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SUMMARY

In Arabidopsis, CHG DNA methylation is controlled
by the H3K9 methylation mark through a self-rein-
forcing loop between DNA methyltransferase
CHROMOMETHYLASE3 (CMT3) and H3K9 histone
methyltransferase KRYPTONITE/SUVH4 (KYP). We
report on the structure of KYP in complex with meth-
ylated DNA, substrate H3 peptide, and cofactor SAH,
thereby defining the spatial positioning of the SRA
domain relative to the SET domain. The methylated
DNA is bound by the SRA domain with the 5mC
flipped out of the DNA, while the H3(1–15) peptide
substrate binds between the SET and post-SET
domains, with the ε-ammonium of K9 positioned
adjacent to bound SAH. These structural insights,
complemented by functional data on key mutants
of residues lining the 5mCandH3K9-binding pockets
within KYP, establish how methylated DNA recruits
KYP to the histone substrate. Together, the struc-
tures of KYP and previously reported CMT3 com-
plexes provide insights into molecular mechanisms
linking DNA and histone methylation.

INTRODUCTION

DNA methylation is one of the most important epigenetic marks,

with functional impact on genomic imprinting, gene silencing,

and suppression of repetitive elements (Goll and Bestor, 2005;

Law and Jacobsen, 2010). In plants, DNA methylation occurs

in three different sequence contexts: CG, CHG (H = C, T, or A),

andCHH, all of which are highly correlated with the histone lysine

methylation modification H3K9me (Cedar and Bergman, 2009;

Law and Jacobsen, 2010). CHG DNA methylation is controlled

by a plant-specific DNA methyltransferase, CMT3, and by the

histoneH3K9methyltransferase KRYPTONITE (KYP, also known

as SUVH4). CMT3 is targeted to H3K9me-containing nucleo-
M

somes by a dual recognition mechanism mediated by its BAH

and chromo domains (Bartee et al., 2001; Du et al., 2012; Lin-

droth et al., 2001), and KYP has been shown to be capable of

binding to methylated CHH (mCHH) or mCHG DNA through its

SRA domain (Jackson et al., 2002, 2004; Johnson et al., 2007;

Malagnac et al., 2002). Therefore, CMT3 can be recruited by

H3K9me and further methylate CHG DNA to create binding sites

for KYP, as well as its close homologs SUVH5 and SUVH6; in

turn, the methylated DNA-recruited KYP can methylate H3K9

to generate the binding sites for CMT3, resulting in a self-rein-

forcing feedback loop (Law and Jacobsen, 2010). To further

investigate the molecular mechanism of the self-reinforcing

feedback loop between DNA and histone methylation in plants,

we carried out structural and functional studies, which revealed

a distinct mechanism by which KYP specifically recognizes

mCHH and mCHG DNA, as well as how KYP recognizes its

target histone substrates.
RESULTS

Overall Structure of KYP inComplexwithmCHHDNA,H3
Peptide, and Cofactor SAH
We generated an N-terminal truncated KYP construct (93–624),

which includes all its functional domains: the SRA domain, the

pre-SET/SET/post-SET domains, and two predicted N-terminal

a-helical segments (Figure 1A). The crystal structure of KYP in

complex with a 13 bp DNA possessing a central mCHH site

and two nucleotide overhangs at both 30 ends, the cofactor

product S-adenosylhomocysteine (SAH), and an unmethylated

H3(1–15) substrate peptide was solved at 2.0 Å resolution (Fig-

ure 1B; Table 1). Overall, the structure exhibits good electron

density except for some loop regions, including the N-terminal

disordered region (residues 93–98), the loop linking SRA and

pre-SET domains (residues 313–327), and two internal loops

within the SET domain (residues 486–490 and residues 500–

533), which were not built into the final model. We also solved

a 3.1 Å resolution crystal structure of KYP-mCHG DNA-SAH

complex (lacking bound H3 peptide), which has an almost iden-

tical overall structure and DNA recognition mechanism (Table 1;
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Figure 1. Overall Structure of KYP in Complex with mCHH DNA, SAH, and H3(1–15) Peptides

(A) Color-coded domain architecture of full-length KYP and KYP(93–624) construct used in this study.

(B) Ribbon representation of the overall structure of KYP in complex withmCHHDNA, SAH, andH3(1–15) peptide. The N-terminal antiparallel two-helix alignment,

SRA, pre-SET, SET, and post-SET domains of KYP are color-coded in yellow, green, blue, orange, and cyan, respectively. The mCHH DNA, the SAH cofactor,

(legend continued on next page)
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Table 1. Summary of X-Ray Diffraction Data and Structure

Refinement Statistics

Crystal

KYP-mCHH KYP-mCHH KYP-mCHG

-SAH -SAH-H3(1–15) -SAH

Summary of Diffraction Data

Beamline BNL-X29A BNL-X29A ANL-24ID-E

PDB code 4QEN 4QEO 4QEP

Wavelength (Å) 1.2830 1.0750 0.9793

Space group P212121 P212121 P212121

Cell Parameters

a, b, c (Å) 54.4, 98.0,

122.6

55.5, 96.8,

122.4

54.3, 95.6,

121.7

Resolution (Å) 50.0–2.0 50.0–2.0 50.0–3.1

(2.07–2.00)a (2.07–2.00) (3.21–3.10)

Rmerge (%) 6.7 (61.0) 7.4 (76.9) 15.5 (61.5)

Observed reflections 609,995 319,270 38,784

Unique reflections 44,950 45,280 10,851

Average I/s(I) 48.1 (3.7) 36.1 (2.6) 9.5 (2.0)

Completeness (%) 99.9 (100.0) 99.9 (100.0) 89.6 (92.8)

Redundancy 13.6 (12.7) 7.1 (7.0) 3.6 (3.5)

Refinement and Structure Model

R/free R factor (%) 17.6/21.1 18.8/22.6 21.2/25.1

Non-H Atoms 4,624 4,570 4,210

Protein/peptide 3,721/– 3,721/44 4,690/–

DNA/SAH 490/26 490/26 490/26

Zn2+/Water 4/383 4/285 4/–

B Factor (Å2) 40.3 51.9 43.1

Protein/peptide 40.0/– 50.0/95.4 40.4/–

DNA/SAH 56.0/38.7 64.1/77.3 61.6/78.3

Zn2+/Water 42.0/43.2 44.9/46.8 45.1/–

Rmsd

Bond lengths (Å) 0.008 0.011 0.016

Bond angles (�) 1.410 1.367 1.601

Rmsd, root-mean-square deviation.
aValues in parentheses are for highest shell.
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Figure S1 available online). Despite many attempts, we were

unable to grow crystals of mCG DNA-containing KYP com-

plexes, most likely because of the significantly weaker binding

of KYP to mCG compared to mCHH and mCHG DNA (Johnson

et al., 2007). Because of the much higher resolution of the

mCHH DNA-containing structure of the complex compared
and the H3 peptide are shown in magenta ribbon, space filling, and stick model, re

shown as dashed lines. The Zn3Cys9 triangular zinc cluster in the pre-SET doma

(C) The hydrophobic interactions within the antiparallel two-helix alignment show

stick representation.

(D) The N-terminal part of the first helix forms extensive hydrophobic and hydrogen

in stick representation and hydrogen bonds are shown by dashed red line.

(E) The middle part of the first helix forms hydrogen bonding as well as salt bridg

(F) The C-terminal part of the first helix forms hydrophobic interactions and hydr

(G) One side of the short helix has several hydrophobic residues that form exten

(H) The SRA domain forms both hydrophobic and hydrogen bonding interactions

See also Figure S1.

M

with its mCHGDNA-containing counterpart, the generally similar

recognition mechanism (Figure S1), and KYP forming a self-rein-

forcing loop with CMT2 and CHH methylation in a manner that

parallels the KYP-CMT3-mediated CHG methylation system

(Stroud et al., 2014), we mainly focus on mCHH DNA-containing

complex in the following presentation.

The two a helices of the N-terminal segment align together in

an antiparallel orientation in the middle of the structure, with the

SRA domain positioned on one side and the pre-SET/SET/post-

SET domains on the other side (Figure 1B). Several hydrophobic

residues of the first a helix (longer of the two helices) form a

continuous hydrophobic surface, which interacts with the hydro-

phobic surface on the second a helix, supporting the relative

orientation and alignment of the two-helix arrangement (Fig-

ure 1C). In addition, the first a helix is wrapped by the second

a helix, the SRA domain, the pre-SET domain, and the SET

domain, with these multiple interactions most likely contributing

to the stabilization of the overall architecture of the whole protein

(Figures 1D–1F). The second shorter a helix mainly interacts with

the SRA domain mediated by hydrophobic contacts (Figure 1G).

Although the linker between the SRA domain and pre-SET

domain (residues 313–327) is disordered, the SRA domain forms

both hydrophobic and hydrogen bonding interactions with the

pre-SET/SET domains (Figure 1H). Together, the three segments

of the protein spanning the two-helix arrangement, the SRA

domain and the pre-SET/SET/post-SET domains interact with

each other, revealing a rigid overall alignment resulting in a stable

scaffold and precise spatial positioning of the SRA domain with

respect to the catalytic SET domain.

Recognition of mCHH DNA
The SRA domain of KYP targets methylated DNA using general

principles reported previously for recognition of methylated

DNA by the SRA domains of UHRF1 (Arita et al., 2008; Avvaku-

mov et al., 2008; Hashimoto et al., 2008) and SUVH5 (Rajaku-

mara et al., 2011) proteins. Nevertheless, unlike the reported

structure of the KYP homolog SUVH5 SRA-DNA complex (2:1

ratio of SUVH5 SRA:DNA) (Rajakumara et al., 2011), KYP binds

methylated DNA with a 1:1 molar ratio and only the 5-methylcy-

tosine (5mC) base is flipped out of the DNA duplex. The mCHH

DNA duplex can be readily traced and is mainly positioned within

a basic surface cleft of the SRA domain, with the second a helix

of the two-helix contributing minor intermolecular interactions

(Figures 2A, 2B, and S2A–S2C). The flip-out of 5mC introduces

a gap within the DNA duplex, while the remaining bases are

undistorted, thereby retaining a slightly twisted B-form confor-

mation (Figure 2B). Leu176 of the thumb-loop inserts into the
spectively. Some disordered loops, which were not built in the final model, are

in is highlighted with ball and stick model.

n in two views by a 180� rotation. The interacting residues are highlighted in a

bonding interactionswith the SRA domain. The interacting residues are shown

e interactions with the SET domain.

ogen bonding interaction with the pre-SET domain.

sive hydrophobic interactions with the SRA domain.

with the pre-SET and SET domains.
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Figure 2. Recognition of mCHH DNA by KYP
(A) Schematic representation of the interactions between KYP andDNA. Hydrogen bonds are shown by red arrows and hydrophobic contacts by blue arrows. The

SRA domain residues and the two-helix alignment residues are colored in green and yellow, respectively.

(B) The SRA pocket accommodating the flipped-out 5mC and the two-helix alignment residues interacting with the DNA. The 5mC base is highlighted by a solid

magenta hexagon. The thumb- and NKR finger-loops are colored in brownwith the Leu176 and Leu227 highlighted in a stick representation. The hydrogen bonds

between the two-helix alignment residues and mCHH DNA are shown in dashed red lines.

(C) The detailed recognition of the flipped out 5mC base by residues lining the binding pocket within the SRA domain.

(legend continued on next page)
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gap through the minor groove of the DNA duplex, while Leu227

of the NKR finger-loop inserts into the gap through the major

groove (Figure 2B). The two inserted leucine residues fill the

gap and form hydrophobic stacking interactions with bases of

the upstream T6 and downstream A8 bases (Figures 2A and

2B). Moreover, the two-leucine residues are within close enough

proximity (3.8–4.2 Å between their Cd atoms) so as to be within

their van der Waals contact distances to form a continuous sur-

face to penetrate the DNA duplex, isolating the 5mC from the

duplex and burying it in the SRA domain (Figures S2B and

S2C). The orphaned guanine G70 base of the unmethylated

strand exhibits no base-specific recognition with the protein

(Figure 2B). By contrast, the UHRF1 SRA domain fills the gap

using a valine of the thumb-loop from the minor groove and an

arginine of the NKR finger-loop from the major groove, with the

latter arginine pairing with the Hoogsteen edge of the orphaned

guanine (Arita et al., 2008; Avvakumov et al., 2008; Hashimoto

et al., 2008); similarly, the SUVH5 SRA domain occupies the

gap using a glutamine of the thumb-loop through the minor

groove, which pairs with theWatson-Crick edge of the orphaned

guanine (Rajakumara et al., 2011). Thus, KYP adopts a 5mC

flipped-out mechanism, through usage of two leucine residues

to occupy the gap introduced by 5mC flipping out, but without

pairing with the orphaned guanine.

Conformational Change of DNA in Complex
The insertion of the thumb-loop into the DNA minor groove

causes a dramatic conformational change in theDNA. In addition

to Leu176, an adjacent residue, Trp175, also inserts into the

minor groove and forms hydrophobic contacts with the bases

of orphaned guanine G70 base and the next base A80 (Figures
2A, S2D, and S2E). Such a large magnitude intrusion into the

minor groove facilitates the looping-out of the 5mC-containing

strand toward the protein (Figure S2E). In essence, the DNA is

bent and deviates from the ideal B-form DNA as a consequence

of the insertion of the thumb-loop residues Trp175 and Leu176

(Figures S2D and S2E).

Recognition of the Looped-Out 5mC Base
The flipped-out 5mC base is well recognized by the SRA domain

using a strategy similar to that reported for the SRA domain of

UHRF1 (Arita et al., 2008; Avvakumov et al., 2008; Hashimoto

et al., 2008; Rajakumara et al., 2011). In detail, the base is

anchored in between Tyr207 and Tyr219 through stacking inter-

actions (stereo view in Figure 2C). The Watson-Crick edge of

5mC forms extensive hydrogen bonding interactions with

Ser204, Gln206, Asp210, and Thr220 (Figure 2C). The 5-methyl

group inserts into a small hydrophobic pocket formed by
(D) Electrophoretic mobility-shift assays using a mCHH double-stranded DNA and

were observed using mCHG substrate (data not shown).

(E) In vitro methylation of H3 by KYP SRA domain mutants. KYP protein (upper

recombinant H3. Histone methyltransferase activity was tested by quantitative

secondary antibodies (green, 800 nm; red, 680 nm).

(F) Boxplots of CHG and CHH context DNA methylation at a subset of kyp CHG h

wild-type KYP construct. All the whiskers on the box plots represent plus/minus

(G) Western blot analysis of lines used in the complementation studies showing

See also Figures S2, S3, and Table S1.

M

Tyr207, Tyr219, Ile179, and the Ca and Cb of Gln222 (Figure 2C).

Several other SRA domain residues of KYP are also involved in

the recognition of the DNA backbone within a range spanning

8-bp of DNA (Figure 2A). In addition, the second a helix of the

two-helix uses a positively charged surface to directly interact

with the DNA through formation of hydrogen bonds and salt

bridges (Figures 2A, 2B, S2B, and S2C).

Impact of 5mC-Binding Pocket Mutants on In Vitro
Binding and In Vivo Function
To test the importance of amino acids within KYP associated

with binding to methylated DNA, we constructed and purified

proteins containing several mutations in the 5mC-binding

pocket: L176G, Y207A, D210A, Y219A, and L227G. Binding of

each protein with a labeled double-stranded oligonucleotide

containing mCHH was visualized using mobility shift assays

(Johnson et al., 2007) as shown in Figure 2D. The two tyrosine

residues that stabilize the flipped-out 5mC are critical for

KYP binding, as is Leu176, which fills the space in the duplex

vacated by the flipped-out 5mC. Surprisingly, mutation of

Leu227 appears not to be necessary for stable binding, indi-

cating it is not part of the driving force for binding. Mutation of

Asp210 had an intermediate effect.

In parallel, we performed in vitro histone methyltransferase

activity assays to validate the influence of DNA binding to the

catalytic activity of the protein. The results indicate that all the

mutants preventing the DNA binding, including L176G, Y207A,

D210A, Y219A, as well as L227G that has no effect on DNA bind-

ing, have no significant effect on the in vitro activity of the enzyme

(Figure 2E), reflecting that the binding of DNA by the SRA domain

and the catalytic function by the SET domain are biochemically

independent. In addition, in vivo analysis was also performed

by introducing the mutations into a Flag-tagged KYP transgene

and transforming modified constructs into a kyp loss-of-function

line. Initial studies using whole-genome bisulfite sequencing re-

vealed that the wild-type Flag-KYP control construct comple-

ments the kyp mutant line at only a subset of sites (Figure S3),

likely because it is difficult to reinstate the self-reinforcing

H3K9me/DNA methylation loop at sites where non-CG methyl-

ation has been largely lost in the kyp mutant. Consistent with

this interpretation, the sites that did complement were those re-

taining relatively high non-CG methylation in the kyp mutant

background, which likely provide an initial binding site for trans-

formed Flag-KYP. Analysis of SRA mutants L176G, Y219A, and

D210A at the subset of DMRs that give the highest complemen-

tation with wild-type Flag-KYP, revealed complete loss of

complementation indicating that SRA function is critical for

KYP binding and function (Figures 2F and 2G). Together, these
increasing levels (50, 100, and 200 ng) of the indicated protein. Similar results

panel, silver-stained) was incubated with S-adenosyl methionine (SAM) and

western blot using primary antibodies against H3K9me1 and H3 and infrared

ypomethylated DMRs that show complementation upon transformation with a

1.53 interquartile range (iqr).

expression levels comparable to the Flag-KYP/kyp (WT).
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in vitro and in vivo functional data are consistent with our struc-

tural observation that the SRA domain functions to recruit the

pre-SET/SET/post-SET domains to certain loci but without an

allosteric regulatory role for its enzymatic activity.

Methylated DNA Is Likely Sufficient for Recruitment of
KYP to Silent Chromatin
Using an immunoprecipitation-mass spectrometry approach,

CMT3 was previously shown to be stably associated with nucle-

osomes, consistent with its strong dual binding to H3K9 methyl-

ation marks through its chromo and BAH domains (Du et al.,

2012). Using an identical protocol, we found instead that KYP

does not stably associate with histones, or with any other acces-

sory proteins (compare Table S1 with Table 1 from Du et al.,

2012), suggesting that KYP’s interaction with methylated nucle-

osomes is most likely transient. The lack of stably associated

accessory proteins also suggests that methylated DNA is likely

sufficient for recruitment of KYP to silent chromatin. Consistent

with this interpretation, andwith the specificity of KYP for binding

to mCHG andmCHHDNA, we recently showed that a quadruple

DNA methyltransferase mutant (drm1 drm2 cmt2 cmt3) that

eliminates all CHG and CHH methylation also eliminates H3K9

methylation, even though CG methylation is still intact (Stroud

et al., 2014). Thus, our structural and biochemical data on KYP

are consistent with available in vivo data.

Recognition of Substrate Peptide by Pre-SET/SET/Post-
SET Domains
The pre-SET domain of KYP contains a triangular Zn3Cys9 zinc

cluster similar to what has been observed in other reported

SUV family protein structures (Figure 1B) (Cheng et al., 2005).

The cofactor SAH and unmodified H3(1–15) peptide are posi-

tioned between the post-SET and SET domains and bound on

the opposite side of KYP from that of boundmCHHDNA (Figures

3A and 3B). The structure suggests that themethylated DNA only

serves as a recruitment platform, which targets KYP to mCHH/

mCHG-containing nucleosomes and directs methylation of the

H3K9 tail. The peptide binds within a very narrow channel be-

tween the post-SET and SET domains with the H3K9 side chain

inserted into a narrow and deep pocket (Figures 3A and 3B). The

post-SET domain adopts a flexible conformation, which is re-

flected by its extra high B-factor of 123.5 Å2 compared with

40.3 Å2 for the whole structure, but stabilized in part through

coordination of a Zn2+ ion by its three cysteine residues together

with one additional cysteine residue from the SET domain

(Figure 3B).

The ε-ammonium nitrogen of H3K9 forms hydrogen bonds

with Tyr475, Glu492, Tyr591, and Tyr593 (Figure 3B). This is

consistent with what has been proposed for other reported

structures of H3K9 methyltransferase, in which Tyr residues lin-

ing the catalytic pocket are important for activity (Zhang et al.,

2003). We generated Y475F, Y591F, and Y593F single, as well

as Y475/591F and Y475/593F double mutations in order to test

the functional effects of the three important tyrosine residues.

In our in vitro activity assays, the Y475F substitution showed a

significant reduction of activity and Y593F, as well as the

Y475/593F double mutation led to complete loss of activity, sug-

gesting that these two residues are important for the activity of
500 Molecular Cell 55, 495–504, August 7, 2014 ª2014 Elsevier Inc.
KYP (Figures 3C and 3D). In addition, a third tyrosine Tyr591

can form a hydrogen bond with H3K9, which may restrict the

orientation of the ε-ammonium nitrogen of H3K9 and thereby

restrict KYP to be a mono- and dimethyltransferase. Similar to

a previous study showing that a Y591F mutation of KYP con-

verted it from a mono/dimethyltransferase to a trimethyltransfer-

ase (Ebbs and Bender, 2006), we found that Y591F enhances the

dimethyltransferase activity and leads to a gain of trimethyltrans-

ferase activity (Figures 3C and 3D). Y591F also changes the sub-

strate binding properties of KYP. In contrast to thewild-type KYP

which is limited to use of unmodified H3 and a low degree of

monomethylated H3 as substrate, Y591F can utilize the unmod-

ified, monomethylated, as well as dimethylated H3K9 as sub-

strate (Figure 3C). This suggests that Y591 is critical in

determining the size of the substrate binding pocket.

Impact of Tyr Residues Lining Catalytic Histone Pocket
on In Vivo KYP Function
The requirement of these residues for in vivo KYP function was

also measured using whole-genome bisulfite sequencing of

plants expressing mutant KYP transgenes (Figures 3E and 3F)

as described above. Mutation of either Y475F or Y593F caused

a strong loss of KYP function, consistent with these two residues

being important for the activity of KYP. Interestingly, Y591F was

able to restore DNA methylation, indicating that the trimethyl-

transferase activity does not interfere with the in vivo function

of KYP (Figure 3E). This observation, along with our previous re-

sults that CMT3 binds equally well to the threemethylation states

of H3K9 (Du et al., 2012; Stroud et al., 2014), suggests that CMT3

can utilize H3K9me3 as well as H3K9me1 or H3K9me2 as a

binding site in vivo.

DISCUSSION

Structural Features of KYP Complex that Are Distinct
from SUVH9 Protein
Our structure of KYP highlights the spatial positioning of the SRA

domain with respect to the SET domain, with a pair of N-terminal

antiparallel helices mediating the interaction between the two

domains (Figure 1B). This protein architecture has also been

observed independently in our recently reported structure of

the SUVH9 protein (Johnson et al., 2014). An important distinc-

tion is that the structure of SUVH9 was reported in the free state

with the protein showing no histone lysine methyltransferase ac-

tivity due to formation of open peptide and SAH binding pockets

incapable of binding these ligands, coupled with our inability to

grow crystals containing bound methylated DNA (Johnson

et al., 2014). By contrast, in the present study KYP forms a qua-

ternary complex containing nearly full-length KYP, bound 5mC-

containing DNA, H3 peptide and cofactor SAH, thereby opening

opportunities for a structure-based understanding of the rela-

tionship between DNA and histone methylation.

Although our quaternary KYP structure contains previously

identified structural features including the looped out 5mC

recognized by the SRA domain (Arita et al., 2008; Avvakumov

et al., 2008; Hashimoto et al., 2008; Rajakumara et al., 2011)

and histone lysine recognition by the SET domain (Zhang et al.,

2003), it is the relative positioning of the SRA and SET domains



Figure 3. Recognition of the Substrate H3 Peptide by the SET Domains of KYP

(A) An electrostatics surface representation of KYP. The bound H3 peptide, in a space filling representation, is inserted into a negatively charged binding channel.

The mCHH DNA in magenta cartoon representation aligns along the opposite side of KYP.

(B) The intermolecular interactions among SAH, peptide, and KYP in the complex. The peptide fits into a narrow channel between the SET (orange) and post-SET

(cyan) domains, with the H3K9 inserting into a narrow deep pocket, where it is stabilized through formation of extensive intermolecular hydrogen bonding

interactions. The zinc-binding motif, which stabilizes the fold of the post-SET domain, is highlighted with ball and stick representation.

(C) Methyltransferase activity of KYP WT and SET domain mutants. Radioactivity (CPM) of H3 peptides was measured after incubation of unmethylated

(H3K9um), monomethylated (H3K9me1), or dimethylated (H3K9me2) substrate with KYP protein and tritiated SAM (n = 3, ±SD).

(D) Differential in vitro methylation of H3 by KYP SET domain mutants. KYP protein (upper panels, silver-stained) was incubated with SAM and recombinant H3.

Histone methyltransferase activity was tested by quantitative western blots using primary antibodies against H3 and H3K9me1, H3K9me2, or H3K9me3 and

infrared secondary antibodies (green, 800 nm; red, 680 nm).

(E) Boxplots of CHG and CHH context DNA methylation at a subset of kyp CHG hypomethylated DMRs that show complementation upon transformation with a

wild-type KYP construct (see Supplemental Experimental Procedures).

(F) Western blot analysis of lines used in the complementation studies showing expression levels comparable to the Flag-KYP/kyp (WT).
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and their bound ligands within a single protein, and the implica-

tions of such alignment for interactions with nucleosomes, that

constitutes the significant advance of our structure-function

studies.

Model of KYP Bound to Methylated Nucleosomal DNA
It has been shown that DNA methylation can be enhanced on

Arabidopsis nucleosomal DNA as compared to linker DNA (Cho-

davarapu et al., 2010). Based on the likelihood that KYP uses a
M

nucleosome as a substrate to methylate H3K9, we speculate

that KYP should be capable of binding nucleosomal mCHH/

mCHG DNA, given that the bent mCHH DNA observed in our

structure of the complex mimics the DNA wrapped around the

nucleosome.

Superimposition of the KYP-bound bent DNA with nucleo-

somal DNA shows that KYP can bind to the nucleosome without

steric conflict in a subset of orientations, one of which is shown in

Figure 4A. In addition, in some orientations, the distance is
olecular Cell 55, 495–504, August 7, 2014 ª2014 Elsevier Inc. 501



Figure 4. A Working Model for the Epige-

netics Mechanism Controlling H3K9me

by KYP

(A) Modeling of KYP on the nucleosomal DNA in-

dicates that KYP can be bound to methylated

nucleosomal DNA and further methylate the H3 tail

of the same nucleosome. The KYP is colored

as Figure 1B. The H3 is highlighted in red. The

nucleosomal DNA and other histone proteins are

colored in wheat and silver, respectively. The flip-

ped out 5mC is highlighted in space filling model to

indicate its position. A green circle marks a posi-

tively charged region within the pre-SET domain

that is adjacent the nucleosomal DNA, indicating

plausible interaction between them.

(B) A schematic model of CMT3 and KYP

controlled self-reinforcing feedback loop between

mCHG and H3K9me.
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sufficient for H3 to extend from the nucleosome core particle to

the position of the KYP bounded H3(1–15) peptide. Further, the

KYP-bound H3 peptide exhibits directionality with its C terminus

directed toward the nucleosome core, indicating that it is

possible for KYP to bind methylated nucleosomal DNA and

further methylate the H3 tail on the same nucleosome tomaintain

the faithful methylation of H3K9me marks (Figures 4A and 4B). It

is worth noting that themethylated DNA sites are arbitrary across

the nucleosome and the length and flexibility of the H3 tail may

be key factors influencing the ability of KYP to methylate the

H3 tail on the same nucleosome. In an alternate circumstance,

if KYP were to bind to the nucleosomal DNA where it was too

distant to methylate the H3 tail of the same nucleosome, KYP

could methylate an H3 tail from an adjacent nucleosome, outlin-

ing a plausible methylation spreading mechanism that would act
502 Molecular Cell 55, 495–504, August 7, 2014 ª2014 Elsevier Inc.
to further maintain histone methylation

states at newly synthesized chromatin

(Figure 4B). It should be noted that in the

model in Figure 4A, a positively charged

region of the pre-SET domain of KYP

(highlighted with a green circle in Fig-

ure 4A) is positioned adjacent to the nega-

tively charged sugar-phosphate back-

bone of nucleosomal DNA. We wish to

emphasize that the model of KYP bound

to methylated nucleosomal DNA has

been proposed so as to stimulate further

structural and functional research on this

system and like all models will be subject

to further testing prior to validation.

DNA Methylation Regulates Histone
Methylation
In our previous work, we have elucidated

the structural basis for CMT3 association

with H3K9me-containing nucleosomes

on the basis of CMT3’s BAH and chromo

domains using a dual recognition mecha-

nism (Du et al., 2012). In the present study,
our structural and in vivo functional data establish the structure-

based mechanism by which KYP uses either mCHG or mCHH

DNA to guide targeting of H3K9 methylation, showing how a

DNA methylation mark regulates histone methylation at the

molecular level. After replication, only half of new nucleosomes

retain pre-existing histone methylation marks. The feedback

loop between histone and DNA methylation (Figure 4B) likely

functions to ensure the maintenance of the silent state of trans-

posons and other methylation-regulated genes.

Chromatin Modification Crosstalk between DNA and
Histone Methylation
Our structure-function studies on CMT3 with bound methylated

H3K9 peptides (Du et al., 2012) and KYP with bound methylated

DNA, H3 peptide, and cofactor SAH (this contribution), where
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each protein contains both writer and reader modules, provides

one of the most compelling examples of chromatin modification

crosstalk between DNA and histone methylation and how such

crosstalk could act epigenetically through cell division.

EXPERIMENTAL PROCEDURES

Protein and DNA Preparation

Recombinant protein expression and purification was described in detail in the

Supplemental Experimental Procedures. DNA oligos were purchased from

Keck Oligonucleotide Synthesis Facility at Yale University and Invitrogen.

Crystallization, Structure Determination, and Refinement

Crystallization was undertaken using the hanging drop vapor diffusionmethod.

The diffraction data were collected at beamline X29A at Brookhaven National

Laboratory (BNL)New York and beamline 24ID-E Argonne National Laboratory

(ANL). All the data were processed with the program HKL2000 (Otwinowski

andMinor, 1997). The structure of KYP-mCHHDNA-SAH complex was solved

using single-wavelength anomalous dispersion method implemented in the

program Phenix (Adams et al., 2010). Themodel building was carried out using

the program Coot (Emsley et al., 2010). All other structures were solved using

molecular replacement method using the program Phenix (Adams et al., 2010).

The statistics of the diffraction data and refinement are summarized in Table 1.

Additional details are provided in the Supplemental Experimental Procedures.

Plant Material and KYP Constructs

Details of plant material and KYP constructs can be found in the Supplemental

Experimental Procedures.

Western Blots, EMSA, and Histone Methyltransferase Assay

The details of western blots, EMSA, and histone methyltransferase assay are

described in the Supplemental Experimental Procedures.

Whole-Genome Bisulfite Sequencing

Whole-genome bisulfite sequencing (BS-Seq) libraries for initial tests of KYP-

FLAG complementation were generated as previously reported (Stroud et al.,

2013), while BS-seq libraries for mutant versions of the KYP-FLAG transgene

(as well as parallel control libraries) were generated using TruSeq DNA multi-

plexing kit (Illumina). Additional details are provided in the Supplemental

Experimental Procedures.

ACCESSION NUMBERS

The Protein Data Bank accession number for the structures reported in this

paper areaccession 4QEN (KYP-mCHH DNA-SAH complex), 4QEO (KYP-

mCHH DNA-SAH-H3 peptide complex), and 4QEP (KYP-mCHG DNA-SAH

complex). All genomics data can be accessed in the Gene Expression

Omnibus (GEO) (accession number GSE57963).
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three figures, and one table and can be found with this article online at
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Supplemental Table 
 
Table S1. Immunoprecipitation-Mass Spectrometry Data for Flag-KYP (related to 
Figure 2).  
The next most abundant proteins were 8-fold less abundant and were not reproducible in 
multiple replicates. 
 

  
Spectra Unique Peptides NSAF % Coverage 

Protein Accession Rep1 Rep2 Rep1 Rep2 Rep1 Rep2 Rep1 Rep2 

KYP AT5G13960 432 142 26 20 19399.26 4519.88 39.30% 25.60% 

 

  

 

  



Extended Experimental Procedures 

Protein and DNA preparation 

The N-terminal truncated KYP (residues 93 - 624) was cloned into a self-modified vector, 

which fuses a hexa-histidine tag plus a yeast sumo tag to the N-terminus of the target gene. 

The plasmid was transformed into E. coli strain BL21(DE3) RIL (Stratagene). The 

transformed cell was cultured at 37 °C until OD600 reached 0.8, after which the cell was 

cooled to 17 °C and Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to a final 

concentration of 0.25 mM to induce protein expression overnight. The recombinant protein 

was first purified using nickel affinity chromatography column (GE Healthcare). The 

hexa-histidine tag was cleaved by ulp1 protease and further removed by a second step nickel 

affinity chromatography column (GE Healthcare). The target protein was further purified 

using a Heparin column and a Superdex G200 gel filtration column (GE Healthcare). 

Normally, around 0.1 mg protein can be obtained from 1 L bacterial culture. The purified 

protein was concentrated to 15 mg/ml and stored at -80 °C. All the mutants were constructed 

using a QuikChange Mutagenesis Kit (Stratagene) and purified with the same protocol as the 

wild-type protein.  

DNA oligos of 15-nt length containing a single central mCHH site (forward strand: 

5’-GGTACTXATCAGTAT-3’, X = 5mC; reverse strand: 5’-ACTGATGAGTACCAT-3’) or a 

single central mCHG site (forward strand: 5’-GGTACTXAGCAGTAT-3’, X = 5mC; reverse 

strand: 5’-ACTGCTGAGTACCAT-3’) were annealed together to generate 13-bp DNA 

duplexes with a central single methylation site and two-nucleotide AT overhangs at the 

3’-ends. The modified oligonucleotides were purchased from Keck Oligonucleotide Synthesis 



Facility at Yale University and the unmodified oligonucleotides were purchased from 

Invitrogen Inc. 

 

Crystallization 

Before crystal screening, the purified KYP protein was diluted to 9 mg/ml and then mixed 

with mCHH-containing DNA duplex, the cofactor S-adenosyl-L-homocysteine (SAH), and 

unmodified histone H3(1-15) peptide at a molar ratio of 1 : 1.5 : 3 : 3 at 4 °C for 2 hours. 

Crystallization was carried out at 20 °C using the hanging drop vapor diffusion method by 

mixing 1 µl protein sample and 1 µl reservoir solution and equilibrating against 500 µl 

reservoir solution. The complex was crystallized under the condition of 30% PEG200, 5% 

PEG3000, and 0.1 M MES, pH 6.0. Square shaped crystals appeared in 2 weeks. The crystals 

of KYP in complex with mCHH DNA and SAH or KYP in complex with mCHG DNA and 

SAH were obtained by the same protocol and under the same conditions as mentioned above 

for KYP-mCHH DNA-SAH-H3(1-15) peptide complex. The crystals were directly mounted 

on a nylon loop and flash-cooled into liquid nitrogen for diffraction data collection. The 

diffraction data of KYP-mCHH DNA-SAH complex and KYP-mCHH DNA-SAH-H3(1-15) 

peptide complex were collected at beamline X29A, National Synchrotron Light Source 

(NSLS) at Brookhaven National Laboratory (BNL), New York. The diffraction data of 

KYP-mCHG DNA-SAH complex were collected at beamline 24ID-E, Advanced Photon 

Source (APS) at Argonne National Laboratory (ANL), Chicago. All the data were indexed, 

integrated, and further scaled with the program HKL2000 (Otwinowski and Minor, 1997). 

The statistics of the diffraction data are summarized in Table 1.  



 

Structure determination and refinement 

The structure of KYP-mCHH DNA-SAH complex was solved using single-wavelength 

anomalous dispersion method with zinc anomalous signal implemented in the program 

Phenix (Adams et al., 2010). The model building was carried out using the program Coot 

(Emsley et al., 2010) and structural refinement using the program Phenix (Adams et al., 

2010). Throughout the refinement, a free R factor was calculated using 5% random chosen 

reflections. The stereo chemistry of the structural models were analyzed using the program 

Procheck (Laskowski et al., 1993). The structures of KYP-mCHH DNA-SAH-H3(1-15) 

peptide complex and KYP-mCHG DNA-SAH complex were solved using the molecular 

replacement method implemented in the program Phenix (Adams et al., 2010) using the 

structure of KYP-mCHH DNA-SAH complex as a model. The structural refinement was 

carried out using the same protocol. The statistics of the refinement are shown in Table 1. All 

molecular graphics were generated with the program Pymol (DeLano Scientific LLC, 

http://www.pymol.org/). 

 

Plant material 

All plants used in this study were of the Arabidopsis thaliana Columbia-0 (Col-0) accession, 

with WT referring to the parental strain. The KYP knock-out line used was kyp-6, which 

contains a T-DNA insertion (SALK_041474) (Johnson et al., 2007). 100 mg of leaves were 

collected from 3-week-old plants for western analysis and DNA isolation for whole-genome 

bisulfite sequencing.  

http://www.pymol.org/�


 

KYP constructs 

A 7 kb fragment containing the KYP gene (including 1.6 kb upstream of the ATG) was 

amplified and cloned into pENTR. A Kas I restriction site was introduced at the ATG and a 

biotin ligase recognition peptide (BLRP) followed by 3x FLAG epitope tag was introduced. 

All mutants were made using QuikChange (Stratagene) in this pENTR vector and then the 

tagged constructs were recombined into JP746 (Johnson et al., 2008) and introduced into 

Agrobacterium strain AGL0.  

 

Western blots 

Western blots were done by grinding 0.1 g of leaves in liquid nitrogen and resuspending in 100 

ul lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 5 mM MgCl2, 10% glycerol, 0.1% NP40, 5 

mM β-mercaptoethanol, plus protease inhibitors). After a 5 minute centrifuge, Flag-KYP was 

purified by incubation with 50 ul Flag-magnetic beads and bound proteins were eluted. 

Western analysis was performed using ECL prime western blotting kit (GE Healthcare).  

 

EMSA 

Electrophoretic mobility-shift assays were done on samples that had been incubated at room 

temperature for 30 minutes and contained either 50, 100, or 200 ng of purified KYP or mutant 

KYP, in 25 mM Tris pH 6.8, 50 mM NaCl, 10 mM MgCl2, 5% glycerol, 0.4 mg/ml BSA, 5 mM 

β-mercaptoethanol, 0.5 mg/ml polyglutamate (as non-specific competitor), and 32P-labeled 



probe as described previously (Johnson et al., 2007). Complexes were separated using 8% 

polyacrylamide gel electrophoresis and visualized by autoradiography.   

 

Histone methyltransferase assays 

700 ng of purified KYP protein (equals 0.5 µM final concentration) were pre-incubated with 1 

µM S-adenosyl methionine in 20 µl of reaction buffer (20 mM KCl, 8 mM MgCl2, 50 mM 

Tris-Cl pH 8, 5 % glycerol, 7 mM β-mercaptoethanol) for 5 minutes at 25 ºC. For radioactivity 

assays Adenosyl-L-methionine, S-[methyl-3H] (PerkinElmer) was used and 5 µM 

biotin-conjugated H3 peptides (residues 1 – 21, un-, mono- or di-methylated K9, Millipore) 

were added to the pre-incubated samples. After 1 min at 25 ºC the methyltransferase reaction 

was stopped and the biotinylated peptides were purified with 140 µl stop/bind buffer (0.5 M 

NaCl, 10 mM EDTA, 50 mM Tris-Cl pH 8) containing 20 µl streptavidin-coupled magnetic 

beads (Dynabeads MyOne Streptavidin C1, Life Technologies). Bound peptides were washed 

four times with 180 µl Tris-buffered saline + 0.1 % Tween-20, resuspended in 100 µl water and 

radioactivity was measured using liquid scintillation counting. For western blot analysis of 

histone methyltransferase activity, 5 µM recombinant human histone H3.1 (NEW ENGLAND 

BioLabs) was added to the pre-incubated samples and reactions were incubated for 10 min at 

25 ºC. Proteins were separated using SDS-PAGE and silver-stained or transferred onto 

nitrocellulose membrane for immunoblot analysis with the Odyssey infrared imaging system 

(LI-COR). Methylation states and levels were measured and normalized against H3 levels 

using primary antibodies against H3 (ab1791 or ab10799, Abcam), H3K9me1 (07-450, 



Millipore), H3K9me2 (abcam1220, Abcam) and H3K9me3 (ab8898, Abcam) and secondary 

infrared antibodies (LI-COR).  

 

Whole-genome bisulfite sequencing 

Whole-genome bisulfite sequencing (BS-Seq) libraries for initial tests of KYP-FLAG 

complementation were generated as previously reported (Stroud et al., 2013), while BS-seq 

libraries for mutant versions of the KYP-FLAG transgene (as well as parallel control 

libraries) were generated using TruSeq DNA multiplexing kit (Illumina). All libraries were 

sequenced using the HiSeq 2000 platform following manufacturer instructions (Illumina) at a 

read length of 50 bp. Methylation over kyp CHG DMRs for various libraries sequenced was 

calculated as previously described (Stroud et al., 2013) and kyp DMRs themselves were 

previously described (Stroud et al., 2013). Complementing CHG DMRs were defined as 

DMRs that returned to WT levels of percent methylation +/- 10% of the WT methylation 

level in a KYP-FLAG transgenic line. 
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