enrichment of a subset of EBS-associated genes with H3K4me3, H3K27me3, and 

Polycomb repressor complex 2 (PRC2). Notably, EBS adopted an autoinhibition mode to mediate 

its switch in binding preference between H3K27me3 and H3K4me3. This binding balance was 

critical because disruption of either EBS-H3K27me3 or EBS-H3K4me3 interaction induced early 

floral transition. Our results identify a bivalent chromatin reader capable of recognizing two 

Reprints and permissions information is available at www.nature.com/reprints.
*Correspondence and requests for materials should be addressed to J.D. or X.Z. jmdu@sibs.ac.cn; xuehua.zhong@wisc.edu.
Author contributions
Z.Y., R.L., X.D., and X.L. performed the structural analysis. S.Q., R.N.S., and X.C. conducted all of the functional experiments. L.L. 
performed the bioinformatic analysis. M.S. and L.M.S. contributed to mass spectrometry analysis. M.D.B. and J.M.D. provided the 
peptide array. J.D. and X.Z. designed this study and wrote the manuscript.
8These authors contributed equally to this work: Zhenlin Yang, Shuiming Qian

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41588-018-0187-8.

HHS Public Access
Author manuscript
Nat Genet. Author manuscript; available in PMC 2019 June 09.

Published in final edited form as:
Nat Genet. 2018 September ; 50(9): 1247–1253. doi:10.1038/s41588-018-0187-8.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.nature.com/reprints
https://doi.org/10.1038/s41588-018-0187-8


antagonistic histone marks, and we propose a distinct mechanism of interaction between active 

and repressive chromatin states.

EBS possesses a putative N-terminal BAH domain, a PHD finger, and a C-terminal short 

loop (Fig. 1a). Although the PHD finger of EBS has been shown to bind H3K4me2 and 

H3K4me3 in vitro10, its BAH domain has not been characterized, despite such domains 

having been reported to function as histone mark readers12–15. To determine whether the 

EBS BAH domain can bind histone marks, we screened EBS on a histone peptide array16. 

EBS recognized the activation marks H3K4me2 and H3K4me3 (Supplementary Fig. 1a,b 

and Supplementary Table 1). To our surprise, EBS also bound to the repressive marks 

H3K27me2 and H3K27me3 (Supplementary Fig. 1c–e and Supplementary Table 1). Our 

isothermal titration calorimetry (ITC) data revealed that EBS had a stronger affinity for 

H3K27me3 (49.8 μM) than for H3K4me3 (86.8 μM) (Fig. 1b,c).

Next, we determined the crystal structure of EBS in complex with a histone H3(20–

35)K27me3 peptide at 2.0-Å resolution (Fig. 1d and Supplementary Table 2). A small 

hydrophobic loop of the PHD finger protruded into a hydrophobic pocket of the BAH 

domain to enable interactions between the two domains (Supplementary Fig. 2a). The 

H3K27me3 peptide bound along a negatively charged surface cleft on the BAH domain 

without contacting the PHD finger (Fig. 1d,e and Supplementary Fig. 2b). The side chain of 

H3K27me3 was inserted into a classic aromatic cage formed by Tyr49, Trp70, and Tyr72 

involving both cation-π and hydrophobic interactions (Fig. 1f,g), similar to other methyl-

lysine-binding modules17–19. The EBS BAH aromatic cage is conserved in other methyl-

lysinebinding BAH domains, such as mouse ORC1 BAH recognizing H4K20me2 and maize 

ZMET2 BAH binding to H3K9me212,13. The main chain carbonyl and side chain hydroxyl 

groups of H3S28 formed two hydrogen bonds with the side chain imidazole group of His95, 

further fixing the conformation of this residue (Fig. 1f). The prolyl ring of H3P30 had a 

particular directionality whereby it stacked with the imidazole ring of His9520 (Fig. 1f). 

Notably, mutations of the key interacting residues resulted in impairment of binding between 

EBS and H3K27me3 (Supplementary Fig. 2c).

In the EBS–H3K27me3 structure, the PHD adopted a classic PHD finger fold resembling 

other H3K4me3-binding PHDs17,21,22. However, we failed to obtain crystals of full-length 

EBS in complex with H3K4me2 or H3K4me3 peptides. Notably, an EBS C-terminal loop 

folded back and interacted with the PHD finger (Fig. 2a). The canonical aromatic cage 

(formed by Tyr148, Tyr155, and Trp170) of PHD was occupied by Pro211, resulting in an 

autoinhibition mode that made the PHD finger inaccessible to methyl-lysine. The specific 

interaction between the proline ring and the aromatic cage has been observed in structures of 

peptide-L3MBTL1 complexes23–25. Consistent with this, we found that EBS without the C-

terminal autoinhibition loop (EBSΔC, 1-199) bound to the H3K4me3 peptide with a higher 

binding affinity of 30.7μM (Fig. 2b) than that of full-length EBS (86.8μM; Fig. 1c), which 

supports the theory that the C-terminal loop inhibits EBS-H3K4me3 binding.

We next solved the crystal structure of EBSΔC in complex with an H3(1–15)K4me2 peptide 

at 3.1-Å resolution (Fig. 2c and Supplementary Table 2). The overall EBSΔC structure 

resembled that of full-length EBS with a root-mean-squared (r.m.s.) deviation of 0.6 Å on 
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superposition (Supplementary Fig. 3a). The histone peptide bound along the negatively 

charged surface of the PHD finger, overlapping with the autoinhibition binding sites (Fig. 2d 

and Supplementary Fig. 3b,c). Recognition of H3K4me2 resulted in the N-terminal Ala1 

residue anchoring in a negatively charged pocket and insertion of H3K4me2 into the 

canonical aromatic cage, leading to cation-π and hydrophobic interactions, similar to other 

methyl-lysine-binding modules (Fig. 2d,e and Supplementary Fig. 3d)17. Mutations of the 

key aromatic cage residues caused a substantial decrease in binding affinity (Supplementary 

Fig. 3e). We next assessed EBS binding toward an H3(1–35)K4me3K27me3 doubly 

methylated peptide and found that full-length EBS bound to H3K4me3K27me3 with a 

binding affinity of 44.3 μM (Supplementary Fig. 3f), similar to the affinity of EBS for 

H3K27me3 (49.8 μM; Fig. 1b). In contrast, EBSΔC bound to H3K4me3K27me3 with a 

binding affinity of 29.7 μM (Supplementary Fig. 3g), similar to the affinity of EBSΔC for 

H3K4me3 (30.7 μM; Fig. 2b). The analysis yielded an approximate 1:1 stoichiometry 

between peptides and proteins (Supplementary Fig. 3f,g). In addition, the distance between 

the two peptide binding sites of EBS and the conformation of the two histone peptides made 

it difficult for a single EBS protein to capture the H3K4me3 and H3K27me3 marks 

simultaneously (Supplementary Fig. 3h), suggesting that the PHD–H3K4me3 and BAH–

H3K27me3 interactions are two independent events and mutually exclusive.

H3K4me3 and H3K27me3 are two histone marks that are well known for their antagonistic 

roles in balancing chromatin states and regulating gene expression1,26. The ability of a single 

EBS protein to recognize two antagonistic histone marks via two distinct domains suggests 

that there is crosstalk between active and repressive chromatin states. Previously reported 

H3K4me3–H3K27me3 interactions often involve multiple proteins or multi-protein 

complexes1,2,26. To investigate whether EBS colocalizes with H3K4me3 and H3K27me3 in 

vivo, we determined EBS genome-wide occupancy via chromatin immunoprecipitation 

(ChlP)-seq and identified 2,637 binding peaks (P < 1 × 10−3) corresponding to 2,432 genes 

(Supplementary Table 3). We also determined the genome-wide distribution of CURLY 

LEAF (CLF), an Arabidopsis H3K27me3 methyltransferase of PRC227,28. The majority of 

EBS binding peaks were enriched in the gene body proximal to the transcription start site 

(TSS), similar to CLF (Fig. 3a,b and Supplementary Fig. 4). A significant number of EBS-

associated genes overlapped with those of CLF (P= 2.8× 10−85), as well as Polycomb 

protein LIKE HETEROCHROMATIN PROTEIN 1 (LHP1)29,30 and EMBRYONIC 

FLOWER 1 (EMF1)31,32 (Fig. 3b,c and Supplementary Fig. 5a,b). Target genes shared by 

EBS and CLF showed slightly higher H3K27me3 levels than CLF-only targets, but had 

higher levels of H3K27me3 than EBS-only targets (Fig. 3d,e). EBS target genes had higher 

H3K4me3 levels than CLF targets (Fig. 3e). Consistent with this, a large subset of EBS-

bound genes (~90%) were co-marked with H3K27me3 or H3K4me3 (Fig. 3f,g and 

Supplementary Fig. 5c). Furthermore, EBS occupancy on several of its targets (FT, EMF1, 

and SOC1) was significantly reduced when H3K27me3 levels were diminished in the clf 
mutant (Fig. 3h,i).

Our structural and biochemical data identify a unique dual BAH–PHD binding module of 

EBS with H3K4me3 and H3K27me3. To investigate the functional importance of this dual 

recognition, we generated point mutations in the aromatic cage that abolished BAH–

H3K27me3 and PHD–H3K4me3 binding and tested their effect on flowering, as the loss-of-
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function EBS mutation induces early floral transition11. In comparison with wild-type EBS 
transgenes that rescued ebs, EBS mutants defective in H3K27me3 or H3K4me3 binding 

were unable to rescue the early-flowering phenotype in ebs (n = 6 independent transgenic 

lines; Fig. 4a,b and Supplementary Fig. 6a–c). Consistent with the role of EBS in controlling 

flowering by repressing FLOWERING TIME (FT) expression11, both BAH and PHD 

mutants showed a strong induction of FT expression that was similar to that in the ebs null 

mutant (Fig. 4c), demonstrating a critical role for BAH–H3K27me3 and PHD–H3K4me3 

binding in EBS function in vivo.

To investigate the in vivo relevance of the C-terminal autoinhibition loop, we generated a C-

terminal deletion mutant and found that it failed to complement the early flowering of ebs (n 
= 6 independent transgenic lines; Fig. 4a,b and Supplementary Fig. 6d), despite having a 

much higher protein level than wild-type EBS (Supplementary Fig. 6e). A similar early-

flowering phenotype was observed when EBS was overexpressed in a wild-type 

background11. Notably, deleting the C-terminal loop also caused significant FT upregulation 

(Fig. 4c), suggesting that proper EBS levels are critical for EBS function. Despite having 

similar binding patterns at the gene body (Supplementary Fig. 7a), we found that a 

significant subset of EBSΔC-associated genes overlapped with those of EBS (Fig. 4d and 

Supplementary Table 4). A slightly higher H3K4me3 level was associated with unique 

EBSΔC-bound genes than with genes overlapping with EBS (Fig. 4e). We also noted a 

slightly higher H3K4me3 level for EBSΔC than for EBS at their common target genes 

(Supplementary Fig. 7b). One possible explanation is that deletion of the C-terminal loop 

exposes the PHD binding pocket and mediates a transition of the EBS binding preference 

from H3K27me3 to H3K4me3. To test this hypothesis, we performed sequential ChIP–

qPCR in which chromatin was first enriched with EBS or EBSΔC and then with either 

H3K27me3 or H3K4me3 (Supplementary Fig. 7c). Despite having similar occupancy and 

similar H3K27me3 levels (Fig. 4f,g and Supplementary Fig. 7d,e), EBSΔC showed higher 

co-enrichment of H3K4me3 and lower levels of H3K27me3 overall than EBS at the EMF1, 

GATL2, and C2H2 loci (Fig. 4h,i). This indicates a binding preference switch of EBS from 

H3K27me3- to H3K4me3-marked chromatin at these loci when it lacks the C-terminal loop. 

Next, we performed immunoprecipitation coupled with mass spectrometry (IP–MS) and 

found that MULTICOPY SUPPRESSOR OF IRA 4 (MSI4), which is known to interact with 

CLF33, co-purified with EBS (Fig. 5a,b and Supplementary Table 5). The EBS–MSI4 

interaction was independent of the C-terminal loop (Fig. 5c).

In conclusion, we characterized EBS as a bivalent reader capable of switching its binding 

preference between H3K27me3- and H3K4me3-marked chromatin in a manner mediated by 

its C-terminal inhibition loop (Fig. 5d). We speculate that certain developmental (for 

example, small ligands and hormones) or molecular (for example, post-translational 

modifications and protein-protein interactions) signals might trigger the release of this 

inhibitory loop. In the future, it will be interesting to identify these signals and elucidate how 

they modulate the chromatin binding preference of EBS.
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URLs

SERp server, http://services.mbi.ucla.edu/SER/; Gene Expression Omnibus, https://

www.ncbi.nlm.nih.gov/geo/; ProteomeXchange, http://

proteomecentral.proteomexchange.org/; Sequence Read Archive, http://

www.ncbi.nlm.nih.gov/sra; R packages, http://www.cran.r-project.org/; NGS plot, https://

github.com/shenlab-sinai/ngsplot; BEDTools, http://bedtools.readthedocs.io/en/latest/.

Methods

Plant materials and growth conditions

All Arabidopsis thaliana lines were derived from ecotype Columbia-0 (Col-0). The loss-of-

function ebs point-mutation line11 was a gift from M. Piñeiro (Centro de Biotecnología y 

Genómica de Plantas, UPM-INIA). The clf28 line (SALK_139371) was a gift from R. 

Amasino (University of Wisconsin–Madison). Seeds were sown in soil and kept at 4 °C for 2 

d before transferring to constant (24 h light), long-day (16 h light/8 h dark), or short-day (8 h 

light/16 h dark) conditions at 22 °C. N. benthamiana plants were grown at 24 °C under 

constant light.

Construction of plasmid vectors and generation of transgenic plants

Genomic DNA sequences corresponding to EBS, EBSΔC, and CLF with their 1-kb 

promoters were amplified and cloned into the pENTR/D-TOPO vector (Thermo Fisher, 

K240020). These constructs were recombined into pEarleyGate302 binary vectors to create 

epitope-tagged 3 × FLAG fusions34,35 and were transformed into their respective mutant 

background: pEBS::EBS-3 × FLAG/ebs (abridged as EBS-FLAG), pEBS::EBSΔC-3 × 

FLAG/ebs (abridged as EBSΔC-FLAG), and pCLF::CLF-3 × FLAG/clf28 (abridged as 

CLF-FLAG). The EBS BAH and PHD binding-disruptive point mutations and C-terminal 

deletion constructs were generated in the pEBS::EBS-3 × FLAG backbone using a Q5 Site-

Directed Mutagenesis kit (New England BioLabs, E0554S) and were transformed into the 

ebs mutant via Agrobacterium-mediated floral dip method. Western blotting and RT–qPCR 

experiments were conducted using tissue from the same individual plant lines in the T2 

generation using anti-FLAG antibody (Sigma, A8592) and the primers described in 

Supplementary Table 6. Sequential ChIP experiments in the C-terminal deletion mutant lines 

were conducted in T2 plants. The pEBS::EBS-3 × FLAG construct was crossed into the 

clf28 mutant background, and F2 plants with loss-of-function CLF were used for ChIP–

qPCR experiments.

GST protein purification and peptide microarray.

The full-length cDNA of EBS was amplified and cloned into GST-tagged protein expression 

vector pGOOD, modified from pGEX-6P (GE Healthcare) by adding a 6 × His tag at the C 

terminus. GST vector only and GST-EBS protein were induced with 200 mM IPTG 

(isopropyl β-D-1-thiogalac-topyranoside) for 3 h at 16 °C. Peptide microarray was performed 

as previously described36. Briefly, peptide binding assays were performed with a modified 

two-chamber simplex gasket (Intuitive Bioscience). After tightening the gasket onto the slide 

surface, the peptide array was blocked with blocking solution (1 × PBS, 0.05% Tween-20 
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pH 7.4, 1% BSA) at 4 °C overnight to reduce nonspecific binding. After washing three times 

with 1 ml of TTBS buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.05% Tween-20), 500 

nM GST-tagged recombinant EBS protein in 1 ml of binding buffer (50 mM HEPES pH 7.5, 

50 mM NaCl, 5% glycerol, 0.4% BSA, 2 mM DTT) was incubated with the peptide array at 

room temperature for 2 h with gentle rotation. The slide was then washed with TTBS three 

times and incubated with an anti-GST antibody (Thermo Fisher, CAB4169) in TBS with 1% 

BSA for 1 h at room temperature. After washing with TTBS three times, the slide was 

incubated with an anti-rabbit IRDye 650 secondary antibody (LI-COR, 926-65020) in 1 ml 

of TBS buffer with 1% BSA for 1 h. The slide was washed with TTBS three times, dried by 

centrifugation, and imaged at dual wavelengths of 532 and 635 nm on an Axon GenePix 

4000B (Molecular Devices). The laser power was set to 100% with automatic gain 

adjustment (0.05% saturation tolerance) for dual photomultipliers. Features in each block 

were defined by manual adjustment of a 13 × 13 grid (feature diameter, 280 μm; column 

spacing and row spacing, 320 μm) to cover every spot. Signal intensities were quantified by 

GenePix Pro 6.1 software (Molecular Devices). For each spot, the mean intensities at the 

635-nm wavelength were used for subsequent analysis. For each peptide species, an average 

was calculated from three replicate spots. The signal at the 532-nm wavelength was used as 

a control to identify misprinting events. Detailed information for peptides on the array can 

be found in Supplementary Table 1.

Immunoprecipitation and mass spectrometry

IP–MS was performed as previously described with slight modifications37. Nuclei were 

isolated from 15 g of Arabidopsis plants expressing EBS-FLAG with 150 ml of nuclear 

isolation buffer (10 mM HEPES pH 8, 1 M sucrose, 5 mM KCl, 5 mM MgCl2, 5 mM 

EDTA, 0.6% Triton X-100, 0.4 mM PMSF) with complete protease inhibitor cocktail 

(Roche) and then lysed with 15 ml of IP buffer (50 mM Tris-HCl pH 8, 150 mM NaCl, 5 

mM MgCl2, 5% glycerol, 0.1% NP-40, 1 mM DTT, 1 mM PMSF, and protease inhibitor 

cocktail) by Dounce 20 times with a tight pestle. EBS protein complex was purified with 

200 μl of FLAG beads (Sigma, M8823) and eluted with 400 μl of elution buffer (IP buffer 

without NP-40) containing 150 ng/μl 3 × FLAG peptide (Sigma, F4799) three times. 

Proteins were precipitated with 20% trichloroacetic acid and digested with trypsin for mass 

spectrometry analysis.

In vitro pulldown assays

GFP-tagged MSI4-transgenic Arabidopsis were generated by introducing GFP-tagged full-

length MSI4 (MSI4-GFP) with expression driven by the 35 S promoter into the wild-type 

Col background. One gram of 3-week-old plants expressing MSI4-GFP was ground into fine 

powder with liquid nitrogen and resuspended in 5 ml of pulldown buffer (50 mM Tris-HCl 

pH 7, 150 mM NaCl, 1 mM EDTA, 5% glycerol, 0.5% Triton X-100, protease inhibitor). 

After centrifugation for 15 min at 12,000 r.p.m., the supernatant was evenly divided and 

transferred into two new tubes and incubated with 10 μg of GST-EBS or GST vector only for 

3 h with constant rotation at 4 °C. Prewashed glutathione agarose bead slurry (GE 

Healthcare, 17-0756-01) was added to the MSI4-GFP extracts and incubated for 1 h. Beads 

containing protein complex were washed with pulldown buffer four times before boiling 

with 40 μl of SDS loading buffer for SDS–PAGE separation and western blots. The GFP 
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antibody was from Roche (11814460001), and the anti-GST antibody was from Thermo 

Fisher (CAB4169).

Split-luciferase assays

The coding sequences of EBS and EBSΔC were cloned into the pCAMBIA-nLUC vector38 

containing the N-terminal part of the luciferase gene, resulting in EBS-nLuc and EBSΔC-

nLuc plasmid constructs. Full-length cDNA of MSI4 was cloned into the pCAMBIA-cLUC 

expression vector38 containing the C-terminal part of the luciferase gene, resulting in the 

cLuc-MSI4 construct. N. benthamiana leaves were co-infiltrated with Agrobacterium 
harboring the EBS-nLuc and cLuc-MSI4 constructs or the EBSΔC-nLuc and cLuc-MSI4 

constructs. Primer details for the constructs are described in Supplementary Table 6. 

Infiltrated plants were kept in the dark for 24 h before being moved to a normal condition 

(16 h light/8 h dark) for an additional 24 h. Infiltrated leaves were detached and sprayed with 

2 mM luciferin. Images were taken with ImageQuant LAS 4000 (GE Healthcare) and 

transferred to color images with Image Studio (LI-COR).

Protein expression and purification for protein crystallization

The Arabidopsis EBS sequence was cloned into a self-modified pET-Sumo vector to fuse a 

His6-SUMO tag to the N terminus of the target protein. The plasmid was transformed into 

Escherichia coli strain BL21(DE3) RIL (Stratagene). Cultured cells were grown in LB 

medium at 37 °C until the OD600 reached 0.8. Cells were then cooled to 18 °C, and 

expression was induced by adding IPTG to a final concentration of 0.2 mM. Recombinant 

expressed protein was purified using a nickel affinity column (GE Healthcare). The His6-

SUMO tag was cleaved by a self-purified ULP1 protease and further removed by running an 

additional nickel affinity column (GE Healthcare). The protein was further purified using a 

heparin column (GE Healthcare) and a Superdex G200 gel-filtration column (GE 

Healthcare). All EBS point-mutant and deletion constructs were generated using a PCR-

based mutagenesis method and were expressed and purified using the same protocol as for 

the wild-type protein. Primer details for the constructs are described in Supplementary Table 

6. All peptides were ordered from GL Biochem and EpiCypher.

Crystallization, data collection, and structure determination

Before crystallization, purified protein was mixed with histone peptides at a molar ratio of 

1:4 and further incubated at 4 °C for 1 h. Crystallization was carried out using the hanging 

drop vapor diffusion method at 20 °C. Despite efforts on many different EBS constructs and 

various lengths of the H3K27me3 peptide, we were unable to obtain crystals with diffraction 

quality. Alternatively, we introduced localized surface-entropy-reduction mutations to EBS39 

and found that a K201A K202A double mutant of EBS in complex with the H3(20–

35)K27me3 peptide successfully yielded crystals in a condition of 0.2 M sodium acetate and 

20% PEG-3350. EBSΔC (1–199) in complex with H3K4me2 peptides was crystallized in a 

condition with 0.1 M MES, pH 6.5, and 40% PEG-200. All crystals were soaked in reservoir 

solution supplemented with 15% glycerol and flash cooled in liquid nitrogen. The Zn-SAD 

data for the ESB–H3K27me3 complex were collected at the peak wavelength for zinc 

(1.2827 Å) at beamline BL19U1 of the National Center for Protein Sciences Shanghai 

(NCPSS) at the Shanghai Synchrotron Radiation Facility (SSRF). All other data were 
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collected at beamline BL17U1 at SSRF. The data were further processed using the 

HKL2000/3000 packages40. Statistics from data collection are listed in Supplementary Table 

2.

The structure of EBS in complex with H3K27me3 peptide was solved using the SAD 

method as implemented in Phenix41. Structure refinement and model building were 

conducted using Phenix41 and Coot42, respectively. The structure of the EBSΔC–H3K4me2 

complex was solved using the molecular replacement method with Phenix41 and with the 

structure of the EBS–H3K27me3 complex as a search model. Structure refinement and 

model building were carried out by Phenix41 and Coot42, respectively. Throughout 

refinement, 5% randomly chosen reflections were set aside for the free R validation. The 

geometry of the models was analyzed using Procheck43. The structural refinement statistics 

are summarized in Supplementary Table 2. The X-ray structure validation reports for the two 

structures can be found in Supplementary Data 1 and 2. All molecular graphics were 

generated using PyMOL (DeLano Scientific).

Isothermal titration calorimetry

ITC binding curves were measured using a Microcal PEAQ-ITC instrument (Malvern). 

Purified proteins were dialyzed against buffer containing 100 mM NaCl, 20 mM HEPES pH 

7, and 2 mM β-mercaptoethanol. Peptide was dissolved in the same buffer. Titrations were 

performed at 20 °C. Data were analyzed using Origin 7.0. The peptides used in the ITC 

experiments were as follows: H3(1–15)K4me3, H3(1–15)K4me2, H3(1–15) K4me1, H3(1–

15)K4me0, H3(20–35)K27me3, H3(20–35)K27me2, H3(20–35) K27me1, H3(20–

35)K27me0, and H3(1–35)K4me3K27me3.

RNA extraction and qRT–PCR

Total RNA was extracted from 22-leaf-stage plants grown under long-day conditions 

harvested right before dusk using TRIzol reagent (Thermo Fisher, 15596026). One 

microgram of RNA was reverse-transcribed into cDNA with SuperScript III (Thermo Fisher, 

18080093) followed by qPCR with SYBR Green Master Mix (Bio-Rad, 1725271) using 

CFX96 RealTime System 690 (Bio-Rad). Relative FT transcript level to ACTIN was 

calculated with the ΔCt method44. Detailed information for primers can be found in 

Supplementary Table 6.

Immunoblot analysis

FLAG-epitope-tagged proteins were detected with horseradish peroxidase (HRP)-conjugated 

anti-FLAG antibody (Sigma, A8592). The following histone antibodies were used: H3 

(Abcam, ab1791), H3K4me3 (Millipore, 04-745), and H3K27me3 (Millipore, 07-449). All 

western blots were developed using the ECL Plus Western Blotting Detection System (GE 

Healthcare, RPN2132) and chemiluminescent imaging using an Imagequant LAS 4000 (GE 

Healthcare).

Chromatin immunoprecipitation

EBS, EBSΔC, and CLF ChIP assays were performed as previously described37,45. Briefly, 2 

g of 3-week-old plants were ground into powder in liquid nitrogen and cross-linked in 

Yang et al. Page 8

Nat Genet. Author manuscript; available in PMC 2019 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nuclear isolation buffer (10 mM HEPES pH 8, 1 M sucrose, 5 mM KCl, 5 mM MgCl2, 5 

mM EDTA, 0.6% Triton X-100, 0.4 mM PMSF, and protease inhibitor cocktail tablet 

(Roche, 14696200)) with 1% formaldehyde for 20 min at room temperature. Cross-linking 

was quenched by adding glycine to a final concentration of 120 mM, and the homogenate 

was filtered through miracloth (Millipore, 475855). Samples were pelleted and resuspended 

with 0.3 ml of nuclear lysis buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, 1% SDS, 0.4 mM 

PMSF, protease inhibitor cocktail tablet) and 0.7 ml of ChIP dilution buffer (1.1% Triton 

X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl pH 8, 167 mM NaCl, 0.4 mM PMSF, and 

protease inhibitor cocktail tablet) before shearing the chromatin by sonication.

After centrifugation at 5,000 r.p.m. for 10 min, the supernatant was incubated with 40 μl of 

magnetic FLAG beads (Sigma) overnight with rotation at 4 °C.

After sequential washes with low-salt buffer (150 mM NaCl, 0.1% SDS, 1% Triton X-100, 2 

mM EDTA, 20 mM Tris-HCl pH 8), high-salt buffer (500 mM NaCl, 0.1% SDS, 1% Triton 

X-100, 2 mM EDTA, 20 mM Tris-HCl pH 8), LiCl buffer (0.25 M LiCl, 1% NP-40, 1% 

sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCl pH 8), and TE buffer (10 mM Tris-

HCl pH 8, 1 mM EDTA), the DNA-protein complex was eluted with elution buffer (1% 

SDS, 0.1 M NaHCO3) and cross-linking was reversed at 65 °C overnight. After proteinase K 

and RNase treatment, DNA was purified by the standard phenol-chloroform method and 

used for qPCR or high-throughput sequencing.

Library construction, high-throughput sequencing, and data analysis

ChIP-seq libraries were constructed using the Ovation Ultralow DR Multiplex System 

(NuGEN, 0330) and sequenced using a HiSeq 2000 (Illumina) in the University of 

Wisconsin–Madison Biotechnology Center. Sequencing reads were aligned to the 

Arabidopsis TAIR10 genome using Bowtie2 (v2.1.0) with default parameters46. Reads 

mapping to identical positions in the genome were collapsed into one read. EBS and CLF 

ChIP-seq data were normalized to Col-0, and MACS47 was used for peak calling with P = 1 

× 10−3. H3K4me3 ChIP-seq data were normalized to H3, and SICER48 was used for peak 

calling. BEDTools (2.17.0) and custom Perl scripts were used for further analysis. ChIP-seq 

peaks of H3K4me3 and H3K27me3 were obtained from a prior study49. 6,466 H3K27me3-

marked genes were obtained by overlapping the two published H3K27me3 ChIP-seq 

datasets31,49. In the EBS and CLF genome-wide distribution pattern, the log2-transformed 

value of the normalized ChIP read density relative to wild-type Col-0 reads was calculated 

and binned at 100-kb intervals. For plots of H3K4me3 and H3K27me3 levels over genes, 

each gene was divided into 20 intervals (5% for each interval) separately for the gene body, 

the 2 kb upstream of the TSS, and the 2 kb downstream of the TTS. All statistical analysis 

and figures were done using R (3.2.3). ChIP-seq read numbers can be found in 

Supplementary Table 7.

Sequential chromatin immunoprecipitation

Four grams of the above ground tissues of Col, EBS-FLAG, and EBSΔC-FLAG from 3-

week-old plants grown in long-day conditions was harvested. The first ChIP with FLAG 

beads was performed as described above. Instead of eluting protein–DNA complex with 
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ChIP elution buffer, the FLAG immunoprecipitated DNA–protein complex was eluted twice 

with 250 μl of 150 ng/μl 3 × FLAG peptide for 15 min at room temperature each time. Of 

the 500 μl of total eluted EBS–DNA complex, 100 μl was used for DNA purification as EBS 

enrichment. The remaining 400 μl was divided equally into two tubes and incubated with 5 

μl of either anti-H3K4me3 (Millipore, 04-745) or anti-H3K27me3 (Millipore, 07-449) 

antibody for 1 h at 4 °C with rotation. Samples were further incubated with 40 μl of 

prewashed magnetic protein A beads (Thermo Fisher, 10001D) overnight at 4 °C with 

rotation. The beads were washed twice with low-salt buffer, one time with high-salt buffer, 

one time with LiCl buffer, and one time with TE. DNA–protein complexes were then eluted 

with ChIP elution buffer, and cross-linking was reversed at 65 °C overnight. After proteinase 

K and RNase treatment, DNA was purified by standard phenol-chloroform method and used 

for qPCR.

Statistical analysis

Statistical test methods, sample sizes, and P values are indicated in the corresponding figure 

legends. The investigators were not blinded to group allocations during experiments and data 

analysis. The experiments were not randomized unless stated, and no statistical method was 

used to predetermine sample sizes. Two-tailed Student’s t tests were conducted using Excel. 

P values for the Venn diagram overlap analysis are based on hypergeometric tests. Box plots 

were generated using R (version 3.2.3) with the horizontal center lines denoting the median, 

box edges denoting the IQR, and whiskers denoting ± 1.5 IQR.

Reporting Summary

Further information on experimental design is available in the Nature Research Reporting 

Summary linked to this article.

Code availability

Analyses were performed using publicly available software and software available upon 

request.

Data availability

The X-ray structures have been deposited in the Protein Data Bank with accession codes 

5Z8L and 5Z8N. ChIP-seq data have been deposited into GEO with accession code 

GSE101428. The mass spectrometry datasets have been deposited into ProteomeXchange 

with accession code PXD009794.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1 |. Structural basis for recognition of H3K27me3 by BAH.
a, Domain architecture of Arabidopsis EBS. CL, C-terminal loop. b,c, ITC binding curves 

show that EBS recognizes H3K27me3 (b) and H3K4me3 (c) with preferences for higher 

methylation status. NDB, no detectable binding. The ITC experiments were repeated twice 

independently with similar results. d, Overall structure of EBS in complex with a 

H3K27me3 peptide. The peptide is shown in a space-filling representation. e, An 

electrostatic surface view showing the H3K27me3 peptide bound in a negatively charged 

surface cleft. f, Details of specific recognition of H3K27me3 by an aromatic cage of BAH. 
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The hydrogen bonding interactions are highlighted with dashed red lines. g, An enlarged 

view is shown of the BAH aromatic cage accommodating H3K27me3.
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Fig. 2 |. Structural basis for an autoinhibition loop formed by the EBS C terminus.
a, The C terminus of EBS folds back, with Pro211 inserted into the aromatic cage of the 

PHD finger. b, ITC binding curves show the binding affinity of EBSΔC for H3K4 peptides. 

The ITC experiments were repeated twice independently with similar results. c, The overall 

structure of EBSΔC in complex with the H3K4me2 peptide. The peptide is shown in a 

space-filling representation. d, An electrostatic surface view of EBSΔC showing the 

H3K4me2 peptide bound in a negatively charged surface cleft. e, Details of the interaction 

between EBS and the H3K4me2 peptide. The methyl-lysine is accommodated in a classic 

aromatic cage formed by three aromatic residues (Tyr148, Tyr155, and Trp170).
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Fig. 3 |. EBS colocalizes with H3K4me3 and H3K27me3.
a, Genomic distribution of EBS and CLF ChIP-seq peaks. b, Browser views of normalized 

ChIP-seq peaks at representative loci. c, Venn diagram showing the overlap of EBS- and 

CLF-associated genes. The P value is based on the hypergeometric test. d, Metaplots 

showing average H3K27me3 and H3K4me3 levels along the transcription units of EBS, 

CLF, and their common target genes. e, Box plots showing average H3K27me3 and 

H3K4me3 levels in unique EBS-occupied genes and target genes shared with CLF. Box 

edges show the interquartile range (IQR), horizontal center lines denote medians, and 
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whiskers denote±1.5 IQR. f, Venn diagram showing the overlap of EBS-associated genes 

with H3K27me3- and H3K4me3-marked genes. g, Heat maps of H3K27me3 and H3K4me3 

occupancy along the transcription units of EBS-bound genes. TTS, transcription termination 

site; −2 K, 2 kb upstream of the TSS; + 2 K, 2 kb downstream of the TTS. h, Relative EBS 

enrichment at FT, SOC1, and EMF1 in Col, EBS-FLAG (EBS), and EBS-FLAG in clf (clf 
EBS). i, Relative H3K27me3 enrichment in clf at FT, SOC1, EMF1, and TA3 (a negative-

control locus). Data are shown as means± s.d. from three independent experiments (red 

dots). Black asterisks indicate a significant difference from Col. Two-tailed Student’s t tests 

were used to calculated P values: *P< 0.05, **P<0.01, ***P< 0.001.
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Fig. 4 |. Functional analysis of EBS mutants defective in H3K4me3 or H3K27me3 binding and a 
C-terminus deletion mutant.
a, Plant phenotype of Col, ebs, ebs transformed with wild-type EBS (EBS-FLAG), H3K4 

(EBS-FLAG Y155A) or H3K27 (EBS-FLAG Y49A W70L Y72A) binding-defective 

mutants, or EBSΔC (EBSΔC-FLAG). Scale bar, 1 cm. Images from three individual plants 

show similar results. b, Counting leaf number at flowering of long-day-grown plants 

described in a. The numbers 1 and 2 indicate two independent T2 lines. Black horizontal 

lines represent the mean, and the error bars represent ±s.d. from the number of plants 
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counted for each line. c, Relative FT mRNA levels after normalization to ACTIN7 in plants 

described in a. Data points are from three independent experiments (bars denote mean). d, 

Overlap of EBS- and EBSΔC-associated genes. Two biological replicates for ChIP-seq are 

shown as EBSΔC-Rep1 and EBSΔC-Rep2. The P value is based on the hypergeometric test. 

e, Box plot showing the average H3K4me3 levels at unique EBSΔC-associated peaks 

compared with peaks overlapping with EBS. Box edges show the IQR, horizontal center 

lines denote medians, and whiskers denote±1.5 IQR. f, Browser view of normalized ChIP-

seq peaks at representative loci. g, Relative enrichment of EBS and EBSΔC at the indicated 

loci in f. h,i, Sequential ChIP–qPCR of H3K4me3 (h) or H3K27me3 (i) enrichment relative 

to EBS or EBSΔC input after initial EBS/EBSΔC ChIP (TA3 is a negative-control locus). 

Bars denote the mean of two independent experiments.
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Fig. 5 |. EBS interacts with MSI4.
a, Summary of partial proteins associated with EBS identified by affinity purification and 

mass spectrometry analysis from two independent experiments. b, In vitro pulldown assay 

using recombinant purified GST-EBS and MSI4 proteins purified from transgenic plants 

expressing 35S::MSI4-GFP. Representative blots from two independent experiments with 

similar results are shown (uncropped images are shown in Supplementary Fig. 8). c, A split-

luciferase complementation assay confirms EBS-MSI4 interaction. Nicotiana benthamiana 
leaves co-infiltrated with Agrobacteria containing the indicated constructs were used for 
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imaging. Two independent experiments are shown. nLuc- and cLuc-only vectors served as 

negative controls. d, A working model depicting the two binding states of EBS. In 

autoinhibition mode, the C-terminal loop folds back to interact with the PHD finger and 

inhibits its accessibility to H3K4me3, which enables BAH binding to H3K27me3. Following 

release of the inhibitory loop by certain signals, EBS switches its binding preference toward 

H3K4me3.

Yang et al. Page 22

Nat Genet. Author manuscript; available in PMC 2019 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	URLs
	Methods
	Plant materials and growth conditions
	Construction of plasmid vectors and generation of transgenic plants
	GST protein purification and peptide microarray.
	Immunoprecipitation and mass spectrometry
	In vitro pulldown assays
	Split-luciferase assays
	Protein expression and purification for protein crystallization
	Crystallization, data collection, and structure determination
	Isothermal titration calorimetry
	RNA extraction and qRT–PCR
	Immunoblot analysis
	Chromatin immunoprecipitation
	Library construction, high-throughput sequencing, and data analysis
	Sequential chromatin immunoprecipitation
	Statistical analysis
	Reporting Summary
	Code availability
	Data availability

	References
	Fig. 1 |
	Fig. 2 |
	Fig. 3 |
	Fig. 4 |
	Fig. 5 |

