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Methyltransferases recognize specific DNA sequences and (A) Schematic drawing of SpitM.Hhal and ZFP fusi Bl
- . Figure 1. chematic drawing of Split-M.Hhal an usions. Blue
transfer a methyl group from the cofac®adenosyk-methionine segment shows linker sequences. (B) Cartoon illustrating ZFP directed

(AdoMet) to an amine on either cytosine or aderfinkne best assembly of a fragmented DNA methylase on the target DNA sequences.
characterized methyltransferase is Hhal DNA mb5c-methyltrans- The DNA sequence bound by ZFPs, HS2, and HS1, are boxed. (C) Hhal

ferase (M.Hhal) that recognizes the sequent&GGC-3 and digestion assays for methylation detection. Plasmid DNA expressing the

converts the internal cvtosine (in bold) to 5-methvicvtosine using various enzyme fragments was isolated and digested with Hhal: lane M,
v ( ) yicy 9 marker; lane 1, MeNDHis; lane 2, MeNDHis MeCD; lane 3, MeND+

a base-flipping mechanls?ﬂn eukaryotes, _CpG methy_latlon SEIVES  \eCD; lane 4, HS2Me; lanes 5 and 6, M.Hhal only (C, no digestion control;
as a signal for the recruitment of proteins that ultimately act to p, Hhal digestion). White arrow in lane 3 indicates a band created by
silence transcriptioh.Recently, fusions of zinc finger proteins inhibition of Hhal digestion owing to ZFP-targeted methylation.
(ZFPs) to full-length methyltransferases such as M.Hpall and
fusions with the enzymatic domains derived from the murine the plasmid (Figure 1B). To stringently test the specificity of the
enzymes Dnmt3a and 3b have been stuliedese fusion proteins  assembled enzyme, 18 native M.HhalGC sites without flanking
methylate native target sites as well as sites adjacent to the bindingzrFp binding sites were also encoded on the plasmid. Expression
sites for the attached ZFPg\lthough these proteins are biased in  of the fusion proteins ifE. coliwas confirmed by Coomassie blue
their activity, they do not direct the truly programmable site-specific - staining of cell extracts and western blotting using antibodies against
methylation we aim to achieve. To address this challenge we soughtHisq and HA tags. DNA binding of fusion proteins was detected
to design methyltransferases that would act only at a targeted sitepy ELISA as described previoushDNA binding affinities of ZFPs
by adopting a sequence-enabled reassembly stra@gyaim was HS1 and HS2 are 35 and 25 nM, respectivély.
to reassemble a fragmented methylase on DNA as directed by zinc  As our first methylation test, Hhal restriction enzyme cleavage
finger binding, thereby restoring its activity at a specific site and was performed on plasmid DNA recovered frof coli that
providing for site-specific cytosine methylation (Figure 1). expressed our designed enzymes (Figure 1C). DNA cleavage by
We hypothesized that a functional and site-specific enzyme could the Hhal endonuclease is inhibited when the internal cytosine in
be self-assembled on a particular DNA sequence using ZFPsthe GCGC site is methylated. In our assay, DNA fragmentation
appropriately fused to a recently described split M.Hhal enzZyme. patterns of plasmid following Hhal restriction enzyme treatment
If correctly designed, such a fragmented protein would be active will differ in accord with the methylation status of the various Hhal
only at the site of assembly and not elsewhere. To explore this sjites!’@Hhal endonuclease cleavage of plasmid coding MeNDHis
hypothesis, each domain of split M.Hhal (N- and C-terminal domain and MeCD produces 20 fragments sized 312, 353, 390, 1108, and
fragments) was fused to previously characterized three-finger ZFPs,1710 bp together with 15 fragments smaller than 300 bp. Site-
HS1 and HS2. These ZFPs, HS1 and HS2, bind the DNA specific methylation at GGC-ZFS will inhibit endonuclease
sequences'85GGGCCGGA-3and 3-GCCGCAGTG-3, respec- cleavage between the 353 and 1108 bp fragments, resulting in
tively. The N-terminal fragment was fused to HS2 to create production of a novel 1461 bp fragment. Results of this study
MeNDHis and the C-terminal fragment was fused to HS1 to create revealed that the MeNDHis fragment did not methylate any of the
MeCD proteins. A His tag was fused to MeNDHis and an HA 19 Hhal sites when expressed alone (lane 1). To test ZFP directed
epitope tag was fused to MeCD to facilitate protein detection. A self-assembly, methylation of the plasmid derived from cells
fusion of intact M.Hhal with HS2 (HS2Me) was also constructed expressing the combination of N- and C-terminal enzyme fragments,
(Figure 1A). MeNDHis and MeCD, was evaluated. Here too, no band indicative
Genes for the fusion proteins were cloned downstreanp&#sD of methylation was detected (lane 2). On the basis of the possibility
promoter with Shine Dalgarno sequences for bacterial expression. that a Hig tag could inhibit the reassembly of split domains, we
A 26 bp DNA methylation target sequenceCGC-ZFS, consisting further tested expression of MeND (identical to MeNDHis but
of a GGCGCC site flanked by ZFP binding-sites was present on lacking the C-terminal tag) and MeCD. Reassembly of this
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Figure 2. Site-specific methylation at the@5C-ZFS detected by bisulfite
sequencing. Arrows indicate methylcytosines. Thymines converted from
cytosines after bisulfite reaction are boxed. Additional sequencing data for
MeND+MeCD is available in Supporting Information Figure S7.

GGAGGGCGIT

combination resulted in specific methylation of th&€GC-ZFS
sequence (lane 3). Intact M.Hhal fusion protein (HS2Me) produced
a different digestion pattern indicative of methylation at most of
the 19 GCGC sites (lane 4). M.Hhal expression alone completely
inhibited Hhal cleavage (lanes 5 and 6). Results concerning M.Hhal
and HS2Me results were very similar supporting the idea that the
native methylation activity of HS2Me is still dominak®.

To confirm that the results obtained from Hhal restriction enzyme
analysis were due to site-specific methylation of DNA, bisulfite
sequencing was performed. Plasmid DNA recovered from cells
expressing HS2Me or both MeND and MeCD showed methylation
at GCGC-ZFS (Figure 2). Only HS2Me expression resulted in
methylation at @GC sequences lacking ZFP binding sites (non-
targeted native M.Hhal sites); methylation was also detected at a
site 1500 bp distal to the GGC-ZFS sitell? This result suggests
that the DNA binding activity of M.Hhal remains when the intact
enzyme is fused to a heterologous DNA binding domain, a result
consistent with earlier studies indicating how challenging site-
specific methylation can be using a simple enzyme-fusion ap-
proach®8 MeNDHis alone did not show any methylation activiy.

These sequencing results revealed that only plasmids derived from

cells expressing the combination of N- and C-terminal enzyme
fragments, MeND and MeCD, methylate DNA specifically at the
designed site, without any background methylation at native M.Hhal
sites. As additional evidence supporting the lack of nonspecific
methylation in our approach, no methylation was observed in
plasmids with mutant GGC-ZFS sited1d

High background methylation has been a difficult problem in

approaches based on fusions of methyltransferases with heterolo-

gous DNA binding domain3® This difficulty stems from the fact
that DNA recognition and catalytic activity are coupled in bacterial
methyltransferase®. In our sequence-enabled split M.Hhal ap-
proach, the site of the bisection of the native enzyme is located in
the variable region near the target recognition domain between motif
VIl and TRD. This site is adjacent to sequences found in the active
site of the enzyme and residues utilized for DNA recognition. Only
when the split enzyme is appropriately assembled is it active.
Significantly, the absence of background methylation mediated by
our methylase at native @G5 C sites-despite high-level expression
in E. coli—indicates that the native DNA binding and methylation
activity of split-M.Hhal is absent or very substantially reduced by
fusion with ZFPs and that ZFP binding to the designed site directs
reconstitution of the fragmented enzyme.

Reassembly of split protein domains is a powerful strategy for
creating conditionally active proteins that has been applied in other
systems2 When this approach incorporates fusions with designed

ZFPs, functional assembly of the active enzyme is conditionally
dependent on sequence-specific DNA binding of ZFPsevious
studies have demonstrated activity in vitro with fusions created
through sequence-enabled reassembly; however, specific activity
in a living cell had not been previously demonstrated. Studies in
living cells are challenging since the signal-to-noise ratio must be
very high as manipulation of the substrate DNA and enzyme
concentrations are difficult in vivo.

Application of our methylases in living systems should provide
powerful tools to control gene expression. Indeed, methylation of
a single CpG site within eukaryotic promoters, such asp&g
can be sufficient to silence transcriptith.Single-site CpG
methylation directed by our sequence-enabled methylase should
provide for silencing of transcription at virtually any desired site
as ZFPs can now be readily prepared to bind most DNA
sequence’! Beyond transcriptional regulation, we envision that
our methylases will have applications in DNA tagging approaches
and nanotechnology.

In summary, we have developed sequence-enabled DNA me-
thylases that direct programmable site-specific DNA methylation
in vivo. These results encourage us to advance this split domain
reassembly strategy in order to develop programmable zinc finger
methylases that act at any specific CpG site in the mammalian
genome to orchestrate heritable gene silencing.
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