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Abstract

DNA methylation is associated with transcriptional repression of eukaryotic genes and
transposons, but the downstream mechanism of gene silencing is largely unknown. Here we
describe two Arabidopsis methyl-CpG binding domain proteins, MBD5 and MBDS, that are
recruited to chromatin by recognition of CG methylation, and redundantly repress a subset of
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genes and transposons without affecting DNA methylation levels. These methyl-readers recruit
a J-domain protein, SILENZIO, that acts as a transcriptional repressor in loss-of-function and
gain-of-function experiments. J-domain proteins often serve as co-chaperones with HSP70s.
Indeed, we found that SILENZIO’s conserved J-domain motif was required for its interaction
with HSP70s and for its silencing function. These results uncover an unprecedented role of a
molecular chaperone J-domain protein in gene silencing downstream of DNA methylation.

One Sentence Summary:

Two CG specific DNA methyl-readers redundantly repress methylated genes and transposons by
recruiting a J-domain protein.

Cytosine DNA methylation (mC) in eukaryotes is typically associated with transcriptional
silencing of genes and transposable elements (TEs), however relatively little is known of the
mechanism (1, 2). Mammalian genomes encode for several Methyl-CpG-Binding Domain
(MBD) proteins that are recruited to chromatin in part by recognition of methylated CG
dinucleotides, but they also play methylation-independent roles in gene regulation (3-7).
One prevailing model is that MBDs recruit histone deacetylase complexes to methylated
DNA, causing chromatin compaction and gene silencing (5-7). In plants, loss of DNA
methylation causes derepression of many transposons and genes (8), but no evidence has
been found for a role of methyl-readers in this process, leaving unresolved the question of
what acts downstream of the methyl mark.

We recently identified two proteins named MBD5 and MBD6 from a mass spectrometry
screen for methyl-readers in Arabidopsis thaliana (9). MBD5 and MBD6 belong to a family
of 13 members that have been identified by sequence similarity with human MBD domains
(10-12). Outside of this domain there is no sequence conservation between plants and
animals. MBD5 and MBD6 are close relatives (10-12), they can interact with each other /in
vivo (13, 14), and were shown to bind methylated probes in electrophoretic mobility shift
assays (10, 15, 16). While a function has not been assigned to MBD5, MBD6 was shown to
be required for ribosomal RNA gene regulation in allotetraploid genetic hybrids (17).

In plants, 5-Methylcytosines are common in CG, CHG, and CHH sequence contexts

(18). The MBD typically recognizes symmetrically methylated CG dinucleotides (19),

but exceptions have been reported such as MeCP2, that can also bind mCA sites (20).

We tested the ability of MBD5 and MBD®6 to bind CG, CHG, or CHH methylation

by performing fluorescence polarization (FP) assays with oligonucleotides methylated in
different contexts. Both MBD5 and MBD6 showed a strong preference for CG methylated
oligonucleotides as compared to unmethylated controls, but little preference was observed
for CHG or CHH methylation (Fig.1A, Fig. S1). We also employed DNA curtains, a single-
molecule fluorescence microscopy assay, to visualize the interaction between MBD6 and
flow-stretched bacteriophage A DNA, which was methylated /n vitro with the CG specific
bacterial M.Sss/ methyltransferase. MBD6 bound methylated, but not unmethylated DNA
curtains, and its enrichment profile correlated strongly with the local density of methylated
CG sites (Fig. 1B-D). To test the ability of MBD5 and MBD6 to bind methylation in natural
Arabidopsis genomic sequences, we performed DNA affinity purification sequencing (DAP-
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seq) (21) by incubating Halo-tagged recombinant proteins with DNA extracted from wild-
type plants or from metZ-3 mutant plants. The metZ-3 mutant is almost completely lacking
in CG methylation due to mutation of the maintenance DNA METHYLTRANSFERASE

1 (METI) gene, but retains substantial levels of CHG and CHH methylation (22). We
observed a strong genome-wide correlation between MBD5/6 DAP-seq enrichment and CG
methylation density with DNA from a wild-type background, and an almost complete loss of
binding to DNA in the metZ-3background (Fig. 1E). Only a few small peaks were retained
in regions that did not completely lose CG methylation (Fig. S2). Overall, these results
strongly support the specificity of MBD5 and MBD6 for CG methylation in vitro.

We generated homology models of Arabidopsis MBD domains based on known mammalian
MBD structures. High confidence models could be determined except for the most divergent
protein MBD9, which is known not to bind methylated DNA /n vivo (23) (Fig. S3). The
MBD5 and MBD6 structural models highlighted two arginine residues (R1 and R2) that

are predicted to directly interact with methylated CGs by forming the previously described
“methyl-Arg-G triad” (19) (Fig. 1F, Fig. S3). We tested the importance of these residues

by mutating them to alanine (MBD5R1R2 MBD6R1R2) and indeed we observed a loss of
specificity for binding to CG methylation in FP assays (Fig. S1B).

We next investigated the genomic localization of MBD5 and MBD6 /n vivo by chromatin
immunoprecipitation-sequencing (ChlIP-seq) using FLAG-tagged transgenic lines. MBD5
and MBD6 bound methylated chromatin, with a clear preference for mCG density

as opposed to mMCHG and mCHH density (Fig. 1G—H). Importantly, no correlation

was found with the density of unmethylated CG sites (Fig. S4). The MBD5R1R2 and
MBD6RIR2 mytants showed a strong reduction of ChlP-seq enrichment (Fig. 1G, Fig. S5),
demonstrating that recognition of mCGs is required for recruitment of MBD5 and MBD6 to
chromatin.

Methylated DNA is associated with three different chromatin states in Arabidopsis:
euchromatic patches of RNA-directed DNA methylation (RIDM) which contain CG and
non-CG methylation, peri-centromeric heterochromatin which is enriched in H3K9me2

as well as CG and non-CG methylation, and expressed genes containing Gene Body
Methylation (GbM) that are exclusively marked by CG methylation (18). We observed
MBD5 and MBD6 ChiP-seq enrichment at a large fraction of sites in all three chromatin
states, but the extent of enrichment was higher at RdDM sites compared to heterochromatin
or GbM sites (Fig. S6). Interestingly, the preference for RdADM sites was not observed by
DAP-seq, which tests the ability of proteins to bind naked genomic DNA (Fig. S6C-D).
These observations suggest that recruitment of MBD5 and MBD6 to chromatin /77 vivo may
be influenced by histones or other chromatin components.

To test if MBD5 and MBDG6 regulate transcription at their targets we performed RNA
sequencing (RNA-seq) of mba5and mbad6 T-DNA mutants and of a double mutant
generated by crossing (mbad5 mbadé). A number of transposons and protein coding genes
were derepressed only in the double mutant, indicating genetic redundancy of MBD5 and
MBDE6 (Fig. 2A, Fig. S7). We confirmed this with an independent mbad5 mbdé double
mutant generated by CRISPR/Cas9 (Fig. S7, Fig. S8). Global run-on sequencing (GRO-seq)
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showed a similar pattern of changes, indicating that the derepression in mba5 mbdé6 occurs
at the transcriptional level (Fig. 2B). Most upregulated genes and transposons were not
expressed in wild-type and showed high levels of promoter CG methylation, suggesting
that they are direct targets (Fig. 2C). DNA methylation levels were not altered in mbad5
mbd6 (Fig. 2C, Fig. S9), indicating that the methyl-readers act strictly downstream of DNA
methylation. One of the derepressed genes was FWA, a well characterized imprinted gene
that is silenced by promoter methylation (24) (Fig. 2D-E). Reintroduction into mbad5 mbdé
mutant plants of FLAG-tagged versions of wild-type MBD5 or MBD6, but not their R1R2
mutant counterparts, was sufficient to largely rescue the derepression of FWA and of other
genes and transposons (Fig. S10). Overall, these results suggest that MBD5 and MBD6 are
recruited to DNA by methylation and translate the methyl mark into gene repression at a
subset of methylated sites.

We compared mbad5 mbd6 gene expression data with that of mutants affecting different
methylation pathways: drm1 drm2and cmt2 cmt31ose non-CG methylation at euchromatic
RdDM sites and heterochromatic regions respectively, while metZ-3loses CG methylation
genome-wide (22, 25). Most of the loci upregulated in mbad5 mbdé were also derepressed

in met1-3, indicating that they are silenced by CG methylation (Fig. S11A). The MBD5/6
derepressed TEs were also longer than average and more enriched in H3K9me2, indicating
that they are mostly heterochromatic TEs (Fig. S11B-C). A small number of loci were

also derepressed in crmt2 cmit3, but none were derepressed in drm1 drm2 (Fig. S11A).

Thus, while MBD5 and MBDG6 are enriched at a wide range of CG methylated sites, their
repressive role is strongest at a subset of MET1-dependent sites. Furthermore, the number of
derepressed transposons and the amplitude of derepression in mbd5 mbdé was much smaller
than in met1-3 (Fig. 2F, Fig. S11), suggesting that MBD5 and MBD6 are not the only
factors mediating repression downstream of DNA methylation.

To investigate the mechanism of action of MBD5 and MBD6, we performed
immunoprecipitation—-mass spectrometry (IP-MS) utilizing the FLAG-tagged transgenic
lines. Both proteins pulled-down each other and three small heat shock proteins (ACD15.5,
ACD21.4 and IDM3/LIL) that were previously found to interact with MBD5 and MBD7
(13). In addition, we detected an uncharacterized class C J-domain protein (AT5G37380)
(26, 27) which we have named SILENZIO (SLN) (Fig. 3A, Table S1). MBD5 and MBD6
also pulled down a smaller number of peptides of SUVH1, SUVH3, DNAJ1 and DNAJ2,
which are components of a methyl-reader complex known to bind at RdADM sites and
upregulate nearby protein coding genes (9, 28).

We focused our further investigation on SILENZIO because of the recently described role
of the J-domain proteins DNAJ1 and DNAJ2 in gene activation downstream of DNA
methylation (9, 28). SILENZIO homologs were found to be present widely throughout

the plant kingdom, but only the J-domain was conserved in animals (Figure S12). To
determine whether SILENZIO was involved in gene silencing, we performed RNA-seq on
an s/n T-DNA mutant line. Strikingly, we found a strong correlation between the s/7and the
mbd5 mbd6 RNA-seq data, with a similar extent of derepression of transposable elements
and genes, including FWA (Fig. 3B-C). We performed ChIP-seq with a complementing
FLAG-tagged SLN line (Fig. S13) and observed localization to the same sites as MBD5 and
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MBDS, but this localization was abolished in mbad5 mbdé mutants, suggesting that SLN is
recruited to chromatin by the methyl-readers (Fig. 3D-E, Fig. S14). Conversely, MBD5 and
MBD6 ChIP-seq signal was unaffected in s/n, indicating that their recruitment to chromatin
does not require SLN (Fig. 3D-E, Fig. S14). Overall, these results suggest that SLN acts as a
gene repressor downstream of MBD5 and MBD6.

To further test the role of SLN as a repressor, we created a fusion of SLN with ZF108, an
artificial zinc finger that allows ectopic targeting of proteins to the FWA promoter (Fig. 3F)
(29, 30). We transformed this fusion construct driven by the constitutive UB/IQUITINIO
promoter (pUBQ10::ZF108-SLN) into fwa epiallele mutant plants (24), in which the

FIWWA gene has heritably lost DNA methylation, leading to FWA overexpression and a late-
flowering phenotype. Transgenic (T1) plants that expressed high levels of the fusion protein
displayed downregulation of FWA, thus supporting a role of SLN as transcriptional repressor
(Fig. 3G, Fig. S15A). Importantly, FIWA repression was not accompanied by promoter
methylation (Fig. 3G, Fig. S15B), demonstrating that SLN’s ability to repress transcription
can be uncoupled from DNA methylation. Indeed, in the T2 segregant population, the

null segregants recovered FWA overexpression and the corresponding late flowering time
(Fig. 3H, Fig. S15C). ZF108 was designed to bind FWA, but it also binds to thousands of
off-target sites in the genome (30), allowing us to examine gene expression changes at these
sites by performing RNA-seq in the pUBQ10::2F108-SL N lines. We observed that genes
with a ZF108 peak near their promoter showed a tendency to be downregulated (Fig. S16),
demonstrating that ectopic recruitment of SLN can repress many genes in addition to FWA.

IP-MS analysis of SLN-FLAG identified peptides corresponding to MBD5 and MBD6

as expected, but also showed a strong enrichment of five HEAT SHOCK PROTEIN 70
(HSP70s) known to be constitutively expressed and localized in the nucleus (31) (Fig. 4B,
Table S1). Enrichment for HSP70s was also detected in the MBD5 and MBD6 IP-MS
datasets, and was lost in s/n mutant plants (Figure S17, Table S1). This suggests that SLN
mediates the interaction between the methyl-readers and the HSP70s.

The canonical function of J-domain proteins is to bind clients, recruit HSP70 chaperones
utilizing a conserved HPD tripeptide, and stimulate the ATPase activity of HSP70s to
increase their affinity for substrates. The HSP70-substrate interaction can induce folding,
disaggregation, or assembly/disassembly of complexes involving client proteins (32).
Mutating the histidine of the HPD tripeptide to glutamine can abrogate the J-domain-HSP70
interaction (32). To test if SLN’s binding to HSP70s was associated with its gene silencing
function, we generated an HPD mutant version of SLN by mutating the histidine to
glutamine (SLNH94Q) and transformed this into s/7 mutant plants. The SLNH94Q mutant
failed to rescue the derepression of FWA and of the other genes and transposons, suggesting
that the gene silencing function of SLN requires the J-domain and HSP70 interaction (Fig.
4A, Fig. S18A-F). Indeed, IP-MS of SLNH94Q showed greatly reduced enrichment of
HSP70s, while the interaction with MBD5 and MBD6 was retained (Fig. 4B, Table S1).
Furthermore, ChIP-seq enrichment of SLN on chromatin was not affected by the H94Q
mutation (Fig. 4C, Fig. S18G-H). These results suggest that recruitment of SLN by the
methyl-readers may serve as a tether to bring the chaperone activity of SLN-HSP70s to CG
dense methylated chromatin to enforce gene silencing. The interaction between chaperones
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and their clients is often transient and difficult to detect by IP-MS (32), meaning that SLN
might exert its repressive activity via recruitment, stabilization, or assembly of currently
unknown repressive complexes, or via targeted inhibition or disassembly of activators.

In conclusion, this work identifies a novel pathway that links DNA methylation to silencing
of sites marked by CG methylation. The characterization of the methyl binding proteins
MBD5 and MBD6 shows that they likely act via a mechanism distinct from that of known
MBD proteins in animals. The identification of the novel J-domain protein SILENZIO as a
silencing effector further suggests that gene repression downstream of methylation is linked
to chaperone activity, and this new pathway is likely to be conserved among divergent plant
lineages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: MBD5 and MBD6 are CG specific methyl-readersin vitro and in vivo.
A) Binding curves of MBD6 with DNA oligos methylated (m) or unmethylated (u) in

the indicated contexts, measured by fluorescence polarization (N=3, standard error of the
mean [SEM]). B) Diagram of DNA curtain assay and representative image of YOYO-1
stained methylated (mCG) and unmethylated (uCG) DNA (green) bound by Cy3-labeled
MBD®6 (magenta). (—) chrome diffusion barriers. Scale bar - 5 um. C) Distribution of MBD6
binding events along mCG DNA overlayed with the distribution of mCG density (green
line). Error bars: 95% confidence intervals (Cl) by bootstrap. D) Correlation scatterplot

of MBD6 binding to methylated curtains and mCG density (1 kb bins). R: Pearson. E)
Genome-wide correlation between DAP-seq and mCG density (400 bp bins). Trend lines
calculated by locally weighted polynomial regression (loess curves). F) Homology models
of MBD5 and MBD6. The two arginine residues of the 5mC-Arg—G triads (R1 and R2)

are shown in the sequence alignment. G) Example ChlP-seq peaks at regions of dense CG
methylation. H) Loess curves of ChiP-seq enrichment and methylation density (400 bp bins
overlapping Pol VV ChlP-seq peaks). E,H) Shaded area: 95% CI.
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Figure 2: MBD5 and MBD6 redundantly repress a subset of genes and transposons downstream
of DNA methylation.

A) Boxplot of polyA RNA-seq for different mutants. Shown are the transcripts (genes and
transposons) upregulated in mbad5 mbdé. B) Scatterplot comparing polyA RNA-seq with
GRO-seq data at mbd5 mbad6 T-DNA differential transcripts. R and p-value: Spearman.
Shaded area: 95% CI. C) Heatmap of mbd5 mbad6 T-DNA differential transcripts, showing
polyA RNA-seq and BS-seq data (average methylation ratio at 400 bp windows around the
TSS). D) RT-gPCR analysis of FWA expression normalized to /PP2. Dots: individual plants.
Error bars: SEM. E) Genome browser tracks at FWA. The GRO-seq enrichment at the FWWA
promoter likely corresponds to Pol V transcription. F) Number of promoter methylated
genes and TEs, upregulated in different mutants.
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Figure 3: SLN repressestranscription downstream of MBD5 and MBDG6.
A) IP-MS spectral counts of FLAG-tagged MBD5 and MBD6. All proteins displayed were

not detected in the no-FLAG negative control (see Table S1). B) RNA-seq data at FUA.

C) Scatterplot of the union of mbad5 mbdé CRISPR and s/n differential transcripts. R and
p-value: Spearman. Blue line: linear model fit. Shaded area: 95% CI. D) Heatmap of ChlIP-
seq data (log2 fold change over no-FLAG control). E) Example methylated site bound by
MBD5, MBD6, and SLN, in the indicated backgrounds. F) Cartoon showing SLN’s ectopic
recruitment to unmethylated FWA via fusion to ZF108. G) RT-qPCR analysis of FUA
expression and McrBC-gPCR analysis of FWA promoter methylation in T1 lines expressing
low or high levels of ZF108-SLN (western blot in Figure S15A). Dots: individual plants.
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P-value: t-test. RT-qPCR data (normalized to /PP2) is relative to fiva epiallele plants. H)
Flowering time (number of leaves produced before flowering) of segregating T2 populations
from three transgenic lines expressing high levels of ZF108-SLN, comparing transgene
positive to null segregant (negative) plants.
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Figure 4: SLN silencing function requiresthe conserved HPD tripeptide.
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A) RT-gPCR analysis of FWA expression (normalized to /PP2) in T1 lines expressing
SLN or SLNH94Q in the s/n mutant background. p-values: t-test. Error bars: SEM. Dots:
individual plants. B) IP-MS spectral counts of wild-type and H94Q mutant SLN-FLAG
(representative of two independent experiments, see Table S1). C) ChIP-seq of FLAG-
tagged SLN and SLNH94Q (log2 fold change over the no-FLAG control).
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