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MsplJl is a novel modification-dependent restriction endonuclease
that cleaves at a fixed distance away from the modification site.
Here, we present the biochemical characterization of several Mspli
homologs, including FspEl, LpnPI, AspBH], Rlal, and SgrTI. All of the
enzymes specifically recognize cytosine C5 modification (methyla-
tion or hydroxymethylation) in DNA and cleave at a constant dis-
tance (N4, /N4¢) away from the modified cytosine. Each displays its
own sequence context preference, favoring different nucleotides
flanking the modified cytosine. By cleaving on both sides of fully
modified CpG sites, they allow the extraction of 32-base long frag-
ments around the modified sites from the genomic DNA. These
enzymes provide powerful tools for direct interrogation of the epi-
genome. For example, we show that Rlal, an enzyme that prefers
MCWG but not ™CpG sites, generates digestion patterns that differ
between plant and mammalian genomic DNA, highlighting the
difference between their epigenomic patterns. In addition, we
demonstrate that deep sequencing of the digested DNA fragments
generated from these enzymes provides a feasible method to map
the modified sites in the genome. Altogether, the MspJI family of
enzymes represent appealing tools of choice for method develop-
ment in DNA epigenetic studies.

5-methylcytosine | methylome

M odified DNA bases appear in genomic DNAs in all domains
of life, spanning the evolutionary distance from viruses to
eukaryotic species. DNA base modifications vary in form and
genomic location enriching the information content encoded
by genomes. The biological role of base modifications varies, ran-
ging from protection against restriction endonucleases in bacteria
and bacteriophages to transcriptional regulation in mammals.
In prokaryotes, DNA methyltransferases in restriction-modifica-
tion systems modify the host genomic DNA, so that restriction
endonucleases can target foreign DNA and protect the host cell
from invaders (1). However, a few bacteriophages respond by in-
corporating modified bases into their genomes as a way to block
restriction endonuclease cleavage (2). For example, in Xantho-
monas oryzae phage XP12, all cytosines exist in the form of
5-methylcytosine (5SmC) (3). Another example is the well-studied
T4 phage, in which 5-hydroxymethylcytosine (ShmC) is incor-
porated into the DNA during replication and additional glucosyl-
transferases further modify all ShmC to glucosylated-hydroxy-
methylcytosine (5ghmC). T4 genomic DNA containing SghmC
is resistant to cleavage by most restriction endonucleases, with
the exception of Type IV modification-dependent endonucleases
4, 5).

Several different types of modification-dependent endonu-
cleases are found in prokaryotes. For example, N6-adenosine
methylation is recognized by a few known enzymes, e.g., Dpnl
(G™ATC). A group of sequence-specific cytosine methylation-
dependent restriction endonucleases including Glal (G™CG™C),
BisI (G™CNGQ), etc., have been reported recently, which cleave
within the recognition site in a Type IIP-like manner (6). McrA
has been shown to restrict C" CGG-containing DNA in vivo (7, 8)
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and to bind to (Y > R)™CGR in vitro (9). McrBC recognizes
pairs of (A/G)™C separated by 30-3,000 base pairs and cleaves
30-35 base pairs from one recognition element (10-12). Mrr in
Escherichia coli is known to restrict both cytosine- and adenine-
methylated DNA, although its consensus recognition sequence
remains elusive (13). Homologs of these modification-dependent
endonucleases can be found in numerous bacterial species, yet
few have been studied.

Recently, our group reported the discovery of a unique group
of Mrr-like modification-dependent restriction endonucleases,
represented by MspJI (14). MspJI recognizes SmC in the context
of ™CNNR (R = G or A) and introduces double-stranded breaks
at fixed distances (N, /N¢ from ™C) on the 3’ side of the ™C,
leaving a four-base 5’ overhang. A unique feature of these
enzymes is that with symmetrically methylated sequences [e.g.,
mCpG or ™CHG sites, (H = C, T, or A)], cleavages elicited by
two methylated half-sites result in DNA fragments about 32 bp
in size being extracted from the genomic DNA, with the methy-
lated site in the middle. This property allows the development of
sequencing-based applications for investigating the epigenomes
of higher organisms.

In many eukaryotic species, 5-methylcytosine is one of the epi-
genetic marks crucial for transcriptional programming in devel-
opment as well as disease pathology. Epigenetic DNA modifi-
cations are thought to affect DNA-protein interactions and are
found in promoter regions as well as gene bodies, in both CpG
and non-CpG contexts (15). Theoretically, MspJI allows interro-
gation of up to half of all the methylated CpG sites, and up to a
quarter of all the fully methylated CpG sites can be extracted in
the form of the 32-bp fragments (including the overhangs). How-
ever, its coverage on the entire methylome is still limited. Thus, it
would be advantageous to have multiple MspJI-like enzymes that
can recognize a wider set of methylated sites to reach higher
coverage of the entire epigenome.

Based on our bioinformatic analysis, we have identified a
number of MspJI homologs in GenBank (14). In this paper, we
present the detailed characterization of additional MspJI homo-
logs. Our results suggest that although many of the biochemical
properties of the MspJI family members are similar, they display
a diversity of recognition specificities in the flanking nucleotides
of the modified cytosine. We demonstrate the ability to differ-
entiate methylation levels in genomic DNA using this family of
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enzymes. We also illustrate a unique application for recognition
of the predominant methylation type in a specific epigenome,
such as distinguishing the common CpG methylation in mammals
from CHG methylation in plants. Lastly, as proof of principle, we
show that direct sequencing of the extracted 32-mer pool using
high-throughput technology provides a quick and reliable ap-
proach to epigenomic mapping.

With a growing sequence collection in databases and continu-
ing biochemical characterization efforts, we expect that more
MspJI-like DNA modification-dependent enzymes, possibly with
diversified properties, will emerge. As a result, these enzymes
should provide a set of useful tools in developing enzyme-based
methods for mapping dynamic epigenomes.

Results

Modification-Dependent Endonuclease Activity. MspJI and its homo-
logs, including FspEI, LpnPI, AspBHI, Rlal, and SgrTI, were
synthesized using the overlapping oligonucleotide assembly
method as previously described (14). Recombinant enzymes, with
or without N-terminal His-tags, were then expressed in the dem”
E. coli strain T7 Express and purified to apparent homogeneity
(SI Appendix, Fig. S1) (Materials and Methods).

We have previously characterized MspJI as a modification-
dependent endonuclease that recognizes 5-methylcytosine (SmC)
or 5-hydroxymethylcytosine (ShmC) and cleaves both strands at
specific positions (N;,/Nj4) on the 3’ side of the modified base
(14). The activity of the homologs was assessed using a set of
modified plasmids or genomic DNA. Fig. 14 shows the cleavage
activity on the Dcm-methylated (C"CWGG) pBR322 plasmid
DNA. By comparing the resulting digest with the digestion pat-
tern of the known methylation-insensitive restriction endonu-
clease, BstNI (CC | WGG), we inferred that all of the enzymes
cleave the methylated pBR322 DNA near the dcm sites. The clea-
vage is methylation-dependent, because no cleavage is observed
on an unmethylated 3 kb PCR fragment (Fig. 1B).
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Fig. 1. Modification-dependent endonuclease activity of MspJl and homo-
logs. DNA was incubated at 37 °C with 1 unit of each of the indicated homo-
log, a cocktail of the homologs (0.2 unit each), or BstNI (CC | WGG). Control
DNA was incubated in parallel without enzyme addition. (A) pBR322 dcm*
(CMCWGG methylated) plasmid DNA. (B) A 3-kb PCR amplified DNA fragment
(unmodified) DNA. (C). T4gt (hydroxymethylated) genomic DNA. (D) T4wt
(glucosylated) genomic DNA.
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All enzymes extensively cleave T4gt genomic DNA, which
exclusively contains ShmC (Fig. 1C). However, none of the en-
zymes appear to cleave the wild-type T4 genomic DNA, which
contains glucosylated ShmC (Fig. 1D). This observation suggests
a potential basis for mapping ShmC locations in genomic DNA
(see Discussion). The extent of digestion on T4gt DNA varies for
each enzyme and is consistent with their individual recognition
specificity (see Table 1). In addition to C5 cytosine modifications,
we investigated the activity on DNA containing N4 methylated
cytosine, but no cleavage was observed.

In our previous work, we observed that introducing a short
double-stranded oligonucleotide containing a methylated site
stimulates MspJI digestion. The activator is designed to form a
stem-loop structure, and the sequence flanking the methylated
sites is shorter than 12/16 bp and thus is too short to be cleaved
(SI Appendix, Fig. S2). The same stimulatory effect was observed
for all the homologous enzymes, further suggesting a common
reaction mechanism.

Determination of the Recognition Sequence and Cleavage Site. To
determine the cleavage sites of each of the homologs, a set of
hemimethylated oligonucleotides were labeled at either the 5
or 3’ end of the top or bottom strand to allow detection of each
of the cleavage products (Fig. 24). The digested products were
resolved by denaturing PAGE. Fig. 2B represents the typical
digestion pattern, showing the result of LpnPI digestion. By com-
paring the cleavage pattern with markers and with that produced
by MspJI, we concluded that all homologous enzymes cleave at
the same position (i.e., Nj, /N on the 3’ side of the modified
cytosine). In addition to the predominant cleavage position at
N, /N6 from ™C, a low percentage of cleavage events appear
at additional positions, mostly one nucleotide from the major
cleavage site. Although this cleavage-distance wobble may affect
the interpretation of relative position of the modification within
the resolved fragment, only a very small percentage of the
products appear to be affected (see Mapping the Human Epigen-
ome Using MspJI section).

To determine the sequence recognition preference of these
enzymes, we utilized a few sets of synthetic oligonucleotides
containing methylated cytosines flanked by varying sequences.
As we envision one of the main applications for these enzymes
in mapping eukaryotic epigenomes, we designed the oligonucleo-
tides based on the common methylated sites observed in genomes
of higher organisms, including N®*CGN, NC"CGGN, N"CNGN,
NC™"CWGGN, NG™CN, etc. (where N represents any nucleotide
among A, T, C, or G, not a randomized nucleotide mix). Fig. 34
shows a schematic structure of the oligonucleotides used. The
oligonucleotides length is 56 bp, with one methylated cytosine
on the top strand and the other on the opposite strand (the full
sequences used are listed in ST Appendix, Table S1). Even though
these enzymes recognize hemimethylated sites, the oligonucleo-
tides were designed to have methylation on both strands, provid-
ing the advantage of testing two different methylated sites

Table 1. Consensus recognition sequences

Enzyme Recognition site Recognition site
name Species without activator with activator
Mspli Mycobacterium sp. JLS MCNNR(G > A) MCNNR
FspEl Frankia sp. EAN1pec cmC C™C or ™CDS
LpnPI Legionella pneumophila ~ S™CDS(G > C) mCDS
Philadelphia 1
AspBHI  Azoarcus sp. BH72 YS™CNS YN™CNS
Rlal Ruminococcus lactaris SMCwW \agany
SgrTI Streptomyces griseoflavus cmCbS B™CDS
Tu4000

N=AorCorGorT,D=AorGorT,B=CorGorT,V=AorCorG;R=A
orG;S=CorGW=AorT,Y=CorT.
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Fig. 2. The cleavage position is Ni;/N;g on the 3’ side of the modified
cytosine. (A) Schematic diagram of the hemimethylated oligonucleotide
structure used for determination of the cleavage position. The full-length
oligonucleotide is 47 bp. A cut in the illustrated positions will result in four
fragments: 14, 10, 33, and 37 bases. (B). LpnPI digestion of the hemimethy-
lated oligonucleotide. Each oligonucleotide was fluorescein amidite (FAM)
labeled at one end: 3’ top, 5’ bottom, 5’ top, or 3’ bottom. Markers |, Il, and
Ill are FAM labeled 47, 10, and 14 bases, respectively. The digestion reaction
was carried out at 37 °C with or without activator present, and resolved on a
denaturing gel. The cleavage position is predominantly N;, /N4 on the 3’ side
of the modified cytosine. The additional bands observed are due to wob-
bling, resulting in a cut further away to the 3’ side.

simultaneously. If the enzyme recognizes the top strand methy-
lated site, cleavage will result in two fragments of 42 and 11 base
pairs; if the enzyme recognizes the bottom strand methylated site,
cleavage will result in two fragments of 38 and 17 base pairs; if the
enzyme recognizes both top and bottom strand methylated site,
cleavages on both sides will result in fragments of average length
of 28, 17, and 11 base pairs (Fig. 3B). We used an end-point di-
gestion assay either with or without the oligonucleotide activator,
and we resolved the enzymatic cleavage products using 20%
PAGE (Materials and Methods). Fig. 3B shows a representative
gel of FspEI digestion of the N®CGN set. Based on the cleavage
pattern, we compiled a list of cleavable and noncleavable sites
(SI Appendix, Tables S2-S7), from which we infer the consensus
recognition sequence for each enzyme. Table 1 lists the consensus
recognition sequence of each homolog either with or without
the activator. Overall, the recognition sequences for each enzyme
are different, with some enzymes requiring particular nucleotides
on the 5 side of the ™C (e.g., FspEI), others on the 3’ side of the
mC (e.g., MspJI), and some on both sides (e.g., Rlal). For some
enzymes, such as FspEI, LpnPI, and AspBHI, it appears that
the promiscuity in recognition sites increases in the presence of
the oligo activator. For others, such as MspJI, even though there
is no obvious change in specificity due to activator presence, we
observed that cleavage of some sites appears more efficient in
the presence of the activator.

Differential Digestion of Genomic DNA. As the availability of regular
restriction endonucleases in the 1970s helped to expedite the
mapping of genomic structure, the availability of the modifica-
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Fig. 3. Sequence recognition determination. (A) Schematic diagram of

the fully methylated synthetic oligonucleotide structure used for sequence
specificity determination. A 56-bp oligonucleotide, methylated in position
31 (C) on the top strand and on the opposite strand across from position
32 (G). Recognition of the top strand site will result in two fragments at 42
and 11. Recognition of the bottom strand site will result in 38- and 17-bp
fragments, and recognition of both sites will yield fragments of average
length of 28, 17, and 11 bp. The N in the sequence represents each of the
four bases A, T, C, or G in separate tests, and not a randomized position.
B. Representative digestion by FspEl of some oligonucleotides from the
N™CGN set, with and without activator. An undigested oligonucleotide is
presented in lane 1. The representative oligonucleotide variable sequence
region is listed in the table (the full oligonucleotide sequence is listed in
SI Appendix, Table S1). The digested products were resolved on a TBE native
polyacrylamide gel.

tion-dependent restriction enzyme, MspJ1, along with its charac-
terized homologs may provide a powerful tool set for studying
the epigenomes of higher organisms. Because of the diversity in
their specificity, they may be used either individually or combined
in a “cocktail” form to probe the epigenetic status either genome-
wide or at specific loci.

Fig. 44 demonstrates the activities of MspJI and its homologs
on mammalian genomic DNA. Notice the prominent 32-mer
band in the polyacrylamide gel. This band can be isolated and
sequenced, with most of the fragments containing a fully modified
site (see Mapping the Human Epigenome Using MspJI section).
Because of the different recognition specificity for each enzyme,
the 32-mer isolated from each digestion will cover a different sub-
set of modified sites in the genome. In addition, global genomic
methylation density can be revealed directly from the gel. A com-
parison of MspJI digestion of fully modified and mC-depleted
genomic DNA illustrates this. An mC-depleted sample [Jurkat
cell genomic DNA isolated following 5-aza-2-deoxycytidine
(5-Aza-dC) treatment of the cell culture] was compared with a
control sample from the untreated culture and with a fully
modified sample obtained by treating DNA isolated from an un-
treated culture with M.SssI (thus enzymatically methylating all of
the CpG sites). These samples were digested with MspJ1, and the
results are presented in Fig. 4B. As 5-Aza-dC is a potent inhibitor
to the methyltransferases, the methylation level dramatically
decreases in the 5-Aza-dC treated cells compared with the other
DNAs (16). The difference in methylation density among the
three is also discernable in both the intensity of the 32-mer band,
and in the different extent of disappearance of the input DNA

Cohen-Karni et al.
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Fig. 4. Methylation analysis in genomic DNA using MspJI and homologs.
(A) Formation of a 32-mer. HeLa genomic DNA was incubated with 1 unit
of MspJl, FspEl, LpnPI, Rlal, or a cocktail (0.2 unit each) as indicated, over-
night at 37 °C without activator. The reaction was resolved on a 20% TBE
native gel. The apparent band is the 32-mer formed as a result of digestion
of fully methylated CpG sites. (B) Methylation level comparison. Jurkat cell
DNA, after 5-Aza-dC treatment, untreated or enzymatically CpG methy-
lated, all in the presence of activator, incubated with buffer only (undi-
gested) or with Mspll (as indicated) were resolved on a native gel. Lane
profiling was generated by densitometry. The activator in each lane can
be used as normalization control, because it is added in known amount
and is not digested by MsplI or its homologs. Three indicators of the methy-
lation level can be observed: The enzymatically methylated CpG sample is
more extensively digested as judged by the disappearance of the substrate,
yields a shorter average fragment, and displays a higher density of the 32-
mer band. (C) Comparison of methylation in plants vs. mammals. DNA from
Hela cells, rabbit liver, corn, or soy bean were incubated with buffer only
(undigested), Mspll, or Rlal (in the presence of activator). Digestion with
Mspll, which recognizes a subset of CN methylated sites, produces a 32-mer
band from both mammalian DNA (which contains predominantly methy-
lated CpG sites), and plant genomic DNA (which contains both methylated
CpG sites and methylated CHG sites). Rlal, which recognizes a subset of
CWG methylated sites, can produce the 32-mer band only from plant geno-
mic DNA (because it can digest some methylated CHG sites but not CpG
sites).

Cohen-Karni et al.

band. In addition, as shown in the densitometry profile of each
lane, the average size of the digested fragment is smaller for the
CpG-methylated Jurkat genomic DNA than for the native Jurkat
genomic DNA, consistent with a higher methylation level in the
former sample. Note that the lanes of undigested input DNA
and the presence of equal amounts of activator in each sample
provide a normalization standard.

One of the MspJI homologs, Rlal, has a unique recognition
sequence (V"CW, Table 1), so that it does not act on ™CpG sites,
but only on the relatively infrequent "CWG sites. This property
may be used to differentiate methylation patterns in genomes.
Fig. 4C compares MspJI and Rlal digestion of four genomes:
two mammalian and two plant genomes. For both HelLa and
rabbit liver DNA, which have predominantly CpG methylation,
the 32-mer band is clearly visible after MspJI digestion, but is not
discernable after Rlal digestion. However, in both plant DNAs
(corn and soy bean), which are known to contain CHG methyla-
tion (17), the 32-mer is prominent after both MspJI and Rlal
digestion. Thus, the ability of Rlal to distinguish the "CHG
sites from ™CG sites may find applications in plant epigenomics
as well as stem cell epigenomics, where CHG methylation may
also be significant (15).

Mapping the Human Epigenome Using MspJl. To test the feasibility of
using MspJI-like enzymes in mapping epigenomes, we sequenced
the gel-extracted 32-mer pool from MspJI digested IMR90
human lung fibroblast genomic DNA (Materials and Methods).
We chose IMR90 cell line as a benchmark because its entire
methylome was decoded using the bisulfite-sequencing method
(referred as the “Salk reference” hereafter) (15). From one se-
quencing run on the SOLiD platform using only a quarter of a
slide, we generated 71.8 M reads of 35 bases, among which 23.5 M
(32.7%) reads were aligned unambiguously to about 10.4 M
distinct genomic locations on the reference genome (hgl8)
(details in Materials and Methods).

Fig. 54 shows the length distribution of the sequenced geno-
mic fragments for the total 23.5 M mapped reads and the 10.4 M
distinct reads. The majority (>60%) of the sequenced genomic
fragments is 32-33 nucleotides long. We then investigated the
base composition within each size group. Fig. 5B shows the se-
quence logo representation constructed from the 4.1 M distinct
sequencing reads with 32-mer genomic fragments. Over 90% of
the reads contain CG in the center of the 32-mers (Fig. 5B).
The overrepresented sequence motif, YNCGNR (Y = C/T,
R = G/A), reflects the expected fully methylated CpG sites,
from which MsplI extracts the 32-bp fragments. In addition,
consistent with the cleavage preference observed on synthetic
oligonucleotides, "CNNG frequency is almost twice as high as
that of "CNNA, despite the similar frequency of "CNNG to that
of ™CNNA in the genome. These results support the conclusion
that most of the fragments are generated by MspJI digestion
on a single fully methylated CG site. The fold coverage for this
quad-slide sequencing run resulted in an approximation of 5.0 X
coverage for the extracted 32-mers. SI Appendix, Table S8 lists
the top ten overrepresented 32-mers in our dataset. All of the
overrepresented 32-mers are from repetitive elements, which are
known to be heavily methylated (15).

Fig. 5C shows the sequence logo representation constructed
from the 2.5 M distinct reads with 33-bp genomic fragments.
Previously, we have observed that the cleavage position of MspJI
can wobble at low frequency, mostly by 1 base (14). The motif
in Fig. 5C is consistent with this finding, with the fully methylated
CG site either in position 16/17 or in position 17/18. For both
types of reads, MspJI cleaves at 16 base pairs on one side and 17
base pairs on the other side. Altogether, we conclude that the
32-bp and 33-bp reads reliably report the full methylation status
for the central CpG sites.
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Fig. 5. Sequencing human IMR90 methylome using MspJI. (A) Length distri-
bution of the genomic fragments in all the uniquely mapped reads (blue)
and after grouping by distinct genomic locations (red). (B) Sequence logo
of the sequenced 32-mers. The logo was generated by WebLogo (23).
(C) Sequence logo of the sequenced 33-mers.

Besides 32-mers and 33 mers, we also analyzed the reads that
contain genomic fragments of other sizes (30, 31, 34, >35 base
pairs). Sequence logo representations are shown in SI Appendix,
Fig. S5. For these groups, the overrepresented motifs are gener-
ally much weaker than those in the 32- and 33-bp groups, suggest-
ing that most of them are likely generated from MsplI cleavages
on two nearby methylated CG sites rather than on the same
methylated CG site. Thus, interpretation of these reads would
require aligning them to the reference genome and searching
for the potential MspJI sites in the right distance from the ends.
Nonetheless, the motifs are reminiscent of the MspJI recognition
sites, especially on the P1 sequencing adaptor end (SI Appendix,
Fig. S5).

gWe I)lext compared the combined fully methylated CpG sites
extracted from the pool of 32- and 33-bp reads with the Salk
reference methylome. Because MspJI can excise 32- to 33-bp
fragments only on the YN"CGNR (Y = C/T, R = G/A) sites in
the genome, we selected a subset of the fully methylated CG
sites in the Salk reference that has the Y and R in the flanking
positions (i.e., YN™CGNR). In addition, we require that the
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32-bp fragments encompassing the selected YN™CGNR sites are
unique in the genome. The Salk reference subset contains about
42 M fully methylated CG sites. Approximately 87% of the
MspJI generated 32/33 bp sequences were identified in the
Salk reference subset, and approximately 55% of the 4.2 M Salk
sequences were present in the 32/33 bp pool (SI Appendix,
Fig. S64). The high specificity confirms the effectiveness of our
approach and the accuracy of the sequencing data. The sensitivity
may be further improved by increasing the sequencing depth. S
Appendix, Fig. S6B shows that the average fold coverage of the
sequenced MsplJI recognition sites (CN™CGNG in SI Appendir,
Fig. S6B) correlates with the methylation levels reported in the
Salk data.

Discussion
Base modification of genomic DNA is widely adopted by many
living species, from bacteriophages to eukaryotic organisms, with
a broad range of biological functions that can be distinctly differ-
ent. In the genomes of higher organisms, it is generally accepted
that changes in the dynamic epigenomic marks play crucial roles
in differential transcriptional regulation during development and
pathological processes (15, 18, 19). One of the challenges in map-
ping genomic DNA modification is to distinguish the modified
nucleotides from the majority of the nonmodified DNA. A widely
used principle is bisulfite conversion, in which unmodified cyto-
sines are selectively converted to uracils whereas methylated
cytosines remain unchanged. Sequencing of the converted DNA
would then reveal the modified cytosines to the nucleotide-level
resolution. However, genome-wide application of this method
remains technically challenging (20) and costly. Other methods
include those based on the selective enrichment of the SmC-
containing DNA by using antibodies or 5SmC-binding agents,
but these methods are heavily dependent on the specificity of the
affinity reagents. Compared with these methods, enzyme-based
methods have their unique advantages due to their high specifi-
cities, mild reaction conditions, and convenient usage.
Following our discovery of MspJl, a unique modification-
dependent restriction endonuclease (14), we present here the en-
zymatic properties of some of its homologs from other prokaryo-
tic species. In brief, these enzymes recognize hemimodified sites
and cleave on the 3’ side of the modified cytosine, at a distance
N, /Nj¢ away from it. In symmetrically modified sites (such as
fully methylated CpG sites), each strand directs cleavage inde-
pendently, forming a 32-nucleotide long fragment (Fig. 4). This
property of long-reaching cleavage at fixed positions allows
isolation and direct sequencing of the 32-mer product, or end-
sequencing of the longer fragments to reveal the position of
the modified cytosine in the genome. The availability of multiple
MspJI-like enzymes with different recognition preferences in-
creases the coverage of the modified sites in the epigenome.
As shown in Fig. 4, these enzymes should be useful in detecting
the presence of modified cytosines and examining the global
structure of the epigenome. Roughly, the relative level of methy-
lation in the input DNA correlates well with disappearance of
substrate, the average size of the digested fragments, and the
amount of the accumulated 32-mer (Fig. 4B). By using a panel
of MsplJI-like enzymes, specific methylation patterns can be in-
ferred directly from the digestion pattern. For example, Rlal is
able to specifically detect methylated CWG sites, which are abun-
dantly present in plants but not in mammalian genomes (Fig. 4C).
We further demonstrated the utility of these enzymes in map-
ping the reference methylome by directly sequencing the pool of
gel-extracted 32-mers. With a single sequencing run, we achieve
approximately 55% sensitivity and approximately 87% specificity
compared with a subset of the Salk reference. A few factors
should be considered here in the interpretation of sensitivity:
First, the enzyme specificity may introduce bias toward those
methylated CG sites with favorable sequence context; second,
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the resolution of the 32-mer in human genome may still be lim-
ited so that in some cases it may be difficult to uniquely align
them to the genome, especially when the repetitive elements in
the genome tend to be highly methylated. In the Salk reference
methylome, we have determined about 15% of the theoretical
32-mer generated by MspJI have at least another duplicated copy
elsewhere in the genome. In addition, when the distance between
the two methylated CG sites is short, it may interfere with the
MspJI digestion so that fragments shorter than 32 base pairs
can be formed. SI Appendix, Fig. S3 shows different digestion
scenarios depending on the distance between the neighboring
methylated CG. Nevertheless, each of these scenarios may pro-
duce several possibilities that may be resolved by performing the
digestion using different combinations of MspJI homologs that
detect different sets of methylated sites.

Recently, another form of modified cytosine, 5-hydroxymethyl-
cytosine (ShmC), was found to be present in human and mouse
genomes (18, 21), although their genomic locations remain
largely unknown. Although bisulfite sequencing yields single nu-
cleotide resolution information, it does not allow differentiation
between SmC and ShmC (22). We have found that the MspJI-like
enzymes are able to recognize and cleave ShmC, but not gluco-
sylated 5ShmC (Fig. 1). This may provide a simple basis for differ-
ent strategies to map the genomic locations of ShmC. In addition
to genome-wide methylation analysis, MspJI-like enzymes may
also be used as a quick assay to probe the modification status
in specific genomic loci. In this regard, common analytical meth-
ods, such as PCR or ligation-mediated methods, can be used to
detect the enzymatic DNA cleavage before and after glucosyla-
tion reaction. An added advantage in some cases is the ability to
distinguish the strand-specific modification status.

At the sequence level, families of modification-dependent
restriction endonucleases (e.g., MspJI, Mrr, McrBC, McrA, etc.)
appear to be rather conserved, and homologs can be readily
identified in many prokaryotic species (SI Appendix, Fig. S4). In
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contrast, each specificity of the more-studied type IIP restriction
enzymes is one of nature’s unique inventions—they typically do
not have widespread homologs in other species. Despite se-
quence similarity, members of the MspJI family have differences
in their dependence on the flanking nucleotide of the recognized
modified base. Although currently it appears that modification-
dependent restriction endonucleases are not as diverse as their
type IIP counterparts, given the abundance of various DNA mod-
ifications in bacteriophages, future studies may show that bacter-
ial hosts have many specialized families of enzymes that recognize
these alien modifications.

Materials and Methods
All enzymes, plasmids and bacterial strains, if not otherwise specified, were
obtained from New England Biolabs Inc. (NEB).

Cloning, protein expression and purification, unit definition, and endonu-
clease assays are detailed in the S/ Appendix.

All genomic DNA digestion reactions were carried out in standard NEB
buffer 4. Genomic DNA samples of HelLa and Jurkat cell DNA as well as
5-Aza-dC-treated (16) and enzymatically "CpG-methylated Jurkat cell DNA
were obtained from NEB, and other genomic DNAs were purchased from
BioChain [rabbit liver DNA (#D1834149), corn DNA (#D1634330), soy bean
DNA (#D1634370)]. In the digestion series presented in Fig. 4, approximately
1 ug of each genomic DNA sample was digested by 1 unit of each enzyme in
the presence of 0.5 pM double-stranded DNA activator in a 30-pL volume. All
reactions were incubated at 37 °C for 16 h. The reactions were then subjected
to a 20% TBE (89 mM Tris/89 mM boric acid/2 mM EDTA, pH 8) native poly-
acrylamide gel electrophoresis (PAGE), and visualized by SYBR GOLD staining.

Sequencing and bioinformatic analysis are detailed in the SI Appendix.
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